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1 Introduction

In this chapter we define the different types of questions that may be asked
through the comparison of the three-dimensionat (3-D) structures of proteins,
how to make the comparisons necessary to answer each question, and how to
interpret them. We shall focus on the different strategies used, and the assump-
tions made within typical computer programs that are available.

Protein structure comparisons are often used to highlight the similarities and
differences among related—homologous—3-D structures. Homologous proteins are
descended from a common ancestral protein, but have subsequently duplicated,
evolved along separate paths, and thus changed over time. The independent
evolution of related proteins with the same function, erthologous proteins, which
are found in different species, and the paralogous proteins, which have evolved
different functions, all retain information on the original relationship. The amino
acid sequences change over time reflecting the mutations, insertions and de-
letions that occur in their genes during evolution, and for many proteins the
sequences themselves are so similar that common ancestry is apparent. For
others, the sequences can be so dissimilar that the case for homology may be diffi-
cult to make on the basis of the primary structure. Nonetheless, comparing the
3-D structures when they are available can identify homologous proteins. This is
possible since the evolution of proteins occurs such that their folds are highly
conserved even though the sequences that encede them may not be recognizably
similar.

Homologous proteins are often compared in order to highlight features
{typically the amino acids and their relative orientations to one another), which
have come under strong evolutionaty pressure not to change because of struc-
tural and functional restraints placed on them. Conversely, differences in an
otherwise conserved active site or binding site are used to explain differences in
observed function.

Dayhoff and coworkers (1) long ago predicted that about 1000 different protein
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famities should exist in nature, and it has become clear over recent years that
most newly-solved 3-D structures do fall into an existing family of structures
{2, 3). The approximately 100 000 proteins encoded in the human genome, whose
sequences will be known early in this century, will fall within this limited
number of families. Thus, one key bioinformational goal has been to compare
and classify all proteins and their component domains into family groups, and
one immediate goal is to solve at least one representative structure for each
sequence family that is not obviously connected to any existing structural family.
This single representative structure can then be used in kmowledge-based
modelling (4) to estimate the 3-D structures for other members of the family.

Comparisons are also made among non-homologous proteins to try and high-
light structural features that are locally similar, but whose present-day sequences
have not arisen as a consequence of evolutionary divergence from a common
ancestor. Classic examples include the active site similarities among serine
proteinases, subtilisins and serine carboxypeptidase II (5), each of which invoke
the participation of histidine, serine and an aspartic acid in their proteolytic
mechanism of action. The folds are different and the relative positions of these
key amino acids along the sequence are different too. In the 3-D structures, how-
ever, the residues are similarly positioned to reproduce a common catalytic
mechanism that has been exploited by nature on at least three separate occasions.
Comparisons among non-homolegous proteins c¢an highlight structural units
that are common features of the protein fold and comparisons have been made
to classify amino acid conformations, regular elements of secondary structure
(helices, strands, turns), supersecondary structure, and cofactor and ligand bind-
ing sites.

The comparison of protein structures can be achieved in many different ways.
In this chapter, we present several of the basic procedures used in the wide
variety of programs that have been developed over the years. These methods
range from rigid-body comparisons, to methods more typical of sequence com-
parisons—dynarnic programming, and to those methods that employ Monte
Carlo simulations, simulated annealing and genetic algorithms to find solutions
for combinatorially-complex structural comparison problems. We will describe
methods that demand partial solutions as input to the procedure, as well as
strategies for automatic hands-off solutions; and approaches to both homologous
and non-homologous structural comparisons.

2 The comparison of proteln structures

2.1 General considerations

The optimal superposition of two identical 3-D objects can be determined ex-
actly. This only requires the calculation of {a) a translation vector to place one
copy of the object over the other at the origin of the co-ordinate system and (b) a
rotation matrix that describes the rotations needed to exactly match the two
copies of the object. The translation vector describes movements along the x, y,
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and z directions in the co-ordinate system. The rotation matrix describes the o, 8,
and v rotations in the three orthogonal planes. One of the main tasks of many
super-positioning procedures is to define these values and then to apply them to
the co-ordinates of the objects and they will then be superposed on each other.
Two identical objects will have zll points superposed exactly.

The major difficulty with non-identical objects, such as a pair of protein
structures, is that they typically have different numbers of amino acids, different
amino acids with different numbers, types and connectivities of atoms. Further-
mwore, amino acids present in one structure can be missing in the other: inser-
tions and deletions—the gaps seen in a sequence alignment. Thus, except in the
case of one protein co-ordinate set being compared with itself, no two proteins
will have atoms in exactly identical positions. A protein whose structure has
been solved several times will also vary with overall differences in the main
chain co-ordinates of no more than about 0.3 A, but they will be different.

The superposition of most protein structures as rigid-bodies, therefore, is not
straightforward, and several different considerations need to be resolved in
advance of the comparison, These include:

{a) Which atoms will be compared between the molecuiles?

{b} How will the dissimilarity or similarity between relative positions of matched
atoms be taken into account?

{c) Should the structures be compared as rigid-bodies (in most cases, resulting in a
partial alignment of the most similar regions, which can be displayed graphic-
ally)? Or have significant structural shifts occurred that require a procedure
that can accommodate these changes (typically providing the complete align-
ment of the sequences, including gap regions. on the basis of the structural
features compared)?

(d) How will one define what constitutes an equivalent matched set of co-
ordinates between non-identical objects where exact matching of atoms will
only rarely be seen?

(e) How will the program be initially seeded? Many methods need to be supplied
with co-ordinates of a set of equivalent atoms at the onset of the comparison,
a minimum of three matched pairs, thus requiring some information on the
likely superposition of the two structures in advance of comparison,

(f) How will the quality of the structural comparison that results be assessed?

2.2 What atoms/features of protein structure to compare?

Depending on what question you wish to answer by comparing a pair of struc-
tures, the choice of which atoms’ co-ordinates will be superposed can be crucial.
For examiple, to look at similarities/differences surrounding a bound cofactor
common to two proteins, you may choose to superpose all or some of the atoms
of the cofactor, apply the translation vector and rotation matrix to the entire
co-ordinate file—protein and cofactor incieded. Alternatively, the backbone
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co-ordinates of the proteins could be superposed and the relative positions of
the cofactors examined after the superposition.

It is usually not very useful to compare atoms of amino acid side chains when
making global structural comparisons. Different amino acid types have different
number of atoms and different connectivities that can preclude their direct
comparison. Residues, even identical ones, will have different conformations,
especially when they are located at the solvent-exposed surface of the proteins.
However, there are situations where the local comparison of side chains can be
very useful, for example, in the comparisen of residues lining an active or bind-
ing site especially when different ligands are bound to the same or similar
structures.

