


Evolution und Ursprung des Lebens

Peter Schuster

Institut fir Theoretische Chemie, Universitat Wien, Austria

and
The Santa Fe Institute, Santa Fe, New Mexico, USA

Otto Mauer Zentrum

Wien, 16.10.2012



Web-Page fur weitere Informationen:

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



Kriterien des Lebens

(i) Vermehrung und Vererbung

(ii) Mutation infolge fehlerhafter Reproduktion und Rekombination
(iii) Stoffwechsel zur Erzeugung der molekularen Bausteine des Lebens
(iv) Individualisierung durch EinschlieBen in Kompartimente

(v) Autopoiese und Homdostase

(vi) Organisierte Zellteilung - Mitose

(vii) Sexuelle Reproduktion und Reduktions-Zellteilung - Meiose

(viii) Zelldifferenzierung in Zellen der Keimbahn und somatische Zellen
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Von kleinen Molekiilen zu molekularen Replikatoren

1. Woher kommen die Bausteine des Lebens?
2. Der Ursprung der Chiralitdat

3. Einfache Metabolismen



Elektrische Entladung in e

. . 4

einer reduzierenden
Atmosphdre:

high voltage

CH,, CO, NH,, H,0, H,, ...

’
’
’

l" : - -
'7‘ # tungsten electrodes
!

stopcock for filling
with gas

S.L.Miller. 1953. A production —
of amino acids under possible
e .- condenser
primitive earth conditions.
Science 117:528-529 , |
stopcocks for withdrawing e ——

samples

td
FaRY
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black smoker

white smoker

Hydrothermale Quellen in der Tiefsee

Vorkommen: mid-atlantic ridge, east pacific rise, ...
in etwa 3000 m Tiefe

Source: Wikipedia: Hydrothermal vent, Nov. 15,2011
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Microbial Biosphere
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Bedingungen und Materialien in und um hydrothermale Quellen

Source: Wikipedia: Hydrothermal vent, Nov. 15,2011
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Die theoretische Vorhersage
der Erzeugung von Chiralitat
durch autokatalytische
asymmetrische Synthese im
Jahre 1953 durch

Frederick Charles Frank

voL. 11 (1g53) BIOCHIMICA ET BIOPHYSICA ACTA 439

ON SPONTANEOUS ASYMMETRIC SYNTHESIS
by

IF. C. FRANK
The H. H., Wills Physical Laboratory, Untversity of Bristol (IZngland)

I am informed by my colleague Professor W. MoorE that there is still widely
believed to be a problem of explaining the original “asymmetric synthesis” giving rise
to the general optical activity of the chemical substances of living matter. I have long
supposed that this was no problem on the basis of a supposition that the initial pro-
duction of life is a rare event. We may take as the defining property of a living entity
the ability to reproduce its own kind. Omitting such simple entities as flames, which
are included by such a definition, and confining attention to chemical molecules, the
complexity of any having this essential property of life is likely to be great enough to
make it highly tmprobable that it has a centre of symmetry. It is likely, in fact, to
contain a-amino acids which are necessarily asymmetric. Then, it the production of
living molecules is an infrequent process, compared with the rate of multiplication of
living molecules, the whole earth is likely to be extensively populated with the progeny
of the first before another appears. In fact they may have so modified the environment
by then that no other has a chance of generation. There are, of course, variants of this
hypothesis: ¢.g. that a second living molecule is produced before the progeny of the
first has colonised the whole earth, and competes successfully with it for nutrient
material, “‘starving”, or even “poisoning™ the other out of existence. This leads to the
same result, and depends essentially on the same initial hypothesis, that spontaneous
germination of life is a rare event.



Kenso Soai 1995

Michael Mauksch and
Svetlana Tsogoeva 2007

Reaktionen mit einem etwas
erweiterten Frank Mechanismus

LETTERS TO NATURE

Asymmetric autocatalysis and
amplification of enantiomeric
excess of a chiral molecule

Kenso Soai, Takanori Shibata, Hiroshi Morioka
& Kaori Choji

Department of Applied Chemistry, Faculty of Science,
Science University of Tokyo, Kagurazaka, Shinjuku-ku, Tokyo 162,
Japan

THE homochirality of natural amino acids and sugars remains a
puzzle for theories of the chemical origin of life''. In 1953 Frank”
proposed a reaction scheme by which a combination of autocata-
lysis and inhibition in a system of replicating chiral molecules can
allow small random fluctuations in an initially racemic mixture to
tip the balance to yield almost exclusively one enantiomer. Here
we show experimentally that autocatalysis in a chemical reaction
can indeed enhance a small initial enantiomeric excess of a chiral
molecule. When a 5-pyrimidyl alkanol with a small (2%) enantio-
meric excess is treated with diisopropylzinc and pyrimidine-5-car-
boxaldehyde, it undergoes an autocatalytic reaction to generate
more of the alkanol. Because the reaction involves a chiral catalyst
generated from the initial alkanol, and because the catalytic step
is enantioselective, the enantiomeric excess of the product is
enhanced. This process provides a mechanism by which a small
initial imbalance in chirality can become overwhelming.

