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[25] Protein Multiple Sequence Alignment and Flexible
Pattern Matching

By GEOFFREY J. BARTON

Introduction

The alignment of two or more protein sequences can provide a wealth
of information to guide further experimentation, particularly if one of the
aligned proteins has been biochemically or crystallographically well char-
acterized. However, any inference from the alignment is crucially depen-
dent on its accuracy. Thus, in this chapter, alignments obtained from
comparison of the protein three-dimensional structures are used as a stan-
dard against which to test an automatic method for the pairwise alignment
of protein sequences. The accuracy of the resulting alignments is shown to
improve when additional nonsequence information is incorporated into
the algorithm.

Rigorous methods for the alignment of two protein sequences have
long been known;' however, the calculation of an optimal alignment of
four or more sequences is beyond the capabilities of even the most power-
ful computers. Alignment of multiple sequences by eye is at best a tedious
and time-consuming operation; at worst it is unsystematic and leads to an
alignment about which no degree of confidence may be expressed. In this
chapter, a practical strategy for the rapid multiple alignment of protein
sequences is described. Although not guaranteed to give the mathemati-
cally optimal alignment, the algorithm is able to cope with large numbers
of sequences. It is also a fast procedure that gives alignments generally as
good or better than those obtained by pairwise methods.

When sequence similarity is weak, conventional alignment procedures
can fail to identify biologically significant relationships against the back-
ground of all known sequences. The sensitivity and selectivity of alignment
methods that exploit information from single or multiple sequences with
and without additional nonsequence information are also evaluated. Fur-
thermore, a technique that relies on the systematic derivation of flexible
patterns is shown to be superior to all these methods when applied to the

globin family of proteins.

!'S. B. Needleman and C. D. Wunsch, J. Mol. Biol. 48, 433 (1970).
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Protein Sequence Comparison

Broadly, there are three categories of methods for the comparison of
protein sequences. Segment methods compare all overlapping segments of
a predetermined length (e.g., 10 amino acids) from one protein with all
segments from the other. The distribution of scores obtained for all seg-
ment pairs can be used directly to infer homology.? Alternatively, the
segment scores may be plotted graphically as a “comparison matrix.”34
Segment methods have the advantage of simplicity; however, they do not
cater explicitly for insertions and deletions (gaps).

Optimal global alignment methods allow the best overall score for the
comparison of the two sequences to be obtained including a consideration
of gaps. The Needleman and Wunsch algorithm! was the first description
of a global alignment method applied to protein sequences, but variants of
the basic dynamic programming algorithm have been independently devel-
oped and applied in many fields (see Sankoff and Kruskal® for review). The
advantage of these techniques is that they are guaranteed to find the best
overall score for the comparison of the sequences including a consideration
of gaps. Furthermore, these methods can also produce one or more align-
ments consistent with this best score. As a consequence, computer pro-
grams based on this method (e.g., NBRF, ALIGN) have been widely used
for biological sequence comparison. For these reasons, the algorithm of
Needleman and Wunsch' forms the nucleus of the techniques for pairwise
and multiple sequence alignment described in the following sections.

Finally, Optimal local alignment algorithms seek to identify the best
local similarities between two sequences but, unlike segment methods,
include explicit consideration of gaps. The methods are based on modified
Needleman and Wunsch-style algorithms (e.g., see Refs. 6 and 7) and
represent an important class of comparison algorithm, particularly for the
location of significantly similar regions between long sequences.

All the methods require a scoring scheme for the matching of each of
the 210 possible pairs of amino acids (i.e., 190 pairs of different amino
acids plus 20 pairs of identical amino acids). For example, the simple
identity scoring scheme gives a score of 1 to identical pairs and 0 to all
others. More sophisticated schemes can incorporate knowledge about the

2W. M. Fitch, J. Mol. Biol. 16, 9 (1966).

3 A. D. McLachlan, J. Mol. Biol. 61, 409 (1971).

4 P. Argos, J. Mol. Biol. 193, 385 (1987).

3 D. Sankoff and J. B. Kruskal (eds.) “Time Warps, String Edits, and Macromelecules: The
Theory and Practice of Sequence Comparison. Addison Wesley, Reading, Massachusetts,
1983.

