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Ribonucleic Acid (RNA)

A ribonucleic acid (RNA) molecule is made up of a
long chain of subunits — ribonucleotides — linked
together.

Each ribonucleotide contains one of four possible
bases, abbreviated A(adenine), C(cytosine),
G(guanine), and U (uracil).

It is the sequence of bases that distinguishes one type
of RNA from another.

This base sequence is called the primary structure of
the RNA molecule.




Ribonucleic Acid (RNA) is an important molecule
which performs a wide range of functions in biological
system.

In particular it is RNA (not DNA) that contains
genetic information of virus such as HIV and
therefore regulates the functions of such virus.

It is well known that secondary and tertiary
structural features of RNAs are important in the
molecular mechanism involving their functions.

RNA has recently become the center of much
attention because of its catalytic properties, leading
to an increased interest in obtaining its structural
information.




The secondary or tertiary structure of an RNA is a
set of base-pairs (ribonucleotide pairs) which formed

bonds between A-U, C-G, and G-U.

An RNA structure can be represented by R(P),
where R = r[1],7[2],...,r[n] is a sequence of
nucleotides, and P C {1,2,--- ,n}? is a set of pairs
of which each element (7, j) represents a base pair

(r]é], r[7]) in R.

We assume that base pairs in R(P) do not share
participating bases. Formally any (i1, j1) and (is, j2)
n P, jl ?é ’ig, ’1:1 7é j2, and ’1:1 — ’1:2 if and only if

J1 = Jo.

For an RNA R(P), we define p,( ) as follows.
|

(i) = i if r|i] is an unpaired base
Pl = if (r[2], r[7]) or (r|j],r[i]) is a base pair in P

pr(1) # ¢ if and only if r[¢] is a base in a base pair.
pr(i) = 4 if and only if 7[¢) is an unpaired base.
If p.(i) # 4, then p,(¢) is the base paired with base 1.




For two base pairs r = (r1,7r2) and s = (s1, S9) in
R(P), we say r and s are crossing if
r1 <81 <T9 < 8S0r sy <ry<s <nmr.

For secondary structure, these bonds have been
traditionally assumed to be one-to-one and
non-crossing. Therefore secondary structure can be
represented as a tree (or forest)

For tertiary structure, there is no restriction of
non-crossing. Tertiary structure can be considered as
a special graph.




An RNA secondary structure can be described in a
unique and natural way as made up of substructures
called stacked pairs, loops, and external single
stranded regions .

e Stacked pairs (also called Helical Stem).
e Loops:

— Hairpin loop

— Bulge loop

— Interior loop

— Multiple loop

e [ixternal single stranded regions.
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The secondary structure of a transfer RNA molecule.
Letters other than A, G, C, U indicate chemical

modifications of these four basic units.




Why consider alignment?

e scarch a database.

e inferring structure:
from the primary structure of an RNA when a
closely related RNA’s structure is given.

e predicting secondary structure:
from a set of closely related primary structures to
predict common secondary structures.




Similarity measures

Following the tradition in sequence comparison, we
define three operations, relabel, delete, and insert, on
RNA structure.

For a given RNA structure, each operation can be
applied to either a base-pair or an unpaired base.

For unpaired bases:

— Relabel an unpaired base is to replace it with another
base.

— Delete an unpaired base is to delete the base from the
sequence.

— Insert a base is to insert a new base into the sequence
as an unpaired base.
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For base-pairs:

— Relabel: Relabel a base-pair is to replace one
base-pair with another.

This means that at the sequence level, two bases
may be changed at the same time.

— Delete: Delete a base-pair is to delete the base-pair
from the structure.
At the sequence level, this means to delete two bases
at the same time.

— Insert: Insert a base-pair is to insert a new base-pair
into the structure.

At the sequence level, this means to insert two bases
at the same time.
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We assume that there is a cost function associated
with the operations.

We can now consider how to align one RNA structure
with another using minimum number of weighted
operations.

