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Abstract

The CATH domain database clusters closely related structures (>35% sequence identity) into
families. More distant evolutionary links between these families are identified by common se-
quence patterns, functional and structural motifs in order to cluster further into homologous
superfamilies. Relatives in these homologous superfamilies share core structural similarity.
However, in some superfamilies extensive structural embellishments are observed. This the-
sis presents an analysis of the structural variability of the homologous superfamilies in the
CATH database, focusing on the secondary structure embellishments present in many of the
more variable families. It was found that secondary structure elements are inserted into a
number of places in the peptide chain but are often co-located on the three-dimensional struc-
ture. Using this information, a protocol is developed to correlate the structural embellishments
with the functional changes observed in three particularly variable families; the ATP-dependent
carboxylase-amine/thiol ligase superfamily, the cupredoxin superfamily and the thioredoxin su-
perfamily. A number of conclusions are drawn from this structural analysis, the embellishments
often mediate the domain interfaces, illustrated in the cupredoxin and ATP-grasp superfamilies.
Additionally, modifications to the active sites occur through the additions of secondary structure
elements. In the ATP-grasp superfamily, a large embellishment encloses the active site in some
members.

Experimental techniques for solving the three dimensional structure of a protein, primarily

NMR and X-ray crystallography, are often hampered by technical limitations making them time

~ consuming, and so comparative modelling techniques are being explored to create theoretical

three-dimensional structural models. The second part of this thesis considers ways of mod-

~ elling genome sequences, with assignments to CATH homologous superfamilies, by comparative

" modelling. An automatic comparative modelling pipeline has been developed where genome

i
|
:
%
|
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sequences are aligned and modelled using publicly available software in an optimised protocol
(GenMod). GenMod was tested using a large dataset of 140 relatives from CATH superfamilies.
Software to assess the quality of these models was selected and tested. One of the main areas
reported to need improvement in current comparative modelling techniques is parent selection
and here, a novel method is explored. Sets of parent structures have been created from structural
sub-groups within each homologous superfamily. Regions from each of these parents were then
selected by sequence similarity to create a final structural template. Results from the analysis
showed that, below 30% none of the methods perfomed well, above 55% the closest relative is
the best parent and between 30 and 55% the best method uses multiple parents.

This work was generously supported by the Biotechnology and Biological Sciences
Research Council.
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‘Chapter 1

‘Introduction

1.1 The Hierarchy of Protein Structure

In 1958 the first protein structure, myoglobin, was solved by X-ray crystallography by
Kendrew et al. (1958). This provided the surprising result of a more complex, asymmetric
structural arrangement than the simple and regular structure of the DNA double helix
elucidated five years previously. Over forty years later, with many structures now solved
and functionally characterised, it is possible to see that the structural irregularity is
required in order that proteins can fulfil their diverse functional roles as they are integral
to every biochemical process in life. They can serve as modules for building up large
assemblies such as virus particles or muscle fibres, function as ion channels in the cell walls,
as electron carriers in the respiratory chain or provide specific enzymatic activities within
the cell dominating the biochemistry of our cells. They have evolved through selective
pressure to perform specific functions and this function depends on their three-dimensional
structure. In solution proteins often form globular structures. Protein structure can be

explained by an underlying hierarchy that ranges from primary to quaternary structure.

1.1.1 Primary Structure

The primary structure describes the sequence of amino acids along the polypeptide chain.
Amino acids have a central carbon atom (C,) which is connected to a hydrogen atom, a
carboxyl group (COOH) and an amino group (NHy). The fourth valence is occupied by
one of 20 ‘sidechains’, varying in chemical properties. These properties can be grouped
into three main classes (Branden, 1999): amino acids with strictly hydrophobic sidechains
(Ala, Val, Leu, Ile, Pro, Phe and Met), those with charged sidechains (Asp, Glu, Arg and
Lys), and the amino acids with polar sidechains (Ser, Thr, Cys, Asn, Gln, His, Tyr and

Trp). Gly is an exception in that it contains only a hydrogen atom as its sidechain,

20
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and as such is either placed in its own class or considered as a hydrophobic amino acid.
These twenty amino acids form the primary structure of a protein that in turn encodes
its uniquely folded three-dimensional structure (Anfinsen, 1973), thus bestowing the huge
variety of protein structures and functions in nature. The polypeptide chain is created by

a condensation reaction between the carboxyl and amino groups forming a peptide bond.

1.1.2 Secondary Structure

The force that drives the folding of water-soluble globular proteins is the packing of
hydrophobic sidechains into the interior of the molecule creating a hydrophobic core and
a hydrophilic surface. However, the burial of hydrophobic sidechains is also accompanied
~ by the burial of their main chain atoms which include polar N-H and C=0 groups. These
polar groups are neutralised by the formation of hydrogen bonds between them. This
gives rise to regular patterns of hydrogen bonding or secondary structure elements. The
route taken by the polypeptide chain in three-dimensional space to create the secondary
structure can be described by the relative positions of three atoms linked within the
backbone: the C-a (C,), carbonyl carbon (C’) and amide nitrogen (N) atoms. The
relative positions or angles of rotation between these atoms are described as the ¢ angle
(around the N-C-a bond), and the 9 angle (around the C-a-C’ bond). Secondary structure
is defined as two main types, the a-helix and the 3-sheet but there are also a number of
less stable secondary structures found in protein structure.

a-helix Here the C=0 group (residue 1) and the N-H group (residue i+4) hydrogen
bond to form a cylindrical structure of the peptide chain, with approximately 3.6 residues
per turn, corresponding to a distance of 5.4A. The helix forms a right handed turn, with
1 and ¢ angles of -60° and -50° respectively.

B-sheet This secondary structure type is made up of two or more continuous regions
of chain called 3-strands, which are found in a fully extended conformation. 3-strands line
up in such a way as to allow hydrogen bond formation between adjacent C=0 and N-H
~ groups. [-sheets are built up of B-strands arranged parallel, anti-parallel, or a mixture
of both. Parallel g-sheets have average ¢, ¥ angles of -119° and 113° respectively and
anti-parallel B-strands, an average of between -139° and 135°.

310 helix These helices are always short and frequently occur at the termini of regular
a-helices. The name 3, describes the three residues along the chain that form a pairwise
hydrogen bond (C=O; to N-H,;3) and the ten atoms that are enclosed in a ring formed
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by each hydrogen bond. The dipoles of the 3;9-helix are not so well aligned as in the

a-helix, i.e. it is a less stable structure and sidechain packing is less favourable.

w-helix The m-helix is an extremely rare secondary structural element sometimes
found on the ends of a-helices. Hydrogen bonds occur between C=0; and N-H;5. The ¢
and 1 angles of the pure 7 helix (-57.1, -69.7) lie at the very edge of an allowed minimum

energy before unfavourable steric clashes occur.

B-turn The B-turn describes a turn of the peptide chain upon itself which is sta-
bilised by hydrogen bonding. Usually, this region contains glycine, providing almost no
steric hindrance, and proline in which the sidechain hydrogen bonds to its main chain N

- atom, forcing the bend in the chain.

1.1.3 Super-secondary Structure

 Adjacent secondary structures can in turn assemble to form super-secondary structures

or ‘motifs’. Some of these motifs can be associated with a specific function and others
form the building blocks of larger structural and functional assemblies.

B-hairpins [-hairpins are the simplest motif involving S-strands and consisting of
two adjacent anti-parallel strands joined by a loop. This motif occurs very frequently
either as an isolated ribbon or present as part of a more complex 3-sheet. S-hairpin loops
adopt specific conformations which depend on their lengths and sequences. Sibanda &
Thornton (1985) have shown that 70% of S-hairpins are less than 7 residues in length
with the two-residue turns forming the most noticeable component. Several consecutive

anti-parallel B-strands form a super-secondary structure known as the S-meander.

Helix-turn-helix This is a functional motif also known as the EF hand. It was
discovered that in parvalbumin two of the three helix-turn-helix motifs present in the
structure are involved in binding calcium using the carboxyl sidechains and main chain
carbonyl groups.

Helix-loop-helix motifs This motif was first observed in prokaryotic DNA binding
proteins such as the cro repressor from phage lambda. This protein forms a dimer and
each subunit consists of an anti-parallel three stranded S-sheet with three helical segments
inserted sequentially between the first and second S-strands. The dimer forms so that the

second helix from each monomer are located on one side of the sheet at the correct distance
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to fit into adjacent major groves in the DNA. Many other helix-turn-helix proteins with
different folds exhibit essentially the same mode of binding to DNA.

B-a-8 motifs Parallel S-strands are connected by longer regions of chain which
cross the -sheet and frequently contain a-helical segments. This motif is called the (-
a-f motif and is found in most proteins that have a parallel S-sheet. The helix axis is
roughly parallel with the S-strands and all three elements of secondary structure interact
forming a hydrophobic core. In certain proteins the loop linking the carboxy terminal
end of the first S-strand to the amino terminal end of the a-helix is involved in binding
of ligands or substrates.

1.1.4 Tertiary Structure

The packing together of secondary structure elements or larger super-secondary motifs
results in the tertiary structure of a protein which contains an individual hydrophobic core
that is made up of secondary structure elements. This is known as a domain. Protein
domains are often described as the fundamental units of protein structure, forming high-
order building blocks of the protein polypeptide chain. The domain can be described as a
semi-independent folding unit (Richardson, 1981), with a well packed hydrophobic core.
Residue contacts between domains are less than those within domains and secondary
structures are rarely shared between domains (Taylor, 1999). Secondary structure ele-
ments are connected by exposed loop regions that are usually much less conserved, unless
involved in the function of the protein. Domains can be placed into different classes ac-
cording to their secondary structure content. Four main classes were originally described
by Levitt & Chothia (1976). All-a domains comprise mostly a-helices and are often small

- folds in which the a-helices are usually arranged in bundles packing against one another

to form a globular core. All-f domains, comprise almost entirely of 3-sheets normally

~in an anti-paralle]l arrangement within the domain core. S-sheets can pack against one

| another, with the hydrophobic sidechains located at the interface, forming S-sandwiches.

" a8 domains are built up of a repeating 5-o-f motifs that results in the outer layer of the

structure being composed of amphipathic a-helices, that pack around the central core of

| B-sheets. a+f domains, like a8 domains, contain a-helices and B-sheets, however the

- arrangement of these elements is mixed. The classification of these domains can be com-

- plicated by the fact that there are overlaps between this class and the af class and so

' these classes are sometimes merged (Orengo et al., 1997).
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1.1.5 Quaternary Structure

Many proteins have a quaternary structure that is based on the association and interaction
of two or more polypeptide chains that form an oligomeric complex. The formation of
multi subunit complexes for the activity of the protein provides evolutionary advantages
as the interactions of the chains can be more transient or reversible than the interactions
between domains. This provides mechanisms such as allosteric control, higher active site
concentrations, new active sites at subunit interfaces, and an economic way to produce
protein interaction networks and molecular machines (Liu & Eisenberg, 2002).

1.2 Protein Domains

- Domains are considered to be evolutionary units and sequence-based analyses have demon-

 strated that some domains have ancient origins because they are widespread in all three

forms of cellular life, archaea, bacteria and eukarya whose common ancestor is thought
to have existed over three billion years ago. This suggests that these domains are either
susceptible to adaptation enabling them to fill many functional niches or that they fulfil es-
sential functional processes. Many enzymatic domains of central metabolism (8/a)s TIM
barrels, flavoproteins and Rossman-like fold proteins appear to owe their heritage to an-
cestors that precede the last common ancestor of archaea, bacteria and eukarya (Doolittle
& Brown, 1994). Very little is known about what the precursors to these structural units
might have been. Lupas et al. (2001) examined the evolution of protein folds by locating
structure/sequence similar motifs within proteins with different folds suggesting that the
diversity of domain folds in existence today might have evolved from the conglomerates of
peptide segments that are seen today as internal repeats and structure-integrated motifs.

1.3 Convergent and Divergent Evolution

It appears that during evolution many domains have diverged from a common ances-

tor to such an extent that they now show little sequence similarity and their structural

' similarity may be limited to the core structure only. By contrast, there are many cases

- of convergent evolution, where common structures have reinvented themselves. One of

 the most interesting examples of convergence is thermolysin and mitochondrial process-

ing peptidase (Makarova & Grishin, 1999). These proteins show striking similarities in
their active site residues and also in the arrangement and packing of the core secondary
structure elements and therefore have the same architecture. However, the connectivity
is completely different (and therefore do not share the same fold) making their evolution
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from a common ancestor unlikely. By contrast, structures such as the aS-TIM-barrels

~ which have the same connectivity between their secondary structures often share little

or no significant sequence similarity. These structures were previously thought to be ex-

amples of convergent evolution but are now increasingly being revealed as homologues

(Copley & Bork, 2000).

It is difficult to distinguish between those structures which have converged and those

- which have diverged. Domains with a similar structure, sequence and function are clear

homologues, however in the case of proteins with a similar structure but very little se-

quence and functional similarity it not so easy to give a definitive answer.

In many cases, proteins have diverged beyond significant sequence similarity but retain
close structural similarity. The most widely known family exhibiting high structural sim-
ilarity with negligible sequence similarity are the globins (Aronson et al., 1994). Cases of
distantly related enzymes with very different functions are gradually being found. Murzin
(1998) describes two enzymatic examples with very probable distant relationships includ-
ing caseinolytic ClpP protease, an ATP-dependent protease responsible for protein degra-
dation in E. coli which shares the barrel-shaped architecture of other ATP-dependent
proteases. Within the active site, it shares the catalytic triad of chymotrypsin and three
other structural superfamilies of serine proteases. However, the folding subunit shows no
relationship with any protease of known structure. Instead it has a clear structural and
very probable relationship with members of the crotonase family responsible for fatty acid
metabolism: enoyl-CoA hydratase and 4-chlorobenzoyl-CoA dehalogenase.

Those proteins that recur in nature but have neither sequence nor functional similarity
have been termed superfolds. Superfolds offer an interesting perspective on evolution as
they appear to represent folds that have been reinvented many times, as such it is thought

- that such folds may offer favourable properties for folding stability (Orengo et al., 1994).

1.3.1 Domain Evolution

- Basic mechanisms of protein evolution include residue substitutions, deletions and inser-

tions. Grishin (2001) has identified structural mechanisms which can change the fold of
a protein. He described a number of mechanisms whereby homologous structures have

~ been modified through evolution so that the fold has changed. Examples of the addi-

| tion/subtraction or substitution of secondary structures have been revealed. The most

dramatic of these is the evolutionary event which transformed bacterial luciferase, a com-

~ plete (af)s-barrel into non flourescent flavoprotein (NFP). NFP is a homologous relative

with 30% sequence identity to bacterial luciferase, as identified by PSI-BLAST. NFP
contains a 90 residue deletion, removing two complete af units and an a-helix. The
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remaining parts of the barrel are connected with a single antiparallel S-strand. Grishin
describes how it is possible for a shorter deletion in an a-helix to force an extension of
the peptide to form a S-strand. The addition of extra §-strands is also considered, whilst
extra B-strands inserted at the edge of a sheet would have little effect on the topology of
a structural family, the addition of a S-strand into a B-barrel may warrant placement of
structures into different fold groups. Grishin (2001) cites an example in which a S-hairpin
addition into the 8 stranded B-barrel of retinoic acid binding protein results in the forma-
~ tion of 10 stranded B-barrel of retinol binding protein. Structural similarity between these
proteins is pronounced, including conserved length and tilt of the S-strands. Function is
~ also similar with both binding lipids inside the barrel.
! Another example illustrates the invasion of a S-strand and an a-helix. The two folds
of the K homology (KH) domain, a widespread RNA-binding motif with similarity to a
number of other RNA binding proteins and a particularly strong similarity with ribosomal
protein S3, part of the ribosome which translates mRNA. These two structures differ in
the placement of an a8-unit insertion changing the topology but nevertheless leaving the
structures to converge on the same architecture. The two distinct topologies may have
arisen from an ancestral KH-motif protein by N- and C-terminal extensions or one of
the existing topologies may have evolved from the other by extension, displacement and
deletion.

Grishin also describes the mechanism of 8-hairpin flip/swap. The lipocalins are used
again as an example, this time the similarity between retinol-binding protein and triabin,
' the thrombin inhibitor, is described. Triabin shares significant sequence similarity with
retinol-binding protein and is structurally very similar. However, the N-terminal regions
of the structures are topologically distinct due to a flip of a S-hairpin through 180° an as

a result triabin and retinol binding protein are sometimes classified as different folds.

1.4 Domains and Function

1.4.1 Functional Classification Schemes

Genome sequencing projects have driven the development of functional classification
' schemes. Functional classification of proteins is essential for database annotations allow-
ing the functional comparison of different proteins and organisms. However, functional
'~ classification is not trivial. Firstly, it is difficult to describe proteins as having a particular
function on the basis of their domain composition. Domains can exhibit one function,
such as ATP binding whereas the function of the whole protein may be controlled by a
different domain. Secondly, function can be described physiologically, for example, ‘cell
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regulation’ or at the molecular level, for example, ‘ion channel’. Two of the most widely
used classification schemes are the Enzyme Commission (EC; NC-IUBMB, 1992) and the
Gene Ontology or (GO) (Ashburner et al., 2000) classification schemes.

1.4.1.1 Enzyme Commission Numbers

The hierarchical Enzyme Commission scheme categorises enzyme reactions. It is the best
developed and the most widely used scheme, however, it is limited to enzymes and their
biochemical functions. A reaction is assigned a four-digit EC number where the first digit
describes the class of reaction the enzyme catalyses, (1, oxidoreductases; 2, transferases;
3, hydrolases; 4, lyases; 5, isomerases; 6, ligases). Further levels in the hierarchy depend
upon the primary EC number. For example, for oxidoreductase reactions, the second level
describes the substrate upon which the enzyme acts, but for the isomerases, it describes
the type of reorganisation in isomerase reactions. Enzymes with more than one reaction
can have more than one EC number assigned to them.

1.4.1.2 Gene Ontology

This classification scheme separates gene function into three independent ontologies: bi-
ological process, molecular function and cellular component. One particular protein may
be described by many different categories within the classification scheme. For example, a
particular protein may function in several different biological processes, contain domains
- with diverse molecular functions and participate in multiple interactions. Each ontology
is therefore a network of nodes, able to handle data at different stages of completeness.

- 1.4.2 Methods for Predicting Function from Structure

With the explosion of sequence and structural data now available there is a need to define
or predict functional mechanisms from a knowledge of the protein structure. In partic-
- ular, a complete understanding of the complex relationships between protein sequence,
structure and function is critical. Genome sequencing projects have driven the develop-
ment of functional classification schemes. Among these is the Fuzzy Functional Form
~ (FFF) (Di Gennaro et al., 2001) which is derived by the superposition of functionally
- significant residues in a few selected protein structures that have related functions. A
- descriptor of the active site is formed from the distance and angles between the C, atoms
~and the sidechain centres of mass. This, in turn, is used to screen the structure for the
- presence of this functional site in other experimentally determined structures in the Pro-
f tein Data Bank (PDB;(Bernstein et al., 1977). TEmplate Search Superposition, (Wallace
et al., 1997) has been used for the detection of enzyme active sites by manually defining
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a template from the constellation of atoms important for the function of the protein.
This constellation is then used to search for other PDBs with similar constellations. The
SPatial Arrangements of Sidechains and Mainchain (Jones et al., 1991) program works
in a similar way to TESS but identifies residues instead of atoms.

1.5 Pairwise Sequence Alignment

Aligning the sequences of proteins of known and unknown structures is integral to the
process of inferring structural homology. Generally, as sequence identity decreases, the
quality of the alignment also decreases (Martin et al., 1997). In order to align protein
sequences, it is necessary to have a method for scoring the similarity of the residues in

- protein sequences. Secondly, an optimisation method is needed for determining the best

alignment of one sequence against the other. One method of scoring an alignment is by
counting the number of identical residues. However, a more sensitive method is to account

for the similarities between amino acids when comparing sequences.

1.5.1 Substitution Matrices

Substitution matrices are 20 by 20 matrices which score the similarity of pairs of amino
acid residues. Scores can reflect similarity in the physiochemical properties, such as similar
size or charge. Alternatively scores can reflect the frequency with which residues are found

to exchange for one another in protein families.

- 1.5.1.1 Amino Acid Propensities

~ The 20 amino acid sidechains have distinct chemical and physical properties (Figure 1.1).

- This difference in amino acid physiochemical properties means that the substitution of

~ like amino acids is more favourable than an unlike pair. For instance, the substitution of

a negatively charged glutamic acid residue to a positively charged lysine residue is much

less likely than to the similarly charged aspartic acid.

| 1.5.1.2 Observed Mutations

- When comparing two proteins, residue substitution probabilities can be used as a more

 sensitive assessment of similarity than simply using amino acid identities. The likelihood

- of a given residue substitution can be quantified in a mutation data matrix (MDM). The

2D matrix provides a probability that each of the 20 amino acids could be substituted by
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Small Proline
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Figure 1.1: A Venn diagram describing the chemical and physical properties of
amino acids (Taylor, 1986a). The residues are alanine (A), cysteine (C), aspartic
acid (D), glutamic acid (E), phenylalanine (F), glycine (G), histidine (H), isoleucine
(I), lysine (K), leucine (L), methionine (M), asparagine (N), proline (P), glutamine
(Q), arginine (R), serine (S), threonine (T), valine (V), tryptophan (W) and tyrosine

(Y).

any of the others. These probabilities are derived by examining closely related sequences

and counting the occurrence of each amino acid at each position.

1.5.1.3 Dayhoff or Point Accepted Mutation (PAM)

The PAM (Point Accepted Mutation) matrices (Dayhoff, 1978) are derived by analysis
of residues exchanging in close relatives. It is based on the concept of the PAM which
describes the probability of each residue substitution occurring in an evolutionary period
of 1 residue mutation every 100 residues. However considering substitution values, based
on sequences where only 1 in 100 residues has mutated, will not provide much useful
information on distant evolutionary relationships since the sequences would be almost
identical. The PAM250 matrix gives similarity scores equivalent to 20% matches remain-
ing between two sequences (the twilight zone) and is obtained by repeatedly multiplying
the original matrix by itself. However, this means that these more distant relationships

(at 20% sequence identity) are inferred as the original matrix is based on alignments with
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sequences at about 85% sequence identity.

1.5.1.4 BLOcks SUbstitution Matrix (BLOSUM)

Henikoff & Henikoff (1992) derived a substitution matrix from blocks of aligned sequences
from the BLOCKS database. Sequences in the multiple alignment were clustered by
sequence identity and the average contribution at each residue position is calculated.
To represent the relationship between sequences at different sequence identities the se-
quences are clustered at different clustering percentages. Thus, sequences clustered at
80% sequence identity are used to generate the BLOSUM 80 matrix (BLOcks SUbstitu-
tion Matrix). The BLOSUM 62 matrix best represents the relationship at 20% sequence
identity as the mutation rates in clusters at 62% provide the most satisfactory balance
 between information and amount of data. Clustering at lower sequence identities would
cause the mutation rates to be averaged out within the clusters and the matrix would

become less sensitive.

1.5.2 Insertions and Deletions

Evolutionary relationships can be identified most simply by aligning sequences in a pair-
wise manner then scoring the resulting alignments. As proteins become more distant,
' alignment programs must allow for insertions and deletions (indels) in addition to single

|

t

l

|

’ site mutations (substitutions). In order to allow for these indels, gaps are introduced into
~ the alignment. The positioning of these gaps is complex to compute accurately. Simply
i maximising the number of identical residue matches and providing no restrictions on the
- number and size of the gaps would achieve an optimum score but the alignment may
E be biologically meaningless. Instead, scoring penalties are introduced which minimise the
\ number of gaps that appear. Affine gap penalties can also be applied. Rather than a fixed
{ gap penalty, affine gap penalties encourage the extension of existing gaps rather than the
opening of new gaps. This is achieved by applying a larger penalty for opening a gap in
the alignment and a lower penalty for a gap extension.

1.5.2.1 Local and Global Similarity

There are two general models for alignments: the global alignment which attempts to align
two proteins along their entire lengths and the local alignment, which considers regions
- of similarity between specific parts of sequences. Local alignment algorithms allow the
identification of localised regions of similarity which often convey functional information

' or domain similarities.
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An example of an algorithm which is good at accommodating indels is the dynamic
programming algorithm. This is a general mathematical procedure that provides an op-
timal alignment between two sets of data. This algorithm was first applied to sequence
comparison by Needleman & Wunsch (1970). A 2D matrix is constructed from the se-
quences and the matrix is populated using a simple scoring scheme. In the example
outlined in Figure 1.2, identical residues in the matrix score 5 and mismatches score 0.
Working from bottom right of the matrix, to the top left, paths are drawn through the
matrix summing the individual scores as shown in Figure 1.2. The scores are summed by
using Equation 1.1 where the scoring function S(4,j) is added to the maximum score from

the previous row or column in the 2D matrix.

SiE+1,7+1)
S(i,7) =S(4,j) + mazs SGE+1,j+2.J)+G (1.1)
SGi+2.1,j+1)+G

The score cell S(3,7) is added to the maximum score from the row and column below
and to the right. If the value diagonally below S(i+1 ,j+1) is selected the value is added
to the accumulating score. However, a higher value may be found in the row S(i+2...1,
j+1) where I is the length of the row sequence, or the column S(i+1, j+2 ... J) where J is
the length of the column sequence. Selecting from these values incurs a gap penalty (G)
(shown on the example as a value of -2). A value in the row or column not diagonally
below is only selected if it is still higher than the value in S(i+1, j4+1) with the gap
penalty. The alignment is generated by tracing back through the matrix, starting at the
N-terminal end and following the pattern of high scoring elements.
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Figure 1.2: The Needleman and Wunsch dynamic programming algorithm. The
sequences form a 2D matrix which is scored. Exact residue matches score 5 and
mismatches score 0. Starting from the bottom right corner of the matrix the scores
are summed. The maximum score from the previous row or column starting from
the cell (* 4 1,i + 1) can be inherited and added to the comparison score of the
cell. A penalty is incurred from inheriting the score from any cell other than {i +
I,j + 1) as this corresponds to a gap in the alignment.

A modification of this algorithm was introduced by Smith & Waterman (1981) which
focused on providing local, rather than global, alignments. This algorithm introduces
negative scores for non-matching residue comparisons. When tracing back through the

matrix the paths can start anywhere and is terminated when the score falls below zero.
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1.5.3 Database Searching: FASTA and BLAST

Searching a database with a sequence can be conceived as an extension of the pairwise
sequence alignment. Using a conventional dynamic programming method is time consum-
ing and computationally expensive and so a great deal of effort has been put into making
these searches as efficient as possible as the databases grow. The FASTA (Pearson &
Lipman, 1988) and BLAST (Basic Local Alignment Search Tool, Altschul et al. (1990))
algorithms are both essentially local similarity searches which concentrate on finding short

identical matches which may contribute to a total match.

FASTA

The FASTA algorithm searches for segments of one and two identical residues in pairs
of sequences in the database. These possible matches are stored in a hash table along
with all matched segments in the database (Figure 1.3). This data source is then used
to screen database queries for likely matches. These possible matches are entered into a
2D matrix and the more rigorous dynamic programming algorithm strings the segments
together for a global alignment. An E-Value, the expected number of times the observed
value will occur by chance is calculated from the P-Value, which allows the user to assess
the likelihood of the match being true. The P-Value is calculated from the raw score
by summing matrix similarities of aligned residues and deducting gap penalties over the
length. The P-Value (p) measures the probability of the query sequence matching a
particular database sequence with a score of at least S; the corresponding E-Value (E) is
the expected number of times that happened in a database of size N (Equation 1.2).

E=pN (1.2)
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AlignmentPos 0 1 2 3 4 5§
Database A T C G A R
Query TCRALI

Hash Table

Database Query

Amino acids Position(s) in

Amino acids Position(s) in
in sequence sequence

in sequence sequence

A 0,4 T 0,5
T C .1
Cc 2 R 2
G 3 A 3
R 5 I L 4

A 3,1

T 1,-4

c 1

G
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1

Database A T C G A R -

Query -TCRALT

Figure 1.3: The FASTA algorithm builds a hash table of n identical letters, shown
in this example as single letter words and their offsets in each database sequence.
The offsets are then applied to the n-identical letters in the query to obtain the

largest candidate alignment, the largest string with the same offset. In this an offset
of 1is obtained in the largest string.
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BLAST

The BLAST algorithm (BLASTP for proteins and BLASTN for nucleotides) separates
the protein sequences into tripeptide fragments e.g. ACE. These tripeptide fragments
are then expanded to include possible substitutions that could have occurred using the
BLOSUM substitution matrix (section 1.5.1.4). For example, ACE is expanded so that it
could match ACE, GCE, GME and AME. Database query sequences are then searched
against the possible tripeptide fragments. When a matching tripeptide fragment is found
it is extended in both directions along the segment as far as possible, creating the highest
scoring segment pair from the two sequences. All matches are compared with each other
in order to find the highest segment pair (HSP) which represents the highest scoring
sequence match in the database. The overall scores assigned to the resulting sequence
matches are based on E-Values. The E-Value in BLAST is calculated in a similar way to
the E-Value in FASTA except they do not refer to the whole sequence but instead refer
to the fragment of sequence that is in a given match (the HSP) The initial algorithm was
gap-less, but has been refined to allow gaps by searching for two separate HSPs. Often
several high scoring segments exist between homologous proteins. The gapped-BLAST
implementation uses dynamic programming to link together these high scoring regions to
obtain the final alignment.

1.5.4 Profile-based Sequence Comparison

One approach to improve the performance of these sequence comparison methods is to
identify features that are conserved during the process of evolution by examining multiple
sequence alignments of related protein sequences. The advantage of using this approach
is that the variation of observed amino acids can then be modelled for each position in
the alignment in a sequence ‘profile’. A profile can assign significance to each alignment
position based on the degree of conservation at that position, whereas a simple pairwise
sequence comparison gives all positions in the alignment equal weighting. Emphasising
the importance of highly conserved regions and reducing the importance of poorly con-
served regions during the search procedure allows more accurate alignments and provides
more discriminating scoring schemes (Barton & Sternberg, 1987; Taylor, 1987; Rice &
Eisenberg, 1997; Park et al., 1998; Kelley et al., 2000).

A profile can formally be defined as a ‘consensus primary structure model consisting
of position-specific information’ (Eddy, 1996). Several methods have been developed
to generate sequence profiles and to use them to identify distantly related sequences
(Taylor, 1986b; Gribskov et al., 1987; Barton & Sternberg, 1990). These sequence profiles
effectively reflect the likelihood of finding a given amino acid or a gap at a specific position
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in the alignment. In the method proposed by Gribskov et al. (1987) these profiles are
generated by summing Dayhoff exchange matrix values (Dayhoff, 1978) for every position
in the sequence alignment. To model insertions and deletions, the penalty for introducing
a gap in the alignment is reduced for the positions in the sequence model containing large

numbers of gaps.

1.5.4.1 PSI-BLAST

PSI-BLAST (Altschul et al., 1997) uses an iterative approach that begins with a simple
pairwise BLAST search of a sequence database. This identifies a set of close relatives
from which a multiple sequence alignment is generated. Instead of searching with a
single sequence, the database is now searched with a profile derived from the multiple
sequence alignment (called the position specific substitution matrix, PSSM). This enables
the identification of more distant homologues. The PSSM is generated using a substitution
matrix and is refined at each iteration. The sequence information from distant relatives
is therefore incorporated into the growing alignment and the process repeated until either
no more sequences are found or a specified number of iterations has been reached. This
approach relies heavily on a non-redundant database to avoid introducing bias into the
relative importance of any of the residues.

1.5.4.2 Hidden Markov Models

Sequence profiles can be implemented using a statistical modelling technique known as a
Hidden Markov Model (HMM) which allow sequences to be aligned against the model in
a probabilistic manner. To use an analogy, HMMs can be considered as ‘sequence gener-
ating factories’ capable of producing many different sequences with different probabilities.
Internally, the HMM works by representing each column in the multiple sequence align-
ment by three states; match, delete and insert (Figure 1.4). The match state models the
distribution of residues allowed at a specific column of the sequence alignment, the delete
state models having no residue at this column and the insert state models an insertion
of one or more residues after this column. These states are connected by state-transition
probabilities and a sequence of states is generated by moving from the start to the end
point according to these probabilities. At each state, a residue is emitted according to
the emission probability distribution and this creates an observable sequence of residues.
The sequence of these internal states is hidden, hence the name hidden Markov models,
therefore the most likely state sequence must be inferred from an alignment between the
HMM and the query sequence (Eddy, 1996).
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Ml M2 M3 H M4

D1

Figure 1.4: Overview of the profile Hidden Markov Model (HMM). This is charac-
terised by its match (M), delete (D) and insert (I) states and the allowed transitions
(arrows) between them
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SAM-T99

The SAM-T99 method, recently updated to SAM-T02 and based on the earlier SAM-
T98 protocol (Karplus et al., 1998), builds a HMM from either a single seed sequence
or a reliable seed alignment using a large sequence database such as the non-redundant
translated GenBank sequence database (Benson et al., 2000). After the initial scan of the
sequence database, a model is generated from the alignment of these related sequences
and this model is then used for a further database scan (Figure 1.5). Every added se-
quence provides the model with more detail on the acceptable sequence variability at each
position within the sequence family. As a result, the method allows greater sensitivity for
identifying more distantly related sequences.

Search against a large sequence database

\ 4

using BLAST
h 4 \ 4
Close Remote
Homologues Homologues
(E <5e) (E <300)
Iteration: 1 Iteration: 2 Iteration: 3 | Iteration: 4
Query
Sequence [—p| Build Build Build Build
Search Search Search Search
Select Select Select Select Final
Ali Ali Ali
gn ign Align ign Alignment
E <1e$ E<1le* E <1e? E<le?

Figure 1.5: Overview of the SAM-T99 protocol for detecting remote homologues.

1.5.5 Structure Comparison
1.5.5.1 The Relationship Between Sequence and Structure

It is well established that evolution conserves protein structure more than protein sequence
(Chothia & Lesk, 1986). The comparison of protein structures can lead to insights into
the evolutionary relationships between them and the mechanisms by which the structures
evolve from one another. Protein structure comparison can be used to detect similar-
ity between homologous proteins when perhaps, sequence identity between homologous
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members is undetectable. Despite this, often more than half of the structure remains con-
served, forming a structural fingerprint which can be used to identify other homologous
proteins. Figure 1.6 shows the pairwise sequence identities and SSAP structural similarity

scores for members of the structurally conserved but sequence diverse globin superfamily.

11 86 85 (96)

y VvV

Figure 1.6: MOLSCRIPT (Kraulis, 1991) representations of relatives from the
globin superfamily. Diagram from Orengo et al (2003). Pairwise sequence iden-
tities are shown for each pair of structures and SSAP structural similarity scores
are also given in parentheses. SSAP scores range from 0 up to 100 for identical
structures (section 1.5.5.2).

As well as the identification of structural relatives, it is also possible to assess the
tolerance to structural change of a given superfamily which in turn, could have impacts
on the function.

Protein structures are compared, in most methods, by considering the properties
and/or relationships of either the secondary structure elements or residues along the
carbon backbone. This is usually done by comparing distances or vectors. However some
structure comparison algorithms also take into account physiochemical properties such as
accessibility, torsion angles or hydrophobicity. Methods for comparison of structure fall

under two types:

1. Methods which superpose protein structures and measure intermolecular dis-

tances, minimising the distances between superposed positions
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2. Methods which compare intramolecular distance vectors, comparing sets of inter-
nal distances between position to identify an alignment maximising the number of

equivalent positions.

Intermolecular Methods

Most intermolecular methods employ rigid body superposition which was pioneered by
Rossman and Argos in 1970s. Intermolecular methods must deal with insertions and
deletions in the structures i.e. they must assign equivalences between residues. The

algorithm superposes equivalent C, onto each other and can be described in three steps:

1. Both proteins are translated into a common position in the co-ordinate frame of

reference. Typically the centre of geometry is placed at the origin.

2. One protein is rotated onto the other protein through the orthogonal x, y and z

axes.

3. The distances between equivalent atoms is measured.

Steps 2 and 3 are repeated until convergence on an optimum score is produced. The
final score is the square root of the average squared distances between equivalent atoms.
Additional information on Root Mean Square Deviation (RMSD) is provided in Chapter
5 where it is used to measure the quality of comparative models against their experimen-
tally determined structures.

