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Abstract. A given group of protein sequences of different lengths is con-
sidered as resulting from random transformations of independent random
ancestor sequences of the same preset smaller length, each produced in
accordance with an unknown common probabilistic profile. We describe
the process of transformation by a Hidden Markov Model (HMM) which
is a direct generalization of the PAM model for amino acids. We formu-
late the problem of finding the maximum likelihood probabilistic ancestor
profile and demonstrate its practicality. The proposed method of solv-
ing this problem allows for obtaining simultaneously the ancestor profile
and the posterior distribution of its HMM, which permits efficient deter-
mination of the most probable multiple alignment of all the sequences.
Results obtained on the BAIiIBASE 3.0 protein alignment benchmark
indicate that the proposed method is generally more accurate than pop-
ular methods of multiple alignment such as CLUSTALW, DIALIGN and
ProbAlign.

Keywords: Multiple alignment problem, protein sequences analysis,
EM-algorithm, HMM, common ancestor.

1 Introduction

The problem of multiple alignment of protein sequences is a fundamental prob-
lem for modern bioinformatics. It arises from applications such as secondary and
tertiary structure prediction |1], reconstructing complex evolutionary histories
[2,13], locating conserved motifs and domains [4], and constructing phylogenetic
trees [4].

The bioinformatics literature is replete with diverse alignment methods and
tools. However, only few of them, such as multidimensional dynamic program-
ming [6], have a mathematically strict problem formulation followed by a sound
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optimization procedure. Those with mathematical formulations which try to take
into account information about protein evolution |7] are NP-hard and cannot be
applied for aligning more than a few sequences [§]. Approximations which are
not based on evolutionary trees and stars |9] and other fast heuristics, such
as approaches like those which include a large family of progressive alignments
[10, 111], are less biologically relevant.

Profile-based algorithms with iterative updating [12] and HMM-based ap-
proaches [13-16] have an essential common disadvantage: their results strongly
depend on the initial approximation. An additional problem which is typical
for HMM-based multiple alignments is that of deciding on how to select model
parameters.

In this paper, we consider a new approach to the problem of multiple align-
ment on the basis of the simplest probabilistic model of protein evolution built
as a relatively straightforward generalization of Margaret Dayhoff’s PAM model
(Point Accepted Mutation) developed for the alphabet of single amino acids
A= (a'...a?) [17]. It is assumed that the amino acid sequences w; = (wj; €
A, t =1...N;) forming the set to be processed jointly 2* = {w;,j =1... M}
are results of independent random Markov chains of insertions/substitutions ap-
plied to some unknown n-length ancestor sequences ¥; = (Vj,i =1...n),j =
1...M, specific for each w; of greater length, n < min{N;,j =1...M}. The
elements of the hidden sequences ¥;; are a priori assumed to be randomly and in-
dependently chosen by nature according to a sequence of n unknown probability
distributions over the set of 20 amino acids ¥; € A.

The goal of the analysis is to estimate these probability distributions as the
sought-for n-length profile playing the role of a model of the given protein set.

Such a result is not in itself a multiple alignment, but any instance of the j-th
insertion/substitution transformation cuts out a n-length subsequence from the
corresponding amino acid sequence wj; = (...@j4 ... Wyt - - - Wy, - - - ), which is
associated with the successive elements of the supposed ancestor (1...n). This
process will generate a vast diversity of versions of how these positions could be
assembled into n relatively conserved columns.

The algorithm yields the posterior distribution over the set of possible multiple
alignments relevant to the given set of proteins, covering the large variety of
versions of how these positions can lead to n relatively conserved columns. So
we can easily find the most probable multiple alignment.

2 Dayhoff’s PAM Model of Evolution within the Amino
Acid Alphabet

The formulation of the multiple alignment problem considered in the present
paper is based on the pioneering model of amino acid evolution Point Accepted
Mutation (PAM) introduced by M. Dayhoff in 1978 [17]. The PAM model rep-
resents predispositions of amino acids towards mutual mutative transformations
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as a square matrix of conditional probabilities that amino acid o will be sub-
stituted at the next step of evolution by amino acid o/ :

¥ = (¢Y(d]a’), o, o’ € A)(20 x 20), Z W(ad|at) = 1. 1)
aleA
The main probabilistic assumption underlying the PAM model is that the Markov

chain defined by the transition matrix ¥ possesses the two classical properties:

— ergodicity, namely, existence of a final probability distribution over the set
of amino acids £(a?) = 3 i c 4 ()Y (o),
— and reversibility £(a®)y(a?|a?) = £(a?)p(at|ad).

