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No new principle will declare
itself from below a heap of
facts.

Sir Peter Medawar, 1985



The genotypes or genomes of individuals and species, being
reproductively related ensembles of individuals, are DNA or
RNA sequences. They are changing from generation to
generation through mutation and recombination.

Genotypes unfold into phenotypes or organisms, which are the
targets of the evolutionary selection process.

are single nucleotide exchanges. The
Hamming distance of two sequences i1s the minimal number of
single nucleotide exchanges that mutually converts the two
sequence into each other.
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O =adenylate C = cytidylate
Q = uridylate G = guanylate

Genotype: The sequence of an RNA molecule consisting of monomers chosen
from four classes.



Phenotype: Three-dimensional
structure of phenylalanyl
transfer-RNA



5'-End 3'-End

Sequence GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA
5End g
70
y 60
Secondary Structure Q- 1o, ¢ t:m e
! m | 50 - *
20 '
30 40
Symbolic Notation 5-End  (((((C---(((Ceenreene IN)-((((Creeeee )))) R ((((GRREEE ))))))))))-+++ 3-End

Definition and formation of the secondary structure of phenylalanyl-tRNA



Si: CGTCGTTACAATTTAGGTTATGTGCGAATTCACAAATTGAAAATACAAGAG. . . ..

82: CGTCGTTACAATTTAAGTTATGTGCGAATTCCCAAATTAAAAACACAAGAG. .. ..

\ 4 \ 4 \ 4 \ 4

Hamming distance dy(S;,S;) =4

(1) dy(51,51)=0
(1) dy(S1,Sy) = dy(S,,51)
(111) dH(SbS3) ﬂ dH(Slvs2) + dH(827S3)

The Hamming distance induces a metric in sequence space



Hydrogen bonds

oe =0

Hydrogen bonding between nucleotide bases is the principle of template action of RNA and DNA.
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Complementary replication as
the simplest copying
mechanism of RNA
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Selection of the ,.fittest™ or fastest replicating species I |



Stock Solution [A] = a; Reaction Mixture: A; Iy, k=1,2,...
(U 0

A+Il P — 211

A+, = 21,
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A+15 = 215

Replication in the flow reactor

P.Schuster & K.Sigmund, Dynamics of evolutionary optimization, Ber. Bunsenges.Phys.Chem.
89: 668-682 (1985)
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Selection in the flow reactor: Reversible replication reactions
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Selection in the flow reactor: Irreversible replication reactions
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de /dt = Zi fini Xj = X] €))

CDZZifiXi; ZiXiZI; ziQijzl
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between I; and [ (A)

[A] = a = constant

Chemical kinetics of replication and mutation
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Master sequence

Mutant cloud
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The molecular quasispecies in sequence space



The RNA model considers RNA sequences as genotypes and
simplified RNA structures, called secondary structures, as
phenotypes.

The mapping from genotypes into phenotypes 1s many-to-one.
Hence, it 1s redundant and not invertible.

Genotypes, 1.e. RNA sequences, which are mapped onto the
same phenotype, 1.€. the same RNA secondary structure, form
neutral networks. Neutral networks are represented by graphs
In sequence space.
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Sequence space

Mapping from sequence space into phenotype space and into fitness values



A multi-component neutral network



A connected neutral network



Optimization of RNA molecules in silico

W.Fontana, P.Schuster, 4 computer model of evolutionary optimization. Biophysical
Chemistry 26 (1987), 123-147

W.Fontana, W.Schnabl, P.Schuster, Physical aspects of evolutionary optimization and
adaptation. Phys.Rev.A 40 (1989), 3301-3321

M.A.Huynen, W.Fontana, P.F.Stadler, Smoothness within ruggedness. The role of
neutrality in adaptation. Proc.Natl.Acad.Sci.USA 93 (1996), 397-401

W.Fontana, P.Schuster, Continuity in evolution. On the nature of transitions. Science 280
(1998), 1451-1455

W.Fontana, P.Schuster, Shaping space. The possible and the attainable in RNA genotype-
phenotype mapping. J.Theor.Biol. 194 (1998), 491-515



Evolution in the Flow Reactor: The RNA Model

Sequence-structure map |/ : {] X d;.l } = {S d, }

Structure-function map £ {S :d ; } =R, .

Environment Q1)

Mapping into fitness values  f, (f) = f(Sk ,Q(t)) = f(w(]k , Q(t)),Q(t))

ﬁ: X (Qkk fk(t)_q)(t))+ iQk] fj(t)xj (Do), k=1..n

df j=1,j#k

Wiener process dW (t)=w(t) dt



Genotype-Phenotype Mapping
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Evolutionary dynamics
including molecular phenotypes



Master sequence

Mutant cloud

mutations

“Oftf-the-cloud”

uonNeIUAIUO))

The molecular quasispecies and mutations producing new variants
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The flowreactor as a
device for studies of
evolution in vitro and
in silico
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In silico optimization in the flow reactor: Trajectory
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Average structure distance to target Ddg

-
o

Relay steps

36

38

- 40

£
¢

—---- 44
Evolutionary trajectory
|
1250 —Time—>
44

dajs Aejas jo JaquinN



_g> 36
(&) Relay steps
[ z
g 10 | 38 3
2 g
3 ol
E - 40 Ci
@ <
© "
S i @ §
o
E e
()
Py —---- 44
o)
©
|
2
<
Evolutionary trajectory
0 |
1250 —Time—>
43 <€ 44

