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Abstract—An algorithm for modeling the evolution of the regulatory signals involving the interaction with
RNA secondary structure is proposed. The algorithm implies that the species phylogenetic tree is known and is
based on the assumption that the considered signals have a conserved secondary structure. The input data are
the extant primary structure of a signal for all leaves of the phylogenetic tree; the algorithm computes the signal
primary and secondary structures at all the nodes. Concurrently, the algorithm constructs a multiple alignment
of the extant (in leaves) sites of a regulatory signal taking into account its secondary structure. The results of
successful testing of the algorithm for three main types of attenuation regulation in bacteria—classic attenuation (threonine and leucine biosyntheses in Gammaproteobacteria), T-box (in Actinobacteria), and RFN-mediated (in Eubacteria) regulations—are described.
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PROBLEM STATEMENT
Two problems. The problem to be considered
(hereinafter, problem 1) is to model the ancestral
states of noncoding genomic regions, namely, the
regions (sites) of RNA-mediated regulation, in an
analogous way as this problem is stated for the modeling of coding genomic regions (structural genes).
This problem is connected, yet does not coincide,
with the known problem (hereinafter, problem 2) of
constructing a multiple alignment of a specified set of
nucleotide sequences taking into account an assumed
(but unknown beforehand) common secondary structure in these sequences. There are algorithms for constructing multiple alignments that do not take into
account the common secondary structure and, if the
list of conserved helices constituting this presumable
common secondary structure is known, then these
algorithms or their improved versions can be used for
solving problem 2. However, such set of conserved
helices is usually unknown beforehand, and it is natural to connect the determination of this set (at least,
this is how we do) with solving problem 1: the conserved helices searched for are the helices that are sta-

ble during the evolution of a primary structure. In this
sense, the solution of problem 1 gives the desired list
of conserved helices of the secondary structures in a
specified set of extant RNA-mediated regulation sites,
thereby leading to the solution of problem 2. This
paper deals with problem 1.
A review of the modern state of the problem.
The problem of constructing a phylogenetic tree for a
protein family is well known and has been actively
studied [1–5]. The associated issues belong to the
even wider field of the modeling the evolution of species, described in a large body of literature [6–8].
The evolutionary models comprise modeling of
molecular level events, such as gene duplications,
originations, horizontal transfer, and losses, as well as
constructing and estimating various evolutionary scenarios (for example, see [9–14]). In particular, such
modeling can be performed concurrently with determining the lengths of tree branches by maximum likelihood estimation [15] or concurrently with constructing ancestral sequences provided that the initial data
have been previously multiply aligned (see also
http://evolution.genetics.washington.edu/phylip/software.
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serv.html, where the available software for constructing phylogenetic trees and the reconstruction of
ancestral sequences are listed). The corresponding
studies are connected with modeling the evolutionary
events themselves (for example, see [17–21]).
On the other hand, a considerable part of the bioinformatics research during the last two decades has
been connected with the mechanisms involved in the
regulation of gene expression, especially, in bacteria.
The most important among these mechanisms are the
regulation via protein–DNA interactions; classical
attenuation-based regulation; T-box regulation; and the
regulation involving RNA switches (riboswitches), certain special proteins, such as TRAP, or LEU elements.
The main problems here are the search for regulatory
elements (regulatory sites), functional and evolutionary analyses of the detected signals, and the modeling
of regulatory processes (for example, see [22–27]).
This problem is elucidated in hundreds of papers.
The biological aspects of the evolution of regulatory
structures are described by McAdams et al. [28].
As for the algorithmic aspects, ancestral sequences
have been modeled until recently without taking into
account the secondary structures or only partially taking them into account. Savill et al. [29] took into
account the secondary structures via the modification
of the standard model of nucleotide substitutions,
namely, by adding the event of simultaneous substitution of two complementary nucleotides in connected positions. Note that genetic algorithms were
applied to the simulation of helix evolution for
assessing the rate of nucleotide substitutions and
lengths of tree branches [30] as well as that the evolution of RNA secondary structures was taken into
account to construct a more probable phylogenetic
tree [31].
Our approach. We assume that a natural continuation of these two directions is modeling of the evolution of a regulatory signal along the phylogenetic tree
of species or proteins (for example, a transcription
factor) or along another tree corresponding to the evolution of a particular regulation. We have studied such
evolutionary processes for the regulatory signals of
amino acid metabolism when the mechanism of these
signals involves alternative RNA secondary structures. We are developing two approaches to modeling
such evolution. In both approaches, the phylogenetic
tree and regulatory sites in its leaves (sites of one type,
for example, sites of classical attenuation-based regulation) are given and the ancestral states of these sites
are searched for in all the tree nodes, including the
secondary structures in ancestral and extant
sequences.

