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Preface

The number of protein sequences grows each year, yet the number of
structures deposited in the Protein Data Bank remains relatively small. The
importance of protein structure prediction cannot be overemphasized, and this
volume is a timely addition to the literature in this field.

Protein Structure Prediction: Methods and Protocols is a departure from
the normal Methods in Molecular Biology series format. By its very nature,
protein structure prediction demands that there be a greater mix of theoretical
and practical aspects than is normally seen in this series. This book is aimed at
both the novice and the experienced researcher who wish for detailed infor-
mation in the field of protein structure prediction; a major intention here is to
include important information that is needed in the day-to-day work of a
research scientist, important information that is not always decipherable in
scientific literature.

Protein Structure Prediction: Methods and Protocols covers the topic of
protein structure prediction in an eclectic fashion, detailing aspects of predic-
tion that range from sequence analysis (a starting point for many algorithms)
to secondary and tertiary methods, on into the prediction of docked complexes
(an essential point in order to fully understand biological function). As this
volume progresses, the authors contribute their expert knowledge of protein
structure prediction to many disciplines, such as the identification of motifs
and domains, the comparative modeling of proteins, and ab initio approaches
to protein loop, side chain, and protein prediction. Also covered is the devel-
opment of suitable folding potentials, essential for many of the methods pre-
sented in this volume. One of the more difficult areas of protein structure
prediction is that of predicting the structure of transmembrane proteins and
finally an area of great importance to the pharmacological field is receptor site
prediction.

With advances in computer technology and a greater understanding of
the principles of protein folding, the accuracy and the usefulness of pre-
dicted structures is increasing. Protein Structure Predicting: Methods and Pro-
tocols outlines many of the most recent advances in protein structure prediction
and provides an essential resource to both the nonexpert and expert in the field.

I would like to thank all of the authors for their contributions to this work.

David M. Webster
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Multiple Sequence Alignment

Desmond G. Higgins and William R. Taylor

1. Introduction

The alignment of protein sequences is the most powerful computational tool
available to the molecular biologist. Where one sequence is of unknown struc-
ture and function, its alignment with another sequence that is well character-
ized in both structure and function immediately reveals the structure and
function of the first sequence. This ideal transfer of information is,
unfortunately, not always attained and can fail either because the two sequences
are equally uncharacterized (although they might align quite well) or because
the alignment is too poor to be trusted. Both these situations can be helped
if the analysis is extended to incorporate more sequences. In the former case,
the addition of further sequences can reveal portions of the protein that are
important in structure and function (even if that structure or function is
unknown), whereas in the latter, the revelation of conserved patterns can help
add confidence in the alignment.

In this chapter, we describe two methods that can be used to produce mul-
tiple sequence alignments. Both are based on the simple heuristic that it is best
to align the most similar sequences first and gradually combine these, in a
hierarchic manner, into a multiple sequence alignment.

2. MULTAL
2.1. Outline of the Algorithm

The Program MULTAL was originally devised to deal with large numbers
of protein sequences that are typically encountered in the analysis of large fami-
lies (such as the immunogobulins or globins) or in sifting out the often exten-
sive collections of sequences produced as the result of a search across the

From: Methods in Molecular Biology, vol. 143: Protein Structure Prediction: Methods and Protocols
Edited by: D. Webster © Humana Press Inc., Totowa, NJ
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2 Higgins and Taylor

sequence databanks. These applications are the main topic considered in this
section. Those who wish to use the program only as an alignment/editor for
a small number of sequences would be best to seek out the program
CAMELON <http://www.oxmol.co.uk/prods/camelon/> (which is an imple-
mentation of MULTAL by Oxford Molecular) or CLUSTAL (see Subheading 3.).

Where CLUSTAL takes a more rigorous phylogenetic approach to ordering
of sequences prior to alignment, MULTAL uses a simple single-linked cluster-
ing iterated over several cycles. On each cycle, only sequences that have a
pairwise similarity greater than a predefined cutoff (specified of each cycle)
are aligned. If more than two sequences are mutually similar above the current
cutoff score, then all are brought together in one step using a fast concatenation
algorithm (see ref. I). However, as this is only robust for closely related
sequences, later cycles are restricted to pairwise combinations.