Reconstruction of the last step 43 A 44



_g> 36
(&) Relay steps
[ z
s 10 | 38 3
- T
2 2
3 ol
5 403
® <
© "
- e 42 3
o
E e
()
p —---- 44
o)
©
|
2
<
Evolutionary trajectory
0 |

1250 —Time—>

42 <€ 43 <€ 44

Reconstruction of last-but-one step 42 A 43 (A 44)



_g> 36
o Relay steps
[ z
s 10 | 38 3
- o
e o
3 ol
§ - 40 ‘1
k2 <
© "
o -
s | T 23
o
E e
n
o —--- 44
o
©
1
2
<
Evolutionary trajectory
0 |
1250 —Time—>
41 <€ 42 <€ 43 <€ 44

Reconstruction of step 41 A 42 (A 43 A 44)



_g> 36

o Relay steps

[ z

s 10 | 38 3

- o

e 9

3 ol

5 403

® <

© n

k3]

g e

n

o —--- 44

o

©

1

2

<

Evolutionary trajectory
0 |
1250 —Time—>

40 <€ 41 <€ 42 <€ 43 <€ 44

Reconstruction of step 40 A 41 (A 42 A 43 A 44)



_g> 36
o Relay steps
[ z
g 10 | 38 3
e 9
3 ol
§ - 40 ‘1
k2 <
° @
2 2 3
°
g e
()
Py —---- 44
o)
©
1
2
<
Evolutionary trajectory
0 |
1250 —Time—>

Evolutionary process

— 77N -~ -,
_ ( \ i \ { .’ \
70 77\ \ \ \ \
\ %
N
/
I )
N i \
\ | NIV, i | oy '
A ot N A N

39 € 40 <€ 41 € 42 <€ 43 <€ 44

Reconstruction
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GGGAUACAUGUGGCCCCUCAAGGCCBUAGCGAAACUGCUGCUGAAACCGUGUGAAUAAUCCGCACCCUGUCCCCGA
(CCCCC . (CCC. o 2320 (Ll )DDDD IR CCCCC . nnn )DDBD NS DD DD D I
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CCCCCC L et ) CCCCCn )DDDD PN (o, IDDDDEDDDD DD I

Transition inducing point mutations

Change in RNA sequences during the final five relay steps 39 A 44
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In silico optimization in the flow reactor: Trajectory and relay steps
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In silico optimization in the flow reactor: Uninterrupted presence
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Transition inducing point mutations

Neutral genotype evolution during phenotypic stasis
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A random sequence of minor or continuous transitions in the relay series



29 31

A random sequence of minor or continuous transitions in the relay series
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In silico optimization in the flow reactor: Uninterrupted presence



Main transition leading to clover leaf
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Main transitions
Evolutionary trajectory
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In silico optimization in the flow reactor: Main transitions
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Variation in genotype space during optimization of phenotypes



Statistics of evolutionary trajectories

Population Number of Number of Number of main
size replications transitions transitions
N < Nrep > < Ny > < Ngyr >

1000 (5.5 + [6.9,3.1]) x 107 92.7 + [80.3,43.0] 8.8 £ [2.4,1.9]

2 000 (6.0 + [11.1,3.9]) x 107 55.7 £ [30.7,19.8] 8.9 +[2.8,2.1]

3 000 (6.6 + [21.0,5.0]) x 10’ 44.2 + [25.9,16.3] 8.1 +£[2.3,1.8]
10 000 (1.2 £ [1.3,0.6]) x 108 35.9 £ [10.3,8.0] 10.3 £ [2.6,2.1]
20 000 (1.5 + [1.4,0.7]) x 108 28.8 + [5.8,4.8] 9.0 +[2.8,2.2]
30 000 (2.2 + [3.1,1.3]) x 108 29.8 +[7.3,5.9] 8.7 + [2.4,1.9]

100 000 (3+[2,1]) x 108 24 + [6,5] 9+2

The number of main transitions or evolutionary innovations is constant.



-\

\/

00 09 31 44

Three important steps in the formation of the tRNA clover leaf from a randomly chosen
initial structure corresponding to three main transitions.



Main results of computer simulations of molecular evolution
* No trajectory was reproducible in detail. Sequences of target structures were different.
Nevertheless solutions of comparable or the same quality are almost always achieved.

* Transitions between molecular phenotypes represented by RNA structures can be
classified with respect to the induced structural changes. Highly probable minor
transitions are opposed by main transitions with low probability of occurrence.

* Main transitions represent important innovations in the course of evolution.
* The number of minor transitions decreases with increasing population size.

* The number of main transitions or evolutionary innovations is approximately
constant for given start and stop structures.

* Not all structures are accessible through evolution in the flow reactor. An example is
the tRNA clover leaf for GC-only sequences.



,...variations neither useful not injurious would
not be affected by natural selection, and would
be left either a fluctuating element, as perhaps
we see in certain polymorphic species, or would
ultimately become fixed, owing to the nature of
the organism and the nature of the conditions.

(13

Charles Darwin, Origin of species (1859)
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Evolution in genotype space sketched as a non-descending walk in a fitness landscape
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