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Abstract

Enzymes are the basis of life, fulfilling a wide spectrum of functional roles in all cells. 
Primary sequences of many enzymes are publicly available, and for some of these their 
three dimensional structure is known. This thesis presents a computational approach 
to help identify relatives of an enzyme sequence by enhancing conventional analysis 
techniques with the addition of structural information. The Web-based tool. Sequences 
Annotated by Structure (SAS), uses the FASTA algorithm to find potential relatives 
with known structures whose sequences are then coloured according to a range of phys
ical and chemical properties such as secondary structure, active site and molecular 
interactions. On inspection, the results can be used to assign homologous relationships 
between sequences and allow functional inferences to be made, thus making the jump 
from sequence^structure —̂function.
Two families of enzymes both utilising aspartic acids in their catalysis have been stud
ied in more detail - the polymerase family and the aspartic protease family. In each 
case, SAS has been used alongside many structural tools including SSAP and TESS, 
shedding new light onto the relationships between family members. The polymeraises 
are a diverse family of enzymes whose function is to replicate or repair sections of DNA 
or RNA. Despite little similarity between their sequences, detailed structural analysis 
led to the identification of a conserved region (called the ‘palm’) found in members 
of all four functional classes. The investigation into the sequences and structures of 
the aspartic protease family of enzymes showed that despite great functional diversity, 
there is some structural similarity between all observed members. In both studies, a 
relationship has been found between known structures and an industrially relevant pro
tein sequence.
A method for constructing active site templates from structures was applied to both 
families. The active site of the polymerase family was located in the ‘palm’ region of 
the enzyme and while essentially the same for all examples, different templates were 
necessary to represent unrelated members of the family efficiently using both TESS and 
SPASM programs. The active site of the aspartic protease family, situated between two 
domains in the structure, is much more rigid and a single TESS template was found to 
represent the site very well. However, both active site motifs were found to be highly 
sensitive and specific when compared to all of the structures in the Protein Data Bank. 
This work contributes to a library of three-dimensional active site templates currently 
being developed at UCL.
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Chapter 1

Introduction

Biochemistry plays a crucial role in the life sciences, expressing the characteristics 
and reactions of a living system. Many great advances have been made in recent 
years, as the focus of much research turns to not only understanding ourselves but 
to an array of living organisms. The breadth of the subject can only be illustrated 
by the very scale of systems that are studied - from whole cellular organisms, 
down to the smallest interactions on an atomic level. The field is dominated by 
molecular biology, the physicochemical organisation of an organism. Here lies a 
number of inter-related disciplines, from the sequencing of DNA sequences of an 
organism, to the interpretation and understanding of this information, through 
to the proteins that are thus synthesised and how they work and interact.

1.1 Organisation of genetic material

The genetic material of prokaryotes and eukaryotes is formed by DNA molecules, 
while in viruses it can be formed by DNA or RNA molecules. In cellular organ
isms, this material is organised into chromosomes. In prokaryotes, the entire 
genome is carried on a single chromosome with circular DNA. In eukaryotes, the 
genome consists of a number of chromosomes, each consisting of linear DNA. The 
number of chromosomes is not necessarily linked to the overall size of the genomic 
DNA, measured in the number of bases (the constituent units of DNA) that are 
paired in sequence in the double-stranded, double-helix molecule. Several exam
ples of this are shown in table 1.1. The Escherichia coli genome consists of one
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chromosome four million base pairs long, while yeast Saccharomyces cerevisiae, 
fruit fly Drosophila melanogaster and human genomes consist of multiple chro
mosomes with the total number of base pairs running from millions to billions.

Organism #  of base pairs #  of chromosomes

E. coli 4 X 10® 1
S. cerevisiae 1 .4  X 10^ 16

D. melanogaster 1 .7  X 10» 4
Human >  3 X 10^ 23

Table 1.1: The sizes and number of chromosomes of several organisms.

Genetic information is encoded in the DNA by variation of the nucleotides 
adenine (A), guanine (G), thymine (T) and cytosine (C) in the sequence of the 
molecule, providing an ‘alphabet’ consisting of four letters. In double-stranded 
DNA, the second strand complements the first because of hydrogen bonding be
tween the bases whereby adenine pairs with thymine and guanine with cytosine. 
The sequence of bases in a DNA molecule is commonly elucidated by a process 
called dideoxy sequencing (or Sanger sequencing after its developer [Sanger et 
al, 1977]). This method uses DNA polymerase I to copy a sequence of single
stranded DNA using radioactively or fiuorescently tagged deoxyribonucleosides 
with the addition of a dideoxy analogue. The dideoxy analogue causes premature 
termination of the copying on incorporation since it lacks the 3’-hydroxyl group 
necessary to form a 3’-5’ phosphodiester bond and thus extend the sequence. 
The fragments that are sequenced by this method are of different lengths and can 
be analysed by electrophoresis where the smallest fragments travel further along 
the gel than the larger ones. Autoradiography or fluorescence detection directly 
reveals the sequence of bases in the molecule.

In recent years, much work has focussed on sequencing the entire genomes of sim
ple organisms such as E. coli and S. cerevisiae which have since been completed. 
Indeed, to date the genomes of many organisms have been sequenced including 
those from archaea, bacteria, eukaryota as well as those of mitochondria and 
viruses. These goals, and the experiences gained from achieving them, are in
strumental to the current global effort to sequence the human genome, which 
although vast is expected to be completed soon. The main data depositories 
for DNA sequences are those in the International Nucleotide Sequence Database 
Collaboration, made up from GenBank [Benson et ai, 1999], the European Molec
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ular Biology Laboratory, EMBL [Baker et ai, 2000], and the DNA Data Bank 
of Japan, DDBJ [Tateno et al, 2000]. At present, they contain nearly 3 billion 
bases of data from over 47000 species, although their content grows at an almost 
exponential rate.

Much information can be gained from this data, however it doesn’t give any 
insight into how biological systems function. It is therefore necessary to consider 
how this genetic information is expressed to give functional moieties. This process 
involves the units of heredity called genes, which are regions of sequence in a 
chromosome which encode a functional product, a protein. Figure 1.1 shows 
a much simplified schematic of how a protein is synthesised from its genetic 
blueprint.

transcription transiation
DNA ----------------- ► RNA ----------------- ► protein

Figure 1.1: The process of protein synthesis

The first step in the process is that of transcription, where an RNA molecule is 
synthesised from the DNA template for each gene that is to be expressed. This 
RNA molecule is called messenger RNA (mRNA) because it is the template for 
the synthesis of the protein. The second step involves the translation of the infor
mation contained in the mRNA molecule into a protein sequence. Experiments 
found that each triplet of nucleotides in the mRNA (and thus DNA) coded for 
a particular amino-acid and is therefore called a codon. Although there are only 
20 amino-acids observed in studies of proteins, each position of the triplet can be 
1 of 4 different nucleotides, giving a total of 64 combinations. This genetic code 
was also found to be degenerate, in that each amino-acid can be represented by 
more than one triplet such that mutations could occur in the DNA which would 
still preserve the sequence of the synthesised protein. Other significant findings 
were codons that signalled to other molecules in the complex protein synthesis 
mechanism, such as those for initiation and termination of the protein synthesis.

In an ideal world, the protein sequence encoded by a gene could be translated 
directly from the DNA in a linear fashion. This is indeed the case for prokary
otes, where little (if any) information other than the genes are contained within 
the chromosome. However, for eukaryotes it is not as simple, since many genes 
have been found to be discontinuous with their coding regions (called exons) be
ing interspersed with non-coding regions (called introns). This has a knock-on
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effect in the protein synthesis process in that transcription of DNA yields the 
primary transcript, which then undergoes splicing to link the exons together to 
form mRNA. Many exons have been found to encode discrete structural and func
tional units in protein structures and an elegant hypothesis follows from this by 
suggesting that new proteins evolved through the ‘shuffling’ of exons in genes, 
thus affecting the arrangement of these units. It is widely accepted that introns 
introduce a large amount of non-coding sequence into eukaryotic genomes. For 
example, despite being in excess of 3 billion bases long, the human genome con
tains a disproportionate number of genes possibly totalling as little as 2% of the 
whole. Yet the reasons why the introns exist, what they contain and what they 
do remains a mystery.

1.2 Protein sequence information

The use of recombinant DNA technologies to express genes of interest followed by 
their interpretation has yielded a large amount of protein sequence information. 
However, it is also possible to analyse a given protein to elucidate the sequence 
of amino-acids from which it is constructed. This method uses a ‘divide and 
conquer’ strategy, where the protein is divided up into smaller segments with 
each segment being analysed by an automated Edman degradation process to 
reveal its sequence. The sequences of all the segments are then pieced together 
by considering segments of the same protein divided at different positions, and 
comparing the overlapping sections between the two results to fit the segments 
together correctly.

By a combination of the two complementary approaches the sequence of a 
given protein can be found. The ability to do this is very significant, because 
not only is a protein the product of a gene, but it is the functional unit within 
a biological system - proteins are responsible for fulfilling the majority of tasks 
in keeping an organism alive. Only analysis of these proteins can shed light onto 
how biological systems work. In a genomic context, the entire mechanism of an 
organism is defined by the proteins which arej described by its genes.

The main resources for protein sequences are GenBank and TrEMBL (Translated 
EMBL) which contain the translations of the coding regions of their respective 
nucleotide sequence resources. There are also many examples of ‘value added’
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databases such as SWISS-PROT [Bairoch & Apweiler, 2000], Protein Informa
tion Resource, PIR [Barker et al, 2000], and a composite database sourcing se
quences from SWISS-PROT, GenBank, PIR and NRL-3D called OWL [Bleasby 
et ai, 1994]. Each of these provide annotations such as the classification and 
organism of the sequence, references and known characteristics of the protein 
such as function and any sites of biological importance. The sequence databases 
have seen very rapid growth in the number of sequences they contain, with OWL 
(utilising redundancy) doubling about every 18 months as shown in figure 1.2. 
OWL contains nearly 300000 non-identical sequences at the time of writing.
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250000 -

200000

C 150000 -

°  100000 
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Figure 1.2: Growth of the OWL sequence database.

The wealth of protein sequences in the databases not only facilitates analysis of 
the relationships within a protein family from different species (an evolutionary 
angle), but also allows the assignment of the function of a new protein sequence 
when a similar sequence (whose function is known) can be found. In itself, this 
approach conveys no functional information since the assignment is based on 
inference from the matching sequences.

Secondary sequence databases build on this idea by detailing regions of sequence 
(in multiple alignments) that are conserved across a collection of examples. PRO- 
SITE [Hofmann et ai, 1999] is an example of a such a database, containing 1386 
individual ‘patterns’ which describe different conserved sites which usually carry 
some biological significance. These patterns are in the form of regular expres
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sions which can be used to search a large number of sequences in a short period 
of time. However, PROSITE patterns are short and are limited by their descrip
tion of a site only and retain no other information about the proteins which they 
represent. This is addressed by the PRINTS [Attwood & Beck, 1994, Attwood 
et al, 2000] database which contains 1360 ‘fingerprints’. Each fingerprint is a 
signature consisting of multiple patterns which conserve much more information 
than the site alone (such as conserved elements of protein secondary structure) 
and are therefore more descriptive. More complex still are profile methods such 
as PFam [Bateman et ai, 1999] which use Hidden Markov models [Krogh et al, 
1994] to retain even more information and generate a complete profile from a mul
tiple alignment of sequences which is used for searching databases and matching 
unknown sequences with known ones with a great deal of success.

1.2.1 Analysis of protein sequences

In addition to the secondary sequence databases with their search facilities, there 
are other methods that can be employed to find related sequences. These meth
ods contrast with the pattern methods since they do not search using a regular 
expression but compare a query sequence with a whole database, and are espe
cially useful when looking for homologues, the products of divergent evolution, 
to build up an evolutionary picture.

The two most widely used tools for sequence comparison are FASTA [Pearson & 
Lipman, 1988] and BLAST [Altschul et ai, 1990]. Both use optimised dynamic 
programming algorithms based on work by Needleman and Wunch [Needleman 
& Wunsch, 1970] and Smith and Waterman [Smith & Waterman, 1981], sacrific
ing searching all of the possible positions in sequence space for speed. In their 
operation, the two programs perform slightly different in that FASTA is particu
larly efficient at finding global alignments between sequences whereas BLAST, by 
virtue of its name (Basic Local Alignment Search Tool), is optimised for finding 
similarities at the local level (yet the sequences may be very different at a global 
level). More recently, BLAST has been improved to allow gapped local align
ments and position-specific iterations, the latter being a pseudo-profile approach. 
PSI-BLAST [Altschul et ai, 1997] can construct its own profile for local align
ments which can be used to search a database and the matches used to further 
refine the profile and thus improve the likelihood of finding weaker relationships
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on subsequent iterations. In principle at least, this is the same strategy as in 
PFam without resorting to Hidden Markov Models which are slower due to their 
complexity.

Alignments of multiple sequences can be produced using the CLUSTALX tool 
[Thompson et ai, 1997] which focuses on regions that are conserved in all the 
sequences provided. Despite using tricks learned from pairwise comparison, multi
ple alignments are much more difficult to obtain and often need manual assistance 
to be of much use. Once this is effected, the relationships that can be highlighted 
are often more striking than pairwise methods and are used as the basis for the 
multiple patterns in PRINTS. Methods employing Hidden Markov models also use 
multiple alignments as a seed alignment, which is enhanced iteratively depending 
on the variety of sequences that the algorithm is presented with (a better model 
can be constructed when a dataset has many members). HMMER [Eddy, 1998] is 
an example of such a tool, which not only allows construction of a custom model 
but also allows database searching using it, often yielding superior results over 
simpler methods particularly when searching for more distant relatives.

1.3 Protein structure iuforruatiou

Sequence information is limited, however, in that it can give no indication of 
what fold the protein adopts in three-dimensional (3D) space or insights into the 
mechanism of the biochemical system that it is involved in. If the step beyond 
evolutionary relationships and functional identification by inference is to be made, 
it is necessary to look at the structures of proteins.

Protein structures are determined by techniques such as X-ray crystallography 
or NMR spectroscopy. The resulting coordinates specify the positions of each 
atom of the protein in three-dimensional space. The primary resource for this 
information is the Protein Data Bank or PDB [Berman et a/., 2000] which cur
rently contains over 12000 structures. Like the sequence databases, the PDB has 
experienced rapid growth as techniques have improved in recent years, as shown 
in figure 1.3.

Over the past fifteen years an extensive complement of software has been devel
oped at UCL to analyse protein structure data. Some of the earliest work was
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Figure 1.3: Growth of the Protein Data Bank (PDB).

to develop a method of assessing the quality and validity of such data result
ing in the PROCHECK program [Morris et a/., 1992, Laskowski et a/., 1993] , 
with later work focusing on such topics as a consensus approach to domain as
signment [Jones et ai, 1998], automated secondary and supersecondary structure 
assignment - PROMOTIF [Hutchinson & Thornton, 1996], characterisation of 
atomic interactions - HBPLUS [McDonald & Thornton, 1994], and more. Using 
these tools alone, it is possible to look at a protein structure at different scales 
from tertiary structure down to atoms.

Much of this information is very helpful in highlighting more distant relationships 
between protein sequences when sequence analysis has proved inconclusive. For 
example, knowledge of a pattern of amino-acids responsible for binding in sig
nalling or reaction pathways would prove invaluable in assigning the identity of 
a sequence with unknown function possessing the same pattern of amino-acids. 
However, residue-based 3D functional information has not been used much for 
function assignment to date [Overington et al., 1990].

Methods for structural comparison parallel (in concept at least) those used for 
sequence comparison. Early attempts using rigid-body superposition were not 
only computationally expensive but had difficulties in dealing with insertions and 
deletions of amino-acids which caused shifts in secondary structure orientations.
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In recent years improved methods have been developed to tackle this problem 
using dynamic programming algorithms to exploit larger features of the local 
environment such as secondary structural elements. SSAP [Taylor & Orengo, 
1989], for example, uses double dynamic programming which not only compares 
the structural environments that are defined by vectors between atoms, but 
also identifies residue equivalences. This results in a relative insensitivity to 
insertions and deletions and a greater ability to identify more remote similarities, 
yet does not depend on the conservation of specific amino-acids. The ability to 
identify relationships at the fold level is the premise for the CATH [Orengo et 
ai, 1999] and SCOP [Lo Conte et al, 2000] resources which classify proteins 
into families by structural similarity. As with sequence analysis, the function 
of a query protein can be inferred only by comparison with proteins of known 
function.

1.3.1 Functional tem plates

Methods for assigning the function to a new protein by inference from a homolo
gous protein with known function are now well established. However, a problem 
lies with these methods in that the sequence or structure of the protein under 
investigation must bear some global similarity (obvious in the case of sequence, 
or more remote if analysing structures) to one previously characterised. Many 
new sequence families are being discovered by the genome sequencing efforts and 
it is inevitable that the structures of these will need to be determined before any 
conclusions can be drawn about their mechanism of function. This may well give 
rise to a situation where there are structures solved that have unknown function 
and are not similar to other known structures. An effective method of functional 
analysis of these structures will therefore prove invaluable, and this has led to 
the idea of ‘functional motifs’ in 3D, which have been likened with PROSITE 
patterns and PRINTS signatures.

Several types of functional site have so far been studied in the literature, espe
cially metal binding sites [dusker, 1991] and anion binding sites [Chakrabarti, 
1993, Copley & Barton, 1994]. The first attem pts to develop these functional 
site motifs into functional ‘templates’ used conventional database software [Is
lam & Sternberg, 1989] to allow crude searches of a database of structures for 
constellations of amino-acids such as the Ser-His-Asp catalytic triad of the ser
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ine proteases. Using this technique proved to be very slow, so tools have been 
developed specifically with searching 3D structures more quickly in mind.

The first of such tools is a program called ASSAM [Artymiuk et al., 1994]. The 
side-chain of each amino-acid is represented by two ‘pseudo-atoms’ which are 
situated near the start and end of the functional part of the side-chain. For 
example, the start (S) pseudo-atom for glutamic acid is situated on the C.y of the 
side-chain, while the end (E) pseudo-atom is situated midway between the two 
carboxylate oxygen atoms. In this manner, the connection of the pseudo-atoms is 
a vector and allows direct comparison between amino-acids with similar functional 
groups, such as glutamic acid and aspartic acid, resulting in a description of a 
property of given amino-acids - in this case, that of an acidic residue. Using this 
method, two side-chains can be related by the vector between the S and E pseudo 
atoms in each side-chain, and the distances between the S and E pseudo-atoms 
in one with the other. This yields four distances - S-S, S-E, E-S and E-E - which 
are used to define a matrix representing this relationship or motif. Increasing the 
number of side-chains represented by the motif, to represent an active site for 
example, increases the size of the matrix. This matrix is known as the subgraph 
for use in the subgraph-isomorphism algorithm used to search a much larger graph 
representing a protein structure, with each side-chain within also represented by 
S and E pseudo-atoms. Testing the approach with the serine protease catalytic 
triad illustrated that the program was very effective, yet suggested that greater 
precision could be obtained by utilising a greater number of pseudo-atoms or 
using the atom positions themselves.

This more specific approach was presented in the TESS (Template Search and 
Superposition) program [Wallace et a/., 1996, Wallace et a i, 1997]. TESS used 
the actual coordinates of the atoms of the constituent amino-acids in the motif 
as a basis of a template. A database of structures represented in the same way 
can be compiled and a geometric hashing algorithm used to search the database 
with a query template. With this approach, not only were atoms belonging to 
amino-acids allowed in a motif, but any hetero-atoms such as metal ions could be 
included. More recently, the SPASM (Spatial Arrangements of Side-chains and 
Main-chain) program [Kleywegt, 1999] has enhanced the pseudo-atom approach 
by representing the side-chain by a single pseudo-atom at the centre of gravity of 
the side-chain atoms and incorporating the main-chain Cq in its motifs. By using 
this method, SPASM promises a performance increase over all-atom methods
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(such as TESS) yet sacrifices some sensitivity.

Regardless of which approach is taken, it is clear that for functional identification 
to be possible in the future, a library of these 3D functional motifs will need to be 
constructed to facilitate scanning a new structure for the occurrence of any such 
motifs. In structural genomics, where the wealth of sequences being generated 
by genome projects will lead to a plethora of interesting and important structure 
determination targets, quick automated procedures will be necessary to discover 
more about their function [Skolnick et a/., 2000].

1.4 This work

The work described in this thesis tackles several issues. The first is the creation 
of a tool for the annotation of linear protein sequences with information derived 
from protein structures.The large amount of structural analyses performed at UCL 
in recent years provides a good basis for implementing key structural features.

However, the majority of this work is concerned with enzymes, proteins that catal
yse a wide range of important biochemical reactions. The above tool will be used 
to illustrate the results of sequence and structure analyses of two specific fami
lies - the polymerases and the aspartic proteases - to highlight the evolutionary 
relationship between proteins that share a common function. Protein structural 
motifs which encapsulate their functional cores will be derived for each of these 
large families and used to explore the variation of the active site geometry within 
each family. The sensitivity and specificity of these 3D functional templates is 
tested by scanning the complete database of structures.

29



Chapter 2 

Annotating protein sequences with 
structural information

2.1 Introduction

Understanding the function of a protein is fundamental to biochemistry. Yet 
with the vastness of the field and the complexity of the systems that lie within 
it, exploring all conceivable pathways to identify the function of a given protein 
experimentally would be an immense task. This is highlighted by the numerous 
genome sequence projects in progress around the world, which are producing an 
ever expanding wealth of genome sequence information which awaits analysis.

Assigning a function to a protein is often more involved than simply identifying 
a related sequence by comparison and inferring the function of the query se
quence from that of its relative. This is the premise of current sequence analysis 
techniques. It is becoming increasingly clear that related proteins often perform 
different functions and therefore uncovering molecular details of the mechanism 
of a protein’s function is important, and this necessitates looking at the protein 
in much greater detail. Indeed, a great deal has been learned by obtaining and 
analysing 3D structures of proteins in recent years.

The aim of work presented in this chapter was to develop a tool which would facil
itate the overlaying of key structural features (derived from structural analyses) 
onto not just one, but a collection of aligned sequences. The relationship thus 
obtained may then help to elucidate the function of the given sequence, enhanc
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ing current approaches of sequence analysis in helping to interpret the genome 
information. Sequences Annotated by Structure (SAS) is the result of this work, 
aiming to bridge the gap between sequence and structural analyses. The sources 
of the structural analyses and the methods used to employ them will be discussed.

2.2 SAS functionality

The rationale behind SAS was to provide a simple, Web-based tool that would 
allow researchers with modest computing skills to utilise, what would otherwise 
be, more specialised techniques. With such an approach, SAS therefore needs to 
automate many tasks while presenting the results in a clear, informative manner.

SAS was developed with R.A. Laskowski and J.M. Thornton to address the pro
tein sequence annotation issue. In SAS the annotations are represented by colour
ing the individual amino-acids in a protein sequence according to a particular 
attribute. The net result is that, at its simplest, SAS is able to annotate a sin
gle protein sequence for those who are only interested in a lone protein. Over 
and above this, SAS can annotate a batch of sequences that have been aligned. 
This is fundamentally more novel since it allows browsing of structural features 
of a whole family of related proteins, highlighting trends and differences between 
members.

As a starting point, SAS takes a specified query sequence. This can be any pro
tein sequence, and is not dependent on structural information being present (if 
the structure was available, other techniques would be employed - CATH [Orengo 
et a/., 1999], SCOP [Lo Conte et al, 2000]). This is the premise for research after 
all, since the power of annotating potentially related sequences with structural 
information becomes more apparent when the relationship between the query se
quence and any (FASTA [Pearson & Lipman, 1988] suggested) matches is weak. 
The identity, and possibly function, are then inferred from sequences (whose 
structures are known) which match critical regions of sequence well. It is the 
features within these regions tha t SAS can highlight well, and give greater confi
dence in assigning a relationship between protein sequences than would otherwise 
be possible.
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2.3 Structural information

The primary source of protein structure coordinate data is the Protein Data Bank 
or PDB [Berman et a l, 2000]. Protein structures (PDB files) can be analysed 
in many different ways to highlight different properties. The first step in this 
development was to decide which of these many properties would be the most 
useful.

Amongst the most desirable attributes for annotation are the molecular interac
tions between atoms in the protein, nucleic acids, metal ions and ligands. Other 
desirable features include active site residues (when known), secondary structural 
elements, and domain information.

2.3.1 Molecular interactions

Interactions between atoms are the key to the function of any protein, be it 
in a signalling role or in a catalytic one. This molecular recognition forms the 
basis of all biological functions, and so it is crucial to understand how the protein 
interacts with other molecules in order elucidate how it functions. A good example 
of this is in the pharmaceutical industry, where recent application of computers 
to biochemical problems have resulted in the (broad) fields of drug design and 
bioinformatics. In the case of drug design, the characteristics of a de novo drug 
must complement those of the active site or binding site for which the drug is 
targeted. In bioinformatics however, there is a target to improve methods of 
establishing sequence relationships, which this work is intended to enhance.

Moreover, it is the non-covalent interactions between certain atom types that 
are responsible for the structural integrity, and thus stability, of macromolecu- 
lar structures as a whole, not just protein structures. Perhaps the best known 
examples of these interactions are the main-chain hydrogen bonds found in the a- 
helical and /3-sheet secondary structure elements in proteins, and the base-pairing 
in double-helical DNA.

There are différent types of molecular interactions which require classification, as 
described below:-

•  Covalent bonds - a strong bond between two atoms where the bond is con
structed by each member donating electrons (or electronic charge density)
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• Ionic complexes - a strong ‘bond’ between two atoms where the interaction 
is evaluated as the attraction force existing between the charged members 
(one positively, the other negatively)

• Hydrogen bonds - a weak interaction between two atoms opposing partial 
charges, resulting in a electrostatic attraction (commonly between and
c / - )

• Nearest-neighbour contacts - a very weak interaction between two (nor
mally) hydrophobic atoms (for example, carbon atoms)

With this classification, it is possible to represent a large proportion of the atomic 
interactions that are observed in protein structures and their complexes. It is 
therefore necessary to be able to recognise these interactions in the data repre
senting any given structure.

Previous work by McDonald & Thornton [McDonald & Thornton, 1994] has gone 
a long way to achieving this with a program called HBPlus. HBPlus can be used 
to provide data from a PDB file corresponding to potential contacts of three of 
the four types in the above classification - ionic complexes, hydrogen bonds and 
nearest-neighbour contacts. The final type of interaction, the covalent bond, can 
be implied by using the standard set of rules for bonding in amino acids, and can 
be readily extracted from a PDB file (non-standard covalent bonds are listed in 
CONECT fields in the data). In the case of ionic complexes and nearest-neighbour 
contacts, a potential interaction between two atoms is assigned to them when the 
(sterically unhindered) distance between them is below a pre-defined cut-off. This 
cut-off is set slightly higher than the sum of the van der Waals radii [Chothia, 
1976] of the two atoms, where the sum of these van der Waals radii is defined 
as being the closest possible approach of two non-covalently bound atoms. In 
practice, the cut-off used is 3.9Â, which is slightly higher than the sum of the van 
der Waals radii for two carbon atoms (2 x 1.87Â =  3.74Â).

Hydrogen bonds require a different approach involving two stages. This is nec
essary because structures obtained using X-ray crystallography (accounting for a 
large proportion of high-resolution protein structures) do not generally show the 
positions of hydrogen atoms in the structure. The reason for this is that hydrogen 
atoms diffract X-rays very weakly, and therefore are difficult to identify in the 
electron density maps. The first stage is therefore to calculate the positions of
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these hydrogen atoms in the structure. To describe how HBPlus does this, it is 
necessary to define a hydrogen bond.

A hydrogen bond is an interaction between two electro-negative atoms, a donor 
and an acceptor - for example, nitrogen and oxygen. A hydrogen atom is cova
lently bound to the donor and is situated between the donor and the acceptor. 
In such a case, the donor can attract the electron from the hydrogen atom orbital 
towards itself. This results in the hydrogen becoming partially positively charged, 
and is thus attracted to the partial negative charge of the acceptor (possessing at 
least one lone-pair of electrons). The resulting favourable electrostatic energy is 
largely responsible for the exceptional stability of secondary structural elements 
in protein structures and the double-helix in DNA where large hydrogen bonding 
networks are present.

HBPlus calculates the position of the hydrogen atoms attached to potential donor 
atoms by analysis of the positions of the atoms with which the donor is bound. 
That is to say, atoms that are covalently bound to the donor will be positioned 
according to certain geometries, dictated by the hybridisation of the donor atom - 
either trigonal planar for sp^ hybridisation and tetrahedral for sp^ hybridisation. 
The hydrogen atom occupies the position which is not already filled, as obtained 
from the protein structure coordinates (assuming tha t the atoms involved do 
indeed fit this geometry).

Then, the potential of a hydrogen bond is assessed according to geometries of 
the donating atom, the hydrogen atom and the accepting atom (and the atoms 
covalently bound to these), as shown in figure 2.1.

DD AA

\  /
D ------  H A

/  \
DD AA

Figure 2.1: Determination of potential hydrogen bonds in protein structures using 
HBPlus.

