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Zusammenfassung

Eine zentrale Eigenschaft des Lebens ist seine Fahigkeit, Informationen zu speichern, zu
replizieren und zu Uibersetzen. Dies wirft zwangslaufig die Frage auf, wie die Replikation
auf der frihen Erde entstanden ist. Aufgrund der Fahigkeit der RNA, Sequenzinformatio-
nen zu speichern und sich zu katalytisch aktiven Komplexen zu falten, stehen ihre Replika-
tion und die Suche nach Ribozymen seit Jahrzehnten im Mittelpunkt der Forschung zum Ur-
sprung des Lebens. Effiziente RNA-Replikation, die moglicherweise zu einer darwinschen
Evolution fiihrt, und RNA-Welt-Szenarien, in denen Ribozyme mehrere chemische Reaktio-
nen katalysieren, stehen jedoch vor dem gleichen Hindernis, namlich der Blockierung der
Produkte nach einem erfolgreichen Kopierschritt in einem Produkt-Templat Komplex.

Wie konnen thermische Nichtgleichgewichte helfen, dieses Hinderniss der RNA Replikation
zu Uberwinden? Ziel dieser Arbeit ist es, zu zeigen, dass thermische Nichtgleichgewichtssys-
teme bestimmte Replikationsprozesse nicht nur unterstitzen, sonders sie iiberhaut erst er-
moglichen. Der erste Teil befasst sich mit der Frage, wie thermische Nichtgleichgewichtsbe-
dingungen den Ubergang von Pools kurzer zufalliger Oligomere zu langeren Produktstran-
gen mit einem reduzierten Sequenzraum ermoglichen. Hier werden die Auswirkungen zyk-
lischer Temperaturschwankungen auf die Ligationsdynamik zufalliger Pools von 12 nt lan-
gen DNA Oligomeren in Gegenwart einer DNA Tag Ligase untersucht. Diese Experimente
zeigen, wie unterschiedliche Temperaturbedingungen die Ausdehnung von zufalligen Pools
mit verschiedenen Sequenzraumen entweder verhindern oder ermoglichen konnen. Daru-
ber hinaus wird gezeigt, dass wenige hoher konzentrierte Sequenzen, die jeweils ihr eigenes
Replikationsnetzwerk bilden konnen, das gesamte Replikationsverhalten und die Replika-
tionsrate erheblich beeinflussen konnen. Dies zeigt, wie nur kleine Unterschiede im Aus-
gangspool verstarkt werden und zu unterschiedlichen langen Sequenzen fihren.

Im zweiten Teil dieser Arbeit werden zwei verschiedene geophysikalische Szenarien der frii-
hen Erde experimentell imitiert. In ihnen wird RNA mit Hilfe von Ribozymen repliziert.
Im ersten Fall wird eine zylindrische, komplett mit Wasser gefiillte Kammer verwendet. In
dieser Kammer werden Dank einer punktformigen Hitzequelle Temperaturzyklen erzeugt,
indem Molekiile konvektiv zwischen dem heillen Temperaturpunkt und dem kalten Auflen-
bereich der Kammer hin- und hergeschoben werden. So konnen mit Hilfe der 24-3 Ribozym
Polymerase mehrere Runden PCR-ahnlicher Replikation angetrieben werden. Gleichzeitig
wird die langere RNA selektiv weg von hoheren Temperaturen akkumuliert, wodurch die
Polymerase vor hohen Temperaturen und der damit einhergehenden Hydrolyse geschutzt
wird. Das zweiten Szenario besteht aus einer Gas-Wasser-Grenzflache in einem Temperatur-
gradienten. Inerhalb desselben Reaktionskompartiments konnen sich die Molekiile nun in
verschiedene Phasen, Salzkonzentrationen und Temperaturgradienten aufthalten. Regionen
mit niedriger und hoher Magnesiumkonzentration fihren dazu, dass sowohl Replikation
als auch Trennung von RNA-Strangen ohne kiinstliches Eingreifen moglich werden. Selbst
fur Sequenzen, die komplementar zu dem replizierendem Ribozym sunY sind, finden voll-



standige Replikationszyklen statt - ein erster Schritt in Richtung autokatalytischer Selbstrep-
likation. Daruber hinaus wird gezeigt, dass so nicht nur die die Replikation eines aktiven
Hammerhead-Ribozyms, sondern auch die darauffolgende Separation von Templat und Ko-
pie und die sekundare katalytische Reaction innerhalb der selben Kammer ermoglicht wer-
den. Dies ist ein entscheidender Schritt flir ein RNA-Welt Szenario, bei dem mehrere Ri-
bozyme diverse katalytische Funktionen parallel erfillen mussen.
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Abstract

A central quality of life is its ability to store, replicate, and translate (sequence) information.
Naturally, this provokes the question of how replication emerged on early Earth. Due to
the ability of RNA to store sequence information as well as to fold into catalytically active
complexes (ribozymes), its replication and the search for ribozymes receive abiding interest.
Efficient RNA replication is a prerequisite for open-ended evolution and RNA world scenar-
ios, where ribozymes catalyze multiple chemical reactions. However, they face the same
obstacle - the product-template inhibition after a successful copying step.

How can thermal non-equilibria help overcome this obstacle? This thesis aims to show that
thermal non-equilibrium systems not only help certain replication processes but even make
them possible in the first place. In the first part, the templated ligation of random or semi-
random pools of 12 nt long DNA oligomers by a DNA Tag polymerase is used as a model
system for early non-enzymatic replication systems. Thermal cycling, a most simple non-
equilibrium, enables templated ligation of these random pools to elongate to longer product
strands with a reduced sequence space. The employed cycling conditions critically influence
the outcome and can either hinder or promote the extension of random pools depending on
the size of their sequence space. Further, spiking the system with subsets of sequences, each
capable of forming its own replication network, alters the elongation behavior significantly.
This demonstrates how biases in the starting pool are amplified and lead to different long
sequences.

In the second part of this work, two different geophysical scenarios of the early Earth are
experimentally mimicked to accommodate replication with ribozymes. In the first setting,
a cylindrical water-filled chamber with a point-like temperature source induces tempera-
ture cycles by convectively shuttling molecules between the hot temperature spot and the
cold outer region. In this chamber, multiple rounds of PCR-like replication can be driven
using 24-3 ribozyme polymerase. At the same time, the longer RNA is selectively accumu-
lated away from higher temperatures, protecting the polymerase from high temperatures
and associated hydrolysis. In the second setting, an air-water interface in a temperature
gradient adds another level of complexity to the system. Within the same reaction compart-
ment, molecules can now reside in different phases, salt concentrations, and temperatures,
allowing different reactions, such as replication and separation of RNA strands without hu-
man intervention. Even complete replication cycles of RNA sequences complementary to
the replicating sunY ribozyme are thus possible, indicating a pathway to autocatalytic self-
replication. Moreover, this setting allows for one-pot reactions that enable replication of an
active hammerhead ribozyme, subsequent separation of template and copy, and secondary
cleavage reaction. This is a critical step in an RNA world scenario where ribozymes must
perform multiple catalytic functions in parallel.
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1 Motivation: Emergence of life as an
interdisciplinary challenge
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Figure 1.1: Becoming alive - Extrapolating back from life: a A pool of es-
sential molecules is needed to find a steady state of synthesis and decay and
to create information as a sequence of building blocks through evolution.
This mechanism was likely driven by non-equilibrium conditions. Next, the
sequence information must be sustained and selected by replication before
the strands decay. This is the basis of Darwinian evolution and essential for
the speciation as we know it. b Extrapolating back from biology gives us
information as to what early life converged to. At the same time, the geol-
ogy of early Earth provides energy sources and environments to drive prebi-
otic chemistries. Investigation of the plausible building blocks, their synthe-
sis pathways, and their interplay with the environments provides the basis
for understanding the road towards life. ¢ Every reduction in entropy must
be driven by the dissipation of energy. This applies to an early mixture of
molecules suffering from degradation and dilution as well as to the informa-
tion encoded in more complex molecules.

Traditionally, the emergence of life is told along a time axis. In short, extrapolation shows
that early forms of life presumably date back to before 3.8 billion years, giving an upper
bound for the emergence of life [1-3]. On the other hand, the moon forming impact 4.5 bil-
lion years ago induced such a drastic change of the early Earth that this event is considered
the lower bound for the emergence of life [4-7]. The subsequent cool-down of Earth over the
span of 200 million years provided reducing conditions in the atmosphere [8}|9] for the emer-



gence of the first life forms about 600 million years later [10]. However, instead of focusing
on a time axis, one can also collect the main lessons that can be learned from disciplines
contributing to the origin of life field. The overall aim is to explain how to advance from
high entropy diluted species to low entropy information-rich species to start the first steps
in creating the autocatalytic networks of living systems (see Figure [L1).

Let us start with bielogy. Phylogenetic trees are a powerful tool of biology to correlate genetic
information between species and are even used to trace back some core features of LUCA, the
last universal common ancestor [11]. However, extrapolations using sequencing [12-14] by
definition cannot tell us anything about molecular evolution and the time before proteins,
the genetic code, and ribozymes emerged. Still, phylogenetic trees show that in particular
the active site of the ribosome responsible for protein synthesis has been highly conserved.
Together with the amino acid-bearing tRNA, this hints towards an important role of RNA in
the emergence of life [15517]. An often cited hypothesis in this context is the so-called RNA
world hypothesis [18}/19]. It is based on the dual role of RNA in biology as it is not only able
to store information, determined by the order of its four basic building blocks but can also
fold into enzymatically active complexes, called ribozymes. Thus, paths towards creating
open-ended molecular evolution starting from RNA [20] or similar molecules [19,[21-26] are
highly investigated.

The field of prebiotic chemistry has achieved progress to elucidate plausible reaction path-
ways [27-32]. The aim is to find not only reactions with high yields from pure materials
but also networks of reactions that self-select toward the desired products. Recent studies
on RNA found new synthesis pathways yielding its building blocks such as purines, pyrim-
idines, and related molecules [33H36]. These reactions often start with pure materials at high
concentrations in order to avoid unwanted side products. Besides the synthesis of RNA and
protocols to drive its polymerization [37-42], the robust formation of long peptides by cyclic
addition of amino acids using sulfur compounds showed possible routes for selective pep-
tide creation [43}{44]. This is an important step towards understanding the origins of modern
protein-based metabolisms. Also, ideas about translation - making proteins from RNA - have
come to closer scrutiny with experiments [16,45H47]. Following the creation of short nucleic
acid pools, their replication by templated polymerization or templated ligation is another
challenging question. Recent studies show that non-enzymatic RNA replication, i.e., replica-
tion without a protein or ribozyme, by imidazole activation is promising [37,{40,48]. Another
approach uses EDCﬂdriven polymerization [49,50]. However, EDC tends to trigger several
unspecific side reactions that can interfere with downstream reactions [51]. Even though
many approaches have been studied, one major problem with any replication mechanism
(enzymatic or non-enzymatic, polymerization or ligation) remains - its limitation by strand
separation [52] or product inhibition [24,|53555].

Nevertheless, all these chemistries must be compatible with what geology can reveal about
the conditions of the early Earth as well as with what astrophysics can tell about the mole-
cules present at that time. The emergence of life must be placed in the context of planetary
and space science. This research is not limited to Earth but is a universal question involv-
ing early planets [56|57] with astrochemistry around an early protostar [58}59]. The search
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Figure1.2: Chemical and physical non-equilibrium settings at small scales:
a The evaporation at water ponds leads to wet-dry cycles and oscillating
salt concentrations. b Elongated, water-filled clefts can act as thermograv-
itational columns that selectively accumulate molecules when exposed to
temperature gradients. ¢ Porous rocks exposed to a temperature gradient
can lead to miniature water cycles. Drying processes due to evaporation ac-
cumulate diluted molecules at the gas-water interface, while condensation
droplets form in the gas phase. d Freeze-thaw cycles lead to changes in con-
centration due to volume exclusion. e Catalytic surfaces on particles can
trigger selective adsorption and desorption. f UV-radiation could be a mode
of early selection pressure.

for life in space also initiated missions, e.g., to Mars and the moons of Saturn [60}/61]. This
not only gives us clues on possible extraterrestrial lifeforms but also helps to unravel the
astro-geological history of Earth. As already mentioned, the cool-down of Earth after the
moon-forming impact resulted in reducing conditions in the atmosphere [8,/9]. In addition,
both fields can provide information about potential selection pressures (Figure[l.2). An ex-
ample is the selective adsorption and desorption on minerals [62]. Another very prominent
selection pressure is the exposure to UV radiation of the early sun [63H65].

Prebiotic chemistry must, at least at some point, operate in water. Its presence on the crust
of early Earth since before 4.3 billion years was shown by oxygen isotope analysis of zir-
cons [66]. However, water is a challenging environment, as dilution and hydrolysis imply
the need for high yields. This is difficult to achieve in purely chemical systems. When em-
ploying the physics of far from equilibrium boundary conditions, major challenges can be
circumvented. Chemical reaction pathways are controlled by the concentrations of reactants
and their mixing, but also temperature, pH, and salts. However, if these quantities are not



constant but change over the reaction volume and time, the resulting non-equilibrium can
be a key driver to change or maintain reaction conditions. Simple and abundant sources to
generate local non-equilibria are temperature gradients, for example provided by day-night
cycles (Figurea) l67], hydrothermal [68+70] or volcanic [71},72] activity (Figureb,c). At
millimeter scales, these lead to buoyancy-driven fluid convection resulting in temperature cy-
cles [73}|74]. In addition to convection, temperature gradients lead to thermophoresis [75-77],
i.e., the movement of molecules along the gradient. Combining both can lead to an accumu-
lation of molecules and selection of longer strands [78]. Other phoretic transports, e.g., the
movement of molecules along pH-, concentration- or salt-gradients, are expected in hetero-
geneous geological settings and can lead to elaborate effects [79].

Phase transitions and interfaces provide another interesting mode of accumulation and lo-
calized conditions. For instance, water-ice systems (Figure|l.2|d) have been shown to accu-
mulate catalytic RNA and salts in their brine regions [80] and provide long-term storage and
suitable reaction conditions [81}/82]. In addition, the formation of dew droplets upon evapo-
ration and condensation cycles of air-water interfaces exposed to temperature gradients cre-
ates attractive mixing and accumulation dynamics [83}/84]. Liquid-liquid phase separation
of more complex molecules, in the form of coacervates [85-88] as well as DNA- and RNA-
gels [89},90] is another mode of self-organization. These larger structures can also sediment
in Earth’s gravity field due to their difference in local density [47,|91] leading to interesting
effects of selection and enrichment of those species.

Finally, theoretical modeling and simulations are crucial for advancing the field. Detailed nu-
merical and theoretical models have already helped to describe fundamental qualities of evo-
lutionary dynamics [92H94], replication [95H98] and the emergence of homochirality [99,/100].

It is clear that the emergence of life on early Earth is one of today’s most puzzling scien-
tific questions, which can be tackled from many different directions. Even though life is yet
to be defined, its ability to (self-) replicate and make use of sequence information is unde-
niably one of its most striking features and, thus, a good starting point. This thesis aims to
contribute to this by studying how thermal non-equilibrium systems can aid in various as-
pects of early replication and its emergence on Earth. To this end, three research questions
are addressed, and their results are presented in chapters and[5

Is 1t possible to find long functional sequences in their vast possible sequence space?

Chapter [3| makes use of the most simple thermal non-equilibrium, i.e., periodic cycling
between two defined temperatures, thus leading to temporal changes of conditions. It ad-
dresses how these cycling conditions influence the ligation dynamics of random pools con-
cerning their sequence space. To this end, pools of 12 nucleotide long DNA oligomers in
the presence of a DNA Tagq ligase are employed as a model system for any prebiotic ligation
chemistry. Specifically, it is shown how cycling conditions can drive or inhibit the extension
of pools with various sequence spaces. Further, it is demonstrated that spiking these pools
with different subsets of sequences, each building its own replication network, can influence
the starting pools” overall replication behavior and outcome, thus limiting and biasing the
resulting sequence space.



Can ribozymatic replication be driven by realistic scenarios instead of test tubes?

Periodic cycling conditions can also be implemented in a more realistic and natural way us-
ing micro-scale water-filled chambers that are exposed to a point-like temperature source.
Interestingly, this not only results in temporal but also spatial changes in the conditions. In
chapter [4} it is shown how such a reaction compartment can drive several rounds of PCR-
like replication using the 24-3 polymerase ribozyme. In contrast to simple temporal cycling
of the overall temperature of a test tube, this setting additionally selectively accumulates
longer RNA away from the hot temperature regions. Thereby, it protects the polymerase
from temperature-induced hydrolysis.

Can non-equilibrium conditions resolve issues of ribozymatic replication to make an RNA world more
plausible?

Introducing an air-water interface in such a system leads to another level of complexity of the
non-equilibrium system. Instead of only a liquid phase, this setting provides a rich environ-
ment that allows reactions to exploit not only the liquid and the dry phases but also various
salt and temperature conditions. Chapter[f|highlights the potential of this setting to host an
RNA world scenario. As accumulation and dew cycles within this setting provide regions of
high and low magnesium concentrations at moderate temperatures, it is a promising candi-
date to circumvent the so-called ‘strand separation problem’ of early replication. Employing
replication reactions catalyzed by the sunY ribozyme, full replication cycles of sequences
that are complementary to sunY itself are demonstrated, showing a potential path towards
autocatalytic self-replication. Furthermore, the setting allows for a one-pot reaction of the
replication of an active hammerhead ribozyme and its secondary cleavage reaction. This is
central for a plausible RNA world scenario, where different ribozymes must carry out several
catalytic functions in parallel.

Chapter [f] then summarizes and connects the previous result chapters and provides an out-
look on further research possibilities. But first, the chapter[2] provides a more detailed expla-
nation of three concepts that are especially relevant to this thesis, i.e., thermal non-equilib-
rium settings, nucleic acids and their sequence space, and ribozymatic replication.






2 Fundamentals

2.1 Thermal non-equilibrium settings
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Figure 2.1: Thermal non-equilibria: Schematic representation of plausible
thermal non-equilibrium settings on early Earth. a Water-filled clefts that
are exposed to a temperature gradient can act as thermogravitational traps,
based on the interplay of convective movement (black arrows) of the bulk
and thermophoretic drift (red arrows) of solutes, e.g., nucleic acids. b Gas-
water interfaces exposed to a temperature gradient exhibit a water cycle in
the gaseous phase (CO,) of evaporation at the warm and condensation at
the cold side of the chamber. The accumulation of molecules at the warm
side of the interface is mainly driven by the capillary flow (pink arrows).
Maranghoni flow (orange arrows) and convective flow are generally too weak
to annihilate the accumulation.

Non-equilibrium conditions can offer an up-concentration mechanism which can com-
pensate for low but selective yields. In addition, those geophysical settings can act as a se-
lection pressure for emerging product species. This section provides a brief summary of
the theoretical description of the effects in a water-filled compartment and a compartment
containing a gas-water interface.

2.1.1 Water-filled compartments in temperature gradient

Any particle exhibits Brownian motion, i.e., random fluctuations of its position. The diffusive
molecular flux jg;r of dissolved particles is described by Fick’s first law:

jdif =-D-Vc (2.1)



where D is the diffusion coefficient and Ve is the concentration gradient of the particles.
Considering a water-filled vessel of any sort, this implies an equal distribution of the solutes
once thermal equilibrium is reached. This changes, however, if a temperature gradient is ap-
plied and the compartment is kept in an out-of-equilibrium state. The temperature-induced
changes in fluid density lead to a circular motion of the fluid in Earth’s gravitational field,
i.e., convection. Thus, the dispersed particles are moved along with the convective flow. The
molecular flux due to this transport can thus be written as:

—

Jeonw =V - C (2.2)

where v'is the velocity field of the surrounding water. On a microscale, the molecular details
of the interface of dissolved particles with the surrounding fluids (hydration shell) [101] lead
to thermophoresis, the directed movement of the particles along the temperature gradient.
Effectively, the resulting molecular flux can be described by:

Jther = —Dr-VT-c=—-Sp-D VT c (2.3)

where Dy is the thermophoretic mobility and S = Dy /D is the ratio between diffusive and
thermophoretic mobility. Following the conservative form of the continuity equation for the
concentration of the particles leads to:

0 - o o
jz_v' (jdif+jconv+jther) :DAC+DSTV(VTC)_V(UC)

ot
=D-Ac+D-Sp-VT-Ve—5-Ve (2.4)

Here, AT = 0 for a linear temperature gradient and V - ¢ = 0 for incompressible fluids was
assumed.

2.1.2 Air-Water Interfaces in temperature gradients

Introducing an air-water interface to a thermal system triggers various effects (see Figure[2.1).
Even so, already without a temperature gradient, the evaporation of water from a liquid-gas
interface leads to the so-called ‘coffee-ring’ effect. It refers to an increased concentration of
dried material at the edge of the liquid-gas interface on a solid boundary due to the transport
of dissolved material. This transport is induced by the capillary flow towards the evaporation
regime at the edges. Applying a temperature gradient across this interface leads to enhanced
evaporation at the warm side of the interface. Instead of a symmetric capillary flow towards
all edges of the interface, it now points from the cold to the warm side of the interface.

Several other effects are triggered by the temperature gradient. First of all, convection of
the liquid bulk phase is triggered. As described before, convection is triggered by the tem-
perature dependence of the density of any fluid in a gravitational field. In contrast to the
capillary flow, the convective flow points from hot to cold at the interface.

Additionally, a gradient in surface tension at the interface induces the so-called Marangoni
flow. The flow field points towards increasing surface tension, thus, leading to the same net
flow from the warm to the cold side at the interface as the convective flow. Gradients in
surface tension in these systems are most commonly caused by a gradient in temperature
or concentration. However, the presence of surface active agents, such as surfactants, can



significantly alter the relative strength of the Marangoni flow, up to the point of suppressing
the coffee-ring effect [102].

The interplay of these effects leads to a net accumulation at the warm side of the air-water
interface that is specific to the parameters of the environment (dimensions, temperatures,
etc.) as well as the molecules [103]. In this thesis, the setup of the air-water interface sys-
tem (AWI-system) is chosen such that thermophoresis plays a minor role. However, previous
work has also combined interfaces with a thermogravitational trap to boost accumulation
while enabling polymerization reactions in dry-wet cycles [104].

