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1. Prologue
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---- chemistry on the early earth: building blocks of biopolymers
amino acids , nucleobases, ...

compartmentalization < pure chirality

instructed metabolismwpﬁcaﬁng molecules

v

RNA world: onset of Darwinian evolution

!

Prebiotic chemistry: From small molecules to molecular replicators




Heating during condensation?

Surface catalysis ?

Reproduction in three dimensions ?

Nature of molecular templates ?
RNA precursors ?
Origin of the first RNA molecules ?

Stereochemical purity, chirality ?

Extraterrestrial organic
molecules

Hydrogen cyanide, formaldehyde,
amino acids, hydroxi acids,...

Meterorites, comets, dust clouds

Simulation experiments

Hydrogen cyanide, amino acids
hydroxi acids, purine bases

Miller-Urey, Fischer-Tropsch, ...

World of clays
Programable catalysts

Self-reproducing minerals

Sulfur based chemistry
Organic molecules

Hydrothermal vents
surface catalysis on pyrites

Template chemistry

Template induced reactions

Ligation, complementary synthesis,
molecular copying, autocatalysis

Non instructed polymers

Random oligopeptides, protenoids,
lipid membranes, carbohydrates, ...

Condensation, polymerization,
aggregation

RNA World

Reactions with nucleotide templates
RNA catalysis

Ligation, cleavage, editing,
replication, selection, optimization
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First fossils of living organisms

Western Australia, ~ 3.4 x 10° years old, photosynthetic (?) bacteria

Primordial atmosphere ?

Sulfur metabolism ?

Heat gradients at deep sea volcanos ?

Condensation agent ?

Polymerization mechanism ?



From small molecules to molecular replicators

1. Sources of organic molecules
2. Origin of chirality

3. Primitive metabolism



Electric discharge ina
reducing atmosphere:
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The Miller-Urey experiment




white smoker

Hydrothermal vents in the deap sea

black smoker

occurrence: mid-atlantic ridge, east pacific rise, ...
in about 3000 m depth

Source: Wikipedia: Hydrothermal vent, Nov. 15,2011



0.1 cm/s
Oxyanions, (HPO,*, HVO,*, CrO,*, HAsO,*), REE, Trace Metals
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Basalt flow

Sub Seafloor 350°C
Microbial Biosphere

!
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O Metalliferous Sediments
O Iron-Magnesium Crusts H*,CI, Fe?*, Mn?",

Ca?*, K*, Li*, Cu?**, Zn*" Pb**

Conditions and materials in and around hydrothermal vents

Source: Wikipedia: Hydrothermal vent, Nov. 15,2011
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The two chiral forms of alanine



The theoretical prediction
of an origin of chirality
through autocatalytic
asymmetric synthesis by
Frederick Charles Frank
in 1953

voL. 11 (1953) BIOCHIMICA ET BIOPHYSIC.A ACTA 439

ON SPONTANEOUS ASYMMETRIC SYNTHESIS

by
F. C. FRANK
The H. H. Wills Physical Laboratory, Untversity of Bristol (England)

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 1t 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: e.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.
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The Frank model of exponential enrichment of one chiral form



Kenso Soai 1995

Michael Mauksch and
Svetlana Tsogoeva 2007

Reactions following a somewhat
extended Frank mechanism

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



Tsogoeva Journal of Systems Chemistry 2010, 1:8
http://www. jsystchem.com/content/1/1/8
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Self-organization requires conditions far from
equilibrium

. Avoidance of branching reactions into the vast
and inexhaustible space of organic molecules

. Canalizing free energy towards the synthesis of
the building blocks of biomolecules

. Steps towards autotrophy through photosynthesis

Why is a primitive metabolism necessary?



Early metabolism ??

2 CO, +4H, > CH,COOH +2 H,0

G. Wéchtershauser. Before enzymes and
templates: Theory of surface metabolism.
1988. Microbiol. Rev. 52:452-484.
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Leslie E. Orgel, 2008
posthumous publication

OPEN a ACCESS Freely available online
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The Implausibility of Metabolic Cycles on the

Prebiotic Earth

Leslie E. Orgel

ycles occur widely in all

branches of chemistry. The

definition of a catalyst as an
agent thar facilitates the conversion
of reactants to products without itself
being changed almost guarantees
that a catalyst can initiate successive
“cycles” of the same reaction. Metabolic
cycles are different. Strictly, they are by
definition restricted to biochemistry.
Like catalytic cycles, they too result
in repeated conversions of substrates
into products, but they involve much
more complex sequences of chemical
reactions. As far as I am aware, the
formose reaction, which converts
formaldehyde to a complicated mixture
of products, including various sugars
[1], is the only known nonenzymatic
reaction sequence that is at all similar
to a metabolic cycle, although the
existence of one or two much simpler
cycles has been established or made
probable in the literature of prebiotic
chemistry [2,3]. The possibility that
reactions of hydrogen cyanide (HCN)
might form the basis for a complex
cyclic organization has been proposed
[4], but there is as yet no experimental
evidence to support this proposal.

