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1. Reconstruction of evolutionary processes



Structure of
randomly chosen Phenylalanyl-tRNA as
initial sequence target structure
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Replication rate constant:
f.=v/ [0+ Adg ]
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Selection constraint:

Population size, N =# RNA
molecules, is controlled by
the flow

N(t)zﬁi\/ﬁ

Mutation rate:

p = 0.001 / site x replication

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: Evolutionary Trajectory
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Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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2. Diffusion in sequence space and shape space
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Transition inducing point mutations leave the
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Neutral genotype evolution during phenotypic stasis
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3. Continuous and discontinuous transitions



Number Mean Value Variance

Degree of Neutrality: 50125 0.334167 0.006961

Number of Structures: 1000 52.31 85.30
1 (CCCC-CCCC-- - - - - D)) D D)) ED) ) FD ) R 50125
2 (- -G - - - - D)D) D DD D I D ) J 2856
3 (((((((((( (e D)D) D)D) D)D) ) XD ) Fi I 2799
S (((EERET D)) B9 ) ) ) 19D ) IS ) FIS sy 2417
S (CCCC-CCCC- - - - - )DDD 25D ) ) 1) ) FD ) JErINNp—_— 2265
6 (CCCC-CCCCC-CCC------ DD ED)DD)) D)) XD ) F I 2233
7 (CCCC--CCC--CCCam - - - D)D) D)) D) ) ) ) JEFINIRNpIp— 1442
8 (CCCC-CCCC--CCmnmamans )DEED) D) EDD ) IS ) IS 1081
9 (CC(C--CCCC--CCC-n---- D)D) NS D)) IS ) D ) F - 1025
10 CCCCC-CCCC-- - - - )DD D)D) D IS D)) ) Fr 1003
11 . (CCC-CCCC-- - - - - - D)D) D)D) IS D ) ) F 963
12 (CCCC-CCC- - - CCC- - - - - D)D) EEEDD D IS ) ) D ) I 860
13 (CCCC-CCCC--CCC-- - - - )DD D)D) IS D IS ) ) FI 800
14 CCCCC-CCCC---CCamm - - D)D) D 1) ) D ) ISP 548
N (AT D)D) D D) ) FD ) JEFISINpp 362
16 ((C-(C-CCCC--CCC-- - - - D)D) D)) D I ) i) ) IEFNINpI 337
17 (- CCC-CCCC-- - - - - D)D) D)) D IS ) ) D ISP 241
18 ((CCC- - - )33033)) ) 15D ) XD ) Fi I y—— 231
19 (CCC--CCCC-- - - - D)D) EED D)) IS ) ) ) Iy 225
20 (C----CCCC--CCCammm - - )))-D)))-- - ) ) L 202

Shadow — Surrounding of an RNA structure in shape space:
AUGC alphabet, chain length n=50
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Std.Dev.

0.083434
9.24

.334167
-019040
.018660
.016113
.015100
-014887
-009613
.007207
.006833
.006687
-006420
-.005733
-005333
.003653
.002413
.002247
.001607
-001540
-001500
.001347
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Shortening of Stacks Elongation of Stacks

Opening of Constrained Stacks

Continuous Transitions in RNA Secondary Structures
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4. Mechanism of RNA optimization



Evolutionary trajectory

Spreading of the population
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Spreading and evolution of a population on a neutral network: t =150



Spreading and evolution of a population on a neutral network : t=170



Spreading and evolution of a population on a neutral network : t =200
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Spreading and evolution of a population on a neutral network : t =350
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Spreading and evolution of a population on a neutral network : t =500



' 4
é
o‘c’.

Spreading and evolution of a population on a neutral network : t =650
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Spreading and evolution of a population on a neutral network : t =820
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Spreading and evolution of a population on a neutral network : t =825
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Spreading and evolution of a population on a neutral network : t =830



Spreading and evolution of a population on a neutral network : t =835



Spreading and evolution of a population on a neutral network : t =840



Spreading and evolution of a population on a neutral network : t =845



Spreading and evolution of a population on a neutral network : t =850



Spreading and evolution of a population on a neutral network : t =855
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A sketch of optimization on neutral networks
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Table 8. Statistics of the optimization trajectories. The table shows the results of sampled
evolutionary trajectories leading from a random initial structure, 57, to the structure of tRNAPPE
ST, as the target”. Simulations were performed with an algorithm introduced by Gillespie [55-57].
The time unit is here undefined. A mutation rate of p = 0.001 per site and replication were used.
The mean and standard deviation were calculated under the assumption of a log-normal distribution
that fits well the data of the simulations.

