An algorithm for detecting homologues
of known structured RNAs in genomes

Shu-Yun Le
Laboratory of Experimental
and Computational Biology

NCI Center for Cancer Research
National Cancer Institute, NIH
Bldg. 469, Room 151, Frederick
Maryland 21702, USA
shuyun@nciferf.gov

Jacob V. Maizel, Jr.
Laboratory of Experimental
and Computational Biology

NCI Center for Cancer Research
National Cancer Institute, NIH
Bldg. 469, Room 151, Frederick
Maryland 21702, USA
jmaizel @ncifcrf.gov

Kaizhong Zhang

Department of Computer Science
University of Western Ontario

London, ON N6A 5B7, Canada

School of Computing Science
Simon Fraser University
Burnaby BC V5A 156, Canada

kzhang @csd.uwo.ca

Abstract

Distinct RNA structures are frequently involved in a wide-
range of functions in various biological mechanisms. The
three dimensional RNA structures solved by X-ray crystal-
lography and various well-established RNA phylogenetic
structures indicate that functional RNAs have characteris-
tic RNA structural motifs represented by specific combi-
nations of base pairings and conserved nucleotides in the
loop region. Discovery of well-ordered RNA structures and
their homologues in genome-wide searches will enhance
our ability to detect the RNA structural motifs and help
us to highlight their association with functional and regu-
latory RNA elements. We present here a novel computer al-
gorithm, HomoStRscan, that takes a single RNA sequence
with its secondary structure to search for homologous RNAs
in complete genomes. This novel algorithm completely dif-
fers from other currently used search algorithms of homol-
ogous structures or structural motifs. For an arbitrary seg-
ment (or window) given in the target sequence, that has sim-
ilar size to the query sequence, HomoStRscan finds the most
similar structure to the input query structure and computes
the maximal similarity score (MSS) between the two struc-
tures. The homologous RNA structures are then statistically
inferred from the MSS distribution computed in the target
genome. The method provides a flexible, robust and fine
search tool for any homologous structural RNAs.
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1 Introduction

RNA is a conformationally polymorphic macromolecule
and can be described by its nucleotide sequence and struc-
tural constraints manifested in its secondary and tertiary
structure. Though single-stranded regions exist in most
RNAs, the RNA molecules often fold back on themselves
between complementary segments to form various struc-
tures guided mainly by Watson-Crick rules [1]. Recent ad-
vances in RNA studies indicate that RNA performs a wide
range of functions in various biological processes. Included
among these functions are catalysis and regulation of gene
expression mediated by self-splicing ribozymes [1], small
microRNAs (miRNAs) [2, 3], and other diversified RNA
regulatory elements in the control of post-transcriptional
[4-6] and translation [7-11]. Most of the functional RNA
elements involve the specific structure motifs in the higher
order structures rather than simple, linear sequence motifs
[1]. It is the well-ordered structures formed uniquely in
functional RNAs that play a crucial role in the biological
mechanisms [12]. It is evident that a complete understand-
ing of the function of RNA molecules requires knowledge
of their 3-dimensional (3-D) structures. The determination
of RNA 3-D structure is a limiting step in the study of RNA
structure-function relationships because it is very difficult
to crystallize and/or get nuclear magnetic resonance spec-
trum data for large RNA molecules. Thus, the establish-
ment of homologous structures inferred across the diversi-
fied RNAs performing the same function is a very important
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step toward our understanding of the unrevealed property of
structure-function for the new discovered RNA regulatory
elements.