Intramolecular Methods

Intramolecular methods do not attempt to superpose structures but instead consider
internal relationships within each structure such as distances or angles so that the most
equivalent positions between the proteins can be determined. These methods can provide
a set of equivalences for use by intermolecular methods. Allowing for insertions and
deletions into the protein structures has been accomplished by a number of different
techniques. Firstly, comparisons are made between the secondary structure elements only
(section 1.5.5.3) and secondly, algorithms have been developed to divide the structure
into fragments for example DALI (Holm & Sander, 1993). An approach that enables the
accommodation of insertions and deletions is dynamic programming. This approach has
been adopted by the SSAP structure comparison algorithm (Taylor & Orengo, 1989).
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1.5.5.2 SSAP

The SSAP method employs dynamic programming at two levels to cope with the extensive
indels between homologues. A structural environment, or vector view, is created from the
Cp of a subject residue to all other Cg atoms in the structure (Figure 1.7). Vector views
are calculated using the internal geometry of the residue, based on the C, of the subject
residue.

The first level of dynamic programming is applied to determine the equivalent residues
in the two structures. For each pair of potentially equivalent residues (i.e. similar tor-
sion angles, accessibility, secondary structure state), a two dimensional matrix is used
to score the similarity in vectors between the residue in the first structure and the po-
tentially equivalent residue in the second structure. The selection criteria identifying
potentially equivalent residue pairs are based on the residues having similar physical and
chemical properties, such as accessibility, secondary structure state and local conforma-
tion (measured by ¢,1» angles). The example in Figure 1.7 shows a residue level matrix
for comparing the vector view from residue ain protein I with the vector view from K
in protein II. Cells are scored depending on the similarity of the vector views then dy-
namic programming is used to find the optimal path through this matrix giving the best
alignment of the residue views. This matrix is known as a residue level score matrix.

The alignment path from the residue level score matrix provides a score which rep-
resents the similarity between the structural environments in the two residues. If the
residues are highly similar, i.e. provide a high scoring alignment path, then the scores
from this alignment path are added to a summary score matrix. The best path through
the summary matrix is then found using the second level of dynamic programming in
order to find the best overall path and the structural alignment. A summary of the SSAP
algorithm is shown in Figure 1.8.

A simple outline of the SSAP algorithm can be summarised as follows:

1. Calculate the vector view for each residue in the two proteins, given by the set of

vectors from the residue to all other residues in the protein.

2. For each potentially equivalent residue pair between the proteins, e.g. possessing
similar torsional angles and accessible areas, compare vector views applying dynamic
programming to find the best path through a residue level score matrix, scored
according to the similarity of vectors.

3. For residue pairs scoring highly, add the scores along the optimal path obtained in
step 2, to a two-dimensional summary score matrix.

4. Repeat steps 2 and 3 until all potentially equivalent pairs have been compared.
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Figure 1.7: Illustration of a residue structural environment, or vector view, em-
ployed by the SSAP method (Taylor & Orengo, 1989) (Not all vectors are shown in
the figure). The view for a given residue is taken as the set of vectors from the CA3
atoms of this residue and all other residues in the protein.

5. Use dynamic programming again to determine the optimal path through the two-
dimensional summary score matrix, giving the equivalent residues between the pro-

teins and the global structural alignment.
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Vector view for protein A
Generate path for each
(i, j) comparison with
dynamic algorithm

Residue level score matrix

If (score > threshold)

Add path to summary

score matrix
Summary score matrix

Apply dynamic algorithm
to the summary score
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Figure 1.8: Flowchart describing the SSAP protocol. DP is applied on two levels.
First to find the optimal alignment based on the comparison of structural environ-
ments of two residues (scored in the residue-level score matrix). If the residues
are deemed sufficiently similar (i.e. the alignment path scores greater than a given
threshold), the scores from this path are added to a summary score matrix. DP is
then used again to find the optimal global alignment through the summary score
matrix to identify equivalent residues between the two proteins.

1.5.53 GRATH

One way of dealing with insertions and deletions is to make comparisons between the
secondary structure elements. A procedure which is carried out in a number of algorithms
by a mathematical technique is known as graph theory. One such method which considers

proteins in terms of their secondary structure elements is GRATH (Harrison et ai, 2002).
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GRATH describes each secondary structure element as a node which is labelled according
to the secondary structure type. The structural relationship between each of the secondary
structure elements are then described by measuring the distance and the angle between
them. Graph theory then searches for the most equivalent nodes, or clique, between two

graphs.

1.5.6 Structural Classification

As the number of experimentally solved structures has increased from more than 1,000
structures in the 1990s to 17,200 in 2003, databases of structural classification have been
developed. As structure is much more conserved than sequence through evolution it
is possible to detect more distant evolutionary relationships through the comparison of
structures. In turn, these evolutionary relationships can elucidate evolutionary mecha-
nisms, the recurrence of structural motifs in families and the evolution of function. There
are two major databases of protein structure domains, CATH (Orengo et al., 1997; Pearl
et al., 2001) and SCOP (Murzin et al., 1995; Lo Conte et al., 2000).

1.5.6.1 CATH

CATH, a protein domain database, classifies over 34,300 domains (Version 2.4) which
clusters protein domains in a hierarchy according to their Class (C), Architecture (A),
Topology (T) and Homologous superfamily (H). Domain boundaries are defined using a
consensus approach which seeks agreement between three domain assignment algorithms
(Jones et al., 1998). The class, the first level of the hierarchical classification, describes the
proportion of a-helices and S-strands which divides domains into three major categories:
Mainly a, mainly 3, and a8. The domains in each class are then divided into architecture
which describes the spatial arrangement of the secondary structures in three-dimensions.
Figure 1.9 summarises the main architectures. There are 37 distinct architectures in
CATH Version 2.4. The topology, or fold level distinguishes the different connectivities
of the secondary structure elements, giving a total of 775 different fold groups for CATH
Version 2.4. Proteins are only grouped at the last level of the hierarchy, homologous su-
perfamilies or H-level, if there is sufficient evidence that proteins are related by evolution.

Domains are defined as homologous if two of the three criteria described below are met:

1. Similar structures (SSAP score > 80 or significant CATHEDRAL E-Value)
2. Similar sequence (>35% identity or significant PSI-BLAST E-Value)

3. Functional Similarity
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Much of the CATH classification is carried out automatically, with manual inspection
to assess some domain boundaries and homologous relationships. Structural similarity
is measured by SSAP (section 1.5.5.2) or CATHEDRAL, which identifies equivalent sec-
ondary structure elements using the GRATH software" (section 1.5.5.3) which are then
used by SSAP for the structural comparison. Protein families in the CATH database
are given a unique identification number. For example, the a”-hydrolase superfamily is
3.40.50.950 describing this superfamily as the class (C identifier 3), the three layer
{a/3a) architecture (A identifier 40), and the Rossmann fold (T identifier 50).

A further level in the CATH database clusters homologous superfamilies into sequence
clusters at 35% sequence identity using single linkage clustering (S35 families). Structures
in the same sequence family are considered structurally very similar and the extent of
structural variability in a superfamily can be assessed by taking a representative from

each of these S35 clusters in a homologous superfamily.

Globin (lecaO0O) Electron Transport (heme
Orthogonal Bundle (1.10) protein) (2ccyA0)
Up-down Bundle (1.20)

SH3 Domain (IphtOO) Form ( 2por00) Immunoglobulin (2hlaB0)
Roll (2.30) Barren (2.40 Sandwich (2.60)
HIV Reverse Transcriptase Alanine Racemase D-Amino Acid Oxidase Signaling Domain (ntrOC
(IrthAl) (IbdOAT) (laa8A2) 3-Layer (aba) Sandwich
Roll (3.10) Barren (3.20) 2-Layer SandwichlI (3.30) (3.40)

Figure 1.9: Illustrating the main architectures in CATH.
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1.5.7 SCOP

The protein domain database, SCOP (Structural Classification of Proteins) is constructed
from mainly manual methods but like CATH, classifies domains into a hierarchy of struc-
tural relationships. SCOP defines four levels of classification; class, common fold, super-
family and family in descending hierarchical order. The definition of class is similar to
that of CATH although the af class is split into «/3, where a-helices and B-strands are
interspersed, and a+/3, where the regions of a-helices and B-strands are segregated. The
common fold is equivalent to the topology (T) level in CATH and the superfamily level
classifies at the same level as the homologous superfamily (H). The family level clusters
structures at greater than 30% sequence identity or if they have a close structural or
functional similarity.

1.5.8 Other Structure Classification Databases

A variety of structural databases have been constructed with contrasting levels of manual
and automated intervention. Table 1.1 summarises some of the more commonly used
structure databases. With the exception of SCOP (section 1.5.7), all the databases dis-
cussed here use an automated method for protein structure comparison at some point in
the classification procedure. Rather than generate strict hierarchical boundaries, some
resources, such as FSSP (Holm & Sander, 1998) and Entrez (Madej et al., 1995), provide
lists of domains with similar structures. These lists, also known as nearest neighbour lists,
describe a model of protein folding space that resembles a continuum rather than a series
of discrete structural clusters.



Chapter 1. Introduction

Database Location Structure Compari- | Description
son Method
CATH UCL, London, UK | SSAP  (Taylor & | Class Architecture Topology
Orengo, 1989) Homology.  Semi-automated
hierarchical classification of
structural domains.
SCOP MRC LMB, Cam- | Manual (Murzin et al., | Structural Classification Of
bridge, UK 1995) Proteins. A mainly manually
maintained hierarchical classi-
fication.
3Dee EBI, Cambridge, [ STAMP (Russell & | Fully automated,  multi-
UK Barton, 1992) hierarchical classification with
some class and fold definitions
taken from SCOP.
DDD EBI, Cambridge, | DALI (Holm & Sander, | Dali Domain Dictionary.
UK 1993) Fully automated structural
classification  of recurring
protein domains.
ENTREZ/ NCBI, Bethesda, | VAST (Madej et al., | Fully automated structural de-
MMDB MD, USA 1995) scriptions using pre-calculated
nearest neighbour lists.
FSSP EBI, Cambridge, | DALI (Holm & Sander, | Fold classification based on
UK 1993, 1998) Structure-Structure alignment
of Proteins. Fully automated
structural descriptions using
nearest neighbour lists.
HOMSTRAD | Cambridge Univer- | COMPARER (Sali & | HOMologous = STRructure
sity, UK Blundell, 1990) ALignment Database.
Manual classification using
information from SCOP,
and various sequence family
databases.

Table 1.1: Summary of structure classification databases.
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1.6 Protein Structure Prediction

The knowledge of a proteins structure is of great importance as the structure of a protein
can reveal essential insights into its function. However, traditional methods for determin-
ing protein structure (X-ray crystallography and nuclear magnetic resonance (NMR)) are
limited by inherent difficulties in their application, and as such are time-consuming. The
ability to predict protein structure has therefore received great interest in recent years,
especially in light of whole-genome sequencing projects. Nevertheless, the accurate pre-
diction of a proteins structure still remains a challenge, as it is related to the 'protein
folding problem’, the central dogma of structural biology. In general, the prediction of
protein structure can be viewed at two levels; secondary structure prediction and tertiary

structure prediction.

1.6.1 Secondary Structure Prediction

Early secondary prediction methods were based on empirical statistics, which described
the intrinsic properties of secondary structures, obtained from the analysis of known struc-
tures. Such methods include those by Chou & Fasman (1974) and Garnier et al. (1978).
More recently, prediction methods that exploit evolutionary relationships held within a
PSI-BLAST sequence alignment profile have been developed. Two such methods, PHD
(Rost et al., 1994) and PSIPRED (Jones, 1999) use artificial neural networks to interpret
PSI-BLAST profiles built for a target sequence, routinely giving prediction accuracies of
over 77%.

1.6.2 Tertiary Structure Prediction

The prediction of tertiary structure is often classed into three areas, ab initio , fold
recognition and comparative modelling.

Ab initio methods aim to predict protein structure from first principles, that is, they
aim to generate a protein chain conformation using a potential function that is based
on observed interactions within proteins of known structure. Even with a simplified
representation of physio-chemical forces, or the use of a lattice model, this is an incredibly
complex undertaking, and has generally met with little overall success.

Fold recognition methods were developed to exploit the fact that there may be a
limited number of naturally occurring protein folds. Methods of fold recognition attempt
to detect similarities between protein three-dimensional structure that are not necessarily
accompanied by any significant sequence similarity. Such methods are often referred to as
‘threading’ methods, a term first described by (Jones et al., 1992), as it can be imagined
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that the target sequence is threaded onto a library of representative protein folds. A
global energy term is then used to assign the most likely fold for the target sequence.
Fold recognition methods therefore aim to avoid the computational expense that is often

encountered with the use of ab initio methods.

1.6.2.1 Comparative Modelling

Comparative modelling uses the information from homologous parents to infer the struc-
ture of the target sequence. The traditional approach outlined below is based on the
findings of Greer (1981) which suggested that insertions are generally small local changes
in the structurally variable regions leaving the rest of the structure, the structurally con-
served regions, largely unchanged. The traditional method can be carried out manually,
but has also been automated in software such as COMPOSER (Sutcliffe et al., 1987a,b)
and Swiss-Model (Schwede et al., 2003).

1. Select a suitable template.

2. The target sequence is aligned to the template so that equivalent residues are iden-
tified.

3. Model structurally conserved regions.

4. The structurally variable regions are built, but with lower accuracy.
5. Sidechain modelling.

6. Energy minimisation may be performed.

7. Assess the quality of the structure.

8. Some of the steps above are iterated. For example, after the quality of the model is
assessed, the alignment is often adjusted and a new model made.

Comparative modelling is discussed in more detail in Chapter 5.

1.7 Aims of the Thesis

With the recent success of the genome projects the number of protein sequences (presently
1, 497, 800 in GenPept) determined far exceeds the number of protein structures solved by
NMR and X-ray crystallography (presently 17, 200 in the PDB). In order to understand

the functions of these sequences it is important to know their structure. Bioinformatics
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techniques for the prediction of structure from sequences are being developed (section
1.6). The most accurate methods are those which infer the structure of a closely related
homologue (>35% sequence identity) onto the target sequence, i.e. comparative modelling.
However, in order to improve comparative modelling a number of areas must be addressed:
The quality of the alignment, the selection of the best parents and the prediction of regions
which deviate from the parent structure (Tramontano et al., 2001). In order to provide
better methods for the prediction of regions which deviate from the parent structures,
more must be understood about how the homologous structures within a superfamily
vary amongst themselves.

In Chapter 2, a method is developed for studying secondary structural variation in
superfamilies. Homologous domains share an invariant core arrangement and connection
of secondary structures but some superfamilies also contain peripheral secondary struc-
tures. 2DSEC identifies a profile core and embellished secondary structures from a CORA
multiple structural alignment. Chapter 3 aims to study the mechanisms whereby struc-
tural change occurs between homologous structures. The change in structure as proteins
become more distantly related is measured using the SSAP structural alignment and per-
centage sequence identity. Particular interest is shown in the region above 35% sequence
identity, the region which is most reliable for comparative modelling. Protein evolution
is then analysed in terms of indels. The average length of residue indels are examined
and then superfamilies with indels comprising whole secondary structure elements are
identified using 2DSEC. The impact of the secondary structural embellishments in three
superfamilies are examined in more detail in Chapter 4.

Finally, Chapter 5 describes the development of an automatic comparative modelling
pipeline GenMod. A CATH resource aligns target sequences to a structural alignment
(Sillitoe, 2002) of the parents using the SAM-T99 software (Karplus et al., 1998). Models
are created using the MODELLER software (Sali & Blundell, 1993). A method for select-
ing the best regions from a set of multiple parents (Mosaic) is described and the quality
of the final models are assessed using three methods, RMSD (section 5.1.3.1), LGScore
(Cristobal et al., 2001) and Prosall (Sippl, 1993).



Chapter 2

2DSEC: A Two-Dimensional
Representation of

Three-Dimensional Structure

2.1 Introduction

2.1.1 Background

Databases such as CATH (Orengo et al., 1997) and SCOP (Lo Conte et al., 2000) group
protein domains by sequence and structure (section 1.5.6). The fourth level of the CATH
classification hierarchy groups domains sharing significant sequence, functional and/or
structural similarity into homologous superfamilies (H level). Whilst these homologous
domains share an invariant core arrangement and connection of secondary structure ele-
ments, in some superfamilies they may also contain additions or subtractions of peripheral
secondary structures. These variations in structure between domains may provide a use-
ful insight into their differing functional roles or protein-protein interactions. Thus, a
method for identifying those core secondary structures and those secondary structures
which are only present in one or a few superfamily members is key to the elucidation of
the structural evolution of the superfamily.

Determining the structural core or invariant region from the variable region has been
carried out in a number of different studies. The structural core of the protein can be
defined as the hydrophobic centre and is considered to be the invariant scaffold on which
the more variable regions are hung. A method for defining this hydrophobic region was
proposed by Swindells (1995). Residues are considered to be part of the hydrophobic core
if they are in a regular secondary structure conformation, their sidechains are buried and
sidechain-sidechain contacts are mainly non-polar. However, the core of the protein can

ol
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also be considered to be the regions of the protein which show the least structural variation
between homologous members. Kelley & Sutcliffe (1997) provide an automatic method
for defining core atoms or atoms with low spatial variance, in structures determined by
NMR, and using this to cluster into ensembles of conformationally related sub-families.
These sub-families are stored in an On Line Database of Ensemble Representatives And
DOmains, OLDERADQO. Similarly, a core finding algorithm was developed by Gerstein
& Altman (1995a). They measure the spatial variation between equivalent atoms in a
structural alignment. Those atoms with a low structural variation are determined as the
core of the structure. This summarises the commonalities and differences within a family
and has been compiled into an internet library of protein family core structures (Schmidt
et al., 1997). In addition to defining the core, the method creates an ordered list of atoms,
ranked by their structural variation. In applying the core-finding procedure to the globins
(Gerstein & Altman, 1995b) it was discovered that four of the helices form a structural core
with low variance. The same a-helices were subsequently identified as having conserved,
structurally important residues (Ptitsyn & Ting, 1999). The definition of core and variable
regions of a set of homologous proteins has implications for comparative modelling. Simply
by defining how much the structure varies between homologous proteins can provide the
modeller with an idea of the quality of the model. With a set of particularly variable
structures it may be expected that the true structure of the target sequence may vary
just as much. In addition, the definition of core and variable region may provide an insight
into regions of structure which will be modelled with greater accuracy than others.
Structural variation in the number of secondary structure elements can be viewed in
terms of embellishment. The increase in complexity of organisms through evolution, from
single cell to multi cellular and the increase in complexity of biochemical pathways and
functions has lead to an increase in domain complexity through structural embellishment.

However, variation may have occurred also due to truncation.

2.1.2 Aims of the Chapter

This chapter introduces 2DSEC, a tool for identifying and visualising protein domains
within a given protein superfamily in terms of their secondary structure elements (SSEs).
This enables a distinction to be made between core SSEs and those which are present
only in a few superfamily members (embellishments). 2DSEC aims to calculate this sec-
ondary structure profile using structural alignment files generated by CORA (Orengo,
1999) which calculates a multiple structural alignment using a double dynamic program-
ming method (section 2.2.2) (Taylor & Orengo, 1989). As such, CORA is a powerful
approach for identifying core structural regions of a superfamily and 2DSEC provides a
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way of measuring this. 2DSEC provides a valuable tool to visualise and quantify the level
of secondary structural variation present within a CATH superfamily allowing the identi-
fication and characterisation of variable superfamilies based on this measurement alone.
The identification of core secondary structure and secondary structure embellishments
enables an analysis of the mechanisms which have driven the evolution within the protein
superfamilies - as such a number of analyses using this program are presented in Chapters
3 and 4 of this thesis.
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2.2 Methods

2.2.1 Secondary Structure Assignment

Secondary structure assignments for each chain were calculated by the DSSP program
(Kabsch & Sander, 1983) and the DSSP derived secondary structure is used by the CORA
program. The two most regular secondary structure states, c-helix and S-strand, were
used and all other secondary structure states were considered as coil. Furthermore, a
strand was defined as a consecutive run of three or more residues assigned as strand,
and a helix, four or more residues consecutively assigned as helix. This simpler scheme
was used to clarify secondary structure element assignments allowing a clearer picture of

secondary structure variability between homologous domains.

2.2.2 CORA: Multiple Structural Alignment

The CORA algorithm (Orengo, 1999) uses dynamic programming at two levels. The use
of double dynamic programming was initially developed for the pairwise comparison of
protein structures and is based on the comparison of intra-molecular Cg vectors between
two structures (SSAP, Taylor & Orengo (1989)). Firstly, putative structurally equivalent
residues are determined by comparing features such as secondary structure state, solvent
accessibility and torsion angles. Structurally equivalent residues are then compared by
constructing a two-dimensional matrix with scores based on internal Cg vectors. The first
level of dynamic programming, the residue level dynamic programming, is then used to
pick the highest scoring alignment path (section 1.5.2.1) between potentially equivalent
residues. If the highest scoring path is above a certain threshold it is added to a summary
matrix (Figure 2.1).

After all the residue level comparisons have been made, the second level of dynamic
programming is then used to find the highest scoring alignment through the summary
matrix. From this alignment CORA then calculates the average structural properties
and encodes them into a consensus template. This consensus encodes information such as
internal vectors, residue accessibility and torsion angles and records the variability of these
properties across different relatives in the alignment. A multiple structural alignment is
generated by successively aligning proteins to the evolving consensus template. Proteins
are aligned one by one in order of decreasing structural similarity (measured by SSAP
score). After each protein is aligned, the consensus template is recalculated to take
account of any additional structural features of the newly aligned protein.
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Vector view for protein A
Generate path for each
(I, j) comparison with
dynamic algorithm

Residue level score matrix

if (score > threshold)

Add path to summary

score matrix
Summary score matrix

Apply dynamic algorithm
to the summary score
matrix to generate final
alignment

Figure 2.1: Flowchart describing the double dynamic programming algorithm for
the comparison oftwo structures. CORA extends this pairwise method by construct-
ing a consensus template encoding average structural properties and information on
variability after each structure is aligned. The consensus structural information from
this template is then used to align the next structure.
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2.2.3 2DSEC: Two-Dimensional Secondary Structure Summary

of Three-Dimensional Structure.

2DSEC produces a schematic representation of protein domains within a superfamily as
aligned by CORA. 2DSEC uses this structural alignment to create a summary of the
secondary structures present in each structure, and show which ones are equivalent in
each structure (consensus) and which ones are present only in one or a few superfamily
members (embellishments). This summary is shown in a cartoon representation, written
in Postscript (Adobe systems Inc., 1985) (Figure 2.2) . The three-dimensional structure
of each aligned domain is represented in a two-dimensional horizontal plot of its con-
stituent secondary structure elements, a-helices and f-strands. Each domain sequence is
labelled by its corresponding PDB code and CATH domain identifier, whilst a consensus
description of the secondary structures common to the superfamily members is also shown
(Figure 2.4). The diagrams are in the form of a series of linked symbols, where a circle de-
notes an a-helix and a triangle a S-strand. The size of the circle or triangle is determined
by the size of the respective a-helix or B-strand. Core secondary structure elements are
represented as light pink circles for a-helices and yellow triangles for -strands. a-helical
embellishments are coloured dark pink and 3-strands are brown (Figure 2.2).

The example used throughout this chapter is the oligomerisation domain of the NADP
binding oxidoreductases (3.30.360.10). This superfamily is an a(3-2 layer sandwich archi-
tecture. It contains five S35Reps: dihydrodipicolinate reductase (1dih02), glucose-fructose
oxidoreductase (1ofgA2), biliverdin reductase (1gcuA2) and glucose 6-phosphate dehydro-
genases (1dpgA2 and 1gkiA2). The quaternary structure of all five proteins comprises an
oligomer. The monomer comprises the NADP binding domain and the oligomerisation
domain (members of this superfamily).
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Glucose-6-Phosphate Dehydrogenase Dihydrocolinate Reductase

A long helix
A short helix

Glucose-6-Phosphate Dehydrogenase

IqkiA2
»EH A A A#
Dihydrocolinate Reductase
1dih02
-C
Equivalent

A helix Astrand secondary structures

in the two proteins

Figure 2.2: A 2DSEC cartoon created from a CORA structural alignment of two
homologous structures, glucose-6-phosphate dehydrogenase and dihydrocolinate re-
ductase. The a-helices are shown as pink circles, the larger the circle the longer the
a-helix. Light pink a-helices are consensus a-helices, that is, they are present in 75%
or more of the structures aligned. Dark pink a-helices are embellishments. Yellow
triangles are beta strands and as for the helices, the larger the triangle the longer
the strand. Consensus "5-strands are shown in dark yellow and embellishments are
in brown. Equivalent secondary structures in each domain are aligned horizontally.
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2.2.3.1 The 2DSEC Algorithm

The secondary structure information within the CORA structural alignment is sum-
marised into segments along the alignment. Regions of extended coil in any of the domains
are not represented. The program seeks to bring out the similarities and differences be-
tween the secondary structure elements only. Excluding information about length and
orientation of loops enables the program to consider the variability of the domains in the

alignment purely on the basis of the presence or absence of the secondary structures.

Two equivalent
overlapping strands

1A—6 - -0 © —

Figure 2.3: The 2DSEC algorithm divides the multiple alignments into segments
containing at least one secondary structure in any of the aligned domains and a
clear break before the next secondary structure in all aligned domains. Equivalence
is calculated in any segments containing more than one secondary structure in any
of the domains by assessing which secondary structures overlap most.

Firstly, the multiple alignment is divided up into segments. A segment is created if
a secondary structure is present in one or more of the domains in the alignment and
a clear break in all secondary structures can be seen in all aligned domains between
secondary structures. For example, in Figure 2.3 three segments can be seen. Segment
one contains only one secondary structure in each of the aligned domains but segments
2 and 3 contain a number of overlapping secondary structures in each protein. Again in
this example, a decision is applied to segments 2 and 3 to determine the greatest overlap,
so that equivalent secondary structures can be determined. In cases such as this, the
most overlapping secondary structure is aligned with the large secondary structure and
the secondary structure which overlaps less is considered as an additional element. For
segment 2 the algorithm detects that each domain contains two /"-strands in this segment
and is able to identify them as equivalent. For segment 3, domain 4 contains three A-helices
whereas all others contain two. Domains 1 and 2 overlap with a-helices a and ¢ in domain

4 whereas domain 3 overlaps best with a-helices b and c¢ (Figure 2.3). Occasionally,
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the CORA structural alignment will break up a secondary structure in one domain to
align it to two secondary structures in another, forcing a gap in the alignment in the
secondary structure. In these cases, 2DSEC treats the original secondary structure as a
single unit and aligns it to the secondary structure which has the greatest overlap between
the two. 2DSEC is designed meaningfully, to reduce the CORA structural alignment into
information concerning the absence or presence of secondary structures in the aligned
domains and how they relate to one other. The program calculates a summary, containing
the number and type of secondary structures found at each position in the alignment.

Consensus secondary structures are identified and shown in a final representation
below the domain structures. A secondary structure is considered a consensus secondary
structure if'it is present in 75% or more of the domain structures. Such consensus elements
are identified in a different colour; consensus /3-strands are yellow and consensus a-helices
are light pink. Additional /3-strands are represented in brown and additional a-helices in
dark pink.

1dih02
O wly
lofgA2
A # A- <D
IgcuA?2
A A0 A AA d>
IdpgA2
1qkiA2
H
Consensus
-A-A-A-A-
Not Consensus: t .
3/5 domains S/(;ngnSus.
with the > ﬁmams
secondary Z‘gtcotngar
structure y

structure

Figure 2.4: 2DSEC diagram of the oligomerisation domain of the NADP binding
oxidoreductase superfamily (3.30.360.10). A secondary structure is considered con-
sensus if it is in 75% or more of the aligned domains. In this example of 5 aligned
domains the secondary structure must be in 4 or more to be considered as a consen-
sus secondary structure.
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2.2.3.2 Mapping the Embellishments Onto the Tertiary Structure

The 2DSEC program also outputs a Postscript file producing a graphical representation
for Molscript (Kraulis, 1991), colouring residues in the consensus secondary structures.
If 75% of residues at that alignment position are in the o-helical or the /*-strand confor-
mation the alignment position is flagged as consensus. This information can be used to
label the temperature factor field in the PDB file so that Molscript representations can
be coloured according to whether the residue position is in consensus secondary structure
or not. Figure 2.5 shows a Molscript diagram of glucose-6-phosphate dehydrogenase. Re-
gions of consensus secondary structure are coloured in red and the embellished secondary
structures and loop regions (SVRs) in blue. It can be seen that there is an extension
of two antiparallel "-strands onto the right side of the /9-sheet and two extra a-helices.
It is possible to see regions of loop which are coloured red. This indicates that across
the superfamily in more than 75% of structures the strand is longer, forming a larger

consensus region. However in this structure the longer /3-strand is not present.

Figure 2.5: The oligomerisation domain of glucose-6-phosphate dehydrogenase
coloured to show the residues in the alignment which are part of a consensus sec-
ondary structure (coloured red). Other regions such as the embellished secondary
structures and the loop regions are coloured in blue.

In addition to the Postscript cartoon, 2DSEC produces a summary file containing

information on the secondary structures for each domain in the alignment:
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» The total number of consensus helices and total number of consensus strands across

the superfamily.

* For each domain, the number of helices and strands present in the consensus iden-

tified for the superfamily.

* The number of extra helices and strands in each domain.

* The Total number of secondary structures in each domain.

* The length of the largest insertion present.

This information is used automatically and manually for the analysis of CATH homol-

ogous superfamilies in Chapters 3 and 4. Figure 2.6 gives an example of the measurements

which are recorded for each superfamily.

1dih02
O-
lofgA2
#e00- -A— O
IgcuA2
0—A— c4<>
IcipgA2
IqkiA2
B A H-0-H#— AA*
Consensus
O -
# Helices # Strands Consensus Consensus Extra  Extra  Total
Helices Strands Helices Strands
1dih02 2 6
lofgA2 3 14
IgcuA2 3 11
ldpgA2 3 19
IgkiA2 3 16

Consensus 3

Max Insertion
Idih02 03276
lefgA2 3233
IgcuA2 243
ldpgA2 42
HqkiA2 3

Figure 2.6: 2DSEC calculates a summary of secondary structure information for
each member in the structural alignment. The information is shown here using the
oligomerisation domain of the NADP oxidoreductase superfamily (3.30.360.10). The
number of consensus and embellished secondary structures in each relative are also
calculated (shown here in the table below the 2DSEC cartoon.)

2DSEC also describes a profile for the superfamily. The information recorded is shown

in Figure 2.6. For each domain, the number of consensus strands present is recorded. For
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example, dihydrocolinate reductase (1dih02) has 2 of the 4 consensus helices and 4 of
the 5 consensus strands. The total number of extra helices and strands in each protein
are also recorded. Dihydrocolinate reductase has no extra helices and no extra strands.
In addition, the largest number of inserted secondary structures in one region, pairwise
maximum insertion, is recorded and shown here as a half matrix. In this superfamily,
glucose 6-phosphate dehydrogenase (1gkiA2) has the largest insertion of seven SSEs when
measured with dihydrocolinate reductase (1dih02).
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2.3 Summary

This chapter describes a new algorithm which enables the secondary structure of domains
within a given superfamily to be analysed and visualised. 2DSEC reads a CORA multiple
structural alignment and summarises the secondary structures aligned. This enables a
secondary structure profile of the superfamily to be formed, identifying those secondary
structures which are common in the superfamily and those which embellish the core
secondary structures. By identifying embellishments it is possible to consider mechanisms
of domain evolution and also how these embellishments may affect the function of the
protein.

The example of the oligomerisation domain in the NADP binding oxidoreductases
used throughout this chapter is illustrated in a final summary in Figure 2.7. The 2DSEC
diagram shows that embellishments are present in four main places along the peptide
chain. Strands embellish either edge of the 3-sheet and a-helices mostly pack against
existing a-helices on one side of the SB-sheet (Figure 2.7). The embellishments largely
promote the interactions between the domains in the multidomain structure. This is

discussed in more detail in Chapter 3.
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Figure 2.7: A 2DSEC example. The oligomerisation domain of the NADP binding
oxidoreductase superfamily. The embellishments are viewed in two-dimensions using
the 2DSEC output and can be mapped onto the three-dimensional structure using
a simple description. Embellishments can be seen in four places along the peptide
chain. In this example, four regions of embellishments are contributing to the left
and right of the central "5-sheet and a-helices to the back and the front.



Chapter 3

Structural Evolution in Protein

Superfamilies

3.1 Introduction

3.1.1 Background

At present, there are many more known protein sequences (1,497,800 in GenBank) than
there are known proteins structures (17,248 structures in the Protein Databank (PDB)).
This is, in part, due to the ongoing success of whole genome sequencing projects and the
time consuming nature of experimental structure determination methods such as X-ray
crystallography and NMR. The elucidation of over 132 published and completed genomes
over the last eight years has lead to a vast amount of experimentally uncharacterised
sequence data derived from a variety of eukaryotic, bacterial and archaeal sources. Locked
into these genome sequences is a wealth of structural and functional information that holds
the key to the determination of biochemical processes in which proteins participate.

A challenge of the ‘post-genomic’ era is the high-throughput assignment of structural
and functional information to genes and gene products. Such annotation of sequence data
is reliant on the elucidation of those rules that associate sequence and structure and in turn
function from structure. Annotation can be achieved in part by the detection of significant
sequence similarity between a sequence with unknown structure and a protein of known
structure. In cases where significant sequence similarity is found the three-dimensional
structure may be constructed by comparative modelling using the backbone conformation
of the known structure. Many such bioinformatics-based methods (Tramontano et al.,
2001) are now being used to predict protein structure based on current knowledge of
experimentally determined structures. However, at present, these methods are unreliable,

particularly for more distant relatives as homologous proteins can vary significantly in
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structure in some superfamilies. Nevertheless, it is not feasible to solve the structures of all
proteins by experimental methods as they are far too numerous and so in silico prediction
methods need to be improved to act as a feasible alternative to experimental methods
Chapter 5 on Comparative Modelling). In order to do this a greater understanding of
protein evolution is required.

Proteins evolve due to mutations in the DNA encoding them. These mutations may
vary from very small changes such as single base insertions and deletions through to much
larger changes such as gene duplications (which may be responsible for additional protein
domains)(Heringa & Taylor, 1997). As is described by the central dogma of molecular
biology, DNA to RNA to protein, changes in the DNA sequence may have effects on the
amino acid sequence of the protein it encodes. As changes within protein sequences have
accumulated slowly and gradually over time, protein families have sometimes evolved to
gain different functions. Close evolutionary relatives may be found through sequence
analysis alone — if their sequence identity is greater than or equal to 35% two proteins
may be assumed to adopt a similar structure (Chothia & Lesk, 1986). In some rela-
tives sequences may have changed to the extent where they are no longer recognisable as
relatives by sequence based methods alone. However, related proteins can have similar
or identical structures without having high sequence identity. As the library of these
structures becomes more complete, the ability to infer a protein structure by assigning
sequences to a given structural family will also increase. Classification of proteins into
related groups helps us to see evolutionary relationships between them, and also enables
the characterisation of the structural variability between relatives in a homologous su-
perfamily. Databases of protein structures such as CATH (Pearl et al., 2001) and SCOP
(Lo Conte et al., 2000) have made this possible by the hierachical categorisation of protein
structure.

Prediction methods may be improved by analysing information stored in protein family
databases such as CATH in order to understand the structural mechanisms by which
proteins evolve and identify which families are the most variable and how structural
variability affects function.

3.1.2 Identifying Evolutionary Relationships in the CATH
Database

In the CATH database (Version 2.4) (Pearl et al., 2001), a significant evolutionary rela-
tionship, i.e. homology, is defined if at least two of the following three criteria are satisfied:

e High sequence similarity (>35% sequence identity, or significant E-Value using PSI-
BLAST).
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e High structural similarity (SSAP score over 70) or significant E-Value from CATHE-
DRAL (sections 1.5.5.2 and 1.5.6.1).

e Evidence of functional similarity.