If complex cycles analogous to
metabolic cycles could have operated
on the primitive Earth, before the
appearance of enzymes or other
informational polymers, many of
the obstacles to the construction of
a plausible scenario for the origin of
life would disappear. If, for example,

a complex system of nonenzymatic
cycles could have made nucleotides
available for RNA synthesis, many of
the problems of prebiotic chemistry
would become irrelevant. Perhaps a
simpler polymer preceded RNA as
the genetic material—for example, a
polymer based on a glycerol-phosphate
backbone [5] or a phosphoglyceric
acid backbone. Could a nonenzymatic
“metabolic cycle” have made such

Essays articulate a specific perspective on a topic of
broad interest to scientists.

@ PLoS Biology | www.plosbiolegy.org

compounds available in sufficient
purity to facilitate the appearance of a
replicating informational polymer?

It must be recognized that
assessment of the feasibility of any
particular proposed prebiotic cycle
must depend on arguments about
chemical plausibility, rather than on a
decision about logical possibility. Any
reaction sequence that is allowed by
thermodynamics could, in principle,
be realized, given a sufficiently active
and specific family of catalysts. Plants
synthesize complex alkaloids, such
as strychnine, from CO,, NH,, and
reducing equivalents, so it must, in
principle, be possible to achieve these
syntheses starting from CO,, NH,,
and H,, given a family of sufficiently
active and specific prebiotic catalysts.
However, few would believe that any
assembly of minerals on the primitive
Earth is likely to have promoted these
syntheses in significant yield. Each
proposed metabolic cycle, therefore,
must be evaluated in terms of the
efficiencies and specificities that would
be required of its hypothetical catalysts
in order for the cycle to persist. Then
arguments based on experimental
evidence or chemical plausibility can
be used to assess the likelihood that
a family of catalysts that is adequate
for maintaining the cycle could have
existed on the primitive Earth.

The metabolic cycles that have been
identified by biochemists are of two
kinds: simple cycles and autocatalytic
cycles. The citric acid cycle, which
brings about the oxidation of acetate
to CO, with the concomitant synthesis
of ATP, and the urea cycle that results
in the conversion of toxic NH, to
relatively harmless urea, are both
examples of simple cycles. The initial
step of the former cycle is the synthesis
of citric acid from oxaloacetic acid
and acetyl-CoA. After one wurn of the
cycle, acetate is completely “burned” to
CO, as one molecule of oxaloacetate
is regenerated. The Calvin dark cycle
and the reverse citric acid cycle, both of
which result in the fixation of CO, into

0005

important biochemical intermediates,
are examples of autocatalyric cycles.
The reverse (reductive) citric acid cycle
(Figure 1) is initiated by the splitting
of citric acid to give oxaloacetic acid
and acetyl-CoA. After one turn of

the cycle, two molecules of citric acid
are formed, so long as no material is
diverted from the cycle. That is why the
cycle is described as autocatalytic—each
molecule of citric acid introduced

into the cycle results, after a turn of
the cycle, in the generation of two
molecules of citric acid. The proposal
that the reverse citric acid cycle
operated nonenzymatically on the
primitive Earth has been a prominent
feature of some scenarios for the origin
of life [6-8].

A different kind of autocatalytic
cycle, which has no analog in
biochemistry, has been hypothesized
by Stuart Kauffman to self-organize
spontaneously whenever amino acids
condense together to form peptides
[9]. According to Kauffman, the
catalytic properties of some of the
members of a random-sequence
mixture of peptides guarantee that
a cyclic organization will emerge in
which a small number of peptides
will come to dominate the chemistry
of the polymerization reaction.

These peptides together with their
subsequences will catalyze their own
synthesis from monomeric amino acids
and will constitute a cycle in which each

Citation: Orgel LE (2008) The implausibility of
metabolic cycles on the prebiotic earth. PLoS Biol
6(1): e18. doi:10.1371/journal.pbio.0060018

Copyright: © 2008 Leslie E. Orgel. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License,
which permits unrestricted use, distribution,
and reproduction in any medium, provided the
original author and source are credited.

Leslie E. Orgel, The Salk Institute for Biological
Studies, San Diego, California, United States of
America. This paper was submitted on behalf of
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Gerald Joyce, The Scripps Research Institute, La Jolla,
California, United States of America. E-mail: gjoyce@
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2. Molecular replicators



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

G=C and A=U

The three-dimensional structure of a
short double helical stack of B-DNA
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Guanine % Cytosine

Accuracy of replication: Q=q;-0,°03- 04" ..

