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Abstract

Improved methods are described for the interpretation of two
or more aligned protein or nucleic acid sequences. These
methods can be used to interpret the possible biological
importance of regions within a known three-dimensional
structure, or, even without a structure, to correlate sequence
similarity with the known function of particular amino acids
and to associate sequence similarity with properties predicted
Jrom the sequences. Improvements include the calculation of
a position-dependent, gap-penalized similarity score; computer-
assisted graphical association of sequence similarity with
structural, functional or chemical properties of the sequences;
and statistical comparisons of the sequence conservation or
variability of different groups of residues. An application is
described to analyze the sequences of piconarviral capsid
proteins.

Introduction

Over 40 000 protein sequences are currently accessible through
databases such as the Protein Identification Resource (PIR;
George et al., 1986). As, by some estimates, there may be as
few as 1000 families of distinct protein folds (Chothia, 1992),
many of the 10 000 sequences that are currently added annually
mostly increase the number of sequences within each group of
related proteins. It is sometimes possible to associate functional
significance with conserved residues by examining the alignment
of related sequences. There has been much progress towards
the recognition of sequences that are similar to each other
(Gribskov et al., 1990; Schuler and Altschul, 1991; Karlin and
Brendel, 1992) or similar to known three-dimensional structures
(Bowie et al., 1991), and in the alignment of multiple sequences
(Gribskov et al., 1987; Vingron and Argos, 1989; Bacon and
Anderson, 1990; Barton, 1990; Vihinen, 1990; Taylor, 1990).
Some of these methods are implemented in comprehensive
sequence analysis packages such as that of Genetics Computer
Group (GCG) Inc. (1991; Devereux et al., 1984). Methods for
the interpretation of sequence alignments have received less
attention, but are considered here and implemented in a program
that is compatible with the GCG package.

Improvements have been made in the calculation of a
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position-dependent sequence similarity score; in the correlation
of sequence conservation with structure or functional sites; and
in statistical tests of significance upon the relative sequence
similarity of different groups of residues. The sequence similarity
score is calculated at each position in the sequence from the
average of residue comparison scores of all possible pairs of
aligned residues and gap penalties if there are insertions or
deletions. Prior statistical treatments (Schuler and Altschul,
1991; Karlin and Brendel, 1992) have focused upon the
significance of patterns of amino acids or nucleotides that are
found repeatedly through the sequence database. The advantage
of these methods is that they require no knowledge of the
molecular structure or the function of its constituent residues.
A different approach may be appropriate if, as is increasingly
the case, the three-dimensional structure is known for one of
the aligned sequences, or the functional importance of specific
residues has been determined by experimental techniques. The
methods discussed here present sequence similarity, structure,
functional and chemical properties in ways that are conducive
to recognition of possible correlations, and statistically compare
the sequence similarity or properties of selected groups of
residues with suitably chosen control groups. The methods are
therefore particularly useful when combining the information
from sequence alignment and three-dimensional structure.
Recognition of sequence — function correlations is facilitated
through interactive graphics that are an extension of the
capabilities of the program Plotsimilarity (Devereux et al.,
1984; Genetics Computer Group Inc., 1991). Plotsimilarity plots
the mean similarity of previously aligned residues as a function
of position in a multiple sequence file and using a residue
comparison table, often based on mutational distance (Dayhoff
et al., 1979). Extensions incorporated within the program dis-
cussed here, Similarity, fall into four categories. (i) Scoring:
the similarity score incorporates gap penalties and corrects for
potential bias towards families of similar sequences. (ii) Display:
notes showing functional sites or secondary structure can be
aligned with the sequences, as can plots of sequence similarity,
properties calculated from residue-type (such as hydrophobicity),
or properties calculated from a known structure (such as surface
accessibility). Plots can be numbered according to any of the
constituent sequences. (iii) The sequence similarity may be
displayed on the surface of a known structure using the program
Roadmap (Chapman, 1993), or on a three-dimensional model
using ‘O’ (Jones et al., 1991). These displays help in the
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recognition of conserved regions comprised of several distinct
regions of the primary structure. These interfaces to molecular
graphics programs are useful if the sequences of interest are
related to that of a known structure. Structures are known for
~200 of the estimated 1000 protein folds (Chothia, 1992). (iv)
Statistical tests of significance are included.