If two of these criteria are met then proteins are clustered into the same homologous
group known as a superfamily. Since CATH is a hierarchical classification database, the
superfamilies themselves are further clustered into fold groups, or topologies (T-level),
that share a similar spatial and sequential arrangement of secondary structures. Proteins
that share the same topology but belong to different homologous superfamilies within
CATH are given the term analogues. Proteins that do not have similar structures, that is
they are not in the same homologous superfamily or fold group, are termed non-relatives.
This database provides a valuable source of verified homologous domains, enabling the

analysis of sequence, structure and functional relationships.

3.1.3 Convergent and Divergent Evolution

Analogues are generally thought to share a similar folding arrangement by convergent evo-
lution, (Chothia, 1992; Orengo et al., 1994) where proteins arrive at the same fold through
an independent evolutionary pathway. Homologues evolve by divergent evolution, where
the proteins share a common ancestor. In some cases the relationship is so distant that
the only evidence is the structural similarity. The distinction between analogues and
homologues is often difficult to identify due to a lack of evolutionary evidence, in terms
of sequence or functional similarity. Negligible sequence and functional similarity does
not necessarily mean that they are unrelated, only that no evidence of the relationship is
currently available. Often a protein sequence or structure will be found that has evolu-
tionary relationships to more than one superfamily and this provides a ‘missing link’. This
allows superfamilies to be merged, resulting in analogous relationships being redefined as
homologous relationships.

3.1.4 Sequence and Structural Variability in Homologous

Domains

Generally, it is considered that domains with greater than 35% sequence identity will
share a similar structure (Chothia & Lesk, 1986) and will provide a good template for ho-
mology modelling of relatives of unknown structure. Therefore, CATH domains clustered
into the same superfamily are further sub-clustered into 35% sequence families. In some
superfamilies domains remain structurally well conserved at less than 35% sequence iden-
tity. However in others, relatives below this threshold can exhibit an extensive amount of
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structural change including the additions and subtractions of secondary structures around
the core structural elements. In some cases these secondary structural changes or embel-
lishments may be constrained by functional requirements and in other cases, it may seem
that the differences are more tolerated, where these embellishments do not affect the
stability of the structure or the ease of folding.

The number of structures in each architecture in CATH is uneven (Figure 3.1), the
architectures 3-layer (a/3a) sandwich (3.40), 2-layer sandwich (3.30), /3 sandwich (2.60),
j3 barrel (2.40) and orthogonal bundle (1.10) comprise 69% of the total number of non-
identical representatives in the database. This may be because these architectures are
more regular enabling optimal packing of hydrophobic residues in the core. Alternatively,
structures adopting these architectures may crystallise more easily. However, it may also
be that these architectures contain many enzymes which have been more extensively

studied by structural biologists.
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Figure 3.1: The number of non-identical domains in each architecture in CATH
shows an uneven distribution. Some architectures are more highly populated: 3-
layer [a”a] sandwich (3.40), 2-layer sandwich (3.30), sandwich (2.60), 0 barrel
(2.40) and orthogonal bundle (1.10). These five architectures constitute just under
70% of the database.

Structural evolution through insertions and deletions of secondary structure elements
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can sometimes give rise to profound changes in the fold or architecture of a protein. For
example, the addition of a-helices can change a 2-layer (o) sandwich to a 3-layer (afc)
sandwich. Grishin (2001) discusses fold change in homologous structures in several su-
perfamilies, showing how certain evolution events can change the topology of a protein
structure (section 1.3.1). Grishin’s study shows that there are some homologues which
can be detected by sequence analysis that fold into different structures producing contra-
dictions in the protein classification schemes. By contrast, measuring structural similarity
between proteins can identify common structural motifs present in a number of different
folds and homologous superfamilies. Harrison et al. (2002) identify a number of these
motifs naming the folds that possess them ‘gregarious’ folds.

3.1.4.1 Previous Analysis of Sequence/Structure Relationships in Protein

Families

The relationship between structure and sequence can also be studied in terms of the
number, length and structural location of insertions and deletions tolerated within a set
of homologous structures. Since an insertion in one sequence of an aligned pair implies
a deletion in the remaining sequence, it is referred to as an indel. Pascarella & Argos
(1992) studied the indels in protein structural families, each consisting of non-redundant
and multiple tertiary structural superpositions. They discovered that indels prefer to be
between 1-5 residues in length with very few examples (1-2%) of indels greater than 10
residues. Flores et al. (1993) carried out a similar study on a set of homologous pairs
of proteins ranging from 0 to 100% sequence identity and similarly reported that indels
prefer to be 1-6 residues in length. A continuation of the study by Pascarella & Argos
(1992) using a larger dataset is carried out in this chapter (section 3.3.5).

The relationship between sequence and structure has been the subject of a number
of studies. Two models have been proposed to explain how the tertiary structure of
a protein is encoded in its linear sequence of amino acids. Firstly, the local model,
postulates that fold specificity is coded by just a few critical residues (10-20% of the
sequence) (Chothia & Lesk, 1986). The second model, the global model, postulates that
the fold is formed by interactions involving the entire sequence (Lattman & Rose, 1993);
and more recently Wood & Pearson (1999) conclude that, on average, most sequence
changes cause detectable structural changes and that the amount of structural change
per sequence change is relatively constant within a protein family. In addition Wood &
Pearson (1999) conclude that the rate of change in sequence identity produces a different
rate of change in structure for different structural families.

Evidence supporting the local model is extensive. The logarithmic relationship be-
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tween sequence change and structural change was first reported by Chothia & Lesk (1986)
and again in the study by Flores et al. (1993). A number of studies involving individual
families have also identified conserved amino acids considered important for protein fold-
ing (Ptitsyn, 1999, 1998). Ptitsyn (1998) analysed seven subfamilies of cytochromes c.
He found four completely conserved positions in all cytochrome ¢ subfamilies which form
a network of conserved contacts connecting the N— and C-terminal helices. The impor-
tance of the contacts between the interfaces of these helices has been confirmed by their
existence in molten globule-like folding intermediates. These residues have no apparent
functional role further suggesting that they are of importance in protein folding. A similar
study was also carried out on the globin family (Ptitsyn & Ting, 1999) where a cluster
of conserved residues with no functional importance was identified. These residues are
located between helices which are known to fold in the early stages of folding and remain
relatively stable in the equilibrium molten globule state.

Protein superfamilies evolve at different rates and by different mechanisms and it is
useful to know how structural properties vary as sequence identity varies. Many differ-
ent criteria can be used to characterise protein structures, for example, the difference in
secondary structure content or the change in residue solvent accessibility. How do the
structural properties change with evolution of a particular family? Flores et al. (1993)
measure the conservation of secondary structure in 90 pairs of homologous pairs hav-
ing sequence identities ranging from 5 to 100%. The percentage of residues in the same
secondary structures decreased linearly as percentage sequence identity decreased. In
another study conducted by Russell & Barton (1994) it was found that secondary struc-
ture identities in distant homologous proteins can fall as low as 41%, equivalent to what
might be expected by chance. Secondary structure variation in terms of conservation and
substitution was also examined by Mizuguchi & Blundell (2000). Secondary structures
were classified into categories according to the length of the secondary structure and its
solvent exposure. From this, a secondary structure element (SSE) substitution table was
calculated. Substitutions from SSEs to coil, or deletions of SSEs were calculated and it
was found that length was the biggest factor in determining the probability of deletion,
although, short and medium buried strands are much less likely to be substituted by
coil than accessible ones. This substitution table is useful for the comparison of known
secondary structures and sequences with predicted secondary structures.

The above examples illustrate the ways in which structural and sequence variation can
be measured and how the identification of structural or sequence commonalities between
homologous family members can enlighten the mechanisms of evolution. It is important
to elucidate why structures in some folds remain conserved at low sequence identities

whilst other folds are more tolerant to structural variation and secondary structure em-
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bellishments, as this can help in predicting the structures of new sequence members. At
the very least, methods for the identification of core, or structurally invariable, regions
present in all family members can lead to measures of confidence in core regions of the
structure when modelling new members. Furthermore, understanding more about the
rate of evolution, type of evolutionary mechanisms and the effect these mechanisms have
on individual folds is important for the classification of new members into the homologous

superfamily.

3.1.5 Aims of the Chapter

This chapter reports the analysis of highly populated families in the CATH domain
database in order to characterise the types of structural changes occurring during evo-
lution. This is important for understanding constraints on protein evolution and the
mechanisms by which proteins evolve structurally. In this chapter, structural variability
is assessed in terms of the insertions and deletions tolerated throughout CATH superfam-
ilies, both at the sequence and the secondary structure level. CATH domain superfamilies
are characterised in terms of the secondary structures they have in common and those
secondary structures which are embellishments to the core of the fold. This characteri-
sation is useful when adding new structural members to the superfamily and also when
modelling the structures of sequence relatives.

Analysis of the secondary structure variation in relatives between superfamily members
is then performed using the 2DSEC program described in Chapter 2 which automatically
identifies those secondary structures which are core to the fold and those which are em-
bellishments based upon the use of a multiple structure alignment produced by CORA
(Orengo, 1999). The 2DSEC program calculates a measurement of variability within each
superfamily which is used for identifying those superfamilies which are most embellished
and those superfamilies which are most conserved. In addition to this, 2DSEC is used
to analyse how these structural embellishments are inserted into the peptide chain. Are
many SSEs inserted into one place or are a few inserted into many places and how are
they arranged in the three-dimensional structure? Are they localised in one region on the
structure or in a number of regions? Additionally, sequence/structure variation is also
investigated for these superfamilies to help elucidate the extent to which the structure
changes as sequence identity falls. Studies measuring the relationship between sequence
(measured by percentage sequence identity) and structure (measured by SSAP score (Tay-
lor & Orengo, 1989) described in section 1.5.5.2) and the relationship between the number
of indel residues (using a program called IndelCalc described in section 3.2.3) and sequence

identity were carried out to help elucidate possible mechanisms for structural evolution.
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3.2 Methods

3.2.1 Selecting Datasets

Each CATH (V2.4) superfamily is sub-classified according to different levels of sequence
identity. In a given superfamily, structural comparisons were made between representative
domains from 35% sequence clusters (S35Reps), as structures are considered to be similar
at greater than or equal to 35% sequence identity. In section 3.3.6 where structures are
compared, only superfamilies with more than three S35Reps were considered. The total
number of superfamilies with three or more S35Reps was 235 containing 1403 S35Reps
altogether. For sections 3.3.3 and 3.3.5 relationships at a higher sequence identity are
measured. For this the superfamily was divided into clusters at 95% sequence identity
(N95Reps) to remove redundancy. A total of 3311 N95Reps were included in the study. In
both datasets, the domain with the best resolution was selected. If only NMR structures
were available in a cluster, no structure was selected as the secondary structure elements
tend to be not as well defined.

3.2.2 Structural Change versus Sequence Change

The structural similarity between two proteins is measured by the program SSAP (section
1.5.5.2) as a value between 0-100, with identical proteins returning a value of 100. SSAP
also outputs the percentage sequence identity of the pair, calculated from the structural
alignment.

3.2.3 Measuring Indels Between Protein Pairs

IndelCalc

IndelCalc was developed to measure the length and secondary structure type of inserted
residues between domain pairs. Domain pairs were aligned using the pairwise SSAP struc-
tural alignment program. Each S35Rep was aligned to the N95Reps in the superfamily
and the position and length of each indel position is recorded. The positions of the indel
residues are then cross-referenced to check that no indel is recorded twice. Figure 3.2
illustrates the overlap of indels between an S35Rep and two N95Reps. The second indel
is in both N95Reps but is counted only once.
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S35Rep '
N95Repl
N95Repi

Figure 3.2: Calculating the length of insertions using IndelCalc. Each S35Rep is
aligned with all N95Reps, any overlapping alignments are counted only once. The
red numbers below show how many times each indel is counted.

3.2.4 Secondary Structure
3.2.4.1 Identifying Superfamilies with Domain Embellishments
2DSEC

Although homologous superfamilies share core structural similarity, many of these super-
families exhibit extensive structural embellishments which enlarge the domain unit. Su-
perfamilies with secondary structure embellishments are identified using 2DSEC (Chapter
2).

The percentage of secondary structure elements (SSE) present in the largest but not
present in the smallest structure is calculated to represent the variability in each super-
family (Equation 3.1).

10

Percentage Variability = A 1Oy

Analysis of secondary structure insertions

The structures were inspected manually and the length (number of SSEs) and types of
embellishments were described. This analysis provides information on how these sec-
ondary structures embellish the tertiary structure. Are the secondary structure insertions
distributed throughout the structure or do they aggregate in one structural location to
produce a larger motif or additional lobes on the tertiary structure? If they are inserted in
many regions in the polypeptide chain, are they nevertheless contiguous in 3D or located
in different positions throughout the structure?

Description of embellishment falls into the following categories:
* How many regions in the peptide chain contain insertions?

* Are these insertions a-helices or ~-strands?



Chapter 3. Structural Evolution in Protein Superfamilies 74

e How many regions in the three-dimensional structure are embellished with inser-

tions?
e If the insertions are (-strands. Do they:-

1. Form an extension to a central B-sheet or form a separate S-hairpins or -sheet?

2. Form an extra lobe or do the embellishments enlarge the structure uniformly?
e If the insertions are a-helices. Do they:-

1. Form a separate lobe on the structure?

2. Pack uniformly around the structure to enlarge the domain unit uniformly?

This categorisation was made by comparing all of the proteins in a family by eye using

Rasmol, and as such is a qualitative measure of variation.

3.2.5 Tertiary Structure
3.2.5.1 Identifying Structural Variability using SSAP

For each superfamily pairwise SSAP scores were calculated. From this, structural variabil-
ity of the superfamily was assessed by calculating the mean and the standard deviation
(o). An indication of the extent of structural variability of the superfamily can be gained
from this information. If a superfamily has a low mean SSAP score (<60) and a large
standard deviation the family is uniformly variable, indicating a plastic fold. By contrast,
a superfamily with a high mean SSAP score (>80) with a low standard deviation indicates
a superfamily which, at present, is structurally conserved. It is also important to con-
sider the number of relatives in the superfamily when identifying structurally conserved

superfamilies.

3.2.5.2 A CATH Resource: Structural Sub-groups

Due to the extensive structural embellishments in some homologous superfamilies, Struc-
tural Sub-Groups (SSGs) are used (Sillitoe, 2002). These divide the superfamilies into
structurally similar, sequence dissimilar clusters. Redundancy in the superfamily was
first removed by selecting the highest resolution structure from each 35% sequence cluster
(S35Rep). A pairwise matrix of SSAP scores is read in and, starting with the highest
pairwise SSAP score, clusters are built up based on structural similarity. Structures join
a cluster if the SSAP score is above a given threshold (SSAP > 80) to all other members

of that cluster. Multiple linkage clustering was chosen over single linkage clustering so
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that internally consistent clusters were produced, that is, all members of the cluster ex-
hibit the same core structural features (Figure 3.3). In superfamilies exhibiting significant
structural variation more accurate structural alignments are sometimes obtained by using
the sub-groups. In these superfamilies the SSGs were used and the consensus secondary
structures were cross referenced between SSGs to calculate the percentage variability. In
addition, the number of clusters each superfamily produces is a good indication of the

structural variability present.

SINGLE LINKAGE MULTIPLE LINKAGE

Figure 3.3: Single and multiple linkage clustering. Single-linkage clustering only
requires one comparison to meet the clustering criteria (e.g. SSAP score di > 80)
for a structure to be included in a cluster. This allows structures to be chained
together and can result in clusters containing very diverse structures (e.g. SSAP
score d2 < 80). Multiple-linkage will only allow a structure to join a cluster if
the clustering criteria is met with all members of the cluster (e.g. SSAP score for
di, ,...,dfi  80).
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3.3

3.3.1

Results and Discussion

76

Distribution of Sequence Identities between Homologues

in the CATH Database

Because structural biologists have largely focused on solving the structures of putative

novel folds and mutants, sequence identities between non-identical representatives of the

same superfamily are mainly between 5-25% and 95-100% with few structures in the

30-95% range. Figure 3.4 shows the sequence identities between N95Reps in the same

homologous superfamily in the CATH database. The majority have between 0-30% se-

quence identity leaving a range of sequence identities from 30-95% with fewer examples.

Ny O H_ﬁ Qoo T
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Figure 3.4; Sequence identities between non-identical representatives (N95Reps)
in each homologous superfamily shows that most sequences have between 5-30%
sequence identity with a lack of structures sharing 30-95% sequence identity.

100

Identification of Structurally Conserved and Variable Su-

perfamilies by Analysis of Pairwise Structural (SSAP)

Similarity Scores.

Global structural variability between pairs of S35Reps in each superfamily was measured

using the SSAP structural alignment program, outputting a score ranging from zero for
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unrelated proteins to one hundred for identical proteins. The average and associated
standard deviation of each SSAP score was calculated for each superfamily. Figure 3.5
plots the values calculated for each superfamily. Mean SSAP scores do not generally fall
below 65 and only the most diverse families lie between 65 and 75. Superfamilies with a
very high mean SSAP score (>85) could be considered to be conserved although many of
these superfamilies contain five or fewer S35Reps. It is not yet known if these superfamilies

will be found to be more structurally divergent as they become more populated.
20.00
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¢ % m 6 to 8 s35Reps
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Average SSAP Score for Each Superfamily

Figure 3.5: The average SSAP score and standard deviation calculated for each
superfamily in the dataset. The mean SSAP score ranges from 70 for diverse to 95
for conserved superfamilies. Superfamilies are coloured according to the number of
S35Rreps. Two boxes have been marked on the graph. The blue box indicates those
particularly conserved superfamilies with high mean SSAP scores and low standard
deviation and the red box indicates those superfamilies which are particularly vari-
able with low mean SSAP scores and a higher associated standard deviation.
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3.3.3 The Evolutionary Relationship Between Sequence and

Structure

The relationship between sequence and structural evolution has been examined in a num-
ber of studies. As discussed in section 3.1.4.1, two types of sequence/structure evolution
have been proposed: The global model, which suggests that every sequence mutation cre-
ates some structural modification (Lattman & Rose, 1993; Wood & Pearson, 1999)and by
contrast, the local which model implies a small percentage of the residues are responsible
for large structural changes (Chothia & Lesk, 1986; Flores et al., 1993; Ptitsyn, 1999,
1998).

To examine the relationship between structural similarity and sequence identity pair-
wise SSAP structural comparisons were carried out for all non-identical representatives
(N95reps) in each superfamily in CATH. Plots were generated of pairwise SSAP scores
versus sequence identity, calculated from the structural alignment. Figure 3.6 shows that
for four of the most populated superfamilies, there was gradual decrease in structural
similarity with decreasing sequence identity, above 20-30%. Whilst below 25% sequence
identity, sequence change had a much greater effect on the structure. The same behaviour
was found for 62 superfamilies containing sufficient numbers of S35Reps to study this
range of sequence identity. This behaviour agrees with the early observations of Chothia
& Lesk (1986) but for a much larger dataset of structural superfamilies.
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Winged-helix DNA binding protein Homcodomain-like
1.10.10.10 1.10.10.60
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Translation Factors Acid Protease
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Figure 3.6: The relationship between change in sequence and structure is shown
here in four well populated superfamilies. Above ~30% sequence identity there is a
gradual change in structure with decreasing sequence identity whereas below ~30%
sequence identity the change in sequence has a much greater effect on the structure.

The linear portion of the SSAP/sequence identity plot, >~30% sequence identity,
corresponds to the global mode of structural variation proposed by Wood & Pearson
(1999). In this region there appears to be a linear dependence of structural similarity
with sequence identity. The rate of decrease of structural similarity with decreasing
sequence identity was referred to by Wood and Pearson as structural mutation sensitivity
(SMS). Their analysis considered 36 structural families. Here, only those superfamilies
with at least 10 S35Reps and with a correlation coefficient (R") greater than 0.5 for
this region, have been considered with at least 10 pairs having sequence identities in the

range 35-100% sequence identity. This ensures that the superfamily has been sufficiently
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sampled to allow general conclusions to be made about the structural ‘plasticity’ of the
superfamily.

There are 62 superfamilies with more than 10 pairwise comparisons showing >35%
sequence identity. Selecting those linear relationships with a correlation coefficient (R?)
of greater than 0.5 left 29 superfamilies listed in Table 3.1.

CATH Architecture Gradient Correlation Number of Lowest
(>35% Coefficient pairwise pairwise
sequence comparisons SSAP score
identity) >35% in
SMS sequence superfamily

identity

1.20.85.10 Up-down Bundle 0.19 0.64 12 61

3.40.50.10 3-layer (afa) 0.15 0.91 11 65

sandwich

3.30.540.10 | 2-Layer Sandwich 0.14 0.72 10 74

2.60.120.20 | Sandwich 0.138 0.68 112 36

3.10.100.10 | Roll 0.13 0.63 51 66

3.30.500.10 | 2-Layer Sandwich 0.122 0.635 122 80

2.60.120.180 | Sandwich 0.12 0.818 36 81

3.20.30.70 Barrel 0.18 0.67 17 66

1.20.1050.10 | Up-down Bundle 0.12 0.60 44 76

3.40.420.10 3-layer (afa) 0.12 0.78 24 87

sandwic|

3.40.710.10 | 3-layer (aBa) 0.11 0.67 33 57

sandwich

1.10.520.10 | Orthogonal Bundle | 0.11 0.81 25 80

2.60.120.60 | Sandwich 0.11 0.74 301 45

2.40.50.110 | Barrel 0.11 0.74 20 72

3.40.190.10 3-layer (afBa) 0.11 0.55 115 45

sandwich

2.60.40.420 | Sandwich 0.11 0.54 77 44

3.50.50.60 3-Layer(88a) 0.11 0.53 36 43

sandwich

3.90.180.10 | Complex 0.10 0.86 29 84

3.40.50.80 3-layer (afc) 0.10 0.74 12 80

sandwich

2.40.70.10 Barrel 0.10 0.67 167 37

3.30.390.30 | 2-Layer Sandwich 0.09 0.76 15 82

2.60.40.1180 | Sandwich 0.09 0.69 22 77

1.10.530.10 | Orthogonal Bundle | 0.09 0.62 63 56

1.10.420.10 | Orthogonal Bundle | 0.09 0.70 26 79

3.40.192.10 | 3-layer (afa) 0.08 0.85 14 84

sandwich

3.90.70.10 Complex 0.08 0.55 95 73

3.40.50.1460 | 3-layer (afBa) 0.07 0.56 10 86

sandwich

3.40.640.10 | 3-layer (afa) 0.06 0.62 24 68

sandwich

Table 3.1: The sequence/structure correlation at sequence identity above 35%. The
structural mutation sensitivity and correlation coefficient (R?) is recorded for all
superfamilies with more than 10 homologues with more than 35% sequence identity
and a linear correlation coefficient of greater than 0.5. Also recorded is the SSAP
score of the most structurally diverged pair.

Structural mutation sensitivity ranges from 0.19 to 0.06 in this dataset of superfamilies
with an average measurement of 0.11. Figure 3.7 illustrates this range for three superfam-
ilies, one with a high SMS, one with an average SMS and one with a low SMS. Even for
the most plastic superfamilies the structural changes are not profound. That is, a large
change in sequence identity (35-95%) corresponds to a small degree of structural change
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(<10%). This tends to confirm that performing comparative modelling for relatives with
more than 35% sequence identity is likely to be reliable whilst below 35% the structural
divergence is greatly increased and therefore introduces inaccuracy in the models. The
range in SMS value could also be useful for predicting the quality of models. Parent
structures for more plastic superfamilies, with higher SMS values, need to be selected at
the highest possible sequence identity. Also recorded in Table 3.1 is the lowest pairwise
SSAP score for each superfamily. In some superfamilies this score can be as low as 45
(2.60.120.60, 2.40.190.10, 3.50.50.60) however, this does not correlate with the associated

structural mutation sensitivities.



100

100

35

35

45

45

Figure 3.7:

of 0.11.

3.40.50.10

55 65 75
Sequence Identity (%)

1.10.510.10

55 65 75
Sequence Identity (%)

85

85

95

95

y = 0.1517X + 85.642
R'=0.9136

y = 0.1122X + 88.08
R' = 0.8091

b)

35

100

95

85

35

45

45

3.40.640.10

55 65 75 85
Sequence Identity (%)

S5 65 75 85
Sequence Identity (%)

y = 0.0635X + 89.683

R = 0.6221
95
A3.40.50.10
4 3.40.640.10
¢ 1.10.520.10
95

Showing the relationship between three superfamilies in the range of 35 to 95% sequence identity. Plot a shows the
superfamily 3.40.50.10 with the highest strutural mutation sensitivity of 0.15, b shows the superfamily 3.40.640.10 with the lowest
structural mutation sensitivity 0.063 and ¢ shows the superfamily 1.10.510.10 with a middle range structural mutation sensitivity

&0 mq@ O

) O

°~

P 3



Chapter 3. Structural Evolution in Protein Superfamilies 83

The data were further divided into structural classes (Mainly @, Mainly 8 and af).
Table 3.2 illustrates the number of entries for each class above the mean SMS value,
below or equal to the mean SMS value and also the percentage of each structural class
present in the dataset above the mean SMS value. The Mainly cand the af classes have
a higher percentage of superfamilies with an above average SMS value suggesting that for
the dataset of structural superfamilies analysed, these classes appear to be more plastic.
This was in contrast to Wood and Pearson who reported no correlation between structural
class and SMS. However, more structural data would need to be included into the study

for a reliable conclusion to be drawn.

[ | Mainly a | Mainly 8 | of ]

SMS above average of 0.11

2

2

6

SMS below or equal to average

3

5

10

Number of superfamilies analysed

5

7

16

Percent of class above average

66%

40%

60%

Table 3.2: The structural mutation sensitivity correlated with structural class. The
number of homologous superfamilies with an SMS below the average, above the
average and the percentage of superfamilies above the average is shown.
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3.3.4 Correlation of Structural Variation With Functional Vari-

ation

Todd et al. (2001) found that function is typically conserved down to 35-40% sequence
identity but below this threshold functional conservation falls sharply. Figure 3.8 illus-
trates the correlation between sequence, structural and functional similarity in four su-
perfamilies (Todd, 2001). It is important to consider the distinction between orthologues
and paralogues when analysing these plots. Orthologues are genes in different species
that have evolved from a common ancestral gene by speciation and paralogues are genes
related by duplication within a genome. Orthologues typically retain the same function in
the course of evolution, whereas paralogues often evolve new functions, even if these are
related to the original one, possibly allowing greater deviation between paralogous struc-
tures since paralogues are not constrained to perform the same function and are often
retained in the genome because they perform other useful functions. However it is clear
from Figure 3.8 that the relationship between sequence/structure/function is not a simple
one. In Figure 3.8 the TIM barrel glycosyl hydrolases, the thioredoxins and the di-iron
carboxylate proteins all reveal most functional change occuring at below 30% sequence
identity. However, in the /8 hydrolase superfamily structurally variable domains with
negligable sequence identity have the same function. Variations functional and structural
change in superfamilies could possibly be due to other domains are responsible for the
main function of the protein or perhaps the structural variation does not have any bearing
on the active site. In addition, mutation of a few residues in the active site can dramat-
ically alter the function. The effect that structural variation has on the function of the
domain is studied more closely in three of these functionally annotated superfamilies in
Chapter 4.

A continuation of this study of structural plasticity in protein superfamilies would
be to consider the functions of the proteins and also whether they are orthologous or
paralagous. However, such an analysis was outside the scope of this chapter, as presently,
relatives in the CATH database do not always have sufficient functional annotation and

there is currently no distinction between orthologues and paralogues.
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Figure 3.8: The graphs above plot the pairwise sequence identity versus SSAP score
for non-identical homologues in domain pairs, with points coloured to distinguish
pairs having identical (black circles) and different (pink squares) functions.
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3.3.5 Extent of Insertions and Deletions Between Superfamily

Members

Evolution at the sequence level occurs by two mechanisms. Residues can be mutated
from one type to another, known as substitution, or residues can be inserted or deleted
from the protein sequence forming regions known as indels. Indels may consist of a single
residue or a whole string of residues, which can sometimes correspond to the addition
or subtraction of a whole secondary structure unit. In this section the average length of
insertions and deletions between an aligned protein pair is considered and compared to
the study undertaken by Pascarella & Argos (1992).

Using IndelCalc (section 3.2.3) the relationship between sequence identity and number
of indels in each pair was measured. In this study, pairwise analyses of relatives from 235
homologous superfamilies (45 500 pairwise comparisons) was carried out.

3.3.5.1 Average Indel Lengths

Pascarella & Argos (1992) reported the analysis of the insertions and deletions present
in 32 structural families (755 comparisons of non-redundant proteins). They concluded
that indels tend to be short, between two residues (at >40% sequence identity) and five
residues (at <10% sequence identity). The increase in length was found to be exponential
with decreasing sequence identity. Calculating the average indel length and the percentage
of indels less than ten residues at 0-20%, 20-40% and 40-80%, indicated the relatively
narrow distribution of indel lengths (Table 3.3). The percentage of indels below ten
residues remains high at all three sequence identity ranges. The average indel length
decreases from 4.6 for a sequence identity from 0-20% to 2.3 for a sequence identity from
40-80% although the standard deviations show that the spread of indel length in the
0-20% range is wide.

Sequence Identity Mean (s.d.) Percentage Indels

Range (%) Less than 10
residues

0-20 4.6(5.9) 93%

20-40 3.0(3.4) 94%

40-80 2.3(2.1) 99%

Table 3.3: Results from Pascarella & Argos (1992). Calculating the average indel
length and the percentage of indels less than ten residues at 0-20%, 20-40% and
40-80%, indicated the relatively narrow distribution of indel lengths.

The indel analysis was repeated for a larger dataset, here, of 235 superfamilies (45
500 comparisons of non-identical representatives) and also revealed an exponential decay
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between average indel length and sequence identity (Figure 3.9). Additionally, at 0-10%
sequence identity average indel lengths are between six and twelve residues long. This
suggests that the more extensive sampling of distant structural homologues in the CATH

superfamilies reveals that larger indels are possible in very remote homologues.
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-Alpha Beta
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Figure 3.9: The average indel length plotted with sequence identity bins of 5%
shows a decrease in indel length as sequence identity increases. At 0-10% sequence
identity average indel lengths are between 6 and 12 residues long and at sequence
identities of greater than 60% indel lengths are less than 2 residues.

The results for each sequence identity bracket 0-20%, 20-40%, 40-95% are shown in
Table 3.4. As for the results obtained by Pascarella & Argos (1992), they show that the
majority of indels are less than ten residues and that the average indel length ranges from
six in the 0-20% sequence identity range, to two in the 40-95% sequence identity range
which is just one residue higher than in the previous study despite the fact that this study
was carried out with more than 60 times the number of data in the original dataset. This
information could be used to modify gap penalties in sequence alignments.

In Table 3.4 the data are divided into separate classes showing that the a/3 class is
more tolerant to indels than the other two classes at lower sequence identities. This can
also be seen in Figure 3.9. Table 3.4 also shows a significant decrease (to 70%) in the

number of indels below ten residues in the 0-20% sequence identity range.
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[ | | I of [ All J
Sequence Average % < 10 | Average % < 10 | Average % < 10 | Average % < 10
Identity Indel Residues Indel Residues Indel Residues Indel Residues
(%) Length Length Length Length
0-20 5.8(5.4) 89% 5.0(2.6) 97% 8.5(5.5) 70% 5.9(4.06) | 89%

2040 4.0(4.6) 95% 3.3(2.3) 99% 3.7(3.0) 96% 3.52(2.91) | 98%
40-95 1.7(1.9) 97% 2.0(3.15) | 98% 2.3(5.5) 97% 2.07(4.3) | 97%

Table 3.4: The average length of indels and percentage of indels less than 10
residues for all of the data in this study and also divided into the «, § and af
classes. The sequence identity bins chosen are those used by Pascarella & Argos
(1992).

However since some highly populated architectures dominate the different classes (for
example a8 sandwiches and 3 sandwiches in the of and mainly B classes respectively)
the data were also divided into separate architectures to investigate whether any of the
architectures are more tolerant to larger indels than others. The results can be seen in
Figure 3.10 which shows the average indel length and the percentage of indels with less
than 10 residues for all architectures with more than 10 pairwise comparisons in each
sequence identity bracket 0-20%, 20-40%, 40-95%. Each sequence identity cluster can
be interpreted differently. Pairwise comparisons in the 0-20% sequence identity range
show the most variation in average indel length and percentage of indels more than 10
residues. For sequence identities of greater than 20% there is no influence of architecture
on the tolerance to indels. Below 20% sequence identity, 3-layer(88a) sandwich (3.50),
3-layer(afa) sandwich (3.40) and up-down bundle (1.20) architectures display a much
higher indel length average in the 0-20% sequence identity range than the other archi-
tectures. This may suggest that these architectures are much more tolerant to structural
change than the others. In the 20-40% sequence identity range average indel lengths range
from aproximately 2 in the 3-layer(88a) sandwiches to approximately 6 in the up-down
bundles.
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Figure 3.10: Average indel length and percentage of indels less than 10 residues in
the eleven most populated architectures in CATH shown in three sequence identity
clusters, 0-20%, 20-40% and 40-95%. The 0-20% sequence identity bin identifies
the 3-layer(/3/3a) sandwich, 3-layer(a®a) sandwich and up-down bundle architecture
as being able to tolerate larger indels. The 20-40% range identifies the 3-layer(/3/3a)
sandwich architecture as tolerating larger indels than the others.
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3.3.5.2 Secondary Structure Composition of Indels

The IndelCalc program also calculates the type of secondary structure (helix, strand or
coil) of each indel residue. Figure 3.11 shows the percentage of each secondary structure
type for different sequence identity bins. As sequence identity increases, the number of
indel residues decreases. As a result, the histogram bars are based on fewer data at higher
sequence identities. For all classes, most indel residues are coil, showing that the majority
of insertions and deletions occur in the loops between the secondary structures. However,
in all three classes some of the residues adopt secondary structure conformations. In some
cases these indels extend the secondary structure elements already present and in other
cases whole secondary structure elements are inserted. This is reviewed in section 3.3.6.
Figure 3.11 shows that in the af class a-helices are more frequently inserted and deleted
and feature more highly than B-strands. This may be because an a-helix is stabilised by
hydrogen bonds between residues within the a-helix whereas a 3-strand does not exist in
isolation but occurs in hydrogen bonded pairs. So, when an insertion occurs, it is easier
for the inserted peptide to fold into an a-helix.
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Figure 3.11: The histograms show the types of secondary structures formed by
The data is divided into the
mainly-a class, the mainly-" class and the aP class. The majority of indel residues
are in coil structures. However, those indel residues that do adopt a secondary
structure state are more likely to be a-helical. As the sequence identity increases

indel residues for different sequence identity bins.

All Alpha Class

Sequence Identity /%)

All Beta Class

30 35 40 45 S0 S5 60 65 70 75 80 8 90 95 100

Sequence Identity (%)

Alph Beta Class

 Percentage helix
= Percentage Strand
o Percentage Coil

Sequence Identity {%)

there is a decrease in the total number of indel residues.
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3.3.6 Secondary Structural Embellishments

Figure 3.11 demonstrates that at high sequence identities (>35%) most (>70%) of the
indel residues present between homologous structures are coil, although at lower sequence
identities (<15%) there is also a significant percentage (~30%) of inserted residues in
B-strand and a-helix conformation. It is possible that these secondary structure residues
represent the insertions and deletions of whole secondary structure elements.

Extensive secondary structure insertions may be tolerated because they confer addi-
tional functional properties or modify an existing active site. They may also alter or
facilitate additional protein — protein interactions by altering surface geometry. To ex-
plore whether secondary structure embellishments are tolerated as neutral changes having
no impact on the function or stability of the protein or whether they are tolerated be-
cause of beneficial changes in the functions of the relatives are obtained, a dataset of
superfamilies was selected containing relatives which had been significantly embellished
by secondary structure insertions. In order to examine secondary structure indels present
in some superfamilies a set of highly embellished superfamilies was identified using 2DSEC
(see section 2.2.3). A dataset of S35Reps for each superfamily were used in this study.
Only superfamilies with more than three S35Reps were included in the dataset which
provided a total number of 235 superfamilies. 71% of these superfamilies have only three
to five S35Reps.