¢ T. F. Smith and M. S. Waterman, J. Mol. Biol. 147, 195 (1981).

"D. R. Bowsell and A. D. McLachlan, Nucleic Acids Res. 12,457 (1984).
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physical properties of the amino acids,> minimum allowed base changes,?
or observed substitutions® to give a symmetrical 20 X 20 matrix of scores.

Gap Penalties and Needleman- Wunsch Algorithm

The Needleman - Wunsch algorithm is an elegant procedure that allows
the best alignment of two sequences of length N to be calculated in N?
steps. When comparing two sequences the algorithm seeks to model the
real (possibly evolutionary) processes involved in converting one sequence
to the other. The scoring scheme that dictates the weight for aligning one
type of amino acid with another is part of this model. For any chosen
scoring scheme, the Needleman-Wunsch algorithm will find the maxi-
mum possible score for the comparison of the two sequences. However,
this optimal alignment may require the insertion of an unrealistically large
number of gaps (residues aligned with blanks).

In order to overcome this problem and limit the total number of gaps
created, an additional factor is introduced into the model. This takes the
form of a gap penalty which is subtracted during the process of calculating
the best alignment whenever a gap is allowed. One of the most commonly
used gap-penalty functions takes the form:

P=G,L+G, (1)

where L is the length of the gap while G, and G, are user-defined constants.
This form of penalty has both length-independent (G,) and length-depen-
dent (G,L) terms that are sometimes known as penalties for creation of a
gap and extension of a gap, respectively.

Criteria for Assessing Quality of Alignment

Given the Needleman - Wunsch algorithm, a scoring scheme, and gap-
penalty function, we have a system that can optimally align any two
protein sequences. It is important to bear in mind, however, that this
alignment is optimal only with regard to the chosen model; changing the
model, either by using a different scoring scheme or a modified gap pen-
alty, can lead to completely different alignments. While all of these align-
ments will be mathematically optimal it is possible that none of them
illustrate genuine, biologically significant equivalences. Thus, when apply-
ing and interpreting automatically obtained alignments three questions
need to be answered: What is a good protein sequence alignment? How

8 M. O. Dayhoff, R. M. Schwartz, and B. C. Orcutt, in “Atlas of Protein Sequence and
Structure” (M. O. Dayhoff, ed.), Vol. 5, p. 345. National Biomedical Research Foundation,
Washington, D.C., 1978.
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closely can automatic alignment procedures reproduce a good alignment?
Can we estimate the likely quality of an alignment from sequence infor-
mation alone?

What Is Good Protein Sequence Alignment?

The protein three-dimensional structure determines its biological activ-
ity. It is therefore of crucial importance when two or more protein se-
quences are aligned that those residues defining a common tertiary fold,
together with any common catalytic and binding residues, are correctly
equivalenced. It follows that a good alignment of two globular proteins is
one which faithfully reflects any similarities in three-dimensional structure.

However, although the overall fold may be conserved within a protein
family, there is usually considerable variation in the details of structure for
individual family members. In particular, although core secondary struc-
tures (a helices and B strands) may exhibit similar conformations and
relative positions in three dimensions, the loop regions linking these struc-
tures may not. Thus, even when the proteins to be aligned have crystallo-
graphically determined structures known to high resolution, it can be
difficult or impossible to obtain a consistent alignment over the whole
length of all the family members.

In order to be useful, a protein sequence alignment method must at
least align those residues that are performing equivalent structural roles in
the two proteins. For this reason when assessing an alignment algorithm
for two or more protein sequences, test zones® are selected that correspond
to equivalent secondary structural regions in the proteins. The accuracy of
any alignment can then be expressed in terms of the number of residues
within the test zones that are equivalenced in the same way as expected
from three dimensional structure comparison.

How Well Do Automatic Alignment Methods Perform?

