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A model for genome 
duplication in yeast
1 108 years ago

2 new genes out of 16 genes,
sequence of genes largely modified
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duplication in the yeast Saccharomyces cerevisiae. Nature 428: 617-624, 2004
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Chemical kinetics of molecular evolution

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



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

G C and A=U



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



Error rate  p = 1-q
0.00 0.05 0.10

Quasispecies Uniform distribution

Quasispecies as a function of the replication accuracy q



Quasispecies

The error threshold in replication



Target structure

Simulation of the approach to a target structure with a population size of N=3000 RNAs



Evolutionary design of RNA molecules
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antibiotic-RNA aptamer complex. Chemistry & Biology 4 (1997), 35-50



An example of ‘artificial selection’ 
with RNA molecules or ‘breeding’ of 
biomolecules



The SELEX technique for the evolutionary preparation of aptamers



Aptamer binding to aminoglycosid antibiotics:  Structure of ligands

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



Hammerhead ribozyme – The smallest RNA based catalyst

H.W.Pley, K.M.Flaherty, D.B.McKay, Three dimensional structure of a hammerhead 
ribozyme. Nature 372 (1994), 68-74

W.G.Scott, J.T.Finch, A.Klug, The crystal structures of an all-RNA hammerhead ribozyme: A 
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J.E.Wedekind, D.B.McKay, Crystallographic structures of the hammerhead ribozyme: 
Relationship to ribozyme folding and catalysis. Annu.Rev.Biophys.Biomol.Struct. 27 (1998), 
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G.E.Soukup, R.R.Breaker, Design of allosteric hammerhead ribozymes activated by ligand-
induced structure stabilization. Structure 7 (1999), 783-791



theophylline

Allosteric effectors:

FMN = flavine mononucleotide

H10 – H12

theophylline

H14

Self-splicing allosteric ribozyme

H13 

Hammerhead ribozymes with allosteric 
effectors



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



Two neutral walks through sequence space with conservation of structure and catalytic activity
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GCAGCUUGCCCAAUGCAACCCCAUGUGGCGCGCUAGCUAACACCAUCCCC

1 (((((.((((..(((......)))..)))).))).)).............       65 0.433333

2 ..(((((((((((((......))).))).)))..))))............       9 0.060000

3 (((((.((((....(((......))))))).))).)).............       5 0.033333

4 ..(((.((((..(((......)))..)))).)))................       5 0.033333

5 ..(((((((((((((......))).)))...)))))))............       4 0.026667

6 (((((.((((((.((.....)).)).)))).))).)).............       3 0.020000

7 (((((.((((.((((......)))).)))).))).)).............       3 0.020000

8 (((((.(((((.(((......))).))))).))).)).............       3 0.020000

9 ((((((((((..(((......)))..)))))))).)).............       3 0.020000

10 (((((.((((((...........)).)))).))).)).............       3 0.020000

11 (((((..(((..(((......)))..)))..))).)).............       2 0.013333

12 (((((.((((..(((......)))..)))).)).))).............       2 0.013333

13 ..((((.((.(..((((......))))..).)).))))............       2 0.013333

14 (((((.((.((((((......))).))))).))).)).............       2 0.013333

15 .((((((((((((((......))).))).)))..)))))...........       2 0.013333
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GGAGCUUGCCGAAUGCAACCCCAUGAGGCGCGCUGCCUGGCACCAGCCCC

1 (((((.((((..(((......)))..)))).))).)).(((....)))..       49 0.326667

2 (((((.((((..(((......)))..)))).))).)).............        7 0.046667

3 ..(((.((((..(((......)))..)))).)))....(((....)))..       6 0.040000

4 (((((.((((..((........))..)))).))).)).(((....)))..       5 0.033333

5 ((.((((((((...(((.((((....)).).).))).)))))..))))).       5 0.033333

6 (((((.((((...((......))...)))).))).)).(((....)))..       5 0.033333

7 (((((.((((..(((......)))..)))).))).))..((....))...       4 0.026667

8 (((((.((((..(((......)))..)))).)))))..(((....)))..       4 0.026667

9 (((((.(((...(((......)))...))).))).)).(((....)))..       3 0.020000

10 ((((((((((..(((......)))..)))))))).)).(((....)))..       3 0.020000

11 ((.(((.((((..(((..(.....)..)))..))))..))).))......       3 0.020000

12 (((((...((..(((......)))..))...))).)).(((....)))..       3 0.020000

13 (.(((.((((..(((......)))..)))).))).)..(((....)))..       3 0.020000

14 ((..(.((((..(((......)))..)))).)...)).(((....)))..       3 0.020000

15 (((((.(((((.(((......))).))))).))).)).(((....)))..       3 0.020000

16 (((((.((((.((((......)))).)))).))).)).(((....)))..       3 0.020000

17 (((((..(((..(((......)))..)))..))).)).(((....)))..       3 0.020000

18 ((.((((((((...(((.(.(........).).))).)))))..))))).       2 0.013333

19 (((((.((((..(((......)))..)))).)).))).(((....)))..       2 0.013333

20 ((.((((((((...((((((((....)).).))))).)))))..))))).       2 0.013333



= 0.368 0.019

#str(B1) = 23.8 4.0
#seq(B1) = 102



= 0.336 0.045

#str(B1) = 26.7 5.2
#seq(B1) = 102



= 0.200 0.056

#str(B1) =36.7 5.8
#seq(B1) = 102



General classification
of base pairs

N.B.Leontis and E. Westhof, RNA 7:499-512 (2001)



1. The exciting RNA story

2. Why is gene regulation so complex?

3. What small RNAs can achieve

4. Structures of small RNAs

5. Riboswitches and kinetic folding



An undesigned
RNA switch:

double hairpin 33



Suboptimal states of 
double hairpin 33:

dot-plot: ground state
and partition function



Barrier tree of 
double hairpin 33



Folding kinetics of double hairpin 33



An designed RNA switch:

double hairpin 33



Folding kinetics of the designed double hairpin 33
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Structural parameters affecting the kinetic competition of RNA 
hairpin formation. Nucleic Acids Res. 34:3568-3576  (2006)

An experimental 
RNA switch
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