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Secondary structure

Symbolic notation

Í

A symbolic notation of RNA secondary structure that is equivalent to the conventional graphs



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):
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UUUAGCCAGCGCGAGUCGUGCGGACGGGGUUAUCUCUGUCGGGCUAGGGCGC

GUGAGCGCGGGGCACAGUUUCUCAAGGAUGUAAGUUUUUGCCGUUUAUCUGG

UUAGCGAGAGAGGAGGCUUCUAGACCCAGCUCUCUGGGUCGUUGCUGAUGCG

CAUUGGUGCUAAUGAUAUUAGGGCUGUAUUCCUGUAUAGCGAUCAGUGUCCG

GUAGGCCCUCUUGACAUAAGAUUUUUCCAAUGGUGGGAGAUGGCCAUUGCAG

Criterion of
Minimum Free Energy

Sequence Space Shape Space



Computed numbers of minimum free energy structures over different nucleotide alphabets

P. Schuster, Molecular insights into evolution of phenotypes. In: J. Crutchfield & P.Schuster, 
Evolutionary Dynamics. Oxford University Press, New York 2003, pp.163-215.





Reference for postulation and in silico verification of neutral networks



Evolution in silico

W. Fontana, P. Schuster, 
Science 280 (1998), 1451-1455
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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 genotypes 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
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Sequence space Structure space Real  numbers

Mapping from sequence space into structure space and into function
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Sk I.   = ( )ψ
fk f Sk   = ( )

Sequence space Structure space Real  numbers

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



Random graph approach to neutral networks

Sketch of sequence spaceStep 00
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Random graph approach to neutral networks

Sketch of sequence spaceStep 10



Random graph approach to neutral networks

Sketch of sequence spaceStep 15



Random graph approach to neutral networks

Sketch of sequence spaceStep 25



Random graph approach to neutral networks

Sketch of sequence spaceStep 50



Random graph approach to neutral networks

Sketch of sequence spaceStep 75



Random graph approach to neutral networks

Sketch of sequence spaceStep 100



λj =   27 = 0.444 ,/12 λk = 
ø l (k)j

| |Gk

λ κ cr = 1 - -1 ( 1)/ κ-

λ λk cr  . . . .> 

λ λk cr  . . . .< 

  network  is connectedGk

  network  is  connectednotGk

Connectivity threshold:

Alphabet size   :       = 4k ñ kAUGC

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

k lcr

2 0.5

3 0.423

4 0.370

GC,AU

GUC,AUG

AUGC

Mean degree of neutrality and connectivity of neutral networks



A connected neutral network formed by a common structure



Giant Component

A multi-component neutral network formed by a rare structure
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GkNeutral Network

Structure S  k

Gk  Cà k

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.



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
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Kinetics of RNA refolding between a long living metastable conformation 
and the minmum free energy structure
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Structure S  0

Structure S  1

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



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-d-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



J.H.A. Nagel, C. Flamm, I.L. Hofacker, K. Franke, M.H. de Smit, P. Schuster, and C.W.A. Pleij.

Structural parameters affecting the kinetic competition of RNA hairpin formation, in press 2004.

J.H.A. Nagel, J. Møller-Jensen, C. Flamm, K.J. Öistämö, J. Besnard, I.L. Hofacker, 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.



J.H.A. Nagel, C. Flamm, I.L. Hofacker, K. Franke, 
M.H. de Smit, P. Schuster, and C.W.A. Pleij.

Structural parameters affecting the kinetic competition of 
RNA hairpin formation, in press 2004.
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The refolding mechanism of the metastable structure in the 5’-end of the hok mRNA of plasmid R1,
submitted 2004.
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Evidence for neutral networks and shape space covering



Evidence for neutral networks and 
intersection of apatamer functions
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