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‚Horsehead‘ nebula in orion contains a huge dark cloud



S.L.Miller. A production of 
amino acids under possible 
primitve earth conditions.
Science 117, 528-529 (1953)



A hydrothermal vent



The reverse citrate cycle as a 
model for prebiotic synthesis 
of carbon compounds
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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.



Motoo Kimura, 1924 - 1994

The molecular clock of evolution

Motoo Kimura. Evolutionary rate at the 
molecular level. Nature 217: 624-626, 
1955.

The Neutral Theory of Molecular 
Evolution. Cambridge University Press. 
Cambridge, UK, 1983.



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



Taq =  thermus aquaticus

The logics of DNA replication









Reconstruction of phylogenies through comparison of molecular sequence data
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Polymer chain of 153 amino acid residues with the sequence:

GLSDGEWQLVLNVWGKVEADIPGHGQEVLIRLFKGHPETLEKFDKFKHLK
SEDEMKASEDLKKHGATVLTALGGILKKKGHHEAEIKPLAQSHATKHKIP
VKYLEFISECIIQVLQSKHPGDFGADAQGAMNKALELFRKDMASNYKELG
FQG

The myglobin molecule



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

All sequences have equal probability and all except the 
correct 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



GLSDGEWQLVLNVWG.....FQG

ACIHWGAADQKFPAL.....SCA

ACLHWGAADQKFPAL.....SCA

ACIHWGAADQKFPAL.....SCG

ACIHWGAADQLFPAL.....SCG

ACIHAGAADQLFPAL.....SCG

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

Every single point mutation towards the 
target sequence leads to an improvement 

and is therefore selected

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

GLSDGEWQLVLNVWG.....FQG



The folding problem of the myoglobin molecule:

A chain of 153 amino acid residues, each of 
which can adopt about 15 different 
geometries, can exist in

15153 = 0.9 10180 conformations.

One specific conformation – the most 
stable or minimum free energy 
conformation – has to be found in the 
folding process.

The Levinthal paradox of protein folding



Three basic questions of the protein
folding problem:

What is the folding code ?

What is the folding mechanism ?

Can we predict the native structure of a 
protein from its amino acid sequence?

K.A. Dill, S.B. Ozkan, M.S. Shell, T.R. Weikl. 2008. The protein folding problem. 
Annu.Rev.Biophys. 37:289-316.



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



Computed folding routes for guanine
nucleotide binding (G) protein

S.B. Ozkan, G.H.A. Wu, J.D.Chordera and 
K.A. Dill. 2007. Protein folding by zipping 
and assembly. Proc.Natl.Acad.Sci. USA 
104:11987-11992.
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Three necessary conditions for Darwinian evolution are:

1. Multiplication,

2. Variation, and

3. Selection.

Charles Darwin, 1809-1882

All three conditions are fulfilled not only by cellular organisms 
but also by nucleic acid molecules – DNA or RNA – in suitable
cell-free experimental assays:

Darwinian evolution in the test tube



Evolution in the test tube:

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



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 technique to evolution of RNA in the test tube



Decrease in mean fitness
due to quasispecies formation

The increase in RNA production rate during a serial transfer experiment



Christof K. Biebricher, 
1941-2009

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



RNA replication by Q -replicase

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



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



Application of molecular evolution to problems in biotechnology



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



Modeling evolution at 
the molecular level





Molecular evolution of viruses
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Evolution in silico

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



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



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 



Evolutionary trajectory

Spreading of the population 
on neutral networks

Drift of the population center 
in sequence space



Genotype Space
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Evolutionary optimization in absence of neutral paths in sequence space



Genotype Space

Fi
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Start of Walk

End of Walk

Random Drift Periods

Adaptive Periods

Evolutionary optimization including neutral paths in sequence space



All interesting games have deterministic and random components



Evolution is a result of
deterministic and accidental
components
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Richard Lenski,  1956 -

Bacterial evolution under controlled conditions: A twenty years experiment.

Richard Lenski, University of Michigan, East Lansing



Bacterial evolution under controlled conditions: A twenty years experiment.
Richard Lenski, University of Michigan, East Lansing



The twelve populations of Richard Lenski‘s long time evolution experiment



Ara+

Ara-

Variation of genotypes in a bacterial serial transfer experiment
D. Papadopoulos, D. Schneider, J. Meier-Eiss, W. Arber, R. E. Lenski, M. Blot. Genomic evolution during a 
10,000-generation experiment with bacteria. Proc.Natl.Acad.Sci.USA 96 (1999), 3807-3812



1 year

Epochal evolution of bacteria in serial transfer experiments under constant conditions
S. F. Elena, V. S. Cooper, R. E. Lenski. Punctuated evolution caused by selection of rare beneficial mutants. 
Science 272 (1996), 1802-1804



1 year

Epochal evolution of bacteria in serial transfer experiments under constant conditions
S. F. Elena, V. S. Cooper, R. E. Lenski. Punctuated evolution caused by selection of rare beneficial mutants. 
Science 272 (1996), 1802-1804



Ara+1 Ara-1

Phylogeny in E. coli evolution



The twelve populations of Richard Lenski‘s long time evolution experiment
Enhanced turbidity in population A-3 



Innovation by mutation in long time evolution of Escherichia coli in constant environment

Z.D. Blount, C.Z. Borland, R.E. Lenski. 2008. Proc.Natl.Acad.Sci.USA 105:7899-7906



Innovation by mutation in long
time evolution of Escherichia
coli in constant environment

Z.D. Blount, C.Z. Borland, R.E. 
Lenski. 2008. 
Proc.Natl.Acad.Sci.USA 
105:7899-7906



Contingency of E. coli evolution experiments



Thank you for your attention!



Web-Page for further information:

http://www.tbi.univie.ac.at/~pks




	Origin of life and early evolution in the light of present day molecular biology Peter Schuster
	Peter Schuster. Evolution and design. The Darwinian theory of evolution is a scientific fact and not an ideology. Complexity 1

