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ABSTRACT Protein sequence alignment has
become a widely used method in the study of newly
sequenced proteins. Most sequence alignment meth-
ods use an affine gap penalty to assign scores to
insertions and deletions. Although affine gap penal-
ties represent the relative ease of extending a gap
compared with initializing a gap, it is still an obvi-
ous oversimplification of the real processes that
occur during sequence evolution. To improve the
efficiency of sequence alignment methods and to
obtain a better understanding of the process of
sequence evolution, we wanted to find a more accu-
rate model of insertions and deletions in homolo-
gous proteins. In this work, we extract the probabil-
ity of a gap occurrence and the resulting gap length
distribution in distantly related proteins (sequence
identity < 25%) using alignments based on their
common structures. We observe a distribution of
gaps that can be fitted with a multiexponential with
four distinct components. The results suggest new
approaches to modeling insertions and deletions in
sequence alignments. Proteins 2001;45:102-104.
©2001 Wiley-Liss, Inc.
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INTRODUCTION

For the past decades, protein sequence alignment has
become a widely accepted first step in the study of newly
found protein sequences. Popular sequence alignment
software include FASTA,' BLAST,>® SSEARCH,* and
more recent iterative methods such as PSI-BLAST.? Based
on dynamic programing algorithms, these methods can
identify homologies between the target protein and those
in currently-available protein sequence databases. Identi-
fication of such homologs can provide valuable information
regarding the structural and functional properties of the
target sequences.

In most of these sequence comparison programs, a
scores 0 will be calculated on the basis the aligned pairs of
amino acid, and affine gap penalty will be used to assign
scores to insertions and deletions where residues from one
sequence were aligned with “gaps” in another sequence:
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where m(A;, A)) refers to the number of times that amino
acid type A; is aligned with amino acid type A, n, is the
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length of gap %, v, ; represents the contribution to the score
for any amino acid match or mismatch, and v,,, ; and
Ygap—r Tepresent the penalty for opening a gap and
extending the gap, respectively. The use of this two-
parameter affine gap penalty is motivated by two assump-
tions: first, residues in the gap are randomly distributed;
second, the probability of the gap occurring at any location
is a geometric distribution of the form

_ exp(—1/n)
P(n;) = Pg(m)eXp(—nkﬁ\) (2)

where P, is the probability of opening a gap. Thus, the
probability @, of the occurrence of gap £ with length of n,,
found opposite a stretch of amino acids {A;} in the corre-
sponding homologous protein is

Q. =P(ny) = [ [ q(4) (3)
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where q(A,) is the probabilities of the random residues
occurring in the homolog.

We generally are interested in the log of the ratio of the
probability of the observed match to the probability that
such a match would occur at random in nonhomologous
proteins. When we divide @, with the residues expected to
occur in a random match to a nonhomologous protein, the
q(A,) cancel out. Taking the logarithm yields a contribu-
tion to the score of gap k& equal to

) exp(—1/\)
05" = log(P,) + 1og(m> N @)

which corresponds to equation 1 if v,,, ; = log[P /(1 —
exp( — /M) — 2/ and vy, g = —1/A.

The affine gap penalty captures the qualitative sense
that, evolutionarily, it is harder to open a gap than to
extend one. On the other hand, the affine gap assumption
is an obvious simplification of the real world in which there
are different mechanisms for a sequence to be inserted or
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to be deleted. For example, the “bulge” of one strand may
cause deletion in the daughter strand during the DNA
replication; the repair of the “bulge” may also cause
deletion of a DNA strand. Crossovers and transpositions
can introduce even larger insertions and deletions.® Using
a single expression to represent the multiplicity of compli-
cated events that have accumulated over a long evolution-
ary time can have a significant impact on the accuracy of a
scoring scheme. This finding suggests that we can improve
sequence alignment methods by implementing a more
accurate gap penalty scheme.

To determine an appropriate scoring scheme, we want to
examine the real evolutionary pattern of insertions and
deletions, which can also help us understand the underly-
ing evolutionary processes. To do this, we take advantage
of the availability of sets of structurally similar proteins
that have been aligned on the basis of their shared
structures, in our case the Family of Structurally Similar
Proteins (FSSP) database.” Although the structurally based
alignments do not necessarily reflect the correspondence
between evolutionarily related amino acids in the two
sequences, it is still the best available approach for distant
homologies. We performed a maximum entropy analysis of
the distribution of insertions and deletions in distantly
related homologs, finding that the distribution fits a
multiexponential expression with four distinct compo-
nents. Possible applications to sequence alignment meth-
ods are also discussed.

MATERIALS AND METHODS
Theory

We use the structurally aligned set of proteins to gener-
ate a distribution of the length of observed insertions and
deletions of the form {x,}, where x, is the number of
observed gaps of length n. We are then interested in
representing the observed distribution with a model, which
we will represent with M. M includes all of the various
parameters to be determined based on the data.

According to Bayes’ theorem, the conditional probability
of the model given the data D and underlying assumptions
U, P(M|D, U) is proportional to the product of P(D|M, U)
P(M|U) where P(D|M, U) is the probability of the observed
data resulting given the model and the underlying prior
assumptions, and P(M|U) is the prior probability of the
model given only the assumptions. The most likely model
is the one that maximizes P(D|M, U) « P(M|U), or equiva-
lently the sum of the logarithms of these two terms.