For most general methods, which aim to superimpose two proteins over the
maximum number of residues, the Ca-atom co-ordinates are typically employed
(all atoms of the protein backbone and even the side chain Cp-atom, but exclud-
ing the more positionally-variable carbonyl O, can also be used). (Except where
noted, we will consider Coa-atom co-ordinates in the protocols described herein.)
Whereas the side chain conformations can vary wildly between matched
positions in two structures, the Ca-atom or backbone trace of the fold is typically
well conserved, with regular elements of secondary structure, the a-helices and

Table 1 Examples of features® of proteins that can be used in comparisons

Properties

{a) Residues {b) Segments

Identity Secondary structure type
Physical properties Amphipathicity

Local conformation Improper dihedral angle
Distance from gravity centre Distance from gravity centre
Number of neighbours in vicinity Average C" density

Position in space Position in space

Global direction in space Global direction

Main chain accessibility Main chain accessibility
Side chain accessibility Side chain accessibility
Main chain crientation Orientation relative to gravity centre
Side chain orientation

Main chain dihedral angles

Relations
e A ../ S
Disulfide bond Relative orientation of two or more segments

Vectors® to one or more nearest neighbours  Vectors® to ane or more nearest neighbours
Distances to one or more nearest neighbours Distances to one or more nearest neighbours
(e.g. atom pairs or contact maps)

Change in number of neighbours in vicinity

lonic bond

Hydrogen bond

Hydrophobic cluster

*Seerefs 7, 8,10, 11.
 Vector defines both distance and direction in the local reference frame.
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B-strands, matching closely and sequentially along the fold of the two struc-
tures. Differences in Ca-atom traces are more often seen at loop regions that
connect the strands and helices in proteins: Frequently these loop regions are
exposed to the solvent at the surface of the protein and thus have fewer
constraints placed on their conformations.

For more dissimilar protein structures, rigid body movements and other
structural changes can occur in one structure relative to the other. When this
happens, rigid-body comparisons of the 3-D structures can often lead to poorly
matched structures, although the folds are the same. [f these changes are not
large, then dynamic programming procedures (6) that consider onty Co-Ca atotn
distances or other structural properties of the amino acids (Table 1) after an
initial rigid-bedy comparison can be quite effective in matching all residues
from the protein structures (7-9), Others have described automated procedures
that involve the comparison of structural relationships that require special
techniques to solve these problems of combinatorial complexity (7, 8, 10, 11).

Protocol 1

Features used for the cdmparlson of protein 3-D
structures

Distances between atomic co-ordinates are often used (a) for more similar proteins where
rigid-body shifts of one structure relative to another are not a significant factor, (b) to
illustrate the degree of structural change, or (c) where a local comparison of a site of
interest—active site or binding site—is desired for visualization purposes. Where signifi-
cant changes to the structures have occurred, other structural features, which are not as
sensitive to these relative structural shifts, can be compared in addition to atomic co-

ordinates.
Rigid-body structural comparisons

1

Choose the atoms for comparison that are appropriate for the question to be asked.
Most often, but not necessarily, the Ca-atom co-ordinates are used by default.
Comparisons will then be based on the distances between atoms that are con-
sidered to be equivalent. For rigid-body methods, a distance cut-off is used to define
equivalent matched positions. Typically, the cut-off value is on the order of 3 A,
although values between 2.5 A and 4.5 A have been used. Lower values are more
restrictive and will lead to fewer aligned positions in more dissimilar structures.

Structural feature comparisons

1

Features of individual atoms, residues or segments of residues, both properties of
and relationships between individual atoms, residues or segments, are considered
either separately or in combination with each other as a basis for structural com-
parisons (see Table 1 and refs 7, 8).

Comparisons will be based on differences/similarities between potential matched
regions in the two structures in terms of the features compared. An alignment
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Protocol 1 continuec

‘algorithm is used to give the best ‘sequence alignment’ based on the structural

features that have been supplied.

(a) Property comparisons may require an initial alignment (e.g. rigid-body).

(b) Relationships can be aligned by a variety of methods, e.g. Monte Carlo simula-
- tioms (11), simulated annealing (7), double dynamic programming (10), genetic

3 The structures can subsequently be superposed according to the matches in the

20

‘alignment, but a single global superposition may be meaningless when large move-
ments, such as domain movements, have taken place. In that case, each domain
should be superposed separately.

Dynamic programining methods can align structures on the basis of differ-
encesfsimilarities between any number and combination of propetties—which are
features of individual residues or segments of residues contiguous in sequence.
In order to compute the difference or similarity between positions in a struc-
ture, for example on the basis of Ca-Ca distances. an alignment is required to
give an estimate of the distances between atoms in the structures. Other struc-
tural properties, such as residue solvent accessibility, can be used with dynamic
programming directly. but may provide less useful information for the com-
parison. Relationships—features of multiple non-sequential residues {Table 1); e.g.
patterns of hydrogen bonding, hydrophobic clusters, Co-atom contact maps—
can also be compared. Monte Carlo simulations (11), simmulated annealing (7). and
dounble dynamic programming (10) have all been used to equivalence relation-
ships among residue sets from structures. Each of these methods gives an align-
ment of the structures in the form of a sequence alignment, but to visualize the
results of the comparison, a rigid-body comparison weuld still be required. This
could be made over all matched positions or over those positions that matched
‘best’ according to the comparison criteria used. The global rigid-body super-
position based on the alignment may alsc¢ be unsatisfactory if large structural
changes have taken place. To accommodate very large changes, such as domain
movements, the domains can be superposed separateiy.

2.3 Standard methods for finding the transtation vector and
rotation matrix

For methods that compare the relative atornic positions in two structures, A and
B, and produce the superposed co-ordinates as output, it is necessary to deter-
mine a franslation vector and the rotation matrix that, when applied to the
original co-ordinates, will generate the new coordinates for the superposed
proteins, Firstly, the centre-of-mass of the each protein is translated to the origin
of the coordinate system. Secondly, one of the structures is rotated about the
three orthogonal axes in order to achieve the optimal superposition upon the
other structure. Because the atoms chosen for comparison will not match
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exactly in terms of their relative atomic positions after superposition, a least-
squares method is typically used to achieve the optimal superposition.

The following function minimizes the residual 3, which is expressed math-
ematically as:

N
5 = S (A4 — KBy
i=3
where R is the rotation matrix being sought that minimizes the differences
between a total of N equivalent co-ordinate sets A from the first protein and Bea
from the second protein; wi is a weighting that can be applied to each ith pair of
equivalent positions.

Numerous methods have been developed to solve this pairwise least-squares
problem in a variety of different ways (12-16). Others have described more gen-
eral methods suitable for the least-squares comparison of more than two three-
dimensional structures (17, 18) In our experience, the method of Kearsley (19)
is a straightforward and simple means to obtain the optimal rotation matrix
for a set of equivalent co-ordinates. We will only consider this procedure here
(Protocol 2).

The major obstacle to solving the least-squares problem is that matched atom
pairs from the two structures to be compared need to be specified to the
algorithm at the beginning of any calculations. Thus, the computer program
requires some idea of the final alignment before it can proceed. There are
common situations where the comparisons would be made over a pre-defined
set of residues: for example, (a) comparisons over residues that line an active site
or binding site—to highlight similarities and differences over those positions; (b)
comparisons of independent structure solutions for the same protein. In these
cases, the atomic positions to be compared are usually known a priori, and a
single round of rigid-body comparison is sufficient to obtain the optimal match.
Frequently, however, global comparisons are made between proteins where the
best-matched positions are not obvious in advance. In the case of similar protein
structures, the requirement of an initiat set of matches to seed the comparison
is inconvenient at best, requires the pre-anatysis of the proteins involved, and in
the case of more dissimilar proteins, may be difficult to define. Additionally, we
have often observed that when part of the answer is specified at the beginning
of the comparison, then the final solution can be prejudiced to give a final result
that is not necessarily the optimal one: The comparison was locked into a set of
possible solutions by the information supplied to seed the procedure, Despite
these criticisms, there are many good methods that employ this strategy.

For example, Sutcliffe et al. (16) specify a set of at least 3 Ce-atoms common to
the two structures (3 positions define a unique plane in each structure). Good
candidates for these commeon residues, supplied a priori, can be conserved resi-
dues at an active site or ligand binding site, be positions conserved in terms of
the sequence similarity, or can be equivalent positions observed to form part of
the common fold when the proteins are examined on a graphics device. This
and other similar methods use an iterative procedure to progress towards better
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and better solutions that incorporate more and more equivalent atom pairs. {Later
in this chapter we will detail several automatic strategies that have been used to
get around this need for predetermining a set of equivalent atoms at the onset
of the structiral comparison.)