Alignment between RNA structures

Given two RNA structures R; and R», a structural
alignment of Ry and Ry is represented by (R}, R5)
satisfying the following conditions.

1) R} and Rj are Ry and Ry with some new symbol —
inserted such that |R}| = |R5|.

2) If r{[é] is an unpaired base in Ry, then either r5|i] is
an unpaired base in Ry or r5[i] = —.
If r}[i] is an unpaired base in Rg, then either r¢] is
an unpaired base in Ry or r{[i| =

(r5]2], 75]4]) is a base pair in Ry or r5|i| = ry|j] =
If (7“2['] rhlj]) is a base pair in Ry, then either

3) 1 (7“’1[] r1[j]) is a base pair in Ry, then either
T
(r1[2], r1[4]) is a base pair in Ry or ri[i] = ri[j] = —.
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Properties of alignments

Alignments satisfy the following three conditions:
1. one-to-one;
2. base to base, base pair to base pair;

3. respects topological relationships.
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Given an alignment (R}, Rj), we define Sy, Sp, S,
Py, Pp, and Py as follows.

sy = i) ri|i] is an unpaired base in Ry,
M — rylt] is an unpaired base in Rs.

sp = L] ri|i] is an unpaired base in Ry,
v rali = —.

s, = L ry|i] is an unpaired base in R,
CE U = -

Py = d g (r1lz], r1g]) is a base pair in Ry,
M J (r4[2],75]7]) is a base pair in Rs.

Po = { (i.g) | [T o @ base parin o

i) =yl =

A (rhl2], r514]) is a base pair in Ro,

! Ol =il = -
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Let I' be a cost function for edit operations on base
pairs and unpaired bases.

The cost of an alignment (R}, R5) is defined as
follows.

cost((Ry, Ry)) =

2iesy  L(rili] = i)
+ Diesy  F(mli = A)
+ Dies,  T(A = 7ali])
+ 2 6.gery (i) rilg]) — (rali], r5l7])
+ D uper, LUrild,mili]) = A)
+ (i,7)€P; F()‘ — (’I“é[’&], Té[]]))

Given two RNA structures, Our goal is to find the
alignment with minimum cost.

D(RA(P), Ra(P) = miy { cost((R}, B}) )
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Let I' be a cost function for edit operations on base
pairs and unpaired bases and G be a gap opening
cost.

The cost of an alignment (R}, R5) is defined as
follows.

cost((Ry, Ry)) =
G X #gaps

+ Diesy, Pl = mofi])

+ Diesy L(rili] — A)

+ 2ies, P(A = i)

+ 2gery  V(rild,r1li]) — (rald], r5)5))
+ Dujper, Ll mls]) = A)

+ Diper, LA = (i, malg]))

Given two RNA structures, Our goal is to find the
alignment with minimum cost.

D(Ry(P), Ro(P)) = (1{51;1%1,){ cost((Ry, Ry)) }
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NP-hard result

Computing optimal alignment between two RNA
tertiary structures is NP-hard. (It is also MAX
SNP-hard.)

The reduction is from the 3-SAT problem.

Let S=C1-Cy---Cy, where C; = (v;; U v, Uy,
be an instance of 3-SAT problem.

We can construct, in polynomial time, two RNA
structures R; and Ry as in Figure 1 and Figure 2.

Let the number of base pairs in Ry and Ry be Ny and
Ns. Assuming that each operation has unit cost, we
have the following lemma.

Lemma
S can be satisfied if and only if
D(R1, Rs) = Ny — Ny.
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AAAACCCC - CCCC UUUU AAAACCCC " GGGGUUUU AAAAGGGG -+ GGGGGGGGUUUU

N =

Figure 1: RNA structure 1.

In Ry, there are n segments each of which is enclosed
by four base pairs. These base pairs are all A-U pairs.

And each segment is connected to every other
segment by four base pairs of C-G type. Let the
number of base pairs in Ry be IV;
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7\ N\ /T 7N\ 7\ N\

AAAA UUAA UUAA Uuuu AAAA UUAA UUAA Uuuu

Figure 2: RNA structure 2.

