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A very warm welcome to the NIM Conference on Molecular 
Origins of Life 2016 in Munich! The conference is funded and 
organized by the Cluster of Excellence “Nanosystems Initiative 
Munich” (NIM) which has been established by the German gov-
ernment’s “Excellence Initiative” in October 2006. 

Munich has a long tradition in fostering interdisciplinary Na-
noscience experimentation and theory. It seems only natural to 
thus look into the Nanoscience of experimental Origins of Life 
research. This year’s focus is to bring together European and es-
pecially young scientists to join interdisciplinary forces towards 
experimentally approaching the Origins of life on Earth. The 
workshop will have short talks and organized discussions. We 
aim to open the fi eld to a broad audience, including scientists 
interested in the topic in Munich. 

Please be prepared, funding from the Center of Advanced Stud-
ies (CAS) is already arranged to repeat the format in two years’ 
time in the same setting. We will then open the format to inter-
national scientists. So please join the ride to understand the oth-
er discipline’s standpoints on the Origins of Life and be inspired 
for a new round of ever better connected experiments. 

The Origins of Life is a puzzle - let’s try to connect the pieces!

Erwin Frey and Dieter Braun

Welcoming Message

Dear participants!

Welcome
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Information

Contact
Peter Sonntag
Nanosystems Initiative Munich
Schellingstr. 4
80799 München
Phone: +(49) 89 2180 6794
Fax:  +(49) 89 2180 5649
E-mail: origins_conference@nano-initiative-munich.de

Venue
Literaturhaus München
Salvatorplatz 1
80333 München
Phone: (+49) 89 2919340
Web:  www.literaturhaus-muenchen.de

Program Committee
Erwin Frey, Theoretical Softmatter Physics, LMU Munich
Dieter Braun, Experimental Biophysics, LMU Munich

Disclaimer
The Organizers do not hold any liabilities on damages, losses, health issues, etc.. All participants are advised to take care about 
their travel and health insurances related to this conference.
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Information

Internet
Access to WiFi internet is available at the venue.
(SSID: LH...)

The WiFi-Password is: “Literaturhaus”

Venue

The conference events will take place at the Literaturhaus 
München (Salvatorplatz 1, 80333 Munich, Germany) located 

in the center of Munich close to the historical “Salvatorplatz” 
and only about 300 meters from the central Underground Sta-
tion “Marienplatz”. This station is serviced by all suburban train 
lines (S-Bahn), including the trains coming directly from the 
airport. In addition, it is less than 150 meters from the Under-
ground Station “Odeonsplatz”.

The Literaturhaus is an architectural masterpiece and serves as 
a meeting point for writers, publishers, booksellers and jour-
nalists as well as for readers and listeners. In addition to lec-
tures presented by key contemporary authors, discussion pan-
els, seminars and exhibitions provide participants with a very 
unique way to access literature. 

Information 6

Venue
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7

The invited talks will last 20 min (plus 5 min of discussion)

A projector with VGA connection is available in the lecture hall. 
Speakers can either bring their own laptop or a USB memory 
stick with their presentation. A laptop with a recent version of Mi-
crosoft Offi ce and Adobe Reader will be provided. Furthermore, 
microphones, a laser pointer, a presenter, and a fl ip chart will be  
also provided by the organizers. 

To avoid delays during the session, all speakers should test the 
functionality of their device or the compatibility of their talk with 
the provided soft- and hardware prior to their session.

The poster session will start at 3:05 p.m. on Thursday. The size 
of the poster board is A0 (upright format), pins will be provided.

All poster boards are numbered, please check your number in 
the list of abstracts. All posters can be set up Thursday and can 
stay until the end of the conference on Friday.

Meals & Coffee Breaks

Lunch and Dinner – no lunch and dinner are offered at the con-
ference site. There are many restaurants in walking distance. 

Drinks – Soft drinks are available during the coffee break.  
Alcoholic drinks may be purchased and are not included in the 
conference fee.

Coffee Breaks - Coffee/tee/cold drinks and pastries are available 
during the coffee breaks in the atrium next to the lecture hall.

Important: please wear your badge visibly during the coffee 
breaks. If you forget or lose your badge, please come to the 
registration desk.

Venue

Talks Poster Sessions
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Chemical selection of proteogenic amino acid and canonical 
nucleotides
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On the origins of heredity in protocells
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Watching peptido RNA grow: A molecular 'Archaeopteryx' taking 
fl ight
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Roy Bar-Ziv ............................................................... 13
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Gonen Ashkenasy .................................................... 17
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TBA
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Hannes Mutschler .................................................. 26
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Judit E. Šponer ......................................................... 27

Emergence of genetic information in  information-polymer soup
Shoichi Toyabe ......................................................... 28

A new role for coenzymes in biology points to an ancient regulation 
mechanism
Andres Jäschke ........................................................ 29

Driving energy fl ow throughout chemical networks
Ludovic Jullien ........................................................ 30

Disentangling comet chemistry – Slow electrons to the rescue
Jan H. Bredehöft ..................................................... 31

Synthesis of out-of-equilibrium chemical reaction networks: 
understanding complexity at the molecular level
Wilhelm T. S. Huck .................................................. 32

Chemistry in molecular ices
Thomas Henning ...................................................... 33

Coacervates as protocellular models
Dora Tang ................................................................. 34
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08:30
Chemical selection of proteogenic amino acid and canonical nucleotides
Matthew W. Powner
Organic and Biological Chemistry Section, University College London, 20 Gordon Street, London, WC1H 0AJ, UK

Prebiotic Selection: High fi delity non-
enzymatic syntheses of both nucleic 

and amino acids are essential to elucidat-
ing the origin of life on Earth. Systems 
chemical analysis is used to elucidate a 
hybrid product of prebiotic amino acid 
and nucleotide syntheses that provides a 
missing link required to achieve prebiotic 
amino acid and nucleotide selection. This 
hybrid delivers unprecedented effi ciency 
in selecting, organizing, and directing the 
concomitant assembly of natural amino 
acids and nucleotides from complex mix-
tures. The results outlined demonstrate 
phase-transition controlled sequential 

abiotic synthesis, sequestration and stabi-
lization of both amino acid and nucleotide 
precursors. Our results suggest that the 
concomitant synthesis of amino acids and 
nucleotides is more easily controlled than 
the synthesis of either class alone.

Glycolysis: Phosphoenol pyruvate (PEP) 
contains the highest-energy phosphate 
bond found in living organisms, is one of 
the most highly functionalised and versa-
tile molecules in metabolism and a key in-
termediate in a wide variety of biochemi-
cal pathways — including carbon fi xation, 
the shikimate pathway, glycolysis and 

gluconeogenesis, and substrate-level 
phosphorylation. The availability of PEP 
as a prebiotic feedstock, derived within a 
reaction network that gives access to each 
of the key intermediates of glycolysis will 
be established. Demonstrating that with 
complete regiochemical control under 
mild, non-ezymatic reaction conditions 
to access the key components of a core 
metabolic pathway that is central to en-
ergy transduction and amino acid, sugar, 
nucleotide, and lipid biosyntheses can be 
reconstituted highly effi ciently.
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08:55
On the origins of heredity in protocells

Tim West, Victor Sojo, Andrew Pomiankowski and Nick Lane
Department of Genetics, Evolution and Environment and CoMPLEX, UCL, London, UK

A biological perspective on the origin 
of life suggests that: (i) the fi rst cells 

were autotrophic, not heterotrophic, and 
so produced their own organic matter 
from gases such as CO2, H2 and N2, rather 
than consuming organics from the sur-
roundings; (ii) carbon fi xation and hence 
metabolism is powered by electrochemi-
cal ion gradients across membranes; and 
(iii) the most primitive cofactors involved 
in carbon fi xation are iron-sulfur clus-
ters with structures analogous to miner-
als found in hydrothermal systems. I will 
present a mathematical model examining 
the possible origins of heredity in proto-
cells. We propose that rudimentary pro-
tocells (composed of amphiphiles such 

as fatty acids) become associated with 
hydrophobic FeS nanocrystals, enabling 
them to fi x CO2 across their membrane 
in the presence of hydrothermal proton 
gradients. Proton gradients specify a po-
larity, so new organic matter is formed 
within the protocell, driving growth. The 
organic matter formed is assumed to in-
clude both amino acids and fatty acids, 
which are thermodynamically favoured 
under these conditions. Fatty acids parti-
tion to the membrane, and a fraction of 
the amino acids formed (such as cyste-
ine) chelate FeS crystals, inhibiting their 
growth, increasing catalytic surface area, 
and enhancing catalytic effi cacy. Simple 
surface-area to volume constraints drive 

protocell division. These factors enable 
the fastest growing protocells to dominate 
in the population through a form of rudi-
mentary membrane heredity. Because 
new organics are formed inside the pro-
tocells, the localised high-energy environ-
ment is arguably more likely to generate 
RNA than would an unstructured soup. 
Critically, in this autotrophic setting, the 
success of RNA replication is from the 
beginning linked to its ability to modulate 
the growth and replication of protocells. 
Our model defi nes the conditions under 
which protocell growth and competition 
are predicted to occur, which will guide 
future experimental work.
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Watching peptido RNA grow: a molecular 'Archaeopteryx' taking fl ight
H. Griesser, M. Bechthold, E. Kervio, P. Tremmel, S. Motsch, U. Steiner§ and Clemens Richert
Institute of Organic Chemistry, University of Stuttgart, 70569 Stuttgart, Germany
§Fachbereich Chemie, Universität Konstanz, 78457 Konstanz, Germany 

Translation is RNA-induced peptide 
formation.  There have been several 

proposals how translation may have start-
ed in a prebiotic scenario [1,2,3,4], but a 
robust experimental system that shows 
RNA-induced peptide growth from amino 
acids in the absence of an enzyme or ribo-
zyme has been lacking. We have recently 
observed peptide growth in what we refer 
to as "general condensation buffer" [5], 
i.e. under conditions that promote the 
formation of RNA strands, and enzyme-
free copying through primer extension 
[6]. The reaction of amino acids and ri-
bonucleotides in homogeneous aqueous 
solution leads to phosphoramidate-linked 
peptido RNA. These N-linked species al-
low for the growth of both peptide and 
RNA chains, resulting in covalently linked 

molecules that are reminiscent of the pep-
tidyl tRNAs found in translation. Peptides 
can be released from peptido RNA under 
hydrolytic conditions. Here we report on 
the systems chemistry of the formation 
of peptido RNAs, including data for all 
20 proteinogenic amino acids. We have 
reason to believe that this data refl ects 
the intrinsic reactivity of amino acids 
and ribonucleotides. In aqueous solution, 
this intrinsic reactivity leads to peptido 
RNAs as a genus that may be transitional 
between molecular species of an 'RNA 
world' and those of encoded protein syn-
thesis. 