The atoms DD and AA are the donor and acceptor antecedents respectively, with 
DD being two covalent bonds from the hydrogen atom.
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A potential hydrogen bond is assigned when the following conditions are met:-

• distance H- -A < 2.5Â

• distance D- • -A < 3.9Â

• angle D-H* • -A > 90°

•  angle D- • -Â-AA > 90°

•  angle H- • -Â-AA > 90°

Analysis of a protein structure (PDB) file yields two data files - one containing a 
list of potential hydrogen bonds, the other containing a list of potential nearest- 
neighbour contacts. An example of the output from HBPlus is shown below:-

HBPLUS Hydrogen Bond Calculator v 3.15 Jan 06 15:51:45 GMT 1998
(c) I McDonald, D Naylor, D Jones and J Thornton 1993 All Rights Reserved.
Citing HBPLUS in publications that use these results is condition of use.
7HVP <- Brookhaven Code "pdbThvp.ent" < PDB file
< DONOR---- ^ ̂ -ACCEPTOR— ^ atom *
c i cat CA—CA-^ " H-A—AA H-
h n atom resd res DA || num DHA H-A angle D-A-AA Bond
n s type num typ dist DA aas dist emgle dist angle num
A0003-ILE N B0097-LEU 0 2.83 MM -1 5.00 147.8 1.93 145.1 155.4 1
B0097-LEU N A0003-ILE 0 2.69 MM -1 5.00 151.2 1.77 144.0 152.1 2
-0346-H0H 0 A0004-THR 0 3.20 HM -2 -1.00 -1.0 -1.00 -1.0 157.9 3
A0005-LEU N -0302-HOH 0 2.70 MH -2 -1.00 146.6 1.81 -1.0 -1.0 4
B0087-ARG NHl A0005-LEU 0 2.63 SM -1 5.57 137.4 1.81 128.9 137.8 5
-0311-H0H 0 A0007-GLN OEl 3.33 HS -2 -1.00 -1.0 -1.00 -1.0 106.6 6
AOOIO-LEU N A0008-ARG 0 2.63 MM 2 5.48 137.9 1.80 113.1 98.5 7
A0008-ARG NE B0029-ASP ODl 2.88 S3 -1 7.75 167.6 1.90 114.9 110.7 8
A0008-ARG NH2 B0029-ASP 0D2 2.49 S3 -1 7.75 174.6 1.49 123.1 124.2 9
A0024-LEU N A0009-PR0 0 3.03 MM 15 5.48 170.5 2.04 153.1 153.3 10

The first five columns identify the donor atom, while the following five columns 
identify the acceptor atom. This is followed by the donor-acceptor distance (in 
A), the atom categories (M=main-chain, S=side-chain, H=heteroatom), the gap 
between the donor and acceptor groups (in residues), the distance between the Ca 
atoms of the donor and acceptor residues, angle D-H- • - A, the distance between 
the hydrogen and acceptor atoms, angle H* • -Â-AA, angle D- • Â-AA and the 
hydrogen bond count.

As is evident, there is a great deal of information in the HBPlus output, and it 
appears difficult to apply to a linear (ID) protein sequence. Indeed, this data
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tells us little about the type of interactions that are taking place. To tackle this 
issue, a method of post-processing the output of HBPlus was developed.

The Grow program is the result of this development. Grow was designed so that 
its output would be clear and concise for both human and computer purposes. 
It would be desirable for these output files to be generated for all structures in 
the PDB, and so the output files would also need to be compact (HBPlus output 
files for a single PDB structure can run into many megabytes).

The concept of Grow however was not just to create a filter for the output of 
HBPlus^ but to build on this output such that it could discriminate between 
different types of interactions. For example. Grow differentiates between those 
interactions where the protein interacts with a ligand, with nucleic acids, or 
those interacting with a metal ion. This ability was made possible by reading 
the PDBsum [Laskowski et a/., 1997] data files called secsurf.out, which contain 
information regarding chains of amino-acids and nucleotides in a PDB file, and 
the identity of any ligand or metal objects.

Grow performs the following operations:-

1. Read the structure coordinates

2. Classify each atom in the structure (for example, as part of protein chain)

3. Read the HBPlus interaction data

4. Discriminate between desired and undesired interactions

5. Write the desired interactions to the output file

Each step of this process is now described in turn.

The first step is to read the PDB structure file. This data is used to construct a 
hierarchical model of the protein, in an object-orientated manner such that the 
properties of the chain are inherited by all amino-acids and all atoms described 
by those amino-acids (see figure 2.2). In addition, the environment of an atom 
(for example, contacting a ligand) becomes a property of the host amino-acid 
(and ultimately the chain, but this is less useful).

The second step is the classification of each atom to a type. This type does not
describe whether it is an oxygen or a carbon atom, since this is integral to the
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Figure 2.2: Schematic of the inheritance model used by Grow.

atom object itself, but is a descriptor inherited from the chain level. Grow reads 
the secsurf.out file for that structure, which lists each chain identifier followed 
by a description of its type - for example, CHAIN for a protein chain or NUCLE 
for a nucleic acid chain. In addition, the secsurf.out file lists the details of any 
ligands in the structure (their chain identifier, start and stop residue numbers in 
that chain and the ligand name) and the name and quantity of any metal ions 
present. Grow uses this information to assign the relevant type to each chain, 
ligand and metal ion accordingly.

The current types supported by Grow at this time are as follows:-

• Protein (P) - an atom belonging to an amino-acid (and therefore a chain)

• Nucleic acid (N) - an atom belonging to a nucleic acid chain, nucleotide or 
nucleoside

•  Ligand (L) - an atom belonging to a ligand (no chain inferred)

•  Metal (M) - a metal ion
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• Water (W) - an oxygen atom in the structure known to belong to a wa
ter molecule (for reasons previously discussed, hydrogen atoms are rarely 
present in X-ray structures)

Once all atoms have been assigned and verified, Grow proceeds to the third step 
to read the potential hydrogen bond output from HBPlus. The HBPlus output is 
interpreted line by line with each atom involved in the interaction cross-referenced 
to discern its type. When a desired interaction is encountered (fourth step), the 
atoms are recorded in a list ready to be translated into readable output in the 
final step. When reading of the HBPlus output is complete. Grow writes the list 
of interactions to a grow.out file.

On executing Grow, the user can indicate which interactions are desired as argu
ments to the program. However, the following interactions are output when no 
arguments are specified:-

• Protein-Ligand

• Protein-Nucleic acid

• Protein-Metal ion

• Nucleic acid-Ligand

• Nucleic acid-Metal ion

• Ligand-Metal ion

Using extra arguments. Grow can also output:-

• Bridging water molecules - Grow performs an extra search on finding an 
interaction between a protein, nucleic acid or ligand atom and water to see 
if the water molecule is acting as a structural bridge. Such water bridging 
interactions are thought to play a role in the specificity of certain binding 
sites [Ladbury, 1996]

•  Tertiary structure interactions - these are interactions between protein 
chains which often play a structural role in multimeric molecules.
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A sample of the output from Grow is shown below (from PDB code 8TLN). Note 
that there are many data lines in the original and one for each of the default 
interactions is shown.

c P M E 57 ASP 448 ODl === CA 2460 CA 319 - -
H P L E 111 ASN 882 0 — NZ 2455 LYS 323 D 2.69 -
M P M E 57 ASP 449 0D2 CA 2460 CA 319 2.50 -
N P L E 111 ASN 881 C ---- NZ 2455 LYS 323 D 3.82 -

The data is arranged as follows

•  Type of interaction; covalent bond (C), hydrogen bond (H), bridging water 
(W), metal contact (M), nearest-neighbour contact (N)

• First atom type, as assigned by Grow from reading the secsurf.out file 
(either P, N, L, M or W)

•  Second atom type

•  Chain identifier of the protein chain to which the first atom belongs

•  Number of the first amino-acid

•  Name of the first amino-acid

•  Number of the first atom

• Name of the first atom

• Interaction type indicator: < -  or ->  for hydrogen bonds (arrow direction 
indicates direction of electron donation), -W- for bridging water interac
tions, for metal ion contacts and — for nearest-neighbour contacts

•  Following five columns for the second atom, in reverse order.

•  Distance between the donor and acceptor atoms, D- • - A (not bridging water 
interactions)

•  The water molecule number (for bridging water interactions only)
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In the example shown, the first line is a ‘C’-type interaction, a desired interaction 
that was not extracted from the HBPlus output but from the ‘CONECT’ fields 
in the PDB file. The second line shows a hydrogen bond interaction, the third an 
interaction with a metal ion, and the final line a nearest-neighbour contact. The 
output from Grow is sorted, in the order C>H >M >N , and the atoms sorted in 
the order P>N >L>M .

The Grow output provides us with an easily parseable form of information which 
we can use to annotate sequences by their molecular interactions.

2.3.2 Other structural information

Annotating sequences with other structural information did not involve such ex
tensive software development since it was already accessible using PDBsum or 
direct extraction from the PDB file.

A number of enzyme structures, for example, contain a ‘SITE’ field. This field 
indicates that the author of the structure has located the active site of the protein. 
The use of this field will be discussed in a later chapter, but it provides a good first 
glance at the location of the active site in a given protein structure. The residue 
type is also directly available from the PDB file in the ‘ATOM’ and ‘HETATM’ 
records, and will be useful for comparing like regions in protein sequences.

The secondary structural elements in a protein structure have been identified 
by the PROMOTIF program [Hutchinson & Thornton, 1996], and will serve as 
a useful annotation for comparing protein structures. In the same vein, the 
CATH [Orengo et a i, 1999] information provides details of where the domain 
boundaries lie, and will prove invaluable in the comparison of protein structures.

2.4 Adding the Web interface

In order to make this information accessible the Internet can be exploited. The 
aim was to provide a tool that allows any researcher to analyse their protein 
sequence in comparison with other proteins whose structures are known. This 
provides a much more powerful tool than just being able to annotate a single 
protein sequence, a function inherent in this procedure.
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The implications in taking such an approach are that it could help in assigning 
the function of a protein by identifying distant homologues of a given protein 
sequence and accentuating their relationship using the structural information de
scribed. Conversely, the approach could also illustrate, on comparison, features 
of difference between proteins. For example, it could show differences in contacts 
being made with (possibly different) ligands, arising from any functional or mech
anistic differences. More so, SAS could be used for inferring that such similar 
sequences do not have the same function by highlighting the location of their 
active sites or secondary structural elements, a scenario when sequence analysis 
alone would be misleading.

2.4.1 Compiling a library of sequences

Therefore fundamental in being able to annotate more than one sequence at a 
time is being able to gain access to all the sequences within the pool that shall 
be compared. Also, for consistency, it is preferable that the annotations and 
the sequences themselves be derived from the same source. In this case, this 
source is the PDB. It is here that the majority of protein structures are deposited 
and all the structural information previously discussed is derived from analyses 
of this data. At the time the sequences were required, however, there was not 
a publicly available data bank that held sequences derived from the PDB in a 
data format that could easily be manipulated for use here. The primary source 
of sequences derived from structures was the NRL-3D database [Barker et ai, 
2000], but the entirety of the PDB sequences was not available and those that 
were did not discriminate between a protein chain and an oligopeptide. This 
is a problem because a library of protein sequences which contains many short 
sequences (the oligopeptides) will return many false hits when searching for more 
distant homologues. A short sequence which matches a region of sequence well 
may potentially score as highly as a true distant relative (where the diversity in 
their sequences can result in low scoring match).

Consequently, a library of sequences derived from structures in the PDB was 
generated. This library did not contain any of the oligopeptides and non-protein 
sequences found in the NRL-3D equivalent. Apart from providing a challenging 
exercise in Perl programming, the task also allowed the setting of a procedure to 
reduce errors caused by non-standard amino-acids being present in the sequences.
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Such ambiguities can arise when the protein sequencing technique employed is 
uncertain about the nature of a particular residue. An example of this is that of 
aspartic acid and asparagine, which may be specified as ‘ASX’ in the PDB file 
if their exact identity is not known. From a chemical perspective, the two are 

very different since aspartic acid is acidic while asparagine is neutral. Structurally, 
a carboxylate oxygen in the side-chain has been replaced by a nitrogen atom. If 
possible, the ‘ATOM’ records are used to differentiate between these alternatives.

The library of PDB sequences was therefore generated by reading the ‘SEQRES’ 
fields, which describe the protein sequence as it was found from sequencing, and 
then compared with that detailed in the ‘ATOM’ records. For the most part, the 
two sequences (per chain in the case of multi-chain proteins) were identical. Some 
cases were found where the ‘SEQRES’-derived sequence and the ‘ATOM’-derived 
sequence were not consistent. Near-identical amino-acids that were ambiguous in 
‘SEQRES’ were patched with the result from the ‘ATOM’ fields in the scenario 
described above, while in some cases the coordinate data was found to be lacking, 
in which case the ‘SEQRES’ data was used to patch the gaps and yield a complete 
sequence.

Another source of error in the protein sequences was where the amino-acid had 
a substituted side-chain. Conventionally, these amino-acids are represented by 
the letter ‘X’ in a sequence, but a method was developed to handle these non
standard residues. The ‘ATOM’ fields for that amino-acid were read and the 
letter ‘X’ was assigned to it if the coordinates for the peptide backbone atoms, N, 
Cq and carbonyl 0 = 0  were found. Otherwise, no entry was made. These logical 
steps resulted in a reduced number of ambiguities in the PDB sequence library, 
although the automated process could not eliminate them totally.

2.4.2 The Web interface

W ith a library of sequences derived from PDB structures, it was then possible 
to proceed in building a Web interface for the tool. This interface was written 
using a combination of HTML [Berners-Lee, 1993] and server-side CGI [NCSA, 
1995] scripts to integrate the process shown in figure 2.3, a description of which 
follows.

The first step is to input a query. The SAS query page (figure 2.4) shows a HTML 
form requesting one of three types of input:
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Display in browser

Annotate sequences

Input custom  
multiple alignment Input query sequence

Find m atches in PDB 
iibrary using FASTA

Figure 2.3: The processes involved in generating SAS output.

•  P D B  code - input PDB code and chain identifier

•  S W IS S -P R O T  code - input either a SWISS-PROT [Bairoch & Apweiler, 
2000] identifier or accession code

•  P a sted  sequence - cut and paste a sequence into the box provided

The first type of input is the PDB code of the structure whose sequence SAS will 
annotate. This is sufficient information for SAS to annotate a single sequence only 
(with no sequence searching). For SAS to search the library of PDB sequences for 
matches, and to then annotate the resulting alignment, the chain identifier is also 
needed (although SAS will present a list of available chains and ask the user to 
select one if more than one is available). The second input type is a SWISS-PROT 
identifier or accession code, of the form HEM3 HUMAN or P08397 respectively. 
Only one code is required. SAS will then retrieve the desired sequence from 
the current version of SWISS-PROT and use that as the query for the sequence 
searching against the PDB library of sequences. The final type of input is the 
user’s own sequence which can be cut and pasted into the box provided. This
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pasted sequence is filtered to remove any unwanted (non-standard) characters 
and is then used as query for sequence searching.

S 4 B  Sequences Annotated by Structure

1. Query protein sequence:
The following options will perform a FASTA search of Ae given sequence against the proteins of known structure in 
the PDB and return a multiple alignment of all hits, each annotated by structural features. Identity the sequence to be 
searched using sections a, b or c.

a. PDB code Chain p  (if ̂ phcable)

e.g. lift  chain A {see PDB or PDEsum]

h. SWISS-PROT
c o d e 11 or AccessionCode

e.g. HEM3 HUMAN or P08397

c. Pasted sequence

(single-letter codes; 
aUblank-space 
will be ignored)

SEARCH

Reset]

Show: Search:
V List of hits only All protein sequences in PDB
^ Annotated alignment ^ Specified subset
V Annotate given seq. only

Figure 2.4: A screen dump of the SAS query page.

There are then two further options to observe. The first is Show  which deter
mines how the sequences will be initially shown. The choices are as follows;

• L is t o f h its only - perform a sequence search and show the list of hits. The 
user is prompted to select the desired matches for subsequent annotation 
and display

• A nno ta ted  alignm ent - perform a sequence search, annotate the matches 
and then display all the annotated matches at once
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•  A nnotate  give sequence only  - annotate only the sequence specified in 
the PDB code input box OR annotate the custom multiple alignment file 
(upload box not shown in figure 2.4).

The first two choices allow any of the input types described above to be used for a 
sequence search, comparing the query against all sequences in the generated PDB 
sequence library. The list of matches is output to the screen (in the former) for 
the user to select which sequences they would like annotated, or all the matches 
are annotated and output to the screen (in the latter case).

The third choice allows annotation of either a single sequence, specified in the 
PDB code input type box, or to annotate a custom multiple alignment. This 
allows the annotation of a multiple sequence alignment of sequences (who have 
structures in the PDB) which have been aligned using an alternative method from 
that provided, such as CLUSTALX [Thompson et a/., 1997] , profiling, threading 
or a structural alignment obtained from SSAP [Taylor & Orengo, 1989]. This 
bypasses the sequence searching performed by SAS and any input type will be 
ignored (the PDB codes for the sequences to be annotated are extracted from the 
alignment).

The Search  option gives extra functionality:

•  A ll protein  sequences in P D B  - use the PDB sequence library for any 
sequence searching (default)

•  Specified subset  - use only certain sequences for sequence searching.

The second option allows the user to input a list of PDB codes, from which SAS 
will compile a custom sequence library to be used in this query. This gives the 
ability to generate custom-made output - for example, if family representatives 
are input as the list, then only these will be used in sequence searching and an
notation. This is useful for scenarios where a smaller subset than the whole PDB 
is desirable or when a specific comparison between (say) a handful of sequences 
is preferred.

2.4.3 Annotating matches

In cases where a sequence search is necessary, the query sequence is matched 
against all sequences in the PDB sequence library using the FASTA program.
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FASTA finds sequences tha t match globally - that is, sequences that match well 
over the whole length of the query sequence, rather than matching well in small 
regions. At the time of the software development stage of SAS, FASTA was found 
to perform better (i.e. find more distantly related protein sequences) than the 
other popular algorithm for sequence analysis, BLAST [Altschul et ai, 1990], 
which performed better at matching conserved local regions of sequence. A new 
version of BLAST, called PSI-BLAST [Altschul et a/., 1997] has been released. 
This has not been rigorously tested for use in SAS, but results obtained with some 
experiments with PSI-BLAST running in an automated fashion have shown little 
improvement over FASTA (now at version 3). However it is clear that if all the 
sequences in GenBank [Benson et ai, 1999] were included, the alignment would 
be improved and the number of hits increased.

The results from the FASTA sequence search are then parsed by a program called 
sashtml [R.A. Laskowski], which interprets the FASTA output to build a large 
multiple alignment featuring the query sequence and all the matching sequences. 
It is at this point that the annotations are added to the alignment, sequence by 
sequence. This output is then piped back to the CGI scripts, which take care of 
displaying the annotated alignment in the browser window.

An example of SAS output is shown in figure 2.5.

There are two frames in the SAS display. The first is the selection frame, which 
has a selection of menus to allow the annotated sequences to be changed. The 
second frame is the annotation frame, which shows each sequence with coloured 
residues in the sequences following the currently selected annotation type. The 
most important option in the selection frame is the ability to change the colouring 
of the residues to one of the following:

1. Residue type - polar, non-polar, aliphatic, aromatic

2. Secondary structure - a-helix, ^-strand, turn and coil regions

3. Contacts - hydrogen bonds to ligand, nucleic acid or metal atoms, also total 
contacts to ligand (hydrogen bonds +  nearest-neighbour contacts)

4. Active site residues - as defined in the ’SITE’ fields

5. Domains - a different colour for each domain
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FASTA/SAS info for 7HVP (chain 'AO

Annotate by t  contacts to ligand in colour Sec. sir. Off

Consensus off PostScnpt No 

Enter a new  query

UPDATE

FASTA matches forThvp(A)
Coloured by number of contacts to Ugand(s)

Vicw3P ?truçtMTH FAST A saw

Ib y p iA I  
tB)

l cpi(A)

3b v p

" (B)
8 h v p ( A )  

" (B) 
l y t g ( A )

- " - . m
I m t c ( A )  

" (B)
I p r o ( B )
4phv(g)5bvp(B)

1 2 3 4 5 5
12345678901234567890123456789012345678901234567890123456789012345 P r o t e i n  name

PQITLNQ Pt.VTIRIGGQLKEAia.DT ODTVLEEIOILPGKNKPK IIGGIGO-IKVRQYDQIPVE HIV -1 p r o t e a s e  
PQITLHQ PLVTIRIGGQLKEALL TGADDTVLEEMNLPOUIKPKMIGfilGCa’IKVRQYDQIPVE HIV -1 p r o t e a s e  

QITLNQ PL V TI IGGQUtEALLDTGADUTVLEEKMLPGKNKPKMIGG GO'IKVRQYDQIPVE HIV-1 p r o t e a s e  
PQITLHQKPLWTIRIGGQLKEA LDTGADDTVLEEHNLPGKHKPKM1 GGIGO'IKVRQYDQIPVE HIV-1 p r o t e a s e  
p q i t lw q rp lv t i r ig g q l lc e a l ld tg a d d tv le e m n lp g lc u k p lc in ig g lg g f ik v rq y d q ip v e  ( ABA — 6 7 ,9 5 — 
PQ1TLHQKPLVTIR1GGQLKEALLDTGADDTVLEEMNLPGKNKPKMIG(tIG«'IKVRQYDQIPVE HIV -1 p r o t e a s e  
PQITHtQRPLVTIRIGGQLKEALLDTGADDT LEEMNLPGKHKPKM G<.IGGFIKVRQYDQIPVE HIV -1 p r o t e a s e  
PQITLKQRPLVTIRIGGQLKEA LOT ADDTVLEEMMLPGKHKPK I GGIGCTIKVRQYDQIPVE HIV-1 p r o t e a s e  
PQITLWQKPLVTIRIGGQLKEA LDTGAD TVLEEMNLPGKNKPKMTGGIGCS'IKVRQYDQIPVE HIV-1 p r o t e a s e  
PQITLNK PLVTIRIGGQLKEALLDTGADDTVLEEMRLPGKMKPKMIGGIGO"IKVRQYDQIPVE S iv  p r o t e a s e  c r  
PQITLNKRPLVTIRIGGQLKEALLDTGADDTVLEEMMLPGKHKPKMIGGIGGFIKVRQYDQIPVE S iv  p r o t e a s e  c r  

QITLNK P L V T IR IG  QLKEA LDTG D TVIEEMNLPGHtHKPKMIGGIGGFIKVRQYDQIPVE HIV-1 p r o t e a s e  
PQITLHKRPLVTIRIGGQLKEALLDTGADDTVIEEMNLPGKHKPKMIGG GGFIKVRQYDQIPVE HIV-1 p r o t e a s e  
PQITLKQRPLVTIRIGGQLKEA LDTGADDT LEEKNLPGKMKPKMIGGIGCMKVRQYDQILIE HIV-1 p r o t e a s e  
PQITLMQ-PLVTIKIGGQLKEALLDTGADDTVLEEMNLPOWIKPKMIfÆIGO’IKVRQYDQILIE HIV-1 p r o t e a s e  
PQITLKQRPLVTIKIGGQLKEALLDTGADDT LEEMNLPOINKPKM GGIGO*IKVRQYDQILIE Human immunodef 
p q i t I v q r p l v t i k i g g q l k e a l l d t g a d d t v l e e m n lp g r w k p k m i g g i g g f i k v r q y d q i l i e  HIV -1 p r o t e a s e

-I

Figure 2.5: A sample output of SAS, as displayed in the browser window, using 
PDB code 7HVP chain ‘A’ as query. Note that there are two frames (see text).
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6. Residue similarity - similarity to the residue at the same position in the 
query sequence.

Of course, residues in a sequence are only coloured if they possess the selected 
attribute. A legend to the colouring of these annotations is shown in figure 2.6, 
with appropriate examples to illustrate a broad selection of values.

Active site
,PQITLWQRPLVTIRIGGQLKEALLDTGADDTVLEEMNLPGKWKPKMIGGIGGFIK

RED residues comprise the active site

Secondarv structure 
,PNHKSVFNSAGLEVREYAYYDAENHTLDFDALINSLNEAQAGDVVLFHGCCHNPT 

RED = helix, BLUE=strand, GREEN = turn, BLACK = coil

Hvdrogen bonds to ligand 
, GISGDSLRSMSDPAKYGDPDHYSKRYTGTQDNGGVHINSGIINKAAYLISQGGTH

Residues with 0 1 2 3 5+ hydrogen bonds to the ligand

Çgntaçtg to ligand 
.PQITLWQRPLVTIRIGGQLKEALLDT DDTVLEEMNLPGKWKPKM GGIGGFIK 

Residues with 0 1 2 3 5+ contacts to the ligand

Contacts to nucleic acids 
..SISSRVKSKRIQLGLNQAELAQKVGTTQQSIEQLE GKTKRPRFLPELASALG. 

Residues with 0 12 3 5+ contacts to nucleic acids

Contacts to metal ions 
.AHELTHAVTDYTAGLIYQNESGAINEAISDIFGTLV FYANKNPDWEIGEDVYTP 

Residues with 0 1 2 3 5+ contacts to metal ions

Figure 2.6: The colouring of the different annotation types.

In addition to the annotation types, the display can be tailored further. There 
are three ways in which the user can select (or remove) sequences to be displayed. 
Firstly, an upper and lower range of sequence identities can be selected such that 
only matches within those limits are displayed. Alternatively, each sequence in 
the display frame has its own toggle switch, so that as many or as few sequences 
as desired can be displayed. Finally, there is a consensus sequence option. The

48



consensus option works by combining all the iden tica l sequences in the align
ment thus reducing the number of sequences shown in the frame. This is very 
useful where a family with a large number of members is bloating the amount of 
displayed information. The annotation for each consensus sequence combines the 
information from each of the sequences it represents. In the case of secondary 
structure, the consensus annotation shows the most frequent element for a given 
alignment position. For annotation by contacts, the annotation shown is the 
highest number of contacts for the residues in each position, while for the active 
site annotation, a combinatorial approach marks any residue position identified 
as an active site residue.

More recently, an option has been added to allow a PostScript [Adobe Systems 
Inc., 1985] output including graphical representations for secondary structural el
ements with the option of adding extra information, such as contacts and domain 
boundaries to the output (not available on screen).

2.5 Examples of use

A tool has been created with the aim of helping to interpret the results of sequence 
searches (using any technique) by comparison with sequences whose structure is 
known. The rationale behind this is that with added structural information 
the annotated alignments can give greater confidence in the results obtained, 
particularly when the relationships between the sequences are weak. If critical 
structural features are found to be conserved while other regions are not, a distant 
relationship might be inferred. From this relationship, the annotations can help to 
predict whether the sequences have the same function, by focusing in on catalytic 
residues or residues involved in ligand (or other) binding.

Three examples follow to illustrate the power of annotation.

2.5.1 CASP2 target T31

The first example is taken from the Critical Assessment of Structure Prediction 
2 (CASP2) meeting of 1996 [Martin et a l, 1997]. This meeting was held with the 
objective of assessing new and current methods of protein structure prediction. 
The dataset for this experiment was a group of proteins whose structures were
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not known prior to prediction, yet were expected to be solved before the meeting 
took place. Of particular interest was the fold recognition category, where it was 
necessary to identify a protein with a similar fold to the target protein given only 
the primary sequence of the target.

The structural information that can be added using SAS becomes particularly 
useful in the case of target 31, the sequence of exfoliative toxin A. Using SAS to 
perform a FASTA search of the PDB sequence library and to annotate the results, 
members of the elastase family were found to be prevalent. On inspection, the 
SAS annotations show that two out of the four active site residues (triangles in 
positions 75 and 132 in figure 2.7, corresponding to His57 and Aspl02 in elastase) 
in native elastase (PDB code 3EST) are conserved in target 31. The third and 
fourth active site residues are also conserved but are not aligned correctly by 
FASTA.

1 1 1 1  
7 8 9 0 1 2 3

67 8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4  5 67 890  1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7  890

T a r g e t  g k n t v l t n r h i a k f a n g d p s k v s f r p s i  n t d d n g n t e t p y g e y e v k e i l q e p f ................ g a g

3 e s t RQNWVMrAAl ICVD..................RELTFRVWGEHNLNQNNGTEQYVG - - - VQKIWHPYWNTDDVAAG

1 1 1 1 1 1  
4 5 6 7 8 9

12 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7  8 90  1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7  89 0  1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5
 + + + + + +........

T a r g e t  v d l a l i r l k p d  q n g v s l g d k i s p a k i g t s n d l k d g d k l e l i  g y p f  d h k v n q mh  r s - - e i e 1 t

3 e s t YDIALLRLAQSVTLNSYVQLG- - VLP RAGTI - - LANNSPCYITCMGLTRTNGQLAQTLQQAYLP

Figure 2.7; SAS alignment showing CASP2 target 31 and elastase (PDB code 
3EST). Note the two of the four active site residues are conserved (alignment 
positions 75 and 132). Green graphics represent the predicted secondary structure 
for the target.

This result suggests that the fold and function of the target could be similar to 
that of the elastase family, despite their low sequence identity. Confirmation of 
this inference came in 1997 when the X-ray crystal structure of exfoliative toxin 
A was published [Vath et ai, 1997].
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2.5.2 Fold recognition benchmarking target ICPT

The second example is also related to fold recognition because it is one of the 
areas where SAS can prove useful. In 1996, a benchmark was devised [Fischer et 
a/., 1996] for assessing the performance of different methods of fold recognition, 
involving a set of probe sequences and for each a corresponding (target) structure 
with the same fold in a fold library. In essence, an ideal fold recognition method 
should be able to recognise the correct target for each probe over and above the 
other folds in the library. The pair of particular interest are cytochrome p450 
proteins (PDB codes ICPT as probe and 2CPP as target). A FASTA alignment 
was performed for these protein sequences using SAS, and on inspection of the 
alignment annotated by ligand contacts (figure 2.8), the haem binding residues in 
the proteins are divided into three clusters in the sequence - alignment positions 
261-268, 307-313 and 363-377.

2 2 2 3 3 3
7 8 9 0 1 2

1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5

T a r g e t  a g h d t t s s s s g g a i i g l s r n p e q l a l a k s d p a l i p r l v d e a v r w t a p v k s  f mr  t a l a d t e v r g q n  

2 c p p CtGLDT VNFLS FSVCFLAKS PEHRQEL IER FERI PAACEELLRRFS L VAD - OR ILTSDYEFHGVQ

3 3 3 3 3 3 3
3 4 5 6 7 8 9

67  8 9 0 1 2 3 4 5 6  7 8 90  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0

  - ■ ------
T a r g e t  i k r g d r i m l  s y p s a n r d e e v f s n p d e f d i  t r f p n r h l g f  gw gahm c 1g q h 1a k 1emk i f f e e 1 Ip

2 c p p  LKKGDQILLPCMLSGLDERENACPMHVDFSRQKVSHT FGHGbHLCLCQHL RREIIVTLKEWLT

Figure 2.8: SAS alignment showing the cytochrome p450 proteins (PDB codes 
ICPT and 2CPP) from Fischer’s second fold recognition benchmark. The residues 
making haem contacts are coloured and have red dots underneath them. Green 
graphics represent the predicted secondary structure of the probe.

