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A protein sequence with at least 40% identity to a known structure can
now be modelled automatically, with an accuracy approaching that of
a low-resolution X-ray structure or a medium-resolution nuclear magnetic
resonance structure. In general, these models have good stereochemistry and
an overall structural accuracy that is as high as the similarity between the
template and the actual structure being predicted. As a result, the number
of sequences that can be modelled is an order of magnitude larger than
the number of experimentally determined protein structures. In addition,
evaluation techniques are available that can estimate errors in different regions
of the model. Thus, the number of applications where homology modelling
is proving useful is growing rapidly.
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Introduction

Comparative or homology protein modelling uses
experimentally determined protein structures (templates)
to predict the conformation of another protein with
a similar amino acid sequence (target) [1-5,6%,7*—9°].
Comparative modelling is possible because a small
change in the sequence usually results in a small change
in the three-dimensional structure [10-14,15%,16¢].
Although considerable progress has been made in ab initio
structure prediction [17%,18°,19,20%,21%], comparative
modelling remains the only modelling method that can
provide models with a root mean square (rms) error
lower than 2 A. In general, the best comparative tech-
niques can produce models with good stereochemistry
and overall structural accuracy that is as high as the
similarity between the template and the actual target
structure. Thus, the comparative method can result in
models with a main-chain rms error as low as 1A
for 90% of the main-chain residues, if a sequence
is at least 40% identical to one or more of the
templates [22¢,23]. In this range of sequence similarity,
the alignment is mostly straightforward to construct,
few gaps exist and structural differences between the
proteins are usually limited to loops and side chains.
When sequence identity is between 30% and 40%, the
structural differences become larger, and the gaps in the
alignment are more frequent and longer. As a result,
the main-chain rms error rises to ~1.5A for ~80% of
the residues. The rest of the residues are modelled with
large errors because the methods generally cannot model
structural distortions and rigid body shifts, and they
cannot recover from misalignments. In such situations,
model evaluation methods can be used to identify
the inaccurately modelled regions of a protein. When
sequence identity drops below 30%, the main problem

becomes the identification of related templates and their
alignment with the sequence to be modelled.

Despite these limitations, comparative modelling is
useful because about one-third of known sequences
appear to be related to at least one known structure
[24,25%¢]. Because only ~2000 of the about 100000
known protein sequences have had their structures
determined experimentally, the number of sequences
that can be modelled relatively accurately is an order
of magnitude larger than the number of experimen-
tally determined protein structures. Furthermore, the
usefulness of comparative modelling is steadily increasing
because genome projects are producing more sequences
and because novel protein folds are being determined
experimentally.

In the early eighties, manual comparative modelling
[26,27] was facilitated by the manipulations of protein
molecules on the graphics terminal [3,28], which
was made possible by computer programs such as
FRODO [29]. This approach was later improved by the
introduction of largely automated modelling algorithms
that could use several known structures to model the
unknown member of the family [30,31]. This group
of methods is based on the assembly of the model
from a few core regions, and loops and side chains,
which are obtained from dissected related structures
[1,3,28]. Another group of comparative methods relies
on the approximate positions of conserved atoms from
the templates to calculate the coordinates of other atoms,
using a database of short segments of protein structure,
energy or geometry rules, or some combination of
these criteria [32-35]. A third group of comparative
methods is based on the satisfaction of spatial restraints
obtained from the alignment of the target sequence with
homologous templates of known structure [2,36,37].

Abbreviations
NMR—nuclear magnetic resonance; rms—root mean square; WWW—World-Wide Web.
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And a final group of methods, which is not covered
in this review, consists of recognition of the native
fold by threading a target sequence through each fold
in a database of all known folds [38,39]. This can
be seen as a first step towards modelling sequences
that are only distantly related to the known protein
structures [40-50,51¢,52¢,53]. In addition to methods for
modelling the whole fold, numerous other techniques
for prediction of loops and side chains on a given
framework have also been described. These methods can
often be used in combination with each other and with
comparative modelling techniques.

