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1. Prolog - Darwin und Mathematik



A+ X —>2X ... asexuelle Vermehrung

Viren, Bakterien, einige héhere Organismen (Eukaryoten)

Elektronenmikroskopisc
Aufnahme von E. coli

wihrend der Zellteilung Que"e: wwuw.tierklinik.de

A+ X+Y - X+Y +nZ ..... sexuelle Vermehrung
die meisten hoheren Organismen
obligatorisch bei Saugetieren

Quelle: Thomas Brodmann
animals-digital.de

Zwel Wege der Reproduktion in der Biologie



Leonardo da Pisa
,,Fibonacci“

~1180 — ~1240

21 34 55 89 ....

Die Urspriinge des Gedankens vom exponentiellen Wachstums



Thomas Robert Malthus Leonhard Euler, 1717 - 1783

1766 — 1834
i X
1,2,4,8,16,32,64,128, ... exp(x) = lim___ (1+=)"
n
geometrische Reihe Exponentialfunktion

Die Urspriinge des Gedankens vom exponentiellen Wachstums
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Die Urspriinge des Gedankens vom exponentiellen Wachstums
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War schon 30 Jahre vor dem Erscheinen von Charles Darwins
‘Origin of Species' bekannt

Die logistische Wachstumsfunktion, 1828



1. Geospiza magnirostris 2. 'Geospiza Foris
3, Geospiza parvula 4, Certhidea olivaces

Finches from Galapagos Archipelago




2. Von Darwin zur Populationsgenetik



Die drei notwendigen Voraussetzungen fiir
Darwinsche Evolution sind:

1. Vermehrung,
2. Variation, und

3. Selektion.

Darwin entdeckte das Prinzip der natiirlichen Auslese durch empirische
Beobachtungen in der Natur.

Darwin unternahm keinen Versuch, sein Prinzip mathematisch zu formulieren,
obwohl alle Voraussetzungen dafiir zu seiner Zeit gegeben waren.
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Darwins natirliche Selektion in einer Population mit
konstanten Ressourcen



Relativer Anteil —

1.0 ‘ =
0.8 -
0.6_ -
0.4
0.2} -
0.0L | M — | -
0 2 4 6 8 10
— Zeit t—>
: J3=3

Vor der Entwicklung der Molekularbiologie wurde Mutation

als ein "Deus ex Machina” behandelt
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Mendels Genetik
Die 3:1 Regel
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Ronald Fisher (1890-1962) Sewall Wright (1889-1988)

J. B. S. Haldane (1892-1964)

Die drei Begriinder der Populationsgenetik



Allele: AL A, ... A,
Haufigkeiten: x; = [A;]; Genotypen: A;-A;

Fitnesswerte: a;; = f (A;-Ay), a;; = &

| Mendel
Ronald Fisher (1890-1962)

Z—lajlx X _¢X — X (Z—lajlx dj), j=1,2,...,n

mit @ (t) = 2_12_1 i % X; und Z_l i~

T 2(< a‘>—<a >2)= 2var{a}>0

Ronald Fishers Selektionsgleichung: The genetical theory of natural selection.
Oxford, UK, Clarendon Press, 1930.



Drei notwendige Bedingungen fiir Darwinsche Evolution sind:

1. Vermehrung (und Vererbung),

2. Variation, und

3. Selektion.

Vermehrung fihrt zu exponentiellem Wachstum, das eine
conditio sine gua non fiir Selektion darstellt.

Variation ist ein Nebeneffekt des molekularen Mechanismus
der Reproduktion.

Selektion ist eine Konsequenz der endlichen Ressourcen.

Da im Sinne der Optimierung von Fitness durch die Darwinsche Evolution
nur Nachkommen gezahlt werden, ist sie fast universell giiltig.



3. Friihe Molekularbiologie



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

Die dreidimensionale Struktur eines
kleinen Stiickes der B-DNA




3'-Ende 3'-Ende

5'-Ende

Die B-Form der DNA-Doppelhelix



Taq-Polymerase

korrekte Replikation
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Korrekte Replikation und Punktmutation



Taq-Polymerase
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Mutation

Korrekte Replikation und Punktmutation



Replikation
D’FA

Reverse Transkription Transkription

Die codierte genetische Information \
in der Biologie flieBt von Nukleinsdure ONA Replikation
zu Nukleinsdure und von Nukleinsdure

zu Protein.