Despite their overall sequence identity of 28% (with a 339 amino-acid overlap), 
there is a much greater degree of sequence similarity and identity in these three 
regions, indicating that they are critical to the function of the protein. Indeed, 
it has shown that with the added annotations, inferences can be made using 
pairwise sequence comparison techniques such as FASTA.

51



2.5.3 ce-lactalbum in and lysozyme

As a final example, SAS is used to highlight when two similar protein sequences 
have different functions.

a-lactalbumin and human lysozyme are two similar proteins with a sequence 
identity of 39.5%. From sequence analysis alone, the function assignment of one 
would be inferred from the other. When the structures are analysed, it is clear 
that they are very similar structurally. However, a-lactalbumin is the regulatory 
subunit of lactose synthase in milk, while lysozyme cleaves 0-glycosyl bonds in 
the polysaccharides of bacterial cell walls.

Using SAS to annotate their sequence alignment (figure 2.9), it becomes clear 
that there are two differing functions. The first is the calcium-binding function, 
which is well characterised in a-lactalbumin (PDB code IHML [Ren et ai, 1993]), 
using Glu49, Lys79, Asp82, Asp84, Asp87 and Asp88 to coordinate the metal 
ion as shown in green in figure 2.10 {left). However, in lysozyme (PDB code 
ILZS [Song et a l, 1994]) only the Asp87 position (in a-lactalbumin, Asp91 in 
lysozyme - figure 2.9) is conserved, with Glu49 mutated to Asp53 in lysozyme, 
and hence lysozyme exhibits no calcium binding function (although this can be 
induced by mutating Ala92 to Asp [Pardon et al, 1995]).

The situation is reversed if the sugar cleaving ability of lysozyme is considered. 
Many of the residues making contact with A-acetylglucosamine (shown in green 
in 2.10, right) are mutated in a-lactalbumin. In fact, of the two amino-acids that 
catalyse the hydrolysis in lysozyme, Glu35 and Asp53, the former is not conserved 
being replaced by Thr while the latter is mutated to Glu49. Hence the difference 
in the function of these two proteins is highlighted, as opposed to their similarity.

2.6 Summary

Sequences Annotated by Structure provides a means of inspecting structural in
formation for individual structures and families of proteins. In the examples 
given, SAS has shown that it can provide a more automated approach to recog
nising distant homologues, by highlighting similar active sites and ligand binding 
sites. In a case where two protein sequences are very similar, it has illustrated

52



1 2 3 4 5 6
1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5

1 hml KQFTKCELSQLLK - - DIDGYGG1ALPELICTMFHTSGYDTQAIVEN- - NESTI YGLFQ1SNKLWC

1 1 z s ( A)  KVFERCELARTLKRLOV1DGYRGISLANWVCLAKWESL.YNTRATNYNAGDRSTDYGIFQINSRYWC

1 1 1 1  
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 +..................+................+.+  + - - - .............................+.................+

1 hml
V V V w

KSSQVPQSRNICDISCDKFL D DIT DIMCAKKI L DI KG I DYWLAHKALCTEKLEQMX:EKL

l l z s ( A )  NDGKTPG NACHLSCSALLQDNI ADAVACAKRWRDPgGIRAW A\\RNRCQNRDVRQYVQGCXjV 

Alignment statistics for sequence Ihml

Smith-
Waterman %-tage a.a. z- E

score identity overlap score value Code Protein name

326 39.5%

Ihml - Alpha lactalbumin complexed with zinc and 
calcium

119 444.5 6.4e-19 llzs(A) - Lysozyme [lz604] complexed with
n-acetylchitose oligomers

Figure 2.9: SAS alignment showing a-lactalbumin and lysozyme. The coloured 
residues show metal and ligand binding regions (respectively). Note that the 
alignment numbers do not correlate to the numbers in the respective PDB 
files as in the text. Alignment positions (IHML/ILZS) - 35=Thr33/Glu35; 
53=Glu49/Asp53; 91=Asp87/Asp91.
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Figure 2.10: RasMol representation of the 3D structures of a-lactalbumin (left) 
and human lysozyme (right). The green areas indicate amino-acids involved in 
metal and sugar binding respectively.

that the added structural information is invaluable in identifying their different 
functional characteristics.

SAS is not only a powerful tool for inferring the function of an unknown protein 
when a homologue (of known function) can be found, but also provides a clear, 
informative method of representing an alignment of related protein sequences. 
SAS will be one of the tools used to help illustrate the results discovered in the 
following chapters.

SAS [Milburn et al, 1998] can be accessed via the World Wide Web at: h ttp : 
/ / www.biochem.u c l . a c .uk/bsm /sas
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Chapter 3 

Polymerase families: sequence, 
structure and relationships

3.1 Introduction

The family of proteins called the polymerases are enzymes that play a critical 
role in the existence of all life. They play a central role in the complex process 
of replication of the genetic material present in all organisms. In prokaryotic and 
eukaryotic organisms, this genetic material is DNA while in viruses it is either 
DNA or RNA. Polymerase replicates genetic material in a template-directed fash
ion, that is to say it is dependent on a DNA or RNA template in order to fulfill its 
function of producing new genetic material. Replication is not the only function 
of polymerases, they are also involved in DNA repair mechanisms.

It is this role in both the replication and repair of genetic information that makes 
them interesting targets for drug design since inhibition of their function could 
ultimately prevent replication of foreign or damaged genetic material. This ability 
has obvious consequences in areas of pharmaceutical research such as HIV and 
cancer.

The aim of this study is to compile current knowledge on polymerase sequence 
and structure data and to apply it in an industrial perspective. Firstly, it is 
necessary to ascertain what protein sequences and structures of polymerases are 
currently available in the public databanks. Secondly, it is necessary to analyse 
this information such as to enable assignment (if possible) of a given polymerase
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into a defined classification. Finally, the goal is to use this classification to sug
gest suitable modelling templates for drug design for the polymerases of infective 
agents such as the Hepatitis C and Infiuenza viruses.

3.2 Data trawling

The plan is first to perform keyword searches and then use the sequences located 
to perform the more detailed sequence analysis.

3.2.1 Searching sequence sources

The first step in the data retrieval was to search the OWL Composite Protein 
Sequence Database. The Owl database is a non-redundant composite of the four 
most popular primary sequence source - SWISS-PROT, PIR, GenBank (trans
lated) and NRL-3D. The search using the keyword ‘polymerase’ yielded 4635 hits. 
This number of hits precludes manual sifting to remove occurrences of all acces
sory proteins and other miscellaneous sequence, which hit because ‘polymerase’ 
was present in the comment lines.

Therefore, since SWISS-PROT is the highest priority source of protein sequences 
for OWL, the SWISS-PROT database was searched with the same keyword. This 
yielded a reduced number of hits - 1670 in total. This number still includes 
accessory proteins such as replication factors, termination factors, and sigma 
factors (initiation factor) which are involved at various stages in the genomic 
replication processes and are not polymerases themselves.

3.2.2 Searching structure source

Since searching the sequence databases for polymerase was quite successful, the 
same strategy was employed for searching the PDB for structures of the poly
merases.

PDBsum provides a facility which allows searching of all PDB file headers - 
that is, the section of the data file which contains information such as references 
and comments. Searching PDBsum using the keyword ‘polymerase’ yielded 198

56



hits. Also, PDBsum was searched with ‘reverse transcriptase’ since literature had 
defined polymerases of retroviruses as RNA-dependent DNA polymerases (this 
definition arises from the mechanism of action of retroviruses - they are RNA- 
based organisms which proliferate by generating DNA which is then encapsulated 
into the host organism’s DNA, ensuring its survival). This search yielded a further 
33 hits.

Examination of the results of the searches revealed that, as with the sequence 
searches, many accessory and other unwanted hits were present. Manual inspec
tion sifted these results (231 is far more manageable than 4635 or even 1670) 
to remove such entries from the list, leaving a total of 136 structures (118 from 
‘polymerase’ and 18 from ‘reverse transcriptase’). The final list of polymerase 
structures is shown in table 3.1.

3.3 Functional analysis of the polymerases

Sequence and structure database searches revealed that there is a variety of poly
merase data available. It is possible to construct a functional classification of the 
polymerase proteins and to fit the available data to this classification.

There are four possible types of polymerases, defined by their template depen
dency, DNA or RNA ‘dependent’, and the product, be it DNA or RNA. These 
types are outlined below :-

• DNA-dependent DNA polymerase - produces DNA from a DNA template 
(B.C. 2.7.T.7)

•  RNA-dependent DNA polymerase - produces DNA from an RNA template 
(B.C. 2.7.7.49)

•  DNA-dependent RNA polymerase - produces RNA from a DNA template 
(B.C. 2.7.7.6)

•  RNA-dependent RNA polymerase - produces RNA from an RNA template 
(B.C. 2.7.7.48)

The SWISS-PROT database provides an adequate supply of polymerase se
quences from a variety of organisms for each functional type. There is, how
ever, some bias towards DNA-producing polymerases in the PDB. Bor this study,
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Type Species # str. Res. (A) Date Length Rep. Other members Comments
Pol I Bac. st. 1 2.1 22/11/96 807(f) Ibdp -

E. coli 5 2.1 18/8/97 601(f) Ikfs Ikfd Ikln Ikrp Iksp Klenow frag.
Th. aqu. 4 2.4 4/6/96 807 Itaq Itau Iktq Ijxe Taq’

R T HIV-1 17 2.2 3/5/95 543 Irth lhar Ihmi Ihmv Ihni Ihnv Iklm Irev Irtl 
lrt2 Irt(h-j) Itvr luwb Ivru Ivrt 3hvt

Ihmi Ca only

MMLV 1 1.8 18/7/95 251 Imml -
T7 DNA Bac T7 1 2.2 24/9/97 662 lt7p -
Pol a Bac RB69 2 2.8 13/4/97 903 Iwaj Iwaf
Pol P Rat 14 2.3 12/4/94 242(f) Ibpb (frag) Inom Izq(u-z) 2bpc Irpl 

(full) Ibpd Ibpe 2bpf 2bpg
31kD domain

Human 90 2.2 15/4/97 326 Ibpy Ibp(x-z) Izq(a-t) 7ic(e-v) 
8ic(a-c,e-z) 9ic(a-c,e-y)

T7 RNA Bac T7 1 3.0 11/9/97 780 4rnp - Ca only

en
00

Table 3.1: Polymerase structures in the PDB. ‘(f)’ in the ‘Length’ column indicates that the structure is a fragment of the 
full protein



only those polymerases for which structural information is available or for which 
models are required have been investigated.

3.3.1 Functional classification tree

Figure 3.1 illustrates how these different polymerase structures can be grouped 
together into a ‘tree’. It must be noted that this tree is not an evolutionarily- 
based tree and is only intended to show functional similarities as defined above 
e.g. by grouping all the DNA-dependent DNA polymerases together.

At the first level in the tree, polymerases are separated by their product, and 
at the second level they are separated by their template. At the third level, the 
polymerases of known structure are separated by their family with a suitable 
family representative based on resolution and date of publication shown below.

Left-most are the DNA-dependent DNA polymerases - DNA polymerase I (Pol 
I; IBDP, IKFS, ITAQ), Bacteriophage T7 DNA polymerase (T7; 1T7P), DNA 
polymerase a  from Ribosome 69 (a; IWAJ) and DNA polymerase j3 (Pol 
IBPY). These were initially separated according to nomenclature used in the 
header section of the PDB files, however work discussed later gives further evi
dence for this grouping. Next right are the RNA-dependent DNA polymerases, 
the reverse transcriptases from Human Immunodeficiency Virus type-1 (HIV-1 ; 
IRTH) and the Moloney Murine Leukemia virus (MMLV; IMML). Following 
that is the only DNA-dependent RNA polymerase, that of Bacteriophage T7 (T7 
RNAP; 4RNP). Shown in red to the right are the RNA-dependent RNA poly
merases (Polio, Flu, HCV). There are currently no structures of any of these, 
although a paper has been published (for the poliovirus), no structure has been 
deposited in the PDB. This is unfortunate since the polymerases of the Hepatitis 
C and Influenza viruses belong to this group. Sequences are available, however.

Outside of these functional classes, no other structures currently exist. The se
quences paint a more varied polymerase picture since there are other polymerase 
sequences from E. coli - DNA polymerase II, responsible for DNA repair, and 
DNA polymerase HI, responsible for large scale replication alongside DNA poly
merase I. Only a structure of DNA polymerase I is represented in the PDB. For 
eukaryotic organisms, there are several more examples. DNA polymerase a  is 
part of the large scale replication mechanism of the replisome, synthesising the

59



lagging strand while DNA polymerase ô synthesises the leading strand (only a 
structure of a  is available). DNA polymerases (3 and e are responsible for DNA 
repair, with examples of the structure of DNA polymerase ^ present in the PDB. 
The remaining enzyme, DNA polymerase 7 , is responsible for the replication of 
mitochondrial DNA and there are no structures representing this family. There 
is also a variety of RNA polymerases for which there are no structural represen
tatives.

P olym erase

DNA

DNA

product

RNA ta rp la te

RNA

RNA
I

V I R U S E S

DNA

BdL I T7 a  p  HIV-1 MMLV T7 RNAP

IKFS 1T7P IWAJ IBPY IRTH iMML 4RNP

Figure 3.1: Functional classification of the polymerase structures

P olio  Flu HCV

3.3.2 Functional domains in the polymerases

From analysing the sequences and structures of the families of polymerase struc
tures, it is evident that the proteins are multi-domain with each domain associated 
with a distinct function. The different functions are clearly separated from one 
another, although one function is implicated along with the other in the genetic 
replication mechanism.

These functional domains are shown schematically for the families with structures 
in Figure 3.2. Each shape represents a different function, and are represented in 
sequential order from N-terminus to C-terminus. One can see from the diagram 
that a 3’-5’ exonuclease domain (triangle) is commonly associated with DNA poly
merases (lbdp;lkfsA;ltaq;lt7pA;lwajO - lagging character signifying the chain 
identifier), and it is this domain that is responsible for proofreading and edit
ing the synthesized DNA. This nuclease activity keeps the number of mutations
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as low as possible, whereas RNA polymerases, which do not have this function, 
have error rates as much as 10  ̂ times higher. The DNA polymerase I sequences 
also contain a 5’-3’ exonuclease domain (upside-down triangle), highlighting their 
alternative role as DNA editors. The structure of DNA polymerase /? (IbpyA) 
shows no other domains. This is unsurprising since it has been implicated more 
in the base excision repair mechanism than that of DNA synthesis.

The structure of the reverse transcriptase (IrthA) shows similar behaviour in that 
it possesses a ribonuclease domain (diamond), although it follows the polymerase 
domain (rectangle) in sequence. The reverse transcriptase sequence also has a 
retropepsin domain (rounded square) which precedes the polymerase domain.

Finally, for RNA polymerases, the structure of the Bacteriophage T7 RNA poly
merase (4rnpA) has a nascent RNA-binding domain (circle) which precedes the 
polymerase domain in sequence, while the structure of the Poliovirus polymerase 
has no other functional domains.

3.4 Sequence Analysis

The first step in the analysis of a potential family of proteins is to evaluate 
the similarity of their primary sequences, since it can quickly highlight obvious 
homologies between proteins, and provide a starting point for more distant cases 
where further analysis may be necessary.

3.4.1 Clustering the polymerase sequences

The sequences of all the polymerase structures were compiled and clustered into 
groups of 100% identical sequence by searching the SAS PDB sequence library 
using FASTA. This yielded a list of 10 structures shown in table 3.1.

The first cluster shown is the DNA polymerase I sequences. In the PDB, 
there are structures representing the polymerase from Bacillus stearothermophilus 
(PDB code IBDP [Kiefer et ai, 1997]), Escherichia coli (PDB code IKFS 
[Brautigam & Steitz, 1998] and four others) and Thermus aquaticus (PDB code 
ITAQ [Kim et a/., 1995]). Their overall sequence identities suggest that they 
are homologues, with IBDP showing 40.0% sequence identity with IKFS and
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Ir th A

Iw aj 0

IbpyA
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I r d r A
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5 ' - 3 '  e x o n u c le a s e

3 ' - 5 '  e x o n u c le a s e

r e tr o p e p s in

ribonuclease H

RNA binding

Figure 3.2: Functional domains in the polymerase structures. Domains present 
in the sequence but not the structure are showed by dotted shapes.
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42.9% with ITAQ, while IKFS and ITAQ show 40.6% sequence identity. The 
sequence identity data was taken from the alignment, produced by the Roche 
XSAE program.

The second cluster are the DNA polymerase p structures from rat (PDB code 
IBPB [Davies et a i, 1994,Sawaya et ai, 1994]) and human (PDB code IBPY 
[Sawaya et al, 1997]). There are 104 structures in total, yet of those 87 are 100% 
identical, and the others 93.9% sequence identical (although IBPE has a sequence 
identity of 83.9% with the others) due to mutations. The two sequences of these 
structures show 95.0% sequence identity. In the XSAE sequence alignment, the 
consensus sequence shows that the sequences of these two species are almost 
identical except for an extra leading section in the human protein.

The third cluster are the reverse transcriptase structures from the Human Immun
odeficiency Virus Type-1 (HIV-1 [Ren et a l, 1995]). The seventeen structures all 
have very similar sequences at 95.8% sequence identity or greater (except struc
ture IHAR which is the amino-terminal portion only). Additionally, there is one 
other reverse transcriptase from the Moloney Murine Leukemia virus [Georgiadis 
et ai, 1995] which is a suspect homologue at 29.3% sequence identity with HIV-1 
reverse transcriptase structure IRTH over an overlap of 232 amino acids (total 
length of IMML is 260 - a portion of the complete structure is not defined in the 
crystal structure).

The fourth (small) cluster are the DNA polymerase a  structures from Ribosome 
69, IWAJ [Wang et aL, 1997] and IWAF, which have identical sequences through
out their 903-residue long sequence.

3.4.2 Sequence Identity Matrix

Clustering of some of the near-identical structures added to the two sole structures 
gives six major functional groups of polymerases which have structures available. 
Representative sequences were chosen and were aligned all-against-all and the 
sequence identity m atrix is shown in table 3.2.

Legend :-

•  IKFS (chain ‘A’) - E. coli DNA polymerase I - chosen to represent the poly
merase type I family since its resolution is highest and has the most recent
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IRTH 1T7P IWAJ IBPY 4RNP
IKFS 14.57 22.46 10.80 15.34 13.39
IRTH 13.16 10.06 11.50 10.82
1T7P 11.33 18.15 10.73
IWAJ 8 .2 0 13.74
IBPY 10.54

Table 3.2: sequence identity m atrix of the clusters

publication - since the sequence identities of the polymerase I structures 
were significant.

• IRTH (chain ‘A’) - HIV-1 reverse transcriptase

• IMML (chain ‘ - Moloney Murine Leukemia virus reverse transcriptase

• 1T7P (chain ‘A’) - Bacteriophage T7 DNA polymerase (unique structure 
[Doublie et al, 1998])

•  IWAJ (chain ‘ ’) - Bacteriophage Rb 69 DNA polymerase a

•  IBPY (chain ‘A’) - Human DNA polymerase /?

•  4RNP (chain ‘A’) - Bacteriophage T7 RNA polymerase (unique structure 
[Sousa et ai, 1993])

It is clear from table 3.2 that the primary sequences of the polymerase structures 
are very different, most exhibiting less than 20% sequence identity. This gives 
rise to the choice of representatives, where all but the polymerase I structures are 
unique (or approximately identical).One result to note however, is the sequence 
identity between the DNA polymerase I representative (PDB code IKFS chain 
‘A’) and the T7 DNA polymerase (PDB code 1T7P chain ‘A’,). Despite showing 
only an overall sequence identity of 2 2 %, this is a more significant similarity than 
shown between the other polymerases and may represent a trace of homology. 
Both of the reverse transcriptases (IRTH and IMML) are included as represen
tatives since their sequences, at 29.3% sequence identity, are not similar enough 
to be regarded as one.
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3.4.3 D atabase sequence motifs

Since the comparison of the polymerase sequences showed very low similarity, the 
next step is to use diagnostic methods to identify relationships, facilitated by the 
secondary sequence databases.

A primary sequence database is one that consists of a collection of whole protein 
sequences and a match is found by comparing the query sequence on an residue 
by residue basis. Such databases can be used for protein identification if there is 
adequate similarity between the query sequence and a sequence in the database. 
A good example of a primary sequence database is OWL (actually a composite 
of other primary sequence resources). As noted before, there are many thousands 
of examples of polymerase sequences in the database.

The wealth of polymerase sequences in the database does, however, give us little 
information about what characterises a polymerase protein sequence from any 
other. This is where the secondary sequence database approach becomes useful. 
Secondary sequence databases do not consist of the whole sequences as in the 
case of a primary sequence database, but consist of conserved regions or ‘motifs’ 
that have been shown to be indicative of a family of proteins. It is this method 
that proves more useful in this case, since there is such low overall sequence 
conservation across the polymerases with known structure.

Such examples of secondary databases are PROSITE [Hofmann et al, 1999] and 
PRINTS [Attwood & Beck, 1994, Attwood et ai, 2000], which both utilise motifs 
to infer protein function. In the case of PROSITE, this inference is based purely 
on one motif whereas PRINTS uses multiple motifs to yield greater accuracy of 
identification.

The secondary databases were searched using the same keywords as used for the 
primary database searches. Several results were obtained from PROSITE, three 
DNA polymerase patterns and a small collection of RNA polymerase patterns (of 
which only one is appropriate to the structures). The DNA polymerase patterns 
obtained were called signatures for families ‘A’, ‘B’ and ‘X’. Table 3.3 illustrates 
where these motifs are found in the relevant representative sequence of known 
structure. The DNA family ‘A’ signature as defined by PROSITE includes E. 
coli and other bacterial DNA polymerase I, Thermus aquaticus DNA polymerase 
and Bacteriophage T7 DNA polymerase. DNA family ‘B’ signature includes eu
karyotic polymerase a  and DNA family ‘X’ signature includes vertebrate DNA
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Signature Entry name Pol type PDB code Start Motif
DNA ‘A’ PS00447 I, T7 IKFS(A) 754 RRSAKAINFGLIYGMSAFGL
DNA ‘B’ PS00116 a IWAJ 619 YGDTDSIYV
DNA ‘X’ PS00522 IBPY(A) 179 GSFRRGAESSGDMDVLLTHP

RNA PS00900 B’phage 4RNP(A) 533 PLAFDGSCSGIQ

Table 3.3: PROSITE motifs in the representative structures

polymerase {3. The RNA signature illustrated is the Bacteriophage-type DNA 
polymerase. The other RNA signatures present in PROSITE are subunit signa
tures for RNA polymerase types I and II and are not represented by structures in 
the PDB. Curiously, there was no reverse transcriptase motif stored in PROSITE. 
There was only cross-matching using these motifs between the DNA polymerase 
I and Bacteriophage T7 DNA polymerase and no others.

Searching of the PRINTS database yielded only one polymerase fingerprint. This 
fingerprint is based around three conserved motifs found in the group of proteins 
referred to in PROSITE as DNA polymerase family ‘B’, represented by the PDB 
structure IWAJ (DNA polymerase a  from Bacteriophage Rb 69). The PRINTS 
motifs in IWAJ are shown in table 3.4.

Motif name Start Motif
DNAPOLYMRASEl 407 VMSFDLTSLYPSII
DNAP0LYMRASE2 556 QINRKLLINSLYG
DNAP0LYMRASE3 617 VLYGDTDSI

Table 3.4: PRINTS motifs in the polymerase a  structure from Bacteriophage Rb 
69

3.4.4 Literature sequence motifs

A literature review revealed that much work [Delarue et a l, 1990] has been done in 
recent years in an effort to find some homology between the polymerase sequences. 
This has proved very difficult due to the low sequence identities, yet multiple 
alignments [Ito & Braithwaite, 1991] have been published and refined over the 
years. This work has born sets of conserved motifs for the DNA polymerase 
type I family and RNA-dependent polymerases, shown in table 3.5 and table 3.6 
respectively.
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Furthermore, two motifs have been found by the multiple alignments in all poly
merase sequences, and designated polymerase motifs ‘A’ and ‘C’. A further motif 
called motif ‘B’ has been observed in all DNA -dependent polymerases. Table 
3.7 shows a compilation of these motifs across the polymerase classes. Mutage
nesis studies have shown that mutation of the aspartic acid residues (shown in 
red in table 3.7) eliminates polymerase activity. It has therefore been speculated 
that it is those residues, which are the only ones strictly conserved throughout 
all polymerases, which play a role in the catalytic mechanism. The conserved 
lysine residue in motif ‘B’ of the DNA-dependent polymerases is also significant 
yet its role is less clear, though it has been suggested that is important for DNA 
template preference.

Comparison with the PRINTS fingerprint for DNA polymerase (albeit only for 
PROSITE family ‘B’) shows that the PRINTS motifs 1, 2  and 3 correspond to 
literature motifs ‘A’, ‘B’ and ‘O’. Further work currently in progress is to elucidate 
PRINTS motifs for the other polymerase families. Indeed, the fingerprints are 
capable of more than just identifying a protein according to its PROSITE family, 
but to also infer from which species the protein may be.

Table 3.8 lists a consensus for each functional class of the polymerases [Joyce & 
Steitz, 1995], with an example for each class taken from the PDB.

3.5 Structural Analysis

The next step in investigating the polymerases is to compare their structures. 
This has added importance when seeking their evolutionary origin since their 
sequences exhibited such low identity with one another. Also, it is important 
to evaluate the significance of the sequence motifs ‘A’ and ‘C’ in a structural 
perspective, and to highlight any other features that are structurally conserved 
yet difficult to see in sequence.

3.5.1 Outline of the polymerase structures

All of the polymerase structures solved to date (see table 3.1) paint a similar 
picture in that they form a large ‘U’-shaped protein in their unbound state. This 
has been compared to a half-open right hand, with sub-domains dubbed “palm”,
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Species Motif Start Sequence
B. stear. 1 526 FNINSPKQLGVILFEK
E. coli 1 581 FNLSSTKQLQTILFEK
T. aq. 1 482 FNLNSRDQLERVLFDE

B. steal. 2 609 ALTQTGRLSSTEP
E. coli 2 662 AVTATGRLSSTDP
T. aq. 2 567 TATATGRLCCCDP

B. steal. 3 642 PSESDWLIFAADYSQIELRVLAHIAEDDNLMEAFR
E. coli 3 694 lAPEDYVIVSADYSQIELRIMAHLSRDKGLLTAFA
T. aq. 3 599 lAEEGWLLVALDYSQIELRVLAHLSGDENLIRVFQ

B. stear. 4 701 MRRQAKAVNFGIVYGISDYGLAQNLN
E. coli 4 753 QRRSAKAINFGLIYGMSAFGLARQLN
T. aq. 4 658 MRRAAKTINFGVLYGMSAHRLSQELA

B. stear. 5 823 RLLLQVHDELILEAPK
E. coli 5 875 RMIMQVHDELVFEVHK
T. aq. 5 778 RMLLQVHDELVLEAPK

Table 3.5: Motifs in DNA polymerase I sequences. Columns shown in red high
light conserved residue positions. Motif 3 corresponds to literature motif ‘A’, 
motif 4 to ‘B’ and motif 5 to ‘C’.
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Species Motif Start Sequence
HIV-1 A 104 KKKSVTVLDVGDAYFSV

Poliovirus A 225 MEEKLFAFDYTG-YDAS
Hepatitis C A 2632* KTPMGFSYDTRCFDSTV
Influenza A A 297 ELSFTITGDNTKWNENQ

HIV-1 B 143 RYQYN-VLPQGWKGSPAIFQSSMTKILE
Poliovirus B 279 TYCVKGGMPSGCSGT-SIFNSMINNLII
Hepatitis C B 2693* NCGYRRCRASGVLTT-SCGNTLTCYLKA
Influenza A B 396 LIDGTVSLSPGMMMGMFNMLSTVLGVSI

HIV-1 C 180 lYQYMDDLYVG
Poliovirus C 323 MIAYGDDVIAS
Hepatitis C C 2733* MLVCGDDLWI
Influenza A C 440 GLQSSDDFALI

HW-1 D 211 RWGLTT-PDKKHQ
Poliovirus D 349 DYGLTMTPADKSA
Hepatitis C D 2933* SQGGRAATCGKYL
Influenza A D 472 LVGINM-SKKKSY

HW-1 E 227 FLWMGYELHPD

Table 3.6: Conserved motifs in RNA-dependent polymerases. Columns in red 
highlight conserved residue positions. Viral RNA polymerases have no equivalent 
m otif‘E’. Motifs ‘A’ and ‘C’ correspond to literature motifs ‘A’ and ‘C’. * indicates 
position in the complete SWISS-PROT protein.
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Species Start Motif A
B. stear. 646 DWLIFAADYSQIELRV
E. coli 698 DYVIVSADYSQIELRI
T. aq. 603 GWLLVALDYSQIELRV

T7 DNA 468 PWVQAGIDASGLELRC
T7 RNA 530 CSLPLAFDGSCSGIQH

HIV-1 RT 103 KKSVTVLDVGDAYFSV
MMLV RT 143 HQWYTVLDLKDAFFCL
Rb 69 (a) 404 RYKYVMFDLTSLYPSI
Human /3 249 EYPHRRIDIRLIPKDQ
Poliovirus 226 EEKLFAFDYTGYDASL

Hepatitis C 2633 TPMGFSYDTRCFDSTV
Influenza A 298 LSFTITGDNTKWNENQ

Gap Motif B Gap Motif C
43 AKAVNFGIVYGISDYG 1 0 2 RLLLQVHDELILEAP
43 AKAINFGLIYGMSAFG 1 0 2 RMIMQVHDELVFEVH
43 AKTINFGVLYGMSAHR 1 0 0 RMLLQVHDELYLEAP
38 AKTFIYGFLYGAGDEK 1 1 0 AYMAWVHDEIQVGCR
60 TKRSVMFRQQVLEDTI 133 ESFALIHDSFGTIPA

58 DVIYQYMDDLYVGSD
61 LILLQYVDDLLLAAT

89 RKLLINSLYGALGNVW 39 EAFVLYGDTDSIYVS
-134 DKLNHHQRIGLKYFGD 44 RGAESSGDMDVLLTH
283 KGGMPSGCSGTSIFN 321 LKMIAYGDDVIASYP

2697 RRCRASGVLTT-SCG 2731 CTMLVCGDDLVVICE
400 TVSLSPGMMMGMFNM 442 WDGLQSSDDFALIVN

Table 3.7: Conserved motifs in all polymerases. Strictly conserved residues positions are highlighted in red. motifs ‘A’ and 
‘C’ are common to all polymerases, while motif ‘B’ is specific to DNA and RNA polymerases. Note the negative position of 
motif ‘B’ with respect to motif ‘A’ in DNA polymerase /?.



