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Emergence of Life in the lab?

How Darwinian evolution can emerge from scratch is one of the
fundamental questions of biology - and a major question for
humankind. The Origin of Life field addresses such a second,
biological big bang that has reshaped our own planet Earth
and possibly many others in the universe.

Biochemistry has taught us a great deal about biological
evolution and established powerful experimental methods. Yet,
the start of evolution remained a mystery. We are convinced
that focused, interdisciplinary lab experiments will be able to
recreate the emergence of life in the lab at a pace much faster
than many would expect. In the next five years, microscale
experiments based on geoscience, chemistry and physics will
hopefully create and confirm a complete hypothesis of how life
can emerge. (Fig. 1)

This sounds like a bold claim, but we think it is possible to
recreate the core processes of emergent life with a set of well-
defined and highly specific lab experiments that run on the
time scale of weeks, not thousands of years. In the following,
we will describe our current working hypothesis and why we are
optimistic to find answers to this big question. Our target is to
recreate a sustained, open ended Darwinian evolution to form
ever increasing complexity starting with a minimal amount of
only three molecules inside a plausible geological boundary
condition and without human intervention. Our approach
focuses on evolution as a molecular process that maintains
and increases its information content through feedback loops
using continuous selection and molecular recycling. Only then
can molecules be considered to become “alive” and avoid the
death of equilibration.

A minimal set of molecules maximizes the probability of the
emergence of life. At this time our experiments strongly suggest
three starting molecules: 2’,3’-cyclic GMP which self-polymerizes
in the dry state, 2',3’-cyclic CMP that co-polymerize into matrices
of polyG [1] and trimetaphosphate to trigger 2’3’ phosphorylation.
The oligomerization of mixed GC mers with a length of >10 mers
is optimal at low or zero magnesium concentration, slightly
elevated pH and 20-40°C. These conditions are almost capable
for the strands to bind to each other and form double stranded
RNA. The trimetaphosphate for phosphorylation is produced with
95% yield at 450-500°C, likely reachable in volcanic conditions
and provided as highly soluble feeding deposit.
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We targeted first the replication machinery where we found
that the core reactions for early life such as phosphorylation,
polymerization, templated ligation and physical sequence-
selection and hydrolysis surprisingly work under identical
conditions. Side products are avoided by using only mildly acti-
vated polymerization and ligation. We expect that the central
role and hence the reactive bottleneck of G polymerization can
select for chirality. Initial chirality biases in the starting pool can
be enhanced by the nonlinear concentration dependence of
polymerization and the tight base-stacking in the dry state. This
chirality selection can then by propagated to the much slower
copolymerization of the other bases C, A and U. We also explore
how the polymerization of RNA can enhance a preceding
synthesis pathway for the formation of G and C nucleosides.

The templated ligation of short strands, as opposed to base-
by-base templated polymerization is our preferred mode of
replication duetoits simple chemical and physical requirements.
When the polymerized, mixed oligomers are long enough,
templated replication will start from remaining or recycled
2’,3’-cyclic ends under the same reaction conditions on the
time scale of a day. Using the higher speed of ligating proteins,
we could show that templated ligation creates complementary
networks of sequence structures from random sequences and
offer a concentration dependent replication dynamics very
similar to Hypercycles [2, 3]. We think all of this is crucial to
prevent the informational drift towards random sequences. In
previous experiments, ligation from random sequences showed
a selection towards a smaller sequence space [4]. As the
binding of complementary sequences exponentially depends
on the sequence space, we expect a selection of the smaller
sequence space of two bases compared to the sequence space
of four or more bases.

Under the same conditions, hydrolysis of double stranded
RNA can select for 3-5-linkages over 2’-5’ linkages [5-7].
Furthermore, since the hydrolyzed sequences originated from
already selected sequences, the evolution will increasingly op-
erate within a localized sequence space [8]. In situ phosphory-
lation by trimetaphosphate will help to recycle monomers and
oligomers to maintain the active 2’,3’-cyclic phosphate end.
With longer strands emerging, ribozyme based templated
replication [9, 10] could have eventually taken over from liga-
tion-based replication.