Our first approach is detailed in [32] and was presented at several conferences [33, 34; (see also
http://lab6.iitp.ru, item 4)]. We will just relate briefly
this approach for the sake of completeness. A Gibbs
functional, H(σ), is put down in an explicit form, its
argument σ is a configuration, i.e., a function that
ascribes a nucleotide sequence (assumed ancestral
state of a regulatory signal in this node) to each inner
tree node. Thus, the configuration is a set of ancestral
states of the regulatory signal that is specified in the
leaves. This functional H(σ) = H1(σ) + H2(σ) comprises
two conditions (constraints) for the desired configuration σ: (1) for each sequence σ(k) (i.e., for the value of
σ in the kth tree node) and along each edge leaving this
node at each position i = 1, …, n of this sequence σ(k),
an independent substitution of letters occurs according to the substitution matrix R as well as insertions
and deletions and (2) the sequences σ(k) from configuration σ, when possible, preserve the secondary
structure from the edge beginning to its end and
along the pathway in the tree (for many generations);
in this process, the longer and more numerous the
pathways, the smaller is the functional. The first condition is represented in the term H1(σ), which
describes a standard dynamics of regulatory site primary structure, and the second, in the term H2(σ),
which describes the dynamics of site primary structure that provides for maintaining a high degree of
the secondary structure conservation. The global
minimum of the H(σ) functional is searched for;
according to the first approach, it corresponds to the
biological evolution of the regulatory signal specified in tree leaves by only primary structure. Thus,
H(σ) represents the biologically motivated principles
of a common evolution (dynamics) of primary structure and, concurrently, secondary structure conservation. This approach has been efficiently realized as a
software and tested using the same examples as
described below [32].
In this paper, we describe our second approach.
It is based on two other biologically motivated
requirements: (1) the secondary structure of a site
must be as much conserved as possible along the pathways in the tree (from leaves to the root, as in the first
approach; see below step 1 of the algorithm) and
(2) the primary structure of a regulatory site must permit the smallest number of evolutionary events as possible (parsimony principle; see below step 2 of the
algorithm).
Thus, the first approach is based on a conventional
model of nucleotide substitutions and the requirement
of conservation, while the second approach, on the
parsimony principle and the same requirement of conservation. These requirements reflect the generally
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accepted concept of evolution. Correspondingly, these
two approaches conceptually differ in their first
requirements. However, they fundamentally differ in
the implementation of these requirements—in the first
approach, this is a minimization by annealing of the
functional (exponent of the substitution matrix,
indels, and some complex mathematical expressions
describing the degree of conservation) and in the second, it is alternate alignments and minimizations of
quite a different functional.
These two requirements of the second approach
can be implemented in different ways, for example, it
is possible to determine an integral (for the overall
algorithm) functional with its minimum corresponding to the final configuration of ancestral sites or to
reach this final configuration by iterations, as
described in the algorithm below.
The purpose of several approaches to problem 1 is
in comparing the results they give. This is a method
for testing their adequacy, because experimental data
on the ancestral states of bacterial regulatory signals
are even more difficult to obtain than the data on
ancestral states of genes. Note that these two
approaches gave amazingly similar computational
results for biological and artificial data.
We have implemented the model and the algorithm
as a software and tested the algorithm using many
examples of classical attenuation-mediated regulation, T-box regulation, riboswitches, LEU regulation,
and so on. Note that our model is similarly applicable
to the evolutionary analysis of these quite different
regulations.
Multiple alignment of the initial sequences in
leaves is, in general, unknown and in no way assumed
given in our model. When testing our algorithm, we
noticed that the output alignments and secondary
structure were close to the known or postulated
(according to independent studies) alignments for the
sequences in leaves input to the algorithm. In addition,
the algorithm outputs the multiple alignment of all the
found sites at all the tree nodes taking into account a
coevolution of their secondary structures. Actually,
the algorithm also outputs as a side product the set of
evolutionarily conserved helices, which is a fundamental step in solving problem 2.
As mentioned above, we detail here our second
approach to solving problem 1; i.e., constructing the
evolution of regulatory signals (with their secondary