In the eguation describing the residual {above), A" and B contain the X W
and z axes co-ordinates for exactly the same number of atoms from each of the
two structures. These atoms are termed equivalent positions, and are those aligned
positions that the superposition will now be calculated for. All other atoms in
the molecules are ignored in determining the superposition, but the translation
vector and the rotation matrix determined on the basis of these equivalent
positions is subsequently applied to all atoms in the co-ordinate file, including
any bound ligand. metal ions, and water molecules. Here, we will detail how to
calculate the translation vector for each protein and describe one simple yet
elegant methed for determining the rotation matrix, developed by Kearsley (19,
20}, which we use as the method ef choice for our own procedures (Protocol 2).

Protocol 2

Rigid-body structural comparisons: translations and
rotations

This protocol details the steps required to optimally superpose the equivalent atom co-
ordinates from two proteins.

Data required

The co-ordinates of all atoms in the proteins’ co-ordinate file (minimum of the Co-atom
co-ordinates) and the matched equivalent atoms in the two proteins.

The translation vector

1 Calculate the centre of mass from the x, y, and z co-ordinates for each set of equiva-
lent atoms A* and B from the two structures. For N atoms in the equivalent set of
the first protein:

o N w
Fy= 3R
i=
In other words, sum all of the x co-ordinates together and divide by N to give the
average x co-ordinate for the equivalent set of atoms; repeat for the y and z co-
ordinates. Repeat for the corresponding N equivalent atoms in the second structure:
P N
T, = 3B
i=1
Thus, the centre of mass is a single x, y, and z co-ordinate set for each of the proteins.

2 Translate both structures, all atoms in the file, so that their centres of mass (accord-
ing to the set of equivalent atoms used) are located at the origin of the co-ordinate
system. For every atom { in the first structure;

Ad (trans) = A% (old) - T,.
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Protocol 2 continued

In other words, subtract the %, y, and z co-ordinate values for the centre of mass
from the x, y, and z co-ordinate values for every atom in the co-ordinate file. Repeat
for the second structure:

B# (erans) = B2® (ola) - T,

The rotation matrix: the Kearsley method (ref. 19) minimizes the average
difference between sets of atoms using quaternion aigebra

1 Generate a symmetric 4 X 4 matrix by adding selected combinations of differences
and sums of co-ordinates calcuilated for each matched pair of equivalent atoms to
the elements of the matrix (19). These are the co-centred co-ordinates, but only the
co-ordinates of equivalent matched atom pairs, K,“‘i and -ﬁ,“f are used at this stage.
2 Diagonalize the 4 X 4 matrix in order to obtain its eigenvalues and eigenvectors
(see ref. 21 for general procedures).

3 Select the lowest eigenvalue and use elements of the corresponding eigenvector to
construct the 3 X 3 rotation matrix R (see ref. 19 for details).

4 Multiplication of each co-ordinate in the second structure B by % will produce the
superposition of the entire structure onto protein A, where the average distance
between matched atoms of the equivalent set is a minimum: ﬁf” (trans.,rol.) = R X
B4 (trans.).

5 The selected eigenvalue divided by the number of atom pairs in the equivalent set is
equal to the square of the RMSD after rotation. %, calculated above, leads to the
superposition whose RMSD is a minimum for these sets of equivalent atoms.

2.3.1 Structural alignment of sequenges

In Figure 1, is shown the loss of superposed Ce-atoms in globin comparisons as
the percentage sequence identity decreases, As an alternative to rigid-body struc-
tural comparisans, especially when the rigid-body structural similarity is reduced
due to modest structural alterations, other methods have been developed that
provide the alignment of the sequences of the strctures. Nonetheless, rigid-
body comparisons are often used in combination with these other procedures or
for visualisation of the results,

For example, the dynamic programming algorithm described below can make
comparisons on the basis of Ca-Ca atom distances, as well as other features (see
Tobie 1).

{a) As we have stated above, a rigid-body coemparison is often needed in order to
make comparisons of structural properties suitable for dynamic program-
ming alignment.

(b} The dynamic pregramming method is often used in conjunction with rigid-
body stuper-positioning methods in order to efficiently assign equivalent
matches.
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{8) 529% id, 140 equivalences, RMSD =0.824 (c) 35% id, 115 equivalences, RMSD = 1464

(b) 43% id, 136 equivalences, RMSD=1324 (d) 16% id, 97 equivalences, RMSD=1.72A

Figure 1 Reduction in the extent of the common equivalent matches in pairwise structural
superpositions as a function of decreasing percentage sequence identity. Traces of the
backbones are shown for Co-positions within 2.5 A after rigidbody superposition with the
computer program MNYFT {16)}. The haemoglobin a-chain of Pagothenia bernacchii {Protein
Data Bank (PDB, ref. 51) code: 1PBX) is aligned in {(a) with the echain of equine
haemoglobin (2MHB) and in (b} with the B-chain of human haemoglobin (2HHB). (¢) The
human haemoglobin B-chain (2HHB) aligned with the sea lamprey globin (2LHB). (d) The
erythrocruorin of Chironomous thummi thummi {1ECD) aligned with the leghaemoglobin of
Lupinus hteum (1LH1). (From ref, 4, with permission.}

{c) The dynamic programming algorithm produces a full alignment of all posi-
tions in the structures (residues are aligned with each other or with gaps),
while the rigid-body methods align fewer and fewer potions in the structures
as the sequence similarity decreases {Figure 1).

{d) Dynamic programining algorithms do not give a superposition of the
structures suitable for visualization. This can be obtained from the alignment
by applying the rigid body method to the defined matched pairs.

{e) Dynamic programming can often lead to alignments of the structures where
rigid-body movements have occurred in the structures themselves. For
example, the large movements of the entire domains seen in the liganded
and unliganded structures of the periplasmic bacterial lysine-arginine-
ornithine binding protein (Figure 2). Rigid-body comparisons can be applied,
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Figure 2 Two different conformations of the 3D structure for the same protein, the
lysine—arginine—emithine binding protein from Salmonelia typhimurium. Left: the structure of
the protein in complex with lysine (1LST), lysine not shown, Right the uncomplexed structure
(2LA0). The smaller domain on the upper part of the figures is in same grientation and the
arnow pointing to the Ca-atom of Glu 216 illustrates the magnitude of the movement of the
larger domain at the bottom of the figure. Figure prepared with MOLSCRIPT (52).

however, to the domains separately to pinpoint any changes within each
domain that have occurred upon ligand binding; while superpositioning on
one domain can be used to highlight the relative movements that have
occurred between the domains upon binding.

2.4 Standard methods to determine equivalent matched
atoms between structures

There is no exact definition of tepological equivalence, and the criteria used can
vary from method to method. In rigid-body superpaosition methods, a distance
cut-off between equivalent atoms is frequently used. In methods were other
structural features are considered, all alighed positions might be considered to
be topologically equivalent between two stuctures, or they may be assigned
according to the degree of positional similarity of features used t¢ make the
Comparison.