3 Model of the Common Origin of a Set of Proteins

Let 2 be the set of all finite amino acid sequences w = (w¢,t = 1,...,N),
wy € A = {al,...,a?"}. We shall use also the notation 2, = {w = (w;,t =
1,...,N),ws € A/ N = n} for the set of all sequences having a fixed
length n.

We proceed from the following probabilistic assumptions on the common ori-
gin of the proteins to be analyzed jointly 2* = {w;,N; > n,j = 1,...,M}.
These assumptions are essentially based on those taken in [18], aimed at an
evolution-based pairwise comparison of proteins. On the one hand, we simplify
them, because we use here only one particular class of described in [18] random
transformations of sequences. But, on the other hand, we generalize this model
because several amino acid sequences can be jointly processed here instead of
just two.

Hypothesis 1. Each of the amino acid sequences in the given set 2* = {w; =
(Wi, t =1,...,N;),5 =1,...,M} is considered as having evolved from its spe-
cific hidden ancestor 9; = (¥;; € A, i = 1,...,n) € {2, through independent
known random transformations represented by the family of conditional proba-
bility distributions @, (w|d;) , ZWEQNJ» Yin(wl¥;)=1.

Hypothesis 2. Let the length n of the random ancestors ¥; € (2, be fized,
and their elements 95 be drawn from the alphabet of amino acids in accordance
with a common sequence of unknown independent probability distributions (ﬂi(ﬁ),

IEA), Yyen Bild) = 1.

Each of these distributions is completely represented by a 20-dimensional
vector of probabilities 3, = (8},...,3?9) € R29, ZiO:l BF = 1. It should be
noticed that the sequence of distributions 8 = (8,,i = 1,...,n) € R?°" corre-
sponds to the notion of the probabilistic profile, which is commonly adopted in
bioinformatics.
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This profile is the common parameter of identical independent probability
distributions of the hidden ancestors ¥; for each of the observed amino acid
sequences :

Pa(951B) = pu (@1, ... Ujnl By .- B,) = [ [ Bi(¥si)- (2)
=1

So, it is assumed here that the entire given set of amino acid sequences 2% =
{wj,N; >n,j=1,..., M} has evolved from the same hidden profile 3.

Hypothesis 3. The transformation onn(w|9) of the n-length ancestor ¥; € §2,,
into some random protein w; of random length N; > n is a concatenation of the
two following random mechanisms.

The first step of the transformation is a random choice of the structures

= (1 < v < -+ < vy,) of transformations independently for each of the
resultmg sequences ¥ — w, v, < N, namely, assigning the positions w =
(.. @y, -+ Wy, ... Wy, ...)into which the elements of the ancestor 9= (¥4, ..., 9, )
will be mapped. These positions are called in [18] key positions. The apriori dis-
tributions of the respective key-position vectors gn,(v) = gnn(v1,...,v,) are
assumed to take into account only the gaps between the key positions v; — v;_1
and be indifferent to the lengths of both tails v; and N —wv,,. Distributions ¢x, (v)
are necessarily specific for each of the lengths N;,j = 1,..., M, because of the
constraints v,, < Nj:

n

X H g(,UZ _Ui71|a7b)vvn < Nja
=2

=0,v, > Nj,

qn;n(vla,b) =

. Ldi =v; —vi_1 =1,
g(vi = vi-1la, b) o {exp [—cla+b(v; —vi—1))],di > 1,
a>0,b>0,c>0.

Such a distribution ranks one long gap as more preferable than several short
ones adding up to the same length.

The second step is filling the key positions in the resulting sequences with
random amino acids in accordance with Dayhoff’s conditional mutation proba-
bilities ¢ (wy,|¥;) (). The structure-dependent conditional transformation dis-
tributions are assumed to be completely uniform relative to amino acids in other
positions:

(]9, v) oc [T v(wn, [9:), (4)

i=1
where v € Vy,, for each specific N = N; , and Vy,, is the set of all n-length

transformation structures with respect to the length of the sequence 1 < v; <
< v, <N.
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It follows from Hypotheses Bl that each transformation ¥ — w = w;, N = N;,
is defined as the mixture

onn(w|d) = Z qnn (V) (W], v),w € N2, (5)

vEVNR

and, in accordance with Hypotheses 2] the marginal conditional distribution of
the sequence of length IV is expressed as

InwIB) = Y qna(v)in(wlB,v),w € 2y, (6)
vEVNR
where ~ -
G(@]B,v) = Y (W[, v)pa (9]B) (7)
9en,

is the conditional distribution of a single random sequence with respect to the
assumed structure v € Vy,, of its evolving from the unknown random ancestor
of length n.

