Generative models of catalytic RNAs
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THE ORIGIN OF LIFE QUESTION

Pasteur 1864



Ablogenesis




Enzymes are p

1926: James Sumner
crystallizes ureases

roteins

B THE ISOLATION ARD CRYSTALLIZATION OF THE
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After work both hy my=alf ard in collaboration with D, V. AL
Grasam and Dr, C, ¥, Nobavle that exfenas over o pesiad of o
LT Tees Dl 1 weanw, T clizoavered on the 2fth of Avril a means of
obtzining from the jack bean a pew protein which erystallizes
penutiiully und whose solitions posses 1o an extraonlivary degree
the alility 1o decomposa ures into amcmeniur carbonate,  The
vrofein eryztale, whica are shown in B 1, huve boen exaningd
Phough (ke Kodeess of D, A Q) Gill, who meports thern o be
sharply eovstallized, coloness eolehedes, belonging by thiz defi-
pizica to the isometric system,  They show na double nefusclion
andd ues Cron 4 Lo Sp InJicmeter.

Vrhile tae mest active solutions of urcws: prepunsd Tn this labora-
tory by Supner, Grebam, aed Neback' and by Sumper acd
Grahsiy® possesaxi un uenivity of about 30000 units per go. of
protein present. the ovtabedr, sffer woshing away the motber
Tiquor, bieve o geliviny of 100,000 naita per 2o, of dry readerinl.
In other words, o oo, of the materiul will pradues 1000 g of
smmonin nibragen fram g urs-ploeplale solution u 3 sonnles
at 30°C. At this temperastare the material rovuines 1.4 seconda o
decompose its own weighi of ues.

The crvetals, when freshis formed, dissalve fuirly tepidly in
distilled wester, giving o water-elpar solution siter contrihuging
from the slight anount of fnsoluble eeilar that is prezent.  The
solution congilates 1zan hesting and gives strong'y Lhe biured,

*Bumner, 7T, Graham, V, A, 2ed Neboek, C. V., Paoe, Soe, Bap. Biol
and “fed., 1904, xxi, 551,

445
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DNA carries genetic information

1953: elucidation of DNA structure

Sugar-phosphate
backbone

Phosphorus
Carbon in

sugar-phosphate
“backbone”

Hydrogen

. s : Oxygen
e
Francis Crick James Watson Maurice Wilkins Rosalind Franklin SR oces




The missing link

c DNA Protein

Replication



Can RNA solve the origin of life paradox?

Proteins ‘

Crick, F. H. (1968). The origin of the genetic code. Journal of molecular biology, 38(3), 367-379.



The missing link

s s 8

c DNA mmm) RNA mmm) Protein

Replication Transcription Translation

1961: discovery of messenger RNA by Gros, Jacob, Monod (Institut Pasteur)



Translation is an RNA machinery

Amino acid

Growing protein

Large subunit Eﬁ)

Anticodon

Small subunit

Von Bohlen, K., Makowski, I., Hansen, H. A. S., Bartels, H., Berkovitch-Yellin, Z., Zaytzev-Bashan, A,, ... & Yonath, A. (1991). Characterization and preliminary attempts
for derivatization of crystals of large ribosomal subunits from Haloarcula marismortui diffracting to 3 A resolution. Journal of molecular biology, 222(1), 11-15.



The RNA world hypothesis

1982: Like proteins, RNA is a catalyst

Tetrahymena
Group | intron

Kruger, K., Grabowski, P. J., Zaug, A. J., Sands, J., Gottschling, D. E., & Cech, T. R.
(1982). Self-splicing RNA: autoexcision and autocyclization of the ribosomal RNA
intervening sequence of Tetrahymena. cell, 31(1), 147-157.

The RNA World

[HIRD EDITION

vo v Raymond F. Gesteland

Thomas R. Cech

John F. Atkins




We still live in an RNA world!
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The human genome

3 billion base pairs of DNA




RNA is at the core of biology from the start

Understand the origin of life Develop novel therapies

Protocells Lipid Nanoparticle for
therapeutic RNA delivery



Origin of life: a motivation for RNA design

Pavlinova, P, Lambert, C. N., Malaterre, C., & Nghe, P. (2023).
Abiogenesis through gradual evolution of autocatalysis into

template-based replication. FEBS letters
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Origin of life: a motivation for RNA design

Pavlinova, P, Lambert, C. N., Malaterre, C., & Nghe, P. (2023).
Abiogenesis through gradual evolution of autocatalysis into
template-based replication. FEBS letters
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Is RNA self-reproduction
exceptional or banal?