[1] M. Paecht-Horowitz, J. Berger, A. 
Katchalsky, Nature 1970, 228, 636

[2] L. E. Orgel, J. Mol. Evol. 1989, 29, 
465

[3] J. D. Sutherland, J. M. Blackburn, 
Chem. Biol. 1997, 4, 481

[4] R. M. Turk, M. Illangasekare, M. Ya-
rus, J. Am. Chem. Soc. 2011, 133, 6044

[5] M. Jauker, H. Griesser, C. Richert, 
Angew. Chem. Int. Ed. 2015, 54, 14564

[6] M. Jauker, H. Griesser, C. Richert, 
Angew. Chem. Int. Ed. 2015, 54, 14559

09:20
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10:25
Programmable on-chip DNA compartments as ‘Artifi cial Cells’

Roy Bar-Ziv
Dept. of Materials and Interfaces, Weizmann Institute of Science, Rehovot, Israel, 76100

The assembly of artifi cial cells capable 
of executing DNA programs has been 

an important goal for basic research and 
technology. We assemble 2D DNA com-
partments fabricated in silicon as ‘artifi cial 
cells’ capable of metabolism, program-
mable protein synthesis, and communi-
cation. We programmed gene expression 
cycles in separate compartments, as well 
as protein synthesis fronts propagating in 
a coupled 1D system of compartments. 
Gene expression in the DNA compart-
ments reveals a rich, dynamic system that 
is controlled by geometry. The organiza-
tion of matter in the compartment sug-
gested conditions for controlled assembly 
of biological machines. This puts forth a 

man-made biological system with pro-
grammable information processing from 
the gene to a ‘cell’, and up to the ‘multi-
cellular’ scale.

[1] A. Tayar, E. Karzbrun, V. Noireaux, 
R.H. Bar-Ziv, Propagating gene expres-
sion fronts in a one-dimensional coupled 
system of artifi cial cells. Nature Phys. 11, 
1037–1041 (2015)

[2] E. Karzbrun, A. M. Tayar, V. Noireaux, 
R.H. Bar-Ziv, Programmable on-chip 
DNA compartments as artifi cial cells. Sci-
ence. 345, 829–832 (2014)

[3] D. Bracha, E. Karzbrun, G. Shemer, P. 
A. Pincus, R.H. Bar-Ziv, Entropy-driven 
collective interactions in DNA brushes on 
a biochip. Proc. Natl. Acad. Sci. U. S. A. 
110, 4534–8 (2013)

[4] Y. Heyman, A. Buxboim, S. G. Wolf, S. 
S. Daube, R.H. Bar-Ziv, Cell-free protein 
synthesis and assembly on a biochip. 
Nature Nanotech. 7, 374–378 (2012)
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Thermal gradients – a prebiotic sorting machine for oligomers
Matthias Morasch, Dieter Braun and Christof B. Mast
Systems Biophysics, NanoSystems Initiative Munich and Center for Nanoscience, LMU Munich, Amalienstrasse 54, 
80799 Munich, Germany

While water, chemicals and energy 
are the basic ingredients for life, it 

also requires a non-equilibrium environ-
ment as driving force. We could show that 
despite of being the lowest form of us-
able energy, ubiquitous heat fl ows drive 
a remarkable variety of sequence and size 
selective mechanisms inside water-fi lled, 
micrometer-sized pores [1-4].

Thermal gradients continuously cycle an 
aqueous solution inside thin pores via 
buoyancy and at the same time push dis-
solved biomolecules from hot to cold re-
gions (thermophoresis). The two process-
es implement a length dependent thermal 
molecule trap which can accumulate long 
oligonucleotides beyond millimolar con-
centrations [2]. 

Starting from short, sticky-ended building 
blocks (>18 bp) that could have polymer-
ized by e.g. dry polymerization, our work 
shows a mutual enhancement of elonga-

tion by hybridization and size-dependent 
thermal accumulation. This results in 
a highly sequence selective, escalated 
elongation [3] up to the formation of an 
oligomer-hydrogel [4].

Strands with two slightly different gel-
forming sequences separate into se-
quence-pure hydrogels under constant 
physiological solvent conditions. Only 
sequences with the ability to arbitrarily 
elongate upon accumulation are effec-
tively concentrated and gelated by the 
process. Already a single base mismatch 
in the hybridizing regions of an otherwise 
self-sticky 36mer DNA inhibits gelation. 
On the contrary, equilibrium aggregates 
that were formed by dry concentration 
did not show any sequence separation. 
The highly sequence-specifi c phase tran-
sition points towards interesting, non-
equilibrium possibilities during the ori-
gins of life.

[1] Maren Reichl, Mario Herzog, Alex-
andra Götz and Dieter Braun, PRL 112, 
198101 (2014) 

[2] Philipp Baaske, Franz M. Weinert, 
Stefan Duhr, Kono H. Lemke, Michael 
J. Russell, Dieter Braun, PNAS 104, 
9346–9351 (2007)

[3] Christof B. Mast, Severin Schink, 
Ulrich Gerland and Dieter Braun, PNAS 
110, 8030- 8035 (2013)

[4] Matthias Morasch, Dieter Braun, 
Christof B. Mast, Angewandte Chemie 
International Edition 23, 6788-6791 
(2016)

10:50
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Assembling a minimal cell
P. van Nies, Z. Nourian, A. Scott, D. Blanken, J. Noguera Lopez, J. Kattan, H. T. Bui, F. Anella, and Christophe Danelon
Department of Bionanoscience, Kavli Institute of Nanoscience, Delft University of Technology, 2629 HZ Delft, Netherlands

Building a molecular entity capable 
of self-reproduction and evolution 

is a formidable challenge in biology and 
evokes fascination among scientists and 
beyond. In this talk I will fi rst describe 
the core architecture of our minimal cell: 
a reconstituted gene expression system 
encapsulated inside lipid vesicles [1-2]. 
Then, I will review our ongoing activities 

that aim to build four functional modules: 
DNA replication, compartment growth 
through lipid biosynthesis, vesicle divi-
sion and regulatory genetic circuits. The 
remaining scientifi c challenges to the cre-
ation of a synthetic life form will fi nally 
be discussed, including the construction 
of an evolutionary intermediate RNA pro-
tocell [3].

[1] Z. Nourian et al. Angew. Chem. Int. 
Ed. 51, 3114 (2012)

[2] P. van Nies et al. ChemBioChem 14, 
1963 (2013)

[3] F. Anella, and C. Danelon. Life 4, 929 
(2014)

11:15
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On the origin of proteins during the transition from an RNA-peptide to a DNA-protein 
world
V. Alva, M. Coles, M.D. Hartmann, J. Söding, J. Martin and Andrei N. Lupas
Department of Protein Evolution, MPI for Developmental Biology, 72076 Tübingen, Germany

It is generally accepted that life did not 
start with DNA as the information re-

pository and proteins as catalysts, as we 
see it today, but evolved from a more 
primitive state in which RNA, assisted by 
peptides, mediated both information stor-
age and catalysis. The chemistry of the 
RNA-DNA transition seems unproblemat-
ic [1], but there is a major obstacle on the 
path from peptides to proteins, known as 
the protein folding problem. Two aspects 
in particular have made this problem in-
tractable: most amino acid chains do not 
have a folded structure and those that do 
(less than one in a billion) have free en-
ergies of folding equivalent to just a few 
hydrogen bonds, i.e. are very close to the 
unfolded state. Since structure is a pre-
requisite for chemical activity, the transi-
tion from a peptide to a protein world is 
entirely non-trivial [2]. We have hypoth-
esized that simple peptides of initially abi-
otic origin were recruited by the RNA to 

expand its functional repertoire. Selective 
pressures on availability, interaction spec-
ifi city, and functional effectiveness drove 
the emergence of longer, RNA-encoded 
and -produced peptides, optimized for 
the formation of secondary structure by 
exclusion of water with the RNA scaffold. 
By repetition, fusion, recombination, and 
accretion, these preoptimized peptides 
reached a level of complexity enabling 
them to exclude water by hydrophobic 
contacts, making them independent of 
the RNA scaffold [3]. Thus, protein fold-
ing resulted as an emergent property of 
peptide-RNA coevolution. By the system-
atic comparison of modern proteins we 
have reconstructed 40 peptides that pre-
dated the emergence of folded proteins, 
in the same way in which ancient vocabu-
laries were reconstructed by the com-
parative study of modern languages [4]. 
Our fragments are widespread in the most 
ancient folds and enriched for iron-sulfur- 

and particularly for nucleic acid-binding. 
We have started to explore their ability to 
form folded proteins by simple processes, 
such as repetition, and have encountered 
a much higher rate of success than is 
common for protein engineering efforts. 

[1] Ritson DJ and Sutherland JD. J Mol 
Evol. 78, 245-50 (2014)

[2] Lupas AN and Koretke KK. Evolu-
tion of Protein Folds. In Computational 
Structural Biology. World Scientifi c, pp. 
131-151 (2008)

[3] Lupas AN et al. J Struct Biol. 134, 191 
(2001)

[4] Alva V et al. Elife 4, e09410 (2015)

13:30
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Multiple roles for peptides in the origins of life
Gonen Ashkenasy

Ben Gurion University of the Negev, Beer Sheva, Israel

Non enzymatic replication has been 
the subject of intense research 

over the past decades. Such research 
is evidently motivated by the chemists' 
enthusiasm to shine light on plausible 
scenarios that may have lead to the ori-
gins of life on earth and early molecular 
evolution. The non-enzymatic replication 
has been expanded recently beyond au-
tocatalysis, to small molecular networks, 
in which the replication is also a product 
of template-assisted cross-catalysis [1]. 
While the ‘RNA world’ hypothesis ener-
gies vibrant search for nucleic acids as 
the fi rst functional replicating molecules, 
it has also been postulated (by Orgel, 
Brack and others) that short and simple 
peptides may have served as templates 
for self-replication, provided that they 
are able to arrange into unique and well 
defi ned structures. We have therefore 

studied extensively amphiphilic Glu-(Phe-
Glu)n peptides that can form soluble one-
dimensional β-sheet aggregates in water, 
which serve to signifi cantly accelerate 
peptide ligation and self-replication [2-4]. 
Recently, we have been able to demon-
strate that in addition to effi cient repli-
cation, these peptide are able at driving 
orthogonal functions, crucial for develop-
ing viable Systems Chemistry at the early 
stages of evolution, namely catalysis [5] 
and electron transfer [6-7]. Furthermore, 
we now suggest that the association of 
short amphiphilic peptides with RNA, 
whether before or after the appearance of 
an RNA world, may lead to new molecules 
with unprecedented folding and function-
ality.

[1] Dadon et al. Angew. Chem. Int. Ed. 
47, 6128 (2008)

[2] Rubinov et al. Angew. Chem. Int. Ed.  
121, 6811 (2009)

[3] Rubinov et al. ACS nano 6, 7893 
(2012)

[4] Raz et al. Chem. Commun.  49, 6561 
(2013)

[5] Tena-Solsona et al. Chem. Eur. J. 22, 
6687 (2016)

[6] Ivnitski et al. Chem. Commun. 50, 
6733 (2014)

[7] Ivnitski et al. Angew. Chem. Int. Ed. 
(2016 - in press) 

13:55
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Complex coacervation triggered by thermal accumulation of polyelectrolytes
Juan Iglesias1, Prassanna Padmanaban1, Hannes Mutschler2, Dora Tang1, Moritz Kreysing1

1Max Planck Institute for Molecular Cell Biology Dresden
2Max Planck Institute for Biochemistry, Martinsried

Coacervates have early been suggested 
as proto-cellular systems [1], and be-

came attractive again due to an increasing 
understanding of the functionality [2] that 
phase-separated liquid compartments can 
provide both in the origin-of-life context, 
as well as in living cells.

