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Genotype, Genome
GCGGATTTAGCTCAGTTGGGAGAGCGCCAGACTGAAGATCTGGAGGTCCTGTGTTCGATCCACAGAATTCGCACCA
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The exciting RNA story

evolution of RNA molecules,
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RNA editing,
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Three necessary conditions for Darwinian evolution are:

1. Multiplication,

2. Variation, and

3. Selection.

Variation through mutation and recombination operates on the genotype 
whereas the phenotype is the target of selection. 

One important property of the Darwinian scenario is that variations in the 
form of mutations or recombination events occur uncorrelated with their 
effects on the selection process. 

All conditions can be fulfilled not only by cellular organisms but also by
nucleic acid molecules in suitable cell-free experimental assays.
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Charles Darwin, The Origin of Species, 6th edition. 
Everyman‘s Library, Vol.811, Dent London, pp.121-122.



Modern phylogenetic tree: Lynn Margulis, Karlene V. Schwartz. Five Kingdoms. An 
Illustrated Guide to the Phyla of Life on Earth. W.H. Freeman, San Francisco, 1982.
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Kette aus 153 Aminosäurerestenmit der Sequenz:

GLSDGEWQLVLNVWGKVEADIPGHGQEVLIRLFKGHPETLEKFDKFKHLK
SEDEMKASEDLKKHGATVLTALGGILKKKGHHEAEIKPLAQSHATKHKIP
VKYLEFISECIIQVLQSKHPGDFGADAQGAMNKALELFRKDMASNYKELG
FQG

Das Myglobinmolekül



Eugene Wigner’s or Fred Hoyle’s argument applied to myoglobin:

All sequences have equal probability and all except one have
no survival value or are lethal

GLSDGEWQLVLNVWG.....FQG

Alphabet size:    20

Chain length:    153 amino acids

Number of possible sequences:  20153 = 0.11 10200

Probability to find the myoglobin sequence:

20-153 = 9 10-200 = 0.000……009

200



Eugene Wigner’s and Fred Hoyle’s arguments revisited:

Every single point mutation leads to an 
improvement and is therefore selected

GLSDGEWQLVLNVWG.....FQG

L S G V

W C A

Q F E

Alphabet size:    20

Chain length:    153 amino acids

Length of longest path to myoglobin sequence: 19 153 = 2907

Probability to find the myoglobin sequence: 0.00034



Das Faltungsproblem des Myoglobinmoleküls:

Eine Kette aus 153 Aminosäureresten, von 
welchen jeder im Mittel 15 verschiedene 
Konformationen einnimmt, kann in

15153 = 0.9 10180 Zuständen

vorkommen. Einer davon muss bei der 
Faltung in die stabile Struktur gefunden 
werden.

Das Levinthal-Paradoxon der Proteinfaltung



Solution to Levinthal’s paradox

The gulf course landscape

Picture: K.A. Dill, H.S. Chan, Nature Struct. Biol. 4:10-19



Solution to Levinthal’s paradox

The funnel landscape

Picture: K.A. Dill, H.S. Chan, Nature Struct. Biol. 4:10-19



Solution to Levinthal’s paradox

The structured funnel landscape

Picture: K.A. Dill, H.S. Chan, Nature Struct. Biol. 4:10-19



The reconstructed folding landscape 
of a real biomolecule: “Lysozyme”

An “all-roads-lead-to-Rome” landscape

Picture:  C.M. Dobson, A. Šali, and M. Karplus, Angew.Chem.Internat.Ed. 37: 868-893, 1988
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The three-dimensional structure of a 
short double helical stack of B-DNA

James D. Watson, 1928- , and Francis Crick, 1916-2004,
Nobel Prize 1962

G C and   A = U



Chemical kinetics of molecular evolution

M. Eigen, P. Schuster, `The Hypercycle´, Springer-Verlag, Berlin 1979



‚Replication fork‘ in DNA replication

The mechanism of DNA replication is ‚semi-conservative‘



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

G C and A=U



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.



