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Design of self-processing ribozymes
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RNA STRUCTURE
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A secondary structure is a list of base pairs, where:

e A base may participate in at most one base pair
e Base pairs must not cross (no pseudoknots)
e Only isosteric base-pairs (GC, AU, GU) are allowed.



THE NEAREST NEIGHBOR ENERGY MODEL
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ENERGY LANDSCAPES
An energy landscape is defined by

e Conformation spaces € €2
o Neighborhoc_l re

Asecondary structure is a list of base pairs, where:

¢ A base may participate in at most one base pair

¢ Base pairs must not cross (no pseudoknots)
e Only isosteric base-pairs (GC, AU, GU) are allowed.



ENERGY LANDSCAPES
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COMPUTATIONAL RNA DESIGN

FROM STRUCTURE(S) TO SEQUENCE
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The objective function ®(o) can vary

structure is MFE of sequence, maximize probability of structure, ...



RNA DESIGN IS FORMALLY HARD, BUT EASY IN PRACTICE
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.. simple adaptive walks usally lead to satisfactory solutions



DEPENDENCY GRAPHS FOR BISTABLE RNA DESIGN

C. Flamm, I.L. Hofacker, S. Maurer-Stroh, P.F. Stadler, and M. Zehl.
Design of multi-stable RNA molecules. RNA, 7:254-265, 2001



ON THE FUNCTION OF RIBOSWITCHES
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CAN WE DEMONSTRATE
AUTOCATALTYIC COFORMATIONAL
SELF-REPLICATION?



THE MECHANISM OF A PRION
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Aguzzi, A., Sigurdson, C., and Heikenwaelder, M. (2008). Molecular mechanisms of prion
pathogenesis. Annual Review of Pathology: Mechanisms of Disease, 3, 11-40.




Requirements for an RNA prion
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PRION DESIGN PIPELINE
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FOLDING BARRIERS WITH AND WITHOUT AUTO-CATALYSIS
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Badelt, C. Flamm, and I.L. Hofacker.

Computational design of a circular RNA with prionlike behavior.
Artificial Life 22, pages 1-14, 2016



CAN AN RNA CIRCULARIZE ITSELF?
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DESIGN OF SELF-PROCESSING RNA
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e compute a set of candidate molecules (switch.pl)
e maximize probabilities to form reactive conformations
° optimize towards reactive monomers and/or dimers
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CRZZ CUCUUUGACGGGGUUCCGUCAAAGA! GAACCA! CACUUCGGU CUGGUCCCCCUC CUCUUU----
PBD1 GGAGUUGCCGCGUUAGCGGCGGUUC GCCCCGC GCCAUAUGGC| GCGGGAAAAAGC. GGAACC----
PBD2 GGUGGUGCCCCGUAAGGGGCGUCGCC UCGGACC GCCAAAAGGC GGUCCAAAAAG. GGCGAC----
PBD3 --- CGGUUUACCGCUAAUGCGGUGGGUC CUGAGC CAGUAUACU CGCUCCAUAAAG CGGCACCAAA
PBD4 --- CGGUUUACCGCUAAUGCGGUGGGUC CUGAGC CAGGACACU CGCUCCAUAAAG CGGCACCAAA
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TABLE 3. AFM
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contour-length  measurements
implications on the ratio between monomers (M), dimers (D) and

and their

Species length

AFM contour-length measurements (nm)

CRZ-2
Number of bases  1-83mer CRZ-2 PBD1 PBD4
M (83-103/105) - 6.8+0.7 62+0.7 63+0.7
— 95+04 93x0.7 8.3+x09
13419 123x1.1 13.8+x1.3 14.2+1.0
D (166-186/188) - 17204 19.0+1.7 200=«x1.0
245x1.7 22.7+0.6 245+1.0 24.0x0.9
T (249-269/271) - - 31.7+09 29.6+0.7
36.5+3.2 - 36.5x0.7 34.8x0.5
Ratio (M:D:T) 2:1.5:1 7.4:1:0 10:2.8:1 4.5:1:1
Bold ratio only 2:1.5:1 6:1:0 9.5:4:1 2.5:1:1
(M:D:T)



DISSOCIATION BARRIERS DETERMINE EFFICIENCY

RNA 103nt | 91-97nt | 83nt | circ83nt | > 83nt
CRZ2 | - +++ ++ | - 6 X
PBD1 | - - - +—++ 2%
PBD2 | + + - ++ 4 x
PBD3 | + + - — 2 X
PBD4 | ++ + - + 2 X

free energy (activation energy)

(C RZ 2 Y -29. 80\ 3 23 so \
103% == 5'+92 923 => 83+ 3
-31.10 (4.2) -31.40 -23.00 (7.2) -23.30

4.2 )is.g 83°=—> 83

-27.60 (3.1) -23.20 (2.8)

103% === 94+3" 945 === 5' 83 /A

-26.40 (8.5) -26.70 2 20 (2.8) -29.50

\ 3; !94 5" 83 y

dissociation barner refoldlng barrier



RESULTS

RNA (in theory) capable of conformational self-replication
ribozymes can be designed to ligate themselves

energy barriers for dissociation are important for design
experimental data to model interactions of ribozymes



SUMMARY
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RNA-RNA INTERACTIONS

toehold
Interactions

T



Hulk design o ¢

refolding with or without a toehold



Hulk design: 1nM switch-RNA I mM trigger-RNA
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ENERGY LANDSCAPES
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Christoph Flamm, Walter Fontana, Ivo L Hofacker, and Peter Schuster
RNA folding at elementary step resolution. RNA, 6:325-338, 2000.

Free energy

Michael T. Wolfinger, Andreas Svrcek-Seiler, Christoph Flamm, Ivo L. Hofacker, and Peter F. Stadler.
Efficient computation of RNA folding dynamics. Journal of Physics A: Mathematical and General,
37:4731-4741, 2004,



KINETICS

Calculate transition rates from energy barriers
AG* = E(sj) — E(s;)

ko if AG¥ <0
kij = _agh .
koe™ kT otherwise

... where kg is a constant to relate folding to wall-clock time

N. Metropolis, A.W. Rosenbluth, M.N. Rosenbluth, A.H. Teller, and E. Teller. Equation of state
calculations by fast computing machines. The Journal of Chemical Physics, 21(6):1087-1092, 1953.



THE MASTER EQUATION

dP
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... together with the rate of gradient basin transitions ...
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... can be solved for 60-80 nucleotides sequence length

CCUAGCCGAGCUUGGUUAAAUAUAGCUACGGAUGGCUACC
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