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THE ORIGIN OF LIFE QUESTION

Pasteur 1864
2



?

Abiogenesis



Enzymes are proteins

1926: James Sumner 
crystallizes ureases



DNA carries genetic information

1953: elucidation of DNA structure



The missing link

?



Can RNA solve the origin of life paradox?

Proteins
=

enzymes

DNA
=

code

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



The missing link

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



Translation is an RNA machinery

Von Böhlen, 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 Å resolution. Journal of molecular biology, 222(1), 11-15.



The RNA world hypothesis

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.

Tetrahymena
Group I intron 

1982: Like proteins, RNA is a catalyst



We still live in an RNA world!

75 - 90% is transcribed into RNA

3 billion base pairs of DNA

1 - 2% is translated into proteins

The human genome



RNA is at the core of biology from the start

Lipid Nanoparticle for 
therapeutic RNA delivery

Protocells

Understand the origin of life Develop novel therapies



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



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



Is RNA self-reproduction 
exceptional or banal?

« neutral network » of RNA function

Challenge : 
design RNAs with the same function but no identity



Natural protein structures can now be predicted

Alphafold2 could predict even difficult protein folds at the 
CASP14 competition with atomic resolution



Alphafold learns context-dependencies at a large scale

Learned from:
• 170.000 structures 
• >107 sequences

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., ... & Hassabis, D. (2021). Highly accurate protein structure prediction with AlphaFold. 
nature, 596(7873), 583-589.



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

• ~104 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.



Opportunities: physics-based models

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.

It is possible to compute secondary
structure efficiently for reasonably-
sized RNAs.



Opportunities: DNA synthesis & sequencing
DNA sequencing
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Custom DNA pool synthesis

Twist Biosciences

Illumina

Nanopore



AI challenges for RNA

1. Can we predict RNA structure?

2. Can we predict RNA function?

3. How to integrate physics-based models?

4. How to optimally learn from modelling – experimental cycles?

• RNA models are of high interest for biology
• RNA provides an ideal platform to test AI methods



Group I intron family

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



Computational workflow



Experimental test of activity

Computational design

DNA synthesis Sequencing read-out

Biochemical assay

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



Comparison of generative models
~200 sequences per bin of 10 mutations



Physics generates functional molecules
out of the natural distribution



Estimation of the number of autocatalytic RNAs

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.

Estimated number of sequences of 
length 200 with the same function:
1039





Humans equal machine learning



Active learning

31

Wang, S., Allauzen, A., Nghe, P., & Opuu, V. (2025). A guide for 
active learning in synergistic drug discovery. Scientific Reports, 
15(1), 3484.



Relearning allows going out of the natural
distribution

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

33

Computational design Pooled assaySynthesis Sequencing

Public databases
~104 structures
~107 sequences

Physics-based models of RNA
Folding

Molecular dynamics

Experiemental structures
CryoEM

High-throughput screening of RNA

Active learning

Generative LLM
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Autocatalysis emerges from random mixtures

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

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
Joshi, C. K., Gianni, E., Kwok, S. L., Mathis, S. V., Liò, P., & Holliger, P. 
(2025). Generative inverse design of RNA structure and function with
gRNAde. bioRxiv, 2025-11.



Evolution of primordial autocatalysts

Nghe, P. A stepwise emergence of evolution in the RNA world. FEBS letters. (2025)



Emergence of protocells



Self-organization of RNA and peptides in compartments

Selection in a drying pond



Biomedical applications

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), 

Predicting the next influenza strain

Gene-editing therapies

Targetting RNA with
small molecules

Small interfering RNAs

Risdiplam
against SMA

mRNA therapies



Conclusion

• Generative models work with as few as hundreds of sequences

• Exploration – Exploitation trade-off

• Out-of-distribution desigsn from physics and relearning

• Scaling law of the number of possible sequences

Challenges

• Toward no identity 

• Diversify from a single instance

• Modify structure

• Find new activities

Opportunities

• Active learning 

• Physics-informed models
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