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Abstract

In this paper, we will propose an efficient alignment method for RNA secondary structures
including pseudoknots; which converts given RNA secondary structures into hierarchical trees by
decomposing each structure into pairwise disjoint substructures, and then applies an existing tree
alignment method to these hierarchical trees. From biological and computational standpoints,
the hierarchical alignment has two advantages: (i) The decomposition makes possible to detect
structural homologies even between phylogenetically less-related RNAs; and (ii) reduces search
space of alignments, which enables us to devise computationally efficient algorithms. Experimental
results suggest that alignments of RNAs by our method are more biologically plausible than by
conventional ones.

1 Introduction

Many interesting RNA regions on the genome conserve molecular conformations generally called ”struc-
tural homology” more than they conserve their nucleotide sequences (S.R.Eddy[3]). The assumption
is now widely accepted, and identifying these regions has much scope to be investigated.

In this paper, we will propose a notion of hierarchical alignment of RNA structures including pseu-
doknots. The hierarchical alignment first decomposes given RNA structures each into h-components;
and then defines a relation between them. Consequently, the RNA structures are converted into trees
whose nodes are h-components, called h-trees. Then, the h-trees are aligned with dynamic program-
ming algorithm.
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2 Hierarchical Alignment of RNA Structures

Let (S, P) be an arc-annotated sequence [6]. For a base r, two bases i1 and iy surround r if iy <r < io.
For an arc (j1,j2), two bases i; and iz surround (ji,jq2) if i1 < j1 < j2 < is. In case of (i1,i2) € P,
we say that (i1,%2) surrounds (j1,j2). A base r is accessible from i1 and iy if i1 and i surround r and
there exists no arc (k1, k2) satisfying i1 < k1 < r < ks < ia. An arc (j1,j2) is accessible from i, and
i2 if 41 and i» surround (ji,j2) and there exists no arc (k1, k2) satisfying i1 < k1 < j1 < j2 < ka < is.
In case of (i1,i2) € P, we say that (j1,j2) is accessible from (i1,i2). For two arcs p;,ps € P, if py is
the only one accessible arc from pq, then we write ps <; p1.

We define a decomposition C of (S, P) as a set of pairwise disjoint substructures of (S, P) whose
union is (S, P). For components c¢1,co € C, ¢1 surrounds co iff there exist two bases 4,7 in ¢; and a
base k in ¢ satisfying ¢ < k < j. We say that cs is accessible from c; iff ¢; surrounds ¢ and there
exists no component ¢ € C such that ¢; surrounds ¢’ and ¢’ surrounds ¢;. For a decomposition C
of (S, P), we define a directed graph G(C,(S,P)) = (V,E) by V = C and E = {(¢1,¢2) € C x C |
¢y is accessible from ¢;}. When G(C, (S, P)) is a forest, C is called a hierarchical decomposition of
(S, P), and an element of C hierarchical component or ” h-component”.

We define a function ¢ which for a given input arc-annotated sequence (S, P), outputs a hierarchical
decomposition of (S, P). Let as; = (S1, P1) and asz = (S2, P») be arc-annotated sequences. Let Aln
be an alignment between as; and ass. For a base b in as;, by Alng(b), we denote the substructure
in ¢(as;) (j # i) containing the base b’ which b is aligned to. (In case that such o’ does not exist,
Alng(b) is undefined.) A substructure c in ¢(as;) is said to be overlapping in Aln if there exist two
bases by and b, in ¢ such that Alng(b1) and Alng(be) are defined and Alng(b1) # Alng(bs) holds. An
alignment Aln is valid for ¢ if every substructure in ¢(as;) (i = 1,2) is not overlapping in Aln.

Hierarchical alignment problem (HAP) is defined as follows:

Hierarchical Alignment Problem

[Input] A pair (as1,as2) of arc-annotated sequences, and a hierarchical decomposition function ¢
[Output] An alignment Aln between G(¢p(as1),as;) and G(¢(asz),ass) of minimum score such that
Aln is valid for ¢.

In this paper, we adopt a function ¢ which decomposes a given arc-annotated sequence (S, P) into
three kinds of h-components: L-are, P-knot and S-loop each defined below.

For two arcs p1 = (i1,i2) € P and ps = (j1,J2) € P, we write p1 = po iff i1 < j1 < i 0riy < jo < iy
holds. >* denotes the reflexive and transitive closure of . We define p; =, p» iff both p; >* p» and
p1 <" p2 hold. Note that =, is an equivalence relation over P.

L-arc is a sequence py,...,pr of arcs of mazimal length in P such that p; <, --- <5 px. P-knot
is an equivalence class in P/ =, whose cardinality is more than one. Note that P-knots correspond
conventional pseudoknots. S-loop is a sequence of adjacent unpaired bases of maximal length.

Theorem 1 An arc-annotated sequence can be decomposed into L-arcs, P-knots and S-loops in a
unique manner. Furthermore, this decomposition is always a hierarchical decomposition.

For calculating alignment between two h-components, our dynamic programming algorithm for
HAP employs an original heuristic method for the case when they are both P-knots, and T.Jiang’s
method[6] otherwise. For two inputs of length n and m, respectively, the time complexity of our
hierarchical alignment method is O(n?m?).
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3 Experimental Results

We have performed two kinds of experiments for comparing our method with T.Jiang’s one[6], which
can align pseudoknotted v.s. pseudoknot-free secondary structures.

Table 1: Comparisons of alignment accuracies[%] for three RNA families.

