ParaRNA: A parametric tool for aligning two RNA structures
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Abstract

Alignment of RNA structures is very important
in biological research. Similar to pair-wise se-
quence alignment, there is often disagreement
about how to weight matches, mismatches, in-
dels, and gaps when we compare two RNA struc-
tures. Here, we develop a parametric tool for
aligning two RNA structures. With this tool, the
users can see explicitly and completely the effect
of parameter choices on the optimal alignments
of RNA structures.

Availability: The software is available at
http://www.cs.cityu.edu.hk/~ lwang/software/
ParaRNA

Contact: cswangl@Qcityu.edu.hk

1 Introduction

Ribonucleic Acid (RNA) plays an very important
role in biological systems. It is well known that
RNA regulates some viruses’ functions (e.g.HIV)
since the genetic information is contained in RNA
instead of DNA. RNA has recently received more
and more attention in biological research because
of its catalytic properties. In general, it is pre-
supposed by biologists that RNAs with similar
molecular structures also have similar biological
functions. Consequently, the comparison of RNA
structures is useful for the classification and tax-
onomy of bacteria, viruses, etc(Chen et al.2000,
Sakakibara et al.1999 , Sancoff 1985).

Similar to pair-wise sequence comparison,
there is often disagreement about how to weight
matches, mismatches, indels and gaps when com-
paring two trees. The study of setting parame-
ters for sequence alignment started long time ago.
For example, Kruskal and Sankoff investigated
the setting of weights for gaps, substitutions and

*Correspondence author: liuxw@Qcs.cityu.edu.hk

1243

other operations for RNA sequences (Kruskal and
Sankoff, 1983). Parametric alignment attempts
to avoid the problem of choosing fixed parame-
ter settings by computing the optimal alignment
as a function of variable parameters for weights
and penalties. The goal is to partition the pa-
rameter space into regions such that in each re-
gion one alignment is optimal. For sequence com-
parison, the parametric sequence alignment tools
have been developed (Gusfield et al., 1994; Gus-
field and Stelling, 1996; Vingron and Waterman,
1994; Waterman et al., 1992; Zimmer and
Lengauer, 1997). It allows the users to see ex-
plicitly and completely the effect of parameter
choices on the optimal sequence alignments. A
software for parametric alignment of ordered trees
was developed in (Wang and Zhao, 2003). Or-
dered trees can be used to describe RNA sec-
ondary structures (Jiang et al., 1995).

Recently, new measures have been proposed
for comparison of RNA structures. Those new
measures allow users directly compare bases and
base-pairs. The edit distance between RNA struc-
tures was proposed in (Zhang, 1998; Ma et al.,
2002). When both structures are tertiary, then
the problem is NP-hard (Zhang, 1998). If one
of the structures is secondary, we can use the al-
gorithm in (Ma et al., 2002) to solve the prob-
lem. An algorithm that considers affine gaps was
given in (Collins et al., 2000). Another measure is
the alignment distance between RNA structures
(Wang and Zhang, 2001). Again, if one of the
structures is secondary, we can solve the problem
efficiently (Wang and Zhang, 2001). The algo-
rithm for alignment distance is faster than that
of edit distance for RNA structures. Here, in this
paper, we adopt the alignment approach for RNA
structures (Wang and Zhang, 2001). In order to
combine with the algorithm for paramatric space
decomposition in (Gusfield et al., 1994; Gusfield
and Stelling, 1996), we propose the maximiza-
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Figure 1: Edit operations

tion version of alignment between RNA struc-
tures. We extend the algorithm in (Wang and
Zhang, 2001) to work for the maximization ver-
sion of alignment between RNA structures. We
develop a software, ParaRNA, that allows users
to see the effect of the parameter choices on op-
timal alignments of RNA structures.

2 Algorithms

Our software contains two algorithms, the algo-
rithm for computing the optimal alignment be-
tween two RNA structures (Wang and Zhang,
2001) and the algorithm for decomposing the para-
metric space (Gusfield et al.,, 1994; Gusfield and
Stelling, 1996). We will discuss the two algo-
rithms in the following sections.

2.1 Computing the optimal align-
ment of RNA Structures

Since aligning two tertiary RNA structures is NP-
hard, we assume that at least one of the two RNA
structures is secondary structure.

The alignment of two RNA structures was
first studied in (Wang and Zhang, 2001). Let
R be an RNA sequence on {A,U, G, C}. r[i] rep-
resents the i-th nucleotide. An RNA structure
R(P) contains an RNA sequence R and a set of
base pairs P C {1,2,---,|R|}?, where (i,7), i <
Jj, represents a base pair (r[i],7[j]) in R. When
there is no confusion, we use R instead of R(P)
to represent an RNA structure.

Given two RNA structures R; and Ro, an
alignment of Ry and Ry can be obtained by in-
serting spaces into the two sequences R; and Rs
such that the obtained sequences R} and R} has
the same length and the following conditions are
satisfied.
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1. If 7| [i] is an unpaired base in R}, then either
rh4[i] is an unpaired base in R} or r4[i] is a
space. If r4[i] is an unpaired base in R},
then either 7{[é] is an unpaired base in R}
or r[i] is a space..