Complementary replication as the simplest molecular mechanism of reproduction



Equation for complementary replication:     [Ii] = xi 0 ,  fi > 0 ; i=1,2

Solutions are obtained by integrating factor transformation
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Reproduction of organisms or replication of molecules as the basis of selection



( ) { } 0var
22

1
≥=−== ∑

=

fff
dt
dx

f
dt
d i

n

i
i

φ

Selection equation:     [Ii] = xi 0 ,  fi > 0

Mean fitness or dilution flux, φ (t), is a non-decreasing function of time, 

Solutions are obtained by integrating factor transformation
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Selection between three species with f1 = 1, f2 = 2, and f3 = 3



Variation of genotypes through mutation and recombination
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Chemical kinetics of replication and mutation as parallel reactions



Mutation-selection equation: [Ii] = xi 0,  fi > 0, Qij 0

Solutions are obtained after integrating factor transformation by means 
of an eigenvalue problem
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Perron-Frobenius theorem applied to the value matrix W

W is primitive:  (i)       is real and strictly positive

(ii)                          

(iii)       is associated with strictly positive eigenvectors

(iv)       is a simple root of the characteristic equation of W

(v-vi)    etc.

W is irreducible:  (i), (iii), (iv), etc. as above

(ii) 

0allfor 0 ≠> kk  λλ

0λ

0λ

0λ
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Formation of a quasispecies
in sequence space



Formation of a quasispecies
in sequence space



Formation of a quasispecies
in sequence space



Formation of a quasispecies
in sequence space



Uniform distribution in 
sequence space



Error rate  p = 1-q
0.00 0.05 0.10

Quasispecies Uniform distribution

Quasispecies as a function of the replication accuracy q
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5'-end 3’-endGCGGAU AUUCGCUUA AGUUGGGA G CUGAAGA AGGUC UUCGAUC A ACCAGCUC GAGC CCAGA UCUGG CUGUG CACAG

Definition of RNA 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



GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA

G = -20.20 kcal/mol

Sequenz und Struktur der Phenylalanyl-transfer-RNA



GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA

G = -22.90 (-21.90) kcal/mol



GCGCGCUUAGCGCAGUUGGGAGCGCGCGCGCCUGAAGAGCGCGAGGUCGCGCGUUCGAUCCGCGCAGCGCGCACCA

1. Designversuch

G = -43.10 (-36.40) kcal/mol



GCGCGCUUAGGCCAGUUGGGAGGCCGCCCCCCUGAAGAGGGGGAGGUCCCGCCUUCGAUCGGCGGAGCGCGCACCA

2. Designversuch

G = -45.10 (-39.40) kcal/mol



GCGCGCUUAGGCCAUUUUUUAGGCCUCCCCCAUUAAUAGGGGGAUUUACCGCCUUAUAUAGGCGGAGCGCGCAAAA

Zielstruktur3. Designversuch

G = -41.80 (-39.90) kcal/mol



GCGCGCAAAGGCCAAAAAAAAGGCCACCCCCAAAAAAAGGGGGAAAAACCGCCAAAAAAAGGCGGAGCGCGCAAAA

Zielstruktur4. Designversuch

G = -40.70 kcal/mol



Target structure Sk

Initial trial sequences 

Target sequence 

Stop sequence of an
unsuccessful trial 

Intermediate compatible sequences

Approach to the target structure Sk in the inverse folding algorithm
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Phenylalanyl-tRNA as 
target structure

Structure of
andomly chosen 
initial sequence



Evolution in silico

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



Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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Evolution of RNA molecules as a Markow process and its analysis by means of the relay series



Evolution of RNA molecules as a Markow process and its analysis by means of the relay series



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



In silico optimization in the flow reactor: Evolutionary Trajectory



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 



Randomly chosen 
initial structure

Phenylalanyl-tRNA 
as target structure



Evolutionary trajectory

Spreading of the population 
on neutral networks

Drift of the population center 
in sequence space



Spreading and evolution of a population on a neutral network:  t = 150



Spreading and evolution of a population on a neutral network :  t = 170



Spreading and evolution of a population on a neutral network :  t = 200



Spreading and evolution of a population on a neutral network :  t = 350



Spreading and evolution of a population on a neutral network :  t = 500



Spreading and evolution of a population on a neutral network :  t = 650



Spreading and evolution of a population on a neutral network :  t = 820



Spreading and evolution of a population on a neutral network :  t = 825



Spreading and evolution of a population on a neutral network :  t = 830



Spreading and evolution of a population on a neutral network :  t = 835



Spreading and evolution of a population on a neutral network :  t = 840



Spreading and evolution of a population on a neutral network :  t = 845



Spreading and evolution of a population on a neutral network :  t = 850



Spreading and evolution of a population on a neutral network :  t = 855



Application of molecular evolution to problems in biotechnology
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Three-dimensional structure of the
complex between the regulatory
protein cro-repressor and the binding
site on -phage B-DNA



1 2 3 4 5 6 7 8 9 10 11 12

Regulatory protein or RNA

Enzyme

Metabolite

Regulatory gene

Structural gene

A model genome with 12 genes

Sketch of a genetic and metabolic network
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1 Biochemical Pathways 
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The reaction network of cellular metabolism published by Boehringer-Ingelheim.



