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1. Introduction

Each year protein crystallographers determine about 30 new three-dimensional
protein structures, most of which are published in some form, and many of which
are deposited in the Brookhaven Protein Databank (Bernstein et al., 1977). Some
of these are novel arrangements of a polypeptide chain, but others represent
classes of structure that have been observed earlier in other proteins. Thus, each
year we learn about an increasing proportion of the folds available to a polypep-
tide chain.

We are also, at the same time, gaining a better understanding of the prin-
ciples of a polypeptide architecture. We now understand that proteins have
evolved as hierarchical entities consisting of sequence, secondary structure,
motif, domain, globular protomer, and oligomer levels (Richardson, 1981). We
know that there are many lower-level structures that are compatible with each
structure at a higher level. For example, many differing sequences can form an
equivalent helix in a globular protein, and helices, strands, and turns of differing
lengths and sequences can assemble as topologically similar motifs, such as
nucleotide binding domains, alpha-helical bundles, or Greek keys (Rossmann
and Argos, 1976; see Bajaj and Blundell, 1984, for a review).
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We can now begin to formuldte a powerful set of rules that describe protein
construction and architecture at many different levels, for example, the confor-
mations of amino acid side chains at topologically equivalent positions in fami-
lies of homologous proteins (Summers ez al., 1987; Sutcliffe et al., 1987b;
McGregor et al., 1987) and the classes and key residues that characterize beta
hairpins (Sibanda and Thornton, 1985; Milner-White and Poet, 1986; Efimov,
1986: Edwards et al., 1987). We can consider using these rules, combined with
other facts and hypotheses, to indicate which sequences adopt a particular higher-
level structure or, in other words, to describe tertiary templates that define all
sequences that are consistent with a particular motif, globular domain, or tertiary
structure (Ponder and Richards, 1987). We seek to use these facts and rules in a
knowledge-based procedure for the modeling and design of proteins.

Knowledge-based modeling can be envisaged as a process concerned with
establishing and using rules to generate a model of a protein. One of the most
powerful procedures in rules construction is the comparison of related structures,
either through an alignment of sequences to identify conserved residues or
through a superposition of three-dimensional structures to identify conserved
conformations or motifs. Thus, the first step in a knowledge-based modeling
procedure is systematic comparison of families of topologically similar struc-
tures. This step will lead to establishment of “equivalences” between the struc-
tures compared, and to their clustering based on measures of general similarity.
The second step involves projection of the results of these comparisons of three-
dimensional structures down onto the level of sequence. This step establishes
rules relating sequence to structure. These can be expressed as consensus se-
quences—templates—for topologically equivalenced residues, or as key resi-
dues in canonical structures, which are then used to align the sequence of the
protein of unknown tertiary structure with the known structures. The third step
uses the rules established in the second step to generate a three-dimensional
model. The three steps of knowledge-based modeling are shown diagram-
matically in Figure 1.

The classical form of knowledge-based modeling is modeling by homology,
or comparative modeling. This procedure depends on the knowledge that homol-
ogous sequences have similar tertiary structures involving a conserved “frame-
work” of packed helices and strands connected by structurally variable regions
that accommodate much of the sequence variation and almost all of the insertions
and deletions. The method was first used by Browne et al. (1969) to model
alpha-lactalbumin on the basis of the known three-dimensional structure of
lysozyme. In subsequent years it was used to model insulinlike growth factors
and relaxins from the three-dimensional structure of insulin (Bedarkar et al.,
1977; Isaacs et al., 1978; Blundell et al., 1978), serine proteinases on the basis ’
of trypsin, chymotrypsin, and elastase (Greer, 1981), renin from the three-di-
mensional structures of aspartic proteinases (Blundell et al., 1983; Sibanda et
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Figure 1. Scheme showing the basic steps of knowledge-based protein modeling. The first uses
comparison methods to learn about the structural features of the protein family that contains the
protein to be predicted. The second step uses this knowledge to derive the tertiary template and align
it with the sequence of the unknown. The third, and last, step uses the constraints imposed on the
sequence of the unknown by its alignment with the tertiary template and by general rules of protein
structure to map the sequence onto its tertiary structure.

