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A bstract
In this thesis com putational methodologies are employed to examine the nature of the
interactions between nucleotides and proteins. Program s were developed to enable the
examination of the conformations of protein-bound nucleotides. When compared to the
conformations of small molecule crystal structures, few differences were found, suggest
ing the bound nucleotides adopt a low energy conformation when bound to protein.
However, protein bound nucleotide did tend to adopt a more extended conformation
than unbound. To enable the identification and analysis of ligands within the Protein
D atabank, a program called liSSA was developed. This searches for ligands on the basis
of their chemical connectivity, and can then be used in the analysis of the ligands it
finds during its search. Using this program, a dataset of proteins bound to adenylatecontaining nucleotides were studied to determine the features of an adenylate binding
site. The following features were identified: 1) The nucleotides are exceptionally buried
within protein — so much so th a t these proteins m ust undergo significant conformational
change in order to bind them. 2) The amino acids in the binding site about adenine tend
to be hydrophobic, around phosphate predominantly hydrophilic, with no clear prefer
ence about ribose. 3) Protein - adenylate hydrogen bonding is not maximised, but rather
the protein hydrogen bonds to atom s im portant in the recognition of adenylate. 4) The
hydrophobic effect would appear to be the main stabilising force in protein-adenylate
complexes, with hydrogen bonding mainly contributing to the specificity of their inter
action. Finally, the implications of this study on the current perception of protein-ligand
complexes is discussed, and future work suggested.
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C hapter 1
N u cleotid es and Proteins: their
P rop erties and Interactions
1.1

Introduction

The aim of this thesis is to characterise the interactions th a t occur between a protein
and any nucleotide it is bound to. By investigating the nature of these interactions and
the characteristics of a protein-nucleotide complex in general one would hope to obtain a
picture of how nucleotides are specifically recognised by proteins. Complementary to this
is the development of software and methodologies for the investigation of protein-ligand
complexes in general. By providing a basic methodology for others to follow and the
software with which to perform such investigations, it is hoped th a t this work will be of
wider interest than to ju st those interested in protein-nucleotide complexes.
In this chapter the nature of protein and nucleotide structures and their interactions
shall be explained.

The chapter starts by explaining the properties of the elements

and inter-atom ic interactions found in biological systems, followed by a discussion of
nucleotide and proteins structure, nomenclature and properties. This is tied together in
a section describing the interactions between proteins and nucleotides, and the structure
of nucleotide-binding proteins. The technique of X-ray crystallography, used to determine
the structures of the proteins examined in this thesis, is explained towards the end of
this chapter. The final section discusses com puter languages and the object oriented
techniques used in the development of the program, DSSA, described in chapter 3.

1.2

T he E lem ents C om m only found in B iological M olecules

A wide range of elements are found in the molecules present in biological systems. How
ever, the m ajority of molecules in biological systems are made up of only a small subset of
elements in the periodic table. Principally these are hydrogen, carbon, nitrogen, oxygen,
19
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' 'X

sp'

sp‘

sp

Figure 1.1: The three types of hybridised orbitals. The sp^ and sp orbitals participate in a
bonding, with additional, unhybridised p orbitals free to form 7r-bonding orbitals. In atoms such
as C, O and N,
hybridisation is commonly aasociated with double bond formation and sp
with triple bond formation.

phosphorus and sulphur. It is the properties o f these elem ents, and the way th at they
in teract w ith each other th a t fundam entally influences the properties o f the m olecules
they form .
Arguably, it is th e properties of carbon th a t do the m ost to define the character
o f organic m olecules. Carbon is a first row elem ent, w ith six protons and six neutrons
and an electronic configuration of ls^2s^2p^, leaving it w ith tw o unpaired electrons.
However, carbon is not divalent, instead it acts as if it has four unpaired electrons, and
can p otentially form four covalent bonds. T he reason for th is is the ability o f the 2 s and
2p electrons to rearrange and form four hybrid orbitals, a process called sp^ hybridisation.
T h ese orb itals form a tetrahedral configuration and in a m olecule such as m ethane they
are sym m etrical, being separated by an angle o f 109°28' (C hang 1981). W hen form ing
bonds o f higher orders, fewer electrons are involved in the hybridised orbitals and these
orbitals are called sp^ and sp orbitals (figure 1.1).
A sim ilar hybridisation process occurs w ith nitrogen and oxygen, however, these
atom s contain m ore electrons than carbon — nitrogen has seven and oxygen eight. T hus
in nitrogen a pair o f electrons occupies one o f its sp^ orbitals to produce a non-bonding
orbital called a lone-pair.
tw o lone-pair orbitals.

In oxygen th is occurs in two o f its sp^ orbitals resulting in

T hese lone-pair electrons have tw o main effects.

Firstly, their

increased repulsive force increases the angle betw een them and the other orbitals, so
d istortin g the ideal tetrahedral configuration o f the sp^ orbitals. Secondly, they make
the atom more reactive since th ey becom e susceptible to attack by electron deficient
reagents, such as H +. T his highlights one o f the m ost im portant properties o f carbon
— its stability. W hen carbon is bonded to four atom s through single bonds it has no
lone-pairs, all the electrons in sp^ orbitals are shared w ith other atom s.

In addition

it has a full outer shell o f electrons, which discourages attack by electron rich agents
(Brown 1982).

1.3. Basic Chemical Interactions Com monly Found in Biological System s
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Phosphorus and sulphur have similar characteristics with their equivalents on the first
row of the periodic table, nitrogen and oxygen, but in many im portant respects their
properties have greater similarity to each other. Some of th e reason for this is th a t both
elements are significantly larger than O or N, and thus they have large orbitals th a t can
be more easily deformed (Greenwood &: Earnshaw 1984). The electrons of both elements
can also occupy low energy d-orbitals, which is reflected in a more complex bonding
behaviour than th a t found in the first row elements. In biological systems they tend to
be found covalently bound to either carbon or oxygen, where they tend to adopt ap
proximately tetrahedral, sp^-like configurations. However, the availability of low energy
3d-orbitals means th a t both elements can generate four unpaired sp^ orbitals, if addi
tional electrons occupy the 3d orbitals (configurations of ls^2s^2p^3s^Sp^3d^ for P and
ls^2s^2p^3s^3p^3d^ for S). These extra electrons can then form 7r-bonding orbitals th a t
give double-bond character to the resultant molecule. Sulphur is also found coordinated
to metals such as iron and zinc, and does so in some proteins.

1.3

B asic Chem ical Interactions C om m only Found in B io
logical System s

Before discussing the structures and properties of nucleotides and proteins it is im portant
to understand some of the fundam ental interactions th a t influence them. There are three
main types of non-bonding interaction observed in biological systems: van der Waals
interactions, ionic interactions and hydrogen-bonding. Individually these interactions are
weaker than covalent-bonding interactions, but combined they provide enough energy to
drive many of the fundam ental processes observed in the cell.

1.3.1

Van d er Waals Interactions

The term van der Waals interactions refers to four types of interaction th a t are generally
weak and undirected. These are dipole-dipole, ion-induced, dipole-induced dipole and
London interactions. Dipole-dipole interactions, only occur between polar molecules, i.e.,
molecules with a perm anent dipole*. The energy of an individual interaction when the
dipoles are aligned along their axis, as shown in figure 1 .2 , is given in ( 1 . 1); where p is
the dipole moment of species A and B separated by distance r with a dielectric constant
e. However, since the dipole moment is a vector quantity, the sign of this equation
becomes positive (and the energy repulsive) if one of the dipoles is reversed (figure 1 .2 ).
In real systems with dipoles in many different orientations these interactions may cancel
each other out.

In a homogeneous system with free rotation, such as a liquid or a

gas, Boltzm ann’s distribution law says th a t the favourable interactions will outweigh
*A molecule is smd to possess a permement dipole if the centre of its positive cheirge does not coincide
with its centre of negative charge (Chang 1981).
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(a) Dipoles with their axes in line produce the
most favourable interactions

(b) Dipoles in line, but in opposing directions
produce the maximum repulsive force

Figure 1.2: Favourable and unfavourable dipole alignments.
the unfavourable (Chang 1981). However, in a more heterogeneous and rotationally
constrained system such as a protein this may not necessarily be the cause.
E = -

( 1 . 1)

ev'-

lon-dipole and dipole-induced dipole interactions occur between polar and apolar
species where the charge of the polar species distorts the charge distribution of the
neutral one and induces a dipole. Thus a weak attractive polar interaction is generated.
The magnitude of th e induced dipole m oment is proportional to the susceptibility of the
neutral species to this charge distortion - this is called its polarisability. The energy of an
ion-induced dipole is given by ( 1 .2 ) and th a t of a dipole-induced dipole by (1.3), where a
is the polarisability, p, the dipole moment, e the electric field and r the distance between
the dipoles’ centres. The larger and more diffuse the electron cloud about a molecule or
atom then the greater its polarisability. Thus unsaturated bonds or arom atic rings are
examples of highly polarisable groups (Chang 1981).

( 1.2 )

E = -

2ajP

(1.3)

London interactions (also called dispersion forces) are weak attractive interactions
th a t occur between two neutral atoms. N eutral atoms are neutral not because their
centres of positive and negative charge are always coincident, but rather because they
coincide on average. In reality the distribution of their charges is constantly fluctuating
and giving rise to instantaneous dipoles. It is these dipoles th a t generate a weak attractive
energy between species th a t is referred to as London forces. This interactive energy can
be calculated from the ionisation potential, / , and the polarisability, €, of two different
species A and B as in (1.4).
B = - i
2 21 A

OlAOiB

+ Ib

f'

(1.4)
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(1.5)

Van der Waals interactions are generally weakly attractive and, with the exception
of ion-induced dipoles, are inversely proportional to the sixth power of their separation
distance (1.5). These interactions are often expressed in a single equation, called the
Leonard-Jones equation, th a t combines a repulsive term with (1.5) to account for the
strong repulsive forces exerted when two atoms approach fusion. In the equation (1.6)
A and B are constants for the two interacting atoms.

e

( 1 .6 )

= - 4 + j.I 2

Van der Waals interactions also give rise to another commonly used property of an
atom — namely its van der Waals radius. This is the “distance of closest approach
between nonbonded [sic] atom s” (Chang 1981) and is often used when atom s are being
modelled as hard spheres, such as CPK -type molecular models, to define their radius.

1.3.2

Ionic Interactions

Ionic interactions are also called electrostatic interactions, or salt bridges, and refer to
the attraction th a t occurs between two formally charged species. They are the strongest
of the non-bonding interactions. The strongest ionic interactions, however, are stronger
than the weakest covalent bonds (table 1.1). The energy of an ionic interaction is given
in (1.7), where Q is the electric charge of an ion, r is the distance of charge separation,
and c is the dielectric constant.
E = -

Q1Q2

(1.7)

er

Example

Energy Range

H-H

200-800

N a+Cl"

40-400

Na+(H 2 0 )„

4-40

Dipole-dipole

SO 2 SO 2

0.4-4

Dipole-induced dipole

HCl CeHe

0.4-4

Ion-induced dipole

Na+CeHe

0.4-4

He He

4-40

H 2O ' •• H 2O

4-40

Type of Interaction
Covalent Bond
lon-ion
lon-dipole

Dispersion
Hydrogen Bond

Table 1.1: Comparison of the strengths of inter-atom ic and inter-molecular interactions. The
energy ranges of the different interactions are shown in kJmol"^. The strength of a covalent
bond is given for purposes of comparison. After Chang (1981).
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A weak type of electrostatic interaction can occur between an ion and a polar atom
or molecule. Such ion-dipole interactions are substantially weaker than ionic interactions
(table 1 . 1), and are roughly equivalent to van der Waals interactions in strength. Their
energy is inversely proportional to the square of the charge separation distance (r), as
shown in ( 1 .8 ), where e is a unit of charge and all other symbols are aa above.

( 1 -8 )

1.3.3

H ydrogen B onding

A hydrogen bond is an interaction th a t is particular to polar hydrogen atoms. Although
a relatively weak interaction, it is unusual in th a t it is directional in nature. As such it
is very im portant in the structural organisation of proteins (§ 1.5) and the recognition
of ligands (§ 1.6). A hydrogen bond occurs between two systems A -H • -B-Y where A is
sufficiently electronegative to make H acidic and B has a region of high electron density,
such as a lone-pair orbital (Legon Sz Millen 1987, Greenwood & Earnshaw 1984). In
general, strong hydrogen bonds are favoured when A or B is F, O, or N, and weaker
bonds are formed when they are P and S, although weak bonds can also occur if A
is a carbon atom (Greenwood & Earnshaw 1984). Generally, A is referred to as the
donating atom and B as the accepting atom, or, more commonly, the donor and acceptor.
The interaction is more than a simple electrostatic interaction. It can have a covalent
character, with some electron density shared between atoms A, H, and B. This is most
marked when the bond is linear, i.e., A -H lies along the same axis as the lone-pair or anti
bonding orbital. These are the strongest hydrogen bonds (Legon & Millen 1987, LlamasSaiz et al. 1992).
The strength of a hydrogen bond as it deviates from linearity, and the point it ceases
to be a hydrogen bond and simply an electrostatic interaction, has been the subject
of several studies (Legon & Millen 1987, Llamas-Saiz et al. 1992, Mitchell et al. 1989,
Mitchell & Price 1990). There is no clear answer to this, although it would appear
th a t the covalent character of the bond diminishes as it deviates from linearity and th a t
the electrostatic component is the m ajor force of the interaction. It has been shown in
small-molecule crystal structures th a t the highest distribution of hydrogen bond donor
atom s occurred around the lone-pairs of the acceptor atoms (Taylor et al. 1983, MurrayR ust & Glusker 1984). Generally in studies of crystallographic data, hydrogen bonds are
defined using geometric criteria. Such criteria generally consist of a maximum permissible
distance between the hydrogen and the acceptor atoms and minimum AHB and HBY
angles (figure 1.3) (Baker & Hubbard 1984, McDonald & Thornton 1994, Stickle et al.
1992).
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A -tH

Figure 1.3: The geom etric criteria used to determine hydrogen bonding. In many m ethods a
hydrogen bond is proposed to occur if the angles AHB and HBY are greater than a given angle
(often 90°) and the distance HB is less than a given value (commonly 2.5 Â).

1.4

N u cleotid es

1.4.1

N u cleo tid e or N u cleic A cid ?

Before describing the structure and properties of nucleotides it is as well to define what
is meant by a nucleotide and w hat is meant by a nucleic acid. In the au th o r’s experience
these term s are quite commonly used interchangeably, and erroneously. Historically,
nucleic acids were isolated in the nucleus of cells (in the last century) and their name
reflects this, and their acidic nature. When the structure of the nucleic acids became
better understood, the subunits of which they were made were referred to as nucleotides.
Nucleotides and nucleic acids are closely related, but not exactly the same. W hether the
term nucleic acid can be used as a collective term th a t includes nucleotides is a moot
point. In the excellent book by Saenger (1984), some chapter titles appear to use the
term in this way, and, certainly, used like th a t it can help clarity. However, this sense is
not used in this text, and a clear distinction is made between the names ‘nucleic acid’
and ‘nucleotide’. The au th o r’s working definitions of the two term s are given below:
n u c le o tid e A nucleotide consists of a base, a ribose-type sugar and phosphate groups
in similar configurations to the ‘nucleotide’ th a t is the basic subunit of DNA and
RNA. A molecule where a substantial p art consists of a nucleotide moiety can also
be classified as a nucleotide. Examples of the latter are the nucleotide coenzymes
such as Coenzyme A and Flavin Mononucleotide, where a nucleotide group is linked
to a large am phipathic group.
n u cleic acid A polymer of nucleotides th a t is sufficiently large to adopt higher orders
of structure than a double helix formed by Watson-Crick base-pairing. Thus, a
small chain of nucleotides th a t folded to produce a hairpin loop or a small piece
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of DNA would not be classed as a nucleic acid, while a transfer RNA molecule of
about 80 nucleotides would.
These definitions give rise to other subtleties of nomenclature, such as when does an
oligonucleotide become a polynucleotide, and when a nucleic acid ? Divisions between
‘oligo-’ and ‘poly-’ tend to be arbitrary and subject to personal preference. However,
these term s are taken here as implying length, but no structure, while critically, ‘nucleic
acid’ has structural connotations*.

1.4.2

T he Functions o f N u cleotid es in B iology

Nucleotides have numerous im portant roles within the cell. They are the basic building
blocks of nucleic acids, they play an im portant p art in the metabolism of cells, and are
involved in some of the signalling mechanism found within cells and organisms. As the
subunits of nucleic acids they are im portant, because they combine the stability one
would want in such long-lived molecules as DNA, with distinctive chemical features th a t
can be recognised by proteins involved in the maintenance and replication of nucleic
acids. It is their hydrogen bonding ability th a t stabilises th e double helix and is so
im portant in the identification of the genetic information the bases encode.
In cell metabolism adenosine triphosphate is crucial as the cell’s ‘energy currency’ —
its hydrolysis to adenosine diphosphate provides the energy for many enzyme catalysed
reactions within the cell (c.f. § 1.4.3). Hydrolysis of pyrophosphate in other nucleotides
also drives many reactions, however, ATP is unique among them because it is produced
from ADP directly by the process of respiration^. In addition to the standard nucleotides
there are variants, sometimes collectively called the nucleotide coenzymes, which act as
facilitating agents in many metabolic reactions. An example is nicotinamide adenine
dinucleotide (NAD), which acts as an acceptor or donor of electrons in many enzyme
catalysed oxidation/reduction reactions. These molecules are called coenzymes because
they participate in a reaction, but are not ‘consumed’ by it as a substrate would be.
The signalling role of nucleotides is varied. On a simple level, many nucleotides act as
allosteric inhibitors or activators of enzymes, regulating metabolic pathways by positive
or negative feedback mechanisms (Zubay 1988). However, there are many more complex
mechanisms, including those involving receptor molecules in cell membranes. One clas
sic set of mechanisms are those involving the cyclic adenosine monophosphate (cAMP)
dependent protein kinases. When an appropriate receptor is stimulated it causes the
synthesis of cAMP, which then allosterically activates the protein kinase, th a t phosphorylates its target protein (hydrolysing ATP to A DP in the process). Such phosphorylation
*In proteins a similar situation occurs between oligopeptides and polypeptides.
Hn eukaryotic cells respiration occurs in the mitochondria. A proton gradient across the inner mem
brane of the mitochondrion provides the driving force for electrons to enter it. In doing so their energy
is harnessed to drive the phosphorylation of ADP, effectively storing the energy in a form accessible to
the rest of the cell.
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<

Base

Ribose
Phosphate

q H OH

AMP
Figure 1.4: The com position of a nucleotide. The figure shows the structure of one of the m ost
basic nucleotides, adenine m onophosphate (AM P). It consists of an adenine base, a ribose sugar
and one phosphate group.

is a common signalling mechanism in the cell where it can cause a change in the func
tionality of a protein. Such signalling mechanisms can be very complex causing a cascade
of eflfects within the cell. Not only adenine nucleotides are im portant in such signalling
mechanisms, there are an im portant class of guanine nucleotide binding proteins (the
G-proteins), th a t hydrolyse O T P to G DP during their transduction of a the signal from
a receptor to its target protein.

1.4.3

N u cleo tid e S tru ctu re and N om en clatu re

Nucleotides are composed of three components, a base, a ribose sugar and at least one
phosphate group (figure 1.4). W ith no phosphate attached the molecule is called a
nucleoside.

There are five main types of base commonly found in nucleic acids and

within the cell generally. These are adenine, guanine, thymine, cytosine and uracil. In
addition there are two principal forms of sugar, ribose and 2 '-deoxyribose, th a t give rise
to the term s ribonucleotide and deoxyribonucleotide, respectively.
The name of a nucleoside or nucleotide is based on the name of its base and sugar.
Nucleosides generally end in the suffix ‘-osine’ and the nucleotide equivalent with ‘-ylate’.
Thus an adenine base forms a nucleoside called adenosine and a nucleotide called adeny
late or adenylic acid. The naming conventions and abbreviations used for the common
bases are shown in table 1.2. This name is prefixed whenever a modified form of ribose
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is present, to indicate the nature of the modification. Thus adenine attached to a 2'deoxyribose could be called 2'-deoxyadenosine and abbreviated 2'-dAMP. However, since
this variant has special significance the 2' is assumed and the abbreviation dAMP used
(table 1 .2 ).
Base

Nucleoside

Nucleotide

Uracil

Ura

Uridine

Urd

Uridylic Acid

5’-UMP

Cytosine

Cyt

Cytidine

Cyd

Cytidylic Acid

5’-CM P

Adenine

Ade

Adenosine

Ado

Adenylic Acid

5’-AMP

Guanine

G ua

Guanosine

Guo

G u any lie Acid

5’-GM P

Thymine

Thy

Deoxythymidine

dThd

Deoxythymidylic Acid

5’-dTM P

Table 1.2: Nomenclature and abbreviations of the common nucleosides and nucleotides. After
Saenger (1984).

T h e B ases

The structures of the five main bases are shown in figure 1.5, together with two less com
mon ones. The bases are classified into two types, purines and pyrimidines, the structures
of which are related. The purines are two ring heterocycles (adenine, guanine, inosine
and xanthine) and the pyrimidines are six-membered heterocycles (uracil, thymine, cy
tosine and orotate). These divisions not only reflect the structural relationships between
the bases, but also their synthesis, since the bases of each type are produced from the
same metabolic pathway. These pathways are summarised in figure 1.7, which shows
th a t each base is modified from one initial base type: IMP in purine biosynthesis and
UMP for th a t of the pyrimidines (Zubay 1988).

G uanine

R ^ 2 'N - 4
Uridine

Thymine

Cytidlne

O m athlne

Purine

3

0^2

6

Pyrimidine

Figure 1.5: Structures o f the main purine and Figure 1.6: The atom numbering scheme for the
pyrimidine bases together with two less com atom s of the purine and pyrimidine bases. R i
mon bases, inosine and ornithine.
and R 2 represent the substituents found in the
different base types.

One of the most im portant features of the bases is their ability to base-pair in a
complimentary manner, purine with pyrimidine. Guanine pairs with cytosine, adenine
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CTP+ATP

GIF

De novo
synthesis

Î1

CDP
ADP

GDP

ÎI
II
1

CMP
AMP

IMP

XMP

GMP

UTP

II

inosine

Hypoxanthine

Xanthosine
►Xanthine

Guanosine

II

dUDP

dlD P

UMP

dUMP

dlM P

dUridine

Uracil

' Guanine

(a) Summeiry of the pathways of purine
metabolism

II

dTTP

UDP

Cytidine
Adenosine

dUTP

Do novo
synthesis

dlhymidine

Thymine

(b) Summary of the pathways of pyrimidine
metabolism

Figure 1.7: Summary of the pathways of purine and pyrimidine m etabolism . Double headed
arrows indicate reversible enzym atic reactions. Separate arrows in opposite directions between
m etabolites indicate a different enzyme participating in each direction. The diagram is arranged
in tiers: bases at the bottom , nucleosides at the next level, then nucleoside mono-, di-, and
triphosphates (in ascending order). Based on Zubay (1988).

with thymine in DNA and with uracil in RNA (figure 1.8). The specificity of the basepair recognition is crucial in its use 3s a store of genetic information, since it is the
fundam ental property th a t enables its exact replication, transcription, and translation.
However, such specific base-pairing alone is not sufficient to perform these functions,
it is necessary th a t the bases have sufficiently distinct features th a t enable the base
pairs to be recognised by the proteins th a t control these processes. These distinguishing
features were identified by Seeman et al. (1976), who identified th a t each base-pair had
a distinguishing pattern of hydrogen bonding in the m ajor groove of either DNA and
RNA th a t could be readily identified by proteins (figure 1.8).

Ribose
Ribose is a cyclic furanoside-type five carbon sugar. The variants commonly found in the
cell are /)-D-ribose and /5-D-2-deoxyribose. Ribose 5-phosphate is synthesised in the cells
of many organisms via the pentose phosphate pathway (Zubay 1988, Stryer 1988), which
oxidises glucose-6-phosphate to form five-carbon sugars. In the case of ribose biosynthesis
there are two stages. Firstly, glucose-6 -phosphate is oxidised to ribulose-5-phosphate in
a reaction th a t also reduces two molecules of NADP"^. Secondly, ribulose-5-phosphate is
isomerised to ribose-5-phosphate. Deoxyribose is believed to be formed from ribose by a
reduction process th a t removes the O 2 oxygen (Zubay 1988).
Ribose atom s are numbered as in figure 1.9, and in nucleotides and nucleosides a
prime is added to distinguish them from the base atom s (lUPAC-IUB 1983). Besides
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Major Groove
A
9

D

M

D

l

I I

A
Ribose

U

^

\

H -N ^
O

D

Major Groove
D
A

Minor Groove

^

C

G

' M-H-— -N
Ribose

D

N—H*

O

\
Ribose

H
t
A
D
Minor Groove

Figure 1.8: Illustration of the two com m on Watson-Crick base pairs. The unique hydrogen
bonding pattern between the base pairs determines the specificity of each pairing: A with U
and T , G with C. The figure also shows the distinctive hydrogen bonding pattern that can be
recognised by proteins binding in the major and minor grooves of a nucleic acid and used to
provide sequence specificity.

the 5'-phosphorylated variety of ribose the O 2 and O 3 oxygens can be phosphorylated,
such modifications being mainly found in nucleotide containing coenzymes. The base of
a nucleotide is attached to ribose at the Ci/ position via a /?-N-glycosyl linkage to the
Ng atom of a purine or the Ni of a pyrimidine.

Phosphate
A phosphate is a negatively charged molecule, consisting of a central phosphorus atom
bonded to four oxygen atoms. In nucleotides it is commonly found attached in groups of
two or three, forming a P -O -P linkage known as the pyrophosphate bond. When fully
protonated the phosphate oxygen atoms form three single bonds and one double bond
to phosphate. However at physiological pH these oxygens are not protonated and their
bonding to phosphate exhibits a partially 7r-bonded character (Boyd & Lipscomb 1969).
The P - 0 bond of the pyrophosphate linkage, however, tends to have less tt character
with longer bond lengths than those of term inal P - 0 bonds (Boyd & Lipscomb 1969).
This also results in a P -O -P angle of 130®, much larger than the ideal value for oxygen of
104®31'. When combined with the longer P - 0 bond length this produces a longer than
normal distance between the adjacent phosphorus atom s th a t minimises electrostatic
repulsion. Thus there can be almost free rotation about the pyrophosphate bond (Saenger
1984).
One of the most common properties attributed to the di- or tri-phosphorylated groups
in nucleotides is th a t they are “energy rich” . This can be somewhat misleading because
the pyrophosphate bond is structurally unremarkable and does not directly act as a store
of energy (Saenger 1984). Rather, this energy store refers the the energy of hydrolysis of
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HO—1

Base

OH OH
Figure 1.9: The standard numbering scheme of the atom s in ribose.

a pyrophosphate under physiological conditions (pH 7 and 37°C), which is significantly
greater than the hydrolysis of other esters, such as the P -O -C bond linking phosphate
to ribose (Boyd & Lipscomb 1969). This favourable behaviour can be explained as a
combination of the electrostatic repulsion of adjacent phosphate groups and the greater
stability of the products of the reactions, due to more uniform charge distribution, and
P - 0 bond lengths (Boyd & Lipscomb 1969, Saenger 1984).

1.5

P rotein Structure

1.5.1

T he Significance o f P rotein s in B iological S ystem s

Proteins are fundam ental to nearly all the processes th a t occur in the cell. They are
im portant in the structure of cells and animals, they catalyse the m ajority of chemical
reactions within the cell and they control the multifarious processes th a t occur within
the cell and organisms. Their im portance is reflected in the fact th a t the genes in a cell,
which contain all the information the cell needs to grow and develop, almost exclusively
store information on protein structures*. During the development of a cell different genes
will be ‘switched’ on and off, and it is the proteins these genes produce th a t alter the
properties of the cell.
Clearly an understanding of how proteins carry out their various functions is impor
ta n t if the workings of the cell are to be understood. And therefore it is im portant to
understand the properties and mechanisms of proteins at the atomic level. Most of this
understanding has occurred over the last forty years, since the elucidation of the first
atomic structure of a protein, and has provided a picture of protein structure th a t is
*A smciU number of genes within the cell encode RNA molecules such as ribosomal RNA eind transfer
RNA, but these are a small proportion of the genome of a cell.
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comprehensive, but still far from complete. In the rest of this section the main features
of protein structure will be explained. The discussion will focus on globular proteins,
since they are the best understood class, and of particular relevance to this thesis.

1.5.2

T he T w enty C om m on A m ino A cids

Proteins are essentially long polymers synthesised from twenty types of amino acid. These
amino acids are listed in table 1.3 together with their abbreviations and a summary of
their properties. More than these twenty types can occur in proteins, usually due to
modifications after they are synthesised, but the twenty in the table are by far the most
common, especially in globular proteins. As the name suggests, amino acids have both
basic and acidic characteristics, since they all contain both an amino and a carboxylate
group at each end. However, these groups are used to polymerise the amino acids into
long chains, and it is thus the chemical properties of their side-chain substituents th a t is
im portant in determining the properties of proteins.

Y

P

— N— ^
O

Alanine

Valine

Phenylalanine

Proline

H

I
Leucine

Isoleucine

Methionine

Glycine

Figure 1.10: The hydrophobic am ino acids. The figure shows the seven com mon amino acids that
have a hydrophobic character. Glycine, is also shown here, which is apolar, but is not regarded
as hydrophobic.

The amino acid side chains have many properties, but for convenience can be divided
into three groups according to their polarity (figures 1.10, 1.11 & 1.12). This type of
subdivision gives eight* hydrophobic (figure 1 . 10 ), eight polar (figure 1 .11 ) and four
'This includes glycine, which is not hydrophobic, but is apolar so is grouped here for convenience.
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Threonine

Tyrosine

Histidine

Glutamine

Tryptophan

N §2

p

r

Cysteine

Ao
Asparagine

Figure 1,11: The polar am ino acids. The eight amino acids that have a partial charge at physio
logical pH are shown. All the named atom s are involved in hydrogen bonding, except the S atom
in cysteine, which is a weak hydrogen bond donor and acceptor. The oxygen atom s are generally
protonated and can therefore donate and accept, while the am ide nitrogen atom s can donate two
hydrogen bonds (one for each proton) and the endocyclic nitrogen atom s one. Histidine tends to
exist in a resonance state at physiological pH, whereby one of its nitrogen atom s is protonated
and donates while the other is not and can accept.

charged (figure 1 , 12 ) side-chains.
One of their single most im portant properties is their ability to hydrogen bond. All
amino acids can hydrogen bond via their term inal amino and carboxyl groups, but not all
can hydrogen bond via their side-chains. Both the strength and the number of hydrogen
bonds th a t can be formed by a side-chain are im portant, both in term s of defining the
three-dimensional structure of proteins and their ability to aid the protein’s ability to
interact with, and recognise other molecules. The atom s th a t can potentially hydrogen
bond are shown in figures 1.11-1.12. As has been mentioned above, sulphur tends to
form weak hydrogen bonds, and this is reflected in the sulphur containing amino acids.
Methionine and cysteine tend to be weak hydrogen bond acceptors and cysteine a poor
donor (Creighton 1993), and indeed hydrogen bonds involving these amino acids are not
common (McDonald & Thornton 1994).
The sulphur of cysteine is highly reactive, and under oxidising conditions can react
with another cysteine residue to form a covalent bond between sulphur atoms. This
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c ) = n h 2^

5

P p 0%
Aspartic Acid

f

P

y

Glutamic Acid

Lysine

Arginine

Figure 1.12: The charged amino acids. The four amino acids that have a full charge at physiolog
ical pH are shown. The protonated nitrogen atom s in lysine and arginine can donate hydrogen
bonds. The carboxylate groups o f glutam ate and aspartate are generally charged at physiological
pH so do not have a proton to donate a hydrogen bond, however, they do accept hydrogen bonds.

disulphide bond is the only cross-linking covalent linkage th a t occurs in proteins. It is
most commonly found in secreted, extra-cellular proteins where it is thought to provide
extra stability to proteins in an oxidative environment (Branden & Tooze 1991, Creighton
1993).

1.5.3

T he P ep tid e B ond and P rotein B ackbone C onform ation

Proteins are polymerised from amino acids by a condensation reaction, catalysed in the
ribosomes of cells, th a t joins the carboxyl group of one amino acid with the amino
group of a second. Thus, proteins are synthesised from an amino terminus to a carboxyl
terminus, which by convention is the direction amino acids sequences of proteins are
w ritten. The resultant polymer of amino acid is generally referred to as the polypeptide,
or polypeptide chain.
The bond formed by polymerisation is called the peptide bond and tends to be rigid,
usually adopting a trans conformation (figure 1.13). The rigidity of this bond can be
explained by its partial double bonded character due to resonance (figure 1.13). By
following the repetitive pattern N, C^, C, N, C^, etc. of the polypeptide chain, one
can trace the outline of a protein in three dimensional space. This ‘protein skeleton’
is generally referred to as the main-chain of the protein and it is this th a t defines the
conformations th a t a protein can adopt.
The conformation of the protein backbone is conventionally described by three torsion
angles w, 0 and V’ (figure 1.14). The u angle is close to 180° in most cases, because it
describes the rigid peptide bond and so the backbone conformation can be analysed in
term s of its (f) and 'ijj torsion angles. Ram achandran & Sasisekharan (1968) were the
first to examine the possible backbone conformations of protein structures. Using hard
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N
I
H

V
H

Figure 1.13: The peptide bond. The atom s forming the peptide bond are shown in bold in both
resonance states. Resonance im parts a significant degree of rigidity to the peptide bond. The
peptide linkage is shown in its m ost comm on trans conformation, that orients the side chains of
adjacent amino acids as far apart as possible.

o
H

H

R

O

Figure 1.14: The torsion angles describing the conformation of the protein backbone. T he torsion
angles are defined as follows: w,
^-N*"
N*“ ^- C*- C«- N*; ip, C’-C ^-N *-C *

sphere models of amino acids they were able to determine the angles of ^ and 'ip th a t could
be adopted w ithout there being any steric clashes. From this work and later energetic
studies, a two-dimensional contour map was generated for all amino acids (figure 1,15).
W ith two exceptions, the perm itted regions of of the amino acids are broadly similar,
with slight variations for the length of side chain. However, glycine, which haa no heavy
atom side-chain, experiences much less steric hindrance and thus can occupy about 45
per cent of the ^/'ip conformational space. Proline, represents the other extreme, where
the rigidity of its hve-membered ring limits (p to approximately —60° (Creighton 1993).

1.5.4

Secondary S tructure

The first level of three-dimensional structure in a protein is commonly called its sec
ondary structure. This comprises particular conformations of amino acids, characterised

36

C h a p te r 1.

N ucleotides and Proteins: their P ro p e rtie s and Interactions

Ramachandran Plot
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Figure 1.15: A Ramachandran contour plot showing the permissible areas for the 0 and ip torsion
angles of most amino acids. The darkest areas in the plot correspond to the most favourable con
formations for (j) and ■0, with the white areas being very unfavourable. Glycine has a significantly
larger favourable area than is shown in the figure. The plot was modified from that produced by
ProCheck (Laskowski et al. 1993).

by particular arrangem ents o f the protein backbone.

T hese conform ations tend to be

confined to local areas o f the polyp eptide chain and can be repeated w ithin the sam e
protein and am ong different proteins. T he tw o principal typ es o f secondary structure are
cv-helix and /3-sheet.
T he structure of an « -h elix was first proposed by Pauling et al. (1951) from theoretical
stu d ies using inter-atom ic distances, bond angles and other conform ational param eters.
T he « -h elix tw ists in a right-handed direction and has 3.6 residues per turn o f the helix
(figure 1.16), with 0 and ip angles at approxim ately —60° and —50° respectively. T he
helix is a remarkably sta b le con struct since every m ain-chain O hydrogen bonds to the
m ain-chain N four am ino acids above it (C = O n -• •H-N„ 4. 4 ). A m ino acids have different
propensities to be found in «-h elices. Proline rarely tends to occur because its m ain-chain
N form s part of its ring structure and thus cannot hydrogen bond to the n — 4 residue
below it. It is however, favoured in th e first turn o f an « -h elix, where it can be more
stable than the other am ino acids, because it does not have a hydrogen bonding mainchain N to satisfy. O f th e other am ino acids alanine, g lu ta m a te, leucine and m ethionine
are good « -h elix form ers and glycine, tyrosine and serine are very poor (Branden &
Tooze 1991).
T he « -h elix is also believed to have a m acroscopic dipole along its length, having a
net positive charge at its am ino end and a net negative charge at its carboxy end. T he
dipole is believed to be a cum ulative effect derived from the hydrogen bonds and peptide
groups in th e helix which all point in th e sam e direction (Hoi 1985). T his charge can be
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Figure 1.16: The structure of the a-helix. The figure illustrates the number of residues per turn
and the hydrogen bonding between 0 „ and Nn+ 4 . The figure is taken from Branden & Tooze
(1991).

significant, corresponding to approxim ately 0 .5 -0 .7 unit charge at each end o f the helix
(CTeighton 1993).
A less com m on form o f helix is also encountered in proteins. T his is the 3m helix. It
is m ore tig h tly wound than the cv-helix, w ith only 3 residues per turn, ten atom s between
hydrogen bonds (hence th e designation 3io), and a hydrogen bonding pattern o f z + 3.
Since its hydrogen bonds are not linear, it is less stab le than an a -h elix and is much less
frequently observed in proteins, occurring at the ends o f som e a-h elices.
In th e sam e year th a t th ey proposed the stru ctu re o f an <a-helix, P auling & C orey
(1951) proposed the stru cture o f the /3-sheet.

