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Loops are highly organized in 3D
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RNA structure
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RNA structure
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Geometries of nucleotides interactions
Leontis–Westhof annotations
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Geometries of nucleotides interactions
Leontis–Westhof annotations
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Geometries of nucleotides interactions
Leontis–Westhof annotations
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Kink turn
local structural motif

Klein et.al. 2001, Lescoute et.al. 2005
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Loop-loop interactions

6 / 45



Loop-loop interactions
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Loop-loop interactions
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Loop-loop interactions

6 / 45



RNAs as graphs
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Are sub-structures conserved?
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Subgraphs isomorphisms
Are two subgraphs similar?

In general NP-hard

Can have exponential number of solutions
(in number of nucleotides)

Take advantage of biological constraints

Reduce problem to manageable size
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Find identical subgraphs
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Find identical subgraphs
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All structures analyzed (in 2018)
carnaval.lri.fr
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CaRNAval
carnaval.lri.fr

845 RNAs with 1426 pairs of loops
337 conserved sub-structures, 6056 instances
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Catalogue
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A-minor and Inheritance
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A-minor and Inheritance
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A-minor and Inheritance
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Graph conservation → structure conservation
Found in ribosomes, ribozymes and riboswitches
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RIN 78
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All RINs networks
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CaRNAval 1 — Conclusion and drawbacks

First fully automated method retrieving and clustering RNA recurrent interaction
networks with long-range interactions

Known structures recovered and new ones observed

Map of the modular network of RINs : inclusion relations, combination

Limited to pairs of loops in the same RNA
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Relaxing constraints
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T. Thermophilus 70S E. Coli 70S P. Aeruginosa 50S
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ToDo: Perfect sequence conservation in 16S
Noller, Donohue, and Gutell, RNA, 2022
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A last level of complexity
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RNAs epigenetic, impact of chemical modifications

Necessary for ribosome to recruit some amino acids (Grosjean & Westhof, NAR, 2016)

Boost gene expression and restrict differentiation (Garber, Nat., 2019)

Can destabilize or stabilize structure (Tanzer et al., Methods, 2018)

Involved in human diseases (Asano et al., NAR, 2018)

Involved in cancer (Chi, Nat., 2017 & Deng et al., Cell research, 2018)

New drugs as interfering-RNAs (Kim et al., Nat. Rev. Gen., 2007)

Viral-less in vivo gene editing (Yin et al., Nat. Biotech., 2017)

24 / 45



RNAs chemical modifications
What about the structure?

In all 151 079 3D complexes in pdb.org

4324 complex of molecules with RNA chains in known 3D structures

4208 have at least one chemical modification

In total 190 different chemical modifications

4 855 855 nucleotides

11 682 chemically modified
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Distribution of chemical modifications
known 3D structures
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Distribution of type of RNAs with chemical modifications
known 3D structures
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Chemical modification necessary for these modules
(Thanks Craig Zirbel)

7PWO — 18S G.
Lamblia

4Y4O — 16S T.
Thermophilus

7RYG — 16S A.
baumannii

7KGB — 16S M.
Tuberculosis

7UNW — 16S P.
Aeruginosa

5J7L — 16S E.
coli
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G. Lamblia vs E. Coli
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What can we do with that?
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Identification in sequence

If we know many sequences with same sub-structure

Sometimes yes, sometimes no for loops
(Sarrazin-Gendron et al., NAR, 2019, RECOMB
2020)

Challenge with low sequence specificity (A-minor
wants one side to be stack cWW)

Can we leverage structural context? ( Gianfrotta et
al. SEA 2021)
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BayesPairing Bayesian Network
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Combine with structure prediction
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BayesPairing workflow
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BayesPairing workflow
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BayesPairing workflow
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BayesPairing workflow
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BayesPairing workflow
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BayesPairing is discriminant
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BayesPairing learns across families
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BayesPairing with KinkTurn
(Thanks Anton Petrov and Nancy Ontiveros)

SAM Riboswitch

Archeal Large
Ribosomal Subunit

Cobalamin
Riboswitch

 0.029  0.976 

 0.614   0.613 

 0.033 


 0.800 

 0.248 
 0.947 

 0.932 
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Towards full 3D structure reconstruction
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And now?

Extend BayesPairing for long-range motifs (R. Sarrazin-Gendron is doing it now)

Find motifs variations

Extend integer programming framework for concurrent prediction of
pseudoknotted-structure and complex motifs (G. Loyer is doing it now)

What is the flexibility of motifs? And how does it impact fonction?
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Tsvi Tlusty

Roman
Sarrazin-Gendron

Alain Denise

Eric Westhof

François Major

Gabriel Loyer

And also thanks to:
Craig Zirbel, Nancy Otiveros, Yann Ponty, Anton Petrov, Leontis Neocles

40 / 45



T. Thermophilus 70S E. Coli 70S P. Aeruginosa 50S

41 / 45



A-minor module
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Multi-chains
Ribosomal translation

from E. Westhof 43 / 45
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Multi-chains
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Triplet
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C vs 4OC (O2’-Methylcytidine-5’-monophosphate)
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