al., 1984), and many other structures. The method has recently been developed
into a systematic approach (COMPOSER) in which several homologous struc-
tures can be used simultaneously in modeling the unknown (Sutcliffe er al.,
1987a,b; Blundell ez al., 1988). Rules are used to establish the relative positions
of the framework (Sutcliffe et al., 1987a), to select appropriate fragments for
variable regions not only from homologous proteins (Greer, 1981; Chothia ez al.,
1986), but also from other protein structures (Blundell e al., 1988; Sutcliffe,
1988; Sibanda et al., 1989), and to replace side chains (Sutcliffe er al., 1987b;
Summers et al., 1987; McGregor et al., 1987). In a parallel development, Jones
and Thirup (1986) have shown that modeling into electron density during protein
crystallography can also be aided by selecting conformational fragments from a
series of other proteins of known three-dimensional structures.

Approaches, such as COMPOSER, that depend on rigid body superposition
of three-dimensional structures are restricted to closely related motifs or homolo-
gous structures. Chothia and Lesk (1986) showed that for increasingly divergent
structures, the number of topologically equivalent residues obtained by super-
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position decreases and the root mean square difference increases. This is due
mainly to small, but cumulative relative translations and rotations of the packed
secondary structural elements. This also affects the core residues (Hubbard and
Blundell, 1987) and results in an insufficient framework for modeling. Clearly, a
more flexible approach to defining topological equivalence is required.

The problem of defining topological equivalence was addressed more than a
decade ago by Rossmann, Matthews, and their colleagues (see Matthews and
Rossmann, 1985, for a review), who compared local main-chain direction, con-
formation, and position to establish topological equivalence. An alternative ap-
proach is to simplify the structure to a series of vectors representing the axes of
the helices and strands, which are then compared (Murthy, 1984; Richards and
Kundrot, 1988). In our approach, we compare properties and relations at each
level in the hierarchy of protein structure and derive weight matrices from which
the optimal alignment can be deduced using the dynamic programming approach
of Needleman and Wunsch (1970). This approach works well for related struc-
tures that have little or no significant sequence identity (Sali and Blundell, 1990).

Once the topologically equivalent residues have been defined by comparing
properties and relations, templates and key residues can be derived and used to
align the sequence of the unknown. However, new approaches are required for
the third step in the procedure, whereby a model is generated. The fact that
properties and relations have been equivalenced indicates that internal coordi-
nates should be used. In many ways the problem is closely related to that of
reconstructing a model from upper and lower bounds on distances obtained from
two-dimensional nuclear magnetic resonance (NMR) experiments. Thus, dis-
tance geometry (Crippen, 1977; Havel and Wuthrich, 1985) or dihedral angle
optimization techniques (Braun and Go, 1985) can be adopted.

In this chapter we discuss the various approaches available in each step of
the modeling procedure as they are being developed in our laboratory and then
briefly describe applications to protein design.

2. Learning by Comparison of Structures

At Birkbeck, we have been concerned with two aspects of the comparison
of structures. The first of these is designed to obtain a simultaneous rigid-body
superposition of a family of protein structures. The second compares properties
and relations.

2.1. Superposition of Structures

In order to gain as much information as possible from a family of protein
structures, it is advantageous to obtain a multiple superposition that is unbiased
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by the order in which the proteins are compared. Thus, in the program MNYFIT
(Sutcliffe er al., 1987a), the alpha-carbon positions of a set of proteins are
compared by least-squares fitting to an average structure or “framework.” In this
procedure one of the structures is chosen at random as the first approximation to
the framework, and all other structures are fitted pairwise, using unit weights. A
new framework is then chosen from the average of the fitted structures, using
weights that depend on the estimated precision in the molecule (a function of the
resolution of the X-ray analysis) and the distance of the atoms from the previous
framework. An algorithm by McLachlan (1982) is used for the least-squares-
fitting step. The procedure is continued iteratively until stability is obtained in
both the number of equivalences and the root mean square distances over the
topologically equivalent positions.

This procedure works efficiently for families of closely related protein
structures such as the mammalian serine proteinases (Overington et al., 1988),
the vertebrate globins (Sutcliffe et al., 1987a), and the constant domains of the
immunoglobulins (Sutcliffe e al., 1987a). The result of such a multiple super-
position for the mammalian serine proteinases is shown in Fig. 2. With more
divergent families the number of topological equivalent residues common to the
complete set decreases rapidly, so that the framework is not useful as the basis for
modeling.