Motif 'A' Motif ' C '

Pol I DhS-IELR hhh-VHDEhhh

Pol a Dh-SLYPS hYGDTDShhh

Pol p RhDh-h-P-g D^DhLhT

RT YhDDhhh

DNA-dep RNA Ph--D^^C-GhQHh hHDSFGT

RNA-dep RNA
F

D-- YD
W

GDD—hh

IKFS(A) DYSQIELR MIMQVHDELVF
1T7P(A) DASGLELR YMAWVHDEIQV
IWAJ DLTSLYPS LYGDTDSIYV
IBPY(A) RIDIRLIPKD DMDVLLT
IRTH(A) DVGDAY YMDDLYV
4RNP(A) PLAFDGSCSGIQHF IHDSFGT
IRDR(A) DYTGYD GDDVIA

Table 3.8: Consensus motifs of the polymerases.The consensus motifs as reviewed 
by [Joyce & Steitz, 1995) are shown in the upper section with strictly conserved 
residues shown in red. In the lower section, residues that are conserved in the 
structural examples are shown in green.
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‘"fingers” and “thumb”. In complexed structures, the hand is holding a rod of 
DNA/RNA. This shape is illustrated in figure 3.3.

Figure 3.3: The shape of a DNA polymerase I from Escherichia coli rendered 
by the Ribbons program. The “thumb” is the helical regional on the right, the 
‘"fingers” the larger helical region on the left and the “palm” is the central region 
with both helical and sheet character.

3.5.2 Definition of the polymerase sub-domains

To facilitate analysis, it was necessary to define the regions of the sequence for 
each sub-domain. Searching the protein structure classifications provided by 
CATH yielded domain definitions for the sub-domains of four out of the ten 
representatives shown in table 3.1. Table 3.9 details these definitions from CATH 
for the four structures which have been classified - DNA polymerase I from Ther
mus aquaticus (PDB code ITAQ), DNA polymerase ^  from both rat and human
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(PDB codes IBPB and IBPY  respectively) and reverse transcriptase from HIV 
type-1 (PDB code IRTH).

Structure palm thumb fingers
ITAQ 758-832 447-561 614-757
IBPB 149-265 266-335 91-148

IBPY(A) 149-271 10-91 272-334
IRTH(A) 157-225 226-319 1-156

Table 3.9: Ranges of sequence defining the sub-domains of the polymerase struc
tures as assigned by CATH.

This, however, leaves six representatives with no domain assignments, so an at
tempt was made to assign them using a consensus approach [Jones et al, 1998]. 
Unfortunately the results for the structures that were successfully assigned were 
shown to be adrift on manual inspection, and so the sub-domains were assigned 
by hand. Manual refinements were also made to the CATH ranges. Table 3.10 
shows the final sub-domain assignments used in the analyses.

Structure palm fingers thumb
IBDP 602-657, 797-875 658-796 495-601

IKFS(A) 654-710, 848-928 711-847 548-653
ITAQ 603-613, 758-832 614-757 447-602

IRTH(A) 87-116, 155-225 1-86, 117-154 226-319
IMML 24-48, 124-159, 188-274 49-123, 160-187 -

1T7P(A) 414-477, 618-704 478-617 236-262, 333-413
IWAJ 405-415, 579-690 467-578 691-903
IBPB 150-260 91-149 261-335

IBPY(A) 150-260 10-149 261-335
4RNP(A) 416-437, 527-540, 782-833 541-781 328-415

Table 3.10: Sequence ranges of sub-domain assignments for the structural repre
sentatives.

These domain definitions were used to generate the DOMPLOT illustrations 
shown in figures 3.4 and 3.5. DOMPLOT [Todd et a l, 1999] is a program that 
generates linear schematics of the structural domains of a protein chain from the 
PDB.

The DOMPLOT illustrations show a clear similarity in the domain organisation 
of the DNA polymerase I structures IBDP, IKFS and ITAQ. From N-terminus 
to C-terminus, all three species form the thumb first, followed by a section of

73



Ibdp

Ikfs A

Itaq

O Domain 1: 602 - 657, 797 - 875
#  Domain 2: 658 - 796
•  Domain 3: 495 - 601 
PROSITE: PS00447

•  Domain 1: 654 - 710, 848 - 928 
O Domain 2: 711-847
•  Domain 3: 548 - 653 
PROSITE: PS00447

e  Domain 1: 603-613, 758-832
•  Domain 2: 614 - 757
•  Domain 3: 447 - 602 
PROSITE: PS00447

X

X

}c

c

Figure 3.4: DOMPLOT schematics for the three DNA polymerase I structures 
from Bacillus stearothermophilus (IBDP), Escherichia coli (IKFS) and Thermus 
aquaticus (ITAQ). The thumb sub-domain is shown in green, the palm in red 
and the fingers in blue.
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IkfsA

lt7pA

4mpA

IrthA

Imml

Iwaj

#  Domain 1: 654 - 710, 848 - 928
#  Domain 2: 711 - 847
#  Domain 3: 548 - 653 
PROSITE: PS00447

•  Domain 1: 4 1 4-477 , 618-704  
O Domain 2: 478 - 617
•  Domain 3: 236-262 , 333-413 
PROSITE; PS00447

#  Domain 1: 416 - 437, 527 - 540, 782 - 833
#  Domain 2: 541 -781
#  Domain 3: 328-415 
PROSITE: PS00900

•  Domain 1: 87 - 116, 155 - 225 
O Domain 2: 1 -8 6 , 117 - 155
•  Domain 3: 226 -319

I »  160 187 188

•  Domain 1: 24 - 48, 124- 159, 188 - 274 
O Domain 2: 4 9 -  123, 160- 187

•  Domain 1: 579 -6 9 0
•  Domain 2: 405 - 415, 467 - 578
•  Domain 3 :691  - 903 
PROSITE: PS00116

IbpyA - - I

#  Domain 1: 150 - 260
#  Domain 2: 10 - 149
#  Domain 3: 261 - 335

Figure 3.5: DOMPLOT schematics for the representative structures. The sub- 
domains are coloured as in figure 3.4. The PROSITE signatures found in the 
proteins are shown by a red line under the appropriate region.
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palm, the fingers and finally the rest of the palm. Additionally, the sequence 
which showed the highest sequence identity to the DNA polymerase I family, 
the DNA polymerase from Bacteriophage T7, also organises its domains in the 
same sequence. Perhaps more significant is the order of the sub-domains from 
the Bacteriophage T7 RNA polymerase which is also the same.

The sub-domains of reverse transcriptase, PDB code IRTH(A), are organised in 
an almost reversed fashion with the initial (largest) fingers portion first, the palm 
split by the small fingers portion, and finally the thumb towards the C-terminus.

DNA polymerases a  and /3 go their separate ways, with DNA polymerase a  (PDB 
code IWAJ) splitting its palm region about the fingers followed by a C-terminal 
thumb sub-domain, while DNA polymerase /? (PDB code IBPY) is the only 
polymerase structure which separates its sub-domains into three distinct sections 
of sequence - fingers first, palm second and thumb last.

In all cases, it is worth noting that the conserved sequence motifs ‘A’ and ‘C’ lie 
in the palm (red) region.

3.5.3 Topology of the polymerase structures

The domain analysis has given clues as to the general organisation of the poly
merase structures, but it is also possible to look at their topologies. This analysis 
was made using TOPS [Westhead et ai, 1999] with the sub-domain definitions 
from table 3.10.

The results of the TOPS analysis are shown in figure 3.6 and 3.7.

Looking at the diagrams for the DNA polymerase I structures IBDP, IKFS and 
ITAQ (figure 3.6), these clearly share the same topology in the palm sub-domain, 
from N2—>C3 and N4—>05 in each case, with four /3-strands (the second of which 
nearest to 03) forming a sheet accompanied by a-helices. All three also share 
a predominantly helical (with two /3-strands) fingers sub-domain, though in the 
TOPS diagrams, only the fingers domains from IBDP and ITAQ appear com
parable. The thumb sub-domains are helix bundles, a fold which is difficult to 
represent meaningfully in the TOPS schematics.

As in the domain organisation, the DNA polymerase from Bacteriophage T7 
(PDB code 1T7P) also shows similarity with the DNA polymerase I structures.
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Figure 3.6: TOPS diagrams for the three DNA polymerase I {top left - IBDP; 
top right - IKFS; bottom left - ITAQ) and the T7 DNA polymerase {bottom right 
- 1T7P). a-helices are shown as blue circles, while /3-strands are shown as red 
triangles.
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Figure 3.7: TOPS diagrams of the reverse transcriptases {top left - IRTH; top 
right - IMML), DNA polymerase a {bottom left - IWAJ) and DNA polymerase 
^  {bottom right - IBPY).
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This is particularly evident in the conservation of the four-strand sheet in the 
palm sub-domain, and to some extent, the general arrangement in the fingers 
sub-domain. From this and earlier results, it appears that there is an evolutionary 
relationship between the Bacteriophage T7 DNA polymerase and the bacterial 
DNA polymerase I structures.

The two reverse transcriptase examples (figure 3.7) also illustrate how these two 
proteins must also be homologous, with much conservation in both the fingers 
and palm sub-domains (the structure IMML has no thumb sub-domain). Also 
comparison of the palm sub-domains alone (figure 3.8) reveals that the reverse 
transcriptase structures conserve three of the four /3-strands seen in the DNA 
polymerase I examples (matching regions outlined by dotted shapes). This hints 
at some degree of overall conservation of the palm region in the observed poly
merase structures, although other than both exhibiting helical and strand char
acter in this sub-domain, the structures of the a  and /3 DNA polymerases show 
little else in common with each other or any other polymerases.

3.6 Pictures of the representative structures

The domain definitions from table 3.10 were also used in generating the structural 
pictures using RasMol [Sayle & Milner-White, 1995] as shown in figure 3.9. The 
same colour scheme used to designate the palm (red), fingers (blue) and thumb 
(green) as in the DOMPLOT schematics.

Comparison of these pictures by eye reveals a great degree of similarity between 
the structures despite their low sequence identities and topological differences. 
The palm region shows a common 2-layer sandwich featuring an struc
tural motif. The ^-strands of this motif lie anti-parallel and host the sequence 
motifs ‘A’ and ‘C’ (figure 3.11). DNA polymerase p  is the exception to this 
pattern because the two /3-strands hosting the sequence motifs lie parallel in 
the structural motif. It is also significant that DNA polymerase ^  has another 
^-strand present in the palm region. This further fuels the hypothesis tha t it 
belongs to a separate evolutionary family from the DNA polymerase I structures.

Overall, the palm is possibly conserved amongst the polymerases whereas the 
thumb and fingers, despite always being predominantly helical in nature, show 
little similarity across the family representatives.
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Figure 3.8: TOPS diagrams of the palm sub-domains of the five representative 
structures. The dotted areas illustrate the common topologies in IKFS, 1T7P 
and IRTH.
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Figure 3.9: RasMol pictures of DNA polymerase I [top left - IKFS), T7 DNA 
polymerase {top right - 1T7P) and T7 RNA polymerase {bottom - 4RNP). The 
domains are coloured as in the DOMPLOT schematics.
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Figure 3.10: RasMol pictures of the reverse transcriptases {top left - IRTH; top 
right - IMML), DNA polymerase a [bottom left - IWAJ) and DNA polymerase 
(3 [bottom right - IBPY).
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Figure 3.11: The position of the sequence motifs in the structure of DNA poly
merase I (PDB code IKFS). Sequence motif ‘A’ is shown in red, ‘B’ in green and 
‘C’ in blue.
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The picture of Bacteriophage T7 RNA polymerase in figure 3.9 gives an interest
ing insight into the RNA polymerases since it is the only RNA polymerase struc
ture that has been deposited in the PDB (a structure for the RNA polymerase 
of the poliovirus has been published but not deposited). This structure shows 
a striking similarity to those of the DNA polymerase I family, with almost all 
secondary structural elements being superimposable. This suggests much greater 
implications for the polymerases in that not only is the palm region of the poly
merase structure conserved unreservedly, but the structure as a whole can be 
conserved across functional classifications (see figure 3.1). Thus such a primitive 
functional classification is not a valid evolutionary tree.

3.7 Structural alignment

As it has now been ascertained that the structures of the different families of
the polymerases do share some salient features, we can now attem pt to quantify 
their similarity. To do this, we use the CORA (Conserved Residue Attributes 
[Orengo, 1999]) suite of programs. Amongst other things, the CORA suite 
can produce a multiple alignment of structures, and generate SSAP (Sequential 
Structure Alignment Program [Taylor & Orengo, 1989]) scores to evaluate their 
structural similarity.

Attempts to align the whole polymerase domain of the representative structures 
failed because their structural similarity was found to be too low. As a general 
rule, the following SSAP score ranges apply :-

•  below 70 - not significant

• 70 to 80 - analogous

•  80 to 90 - homologous

• 90 to 100 - closely homologous

These ranges are only guidelines and the score depends, to some extent, on the 
fold family. In addition, it is usually required that the overlap in the alignment 
of the two structures is at least 60% of their total length.
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Tables 3.11, 3.12 and 3.13 show the SSAP scores for the palm, fingers and thumb 
sub-domains respectively for the representative structures. The figures in paren
theses accompanying the SSAP scores are the percentage overlap between the 
two structures.

ITAQ 1T7P IRTH IMML IWAJ IBPY
IKFS
ITAQ
1T7P
IRTH
IMML
IWAJ

93.26(61) 87.33(86)
90.58(56)

76.42(71)
81.00(69)
74.36(62)

74.24(73)
83.96(52)
72.61(73)
87.71(67)

67.23(64)
79.08(71)
76.83(60)
64.70(63)
69.77(52)

65.25(56)
77.57(62)
72.79(53)
64.73(70)
64.52(53)
70.18(72)

Table 3.11: SSAP Score matrix for the palm sub-domains of the representative 
structures. T. aquaticus DNA polymerase I structure (PDB code ITAQ) is in
cluded since it shows greater SSAP scores with the reverse transcriptases.

1T7P IRTH IMML IWAJ IBPY
IKFS
1T7P
IRTH
IMML
IWAJ

83.00(84) 55.57(85)
55.50(71)

48.27(50)
54.61(58)
88.02(82)

61.52(68)
60.77(70)
61.65(77)
57.44(77)

56.61(68)
57.18(40)
61.87(71)
56.72(39)
60.55(66)

Table 3.12: SSAP Score matrix for the fingers sub-domains of the representative 
structures.

1T7P IRTH IWAJ IBPY
IKFS
1T7P
IRTH
IWAJ

85.96(85) 70.07(52)
64.46(53)

66.27(34)
55.98(31)
64.29(39)

60.03(70)
68.24(57)
69.29(74)
66.78(35)

Table 3.13: SSAP Score matrix for the thumbs sub-domains of the representa
tive structures. Note there is no thumb sub-domain in the reverse transcriptase 
structure IMML.

In the results of analysis of the palm sub-domains, table 3.11, several points are 
important. First of all, the DNA polymerase from Bacteriophage T7 (PDB code 
1T7P) gives a very good SSAP score of 87 (with 8 6 % overlap) when aligned with 
the DNA polymerase I from E. coli. Secondly, the palm sub-domain of HIV-1 
reverse transcriptase (PDB code IRTH) also suggests homology with the DNA 
polymerase I (but from Thermus aquaticus, PDB code ITAQ) with a SSAP score
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of 81 and a 69% alignment overlap. This reinforces the indication made by the 
TOPS topology diagrams (figure 3.8). Interestingly, DNA polymerase a  (PDB 
code IWAJ) also suggests homology with the same structure with a SSAP score 
of 79 and a 71% alignment overlap. Additionally (and unsurprisingly), the two 
reverse transcriptase structures (PDB codes IRTH and IMML) yield a SSAP 
score of 87.7 with a 67% overlap.

The story is somewhat different when assessing the structural alignment results 
for the fingers sub-domains of the representatives. Here, only two significant 
results are obtained. The first of these is between the DNA polymerase I (IKFS) 
and Bacteriophage T7 DNA polymerase with a SSAP score of 83 aligned over 
an 84% overlap. The second is between the two reverse transcriptases (IRTH 
and IMML) with a SSAP score of 8 8  aligned over an 82% overlap. All the other 
SSAP scores lie at around 60 or below with overlaps ranging from 39% to 85%.

For the thumb sub-domains, only the relationship between the DNA polymerase I 
(IKFS) and Bacteriophage T7 DNA polymerase (1T7P) remain significant with a 
score of 8 6  and an overlap of 85%. This protein is clearly structurally homologous 
with the DNA polymerase I family of proteins. All the other scores are 70 or below 
with overlapping regions ranging between 31% to 74% of the protein length.

Figure 3.12 shows a SAS representation of the CORA alignment obtained for the 
palm sub-domains. The regions of highest structural conservation are three j8- 
strands at positions 149-157, 233-239 and 242-249, and two a-helices at positions 
201-224 and 251-271.

As a result of their low SSAP scores, CORA was unable to complete construction 
of multiple alignments for the fingers and thumb sub-domains.

3.8 Complexes and the catalytic site

Insights into the catalytic mechanism of the polymerases can be gained by looking 
at the structures where the enzymes]are complexed with DNA.So far,we have seen 
two aspartate residues that are found to occur in all the polymerase sequences. 
These aspartate residues are shown by sequence motifs ‘A’ and ‘C’, both located 
in the palm sub-domain, and mutagenesis of these two residues alone has been 
shown to eliminate the catalysis of the polymerase mechanism.
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SAS Structural alignment for CORA alignment 
Coloured by secondary structure
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Figure 3.12: Sequences Annotated by Structure (SAS) illustration of the CORA 
structural alignment of the representatives (less DNA polymerase /3 structure, 
PDB code IBPY). a-Helical regions in the sequences are shown in red, while 
^-strand regions are shown in blue. The two (three) acidic residues are shown in 
cyan conserved at positions 155, 241 and 242 in the alignment.
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Table 3.14 lists the structures of polymerase complexes in the PDB. There are 
examples of the polymerases binding DNA: PDB code ITAU for DNA polymerase 
I, PDB code 1T7P for Bacteriophage T7 DNA and many examples of DNA poly
merase /? complexed with DNA. Within the DNA polymerase p  structures, the 
complexes include DNA, gapped DNA, with primer and also binding the down
stream oligonucleotide. The other complexes not mentioned above involve binding 
of the primer or of the inhibitor (in reverse transcriptase structures).

'able 3.14: Structures of polymerases involved in complexes
Type Structures Number Details

DNA Pol I Ikrp Iksp 2 Rp/Sp phosphorothioate DNA cplx to 3’-5’ exonuclease unit

Ikfd 1 d-cytidine triphosphate

Itaq 1 B-2-octylglucoside

Itau 1 B-2-octylglucoside + 8bp DNA

T7 DNA lt7p 1 11/13 bp DNA, 2DA, DG3

HIV-1 RT Ihni 1 AAA

Ihnv Irev Itvrluwb TIBO. Itvr-TIBO derivative

3hvt Irth Ivrt nevirapine.Irth nevirapine derivative

Ikim 1 SPP

Irtl 1 MKC

lrt2 1 TNK

Irti 1 HEF

Ivru 1 AAP

DNA pel Q Iwaf Iwaj 1 GMP

DNA pel P Ibpe 1 DTP

2bpf 2bpg 8bp DNA, DCT

Ibpx 1 gapped DNA: template, primer and downstream oligo

Ibpy 1 DOC, DCT,gapped DNA: template, primer, oligo

Ibpz 1 nicked DNA: template, primer, oligo

8ica-8icz 26 7bp DNA. 8ica,e,f,k,l,p,r: DTP; 8ics,t: DCP

9ica-9ici 9 7bp DNA. 9icb,c,f: DTP; 9ica: STP; 9icg:DCP

7ice-7icw

9icj-9icm

22 6bp DNA

9icn-9icx 11 6bp DNA. 9icq,v: DTP; 9icr: DCP

9icy 1 7bp DNA - primer DNA 5'-phosphorylated

Izqa-lzqt 20 7bp DNA various liquor (KCl, Ba2C12,Ca2C12,etc)



Abbreviations for table 3.14:

STP - deoxyadenosine-O-thiotriphosphate

DCP - deoxycytidine triphosphate

DTP - deoxyadenosine triphosphate

DOC - dideoxycytidine monophosphate

DCT - dideoxycytidine triphosphate

2DA - dideoxyadenosine monophosphate

DG3 - dideoxyguanosine triphosphate

AAA - acetylmethylanilino dibromophenyl acetamide

SPP - methanesulfonamido indolylcarbonyl methylamino pyridinyl piperazine

MKC - benzylethoxymethylisopropyl uracil

TNK - dibenzylmethylisopropyl uracil

HEF - hydroxyethyloxymethyl phenylthiothymine

AAP - acetylmethylanilino dichlorophenyl acetamide

GMP - guanosine monophosphate

3.8.1 Catalytic site

Study of the DNA complexes, in particular the DNA polymerase ^  structures, 
further supports the hypothesis that the aspartate residues are fundamental in 
the catalytic mechanism of the polymerases. It has been suggested that they 
bind two magnesium ions which facilitate the phosphoryl transfer reaction. One 
ion binds the nucleoside triphosphate and facilitates the trigonal bipyramidal 
transition state of the a-phosphate, while the other further stabilises this state 
and promotes nucleophilic attack on the phosphate by the 3-hydroxyl of the 
primer strand.

Figure 3.13 illustrates how the two magnesium ions are co-ordinating all three 
catalytic residues - Aspl90, Aspl92 and Asp256 - and deoxycytidine triphosphate 
in the human DNA polymerase /3, PDB code IBPY.

Using motif recognition, mutagenesis studies, comparison with polymerase com
plexes and literature allows us to identify the catalytic residues in all the poly
merases. Table 3.15 lists the catalytic residues in the polymerase representative 
structures. Residue 1 in each case refers to the aspartate in sequence motif ‘A’ 
, while residues 2 and 3 are in sequence motif ‘C’. Note that in the DNA poly
merase P structure (PDB code IBPY), the m otif‘A’ follows m otif‘C’ in sequence, 
whereas in all other polymerases the reverse is true.

Looking at the DOMPLOT schematic (figure 3.14) it is clear that the sequence 
motifs ‘A’ and ‘C’ occur within the palm region which contain these catalytic
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G6(T) • “ 1®  

T y r2 7 1 (A ^

■#* •■

^  • •
Phc272(

Del 338

Gly I79(A

188(A)

Asp 192(A) 
g '  Aspl9(XA)

Gly 189(A)

Arg 183(A) ^

Scr 180(A)

TIw273(aF  Asp 256(A)

Figure 3.13: Ligplot illustration of interactions between the catalytic aspartate 
residues, the magnesium ions and the nucleoside triphosphate in DNA polymerase 
^ (PDB code IBPY).
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Type Structure Res. 1 Res. 2 Res. 3
DNA I Ikfs-A Asp705 Asp882 Glu883

T7 DNA It7p-A Asp475 Asp654 Glu655
HIV-1  RT Irth-A AspllO Aspl85 Aspl8 6

MML RT Imml Aspl50 Asp224 Asp225
T7 RNA 4rnp-A Asp537 Asp812 -

DNA a Iwaj Asp411 Asp621 Asp623
DNA /? Ibpy-A Asp256 AsplQO Aspl92

Table 3.15: Catalytic site residues in the representative structures

Ikfs A

ItTpA

4rnpA

•  Domain 1: 654 - 710, 848 - 928
•  Domain 2: 7 1 1 -8 4 7
•  Domain 3: 548 - 653
MOTIFS : POL-1 A POL I B POL-1 C

•  Domain 1: 414 - 477, 618 - 704
•  Domain 2: 4 7 8 -6 1 7
•  Domain 3: 236 - 262, 333 - 413 
MOTIFS : POL-1 A POL-1 B POL IC

•  Domain 1: 416 -4 3 7 , 527 -540, 782 -8 3 3
•  Domain 2: 541 - 781
•  Domain 3: 328-415
MOTIFS : RNA POL A RNA POl. C

•  Domain 1: 8 7 - 116, 155-225
•  Domain 2: 1 -8 6 , 117- 155
•  Domain 3: 2 2 6 -3 1 9
PROSITE: REV-TRANS A REV-TRANS C

•  Domain 1: 24 - 48, 124- 159, 188 - 274
•  Domain 2: 49 - 123, 160 - 187 
MOTIFS: REV-TRANS A REV TRANS C

Iwaj

•  Domain 1: 405 - 415, 579 - 690
•  Domain 2: 467 - 578
•  Domain 3: 691 -903
MOTIFS : POL ALPHA A POL ALPHA B POL-ALPHA C

IbpyA

•  Domain 1: 150-260
•  Domain 2: 10 - 149
•  Domain 3: 261 - 335 
MOTIFS : POL BETA A POL BETA B POL BETA C

Figure 3.14: DOMPLOT schematics of the polymerase representatives showing 
the active site residues and sequence motifs (coloured lines). The sequence motifs 
are those defined in table 3.7.
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residues. Motif ‘A’ is found to be the /5-strand at position 149-157 in the CORA 
alignment (figure 3.12), while motif ‘C’ is a ^-hairpin structural motif at position 
233-249. These regions together with the two adjacent a-helices, construct the a- 
/5-/5-a motif of the 2-layer sandwich. The catalytic site residues superpose exactly 
at positions 155 and 241, with the variant aspartate/ glutamate at position 242.

3.8.2 Interactions in the complexes

Unique structures of a polymerase complexed with DNA are unfortunately sparse 
(there are many near-identical structures within a single family). Two non- 
homologous examples are those of DNA polymerase /5(PDB code IBPY) and 
Bacteriopage T7 DNA polymerase (PDB code 1T7P).

The interactions between the protein and DNA are (unsurprisingly) predomi
nantly found between residues in the thumb and fingers sub-domains and 
DNA , with few in the palm sub-domain. Figure 3.15 shows the interactions of 

chain ‘A’ of the DNA polymerase ^  structure PDB code IBPY. The protein-DNA 
contacts are localised to five major regions (green dots: 34-41, 63-69, 105-110, 
229-236 and 280-296) of which only one is within the palm sub-domain (229-236), 
and one minor region within the palm sub-domain (254, 256 and 258) including 
the catalytic aspartate 256. Also, the polymerase interacts only with the minor 
groove of the DNA.

The major ligand binding domains (red dots) are separated in sequence yet close 
in structure. The first is in the palm sub-domain, close in space to the catalytic 
site, and the second is in the thumb sub-domain. During synthesis it is sug
gested that the thumb sub-domain can move to allow the nucleoside triphosphate 
molecule access to the catalytic site because of the fiexible manner in which the 
palm and thumb domains are joined (residues 260-261). This movement is further 
supported by looking at the structural pictures, where the protein appears more 
‘closed’ in the structures that are complexed with a template (IBPY, 1T7P) than 
those that are not (IKFS, IRTH). Movement of the thumb domain has been dis
cussed by Sawaya et al [Kunkel & Wilson, 1998], and can be seen as a movie on 
the World Wide Web at h ttp ://c h e m -fa c u lty .u c s d .e d u /k ra u t/b p o l.h tm l
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Sequence of Ibpy coloured by contacts to DNA
Ibpy - Human DNA polymerase beta complexed with 

gapped DNA and ddctp

Chain A

TLNCX31TDMLTELANFEKNVSQA1HKYNA RKAASVIAKYPHKIKSGAEAKKLPG GTKIAEKID 
10 Ï5 20 25 30 3  ̂ 40 45 50 55 60 6^ 70

EFLATGKLRKLEKIRQDDTSSSINFLTRVSGIG S ARKFVDEGIKTLEDLRKNEDKLNHHQRIG 
75 80 85 90 95 ÏOÔ 1()5 110 i ts  îlü  125 Î3Ü Î35

. . T  T

LKYFGDFEKRIPREEMLQMQD1VLNEVKKVDSEY1ATVCGSFRRGAESSGDMDVLLTHPSFTSES 
14Ô 145 Ï5Ü Î55 Î6Ô Î65 Î7Ô [75 Ï8Ü Ï85 Î9Ô Ï95 200

TKQPKLLHQVVEQLQKVHFITDTLSKGETKFMGVCÇLPSKNDEKEYPHRRID1RLIPKDQYYCGV 
205 210 215 22Ô 2È  2^5 2 ^  24Ô 245 25Ô 255 26Ô 265

LYFTGSDIFNKNMRAHAIEKGFT1NEYTIRPLGVTGVAGEPLPVDSEKDIFDYIQWKYREPKDRS 
270 275 2#0 285 290 295 300 T 05  îfô  3Ï5 320 325 330

E
33*5

Figure 3.15: SAS illustration of DNA polymerase (3 structure IBPY, The purple 
graphics above the sequence represent the secondary structure. Residues in the 
sequence are coloured according to the number of contacts (hydrogen bonds and 
non-bonding) made between the protein and the DNA molecule. Black =  0, 
purple =  1 , blue =  2 , green = 3, orange =  4 and red =  5 or more. Green dots 
below the structure graphics show where protein-DNA contacts occur, while red 
dots show protein-ligand contacts and blue dots show protein-metal contacts. 
The green triangles indicate catalytic site residues from the PDB.

