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Abstract. RNAs are less stable than DNA, and their structure can easily change.
This allows them to interact with other molecules present in their environment
such as ions, proteins or other RNAs, to form complexes. The prediction of the
structure of these complexes is an important issue for the determination of their
biological roles. We are interested here by RNA complexes, composed of several
RNAs interacting with each other, for which the prediction of the global second-
ary structure is a difficult task. We show how the use of available knowledge and
probing data on the considered RNAs can help the prediction.
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1 Introduction

Several methods have been proposed in the literature for RNA secondary structure pre-
diction as well as for RNA-RNA interaction prediction (interaction between two
RNAS). However, very few have been proposed for the prediction of the structure of
RNA complexes composed of more than two RNAs. RNAs can indeed bind and form
complexes with catalytic functions. The prediction of the secondary structure of those
complexes is an important issue to determine their functions. There are currently three
available tools designed for this purpose: MultiRNAFold (Andronescu et al., 2005),
NUPACK (Zadeh et al., 2011) and RCPred (Legendre et al., 2019).

Biologists have sometimes some knowledge that can help the prediction. This can
be sporadic information on the structure: pairings, particular motifs, etc. They can also
be in possession of experimental data like SHAPE (Bindewald et al., 2011), which
gives probing information of the considered RNA. The integration of these user
knowledge and probing data into the prediction of secondary structures exists for RNAs
alone but to our knowledge not for RNA complexes.

We propose a new method and tool, called C-RCPred, to predict in an interactive
way secondary structures of RNA complexes. C-RCPred is based on our previously
developed method RCPred (Legendre et al., 2019). Like its predecessor, it takes as
input a set of predicted secondary structures per RNA sequence and a set of predicted
RNA-RNA interactions per RNA pair. However, C-RCPred stands out through the in-
tegration of probing data and user knowledge as well. The tool aims to find the best
combinations of these inputs, i.e., the set of RNA complexes structures optimizing



simultaneously the free energy, the agreement with user constraints (user knowledge)
and the agreement with probing data. For this purpose, C-RCPred solves a multi-objec-
tive version of an optimization problem, the Maximum Clique Problem (MCP).

2 Methods

We define a weighted graph G (V, E) formed by the input secondary structures and
interactions. V is the set of vertices representing secondary structures and interactions.
Each vertex v € V has three weights representing three objectives: (i) minimizing the
free energy, (ii) maximizing the agreement with user constraints and (iii) maximizing
the agreement with probing data. E is the set of edges representing compatibilities be-
tween vertices. An edge exists between two vertices if and only if these two vertices
are compatible, i.e. when they represent structures or interactions that can belong to the
same complex (meaning that a nucleotide is not involved in different pairings).

Here we are looking for the cliques optimizing the three objectives defined above.
Since we are in a multi-objective context, we are looking for a set of cliques forming
the best possible trade-off, the so-called Pareto set representing the optimal solutions
of possible complexes formed by the RNAs given in input. To perform the search of
those cliques in the graph, we use the Breakout Local Search (BLS) heuristic (Benlic
and Hao, 2013) which we adapted for the multi-objective approach.

3 Results

To evaluate C-RCPred, we used a dataset composed of 90 RNA complexes, taken from
the RNA STRAND database (Andronescu et al., 2008).

As mentioned above, tools for predicting (probable) secondary structures of each
RNA and for predicting (probable) interactions between each couple of RNAs are used
upstream of C-RCPred. In the two cases, we chose to use tools able to return several
solutions. We used among others Biokop (Legendre et al., 2018) for secondary struc-
ture prediction and IntaRNA (Busch et al., 2008) for RNA-RNA prediction, as well as
RNAsubopt (Lorenz et al., 2011) for both.

It is very difficult nowadays to find SHAPE data for RNAs belonging to complexes
of more than two RNAs. We therefore integrated in our framework another tool called
Shaker (Mautner et al., 2019), allowing to generate artificial SHAPE data. Based on a
machine learning approach, Shaker predicts SHAPE values on each nucleotide of a
given RNA sequence.

We compared C-RCPred with the other existing tools for RNA complexes structure
prediction, i.e. MultiRNAFold, NUPACK and RCPred (cited above). C-RCPred allows
to return solutions that are on average the closest to the reference structure. As we can
see on Figure 1, the average MCC of C-RCPred on all the dataset complexes is more
than 0.8, while the one of RCPred is around 0.65, the one of MultiRNAfold is around
0.58 and the one of NUPACK s close to 0.5.
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Fig. 1. Distribution of the maximum MCC results obtained on our benchmark dataset by C-RCPred compared
to RCPred, NUPACK and MultiRNAFold. For each complex, C-RCPred and RCPred are run 100 times and
the maximum MCC is kept, then the average is computed. The maximum MCC is also kept for NUPACK
which also returns several solutions. For all the tools, at most 20 solutions are considered in each run. The
MCC is calculated as: MCC = (TP X TN — FP x FN)/\/(TP + FP)(TP + FN)(TN + FP)(TN + FN)
where TP is the number of true positive pairings, TN is the number of true negative pairings, FP is the number
of false positive pairings, and FN is the number of false negative pairings.

CRCPred is implemented as an interactive tool. It is available as a web server on the

EvryRNA platform (http://EvryRNA.ibisc.univ-evry.fr).
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