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“… better than evolution?” 

Was heißt: “Besser als die Evolution”? 
  
Besser für wen? 
Besser wofür? 
 
Bezug zu Optimierung? 
 
Wie können wir etwas besser machen 
als die Evolution? 



1. Pareto „Gleichgewichte“  
 

2. „Optimalität“ in der Natur 
 

3. Rationales Design 
 

4. Wie können wir Evolution „spielen“? 
 

5. Evolutionäres Design 
 

6. Synthetische Biologie „quo vadis“? 
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Vilfredo Frederico Pareto, 1848 - 1923 



1. Pareto „Gleichgewichte“  
 

2. „Optimalität“ in der Natur 
 

3. Rationales Design 
 

4. Wie können wir Evolution „spielen“? 
 

5. Evolutionäres Design 
 

6. Synthetische Biologie „quo vadis“? 



The reaction network of cellular metabolism published by Boehringer-Mannheim. 



Christopher R. Bauer, Andrew M. Epstein, Sarah J. Sweeney, Daniela C. Zarnescu, and Giovanni Bosco. 
Genetic and Systems level analysis of Drosophila sticky/citron kinase and dFmrl mutants reveal common 
regulation of genetic networks. BMC Systems Biology  2:e101 (2008). 



Hongwu Ma, An-Ping Zeng. Reconstruction of metabolic networks 
from genome data and analysis of their global structure for various 
organisms. Bioinformatics 18:270-277 (2003). 

Escherichia coli reversible reactions 
irreversible reactions 



Robert Schuetz, Nicola Zamboni, Mattia Zampieri, Matthias Heinemann, Uwe Sauer. 
Multidimensional optimality of microbial metabolism. Science 336:601-604 (2012) 



Uwe Sauer. Metabolic networks in motion: 13C-based flux analysis. 
Molecular Systems Biology 2:e62 (2006) 



Uwe Sauer. Metabolic networks in motion: 13C-based flux analysis. 
Molecular Systems Biology 2:e62 (2006) 



Nathan D. Price, Jennifer L. Reed, and Bernhard Ø. Palsson. 
Genome-scale  models of microbial cells: Evaluating the 
consequences of constraints. Nature Reviews Microbiology 
2:886-897 (2004) 



Robert Schuetz, Nicola Zamboni, Mattia Zampieri, Matthias Heinemann, Uwe Sauer. 
Multidimensional optimality of microbial metabolism. Science 336:601-604 (2012) 



Robert Schuetz, Nicola Zamboni, Mattia Zampieri, Matthias Heinemann, Uwe Sauer. 
Multidimensional optimality of microbial metabolism. Science 336:601-604 (2012) 



Robert Schuetz, Nicola Zamboni, Mattia Zampieri, Matthias Heinemann, Uwe Sauer. 
Multidimensional optimality of microbial metabolism. Science 336:601-604 (2012) 
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RNA structure 

The molecular phenotype 



RNA sequence 

RNA structure 
of minimal free 

energy 

RNA folding: 
  

structural biology, 
spectroscopy of 
biomolecules, 
understanding 

molecular function  
empirical parameters 

biophysical chemistry: 
thermodynamics and 

kinetics 

From RNA sequence to structure 
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RNA sequence 

RNA structure 
of minimal free 

energy 

RNA folding: 
  

Structural biology, 
spectroscopy of 
biomolecules, 
understanding 

molecular function  

inverse folding of RNA: 
 

biotechnology, 
design of biomolecules 

with predefined 
structures and functions  

inverse Folding 
Algorithm  

iterative determination 
of a sequence for the 

given secondary 
structure 

 

From RNA structure to sequence 
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The Vienna RNA- Package: 
 

A library of routines for folding, 
inverse folding, sequence and 
structure alignment, kinetic  
folding, cofolding, …  

Citations Web of Science 13.05.2013:  1006 

RNAinverse software: I. L.Hofacker et al., 1994 

RNA-SSD software: M. Andronescu, AP. Fejes, F. 
Hutter, HH. Hoos and A. Condon. A new algorithm 
for RNA secondary structure design.  
J Mol Biol. 336: 607-624,  2004 

InfoRNA software: A. Busch and R. Backofen. 
INFO-RNA -Fast approach to inverse RNA folding. 
Bioinformatics 22 15:1823-1831,  2006 

Modena software: A. Taneda. MODENA: A multi-
objective RNA inverse folding. Advances and 
Applications in Bioinformatics and Chemistry  
4:1-12,  2011 

NUPACK software: J.N. Zadeh, B.R. Wolfe, N.A. 
Pierce. Nucleic acid sequence design via efficient 
ensemble defect optimization. J Comput Chem, 32, 
439–452,  2011 



The notion of structure 



Interconversion of suboptimal structures 



One sequence fits on two structures. 

Can we find out whether this is a 
special case or a common property 

of structures ? 