4 Maximum-Likelihood Estimation of the Common
Profile

It follows from Hypothesis 1 that the joint distribution of independent sequences
making the given set 2* = {w;,j =1... M} is the product of individual distri-
butions (&)

E

F(27|B) = H S (w;|B). ®)

This is, in effect, a likelihood functlon with respect to the sought-for profile
whose maximum-likelihood estimate will be given by the maximum point of this
function:

M
B = argmaxIn F(£2*|8) = argmalen Z an,n (V)G (wj]8,v). 9)

B B j=1 weVn;n

The presence of a sum within the logarithm seems to hinder the maximization.
But on the other hand, the set of sequences 2* = {w;,j = 1... M} is the
observable part of the two-component random object (£2*,7,,) whose hidden
part 15, = (v; € V;pn,j = 1...M) is the collection of the sequence-specific
transformation structures.

This fact suggests the application of the Expectation-Maximization (EM)
principle, which results, in this case, in the following iterative procedure s =
1,2,3,... , starting with an initial approximation 8, = (B1.os-+Bno) € R207,

Let B, = (ﬂl,s, . ,,Bn,s) be approximation at step s, and
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be the a posteriori probability of the event v;; = ¢ in the transformation structure
vj = (1 < w1 <--- < vjp) , which means that the i-th element 3; ; of the
profile B, = (B, ---,B,.,) is associated with the ¢-th element wj; of the j-th
sequence w; = (wj1, .. .,w;n;). The next value of the i-th element of the profile
Bisi1 = (Blairr- - 07%,1) € R* is defined as

20 20
(ﬁ}’sﬂ, e ’52‘2,2“) = argmax hé In 3 ¥(at|a®) Z’»“,
(BL,...,B20)€R20 [=1 k=1

n (11)
S Bk =1,8>0k=1,...,20,
k=1

M N _
where bl = 3" 3" Iwj; = a!]pi(B,, w;) , and indicator function Ifw;; = o!] = 1
j=1i=1
if the condition wj; = a! is met, or 0 if not. Solving this problem is provided by
the well-known gradient projection algorithm.

Theorem 1. The choice of B,y = (B1o11---Bnst1) in accordance with (I
provides that the inequality F((Z*|Bst1) > F(£2*|8,) holds true at each step s

Proof. The proof directly follows from the standard derivation and reasoning for
EM algorithms.

Computation of posterior probabilities (0] is also a standard problem, in this
case, in the theory of hidden Markov models, because the random transformation
structure v = (1 < vy < -+ < v,) with independent gaps defined by (3) is a
Markov process for each amino acid sequence in the data set under analysis
2 :{Wj,jzl,...,M}.

5 Choosing Main Parameters of the Algorithm

The main parameters of the proposed algorithm are the length n of the common
profile B = (B4,...,,) and the initial approximation for the profile B, =
(Bo,1s- -+ Bon)-

These parameters can be chosen by a number of different ways. For example
it appears reasonable to take the value n which provides the minimum average
entropy of the profile columns:

= arg;nin (—711 zn: zn:ﬁf lnﬁf) (12)

i=1 k=1

>

This criterion satisfies the requirement of the final goal of the analysis, which is
understood as finding the most conserved columns of amino acids in the given
set of proteins.

When the likelihood function (&) has only one maximum, i.e., the set of its
stationary points {8 : VzF(£2*|8) = 0} C R?" is convex, the choice of the
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initial approximation 3, = (Bo.1>--->B0.,) is not too significant. For instance,
it is enough to take the sequence of uniform distributions over the set of amino
acids By ; = (1/20,...,1/20) e R*®, i =1,...,n.