We have shown experimentally how this chemistry is boosted
by various non-equilibrium settings provided by a thermal
gradient [11-13]. Most notably, wet-dry cycles are triggered at
an air-water interface, adjacent to a bulk volume of constant
salt concentration and pH. In the presence of a CO,-water
interface, recondensed dew droplets resulted in acidic pH and
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Fig. 1: Rocky start of RNA-based life. How can the process of life be triggered
by a chemistry that matches the physical non-equilibra of early Earth? Lab
experiments between chemistry, physics and geoscience make fast progress.

low salt cycling. Under the low Mg concentrations that also
enhance RNA polymerization, strands were found to separate
at temperatures 20-30°C lower than the melting temperature
of RNA under physiological conditions [14]. We showed that
these combined effects lead to the replication and selection
of up to 1300mers within 8 hours using a biological Taq poly-
merase as a proxy for replication [15-17].

The CO,-water interface leads to cooperative accumulation of
molecules at the warm side of the interface, triggering the
formation of RNA gels [11, 18], RNA coacervates [19], the sedi-
menting RNA agglomerates [20] and last but not the least the
encapsulation of the accumulated RNA into lipid vesicles [11],
which are likely important for protection against environmental
fluctuations and setting the stage for the evolution of self-
sustained cellular life once the directed feeding through
membranes has evolved. Additionally, thermal gradients can
also create pH gradients [21], accumulate (or deplete) salts [22]
or nucleotides [12, 23] using convection and thermophoresis
[24]. All of these experiments are made possible with state of
the art HPLC-ESI-TOF mass spectrometry, Illumina sequencing
and rapid prototyping of microfluidic settings.

We are optimistic that the interplay of the shown mechanisms
will generate Darwinian evolution from scratch. We think
that this is not so much a matter of long timespans, but the
tuned combination of physical non-equilibria with a mild and
recyclable RNA chemistry. Our goal currently is to see sufficient
polymerization in 1-2 days, sufficient templated ligation in 2-3
days and then trigger the emergence of catalytic sequences
within a week. These reactions will be optimized in separated
short term tests with varying initial conditions to be then later
assembled into week long experiments.

Crucial will be to understand the evolution dynamics by start-
ing either with fully random conditions to see what sequence
patterns emerge or to probe how the same system can maintain
a catalytic sequence that is found in the initial pool. With this,
we can estimate how long it will take the system to find these
target sequences by natural selection. By doing multiple parallel
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experiments and using pools of synthetic oligomers, we will
efficiently screen for optimal geological geometries and probe
suitable reaction conditions with high throughput. At this point,
week long microfluidic experiments under a thermal gradient
are already routinely done in our lab.

All of these experiments are embedded in a scientifically inspir-
ing atmosphere provided by highly cross-disciplinary network of
the first SFB on the Emergence of Life in Munich and the world-
wide collaboration funded by the Simons foundation. We think
lab experiments will be crucial to validate upcoming data from
extrasolar atmospheres by JWST and the precious samples that
will be returned from Mars and meteorites - not to forget the
wealth of knowledge about the early phase of our solar system
that we get from the analysis of meteorites fallen on the Earth.

We think that we live in a highly inspiring and very productive
time for Origins of Life research. We hope that cross-disciplinary
professorships for the topic will be possible in the near future to
maintain the dynamics and provide the basis for the many young
scientists that have made the recent progress of the field possible.

References

[1] A. V. Dass et al., “RNA auto-polymerisation from 2’,3’-cyclic
nucleotides at air-water interfaces,” ChemRxiv, 2022, doi:
10.26434/chemrxiv-2022-zwh2t.