In Ry, for each v;,, there is a corresponding segment
which is enclosed by two base pairs of A-U type.

Each clause C; is then represented by segments of
Uiy, Uiy, Uiy and 1s enclosed by another two base pairs
of A-U type. Let the number of base pairs in Ry be
Ny

Each v;, is connected to vj,, by C-G pairs, if they are
not complement of each other.
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Algorithms

When both RNAs are secondary structures, since
there is no crossing, we can represent RNA structures
as ordered forests and then use the tree edit distance
algorithm to solve this problem.

To deal with tertiary structures, we now consider an
algorithm where aligned elements in the alignment
have no crossing.

An extension of our algorithm can handle the case
where both RNAs are tertiary structures with only
H-type pseudo-knots, one stem crosses with at most
one other stem. (A stem in an RNA is a set of stack
pairs of maximum size.)
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Notation

We use I'( ) to define (1, 7).

IfZ = pr1<7/) and] — pTz(j>7

We use D(i1,19; j1, j2) to represent the cost of an
optimal alignment between Rjl|i;..i0] and Ra|j1..72]).
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How to compute D(i1,72 ; j1,72)7

If both r]i] and ry[j] are single base,

D(i1,% ; j1,7) = min
Di(i1,0— 15 41,7) + v(3,0)

Di(i1,7 5 j1,5 — 1) + 7(0,7)

If both r[i] and ry|j] are a base in a base
pair and i; < p,(¢) <1, 51 < pJ) < 7,

D(ilai ) j17j) = min
( D<217Z —1 : jlaj) _'_7(7’70)
D<i17p7”1(i) —1; jl)pT2<j) - 1) o
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Otherwise,

D(i1,1; 71,7) = min

{D(ilvi_l.jl ]) 7(7())
D(iy,i 5 j1,5 —1) + 7(0,7)

This includes the following cases.

e 1[i] is a single base and 57| is a base in a base pair,

e r1[i] is a base in a base pair and 75|j] is a single base

Y

e 71 |¢] is a base in a base pair and p,, (%) < 41,
e r5[j] is a base in a base pair and p,,(j) < Ji,
(

1) >

e r5[j] is a base in a base pair and p,,(j) >

e r1[7] is a base in a base pair and p,
L 1
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Algorithm

From the above formulas, we can compute optimal
alignment between D(1,|Ry|; 1,|Rs|) using bottom
up approach.

Moreover, it is clear that we do not need to compute
all D(i1,12 ; 71, J2)-

We only need to compute these D(i1,142 ; j1,J2) such
that (i, — 1,42 + 1) is a base pair in R; and

(71 — 1,72 + 1) is a base pair in Rs.

Given Ry[l1..|R;1|] and Rs|l..|Rsl|, we can first

determine base pair lists for Ry and Rs.

For each pair of base pairs, (i1,72) and (1, J2), we
compute D (i1, ; 71, Jo).

Finally we compute D(1, |Ry| ; 1,|Rs|).
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Complexity

The time to compute D(i1,19 ; j1,J2) is bounded by
O((i2 — @1) X (j2 — J1))-

Since (is — 41) < |Ry| and (j2 — j1) < |Rs|, the time
complexity of the algorithm is
O(base pairs(Ry) X base pairs(Rs) X |Ry| X |Ra|).

This time complexity can be improved to
O(stem(Ry) x stem(Rs) X |Ry| X |Rsl).
(Recall that a stem is a set of stack pairs of
maximum size. )

The space complexity of the algorithm is
O(|Ra| x [Ry).
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Note that when one of the RNA is secondary
structure, this algorithm compute the optimal
solution of the problem.

This algorithm can be modified to handle the case
where the input RNAs are tertiary structures with
only H-type pseudo-knots (a stem crosses with at
most one other stem).