structure) in bacteria using an iteration procedure
with configurations of the next new type. Such configuration ascribes a sequence of distributions rather
than a nucleotide sequence (as in our first approach)
to each tree node; the distribution specifies the freMOLECULAR BIOLOGY
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quencies of all nucleotides and, possibly, the symbol
of a gap.
The sections Model Description, Algorithm, and
Examples of Applying the Algorithm to Biological
Data Analysis detail our model of evolution of the regulatory signal with secondary structure, describe the
algorithm used for constructing the ancestral states of
the signal specified in the leaves without specifying
the secondary structure, and demonstrate the application of this algorithm to biological examples of various regulation types.
MODEL DESCRIPTION
As mentioned above, the model is based on two
natural requirements: (1) the secondary structure of a
site must be as much conserved as possible along the
pathways within the tree (from leaves to root); see
below step 1; and (2) the primary structure of a regulatory site must contain as low number of evolutionary
events as possible; see below step 2.
A specific feature of the proposed model is in the
following. A sequence is ascribed to each tree node;
each position of this sequence is the frequencies of
five symbols—four letters (A, C, T, and G) and a gap
symbol (d). Thus, ascribed to the nodes are the
sequences of various lengths composed of the vectors
(distributions) with a length of 5; each vector consists
of the numbers from zero to one totally giving unity;
and these numbers correspond to the probabilities of
A, C, T, G, and d (hereinafter, the numbers correspond to these letters in the indicated order). Let this
sequence of vectors be named the sequence of distributions. Then the sequence ascribed to each node of
the same tree is naturally transformed into a common
nucleotide sequence with gaps (step 3, see below).
Each sequence characterizes or directly represents
the assumed site at a given tree node for one fixed
regulation, the mechanism of which requires that
RNA secondary regulatory structure is maintained
during the evolution. In addition to the sequences of
distributions, nucleotide sequences with gaps are
ascribed to the tree leaves. The algorithm operation
commences with the initial regulatory sites, which in
the further process will be filled with gaps.
Designate as σ a sequence of distributions with a
varying length n, where σi is its ith term (1 ≤ i ≤ n) and
name i the ith position in σ. Designate X(i, σ) the
fraction of letter X at the ith position in sequence σ.
Hereinafter, we do not distinguish between the
sequence of distributions that has a distribution with
one unity and the remaining zeros at each position
and the corresponding nucleotide sequence with
gaps. Note that for each leaf, the algorithm gives two
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variants of nucleotide sequence: one of them is designated with leaf number in the figures with even
numbers and the other is designated with species
name. Recollect that the initial sequence without
gaps is given for each leaf at the beginning of algorithm operation.
In this model, we consider alignments of the primary structures of the sequences of distributions, i.e.,
the sequences themselves as words in an infinite
alphabet, and their secondary structures as the words
composed of “helices” in the sequences of distributions. The alignment is regarded as an insert of gaps
into two words in a certain alphabet. For this purpose,
one of the standard alignment algorithms utilizing the
determined weights is applied to the words. The new
feature is that the secondary structures in the
sequences of distributions are taken into account.
It is necessary to define the term helix, given above in
quotation marks.
Let two positions, i and j, in the sequence of distributions σ be named complementary, if the following
sum
[min(A(i,σ),T(j,σ)) + min(T(i,σ),A(j,σ))]
+ [min(C(i,σ),G(j,σ)) + min(G(i,σ),C(j,σ))]
+ 0.5 [min(G(i,σ)-min(G(i,σ),C(j,σ)), min(T(j,σ)min(T(j,σ),A(i,σ))) + min(T(i,σ)-min(T(i,σ),A(j,σ)),
min(G(j,σ)-min(G(j,σ),C(i,σ)))]
+ 0.25 [min(d(i,σ),d(j,σ)]
is larger than a certain threshold, termed the complementarity threshold. It amounts to 0.5 in examples
1−4. The definition of complementarity reflects the
interconnection of two positions where the corresponding distributions are located. The definitions of
helix and loop in the sequence of distributions are naturally derived from the definition of complementarity
(for example, see [26, 35]). For example, a helix is
formed by the pairing of the maximally long segments
of complementary positions in the sequence of distributions. As usual, we name these segments arms.
Thus, the definitions of complementarity and helix for
the sequence of distributions is a natural generalization of the common definitions for a nucleotide
sequence.
To define the energy of helix, we generalize a standard definition (for example, see [26]), where the
energy is summed for quadruplets of nucleotides
(pairs of neighboring paired nucleotides). In our case,
the summing is performed for analogous quadruplets