The statistical methods are used to test hypotheses that
residues associated with a particular function, region, structure,
or sharing similar chemical properties (for example) have
particularly high or low sequence similarity. By comparing two
groups of residues from the same alignment, the difficulties of
assessing sequence similarity on an absolute scale (Collins and
Coulson, 1990) can be avoided. For example, comparisons
within the same alignment will be much less sensitive to the
overall sequence diversity and to the actual gap penalties used
during alignment, because these factors will be the same for
both groups of residues. Relative similarity scores can be
calculated well within the low precision required for statistical
tests. The statistical tests of hypotheses could be used, for
example, to determine: (i) whether particular domains or
secondary structures are more conserved than others within
the molecule, (ii) whether particular surfaces are more or
less hydrophobic than others or (iii) whether experimentally
determined active site amino acids are conserved.

Picornaviruses were selected to test these methods, because
their sequences have been examined previously (Rossmann and
Palmenberg, 1988; Palmenberg, 1989) and because three-
dimensional structures were known for several members: human
rhinoviruses (Rossmann et al., 1985; Kim et al., 1989),
polioviruses (Hogle et al., 1985; Filman et al., 1989), Mengo
virus (Luo et al., 1987), foot-and-mouth disease virus (Acharya
et al., 1989), and Theiler’s virus (Luo et al., 1992; Grant et al.,
1992). The extensive structural and experimental database could
be used to cross-check conclusions reached from comparison
of the sequences.

Systems and methods

The methods were developed on a cluster of Digital Equipment
Corporation VAXstation 3100s running VMS v. 5.4, using
VMS FORTRAN v. 5.6 and the subroutine library of the
sequence analysis software (Genetics Computer Group Inc.,
1991), v. 7.0, available from Genetics Computer Group Inc.,
575 Science Drive, Madison, WI 53711.

Algorithms

Pair-wise comparisons

At each position, p, of the aligned sequences, a score, S, can
be assigned for the match of the residue type (T) of sequence
k to that of sequence ! by using the appropriate element of a
comparison table, C:

Sp,k,[ = C(Tp,k ’Tp,l) (Where k,l # gap) (1)

C is usually one of the matrices derived from the mutational
distance matrix of Dayhoff et al. (1979). The choice of C is
not as important as in the alignment of distantly related pro-
teins (Argos er al., 1991), because large numbers of pairwise
comparisons are used in the statistical tests (below). Here, the
popular normalized matrix of Gribskov and Burgess (1986) has
been used, but alternatives such as the PAM 120 matrix
(Altschul er al., 1990) can also be used.

C may also be based on the physical and chemical properties
of the amino acids, so that a difference in charge, hydrophobicity
or size is scored unfavorably. Several matrices are provided
with the program. For example, a hydrophobicity comparison
matrix has been formulated using the absolute values of the
differences in the free energies of transfer (Eisenberg and
McLachlan, 1986) derived from the data of Fauchere and Pliska
(1983). The purpose of these alternative matrices is not to enable
a more sensitive recognition of distantly related sequences—as
in Kubota et al. (1991) and Argos (1987)—but to determine
whether all of the sequences share some local attribute, such
as hydrophobicity, charge or type (aromatic, hydrophobic, etc.).

Where a residue from one sequence is aligned to an internal
gap of the second, a penalty score is evaluated. The calculation
of the penalty is a slight modification of that used in several
methods of sequence alignment (e.g. Smith and Waterman,
1981) that is appropriate for a multiple sequence alignment.
If L is the last position with a residue in both sequences, N is
the next, and B is the number of locations within the gap where
there is a residue in neither sequence, then the score for each
residue aligned with a gap is:

G;
§=-G-—rr— @
(N-L-1-B)

where G; and G are gap initiation and lengthening penalties
respectively. Values of G; = 3.0 and G, = 0.15, slightly
lower than usually used in sequence alignment, have proved
effective. Where the position, p, falls within gaps in both
sequences, then the score from these sequences at this position
is ignored. Gaps at the end of sequences are optionally either
ignored or treated as internal gaps.

Calculation of similarity scores

From each of the pairwise comparisons at each position, a mean
similarity, S,, can be calculated:

_ 2 N k-1
S,=———2. 2. S, 3
N(N_l) k=2 =1

which is the mean of all possible pairwise comparison of
N sequences.
An average §,; is also computed for each pair of sequences:

Ek,l = S ok “)

p
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using all positions along the aligned pair of sequences. An
N X N matrix with ‘distance’ elements of §;; can be used to
compare each sequence to every other. The relative distances
are similar to those calculated by the program Distances
(Devereux et al., 1984; Genetics Computer Group Inc., 1991)
except that the distances are calculated from gap-penalized
mutational distances rather than simply the number of matches.