Neutral Network
robust to mutations

point mutation

<
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Challenge :
design RNAs with the same function but no identity M/ el oA .
d = \ /Dd = \) mutation
« neutral network » of RNA function s (¥ { /

RNA secondary
giructure




Natural protein structures can now be predicted

e Alphafold2 could predict even difficult protein folds at the
IN CHEMISTRY 2024 CASP14 competition with atomic resolution

Median Free-Modelling Accuracy
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Alphafold learns context-dependencies at a large scale

Learned from:
e 170.000 structures
« >107 sequences

Jumper, J., Evans, R., Pritzel, A., Green, T.,
nature, 596(7873), 583-589.

MSA embedding Sequence-residue edges
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Figurnov, M., Ronneberger, O., ... & Hassabis, D. (2021). Highly accurate protein structure prediction with AlphaFold.



Can we predict function?

Alphafold does not.
Only within protein homolog families.

Chorismate mutase enzyme

Russ et al. "Science 369.6502 (2020): 440-445



Structure prediction
fails for RNA

e ~10% structures
» ~107 sequences

* Heavily biased towards
tRNAs and rRNAs

Bu, Fan, et al. "RNA-Puzzles Round V: blind predictions of 23 RNA
structures." Nature methods (2024): 1-13.

Kretsch, Rachael C., et al. "Assessment of nucleic acid structure
prediction in CASP16." bioRxiv (2025): 2025-05.

Best predicted model

Experimental structures
RNA element Viral element
Puzzle 1 Puzzle 16a Puzzle 16b Puzzle 30 Puzzle 18 Puzzle 24 Puzzle 31 Puzzle 39
rms.d.50A rm.sd.12A rm.sd. 1.3 A rm.sd.50A r.m.sd.3.2A rm.s.d. 48 A rm.sd. 4.8 A rm.sd.3.4A

/
Ribozyme Aptamer
Puzzle 22 Puzzle 22dimer Puzzle 34 Puzzle 35 Puzzle 36 Puzzle 23 Puzzle 32
rm.s.d.107 A rm.s.d. 202 A rm.s.d.87A rm.s.d. 6.0 A rmsd. 212 A rm.sd.81A r.m.s.d. 50 A

Riboswitch
Puzzle 26 Puzzle 27 Puzzle 28 Puzzle 37 Puzzle 25
rm.sd.125A rmsd.95A rm.s.d.145A rm.sd.54A rm.sd.26A

Puzzle 26 T-box Puzzle 27 T-box Puzzle 28 T-box Puzzle 38 Puzzle 29 Puzzle 33
rm.s.d.13.2 A r.m.s.d. 1.0 A rm.s.d.50A r.m.s.d. 8.0 A rm.sd. 43 A rm.s.d.3.4 A




Opportunities: physics-based models

B
5'\“ e, e d
o TT LT oo It is possible to compute secondary
5 5o structure efficiently for reasonably-

sized RNAs.

Hofacker, I. L., Fontana, W., Stadler, P. F., Bonhoeffer, L. S., Tacker, M., & Schuster, P. (1994). Fast folding and comparison of RNA secondary
structures. Monatshefte fur chemie, 125, 167-167.



Opportunities: DNA synthesis & sequencing

Custom DNA pool synthesis DNA sequencing

IHlumina
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Twist Biosciences

121 ADDRESSABLE SURFACES
PER CLUSTER

21



Al challenges for RNA

Can we predict RNA structure?
Can we predict RNA function?
How to integrate physics-based models?

B w e

How to optimally learn from modelling — experimental cycles?

* RNA models are of high interest for biology
* RNA provides an ideal platform to test Al methods



Group | intron family

Group | intron subclasses
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Alignment positions

Evolutionary data of group | introns
~816 sequences from the RFAM database



Computational workflow

variable conserved
residue residue
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Experimental test of activity
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Biochemical assay

DNA synthesis Sequencing read-out

>10.000 distinct sequences can be tested at once in a single day



Comparison of generative models

~200 sequences per bin of 10 mutations

RDM

BPR
BPR-3D
SB

SB-3D
PRO
DCAT=1
DCAT=0.3
DCA-SB
VAE

CHI

Active fraction

Mutation to wild type



Physics generates functional molecules
out of the natural distribution

Mutational enrichment due to structure
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Estimation of the number of autocatalytic RNAs

1095 A B RDM
PRO

g 10% 4 BN BPR-3D
)]
O
§ 1071 < BN DCAT=1
o 105 - Estimated number of sequences of
0 . .
B 1047 length 200 with the same function:
3 103°
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=
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S " Mutations to wild type

Lambert CN, Opuu V, Calvanese F, Pavlinova P, Zamponi F, Hayden EJ, Weigt M, Smerlak M, Nghe P. Exploring the space of self-
reproducing ribozymes using generative models. Nature Communications. 2025 Aug 22;16(1):7836.
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Solve Puzzles, Invent Medicine.

Technology

Players and researchers have created
design tools, predictive Al models, large
data sets, and DNA template libraries. All
technologies are freely available for non-
commercial use, and commercial licenses
support Eterna's ongoing research.