2.4.1 Definitions of structural equivalence: the alignment

In determining a set of equivalent atom sets, distance criteria are often used.
After one structure has been superposed on another, topological equivalent
atoms can be limited to those atom types under consideration that are within a
distance cut-off value. The Euclidean distance, D, between two points is:

D, = V{Xaen = e’ + (Yanew — Youen P + (Zateq) — Zoey)

In rigid body comparisons, where the Co-atoms of the protein backbone have
been used as a basis for comparison, a distance cut-off typically in the range 2.5 A
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to 4.5 A has been used. Values above 3 A lead to more multiple matches to a
single atom: the distance between two consectitive Co-atoms along the protein
backbone is around 3.5 A. Lower values will reduce the number of equivalent
matches when more dissimilar proteins are compared. Distances or dissimilarity
measures will also be required for the comparison of other structural features,
both properties and relationships, see ref. 7 for example, Common to both rigid-
body methods, which rely on simple distance data, and other methods, which
incorporate other types of information into the alignment process, is the need
to determine the matching of locations between the structures to be superposed
(Protocol 3). This can be part of an iterative procedure to provide a new set of
equivalent atoms that are then used to determine a new translation vector and
Totation matrix in order to improve a match. This is also one of the final steps in
any comparison procedure, where the resultant alignment is determined. Three
basic approaches have been used: (a) dynamic programming, (b) graph theoret-
ical match list handling and clique detection methods, and {c) methods more
suitable for solving combinatorially-complex matching problems.

The Needleman and Wunsch (6) method is a convenient fast method for
aligning proteins. By scoring all possible pairs of matches between two struc-
tures, the method insures that the optimal scoring solution is found for the
scoring scheme employed. The method accommodates a loss of elements in one
structure relative to another—the gaps corresponding to insertions and de-
letions. Thus, the method provides a full alignment where every residue posi-
tion in each protein is matched to either a residue position in the other protein
or a gap. Thus, this method can efficiently resolve the multiple matching and
many combinatorial problems seen with the list sorting procedure. Once struc-
tural relationships have been equivalenced between a pair of structures, this
information can also be used within the dynamic programming method.

With the match list sorting procedure, for example ref. 22, possible equiva-
lent matches between the proteins are tabulated: matches of protein B to each
position in protein A in one list, and matches of protein A to protein B in a
second list. These lists contain both authentic matches of conserved structure,
chance matches that need to be eliminated from the lists and multiple matches
between one element in one protein to several different elements in the other
protein. The challenge, then, is to cull these lists by keeping the best matches
(i.e. matches that can extend a series of previous matches, have a good matching
score or give a good fit), removing structurally unlikely matches (matches that
are not colinear—are out of sequence with other matches—and isolated matches
that do not extend further other matches), and by reducing multiple matches to
single matches.

A more elaborate approach was introduced by Mitchell et al. (23). Their
method does not filter out extraneous matches, but instead tests each com-
bination of matches to find the optimal equivalent set. As a result, a ‘clique’, the
maximum sub-graph common to two graphs representing the structures is
found. The clique detection algorithm is based on graph theory and offers a way
to find similar parts of structures that have not been superimposed. The basic
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idea is to represent each structure as a graph of nodes and vertices. Each node
corresponds to either an atom, piece of main chain, secondary structure ele-
ment, or similar definite piece of structure. Each vertex is a relation between two
nodes in a structure: the distance between the atoms, vector from one atom to
another (both distance and direction in some co-ordinate frame), distance and
angle between two secondary structure elements, or more a more complicated
distance measure involving other properties of the nodes. If two structures
contain a similar substructure, then the nodes belonging to that substructure are
connected in both structures by very similar vertices. The task is to find the
maximal common sub-graph from the set of possible common sub-graphs. While
this is a NP-complete task, it is feasible due (a} efficient search algorithms evolved
within graph theory, and (b} the use of (few) secondary structure elements {SSEs)
as the compared pieces of the structures instead of {many) atoms. Several other
programs have been described that use a very similar approach (see ref. 24 and
citations therein); the main differences are in the ways structures are repre-
sented and in the method used to reduce the search space for efficiency.

The comparison of relationships among features in one structure relative to
anether is a powerful addition to any structural comparison procedure (sce ref. 7
for an excellent discussion). Relationships, such as patterns of hydrogen bond-
ing, involve the comparison of a minimum of two residue positions for every
hydrogen bond in both structures. In certain cases, €.g. in the method of Tayior
and Orengo (10), relationships—in this case inter-atomic vectors, are compared
using their novel double dynamic programming method. More ofien, the
matching of relationships is treated as a combinatorially-intensive task. There
are lots of candidate pairs of hydrogen bonds in each structure and matching
them relies on methods such as simulated annealing, Mente Cario simulations
and genctic algorithms.

Protocol 3

The alignment: determination of equivalent pairs

Methods used to find the optimal match between entire structures or between parts of
structures consisting of the best matching regions of the structures. Equivalent or matched
positions are defined by the user (i.e. property distances within a cut-off value) or by the
strategy of the method employed (e.g. all matched positions produced by dynamic pro-
gramming methods).

Dynamic programming methods (6)
1 Construct a matrix with dimensions equivalent to the lengths of the structures to
be compared.

2 Each cell in the matrix corresponds to a residue in the first protein matching a
residue in the second protein. The matrix accommodates all possible alignments.

3 Cells are filled in with a score relating each two matched positions. These scores
may be distances between Co-atoms, for example, distance scores based on other
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Protocol 3 continued

6

features of the protein (see Table 1), or similarity scores derived from distances. In
this description, we wﬂl refer to a matrix ﬁlled with sunilanty scores derived from
distances.

Beginning at one corner (amino-tennmal end or carboxy-terminal end of the
sequences) of the matrix and heading towards the opposite corner, sum diagonal
values to the current position if they are the best score (a residue-residue match), or
sum with an off-diagonal score minus a penalty (mrhcates ‘a possible gap in one

_ protein or the other).

Thelargestvaluefoundatoneedgeofthematrixspedﬂestheﬁrsttwoal&ned
positions and gives the optimal ahgnment score for the comparison.

The full alignment that pmduoed the optimal score can be traced beginning at the
highest value and pmgressmg towards the opposme side of the matrix by following
the next best score in the matrix. When the next highest value is on the diagonal,
residues are matched in sequence; when an off diagonal score (less a penalw) is the
next best choice, then a gap is indicated. _

This method produces the full alignment mcluding gap regions, but elements within
a cut-off value can be used to determine the rigid-body supexposmonofthe structunes

Clique detection methods (23, 25)
1

Represent each structure as a gra:ph of nodes {Ca—atoms or secondary structure
elements) and vertices connectmgthenodes Bachverta&isad.tstancebetweenthe 5
connected two nodes (atoms).

hstforeachveztexmstrucuueAailmhverticesinstructureB which are similar
within an error threshold (i.e. vemces connectmg the same kind of nodes with
similar distances).

Findthemmdmaloommonsub-gmphﬂargestsetofmdesandverﬂm. which exists
in both structure graphs) using a tree search algorithm, Monte Carlo simulation, or
a genetic algorithm. Each vertex in the common sub-graph corresponds uniquely to
one vertex in both structures A and B.

The nodes included in the snb-graph are eqmvalent for the two structures If the
nodes are atoms, the superposition can be made directly (see Protocol 2). Also, the
secondary structure elements can be superimposed as if they were atoms of a rigid

‘molecule, or the Ca-atoms within the SSEs _c.'!_n___be superimposed.

Match list approaches (22)
This method is a variation of the clique detectlon method, which assumes that the
structures are initially superimposed, but equivalent matches are not known.

3

In the case of Cu-Ca distance compaﬁsons create two hsts. one fer each protem A

and B.

