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Abstract

The primary structure of a ribonucleic acid (RNA) molecule is a sequence of nucleotides (bases) over the four—
letter alphabet {A, C, G, U}. The secondary structure of an RNA is a set of free bases and base pairs formed
bonds between A—U and C—G. For secondary structures, these bonds have been traditionally assumed to be one—
to—one and non—crossing. We consider the largest common substructure (LCS) between two RNA molecule
structures taking into account the primary and the secondary structures. We present a dynamic programming
algorithm for identifying the largest common substructure of two RNA structures. The proposed algorithm solve
the LCS problem in time O(mn).

Keywords. RNA structures; computational biology; dynamic programming; molecular biology.

1 INTRODUCTION

Ribonucleic acid (RNA) is an important molecule which performs a wide range of functions in
the biological system. RNA has recently become the center of much attention because of its
catalytic properties, leading to an increased interest in obtaining structural information. More and

more people show interest in computing the similarity between RNA structures [8,9,10].

Almost all comparisons of primary RNA structures are based on the comparison of strings. As is
well-known, string comparisons are computer intensive, and despite the fact that practical schemes
for sequence comparison have been outlined, there are a number of steeps in such approaches that
involve arbitrary decisions, e.g., decisions on the relative weights of different elementary string
operations: deletion, insertions, substitution, and penalties for unacceptable alignments. The
similarity between two structures have been formulated as problems of exact and approximate

structure matching, finding a largest common substructure of the structures and computing optimal
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alignments under general scoring functions [1,3—7]. Consequently, much of the work on comparing
the secondary structures of two RNAs have been modeled as problems of comparing two trees.
[2,3,11,12]. The idea is to view an alignment of two strings a and b or trees @ and b, which has
the minimum number of edit operations. Obviously, comparison of two sequences/structures should
also produce a set of largest common subsequences or substructures(LCS), and a correction

between two sequences/structures and each LCS.

In this paper, we shall focus on the LCS problems of RNA structures taking into consideration
both the primary structure and secondary structure provided with the string representation. We
present a dynamic programming algorithm for identifying the largest common substructure of two

RNA structures directly, instead of edit distance over strings and trees.
2 METHODS AND RESULTS

2.1 Primary Structure
The single stranded RNA is view as a linear sequence « = a,a, ---a,of ribonucleotides. The

sequence « 1is called the primary structure. Each a; is identified with one of four bases or
nucleotides: A, C, G, U.

An RNA sequence can be described as a string over the alphabetQ = {4,C,G,U} . Given two
RNA sequences S, =aa,-a,,S, =bb,---b,,a,,b, €Q, the LCS problem is to find a largest

substructure C; = ¢¢, --¢;,¢, € Q1 <k <[ satisfiesc, =a, =b, and
L <i, <<, J, <J, <<,
Let LCS {Ai,B j} denote the largest common substructures of S, and S, . we suppose

AO ZCDaAl =a1,A2 =a1a2,-..’Am =a,a,-a
Bo :(D’Bl :bl,B2 :blea"'aBn :blbz...bn

m

then
® if i,j=0
LCS{4,,B,}=1LCS{4,,,B, ,|Ula}a e{4,U,C,G} if a,=b,=a,i,j>0
max{LCS{4, ,, B, LCS{4,,B, ] if others

LCS{S,,S,}=LCS{4,.B,}

Algorithm 1:Computing LCS{4,,,B, }

Step 1: Let
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LCS{4,, @}« ®,i=1,---,m
LCS{®,B, < @, j=1,---,n
i<«1
Step 2: If i <m, then let j <1 go Step 3, else go Step 7.
Step 3: If j <n, then go Step 4, else i < i+1, go Step 2.
Step 4:If a, =b, =a,a €{4,C,G,U}, then
LCS{Ai,Bj}<— LCS{AZ._I,Bj_1 }U {a}, go Step 3; else go Step 5.
Step 5: If LCS{4,,,B,{> LCS{4,,B ., fthen
LCS{Ai,Bj}<— LCS{AI._I,Bj },j « j+1, go Step 3, else go Step 6.
Step 6: LCS{A4,, B, [« LCS{4,,B, |, j < j+1,go Step 3.

Step 7: Print LCS{4,,B,}

End
For example, we suppose S| = AUCUGAU, S, =UCGAUA
0 1 2 3 4 5 6
S, 0 @ @ @ @ @ @ 0
A 1 K ) [0 d A > A »A
U 2 d U pU » U A&r U) [ NAU __| JAU
C 3 ) 1 U \i UC\ pUC_|p UC AU l AU
U 4 ) * U UC ucC *UC UCU__] UCU
G 5 ) * U * UC &UCG *UC 1 UCU {lzICU
A 6 ) * U UC UCG —pUCGA i UCU TUCUA
[§] 7 ) l U + uC UCG UCGAAUCGAU_[UCGAU
S, [§] C G A U A

From the above table we can obtain
LCS{4,,B,}=U,i, =2,3,4,56,;LCS\4, , B, |=UC,i, = 3,4,5,6,7
LCS{4, B, }=UCG,i, = 5,6,7;LCS{4, , B, }=UC,i, =34

|
LCS{4,, B, |=UCGA,is = 6,7,LCS{4,, B, |= UCGAU, j = 5,6
LCS{4,, B, }= 4, j, =— 4,5,6,LCS{4, , B, |= UCU,,i, = 45,6
LCS{4,,B,}=U;LCS\4,, , B, |= AU.i; =23
LCS{4q, By} = UCAU;LCS {4, , B, hii = 4,5
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2.1 Secondary Structure

The secondary structure of an RNA is a set of free bases and base pairs formed bonds between
A—-U and C-G. For secondary structures, these bonds have been traditionally assumed to be one—to—

one and non—crossing.