The citric acid 
or Krebs cycle 
(enlarged from 
previous slide).



The bacterial cell as an example for the 
simplest form of autonomous life

The human body:

1014 cells = 1013 eukaryotic cells + 
9 1013 bacterial (prokaryotic) cells, 

and 200 eukaryotic cell types

The spatial structure of the 
bacterium Escherichia coli



Cascades, A B C ... , and 
networks of genetic control

Turing pattern resulting from reaction-
diffusion equation ?

Intercelluar communication creating 
positional information

Development of the fruit fly drosophila melanogaster: Genetics, experiment, and imago
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A single neuron signaling to a muscle fiber



Hodgkin-Huxley partial differential equations (PDE)
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Hodgkin-Huxley equations describing pulse propagation along nerve fibers
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The human brain

1011 neurons connected by 1013 to 1014 synapses



Darwin hatte in folgenden Punkten nicht recht:

• Der Darwinsche Vererbungsmechanismus war falsch. Mendel hatte die korrekte  
Lösung.

• Mutation und Rekombination können keine, kleine und große Auswirkungen haben 
und es besteht kein Grund, dass die biologische Evolution quasikontinuierlich oder 
anders ausgedrückt nur in verschwindend kleinen Schritten erfolgt.

• Im Verlaufe der biologischen Evolution gab es auch katastrophenartige 
Ereignisse terrestrischen und extraterrestrischen Ursprungs.

• Die Komplexität der höheren Lebewesen ist so groß, dass ihre Eigenschaften 
nicht voll optimiert sein können.  



Darwins Theorie wurde in folgenden Punkten voll bestätigt:

•Das Auftreten von Varianten bei der Reproduktion wurde durch die Aufklärung 
der molekularen Mechanismen von Rekombination und Mutation auf eine solide 
wissenschaftliche Basis gestellt.

• Das Darwinsche Prinzip der Optimierung durch Variation und Selektion in 
endlichen Populationen gilt nicht nur in der Biologie sondern auch in der 
unbelebten Welt.

• Die natürliche Entstehung der Arten und die daraus resultierenden 
phylogenetischen Stammbäume wurde durch die Vergleiche der genetischen 
Informationsträger heute lebender Organismen voll bestätigt.



Das Brettspiel „Mensch ärgere dich 
nicht“ als ein Beispiel für das 
Zusammenwirken einer deterministischen
(Regeln) und einer zufälligen (Würfel) 
Komponente:

Sicher ist, dass einer der vier Spieler 
dadurch gewinnen wird, dass er seine vier 
Figuren auf die vier vorgesehenen Plätze 
bringt.

Zufällig ist, welcher der vier Spieler das 
sein wird.

Die Dauer des Spieles zeigt eine für 
stochastische Prozesse typische 
Wahrscheinlichkeitsverteilung.



• Das Referat beschränkte sich auf die heutigen naturwissenschaftlichen Ergebnisse.

• Die Vorstellung der biologischen Evolution ist eine empirisch begründete,         
naturwissenschaftliche Theorie.

• Die Evolutionstheorie ist in einigen wesentlichen Aussagen experimentell prüfbar und 
überprüft und baut auf Tatsachen aus mehreren Teildisziplinen auf.

• Die Evolutionstheorie ist daher vom selben Rang wie physikalische Theorien, etwa die 
Newtonsche Mechanik, die Relativitätstheorie oder die Quantentheorie.

• Wie die meisten naturwissenschaftlichen Theorien kann die biologische 
Evolutionstheorie nicht alle beobachteten Einzelheiten erklären insbesondere, da die 
Biologie zur Zeit in einer faszinierenden und raschen Entwicklung steht.

• Die Molekularbiologie führt die biologischen Befunde auf Gesetzmäßigkeiten aus 
Physik und Chemie zurück, ohne dadurch die Eigenständigkeit der Biologie in Frage zu 
stellen. 
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