
Applied stochastic RNA folding: 
flexible move types, new parameters, and a modern framework



A personal history of secondary structure folding kinetics  
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Badelt, Flamm, Hofacker (2016)

Prion-like RNA design Reaction enumeration for DNA computation:
peppercornenumerator

Badelt, Grun, Sarma, Wolfe, Winfree (2020) 



… and in more recent history
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co-transcriptional folding:
DrTransformer 

Badelt, Lorenz, Hofacker (2022)

The main problem for DrTransformer:



… and in more recent history
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co-transcriptional folding:
DrTransformer 

Badelt, Lorenz, Hofacker (2022)

The main problem for DrTransformer:
- It has to express dynamics in an 

exponentially growing secondary 
structure landscape.

This problem is very common:
- Kinfold
- Kinefold
- barriers / treekin
- RNAexplorer
- RNAlocmin
- …

It is time to change the perspective!



… and in more recent history 
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co-transcriptional folding:
DrTransformer 

Badelt, Lorenz, Hofacker (2022)

Today 

1) Revert to the most detailed model to 
analyze secondary structure folding 
kinetics

2) Introduce parameters beyond k0 
toward a better biophysical model of 
RNA/DNA folding kinetics

3) Co-transcriptional simulations of 3kb 
transcripts

4) Co-transcriptional simulations in RNA 
design objective functions.



Basics of stochastic RNA folding kinetics

Choose a move set and a rate model 
that satisfies detailed balance, e.g.:
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Simulate stochastic folding trajectories 
as given by the master equation

yields the correct equilibrium 
distribution 

whether kinetics is correct 
depends on the rate model! 



ff-trajectory: single stochastic simulations
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ff-trajectory: single stochastic simulations

8… but isn’t that what Kinfold (Flamm et al. 2001) does?



ff-timecourse: use your own coarse graining!
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Dynamics of LM structures including 
local neighbors within 3 kcal/mol. 



A comparison with a deterministic approximation
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The barriers / treekin approach 
expresses dynamics between local 
minima.



Three-way branch migration may use shift moves
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Two move types according to oxRNA Srinivas et al. (2013)
- "branch migration via sequential disruption and 

formation of bonds"
- "branch migration via invasion" (shift-moves!)

?



Three-way branch migration may use shift moves
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Two move types according to oxRNA Srinivas et al. (2013)
- "branch migration via sequential disruption and 

formation of bonds"
- "branch migration via invasion" (shift-moves!)

)



Shift-move parameterization matters!
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fuzzyfold is *very* fast



fuzzyfold is *very* fast

A co-transcriptional 
simulation of a 750 nt 
sequence takes:

 - 1 min per trajectory

or

 - 1 day for DrTansformer
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Are inverse ALU elements competing for structure?

~300nt long, non-autonomous retrotransposons

Approximately 10 percent of human genome

Sequence similarity between any two Alu elements > 80 %

Inverted repeat Alu elements: high degree of complementarity
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ALU triplets compete between 
different configurations.

Impacts on splicing, A->I editing.

Experimental data on modifications 
exists, can we explain competitions
With cotranscriptional folding. 

Let’s simulate examples 
(~3000 nt sequences) to see 
if ratio of base-pairs within 
ALUs and in-between ALUs 
depends on 
co-transcriptional dynamics. 

Alain Laederach
Hannah Hartung



Fraction of base-pairs between ALUs  

17Next: see how Inosine parameters change the picture. 



Enumeration of co-transcriptional folding pathways
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Length 2: 2 paths: . .. | . ()
Length 3: 6 paths
Length 4: 24 paths
Length 5: 105 paths
Length 6: 507 paths
Length 7: 2593 paths
Length 8: …

.() ()(). ()
()().

Laurenz Miksch



Design of co-transcriptional folding pathways

Thermodynamic design is extremely difficult! Design using fuzzyfold trajectories.
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Daniel Guerguerian



Also under active development …

Pseudoknot evaluation & integration

Jonas Jäger

Coaxial stacking

Anna Dohm
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