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1. Darwinsche Evolution und Mathematik
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1. Geospiza magnirostris 2. 'Geospiza Foris
3, Geospiza parvula 4, Certhidea olivaces

Finches from Galapagos Archipelago
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2. Ein einfaches aber vollstandiges Evolutionsmodell
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Darwinsche Optimierung

Evolutionsmodell im Parameterraum
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Korrekte Replikation und Punktmutation



Mutations-Selektionsgleichung (Manfred Eigen 1971)
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3. Evolution als ein Prozess im Sequenzraum



Binary sequences are encoded
by their decimal equivalents:

C=0and G=1, for example,
"0" =00000=CCCCC,
"14" = 01110 = CGGGC,

"29" =11101 = GGGCG, etc.

Mutant classes

# sequences

Der Sequenzraum bindrer Sequenzen ist ein Hyperwiurfel der Dimension |
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Konstruktion des Sequenzraumes von Vierbuchstabensequenzen (AUGC)



4. Vom Genotyp zum Phanotyp und zur Fitness



Fitness

Sewall Wright, 1889 - 1988

Sewall Wright. 1932. The roles of mutation,
inbreeding, crossbreeding and selection in evolution.
In: D.F.Jones, ed. Int. Proceedings of the Sixth
International Congress on Genetics. Vol.1, 356-366.

Ithaca, NY.

Genotype Space

Sewall Wrights fitness landscape as metaphor for Darwinian evolution
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Die Ausbildung von RNA-Sekundarstrukturen als Genotyp-Phanotyp Abbildung
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Die Fitness von RNA-Sekundérstrukturen durch Evaluierung der Phanotypen
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Structural parameters affecting the kinetics of
RNA hairpin formation

J. H. A. Nagel, C. Flamm', 1. L. Hofacker', K. Franke2, M. H. de Smit,
P. Schuster® and C. W. A. Pleij*
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ABSTRACT

There is little experimental knowledge on the
sequence dependent rate of hairpin formation in
RNA. We have therefore designed RNA sequences
that can fold into either of two mutually exclusive
hairpins and have determined the ratio of folding
of the two conformations, using structure probing.
This folding ratio reflects their respective folding
rates. Changing one of the two loop sequences from
a purine- to a pyrimidine-rich loop did increase its
folding rate, which corresponds well with similar
observations in DNA hairpins. However, neither
changing one of the loops from a regular non-
GNRA tetra-loop into a stable GNRA tetra-loop, nor
increasing the loop size from 4 to 6 nt did affect the
folding rate. The folding kinetics of these RNAs have
also been simulated with the program ‘Kinfold'.
These simulations were in agreement with the
experimental results if the additional stabilization
energies for stable tetra-loops were not taken into
account. Despite the high stability of the stable
tetra-loops, they apparently do not affect folding
kinetics of these RNA hairpins. These results show
that it is possible to experimentally determine
relative folding rates of hairpins and to use these
data to improve the computer-assisted simulation
of the folding kinetics of stem-loop structures.
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Structural parameters affecting the kinetic competition of RNA
hairpin formation. Nucleic Acids Res. 34:3568-3576 (2006)
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A ribozyme switch

E.A.Schultes, D.B.Bartel, Science
289 (2000), 448-452

minus the background levels observed in the HSP in
the control (Sar1-GDP-containing) incubation that
prevents COPIl vesicle formation. In the micrasome
control, the level of p115-SMARE associations was
less than 0.1%.
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One Sequence, Two Ribozymes:
Implications for the Emergence
of New Ribozyme Folds

Erik A. Schultes and David P. Bartel*

We describe a single RNA sequence that can assume either of two ribozyme
folds and catalyze the two respective reactions. The two ribozyme folds share
no evolutionary history and are completely different, with no base pairs (and
probably no hydrogen bonds) in common. Minor variants of this sequence are
highly active for one or the other reaction, and can be accessed from prototype
ribozymes through a series of neutral mutations. Thus, in the course of evo-
lution, new RNA folds could arise from preexisting folds, without the need to
carry inactive intermediate sequences. This raises the possibility that biological
RMAs having no structural or functional similarity might share a common
ancestry. Furthermore, functional and structural divergence might, in some
cases, precede rather than follow gene duplication.

Related protein or RNA sequences with the
same folded conformation can often perform
very different biochemical functions, indicating
that new biochemical functions can arise from
preexisting folds. But what evolutionary mech-
anisms give rise to sequences with new macro-
molecular folds? When considering the origin
of new folds, it is useful to picture, among all
sequence possibilities, the distribution of se-
quences with a particular fold and function.
This distribution can range very far in sequence
space (/). For example, only seven nucleotides
are strictly conserved among the group I self-
splicing introns, yet secondary (and presumably
tertiary) structure within the core of the n-
bozyme is preserved (2). Because these dispar-

hitehead Institute for Bi Research and De-
partment of Biclogy, Massachusetts Institute of Tech-
nology, 9 Cambridge Center, Cambridge, MA 02142,
UsA.

*To whom pondence should be add . E-
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ate isolates have the same fold and function, it
is thought that they descended from a common
ancestor through a series of mutational variants
that were each functional. Hence, sequence het-
erogeneity among divergent isolates implies the
existence of paths through sequence space that
have allowed neutral drift from the ancestral
sequence to each isolate. The set of all possible
neutral paths composes a “neutral network,”
connecting in sequence space those widely dis-
persed sequences sharing a particular fold and
activity, such that any sequence on the network
can potentially access very distant sequences by
neutral mutations (3-5).