The option of using different scoring scheme and gap-penalty combina-
tions complicates the evaluation of alignment methods. Studies performed
by Dayhoff er al.® and more recently by Feng et al.'® indicate that, on
average, the Dayhoff mutation data matrix (MDM) is more effective than
the simple identify matrix, genetic code, or physical property scoring
schemes at detecting homology between distantly related proteins. Using
Dayhoff’s matrix, Barton and Sternberg® considered a range of gap-penalty
constants (G; =0-10,G,=0-10 in integer steps) for five polypeptide

9 G. J. Barton and M. J. E. Sternberg, Protein Eng. 1, 89 (1987).
10D, F. Feng, M. S. Johnson, and R. F. Doolittle, / Mol. Evol 21, 112 (1985).
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pairs for which alignments based on three-dimensional structure were
known. For each pair of sequences, test zones were selected from the
common core secondary structural regions and mean, maximum, and
minimum accuracies of alignment obtained over the 121 comparisons
(Fig. 1). Clearly, some protein pairs align very well (1, 4 and 5), whereas
others give poor alignments (2, 3). Furthermore, the best alignment ob-
tained for each pair did not require a length-dependent gap penalty (i.e,
G,=0).

Use of Significance Scores to Estimate Likely Quality of Alignment

With the increase in the number of protein sequences derived directly
from cDNA one frequently wishes to align two sequences for which there is
little or no additional nonsequence information available to guide the
alignment (e.g., three-dimensional structure, catalytic residues). Under
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FiG. 1. Accuracy of pairwise sequence alignments by the Needleman - Wunsch method by
comparison with tertiary structural alignments. Values of G, and G, from 0 to 10 in integer
steps were used with MDM (+8 to remove negative elements). 1, Immunoglobulin light
chain variable region (FABVL) versus heavy chain variable region (FABVH); 2, FABVH
versus light chain constant region (FABCL); 3, plastocyanin versus azurin; 4, human a-he-
moglobin versus leghemoglobin; 5, trypsin versus elastase. Standard: Mean values for 121
comparisons using the conventional Needleman-Wunsch algorithm. SS-Gaps: Effect of
including secondary structure-dependent gap penalties. Upper and lower extremities of verti-
cal bars indicate the best and worst alignments obtained.
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these circumstances it is invaluable to have an indication of the likely
accuracy of any automatic alignment performed.

A commonly used method of assessing the similarity between two
sequences proceeds as follows. First, the best score V for the comparison of
the native sequences is obtained. The sequences are then randomized a
number of times (typically 100) to give artificial sequences with the same
length and composition as the native. The best score for aligning each pair
of randomized sequences is then obtained, and the mean m and standard
deviation (S.D.) of this distribution of random scores are calculated. The
similarity of the native sequences is then expressed in terms of the number
of standard deviation units away from the mean of the random distribu-
tion [i.e., Score = (V' — m/S.D.].

A study was performed'' which considered all pairwise comparisons
within seven globin sequences and eight immunoglobulin domains (49
unique pairs in all). The results shown in Fig. 2 illustrate that alignments
scoring above 15.0 S.D. (seven examples) give at or near 100% agreement
with the reference alignment. Those scoring between 5.0 and 15.0 S.D. (25
examples) give better than 70% agreement with the reference alignment,
whereas scores below 5.0 SD (17 examples) show a sharp rise in alignment
accuracy correlated with significance score and ranging from 0% (0.57
S.D.; FABCHI1 versus FB4VH) to 84% (2.4 S.D.; FABVL versus FABCL).
Above 5.0 S.D. there are no really poor alignments; however, in the lower
standard deviation range small changes in observed significance score can
indicate a considerable difference in alignment accuracy.

These studies provide guidelines for the quality of a protein sequence
alignment. Clearly, a near ideal alignment is indicated by significance
scores above 15.0 S.D. Scores above 5.0 S.D. suggest a “good” alignment,
whereas an alignment giving a score below 5.0 S.D., although possibly
good, must be regarded with greater caution.

