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Prebiotic chemistry: From small molecules to molecular replicators 





From small molecules to molecular replicators 

1. Sources of organic molecules 
 

2. Origin of chirality 
 

3. Primitive metabolism 



S.L.Miller. 1953. A production 
of amino acids under possible 
primitive earth conditions. 
Science 117:528-529 

The Miller-Urey experiment 

Electric discharge in a 
reducing atmosphere: 

CH4, CO, NH3, H2O, H2, … 



Hydrothermal vents in the deap sea 
 

occurrence: mid-atlantic ridge, east pacific rise, … 
in about 3000 m depth 

black smoker 

white smoker 

Source: Wikipedia: Hydrothermal vent, Nov. 15,2011 



Source: Wikipedia: Hydrothermal vent, Nov. 15,2011 

Conditions and materials in and around hydrothermal vents 



From small molecules to molecular replicators 

1. Sources of organic molecules 
 

2. Origin of chirality 
 

3. Primitive metabolism 



The two chiral forms of alanine 

L- (S-) alanine                                             D- (R-) alanine 



The theoretical prediction 
of an origin of chirality 
through autocatalytic 
asymmetric synthesis by 
Frederick Charles Frank 
in 1953 
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The Frank model of exponential enrichment of one chiral form 

L,D  …..  the two chiral forms 
E     .….  achiral substrate 
Q     .….  inert reaction product 



Reactions following a somewhat 
extended Frank mechanism 

Kenso Soai 1995 

Michael Mauksch and 
Svetlana Tsogoeva 2007  





From small molecules to molecular replicators 

1. Sources of organic molecules 
 

2. Origin of chirality 
 

3. Primitive metabolism 



Why is a primitive metabolism necessary? 

1.  Self-organization requires conditions far from 
 equilibrium 

2.  Avoidance of branching reactions into the vast 
 and inexhaustible space of organic molecules  

3.  Canalizing free energy towards the synthesis of 
 the building blocks of biomolecules  

4.  Steps towards autotrophy through photosynthesis 



The reverse citric acid cycle 

Early metabolism ?? 
 

2 CO2 + 4 H2           CH3COOH + 2 H2O 

G. Wächtershäuser. Before enzymes and 
templates: Theory of surface metabolism. 
1988. Microbiol. Rev. 52:452-484. 



Leslie E. Orgel, 2008 
posthumous publication  



1. Prologue 
 

2. Molecular replicators 
 

3. Replication and mutation  
 

4. Perspectives 



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

James D. Watson, 1928 - , and Francis  Crick , 1916 -2004, 
Nobel  Prize  1962 

G≡C    and   A = U 



The logics of DNA (or RNA) replication 

Accuracy of replication:   Q = q1 ⋅ q2 ⋅ q3 ⋅ q4 ⋅ …  



Autocatalytic template-induced replication 

Günter von Kiedrowski. 1986. A self-replication hexanucleotide. 
Angew. Chem. Internat. Ed. 25:932-935. 



An example of two ribozymes growing exponentially by cross-catalysis. 
 

T.A. Lincoln, G.F. Joyce. 2009. Self-sustained replication of an RNA enzyme. Science 323:1229-1232  



An example of two ribozymes growing exponentially by cross-catalysis. 
 

T.A. Lincoln, G.F. Joyce. 2009. Self-sustained replication of an RNA enzyme. Science 323:1229-1232  



Three necessary conditions for Darwinian evolution are: 
 
 

1. Multiplication, 
 

2. Variation, and 
 

3. Selection. 

Darwinian evolution pure is optimizing fitness. 

Multiplication leads to exponential growth, which is a 
conditio sine qua non for selection.  

Variation is a byproduct of the molecular mechanisms 
of reproduction.   

Selection is a consequence of finite population size. 



Reproduction of organisms or replication of molecules as the basis of selection 
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Darwinian selection at constant population size 

fitness values:  f1 = 0.99, f2 = 1.00, f3 = 1.01 
 

initial conditions: x1(0) = 0.759, x2(0) = 0.240, x3(0) = 0.001 
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Evolution in the test tube: 

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

Sol Spiegelman, 
1914 - 1983 





Kinetics of RNA replication 
 

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

Christof K. Biebricher,  
1941-2009 



RNA replication by Qβ-replicase 
 

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

Charles Weissmann 
1931- 



Chemical kinetics of molecular evolution 

1971 1977 
1988 



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 



Chain length, replication accuracy and error threshold 

antiviral strategies 

prebiotic chemistry 
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Application of quasispecies theory to the fight against viruses 

Esteban Domingo 
1943 - 



Stationary population or 
quasispecies as a function 
of the mutation or error 
rate p 

Error rate  p = 1-q
0.00 0.05 0.10

Quasispecies Uniform distribution



The single peak model landscape for all sequences 
with chain lengths n = 10 



„Realistic“ fitness landscapes 
with scattered fitness values 



Quasispecies with 
phase transitions 



Strong quasispecies 
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1. ‚Origin of Life‘ is not an established area of research 
with a generally accepted methodology. 
 

2. There are many open questions, which require further 
research. 
 

3. An answer to the question whether or not a common 
primitive core metabolism has preceded the origin of 
biomolecules is of crucial importance. 
 

4. The role of compartmentalization and the origin of the 
biological cell is still a burning unsolved problem. 
 

5. Although the question how life began on earth is far from 
being satisfactorily answered, spin-offs from origin of 
life research are and will continue to be of high value. 



Thank you for your attention! 



Web-Page for further information: 
 

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