Apart from the liquid phase, the gas phase also shows a non-equilibrium behavior in the
form of evaporation-recondensation cycles when exposed to temperature gradients. Here,
the evaporation of water at the warm side of the air-water interface results in an overall de-
crease in the level of the interface. This leads to the drying of the accumulated material on
the warm side. The water vapor is shuttled again via convection to the cold side, where it con-
denses and forms dew droplets of pure water, i.e., droplets without salts [83]. When exposed
to CO,-rich atmosphere, CO, dissolutes into droplets, leading to their acidification [84]. As
they grow large enough, the dew droplets fall back into solution. This causes the interface to
move, upon which the dried material gets dissolved and transported back into the solution.
Instead of raining back into solution, a droplet, when large enough, can also rearrange due
to surface tension such that it touches both sides of the compartment. In case of close prox-
imity to the surface, these rearranged droplets can dissolve the dried material.

AWTI-systems have been proven advantageous as already small temperature differences of
5- 10 °C trigger significant non-equilibrium effects.

2.2 Replication and sequence space of nucleic acids

DNA and RNA are built up from a successive strand of nucleotide monomers consisting of a
nucleobase, a five-carbon sugar (ribose for RNA or deoxyribose for DNA), and a phosphate
group. The five canonical nucleobases are adenine (A), cytosine (C), guanine (G), thymine
(T), and uracil (U), where T is exchanged by U in RNA, whereas A, C and G are used in both.
A nucleic acid sequence is then defined as the successive chain of nucleotides of certain
length I, which can bind to its complementary sequence in a 1:1 manner, i.e., Gto Cand A to
either T or U. Thus, nucleic acids can either be present in single-stranded form (ssXNA) or
as a double-stranded complex (dsXNA) appearing as the famous double helix.

In today’s biology, the main role of nucleic acids is to store and translate information given
by the sequence. From an origin of life perspective, it is natural to ask how information
emerged and, when so, how it could be preserved. It seems plausible that some polymer-
ization mechanisms lead to a pool of oligomers of various lengths and sequences [104,/105].
Within such a pool, the potential number of different sequences for a certain length [ is 2!,
where z is the number of different bases, e.g. 4 or 2. The information contained in some tem-
plate sequence could presumably be copied by some non-enzymatic replication reactions
employing either of the following two mechanisms: a base-by-base addition on the template
(templated polymerization) [37}[38}/106] or the addition of oligomers on a template (templated



ligation) [51}91},{107-H109]. However, the copying rates of replication of these non-enzymatic
replication scenarios are small compared to replication scenarios of the RNA world hypoth-
esis employing catalytically active RNA structures (ribozymes).

To spontaneously find such a small subset of active sequences in the vast potential sequence
space is highly unlikely and subject of current research. Specifically, replication by tem-
plated ligation proves to be an interesting evolutionary strategy as its cooperative behavior
provides a self-selection mechanism [110] and leads to a structured sequence space with a re-
duced entropy for the emerging longer strands [111]. The longer strands can grow via several
mechanisms defined by the interplay of dissociation and extension [98]. This collective emer-
gence starting only from mononucleotides and short oligomers was studied in silico with a
mean-fleld [98] as well as an explicit sequence dependent [112] approach. Additionally, sim-
ilar reaction setups could potentially enhance the accuracy of the copied strands by kinetic
error filtering in which stalling due to faulty incorporation of bases inhibits the completion
of the copy when limiting the reaction times [113]. However, in the described in silico studies,
only intermolecular base pairing was considered, leaving the emergence and influence of
structure due to intramolecular base pairing an open question.

2.3 Ribozymatic replication

In addition to non-enzymatic replication mechanisms, enzymatic replication via catalyti-
cally active RNA structures (ribozymes) plays a major role in the research of the emergence
of early replication and life. The research on enzymatically active nucleic acid structures was
kick-started by the discovery of a ribozyme at the core of the ribosome, the key molecule of
modern translation [114]. It is widely conserved across all life forms and has been called the
'smoking gun’ of the RNA world hypothesis [19,81]. Another prominent example from biology
is the ribonuclease P (RNase P), which is a ribozyme that cleaves a precursor RNA sequence
atthe 5 end of tRNA [115[116]. Since then, significant effort has been made to create the short-
est possible catalytically active RNA [1174122]. However, ribozymes with more complex func-
tions such as replication seem to require a sequence length above 160 nucleotides [123-126],
which poses a problem for their spontaneous emergence due to the small probability of find-
ing them in the vast, accessible sequence space, which would amount to 4190 = 2.1 . 10%
different sequences, a number bigger than estimates for the total count of particles in the
observable universe (=~ 10%Y). In this regard, very interesting pre-evolutionary strategies em-
ploying ligation reactions (see previous section) are being explored [48}|81},/109,/111}|127]. Note
that DNA, although less likely, is also capable of folding into catalytically active structures,
so-called DNAzymes [[128].

Apart from the already mentioned examples, several other classes of ribozymes have been de-
scribed, one of which are small ribozymes capable of reversible RNA cleavage and ligation re-
actions [129]. Prominent examples of this class are the hammerhead and hairpin ribozymes.
The reaction takes place at a sequence-specific cleavage (or ligation) site of the phosphodi-
ester bond via a transition state of a cyclic 2’,3-phosphate. More specifically, for the cleavage
reaction, the 2-hydroxyl group gets ‘activated’ via a general base B, i.e., the general base re-
moves the proton. The resulting 2-0 attacks the adjacent phosphate. A general acid A then
donates a proton to the 5-oxyanion leaving group, leading to a cyclic 2’,3-phosphate group
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and 5-0 ends of cleaved sequence products [129,/130]. In the ligation reaction, the roles of
A and B are reversed and assist the attack of the 5-O nucleophile on the phosphate of the
cyclic phosphate. Tt is very likely that specific nucleobases, dictated by sequence and sec-
ondary structure, act as general acids and bases, leading to the rate enhancement of the
reactions.

Self-splicing introns (group I and group II), as well as RNase P, comprise a group of large
metalloribozymes [81,|130]. Metalloribozymes catalyze reactions by employing site-specific
metal ion cofactors, most commonly Mg?*. In general, the required concentrations of mag-
nesium are quite high. Still; they can be reduced by the presence of RNA chaperone pro-
teins. This allows functionality in intracellular conditions even at concentrations of free
Mg?* of approximately 1 mM [81,[131]. Group I introns catalyze splicing reactions by a two-
step transesterification mechanism. It is initiated by an exogenous molecule of guanosine
or guanosine triphosphate and employs a nucleotide binding site, a nucleophilic attack, and
metal-ion catalysis [132]. In the first step of this transesterification, the exogenous guanosine
(or guanosine triphosphate), bound by the intron, cleaves the splice site and is covalently at-
tached to its 5’ end. It then undergoes a conformational change, in which a guanosine at the
introns 3’ end replaces the guanosine at the binding site. The previously cleaved-off 5" exon
then attacks and cleaves the 3’ splice site in the second step of the transesterification. This
results in the two exons being ligated while the intron is excised from the original sequence.
In the case of group II introns, the 2-hydroxyl of specific adenosine attacks the splice site at
the 5" end of the intron. This leads to an intermediate state of a branched lariat-like confor-
mation. Also, the cleaved 5 exon attacks the splice site at the 3" end of the intron, leading
to the ligated exons and an excised intron [132]. Interestingly, while the described pathway
catalyzes reaction in cis, introns can be engineered to ribozymes that catalyze ligation or poly-
merization reactions in trans.

In general, RNA (to an extent also DNA) catalysis can manifest through several mechanisms
[81,130]. Ribozymes can, for example, catalyze general acid/base reactions either by enhanc-
ing nucleophilicity through deprotonation or by stabilizing leaving groups by protonation.
Other ribozymes employ non-covalent interactions such as hydrogen bonding or electro-
static interactions to stabilize transition states or are able to guide the formation of active
conformational states.

SELEX (Systematic Evolution of Ligands by Exponential Enrichment) experiments [133}/134]
are in vitro selection experiments that have been the mode of choice for hunting long ri-
bozymes for RNA world scenarios and for determining fitness landscapes of sequences [135-
137]. Particular focus is placed on the search for ribozymes that are able to copy sequences of
general templates. The 'class I ligase’ was one of the first RNA replicases that was evolved by
in vitro selection experiments [138,/139]. Ancestors of this ligase ribozyme were also able to
catalyze polymerization reactions with improving fidelity and sequence generality [123][125|
140]. Especially, the 24-3 polymerase ribozyme [125] provides a significant advancement of
sequence generality in copying while maintaining a high level of fidelity. This general feature
is essential for the search of replicases as substrate promiscuity of every attached monomer
on template base, i.e. low fidelity, is highly undesirable, while substrate promiscuity with
respect to the template itself is necessary for copying a variety of different sequences [141].
Other ways of improving sequence generality employ extension using trinucleotide triphos-
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phates instead of NTPs [142] or cross-chiral polymerases [143].

So far, most in vitro selection experiments have been performed in optimized reaction buffers
at moderate to high concentrations of magnesium, crowding agents, and close to neutral
pH. However, physico-chemical parameters such as the pH, type and concentration of ions,
temperature, and the presence of other molecular species can alter catalytic activity signif-
icantly [144,|145]. Not only do they play a huge role in the catalytic performance of known
ribozymes (with a given sequence), but can also change the sequence requirements [146] and
secondary structure [147,[148] for catalytic activity. A detailed review of ribozomatic replica-
tion with respect to the constraints provided by these parameters and the importance of
exploring more reaction conditions was published by Le Vay et al. [81]. The following para-
graphs provide a short summary of the pH, ion, and temperature dependence.

Since the phosphodiester backbones of nucleic acids are highly negatively charged, the pres-
ence of cations is required to stabilize duplexes. Many divalent ions, e.g. Ca?* or Fe?* but
also monovalent ions such as Na* are able to drive RNA folding into native-like conforma-
tions when present in high enough concentrations [149,/150]. For catalytic activity, however,
site-specific metal ion cofactors, most commonly Mg?*, are required [144,[151]. While en-
hancing the activity of ribozymes, especially divalent, and even more so trivalent, metal
ions lead to two well-known problems in replication scenarios. First, they promote RNA
degradation, especially at high temperatures leading to reduced RNA half-lives of down to
minutes [152]. Second, they lead to increased stability of the product-template duplex, pre-
venting multiple rounds of replications [52].

Temperature critically influences the stability of folded RNA structures and impacts the re-
action rates. In principle, the reaction rate increases with increasing temperature. However,
this trend is limited by denaturation at higher temperatures, first by dehybridization and,
with even higher temperatures, eventually by hydrolysis. Note that the individual melting
points and the temperature-dependent reaction and hydrolysis rates strongly depend on the
sequence and the ions present in solution [81].

The last critical parameter discussed here is the pH of the bulk solution. The pH influences
catalytic activity on multiple levels. Similar to temperature, the stability of nucleic acids de-
pends also on the pH, where low pH leads to denaturation due to hydrolysis of RNA [153] and
depurination of DNA [154], respectively. Additionally, the protonation of base pairs of G and
C at low pH reduces the number of hydrogen bonds, resulting in destabilized duplexes [155].
As the 2-OH of RNA aids in base-catalyzed hydrolysis of the backbone at high pH, RNA ex-
hibits a stability maximum at pH 4-5 [153]. Further, depending on the employed mecha-
nism of catalysis, ribozymes show different pH dependencies, ranging from a bell-shaped
dependence [156] in the case of or a log-linear relationship in the case of the large metallori-
bozymes [157,[158].

Interestingly, changing the condition of the in vitro selection leads to rapidly adapting ri-
bozymes. Employing directed evolution, ribozymes have been evolved to work at a different
optimal pH region [159H161] or to be thermally stable at higher temperatures [146}/147]. Start-
ing from random libraries, different sequences and structural motifs were isolated depend-
ing on the pH and the type of metal cofactor included in the selection experiments [148].
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3 Sequence space influences the ligation
dynamics of random pools

Summary

For the emergence of long and potentially functional sequences, pools of short oligomers
had to be efficiently elongated. Instead of replicating sequences in a base-by-base manner,
replication by templated ligation provides an elongation mechanism that not only elongates
very efficiently but also leads to a reduction of the sequence space of the elongated pool.
To this end, a simple model system for a prebiotic chemistry, i.e., the ligation of pools of
DNA oligomers with a Taq ligase, is employed. The first part of this chapter discusses the
influence of the sequence space on the parameters that govern the elongation behavior of
12 nt long pools. Depending on the sequence space, the same cycling conditions can either
hinder or promote efficient elongatior} In the second part, experiments with a reduced set
of 12 nt long oligomers are characterizedE]. Additionally to describe the influence of reac-
tion parameters such as cycle number, ligation time and temperature, the starting pools are
biased (spiked) with subsets of sequences each building different types of replication net-
works. PAGE analysis and Illumina sequencing show how these networks of sub-sequences
can completely dominate the elongation behavior of the complete pool.

'The first part of the work presented in this chapter contributed to the publication by Kudella et al. [111] in
PNAS
Authors: Patrick Kudella, Alexei V. Tkachenko, Annalena Salditt, Sergei Maslov and Dieter Braun

The second part is based on ongoing collaborative work together with Julio Cesar Espinoza Campos, Ulrich
Gerland and Dieter Braun to match experimental results and a detailed numerical simulation, which includes
sequence-specific binding and folding model.
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3.1 Introduction
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Figure 3.1: Evolution of replication: The emergence of long active RNA com-
plexes is of critical importance for the hypothesized RNA world. A potential
path of molecular evolution towards ribozymes would start from a mixture
of bases, sugars, and monomers that polymerize into a pool of short ran-
dom oligomers. Some selection mechanism could then filter out the active
sequences capable of catalysis from a pool of pre-selected sequences. Tem-
plated ligation is a promising candidate to reduce and pre-select a pool of
longer sequences.

While the primary focus of this thesis revolves around ribozymatic replication (see chap-
ters [4 and [f), this chapter delves into the process of templated ligation of random pools.
Studying the emergence of long strands from a starting pool of random or semi-random se-
quences is of general interest for the plausibility of an RNA-world scenario as it remains an
open question how these long functional sequences emerged (see Figure[3.1). Simple abiotic
polymerization reactions on early Earth would have resulted in a complex mixture of short
oligomers with various sequences and lengths [162]. However, understanding the transition
between the mixtures of polymerization products to specific long functional sequences re-
mains an open question. This is mainly due to the exponential dependence of the sequence
space on length.

Ribozymes that are able to replicate generic RNA sequences are generally of lengths around
180nt [123}/163]. Even though shorter ribozymes of 20-40 nt length exist [164], their function-
ality is highly limited. Due to the vast potential sequence space, it seems highly unlikely
that nature just spontaneously found’ these longer strands. The sequence space of a 180mer,
for example, would amount to 480 ~ 1019 a number exceeding the estimated number of
~108 atoms in the observable universe by several orders of magnitudes. Thus, the transition
from short oligomer pools to long functional ribozymes requires an elongation mechanism
with a simultaneous reduction in sequence space [96]. To this end, templated ligation is a
promising replication mode as it relies on the Watson-Crick base pairing of two fragments
that are complementary to a template strand, thus transmitting sequence information from
the template to the copy. At the same time, it retains a memory effect of the starting pool.

A ligation reaction can occur if the fragments are bound on the template in direct proximity.
Employing some condensation chemistry, they can be covalently linked, therefore replicat-
ing the sequence information of the template strand. To avoid dead-end duplexes and gain
the possibility of molecular evolution, the system needs to be kept out of thermal equilib-
rium. Periodic temperature cycling, similar to conditions employed for polymerase chain
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reactions (PCR), is a simple means to provide a thermal non-equilibrium. The cycles between
a low temperature, where strands are bound and ligated, and a short temperature spike to
induce melting can lead to multiple rounds of elongation. On early Earth, periodic changes
between conditions for ligation and melting could have been provided by non-equilibrium
settings such as laminar convection induced by temperature gradients across water-filled
rock pores [165}/166] or local changes of pH at air-water interfaces induced by rainfall [84}[167].

Experimentally, such a reduction in sequence space has been shown recently for a start-
ing pool of 12 nt long strands with random sequences with a binary alphabet [111]. When
exposed to periodic temperature cycling, it evolved into multimer pools with a reduced en-
tropy by means of template ligation. This chapter highlights the effect of an effective dilution
in sequence space and how it can hinder the system from displaying longer sequences. De-
pending on the sequence space of an initial pool, the same cycling conditions can either
promote an elongation behavior, transitioning the system to an autocatalytic regime, or hin-
der elongation, leaving the system in a monomer-dominated regime. Further, it is discussed
how spiking the stating pool, i.e., increasing the concentration of specific sequences or a
subset of sequences, can influence the overall ligation dynamics and outcome.

3.2 Results

3.2.1 Influence of sequence space on the ligation dynamics
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Figure 3.2: Experimental conditions for the ligation reaction starting from
random pools: a Starting from a pool of 12mers with (semi-) random se-
quences, the first ligation reactions are templated by the 12mers themselves
producing longer sequences. The resulting sequences can, upon tempera-
ture cycling, dissociate and further participate in ligation reactions. b The
reaction is run for a total number of xN cycles. One cycle unit is defined by
the ligation (7j;y, purple) and melting temperature (T}, orange) and their
respective durations (fj;; and tpel).

To model prebiotic ligation reactions, pools of 12 nt long DNA oligomers with various se-

quence spaces are ligated by a Tag polymerase, as described in Kudella et al. [111},/168] (for de-
tails on the preparation of the experiments, see section|3.4.2). The random or semi-random
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starting pools are exposed to periodic temperature cycling, after which the resulting length
distribution is analyzed by polyacrylamide gel electrophoresis (PAGE) (see section [8.4.6). In
the initial ligation reactions, the 12mers act as both template and ligation substrates, with
two strands being hybridized onto a third one, acting as a template. When the substrate
strands are in direct proximity, they are covalently linked (ligated) by the Tag DNA ligase
(see Figure a). In subsequent rounds of replication, those elongated strands can then
participate in the reaction via various elongation modes, e.g., acting as template [98]. To
overcome product-template inhibition and to keep the system in an out-of-equilibrium state,
the reaction undergoes repeated rounds of temperature cycling (see Figure [3.2]b) between a
dehybridization temperature Ty,.; to induce melting of duplex conformations and a ligation
temperature Tj;, to allow hybridization and a subsequent ligation step. The overall runtime
of the experiment is governed by the number of cycles, denoted as xN, the ligation time #;, ,
as well as the dehybridization time ¢,,0;. Evidently, an elongated pool can only emerge if
ligation reactions occur, which take place with a ligation rate ky;,. In addition, the hybridiza-
tion kon and dehybridization rate kg are crucially influencing the overall rate of extension
as the ligation step can only occur while the two substrate strands are bound to a template
in a ligation complex. For the right parameter set, this type of reaction setup in thermal
non-equilibrium cycling can lead to an elongated pool of oligonucleotides with lengths of
multiples of 12 nt, overcoming a monomer-dominated state.

The sequence space of the starting pool is given by 2!, where [ is the length of the oligomers
and z the number of bases of the used alphabet. For the case of DNA, the possible bases are
adenine (A), cytosine (C), guanine (G), and thymine (T), leading to z = 4. This would result
in a vast sequence space of 4'2 = 16777216 when considering 12mers (see Figure3.3). One
way of limiting the sequence space is by reducing the length. Experimentally, this approach
is constrained by the requirements of the Tag DNA ligase, which needs approximately a 6 nt
overlap in order to efficiently ligate the strands. Thus, an easy way to reduce the apparent
sequence space while obeying these restrictions can be to limit z to a binary alphabet (A, T).
The accessible sequence space then collapses to 212 = 4096.

# of Seq ATr ATCGr

64 [——— 21212 w 26 @43

Figure 3.3: Influence of length and number of bases on the sequence space:
Even small changes in length or alphabet can have a drastic influence on
the size of the sequence space of the starting pools. Considering 12 nt long
oligomers, the full sequence space for DNA (z=4) is given by 16777216 se-
quences. Limiting the alphabet to a binary case (AT only) leads to a drastic
reduction to only 4096 possible sequences. This number is further reduced
to 64 by introducing reduced complexity sets (RCS) with double bases.

OonE>B

However, 4096 sequences are still a challenging number of sequences, especially when at-
tempting to compare experimental results with detailed numerical simulations. Thus, a way
to even further reduce the sequence space is to introduce the concept of 'virtual bases’, i.e.,
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multiples of the same nucleobase in a 12 nt long sequence. Doing so leads to several possi-
ble reduced complexity systems (RCS). If the virtual base consists of 2 actual nucleobases,
26 = 64 different sequences can be obtained. Similarly, in the case of 3, 4, or 6 equal bases,
the sequence space would account for 24 = 16, 2% = 8, or 22 = 4 sequences, respectively. An
example of a reduction in the case of double bases is the sequence AATTTTAATTTT in real
space’, which would correspond to ATTATT in 'virtual space’.

Whether the system can overcome the monomer-dominated state is determined by several
parameters. First, for a given overall pool concentration, e.g., 10 uM, different sizes of the
sequence space lead to different concentrations per strand. For 12mer pools with either a
binary (AT only, z=2) or the full four-letter (z=4) alphabet, the concentration per sequence
would then amount to 2.44 nM and 0.000596 nM, respectively. Similarly, this influences the
timescales of hybridization, i.e., the time for two (partially) complementary sequences to
find each other (see Figure[3.4). The timescale is influenced by a standard on-rate, the total
concentration of the oligomer pool, and the sequence space and can then be estimated as
follows:

P

po (3.1)
k'g;{b * Crotal

The standard on-rate of hybridization is assumed in the literature to be 1 (uM s)~! [111}]169-
172]). Given a total pool concentration of 10 uM, the time a 12mer needs to find its fully comple-
mentary sequence in the random binary pool would take around 410 s. This time drastically
increases to 19 days for the full four-letter random pool.
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Figure 3.4: Estimation of hybridization timescales for differently sized se-
quence spaces: For the same overlap length of either 6 nt or 12 nt, the esti-
mated times for a complex to form vary drastically for pools with a binary
or four-letter alphabet. Finding the fully complementary partner would take
about 410 s for the binary random pool (212), compared to 19 days for the full
four-letter random pool (412). However, for ligation reactions, the first colli-
sion (one fragment bound on a template) ideally is 6 nt, reducing the times
to 6 s and 410 s for the binary and the four-letter pools, respectively. All cal-
culations assume an on-rate ko, of 1 (uM s)~! following [111].