However, when the sequences under analysis 2* = {w;,j = 1...M} have
low identity, the likelihood function has a tendency to be not unimodal. In this
paper, we choose both parameters n and 3, € R2°" at once by computing them
using the multiple alignment obtained by some different method, for example
ProbAlign. The number of columns without gaps in this alignment defines the
length of the common profile n, and the distributions of amino acids in these
columns are taken as the initial distributions B ;,..., 8, The efficiency of
such approach is confirmed by results of experiments.

6 The Most Probable Multiple Alignment

The n-column profile 3 found as the maximum-likelihood estimate (@) of the
fuzzy common subsequence of the assumed preset length n in the given set of
proteins may be considered as the goal of their joint analysis. But the final
a posteriori probabilities p;(8,w;) = P(v;; = t|3,w;) ) of the positions
associated with each of the single amino acid sequences for successive elements
of the supposed common ancestor (1,...,n) show a vast variety of versions of
how these positions could be assembled into relatively conserved columns. This
is the posterior distribution over the set of possible multiple alignments relevant
to the given set of proteins.

The a posteriori most probable one will be given by the solutions of separate
optimization problems corresponding to single proteins wj,j =1...M:

n

v; = arg max ~.A,w',
5 = argmax [ pu. (8, ;) (13)

Vji 2 ’Uj’i,hi =2...n.

This is a standard dynamic programming problem.

7 Experimental Results and Discussion

7.1 Characteristic Features of the Proposed Alignment and Its
Visual Representation

It should be noted, that the form of multiple alignment obtained in accordance
with ([[3) is different from the most conventional form of multiple alignment. The
proposed approach actually produces only n columns without gaps, each of which
corresponds to the respective i-th (i = 1...n) element of the alleged common
ancestor of the sequences. Other amino acids are not aligned. An example of a
visual representation of a multiple alignment produced in accordance with our
approach is presented in Figure 1,b. In contrast, Figure 1,a shows the traditional
form of the benchmark multiple alignment produced by biologists.
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The main part of our alignment in Figure 1,b is separated from the rest at
the left and at the right by three empty columns, each of which contains only
gaps. Left fragments of the sequences, which precede the main part, are flushed
right, whereas right fragments, following the main part, are flushed left. Amino
acids located between the ungapped aligned columns are conventionally flushed
to the centers of idle intervals.

Corspriaton

W
only ungapped columns are aligned

Fig. 1. Examples of multiple alignments: (a) manually-refined benchmark alignment
and (b) alignment produced by the proposed approach

7.2 Alignment Benchmark

We tested our approach on a subset of BAIIBASE 3.0 @], which is the database
of manually-refined multiple sequence alignments specifically designed for the
evaluation and comparison of multiple sequence alignment programs.

For our tests we used families of short proteins from 3 different
sets of BALiBase RV11, RV12 and RV20. The set RV11 contains equidistant
families with sequence identity less than 20%, while RV12 contains equidistant
families with sequence identity between 20% and 40%. Both of these sets lack
sequences with large internal insertions (> 35 residues). The set RV20 contains
families with > 40% similarity and an orphan sequence which shares less than
20% similarity with the rest of the family.

The main characteristics of the tested families are presented in Table [l

7.3 Determining Prediction Accuracy

Given a true and an estimated multiple sequence alignment, the accuracy of
the estimated alignment is usually computed using two measures: the sum-of-
pairs (SP) and the true column (TC) scores. The SP score is a measure of
the number of correctly aligned residue pairs divided by the number of aligned
residue pairs in the true alignment, and TC is the number of correctly aligned
columns divided by the number of columns in the true alignment. Both of them
are standard measures of computing alignment accuracy. The source code of a
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Table 1. Characteristics of the considered families

Set Family Description Number of Lengths Number of
name sequences columns with-
out gaps in
benchmark
laab high mobility group protein 4 83 —91 76
- laboA SH3 8 52 — 193 47
> 1bbt3  foot-and-mouth disease virus 6 186 — 283 150
B lesy SH2 4 104 — 540 91
1dox ferredoxin [2fe-2s] 4 97 — 337 78
laxo toxin II 8 58 — 85 51
2 1fj1A homeodomain 9 49 — 254 49
> 1lhfh factor h 4 118 — 129 115
~ lhpi high-potential iron-sulfur protein 6 71 — 85 65
1krn serine protease 5 79 — 475 78
lidy myb dna-binding domain 38 54 — 256 45
S 1pamA cyclodextrin 16 247 — 527 215
> lpgtA glutathione 31 202 — 244 175
% JtvxA pertussis toxin 29 64 — 167 50
lubi ubiquitin 47 76 — 155 67

program for computing these scores is available for download at the BALiBase
site [20]. However, this program is not accurate enough, it has a tendency to
overstate the TC and SP scores and, moreover, to give values greater then 1,
which is impossible given the definition of these scores.