T his is com posed o f stretch es o f am ino

acids, /3-strands, in which th e m ain-chain is exten d ed . T he strands are aligned adjacent
to each other in such a way as to allow a network o f hydrogen bonds to form betw een the
stran d s (figure 1.17). T here are tw o main typ es of /3-sheet: the parallel form , in which
all the stran d s are in the sam e orientation and the anti-parallel form , where strands
a ltern ate in orientation (figure 1.17).

O f course, m ixtures o f these arrangem ents can

occur, with both parallel and anti-parallel arrangem ents o f strands present in a /3-sheet.
In both cases all the m ain-chain N and O atom s are hydrogen bonded to each other,
w ith both form s o f /3-sheet having a d istin ctive hydrogen bonding pattern (figure 1.17).
A /3-sheet is not planar, however, but ten d s to have a right-handed tw ist (figure 1.18).
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(a) Structure and hydrogen bonding pattern
of a parallel /3-sheet

(b) Structure and hydrogen bonding pattern
of an anti-parcdlel /3-sheet

Figure 1.17: The structures of parallel and anti-parallel /3-sheets. The differences in the hydrogen
bonding pattern between the two types of /3-sheet can be clearly seen.

Pieces of regular secondary structure are usually connected by more irregular regions
of structure collectively referred to as loop regions. Where these loops are large, with
indeterm inate structure, they are sometimes referred to as random coil, reflecting their
lack of structure.

However, shorter loops can be ordered, especially those occurring

between anti-parallel /3-sheets. These are generally referred to as /3-hairpins and are
structurally well defined. This, and other types of /3-turn have been extensively studied
and classified into eight bend types, plus several variants (Creighton 1993). Residues such
cis glycine and proline are commonly found in these loops, especially in tight loops where

they occur at key positions, since they can form suitable acute turns in the main-chain.

1.5.5

Supersecondary Structure

In a further level of organisation, secondary structures have been found to be linked
together in particular patterns. This higher level of organisation has become recognised
as another level of structural organisation, interm ediate between tertiary and secondary
structure. Related to this is the topology of the proteins secondary structure, which is the
order of the secondary structure elements in a protein. The topologies of some secondary
structure motifs can be so distinctive, th a t structural similarity to other proteins with
this topology can be assumed.
Of particular interest in this thesis are the /3o;^-motifs, which are commonly found
in proteins structures with parallel ^-sheets.

One of the best known ^^0 !/3-motifs is
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Figure 1.18: An illustration of the twist commonly found in /3-sheet. The figure is taken from
Branden & Tooze (1991).

com m on ly called th e R ossm ann fold (R ossm ann et al. 1975), consisting o f two A-helices
and three /5-sheets, originally found in proteins th a t bind N A D . Proteins containing these
m otifs shall be discussed later in this chapter (§

1 .6

).

T he supersecondary structure o f proteins has also been used to group protein struc
tures into four categories: all cv, all /5, a/(3 and a-\-/3. In the first category the proteins
largely contain a -h elix , and in the second largely /5-sheet. T h e last tw o contain sim ilar
p roportions o f a -h elix and /5-sheet, but dissim ilar distributions.

For the topologies of

a / (3 stru ctures helix and sh eet roughly alternate, however, th ose o f ck-h/S structures have
d istin ct regions o f a-h elixan d /5-sheet. In proteins w ith more than one dom ain, such clcussification can becom e more difficult, since it is not uncom m on for the different dom ains
in a protein to be classified differently.

1.5.6

The W hole Protein: Tertiary and Quaternary Structures

T h e organisation o f the secondary and supersecondary structures o f a protein in three
dim ensional space is com m on ly called its tertiary structure. In m any proteins this is the
h ighest level o f structu re, but in som e there is a further level, describing th e aggregation
o f single p olypep tide protein into m ultim eric com plexes, called the quaternary structure.
T he tertiary stru cture is form ed by its secondary structure elem ents, which com e to 
gether and in teract via hydrogen bonding, electrostatics and van d e r W aals interactions.
However, the m ajor stab ilising force is thought to be provided by the hydrophobic effect
(C h oth ia 1974, Janin & C h o th ia 1978, W odak et al. 1987, Dill 1990). T his explains the
observation th a t hydrophobic residues in proteins are buried and found closely associ
ated w ith each other in term s o f th e exclusion o f solven t. W hen an unfolded polypeptide
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chain folds, it is believed th a t the disruption of the ordered solvation shell around the
protein creates a favourable entropie contribution to the stability of the system. In bulky
apolar residues there are few favourable interactions with water which means the wa
ter molecules cannot completely satisfy their hydrogen bonding potential, which they
are more likely to do around a more polar residue. Thus, the disruption of the solva
tion shell around these residues is more favourable because it releases water molecules
back to bulk solvent where their hydrogen bonding potential can be completely satisfied.
Therefore the stability of the folded protein is optimised if the burial of these residues
is maximised. This force is believed to be im portant in other types of intermolecular
reaction with protein, such as protein dimérisation (Jones & Thornton 1995) and ligand
binding (Janin & Chothia 1978).
Large proteins are often subdivided into smaller structural units called domains. A
domain is a p art of a protein chain th a t folds independently into a stable tertiary structure
(Branden h Tooze 1991). Domains often have functional significance, for example, in
the DNA-binding repressor protein of bacteriophage lam bda the amino-terminal domain
binds DNA, while the carboxy-terminal domain is responsible for dimérisation (Ptashne
1986). A nother example is the NAD-dependent dehydrogenase enzymes which have a
dinucleotide binding domain, a substrate binding domain and a hinge region th a t allows
the domains to open and close upon substrate and coenzyme binding.
Proteins can be sub-divided into domains, and in the same sense they can be divided
into different polypeptide chains, th a t aggregate to form a functional protein. Such mul
timeric proteins can take several forms, from a simple homo-dimer, where two identical
proteins aggregate, to a virus capsid, were several protein types combine to form a pro
tein shell of tens or hundreds of proteins. The formation of such multimers can be an
im portant p art of a proteins functionality. For example, lam bda repressor exists as a
monomer and a dimer, but it can only bind to DNA as a dimer. Removing its ability to
dimerise removes its ability to form a stable complex with DNA, as happens when virus
replication is stim ulated (Ptashne 1986).

1.6

P rotein-N u cleotid e Interactions

One of the best understood classes of protein-ligand complex are those between proteins,
and nucleotides, in particular the dinucleotide coenzymes. The first comparative study
of such proteins was carried out by Rossmann et al. (1975), who compared the structures
and bindings sites of the all NAD-dependent dehydrogenase complexes then determined.
This work identified a /3a/5-motif common to the nucleotide binding regions of these
proteins th a t was subsequently called the Rossmann fold, or mononucleotide-hinding
motif. This fold has subsequently been observed in many proteins th a t bind nucleotides
other than NAD (Saenger 1984).
An NAD binding protein generally has two mononucleotide binding motifs. Each
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motif consists of two CK-helices and three /^-sheets in a Pa/3a/3 configuration, with the
helices above the /^-strands aligned to form a parallel /3-sheet (figure 1.19). It is the
carboxyl end of the first /3o;/3 unit of each mononucleotide motif th a t actually interacts
with the nucleotide. The binding cleft is formed by loop regions and the carboxyl ends
of the /3-strands (Branden & Tooze 1991). The macro-dipole of the a-helix is believed
to interact with the pyrophosphate group, further stabilising NAD binding (Hoi 1985).
W hat is remarkable about these and nucleotide binding proteins in general is the
contrast between the degree of structural similarity between different enzymes and the
limited am ount of similarity in their sequences (Wierenga et al. 1986). Straight-forward
sequence comparison of such proteins reveals little similarity, but more detailed studies of
the /3a/3 motif has revealed some key features of their amino acid sequences in w hat has
been termed a sequence “fingerprint” (Wierenga et al. 1986). This fingerprint consists
of three features:
1. The sequence GXGXXG or CXCXXA is found in the turn between the first /3-sheet
and the a-helix, where X can be any amino acid.
2. Both /3-strands are composed of predominantly hydrophobic residues and are shielded
from solvent on one side by the hydrophobic face of the o;-helix.
3. An acid residue located at the carboxyl end of the second /3-strand in proteins th a t
bind FAD or NAD, where it hydrogen bonds to ribose.
This type of alternating a//3 structure appears to suit the formation of small molecule
binding sites. Branden (1980) proposed th a t /3o/3 structures topologically favour the
formation of crevices at the carboxy ends of /3-sheets. Such crevices are readily created
when the strands in the /3-sheet of these units become reversed a t w hat has been termed
the switch-point (figure 1.19). The strand reversal causes the loops connecting the strands
at the switch point to be positioned on opposite sides of the /3-sheet, thus creating the
crevice in which a ligand can potentially bind. This motif has the advantage in the
protein th a t many of the specific interactions with a ligand would occur in its loop
regions. Therefore m utations occurring in these regions would allow the protein to alter
its specificity without making significant changes to its overall structure (Branden 1980).

1.7

P rotein Structure D eteruiiuatiou

The significant am ount of protein structure information th a t now exists has been ob
tained largely by examination of the structures of proteins at the atomic level. This has
only been possible since the early 1950’s, when John Kendrew and Max Perutz obtained
the first atomic structures of the proteins myoglobin and haemoglobin by X-ray crys
tallography. More recently the atomic structures of proteins have been elucidated using
nuclear magnetic resonance techniques. The widespread use of powerful computers and
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Figure 1.19: An Illustration of Brandens Switch Point. In figure (a) the strand order is continuous
and the o-helices are positioned on one side of the 0-sheet. If the switch points are ‘switched’,
as in (b), then the helices of the 0 a 0 motifs are positioned on alternate sides of the sheet and a
crevice is formed at the switch point. It is at this switch point that ligands, such as nucleotides
can bind. The topology shown in (a) is not observed in such 0 o 0 motifs - the arrangement of
helices on both sides of the sheet being more favourable. The figure is taken from Branden &
Tooze (1991).

softw are has m ade both these techniques much easier*. T his is reflected in the exponen
tial rise in t he number o f protein structures deposited in the Protein D atabank (P D B )
coordinated by the Brookhaven N ational Laboratory at Long Island.
T he work in this thesis relies on inform ation obtained from structures deposited in
the P D B , and it is im p ortan t, therefore, to understand the experim ental techniques used
to obtain these structures. If one understands the lim its o f the techni(|ue one is better
able to interpret the structures obtained from it. Since all th e structures used in the
rest o f the thesis were obtained by X-ray crystallography the following discussion will
con cen trate on th at.

1.7.1

The Principles of X-Ray Crystallography

W hen an object is viewed down a m icroscope, the light scattered by the object is focused
and magnified by a glass lens and can be viewed by the eye. A sim ilar situation occurs
w ith an electron m icroscope, but in this case the electrons are focused by a m agnetic
*4 his advance cannot be overestim ated . W hereas K endrew and P erutz and their coworkers had to
sp en d m onths perform ing num erous and com plex calculations, th ese can be perform ed in hours on a
m odern com puter.
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field. However, in order to view molecules at the atomic level the wavelengths of both
these types of electro-magnetic (EM) radiation are too large to resolve an atom. A
commonly used form of EM radiation th a t has a sufficiently small wavelength to do this
is X-ray radiation, but this has a serious drawback in th a t there is no known physical
means of focusing X-rays. W ithout some means of focusing, the inform ation contained
in scattered X-ray radiation cannot be used.

Thus, the task of the crystallographer

can be summarised somewhat crudely as: to focus, by m athem atical and experimental
techniques, the X-ray image of a molecule into one visible to the eye.
In a crystal suitable for diffraction analysis there are approxim ately 10^^ molecules
regularly spaced in its three dimensional lattice (Creighton 1993). When subjected to
a beam of X-rays the diffraction pattern of these repetitively spaced molecules add up,
thus amplifying the overall diffraction pattern of the molecule. The basic unit of a crystal
is called the unit cell and is essentially the smallest repeating unit in the crystal lattice.
W ithin the unit cell is the asymmetric unit, which is in turn the smallest repeating unit
within the unit cell th a t can be replicated an integral number of times. The crystallographic operations necessary to calculate the unit cell from the assymetric unit gives the
space group of the crystal lattice. The aim of the crystallographer is to locate all the
atom s in the assy metric unit (Saenger 1984).
Since the crystal lattice acts as a diffraction grating the scattered X-rays, or reflec
tions, generate an interference pattern, which shows up on a photographic plate as a
series of spots, where the phases of the reflections coincide. This diffraction pattern cor
responds to a three-dimensional lattice of X-ray reflections, in w hat is called reciprocal
space, th a t has param eters th a t are the inverse of those of the crystal. From this it is
possible to determine the unit cell and the space group of the crystal lattice.

1.7.2

D eterm in in g E lectron D en sity

Using the light-microscope analogy from above, one can regard the crystal as the aperture
of the microscope, through which the radiation is scattered. In X-ray crystallography
the objective lens is provided by a m athem atical ‘lens’ called a Fourier synthesis. This is
based on the techniques of Fourier analysis, which can be used to deconstruct a complex
wave function into a series of sine waves. Fourier synthesis performs th e inverse of this and
constructs a complex wave function from sine waves. However, the image resolved is not
of atomic positions directly, but rather an image of the electron clouds around the atoms,
called the electron density, from which atom positions must be inferred (Creighton 1993).
The individual reflections of a diffraction p attern represent simple sine waves. Hence,
if their phase and am plitude is known it is possible to relate a set of reflections to the
electron density a t a point in the assy metric unit. Only the intensity of the reflections can
be obtained experimentally, which enables the X-ray crystallographer to only determine
their amplitudes. However, w ithout the phase information it is impossible to determine
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the electron density — this is the well known “phase problem” (Creighton 1993, Saenger
1984).
There are three principal methods currently used by crystallographers to overcome
the phase problem. These are listed below:
1. Direct M ethods. These rely on some characteristics of X-rays to derive the phases.
They cannot be used for large complex molecules like proteins because of the large
numbers of atoms to locate, although they are commonly used for small molecule
crystals (Giacovazzo et al. 1992).
2. Isomorphous Replacement. This approach is especially favoured by protein crys
tallographers. It uses a derivative of the protein th a t contains a heavy atom (e.g.
platinum or mercury), which forms a lattice with the same space group as the
original protein. This alters the intensities in a defined manner th a t can then be
used to determine phase information. Commonly more than one derivative is used
at different locations, which is called multiple isomorphous replacement (MIR)
(Giacovazzo et al. 1992).
3. Molecular Replacement. If the molecule under investigation is structurally similar
to another molecule of known structure, it is possible to calculate the electron
density using the phase information from the known structure and the intensity
information from the unknown structure (Creighton 1993). This can be a useful
technique in protein crystallography, where proteins of similar amino acid sequence
are often structurally similar.

1.7.3

D eterm in in g A tom P osition s and Structure R efinem ent

The calculated electron density is a product of all the reflections obtained from the
crystal lattice. This means th a t the quality of the electron density information depends
on the number and accuracy of reflections determined experimentally. Ultimately these
depend on the regularity of the crystals used, and in protein crystallography this tends
to be a limiting factor, with crystals rarely diffracting with a resolution better than 1.5
Â (Creighton 1993).
The molecule is discerned as regions of higher electron density than th a t of the solvent.
In small molecules, where the resolution is routinely less than 0.8 Â (Saenger 1984),
atom s and bond lengths can be clearly determined. However, in protein crystallography
a structure resolved to 2 Â is accurate and one resolved to 1.5 Â as very accurate. Since
the length of a covalent bond is approximately equal to this distance it is clear th a t
the task of mapping the amino acids to the electron density is a much harder problem.
For this reason the protein crystallographer must already know the protein’s amino acid
sequence and use a set of standard bond lengths and angles in the model (Creighton 1993).
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Once an initial atomic model is fitted to the electron density it is then refined. This
is usually done by various algorithms th a t aim to minimise the differences between the
structure amplitudes calculated from the atomic model (| Fcak I) and those observed from
the X-ray d ata (| Fobs I)- These values are used to calculate a measure of the reliability
of an atomic model called the R-factor. A well resolved small molecule structure would
typically be expected to be in the range 0.03 to 0.07, however for a protein model at
2 Â resolution a range of 0.15-0.20 is ax:ceptable (Giacovazzo et al. 1992). This is a
global measure of a model’s reliability, another more local measure is the tem perature
factor of each atom . Ideally, this should be a measure of the tem perature-dependent
vibrations of the atom . However, in protein models, it tends to be affected by local
disorder within the unit cell (Creighton 1993). Because of this, the tem perature factor,
or B-value as it is also known, is not an absolute value and cannot be compared across
different crystallographically derived structures.

1.7.4

T he L im its o f A ccuracy for P rotein Structures D erived by X -R ay
C rystallography

Given th a t determining a structure by protein X-ray crystallography is such a complex
process, it is not surprising th a t there can be errors and lim itations to the technique. One
of the most apparent limitations is the lack of hydrogen atom s in crystallographically
determined structures. Hydrogen atom s have little electron density, and to determine
their position requires good electron density and resolution.
The quality of the electron density is the key to the accurate determ ination of a
protein structure. Ideally the protein crystallographer would like to obtain a well defined
density from which he can unambiguously determine the positions of all the atom s in
the amino acid sequence of the protein. Unfortunately, he is seldom, if a t all, th a t lucky
and instead he commonly has to deal with discontinuous densities from which it can be
difficult to trace the route of the protein chain. These problems and how they can lead
to errors in protein structure determ ination were discussed by Branden & Jones (1990),
who highlighted seven types of error th a t have occurred:
1. The chain trace is incorrect —structure totally wrong.
2. One subunit in m ulti-subunit proteins can be totally wrong.
3. Main-chain connectivity may be wrong — usually the result of incorrectly con
nected secondary structure elements.
4. Density and sequence do not correspond in a small p art of the structure.
5. Local badly built regions th a t do not refine well.
6 . Incorrect side-chain conformations.
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7. Incorrect main-chain conformations, such as erroneous cfs-peptide bonds.
The quality of a protein structure does improve with resolution. However, Morris
et al. (1992) showed th a t resolution is not a guarantee of a stru ctu re’s reliability. By ex
amining the stereochemistry of X-ray crystal structures in the PDB they showed th a t one
could use main-chain and some side-chain torsion angles to give a good local assessment
of the quality of a structure. Overall, they concluded th a t a stru ctu re’s R-factor was
an im portant guide to its reliability, those with values less than 0.2 generally having the
correct topology. Perhaps m ost im portantly, they concluded th a t there were “remarkably
few serious errors in crystallography determ ination.”

1.8

M odern C om puter Program m ing Techniques

Programming and com putational m ethods were an im portant part of this thesis, and it
therefore seems appropriate to discuss the background to the programming languages
and programming techniques used here. In particular, the relatively recent technique of
object oriented programming and object oriented techniques generally shall be discussed.

1.8.1

A n O verview o f Program m ing Languages

A programming language provides the user of a computer with a convenient method of
instructing it to perform certain tasks without having to instruct the processor directly.
The degree to which the user is removed from the working of the com puter gives rise
to the terminology of high and low-level programming languages. A low-level language
tends to be processor specific and requires the user to perform a lot of work to perform
relatively simple tasks.

In addition, the user of such a language may not have the

assistance of an operating system to which it can delegate many housekeeping and file
handling tasks. An example of such a language is assembly language, which consists of
a set of mnemonics for the machine instructions used by a particular processor. A highlevel language on the other-hand is one which is generally not specific to a particular
processor, computer, or operating system (architecture independent), and th a t provides
the user with a set of powerful instructions with which to describe an algorithm. They
tend to provide a mechanism for controlling the flow of the program, such as loops and
subroutines, th a t enable the user to give structure to their programs and thus make
them more manageable. M any such languages contain a considerable number of English
words, and some such aa Cobol try to emulate English syntax and semantics, while
others attem pt to emulate m athem atical equations, e.g. Calc (Robenalt & Sharnoff 1995).
Higher-level languages are by far the most commonly used, since they tend to be more
portable (i.e., architecture independent) and they have organisational features th a t make
complex software applications feasible. The m ajor advantage low-level languages have
is th a t they are generally more efficient in their use of the processor in term s of speed
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and size than higher-level languages. However, their lack of structure and organisation
make it very difficult to develop large applications in such languages alone, and it is an
unusual problem th a t cannot be solved almost as efficiently using an efficient high-level
language.
There are a wide variety of higher-level programming languages available today
(Robenalt &: Sharnoff 1995).

This variety reflects the fact th a t some languages are

better a t some things than others. For example PostScript (Taft & Waldon 1990) is
a graphics description language and makes the generation of complex images relatively
easy. However, it is too specialised it to be of use in any other way. On the other hand,
C (Kernighan &; Richie 1988) was designed as a systems programming language and is

efficient, and fast, with instructions th a t give a feel of being ‘close to the machine’. It
has achieved acceptance as a general-purpose programming language despite its short
comings in term s of file and string manipulation.

C is fast overtaking Fortran 77 in

acceptance in the field of scientific computing, and this is primarily due to two factors.
Firstly, Fortran is an ‘old-fashioned’ language w ithout native language support for read
ing param eters from the command-line, complex d a ta structures or dynamic memory
allocation*. Secondly, UNIX-type operating systems have become widely adopted by the
scientific and com puter science communities. UNIX was w ritten in C and therefore has a
close relationship with it, to the extent th a t until recently most versions of the operating
system came with a C compiler as standard.
The m ajority of languages commonly used are compiled. This means th a t they are
translated from the programming language into a binary file generally referred to as the
executable, th a t contains the machine instructions th a t perform the actions specified in
the program. A good compiler will try to improve these instructions to make the code
faster, and sometimes smaller in a process called optimisation. An alternative to com
pilation is to have the program translated into machine instructions as it is executed
via an interpreter. Such interpreted languages are inherently slower than compiled lan
guages, because they require an additional translation stage during their execution th a t
compiled languages do not. Therefore they tend to be used for applications where speed
of execution is not im portant, such as macros or scripts th a t execute a series of com
mands or programs. Perhaps the best known interpreted language is BASIC, which was
popularised during the com puter boom of the early 1980’s.
W ith the dram atic increase in computing power over the past two decades a new gen
eration of interpreted languages have appeared, exemplified by T cl/T k (O usterhout 1994)
and Perl (Wall & Schwartz 1991), which allow the rapid development and prototyping
of graphical interfaces (in the case of Tk) and applications th a t require extensive text.
"Dynamic memory cillocation refers to the process of allocating memory to a data structure, such as
an array, at run-time instead of at compile-time as occurs with Fortran. This technique is useful, because
the size of the program need only be hmited by the amount of memory available to it when it is executed.
In Fortran, if the programmer mis-judges the maximum size that will be required of an eirray then the
program wiU fail.

Chapter 1. Nucleotides and Proteins: their Properties and Interactions

48

file or process manipulation. A nother modern route for interpreted languages has been
th a t of Object-Orientation (§ 1 .8 .2 ), as exemplified by SmallTalk. An interpreter allows
a pure Object-Oriented ( 0 0 ) language to use and convert between objects of different
types a t run tim e in a manner not possible in compiled languages, where relationships
between objects must generally be established before compilation.
The languages mentioned above (except SmallTalk) could all be termed procedural.
They solve a problem by performing actions one after the other, creating and manipu
lating data-structures as they go. Such languages are generally organised into sections
variously called subroutines, procedures or functions from which d ata can be passed back
and forth. Although this is the most intuitive language design, it can have limitations in
th a t it tends to breed inflexible code th a t can become difficult to m aintain and debug.
O ther language designs include Functional languages. Imperative languages and ObjectOriented languages. It was this last language design th a t was used here to develop the
program liSSA described in chapter 3. The language used was the popular 0 0 language
C-1-+.

1.8.2

C-H- and O bject O riented Program m ing

Originally designed and implemented by Bjarne Stroustrup of AT&T Bell Laboratories
(Stroustrup 1991), C-|—1- is an extension of the language C (Kernighan & Richie 1988).
Some of the main additional features of C+-1- are th a t it facilitates programming in an
object-oriented fashion, it enables enhanced compile-time type checking* and it promotes
code reusability. These features ideally help the programmer to design and implement
programs th a t are robust and better able to remain stable upon modification. The crucial
difference between the two languages is th a t C4-+ has a set of constructs th a t aid the
adoption of 0 0 programming techniques.
O bject-orientation is a term applied to many com puter applications ranging from
databases to graphical user interfaces (GUI), and relates to the fundam ental concept
behind their design, the object paradigm. In the object paradigm, d ata and actions
performed in relation to th a t d ata are regarded as objects. Such objects are responsible
for their own behaviour and interact with other objects through defined interfaces. An
example of this can be seen in an object-oriented GUI where a file is represented as an
icon and a printer is represented as another icon. Typically to print this file in such
interfaces one would ‘drag-and-drop’ the file icon to the printer icon. The printer object
would recognise the file object, and any special properties, such as it being a PostScript
file, and would then take the appropriate actions necessary to print the file.

These

objects interact through interfaces, the file object being queried for its type, and the
printer object being requested to print the file. The file does not need to know how to
*Strict typing, as is found in C + -f, can be am enormous help to the programmer, since, if used correctly,
it can show up many semantic conceptual errors at compile time that would be allowed to pass in a more
loosely typed language such as C.
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drive the printer, the printer does not need to know the location of the file.
The advantage of object-orientation is th a t it allows large complex problems or tasks
to be tackled using small self-contained units which are relatively easy to maintain and
manage. This has obvious advantages in a programming language, since it encourages
the programm er to break a program down into small units th a t are isolated from each
other, and so makes im plementation easier and therefore more robust. Since such units
have a defined interface they can, if designed well, be used in other programs, providing
another advantage to the programmer.
In C-}-+, the principal construct used to create an object is called a class (Stroustrup
1991). A class contains d a ta members and functions th a t are either concerned with
m aintaining the internal d ata representation or its ‘public’ interface.

In addition to

the ‘horizontal interactions’ between classes, via their interfaces, classes can interact
‘vertically’ via the inheritance mechanism of C-|—{-. This allows one class to ‘inherit’
the functionality of another base class. It is useful in adding additional attributes to
the base class w ithout the need to re-implement it. A t this level inheritance is mainly
a convenient mechanism for the recycling of code, however, there are other features of
classes th a t perm it them to be used in a more object-oriented fashion. These features
are the virtual function and the abstract class.
An example of a virtual function might be found in a class hierarchy used to store
information about the employees of a hospital. If one represented the staff generically
in the class Employee, then one could store additional information about doctors in a
class D octor, th a t would inherit Employee. In both classes there might be a function
called printN am eO th a t would print out the name of the employee, but in the D octor
class, would preface the name with the title ‘D r,’. However, if one wants to print out
all employee names stored in an array of Employee objects, then only the printN am eO
function in Employee is invoked and doctors are not given their appropriate titles. This
is where a virtual function is useful, since if one defines the printN am eO function in
Employee as virtual, this function defers in favour of its inherited equivalent. An exten

sion of this mechanism is the abstract class th a t contains no data, ju st virtual functions,
more correctly, pure virtual functions, th a t are ‘dum m y’ functions with no action asso
ciated with them. In the hospital example one could make the Employee class abstract,
and use additional classes such as Nurse, P o r te r etc. to store the information on these
employees. This provides considerable advantages for the programmer, since he does not
need to check on the type of each employee, nor does he need to store different lists for
different employees.
In summary, the techniques of object oriented programming and C-1-+ can provide the
programm er with mechanisms th a t aid the im plementation and maintenance of robust,
extensible code. They were found to be very helpful during the development of liSSA
described in chapter 3.
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Chapter 1. Nucleotides and Proteins: their Properties and Interactions

Glycine G Gly

Smallest amino acid, with no side chain. Unreactive, but
conformationally very flexible.

Alanine A Ala

Non-polar. Unreactive.

Valine V Val
Leucine L Leu
Isoleucine I He
Proline P Pro
Phenylalanine F Phe
Tyrosine Y Tyr
Tryptophan W Trp
Serine S Ser

Hydrophobic. Unreactive. Cyclic side chain that bonds to amide
nitrogen. No amide hydrogen with which to hydrogen bond.
Large, bulky aromatic side chain. Apolar. Unreactive.
Large, bulky and aromatic. Phenolic group is polar and reactive,
ionising at alkaline pH.
Largest amino acid side chain. Pyrrole nitrogen atom in indole
ring can potentially hydrogen bond.
Small. Polar. Relatively unreactive.

Threonine T Thr
Histidine H His
Asparagine N Asn

Imidazole side-chain effective nucleophilic catalyst. At neutral pH
acts as a strong base and is readily protonated.
Polar. Amide group relatively unreactive. Nitrogen and Oxygen
atoms of amide can contribute in hydrogen bonding.

Glutamine Q Gin
Arginine R Arg
Lysine K Lys

Large. Positively charged (J-guanido group. Charged over the pH
range proteins naturally found in. Charged form unreactive.
Large. Positively charged amino group at end of acyl chain.
Charged under most pH conditions. Non-ionised form a strong
nucleophile, which becomes more prevalent as pH increases.

G lutam ate E Glu

Negatively charged carboxyl group. Very polar under
physiological conditions.

A spartate D Asp

Smaller, but with similar properties to Glu

Table 1.3: Summary of the properties of the twenty commonly occurring amino acids. As well as
a summary of their properties the single letter and three letter abbreviations for the amino acids
are provided. The information was obtained from Creighton (1993).

C hapter 2
T he Effects o f P rotein B inding on
N u cleotid e C onform ation
2.1

Introduction

One of the most im portant properties of proteins is their ability to specifically recognise
other molecules, which is essential if they are to function as enzymes or regulatory pro
teins. Factors affecting protein recognition have significant regulatory effects in cellular
metabolism, whether it be affecting an enzyme’s affinity for its substrate or altering the
specificity of a DNA binding protein for a particular base sequence. Understanding these
processes, therefore, is highly desirable and of great practical use, particularly in fields
such as drug design and protein engineering.
To make an effective study of such molecular recognition, most information can be
gained by studying a particular class of molecule, th a t is well characterised in its unbound
state, but for which there is a large number of protein-bound structures elucidated at
the atomic level. One such class of molecule is the nucleotides, for which there is a large
number of the protein structures solved, and an unbound species th a t has been studied
extensively. The study of nucleotide binding to protein has im portance in its own right,
since as a class these molecules are components of nucleic acids, and are very im portant
enzyme cofactors and substrates. Indeed, the phosphorylation of ADP and the hydrolysis
of ATP provides the prim ary method of energy transfer in the cell.
An im portant first step in the study of protein-nucleotide recognition is to consider
how the conformation of free nucleotide differs from th a t observed in a protein bound
nucleotide. Since a t the time this study was undertaken (1993) there were at least 65
structures of nucleotides bound to protein, and 336 structures of free nucleotides, it was
decided to do this by comparing the conformations of the protein-bound nucleotides with
those of free nucleotide. Recently, most attention has been directed towards nucleic acid
conformation and the only previous study on all protein-bound nucleotide conformations
51

52

C h a p te r 2.

The Effects o f P rotein B inding on N ucleotide C onform ation

was lim ited by th e sm all num ber, and variable quality o f solved structures available at
th e tim e (Saenger 1984). In general, stu dies o f nucleotide conform ation in protein have
been confined to specific protein-nucleotide com plexes, usually when the structure of the
com plex has been solved.
For th e free nucleotides there is a large body o f experim ental and theoretical work
concerning their conform ational preferences (Saenger 1984). T he preferred orientations
o f th e main torsion angles describing nucleotide conform ation have been determ ined in
these stu d ies, and are generally regarded as the low est energy sta te s for a particular
bond. Inform ation such as this led Y athindra & Sundaralingam (1973) to propose the
concept o f th e ‘rigid’ nucleotide. T his suggested th a t in general the conform ation o f a
nucleotide w as quite constrained, with a sugar pucker o f C 2 '-endo or Cy-endo^ and the
torsion angles (describing the glycosidic bond), (O5/-C5/-C4/-C3/), (P -O sz-C s'-C ^ /), at
anti, -f-sc, and ap, respectively (figure 2.1). T his conform ation m ay be referred to as a
‘clo sed ’ conform ation, since th e -fs c rotation o f the

7

angle form s a relatively com pact

structure by positioning O 5 / and its attached phosphate over the furanose ring.

Figure 2.1: A molecule of 3 ’-phospho-guanosine-5’-diphosphate in the ‘rigid’ conformation de
scribed by Yathindra & Sundaralingam (1973). This M olscrip t (Kraulis 1991) picture shows
how the 5 ’-diphosphate group is oriented over the sugar to produce a ‘closed’ conformation. Car
bon atoms are shown as small dark spheres; oxygen, larger light grey spheres; nitrogen, large
white spheres; phosphorus, large dark grey spheres.
In th is chapter th e conform ations o f the currently determ ined protein-bound nu
cleotides are exam ined and com pared to the crystal structures o f unbound nucleotides.
In th is way the affect of protein binding on the conform ation of a typical nucleotide is
assessed .
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2.2

D ataset Generation

2.2.1

G eneration of the Free N ucleotide D ataset

T he d a ta se t o f unbound nucleotides w as generated from the nucleotide crystal structures
in th e C am bridge Structural D atab ase (C SD ) (Allen et al. 1983) in a tw o step process.
F irst, all th e nucleotides in th e main d atab ase were extracted and used to generate a
sm aller d atab ase, which w as used in all subsequent analysis (this reduced the duration
o f searches in th e next sta g e, because th e number o f non-nucleotide m olecules in the
search was significantly reduced). Second, the su b -d atab ase w as searched for appropriate
n u cleotide m olecules, from which specific torsion angles were calculated. T he first stage
was perform ed by the C SD program QUEST89, which generated the su b -d atab ase by
searching on a pre-dehned fragm ent (figure 2.2) th a t extracted all m olecules in th e main
d a ta b a se containing a dideoxyribose sugar, irrespective o f its su b stitu en t groups. T his
reduced the d a ta set from som e 10 000 entries to around 700.

rk \
w

1 ’k v i

Base

Base

B ase

X

Base

■O'

Base

Base

O

Base

Figure 2.2; The fragments used in searches of the Cambridge Structural Database, (a) The ribose
template used in QUEST89 to obtain the sub-database, (b-h) The seven fragment types used in
the sub-database with GSTAT89. Thick bonds and bold type denote the torsion angles defined by
each fragment. ‘X ’ in fragments c, e and f can be any atom except hydrogen.

T h e second sta g e was carried ou t using another C SD program , GSTAT89. Queries were
perform ed by searching for m olecule fragm ents in the sub -d atab ase.

T hese fragm ents

were also used as a fram ework on which the GSTAT89 could define and calculate specific
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torsion angles.

To obtain all the torsion angles in the unbound dataset seven basic

fragments were necessary (figure 2.2). Certain flags were set during these searches, in
order to exclude the selection of fragments containing spurious linkages between defined
atoms, e.g. a cyclic bond formed between C 3/ and C 2' through an oxygen atom.
Outliers from the main distributions were examined visually using QUEST89 and those
molecules th a t differed structurally, from the ‘stan d ard ’ isomeric form shown in figure 2.3,
were eliminated from the dataset. Particularly useful in this task was the S torsion angle,
which is characteristic of the chiralities of the carbon atom s within the furanose ring.
The region characteristic of the standard isomer is th a t between 70° and 160°; angles
outside this region were rejected. The most extreme outliers in any of the distributions
were from non-standard isomers.
NH2
OH
)— P --------o
HO-

&

y^

OH

-^ P -^ O -6 -

&

Figure 2.3: A standard isomer of 3 -phospho-adenosine-5 '-diphosphate with torsion angles la
beled. The base is in the endo, i.e. on the sam e side of the ribose ring as the 5 ’ carbon atom,
and the hydroxyl groups on the 2 ’ and 3 ’ carbon atom s are in the exo position. Changes in the
chirality o f each of these atom s were found in the initial CSD derived dataset.

2.2.2

G eneration o f th e B ound N u cleotid e D ataset

The bound nucleotide dataset was derived from those nucleotides complexed with pro
teins in the Brookhaven Protein D ata Bank (PDB) (Bernstein et al. 1977). Such com
plexes were identified by examining all the d ata bank and manually accepting those
proteins containing nucleotides. This gave an initial dataset of 65 protein-nucleotide com
plexes th a t were then refined to remove all structurally homologous protein-nucleotide
complexes. This was done using the program SSAP (Taylor & Orengo 1989), and the
protocol set out in appendix A.
The proteins were compared sequentially and grouped into 32 families using a cut-off
of 30 per cent identity. The ‘best’ representatives from each family were compared using
SSAP (c.f. § A.4) and structurally dissimilar dataset of 26 structures was obtained using
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a cutoff SSAP value of 80. Trying to obtain a structurally non-homologous dataset was
im portant for nucleotide binding proteins, since many contain similar nucleotide binding
motifs, such as the Rossmann fold (Rossmann et al. 1975). Although these motifs can
have little sequential similarity, they are structurally very similar and are the result
of divergent evolution, and, therefore, not independent examples of protein-nucleotide
binding. An example of this can be seen in this dataset where m alate dehydrogenase
(4MDH) (Birktoft et al. 1989) and lactate dehydrogenase (ILDM) (Abad-Zapatero et al.
1987) had a sequence identity below 30 per cent, but on structural comparison were put

into the same homology family (both contain Rossmann folds).
In this way the 32 sequentially homologous families were merged into 26 structurally
homologous ones.

