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A typical energy landscape of a sequence with two (meta)stable comformations



Suboptimal RNA Secondary Structures 

Michael Zuker. On finding all suboptimal foldings of an RNA molecule. Science 244 (1989), 48-52

Stefan Wuchty, Walter Fontana, Ivo L. Hofacker, Peter Schuster. Complete suboptimal folding of 
RNA and the stability of secondary structures. Biopolymers 49 (1999), 145-165
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Total number of structures including
all suboptimal conformations, stable 
and unstable (with  DG0>0):

#conformations = 1 416 661

Minimum free energy structure

AAAGGGCACAGGGUGAUUUCAAUAAUUUUA

Sequence

Example of a small RNA molecule:  n=30



Density of stares of suboptimal structures of the RNA molecule with the sequence:

AAAGGGCACAGGGUGAUUUCAAUAAUUUUA



Partition Function of RNA Secondary Structures

John S. McCaskill. The equilibrium function and base pair binding probabilities for RNA 
secondary structure.  Biopolymers 29 (1990), 1105-1119

Ivo L. Hofacker, Walter Fontana, Peter F. Stadler, L. Sebastian Bonhoeffer, Manfred Tacker, 
Peter Schuster. Fast folding and comparison of RNA secondary structures. 
Monatshefte für Chemie 125 (1994), 167-188



3'

5'Example of a small RNA molecule 
with two low-lying suboptimal 
conformations which contribute 
substantially to the partition function

UUGGAGUACACAACCUGUACACUCUUUC

Example of a small RNA molecule:  n=28
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∆E  = 0.55 kcal / mole0→2
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DG = - 5.39 kcal / mole0 
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„Dot plot“ of the minimum free energy structure (lower triangle) and the partition function 
(upper triangle) of a small RNA molecule (n=28) with low energy suboptimal configurations



GCGGAU AUUCGCUUA AGUUGGGA G CUGAAGA AGGUC UUCGAUC A ACCAGCUC GAGC CCAGA UCUGG CUGUG CACAG

GCGGAU AUUCGCUUA AGDDGGGA M CUGAAYA AGMUC TPCGAUC A ACCAGCUC GAGC CCAGA UCUGG CUGUG CACAG

Phenylalanyl-tRNA as an example for the computation of the partition function



tRNAphe

 modified baseswithout

G

first suboptimal configuration

E   =  0.43  kcal / mole∆ 0 1→
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RNAStudio.lnk

GGCGCGCCCGGCGCC

GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA

UGGUUACGCGUUGGGGUAACGAAGAUUCCGAGAGGAGUUUAGUGACUAGAGG

Suboptimal structures, partitionfunction, „dot“- and „mountain“-plots



Kinetic Folding of RNA Secondary Structures

Christoph Flamm, Walter Fontana, Ivo L. Hofacker, Peter Schuster. RNA folding kinetics 
at elementary step resolution. RNA 6:325-338, 2000

Christoph Flamm, Ivo L. Hofacker, Sebastian Maurer-Stroh, Peter F. Stadler, Martin Zehl. 
Design of multistable RNA molecules. RNA 7:325-338, 2001



The Folding Algorithm

A sequence I specifies an energy ordered set of 
compatible structures S(I):

S(I)  =  {S0 , S1 , … , Sm , O}

A trajectory Tk(I) is a time ordered series of 
structures in S(I). A folding trajectory is 
defined by starting with the open chain O and 
ending with the global minimum free energy 
structure S0 or a metastable structure Sk which 
represents a local energy minimum:

T0(I)  =  {O , S (1) , … , S (t-1) , S (t) , 
S (t+1) , … , S0}

Tk(I)  =  {O , S (1) , … , S (t-1) , S (t) , 
S (t+1) , … , Sk}

Transition probabilities Pij(t) = Prob{Si→Sj} are 
defined by

Pij(t) = Pi(t) kij = Pi(t) exp(-∆Gij/2RT) / Σi

Pji(t) = Pj(t) kji = Pj(t) exp(-∆Gji/2RT) / Σj

exp(-∆Gki/2RT)

The symmetric rule for transition rate parameters is due 
to Kawasaki  (K. Kawasaki, Diffusion constants near 
the critical point for time depen-dent Ising models. 
Phys.Rev. 145:224-230, 1966).

