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Motivation

◼ RNA design involves designing RNA sequences that fold into a

desired structure to perform a specific function.

◼ The only data set available and recognized by the scientific

community for this purpose is EteRNA100, a collection of

structures assembled manually by experts:

◼ 100 distinct secondary structure design challenges with lengths varying

between 12 and 400 nucleotides and an average length of 127

nucleotides.

◼ Some algorithms managed to successfully solve most of the

EteRNA100 design challenges.



Motivation

◼ Need for a new community-wide standard benchmark specifically

designed for RNA design and RNA modeling algorithms.

◼ We created a very large, comprehensive and general-purpose

dataset of over 15 million secondary structures with lengths

ranging from 7 to 10,098.

◼ Our focus was mainly on multi-branched loops, which are often

challenging to predict accurately.

◼ This dataset contains a diverse range of difficult-to-design motifs,

from internal loops to n-way junctions (where n >= 3):

◼ N-way junctions are substructures which have three or more helical

“arms” (N) branching off.



Data sources

◼ Separate structures from Rfam and RNAsolo provide

complementary information that together allows for a more

comprehensive and accurate understanding of RNA structure

and function.

◼ Rfam 14 (https://rfam.org/)

◼ Database being collection of RNA families.

◼ Secondary structures help identify and characterize motifs such

as loops, stem-loops, and other structural elements that are

evolutionarily conserved and may have functional significance.



Data sources

◼ RNAsolo (https://rnasolo.cs.put.poznan.pl/)

◼ A self-updating database for experimentally determined RNA 3D

structures, curated from the Protein Data Bank (PDB).

◼ Cleans files from non-RNA data.

◼ Offers downloads of various data subsets - whether clustered by

resolution, source, or format

◼ As of June 20, 2024 hosts 15,049 RNA structures, organized into

3,356 equivalence classes, each exemplified by a cluster

representative.

◼ We collected non-redundant 3D structures, which we then

annotate for their canonical 2D representations.
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Data preparation pipeline: from Rfam and 

RNAsolo to extracted loop motifs

◼ Rfam 14

◼ We collected covariance models and seed

sequences for all RNA families from the Rfam

14 database.

◼ We developed script rfam-folder

(https://github.com/tzok/rnapolis-py) for

generating consensus secondary structure for

each RNA sequence in every Rfam family.

◼ The textual results were transformed into

standardized dot-bracket notation.

◼ The resultant 2D structure is often

underfolded, as it relies on strong signals from

a large number of aligned sequences

◼ To address this limitation, the rfam-folder runs

RNAfold, treating the initial 2D structure as a

hard constraint to fill unpaired regions with

probable base pairs.

https://github.com/tzok/rnapolis-py


Data preparation pipeline: from Rfam and 

RNAsolo to extracted loop motifs

◼ The obtained 2D structures represent a more complete and

realistic ones.

◼ For a more diversified dataset, we gathered results from both

approaches: the straightforward unification of Infernal’s outputs

and the refined structures generated by RNAfold with hard

constraints.



Data preparation pipeline: from Rfam and 

RNAsolo to extracted loop motifs

◼ RNAsolo

◼ We used the annotator script from the RNApolis-py library for

each PDBx/mmCIF file from the RNAsolo database to identify

canonical base pairs and generate dot-bracket notation for entire

structures.

◼ We then integrated it with data from Rfam for comprehensive

analysis in subsequent stages.

◼ Motif extraction

◼ We dissected each 2D structure into following components:

loops, stems, and single strands.

◼ We used motif-extractor script from the RNApolis-py library.

◼ It identifies and categorizes the structural fragments based on

predefined rules e.g., recognizing adjacent base pairs as stems.



Data preparation pipeline: from Rfam and 

RNAsolo to extracted loop motifs

◼ To create effective RNA design targets, we focused on loops,

which are often challenging to predict accurately.

◼ Loops removed from their structural context (e.g., the connecting

stems) are energetically unstable and unlikely to be

independently predicted by RNA design algorithms.

◼ Thus, for each identified loop motif, we generated two datasets:

◼ The isolated loop fragment

◼ The 2D structure of loop fragment extended with its connecting stems

◼ The final step in our data preparation pipeline consolidates the

results into a CSV file.

◼ Each row corresponds to a loop, with columns identifying the

motif's source and the sequence or dot-bracket encoded

structure of the two mentioned instances.





Data preparation pipeline: from Rfam and 

RNAsolo to extracted loop motifs

◼ The datasets are available at:

https://zenodo.org/doi/10.5281/zenodo.12681122

https://zenodo.org/doi/10.5281/zenodo.12681122


Statistics of loop motifs with connecting 

stems extracted from the RNAsolo database

◼ The dataset contains 8,746 loop motifs.