This review is organized in terms of the main stages
that are shared by all comparative modelling methods.
The first step is always to align the target sequence
with all the related proteins whose three-dimensional
structures are known. In the second step, the alignment
and the structures are used to build a model for
the target sequence. The main difference between the
comparative methods is in how the alignment is used to
get the three-dimensional model. In the third step, the
model is evaluated and, if necessary, the alignment and
model building are repeated until a satisfactory model
is obtained. For each of the three steps, 1 first provide a
brief historical overview and then describe in more detail
the latest developments published since 1993.

Finding and aligning template structures with
the target sequence

The first task in comparative modelling is to identify all
protein structures related to the target sequence, some of
which will be used as templates. This is greatly facilitated
by databases of protein sequences and structures and
software for scanning those databases (for reviews, see
[6°,9%,54¢,55-57]). At present, the probability is ~30%
that a sequence picked randomly from a sequence
database has at least 25% sequence identity to at least one
known structure [25**].

The target sequence can be searched against sequence
databases, such as Protein Identification Resource (PIR)
[58], GENBANK [59], SWISS-PROT [60], or EMBO
nucleotide sequences database [61], and/or structure
databases such as the Brookhaven Protein Databank [62]
and SCOP [63°]. The most popular programs, including
FASTA [64] and BLAST [65], compare the target
sequence with each sequence in a database. Program
MODELLER (see below), which implements all the stages
in comparative modelling [5], can also automatically
search for proteins with known three-dimensional struc-
ture that are related to a given sequence. The sensitivity
of the search can be improved if the target sequence
is aligned against sequence templates constructed from
multiply aligned sequences [66,67°,68,69].

Additional sensitivity in detecting remote relationships
is gained when structural information about potential
homologues is used. Typically, the target sequence is
matched against a library of three-dimensional profiles

or threaded through a library of three-dimensional
folds [45-47,55,70,71*]. These more sensitive fold
identification techniques are especially useful for find-
ing significant structural relationships when sequence
identity drops below 30%.

Once all the structures related to the target sequence
are identified, the second task is to prepare a multiple
alignment of the target sequence with all the potential
template structures. The alignment can frequently be
improved if other sequences from the same family are
also aligned at the same time. This additional effort is
often useful because the quality of the alignment is the
single most important factor determining the accuracy
of the three-dimensional model. In principle, most
sequence-alignment and structure-comparison methods
can be used, but in practice it is frequently necessary to
edit manually the positions of insertions and deletions to
ensure that they occur in a reasonable structural context
(e.g. not in the middle of a helix). Comparison methods
are not reviewed here (for reviews, see [6°*,54*,56,72]).
Although profile matching and threading techniques are
relatively successful in identifying related folds, they
appear to be somewhat less successful in generating
correct alignments. This limits the use of alignments
from threading because comparative modelling cannot,
at present, recover from an incorrect alignment. At
30% sequence identity, the fraction of correctly aligned
residues is ~80%, but this number drops sharply with
further decrease in sequence similarity [73]. This implies
that reasonable homology models can be obtained only
for sequences that have more than 30% identity to at
least one known structure. With such a high similarity,
the potential template structures can be almost always
identified and aligned using the simplest sequence based
searches and alignment techniques. Sequence identity of
at least 30% almost guarantees that two chains longer
than 50 residues will have related three-dimensional
structures [12].

The power of the databases to address various questions
is greatly enhanced when relationships between the
proteins are established. Several collections of alignments
of protein structures have been published that facilitate
both the development and the use of comparative
modelling techniques [74-78,79¢].

Once a multiple alignment is constructed, a matrix of
pairwise sequence identities is usually calculated and
employed to construct a phyletic tree that expresses
the relationships among the proteins in the family [80].
All significantly different structures in the cluster that
contains the target sequence are usually used as templates
in subsequent model building [81]. Some methods allow
short segments of known structure, such as loops [32],
to be added to the alignment at this stage [5].

Model building

Modelling by assembly of rigid bodies
The first approach used for comparative modelling was
to assemble a model from a small number of rigid
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bodies obtained from the aligned protein structures
[1,3,26-28,30,31,82-85]. For example, in the computer
program COMPOSER [30,31], three types of rigid body
are used to build the model. Each individual rigid
body of the model is selected as the best rigid body
from the corresponding set of all possible rigid bodies.
These sets are the following: first, for a conserved
core region, the equivalent segments of contiguous
main-chain atoms from homologous structures; second,
for a loop, the equivalent loops from homologous
proteins and loops satisfying certain geometric criteria
from other structures; and finally, for a side chain, the
equivalent side chains from homologous structures, as
well as the most likely side-chain conformations found
in proteins in general. These rigid bodies are assembled
on the framework, which is defined as the average Cg
atoms in the conserved regions of the fold.