However, rather than the fully complementary sequence, only a partially complementary
sequence with a binding site of 6 nt is needed to initiate the ligation step. Instead of only one
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possibility, the number of sequences for potential binding partners increases to 64 in the case
of the binary alphabet. This results in an approximate timescale of 6 s for two strands to find
each other. Of course, the real case is significantly more complicated, as neither the bind-
ing position of the 6 nt on the template nor the complexity due to a three-body collision are
considered in this calculation. Experiments have shown that ATr pools only display longer
oligomers for a ligation time of #};,>30 s, whereas no product strands emerge for #;;,=10 s. Still,
these calculations provide an estimate for the ligation time needed in order to transition out
of the monomer-dominated regime. Equivalently, the timescales for a sequence of the RCS
to find its binding partner are even further reduced to 6 s for the fully complementary case
and 0.8 s for a partial overlap of 6 nt.

These estimations provide a guideline for the experimental setup for the ligation time needed
to obtain an elongated pool. The next sections show that by varying the conditions reported
for the ATr pool [168], longer products can indeed emerge for ATGC random pools. The in-
fluence of the sequence space on the ligation behavior is further investigated by employing
the reduced complexity pools.

3.2.2 ATGC random pools
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Figure 3.5: Elongation of 12mer ATGCr pools: a Keeping the same reaction
parameters as for the elongation of the 12mer ATr pool does not lead to any
elongation of the ATGCr pool. b Increasing t,to 20 min and running the
reaction for a total of 70 cycles (approximately 1 day) still does not yield any
elongated product. ¢ With an increased ¢j;;0f 20 min and a total runtime of
500 cycles (approximately 7 days), the ATGCr pool was able to elongate.

Maintaining identical reaction conditions as for the AT random starting pool while expand-

ing the sequence space to the full ATGC random starting pool yielded no product formation
for ligation temperatures between 25 °C to 50 °C (see Figure[3.5|a and reference [111]). This

18



outcome aligns with the predictions made through the calculations to estimate the hybridiza-
tion timescales, as the estimated lower bound for the time it takes to form a ligation complex
is 410 s, which is larger than the ligation time of 120 s. Anticipating, based on the calcu-
lations, that a longer hybridization time is needed for the ligation complexes to form, the
ligation time #;;was increased to 20 min. However, running the experiment for 70 cycles (ap-
proximately 1 day) still did not yield any product (see Figure[3.5/b), suggesting that a longer
overall running time was needed. Indeed, increasing the running time to 500 cycles (approx-
imately 7 days) led to the formation of longer oligomers (see Figure[3.5c).

As the ligation reaction depends on the total concentration of the pool, concentrations of
5 uM and 20 uM were screened for the ATGC random pool. After two days of reaction time
(=140 cycles), only the 20 uM exhibit products, whereas the 5 uM pool does not yield any
product. However, after 6 days, also the 5 uM pool shows products, suggesting that the over-
all concentration is high enough to find hybridization partners within the given ligation time
t1ig of 10 min, 15 min, and 20 min.
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Figure 3.6: Concentration and reaction time screen for ATGCr pool: a PAGE
analysis of the 20 uM ATGC random pool shows up to 60mers for all three lig-
ation times (10 min, 15 min, 20 min) after 7 days of thermal cycling. The first
24 nt long product strands are already visible after 2 days. b The 5 uM ATGC
random pool shows no elongation for total reaction times of 2 days. How-
ever, products emerge after 7 days of thermal cycling. ¢ The concentration vs.
length distribution of the 20 uM pool (t};,=20 uM) reveals a non-monotonous
length distribution for longer reaction times as the concentration builds up
at the dimer level (shoulder).

These findings demonstrate the potential of the fully random ATGC pool to transition out of
the monomer-dominated regime, given the right reaction parameters. However, sequencing
remains challenging, as the current approach for distinguishing accurate reads from back-
ground noise relies on the unique characteristic of sequences comprising a binary AT alpha-
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bet (see section and [168]). Notably, PAGE analysis of the elongated ATGC pool reveals
merged or shoulder peaks in the product spectra. This suggests that the product band of a
specific length is divided into sub-bands enriched in subsets of bases due to the distinct run-
ning patterns of sequences of equal length, enriched in specific bases or evenly distributed
in base composition. Similar to the division into A- and T-type of the product peaks in the
AT random pool, this indicates a non-random distribution of product sequences in the ATGC
random pool. However, further insight into the sequence space of the products is needed to
confirm this hypothesis.

3.2.3 Reduced complexity system

Several reduced complexity sets are possible for 12 nt long strands, i.e. RCS-x4 with a virtual
base length of 6 nt, RCS-x8 with a virtual base length of 4 nt, RCS-x16 with a virtual base
length of 3 nt, and RCS-x64 with a virtual base length of 2 nt. The advantage of the reduced
complexity sets is the possibility for directly comparing elongation behavior between exper-
iment and detailed simulation (based on the simulation described in [98]) while keeping
experimental and computational time at a reasonable scale. In this and the next subsection,
several parameters for the different reduced complexity sets are screened to provide detailed
experimental data to verify the computational mode]ﬂ.

Due to the ambiguous nature of the reduced complexity system, it is important to specify
the employed nomenclature:

- Pools The reduced complexity pools are always denoted as 'RCS’ followed by the 'xYY’,
where 'YY’ is the respective size of the sequence pool, i.e. 4, 8, 16, or 64.

- Length distribution The monomers of the experiment are still the 12 nt long ligation
substrates. Thus, the gels are labeled with the respective (real’) lengths. However, dif-
ferent levels of ligation are often described as xN’, i.e., x1 for monomers, x2 for dimers,
etc.

- Sequences and Illumina sequencing Sequences are always written in 'virtual space’
for better clarity. Similarly, all sequence analysis is shown for the reduced case. Again,
this course grains the information to the important features and later on allows for an
easier comparison with simulated results.

As the reduced complexity sets have significantly smaller sequence spaces than the AT ran-
dom pools, the concentration per strand is naturally higher. Thus, compared to the AT ran-
dom and ATGC random pools, elongation products are expected even for "harsher’ reaction
conditions such as short ligation times or extreme temperatures. Figure[3.7shows the length
distributions for all RCS systems with total concentrations of 10 uM, 5 uM, and 2.5 pM for
various Tj;g(30 °C, 40 °C and 50 °C). The reactions were run for 200 cycles. All remaining
parameters were kept similar to the AT random reaction conditions (t;;;=120 s, t1,¢1;=20 s,
Treli=75 °C). The emergence and amount of product strands are directly connected to the
ligation complexes’ occurrence, concentration, and half-time. To this end, Tj;, is a crucial
parameter that directly influences the emergence of ligation complexes, as the hybridization

*The computational model is based on [98] and is currently expanded by the Gerland group to include explicit
sequence and folding information.
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of oligomers depends on the binding energy. Thus, the higher the temperature of the system
is, the higher the number of hybridized bases that are needed to form stable complexes.
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Figure 3.7: Ligation temperature and concentration screen for the re-
duced complexity systems: PAGE analysis for RCS-x4, RCS-x8 and RCS-x16
with a total concentration of a 10 uM, b 5 uM, ¢ 2.5 uM. d PAGE analysis for
RCS-x64 with total pool concentrations of 10 uM, 5 uM and 2.5 pM.

Products are visible for all reduced complexity systems for ligation temperatures of 30 °C
and 40 °C. When run at 30 °C, the pools generally exhibit shorter products than at 40 °C. This
is due to the higher dissociation probability of short double-stranded complexes at 40 °C,
which in turn frees them to act as 1igation substrates for longer products. As 50 °C is above
the melting temperature (see section[3.4.4), no products are expected. However, if the overall
concentration is high enough, longer products emerge at 7j;;=50 °C for the RCS-x4 and RCS-
x8 pools. In that case, the concentration per strand is high enough such that some ligation
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complexes are formed and ligated with low probability. Due to the high ligation temperature,
those complexes quickly dissociate. Similar to the 40 °C case, they are then free to produce
even longer product strands.
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Figure 3.8: Length distributions for ligation temperature and concentra-
tion screen: a The exemplary fluorescence trace from PAGE analysis shows
clear peaks for short product strands but a blurred product band for long
oligomers. The dashed line indicates this transition (in this case 180 nt). For
oligomers of shorter lengths, the peaks are integrated individually. Alllonger
products are integrated together, leading to an increased concentration for
the last peak. b The RCS-x4 shows products for all temperatures at a pool
concentration of 10 uM. For low Tj;,(30 °C), short to intermediate lengths,
whereas for high Tj;,(50 °C), long products dominate the distribution. Inter-
mediate temperatures (40 °C) show the highest concentration of products for
the complete length range. Reducing the pool concentration to 2.5 uM shifts
the length distribution towards the high-temperature behavior with a lower
concentration of short products already at 40 °C. ¢ For larger sequence spaces
(here RCS-x16), the temperature dependence shows the same trend. How-
ever, high temperatures show no product bands.

The concentration vs. length distributions are obtained from the integration of the peaks
visible in the fluorescence trace (see Figure|3.8|a). For traces that exhibit merged product
strands of long product strands, this region is integrated as a single peak. This leads to an in-
creased concentration for the last length in the length distributions but needs to be included
for normalization. The dependence on the ligation temperature is exemplary shown for the
RCS-x4 system in Figure(3.8/b. The length distribution shows the highest overall concentra-
tion of products for 7j;,=40 °C. Note the difference of the distributions for 30 °C and 50 °C,
with 30 °C showing a significantly higher amount of (short) products than 50 °C. However,
above 108 nt this behavior is inverted. The other reduced complexity systems show a similar
dependence. For the RCS-x16 at a pool concentration of 10 uM, for example, this transition
takes place already for Tj;;=30 °C and 40 °C (see Figure c). Below 48 nt, higher product
concentrations are detected for 7j;;=30 °C, whereas Tj;;=40 °C shows higher product concen-
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trations for products longer than 48 nt. Tj;,=50 °C shows no products. All remaining length
distributions are shown in the appendix (see Figure|3.19).

The overall pool concentration also influences the length distribution. Following equation
lower overall pool concentrations lead, on average, to longer times for complementary
strands to find each other. Thus, for low pool concentrations and high ligation temperatures,
the probability of complementary strands forming ligation complexes is too low, while the
dissociation probability of double strands is high. Comparing the length distributions for
the RCS-x4 system at a pool concentration of 10 uM and 2.5 uM shows that the elongation
behavior of the lower concentrated pool at 40 °C is similar to the 50 °C higher concentrated
pool showing a long-tailed distribution. For 30 °C, in contrast, 50 °C exhibits no products for
the 2.5 UM pool. Again, 30 °C show higher concentrations for short products (below 48 nt)
compared to the 40 °C.
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Figure 3.9: Cycle number and #;;; screen for RCS-x8: a The PAGE analysis
and ¢ length distribution of the cycle number screen shows that dimer (24 nt)
(and to low extend also trimers (36 nt)) emerge already after 50 cycles. With
an increasing number of cycles, the maximum length of product strands in-
creases. b The PAGE analysis and d the length distribution confirms that a
ligation time of 10 s is already sufficient for products to emerge.

As already discussed for the ATGC random pool, two additional parameters that critically
influence the elongation behavior are the number of cycles as well as the ligation time. Gen-
erally, a higher cycle number leads to longer products (see Figure a). After 50 cycles,
all reduced complexity systems show already dimers (24 nt) that gradually lead to longer
oligomers resulting in a more long-tailed distribution with a flatter slope (see Figure [3.9[c).
Additionally, a higher number of temperature cycles leads to a steady increase in concen-
tration. If the overall reaction time stays constant, the ligation time determines how many
temperature cycles are performed. As long as t;4 is sufficiently long for strands to find their
complement in a given pool, this results in long-tailed length distributions for short #;;, and

23



short-tailed distributions for long ;,. Figure[3.9/b shows the resulting length distributions
for a 24 h runtime with different #;;, ranging from 10 s to 60 min for the RCS-x8 system with a
pool concentration of 10 uM. All screened ligation times lead to products with #,;,=10 s show-
ing the highest amount of long products. This is the case for all reduced complexity systems
(see Figure and was to be expected, as 10 s are significantly higher than the 0.8 s esti-
mated for the hybridization in the RCS-x64 pool (compare Figure[3.4), which would decrease
even further for smaller sequence spaces. Interestingly, the length distributions with a short
tig (10's, 30 s, and 80 s) show a concentration dip for intermediate lengths, whereas a longer

tig (2 min, 6 min, 20 min, and 60 min) leads an over-representation of dimers (see Figure
d).

3.2.4 Short sequence subsets drive elongation behavior
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Figure 3.10: RCS-x64 spiked with sequence subsets: a PAGE analysis for the
RCS-x64 system and the RCS-system spiked with the respective sequence sub-
sets shows a clear variation in the intensity and length of the emerging prod-
ucts for a ligation temperature of Tj;,=30 °C, whereas all systems show a long-
tailed length distribution similar to the unspiked case for 7j;;=33 °C.

For the AT random system, Illumina sequencing revealed that small sequence biases in
the starting pool (like an overall A or T bias) get amplified by the templated ligation and are
enriched in sequences of the products. Thus, the question arises whether small fluctuations
of the occurrence of specific sequences instead of averaged sequence features (like an en-
richment in A or T) could influence the elongation behavior. To this end, the RCS-x64 was
spiked with different subsets of sequences at a constant overall concentration. The RCS-x64
was chosen to ensure a large enough sequence space to allow variability while keeping a high
signal-to-noise ratio (compared to the AT random case). The following sequence subsets were
chosen as spiking systems. Note that in this case, double bases (AA or TT) are denoted as one
base (A or T) for clarity.
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System 1 System 2

ARA TAT AAA AAA
TTT ATA TTT TTT
AAA ATA ARA TTT
TTT TAT TTT AAA

System 6-5’ System 6-3’
ATA AAT ATA AAT
ARA TAT AAA TAT
TAA TAT TAA TAT
ATT TAT TAT TTA
ATA TTT TTT ATA
ATA TTA ATT ATA

System 1 consists of four sequences that are poly A or poly T for the first half and ATA or
TAT for the second half of the oligomer. The sequences were chosen to avoid hairpins and to
potentially allow them to act as templates. System 2 also consists of four sequence strands,
i.e., a completely poly A and poly T sequence as well as the symmetric AAATTT and TTTAAA
sequences. The sequences of system 2 resemble the RCS-x4 system and have already been
shown to efficiently elongate. Both, system 6-5" and system 6-3’ consist of 6 strands. The
sequences of system 6-5 were chosen to match the six most common sequences in the de
Bruijn graphlﬂof the 84mer (x8) oligomers resulting from sequencing data of the RCS-x64 sys-
tem [168]. Spiking the RCS-x64 pool with the most common sequences of its elongated prod-
ucts potentially improves the elongation behavior to be more robust at "harsher’ conditions.
Interestingly, the sequences (and their reverse complements) have no straightforward tem-
plating mechanism, i.e., one sequence acting as template for three (double-)bases of each
ligation fragment. Thus, this could also lead to inhibitory effects. To probe the influence of
this simple templating mechanism, the direction of the 4th - 6th strand of system 6-5 was
reversed in system 6-3) e.g., ATTTAT becomes TATTTA. This simple change allows templat-
ing of three (double-)bases of each ligation fragment, one example being TTTATA acting as
template for AAATAT and TAATAT.

For the spiking experiments, the sequences of the systems were added to the pool with a
concentration of 5 uM/(64 - 2) each, which is twice the concentration any sequence would
have in the equally concentrated case. The overall pool concentration was kept at 5 uM. The
reactions were cycled 250 times between the temperatures of 30 °C and 75 °C, as well as 33 °C
and 75 °C to probe short-tailed as well as long-tailed elongation conditions for the RCS-64
system. For a ligation temperature of 33 °C, all reactions showed a long-tailed length distri-
bution with only minor differences between the spiked systems (see Figure[3.10). However,
for the sub-optimal elongation conditions with a ligation temperature of 30 °C, significant dif-
ferences in the length distributions arise (see Figure[3.10]b). System 1 and system 6-3" show
a short-tailed distribution similar to the unspiked RCS-x64 system. However, system 2 and
system 6-5" each exhibit a distinct long-tailed length distribution. Interestingly, running the
systems at the same concentration as in the pool experiments shows only minor product

*The de Brujin graph is a tool to display networks. In this specific case, it is used to visualize the most common
sub-sequences (12 nt) within the sequencing data of all 84mers as nodes. The connections between the nodes
represent if and how often two sub-sequences are found in direct succession within the 84mer.
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bands, although with similar characteristics of the length distribution, suggesting an inter-
play between the sequences of the RCS-x64 pool and the systems rather than a superposition
of both elongation behaviors (see Figure|3.11).

The efficient elongation even at low ligation temperatures with the system 2 spiked pool
is partly unsurprising as enriching the pool in poly A and poly T sequences allows for re-
ciprocal elongation of both due to the suppression of hairpins in homogeneous sequences.
Additionally, the results from the elongation behavior of RCS-x4, which consists of the same
four sequences, already showed efficient elongation behavior of these four sequences under
various conditions. As the sequences of system 6-5" were the most abundant sub-sequences
of the x8 oligomers of the unspiked RCS-x64 pool, spiking the pool with these sub-sequences
was expected to yield at least x8 oligomers. However, spiking leads to even longer products
with higher concentrations than system 2. Interestingly, the length distribution shows an
alternating high (x2, x4, x6...) and low (x3, x5, x7...) product concentration.

The differences observed in the length distributions for different spiked systems suggest that
by introducing a concentration bias of a subset of sequences, different elongation behaviors
can be induced. As the elongation characteristics of the total pool become similar to the
elongation behavior of the spiked sequence subsets, it is likely that the total pool inherits
the elongation information included in the network of the sequence subset. Whether this
results in an imprinting of the information of the starting pool in the sequence information
of the products can not be concluded from the length distributions alone. To this end, the
three samples (RCS-x64, RCS-x64 with system 2, and RCS-x64 with system 6-5" at 30 °C) were
chosen for further analysis and sequenced using Illumina sequencing. Investigating the fea-
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Figure 3.11: Length distribution of the systems: Running only the sequence
subsets of the four different systems shows differences in the length distri-
bution but with minor product formation. For system 1, no product can be
detected for either of the temperatures. System 2 shows long product bands
but no intermediate bands for both temperatures. System 6-3’ and 6-5" both
have along-tailed distribution for #;;,=33 °C. For ¢;,=30 °C. System 6-3" exhibits
a short-tailed distribution, whereas system 6-5" shows longer products.
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tures of the sequence space, especially of the product bands, allows to gain further insights
into the elongation behavior and discuss differences in the product sequence space of the
spiked systems. Details of the sequencing protocol and post-processing are given in section
3.4.7).

A straightforward observable for the sequence space of a pool with a binary alphabet is the
A:T content. For a completely random pool, the A:T content of all sequences follows a bi-
nomial distribution. However, as previously reported for AT random 12mer pools [111], the
sequencing results of the RCS-x64 pools (spiked and unspiked) showed a transition from a
binomial to a bimodal distribution at the first ligation step, the x2 level (see Figure [3.12]a-c
(left)). As for the AT random case, this transition is likely due to a suppression of hairpins
as the replication mechanism of the system self-selects for sequences that can act as tem-
plates for the reaction. Consequently, this leads to a separation of ligated sequences into
populations that are enriched in either one of the two bases, thus resulting in A-type or T-
type sequences. Interestingly, the exact shape and position of the bimodal distributions vary
for the different pools. The A-type fraction shows that the unspiked RCS-x64 pool is strongly
T-biased. Both, the binomial distribution, as well as all ratios of the peak heights of the bi-
modal distribution, exhibit this bias. The maxima of the bimodal distribution are at ~0.27
and =~0.71 for all product lengths.

In contrast, the bimodal distributions for both spiked systems are more evenly distributed.
However, the details of the distributions are very different. Spiking the pool with system
2 leads to a transition from T-biased to A-biased sequences. The maxima of the bimodal
distribution at the x2 level are at ~0.29 and ~0.73 but move to =0.26 and ~0.78 at the x4
and higher levels. As the spiked sequences include poly A and poly T sequences, which are
unable to form hairpins and, therefore, efficiently participate in the ligation reaction, it is
unsurprising that the maxima in the A-type fractions of the elongated sequences are further
apart compared to the unspiked case. For system 6-5, the peaks of the bimodal distribution
instead of a transition from T-type to A-type dominated product lengths, all products are
T-biased but significantly less than for the RCS-x64 pool. Interestingly, the maxima of the
bimodal distribution are significantly closer together and move from ~0.38 and ~0.69 at the
x2 level to ~0.36 and ~0.65 at the x4 and higher levels. Additionally, the distribution of the
monomers (x1) differs significantly from a binomial. Sequences of equal (0.5) A:T content
are enriched, whereas sequences corresponding to the maxima of the bimodal distribution
are depleted.

The next step is to look closer at the base-by-base sequence composition of different ligation
levels. The base probabilities (see Figure a-c (right)) show the relative probability of an
A (red) or T (blue) to occur at a specific position when averaged over all sequences of the
same length. The overall T-bias of the RCS-x64 pool is clearly visible by the overall blueish
color (see Figure a (right)). However, certain patterns can be detected when looking
more closely. First of all, the ligation junctions (dashed lines) have a higher probability of
an ... TA... pattern directly at the ligation site, with the exception of the first one, where the
patterns differ. Additionally, x4, x6, and x8, as well as x3, x5, and x7 show similar patterns
of their sequence probabilities. Interestingly, a similar but even more pronounced grouping
of lengths is visible for the RCS-x64 spiked with system 6-5’ (see Figure [3.12]c (right)). Again,
uneven and even ligation levels form two different groups. The even ligation levels start with
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Figure 3.12: A-type vs. T-type and base probabilities for the spiked and
unspiked RCS-x64 pool: All pools show a transition from a binomial dis-
tribution for the monomers to bimodal distributions for the A-type fraction
(left). The base probability gives insights into sequence sub-patters, as well
as compositional biases (right). a The A-type fraction of the RCS-x64 is heav-
ily T-biased. The base probability also reflects the overall T bias. b The A-type
fraction is T-biased for short lengths and A-biased for longer lengths with a
transition from x5 to x6 level. ¢ The A-type fraction of the spiked system 6-5’
is again slightly T-biased but much more evenly distributed than for the RCS-
x64 pool. The base probability shows close resemblances of the sequence
sub-patterns of the x4, x6, and x8 levels, as well as the x5 and x7 levels. d Pro-
posed elongation mechanism for the spiked system 6-5. The A- and T-types
are perfect complements of each other.
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the sequence ATT TAT followed by ATA TTT, which are both part of the spiked system. These
two sequences are then repeated until the last sub-sequence ATA TTA, which is also part of
the spike. Thus, the overall ligation pattern has a periodicity of 12 nt (two sub-sequences)
with a defined end sub-sequence. Note that the last sub-sequence only differs by one nu-
cleotide (A vs. T) at the last position from the original pattern. Looking separately at the
base probabilities of A- and T-type strands shows that A-type strands of certain lengths are
the perfect complements of T-type strands (see Figure and [3.22). The two most com-
mon sub-sequences are AAA TAT and ATA AAT, which are again part of the spiked system.
The most common last sub-sequence of the A-type sequences is either ATA AAT or ATA AAA.
In the case of an ending T, the probability for T at this position is decreased in compari-
son to the middle sub-sequences. This sub-sequence is not present in the spike but is still
over-represented in the base probabilities, suggesting a distinct function in the elongation
behavior, i.e., as ending sub-sequence. Until here, the only unaccounted sub-sequence of
the spiked system is TAA TAT. However, this sub-sequence is over-represented at the first
sub-sequence position of the A-type sequences. Interestingly, when shifted by 6 nt, the un-
even and even ligation levels show the same sequence patterns (see Figure d).

