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1 SYNONYMS

Abbreviated as Pseudoknot Prediction.

2 PROBLEM DEFINITION

This problem is concerned with predicting the set of base pairs formed in the native structure of an
RNA molecule, including overlapping base pairs also known as pseudoknots. Standard approaches
to RNA secondary structure prediction only allow sets of base pairs that are hierarchically nested.
Though few known real structures require the removal of more than a small percentage of their
base pairs to meet this criteria, a significant percentage of known real structures contain at least a
few base pairs overlapping other base pairs. Pseudoknot substructures are known to be crucial for
biological function in several contexts. One of the more complex known pseudoknot structures is
illustrated in Fig. 1
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Figure 1: Secondary structure of the Fscherichia coli o operon mRNA from position 16 to position
127, cf. [5, Figure 1]. The backbone of the RNA molecule is drawn as straight lines while base
pairings are shown with zigzagged lines.

2.1 Notation

Let s € {4,C,G,U}* denote the sequence of bases of an RNA molecule. Use X - Y where X,Y €
{A,C,G,U} to denote a base pair between bases of type X and Y, and i - j where 1 <i < j <|s]
to denote a base pair between bases s[i| and s[j].



of base pairs S={i-j|1<i<j<|s|Ni<j—3}. Fori-ji'-j7 €S withi-j#1i-j
o {i,j}n{i,j'} =0 (each base pairs with at most one other base)
o {s[i],s[j]} € {{4,U},{C,G},{G,U}} (only Watson-Crick and G,U wobble base pairs)

The second requirement, that only canonical base pairs are allowed, is standard but not consequen-
tial in solutions to the problem.

2.2 Scoring Schemes

Structures are usually assessed by extending the model of Gibbs free energy used for RNA Secondary
Structure Prediction by Minimum Free Energy (cf. corresponding entry) with ad hoc extrapolation
of multibranched loop energies to pseudoknot substructures [11], or by summing independent con-
tributions e.g. obtained from base pair restricted minimum free energy structures from each base
pair [13]. To investigate the complexity of pseudoknot prediction the following three simple scoring
schemes will also be consider:

Number of Base Pairs, #BP(S) = |S]|
Number of Stacking Base Pairs #SBP(S)=|{i-jeS|i+1-j—1eSVi—1-j+1€ S}
Number of Base Pair Stackings #BPS(S)=1{i-j€S|i+1-j—1¢€ S}

These scoring schemes are inspired by the fact that stacked pairs are essentially the only loops
having a stabilising contribution in the Gibbs free energy model.

Problem 1 (Pseudoknot Prediction).
INPUT: RNA sequence s and an appropriately specified scoring scheme.
OurpruT: A secondary structure S for s that is optimal under the scoring scheme specified.

3 KEY RESULTS

Theorem 1. The complexities of pseudoknot prediction under the three simplified scoring schemes
can be classified as follows, where ¥ denotes the alphabet.

Fized alphabet Unbounded alphabet
#BP [13] | Time O (|s]*), space O (|s]?) Time O (|s]?), space O (|s]*)
#SBP [7] | Time O (\S\H‘E'Q‘HEP), space O (\SUEP‘HEP) NP hard
4BPS NP hard for || =2, PTAS [7] NP hard [7], 1/3-approzimation
1/3-approxzimation in time O (|s|) [6] in time and space O (|s|?) [6]

Theorem 2. If structures are restricted to be planar, i.e. the graph with the bases of the sequence
as nodes and base pairs and backbone links of consecutive bases as edges is required to be planar,
pseudoknot prediction under the #BPS scoring scheme is NP hard for an alphabet of size 4. Con-
versely, a 1/2-approzimation can be found in time O (|s|*) and space O (|s|*) by observing that an
optimal pseudoknot free structure is a 1/2-approzimation [6].

There are no steric reasons that RN A secondary structures should be planar, and the structure in
Fig. 1 is actually non-planar. Nevertheless, known real structures have relatively simple overlapping
base pair patterns with very few non-planar structures known. Hence, planarity has been used as a
defining restriction on pseudoknotted structures [2,15]. Similar reasoning has lead to development
of several algorithms for finding an optimal structure from restricted classes of structures. These
algorithms tend to use more realistic scoring schemes, e.g. extensions of the Gibbs free energy model,
than the three simple scoring schemes considered above.
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Figure 2: RNA secondary structures illustrating restrictions of pseudoknot prediction algorithms.
Backbone is drawn as a straight line while base pairings are shown with zigzagged arcs.

Theorem 3. Pseudoknot prediction for a restricted class of structures including Fig. 2(a) through
Fig. 2(e), but not Fig. 2(f), can be done in time O (|s|®) and space O (|s|*) [11].

Theorem 4. Pseudoknot prediction for a restricted class of planar structures including Fig. 2(a)
through Fig. 2(c), but not Fig. 2(d) through Fig. 2(f), can be done in time O (|s|°) and space

O (Isl*) [14].
Theorem 5. Pseudoknot prediction for a restricted class of planar structures including Fig. 2(a)

and Fig. 2(b), but not Fig. 2(c) through Fig. 2(f), can be done in time O (|s|°) and space O (|s|*)
or O (|s|3) [1,4] (methods differ in generality of scoring schemes that can be used).

Theorem 6. Pseudoknot prediction for a restricted class of planar structures including Fig. 2(a),
but not Fig. 2(b) through Fig. 2(f), can be done in time O (|s|*) and space O (|s|*) [1, 8].

Theorem 7. Recognition of structures belonging to the restricted classes of Theorems 3, 5, and
6, and enumeration of all irreducible cycles (i.e. loops) in such structures can be done in time

O(lsl) /3,9]

4 APPLICATIONS

As for the prediction of RNA secondary structures without pseudoknots, the key application of
these algorithms are for predicting the secondary structure of individual RNA molecules. Due to
the steep complexities of the algorithms of Theorems 3 through 6, these are less well suited for
genome scans than prediction without pseudoknots.

Enumerating all loops of a structure in linear time also allows scoring a structure in linear time,
as long as the scoring scheme allows the score of a loop to be computed in time proportional to its
size. This has practical applications in heuristic searches for good structures containing pseudoknots.

5 OPEN PROBLEMS

Efficient algorithms for prediction based on restricted classes of structures with pseudoknots that
still contain a significant fraction of all known structures is an active area of research. Even using
the more theoretical simple #S5BP scoring scheme, developing e.g. an O (\s\m') algorithm for this
problem would be of practical significance. From a theoretical point of view, the complexity of
planar structures is the least well understood, with results for only the #BPS scoring scheme.

Classification of and realistic energy models for RNA secondary structures with pseudoknots
are much less developed than for RNA secondary structures without pseudoknots. Several recent
papers have been addressing this gap [3,9,12].
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DATA SETS

PseudoBase at biology.leidenuniv.nl/"batenburg/PKB.html is a repository of representatives
of most known RNA structures with pseudoknots.

7

URL to CODE

The method of Theorem 3 is available at selab.janelia.org/software.html#pknots, of one of
the methods of Theorem 5 at www.nupack.org, and an implementation applying a slight heuristic
reduction of the class of structures considered by the method of Theorem 6 is available at bibiserv.
techfak.uni-bielefeld.de/pknotsrg/ [10].
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