Learn more

FEATURED LAB CHALLENGE

OpenKnot

Many important biological processes
depend on RNAs that form pseudoknots,
and they are among the most conserved
structures in evolutionary history.
However, scientists still have much to learn
about their properties, structure, and
functions.

HOME PLAY~- LEARN- COMMUNITY~ NEWS ABOUT~

Our Impact

Publications

Eterna players have contributed to over
30 scientific publications, including as lead
authors, in journals such as Nature
Communications, PLOS Computational
Biology. and Proceedings of the National
Academy of Sciences.

Learn more

OpenVaccine

During the pandemic, the Eterna
community created and published designs
for a more stable mRNA vaccine for
COVID-19 optimized for new variants.
Eterna’s open challenges address several
important areas of RNA medicine.

Learn more




Humans equal machine learning
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Active learning
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Wang, S., Allauzen, A., Nghe, P, & Opuu, V. (2025). A guide for

active learning in synergistic drug discovery. Scientific Reports,
1C(1\ 21491

functional space
— original model
— reintegrated model
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Relearning allows going out of the natural
distribution

100¢ —e— eaDCA
DCA+SB
DCAr
—e— DCAr bin norm
80t

=]
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I
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20t

20 40 60 80 100
Bin Upper Limit

Calvanese, F., Peinetti, G., Pavlinova, P., Nghe, P., & Weigt, M. (2025). Integrating experimental feedback improves generative
models for biological sequences. Nucleic Acids Research, 53(16), gkaf832.



Build a LLM for RNA from our own data

Public databases Generative LLM
~104 structures
~107 Sequences MSA embedding Sequence-residue edges
Physics-based models of RNA r Alle==-r I - -
LR e 18 1aiM's
FOlding Protein sequence . ;“r‘ | l/ |
Molecular dynamics L RRRRRRRR e =
uuuuuuu l l

Active learning

High-throughput screening of RNA

Computational design Synthesis Pooled assay Sequencing
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Autocatalysis emerges from random mixtures

substrates L o W
T A .
""""' NI Possible _u_—g"—
o =% =& =% Template reproduction
url'l Vv cycle
i =080
Short random
RMNA oligomers O 2" 3-cyclic phosphate © 2°-5 phosphodiester bond
A B.
UG >p
/C A v T
C-G-G-G-G » ¢
5'FAM _ & 2 e HO-©@W™ "(OOOOX® 3
G cHcCHC)KHC u-6-C-6 G-G-G-G-C
U.u A u.u Ao 5’

Mizuuchi R, Ichihashi N. Minimal RNA self-reproduction discovered from a random pool of oligomers. Chem Sci. 2023;14(28):7656-64.



Toward replication in the RNA world

An RNA that can copy itself from trimers and hexamers

Folded O T45
ribozyme (+) #O
I =~

(-) strand synthesis +

H Substrate =~ “=eoesessessssssea Polymerization
/ binding
+ ==

Strand separation

>
)
\
\
1 —

(+) strand synthesis - - Polymerization
Substrate
binding

A polymerase ribozyme that can synthesize both itself and its complementary strand
E Gianni, SLY Kwok, CJK Wan, K Goeij, B Clifton, J Attwater, P Holliger, Science 2026



https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=Aq0fpboAAAAJ&sortby=pubdate&citation_for_view=Aq0fpboAAAAJ:eQOLeE2rZwMC

Diversifying replicases
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Design probability
)
0.0 0.5 1.0

Joshi, C. K., Gianni, E., Kwok, S. L., Mathis, S. V,, Lio, P., & Holliger, P.

(2025). Generative inverse design of RNA structure and function with
gRNAde. bioRxiv, 2025-11.

t1+5TU 3D structure
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Sequence constraints
from fitness landscape
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Evolution of primordial autocatalysts
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Emergence of protocells

RNA

»

04
lipid
amphiphile

QQ peptide
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= progressive compartmentalization



Self-organization of RNA and peptides in compartments

Selection in a drying pond



fﬁ Targetting RNA with
_ small molecules

Biomedical applications

g) Risdiplam
against SMA
Predicting the next influenza strain
Co-infection Single virus infection . . mRNA therapies
Hith o ety Small interfering RNAs
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H3N2 Reassortant
viruses

KY Chen, J Karuppusamy, MB O’Neill, V Opuu, M Bahin, S Foulon, P Ibanez, L
Quintana-Murci, T Ozawa, S van der Werf, P Nghe, N Naffakh, AD Griffiths, C Isel,
High-throughput droplet-based analysis of influenza A virus genetic reassortment by
single-virus RNA sequencing, Proceedings of the National Academy of Sciences (2023),

Cleavage



Conclusion
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Generative models work with as few as hundreds of sequences £, A:gggg?
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