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Secondary structure

Symbolic notation

A symbolic notation of RNA secondary structure that is equivalent to the conventional graphs
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Definition and physical relevance of RNA secondary structures

RNA secondary structures are listings of Watson-Crick 
and GU wobble base pairs, which are free of knots and 
pseudokots.

„Secondary structures are folding intermediates in the 
formation of full three-dimensional structures.“

D.Thirumalai, N.Lee, S.A.Woodson, and D.K.Klimov. 
Annu.Rev.Phys.Chem. 52:751-762 (2001):



RNA sequence

RNA structure
of minimal free 

energy

RNA folding:

Structural biology,
spectroscopy of 
biomolecules, 
understanding 

molecular function
Empirical parameters

Biophysical chemistry: 
thermodynamics and 

kinetics

One sequence – one structure problem
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How to compute RNA secondary structures

Efficient algorithms based on dynamic programming are available for computation of 
minimum free energy secondary structures for given sequences. 

M.Zuker and P.Stiegler. Nucleic Acids Res. 9:133-148 (1981)

M.Zuker, Science 244: 48-52 (1989)

Update of empirical thermodynamic parameters:
D. H. Mathews, J. Sabina, M. Zuker, D.H. Turner. J.Mol.Biol. 288:911-940 (1999)

The Vienna RNA Package:

I.L.Hofacker, W. Fontana, P.F.Stadler, L.S.Bonhoeffer, M.Tacker, and P. Schuster. Mh.Chem.
125:167-188 (1994)

Access to the Vienna RNA Package:  http://www.tbi.univie.ac.at/

Equilibrium partition function and base pairing probabilities in Boltzmann ensembles of 
suboptimal structures.

J.S.McCaskill. Biopolymers 29:1105-1190 (1990)



The Vienna RNA-Package:

A library of routines for folding,
inverse folding, sequence and
structure alignment, kinetic 
folding, cofolding, … 
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RNA sequence

RNA structure
of minimal free 

energy

RNA folding:

Structural biology,
spectroscopy of 
biomolecules, 
understanding

molecular function

Inverse Folding
Algorithm

Iterative determination
of a sequence for the

given secondary
structure

Sequence, structure, and design

Inverse folding of RNA:

Biotechnology,
design of biomolecules

with predefined 
structures and functions



Structure
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.... GC UC ....CA

.... GC UC ....GU

.... GC UC ....GA .... GC UC ....CU

d =1H

d =1H

d =2H

City-block distance in sequence space 2D Sketch of sequence space

Single point mutations as moves in sequence space
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CGTCGTTACAATTTA GTTATGTGCGAATTC CAAATT AAAA ACAAGAG.....

CGTCGTTACAATTTA GTTATGTGCGAATTC CAAATT AAAA ACAAGAG.....

G A G T

A C A C

Hamming distance  d (I ,I ) = H 1 2 4

d (I ,I ) = 0H 1 1

d (I ,I ) = d (I ,I )H H1 2 2 1

d (I ,I )  d (I ,I ) + d (I ,I )H H H1 3 1 2 2 3

(i)

(ii)

(iii)

The Hamming distance between sequences induces a metric in sequence space



Hamming distance  d (S ,S ) = H 1 2 4

d (S ,S ) = 0H 1 1

d (S ,S ) = d (S ,S )H H1 2 2 1

d (S ,S )  d (S ,S ) + d (S ,S )H H H1 3 1 2 2 3

(i)

(ii)

(iii)

The Hamming distance between  structures in parentheses notation forms a metric 
in structure space