Since the number of tertiary interactions is relatively
small compared with the number of secondary
interactions, we can also use this algorithm to
compute the similarity when both structures are
tertiary structures.
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Tertiary structures

Essentially the algorithm tries to find the best
secondary structures to align and delete tertiary
interactions.

Although this is not an optimal solution, in practice
it would produce a reasonable result by aligning most
of the base pairs.

A post-processing step can be applied to add some
matching tertiary interactions.

We use a two-pass approach: first, find the best
secondary structure matching, and second, add in the
tertiary interactions, using the results of the first pass
as constraints on the tertiary computation.
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How do we compute a constrained alignment?

Given two RNAs R; and Rs and a mapping M
between them, we want to find the optimal alignment
between them given the constraint that for any

(r,s) € M, r is forced to align to s.

D(R17R27M) —

min {cost(M’)

M’ is an alignment between }
M/

Rl and RQ, and M C M’
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How do we do this?
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Does it work?

The input usually contains secondary and tertiary
interactions of the form R(S UT), where S is a set of
non-crossing base pairs and 1" is a set of tertiary base
pairs which cross S.

The size of T' is usually very small compared to .5,
and in addition when comparing R;(5; U T7) and
Ro(Sy U Th) it is safe to assume that base pairs in S
should be aligned to base pair in .59 and base pairs in
17 should be aligned to base pair in T5.

Our experiments
1 Input: R1<Sl U Tl) and R2(S2 U T2>
2 compute D(R1(51), R2(52)).

3 Let M be the set of aligned bases from step 2.
compute D(R1(S1UTy), Re(SyUTs), M).
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Results

Given Rl(Sl U T1> and RQ(SQ U TQ)Z

D(R1(S1), Ra(S2)) < D(Ry(S1 UTY), Ra(Ss U Th)).

D(Rl(Sl U Tl), RQ(SQ U TQ)) < D(Rl(Sl U Tl), RQ(SQ U Tg), M)

The following testing data is from The RNase P
Database, http://www.mbio.ncsu.edu/RNaseP /.

Alcaligenes—-eutrophus—-pb-b
Anacystis-nidulans-cb
Agrobacterium-tumefaciens-pb-a
Bacillus-brevis-gpb-low
Borrelia-burgdorferi-spi
Bacteroides-thetaiotaomicron-bd
Chlorobium-limicola-gsb

232.0 236.0, 211.0 222.0, 282.0 286.0,
207.0 226.0, 300.0 314.0,

302.0 314.0,
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248.0 249.0,

194.0 195.0,

210.0 211.0,

313.0 328.0,

216.0 216.0,

194.0 197.0,

215.0 228.0,

294.0 303.0,

193.0 198.0,

243.

241.

215.

320.

228.

225.

243.

244.

217.

328.

240.

225b.




RNA structure alignment with gap penalty

The alignment produced this way may have the
problem of creating many small gaps.

We can improve our alignment algorithm by
introducing a gap opening penalty.

The main difficulty is that with a deletion of a base
pair, there might be two places with gap openings.

The algorithm is much more complicated.

However, the algorithm is of the same complexity
(with a larger constant).
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Testing data for alignment with affine gap penalty is
again from The RNase P Database.

Alcaligenes eutrophus: Beta Purple Bacteria RNase
P sequences & structures.

Streptomyces bikiniensis: High G+C Gram positive
RNase P sequences & structures.

