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Drei notwendige Bedingungen für Darwinsche Evolution:

1. Vermehrung,

2. Variation, und

3. Selektion.

Charles Darwin, 1809-1882

Alle drei Bedingungen werden nicht nur von zellulären Organismen 
erfüllt sondern auch von Nukleinsäuremolekülen – DNA or RNA –
in geeigneten zellfreien Experimentalanordnungen:

Darwinsche Evolution im Reagenzglas
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Evolution im Reagenzglas

G.F. Joyce, Angew.Chem.Int.Ed.
46 (2007), 6420-6436

Sol Spiegelman, 1914-1983



RNA  sample

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

Time
0 1 2 3 4 5 6 69 70

Anwendung der seriellen Überimpfungstechnik auf RNA-Evolution in Reagenzglas



Decrease in mean fitness
due to quasispecies formation

The increase in RNA production rate during a serial transfer experiment



Taq =  thermus aquaticus

Accuracy of replication:   Q = q1 · q2 · q3 · … · qn

The logics of DNA replication



RNA replication by Q -replicase

C. Weissmann, The making of a phage. 
FEBS Letters 40 (1974), S10-S18



Christof K. Biebricher, 
1941-2009

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



A collection of reviews on evolution 
in vitro and in silico
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Chemische Kinetik der molekularen Evolution



Chemische Kinetik von Replikation und Mutation als Differentialgleichungen



Manfred Eigen
1927 -
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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
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Chemische Kinetik von Replikation und Mutation als Differentialgleichungen
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Replication and mutation without mutational backflow
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Chain lengths and error threshold



quasispecies

The error threshold in replication and mutation



Error threshold: Individual sequences

n = 10, = 2, s = 491 and d = 0, 1.0, 1.875 





Molekulare Evolution von Viren



Error threshold and lethal mutagenesis



Error threshold and lethal mutagenesis



Error threshold and lethal mutagenesis
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How would you explain synthetic biology 
to Charles Darwin?

"You had it just right! And now I can build 
new components of life -- for example, 
the proteins of which we are made -- by 
artificial selection. When I decide who 
gets to reproduce, these components 
evolve just like the organisms that make 
them do, because they are encoded by the 
same stuff and follow the same principles 
of evolution that you showed us for all 
forms of life.“

Frances H. Arnold, 1956 -



Ein Beispiel für Selektion von 
Molekülen mit vorbestimmbaren
Eigenschaften im Laborexpriment



Andrew D. Ellington,
1959 -

Jack W. Szostak,
1952 -

Larry Gold,Craig Tuerk,

C. Tuerk, L. Gold. 1990. Systematic
evolution of ligands by exponential 
enrichment: RNA ligands to 
bacteriophage T4 DNA polymerase. 
Science 249:505-510.

A. D. Ellington, J. W. Szostak. 1990. 
In vitro selection of RNA molecules 
that bind specific ligands. 
Nature 346:818-822.

Die SELEX Methode



Die SELEX Methode



Die SELEX-Technik zur evolutionären Erzeugung von stark bindenden Molekülen



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)



Application of molecular evolution to problems in RNA biotechnology



Thomas R. Cech, 1947 -

T. R. Cech. 1990. Self-splicing group I introns. 
Annu. Rev. Biochem. 59:543-568.

Entdeckung der RNA-Katalyse



Gerald F. Joyce, 1956 -



Christian Jäckel, Peter Kast, and 
Donald Hilvert.
Protein design by directed evolution. 
Annu.Rev.Biophys. 37:153-173, 2008



Gezielte Evolution von Proteinen



Gezielte Evolution von Proteinen



Application of molecular evolution to problems in protein biotechnology



Artificial evolution in biotechnology and pharmacology

G.F. Joyce. 2004. Directed evolution of nucleic acid enzymes. 
Annu.Rev.Biochem. 73:791-836.

C. Jäckel, P. Kast, and D. Hilvert. 2008. Protein design by 
directed evolution. Annu.Rev.Biophys. 37:153-173. 

S.J. Wrenn and P.B. Harbury. 2007. Chemical evolution as a 
tool for molecular discovery. Annu.Rev.Biochem. 76:331-349.



Frances H. Arnold, 
1956 -

Nature Reviews Molecular Cell Biology 10:866-876 (2009)

Fitnesslandschaften von Proteinen



Fitnesslandschaften von Proteinen
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Peter Schuster. 2006.
Prediction of RNA secondary structures: From
theory to models and real molecules.
Rep.Prog.Phys. 69:1419-1477



Strukturen von RNA-Molekülen



Strukturen von RNA-Molekülen



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





many genotypes          one phenotype





Degree of neutrality of neutral networks and the connectivity threshold



A multi-component neutral network formed by a rare structure:  < cr



A connected neutral network formed by a common structure:  > cr



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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Evolution in silico

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



Replikationsparameter:

fk = / [ + dS
(k)]

dS
(k) = dH(Sk,S )

Selektionsbedingung:

Die Populationsgröße, N = # RNA-
Moleküle, wird durch den Fluss 

kontrolliert:

Mutationsrate:

p = 0.001 / Nukleotid Replikation 

NNtN ±≈)(

Der Flussreaktor zum Studium 
von Evolution in vitro and in 

silico



Phenylalanyl-tRNA 
als Zielstruktur

Struktur einer 
zufällig gewählten 
Anfangssequenz



In silico Strukturoptimierung im Flussreaktor: eine Trajektorie des Evolutionsprozesses



Zufällig gewählte 
Anfangsstruktur

Phenylalanyl-tRNA 
als Zielstruktur



28 neutrale Punktmutationen
während einer langen quasi-
stationären Epoche

Übergänge induzierende Punktmutationen 
ändern die molekulare Struktur

Neutrale Punktmutationen lassen die 
molekulare Struktur unverändert

Neutrale Evolution von Sequenzen bei konstanter Struktur 



Eine quasistationäre Epoche mit wechselnden Strukturen



Ein ‚Irrflug‘ im Raum gleichwertiger Strukturen



Trajektorie eines 
Evolutionsprozesses

Ausbreitung der Population 
auf neutralen Netzwerken

Drift des Populations-
schwerpunktes im 
Sequenzraum



Skizze der Optimierung auf neutralen Netzwerken
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Strukturen von RNA-Molekülen
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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. Nucleic Acids Res. 34:3568-3576  (2006)

An experimental 
RNA switch



4
5

8
9

11

19 20

2425 27

33 3436 38 39

41
46 47

3

49

1

2

6
7

10

12 13 14
15

16 17
18

2122 232628 29 30313235 3740 4243

444548
50

-26.0

-28.0

-30.0

-32.0

-34.0

-36.0

-38.0

-40.0

-42.0

-44.0

-46.0

-48.0

-50.0

2.77

5.32

2.
09

3.4
2.362.

44

2.44

2.44

1.46 1.44

1.66

1.9

2.
14
2.
512.
14

2.
51

2.
14 1.
47 1.49

3.04 2.973.04

4.88
6.136.

8

2.89

F
re

e 
en

er
gy

   
[k

ca
l /

 m
ol

e]

J1LH barrier tree



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 molecule 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.



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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