Translation

Die ein Gen = ein Protein Hypothese

Protein
Das zentrale ,,Dogma* der Molekularbiologie



3'-Ende 5'-Ende

DNA <«Q=O=T=A=0=T=A=T=A=A=0=0=0=A=T=O= 04

DNA = RNA

RNA = Protein

Transkription und Translation



DNA

DNA = RNA

RNA = Protein

3'-Ende 5'-Ende

G--D-B--D-D-D-BA-BD-3-0-3-BA-D-9-94

- B-D-D-B-D-B-B-5-5~0-B-T-D-5
HB-0-B-0-0-B-0-BH-0-0-6-0-0-0-H-0-O>

5-Ende Transkription 3-Ende

Transkription und Translation



DNA

DNA = RNA

RNA = Protein

3'-Ende 5'-Ende

<0~0=T-A-0~P-A-D-A~A~3-0=~A~T-0- 0

9-9-D-A-9-T-R-D-A-R-0-0-0-R-D-0- 0
H6-C-R-0-0-R-0-A-0-0-6-6-6-0-A-C-0

5-Ende Transkription 3-Ende

5'-Ende 3'-Ende

{ Fmet—i— ile — leu —— gly —— thr >

Translation

Transkription und Translation
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Aktivator Bindungsstelle Repressor Bindungsstelle
RNA Polymerase

Regulation der Genexpression



| Promotor I

I I Zustand I:
VWVAANVWWVVRNVVWWNNVNNNWY (- stan
Aktivator Bindungsstelle Repressor Bindungsstelle
RNA Polymerase
| Promotor transkribiert, prozessiert, und
I in Protein iibersetzt Zustand I1:
IIMAMIINIIIAMIHIIIHI .
aktiver Zustand
Aktivator Repressor Bindungsstelle

RNA Polymerase

Regulation der Genexpression



| Promotor I

I | Zustand I:
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Aktivator Bindungsstelle Repressor Bindungsstelle
RNA Polymerase
| Promotor |
I | Zustand I11:

inaktiver Zustand
Aktivator Bindungsstelle €presso

Regulation der Genexpression



| Promotor I

I I Zustand I:
MMMWMMMMMMMMMMMMMM“““ Grundzustand
Aktivator Bindungsstelle Repressor Bindungsstelle
RNA Polymerase
| Promotor transkribiert, prozessiert, und
I in Protein iibersetzt Zustand II:
IIIAIAMHNIIIAMIIIIIIHI .
aktiver Zustand
Aktivator Repressor Bindungsstelle
RNA Polymerase
| Promotor l
| | Zustand III:

inaktiver Zustand
Aktivator Bindungsstelle €presso

Regulation der Genexpression



Die Bakterienzelle als Beispiel fiir die \ \
einfachste Form autonomen Lebens o

Das Escherichia coli Genom:

4 Millionen Nukleotide
4460 Gene

Die raumliche Struktur des Bakteriums Escherichia coli



4. Evolution in Reagenzglas



Die drei notwendigen Voraussetzungen fiir
Darwinsche Evolution sind:

1. Vermehrung,
2. Variation, und

3. Selektion.

Alle drei Vorausetzungen werden nicht nur von zellularen Organismen erfiillt
sondern auch von Nukleinsduremolekiilen - DNA oder RNA - in geeigneten
zellfreien Experimentalanordnungen:

Darwinsche Evolution im Reagenzglas



Reviews G. F. Joyes

DOz 10.1002 2 mie 200700 369

Forty Years of In Vitro Evolution™*
Gerald F. Joyce*

Keywards: Dedicated b Ledie Omrel on the oecasion of
keix Bk Birdvday

Sol Spiegelman,
1914 - 1983

Evolution im Reagenzglas:

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

E.q.zo w“lgew:mhr_nlg B o0 Wik VO H Wedag CombH B Ca KCak, Weinkain Angra: O, bt Bl 2oy, 46, Sgao— 458