(a) In one list, tabulate all Cu-al:oms in protem B thh matches within a cut-off
distance, say 3.5 A, to a position in protein A.
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Protocol 3 continued

(b) In a second list, tabulate all Ca-atoms in protein A with matches within a cut-off
distance to a position in protein B.
‘2 Filter from the list the poorest matches to reduce the number of matches to a
unique set of equivalent matches:
(a) Remove matches that are not part of a contiguous run of at least 4 Ca-atoms.
(b) Reduce multlple matches from one protein to a single Ca-atom in the other pro-
tein, e.g. does one of the matches extend a contiguous run of existing matches?
(c) If there are still multiple matches remaining, then the match with shortest
distance is kept and the others are removed.

1 The matchmg of relationships among features of one structure with relationships
among features of another structurv'e is accomplished using one of several different
techmques :

~ (a) Monte Carlo simulations (11 21)
 (b) Simulated annealing (7, 21).
(c) Double dynamic programming (10)
~ (d) Genetic algorithms (22, 26, 27) can also be used.
2 ‘The matched relationships may be insufficient in themselves to accurately align the

- 3D structures, and thus would be combined with the feature comparisons within a

dynamic programming procedure, for example, to give the final alignment (7).

2.5 Quality and extent of structural matches

Once a structural alignment has been made, a score or scores can be assigned to
the alignment that give an indication of the quality and the extent of matching
between the two structures. With methods that iteratively improve a structural
comparison, an evaluation score is necessary to monitor the improvement at
each cycle of comparison. and to indicate when the pragram should stop be-
cause no further improvement in the alignment could be abtained. The final
alignment scores can be used to compare different protein comparisens within
a family and provide useful indications of the phyletic ancestry of the proteins
(e.g. 8, 28). Among the most frequently used key indicators of the ‘goodness’ of a
structural comparisen include the reot mean squared deviation (RMSD), the
number of topologically-equivalent atoms matched int the comparison, and the
alignment scere that is obtained,

2.5.1 Root mean squared deviations

The RMSD is commeonly used to indicate the goodness of fit between twao sets of
corordinates. Often, but not always, the RMSD value is quoted for only those
matched Co-atoms that are within a specified distance cut-off, say atons within
3.0 A of each other after the proteins have heen superposed. In this case and
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given the cut-off value of 3 A, the RMSD obtained and each of the Cu-Ca atom
distances contributing to the RMSD will be less than the 3 A, Alternatively, the
RMSD can be calculated over all matched Ca-atorn pairs, regardless of the dis-
tance between the superposed atoms. Of course, the RMSD can alse be calcu-
lared between sets of any type of superposed atoms, not just Ca—-atom pairs as
illustrated in Protocel 4.

Protocol 4

Root mean squared deviations (RMSD)

The RMSD gives a measure of the average level of deviations over the matched atoms that
are included in the calculation. Given the same number of equivalent atom pairs, a
smaller value indicates a better superposition than does a larger value,

Data required
* Co-ordinates of the equivalent sets Xf‘l (trans.), ﬁ;“‘ (trans.,rot.).

Method

1 Calculate the Euclidean distance between each pair of equivalent atoms ﬁ"i (trans.)
and ﬁf‘f (trans.,rot.).

2 Take the sum of all squared distances D, and divide by the number of pairs, N, to
give the mean.

3 Calculate the square root of the mean squared distance to obtain the RMSD.

Thus, the
N
RMSD = | /3. DN
i=1

2.5.2 Topological equivalent atoms pairs

Another criterion that is used to gauge the extent or quality of a superposition
of two structures is the number of atom pairs that superpose within a distance
cut-off. Structure comparison methods usually try to maximize the number of
superposed equivalent atoms while minimizing the RMSD over those equivalent
atoms.

Notc that two different sets of superposed structures, given the same cut-off
value. can have the same number of equivalent matches, but with different
RMSD values over those matches. The match with the lower RMSD would be
considered the more similar pair. Conversely, one structural comparison. for
example, may produce 121 matches with an RMSD of 2.1 A, while a second
compariscn matches 50 atom pairs with an RMSD of 1.2 A: the comparison with
the 121 matches would be considered the better match.

2.5.3 Structural alignment scores

For structural alighment methods that employ dynamic programming in order
to produce a complete alignment of the structures, including gaps. a key measure
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of the alignment quality is the alignment score corresponding to the overall
optimal structural superposition. This value includes scores for matching all
positions and penalties for every gap that appears in the alignment. The align-
ment score is composed of the values placed into the matching matrix during
the dynamic programming procedure. In the case of Ce-atom based compari-
sons, the residue-residue matching scores would be the distances between the
atoms. In the case of procedures that consider other criteria, e.g. those features
listed in Table 1, the alignment score would include the scores attributed to
matches of residue positions according to those features.

The raw alignment score is useful during iterative procedures to provide an
indication of the progress of the superposition. Within a family of homologous
3-D structures, the alignment score, normalized for the length of the smaller
protein or for the number of matched residues along the sequences, ¢can be com-
pared to give an idea of the mutual structural relationships among the family
members.

3 The comparison of Identical proteins

3.1 Why compare identical proteins?

The simplest type of comparison of 3-D structures involves the comparison of
two (or more) sets of co-ordinates for the same protein. Self-comparisons are
often used to reveal:

(a) Similarities/differences between independent sclutions of crystal structures.

{b) Similarities{differences among sets of structures, generated using distance
geometry, and consistent with distance information obtained in NMR
spectroscopy.

{c) Similarities/differences between structures obtained using X-ray diffraction
and NMR spectroscopy.

{d) Similarities/differences that occur between apo- and holo-protein structures:
alterations in structure that occur upon binding ligands, cofactors, metal
ions, etc.

(e) Similarities/differences of two structures after superposing on an identical
ligand or subset of residues or co-ordinate positions.

3.2 Comparisons

In the comparison of identical proteins that have 3-D structures that differ to
varying degrees, it is needed to compare the structures using a rigid-body
approach one time only (Protocol 5). No iteration is necessarily required to
achieve the best result, since one would typically supply all atom positions in
the structure for comparison. Likewise, no pre-comparison is necessary to supply
a seed set of residues for the comparison. In practice, iterative procedures are
used. Again, if big differences in the structures are anticipated, e.g. the relative
domain movements in Figure 2, then this approach may not be appropriate
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except to provide an RMSD value that is an indication of the relative changes to
the structures,

Protocol 5

32

Similarities among different structures of identical
proteins

Finds regions of high structural similarity between different solutions of the structure of
the same protein.

Data required
* Co-ordinates, minimum of Ca-atoms, for all structures

Method

1 No alignment between the proteins is necessary® since the proteins are identical
and each position maps 1:1 in sequence along the protein.

2 A single application of a comparison algorithm (see Protocol 2) is sufficient to
obtain the optimal result over all of the compared atoms.

3 Calculate the RMSD over all atoms or those within the cut-off distance, as desired
(see Protocol 4).

4 Iterative methods (see below), seeded by some key positions, can be used also.

5 By adjusting the cut-off value used to define equivalent matched atoms to lower
values, the most similar structural regions may be identified and hence, the differ-
ences pinpointed too.

2 Note that different data sets from different sources do not necessarily contain the same

amino acids or atoms for the same protein.

4 The comparison of homologous structures:
example methods

4.1 Background

Most comparison programs are designed to compare non-identical homologous
structiires, but they can be also used to superpose stiuctures for the same pro-
teing as described in Section 3. There are a large number of different programs
and strategies that have been published and we have necessarily had to select
just a few as illustraticns—our apclogies to any author who feels that we have
neglected their own work. In general, the methods fall into twao different groups:

{2} Those that require the advance definition of pairs of suspected 'equivaient’
atoms in order to seed the alignment. An iterative procedure is then used to
maximize the number of equivalent matched atom pairs while minimizing
the RMSD.
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{b} Those methods that sample the realm of possible solutions and, as a result,
automatically find optimal alignments without specifying an initial starting
alignment.