Here we show that a recently described 
open geo-thermal setting that is capable 
of nucleic acid accumulation [3,4], is also 
suitable to drive the phase-separation of 
dilute, oppositely-charged RNA and pep-
tides into complex coacervates. 

We discuss this RNA accumulation medi-
ated peptide enrichment along with pos-

sible implications for peptide-assisted 
RNA chemistry inside these thermally as-
sembled prototocells.

[1] Oparin, A.I., 1964. Life: Its Nature, 
Origin and Development, Academic Press

[2]  Tang, T.-Y.D. et al., 2015. In vitro 
gene expression within membrane-free 
coacervate protocells. Chemical Commu-
nications, 51(57), pp.11429–11432 

[3] Baaske, P., Weinert, F. M., Duhr, S., 
Lemke, K. H., Russell, M. J., & Braun, D. 
(2007). Extreme accumulation of nucleo-
tides in simulated hydrothermal pore 
systems. Proceedings of the National 

Academy of Sciences, 104(22), 9346–
9351. doi:10.1073/pnas.0609592104

[4] Kreysing, M., Keil, L., Lanzmich, 
S, Braun, D., 2015. Heat fl ux across 
an open pore enables the continuous 
replication and selection of oligonucle-
otides towards increasing length. Nature 
Chemistry, 7(3), pp.203–208 

14:20
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TBA
Günter von Kiedrowski

Ruhr-Universität Bochum, 44780 Bochum, Deutschland
16:25
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16:50
Exploring the emergence of function in microfl uidic droplets
Rebecca Turk-MacLeod1, Andrew D. Griffi ths2, Leroy Cronin1

1 School of Chemistry, University of Glasgow, Glasgow, UK
2 Laboratoire de Biochimie, ESPCI, Paris, France

Metabolism-fi rst theories on the ori-
gin of life suggest that there may 

have been prebiotic systems capable of 
propagation and Darwinian evolution 
that were not dependent on nucleotide-
based replication. We are testing this 
idea by observing proposed prebiotic re-
actions compartmentalized in protocell 
analogues. Using microfl uidics, we gen-
erate water-in-oil emulsions that contain 
prebiotic reactants and/or products, and 
subsequently observe the behavior of the 
droplets as a function of their chemistry. 
Compartmentalized carbohydrate prod-
ucts of the formose reaction affect the os-
motic pressure of the droplets, thus driv-
ing the droplets to grow at the expense 
of formaldehyde-containing neighbors. 

Furthermore, a minority population of ef-
fi cient formose reaction droplets (those 
with rates enhanced by reaction products) 
grow at the expense of less-effi cient for-
mose droplets. 

This phenomenon of growth correlated 
with chemical complexity may present 
a means of selection for metabolizing 
protocells. Accordingly, we are utilizing 
the automated chemo-robotic tools de-
veloped by the Cronin lab [1] to test the 
progress and evolution of other prebiotic 
chemistries compartmentalized in water-
in-oil emulsions. We can generate many 
different combinations of starting mate-
rial ratios, as well as vary environmental 
factors to explore the accessible state 

space that leads to emergent patterns of 
complex chemistry including prebiotic 
metabolism. We can observe the effects 
of compartmentalization on the progress 
and outcome of the reactions, and analyze 
the extent and effects of dynamic product 
and reaction exchange between droplets. 
Using the automated system, we can fol-
low each droplet across multiple genera-
tions, subjecting them to evolution at the 
level of combinatorial chemistry, rather 
than canonical genetics.

[1] Gutierrez, J. M. P., Hinkley, T., Taylor, 
J. W., Yanev, K. Cronin, L. Evolution of oil 
droplets in a chemorobotic platform, Nat. 
Commun., 5 , 5571 (2014)
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Prebiotic chemistry from advanced ab initio methods
A. Marco Saitta1, F. Pietrucci1, F. Saija2, S. Laporte1, F. Guyot1

1Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie, CNRS, 
Université Pierre et Marie Curie – Sorbonne, 

Muséum National d’Histoire Naturelle, IRD – Paris, France 
2Istituto per i Processi Chimico-Fisici, CNR – Messina, Italy

The celebrated Miller experiments re-
ported on the spontaneous formation 

of amino-acids from a mixture of simple 
molecules reacting under an electric 
discharge, giving birth to the research 
fi eld of prebiotic chemistry. However, 
the chemical reactions involved in those 
experiments have never been studied at 
the atomic level. Here we report on the 
fi rst ab initio computer simulations of 
Miller-like experiments in the condensed 
phase. Our study [1], based on the recent 
method of treatment of aqueous systems 
under electric fi elds and on metadynam-
ics analysis of chemical reactions, shows 
that glycine spontaneously form from 

mixtures of simple molecules once an 
electric fi eld is switched on. We identify 
formic acid and formamide [2] as key in-
termediate products of the early steps 
of the Miller reactions, and the crucible 
of formation of complex biological mol-
ecules. From a broader chemical perspec-
tive, through an in-house novel ab initio 
chemical exploration approach, we show 
that formamide plays the role of hub of a 
complex reaction network in both the gas 
and the condensed phase [3]. Finally, we 
extend our study to model mineral surfac-
es [4], drawing important insights on how 
the latter can modify the thermodynam-
ics of prebiotic chemical reactions, thus 

suggesting a potentially crucial role of 
surfaces in abiotic chemistry of both the 
primordial and the modern Earth.

[1] A.M. Saitta & F. Saija, PNAS 111, 
13768 (2014)

[2] A.M. Saitta, F. Saija, F. Pietrucci, and 
F. Guyot, PNAS 112, E343 (2015)

[3] F. Pietrucci & A.M. Saitta, PNAS 112, 
15030 (Oct 2015)

[4] S. Laporte, F. Finocchi, L. Paulatto, 
M. Blanchard, E. Balan, F. Guyot and 
A.M. Saitta, PCCP 17, 20382 (2015)
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Mechanisms leading to homochirality
Oliver Trapp
Ludwig-Maximilians-Universität München, Department of Chemistry, Butenandtstr. 5-13, 81377 Munich, Germany

17:40

Creating a self-sustainable chemical system requires the im-
plementation of the following parts: (i) A reversible energy 

storage, which addresses the question about the formation of 
phosphates, di- and triphosphates or precursors, (ii) the inte-
grated synthesis of relevant organic compounds, amino acids, 
sugars, nucleobases and potential catalysts, (iii) which leads to 

a complex reaction network. The investigation of such organic 
reaction networks is essential to understand interactions of mol-
ecules, autocatalytic effects and mechanisms to move out of the 
equilibrium. In this presentation mechanisms leading to the for-
mation of homochiral compounds will be discussed.
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Origins of life systems chemistry – onwards and upwards
John D. Sutherland

MRC Laboratory of Molecular Biology, Francis Crick Avenue, Cambridge Biomedical Campus, Cambridge, CB2 0QH, UK

By reconciling previously confl icting 
views about the origin of life – in 

which one or other cellular subsystem 
precedes, and then ‘invents’ the others – 
we suggested a new modus operandi for 
its study. Guided by this, we uncovered 
a cyanosulfi dic protometabolism which 
uses UV light and the stoichiometric 
reducing power of hydrogen sulfi de to 

convert hydrogen cyanide, and a couple 
of other prebiotic feedstock molecules 
which can be derived therefrom, into 
nucleic acid, peptide and lipid building 
blocks [1, 2]. We are now considering the 
transition of systems from the inanimate 
to the animate state through intermediate 
stages of partial ‘aliveness’, and recent 
progress in the elaboration of building 

blocks into larger (oligomeric) molecules 
and systems in this context will be de-
scribed.

[1] B.H. Patel et al., Nature Chem. 7, 301 
(2015)

[2] J. D. Sutherland, Angew. Chem. Int. 
Ed. 55, 104 (2016)

08:30
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Modeling pathways using chemical graph rewrite
J. L. Andersen, Christoph Flamm, D. Merkle and P. F. Stadler
University of Vienna, Faculty of Chemistry, Währinger Straße 17, 1090 Wien, Austria

A core topic in prebiotic chemistry is 
the search for plausible synthetic 

routes that connect the building blocks 
of modern life to abundent molecular 
species on early earth. Since only sparse 
information on the early earth conditions 
are available to constrain this search, 
computational methods are indispensible 
to guide experimental exploration to-
wards promising regions in the vast space 
of possible chemistry. Furthermore since 
large reaction networks are explored, 
computational approaches at an iterme-
diat level of theory are preferable. The 
framework of graph rewriting provides a 
valuable set of tools to generate and in-
vestigate large reaction networks [2,3]. 
The graph grammar based generative 

model of chemical transformation in com-
bination with mathematical optimization 
techniques make it possible to study in a 
systematic manner, which and how trans-
formation cycles shape the accumula-
tion of intermediate molecules over time. 
Within this context, the identifi cation of 
potentialy network autocatalytic cycles 
in arbitrary chemistries is an important 
task. In my talk I will introduce our graph 
grammar based chemistry formalism and 
illustrate the approach with the help of a 
couple of prebiotic examples [1,2].

[1] Andersen JL et al (2016), Chemi-
cal Transformation Motifs — Modelling 
Pathways as Integer Hyperfl ows, SFI 
Working Paper 16-04-006

[2] Andersen JL et al (2015), In silico 
Support for Eschenmoser's Glyoxylate 
Scenario,  Israel   Journal of Chem-
istry 55(8):919-933 | doi:10.1002/
ijch.201400187

[3] Andersen JL et al (2014), Ge-
neric Strategies for Chemical Space 
Exploration, Int J Comp Biol Drug 
Des 7(2/3):225-258  | doi:10.1504/
IJCBDD.2014.061649

[4] Andersen JL et al (2013), Inferring 
chemical reaction patterns using rule 
composition in graph grammars, J Sys 
Chem 4:4 | doi:10.1186/1759-2208-4-4
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A synthetic approach to the RNA world

Philipp Holliger
MRC Laboratory of Molecular Biology, Francis Crick Avenue, Cambridge CB2 0QH, UK

A critical event in the origin of life is thought to have been the 
emergence of an RNA molecule capable of self-replication 

as well as mutation, and hence evolution towards ever more ef-
fi cient replication. Although the ancestral replicase appears to 
have been lost, key functional aspects of RNA-catalyzed RNA 
replication can be studied “by proxy” with the use of modern 
RNA enzymes (ribozymes) generated by in vitro selection. 

Starting from the R18 RNA polymerase ribozyme [1], a descen-
dant of the the class I ligase ribozyme that was derived directly 
from a random RNA sequence pool, we have used both RNA 
evolution and engineering to generate new RNA polymerase ri-
bozymes with improved polymerase activity and sequence gen-
erality. 

I’ll be presenting our progress in the engineering and evolution 
of RNA polymerase ribozymes towards a general polymerase 
and self-replication capacity. 