CIE (e 4], [j]) is a base pair in R}, then ei-
ther (r4[¢], 75[7]) is a base pair in R}, or both
r}[i] and 7] [j] are spaces.

The alignment thus obtained is denoted as
ARy, Ry).

The edit operations

Consider an alignment A(R{, R5). (1)If 71 [¢] and
7“2[ ] are unpaired bases in R1 and Ry and 7| [i] =

5[], then there is a match at the i-th position.
( ) If v [{] and r4[é] are unpaired bases in R; and
Ry and r[i] # rb[i], then there is a mismatch
at the i-th position. (3) If r{[i] is an unpaired
base and r4[i] = —’, then this is a deletion at
the i-th position. (4) If 75[¢] is an unpaired base
and r{[i] = —', then this is a insertion at the i-
th position. We do not distinguish insertion and
deletion and thus use indel to indicate both in-
sertion and deletion. Suppose that (r}[i], 71/[5])
and (r4[¢], r2/[j]) are two base pairs in R; and Ra,
respectively. (5)If ri[i] = r4[i] and 1 [j] = r5l4],
then there is a base pair match. (6) If v} [i] # r}]i]
or 7[j] # r4[j], then there is a base pair mis-
match. (T)If (r{[i],r}[j]) is a pair in Ry while
rh[i] = rh[j] =" —', then there is a base pair in-
sertion/deletion (base pair indel). Figure 1 illus-
trates the above edit operations.

The alignment value

For simplicity, in our software, we only have three
kinds of operations, match, mismatch and indel.
Each base pair operation is counted as two base
operations. A gap in an alignment A(R], Rj) is



a consecutive subsequence of spaces in either R}
or R}, with maximal length.

Let mta, msa, mia and gpa be the num-
bers of matches, mismatches, indels and gaps, in
A(Ry, R}), respectively. We define the value of
the alignment to be

Va=axmis—Fxmsa—yxmia—3dxgpa (1)

where «, 3,7 and § are the values for a single
match, mismatch indel and gap, respectively. In
order to use the parametric space decomposition
algorithm in (Gusfield and Stelling, 1996), we
have to adopt the maximization version. That is,
all a, 8,~ and ¢ should be non-negative. Thus,
only matches give positive contribution to the
value and the other three operations contribute
negative values. Modifying the algorithm in (Wang
and Zhang, 2001), we have an algorithm to com-
pute an optimal alignment between two RNA struc-
tures for the maximization version. (In (Wang
and Zhang, 2001), the algorithms are for mini-
mization version.) The time complexity of the al-
gorithm is O(|R1||R2|S152), where |R;1| and |Ra|
are the lengths of the two RNA sequences and 51
and Sy are the numbers of stems in R; and R,
respectively.

2.2 The algorithm for computing a
polygonal decomposition

We consider the parametric problem where two
parameters in equation (1) are fixed and the other
two are variable. In our software, o and  are
fixed while 8 and 0 are variable. The default
value of « is 1 and the default value of v is 0.5.
The users are allowed to set their own « and ~y
values. Our goal is to partition the parametric
space for § and § into some regions such that
the whole region has the same optimal alignment.
The users are allowed to see explicitly the effect
of parametric choices on computing the optimal
alignment. In (Gusfield et al.,1994), it was proved
that

Lemma 1 For sequence alignment, the parame-
ter space is decomposed into convex polygons such
that any alignment that is optimal for some (3, 6
point in the interior of a polygon P is optimal for
all points in P and nowhere else.

Since the proof of Lemma 1 is only related to
equation (1), Lemma 1 also holds for RNA struc-
ture alignment. (Gusfield and Stelling, 1996) gave
an efficient algorithm for computing a polygonal
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decomposition. Since the algorithm is only re-
lated to equation (1), we can directly use the al-
gorithms for alignment of RNA structures. The
time complexity of the algorithm is O(S - T),
where S is the number of polygons, T is the time
required for optimally aligning two RNA struc-
tures.

3 Implementation

ParaRNA is developed in C++. The input of
ParaRNA is two RNA structures. At most one
of them can be of tertiary structure. ParaRNA
can decompose the parametric space into convex
polygons. In our program, « is fixed as 1. A value
of « should be provided by the user.. The default
value of 7 is 0.5. The user has to choose different
value ranges for § and §. The [-J plane is the
parametric space. ParaRNA generates a graph-
ical output of the final polygonal decomposition
of the parametric space. Figure 2 illustrates such
a decomposition. When the user click any point
in a region, ParaRNA computes an optimal align-
ment between the two RNA structures using the
parameters at this point. Some real RNA struc-
tures are provided in ParaRNA as examples for
the use to test our program.

A gap score

-
(0,0) m smatch score

Figure 2: An decomposition example. When the
user click a point in the polygon, ParaRNA com-
putes and outputs an optimal alignment at this
point. The user can click the ”view” button to
get all the optimal alignment corresponding to
the polygons.
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