Some of these procedures involve rigid-body comparisons and others generate a
full alignment of the sequences on the basis of the structures. In Figure 3, we
show the extreme differences in results for the same proteins obtained with a
multiple sequence alignment, a rigid-body structure comparison, and a pro-
cedure (7) that combines the comparison of properties and relationships to
derive the structural matching.
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Figure 3 The differences in alignments of the aspartic proteinase amino- and carboxyl-
terminal domains (labelled with an ‘N’ or “C’, respectively) from (a} multifeature (7) and from
(b) multi-sequence comparisons. Asterisks In (a) indicate those positions among the
structuras that were found to be equivalent under rigid-body superposition with the computer
program MNYFIT (16). PDB codes: 4APE, endothiapepsin; 2APP, penicillopepsin; 2APR,
rhizopuspepsin. (From ref. 8, with permission.)

33



MARK 5. JOHNSON AND JUKKA V. LEHTONEN

4.2 Methods that require the assignment of seed residues

As we have already discussed above, a set of seed matches Letween a pair of
structures is often needed by methods in order to initiate the comparison of
strictures, becausc some residue properties, such as Co-Ca distances, requive a
partially correct alignment in order to calculate these distances. Once seeded,
the alignment improves over several rounds of comparison. Obvious candidates
for seed residues are listed in Frotocol 6.

Protocol 6

Finding initial seed residues
Required data

* Sequences and/or co-ordinates of the proteins to be compared

Method
1 Supply a minimum of three conserved residues from a sequence-based alignment,
or

Supply key residues implicated in a conserved binding or catalytic motif, or

Supply segments corresponding to secondary structure elements observed on a
graphics device to be conserved between the structures.

In Pratocol 7, we present a general procedure for the alignment of two structures
using rigid-body comparisons, which requires a seed set of matches between the
two 3-D structnres,

Protocol 7

Semi-automatic methods

Required data

* Co-ordinates of the proteins to be e Initial set of equivalent atom pairs to seed
compared the alignment procedure

Method

1 Calculate translation vector based on seed residues, translate all co-ordinates to the
origin and calculate the rotation matrix for the seed residues (see Protocol 2).

2 Apply the rotation matrix to all atoms of the second protein to achieve the first
superposition (see Protocol 2).

3 Obtain the alignment using dynamic programming or clique analysis (see Protocol
3).
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Protocol 7 continued

4 For all matched residue pairs in the alignment, calculate the Euclidean distance.
Those matched pairs within the distance cut-off value will form the new updated
set of equivalent atom pairs for the next round of super-positioning.

5 Repeat steps 1-4 until convergence is obtained: the calculated RMSD (Protocol 4)
does not decrease and the number of equivalent atom pairs matched in the two
proteins does not increase,

6 Arigid-body comparison has been used as a starting point for more detailed structural
comparisons involving multiple structural features (e.g. the program COMPARER
described in ref. 7).

4.3 Automatic comparison of 3-D structures

To get around the requirement for an initial set of equivalent seed matches,
alternative methods have been developed. Here, several of the many published
methods are described to illustrate the difterent strategies that have been
emplcyed:

{a} Methods that supply seed matches antomatically to a rigid-body approach
after making a sequence-based alignment (Protacel 8).

(b) Metheds that use a genetic algorithm (Frotocol 9) or ‘*spectra’-comparison
method (Protoco! 10} to find the optimal rigid-body comparison.

Protocol 8

Structural comparisons seeded from sequence
alignments
Automatic alignment of two homologous protein structures without the need to

specify initial equivalent atoms pairs. Method can fail for proteins of low sequence simi-
larity.

Required data
® Co-atom co-ordinates of the compared structures and their sequences

Method

1 Align the amino acid sequences with a dynamic programming algorithm (Protocol
3, but using sequence-matching scores to produce the alignment).

2 Superimpose the structures according to Protocol 7 using the most conserved portions
of the sequence alignment as the initial set of seed residues.
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(c) Methods that do not make rigid-body comparisons directly, but instead make
comparisons on the basis of similarities in structural properties andjor
relationships (Protocels 11-14).

4.3.1 Structural comparisons seeded from sequence alignments

Russell and Barton (9) developed a method that first makes an alignment of the
sequences and then uses equivalent matches defined in the alignment to seed a
structural comparison. We have given a general protocol for such an approach
above {Protocal 8). The procedure should work well for proteins where portions of
the sequence alignment can be trusted; when the sequence similarity is low and
the alignment is not correct, then the method may not be useful.

4.3.2 Rigid-body comparisons using a genetic aigorithm

Genetic algorithms (29} describe the solution to a problem within a numerical
string. A large number of strings are originally assigned random values as their
solutions, and the genetic algorithm seeks to evolve this initial set towards better
and better solutions by exchanging partially good solutions among strings and by
mutating the strings. Protocol 9 describes the general procedures used by May and
Johnson (26, 27) to automatically compare one or more structures, The approach
is timeronsuming but has been successfully adapted to parallel processors
{Lehtonen and Johnson, unpublished).

Protocol 9

GA_FIT (ref. 26, 27)

Automatic rigid-body alignment of two protem structures without the need to specify
initial equivalent atoms pairs.

Required data
* Ca-atom co-ordinates of compared structures

Method

1 Create a large random set of superpositions for the pair of structures.
Assign equivalent matches (Co-atoms within a specified distance cut-off) using
dynamic programming and score each alignment (see Protocol 3).

3 Create a new set of superpositions by crossing-over and mutating the existing
solutions.

4 Repeat steps 2-3 until a close to final solution is achieved.

5 Optimize the best found superposition/alignment by least squares minimization
(see Protocol 2).

6 Calculate the final alignment with the dynamic programming algorithm (see
Protocol 3).
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4.3.3 Rigid-body comparisons using the density of Ca-atom packing
and spectral alignment

VERTAA. described in Protorel 10 (Lehtonen and Johnson. unpublished method),
compares and aligns spectra equal to the Ca-atom density in each structure as a
function of the pesition along the sequence of each protein (Figure 4). This
method is a tapid and automatic means for comparing structures.

Protocol 10

Local similarity search by VERTAA

Fast, automatic alignment of two protein structures without the need to specify initial
equivalent atoms pairs.

Required data
* Ca-atom co-ordinates of the two structures.

Method

1 VERTAA, for each of two structures, plots the number of Ca-atoms within a
given radius (14.0 A) from each Co-atom in the structure. Other properties can be
used too.

2 These ‘spectra’ are scaled and overlapping segments are aligned. More than one
alignment method is available:

(a) The dynamic programming algorithm (Protocol 3). Fast and robust if the input
values are properly scaled.

(b) The Fourier correlation (21). The values can be considered as a function over a
limited range and a correlation function obtained with the fast Fourier trans-
form to bring the spectra into register. Dynamic programming is then used to
define equivalent matches (Protocol 3).

3 Superimpose the structures (see Protocol 2) based on equivalent matches defined in
step 2.

4 Define a new alignment with dynamic programming and the Ca-Ca distances of the
superimposed structures within 3.5 A (see Protocol 3).