To gain further insight into the correlation between different sub-sequences of two oligomers,
the sample Pearson correlation coefficients (PCC) can be computed. To this end, x- and
y-mers (x,y equal all oligomers with a specific length) are divided into the 6 nt long sub-
sequences. Following section [3.4.8] the PCC can then be computed for the two sets of sub-
sequences at a specified position and plotted as a correlation matrix (see Figure[3.13). High
correlations correspond to light, while low correlations correspond to dark colors. Plotting
the PCC matrix of x6 vs. x8 for the RCS-x64 and RCS-x64 spiked with system 6-5" shows a sim-
ilar checkerboard-like correlation pattern (see Figure confirming the 12 nt periodicity.
The PCC matrix for x7 vs. x8 of the unspiked RCS-x64 pool also shows a checkerboard-like
pattern. However, the overall contrast between correlated and uncorrelated sub-sequences
is lower. Additionally, a phase shift of the checkerboard pattern is detected, resulting from
a deviation in the x7 oligomers. Similar phase shifts are also detected for the x5 oligomers.

Unsurprisingly, the contrast between correlated and uncorrelated sequences is stronger for
the spiked case, as the base probability plots already revealed more pronounced sequence
patterns. Specifically, the separation of the three different correlation domains is more dom-
inant in the spiked case. Figure c shows a high correlation of both first, as well as both
last sub-sequences with one another, which are significantly lower correlated with all other
sub-sequences as visible by the darker outside bands. The correlation between the x7 and
x8 is overall lower. Additionally, as expected from the base probability plot, the correlation
pattern is shifted by 6 nt, with a low correlation between the first sub-sequence of the x7
oligomers and all sub-sequences of the x8 oligomers (see[3.13/d). However, plotting the cor-
relation between the reverse complements of A-type x7 and T-type x8 strands recovers the
high contrast correlation pattern as observed for x6 vs. x8 PCC matrix. This points to an
elongator-type elongation mechanism. In this mechanism, an A-type strand would bind to
a T-type strand with an overhang. A shorter oligomer can then bind and be ligated, again
leading to an overhang. This type of elongation efficiently leads to long product strands as
it does not rely on strand separation and can grow even when the melting temperature of
the complex exceeds Ty [98]. A similar correlation pattern and elongation mechanism has
been observed for a specifically designed subset of 8 sequences as reported in [111], thus, fur-
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ther supporting this conclusion. Notably, the last sub-sequences show a higher correlation
for all x7 vs x8 compared to the reverse complements of A-type x7 and T-type x8. This is to be
expected as the base probabilities revealed that the last sub-sequence of T-types resembles
ATA TTA, whereas for A-types, it resembles ATA AAT.
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Figure 3.13: PCC matrix for the x64-RCS pool and x64-RCS pool with sys-
tem 6-5": The PCC matrix plots show the correlations between each of the
6 nt long sub-sequences of two product strands. a The correlation matrix
between the x6 and x8 products of the unspiked pool shows a checkerboard-
like pattern with high correlations between alternating sub-sequences. b
The correlation between the x7 and x8 product strands exhibits a simi-
lar checkerboard-like pattern, although with a phase shift. Separating the
strands in A- and T-type populations shows no increased correlation. ¢ The
checkerboard-like pattern of the correlation matrix between the x6 and x8
product strands is enhanced further when RCS-x64 is spiked with system 6-
5. The first and last sub-sequences correlate significantly less with the inter-
mediate sub-sequences. d The correlation strongly decreases between the x7
and x8 product strands. However, separating the strands in A- and T-type pop-
ulations reveals a strong correlation between the reverse complexity strands
of the x7 T-type and the x8 A-type strands suggesting that x7 strands act as
templates for x8 strands.

In comparison, the base probabilities for the RCS-x64 spiked with system 2 display differ-
ent sequence patterns (see Figure[3.12]b). First of all, the base probabilities show a transition
from mainly bluish to reddish between the x5 and x6 oligomers. This corresponds to the tran-
sition from mainly T-type to mainly A-type strands dominating the product strands. Plotting
the base probabilities for A- and T-type separately reveals a remarkable resemblance between
the first and the last sub-sequences of each group (see Figure [3.23). The sub-sequence ATT
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TTA dominates the first position of the T-types, whereas the sub-sequence AAA TA(A/T) dom-
inates the first position of the A-types. At the last position, the sub-sequence ATA TTT dom-
inates the T-types. Similarly, the sub-sequence ATA AAA dominates the A-types. Between
those start and end-sequences, the sub-sequences in the middle consist mainly of poly-A
and poly-T stretches for the A- and T-type, respectively.
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Figure 3.14: PCC matrix for the x64-RCS pool with system 2: a The PCC
matrix for x5 and x6 show a significant correlation of the first and last sub-
sequences. Overall, no clear correlation pattern can be deducted. b The PCC
matrix for x5 and x6 of only the A-type strands again shows a significant cor-
relation of the first sub-sequences. However, it is then followed by a sepa-
rate, highly correlated part of similar sub-sequences. The PCC matrix for x6
and x7 shows a similar behavior but with a decreased correlation for the first
sub-sequences. ¢ No significant correlation can be detected for the x6 T-type
strands and the reverse complement strands of x7 A-type strands.

The difference is also captured in the PPC matrix of the RCS-x64 spiked with system 2 (see
Figure[3.14). Plotting the correlation matrix of x5 vs. x6 oligomers shows a high correlation
between the first sub-sequences, which exhibit a significantly lower correlation to all other
sub-sequences. However, no clear correlation pattern can be deducted. This changes when
plotting the same matrix, but this time only for A-type sequences (see Figure b). Here,
the sub-sequences of oligomers of consecutive length show a high correlation throughout
all sub-sequences with the exception of the first sub-sequences, which themselves correlate
but strongly differ from the following sub-sequences. A similar behavior is found for the
PPC matrix for the A-type of x6 vs x7 oligomers. Interestingly, the reverse complements of
the A-type strands do not correlate with T-type strands (see Figure c). Although both A-
and T-types are strongly enriched in poly A and poly T stretches, the exact position and num-
ber of the poly stretches differ. Thus, the exact elongation mechanism of the pool spiked
with system 2 can not be simply deducted from these results. A possible explanation could
be that multiple competing sub-networks develop, each with its own elongation mechanism.
Further investigation is needed, at best, in combination with a detailed simulation based on
the code developed by Rosenberger et al. [98].

In summary, the results show a clear difference in the length distribution of pools spiked
with different sequences, which translates into the sequence space. The base probabilities
and PPC matrixes point to different elongation mechanisms for the random pools spiked
with different subsets. Thus, spiking a random pool with different subsets of sequences not
only leads to a compositional bias of the product pool but also results in a 'spiked’ elongation
mechanism. Notably, the base probabilities for both the initial and ending sub-sequences
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exhibit comparable sequence patterns within all three investigated pools. This intriguing
resemblance to the start and stop codons within the genetic code warrants further investiga-
tion.

3.3 Discussion and Outlook

The results show that the sequence space of the initial random or semi-random starting pool
has an immense effect on the characteristics of the resulting pool. The sequence space dic-
tates whether a pool can transition from a monomer-dominated into an autocatalytic regime
of elongated sequences under the given thermal non-equilibrium conditions. However, not
only does the sequence space influence the length distributions, but sequence biases of the
starting pool can further lead to great variations of the sequence space of the elongated
products. Increasing the concentration of a subset of sequences in a random background
can dominate the elongation characteristics of the entire pool, thus, changing the sequence
space characteristics of the product pool. The effect becomes most obvious when placing
the system in unfavorable elongation conditions. For effective replication networks of the
subsets of sequences, i.e., system 2 and system 6-5, the length distributions change from
a short-tailed distribution for the unspiked to long-tailed distributions for the spiked pools.
[lumina sequencing revealed that the product strands then contain the information of the
spiked systems and inherent the elongation mechanisms of the spiked networks.
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Replicator Elongator Self-Complementary Strand

Figure 3.15: Potential elongation modes of random pools spiked with long
sequences: Long oligomers could participate in the ligation reaction in mul-
tiple ways, depending on the their sequences.

Similarly, one could ask whether the information contained in a long sequence can imprint
some elongation behavior on the random pool. Or, from the point of view of the spike, are
there certain regions of the spike where a ligation is more probable to take place, or could
the spiked sequence even evolve towards a more efficient one? Generally, there are multiple
ways a longer sequence could participate in the elongation (see Figure[3.15). It could simply
act as a template where monomer strands hybridize and get ligated (replicator’). Another
possible interaction could be an ‘elongator’ type of interaction. In this case, the spike hy-
bridizes to another strand with an overhang, where a shorter oligomer can hybridize and be
ligated to the spike. Similarly, a third possible interaction could involve self-templation of
the spike by forming hairpins either with or without overhangs.
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Figure 3.16: Long spiking sequences influence replication behavior: a Spik-
ing the RCS-system with the prominent 48 nt long A- or T-type sequence from
spiking experiment with system S6-5’ leads to long-tailed distributions even
for the 30 °C ligation temperature. b A long spike, that is able to form a hair-
pin induced a completely different elongation behavior.

In preliminary experiments, the RCS-x64 pool was spiked with 0.1 uM of the most common x4
A-type (or T-type) sequence from the RCS-x64 pool spiked with system 6-5". Interestingly, both
sequences recover the long-tailed length distribution at low ligation temperatures (30 °C) sim-
ilar to the RCS-x64 pool spiked with system 6-5 (see Figure[3.16]a). A closer look reveals that
even the alternating high and low concentrations of the product strands are similar to the
elongation behavior when spiked with system 6-5". This suggests that an analogous elonga-
tion behavior is induced by the long spike.

Likewise, a different spike, for example one that is able to fold on itself, would presumably
result in a different elongation behavior. Indeed, first results show that hairpin formation of
the spike can lead to an elongator-type of replication behavior (see Figure[3.16b) by extend-
ing the spike sequence and, therefore, moving it to "higher ligation levels’.

To understand the replication behavior of the pools and the influence of the spikes in more
depth, current efforts try to match the experimental with an extended version of the numeric
model developed by Rosenberger et al. [98]. In this new version, detailed sequence informa-
tionisincluded in the model. Further, the simplification of DNA as stiff rods is lifted. Instead,
a folding model is implemented that first calculates the full partition function and base pair-
ing probabilities based on the base pairing energy and sequence. It outputs the most prob-
able structure for a given sequence, which can then contribute to further ligation reaction
(see Figure[3.15). With these adaptations, several experimental features can be captured, in-
cluding the transition from binomial to bimodal distribution and length distributions of the
reduced complexity systems.
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For a detailed analysis and cross-referencing of simulation and experiment, the experimen-
tal system has been further reduced to a pool that includes only the four monomers that
make up the spike and their complements. The experiments have then been performed with
and without the spike at different ligation temperatures. Although the simulations are still
ongoing, the first results show a promising resemblance between experimental and numer-
ical behavior. With a successful implementation of the complete sequence information and
folding characteristics in the numerical model, it can also be attempted to understand the
dynamics of the spiking experiments with the short sequence networks. It is worth noting
that the architecture of the numerical model is independent of the specific details of the
chemistry and could be adapted to more realistic scenarios in the future.
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3.4 Materials and Methods

3.4.1 Nucleic Acids

DNA oligonucleotides were obtained in dry form from biomers and then adjusted to a stock
concentration of approximately 200 uM using nuclease-free water (Ambion™ Nuclease-free
water from Invitrogen). All DNA oligonucleotide sequences are provided in Table[3.1] The
final concentrations of DNA were determined by measuring the absorbance at 260 nm. All
stock solutions were stored at -20 °C and thawed on ice before use.

Table 3.1: List of all DNA sequences used in the experiments.
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Name nt | Sequence (5-3’) Modification
ATr_12mer 12 | www WWww WWW WWW 5-POH
ATGCr_12mer 12 | nnn nnn nnn nnn 5-POH
RCS_1x16, x8, x4 12 | AAA AAA AAA AAA 5-POH
RCS_2 12 | AAA AAA AAA ATT 5-POH
RCS_2 12 | AAA AAA AAA ATT 5-POH
RCS_3 12 | AAA AAA AAT TAA 5-POH
RCS_4 x8 12 | AAA AAA AATTTT 5-POH
RCS_5 12 | AAA AAA TTA AAA 5-POH
RCS_6 12 | AAA AAATTA ATT 5-POH
RCS_7 12 | AAA AAATTT TAA 5-POH
RCS_8 %8, x4 12 | AAAAAATTTTIT 5-POH
RCS_9 12 | AAA ATT AAA AAA 5-POH
RCS_10 12 | AAA ATT AAA ATT 5-POH
RCS_11 12 | AAA ATT AAT TAA 5-POH
RCS_12 12 | AAAATT AAT TTT 5-POH
RCS_13 x8 12 | AAA ATT TTA AAA 5-POH
RCS_14 12 | AAA ATT TTA ATT 5-POH
RCS_15 12 | AAAATTTTT TAA 5-POH
RCS_16 x8 12 | AAAATTTTT TTT 5-POH
RCS_17 12 | AAT TAA AAA AAA 5-POH
RCS_18 12 | AAT TAA AAA ATT 5-POH
RCS_19 12 | AAT TAA AAT TAA 5-POH
RCS_20 12 | AAT TAA AAT TTT 5-POH
RCS_21 12 | AAT TAA TTA AAA 5-POH
RCS_22 12 | AAT TAA TTA ATT 5-POH
RCS_23 12 | AAT TAATTT TAA 5-POH
RCS_24 12 | AAT TAATTT TTT 5-POH
RCS_25 12 | AAT TTT AAA AAA 5-POH
RCS_26 12 | AATTTT AAA ATT 5-POH
RCS_27 12 | AAT TTT AAT TAA 5-POH
RCS_28 12 | AAT TTT AAT TTT 5-POH
RCS_29 12 | AATTTT TTA AAA 5-POH
RCS_30 12 | AAT TTT TTA ATT 5-POH
RCS_31 12 | AAT TTT TTT TAA 5-POH
RCS_32 12 | AATTTTTTT TTT 5-POH




Name nt | Sequence (5-3) Modification
RCS_33 12 | TTA AAA AAA AAA 5-POH
RCS_34 12| TTA AAA AAA ATT 5-POH
RCS_35 12 | TTA AAA AAT TAA 5-POH
RCS_36 12| TTA AAA AATTTT 5-POH
RCS_37 12 | TTA AAATTA AAA 5-POH
RCS_38 12 | TTA AAATTA ATT 5-POH
RCS_39 12 | TTA AAATTT TAA 5-POH
RCS_40 12 | TTA AAATTTTTT 5-POH
RCS_41 12 | TTA ATT AAA AAA 5-POH
RCS_42 12 | TTA ATT AAA ATT 5-POH
RCS_43 12 | TTA ATT AAT TAA 5-POH
RCS_44 12 | TTA ATT AATTTT 5-POH
RCS_45 12 | TTA ATT TTA AAA 5-POH
RCS_46 12 | TTA ATT TTA ATT 5-POH
RCS_47 12 | TTA ATT TTT TAA 5-POH
RCS_48 12 | TTAATT TTT TTT 5-POH
RCS_49 x8 12 | TTT TAA AAA AAA 5-POH
RCS_50 12 | TTT TAA AAA ATT 5-POH
RCS_51 12 | TTT TAA AAT TAA 5-POH
RCS_52 x8 12 | TTT TAA AAT TTT 5-POH
RCS_53 12 | TTT TAATTA AAA 5-POH
RCS_54 12 | TTT TAA TTA ATT 5-POH
RCS_55 12 | TTT TAATTT TAA 5-POH
RCS_56 12 | TTTTAATTTTTT 5-POH
RCS_57 x8, x4 12 | TTTTTT AAA AAA 5-POH
RCS_58 12 | TTT TTT AAA ATT 5-POH
RCS_59 12 | TTTTTT AAT TAA 5-POH
RCS_60 12 | TTT TTT AAT TTT 5-POH
RCS_61 x8 12 | TTT TTT TTA AAA 5-POH
RCS_62 12 | TTT TTT TTA ATT 5-POH
RCS_63 12 | TTTTTTTTT TAA 5-POH
RCS_64 x16,x8,x4 |12 | TTTTTT TTT TTT 5-POH
RCS_2-x16 12 | AAA AAAAAATIT 5-POH
RCS_3-x16 12 | AAAAAATTT AAA 5-POH
RCS_4-x16 12 | AAAAAATTTTTT 5-POH
RCS_5-x16 12 | AAATTT AAA AAA 5-POH
RCS_6-x16 12 | AAA AAAAAATIT 5-POH
RCS_7-x16 12 | AAATTT TTT AAA 5-POH
RCS_8-x16 12 | AAATTTTTTTTT 5-POH
RCS_9-x16 12 | TTT AAA AAA AAA 5-POH
RCS_10-x16 12 | TTT AAA AAATTT 5-POH
RCS_11-x16 12 | TTT AAATTT AAA 5-POH
RCS_12-x16 12 | TTT AAATTT TTT 5-POH
RCS_13-x16 12 | TTTTTT AAA AAA 5-POH
RCS_14-x16 12 | TTTTTT AAATTT 5-POH
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Name nt | Sequence (5-3) Modification
RCS_15-x16 12 | TTTTTTTTT AAA 5-POH
Spike 48 | TTA AAATTA AAATTT TTT AAA ATT TTT
TAA AAA AAA AAA AAA AAA AAA
Spike; A-Type 48 | TTA AAA TTA ATT AAT TAA AAA ATT AAA | 5-POH
AAA TTA ATT AAT TAA AAA ATT
Spike; T-Type 48 | AAT TTT TTA ATT AAT TAA TTT TTT AAT | 5-POH
TTT TTA ATT AAT TAATTT TAA

For the reduced complexity systems RCS-x4, -x8 and -x16, the corresponding sequences are
marked in Table[3.1]in violet, teal, and purple, respectively.

3.4.2 Reaction conditions

The Tag DNA ligase (New England Biolabs) was used for the enzymatic templated ligation
reaction. Prior to the reaction, all DNA oligomers were pipetted in a 2x concentration and
mixed in equal parts with a 2x ligase in a buffer solution. The 1x buffer components were
stated by the manufacturer to be 20 mM Tris-HCl, 25 mM potassium acetate, 10 mM mag-
nesium acetate, 1 mM NAD 1, 10 mM DTT, 0.1% Triton® X-100 with a pH of 7.6 at 25 °C. The
reaction volumes were 15 pl unless stated otherwise. For the reduced complexity stock, all
strands were individually ordered and pipetted together to obtain a 100 uM stock. All pipet-
ting was done on ice.

3.4.3 Temperature cycling protocols

For temperature cycling, the Thermo Fisher Scientific ProFlex PCR System was used to cycle
between dissociation and ligation temperatures. As dissociation temperature, a temperature
of 75 °Cwas chosen, ensuring melting of the 12mer monomer pool up to 36mers. Additionally,
choosing 75 °C as a relatively low dissociation temperature compared to standard dissocia-
tion temperatures of 95 °C enables reaction setups of several thousand temperature cycles.
Exposing the Tag DNA ligase to 95 °C for extended time periods leads to a significant decrease
in its stability and, thus, to a loss of activity over time. The ligation time #;;, was varied for
different reactions. The dissociation time was kept at 20 s for all experiments. The tempera-
ture protocol was initiated by a short dissociation step at 75 °C. After completion of all cycles,
the reaction was kept at 4 °C, after which it was removed from the cycler and quenched with
loading buffer, and stored at -20 °C until analysis.

3.4.4 Melting curves

For information on the thermal stability of the model ligation system, melting temperatures
were experimentally measured using a C1000™ Thermal Cycler with a CFX96™ detection sys-
tem from Bio-Rad Laboratories (BioRad CFX Manager 3.1). Melting curves were derived from
the change of fluorescence of 1x EvaGreen Plus dye (stock at 20X in Water, Biotium). They
were done for several oligomer lengths and sequences spaces, i.e. a 6 nt, 12 nt, 18 nt, and
24 nt long AT random pool, as well as a 12 nt long RCS-x64, RCS-x16, and 18 nt long RCS-x16
pool, with a total concentration of 10 uM (see Figure . The melting curves were done in
the 1x ligase buffer (but without the ligase).
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Figure 3.17: Melting temperatures for different lengths and sequence
spaces: The melting temperature can be derived from the maximum change
in the fluorescence signal over the whole temperature range. a No melting
transition can be detected for the 6 nt long AT random sample, suggesting
that they remain single-stranded throughout the whole temperature range.
Forthe 12 ntand 24 ntlong AT random samples, the melting temperatures are
~20 °C and ~48 °C, respectively. b Not only the length but also the sequence
space influences the melting temperature. For the same length (12 nt), the
melting temperature varies from =~ 20 °C to & 35 °C for sequence spaces of
4096 compared to 16 different sequences.

3.4.5 Taq DNA Ligase specifications
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Figure 3.18: Ligase performance as given by the manufacturer: a The Tag
DNA ligase activity shows a temperature dependence with an activity maxi-
mum around 70 °C, good activity between 40 °C-60 °C, some activity between
15 °C-40 °C and little to no activity for <10 °C and >85 °C. b The stability at
95 °C of the Tag DNA ligase steadily declines. One unit corresponds to the
amount of Tag DNA ligase that is required to give 50% ligation of the 12-base
pair cohesive ends of 1 pg of BstEII-digested A DNA in a total reaction volume
of 50 ulin 15 minutes at 45 °C. The data was adapted from the manufacturer’s
website [168].