93



3.9 Summary

The polymerases have very diverse protein sequences. However, their structures, 
as so far observed, show some similarities. In the case of DNA polymerases, there 
is often an accompanying exonuclease domain used for proofreading purposes, 
which has not been observed in RNA polymerases.

From sequence and structure analysis of the palm sub-domains, we have divided 
the polymerases with known structures into three evolutionary families

1 . DNA polymerase I, T7 DNA polymerase, reverse transcriptase, T7 RNA 
polymerase

2. DNA polymerase a

3. DNA polymerase ^

This is illustrated as an evolutionary tree in figure 3.16.

Polymerase

DNA

DNA product

RNA taiplate DNA

Ti ra p Hiv-iEd I T7 a  p HIV-l MMLV 

IKFS 1T7P IWAJ IBPY IRTH IMML

T7 RNAP 
4RNP

RNA

RNA
I

V I R U S E S

Etolio

IRDR
FluA HepC

Figure 3.16: Evolutionary tree of the polymerase structures. Like colours indicate 
homology in at least the palm sub-domain. Red - family 1 ; green - family 2 ; blue 
- family 3.

All of the polymerases show some similarities in the structure of the palm sub- 
domain, although the three evolutionary families show different topologies and 
are more likely therefore to be products of convergent evolution as opposed to 
divergent evolution. Their functions, ranging from DNA polymerase I type, to
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full replisomal DNA polymerase (a) and DNA repair (/3) would further explain 
their differences.

Similarities in the other sub-domains are restricted to (1 ) above, with Bacte
riophage T7 DNA polymerase obviously homologous to the DNA polymerase I 
structures, and the T7 RNA polymerase showing promise (further analysis was 
prevented by inadequate data). The reverse transcriptases do not seem to be 
homologous to the DNA polymerase Fs in the non-palm sub-domains.

3.10 Analysis of viral polymerases

To apply these points in an industrial perspective, we must look at those poly
merases which are potential drug design targets, such as those from the Hepatitis 
C and Influenza A viruses. Viruses belong to the RNA-dependent RNA poly
merases (see figure 3.1) and there are currently no publicly available coordinates 
available to represent this group. However, preliminary coordinates for the po
liovirus polymerase (PDB code IRDR) have been donated by the author [Hansen 
et ai, 1997], and will be discussed in this analysis.

3.10.1 Analysis of the viral polymerase sequences

Pairwise alignment of all the viral polymerase sequences and the other RNA- 
dependent polymerase, HIV-1 reverse transcriptase, using PASTA yielded the 
sequence identity matrix shown in table 3.16. The sequences chosen were the Po
liovirus polymerase POLH POLIM (from SWISS-PROT; since the structure has 
some ill-defined regions, but is otherwise identical in sequence). Hepatitis C virus 
polymerase from POLH HCVl (SWISS-PROT), Influenza A virus polymerase 
RRPI IAANN (SWISS-PROT) and of course the HIV-1 reverse transcriptase 
(PDB code IRTH chain ’A’).

Table 3.16 clearly shows that the sequence alignments are extremely poor, with 
very small overlapping'regions. One interesting exception is the alignment between 
the poliovirus and hepatitis C polymerases. Despite the low sequence identity, the 
overlapping region spans an appreciable length of the sequence encompassing the 
polymerase sequence motifs ‘A’ and ‘C’ and RNA-dependent polymerase motif 
‘B’. This is the only instance of such alignment.
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polio hep_c flu_a
IRTH 24 (91) 38 (29) 21 (151)
polio 19 (207) 30 (69)

hep_c 2 0  (160)

Table 3.16: Sequence identity matrix of the pairwise alignment of the viral poly
merase sequences, including HIV-1 reverse transcriptase. The total number of 
amino-acids constituting the aligned region is shown in parentheses

Since the sequence identities are so low as to be meaningless in this case, 
CLUSTALX was used in an attem pt to generate a multiple alignment of these 
sequences. Unfortunately, the alignment was unsatisfactory and the RNA- 
dependent polymerase motifs were not preserved in the alignment. This led to 
alignment by hand of these known, structure-based, conserved regions. These 
regions are shown in figure 3.17.

From the structure-based sequence alignment, there are several residues that ap
pear to be conserved in the viral polymerases. Those that are critical to the 
catalysis of the polymerase (as discussed before) are the aspartate residue in mo
tif ‘A’ and the two aspartate residues in motif ‘C’. Furthermore, there is also a 
conserved glycine in motif ‘B’, and a conserved glycine and lysine in motif ‘D’. 
Despite extended stretches of inserted sequence, the Hepatitis C polymerase re
sembles the poliovirus sequence most, having methionine, glycine, and two aspar
tates common in motif ‘C’. This bodes well for a suitable model for the Hepatitis 
C polymerase once the poliovirus polymerase structure is released. The Infiuenza 
A virus polymerase, in contrast, has no other noteworthy conservation other than 
those already mentioned.

3.10.2 Analysis of the poliovirus polymerase structure

The domain organisation of the poliovirus polymerase shows clear similarity to 
the reverse transcriptases, with the fingers sub-domain being the first domain in 
the sequence, split into two segments about the two segments of the palm sub- 
domain, with the thumb sub-domain being last in sequence (figure 3.18). This 
is in contrast to the DNA polymerase I structures where the thumb precedes the 
split palm and fingers sub-domains.

Analysis of their topologies using TOPS (figure 3.19) reveals an interesting differ
ence. The poliovirus polymerase shows four ^-strands in the sandwich as opposed
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Motif A
K K K S V|T V L g V G b  A Y F  SlV
M;E E K L F A F _ D Y T G Y . . D  A[S L
K TP. M G F S Y ^ T R C F D . S T V

Motif B
|R Y Q Y j^ V[ dL P Q'GWK G S  P A 1 F Q S  S M,TK 1 L[Ej
T Y C  V K ’GGlM P , ^ C  S â T  S 1 F N  S|M 1 !NNJL 1 1 R

iNiC^G Y R R C R A|S G V L T T - i S  CÎGN TIl It IC Y I K A
L I ID G^TjVjsiL IS P GIm MM^M- F  NlM L |S TjV L ^ V ! s l  I

Motif C
1 Y Q Y MD ^ D L Y V G

M 1 A Y G D D V 1 Ai^i
ML V C l Q D b L V V 1
^ L Q S S D D F A L  1

Motif D 
R W G l L i T - T P p j K K H Q K  
iV 'G jL  T ;lv lT :P IA ilK  S jÀ F
A R G G  R A A I CtG'K - 'Y  L 
L V|G| I |n ]|vI1^S k k k s  y  I

Figure 3.17: CINEMA representation of the RNA-polymerase motifs A through 
D. In each motif, the sequences are as follows {from top down) : HIV-1 reverse 
transcriptase, Poliovirus polymerase. Hepatitis C virus polymerase (NS5b), In
fluenza virus polymerase.
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IkfsA  N--4

MOTIFS : POL-1 A POL-I C

236 262 333

lt7pA N-A }c

MOTIFS : POL-I A POL-I C

IrthA  N-T
87 116 117 155

MOTIFS: REVTRA REVTR C

241 242 268 291

MOTIFS: RNAP A RNAPC

Figure 3.18: DOMPLOT schematics of family 1 (see section 3.9) polymerases 
including the preliminary poliovirus structure.

to the three seen in reverse transcriptase. However, they are arranged in the same 
manner as in both the DNA polymerase I and reverse transcriptase structures - 
with the sequence motif ‘A’ being hosted on the strand leading from N3—>̂ C4 in 
poliovirus (second triangle from left in figure 3.19), and sequence m otif‘C’ on the 
/3-hairpin of the adjacent strands running from N5—>̂C6 . These are comparable 
to the circular and rectangular dotted regions in figure 3.8.

The structure of the poliovirus polymerase shows that it possesses the same gen
eral shape as the other polymerases structures known (see figure 3.20). That 
is to say, the palm, fingers and thumb sub-domains - albeit in a less U-shaped 
conformation than previously seen.

Similarities in the palm sub-domain are present, and also there is at first glance 
some similarity between the thumb sub-domain with those of the reverse tran
scriptases (though they actually have different arrangements of their secondary 
structural elements). These visual similarities in the palm sub-domain are born 
out by the SSAP scores shown in table 3.17.

The SSAP results show that the palm sub-domain of the poliovirus polymerase 
is homologous to that of HIV-1  reverse transcriptase. Since we have shown that 
the palm sub-domains DNA polymerase I and reverse transcriptase are also ho-
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N2

N3

C6

C4

N5

Figure 3.19: TOPS diagram of the poliovirus polymerase, showing the fingers 
{top left), thumb {top right) and palm {bottom) sub-domains.

IRDR
IKFS 67.68 (73%)
IRTH 79.74 (69%)

Table 3.17: SSAP scores of the palm sub-domains of the poliovirus polymerase 
(IRDR), E. coli DNA polymerase I (IKFS) and HIV-1 reverse transcriptase 
(IRTH). The percentage overlap in the structural alignment is shown in paren
theses.

99



Figure 3.20; RasMol picture of the shape of the poliovirus polymerase structure. 
As in previous figures, the palm, fingers and thumb sub-domains are shown in 
red, blue and green respectively.
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mologous, we should therefore extend the evolutionary family 1 to include this 
type of viral polymerase.

The alignment of these palm sub-domains as illustrated by SAS is shown in figure 
3.21. The diagram shows that, apart from short gap regions, the motif is
well conserved. More interesting is that the positions of the catalytic aspartic acid 
residues are conserved in the alignment (positions 41, 8 8  and 89.) This conserva
tion can be seen to greater effect in figure 3.22, where the SAS/CORA alignment 
has been used to overlay one structure on top of the other. The structure in blue 
hues is that of the poliovirus polymerase and that in red hues the HIV-1 reverse 
transcriptase. The least-squares fit [Martin, 1992] of these two sub-domains, fit
ting on main-chain atoms, resulted in a root mean squared deviation (RMSD) 
of 3.99Â which is quite reasonable considering the region of fit extends over 100 
amino-acids. It is clear to see that both the sequence motifs (bolder hues) and 
the aspartic acid residues (brighter hues) are well conserved in three dimensional 
space, despite their overall sequence disparity.

SAS CORA structural alignment 
Coloured by secondary structure

1 2 3 4 5 6
1 2 3 4 5 6 7  8 9 0 1 2  3 4 5 6 7  8 9 0 1 2  3 4  5 6 7  8 9 0 1 2  3 4  5 6 7  8 9 0 1 2  3 4 5  6 7  8 9 0 1 2  3 4  5 6 7  8 9 0 1 2  3 4 5

1 r t hA FWEVQLG - I P ................................................HPAGLKKKKSVTVLDVGDAYF G S P A l FQ SSM TKI LE

I r d r A  - - YAAFHKNPGVITGSAVCXnjPDLFW SK I PV IM EEK LFA FD Y TG Y D A SLSG TS I FN SM l NNL I IR

1 1 1 1  
7 8 9 0  1 2 3

6 7  8 9 0 1 2  3 4 5 6 7  8 9 0 1 2  3 4 5 6 7  8 9 0 1 2  3 4 5 6 7  8 9 0 1 2  3 4 5 6 7  8 9 0 1 2 3 4  5 6 7  8 9 0 1 2  3 4 5 6 7  8 9 0

1 r t h A  P F R K - -QN PDIVIY Q Y M 3D L Y V G SD LEIG Q H RTK 1EELR Q H LLRW G LTTPD K K H Q K E-

1 r d r A TLLI.KTYKGI DLDHLJ<MI A Y G D D V IA SY PH E...............VDASLLAQSGKDVGLTM TPADKSATFETV

Figure 3.21: CORA alignment of the palm sub-domains of the poliovirus poly
merase and HIV-1 reverse transcriptase annotated using SAS.

101



Figure 3.22: The palm sub-domains of the poliovirus polymerase {blues) and 
HIV- 1  reverse transcriptase {reds) overlayed using the SAS/CORA alignment 
and displayed using RasMol. Sequence motifs ‘A’ and ‘C’ are shown in bolder 
colours {blue, red), and the catalytic aspartic acid residues are highlighted {cyan, 
magenta.)
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3.10.3 Implications for drug design

The implications of these results for designing a drug to counter the action of 
viral polymerases, and hence stop them from reproducing, are clear. We have 
shown here that polymerases themselves show quite different structures, yet the 
palm sub-domain is well conserved. In addition, we have deduced an evolutionary 
tree (figure 3.16) based on the results of structural analyses. This tree shows that 
there is a collection of polymerases from different functional classes that possess 
essentially the same palm sub-domain (evolutionary family 1 ).

Including the poliovirus polymerase structure in evolutionary family 1 is more sig
nificant in an industrial context because sequence analysis and motif recognition 
of the viral polymerases has inferred that the polymerase of the Hepatitis C virus 
is closely related to the poliovirus polymerase, and therefore may also belong to 
this same evolutionary family. It is fair to suggest any good polymerase structure 
from this family to be used as a template for drug design, however since there is 
a seemingly closer relative to the viral polymerases (reverse transcriptase), it is 
wise to use one such structure instead.

With this in mind, figure 3.23 was constructed to illustrate how the palm sub- 
domains of the two viral polymerases may overlay with those currently known. 
The PHD-predicted [Rost & Sander, 1993] secondary structure of the Hepatitis 
C virus polymerase matches well with the poliovirus and reverse transcriptase 
structures, while that of the Influenza A virus polymerase matches less well. This 
is not too discouraging, since this may illuminate an unsatisfactory prediction, or 
that it belongs to another polymerase family.

Also, sequence analysis alone did not yield significant evidence to confidently 
suggest which family the Influenza virus polymerase may belong to, and although 
one could expect it to fall into evolutionary family 1 , the observed nature of the 
polymerase structures and the shown prediction would make this uncertain.

3.11 New crystal structure

Shortly before submission of this thesis, new work was published [Ago et al, 
1999] which showed the Hepatitis C virus polymerase at 2.5Â, structure with 
PDB code IQUV. This allows comparison with the other polymerases and may
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Structural alignment for CORA alignment
Coloured by secondary structure

1 2 3 4 5 6
12345678  9 0 1 2 3 4 5 6 7 8 9 0 1 2  34567  89012 3 4 5 6 7 8 9 0 1 2  3 4 5 6 7 8 9 0 1 2 3 4 5  6 7 8 9 0 1 2 3 4 5

1 r t h A FWEVQLG I P ...................................... HPAGLKKKKS VTVLDVGDAYF---- GSPAl FQS SMTK1L

1 rdrA - - YAAFHKNPGVITGSAVGCDPDLFWSKIPVLNCEKLFAFDYTGYDASLS-GTS 1 FNSMINNL1 1

Hep_C PGQRVEFLVQAWKSKKTPMTFSYDTRCFDSTVT- TTSCGNTLTCY1KA

F lu  A LANWRKNMTNSQDTEL S FT 1TGDNTKWNENQN - MMFNML S TVLGV S

1 1 1 1  
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1 r t hA E -------PFRK - - QNPDIV1YQYVDDLYVGSDLE1GQHRTK1EELRQHLLRW3LTTPDKKHQKE- - -

1 rdrA RTLLLKTYKGIDLDHLKMI AYGDDV 1 ASYPHE---------VDASLLAQSGKDYGLTMTPADKSATFET

He p_C RAACRAAGLQ------- DCTMLVCGDDLW1CESAGVQEDAASLRAFTEAMTRYSAPPGD-

F 1 u _A 1LNLGQKKYTKTTYWVDGLQS SDDFAL 1VNAP - - - NHEGIQAGVDRFYRTCKLVG1 rAiS

Figure 3.23: SAS/CORA alignment of HIV- 1  reverse transcriptase and poliovirus 
polymerase. The Hepatitis C and Influenza A polymerase sequences have been 
added, and their PHD-predicted secondary structure shown in green, in contrast 
to that of the known structures shown in magenta.
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allow a conclusion to be made about whether this viral polymerase is indeed like 
the poliovirus polymerase as predicted.

Sequence analysis has shown that the Hepatitis C virus polymerase shows little 
in relation to the sequences of other polymerases except the conservation of three 
aspartic acid residues. A clue is indeed present in the sequences, since the RNA- 
dependent RNA polymerase motifs shown in figure 3.8 match in the Hepatitis 
C virus polymerase sequence. (Note: there are a few mutations between the 
database sequence previously discussed and that of the structure analysed here - 
these do not affect the outcome of the results).

22t 229 26» 2»5

IquvA

Figure 3.24: DOMPLOT schematic of the Hepatitis C virus polymerase structure.

The structure of the polymerase (PDB code IQUV) is shown in figure 3.25. The 
shape of the structure is much the same hand-shape as the other polymerases, in 
particular poliovirus polymerase (PDB code IRDR) and HIV-1 reverse transcrip
tase (PDB code IRTH) albeit in a more closed form. The DOMPLOT domain 
organisation diagram (figure 3.24) also shows the same fingers-first arrangement 
as these other two polymerases. Aligning their secondary structural elements 
using SSAP yields good scores as shown in table 3.18. In fact, the Hepatitis C 
virus polymerase scores slightly higher when compared to HIV-1  reverse tran
scriptase than the poliovirus polymerase does (an increase of 4.23). In addition, 
when compared to poliovirus polymerase, the SSAP score is very similar at a 
shade under 83. These results clearly indicate that these polymerase structures 
are very similar and inevitably related to one another.

IQUV IRDR IRTH
IQUV 82.94 83.97
IRDR 87% 79.74
IRTH 71% 69%

Table 3.18: SSAP scores of the palm sub-domains of the Hepatitis C virus poly
merase (IQUV), poliovirus polymerase (IRDR) and HIV-1  reverse transcriptase 
(IRTH). The percentage overlap in the structural alignment is also shown.

A SAS diagram has been generated to illustrate this alignment, figure 3.26, with 
sequences coloured by secondary structural elements (also shown by graphics).
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Figure 3.25: RasMol representation of the shape of the Hepatitis C virus poly
merase structure. As in previous figures, the palm, fingers and thumb sub- 
domains are shown in red, cyan and green respectively.
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Comparison with the predicted secondary structure for the Hepatitis C virus 
polymerase in figure 3.23 shows that the predicted structure was very close to 
what has been elucidated. Once again this method of structural alignment man
ages to align the catalytic aspartic acid residues, illustrating that they are hosted 
within a very highly conserved structural region. In conclusion, a relationship

SAS Structural alignment for CORA alignment
Coloured by secondary structure

1 2 3 4 5 6
12 34 567 89012  3 4 5 6 7 8 9 0 1 2  34567  89012  3456  7 8 9 0 1 2  3 4 5 6 7 8 9 0 1 2  34 5678 901 2  345
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^ I — /  L)
1 r d r A  YAAFHKNPGVITGSAVGCDPDLFWSKl PVLM EEKLFAFDYTGYDASLSGTS I FNSMl

1 r t h A  FWEV........................- -QLGIPHPAG- - -LKKK............K S VTVLDVGDAYF - - -GSPAIFQSS

1 1 1 1  
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IquvA CYLKASAACRAAK LQDCTMLVNGDDLWICESAGTQEDAASLRVFTEAMTRYSAPPGDPPQ
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—I ^

1 r thA MTK1LEPFRKQN.............. PDIVIYQYMDDLYVGSD - LE 1 GQHRTK 1 EELRQHLLR\M3LTTPDKKH

Figure 3.26: SAS/CORA alignment of Hepatitis C virus polymerase with po
liovirus polymerase and HIV- 1 reverse transcriptase.

between the Hepatitis C virus polymerase, a protein of great industrial interest, 
and other well-observed polymerases has been found. Hepatitis C virus poly
merase exhibits a great deal of structural similarity to poliovirus polymerase and 
HIV-1 reverse transcriptase, the other RNA-dependent polymerases (as classified 
in figure 3.1/3.16).
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Chapter 4 

3D templates of enzyme active 
sites: polymerases

4.1 Introduction

In this chapter a method is presented for determining the active site of an enzyme 
with respect to the three-dimensional coordinates of its atoms.

In the previous chapter it was shown that there is some distant homology between 
the palm domains of some polymerase structures. The aim of this investigation is 
to construct three-dimensional templates consisting of atoms from the polymerase 
active site which will, if possible, represent all polymerases.

Two methods for performing searches of three-dimensional (3D) structure 
databases with these templates will be discussed. These are the TESS method 
[Wallace et ai,  1996, Wallace et a/., 1997] and the SPASM [Kleywegt, 1999] 
method. Results for these two methods are presented in sections 4.7 and 4.10 
respectively .

Templates constructed in this manner can be used to compile a database of 3D 
templates which can be used to search large numbers of structures by either 
method.
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4.2 Site information

In order to determine a 3D template describing an active site, it is first necessary 
to define exactly which amino-acids constitute the active site. Once the active 
site has been ascertained at a residue level, the atoms within these amino-acids 
that are critical to the activity can be defined.

The two immediate sources for active site information are PROSITE and the SITE 
records in PDB structures. PROSITE is a database of sequence patterns (regular 
expressions) which describe conserved sites in protein sequences. However, these 
signatures sometimes describe not the active sites in a protein, but other regions of 
significance such as a binding site or a structurally conserved region. Therefore, 
these patterns cannot be used reliably to locate the active site for any chosen 
protein family.

The PDB structures themselves contain another record that is potentially useful. 
The ‘SITE’ record in a PDB structure identifies amino-acids within the protein 
structure which, like the PROSITE pattern, are of special significance. A verbose 
definition of this site in the REMARK field often accompanies the presence of a 
SITE record, but correlating the SITE records and their corresponding REMARK 
fields shows that the sites described are not consistently the desired active site. 
Also, since the inclusion of a SITE record is at the authors discretion, there are 
a great many enzyme PDB structures which have sites which are inadequately 
defined or, worse, do not contain a SITE record at all. This makes the SITE 
record an unreliable source of active site information.

So far the only reliable method for obtaining the desired active site informa
tion about a protein family that isn’t otherwise well annotated is to refer to the 
literature.

4.3 TESS

Once the residues which form the active site for a protein or protein family have 
been determined, it is then important to determine which of the atoms in the 
active site residues are critical. These atoms are often referred to in any literature 
where the mechanism is described (for an enzyme). It is imperative that these
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critical atoms are taken into account when constructing the 3D template since 
the goal is to create a 3D signature which adequately describes a function.

The TESS program was developed by Wallace et al. to facilitate the construction 
of a 3D template database and to allow template searching both on the pre
generated hash table (a dook-up’ table of relevant data) and upon a new structure 
of unknown (or uncertain) function.

TESS initially requires a rigid subset of atoms from the chosen amino-acid to 
take as a reference. Each amino-acid type has only one set of reference atoms, 
such as the planar carboxylate group of aspartic acid formed by the atoms C^, 
O jl and Oj2. In the ‘preprocessing’ stage (left branch in figure 4.1) TESS finds 
occurrences of this reference frame in a (user-defined) list of PDB structures and 
stores the details of all atoms within 14Â in a hash table. This hash table thus 
contains information about the atomic environment of each reference frame in the 
appropriate amino-acid of each given structure. With such a table, more rapid 
searching is possible than if the complete PDB were to be searched atom by atom.

Dataset of PDB structures

i
User-defined 

query template

Preprocess atom 
and coordinate data

TESS HASH TABLE

I
Output matches

Figure 4.1: The process of both compiling and searching the TESS hash table.

Searching a TESS hash table requires a similar query template to the prepro
cessing stage, except that it can include more atoms to make the search more 
specific. The reference amino-acid is usually conserved, so it is only necessary to 
specify other atoms of interest from other residues in the active site. Once these 
atoms have been assigned, either by biochemical significance or by analysis of 
the superpositions of family members, it is then necessary to specify the search
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conditions. An atom in the query template can be compared with those in the 
hash table in several ways.

The first and most specific manner is for TESS to find a hit only if the atom types
are identical - i.e. only a C/j will match a C^. Various alternatives are possible:

• match specified atom, i.e. C, O or N

• match any non-carbon side-chain atom

• match any non-carbon main-chain atom

• match any non-carbon atom

• match any side-chain atom

• match any main-chain atom and

• match any atom type

Use of one of these types can accommodate almost every possible atom matching. 
In addition, one can restrict a match to one type of atom within a specified subset 
of amino-acids, e.g. to search for oxygen atoms in the side-chains of aspartic and 
glutamic acids. This yields a very flexible searching algorithm.

There are two approaches to performing a search using TESS :

1 . searching the structure database for matches using a given template

2 . searching a new structure for known active sites using all defined templates

Approach (1 ) allows one to search the compiled hash tables derived for a given 
reference side chain for occurrences of a known functional site. This can be 
used to search the structural data for proteins that share a structurally similar 
active site. This includes three possible scenarios. The first is where the protein 
sequences and/or structures have diverged over time (divergent evolution), yet 
the active site is still conserved. The second scenario is where the proteins have 
converged over time (convergent evolution) to yield a similar active site with the 
same function. Thirdly, the proteins could have different functions, yet the site 
for both is similar.
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This same approach is also used in the template refining procedure outlined in 
section 4.5.

Approach (2 ) allows searching a new protein structure with the set of pre-defined 
active site templates to help infer the function of the protein if it is unknown or 
uncertain. In this case, the new protein structure is first preprocessed to generate 
a temporary hash table, and all appropriate 3D templates are used to search this 
hash table in turn.

In either approach, the techniques used are comparable. In addition to the atoms 
specified as the reference atoms when generating the hash table, it is necessary 
to specify other atoms (and their positions) which make the template specific 
to that particular function, up to a maximum of 19 atoms. This is illustrated 
in figure 4.2 using the Ser-His-Asp catalytic triad example, where the reference 
atoms of the template are C^, Ngl and Q 2  of the His57 residue. The atoms that 
make the search specific - that is, to search only for structures which contain the 
catalytic triad and not just occurrences of the reference atoms - are the C^, Q i 
and N(2 of His57 and, more importantly, the 0.y atom of Serl95 and the 0 ^ 2  atom 
of ASP 1 0 2 .

Figure 4.2: Ball and stick representation of the Ser-His-Asp catalytic triad tem
plate as used by TESS

Using this philosophy, a set of templates and hash tables have been pre-generated 
and a Web interface added. This resource is known as PROCAT.
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4.4 The polymerase active site

The polymerase active site was identified using both the literature and the se
quence and structure analyses in the previous chapter.

Although the mechanism of the polymerase action is unknown (and the subject 
of considerable debate), X-ray crystal structures have been obtained at various 
stages during what is thought to be the polymerase reaction. This reaction is 
shown in its most general form in figure 4.3.

{D N A  or R N A }  -f {N }T P  nD P  4 - {D N A  or R N A }  {Æ}

Figure 4.3: General form of the polymerase reaction.

The 3’ end of a RNA or DNA strand is extended by the addition of nucleoside N, 
with the removal of one phosphate leaving an n-diphosphate or pyrophosphate 
moiety (depending on whether DNA or RNA is used as a template) and the 
extended strand. It is thought that it is the energy from this reaction that 
enables the polymerase to Track along’ or ‘reel in’ the template, and thus be 
judged catalytic.

The focus for this activity lies about the edge of a region of a ^-sheet in the palm 
domain of the polymerase. This region hosts three aspartic acids, two of which 
are invariant by sequence and structure, and the third which has been observed 
as glutamic acid and serine residues. It is these residues that are responsible 
for binding two magnesium ions which in turn bind the a-, /?- and 7 -phosphate 
groups of the incoming nucleoside triphosphate used to extend the DNA or RNA 
strand.

The 3D template for this family is therefore focussed on these key amino-acids in 
the polymerase structures. For clarity, in the following figures the three residues 
are always arranged as in figure 4.4. The residues classified as residues ‘A’, ‘B’ 
and ‘C’ are coloured in red, green and blue respectively. These correspond to 
residues DUO, D185 and D186 in reverse transcriptase structures (PDB code 
IRTH), D705, D882 and E883 in DNA polymerase I (Klenow fragment, PDB 
code IKFS) structures, D411, D621 and D623 in DNA polymerase a  structures 
(PDB code IWAJ) and D256, D190 and D192 in DNA polymerase structures 
(PDB code IBPY).
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Figure 4.4: The three aspartic acid residues in the polymerase active site as seen 
in reverse transcriptase (PDB code IRTH). The Asp in red is residue ‘A’, green 
is ‘B’ and blue is ‘C’.

4.5 Methodology of template determination

Constructing a suitable 3D template is not a trivial task. We have already seen 
that assigning the amino-acids that constitute the active site is neither a straight
forward nor automated procedure.

The same is unfortunately true once the critical amino-acids are known, since 
each family studied has its own peculiarities. The methodology that follows 
was developed to help determine the 3D templates for the polymerase families of 
proteins detailed later. Following this procedure should produce a clear definition 
of the best template for a particular protein family and also establish the cut-off 
parameters best suited for subsequent searches of the TESS hash tables using 
this template.

The protocol is : -

1 . Collate a list of all members of the family known to perform the same func
tion for which you wish to develop a template. The Enzyme Classification 
database is useful for finding different families with the same function

2 . Align all their sequences to highlight any sub-family clustering

114



3. Extract the catalytic cluster of residues from each structure file according 
to the definition of the active site in the literature

4. Select the critical atoms for the seed template

5. Select a starting point - pick the site from any structure (preferably the one 
with the highest resolution)

6 . Fit the sites of all of the other structures onto that of the structure selected 
in (5)

7. Calculate the RMS overlap of the active site atoms by an all-against-all 
superposition

8 . Select the member of the family which best represents the family (if possi
ble) - i.e. the members for which the mean RMSD calculated for all family 
members is the lowest

9. Repeat steps (6 ) - (8 ) until the site with the least RMSD across the whole 
family is found (the family representative)

10. If the mean RMSD is suitably low (i.e. the active site geometry is conserved 
across all members of the family), average the coordinates of the active site 
atoms of all the members of the family to create the average template

11. Fit all of the sites onto the average template and calculate the RMSD. If 
the mean RMSD for the averaged template is lower than that for the family 
representative, use this template instead of the family representative

12. Remove any family members that have a very large RMS overlap from the 
averaged template since they will distort the template and cause noise in 
the search results. Sometimes the structures fall into two or more distinct 
conformational subsets e.g. those with and without a ligand bound. In such 
cases, 2  or more templates should be generated as appropriate

13. For the average template, validate that the bond lengths and angles are 
realistic by comparison with the Engh & Huber [Engh & Huber, 1991] 
bond lengths, allowing A =  0 .0 1 Â.
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14. Search the hash table of the protein family to validate that the representa
tive/averaged template matches itself and as many of its family members 
as possible (some may be unobtainable due to very large conformational 
changes) - and modify the atoms included to maximise the number of fam
ily members matched

15. Search the whole PDB hash table using the representative/averaged tem
plate and modify the atoms included such that the template matches only 
its family members and valid false matches (those that have a similar func
tional site) - obtain a histogram that (preferably) gives clear separation 
between the true matches and the false matches

16. The cut-off used for future TESS searches with this template should be 
set to the RMSD value for the most different true match (i.e. the family 
member with the highest RMSD). In practice, it is not quite so straightfor
ward since there is often an overlap between the true and false matches. In 
such a case, the cut-off must be chosen so that the number of true matches
obtained is maximised while the number of false matches is minimised. It
is im portant to note that the cut-off value is used by TESS to filter out 
hits that are not desired, the false matches. That is, if the cut-off is set to 
3.0Â, then only matches found with an RMSD of < 3.0Â will be output, 
although matches with a higher RMSD may exist.