In each cycle, all subalignments and all single sequences are again com-
pared with each other. Here the algorithm differs significantly from CLUSTAL,
which adheres to the original guide tree and is more similar to the GCG pro-
gram PILEUP (http://www.gcg.com/products/software.html) that developed
out of a simpler approach (2). When aligning a sequence with an alignment or
an alignment with an alignment, MULTAL calculates a pairwise sum over the
similarity of each amino acid in one alignment with each amino acid in the
other alignment. MULTAL retains this simple sum, whereas CLUSTAL pro-
vides a weighting scheme to down-weight the contribution from similar
sequences. This feature was not provided in MULTAL, as the alternate
approach (which is more practical with large numbers of sequences) is simply
to remove one of a pair of similar sequences. A protocol for this is described as
follows.

2.2. Strategies for Large Numbers of Sequences

MULTAL contains numerous methods to deal with large numbers of
sequence (where large is considered to be hundreds or thousands of sequences).
Although very valuable, this aspect can require understanding and careful treat-
ment if the program is not to miss expected similarities. Generally, there is a
trade-off between time spent and the chance of missing a relationship.

2.2.1. The Span Parameter

The greatest saving in time that can be made when dealing with a large
number of sequences is to avoid the costly comparison of all against all (this is
especially true for MULTAL, where this calculation is performed on each
cycle). If the sequences were presented in an optimal order in which the most
similar sequences were adjacent, then MULTAL would only need to consider
adjacent sequences on each cycle — transforming a time dependency that was
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proportional to the square of the sequences into a time dependency that is lin-
ear in the number of sequences. As such an optimal order cannot easily be
obtained, MULTAL considers the pairwise similarity over a number of adja-
cent sequences, specified by a parameter called the span, which can be varied
from cycle to cycle, as can all the MULTAL parameters.

In general, the span starts small (comparing only local sequences) and
expands from cycle to cycle. However, even if it remains fixed at a small num-
ber, there is still a good chance of obtaining a complete multiple alignment,
because, as the cycles progress, the number of “sequences” (which now
includes subalignments) decreases relative to the span so that by the final
cycles, the number of subalignments plus unaligned sequences (referred to
jointly as blocks) is less than the span and so all are eventually compared to all.

2.2.2. The Window Parameter

A related saving can be made at the level of the detailed calculation of the
alignment. If the initial cycles are only aligning relatively similar sequences,
then the size of relative insertion and deletion needed to obtain the optimal
alignment can be expected to be relatively small. If restrictions are placed on
the alignment path, then a calculation of time dependent on the product of the
sequences becomes approximately linear in sequence length. The parameter
that controls this is called the window and its value specifies a diagonal stripe
(placed symmetrically) through the matrix (dot-plot) constructed from placing
each sequence on the sides of a rectangle. As a safeguard, however, if the dif-
ference in sequence length is greater than the size of the window parameter
value, then the sequences are not compared on that cycle. In general (as with
the span parameter), the value of the window parameter should be increased
through successive cycles.

2.2.3. Peptide Presort

The efficient operation of both the span and window parameters rely on
having a well-ordered starting list of sequences. Often, sequences are fouund
preordered in existing databanks or as the result of a previous alignment using
MULTAL or some other program. (Both MULTAL and CLUSTAL record the
resulting alignment to be used in this way.) However, if this is not avaliable,
then MULTAL can (optionally) attempt to create it based on a rough measure
of similarity based on an analysis of the peptide composition of each sequence
— specifically, the number of common peptides between sequences. This can
be calculated very quickly using a simple hash-table or as in the current ver-
sions of MULTAL, using a dynamic radix tree structure that can accommodate
any peptide size. The size of peptide that is used for this analysis can be speci-
fied but, in general, less than three is too general and over four is too specific
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(too few common peptides are found in all but the most similar sequences).
Originally, a tetrapeptide was used (3) and it was also shown (4) that a tripep-
tide measure can capture sequence similarity quite well down to roughly the
level of 50% identity.