In this connection, we use our implementation of the procedure for computing
Bali-scores. It should be noticed that our procedure, in contrast to the original
one, takes into account only pairs of amino acids which belong to the columns
without gaps. This approach is much more appropriate for the principle of mul-
tiple alignment proposed in this paper but, as a rule, yields smaller values of
scores.

7.4 Experimental Setup and Results

For each family under consideration, four multiple alignments were computed.
Three of them were produced by the popular multiple alignment tools
CLUSTALW, DI-ALIGN and ProbAlign, which were run on their respective
servers. The value of the constant for the ProbAlign algorithm, called ”the ther-
modynamic temperature”, was chosen to be 5 as the most reasonable value
according to publications [14]. The remaining parameters of this and other al-
gorithms were set at their default values.

Finally, the 4-th alignment was produced in accordance with the proposed
approach, started from the resulting alignment of ProbAlign as initial approxi-
mation.

The four-way comparison of SP and TC scores is presented in Table 2. The
best values of scores are highlighted in bold font.
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Table 2. Results of comparing multiple alignment procedures. TC/SP scores of mul-
tiple alignments produced by different algorithms.

Set Family CLUSTALW DIALIGN ProbAlign The proposed
approach
laab  0.92/0.96  0.91/0.93 0.83/0.87 0.99/0.99

— laboA  0.00/0.38  0.00/0.00 0.00/0.54  0.00/0.45
S 1bbt3  0.00/0.20  0.00/0.00 0.29/0.42  0.28/0.36
M lesy 0.37/0.42  0.31/0.37  0.46/0.56  0.51/0.56
ldox  0.00/0.24  0.40/0.46 0.62/0.71  0.64/0.75
laxo  0.29/0.54  054/0.64 0.69/0.87 0.87/0.93
~  IfilA  1.00/1.00  069/0.76 0.79/0.84  1.00/1.00
S 1hfh 0.68/0.78  0.39/0.53 0.78/0.85 0.75/0.85
 lhpi 0.59/0.72  0.37/0.57  0.40/0.55  0.75/0.82
1krn 0.53/0.69  0.47/0.68 0.60/0.75  0.79/0.88
lidy  0.00/0.62  0.00/0.00 0.00/0.33  0.00/0.60
S lpamA  043/0.77  029/0.58 0.74/0.84  0.69/0.83
= lpgtA  0.47/049  014/052 0.26/0.69  0.27/0.68

ltvxA  0.00/0.64  0.00/0.00  0.00/0.41  0.00/0.46
lubi  0.00/0.68  0.00/0.03 0.09/0.49  0.08/0.48
mean  0.35/0.61  0.30/0.41  0.44/0.65 0.51/0.71

As can be seen, in more than half of all the above cases our proposed approach
yields the best results. The greatest success is achieved for families of the set
RV12. But also for other families, the TC and SP scores of our approach are
larger, in many cases, than scores of the main competitor ProbAlign. As a result,
the average scores for the proposed approach are the best.

In addition, some interesting statistics computed from Table [2 are presented
in Table Bl for comparing the proposed approach with the ProbAlign.

Table 3. Statistics computed from Table 2 for comparing the proposed approach with
the ProbAlign

TC / SP
The number of cases when our proposed approach 11(73%) / 10(67%)
is better or equal
The mean increment of scores 0.112 / 0.127
The mean percentage increment of scores 23% / 21%
The mean decrement of scores 0.025 / 0.036
The mean percentage decrement of scores 6% / 7.1%

8 Conclusions

In this paper we have proposed and tested a new formulation of the multiple
alignment problem. It is based on a deliberately simplified model of proteins
evolution, which is a direct generalization of the PAM model for amino acids. For
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solving the respective optimization problem we have used an iterative procedure
based on the EM-algorithm.

The first experiments show that the proposed approach outperforms other

methods of multiple alignment by mean values of TC and SP scores. It does not
yield the best scores for all considered cases, but it can be seen that, as a rule,
our method shows small decreasing and large increasing of scores in contrast to
other methods.
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