RNA sample
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Stock solution: QP RNA-replicase, ATP, CTP, GTP and UTP, buffer

Anwendung der Technik des seriellen Transfers zur Evolution von RNA im Reagenzglas
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Mutation und (korrekte) Replikation als parallele chemische Reaktionen

M. Eigen. 1971. Naturwissenschaften 58:465,
M. Eigen & P. Schuster.1977. Naturwissenschaften 64:541, 65:7 und 65:341



Ergebnisse der Quasispezies-Theorie:

Die Selektion fiihrt zu uneinheitlichen Populationen, die aus einer
Anzah| molekularer Varianten bestehen.

. Die stationdre Population bildet das genetische Reservoir einer
sich asexuell vermehrenden Spezies und wird deshalb als
Quasispezies bezeichnet.

. Eine Quasispezies enthdlt eine fitteste Variante, die sogenannte
Mastersequenz und ihre nahe verwandten Mutanten.

. Jedem Replikationsmechanismus entspricht eine maximale
Mutationsrate, die Fehlerschranke, welche nicht liberschritten
werden kann, ohne dass die Vererbung zusammenbricht.
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Virus

Research
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v elsevier com/locme vinsTes

Preface

Antiviral strategy on the horizon

Emor catasirophe had its concepmal ongins m the middle of
the Z0th cennoy, when the consequences of mutations on
enrvines involved in protein syothesis, s a theory of aging.
In those times biological processas were generally perceived
diferently from today. Infectious diseases ware regardad as
a fleeting muzance which would be eliminated through the
nse of antibietics aud aotiviral agems. Microbial vanation,
althongh known in some cases, was not thought to be a signif-
icant prablem for dissase cowtrol. Viration in differenriared
arganisms was seen as resulting essentially from exchanges
of genetic materizl associzted with sexual reproduction.
The protlem was o wmvell the mechanisms of inhemtance,
expression of genetic mfonmation and meabolism. Few saw
that genetic change is ocowTing at pressnt in 2l orgamisms,
and sill fewer recognized Darwinian principles as essential
o the biclogy of pathogenic wiruzes and cells. Populstion
genaticists rarely used bacteria or vimses as expenmental
systems todefine concepts in biological evolution. The extent
of genetic polymeorphism among individuals of the same
biological species came as & swprise when the first results
on camparisen of elecophoretic mobility of enzymes were
obtained. With the advent of in vioo DINA recombination,
and rapid pucleic acid sequencing technigues, molecular
analyses of zenomes reinforced the conclusion of exmeme
inrer-individual genetic varatnon within the same spacies.
Now, due largely o spectacular progress in comparztive
genomucs, we see cellular DMAs, both prokaryotic and
eukaryatc, as highly dynanuc. Most cellular processes, in-
clnding such essenrial mfommanion-bearing and mansfarring
events 35 genome replication, wanscription and manslaton,
are increasingly perceived as mhersntly macourate. Vinses,
and in particular BNA viruses, are among the most exireme
exmnples of exploitation of replication macouracy for
survival.

Ermror carastraphe, or the loss of mesningful genstic infor-
martion through excass genstic variation, was formmilated in
quaniitative ferms as a coasequence of quasispecies theary,
which was first developed to explain self-crganization and
sdaprability of primitive replicons in early stagas of life. Ra-
cently, a concepmal extension of ermor catasophe that could
e definad as “induced genetic deterioration” has emergad as

G158-17025 - sea front mater © 2004 Elseviar BV, All dehic resarvad.
doi-10 1008 virmares. 2004.11.001

3 pessible apfiviral strategy. This is the topic of the cument
special issue of Firus Research.