Factor by which the amounts of (S)-1 and (R)-1 isomers increase
@
3

Initial Al A2 A3
condiions  (39% ee) (76%ee) (85%ee)
(5% ee)

FIG 1. Asymmetric autocatalysis of chiral pyrimidyl alkanol (1). Runs
A1-3 correspond to Table 1. The enantiomeric excess of (S)-1 increases
from 5 to 89% e.e. without the use of additional chiral auxiliaries. During
the reactions (runs A1-3), the (S)-1 increases by a factor of 94 times,
while (R)-1 increases by a factor of only eight times.

employed as asymmetric autocatalyst, the e.e. of the mixture of
catalyst and the product was also 88% (run BS). Thus in series
A and B, the low c.e. of (5)-1 was autocatalytically amplified
to 88-89%, and the amount of (5)-1 was increased by a factor

FWILEY .
~ InterScience® CHIRALITY 19:816-825 (2007)

TISCOVER SOMETAING GREAT

e,

Demonstration of Spontaneous Chiral Symmetry Breaking in
Asymmetric Mannich and Aldol Reactions

MICHAEL MAUKSCH,* SVETLANA B. TSOGOEVA,*'" SHENGWEI WEI, AND IRINA M. MARTYNOVA
Institute of Organic Chemistry I, University of Erlangen-Nuremberg, Henkestrasse 42, 91052 Erlangen, Germany

ABSTRACT Spontaneous symmetry breaking in reactive systems, known as a rare
physical phenomenon and for the Soai autocatalytic irreversible reaction, might in prin-
ciple also occur in other, more common asymmetric reactions when the chiral product
is capable to promote its formation and an element of “nonlinearity” is involved in the
reaction scheme. Such phenomena are long sought after in chemistry as a possible ex-
planation for the biological homochirality of biomolecules. We have investigated homo-
geneous organic stereoselective Mannich and Aldol reactions, in which the product is
capable to form H-bridged complexes with the prochiral educt, and found by applying
NMR spectroscopy, HPLC analysis, and optical rotation measurements 0.3-50.8% of ran-
dom product enantiomeric excess under essentially achiral reaction conditions. These
findings imply a hitherto overlooked mechanism for spontaneous symmetry breaking
and, hence, a novel approach to the problem of absolute asymmetric synthesis and
could have also potential significance for the conundrum of homochirality. Chirality

19:816-825, 2007.  © 2007 Wiley-Liss, Inc.

KEY WORDS: organocatalysis; spontaneous symmetry breaking; asymmetric autocatalysis;
Mannich reaction; Aldol reaction; homochirality



Primitiver Metabolismus??

2 CO, +4H, 7—> CH,;COOH + 2 H,0

<

zwolf Teilschritte

G. Wachtershduser. Before enzymes and
templates: Theory of surface metabolism.
1988. Microbiol. Rev. 52:452-484.
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James D. Watson, 1928- , and Francis Crick, 1916-2004,
Nobel Preis 1962

G=C und A=U

Die dreidimensionale Struktur eines
kleinen Stiickes der B-DNA
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Guanine @ Cytosine 'C
Die Replication von DNA mit Thermophilus aguaticus Polymerase (PCR)

Die Logik der DNA (oder RNA) Replikation



Reviews G. F. Joyes

DO 10.1002 2 mie 200701 369

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

Keywards: Dedicated b Ledie Omrel on the oecasion o f
Jeix S0k birdvday

Sol Spiegelman,
1914 - 1983

Evolution im Reagenzglas:

G.F. Joyce, Angew.Chem.Int.Ed.
46 (2007), 6420-6436
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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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Christof K. Biebricher,
1941-2009

Kinetik der RNA Replikation

C.K. Biebricher, M. Eigen, W.C. Gardiner, Jr.
Biochemistry 22:2544-2559, 1983
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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



Charles Darwin, 1809 - 1882

1, Geospiza magnirosths 2. Genspiza Fortis
3. Geospiza parvula 4, Certhidea olivacea

Finches From Galapagos Archipelago



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.



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.



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.
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Fig. 3. Higher level of proteome organization. (A) The RNA polymerase—
ribosome assembly. Core components are represented by circles, attachments
by diamonds. The line attribute corresponds to socio-affinity indices: dashed
lines, 0.5 to 0.86; plain lines, >0.86. Color code and shaded yellow circles
around groups of proteins refer to individual complexes: RNA polymerase
(pink), ribosome (purple), and translation elongation factor (green). The
bottom graph shows that the ribosomal protein RpsD (23 kD) and the «
subunit of the RNA polymerase, RpoA-TAP (57 kD), co-elute in high molecular
weight fractions (MD range) during gel filtration chromatography. (B) DNA
topoisomerase (diameter ~ 12 nm) is a heterodimer in bacteria: ParE (ATPase

B Topoisomerase

Modeled Templates Modeled

ParE
ATPase

GyrB

— Gyrase = ATPase

Topo-

isomeras
ParC

\cleavage

= Gyrase ==

Other function

ATP synthase (47)
Restriction enzyme (28)
Peptidase complex (38)
GroEL- GroES (37)

Translation, ribosomal
structure & biogenesis

Metabolism

synthetase (11)
Ribosome (50)

Complex 51

RNA polymerase (49)
Complex 105 0
Function unknown

Primase (103)
Transcription Gyrase (82)

DNA replication,
recombination & repair

and DNA binding domains) and ParC (cleavage and C-terminal domains). The
interaction between ParE-DNA—binding and ParC—cleavage domains was
modeled by using yeast topoisomerase 1l as a template [Protein Data Bank
(PDB) code 2rgr], and ParE-ATPase and ParC—C-terminal domains were
modeled separately on structures of gyrase homologs (PDB 1kij and 1suu). All
four domains were fitted into the electron microscopy density. Gyrase (~12 nm)
is similarly split in bacteria into GyrA/GyrB, which are paralogs of ParE/ParC,
and was modeled and fitted by using PDB 1bjt as a template for the GyrB-
DNA—-binding and GyrA-cleavage domains interaction. (C) Protein multi-
functionality in M. pneumoniae illustrated with the AARS complexes.



A Purification, electron microscopy & modeling
Ribosome

Pyruvate
dehydrogenase
structural core

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

TAP homemultimer 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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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 -



Danke fiir IThre Aufmerksamkeit!
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