of distributions. In the case of such a fixed quadruplet
F of distributions, we designate as X(i) the frequency
of nucleotide X in the ith component of the quadruplet.
Then the energy components corresponding to F is
X ( 1 )Y ( 2 )Z ( 3 )V ( 4 )
E f ------------------------------------------------, where the sumf = 〈 X, Y , Z, V 〉
S
ming is performed over all the possible quadruplets f
of nucleotides, Ef is the contribution of quadruplet f to
energy calculated in a standard manner, and normaliz-

∑

ing divisor S =

∑

f = 〈 X, Y , Z, V 〉

X ( 1 )Y ( 2 )Z ( 3 )V ( 4 ).

As usual, the energy thus calculated is supplemented
with the terms that take into account the inner and
outer loops. The loop length is defined as the sum of
all nucleotide frequencies in it. The additional terms
(entropy) are calculated for all rational arguments by
a linear interpolation of the known values from [26]
for the integer arguments. For example, if f(x, y) is a
standard function determining the entropy from an
inner loop with the side lengths of x = 2.75 and y =
3.25, then
1
3
f ( 2.75, 3.25 ) = --- f ( 2, 3.25 ) + --- f ( 3, 3.25 )
4
4
1 3
1
3 3
= --- ⎛ --- f ( 2, 3 ) + --- ( 2, 4 )⎞ + --- ⎛ --- f ( 3, 3 )
⎝
⎠
4 4
4
4⎝4
1
3
1
+ --- f ( 3, 4 ) ) = ------ f ( 2, 3 ) + ------ f ( 2, 4 )
4
16
16
9
3
+ ------ f ( 3, 3 ) + ------ f ( 3, 4 ).
16
16
The cost of matching of two distributions or a distribution and a gap in a pairwise alignment of two
sequences of distributions is determined as follows.
Let X(1) and X(2) be the frequencies of symbol X in
the first and second distributions, respectively; gap is
conventionally designated d. Then this cost is
RC – P 1 d ( 1 ) – d ( 2 ) – P 2 ( 1 – C – max(d ( 1 ),d ( 2 ) )),
where C =