We have discovered RNA polymerase ribozymes that are capable  
of the templated synthesis (i.e. transcription) of another simple 

ribozyme (a Hammerhead endonuclease ribozyme) [2] or RNA 
oligomers exceeding its own size (>  200 nts) [3], a key milestone 
on the road to self-replication, although the synthetic power of 
these RPRs is currently restricted to favourable template se-
quences. 

I’ll also be presenting our work on the potential role that struc-
tured media such as the eutectic phase of water ice [4] may have 
played in early RNA evolution and catalysis [5] and the emer-
gence of RNA self-replication.

[1] Johnston, W. K. et al (2001) Science 292, 1319-25

[2] Wochner, A. et al (2011) Science 332, 209-12

[3] Attwater, J. et al (2013) Nature Chem 5, 1011-18

[4] Attwater, J. et al (2010) Nat Commun 1, 76

[5] Mutschler H. . et al (2013) Nature Chem 7, 502-8
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Freeze-thaw cycles as drivers of complex ribozyme assembly
Hannes Mutschler1, A. Wochner2 and P. Holliger3

1Max Planck Institute for Biochemistry, Martinsried, Germany
2CureVac AG Tübingen, Germany
3Protein and Nucleic Acid Chemistry, MRC Laboratory of Molecular Biology, Cambridge, UK

There is compelling evidence for a pri-
mordial biology, in which RNA was 

the central biomolecule responsible for 
information storage and catalysis. A key 
component of this ‘RNA world’ would 
have been ribozymes that were capable of 
catalysing their own replication. Maybe 
the closest analogue of primordial rep-
licases are RNA polymerase ribozymes 
(RPRs) of about 200 nucleotides (nts), 
which are capable of templated synthesis 
using nucleoside triphosphates as sub-
strates [1]. However, non-enzymatic po-
lymerisation of RNA from all four natural 
nucleotides yields RNA oligomers barely 
exceeding ~20 nts [2]. Moreover, replica-
tion of long RNAs is complicated by the 
related problems of inhibitory template 
secondary structures and the high stabili-
ty of RNA duplexes longer than 20 - 30 nts 

[3]. There is thus a compositional as well 
as a conceptual gap between the primi-
tive pools of RNA oligomers and the phe-
notypically complex ribozymes likely to 
be required for self-replication. Working 
backwards from one of the most advanced 
RPRs, we show effi cient assembly of RPR 
function from mixtures of oligomers no 
longer than 30 nts [4]. We discover that 
some physicochemical processes can be 
potent drivers of this RPR assembly reac-
tion. Critical among these are eutectic ice 
conditions, which not only enhance the 
replication activity of RPRs but also allow 
more primitive ribozymes to harness pre-
biotic feedstock molecules and synthesize 
short oligonucleotides [5]. 

Our work sketches a pathway by which 
enzymatic RNA replication could have 

emerged from primitive oligomer mix-
tures and how the size of nascent RNA ge-
nomes could have been uncoupled from 
the limits associated with primordial RNA 
replication.

[1] W. K. Johnston et al., Science 292, 
19-25 (2001)

[2] J. Szostak, J. Syst. Chem. 3, 2 (2012).

[3] P.A. Monnard et al., J. Am. Chem. 
Soc. 125, 13734–13740 (2003).

[4] H. Mutschler et al., Nat. Chem. 7, 
502–508 (2015)

[5] H. Mutschler and P. Holliger, J. Am. 
Chem. Soc. 136, 5193–5196 (2014)
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Activation and activators in the evolution of oligonucleotides
Judit E. Šponer

Institute of Biophysics, Academy of Sciences of the Czech Republic, Královopolská 135, CZ-61265 Brno, Czech Republic

In contrast to modern biochemical pro-
cesses, where structural compatibility 

plays a decisive role, synthesis of prebiot-
ic building blocks involved a clearly ener-
gy-driven chemistry. The primordial Earth 
has offered a number of various energy 
sources in the form of heat, UV-irradia-
tion or meteoritic impacts. In my talk I will 
show a couple of examples how the oth-
erwise energy-demanding thermal route 
of nucleobase formation can be converted 
to an exothermic chemistry using radicals 
as high-energy initiators generated in an 
extraterrestrial impact [1]. Further, we 
will analyze the structural and energetic 
conditions of the spontaneous oligomer-

ization of cyclic nucleotides that could 
lead to the simplest oligonucleotide se-
quences [2,3]. I will show that cyclic ring 
formation is suffi cient to support the reac-
tion from a thermodynamic point of view, 
nonetheless, depending on the type of 
the transphosphorylation chemistry, ad-
ditional kinetic support might be needed.  
In this context we will discuss the role of 
amine-activation and low-pH hydrother-
mal environments in the template-free 
non-enzymatic polymerization of nucleo-
tides. I will illustrate that the free energy 
balance of the polymerization reactions is 
commeasurable with that of H-bonding 
and stacking interactions, and this might 

be the reason why non-covalent interac-
tions might play a decisive role at this 
level of molecular complexity. 

[1] M. Ferus et al. Proc. Natl. Acad. Sci. 
U.S.A. 112, 657 (2015)

[2] J. E. Sponer et al. J. Phys. Chem. B 
119, 2979 (2015)

[3] J. E. Sponer et al., Chem. Eur. J. 22, 
3572 (2016)

[4] J. E. Šponeret al. J. Mol. Evol. 82, 5 
(2015)

10:50
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Emergence of genetic information in information-polymer soup
Shoichi Toyabe1, and D. Braun2

1Applied Physics, Tohoku University, 980-8579 Sendai, Japan
2Systems Biophysics, Physics Department, NanoSystems Initiative Munich and Center for Nanoscience, 
Ludwig-Maximilians-Universität München, Amalienstrasse 54, 80799 München, Germany

The fi rst life form has presumably de-
veloped in the soup of information 

polymers such as RNA, DNA, peptides, 
and their analogues. For developing into a 
highly complex life form, the emergence 
of molecular species sustaining genetic 
information is a crucial step. However, no 
scenario has clearly addressed how infor-
mation polymers can self-organize into 
a stable self-replicating species without 
lapsing into an error catastrophe lacking 
any order nor a frozen state dominated by 
the species with the fastest growth rate. 
Here, we explore the templated ligation 
of DNA strands by DNA ligase, which 
simulates the simplest and most primi-
tive reaction of information polymers. We 

fi nd that, by repeated templated ligations, 
DNA strands inevitably form a precursor 
of species, a stable and complex nonequi-
librium structure replicating its genetic in-
formation, under nonequilibrium driving 
force of temperature cycling, feeding, and 
diluting. The key concept behind is the 
cooperative hyper-exponential growth of 
sequence information caused by the gen-
eral property of templated ligation that 
longer strands hybridize more stably than 
shorter strands. The hyper-exponential 
growth leads to a frequency-dependent 
selection that suppresses the error catas-
trophe while provides a rich complexity 
to the sequences by preventing the most 
stable sequence from dominating the 

sequence space [1]. As the direct conse-
quences of the frequency-dependent se-
lection, we demonstrate the spontaneous 
symmetry breaking of sequence informa-
tion and the coexistence of different spe-
cies in spatially resolved systems.

 

[1] M. Eigen and P. Schuster, Naturwis-
senschaften 65, 7-41 (1978)

11:15
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A new role for coenzymes in biology points to an ancient regulation mechanism
Andres Jäschke

Institute of Pharmacy and Molecular Biotechnology, Heidelberg University, 69120 Heidelberg, Germany
13:30

Coenzymes are small organic mole-
cules recruited by enzymes to enrich 

their catalytic repertoire. Many present-
day coenzymes contain a nucleotide 
component that is irrelevant for the cata-
lyzed chemistry. The existence of these 
nucleotide-containing coenzymes is con-
sidered as strong support for the “RNA 
world” hypothesis [1]. According to this 
hypothesis, there was a period on earth 
where ribonucleic acids, RNA, served as 
both, carrier of genetic information and 
catalyst for metabolic reactions. When 
metabolism got more and more complex, 
these “ribozymes” had to recruit helpers 
to compensate for their own functional 
limitation, and nucleotide derivatives are 
easy to recognize for an RNA molecule. 
Later, these versatile helpers got adopted 
by catalytic proteins.

We have recently discovered the ubiq-
uitous redox coenzyme NAD to be cova-
lently linked to certain regulatory RNAs 
in present-day RNA [2]. The discovery 
revealed an unexpected connection be-
tween redox biology and RNA process-
ing. We also unraveled the structure and 
function of an enzyme that can cleave off 
the NAD [3]. Recent work also reports on 
the biosynthesis of these coenzyme-RNA 
conjugates [4, 5]. I will discuss possible 
roles of the NAD modifi cation as well as 
broader implications for structurally re-
lated cofactors and metabolites which 
may also be linked to RNAs, leading to a 
new epitranscriptomic layer of informa-
tion encoded in the chemical structure of 
the attached cofactors [6]. I will also dis-
cuss the evolutionary implications of this 
phenomenon.

[1] W. Gilbert, Nature 319, 618 (1986)

[2] H. Cahova et al. Nature 519, 374 
(2015)

[3] K. Höfer et al. Nat. Chem. Biol. 12, 
730 (2016)

[4] J. G. Bird et al. Nature 535, 444 
(2016)

[5] K. Höfer & A. Jäschke Nature 535, 
359 (2016)

[6] A. Jäschke et al. Curr. Opin. Micro-
biol. 30, 44 (2016)
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Driving energy fl ow throughout chemical networks
T. Le Saux, R. Plasson, and Ludovic Jullien
Ecole Normale Supérieure, Département de Chimie, Laboratoire PASTEUR, 24, rue Lhomond, 75005 Paris, France 
and Université d’Avignon et des pays du Vaucluse, UMR408, SQPOV, F-84029 Avignon cedex 1, France

Envisioned as organized matter, any 
living system necessarily exists in a 

dissipative non-equilibrium state. Other-
wise it would reduce to immutably stable 
combinatorial mixtures of chemical com-
pounds. Indeed, whatever the adopted 
theoretical perspective on the origins of 
Life, energy has been much in demand to 
achieve free energy-consuming processes 
encountered in living systems such as, for 
instance, concentration of diluted mat-
ter, activation of stable building blocks 
towards subsequent chemical reactions, 
biochemical oscillations, active metabolic 
regulation, hypersensitivity for biological 
control, kinetic proofreading to overcome 
the thermodynamic limits during replica-
tion, or oriented molecular motion.

In fact, Earth has been (and is still) rich 
of energy: its solid crust is not chemically 
equilibrated with its fl uid (liquid and gas-

eous) envelopes so as to generate primary 
sources of chemical energy, radioactiv-
ity has generated heat transfer from the 
depth to the surface of the planet, and 
Earth surface has been submitted to illu-
mination from the Sun. The existence of 
abundant sources of energy was a prereq-
uisite to make possible the emergence of 
Life envisioned as a dissipative chemical 
process. However, this thermodynamic 
constraint alone did not guarantee that 
sets of chemical reactions could extract 
from these sources the energy to emerge, 
reproduce, and evolve; an up-conversion 
chemical technology coupling primary 
energy sources to the sets of chemical 
reactions and involving much kinetic con-
straints had to be found.