Some families contained proteins th a t bind different types of nu

cleotide, and these were also included in the final dataset.

Hence, the final dataset

contained 38 independent protein-nucleotide complexes (table 2.1) from the original 65
structures,

2.3
2.3.1

M eth ods to D eterm ine N u cleotid e Conform ation
T he C alculation o f Torsion A ngles

A simple, but powerful way of determining the conformation of a molecule is to examine
the orientation of key rotatable atomic bonds. Commonly, this means calculating the
torsion angle defined by four specific atom s about the bond (figure 2.4). By convention,
torsion angles are measured in units of degrees ranging from —180° to 180°.
Torsion angles can be calculated using vector arithm etic. First, four atom s — A, B,
C and D — are used to define three vectors a, 6 and c (figure 2.5). The vector products,
u and u, are calculated using equations 2.1 and 2 .2 , where the subscripted vectors are
vector coordinates and i, j , k are special unit vectors representing the x, y and z axes
respectively. Vectors u and v represent the normals to the planes defined by the vector
pairs a, b and 6 , c. The angle between these planes defines the torsion angle, r.

U — 0/ "X. b — i^^ybz
V — b X c — {byC^

4" iP'z^x
b^Cy'^i -|- {b^Cx

“b {p^xby
bxC^^j -b {pxCy

CLybx)k
byCx^k

(2.1)
( 2 .2 )

Since b is perpendicular to the plane formed by u and v, the vector product can
be calculated using the standard equation (2.3). Rearranging this equation enables one
to calculate the sine of the torsion angle (2.4). The angle calculated by the sine of r
may not necessarily be in its correct quadrant. It is therefore necessary to calculate the
angle using its cosine*. This can be obtained using the scalar product of u and v (2.5).
*If sin a; = ^ then x can equal either 30° or 150°. If co sx = —
determined as 150°.

t hen x can be unambiguously
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RÏ
Figure 2.4: Definition of a torsion angle. The
atom s used to define a torsion angle are joined
by the solid line. In this example, as in reality,
there is more than one choice of atom s by which
to define the angle.

Figure 2.5: Calculation of a torsion angle.
Shown are the vectors used in the calculation
of a torsion angle about bond B C , defined by
four atoms. A, B , C and D.

In practice, a com puter program implementing this calculation would not calculate
directly from (2.4) and (2.5), but would instead paas the values of sin

r

and

co st

r

to a

function th a t would calculate the correct angle from its tangent (in ANSI C this function
is called atan 2 ).

u XV =

2.3.2

Sin r

=

COST

=

m m sinr-rrr

|6|

[u X v) -b
l^ lk l| 6 |
U•V

(2.3)
(2.4)
(2.5)

M easuring th e Pucker o f th e Furanose R ing

Torsion angles are of only limited use in describing cyclic molecules, since they do not
conveniently describe the conformation of the ring as a whole. In the case of the fivemembered furanose ring, these conformations take the form of a puckered conformation,
where one or more atom s are displaced from the plane of the ring. These puckered
conformations are named according to the atom in the ring th a t is displaced and by
whether the atom is displaced ‘above’ or ‘below’ the ring (figure 2 .6 ).
This nomenclature is somewhat limited in th a t it cannot adequately describe inter
mediate pucker conformations th a t must occur between one puckering mode and another.
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288
4’

^

2'

O.rexo

C s ’-endo

Ca’-exo

252
4 ^ ^ ° ------ 1’
C2’-endo

Figure 2.6: An exam ple of some ribose sugar
puckers and their nomenclature. As can be seen
in the figure the endo and exo nomenclature
refer to the side of the plane of the furanose
ring an atom is found on. In the case of C 2 1 endo the C 2 ' carbon is above the plane (on the
sam e side as C 5 ') and Cg'-ero it is below it. The
two m ost com m on ribose puckers, C 2 >-endo and
C y -e n d o , are shown here for reference.

Figure 2.7: The pseudorotation cycle of the fu
ranose ring. The pseudorotation phase angle is
conventionally given in degrees ranging from 0 °
to 360°. Each 36° sector broadly corresponds
to the sugar pucker names in the figure, with
the angle bisecting each sector corresponding
exactly to the given sugar pucker name.

The pucker can be described in a more system atic manner by the pseudorotation cycle
(Saenger 1984), th a t described the pucker of the furanose ring in term s of the pseudoro
tation phase angle (figure 2.7), The pseudorotation phase angle, F , has the additional
advantage th a t it can be easily determined from the endocyclic torsion angles of ribose
using the method of Alton a & Sundaralingam (1972) as shown in equation 2.6. There is
a close correspondence between the pseudorotation angle and the endo jexo sugar pucker
nomenclature, as illustrated in figure 2.7, th a t enables the two to be used interchange
ably. In this thesis pseudorotation has generally been used to determine ribose pucker,
which is then described more generally in term s of endo and exo puckers.

if
2 .3 .3

la n r- —

2

.^3 .( s in 3

1/2 < 0

then

6

° + s in 7

2 0

)

F = F -|- ISO'

( 2 .6 )

N a m i n g C o n v e n tio n s U s e d in t h i s C h a p t e r

Torsion angles were defined according to the current lUPAC-IUB nomenclature (lUPAClUB 1983), except in the case of the ^ angle. In order to signify the different nature of
the P - 0 bond in a pyrophosphate group from th a t in a phosphodiester linkage, which is
not directly addressed by the lUPAC-IUB standard, the subscript p p was used to signify
the former. The angles are shown in figure 2.3 and the atom s used to define them are
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listed below:

a

—

0 —P—O 5/—C 5/

P

-

P —O 5/—C 5/—C 4/

T

—

05'-C5/-C4/-C3/

S

—

C 5/-C 4/-C 3/-O 3'

€

---

C 4/—C 3/—O 3/—P

Cpp

—

P - O -P -O 5/

Their orientations were described using the Klyne-Prelog system (lUPAC-IUB 1983),
which divides torsion angle orientations into the six equal sectors of sp, -f5c, -f-ac, ap.
—ac and —sc (figure 2 .8 ).
90
-hac

+ SC

-ac

-sc

150

-150

-30

-90
Figure 2.8: The Klyne-Prelog nomenclature for describing angle ranges. Angles in the half circle
from 90® to —90® are described as st/n, those in the rest are described as anti. Angles ranging
from 30® - 150® and —150®-----30® are described as clinal and those other regions centred on 0®
and 180® are called periplanar. By combining these nomenclatures a circular range from —180®
to 180® can be described in terms of sign and sector by the terms synperiplanar (sp), -\-synclinal
(+ sc ), —synclinal (—sc), -\-anticlinal (-fa c), —anticlinal (—ac) and antiperiplanar (op).

2 .3 .4

T h e C a l c u la t io n o f T o r s io n a n g le s a n d P s e u d o r o t a t i o n

Ligand torsion angles were calculated using a program w ritten by the author in C, called
to r s io n s . In order to calculate the appropriate torsion angles it used a param eter file to
specify the atom s defining a particular torsion angle within each ligand in the dataset.
Calculated torsion angles were examined in the classic manner using ‘pie’ plots where
each angle is represented by a radial line in a circle. Such plots enable a qualitative
analysis of torsion angle distributions, which was found to be especially useful in this
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study. To aid interpretation of the d a ta a histogram was added to the plot, showing
the frequency of the d a ta in 10° bins (figure 2.9). The shaded regions in both parts
of the plot represent the classical ‘staggered’ conformation of ethane and correspond to
the orientations of —sc, + sc, and ap. These plots were produced in PostScript by the
program p i e t o r s , which was w ritten in C by the author.
Ribose pucker was assessed by means of the pseudorotation phase angle and was
calculated by the plotting program p i e t o r s from the five endocyclic torsion angles of
ribose (calculated elsewhere). These angles ranged from 0° to 360° and were also ap
propriately shaded a t the most favoured pucker conformations regions of Cg'-cndo and
C^i-endo (figure 2.20).
Table 2.1: The nucleotide structurally non-homologous dataset. The protein-nucleotide
complexes from the Brookhaven D atabank used to generate the bound nucleotide dataset
Family

Code

P rotein Nam e

N um ber of

B ound N ucleotide

R e so lu tio n /Â

Fam ily
M embers
1

1AK3

A denylate K inase

1

AM P

1.9

2

2CSC

C itrate Synthase

5

A cetyl CoA

1.7

2

2CTS

C itrate Synthase

5

CoA

2.0

2

6CTS

C itrate Syntheise

5

C itryi-thioether CoA

2.2

3

1Q21

c-H-Ras Protein

3

GDP

2.2

4

IG O X

G lycolate Oxideise

2

FM N

2.0

5

IF N R

Ferredoxin R eductase

2

FAD

1 .7 '

5

2FN R

Ferredoxin R eductase

2

2’-P h osp h o-5’-AM P

3.0

6

2FCR

F lavodoxin

7

FM N

1.8

7

IG D I

G PDt

3

NAD

1.8

8

ILD M

L actate Dehydrogenase

5

NAD

2.1

8

5LDH

L actate Dehydrogenase

5

S-Lac-NA D

2.7

9

IF F K

P hosphofruct oki nase

2

ADP

2.4

10

IPH H

p-H ydroxybenzoate Hydroxylause

2

FAD

2.3

10

2PHH

p-H ydroxybenzoate H ydroxylase

2

A D P -R ib ose

2.7

11

2RN T

R ibonuclease T i

4

G—2 p—5’—G

1.8

11

7RN T

R ibonuclease T i

4

2 ’-A denylic Acid

1.9

11

IR N T

Ribonucleeise T i

4

2 ’-G uanylic Acid

1.9

11

5RN T

R ibonuclease T i

4

pG p

3.2

12

3D F R

D ihydrofolate R eductase

4

NADP

1.7

con tin u ed on n e x t p age

*The ligcind coordinates used here are a corrected cind better resolved version of the FAD molecule
the original complex.
^Glyceraldehyde-3-Phosphate Dehydrogeneise
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contin ued from p reviou s page
Fam ily

Code

P rotein Nam e

Num ber of

Bound N ucleotide

R esolu tion /A

Fam ily
M embers

2.4

13

3G A P

C atabolite Gene A ctivator Protein

1

cAM P

2.5

14

4AT1

A spartate Carbamoyl Transfereise

4

ATP

2.6

14

5AT1

A spartate Carbam oyl Transferase

4

CTP

2.6

15

5ADH

Alcohol Dehydrogenase

2

A D P-R ibose

2.9

15

6ADH

Alcohol OehydrogenEuse

2

NAD

2.9

16

8RSA

R ibonuclease A

3

N -A cetyl dThy*

1.8

16

9R SA

Ribonucleeise A

3

N -A cetyl dUrd^

1.8

16

6RSA

R ibonuclease A

3

Uridine Vanadate

2.0

17

7CAT

Catalzise

2

NADP

2.5

18

2SNS

StaphlococceJ Nuclease

3

pdTp

1.5

19

2TSC

T hym id ylate Synthase

1

dUM P

2.5

20

ICOX

Cholesterol Oxidase

1

FAD

1.8

21

IF B P

Fructose-1,6-Bisphosphataise

1

AMP

2.5

22

2SA R

R ibonuclease SA

1

3 ’-G uanylic Acid

1.8

23

3GRS

G lutathione Reducteise

3

FAD

1.54

24

3PG K

Phosphoglycerate Kinztse

1

Tyrosine A denylate

2.7

25

3TS1

Tyrosyl-Transfer RNA Synthetase

1

Tyrosine A denylate

2.7

26

9ICD

Isocitrate D ehydrogenase

1

NADP

2.5

T he U nbound D ataset

The dataset of non-protein-bound nucleotides contained 336 structures, which were a
mixture of deoxyribo- and ribo- nucleosides, nucleotides, dinucleotides and paired dinu
cleotides. Although somewhat heterogeneous, it conformed well to the preferred torsion
angle orientations reviewed by Saenger (1984) and reported previously by Altona &
Sundaralingam (1972) and de Leeuw et al. (1980). D ata for the torsion angle C (C 3/O 3/-P -O 5/) were not used here, since there were no examples of this bond in the bound
dataset. However, its preferred distribution was observed to be —sc, as would be ex
pected from previous studies (Saenger 1984). In view of this agreement with previous
work, little analysis was performed on the dataset itself, except where relevant for com
parison with the protein bound dataset. A summary of the conclusions drawn from these
d ata is provided in table 2.2, with pie-plots shown in figure 2.9 and subsequent figures.
^N-Acetyl Deoxythymidine
^N-Acetyl Deoxyuridine

2.5. Conformations o f Protein Bound Nucleotide Compared to Unbound Nucleotide 61
Preferred Orientations
Torsion Angle Angle Definition

Unbound Dataset

Bound Dataset

a

0 —P—
O5/—C5'

—sc, -fsc

-fsc, —sc

0

P—O5'—C5'—C4'

140° via ap to —120°

130° via ap to —110°

7
S

O5'—C5'—C4'—C3'

-fsc, ap, —sc

-fsc, a p f-sc

C5'—C4'—C3'—O3' (70° to 90°)/(130° to 160°) (70° to 90°)/(130° to 160°)

€

C4/—C3'—O3/—P

-90° to -160°

-80° to -150°

Cpp

P —0 ~P —O5'

-fac, apf—sc, —ac

unrestricted

Xa

O4/—C l/—Ng—C4

anti, syn

anti

XG

O4/—C l/—Ng—C4

anti, syn

anti, syn

Xp y r

O4/—C l/—Ng—C2

anti

anti

P

(see text)

C2'-endo, Csi-endo

C2'-endo, C^i-endo

Table 2.2: Summary of the unbound and bound nucleotide conformations for the standard nu
cleotide torsion angles. The preferences are for nucleotides of all base types, except in the case of
the X torsion angles, which are subdivided into those containing adenine { x a ) , guanine (xg) and
pyrimidine bases ( Xp y r ) - P is the pseudorotation angle. Preferred orientations are listed from
left to right, those on the left being the most favoured.

2.5

C onform ations o f P rotein Bound N u cleotid e Com pared
to U nbound N ucleotid e

2.5.1

T he a A ngle

The most preferred orientation of a in the bound nucleotide dataset is -fsc (figure 2.9,
table 2.2). This is preferred over —sc, with weaker preferences observed for ap and
+ a c, although these are only found, with the exception of one angle (2CSC) (Karpusas
et al. 1991) at ap, among structures of less than 2 Â resolution.

This may suggest

th a t the -bsc distribution is in fact broader than th a t observed in the unbound dataset,
extending far into -fac.
The unbound preference for —sc over the other staggered orientations can be ex
plained by a combination of the gauche effect (Lemieux 1971, Wolfe 1972, Radom
et al. 1972, Brunck & Weinhold 1979), and steric constraints. The former describes
how the lone-pair electrons of the oxygen in the O 5 /-P bond are partially donated to
the polar p ^ + - 0 ^~ bond when they are anti-parallel, i.e. a t -fsc and —sc (figure 2 . 10 ).
This means an orientation, such as ap, where they are not anti-parallel is energetically
disfavoured. The preference for —sc over -fsc, for the two orientations favoured by the
gauche effect, can be attributed to steric effects on the group linked to the phosphate,
since a t an orientation of —sc any such groups would be more distant from both base and
sugar (with (3 and

7

at their preferred orientations of ap and -fsc) than a t -fsc. The loss

of this preference for —sc in the bound dataset probably reflects the significant reduction
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U nbound A lpha
No Resolution Cutoff
No of Angies; 67

B ound A lpha
Résolution Cuttkf = 2.00
No of Angies; 12

B ound A lpha
No Resdution Cutoff
No of Angles: 32

25

s

I

Î
5-10

§ S»»«
T o rsio n A ng le / de g re es

T o rsio n A n g le I d e g re e s

T orsion A ngle I d e g re es

Figure 2.9: The a Torsion Angle Distributions. Pie plots and histograms showing the distribu
tions of the X torsion angles of the bound and unbound nucleotide datasets. The unbound data
are displayed in the left plot, bound data in the central and right plots. Observations from all
structures in the bound dataset are shown in the central plot, while only those resolved to less
than 2 Â are shown in the right plot. Data were obtained from nucleotides containing all base
types.

in th e preference of

7

for

(see below and table

2 . 1 ),

since with

7

at —sc, a + 5 c

orientation appears to be sterically favoured for a . Figure 2.11 show s how an orientation
o f —sc, —sc for A and

7

is noticeably less preferred than one o f -j-gc, —sc. W ith

7

at

+SC or ap, th is d istinction does not seem to apply. O f th ose angles at + a c and ap, all,
except tyrosine aden ylate in 3TS1 (Brick et al. 1988), are from coenzym e structures of
N A D , FA D , or coen zym e A. In these cases it would seem th a t the accom m odation o f such
large groups attached at the 5 ’ phosph ate com p en sates for any extra energy necessary to
accom m od ate a less favourable ap orientation at a . T he outlier in the unbound d ataset
at + a c is due to the only crystal structure o f N A D (Saenger et al. 1977), which may
indicate th a t the a angle in such coenzym e structures m ay be less constrained than in
‘sta n d a rd ’ nucleotides.

2 .5 .2

The

A n g le

T he observed preferences of the bound and unbound d a ta sets for (3 are show n in figure
2 .1 2 ,

and sum m arised in table

2 .2

. C learly there was no significant difference betw een

both d a ta sets, a broad range centred on ap being alm ost exclusively favoured in both.
In th e bound d a ta set th is broad range appears to be shifted anti-clockw ise by 10°, but
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-180
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-120

-90

-<50

-30

0

30
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90

120
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180

A^jha
Figure 2.10; The Gauche Effect.
A New
man projection showing the P - 0 pyrophos
phate bond, defined by a, in a -fsc orientation
favoured by the gauche effect. The phosphate
group is in the anti-parallel orientation required
for the partial donation of electrons from the
lone-pair orbital.

Figure 2.11: A scatter plot showing the distri
bution of 7 angles in relation to a angles. In
particular note the preference of a for -fsc (30°
to 60°) when 7 is at —sc (—30° to —60°) over
its preference for —sc when 7 is at the same
orientation.

this is the only difference apart from an additional number o f outliers in the bound
d a ta set. T w o o f these, 2 F N R (K oepke et al. 1989) and 5R N T (Lenz et al. 1991), were
low resolution structures, w ith relatively low electron densities around the nucleotide,
w hile the other, 2 R N T , was of a higher resolution, but the G pG to which it was bound
w as less defined at its 3 ’ end (K oepke et al. 1989).
T h e orientation o f ft is prim arily influenced by steric hindrance, especially when it
is at -j-sc, since this puts O 5 / above the furanose ring m aking any s y n orientation very
sterically unfavourable. Such hindrance m ay not be so acu te as

7

approaches up, since

th e one outlier in th e unbound d a ta set at 112° for (figure 2 .1 2 ), also has
n otew orth y th a t all th e outliers in the bound d a ta set also have

2 .5 .3

The

7

7

7

at ap. It is

angles at anti.

A n g le

D a ta from the bound d a ta set are shown in figure 2.13, from which it is readily apparent
th a t th e predom inance o f -f s c is very much reduced (these observations are sum m arised
in table

2 . 2 ).

In addition to the three staggered conform ations tw o angles were observed

at -fa c , 4AT1 (S teven s et al. 1990) and 5LDH (Grau et al. 1981), and tw o at —ac, 2 F N R
(K arplus et al. 1991) and

8

RSA (N achm an et al. 1990). N one of th ese structures are

resolved to b etter than 2 Â , excep t

8

R SA, which was covalently bound to a histidine

residue in the nucleotide binding site o f the protein.
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U nbound B eta
No Resolution Cutoff
No of Angles: 92
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B ound Beta
No Resc^ution Cutoff
No of Angles: 35
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Resolution Cutoff = 2.00
No of Angles: 13

T o rsio n A n g le /d e g r e e s

T o rsio n A ngle / de g re es
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T o rsio n A ngle / d e g rees

Figure 2.12; The /? Torsion Angle Distributions. Data were obtained from nucleotides containing
all base types. See figure 2.9 for details.

T h e unbound orientation of

7

at + s c is attributed m ainly to electrostatic interac

tions betw een the base and O5/, which stabilises the orientation o f this atom over the
furanose ring (Saenger 1984) (figure 2.1 ). T he bound d a ta here (figure 2.13) do indicate
a preference for + s c . T h ey also su g g est th a t the number of nucleotides in an extended
conform ation (i.e. ap, —ac, or —sc ), significantly exceed those in a ‘closed ’ one. A s a
general observation, the distrib utions o f the three staggered conform ations within the
bound d a ta se t, especially at —sc and ap, do not appear to be as tigh tly clustered as in
th e unbound d a ta set. T h is m ay indicate th a t the C4/-C5/ bond is less constrained in a
nucleotide th a t is bound to protein. T he outliers at + a c and —ac, noted above, may be
extrem e exam ples o f this.

2 .5 .4

T h e 6 A n g le

T he d istribu tion s o f the bound and unbound d a ta sets can be seen in figure 2.14 and are
sum m arised in tab le 2.2. T hese show th a t there is no significant difference betw een the
d a ta sets for (figure 2 .1 4 ). T he C 4 /- C 3 / bond described by 5 is part of the furanose ring
in a nucleotide, which places a significant constraint on its rotation. T heoretical energy
calcu lation s (L evitt & W arshel 1978) agree w ith the orientation range observed in both
d a ta se ts o f betw een 70 and 160 (figure 2.14, table 2.2).

C o n fo rm a tio n s o f Protein B ound N u cleo tide C o m p a r e d to Unbound N u c le o tid e 65

2.5.

U nbound G am m a
No RcBoiutiOD Cutoff
No of A d ^ s : 336

B ound G a m m a
Resolution Cutcff = ZOO
No of Angles: 17

B ound G a m m a
No Resdutioa C u td f
No of Angles; 40

§

1

. lj I
T o rsio n A ngle / deg re es
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T o rsio n A n g le / de g re es

Figure 2.13: The 7 Torsion Angle Distributions. Data were obtained from nucleotides containing
all base types. See figure 2.9 for details.

2 .5 .5

T h e e A n g le

T he preferred orientations o f e in the bound and unbound d a ta sets are shown in fig
ure 2.15 and sum m arised in table 2.2. T he sum m ary o f the preferred bound orientation
in the table has been a rather liberal interpretation, since there are only six observations.
However, none o f the angles in the bound d a ta set deviated significantly from th e region
preferred in the unbound d a ta set. T w o angles were lost at higher resolution, o f which
one lay o u tsid e the preferred unbound orientation at 180°, 5R N T (Arni et al. 1987), and
had an especially low resolution o f 3.1 Â. O f the four higher resolution structures, there
were tw o, 2SN S (C o tto n et al. 1979) and

2 SA R

(Sevcik et al. 1991), which lay ou tsid e

th e preferred region o f the unbound d a taset.
T h e orientation o f e in th e unbound d a ta set is principally influenced, in a sim ilar m an
ner to /3, by steric hindrance. T he clashing groups in th is case are th e 3 ’-p h osp h ate, and
th e sugar, which are brought into proxim ity w ith each other in the positive hem isphere
o f th e K lyne-P relog cycle and at —sc orientations. In a previous stu d y the distribution
o f c angles for a tR N A m olecule (Holbrook et al. 1978) w as broader than th a t observed
in th e unbound d a ta set here, ranging from 170° through 180° to —65°. T his su g gests
th a t where it is necessary to stabilise the structure, a broader range o f orientations at c is
p erm itted . T he outliers in th e bound d a ta set, noted above, m ay therefore be indicative
o f a broader range for e due to the stabilising effects o f the protein environm ent.

66

C h a p te r 2.

T he Effects o f Protein B inding on N u cle otid e Conform ation
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Figure 2.14: The S Torsion Angle Distributions. Data were obtained from nucleotides containing
all base types. See figure 2.9 for details.

2 .5 .6

T h e Cpp A n g ie

T he d istrib u tion s of th e angles in the bound and unbound d a ta sets can be seen in figure
2.16, and are sum m arised in table 2.2. T he m ost striking feature o f the tw o d a ta sets is
the disperse nature o f their distrib ution s, which agrees with previously observed d ata for
unbound nucleotides (Saenger et al. 1977) in th a t there is little constraint on the orienta
tion o f this bond in a pyrophosphate group. Such freedom is perm itted by the unusually
large d istan ce betw een the tw o p hosphates o f the pyrophosphate linkage, caused by rel
atively long P - 0 bond lengths and a P - O - P angle significantly more ob tu se than the
ideal tetrahedral angle o f 109°. T hus, eclipsed conform ations can be seen in the unbound
stru ctu re at -t-ac and —ac. However, th e fact th a t none are seen at sp (figure 2.16) may
be due to steric hindrance betw een the /5-phosphate o f the pyrophosphate group and the
base o f the nucleotide, which clash severely if

7

is at its preferred -fisc orientation. This

is supported by the bound d ata, where structures containing Cpp at sp and -fs c (not
observed in th e unbound d ata) were observed in all cases to have

7

oriented at either

- s c or ap (figure 2.1 7 ).

2 .5 .7

T h e % A n g le

T h e X angle is known to be correlated w ith base type, syn being very much disfavoured
in pyrim idine nucleosides and nucleotides (Saenger 1984). In the bound d a ta set, only
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Figure 2.15; The e torsion angle distributions. Data were obtained from nucleotides containing
all base types. See figure 2.9 for details.

the adenine nucleotides were num erous enough to enable a m eaningful com parison with
the unbound d a ta set for both angles and so only these were considered in detail (figure
2.19, table 2 .2 ).

T he protein bound nucleotides show a much greater preference for

(mti than the unbound adenine nucleotides; the sm all preference for sy?i in the latter
being lost when bound to protein.

T here is one outlier, IF B P (K e et al. 1990), th at

ad op ts an orientation o f sp. T his orientation was not observed in any o f the structures
o f the unbound d a ta set and m ay su ggest it is an orientation m ade favourable by protein
binding. However, the stru cture is o f a relatively low resolution for our purposes, 2.5 Â.
O f th e other bases, there were five exam ples o f guanine angles, tw o at syn, and three at
anti^ and a total o f five pyrim idine angles, all at a7iti (d ata not sh ow n ).
T he bases of nucleotides and nucleosides prefer an anti or high-anti ( —90° to —60°)
orien tation when unbound, since this is sterically m ore favourable than a s y n orientation
th a t places the m ore bulky parts o f the base over th e furanose ring (Saenger 1984).
For th e pyrim idines, this bulky group is the oxygen at position 2 o f the ring, while for
the purines it is the second, six m em bered ring o f the m olecule.

In addition to these

repulsive influences the bases also favour anti when unbound, because this facilitates
th e a ttra ctiv e interactions betw een O 5 / and the base when

7

is at + 5 C (see above). T he

alm ost exclusive loss of angles at syîi for the adenine nucleotides and the narrowing of
its d istribution a b ou t —ac, su g gests th a t an extended structure is m ost preferred when
they com p lex w ith protein. W ith only five observations it is not possible to determ ine
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Figure 2.16: The (pp torsion angle distributions. Data were obtained from nucleotides containing
all base types. See figure 2.9 for details.

w hether this suggestion holds for the pyrim idine bases. However, with tw o observations
at + 5 C, it is quite clear th a t th is is unlikely to be the cage for guanine bases.
G uanine nucleosides and nucleotides have a significantly greater preference for syn
than the other bases, since th is orientation is stabilised by hydrogen bonding between an
am ino group at position tw o o f th e base and 0 5 ’, when it is at

(Saenger 1984). T hese

stabilising interactions were observed in the protein d a ta set for ribonuclease T i, when
com plexed with 2 ’-guanylic acid (IR N T ) (Arni et al. 1987), and gu an ylyl-2’,5 ’-guanosine
(2R N T ) (K oepke et al. 1989). In both cases, however, the O 5 / atom interacting w ith
guanine, was not attach ed to a ph osp hate and would presum ably be less constrained
by any favourable ph osp hate in teractions w ith the protein. In the three stru ctu res con
taining a 5 ’ guanine nucleotide, all were observed at anti^ corresponding to the adenine
observations above.

2.5.8

The Pseudorotation Angle

T he d istributions for th e pseud orotation angle o f the sugar observed in th e bound and
unbound d a ta sets are show n in figure 2.20, and sum m arised in table 2.2. T h e C 2 '-endo
pucker is clearly more preferred over C y - e n d o in the bound d a taset, with the latter being
very much reduced relative to th e form er. T heoretical and experim ental stu d ies have
shown th a t the C y - ^ n d o pucker is generally m ore stable in deoxyribose nucleosides and
nucleotides, but is energetically equivalent with C y - e n d o in those m olecules containing
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Figure 2.17: A scatter plot showing the rela
tionship between C and 7 . Note how 7 does not
occupy 4-sc(30° to 60°) whenever ( is at sp or
+.sc (-3 0 ° to 90°).

ribose (O lson & Sussm an 1982).

Figure 2.18: A M olscip t (Kraulis 1991) of 3 ’phospho-guanosine-5’-diphosphate in the ide
alised extended conformation described in the
text.
The figure shows how the pyrophos
phate group extends away from the base and
sugar providing a greater potential for interac
tion with the protein environment. Atom rep
resentations are as described in figure 2 . 1 .

T hus, the preference for C 2 >-endo in the unbound

d a ta set reflects th e m ixture o f deoxyribo- and ribo-nucleosides and nucleotides in the
unbound d a ta se t. T his m akes the preference for C gz-eW o m ore d istin ct in the bound
d a ta se t, since it contained only four deoxyribose stru ctu res.

An explanation for this

behaviour is not clear.

2.6

C on clu d in g R em ark s

In exam inin g th e d a ta drawn from these tw o d a ta sets it is im portant to bear in mind
th a t th e d a ta were derived from X-ray crystal stru ctu res.

By definition a crystallised

m olecule is in a so m ew h a t different sta te to th a t o f a m olecule in solu tion , especially if one
considers the unusual con d ition s or co-crystallising m olecules som etim es used to induce
crystallisation (B ernstein 1992). D esp ite this, th e stru ctu res determ ined by this m ethod
are usually th o se w ith low p oten tial energy, and preferred conform ational sta tes. T he
validity o f this assu m ption for the unbound d a ta has been verified by the large number
o f sp ectroscop ic and theoretical stu d ies th a t have been perform ed on these m olecules in
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Figure 2.19: The % Torsion Angle Distributions. Pie plots and histograms showing the distri
butions of the X torsion angles of the bound and unbound nucleotide data.sets. The unbound
data are displayed in the left plot, bound data in the central and right plots. Observations from
all structures in the bound dataset are shown in the central plot, while only those resolved to
less than 2 À are shown in the right plot. Observations were obtained from adenine containing
nucleotides.

solution (Saenger 1984). H owever, equivalent solution structures o f protein-nucleotide
com plexes do not exist, since proteins th a t bind nucleotides are generally to o large for 2DN M R determ ination . An in situ N M R stu d y o f d T p d A in the active site o f staphylococcal
nuclea.se has been carried ou t and although it attributed som e conform ational changes in
th e binding site to crystal packing, the main torsion angles o f the nucleotide did concur
w ith those observed in th e bound d a ta se t (W eber et al. 1991).
A nother, im p ortan t factor in th e bound d a ta set was the resolution o f crystallographic
d a ta . In th e bound d a ta set th is varied from as low as 3.2 Â for 5R N T to 1.5 Â for 2SN S,
but in the unbound d a ta set w as b etter than 1 Â for all structures. A lthough structures
o f lower resolution have a greater degree o f inaccuracy in their stereochem istry (M orris
et al. 1992), and are therefore less reliable in these stu d ies, the bound d ataset was not
large enough to enable th e extra d a ta provided by such structures to be discarded.
However, these inaccuracies could not be ignored, and a resolution cu t-off was used in all
analyses. T h e value o f th e resolution, however, is only an average for th e structure as a
w hole, of which th e nucleotide is but a sm all part. T hus, a high resolution structure may
contain a bound nucleotide th at is poorly defined. T his is the case in 2R N T (K oepke
e t al. 1989), where a stru ctu re o f

1 .8

Â resolution is much less well resolved at th e GpG
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Figure 2.20; f^ie plots and histograms showing the distributions of the pseudorotation phase
angles of the bound and unbound nucleotide datcisets. The unbound data are displayed in the
left plot, bound data in the central and right plots. Observations from all structures in the bound
dataset are shown in the central plot, while only those resolved to less than 2 Â are shown in
the right plot. Observations were obtained from nucleotides were restricted to those nucleotides
containing adenine only.

m olecule in the com plex. However, since there will inevitably be errors associated with
th e torsion angle d a ta this discussion is restricted to broad areas o f torsion angle space
rather than specific values.
T h e m ost obvious conclusion th a t can be derived from these d a ta is how little confor
m ational change is undergone by a nucleotide when it binds to protein. T he m ajor change
occurs at the C 5 ’- C 4 ’ bond, defined by

7

, which loses its unbound preference for + 5 c

and a ‘clo sed ’ conform ation, in favour o f the other staggered orientations o f —sc and ap.
T his change in preference w as first noted by Saenger (1984), in the 16 protein-nucleotide
com plex structu res solved at th e tim e (1984). D esp ite the low resolution or poor quality
o f several o f the structu res Saenger observed th a t only tw o com plexed nucleotides had
a

7

torsion angle oriented at d-sc. In con trast, th e d a ta here su g g ests th a t T s c is still

th e m ost favoured o f the three staggered orientations ( + s c , —sc, ap), and in agreem ent
w ith Saenger, th e ‘clo sed ’ conform ation it form s is significantly less preferred than the
extend ed conform ations generated by orientations o f —sc or ap.
C orrelated to this change in orientation o f

7

, appears to be a shift in the preference

A from a preferred orientation o f —sc in th e unbound d a ta set to one o f 4 -sc when protein
bound. Sim ilarly, the steric constraints which act on the orientations o f the f3 and Cpp
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angles may be reduced, to such an extent in the latter case as to permit its free rotation.
The prevalence of these orientations, rarely observed in the unbound dataset, may be a
direct correlation with the change in preferred orientation of the C 5/-C 4/ bond, and not
directly due to the influence of the protein environment. However, there appears to be
a broadening of the + sc distribution a t a , th a t may be promoted by protein binding of
the larger nucleotide coenzymes.
The extended conformation formed by the rotation of C 5/-C 4^ to —sc or ap was
referred to by Saenger as an ‘open’ conformation.

The reorientation of

7

opens up

the base and ribose to the protein environment, enabling the formation of a greater
number of favourable inter-molecular contacts. Our d ata concur with this conclusion,
but in addition we also observe an almost exclusive preference for anti in the adenine
nucleotides, which may be applicable to guanine nucleotides as well. A narrowing of this
distribution also suggests th a t adenine may adopt an orientation th a t projects optimally
into the protein environment. In a similar manner to Y athindra & Sundaralingam (1973),
who defined the conformation of a ‘rigid’ nucleotide (figure 2 . 1), we may define the
optimal conformation of a protein bound nucleotide as follows: A, -fsc; beta, ap;

7

, —sc

or ap; S, 130° to 160°; e, -fac; %, anti (—ac); sugar pucker, C 2>-endo (figure 2.18).
These conclusions provide a guide to those concerned with the experimental structure
determ ination of protein nucleotide complexes, or prediction of the favoured, and possibly
forbidden, nucleotide conformations. More generally, however, our d ata show th a t the
nucleotides do not vary significantly from their most stable unbound conformations, and
th a t they prefer to bind in low energy extended conformations, presumably to maximise
their contact with the protein environment. The work in this chapter has been published
as Moodie & Thornton (1993).

C hapter 3
liSSA : Ligand Search
S uperposition and A nalysis. A
program to retrieve and analyse
protein bound ligand m olecules.
3.1

Introduction

In order to continue the examination of protein-nucleotide recognition it was necessary
to develop software tools, since it was found th a t existing analysis software was poorly
adapted to dealing with ligand molecules. By trying to overcome such problems a sig
nificant software project was begun which eventually led to the program called USSA
(Ligand Search Superposition and Analysis).
This chapter discusses the problems in examining ligand properties in the PDB and
thus the problems th a t had to be addressed by liSSA. It then goes on to explain the
graph-theory algorithm behind its approach to ligand searching and then explains how
to run the program and use its script language. Finally, some implementation issues are
discussed and future paths for development are suggested.

3.2

T he P roblem s A ssociated w ith Ligands in th e P D B

liSSA was w ritten in large p art to deal with the problems encountered when dealing
with ligand structures within the PDB, PDB form at files generally store non-amino
acid residues as lines prefixed with the word HETATM. At the beginning of the file, in
the header region, lines prefixed with the name MET can be found. These HET records
store information about any HETATM residue in the PDB file giving its name, three letter
residue code (used in the HETATM coordinate en try ), residue number, chain identifier and
73
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chemical formula. In addition there are CONECT records at the end of the file th a t give the
atom connectivities of non-standard atoms. This is the extent of the information given
for non-amino acid residues in the PDB. Unfortunately this information is frequently
missing from PDB files, or is incorrect, e.g., there are files where the residue number in
a HET record is different to th a t of the HETATM records.
This reflects the fact th a t the PDB form at was primarily designed to archive protein
structures.