Recently, Srinivasan and Blundell [23] have extensively
evaluated comparative modelling by rigid body assembly.
They found that the accuracy of a model can be
somewhat increased when more than one template
structure is used to construct the framework and when
the templates are averaged into the framework using
weights corresponding to their sequence similarities to
the target sequence. For example, differences between
the modelled and X-ray structures of the modelled
protein may be slightly smaller than the differences
between the X-ray structures of the modelled protein
and the homologues used to build the model. Possible
future improvements of modelling by rigid body
assembly include incorporation of rigid body shifts, such
as the relative shifts in the packing of a-helices [86].

Peitsch and Jongeneel [87] described an automated
approach to homology modelling, similar to that of
Blundell and co-workers [30,86]. They applied their
approach to model the CD40 ligand [87].

Kajihara et al. [85] constructed a three-dimensional
model of bovine pancreatic B-trypsin from four parts
corresponding to each of its exons. These four building
blocks were obtained as the most similar regions
found in four other serine proteases with known
three-dimensional structure. The model was then refined
by molecular dynamics simulation. In agreement with
[23], it was shown that this ‘chimaera’ approach is better
than using only a single template structure.

Modelling by segment matching or coordinate
reconstruction

The build-up procedure constructs the three-dimen-
sional model by assembling short segments of the
structure. The segments were originally generated and
assembled according to the energetic criteria [88].
The use of this idea in comparative modelling was
facilitated by the finding that only ~100 different
hexamers can be joined together to cover 99% of the
residues in proteins [33]. This paved the way to a
new approach to comparative modelling, in which a
subset of atomic positions in the template is used to

identify short segments in all known protein structures
that fit on the guiding positions. The short segments
are then assembled into the complete model. For
example, Claessens ef al. [34] developed a method
for modelling the backbone with ‘spare parts’, short
segments of varying length from other structures that
were identified by matching the guiding C positions.
Other similar backbone reconstruction procedures have
been described [89-91]. A more general segment match
modelling by Levitt [35] is guided by the positions of
some atoms (usually C, atoms) to find the matching
segments in the representative database of all known
protein structures. This method can construct both
side-chain and main-chain atoms, and it can also model
insertions and deletions.

Many methods for constructing coordinates of missing
atoms from the positions of guiding atoms rely on
geometric or energetic criteria and possibly on a
conformational search, instead of depending on a
database of segments [92-96,97¢]. Usually, the guiding
positions are Cg atoms of a subset of residues, and either
main-chain or full-atom models are constructed. These
methods can be applied to comparative modelling when
homologous structures are used as the source of the
guiding positions and when combined with the loop and
side-chain construction algorithms [89,90,98].

Even the class of loop construction methods based on
finding suitable fragments in the database of known
structures [32] can be seen as a segment matching or
coordinate reconstruction method. The same is true for
some side-chain modelling methods [99°].

Payne [96] used Cy coordinates to reconstruct complete
backbone coordinates and side-chain directions. A
potential of mean force, derived from a database of
protein structures was employed to orient the peptide
groups around axes connecting successive Cy atoms.
Because terms of the scoring function were local in
nature, a dynamic programming procedure could be used
for optimization.

Van Gelder et al. [97¢] have presented a new method to
build a complete protein structure from Cg coordinates.
The first step in this approach is to generate an
approximate backbone using geometrical criteria only.
In the second step, the backbone is refined and
side chains are positioned using exhaustive molecular
dynamics simulation. These authors used the method
to generate full-atom models of two proteins from their
low-resolution C traces.

Modelling by satisfaction of spatial restraints

It is important to distinguish between constraints and
restraints. Constraints restrict a spatial feature, such as a
distance between two atoms, to a particular single value,
whereas restraints allow a wider range of values, possibly
with varying probabilities.

Srinivasan ef al. [36] described a three-dimensional
model of bungarotoxin that was obtained through the
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