Inverse folding algorithm

I0 I1 I2 I3 I4 ... Ik Ik+1 ... It

S0 S1 S2 S3 S4 ... Sk Sk+1 ... St

Ik+1 = Mk(Ik)   and  dS(Sk,Sk+1) = dS(Sk+1,St) - dS(Sk,St) < 0 

M ... base or base pair mutation operator

dS (Si,Sj) ... distance between the two structures Si and Sj

‚Unsuccessful trial‘ ... termination after n steps



Target structure Sk

Initial trial sequences 

Target sequence 

Stop sequence of an
unsuccessful trial 

Intermediate compatible sequences

Intermediate compatible s
equences

Approach to the target structure Sk in the inverse folding algorithm



UUUAGCCAGCGCGAGUCGUGCGGACGGGGUUAUCUCUGUCGGGCUAGGGCGC

GUGAGCGCGGGGCACAGUUUCUCAAGGAUGUAAGUUUUUGCCGUUUAUCUGG

UUAGCGAGAGAGGAGGCUUCUAGACCCAGCUCUCUGGGUCGUUGCUGAUGCG

CAUUGGUGCUAAUGAUAUUAGGGCUGUAUUCCUGUAUAGCGAUCAGUGUCCG

GUAGGCCCUCUUGACAUAAGAUUUUUCCAAUGGUGGGAGAUGGCCAUUGCAG

Criterion of
Minimum Free Energy

Sequence Space Shape Space

Number of sequences: NI = 4n ;   Number of secondary structures: NS = 1.4848 n-3/2 1.84892n



Reference for postulation and in silico verification of neutral networks



Sk I.   = ( )ψ
fk f Sk   = ( )

Sequence space Structure space Real  numbers

Mapping from sequence space into structure space and into function



Sk I.   = ( )ψ
fk f Sk   = ( )

Sequence space Structure space Real  numbers



Sk I.   = ( )ψ

Sequence space Structure space



Sk I.   = ( )ψ

Sequence space Structure space

The pre-image of the structure Sk in sequence space is the neutral network Gk



Neutral networks are sets of sequences forming the same object in a 
phenotype space. The neutral network Gk is, for example, the pre-
image of the structure Sk in sequence space:

Gk = -1(Sk) π { j | (Ij) = Sk}

The set is converted into a graph by connecting all sequences of 
Hamming distance one.

Neutral networks of small biomolecules can be computed by 
exhaustive folding of complete sequence spaces, i.e. all RNA 
sequences of  a given chain length. This number, N=4n , becomes 
very large with increasing length, and is prohibitive for numerical  
computations. 

Neutral networks can be modelled by random graphs in sequence 
space. In this approach, nodes are inserted randomly into sequence 
space until the size of the pre-image, i.e. the number of neutral 
sequences, matches the neutral network to be studied.
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λj =   27 = 0.444/12

λk = 
 (k)j

| |Gk

λ λk cr  . . . .> 

λ λk cr  . . . .< 

  network  is connectedGk

  network  is  connectedGk not

λ κ cr = 1 - -1 ( 1)/ κ-Connectivity threshold:

G S Sk k k = ( )    | ( ) =  -1 U I Ij j

Alphabet size   :
cr

2 0.5

3 0.423

4 0.370 AUGC

AUG , UGC

AU,GC,DU

Degree of neutrality of neutral networks and the connectivity threshold



Giant Component

A multi-component neutral network formed by a rare structure



A connected neutral network formed by a common structure



GkNeutral Network

Structure S  k

Gk  Ck

Compatible Set  Ck

The compatible set Ck of a structure Sk consists of all sequences which form 
Sk as its minimum free energy structure (the neutral network Gk) or one of its
suboptimal structures.



5'-End5'-End 5'-End5'-End

3'-End3'-End 3'-End3'-End
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Alphabet Degree of neutrality    

AU

AUG

AUGC

UGC

GC

- -

- -

0.275   0.064

0.263  0.071

0.052  0.033

- -

0.217  0.051

0.279   0.063

0.257  0.070

0.057  0.034

0.073  0.032

0.201  0.056

0.313   0.058

0.250  0.064

0.068  0.034

Degree of neutrality of cloverleaf RNA secondary structures over different alphabets
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RNA secondary structures derived from a single sequence
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Computation of suboptimal 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



3'

5'
Total number of structures including
all suboptimal conformations, stable 
and unstable (with  G0>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



RNA secondary structures derived from a single sequence
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-23.0 kcal

