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Abstract

Functional RNA molecules typically have structural patterns that are highly conserved in evolu-
tion. Here we present an algorithmic method for multiple alignment of RNAs, taking into consider-
ation both structural similarity and sequence identity. Furthermore, our window-sized comparative
analysis corrects the misaligned structure within a distance threshold and identifies the conserved
substructures. Based on this new algorithm, StructMiner outperforms existing approaches, which
ignore structure information for the alignment and lack the effective means to adjust the misalign-
ments in the analysis phase. In addition, StructMiner is efficient in terms of CPU time and memory
usage, making it suitable for structural analysis of very long sequences.

Keywords: RNA, structural alignment, conserved substructure, window-sized comparative analysis

1 Introduction

Recent discovery of a variety of functions for non-coding RNA has brought increased demand for
suitable tools for RNA structure analysis. RNA molecules exhibit a close interplay between structure
and function. As many functional classes of RNA molecules including tRNA, rRNA, SRP rna etc. are
highly conserved in secondary structure but share little sequence similarity, our traditional methods
of multiple alignments need to be extended to take structure information into account. Almost all
RNA molecules form secondary structure. However, the presence of secondary structure doesn’t imply
functional significance. Therefore, it is important for us to identify the potential functional parts of a
secondary structure before investigating what function it has.

Functional structures are often conserved among related species. Several algorithms exist for find-
ing the conserved structures among RNA molecules. Classic Sankoff ’s algorithm that simultaneously
fold and align RNA molecules is computationally very expensive (O(n®) in CPU and O(n*) in mem-
ory), making it impractical for any but the smallest problems. Stochastic context-free grammars
(SCFG) present an alternative approach to the structure-alignment problem. SCFGs do not utilize
the energy information in forming structure, but rely on production rules derived from a training set.
The major limitation of this method is the estimation of complex parameters and local maximum as-
sociated with EM algorithm. Available tools such as alidot and RNAalifold use the result of sequence
only alignment to get a list of candidate base pairs and sort the list by credibility checking. Clearly,
methods of this kind suffer from the absence of significant sequence similarity and reliable alignment.

StructMiner combines the thermodynamic structure information with comparative analysis of
probability matrices, a connection between structure genomics and comparative genomics. The basic
idea is: Secondary structure elements that are consistently present in a group of sequences in spite
of weak sequence identity are most likely the result of functional stabilization, not the consequence
of a high degree of sequence homology. Such structure elements are conserved substructures with
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potential functional meaning. Based on the above observation, we designed an algorithm that can
align the sequences using structural homology as a major consideration without neglecting sequence
similarity. Compared with existing structural analysis approaches, we extend the single pair-specific
comparative analysis to window-sized comparison of segment pairs in order to reduce the propagation
of the alignment error into the actual detection of conserved structures. A flow diagram of our method
is shown in Figure 1.

As an example for the quality of the prediction, we apply StructMiner to two sets of 5S rRNA
sequences. The conserved secondary structures it predicts are both identical to the published ones.
We avoid missing correct structures by using the probability matrices instead of single predicted
structure from Vienna RNA Package since base pairing probabilities contain information about a
large number of plausible structures. As a matter of fact, we do find disagreement between our
prediction of conserved structure and the optimal structure generated by Vienna (e.g. Agrobacterium
tumefaciens with accession code X02627). The conserved substructure was already confirmed by
crystallography study, and the error lies in Vienna. Vienna is popular software for structure prediction.
Because of hardness of the structure prediction problem itself, the accuracy of the Vienna’s prediction
drops quickly when the ambiguity of pairing probability and the length of sequence increase. As the
implementation of the new structure-sequence alignment algorithm and window-sized comparative
analysis, StructMiner provides an effective approach not only in detecting conserved substructure, but
also in improving the whole structure prediction through the systematic analysis of thermodynamic
pairing probability among related species.

2 Method and Results

2.1 Preliminaries

RNA secondary structures obey a “nested” constraint: for any two based pairs (i, j) and (k,1), where
1 < k, it must satisfy either i < j < k <l ori < k <l < j. Under this property, the structural
alignment requires the simultaneous alignment of two nucleotides involved in the base pairs. Given
two RNA sequences A; and Ag, we say the segment Si[1, ..., N] of sequence A; is structurally aligned
with segment So[1,..., M] of sequence A if for any paired nucleotides (7, ) in S7, there must exist a
corresponding pair (k,) in So, such that 7 is aligned with & and j with [. Unpaired nucleotide in one
segment is aligned with either an unpaired element in the other segment or a gap.