The Tag DNA Ligase is a thermostable ligase able to covalently link a downstream 5’ phos-
phorylated oligonucleotide to its upstream oligonucleotide ligation partner, both bound to
a template strand. Its ligation activity is expressed in units/ml, where one unit is defined
as the amount of enzyme required to give 50% ligation of the 12-base pair cohesive ends of
1 pg of BstEII-digested A DNA in a total reaction volume of 50 pl in 15 minutes at 45 °C. The
activity is temperature dependent with little to no activity for low (4 °C-10 °C) and very high
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temperatures (85 °C-95 °C) as stated by the manufacturer (see Figurema). At temperatures
of 95 °C, its stability decreases, reducing its activity. The storage conditions are 10 mM Tris-
HCI, 50 mM KCI, 1 mM DTT, 0.1 mM EDTA, 200 ug/ml BSA, 50% Glycerol with pH 7.4 at 25 °C.
The manufacturer states a maximum ligation of mismatches of 1.3%.

3.4.6 PAGE analysis

Polyacrylamide gel electrophoresis (PAGE) was used to analyze and quantify the ligation dy-
namics and yields. The gels were composed of 15% acrylamide prepared from a gel stock of
Roth Rotiphorese DNA sequencing gel stocks with an acrylamide-to-bisacrylamide ratio of
19:1. For each gel with a thickness of 0.75 mm and a 15 tooth comb about 5 ml gel mixture
was needed, containing 3 ml gel concentrate, 1.5 ml gel diluent, 0.5 ml buffer concentrate,
25 ul APS and 2.5 ul TEMED. To ensure denaturing conditions, the gels ran in a solution of
50% urea and 1x TBE buffer at ~50 °C posing denaturing conditions. Before loading, a 30 min
pre-run at 400 V was started, after which the gel pockets were loaded with 4 ul composed of
0.89 ul of sample and 3.11 pl of loading buffer. About 10 ml of loading buffer 9.5 ml formamide,
0.5 ml glycerol, 1 ul EDTA (0.5 M), and 100 pl Orange G dye (e.g., New England Biolabs) were
mixed. The gel was then run at 50 V for 5 min, followed by a second step at 300 V for about 25-
30 min. After completion of the run, the gels were post-stained using SYBR gold. To this end,
they were submersed after the run into 50 ml of 1x TBE buffer with 5 ul of 10.000x SYBR Gold
Nucleic Acid Gel Stain from Thermo Scientific for 5 min. Afterwards, the gel was washed
twice in 1x TBE buffer and subsequently imaged with a bio-rad ChemiDoc MP System.

Analysis of the gel images is done in in-house written LabVIEW code is described in detail
in [I11,[168].

3.4.7 lllumina sequencing

All samples were sent to the Gene Center Munich (LMU) for library preparation and sequenc-
ing. The samples were sequenced on the NGS Illumina NextSeq 1000 machine (flow cell type
P2, 2 x 50 bp with 138 cycles for 100 bp single-end reads). For each zero sample, 5 million,
and for each ligation sample, 50 million reads were ordered. Before sequencing, the samples
were prepped using the ACCEL-NGS 1S Plus DNA Library Kit for library preparation. Library
preparation was done in four steps, starting with the addition of a random sequence CT-tail
to the 3" end of the DNA, followed by the ligation of the back primer sequence to the 3’ end, a
single-cycle PCR step to produce double-stranded DNA with a single A overhang, the ligation
of the start primer to the 5’ end, and the addition of barcode indices to both ends of the DNA
via PCR.

After Illumina sequencing, the demultiplexing algorithm matched the barcodes with the li-
brary DNA and produced a consolidated FASTA file, which also included read quality scores.
Demultiplexing of the sequence data was conducted using standard algorithms provided by
the Galaxy servers. Each read base was assigned a Phred quality score during sequencing,
corresponding to the probability of an incorrectly read base at this position [173]. As an over-
all quality filtering led to a drastic reduction of obtained reads, low-quality segments were
trimmed from the sequencing using Trimmomatic [174]. Thereby, a sliding window of 4 nt
starting from the 3’ to 5" end direction was used, which was trimming the sequence at the
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leftmost base of the window as soon as average Phred quality dropped below 20.

Data analysis was then carried out using an in-house written LabVIEW software as reported
in [111], which also allows to separate the read sequences from the attached primers by us-
ing an algorithm based on regular expressions (RegEx) pattern matching as described in the
following.

RegEx for Searching AT Random Sequences.

The regexing process involved identifying multiples of the monomer length followed by at
least four bases of C or T and culminating with the sequence AGAT, signifying the presence
of a relevant sequence. The 3-primer was excised, and the resulting sequence was retained
for subsequent analysis. The RegEX pattern used to search for correct reads is the following:

(" [AT] {108} [AT] {96}| [AT] {84}| [AT] {72}| [AT] {60}| [AT] {48}| [AT] {36}| [AT] {24}| [AT] {12})
(?=([CT{4,} AGAT))

On top of that a RegEx pattern for selecting a maximum of X false reads of G or C in random
sequence AT samples is employed:

(N7 AGIOXL ) ([ATCGI{12,})

In the case of the reduced complexity samples X=2 was generally allowed. The resulting
sequences were then transcribed to virtual space, where all sequences that only contain A
and T bases but not in the form of double bases (AA and TT) are removed. However, the
number of those 'false reads’ is relatively low.

3.4.8 Sample Pearson Correlation Coefficient Matrix

The sample Pearson Correlation Coefficient (PCC) is a measure for linear correlation, e.g. the
similarity of sequences, between two data sets. To compare the similarity of sub-sequence
patterns of the ligation products, the sequences are divided into sub-sequence parts of simi-
lar length as the monomers (6 nt). The sub-sequences at a specified position of a x-mer can
then be compared to the sub-sequences of a y-mer. If their abundances are plotted against
one another, the shape of the distribution allows to draw conclusions about their correlation.
Highly (linearly) correlated samples are distributed in a line-like shape, whereas uncorre-
lated samples exhibit a cloud-like distribution. The PCC can be computed as follows:

_ i1 (xi = 7) (yi — 9)
Toy = n 2. /~n —\2
\/Zi:l (i — ) \/Zi:l (yi —9)
where n refers to the size of the sample, i is the index over all individual sequences with

abundances z;, y;, and the mean abundances z, y. Values close to 1 or -1 describe a positive
or negative linear correlation, respectively. Values close to 0 describe no correlation.

(3.2)
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3.5 Appendix - Supplementary Figures
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Figure 3.19: Tj;z and concentration screen for the reduced complexity sys-
tems: PAGE analysis for RCS-x4, RCS-x8 and RCS-x16 with a total concentra-
tion of a10 uM, b5 uM, ¢ 2.5 uM. d PAGE analysis for RCS-x64 with total pool
concentrations of 10 uM, 5 pM and 2.5 uM.
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Figure 3.20: t;;; screen for the reduced complexity systems: All reduced
complexity systems, i.e., a the RCS-x4 (effective 2mers), b the RCS-x8 (ef-
fective 3mers), ¢ the RCS-x16 (effective 4mers) and d the RCS-x84 (effective
6mers) exhibit product formation for all screened ty;,. The overall reaction
time was kept at 24 h, with the longest ;,=60 min corresponding to the low-
est number of cycles. The smallest t;, showed the highest concentration of
long products.
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Figure 3.21: A-type vs. T-type for RCS-x64 pool: The base probabilities of A-
and T-types exhibit distinct sequence motifs that show some reverse comple-
mentary between the two types.

42



x64-S6-5'

T-type

6nt 12nt 18nt 24nt 30nt 36nt 42nt

Aonly
) 1.0
. x8
L X7 0.8
| X6 | e
| | (5]
x5 06 g
x4 |
H H [
X3 | 0.4 5
{2 0.2
X
) i i i i i ! 00
48nt  42nt 36nt 30nt 24nt 18nt 12nt 6nt Tonly

Figure 3.22: A-type vs. T-type for the RCS-x64 pool spiked with system 6-5":
Separating the base probabilities into A-type and T-type shows an enhance-
ment of the sequence motifs already present in the unspiked case. Especially
for longer lengths the A-types are perfect reverse complements of the T-type.
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Figure 3.23: A-type vs. T-type

for the RCS-x64 pool spiked with system 2:

The base probabilities of the separated A-type and T-type show now obvi-
ous similarities between the two types. However, both types exhibit long
stretches especially of poly A (A-type) but also poly T (T-type).
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4 A thermal habitat for RNA amplification and
accumulation

Summary

For the emergence of early replication, RNA-catalyzed processes are assumed to be an essen-
tial step. In vitro evolution provided ever better RNA polymerases, but the required strand
separation as well as the emergence of these complex ~200-base catalytic sequences are un-
solved questions for the Origin of Life. This chapter presents a microfluidic reaction com-
partment with a pointed heat source that both protected and drove laminar thermal convec-
tion in aqueous solution and allowed the autonomous, exponential RNA amplification by the
RNA strand separation. Accumulation experiments with fluorescently labeled nucleic acids
revealed a ring-like accumulation pattern for the long functional RNA-polymerase as well
as its DNA complement. In contrast, similar experiments for dsDNA of equivalent length
showed the expected central accumulation. Imaging the reaction mixture at higher resolu-
tion revealed the formation of micrometer-sized conglomerates that depended on the pres-
ence of PEG, introduced as a crowding agent in the buffer. By including a diffusiophoretic
term, the experimental accumulation behavior could be matched by simultaneously simu-
lating the accumulation of the conglomerates and PEG with a finite element simulation code.
The results revealed how the thermal gradient caused RNA polymerase molecules to accumu-
late into a ring geometry, protecting them from hot regions of the chamber. These findings
demonstrate a size-selective pathway for autonomous RNA-driven replicationﬂ.

'This chapter is based on the publication by Salditt, Keil, and Horning et al. [166] in Physical Review Letters.
Authors: Annalena Salditt*, Lorenz M. R. Keil*, David P. Horning* Christof B. Mast, Gerald F. Joyce and Dieter
Braun (* contributed equally)

Contributions: A.S., L.K., D.H., and C.M. performed the experiments. L.K., D.H., A.S., C.M., G.J., and D.B.
conceived and designed the experiments, A.S., L.K., D.H., C.M., G.J. and D.B. analyzed the data and wrote
the paper.
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4.1 Introduction

4.1.1 RNA model system for early replication scenarios

Template G
CAGUAACA

3
5 ————— NN
Pwa Replicate

Figure 4.1: Sequence and secondary structure of the 24-3 polymerase ri-
bozyme: The sequence and secondary structure of the 24-3 polymerase ri-
bozyme are shown in blue. At the 5-end of the polymerase, the template
primer complex (black) can bind, leading to the elongation of the primer
(pink). The figure is adapted from [125].

In today’s biology, the translation of information from DNA to proteins is mediated by an
RNA intermediate. This separates the requirements for the storage of genetic material and
the performance of the functional entities. However, in contrast to the highly evolved and
complex machinery required for replication in modern living systems, early replication sce-
narios must have relied on simpler means. Notably, RNA itself possesses the dual capability
of storing genetic information as well as folding into catalytically active structures, includ-
ing those capable of RNA replication processes, making it an attractive molecule for early
replication scenarios [80}/125,[162]. This so-called RNA world hypothesis was sparked by the
discovery of an RNA ribozyme in the large ribosomal subunit catalyzing the synthesis of
proteins in today’s biology [175]. Thus, an RNA-only replication mechanism could provide
a solution for the storage and effective transfer of information on early Earth prior to the
emergence of genetically encoded proteins [18},[19}/176}/177].

Any RNA copying mechanism based on templated ligation or templated polymerization relies
on Watson-Crick base pairing to pass on information. This implies the necessity of an energy
source to separate the two complementary strands (product-template complex) from the tem-
plated synthesis. Only then the next round of templated synthesis can begin. Separation of
hybridized strands can be achieved by means of pH cycling [178}(179], evaporation-wetting
cycles [103,|180,[181], oscillation of salt concentrations [83], or elevated temperatures. To en-
sure the viability of RNA replication mechanismes, it is essential to maintain conditions that
minimize the spontaneous cleavage of RNA molecules [182,|183]. This cleavage typically oc-
curs under high-salt conditions, which are necessary for RNA catalysis [184-186]. Therefore,
it is crucial to establish a specific setting that minimizes the degradation of RNA, allowing
for the successful replication and preservation of genetic information.
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The RNA model system studied in this chapter is based on the 24-3 RNA polymerase ribozyme
evolved by Horning and Joyce (see Figure [125]. The selection pressure was designed to
support sequence generality and accuracy in the copying mechanism. This was achieved by
a selection step based on the binding of the complete synthesis of different aptamers that
subsequently bind to their cognate ligand. As exponential amplification is a key feature for
any replication scenario to maintain and protect copied information against degradation or
dilution, Horning and Joyce showed that the 24-3 RNA polymerase can carry out PCR-like am-
plification solely based on RNA (riboPCR) by extending an RNA primer, either the forward
(Pgwa) or reverse (Prey) one, on an RNA template with nucleoside triphosphates (NTPs). Part
of the sequence of the template is complementary to the 5" end of the 24-3 polymerase, al-
lowing it to be bound to the polymerase by Watson-Crick base pairing. The same sequence
region is included in the primers to ensure that the copied strands can act as templates and
be replicated further. The complementary region is followed by a hexadenylate spacer, i.e.,
six consecutive adenosine nucleotides. The sequences and the binding sites are shown be-
low, where the blue part always indicates the binding site of the respective template to the
polymerase, and magenta indicates the extended sequence part:

Template

3’ CGUUGAAAAG CACACCUCAC AAAAAA CAGUAACAG 5’
5’ GACAAUGAC AAAAAA GCAACUUUUC GUGUGGAGUG 3’

Pfua

3’ GUGAGGUGUG CUUUUCAACG AAAAAA CAGUAACAG 57
5’ GACAAUGAC AAAAAA CACUCCACAC GAAAAGUUGC

Prev

To minimize RNA cleavage at the high-temperature spikes, the Mg?* concentration was re-
duced from 200 mM to 50 mM. However, this was only feasible after introducing PEG8000 to
the buffer, which acted as a molecular crowding agent to improve ribozyme activity at the
reduced Mg?* concentration [187]. Additionally, tetrapropylammonium chloride (TPA) was
included to lower the melting temperature of the duplex RNA [188},189]. Upon temperature
cycling of a denaturation step at 68 °C for 1 s followed by an extension step at 17 °C for 30 min
for 72 cycles, an amplification of the template and the reverse template sequence could be
observed. The following section will expand on how a thermal microenvironment can nat-
urally drive such a replication scenario of amplification of small RNAs catalyzed by a larger
polymerase ribozyme.
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4.1.2 Thermal habitat for RNA replication

a  Denaturation Elongation b

k)
[S)
(@)
4—/ == Replicate
Thermophoretic == Template/
Accumulation Primer

Figure 4.2: A temperature gradient across a water-filled porous rock can
drive RNA-catalyzed RNA replication: a A punctual heat source creates a
temperature gradient across a water-filled pore. The temperature gradient
induces both thermophoresis of molecules (dashed arrows along the thermal
gradient) and convection of water (solid arrows). Finite-element simulations
predict that these non-equilibrium effects lead to a local up-concentration
of the RNA polymerase toward cold regions of the cylindrical chamber, pro-
tecting it against thermal degradation. Smaller RNA molecules are shuttled
through the high-temperature spot instead of being accumulated. The re-
sulting temperature oscillations lead to strand separation of the product-
template complex in the warm spot after the template-directed replication in
the cold areas. b Volcanic or hydrothermal rocks can be comprised of water-
filled porous structures exposed to natural temperature differences. These
structures could be the first habitats of early replication scenarios, providing
the necessary non-equilibrium conditions.

A habitat suitable for RNA replication on early Earth should be able to provide two crucial
characteristics: the ability to separate double-stranded RNA and a mechanism to ensure per-
sistent accumulation of the copied information against dilution by diffusion. Previous stud-
ies have demonstrated that the accumulation of nucleic acids can occur within closed, elon-
gated, water-filled compartments through the interplay of thermophoresis of molecules and
convection induced by a temperature gradient across the pore. This mechanism favors the
retention of longer RNA strands within a replication reaction mixture [101,[165,[190]. While
this replication and selection process has been shown for protein-based replication of DNA
employing a Tag polymerase also in conjunction with accumulation methods [191,[192],
it remained uncertain whether the thermal instability of RNA would impede a similar ap-
proach.
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This section describes a modified thermal microenvironment designed to drive the previ-
ously described replication mechanism of a PCR-like amplification of small RNAs catalyzed
by the 24-3 polymerase ribozyme. By realizing a punctual heat source within a cylindrical
compartment, as shown in Figure[4.2)a, two essential effects are achieved:

(i) Thelaminar convection arises due to the temperature-dependent density of water upon
gravity, which results in temperature cycles that meet the specific requirements for the
elongation and strand separation for RNA-catalyzed RNA replication.

(i) The thermophoretic movement of molecules occurs along the applied temperature
gradient, with molecules being driven outward from the high-temperature region in
a length-dependent manner.

The phenomenon of thermophoretic movement relies on a combination of non-ionic inter-
actions, ionic shielding, and Seebeck effects [101], where in the case of polyanionic nucleic
acids at elevated temperatures, thermophoresis leads to a movement of the molecules from
warmer to cooler areas [193]. For a cylindrical compartment, as presented here, the inter-
play of both phenomena, convective and thermophoretic transport, resulted in a length-
dependent net transport of molecules away from the warm temperature spot.

The efficiency of this net transport is increased for longer RNAs such as the 24-3 polymerase
ribozyme (180 nt), thereby stabilizing them against RNA cleavage that would occur at higher
temperatures. In contrast, shorter replicated RNA oligomers (~35 nt) would be cycled rapidly
through the hotter region of the habitat, leading to their thermally-induced denaturation.
This cycling process guarantees the melting of double-stranded RNA molecules, thereby re-
leasing templates from the copied strand. This allows subsequent rounds of polymerization
of both the original template and its complement. Consequently, genetic information could
be replicated and preserved within a single environment driven by thermal dynamics. Such
thermal hatcheries could have occurred in porous volcanic or hydrothermal rock formations
on the early Earth (Figure [4.2|b) and might have played a vital role in facilitating the emer-
gence of an RNA-based origin of life.

A focused infrared laser was used to introduce the centralized heat flow inside a water-filled
cylindrical chamber, leading to a radially symmetric temperature distribution. Within the
chamber, a central hot temperature spot of approximately 80 °C was generated, gradually
decreasing to 17 °C at the water-cooled bottom side of the chamber. The temperature profile
was measured using fluorescent thermometry (see Materials and Methods and Figure [4.12).
A similar geometric setup involving localized heating of the chamber surface has been previ-
ously reported for protein-catalyzed replication [194]. Numerical simulations confirmed the
similarity of temperature profiles between these implementations (see Materials and Meth-
ods and Figure[4.12).
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4.2 Results

4.2.1 Convective temperature oscillations

As the requirements for the replication conditions of the riboPRC reaction with the 24-3 poly-
merase have to be matched both in temperature settings as well as timing, it was essential
to model the cycling condition inside the convective chamber.

b
T T T
80 35-mer Z.,... — Thermal cycler
—_— — Convection
AN
o6pl--—---"-"""Ff-""""""""" { -
= p—
40 J = -
20 = S~ e | suep 7,,_.,r_") S - - o =
0 20 Time (min) 40 60

Figure 4.3: Convective temperature oscillations inside cylindrical cham-
ber: a The white arrows indicate the convective flow. The thin white lines
correspond to exemplary simulated stochastic trajectories for a 35mer inside
the cylindrical convection chamber. Combined with the simulated temper-
ature profile, the difference in velocity at different temperatures becomes
apparent, as almost no Brownian motion occurs in the hot temperature re-
gion. The height and radius of the compartment are 500 um and 2.25 mm, re-
spectively. b In the convection chamber, RNA predominantly occupied low-
temperature regions suitable for extension by polymerization while swiftly
traversing high-temperature regions that allowed strand separation. Stochas-
tic simulations indicated an average temperature cycling time of ~26 min for
a 35mer. Thermal cycler experiments were conducted with cycles of 20 min
at 17 °C followed by a 2 s temperature spike at 68 °C.

The temperature within the chamber was determined by measurements of the temperature-
dependent fluorescence decrease of BCECF to obtain the temperature profile (see section
[4.5.3|for details). The resulting profile was used as a reference for finite-element simulations
of the heat transfer inside the convective chamber of 500 um height and 2.25 mm radius (see
Figure[4.13), which was then used to derive the velocity profile #(z,y) of the laminar convec-
tion as a function of the position inside the chamber. Simulating trajectories solely based on
this convection resulted in a mean cycle time of 19 min (see Figure [4.14).

To include a species-specific flow profile, the simulation was expanded, accounting for lam-
inar convection and thermophoretic drift (refer to section [4.5.4). All finite-element simula-

50



tions were performed in Comsol Multiphysics 5.4. To further derive statistical data on ther-
mal cycles of the RNA oligonucleotides, Brownian motion was additionally implemented by
a randomly directed movement 7j(¢). The resulting position shift As(x,y) is described by:

A§(z,y) = VADAL - 7j(t) + At - (0(z,y) + D - Sp - VT (2,y)) (4.1)

where At denotes the time-step, T'(x,y) the local temperatures, ¥(x,y) the convective flow, D
the diffusion constant and St the Soret coefficient. Details of the simulation are described

in section[4.5.5

The molecules were considered to complete a full temperature cycle when moving from a
high-temperature region (>60 °C for denaturation) to a low-temperature region (<20 °C for
elongation) and back to a high-temperature region. For 35-nucleotide RNA molecules exhib-
ited a mean cycle time of 26 min, oscillating between the threshold temperatures of 20 and
60 °C, was observed (see Figure[4.3). This finding corresponded well with the temperature
cycling protocol of the thermal cycler experiments, where the bulk amplification was con-
ducted through cycles of 68 °C for 2 s, followed by a 20 min step at 17 °C.