Because they mainly consisted of the twenty common amino acids little

additional information was required, and programs reading the PDB form at could easily
contain the properties of these amino acids. The HETATM mechanism for dealing with
non-amino acid residues was thus a logical extension of the form at’s basic structure. The
ideal would have been to have more detailed records for non-standard atoms, explicitly
stating the chemical and possibly biological properties of the ligand. At the very least the
connectivity of a residue would be given, stating the type of each bond (single, double,
arom atic etc.) and the hybridisation state of all atoms*.
Thus, most programs reading PDB files must implicitly know the properties of all the
residues in the file, use general properties for unknown residues and atoms, or attem p t to
calculate the desired property from the minimal information in the file. Where accuracy
is im portant one must usually resort to the first method and use a ‘dictionary’ mechanism
whereby properties are looked up using the names of both residue and atom in a table
stored as part of the program code and fixed when it is compiled. While this is acceptable
when dealing with amino acids, it presents two m ajor problems when used with ligand
properties. The first is the size of the dictionary, which would have to contain several
hundred residue entries if it were to encompass the PDB as it is now. The second is
th a t a dictionary method is very inflexible to change, since a program th a t works with
all structures in the PDB m ust have its dictionary updated with every new release of
the databank. The result is essentially a large database of ligand properties th a t must
be actively maintained for every program th a t intends to deal with every residue in the
PDB. Moreover, such maintenance would largely have to be carried out by hand making
it expensive and potentially error-prone.
The lack of information about the chemical properties of a particular ligand also
creates other problems, since it is difficult to determine any chemical similarities between
different residues. This was especially im portant in this work since it was concerned with
a family of molecules, namely the nucleotides. In the previous chapter (chapter 2) the
nucleotide dataset was obtained by using the UNIX utility g rep to extract all the HET
records from the PDB and visually inspecting the list for nucleotide residues. From the
example of the output from this procedure in figure 3.1 one can see th a t this would
be a tedious task. More im portantly, it also requires an extensive knowledge of the
*Protein structures determined by X-ray crystédlography generally do not resolve sufficiently well to
show the positions of hydrogen atoms. As a result it is difficult to determine the number of bonds formed
by each atom, emd, thus, their hybridisation state
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ligands being in vestigated , so th a t all exam ples o f a particular class of ligand are noted.
For exam ple, taking the nucleotides: both N A D and G M P may be readily identified as
nucleotides by their nam es, but recognising carboxym ethyl C oA as one would depend on
th e know ledge o f th e researcher.
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Figure 3.1: An example of the output obtained from a g r e p on HET records in the PDB. This
whole list would ordinarily cover several pages, with well over a thousand lines to be examined.
To overcom e th ese difficulties, it w as necessary to develop softw are th a t adopted
a very sim p listic approach.

Ligands would be identified by th ose chem ical properties

reliably present in the P D B form at, i.e. elem ent ty p e and connectivity. A tom properties
would have to be defined by the user on an ad hoc basis at run-tim e. No properties would
be assum ed for any residues except am ino acids. T his approach proved to be extrem ely
fruitful.

3.3

A Generic M ethod to Search for Ligands

3 .3 .1

I n tr o d u c tio n

T h e m ost fundam ental m ethod o f searching for a m olecule, is to search for it on the baais
o f its chem ical conn ectivity. A m olecule o f eth an e m ight be thought of as two carbon
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atoms covalently bound to each other, each carbon also bonded to three hydrogen atoms.
A search for methanoic acid would look for a carbon atom covalently bound to an acidic
oxygen and another oxygen via a double bond. If this search is extended to look for
molecules th a t also contain car boxy late, a set of molecules with a chemical relationship
will be found (figure 3.2). One can extend this approach to search for larger units: by
searching for a phosphate group attached to a ribose and pyrimidine base one could
find nucleotide and nucleotide derived compounds. It is easy to see th a t this approach
provides a simple, but very powerful method of searching for ligands and types of ligand.

Edges

Methanoate

Ethanoate
H H

i f : :
Propanoate

Vertices

Figure 3.2: Finding carboxylate in chemi Figure 3.3: A visual representation of a graph.
cally related molecules by chemical connectiv The circles represent vertices and the pairing of
ity. The molecules m ethanoate, ethanoate and vertices is illustrated by lines, known as edges.
propanoate are chemically related molecules
and all contain a carboxylate. These molecules
would all be found in a search using the chemi
cal connectivity o f the carboxylate group.

A t its most basic level a chemical connectivity can be represented by what in m ath
ematics is called a labeled graph, with the bonds representing a relationship between
atom s of a particular type. A sophisticated branch of combinatorial m athematics called
Graph Theory has developed around the study and manipulation of these representations
(Trinajstic 1992). One of the classic problems in graph theory is the identification of sim
ilarities between two graphs. This can be extended to the approach discussed above of
searching for identical chemical connectivities. Several algorithms th a t solve this prob
lem have been published and will be discussed below, however, before such discussion it
is necessary to explain the basic concepts and terminology behind graph theory.
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E lem en tary Graph T heory

Much of the terminology in this section is drawn from th e excellent book by Sedgewick
(1990), Algorithms in C, which is recommended as an introduction to th e concepts of
graph theory. It describes a graph as a collection of objects (vertices) th a t are connected
together (by edges). A formal definition of a graph is given by Ullman (1976):
A graph G consists of a finite nonempty set V of p elements th a t are called
points, together with a set E o f q distinct unordered pairs of distinct points
th a t belong to V . A pair of points th a t belongs to E is a line.
In this discussion the nomenclature used by Sedgewick will be used, namely th a t the
points and lines defined above will be referred to as vertices and edges, respectively. The
illustration of a graph in figure 3.3 may explain this definition more simply.
The m ajority of problems th a t are dealt with using graph theory will tend to use
elaborations of the basic graph defined above. The two basic variants are labelled and
weighted graphs. The difference being whether they have a property (or properties)
associated with either their vertices or edges. A suitable example of a graph both labelled
and weighted can be seen in figure 3.5, where a collection of cities can be represented as
labelled vertices and the distances between them by ‘weighted’ edges.
There are two other definitions th a t are im portant for the purposes of this chapter;
namely th a t of a sub-graph and of a sub-graph isomorphism. These are defined formally
by Ullmann as follows:
A subgraph of G is a graph whose points and lines all belong to G. A graph
G a is isomorphic to a subgraph Gp if and only if there is a 1:1 correspondence
between the point sets of this subgraph and of Ga th a t preserves adjacency.
This describes w hat one intuitively understands as a sub-graph, namely a graph th a t can
make up p art of another graph (figure 3.4). The sub-graph isomorphism between two
graphs is shown in figure 3.4: note th a t although the graph and sub-graph look different
they have a 1:1 correspondence between their vertices and edges and so are isomorphic*.
From these descriptions one can see th a t the common representation of chemical
structures on paper, can be viewed as a labelled weighted graph. Each atom correspond
ing to a labelled vertex and each bond an edge, with the type of bond (i.e. single or
double bonds etc.) as its weight.

3.3.3

Sub-G raph Isom orphism A lgorithm s

The sub-graph isomorphism problem has been proven to be NP-complete. This means
th a t in its worst case the problem cannot be solved in less than exponential time. How
ever, this is for the worst case and generally it has been found th a t average times taken
’ Finding a sub-graph isomorphism should not be confused with finding a graph match. In graph
theory m atching is the process of pairing two sets of vertices, often to obtain a set of optimal pmrings
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Graph

Graph B

One of Several Possible
Subgraph Isomorphisms
Figure 3.4: An Illustration of a Sub-Graph Isomorphism. Two graphs are shown here with their
vertices numbered. The vertices of graph B can be mapped on to those of graph A, because
graph B i s a sub-graph of A. The correspondence between the graphs is called the sub-graph
isomorphism, and is highlighted here in the bottom graph, by the grey vertices and dashed edges.
Several sub-graph isomorphisms are possible between the graphs shown in the figure. The fact
that this is a property o f connectivity alone has been emphasised by drawing the graphs with
different shapes.

to solve these problems are acceptable (Barnard 1993). This is especially the case for
relatively simple graphs or for more refined algorithms th a t avoid an exhaustive search
of all possibilities.

There have been several methods developed over the past forty years to solve the
problem in an efficient manner. They are generally based on two different strategies
of either back-tracking or partition and relaxation. In the former, vertices are matched
onto each other until either an isomorphism is found or the vertices no longer correspond,
upon which the algorithm ‘back-tracks’ to the last successful match and tries to match a
different pair of vertices. The latter adopts the ‘divide and conquer’ approach favoured
by efficient sorting algorithms. Each graph is partitioned into subsets of potential corre
spondents which are then refined in the relaxation stage. The partitioning is designed to
reduce the number of potential mappings th a t must be investigated. Several examples
of both types of algorithm are described in B arnard (1993).
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F i n d i n g a S u b - G r a p h I s o m o r p h is m : U l l m a n n ’s A l g o r i t h m

U llm a n n ’s A lg o rith m : a n o v e rv ie w
It was decided to use the back-tracking algorithm of Ullman (1976). This provided a
fast, efficient algorithm for the relatively simple graphs with which it was to be used; the
basic algorithm could be easily extended to labelled graphs; it had also been successfully
implemented by others in the field of protein structure (Mitchell et al. 1989) and was
found to be the most efficient algorithm (Brint & W illet 1987). The algorithm is a mod
ification of a brute-force tree-search algorithm, which would test all potential mappings
between the vertices of the graphs. In this algorithm, branches of the search tree th a t
do not lead to an isomorphism are generally eliminated at an earlier stage, thus reducing
the number of possibilities th a t are enumerated and tested.
In outline, the algorithm works by marking all possible correspondences between a
target and search graph. It then takes an arbitrary pair of corresponding vertices and
traverses down their adjacent vertices testing in each case whether they correspond. If
there is no correspondence the algorithm back-tracks, as described above. However, if
a correspondence between two vertices is found, the list of targ et and search vertices
th a t can map onto each other is revised in light of this correspondence, and vertices th a t
can no longer map are removed from the list. This refinement procedure prevents the
algorithm from exploring obvious blind-alleys and thus improves efficiency in all but the
worst case.
T h e A lg o rith m in D e ta il
The most complete way to describe the algorithm is to use the pseudo-code given by
Ullmann. In Algorithm 3.1 the search p art of the algorithm is given, and the refinement
procedure is shown in Algorithm 3.2. The search algorithm published in the paper by
Ullman (1976) did not work and the version shown here has been modified so th a t it
does. This will be discussed in detail below.
F irst some term s shall be defined. Let G a be a graph with pa vertices and

edges

and Gf3 a graph with pp and qp vertices and edges, where pa > pp, i.e., Gp is a sub-graph
of G a- Let A and B be the adjacency matrices* of G a and Gp, respectively, and M be a
m atrix of size pa by pp. Finally, let

be the m atrix M initialised in accordance with

condition 3.1, where the number of edges connected to a vertex x in a graph G^ is given
as

.

= { Z

^
otherwise

0 < %< Pa, ^ < 3 <Pp

(3.1)

*An adjacency matrix is often used to represent the connectivity of a graph. Its columns and rows
each represent all the vertices of the graph, cind em edge between two vertices, x and y, is recorded cis a
non-zero value (usually one) in matrix elements (r ,y ) and (y, x).
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A lg o r it h m 3 .1 A pseudo-code representation of the search algorithm used in this thesis.

It is modified slightly from th a t given in Ullman (1976) — see text for details. The
symbols := and = are used as the assignment and equivalence operators, respectively.
step 1 : M := M®; d := 1; H\ := 0;
Vz = 1, . . . , Pa set Fi := 0;
refineM;

i f e x it FAIL th e n terminate algorithm fi;
ste p 2 : i f there is no value of j such that
mdj = 1 A Fj = 0 th e n g o to ste p 7 fi;
Md := M;

i f d = 1 th e n k := H i e lse /: := 0 fi;
s te p 3 : k \= k + I]
i f rridk = 0 V Ffc = 1 th e n g o to ste p 3 fi;
Vj ^ k set TTidj := 0;
refineM ;

i f e x it FAIL th e n g o to ste p 5 fi:
s te p 4 : i f d < pp th e n g o to ste p 6
e ls e give output to indicate that
an isomorphism has been found
fi;

s te p 5 : F/c := 0; M := Md]
i f there is no j > k such that rridj = 1 A Fj- = 0
th e n g o to ste p 7 fi;
g o to step 3;
s te p 6 : Hd := k] Fk := I] d := d + 1;
g o to ste p 2;
s te p 7 : i f d = 1 th e n terminate algorithm fi;
d := d — 1; k := Hd]
g o to ste p 5;

The m atrix M is used to record the vertices from Ga and Gp th a t may be part of
an isomorphism, so th a t if element

= 1 , then the i ’th vertex of G a may map onto

the jf’th vertex of Gp. The algorithm proceeds by examining one vertex of Gp at a time,
storing a copy of M (M j in algorithms 3.1 and 3.2) as it goes. When the algorithm
back-tracks this copy is restored. A bit vector^, F , of length

is used to mark those

vertices of G a th a t have been provisionally mapped to G p.
The search algorithm (algorithm 3.1) starts by copying

into M , resetting F to

zero. The integer vector id, of length Pai is used to record the vertex number of Gp th a t
is mapped to Ga- The variable d records the current vertex number in G p. Unless the
refinement procedure determines th a t each vertex in Ga can be mapped to at least one
in Gp the algorithm term inates, there being no possibility of finding an isomorphism.
^A bit vector is a binary array, where each element can have the Vcilue one or zero.
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The variable k is used to record the current vertex number of G a- If there is no element
TTidk equal to 1 th a t has not been matched already, then the algorithm increments k and
checks if the next mdk is equal to 1 and unused. If these conditions are met, all items
in row d of M , except column k, are set to zero. The correspondence between vertices
d and k of graphs Gp and Ga, respectively, is tested by refining M to eliminate the
mappings between both graphs th a t can no longer occur as a result. If the refinement
process indicates th a t mapping vertices d and k cannot produce an isomorphism the
correspondence is deemed to have failed, the algorithm restores M to its previous state,
and resets Fk to zero. The algorithm then looks for the next value of k th a t is unused,
and where nidk = 1. If all vertices have been inspected the algorithm again back-tracks
and tries to re-map the previous vertex in G/j, i.e. d is decremented, until all possible
mappings at d = 1 have been explored.
If the refinement procedure succeeds, then
{/

the correspondence between vertices d and k
may constitute part of an isomorphism so the
search proceeds to the next vertex of Gp, i.e.
d is incremented.

If d is the last vertex of

Gp, then all its vertices have been mapped to
those in Ga and a sub-graph isomorphism has

Aberdeen

been found. The algorithm then back-tracks

129

to check for other unused vertices of Ga th a t
lEdmburgh

may correspond with vertex d of G p. Once this
search is exhausted the algorithm back-tracks

206

(wcastle

,202

unused or unrecorded vertices in G a- In this
way all possible sub-graph isomorphisms be

iverpoi
162.

again by decrementing d and again checks for

274^

tween the two graphs are identified.
It is in the detail of this back-tracking pro

^ rd if f
4^
Lorn
o
Figure 3.5: An exam ple of a weighted, la
belled graph. The distances between cities
can be represented as a labelled, weighted
graph. A city can be represented as a ver
tex, labelled with its name, and the distance
between two cities is represented by an edge
with the distance associated with it, i.e., its
weight.

cedure th a t the version of the algorithm given
here differs from th a t published by Ullman
(1976). In the original, Fk was reset and M
restored at step 7 and not at step 5 as shown in
Algorithm 3.1. The description given here is
believed to be the correct version of the algo
rithm , since a verbatim implementation of the
version published by Ullmann would not work
until modified in accordance with Algorithm
3,1
their implementation of the algorithm. If one

works through Ullmann’s version one can see th a t it does not restore M , nor reset Fk

— a fact noted b
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properly after the refinement procedure fails or an isomorphism is found. This in most
cases leads to unused vertices in G a remaining marked as used, and thus unavailable to
subsequent mapping by the algorithm, or after the latter step, th a t the algorithm will
not back-track and explore subsequent mappings between vertices, k and d since the rest
of th a t column in M will be set to zero. Thus, the algorithm will generally fail to find
any isomorphisms and will certainly not find all isomorphisms. One must assume th a t
the published version of the algorithm was erroneous, the discrepancies probably arising
during the conversion of the implemented version of the algorithm into pseudo-code.

The Refinement Procedure
The aim of the refinement procedure (Algorithm 3.2) is to identify branches of the search
tree th a t will be unsuccessful and eliminate them from consideration. If this means th a t
no further vertices can be matched, indicated by at least one entire row in M being set
to zero, the procedure fails. The refinement procedure looks for vertices th a t cannot
be mapped onto one-another, given th a t some are already mapped. This is shown in
figure 3.6, where there are two graphs Ga and Gp with vertices A-F and H-M respectively.
If vertices A-H, B-I and C-J are mapped onto each other then a mapping between vertex K
of Gp and vertices E and F of G a cannot be part of an isomorphism involving the current
vertex mappings. Thus, this mapping can be eliminated from any searches involving the
mapping of vertices A-H, B-I and C-J.
The detail of the algorithm is given in pseudo-code in algorithm 3.2. This uses the
same m atrix M described in the search algorithm (§ 3.3.4; Algorithm 3.1), however, the
variables k, h and j are different. M atrices A and B are the adjacency matrices of G a
and Gp respectively, sc is a bit vector, and 1st is an integer vector.
The algorithm takes each row of M in turn from i := 1 .. .pa and uses each row i
in the adjacency m atrix A to obtain a list of the vertices adjacent to vertex i, which
is stored in 1st (steps 2 to 5). Then for vertex j := 1 ..

of Gp the element rriij is

tested to see if it is non- zero. If it is, the adjacent vertices to i in Ga (stored in 1st
and assigned to the variable x) are tested to see if they can potentially match vertices
adjacent to vertex j in G p. This is done by checking th a t one non-zero element in Mx
corresponds to an non-zero element in B j . If there is no correspondence, then element
rriij will not contribute to the current isomorphism and is set to zero. If after a row has
been processed it is found to contain only zeros the procedure exits notifying the search
procedure th a t M will fail to produce an isomorphism. Once the last element in M is
reached, the procedure will be repeated if any changes were made to M in the last pass.
Otherwise it exits, indicating th a t M may produce an isomorphism.
In the form given by Ullman (1976) and shown here (Algorithm 3.2) the refinement
algorithm is rather inefficient. This is because the vertices adjacent to i are recalculated
every iteration of the refinement procedure, even though these values never change. This
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A lg o rith m 3.2 The refinement procedure of Ullm ann’s sub-graph isomorphism algorithm .__________________________________________________________________________
s t e p 1 : elim := 0; i := 1;

ste p

2

: k := 1] sc :=
,

bit

ste p 3 : i f sc A

h := 1 ;

= 0 th e n g o to step 4 fi;

Istk := h]
k
k I]
ste p 4 : sc := sc X 2~^;

h := h-\- 1]
i f Ar 7 ^ degi -|- 1 th e n g o to step 3 fi;
ste p 5 : j ;= 1;
sc :=
bit

ste p

6

: i f M,- A sc = 0 th e n g o to step 9 fi;

h := 1;
ste p 7 : X := 1st/»;
i f Mj; A B j = 0 th e n g o to ste p

8

fi;

h := h-^ I;
i f h 7 !^degi + 1 th e n g o to step 9 fi;
bit bit

ste p

8

: Mi := M,- A -i sc;
elim := elim -f- 1 ;

h := h-\- 1]
ste p 9 : sc := sc X 2“ 1;
j := j + 1;

i f i 7^ P/9 + 1 th e n g o to ste p
ste p 10 : i f Mi = 0 th e n FAIL fi;

6

fi;

i := i + 1]
i f Î ^ Pa + 1 th e n g o to ste p 2 fi;
if elim 7 ^ 0 th e n g o to ste p 1 fi;

SUCCEED;

was recognised by Ullmann who suggested th a t this could be calculated prior to the
sta rt of the search algorithm. This alteration was made in the version of the algorithm
implemented here by removing the steps 2, 3 and 4 and substituting the line “x-f- = Istih"^
at step 7, where 1st is a m atrix containing the numbers of the vertices adjacent to vertex
i.

Modifying the Algorithm for Labelled Graphs
Very little modification is necessary in order to use Ullmann’s algorithm for labelled
sub-graphs. Since the potential correspondence between vertices is defined by the ini
tialisation of m atrix M , it is only this procedure th a t needs to be modified. Thus,
is set according to condition (3.2). The search algorithm and refinement procedure are
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Graph

a

Graph p

E

Figure 3.6; How the refinement procedure elim inates vertices that cannot map. The figure shows
how vertex K o f graph (3 cannot be mapped onto vertices E and F of graph a , if vertices A -H ,
B -I and C -J are already mapped.

used as normal, and will generate a sub-graph isomorphism between two labelled graphs,
if one exists.

—

3.4

1

if Ej3j ^

0

otherwise

a L p j — L(^i

0 < Î < Pa, 0 < j < p p

(3.2)

A n Im plem entation o f U llm ann’s Sub-Graph Isom or
phism A lgorithm

The algorithm of Ullman (1976) was used as the core component of the program, DSSA.
Using the adaptation to search for labelled graphs (§ 55) it was possible to search for
ligands in the PDB on the basis of their chemical connectivity, thus, overcoming some
of the problems described above (§ 3.2). This section is effectively a ‘m anual’ for the
program, describing how to use it and its associated script language.

3.4.1

An O verview of DSSA s Functions

DSSA is a ligand searching and analysis program, which was specifically designed to
deal with ligands found in the Brookhaven Protein D ata Bank (PDB). Ligand searches
are performed by specifying a chemical connectivity for the ligand, which can then be
searched for within PDB files. Program execution is controlled by a script language.
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liSSA Execution Language (LEL), which is modular in nature, reflecting the different
components of DSSA.
In addition to ligand searching, the program performs analysis on the matched ligands
and can be used to superimpose matched fragments, so enabling the analysis of amino
acids around the given ligand. Its functions are summarised below:
• Searches the PDB for ligands on the basis of their chemical connectivity.
• Superimposes ligands and their protein environment.
• Calculates potential hydrogen bonds between ligand and protein.
• Produces a range of accessibility calculations for both ligand and protein.
• Determines the interface between ligand and protein.
• Calculates the frequency of amino acid types around the ligand
• G enerates PDB form at output of matched, superimposed and interface residues.
All the above functions are controlled and integrated with one-another using LEL.
Thus the following description of how to use DSSA will concentrate strongly on the
concepts and gram m ar of LEL.

3.4.2

R unning DSSA

DSSA is designed to run under the UNIX operating system, and is run from the command
line. There is no graphical interface to the program and its output to the screen is entirely
text-based. Only one param eter is required when executing the program, although two
other types are possible, and are shown below.
l i s s a la b e l [-e s c r i p t f i l e ]

[PDB f ile n a m e ( s ) ]

The label name is the only required param eter, and this is used in the naming of files
subsequently produced by the program. By default the label name is used to derive the
name of a script file of the form l a b e l . qry, but this can be overridden by providing the
name of a script file after the - e tag. DSSA reads PDB files and these can be specified
on the command line or within the script file. The former case is particularly useful for
searches on the entire PDB, which can be listed by the use of wild cards (e.g. * .pdb).

3 .4 .3

Fundam entals o f th e DSSA E xecution Language

The numerous functions of DSSA are all inter-related, the results of one function being
used as the input to another. This is a familiar concept to users of UNIX, where the
input and output of different programs can be linked together via a pipe, but has more
in common with applications such as AVS which can be used to perform sophisticated
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tasks by combining sets of tasks. In the latter case the relationship need not be serial,
i.e., several modules may use the output of one module. This is the case with LEL. A
simple illustration of this would be several output modules using the same ligand search
module to outpu t the matched ligand coordinates in several different ways.

Input

PDB File

Module 1

Ugand
Search
Hydrogen
Bonding

Ligand
Superposition

Module 2
use: Module 1

output

Output
Solvent
Accessibilities

Residue
Frequencies
Ligand Interface
Definition

Module 3
use: Module 2

Module 4
use: Module 1

Figure 3.7: A flow chart showing the relation Figure 3.8; Illustration o f the relationship be
ships between the different functional units of tween modules. N ote how m odule dependencies
LEL. Rectangles indicate that the functional can be built up using m odule identifiers.
unit produces file output, ovals do not.

Figure 3.7 shows a flow chart outlining the inter-relationships, here referred to as
dependencies, between the different functional components of DSSA. These dependencies
will become more meaningful as details of LEL are explained.
The functional unit in LEL is called the module and corresponds to a discrete func
tion within liSSA, e.g. ligand searching, superposition of file input. Modules are given
names, known as module identifiers, by which they can be referred to by other modules
(figure 3.8). A module is w ritten as a module name and module identifier followed by
sections or statements enclosed within braces:
module i d e n t i f i e r {
sectio n {
d e fin itio n

d e fin itio n
sta te m e n t
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}
This is set out formally in figure 3.9 which shows the syntactic organisation of a
module using Backus-Naur Form (Aho et al. 1986). Syntactically, statem ents s ta rt with
a keyword, followed by a list of item s separated by commas and term inated by a semi
colon. Sections are delimited by curly braces and contain definitions, which differ from
statem ents in th a t they do not s ta rt with a keyword. Finally, an item can be a keyword,
a numerical value, a string or a character. In semantic term s, sections and definitions
define thing, such things as atom properties, and statem ents control w hat a module does,
e.g., the form at of file output.

script
subscript
module
module.body
section
section.body

— y subscript
—

module subscript | module

— > M O D U L E .N A M E ID EN TIFIER{m odule.body}
— > section module.body | section
—

K E Y W O R D { section.body } | statem ent

— ^ definition section.body \ definition

definition

— y list ;

statem ent

— y KEYWORD list ;

list
item
specifier
subitem

— y item , list | item
— y subitem | specifier
— y subitem (subitem)
INT I FLOAT I STRING I KEYWORD

Figure 3.9: T he grammar of LEL in Backus-Naur form. This shows formally the relationship
between modules, sections, statements. Terminal sym bols are capitalised and non-terminals in
lowercase. Lexically, M O D U L E ^ A M E s and K E Y W O R D S s are the reserved words given in the
text. STRIN G S and IDENTIFIERS can consist of a sequence of characters delim ited by white
space that are not reserved words, and which do not contain braces, com m as and semi-colons.

The LEL will look quite familiar to C and C-t-+ programmers. It is a free form at lan
guage and uses braces to delimit blocks of code and semi-colons to term inate statem ents.
This means th a t statem ents can be separated onto different lines, which can improve
clarity.
A nother aid to clarity is the adoption of a C and C-|—|- style commenting mechanism;
whereby tex t following a / / up to the end of the line, or delimited by /* and * / is
ignored. These are useful aids since they allow the annotation of a script file and perm it
the user to om it sections of a script w ithout deleting it. The C-style comments (/* . . .

Chapter 3. lîSSA: Ligand Search Superposition and Analysis

88

* /) tend to be the most suitable for the latter task, since they can conveniently ‘comment
o u t’ several lines of text. The C + + comments are less suited to this, but can be very
convenient for annotation.

3.4.4

T he S electio n M echanism

A feature used in several of the modules th a t will be described below, is liSSA’s selection
mechanism. This is a m ethod th a t allows the selection of residues and atom types from
PDB structures according to their name in the PDB file. The selection mechanism is
summarised below, and consists of a section and definitions. Each definition can contain
any number of items, each item referring to a residue or atom selection. In the most
simple form of selection a PDB residue name is given, as below:
select {
amp, ala;
LYS, Phe;

}
Since, the PDB form at is case insensitive, the case of the residue names above is
not im portant — all are capitalised by DSSA. To select PDB atoms instead of residues
a modifier, and the keyword atom is prefixed to PDB the atom name (see below). To
select an atom in a specific residue a similar syntax is used, except the residue name is
used as the modifier:
select {
atom(NE), atom(CA), Lys(CB);
Ser(OG);

}
In addition to the PDB residue and atom names there are a number of special key
words used to group amino acids according to the chemical properties of their side-chains.
These are listed below together with the residues they define.
p o la r Ser, Thr, His, Gin, Asn, Trp, Tyr, Cys
n e u t r a l Val, Phe, Leu, He, Gly, Ala, Val, Met
charged Lys, Glu, Asp, Arg
a ro m a tic Phe, Tyr, Trp
hydrophobic Val, Phe, Leu, He, Gly, Ala, Val, Met
h y d ro p h ilic Lys, Glu, Asp, Arg, Ser, Thr, His, Gin, Asn, Trp, Tyr, Cys
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T he Input M odule

The in p u t module has an im portant role in the LEL, since it specifies the names and the
properties of the PDB files to be used by DSSA. It has a slightly different syntax to the
other modules, since it does not have an identifier, because there can only be one input
module in an LEL script, which has an implicit dependency between it and all m atch
modules (see figure 3.7).
in p u t {
f i l e pdb f i l e »

. . . pdb f i l e

;

om it (aa) (atom) (name) (c o n n e c tio n s) ( a l l ) (w ater) ;
ty p e (xray) (model) (nmr) ;
r e s o l u t i o n r e s o lu tio n c u t - o f f

;

}

The syntax of the input module is given above, and as can be seen is w ritten as the
keyword in p u t, with the body of the module enclosed in braces. The meanings of the
keywords and param eters are given below.
in p u t Module keyword.
f i l e Indicates a list of PDB file names is to follow. This is a statem ent so the file
names are separated by commas and term inated by a semi-colon.
om it Indicates the types of PDB atom records to be om itted from any ligand search.
Any combination of the types below can be used, although a l l overrides, and
none is overridden by, the other param eters.
a a Amino acid residues.
atom ATOM records, i.e. not HETATM records.
c o n n e c tio n s Residues th a t are covalently bonded to other residues.
w a te r W ater residues.
a l l All of the above types.
none No atom records should be excluded.
ty p e Indicates the type of structure to be read in. Any combination of the keywords
xray, nmr and model may be used to select X-ray crystallographic, NMR or
model structures.
r e s o l u t i o n Is followed by the resolution value (a floating-point number) above which
a PDB file will not be read. This applies only to structures determined by X-ray
crystallography.
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Any PDB file names provided on the command line (§ 3.4.2) are appended to those
(if any) specified in the f i l e statem ent — in this way it is possible to read in a directory
of PDB files using UNIX command line expansion. For example:
l i s s a a n y la b e l /f o o /b a r /* .p d b
would run DSSA on all the PDB files in the directory / f c o /b a r and any additional files
given in the in p u t module of LEL. In the above example the LEL script need not contain
an in p u t module, DSSA would adopt a set of default conditions when reading the PDB
files. If no PDB files are specified, either in in p u t or the command line then DSSA
defaults to reading all the files in the PDB directory, as defined by the environment
variable PDBDIR. The default conditions for the other statem ents are to om it atom and
w a te r records, to read in only ty p e x ray structures and to ignore the r e s o l u t i o n of the
structure.

3.4.6

Fragm ent D efin ition

Fragment definition is fundam ental to the execution of DSSA and is done by the f r a g
module.The term fragment is used

here to mean the chemicalconnectivity th a t will

be used to search against PDB files. Defining a fragment is essentially the process of
defining a labelled graph — listing vertex properties and vertex pairings. In practical
term s this means defining a fragment as a series of atom s each with particular element
types and bonding properties which can then be defined as bonding to each other.
In f r a g , an atom definition must consist of an identifying name and an element type,
but may also contain a minimum and maximum number of atoms to which the atom
may be bonded. The syntax of a f r a g definition is given below:
fra g fra g id {
(in c lu d e f r a g id )
atom {
atom idi elem ent t ype

{min bonds) {max bonds)

atomidy^ elem ent t ype

{min bonds) {max bonds)

{

bond {
atom idi atom idj

}
}
Atom definitions are listed within the atom section and atom bonding is defined in the
bond section as a paired list of atom identifiers. An example fragment definition of a
ribose molecule can be seen in figure 3.10.
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Cl'
C2'
C3'
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{
,
,
,
,
,
,
,

C
C
C
C
O
C
0
n

}
bond{
C l',
C l',
C l',
C2',
C3',
C4',
C4',
C5',

Nx;
04'
C2'
C3'
C4'
04'
C5'
05'

Figure 3.10: An exam ple of fragment definition. The fragment definition on the left defines a
chemical connectivity corresponding to the ribose on the right.

W hen defining larger molecules this basic type of definition can become cumbersome
and error-prone, since it can become difficult to notice missing atoms or bonds in a large
definition. One way to avoid this is to keep fragment definitions small and to build up
large fragments from a set of smaller fragments. In f r a g this is achieved by using a
fragm ent inclusion mechanism.
A fragm ent is included into another fragment by using the in c lu d e keyword followed
by the name of a fragment defined previously in the script. Any number of in c lu d e
statem ents may be used in a f r a g module. Bonding between different included fragments
requires a mechanism for specifying atom names within them. This is achieved by using
the fragm ent name as a modifier of the atom name, in a similar manner to th a t in the
selection mechanism (§ 3.4.4). For example the ribose fragment in figure 3.10 might be
augmented by the addition of a phosphate group onto its O 5/ atom. Using the inclusion
mechanism a new fragment would be defined, th a t would in c lu d e the ribose fragment,
define the phosphate group and finally specify a bond between r i b o s e (0 5 ’ ) and the
phosphate atom . Such a module definition is given below.
f r a g ribose_ph.osphate {
in c lu d e r ib o s e ;
atom {
Ph, P;

01, 0 ;

Chapter 3. lISSA: Ligand Search Superposition and Analysis

92
0 2 , 0;
0 3 , 0;

{
Ph, 01
Ph, 02
Ph, 03
r i b o s e ( 0 5 ’ )> Ph;

}
}
3.4.7

M atch ing Fragm ents

The m atch module controls the graph searching function of DSSA. It takes a previously
defined fragm ent and uses it to search a set of PDB files.

This is the first module

type so far described where an explicit module dependency is given, in this case of a
particular f r a g module. The dependency is defined using the f r a g keyword followed by
the fragm ent module’s name. The syntax of this and the conditions statem ent th a t make
up this module are given below, followed by a command summary.
m atch m atch id {
f r a g f r a g id
(cond ( l i s t h i t s ) ( li s t m is s ) {max match num) (unique))

}
f r a g The fragment identifier must refer to a fragment module already defined.
cond This command is optional, and controls the conditions and reporting of the
search procedure. Its param eters are given below.
l i s t h i t s List names of those PDB files where a match was found.
l i s t m i s s List names of those PDB files th a t were read and where no match was
found.
max match num Maximum number of matches to look for in each PDB file. The
program stops searching for any more fragment matches in a file when this
number has been reached.
u n iq u e Prevent more than one match within a residue. This can be used to
prevent multiple matches of a residue when it contains atom s with dual
occupancy. In the case of symmetrical molecules it also prevents the search
procedure attem pting to find all possible matches on the same set of atoms
(consider a search for a phosphate group).
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S u p erim p osin g Fragm ents

The su p erp o se module controls the superposition of matches found by the match module.
It takes only a m atch module as its dependency and attem pts to superimpose all the
matches found by it. Since it is dependent on the outcome of match, it will do nothing
if no fragment match is found in a particular PDB file.

This is true of all module

dependencies — an action will be performed by a module only if its parent module
produces d ata for it to act on.
Not all the atom s in the fragment need be used to calculate the superposition, and
a list of fragment atom s to be superposed can be defined in the supatom s statem ent.
As with m atch no file output is produced by su p erp o se, but it produces an ‘outcome’
which may be used by subsequent modules. A summary of the module commands is
given below.
su p erp o se s u p e rp o s e id {
m atch m atch id
supatom s atom idi . . . atomidy^

}
m atch Followed by the name of a previously defined match module.
supatom s The atom identifiers refer to atom s of the fragment used by match. Included
fragments are referenced as they are during fragment definition (c.f. § 3.4.6). If
this statem ent is not present then the whole fragment is used in the superposition.

3.4.9

O btaining Structural O utput from Fragm ent M atches and O ther
M od u les

The module o u tp u t is the first module th a t actually produces output tangible to the
user. The basic form of output is a coordinates file in PDB form at, or slight modifications
thereof. In its most basic form the output module might use the matches found by match
and output those atom s th a t matched the search fragment. This would produce a PDB
form at file containing coordinates and atom information. However, in addition to d ata
from match, the module can accept d ata from two other module types: su p erp o se and
a c c e s s (§ 3.4.8; § 3.4.10). W ith su p erp o se as its parent module, o u tp u t produces
atom coordinates rotated into the same coordinate frame as the superimposed fragments
calculated in su p erp o se. W ith a c c e s s as its parent, it produces PDB output with
special fields th a t contain the results of solvent accessible area calculations. The module
syntax is given below, followed by a module summary.
o u tp u t o u tp u tid {
one of [ (match m atchid) (su p erp o se su p e rp o se id ) (a c c e ss a c c e s s id ) ]
f i l t e r one of [ (pdb) (quanta) (roman) ]
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cond ((each) | (append)) ((fra g ) | (p ro t))
envelope ( envel ope s i z e ) ((atom) | (re s id u e )) ( s t r i c t )
(p a th d i r e c t o r y p a t h )
(name f i l e name)
s e le c t {
atom selection mechanism

}
}
match — su p erp o se — a c c e s s Identifier of a previously defined module. Only one
module type can be used at a time.
f i l t e r Specify form at of output file. Although all file form ats are essentially PDB
form at small changes can be made to ensure compatibility when used as input for
other programs.
pdb The default. It produces raw unmodified PDB output.
q u an ta Produces PDB output th a t can be easily im ported into the graphics
visualisation package Quanta. It uses normal PDB format, but each matched
fragment is given a different chain identifier — to prevent programs such as
quanta displaying spurious inter-molecular bonding between closely
superimposed molecules.
roman Produces PDB output suitable for the SurfNet suite of programs produced
by Roman Laskowski (Laakowski 1995).
cond Controls file handling and content; whether files are appended and how much of
the match and protein to output.
append Append the output of each PDB file into one file. If f i l t e r q u a n ta is
specified then the maximum number of structures appended into one file is
26 (i.e. chain identifiers A-Z) subsequent structures are stored in multiple
files created and labelled in numerical sequence.
each O utput from each PDB file is separated into different files, labelled with the
PDB identifier. If neither of the following conditions are used then the whole
structure is w ritten to a file with a .pdb suffix.
f r a g O utput only the residue(s) containing the matched fragment. These output
files are given a . f r g suffix.
p r o t O utput all of the PDB file except the matched fragment. When used in
conjunction with s t r i c t , the whole residue(s) containing the matched
fragment is om itted. A file with the suffix . p r t is produced by this option.
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envelop e Defines the size of an envelope around the matched fragment. Atoms or
residues within this envelope are selected for output. If no envelope size is given,
the envelope size defaults to infinity and includes all atoms.
en ve lo p e s iz e A floating point number giving the size of the envelope in
Angstrom units. The envelope is defined as the union of spheres of radius
envelope size centred on each of the fragment atoms.
r e s id u e Select all residues within the envelope, including those split across its
boundary. When the f i l t e r param eter roman is set the PDB form at is
modified to ensure th a t the SurfNet suite treats the ou tp u t as residues,
rather than as a collection of disparate atoms.
atom O u tp u t only the atom s within the envelope, even if this splits residues at its
boundary.
s t r i c t O utput only the matched fragment and not the rest of the residue(s)
attached to it, which is the default behaviour.
se le c t The standard atom selection mechanism described above (§ 3.4.4).