Improving Sequence Alignments by Using Secondary Structure-
Dependent Gap Penalties

The alignment model consisting of a scoring scheme and gap-penalty
function can produce good alignments, however, the gap-penalty function
[Eq. (1)] acts equally over the entire sequence length. This feature does not
reflect observations on families of known protein three-dimensional struc-
tures where there is a clear preference for insertions/deletions to occur in
loop regions linking the core secondary structures (e.g., see Refs. 12 and

'!'G. J. Barton and M. J. E. Sternberg, J. Mol. Biol. 198, 327 (1987).
2 M. F. Perutz, J. C. Kendrew, and H. C. Watson, J. Mol. Biol. 104, 59 (1965).
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FiG. 2. Pairwise alignment accuracy versus significance score (100 randomizations) for
seven globins [human a-hemoglobin (HAHU), human f-hemoglobin (HBHU), horse a-he-
moglobin (HAHO), horse f-hemoglobin (HBHO), myoglobin (MYWHP), lamprey globin
(P1LHB), leghemoglobin (LGHB)] and eight immunoglobulin domains [consisting of one
light chain constant domain (FABCL), three heavy chain constant domains (FABCH,
FCCH2, FCCH3), two light chain variable domains (FABVL, FB4VL), and two heavy chain
variable domains (FABVH, FB4VH)]. Dayhoff’s matrix was used: (250 PAM) + 8, G, = 8,
G,=0.

13). Indeed, errors in sequence alignment can frequently be attributed to
the misplacing of a gap in a core secondary structural region.

The alignment model may be improved to better match the observed
pattern of insertions by using a modified gap-penalty function:

Ps=Q(G,L+Gy 2

where 0 = Q =1 and the subscript ss denotes the inclusion of secondary
structural information. This change has the effect of reducing the penalty
for a gap in loop regions relative to secondary structural regions.

In its simplest form, Q takes a value of 1.0 for regions of secondary
structure and a value of less than 1.0 for loop regions. The effect of
applying this type of penalty is illustrated in Fig. 1. All five protein pairs
show improvements in mean accuracy and improvements in the worst
alignment obtained, and, with the exception of FABVH versus FABCL,
the best alignment obtained also gives a higher accuracy.

13 A. M. Lesk and C. Chothia, J. Mol. Biol. 136, 225 (1980).
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In its most general form, Q may be derived from a property of the
sequence which exhibits a maximum for regions likely to be involved in
secondary structures or other conserved regions and a minimum for re-
gions likely to be subject to greater variability. QO might therefore be derived
from a secondary structure prediction profile, ¢S a smoothed profile based
on hydrophobicity,'® or a profile of likely buried residues.!” Unfortunately,
none of these methods predict the location of secondary structural ele-
ments with sufficient accuracy to improve the alignment quality. Indeed,
in studies using several alternative predictive schemes to derive values of 0
over the sequences, the overall accuracy of alignment actually decreased.

This observation clearly limits the applicability of the modified gap-
penalty function to systems where one of the proteins has a known X-ray
structure. For such systems the improvement in accuracy obtained justifies
the inclusion of secondary structural information into the alignment and is
of particular use when the alignment is to be used for subsequent building
of a three-dimensional model by homology (e.g., see Ref. 18). Lesk and
co-workers'? described a similar technique and showed that it improves the
alignment of sequences within the globin and serine proteinase families.

Simultaneous Alignment of More than Two Sequences (Multiple
Alignment)

Needleman and Wunsch' suggested that their dynamic programming
algorithm could be extended to the simultaneous comparison of many
sequences. Waterman ez al.?° also described how dynamic programming
could be used to align more than two sequences. In practice, however, the
need to store an N-dimensional array (where N is the number of sequences)
limits these extensions to three-sequence applications (e.g., see Ref. 21 ). In
addition, the time required to perform the comparison of even three
sequences is proportional to N°. Murata et al.?? described a modification of
the Needleman - Wunsch procedure for three sequences which ran in time
proportional to N?; unfortunately, this approach required an additional

'4J. Garnier, D. J. Osguthorpe, and B. Robson, J. Mol. Biol. 120, 97 (1978).

3 P. Y. Chou and G. D. Fasman, Adv. Enzymol. 47, 45 (1978).

16 M. Levitt, J. Mol. Biol. 104, 59 (1976).

17J. Janin, Nature (London) 277, 491 (1979).

8 T. L. Blundell, B. L. Sibanda, and L. Pearl, Nature (London) 304, 273 (1983).

!9 A. M. Lesk, M. Levitt, and C. Chothia, Protein Eng. 1, 77 (1986).