Figure 2. (a) Five mammalian serine proteinases (gamma-chymotrypsin, elastase, kallikrien, trypsin,
and rat mast-cell protease type II) optimally superposed using the program MNYFIT; initial equiv-
alences were the three residues in the catalytic triad. Coordinates were taken from the Brookhaven
Protein Databank (Bernstein et al., 1977); datasets used were 2GCH, 3EST, 2PKA, 2PTN, and
3RP2. (b) Regions determined to be in the structurally conserved core from the results of the previous
fitting.
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2.2. Comparison of Properties and Relations

In order to overcome the problems encountered in global rigid body super-
position procedures, we compare proteins for features that indicate a common
fold. These features may exist at any level in the hierarchy of protein structure—
residue, secondary structure, supersecondary structure, motif, domain, or
globular protomer. At each level, the features compared could be properties or
relationships. Residue properties include sequence identity, hydrophobicity, size
of side chain, and so on, as discussed by Argos (1987). When the three-dimen-
sional structure is included in the comparison, the residue properties include
local conformation, orientation of a side chain and main chain relative to the
center of mass of the globular structure, accessibility, main chain dihedral an-
gles, and so on, as shown in Table I. Equivalent properties at higher levels
include the nature of the secondary structure element i, its accessibility, the
orientation of the vector defining a helix or strand compared to the center of
mass, and the local dihedral angle formed by secondary structure elementsi — 1,
i, i + 1. Comparisons of all such properties are included in a residue-by-residue

Table I. Protein Features that Can Be Used in Comparing Proteins®

Residues Segments

Properties Properties

Identity Secondary structure type

Physical properties Amphipathicity

Local conformation Improper dihedral angle

Distance from gravity center Distance from gravity center

Side-chain orientation Orientation relative to gravity center

Main-chain orientation Side-chain accessibility

Side-chain accessibility Main-chain accessibility

Main-chain accessibility Position in space

Position in space Global orientation

Global direction in space
Main-chain dihedral angles

Relations Relations
Hydrogen bond Distances to one or more nearest
Distance to one or more neighbors
nearest neighbors Relative orientation of two or more
Disulfide bond segments
Ionic bond

Hydrophobic cluster

aVarious features are represented by rows; different levels of protein organization by
columns, The table can be easily expanded to the right by adding features at higher levels
of protein structure. The term “property” is used here for all protein features that imply
comparison of only one element from each protein. Conversely, the term “relationship™
is used for a feature that implies comparison of at least two elements from each protein.
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weight matrix (Sali and Blundell, 1990). Optimal alignment is then obtained
using the dynamic programming approach of Needleman and Wunsch (1970).

We also compare relations between different elements at each level of the
hierarchy. At the residue level, the hydrogen bonding pattern represents a highly
conserved feature of a protein fold. For example, the two lobes of aspartic
proteinases, each of about 160 amino acid residues, appear to have evolved by
gene duplication. Even though the sequence identity is not significant between
the two lobes, about 43 residues are topologically equivalent by pairwise super-
position. In fact, when the general arrangement of the beta-strands and their
hydrogen bonding arrangements are compared, roughly twice as many residues
appear to be equivalent (Blundell er al., 1985). Hence, we include in our com-
parisons a consideration of hydrogen bond and local packing relationships. How-
ever, as such relationships affect more than one element in the sequence,
this makes the dynamic programming approach computationally difficult. In-
stead, a simulated annealing technique is used to provide initial equivalences of
relationships that are then directly introduced into the residue by residue weight
matrix. Using this approach, 122 residues are found to be equivalent between the
two lobes of the aspartic proteinase endothiapepsin. This method also works well
for the globins and gives virtually the same set of topological equivalences—and
therefore identical alignment—that has been obtained by careful analysis of the
packing relationships in this family (Lesk and Chothia, 1980; Bashford er al.,
1988).

