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Kardinal Christoph Schönborn, Finding Design in Nature, commentary in The 
New York Times, July 5, 2005

„ ... Evolution in the sense of common ancestry might be true, but 
evolution in the Neo-Darwinian sense – an unguided, unplanned 
process of random variation and natural selection – is not. Any 
system of thought that denies or seeks to explain away the 
overwhelming evidence for design in biology is ideology, not science.

... Scientific theories that try to explain away the appearance of 
design as the result of ‚chance and necessity‘ are not scientific at 
all, but ... an abdication of human intelligence.“



Peter Schuster. Evolution and design. The Darwinian theory of evolution is a 
scientific fact and not an ideology. Complexity 11(1):12-15, 2006
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Genotype, Genome
GCGGATTTAGCTCAGTTGGGAGAGCGCCAGACTGAAGATCTGGAGGTCCTGTGTTCGATCCACAGAATTCGCACCA
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The exciting RNA story
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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.





Point mutation
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Reconstruction of phylogenies through comparison of molecular sequence data



Results from molecular evolution:

• The molecular machineries of all present day cells are very
similar and provide a strong hint that all life on Earth descended 
from one common ancestor (called „last universal common
ancestor“, LUCA).

• Comparison of DNA sequences from present day organisms allows 
for a reconstruction of phylogenetic trees, which are (almost) 
identical with those derived from morphological comparison of 
species and the paleontologic record of fossils.       



1. Evolution – organismic and molecular

2. Multiplication, mutation, and selection

3. Rational design of molecules 

4. Evolution and optimization of molecules 

5. Origin of biological complexity

6. Biology and probabilities



Chemical kinetics of molecular evolution

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



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.



‚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
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Complementary replication as the simplest molecular mechanism of reproduction



Mutation as an error 
in replication



Chemical kinetics of replication and mutation as parallel reactions



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



Fitness landscapes showing error thresholds



Error threshold: Individual sequences

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



Quasispecies

Driving virus populations through threshold

The error threshold in replication



Molecular evolution of viruses



Results from the kinetic theory of molecular evolution:

• Replicating ensembles of molecules form stationary populations
called quasispecies, which represent the genetic reservoir of 
asexually reproducing species.

• For stable inheritance of genetic information mutation rates
must not exceed a precisely defined and computable error-
threshold.

• The error-threshold can be exploited for the development of 
novel antiviral strategies.       
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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

Sequence and structure of phenylalanyl-transfer-RNA



GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUGGAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA

G = -22.90 (-21.90) kcal/mol



GCGCGCUUAGCGCAGUUGGGAGCGCGCGCGCCUGAAGAGCGCGAGGUCGCGCGUUCGAUCCGCGCAGCGCGCACCA

1. Trial

G = -43.10 (-36.40) kcal/mol



GCGCGCUUAGGCCAGUUGGGAGGCCGCCCCCCUGAAGAGGGGGAGGUCCCGCCUUCGAUCGGCGGAGCGCGCACCA

2. Trial

G = -45.10 (-39.40) kcal/mol



GCGCGCUUAGGCCAUUUUUUAGGCCUCCCCCAUUAAUAGGGGGAUUUACCGCCUUAUAUAGGCGGAGCGCGCAAAA

Target structure3. Trial

G = -41.80 (-39.90) kcal/mol



GCGCGCAAAGGCCAAAAAAAAGGCCACCCCCAAAAAAAGGGGGAAAAACCGCCAAAAAAAGGCGGAGCGCGCAAAA

Target structure4. Trial

G = -40.70 kcal/mol



RNA sequence:

RNA structure
of minimal free 

energy:

GUAUCGAAAUACGUAGCGUAUGGGGAUGCUGGACGGUCCCAUCGGUACUCCA

RNA folding:

Structural biology,
spectroscopy of 
biomolecules, 
understanding

molecular function

Inverse Folding
Algorithm

Iterative determination
of a sequence for the

given secondary
structure

Sequence, structure, and design

Inverse folding of RNA:

Biotechnology,
design of biomolecules

with predefined 
structures and functions



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



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



A sketch of optimization on neutral networks



Evolution of RNA molecules based on Qβ phage

D.R.Mills, R.L.Peterson, S.Spiegelman, An extracellular Darwinian experiment with a 
self-duplicating nucleic acid molecule. Proc.Natl.Acad.Sci.USA 58 (1967), 217-224