Our method T. Jiang’s method
RNA family name average (+ SD) worst average (+ SD) worst pseudoknot
Tombus_3_IV 96.9 &+ 3.3 88.5 97.1+3.4 88.5 12.00
HDV _ribozyme 929454 81.6 9744+ 2.3 89.4 21.43
Corona_pk3 91.8 8.0 68.8 83.3+15.9 56.3 44.44

First, we have tested the prediction accuracy of the two methods for three RNA families including
pseudoknots taken from Rfam[5]. Note that the column ”pseudoknot” in Table 1 shows the ratio
of arcs which we should remove for applying T.Jiang’s method. The results in Table 1 show that
our method achieves high and stable accuracy around 93%, whereas in T. Jiang’s one, the accuracy
decreases when we should remove more crossing arcs from the data.

Next, we compared the performances of structurally aligning two pairs of RNA group I introns taken
from Gutell et al.[2]: (x) Cryptendozyla hypophloia, (y) Metarhizium anisopliae and (z) Tetrahymena
thermophila. The pair (x, y) is phylogenetically more closely related than the pair (x, z). Figure
1 represents a piece of the alignment of the pair (x, z) by our method. The notations [P2.1],---
in the figure correspond to those in [2]. We conclude that the whole results ensure the significance
of our method in the following three points: (1) Our method exactly aligns pseudoknot regions P3
and P7 because of its pseudoknot admissibility. (2) Our method involves tolerances for long strand
indels because hierarchical decompositions help localize the effect of indels. In T.Jiang’s alignment
results, an insertion of a long stacked pairs probably causes significant decrease of accuracy of aligning
surrounding regions. (3) It is the most significant feature of hierarchical alignment that our method can
detect structurally homologous regions even between RNA secondary structures of the phylogenetically
less-related organisms. We should focus attention on P5 regions in Figure 1. Our method obtains
plausible alignments even in the phylogenetically less-related case, while T.Jiang’s method misaligns
structurally homologous P5, P5a, P5b and P5c regions in this case. In evolutive process of RNAs, it
is highly probable that structural homologies are preferred to be conserved more than sequence ones,
and our method depends on structural homologies. On the other hand, T.Jiang’s method more heavily
depends on sequence homologies than our method. This is presumably the main reason why T.Jiang’s
method does not show good alingment results in the phylogenetically less-related case.

[ P31 [Pal [p5] [ Psa 1 L P5a 1 [ps5] [pe 1L P6 1 [ P6al [ pPéa
e o (444449 (444 ¢ » DD ID D] M) ) INC e NN

CACCAGCUGG-UACAGGGGAC-GCCU-AA---~C—--C-GU-C [\ C ——-—-GGCCCGAUC-CUGUG----G-CG-A-G-C-CCGAGUAGCGUCGG—
GACC-GUCAAAUUGCGGGAAAGGGGUCAACAGCCGUUCAGUACCAAGUCUCAGGGGAAACUUUGAGAUGGCCUUGCAAAGGGUAUGGUAAUAAGCUGACGGACAUGGUCCUA-ACCACGCAGCCAAGUCCUAAGUCAACAGAUCUU-CUGUU
e occ (444449 € CCCC ceeceeeececececcece 2323300 (€ M) ) ) DNNN M) )) ) CC CCCC e 1)
[ p3 1] [Pa]l [ps] [ psa 1L Psb ] [ psb  1[Psc]l [Psc] r P5a ] [ps] [ Pa 1[pe] [P6a]l [ P6b ] [ peb

1 0 P6 ] [ p7] [p3 1[pP8 1] [ ps] [ p7 1[P9.0][ P9 ] [Po ]l P9.1] [P9.1a] [P9.1a] [P9.1]
Y)Y N ) I CCCCCcC NN MM (C e 33232 CCCCCCcC 449 M) 33)323)) CCCCCCC
G-C--CG-U----CGCAACGCACGC-UAAGCGGUG-GGCUCUCAACA-GAGGGCU-UAAGGUACGUGCUAAU---CCACGGGAUAA-CCGUGGCCGCCUUGACU-A-! CGAGUUUACGAAGC-A- AGGCGCUGCA
GAUAUGGAUGCAGUUCACAGACUAAAU-GUCGGUCGGGGAAGAUGUAUUCUUCUCAUAAGAUAUAGUCG-GACCU-CUCCU--UAAUGGGAG-CUA-GCGGA-UGAAGUG: A-UGCA--ACAC CGC-UGG:
) ) O 3323))) (CCCCccc MMM MM 44446 2D (CC (¢ 4448 NN IIDD)]

1 [pPeal [P6] [ p71] [p3 1L P8 1 [ P8 1] [ p7 1[P9.0]1 [P9 ] [ P9l [P9.1] [P9.1a] [P9.1a] [Po.11]

Figure 1: Alignments by our method between phylogenetically less-related RNA group 1 intron data.
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4 Related Works and Discussions

There exist several related works to our approach. Most related work is an algorithm for computing
substring-preserving edit distance(Evans and Wareham[4]). Hierarchical alignment is similar to their
approach, but differs from theirs in the respect of recurrence relations for calculating an alignment
cost of two subtrees. Other related works are a method for computing similarity between RNA
structures(Zhang et al.[9]) with extension to handle H-type pseudoknots and a method on a general
edit distance(Jiang et al.[6]). Our method can handle a general class of pseudoknots properly including
H-type. Significant comparisons between our method and the latter are discussed throughout this

paper.
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