The logics of DNA (or RNA) replication
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Autocatalytic template-induced replication



An example of two ribozymes growing exponentially by cross-catalysis.
T.A. Lincoln, G.F. Joyce. 2009. Self-sustained replication of an RNA enzyme. Science 323:1229-1232
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An example of two ribozymes growing exponentially by cross-catalysis.
T.A. Lincoln, G.F. Joyce. 2009. Self-sustained replication of an RNA enzyme. Science 323:1229-1232



Three necessary conditions for Darwinian evolution are:

1. Multiplication,
2. Variation, and

3. Selection.

Multiplication leads to exponential growth, which is a
conditio sine gua non for selection.

Variation is a byproduct of the molecular mechanisms
of reproduction.

Selection is a consequence of finite population size.

Darwinian evolution pure is optimizing fitness.
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Reproduction of organisms or replication of molecules as the basis of selection



, X2, X3

population variable

0.8
/
0.6 /

al N

0.2

ﬂ.._-/ |, \\

fitness values:

initial conditions:

400 600 800 1000

,f,=1.00,f;=1.01
, X,(0) = 0.240, X5(0) = 0.001

Darwinian selection at constant population size



3. Replication and mutation



Reviews G. F. Joyes
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Forty Years of In Vitro Evolution™*
Gerald F. Joyce*
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Sol Spiegelman,
1914 - 1983

Evolution in the test tube:

G.F. Joyce, Angew.Chem.Int.Ed.
46 (2007), 6420-6436
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Stock solution: QP RNA-replicase, ATP, CTP, GTP and UTP, buffer
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Christof K. Biebricher,
1941-2009

Kinetics of RNA replication

C.K. Biebricher, M. Eigen, W.C. Gardiner, Jr.
Biochemistry 22:2544-2559, 1983
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Charles Weissmann
1931-

RNA replication by Qp-replicase

C. Weissmann, The making of a phage.
FEBS Letters 40 (1974), S10-S18
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Wiy do millions of species, plants and animals, exis,
while there is only ane basic moleculir machinery
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chimalities of the macromekeoules !

The genetscists of our day woukd not hesitate wo give
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dous branching peocess of evabution with its myriads
of singls steps of reproduction and muwiation. 11 in-
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Preface

Antiviral strategy on the horizon

Emor catastrophs had its concepmal ongins m the middle of
the 200t canmry, when the consequences of mmrations an
enzymes imvolved in protein synthesiz, as 3 theory of agme.
In those times bielogical processes were s2nerally perceived
diferently from teday. Infectiouns diseases were regarded as
3 fleeting muisancs which would be eliminated through the
nse of antibiotics and antiviral agents. Microbial vanation,
althongh kpown in soone cases, was not thoughe to be a signif-
icant praflem for diseaze comrol. Variaton in differentiarad
arganisms was seen as resulting essentially from exchanges
of genetic marerial associsted with sexnsl reproduciion.
The problem was o umvetl the mechanisms of inhentance,
expression of genetic nformation and membolism. Few sawr
thar genetic change is ocouring at presant in 21 organisms,
and still fewer recegnized Darwinian principles as essential
w0 the biology of pathogenic vimnses and cells. Population
zensticists rarely used bacteria or vimses as experimental
systems o define conceprs in biological evolution. The extent
of gepetic polymorphizin smong individuals of the same
ological species came as a swprise when the first results
an camparison of electrophoretic mobility of enmymes were
abtained. With the advent of in vioo DIVA recombination,
and rapid mucleic acid sequencing technigues. molecular
analyses of genomes reinforced the conclusion of extreme
inter-indvidual genetic vanaton within the same specias.
Morar, due largely w0 spectacular progress in comparative
zenonucs, we see cellular DMAs, both prokaryetic and
enkaryanc, as highly dynamic Most cellular processes, in-
chuding such sszenrial mformation-bearing and wansfarring
events as genome replication, travscription snd wanslaton,
are increasingly perceived as mhersntly macourste. Vimsas,
and in particular B2A virises, are smong the most extremes
exzmples of exploitation of replication maccuracy for
survival.

Emror catastrophe, or the loss of meaningzful genetic infor-
mation through excess genetic vanation, was fommlated in
quantitative famms a3 & consequance of quasispecies theory,
which was first developed to explain self-crganization and
sdaptability of primutive replicons in early stages of life. Ra-
cantly, 3 concepiual extension of emor catasrophe that could
fze defined as “induced genetic detertoration” has emergad as

G16B-17028 — ses frone marser 48 2004 Elserzar BV, All mights resarvad.
doi-10. 10185 rirneres. 2004.11.001

a possible antiviral strategy. This is the topic of the current
special issue of Firus Researcll.