In this lecture, I will introduce a simple 
and generic coupling strategy to propa-
gate energy throughout chemical net-

works. It exploits spatial gradients of in-
tensive thermodynamic parameters such 
as temperature, chemical potential, or af-
fi nity to activate and sustain futile cycles 
of reaction-diffusion bearing analogies 
with protometabolisms. Such situations 
are precisely encountered in deep-sea hy-
drothermal systems in which mixing be-
tween seawater and hydrothermal fl uids 
generates steady-state gradients of tem-
perature, pH, and redox potential.

[1] M. Emond et al. Chem. Eur. J. 18, 
14375 (2012)

[2] T. Le Saux et al. Chem. Commun. 50, 
6189 (2014)
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Disentangling comet chemistry – Slow electrons to the rescue

Jan Hendrik Bredehöft 
Institute for Applied and Physical Chemistry, University of Bremen, Leobener Str. NW2, 28359 Bremen, Germany

In preparation of the ROSETTA mission and in particular the 
COSAC [1] instrument aboard the lander Philae, a number 

of experiments on the chemistry of interstellar ices has been 
performed [2]. Typically, starting mixtures chemically repre-
sentative of the interstellar medium (ISM) are irradiated at 
low temperatures and the products of chemical reactions are 
analyzed by IR spectroscopy and by chromatographic tech-
niques after warm-up. Irradiation has been undertaken with 
energy sources such as UV, proton- and ion beams as well as 
high energy (keV) electrons. The products have been shown 
to be a wide variety of organic compounds, many of which 
are known from the analysis of meteorites. It was thus antici-
pated to fi nd a similar variety of organic matter on the comet 
nucleus, and indeed, COSAC could identify 16 individual or-
ganic molecules [3].

The mechanisms leading to the formation of such organics 
have been hard to disentangle, since ice composition as well 
as products are very complex and a great number of reactions 
take place at once. This has led to the believe that sponta-
neous and statistical recombination of radicals is the main 
“mechanism” by which condensed phase reactions occur in 
the ISM. The application of experimental techniques from 

other fi elds, such as surface science, can help address this 
problem. In the laboratory we use a setup that simplifi es in-
terstellar ice experiments in a way that enables us to study 
single reaction steps in complex reaction sequences [4,5]. It 
uses slow electrons as energy source for irradiation experi-
ments. These are formed as secondary electrons in the ISM 
and are in fact responsible for most of the chemical reactions 
in other irradiation experiments. 

[1] F. Goesmann et al. Space Sci. Rev. 128, 257–280 (2007)

[2] K.I. Öberg, Chem. Rev. DOI: 10.1021/acs.
chemrev.5b00694 (2016)

[3] F. Goesmann et al. Science 349, aab0689 (2015)

[4] T. Hamann et al. Angew. Chem. Int. Ed. 48, 4643–4645 
(2009)

[5] J. Warneke et al. Angew. Chem. Int. Ed. 54, 4397–4400 
(2015)
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Synthesis of out-of-equilibrium chemical reaction networks: 
understanding complexity at the molecular level
Wilhelm T.S. Huck
Institute for Molecules and Materials, Radboud University, Nijmegen, the Netherlands

Complex networks of chemical reac-
tions together defi ne how life works. 

We are familiar with the metabolic net-
works studied in biochemistry, and in 
recent decades many regularly recurring 
network motifs have been uncovered that 
are responsible for much of the functional 
behaviour in signalling or genetic net-
works. However, molecular ‘circuits’ are 
very delicate, and sensitive to changes in 
concentration, temperature, and so on. I 
believe we need a new direction in chem-
istry to provide a truly molecular level 
insight into how molecules create life. 

Recently [1,2], we presented a versatile 
strategy for ‘synthesizing’ programmable 
enzymatic reaction networks in microfl u-
idic fl ow reactors that exhibit sustained 
oscillations. The fi rst step in the design of 
complex enzymatic networks is the choice 
of a suitable topology. We are inspired by 
the signalling, metabolic, and genetic net-
work motifs frequently occurring in Na-
ture. I will show how small molecules with 
subtly different functional groups offer 
tuning of the properties of the network. 
An important feature of self-organization 
in complex systems is that these systems 

can self-repair, even when perturbed sig-
nifi cantly. In my lecture, I will show how 
we can explore the dynamic (i.e. robust-
ness and resilience) of  these reaction net-
works in response to global perturbations 
and follow the precise molecular trajec-
tory during phase transitions.

[1] S.N. Semenov, et al. Nature Chemis-
try, 2015, 7, 160-165  

[2] A.S.Y. Wong, et al.  J. Am. Chem. Soc. 
2015, 137, 12415–12420
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Chemistry in molecular ices

Thomas Henning
Max Planck Institute for Astronomy, Königstuhl 17, D-69117 Heidelberg, Germany

Molecular ices exist in different cos-
mic environments, ranging from 

the cold cores of molecular clouds to the 
outer regions of planet-forming disks 

around young stars. They provide the 
chemical environment for the formation 
of complex molecules as discovered in 
meteorites and comets. The talk will dis-

cuss the composition of molecular ices 
and the formation of complex molecules 
in ice environments.
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Coacervates as protocellular models
T-Y. Dora Tang1, C. R. Che Hak2, A. J. Thompson3, M. K. Kuimova3, D. S. Williams2, A. W. Perriman2, J.L.L.R. Anderson4,  S. 
Mann2

1MPI-CBG, Pfotenhauerstrasse 108, Dresden
2Centre for Protolife Research, School of Chemistry, University of Bristol, Bristol, BS8 1TS, UK
3Chemistry Department, Imperial College London, Exhibition Road, London SW7 2AZ, UK
4School of Biochemistry, University Walk University of Bristol, Bristol, BS8 1TD, UK

Mechanisms of prebiotic compart-
mentalization are central to pro-

viding insights into how protocellular 
systems emerged on the early Earth prior 
to the last universal common ancestor. 
Protocell models based on membrane 
self-assembled fatty acid vesicles and 
membrane-free scenarios involving liq-
uid-liquid microphase separation (coacer-
vation) have been considered. 

We show that the membrane-free, chemi-
cally enriched microdroplets support and 

sustain complex biochemical reactions 
such as protein expression [1]. In addi-
tion, the coacervate droplets can be in-
corporated into hybrid protocell models 
[2]. These  comprise of a self-assembled 
fatty acid membrane at the surface of pre-
formed coacervate micro-droplets. As a 
result of the bilayer membrane selective 
uptake or exclusion of small molecules 
into the cell are mediated. 

Taken together these membrane free co-
acervate microdroplets provide a plausi-

ble evolutionary route to prebiotic com-
partmentalization.  

[1] TYD Tang et al. Chem Commun,  51, 
11429 (2015)

[2] TYD Tang et al. Nature Chem, 6, 527 
(2014)
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Spatial organization of cell-free RNA circuits
A. Dupin, B. Tinao and F. C. Simmel

Systems Biophysics and Bionanotechnology – E14, Physics Department and ZNN, Technische Universität München, 
am Coulombwall 4a, 85748 Garching, Germany 

Cellular metabolism consists of vast 
networks of parallel reactions, whose 

cross-talk can be reduced and effi ciency 
increased by localization and compart-
mentalization. Compartmentalization is 
at the origin of cellular life, although the 
selective advantage of porous or tight 
membranes for early cells is debated [1]. 
The effect of compartmentalization on 
synthetic gene circuits has notably been 
studied in isolated water-in-emulsion 
droplets[2,3]. However, the communica-
tion was mediated only by non-specifi c 
diffusion. In contrast, our goal is to build 
large biomimetic networks exhibiting 
controlled communication and topology. 
Such a spatial organization should allow 
for more complex circuit dynamic behav-
iors. 

To this end, we employ the droplet-in-
terface-bilayer technique[4] to construct 
spatially organized networks of defi ned 
composition. In these networks, protein 
pores exhibiting chemical selectivity in-
corporate in lipid bilayer interfaces to 
mediate the communication between 
droplets, similarly to natural cell mem-
branes. We fi rst proved the functionality 
of our networks’ interfaces by placing the 
transcription of an RNA aptamer as an 
output for the translocation of a nucleo-
tide. We then built an excitable medium 
using an internal negative feedback loop. 
We fi nd that, upon diffusion of an inducer 
from a reservoir droplet, a spatial pattern 
emerges in the form of a propagating fl u-
orescence pulse with tunable time delay. 

In the future, we envision the implemen-
tation of more complex circuits within 
such networks, including in vitro protein 
expression systems. Using spatial organi-
zation as a tool to extend the scope of bio-
chemical circuits may lead to the creation 
of artifi cial cells and multicellular assem-
blies capable of more complex dynamics 
than isolated compartments.

[1] V. Sojo et al., PLoS Biology (2014)

[2] M. Weitz et al., Nature Chemistry 
(2014)

[3] M. Schwarz-Schilling et al., Integra-
tive Biology (2016)

[4] T. Wauer et al., ACS Nano (2014)

Complex life in a thermal molecule trap
Noel Yeh Martin1, Sheref Mansy1, Christof Mast2, Dieter Braun2

1Centre f. Integrative Biology, University of Trento, V. d. Regole, 101, Mattarello 38123, Italy
2Systems Biophysics, NanoSystems Initiative Munich, Center for Nanoscience, LMU Munich, 

Amalienstrasse 54, 80799 Munich, Germany

Life is a non-equilibrium state that 
needs to be driven by continuous en-

ergy fl uxes. Most modern organisms de-
pend on chemical energy, previously syn-
thesized with the help of the solar energy 
fl ux. Living cells use this energy to oper-
ate active membrane transport proteins 
that pump in nutrients and dispose waste 
molecules. Photosynthesis is, however, 
known to be a late development which 
raises the question what energy fl uxes 
were able maintain life in the fi rst place?

We could show that a heat fl ux across 
an elongated, water-fi lled pore is able 
to drive a variety of mechanisms central 
for life: Thermal cycling in a pore resets 
replicated product strands back to single 
stranded templates. This facilitates an ex-
ponential replication reaction, a require-
ment for evolution [1,2]. The thermal gra-
dient also accumulates bio-molecules in a 

length selective manner which mutually 
enhances elongation and complexity of 
polymers [3,4]. This shows that heat fl ux-
es across porous rock are a suitable can-
didate for a prebiotic evolution machine. 

Could the result of this evolution, the 
modern bio-molecules inside E.Coli sur-
vive in this setting? Initial experiments 
will check for the ability of the thermal 
trap to maintain and support protein ex-
pression systems. The accumulation abili-
ties of the thermal trap even at moderate 
temperatures might be able to fully re-
place the compartmentalizing function of 
E.Coli membranes or take over the role of 
crowding agents. The long term goal is to 
see the cell free extract adapt, grow and 
replicate in a thermal trap without a mem-
brane at all. The results will give deep in-
sights into the necessary boundary condi-
tions for the development of complex life 

and defi ne a possible rendezvous point 
of bottom-up and top-down directed ap-
proaches.