Few would nowadays doubt that one of the major obsta-
cles for the control of viral diseasa is shor-term adaprabiline
of viral pathogens Adaprability of vimses follows the same
Drarwinian principles thar have shaped biological evolution
aver eons, that is, repeated rounds of reproduction with ga-
netic variation, competition znd selection, offen perturbed
Ty random evenrs such as stanstcal flncmstiens in popu-
lation size. However, with vimises the consequences of the
operation of these very same Darwinian principles are felt
within very short times. Short-term evolution (within howrs
and days) canbe also obsarved with some cellular pathogens,
with subsets of nomnal cells, and cancer calls. The nature of
FIMA viral pathogens begs for altemanive antiviral sirategiss,
and forcing the vims fo cross the cntical ervor threshold for
maintenance of genetic mformation is one of them

The comrriutions to this vehmne have been chosen o
raflert different lines of evidence (both thearatical amd
experimental) on which antiviral designs based on geneuc
detertoration inflicted upon vimses are bemg consmuched.
Theoretical smudies bave explored the copying fdelity
condittons that must be fulfilled by any mformation-earing
replication system for the essental genetic informarion o
fze mansmitted o progeny. Clozely related 1o the theorerical
developments bave been oumerous experipental smdies
on quasispecies dyvoamdcs and their nmltiple biological
manifestations. The latter can be summarized by saying
thar BMNA vimses, by vimue of existing s nwran? spectra
rather than defined genstic entines, remarkably expand their
poteniial 1o overcoms seleciive pressures intended to limdt
their replication. Indeed, the use of antiviral inbibitors in
clinical practice and the design of vaccies for 3 mumber of
miajor BXA vimis-associated diseases, are currently presided
Try 2 sensas of uncarmainty. Another line of srowing researchis
the enzymology of copying Sdeliny by viral replicazes, aimed
at understanding the molecular basis of nuiragenic activities.
Emor catasirophe as & potentizl new antiviral swategy re-
caived an importan: mnpulse by the observation thar ribavirin
((a licensed awtiviral micleoside analogue) may be exerting, in
sOle systems, its aufiviral activity through enbanced miaga-

11& FPrefoe / Virus Research (07 (20030 1153-006

nesis. This has encovragzed investizations on new muta gemic
base snalogues, some of them usad in anticancer chemothar-
apy. Some chaprers suunmarize these important biochemical
smudies on cell entry pathwrays and metabolism of mutagemic
agents, that may find vew applications as antiviral agenrs.
This wolume mtends to be basically 3 progress repodt, an
inmroduction to a new avenue of research, and 3 realistc ap-
pratsal of the many issues that remain to be imvestizgated. In
ths respect, [ can envisage (not without many uncerainies)
at laast three lines of needad research: (i) One on further n-
derstanding of quasispecies dynamics in infected individnsls
o leamm more on how to spply combinations of vins-specific
muatazens and inhibitors in an effective way, finding syner-
Zistic combinations snd avoiding sntagonistic ones as wall
as severe clinical side effects. (1) Another on a desper under-
standing of the metabolism of mutagenic agents, in particular
base and nucleoside apalogues. This includes identification
of the mansportars that camy them into cells, sr understand-
ing of their metsbolic processing inracellular stability and
alterations of nucleotde pools, among ather ssues. (i) Sull
anpther line of needed ressarch is the development of new
muataZenic agents specific for vimses, showing no (or im-
ired) towicity for cells. Some advances may come froon links
with awticancer ressarch, but others should resuls from the
desizns of new maolecules, based on the stacmares of viral
polvmerases. [ really hops thart the reader finds this issue not
only to be an interasting snd useful review of the currant sina-

ation in the field, bar also a stinulating exposure to the major
problems to be faced.

The ides to prepars this spacial 1ssue came a5 3 kind imvita-
ton of Ulrich Desselbergar, former Editor of Firns Research,
and then taken enthnstastically by Luis Enjuanes, recently ap-
pointed as Editor of Firus Research. I take this oppormmity
to thank Ulrich, Luis and the Editor-in-Chief of Firus Re-
search, Brian Maky, for their contimied mterest and support
1o the research on vims evelution over the vears.

Moy thanks go also wo the 19 authers who despits their busy
schadules have tzken time to prepare excellent mamscrips,
o Elsevier staff for their prompt responses to miy ragquests,
and, last but not least, o Ms. Luciz Homille from Centro de
Brologia Melecular “Savers Ochoa™ for her patient desling
with the comespondence with authors and the final organiza-
ton of the issue.