4.6 Definition of the template atoms

This methodology was applied to the polymerases, which are a particularly dif
ficult target for template determination because of their diversity. There is vir
tually no relationship between the four functional families of the polymerase 
super-family, yet there is some structural similarity present between palm do
mains of DNA polymerase I type, reverse transcriptase and T7 RNA polymerase 
(and possibly viral polymerases).

This begs the question - is it possible to construct a 3D template that represents 
all of the polymerase families? Or must each polymerase family be represented 
by its own template?
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At the early stages of the aforementioned procedure (section 4.5), it was clear that 
it was going to be very difficult, if not impossible, to construct a single template 
from the analogous polymerase families. Table 4.1 shows the fitting RMSD values 
(obtained using the least squares method employed by the program ProFit [Mar
tin, 1992]) of the polymerase families. The active sites cluster together as shown 
by the previous structural analysis of the polymerase palm domains. The active 
sites of DNA polymerase I, reverse transcriptase, T7 DNA polymerase and T7 
RNA polymerase are similar, while the active sites of DNA polymerase a  and P 
are dissimilar to all others. Figure 4.5 shows these active sites superimposed, and 
it is quite clear how similar they really are. Note that the active site of DNA 
polymerase a  (PDB code IWAJ) has been omitted for clarity.

RT DNA-I 1T7P ICEZ IZQY IWAJ
RT 1.115 1.093 1.248 1.982 3.719

DNA-I 1.091 1.194 2.104 3.180
T7 DNA 0.998 2.050 3.618
T7 RNA 2.096 3.376
DNA ^ 3.940
DNA a

Table 4.1: Matrix of RMS values (in Â) from all-atom fitting of the three con
served amino-acids in the polymerase active site. The PDB codes for the poly
merases are as follows : RT - IRTH; DNA-I - IKFS; T7 DNA - 1T7P; T7 RNA 
- ICEZ; DNA - IZQY; DNA a  - IWAJ.

This analysis showed that it would be necessary to construct multiple templates, 
probably at least one for each polymerase family. Therefore, four templates were 
generated in total :

1. a DNA polymerase I homologous family template (7/22 structures in tem
plate derivation)

2 . a reverse transcriptase template (1 2 / 2 1  structures in template derivation)

3. a DNA polymerase a  template (3/5 structures in template derivation) and

4. a DNA polymerase /? template (61/104 structures in template derivation).

Despite their structural similarity in the palm domain, it was necessary to sep
arate the templates for DNA polymerase I and reverse transcriptase because of 
great variability in the positions of the following atoms :
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Figure 4.5: The polymerase active sites superimposed. Spheres coloured green 
are the O^i/Oei oxygen atoms and the blue are 0 2̂ / 0 ^ 2  oxygen atoms.

• the carboxylate oxygen atoms in residue ‘B’ - in reverse transcriptase, the 
position of the carboxylate oxygen atoms is highly variable, whereas in all 
examples of DNA polymerase I their positions are approximately the same.

• in reverse transcriptase, the position of the atom in residue ‘B’ is variable 
compared with the consistent atom in DNA polymerase I.

• the whole glutamic acid side-chain (residue ‘C’) in DNA polymerase I devi
ates widely in position, whereas the aspartic acid residue ‘C’ side-chain in 
reverse transcriptase is much less mobile.

In all, the two DNA polymerase I and reverse transcriptase templates share 11 
atoms in comparable positions. Atoms with a large variability are poor atoms to 
include in the template, while atoms that are more conserved in their position 
are preferable. This is because the specificity of the template is enhanced for 
atoms that fit well, since a larger RMSD value has a greater chance of matching 
a random conformation than a lower one.

The templates for DNA polymerase a  and ^  are different from one another and 
from the other two templates. The reasons they have separate templates are 
because :
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• the aspartic acids in both DNA polymerases a  and /? are in different spatial 
orientations compared to the others (they also exhibit different domain 
order [Todd et aL, 1999])

• DNA polymerase /? is the most different, due to the different strand topology 
in that region of the structure, which is parallel compared to anti-parallel 
in all other polymerase structures observed

From this comparison, the atoms for each template were assigned. This was 
followed by an all-against-all fitting over all atoms to determine the best repre
sentative within each family. In each case, an average template was calculated 
and its validity assessed by fitting all family members onto it and noting any 
improvement in the mean RMSD (a crude measurement of how much the RMS 
changes over the dataset).

Then two hash tables were generated using TESS. The first consisted only of poly
merase structures, and was used to validate the templates within the polymerase 
families. It was at this stage that the template refinement became iterative, with 
modifications to the original (seed) template being made, such as inclusion and 
exclusion of atoms, and removal of family members that distorted the template 
because they deviated significantly from the other members.

The second hash table consisted of all the structures in the PDB, 9695 at the 
time of this analysis. This was the much broader but potentially more telling 
investigation into the specificity of the template. If any similar sites occur in 
the PDB that did not belong to the structure of a polymerase family member, it 
would be found by searching this hash table.

The atoms constituting each of the four templates is now detailed. In each case, 
the figures are oriented as shown in figure 4.4.

4.6.1 DNA polymerase I

The DNA polymerase I type template (figure 4.7) consists of the following atoms

A) Asp705 - Oji, 0 (j2

B) Asp882 - all atoms
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C) Glu883 - main chain atoms only

The atoms in the side-chain of Glu883 (residue ‘C’) were too mobile to be included 
in the template. This is not so important since it is the carboxylate groups in 
residues ‘A’ and ‘B’ that make up the majority of contacts with the metal ions 
in bound structures.

The representative structure chosen for this family was PDB code IKTQ, the 
DNA polymerase I from Thermus aquaticus. The RMSD distribution when all 
other DNA polymerase I active sites were fitted onto this template ranged from 
0 . 2 2  - 0.68Â, with a mean RMSD of 0.36Â. This fitting is shown in figure 4.6.

rs &
J

Figure 4.6: The DNA polymerase I active sites superimposed on the site of rep
resentative structure, PDB code IRTH. The spheres in green are the O^i/Ofi 
oxygen atoms while the spheres in blue are the 0 2̂ / 0 ^ 2  oxygen atoms.

4.6.2 Reverse transcriptase

The reverse transcriptase family required a separate template because of differ
ences in the active site compared with DNA polymerase I as discussed previously. 
The template is shown in figure 4.7 and consists of the following atoms :

A) AspllO - C-y, Oji, 0 ^ 2

B) Aspl85 - main chain atoms and

C) Aspl8 6  - all atoms

The positions of the C^, Ogi and 0 ^ 2  atoms of the Aspl85 (residue ‘B’) side-chain 
are variable. This is because there is rotation about both the C^-C^ bond and 
the C^-C/y bonds.
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n
Figure 4.7: The atoms constituting the polymerase templates - top left - DNA 
polymerase I; top right - reverse transcriptase; bottom left - DNA polymerase a  
and bottom right - DNA polymerase
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The representative structure chosen for this family was PDB code IRTH, the 
reverse transcriptase from HIV-1. The RMSD distribution when all other reverse 
transcriptase active sites were fitted onto this template ranged from 0.32 - 0.73Â, 
with a mean RMSD of 0.52Â. This fitting is shown in figure 4.8.

Figure 4.8: The reverse transcriptase active sites superimposed on the site of 
representative structure, PDB code IRTH. The spheres in green are the O^i 
oxygen atoms while the spheres in blue are the 0 ^ 2  oxygen atoms.

4.6.3 DNA polymerase a

The DNA polymerase a  template (figure 4.7) consists of the following atoms :

A) Asp411 - C^, Oil, Oi2

B) Asp621 - all atoms

C) Asp623 - main chain atoms only

The representative structure chosen was structure with PDB code IWAJ. The 
distribution was restricted to the three examples of DNA polymerase a  that are 
in the PDB and are identical by sequence and structure. Structure with PDB 
code IWAH fitted with a 0Â RMSD, while the structure with PDB code IWAF 
is a poor resolution structure (3.2Â) and fitted with an RMSD of 0.259Â (see 
figure 4.9). Since all structures bind guanosine monophosphate, there seems no 
evidence to suggest that this difference is because of ligand binding.

4.6.4 DNA polymerase ^

The DNA polymerase ^  template (figure 4.7) consists of the following atoms :

A) Asp256 - C^, 0 1̂, 0(52
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Figure 4.9: The DNA polymerase a  active sites superimposed on the site of 
representative structure, PDB code IWAJ. The spheres in green are the O^i 
oxygen atoms while the spheres in blue are the 0 ^ 2  oxygen atoms.

B) AsplQO - all atoms

C) Aspl92 - main chain atoms only

Note that the reference residue ‘A’, Asp256, is of higher sequential order than the 
two residues on the adjacent strand. These two /5-strands are oriented parallel to 
one another (anti-parallel in all other polymerases observed).

The representative structure chosen was that of rat DNA polymerase 13 PDB 
code IBPB, since all-against-all fitting showed that it was this structure which 
gave the lowest mean RMS deviation within the family. The distribution of the 
fitting RMSD values with respect to this structure shown in figure 4.10 shows 
two maxima - the light bars representing the structures not bound to nucleoside 
triphosphate while the dark bars representing those that do. The structures 
that are not bound to nucleoside triphosphate generally deviate more from the 
representative structure than those that are. Undoubtedly the reverse would be 
true had the representative been a structure that was not bound to nucleoside 
triphosphate. This is an example of where a particular family may necessitate 
more than one template to represent adequately its rnembers.However in this case, 
the deviation is within acceptable limits as all structures fit one another with an 
RMSD < 1.0Â.

The coordinates of the atoms in these sites are superposed in figure 4.11. The 
green spheres show the positions of the O51 oxygen atoms in the aspartate groups 
while the blue spheres show the Os2 oxygens. Note that although the carboxylates
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Figure 4.10: Distribution of RMS values from fitting of other DNA polymerase /? 
sites onto that of the representative structure, PDB code IBPB. Light coloured 
bars represent structures with NTP bound (including IBPB), while darker bars 
represent structures without NTP bound.
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do not superpose perfectly, there is a good separation between the two clusters of 
spheres, showing that there is little deviation (and therefore a good superposition) 
of the carboxylate oxygen atoms.

Figure 4.11: The DNA polymerase active sites superimposed on the site of 
representative structure, PDB code IBPB. The spheres in green are the O^i 
oxygen atoms while the spheres in blue are the 0 <j2 oxygen atoms.

4.7 TESS results for the polymerase templates

This section details the results of searching the all-polymerase and all-PDB hash 
tables with each template.

4.7.1 DNA polymerase I

This template was used to search the all-polymerase hash table and the specificity 
of this template was illustrated by the fact that the template found matches 
only from the three species that have polymerases which are members the DNA 
polymerase I family.
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The template was then used to search the much larger hash table which was 
compiled from all structures in the Protein Data Bank. Using a cut-off of 3.0Â, 
the template found 87.5% of all the known family members. Those that were 
not found are structures which deviate much more than the mean amount (from 
the all-against-all family fitting). Figure 4.12 shows the distribution of matches 
found in this search with light bars representing true matches, whilst dark bars 
represent false matches.

The false matches included selectin, ferredoxin, glutamine binding protein, lactate 
dehydrogenase and a proteome. None of these structures have a comparable func
tion to the polymerases where catalysis is facilitated by metal-binding. Setting 
a TESS cut-off point at 2 .0 Â would maximise the number of DNA polymerase I 
matches found whilst minimising the number of false matches obtained. Lowering 
the cut-off to, say, 1.5Â would show matches only from the DNA polymerase I 
family, but four members of the family would be missed.

4.7.2 Reverse transcriptase

The reverse transcriptase template was used to search the all-polymerase hash 
table and no other polymerases were found. The template was then used to search 
the PDB hash table with a cut-off of 3.0Â.

With the cut-off used, only one false hit encroached into the distribution of the 
reverse transcriptase family members, pentalenene synthase (PDB code IP S l ; 
EC 4.6 .1.5). Interestingly, inspection of this match reveals that TESS has found 
the aspartate-rich active site of this protein, matching all three aspartate residues 
in the active site at the end of a helix. This protein is also responsible for the 
reduction of a diphosphate group to a pyrophosphate group like the polymerase 
reaction (figure 4.3).

4.7.3 DNA polymerase a

Like the other polymerase templates, when a TESS search is performed across 
only the polymerase families, no matches other than the DNA polymerase a  
structures were found. This is important since it indicates that the templates do 
not cross-match with any of the other polymerase families.
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Figure 4.12: Distribution of the matches found when searching the PDB hash
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(DNA polymerase I family members) while the dark bars are false matches
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dark bar is a false match.
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The template was then used to search the PDB hash table using a 3.2Â cut
off. The distribution of true and false matches is shown in figure 4.14. This 
distribution shows that there is clear separation between the DNA polymerase 
a  structures so far observed and the non-polymerase structures that match at 
a much higher RMS deviation. Therefore, a TESS cut-off of 1 .0 Â would be 
adequate to match all known DNA polymerase a  structures without any false 
matches.

4.7.4 D N A  polymerase P

The DNA polymerase 13 template was used to search the PDB hash table con
taining 9940 structures. The distribution of the true and false matches are shown 
in figure 4.15. Using a 3.2Â cut-off in TESS, 89 of the 104 (8 6 %) DNA poly
merase 13 structures were found successfully, while 15 structures were missed due 
to a combination of large deviations from the rest of the family and poor res
olution data. At this cut-off, there were also 24 matches that were not DNA 
polymerases /3 structures. In fact, they were not polymerases at all, but a se
lection of lipid degradation protein, glycosidase, ferredoxin, serum albumin and 
glutathione transferase.

It is suggested that a TESS cut-off of 2 .1  A be used for future database searching, 
since this would yield approximately an 80% chance of a successful match being 
made but reduce the chance of false matches occurring.

4.8 Summary - TESS and the polymerase tem
plates

The diversity of the polymerase family necessitated four 3D templates, but each 
one exhibited good specificity when searching large datasets such as the CATH N- 
reps and PDB. This diversity is unsurprising taking into account previous studies 
into their evolutionary origin which showed great divergence despite an overall 
similar function.

129



(Dx:o
"S
E

(U
s3z

9 i

5

4 -

3

Pol Alpha vs PDB

0 r   T
0.0 0.5

II
1.0 1.5 2.0

RMSD
3 ^  3.5

Figure 4.14: Matches found when searching the PDB TESS database with the
DNA polymerase a  template. The light bars represent true matches (DNA poly
merase a) while the dark bars are false matches

130



Pol Beta vs PDB

c/2<oszo
s

<DX)
E3
z

1 0

9

7-

6

5-

4-

3-

2 -

1

0
0.0 0.5 1.0 1.5 2.0

RMSD
2.5 3 ^  3.5

Figure 4.15: Matches found when searching the PDB TESS database with the
DNA polymerase ^  template. The light bars represent true matches (DNA
polymerase while thedarkbars are false matches.

131



4.9 SPASM

Since we found it necessary to construct different side-chain templates for each 
family, we have tested an alternative approach to template construction using 
only Cq and a ‘pseudo’ side-chain atom.

The SPASM program [Kleywegt, 1999] sets out with the same goal as TESS, to 
be able to recognise active sites or other biologically significant constellations of 
amino-acids which would facilitate the construction of a database of such clusters. 
In fact, SPASM has been designed to tackle both strategies discussed on page 111, 
but uses a slightly different approach.

SPASM simplifies the representation of an amino-acid to two coordinates. The 
first is the atom of the main-chain - the C, O and N atoms of the main-chain 
are necessary for SPASM to recognise an amino-acid but otherwise are ignored. 
The second coordinate is a pseudo-atom, which is calculated from the centre of 
gravity of all the side-chain atoms.

There are a couple of advantages with such an approach. Firstly, the compilation 
of a database of processed structures (which is necessary with SPASM just as it 
is with TESS) is smaller than for TESS. This is because for each amino-acid in a 
protein structure, only two coordinates are recorded - that for the Cq atom and 
that for the pseudo-atom. In TESS, coordinates are stored for all atoms within 
a given distance of the reference amino-acid. Also in SPASM there is only one 
table, whereas TESS requires one hash table per reference side-chain e.g. TESS 
has separate hash tables for Asp, Glu, Ser, etc.

Secondly, the reduced size of the database gives a speed advantage since there 
are less data to search (about a third of the equivalent PDB data). This factor 
is, of course, also a negative one. The speed gained by such an approach could 
potentially be outweighed by a lack of specificity.

Lastly, the approach also potentially avoids ambiguities in the X-ray data, where 
certain atoms in a side-chain cannot be resolved, or other experimental uncer
tainties.

The pseudo-atom approach provided by SPASM is an interesting one to compare 
with TESS, and to see if more generic templates can be constructed which cover 
all the polymerases. SPASM is written to tackle larger clusters of amino-acids in
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a significant site than TESS, which is more concerned with the atoms in a site 
critical to a biological function.

4.10 SPASM results

The templates for SPASM include all atoms of each amino-acid in the template 
so that it can calculate the pseudo-atoms and their relationship to one another. 
The same amino-acids as used for the TESS templates were therefore used, since 
we have defined the active sites in a functional analysis previously, but all atoms 
are included.

In the results below, it must be noted that the RMSD values illustrated are not 
expected to be comparable with those obtained from TESS. SPASM can search 
using only main-chain atoms, only side-chain atoms, or both. Since we have 
a small number of amino-acids in the active site, it is better to use both the 
main-chain and side-chain (pseudo-)atoms for searching. The RMSD values for 
each of the matches in the SPASM results are therefore calculated over all six 
coordinates - the Cq and pseudo-atom for each of the three amino-acids. The 
RMSD in TESS is calculated across all non-reference atoms of the template once 
the reference atoms of the match have been superimposed onto those of the query 
template.

Despite the differences in the RMSD values, the general trend for the results 
should remain the same if both approaches are performing the searches equally 
well. In all searches, the default cut-off values for the total RMS (<1.5Â), and for 
the main-chain-main-chain (< 2 Â) and side-chain-side-chain (< 2 Â) distances were 
used. Also, sequence directionality was conserved, while gaps between residues of 
interest were not, and mutations were only allowed in the one Asp—>Glu example.

4.10.1 DNA polymerase I

The active site of DNA polymerase I consists of two aspartic acids and one glu
tamic acid. No mutations of any of the amino-acids were allowed, and they were 
expected to appear in the match in the same sequence order as in the query 
template. The distribution of matches is shown in figure 4.16.
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All 22 members of the DNA polymerase I family from the various species were 
matched. As shown in figure 4.16, there are 23 matches. This extra match is in 
fact the DNA polymerase from Bacteriophage T7. Previous structural analyses 
have shown that this protein is very similar to the other members of the DNA 
polymerase I family in both the palm domain and the conformation of the active 
site, and because of this, a ’true’ designation has been used for this structure. 
This structure is missed by TESS because it is a bound structure which, when 
all the side-chain atoms are taken into account, exhibits a sufficiently different 
conformation from the other family members that TESS does not match it within 
the specified cut-off.

The distribution of the true and false matches using this method are more distinct 
than that found for the TESS search. A cut-off of 1.0Â is suggested as a reasonable 
cut-off for future SPASM searches with this template.

4.10.2 Reverse transcriptase

The reverse transcriptase active site consists of three aspartic acids. Figure 4.17 
shows that there are 30 true matches found with an RMSD of < 1.5Â and 19 false 
matches. Amongst the true matches were all 2 1  members defined previously in 
the dataset, leaving a total of 9 true matches which had previously been excluded 
from the dataset. Six of these structures are models which were constructed for 
HIV-RT inhibitor studies. A further two structures had been excluded because 
their resolution exceeded 3.0Â, the threshold used to prevent poor quality data 
from contributing to the template. The final unassigned structure had previously 
been omitted from the dataset because the regular expressions used in scanning 
the headers of all the PDB files failed to match the description in that datafile.

Another match unique to the SPASM results is the Maloney Murine Leukaemia 
virus reverse transcriptase (PDB code IMML), which was not found by a TESS 
search of the PDB, although the structure was present in the dataset.

4.10.3 DNA polymerase a

The DNA polymerase a  active site consists of three aspartic acids. As with the 
TESS search, this candidate suffers from the same lack of data since there are
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only two good resolution structures of DNA polymerase a  in the PDB. SPASM 
matched the representative structure, PDB code IWAJ, IWAF and IWAH (the 
latter two being sequence identical to IWAJ). Interestingly, SPASM also finds 
a new polymerase structure, the DNA polymerase from archaea Thermococcus 
gorgonarius (PDB code ITGO) which is too recent to be present in the TESS 
hash table. This structure is important in itself since analysis of its sequence 
and structure [Hopfner et al, 1999] links this archaic DNA polymerase with 
other replicative polymerases such as that of DNA polymerase from Ribosome 
69 (PDB code IWAJ - called DNA polymerase a  because of its similarity with 
DNA polymerase a  itself) and human DNA polymerase 5.

Note that there is clear separation in values, indicating that this site is potentially 
very different from any others observed in structures so far (other than those 
mentioned). The distribution of the matches is shown in figure 4.18. A reasonable 
cut-off for future searches could be set anywhere between 0.5 and 0.7Â; a lower 
value would enhance searching for like proteins, whereas relaxing it a little would 
allow more remote homologues to be found.

4.10.4 D N A  polymerase p

The active site of DNA polymerase ^  also consists of three aspartic acids. Of 
the 104 DNA polymerase structures, only 3 are not matched. As can be seen in 
figure 4.19, the true and false matches form highly-distinct clusters, with enough 
of a separation between them to allow a cut-off of 0.7Â to be set and only miss 
4 out of 104 structures (3 of which are not found using a cut-off of 1.5Â).

4.10.5 Substituted tem plate

The polymerase active sites have proved to be a challenge for both a specific and a 
more general approach to defining side-chain positions in active sites of proteins. 
So far it has only been possible to define the active site of a single family, and it 
has been shown that little overlap between families occurs.

In the DNA polymerase I examples that have been analysed, the third aspartic 
acid (in other polymerases) is mutated to a glutamic acid. TESS and SPASM 
are both capable of searching allowing for mutations, so searches were performed
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under such conditions with each program, allowing glutamic acid to be mutated 
to aspartic acid. This allows us to judge whether a more general template for the 
polymerases can be constructed. (See figures 4.20 and 4.21).

In the TESS search, there is some overlap of the DNA polymerase I, reverse 
transcriptase and false matches in the 1.5-2.5Â region. The SPASM results show 
the DNA polymerase I and reverse transcriptase matches well mixed yet there is 
a clear distinction between these matches and the false matches that are present 
above 0.9Â. While it would be difficult to set a reasonable cut-off value for the 
TESS template since the matches are so mixed, it is possible to set a cut-off 
of 0.9Â for future SPASM searches which includes all members of the reverse 
transcriptase family and all except one of the DNA polymerase I family.

Clearly, if a more generic template for the polymerases were to be derived, it 
would have to utilise the pseudo-side-chain atom approach as in SPASM.

4.11 Summary - SPASM and the polymerase tem
plates

The notable findings from the SPASM searches are as follows :

•  The active site of Bacteriophage T7 DNA polymerase was found from a 
DNA polymerase I query template

• MMLV reverse transcriptase was detected using a reverse transcriptase 
query template

•  More significant given the current sparsity of data is the new archaea struc
ture of DNA polymerase from Thermococcus gorgonarius matched by the 
DNA polymerase a  template

• Using a DNA polymerase I template and allowing the Glu to mutate to Asp, 
TESS gives a mixed distribution of matches. SPASM however gives a good 
separation between the DNA polymerase I/ reverse transcriptase matches 
and false matches.

Overall, the results obtained from performing SPASM searches were not too dis
similar from the results obtained using TESS except for those shown above. In
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fact, some of the false matches were found to be common to the two approaches. 
However, from the data shown, SPASM templates are better for representing the 
polymerase active sites.

4.12 Measuring the performance of the templates

It has been shown in the previous graphs that the number of matches varies widely 
between the templates and also between the two methods. Thus it is difficult to 
gauge the relative success (or failure) of any given template.

The standard statistical measures of specificity and sensitivity have been calcu
lated from the search results of each of the templates using TESS and (where 
possible) SPASM at the suggested RMSD cut-offs. These measures are defined 
as follows ;

specificity : the measure of how specific the template is in matching only mem
bers of that particular family within the suggested cut-off

sen sitiv ity : the measure of how sensitive the template is to matching as many 
members of the family as possible within the suggested cut-off.

These measures required the dataset to be subdivided into four categories for 
each analysis. Using the reverse transcriptase (RT) family as an example, the 
four categories are:

Tp true positives - structures that match and should match

(RT structures matched by the RT template)

Tn true negatives - structures that do not match and should not match

(non-RT structures that are not matched by the RT template)

Fp false positives - structures that match but should not match

(non-RT structures that are matched by the RT template)

Fn false negatives - structures that do not match but should match

(RT structures that are not matched by the RT template)
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Using these categories, specificity is defined by equation 4.1 :

X 100 (4.1)

Low specificity arises when there are many false matches, i.e. when Fp is large. 
Sensitivity is defined in a similar manner by equation 4.2:

Sn = Tp Fn X 100. (4.2)

Low sensitivity arises when many true matches are being missed, i.e. when is 
large.

It is then possible to calculate a measure which accommodates both the specificity 
and sensitivity of the template. This is called the Matthews correlation coefficient 
(MCC), and is defined by equation 4.3 :

M C C  = T p T n  — F p F n

+ F p ) { T p  + F„)(T„ +  F ^ ) { T „  +  F „ )  

With a perfect dataset, the MCC would be equal to 1.0.

(4.3)

The breakdown of the PDB into the polymerase and non-polymerase structures 
is shown in table 4.2. For each polymerase family, the number of X-ray crystal 
structures whose resolution < 3.0Â is shown along with the number of those 
structures that were used as seeds for that family’s template.

Type/family #  of structures #  seeds
DNA polymerase I 2 2 7
DNA polymerase a 5 1

DNA polymerase f3 104 61
Reverse transcriptase 2 1 1 2

Other polymerase 3 0

Total polymerase 155 81
Non-polymerase 9540 n /a
TOTAL in PDB 9695 81

Table 4.2: Breakdown of the PDB by polymerase family and non-polymerase 
structures.

Using the above definitions, Tp + Fn should equal to the number of structures in
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the particular polymerase family, while Tn +  Fp should equal all non-polymerase 
structures plus the polymerase structures not belonging to the family in question.

It is then possible to construct a table (table 4.3) showing the number of matches, 
the template specificity and sensitivity and finally the Matthews correlation co
efficient for each template from a search of the PDB hash table at the suggested 
RMSD cut-offs.

The specificity for all of the templates is very good, always above 90%. The 
sensitivity of the templates is not as good, but always above 60%. This is because 
the template was created from a number of seed structures (see table 4.2) which 
were picked because they best represented the majority of the structures in that 
family. Other structures in the family which had different molecules bound often 
deviated from the rest, as illustrated by the RMSD values of DNA polymerase /5 
structures fitted onto one another, shown in figure 4.10.

The Matthews correlation coefficient (MCC), which is widely-used in computa
tional biochemistry, takes into account the four types of matches and non-matches 
and is a robust measure for assessing the accuracy of results. In the examples 
shown here, the MCC for the TESS templates of each polymerase family is com
paratively good (figures 4.15 and 4.19 are not too dissimilar).

Family Cut-off (A) Tp Tp Tn Fn gp(%) &(% ) MCC
P o ll 2 . 0 14 1 9673 8 93.3 63.6 0.77
Pol a 1 .0 3 0 9690 2 1 0 0 60.0 0.77
Pol /3- 2 .1 81 0 9591 23 1 0 0 77.9 0 . 8 8

RT 2.5 15 1 9674 6 93.8 71.4 0.82
Subst. 2 .1 19 7 9645 24 73 44 0.57

Table 4.3: The specificity, sensitivity and Matthews correlation coeflBcient of each 
template calculated from the results of TESS searches against the PDB hash table.

The same calculations have been performed on the SPASM results (table 4.4). 
In general, the SPASM results are better (i.e. specificity, sensitivity and MCC 
are higher) than those obtained by using TESS, notably in the ability of the 
substituted family to find the members of both DNA polymerase I and reverse 
transcriptase.
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Family Cut-off (A) T p T p T n F n ^p(%) ^»(%) MCC
P o ll 1 . 0 23 0 9672 0 1 0 0 1 0 0 1 .0

Pol a 0 . 6 4 0 9689 2 1 0 0 66.7 0.82
Pol/? 0.7 1 0 0 0 9591 4 1 0 0 96 0.98

RT 0.9 28 5 9661 1 84.8 96.6 0.90
Subst. 0.9 44 0 9650 1 1 0 0 97.8 0.99

Table 4.4: The specificity, sensitivity and Matthews correlation coefficient of each 
template calculated from the results of SPASM searches against the PDB SPASM 
library.

4.13 Summary

A methodology for efficiently constructing active site 3D templates of enzymes 
(or any protein family) has been compiled and applied to the polymerase targets.