∑

X = { A, C, T , G }

min ( X ( 1 ), X ( 2 ) ), R is a

standard bonus for a match of two nucleotides, P1 is a
standard penalty for matching a nucleotide and a gap,
and P2 is a standard penalty for the mismatch of two
nucleotides. In certain more complex situations, we
took smaller penalties for matching the nucleotides A
and G or C and T, respectively, than for matching
another pair of nucleotides.
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ALGORITHM
Let one initial nucleotide sequence be ascribed to
each tree leaf. The iterations consist in a successive
alternation of steps 1 and 2. The proposed algorithm
ascribes the sequences of distributions to all the tree
nodes from leaves to root by the methods described
below and concurrently performs the multiple alignment of all these sequences. In this process, it is actually necessary to align only two words, which is a simple task.
Step 1. One sequence of distributions produced in
the course of computations in the previous iteration,
step 2, and named end sequence of distributions is
ascribed to each tree leaf. At the beginning of algorithm operation, the end sequence of distributions in a
leaf is specified as a mere copy of the initial nucleotide
sequence in this leaf, where each distribution is composed of unity and zeros. We also need the concept of
altered nucleotide sequence; in general, this is the
result of step 1 and, at the beginning, a copy of the initial nucleotide sequence. Then, we align these end and
altered nucleotide sequences for each leaf without taking into account their secondary structures. In this
process, the sequences can acquire a certain number
of gaps. At the very beginning, these sequences in
each leaf coincide and, correspondingly, their alignment is trivial. The result of step 1, which is conveyed to step 2, is an altered nucleotide sequence in
each leaf. The result of step 2, which is conveyed to
step 1, is the end sequence of distributions in each
leaf. During the overall algorithm operation, the
altered nucleotide sequence in a leaf differs from the
initial one specified in this leaf by only the addition
of gaps.
Let two sons ν1 and ν2 of the node ν to already
ascribe sequences of distributions σ1 and σ2. The algorithm must determine the sequence of distributions σ
in ν. For this purpose, it first aligns the secondary
structures of these sequences in the following way.
According to σ1 and σ2, we determine two sets Ω1 and
Ω2, respectively, which consist of the helices (in the
first and second sequences, respectively) with the
energy exceeding a certain threshold, which in examples 1–4 is assumed as 10 kcal/mol. We name it the
energy threshold.
From the sets Ω1 and Ω2, the algorithm proceeds
to the linear orderings of arms of the helices belonging to these sets. More precisely, the algorithm linearly orders the arms: roughly speaking, it arranges
the arms in the same order as they are located in the
sequence, namely, at the middle of the arm and, if the
middle points coincide, at the beginning of the arms.
Each arm is included into this ordering as a letter
MOLECULAR BIOLOGY
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from a certain new alphabet, which reflects the information about the beginning and end of the arm
together with its neighborhood of a certain size,
nucleotide composition of the arm and its neighborhood, the number of helix to which the arm belongs,
and the information about whether it is right or left.
We name these orderings words in the nodes ν1 and
ν2, respectively, and designate also Ω1 and Ω2 (it is also
possible to take trees as Ω1 and Ω2; the obtained result
is close to the variant of words). These words are
aligned. Then the sequences σ1 and σ2 themselves are
aligned taking into account the obtained alignment
of secondary structures in σ1 and σ2. This procedure
is described in detail in [36]. We determine the
weights for such alignments: for the matching of two
distributions or two arms and for the matching of a
distribution or an arm to a gap, which comply with a
common model of nucleotide substitutions. Here we
do not show the weights; we note only the case of
two arms. In this situation, the weight is determined
as follows: the quality obtained when aligning the
arms with their neighborhoods as nucleotide
sequences is summed to the bonus for each matching
in alignment of the left and right arms of the same
helix; here, only the matching of left to left or right
to right arms are allowed.
Then for each position i, we take as the distribution
σi the weighted mean of the distributions σ1i and σ2i
with the weights that are determined by the ratio of
lengths of two edges from ν to ν1 and ν2, i.e.,
l ( ν, ν 2 )
l ( ν, ν 1 )
σ i = ------------------------------------------σ
1i + ------------------------------------------σ 2i ,
l ( ν, ν 1 ) + l ( ν, ν 2 )
l ( ν, ν 1 ) + l ( ν, ν 2 )
where l(ν,νi) is the length of the edge coming from
node ν to node νi.
This gives the sequence of distributions σ in the
node ν; then the former σ1 and σ2 in ν1 and ν2 are
replaced with the sequences obtained by alignment;
the latter are also designated as σ1 and σ2. Evidently,
the new σ1 and σ2 are obtained from the former
sequences of distributions by a coordinated addition
of a certain number of gaps into the former sequences.
The addition of gaps into all the sequences of distributions ascribed below to σ, including the altered and
initial nucleotide sequences ascribed to the tree
leaves, is continued. Now all these descendants of the
sequence σ have an equal length.
When step 1 reaches the root, the altered nucleotide sequences are formed in the leaves; these
sequences are the only result of step 1, and it is conveyed to step 2. All the sequences (of distributions and
nucleotides) ascribed to the nodes at the end of step 1
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have the same lengths; we name it the length of the
zone. Note that both the sequence of distributions and
the altered nucleotide sequence with gaps are ascribed
to each leaf. During the algorithm operation, the
altered nucleotide sequence in any leaf differs from
the initial input sequence in this leaf only by the added
gaps. Now proceed to step 2.
Step 2. The following procedure is performed for
each position of the altered nucleotide sequences generated during step 1. Each node ν of the evolutionary
tree is ascribed with the set δ(ν) of the frequencies of
five possible symbols at the considered position.
At step 2, all these values are considered variables;
and the below described functional F is minimized by
these variables (search for the nearest local minimum).
Let ρ be a certain measure of closeness of vectors
(in the simplest case, the sum of squares of the differences between components); for each leaf ν, let σ(ν)
denote the constant vector where unity corresponds to
the symbol of the altered nucleotide sequence
ascribed to this leaf, let zero denote the remaining elements, and let eb and ee be the ends of edge e.
The functional F is defined by the following equation
(the first summing is performed over all the tree edges
and the second, over all its leaves):