3.3.6.1 Percentage Variability of Secondary Structures within a Superfamily.

Superfamilies particularly susceptible to domain enlargement by secondary structure em-
bellishment were identified using percentage variability of secondary structures (as de-
scribed in section 3.2.4.1). Figure 3.12 shows the distribution of variability in the number
of secondary structures, for structures ranging from 0% variability ( i.e. no additional
secondary structures) to 80% variability, where the largest relative has almost double the
number of secondary structures than the smallest. Figure 3.12 shows that at present,
most of the superfamilies in the study have three to five S35Reps. Therefore, for those
superfamilies which appear to be conserved, this may simply be a consequence of not
having sampled the superfamily widely enough.
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Figure 3.12: Percentage variability in number of secondary structure elements in
members of the same superfamily. The histogram shows that some superfamilies
show no secondary structure variation between superfamily members whereas others
can almost double in size from the smallest superfamily member to the largest. The
histogram also shows that most (71%) of the superfamilies have only 3-5 S35Reps.
It is not known whether the conserved, less populated superfamilies will become
more variable as more relatives are structurally determined.

Percentage variability is dependent on two factors which need to be considered when
identifying the most embellished superfamilies. Figure 3.13 shows the relationship between
percentage variability and number of superfamily members. The more populated sequence
families tend to have a higher percentage variability, perhaps suggesting a more complete
evolutionary picture of the superfamily.

Another bias is caused by the size of the protein, that is the number of SSEs it
contains. Ifthe largest member of a superfamily has a total of four secondary structures,
removing only one secondary structure from the consensus results in a score of 25%
variablility. As the domains in the superfamily get larger, more secondary structures must
be removed to get the same percentage variability. Therefore, the dataset was reduced to
those superfamilies with an average of at least five secondary structures to exclude any
which scored a high percentage variability simply by losing a single secondary structure
element. Figure 3.14 shows the dependence of the percentage variablility on the number
of secondary structures. No superfamilies with 20 secondary structures or more show a

percentage variability above 50%.
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Figure 3.13: The percentage variability in each superfamily increases with the
number ofrelatives. However it can be seen that some highly populated superfamilies
are particularly conserved.
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Figure 3.14: The percentage variability in each superfamily versus average numbers
of secondary structures.
3.3.6.2 Selecting Variable and Conserved Superfamilies

Taking into consideration the dependence on number of S35Reps and the size of the do-

mains, percentage variability was used to select a subset of particularly conserved and
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particularly embellished superfamilies in order to analyse and to characterise ways in
which these families have evolved. Percentage variation gives an indication of the pro-
portion of the secondary structure elements which are embellishments. But if variable
superfamilies were selected on percentage variability alone some of the larger domains
with considerable variability would be missed. The most embellished superfamilies were
selected on a sliding scale derived empirically from Figure 3.14. The higher the average
number of secondary structures the lower the percentage variability cut off (Table 3.5).
This sliding scale identified 39 variable superfamilies shown on Figure 3.15. These variable
superfamilies are examined further in section 3.3.8. In selecting conserved superfamilies,
it is important to consider only those superfamilies which have been sufficiently sampled.
The three selected superfamilies all contained more than ten diverse relatives (i.e. <35%
identity, >10 S35Reps).

Average Num-

% Variability

ber of SSEs Cutoff
6to9 60
10 to 14 50
15 t0 19 40
20+ 30

Table 3.5: The sliding scale used to select the most embellished superfamilies. Any
superfamilies with an average number of secondary structures between 6 and 9 are
only selected if they have more than 60% variability. Superfamilies with more sec-
ondary structures are selected at the lower percentage variabilities listed in the table.
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Figure 3.15: Selection of the most embellished and the most conserved superfami-
lies in CATH. The red line shows the sliding scale above which the more embellished
superfamilies are plotted. The blue line shows the selection of the more conserved
members of the superfamily. In this region of the graph there are many structures
with only 3-5 S35Reps. It is not known whether these superfamilies will become
more embellished as new members are added. The most conserved superfamilies se-
lected for analysis are those which are well populated (have more than 12 S35Reps as
shown by the yellow circle and brown triangle) and show less than 30% variablility.
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3.3.7 Particularly Conserved Superfamilies

A number of superfamilies show considerable conservation in secondary structure (less
than 30% variablility) (Figure 3.13) but many of these have only three to five represen-
tatives (Figure 3.14). These superfamilies may appear conserved with the data available
today, but may become more diverse as more members are added. Therefore three su-
perfamilies with more than ten S35Reps, which implies considerable sequence diversity,

and 30% or less variation in secondary structures were selected as particularly conserved

superfamilies.
CATH Superfamily Architecture Variation | Number Average Average
(%) of Number SSAP
S35 Fami- | of SS Score
lies (s.d.)
2.30.29.30 Pleckstrin Homol- | Roll 30 12 9 84.54(3.56)
ogy and Phospho
-tyrosine
Binding
3.10.100.10 | C-Type Roll 30 13 8 84.8(5.21)
Lectin-Like
3.30.200.20 | Kinase 2-Layer Sandwich 25 11 6 86.06(4.80)

Table 3.6: Well populated superfamilies showing high conservation in secondary
structures.

All three of these superfamilies show significant sequence diversity, clustering into 11
or more 35% sequence families, but significant structural similarity, with an average SSAP
score no lower than 84.

3.3.7.1 Structural Conservation Due to Functional Constraints?

Why do these three families show structural conservation at low sequence identity? Is
the secondary structure conservation in these families important for the function of the

domain? This subsection addresses these two important questions.

Pleckstrin Homology and Phosphotyrosine Binding Domains

This structural superfamily comprises two distinct functional families, a set of pleckstrin
homology (PH) and phosphotyrosine binding (PTB) domains. The structure consists of
two nearly orthogonal anti-parallel S-sheets capped with an amphipathic a-helix which
interacts with the hydrophobic core of the -sandwich (Figure 3.16). The phosphotyrosine
binding domain is slightly larger, containing an extra N terminal a-helix and a long
insert containing an a-helix and a long loop. Although these functional families are

similar in structure, they contain very little sequence similarity. PH domains are found
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in a large number of proteins, cellular signalling, cytoskeletal organisation, regulation
of intracellular membrane transport and modification of membrane phospholipids. PH
domains interact directly with the cell membrane by binding phosphoinositides with a
range of binding specificities. PTB domains are found in cellular signalling proteins such
as SHC. SHC contains three domains of which the PTB domain is responsible for binding
to a phosphorylated receptor that activates the protein allowing it to bind the next enzyme
in the signalling cascade. A similarity in these two functional families is that they both
associate with membrane phospholipids and are both located in the cytoplasm.

The domains in this superfamily are small stable structures associated with many
cellular functions but exhibiting a common, useful function as switch proteins in specific
protein - protein interactions in signalling cascades. In many cases, especially in cellular
signalling, this domain is part of a much larger assembly of interacting proteins suggesting
that structural conservation may be conserved to preserve these specific protein - protein
interactions. Additionally, Figure 3.16 shows that the architecture of the structure is more
irregular than a sandwich architecture, and unlike a sandwich architecture it is difficult
to suggest where extra secondary structure embellishments might be located and still
allow optimal packing of hydrophobic residues. It may be the case that addition of extra

secondary structure elements would disrupt the fold.

Figure 3.16: The pleckstrin homology domain from dynamin (2dynAO0).
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C-Type Lectin-Like Domains

The C-type lectin-like domain (CTLD) superfamily contains carbohydrate recognition
domains (CRDs) from the lectins but have been recruited for other functions such as
NK cell receptors (MHO ligands), phospholipase receptors, type II antifreeze proteins
and coagulation factor binding proteins (Drickamer, 1999). The structure can be divided
into two parts: one region contains the elements of regular secondary structure and the
other region consists of an extended loop region and is the carbohydrate recognition site
in the CRDs (Poget et ai, 1999) (Figure 3.17). A member of this superfamily, the sea
raven antifreeze protein comprises an ice-binding site of residues which correspond to
the calcium binding site of the lectins (Gronwald et ai, 1998). The CRDs bind ligands
in distinct ways, mediated by the variable loop regions of the structure. It could be
that the loops which mediate the function are located on a stable structural framework
produced by the core of the domain structure. However, like the pleckstrin homology and
phosphotyrosine binding superfamily, the roll architecture is more irregular than some
architectures like the "-sandwiches. It is therefore also difficult to see where additional

secondary structures could be located in order to maintain optimal residue packing.

Figure 3.17; C-Type mannose-binding protein (ImsbAO)

N-Terminal Protein Kinase Domains

Protein kinases are involved in every aspect of signal transduction in eukaryotic cells, from
primary transmembrane signalling to control of transcription and cellular metabolism.
Specificity is regulated by unique phosphorylation events and binding interactions. Pro-
tein kinases have two domains. The N-terminal domain, the conserved domain, consists

of a single /5-sheet and one o-helix whilst the C-terminal domain is composed almost



Chapter 3. Structural Evolution in Protein Superfamilies 100

entirely of a-helices. The ATP binding site is situated between the two domains and
regulation of these protein kinases occurs through phosphorylation of a loop close to the
active site (Figure 3.18). As with the PH domain superfamily, this is a small domain,
involved in specific protein - protein interactions in which a large region of the surface is
mediating the interactions. Therefore, to maintain these specific interactions there may
be restrictions on insertions or embellishments which might change the geometry of the

surface.

Figure 3.18: Rabbit muscle phosphorylase kinase (Iphk). The whole protein is
shown in figure (a) and the structurally conserved domain is shown in (b).

3.3.7.2 Conclusions About Conserved Superfamilies

All three superfamilies contain small domains. One of the reasons for their structural
conservation could be that a large proportion of their structure is involved in the function
as the loops and protein surfaces are involved in ligand binding and also in protein -
protein interactions. Both the kinases and the PH, PTE domains are involved in cellular
signalling and are involved in similar functions, phosphorylating and dephosphorylating
signalling proteins in enzyme cascades. Protein interactions between cellular signalling
proteins are complex and it may not be advantageous for these domains to grow in size or
change in structure. Another reason for their conservation may be the irregularity of the
architecture. Insertions into the structure may disrupt the packing and therefore would
be less tolerated.

Three superfamilies have been identified as conserved in terms of secondary structure
content. Considering also the pairwise structure similarity (SSAP) (Figure 3.5), all su-
perfamilies fall in the conserved area of the graph (with >=85 average SSAP score and

<6 associated standard deviation).
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3.3.8 Particularly Variable Superfamilies

Superfamilies with three or more S35Reps with a great deal of secondary structure embel-
lishment were also identified using the percentage variability measurement. Once iden-
tified, the position of these embellishments on the peptide chain was examined using
2DSEC and their positions on the three-dimensional structure were characterised using

the three-dimensional protein structure viewer, Rasmol (Sayle & Milner-White, 1995).



CATH Superfamily Architecture S35Reps | Percentage| SSAP SSGs Average | Largest| Smallest | Largest Largest
Variability | Score Singletons | SSEs Total Total Number | Single
Average (s.d.) SSEs SSEs Embel- SS
(s.d.) lished Insertion
SSEs
2.60.40.10 Immunoglobulin-like Immunoglobulins | 48 70 81.01(4.72) | 7(9) 7(1.82) 10 3 HO E4 HO E3
1.10.10.10 DNA binding domain Orthogonal 28 76.92 78.94(5.99) | 8 (12) 6 (2.08) 13 3 H4 E7 Il-Ible%)42
Bundle lrepC1l
3.40.30.10 | Thioredoxin-like 3-Layer(afa) 13 41.67 78.91 5 (11) 9 (1.71) 12 7 H3 E3 H1 E2
Sandwich (4.80) 1qq2A0
1.25.40.10 Serine threonine Horseshoe 6 73.33 86.81(4.59) | 2 (2) 9(3.89) 15 4 H9 EO H6 EO
protein phosphatase 1qqeA0
2.40.50.100 | Oxidoreductases Barrel 3 72.73 82.45(7.11) | 1 (3) 7(4.04) 11 7 H4 E5 H1 E7
1htp00
1.20.85.10 Membrane-spanning @ | Up-down bundle 6 72.73 75.79(9.12) | 3 (3) 7(3.31) 11 3 H7 E2 H3 EO
helix pairs 1jgiA0
3.90.10.10 Cytochrome C3 Complex 5 66.67 81.07(3.71) 1(2) 6(2.68) 9 6 H6 E2 H6 E2
2.60.40.30 Fibronectin type III Sandwich 29 66.67 83.23(4.41) 4 (6) 7(1.05) 9 7 H1 E2 Il-Iglh(]:i‘gl
1.10.275.10 | Fumarase/aspartase Orthogonal 4 64.29 73.55(7.85) | 1 (3) 8(4.08) 14 5 H4 E6 %—I}gtlgg
Bundle 1b8fA1l
2.10.90.10 | Cystein-knot Ribbon 9 63.64 78.00(5.58) | 2 (4) 7(1.90) 11 4 H3 E5 HO E3
cytokines 1bet00
3.30.420.10 | Nucleotidyl 2 layer sandwich 14 77.78 72.23(7.24) 3(8) 11(3.71) 18 4 H6 E3 H2 E2
transferase lnoyA
2.40.70.10 Acid proteases Barrel 18 76.19 78.59(8.28) | 2 (2) 13(5.21) 21 5 H4 E14 HO E5
1gdmA?2
3.30.360.10 | Dihydrodipicolinate 2-Layer Sandwich | 5 68.42 81.03(3.62) | 2 (3) 13(4.97) 19 6 H6 E4 H2 E2
Reductase, domain 2 1dpgA2
3.80.20.10 Nuclear Protein/RNA | Horseshoe 6 66.67 82.38(4.44) | 1 (3) 3(5.85) 21 7 H10 E5 H4 E3
binding 1fvqAO
3.30.470.20 | ATP dependent 2-Layer Sandwich | 7 60.00 77.46(6.47) | 2 (8) 12(5.01) 20 8 H9 E6 H6 E5
carboxylate- 1bncA2
amine/thiol
ligase
2.60.40.420 | Cupredoxin Sandwich 19 57.00 79.76(5.35) | 4 (5) 10(2.47) 16 7 H2 E5 HO E4
3.40.190.10 | Periplasmic binding 3-Layer(afa) 24 60 73.60(10.03) | 4 (9) 11(2.3) 15 6 H7 E3 %{aszl;2
protein-like II Sandwich lanf01

continued on nezt page

sorprurefradng U)ol UT UOIIN[OAF [eINIonI)S ¢ Iagdey)

¢01



CATH Superfamily Architecture S35Reps | Percentage| SSAP SSGs Average | Largest| Smallest | Largest Largest
Variability | Score Singletons | SSEs Total Total Number | Single
Average (s.d.) SSEs SSEs Embel- SSs
(s.d.) lished Insertion
SSEs
2.60.120.20 | Virus Coat Protein Sandwich 17 55.56 72.15(8.26) | 4 (13) 12(2.98) 18 8 H4 E7 H1 E4
2bbvA0D
2.60.120.60 | Lectin Sandwich 15 52.38 76.85(7.58) | 3 (8) 14(3.25) 21 10 H1 E10 H1 E5
3.40.630.30 | N-Acetyltransferase 3-Layer(aBa) 9 50 81.77(3.68) | 2(2) 10(2.32) 14 7 H3 E3 %—Iaé&liEOZl
Sandwich 1nmtA2
3.40.47.10 Peroxisomal Thiolase, 3-Layer(afa) 4 50 75.57(9.78) | 1 (10) 12 (3.42) 16 8 H6 E3 H4 E2
subunit A, domain 1 Sandwich 1bg6A1l
3.60.20.10 Glutamine Phosphori- | 4-Layer Sandwich | 18 62.5 80.09(8.67) | 2 (2) 16(3.20) 24 9 H8 E6 H4 E2
bosylpyrophosphate, lecbAl
subunit 1, domain 1
1.10.620.20 | Di-iron carboxylate Orthogonal 6 53.85 76.27(8.35) | 1(4) 17(4.97) 26 12 H13 E2 H6 E0
proteins Bundle 1mtyDO
3.40.50.1240 | Phosphoglycerate 3-Layer(afa) 6 52.17 77.71(3.43) | 3 (3) 17(4.28) | 23 11 H11 E3 HS E2
mutase Sandwich 1dkqAO
3.40.690.10 | Aspartyl tRNA 3-Layer(afa) 10 52.17 76.81(6.75) | 3 (5) 19(3.89) 23 11 H10 E4 H2 E4
Synthetase, subunit A, | Sandwich latiAO
domain 2
3.40.50.970 | DHS-like 3-Layer(afa) 14 50 79.86(4.84) | 3 (5) 16(3.11) | 24 12 H10 E3 H5 E2
NAD/FAD-binding Sandwich 1b0pA6
domain
3.40.50.610 | Adenine nucleotide 3-Layer(aBoa) 4 45.45 77.69(4.33) [ 1 (3) 16(4.51) | 22 12 Hi11 E1 H6 E0
alpha hydrolases Sandwich 1ct9A2
3.20.20.30 FMN dependent Barrel 4 41.67 83.28(4.05) | 1(2) 19(4.11) 24 14 H5 E2 H4 E1
fluorescent proteins lezwAO
3.40.710.10 | DD-peptidase/B- 3-Layer(afa) 8 40.91 78.79(3.51) | 3 (4) 19(3.07) | 22 13 H2 E6 H2 E4
lactamase Sandwich 2bltAO
3.40.50.300 | P-loop containing 3-Layer(aBa) 52 40 69.66(7.20) | 13 (28) 15(3.08) 20 12 H10 E5 H6 E1
nucleotide Sandwich 1gajA0
triphosphate
hydrolases
3.40.50.950 | af hydrolase 3-Layer(afBa) 33 40 74.39(7.71) | 6 (14) 19(3.50) 25 15 H14 E3 H7 E0
Sandwich 1hlgA0
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CATH Superfamily Architecture S35Reps | Percentage| SSAP SSGs Average | Largest| Smallest | Largest Largest
Variability | Score Singletons | SSEs Total Total Number | Single
Average (s.d.) SSEs SSEs Embel- Ss
(s.d.) lished Insertion
SSEs
3.40.510.10 | Class I 3-Layer(afa) 6 42.31 74.51(8.93) | 2 (4) 20(4.32) 26 15 H9 E8 H2 E4
aminoacyl-tRNA Sandwich 1ile03
synthetases (RS),
catalytic domain
2.130.10.20 | Trp-Asp repeat 7 Propellor 6 41.18 78.42(6.71) 2 (3) 28(5.01) 26 16 H5 E10 H3 E5
(WD-repeat) 1gotBO
3.20.20.90 FMN-dependent Barrel 24 38.46 78.21(3.57) | 7(9) 21(4.28) 26 16 H7 E4 H3 E3
oxidoreductase 1gox00
1.10.630.10 | Cytochrome P450 Orthogonal 8 37.04 82.10(2.88) | 1 (3) 24(3.45) | 27 17 H5 E2 H1 El
1cpt00
3.20.20.150 | Divalent-metal- Barrel 3 33.33 81.60(3.13) | 1(2) 21(4.36) 24 16 H7 E2 H5 EO
dependent TIM barrel 1xib00
enzymes
3.20.20.80 TIM barrel glycosyl Barrel 33 33.33 71.71(5.58) | 8 (18) 22(3.72) 27 18 Hll E2 H4 EO
hydrolase leswAQ

Table 3.7: The most structurally embellished superfamilies in CATH are listed. The table lists the CATH numbers,
homologous superfamily names, architectures, number of S35Reps, percentage variation, average SSAP score and
associated standard deviation, number of Structural Sub-Groups (SSGs) and singletons (not clustered into an SSG),
average number of secondary structures and associated standard deviation, number of secondary structures in the
largest S35Rep and also in the smallest and finally, the largest single insertion in the superfamily and the CATH code
of the member which contains that insertion.
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3.3.8.1 Characterisation of Embellishments in the Variable Superfamilies

/3-strand embellishments frequently occur as additions or extensions to existing "-sheets
or form "-hairpins, whereas helices can exist as an entity on their own, as all hydrogen
bonds are satisfied. Furthermore, o-helices are not as constrained in their orientations
and pack with a greater variation in angles (Chothia et ai, 1977). Because of this, it
is often harder to align these secondary structure elements in remote homologues and
therefore more difficult to assess equivalent a-helices, often making embellishments in
helical families harder to characterise.

Two architectures were found to be featured more frequently than others in the table
of most embellished superfamilies; mainly * 2-layer sandwiches and 3-layer [a”a) sand-
wiches. These architectures are extremely highly populated in the database. This may
be because they contain proteins which have been studied more thoroughly. However,
it may also suggest that these structures are more tolerant to structural embellishments
and therefore, nature may have used these regular architectures to recruit novel functions
more frequently, which explains their popularity. These two architectures together with
the 2-layer sandwiches were examined separately for similarities and differences in
the types and positions of the secondary structure embellishments. The positions of the
insertions in every superfamily in each architecture are illustrated by examining a single

superfamily in more detail.

H1.10
H1.20
o 1.25
02.10
= 2.130
0 2.40
= 2.60
o 3.20
= 3.30
= 3.40
o 3.60
= 3.80
= 3.90

Figure 3.19: The number of embellished superfamilies for each architecture.
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Mainly 8 2-Layer Sandwich Architecture

CATH Maximum| Num Total Total Description of Embellishments
Insert Strands SS Extra
and Strands
Helices in and
Maxi- Helices
mum
Insert
2.60.40.10 3 3E 10 4E Insertions in 2 places. Largest insertion localised at
1bec02 0H 0H the edges of both S-sheets.
2.60.40.30 3 2E 9 2E Insertion is in a single region. Localised at the edge
1hft02 1H 1H of one B-sheet.
2.60.40.420 4 4E 13 5E Insertions in 4 areas, one at beginning, two in the
laozA2 O0H 2H middle and one at the end of the chain. Most
insertions are localised on the edges of the §-sheet.
2.60.120.60 6 S5E 19 6E Insertions in 4 areas, one at beginning, two in the
1a8d01 1H 3H middle and one at the end of the chain. Insertion at
the beginning of 1a8d01 extends the edges of both
B-sheets. Middle insertions embellish the other end
of the B-sheet.
2.60.120.20 4 4E 18 TE Insertions throughout the structure. They extend
2bbvAQ 1H 4H both ends of each S-sheet in the sandwich.

Table 3.8: Description of secondary structure embellishments in the mainly 5 2-
layer sandwiches. The table shows the highly embellished superfamilies identified
by 2DSEC from this architecture. It records the number of a-helices and 8-strands
in the largest continuous insertion, the total number of secondary structures in that
particular representative, the number of embellished secondary structures in total
in that representative. Finally, a brief description of the insertions throughout the
peptide chain and how they are orientated in the three-dimensional structure.

Almost all of the insertions found in these particularly embellished 8-sandwiches con-
tribute to the ends of the two S-sheets (Table 3.10). Often insertions occur in a number
of regions within the peptide chain but congregate at the edges of the S-sheets.

Examples of these embellishments are shown by the galectin-type CRD domain super-
family, a family of lectins (CATH 2.60.120.60). The superfamily members share sequence
similarities in the carbohydrate recognition residues. The crystallisation of galectin-7 com-
plexed with galactose (Leonidas et al., 1998) revealed the carbohydrate binding site to be
in the loops above and below the sandwich, binding the carbohydrate ligand with great
specificity. Binding interactions are provided by the loops on both ends of the sheets. The
examples in Figure 3.21 show the types of embellishments in this superfamily. 1bkzAOQ is
the least embellished member of this superfamily showing two anti-parallel 3-sheets, each
with five B-strands. Embellishments of two types can be seen. 1a8d01 shows the more
typical type of embellishment with additions to either side of the S-sandwich. The first
set of inserted secondary structures (Figure 3.20) occurs to one side of the S-sandwich
and the single inserted B-strand in the centre of the peptide contributes to the other
side of the S-sandwich. All relatives have active sites in the same location throughout

the superfamily. There are significant changes in the binding pocket shaped by the ex-
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tensive S-strand embellishments occurring at the edges of the [B-sheets (Figure 3.21).
K-carrageenans (sulfated a8-glactands, PDB code 1dyp) has a tunnel-shaped active site
thought to be responsible for the degradation of polysaccharides (Michel et al., 2001).



Chapter 3. Structural Evolution in Protein Superfamilies 108

liteOO
) —— Y. — A-A-—A-A-Aeee
2ayh00
* 4 A-A  zZVtIV-A S NN M — A -
1dypAO
AAS\NV-AA —A-UAAH# AA-A-A— A A-A-A"
ThlcAO
-A-A-A ANV-A N —— A-
11cl100
niV-A A -A-A e A-2TA -A— A-
IbkzAO
-U-A A-A-A - ZAA -A— A
251i01
-A- S0-A A-A-A-—— A— A-A A —U-A-A A -#-
1aSdOl
# A AAA A AA-#-A-A-A-—-- A— A-A-A A zV #-
lepwA3
AAT*—AAAH# A-A-A—A— A-A-A— A-mormv
IsacAO
-A—U-A A-A-A e A— A-A A A -#-
1d2sA0
CA-A— A-AA A— A-A-A— Ace A-
Ic4rAQ
Sy p— A A-A-Ac A— A-A-U-——A
IquOAO
------- A— zy-A-A-A—— A= A-A-A - A--
ldykA2
N AAA m 7zAzaz2 u 7A
Consensus
------------------- A—-A-A-A— ———A-A-A—-A A

Figure 3.20: 2DSEC diagram showing four areas of embellishment in the CATH
superfamily 2.60.120.60. The N-terminal embellishment occurs on the left side of
the ~-sandwich as it is orientated in Figure 3.8(1a8d01). The other embellishments
are located on the top, bottom and right side of the "-sandwich.
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Galectin-7
Binding Si (IbkzAO)
Binding Site Binding Site
K-carrageenans Tetanus toxin
(IdypAO) (1aSdO1)

Figure 3.21: Three domains from the galectin-type carbohydrate recognition do-
main superfamily. The domains are coloured according to their structural con-
servation. Residues in the same secondary structure throughout the superfamily
are coloured in red and residues without secondary structure or with an additional
secondary structure not present in all of the other members are coloured in blue.
Domains IbkzAO and 1aSdOl1 are in the same orientation so that the embellishments
can be seen. IdypAO in a different orientation shows how these embellishments can
modify the geometry of the binding site. The binding site remains in the same place
in all members of this superfamily.
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af 2-Layer Sandwich

In all three superfamilies (Table 3.10), the S-strand insertions extend the central 3-sheet
and the inserted o-helices pack onto the existing a-helices on one side of the [-sheet.

CATH Max Num Total Total Description of Embellishments
Insert Strands SS Extra
and Strands
Helices and
in Max- Helices
imum
Insert
3.30.360.10 4 2E 19 4E Insertions in 4 places in the chain. Additional strands
1dpgA2 2H 4H occur on either side of the S-sheet. Additional helices
congregate on one side of the S-sheet.
3.30.470.20 11 5E 20 7E Insertions on beginning and end (1bncA2 beginning,
1bncA2 6H 10H 1bxrA2 end) of the chain embellish the edges of the
B-sheet. Additional helices.
3.30.420.10 4 2E 14 3E Insertions in 3 areas, two in the middle and one at the
lnoyA2 2H 1H end of the chain. Middle insertion extends S-sheet.

Table 3.9: Description of secondary structure embellishments in the a8 2-Layer
Sandwiches. The Table shows the highly embellished superfamilies identified by
2DSEC from this architecture. It records the number of a-helices and S-strands
in the largest continuous insertion, the total number of secondary structures in
that particular representative, the number of embellished secondary structures in
total in that representative. Finally, a brief description of the total number of
insertions throughout the peptide chain and how they orientate themselves in the
three-dimensional structure.

Examples of embellishments in this architecture are shown by the oligomerisation do-
main of the NADP dependent oxidoreductase proteins which use NADP as a cofactor
(3.30.360.10). Each member in this superfamily contains two domains, an NADP bind-
ing domain and the embellished domain which is involved in the tetramerisation of the
biological unit. The oligomerisation domain contains a mixed S3-sheet with a-helices on
one side. In all members of this superfamily, interactions between the NADP binding
domain and the oligomerisation domain are mediated by the a-helices. The B-sheets of
the oligomerisation domain then typically interact in two ways to form the tetramer. The
oligomerisation domains in two monomers interact edge to edge across the S-sheet, form-
ing an extended B-sheet. Each pair of monomers then interact to form the tetramer by
forming an open faced interaction across the S-sheets (Figure 3.22). In each member of
this superfamily, the size and shape of the oligomerisation domain is important for the
contacts and the orientation of the NADP binding domain (Rowland et al., 1994; Scapin
et al., 1995).
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Beta-sheet in the
oligomerisation
domain

NADP binding
domain — >

Alpha-helices in the
oligomerisation domain

Figure 3.22: Typical domain orientation in members of the NADP oxidoreductase
family is a tetramer. This is promoted by the oligomerisation domain shown in blue
in which the ~-sheets interact edge to edge and across the face.

Glucose 6-phosphate dehydrogenase Glucose 6-phosphate dehydrogenase
(ldpgAZ) (ldpgAZ)
Side Orientation Face Orientation

Dihydrodipicolinate red

(1dih0Zz)

Face Orientation

Figure 3.23: Two domains from the oligomerisation domain in the NADP oxi-
doreductase superfamily. The helices are used to interact with the NADP binding
domain and the strands form interfaces in the tetramer. The domains are coloured to
show embellished secondary structures and loops in blue and consensus secondary
structures in red. Glucose 6-phosphate dehydrogenase (ldpgA2) is shown in two
orientations and non-embellished dihydrodipicolinate reductase (IdihOl) is shown

;5-sheet facing.
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Figure 3.24: 2DSEC diagram shows the embellishments present in the oligomeri-
sation domain in the NADP oxidoreductase superfamily. There are four places with
embellishments. The /5-strands extend both sides of the /5-sheet and extra helices
pack mainly against the consensus helices at the back of the /5-sheet leaving the face
free for tetramerisation.
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3.3.8.2 Alpha Beta 3-Layer (afa) Sandwich

In this architecture extra (-strands often contribute to the central S-sheet. As for the
other embellished superfamilies, insertions can occur in a number of places in the peptide
chain but are often co-located in the three-dimensional structure. In addition, a number
of superfamilies in this architecture have embellishments which form an extra lobe on
the structure which could be considered as a separate a-helical domain. However, these
structures are all classified in CATH and SCOP and the literature as a single domain

structure.



Chapter 3. Structural Evolution in Protein Superfamilies 114

CATH Max Num Total Total Description of Embellishments
Insert Strands SS Extra
and Strands
Helices and
in Max- Helices
imum
Insert
3.40.190.10 7 2S 14 3S Insertions mostly at the C-terminal end of the struc-
lanf01 5H 6H ture do not contribute to central sheet. The embel-
lishment forms an extra lobe.
3.40.630.30 4 2S 14 3S Insertions are at the C- and N-termini but they em-
1nmtA2 2H 3H bellish the same side of the sheet.
3.40.47.10 6 2S5 16 2S Insertions form an extra lobe of helices.
1by6A2 4H 6H
3.40.50.1240 10 2S 23 3S Insertions form an extra lobe of helices.
1dkqA0 8H 11H
3.40.690.10 7 58 23 9s Insertions are in 3 main areas, one at the N-terminal
latiAl 2H 6H and two in the middle. One side of the sheet is embel-
lished by the two central insertions.
3.40.50.970 7 2S 24 3S Insertions are at the C- and N-termini. Most insertions
1bopA6 5H 10H form a separate lobe. The B-strands in largest inser-
tion in 1bopA6 contribute to the central sheet (only
case).
3.40.50.610 6 0S 22 45 Insertions are throughout the structure. The -
1ct9A2 6H 5H strands contribute to the central parallel S-sheet the
o-helices pack against the consensus a-helices.
3.40.710.10 6 3S 22 4S Insertions are in 5 main areas. The largest insertion
1bltAO 2H 5H (1bltAQ) adds strands to the main sheet. Other inser-
tions contribute to one side of the S-sheet.
3.40.50.300 5 0S 20 58 Extra strands form a new B-sheet. Extra a-helices
1gajA0 5H 10H added to opposite side of core -sheet.
3.40.50.950 7 0S 25 3S Insertions are throughout the structure. Inserted
1hlgA0 TH 14H strands are added to one side of the 8 sandwich. The
inserted a-helices form an extra lobe.
3.40.510.10 6 4S 26 8S Insertions are throughout. Insertions are co-located in
1ile03 2H 8H 3D forming a large lobe.
3.40.30.10 3 1E 12 3S Insertions in two main places. Embellish one side of
1qq2A0 2H 3H the SB-sheet and the loops.

Table 3.10: Description of secondary structure embellishments in the 3-Layer
(afa) sandwiches. The table shows the highly embellished superfamilies identified
by 2DSEC from this architecture. It records the number of a-helices and S-strands
in the largest continuous insertion, the total number of secondary structures in that
particular representative, the number of embellished secondary structures in total
in that representative. Finally, a brief description of the insertions throughout the
peptide chain and how they are orientated in the three-dimensional structure.
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An example of embellishments in this a8 3-layer architecture is given by the af
hydrolases superfamily (3.40.50.950). The structure is described as an 8 stranded mostly
parallel a8 structure. The sheet is twisted so that it forms a half barrel and the active site
is situated on the loop of the S-strands at the top of the S-sheet (Figure 3.25). It has been
shown that the embellished secondary structures form a lobe in this superfamily which
forms a lid to the active site in some members with hydrophobic substrates (Ollis et al.,
1992). Therefore, as with some of the other superfamilies analysed in this section, some
of the secondary structure embellishments are modulating or facilitating the functions of
the proteins. Whilst other secondary structure embellishments which are remote from
the active sites may be tolerated as they do not significantly alter the overall shape or
architecture of the protein.
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Active Site

Mammalian hormone sensitive lipase
(levqAO)

Horse pancreatic lipase
Human gastric lipase (IhplAl)
(IhlgAO)

Figure 3.25: Three domains from the a/I hydrolase superfamily (3.40.50.950) show-
ing the extent of structural embellishments in the superfamily. In mammalian
hormone-sensitive lipase (levq) and human gastric lipase (Ihlg) the embellished
helices form an extra lobe on the structure. This lobe could be described as a sep-
arate a-helical domain, however the structure is classified as a single domain chain
by CATH, SCOP and the literature. Halophilic malate dehydrogenase (Ihlp) does
not have this lobe, but has *-strands that embellish the jS-sheet.
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Figure 3.26; The 2DSEC diagram illustrates the positions of the embellishments along the peptide chain in selected members of
the a/3 hydrolase superfamily. There are four main areas for embellishments in this superfamily. Extra /5-strands are added onto the
central "-sheet. The extra helices pack against one another, mainly at the back and the top (as it is orientated in figure 3.25). The
third embellished region, situated between the fourth and fifth consensus strands, contains a string of a-helices in four superfamily
members. These helices form an extra lobe on the structure together with the a-helices inserted into other areas of the peptide

chain.
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3.3.8.3 General Conclusions on Secondary Structure Insertions

From this study, a number of conclusions can be drawn:

The most represented architectures are the sandwich architectures, the 8 sandwiches
and the 3-layer (afa) sandwiches.

a-helical embellishments are harder to characterise as they satisfy their own hydro-

gen bonds and can pack against the consensus structure in a number of orientations.
B-strands often form additions to a main S-sheet, otherwise forming S-hairpins.

The most common type of embellishment in the current dataset comprises extra
a-helices.

In looking at consecutive inserts it is apparent that most of the insertions in the
sequence correspond to a small number of secondary structure elements, but often
when the three-dimensional structure is examined these small insertions have come
together to form a large embellishment which sometimes modifies the geometry of
the active site or creates additional interfaces for interactions with other proteins.
So secondary structures which are next to each other in the embellishment as seen in
the three-dimensional structure may not be adjacent to each other in the sequence.
There are very few large continuous insertions, suggesting that evolution of structure
though insertion of small structural motifs by gene shuffling and fusion is not a

common mechanism.

The 3-layer (afa) sandwiches (3.40s) almost always have a [S-sheet extension as
part of their embellishment. This may be indicative of the types of additions these
architectures can tolerate. A [-sheet extension would not significantly alter the
packing of a-helical and S-strand layers. Similarly, with the a-bundles, extra helices
could pack alongside the helices which are the major composition of proteins in the
architecture.