5 While the alignment and superimposition improve, repeat steps 3 and 4.

4.3.4 Stryctural comparisens based on matching Ca-gtom contact
maps
Holm and Sander (11) make comparisons by camparing Co atom-Ca atom con-

tact maps (by contacts, we mean nearby in space} constructed from each protein
structure (Pratocol 12).
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Figure 4 Plots of Ca-atom densities, alignment af plots, and the corresponding superpasition
of the structuras, {a) Cu-atom densities of residues in v-chymotrypsin A (PDB code 2GCH).

b} Ca-atorn densities of residues in Streptomyces griseus proteinase B (FDB code 35GB,
chain Ej. For both spectra, the average density is set equal to 0. (c) The parts of the two
plots from (@) {dark) and {b) {light), which correspond to each other according to the alisnment
of their spectra. (d) The superpositioned 3-D structures (2GCH dark, 33GB light) based on the
glignment specified in (c). The side chains of the catalytic triad are shown and the closely
matching parts are drawn as ribbon diggrams. This superposition was made with the
computer orogram VERTAA {Lehtorien and Johnsarn, unpublished results) and contains 118
residues within 2.8 A with an RMSD of 1.8 A, Figure (d) was prepared with MOLSCRIPT (52).

Protocol 11

Structure comparison by DALI (11)

Automatic alignment by finding the optimal clique for contact maps obtained from the
structures (Protocol 3).

Required data

* Co-atom co-ordinates of compared structures

Method

1 Calculate a distance matrix for each protein A. Element (i, j) of the matrix contains
the intramolecular distance between the i and j Ca-atom in A. Likewise, calculate
a distance matrix for protein B.

2 List from each distance matrix all possible 6 by 6 sub-matrices.

3 Reduce the number of sub-matrices by clustering similar ones and using the mean of
each cluster as the contact pattern. Sort contact patterns by intra-pattern distance.

4 Compare each pair of two contact patterns from A with all pairs of sub-matrices
from B. Compare each pair of two contact patterns from B with all pairs of sub-
matrices from A. List all pair-pair matches.

5 Remove redundancy from the list of matches and sort it by match quality, which is
a function of the differences between the sub-matrices from A and from B.

6 Find the most extensive, non-exclusive collection of matches from the list. DALI
uses a Monte Carlo simulation to search the best 40000 matches. The simulation
tries to extend the matches by combining matches that contain a common contact
pattern in both distance matrices. The random element of the simulation is used to
find the best scoring combination from mutually exclusive possibilities.

4.3.5 Comparisons using double dynamic programming

Taylor and Crengo (10) have developed a novel use of dynamic programming in
order to facilitate the comparison of relationships. Dynamic programming is
used once to compare structural relationships in the two proteins thus providing
scores for a second round of dynamic programming where the two structures
are aligned (Protocel 12).
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Protocol 12

Structure comparison by SSAP (10)

Fast automatic alignment of two protein structures using double dynamic programming.

Required data
¢ Ca-atom co-ordinates of compared structures

Method

1 Calculate a distance matrix for protein A, Element (i, j) of the matrix contains the
intramolecular vector from the i" to the j* Ca-atom in A. The vector is in the co-
ordinate frame defined by the covalent bonds of A’s i'® Ca-atom. Likewise, calculate
a distance matrix for protein B.

2 Calculate intramolecular difference matrices for each pair of rows from the two
distance matrices. Thus, element (i, j) of the matrix constructed from row h of A’s,

- and row k of B’s distance matrix will contain the difference of the magnitude of the
vectors ﬁm and ﬁh converted to a similarity value.

3 Low level alignments of the local structure are made first using a dynamic program-
ming algorithm (see Protocol 3) to find the best scoring path through the intra-
molecular difference matrices (see ref. 10 for details). Scores along the path will
contribute to a separate ‘summed scoring matrix’ from which the final alignment
will be determined. '

4 Use a dynamic programming algorithm (see Protocol 3) to trace an alignment path
through the summed scoring matrix. This higher level alignment defines the equiva-
lent matches between the structures.

4.3.6 Structural alignments based on secondary structure element
(SSE) matching

Kleywegrt and Jones {30) describe a method for structural comparisons based on
the alignment of elements of regular secondary structure (Protocal 13}

Protocol 13
Structure comparison by DEJAVU (30)

Automatic alignment of protein structures by finding the optimal clique on the basis of
secondary structure comparisons (Protocol 3).

Required data
* Co-atom co-ordinates of the two structures or SSE templates of the structures

Generation of SSEs with YASSPA in O (see ref. 30 for details)

Search the structures and tabulate main chain fragments that are similar to templates of
typical a-helices and B-strands. !
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Protocol 13 continued

Comparison of structures with DEJAVU (see ref. 30 for details)
1 Check that both structures have the required number of SSEs.

Check that there exists at least one SSE of the same type (same length—number of
Ca-atoms) in the second structure for each SSE in first structure.

3 Find the most extensive, non-exclusive collections of matched SSEs. DEJAVU does a
depth-first tree search to find all sets of matching SSE pairs, where all pairs in a set
are matching also in 3-D space. The tree contains all possible combinations of pairs.
If the path from the root to a node already has too many mismatches, the sub-tree
below the node is not searched, saving time.

4 Report the matched SSEs and the Ca-atoms for the best scoring alignment.

5 The output can be directed to external programs for refinement of the super-
position and visualization.

4.4 Multiple structural comparisons

Multiple structural comparisons can be made using several different strategies.
Suteliffe et al. (16} constructed multiple rigid-body structural alignments by com-
paring each structure to an average representation of the structures (in practice,
one of the structures was chosen for this purpose at the beginning of the com-
parisons). More frequently, multiple alignments are assembled from pairwise
structural alignments according to the topology of a trec estimated on the basis
of sequence alignments (9, 27, inter lia). This (Protocol 14) follows the strategy
first introduced by Barton and Sternbery (31) and Feng and Doalittle (32) for the
cfficient multiple alignment of protein sequences.

Protocol 14

Multiple structural alignments from pairwise comparisons
Multiple alignments assembled from pairwise comparisons.

Required data

» Ca-atom co-ordinates of the structures in PDB format

A general approach

1 Use a sequence alignment procedure to align the proteins and to cluster them as a
bifurcating tree (see refs 31-34 and several chapters in ref. 35).

2 Use a pairwise structural alignment method to align clusters according to the tree
topology. This will involve comparing pairs of structures, one structure with a set of
previously aligned structures, and aligned structures with aligned structures, until
all clusters have been coalesced into a final alignment involving all of the proteins.
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5 The comparison of unrelated structures
5.1 Background

Non-homologous protein structures have frequently been compared to high-
light features of protein structure that are common across many families. It has
been less often recognized, however, that proteins with different folds can also
share similarities that can extend to a fairly large organization of their struc-
tures, for example about common ligand and cofactor binding sites. The ele-
ments contributing to these similarities are likely to involve fragments of each
structure that do not map along the protein chains in any predetermined way
(Figure 5 and ref. 22). Thus, despite similar local structure, the segments con-
tributing to the similarity can be both rearranged and discontinuous with
respect to each other {e.g. 36-38). Such similarities are particularly difficult to
recognize even if a hint of a common functional requirement is present, like a
common cofactor. Nonetheless, the recognition of local similarities can provide
evidence about the rules governing the structure-function relationship suitable
for protein modelling, the prediction of structure from sequence and computer-
based drug design. For exampie, Kobayashi and Go (39) have reported a local
motif about the ATP binding site common to cyclicAMP dependent protein
kinase and D-Ala:D-Ala ligase involving 4 equivalent residues. Comparisons
using the computer program GENFIT {22) automatically and repeatedly found
up to 60 matches (36) that includes an extensive supersecondary structure
organization used to position polar and nonpolar residues that interact with the
similarly oriented cofactor, bound metal and bound water molecules {Figure 6).