2.3. Alignment Parameters

As in all alignment methods, it is necessary to specify a measure of similar-
ity between amino acids to provide an alignment score and, in addition, specify
both a model and parameters for the penalty attached to relative insertions and
deletions (gaps). As in other aspects of MULTAL, these aspects are kept very
simple as it is the general philosophy of the approach that the important
contribution to the alignment is the number and quality of the sequences (with
respect to their phylogenetic distribution) that makes a good alignment and not
the fine tuning of parameters. For example, if a good selection of sequences are
obtained, then these effectively define their own local amino acid exchange
matrix at every position.

2.3.1. Amino Acid Exchange Matrix

MULTAL allows two matrices to be used in each run and these can be com-
bined in varying proportions on each cycle. Generally, the two matrices used
are the identity matrix (in which amino acid identites score 10 and all else 0)
and the PAM,,, matrix (5). These are stored in the files id.mat and md.mat but
can be substituted for any other matrix, e.g., Dayhoff’s PAM,5, matrix, a
BLOSUM matrix (15), or even the JTT matrix (4). Through the different cycles,
the current matrix is a linear interpolation between the two given matrices,
specified by the parameter matrix that gives the porportion (out of 10) that the
matrix in md.mat contributes. For example, if matrix = 3, then (with the PAM,,,
matrix in md.mat), the values used in the alignment calculation are 30% of the
PAM ,( values augmented by 7 on the diagonal (being 70% of the values in the
identity matrix in id.mat). The same overall effect might have been attained by
using a series of PAM or BLOSUM matrices (as can be used in the CLUSTAL
program), however, the fine specification of values makes little difference to
the alignment and the use of an identity matrix produces values that are more
familiar.

In the past, the matrix parameter was increased from cycle to cycle, with the
expectation that later alignments would be composed of more distant sequences
and should therefore have a matrix suited to their degree of divergence (e.g.,
the PAM,5, matrix). However, although this is still true for isolated sequences
that have not aligned, it does not apply to subalignments, as these have already
effectively created their own individual amino acid exchange matrix at every
position composed out of the sum of amino acid pairwise similarities. This



Multiple Sequence Alignment 5

effect combined with a “soft” matrix (one that scores general similarity) leads
to too much flexibility in the match and tends to diminish the importance of
highly conserved positions (of which there are often relatively few) and can
lead to both misalignment and the false incorporation of sequences that do not
belong in the family.

2.3.2. Gap Penalties

Adhering to the philosophy that the simplest alignment principles are suffi-
cient, MULTAL has only one gap penalty that is paid once for a gap of any size
— but not at the beginning or end of a sequence. This is justified in the context
of the alignment of distant protein sequences by the expectation (1) that the
locations where insertions can occur in the protein structure are generally on the
surface and (2) that if a small insertion can be made, there are probably few
constraints on this forming a linker out to a larger insertion that might even
comprise a complete domain. As with the matrix parameter, the gap penalty can
be varied over the cycles, but little justification has been seen for this and, gen-
erally a constant gap value in the range 20-30 is maintained over the full run.

Some later and more experimental versions of MULTAL embody more com-
plex gap functions. These were designed to take account of the structural
expectation that matches in a sequences alignment are correlated, often being
found in runs (typical of a conserved secondary structure) (6,7), or having an
overall distribution that cannot be adequately controlled by a penalty applied
independently at each insertion point (8). These more subtle aspects have also
been reviewed in a less technical volume (9).