It would be of interest to assess the structural impact of these embellishments on the

active site of the protein. Do many residues from the inserted segments provide contacts

to the substrate in the active site? Currently it is difficult to perform a systematic analysis

of this because information on protein — ligand interactions is not available for all members

in each superfamily. Presently, work is being undertaken to annotate CATH superfamilies
with GO annotations (Ashburner et al., 2000) and with ligand binding data from the MSD
(Boutselakis et al., 2003) database which would make a functional and structural study

more possible. However, a more detailed study of three superfamilies is carried out in
Chapter 4.
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3.4 Conclusions

Examining the correlation between sequence and structure revealed a bi-phasic relation-
ship, in agreement with Chothia & Lesk (1986). It was found that above 35% sequence
identity the structural change was gradual and linear whereas below 35% sequence identity
there is a greater structural divergence between homologous pairs.

The extent of residue insertions and deletions in relatives in the different superfamilies
was then examined. It was found that as sequence identity increased, the average indel
length decreased ranging from six residues for sequence identities between 0-10% to four
residues between 20-40% sequence identity and two residues between 40-95% sequence
identity. Dividing the data into the 3 classes showed that structures in the mainly 8
class were slightly less tolerant to indels, having lower average indel lengths and that the
structures in the a3 class were more tolerant. The sandwiches 3.40 (a8c) and 3.50 (8B¢)
show most toleration to indels. Inserted g-strands are frequently located at the edges
of the S-sheet which does not significantly disrupt the packing of the layers. When the
secondary structure content of these indels was determined (Figure 3.11) it was found that
most of the indel residues were in the coil form but a-helices are favoured over S-strands in
the B class. It was also observed that most of the domains in the structurally embellished
superfamilies belong to multi domain structures. Manual inspection of some of these
structures suggests that the embellishments in these superfamilies could be modulating
the domain — domain interactions. This is studied in more detail in Chapter 4 when three
superfamilies are selected for further study.

Structural analysis of the secondary structure indels revealed three conserved, but
well populated, superfamilies and functional reasons for the structural conservation were
considered. This analysis revealed structurally conserved superfamilies tend to be small
in size, containing averages of nine (Pleckstrin Homology and Phospho-tyrosine Binding),
eight (C-Type Lectin-Like) and six (Kinases) secondary structures (Figure 3.14) and all
three are involved in protein — protein interactions in enzyme cascades.

Having identified the most structurally variable superfamilies in the CATH database
it is evident that superfamilies adopting an af sandwich architecture are more tolerant to
structural change than other superfamilies, for example, by extending the -sheets without
significantly affecting the packing of the S-sheet and o-helix layers in the structure. The
high number of these superfamilies could be due to a biased dataset since over 30% of
N95Reps in the database are o sandwich architectures. However this bias could also be
due to the fact that Nature has re-used these structures more extensively because they
can be structurally modified more easily, leading to new functions and protein — protein
interactions.
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It was also discovered during the course of the investigation that large structural
embellishments are usually created through the addition of a few secondary structures
in the loops connecting core secondary structures which then localise in one part of the
structure. This is in contrast to insertions of large structural motifs.

This chapter provides a method for the identification of structurally embellished su-
perfamilies. It would be interesting to see what effects these embellishments have on
the function of the proteins, when more data are available on specific protein — ligand
interactions. In order to set up a protocol to study the functional implications of these
structural embellishments, three superfamilies are looked at in more detail in Chapter 4.



Chapter 4

Superfamilies with Domain

Enlargement

4.1 Introduction

4.1.1 Background

The increase in structural data in recent years has revealed considerable structural diver-
sity in homologous superfamilies. Indeed, Holm & Sander (1997) introduced the concept
of a minimal structural and functional core of related proteins. Large scale diversions are
permissible provided that key residues stay intact. Nature has probably embellished more
ancestral folds in the evolution of protein function. The increase in complexity of organ-
isms through evolution, from single cell to multi cellular and the increase in complexity of
biochemical pathways and functions has lead to an increase in domain complexity through
embellishment. However, the reverse scenario does occur. The TIM barrel glycosyl hy-
drolases present a loss of two a-helices in endo-S-N-acetylglocasiminidase to accommo-
date its substrate (Van Roey et al., 1994). Likewise, the FAD/NAD(P)(H)-dependent
disulphide oxidoreductase superfamily shows a probable truncation in the evolution of
flavocytochrome c:sulphide dehydrogenase to accommodate the cytochrome c¢ subunit
(Van Driessche et al., 1996).

Due to the increase in the number of experimentally determined structures it has been
possible to carry out meaningful analyses into their structural and functional evolution.
In a collective analysis of 31 functionally diverse enzyme superfamilies Todd et al. (2001)
observed a number of mechanisms the superfamilies have evolved in order to vary the
function of a protein. Considering structural change in the active site revealed that the
same active site framework may be used to catalyse a host of diverse activities or conversely

a different catalytic apparatus may exist in related proteins with very similar functions.

121
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On a larger scale, considerable structural variation is present in some superfamilies. This
may be loss or gain of different domain partners or, instead extensive domain enlargement.
The variation in domain size involves variation in the loop lengths or embellishments in
the structural cores such as §-sheet extensions. Out of the 31 superfamilies analysed, 11
exhibit a two-fold increase in domain size between homologous members. These changes
often play a role in substrate specificity or subunit oligomerisation. Domain organisation
and subunit assembly plays a large part in the modification of function in homologous
superfamilies. In 27 of the 31 superfamilies the domain organisation varies. Additional
domains may play a role in regulation, oligomerisation, cofactor dependency, sub-cellular
targeting or substrate specificity. Additionally, in 23 of the superfamilies considered,
subunit assembly varies between members.

4.1.2 Aims

This chapter provides an analysis of the functional implications of the embellishments
found in three superfamilies identified in Chapter 3. The cupredoxin, the ATP-grasp and
the thioredoxin-like superfamilies are described, both by the embellished domain common
to all superfamily members as well as the whole biological unit or quaternary structure
of each member. The modifications in the active site, domain interactions and subunit
assembly that might result from these evolutionary embellishments and any functional
consequences of these changes are discussed. An overview is shown in Figure 4.1.

4.2 Methods

Three superfamilies were selected from the embellished superfamilies identified in Chapter
3 using 2DSEC (section 2.2.3). These superfamilies were chosen from a dataset of 31
superfamilies which had previously been extensively functionally characterised (Todd,
2001). The cupredoxin, the ATP-dependent carboxylate-amine/thiol ligase (ATP-grasp)
and the thioredoxin-like superfamilies exhibit a range of functions within each superfamily,
and also vary in domain partners and subunit aggregation.

Superfamily members were clustered into families in which relatives possessed a se-
quence identity of 35% or greater with at least one other family member and the repre-
sentative with the highest resolution was taken from each cluster (S35Rep). Some protein
structures comprise domain repeats and these repeats may be clustered into the same or
different sequence families. Where they have been clustered separately, they are treated
separately when describing the embellishments to the superfamily and described together

when considering the whole protein.
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4.2.1 Description of the Embellished Domain

The embellished domain in each member of the dataset is identified by its six letter CATH
code: the PDB identifier followed by the chain to which it belongs and the domain number.
Structural variation of the S35Reps was measured using SSAP (section 1.5.5.2) and plotted
versus percentage sequence identity. SSAP gives a global score for structural similarity
based on the orientations of the secondary structures, the length and the orientations of
the loops and the secondary structural embellishments. SSAP was used to identify the
most representative structure and the mean and standard deviation were recorded.
Secondary structural variability was measured by 2DSEC. The variations in total num-
ber of secondary structures in each domain in the dataset are summarised on a histogram
and the positions and types of secondary structure are illustrated on the 2DSEC cartoon.

4.2.1.1 The OC Clustering Program

In two of the three superfamilies, members are clustered by SSAP score using a simple
distance measurement tree drawing program, OC (Barton, 2002) to give a visual repre-

sentation of the pairwise structural similarities between superfamily members.

4.2.2 The Biological Unit of Each Protein in the Superfamily
4.2.2.1 Description of the Domain Partners

The full biological unit of each protein in the dataset in terms of domain partners in the
monomer and subunits in the quaternary structure were determined from the literature.
Protein quaternary structure was viewed in Rasmol (Sayle & Milner-White, 1995) using
the PQS server described below (Henrick & Thornton, 1998; Ponstingl et al., 2000) to
create the PDB files with all subunits. Several questions were addressed. Do the proteins
have different domain partners? If they have the same domain partners, are they orien-
tated in the same way in each relative? How do variations in domain partners and/or
subunit assembly affect the active site? Are the domain/subunit interactions mediated

by the secondary structural embellishments?

Protein Quaternary Structure (PQS)

The protein quaternary structure (PQS) (Henrick & Thornton, 1998; Ponstingl et al.,
2000) database provides the co-ordinates for the likely quaternary states of structures
found in the protein data bank that have been solved by X-ray crystallography. As out-
lined in the documentation for the PQS server, the crystallographic co-ordinates obtained
for a given protein are not independent of the crystallographic symmetry (space group and
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unit cell), and therefore may not represent the complete molecule that is under study, or
may include several copies of the molecule. The method underlying PQS aims to recognise
multiple copies and/or generate protein co-ordinates that describe the biological assembly
of a particular protein from symmetry. Biologically relevant protein-protein interaction
sites are distinguished from those considered to be a result of crystal packing by measuring
the size of the solvent accessible surface area buried in the interface, solvation energies of
folding, salt bridges and disulphide bonds formed at the interface. The PQS database web
server (http://pgs.ebi.ac.uk) was used to visualise the quaternary structures described by
the literature.

4.2.2.2 Functions of Relatives in the Superfamilies

The individual functions (where known) for each protein in the superfamily were collected
from the detailed functional analysis (Todd, 2001) and the literature. The particular roles
of the embellished domains that together contribute to the overall function of the protein
were described. Particular reference was made to the positions of the active sites and any
differing size in the substrates bound.

4.2.3 Calculating the Proximity of Embellishments to Other Do-

mains or Subunits

The proximity of the embellishments on each domain to the other domains and subunits
in the quaternary structure was measured using KdTree (Jonathan Barker, personal com-
munication) a resource from the European Bioinformatics Institute. KdTree measures
all atoms in a given sub-set of residues. In this chapter, KdTree measures the distances
between residues in the embellished secondary structures (calculated by 2DSEC) and all
other domains and subunits in the protein. These residue ranges are encoded by a Perl
wrapper (Hugh Shanahan, personal communication). The atoms in the embellishments
were measured at two cut-off distances. Those atoms less than 5A were considered to be
in direct contact with another domain or subunit via hydrogen bonds or close electrostatic
interactions and those atoms between 5 and 10A were considered to have a long range
electrostatic influence on the domain and subunit interactions.

The embellishments were selected using the method described in section 2.2.3.2. If
a residue in the CORA multiple structural alignment is an a-helix or a S-strand and it
is present in less than 75% of the aligned structures, it is counted as an embellishment.
Strings of four or more embellished residues were selected for measurement.
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Figure 4.1: A flow diagram showing the steps in the analysis of impacts of structural embellishments on protein functions in three
protein superfamilies. Firstly, the embellishments of the selected CATH superfamily were characterised. Then, for each member of
the superfamily, the whole biological unit including associated domains and subunits were examined. The embellishments were then
characterised to examine any impact on the active site or the interactions between the domains.
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4.3 Cupredoxin

4.3.1 Overview

Cupredoxin is a stable mainly ~ sandwich domain (Ryden & Hunt, 1993) which has
been adopted by a number of proteins exhibiting different functions. Some members of
this superfamiiy consist of a non-enzymatic single domain and others have evolved to
form multidomain enzymes, made up of repeats of the cupredoxin fold (Figure 4.2). The
cupredoxin superfamiiy of domains in CATH contains 19 sequence families with >35%
sequence identity. The S35Reps can be clustered into three functional groups: small blue

electron transfer agents, oxidases and the heme-copper respiratory oxidases.

Small blue e transferagents

Nitrite reductase. Multi copper oxidase
Laccase & L-ascorbate oxidase. Multi copper oxidases [

Ceruplasmin. Multi copper oxidase Q

Heme-Cu respiratory oxidases

Figure 4.2: The domain assembly in the cupredoxin superfamiiy. The small blue
electron transfer proteins are single domain. The multi copper oxidases comprise
multiple cupredoxin domains and the heme-Cu respiratory oxidases comprise a single
cupredoxin domain and a non cupredoxin domain. Domains represented with a bold
square are involved in the catalytic activity of the protein.

The cupredoxin domain typically binds copper and several types of copper sites are
known to exist within the fold, such that homologous domains differ in copper content
(Murphy et ai, 1997a). All small blue electron transfer agents are single domain and have
one copper binding site, the multi-copper oxidases contain multiple cupredoxin domain
repeats and have more than one copper binding site. The heme-Cu respiratory oxidases
have a single cupredoxin domain and a membrane associated domain, and bind copper
in a binuclear binding site. The single domain electron transfer agents are most likely to
closely represent the common ancestor and the multi copper oxidases evolved later (Ryden
& Hunt, 1993). Table 4.1 provides functional and structural information for individual
S35Reps in this study.



Type Name PDB Copper sites! Function # Subunits &
Domains
Electron Transfer Rusticyanin 1rcy00 Type 1 Electron transfer. (Botuyan et al., 1996) Monomeric. Single domain
Protein
Stellacyanin 1jer00 Type I Electron transfer. Low redox potential. (Hart et al., Monomeric. Single domain
1996)
Azurin 1jzeA0 Type I Electron transfer in respiratory chain. (Hammann Monomeric. Single domain
et al., 1996)
Pseudoazurin 1paz00 Type I Electron transfer. (Petratos et al., 1988) Monomeric. Single domain
Plastocanin 1plc00 Type 1 Electron transfer in photosynthesis. Has an Monomeric. Single domain
additional capacity to bind to the thylakoyd
membrane by a highly charged negative spot on the
membrane. Unusually high redox potential. (Xue
et al., 1998)
Cucumber basic protein 2¢cbp00 Type I Electron Transport. (Guss et al., 1996) Monomeric. Single domain
Multi Cu Copper containing nitrite 1nif01 Type I & I1 Nitric Oxide Reduced to Nitrite. (Murphy et al., Homo-trimer, each
Oxidoreductases reductase 1997b) monomer with two
domains
1nif02 Type I1
Laccase (polyphenol oxidase) 1a65A1 | Type I1& III It is found in the development of the large Monomeric, three domains
hydrophobic molecule lignin and metabolism in fungi
and plants. (Ducros et al., 2001)
1a65A2 | None
1a65A3 | Type], I & IiI
L-ascorbate oxidase laozAl | Type II &III May be involved in redox system involving ascorbic Dimeric, three domains in
acid. (Messerschmidt et al., 1992) each
laozA2 | None
laozA3 | Typel, II & III
Ceruplasmin (ferroxidase) lkew01 | Type II &III Blue copper glycoprotein found in plasma. Four Monomeric, six domains
(some residues possible functions are ferroxidase activity, amine
from dom 6) oxidase activity, copper transport and homeostasis,
and superoxide dismutase activity. (Murphy et al.,
1997a)
1lkew02 | Type I (also on

dom 4 & 6)

continued on nezt page
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Table 4.1: continued

Type Name PDB Copper sites Function # Subunits &
Domains
Heme Cytochrome C oxidase 2cuaA0 | Haem Cu Subunit I and II form the functional core of the Membrane bound
Cu-respiratory polypeptide II Subunit I enzyme complex. Electrons originating in hetero-oligomer
oxidases cytochrome c are transferred via haem and Cu(A) to
the catalytic binuclear centre in another
non-homologous subunit. (Williams et al., 1999)
Nitrous oxide reductase 1gniA2 | CuA Elimination of nitrous oxide from biosphere by Homodimeric. One
denitrifying bacteria. (Brown et al., 2000) domain in each monomer
Cytochrome C oxidase loccB2 | CuA Component of the respiratory chain. Electrons 13 different polypeptide

originating in cytochrome c are transferred via the
CuA centre (sub 2) and haem of subunit 1 to the
bimetallic centre formed in another non-homologous
subunit. (Tsukihara et al., 1996)

subunits

Table 4.1: The S35Reps from the cupredoxin superfamily. The table lists the name, the PDB code, chain identifier
and domain number, the number and type of copper sites, the function and the quaternary structure of the 19 S35Reps
selected for structural and functional analysis.

1'I‘ype 1 Cu site almost invariably comprises two His residues, and one Cys and one Met.

Several domains supply ligands for Type II and binuclear

Type III inter-domain copper sites. Adjacent Type II and III sites form a trinuclear site when both are present. The three copper ions are co-ordinated by eight
His residues, located within four His-X-His motifs and contributed by two domains.
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4.3.2 Structural Description

The cupredoxins are a superfamiiy from the mainly j3 class, with a sandwich architecture
and immunoglobulin-like topology. In the literature the fold is described as an eight
stranded " greek key barrel. The fold begins with the strand on the right hand side of
the front sheet (Figure 4.3). The first and third strands of the cupredoxin barrel are
parallel in contrast to the other greek key barrels such as superoxide dismutase and the

immunoglobulins which only contain anti-parallel /3-sheets.

CATH

f Cupredoxin

Immunoglobulin-like

Sandwich

Mainly Beta

Figure 4.3: Plastocyanin (Iplc). The representative structure for the cupredoxin
superfamiiy. This structure represents the eight beta strands described in the liter-
ature as the cupredoxin fold. Strands 1 and 3 are parallel.

4.3.3 Structural Variation

The average SSAP score for this superfamiiy is 79.76 and the associated standard deviation
is 5.35 based on pairwise comparisons of the S35Reps. The lowest score is 68.98 and there
are seven pairs which are below 70. The most representative structure is plastocyanin
(Iplc) having a SSAP score above 80 with 17 other representatives. The smallest domain
in this superfamiiy contains seven (plastocyanin, IplcOO) secondary structures, less than
half the number in the largest domain with 16 (L-ascorbate oxidase, chain A, domain 3,
la65A3) (Figure 4.4).
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Figure 4.4: The relationship between change in sequence and structure is shown
here for the S35Reps in the cupredoxin superfamiiy. The average SSAP score is 79.76
with associated standard deviation of 5.35. The smallest domain in this superfamiiy
contains 7 (IplcOO) secondary structures, which is less than half the number in the
largest domain with 16 (1a65A3).

The structural evolution of this superfamiiy can be categorised into mechanisms in-
cluding, domain enlargement, domain duplication, segment elongation and subunit aggre-
gation (Ryden & Hunt, 1993). Examples of these four mechanisms are illustrated in Table
4.2. The duplication of the cupredoxin domain in the oxidoreductases produces a varia-
tion in the size of the structure from 100 residues in the single domain electron transfer
proteins to 1040 residues (6 cupredoxin domains) in a single chain in the oxidoreductases.
The number of copper ions bound by the proteins varies from one in the singular domain,
small blue electron transfer proteins to eight in the multi domain oxidoreductases (Ryden
& Hunt, 1993). Some of the domains in the multi copper oxidoreductases have lost their

copper binding sites completely.

Domain Mechanism Protein
Enlargement L-ascorbate Oxidase
Duplication ceruplasmin
Recruitment cytochrome C
Subunit Aggregation laccase

Table 4.2: Types of domain modification in the cupredoxin superfamiiy and exam-
ples of proteins in which these mechanisms are observed. More information on these
examples is in section 4.3.6.
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Figure 4.5: 2DSEC cartoon for the S35Reps in the cupredoxin superfamiiy. This
is based on a CORA structural alignment (section 2.2.2). The first six domains
are the small blue electron transfer proteins, represented below are the three heme-
Cu respiratory oxidases and finally the domains of the oxidoreductases. Multiple
domains of the same protein are shown when they have clustered into different 35%
sequence families. The consensus defined by the 2DSEC plot is numbered according
to the literature numbering of the ~-strands (Ryden & Hunt, 1993). There are three
main areas of embellishments marked by the horizontal curly brackets at the bottom
of the cartoon. The first and the third embellishments both appear on the right side
of the /5-sandwich as it is positioned in Figure 4.3 and the second appears on the
left.
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Figure 4.5 was used to illustrate the CORA alignment of each CATH S35Rep taken
from the cupredoxin superfamily. The first six domains in the alignment are the small
blue electron transfer proteins. Represented below these are the three heme-Cu respira-
tory oxidases and finally the domains of the multi copper oxidases. Multiple domains of
the same protein are shown when they have clustered into different 35% sequence fam-
ilies, such as the three domains of ascorbate oxidase (1aoz) which share less then 35%
sequence similarity. Two domains in ceruplasmin are represented in the 2DSEC diagram
and the other four are clustered into the same S35 family with these representatives. The
consensus S-strands defined by the 2DSEC plot are numbered according to the literature.
However there are some descrepancies between the consensus structure cited in the liter-
ature and that were identified using CORA and 2DSEC. The fourth and fifth 8-strands,
which are located as the furthermost left hand strands on the back sheet (Figure 4.3) are
sometimes absent and often in a different orientation. As a result, they have not been
shown as consensus on the 2DSEC plot. B-strand 5 is present only in some members of
the superfamily (Ryden & Hunt, 1993).
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Cucumber Basic Protein (2cbp00) Plastocyanin (IplcOO)
(Small Blue Electron Transfer) (Small Blue Electron Transfer)

Azurin (IjzeAO)
(Small Blue Electron Transfer)

L-ascorbate Oxidase (laozA2) Ceruplasmin (Ikew02)
(Multi Copper Oxidase) (Multi Copper Oxidase)
L-ascorbate Oxidase (1a0zA3) Laccase (1a65A3)
(Multi Copper Oxidase) (Multi Copper Oxidase)

Figure 4.6: Showing the extent and types of secondary structure embellishments
present in the cupredoxin superfamiiy. Domains are coloured according to the con-
sensus in the CORA alignment. If more than 75% of aligned residues form part
of a /?-strand or a-helix, they are coloured red. The cucumber basic protein and
plastocyanin show typical cupredoxin structure. Azurin shows additional a-helices
at the back of the structure as it is orientated here. L-ascorbate oxidase domain
2 and ceruplasmin domain 2 show embellishments which elongate the structure of
the domain vertically. L-ascorbate oxidase domain 3 and laccase domain 3 show
embellishments to either side of the sandwich, elongating the structure horizontally.



Chapter 4. Superfamilies with Domain Enlargement 134

The majority of structural variation in this superfamily is in the extension of the (-
sheets which form the 3-sandwich. In some cases extra strands have been added onto the
end of the sheets (shown by the cucumber basic protein, azurin, ceruplasmin domain 2 and
L-ascorbate oxidase domain 3 on Figure 4.6) and in other, rarer cases the embellishment
form hairpins and extra helices away from the central B-sheets (shown by ceruplasmin
domain 2 and L-ascorbate oxidase domain 2 in Figure 4.6). The 2DSEC plot in Figure
4.5 shows three places in which embellishments are inserted in this superfamily. Firstly
between strand 1 and strand 2 in the consensus structure (1aozA3 and lkecw02). This
embellishment is located on the right side of the structure as it is orientated in Figure
4.6. The additional secondary structures present on the N-terminal of 1rcy00, 1qniA2
and 1nif02 also help to form the same embellishment in the three-dimensional structure.
The second is between strand 4 and strand 6 and includes strand 5 which creates an
embellishment on the three-dimensional structure on the left side of the domain as it is
orientated in Figure 4.6. The final insertion is at the end of the peptide chain. These
secondary structures are packed adjacent to the insertion between consensus strands 1
and 2, on the right of the structure as it is orientated in Figure 4.6.

4.3.4 Functional Descriptions

Individual functions of each protein are described in Table 4.1. However, general descrip-
tions can be made for each functional class:

Small Blue Electron Transfer Proteins

The blue-copper electron transfer agents are all single domain and bind Type I copper
(Figure 4.7). The Type I Cu site which exists in many cupredoxins almost invariably
comprises two His residues, and one Cys and one Met. Type I copper sites are found
exclusively in the loops at the top of the cupredoxin domain as it is orientated in Figure
4.7. Small blue proteins are found in bacteria and plants and are involved in the transfer
of a single electron from a donor to an acceptor molecule. Plastocyanin, in addition,
has the ability to bind to the membrane by using a highly charged negative patch on its
surface.
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Laccase (la65A)

Laccase domain 1(la65A1) Laccase domain 3 (1a65A3)

Stellacyanin (IjerOO)

Figure 4.7: Copper binding sites in the cupredoxin superfamiiy can be found in
three places. The Type I and binuclear copper binding sites are situated in the
loops of the structure, represented here by the Type I binding site of stellacyanin.
Types II and III binding sites are situated together in the interface between two
domains, represented here by domains 1 and 3 in laccase. Some cupredoxin domains
have lost their copper binding sites altogether shown here by domain 2 of laccase
represented in grey. Type I binding site is shown in white. Type II in turquoise and
Type III in purple.
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Heme-Cu respiratory oxidases

The cupredoxin domains of the heme-Cu respiratory oxidases are part of large multi-
subunit complexes. The cupredoxin domain in cytochrome ¢ oxidase transfers electrons
from the donor (cytochrome c) to the catalytic oxidase centre by way of a binuclear CuA
site situated in the same place as the Type I binding site. The catalytic centre is located
on a separate polypeptide chain where O: is reduced to water, and protons are then
pumped across the membrane. The cupredoxin domain provides the reducing substrate
binding site (cytochrome c). Nitrous oxide reductase contains an identical binuclear site

to cytochrome c oxidase and probably plays an analogous electron transfer role.
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Multi Copper Oxidoreductases

L-ascorbate Oxidase 111 &IIT 1 11 8 111
(laoz) Domain Ranges 1-130 131 - 338 339-552
Laccase
(la65) Domain Ranges 1-131 131 - 338 339-552
4 5 6
Ceruplasmin
(Ikew) Domain Ranges 1-192 193 - 338 339 - 553 554 - 705 706 - 884 892 - 1040
Nitrite Reductase [&IT s I
(inif)
Domain Ranges 8-165
Ceruplasmin Nitrite Reductase L-ascorbate Oxidase (laoz) &
(lkew) (inif) Laccase (1a65)

Figure 4.8: Showing the number of domains and the position ofthe copper binding
sites for the four multi copper oxidase proteins in the dataset. L-ascorbate oxidase,
ceruplasmin and nitrite reductase all have six domains but laccase functions with
three. The domain cartoon is coloured according to chain indicating the number of
subunits in the quaternary structure. Also listed are the types of binding sites present
on each domain. Below this the arrangement of the domains in two-dimensional
space with the copper binding sites are shown. Green dots show the Type II and
IIT copper binding sites, red dots show the inactive Type I copper binding sites (for
orientation) and blue dots show the active Type I copper binding sites.

As the multi-copper oxidases evolved from the small blue proteins they acquired three
new Cu binding sites close to the existing Type I copper binding site. Types II and III sites
form a trinuclear site comprising eight His residues, located within four His-X-His motifs in
the interface between two domains represented in Figure 4.7 by laccase. This inter-domain
Type II and III binding sites can be found in three members (see Table 4.1) ceruplasmin,
laccase and L-ascorbate oxidase. The multi-copper oxidases oxidise their substrate from an
electron source via a four electron reduction of O2 to water. Laccase acts on a wide variety
of inorganic compounds, L-ascorbate oxidase has a much narrower specificity oxidising L-
ascorbate and ceruplasmin uses iron as its reducing substrate. Nitrite reductase, the

fourth enzyme of this subset, may be classified with this group of proteins, although it
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does not function as an oxidase, and instead catalyses the reduction of nitrite to nitric
oxide and water, using pseudoazurin as the electron source. All four proteins have a
Type I site which functions as the primary electron acceptor, receiving electrons from the
reducing substrate and the Type II/III site reduces Oa.

Laccase oxidase is constructed exclusively from three different cupredoxin domains.
Only domain 3 binds Type I copper (Messerschmidt et al., 1992). The trinuclear copper
site (Type II and III) is formed at the interface between domains 1 and 3. L-ascorbate
oxidase also contains three domains in the monomer but unlike laccase it dimerises. Like
laccase, domain 3 has Type I Cu site and domains 1 and 3 have Type II and III (Ducros
et al., 2001). Ceruloplasmin is a monomer built up by six cupredoxin domains binding six
Cu atoms in three mononuclear sites in domains 2, 4 and 6 and one trinuclear interface
between domains 1 and 6. Domains 2, 1 and 6 in ceruloplasmin corresponds to 2, 1
and 3 respectively in L-ascorbate oxidase and laccase except for the Type I binding sites
on domain 2 of ceruplasmin not present in L-ascorbate oxidase or laccase. Based on an
evolutionary study it has been predicted that ceruplasmin has evolved by repeating two
cupredoxin domains three times (Messerschmidt & Huber, 1990). Consistent with this
prediction, domains 1, 3 and 5 are classified into the same 35% sequence cluster and
domains 2, 4 and 6 are classified together in CATH. Nitrite reductase (1nif) is a trimer
of two cupredoxin domains, suggested to be similar to its distant relative ceruplasmin
(Godden et al., 1991). However, copper binding is quite different. Only Type I and II
sites exist. This information is shown schematically in Figure 4.8.

4.3.5 Structure/Function

Amongst the enzymes, the cupredoxin domains have a mixture of enzymatic and non-
enzymatic roles. In the heme-Cu respiratory oxidases the cupredoxin domain shares the
same function as the electron transfer agents and the enzymatic activity is carried out
by another subunit. In the multi copper oxidases there is a mixture of copper binding
and non copper binding cupredoxin domains. However, generally, as the domain becomes
more embellished, the number of copper binding sites present on the whole biological unit
also increases, although the copper binding sites are situated in the conserved core of the
protein where there is little change to the structure and not on the embellishments.

Clustering the domains using the SSAP score (section 4.2.1.1) indicates four structural
subclusters (Figure 4.9). Group I containing the multi copper binding oxidoreductases,
group II containing the non-enzymes, group III and group IV containing the non copper
binding and the CuA binding sites.
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Figure 4.9: Domains of the cupredoxin superfamily clustered by SSAP score using
OC. Information about the number and type of domains, whether the protein is
an enzyme or a non-enzyme and what types of Cu binding are listed also. Four
groupings can be seen: Group I, the Cu-binding domains of the multi copper oxi-
doreductases; Group II, the small blue electron transfer proteins; Group III, CuA
binuclear and non Cu binding; Group IV, non Cu binding domains of the multi cop-
per oxidases. The numbers indicate the approximate SSAP scores between domains

linked at that position in the tree.
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4.3.5.1 Group I: The Multi Copper Oxidoreductases

This cluster contains all the domains associated with Type II and III copper binding
sites in multi copper oxidases. The copper binding sites are not located on the additional

embellishments but are on the consensus S-strands.

4.3.5.2 Group II: The Small Blue Electron Transfer Proteins

These small blue electron transfer proteins have remained relatively small but exhibit
some structural embellishments throughout the cluster, although there is high structural
similarity in all metal binding sites. Each has distinct chemical properties due to sur-
rounding amino acids (Walter et al., 1996). The embellishments do not play a role in
modification of the metal site but may play a role in the interactions with other proteins
in electron transport chains. They have remained monomeric as they are responsible for
connecting protein complexes in the electron transport chains via diffusion. For example,
plastocyanin (1plc) connects cytochrome b6f and the PSI complex in the plant thylakoid
membrane by its diffusion (Romero et al., 1998). Another possible reason for remaining
monomeric and single domain is because they do not need to form clefts with other pro-
teins in order to form active sites. Their sole role is to receive and pass on electrons to
other members of the electron chain in the complex. These domains are most likely to
represent the ancestor of this superfamily (Ryden & Hunt, 1993). The chains in these
proteins vary in length from 97 residues (cucumber basic protein) to 129 (azurin). The
enlargements are mainly due to added length in the loops between the strands. The
largest variations occur between (-strands 4 and 5 in azurin (1jzeAQ) where the residues
form a flap which contains a helix (Ryden & Hunt, 1993). From the 2DSEC diagram it is
possible to see that both the cucumber basic protein (2cpb) and stellacyanin (1jer) also
contain this flap with a helix (Figure 4.5).

4.3.5.3 Group III: CuA Binuclear

Other groupings within the tree show that all single cupredoxin domains associated with
another membrane-associated domain cluster together. The embellishments present in
the three examples (loccB2, 1qniA2 and 2cuaA0) are different (Figure 4.5). However
they have high general structural similarity as they have been clustered by SSAP score
(Figure 4.9). The embellishments could be interacting with the membrane associated
domain. However no structural data are available for the membrane domain in any of
these examples.
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4.3.5.4 Group IV: Non Cu Binding

There are only two domains in this cluster (Laccase domain 2 and L-ascorbate oxidase
domain 2). Both domains are part of a three domain subunit of a multi copper oxi-
doreductase and neither functions as a copper binding domain but are both extensively
embellished.

4.3.6 Embellishments in the Multi Copper Oxidases

The most interesting relationship in this superfamily is the evolution from the small blue
electron transfer proteins to the multi copper oxidoreductases. The transition includes
extensive embellishments, domain duplications and subunit aggregation and from this,
evolution has created an additional copper binding site the Type II and Type III binding
sites which are situated in the cleft between domains. The analysis in this chapter shows
no direct correlation between the number of copper binding sites and domain enlargement
as the copper binding sites are all situated in the consensus structure. However, there is an
indirect correlation. As number of domains rises the amount of embellishment increases
also. By identifying the embellished secondary structures in this superfamily it is possible
to see that the embellishments form the interactions between the domains stabilising the
multi domain structures (Figure 4.10).
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Top view of core domain and Side view of the subunit
embellishments in L-ascorbate assembly in L-ascorbate

oxidase and laccase. oxidase

Top view of core domain and Side view of two of the six domains in
embellishments in ceruplasmin ceruplasmin oxidase and nitrite
oxidase and nitrite reductase. reductase.

Figure 4.10: The arrangement of the domains and embellishments in the cupre-
doxin multi copper oxidases. The red regions show core secondary structures and
the blue regions are the embellishments. The domain arrangement in L-ascorbate
oxidase and laccase is shown in (a). Embellishments on either side of the domains
interact to form the full unit. Diagram (b) shows a side view on how these three do-
main monomers interact to form the homodimer L-ascorbate oxidase. The domain
organisation of ceruplasmin (six domains in one single chain) and nitrite oxidase
(three subunits, each with two domains) is shown in (¢) Like L-ascorbate oxidase
and laccase, there are embellishments between the domains but in addition to this
there are also embellishments above the domain which interact with each other,
shown in (d).
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Laccase and L-ascorbate oxidase have the same domain organisation. The only dif-
ference is that L-ascorbate oxidase forms a homodimer with subunit placed on top of the
other (Figure 4.14). The metal binding site residues for the Type II and III binding sites
are situated on the consensus strands (Figure 4.7) on strands 4 and 6 in domains 1 and
3. The embellishment to the left as it is called in Figure 4.5 does not have any direct
role in the binding of the additional copper ions. When looking at the formation of all
three domains in this monomer it is apparent that there are additional strands promoting
domain-domain interactions. The interaction between domain 1 and domain 3 is sta-
bilised by the a-helices stretching round the back of domain 3 and to the right of domain
1. This is shown in Figure 4.11 by laccase and a schematic of the domain organisation is
shown in Figure 4.10. The regions of core secondary structure are shown in red and the
structurally variable regions (SVR) are coloured blue as calculated by 2DSEC (section
2.2.3.2).

Figure 4.11: The biological unit of laccase (la65). The domains are coloured so
that residue positions in the CORA structural alignment with the same a-helix or
/?-sheet conformation in 75% of domains appear red. The blue regions represent
those secondary structures which are only present in less than 75% of domains
or where the structure is coil. This shows those secondary structures which are
embellishments to the core fold and their position in the quaternary structure. Most
of these embellishments appear to interact to form domain contacts.

The major embellishment in ceruplasmin is present in all domains in this superfamiiy.
It is between consensus strands 1 and 2. Together these six embellishments assemble
together in the structure stabilising the domain organisation (Figure 4.12). The oxidore-
ductase site in this protein is between the right side of domain 1 and the right hand
side/back of 6. During evolution, the three most recently acquired sites were again lost in
the two new double domains after triplication occurred while the Type I site retained its

copper. Nitrite reductase shows the same domain organisation. The arrangement of all



Chapter 4. Superfamilies with Domain Enlargement 144

six domains is shown in Figure 4.13 in orthogonal representations. Each domain has an
embellishment which lies above the “-sandwich and packs against similar embellishments

from other domains, promoting the domain interactions (Figure 4.10).

Figure 4.12; Two of the six domains from ceruplasmin (Ikcw domains 1 and 2)
show how the main embellishment stabilises the domain interaction from above.