P. Schuster. Prediction of RNA secondary structures: From theory to models and real molecules. 
Rep.Prog.Phys. 69:1419-1477, 2006 

C. Reidys, P.F. Stadler, P.Schuster. Generic properties of combinatory maps. Neutral networks 
of RNA secondary structure, Bull.Math.Biol. 59:339-397, 1997 



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 molecules which is 88 
nucleotides long and can form both 
structures 



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 necessary conditions for Darwinian evolution are: 
 
 

1. Multiplication, 
 

1. Variation, and 
 

1. Selection. 

The Darwinian mechanism requires no process that could not be 
implemented in cell-free molecular systems.  

Biologists distinguish the genotype – the genetic information – and 
the phenotype – the organisms and all its properties. The genotype is 
unfolded in development and yields the phenotype.  

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



Evolution in the test tube: 

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

Sol Spiegelman, 
1914 - 1983 



The serial transfer technique 
for in vitro evolution 





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 



quasispecies 

The error threshold in replication and mutation 



Application of quasispecies theory to the fight against viruses 

Esteban Domingo 
1943 - 



Selma Gago, Santiago F. Elena, Ricardo Flores, Rafael Sanjuán. 2009. Extremely high mutation rate 
of a hammerhead viroid. Science 323:1308. 

Mutation rate and genome size 



Bacterial evolution under controlled conditions: A twenty-five years experiment. 
 

Richard Lenski, University of Michigan, East Lansing 

Richard Lenski,  1956 - 



Bacterial evolution under controlled conditions: A twenty-five years experiment. 
 

Richard Lenski, University of Michigan, East Lansing 



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 



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 



Contingency of E. coli evolution experiments 



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.  
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The Scientist, January 1, 2006  

Design: More Intelligent Every Day.  
Synthetic biology requires intelligent design, but not the kind they teach in Kansas.  

By Glenn McGee 

Thanks to a recent court decision, children in Kansas will learn that the 
fossil record of our planet holds evidence of "irreducibly complex" 
traits, biological wonders that seem to sophisticated to be products of 
natural selection. Advocates of intelligent design argue that such 
complexity of biological life reveals evidence of a designer.  

A different sort of designer is working in the nascent filed of 
synthetic biology. These scientists generate novel biological functions 
through the design and construction of living systems. Synthetic 
biologists manipulate the most complex biological interactions using the 
tools of engineering and computer science. It has borne fruit in the 
design of genomes, proteins, devices, integrated biological systems, and 
even cell-circuit hybrids. Synthetic biologists use evolution as a 
method. That seems pretty intelligent.  

Glenn McGee is the director of the Alden March Bioethics Institute at Albany Medical College, 
where he holds John A. Balint Endowed Chair in Medical Ethics.  
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Evolution in silico 
 
W. Fontana, P. Schuster,  
Science 280 (1998), 1451-1455 



Phenylalanyl-tRNA as 
target structure 

Structure of 
randomly chosen 
initial sequence 



The flow reactor as a device for 
studying the evolution of molecules 

in vitro and in silico. 

Replication rate constant 

(Fitness): 

fk =  / [ + dS 
(k)] 

dS 
(k) = dH(Sk,S) 

 

Selection pressure: 

The population size,  

N = # RNA moleucles,  

is determined by the flux: 

 
 

Mutation rate: 

p = 0.001 / Nucleotide  Replication  

NNtN ±≈)(



Spreading of the population 
on neutral networks 

Drift of the population center 
in sequence space 

Evolutionary trajectory 



A sketch of optimization on neutral networks 









Ein Beispiel für Selektion von 
Molekülen mit vorbestimmbaren 
Eigenschaften im Laborexpriment 



Die SELEX-Technik zur evolutionären Erzeugung von stark bindenden Molekülen 



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) 

A

A
A

AA C

C C C
C

C

CC

G G G

G

G

G

G

G U U

U

U

U U
5’-

3’-

AAAAA UUUUUU CCCCCCCCG GGGGGGG5’- -3’

tobramycin 

RNA aptamer 



Application of molecular evolution to problems in biotechnology 
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Nature 91:270-272 (1913) 

Der Begriff „synthetische Biologie“ taucht 
1913 erstmals in der Literatur auf. 



            Milestones of synthetic biology 
 
 
1953    Strukturmodel der DNA: Watson, Crick, Wilkins, Franklin 

 
1972    Gezielte Manipulation der DNA mit Restriktionsnukleasen 
1978    Nobelpreis an Arber, Nathans und Smith 

 
1983    Erste transgene Pflanze 
 
1997    Klonen eines Säugetieres: „Dolly“ 

 
2000    Einschleusen von Regulatorgenen in Bakterien 

 
2006    Chemische Synthese und Einschleusen eines Genoms     



G.M. Church, Y. Gao, S. Kosuri. 
Next-generation digital information 
storage in DNA. Science 337:1628, 
2012  



For years, scientists have hoped that biology would find its 
engineering counterpart − a series of principles that could 
be used as reliably as chemical engineering is for chemistry. 
Thanks to major advances in synthetic biology, those hopes 
may soon be realized. 

Kevin Munnelly. Engineering for the 21st Century: Synthetic Biology.  
ACS Synthetic Biology, Viewpoint, April 09, 2013 



Danke für die Aufmerksamkeit! 
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