2 M. S. Waterman, T. F. Smith, and W. A. Beyer, Adv. Math. 20, 367 (1976).

2'R. A. Jue, N. W. Woodbury, and R. F. Doolittle, J. Mol. Evol. 15, 129 (1980).

22 M. Murata, J. S. Richardson, and J. L. Sussman, Proc. Natl Acad. Sci. U.S.A. 82, 3073
(1985).
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three-dimensional array, thus further limiting its application to short se-
quences.

The multiple alignment of four or more sequences cannot in practice

be performed by a rigorous method since even when gaps are not explicitly
considered, the number of segment comparisons that must be made is of
the order of the product of the sequence lengths. Algorithms for multiple
sequence alignment therefore seek to identify an optimum alignment by
considering only a small number of the total possible residue or segment
comparisons. Several authors have described multiple alignment algo-
rithms; however, they either do not give an overall alignment,?? are re-
stricted to relatively few sequences,?* or are specifically intended for align-
ing nucleic acid sequences and do not allow the flexibility in scoring
sahame dhae s asatn’ (O proterin sequence companson. << m tie 1o1owing
section a method that permits large numbers of protein sequences to be
aligned quickly is described and tested by comparison with alignments
obtained from the comparison of protein three-dimensional structures.

Effective and Rapid Strategy for Multiple Protein Sequence Alignment'!

The alignment algorithm described here reduces the multiple align-
ment of N sequences to a set of N — 1 pairwise alignments and is summa-
rized in Fig. 3. (1) Sequences A and B are optimally aligned by the
Needleman-Wunsch algorithm. (2) The third sequence is optimally
aligned with the alignment resulting from Step 1. Average scores are used
when comparing a residue in sequence C to an aligned position in the
result of Step 1. For example, the score for matching the alignment of Ala
and Val with Ala would be given by the score for (Ala versus Ala) plus (Val
versus Ala) divided by 2. Gaps that are already present in the alignment
from Step 1 are maintained, and a low score is assigned to matching an
amino acid in sequence C with any such gap. This score is used when
calculating the average score at the aligned position. For example, if the
aligned position is AlaGap then the score for matching Ala would be given
by (Ala versus Ala) plus (Gap versus Ala) dived by 2. (3) The multiple
alignment of sequences A, B, and C obtained in Step 2 is now optimally
aligned with sequence D using a procedure similar to Step 2. (4) Step 3 is
repeated until all sequences have been added to the alignment. (5) The
alignment from Step 4 may optionally be refined by reoptimizing the
alignment of each sequence with the completed alignment less that se-
quence.

3 D. J. Bacon and W. F. Anderson, J. Mol. Biol. 191, 153 (1986).

24 M. S. Johnson and R. F. Doolittle, J. Mol. Evol. 23, 267 (1986).
2 E. Sobel and H. M. Martinez, Nucleic Acids Res. 14, 363 (1986).
26 W. Bains, Nucleic Acids Res. 14, 159 (1986).
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FiG. 3. Summary of the multiple alignment process.

Order of Alignment

Since the multiple algorithm shares the Needleman-Wunsch proce-
dure with pairwise methods, the alignment will be dependent on both the
scoring scheme and gap penalty. In addition, there are V! alternative orders
in which the sequences could be aligned. A systematic procedure for
determining the alignment order must therefore be applied.

The pairwise comparison tests shown in Fig. 2 demonstrate that the
accuracy of alignment is correlated with the significance score. The single
alignment order may therefore be determined by first calculating signifi-
cance scores for all unique pairwise comparisons within the sequence set.
Then, when generating the multiple alignment, the pair of sequences that
gives the highest significance score is aligned first. Of the remaining se-
quences, the one which gives the highest score when compared to A or B is
then aligned. The process is repeated for all remaining sequences, where
every ith sequence being added to the alignment is the one that gives the
highest pairwise significance score with the i— 1 sequences already
aligned.

Cluster Analysis

A useful method of visualizing the pairwise comparison data is to apply
the technique of single linkage cluster analysis. This provides a convenient
representation in the form of a dendrogram that can illustrate some of the
interrelationships between the members of a sequence group.

The dendrograms illustrated in Fig. 4a,b for the seven globins and eight
immunoglobulins used to evaluate pairwise methods clearly show the