2.3. Clustering and Tree Construction

Phylogenetic relationships can be derived from distances that measure the
dissimilarity between structures, and these can be obtained from any of the
quantities used in the comparison procedures described earlier (Johnson et al.,
1990a,b). For multialigned structures, the root mean square distances for the
framework regions can be used. This is not useful for divergent families, and we
have calculated pairwise distance scores from a function that combines informa-
tion from the root mean square distances and the number of topologically equiv-
alent atoms obtained from pairwise superpositions (Johnson et al., 1990a), as
suggested by the work of Chothia and Lesk (1986) and Hubbard and Blundell
(1987). The topologies and branch lengths of the phylogenetic trees were then
constructed using a program KITSCH from the Phylogeny Inference Package
(PHYLIP) written by Felsenstein (1985). Figure 3 shows an example of the
optimal tree determined using global optimization and excluding negative branch
lengths. Although this procedure uses no information from the sequence, it gives
a tree that is generally topologically equivalent with the sequence phylogenies
based on a residue type. Figure 3 compares the two types of trees; a more general
discussion of trees for six homologous sets of proteins (immunoglobulin do-
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Figure 3. (Upper) Cladograms determined for various immunoglobulin fragments and derived from
structural distances (STR) and sequence-based distances (SEQ). The separations between constant (C)
and variable regions (V) of the light (L) and heavy (H) chains are indicated. Solid dots indicate branches
whose lengths may change depending on the value of an outlier used to construct branches near the root.
(Lower) Multidimensional scaling of the structural distances. The variable-domain/light-chain (VL),
variable-heavy (VH), constant-light (CL), and constant-heavy (CH) clusters are indicated. The pandg
axes are determined from the two largest eigenvalues and the corresponding eigenvectors of the cross-
correlation matrix of distances derived from the structural data. This projection accounts for 72% of the
total variance for this dataset. The fragments are designated by the following Brookhaven codes
(Bemnstein ef al., 1977): the chains of the human Bence—Jones dimer Rei— 1REI-A and 1REI-B; the
human Bence—Jones monomer Rhe— 1RHE; the human Fab fragment Kol—1FB4; the human Fab
fragment New—3FAB; the two domains of IFC1—1FC1-A and 1FC1-B.
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mains, globins, cytochromes c, serine proteinases, eye lens gamma-crystallins,
and dinucleotide binding domains) is described in Johnson et al. (1990a). For
more divergent families, distances can be obtained from any of the properties or
relations used to compare proteins (Sali and Blundell, 1990). Trees based on
different properties and relations appear to have very similar topologies (Johnson
et al., 1990b).

Multidimensional scaling (Crippen, 1977) can also be used to perform
cluster analysis independently of the tree constructing algorithms. With this
technique, columns of the cross-correlation matrix of the distances can be con-
sidered as points in a higher dimensional space. These coordinates completely
describe the relationships among the data. A projection of these points to two
dimensions is easily calculated such that the plane depicted is that which displays
the maximum variance among the points with only a modest loss of information.
Figure 3 also shows the multidimensional scaling analysis for the same set of
structural distances between the immunoglobulin fragments that were used for
the tree construction.

3. Rules for Tertiary Templates and Key Residues, and Their
Comparison with a Sequence of an Unknown

We describe below how comparisons of three-dimensional protein structures
can indicate features of sequence that are important for the adoption of a particu-
lar conformation. We discuss the derivation of templates that define variation of
sequences consistent with a particular tertiary structure and show how these can
be used to identify structures that may be useful in modeling.

3.1. Consensus Sequences for Framework Regions

The comparison of three-dimensional structures by multiple superposition
described in Section 2.1. leads to a framework, which defines the topologically
equivalent residues that are conserved in a family or subfamily of proteins
(Sutcliffe er al., 1987a). The consensus sequences for the frameworks can be
used to align the sequence of an unknown tertiary structure using a procedure
such as that of Taylor (1986). The consensus sequences emphasize those features
of the framework on which there are major three-dimensional structural con-
straints due to conformation or packing. However, by definition they ignore the
regions outside the framework which are variable but which can nevertheless
contain useful information concerning the extent and the positions of the frame-
work. A comparison of tertiary structures using properties and relations (Section
2.2) can provide an extension of the region of topological equivalence used to
derive the consensus sequence template.
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3.2. Key Residues from Comparisons of Properties and Relations

The comparison of structures, particularly through comparison of properties
and relations, can give clues to the features that are critical for the adoption of a
particular three-dimensional structure. For example, we may identify glycine,
aspartic acid, and asparagine residues that have positive PHI angles that are not
easily adopted by other residues. Alternatively, we may find residues that are
conserved, such as hydrophobic aromatic or aliphatic carbon side chains, be-
cause they are buried without hydrogen bonding partners. For each position in the
alignment, a score that indicates the conservation of properties and relations in
the set compared can be used to weight the positions during alignment with the
unknown. This provides a general and automatic procedure for identifying key
residues in variable regions of homologous proteins, a problem first addressed by
Chothia and Lesk (1986) for the immunoglobulin variable regions.