F =

∑ ρ(δ ( e ), δ ( e ) ) ⋅ w ( e )
n

κ

e

+

∑ ρ ( δ ( ν ), σ ( ν ) ) ⋅ w ( ν ).
ν

Here, w(e) and w(ν) are weight coefficients. The
weight w(e) is the larger, the shorter is the edge e; the
weight w(ν) is equal to the weight w(e) of the edge e
coming from the leaf ν to its parent multiplied by a
special parameter regulating the closeness of the distributions in leaves to the initial data relative to the
conservation of distributions in the inner tree nodes.
In examples 1–4, this parameter is 1.5.
Minimization (in turn for each position) is performed over all variables, i.e., over the fractions of the
five symbols in all tree nodes. The natural constraints
are imposed: all the variables are non-negative and the
sum of the corresponding five variables at each node
is unity. In the mentioned simplest case, the functional
is quadratic with only one minimum; thus, this minimum point is easily found by quadratic programming.
The end (in leaves) sequences of distributions
obtained by this minimization is the only result of
step 2, which is conveyed to step 1.

We considered a more complex variant of this
algorithm with the additional step aimed to take into
account the mutations of letters according to one of
the substitution models as well as insertions and deletions in the primary structure. However, this does not
lead to a considerable difference for the classic attenuation regulation. For other regulation types, the situation is more intricate, and is beyond our consideration here.
The algorithm terminates the alternation of steps 1
and 2 (at step 1), if the length of the zone stops growing. Such a choice of the criterion for terminating the
alteration of steps 1 and 2 results from a heuristic
observation that the algorithm cycled and the length of
the zone stopped growing when a good multiple alignment of the nucleotide sequences in leaves, taking into
account the secondary structure, was found. We do not
state that this will be true for any input data; however,
this situation was observed for the considered examples. Then the algorithm proceeds to step 3, where it
uses only the final multiple alignment of the
sequences of distributions in all the tree nodes
obtained after steps 1 and 2.
Step 3. In the final multiple alignment, we proceed
from the sequences of distributions to new nucleotide
sequences with gaps, which are ascribed to all the tree
nodes including leaves. All these new sequences have
the same constant lengths as in the final multiple
alignment of the sequences of distributions. These
particular sequences are shown in the figures with
even numbers, where they are denoted by the numbers of the corresponding tree nodes; the initial
nucleotide sequences with the gaps added during the
algorithm operation are designated with the name of
the corresponding species. It was performed in the
following way: if a position is not contained in a
helix, we place there the symbol (nucleotide or gap)
that has the highest frequency in the distribution corresponding to these position and tree node. If this
position is contained in one of several helices, we
place there the letter that paired with the highest
energy within the maximal number of helices and yet
retains a sufficient frequency. Then we examine which
of the four letters displays the best value of the following characteristic—the sum of the energies of all
helices containing this position, where each term is
multiplied by the weight equal to the fraction of the
frequency of this letter that is involved in this helix;
if none of the four letters reaches a certain threshold
value of this characteristic, then a gap is put down.
The figures with even numbers show the final multiple alignment of new nucleotide sequences obtained
after step 3 together with the altered nucleotide
sequences with gaps generated at the last step 1 proMOLECULAR BIOLOGY
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Fig. 1. Phylogenetic tree for the classic attenuation regulation of threonine biosynthesis in Gammaproteobacteria.

cedure, the same sequences as the initial ones with
the gaps added during the algorithm operation.
In figures, the former sequences are indicated with
the numbers of nodes, and the latter are indicated
with the name of species.

examples, the known PAML and PAUP programs (see
Discussion) gave considerably worse results as compared with our algorithm (data not shown). More comprehensive testing results are available on the site of
our Laboratory (http://lab6.iitp.ru, item 9).