2.2 Structure-Sequence Alignment

The input of the alignment is base pairing probability matrices PA! and P4? for sequence A; and Ay
, predicted by means of McCaskill’s algorithm. (McCaskill, 1990 [13]) (The algorithm is implemented
in the RNAfold program of Vienna RNA package.) The independent computation of thermodynamic
pairing probability allows alternative choices of probability matrices, e.g. probability for kinetic energy.
The problem now becomes the alignment of two probability matrices, a kind of threading problem
known to be NP-hard in the general case. Dimension reduction is a technique frequently used in
multidimensional data mining and we successfully applied it here to reduce the complexity of the
problem. The notation of upstream and downstream probabilities was introduced in Bonhoeffer et al.
(1993) [2]. Given P;; denoting the probability of nucleotide at position ¢ paired with nucleotide at
position j, upstream probability for i is the probability of being paired upstream p<(i) = Y j>i Pij, and
downstream of i is p~ (i) = 3, Pj;. With this definition, we construct an array p3; containing the
upstream probability for all the nucleotides in sequence A;, and an array Pz, for all the downstream
probabilities. p%, and P, for sequence Ay can also be obtained. We do lose specific pairing infor-
mation when we convert the probability matrix into two linear vectors. However the upstream and
downstream vectors still catch the trend of pairing capability pretty well. A similar heuristic people
often use in analyzing secondary structure is: when they align the mountain plot of the secondary
structure, they care more about the shape (or slope in the other word) of the mountain instead of its
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Figure 1: Flow diagram of the algorithm StructMiner. Base pairing probability calculated through
McCaskill’s algorithm is used in generating multiple alignment. The alignment result is then combined
with probability matrix to form the alignment of matrices, and comparison matrices are created pair-
wisely. Window-sized comparative analysis corrects misalignment and detects conserved structure at
the same time. The technique of filtration and the nested property check are applied before the output
of conserved structure.
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exact height. Mountain plot is an alternative way of describing secondary structure. Figure 2 gives
an example of mountain plot, and Figure 3 illustrates the alignment of mountain plots.
We look for an alignment of the sequences A; and As such that

Oéz pAl pA2 )+P14>1(j)'P14>2(l)+/’L)+Nopen Wopen+Nezt wea}t+25 Al AQ(k)) — max

o SEPFLRIFS AT AT AT TR RE TS AR IT AP RTTF

Figure 2: Mountain plot of comovirus RNA2. Hor- Figure 3: Alignment of 3 mountain plots. The
izontal striations upon a particular peak are bonds slopes of the mountains on the dotted vertical
between paired bases, and vertical links between lines are the same and therefore aligned.

the horizontal striations represent stems

The upper line describes the score for structural alignment. (i,7) is a base pair in A; aligned
with (k,l) in As. Here « is a ratio of structural counts over sequence similarity. As our alignment
is structure-oriented, we set & = 5. p < 0 is the penalty for aligning two nucleotides at least one of
which doesn’t have pairing potential, and we consider this as mismatches in structural only alignment.
The rest part is the score for sequence similarity and gap penalty. For better result of alignment, we
adapt the affine gap penalty. Thus, wopen, < 0 is the opening gap penalty and Nype, is the number
of gap opens, correspondingly we,+ < 0 and N, for gap extension. Like what we did in traditional
sequence alignment, §(A; (i), A2(k)) > 0 when it is a match and less than 0 when mismatch occurs.
We use a similar kind of scoring scheme for matches and mismatches as in [17].

Let V (i, k) be the score of the best alignment for sequence A;[1,. .., and As[1,..., k], the dynamic
programming recursion can be obtained as follows with the initial condition V' (z,0) = V(0,k) =

V (i, k) = max[E(i, k), F(i, k), G(i, k)]
if A1(i)As(k) structurally match
G(i,k) = V(i = 1,k = 1) + pi, (i) - pia(k) + Py (i) - Py(k) + 6(As (i), Az (k)
if A1(i)As(k) structurally mismatch
G(i, k) =V (i—1,k = 1)+ p+ 6(A1 (i), Az (k))

E(i,k) = max[E(i,k — 1),V (i,k — 1) — Wopen| — Weat
F(i,k) = mazx[F(i — 1,k), V(i — 1,k) — Wopen) — Weat
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Here G(i, k) is the alignment type when A;(i) and Ay (k) are aligned opposite to each other. E(i, k)
aligns A (7) to the left of Aa(k) and F(i, k) aligns A;(7) to the right of As(k). Finally V (i, k) is defined
as the maximum values of the three terms E(i, k), F(i, k) and G(i, k).