The polymerase family yielded four such templates and their specificity has been 
validated by using the programs TESS and SPASM to search databases of large 
numbers of protein structures. Both programs illustrated that it is necessary for 
each of the polymerase families discussed to have their own family representative. 
Despite some degree of overlap between the DNA polymerase I and reverse tran
scriptase templates,neither family provides a single representative that represents 
both families well. DNA polymerases a  and /? have very different active site 
conformations and require their own templates. As more data becomes available, 
it will no doubt be possible to refine the DNA polymerase a  template (e.g. by 
including the DNA polymerase from Thermococcus gorgonarius in the template 
determination).

A summary of the template results is shown in table 4.5.

The MCC values for SPASM are consistently higher than those calculated for 
TESS. Therefore for diverse structures, such as the polymerases, the coarser tem
plates used by SPASM (C« and pseudo-atom only) are more appropriate since 
they avoid the sensitivity to the variation of the side-chain orientation, which 
limits the TESS templates. However, the MCC values for TESS are still very 
good, illustrating that the applied methodology for generating 3D templates us
ing TESS is still a rigorous and successful one.

SPASM yielded cross matches with a greater diversity, as was expected from this 
type of approach, which confirms that TESS is a more specific method. SPASM
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Template program MCC cross matches Cut-off (A)
Pol I TESS 0.77 RT 2 . 0

SPASM 1 . 0 0 RT, T7DNA 1 .0

RT TESS 0.82 - 2.5
SPASM 0.9 MMLV 0.9

a TESS 0.77 - 1 .0

SPASM 0.82 T. gorg. 0 . 6

P TESS 0 . 8 8 - 2 .1

SPASM 0.98 - 0.7
Substituted TESS 0.57 - 2 .1

SPASM 0.99 T7DNA 0.9

Table 4.5: Summary of the results of using TESS and SPASM vs PDB.

also allows a more general template to be generated which well represents the 
DNA polymerase I and reverse transcriptase families.

W hat is clear is that both methods offer valid approaches to the problem. The 
best strategy would probably involve using a combination of both methods.

In summary, the key differences to each approach are : -

• The side-chain atom approach used by TESS can give higher specificity, 
whereas the pseudo-atom approach provided by SPASM is more general

• TESS is more sensitive to side-chain movements than SPASM

• TESS is more flexible, with many atom and residue substitutions possible 
for each position. SPASM allows only substitution on a residue type which 
causes problems for the polymerases with their aspartate-rich active site.

•  SPASM is faster than TESS since its searches involve, at most, two coor
dinates per residue in the template. TESS can use more coordinates, but 
this results in performance penalties

• TESS needs large hash tables because of the specific atomic environments 
(within a distance cut-off) that are stored for each occurrence of a refer
ence residue in a structure. SPASM stores coordinates for only two atoms 
(the Ca and the pseudo-atom), but does so for each residue in the protein, 
resulting in smaller libraries. In practice, the all-type SPASM library was 
approximately one-third the size of the TESS Asp hash table.
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Chapter 5 

Aspartic proteases: sequences, 
structures and 3D template

5.1 Introduction

This chapter investigates a group of proteins known as the aspartic proteases. 
They are an interesting group of enzymes since their proteolytic function has 
found many different applications across a diversity of organisms. To date, as
partic proteases have been extracted from mammalian gastric juices, yeast, fungi 
and viruses. These enzymes exhibit varying degrees of amino acid specificity and, 
like the polymerases, aspartic acid plays a critical role in the catalysis of the chem
ical reaction. The role they play in biology is very different from the polymerases, 
but they will provide an interesting contrast in aspartic acid biochemistry.

The aspartic proteases will also provide another challenge for the procedures 
outlined in the previous chapter for determining 3D templates. The uses of such 
structural ‘motifs’ have been discussed previously, and it has been shown that 
they can be a powerful recognition tool in protein structure identification even 
for difficult targets such as the polymerases.

The analysis of this super-family naturally starts with an analysis of their se
quences, followed by a structural analysis with the aim of determining a repre
sentation of the active site, a TESS template.

148



5.2 Sequence analysis

The first step in the investigation of the aspartic proteases is to extract the 
protein sequences from the primary databases and analyse them such that any 
obvious relationships are highlighted. The dataset chosen for this analysis only 
includes sequences which have structural representatives in the PDB. This al
lows any sequence^structure relationships to be ascertained, and allows the use 
of conventional techniques to match, if possible, remaining members which are 
represented only by sequences.

5.2.1 Sequence gathering

The PDB was searched exhaustively for aspartic proteases using a combination 
of keyword searching and sequence comparison techniques. The first method was 
used to gauge the effectiveness of conventional sequence comparison in collect
ing as many sequences as possible. SAS/FASTA was used to probe the PDB 
sequences with a known aspartic protease sequence (PDB code 7HVP) and the 
annotated PASTA results parsed using a peri script to extract the PDB code and 
chain identifiers of the matching sequences. From this quick search, it became 
apparent that the aspartic proteases fell into well-defined sequence sub-families, 
often correlating to their Enzyme Classification (E.G.) numbers.

The second method employed to find aspartic protease sequences was the Enzyme 
Classifications themselves. By picking a sequence from each species within an 
E.C. group, the PDB sequences were clustered accurately into their sub-families. 
This was facilitated by the use of both the FASTA and PSI-BLAST programs 
in an all-against-all approach (where each sequence is compared with all others). 
These were used cooperatively since they employ global and local (respectively) 
alignment procedures which can yield different results. The net result of this 
method was that all aspartic proteases that have been assigned E.C. numbers 
were extracted successfully.

The number of sequences yielded from this search was 210, but there are far fewer 
unique sequences. The goal of this sequence analysis is to try to judge, at first 
glance, how many of these sequences belong to each sequence family. In fact, 
there are not strictly one sequence family per E.C. group, but as will be shown 
from the sequence matrices in the following subsections, relationships between
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the B.C. groups are observed as well as multiple sequence families within an B.C. 
group. Table 5.1 details the structures in the PDB separated by their B.C. groups.

It is interesting to note that the aspartic proteases of eukaryotic and fungal origin 
have similar preferences for where proteolysis takes place, predominantly about 
hydrophobic residues. The viral aspartic proteases however are much more spe
cific since the livelihood of the virus depends on the protein being cleaved at the 
correct position.

5.2.2 Elucidating the sequence families

The search and cluster method used gave a clear distinction between two groups 
of aspartic proteases - those that originate from viral entities and those that do 
not. This separation of sequences is immediately evident since the length of the 
protein sequence for the non-viral aspartic proteases is approximately 320-360 
residues, predominantly in a single chain with only a couple of exceptions due 
to post-translation cleavage (e.g. PDB code ILYA, lysozomal aspartic protease, 
cathepsin D). The viral proteins on the other hand are homodimers - two shorter 
sequences, around 1 0 0  residues each, identical to one another.

Asp protease

Viral Non-virai

HIV. SIV. Euk. Fung. Plant

Figure 5.1: Diagram illustrating the grouping of the types of aspartic proteases 
in the PDB. The non-viral enzymes cluster by several attributes.

This difference in attributes such as specificity and sequence composition can be 
illustrated as in figure 5.1, with the eukaryotic, fungal and plant enzymes forming 
one branch of the tree, while the viral enzymes form a completely separate one. 
The sequence results discussed are thus separated into two respective categories.
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en

B.C. 3.4.23.x Sub-family Source Specificity # in PDB PDB codes Type Réf.
1 Pepsin Gadus morhua Quite broad, but 1 lam S

Homo sapiens only hydrophobic 2 Ip s n  IpsO A [Fujinaga et al., 1995]

Sus scrofa pref. aromatic 6 Ip s a  2psg 3 p ep  3psg  4 p ep  5 p ep

3 Gastricsin Homo sapiens TYR-I-XAA 2 la v f  I h t r A [Khan et al., 1997]

4 Chymosin Bos taurus broader than pepsin 4 Icm s  Icz i 3cm s 4cm s A [Gilliland et al., 1990]

5 Cathepsin D* Homo sapiens cf. pepsin, no GLN-|-HIS 2 I ly a  l ly b A [Baldwin et al., 1993]

15 Renin Homo sapiens 
Mus musculus

specific to LEU-l-X 

bond in angiotensin

6
1

Ib b s  Ib il  Ib im  I rn e  2 ren  

Is m r

A [Sielecki et al., 1989]

16 Retropepsin EIAV position specific. 3 le q i I fm b  2fm b V

FIV critical to survival 6 Ifiv  2fiv 3fiv 4fiv 5fiv 6fiv V

HIV-1 of virus 91 - many - V

HIV-2 17 Ih ii Ih s h  Ih s i l i d a  l i d b  l iv p  l iv q  I j ld  Ip h v  

2 hpe 2 h p f  2m ip  2phv  3 u p j 4 u p j 5 u p j 6 u p j

V [Tong et al., 1995]

RSV 4 Ib a t  Im v p  2m vp  2rsp V

SIV 9 la z 5  Is ip  Is iv  I tc w  ly tg  ly t h  l y t i  ly t j  2sam V

20 Penicillopepsin P. janth. broad, pepsin-like 

+ GLY-I-GLY

18 l a p t  l a p u  la p v  la p w  Ib x o  Ib x q  

I p p k  Ip p l Ip p m  Iw ea  Iw eb  Iw ec 

Iw ed  2w ea 2w eb 2wee 2w ed 3 ap p

F

[Fraser et al., 1992]

21 Rhizopuspepsin R. chin. broad, pepsin-like 5 2 ap r 3 a p r  4 a p r  S ap r 6 a p r F [Sunuga et al., 1992]

22 Endothiapepsin E. para. broad, pepsin-like 22 le e d  le n t  le p l  le p m  le p n  le p o  le p p  

le p q  le p r  le rS  2erO 2er6  2er7  2er9  3er3  

3er5 4ap e  4 e r l  4er2 4er4  5 e r l  5er2

F

[Blundell et al., 1990]

23 Mucoropepsin R. miehei broad, pepsin-like 4 Ia s i Im p p  2asi 2 rm p F [Yang et al., 1997]

24 Candidapepsin C. albicans carboxyl at hydrophobic 2 le a g  Iz a p F [Cutfield et al., 1995]

25 Saccaropepsin S. cerevis. broad, pepsin-like 2 I jx r  2 jx r F [Aguilar et al., 1997]

39 Plasmepsin II* P. falci. quite specific, hydrophobic 2 Ip fz  Ism e A [Silva et al., 1996]

n/a Cardosin A* C. cardun. ? 1 Ib S f P [Frazao et al., 1999]

Table 5.1: The breakdown of all the aspartic protease sequences in the PDB by Enzyme Classification (E.G.) number. 
A=animal; V=viral; F=fungal and P=plant.



5.2.2.1 Non-viral families

The non-viral aspartic proteases have been separated into 13 families according 
to their sequence Enzyme Classifications as shown in table 5.1. These have also 
been classified as to their organism type : -

• Animal (eukaryotic) - e.g. human pepsin

• Fungal - e.g. penicillopepsin, saccharopepsin

• Plant - e.g. cardosin

All of the non-viral aspartic protease structures have been assigned to one of these 
classes according to the information held in the header of the respective PDB files. 
Where suitable information is lacking, the sequences have been classified by their 
closest sequence relationship, taking their Enzyme Classifications into account. 
It must be noted that the aspartic protease cardosin A (thistle) has not currently 
been given an E.C. number.

The next thing to consider are the relationships that exist between their se
quences. The sequence identity matrix for the analysis of the eukaryotic aspartic 
protease sequences using PASTA and PSI-BLAST is shown in table 5.2. These 
sequences from the different organisms are all very similar, with a sequence identi
ties in the range of 47-59% between human pepsin A (IPSN), chymosin (4CMS), 
gastricsin (lAVF), renin (2REN) and cathepsin D (ILYA). Comparison of the 
sequence of plasmepsin II (iSME) with the other eukaryotic aspartic proteases 
yielded different results. The sequence identities ranging from 29-36%. This still 
infers that plasmepsin II is related to the other sequences, but that it is more 
diverse. This diversity can be explained by the fact that plasmepsin II is a protein 
encoded by the parasite of Plasmodium falciparum, a cause of malaria, while the 
others are mammalian aspartic proteases.

The next family to consider is the fungal aspartic proteases. Table 5.3 shows 
the sequence identity matrix for their sequences. It is clear that there is more 
sequence divergence amongst the sequences in this family, with sequence identities 
dropping as low as 21% for the least similar pairs, endothiapepsin (4APE) with 
candidapepsin (lEAG). Apart from a few other pairs lying in the ‘twilight zone’ 
(where a relationship is deemed tentative), there is generally a pattern that can
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IPSN 4CMS lAVF 2RFN ILYA ISMF
IPSN 59 55 48 47 32
4CMS 45 43 46 30
lAVF 41 43 29
2RFN 49 34
ILYA 36
ISMF

Table 5.2: Sequence identity matrix of the eukaryotic aspartic protease sequences.

link the sequences to one particular member - penicillopepsin (2 WED). All of the 
other sequences are most similar to this enzyme, or are (significantly) similar to 
rhizopuspepsin (6 APR).

2WFD 4APF 6 APR 2RMP IFAG 2JXR
2WFD 48 43 29 26 28
4APF 35 31 2 1 29
6 APR 31 30 36
2RMP 30 29
IFAG 30
2JXR

Table 5.3: Sequence identity matrix of the fungal aspartic protease sequences.

Of the plant aspartic proteases, structures are only present in the PDB for car
dosin A from Cynara cardunculus (PDB code 1B5F). This therefore allows no 
comparison with like sequences in its family.

It then only remains to compare the sequence representatives of each of these 
families - eukaryotic, fungal and plant. The representatives for each family were 
chosen by inspection of the sequence identities of their species types, and deter
mining which enzyme the others appear more closely related to. For example, in 
the case of the eukaryotic aspartic proteases, all representatives of the sequence 
families exhibit their greatest sequence similarity to the sequence of the pepsin 
family, with the exception of cathepsin D which is (narrowly) more similar to 
renin (even so, renin is most similar to human pepsin). The sequence identities 
for these chosen sequences are shown in table 5.4.

These sequence identities imply that there are two dominant clusters of sequences, 
highlighting the difference in the host entities : -

•  the fungal sequences cluster (with greatest sequence identity) about the
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IPSN 2 WED 1B5F
IPSN

2WED
1B5F

31 39
25

Table 5.4: Sequence identity matrix of the non-viral aspartic protease sequences.

endothiapepsin sequence (PDB code 4APE) down until mucoropepsin 
(2RMP)

• the eukaryotic aspartic proteases cluster about Human Pepsin A, which like 
all the others, shows sequence similarity with all the other sequences at a 
level deemed to show at least distant homology (>25%)

 4ape0-endothiapepsin

 2wed0-penicillopepsin

 6aprE-rhizopuspepsin

 leagA-candidapepsin

 2rmpA-mucoropepsin

 2jxrA-saccharopepsin

 lavfA-gastricsin

 IbSfD-cardosinA

 IsmeA-pIasmepsinll

 2ren0-renin

 llyaZ-cathepsinD

 4cms0-chymosin

 IpsnO-pepsin

Figure 5.2: Phylip plot of the phylogeny of the non-viral aspartic protease se
quences.

Figure 5.2 shows a Phylip [Felsenstein, 1985] plot of the phylogeny of the se
quences, with the fungal sequences clustering together at the top of the diagram.
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while the eukaryotic sequences clustering at the bottom. The plant sequence 
nestles near the border between the two other classes.

5.2.2.2 Viral families

The viral aspartic proteases appear, at first glance, to be a much larger family. 
The large number of viral aspartic protease structures in the PDB is of course 
deceiving, since many of the structures were obtained for inhibitor studies of the 
Human Immunodeficiency Virus (HIV) which is responsible for the AIDS condi
tion in humans. With closer inspection, it turns out that there are 6  organisms 
represented in the PDB - HIV-1 and HIV-2; Simian Immunodeficiency Virus 
(SIV); Feline Immunodeficiency Virus (FIV); Equine Infectious Anemia Virus 
(EIAV) and Rous Sarcoma Virus (RSV).

Table 5.5 shows the sequence identity matrix from the analysis of the sequences 
of these 6  families.

IHVP IIDA ISIV 4FIV IFMB 2RSP
IHVP 47 50 26 32 29
IIDA 87 24 35 2 1

ISIV 26 35 2 1

4FIV 29 2 1

IFMB 2 2

2RSP

Table 5.5: Sequence identity matrix of the viral aspartic protease sequences.

There is a large degree of sequence diversity in this family, yet as in the non-viral 
sequences, the viral sequences all appear potentially related by sequence with 
sequence identities as high as 50% yet not dipping below 20%. In one particular 
case, the sequence of the Simian Immunodeficiency Virus (SIV; PDB code ISIV) 
is near-identical to that of HIV- 2  - 87% sequence identity. For this reason, all SIV 
sequences have been included in the HIV-2 family. Notably different is the se
quence of the Rous Sarcoma Virus (PDB code 2RSP). This sequence consistently 
shows a sequence identity in the ‘twilight zone’ except when compared with HIV-
1 . Here there is a sequence identity of 29% which suggests a distant relationship, 
but such a relationship can not be reliably inferred between RSV and the other 
viral aspartic proteases. As has been shown in the polymerase chapter 3, proteins 
with seemingly no sequence relationship can bear striking resemblances once a
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structural analysis is performed. It remains to be seen if this is the case for the 
RSV aspartic protease.

To summarise the sequence results for the viral aspartic proteases : -

• all viral aspartic protease sequences, with the exception of RSV, can be 
related to HIV-2, which appears to be the best representative of these se
quences

• RSV is, so far, the only sequence that is significantly different from the 
main cluster. A sequence identity of 29% with HIV- 1  suggests that this 
weak relationship may be amplified once the structures are analysed.

----------------------------2rspA-RSV

IfmbO-EIAV

4fivO-FIV

7hvpA-HIV-l

lidaA-HIV-2

Figure 5.3: Phylip plot of the phylogeny of the viral aspartic protease sequences.

5.2.3 Comparison of viral and non-viral sequences

In both types of aspartic protease sequence, viral and non-viral, it has been shown 
that clusters of family are apparent. The next logical step is to see if there is 
any overlap between these clusters, or whether they exist independently of one 
another.
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Table 5.6 shows the sequence identity matrix from comparison of the 4 types of 
aspartic protease present in the PDB. It appears that the viral and non-viral 
aspartic proteases are unrelated by sequence, although there is one tentative 
connection. The sequence identity of the fungal representative, penicillopepsin 
(PDB code 2WED), and human pepsin A (PDB code IPSN) is the same as 
that between penicillopepsin and HIV-2, although the relationship is not strong 
enough to be certain. Structural analysis will no doubt shed some light on this 
relationship.

IPSN 2  WED 1B5F IIDA
IPSN 31 39 16

2WED 25 28
1B5F 1 2

IIDA

Table 5.6; Sequence identity matrix of the 5 types of aspartic protease.

5.2.4 Sequence motifs

So far, sequence analysis of the aspartic proteases has compared individual and 
groups of sequences to find a global relationship between them. In a large number 
of cases, it has been found that looking for more distant relationships becomes 
increasingly difficult when employing such global techniques (unless one uses more 
complex alignment-based methods such as Hidden Markov models). In such a 
predicament, it is wise to search the secondary databases, such as PROSITE and 
PRINTS, for any ‘motifs’ (encoded portions of conservation).

Searching PROSITE for ‘aspartic protease’ yielded the entry with accession num
ber PS00141, described as the active site for eukaryotic and viral aspartic pro
teases. This motif consists of the following regular expression : -

[LIVMFGAC]-[LIVMTADN]-[LIVFSA]-D-[ST]-G-[STAV]
-[STAPDENQ]- X - [LIVMFSTNC]-x-[LIVMFGTA]

In several positions in this motif there is a great degree of flexibility, notably the 
positions at each end which tend towards hydrophobic amino acids. The motif is 
centred around three amino acids, two of which are invariant and a third allow
ing a slight mutation. These positions are aspartic acid and glycine (invariant)
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and serine/threonine at the variant position. The sequences from SWISS-PROT 
which are matched by this motif total 288 in 208 different sequences. Investiga
tion of this yields few more details than had been obtained from the PDB search, 
consisting of variations in species for the viral and non-viral aspartic proteases 
that we have already seen (e.g. other mammalian pepsins). Given that the se
quences of these families cluster well (are overall similar by sequence), it is not 
unreasonable to assume that the PDB does represent the majority of the diversity 
found in the primary sequence database (SWISS-PROT), and that our analysis 
is not fundamentally flawed because of a restricted dataset. It is interesting to 
note that although relating their whole sequences was not conclusive, the non- 
viral and viral aspartic proteases are matched by the same PROSITE motif. This 
indicates that the core of the functional site of all aspartic proteases is similar, 
as they are in the case of the polymerases.

Searching PRINTS finds only the PEPSIN fingerprint. This fingerprint encodes 
four regions of sequence including two occurrences of the D-[ST]-G signature. In 
light of this, it is unsurprising that this fingerprint only matches the non-viral 
aspartic proteases which are usually formed from a single protein chain. In the 
case of the viral aspartic proteases, the protein consists of two identical (and 
shorter) chains, each with an instance of the D-[ST]-G signature and therefore a 
PRINTS scan would not match a protein which includes only one instance (not 
strictly true - it would be matched but be deemed a poor match).

5.3 Structural analysis

In the previous sections, a dataset has been established which fairly represents 
the diversity of the aspartic proteases currently available. Sequence analysis has 
suggested that, despite the enzymes performing many different roles in living 
systems, there are appreciable similarities in their sequences. This bodes well 
for a structural analysis since similar sequences often (but not always) give like 
structural topologies [Orengo et a i, 1997].

For the structural analyses that follows, the dataset consists of 210 structures. 
This number differs from that previously stated because of rejection of poor 
quality structures (resolution > 3.0Â, Ca-only structures). Aside from this, the 
dataset still represents all the organisms detailed in table 5.1. In addition, 19
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structures have been replaced by their PQS (Protein Quaternary Structure [Hen- 
rick & Thornton, 1998|) versions. This was necessary because in the 19 original 
structures, only the asymmetric unit in the crystal structure is present in the PDB 
file, along with the transformation matrix. This is not very useful when perform
ing a structural analysis, and so the PQS files were used since these contain data 
for the whole biological molecule.

In all, there are 18 different structures in the dataset, corresponding to the 13 
E.C. groupings for the non-viral aspartic proteases (see table 5.1), along with 
the 5 viral sequence families (SIV and HIV- 2  having been grouped together since 
their sequences show 87% sequence identity). As has already been shown, the 
sequences within a type (for example, eukaryotic or fungal) show a great degree 
of similarity, and this is reflected in their structural similarity. Because of this, 
the structural analyses focus on these 4 types and the sequence representatives 
will be compared.

The first feature to illustrate is the domain organisation. Figure 5.4 shows that 
all the aspartic proteases exhibit the same domain organisation - the first domain 
or ‘lobe’ (see figure 5.5) being woven first (N-terminal - red), and then the second 
lobe being would afterwards (C-terminal - green). Of course, this only applies 
to the non-viral enzymes since these are constructed from a single protein chain. 
The viral aspartic proteases, on the other hand, facilitate separate protein chains 
to form the individual lobes which are linked in the non-viral examples.

Ipsn N

2wed N

IbSfA N

lidaA N

Figure 5.4 : E

170 171

170 171

170 171

lidaB

sentative structures. The first lobe (by sequence) is shown in red, the second in 
green. The two chains of the aspartic protease from HIV-2 are coloured like the 
non-viral proteins for comparison.

As has been shown (table 5.1), the enzymes in the PDB originate from a diversity 
of species, incorporating gastric juices in eukaryotes with a broad degree of speci
ficity through to viral proteins whose action is responsible for the activity, and
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therefore survival, of the virus itself. It is this activity in the viral arena that has 
provoked a great deal of research since it is the aspartic protease which activates 
viral activity in HIV-1 , the virus resulting in AIDS. As will be demonstrated 
later, aspartic proteases have not only been implicated in the mechanism of HIV, 
but also in other conditions.

It is this research in the HIV field however that provides the majority of examples 
of aspartic protease structures in the PDB, with 130 of the 210 structures being 
from viral species : -

•  HIV- 1  - 91

•  HIV-2 - 17

• FIV - 6

•  SIV - 9

•  EIAV - 3

• RSV - 4

This breakdown shows that there is a definite skew towards the immunodeficiency 
virus research, a common goal of much pharmaceutical research and drug design 
studies.

The remaining 80 structures in the PDB are from a broader range of species (table 
5.1). W ith the exception of plasmepsin II (from Plasmodium falciparum, a cause 
of malaria) and cardosin A (from the storage vacuoles of Cynara cardunculus 
thistle), these enzymes are all variations on the pepsin theme in the eukaryotic 
and fungal incarnations. They all share a broad, pepsin-like degree of specificity 
with exclusions dependent on their specific functions. Plasmepsin II is a specific 
aspartic protease, while the behaviour of cardosin A is not well understood.

The DOMPLOT diagrams in figure 5.4 showed that the domain organisation of 
the enzymes is, for all intents and purposes, identical. It becomes clear why the 
domains are called lobes when the macromolecules are represented in a graphical 
manner as in figure 5.5. The domains are coloured using the same scheme as 
the DOMPLOT diagrams, with the first sequential domain (N-terminal) shown 
in red, while the second (C-terminal) in red. In the case of the viral proteins,
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for example from HIV-2 (PDB code IIDA), the two domains are sequence and 
structure identical to the point where, in some examples, the X-ray structures 
have only one domain listed explicitly in the PDB file and a transformation matrix 
is given to compute the second domain. This is not valid for the non-viral proteins 
since these are constructed from a single protein chain (except for cardosin A and 
cathepsin D which were split into two by a post-translational cleavage event ; 
both structures also possess two molecules in the asymmetric unit).

Figure 5.5: RasMol representation of the 4 types of aspartic protease structures - 
top left - pepsin; top right - penicillopepsin; bottom left - cardosin A and bottom 
right - HIV-2.

It is clear from the RasMol representations that their structures are very similar, 
despite the diversity in their species. The next step was to assess their structural 
similarities by performing SSAP alignments of the structures. The results of these 
alignments are shown in table 5.7.

All the four types of aspartic protease structures show a great deal of structural 
similarity. SSAP scores for the non-viral enzymes are all above 85, which indicates 
that they are all related by structure. This correlates with the significant sequence 
identities that were shown previously. Also significant are the scores between
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IPSN 2WED 1B5F IIDA
IPSN 87.48 90.86 79.24

2WED 307 86.54 77.53
1B5F 316 302 79.37
IIDA 196 196 185

Table 5.7: SSAP score matrix of the 5 types of aspartic protease (upper figures) 
and overlap matrix (lower figures).

the (viral) HIV-2 enzyme and the non-viral enzymes, never straying below 77. 
Although their evolutionary origin has been a subject of debate in the past, such 
a score indicates that a structural relationship exists. The overlap matrix shows 
that the overlapping region of the viral enzyme with the non-viral enzymes is 
much lower, this is obviously because the length of the viral protein is 60% of 
that of the non-viral counterparts. W hat is present in the viral structures is 
without a doubt very similar to the non-viral structures. A possibility is that 
the proteins have evolved from a common ancestor and the viral proteins have 
rejected unnecessary or structurally unimportant regions, whereas the non-viral 
proteins have retained this history.

The final piece of the structural jigsaw is to look at the multiple structural align
ment obtained by using CORA, as shown in SAS annotated form in figure 5.6. 
This alignment clearly shows the reasons why the SSAP scores are so good, with 
the common secondary structure elements being matched very well with one an
other. Just as significant is the alignment of the regions detailed by the PROSITE 
motif, notably the DTG motifs at positions 35 and 229. As will follow, this con
servation is critical to the function of the aspartic proteases.

5.4 Catalytic site

In examining the functional site of the aspartic proteases, the catalytic activity 
is localised about a collection of six amino acids in the centre of the protein (two 
instances of the PROSITE motif). These six amino acids are arranged in two 
sequential units adjacent to one another in three-dimensional space. In the case 
of the dimers, the unit lies in the same region of sequence space in the second 
chain as in the first. The arrangement of these amino acids is shown in figure 5.7.

The conservation of these amino acids is very high (section 5.2.4). Of the total 6
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SAS Structural alignment for CORA alignment 

Coloured by secondary structure

1 2 3 4 5 6
1 2 3 4 5 6 7 8 9 0  1 2 3 4 5 6 7 8 9 0  1 2 3 4 5 6 7 8 9 0  1 2 3 4 5 6 7 8 9 0  1 2 3 4 5 6 7 8 9 0  1 2 3 4 5 6 7 8 9 0  1 2 3 4 5
 +  +  +  +  +  + ...............

I p s n  - -VDEQPLENYL-DMEYFGTIG IGTPAQDFTVVFDTGSSNLWVPSVYA- SSLAATNHNRFNPEDS 
2 we d  AASG VATNTPTANDEEYITPVTIG-- GTTLNLNFDTGSADLWVFSTELPA- SQQSGHSVYNPSAT 
2j  xrA  -GGHDVPLTNYL-NAQYYTDITLGTPPQNFKVILDTGSSNLWVPSNEA-GSLAAFLHSKYDHEAS  
l b 5  fA -GSAVVALTNDR-DTSYFGEIGIGTPPQKFTVIFDTGSSVLWVPSSKCINSKACRAHSMYESSDS  
1 i d a A  - - - P Q F S L  WKRPVVTAY 1 EG - -QPVEVLLDTGADDS 1VAGI E-  - ....................................L-  - -

1 1 1 1  
7 8 9 0 1 2 3

6 7 8 9 0  1 2 3 4 5 6 7 8 9 0  1 2 3 4 5 6 7 8 9 0  1 2 3 4 5 6 7 8 9 0  1 2 3 4 5 6 7 8 9 0  1 2 3 4 5 6 7 8 9 0  1 2 3 4 5 6 7 8 9 0

I p s n  S T Y Q S T S- ETVSITYGT-GSMTGILGYDTVQVGGISDTNQ1FGLSETEPGSFLYYAPFDG1LGLA 
2 we d  - -GKELSGYTWSISYGDGSSASGNVFTDSVTVGGVTAHGQAVQAAQQISAQFQQDTNNDGLLGLA 
2 j X rA SSYKANG- T E F A 1QYGT- GSLEGY1SQ DT L SIG DL T 1PKQDFAEATSEPGLTFAFGKFDG1LGLG 
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Figure 5.6: SAS representation of the CORA alignment of the 4 types of aspartic 
protease structures (includes saccharopepsin also).
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Figure 5.7; The two sequential units of amino acids which constitute the catalytic 
site are close in three-dimensional space. The lobes are coloured in pale red and 
pale green (as in hgure 5.4), while the catalytic site residues in that lobe are 
highlighted in a stronger hue. (Exami)le: pepsin, PDB code IPSN).
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recognised amino acids in the site, only the position of threonine is variant, while 
the positions of aspartic acid and glycine are invariant. Indeed, in the case of 
the threonine position, the observed mutation is to serine. This mutation is not 
a big change since serine and threonine are essentially the same, with threonine 
bearing an extra methyl group bonded to the Cp atom where there would be a 
less bulky hydrogen atom in serine.