Step 4. According to a certain threshold, we select
the most conserved helices from the final multiple
alignment of the new nucleotide sequences in leaves;
according to the alignment, we indicate the corresponding sequences in the altered nucleotide
sequences (see the figures mentioned above); we output the helices induced by these in the initial nucleotide sequences. Thus, the evolutionarily induced secondary structure, which was beforehand unknown to
the algorithm, is indicated in the initial data. This provides for an independent multiple alignment of the
initial nucleotide sequences taking into account this
secondary structure. The result is close to that after
step 3.
EXAMPLES OF APPLYING
THE ALGORITHM
TO BIOLOGICAL DATA ANALYSIS

Example 1. Consider the classic attenuation regulation of threonine biosynthesis in Gammaproteobacteria. The initial sites in leaves are taken from [22] (the
algorithm uses neither the information about secondary structure known beforehand nor multiple alignment). A standard species tree (Fig. 1) is taken; in this
tree, the nodes are numbered from 1 to 27 (the numbers are under rectangles), and each edge is ascribed
with its phylogenetic length in arbitrary units, a
smaller number. The following abbreviations are
used: EC for Escherichia coli, TY for Salmonella
typhi, KP for Klebsiella pneumoniae, EO for Erwinia
carotovora, YP for Yersinia pestis, HI for Haemophilus influenzae, VK for Pasterella multocida, AB for
Actinobacillus actinomycetemcomitans, PQ for Mannheimia haemolytica, VC for Vibrio cholerae, VV for
Vibrio vulnificus,, VP for Vibrio parahaemolyticus,
SON for Shewanella oneidensis, and XCA for Xanthomonas campestris.

Due to the preliminary character of this paper and
the insufficient volume, we confined ourselves to four
examples (one–two for each main type of regulation
based on mRNA secondary structure). For these

The algorithm outputs the final multiple alignment
of nucleotide sequences—the assumed regulatory
sites and altered nucleotide sequences (see Fig. 2).
The terminator is shown dark gray, and the antitermi-
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Fig. 2. The multiple alignment (with secondary structure) of assumed regulatory sites generated by the proposed algorithm for the
classic attenuation regulation of threonine biosynthesis in Gammaproteobacteria.

nator is underlined. The terminator in altered nucleotide sequences is shown in light gray. The secondary
structures obtained in leaves (Fig. 2) only slightly differ from the secondary structures either predicted by
other bioinformatics methods or determined experimentally [26].

Example 2. Consider the classic attenuation regulation of leucine biosynthesis in Gammaproteobacteria. The initial sites in leaves are taken from [22].
A standard species tree (Fig. 3) is taken.
The algorithm outputs the final multiple alignment
of nucleotide sequences—the assumed regulatory
MOLECULAR BIOLOGY

Vol. 43

No. 3

2009

MODELING EVOLUTION OF THE BACTERIAL REGULATORY SIGNALS

493

1
3

3
3

4

3

9
3

3

10

11

2

1

13

5

1

VV

1
1

1

EC

TY

22

23

VC
7

18

21

PQ

14

17

VK
1

HI

SON
VP

1

1

1

1

1

1

6
15

1

12

4
1

8

KP
1
1

16

EO

YP

19

20

Fig. 3. Phylogenetic tree for the classic attenuation regulation of leucine biosynthesis in Gammaproteobacteria.
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Fig. 4. The multiple alignment (with secondary structure) of assumed regulatory sites generated by the proposed algorithm for the
classic attenuation regulation of leucine biosynthesis in Gammaproteobacteria.
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Fig. 5. Phylogenetic tree for the T-box regulation of the gene ileS in Actinobacteria.

sites and altered nucleotide sequences (see Fig. 4).
The designations are the same as in the previous
example.
Example 3. Consider the T-box regulation of the
ileS gene in Actinobacteria. The initial sites are taken
from [27]. A standard species tree (Fig. 5) is used.
Abbreviations: An for Actinomyces naeslundii, Cd for
Corynebacterium diphtheriae, Ce for Corynebacterium efficiens, Cg for Corynebacterium glutamicum,
Ma for Mycobacterium avium, Ml for Mycobacterium
leprae, Mm for Mycobacterium marinum, Mt for
Mycobacterium tuberculosis, Nf for Nocardia farcinica, Pa for Propionibacterium acnes, Rx for Rubrobacter xylanophilus, Sa for Streptomyces avermitilis,
Sc for Streptomyces coelicolor, and Tf for Thermobifida fusca.
The algorithm outputs the final multiple alignment
of nucleotide sequences—the assumed regulatory
sites and altered nucleotide sequences (see Fig. 6).
The antisequester is shown dark gray, and the sequester is underlined. Two variants of regulation are
observed at node 5; in the alternative variant the antisequester is italicized and the sequester is shown on a
light gray background. An analogous situation is
observed at node 21.
Example 4. Consider one more type of regulation—RFN-mediated regulation of the expression of