When we extend the pair-wise alignment to multiple alignment, the gap penalties at existing gaps
are lowered. The basic idea is: If there are already gaps at a position, then the gap opening penalty
Wopen and gap extension penalty wey¢ are reduced in proportion to the number of sequences with a
gap at this position. So the new gap opening penalty and extension penalty are recalculated as:

Wopen = Wopen- (n0. of sequences without a gap / no. of sequences)

Wext = Wegtw (no. of sequences without a gap / no. of sequences)

Experiments on both 5S and 16S rRNA show that on average our alignment result is 10~15% more
accurate than CLUSTAL W. The improvement becomes more obvious when dissimilarity of sequences
increases.

2.3 Identification of Conserved Secondary Structure

The results of multiple alignments and the original probability matrices are integrated to detect the
conserved secondary structure. First, we filter out base pairs with a probability less than 1072 as they
are very unlikely to be part of an important structure. Due to the “nested” property, a valid structure
forms a line (we called it a “valid line”) perpendicular to the diagonal of the matrix (Figure 4). In
addition, any conserved pair segment has at least two contiguous base pairs meaning two contiguous
spot along a valid line. So we filter out orphan pairs along each valid line in the second step. In the
next step, gaps in the alignment are inserted into corresponding probability matrices. If the length
of the alignment is [, we now get n [ x [ matrices numbered My, Mas, Mas, ..., My, for RNA
sequences Al, A2, A3,... An. My;(i =1,...,n) are symmetric and the lower triangle of each matrix is
redundant. From M 41, M 42, we construct our comparison matrix M 4142 by combining upper triangle
of M, with lower triangle of Mao. Similarly, we get Masa4, M a546, etc.

If all the base pair segments are aligned correctly, we should be able to detect all the conserved
substructures between A; and Ay by comparing the symmetric elements along the valid lines of
comparison matrix Ais. The reality is: Structural alignment requires simultaneous alignment of ¢
and k, j and [ for matching base pairs (i,7) and (k,l). This is a stronger restriction than aligning
each nucleotide separately. Sequence only alignment can’t avoid the misalignments. Neither can the
structural alignment. However, our structural alignment algorithm not only gives a more accurate
alignment compared with traditional alignment tools like CLUSTAL W, but also captures the shape of
the structure pretty well. As a result, most of the misalignments are kept within certain distance. In
other words, at some point, misalignment may occur and pairs matching to each other are shifted, but
the shift won’t last long until a strong upstream/downstream picks up the correct alignment again.
The strong upstream/downstream usually happen at the start/end of a well conserved segment, which
means the misalignment of one conserved segment is usually not propagated to the next, and the error
is limited inside a block. Therefore, we introduce the window-sized comparative analysis to correct the
misalignment within a block and identify the conserved segments at the same time. A misalignment
inside the comparison matrix is displayed as a shift of contiguous segment pairs from one valid line to
another. An up/down shift from the valid line corresponds to the left/right shift of the opening pair
of the segment in the alignment, and a left /right shift corresponds to the left /right shift for the ending
pair of the segment. So we define a valid strip centered at a valid line with a certain window size s to
cover all the possible shifts in four directions (Figure 4). The comparative analysis is performed inside
the strip, so that even if the conserved substructures are not aligned so well as to be symmetric along
the valid lines, we can still catch it inside a valid strip. We choose s = 3 based on the fact that at least
three nucleotides exist between two substructures to form a loop, so there should be at most one valid
substructure inside one strip. We can set the window size to a larger number in order to correct the
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misalignment with further distance. Then there could be more than one conserved substructure inside
one strip and we need to identify the matching parts between the upper triangle and lower triangle.
Minimum distance can be a criteria and the modification is trivial.