Alphabet Population Number of EFeal time from Number of replications
size, V runs, ng start to target [107]
Mean value a Mean value a
AUGC 1 000 120 900 +1380 —542 1.2 +3.1 —09
2000 120 530 +880 —330 1.4 +3.6 —1.0
3000 1199 400 +670 =250 1.6 +4.4—1.2
10000 120 190 +230 —100 2.3 +53—-16
30000 63 110 +97 —52 36 +6.7 =23
100 000 18 62 +50 —28 - -
GC 1 000 46 5160 +15700 —3890 - -
3000 278 1910 +5180 —1460 T4 +35.8 —6.1
10000 40 560 +1620 —420 - -
2 The structures §; and S; were used in the optimization:
Spr QG OOl nns (CC.od))eennt IDDDRDISDEDDDDID D IR i f (U 1))
Spr CCCCCC. . 0000 .o ana. )D DD I 4 4 § § CUAMP )R DD D IR Y G IDDDDIDDDDD I

Is the degree of neutrality in GC space much lower than in AUGC space ?

Statistics of RNA structure optimization: P. Schuster, Rep.Prog.Phys. 69:1419-1477, 2006



Number Mean Value Variance Std.Dev.

Degree of Neutrality: 50125 0.334167 0.006961 0.083434
Number of Structures: 1000 52.31 85.30 9.24

1 (- CCCC- - CCC-m v - - DDOEED)DDED)) ED ) 50125 0.334167

Number Mean Value Variance Std.Dev.

Degree of Neutrality: 4262 0.085240 0.001824 0.042708
Number of Structures: 1000 36.24 6.27 2.50

1 (- CCCC- - CCC-m v - - DDOEED)DDED)) ED ) 4262 0.085240

Shadow — Surrounding of an RNA structure in shape space — AUGC and GC alphabet



5. Major transitions in evolution
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Summary. Five principles underly the evolution of the
genetic language: formation of stereoregular heteropoly-
mers, selection through self-replication, evolution of
quasispecies towards optimal structures, regulated co-
operation between competitors through catalytic hyper-
cycles and evaluation of translation products through
compartmentalization. These principles are formulated
and illustrated by means of experimental results

abundant molecules on the very early Earth became
clear. Most of the natural amino acids were among them.
The building blocks of polynucleotides — the four bases,
ribose and phosphate — were available too under prebio-
tic conditions. An enormous amount of low molecular
weight organic material and energy-rich compounds was
synthesized in those early days. Material was provided
from steadily refilling pools for the formation of poly-
mers, among them polypeptides and polynucleotides.
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A sketch of cellular information processing



A mechanism for major transitions
towards a hierarchically higher level
(nach Manfred Eigen und Peter Schuster)

State I:
Independent Competing
Replicators

State II:
Functionally Coupled
Replicators

State III:
New Unit of Selection

State IV = State I
Independent Competing
Units
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Fig. 7. A catalytic hypercycle consists of self-instructive units I,
with two-fold catalytic functions. As autocatalysts or—more gener-
ally —as catalytic cycles the intermediates I, are able to instruct
their own reproduction and, in addition, provide catalytic support
for the reproduction of the subsequent intermediate (using the
energy-rich building material X). The simplified graph (b) indicates
the cyclic hierarchy
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Hypercycles with one and two members are
common in hature.
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Hypercycle dynamics for n=4
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Major transitions in evolution (John Maynard Smith and Eors Szathmary)

Replicating molecules
Independent replicators
RNA as gen und enzyme
Prokaryotes

Asexually replicating clones
Protists

Solitary individuals

Primate societies

membranes, controlled division
= molecules in compartments

ligation of molecules, joint replication
= chromosomes

genetic code, ribosome

= DNA and protein

endosymbiosis
= eukaryotes

origin of sexual replication
= sexually replicating populations

cell differentiation and development
= plants, fungi and animals

formation of non-reproductive casts
= animal colonies

language, writing, culture, ..
= human societies
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