Figure 4.13: The biological unit of nitrite reductase (Inif) shown in two orthogonal
representations. Figure (a) shows the interactions between the six domains. The
embellishments (shown in blue) are located between each domain. Figure (b) shows
a similar embellishment to that in ceruplasmin (Figure 4.12) interacting above the
core domain structures.
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4.3.7 Measuring the Embellishment Domain/Subunit Interac-

tions

The proximity of the embellishments to other domains or subunits were measured using
KdTree (section 4.2.3). Figure 4.14 shows the quaternary structure of L-ascorbate oxidase
(laoz) and the position of all residues, in the embellishments in domain 3 at a distance
of 5A, between 5 and 10A and greater than 10A to other domains and subunits.

For all multi-copper oxidase domains in this dataset the distances of the embellish-
ments to other domains or subunits were measured. The data are shown in Figure 4.15.
For seven of the ten domains (L-ascorbate oxidase domains 1 and 3, laccase domains 2
and 3, ceruplasmin domain 2 and nitrite reductase domains 1 and 2) more than 50% of the
residues in the secondary structure embellishments are 5A or less from another domain
or subunit and in laccase domain 1 and ceruplasmin domain 1 more than a quarter of the
residues in the secondary structure embellishments are greater than 10A.
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Figure 4.14: The quaternary structure of L-ascorbate oxidase and the interactions
between the embellishments on domain 3 and the rest of the protein. Domain 1 is
coloured red, domain 2 is coloured green and domain 3 is blue. The interactions
between the embellished secondary structures and the other domains are shown in
brown, orange and yellow. Residues shown in orange are less than 5A from another
domain or subunit. Residues between 5 and 10A are shown in brown and residues
greater than 10A, having no contact with another domain or subunit are shown in

yellow.
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L-ascorbate oxidase (laozAl) L-ascorbate oxidase (laozA2) L-ascorbate oxidase (1a0zA3)
26
19
Laccase (1a65A1) Laccase (1a65A2) Laccase (1a65A3)
Ceruplasmin (IkewOl) Ceruplasmin (Ikew02)

o > 10 Angstroms
m 5-10 Angstroms

Nitrite reductase (InifOl) Nitrite reductase (Inif02) H < 5 Angstroms

14

Figure 4.15: The interactions between residues in secondary structure embellish-
ments and other domains and subunits in the cupredoxin multi copper oxidases. The
proportion of residues with a distance of 5A or less from another domain or subunit
are represented in the orange segment, the brown segment represents residues be-
tween 5 and 10A and the yellow segment represents residues at a distance of greater
than 10A.
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4.3.7.1 Embellishments in the Loops

Another type of variation shown within the multi copper oxidases is the variation in
substrate specificity via the loops surrounding the Type I copper binding site. The Type
I Cu binding site is at the ‘north end’ of the structure in the loops. In 1a65A the Type I
copper binding site is in a groove, 6A from the surface. The sides of the groove consist of
three loops, including the loop containing the first embellished helix between consensus
strands 1 and 2 in laozA2 (Figure 4.5), the loop including the first embellished strand
and helix before consensus strand 2 in 1aozA3 and the loop region between consensus
strands 2 and 3 in 1a0zA3 (Figure 4.5) (Ducros et al., 2001). These loops could also be
primary substrate binding areas. The fact that they are highly variable in both sequence
and size of the groove could account for varying substrate specificity. There are extended
loop regions in L-ascorbate oxidase (1aoz) which has a narrow specificity, oxidising L-
ascorbate. The loops are implicated in substrate specificity and are completely absent in
laccase, which acts on a wide variety of aromatic and inorganic compounds.

4.3.7.2 Cupredoxin Conclusion

Members of this superfamily have enzymatic and non-enzymatic functions. The more
simple non-enzymatic proteins are single domain, have fewer secondary structural embel-
lishments and have been described in the literature as the ancestors of the superfamily.
As the domains have evolved they have formed multi-domain complexes consisting of
multiple copies of the cupredoxin domain unit. This has enabled new copper sites to form
in the crevices between the domains. Evolution has also embellished the domains in these
multi-domain superfamily members with extra a-helices and S-strands. The embellish-
ments tend to be to the right and left of the structure as they are orientated in Figure
4.6. A possible reason for these embellishments could be to stabilise the structure in its
multi-domain state so that the domains are orientated correctly for the function of the
types II and II copper binding sites in the crevice between two of the domains (Figures
4.7 and 4.8).

It was found that, although the number of embellishments increases as the number of
copper binding sites and the number of domains in the quaternary structure increases,
the new copper binding sites are not situated on the embellishments. Instead, the embel-
lishments mediate the domain interactions allowing the new copper binding sites to form

in the crevices between the domains.
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4.4 ATP-dependent carboxylate-amine/thiol ligase

4.4.1 Introduction

Members of the ATP-dependent carboxylate-amine/thiol ligase (ATP-grasp) superfamily
have all been found to be multidomain enzymes. Members of this superfamily typically
catalyse ATP-dependent ligation of a substrate carboxylate to an amine or thiol group
of a second substrate (Todd, 2001). Nearly all members of this superfamily share three
common domains. ATP is bound in the cleft between two of the domains which are
referred to as the small and the large ATP binding domains. The third domain, the
biotin carboxylase, N-terminal domain-like domain is referred to as the B domain in the
literature. The large ATP binding domain, with seven S35Reps in CATH was identified as
a structurally embellished superfamily in Chapter 3. The functions, together with domain

and subunit conformations of members of this superfamily are summarised in Table 4.3.



Name PDB Carboxylate Amine/thiol Function Subunits & Domains
substrate substrate
D-alanine D-alanine ligase liow02 | D-alanine D-alanine Cell wall formation. (Fan et al., 1995) Dimeric. Three common domains.
Synapsin Ia lauvA3 | Biochemical - Neuronal phosphoprotein that coats synaptic Seven domains, three of them
function unknown vesicles, binds to the cytoskeleton, and is common.
believed to function in the regulation of
neurotransmitter release.(Esser et al., 1998)
Glutathione synthetase 1gsh02 v-glutamylcysteine | glycine One of two enzymes involved in the Homotetramer. Three common
production of glutathione. (Yamaguchi et al., | domains.
1993)
Glycinamide 1gsoA3 | glycine 5-phosphoribosyl Catalyses the second step of the purine Monomer. Three common domains.
ribonucleotide synthetase -amine biosynthesis pathway. (Wang et al., 1998b) The embellishment in this protein is
described as a separate domain by
Wang et al. (1998b)
Phosphoribosylamino- 1b6rA2 | HCOg 5-phosphoribosyl- ATPase activity that is dependent on the Homodimer. Three common domains.
imidazole 5-aminoimidazole presence of aminoimidazole ribonucleotide.
carboxylase (Thoden et al., 1999)
Acetyl-CoA carboxylase, ibncA2 | HCOj3 biotin-enzyme Component of the acetyl CoA carboxylate A hetero-oligomer. Biotin carboxylase
biotin carboxylase subunit complex. Biotin carboxylase catalyses the has the three common domains and
carboxylation of the carrier protein. exists as a dimer in the acetyl-CoA
(Waldrop et al., 1994) carboxylase complex.
Succinyl-CoA synthetase, 2sucBl | succinate coenzyme A Carries out the substrate level Four subunits a2 2. The beta

B chain

phosphorylation of GDP or ADP in the citric
acid cycle. (Fraser et al., 1999)

subunit comprises ATP-grasp
domains and a third domain unrelated
to the domains in this superfamily.

Table 4.3: The S35Reps from the ATP-Grasp superfamily. The table lists the name, the PDB code, chain identifier
and domain number, the function and the quaternary structure of the seven S35Reps selected for structural and

functional analysis. See also Figure 4.20.
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4.4.2 Structural Description

The large ATP binding domain is classed in CATH as an aP 2-layer sandwich. The
literature describes the structure as a five stranded "-sheet fianked by an a-helix with the

sequential order of the *-strands being 32145 (Figure 4.16).

CATH

y ATP-grasp fold, large domain

Amminotransferase-llke
2-Layer Sandwich

Alpha Beta

Figure 4.16: The ATP-grasp large domain fold represented by glutathione syn-
thetase (l1gsh02).

4.4.3 Structural Variation
4.43.1 The Large ATP-grasp Domain

The structure of the large domain described in section 4.4.2 varies in size from five strands
to 11 in some members. These domains have an average SSAP score of 77.46 with an
associated standard deviation of 6.47 and the most distant pair score of 68.00 between gly-
canamide ribonucleotide synthetase (IgsoAS) and succinyl-CoA synthetase (2scuBl). The
total number of secondary structures varies from eight in lauvAS to 20 in 1bnc02 which is
a 2.5 fold increase (Figure 4.17). The best representative is phosphoribosylaminoimidazole
carboxylase (Ib6rA2) with the most (five) pairwise scores above 80.

The 2DSEC diagram for the large domain (Figure 4.18) describes the embellishments
present in members of this superfamily. Additional a-helices are found appended to the
N-termini of several members of the superfamily. There is also a small embellishment be-
tween consensus strand 2 and consensus A-helix 1. The extent of the embellishment varies
from one or two extra A-helices in D-alanine D-alanine ligase (liow02) and glutathione syn-
thetase (Igsh02) and an extra ~-strand and a-helix in succinyl-CoA synthetase (2scuBl)
to more extensive embellishments in glycinamide ribonucleotide synthetase (IgsoAS), bi-
otin carboxylase (lbncA2) and phosphoribosylaminoimidazole carboxylase (Ib6rA2) (Fig-
ures 4.18 and 4.19).
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Figure 4.17; Pairwise SSAP score plotted against sequence identity. The large do-
mains have an average SSAP score of 77.46 and the most distant pair score 68.00
between IgsoAS and 2scuBl. The distribution of total number of secondary struc-
tures in each member of the superfamily ranges from eight in synapsin la (lauvAS)
to 20 in biotin carboxylase (lbnc02) which is a two and a half fold increase. The
best representative is phosphoribosylaminoimidazole carboxylase (Ib6rA2) with five
pairwise scores above 80.

IbncA2

i ~0 AA-¢#A A
1b6rA2 ~
AVA- -A AA
IgsoAS
-0-e-A"
liow02
lauvA3
-0-
1gsh02
2scuB
Consensus

Figure 4.18: A 2DSEC plot of the ATP-grasp large domain. The domains are
arranged with those containing the large C-terminal embellishment shown first.
Both embellished regions are located together on the left hand side of the three-
dimensional structure as it is orientated in Figure 4.19.
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D-alanine-D-alanine Ligase (liow02) Phosphoribosylamino-imidazole carboxylase (IlbncA2)

Figure 4.19: D-alanine-D-alanine ligase (liow02) without the extension to the
sheet and phosphoribosylaminoimidazole carboxylase (Ib6rA2) with the ~-sheet em-
bellishment.
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4.43.2 ATP-grasp Protein Unit

The small domain comprises three or four /3-strands and two or three a-helices and remains
structurally conserved with an average SSAP score of 85. The ATP-grasp structures have
three domains in common with the exception of succinyl-CoA synthetase (2scu) in which
the third domain is a different fold. However among those with the same three domains,

synapsin la comprises a much larger domain complex with five extra domains.

# B domain
Succinyl-CoA

Large ATP-grasp domain T 1 AAm’'e'tase, beta chain (2scu)

Small ATP-grasp domain

Glycinamide
ritwnucleotide syntetase (Igso)
Acetyl-CoA cartwxyiase,

biotin carboxylase
subunit (Ibnc)
Synapsin la (lauv)

D-alanine-D-alanine ligase (liow)

Prokaryotic glutathione
synthetase (Igsh)

Phosphoribosylamino
imidazole caitoxylase (Ib6r)

Figure 4.20: Domain and subunit interactions of members of the ATP-grasp
superfamily. Glycinamide ribonucleotide synthetase and synapsin la are both
monomeric. Each monomer containing the three consensus domains, the small
and large ATP binding domain and the B domain, however synapsin la com-
prises five additional domains. The three common domains of biotin carboxylase
dimerise as part of the larger acetyl-CoA carboxylase complex (shown as a blue
ring). Phosphoribosylamino-imidazole carboxylase is a dimer, each monomer con-
tains the common domains and prokaryotic glutathione synthetase is a tetramer.
The ATP-binding domains of succinyl-CoA synthetase dimerise to form the /22 unit
of an 02/32 hetero-oligomer. The two o domains are represented by a blue ring.

4.4.4 Functional Descriptions

Members of the ATP-dependent carboxylase-amine/thiol ligase protein superfamily bind
Mg"+ATP in the cleft between the small and large domains. This ATP binding function is
conserved throughout the superfamily. However, the overall function of the whole protein
varies due to the substrate bound, although the mechanism of the enzyme reaction is
conserved throughout. All mechanisms involve the ATP-dependent ligation of a substrate

carboxylate to an amine or thiol group of a second substrate, forming C-N or C-S bonds.
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Collectively, the enzymes act on a vast array of donor and acceptor substrates (Table 4.3).
In all reactions ATP is converted to ADP and inorganic phosphate.

4.4.4.1 The ATP Binding Site

Mg?*T ATP is bound in between two anti-parallel 8-sheets, one from the small and one from
the large domains (Artymiuk et al., 1996). The ATP binding site residues were collated
from the literature (where known). The ATP binding site is conserved throughout the
family, binding with two Lys residues a Gln, and a Leu. Synapsin Ia is the only member
which binds Ca?* instead of Mg?*. In this case studies have shown that ATP does not
bind unless Ca?* is present (Esser et al., 1998). A conserved Lys has been identified as
the critical residue for catalysis, and is thought to serve as a hydrogen bond donor (Wang
et al., 1998Db).

4.4.4.2 The Substrate Binding Site

The substrate binding residues are located on the large domain (Figure 4.22). From the
literature and the functional summary (Todd, 2001) very few residues involved in the
binding of the substrate are described. Information on D-alanine D-alanine ligase (liow)
was collected from the literature (Fan et al., 1994). D-alanine is orientated in the active
site by the residues Tyr 216 and Ser 281 and reaction intermediates are stabilised by
residues in the small and B domains.

4.4.5 Structure/Function
4.4.5.1 The Whole Chain

The structural similarity between the three common domains were measured using the
SSAP structural alignment program and then the scores were clustered using the OC
tree program (section 4.2.1.1). Clustering the members of this superfamily by whole
chain has revealed two groups. Group one contains those structures with the C-terminal
embellishment described in section 4.4.3 and group two contains those structures without.
This suggests that the embellishment is the greatest structural change between members
of this superfamily. The third domain of succinyl-CoA synthetase (2scu) is different, so
this protein is considered separately.

Group I

The proteins clustered together in group one are phosphoribosylaminoimidazole car-
boxylase (1br6A), biotin carboxylase (1bncA) and glycinamide ribonucleotide synthetase
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Figure 4.21: Members of the ATP-grasp superfamily clustered by the SSAP scores
of the three common domains.

(1gsoA). All three have an extensive C-terminal embellishment. These secondary struc-
tures come together to form an extension to the S-sheet. This embellishment is so exten-
sive that it has been described as an additional fourth domain in 1gso (Wang et al., 1998b).
Of these three members, two are carboxylases (1b6rA and 1bncA) and the other is a syn-
thetase (1gso). The substrates, biotin for biotin carboxylase, phosphoribosylamine for
glycinamide ribonucleotide synthetase and 5-aminoimidazole ribonucleotide for phospho-
ribosylaminoimidazole carboxylase are all small in size in comparison with the substrates
in group two. In this group, the three domains are arranged so that the active site is
enclosed in a box forming a narrow active site. This is represented by biotin carboxylase
(1bncA), Figure 4.22.

Group 11

The second group includes synapsin Ia (lauv), D-alanine-D-alanine ligase (liow) and
glutathione synthetase (1gsh) also known as L-glutamyl-L-cystiene:glycine ligase. The
active site in these members is more accessible allowing for larger substrates to access the
active site, peptidoglycans in D-alanine-D-alanine ligase and glutathione in glutathione
synthetase. The absence of the embellishment leaves an L-shaped arrangement with the
small and large domain forming the backbone and the B domain forming the base. The

ATP cleft and the active site are more exposed compared to group I. This is represented
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by D-alanine-D-alanine ligase (liow), Figure 4,22.

a)

D-alanine-D-alanine ligase (liow)

Biotin carboxylase (lbncA)

Figure 4.22: A figure showing the three domains of the ATP-grasp family. In
red the large domain, in blue the small domain and in grey the B domain. The
Molscript labelled as a. shows D-alanine D-alanine Ligase (liow) in the L confor-
mation. Molscripts b and c¢ show biotin carboxylase. Molscript b illustrates the box
conformation formed by the embellishment present in some of the members of this
family and Molscript ¢ shows biotin carboxylase in the same orientation as D-alanine
D-alanine ligase. Residues shown in yellow are involved in ATP binding residues and
the green residues represent those involved in substrate binding.
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4.4.5.2 Succinyl-CoA synthetase (2scu)

Succinyl-CoA synthetase (2scu) is a (a3)2-tetramer comprising two o domains and two
B domains. There are two copies of each subunit, with each o8 dimer coming together
to form an asymmetric unit. The af dimers are similar in structure, with each having
a nucleotide binding motif. Conserved residues between D-alanine D-alanine ligase and
Succinyl-CoA synthetase 3 subunit suggest ATP binding to be in the same place, in the
cleft between the two ATP-grasp domains (Fraser et al., 1999). Coenzyme A is bound
to the nucleotide binding motif in the a subunit. The initial transfer of the phosphate
group from ATP bound in the ATP-grasp cleft in the 5 subunit, to the carboxylate group
of succinate is done via an intermediate His group located on the « chain (Fraser et al.,
1999).

4.4.6 The Role of the Embellishment in Subunit Aggregation

Both biotin carboxylase and phosphoribosylaminoimidazole carboxylase in Group I
dimerise to form the biological unit. In biotin carboxylase (1bnc, Group I) the C-terminal
embellishment is directly involved in the dimerisation interface (Artymiuk et al., 1996)
(Figure 4.23). Phosphoribosylaminoimidazole carboxylase (1b6r, Group I) is also a ho-
modimer. The embellishment is also part of the dimerisation interface (Figure 4.24),
however, the interface between the subunits are formed by interactions between the em-
bellished secondary structures of the large domain to the consensus secondary structures
of the large domain in the other subunit. Contacts are through the a-helices and not
B-sheet to S-sheet as in biotin carboxylase. Glutathione synthetase (1gsh), in which the
C-terminal embellishment is absent, forms a tetramer containing two interfaces, neither
of which involve the large domain. Here, in contrast to biotin carboxylase and phospho-
ribosylaminoimidazole carboxylase, the interfaces are formed by the interaction between
the small and B domains (Yamaguchi et al., 1993). Additionally, the contacts between
the a and B subunits of succinyl-CoA synthetase are between the loops at the top of the
B-sheet (as the domain is orientated in Figure 4.19) of the large and B domain for the
interactions between « and g subunits and the 8 subunits interact back to back through
the a-helices of the small and B domains. Figure 4.25 shows that only a small proportion
of the residues in the secondary structure embellishments are involved in the interactions
with the other subunit.
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Figure 4.23: The biological unit of biotin carboxylase (Ibnc, Group I) visualised
using PQS. This diagram shows how the embellishment promotes the oligomerisation
of the protein into its biological form. The small domain is shown in blue, the B
domain in grey, the large domain consensus region in red and the embellishment in
yellow.

Figure 4.24: The biological unit of phosphoribosylaminoimidazole carboxylase
(IbGr). The embellishment to the large domain, shown in yellow, interacts with
the consensus structure of the large domain, shown in red. The small domain is
shown in blue and the B domain is shown in grey.
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Biotin Carboxylase (IbncA2) Phosphoriboxylaminoimidazole carboxylase (Ib6rA2)

o > 10 Angstoms
5-10 Angstroms

u < S Angstroms

Figure 4.25; C-terminal embellishment interactions in biotin carboxylase and phos-
phoribosylaminoimidazole carboxylase in oligomerisation. In both cases, most of the
residues in the embellished secondary structures are not involved in the interactions
between subunits. Residues less than 5A contact distance are shown in orange and
correspond to those residues which are in direct contact with the other subunit. The
proportion of residues between 5 - 10 A are shown in brown and the proportion of
residues >10A from the other subunit are shown in yellow. In both cases just under
three quarters of the residues are not involved in the subunit oligomerisation.

4.4.6.1 Conformational changes

Work by Thoden et al. (2000) has shown that there is a major conformational change in
biotin carboxylase (Ibnc) upon the addition of ATP. A rotation of approximately 45° of

one domain occurs relative to the other domains, thereby closing off the active site pocket.

4.4.7 ATP-Grasp Conclusions

Members of the ATP-grasp superfamily usually comprise three domains designated as the
small, large and B domains. The small domain is highly conserved throughout the super-
family and the large domain varies in size with some of the domains in this superfamily
possessing a C-terminal embellishment, which mainly comprises an extension to the main
/3-sheet. There are two binding sites within this superfamily, the ATP and the substrate
binding sites. The ATP binding site is within a cleft formed by the small and large do-
mains and this is very well conserved throughout the superfamily. Clustering of structural
similarities revealed that members of the superfamily sharing three common domains can
be divided into two groups, corresponding to the presence or absence of the large domain
embellishment. Those proteins with the embellishment have a closed active site and tend
to be carboxylases. Those proteins lacking the embellishment have an exposed active site

and tend to be ligases.
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4.5 Thioredoxin

4.5.1 Introduction

The thioredoxin superfamily contains a mixture of both enzymes and non-enzymes. The
non-enzymes form single and multi domain structures, whilst the enzymes are multi do-
main. There are 13 thioredoxin-like S35Reps in CATH version 2.4 (Table 4.4). The
proteins in the thioredoxin superfamily can be divided into four functional/structural
clusters: single domain non-enzymes, multiple domain non-enzymes, multidomain en-
zymes consisting of thioredoxin-like domains only and multidomain enzymes consisting of

thioredoxin-like and a-helical dimerisation domains.



Name PDB Enzyme/Non | Function # Subunits & Domains
Enzyme

Glutaredoxin 1kte00 Non-Enzyme A protein reductant; essential for glutathione-dependent Monomeric. Single domain.
reduction of ribonucleotides by ribonucleotide reductase. Has
the CXXC motif essential for redox activity. Reduction
mechanism is analogous to that of thioredoxins. They
preferentially reduce GSH-containing mixed disulphides due
to the GSH binding site on the protein. (Katti et al., 1995)

Thioredoxin 2trxA0 | Non-Enzyme A protein reductant; regulation of enzyme activity by Monomeric. Single domain.
disulphide activity. Has the CXXC motif essential for redox
activity. The oxidised form contains a disulphide bridge
formed by the Cys residue in the highly conserved CGPC
motif and this is reduced to a dithiol by NADPH and the
flavoprotein, thioredoxin reductase. (Katti et al., 1990)

Peroxidase hORF6 1prxAl | Enzyme Regulation of the intracellular concentration of H202. Does Homodimer. Each monomer
not require selenium but a single Cys residue which is has two domains, one
structurally equivalent to the less accessible C-terminal Cys thioredoxin-like and one alpha
residue in the CXXC motif in thioredoxin. (Choi et al., 1998) | helical domain.

Thioredoxin peroxidase 1qq2A0 | Enzyme Unknown Homodimer. Each monomer
has one thioredoxin-like
domain.

Protein disulphide 1a8101 Enzyme Probably the Archean counterpart of protein disulphide Monomer. Two

oxidoreductase 1a8102 isomerase which catalyses protein disulphide formation and thioredoxin-like domains.
breakage during protein folding. Has the CXXC motif
essential for redox activity. (Ren et al., 1998)

Glutathione peroxidase 1gplA0 | Enzyme Protection of cellular components from oxidative damage. Homotetramer. One
Catalyses the reduction of hydrogen peroxide and a variety thioredoxin-like domain in
of organic hydro-peroxides (ROOH) to water or the each monomer.
corresponding alcohol (ROH) using GSH as the reducing
substrate. The active site contains a selenocysteine residue
which probably shuttles between a selenolate anion
(RSe-)and a selenic acid (Rse-OH) in the catalytic cycle.

(Ren et al., 1997)
Thiol-disulphide interchange 1fvkAO0 | Enzyme Periplasmic protein oxidant. Has the CXXC motif essential Dimer. Two domains in each

protein (DbsA)

for redox activity. (Guddat et al., 1998)

monomer, one thioredoxin-like
and one a-helical.

continued on nezt page

JuowaSrerus urewro(] YjIm sarrerodng f 193deyn)

91



Table 4.4: continued

Name PDB Enzyme/Non | Function # Subunits & Domains
Enzyme
Glutathione S-transferase lgseAl | Enzyme Detoxification of compounds. They catalyse the Homodimer. Two domains in
S-conjugation between the thiol group of GSH and an each monomer, one
electrophilic moiety in the hydrophobic and toxic substrate. thioredoxin-like and one
(Sinning et al., 1993) a-helical.
Calsequestrin 1a8y01 | Non-enzyme Calcium storage in muscle. (Wang et al., 1998a) Polymer. Three
1a8y02 thioredoxin-like domains form
1a8y03 the monomer.
Phosducin 2trcP1 Non-enzyme Regulation of phototransduction (dark/light adaptation). Hetero-oligomer. Monomer

(Gaudet et al., 1999)

comprises a thioredoxin-like
domain and an o-helical
domain. Complexed with 8
and a subunits of transducin.

Table 4.4: The S35Reps from the Thioredoxin superfamily. Listed in the table are the names, CATH numbers, PDB
codes and chain and domain identifiers, whether the protein has an enzymatic or a non-enzymatic function, a more

detailed function of the protein and a description of the biological unit.
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Chapter 4. Superfamilies with Domain Enlargement 164

4.5.2 Structural Description

Domains of this superfamily are three-layer a I3 sandwiches. All members have a min-
imum of four mixed (parallel and anti-parallel) /*-strands in order 4312 with respect to
the sequential assignment of the /5-strands. The third strand is anti-parallel to the rest.
The *-sheet is typically flanked by three a-helices (Martin, 1995).

CATH

V  Thioredoxin-like

Glutaredoxin
3-Layer (aba) Sandwich

Alpha Beta

Figure 4.26: The most representative structure of the thioredoxin-like superfamily,
thioredoxin (2trx). The four consensus /9-strands are numbered sequentially. The
third strand is antiparallel to the rest.

4.5.3 Structural Variation

General structural variability between members of the superfamily was measured using
the SSAP structural alignment program. The average score is 78.91 with an associated
standard deviation of 4.80 and the lowest pairwise SSAP is 67.36 between IgseAl and
IprxAl. The most representative structure is 2trxA0 with ten pairwise scores of above
80. The smallest has seven secondary structures, four helices and three strands (1a8101)
and the largest has twelve with five helices and seven strands (Iqq2A0).

The thioredoxin-like fold has been embellished at two main points in the structure
(Figure 4.29). These embellishments occur on the right of the central /5-sheet as it is
orientated in Figure 4.28 and between /5-strands 3 and 5 which occur at the top of the
structure. Embellishments are present at the N-terminus and after the second consensus
strand. Variations occur in the number of /5-strands forming the "-sheet and in the
number of a-helices. In addition to the variation in number of a-helices, visual inspection

indicates that there is also a great deal of variation in their orientation.
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Figure 4.27: The relationship between change in sequence and structure is shown
here for the S35Reps in the thioredoxin-like superfamily. The average SSAP score
is 78.91 with associated standard deviation of 4.80. The smallest domain in this
superfamily contains seven (l1a8101) secondary structures which is about half the
size of the largest with 12 (Iqq2A0).

Thioredoxin (2trxA0) Glutathione peroxidase (IgplAO)) Thioredoxin peroxidase (IqqZAO)

Figure 4.28: Three domains belonging to the thioredoxin-like superfamily showing
the extent of the embellishments. Thioredoxin is the representative fold for this
superfamily having only one extra strand on the left ofthe ~-sheet as it is orientated.
Glutathione peroxidase and thioredoxin peroxidase show embellishments to the left
and the top of the structure as it is orientated. The position of the active site in
members of this superfamily is in the loops at the top of the /3-sheet.
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Figure 4.29: 2DSEC plot for the S35Reps of the thioredoxin-like fold superfamily.
Consensus strands and helices have been numbered consecutively and the two main
areas where embellishments are present are marked as the left embellishment as it
is located on the left side of the structure as it is orientated in Figure 4.28 and the
top embellishment as it is located at the top of the domain. This is also the region
of the active site.
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4.5.4 Functional Descriptions

The active site in all members is in the same place on the thioredoxin-like structure
(Martin, 1995; Todd, 2001), at one end of the core S-sheet (Figure 4.32). The environment
of the active site depends greatly on the orientation of the domains and subunits creating
the full biological unit. In some proteins the single domain exists on its own, whilst in
others the structural domain is repeated so that two thioredoxin-like domains exist on the
same chain. Additionally, in some members the thioredoxin-like domains oligomerise to
make a dimer, homotetramer or a polymer. With some of the members the thioredoxin
domain is fused with an a-helical domain which functions as a dimerisation domain. A
summary of these domain interactions is shown in Figure 4.30. Individual functions for
members of this superfamily are listed in Table 4.4.

The redox active members of this superfamily involve sulphur redox chemistry. All
must stabilise a cysteine thiolate (or selenolate) ion during catalysis. In some members this
cysteine thiol group is intra-molecular whilst in others it binds as an external substrate.
Many members contain a conserved glutathione (GSH)-binding site, where GSH is a
tripeptide formed by Glu, Cys and Gly. The redox active site is found as a CXXC
motif present in thioredoxin and glutaredoxin. In protein disulphide oxidoreductase and
DbsA the solvent accessible N-terminal Cys of the CXXC motif forms a mixed disulphide
bridge with the substrate. Glutathione peroxidase requires a selenium atom for its redox
activity whereas other peroxiredoxin enzymes use a single Cys residue. Calsequestrin and
phosducin are not redox active.

4.5.5 Structure/Function

The orientation of the domains upon oligomerisation is extremely variable in members
of this family, making the structural environment of each active site very different, even
though it remains in the same place in each thioredoxin-like domain (Figure 4.30).

In many cases the embellishments to the thioredoxin-like fold appear to promote the
interactions between the domains and subunits. In the previous examples in this chap-
ter, clustering of the members of the superfamily was carried out by SSAP score using
the OC program (sections 4.3.5 & 4.4.5). However, in this example, clustering this way
did not elucidate any structural/functional relationships due to extensive changes in the
orientations of the secondary structures and changes in the loops. Therefore, in order to
examine the relationship between structure and function in this superfamily, the proteins
were categorised into five groups according to their quaternary structures: single domain
non enzymes, members in which the thioredoxin-like domain interface is across the g-

sheet either formed by two subunits or two domains on the same chain, homotetramers,
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Group I
Single Thioredoxin (2trx)
Domain
Non- Group VI
enzymes .
Glutaredoxin (Ikte) Enzymes wi Glutathione
S-transferase (Igse)
an alpha
helical
dimerisatior " " .
Protein disulphide domain Thiohdisulphide

Group II oxidoreductase (laSl) interchange

rotein (DbsA) (Ifvk
Thioredoxin P ( ) ( )

domains interact

across the edge Thioredoxin

of the sheets peroxidase (1992) Group V
Calsequestrin (laSy)
Peroxidase Domain
hORF®6 (Iprx)
enzymes
Group IIT Phosducin (2trc)
Homo- Glutathione
tetramer peroxidase (Igpl)

Figure 4.30: The quaternary structures of the proteins in the thioredoxin-like su-
perfamily are varied. In this figure, thioredoxin domains are shown as ovals. Red and
blue indicate separate chains and a green dot indicates the position of the active site.
Thioredoxin and glutaredoxin are single domain non-enzymes. In protein disulphide
oxidoreductase, thioredoxin peroxidase and peroxidase hORF6 two thioredoxin-like
units interact edge to edge to form a long /?-sheet. In protein disulphide oxidoreduc-
tase the domains are fused whilst in thioredoxin peroxidase and peroxidase hORF6
they are located on separate chains (Figure 4.32). All three are stabilised by in-
teractions between the last consensus a-helix. However, in peroxidase hORF6 this
last a-helix is part of a separate dimérisation domain shown here in purple. Pro-
tein disulphide oxidoreductase has a single chain whilst thioredoxin peroxidase and
peroxidase hORF form the same orientation from different subunits. Glutathione
peroxidase is a homotetramer comprising four thioredoxin-like subunits, the ori-
entation of the domains is completely different from those which dimerise across
the central "5-sheet. The thioredoxin-like domains of glutathione S-transferase and
thiohdisulphide interchange protein dimerise with the aid of a separate a-helical
domain, minimising the contact between the thioredoxin-like domain monomers.
Calsequestrin and phosducin are both non-enzymatic, multi domain complexes. In
calsequestrin, each chain comprises three domains which stack onto each other. The
packing of two subunits are shown here in red (underneath) and blue (on top).

including an a-helical dimérisation domain and non-enzyme multidomain. The few em-
bellishments on the two single domain non-enzyme domains thioredoxin and glutaredoxin
do not interfere with the active site and since very little is known about their protein

interactions they are not considered in this section.
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4.5.5.1 Group II: Peroxidase hORF6, Thioredoxin Peroxidase and Protein
Disulphide Oxidoreductase. Proteins in which the edges of the -
sheets of the two thioredoxin domains interact.

Peroxidase hORF6 (1prx) and thioredoxin peroxidase (1qq2) are both homodimers and
their dimerisation interfaces are located in the same place. The a-helical and B-strand
embellishments do not promote the domain-domain or subunit-subunit interactions (Fig-
ure 4.33). As illustrated by the pie chart in Figure 4.34 and by the cartoon in Figure 4.37.
There are no embellished residues less than 5A from the subunit interface. The dimer
interface in both these proteins is stabilised by a long consensus a-helix. In thioredoxin
peroxidase it is the second consensus helix but in peroxidase hORF6 this helix belongs
to a separate four-stranded af-2-layer sandwich domain. In this case, additional em-
bellishments forming a small S-sheet and an extra a-helix to the C-terminal end of the
peroxidase hORF6 have caused the formation of a new domain. The 2DSEC diagram
(Figure 4.29) of the thioredoxin-like fold shows the dimerisation helix present at the C-
terminal end of thioredoxin peroxidase (1qq2A0) but no equivalent secondary structures
in peroxidase hORF6 as they have been assigned to another domain. As described be-
fore, the active site is situated in the loops of the thioredoxin fold. In peroxidase hORF6
the active site is a narrow pocket (Choi et al., 1998) created by some of the residues in
domain 2, the dimerisation domain. Residues in the entrance of the active site create
a narrow and positively charged environment suggesting that dimerisation is important
for activation. In thioredoxin peroxidase, this active site is more open (Hirotsu et al.,
1999) principally because it lacks the S-sheet which is added by the separate dimerisation
domain in peroxidase hORF6 (Figure 4.32).

Protein disulphide oxidoreductase (1a8l) consists of two thioredoxin domains which
are the result of an ancient domain repeat (Ren et al., 1998). The interface between
the two domains is so extensive that Ren et al. (1998) describes it as a single domain
protein. There are two CXXC motifs situated in the loops of the thioredoxin-like fold.
However, the N-terminal domain is made up of CQYC and the C-terminal of CPYC. The
axis between the domains is mediated between domain 1, the consensus a-helix 3 and
consensus a-helix 1 in domain 2 and consensus [3-strands 4 in domain 1 and consensus
B-strand 2 in domain 2. The second embellished helix in domain 2 interacts with a loop

in domain 1 which can be seen in Figure 4.34.
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Peroxidase hORF6 (IprxAl)
Thioredoxin peroxidase (1gq2A0)

26

Protein disulphide oxidoreductase (laSIO1)
Protein disulphide oxidoreductase (1a8102)
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Figure 4.31: Interactions between the embellished secondary structures and other
domains and subunits in the thioredoxin-like superfamily. The charts show that
no residues in peroxidase hORF6 (IprxAl), thioredoxin peroxidase (lIqq2A0) and
protein disulphide oxidoreductase (1aSIOIl) have any embellished residues within 5
A from the other domains and subunits. However, the chart for protein disulphide
oxidoreductase (1a8102) illustrates a short range interaction and this involves the
second embellished a-helix and the N-terminal thioredoxin domain.
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b)

Figure 4.32: The biological units of three members ofthe thioredoxin superfamily.
Glutathione peroxidase (a) is a tetramer. The domain interactions are mainly from
the first embellished helix and the loops between the first and consensus /*-strand and
a-helix. Peroxidase hORFfi and thioredoxin peroxidase form dimers. In peroxidase
hORF6 (b) the last consensus helix forms another domain with four strands and
another helix. The two thioredoxin domains in peroxidase hORFfi are shown in
grey and red and the two dimérisation domains are shown in dark blue and yellow.
These two dimérisation domains also enclose the active site shown in green. In
thioredoxin peroxidase (c) the dimérisation interface is stabilised by an a-helix which
is equivalent in structural orientation to the long a-helix in the dimérisation domain
of peroxidase hORFfi.
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Thioredoxin peroxidase (2trx)

Glutathione peroxidase (Igpl)

Figure 4.33: Thioredoxin peroxidase and gluathione peroxidase coloured according
to core and structurally variable regions.