uc
c G,l-lO
c-G
o A*U .y . . .
Alcaligenes eutrophus G-¢ Streptomyces bikiniensis
RNase P RNA Geu RNase P RNA
140 G—C
\ C-G
uu C-G
G8 © GeUa
CG\\ cG C-GA
e cC GAC Gay
N A Ga
1 Gc\\GcG 120 A€ A
\ GACG U a ‘A A 160 GUpa
AG AG CU\\ G A Cc GgGU A
A8 U aA A Galy il
c (e G cACCAgaA
A % é A~180
c p A 8
c c Ca
P A~ 160 C [ 7fc
100 UAGgG AA G Loy ! Sa w0 CC
I & c cAG\\AA AU 200 GACU/ Ga e’
afcayac A C"AAygal i cMte. g AuGG Cag oA \,GG
c A G~ &\ G
GGcacc ¢, AAUA 200 6ngeee e . 20 AGAGE Y
U Ace cAa A G | GA, Useaaecce FACy.. | cA uC
EoyCug PEGRE rese FPAGSe G C-gGug s fG¢AG" GGV¢ G
N \ A G
clg % ccyc aaGae caucua®e’a cly G CCUC_ CCAG c 0
G. G A A G G N6, 6 c~ G wA G G /fGg. G Y
A" "C~y ¢(C c 60 ¢ UGG 20 U, ,Cq G- G c c c-300 "y " BASAC
G G c ¢ G G cegCay / AUa
U A ] G oG G AN & A GG Gc. /e 8A
AA G G G cC c, U G c G20 °Gg
Cc 2—240 AA g G GCC’I/CUG
c A c
u GCCGGCUG@G 80 u G ~¥G U
@ RARRRRR 2 g GGCCaGCG Y 2% C
A CGGCCGACp A CCGGGCGC pA
C C
A U, 260 A U 320
a A G—A
40 G 2 40 E 2
| A e I A
AGGUGCAGGGGG GgaccuccCca
ACTTTITTITT el by éECA ﬁ T TerT T g cCq
cGCCAceuccGqu A CGA uCUGGGGGYGE A Sh
0 ¢c-G Ug cC 2 “c-G AL G
C-G UU. & c-G ACG\CU\‘M)
A-U cJe Gy G-C &
A-U CO 8 g-¢ Ny
C-G 280 AC g 1 C—G30 ¢ g
G®U | ¢ G | GeU I c g
AAGCAGGCCAG CACG G CGAGCCGGGCGG—CGCL G
u

I IR ¢ P T Trrrn GACa
UCGUCCGGU GCAcA GCUCAGCCCGAC G
CA u A
u A
UUCGQCCUAAG gceaeecece
380
320

ccoec-»—-
<
3

oCco

Alcaligenes eutrophus and Streptomyces bikiniensis from the RNase P database.
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Alcaligenes-eutrophus-pb-b
Streptomyces-bikiniensis-gpb-h: gap=0, score= 239.00000

CCCCCCCCC((=====~ CCCCCCC CC CCCCCCCc = 23)23)))
CCCCCCCCCCCCCCCC((======= (C CCCCCC= --)))))))
AAAGCAGGCCA------- GGCAACCGCUGCCUGCACCG-CAAGGUGCAGG
CGAGCCGGGCGGGCGGCC------- GCGUGGGGGUC-UUCG--GACCUCC

)) L0 COCCCCCCC  ====[L00 - (0= CCC(C )
) CO0 COCCCCCCC  DOOD==—= (CC=CC=CC(( )
GGGAGGAAAGUCCGGACUCCACA----GGGCA-GGGUG-UUGGCUAACAG
CCGAGGAACGUCCGGGCUCCACAGAGC----AGGG-UGG-UGGCUAACGG

))) - (CCC( )))) )« - - e
))))-(CC(C )))) )« == (((=((
CCA-UCCACGGCAACGUGCGGAAUAGGGCCACAGAGA-C-GAGUCUUGCC
CCAC-CCGGGGUGACCCGCGGGACAGUGCCACAGAAAACAGA--CCG-CC

(CCC( VNI )==))) e

CCCCC( 2)))))))-) )= (CCCC( )))))
GCCGGGUUCGCCCGGCGGGA--AGGGUGAAAC———--~- G-—————————=

GGGGACCUCGGUCCUCGG-UAAGG-GUGAAACGGUGGUGUAAGAGACCAC

————————————————————— - = DIINNN (
) (CCCCC(( )))))))) 2)))N-)))N)) (
———————————— CG---------G-UA---A-CCUCCACCU-GGAGCAAU
CAGCGCCUGAGGCGACUCAGGCGGCUAGGUAAACCCCA-CUCGGAGCAAG