Grouping similar sequences

Among a set of aligned sequences that are related by a
phylogenetic tree, some branches are likely to contain several
closely related species for which sequences are known while
other branches will contain fewer. Highly populated branches
increase the overall similarity and dominate the position-
dependent scores. This can be avoided if only a single
representative is used from each branch, but much of the
information regarding sequence variability would be lost.
Alternatively, one of several schemes (Sibbald and Argos, 1990,
and references therein) could be used to calculate weights for
all the sequences. Here, a simpler intuitive approach is taken
in which the average similarity between families is determined.
If the sequences are grouped into m families, then the mean
similarity, 5‘,,, at position p is calculated from m(m — 1)/2
comparisons of the different families:

2 m -l 1 NN,
Sp 2___2 Z ——Z 2 Sp,k,l (5)
mm=1) oy jo NN, o1 1

where N; and N; are the numbers of sequences in the ith and
Jth families and 8, ; , is the similarity between sequences k and
[ at the pth position, calculated from the (mutational distance)
comparison table or from gap penalties (equation 1) as
appropriate. The 1/(NV;N;) weighting gives each pair of families
equal weight, irrespective of the numbers of sequences in each
family. All sequences are used, but large numbers of similar
sequence in one family do not bias §p, because sequences are
never compared with other members of the same family (i.e.
i # j). In this formulation, §p corresponds to a comparison of
the profiles (Gribskov ez al., 1987) or the ‘average sequences’
of different families. If families are not defined, .S_‘p is
calculated using n = 1 and with m equal to the total number

of sequences.

Smoothed similarity scores

Smoothed similarity scores draw attention to general areas of
the linear sequence of high or low similarity. Like the program
Plotsimilarity (Devereux er al., 1984; Genetics Computer
Group Inc., 1991) an average similarity score is calculated for
a window of residues. However, in the current implementation,
gap penalties are used and the window-averaged similarity
score, << S, =, is calculated using a weight that decreases
linearly from unity at the center of the window to zero
at the ends:

2 P 2p—hl _

<Sp>=_ 1= Si ©)
W = p-wi2 w
where w is the (full) width of the window and $, is the
mean gap-penalized similarity score at position h. This
weighted average ensures that the smeared score is a smoothly
varying function.
Statistical tests of significance

Through inspection of the similarity scores (see below) or for
other a priori reasons, it may be suspected that the similarity
(or physical/chemical properties) of different regions or classes
of residues might differ. For testing, two groups of residues
would be compiled. For example, group 1 might contain all
active site residues, and group 2 contain all other buried
residues. Alternatively, group 1 might contain all residues of
one domain/subunit and group 2 all residues of another. For
a transmembrane protein, group 1 might contain all surface
residues on the inner surface and group 2 residues of the
outer surface. In each case, for both groups, the mean is
calculated of either the similarity score or some other parameter,
such as hydrophobicity.

The significance of the difference between the mean similarities
(hydrophobicities ...) of two groups of residues are tested in
three ways: (i) the Z-test using the normal distribution (Spiegel,
1975); (ii) a modified Wilcoxonian test (Walpole and Myers,
1972); and (iii) through Monte Carlo simulations. All of these
tests depend on the number of independent evaluations of the
similarity score within each set of residues being compared.
Here, the simple assumption is made that the scores from all
residues within each set are independent measurements. This
may not be true for the scores of neighboring residues. With
only a small chance of a gap between a pair of neighboring
residues, certainly the alignments at consecutive positions are
highly linked. If, for example, the type of residue at one position
depends on the type of residue at neighboring positions, then
the similarity scores at neighboring positions are not completely
independent, because following a good alignment at one
position, there is a better than random chance of finding a good
alignment at the neighboring position. Note that this effect is
not caused by the similarity of the sequences themselves. Note
also that this is a potential problem for sets of consecutive
residues, but not for sets well distributed throughout the
sequence. If the similarity scores are not as independent as
assumed, then the variation in score will be underestimated and
the significance of any difference exaggerated. Thus the
statistical tests should be used as a ‘necessary, but insufficient’
criterion for establishing a significant difference.