4.2.2 Amplification of RNA by riboPCR in convection chamber

a Thermal Cycler Convection Chamber
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Figure 4.4: Convective RNA-catalyzed replication of RNA: a Similar yields
of primer extension on the 35-nucleotide RNA template by the polymerase
ribozyme were observed for both the convective system as well as the ther-
mal cycler. b The polymerase ribozyme achieved exponential amplification,
starting from template concentrations as low as 100 fM, within a run time
of 24 hours. The amplification process can be effectively modeled using a
two-parameter growth equation (see section[4.5.6). The convection chamber
showed a maximum amplification of 2x10°-fold. The error bars in the figures
represent the deviation observed in duplicate experiments.
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The convection chamber indeed drove the amplification of a 35-nucleotide RNA template
using 25-nucleotide short RNA primers catalyzed by the 24-3 polymerase ribozyme. Due to
the slow polymerization rate of the ribozyme, the convection chamber had to be run for
approximately 24 hours. Under these conditions, the convection chamber showed exponen-
tial amplification of the 35mer RNA, with starting template concentrations as low as 100 fM
(see Figure [4.4). Similar results were obtained by performing thermal cycling under opti-
mized conditions of the bulk reaction. The latter was run for 50 temperature cycles with a
cycle time of 20 min. Starting from a 100 fM RNA template, the RNA-catalyzed amplification
produced product yields of 2x10°-fold and 4x10°-fold for the bulk and convectively driven
reactions, respectively, as shown in Figure[4.4|b.

The amplification process could be theoretically modeled using a two-parameter growth
equation (section}4.5.6), yielding a similar maximum replication efficiency (E) for convection
and thermal cycling. For convection, E was calculated to be 1.27, while for thermal cycling,
E was determined to be 1.28. As described in section 4.1.1 the buffer used was optimized
to enhance replication yields for bulk experiments and adopted as such for the convection
experiments. This included the addition of PEG8000 as a molecular crowding agent.

4.2.3 Thermophoretic accumulation of RNA polymerase

ssDNA 35nt dsDNA 210nt DNA Pol. RNA Pol.
0 min

60mnI I II

Top View <cleo >, ===
0.7 19

Figure 4.5: Thermophoretic accumulation of nucleic acids: The accumu-
lation pattern of fluorescently labeled nucleic acids inside the convection
chamber with a central heat source implemented via an IR-laser was in-
vestigated for 35 nt long single-stranded DNA, 210 nt long double-stranded
DNA, and folded DNA and RNA complexes corresponding to the polymerase
sequences (from left to right). After 60 min, the short single-stranded
DNA showed no significant accumulation, whereas the 210 nt long double-
stranded DNA exhibited a central 5-fold accumulation. In contrast to the
purely double-stranded 210mer, both, the DNA and RNA complexes showed
a ring-shaped pattern. The scale bar corresponds to 1 mm.

To gain insight into the potential protection of the long RNA from the high-temperature
regime inside the convection chamber, its accumulation behavior was studied. To do so, the
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accumulation behavior of different RNA components was investigated by examining fluo-
rescently labeled single- and double-stranded DNA substitutes of the two important length
regimes (35 nt and 210 nt), in addition to the RNA polymerase and its DNA analog. Previous
work has shown that diluted DNA and RNA, whether in a single-stranded or double-stranded
state, exhibit similar thermophoretic behavior, whereas it strongly depends on the length of
the molecules [101},192].

As anticipated, the shorter DNA molecules (35 nt) exhibited only very minor accumulation
within the convection system. In contrast, fully double-stranded DNA with a length of 210
nucleotides demonstrated a prominent 5-fold accumulation at the central region of the cham-
ber already after 60 min (see Figure 4.5). These experimental observations were consistent
with finite-element simulations incorporating convection, diffusion, and thermophoresis as
contributing factors. The transport of the nucleic acid species i is described by the molecular
flux (j; ) resulting from diffusion, thermophoresis, and convection. It is described by:

]_;:—Dlvcl—STzDZVTCZ—{—ﬁCZ (4.2)

where ¢;, D;, Sp and ¥ denote the concentration of molecules, diffusion coefficient, Soret
coefficient, and convective transport velocity. A detailed description of the finite-element
simulations is provided in section[4.2.4]

Of particular interest was the accumulation behavior of the RNA polymerase. As described
above, the RNA polymerase forms a ternary complex with an RNA primer and template due
to complementary sequences located at the 5" ends of both the polymerase and template
molecules. The same applies to the DNA analog. Thus, instead of direct labeling, this con-
figuration allowed the molecules to be stained with a fluorescently labeled primer, enabling
further investigation and analysis of their accumulation behavior. Both the RNA polymerase
as well as its DNA analog showed a distinct accumulation pattern in form of a ring shape in
the colder regions of the chamber (see Figure[4.5). This was unexpected, as the 210mer ds-
DNA and the polymerase-primer complex should experience a comparable thermophoretic
drift.

Examining the solution at a higher resolution using a 40 um thin capillary revealed the pres-
ence of conglomerates for both the DNA and RNA polymerases at 17 °C. In contrast, the 35mer
single-stranded DNA and 210mer double-stranded DNA did not form aggregates, as imaging
of the solution showed a homogeneous distribution of fluorescence (see Figure[4.6|a).

Through the systematic removal of the individual buffer components, the presence of the
crowding agent PEG8000 (6% w/v) was shown to be the crucial component in inducing the
aggregation phenomenon (see Figure4.6|b). This effect was observed for both the RNA and
DNA versions of the polymerase sequence. Interestingly, the conglomerates exhibited a
temperature-dependent behavior, as uniform heating of the solution resulted in the melt-
ing of these aggregates (see Figurel4.6/c). Upon cooling, the conglomerates reappeared.

Despite performing finite-element simulations using experimentally determined diffusion

coefficients and a broad range of Soret coefficients, the central accumulation observed in
the conglomerates persisted. This suggested the presence of an additional interaction not
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Figure 4.6: Characteristics of nucleic acids conglomerates: a Imaging the
different nucleic acids inside the reaction buffer revealed the formation of
conglomerates in the case of the polymerase sequences, whereas no con-
glomerates were detected for the single-stranded 35mer, nor the double-
stranded 210mer. b Through a successive removal of the individual buffer
components, exemplary shown for the RNA polymerase, it was discovered
that the presence of PEG8000 is critical for driving the formation of con-
glomerates. ¢ The conglomerates exhibit a temperature-dependent behavior,
whereby they disappear and reemerge reversibly at higher and lower temper-
atures, respectively.

yet captured by the simulation. To address this, a diffusiophoretic interaction term was in-
corporated into the simulations as a possible explanation. This term would potentially ac-
count for an interaction between the concentration gradient of polyethylene glycol and the
nucleic acid conglomerates, which could play a significant role in their accumulation behav-
ior. The following section looks at this effect and describes the details of the finite-element
simulation.

4.2.4 Finite-element simulation of the thermophoretic accumulation

In the previous section, PEG8000 was discovered to be the crucial buffer component to in-
duce the formation of the polymerase conglomerates. Simulating the combined transport
phenomena of convective, thermophoretic, and diffusive movement led to a central accumu-
lation similar to the long 210mer double-stranded DNA (see Figure[4.7)a). Thus, the resulting
concentration gradient of PEG as the molecular crowding agent in the discussed buffer could
have a profound effect on the accumulation behavior of the conglomerates.

Similar to thermophoresis, diffusiophoresis is the emergent transport of molecules, in this
case, along a concentration gradient rather than a temperature gradient. In the present case,
diffusiophoresis would lead to the transport of the polymerases along the concentration gra-
dient induced by the thermophoretic movement of the PEG8000. The molecular flux j; must
then include the diffusive, convective, and thermophoretic as well as diffusiophoretic trans-

54



port and is thus given by:
jT;:—Di'VCi—STi-D@"VT~Ci+(17+ﬁD)'C¢ (4.3)

where equation[4.2]is expanded by a diffusiophoretic velocity @p. For better clarification, the
equation can also be expressed as:

ji = —D; Ve + (T +dp —ir) - ¢ (4.4)

Here the diffusive transport is represented by the first term, whereas the second term in-
cludesall drift velocities, i.e., ¥, @p and @ as convective, diffusiophoretic and thermophoretic
velocity, respectively.

PEG8000 c/cy

Figure 4.7: Accumulation profiles derived by finite-element simulations
including diffusiophoresis: The convective, thermophoretic, and diffusio-
phoretic movements are represented by the white, cyan, and magenta ar-
rows, respectively. It is important to note that the length of the arrows is
scaled for better visibility and serves only as an indicator of the respective
directions of the velocity profiles. The superposition of all velocity profiles
is depicted by the light blue streamlines. a The simulation of the accumula-
tion behavior of PEG8000 in the convection chamber demonstrates a similar
pattern to the long 210mer DNA. After 60 minutes, PEG exhibits a concentra-
tion increase of 4.5-fold at the bottom center of the compartment. b Only
in the case of the slow diffusing conglomerates diffusiophoresis emerges as
a significant driving force that opposes the thermophoretic movement. By
not only including diffusive, convective, and thermophoretic but also the
diffusiophoretic transport in the finite-element simulation, the ring-shaped
concentration enhancement of the polymerases, as observed in the experi-
ments, was captured by the simulated results. After 60 minutes, the initial
concentration exhibits a maximum increase of 66-fold in a ring-shaped pat-
tern. The streamlines illustrate the molecular movement towards the wall,
forming the ring-shaped accumulation as observed in the experiments.
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Following Madea et al. [195], the diffusiophoretic velocity up is given by:

5 05]€BT 1 2 NA *Cj COPEG
_ , _ Ly YA G Con 45
T s/ < e T> TG co, 9

K3

Here, 7, 1s the radius of gyration of PEG8000, and n/u is the corrected viscosity of water
to account for changes induced by the buffer, ¢y, and co,,, are the initial concentrations of
species i, i.e. the species solved for, and PEG, respectively. For more details of the simulation,
refer to section[4.5.4]

By including the above changes in the molecular flux of the finite-element simulation, the
ring-shaped accumulation region of the conglomerated RNA or DNA polymerases was suc-
cessfully predicted. In contrast to the 35mer and 210mer (see Figure [4.15), diffusiophoresis
played a significant role in the movement of the conglomerates in the temperature gradient,
now pointing towards the heat source. However, this inverted force only has an effect near
the boundary walls where the flow velocity does not dominate over the slower diffusion of
the conglomerates. Interestingly, this led to an accumulation in a ring-shaped pattern, away
from the hot temperature spot at the top chamber wall (see Figure4.7/b).
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Figure 4.8: Concentration height average of nucleic acids inside the con-
vective chamber: The height average (c¢/c), of the simulated relative con-
centrations (lines) reproduced the experimental fluorescence signal (sym-
bols) for all species. The data points represent the radial averaging of the
background-corrected fluorescence images with respect to the central point
of the chamber.

For a quantitative comparison between the experiment and simulation of the accumulation
behavior for all species, the height average of the concentration (c/co), along the radius
was extracted (see Figure [4.8). This approach was chosen, as the fluorescence data of the
experiment corresponds to an averaged concentration signal along the height. First, the
mid-point of the chamber was identified to simplify the two-dimensional fluorescence data
to a one-dimensional signal. The fluorescence was then plotted outwards along the radius
and averaged. As the simulation was performed in a 2D-axisymmetric compartment, the
concentration just had to be averaged over the height.

Introducing crowding agents to the buffer and their emergent concentration gradient leads
to a dependence of the nucleic acids’ accumulation behavior on the binding details of the
molecules. This stems from a strong size dependence of the diffusiophoresis. The unsat-
urated, single-stranded parts of the folded polymerase molecules could potentially engage
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in intermolecular interactions and therefore lead to the formation of conglomerates. This
hypothesis is supported by the stark difference between double-stranded DNA and the single-
stranded DNA analog of the polymerase sequence, as well as the reversible melting and for-
mation of the conglomerates upon temperature changes.

4.2.5 Probability density of Polymerase and RNA degradation
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Figure 4.9: Cycling characteristics derived for nucleic acids from stochas-
tic trajectories: The statistics are each obtained from 400 simulated trajecto-
ries corresponding to a total time span of 2 h. A full cycle is defined as a tra-
jectory, starting from temperatures below 20 °C to temperatures above 60 °C
and back to 20 °C. a The random walk simulations conducted for the con-
glomerates showed no trajectories that completed the full temperature cycle
with a spike temperature exceeding 60 °C. Instead, the cycling times consid-
ered in these simulations involved trajectories between temperatures below
20 °C and temperatures above 40 °C. While the conglomerates exhibited a
higher probability of residence around 45 °C than the 35mer, the probability
decreased significantly for temperatures above 60 °C. b, ¢ and d show the
distribution of cycling times for the 210mer dsDNA, the conglomerates and
the 35mer, respectively. The mean cycle times are between approximately 26
to 28 min. Again, the cycle times for the conglomerates correspond to tem-
perature cycles between <20 °C and >40 °C.

Apart from running the replication in a plausible setting, an additional goal was to selec-
tively protect long RNA from spontaneous cleavage. As the cleavage reaction is enhanced
at elevated temperatures, the length-dependent accumulation of the polymerase away from
the high-temperature spot could lead to an enhanced protection. However, this is a priori
not clear, as the accumulation spot exhibits intermediate temperatures of around 45 °C. This
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section focuses on details of the temperature and cycling characteristics of the different nu-
cleic acid types, as well as the impact of those characteristics on their potential cleavage.
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Figure 4.10: Temperature-dependent RNA cleavage rate: a shows the rate
for RNA cleavage as implemented in the finite-element simulation. It ex-
hibits a strong temperature dependence, with a minimal rate of Kjegraq =
3.81-107% s7! at 17 °C and a maximal rate of kgegraa = 0.16 s™! at 83.2 °C,
respectively. Note that the actual values have to be taken with caution as this
corresponds only to degradation through transesterification. However, the
overall trend of degradation should be reliable. b depicts the linear represen-
tation of the RNA cleavage rate in the 2D axisymmetric compartment of the
finite-element simulation.

To this end, the trajectories of 400 particles with random starting positions were simulated
similarly as described in section[4.2.1] This provided valuable insights into the statistics for
the temperature distribution and cycling times for the polymerases, double-stranded DNA,
and single-stranded DNA, respectively (see Figure[4.9)and Figure[4.16). A complete cycle was
defined as a trajectory starting at temperatures below 20 °C, moving to a temperature region
above 60 °C, and then back to 20 °C. Considering the flow profile from the finite-element sim-
ulation and Brownian motion, the simulations revealed that the ring-shaped accumulation
effectively maintained the conglomerates at a temperature of around 45 °C. This ensured that
the polymerases effectively remained below 60 °C. More specific, the random walk simula-
tions for the conglomerates yielded no trajectories, completing the full temperature cycle
with spike temperatures of above 60 °C. Instead, for comparison of the cycling times for
all nucleic acid species, the trajectories for the conglomerates were analyzed for cycles be-
tween temperatures of below 20 °C and above 40 °C. In contrast, molecules that did not form
conglomerates had a higher probability of residing at the lowest temperatures but were fre-
quently exposed to temperatures above 60 °C.

For a more quantitative analysis, rates of RNA degradation were included in the finite-element
simulation. According to Li and Breaker [152], the rates of RNA degradation due to transes-
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terification can be predicted as follows:
ké}ggrna% kg - 100-933(P11=6) 10-0-24(3.16—[K*]) _1()0.07(T—23)
-69.3 - [Mg?t]0-80 . 3 57[K+] 70419 (4.6)

where kp, = 1.3 - 1072 min~! is the background rate for pH 6, a potassium concentration of
[K*+] = 3.16 M and at a temperature of 23 °C. The experimental values of [M¢?**] = 0.05 M,
[K*] = 0.05 M, and pH 8.3 were assumed to be stationary. The rate for a cleavage reaction
in at least one position along the entire length of an RNA molecule can be estimated by
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Figure 4.11: Simulation results for the effect of the temperature-dependent
RNA cleavage on the concentration of the polymerase: a The finite-element
simulation showed an exponential degradation of the surfaced averaged ri-
bozyme concentration for both cases, with and without phoretic transport.
However, fitting an effective degradation rate yielded a 5-fold more stable ri-
bozyme degradation rate for the case including phoretic transports, as they
are accumulating the ribozyme conglomerates away from the high tempera-
ture spot. Such mechanisms might have played an important role for a selec-
tion pressure towards more structured molecules. b shows the concentration
profiles at t=60 min for both cases, with and without phoretic transports. In
the case without phoretic transports, no accumulation is observed, and there
are only small differences in the absolute concentration values. However, a
significant fraction of the polymerase is constantly exposed to high temper-
atures, resulting in a higher effective cleavage rate. On the other hand, the
ring-shaped aggregation behavior resulting from phoretic transports is pre-
served, leading to the observed accumulation and improved stability.
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kdegrad = kéke)gg% : (N - 1) (4-7)

with N being the number of total nucleotides of the RNA (see Figure [4.10). The resulting
temperature-dependent degradation rate was then included as an additional term in the mod-
ified convection-diffusion equation (see equation [4.3) of the finite-element simulation. The
full equation then reads:

V- (—DiVCi - STi -D; - VT -¢c;+ (17—}- ﬁD) Ci) =R; (4.8)

with R; = —¢; - kgegraq. TO investigate whether the phoretic transports lead to the protection
of the polymerase from degradation, the simulation was run following equation [4.8] Addi-
tionally, an artificial case without any phoretic forces, described by

V- (—DiVCZ' +T- Cl’) = R; (4.9)

was analyzed for comparison. In both cases, at each time point, the surface integral over
the resulting concentration profile was performed to evaluate the total remaining concentra-
tion (see Figure[4.11). Both cases showed an exponential degradation of the RNA polymerase.
However, including the phoretic transports resulted in a 5-fold reduced degradation rate com-
pared to the case of no phoretic transports, i.e., frequent exposure to the high-temperature
spot.

Although the conglomerates of the polymerase were not accumulated to the coldest regions
of the convection chamber, the accumulation due to the phoretic transport led to some pro-
tection from temperature-induced degradation. Similar combinations of transport mecha-
nisms could have implied an additional selection pressure towards more structured mole-
cules that are required for catalytic activity.

4.3 Discussion

What kind of environment could have supported the emergence of life through an RNA-based
system? So far, extensive research has focused on investigating the synthesis of RNA using
an RNA polymerase ribozyme [123}[125]139,/143,193]. Still, most of these reactions have yet to
be conducted in a setting that is plausible for prebiotic conditions. In previous experiments
using a different non-equilibrium approach, RNA-catalyzed RNA polymerization has been
performed in eutectic ice, which concentrates the reactants and reduces spontaneous RNA
cleavage [82]. In future iterations of thermal habitats, incorporating such ice phases could
help to reduce the overall salt concentrations while still enabling thermal strand separation
and long-term localization through thermal convection and thermophoresis.

One major challenge in the replication of RNA is the spontaneous cleavage that occurs at
the elevated temperatures necessary for separating template and product strands. This lim-
its the formation and preservation of longer RNA molecules. However, longer RNAs would
have been crucial on the early Earth to support robust enzymatic activities [126,/196]. The
thermal habitat described in this study provides temperature conditions that drive RNA-
catalyzed RNA replication, achieving similar replication kinetics to optimized bulk reactions
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performed in standard thermal cyclers. An interesting aspect of the thermal habitat is its
length-dependent accumulation mechanism, which favorslonger and more structured RNAs.
This mechanism helps to counter the threat of short parasitic sequences that tend to be
copied more rapidly. In this habitat, shorter RNAs have a higher probability of exposure
to elevated temperatures, where degradation is enhanced (see Figure [4.9and [4.16) [183].

However, achieving strand separation only by means of temperature will always be limited.
Already for 50mers, the melting temperature is close to the boiling point of water at mono-
valent salt concentrations of 500 mM in the bulkﬂ. Employing other physio-chemical condi-
tions, such as periodic changes in salt concentrations or pH, holds several potential advan-
tages [83,184]. First, a combination of low pH and elevated temperature lowers the melting
temperature. This unlocks the potential for longer sequences to be separated. Second, using
pH or salt cycling reduces the risk of cleavage of long RNA and, thus, prolongs the lifetime of
the ribozymes. This allows for overall longer reaction times and could pave the way towards
a broader application of molecular evolution to RNA replication.

The experiments conducted in the thermal habitat suggest the existence of selective path-
ways that could guide RNA evolution toward longer and more structured sequences. This en-
vironment may provide a means to replicate not only 35-nucleotide strands but also complete
RNA polymerases assembled from shorter component strands [82,142,|143]. However, how
RNA moleculeslonger than 200 nucleotides could have emerged from simple, non-enzymatic
replication chemistries in a similar setting remains an intriguing open question.

4.4 Conclusion

The quest to uncover how life emerged involves identifying a suitable environment where in-
formational molecules can replicate and undergo open-ended evolution despite challenges
such as dilution and spontaneous degradation. The experiments described in this chapter
show how a temperature gradient across a porous rock pore of millimeter scale, filled with
water, could have driven both the accumulation of long RNA away from high temperatures
as well as the RNA-catalyzed replication of RNA molecules. This process of strand separation
and RNA accumulation is driven by thermal energy, an abundant energy source on and inside
aplausible scenario for the geological conditions of the early Earth. Itis worth noting that the
employed form of the RNA polymerase ribozyme has limitations in replicating longer RNA
strands. However, the observed thermal selection bias towards longer RNA molecules in this
system holds the potential to guide molecular evolution towards greater complexity. With
work being put into evolving more potent ribozymes, the next iterations of RNA-replication
facilitated by thermal non-equilibrium settings hold great potential to understand the emer-
gence of replication and eventually life.

*This is based on calculations provided from the OligoCalc biotool [] for the sequence ATG CAT GCA TGC ATG
CAT GCA TGC ATG CAT GCA TGC ATG ATG CAT GCA TG with a GC content of 48%. Increasing the GC content
would increase the theoretical melting temperature even further. Additionally, no divalent ions are consid-
ered in the calculation, which again leads to a strong increase in duplex stability and, thus, melting temper-
ature.

61



4.5 Materials and Methods

4.5.1 Nucleic acids

Table 4.1: Nucleic acid sequences used in the experiments. The RNA se-
quences for the ribozymatic replication of RNA are highlighted in light grey.
In the accumulation experiments, the 35 nt long template sequence, the 24-3
polymerase and its DNA sequence analog were used. For the accumulation
experiment of the 210 nt long dsDNA, the sequence was amplified from the
PBR322 plasmid via a standard PCR.