References

[1] Kreysing M, Keil L., Lanzmich S., 
Braun D. (2015) Nat. Chem., doi:10.1038/
nchem.2155

[2] Mast CB and Braun D, (2010) PRL 
104, 188102 

[3] Baaske P., Weinert F. M., Duhr S., 
Lemke K. H., Russell M. J., Braun D. 
(2007) PNAS 104, 9346–9351 

[4] Mast CB, Schink S, Gerland U, Braun 
D (2013) PNAS 110:8030–8035
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From extroverted catalytic nanostructures to introverted lipid vesicles 
J. Sobotta1, C. Huber1, C. Scheidler1, W. Eisenreich1, G. Wächtershäuser2

1 Lehrstuhl für Biochemie, Technische Universität München, Lichtenbergstraße 4, D-85747 Garching Germany
2 2209 Mill Race Drive, Chapel Hill, NC 27514, USA

We explore the laws of the pioneer 
chemistry of life in a volcanic-

hydrothermal fl uid fl ow, based on main 
group nutrients (e.g. CO2, CO, COS, HCN, 
C2H2, H2S, N2, H2, NH3, HCN) of the fl uid 
fl ow and crustal catalytic transition metal 
minerals (e.g. FeS, NiS). We found poly-
unsaturated C3,5,7,9-fatty acids [1] by 
reaction of C2H2 (product of hydrolysis of 
primordial magmatic/crustal CaC2) with 
CO in an aqueous slurry of freshly precipi-
tated (nanostructered [2]) NiS. Reactions 
were controlled by isotope-labelling for 
avoiding experimental pitfalls [3]. The op-
timum pH (6.5-9) agrees with the require-
ment of a nearly neutral pH as chemically 
mandated for the origin of life. The reac-
tion conditions are compatible with those 
previous fi ndings: pyrite-pulled CO2-fi xa-
tion [4] and N2-fi xation [5]; acetyl-thioes-
ter formation [6]; amino acid synthesis 
[7]; peptide cycle [8]. These batch reac-

tions are viewed as temporal/spatial seg-
ments of a fl uid fl ow with a pH develop-
ing by interaction of acidic volcanic gases 
with basic crustal minerals. Within this 
fl uid fl ow along chemical/physical gradi-
ents we picture reaction-chromatograph-
ic characteristics with nutrient-adsorptive 
behavior and size-exclusion by pores [9]. 
We see the function of fatty acid lipids as 
developing from surface lipophilization to 
cellularization [10].

[1] C. Scheidler, J. Sobotta et al. (2016) 
Sci. Rep. 6

[2] S. Huang, K. D. M. Harris et al. (2009) 
Inorg. Chem. 48:11486-11488

[3] G. Wächtershäuser (2016)  J. Mol. 
Evol. 82:75-80

[4] W. Heinen, A. M. Lauwers (1996) 
Orig. Life Evol. Biosph. 26:131–150

[5] M. Dörr, J. Käßbohrer et al. (2003) 
Angew. Chem. Int. Ed. 42:1540–1543

[6] C. Huber, G. Wächtershäuser (1997) 
Science 276:245 –247

[7] C. Huber, G. Wächtershäuser, Science 
(2006) 314:630 –632

[8] C. Huber, W. Eisenreich et al. (2003) 
Science 301:938 –940

[9] H. Kuhn (1972) Angew. Chem. 
84:838-862

[10] G. Wächtershäuser (1988) Microbiol. 
Rev. 52:452 –484

Elucidating the fundamental set of protein modules responsible for FtsZ ring dynamics 
in vitro  
Daniela Garcia-Soriano1, 2, Diego Ramirez1, 2, Ana Raso1, 3, Mario Feingold4, German Rivas3 & Petra Schwille1

1Department of Cellular and Molecular Biophysics, Max Planck Institute for Biochemistry, Martinsried, Germany
2Graduate School for Quantitative Biosciences (QBM), LMU, Munich, Germany
3Centro de Investigaciones Biologicas, Consejo Superior de Investigaciones Cientifi cas (CSIC), Madrid, Spain
4Department of Physics, Ben Gurion University, Beer Sheva, Israel

The tubulin homolog FtsZ along with 
another divisome proteins forms a 

ring at mid-cell that upon constriction ini-
tiates cell division in bacteria. It attaches 
to the inner membrane by the peripheral 
membrane anchor FtsA and the integral 
membrane protein ZipA [1]. To simplify 
the system and bypass these natural an-
chors, a membrane-targeted FtsZ (FtsZ-
YFP-MTS) with an additional amphipatic 
helix (MTS) can be employed to investi-
gate ring formation on supported lipid bi-

layers (SLBs) in vitro [2]. A previous study 
on SLBs suggested that i) FtsZ self-orga-
nizes into dynamic rings due to a specifi c 
interaction with FtsA, and ii) FtsZ-YFP-
MTS and FtsZ-ZipA form static bundles 
of fi laments (no-circles) [3]. Here, we 
demonstrate that FtsZ-YFP-MTS also as-
sembles into circular dynamic patterns, 
providing evidence that FtsA interaction 
is not required and the observed self-or-
ganization is an intrinsic property of FtsZ 
when bound to membranes. 

[1] Adams DW, Errington J. Nature Pub-
lishing Group; 2009 Sep 1;:1–12

[2] Osawa M, Anderson DE, Erickson HP. 
The EMBO Journal. Nature Publishing 
Group; 2009 Sep 24;28(22):3476–84

[3] Loose M. Nature Cell Biology. Nature 
Publishing Group; 2013 Dec 8;16(1):38–
46
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Thermally driven emergence of functional RNA motifs. 
C. Mast1 and H. Mutschler2

1Systems Biophysics, Ludwig-Maximilians-Universität München, Munich, Germany
2Max Planck Institute of Biochemistry, Martinsried, Germany

The RNA-world hypothesis is based on 
the dual function of ribonucleic acid 

(RNA) polymers as information carrier 
and catalyst. However, it remains unclear 
how functional sequences could have 
emerged de novo out of an initially unbi-
ased sequence space.

In order to approach this problem, we will 
focus on the physical disequilibrium of 
a local thermal gradient across a water-
fi lled chamber. This system was previ-
ously shown to locally enrich oligomers 
with two or three hairpins over oligomers 
without hairpin motif and only relies on 
a heat fl ow which is the most basic and 
abundant energy fl ux available according 

to the second law of thermodynamics [1]. 
The process uses a mutual interplay of 
length dependent thermal accumulation 
and concentration dependent hybridiza-
tion, which is very sensitive to even the 
smallest change in sequence or structure. 
We will extend this approach and study 
how physical non-equilibrium conditions 
are able to reduce the initially vast and 
unbiased sequence space of a pool of 
random oligomers. The local enrichment 
of hairpin- and junction-rich sequences 
promises a higher possibility for the spon-
taneous emergence of functional RNAs 
[2, 3]. The strong sequence dependency 
of the aggregation process also hints to-
wards a purely physically driven repli-

cation of the selected oligomers, which 
would be a fundamental entry point to 
early Darwinian evolution.

[1] M. Morasch et al., Angew. Chem. Int. 
Ed. 128, 6788–6791 (2016)

[2] X. Luo et al., RNA. 16, 2252–2262 
(2010)

[3] S.C. Manrubia and C. Briones, RNA 
13, 97–107 (2007)

Affi nity of activated amino acids to RNA motifs to elucidate 
early patterns of the genetic code

E. V. Edeleva, P. J. Schwintek, and D. Braun
Systems Biophysics, Physics Department, Ludwig-Maximilians-Universität München, 

Amalienstrasse 54, 80799 München, Germany

What defi ned specifi c assignment of 
amino acids to their cognate co-

dons during the emergence of the genetic 
code? According to the stereochemical 
theory, the assignments were established 
based on affi nity interactions between 
amino acids and their codons/anticodons. 
In the structure of the modern tRNA mol-
ecule, the acceptor stem with the amino 
acid and the anticodon loop with the an-
ticodon triplet are separated by 6 nm in 
space, making direct interaction impossi-
ble. However, two alternative primal tRNA 
structures have been proposed that bring 
together in space the amino acid and the 
codon determinant [1, 2]. Both structures 

contain tetraloop-like geometries – sim-
ple structures that were recently shown 
to possess enzymatic activity such as liga-
tion, cleavage, and terminal recombina-
tion [3].

In this project, we experimentally study 
the binding of stable AMP activated ami-
no acid analogs to RNA motifs of AMP-
binding aptamers as a testbed or to the 
above mentioned tetraloop-like structures 
containing corresponding coding triplets 
using microscale thermophoresis. We aim 
to elucidate patterns of anticodon-amino 
acid correlations for the emergence of the 
genetic code.

[1] J.J. Hopfi eld, Proc. Natl. Acad. Sci. U. 
S. A. 75, 4334–8 (1978)

[2] A.S. Rodin et al., Biology Direct 4, 4 
(2009)

[3] P. Stadlbauer et al., Chemistry 21, 
3596–604 (2015)
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Microscopic Investigation of Electrochemical Gradients and Directed Transport in a 
Simulated Alkaline Hydrothermal Vent
F. M. Möller, M. Kieß, Dieter Braun
Systems Biophysics, Physics Department, Nanosystems Initiative Munich and Center for NanoScience, 
Ludwig-Maximilians-Universitä t München, Amalienstraße 54, 80799 München, Germany

Sustained far-from-equilibrium condi-
tions are prerequisites for the emer-

gence of life on early earth. Alkaline 
hydrothermal vent systems provide rich 
(geo-)chemical and physical gradients 
with striking resemblance to modern bi-
ology. 

Strong gradients of pH, temperature, ion-
ic composition, and redox potential natu-
rally occurred at the interface between 
the Hadean ocean and the hydrothermal 
effl uent across natural catalytic barriers 
of Fe(Ni)S minerals. This non-equilibrium 
setting has been hypothesized to provide 
an inorganic equivalent of modern energy 
metabolism and to trigger fi rst carbon-
fi xation reactions [1]. However, only steep 
pH gradients render such reactions ther-
modynamically favorable. 

Here, we use a microfl uidic vent repli-

cate to access the pH gradient on the 
microscale by ratiometric fl uorescence 
microscopy. We fi nd that the steepness 
and stability of the gradient is strongly 
enhanced by ongoing precipitation of 
FeS clusters at the fl uid interface. Fur-
thermore, the ionic gradients are found to 
trigger the directed transport of colloids 
by diffusiophoresis. This leads to interest-
ing effects such as exclusion zone forma-
tion at the barrier and strong accumula-
tion. 

In thermal gradients, the coupling of 
physical transport phenomena has al-
ready been exploited to drive directed ac-
cumulation, polymerization, replication, 
and selection of molecules [2,3]. These 
effects are essential requirements for the 
onset of early Darwinian evolution. Simi-
larly, coupling of transport phenomena in 
electrochemical gradients can invoke in-

tricate feedback situations [4]. The com-
bination of physical transport and surface 
catalysis within the microscale vent repli-
ca can provide experimental insights into 
evolutionary scenarios for the earliest en-
ergy and carbon metabolism.

[1] M.J. Russell et al., Geobiology 8, 355-
71(2010)

[2] C.B. Mast et al., Phys. Rev. Lett. 104, 
188102(2010)

[3] M. Kreysing et al., Nat. Chem. 7, 203-
8(2015)

[4] S. Shin et al., PNAS 113(2), 257-
61(2016)

Reversible cooperation of molecular replicators
Georg Urtel, Thomas Rind and Dieter Braun*
Systems Biophysics, Physics Department, NanoSystems Iniative Munich and Center for Nanoscience
Ludwig-Maximilians-Universität München, Amalienstrasse 54, 80799 München, Germany

How can molecules with short lifetime 
preserve their information over mil-

lions of years? For evolution to occur, 
information-carrying molecules need to 
replicate their information into new mol-
ecules before they themselves degrade. 