Of the three tests, the Z-test is preferred, but only appropriate,
when there are large numbers of residues in the smaller of
the two groups. It is a standard statistical test that assumes
that sample means drawn from the population are normally
distributed. For sample sizes exceeding 30 (Walpole and Myers,
1972), as a consequence of the central limit theorem, this is
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approximately true irrespective of the actual distribution of
values (Hamilton, 1964). The distribution of similarity scores
from aligned sequences is usually far from normal, with
frequent exact matches and gap penalties leading to peaks in
the distribution at the highest and lowest scores, respectively.
The Wilcoxonian non-parametric test depends only on the rank
of values when the two groups are combined, is independent
. of the distribution of their values, and is therefore more
appropriate for small samples (Walpole and Myers, 1972). For
groups of size n; and n, with mean values of y; and u,, where
w; is the sum of the ranks of group 1, ranked in ascending
order for p; =< p, (and vice versa), the probability of the
hypothesis Hy, that u; = p, is given by Walpole and Myers,
1972): :

. n(W, <w,)

Pr(W, < w,|H,, is true) = *;‘FT 7

n

where n(W, < w,) signifies the total number of different
samples of size n; with sum of ranks not exceeding w that
could be drawn from a population of n, + n; values. In
the current implementation, the right-hand side is evaluated
ab initio, rather than from tabulated value. Thus, the test can
still be used when one of the samples is large. The complexity
of the computation rises quickly with sample size, due to the
total number of combinations of ways that n; + n, can be split
into groups of size n; and n,:

n,+n2

Mo

i=1

®

nl +n2

n

Tnl+n2 Cnl = n
1

)
Hollw
=1 k=1
For example, if n; = 10 and n, = 14, there are nearly 2
million combinations. As demonstrated in Table I, a good
approximation to the probability can be obtained using a subset
of combinations, selected at random. In our implementation,
this modification is invoked if a full combinatorial search would
involve an excessive number of trials. The data of Table I and
other tests (not shown) indicate that, with typical distributions
of similarity scores, 1000— 10 000 combinations are required
to estimate the probability with an error of <1%. As the
Wilcoxonian test is dependent only on the rank of the scores
and not on their actual values, it is less dependent than the
Z-test on the values arbitrarily assigned to gap penalties and
is also, therefore, a useful check on the results of Z-tests
for larger samples.

The Monte Carlo simulations similarly use a combinatorial
search that is either full or sampled randomly. By redrawing
samples of sizes n; and n, from the pooled groups, the
frequency is calculated with which a difference in means exceeds
that of the original two groups. This crude, rank-independent
Monte Carlo test is used primarily to check the stability of

Table 1. Approximations to the Wilcoxonian test

Estimate of
Pr(W; < w, | Hy is true)

Combinations tested

10 0.500

32 0.156

100 0.110

316 0.139

1000 0.162

3162 0.164

10 000 0.165

31 662 0.168

100 000 0.169

All 1961 256 0.170
Samples of n; = 10 and n, = 14 residues were drawn from an alignment of

10 human rhinovirus (HRV) sequences (Palmenberg, 1989, and references
therein). The first group contained those residues that interact with the ‘WIN’
antiviral agents in both HVR14 and HRV1A, and the second contained those
that interact in the complexes of only one of the serotypes (Kim et al., 1993).
Although those residues interacting in both serotypes are more conserved than
those interacting in only one, the Wilcoxonian test showed that the difference
was not significant. The table shows the estimate of the Wilcoxonian statistic
(Walpole and Myers, 1972), calculated either systematically from all possible
combinations, or from smaller numbers of randomly drawn combinations.
Convergence upon the actual value is smooth and indicates that 1000— 10 000
combinations are required.

the Wilcoxonian test in case the ranking is hypersensitive to
small changes of similarity score. In fact, all three tests
usually agree well.

For all tests, the groups are defined using ranges of numbers
from a reference sequence (which can be that of a known
structure). Within a range, positions without a residue in the
reference sequence (insertions) usually need to be included. Half
of any insertion immediately before or after a range is also
included so that there is not an inherent bias linking the average
gap penalty assessed to the length of the range. This is especially
important if one is comparing a number of short segments to
all other residues.

The tests may depend on the gap penalties whose values are
somewhat arbitrary. To check for such a dependence, a test
can be rerun, excluding all residues where there is a gap in
one of the aligned sequences. When the tests agree, it can be
concluded that the difference in similarity is not an artefact of
the gap penalties. Disagreement might have several causes:

® With differing numbers of gaps and if excessive penalties
have been used, an artificial difference in similarity scores
may have been created.

® There may be a real difference in the distribution of gaps
that might be biologically relevant.

® The residues of highest sequence variability are likely also
to be the sites of gaps. By excluding ‘gapped’ residues,
particularly if the alignment contains many sequences,
only a small number of the most conserved residues of each
group may remain.