[2] S.Toyabe and D. Braun, “Cooperative Ligation Breaks Se-
quence Symmetry and Stabilizes Early Molecular Replication,”
Phys. Rev. X, vol. 9, no. 1, p. 011056, Mar. 2019, doi: 10.1103/
PhysRevX.9.011056.

[3] M. Eigen and P. Schuster, “The Hypercycle,” Naturwissen-
schaften, vol. 65, no. 1, pp. 7-41, Jan. 1978, doi: 10.1007/
BFO0420631.

[4] P.W. Kudella, A. V. Tkachenko, A. Salditt, S. Maslov, and D.
Braun, “Structured sequences emerge from random pool
when replicated by templated ligation,” Proc. Natl. Acad. Sci.,
vol. 118, no. 8, p. e2018830118, Feb. 2021, doi: 10.1073/
pnas.2018830118.

[5] R.Rohatgi, D. P. Bartel, and J. W. Szostak, “Nonenzymatic, Tem-
plate-Directed Ligation of Oligoribonucleotides Is Highly Regi-
oselective for the Formation of 3‘-5‘ Phosphodiester Bonds,” J.
Am. Chem. Soc., vol. 118, no. 14, pp. 3340-3344, Jan. 1996,
doi: 10.1021/ja9537134.

[6] S.Bhowmik and R. Krishnamurthy, “The role of sugar-backbone
heterogeneity and chimeras in the simultaneous emergence of
RNA and DNA,” Nat. Chem., vol. 11, no. 11, pp. 1009-1018,
Nov. 2019, doi: 10.1038/s41557-019-0322-x.

[7] E.Y.Song, E. I. Jiménez, H. Lin, K. Le Vay, R. Krishnamurthy,
and H. Mutschler, “Prebiotically Plausible RNA Activation Com-
patible with Ribozyme-Catalyzed Ligation,” Angew. Chemie Int.
Ed., vol. 60, no. 6, pp. 2952-2957, Feb. 2021, doi: 10.1002/
anie.202010918.

[8] J.H.Rosenberger, T. Goppel, P. W. Kudella, D. Braun, U. Gerland,
and B. Altaner, “Self-Assembly of Informational Polymers by
Templated Ligation,” Phys. Rev. X, vol. 11, no. 3, p. 031055,
Sep. 2021, doi: 10.1103/PhysRevX.11.031055.

[9] D.P.Horning and G. F. Joyce, “Amplification of RNA by an RNA
polymerase ribozyme,” Proc. Natl. Acad. Sci., vol. 113, no. 35,
pp. 9786-9791, Aug. 2016, doi: 10.1073/pnas.1610103113.

155

Zurlick zum Inhaltsverzeichnis



FORSCHUNG

BUNSEN-MAGAZIN - 24. JAHRGANG - 4/2022

[10] A. Salditt, L. M. R. Keil, D. P. Horning, C. B. Mast, G. F. Joyce,
and D. Braun, “Thermal Habitat for RNA Amplification and