Oligonucleotides with a hairpin second-
ary structure are a good starting point, 
since they are likely to emerge in a ran-
dom oligonucleotide pool [1]. In the pres-
ence of a replication mechanism that 
requires an initiator site on the template 
(e.g. [2]) the hairpins can replicate expo-
nentially using one primer. However, the 
secondary structure has the disadvantage 

of inhibiting the initiator site. Our ex-
periments show how two hairpin species 
with similar loop sequence can overcome 
this problem by a reversible cooperation 
termed crossbreeding. The process is fa-
cilitated by an incomplete replication of a 
hairpin followed by cross-hybridization to 
another hairpin species (upper pathway 
in fi gure). In this mechanism, new species 
emerge which combine the initiator sites 
of the hairpins and lose their secondary 
structure. This leads to faster replication 
of the crossbreeds which outgrow the 
hairpins and survive strong dilutions. In-
terestingly, the hairpin information is pre-
served in this process. The mechanism 

can be reversed and hairpins can regrow 
under changed conditions (lower pathway 
in fi gure). 

The reversibility provides a simple risk-
spreading mechanism in which cross-
breeds have an advantage under strong 
dilutions, but hairpins are able to repli-
cate exponentially in the presence of only 
one primer.

[1] B. Obermayer et al., Phys. Rev. Lett. 
107, 018101 (2011)

[2] A. Wochner et al., Science 332, 
209–212 (2011)
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5-(4-hydroxybenzyl)uracil as leaving group for polyA catalyzed peptide synthesis
Henri-Philippe Mattelaera2, Wim Dehaenb1, and Piet Herdewijna1

1KU Leuven, Rega Institute for Medical Science, Medicinal Chemistry, 3000 Leuven, Belgium 
2KU Leuven, Department of Chemistry, Molecular Design and Synthesis, 3000 Leuven, Belgium

The origin of the current DNA-protein 
world is believed to be preceded by 

the RNA-world, where RNA served a bi-
functional role of genome and catalytic 
agent. Inspired by tRNA’s double role in 
peptide synthesis, as information carrier 
and activating agent, we have introduced 
the Informational Leaving Group (ILG) 
approach [1] in experiments aimed at 
template-directed synthesis of peptides. 
To introduce this experimental strategy, 
the versatility of nucleobases bearing 

amino acid side chains was explored. Us-
ing the prebiotic plausible 5-(4-hydroxy-
benzyl)uracil [2], as small molecular mim-
ic of tRNA and thus carboxylic activator 
for amino acids, a clear infl uence of oli-
goadenosine (oligoA) on peptide forma-
tion was observed. A brief investigation 
of pKa and pseudo-fi rst order kinetics in-
dicated only minimal infl uence of the nu-
cleobase on amide formation in absence 
of oligonucleotide. A similar ester without 
nucleobase moiety in the leaving group 

did not. Similar results are obtained in 
slight acidic media. The system provides 
a proof of concept for oligonucleotide ca-
talysed peptide formation using a multi-
functional leaving group.

[1] E. Bigan et al., J. Mol. Evol. 82, 93-
109 (2016)

[2] M.P. Robertson et al., Science 268, 
702-705 (1995)

Microthermal approaches to the origin of life
Lorenz Keil, David P. Horning, Michael Hartmann, Christof B. Mast and Dieter Braun

Systems Biophysics, NanoSystems Initiative Munich and Center for Nanoscience, LMU Munich, 
Amalienstrasse 54, 80799 Munich, Germany

All known living systems are built 
around information stored in RNA 

and DNA. To protect this information 
against molecular degradation and diffu-
sion, the second law of thermodynamics 
imposes the need for a non-equilibrium 
driving force. In cells, this task is per-
formed by a highly advanced protein 
machinery. On early earth this process 
must have been possible in a naturally 
occurring environment. We have shown 
that heat gradients across sub-millimetre 
sized pores can drive an accumulation, 
replication, and selection of ever longer 
molecules, implementing all the neces-
sary parts for Darwinian evolution [1,2]. 

We show in silico that shallow tempera-
ture gradients – down to 100 K over one 

metre – can still drive an effi cient accumu-
lation of protobiomolecules [3]. Following 
the trajectories of single molecules in the 
simulated pores, we also fi nd that they are 
subjected to frequent temperature oscil-
lations, facilitating e.g. template-directed 
replication mechanisms. This fi nding 
opens the door for various environments 
to potentially host the origins of life – 
most notably volcanic, water-vapour, or 
hydrothermal settings – which signifi -
cantly increase the number of potential 
sites where the fi rst building blocks for 
life could have formed.

We also found that laminar thermal con-
vection can effi ciently drive an RNA-cata-
lyzed form of polymerase chain reaction. 
The laminar convection hereby offers a 

variety of temperature cycle conditions 
for bulk material, yielding higher repli-
cation effi ciencies compared to a con-
ventional thermal cycler. The RNA poly-
merase ribozyme replicates short RNA 
strands up to 10 nucleic acids, thus en-
abling the propagation of information in 
the absence of proteins.

[1] C. B. Mast et al., PNAS 110, 8030-
8035 (2013)

[2] M. Kreysing et al., Nat. Chem. 7, 203-
208 (2015)

[3] L. Keil et al., PCCP 18, 20153-20159 
(2016)
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Monomer accumulation in a 3D printed thermal trap
Matthias Morasch, Emil Agerschou, Christof B. Mast and Dieter Braun
Systems Biophysics, NanoSystems Initiative Munich and Center for Nanoscience, LMU Munich, 
Amalienstrasse 54, 80799 Munich, Germany

Thermogravitational traps were shown 
to be an elegant solution for the con-

centration problem of the origin of life 
[1, 2]. It was, however, diffi cult to cre-
ate experimentally reliable traps. We 
therefore developed a new microfl uidic 
approach to accumulate molecules with 
an optical readout and a wide range of 
chamber geometries. Our goal is to use 
this technique to accumulate DNA or RNA 
monomers to high local concentrations in 
water, facilitating a polymerization reac-
tion. 

In the past, we could show that polym-
erizing oligonucleotides inside such a 
trap can undergo a self-enhancing cycle, 
where ever larger molecules were ac-
cumulated exponentially better [1]. We 
could also show that cyclic guanosine 
monophosphate (cGMP) polymerizes at 
elevated temperatures in the dry state 
[3] and it was suggested that this is pos-
sible in an aqueous environment [4]. We 
therefore aim to accumulate polymeriz-
ing/ligating monomers or short oligomers 
inside the trap to facilitate an elongation 
reaction.

[1] C. B. Mast et al., PNAS 110, 8030-
8035 (2013)

[2] M. Kreysing et al., Nat. Chem. 7, 203-
208 (2015)

[3] M. Morasch et al., ChemBioChem 15, 
879-883 (2014) 

[4] G. Costanzo et al., ChembioChem 13, 
999-1008 (2013)

High-resolving analytics unravels complex meteoritic organic matter
Alexander Ruf1,2, N. Hertkorn1, M. Harir1,2, B. Kanawati1, F. Moritz1, M. Lucio1, E. Quirico3, Z. Gabelica4, R. Gougeon5

and P. Schmitt-Kopplin1,2

1Analytical BioGeoChemistry, Helmholtz Zentrum Muenchen, Munich, Germany, alexander.ruf@helmholtz-muenchen.de, schmitt-
kopplin@helmholtz-muenchen.de
2Analytical Food Chemistry, Technische Universität München, Munich, Germany
3Université Grenoble Alpes/CNRS-INSU, Institut de Planétologie de Grenoble (IPAG), UMR 5274, Grenoble, France
4Université de Haute Alsace, ENSCMu, Lab. LPI-GSEC, 3, Rue A. Werner, Cedex, France, 5UMR PAM Université de Bourgogne/
AgroSupDijon, Institut Universitaire de la Vigne et du Vin, Jules Guyot, Dijon, France

Understanding the origin and evolu-
tion of life-relevant molecular build-

ing blocks, formed in interstellar clouds, 
is linked to observationally-derived as-
trochemistry and data-driven analytical-
ly-derived astrochemistry (meteorites). 
High-resolving analytics (FT-ICR-MS [1] 
or NMR [2]) represents a powerful tool 
to allow insights into the holistic complex 
compositional space to tens of thousands 
of different molecular compositions and 
likely millions of diverse molecular struc-
tures. This could be observed in pristine 
carbonaceous meteorites [1,2], and sug-
gests that interstellar chemistry is ex-
tremely active and rich. The description 
of the molecular complexity provides 
hints on shock and thermal events. Het-
eroatomic organic molecules play an im-
portant role in the description of extrater-

restrial chemical evolution. The thermally 
and shock-stressed Chelyabinsk (LL5) [3] 
showed high number of nitrogen counts 
within CHNO molecular formulas, espe-
cially in the melt region. This match of 
the organic molecular profi le with the pet-
rologic character could be also observed 
for Novato (L6) [4] or Braunschweig (L6). 
Additionally, the extremely thermally al-
tered Sutter’s mill (C-type) [5] refl ects 
loss in organic diversity, but an increase 
in the polysulphur domain, as compared 
to other CM2-type falls. The resulted 
extreme richness in chemical diversity 
offers information on the meteoritic par-
ent body history and helps in expanding 
our knowledge on astrochemistry, espe-
cially towards higher molecular masses 
and complex molecular structures. High-
resolving analytical approaches will be 

presented in their application to unravel 
the chemical nature and complex organic 
signatures in meteorites.

[1] P. Schmitt-Kopplin et al., PNAS 107 
(7), 2763–2768 (2010)

[2] N. Hertkorn et al., Magn. Reson. 
Chem., 53 (9), 754–768 (2015)

[3] O.P Popova et al Science, 342 (6162), 
1069–1073 (2013)

[4] P. Jenniskens et al., MAPS, 49 (8), 
1388–1425 (2014)

[5] P. Jenniskens et al, MAPS, 75, 5376 
(2012)
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Tracing primordial metabolism refl ected by microorganisms under serpentinization 
conditions

William Orsi1, Jessica Sobotta2, Claudia Huber2, Wolfgang Eisenreich2

1Faculty of Geoscience, Ludwig-Maximilians Universität München
2Faculty of Chemistry, Technische Universität München

Serpentinization occurs at many low 
temperature hydrothermal settings, 

whereby reduced hydrothermal fl uids 
react with oxidized seawater and the 
mineral olivine, forming large amounts 
of hydrogen and an abiotic reduction of 
CO2 to methane [1]. These settings have 
supported chemolithoautotrophic mi-
crobial communities throughout much 
of Earth’s history [2]. The last universal 
common ancestor (LUCA) likely evolved 
under conditions similar to these, with a 
carbon fi xation pathway (e.g. reductive 
acetyl-CoA pathway) resembling the abi-
otic CO2 reduction pathway using geolog-
ically-sourced hydrogen as a reductant 
[3, 4]. However, this hypothesis is not fully 
supported by fi eld observations because 
there remains a dearth of data on micro-
bial physiology and metabolism under 
natural serpentinization conditions. Here, 
we aim to correlate origin of life scenarios 
with existing, but underexplored, micro-
bial communities living under serpentini-

zation conditions: the Ophiolite complex 
at the Voltri Massiv (Italy) and the shal-
low water serpentinization complex at St. 
Paul’s Rocks in the Atlantic Ocean. The 
latter will be sampled during a funded 
research cruise in 2017. Phylogenomic 
analysis of single cell genomes and the 
reductive acetyl-CoA carbon fi xation 
pathway will place their origin on the tree 
of life. 13CO2 DNA-stable isotope prob-
ing [5] will elucidate, for the fi rst time, 
which autotrophic organisms are active 
in situ, and will be coupled with metabo-
lomics and metabolic fl ux measurements 
of 13C-labeled intermediates and products 
[6]. This will test the hypothesis that the 
reductive acetyl-CoA pathway is the pre-
dominant energetic and carbon fi xation 
pathway utilized by microbes living un-
der natural serpentinization conditions. 
Metabolomic data will also be correlated 
with product patterns formed by “origin 
of life” chemistry [7, 8].   