((( = === e CCCCCC == ===
((( (CCCCCC(C 2)))))))  (CCC((C (CCCCC 1111
CCCAA-A-----——- UA-G-----————- GCAGGCGAU-GAAG-CG----

GUCAAGAGGGGACACCCCGGUGUCCCUGCGCGGAUGUUCGAGGGCUGCUC

1111)-)33))))))) )))) = (CCCCCCC ))))))
====)))))))))))) )))) CCCCCC(=( )-))))
GCCCG-CUGAGUCUGCGGGUAGGGAGCUGGA-GCCGGCUGGUAACAGCCG
----GCCCGAGUCCGCGGGUAGACCGCACGAGGCCGGC-GGCAAC-GCCG

))- - T 2)))))) (€ (CC==CCCC(( ))
))) = )))))))—————- =((=CCC == (C(( ))
GC-CUAGA-GGAAU-——---~ GGUUGUCACGCACCG--UUUGCCGCAAGG
GCCCUAGAUGGA-UGGCCGUC------~ G-CC-CCGAC--GACCGCGAGG
)-))))) ) 11111111 ) 133)))))))
)) ==)))-))-- 11111111 ) 133)))))))

CG-GGCGGGGCGCACAGAAUCCGGCUUAUCGGCCUGCUUUGCUU
UCC--CGG-GG——ACAGAACCCGGCGUACAGCCCGACUCGUCUG
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Alcaligenes-eutrophus-pb-b
Streptomyces-bikiniensis-gpb-h: gap=4, score= 350.00000

CCCCCCCCC((=====~ CCCCCCC (O CeCCadc 2)))))))
CCCCCCCCCCCCCCCC((======= (C CCCCCC= -)))))))
AAAGCAGGCCA------- GGCAACCGCUGCCUGCACCGCAAGGUGCAGGG
CGAGCCGGGCGGGCGGCC------- GCGUGGGGGUC-UUCG-GACCUCCC

)) L0 COCCCCCCC  ——==[L000 CCCCC= CC(( )))
)) COC COCCCCCCC  LOO0=—== CCCCC=CCC( )))
GGAGGAAAGUCCGGACUCCACA----GGGCAGGGUG-UUGGCUAACAGCC
CGAGGAACGUCCGGGCUCCACAGAGC----AGGGUGG-UGGCUAACGGCC

)- (CCC(C )))) )« = (CCC CCCC(C
))-(CCC(C )))) )¢ (« (CC==CCC((C
A-UCCACGGCAACGUGCGGAAUAGGGCCACAGAGACGAG-UCUUGCCGCC
AC-CCGGGGUGACCCGCGGGACAGUGCCACAGAAAACAGACCG--CCGGG

(CC DM N=2)) e
CC NHNN-) N (CCC NN

GGGUUCGCCCGGCGGGAA--GGGUGAAAC-——-——-——-————————————
GACCUCGGUCCUCGG--UAAGGGUGAAACGGUGGUGUAAGAGACCACCAG

—————————————————————— NNNN
CCCCCCCC MMM MNNNNN - (((C

—————————————————————— GCGGUAACCUCCACCUGGAGCAAUCCCA
CGCCUGAGGCGACUCAGGCGGCUAGGUAAACCCCACUCGGAGCAAGGUCA

———————————————————— (CCCCC =CCC((======= 1]
(CCCCCC( 2)))))))  (CCC((C (CCCCC 1111 -——-
AAU-—————————mmmm o AGGCAGGCGAU-GAAGC—--—-—- GGC

AGAGGGGACACCCCGGUGUCCCUGCGCGGAUGUUCGAGGGCUGCUCG———

113333))))))) )))) CCCCCCC( 2)))))))
==))))))))))) )))) CCCCCCC( 2)))))))
CCGCUGAGUCUGCGGGUAGGGAGCUGGAGCCGGCUGGUAACAGCCGGCCU
--CCCGAGUCCGCGGGUAGACCGCACGAGGCCGGCGGCAACGCCGGCCCU