∑ +

≠=
=Σ

2

,1

m
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Formulation of kinetic RNA folding as a stochastic process



Base pair formationBase pair formation

Base pair cleavageBase pair cleavage

Base pair formation and base pair cleavage moves for nucleation and elongation of stacks



Base pair shift

Base pair shift move of class 1: Shift inside internal loops or bulges



Base pair shift

Base pair shift move of class 2: Shift involving free ends



Examples of rearrangements through consecutive shift moves



Mean folding curves for three small RNA molecules with different folding behavior

I1 = ACUGAUCGUAGUCAC
I2 = AUUGAGCAUAUUCAC
I3 = CGGGCUAUUUAGCUG

S0 =  • • ( ( ( ( • • • • ) ) ) ) •
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I1 = ACUGAUCGUAGUCAC
S0
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S3

O

Example of an unefficiently folding small RNA molecule with n = 15



I2 = AUUGAGCAUAUUCAC
S0

S1
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Example of an easily folding small RNA molecule with n = 15



I3 = CGGGCUAUUUAGCUG

S0

S1

S2

S3

O

Example of an easily folding 
and especially stable small
RNA molecule with n = 15



Examples of  two folding trajectories leading to different local minima



Folding dynamics of the sequence  GGCCCCUUUGGGGGCCAGACCCCUAAAAAGGGUC



C
U
G
G
G
A
A
A
A
A
U
C
C
C
C
A
G
A
C
C
G
G
G
G
G
U
U
U
C
C
C
C
G
G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

G

C

C

C

C

C

C

C

C

UU

U
U

U

U

G

G

G

G

G

C

C

C

C

C

C

C

C
C

C

C

C

C
U

U
U

AA

A

A
A

A

A

A

A

A

U

3’-end

M
in

im
um

 fr
ee

 e
ne

rg
y 

co
nf

or
m

at
io

n 
S 0

Su
bo

pt
im

al
 c

on
fo

rm
at

io
n 

S 1

C

G

One sequence is compatible with 
two structures



5.
10

2

2.
90

8

14
15

18

2.
60

17

23

19

27
22

38

45

25

36
33

39
40

3.
10

43

3.
40

41

3.
30

7.
40

5

3

7

3.
00

4

109

3.
40

6

13
12

3.
10

11

21
20

16

28
29

26

30
32

42
4644

24

353437

49

2.
80

31

4748

S0S1

Barrier tree of a sequence with 
two conformations 5.

90



Structure S  0

Structure S  1

The intersection of two compatible sets is always non empty:  C0 Ú C1 â Ù



Reference for the definition of the intersection 
and the proof of the intersection theorem



Kinetics RNA refolding between a long living metastable conformation 
and the minmum free energy structure



GCGGAU AUUCGCUUA AGUUGGGA G CUGAAGA AGGUC UUCGAUC A ACCAGCUC GAGC CCAGA UCUGG CUGUG CACAG

GCGGAU AUUCGCUUA AGDDGGGA M CUGAAYA AGMUC TPCGAUC A ACCAGCUC GAGC CCAGA UCUGG CUGUG CACAG

Kinetid folding of phenylalanyl-tRNA



modified

unmodified

Folding dynamics of tRNAphe with and without modified nucelotides



Barrier tree of tRNAphe without modified nucelotides



Tertiary elements in RNA structure

1. Different classes of pseudoknots

2. Different classes of non-Watson-Crick base pairs

3. Base triplets, G-quartets, A-platforms, etc.

4. End-on-end stacking of double helices

5. Divalent metal ion complexes, Mg2+, etc.

6. Other interactions involving phosphate, 2‘-OH, etc.



Tertiary elements in RNA structure
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Two classes of pseudoknots in RNA structures



Tertiary elements in RNA structure

1. Different classes of pseudoknots

2. Different classes of non-Watson-Crick base pairs

3. Base triplets, G-quartets, A-platforms, etc.

4. End-on-end stacking of double helices

5. Divalent metal ion complexes, Mg2+, etc.

6. Other interactions involving phosphate, 2‘-OH, etc.



Twelve families of base pairs
Watson-Crick / Hogsteen / Sugar

edge
Cis / Trans
orientation

N.B. Leontis, E. Westhof, Geometric 
nomenclature and classification of RNA base 
pairs. RNA 7:499-512, 2001. 



Tertiary elements in RNA structure

1. Different classes of pseudoknots

2. Different classes of non-Watson-Crick base pairs

3. Base triplets, G-quartets, A-platforms, etc.

4. End-on-end stacking of double helices

5. Divalent metal ion complexes, Mg2+, etc.

6. Other interactions involving phosphate, 2‘-OH, etc.
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End-on-end stacking of double helical regions yields the L-shape of tRNAphe
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