3.4.10

C alcu latin g Solvent A ccessib le Surface A reas

The a c c e s s module is used to run and process the results of an external program th a t
calculates the solvent accessible surface areas of a protein complex — ACCESS*. Unlike
the other modules access takes d ata from up to two o u tp u t modules. In its most simple
usage a single o u tp u t module is specified as below.
a c c e s s fo o {
o u tp u t b a r ;
cond r e s id u e , atom;

}
This instructs DSSA to use the output file produced by the o u tp u t module b a r as
the input file to ACCESS. Once complete the conditions indicate th a t the output from
ACCESS should be processed to produce two results files; showing the solvent accessible

areas (ASA) per r e s id u e and per atom. The part of an overall protein-ligand complex
th a t is used to calculate the solvent accessible surface area depends on the d ata from
the o u tp u t module. If module b a r generated a PDB file containing only the matched
fragment, then this would be used by a c c e s s module foo, and, likewise, if the file
generated by b a r contained the complex apart from the matched ligand, then this would
be used by fo o . Thus, the results produced by a c c e s s are to a large extent dependent
‘ access was written by Dr. Simon Hubbard, EMBL, éind uses the cdgorithm of Lee & Richeirds (1971)
to calculate solvent accessible surface area of a protein. Its name heis been capitcilised to differentiate it
from the module of the same name.
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on the files produced by o u tp u t. This is especially so when a c c e s s is used with two
parent o u tp u t modules.
The reason a c c e s s takes two o u tp u t modules is to enable the calculation of the ASA
difference between a fragment and fragment-protein complex. Such calculations give a
good idea of the degree to which a fragment is exposed to solvent within a complex.
In this case it is im portant th a t the first o u tp u t module outputs a subset of the whole
complex and th a t the second outputs the whole complex. This is im portant because
liSSA runs ACCESS on both files in turn and then calculates the ASA differences between
their results files. A variation of this calculation can be used to determ ine the residues
in a protein th a t form an interface with the fragm ent. This interface region is defined
as those residues which undergo a change in surface accessibility when the fragm ent is
removed from the structure. This is determined by calculating the difference in solvent
accessibility between the complex and the complex with the fragm ent removed. Note,
th a t defining the interface region does not produce any file output, b u t rather provides
information th a t may be used by other modules. Again, correctly defined o u tp u t modules
are im portant for this. Below, the syntax and commands of the a c c e s s module are
summarised.
a c c e ss a c c e s s id {
o u tp u t o u tp u tid i ( o u tp u tid 2)
( cond ( d i f f | i n t e r f a c e ) (atom) (re s id u e ) )

}
o u tp u t One or two o u tp u t modules may be specified here. Both o u tp u t modules must
have the commands ‘f i l t e r p d b ;’ and ‘cond e a c h ;’ set. W ith only one module
given the conditions f r a g or p r o t may also be set, but if both modules are given
then in the first one either f r a g or p r o t m u s t be set. The second module must
always output the whole complex, and so f r a g and p r o t must not be set.
cond The param eters of this command control how the results of the solvent
accessibility calculations are processed.
d i f f Calculate the ASA difference between o u tp u tid i and o u tp u t id 2 .
in t e r f a c e Calculate the interface region between o u tp u tid i and o u tp u t id 2 .
Only those residues or atom s in the interface region are listed in ou tp u t files.
atom Produce ou tp u t a t the atom level, giving accessibility values for individual
atoms. Such ou tp u t is produced in files with a .a c c a suffix.
r e s id u e Produce ou tp u t at the residue level, giving accessibility values for whole
residues. This ou tp u t produces files with a . a c c r suffix.
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C alculating R esid ue Frequencies A round a M atching Fragm ent

When examining the environment around a matched fragment, it can be useful to cal
culate the frequency of individual residues in proximity to a matched fragment. This
is the function of the summer module. Summer acts in two ways: it calculates the fre
quency th a t given residues are found either within an envelope of a certain size (defined
in an identical manner to th a t in ou tp u t), or in an interface region around the matched
fragm ent, as defined by a c c e s s. Its commands and param eters are summarised below.
summer summerid {
(match m atchid) o r (a c c e ss a c c e s s id )
( envelope ( envel ope s i z e ) ( (atom) | (re s id u e ) ) ( s t r i c t ) )
s e le c t {
selection mechanism

}
}
m atch Name of previously defined m atch module.
a c c e s s Name of previously defined access module. This module must define an
interface and so must have cond i n t e r f a c e set.
envelop e Defines the size of an envelope around the matched fragment. Atoms or
residues outside this envelope are not counted. If no envelope size is given, then
the envelope is taken as infinity.
en velo p e size A floating point number giving the size of the envelope in
Angstrom units. The envelope is defined as the union of the spheres of
radius envelope size centred on each of the fragment atoms. This param eter
is ignored if the module takes its input from an a c c e ss,
r e s id u e Count all residues within th e envelope, even if only partially inside its
boundary.
atom Count only the atoms within the envelope.
s t r i c t Omit the residue(s) containing the matched fragment from the frequency
calculation.
s e l e c t This uses the standard atom selection mechanism described above (§ 3.4,4).

3.4.12

C alculating P o ten tial H ydrogen B ond ing

In order to understand the param eters and commands in the hydrogen bonding module,
c o n ta c ts , it is necessary to understand th e algorithm used to determine potential hy
drogen bonding. This algorithm is described below, followed by the description of the
c o n ta c ts modules.
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The Algorithm
The hydrogen bond assessment algorithm used here, is based on th a t developed by Mc
Donald & Thornton (1994) in the program h b p lu s. The algorithm has two stages. The
first positions a theoretical hydrogen atom attached to a hydrogen bond donor atom , and
the second is the assessment of the potential hydrogen bond on distance and bond-angle
criteria. The first stage is im portant since an incorrectly positioned hydrogen atom will
make the assessment stage inaccurate.

H

i
planH

planH2

planOH

<2.5Â
>fk
tetraHS

R— R
tetraOH

Figure 3.11: A sum m ary o f the hydrogen
geometry types used by the hydrogen atom
placement algorithm in DSSA. Atom s labelled
D and O are donor atom s, in the latter ca.se
these are specifically oxygen atom s. Atom s la
belled R are reference atom s used to calculate
the hydrogen atom position.

Figure 3.12: An illustration of the distance
and angle criteria used to assess potential hy
drogen bonds. If the angle A H D is greater
than 90® and \HA\ is less than 2.5 Â then the
hydrogen bond is accepted.

The hydrogen placement algorithm requires two properties, the chemical nature of the
hydrogen bond donor, and th e positions of reference atom s th a t are covalently bound to
the donor atom. The reference atom s are used to provide a frame of reference around the
donor atom th a t enables the calculation of the position of the theoretical hydrogen atom.
The donor geometry type is im portant in this, because different geometry types require
different numbers of reference atoms. The basic geometry types are one, or two hydrogens
in a planar configuration (planH, planH2); a hydroxyl hydrogen in a planar configuration
(planOH); and three hydrogens, or a hydroxyl in a tetrahedral configuration. These are
illustrated in figure 3.11 together with the reference atom s required in each geometry
type.
Once a hydrogen atom has been correctly placed on a donor atom the distance and
angle of the hydrogen bond is assessed. If the distance between the hydrogen and acceptor
atoms is less than 2.5 Â, and the angle formed by the donor, hydrogen, and acceptor
atoms is greater th an 90° (figure 3.12), the interaction is accepted as a hydrogen bond.
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T h e H y d r o g e n B o n d in g M o d u le
The module c o n ta c ts calculates potential hydrogen bonds between matched fragments
and the surrounding protein. To do this DSSA m ust know which atom s in the complex are
donors and which acceptors. In addition, the algorithm used by c o n ta c ts to calculate
hydrogen bonds first positions theoretical hydrogen atom s on potential donor atoms,
and uses the distance and angle criteria between hydrogen and acceptor, described in
section 3.4.12, to determ ine whether a hydrogen-bond is present. This information is
already stored by DSSA for the standard amino acids, b u t is generally not known for the
atom s in th e matched fragm ent. Thus it must be given within this module. The syntax
of the module is given below.
c o n ta c ts c o n t a c ts id {
m atch m atch id
atom {
atom id acc
atom id donor atomid/?i atom id 7?2 (atom id^s) {H-D d i s t ) {H-D-Rl angl e)
{hydrogen t y pe ) {hydrogen geomet ry)

}
}
m atch Name of previously defined match module.
atom Section defining donor and acceptor atoms within a fragment. If an atom is
om itted it is assumed to be neither.
a to m id An identifier for an atom defined in the fragm ent used by the match
module. Included fragments are referenced as for fragment definition (c.f.
§ 3.4.6).
acc Specify th a t the atom is potentially a hydrogen bond acceptor,
donor Specify th a t the atom is potentially a hydrogen bond donor,
a to m id iîi 1st reference atom.
a to m id ^2 2 nd reference atom.
a to m id iî 3 3rd reference atom.
H -D d is t Distance in Angstrom units between hydrogen atom and donor atom.
The default is 1 A if not specified.
H - D - R l angle Angle between the H -D bond and D -R l bond, in degrees. The
default value is 110 .0 ° if not specified.
h yd ro g en ty p e Hydrogen type is defined by one of three keywords:
a l t Hydrogen may be on this atom or an alternate atom .
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c i r c l e Hydrogen is in a tetrahedral configuration and can rotate about the
D -R l bond. Thus the locus of the hydrogen atom is a circle.
f ix e d Hydrogen can be calculated to a fixed position, with a single locus.
h yd ro g en g eo m Hydrogen geometry is defined by five keywords. The geometries and
the reference atoms required to calculate these geometries are shown in
figure 3.11.
p la n h A single hydrogen atom in the plane of the two adjacent bonds adjacent to
the donor atom.
p la n h 2 Two hydrogen atoms planar to R1-R2 bond.
p la n c h A single hydrogen attached to an oxygen donor atom, where the hydrogen
can occupy two alternate positions in the plane of the R1-R2 bond.
te tr a h S Three hydrogens attached to a donor atom in a tetrahedral
configuration.
te t r a o h A hydrogen attached to an oxygen in a tetrahedral configuration. The
hydrogen rotates about the D -R l bond, i.e. the hydrogen is of type c i r c l e .

3.5
3.5.1

T he Im plem entation o f liSSA
Introduction

liSSA was designed and implemented entirely by the author over a period of several
months. It was w ritten as a tool to aid him in his investigation of protein-nucleotide
interactions and as a response to the many problems he encountered when attem pting
to analyse protein-nucleotide complexes using existing software. Although w ritten for
this project, the design and implementation has attem pted to make as few assumptions
as possible about the structures being examined, thereby making liSSA suitable for the
analysis of any protein-bound ligand.
liSSA evolved considerably during its development, with many of the tasks it performs
and concepts behind the program ’s design not envisaged when the project was started.
In particular the modular nature of the program, reflected in the organisation of LEL
(§ 3.4.3), was introduced to enable the use of an external program, a c c e s s (c.f. § 3.4.10).
This means th a t the program design is not as ‘clean’ as it would have been had it been
designed around a modular organisation from the outset.
The rest of this section will describe the implementation and design of DSSA. The
fine detail of the implementation will not be discussed, rather the overall organisation of
the program will be covered and implementation details th a t aid the understanding of
liSSA’s design.
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A n O verview o f th e P rogram ’s O rganisation

liSSA was implemented in the high-level programming language C-|—|- in an ObjectOriented manner (§ 1 .8 .2 ).

In many ways the im plem entation of liSSA was ideally

suited to an object-oriented programming methodology. It had a modular nature, exem
plified by the modules in the LEL, it contained many functions th a t could benefit from
representation in an object-oriented manner, such as the internal representation of the
protein-complex structure, and it was a large enough project to make the extra initial
effort in coding and design worth while. The last point was im portant, since many of the
classes used to implement liSSA had to be w ritten from scratch, and for a small program
it would probably have been easier to use C.
In term s of its execution the program organisation is centred around a controlling
class called I n t e r p r e t e r . This reads in the LEL script, and constructs classes for each
module encountered in the script. Each module constructor is responsible for parsing
th a t part of the LEL th a t defines the module, using this information to initialise the mod
ule class. Once the LEL has been parsed and processed successfully, the I n t e r p r e t e r
class then enters a loop, reading a PDB file and executing each module class in turn,
until all the PDB files have been processed. This summarises the m ajor features of the
program ’s execution, but omits a considerable am ount of detail. Clearly, the most com
prehensive way of learning about the implementation of USSA would be to examine its
program listing, however, short of this it is possible to discuss some of its more im portant
im plementation details.

3.5.3

T he M od u le C lasses

As has been discussed above, the modules in LEL correspond to discrete functions within
liSSA(§ 3.4.3). This is not an artificial relationship, but is fundam ental to liSSA’s im
plementation. There are two types of module in the LEL— those th a t control an action
and those th a t define information. The in p u t and f r a g modules are the only examples
of the latter and are represented by classes th a t parse the LEL in order to create a
data-structure to be used by the other, action-defining, module classes.
Classes corresponding to an action-led module initialise themselves by setting flags
according to the conditions in their LEL definitions. Each class has an interface com
mon to all the action-led module classes th a t are defined by an abstract class (§ 1 .8 .2 ).
This enables one module to request information from its parent by calling a particular
function defined in the abstract class. This is useful for classes th a t can potentially have
dependencies for more than one module type, since it avoids the need to explicitly de
term ine the type of the dependent module class. This mechanism is also used by the
I n t e r p r e t e r class. When executing each module in turn it does so with a call to the
function rim _module() of the abstract class. This avoids the cumbersome alternative
of determining the type of each class and calling the appropriate function for each class
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type.
The actions associated with each module are executed by calling run_module. W hen
executed its first task is to check if its parent module was successful and produced a
useful outcome. If this is the case then the function proceeds to execute the task specific
to th a t module. For example, an o u tp u t module might check to see if its parent m atch
module found a m atch in a particular PDB file. If so, o u tp u t would proceed to generate
file output using the search information from the match module, and the copy of the
PDB data-structure it received.
As well as a common interface defined by the abstract class, information can be
passed between modules using a small class called M atchinf o. This stores information
about the match found in a particular PDB file by a given m atch module and keeps track
of any modification of the matched atom coordinates. At present the only changes to the
matched coordinates occur after fragment superposition, but this provides a mechanism
to deal with others.

3.5.4

Im p lem en tation o f U llm a n n ’s Sub-G raph Isom orphism A lgorith m

The class th a t implements Ullmann’s algorithm, called Ullmaim, is somewhat, but not
entirely, independent of the other classes in DSSA. It requires two main data-structures
for each graph, an adjacency list and a list of element types for each vertex. W ith these,
an adjacency m atrix can be generated for each graph, and the correspondence m atrix
can be initialised for a labelled graph search (§ 55).
Ullman (1976) implemented his algorithm using bit-vectors (arrays of bits) for the
adjacency {A and B) and correspondence (M ) matrices as well as some other arrays.
These are very suitable to the binary operations used in the algorithm, and, as Ullmann
pointed out, can give a degree of parallelism, since a binary operation on an integer word
can effectively process 32 elements in one step*. Combined with the fact th a t a bit vector
makes much better use of memory than an integer array, it was decided to use bit vectors
where Ullmann had.
A class was w ritten to handle bit vectors, called B itV ect, which allowed their use to
be relatively transparent within the implementation of the algorithm proper. Using the
class mechanism together with overloaded operators allowed the bit vector to be treated
as another fundam ental type, such as an integer, with adjacency matrices represented
as arrays of B itV ects. Thus, where the algorithm called for a bitwise AND between
two bit vectors this could be encoded in an almost identical manner as shown below:
if

bit

A B j = 0 th e n g o to s te p 8 fi:
Version in Algorithm

if((M [x ] & B [ j] ) == 0) g o to step B ;
C-h-b Implementation using Bit Vectors

*This assumes a four byte integer word, however, the size of an integer can vary between different
computer architectures.
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Using the BitVect class meant th a t the algorithm could be simply implemented by
closely following the pseudocode for the search and refinement algorithms shown in their
corrected versions in Algorithms 3.1 and 3.2.
When initialised the Ullmann class first initialises the adjacency matrices and sets
the correspondence m atrix to its initial state (M®). The procedure implementing the
search procedure is then run until the algorithm term inates. If a match is found the
search procedure calls another function which records the vertex correspondences in a
list of arrays, one array for each m atch. If a limit on the number of matches has been set
and is exceeded, then this recording function term inates the isomorphism search. When
the search is complete the class destroys any data-structures th a t are no longer needed,
such as the adjacency matrices, and then finishes. Once a search has been completed the
class is not destroyed, but is used to store the list of atom correspondences for access by
the rest of the program.

3.5.5

T he P D B D a ta-S tru ctu re

As with all the large data-structures in iJSSA, the protein complex structure read in from
a PDB file is represented as a set of classes. The protein complex is abstracted into three
main classes, atom, residue and complex, represented by the classes PdbAtom, PdbRes,
and PdbMol. The complex could have been abstracted even further into protein chains,
but this was not felt to be necessary.
The information from a PDB file is extracted by these classes which read in the
appropriate information as they are created. Thus when the class PdbMol is initialised
it reads in a file, first checking the stru ctu re’s resolution and type (i.e. X-ray or NMR
structure etc.), then it reads in the atom coordinates in the file. When PdbMol encounters
the coordinate record it initialises PdbRes which reads the residue specific information
from th a t entry, such as residue name, number and chain identifier. PdbRes in turn
initialises a PdbAtom class for every atom within th a t residue. When PdbAtom is initialised
it reads the current coordinate entry of the file and extracts the atom-specific information,
such as its name, number, element type and coordinates. Once the PdbAtom class is
completed the next coordinate entry in the PDB file is read and another PdbAtom object
created.
Once all the coordinates in the PDB file have been read PdbMol contains an array of
PdbRes objects, each one of which in turn contains an array of PdbAtom objects. O perator

overloading is used to provide a 2D array appearance to the data-structure, providing
the other classes in USSA with a relatively transparent interface to the protein-complex
data-structure. Finally, as well as being responsible for parsing a PDB file and acting
as a repository for the protein-complex information, the classes are also responsible for
writing out the information they contain to file — in PDB form at.
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3.5.6

A d ding N ew M odules to DSSA

The close relationship between a LEL module and its corresponding module class makes it
a relatively easy task to add new functionality to DSSA. A new task would be controlled
by another module in the LEL and implemented by a new module class th a t would
be responsible for parsing th a t module and executing the new function. Ideally, any
new module class introduced would only need to conform to the abstract class and
it would be able to cooperate with existing module classes. However, in reality this
mechanism primarily covers information about the fragment search defined in the f r a g
and m atch modules and is therefore not comprehensive enough for all situations. Thus,
as the implementation stands there will inevitably be situations where a module needs to
interrogate its parent module in a manner not covered by the generic interface. In these
cases the classes must interface directly, which may require a more detailed knowledge
of the other modules.

3.5.7

P oten tial D evelop m en t o f DSSA

As it stands DSSA is probably near the end of its development. The only significant
additional functionality th a t it lacks a t present is a module to calculate fragment torsion
angles, and this will be added in the future. There is scope to add several more modules
to add different functionality and to couple its use to other external programs, but it is
arguable th a t such development may be of limited value in comparison to the effort of
implementing them. There are probably two other more fruitful avenues to pursue.
The first is the development of a graphical interface to act as a front-end to DSSA.
This would avoid the need to deal directly with the LEL which can be off-putting to some
users. An essential component of this interface would be a ‘fragment builder’ th a t would
allow a user to graphically create a search fragment by effectively ‘draw ing’ it. This
would be much less time consuming and error-prone than the text-based method used
in the LEL. The interface could be implemented without too much difficulty, since the
interface would only be required to write an LEL script to a file and then run DSSA on
th a t script. The modular organisation of DSSA would lend itself well to such an interface
and implementation would be straightforward if tools such as Tel (O usterhout 1994) and
its graphical toolkit Tk* were used.
The second area of development would be of a ‘second generation’ DSSA, which would
be extensible. This extensible version of DSSA would consist of only the minimum of
functions, fragment searching and file output, but would have built-in the ability to
incorporate external programs — allowing its functionality to be extended in a flexible
manner. Adopting a more open design is im portant for a program like DSSA if it is to
be of use by the general scientific community, since it enables the user to perform the
*Tcl is an interpreted language developed by John Ousterhout which, together with its graphical
toolkit Tk, provides a relatively quick and simple method of creating graphiceil interfaces.
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type of analyses he wants in the way he wants. For example, DSSA calculates hydrogen
bonding in a particular way, but this algorithm may not suit another researcher. If he
wants to use DSSA then at present he would either have to recode it to calculate the
algorithm he wanted, or he would have to use liSSA’s definition of a hydrogen bond.
Situations like this are common to many software packages in the protein structure field
and are usually resolved by adding more and more features. In the au th o r’s opinion this
‘kitchen sink’ approach leads to software which is overly complex, and error-prone, th a t
tends to do many things badly instead of a few things well. It is far b etter to have an
open interface to which one can add those programs best suited to a particular analysis
or task, especially as the choice of best program or algorithm for a task can be very
subjective.
In the following chapter DSSA was used to help in the examination of eighteen proteins
complexed to adenylate containing nucleotides. Hopefully this will illustrate how useful
a tool DSSA can be in the analysis of protein-ligand complexes.
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C hapter 4
A d en ylate M oiety Interactions
w ith P ro tein
4.1

Introduction

Having examined nucleotide conformations (Chapter 2) when bound to proteins and
developed a tool to aid the investigation of protein-ligand interactions, the obvious pro
gression WcLS to examine the interactions between protein and nucleotide. In this way
one can look for features common to nucleotide binding sites in proteins and hopefully
obtain a picture of the properties used by proteins to recognise nucleotides.
For the sake of simplicity only complexes containing adenine nucleotides were ex
amined. This avoided the need to take account of the different chemical natures of the
nucleotide bases. Adenine nucleotides were chosen since they are by far the best rep
resented group of nucleotides in the PDB and could be hoped to produce the largest
datcLset. In the study which follows, only the interactions with the adenylate moiety
of these nucleotides were examined (i.e. AMP — adenine, ribose and one phosphate).
In molecular term s this is the lowest common denom inator for adenine containing nu
cleotides, enabling a comparison of the interactions of AMP, with those of NAD. Here
this moiety is referred to as adenylate, and its molecular form is referred to as AMP.
In th e rest of this chapter the generation of an adenylate-containing dataset is de
scribed (§ 4.2) followed by th e examination of several attributes of an adenylate’s inter
action with protein. First, the extent to which adenylate is buried in protein is calculated
and discussed (§ 4.3); then th e propensity of different amino acids types to be found in
proximity to an adenylate moiety is examined (§ 4.4); finally, the extent to which adeny
late participates in hydrogen bonding to amino acids and the nature of these hydrogen
bonds is investigated (§ 4.5). These different aspects of adenylate’s interaction with pro
tein are drawn together and considered at the end of the chapter, where any trends in
the protein recognition of adenylate and adenine nucleotides are discussed (§ 4.6).
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4.2

D a ta set G eneration

4.2.1

Searching for A M P M oiety C ontaining Structures

To obtain a non-homologous dataset of protein-adenylate complexes it was first necessary
to identify structures binding adenylate containing compounds in the PDB. This was
done using the program DSSA, to search for structures matching an adenylate search
fragment.
The search fragment definition allowed any atom (or none) to bond to the C2' and C3/
atom s of the ribose and the phosphate oxygen (figure 4.1). This selected ribose and its
three variants of 2'-deoxy-, 3'-deoxy- and dideoxy-ribose, and molecules where another
chemical unit was attached to the AM P moiety via the a-phosphate group.

Search

param eters were selected to exclude structures not derived by X-ray crystallography,
with resolution values greater than 4 Â. The search was carried out on the June 1994
release of the PDB, and found hits in 98 PDB files out of a to tal of approximately 1500.

NK

?—O—P

Figure 4.1; Fragment used by DSSA to search the protein databank for adenylate. The question
marks and dashed bonds indicate a bond to any atom that is permitted in the search but need
not exist for a successful match.

4.2.2

Initial G eneration o f th e N on-H om ologou s D ataset

A significant number of the 98 adenylate-containing structures found above were dupli
cates of the same protein or proteins with strong similarities in their structure an d /o r
their sequence. In addition there were some non-wild-type proteins with changes from
their native sequence caused by m utations or recombinant DNA techniques. In a study
of this kind it is desirable th a t the dataset of structures to be investigated contains none
th a t are homologous, i.e. have divergently evolved from a common ancestor. This pre
vents a bias in the dataset towards similar proteins which are over-represented in the
PDB.
The steps taken to generate the non-homologous dataset are outlined in figure 4.2.
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F irst those structures th a t had non-wild type sequences (this is usually stated in the
title or remark records of PDB form at coordinate files) were excluded. At this stage
the structure of trim ethylam ine dehydrogenase (2TMD) was also removed since it had
an amino acid sequence th a t was obtained only from its electron density and peptide
sequencing, and was not felt by its authors to be 100% accurate (Barber & Meame 1992).

Found adenylate
containing —
structuresusing
LiSSA

Eliminated
structureswitti .
>30% sequence
identity

Perform SSAP
alignment

S uperpose a pair of
structures according
to SSAP alignment

Removed
-►non-native
structures
Cutstructuresdown
toa discrete
nucleotide binding
region

Clusterstructures
^ according tobinding■
^ sitesimilarity
criteria
Adenylate
Dataset

Calculate RMSD
betw een adenylate
moieties in aligned
structures

Accept if:
• SSAP score > 70
• RMSD < 4.0 A
• Check visually if betw een 4 and 5 A

Figure 4.2: A flow diagram of the steps taken to Figure 4.3: Summary of the protocol used to
generate the final adenylate dataset. Each step determine binding site similarity. The details
summarised in the figure is described in detail of the protocol are given in the text.
in the text.

Sequence homology was determined using a program called homol w ritten by Dr
David Jones (Jones 1994) th a t calculated the sequence identity between two amino acid
sequences.

It compared all the desired sequences against one another in a pairwise

manner and clustered the sequences into homologous families. From each family a repre
sentative of the highest resolution was taken to produce a list of structures with sequence
homology with one another of less than 30 per cent — this protocol is described in more
detail in section A.2. This resulted in a dataset of 33 structures.
Although these structures were judged by their sequences to be non-homologous,
they may have had similar structures and so be evolutionarily related. Although in most
cases one might hope to eliminate structural similarity along with sequential similarity,
nucleotide binding proteins are known to be an exception. In particular those proteins
containing Pa/3 dinucleotide and mono-nucleotide binding motifs are known to have
quite diverse sequences, but exceptionally similar three dimensional structures in the
region th a t binds nucleotide (§ 1.6). The nature of the nucleotide binding motifs of
the proteins in the dataset was examined in the literature. This showed th a t at least
sixteen structures had PaP nucleotide binding motifs, although a t least one, th a t of
3D FR (M atthews et al. 1979), had significant structural differences from the classical
motif. It seemed likely, however, th a t the m ajority of these fourteen PaP motifs were
structurally similar.
Clearly this degree of structural similarity showed th a t the dataset was not non-
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hom ologous in its strictest sense*. To elim inate such structural sim ilarities the proteins
were com pared using the structural alignm ent program SSAP (Taylor & O rengo 1989).
T h e protocol used to generate a structurally-dissim ilar d a ta set is described in sec
tion A .4. H owever, to sum m arise: each protein was com pared with every other protein in
a pair-w ise m anner, w ith pairs scoring above 80 regarded as suflficiently structurally sim 
ilar to indicate an evolutionarily relationship. R elated proteins were clustered together
and the high est resolution structu re from each cluster chosen as th a t clu ster’s repre
sen ta tiv e. In th is way a d a ta set o f 26 protein structures was obtained. U nfortunately,
m any of th ese proteins contained local structural sim ilarities, particularly around their
n u cleotide binding sites. T his could be m ost obviously seen by observing the positions of
asp a rta te residues around all 26 superim posed adenylate m oieties (figure 4 .4 ). An alm ost
identical distribution w as found with g lu tam ate residues (d a ta not show n). A s discussed
in section

1 .6

, the a sp a rta te/g lu ta m a te-rib o se interaction is a well known feature o f the

clcLSsic /ia/3-fold, where th e carboxyl groups of these am ino acids hydrogen bond to the
O 2 ' and O 3 / a to m s o f ribose. Indeed their conservation at the carboxyl end o f the second
/^-strand is d iagnostic o f the m otif.

4
Figure 4.4: Structural similarity in the adenylate binding site. This stereo picture shows the
aspartate residues of the 26 structures in the 80 SSAP dataset superimposed into the same coordi
nate frame about a representative adenylate. The transformation matrix used was generated by
superimposition of the adenylate moieties by the furanose ring of ribose — only one adenylate is
shown for clarity. It is apparent from the figure that many of the aspartate residues in proximity
to the O 2 ' and O3 / positions of ribose superimpose sufficiently well that one must be suspicious
that they are derived from homologous proteins.

4.2.3

R egeneration of the D ataset

T h e alignm ents above had been carried ou t on proteins th a t in m ost cases were m ulti
dom ain (see table 4 .2 .4 ), w ith th e nucleotide binding region being form ed by one, and
‘ T h e term ‘n on -h om ologou s’ w hen apphed to a d ataset is som etim es used to m ean there was no
sim ilarity, as in ‘structurally n on -h om ologou s’. Here it is used in its strict sense: tw o proteins are nonhom ologous if th ey have not diverged from a com m on ancestor. T h is is an im p ortan t difference, since in
theory at least, tw o proteins th at are not determ ined to be stru ctu ia lly sim ilar m ay still be evolutionarily
related.
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in some Ccises more than one domain. The SSAP algorithm tries to structurally align
the whole polypeptide chain and as a result similarities between these regions may be
obscured by other regions of the protein th a t may be quite dissimilar. In theory the
SSAP score should be independent of sequence length and strong alignments th a t are
a small proportion of the protein chain overall should still score highly. However, in
practice this tends not to be the case, as is apparent here.
Ideally a method th a t could assess the structural similarity between the different
binding sites was needed. Lacking this alternative, a compromise solution was sought.
This was to perform SSAP comparisons on the regions of each protein th a t bound the
adenylate of interest. These regions were obtained by ‘cutting’ the protein structures
at discrete boundaries (chosen upon visual inspection of the protein) surrounding the
adenylate binding site. This ensured th a t the truncation was as systematic as possible
and th a t proteins remained as structurally discrete units.
This dataset was almost identical to the whole-protein dataset containing 25 of its
26 structures. This reflected the fact th a t the structural similarity was too local to be
picked up effectively by SSAP, and th a t a comparison method focused specifically on the
adenylate binding site was required.
In their work on protein fold hyperfamilies Orengo et al. (1994) used SSAP to classify
distantly related proteins th a t had a significant degree of structural similarity and had
a similar function. In this study they used a SSAP score of 70 as the cut-off by which
to cluster their dataset into hyperfamilies. In light of this work it was decided to use
this lower score as an initial screen to cluster those structures with distant similarities.
This led to the division of the dataset of 33 nucleotide binding region structures into four
linkage groups — or more accurately, all the structures were clustered together except
three, spinach ferredoxin reductase (IFN R ), catabolite activator protein (3GAP) and
beef liver catalase (7CAT).
To determine whether the adenylate binding sites of these clustered structures were
similar the protocol summarised in figure 4.3 was used to compare every protein against
every other in a pair-wise fashion in each cluster. The adenylate moieties from each
structure were superimposed using the transform ation m atrix generated by SSAP when
aligning th a t pair of proteins. Once superimposed, using a program called suprms (van
Gunsteren et al. 1990), their root mean square difference (RMSD) was calculated, using
another program, r m s f it (M artin 1994). The RMSD value was used to determine the
similarity of the nucleotide binding site as follows:
RMSD < 4.0Â Regard binding sites as structurally similar.
4.0Â < RMSD < 5.0Â Check similarity visually.
R M S D > 5.0Â Regard binding sites as structurally dissimilar.
These criteria are based on the visual inspection of many SSAP alignments. These
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consisted o f pairs o f proteins which were oriented to op tim ally sup erim p ose th ose parts
o f each th a t were regarded by SSAP to have stru ctu ral sim ilarity. W here th e alignm ent in
th e region o f th e nucleotide binding site w as good it w as found th a t th e ad en ylate m oieties
o f both stru ctu res were also closely su perim posed. T his rule held for all the alignm ents
insp ected and th us w as used to give a crude, but sy stem a tic m ethod o f assessing binding
site sim ilarity. T he cu t-o ff values o f 4 and 5 A n gstrom s were based on visual inspection
and were con servative choices, representing obvious sim ilarity and dissim ilarity in the
stru ctu res in sp ected . H aving a tw iligh t-zon e betw een these values was necessary, since
to have set a single cu t-o ff figure would have been very arbitrary.
T his process produced a d a ta set o f 18 ad en ylate-con tain in g com plexes, th a t do not
appear to have a significant degree o f stru ctu rally sim ilarity. In the rest o f th e chapter
it shall be referred to as th e ad enylate dataset.

4 .2 .4

O v e r v ie w o f t h e N o n - H o m o lo g o u s D a ta s e t

T he ad en y la te d a ta set described above con sists o f 18 stru ctu res which are com plexed
to a variety o f different ty p es o f nu cleotide — all containing an ad en ylate m oiety. T he
stru ctu res in th e d a ta se t have been sum m arised in tabular form (table

2 . 1 ),

giving their

nam e P D B cod e and other relevant inform ation. O f the nucleotides in th e d a ta se t five
were coen zy m es (N A D , N A D P or C oen zym e A ), tw o were prosth etic groups (FA D ) and
the rest were either inhibitors activators, su b str a te s or products o f ca ta ly sis. Ten were
m ultim eric proteins o f which only tw o were m ade up o f non-identical su b u n its. W ith the
exception o f three chains all were m u lti-dom ain proteins often w ith a dom ain prim arily
involved in nucleotide binding.
In figures 4.5 and 4.6 th e stru ctures o f th e nucleotide binding regions (N B R ) used
to generate th e ad en ylate d a ta set are show n w ith the regions o f secondary structure
th a t interact w ith aden ylate highlighted. T h e N B R s can be classified according to their
secondary stru ctu re com p o sitio n .

O ne is com posed o f only cv-helices (IC S C ) and one

predom inantly o f /3-sheet (IF N R ), while th ere are four th a t m ay be classified a -f/3 (lA T P ,
IF B P , 3G A P , 7 C A T ). T h e rem aining tw elve N B R s contained altern atin g regions o f a helix and /3-sheet, although only five (1A K 3, IP O W , 3P G K , 4 A T I, 9L D T ) were sim ilar
to th e classical /3<a/3 m otifs found in m any nucleotide binding proteins (Schultz 1992)
and one form ed a TIM barrel (I A D S ). T h e binding site in tw o (4aj3 (lA T N , IN IP ) and
tw o

-f /3 N B R s (lA T P , 7C A T ) w as form ed by th e crevice betw een tw o d om ains. T his

im plies th a t a hinge action m ay occur betw een th ese dom ains allow ing them to open and
close around th e ligand. In nearly all th e stru ctu res th e binding sites are predom inantly
form ed by loop regions at the ends o f secondary stru ctu re elem en ts, especially /3-strands.
T his is com m on ly observed in j3af3 proteins (Branden & T ooze 1991) and is th ou gh t
to be an evolu tion ary preferred m ode o f binding, since such regions are generally not
im p ortan t to th e overall stru ctu re o f th e protein and th u s can readily be adapted to bind
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(a) IA D S

(b) 1AK 3

(c) lA T N

(d) lA T P

(e) ICSC

(f) IFBP

ig) IFNR

(h) i N lP

(i) IP F K

Figure 4.5: The structures and topologies of the nucleotide binding regions used to generate the
adenylate dataset. In the protein cartoons a-helix is represented by coils and /^-sheet by arrows
and coloured green and purple respectively. Those secondary structure elements with amino acid
residues interacting with adenylate are highlighted in blue. The cartoon were generated by the
program m o lsc r ip t (Kraulis 1991).
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(a) IPOW

(b) 3G A P

(c) 3P G K

(cl) 3TS1

(e) 4 ATI

(f) 7C A T

(g) 8GPD

(h) 9IC D

(i) 9L D T

Figure 4.6: The structures and topologies of the nucleotide binding regions used to generate the
adenylate dataset. See figure 4.5 for details.
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different ligands w ithout altering significantly the overall structure of the protein.
In summary, the dataset used here would appear to contain a diverse set of proteinligand structures. W here classical-type /3a/3 motifs are observed they are structurally
and topologically different.