genes involved in riboflavin biosynthesis and transport in Eubacteria (gene ribB in BC, EC, PP, and YP
and gene ribD in the remaining species; abbreviations
are below). The initial sites are taken from [37].
A standard species tree (Fig. 7) is used. Abbreviations: BQ for Bacillus anthracis, BH for Bacillus halodurans, BS for Bacillus subtilis, BP for Burkholderia
pseudomallei, CA for Clostridium acetobutylicum,
DF for Clostridium difficile, DR for Deinococcus
radiodurans, EC for Escherichia coli, LL for Lactococcus lactis, PP for Pseudomonas putida, SA for Staphylococcus aureus, TM for Thermotoga maritima,
and YP for Yersinia pestis.
RFN structure is presented as the structure comprising a helical stem and four helices in its loop,
numbered clockwise (helices 1, 2, 3, and 4).
Our algorithm outputs a multiple alignment, shown
in Fig. 8. The target RFN structure is indicated: the
stem is double underlined, helices 1 and 3 are shown
on a light gray fine background, helices 2 and 4 are
shown on a light gray background, and variable helices are shown on a dark gray or black background.
Two helices (1 and 2) can be replaced with one helix;
the remaining two helices (3 and 4) can be also
replaced with one helix; these alternative helices are
underlined. Note that the conserved nucleotides
characteristic of RFN structure were mainly aligned
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Fig. 6. The multiple alignment (with secondary structure) of assumed regulatory sites generated by the proposed algorithm for the
T-box regulation of the gene ileS in Actinobacteria.

by columns. In ancestor 19, helix 4 has an alternative
(italicized), which continues in the progenies.
DISCUSSION
The goal of this work was to present a new method
for the modeling of evolution and multiple alignment
of related RNA sequences taking into account their
assumed common and coevolving secondary structure
as well as the initial testing of this method. This
method is based on two assumptions: (1) the initial
sequences in leaves have common coevolving secondary structure and (2) the phylogenetic tree in the
MOLECULAR BIOLOGY
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2009

leaves of which these sequences are specified without
the secondary structure or using the secondary structure (it does not assumed known) is considered
known.
In the examples described here and for other examples of regulations, our algorithm constructs a reasonable secondary structure at ancestral nodes. It is close
to the regulatory structure predicted by bioinformatics
and determined experimentally. The secondary structures generated by the algorithm based on the initial
sequences in leaves also practically coincide with the
known structures. The multiple alignment of primary
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Fig. 8. The multiple alignment (with secondary structure) of assumed regulatory sites generated by the proposed algorithm for the
RFN-mediated regulation of expression of the genes involved in riboflavin biosynthesis and transport in Eubacteria.

structures in leaves and even along the overall tree has
a good quality. We have tested the model adding noise
to both artificial and biological examples and
observed a stable operation of the algorithm.
The first approach, mentioned in the Problem
Statement section and detailed in [32–34, 38], gave
the same or very similar secondary structures for the
initial data of examples 1–4, despite the fact that these
approaches are different. We have tested the obtained
ancestral signals using the model of classic attenuation regulation from [26, 35] and the software available at http://lab6.iitp.ru, item 3. This testing has confirmed the functionality of ancestral signals for this
regulation.
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Comparison with other methods and programs.
To compare the result given by our algorithm with
the results of other standard algorithms, we applied
the known programs, such as PAML and PAUP
(http:// evolution.genetics.washington.edu/phylip /software.
serv. html), to the same data. When only initial primary structures (without alignment) were input,
none of these programs was able to reconstruct the
ancestral regulatory elements of the type present in
leaves. When the alignment that took into account
the secondary structure (for example, given in [22]
for classic attenuation regulation) was also input, the
result depended on the program used. PAML was
unable to predict the secondary structure of the
required type in ancestral sequences. PAUP was able
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to predict such structure; however, it was not conserved along the tree edges.

4. Wolf Y., Rogozin I., Grishin N., Tatusov R., Koonin E.
2001. Genome trees constructed using five different
approaches suggest new major bacterial clades. BMC
Evol. Biol. 1, 1–22.
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