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RNA secondary structures prediction in viruses
- a full-genome multiple sequence alignment approach -



Working with viral genomes…
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X complete genomes

? ???
Step 1

Step 2

700 - 3 M sequences
7,5 - 40 Kb in length



The rough workflow

3

original
data set

representative 
genomes representative full-genome

multiple sequence alignment (MSA)
with RNA secondary structures & much more



- Step 1 -
Representative Genomes
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Dimension Reduction
with PCA or UMAP

4⁷ = 16,384 
dimensions

Representative genomes

Lamkiewicz, Triebel, and Marz, ViralClust - Find representative viruses for your dataset, 202x (in preparation).    https://github.com/rnajena/viralclust
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k-mer profiles
Clustering with 

HDBSCAN

Kevin Lamkiewicz

representative 
genomes

k = 7

original
data set

Check out our ViralClust pipeline!



Pestivirus
representatives

Bryant et al. (2004),  Neighbor-Net: An Agglomerative Method for the Construction of Phylogenetic Networks, Mol. Biol. Evol.
Houston and Bryant (2006),  Application of Phylogenetic Networks in Evolutionary Studies, Mol. Biol. Evol.
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59 representative genomes

1,684 genomes

Splits graph of the pestivirus data set calculated by Neighbor-net algorithm.



- Step 2 -
Multiple Sequence Alignment

&
RNA Secondary Structures
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Start with the UTRs

Simmonds et al. (2017), ICTV Virus Taxonomy Profile: Flaviviridae, J. Gen. Virol.
https://ictv.global/report/chapter/flaviviridaeport/flaviviridaeport/flaviviridae/pestivirus
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Schematic overview of the genome organization of pestiviruses (adapted from ICTV).
UTR = untranslated region.

genome length ~12,000 nt



all possible structures for each sequence
McCaskill's algorithm

LocARNA - local alignment of RNAs

Will et al. (2007),  Inferring non-coding RNA families and classes by means of genome-scale structure-based clustering, PLoS Comput Biol.
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bunch of
RNA sequences

all pairwise alignments
dynamic programming - Sankoff-style algorithm

guide tree 
WPGMA

progressive alignment &
consensus secondary structure

minimum free energy (MFE)



Out-of-the-box prediction of the
Internal Ribosomal Entry Site

Will et al. (2007),  Inferring non-coding RNA families and classes by means of genome-scale structure-based clustering. PLoS Comput Biol.
Sweeney et al. (2021), R2DT is a framework for predicting and visualising RNA secondary structure using templates. Nat Commun.

10

sequence structure
conservation of

…

Pestiviruses (genus)



Out-of-the-box prediction of the
Internal Ribosomal Entry Site

Will et al. (2007),  Inferring non-coding RNA families and classes by means of genome-scale structure-based clustering. PLoS Comput Biol.
Sweeney et al. (2021), R2DT is a framework for predicting and visualising RNA secondary structure using templates. Nat Commun.
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sequence structure
conservation of

Hepatitis C virus (species)



3’ UTR stem-loop SLI conserved across all pestiviruses

Will et al. (2007),  Inferring non-coding RNA families and classes by means of genome-scale structure-based clustering. PLoS Comput Biol.
Sweeney et al. (2021), R2DT is a framework for predicting and visualising RNA secondary structure using templates. Nat Commun.
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& conserved miRNA binding site sequence structure
conservation of



Continue with the (protein-)coding region

Simmonds et al. (2017), ICTV Virus Taxonomy Profile: Flaviviridae, J. Gen. Virol.
https://ictv.global/report/chapter/flaviviridaeport/flaviviridaeport/flaviviridae/pestivirus
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Schematic overview of the genome organization of pestiviruses (adapted from ICTV).
UTR = untranslated region.



Why searching for RNA secondary structures
in the coding region?

Romero-Lopez and Berzal-Herranz (2020), The Role of the RNA-RNA Interactome in the Hepatitis C Virus Life Cycle, International Journal of Molecular Sciences.
Yan et al. (2022,. Length-dependent motions of SARS-CoV-2 frameshifting RNA pseudoknot and alternative conformations suggest avenues for frameshifting suppression.
Nat Commun. 14

Hepatitis C virus

 SARS-CoV-2 frameshifting element



First example
out in the world!

Sweeney et al. (2021), R2DT is a framework for predicting and visualising RNA secondary structure using templates. Nat Commun.
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Multiple sequence alignment of the coding region
from amino acids to nucleotides & RNA secondary structures

Eulenfeld and Marz, anchoRNA - Find anchors in short sequences of RNA/DNA, 202x (in preparation).                                 https://github.com/rnajena/anchorna
Will et al. (2007),  Inferring non-coding RNA families and classes by means of genome-scale structure-based clustering, PLoS Comput Biol.
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calculate “anchors” on amino acid level
with anchoRNA cut into subsequences

extract nucleotide sequence and align with LocARNA

Tom Eulenfeld

word length ≥ 5



New structure candidates
in the coding region

Sweeney et al. (2021), R2DT is a framework for predicting and visualising RNA secondary structure using templates. Nat Commun.
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sequence structure
conservation of

Gene
Number of 
potential 

structures

Npro 9

C 4

Erns 14

E1 8

E2 13

p7 4

NS2 13

NS3 30

NS4A 3

NS4B 16

NS5A 10

NS5B 28

total 152



New structure candidates
in the coding region

Sam Griffiths-Jones. (2005), RALEE—RNA ALignment Editor in Emacs, Bioinformatics.
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SL6545

SL3432 - SL3537



Cool things for virologists

Altschul et al. (1990), Basic local alignment search tool., J. Mol. Biol.
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MQIFVKTLTGRTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRSLSDYNIQKESTLHLVLRLRGS

→ Insertion of Ubiquitin



Integration into databases

www.rfam.org
www.virjendb.uni-jena.de
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ViralZone



24.07.2024
Computational Approaches to RNA Structure and Function 2024

Benasque Science Center

RNA Bioinformatics & High-Throughput Analysis Jena
● Manja Marz
● Tom Eulenfeld
● Kevin Lamkiewicz

Rfam
● Nancy Ontiveros
● Blake Sweeney

Riboscope Ltd.
● Anton I. Petrov

University Leipzig
● Peter F. Stadler

University Giessen
● Michael Niepmann

University Lübeck
● Norbert Tautz

Kevin LamkiewiczTom EulenfeldManja Marz

Acknowledgements