The dataset, thus contains eighteen structurally distinct

protein-adenylate binding sites th a t, it is hoped, have little if any homology to each
other.

Table 4.1: The dataset of adenylate containing proteins used in this study. The number of domains and subunits found
in each structure are tabulated together with the name of the adenylate containing nucleotide used in the study. The
function of the nucleotides complexed to the protein is also shown. If the proteins are known to undergo conformational
change upon ligand binding, then this is listed together with the type of motion th a t occurs, if known. This information
was obtained from the references shown and the D atabase of Protein Motion (Gerstein 1995). Notes: The two figures in
the Number of Subunits column refer to the subunit number and the number of different subunits, respectively. Where
there is more than one different subunit, the number of domains for these are shown, separated by a colon.
Code Protein Nam e

Nucleotide

Resolution Number of Number of Role of

Protein

Subunits

Domains

Nucleotide

Motion

Reference

IA D S Aldose reductase

NADPH

1.65

11

1

Coenzyme

Y

(W ilson et al. 1992)

1AK3 Adenylate kinase -

AMP

1.9

11

3

Substrate

Hinge

(Diederichs &: Scultz 1990)

lA T N DNAse I com plex with ATP

2.8

11

2

Substrate

Shear

(Kabsch et al. 1990)

2.2

11

2

Substrate

Hinge

(Zheng et al. 1993)

AM P complex

actin
lA T P cAM P dependent

ATP

I
(X)

protein kinase

i-

com plex with a
peptide inhibitor &:
Mn ATP
ICSC Citrate synthetase -

Acetyl CoA

1.7

11

2

Coenzyme

Y

(Karpusas et al. 1991)

I

I%

L-malate,
carboxymethyl
coenzyme A com plex
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Code Protein Name

Nucleotide

Resolution Number of Number of Role of
Subunits

Domains Nucleotide

Protein

Reference

Motion

IFBP Fructose-1,6-bisphosphatase

AMP

2.5

41

1(?)

Allosteric
Inhibitor.

IFNR Ferredoxin reductase

FAD

2.2

11

2

Prosthetic
Group

INIP Nitrogenase iron
protein

ADP

2.9

22

1:1

IPFK Phospho-fructokinase ADP
complex with fructose1,6-bisphosphate and
ADP/Mg

2.4

41

2

Product &
Allosteric
activator

IPOW Pyruvate oxidase

FAD

2.5

41

3

Prosthetic
Group

3GAP Catabolite gene
activator protein
cAMP complex

cAMP

2.5

2 1

2

Allosteric
Activator

Hinge

(Weber &: Steitz 1987)

3PGK Phosphoglycerate
kinase complex with
ATP, Mg,
3-phosphoglycerate

ATP

2.5

11

2

Substrate

Shear

(Watson et al. 1982)

Product

Y

(Ke et al. 1990)
(Karplus et al. 1991)

Y

(Georgiadis et al. 1992)

Shear (Shirakihara &: Evans 1988)

(Muller &: Schulz 1993)
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continued from previous page
Code Protein Name

Nucleotide

Resolution Number of Number of Role of
Subunits

3TS1 Tyrosyl - transfer
RNA synthetase
complexed with
tyrosyl adenylate

Tyrosine adenylate

Protein

Reference

Domains Nucleotide Motion

2.7

11

3

Catalytic
inter
mediate
(truncated
substrate)

ATP
4AT1 Aspartate
carbamoyl-transferase
complex with
adenosine-5 ’-triphos
phate

2.6

12 2

2:2

Allosteric
Activator

7CAT Catalase

NADP

2.5

2 1

2

Coenzyme

8GPB Glycogen

AMP

2.2

41

2

Allosteric
inhibitor

AT

(Barford et al. 1991)

9ICD Isocitrate
NADP
dehydrogenase
complex with NADP-I-

2.5

2 1

2

Coenzyme

Hinge

(Hurley et al. 1991)

9LDT Lactate dehydrogenase NAD
with NADH and
oxamate

2.0

(Brick et al. 1988)

AT

(Stevens et al. 1990)

s
A.

phosphorylase

(Fita et al. 1986)
Cl

I
i-

41

2 (?)

Coenzyme

Hinge

(Dunn et al. 1991)

o
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4.3

The Degree o f Adenylate Burial in Protein

4.3.1

Introduction

To determ ine how buried a ligand is w ithin a protein it is necessary to calculate the
solu tion to th e converse problem — how exposed is the com plexed ligand to solvent.
E xposure to solven t is generally calculated a.s the surface area o f th e ligand (or any
residue or atom for th a t m atter) exposed to solven t, and m easured in square Â ngstôm
u nits. T h e tw o m ost com m on ly used m eth od s for calcu latin g this are th ose of C onnolly
(C on nolly 1983a, C onnolly 1983b) and th a t o f Lee and Richards (Lee & R ichards 1971).
T h e form er defines a m olecu lar surface., th a t is the surface o f the a to m s in the ligand and
protein th a t m akes co n ta ct w ith a w ater-sized sphere ‘rolled’ over their surface (figure
4 .7 ). T h e size o f the exposed surface area is calculated from this surface. T h e latter
m eth od ‘rolls’ an identical sphere over th e protein, but calculates an accessible surface
defined instead by the position o f the sp h ere’s centre (figure 4 .8 ). T h e Lee and Richards
algorithm is arguably easier to im plem ent com p u tation ally and this w as th e m ethod used
to calcu late th e solvent accessible surface area (A SA ) in the program a c c e s s used by
LiSSA (§ 3 .5 .1 ).

A ccessib le Surface
Molecular Surface

'Water' Sphere

'Water' Sphere
Protein Surface

Protein Surface

Figure 4.7: Definition of Connolly’s Molecular
Surface. The water sphere is ‘rolled’ over defin
ing the contact and re-entrant surfaces shown
in the figure.

Figure 4.8: Definition of the Accessible Surface
of Lee and Richards. The surface is defined by
the centre of the sphere as it is ‘rolled’ over the
protein surface. As can be seen this produces a
surface that has a larger area than the that of
the protein.

In order to calculate the proportion o f th e ligand in the protein accessible to solvent,
it is necessary to calcu late th e A SA o f th e ligand com plexed to protein and com pare it
to th e m axim um surface area o f the ligand th a t could be accessible to solven t. T his gives
th e proportion o f exposed A SA {%Aacc'i equation 4 .1 ), where the A SA o f the com plexed
ligand {Abound) is expressed as a percentage o f the to ta l ligand accessibility [Aunbound)Since th e portion o f the ligand th a t is not accessible to solvent is buried, the proportion
o f the ligand buried {%Af,urial) can be sim ply calculated (4 .2 ). P ercentage burial is the
value used m ost in subsequent com parisons, since it gives a relative com parison of the
am oun t o f nucleotide buried betw een different protein-ligand com plexes.
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A bou n d

X

100

(4.1)

^ u n bou n d

%Af,iirial
4 .3 .2

— 100 —%A

(4.2)

G e n e r a t i o n o f A c c e s s ib ility D a t a

Values for Aunbound ^ud Abound Were calculated for all structures in the non-homologous
dataset using DSSA. An adenylate moiety was defined as the search fragment and this
was treated as the ligand in the manner described above. The ASA d ata for the individ
ual atom s in the fragment were stored. This enabled calculation of %Aburiai for adenine,
ribose and phosphate, in addition to the complete adenylate moiety. Finally, because of
limitations in llSSA and the accessibility program a c c e ss, the ASA calculations were
performed used default atomic radii for the different ligand atom -types — no compen
sation being made for the number of hydrogen atoms attached to the atom, which is
conventionally reflected by a larger atomic radius. This was felt to be acceptable since
the same set of radii was used for all the ligands in the dataset, and the results were not
used as absolute values, but rather for comparison.
4 .3 .3

E x a m i n a t i o n o f t h e A d e n y la t e B u r i a l D a t a

Overall, the adenylate moieties of the nucleotides in the dataset were remarkably buried
(figure 4.9). W ith the exception of four structures in the dataset (IFN R , 7CAT 8 GPB
and 9ICD), the proteins buried over seventy per cent of adenylate in the complexes. Only
two moieties were less than sixty per cent buried, the lowest being 42.68%. The mean
(æ) percentage burial of adenylate and its three substituent functional units — adenine,
ribose and phosphate — together with other statistical indicators are shown in table 4.2.
M o ie ty

AMP

A d e n in e

R ib o se

P h o s p h a te

W h o le N u c le o tid e

X

79.73

83.61

77.85

72.95

81.03

81.80

88.02

87.46

75.41

85.72

(T

15.09

19.86

22.47

22.41

14.61

M e d ia n

81.80

88.02

87.46

75.41

85.72

M a x im u m

99.74

100.00

100.00

100.00

99.32

M in im u m

42.68

28.62

34.64

26.51

50.89

Table 4.2: Summary of the mean {x) and other statistical indicators of the burial of adenylate
and its components, adenine, phosphate and ribose. Values are also given for the burial of the
whole nucleotide of which the adenylate moiety is part. To compensate for the effect of extreme
outliers on x, the mean of the inner 90% of data-points was calculated (xgo). All figures refer to
percentage burial, and cr refers to the standard deviation.
The adenylate in the FAD molecule complexed with spinach ferredoxin reductase
(IFN R ) is the most exposed in the dataset, with a burial of only 42.68 per cent. However,
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Figure 4.9: Graph showing the percentage burial of adenylate for each of the PDB structures in
the dataset
although it is relatively exposed, it is linked to a flavin mononucleotide (FMN) moiety
th a t is buried deep within the protein (Karplus et al. 1991). Signiflcantly, the flavin of
FMN is the functional component of FAD. The other outlier was the adenylate of rabbit
glycogen phosphorylase ( 8 GPB), of which 51.71 per cent was buried. The structure is
a hom otetram er, complexed to one AMP molecule per monomer, th a t was crystallised
with two subunits in the R and two in the T conformations. The AM P molecule used
for these calculations was complexed to a monomer in the T conformation which buries
a smaller proportion of bound AMP than those subunits in the R conformation. The R
state conformation forms a binding site th a t has a t least a 100 -fold greater affinity for
adenylate than th a t in a T state subunit (Barford et al. 1991).
Of adenylate’s three functionally distinct constituents, adenine is the most buried
(table 4.2). W ith x equal to 83.61 per cent it would appear, in general, to have little
exposure to solvent when protein bound. This is even more apparent if one excludes
extrem e outliers by looking at the zgo value of 88.02 per cent. The adenine moieties
in only three structures are less th a t 80 per cent buried in protein (IFN R , IP O W and
8 GPB) and of those only two (IF N R and 8 GPB; discussed above) are less than 75 per

cent buried (figure 4.10).
The ribose component appears to have a more variable degree of burial th an adenine
(figure 4.11), which is reflected in the large average deviation relative to adenine and
adenylate as a whole (table 4.2). Once again IF N R contains the most exposed moiety at
34.64 per cent burial, with 9ICD a close second at 38.08 per cent. All others are greater
than 50 per cent buried. The degree of burial varies significantly over the complexes in
the dataset, but is not significantly lower than 40 per cent. This would suggest th a t even
at its most exposed almost half of ribose is buried by protein.
Phosphate appears to be the most exposed of the three components of mAM P with
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Figure 4.10: Graph showing the percentage burial of the adenine component of adenylate for
each of the structures in the dataset.
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Figure 4.11: Graph showing the percentage burial of the ribose component of adenylate for each
of the structures in the dataset.
and mean value of 72.95 per cent and a xgo of 85.72 per cent (table 4.2; figure 4.12).
However, overall burial remains high with only three structures with values below 50 per
cent (1AK3, 7CAT and 9ICD) and an additional three below 60 per cent (IP F K , 4ATI
and 9LDT). By far the most exposed is the phosphate of the NADP residue in 7CAT
(Fita et al. 1986), which, in a similar manner to 9ICD, is quite exposed to solvent at its
pyrophosphate group, but buried at its ends (Hurley et al. 1991). Correspondingly, the
phosphate of 9ICD is next most exposed at 41.38 per cent.

4.3.4

T he D egree o f A d en y la te B urial and its Significance

Thus, the adenylate moiety and its three functional units of adenine, ribose and phos
phate are all found to be very significantly buried when complexed to protein. If one
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Figure 4.12: Graph showing the percentage burial of the phosphate component of adenylate for
each of the structures in the dataset.

considers th a t the difference between the mean burial of adenine and phosphate is less
than ten percentage points, it is evident th a t these differences may not be very significant.
These adenylate moieties are generally part of a larger nucleotide molecule, whether
it be ATP or the significantly larger coenzyme molecules. If we consider %Aburiai for
the whole nucleotide residue in these complexes (table 4.2) all are found to have at least
half their surface buried in protein; the average is more than eighty per cent buried.
This shows th a t nucleotide molecules in general prefer to be buried deep within protein.
The cases of IFN R and 9ICD also suggest th a t they can tolerate the exposure to solvent
of large moieties such as ribose and adenine, and still maintain a stable complex with
protein*
It is noteworthy th a t such a polar moiety as phosphate was almost always half buried
by protein. Since the phosphate group is attached to a relatively large molecule (i.e. an
adenine nucleoside) to have observed many phosphate groups th a t were significantly or
even completely exposed would not have been unreasonable.
In summary, the adenylate moieties in the dataset were significantly buried when
complexed to protein. Those examples which were exceptionally exposed seem in general
to be p art of a larger molecule th a t was deeply buried in protein.

In general, over

two-thirds of the solvent accessible surface area of the adenylates in the dataset were
embedded in protein.

*The NMN pairt of the N A D P bound to 9ICD could not be determined crystallographically, and was
not used in the solvent accessibility calculations. However, NMN is believed to penetrate deep into the
protein.
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4.4

T he P rop en sity o f A m ino A cids to Interact w ith an
A denylate M oiety

4.4.1

Introduction

W hen looking at the interactions between protein and ligand it is useful to examine the
types of amino acid found more frequently around the ligand. This can give an insight
into the type of interactions occurring between protein and ligand and in some cases can
reveal interactions characteristic of a particular ligand binding site.
The most obvious approach to this is to look at the frequencies with which certain
amino acids occur. However, for any comparison of these frequencies to be meaningful
the probability of each of the amino acid types occurring in protein would have to be the
same. This is not the case, for example many more alanine residues are found in proteins
than cysteine. To avoid these differences in frequency biasing the interpretation of the
data, a value must be produced th a t compensates for them. Such a value is referred to
here as the propensity and is a measure of the tendency of an amino acid, relative to the
‘average’ amino acid to be in a particular region of a protein — in this case close to the
ligand.

4.4.2

C alculating P r o p e n sity Values and A ssessing th eir Significance

The observed frequencies of amino acid types interacting with adenylate first have to be
calculated before propensity figures can be generated. Defining amino acids ‘interacting’
with ligand can be subject to different interpretations, depending on how one defines an
interaction. For the sake of simplicity and to remove any ambiguity, amino acids in the
interface region between protein and ligand were selected; residues being defined as in
the interface region if they experienced a change in their solvent accessible surface area
on ligand removal from the complex, i.e. if Adiff = Aunbound ~ Mound 7^ 0 (c.f. § 4.3.1).
The calculation of propensity is essentially the same as th a t calculated by Chou &
Fasman (1974) and Copley &: B arton (1994). The propensity P is calculated as the
proportion of an amino acid type in the interface regions divided by the proportion of
th a t type in the whole dataset. This is shown in (4.3), where laa is the frequency of
a amino acid type, oa, in the interface, I all is the total number of amino acids in the
interface, Waa is the number of amino acids aa in the protein, and Waii is the to tal
number of amino acids in the dataset.

_ it)
This equation gives a value above or below 1.0 depending on whether the frequency
for a given amino acid type indicates th a t it is more or less likely to be found in the
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interface region of the proteins in the dataset. The propensity indicates whether a high
or low frequency has some significance, since the further it deviates from 1 .0 , the stronger
its preference to be in the interface.
The propensity quotient has a drawback, in th a t it does not deviate from 1 in a linear
manner, but has a minimum value of 0 and a maximum value of oo. Thus a propensity
of 2 indicates a residue is twice as likely to occur in the interface than in the protein
as a whole. However, the reciprocal of this (being half as likely in the protein), gives a
propensity of 0.5. Viewed on a linear graph a propensity of 2 appears more significant
than one of 0.5 and can make interpretation of such graphs more difficult. To overcome
this difficulty the range of the propensity was linearised by taking the base ten log of
P (4.4). This produced a value, H, where H = 0 corresponds to P = 1 , and a positive
or negative H indicated P values above and below 1 . W hen F = 0 the value of H
is undefined and cannot be plotted, thus both values will be shown. In the following
discussion H shall be referred to as the propensity and F as the propensity quotient.

n = logio F

(4.4)

Although, n does give a linear representation of residue propensity, interpretation of
its value is less obvious than the propensity quotient. A value of H = 0.15 indicates th a t
the proportion of amino acids in the interface is 40 per cent greater than in the whole
dataset, with the reciprocal case resulting in a value of H = —0.15. In the following
discussion these values were taken as yard-stick by which to assess the propensity data.
Values outside a range of ±0.15 were taken to be significant, while values within th a t
range were not regarded as indicative of a significant degree of preference or dislike. The
range chosen was conservative, since it creates quite a large ‘non-significant’ range around
zero, but it was felt th a t, given the small number of observations used in the calculation
of n , caution was desirable. Ultimately, this range of significance is somewhat arbitrary
and has been treated in a flexible manner in the interpretation of the results th a t follow.
The frequencies of amino acids types in the adenylate interface region and in the
whole protein was calculated using the program liSSA (c.f. § 3.4.10). These values were
then im ported into a commercial spreadsheet program, M ic ro so ft E xcel, where the
propensity values were calculated and from which the graphs shown here were generated.

4.4.3

E xam in ation o f th e A m ino A cid P ro p en sity D ata

The propensities of the amino acid types to be found in the adenylate interface were
examined together with those of the interfaces defined by adenylate’s constituent units:
adenine, ribose and phosphate. The resulting propensities are plotted in figure 4.13, and,
together with the amino acid frequency and Propensity Quotient data, are detailed in
table 4.3. The broad conclusions drawn from these d a ta are summarised in table 4.4.
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Moiety
AMP

Adenine

Ribose

Phosphate

Amino
Acids

#

P

H

Lys

20

1.11

Glu

11

Asp

P

H

#

P

H

0.0465

#
7

0.66

-0.1810

12

1.40

0.59

-0.2289

5

0.45 -0.3428

6

17

1.0

0.0017

7

0.70 -0.1552

Arg

24

1.69

0.2289

9

1.07

Tyr

15

11.49

0.1727

10

1.68

Trp

1

0.33

-0.4847

Thr

12

0.83

Ser

11

His

P

H

0.1475

#
13

1.92

0.2823

0.68

-0.1693

2

0.28 -0.5463

10

1.24

0.0941

7

1.09

0.0393

0.0314

10

1.48

0.1715

12

2.24

0.3508

0.2250

7

1.46

0.1645

5

1.31

0.1185

1

0.55 -0.2562

1

0.69 -0.1619

0

0

-0.0835

6

0.70 -0.1560

6

0.87 -0.0617

4

0.73 -0.1377

0.75

-0.1238

7

0.81 -0.0917

2

0.29 -0.5414

6

1.09 -0.0359

6

0.89

-0.523

3

0.75 -0.1248

4

1.24

0.0944

4

1.57

Gin

8

0.77

-0.1126

6

0.98 -0.0090

3

0.61

-0.2157

3

0.77 -0.1156

Cys

1

0.30

-0.5201

0

0.00

1

0.63 -0.1972

0

Asn

10

0.79

-0.1028

4

0.53 -0.2723

4

0.66

-0.1779

4

0.84 -0.0778

Val

24

1.12

0.0493

20

1.58

0.1986

12

1.18

0.0711

5

0.62 -0.2090

Pro

11

0.88

-0.0565

6

0.81 -0.0912

3

0.50 -0.2979

3

0.63 -0.1978

Phe

11

1.07

0.0281

8

1.31

0.1183

5

1.02

0.0085

0

0

Met

8

1.08

0.0321

7

1.59

0.2026

2

0.57 -0.2471

2

0.71

Leu

22

0.82

-0.0868

18

1.13

0.0545

10

0.78 -0.1064

4

0.39 -0.4043

lie

15

0.81

-0.0942

11

1.00

-0.0004

8

0.90 -0.0444

1

0.14 -0.8473

Gly

41

1.93

0.2865

21

1.68

0.2244

23 2.28

Ala

18

0.74

-0.1335

13 0.90 -0.0464

7

0.3583

0.60 -0.2209

0

26 3.25
7

0.1946

-0.1470

0.5117

0.76 -0.1208

Table 4.3: Summary of the propensity data for the adenylate interface and those of its three com
ponents: adenine, ribose and phosphate.
number of observations in interface. P, propensity
quotient. IT, propensity.

Because the propensity values for the whole adenylate moiety represent the combined
propensities of adenine, ribose and phosphate, the discussion will centre on these units
rather than adenylate as a whole.

However, overall it can be seen in table 4.4 th a t

arginine, tyrosine and glycine residues exhibit an increased propensity for the adenylate
interface, and glutam ate, tryptophan and cysteine show a decrease (although the number
of observations for the latter two is very small).
As one might have expected for adenine there is an increase in propensity among the
hydrophobic residues, and a general decrease among those th a t are polar and hydrophobic
(table 4.4). The general trend is clearly observed in figure 4.13, where all the hydrophobic
residues have a propensity close to or greater than zero, and the polar and charged
residues, with the exception of tyrosine, have values of H close to or less than zero.
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Amino Acid Ty pe
Moiety
Type

Significance

Charged

Polar

Hydrophobic

mAMP

G reater

R

Y

G

N eutral

K D

T SHQ N

V P F M LIA

Less

E

W ( l) C (0 )

-

G reater

-

Y

V M G

N eutral

RD

T S H(3) Q

PFLI A

Less

KE

W (l) N

-

G reater

R

Y

G

N eutral

K D

W (l) T H(4)

VF LI

Less

E

S ( 2 ) Q(3) C N

P(3) M(2) A

G reater

K R

H(4)

G

N eutral

D

Y(4) Q(3) N(4) T S

M(2) A

Less

E (2 )

-

V P ( 2 ) L (4 ) 1(1)

Adenine

Ribose

Phosphate

Table 4.4: Summary of the significant amino acid propensities. Letters in bold indicate a strong
increase or decrease (II > 0.3 or II > —0.3); bracketed figures indicate the number of observations
(if # < 5 ) used to calculate II.

The case of tyrosine is interesting, since it would appear th a t its arom atic ring gives
it sufficiently hydrophobic properties to increase its propensity for adenine. Given the
similar chemical nature of tryptophan, its significantly low propensity for adenine is
noteworthy.
The amino acid propensities for ribose do not follow as clear a trend as those of
adenine. The sum m ary table (table 4.4) shows th a t tyrosine, arginine and glycine exhibit
a preference for ribose, in the latter case a strong one. Looking at figure 4.13 lysine could
be added to this list, since it is close to II = 0.15 and has a relatively large number of
observations (12 observations). The overall trend of II for the hydrophobic and polar
residues appears to be below zero. This contrasts with the charged residues th a t are,
with the exception of glutam ate, all above zero. Serine was only observed twice in the
ribose interface and had a very low propensity value. W hether, this is an artifact of a
small dataset is unclear but certainly possible.
As with ribose above, glycine has the greatest value of II of all the residues in the
phosphate interface. Lysine and arginine have preferences almost as strong for phosphate
followed by th a t of histidine (table 4.4). The trend shown in the plot of II for phosphate
(figure 4.13) is w hat one might expect for hydrophobic and charged residues, with the
former exhibiting a dislike for phosphate and the latter an overall preference. The polar
residues do not seem to show a uniform trend. Tyrosine, glutamine and asparagine appear
to be neutral, histidine preferential and serine and threonine disdainful of phosphate. No
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Figure 4.13: Comparison of the propensity (ft) values of the amino acid types in the three
components of adenylate; adenine, ribose and phosphate. The amino acid types are ordered by
chemical type: charged (K E D R); polar (Y W T S H Q C N); hydrophobic (V P F M L I G
A). Where no data point is shown the value is undefined, since no amino acid was found in the
interface and thus P = 0.

tryptophan and cystein e residues were observed probably indicating a low propensity for
the p hosphate interface.
T he values o f FI becom e less reliable as the number o f observations becom es sm aller.
However, for th ose residues with num bers o f observation less than five H should be
interpreted carefully.

T hus th e especially low values of H given for threonine, serine,

glu ta m a te, proline, leucine and isoleucine in the phosphate interface should be treated
som ew h at sceptically.

G iven a larger d a ta set it is likely m any o f these values would

increase, in som e cases significantly.

4 .4 .4

E x a m in a t io n o f t h e O v e r la p b e tw e e n th e C o n s tit u e n ts o f A d e n y 
la te

W hen exam ining th e interaction s o f the com p on en ts o f adenylate, one should not forget
th a t they do not ex ist in isolation from each other. For exam ple, although, adenine is
a predom inately hydrophobic m olecule it is covalently linked to a sizeable polar group,
which m ust in evitab ly influence the chem ical environm ent o f am ino acids interacting w ith
it. Likewise, there will be residues th a t interact w ith more than one o f the com ponents
o f adenylate and are th u s found in m ore than one interface region. To investigate the
nature o f th ese residues, and aid in terpretation o f the propensity d ata, the number and
typ e o f such am ino acids was determ ined.

4.4. The Propensity o f A m ino Acids to Interact with an Adenylate M oiety

129

Residues present in the interface regions of both adenine and ribose, ribose and phos
phate, and adenine and phosphate were counted for each residue type. These frequencies
were then expressed as the percentage of the to tal number of observations for a given
interface. In this way the proportion and type of residues shared between the different
components of adenylate could be assessed. These results are summarised in table 4.5.
Interface

Adenine

Ribose

Phosphate

Boundary

Adenine-

Adenine-

Adenine-

Ribose-

Adenine-

Ribose-

Interface

Ribose

Phosphate

Ribose

Phosphate

Phosphate

Phosphate

Amino Acid

E

%

Lys

#
4

7

Glu

1

Asp

E % # E

57

#
3

7 43

4

12

5

20

0

5

0

1

4

7

57

1

7

14

Arg

3

9

33

1

9

Tyr

3

10

30

1

Trp

1

1

100

Thr

3

6

Ser

0

His

E % # E % # E %

33

#
3

12 25

3

13 23

3

13 23

6

17

0

6

0

0

2

0

0

2

0

4

10

40

3

10 20

1

7

14

3

7

43

11

3

10

30

3

10 20

1

12

8

3

12 25

10

10

3

7

43

1

7

14

1

5

20

1

5

0

1

0

1

1

100

0

1

0

0

0

0

0

50

0

6

0

3

6

50

0

6

0

0

4

0

0

4

0

7

0

2

7

29

0

2

0

0

2

0

2

6

33

0

6

0

2

3

67

2

3

67

2

4

50

3

4

75

2

4

50

3

4

75

Gin

1

6

17

0

6

0

1

3

33

1

3

33

0

3

0

1

3

33

Cys

0

0

0

0

0

1

0

0

1

0

0

0

0

0

Asn

0

4

0

0

4

0

0

4

0

0

4

0

0

4

0

0

4

0

Val

7

20

35

1

20

5

7

12

58

1

12

8

1

5

20

1

5

20

Pro

2

6

33

0

6

0

2

3

67

0

3

0

0

3

0

0

3

0

Phe

3

8

38

0

8

0

3

5

60

0

5

0

0

0

0

0

Met

1

7

14

1

7

14

1

2

50

0

2

0

1

2

50

0

2

0

Leu

8

18

44

2

18 11

8

10

80

2

10 20

2

4

50

2

4

50

He

4

11

36

0

11

0

4

8

50

0

8

0

0

1

0

0

1

0

Gly

12 21

57

4

21

19

12 23

52

7 23 26

4

26 15

Ala

4

31

1

13

8

4

57

1

7

1

7

13

7

%

0

14

20

7 26 27
1

7

14

Table 4.5: Proportion of amino acid residues with two adenylate components. # , number of
residues in both interfaces;
total number of interfaces in interface; %, proportion of residues
found in both given interfaces.
The adenine d ata in table 4.5 shows a significant am ount of overlap in the adenineribose boundary. In this case several amino acids (K D W T H L G) contributed over
40% of the to tal residue number in the adenine interface. This contrasts with th e low
number of residues shared with phosphate, with only lysine and histidine residues having
more than 20 per cent of their number in the interface with both (although in the case
of histidine this represents two residues from a to tal of th ree).
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A similar trend can be observed with ribose, which shares over 40 per cent of many
residue types ( Y W T H V P F M L I G A ) with adenine. Of these, the hydrophobic
residues are more than 50 per cent shared with adenine. Again this can be contrasted
with the number of residues shared with the phosphate interface. Here only histidine
has a notably high proportion of residues shared with ribose.
The isolation of the phosphate interface from those of adenine and ribose is shown
by the proportion of its residues shared by either adenine or ribose. In the m ajority of
cases only a small proportion of residues are shared, and in the few cases above 30 per
cent the number of observations involved are small and thus very unreliable.
These results show th a t there is significantly more overlap between the interfaces
defined around ribose and adenine, than there is between ribose and phosphate. This was
unexpected, since both are covalently linked to ribose. The difference may be attributed
to their distances from the body of the ribose moiety. Adenine is covalently linked to
a carbon in the furanose ring of ribose (Ci/), thus bringing both molecules into close
proximity. Phosphate, on the other-hand, is linked to the hydroxyl oxygen of a carbon
th a t is a substituent of ribose’s furanose ring. It therefore is appreciably more distant to
the bulk of the ribose moiety than adenine. In addition it would appear th a t a significant
proportion of the hydrophobic residues interacting with ribose also interact with adenine,
suggesting th a t their presence is due to adenine rather than a preference for ribose.

4.4.5

T he Secondary Stru ctu re C om position of th e A d en ylate Interface

The frequency with which an amino acid occurs in an adenylate binding site is deter
mined by more factors than ju st by how favourably it interacts with the ligand. A very
significant determ inant is the structure of the protein and thus the interactions th a t oc
cur between residues within the protein. A useful and relatively straightforward way of
investigating such factors is to examine the secondary structure of these residues. Since,
certain amino acid types have preferences for particular secondary structure types it is
im portant to determine the nature of the secondary structure elements in the adenylate
interface. In this way any structural bias in the propensity d a ta described above (§ 4.4.3)
can be taken into account.
The sum of residues in a particular secondary structure element was determined
for the adenylate interface and the interface regions of its components. The secondary
structure d ata was obtained by cross referencing the residues in these interfaces with
the whole protein secondary structure information generated by the program DSSP (?),
using the algorithm of Kabsch & Sander (1983) to determine the secondary structure.
The results are expressed as percentages of the to tal residue number for each interface
(figure 4.14).
Looking at the adenylate interface overall it can be seen th a t the m ajority of residues
are in random coil, followed by a-helix. There are about equal numbers of strand and
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Percontago Secondary Structure Distribution between Moieties
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Figure 4.14; Graph showing the proportions of different secondary structure elements for adeny
late and its component interfaces. The proportions are expressed as a percentage of the total
number of residues in the interface.

bend residues and a significant number o f turn residues. T his is con sisten t with the
n ucleotide binding dom ains th a t dom inate the adenylate d a taset, where cv-helix and f3strand elem en ts are interm ingled and linked by turns and sharp bends. T he significant
am oun t o f residues in random coil, bends and turns would su ggest th a t a significant
proportion o f th e aden ylate binding site is com posed of loops regions (§ 4 .2 .4 ).
T h e secondary structu re around adenine although broadly sim ilar to the trends de
scribed above contain s a greater proportion o f its residues in helix than is observed in
a d en ylate as a w hole, and a lesser proportion in random coil (figure 4 .1 4 ). In com par
ison to the ribose and phosph ate interface residues the proportion o f helical residues is
relatively high and random coil correspondingly low. T he ribose interface contains the
largest proportion o f /5-strand residues and has about the sam e am ount o f cv-helix as
p h osp h ate. P h o sp h a te has a larger proportion o f random coil, turns and bends than the
oth er tw o ad en ylate com p on en ts and a sm all proportion o f /5-strand.
G iven th a t random coil, turns and sharp bends are features o f the loops w ithin
proteins, it would appear th a t loops generally are im portant in the interaction w ith all
three co m p on en ts o f adenylate. T his is particularly true o f phosphate. A denine interacts
to a significant degree w ith residues in o;-helix and to a lesser extend /5-strand. R ibose
hcus a m ore equal distribution o f « -h elix and /5-strand and interacts w ith /5-strand more
than th e other ad en ylate com ponents.

T he least am ount o f /5-strand is found in the

p h osp h ate interface, w here th e predom inant structural elem ents appear to be loops and,
to a lesser ex ten t, « -h elix .
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4.4.6

Interp retation o f th e A m ino A cid P rop en sity D ata

To interpret the propensity d a ta meaningfully it was necessary to examine other factors
which may have affected the values obtained. The am ount of overlap between the inter
faces of the different components of adenylate (§ 4.4.4), or the nature of the secondary
structure in the adenylate binding site (§ 4.4.5) are all factors th a t must be considered
when investigating why an amino acid type has a given propensity for the adenylate
interface.
The propensity d a ta for the adenylate interface can be considered to be the product
of the combined amino acid propensities of the moiety’s three chemically distinct groups
adenine, ribose and phosphate. Each moiety is chemically distinctive ranging from the
predominantly hydrophobic adenine, via the polar, hydrophilic ribose to the small neg
atively charged phosphate groups. Although these are the only chemical group studied
here it must be remembered th a t many of the ligands have other chemical groups added
to the basic adenylate moiety. For example, in NADP there is a phosphate attached to
the O 2' of ribose and phosphate forms part of a pyrophosphate linkage to a nicotinamide
group. Due to the small size of the dataset it was not possible to investigate the effects
of these adjuncts to the basic adenylate moiety, but they must have some influence over
this data.
Overall, hydrophobic amino acids have a greater propensity for the adenine interface.
This propensity is not shared as strongly by the hydrophilic polar and charged amino
acid types. A notable exception to this trend is tyrosine, which may be due to its bulky,
hydrophobic arom atic group. However, if this were the case a similar propensity for
tryptophan might be expected. Tyrosine is also favoured in the ribose interface and,
significantly, interfaces with both moieties. It may be th a t the position of the hydroxyl
group at the end of its side-chain can allow it to interact hydrophobically with adenine
and hydrophilically with ribose. Since, the polar nitrogen atom in the tryptophan side
chain is part of its arom atic ring system it may not exhibit such a ‘dual’ character as
tyrosine, and thus not be as favoured.
At first sight the ribose interface propensity d ata showed no clear trend tow ard a
particular class of amino acid — the propensity for hydrophobic residues was not sig
nificantly different to those of the hydrophilic residues (glycine was a notable exception
to this and will be discussed below). However, when those residues shared between the
adenine and ribose interfaces were examined over half of the hydrophobic residues were
found to also interact with adenine. Thus the observed propensity of hydrophobic amino
acids for ribose may be a reflection of its close proximity to adenine. The greater overlap
in interactions between adenine and ribose compared to those of ribose and phosphate
has already been discussed (§ 4.4.4).
The phosphate interface d a ta revealed a clearly depressed propensity for hydrophobic
residues, and a preference for the positively amino acids (arginine and lysine) and some
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polar amino acids, most notable histidine, although the latter was observed only four
times.
Glycine had th e highest propensity value in the ribose and phosphate interfaces and
one of the highest in th a t of adenine. The reason for its remarkable preference for the
adenylate interface does not appear to be due to its hydrogen bonding with the moiety
(see § 4.5). It is more likely to be because of the nature of the secondary structure forming
most of the adenylate binding sites, which is formed substantially by loop regions (§ 1 .6 ;
§ 4.2.4). These either tend to be short loops, such as is found in the dinucleotide motif or
longer loops, such as th a t in the mononucleotide motif (Schultz 1992). In each case there
are conserved glycines, which are critical to the conformations of the loops, where only
a glycine could adopt a particular conformation or avoided a steric clash because it has
no side-chain (Schultz 1992, Dreusicke &: Schultz 1986). When the secondary structure
of the glycine residues in the adenine, ribose and phosphate interfaces was examined the
m ajority were found to be loop regions (data not shown). If the propensity for glycine
was indeed determined mainly by secondary structure, the propensity of glycine would
be expected to increase with these secondary structure elements. The d a ta here do follow
this (§ 4.4.3 & § 4.4.5).

4.5

T he H ydrogen B onding Interactions b etw een P rotein
and th e A denylate M oiety

4.5.1

Introd u ction

The formation of hydrogen bonds is generally regarded as an im portant factor in the
recognition of a ligand by protein.