2.4. When to Stop Aligning

Programs such as MULTAL or CLUSTAL (or any of their ilk) contain no
inherent method to detect when two sequences (or subalignments) should not
be aligned together. The various algorithms can produce an alignment even
when the sequences are random. Rough guidelines, such as percentage
sequence identity can be used, or statistics such as those employed in databank
search methods. However, there are no adequate statistics that can be applied
to the more complex situation of aligning alignments. Even the percentage iden-
tity is not a good guide as the pairwise similarity among sequences that can be
reliably aligned using multiple sequence alignment methods extends far into
what would be considered random were the two sequences to be extracted and
assessed as a pair. These scores are also directly derived from the current matrix
and gap penalty, which is also difficult to allow for.

Strategies, that can be employed with MULTAL are to allow the alignment
to go to completion (one big family) but then to backtrack up the cycles (using
careful visual assessment) until the point at which the subfamilies last seemed
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Table 1
MULTAL Parameter Files for Alignment
Matrix Gap Span Win. Cutoff

5 20 3 30 700
5 20 5 40 600
5 20 7 50 500
5 20 9 60 400
5 20 9 70 300
5 20 9 80 250
5 20 9 90 200
5 20 9 100 150
5 20 9 100 150

The columns are, respectively, the matrix parameter (5 = 50% PAM ), the gap penalty, the
number of adjacent sequences considered (span), boundary (window) on alignment deviation
(win.), and the score cutoff. Each line of parameters is used in successive cycles. (See and ref. 3
for details.)

to be credible. This places considerable burden on the method used for “visual
assessment” and in the absence of any structural or functional knowledge, this
can only be judged by the conservation of groups that might be involved in
structure or function. The former are generally interesting residues, such as
arginine, aspartate, histidine, or any charged amino acid that might be capable
of catalysis or binding. The residues of structural importance are generally
hydrophobic, with glycine, proline, and cysteine often conserved because of
their unique properties.

Visual assessment cannot be employed in automatic family compilation or
where the user has little “feel” for the data. In this situation, it has been found
(through accumulated experience) that with a matrix value of 3 and a gap pen-
alty of 20-30, the recommended lower limit on the score cutoff is 150. At this
level, in repeated trials, there are roughly as many family members that do not
align as there are false alignments. A value of 200 or 250 would be recom-
mended as a safer choice for those who have little or no feel for the quality of
sequence alignments (see Table 1 for an example of parameter file).

2.5. Sequence Selection with MULTAL
2.5.1. Sequence Criteria

Sequences can be selected using the program MULTAL as a prefilter to form
subfamilies above a preset degree of similarity (details in Tables 1 and 2).
From each subfamily, a representative sequence was chosen according to the
weighting scheme that valued sequences with a respresentative length that did
not contain any nonstandard amino acids. A measure r was calculated:
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Table 2
MULTAL Parameter Files for Filtering
(A) Filter to 90 %
Matrix Gap Span Win. Cutoff
0 20 1 1 990
0 20 2 | 980
0 20 4 2 960
0 20 8 3 940
0 20 10 4 920
0 20 10 5 900
0 20 10 5 900
(B) Filter to 80%
Mafrix Gap Span Win. Cutoff
0 20 1 5 890
0 20 2 6 880
0 20 4 7 860
0 20 8 8 840
0 20 10 9 820
0 20 10 10 800
0 20 10 10 800
(C) Filter to 70 %
Matrix Gap Span Win. Cutoff
0 20 1 10 790
0 20 2 12 780
0 20 4 14 760
0 20 8 16 740
0 20 10 18 720
0 20 10 20 700
0 20 10 20 700

The columns are, respectively, the matrix parameter (0 = identity), the gap penalty, the
number of adjacent sequences considered (span), boundary (window) on alignment deviation
(win.), and the score cutoff. Each line of parameters is used in successive cycles. (See above
and ref. 3 for details.)

r=log(d®>+1)+s (1)

where d is the difference in length of an individual sequence from the mean
length of the subfamily in which it is aligned and s is the number of nonstand-
ard amino acid symbols (included, B J O U X Z). To this basic score, penalties
and bonus points were added as defined in Table 3 and the sequence with the
lowest score was selected.