Accumulation,” Phys. Rev. Lett., vol. 125, no. 4, p. 048104, Jul.
2020, doi: 10.1103/PhysRevLett.125.048104.
[11] M. Morasch et al., “Heated gas bubbles enrich, crystallize, Prof. Dr. Dieter Braun
dry, phosphorylate and encapsulate prebiotic molecules,” Nat.
Chem., vol. 11, no. 9, pp. 779-788, Sep. 2019, doi: 10.1038/ Dieter Braun earned his first
$41557-019-0299-5. money in the 1980s by pub-
[12] C.B. Mast, S. Schink, U. Gerland, and D. Braun, “Escalation of lishing computer programs or
polymerization in a thermal gradient,” Proc. Natl. Acad. Sci., driving tractor. Recently, he is
vol. 110, no. 20, pp. 8030-8035, May 2013, doi: 10.1073/ learning the Cello to complete
pnas.1303222110. the family quartet. He is run-
[13] C.F. Dirscherl et al., “A Heated Rock Pore Promotes Primordial ning a W2 group at LMU in downtown Munich with mini-
DNA and RNA Polymerization,” 2022. mal university resources, but great funding from Emmy
[14] A.laneselli, C. B. Mast, and D. Braun, “Periodic Melting of Noether, ERC Starting and Advances, Simons and VW
Oligonucleotides by Oscillating Salt Concentrations Triggered foundation and has initiated the Emergence of Life SFB
by Microscale Water Cycles Inside Heated Rock Pores,” Angew. (www.emergence-of-life.de/). Two of his PhD students
Chemie, vol. 131, no. 37, pp. 13289-13294, Sep. 2019, doi: turned Origin of Life research into a Biotech and found-
10.1002/ange.201907909. ed NanoTemper whose more than 100 employees
[15] M. Kreysing, L. Keil, S. Lanzmich, and D. Braun, “Heat flux develop equipment that screen biomolecule binding
across an open pore enables the continuous replication and and perform protein quality control, paying way more
selection of oligonucleotides towards increasing length,” Nat. taxes than his lab ever spent. The Braun lab is located
Chem., vol. 7, no. 3, pp. 203-208, Mar. 2015, doi: 10.1038/ in the hidden cellars of downtown LMU. Thermopho-
nchem.2155. resis was devised in the same rooms during WWII to
[16] D. Braun, N. L. Goddard, and A. Libchaber, “Exponential DNA separate U235 from U238 - luckily without success. So
Replication by Laminar Convection,” Phys. Rev. Lett., vol. in a turn of events, these rooms now host experiments
91, no. 15, p. 158103, Oct. 2003, doi: 10.1103/PhysRev- to accumulate the molecules for life, not death.
Lett.91.158103.

[17] A.laneselli, M. Atienza, P. W. Kudella, U. Gerland, C. B. Mast,
and D. Braun, “Water cycles in a Hadean CO, atmosphere
drive the evolution of long DNA,” Nat. Phys., Mar. 2022, doi:
10.1038/s41567-022-01516-z.

[18] M. Morasch, D. Braun, and C. B. Mast, “Heat-Flow-Driven
Oligonucleotide Gelation Separates Single-Base Differences,”
Angew. Chemie Int. Ed., vol. 85, no. 23, pp. 6676-6679, Jun.
2016, doi: 10.1002/anie.201601886.

[19] A.laneselli et al., “Non-equilibrium conditions inside rock pores
drive fission, maintenance and selection of coacervate proto-
cells,” Nat. Chem., vol. 14, no. 1, pp. 32-39, Jan. 2022, doi:
10.1038/s41557-021-00830-y.

[20] A.Kudhnlein, S. A. Lanzmich, and D. Braun, “Trna sequences
can assemble into a replicator,” Elife, vol. 10, Mar. 2021, doi:
10.7554/¢elLife.63431.

[21] L. M.R. Keil, F. M. Méller, M. Kie3, P. W. Kudella, and C. B.
Mast, “Proton gradients and pH oscillations emerge from heat
flow at the microscale,” Nat. Commun., vol. 8, no. 1, p. 1897,
Dec. 2017, doi: 10.1038/s41467-017-02065-3.

[22] T. Matreux et al., “Heat flows in rock cracks naturally optimize
salt compositions for ribozymes,” Nat. Chem., vol. 13, no. 11,
pp. 1038-1045, Nov. 2021, doi: 10.1038/s41557-021-00772-5.

[23] D. Braun and A. Libchaber, “Trapping of DNA by Thermophoretic
Depletion and Convection,” Phys. Rev. Lett., vol. 89, no. 18,
2002, doi: 10.1103/PhysRevLett.89.188103.

[24] M. Reichl, M. Herzog, A. G6tz, and D. Braun, “Why charged mol-
ecules move across a temperature gradient: The role of electric
fields,” Phys. Rev. Lett., vol. 112, no. 19, 2014, doi: 10.1103/
PhysRevLett.112.198101.

156

Zurlick zum Inhaltsverzeichnis