——————— 2)))))) (€ CCCC==CC(( ))))-)))
))))))) = (CCCC CCC )))) D))
AGAGGAAU------- GGUUGUCACGCACCGUU--UGCCGCAAGGCG-GGC
AGAUGGAUGGCCGUC———-------= GCCCCGACGACCGCGAGGUCCCGG

)) ) 11111111 ) 133)))))))
)) === 11111111 ) 133)))))))
GGGGCGCACAGAAUCCGGCUUAUCGGCCUGCUUUGCUU
GG-———- ACAGAACCCGGCGUACAGCCCGACUCGUCUG
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Alcaligenes-eutrophus-pb-b
Streptomyces-bikiniensis-gpb-h: gap=4, score= 291.00000

CCCCCCCCCCCCCCCCC CC e )))))))) ) L
CCCCCCCCCCCCCCCCCC O e -))))))) )) L
AAAGCAGGCCAGGCAACCGCUGCCUGCACCGCAAGGUGCAGGGGGAGGAA
CGAGCCGGGCGGGCGGCCGCGUGGGGGUC-UUCG-GACCUCCCCGAGGAA

(0 COCCCCCCC  LOOD €= CCCC ))))- (CC((
(0 COCCCCCCC  DOCD (= CC( 2))))-(CC(
AGUCCGGACUCCACAGGGCAGGGUG-UUGGCUAACAGCCA-UCCACGGCA
CGUCCGGGCUCCACAGAGCAGGGUGG-UGGCUAACGGCCAC-CCGGGGUG

)))) )¢ (« = (CCC CCCCCCC( ))))
)))) )¢ (« (CC==CCCCCCCC ))))
ACGUGCGGAAUAGGGCCACAGAGACGAG-UCUUGCCGCCGGGUUCGCCCG

ACCCGCGGGACAGUGCCACAGAAAACAGACCG--CCGGGGACCUCGGUCC

) I)=m)) e

))))--) ) (CCCC( 2)))))  (CCCCC(
GCGGGAA—-GGGUGAAAC-————————————————— oo

UCGG--UAAGGGUGAAACGGUGGUGUAAGAGACCACCAGCGCCUGAGGCG

——————————— MINDNNN (===
1)) INNNNN

ACUCAGGCGGCUAGGUAAACCCCACUCGGAGCAAGGUCAAGAGGGGACAC

———————————— (CCCCC == 1111-2221332))))
)))))))  (CCC((C (CCCCC 1111223333))))))
———————————— AGGCAGGCGAU-GAAGC-GGCCC-GCUGAGUCUGCGGG
CCCGGUGUCCCUGCGCGGAUGUUCGAGGGCUGCUCGCCCGAGUCCGCGGG

)))) CCCCCCC( 2))))))) )))))))
)))) CCCCCCC( 2))))))) )))))))
UAGGGAGCUGGAGCCGGCUGGUAACAGCCGGCCUAGAGGAAUGGUUGUCA
UAGACCGCACGAGGCCGGCGGCAACGCCGGCCCUAGAUGGAUGGCCGUCG

(C CCCC==CCC( 2)))=))))) ) 11111111 )
—===(CCCC CCC( )))) D))= 11111111 )
CGCACCGUU--UGCCGCAAGGCG-GGCGGGGCGCACAGAAUCCGGCUUAU
-—--CCCCGACGACCGCGAGGUCCCGGGG————~ ACAGAACCCGGCGUAC

))))))))))

))))))))))

CGGCCUGCUUUGCUU
AGCCCGACUCGUCUG
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Summary

RNA structure alignment problem.
NP-hard for general tertiary structure alignment.

Algorithm that can handle special cases and provide
practical solutions.

A software tool is being built for solving this problem.

http://www.csd.uwo.ca/~kzhang/rna/rna align.html
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