Forward Primer | 5 GACAAUGAC AAAAAA GCAACUUUUC 3

Reverse Primer | 5 GACAAUGAC AAAAAA CACUCCACAC 3

rPCR Template | 5 GACAAUGAC AAAAAA CACUCCACAC GAAAAGUUGC 3’

24-3 Polymerase | 5 AGU CAU UGC CGC ACG AAA GAC AAA UCU GCC CUC AGA GCU
UGA GAA CAU CUU CGGAUG CAGAGG AGG CAGCCUUCG GUG GAA
CGA UCG UGC CAC CGU UCU CAA CAC GUA CCC GAA CGA AAA AGA
CCU GACAAA AAGGCGUUG UUA GAC ACG CCCAGGUGC CAU ACC
CAA CAC AUG GCU GAC 3’

dsDNA 5 TCG GTGTAG GTC GTT CGC TCC AAG CTG GGC TGT GTG CAC GAA
CCC CCC GTT CAG CCC GAC CGC TGC GCC TTA TCC GGT AAC TAT
CGT CTT GAG TCC AAC CCG GTA AGA CAC GAC TTA TCG CCA CTG
GCA GCA GCC ACT GGT AAC AGG ATT AGC AGA GCG AGG TAT GTA
GGC GGT GCT ACA GAG TTC TTG AAG TGG TGG CCT AAC TAC GGC
3

5 GCC GTA GTT AGG CCA CCACTT CAA GAA CTCTGT AGC ACC GCC
TAC ATA CCT CGC TCT GCT AAT CCT GTT ACC AGT GGC TGC TGC
CAG TGG CGA TAA GTC GTG TCT TAC CGG GTT GGA CTC AAG ACG
ATA GTT ACC GGA TAA GGC GCA GCG GTC GGG CTG AAC GGG GGG
TTC GTG CAC ACA GCC CAG CTT GGA GCG AAC GAC CTA CAC CGA
3

4.5.2 RNA-catalyzed replication of RNA

The 24-3 polymerase ribozyme that was used in the experiments was obtained by in vitro tran-
scription of double-stranded DNA (20 pg/mL), following the method described by Horning
et al. [125]. The RNA oligomers, i.e., the polymerase, primers, and template, were purified
using denaturing polyacrylamide gel electrophoresis (PAGE) and subsequent ethanol precip-
itation. To anneal the RNA, it was heated to 95 °C for 30 s and then slowly cooled down to
4°C atarate of 0.2 °C/s in a buffered solution containing 10 mM Tris at pH 8, 1 mM EDTA and
0.05 % TWEEN20. The annealed RNA was mixed with the reaction buffer and nucleoside
triphosphates (NTPs) to prepare the final reaction mixture. The resulting mixture contained
400 nM of the 24-3 polymerase ribozyme, 200 nM primer, 4 mM NTPs, and varying amounts
of the template. The reaction buffer consisted of 50 mM Tris (pH 8.3), 50 mM MgCly, 6% w/v
PEG8000, 0.9 M TPA, and 0.05% Tween20. The primers were 5 -biotinylated and labeled with
fluorescein for detection by polyacrylamide gel electrophoresis (PAGE) analysis. To quench
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the reaction, 0.5x volumes of 500 mM EDTA (pH 8) were added. The biotinylated primers
and extended products were captured using Streptavidin C1 Dynabeads (ThermoFisher Sci-
entific, USA). The captured materials were washed four times with alkali solution (25 mM
NaOH, 0.05 % TWEEN20, 1 mM EDTA). Then it was washed two times with a mixture of 8 M
urea, 1 mM EDTA, 0.05 % TWEEN20, and 10 mM Tris (pH 8.0). For PAGE analysis, the ma-
terials were mixed with 98% formamide and 10 mM EDTA, and then heated at 95 °C for 10
minutes. After heating, the samples were separated using a 12.5% polyacrylamide gel.

The products were analyzed using CCD photography (Orca 03-G, Hamamatsu, Japan) through
a green bandpass filter (520 nm, 10 nm FWHM, Newport, Germany) with a spectrally filtered
source (LED 470 nm, filter 470 nm, 10 nm FWHM, Thorlabs, Germany) and high-quality inter-
ference filters (bandpass 692+20 nm, OD 6 blocking, Edmund Optics, USA; bandpass 700+35
nm, OD 2 blocking, Newport, USA) using a filtered source (LED 625 nm, filter 630 nm, 10 nm
FWHM, Thorlabs, Germany) for fluorescein- and Cy5 labels, respectively. The bulk control
experiments were conducted in a thermocycler with enhanced heating/cooling rates (Ana-
lytik Jena AG, Germany).

4.5.3 Convection system

The cylindrical convection chamber was constructed from a 500 um thermally conductive
soft-silicone film, with cut out holes of approximately 5 mm diameter (KU-TCS, Aavid Kunze
GmbH, Germany). The bottom was sealed by a silica wafer (Si-Mat-Silicon Materials e.K.,
Germany) with a thickness of 525425 pm and a 100 nm SiOq coating. The top was closed with
a 170 um borosilicate glass coverslip (Carl Roth, Germany). The stable temperature gradient
was generated using an IR laser (TLR-30-Y12, IPG Laser GmbH, Germany) and Peltier element
(Uwe Electronic Vertriebs GmbH, Germany) as a heat source and heat sink, respectively. A
PID-controlled feedback loop was used to regulate the temperature of the Peltier element in
conjunction with a water bath (CF41 Kryo-Kompakt-Thermostat, Julabo, Germany).

The accumulated nucleic acids were fluorescently imaged with a long working distance 2x
objective (Mitutoyo Plan Apo Infinity 2x, 0.055 NA, Mitutoyo Corporation, Japan), equipped
with a CCD camera (Stingray F-145B, Allied Vision Technologies GmbH, Germany) and illu-
minated with two alternating LEDs (625 nm and 470 nm, Thorlabs, Germany) in combination
with a dual-band filter set (fluorescein and Cy5, AHF, Germany). Up to four sample chambers
could be run in parallel employing scanning mirrors (6200-XY, Cambridge Technology, Eng-
land) to sequentially direct the IR-laser onto one of the sample chambers. A cold dichroic
mirror (transmission 400-700 nm, reflection 633/1940 nm, AHF, Germany) coupled the IR-
laser into the optical path between the sample and objective. The fluorescence of 50 uM
277 -bis-(2-carboxyethyl)-5-(and 6)-carboxyfluorescein) (BCECF), diluted in 10 mM Tris (pH
8.0) Was used to measure the experimental temperature profile. It was calibrated with the
temperature-dependent fluorescence by uniformly varying the temperature of the heat bath.
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Figure 4.12: Experimental realization of the convection chamber with cen-
tral heating: a A focused IR-laser is used to induce a radial symmetric heat
profile inside a cylindrical convection chamber. b Finite-element simula-
tions of centralized heating using an IR-laser (top) or surface heating (bot-
tom), with similar temperature profiles emerging in the two cases. ¢ The
finite-element simulation shows that absorption of the focussed IR laser in
the upper layers of the water-filled cylindrical compartment generates con-
vective motion in the fluid. Within the temperature profile (left) and velocity
profile (right), the white arrows represent the thermophoretic and convective
velocities, respectively. It is important to note that the length of the arrows is
adjusted for improved visibility and does not directly represent the relative
strengths of the velocity fields.

4.5.4 Finite-element simulations

The finite-element simulations are performed in an axisymmetric compartment with a rect-
angular cross-section using Comsol Multiphysics 5.4, making use of the radial symmetry of
the system in order to save computational time. The experiments are performed in a cylindri-
cal compartment with a punctual heat source that forms a temperature gradient, pointing
outwards from the given heat spot. Measuring the experimental temperature profile was
done using the temperature-dependent fluorescence decrease of BCECF in Tris (see section
4.5.3). The readout of the temperature measurement equals the average over the height of
the chamber. To correctly model the experimental situation, a corresponding height average
of the 2D temperature calculation was implemented in Comsol. The modeled heating power
and beam width of the laser were then adjusted such that numerical and experimental tem-
perature profiles matched within a 20 % and 30 % error, respectively. Instead of running the
simulation in a 3D compartment, the axisymmetric nature of the experimental setting al-
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lowed the reduction of the following partial differential equations to the 2D case. This led to
an increase in computational speed while still capturing the full details of the 3D experiment.
The temperature profile that was obtained from the comparison to the experiment was fed
into the numerical model, which then couples the contributing transport mechanisms in the
following steps:

(i) The temperature profile is determined by applying partial differential equations for
transient heat transfer, incorporating the material properties of water, silicon, silicone,
and glass. In the case of water, the temperature dependence of the contributing param-
eters is included in the modeling. The absorption of the Gaussian-shaped IR laser is
modeled using the Beer-Lambert law, and the momentum of the absorbed photons is
considered in the force balance of the Navier-Stokes equation. This inclusion accounts
for a potential slowdown of convection. The absorption coefficient for the IR light with
a wavelength of 1940 nm is calculated as 129.6 cm~! based on published material con-
stants.

(ii) The convective flow profile inside the thermal convection chamber is determined by
numerically solving the incompressible Navier-Stokes equation. The buoyancy force is
calculated based on the temperature-dependent density of the fluid. Non-slip bound-
ary conditions and a zero-pressure point boundary are imposed in the simulation. To
account for the enhanced viscosity of the rPCR buffer caused by the addition of PEG,
the viscosity was experimentally measured using the Brownian motion of fluorescently
labeled beads with a size of 1 um. At a temperature of 20 °C, the viscosity of the rPCR
buffer is determined to be 28 mPasxs.

(iii) To simulate the accumulation of the 35mer, 210mer, PEG8000, and conglomerates, a
modified convection-diffusion equation is solved using the simulated flow and temper-
ature profile as input. The thermophoresis and diffusiophoresis are implemented as
an additional molecular flow. The boundaries are given as non-adsorbing. The total
molecular flux (j; ) for a nucleic acid species i arises from the combination of diffu-
sion, thermophoresis, and convection and is stated in equation[4.2] The fully modified
equation with the diffusiophoretic flow is given by equation[4.3]

The Soret coefficients S, that were used in the simulation in order to match the experimental
accumulation profile for the 35mer and the 210mer are given by 0.03 K~! and 0.2 K~ respec-
tively. Those values are about a factor of 3 higher than stated in the literature, although
with different salts but at a comparable Debye length. However, deviations are somewhat
expected for PEG-mixtures with high concentrations of MgCl, and 0.9 M TPA. This might be
due to changes in the Seebeck effect, which dominates the thermophoresis in this regime,
as many of the electrophoretic mobilities that determine the buildup of the electric field in
the Seebeck effect, are not known. Therefore, changing the Soret coefficients within this
range appears to be a plausible approach. The Soret coefficient used for the RNA and DNA
polymerase conglomerates was assumed to be 0.3 K~!, which is only slightly higher than the
Soret coefficient for the 210mer. However, it should be noted that the diffusiophoretic forces
dominate the ring formation and thermophoresis is a rather minor effect.

To model the diffusion of the different nucleic acid species, the diffusion coefficients were
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adapted according to:

DPEGfactor

D; =0.5-643 - n; %10 (4.10)

l)\/iscosityfactor

asreported by Mast et al. [165] for dsRNA in salty conditions, where n denotes the length of the
strand. The slower diffusion resulting from the enhanced viscosity of a thermophoretically
enhanced PEG concentration was modeled with Dpgg,. .

4.5.5 Random walk model

Random walk simulations were implemented in a Labview code to derive statistical data on
the thermal cycles for the RNA oligonucleotides inside the convection chamber. To gather
the statistics, the trajectories of 400 particles were considered, with a total time frame of 2
hours and time-steps of At = 1 ms. The displacement of particles A3(x,y) is stated in equa-
tion 4.1} The flow profile #(z,y) used in the simulation was derived from the finite-element
simulations as described in the previous section. The Brownian motion was implemented by
a randomly directed movement 7(¢). Molecules are defined to undergo a complete tempera-
ture cycle as they move from a high-temperature region of above 60 °C for denaturation to a
low-temperature region of below 20 °C for elongation and then back to the high-temperature
region. For the polymerase conglomerates, a full temperature cycle is defined with hot tem-
peratures above 40 °C, as 60 °C does not yield any completed temperature cycles due to the
efficient accumulation. It is important to note that the random walk model used in the sim-
ulations does not take into account minor changes in molecule size that may occur during
the experiment as a result of partial elongation scenarios by the polymerase.

4.5.6 Sigmoidal model for exponential replication

The exponential replication of RNA can be modeled effectively by a sigmoidal growth model
[197], with the product concentration ¢ being dependent on the number of cycles following:

c(cycle) = Cmaz (4.11)

cycle—cyc1e1/2

1+e” 2

Here ¢4, denotes the final maximal concentration, k& denotes the replication factor, cycle
denotes the number of cycles, and cycle; /, denotes the cycle factor corresponding to the
midpoint of the growth curve. The cycle factor is given by:

cycle,j, = k-In (CCO”"”_Ml) (4.12)
The model exhibits an initial exponential growth phase for ¢ < ¢pqae, Which is then later
inhibited. This can be attributed to a depletion of primers and NTPs, a decline in polymerase
ribozyme activity and the presence of pyrophosphates in the reaction. In the bulk reaction,
the number of cycles corresponds to 50, leading to the dependence of the final concentration
¢maz ON the initial template concentration ¢ of:

C
cs0(co) = "i‘” ) - (4.13)

1 +el“(c0—1 k
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Equation [4.13| was used to fit the results shown in Figure [4.4] The replication efficiency F
is given by F = cn/cy-1 and describes the increase of the concentration ¢ between two
consecutive cycles cycley and cycley_1. In the case of the initial exponential phase, i.e.,
¢ < Cmag, the expression for E simplifiesto F = el/k which was used to calculate the stated
values for convection and bulk, respectively.

4.6 Supplementary Figures
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Figure 4.13: Local heating of the convection chamber: a The local heating of
the compartment is achieved by an IR-laser, creating a Gaussian profile that
induces a temperature difference between the heated regions (80 °C) and the
water-bath cooled (17 °C) bottom side of the convective chamber. The radial
temperature profile is determined by measuring the temperature-dependent
fluorescence of BCECF (50 uM) diluted in TRIS buffer (10 mM). Experimen-
tal measurements match the results obtained from a finite-element simula-
tion, which takes into account the axial symmetry of the system. The scale
bar corresponds to 1 mm. b The established temperature gradient leads to a
convective flow within the chamber. This flow effectively transports fluores-
cently labeled beads with a size of 1 um between the inner and outer regions
of the chamber. The highest velocities, exceeding 20 um/s, are observed in
the heated regions of the chamber.
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Figure 4.14: Temperature cycle conditions derived from finite-element
simulation: a Exemplary trajectories of macro molecules solely driven by
thermal convection. Various thermal scenarios were screened to find a sce-
nario that matches the delicate temperature conditions necessary for RNA
amplification. For this purpose, a finite-element simulation derives tempera-
ture cycles of molecules with respect to their initial starting position, neglect-
ing thermophoretic and Brownian motion. b The temperature oscillation in-
side a chamber of 0.5 mm in height and 2.25 mm radius matches the temper-
ature cycle requirement of an RNA-only replication system. Here, molecules
undergo fast temperature changes while remaining for most of the time at
low temperatures. ¢ Simulating 400 trajectories of random starting positions
yields a mean cycle time of 19.0+10.3 min between 20 °C and 60 °C. More ex-
cessive temperature oscillations, such as temperature differences between
20 °C and 80 °C, require extended cycle times of 55.8+18.0 min. d In these
thermal habitats, the molecules are convectively shuttled between regions
of varying temperatures but remain at low temperatures most of the time.
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Figure 4.15: Accumulation profiles of short and long DNA derived by finite-
element simulations: The arrows in white, cyan and magenta represent the
direction of the convective, thermophoretic and diffusiophoretic movement,
respectively. The length of the arrows is scaled for better visibility and only
serves as an indicator for the respective directions of the various velocities.
The light blue streamlines correspond to the superposition of all velocity pro-
files. The simulation compartment had a height of 0.5 mm and a radius of
2.25 mm. a The 35 nt ssDNA demonstrates minimal accumulation with only
a 1.33-fold increase in concentration after 60 minutes. b The 210 nt dsDNA ex-
hibits significant accumulation, showing a 5-fold increase in concentration
after the same period, specifically at the bottom center of the compartment.
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Figure 4.16: Temperature characteristics derived from stochastic cycling
trajectories: The statistics are obtained from a total of 400 simulated trajec-
tories corresponding to a total time span of 2 h. a, b show the cycle statistics
for a 35mer ssRNA and a 210mer dsDNA, respectively. A cycle refers to a
trajectory that begins at temperatures below 20 °C, moves to temperatures
above 60 °C, and returns to temperatures below 20 °C. The strands primarily
reside at lower temperatures and undergo rapid cycling through the high-
temperature spots. ¢ The random walk simulations for the conglomerates
do not exhibit trajectories that complete the full temperature cycle with a
spike temperature exceeding 60 °C. The resulting temperature distribution
reveals a secondary peak around 45 °C, which corresponds to the tempera-
ture at the accumulation region.
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5 RNA synthesis and replication by the sunY
ribozyme driven by a non-equilibrium
microenvironment

Summary

Enzyme-catalyzed replication of nucleic acid sequences is a prerequisite for the survival and
evolution of biological entities. Before the advent of protein synthesis, genetic information
was most likely stored in and replicated by RNA. However, experimental systems for sus-
tained RNA-dependent RNA replication are difficult to realize, in part due to the high thermo-
dynamic stability of duplex products and the low chemical stability of catalytic RNAs. Using
a derivative of a group I intron as a model for an RNA replicase, it is shown that heated air-
water interfaces that are exposed to a CO,-rich atmosphere enable sense and antisense RNA
replication as well as template-dependent synthesis and catalysis of a functional ribozyme
in a one-pot reaction. Both reactions are driven by autonomous oscillations in salt concen-
trations and pH, resulting from the precipitation of acidified dew droplets, which transiently
destabilize RNA duplexes. The results suggest that a microenvironment mimicking an abun-
dant geo-physical setting on Hadean Earth could have promoted both replication and syn-
thesis of functional RNA{]

This chapter is based on the publication by Salditt et al. [167] in Nature Communications.
Authors: Annalena Salditt, Leonie Karr, Elia Salibi, Kristian Le Vay, Dieter Braun and Hannes Mutschler
Contributions: Project design, funding acquisition, and supervision: D.B., H.M. Experiments and data anal-
ysis: A.S., L.K., E.S., K.LV. Visualization: A.S., E.S. Paper writing: A.S., L.K., E.S.,, K.LV,, D.B., H.M.
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5.1 Introduction

5.1.1 The replication problem in the RNA world

In the search for the origin of life, finding replication mechanisms relying only on RNA is
of particular interest as RNA encodes sequential information and folds into enzymatically
active structures (ribozymes) [18},19}198]. Specifically, identifying a replication scenario for
ribozymes leading to general copying of RNA as well as autocatalytic copying of itself would
be an immense advancement in understanding the emergence of replication. Over the past
decades, re-engineering introns and in vitro evolution has led to the discovery of several cat-
alytic RNAs, capable of accelerating RNA ligation and polymerization [126,(135}/142,(199},200].
Although this tremendously progressed the field of protein-free RNA replication, full repli-
cation scenarios are difficult to realize.

As catalytic activity is coupled to long and more structured sequences [201], it is specifi-
cally difficult to find a polymerase or ligase ribozyme that is able to copy itself or ribozymes
of similar function. As a possible solution, it was shown that fragmenting ribozymes into
multiple sub-sequences can still lead to assemblies that maintain their function [82}126].
In promising recent approaches, ligases and polymerases can successfully copy a template
strand into its complement with ever-increasing lengths, given the required starting mate-
rial (activated nucleotides, triplets, or oligomers) [125,/135,142]. This suggests that accurately
copying these lengths is not the limiting factor of RNA replication. Similarly, the replication
of template strands containing double-stranded regions is also possible, meaning that the
successful replication of a long and structured RNA, i.e., an RNA replicase, is not an impos-
sible feat [108],[125166|,202H204].

However, even if a full-length product is achieved, all these approaches suffer from the
same downside - the high thermodynamic stability of long RNA duplexes, which is further in-
creased by high salt concentrations often required for folding and catalytic activity, prevents
the separation of the synthesized strand from its template in equilibrium conditions [52,81].
Specifically, high magnesium concentrations, which are nearly always required for catalytic
activity, are incompatible with current predictions of the prebiotic environment, as well as
the stability of RNA in these conditions [152]. Thus, template-dependent RNA synthesis re-
sults in the formation of dead-end duplexes. These duplexes not only hinder the release and
folding of encoded ribozymes but also impede the reuse of templates for subsequent replica-
tion cycles. Thus, current approaches often rely on sophisticated separation and purification
protocols.

Nonetheless, different strategies have been tested to circumvent this strand separation prob-
lem in a more plausible way. For example, the use of thermal denaturation in viscous sol-
vents takes advantage of the difference in mobility between short and long oligomers, allow-
ing the shorter oligomers to diffuse and hybridize with the template faster than its long, lig-
ated counterpart [205]. During non-enzymatic RNA polymerization, including short invader
oligomers can promote toe-hold strand displacement and subsequent invasion of the strand
being synthesized [108]. A third strategy plays on the melting temperatures of chimeric
double-stranded structures; RNA:DNA duplexes or RNA:XNA duplexes are less stable than
their homopolymeric counterparts and thus easier to melt [202] and can help with strand
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separation [203]. Another strategy leverages the strain of covalently closed circular RNA by
using it as the template for copying [206] 207]. Still, each strategy has its limitations, and
a definitive solution to the strand separation problem, among others, has yet to be demon-

strated [20}[52].

5.1.2 Exploiting the non-equilibrium of the AWI-setting
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Figure 5.1: The non-equilibrium of AWI-systems enables RNA folding, lig-
ation, and strand separation at low bulk magnesium concentrations: The
non-equilibrium of the AWI-system is maintained by asymmetric heating
across the 250 um wide compartment. This leads to the accumulation of
RNA and magnesium ions at the warm side of the interface (cyan), reducing
the overall required bulk magnesium concentrations cpyy. In the CO,-rich
atmosphere, the temperature gradient drives a miniature water cycle, i.e.,
evaporation at the warm and condensation at the cold side. Due to surface
tension, the low salt and pH droplets can either fall back into the solution
or rearrange upon growing to touch the opposite hot site. This locally in-
duces strand-separating conditions separating duplexes, potentially trigger-
ing multiple rounds of replication. This setup mimics a gas bubble inside a
porous volcanic rock. Its miniature water cycle creates different regions in
close proximity with strong fluctuations in salt concentration and pH. AWI-
settings are a plausible and abundant geological environment on Hadean
Earth, i.e. porous volcanic rocks exposed to the CO,-rich atmosphere with a
temperature gradient originating from vulcanic activity and the cold ocean.