-23.8 kcal

GGCCCCUUUGGGGGCCAGACCCCUAAAGGGGUC

The ‘dot plot’ of a two-conformation molecule
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The tRNAphe ‘dot plot’ and the base pairing probabilities from the partition function
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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

Christoph Flamm, Ivo L. Hofacker, Peter F. Stadler, Michael T. Wolfinger. Barrier trees of 
degenerate landscapes. Z.Phys.Chem. 216:155-173, 2002

Michael T. Wolfinger, W. Andreas Svrcek-Seiler, Christoph Flamm, Ivo L. Hofacker, Peter 
F. Stadler. Efficient computation of RNA folding dynamics. 
J.Phys.A: Math.Gen. 37:4731-4741, 2004



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

ikkk

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 move of class 2: Shift involving free ends

Base pair shift

Class 2



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

I1 = ACUGAUCGUAGUCAC
I2 = AUUGAGCAUAUUCAC
I3 = CGGGCUAUUUAGCUG

S0 =  • • ( ( ( ( • • • • ) ) ) ) •
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Definition of a ‚barrier tree‘



I1 = ACUGAUCGUAGUCAC
S0

S1

S2

S3

O

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



I2 = AUUGAGCAUAUUCAC
S0

S1

S4

S2
S3

O

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



open chain

A nucleic acid molecule folding in two dominant conformations



Folding dynamics of the sequence  GGCCCCUUUGGGGGCCAGACCCCUAAAAAGGGUC
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((((((....)))))).((((((....)))))) -23.00
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Examples of  two folding trajectories leading to different local minima
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1. One sequence – one structure problem

2. Inverse folding and neutral networks

3. Kinetic folding

4. Intersections and conformational switches

5. Cofolding of nucleic acid molecules



RNA molecules switching between conformations

1. Self-induced switches

2. Externally induced switches

1. External parameters (T, p, pH, I, ...)

2. Binding of small ligands

3. Chemical modification (tRNA)
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Structure S  0

Structure S  1

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



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







A ribozyme switch

E.A.Schultes, D.B.Bartel, Science 
289 (2000), 448-452



Two ribozymes of chain lengths n = 88 nucleotides: An artificial ligase (A) and a natural cleavage 
ribozyme of hepatitis- -virus (B)



The sequence at the intersection: 

An RNA molecules which is 88 
nucleotides long and can form both 
structures



Two neutral walks through sequence space with conservation of structure and catalytic activity



Sequence of mutants from the intersection to both reference ribozymes
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C. W. A. Pleij. Structural parameters affecting the kinetic competition of RNA hairpin 
formation, in press 2004.
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A. P. Gultyaev, M. H. de Smit, P. Schuster, K. Gerdes and C. W. A. Pleij. The refolding
mechanism of the metastable structure in the 5’-end of the hok mRNA of plasmid R1,
submitted 2004.
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Thiamine-pyrophosphate

Wade Winkler, Ali Nahvi, and Ronald R. Breaker, Thiamine derivatives bind messenger RNAs directly to regulate 
bacterial gene expression. Nature 419, 952-956, 2002.



1. One sequence – one structure problem

2. Inverse folding and neutral networks

3. Kinetic folding

4. Intersections and conformational switches

5. Cofolding of nucleic acid molecules



Cofolding two or three nucleic acid molecules



An example for ‘symmetric’ cofolding of two molecules
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An example of a cofolding trajectory




Conclusions

I. Inverse folding of single stranded nucleic acids allows for efficient 
design of sequences with predefined secondary structures.

II. Common structures are formed by sequences of connected neutral 
networks in sequence space.

III. Molecules forming the same secondary structure differ by their 
suboptimal conformations and the kinetic folding behavior.

IV. Kinetic folding is indispensible for a detailed understanding of 
nucleic acid structures.

V. The design of molecules with two (meta)stable conformations and 
predefined barrier heights is straightforward.

VI. Cofolding of molecules or hybridization follows essentially the 
same principles as single molecule folding.
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