Chapter 4. Superfamilies with Domain Enlargement 173

4.5.5.2 Group III: Glutathione Peroxidase. The homotetramer

The biological unit of glutathione peroxidase (Igpl) is a tetramer (Figure 4.32). The
tetramerisation interfaces are completely different from the dimérisation interfaces de-
scribed previously. The interfaces between the four subunits are formed mainly from the
first embellished helix and the loops between the first consensus "-strand and a-helix,
between the second consensus strand and the first embellished helix and the second em-
bellished helix and the third consensus strand (Figure 4.33). Upon tetramerisation, a
pocket is formed on the surface of the protein. The catalytic, modified cysteine (Cso45)
is situated near the interface of the two subunits. Four active sites are present, two in the
pockets on one side and two in the pockets on the other. These pockets are formed by
the interacting domains which means that the quaternary structure is very important for
the activity of the protein. In this example it is apparent that the embellished a-helices

promote the domain interfaces together with loops (Figure 4.37).

Glutathion Peroxidase (IgplAO)

o > 10 Angstrome
m 5-10 Angstroms

Q < 5 Angstroms

11

Figure 4.34: Interactions between the embellished secondary structures and other
domains and subunits in glutathione peroxidase.
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4.5.5.3 Group 1V: Human Alpha Glutathione Transferase and Thiol-
disulphide interchange protein (DbsA). Containing an a-helical

dimérisation domain.

Figure 4.35: The domain interactions involved in human alpha glutathione trans-
ferase. The structure forms a large V-shape crevice about 40 A long. Binding sites
for glutathione and substrate are created, mainly from the loops of the thioredoxin-
like domain (shown in grey).

Human alpha glutathione transferase forms a homodimer with the monomeric unit
consisting of two domains; the thioredoxin-like domain and an alpha helical up-down
bundle domain inserted after the last consensus helix and before the last two embellished
helices. In the three-dimensional structure it is packed against consensus helices 1 and 3.
The two final embellished helices pack against the thioredoxin-like structure. The qua-
ternary structure is made up by extensive sidechain interactions between the thioredoxin
domain of one monomer and the up-down a-bundle of the other (Sinning et ai, 1993)
(Figure 4.37). The structure forms a large V-shape crevice about 40 A long. Binding sites
for glutathione and substrate are created, mainly from the loops of the thioredoxin-like
domain (shown in grey). This active site can be blocked by the movement of the first em-
bellished a-helix (located on the left embellishment as described in Figure 4.29) and the
last (located in the top embellishment as described in Figure 4.29) embellished a-helices
which play a part in modifying the active site, activating and deactivating the protein.
In this protein, the interfaces between thioredoxin-like domains forming the quaternary

structure are mediated by the consensus helices.
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Figure 4.36: The two thioredoxin-like domains of glutathione synthetase dimerise
with the help of two a-helical domains and the role of these domains is analagous
to that played by the secondary structure elements in the cupredoxin family.

Thiohdisulphide interchange protein DsbA (Ifvk), another dimeric protein, also con-
tains an a-helical domain as well as the thioredoxin-like domain. Interaction between the
alpha helical domain and the thioredoxin-like domain are mediated by consensus helix 1
(Figure 4.29) in the thioredoxin-like domain and the two embellished helices in the em-
bellishment located at the top of the thioredoxin "-sheet. It is debatable as to whether
these two embellished helices are part of the a-helical domain or the thioredoxin-like do-
main, or if in fact, the a-helical domain can be described as a large embellishment to the
thioredoxin domain. As with glutathione transferase, this a-helical domain mediates the
dimer interaction. However, these a-helical domains are inserted into the thioredoxin-like
domain at two different points. The a-helical domain of glutathione transferase is inserted
between the last consensus a-helix and the two C-terminal a-helices and in DsbA, the
a-helical domain is inserted after the second consensus /3-strand (Guddat et ai, 1998)
(Figure 4.29). Both dimérisation domains could be a result of a build up of a-helices,
promoting and stabilising the formation of the dimérisation of the proteins. This sug-
gests a different mechanism for the formation of multi domain proteins from the domain

recruitment mechanism suggested for the evolution of most proteins.
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Thioredoxin peroxidase

Enzymes which Peroxidase hORF6
dimerise
across the beta Protein disulphide oxidoreductase
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Homo-tetramer

Enzymes with Glutathione S-transferase
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Figure 4.37: Domain orientations and positions of the embellishments in the thiore-
doxin superfamily. The orientations of the domains and the positions of the em-
bellishments are shown for 6 members of the thioredoxin family. In thioredoxin
peroxidase, peroxidase hORF6 and protein disulphide oxidoreductase the embellish-
ments (shown in blue) are located on the other side of the “g-sheet to the domain
interface, but for glutathione peroxidase, the embellishments interact in the homote-
tramer. For both glutathione transferase and thiohdisulphide interchange protein
the additional a-helical domain (shown in light blue) plays an analagous role to
the embellishments in glutathione peroxidase and the multi copper oxidases in the
cupredoxin family by promoting the domain or subunit interactions.

4.5.5.4 Group V: Calsequestrin and Phosducin. Non-enzyme multi domain

proteins

Calsequestrin, a polymer, is the major storage protein for muscle and is used as a Ca™*
buffer. The monomer comprises three negatively charged thioredoxin-like domains. In the
quaternary structure, the three domains form a disk-like structure and these are packed
on top of each other. Calcium is not bound in a distinct binding site like the EF hand.
Instead, pairs of acidic residues bind Ca™" through the net charge density.

In the quaternary structure, each monomer makes two extensive dimérisation contacts,
a back-to-back contact and a front-to-front contact (Figure 4.38). Both sets of contacts
form electronegative pockets which are the suggested binding sites for Ca™'. By correlat-
ing the information from the literature (Wang et ai, 1998a) with the 2DSEC diagram it is

possible to see that the front-to-front pocket is mediated by residues in the first consensus
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helix of domain 1 and stabilised by the second embellished helix in domain 3. The highly
extended N-terminal region of one monomer becomes inserted into a hydrophobic cleft of
the other (Figure 4.38). The back-to-back interface is stabilised through intermolecular
interactions between a-helix 4 of domain 2 and a-helix 3 of domain 1. Strong interactions
are formed by three intermolecular salt bridges between Glu 215 and Lys 86, Glu 216 and
Lys 24, Glu 169 and Lys 85. These residues are located on a-helix 1 and 3 on domain
1 and o-helix 4 of domain 4. The strand and helix embellishment at the N-terminus of
domains 2 and 3 form interfaces with domains 1 and 2 respectively. Domain 1 does not
have this interface and does not have the embellishment (Figure 4.29).

Phosducin consists of two domains, the thioredoxin-like domain and an a-helical do-
main which form a complex with the S-subunit of transducin. The two domains are
described as completely independent (Gaudet et al., 1999) and no active site residues are
recorded for the thioredoxin-like domain. Gaudet et al. (1999) suggests that the orienta-
tion of the thioredoxin-like and the a-helical domain triggers the activation of the protein

but no other information is available.
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Figure 4.38: Calsequestrin is shown here interacting front-to-front. Domain 1 is
shown in light blue, domain 2 in red and domain 3 in dark blue. The front-to-front
interaction is stabilised by residues Lys 49 and Glu 55 shown here in orange, on
consensus helix 1in domain 1 and assisted by N-terminal residues and embellished
helix 2 of domain 3 by salt bridges and hydrophobic interactions. The back-to-back
domain interactions are mediated by salt bridges made from residues shown here in
yellow and green. These interactions are present on the two embellished helices on
domain 1 and the second consensus helix in domain 2.
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Figure 4.39: The biological unit of calsequestrin with consensus secondary struc-
tures coloured in red and structurally variable regions coloured in blue. The diagram
shows that the embellished secondary structures play a role in promoting the domain
interactions and subunit oligomerisation.
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4.5.6 Thioredoxin Conclusions

This superfamily shows a number of different oligomerisation states in which the embel-
lishments promote the domain interactions in only some cases. In group II, the three
examples in which two thioredoxin domains interact across the edges of the 3-sheets, the
interactions are promoted by the conserved secondary structures. Extensions to the (-
sheet occur on the opposite side of the S-sheet. However, a C-terminal embellishment in
peroxidase hORF has caused the definition of another domain, with the boundary defined
before the C-terminal consensus a-helix. The S-strands in this separate domain enclose
the active site of the protein.

Glutathione peroxidase forms a homotetramer from four thioredoxin domains. In this
example, the embellished secondary structures promote the tetramer formation. Similarly,
the interactions between the domains of calsequestrin are mediated by the embellished
secondary structures.

The dimerisation of two proteins in this superfamily, glutathione peroxidase and thiol-
disulphide interchange protein (DbsA), is promoted by an extra a-helical domain. The
domains are inserted into different places on the peptide chain. For thiol disulphide
interchange protein the a-helical domain is inserted into an embellished region located
at the top of the thioredoxin fold (Figure 4.29). The a-helical domain is described in
the literature as a separate domain (Guddat et al., 1998) but the domain is not divided
in CATH and could represent a large embellishment which promotes the interaction of
the two thioredoxin domains. In glutathione synthetase (1gse) the o-helical domain is
fused to the C-terminal end of the thioredoxin fold and is classified in CATH as an up-
down bundle. It is possible that these two examples present two different mechanisms for
domain formation; gradual secondary structure accumulation and the more represented
method of domain recruitment.
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4.6 Conclusions

In this chapter the functional consequences of the secondary structural embellishments
of three superfamilies have been studied. The secondary structural embellishments have
been distinguished from the core secondary structural elements using a multiple struc-
tural alignment generated by CORA and the 2DSEC analysis suite. Once identified, the
three-dimensional structures of these embellishments were examined with respect to the
position of the active site and the interactions between the domains forming the biological
unit. It was discovered that in all three superfamilies the identified embellishments played
a role in the mediation of domain or subunit interactions. In the cupredoxin superfam-
ily, the proteins range from single domain non-enzymes with one copper binding site to
multi-cupredoxin-domain enzymes with additional copper binding sites situated in the
clefts between the domains. These more complex proteins contain additional secondary
structures embellishing the consensus structure on both sides of the 3-sheets. These em-
bellishments correspond exactly to the regions where the domains interact to form the
biologically active unit, indirectly causing the formation of the new copper binding sites
in the clefts between domains. The large C-terminal embellishment present in the ATP-
grasp superfamily is also shown to be important in the stabilisation of the two subunits
of biotin carboxylase and phosphoribosylaminoimidazole carboxylase. Additionally, the
embellishments were also shown to be important in the domain and subunit interactions
in the complex and varied domain and subunit assemblies present in the thioredoxin
superfamily.

As well as assisting the formation of the quaternary structures of the proteins in these
three superfamilies, some of the embellishments have a direct effect on the geometry of
the active site. In the ATP-grasp superfamily the large C-terminal embellishment in two
members, biotin carboxylase and phosphoribosylaminoimidazole carboxylase, encloses the
active site. The substrates in these two proteins are small. In other members such as
D-alanine-D-alanine ligase the absence of the embellishment creates a more open active
site. Members of this subset are mainly ligases where larger substrates are joined together.
The active site must be more open to allow access for these substrates. In the thiore-
doxin superfamily, modification of active site is observed in thioredoxin peroxidase and
peroxidase hORF6. A C-terminal embellishment to peroxidase hORF6 is characterised
as a separate domain and is involved in capping the active site. Other modifications to
the active site can be seen with glutathione S-transferase, where the active site is blocked
by an embellished a-helix.

The formation of the biological unit in proteins of these three superfamilies can also be
considered a modification of the active site. The formation of multi-domain cupredoxin
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proteins caused the formation of a second site for copper binding, transforming members of
this superfamily from non-enzymatic electron transfer proteins to enzymes with a variety
of functions. Formation of the active site from the quaternary structure is also apparent
in the thioredoxin superfamily.

The thioredoxin superfamily provides an interesting example of the difficulty in defin-
ing an embellishment and an extra domain. Both glutathione S-transferase and thiol-
disulphide interchange protein have a-helical domains which function as dimerisation do-
mains. The alpha helical domain in thiol-disulphide interchange protein is inserted into
the thioredoxin domain at the site of the second embellishment, the embellishment which
lies at the top of the thioredoxin S-sheet as it is labelled in Figure 4.29. This could also
be considered as a large a-helical embellishment functioning to promote the interaction
between the two domains and is presently classified in CATH in this way. The a-helical
embellishment in glutathione S-transferase is situated between the last consensus a-helix
and the two embellished a-helices at the C-terminal end of the domain. This a-helical
domain is classified in CATH with seven other S35Reps as a mainly o up-down bundle.
The role of these a-helical domains is to promote interactions between the the thioredoxin
domains in the same way as other embellishments present in the three superfamilies ex-
amined. However, it happens that they form a big enough embellishment to be classed
as an extra domain. This suggests a mechanism of a gradual accumulation of inserted
secondary structures to form a separate domain rather than the complete domain inser-
tion through DNA shuffling. The other example of this fine line between extra domain
and embellishment is between thioredoxin peroxidase and peroxidase hORF6. In both
cases the final C-terminal helix is involved in the stabilisation of the dimer.However in
peroxidase hORF6 the final consensus a-helix is classified in a separate domain with a
small additional S-sheet. The B-sheet in this extra domain has a role in the modification
of the active site on the thioredoxin domain.



Chapter 5

Automatic Comparative Modelling

for Diverse CATH Superfamilies

5.1 Introduction

5.1.1 Background

In recent years selected organisms from all three kingdoms of life have been studied giving
rise to their full genome sequences. Such genome projects have provided us with amino
acid sequences of more than a million proteins - the catalysts, inhibitors, messengers,
receptors, transporters and building blocks of the living organisms (Collins et al., 1998).
In order to make use of this information, the focus is now moving on to the functional
analysis of the genome, addressing the functional and physiological role that proteins have
within the cell.

The use of sequence databases, such as PRINTS (Attwood, 2002), Prosite (Sigrist
et al., 2002) and Interpro (Mulder et al., 2002) can help predict functional information
by the identification of key functional residue motifs. However, protein function is also
tightly linked to its three-dimensional structure, and residues far apart on the peptide
chain can be in close spatial proximity, performing a catalytic role in the final globular
state. Since protein structure is more conserved than protein sequence during evolution,
identifying similarities in protein three-dimensional structure can provide evidence of more
distant evolutionary relationships. Therefore, it is important to study structure as well
as sequence.

The aim of the structural genomics initiatives is to sample fold space completely
in order to structurally and functionally characterise protein sequences. Experimental
techniques for solving the three-dimensional structure, primarily NMR and X-ray crys-
tallography, are often hampered by technical limitations making them time consuming.
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The elucidation of genome sequences has provided impetus towards the improvement of
these experimental techniques through the development of high throughput analysis.

The protein sequence databases GenPept (1,497,800 sequences), SWISS-PROT
(94,000 sequences) and trEMBL (425,000 sequences), contain approximately 50 times
more protein sequences than there are known three-dimensional structures. As a con-
sequence, only about 2% of available protein sequence data has an associated three-
dimensional structure. As such, the task of solving the structure of every single protein
sequence by experimental methods would be slow and laborious. Focus has turned to
modelling three-dimensional structures by comparison with known structures. In virtu-
ally all cases, sequences of greater than 30% sequence identity adopt a similar structure
(Chothia & Lesk, 1986) and in many cases the fold is conserved at much lower sequence
identities. This allows the structure of an uncharacterised sequence to be inferred from a
homologous protein.

5.1.2 Comparative Modelling

The traditional steps involved in comparative modelling are outlined in Figure 5.1. Firstly,
the amino acid sequence of the target structure is aligned to that of the homologous parent
structure(s). The core regions of the structure are modelled, followed by an iterative
procedure of loop and sidechain modelling. The model is energy minimised and the quality
is assessed. These steps can be carried out manually but have also been automated in
software such as COMPOSER (Sutcliffe et al., 1987a,b) and Swiss-Model (Schwede et al.,
2003) which in turn have been developed and refined.

5.1.2.1 MODELLER

MODELLER (Sali & Blundell, 1993; Marti-Renom et al., 2000) is a further approach
for the construction of models. It differs from other methods, such as COMPOSER, in
the way that it describes given parent structures and consequently derives the models.
This algorithm is freely available and simple to use and therefore is a widely applied
comparative modelling package and, as such, was considered to be a suitable method
for the work carried out in this chapter. MODELLER arrives at a three-dimensional
model of the target sequence by optimisation of a molecular probability density function
(pdf). Following this, the molecular pdf for comparative modelling is optimised with the
variable target function procedure in Cartesian space that employs methods of conjugate
gradients and molecular dynamics with simulated annealing. The input to MODELLER
is the sequence to be aligned to a set of template structures, or a previously generated

alignment of a target sequence to its template structures. The distance and dihedral angle
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Figure 5.1: A flow chart showing the basic steps of comparative modelling.

restraints on the target sequence are calculated from the alignment with the template.
The model is obtained so that there is minimal violation to the input restraints. The
probability density function is a mathematically derived function which fits the trends in
a set of observed discrete data values, with minimal error (Figure 5.2).

The form of these restraints was obtained empirically from a statistical analysis of the
relationship between many pairs of homologous structures. This analysis used a database
of 105 family alignments, including 426 proteins with known three-dimensional structure
(Sali & Overington, 1994). The measured features must approximate to a function which
is non-negative and integrates to 1 over all possible values. The integration of the curve
from two points Xi and 12 is a function of % which describes the curve which best fits the
data.

A pdf suitable for restraining a certain feature can be described as in Equation 5.1,
where, %is the structural feature and a, b and c¢ are the the elements which affect this

structural feature:
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Figure 5.2: A mathematically derived function, which fits the observed data with
minimal error, is calculated. The data must approximate to a function which is
non-negative and integrates to 1, indicating certainty, over all possible values.

p(x|a, b....c)
(5.1
A conditional pdf gives a probability density function for % when a,b....c are specified.

For example,

pix\residuetype, (f),
(5.2)

where %= sidechain dihedral angle.

The sidechain dihedral angle depends on the residue type and the conformation of
the main chain 0 and x angles. Typical pdf restraints include Ca-Ca distances, main
chain N-0 distances, and main chain and sidechain dihedral angles. The spatial restraints
on the target sequence are calculated from its alignment with the template structures.
Following this, the spatial restraints and CHARMm energy force field (Momany &
Rone, 1992) enforcing proper steriochemistry, are combined into an objective function.
Optimising the objective function begins with satisfying sequentially local restraints
and slowly introduces longer range restraints until the complete objective function is

optimised. Finally simulated annealing implemented by molecular dynamics is used to
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refine the model.

MODELLER has been used to populate a database of modelled structures called
ModBase (Sanchez & Sali, 1999; Pieper et al., 2002). This query-able database of anno-
tated comparative models derived from ModPipe, (Sanchez & Sali, 1998), an automated
modelling pipeline which uses the programs PSI-BLAST (Altschul et al., 1997) and MOD-
ELLER.

It is important to assess the effectiveness of a given comparative modelling method.
This can be carried out by predicting the structure of a sequence for which an experi-
mentally determined structure is already known. The accuracy of the model can then
be measured by comparing it with the experimentally determined structure. In more
recent years the Critical Assessment of Structure Prediction (CASP) experiments have
enabled comparisons to be made between different comparative modelling techniques (sec-
tion 5.1.5). Results from these experiments have shown that there are still limitations
involved in the comparative modelling of protein structures. Two of the most error-prone
steps in comparative modelling, after errors to the alignment, involve the modelling of
structurally variable regions (SVRs) and the assignment of sidechain orientation.

5.1.2.2 Modelling of the Loops

Building the structurally variable regions remains a significant source of error. So far,
three main methods have been used to build the structurally variable regions (SVRs): (1)
The use of molecular graphics to manually build SVRs by the modification of backbone
torsion angles and performing subsequent energy minimisation. (2) Knowledge-based
searches of a database of loop conformation to find the most likely SVR conformation.
(3) The use of ab initio methods to build SVRs through a conformation search within a
given environment guided by an energy function.

The database approach to loop modelling involves finding a loop which fits the two
stem regions on the main chain. The search is performed using a database of known loop
structures. Loops which fit the stem are selected based on sequence and conformation cri-
teria although this method is limited by the number of known loop conformations Fidelis
et al. (1994). A variation on the knowledge-based procedure is the prediction of a general
conformational class of the loop. This method has been developed by Burke et al. (2000)
who developed the SLOOP database of loop conformations and connecting secondary
structure elements. The loops are classified according to their length, the bounding sec-
ondary structures and the conformation of the mainchain. The method selects conformers
based on the sequence of the loop and position of the secondary structure elements that
anchor the loop region in the model.
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An ab initio approach to loop modelling is carried out by MODELLER-5 (Fiser et al.,
2000). An energy function is calculated using terms from the CHARMm22 force field
(Momany & Rone, 1992) and optimisation is based on conjugate gradients and molecular
dynamics with simulated annealing (section 5.1.2.1).

5.1.2.3 Modelling of the Sidechains

There are a number of different protocols available for sidechain modelling. The ‘Maxi-
mum Overlap Protocol’ works by inheriting the sidechain torsion angles from the parent
to the model where possible. The additional atoms are built from a single standard con-
formation. The ‘Maximum Perturbation Protocol’ proposed by Shih et al. (1985) finds the
best sidechain conformations by rotation about the sidechain torsion angles. The use of
rotamer libraries is a common approach for sidechain modelling. Each sidechain is stored
in the library in all of the conformations of the torsion angles after steric clashes are elim-
inated. In the SCRWL method (Dunbrack & Cohen, 1997) the most favoured sidechain
positions are set for all sidechains along the peptide backbone. The steric clashes are then
resolved by changing a sidechain to a less favourable rotamer. This is carried out until
all steric clashes are resolved and the ‘minimum steric clash energy’ is found.

5.1.3 Measuring Model Accuracy

As already discussed, it is possible to measure the accuracy of a model if the model
sequence has a known experimental structure, enabling the comparison of experimentally
determined structure and putative model. It is generally thought that for a sequence
identity of 75%, with no indels, modelling can achieve an RMSD of 0.6A, similar to
the RMSD between two crystal structures of the same protein (Martin et al., 1997).
Between a sequence identity of 75% and 50%, the model is likely to be around 1A which
is comparable to a medium resolution NMR model or a model solved by low resolution
X-ray Crystallography. Errors are generally found in the packing of the sidechains, small
shifts in the main chain regions in the core, or larger shifts in the loops. Between 30-50%
sequence identity the error is frequently increased by sidechain packing, core region and
loop distortions. Below 30% the errors in the final model increase rapidly due to errors in
the intial alignment between parent structures and target sequence (Baker & Sali, 2001).

There are a number of key measurement techniques freely available for the assessment

of the quality of a structure, with reference to its experimentally determined structure.
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5.1.3.1 Root Mean Square Deviation

The root mean square deviation (RMSD) is commonly used as a measure of structural
similarity between two sets of three-dimensional co-ordinates. Equivalent residues are
first identified and then the two structures superposed and rotated so that they overlap
in three-dimensional space as closely as possible (Figure 5.3). The distance between each
pair of equivalent residues, is then calculated and squared. The sum of these squared
distances between equivalent residues is then taken and divided by the number of pairs,

N, to give the mean. The mean is then square rooted (Equation 5.3).

Erf?
RMSD =1 ') (5.3)

RMSD provides a measurement between two superposed structures and takes into
account every pair of superposed atoms. However, a single region of structural variability
between the two structures can significantly alter the score, even if overall the structures

are similar.

Figure 5.3; Calculating root mean square deviation (RMSD) as a measure of struc-
ture similarity following a structural superposition

5.1.3.2 LGScore

The LGScore (Cristobal et ai, 2001) method searches for the most significant non-
continuous segment of a model (model-fragment) and measures the significance of that
region with a P-Value (the probability of the score given by the model-fragment to ex-
perimentally determined structure alignment, occurring by chance) (Levitt & Gerstein,
1998). In other words because in many cases only a fraction of the model is similar to
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the structure, this method enables the detection of the most significant sub-part of the
alignment. The method involves two heuristic algorithms.

Top-down Algorithm

1. Start with the whole protein

2. Superpose the model with the experimental structure
3. Calculate and store the P-Value

4. Delete the residues that are furthest apart

5. Repeat with fewer residues

6. Return best P-Values

Bottom-up Algorithm

1. Start with 4 residues

2. Superpose residues 0—4 of model and parent
3. Calculate P-Value

4. Add residues outside segment that are closest in model and experimentally determined

structure. Repeat steps 2-3.

5. Return best P-Values

5.1.4 Predicting the Quality of a Comparative Model
5.1.4.1 Prosall

Prosall (Sippl, 1993) assesses the quality of a structure by calculating its energy. This
calculation is based upon the principals that describe a protein in its native folded state
which are derived empirically from a set of three-dimensional structures. The forces
involved are extracted and then recombined for a protein of known or unknown structure
as a function of the amino acid sequence. The value for the recombination of these forces
can be compared with the forces of a model to identify a native fold from a mis-folded

protein or an unsuccessful model.
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5.1.5 Critical Assessment of Structure Prediction

The assessors of CASP4 (Tramontano et al., 2001) studied whether the models predicted
were closer to the experimental structure than the closest parent. It was found that the
model was rarely closer to the experimental structure than the parent, that is, algorithms
were unable to predict features which did not already exist in the parents. In fact for
many predictions, the model structure was much closer (in terms of RMSD) to the parent
structure than to the target experimentally determined structure, as shown in Figure
5.4. This was attributed to the non-optimal selection of parents and also errors in the
alignments. It was also observed that active site regions within a target sequence are
more accurately predicted as they remain much more conserved. Such conserved active
site regions give a more accurate sequence alignment between target sequence and parent
structures due to the pattern of conserved residues.

Overall, the assessors at the meeting (Tramontano et al., 2001) highlighted a number

of areas of improvement for comparative modelling:

o Identifying the best parent structure and the prediction of regions that deviate from
the parent structure.

e The prediction of regions which deviate from the parent structure.
e The quality of the alignment when sequence identity is below 50%.

e Improvements to the prediction of relative domain orientations.

Many methods that use multiple parents result in a model which tends to correspond
to an ‘average’ conformation of all the parents used. If a single parent is very similar in
sequence identity to the target sequence (>70% sequence identity) it may provide a more
accurate model than the ‘average’ conformation obtained from many parents. In CASP2
Martin et al. (1997) a general rule was suggested that using multiple parents does not
generally improve the quality of the model over using the closest single parent at higher
sequence identities. However, it was also reported that methods using multiple parents
perform better than single parents on general fold correctness in CASP4 for the 14 target
sequences with between 20-60% sequence identity to the closest parent (Tramontano
et al., 2001). Alignment quality also remains a considerable source of error in comparativé
modelling. Sequence alignments are often manually adjusted so that gaps appear mainly
in the loops between the secondary structure elements. It was also notable that RMSDs
calculated for the loop regions showed no discriminating results between the groups and
the development of method which is able to predict loop regions with consistently good
accuracy is still a challenge.
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Figure 5.4: The RMSD of model and experimentally determined structure versus
experimentally determined structure and closest parent in CASP4 for predictions
with RMSDs lower than 5 A only.

5.1.5.1 The Second Critical Assessment of Fully Automated Structure

Prediction

More recently a number of automated comparative modelling procedures have been de-
veloped, a number of which have been subsequently assessed in the Critical Assessment
of Fully Automated Structure Prediction (CAFASP2).

The second Critical Assessment of Fully Automated Structure Prediction methods
(Fischer et ai, 2001) highlighted the current standards of automatic structure prediction
servers and their effectiveness compared to the more human intensive methods assessed in
the GASP experiments. Results showed that only a handful of manual groups performed
better than the fully automatic comparative modelling servers. The automatic methods
submitted to CAFASP2 were 3DJigsaw (Bates et ai, 1997; Bates & Sternberg, 1999) and
the Fully Automated Modelling Server (FAMS; Ogata & Umeyama (2000)).

3DJigsaw contains many novel ideas to solve some of the major issues presently dog-
ging comparative modelling. The method selects parents using PSI-BLAST with a high
sequence identity threshold, ensuring high quality alignments. It selects a single parent
if there is considerable similarity between a potential parent structure and the target
sequence or if there is so much variation in the selection of multiple parents that there
is likely to be no benefit in using the multiple parent method. Multiple parents are
chosen when it is thought that the variation in structures may add beneficial informa-
tion to the final structure. The target sequence is aligned by PSI-BLAST to the chosen
parent(s) and, when not being automatically implemented, the alignment is manually al-
tered. If multiple parents are used, the structures are separated into conserved secondary

structures and non conserved regions. The conserved regions are modelled on the back-
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bone and the non-conserved regions are modelled by searching a database of fragments.
Sidechains are modelled using rotamers as described in section 5.1.2.2. FAMS applies a
Smith-Waterman alignment to a structurally aligned template with substitution matrix
derived from structure alignments.

In CAFASP2, the models produced by these methods were evaluated on three levels,
fold assignment, backbone and sidechain conformations. It was found that for 9 of the
15 comparative modelling targets, FAMS based its model on an incorrect fold assignment
whereas 3D-Jigsaw predicted the fold correctly for all. However, FAMS outperformed 3D-
Jigsaw on both backbone and sidechain conformation for those folds it predicted correctly.

5.1.6 Aims of the Chapter

The aim of this chapter is to develop an automatic comparative modelling package, to
provide structures for genome sequences that have homology to those in CATH structural
superfamilies. Hidden Markov Models (HMMs; Karplus et al. (1998)) were used to align
a target sequence to the structural parents and MODELLER was then used to produce
a model. In addition, a method for identifying the structurally variable and structurally
conserved regions of a protein has been developed (Mosaic). For each structural region
(variable and conserved) the closest parent was chosen by measuring sequence identity
with the target, to create a single chimeric parent. The selection of such structurally vari-
able and conserved regions within a particular superfamily can in turn give an indication
of the degree of difficulty one may come across when attempting to model a sequence that
is related to this superfamily. This information can be used when considering the quality
of specific regions within the resultant models for that particular superfamily.

Methods for assessing the quality of the resultant models have been integrated into
the pipeline. Two methods, RMSD and LGScore, rely on the target sequence having
an experimentally determined structure which is used as a reference against the model.
These methods provide a guide to the quality of the modelling method with respect to
the specific superfamily. Additionally, Prosall, which does not use a reference structure
is used. This method measures the quality using empirical potentials to calculate the
energy of the structure and predicts its accuracy.
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5.2 Methods

It is hoped that the automatic comparative modelling pipeline will eventually model the
structures of genomic sequences identified as homologous to a CATH superfamily, using
the structural representatives in that superfamily as structural parents. In order to test
the accuracy of the comparative modelling pipeline outlined in this chapter, sequences
with known structure are modelled and the quality of the subsequent model can then
be assessed with reference to the known structure. In this study a number of CATH
S35Reps were used as parent structures. Related sequences (of known structure) to these
parent structures were selected for a range of sequence identities. Models could then
be constructed for these target sequences and the effect of different sequence identities
to their parent structures could then be assessed. The methods by which the parent

structures and target sequences were selected are outlined in more detail below.

5.2.1 GenMod: Modelling Pipeline

GenMod contains several steps for recognising homologues to known structures in CATH,
aligning these target sequences to their parent structures and building the comparative
models. The modelling pipeline is described in the following sections:

o Identifying Structural Sub-Groups (SSG) in CATH superfamilies to provide reliable
structural alignments of parents and build Hidden Markov Models (HMMs) for
homologue recognition.

e Using a model library of HMMs (SAMOSA) to recognise homologues for CATH

superfamilies and provide target—parent alignments.

e Modelling the target sequences using MODELLER.

5.2.1.1 Identifying Structural Sub-Groups in CATH Superfamilies to Provide
Reliable Structural Alignments of Parents and Build Hidden Markov
Models (HMMs) for Homologue Recognition.

In well populated CATH superfamilies containing two or more diverse structural relatives
(i.e. S35Rep families), domain structures are further clustered into Structural Sub-Groups
(SSGs). Representative structures are taken from each CATH S35Rep (<35% sequence
identity) and clustered on the basis of their pairwise SSAP scores (Figure 5.5). As a result,
these SSGs consist of sequence dissimilar (sequences <35% sequence identity), structurally
similar (SSAP scores >80) domains and provide ideal clusters of parent structures for

comparative modelling.
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Figure 5.5: The homologous superfamily is divided into sequence clusters at 35%
sequence identity. Within these clusters, the structures remain very similar. These
sequence clusters are further divided into Structural Sub-Groups (SSGs). SSGs
provide sub-clusters within the homologous superfamily which exhibit significant
structural similarity but also contain sequence diverse relatives.
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5.2.1.2 Using a Model Library of HMMs (SAMOSA) to Recognise Homo-
logues for CATH Superfamilies and Provide Target — Parent Align-

ments.

A method for identifying and aligning homologous sequences to the SSGs is summarised
in Figure 5.6. The Hidden Markov Models using SAM-T99 is one of the most sensitive
methods for identifying homologous sequences (Park et al., 1998). The SAM-T99 soft-
ware uses each S35Rep in the SSG as a seed to search the GenBank sequence database
(translated GenBank-NRDB, released March 2000). The target99 script in the SAM-T99
software identifies a set of related genomic sequences and generates a multiple sequence
alignment.

The CORAXplode protocol (Sillitoe, 2002) was then used to combine these multiple
sequence alignments (for each S35Reps in the SSG), guided by a structural alignment of
all S35Reps within the given SSG (built using the CORA algorithm (Orengo, 1999)). In
summary, the program selects a set of similar structures from a homologous superfamily,
and generates a multiple structure alignment of these seed proteins using the CORA
algorithm. The SAM-T99 sequence alignments for each seed structure are then combined
using the CORAXplode protocol by following the CORA structural alignment. These
are known as SAMOSAs (Sequence Augmented Multiple Structure Alignment) models
(Figure 5.6).
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Figure 5.6: Flowchart summarising the protocol for selecting and aligning homo-
logues. Single structures are initially used as seeds to search a sequence database.
These distantly related sequence alignments are then combined, using the CORAX-
plode protocol, by referring to a multiple structural alignment of the seed structures.
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5.2.2 Alternative Methods for Selecting Parent Structures

As previously described the use of multiple parents may lead to the creation of an average
structure which can sometimes blur regions of close structural similarity between the
target and one parent. In some cases, it may be possible to find an area of local similarity
between a parent and target in one region of the structure and another parent and target
in a different region of the structure. To investigate this, methods for selecting regions
of local similarity between a parent and the target sequence were implemented. These
searched for areas of local similarity between parent and target, filtering out data which
might detract from the real structure of the target sequence. Four different methods were
tested which used either single or multiple parents.

5.2.2.1 Method 1: The Single Closest Parent

Sequence identities between target sequence and each parent were calculated and the
highest scoring parent was selected as the closest parent. The structure/sequence align-
ment obtained from the SAMOSA model (section 5.2.1.2) of the closest parent and target
sequence only are input into MODELLER.

5.2.2.2 Method 2: Multiple Parents

The structure/sequence alignment obtained from the SAMOSA model for the target se-
quence and all parents from the SSG (rather than just the closest parent) are input into
MODELLER.

5.2.2.3 Method 3: Single Chimeric Parent

A single chimeric parent is created by selecting the closest parent structure for each region.
Three programs are used, Findcore, Mosaic and AlignAdjust to select regions of parent
structures.