It is also true that most of the genomic sequences
listed in databases contain annotated information of some
structured RNAs, such as tRNA, 16S and 23S ribosomal
RNAs (rRNAs), but there is little information about other
well-established functional RNA elements and non-coding
RNAs (ncRNAs). This information is necessary to un-
derstand the rapidly expanding databases of genome se-
quences. Over the last decade, computational search meth-
ods for distinct RNA structural motifs have made a great
progress. A number of tools such as RNAMOT, Palingol,
PatSearch, PatScan, RNAMotif, and ERPIN have been de-
veloped and have practical applications to the search for
RNA structural motifs of iron-responsive elements (IRE),
signal recognition particle (SRP) RNAs, and selenocysteine
insertion (SECIS) elements [13-18]. Since these algorithms
use a motif descriptor or an indirect quantitative scoring
system, it is difficult and/or not sufficient to characterize ex-
actly the structural feature in the well-ordered base-pairing
stacking region or in the complicated domain including
various non-canonical base-pairings. Although, the com-
putational search tools for specific kinds of ncRNA, such
as tRNAscan-SE, tRNAscan, tRNA CM, and EufindtRNA
were quite efficient and successful, they are limited to the
prediction of tRNA genes [19-22], and are not adapted to
find other ncRNAs and RNA structural motifs.

Here, we describe a novel algorithm, HomoStRscan, to
search for homologous structural RNAs by scanning a ge-
nomic sequence. HomoStRscan takes account of informa-
tion of both the primary sequence and the secondary struc-
tural constraints of the query RNA in detail. The struc-
tural constraints are represented by the positions and types
of each base pair in the structure. The algorithm provides
two scoring matrices of base and base pairs that include 4
types of bases and 16 types of base-pairings as well as in-
sertion and deletion of either base or base-pairings. Non-
canonical base pairs, such as A:G, G:G, A:A found in the
5S rRNA structure, are allowable. The input scoring matri-
ces of base and base pairs used in the comparison are con-
trolled by users and can be changed easily based on spe-
cific searches. The algorithm differs from other currently
used approaches in considering each base and base pair in
the query RNA and applying gap penalty and stacking pair
bonus. In the new approach, HomoStRscan looks for the
most similar structure to match the query structure in an ar-
bitrary segment given in the target sequence. Variation in
the size of the segment around the query sequence length
is permitted. Simultaneously, the maximal similarity score
(MSS) between the query RNA and the computed matching
structure is calculated [23, 24]. The homologous RNAs are
predicted by robust statistical inference from the MSS dis-

tribution that is computed by moving the window along the
target sequence.

2 RNA structural alignment and
RNA pattern searching

The primary structure of an RNA molecule is a se-
quence of nucleotides over the four-letter alphabet » . =
{A,C,G,U}. The secondary structure of an RNA is a set
of base pairs between A and U, C and G, and G and U
(canonical base pairs). These bonds have been assumed to
be non-crossing in secondary structure. In this section, we
first consider the structural alignment between an RNA sec-
ondary structure and an RNA sequence. We then extend this
to RNA secondary structure pattern searching.

21 Structural alignment between an RNA

secondary structure and an RNA se
qguence and RNA structure searching

We now consider the problem of structurally aligning an
RNA secondary structure with an RNA sequence. Given
an RNA R; with primary and secondary structures and an
RNA R, with only primary sequence, the goal of the struc-
tural alignment is to identify a secondary structure for Ra
such that the structural similarity between R; and this iden-
tified structure is maximized among all the possible sec-
ondary structures of Ra.

The structural similarity between RNA structures is
based on edit operations, i.e. insertion, deletion and sub-
stitution, on unpaired bases and base pairs [24, 27, 28].
In addition, we also allow a base pair to be aligned with
non-canonical base pairs and even two unpaired bases to
enhance the quality of the alignments [29].

We assume that there is a score function associated with
the edit operations. Let Y, = {A,C,G,U}, a score
function, ~y(), for unpaired bases is defined on > U{—}
and a score function, §(), for base pairs is defined on
2 x 2 U= )k

Given an RNA secondary structures R; and an RNA
sequence R, a structural alignment between R; and Rs
is represented by (R}, R5) satisfying the following condi-
tions.

1) R} is Ry with some new symbols — inserted and R}
is Ro with some new symbols — inserted such that
B[ = |R).

2) If (ri[¢],71[5]) is a base pair in R}, then either 5 i]
and r5[j]) are two bases in R} or r4[i] = r4[j] = —.

From this definition, if ] [¢] is an unpaired base in R],
then r4[¢] is either a base in R5 or a —. In addition, when
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