If a difference in similarity is only significant when ‘gapped’
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residues are included, the first of these possibilities must be
eliminated for the difference to have any biological importance.
It can be eliminated if the difference remains significant when
the test is repeated, including gaps, but with penalties to values
that could not be considered excessive. Penalties of zero are
a very conservative choice when using the Dayhoff mutational
distance matrix normalized by Gribskov and Burgess (1986),
which has a mean matching score of zero.

Implementation

Alignment graphics

To facilitate the identification and interpretation of regions
of the sequence with significantly high or low similarity,
sophisticated graphical output can collate sequence and structural
information in a way that incorporates and extends greatly the
functions of the GCG programs Pretty and Plotsimilarity
(Devereux et al., 1984; Genetics Computer Group Inc., 1991).
The following information can be presented, aligned one above
another, according to the position within the aligned sequences.

1. Sequences, including a consensus sequence, numbered at
the beginning and end of each line.

2. Sequence numbers for every 10th residue of a reference
sequence of choice.

3. Labels for individual residues (surface residues or the sites
of mutations, for example), or ranges of residues (secondary
structural elements, for example). As the positions of these
annotations are defined with reference to a sequence of
choice, they are automatically updated if the sequence
alignment is changed.

4. Arbitrary functions that vary according to the sequence
position may be plotted. These will usually include the
individual residue similarity scores and smeared similarity
scores. These scores can be overlayed upon horizontal lines
of standard error about the mean of the scores (Spiegel,
1975) to give an approximate guide to the significance of
individual scores. Other externally calculated functions may
also be plotted. Some functions might be calculated from
a sequence, such as the propensity to form secondary
structures (Chou and Fasman, 1978), or the hydrophobic
moment (Eisenberg et al., 1984). Others, such as solvent
accessibility (Richards, 1985) might be calculated from a
known structure. Graphs may be superimposed with different
line types and ordinate scales or stacked one above another,
all aligned with the sequences.

5. Numerical values for the similarity scores, tabulated to align
with the sequences.

The contents and ordering of the display are flexible as are the
page layout, magnification and fonts. Each sequence is split
up into a number of panels that is dependent on the page or
screen and font sizes.

The graphics output is viewable on a great variety of devices

including several graphics terminals, with and without Tektronix
4014 emulation, personal computers, workstations and several
printers including those with PostScript® (Adobe Systems Inc.,
1990) support.

Correlation with structure

Especially conserved or variable regions formed by the
juxtaposition of different parts of the linear sequence or at the
interfaces between subunits become obvious when the similarity
scores are mapped to the three-dimensional structure of one of
the sequences, if known. Residues may be colored according
to sequence similarity to display the molecular surface using
the program Roadmap (Chapman, 1993 and example therein)
or the full three-dimensional structure using ‘O’ (Jones et al.,
1991). Residues of the reference structure that are deleted in
other sequences have similarity scores that are lowered by gap
penalties. Residues of sequences that form insertions relative
to the reference structure cannot, by definition, be viewed
directly. To highlight the locations of such insertions, the scores
of the residues of the reference structure that are immediately
before and after an insertion are averaged with the lower gap-
penalized scores of the inserted residues.

Program input

The program can be run in a batch queue or interactively on
any ASCIH terminal. Program control is through hierarchical
character-based menus and free-format input. Control may be
redirected to nested input files to run frequently used option
sequences. Defaults are used for most parameters unless they
are changed through command-line control or through the run-
ning of specific options.

Relative to the length of one of the constituent sequences,
the length of a multiple sequence alignment is extended by in-
sertions in other sequences. The position of a particular residue
within the alignment depends on the locations
and sizes of preceding gaps. Consequently, the position depends
on which other sequences are contained in the alignment and
how they have been aligned. In the current implementation,
look-up tables are maintained so that input and output residue
positions can be specified according to a reference sequence
of choice. This facilitates the annotation of important residues
and secondary structure and the definition of groups of residues
for hypothesis testing. Furthermore, residue-specifying com-
mands do not need to be updated when the alignment is changed.

Discussion

As an example, the sequence similarity for a part of the
N-terminal region of viral protein (VP)1 of picornaviruses is
displayed in Figure 1. The sequence similarity was calculated
from 51 sequences aligned by Palmenberg (1989), grouped into
11 families of 2— 13 sequences with each family corresponding
to a sub-genera as proposed by Palmenberg (1989). Gap
initiation and lengthening parameters of 3.0 and 0.15 respec-
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