◼ Most of them (76%) are internal loops,

about 78 nucleotides long on average,

including the motif and connecting

stems.

◼ 3-way and 4-way junctions each make

up 9% of the dataset, with average

lengths of 155 and 133 nucleotides.



Statistics of loop motifs with 

connecting stems extracted 

from the Rfam database

◼ The dataset contains 15 million loop

motif instances.

◼ Similarly to the RNAsolo dataset,

internal loop motifs dominate, (80%).

◼ 3-way and 4-way junctions make up 8%

and 9% of instances respectively.

◼ The average lengths of these motifs:

about 75 nts for internal loops, 121 nts

for 3-way junctions, and 112 nts for 4-

way junctions.



RNA design algorithms used for 

benchmarking and their evaluation

◼ We chose the following open-source RNA design algorithms:

◼ RNAinverse, INFO-RNA, DSS-Opt, RNAfbinv, RNARedPrint, and

DesiRNA.

◼ All tools were run using their default settings.

◼ https://github.com/jbadura/rna_design/

◼ For each sequence generated by the RNA design tool during testing,

RNAfold was used to determine its secondary structure.

◼ To evaluate the results two metrics were used: RNAdistance and

RNApdist.

◼ RNAdistance values were normalized - by dividing each RNAdistance

value by the corresponding length of the RNA sequence, ensuring a

more balanced comparison across different RNA sequences.

◼ The results are presented using violin plots.

https://github.com/jbadura/rna_design/


RNA design algorithms used for 

benchmarking and their evaluation

◼ The dataset was used to evaluate and compare the performance of

selected RNA design tools: RNAinverse, INFO-RNA, DSS-Opt,

RNAfbinv, RNARedPrint, and DesiRNA.

◼ The first test was performed using a dataset derived from the RNAsolo

database.

◼ For the second one, due to the enormous size of the dataset derived

from Rfam database, we decided to showcase its capabilities using a

specific family, the glutamine riboswitch.

◼ This riboswitch, with its characteristic 3-way junction, presents

significant modeling challenges.

◼ Due to the varying accuracy levels of different RNA design tools across

cases of different lengths, an analysis was performed on the common

instances addressed by all tools.



Benchmarking test case using a dataset of 

loop motifs derived from the RNAsolo

database
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Benchmarking test case using a loop motifs dataset 

derived from the Rfam database, illustrated by the 

example of the glutamine riboswitch

◼ As an example of using a dataset derived from the Rfam

database, we have chosen the RF01739 (glutamine

riboswitch) Rfam family because it contains an important 3-

way junction.

◼ The alignment consists of over 1700 sequences and

includes more than 2200 loops.

◼ Similarly to the previous example, we used this set to

evaluate and compare the performance of the following

RNA design tools: RNAinverse, INFO-RNA, DSS-Opt,

RNAfbinv, RNARedPrint, and DesiRNA.



Benchmarking 
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motifs derived

from the Rfam
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Benchmarking test case using a loop motifs dataset 

derived from the Rfam database, illustrated by the 

example of the glutamine riboswitch

◼ For predicting 3-way junction motifs, DesiRNA, RNAinverse

and RNAfbinv showed very similar distributions, reflecting

high accuracy and consistency, and achieving the best

results.

◼ All algorithms, except for RNARedPrint, displayed relatively

compact distributions with low median values.

◼ RNARedPrint, on the other hand, had a wide distribution

and a noticeably higher median value, indicating more

variability and less consistency in approximating the target

structure.



Conclusions

◼ In the rapidly evolving field of RNA bioinformatics, the demand for

high-quality data for use in benchmarking algorithms is increasing.

◼ To address the need, we have developed a comprehensive dataset

of loop motifs in RNA structures.

◼ It combines information from experimentally solved 3D structures

and the entire sequence repository of Rfam, a database of RNA

families and their sequential alignments.

◼ It contains 15 million entries, ecompassing extracted internal loops,

3-way, 4-way, and higher cardinality junctions.

◼ These are not synthetic constructs, but rather motifs derived from

experimentally verified data.



Conclusions

◼ This datasets can be used by researchers working on RNA design

(also known as inverse folding) and also machine learning

pipelines that incorporate both sequence and structural information.

◼ The versatility of our dataset is enhanced by its ability to describe

each extracted motif either in isolation or within its structural

context. This flexibility allows researchers to tailor their analyses to

specific needs and objectives.

◼ To demonstrate the dataset's utility, we conducted extensive

experiments evaluating the performance of various inverse folding

algorithms using different metrics.