We assume the data {x,,} fits a sum of N exponentials of
the form.

N
Est(x,) = >, Ajexp(n/\,) (5)

i

where Est(x,,) is the expected value of x,,. For the a priori
assumption that the observed gaps are randomly distrib-
uted among the various components in the multiexponen-
tial, the logarithm of P(M|U) is proportional to the entropy
S given by
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Fig. 1.
length distribution, compared with a quadruple-exponential fit (Eq. 8).

Log plot and log-log plot of observed structure-based gap

S = - > plogp (6)

i

where p;, is the fraction of all gaps in component i, equal to
p; = (AN, (Ap\,).2 Assuming random and sufficiently
large statistics, the logarithm of P(D|M, U) is proportional
to the conventional —2. In this framework, we then want
to minimize

Xl—ax*8 )

where a represents the relative weight of the two terms
and our confidence in the presumed prior.

The probability of gap occurrence P, is calculated by
counting the total number of gaps and dividing by the total
number of locations in the sets of aligned proteins where a
gap could start, that is, the locations not either in gaps or
immediately following a gap.

Database Preparation

There are several structure based categories of protein
space,” but only FSSP” has explicit structure alignment
profiles. In each FSSP set, a group of structurally related
sequences are aligned with one representative sequence,
with explicit alignments profiles. We use a set of 1959
FSSP protein sets and chose those sequence pairs with
identity = 25% in each aligned set, for a total of 167,712
locally aligned sequences. All gaps with length < 200
residues were tabulated. The probability of gap occurrence
for sequence identity < 25% sequences is P, = 0.030.
Figure 1 shows the gap length distribution of FSSP
structural alignments.

RESULTS

As shown in Figure 1, the gap length distribution cannot
be represented as a straight line in a log plot, indicating
that the distribution cannot be represented with a simple
exponential. As described above, we used a maximum
entropy formalism to fit the data to a multiexponential.
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Fig. 2. The distribution of exponential terms obtained with a maximum
entropy fit, fora = 1.

Our initial formula contained 600 exponential terms with
values of \; geometrically distributed between 0.021 and
400. We minimized x> — a * S as described in Eq. 7 with
a = 1,100, and 1,000. All three optimizations yield four
distinct peaks in the distribution of A,\; values, as shown
in Fig. 2 fora = 1. On the basis of these results, we fit the
data to a simple quadruple exponential. The optimal fit
was obtained with

P(n) = 1.027 - 10 2%exp(—n/0.96)
+3.031- 10 %exp(—n/3.13)
+6.141 10 *exp(—n/14.3)
+ 2.090 - 10 °exp(—n/81.7) (8)

where P(n) is the probability of gap with length n.

We can approximate this quadruple exponential in a
piecewise manner as four separate exponentials appropri-
ate for different size gaps. The corresponding gap penalties
can be set by using Eq. 4 or through optimization.'® In this
way, we can implement these distinct insertion and dele-
tion statistics into standard dynamic programming rou-
tines as a set of affine gaps with only a small increase in
computational complexity, keeping the favorable scaling
relationships of standard dynamic programing.

DISCUSSION

The gap length information generated from the struc-
tural alignment of these protein sequences verified our
suspicion of the validity of an affine gap penalty. As shown
above, the gap length distribution is not a single exponen-
tial as assumed by an affine gap penalty. Instead, it can be
satisfactorily fit by a quadruple exponential. It is possible
that more data would provide better resolution of the
distribution of gap lengths. But the quadruple affine gap
can be easily incorporated into standard dynamic program-
ing methods with only a moderate increase in the computa-
tional complexity.

The distribution of gap lengths may represent different
mechanisms of insertions and deletions, with particular
length scales. For example, DNA mispairing will only
affect a small portion of DNA, generating short indels.
Conversely, insertions and deletions caused by crossover
or transposition events generally include longer se-
quences. These different approaches probably have differ-
ent rates, generating the observed complex pattern of gap
lengths.

Our quadruple exponential model was generated from
distantly related protein sequences, so it can be most
appropriately used in aligning dissimilar sequences. If
these four terms in fact represent different evolutionary
processes, it is likely that the quadruple exponential model
with appropriatly adjusted gap penalties can be used in
sequence alignments for other evolutionary distances.

Benner et al.’! inferred a power-law distribution of gap
lengths. According to this model, the distribution of gap
lengths should be linear on a log-log plot. As seen on the
log-log plot in Figure 1, although this holds for shorter
gaps (M), this is not consistent with our data for longer gap
lengths. It is not possible for our data to be represented by
a sum of such power-law distributions because this would
result in a concave-up curve in a log-log plot in contrast to
the concave-down shape in Figure 1. The concave-down
shape also argues against a logarithmic gap penalty even
for shorter gaps, because the mechanism in the shorter
gap region would be expected to extend to the longer gap
length region by evolutionary accumulation, again result-
ing in a concave-up shape.
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