With this mutation possible, there are four potential combinations : -

1 . DTG-DTG

2 . DTG-DSG

3. DSG-DTG

4. DSG-DSG

In reality, we must take into consideration that in symmetrical homodimers, (2) 
and (3) are equivalent. In any case, we observe members of all four of these 
combinations in the PDB.

Table 5.8 shows the number of PDB structures for each combination. It is clear 
that the majority of these proteins favour the DTG for both units of the active 
site. These include all bar one of the viral aspartic proteases, the exception being 
the Rous Sarcoma Virus aspartic protease, PDB code 2RSP, which possesses DSG 
in both units. No other structures in the PDB exhibit the DSG-DSG combination.

Three families have the mixed combination of units, that is, DTG-DSG. All three 
families are non-viral; candidapepsin ( 2  structures), cardosin-A (thistle ; Istruc- 
ture) and plasmepsin II (2 structures). This leaves the overwhelming majority of 
structures, 198 out of 204, with the DTG-DTG combination.

Gluster 1 Cluster 2 #  in PDB Example PDB code
DTG DTG 198 Human pepsin IPSN
DTG DSG 5 Gardosin-A 1B5F
DSG DSG 1 Rous Sarcoma Virus 2RSP

Table 5.8: The different combinations of amino acids in the catalytic site.

The function of these enzymes is to cleave proteins. It has been shown that the 
aspartic proteases play a large number of different roles, however their catalytic
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mechanism (although unclear) is thought to be the same. The two invariant 
aspartic acid residues provide the catalytic potential and various studies have 
shown that a water molecule is necessary in the site before catalysis can take 
place. This water molecule creates a network of hydrogen-bond bridges between 
the carboxylate groups of the two acid moieties, ionising them. In an acidic 
environment, this changes the pKa of one of the aspartic acids from around 4.5 
to 1.2, making a general acid/base scenario. It is then the ability of this proton 
donor and acceptor environment (on respective aspartic acids) which is thought 
to make it active.

In general : -

aspartic protease +  w ater +  peptide —> aspartic protease +  w ater +  2 x fragm ents

From this general acid-base catalysis the enzymes have variable specificity due 
to steric factors governing what can and can not enter the active site pocket. 
However, it is the conservation of the DTG and DSG residues which facilitate 
the catalytic environment (with a little help from water and low pH), and these 
residues will be focussed upon for construction of an active site template.

5.5 TESS template

It was established in the previous section that there are six amino acids that 
are well conserved in all known aspartic proteases. These residues also cluster 
together to form the active site whether the protein exists as a monomer or a 
homo-dimer. This is illustrated in greater detail in figure 5.8.

It has also been observed (see previous chapter) that as the number of atoms 
used to construct a TESS template increases towards the maximum of 19, the 
specificity and sensitivity tend to high values. In such a scenario where it is 
desirable to find similar but not identical structures, such as distant homologues, 
it is important that these parameters are relaxed. To do this, it is necessary to 
reduce the number of atoms used in the template to a point such tha t all structures 
in the family the template is meant to represent are still matched and none are 
lost. It is reasonable to expect that if any proteins with distantly homologous 
or, indeed, analogous sites are to be found, it is under these conditions (since the 
representation of the site is at its most fiexible).
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Figure 5.8: The six amino acids which cluster together to form the active site of 
the aspartic proteases (Example: pepsin, PDB code IPSN). The amino acids are 
red - D32; green - T33; blue - G34; magenta - D215; yellow - T216 and cyan - 
G217.

Therefore several combinations of atoms were used to search for the most flexible 
site, while retaining the essence of the site. The first of these was a control set 
consisting of all the atoms in the six residues, as illustrated in figure 5.8. This 
set of atoms produced a very tight fit, resulting in a mean RMSD of 0.304Â 
(minimisation found best seed to be human pepsin, PDB code IPSN). This su- 
{)eriinpositioii is shown in figure 5.9. It is clear that while there is nmch diversity 
in the secgiences of the aspartic proteases, the very core of their activity is not 

only conserved well in sequence (see section 5.2.4), but also in three-dimensional 
space. This should allow a single template to be used to represent all the aspartic 
proteases irrespective of their species. These conditions are ideal for the more 
specific analysis of TESS, and therefore a SPASM analysis will not be made.

The discussion that follows describes the templates tested to best represent that 
active site of the aspartic proteases with the minimum number of atoms.

5.5.1 The 14-atom template

Since the total number of atoms in such a template equals 37 and the maximum 
allowed by TESS is 19, this template could not be used to search the PDB. 
Instead, a smaller template was chosen to closely mimic this all-atom approach.
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Figure 5.9: The superimposition of all-atoms in the active sites of the sequence 
representative structures (19 in all). Atoms are coloured red for oxygen, blue for 
nitrogen and grey for carbon.
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The name of the 14-atom template makes it very clear what it consists of - 14 
atoms. These 14 atoms are taken primarily from the side-chains of the amino 
acids as detailed below : -

•  Asp - C/y, Oji and Os2 ,

•  Thr/Ser - Ca, and 0.y(i) and

•  Gly - Ca only.

This template is shown in figure 5.10. This template was used to search the PDB 
using a 4.0Â TESS cut-off and the matches found are shown in figure 5.11. The 
plot shows a good distribution of matches clustering predominantly below the 
2.0Â cut-off. Despite this being a good result, it is preferable to use less atoms 
in the template and so this template was rejected.

5.5.2 The di-carboxylate and tem plate

In an effort to reproduce the results obtained using the 14-atom template with 
less atoms, the di-carboxylate and Cq (dicarb) template was constructed. This 
consists of 1 0  atoms made up from the carboxylate side-chains of the aspartic 
acids in addition to the Ca atoms from the other 4 amino acids, as detailed below

•  Asp - C^, Oji and 0 2̂ ,

•  Thr/Ser - Cq only and

•  Gly - Cq only.

This template is shown in figure 5.10. This template was used to search the PDB 
using a 4.0Â TESS cut-off and the matches found are shown in figure 5.12. In 
this distribution, it appears that the loss of the side-chain atoms in the thre
onine/serine has fine-tuned the template, as there has been a shift of several 
matches towards the mean at around 1.0Â RMSD. The side-effect of this is that 
the number of matches in the 1.5-2.0Â RMSD range has been reduced slightly 
(although it is hard to see the difference in the plots). This is a good result, since
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a reduction of the number of atoms in the template has been obtained with no 
negative effect on the performance of the template. A cut-off of 2.7Â would be 
necessary for optimum performance if this template is to be used for searching 
PDB structures.

5.5.3 The Co, tem plate

A template was then constructed to reduce the number of atoms used to an 
absolute minimum. To do this, only Cq atoms were used to represent each amino 
acid, with the exception of the reference position which required 3 atoms. For 
the aspartic proteases, the carboxylate group of the first aspartic acid had been 
chosen as reference. This template consisted of 8  atoms as detailed below : -

•  Asp # 1  - C,y, 0<ji and 0 2̂ ,

•  All other amino acids - Cq only.

In fact, this template only differs from the dicarb template in the second aspartic 
acid residue, where the carboxylate group of the side-chain was used there, but 
only the Cq atom of this residue is used here. This template is shown in figure 
5.10. This template was used to search the PDB using a 4.0Â TESS cut-off and 
the matches found are shown in figure 5.13. In this distribution, there is a distinct 
broadening of the range in which the majority of the matches occurred, where the 
usable cut-off would have to be set at around 2.5Â. It is interesting to note tha t 
there are also a larger number of non-aspartic protease matches (false matches).

5.5.4 The Oxygen-only tem plate

Another minimalist approach to defining the site was to select only those atoms 
which are catalytically critical. These atoms are the oxygen atoms of the as
partic acid and serine/threonine residues. Glycine has no side chain (apart from 
hydrogen) and is not thought to contribute to the activity of the enzyme, so any 
atoms for glycine were left out of this template completely. The atoms therefore 
constituting this template are as follows : -

•  Asp # 1  - C/y, 0<ji and 0 ^ 2  and
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• Thr/Ser - O-y(i) only.

This template is shown in figure 5.10. The template was used to search the PDB 
using a 4.0Â TESS cut-off and the matches found are shown in figure 5.14. It 
is clear that the reduction of residues used to construct the template has had a 
detrimental effect on the sensitivity of the template, since there is a vast increase 
in the number of false matches being found (now 598 false matches). In addition, 
the overlap between the matches classified as true hits and those as false has also 
increased. Removal of atoms from the glycine residues has resulted in a negative 
effect on both the specificity and the sensitivity of the template, and is therefore
not a good template to represent the aspartic proteases.

5.5.5 The oxygen and Ca tem plate

Since reducing the number of atoms and residues used did not give satisfactory
results, the obvious way to proceed was to include atoms from the glycine residues 
while preserving the critical oxygen signature. As has been shown, the positions in 
space of the Ca atoms of glycine are not catalytically important. Indeed, it is the 
side-chain oxygen atoms of the aspartic acid and serine/threonine residues that 
are interacting with other moiety during the catalytic cycle, but some reference 
to glycine is undoubtedly important in the preservation of a template specific 
to the aspartic proteases (since there removal resulted in a dramatic change in 
performance). Therefore, the oxygen and Ca (OCA) template consists of the 8  

atoms detailed below : -

•  Asp # 1  - Cry, Osi and 0 2̂ ,

•  Thr/Ser - 0.y(i) only, and

• Gly - Ca only.

This template is shown in figure 5.10. The template was used to search the PDB 
using a 4.0Â TESS cut-off and the matches found are shown in figure 5.15. This 
template shows a significant improvement over the other templates, reducing the 
number of false matches substantially, while returning the distribution of the 
matches to a shape more akin to that of the 14-atom template.
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Using this template, it would be possible to set a generous TESS cut-off for 
searching which would maximise the possibility of finding distantly homologous 
or analogous matches. W ith the current set of 9695 PDB files, however, no struc
tures other than winged bean lectin (PDB code IWBL; RMSD 2.82A) matches. 
Winged bean lectin is not a protein with a like function to the aspartic proteases 
and has been classified as a false match. The other stray result is a plasmepsin 
II structure which was matched at an RMSD of 3.69Â for no apparent reason 
(the structure is at 1.85Â resolution and has nothing bound at the active site). 
Despite this, the results suggest that it is this template which best represents the 
aspartic proteases using the minimum amount of atoms.

The next point to consider is whether this template is biased in favour of either 
viral or non-viral aspartic proteases. To tackle this, the same matches were sep
arated into their respective species and plotted in figure 5.16. This shows that 
there is no distinction between the viral and non-viral aspartic proteases with 
respect to their active site except for a slight shift in the base of the distribu
tion curves. This is not an unexpected result, since the superimpositions of the 
sequence family representative structures were very good.

5.5.6 Statistics

Analysis of the results from the OCA template using the same techniques and 
formulae as in the previous chapter yields no great surprises. The calculated 
values for specificity, Sp, sensitivity, and the Matthew’s Correlation Coefficient 
are shown in table 5.9. Note that these are calculated using a suggested TESS 
cut-off of 3.0Â and a dataset of 9695 PDB structures.

Template Tp Fp Tn Fn Sp (%) &  (%) MCC

14-atom 2 0 1 0 9491 3 1 0 0 98.5 0.992

dicarb+Ca 203 0 9491 1 1 0 0 99.5 0.997

Cq 2 0 1 3 9488 3 98.5 98.5 0.985

0 -only 197 134 9357 7 59.5 96.6 0.752

OCA 2 0 1 1 9490 3 99.5 98.5 0.989
Table 5.9: Statistical analyses of the aspartic protease templates.

Both the specificity and sensitivity of the OCA template are very good at just 
under 100% (ideal) and the MCC is 0.989. This is an exceptional value, and 
illustrates how efficient the OCA template is despite consisting of very few atoms.
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Figure 5.10: The five templates used for TESS searches against all structures in 
the PDB. Top left - 14-atom; top centre - dicarb+Ca; top right - bottom left 
- oxygen only and bottom right - OCA.

5.6 Application

Of all the sequences present in the primary sequence databases, there are few 
which do not have a structural representative. Two particular examples have come 
to light very recently which do not have structures and which are of considerable 
interest in an industrial context,are the sequences of two membrane-bound aspar
tic proteases from the human brain. These enzymes have been shown to cleave 
amyloid precursor protein generating amyloid beta peptide, which is thought to 
be responsible for the pathology and cognitive decline in Alzheimer’s disease.

These sequences, BAE2_HUMAN and BACE HUMAN show a 50% sequence 
identity to one another, and upon analysis, both exhibit sequence identities of 
^25% with most non-viral aspartic proteases in the PDB (highest is 26% for both 
enzymes with saccharopepsin). Such a sequence relationship has reproduced good 
structural similarities (see figures 5.17 and 5.18) and it is quite likely that such 
a structural similarity exists between these enzymes and those we have already 
seen. Indeed, there is considerable identity in the regions hosting the catalytic 
DTG/DSG motifs. Thus the industrial design and manufacture of an inhibitor for
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D-protease 14-atom template vs All PDB
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Figure 5.11: Distribution of matches obtained while searching the PDB using the
14-atom template.
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D-protease dicarb-CA template
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Figure 5.12: Distribution of matches obtained while searching the PDB using the
dicarboxylate and Cq template.
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Figure 5.13: Distribution of matches obtained while searching the PDB using the
Cq template.
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D-protease Oonly template vs all PDB
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Figure 5.14; Distribution of matches obtained while searching the PDB using the
Oxygen-only template.
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D-protease template vs All PDB inc dimers
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Figure 5.15: Distribution of matches obtained while searching the PDB using the
oxygen and Cq template.
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D-protease template vs All PDB inc dimers
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Figure 5.16: Distribution of matches obtained while searching the PDB using the 
oxygen and template. The true matches have been separated into viral and 
non-viral species.
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this particular cause may not pose too much of a challenge (although the potential 
for side-effects from any general aspartic protease inhibitor is immense).

The relationship between the non-viral aspartic proteases has allowed modifica
tion of the aspartic protease family tree (figure 5.1) to that illustrated in figure 
5.19, with the enzymes implicated in Alzheimer’s disease highlighted in red.

5.7 Summary

In summary, it has been shown that the aspartic proteases are important en
zymes with a wide range of roles, yet their essential function is the same. Their 
sequence and structural similarities are very significant, and the conservation of 
the DTG/DSG motifs is absolute.

The aspartic proteases provide a much more rigid aspartate-rich active site than 
seen previously with the polymerases and a single template to represent all known 
family members was constructed successfully. This template was very specific, 
despite using few atoms, and illustrates the power of TESS as a tool in identi
fication of new protein structures. Due to the high specificity of this site and 
excellent results obtained with TESS, a study using SPASM was not conducted.
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SAS FASTA matches for Pasted sequence
Coloured by secondary structure

1 2 3 4 5 6
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7  89012 34 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5

Ta r g e t  s p a g a a n f l a m v d n I q g d s g r g y y l e m l i g t p p q k l q i 1vDTGs s n f a v a  g ........... t - - p h
2 j X r (A) ----------------- GGHDVPLTNYLNAQYYTDITLGTPPQNFKVILDTGSSNLWVPSNECG------S- -LA
Ipsn ......................VDEQPLENYLEMEYFGTIGIGTPAQDFTWFDTGSSNLWVP------- S --------- V- -YC
l b 5 f ( A )  ....................GSAWALTNDRDTS YFGE1GIGTPPQKFTVIFDTGS S VLWVP------- S SKCINS - - KA
2we d .- AASGVATNTPTANDEEYITPVTIGGTTLNLNF- - DTGSADLWVF----------------- S  TELPA

1 1 1 1  
7 8 9 0 1 2 3

6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2  3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0

Ta r g e t  s y i ---- d t y f d t e r s s t y r s - k g f d v t v k y t q g s - w t g f v g e d i v t i p k g f n t s f l v n i a t i f e
2 j X r ( A ) CEL---- HSKYDHEASS SYKA - NGTEFAIQYGTGS - LEGYI SQDTLS I - - GDLT1PKQDFAEATS
Ipsn SSLAC INHNRFNPEDSSTYQS - TSETVS ITYGTGS -MIG ILGYDTVQVGG1 SDTNQIFGLS - - - E
l b 5 f  (A) CRA---- HSMYESSDSSTYKE-NGTFGAI lYGTGS- ITGFFSQDSVTTGD-LWKEQDFIEATDE
2wed SQQ---- SGHSVYNPSATOCELSGYTWS I SYOXjSSASGNVFTDSVTV- - GGVTAHGQAVQAAQQ

1 1 1 1 1 1  
4 5 6 7 8 9

1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2  34 567 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5

T a r g e t  s e - n f f l p g i  kwng i I g l a y a t I - - a k p s s s l e t f f d s l v t q a n i p - n v f  smqmcgagI pvagsg  
2 j x r  (A) EP-GLTFAFGKFDGILGLGYDTI - -SV-DKWPPFYNAIQQDLLDE-KRFAFYL-G- - -DTSKDT
Ipsn TEPGSFLYYAPFDGILGLAYPS I - - S - - SSGATPVFDNIWsfQGLVSQDLFSVYL..................SADD
l b 5 f  (A) AD-NVFLHRL-FDGILGLSFQTI - -SVP VWY^MLNQGLVKE-RRFSFW LNRNVDE
2we d IS - AQFQQDTNNDGLLGLAFS S 1NTVQPQSQT - TFFDTVKSSLAQP - - LEA.......................VALKH

2 2 2 2 2 2 2
0 1 2 3 4 5 6

6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2  3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0

Ta r g e t  t n g g s l v l g g i e p s l y k g d i w y t p i - k e e w y y q  i e i 1k 1e i g g q s I n l d c r e y n a d k a i  vDSGT t 
2j X r(A)  ENGGEATFGGIDESKFKGDITWLPV-RRKAYWEV-- -KFE--GIGLGDEYAELESHGAA1DTGTS 
Ipsn QSGS WIFGGIDS S YYTGSLNWVPV TVEGYV^ 1TVDSI TM^GEA IA - - CAE - -GCQAIVDTGTS 
l b 5 f ( A )  EEGGEL VFGGLDPNHFRGDHTYVPV - TYQYYWQFG1GDVLIGDKSTGF - CAP - -GCQAFADSGTS 
2wed QQPGVYDFGFIDSSKYTGSLTYTGVDNSQGFWSFNVDSYTAGSQS-------------GDGFSGIADTGTT

2 2 2 3 3 3
7 8 9 0 1 2

1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7  89012 34567 89012 3 4 5 6 7 8 9 0 1 2 3 4 5
 +   +   +  +  +  + ..............

Ta r g e t  l l r l p q k v f d a v - v e a v a r a s l i p e f s d g f w t g s q - l a c w t n s e t p w s y f p k i s i y l r d e n s s r s
2 j x r ( A )  LITLPSGLAEMINAEIGAKKG------------------- WTGQYTLDCNTRDNLPDL IF - ...................NFNG
Ipsn LLTGPTSPI-AN- IQSDIGAS - - - ENSDGDMV------ VSCSAI SSLPDIVFTINGV- - - .................
l b 5 f ( A )  LLSGPTAIVTQl-NHAIGAN..................................................... .................. ............................................
2wed LLLLDDSWSQY-YSQVSGAQ QDSNAGGYV- FDCSTN------------ LPDFSV............- SISG

Figure 5.17: Alignment of BAE2 HUMAN with the three non-viral aspartic acid 
sequences in addition to the closest match, saccharopepsin (PDB code 2JXR), 
annotated by secondary structure (predicted for BAE2_HUMAN) - 6 /we—strand; 
red=helix; c?/on=active site.
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SAS FASTA matches for Pasted sequence 
Coloured by secondary structure

1 2 3 4 5 6
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2  3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5

Ta r g e t  PEEPŒIRGSFVEMVEWLRGKSGQGYYVEMTVGSPPQTLN1LVOTGSSNFAVGAAF............ HP- - -
2 j X r (A) ------------------ GGHDVPLTNYLNAQYYTDITLGTPPQNFKVILDTGSSNLWVPSNE----------GGSLA
l b 5 f  (A) ------------ GSAWALTNDRDTS- - - YFGEIGIGTPPQKFTVIFDTGSSVLWVPSSKCINSKAC- - -
Ipsn ---------- --------- VDEQPLENYLEMEYFGT1GIGTPAQDFTWFDTGS SNLWVPS VY.............CS - - -
2we d -AASGVATNTPTANDEEY I TPVT IGGT - - TLNLNFDTGSADLWVFSTE................................ LP - - -

1 1 1 1  
7 8 9 0 1 2 3

6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2  3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7  89012 3 4 5 6 7 8 9 0 1 2 3 4  567890

T a r g e t  - FL----- HR> YQRQLSSTYRDLRKGVY - - VPYTQGK -WEGELGTDLVSI-------- PHGPNVTVRAN -
2 j X r ( A ) CFL-----HSKYDHEAS S SYKANGTEFA - - IQYGTGS - LEGY 1 SQDTL S I ................Œ)LT IPKQD -
l b 5 f  (A) -RA----- HSMYESSDSSTYKE- -NGTFGAl lYGTGS - ITGFFSQDSVTI...............CHDLWKEQDF
Ipsn -SLACTNHNRFNPEDSSTYQSTSETVS- - 1 TYGTGS-MTGILGYDTVQV G- - -GISDTNQ-
2we d - ASQQSGHSVYNP - - SATGKELSGYTWS - ISYGDGSSASGNVFTDSVTVGGVTAHGQAVQAAQQ-

1 1 1 1 1 1  
4 5 6 7 8 9

1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5
 ......................+ ....................................+ -------------------------- + ........................  - f ....................................+ ....................................+ ..................

T a r g e t  1 A-AITESDK-FFlNGShMEGILGLAYAEI - -ARPDDSLEPFFDSLVKQTHVP-NLFSLQLCGAG
2 j x r ( A )  FAEATSEPGL- TFAFGK- FDG1 LGLGYDTI - SV- DKWPPFYNA1QQDLLDE- KRFA------------
l b 5 f  (A) 1E - ATDEADN - VFLH- RLFDG1 LGLSFQTI - - SVPV -WYhMLNQGLVKERR--------- F S ------------
Ipsn IF-GLSETEPGSFLYYAPFDG1LGLAYPS1 - - SSSGAT- - PVFDNINVNQGLVSQDLFSVYLSAD-
2wed IS-AQFQQD................. TNNDGLLGLAFSSINTVQPQ- SQTTFFDT- VKSSLAQ PLFAVALK- - -

2 2 2 2 2 2 2
0 1 2 3 4 5 6

6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2  3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2  3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0

Targe  t FPLNQSEVLASVGGSMI 1GGIDHSLYTGSLWYTPIRREWYYEV1 1VRVEINGQDLKMDCKEYNYD
2 j X r ( A ) FYLGDTSKDTENGGEATFGGIDESKFKGD1TWL PVRRKAYWEV KFEGIGLGDEYAELESH
1 b 5 f  ( A ) lAVLNRN - VDEEEGGELVFGGLDPNHFRGDHTYVPVTYQYYWQFGI GDVL I GDKSTGF - CAPGC - -
Ipsn - - -DQS..............GSWIFGGIDSSYYTGSLNWVPVTVEGYVWJITVDSITMNGEAIA- -CAEGC- -
2we d - - - HQQP............. GVYDFGFIDS SKYTGSLTYTGVDNSQGFWS FNVDSYTAGS................QSGDGF

2 2 2 3 3 3
7 8 9 0 1 2

1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2  3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5

Ta r g e t  KS 1VDSC iTTNLRLPKKVFEAAVKS IKAASSTEKFPDGFWLGEQ- LV- 0\QAGTTPWNI FPVI SLY
2 j X r ( A ) GAA1DTGTSLITLPSGLAEMINAEIGAKKG................... WTGQYTLD- CNTRDNLPDLIFNF------
l b 5 f ( A )  QAFAI3SGTSLLSGPTAIVTQINHAIGAN ............................................. ....................... .............
Ipsn QA1VDTGTSLLTGPTSPI AN IQSDIGASENSD.....................GDM- W SCSA1SSLPDIVFTI------
2wed SGIADTGTTLLLLDDSWSQYYSQVSGAQQ............DSNAGGYV-FD-C- - - STN LPDFSVS

Figure 5.18: Alignment of BACE HUMAN with the three non-viral aspartic acid 
sequences in addition to the closest match, saccharopepsin (PDB code 2JXR), 
annotated by secondary structure (predicted for BACE HUMAN) - blue=strand; 
red=helix; cyan=active site.
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Figure 5.19: Modified aspartic protease tree to incorporate the aspartic proteases 
implicated in Alzheimer’s disease (red).
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Chapter 6

Conclusion

This thesis has addressed the problem of characterising the functional active sites 
of enzymes in sequence and structure space.

Firstly, a Web-based tool has been developed which can automatically annotate a 
protein sequence or an alignment of protein sequences by colouring residues with 
useful data from structural analyses such as secondary structure, domains, active 
sites and atomic interaction information. These data were obtained from previous 
analyses at UCL and from the grow program developed for processing interaction 
data. W ith all this added information, inspection of the annotated output can 
assist in the assignment of function to a protein sequence in cases where the 
results of conventional sequence analyses are inconclusive by highlighting more 
distant homologues. Conversely, Sequences Annotated by Structure can be used 
to highlight situations where the results of such an analysis would be misleading, 
as illustrated in the a-lactalbumin and lysozyme example. In addition, SAS is a 
useful tool for inspecting the features of a well characterised family of proteins or 
for inspecting the features of proteins in one’s own alignment obtained by other 
techniques such as threading or structural alignment.

SAS has been used to illustrate the results of structural analyses of members of 
the polymerase family. These enzymes play a critical role in biological systems 
and the different members, at first glance, appear very different. The struc
tural analyses revealed that all exhibit a characteristic a-P~f3-a motif at their 
core which hosts two absolutely conserved residues and a third variant residue 
responsible for their polymerase activity. The core regions of DNA polymerase 1, 
reverse transcriptase and the observed RNA polymerases are conserved convinc
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ingly well, suggesting that they may be derived from a common ancestor. The 
two exceptions are DNA polymerase a  and DNA polymerase /? which appear to 
fold in a different manner to the others, and as such may provide an example of 
convergent evolution. Outside of this core region, the structures of the different 
polymerases bear few similarities.

Attention was then turned to the active sites of the enzymes, located in the core 
of their structures. The polymerase active site consists of two strictly conserved 
aspartic acid residues , one located on a /5-strand and the other on a proximal 
/5-turn, while a third more variant position also on the same /5-turn is usually 
occupied by aspartic acid or glutamic acid. It is these acid groups that are re
sponsible for coordinating two magnesium ions necessary for catalysis. A method 
has been established for deriving three-dimensional (3D) templates of such sites, 
and has been applied to the polymerases which, due to their mobility, required 
four templates to represent the family members well. In each case, refinement 
of the templates was necessary to obtain the optimum balance between sensitiv
ity and selectivity when searching against all structures in the PDB using the 
TESS program. As is true for their suggested relationships, it is possible that the 
deposition of new polymerase structures may enhance current results or indeed 
necessitate a new template. Templates were also created for use with the SPASM 
program whose pseudo-atom approach for the amino-acid side-chains resulted im
provements in the specificity and sensitivity in nearly every case. Although TESS 
still returned excellent results, this served to illustrate that the TESS algorithm 
is much more sensitive to side-chain movements.

The aspartic proteases are another important group of enzymes that feature as
partic acids at the core of the functionality. Sequence analyses showed a degree 
of similarity across a wide range of species and roles, suggesting that they were 
essentially the same except for the viral enzymes whose origin was the subject 
of much debate as they were different enough to have been another example of 
convergent evolution. Elucidation of their structures, however, revealed that they 
were in fact very similar and thus related. In all cases, their structures consist of 
two domains at the centre of which lies the active site. Both domains contribute 
a cluster of amino-acids characterised as aspartic acid, threonine and glycine. In 
non-viral examples, mutation of threonine to serine has been observed but this 
change preserves the hydroxyl group of the side-chain. The active site geometry 
of the aspartic proteases was found to be very well conserved and a single TESS
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template was derived, using primarily oxygen atoms, that represented all aspartic 
proteases very well. Due to the specific nature of this site, it was possible to use 
a specific tool such as TESS, although for other sites this may not be the case 
and the best strategy would be to utilise SPASM also.

Since the work presented in this thesis was started, an algorithm has been de
veloped to search for side-chain patterns in protein structures without any prior 
knowledge of function [Russell, 1998]. The algorithm uses information from a 
multiple alignment of homologous sequences and takes into account amino-acid 
properties to suggest potential functional sites. However, this approach makes 
no distinction between regions that are conserved because of their structural role 
and those with a functional role and has therefore not been considered in this 
work.

The results presented build upon those obtained for the serine proteases [Wallace 
et ai, 1996] and provide several important new templates for the library of en
zyme active sites. Future expansion of this library to include 3D templates which 
describe all enzyme active sites will prove invaluable in years to come for identi
fying the function of a new structure. With the advent of structural genomics, 
such information will provide the best route to predict possible function, which 
can then be validated experimentally.
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