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Reactions in the continuously stirred tank reactor (CSTR)



Reversible first order reaction in the flow reactor



Autocatalytic second order reaction and uncatalyzed reaction in the flow reactor



Autocatalytic third order reaction and uncatalyzed reaction in the flow reactor



The Brusselator model
G. Nicolis, I. Prigogine.
Self-organization in nonequilibrium 
systems. From dissipative structures 
to order through fluctuations.
John Wiley & Sons, New York 1977



Reaction mechanism of an autocatalytic reaction
F. Sagués, I.R. Epstein. Dalton Trans. 2003:1201-1217.



Reaction mechanism of an autocatalytic reaction
F. Sagués, I.R. Epstein. Dalton Trans. 2003:1201-1217.



Reaction mechanism of the 
Belousov-Zhabotinskii reaction
D. Edelson, R.J. Field, R. M. Noyes.

Internat.J.Chem.Kin. 7:417-432, 1975



Pattern formation in the Belousov-Zhabotinskii reaction
F. Sagués, I.R. Epstein. Dalton Trans. 2003:1201-1217.



Deterministic chaos in a chemical reaction
F. Sagués, I.R. Epstein. Dalton Trans. 2003:1201-1217.



Calculated and experimental Turing patterns

R.A. Barrio, C. Varea, J.L. Aragón, P.K. Maini,
Bull.Math.Biol. 61:483-505, 1999

R.D. Vigil, Q. Ouyang, H.L. Swinney, 
Physica A 188:15-27, 1992

V. Castets, E. Dulos, J. Boissonade, P. De Kepper,
Phys.Rev.Letters 64:2953-2956, 1990
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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



Base complementarity and conservation of genetic information



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

G C and A=U



Complementary replication as the simplest molecular mechanism of reproduction



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



Reproduction of organisms or replication of molecules as the basis of selection
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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
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Variation of genotypes through mutation and recombination



Variation of genotypes through mutation



Chemical kinetics of replication and mutation as parallel reactions



The replication-mutation equation



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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Variation of genotypes through point mutation





Formation of a quasispecies
in sequence space
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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



Quasispecies

Driving virus populations through threshold

The error threshold in replication





Every point in sequence space is equivalent

Sequence space of binary sequences with chain length n = 5



Fitness landscapes showing error thresholds



Error threshold: Error classes and 
individual sequences

n = 10 and = 2



Error threshold: Individual sequences

n = 10, = 2 and d = 0, 1.0, 1.85 
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The inverse folding algorithm searches for sequences that form a given RNA structure. 







Error threshold: Individual sequences

n = 10, = 1.1, d = 1.0
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Error threshold: Individual sequences
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Error threshold: Individual sequences

n = 10, = 1.1, d = 1.0





Neutral networks with 
increasing 

n = 10, = 1.1, d = 1.0



N = 7

Neutral networks with 
increasing 

n = 10, = 1.1, d = 1.0



N = 24

Neutral networks with 
increasing 

n = 10, = 1.1, d = 1.0



N = 68

Neutral networks with 
increasing 

n = 10, = 1.1, d = 1.0



1. Autocatalytic chemical reactions

2. Replication and biological information

3. Quasispecies and error thresholds

4. Neutral networks in evolution

5. Evolutionary optimization

6. Genetic regulation and metabolism



Stochastic simulation of evolution 
of RNA molecules



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



Randomly chosen 
initial structure

Phenylalanyl-tRNA 
as target structure



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 







A sketch of optimization on neutral networks



Application of molecular evolution to problems in biotechnology
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States of gene regulation in a bacterial expression control system
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States of gene regulation in a bacterial expression control system





synthesis                                        degradation

Cross-regulation of two genes
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Qualitative analysis of cross-regulation of two genes:    Stationary points
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Qualitative analysis of cross-regulation of two genes:     Jacobian matrix
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two stable states

E: both genes off
P: both genes on

Simplified two gene system (x1,x2): act2-act2



Regulatory dynamics at D < DHopf , act.-repr., n=3



Regulatory dynamics at D > DHopf , act.-repr., n=3



two stable states

P1: gene 1 on, gene 2 off

P2: gene 1 off, gene 2 on

Simplified two gene system (x1,x2): rep2-rep2



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-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



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



A model for a genome
duplication in yeast,

1 108 Jahren 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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