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RNA  sample

Stock solution:  Q  RNA-replicase, ATP, CTP, GTP and UTP, buffer

Time
0 1 2 3 4 5 6 69 70

Application of serial transfer to RNA evolution in vitro



Decrease in mean fitness
due to quasispecies formation

The increase in RNA production rate during a serial transfer experiment



Stock solution: 

activated monomers, ATP, CTP, GTP, 
UTP (TTP);
a replicase, an enzyme that performs 
complemantary replication;
buffer solution

The flowreactor is a device for 
studies of evolution in vitro and 
in silico.



James D. Watson, 1928-, and Francis H.C. Crick, 1916-2004

Nobel prize 1962

1953 – 2003  fifty years double helix

The three-dimensional structure of a 
short double helical stack of B-DNA



Complementary replication is 
the simplest copying mechanism
of RNA.
Complementarity is determined 
by Watson-Crick base pairs:

G C and A=U



RNA replication by Q -replicase

C. Weissmann, The making of a phage. 
FEBS Letters 40 (1974), S10-S18
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Complementary replication as the simplest molecular mechanism of reproduction



Kinetics of RNA replication
C.K. Biebricher, M. Eigen, W.C. Gardiner, Jr.
Biochemistry 22:2544-2559, 1983



Christof K. Biebricher 1941-2009

metastable

stable

C.K. Biebricher, R. Luce. 1992. In vitro recombination and terminal recombination of RNA 
by Q replicase. The EMBO Journal 11:5129-5135.



Gfold = - 68.5 kcal / mole

Gfold = - 98.4 kcal / mole

Gfold = - 277.4 kcal / mole

Gbind = - 72.1 kcal / mole

SV11 plus strand



Gfold = - 71.1 kcal / mole

Gfold = - 101.9 kcal / mole

Gfold = - 277.4 kcal / mole

Gbind = - 72.1 kcal / mole

SV11 minus strand



J. Demez. European and mediterranean plant protection organization archive. France

R.W. Hammond, R.A. Owens. Molecular Plant Pathology Laboratory, US Department of Agriculture

Plant damage by viroids



Nucleotide sequence and secondary structure 
of the potato spindle tuber viroid RNA

H.J.Gross, H. Domdey, C. Lossow, P Jank, 
M. Raba, H. Alberty, and H.L. Sänger. 
Nature 273:203-208 (1978)



Nucleotide sequence and secondary structure 
of the potato spindle tuber viroid RNA
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Vienna RNA Package 1.8.2            Biochemically supported structure          



An example of two ribozymes growing exponentially by cross-catalysis.
T.A. Lincoln, G.F. Joyce. 2009. Self-sustained replication of an RNA enzyme. Science 323:1229-1232 
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1977
1988

1971

Chemical kinetics of molecular evolution



Replication and mutation are parallel chemical reactions.



Manfred Eigen
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Mutation and (correct) replication  as parallel chemical reactions
M. Eigen. 1971. Naturwissenschaften 58:465, 

M. Eigen & P. Schuster.1977. Naturwissenschaften 64:541, 65:7 und 65:341



Quasispecies

Driving virus populations through threshold

The error threshold in replication



Chain length and error threshold
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A fitness landscape showing an error threshold



Error rate  p = 1-q
0.00 0.05 0.10

Quasispecies Uniform distribution

Stationary population or quasispecies as a function of the mutation or error rate p



Error threshold on a single peak fitness landscape with n = 50 and = 10



Fitness landscapes showing error thresholds



Error threshold: Individual sequences

n = 10, = 2 and d = 0, 1.0, 1.85 



1. RNA replication in vitro and in vivo

2. Evolution of RNA molecules

3. RNA sequences and structures

4. Evolutionary optimization of RNA structure





The notion of RNA (secondary) structure

1.  Minimum free energy structure

2.  Many sequences one structure

3.  Suboptimal structures

4.  Kinetic structures



Extension of the notion of structure



N = 4n

NS < 3n

Criterion:   Minimum free energy (mfe)

Rules:     _ ( _ ) _   {AU,CG,GC,GU,UA,UG}

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





The notion of RNA (secondary) structure
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3.  Suboptimal structures

4.  Kinetic structures



The inverse folding algorithm searches for sequences that form a given 
RNA secondary structure under the minimum free energy criterion. 





A mapping  and its inversion

Gk = ( )    | ( ) =  -1 US I Sk j j kI
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many genotypes          one phenotype





An example of ‘artificial selection’ 
with RNA molecules or ‘breeding’ of 
biomolecules



tobramycin

RNA aptamer, n = 27

Formation of secondary structure of the tobramycin binding RNA aptamer with KD = 9 nM

L. Jiang, A. K. Suri, R. Fiala, D. J. Patel, Saccharide-RNA recognition in an aminoglycoside antibiotic-
RNA aptamer complex. Chemistry & Biology 4:35-50 (1997)



The three-dimensional structure of the 
tobramycin aptamer complex

L. Jiang, A. K. Suri, R. Fiala, D. J. Patel, 
Chemistry & Biology 4:35-50 (1997)



RNA 9:1456-1463, 2003

Evidence for neutral networks and shape space covering



Evidence for neutral networks and 
intersection of apatamer functions
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Extension of the notion of structure
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Extension of the notion of structure





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}

Master equation
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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 dependent Ising models. 
Phys.Rev. 145:224-230, 1966).
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Formulation of kinetic RNA folding as a stochastic process
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"Barrier tree"

Definition of a ‚barrier tree‘
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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



The thiamine-pyrophosphate riboswitch

S. Thore, M. Leibundgut, N. Ban. 
Science 312:1208-1211, 2006.



M. Mandal, B. Boese, J.E. Barrick, 
W.C. Winkler, R.R, Breaker. 
Cell 113:577-586 (2003)
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Computer simulation using 
Gillespie‘s algorithm:

Replication rate constant:

fk = / [ + dS
(k)]

dS
(k) = dH(Sk,S )

Selection constraint:

Population size, N = # RNA 
molecules, is controlled by 

the flow

Mutation rate:

p = 0.001 / site replication 

NNtN ±≈)(

The flowreactor as a device for studies 
of evolution in vitro and in silico



Evolution in silico

W. Fontana, P. Schuster, 
Science 280 (1998), 1451-1455



Phenylalanyl-tRNA as 
target structure

Structure of 
randomly chosen 
initial sequence



In silico optimization in the flow reactor: Evolutionary Trajectory



Randomly chosen 
initial structure

Phenylalanyl-tRNA 
as target structure



28 neutral point mutations during a 
long quasi-stationary epoch

Transition inducing point mutations 
change the molecular structure

Neutral point mutations leave the 
molecular structure unchanged

Neutral genotype evolution during phenotypic stasis 







A sketch of optimization on neutral networks
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