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Populations adapt to their environments 
through multiplication, variation, and 
selection – Darwins natural selection.

All forms of (terrestrial) life descend
from one common ancestor – phylogeny
and the tree of life.
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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. 
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Selection of advantageous mutants in populations of  N = 10 000 individuals
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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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James D. Watson und
Francis H.C. Crick 

Biochemistry
molecular biology
structural biology

molecular evolution
molecular genetics

systems biology 
bioinfomatics

epigenetics

Hemoglobin sequence
Gerhard Braunitzer

The exciting RNA story

evolution of RNA molecules,
ribozymes and splicing,

the idea of an RNA world,
selection of RNA molecules,

RNA editing,
the ribosome is a ribozyme,

small RNAs and RNA 
switches.

Quantitative 
biology

‘the new biology is
the chemistry of

living matter’

Molecular evolution
Linus Pauling and
Emile Zuckerkandl

Manfred
Eigen

Max Perutz

John Kendrew



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

Nobel prize 1962

The geometry of the double helix is compatible 
only with the base pairs:

AT, TA, CG, and GC

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



The structure of DNA suggests a mechanism for reproduction



The logics of DNA replication



The molecular mechanism of mutation



Molecular phylogeny



Motoo Kimuras population genetics of 
neutral evolution. 

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

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



What is neutrality ?

Selective neutrality = 
=  several genotypes having the same fitness.

Several genotypes one phenotype



The molecular clock of evolution

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



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.       
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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.



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



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



Manfred Eigen
1927 -

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



1977
1988

1971

Chemical kinetics of molecular evolution



Quasispecies

Driving virus populations through threshold

The error threshold in replication



Molecular evolution of viruses



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)



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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What is conformational multiplicity ?

Conformational multiplicity = 
=  several structures formed by one sequence.

One genotype several phenotypes



Extension of the notion of structure
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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



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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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 
the simplest form of autonomous life

Escherichia coli genome:

4 million nucleotides

4460 genes

The structure of the bacterium Escherichia coli



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

Man: Genome length 3×109 nucleotides

Number of cell types 200

Number of genes 30 000

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



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



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



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. 
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Thank you for your attention!
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