Few wonld nowadays doubt that one of the msjor obsta-
cles fior the control of viral disease is shon-termm adaptabiliny
of virzl pathogens. Adaptability of viruses follows the same
Darwintan principles that have shaped biological evolution
over aons, thar iz, repeated rounds of reproduction with g=-
netic vartation, competition and selection, offen perturbed
by random evenrs such as statstical fiucneations in popu-
lation size. However, with vimises the consequences of the
operation of these very same Darwinian principles are felt
within very shom times. Short-term evolution (within hours
and days) can be also obsarved with some cellular pathozens,
with susers of nonmal cells, and cancer cells. The nanme of
FINA viral patbogens begs for altemative antiviral sirategies,
and forcing the vinus to cross the critical error threshold for
maintenznce of genstic information is one of them

The contributiens to this vohune have besn chosen to
reflect different lines of evidence (both theoretical and
expenmental} on which antiviral designs based on genetc
deterioration inffictad upon viruses are bemng consmcted.
Theoretical smdies have explored the copyinz fdeline
conditions that must be fulfilled by any mformation-bearing
replication system for the essenrial geaefic information to
e wansmitted to progeny. Clesely related to the theoretical
developments have been numerous expermmental smdies
on quasispecies dynanucs and their mmltiple biclogical
manifastations. The lawer cam be summarized by sayinz
thar BINA wirusas, by virme of existing a: mwrant speca
rather than defined genetic entities, ramarkably expand their
poteniial to overcome selective pressures intended o limit
their replication. Indesd, the use of amtiviral mbibitors in
clinical practice and the desizn of vaccines for 2 mmber of
major BXA vinis-associztad diseases, are currently prestded
by a sensa of uncermainty. Another line of growing research is
the enzvmolegy of copying fidelity by viral replicases, aimed
at understanding the molecular basis of nutagenic actvities.
Ermror catastrophe as @ potential new antiviral swategy re-
ceived an important inpulse by the cbservation thar ribavirin
(a licensed sptiviral nuclesside analogue) may be exerting. in
somme systenns, its antiviral activity through enhanced mutage-

L1 Preafaoa 7 Virus Revearch 107 {20080 103018

nesis. This has encovraged imvestigations oo new mutigenic
base analogues, some of them usad m anticancer chemothar-
apy. Some chapters nuurmanze these important biochemical
smudies on cell entry pathways and metsbolism of mutagenic
agents, that may find new applications s antiviral agents.
This velume miands to be basically 2 progress report, an
inroduction to a new sverue of research, and a realistic ap-
pratzal of the mamy issues thar remain to be investizated. In
this respect, I can ewvisags (not witheut many uncemaintes)
at laast three lines of needad research: (i) One on further un-
derstandinz of quasispectss dynamics in infected individozls
to leam more on how to apply comnbinstions of vinis-specific
nmtagens and inhibitors in an effective way, finding synar-
zistic combinations and avoiding antagonistic ones s well
a5 savere clinjcal sides effects. (1) Another on a desper undar-
standing of the metabolism of mutagenic agents, in particular
basa and oucleoside svalogues. This includes identification
of the manspartars that carry them into cells, an understand-
inz of their metsbolic processing, inmacellular stabilicy and
alterations of nucleotide poals, among other tsswes. (iii) Sall
another line of needed ressarch is the development of new
mntagenic agants specific for vimses, showing no {or im-
ired) tongicity for cells. Some advances may come from links
with anticancer research, but others should result from the
desizns of new molecules, based oo the souchires of viral
polvmerases. [ really hope that the reader finds this issue not
only to e an interasting and wseful review of the current sim-

stion in the Seld. bat also 8 stinulating expesure to the major
problems to be faced.

The ides to prepara this special tssue came 25 3 Kind iovits-
tton of Ulrich Desselberger, former Editor of Firns Research,
and then taken enthmsiastically by Luis Enjuanes, recenthy ap-
pointed as Editor of Firss Research. [ take this oppormmity
to thank Ulrich, Luis and the Editor-in-Chief of Firns Re-
search, Brian Wahy, for their contimed mmterest and support
to the research on virns evelution over the vears.

My thanks go also to the 19 suthors who despits their busy
schadules bave taken time o prepare excellent mammscrips,
o Elsevier staff for their prompt responses 10 miy raguests,
and, last but not l2ast, to Ms. Lucia Homrillo from Centro de
Biologia Molecular “Severo Ochoa™ for her patient desling
with the comespondence with suthors and the final organiza-
tiom of the issne.
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4. Perspectives



1.

.Origin of Life'is not an established area of research
with a generally accepted methodology.

. There are many open questions, which require further

research.

. An answer to the question whether or not a common

primitive core metabolism has preceded the origin of
biomolecules is of crucial importance.

The role of compartmentalization and the origin of the
biological cell is still a burning unsolved problem.

Although the question how life began on earth is far from
being satisfactorily answered, spin-offs from origin of
life research are and will continue to be of high value.



Thank you for your attention



Web-Page for further information:

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