Conserved structures can be identified from the segment pairs symmetric inside the valid strip. For
example, pl,p2,p3, ..., pt are contiguous pairs in M 41 and q1,¢2,q3, ..., qt also form contiguous pairs
in M 4o. Furthermore, these two segments of pairs are symmetric in comparison matrix M 145. Then,
they are potentially important pairs and are output to the upper triangle of a new matrix M 41424344
by setting the pairing probability as (pi 4+ ¢i)/2, the lower triangle of the new matrix is filled by
potentially conserved pairs from M 4344 using the similar kind of filtration illustrated for M4142. We
repeat this procedure and finally get M 142, .. 4n Which contains the potentially conserved pairs among
all the sequences. The candidate pairs may still violate one or both of the following condition: (i) no
nucleotide takes part in more than one base pair (ii) base pairs never cross. As we guarantee that
the above two conditions are maintained inside one segment by using the concept of valid line and
valid strip, we only need to see if there are conflicts between different segments. For condition (i), we
check if there are two segments involved in the same row or column. If so, we choose the segment of
pairs having the largest probability IIpi(: = 1,...,t and ¢ is the number of contiguous elements). The
same criterion is used to filter out those pairs violating condition (ii), before we output the final list
of conserved base pairs.

2.4 Complexity

Multiple alignment requires O(nL?) time, with n being the num-
ber of sequence and L being the length of the alignment. The
comparative analysis takes O(logn - L?). So the overall running
time is O(nL?) and memory usage is O(L?). To get a rough
idea, running StructMiner on four 16sRNA with about 2000 nu-
cleotides long for each sequence need only a few seconds on a
Linux PC with P4 1.1Ghz.

Figure 4: Comparison matrices
with valid lines (red) and valid strip
2.5 Results (yellow block), s is the window size.

Our test data is taken from 5S rRNA database at http://www.rna.icmb.utexas.edu/. All the
sequences from the database share a conserved structure pattern shown in Figure 5(a). We randomly
chose four sequences (G. Stearothermophilus, M. luteus, A. tumefaciens and E. coli) with accession
code M25591, K02682, X02627 and V00336. StructMiner’s prediction is identical to the published
one except for two orphan pairs at segment A and E are missing. Orphan pairs are usually not stable
and it is acceptable to exclude them in conserved structures. Because of high similarity (around 90%)
among the four sequences, alidot and MARNA (Siebert & Backoften 2003) also predict a similar
kind of structure. To make a further comparison, we replace K02682 and V00336 with two manually
selected sequences X67579 (S.cerevisiae) and AF034620 (H. Marismortui). Both share less than 50%
sequence identity with all the other sequences. The result is displayed in Figure 5(c)-(d). And we can
see the advantage of StructMiner is more apparent when structures converge but sequences diverge,
which are often true for many functional RNA molecules

In order to see the performance of StructMiner on longer sequences, we applied it to four 16S
rRNA sequences randomly chosen from Archaea category (M.formicicum-M36508, H.marismortui
rrnB-X61689, A.pernix-AP000062 and M.vannielii-M36507). Each sequence has about 2000 nu-
cleotides long and has a similar kind of complex secondary structure (Figure 6). The conserved
substructures predicted by StructMiner are marked as red lines. As a result, it successfully predicted
more than 85% base pairs with very little false positive highlighted as blue lines.
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(c) Conserved structure of 5S rRNA predicted
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Figure 5: Confirmed structure pattern of 5S rRNA (a) and the comparison of prediction by Alidot
(b) using clustal w alignment http://www.es.embnet.org/Doc/phylodendron/clustal-form.html,
Marna (c) and StructMiner (d). Because of low quality alignment of clustalW, alidot’s prediction is
far away from (a). MARNA takes structure information into consideration and yields an acceptable
structure pattern. Finally, StructMiner corrects the redundant loop in segment E of Marna result and
poduces the conserved structure closest to (a).
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Figure 6: Result of StructMiner’s prediction on 16S rRNA (M.formicicum-M36508, H.marismortui

rrnB-X61689, A.pernix-AP000062 and M.vannielii-M36507). Red lines indicate the correct prediction

of segment pairs. Blue lines are false positive prediction.
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3 Discussion

The main idea of StructMiner is that we abstract the two-dimensional search space of pairing proba-
bility matrix into one dimension, and integrate both structure and sequence information into dynamic
programming algorithm. The multiple alignment procedure can be separated as an individual tool,
and the result can be analyzed further to obtain edit distance, or derive phylogenetic relationship when
combined with other parsimony programs. In addition, we introduce a window-sized comparative anal-
ysis approach to correct the misalignments when detecting the conserved substructures. Future work
is ongoing to effectively use more matrix property into the step of automatic comparative analysis.
The multidimensional character of tertiary structure for RNA and protein gives lots of challenge to
researchers. Dimension reduction of 3D probability data to a DAG (directed acyclic graph) could be
a feasible way to tackle the problem, and a variety of graph searching algorithm may be utilized for
the alignment of tertiary structures.
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