Given two unrelated protein structures, A and B, the goal of a computer pro-
gram is to find the largest equivalent subset of the two structures. Because the
proteins are not derived from a common ancestor, the matches providing
equivalent structural interactions:

(a) Are not necessarily sequential along the two sequences (Figure 5).

(b) Can involve matched elements of secondary structure whose chain directions
are opposite to each other (Figure 5) but can still provide equivalent inter-
actions, for example, with bound ligand.

Here we describe two different approaches that have been successfully used
to find similarities among unrelated protein structures, SARF2 (40, 41) and
GENFIT (22). SARF2 (41) considers SSEs, finds the maximal common sub-graph
for two structures; and systematically creates different alignments, tries to im-
prove them, evaluates them and reports the best found alignments (Protocol 15).
GENFIT (22} considers matched segments of Ca-atoms and employs a genetic
algorithm to randomly sample large numbers of possible alignments and uses a
match-list approach to assign equivalent segments of structure, which are sub-
sequently used to make a local rigid-body superposition for each alignment
{Protocol 16). GENFIT, by virtue of the genetic algorithm, will find and report
different equally likely superpositions in different runs (Figure 7).

Both of these approaches establish equivalent matches between objects,
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Figure 5 llustration of the matching of local structural similarities from non-homologous
proteins versus homologous proteins. (a) Topological diagrams show four protein structures
(8, b, ¢, and o) with similar local structural elements. Topologies a and b represent two
homologous structures with the sarme fold, while ¢ has a different topology than a and b, yet
has the same core structure. Tapology & illustrates a different fold that still has the
structurally equivalent segments of poiypeptide chain in same place, but some segmants
may have opposite chain diractions. In (b}, the correspondence found in the structural
alignment is shown at the sequence level. Note that only the sequences of 3 and b have a
straightforward linear correspondence. (From ref. 22, with permission.)

segments of Ca-atoms (GENFIT) or $5Es {SARF2). GENFIT starts with ‘too many’
equivalent maiches and reduces them until a maximal, but non-conflicting set,
is obtained. This is done for each of the many parallel comparisons being made,
but a single optimal result will be obtained in any one run: the parallel com-
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QEI
(GlulR7) (Glul87)

Figure 6 Local similarity of ATP cofactor binding site seen in the pairwise superposition of
ribonucleatide reductase (PDB code: 3R1R, chain A; light gray) with cAMP-dependent protein
kinase (1CDK: dark grey) {(a and b}, and with D-Ala:D-Ala ligase (1ICW; dark grey) {c}. The
bound ATP molecules of the structures are shown as stick models. In {a), the four common
segments are drawn as ribbon diagrams. (b and c) The environment around the cofactor is
illustrated by showing the equivalent hydrogen bonds (dashed lines) and equivalent C-atoms
(spheares} forming hydrephebic contacts to the cofactor, (Fram ref. 37, with permission.}

parisons converge towards that result. SARF2 searches among a large set of
matches berween the structures and finds the largest non-conflicting subset of
matches. Both methods are free from restraints an the order and chain direction
of objects along the sequence, but opticnal restraints can be applied.
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Protocol 15

Structure comparison by SARF2 (41)

Local similarity alignment of non-homologous structures.

Required data
¢ Ca-atom co-ordinates of the two structures

Method
1 Search for and tabulate main-chain fragments from the structures that are similar
to five-residue long templates of typical a-helices and B-strands.

2 Create a list of SSE pairs from the first structure that match SSE pairs from the
second structure. Distance and angular criteria between the SSE’s in both structures
is important to the determination of a match.

3 Combine matches to find the largest collection of SSE's that can be aligned. SARF2
uses an exhaustive, recursive search algorithm to find possible solutions (see ref. 41
for details).

4 For the best solutions found, superimpose the matched SSE's and then add nearby
Ca-atoms to matched regions using the dynamic programming method. Iteratively
repeat the superpositions of Ca-atoms until the maximum number of matched
atoms have been found.

5 A list of superpositions, ranked according to an alignment score, result.

Protocol 16

GENFIT (22)

Automatic alignment of two locally similar protein structures using a genetic algorithm.
This implementation has been designed for parallel processing environments.

Required data
* Ca-atom co-ordinates of the two structures

Method

1 Create a large random set of superpositions for the pair of structures.

2 Assign equivalent matches using the match list algorithm (see Protocol 3). Criteria
for a match include:
(a) Ca-atom matches must be within a user specified distance cut-off.
(b) Matches must include a minimum of four consecutive Ca-atoms.
(c) The direction of the main chain for matched segments is unimportant by default.
(d) Matches do not need to be co-linear (i.e. the location of a match along the

sequence relative to other matches is unimportant).
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Protocol 16 continued

3 Calculate an alignment score for each superposition and create a new set of
superpositions by crossing-over and mutating existing ones (see ref. 22 for details).

4 Repeat steps 2 and 3 until convergence has been achieved.

5 Optimize the best superposition/alignment by least-squares rigid-body minimization
(Protocol 2).

6 Recalculate the alignment with the match list algorithm (Protocol 4).

7 If the number of equivalent matches has increased or the fit has improved, repeat
steps 5 and 6 with the current alignment.

8 Repetitive runs can produce different results showing that equally likely alternative
results exist.

6 Large-scale comparisons of protein structures

One of the straightforward goals in Woinformatics today is to compare, cluster
and classify both sequences and the known 3-D structures. Initially, this means
categerizing each existing sequence or structure in a data bank. Then, when
new entries are made to sequence and striacture data banks, each new entry will
need ta be compared against the existing classifications.

The methods described in this chapter can and have been applied to such
analyses. For example, both MNYFIT (16) and COMPARER (7} have been used to
accurately align all families of 3-I} structures containing two or more structures
(43-45), that can be accessed in a public database: hitp:ffwww—cryst.bioc.cam.ac.uk/
cgi-binfjoy.cgf. Other available databases include FSSE (46) created using DALL {11);
bt fwww.ebiacukfdatiffsspf;, and CATH (47) created in part using SSAP (10%
attp:{ fwww.bicchem. ucl. ac.ukfbsmfcath/. Several other data banks worth mentioning
include MMDB (48): http:/{www.nchinlm.nihgov/Structurel and SCOP (49); hitp:
Hscop.mre-imb.cam.acakfscop/

In Figure 8, we present a classification of structures from several different
families that belong to the allf structural classification. This classification was
made by comparing the structures on the basis of their secondary structures and
then clustering them according to the pairwise structurat similarity {44, 50}.

Flgure 7 Two exampies of differing alignments of locally similar structures. (a and b)
Superposition of UDP-galactose d-epimerase chain B (2UDP) and DNA methyltransferase
[1HMY} showing similarity between the larger domains. In (b), 1HMY has been rotated by
180 degrees around the axis of the B-sheet in comparisan to {a). The symmetry of the nearly
planar (3-sheet allows for several different, but similarly-scoring alignments. {¢ and d)
Superposition of cyclic-AMP-dependent protein kinase (1CDH) and glutamine synthetase
{1LGR} showing local similarities about the ATP-binding sites and the differences seen from
matching fewer l[onger segments {o-helices) or many shorter segments (P-sheets). in (o), the
antiparaliel B-sheets are aligned and the cofactors overlap, while in (d} the cchelices are
matched, but the P-sheets and the cofactor do not superpose well. The superpositions have
been made with program GENFIT (22). (From ref. 22, with parmission.}
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Figure 8 Dendogram of clusters of protein structures composed primarily from B-strands.

Each cluster, a family of proteins, is distinguished from the others by its unique fold. {From
ref. 44, with permission.)
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