Along with other non-bonded interactions, such

as hydrophobic effects and van der Waals interactions hydrogen bonds help stabilise
ligand binding to the protein. Unlike these interactions however hydrogen bonds are
highly directional (c.f. § 1.3.3) and therefore play an im portant role in the recognition of
particular ligands in a binding site. Therefore, in any study of nucleotide binding and
recognition by protein it is im portant th a t hydrogen bonding between both molecules is
examined.

4.5.2

C alculation o f H ydrogen B onds

A t first sight there are eleven atoms in an adenylate moiety th a t can potentially undergo
hydrogen bonding (figure 4.15), of which ten can act as acceptors (N i, N3 , N7 , O 2/,
O 3/, O 4/, O 5', O i, O 2 , O 3 ), and the hydrogen atoms of three as donors (Ne, O 2 , O 3/).
However, they are not all equally aa good as hydrogen bond donors or acceptors. In
addition, the adenylate moieties in the dataset were bound to additional substituents,
such as phosphate or FMN, which also altered their hydrogen bonding potential.
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Figure 4.15: The potential hydrogen bonding atoms of adenylate. Atoms labelled A are potential
hydrogen bonds acceptors and those labelled D are potential donors.

The comparative abilities of these atoms to hydrogen bond was assessed by referring
to the charge density calculations determined by Renugopalakrishnan et al. (1971). These
effectively show the partial charges of the atoms (figure 4.16) and thus their relative
hydrogen bonding capabilities. Of the eleven atom s mentioned above, those th a t were
esterified oxygens in adenylate (O 4/, O 5/ and O 3 in non-terminal phosphate) were found
to be poor hydrogen bond acceptors, with combined charge distributions ranging from
—0.22e to —0.17e. This was also the case for O 2' and O 3/ attached to phosphate groups
and the O 3/O 3/ atom (the oxygen linking P and C 3/) in cyclic AMP.
The hydrogen bonds between the adenylate moieties and proteins in the dataset were
calculated using the hydrogen bonding module of liSSA (§ 3.4.12). The eleven potential
hydrogen bond donors and acceptors described above were used in these calculations,
although in cases where O 2' and O 3/ were phosphorylated these atom s were not perm itted
to be hydrogen bond donors (the fragments definitions used are shown in figure 4.17).
The algorithm used by liSSA, and based on th a t of McDonald Sz Thornton (1994), uses
purely geometric criteria to assess hydrogen bonding, and thus would not be biased
against atoms of poor hydrogen bonding potential. This provided a double check on
those atoms described above th a t were thought to be poor hydrogen bonding atoms.
As expected these atom s produced very few hydrogen bonds suggesting the conclusions
derived from the charge distribution calculations were correct. Thus only the term inal
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Figure 4.16: The charge distributions of key potentially hydrogen bonding atoms in adenylate.
Del Re’s cr charges are shown above Hiickel’s tt charges (shown in bold). The charges for adenine
and terminal phosphate are shown in (a), and for ribose and esterified phosphate in (b). The
data was obtained from Saenger (1984) and Renugopalakrishnan et al. (1971).
oxygen atom s of O 2', O 3/ and O 3 were considered in detail in the rest of this section.
The ou tp u t from DSSA consists of a file for each PDB file containing a list of the
atom s calculated to hydrogen bond to each other. In order to obtain many of the figures
used in the following discussion it was necessary to summarise this d ata — determining
numbers of hydrogen bonds observed for each amino acid type, etc. This was done using
C-shell (Anderson & Anderson 1986) and Perl* (Wall & Schwartz 1991) scripts w ritten

by the author to extract this information.

4.5.3

T h e N u m b er o f H ydrogen B onds form ed betw een A d en ylate and
P ro tein

As with the propensity d a ta above (§ 4.4.3) the different chemical natures of the three
components of adenylate mean th a t the hydrogen bonding frequencies shown in table 4.6
are a product of their combined interactions. It is clear from these results th a t adenylate
as a whole undergoes most hydrogen bonding with charged residues, with no appreciable
difference between the polar and hydrophobic residues (the number of observations for
these residues is too small to make more detailed comparisons). The amino acids try p to 
phan, cysteine and proline were not observed to hydrogen bond although in all cases they
could potentially participate in main chain hydrogen bonding^ and tryptophan contains
a nitrogen atom in its heterocyclic side-chain th a t can potentially donate a hydrogen
bond.
Overall, there were 29 hydrogen bonds made to adenine, the m ajority of which were
with main-chain atom s of the protein. No particular atom stands out as making signifi*Perl is a very flexible and powerful text processing Icinguage developed by Leury WcJl of the Jet
Propulsion Laboratory. Since much of the data presented here was obtained by extracting and crossreferencing information from many different text files it proved to be am invaluable aid.
^Proline can only hydrogen bond via its main chain oxygen atom, since its peptide nitrogen covalently
bonds to a (5 carbon atom to form a cyclic structure.
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Figure 4.17: DSSA fragments used to define hydrogen bond donors and acceptors, a) A fragment
containing a standard ribose, where O2' and O3/ act as hydrogen bond donors and acceptors, b)
A 3’X-ribose fragment where O3/ is attached to another group and may not hydrogen bond and
will only act as an acceptor if it does, c) A 2'X-ribose fragment with O2' attached to another
group. This atom would only accept hydrogen bonds, d) This fragment specifically matched
cyclic AMP, where what would normally be the O3/ and O3 positions of ribose and phosphate
are replaced by a single oxygen atom. If this oxygen hydrogen bonded it would only act as an
acceptor.

cantly more hydrogen bonds to adenine than any other, although serine and asparagine
make the most with four. From the d ata in table 4.6 it is apparent th a t the am ount of
calculated hydrogen bonding varied between the adenine atom types. This was investi
gated further by determining the numbers of these atoms th a t did and did not participate
in hydrogen bonding (table 4.7). To avoid the potential for hydrogen bonding to water
only buried atom s could be used to determine the proportion of unsatisfied hydrogen
bonding atoms. This showed th a t N3 participated in significantly fewer hydrogen bonds
to protein than the rest of the hydrogen bonding atoms in adenine and th a t N% also had
a relatively significant number of unsatisfied atoms.
Why this should occur is not clear, since an unsatisfied hydrogen bonding atom would
be expected to make an energetically unfavourable contribution to adenylate binding.
Neither N3 nor N 7 appear to have poorer hydrogen bonding potentials than Ng and N i,
from the charge density calculations of Renugopalakrishnan et al. (1971) shown above
(figure 4.16). Nor does N 3 appear to be sterically blocked as an acceptor site by ribose,
since all except one adenylate has adenine oriented in an anti conformation (figure 4.18).
In this context it is interesting th a t only hydrogen bonding to Ni and Ne is necessary
to discriminate between adenine and guanine or inosine (figure 4.19). Thus, one may
hypothesise th a t there is little hydrogen bonding to N 3 and N%, since they are not
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Amino

Adenine

Ribose

Phosphate

Acid

Ni

N3

Ne

N7

O 2'

O 3/

Lys

0

1(0+1)

0

0

3(1+2)

0

Glu

0

0

2(2+0)

0

4(1+3)

3(1+ 2)

0

Asp

0

0

1(1+0)

0

5(1+4)

4(0+4)

0

Arg

0

0

0

0

0

1(0+1)

Tyr

0

0

2(2+0)

0

0

0

1(0+1)

0

0

3(2+1)

Trp

0

0

0

0

0

0

0

0

0

0

T hr

1(0+1)

0

1(0+1)

1(0+1)

0

0

0

1(1+0)

0

4(1+3)

Ser

0

0

2(0+2)

2(0+2)

0

0

3(2+ 1)

0

0

7(2+5)

His

0

0

0

0

0

0

0

1(0+1)

0

1(0+1)

Gin

1(0+1)

0

1(0+1)

0

0

0

0

0

0

2(0+2)

Cys

0

0

0

0

0

0

0

0

0

0

Asn

1(1+0)

0

2(1+1)

1(0+1)

0

0

0

0

0

4(2+2)

Val

2(2+ 0)

0

1(1+0)

0

1(1+0)

0

0

1(1+0)

0

5(5+0)

Pro

0

0

0

0

0

0

0

0

0

0

Phe

0

0

0

0

1(1+0)

1(1+0)

0

0

0

2(2+0)

Met

0

0

0

0

0

0

0

0

1(1+0)

1(1+0)

Leu

0

0

1(1+0)

1(1+0)

0

0

1(1+0)

0

0

2(2+0)

0

0

0

0

0

0

0

3(3+0)

He

1(1+0) 2(2+0)

Oi

O3

Total

0

9(2+7)

0

1(1+0)

10(5+5)

0

0

10(2+8)

O2

3(0+3) 2(1+1)

3(0+3) 3(0+3) 2(0+2)

9(0+9)

Gly

0

0

1(1+0)

0

1(1+0)

1(1+0)

1(1+0)

0

0

4(4+0)

Ala

1(1+0)

0

0

1(1+0)

0

0

1(1+0)

1(1+0)

0

4(4+0)

Total 7(5+2) 3(2+1) 14(9+5) 5(1+4) 15(6+9) 10(4+6) 13(5+8) 9(4+5) 4(2+2) 80(38+42)
Table 4.6: Number o f hydrogen bonds formed by adenylate with the amino acids in the dataset.
The number of hydrogen bonds with the m ain chain (me) and side chain (sc) of an amino acid
type are shown (me + sc).

necessary for the specific recognition of adenine. This hypothesis is reinforced by chemical
modification studies of AMP binding to glycogen phosphorylase (Okazaki et al. 1968)
and ATP binding to protein kinases (Flockhart et al. 1984, Hoppe et al. 1978, Leonard
et al. 1978). These studies showed th a t chemical modification to Ne and N% significantly
affected the affinity of adenylate binding, but th a t similar modifications to N 7 and N 3 had
little effect. If both N3 and N7 were equally redundant in term s of adenine recognition
one would have expected a similar proportion of N 7 atom s to have been as unsatisfied as
those a t N 3. W ith 3/6 N7 atom s unsatisfied compared to the 8/11 for N3 this does not
seem to be the case. However, N 7 is in proximity to Ne and in two cases an amino acid
hydrogen bonding to a hydrogen atom of Ne also hydrogen bonds to N 7, suggesting th a t
N 7 would be more likely to hydrogen bond than N 3 because of its proximity to NeRibose shows a much clearer trend than adenine in term s of residue preference. Both
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Atom Type

Ni

N3

Ne

N7

O2'

O 3/

Oi

O2

O3

Total

Potential Bonding

18

18

18

18

15

16

18

18

3
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7

3

10

5

11

7

9

9

2

63

8

11

6

6

7

3

3

3

1

48

7

3

6

3

6

2

3

1

1

32

1

8

0

3

1

1

0

2

0

16

Atoms
Observed Bonding
Atoms
Buried Potential
Bonding Atoms
Observed Buried
Bonding Atoms
Unsatisfied Buried
Atoms
Table 4.7: Number of hydrogen bonding adenylate atoms. The potential and observed number of
hydrogen bonding atoms (not hydrogen bonds) are shown together with the equivalent numbers
for completely buried atoms. The total number of hydrogen bonding atoms shown in the table
represent 44% of all potentially bonding atoms and 67% of potential buried atoms.
Og/ and O 3/ mainly hydrogen bond to aspartate and glutam ate residues (table 4.6), with a
significant number of hydrogen bonds between O 2' and lysine also. The m ajority of these
hydrogen bonds were with amino acid side-chains. The greater number of hydrogen bonds
between O 2' and protein is in keeping with the chemical modification studies described
above, where changes at the 2 ' position of ribose had a greater effect on nucleotide
binding, and presumably ribose recognition than the 3' position. It is easy to see the
significance of the 2' position in ribose, since it is this oxygen th a t is om itted in dAMP
and thus it is this analogue of AMP th a t is discriminated against. However, hydrogen
bonding to O 3/ must have a role in discriminating against 3'-phosphorylated analogue
of ribose, such as NADP, and it is interesting th a t the only NAD in the dataset has a
hydrogen bond between an aspartate and O 3/.
The preference of these ribose atoms for the side-chains of aspartate and glutam ate
over the other charged residues is not entirely clear, since the hydroxyl oxygens (O 2'
and O 3/) can act as hydrogen bond acceptors. One reason may be th a t the hydrogen
atom attached to these atoms may repel lysine or arginine unless its positive charge is
sequestered by another hydrogen bonding interaction. This argument is supported by
the fact th a t in both hydrogen bonds formed between O 2' and N^ of lysine and the
hydrogen bond th a t occurs between O 3/ and N^2 of arginine, a glutam ate residue acts as
an acceptor to the oxygen’s proton.
Arginine shows the greatest overall number of hydrogen bonds with th e phosphate
oxygens (table 4.6), followed by lysine for Oi and O 2 , with serine also showing a sig
nificant number of interactions for O i. The m ajority of the interactions with arginine
and lysine are with their side-chains, and those of serine with its main-chain. The large
numbers of hydrogen bonds with arginine and lysine probably reflect the fact th a t they
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contain strongly electropositive nitrogen atom s (two in the case of arginine). Since at
around neutral pH phosphates are completely ionised (Saenger 1984) and highly elec
tronegative (Renugopalakrishnan et al. 1971), such strong opposing charges could be
expected to neutralise each other and be very stabilising for the protein-ligand complex
as a whole. In addition both hydrogen bonding nitrogen atom s in arginine can poten
tially form a hydrogen bond each with the oxygen atom s of adjacent phosphate groups,
such as a pyrophosphate.
Given the above average numbers of glycine residues in proximity to adenylate, and in
particular phosphate (§ 4.4.6) it remarkable th a t so few participate in hydrogen bonding
with it (table 4.7).

This observation is especially interesting, since it conflicts with

studies similar to this of hydrogen bonding to phosphate (C hakrabarti 1993, Copley &:
Barton 1994). Both these studies took a much looser definition of a hydrogen bond
than this study* and both ‘observed’ many more hydrogen bonds between protein and
phosphate than have been observed here. Overall, both found glycine to form the most
hydrogen bonds, followed by arginine, with lysine forming fewer ‘contacts’ than both
serine and threonine. C hakrabarti argued th a t glycine’s lack of a side-chain meant there
was little steric hindrance to prevent phosphate forming a hydrogen bond with its peptide
nitrogen. These observations and C hakrabarti’s hypothesis seem much less credible in
light of the d a ta presented here and have more in common with the propensity d ata
presented above (§ 4.4).

4.6

D iscussion

4.6.1

Im p lication s of th e D egree of A d en ylate Burial

In section 4.3 it was shown th a t adenylate was extensively buried when complexed with
the proteins in the dataset. The extent and consistency is remarkable with over 80 per
cent of the adenylate moiety buried in protein on average. This degree of burial has
two im portant implications about the nature of protein-adenylate complexes and their
formation.

The Importance of The Hydrophobic Effect on Binding Stability
The energetics of complex formation between an adenylate containing ligand and protein
m ust be somewhat similar to those of protein folding. In the la tter process it is generally
believed th a t the hydrophobic effect (c.f. § 1.5.6) is its m ajor driving force, with non
bonding interactions, such as hydrogen bonding, and steric effects contributing to the
*Both studies used only define criteria between the acceptor and donor heavy atoms to determine a
hydrogen bond. In the case of Chakrabarti this distemce was 3.5 A and Copley eind Barton it wsis 3.2
A. The position of the donating hydrogen emd eingle of the hydrogen bond in relation to it were not
considered in either ceise. In the author’s opinion, the lack of an angular criteria Wcis a serious deficiency
in both definitions.
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fine detail of the final structure (Lesk & C hothia 1980, Dill 1990). The extent to which
the adenylate-containing ligands were buried in protein in this work, would agree with
such a hypothesis. As would the fact th a t most protein-adenylate hydrogen bonding
appears to have a role in ligand recognition (§ 4.5.3).
The work of Janin & C hothia (1978) on nucleotide coenzyme binding reinforces this
argum ent. They examined an FMN binding protein and two NAD binding proteins
and observed a similar degree of ligand burial. They estimated th a t the hydrophobic
effect contributed 25 to 30 kcal/m ol to the free energy of dissociation and th a t this
would overcome the unfavourable entropie effect of the loss of rotational and translational
freedom caused by binding to protein.

Conformational Change Induced by Adenylate Binding
The degree to which the adenylate moieties in the dataset were buried suggests th a t these
proteins are likely undergo a significant degree of conformational change for the nucleotide
to enter the protein to such an extent. In the references to eleven of the structures in
the dataset the issue of conformational change on nucleotide binding was addressed, the
m ajority of the discussion taking the form of a comparison of crystal structures with
and w ithout nucleotide bound an d /o r other substrates. All these structures were said to
undergo conformational change upon nucleotide binding, or when nucleotide and another
substrate bound to the protein. In addition the work of Gerstein et al. (1994) and the
Protein Motions D atabase (Gerstein 1995) resulting from it, was used to determine the
type of motion such conformation change involved. These findings have been summarised
in table 4.2.4.
M ost of the structures in the dataset have at least two domains and two modes of
nucleotide binding. Either one domain specifically binds nucleotide, e.g. IF N R (Karplus
et al. 1991), or both domains form a cleft between which the nucleotide binds, e.g. lATN
(Kabsch et al. 1990). In the latter case this cleft may close around the nucleotide when
it binds, the resultant change in the protein’s conformation in some cases bringing the
nucleotide in proximity to a bound substrate — as observed in glycerol kinase (not in the
adenylate dataset) (Hurley et al. 1993). Domain movement can take two principal forms,
hinge and shear (Gerstein et al. 1994). A hinge movement is a clam-like action where
the domains open and close about a pivot point, this is known to occur in five of the
structures in the dataset (table 4.2.4). A sheer movement occurs when one domain ‘slides’
over another, and this is observed four times. In addition to such domain movements,
conformational change can occur th a t alters the orientations of the subunits in a protein
complex. Such subunit motions occur in two of the structures in the adenylate dataset.
Although four structures were unclassified, the rest of the structures in the dataset were
found to undergo significant conformational change, as one would expect given the degree
of adenylate burial in these proteins.
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The need for such a significant degree of ligand burial and the often large protein
movements required to facilitate it, may be a requirement of the reactions catalysed by
many of these proteins. The exclusion of w ater in this context has a beneficial effect
on the efficiency of catalysis, since it prevents bulk water molecules from acting as an
unwanted substrate to a reaction. The phosphorylation reactions common to this class
of protein would be particularly susceptible to such interference (Jencks 1975). Even
in cases in which the nucleotide is quite exposed, such as IF N R and 9ICD (Karplus
et al. 1991, Hurley et al. 1991), the p art of the molecule involved in the reaction (in these
cases hydride transfer) is buried within the protein and shielded from bulk solvent.
Such conformational change may also facilitate the rapid turnover of these enzymes
by providing a mechanism for the quick release of ligand. This was proposed by Janin &
Chothia (1978), who argued th a t a complex stabilised primarily by the hydrophobic forces
could be rapidly destabilised by conformational change th a t exposed the ligand to water.
They proposed a mechanism whereby a nucleotide might form a loose association with
the apo-enzyme th a t could form very quickly. This would induce conformational change
th a t would exclude water and create a stable complex. A change in the conformation
may then be induced as part of the reaction mechanism of the enzyme, or by some other
external event. Thus, the nucleotide would be exposed to water causing the complex to
rapidly dissociate,

4.6.2

T he Features o f an A d en ylate B in ding Site

Although, the dataset used here contained only 18 proteins and the am ount of d ata
analysed was therefore small, some distinct features of the protein environment around
adenylate could be discerned.

These features stood out quite boldly from the d ata

and are not thought to be artifacts caused by the small am ount of data. The features
noted in this study refer to adenylate moieties and not to adenylate molecules, in which
interactions with its term inal phosphate may differ.
The three chemically distinct constituents of adenylate appear to interact with three
regions of protein th a t reflect their chemical characteristics. This is most striking with
adenine th a t clearly binds to a hydrophobic pocket and phosphate, which is found in a
more polar, hydrophilic environment (§ 4.4.3). The overlap of residues interacting with
ribose and adenine is quite significant and this is reflected in the greater propensity of
hydrophobic residues for ribose than one might have expect for such a hydrophilic group
(§ 4.4.4).
The shape of the adenylate binding site was not examined in this study, but it is
reasonable to presume th a t shape complementarity plays an im portant p art in deter
mining the specificity of nucleotide recognition. This conclusion is broadly supported by
the literature on the proteins in the adenylate dataset (see table 4.2.4 for references).
A surprising, but im portant conclusion is th a t the protein does not appear to maximise
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hydrogen bonding with adenylate, which contrasts significantly with proteins structures,
where hydrogen bonding is apparently optimised (§ 4.5.3). The principal role of hydrogen
bonding, thus appears to be in the specific recognition of certain distinguishing features
of adenylate. In particular, the Ne amide group and Ni atom in adenine, th a t distinguish
between inosine or guanine, and O 2' in ribose, th a t distinguishes between deoxyribose
or 2’-phospho-ribose. Interactions with phosphate are less clear from this study, and are
likely to vary depending on whether it is a term inal phosphate group or a pyrophosphate,
although interactions with arginine and lysine appear to predominate.
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(a) P ie p lot show ing the orientation of the \ torsion angle.

(b) A d en in e su perp osition of the adenylates in th e d ataset

Figure 4.18: The orientation of adenine relative to ribose. (a) The orientation of the % torsion
angle that describes the orientation of ribose relative adenine is shown using a pie plot. All
moieties except that of IFBP adopted an anti conformation that orients the N 3 atom of adenine
away from ribose, thus avoiding any steric hindrance that might prevent hydrogen bonding to
protein. This can be clearly seen in the stereo m o lsc r ip t plot (b) of all the adenylate moieties
in the dataset superimposed by their adenine base.
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Figure 4.19: The figure shows the position of the hydrogen bond donor (D) and acceptor (A)
atoms in adenine and guanine. The main differences occur at positions 6 , 1 and 2 in the both
molecules. Adenine has a donating amide group, and accepting nitrogen atom and a non-hydrogen
bonding carbon atom at these respective positions. At equivalent positions guanine has a ketooxygen, a donating nitrogen and a donating amide group. Hydrogen bonding interactions with
positions 6 and 1 specific for one molecule could not therefore be favourable in the other, and
thus would enable a protein to discriminate one from the other.

C hapter 5
Sum m ary o f C onclusions and a
C om parison w ith Studies o f O ther
T yp es o f P rotein Ligand
Interaction
5.1

Introduction

T h e p u rp ose o f th is ch a p ter is to tie to g e th e r th e work p resen ted in th is th esis and to
cLSsess its im p lica tio n s in th e stu d y o f protein -ligan d in te ra c tio n s as a w h ole.
en d, th e m ain co n clu sio n s o f th e th esis sh all be su m m arised here.

To th is

S u b seq u en tly th e

co n clu sio n s reached here sh all be com pared to w ork on o th er ty p e s o f p rotein -ligan d
in te r a c tio n . B y ex a m in in g th e sim ilarities and d ilferen ces b etw een th e se sy ste m s it m ay
b e p o ssib le to discern so m e o f th e im p o rta n t fea tu res o f p rotein -ligan d recogn ition .

5.2

Sum m ary o f M ajor Conclusions

In this thesis, com putational methods were used to examine and determine the properties
of some nucleotides when they bind to proteins, and the features of a nucleotide binding
site in a dataset of proteins representative of those in the PDB. A program called DSSA
was w ritten to perform much of this analysis. A description of the chemical graph theory
used in DSSA together with an overview of its im plementation was provided here, together
with a manual explaining the script language used by the program and its execution.
The analysis of the protein-nucleotide complexes took two forms. First an exami
nation of nucleotide conformations, and then an examination of the features of proteinadenylate interactions. The conclusions drawn from these studies are summarised below;
1 . Nucleotides bind in low energy conformations.
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2. They adopt extended conformations th a t maximise their interactions with the bind
ing site.
3. Their conformations do not deviate significantly from the low energy conformations
observed in small molecule crystal structures.
4. The adenylate moiety is extensively buried when bound to protein, often with less
than 20 per cent of its surface exposed to solvent.
5. Given the extent of adenylate burial extensive conformational change occurs be
tween the ligand-bound and unbound states of these proteins.
6 . Amino acid propensity calculations show th a t the protein interface is hydrophobic

around adenine and hydrophilic about phosphate. Ribose is not found in distinct
polar environments as expected, because it interacts with many of the same residues
as adenine.
7. Glycine was found to have a high propensity for the adenylate binding site. How
ever, contrary to previous studies, these glycines are not believed to interact directly
with adenylate, but rather are features of the secondary structure of the binding
site.
8 . Overall, hydrogen bonding between adenylate and protein did not appear to be

maximised. Rather, such bonding occurs mainly to those hydrogen bonding groups
of adenylate im portant in its specific recognition.
9. Adenine mainly hydrogen bonds with main-chain atoms, and does not exhibit a
strong preference for a particular amino acid type. Ribose exhibits strong pref
erences for aspartate and glutam ate, and phosphate strongly prefers lysine and
arginine.

5.3

P rotein Interactions w ith Other Ligands

How general are the observations and conclusion obtained in the thesis — do any of them
apply to protein interactions with other molecules? The answer to this question would
broadly appear to be “yes” . There are two other types of protein-ligand complex th a t
have been studied extensively, these are the peptide inhibitors, and small carbohydrates.
The former tend to be short peptide sequences varying in size from about five to twenty
amino acid residues (Zvelebil &: Thornton 1993). Those th a t have been studied vary in
the specificity of their binding, from quite promiscuous binders such as the m ajor histo
compatibility (MHC) proteins to the quite specific interactions required by antibodies.
The protein-carbohydrate complexes so far studied are mainly legumes and periplasmic

5.3. Protein Interactions with Other Ligands

147

proteins (Toone 1994), such as mannose binding protein, all of which bind mono- or
di-saccharides.
A recent study (Zvelebil & Thornton 1993) of the conformations of protein bound
peptides has shown th a t they tend to adopt an extended conformation, one which is not
stereochemically strained. This agrees with the conformational study performed here
(chapter 2). In addition it was found th a t the m ajority of the peptides were approx
imately fifty per cent buried or more by protein, and th a t hydrogen bonding between
protein and ligand was not maximised. An interesting example of relatively non-specific
binding is provided by human MHC class II protein (Stern et al. 1994), which binds
peptides with a limited specificity. Sixty-five percent of the peptide surface is buried and
only twelve out of a possible twenty-six main-chain O and N atom s hydrogen bond to the
protein, the side-chain making no hydrogen bonds to protein at all. Hydrogen bonding
serves to correctly align the peptide molecules together with pockets in the binding site
into which the peptide side-chains fit. These side-chain pockets serve a dual purpose in
th a t both their shape and hydrophobic character provide the limited specificity of the
protein.
Although no system atic study into the conformations and burial of the carbohydrate
complexes has been performed, their interactions with protein have been recently re
viewed (Quiocho 1989, Toone 1994). Like nucleotides they do not undergo any significant
conformational change when bound to protein and are extensively buried (Quiocho 1989).
However, in contrast to nucleotides, hydrogen bonding appears to be very im portant in
the carbohydrates with every donor and acceptor group hydrogen bonding to either the
protein or to water molecules. This has led to some debate as to whether the hydropho
bic effect is the m ajor determ inant of binding affinity for carbohydrates (Toone 1994).
Quiocho (1989) argued th a t the polar nature of carbohydrates and carbohydrate binding
sites means th a t the favourable entropy of water displacement, which is traditionally
regarded as the m ajor component of the hydrophobic effect, would be negated by the
unfavourable enthalpy caused by disrupting their polar interactions with water. How
ever, it has been argued elsewhere (Lemieux et al. 1991) th a t these interactions, between
polar groups and water, are less favourable to a w ater molecule than those in bulk sol
vent, and thus disrupting these interactions can be enthalpicly favourable. It is not clear
which interpretation is correct, but given the apparent im portance of hydrogen bonding
to these structures, it is likely th a t these interactions play a significantly greater role in
carbohydrate interactions than they do in those of nucleotides or peptides.
From this brief comparison of different complexes and the work in this thesis one can
propose some principles common to all protein-ligand complexes. First, th a t a ligand will
generally adopt a low-energy conformation, and not be significantly strained when bound
to protein. Second, th a t the hydrophobic effect contributes significantly to the stability
of the protein-ligand complex. Third, th a t the specificity of a protein’s recognition for
a particular ligand is conferred by the shape of the binding site, hydrogen bonding, and
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van der Waals interactions. Fourth, th a t hydrogen bonds may not always be optimised,
but may instead only occur where it is necessary in the recognition of key features of the
ligand. Fifth, th a t the hydrophobic effect need not be the m ajor component of binding
stability for highly polar ligands, although it would appear th a t the exclusion of bulk
solvent is im portant to their binding stability.

5.4

Future Work

In term s of examining protein-ligand complexes and determining the general principles
th a t govern their interaction and specificity, there is much work still to do in this area.
There are other types of ligand to examine, for example carbohydrate molecules, and the
other types of nucleotide, such as the guanine nucleotides and the pyrimidine nucleotides.
In addition to those aspects of protein-adenylate interactions investigated here, there
are other properties th a t need investigation. Perhaps the most im portant is to examine
the role of water mediated hydrogen bonding between ligand and protein. This does occur
in protein-nucleotide complexes (Barford et al. 1991) and notably in protein-carbohydrate
complexes (Toone 1994), but has not been studied systematically. A related study would
be to determine the proportion of ligand atom s th a t can hydrogen bond to anything else,
and from this determine the proportion of unsatisfied hydrogen bonding atoms.
Together with these studies goes the development of software. Although, DSSA has
proved a significant improvement on w hat existed before, it is has limitations in the types
of analyses th a t it can do. Thus a more modular version of the program is needed (as
discussed in § 3.5.7) th a t can work more easily with other programs and scripts. The
methods and algorithms used in DSSA were essentially variants of those used for protein
molecules. Experience has shown th a t these are limiting in the analysis of protein-ligand
interactions. Some improvements to these methods are listed below:
S o lv en t A c c e ssib ility C urrent solvent accessibility algorithms give a three dimensional
image of an accessibility surface and surface area values calculated from it. In a
comparative study of such surfaces it is often only feasible to use the latter values,
thus losing the spatial information obtained during these calculations.

This is

especially im portant in protein-ligand studies, since it is useful to know if a planar
ring system th a t is 50 per cent accessible is lying ‘flat’ on the surface of the protein
or is buried end on into the protein. The development of a quantitative measure
related to such spatial information would be extremely informative.
S h a p e C o m p le m e n ta r ity Since it is thought th a t shape complementarity plays an
im portant role in ligand recognition, it would be useful to have a quantitative
measure of the snugness-of-fit between a ligand and its binding site.
H y d ro g e n B o n d in g The algorithm used in DSSA to calculate hydrogen bonding was
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designed to calculate hydrogen bonds in proteins, and as such cannot deal with
some hydrogen bond donors th a t occur in ligands. In addition, it over-estimates
the number of hydrogen bonds, since it does not limit the number of hydrogen bonds
a donor or acceptor can participate in, and it allows conflicting hydrogen bonds.
As well as tackling these problems an algorithm th a t could predict hydrogen bonds
to theoretical w ater molecules would be very useful. It would allow one to ignore
the contribution of hydrogen bonding to solvent, since this would be implicitly
calculated in the algorithm , and it would perm it the prediction of water-mediated
hydrogen bonds between protein and ligand, where there was no water determined
in the structure.
Finally, it would be interesting to definitively examine the structural similarities
between the adenylate binding proteins th a t proved so troublesome during the generation
of the adenylate dataset (§ 4.2). Helpful in this would be a structural comparison method
th a t could identify local structural similarities, even across protein chains. One may be
able to extend this to identify similarities between protein-ligand complexes. In this way
one might be able to determine features characteristic of the binding sites of a particular
ligand and thus determ ine structure activity relationships useful in ligand design.
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A p p en d ix A
G enerating a N on-H om ologous
D ataset
A .l

Introduction

Two different datasets were used in this thesis, one in chapter 2 and the other in chapter
4. Since identical protocols were used to obtain these datasets this protocol has been set
out as an appendix. The aim of this protocol is to generate a dataset of proteins th a t is
sufficiently structurally dissimilar th a t one may be confident th a t none share a common
ancestry. The protocol, devised by Dr. Christine Orengo*, has two stages. First, those
structures are eliminated whose sequences are sufficiently homologous as to indicate
an evolutionary relationship — this generates a sequentially non-homologous dataset.
Second, this dataset is then compared structurally to produce the final structurally nonhomologous dataset. The main purpose of the first stage is to quickly eliminate structures
with obvious structural similarities before the com putationally intensive second stage.

A .2

G enerating a Sequentially N on-H om ologous D ataset

The sequence identity of a dataset of protein sequences was determined using a program
called homol (Jones 1994). This compared every protein sequence against every other one,
using a standard algorithm of Needleman & Wunsch (1970), to determine the sequence
identity between sequence pairs. At the end of this process a triangular m atrix of scores
was produced giving the percentile sequence identity score of each sequence to every
other sequence. Using single-linkage clustering and a particular sequence identity ‘cut
off’ value^, sequences could be grouped together th a t had similarities to at least one
other member greater than the cut-off. The sequentially non-homologous dataset can
*This protocol has been used by Orengo et al. (1993) to clcissify the fold families in the PDB
sequence identity cut-off of 30 per cent Wcis used in this thesis
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then be obtained by taking the ‘best’ representative of each cluster. In this protocol
the ‘best’ structure was taken to be th a t with the highest resolution, or R-factor, if the
resolutions of two or more structures are identical. An alternative method would be to
select the structure th a t is similar to the greatest number of structures in the cluster, i.e.
the one th a t formed the most links in the single-linkage cluster process. Although the
latter could arguably give the structure or sequence most ‘representative’ of a cluster, the
former was used here, because it tended to produce a dataset of well resolved structures.
Once a set of sequentially non-homologous proteins is obtained, the next stage is to
compare them structurally. In order to do this a structural alignment program called
SSAP is used (Taylor & Orengo 1989).

A .3

SSAP

SSAP scores the structural similarity between two proteins by comparing the structural
environments between pairs of residues in both proteins and arrives at an alignment of
both amino acid sequences based on their structural similarity. The degree of similarity
reflected by such alignments is indicated by a normalised score, the SSAP score, th a t
ranges from 0 to 100. The SSAP score does not follow a linear scale and therefore a value
of 70 represents a much poorer alignment than one of 80.
Alignments scoring greater than 80 are generally very similar, and can be regarded
as homologous. Scores between 70 and 80 can indicate similar folds, in particular fold
superfamiles (Orengo et al. 1994) — families of proteins with similar, but distantly
related structural motifs, e.g. the immunoglobulin fold.
appreciable structural similarity (Orengo et al. 1992).

Values less the 60 show no
In addition to a score, SSAP

produces alignments indicating the amino acid residues from both proteins th a t are
equivalent, and superposition matrices weighted by the degree of similarity between
residue environments — strongly aligned regions being closely superimposed upon oneanother (Rippmann & Taylor 1991).

A .4

G enerating th e Structurally N on-H om ologous D ataset

The process of generating the structurally non-homologous dataset is very similar to th a t
for the sequentially non-homologous dataset. The structures are compared in a pair-wise
manner, such th a t all structures are compared with each other, then the structures are
clustered together according to their similarity. The same ‘best’ representative criteria
as above is used to choose a protein from each cluster to be in th e final dataset. The
similarity cut-off here is a SSAP score of 80, with structure pairs scoring above this being
clustered together.
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ABSTRACT
In this study, we examine the effects of binding to
protein upon nucleotide conform ation, by th e
comparison of X-ray crystal structures of free and
protein-bound nucleotides. A dataset of structurally
non-homologous protein-nucleotide complexes was
derived from the Brookhaven Protein Data Bank by a
novel protocol of dual sequential and structural
alignm ents, and a d ataset of native nucleotide
structures was obtained from the Cambridge Structural
Database. The nucleotide torsion angles and sugar
puckers, which describe nucleotide conformation, were
analysed in both datasets and compared. Differences
between them are described and discussed. Overail,
the nucleotides were found to bind in low energy
conformations, not significantiy different from their
‘free’ conformations except that they adopted an
extended conformation in preference to the closed’
structure predominantly observed by free nucleotide.
The archetypal conformation of a protein-bound
nucleotide is derived from these observations.
INTRODUCTION
One of the most important properties o f proteins is their ability
to specifically recognise other molecules, which is essential if
they are to function as enzymes or regulatory proteins. Factors
affecting protein recognition have significant regulatory effects
in cellular metabolism, whether it be affecting an enzyme’s
affinity for its substrate or altering the specificity o f a DNA
binding protein for a particular base sequence. Understanding
these processes, therefore, is highly desirable and of great
practical use, particularly in fields such as drug design and protein
engineering.
To make an effective study of such molecular recognition, most
information can be gained by studying a particular class of
molecule, that is well characterised in its unbound state, but for
which there are a large number of protein-bound structures
elucidated at the atomic level. One such class o f molecule is the
nucleotides, for which there is a large number o f the protein
structures solved, and an unbound species that has been studied
extensively. The study o f nucleotide binding to protein has
importance in its own right, since as a class these molecules are
components o f nucleic acids, and are very important enzyme
cofactors and substrates. Indeed, the phosphorylation o f ADP

and the hydrolysis of ATP provides the primary method of energy
transfer in the cell.
An important first step in the study of protein—nucleotide
recognition is to consider how the conformation of fi*ee nucleotide
differs from that observed in a protein bound nucleotide. Since
there are now at least 65 structures of nucleotides bound to
protein, and 336 structures of free nucleotides, we decided to
carry out such a study by comparing the conformations of the
protein-bound nucleotides with those of free nucleotide. Recently,
most attention has been directed towards nucleic acid
conformation and the only previous study on all protein-bound
nucleotide conformations was limited by the small number, and
variable quality of solved structures available at the time (1). In
general, studies of nucleotide conformation in protein have been
confined to specific protein—nucleotide complexes, usually when
the structure o f the complex has been solved.
For the free nucleotides there is a large body o f experimental
and theoretical work concerning their conformational preferences
(1). The preferred orientations of the main torsion angles
describing nucleotide conformation have been determined in these
studies, and are generally regarded as the lowest energy states
for a particular bond. Information such as this led Yathindra and
Sundaralingam (2) to propose the concept of the ‘rigid’
nucleotide. This suggested tiiat in general the conformation of
a nucleotide was quite constrained, with a sugar pucker of
C2 '-endo or Cy-endo, and the torsion angles x (describing the
glycosidic bond), 7 (Og'-Cg'.Q .Cg,), |8 (P-Og -Cg .Q ,), at anti,
-t-jc, and ap, respectively (figure 1). This conformation may be
referred to as a ‘closed’ conformation, since the -f-jc rotation
of the 7 angle forms a relatively compact structure by positioning
O5 - and its attached phosphate over the furanose ring.
In this study we examine the conformations of the currently
determined protein-bound nucleotides, and compare them to the
crystal structures of unbound nucleotides. In this way we assess
how protein binding affects the conformation o f a nucleotide,
and, in particular, how far it deviates from the stable
conformations found for free nucleotide.