Esteban Dormingo

Universidod durdnoma de Modrid

Canmro de Biologia Malecilar “Savero Ochoa™
Conzgio Suparior de mestigaciones Clanrjficas
Cantoblance and Valdeoimos

Muadrid, Spamn

Tel: + 34 01 297 B4850/9; fax: +34 91 407 4720
E-mail address: edomingo@icm uam es
Anrailable onlive 8 December 2004

Esteban Domingo
1943 -

Anwendung der Quasispezies-Theorie im Kampf gegen Viren
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5. Molekularbiologie heute



Mycoplasma pneumoniae: Genomelénge 820 000 bp

# Gene: 733
# Proteine (ORF): 689
# tRNAS 37
# rRNAS 3
# andere RNAS 4

S. Kiihner, V. van Noort, M. J. Betts, A. Leo-Macias, C. Batisse, M. Rode, T. Yamada, T. Maier, S.
Bader, P. Beltran-Alvarez, D. Castafio-Diez, W.-H. Chen, D. Devos, M. Giell, T. Norambuena, 1.
Racke, V. Rybin, A. Schmidt, E. Yus, R. Aebersold, R. Herrmann, B. Béttcher, A. S. Frangakis, R. B.
Russell, L. Serrano, P. Bork, and A.-C. Gavin. 20009.

Proteome organization in a genome-reduced bacterium. Science 326:1235-1240.

E. Yus, T. Maier, K. Michalodimitrakis, V. van Noort, T. Yamada, W.-H. Chen, J. A. Wodke, M. Guell,
S. Martinez, R. Bourgeois, S. Kihner, E. Raineri, I. Letunic, O. V. Kalinina, M. Rode, R. Herrmann,
R. Gutiérez-Gallego, R. B. Russell, A.-C. Gavin, P. Bork, and L. Serrano. 2009.

Impact of genome reduction on bacterial metabolism and its regulation. Science 326:1263-1268.

M. Guell, V. van Noort, E. Yus, W.-H. Chen, J. Leigh-Bell, K. Michalodimitrakis, T. Yamada, M.
Arumugam, T. Doerks, S. Kiihner, M. Rode, M. Suyama, S. Schmidt, A.-C. Gavin, P. Bork, and
L. Serrano. 2009.

Transcriptome complexity in a genome-reduced bacterium. Science 326:1268-1271.



A Purification, electron microscopy & modeling

Ribosome
Pyruvate .
dehydrogenase
structural core

8

B
Electron tomography

Fig. 4. From proteomics to the cell. By a combination of pattern recognition
and classification algorithms, the following TAP-identified complexes from
M. pneumoniae, matching to existing electron microscopy and x-ray and
tomogram structures (A), were placed in a whole-cell tomogram (B): the
structural core of pyruvate dehydrogenase in blue (~23 nm), the ribosome in
yellow (~26 nm), RNA polymerase in purple (~17 nm), and GroEL homo-

RNA
polymerase

& [Rpod)]

\
\
%

[RpoA N-term]~

TAP homoemultimer x14

GroEL

multimer in red (~20 nm). Cell dimensions are ~300 nm by 700 nm. The cell
membrane is shown in light blue. The rod, a prominent structure filling the
space of the tip region, is depicted in green. Its major structural elements are
HMW2 (Mpn310) in the core and HMW3 (Mpn452) in the periphery, sta-
bilizing the rod (42).The individual complexes (A) are not to scale, but they
are shown to scale within the bacterial cell (B).
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Evolution im Licht der gegenwadrtigen Molekulargenetik

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

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

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 -



6. Biologische Komplexitdt vor Augen
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Das Reaktionsnetzwerk des zellularen Stoffwechsels nach Boehringer-Mannheim



E. coli: Genomlange 4x10°% Nukleotide
Zahl der Zelltypen 1
Zahl der Gene 4 460

Vier Biicher zu je 300 Seiten

Man:  Genomlange 3x10° nucleotides
Zahl der Zelltypen 200
Zahl der Gene ~ 20 000

Eine Bibliothek mit 3000
Bdnden zu je 300 Seiten

Die Komplexitét der Biologie
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.Anwendung ohne Wissen ist gefdhrlich."

Max Planck, 1859 - 1947
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Web-Page flr weitere Informationen:

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