S.Spiegelman, An approach to the experimental analysis of precellular evolution. 
Quart.Rev.Biophys. 4 (1971), 213-253

C.K.Biebricher, Darwinian selection of self-replicating RNA molecules. Evolutionary 
Biology 16 (1983), 1-52

G.Bauer, H.Otten, J.S.McCaskill, Travelling waves of in vitro evolving RNA.
Proc.Natl.Acad.Sci.USA 86 (1989), 7937-7941

C.K.Biebricher, W.C.Gardiner, Molecular evolution of RNA in vitro. Biophysical 
Chemistry 66 (1997), 179-192

G.Strunk, T.Ederhof, Machines for automated evolution experiments in vitro based on 
the serial transfer concept. Biophysical Chemistry 66 (1997), 193-202

F.Öhlenschlager, M.Eigen, 30 years later – A new approach to Sol Spiegelman‘s and 
Leslie Orgel‘s in vitro evolutionary studies. Orig.Life Evol.Biosph. 27 (1997), 437-457



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



Evolutionary design of RNA molecules

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

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

D.P. Bartel, J.W. Szostak, Isolation of new ribozymes from a large pool of random sequences. 
Science 261 (1993), 1411-1418

R.D. Jenison, S.C. Gill, A. Pardi, B. Poliski, High-resolution molecular discrimination by RNA. 
Science 263 (1994), 1425-1429

Y. Wang, R.R. Rando, Specific binding of aminoglycoside antibiotics to RNA. Chemistry & 
Biology 2 (1995), 281-290 

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



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)



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



Application of molecular evolution to problems in 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.



Results from laboratory experiments in molecular 
evolution:

• Evolutionary optimization does not require cells and occurs in 
molecular systems too.

• In vitro evolution allows for production of molecules for 
predefined purposes and gave rise to a branch of biotechnology.

• Direct evidence that neutrality is a major factor for the 
success of evolution.
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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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The reaction network of cellular metabolism published by Boehringer-Mannheim.



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



The bacterial cell as an example for a 
simple form of autonomous life

Escherichia coli genome:

4 million nucleotides

4460 genes

The structure of the bacterium Escherichia coli



August Weismann, 1834-1914

Separation of germ line and soma



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



E. coli: Genome length 4×106 nucleotides
Number of cell types 1
Number of genes 4 460

Four books, 300 pages each

Man: Genome length 3×109 nucleotides

Number of cell types 200

Number of genes 30 000

A library of 3000 volumes, 
300 pages each

Complexity in biology



Wolfgang Wieser. 1998. ‚Die 
Erfindung der Individualität‘ oder 
‚Die zwei Gesichter der Evolution‘. 
Spektrum Akademischer Verlag,
Heidelberg 1998
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Alan C. Wilson.1985. The molecular 
basis of evolution.
Scientific American 253(4):148-157.



Evolution does not design with 
the eyes of an engineer, 
evolution works like a tinkerer.

François Jacob. The Possible and the Actual. 
Pantheon Books, New York, 1982, and

Evolutionary tinkering. Science 196 (1977), 
1161-1166. 



A model for the genome 
duplication in yeast
100 million years ago

Manolis Kellis, Bruce W. Birren, and Eric S. Lander. Proof and evolutionary analysis of ancient genome 
duplication in the yeast Saccharomyces cerevisiae. Nature 428: 617-624, 2004



The difficulty to define 
the notion of „gene”.

Helen Pearson,
Nature 441: 399-401, 2006



ENCODE Project Consortium. 
Identification and analysis of functional 
elements in 1% of the human genome by 
the ENCODE pilot project. 
Nature 447:799-816, 2007

ENCODE stands for
ENCyclopedia Of DNA Elements. 



Biology and complexity:

• Evolution does not design with the eyes of an engineer but uses
available objects for new purposes.

• The tinkering or bricolage principle gives rise to new objects of 
increasing complexity.

• The increase of complexity in biological evolution is an empirical
fact.
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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



Folding funnel of ribonuclease A



Folding funnel of ribonuclease A Folding funnel of an inefficiently folding protein



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.



Structures of RNA molecules

S.R. Holbrook. 2008. Structural principles 
from large RNA molecules. 
Annu.Rev.Biophys. 37:445-464.



Structures of RNA molecules

S.R. Holbrook. 2008. Structural principles from large RNA molecules. Annu.Rev.Biophys. 37:445-464.



Web-Page for further information:

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