[1] T.M. McCollom and J.S. Seewald 
Chem. Rev. 107: 382-401 (2007)

[2] F. Klein et al., PNAS 112: 12036-
12041 (2015)

[3] M.C. Weiss et al. Nat. Microbiol. doi: 
10.1038/NMICROBIOL.2016.116 (2016)

[4] G. Wächtershäuser PNAS 87: 200-
204. (1990)

[5] W.D. Orsi et al. ISME J. doi: 10.1038/
ismej.2016.20 (2016)

[6] H. Huber et al. PNAS 105: 7851-7856 
(2008)

[7] C. Scheidler et al. Sci. Rep. 10: 27595 
(2016)

[8] C. Huber et al. Chemistry 18: 2063-
2080 (2012)

Growth and division of active droplets: A model for protocells
Rabea Seyboldt1, David Zwicker1,2, Christoph A. Weber1, Anthony A. Hyman3, Frank Jülicher1

1Max Planck Institute for the Physics of Complex Systems, 01187 Dresden, Germany 
2School of Engineering and Applied Sciences, Harvard University, Cambridge, MA 02138, USA

3Max Planck Institute of Molecular Cell Biology and Genetics, 01307 Dresden, Germany

It has been proposed that protocells 
might have formed by phase separa-

tion of complex molecules in an aqueous 
environment [1]. Recently it was shown 
that cells possess membrane-less organ-
elles formed by phase separation which 
organize proteins and RNA in liquid drop-
lets inside the cytosol [2]. We study the 
behavior of a chemically active droplet 
formed by liquid-liquid phase separa-
tion without membrane as a model for 
protocells [3]. In our model, the droplet 
material takes part in chemical reactions: 
Inside the droplet, high-energy droplet 
material is degraded, mimicking a simple 

metabolism. Outside, a non-equilibrium 
reaction driven by a fuel produces droplet 
material. We fi nd that the resulting fl uxes 
of droplet material can lead to a spon-
taneous deformation of the droplet that 
subsequently leads to the division of the 
droplet in two daughter droplets. These 
daughter droplets can again grow and 
divide, resembling the proliferation of liv-
ing cells. For realistic parameter values, 
we predict sizes of such droplets of a few 
micrometers. 

[1] Oparin, A. I. "The Origin of Life" Mos-
cow: Moskowskiy rabochiy (1924)

[2] Brangwynne, C. P., et al. "Germline P 
granules are liquid droplets that localize 
by controlled dissolution/condensation." 
Science 324.5935 (2009): 1729-1732

[3] D. Zwicker, R. Seyboldt, C. A. Weber, 
A. A. Hyman, and F. Jülicher. "Growth 
and Division of Active Droplets: A 
Model for Protocells." arXiv preprint 
arXiv:1603.01571 (2016)
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Spontaneous autocatalysis in a primordial broth
Sabrina Scherer, Eva Wollrab, Varun Giri and Albrecht Ott
Biologische Experimentalphysik, Universität des Saarlandes, Saarbrücken, Germany

Driven non-linearities lead to pattern 
formation. Here we study the dynam-

ics of a complex chemical system, driven 
by electric discharge that forms from a 
gas mixture of methane and ammonia in 
the presence of water. Using real-time 
mass spectrometry, we observe the gen-
eration of a primordial broth composed 
of thousands of different molecules in a 
mass range from 50 to 1000 Dalton. The 
temporal development of the primordial 
broth reveals the spontaneous emergence 
and disappearance of oligomeric sur-

factants [1]. Strong non-linearities are 
required for these aperiodic chemical 
oscillations. The phenomenon is robust 
against different gas compositions and 
concentrations, temperatures and many 
details of the experimental set-up. We 
analyze the chemical composition of the 
solution by different

methods like (high-resolution) mass 
spectrometry, NMR spectroscopy, CARS 
spectroscopy,  and gas-chromatography 
to fi nd high-reactive molecules and pos-

sible catalysts. We fi nd that oxidation and 
doping with small amounts of an active 
broth can trigger the production of the 
oligomers. We suggest that surface active 
molecules lead to phase-transfer catalysis 
in the oil/water mixture and self-organize 
to a spontaneously emerging autocata-
lytic network.

[1] E. Wollrab et al., Orig. Life Evol. 
Biosp. 46, 149-169 (2015)

Replicating codon sequences with tRNA only
Simon A. Lanzmich, Thomas Rind, and Dieter Braun
Faculty of Physics, Ludwig-Maximilians-Universität München, 80799 München, Germany

The origins of biological information 
replication constitute a major chal-

lenge for understanding the origins of life. 
Modern life employs a complex RNA/pro-
tein machinery to build proteins and rep-
licate DNA, but its early ancestors most 
probably replicated genes with a pool of 
short RNA sequences [1]. Further, even 
though DNA is replicated base by base, 
the actual genetic code consists of multi-
base codons. These codons are carried by 
transfer RNA (tRNA), one of the most an-
cient and ubiquitous biomolecules [2,3].

We present a purely thermally driven rep-
lication mechanism that selectively repli-
cates sequences of short codons. It does 
not depend on a particular base-by-base 
replication chemistry, but only requires 
the hybridization of short complementa-

ry domains. Codons are carried by mol-
ecules derived from tRNA [4]. Upon a few 
point mutations, the latter adopt second-
ary structures where the anticodon is 
framed by two stem-loops [5]. The stem-
loops of different molecules are pairwise 
complementary, such that sequences of 
strands can form supramolecular chains.

Replication of a template succession of 
these proto-tRNAs is facilitated by temper-
ature oscillations, and proceeds in three 
logical steps. (1) Strands with matching 
anticodons bind to the template. (2) Fluc-
tuations in the bound strands' hairpins 
allow for the hybridization to neighbor-
ing strands. (3) Subsequent heating splits 
the replicate from the template, freeing 
both for the next cycle. Laboratory ex-
periments show that this physical ligation 

chain reaction proceeds cross-catalytical-
ly. Template codon sequences are selec-
tively amplifi ed severalfold within a few 
temperature cycles.

[1] E. V. Koonin and A. S. Novozhilov, 
IUBMB Life 61, 99 (2009)

[2] M. Eigen et al., Science 244, 673 
(1989)

[3] J. Widmann et al., RNA 16, 1469 
(2010)

[4] J. N. Zadeh et al., J. Comput. Chem. 
32, 170 (2010)

[5] H. Krammer et al., Phys. Rev. Lett. 
108, 238104 (2012)
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Chemically driven ligation chain reaction – 
toward protein-free hypercycles in sequence space

Stefanie Leiner, E. Edeleva, and D. Braun
Systems Biophysics, Physics Department, Ludwig-Maximilians-Universität München, Amalienstrasse 54, 80799 München, 

Germany 

Which mechanism could have fos-
tered the stable emergence of 

functional sequences in an RNA world? 
Eigen's hypercycles suggests that coop-
erating replication leads to hyperexpo-
nential selection.

Hypercycle dynamics can be implement-
ed via competitive oligonucleotide liga-
tion in long-term experiments. Even un-
der serial dilution, this process enhances 
the replication of majority sequences and 
allows their spontaneous emergence from 
a random sequence pool. The hyperexpo-
nential replication arises from the com-
petitive binding kinetics of ligation: oli-
gonucleotides with long-range sequence 

correlations ligate faster through cooper-
ative hybridization. It can even counteract 
the information loss by thermodynami-
cally favored sequences. Besides oligo-
nucleotides and ligation chemistry, the 
mechanism only requires thermal cycling 
– a non-equilibrium boundary condition 
that could be provided by heat fl ow across 
pores of rock [1]. 

While proteins were used in above LCR 
experiment, our preliminary investigas-
tions show that EDC can be used in an 
in-situ activated ligation reaction at low 
temperatures [2, 3]. Numerical models 
involving the full set of rate equations 
hint towards a chemically driven ligation 

chain reaction with exponential replica-
tion dynamics [4]. Thus, we aim towards 
implementing a protein-free hypercycle 
in sequence space using EDC as condens-
ing agent.

[1] S. Toyabe, D. Braun. In Review 2016

[2] M. Jauker et al. Angew. Chem. Int. 
Ed. 2015, 54, 14559-14563

[3] Taran et al. J. Sys. Chem. 2010, 1:9, 
1-16

[4] H. Krammer et al. PRL 2012, 108, 
238104
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An out-of-equilibrium physical envi-
ronment can drive chemical reac-

tions into thermodynamically unfavour-
able regimes. Under prebiotic conditions 
such a coupling between physical and 
chemical non-equilibria may have en-
abled the spontaneous emergence of 
primitive evolutionary processes. Here, 
we study the coupling effi ciency within 
a theoretical model that is inspired by 
recent laboratory experiments, but fo-
cuses on generic effects arising when-
ever reactant and product molecules 
have different transport coeffi cients in a 

fl ow-through system. In our model, the 
physical non-equilibrium is represented 
by a drift-diffusion process, which is a 
valid coarse-grained description for the 
interplay between thermophoresis and 
convection, as well as for many other mo-
lecular transport processes. As a simple 
chemical reaction, we consider a revers-
ible dimerization process, which is cou-
pled to the transport process by different 
drift velocities for monomers and dimers. 
Within this minimal model, the coupling 
effi ciency between the non- equilibrium 
transport process and the chemical re-

action can be analysed in all parameter 
regimes. The analysis shows that the ef-
fi ciency depends strongly on the Dam-
köhler number, a parameter that mea-
sures the relative timescales associated 
with the transport and reaction kinetics. 
Our model and results will be useful for 
a better understanding of the conditions 
for which non-equilibrium environments 
can provide a signifi cant driving force for 
chemical reactions in a prebiotic setting. 

The effi ciency of driving chemical reactions by a physical 
non-equilibrium is kinetically controlled 

Tobias Göppel, Vladimir V. Palyulin, Patrick Hillenbrand and Ulrich Gerland 
Physics of Complex Biosystems, Technical University of Munich, James-Franck-Straße 1, 85748 Garching, Germany
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