Definition (Waterman [9]): A secondary structure is a vertex—labeled graph on n vertices with

an adjacency matrix A fulfilling

(i) a;;, =1 for 1<i<n-1
(ii) For each i there is at most a single k #i—1,i +1 such that a,, =1
(i) If a,; =a,, =land i<k < j theni</<j

We will call an edge (i,

, z—k| # 1 a base pair. A vertex i connected only to i —1 and i+1 will

be called unpaired. A vertex i is said to be interior the base pair(k,/), ifk <i < /. If, in addition,
there is no base pair (p,q) such that k < p <i < g, we will say that i is immediately interior to the
base pair (k,/).

A string representation § of RNA secondary structure can be obtained by the following rules:

_n H

(1) If vertex i is unpaired, we suppose it is base a € QQ then §, =

(i1) (i) If (p,q) is a base pairand p <gq then S, ="(" and S =")"

These rules yield a sequence of matching brackets and free bases, which is different the string

representation in paper[9]. Obviously, a secondary structure I can be described as a string S over
the alphabet Q' = {A,C, G,U,(, )}.Without losing generality ,we suppose that (), denote the base

pair "A-U" and ( ), denote the base pair "G-C".
Let a=ajay---a,,b=bb,---b,,a;,b; € Q,i=12,---;m,j=1,--,n, let LCS{a,b} denote the
largest common substructures of @ and b . we suppose
Ay =D, A =al, A, =aja,, -, A, =alay---a,
By =®,B =b/,B, =bb,,---,B, =bb,---b

Theorem 1
if i,j=0
LCS{AI'I, } LaeQ if a;=b;=a,i,j>0
LCs{a, B} ={LCsia; I,B,; Luls) where 4 = 4] ,(S"), B} = B.(S")
LCS{4] B} ,} where A] = A, (S"), B} = B.(S"),S"# S’
maX{L { i.B }LCS{AZ,B }} others

LCS{a,b}= LCS{4),,B.)
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Proof: Obviously, LCS{4/, B = ® , if i, j =0

If a, =b, =a,a € Q,LCS|A, B! |« LCS\4],, B!, |U{a},

If a = b} ="),",t =12 there must be exit aj=,(, b}.=,(

We suppose A/ = A4;_(S"),B =B, (S)1<k<i-2,1<k'<j-2;
if §'=S", then LCS{4/, B! |« LCS{4.,, B! JU{(S",)

if $'#S", then LCS{4], B! |« LCS{A.,, B’}

If a # b then LCS{A4, B! }=max{LCS{4], B!, |, LCS{4.,,B) |}

Algorithm 2: Computing LCS{4/,, B’}

Step 1: Let

LCS{A],®} < ®,i=1,--,m

LCS{0,B! @, j=1,---,n

i<1
Step 2: If i <m, then let j <1 go Step 3, else go Step 7.
Step 3: If j < n, then go Step 4, else i < i+1, go Step 2.
Step 4:If a] =b, =a,a € {4,C,G,U}, then

LCS{A4],B' |« LCS{4],, B!, {U{a}, go Step 3;
else if a] = b, ="),",t =1,2suppose A/ = A4, ,(S"), B =B, (S)<k<i-2,1<k'<j-2
if $'=S", then LCS{4], B! |« LCS{A.,, B!, {U{(S"), }, go Step 3;
if $'#S", then LCS{4/, B} |« LCS{A.,, B’ }, go Step 3;
else go step 5;
Step 5: If LCS{A/,, B |2 LCS{4], B/, |then
LCS{A4], B! { < LCS{4],, B!} j < j+1,go Step 3, else go Step 6.

Step 6: LCS{A!, B |« LCS{4], B’} j < j+1,g0 Step 3.
Step 7: Print LCS{4.,B.}

End

For example, we suppose «, f be the following structures (a) and (b), respectively.
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A A A
] | 2 |
U A ] A ]
la) (13 (el

From Algorithm 2, we can obtain the following table.

: a 0+ le Lo 34 44 54 i+
o 0+ lan g lan e el $ra $re o Fe
O N i o i S T R
e D A \x _L
ik 1(£—h I(i_' 1l 2(?1( 1 ST G, STS1E
e 30 e 1(5 1(i 1(?(1_, * ﬁ(g#_ﬁ Bl
- o
Jae 4 (e 1(| 1(?‘(": 1(3(*‘3* 1L aCA), TR, (8),
3@ 2 e (e 1(‘*r 1(?‘('“ 1':3(*‘3*"': 1l ?‘E*&*}z\‘%l( z(g:'z}l
- ——
A R V- R IO R R N Y )

From the above table we can obtain LCS {a, ) }:1 (,(A4),), corresponding to substructure (c).

4 CONCLUSIONS

We present a dynamic programming algorithm for identifying the largest common substructure
of two RNA structures, which needs no any score functions and computations of edit distance over
strings and trees. Using our approach, one can obtain the largest common substructure directly
instead of the minimum number of edit operations— insertion, deletion or substitution of one

symbol—to transform one string or tree into another.
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