3.3. Characteristic Sequences from Features of Tertiary Structure

In many cases there will be only one experimentally defined three-dimen-
sional structure for a particular class of motif, domain, or globular protein. The
prediction of sequences that are compatible with this structure—the production
of a tertiary template—is central to our understanding of protein diversity and
evolution.

Ponder and Richards (1987) have adopted a systematic approach in which a
library of amino acid side-chain rotomers is generated and used for testing for
combinations that are consistent with the tertiary structure given a variation in the
main chain of 0.5 A. This is a useful approach, but it is limited by the fact that
the diversity in real proteins of sequence identity less than 50% involves relative
shifts of main-chain residues much greater than 0.5 A (Clothia and Lesk, 1986).
However, identification of the possible sequence variation using this method
with an even greater variation of main-chain positions soon becomes computa-
tionally infeasible.

An alternative approach is to learn from comparisons of many families of
proteins, which may reveal general features of tertiary structure that impose
strong constraints on the variation available to the amino acid sequence. This has
already been done for many protein families, and some generalizations can be
made. For example, it is known that glycines are most conserved in evolution
(Bajaj and Blundell, 1984; Blundell et al., 1986) where they adopt positive PHI
angles or where packing restrictions are incompatible with the existence of a side
chain. It is also well established that residues that are inaccessible to solvent are
less variable in evolution. This has been quantified by Hubbard and Blundell
(1987), who compared the percentage identity and root mean square distances in
several protein families, not only for all topologically equivalent residues, but
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also for those with side chains inaccessible to solvent. Buried polar, hydrogen-
bonded residues tend to be even more strongly conserved in highly divergent
families (Bajaj and Blundell, 1984; Blundell ef al., 1986). Thus, in the cellular
and retroviral aspartic proteinases, which have very low sequence identities, only
a buried, hydrogen-bonded threonine is invariant (Pearl and Blundell, 1984)
apart from the catalytic aspartates and two glycines. Similarly, in the Greek key
motifs of the eye lens crystallins only a buried hydrogen-bonded serine is con-
served apart from an invariant glycine. Such broad comparisons can assist in
formulating rules that restrict the number of sequences that we need consider for
a particular structure.

We use such rules in several ways in selecting structures for modeling. We
have used them to construct tertiary templates for a globular domain, for exam-
ple, in the identification of the crystallin Greek key motif in a bacterial surface
protein (Wistow ez al., 1985). We are also using them to identify key residues in
structurally variable regions, in the following manner. First we select a series of
fragments from the data base of protein structures that are geometrically compati-
ble with the framework. These are then clustered, and for each cluster—often
containing only one example—key residues are selected on the basis of low
solvent accessibility, strong hydrogen bonding, unusual torsion angles, and so
forth. These approaches to identifying key residues and their use in selecting
conformers in variable regions are being encoded in COMPOSER (Sutcliffe,
1988; Blundell et al., 1988).

4. Generation of a Model from a Sequence of an Unknown Using
Rules from Comparison of Structures

In the previous sections we have shown that comparing protein three-dimen-
sional structures can define topological equivalence and phylogenies for mem-
bers of homologous or analogous families. The equivalenced structures provide a
basis for deriving rules for the selection and alignment of sequences that adopt
the family fold. We will now consider the construction of the protein model using
the knowledge derived from these sequence and structural comparisons.

4.1. Construction of the Model by Assembly of Rigid Groups in Three
Dimensions

We first consider the construction of a model by a superposition of rigid
three-dimensional structures. We assume initially that there are several homolo-
gous or analogous structures from which a framework can be generated. The first
stage is to select the structures that will be most useful in the modeling exercise.