In order to try to combine the sensitivity of using the single parent method (which
can be obtained when the parent structure and target sequence are closely related) with
the flexibility and extra information provided by multiple parents, a simple method for
combining all the best possible regions of the multiple parents was proposed. The multiple
alignment (the CORA structural alignment of the S35Reps in the SSG) is divided into
those regions of high structural similarity (_<_3A) which correspond to the core regions and
the more variable regions (structural similarity >3A) by the program Findcore. Findcore
superposes CORA aligned structures one by one building up a consensus, and measures
the distance between the equivalent Ca atoms at each position in the alignment. The
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program was adapted from pairwise ‘Findcore’ developed by Martin et al. (1997) for the
CASP2 assessment.

The sequence similarity of each region in a given parent, to the corresponding se-
quence in the model sequence, is assessed using an algorithm called Mosaic which uses
the BLOSUMG62 matrix to score the similarity. For each region the most similar sequence
is identified from the available parents to produce the chimeric parent.

AlignAdjust provides a way of selecting which regions of each parent are used by
MODELLER to build the structure of the target sequence. The method alters the struc-
ture/sequence alignment such that regions of the parents that should be considered are
aligned whilst other regions are adjusted by introducing gaps into the alignment (Fig-
ure 5.7). The sequence identity of the chimeric parent is used to measure the similarity

between the sequence and template, referred to as the chimeric sequence identity.

structure | ABCDEFTU VWXY Z
Structure2 NOPQRSGHIJKLM

Sequence ABCDEFGHIJKLM

Structure 1 ABC DE F T UVWXY Z
Structure 2 e NOPQRSGHIJKLM.crecrcerunne
Sequence ABCDEF ..eeeenanes GHIJKLM.rrviennnnnnn

Figure 5.7: An illustration of AlignAdjust. The program is instructed which re-
gions of the alignment are most similar (shown here in red) to the target sequence
(shown here in green) and adjusts the alignment so that the most similar region is
aligned and other sequence regions are not.

5.2.2.4 Method 4: Multiple Parents for Core Regions and Single Chimeric
Parent for Variable

The use of a mixture of single parent structures for the variable regions, and multiple
parents for the core regions was considered. The model was created by using the best

parent selection in the variable regions but all parents for the core regions.

The whole modelling pipeline and the four modelling methods are outlined in Figure
5.8. Any target sequences with chimeric sequence identities above 20% and below 60%

were modelled. Although 30% sequence identity is usually suggested as a cut-off for
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producing a reasonably good model, exploring performance down to 20% sequence identity

gave a more thorough test of the 4 methods.
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Figure 5.8; The target sequence is identified in the SAMOSA model and extracted,
along with the structural parents. The structural parents shown here in green and
target sequence in black. The core and variable regions of the parent structures are
located using Findcore and mapped to the target sequence. The BLOSUMG62 matrix
selects which regions are more closely related (shown in pink). Sequence identities
are calculated between all parents and target sequence, and also the sequence identity
of the the most related segments (chimeric sequence identity). Any target sequence
which aligns with a chimeric sequence identity of greater than 20% and less than
60% is modelled. Four different modelling methods are proposed. Each method
differs in the template structure selection. Modelled regions of the parent structures
are shown in orange and discarded regions shown in light green.
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5.2.3 Evaluation of Alignment Quality

In order to assess the performance of the different comparative modelling methods prop-
erly, it was necessary to determine the quality of the alignment produced by the modelling
pipeline. This was calculated as the percentage of correctly aligned residues, based upon
a structural alignment of parent structure(s) and experimentally determined target struc-

ture. This involved 3 stages:

1. SSAP comparison is carried out for the experimental structure and its closest relative

to determine the correct equivalent residues.

2. The target sequence and its closest relative are extracted from the SAMOSA align-

ment.

3. The number of aligned positions which are the same in the sequence alignment as
in the structure alignment are calculated as a percentage of the total number of
positions aligned.

5.2.4 Evaluation of Model Quality

It was also necessary to evaluate the model quality. Three measures were applied;
LGScore, RMSD and Prosall.

5.2.4.1 LGScore

LGScore (Cristobal et al., 2001) (section 5.1.3.2) is used to assess the quality of the models
with reference to their experimentally solved structures. The results give the percentage
of the structure which gives the best P-Value. The P-Value for closely related proteins
is dependent on the size of the target and therefore the P-Value is normalised to a size
independent Q-Value. This is a straight line correlation between m, the size of the protein
and the minus log of the P-Value. The gradient of this line is 0.0268. This relationship is
described by Equation 5.4.

—logP = 0.0268m + 0.5115
(5.4)
The value for -logP is then brought to the origin of the graph by subtracting 0.5115
and the gradient is made the subject of the formula. The resultant Q-Value is calculated
by dividing the gradient by a large number (in this case 1000) to make it negligable, or,
multiplying the rest by 1000.
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Q-Value = =e2P=031I5 5 1000
(5.5)
As such the Q-Value is almost independent on the size of the fragment. A Q-Value of
greater than 2 is significant, zero is not at all significant (Elofsson, personal communica-
tion).

5.2.4.2 RMSD

As with LGScore, the quality of the models is also assessed by calculating the RMSD (sec-
tion 5.1.3.1) between model structure and experimentally determined structure. Unlike
LGScore, the whole of the structure is measured, regardless of how similar or different the
regions are to the experimentally determined structure. This means that one region of
great dissimilarity from the experimentally determined structure will reflect in the score,
even if the rest of the structure has been modelled well.

5.2.4.3 Prosall

Prosall (section 5.1.4.1) predicts the quality of a model from empirical assessment of the
forces in native protein structures. This method is different from LGScore and RMSD as
it does not use the experimentally determined structure as a reference. It is therefore a
useful measurement when modelling sequences with unknown structure.

5.2.5 Selection of the Test Dataset

In order to sample the sequence space evenly and thoroughly within the homologous
superfamily, structures were clustered into 60% sequence families by multi-linkage clus-
tering and a representative was taken from each cluster (S60Rep). Models were created
for any superfamily with two or more SSGs to ensure that the dataset was largely com-
posed of structurally divergent superfamilies. Figure 5.9 illustrates how the homologous
superfamily is divided. Genbank sequences of every structural member of the homologous
superfamily, except the members of the SSG which were used as parent structures, were
in the test dataset. Any structural relatives with >4A resolution and those solved by
NMR were removed from the dataset.
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Homologous Superfamily
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Cluster

35% Cluster
# Member of the Homologous Superfamily
# Representative of the 35% & Structural Parents

# Representative of the 60% Sequence Cluster.

Figure 5.9: Homologous superfamilies (in dark yellow) are clustered into groups
of 35% sequence identity (in orange) and subclustered into groups of 60% sequence
identity (in cream). Domains selected to be the 35% representatives are coloured
in dark orange. 60% representatives are shown in green. The selected SSG in this
homologous superfamily is shown in white and contains two 35% representatives.
These two representatives become the structural parents. All other 60% representa-
tives in the SSG and all other SSGs in the superfamily become the target sequences
for testing the homology modelling methods. This ensures sequences are chosen to
fully sample sequence space around the chosen structural parents.
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5.3 Results

5.3.1 Overview of Results

The results in this section are discussed in three main categories:

1. The factors which affect model quality independent of modelling method used.

e How does structural deviation between the experimentally determined struc-

ture and the closest parent affect the model quality?

e How accurate was the alignment? How much affect does this have on the model
quality?

2. Assessment of model quality.
e How do the three model quality assessment methods perform?

3. Assessment of the four modelling methods.

5.3.2 Selecting Target Sequences to Test the Modelling
Methods

This study considers any sequences which align with a chimeric sequence identity between
20% and 60%. It is widely considered that sequences which align with 30% sequence
identity or greater, have a similar structure although this varies between superfamilies
(section 3.3.3). In order to explore the sequence structure relationship the range was
extended to include those which aligned down to 20% sequence identity as it is possible
that in some superfamilies relatives with low sequence identities will be modelled more
successfully. Superfamilies with only one SSG were removed from the dataset. With the
present dataset approximately 2400 S60Reps were identified as possible models and 140
of these target sequences aligned to their template with 20-60% sequence identity.

5.3.3 Measuring the Chimeric Sequence Identity

The chimeric sequence identity is calculated by summing the sequence identities for the
best fragments from each of the parent structures, taking the highest sequence identity for
each fragment. Figure 5.10 shows that the chimeric sequence identity for most structures
is higher than the closest parent. Occasionally, the chimeric sequence identity is worse
because the best sequence for each segment has been selected according to a score derived
using the BLOSUMG62 matrix. This calculates likely exchanges for one amino acid to
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another and therefore sometimes a string of likely exchanges can score better than a few

exact matches.
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Figure 5.10: Chimeric sequence identity minus sequence identity of closest parent
versus sequence identity of the closest parent.

5.3.4 The Effect of Structural Variability Between Experimental
Structure and Closest Parent on the Model Quality

As previously described, Tramontane et al. (2001) observed that it was rarely the case
that a model submitted to CASP4 was closer in structure to the experimental structure
compared to its closest parent. This factor must be considered when interpreting the
results for comparative modelling assessments.

The two structures (experimentally determined structure of sequence to be modelled
and its closest parent) were superposed and aligned using the SSAP structural comparison
program and the RMSD was then measured. The results are shown in Figure 5.11. It can
be seen that as sequence identity decreases, structural similarity also decreases indicating
that at low sequence identities the differences in structures will add to the inaccuracy
of models. In other words even given a highly accurate modelling procedure, the final
model accuracy will always be dependent upon the sequence similarity between the target
and the parent structure. This distribution also shows that there are a number of pairs

that show greater structural diversity at a particular sequence identity (such examples are
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coloured in red) than others at the same sequence identity. A structure pair which shows
high structural similarity at a low sequence identity (approximately 24% coloured green)

can also be seen. These two structures are DNA binding proteins forming helix-turn-helix

homeodomains.
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Figure 5.11: Showing the relationship between RMSD of the experimental struc-
tures and the closest parents in the dataset. The RMSD is plotted against sequence
identity. As the sequence identity between the two structures increases, the RMSD
decreases. Some pairs are more structurally variable (coloured in red) and one pair
shows considerable structural conservation at a low sequence identity.

5.3.5 The Effect of Alignment Quality on Model Quality

In order to assess GenMod, structural alignments were generated between the experi-
mental structure of the given target sequence and its closest relative using the structural
comparison program SSAP. This alignment was considered to be the ‘true’ alignment.
The equivalent residues in the SSAP alignment were then compared with the equivalent
positions aligned by the SAMOSA model between the target sequence and parent struc-
ture. In this way misaligned residues in the sequence/structure alignment (compared to
the ‘true’ alignment) were identified (section 5.2.3).

The percentage of correctly aligned residues, plotted against the corresponding RMSD
between the model and experimentally determined structure is shown in Figure 5.12. A
general trend can be seen, whereby as the number of correctly aligned residues increases,

the RMSD between model and experimentally determined structure decreases. Between
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0-30% correctly aligned residues there is a wide range of RMSDs whilst at higher per-
centage correctly aligned residues lower RMSDs are generally found. It is apparent that
the quality of the alignment has a significant effect on the final quality of the model.
However, some RMSDs for models with 90 to 100% correctly aligned residues are still as

high as some models which measured a lower percentage alignment.

RMSD for Models and Experimental Structures and the Correlation with Percentage of Correctly Aligned Residues

O Muiltiple Parents
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Percentage of Correctly Aligned Residues

Figure 5.12: The relationship between percentage of correctly aligned residues with
the RMSDs of the models and their experimentally determined structures.

For the purposes of measuring the performance of the modelling methods, the dataset
was divided into two sub-sets; those with more than 30% correctly aligned residues and

those which aligned with less than 30%.
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5.3.6 Modelling Sequences Which have Closely Related Target

Structures

It may also be possible that for target sequences that are more closely related to parent
sequences (for example >50% sequence identity), the process of alignment by a profile
based method could create a more inaccurate alignment compared to a simple pairwise
alignment between model and closest structure. To analyse this, a Smith-Waterman
alignment was carried out between whole chain target sequence and the closest structural
relative. Figure 5.13 shows the difference in percentage correctly aligned residues between
the SAM-T99 alignment and the Smith-Waterman alignment, using the SSAP alignment
as the correct alignment. At low sequence identities both methods perform equally (the
difference in percentage correctly aligned residues is around zero) but at higher sequence
identities the SAM-T99 alignments improve at a higher rate than the Smith-Waterman
alignments. This may be because in GenBank sequences that are multidomain, the SAM-
T99 method is able to recognise the local similarity of a single domain, whereas, the

Smith-Waterman has less success in recognising the correct domain.
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Sequence Identity Between Model and Closest Relative (Using the alignment created by the SAM-T99 profile.)

Figure 5.13; Smith-Waterman alignment versus the SAM-T99 alignment for align-
ing protein sequences shows that for low sequence identities, both methods perform
similarly but for higher sequence identities the SAM-T99 method outperforms the
Smith Waterman method.
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5.3.7 The Effectiveness of different Methods in Assessing Model
Quality

5.3.7.1 The Performance of Different Modelling Methods as Assessed by
RMSD

RMSD is widely used to assess structural similarity, although it is intolerant to local areas
of dissimilarity for a pair of structures which are similar over most regions. Plotting the
chimeric sequence identity against RMSD measured between experimentally determined
structure and the model, shows that generally, as the chimeric sequence identity increases,
the RMSD decreases (Figure 5.14a). Most of these models fall between 20-35% sequence
identity. In this percentage bracket, the models display a range of RMSD values from
3-19A. When only those models which aligned with >30% correctly aligned residues were
plotted (Figure. 5.14b) most of the structures in the 20-35% sequence identity region

were removed.
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O Single Chimeric Parent
o Multiple Parents
A Single Best Relative

O Chimeric Variable
Multiple Core

40 45 50

Percent Chimeric Sequence Identity

Figure 5.14: Root Mean Square Deviation between model and experimental struc-
ture for chimeric sequence identities of 20-60%. Plot b. shows those structures
which were measured to have 30% or more of their residues correctly aligned.
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Figure 5.15 shows RMSD versus the chimeric sequence identity for models with 30% or
more correctly aligned residues, for the Multiple Parent Method, and colours the points
according to percentage correctly aligned residue ranges. The line is drawn for those
models which have >90% correctly aligned residues only, and shows an increase in model
quality as chimeric sequence identity increases. Other percentage correctly aligned residue
ranges show a deviation from this trend. The most striking insight gained from this graph
is that those models created from alignments with >90% alignment accuracy are not
always those with the higher chimeric sequence identities. In fact there are five models
with low chimeric sequence identités below 35% which have 70-100 % of their residues

correctly aligned.
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Figure 5.15; The RMSD and percentage chimeric sequence identity are shown for
all models with 30% or more correctly aligned residues. Each model is coloured
according to the percentage of correctly aligned residues in ranges of 10%. It can
be seen that as alignments get more accurate the points get closer to the line of
correlation, here plotted for those structures which have been 90-100% correctly
aligned.
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5.3.7.2 Using LGScore

Like RMSD, LGScore calculates similarity between model and experimentally determined
structure but, unlike RMSD, it measures similarity based on the largest discontinuous
segment, leaving any areas which differ significantly between model and experimental
structure out of the calculation. The similarity is measured with a P-Value, a Q-Value
or the number of aligned residues. The Q-Value removes the size dependency from the
P-Value measurement. As a general rule Q-Values above 2 indicate a model of significant
quality. The better the quality of the model, the higher the Q-Value (section 5.1.3.2).
Figure 5.16a shows the Q-Value score plotted for all data in the study whilst Figure
5.16b shows only those models built from alignments with >30% correctly aligned residues.
As expected, the Q-Value increases with increasing sequence identity. Only models built
using the Single Chimeric Parent score below the threshold of Q-Value of 2. Again, poor
models are removed when models created with less then 30% correctly aligned residues

are removed.
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Figure 5.16: LGScore Q-Value plotted versus chimeric sequence identity for model
sequence and parents. Plot a. contains all proteins in the data-set. Plot b. contains
only those models which aligned to their closest parents with 30% correctly aligned

or more.
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5.3.7.3 Using Prosall

An aim of this comparative modelling pipeline (GenMod) is to build models for sequences
of unknown structure. However, the reliability of these models must be validated. Unlike
LGScore and RMSD, Prosall does not use any reference to an experimental structure and
therefore is useful when the structure has not been experimentally determined. Prosall
measures the quality of models by considering their energy in terms of how this compares
to what might be expected for a natively folded protein. Quality can be examined by the
overall energy of the model or by the Z-score. Z-scores are size dependent (Figure 5.17).

However, it is possible to correct the Z-score so that size dependency is removed.

00

Oo

0 100 200 300 400 500

sequence length

Figure 5.17: Correlation of protein size and Prosall Z-score carried out on a set
of known structures. Figure from the Prosa Manual. Regression equation: y =
-6.67 - 0.0141X

The length dependency is directly proportional to the Z-Score (Equation 5.6):

y =-6.67 - 0.0141T
(5.6)
The Z-Scores were normalised with a rotation matrix so that all were plotted as if the

length of the domain was zero (Equations 5.7 to 5.10).
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a = arc tan(0.0141)
(5.7)
Equation 5.7 gives the angle through which to rotate the values about the origin. In
order to rotate through the origin, the value 6.67 must then be added to the y value. The
point (z,y) is moved such that the straight line goes through the origin:

(z,y) — (,y + 6.67)
(5.8)
then apply the rotation matrix:

(z’) _ cosa —Ssina (x)
! - .
Y sina cosa y

(5.9)
The final normalised Z-Score is then brought back down to the original position:

(«',y) — (2,4 - 6.67)
(5.10)
and the final Z-Score is ¥'.

Applying this rotation matrix to the data collected in this study normalises the Z-Score
so that models can be compared with each other. Figure 5.18 shows that the normalisation
adjusts the data to produce better correlation with chimeric sequence identity. All Z-
Scores are considered as if the protein was zero residues in length.
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Figure 5.18: Plotting Prosall with chimeric sequence identity for all models with
>30% correctly aligned residues. Plot a. shows unnormalised data and plot b. shows
the normalised data. This shows that normalising for size produces a slightly better
correlation.
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RMSD and LGScore provide an accurate way of measuring the quality of a model
because they use the experimentally determined structure as a reference. However, a
method for measuring model quality is still required when using GenMod to model se-
quences with unknown structure. Prosall can be used for such a measurement, though
first its performance must be correlated with RMSD and LGScore.

Figure 5.19a shows the relationship between the Prosall Z-Score and RMSD for mod-
els built with GenMod. It can be seen that in many cases where Prosall gives a good
score (the model is predicted to form an energetically favourable conformation) the cor-
responding RMSD shows a poorer value indicating an inaccurate model. In other words,
the resultant model, although calculated as energetically favourable by Prosall is not the
correct structure. The removal of pairs with <30% correctly aligned residues (Figure
5.19b) removes many of these poor models (as defined by RMSD) and the relationship
between Prosall Z-Score and RMSD becomes stronger. Figure 5.20 shows a similar ef-
fect when RMSD is replaced with the LGScore Q-Value. Again in Figure 5.20b those
structures with <30% correctly aligned residues are removed producing a stronger rela-
tionship between the Prosall Z-Score and LGScore Q-Value. In summary LGScore and
RMSD are able to discriminate between good and bad representatives of the correct fold
whereas Prosall is only able to assess when the final model is energetically favourable and
therefore unable to recognise when MODELLER has managed to create an energetically
good model from a bad alignment. In general, although Prosall clearly has limitations
with some incorrectly predicted models it is still a valuable tool to measure accuracy for
sequences with unknown structure.
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Figure 5.19: The relationship between Prosall Z-Score and RMSD shows a corre-
lation for correctly aligned structures. However this correlation is not as clear for
all structures in the dataset (a).
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Figure 5.20: The relationship between LGScore with the Prosall Z-Score reveals
a good correlation at higher Q-Values but lower Q-Values exhibit a wide range of
Z-Scores (a). When the badly aligned structures are removed from the dataset, the

correlation improves (b).
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5.3.8 Assessment of the Four Individual Methods for Modelling

The four individual modelling methods were used to predict the structural models of 140
CATH domains for sequences of varying similarity (20-60% chimeric sequence identity).
For 56 of these, the alignment to the SAMOSA models resulted in >30% correctly aligned
residues. It has been shown that above this cut—off (>30% percentage correctly aligned
residues) LGScore, RMSD and Prosall all give a reliable measurement of model quality.
These methods were therefore used to study the individual model quality produced by
each of the four methods (Single Closest Parent, Multiple Parents, Single Chimeric Parent
and Chimeric Variable Multiple Core).

Figure 5.21 provides a summary of the performance of each method measured by the
three assessment measurements. The number of times each of the four types of modelling
methods produced the best model was calculated, according to the three measurements.
Scoring with LGScore suggests that the Multiple Parent method outperforms all other
methods at every sequence identity (Figure 5.21a). The LGScore measures the highest
scoring discontinuous fragment, leaving any areas which are particularly dissimilar to the
real structure, out of the measurement. RMSD is a global measurement and takes into
account the whole model. Measuring with RMSD assigns the Chimeric Variable Multiple
Core method as the best method more frequently (Figure 5.21b). This suggests that the
structurally variable regions in these models have been modelled more successfully than
other methods assessed.

Figure 5.22 divides the RMSD scores measured from model and experimentally deter-
mined structure into four separate histograms associated with different chimeric sequence
identity ranges, 20-30%, 31-40%, 41-50% and 51-60%. It shows that the majority of
the targets with >30% correctly aligned residues possess 31-40% chimeric sequence iden-
tity. Figure 5.23 plots the RMSD of the most successful modelling method, for each
target sequence. It shows that structures modelled using multiple parents were the best
at chimeric sequence identites below 50% whilst above 50% chimeric sequence identity,

models created using the single closest parent also feature.
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The Number of Times Each Method Produced the Best Model Measuring with LGScore.
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The Number of Times Each Method Produced the Best Model Measuring With RMSD.
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The Number of Times Each Method Produced the Best Model Measuring with Prosall.
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Figure 5.21: The histograms show how many times each of the four methods pro-
duced the best model at each sequence identity. The LGScore Q-Value (a), RMSD
(b) and Prosall Z-Score (c) were used as the methods of assessment.
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Figure 5.22: Root Mean Square Deviation between model and experimental structure for chimeric sequence identities of 20-60%.
The sequence identities are separated into four graphs, models with 20-30% sequence identity to their parent structures, 31-40%,
41-50% and 51-60%. Models are only considered if they have 30% or more correctly aligned residues.
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5.3.8.1 Reviewing the Single Chimeric Parent Method

Figures 5.14 to 5.16 demonstrate that the Single Chimeric Parent method is the least
successful of all the methods assessed. In fact, the Single Chimeric Parent only features
once as the best model as measured by Prosall (Figure 5.21¢) and many of the models
have high RMSD. This could be due to the gaps or junctions that may exist between
adjacent parent segments, making it difficult to create a continuous structure. Many of
the models created from single chimeric structures showed a lack of defined secondary
structure and instead they appeared to be made up of large expanses of coil, suggesting
that the restraints in MODELLER were not defined well enough, a possible effect caused

by the junctions between each segment.

5.3.8.2 Reviewing the Use of the Single Closest Parent and Multiple Parent
Methods

As the structural distance between the experimentally determined structure and its closest
relative increases, so does the usefulness of the Multiple Parent procedure, producing a
slightly better model. At greater structural similarity between experimental structure
and its closest relative, models using single parents are increasingly better. Figure 5.24
shows that in general, at above 50% sequence identity, the use of the Single Closest Parent

method should be considered although there is not a significant difference.
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Figure 5.24: When sequence identity between the best parent and model is low,
multiple parents generate better models but as the closest parent becomes more
similar to the target, the quality of the single parent models begin to be slightly
more successful than the multiple parents.



Chapter 5. Automatic Comparative Modelling for Diverse CATH Superfamilies 225

Figure 5.25 shows that as the structural diversity between closest parent and experi-

mentally determined structure decreases, the quality of the single parent model increases
at a faster rate than the multiple parent model (a steeper gradient to the line). However,

the models created using Multiple Parents are better quality overall.
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Linear (Chimeric Variable Muibple Core)

1.2614X + 2.0961
=0.2863

1.2277% + 2.2462
R' =0.2451

1.1869% + 1.9748
R =0.2817

Figure 5.25: The RMSD between the experimental structure and its closest relative
versus the RMSD between the experimental structure and its model. As structures
become more diverse from their closest parent it is more effective to use multiple

parents to create a model.
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5.3.8.3 Assessing the Use of a Chimeric Parent in the Variable Regions

The chimeric parent was designed to take advantage of any local areas of similarity be-
tween any of the parents and the target sequence. Generally, the models are better when
all positions in the alignment are considered rather than creating a chimeric structure in
the variable regions (Figure 5.25). Using the Multiple Core Chimeric Variable method
becomes slightly more effective at lower structural diversity between closest parent and ex-
perimentally determined structure, that is, when the closest parent becomes more similar
to the model. This is because variable regions in the closest parent are then more similar
to the experimentally determined structure. The implementation of a score cut—off would
help in situation where there are no structures which match with high enough similarity.
In these cases all of the structures could be used to model the variable region instead.
Additionally, if the variable region is large enough to contain secondary structures, a sec-
ondary structure prediction and alignment method could indicate which parent should be
used in that particular region.

Figure 5.25 shows that in many cases the Chimeric Variable Multiple Core and Single
Closest Parent methods produced models with a very similar RMSD relative to their
experimental structure. This may well be expected as the Chimeric Variable Multiple
Core may often select the segments from the closest parent. In such cases, the quality of
the Single Closest Parent model and the Chimeric Variable Multiple Core model would
be either identical or may even produce a better model i.e. if there is a segment which is
closer to the experimentally determined structure than to the closest parent. An example
of a successful model created with the Chimeric Variable Multiple Core method is shown
in Figure 5.26. The region on the four parent structures, shown in green, highlights a
particularly variable region. The Chimeric Variable Multiple Core method has predicted
a much closer structure for this region than the Multiple Parent model.

If selection of a particular parent depends on the sequence, the correct region of the
sequence must be used to make the selection which means that the alignment between
target and parents must be accurate. The lower the sequence identities and greater the
structural diversity between parent structures and target, the more the chimeric parent
methods will benefit the model, but, there may also be a corresponding loss in alignment
accuracy.
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in Electron Transport (9pcy00)
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Blue C Metall tei
ue Copper Metalloprotein Transport (IVIXAO)
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Reference Structure for tfie Models.
Blue Copper Protein Invloved in Electron Transport
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the structure on one chosen parent only. (Chimeric Variable

. . X _ structure with referenct to all four parents (Multiple Parents).
Multiple Core). The model is created with an RMSD of 4.3. The model is created with an RMSD of 5.6.

Figure 5.26: The diagram shows the modelling of the blue copper protein involved
in electron transport (IpcsOO) with 49% chimeric sequence identity. The parent
structures are shown in red and blue. The red indicates those regions, identified by
Findcore, that are less than 3 A from equivalent atoms when superposed. The blue
regions indicate regions of variability. The experimentally determined structure,
IpcsOO, is shown in blue and below, also in blue, are two of the models created.
Bottom right is the model created using Multiple Parents. Bottom left is the model
created by using multiple parents for the core regions of the structures but selecting
the most similar parent for each variable region individually. The most variable
region on the the parents is indicated in green and the modelling of this region is
indicated in dark blue. Using multiple parents in this region has averaged out the
diversity in the structure, producing an inaccurate result. Selecting one single parent
to model this variable region has produced a more accurate result. The parent this
variable region is modelled on is QpcyOO.
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5.4 Conclusions

5.4.1 Providing Models with Quality Evaluation

A result of this analysis has been the development of a protocol for the analysis of model
quality. A future goal is to model protein structures for whole genomes systematically.
The ability to give an indication of model quality will be an important factor in the success
of these project. A model quality profile could include the following factors:

1. The sequence identity between aligned target sequence and parents will indicate the
likely overall quality of the model. This can also be an indication on whether to
accept the model created with multiple parents or the closest single parent.

2. Methods which use a reference structure for their analysis, LGScore and RMSD, can
be used to profile the family from which the structure has been modelled. Variable
SSGs will reveal a profile of low LGScores and high RMSDs

3. A Findcore analysis could be used to highlight those regions defined as core (<3A).
Also the percentage of the structural parents represented as core can indicate the

structural variability present between the parents.

4. Prosall Z-Scores and Energy plots can reveal which areas of the model may be

problematic.

From this information, users would be able to detect if the model is good enough for
their needs. For example, if the user is most interested in the active site of the protein
and has identified key residues on the sequence and mapped them to the structure they
can see if these regions are in a structurally sound region of the model.

This chapter has included the following:

e GenMod: the development of a pipeline for automatic comparative modelling using
the alignments from SAM-T99 profiles and the comparative modelling program
MODELLER has been presented.

e An analysis of this method on a large dataset of 140 sequences from structurally
diverse families has been undertaken.

e Three assessment methods, RMSD, LGScore and Prosall have been used to bench-
mark the results.

e Four different parent selection methods have been analysed.
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e Areas for improvement in the automatic comparative modelling pipeline have been

identified, notably alignment quality.

This study selected structurally diverse CATH superfamilies in order to assess model
building. The results, therefore, describe the quality of models which could be produced
for diverse superfamilies in CATH, highlighting a number of key areas which need to be
addressed.

The quality of the alignments need to be improved, throughout the range of chimeric
sequence identities studied (20-60%) there were some sequences which aligned well, de-
spite having <30% chimeric sequence identity. This suggests that, in some families, there
are some highly conserved anchor residues which help to align sequences, whereas, in
other families, these common residues are not so prominent. A study on different se-
quence alignment methods would be the next step. It may be the case that different
methods should be used at different sequence identities.



Chapter 6
Conclusions

The work in this thesis has provided insights into structural variability within CATH
domain superfamilies. The CATH domain database provides clusters of homologous do-
mains, sharing significant sequence, functional and/or structural similarity at the H-level.
Secondary structural similarity between members of the same homologous superfamily is
shared in the core arrangement and connection of these elements, whilst in some super-
families there may also be additions or subtractions of peripheral secondary structures.
Chapter 2 introduced a novel tool (2DSEC) for the visualisation and analysis of these
secondary structure insertions. 2DSEC provides a description of the consensus secondary
structures found across the domains within a superfamily and the location and extent
of any secondary structure insertions or embellishments. 2DSEC enabled the identifica-
tion of superfamilies with extensive secondary structural embellishments and the char-
acterisation of the embellished positions within the peptide chain and locations on the
three-dimensional structure.

The analysis in Chapter 3 sought to characterise the types of structural variation
found in CATH homologous superfamilies. Firstly, the relationship between sequence and
structure was measured using the SSAP structural alignment program and calculation
of percentage sequence identity. The results were in agreement with Chothia & Lesk
(1986), finding that there are two trends. Below 25-35% sequence identity the amount of
structural change to sequence change is much greater than above this threshold. Above
25-35% the change is more gradual and linear. However, this rate of structural change to
sequence change (structural mutation sensitivity, SMS) is dependent on the superfamily.
For example, this rate of change ranged from from 0.19 in the most versatile superfamilies
to 0.06 in the most conserved. These findings are in agreement with those given by Wood
& Pearson (1999). Dividing these data into the structural classes (mainly o, mainly 3,
and af) revealed the mainly 8 class to be less tolerant to structural change in the region

>
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of >35% sequence identity, with fewer SMS values above the mean value.

A continuation of the work undertaken by Pascarella & Argos (1992) was presented in
Chapter 3. Although this analysis was carried out on a much larger dataset, it revealed
similar findings. It was observed that indels prefer to be short, about six residues in
0%-20% sequence identitiy, four residues in 20%-40% sequence identitiy and two residues
in 40%-95% sequence identitiy. The percentage of indels more than 10 residues was less
than 10 % at all sequence identities for most structural pairs. These observations may
provide a useful adjunct to traditional scoring schemes used to calculate gap penalties.
This would be especially useful for the alignment of target sequences to parent structures
in comparative modelling.

The study was then extended to examining superfamilies with insertions of whole sec-
ondary structure units as identified by 2DSEC. The superfamilies adopting a8 sandwich
architectures appear to be more tolerant to structural change than other superfamilies.
It is possible that the high number of these superfamilies that are identified as being
structurally variable could be attributable to a biased dataset since over 30% of N95Reps
in the database are a8 sandwich architectures. However, it may also be because they are
more tolerant to structural change, and therefore have been modified during evolution to
fulfil more functions. Additionally, it was found that whilst secondary structure embel-
lishments are often inserted into a number of non-localised regions in the peptide chain
they are often co-localised on the three-dimensional structure.

These variations in structure between domains of the same homologous superfamily
may provide a useful insight into their differing functional roles or protein-protein inter-
actions. Therefore, a method for identifying those core secondary structures and those
secondary structures which are only present in one or a few superfamily members is key to
the elucidation of the structural evolution of the superfamily. In Chapter 4 a protocol was
developed for examining these secondary structural insertions in three homologous super-
families: the cupredoxin superfamily, the ATP-grasp superfamily and the thioredoxin-like
superfamily. The analysis combined the identification of the secondary structural em-
bellishments present in the superfamily with functional information and information on
the orientation of the domains and subunits within the whole biological unit of each
superfamily. It was found that the embellishments were often located in the regions be-
tween the domains or subunits and were involved in promoting the domain-domain or
subunit-subunit interactions. This is the case for the multi copper oxidase cluster of the
cupredoxins, for biotin carboxylase and phosphoribosylaminoimidazole carboxylase of the
ATP-grasp superfamily and glutathione peroxidase of the thioredoxin-like superfamily.
Additionally, in some cases these embellishments were found to directly modify the geom-
etry of the active site. In the ATP-grasp superfamily, those members containing a large
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C-terminal embellishment have enclosed active sites.

Chapters 3 and 4 have provided a method for identifying and locating secondary struc-
tural embellishments and identifying possible functional implications for their presence. It
was found that, often, secondary structural embellishments promote interactions between
domains or subunit. The identification of these secondary structural embellishments in
superfamilies could be used to help predict the locations of domain—domain or subunit—
subunit interactions. Various steps of the protocol could now be automated and used for
all structurally embellished superfamilies identified in Chapter 3. For example, KDTree,
the algorithm used to measure the proximity of the residues in the embellished secondary
structures to other domains and subunits present in the biological unit, could be used
on the whole dataset. If active site residues are known for the structurally embellished
superfamilies, KDTree could also be used to measure the proximity of the residues in the
embellished secondary structures to the active site. A future goal could incorporate the
use of GO annotations (Ashburner et al., 2000) to correlate embellishments and changes
in function within a superfamily.

The second part of this thesis focused on the development of an automatic comparative
modelling pipeline, GenMod. Parents were selected using CATH Structural Sub-Groups
(SSGs) and sequences aligned by the SAM-T99 software were modelled using MOD-
ELLER. Three methods were used to test the quality of the models, RMSD, LGScore and
Prosall. In addition, a novel method for the selection of template structures was assessed.
The parent structures were divided into structurally variable and structurally conserved
regions and each region was modelled based on the closest parent for that region (selected
on the basis of sequence similarity). Although the method had limitations, it has provided
a stepping stone to a number of other possible ideas. Findcore has provided a method of
selecting SVRs and SCRs and more rigorous methods of SVR selection, such as fragment
databases, which could be built into GenMod.

Methods for identifying and measuring structural variability have been developed and
it was found that superfamilies differ in their structural variability. A subset of struc-
turally embellished superfamilies were identified. Methods for measuring residue and
secondary structure insertions and deletions present in CATH superfamilies have been
developed. However, structural variability could be measured in a number of different
ways. To increase the amount of information on the structural variability of the selected
CATH superfamilies, the angles between secondary structures and the lengths of the loops
between each secondary structure element could be taken into account, providing a to-
tal view of the structural variability present in that superfamily. These measurements
could then be used as a profile to identify not only the most variable superfamilies, but in

which ways these superfamilies vary. Such a profile may include information on secondary
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structure insertions, shifts in the orientations of the secondary structures or variability
in loop lengths. This could be used to create a profile of structural variability specific
to a particular superfamily so that it could be used when modelling new members of
that superfamily. Work in this thesis has shown that structural variation is not consistent
across all superfamilies. Comparative modelling relies on general sequence/structure rules
that are thought to apply to all superfamilies. It would be useful to tailor comparative
modelling approaches to use superfamily-specific information as described above.
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