Theoretical analyses using algorithms for
predicting RNA secondary structure have
suggested that different neutral networks are
interwoven and can approach each other very
closely (3, 5-8). Of particular interest is
whether ribozyme neutral networks approach
each other so closely that they intersect. If so,
a single sequence would be capable of fold-
ing into two different conformations, would

62. M. R Peterson, C. G. Burd, 5. D. Emir, Curr. Biol. 9, 159
(1999).
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have two different catalytic activities, and
could access by neutral drift every sequence
on both networks. With intersecting net-
works, RNAs with novel structures and ac-
tivities could arise from previously existing
ribozymes, without the need to carry non-
functional sequences as evolutionary inter-
mediates. Here, we explore the proximity of
neutral networks experimentally, at the level
of RNA function. We describe a close appo-
sition of the neutral networks for the hepatitis
delta virus (HDV) self-cleaving ribozyme
and the class III self-ligating ribozyme.

In choosing the two ribozymes for this in-
wvestigation, an important criterion was that they
share no evolutionary history that might con-
found the evolutionary interpretations of our
results, Choosing at least one artificial -
bozyme ensured independent evolutionary his-
tories. The class III ligase is a synthetic ri-
bozyme isolated previously from a pool of ran-
dom RNA sequences (9). It joins an oligonu-
cleotide substrate to its 5° terminus. The
prototype ligase sequence (Fig. 1A) is a short-
ened version of the most active class 111 variant
isolated after 10 cycles of in vitro selection and
evolution. This minimal construct retains the
activity of the full-length isolate (/0). The HDV
ribozyme carries out the site-specific self-cleav-
age reactions needed during the life cycle of
HDV, a satellite virus of hepatitis B with a
circular, single- led RNA g (1)
The prototype HDV construct for our study
(Fig. 1B) is a shortened version of the antige-
nomic HDV ribozyme (/2), which undergoes
self-cleavage at a rate similar to that reported
for other antigenomic constructs (13, 14).

The prototype class III and HDV ribozymes
have no more than the 25% sequence identity
expected by chance and no fortuitous struc-
tural similarities that might favor an intersec-
tion of their two neutral networks, Neverthe-
less, seq can be designed that simul
neously satisfy the base-pairing requirements

21 JULY 2000 VOL 289 SCIENCE www.sciencemag.org
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5. Die Strukturbildung bei Biopolymeren



Transkriptionsenzym: DNA — RNA



Sequenz
5'-Ende 3'-Ende

GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCA

Sekundarstruktur raumliche Struktur

Ribonukleinsdure RNA
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RNA replication by QB-replicase

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



Ao &0 ... largest eigenvalue and eigenvector
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diagonalization of matrix W

. complicated but not complex "

= G X F

mutation matrix fitness landscape
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mutation selection

Complexity in molecular evolution



Evolution im Licht der gegenwadrtigen Molekulargenetik

Die Vorstellungen der konventionellen Genetik miissen hinsichtlich
der Genregulation entscheidend erweitert werden.

Ein Gen wird im Vielzellerorganismus gewebsspezifisch in mehrere
verschiedene Proteine iibersetzt.

Umwelteinfliisse geben Anlass zu Verdnderungen des Genoms,
welche einige Generationen lang vererbbar sind.

Komplexitdt, Robustheit und Plastizitdt der Organismen wird erst
im Zusammenspiel von Genetik und Epigenetik verstehbar.



Vorteile der molekularen Erforschung des Lebens
1. Komplexe Reproduktionsmechanismen sind erkldrbar.

2. Generegulation - basierend auf DNA oder RNA - ist
nichts anderes als chemische Kinetik!

3. Epigenetik wird durch die gleichzeitige Betrachtung
mehrerer Generationen einfach verstehbar.

What else is epigenetics than a
funny form of enzymology ?
Each protein, after all, comes

from some piece of DNA.

Sydney Brenner, 1927 -



EVELYN FOX KELLER

Mathematical Models:
Explaining development

without the help of genes

Evelyn Fox Keller, 1936 —

,untimely Birth of a
Mathematical Biology*

Fakten mussen der Theorienbildung vorausgehen

Keller, E.F. 2003. Making Sense of Life. Explaining Biological Development with Models,
Metaphors, and Machines. Harvard University Press, Cambridge, MA



Theory - mathematics and computation
- cannot remove complexity, but it
shows what kind of ..regular® behavior
can be expected and what experiments
have to be done to get a grasp on the
irregularities.

Manfred Eigen, 1927 -

Preface to E. Domingo,
C.R. Parrish, J.J.Holland, eds.
Origin and Evolution of
Viruses. Academic Press 2008

Theory, mathematics and complexity



-+, T was taught in the pregenomic era to be a
hunter. I learnt how to identify the wild beasts
and how to go out, hunt them down and kill
them. We are now urged to be gatherers, to
collect everything lying around and put it into
storehouses.

Someday, it is assumed, someone will come and
sort through the storehouses, discard all the
junk, and keep the rare finds. The only
difficulty is how to recognize them. Sydney Brenner, 1927 -

Sydney Brenner. Hunters and gatherers. The Scientist 16(4): 14, 2002

The ,,big data* problem in bioinformatics
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