DATA AND METHODS
Generation of the free nucleotide dataset
The dataset of unbound nucleotides was generated from the
nucleotide crystal stmctures in the Cambridge Structural Database
(CSD) (3) in a two step process. First, all the nucleotides in the
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main database were extracted and used to generate a smaller
database, which was used in all subsequent analysis (this reduced
the duration of searches in the next stage, because the number
of non-nucleotide molecules in the search was significantly
reduced). Second, the sub-database was searched for appropriate
nucleotide molecules, from which specific torsion angles were
calculated. The first stage was performed by the CSD program
QUEST8 9 , which generated the sub-database by searching on

Figure 1. A molecule of 3'-phospho-guanosine-5'-diphosphate in the ‘rigid’
conformation described by Yathindra and Sundaralingam (2). The figure shows
how the 5 '-diphosphate group is oriented over the sugar to produce a ‘closed’
conformation. Carbon atoms are shown as small dark spheres; oxygen, larger
light grey spheres; nitrogen, large white spheres; phosphorus, large dark grey
spheres.

a pre-defined fragment (figure 2 a), that extracted all molecules
in the main database containing a dideoxyribose sugar,
irrespective of its substituent groups. This reduced the dataset
from some 10 000 entries to around 700.
The second stage was carried out using another CSD program
GSTAT89. Queries were performed by searching for molecule
fragments in the sub-database. These fragments were also used
as a framework on which the GSTAT89 could define and
calculate specific torsion angles. To obtain all the torsion angles
in the unbound dataset seven basic fragments were necessary
(figure 2b—h). Certain flags were set during these searches, in
order to exclude the selection of fragments containing spurious
linkages between defined atoms, e.g. a cyclic bond formed
between C3 - and C2 ' through an oxygen atom.
Outliers from the main distributions were examined visually
using QUEST89 and those molecules that differed structurally,
from the ‘standard’ isomeric form shown in figure 3, were
eliminated from the dataset. Particularly useful in this task was
the Ô torsion angle, which is characteristic of the chiralities of
the carbon atoms within the furanose ring. The region
characteristic of the standard isomer is that between 70° and 160°;
angles outside this region were rejected. In general, the most
extreme outliers in any of the distributions were from non
standard isomers.
Generation of the bound nucleotide dataset
The bound nucleotide dataset was derived from those nucleotides
complexed with proteins in the Brookhaven Protein Data Bank
(PDB) (4). Such complexes were identified by examining all the
data bank and manually accepting those proteins containing
nucleotides. This gave an initial dataset of 65 protein - nucleotide

Base

Base

Base

Base

X

o,

lOi

Base

Base

O
Base
I---------

Figure 2. The fragments used in searches of the Cambridge Structural Database, (a) The ribose template used in QUEST89 to obtain the sub-database, (b-h ) The
seven fragment types used in searches of the sub-database with GSTAT89. Thick bonds and bold type denote the torsion angles defined by each fragment. ‘X’|in
fragments c, e and f can be any atom except hydrogen.
1
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complexes that were then refined to remove all structurally
homologous protein—nucleotide complexes. This was done using
the protocol and programs o f Orengo et al. (5), and in particular
SSAP, which compares the tertiary structure o f two proteins and
scores their similarity.
First, the sequences o f the proteins in the dataset were
compared with each other using a standard sequence comparison
algorithm, and grouped into ‘families’ o f proteins with greater
than 30 per cent homology. At this stage the initial 65 structures
were divided into 32 such families. The ‘best’ structures, i.e.

NH.
OH

OH

HO—P------o -^ E ^ -G L o -A c H .

OH
0 = P — OH
OH

Figure 3. A standard isomer of 3'-phospho-adenosme-5'-diphosphate with torsion
angles labelled. The base is in the endo position, i.e. on the same side of the
ribose ring as the 5' carbon atom, and the hydroxyl groups on the 2' and 3' carbon
atoms are in the exo position. Changes in the chirality of each of these atoms
were found in the initial CSD derived dataset.

1371

those with the highest resolution, were then used in another set
of pair-wise comparisons (structures that had identical resolution
were selected on the basis of the lowest R-factor value),this time
directly comparing tertiary structures using the SSAP algorithm.
Comparisons with SSAP scores (a normalised, logarithmic score
(5)) of greater than 80 were considered to be structurally
homologous. This approach was especially important for
nucleotide binding proteins, many of which contain similar
nucleotide binding motifs, such as the Rossmann fold (6, 7).
Although these motifs have little sequential similarity, they are
structurally very similar and are the result of divergent evolution,
and, therefore, not independent examples of protein—nucleotide
binding. An example of this can be seen in this dataset where
malate dehydrogenase (4MDH (8)) and lactate dehydrogenase
(ILDM (9)) had a sequence identity below 30 per cent, but on
structural comparison were put into the same homology family
(both contain Rossmann folds).
In this way the 32 sequentially homologous families were
merged into 26 structurally homologous ones. Some families
contained proteins bound to different types of nucleotide, and
these were also included in the final dataset. Hence, the final
dataset contained 38 independent protein—nucleotide complexes
(table 1) from the original 65 structures. Torsion angles were
calculated directly from the PDB files using a program written
by SLM.

Torsion angle and furanose pucker calculations
Torsion angles were defined according to the current lUPAClUB nomenclature (10) (table 2), except in the case of the f angle.

Table 1. The protein-nucleotide complexes from the Brookhaven Data bank used to generate the bound nucleotide dataset.
Funiilv

C ode

P ro le ln N am e

N u m b e r of

B oim d N ucleotide

R eso lu tio n /

F am ily

Code

P ro te in N am e

A

F am ily M em b ers

N u m b e r of

B otm d N u c le o tid e

R eso lu tio n /

A

F am ily
4

NAD P

1.7

C atabolite G ene Activator Protein

1

cAM P

2.5

A spartate Carbam oyl Transferase

4

A TP

2.6

5A T I

A spartate C arbam oyl Transferase

4

C TP

2.6

15

5ADH

Alcohol Dehydrogenase

2

ADP-Ribose

2.9

2.0

15

6ADH

Alcohol D ehydrogenase

2

NAD

2.9

FAD

1.7^

16

8RSA

Ribonuclease A

3

N-Acetyl dThy^

1 .8

r-P hospho-y-A M P

3.0

16

9RSA

R ibonuclease A

3

N-Acetyl dUrd^

1.8

FM N

1.8

16

6RSA

Ribonuclease A

3

U ridine Vanadate

2.0
2.5

1.9

12

3D FR

D ihydrofolate R eductase

Acetyl CoA

1.7

13

3G A P

CoA

2.0

14

4A T I

5

Ciu-yl-thioether CoA

2.2

14

c-H-Ras Protein

3

GDP

2.2

lO O X

G lycolate O xidase

2

FM N

5

IFN R

Ferredoxio R eductase

2

5

2FN R

Ferredoxin Reductase

2

6

2FCR

Flavodoxin

7

1

1AK3

Adenylate Kinase

1

AMP

2

2C SC

Citrate Synthase

5

2

2 C IS

Citrate Synthase

5

2

6CTS

Citrate Synthase

3

IQ21

4

7

IG D l

GPD*

3

NAD

1 .8

17

7C A T

C atalase

2

NADP

8

ILD M

Lactate D ehydrogenase

5

NAD

2.1

18

2SNS

Staphyltxxrccal Nuclease

3

pdT p

1.5

d lIM P

1.97

S

5LDH

Lactate D ehydrogenase

5

S-Lac-NA D

2.7

19

2TSC

Thym idylate Synthase

1

9

IPFK

Phosphofructokinase

2

ADP

2.4

20

IC O X

C holesterol O xidase

1

FAD

1.8

10

IPHH

p-H ydroxybenzoate Hydroxylase

2

FAD

2.3

21

IF B P

F ructose-1,6-Bisphosphate

1

AM P

2.5

1

10

2PHH

p-H ydroxybenzoate Hydroxylase

2

ADP-Ribose

2.7

22

2SA R

R ibonuclease SA

11

2R N T

Ribonuclease T ,

4

G-2'-p-5'-G

1.8

23

3GRS

G lutathione R eductase

11

7R N T

Ribonuclease T ,

4

2'A d e n y lic Acid

1.9

24

3PGK

Phosphoglycerate Kinase

11

IR N T

R ibonuclease T ,

4

2'-G uanybc A cid

1.9

25

3TS1

T yrosyl-Transfer R N A Synthetase

11

5R N T

R ibonuclease T ,

4

pG p

3.2

26

91CD

Isocitrate D ehydrogenase

3'-GuanyUc A cid

1.8

FA D

1.54

1

ATP

2.5

1

Tyrosine A denylate

2.7

1

NAD P

2.5

Each structurally-homologous family of proteins is indicated by a number, together with the number of proteins within each family. Protein codes are those used
by the Brookhaven Data bank; standard nucleotide abbreviations are used except were specified.
’Glyceraldehyde-3-Phosphate Dehydrogenase
^N-Acetyl Deoxythymidine
^N-Acetyl Deoxyuridine
^The ligand coordinates used here are a corrected and better resolved version of the FAD molecule in the original complex.
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Table 2. Summary of the unbound and bound nucleotide conformations for the standard nucleotide
torsion angles (described in the text)
Preferred Orientations
Torsion Angle

Angle DeQnIUon

a

O-P-O 5 .-C5 .

P

P-0 ^»-Cy

Y
C yC ^-C ^rO g.

e

C^f-Cji-Ost-P
P-O-P-O 5 .

Xa

Bound Dataset

-sc, +SC

+SC,

140“ vinap to -120“

130“ via ap to -110“

+SC ,

5

^PP

U nbound Dataset

ap, -sc

-sc

+SC, ap/sc

(70“ to 90“)/(130“ to 160“)

(70“ to 9 0 “)/(130“ to l6 0 “)

-9 0 “ to -1 6 0 “

-80“ t o -150“

+ac, a p /sc, -ac

free rotation

anti, syn

anti

Xg

O^i-Cji-Ng-C^

anti, syn

anti, syn

Xpyr

O^f-Cjf-N i~C2

anti

anti

P

(see text)

C^-endo, Cy-endo

Cy-endo, Cy-endo

The preferences are for nucleotides containing all base types with the exception of the x torsion
angles, which were subdivided into those nucleotides containing adenine ( x a ) . guanine ( x g ) a n d
pyrimidine bases (Xnyr)- P is the pseudorotation angle. Preferred orientations are listed from left
to right, those on me left being the most favoured.

phase angles, on the other hand, ranged from 0° to 360° and
In order to signify the different nature of the P -0 bond in a
were also appropriately shaded at the favoured C2 '-endo and
pyrophosphate group from that in a phosphodiester linkage, which
is not directly addressed by the
lUPAC-IUB standard, asubscriptCy-endo regions.
of pp was used to signify the
former. Their orientationswere
described using the Klyne—Prelog system (10),.which divides
RESULTS AND DISCUSSION
torsion angle orientations into the six equal sectors o f sp, + jc ,
The unbound dataset
+ac, ap, —ac and —sc.
The dataset of non-protein-bound nucleotides contained 336
The pucker o f the furanose ring was described by its
structures, which were a mixture of deoxyribo- and ribopseudorotation phase angle, as derived by Altona and
nucleosides, nucleotides, dinucleotides and paired dinucleotides.
Sundaralingam (11). This uses the five endocyclic torsion angles
Although somewhat heterogeneous, it conformed well to the
o f the furanose ring to produce an angle using the equation:
preferred torsion angle orientations reviewed ( 1 ) and reported
previously (2, 12). Data for the torsion angle f (C3 -O3 -P-O-5 ,)
XanP =
(^4 + vi) - (V3 + vq)
were not used here, since there were no examples of this bond
in the bound dataset. However, its preferred distribution was
2 • V2 • (sin 36° + sin 72°)
observed to be —sc, as would be expected from previous studies
(1). In view of this agreement with previous work, little analysis
if ^^2 < 0 then P = P + 180°
was performed on the dataset itself, except where relevant for
comparison with the protein bound dataset. A summary of the
that reflects the conformation o f its pucker. These angles
conclusions drawn from these data is provided in table 2 , with
correspond to a more descriptive nomenclature, that describes
pie-plots shown in figure 4(a—h).
whether an atom is above or below the plane o f the other atoms
in the ring. Thus, C2 >-endo would describe a pucker with C2 '
Conformations of protein bound nucleotide compared to
on the same side of the ring as C5 - and above the other atoms
unbound nucleotide
in the plane o f the furanose ring.
The preferences of the bound dataset are shown together with
These angles were represented in the classic manner using the
those of the unbound dataset in figure 4, with the preferences
‘pie’ plots to represent a given angle by a radial line, augmented
for both summarised in table 2 .
by a histogram indicating the population of observations in 1 0 °
The a angle. The most preferred orientation of a in the bound
shces (figure 4). For torsion angles this angle ranged from —180°
nucleotide dataset is +sc (figure 4a, table 2). This is preferred
to 180° with sectors being appropriately shaded according to the
over —sc, with weaker preferences observed for ap and 4-ac,
‘staggered’ orientations o f —sc, +sc, and ap. Pseudorotation
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although these are only found, with the exception o f one angle
(2CSC (13)) at ap, among structures of less than 2Â resolution.
This may suggest that the +sc distribution is in fact broader than
that observed in the unbound dataset, extending far into +ac.
The unbound preference for —sc over the other staggered
orientations can be explained by a combination o f the gauche
effect (14—17), and steric constraints. The former describes how
the lone-pair electrons o f the oxygen in the Ô5 -P bond are
partially donated to the polar P &+_o 5- bond when they are
anti-parallel, i.e. at +j'C and -s c (figure 5). This means an
orientation, such as ap, where they are not anti-parallel is
energetically disfavoured. The preference for —sc over -t-jc, for
the two orientations favoured by the gauche effect, can be
attributed to steric effects on the group linked to the phosphate,
since at an orientation o f —sc any such groups would be more
distant from both base and sugar (with /? and 7 at their preferred
orientations o f ap and + 5 c) than at +sc. The loss of this
preference for —fc in the bound dataset probably reflects the
significant reduction in the preference o f 7 for -fsc (see below
and table 2 ), since with 7 at —sc, a -f-sc orientation appears to
be sterically favoured for a. Figure 6 shows how an orientation
of —sc, -s c for a and 7 is noticeably less preferred than one
of +SC, —sc. With 7 at -l-^c or ap, this distinction does not seem
to apply. Of those angles at +ac and ap, all, except tyrosine
adenylate in 3TS1 (18), are from coenzyme structures o f NAD,
FAD, or coenzyme A. In these cases it would seem that the
accommodation of such large groups attached at the 5' phosphate
compensates for any extra energy necessary to accommodate a
less favourable ap orientation at ex. The outlier in the unbound
dataset at +ac is due to the only crystal structure o f NAD (19),
which may indicate that the a angle in such coenzyme structures
may be less constrained than in ‘standard’ nucleotides.

The angle. The observed preferences of the bound and unbound
datasets for i3 are shown in figure 4b, and summarised in table
2. Clearly there was no significant difference between both
datasets, a broad range centred on ap being almost exclusively
favoured in both. In the bound dataset this broad range appears
to be shifted anti-clockwise by 1 0 °, but this is the only difference
apart from an additional number of outliers in the bound dataset.
Two of these, 2FNR (20) and 5RNT (21), were low resolution
structures, with relatively low electron densities around the
nucleotide, while the other, 2RNT, was o f a higher resolution,
but the GpG to which it was bound was less defined at its 3'
end (2 2 ).
The orientation of /3 is primarily influenced by steric hindrance,
especially when 7 is at -t-jc, since this puts O5 - above the
furanose ring making any syn orientation very sterically
unfavourable (23—27). Such hindrance may not be so acute as
7 approaches ap, since the one outlier in tiie unbound dataset
at 112° for /3 (figure 4b), also has 7 at ap. It is noteworthy that
all the outliers in the bound dataset also have 7 angles at anti.
The 7 angle. Data from the bound dataset are shown in figure
4c, from which it is readily apparent that the predominance of
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+ S C is very much reduced (these observations are summarised
in table 2). In addition to the three staggered conformations two
angles were observed at +ac, 4AT1 (28) and 5LDH (29), and
two at —ac, 2FNR (20) and 8 RSA (30). None of these structures
are resolved to better than 2 Â, except 8 RSA, which was
covalently bound to a histidine residue in the nucleotide binding
site of the protein.
The unboimd orientation of 7 at -l-fc is attributed mainly to
electrostatic interactions between the base and O5 ,, which
stabilises the orientation of this atom over the furanose ring ( 1 )
(figure 1). The bound data here (figure 4c) do indicate a
preference for -l-5 c. They also suggest that the number of
nucleotides in an extended conformation (i.e. ap, —ac, or —sc),
significantly exceed those in a ‘closed’ one. As a general
observation, the distributions of the three staggered conformations
within the bound dataset, especially at —sc and ap, do not appear
to be as tightly clustered as in the unbound dataset. This may
indicate that the C^'-Cg' bond is less constrained in a nucleotide
that is bound to protein. The outliers at +ac and —ac, noted
above, may be extreme examples of this.

The Ôangle. The distributions of the boimd and unbound datasets
can be seen in figure 4d and are summarised in table 2. These
show that there is no significant difference between the datasets
for Ô (figure 4d). The C4 --C3 ' bond described by ô is part of the
furanose ring in a nucleotide, which places a significant constraint
on its rotation. Theoretical energy calculations (31) agree with
the orientation range observed in both datasets of between 70°
and 160° (figure 4d, table 2).
The 6 angle. The preferred orientations of e in the bound and
unbound datasets are shown in figure 4e and summarised in table
2. The summary of the preferred bound orientation in the table
has been a rather liberal interpretation, since there are only six
observations. However, none of the angles in the bound dataset
deviated significantly from the region preferred in the unbound
dataset. Two angles were lost at higher resolution, of which one
lay outside the preferred unbound orientation at 180°, 5RNT (22),
and had an especially low resolution of 3.1 À. Of the four higher
resolution structures, there were two, 2SNS (32) and 2SAR (33),
which lay outside the preferred region of the unbound dataset.
The orientation of e in the unbound dataset is principally
influenced, in a similar manner to b, by steric hindrance. The
clashing groups in this case are the 3 '-phosphate, and the sugar,
which are brought into proximity with each other in the positive
hemisphere of the Klyne—Prelog cycle and at —sc orientations.
In a previous study the distribution of e angles for a tRNA
molecule (34) was broader than that observed in the unbound
dataset here, ranging from 170° through 180° to —65°. This
suggests that where it is necessary to stabilise the structure, a
broader range of orientations at e is permitted. The outliers in
the bound dataset, noted above, may therefore be indicative of
a broader range for e due to the stabilising effects of the protein
environment.

Figure 4 (a -h ). ‘Pie plots’ and histograms showing the distributions of the torsion (a—g) and pseudorotation phase angles (h) of the bound and unbound nucleotide
datasets. The unbound data are displayed in the left plot, bound data in the central and right plots. Observations from all the structures in the bound dataset are
shown in the central plot, while only those resolved to less than 2 À are shown in the right plot. Observations were obtained from nucleotides o f all base types
except for those of plots g and h, which were restricted to those nucleotides containing adenine only.
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o
PO

Ribose
Figure 5. A Newman projection showing the orientation of the P-O pyrophosphate
bond, defined by a, in a
orientation favoured by the gauche effect. The
phosphate group is in the anti-parallel orientation required for the partial donation
of electrons from the lone-pair orbital.
Figure 7. A scatter plot showing the relationship between f and 7 . Note how
7 does not occupy -fsc (30° to 60°) whenever f is at sp or -t-sc (-3 0 ° to 90°).
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Figure 6 . A scatter plot showing the distribution of 7 angles in relation to a angles.
In particular note the preference of a for -f-sc (30° to 60°) when 7 is at —sc
(-3 0 ° to -6 0 °) over its preference for - s c when 7 is at the same orientation.

The ^pp angle. The distributions of the angles in the bound and
unbound datasets can be seen in figure 4f, and are summarised
in table 2. The most striking feature of the two datasets is the
disperse nature of their distributions, which agrees with
previously observed data for unbound nucleotides (19) in that
there is little constraint on the orientation of this bond in a
pyrophosphate group. Such freedom is permitted by the unusually
large distance between the two phosphates of the pyrophosphate
linkage, caused by relatively long P -0 bond lengths and a
P-O-P angle significantly more obtuse than the ideal tetrahedral
angle of 109°. Thus, eclipsed conformations can be seen in the
unbound structure at -\-ac and —ac. However, the fact that none
are seen at sp (figure 4f) may be due to steric hindrance between
the jS-phosphate of the pyrophosphate group and the base of the
nucleotide, which clash severely if 7 is at its preferred + sc
orientation. This is supported by the bound data, where structures
containing
at sp and + sc (not observed in the unbound data)
were observed in all cases to have 7 oriented at either —sc or
ap (figure 7).
The X angle. The %angle is known to be correlated with base
type, syn being very much disfavoured in pyrimidine nucleosides
and nucleotides (1). In the bound dataset, only the adenine

Figure 8 . A molecule of 3'-phospho-guanosine-5'-diphosphate in the idealised
extended conformation described in the text. The figure shows how the
pyrophosphate group extends away from the base and sugar providing a greater
potential for interaction with the protein environment. Atom representations are
as described for figure 1 .

nucleotides were numerous enough to enable a meaningful
comparison with the unbound dataset for both angles and so only
these were considered in detail (figure 4g, table 2). The protein
bound nucleotides show a much greater preference for anti than
the unbound adenine nucleotides; the small preference for syn
in the latter being lost when bound to protein. There is one outlier,
IFBP (35), that adopts an orientation of sp. This orientation was
not observed in any of the structures of the unbound dataset and
may suggest it is an orientation made favourable by protein
binding. However, the structure is of a relatively low resolution
for our purposes, 2.5 Â. Of the other bases, there were five
examples of guanine angles, two at syn, and three at anti, and
a total of five pyrimidine angles, all at anti (data not shown).
The bases of nucleotides and nucleosides prefer an anti or highanti ( —90° to —60°) orientation when unbound, since this is
sterically more favourable than a syn orientation that places the
more bulky parts of the base over the furanose ring (1). For the
pyrimidines, this bulky group is the oxygen at position 2 of the
ring, while for the purines it is the second, six membered ring
of the molecule. In addition to these repulsive influences the bases
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also favour anti when unbound, because this facilitates the
attractive interactions between O5 - and the base when 7 is at
+ 5 C (see above). The almost exclusive loss o f angles at syn for
the adenine nucleotides and the narrowing o f its distribution about
—ac, suggests that an extended structure is most preferred when
they complex with protein. With only five observations it is not
possible to determine whether this suggestion holds for the
pyrimidine bases, however, with two observations at +sc, it is
quite clear that this is unlikely to be the case for guanine bases.
Guanine nucleosides and nucleotides have a significantly greater
preference for syn than the other bases, since this orientation is
stabilised by hydrogen bonding between an amino group at
position two o f the base and O5 -, when 7 is at + j c (1). These
stabilising interactions were observed in the protein dataset for
ribonuclease Tj, when complexed with 2'-guanylic acid (IRNT
(36)), and guanylyl-2',5 '-guanosine (2RNT (22)). In both cases,
however, the O5 - atom interacting with guanine, was not
attached to a phosphate and would presumably be less constrained
by any favourable phosphate interactions witii the protein. In the
three structures containing a 5' guanine nucleotide, aU were
observed at anti, corresponding to the adenine observations
above.

The pseudorotation angle. The distributions for the pseudorotation
angle of the sugar observed in the bound and unbound datasets
are shown in figure 4h, and summarised in table 2. The
Cj'-endo pucker is clearly more preferred over Cy-endo in the
bound dataset, with the latter being very much reduced relative
to the former. Theoretical and experimental studies have shown
that the Cz -endo pucker is generally more stable in deoxyribose
nucleosides and nucleotides, but is energetically equivalent with
Cy-endo in those molecules containing ribose (37). Thus, the
preference for Cy-endo in the unbound dataset reflects the
mixture o f deoxyribo- and ribo-nucleosides and nucleotides in
the unbound dataset. This makes the preference for C2 '-endo
more distinct in the unbound dataset, since it contained only four
deoxyribose structures. An explanation for this behaviour is not
clear.
CONCLUDING REMARKS
In examining the data drawn from these two datasets it is
important to bear in mind that the data were derived from X-ray
crystal structures. By definition a crystallised molecule is in a
somewhat different state to that of a molecule in solution,
especially if one considers the unusual conditions or cocrystallising molecules sometimes used to induce crystallisation
(38). Despite this, the structures determined by this method are
usually those with low potential energy, and, as we assume here,
are preferred conformational states. The validity of this
assumption for the unbound data has been verified by the large
number of spectroscopic and theoretical studies that have been
performed on these molecules in solution (1). However,
equivalent solution structures o f protein—nucleotide complexes
do not exist, since proteins that bind nucleotides are generally
too large for 2D-NMR determination. An in situ NMR study of
dTpdA in the active site o f staphylococcal nuclease has been
carried out and although it attributed some conformational
changes in the binding site to crystal packing, the main torsion
angles o f the nucleotide did concur with those observed in the
bound dataset (39).
Another, important factor in the bound dataset was the

resolution of crystallographic data. In the bound dataset this varied
from as low as 3.2 À for 5RNT to 1.5 Â for 2 SNS, but in the
unbound dataset was better than 1 À for all structures. Although
structures of lower resolution have a greater degree of inaccuracy
in their stereochemistry (40), and are therefore less reliable in
these studies, the bound dataset was not large enough to enable
the extra data provided by such structures to be discarded.
However, these inaccuracies could not be ignored, and a
resolution cut-off was used in all analyses. The value o f the
resolution, however, is only an average for the structure as a
whole, of which the nucleotide is but a small part. Thus, a high
resolution structure may contain a bound nucleotide that is poorly
defined. This is the case in 2RNT (22), where a structure of 1.8 A
resolution is much less well resolved at the GpG molecule in
the complex. However, since there will inevitably be errors
associated with the torsion angle data, we have restricted our
discussion to broad areas of torsion angle space rather than
discussing specific values.
The most obvious conclusion that can be derived from these
data is how little conformational change is undergone by a
nucleotide when it binds to protein. The major change occurs
at the C5 -C4 bond, defined by 7 , which loses its unbound
preference for 4-jc and a ‘closed’ conformation, in favour of
the other staggered orientations of —sc and ap. This change in
preference was first noted by Saenger (1), in the 16
protein—nucleotide complex structures solved at the time (1984).
Despite the low resolution or poor quality of several of the
structures Saenger observed that only two complexed nucleotides
had a 7 torsion angle oriented at + 5 c. In contrast, our data suggest
that -t-jc is still the most favoured of the three staggered
orientations ( + j c , — s c , ap), and in agreement with Saenger, the
‘closed’ conformation it forms is significantly less preferred than
the extended conformations generated by orientations of —sc or

ap.
Correlated to this change in orientation of 7 , appears to be
a shift in the preference of a from a preferred orientation of —sc
in the unbound dataset to one of +sc when protein bound.
Similarly, the steric constraints which act on the orientations of
the jS and
angles may be reduced, to such an extent in the
latter case as to permit its free rotation. The prevalence o f these
orientations, rarely observed in the unbound dataset is, we
suggest, a direct correlation with the change in preferred
orientation of the C5 --C4 - bond, described by 7 , and not directly
due to the influence o f the protein environment. However, there
appears to be a broadening of the 4-jc distribution at a, that may
be promoted by protein binding of the larger nucleotide
coenzymes.
The extended conformation formed by the rotation of Cg'-C^,
to -s c or ap was referred to by Saenger as an ‘open’
conformation. The reorientation of 7 opens up the base and ribose
to the protein environment, enabling the formation of a greater
number of favourable inter-molecular contacts (1). Our data
concur with this conclusion, but in addition we also observe an
almost exclusive preference for anti in the adenine nucleotides,
which may be applicable to guanine nucleotides as well. A
narrowing of this d^tribution also suggests that adenine may adopt
an orientation that projects optimally into the protein environment.
In a similar manner to Yathindra and Sundaralingam, who defined
the conformation of a ‘rigid’ nucleotide (2 ) (figure 1 ), we may
define the optimal conformation of a protein bound nucleotide
as follows: a, + jc; jS, ap; 7 , —sc or ap; ô, 130“ to 160“; e
+ac; X, tinti {—ac); sugar pucker, Cy-endo (figure 8 ).
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These conclusions provide a guide to those concerned with the
experimental structure determination of protein nucleotide
complexes, or prediction o f the favoured, and possibly forbidden,
nucleotide conformations. More generally, however, our data
show that the nucleotides do not vary significantly from their
most stable unbound conformations, and that they prefer to bind
in low energy extended conformations, presumably to maximise
their contact with the protein environment. Similar extended
conformations have been observed in the binding o f peptides to
protein (4 1 —49). Therefore, the adoption o f extended
conformations, which combine a low-energy ‘internal’
conformation with maximal recognition potential may be a
recurring feature o f protein-ligand recognition and binding.

REFERENCES
1. Saenger, W. (1984) Principles of Nucleic Acid Structure. Springer-Verlaf,
New York.
2. Yathindra, N. and Sundaralingam, M. (1973) Biopolymers, 12, 297—314.
3. Allen, F. H., Kennard, O. and Taylor, R. (1983) Acc. Chem. Res., 16,
146-153.
4. Bernstein, F. C., Koetzle, T. F., William, G. J. B., Meyer, E. J., Jr, Brice,
M. D., Rogers, J. R., Kennard, O. and Shimanouchi, T. (1977) J. Mol.
Biol., 112, 532-542.
5. Orengo, C. A., Flores, T., Taylor, W. R. and Thornton, J. M. (Submitted
to Protein Engineering).
6. Rao, S. T. and Rossmann, M. G. (1973) J. Mol. Biol., 76, 241—256.
7. Rossmann, M. G., Liljas, A., Branden, C.-I. and Banaszak, L. J. (1975)
In (ed.). The Enzymes. Academic Press, New, York, XI, 61 —102.
8. BirkoA, J. J., Rhodes, G. and Banaszak, L. J. (1989) Biochemistry, 28,
6065 -6081.
9. Abad-Zapatero, C., Griffith, J. P., Sussman, J. L. and Rossmann, M. G.
(1987) J. Mol. Biol., 198, 445-467.
10. lUPAC-IUB Joint Commission on Biochemical Nomenclature. (1983) Eur.
J. Biochem., 131, 9 —15.
11. Altona, C. and Sundaralingam, M. (1972) J. Amer. Chem. Soc., 94,
8205 - 8212.
12. de Leeuw, H. P. M ., Haasnoot, C. A. G., Altona, C. (1980) Isr. J. Chem.,
20, 108-126.
13. Karpusas, M., Holland, D. and Remington, S. J. (1991) Biochemistry, 30,
6024 -6031.
14. Lemieux, R. U. (1971) Pure Appl. Cem., 25, 527-548.
15. Wolfe, S. (1912) Acc. Chem. Res., 5, 527—548.
16. Radom, L., Hehre, W. J. and Pople, J. À. (1972) J. Amer. Chem. Soc.,
94, 2371-2381.
17. Brunck, T. K. and Weinhold, F. (1979) J. Amer. Chem. Soc., 101,
1700-1709.
18. Brick, P., Bhat, T. N. and Blow, D. M. (1988) J. Mol. Biol., 208, 83 - 9 8 .
19. Saenger, W., Reddy, B. S., Muhlegger, K. and Weimann, G. (1977) Nature,
267, 225-229.
20. Kaiplus, P. A., Daniels, M. J. and Heniot, J. R. (1991) Science, 251,6 0 -66.
21. Lenz, A., Heinemann, U., Maslowska, M. and Saenger, W. (1991) Acta
Crystallogr., B47, 512-527.
22. Koepke, J., Maslowska, M., Heinemann, U. and Saenger, W. (1989) J.
Mol. B iol, 206, 475 -4 8 8 .
23. Broyde, S. B., Wartell, R. M., Stellman, S. D., Hingerty, B. and Langridge,
R. (1975) Biopolymers, 11, 25—56.
24. Pullman, B. and Saran, A. (1976) Prog. Nucleic Acid Res. M ol B iol, 18,
215-322.
25. Lakshminarayanan, A. V. and Sasisekharan, V. (1969) Biopolymers, 8,
489-503.
26. Saran, A. and Govil, G. (1971) J. Theor. B iol, 33, 407-418.
27. Pullman, B., Perahia, D. and Satan, A. (1972) Biochim. Biophys. Acta, 269,
1 —14.
28. Stevens, R. C., Gouaux, J. E. and Lipscomb, W. N. (1990) Biochemistry,
29, 7691-7701.
29. Grau, U. M., Trommer, W. E. and Rossmatm, M. G. (1981) J. M ol B iol,
151, 289 - 307.
30. Nachman, J., Miller, M., Gilliand, G. L., Catty, R., Pincus, M. and
Wlodawer, A. (1990) Biochemistry, 29, 928—937.
31. Levitt, M. and Warshel, A. (1978) J. Amer. Chem. Soc., 100, 2607—2613.

32. Cotton, F. A., Hazen, E. E. and Legg, M. J. (1979) Proc. Natl Acad. ScL,
USA, 76, 2551-2555.
33. Sevcik, J., Dodson, E. J., Dodson, G. G. (1991) Acta Crystallogr., B47,
240-253.
34. Holbrook, S. R., Sussman, J. L., Warrant, R. W. and Kim, S.-H. (1978)
J. Mol. B iol, 123, 631—660.
35. Ke, H., Zhang, Y. and Lipscomb, W. N. (1990) Proc. N atl Acad. ScL,
USA, 87, 5243-5247.
36. Ami, R., Heinemann, U., Maslowska, M., Tokuoka, R. and Saenger, W.
(1987) Acta Crystallogr., B43, 548—554.
37. Olson, W. K. and Sussman, J. L. (1982) J. Amer. Chem. Soc., 104,
270 -2 7 8 .
38. Bernstein, J. (1992) In Domenicano, A. and Hargittai, I. (ed.). Accurate
Molecular Structures: Their determination and importance. Oxford University
Press, New York, 469—497.
39. Weber, D. J., Mullen, G. P. and Mildvan, A. S. (1991) Biochemistry, 30,
7425 - 7437.
40. Morris, A. L. and MacArthur, M. W. (1992) Proteins, 12, 345-364.
41. Sali, A., Veerapandian, B., Cooper, J. B., Moss, D. S., Hofmann, T. and
Blundell, T. L. (1992) Proteins, 12, 158-170.
42. Suguna, K., Bott, R. R., Padlan, E. A., Subramanian, E., Sheriff, S., Cohen,
G. H. and Davies, D. (1987) J. M ol B iol, 196, 877-900.
43. James, M. and Sielecki, A. R. (1986) Nature, 319, 33—38.
44. James, M. and Sielecki, A. R. (1983) J. Mol. B iol, 163, 299—361.
45. Jaskolski, M ., Miller, M., Rao, J., Leis, J. and Wlodawer, A. (1990)
Biochemistry, 29, 5889—5898.
46. Baudys, M., Fovmdling, S., Pavlik, M., Blundell, T. and Kostka, V. (1988)
FEBS Letts., 235, 271-274.
47. Pearl, L. and Blundell, T. (1984) FEBS Letts., 96—101.
48. Foundling, S. I., Cooper, J., Watson, F. E., Cleasby, A., Pearl, L. H.,
Sibanda, B. L., Heramings, A ., Wood, S. P., Blundell, T. L., Valler, M.
J., Norey, C. G., Kay, J., Boger, J., Dunn, B. M., Leckie, B. J., Jones,
D. M., Atrash, B., Hallett, A. and SzeUce, M. (1987) Nature, 327, 349—352.
49. Blundell, T. L., Jenkins, J. A., Sewell, B. T., Pearl, L. H., Cooper, J.
B., Tickle, I. J., Veerapandian, B. and Wood, S. P. (1990) J. M ol B io l,
211, 919-941.