Instead of engineering smart ways of circumventing dead-end products in RNA replica-
tion, the strand-separation problem can be tackled by a more holistic approach. Physical
means to separate duplexes, i.e., temperature, salt, or pH cycles, can be implemented in
small reaction compartments. To achieve cycles in an autonomous and realistic way, these
compartments must be kept in an out-of-equilibrium state. Rather than focusing on tempo-
ral changes in reaction conditions, such as temperature cycles in thermal cyclers, dilution
series, or manual pH changes by the experimentalist, the non-equilibrium leads to locally
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Figure 5.2: Dynamics of dew droplets in AWI-system: a The distribution of
RNA, in particular the primer, within the half-filled AWI-system was moni-
tored using the Cy5-channel. As the fluorescence signal indicates, the bulk
shows a uniform RNA concentration before heating. b Upon heating, dew
droplets form by condensation and precipitate back into the bulk solution
(precipitation), starting already after a few seconds. Simultaneously, RNA
molecules accumulate at the interface, as indicated by the increased fluo-
rescence. The overall drop in fluorescence is due to the temperature depen-
dence of the Cy5 molecule. ¢ Evaporation, pressure changes, and precipi-
tation droplets lead to position changes of the interface. Upon lowering of
the interface, RNA can dry on the warm sapphire window (pink line). Con-
trarily, dried material can be dissolved again as the interface moves up. Ad-
ditionally, dew drops that are large enough rearrange due to surface tension
such that they touch both sides of the AWI chamber (left). Near the interface,
such droplets resolve the dried material and precipitate back into the bulk
solution, carrying the material with them. d To better visualize the droplet
dynamics, the microscope can be operated in bright field mode. The cold
side is covered with droplets of various sizes that can grow, merge, and pre-
cipitate back into the bulk solution. The downward movement of the inter-
face as water evaporates and is stored in the dew droplets, as well as the
upward movement as droplets precipitate, can also be tracked in bright field.
e Droplets bridging the opposite sides of the chamber not only precipitate
back but occasionally split. The droplet on the cold backside again grows
and coalesces, etc. However, the droplet on the warm sapphire slowly dries
up. This process can occur multiple times in direct succession, leading to
fast wet-dry cycling of material on the warm sapphire.

varying reaction conditions in close proximity. Molecules will move from one location to
another either by drag forces, diffusion, or other transport phenomena, consequently lead-
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ing to temporal changes in reaction conditions. A general way of implementing a constant
non-equilibrium is asymmetric heating, i.e., a temperature gradient across the reaction com-
partment. The advantage of such implementations has already been proven for DNA-based
model systems of early replications by enabling elongation as well as strand separation cy-
cles [78,[165]. Similarly, as described in chapter[d} recent results show that RNA-based repli-
cation can also be driven in similar settings [[166]. However, denaturation of double-stranded
RNA solely by means of temperature is limited by the respective melting temperatures, which
rapidly reach >90 °C for longer lengths and elevated salt concentrations [150].

Rather than relying on completely water-filled reaction compartments, new approaches em-
ploying temperature gradients across air-water interfaces (AWI, Figure show promis-
ing results in melting longer, more structured sequences at moderate temperatures [83,(88].
These interfaces could have occurred in porous rock systems exposed to temperature gradi-
ents resulting from volcanic activity or even just heating through the sun (as smaller gradi-
ents compared to thermogravitational traps are needed) and the cold ocean. This setting is
of particular interest for RNA replication mediated by ribozymes since it should not compro-
mise their activity but allows for lower overall salt concentrations as the temperature gradi-
ent leads to a co-accumulation of salts and nucleic acids at the warmer side of the interface.
Thus, it produces a high local concentration of salts needed for catalysis [103]]. This accumu-
lation mainly results from the capillary flow created by water evaporation at the warm side of
the air-water interface. The additional effects of water convection and Marangoni flow at the
interface contribute for large molecular assemblies on the order of tens of micrometers but
are minimal for most cases, including the ones described in the following. At the same time,
the temperature gradient leads to a miniature water cycle. Water evaporates at the warm side
of the interface and re-condenses at the cold side. Already the low salt conditions of the con-
densation (or dew) droplets could locally induce strand separating conditions [83]. This is,
however, limited to shorter lengths. The strand-separating capacity can be enhanced even
further by introducing a reducing CO, atmosphere, leading to condensation droplets that
are low in salt and pH [88]. The low pH results from an equilibrium of dissolved carbonic
acid, bicarbonate, and carbonate in dew droplets depending on the applied partial pressure
of CO; (see Figure[5.21). While low salt conditions decrease the stability of double-stranded
nucleic acids due to the lack of cations present acting as shielding agents that reduce the re-
pulsion of the negatively charged backbones, low pH enables transient melting of otherwise
stable nucleic acid duplexes presumably due to nucleobase protonation [178].

The dew droplets on the cold side can grow and coalesce. Large enough droplets either di-
rectly precipitate back into the bulk or rearrange due to surface tension so that they bridge
both sides of the chamber. Those also precipitate back into the bulk or slowly dry up. The
overall droplet dynamic depends on the pressure and type of gas, the temperature gradient,
as well as the thickness of the chamber. The AWI-system can be monitored either in bright
field or in fluorescence mode (see Figure [5.2). Monitoring the fluorescence of the Cy5 la-
beled RNA primer confirms the accumulation of RNA at the air-water interface triggered by
the temperature gradient. The combination of accumulation and the sinking movement of
the interface due to evaporation, dried material sticks at warm sapphire above the interface.
This material can be re-dissolved and transported back into solution either by dew droplets
that bridge to the warm side and subsequently precipitate or the moving interface as the
pressure slightly changes or as droplets precipitate back into solution (see Figure a-c).

75



The overall droplet dynamics are a crucial parameter for the respective experiment as they
are responsible for the strand-separating conditions and dictate the rate of changing con-
ditions. They can be best visualized in bright field mode (see Figure[5.2/d-e). To attain an
appropriate temperature gradient, the top temperature of the gradient for all experiments
was fixed to match the isothermal conditions. Then, several cold temperatures were tested
by monitoring the droplet dynamics of the reaction buffer and chosen according to the best
droplet dynamics.

The next sections demonstrate how ribozyme-catalyzed RNA replication benefits from the
AWTI-setting. By exploiting the non-equilibrium conditions, replication of sense and anti-
sense strands and functional ribozymes becomes possible in a one-pot system. The combi-
nation of conditions suitable for ligation as well as strand separation enables reaction steps,
which are otherwise mutually exclusive under isothermal conditions. Thus, the combined
synthesis, release, and folding of active ribozymes appears to be an attainable objective.

5.1.3 sunY as model system for early ribozymatic replication

G-binding pocket

«  M123

M1 QMZ @MS ng"

template Y +2x©

sunY i; sunY ig
Ribozyme-substrate complex

Figure 5.3: sunY-mediated templated ligation: The sunY ribozyme can cat-
alyze the templated ligation of RNA strands using guanosine nucleosides (G)
at the 5-end as leaving group. This process is schematically shown for three
ligation substrates M1-3. The red label at the M1 substrate corresponds to
a Cy5 label necessary for downstream analysis. The ligation mechanism is
based on the exon ligation step during RNA splicing by a group I intron. First,
the ribozyme substrate complex is formed, followed by the positioning of
the ligation junction of the substrate duplex in the catalytic center of the ri-
bozyme by binding of the terminal guanosine nucleotide of the downstream
exon in the G-binding pocket [208]. The 3-OH group of the upstream exon,
once aligned, initiates an inline attack on the phosphodiester bond of the
bound 5-guanosine. This results in the ligation of the adjacent upstream
and downstream exons, simultaneously releasing the guanosine and the cat-
alytic intron.

Y

© guanosine
+ Cy5dye
© uracil

The discovery of ribozymes, i.e., functional RNA sequences, in the 1980s has boosted the
search for early replication scenarios solely dependent on RNA [209,210]. Ribozymes can
either be of non-viral or viral origin and are mostly catalyzing transesterification reactions
[163]. Group I or group II introns are of the first type and are found in non-coding regions of
genes (introns). Group I introns are especially interesting for the search of the origin of life
as they present a potential mechanism for the emergence of RNA-based catalysis and infor-
mation transfer. They consist of a highly structured RNA molecule that includes a catalytic
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Figure 5.4: Detailed scheme of sunY and the reaction mechanism at the
ligation site of the templated ligation: a Sequence and schematic represen-
tation of the secondary structure of the full length sunY variant (adapted
from [199]). The G binding pocket, essential for substrate-binding and po-
sitioning in the catalytic center, is highlighted by the pink square. b The
hybridization of the substrates on the template ensures accurate positioning
for the attack of the 3’ hydroxyl of the upstream substrate on the 3’ end of
the 5" end guanosine of the downstream substrate. The transesterification
reaction, where the 5’ guanosine acts as a leaving group, is catalyzed by suny,
provided that the magnesium concentration is sufficient. As a result, both
strands are covalently linked via a 3-5" phosphodiester bond.

core region and several peripheral domains and are able to self-splice, meaning that they are
capable of catalyzing their own removal from pre-mRNA transcripts during gene expression.
During the splicing process, the intron RNA folds into a specific three-dimensional structure
that brings together the 5" and 3’ splice sites. This allows the intron to catalyze its own ex-
cision from the RNA transcript and the ligation of the flanking exons. In biology, they are
typically found in the genomes of bacteria, bacteriophages, and eukaryotic organelles such
as mitochondria and chloroplasts.

In the origin of life research, derivatives from group I intron ribozymes are used to cat-
alyze templated ligation reactions. One such ribozyme is the sunY ribozyme, a derivative
of the self-splicing sunY intron from bacteriophage T4 (in the following only referred to as
sunY ). If the ligation substrates are bound to their template, sunY can catalyze template-
dependent oligonucleotide ligation using 5’ guanosines as leaving group [126}[199] (see Figure
[5.3). Thus, their catalytic activity is independent of prerequisite activation chemistries such
as phosphate- or imidazole-based leaving groups. There are several slightly varying versions
of the sunY ribozyme with minor differences in the catalytic rate. For a robust catalytic activ-
ity in isothermal ligation reactions, sunY requires a magnesium concentration of ~ 50 mM
and a temperature of 45 °C. Following the hybridization of ligation substrates to their respec-
tive template, sunY catalyzes the inline attack of the 3" hydroxyl of the upstream substrate on
the 3’ end of the 5" end guanosine of the downstream substrate. After this transesterification
reaction, with the 5" guanosine acting as leaving group, both strands are covalently linked
via the natural 3-5" phosphodiester bond. Although the only prerequisite of the templated
ligation reaction on the sequence is the additional guanosine, the ligation efficiency can be
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significantly increased by introducing a G:U wobble pair at the 3" end of the attacking frag-
ment. To ensure maximal ligation efficiency, this constraint was applied to the design of the
ligation systems.

Overall, the sunY ribozyme provides a robust activity and only requires pure RNA without
any prerequisite activation for its catalytic activity, making ligation reactions based on sunY-
derived ribozymes an attractive model system for primitive enzymatic RNA-replication 211,
212].

5.2 Results

5.2.1 sunY-catalyzed RNA ligation at heated air-water interfaces

As described previously in subsection[5.1.2] the AWI-system leads to an accumulation of mag-
nesium as well as RNA at the warm side of the interface, lowering the bulk Mg?* require-
ments. In order to probe the dependence of the catalytic activity on the bulk magnesium
concentration and explore whether the AWI-system provides a suitable environment for the
ligation reaction by a 182 nt variant of the sunY ribozyme, a simple ligation system for the
30 nt long Mango aptamer was designed (see Table[5.2). The system consisted of a 39 nt long
template, a 5-Cy5 labeled substrate (M1, 13 nt), which allows direct fluorescence-based PAGE
analysis, and two downstream 5-guanosine ‘activated” substrates, M2 (7 nt), and M3 (10 nt).
Based on estimates of the concentration effect at the evaporation zone of the heated side of
the air-water interface, bulk MgCly concentrations of 1 mM, 5 mM up to 10 mM were tested

AWI isothermal

MgCI2 [mM]=I 10 5 1 ! 10 50 I

Oh 4h 4h 4h Oh 4h 4h
SUNY o G b b M e 18201
template —39nt
M123 -—
M1+M2
MI(CY5) - e 130t
M3 ~11nt

Figure 5.5: PAGE analysis of sunY-mediated templated ligation: Analysis
by PAGE (imaging with two channels: SYBR Gold in blue and Cy5 in red) re-
veals that within the AWI environment, ligation of the RNA product M123
is achievable from three RNA substrates (M1-3) even with MgCly concentra-
tions as low as 1 mM. To attain similar yields to the AWI-system (at 5 mM)
under isothermal conditions, a much higher MgCl, concentration of 50 mM
is necessary. Importantly, the maximum temperature within the reaction
setup in both scenarios (isothermal and AWT) remains considerably below
the calculated melting temperature (76 °C) of the M123-template duplex.

78



in the AWI-system. As expected, the significantly lower Mg+ bulk concentration (5 mM
and 10 mM) were required to observe similar substrate ligation ratios (89% and 80%) com-
pared to isothermal conditions (50 mM, 86%) after 4 h of incubation (5.5). Even at the lowest
tested bulk concentrations of 1 mM MgCly, product was observed (17%). In an isothermal
(equilibrated) system kept at 45 °C, no detectable ligation was observed already for 10 mM.
These findings confirmed that the local up-concentration of solutes at the warm side of the
air-water interface was sufficient to allow sunY-dependent RNA ligation at bulk magnesium
concentrations considerably lower than those required under isothermal conditions.

The Mango aptamer was specifically chosen in order to investigate the strand-separating ca-
pacity of the AWI-system. Upon binding of the Mango aptamer to its ligand, the TO1b-dye,
the dye starts to fluoresce (see Figure[5.6/a). Running the AWI-system with the full-length
aptamer and its ligand showed the expected uniform fluorescence signal at the start of the
experiment and the characteristic accumulation and droplet dynamics after the onset of the
temperature gradient. However, after filling the AWI-system with the aptamer and its tem-
plate in the presence of the TO1b-dye, no fluorescence signal could be detected, as the ap-
tamer is tightly bound to its template. Thus, its secondary structure and, consequently, the
fluorescence is inhibited. This is precisely the case for isothermal conditions. In contrast,
turning on the temperature gradient led to an increase of fluorescence for certain regions in
the chamber, more specifically, the region at and slightly above the interface (see Figure
b). To investigate whether the fluorescence is not an artifact of the concentrated and drying
TO1b-dye in the presence of RNA, a control experiment including only the template and dye
was run. Surprisingly, the control experiment also showed a slight fluorescence increase at
the interface. This could be due to an unspecific confinement of the TO1B in the presence
of high RNA concentrations. Thus, the fluorescence data is not entirely conclusive.

As an alternative approach to assess the strand-separating capability of the AWI-system, the
ligation reaction was conducted in the presence of the full-length aptamer at an equal con-
centration to the template. The pipetting order was chosen such that first template and ap-
tamer were pipetted, and only then the ligation fragments, to ensure maximum binding of
aptamer and template. Since the aptamer would sequester the template, rendering it unavail-
able for the ligation reaction, no product would be expected under isothermal conditions.
PAGE analysis confirmed this inhibitory effect. However, when the reaction was carried out
in the AWI-system, the ligation product M123 was observed even in the presence of the full-
length Mango aptamer, confirming strand separation (see Figure[5.6/d). Although in the case
of the reverse complement being present, the reaction proceeded with lower efficiency, the
dew droplet dynamics are sufficient to provide enough strand separation capacity to allow
for the synthesis and potentially multi-turnover. The yield for the full-length product (M123)
was 82% and 30% with and without the complement present, respectively. The negative con-
trol, consisting solely of the ligation fragments, does not show any ligation product. This
finding confirms that, despite significant accumulation within the AWI-system, the ligation
process persists in a templated manner, guaranteeing the transmission of information rather
than simply elongating the sequence (see Figure[5.6e).

These results make the AWI-system a promising candidate for RNA-based replication that

would not only allow for synthesis at lower bulk magnesium concentrations but would be
able to promote strand separation. The obvious next step is to employ the AWI-system for
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more interesting ligation reactions that would benefit even more from the strand-separating
conditions, such as self-replication, which is discussed in the next section.
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Figure 5.6: Strand separating capacity of AWI-system: Fluorescence signal
of the TO1b-dye in presence of a only the aptamer, b aptamer and template
and c¢ only the template. The TO1b-dye shows a significant fluorescence in-
crease upon binding to the Mango aptamer. d The reaction under AWI condi-
tions proceeded both in the absence (left) and presence (right) of the reverse
complement of the template. The isothermal control shows neither product
nor intermediate formation. e The negative (no template) control for the sim-
ple ligation system shows no ligation product. This confirms that even with
strong accumulation inside the non-equilibrium compartment, the ligation
still proceeds in a templated manner, ensuring information transfer instead
of just an elongation behavior.

5.2.2 sunY-mediated ligation of sunY fragments

One of the biggest mysteries for the onset of an RNA world is the possibility for autocatalytic
self-replication of a universal replicating ribozyme, i.e., a ribozyme capable of replicating
itself as well as any other RNA. For self-replication, however, template-product inhibition is
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Figure 5.7: sunY-mediated ligation of sunY fragments: a The ligation of the
fragmented sunY (composed of fragments A, B and C) was each individually
build from three ligation substrates (n1-3, with n = A, B or C) on their respec-
tive template. Providing enough sunY and Mg?+, the reaction is hypothe-
sized to proceed efficiently in the AWI-setting. b PAGE analysis of separately
performed template-dependent ligations of the three sunY fragments A123,
B123, and C123. Lanes show reactions before (0 h) and after 2 h of incuba-
tion.

especially challenging as even the first ligation step is inhibited by the complementarity of
the template with the replicating ribozyme. The results from the previous section showed
that the AWI-system is capable of strand separations and, therefore, prompted the attempt
to synthesize strands with the same or similar sequence as sunY . Previous work by the
Szostak group demonstrated the non-covalent assembly of an active version of sunY from
three oligonucleotides (A, B, and C) of lengths ranging from 43 to 75 nt [126]. In their exper-
iments, they have also employed the fragmented version of sunY (denoted as ABC) to ligate
the complement of fragment C. However, the concentration of the strands was adapted to
provide an excess of the fragment C. This way, C could act as a template for the comple-
ment while still being available to fold into the active ABC form. The objective here is to
demonstrate an alternative approach by driving the synthesis of the fragments themselves,
starting with equal concentrations of sunY (full-length version) and a complementary section
that acts as the template by using the full-length version of sunY. The aim is to investigate
whether the non-equilibrium conditions in the AWI-system are enough to promote strand
separation and support replication of sunY-derived RNA strands.

To this end, the ligation of each of the three fragments (herein referred to as A123, B123, and
C123) was started from three short oligonucleotides substrates (A1-3, B1-3, and C1-3) (see Ta-
ble[5.2) with equal concentrations (2.5 uM) of sunY and template and four-fold excess of each
ligation fragment (see Figure[5.7). Significant yields of full-length products were observed in
the AWI-system after a 2 h reaction (38.5 + 1.5% for A123, 19.5 + 2.5% for B123, and 22 + 7% for
C123), with only minor amounts of incomplete intermediates. In contrast, isothermal con-
ditions resulted in low yields of full-length fragments ( 8% for A123, 1% for B123, and 1.3%
for C123 after 2 h) and higher relative amounts of intermediate products. These findings sug-
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gest that the high melting temperatures of the different RNA duplexes in the system restrict
processivity under bulk conditions (Figure[5.7]b).

5.2.3 Coupled sense and antisense synthesis of sunY fragments
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Figure 5.8: Complete replication cycles of the sunY fragments in the pres-
ence of template: a Schematic representation of the full replication cycle
of the sunY fragments A123 or C123. The replication proceeds via ligation of
the RNA substrates for the sense strand (n1-Cy5, n2, n3, red) on the template,
followed by the ligation of the antisense strand (tnl, tn2, tn3-FAM, blue) on
the newly synthesized n123. b PAGE-analysis confirms that in contrast to the
isothermal conditions, both the sense and antisense strands emerged in the
AWT-system with the template present. The concentrations of the ligation
substrates for the antisense strand tC123 were lowered to 5 uM instead of
10 uM (as is the case of tA123), as leaving the concentration for both sense
and antisense ligation fragments at 10 uM did not lead to any synthesis. ¢
Several concentration ratios were tested to decrease the overall complemen-
tary pressure on sunY. The combined concentration of all complementary
strands to sunY was always kept above the 2.5 uM equal concentration limit.

After successfully demonstrating the synthesis of individual sunY fragments by the full-

length ribozyme within the AWI-system, the system’s potential for supporting complete cy-
cles of RNA replication was explored. The goal was to achieve the simultaneous synthesis of
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Figure 5.9: Complete replication cycles of the sunY C123 and A123 frag-
ments: a Reaction path for the full replication cycle with absent template
schematically shown for fragment C123. The hypothesized (grey box) begin-
ning of the replication proceeds via an initial templating step by sunY (tC1-
FAM, tC2, tC3, blue). The ligation of the sense strand from the RNA sub-
strates (C1, C2, C3-Cy5, red) and the antisense strand proceeds then via the
newly synthesized tC123. A similar reaction path is plausible for tA123 and
A123, where another part of sunY would act as the initial template. b In con-
trast to isothermal conditions, both the sense and antisense strands of the
C fragment emerged without the template present in AWI conditions. ¢ For
the sunY fragment A, PAGE analysis revealed that both sense (A123) and anti-
sense (tA123) strands emerged in the AWT system with and without the tem-
plate present. The isothermal conditions did not yield any product.

both sense and antisense strands in a single reaction environment. To accomplish this, sep-
arate ligation experiments were designed, employing three substrate oligonucleotides each
for sunY fragments C123 and A123 (C1-3 and A1-3), as well as their corresponding templates
(tAl, tA2, tA3 for tA123 and tCl, tC2, tC3 for tC123) (see Figure[5.8/a and Table[5.2). For a
full replication cycle, 10 uM of ligation substrates for both the sense and antisense strands
were initially included in the reaction. The concentrations of templates and sunY were both
at 2.5 uM. The sequences and the binding sites of the ligation fragments are shown below.
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Note that compared to ligation substrates for A, the ligation sites for fragment C are more
blunt-ended.

Complementary ligation substrates for sense and antisense strand of A123:

tAl | tA2 | tA3

FAM - 5’ugauuuagc gacggaulugucucagugag ggu|uucccguuuuag3’
3’ augacgacuaaaucg|uugccua acagagucacuc|uca aagggcaaaauccgucuaaaagb’ -Cy5

A3 | A2 | Al
Complementary ligation substrates for sense and antisense strand of C123:

tCl | tC2 | tC3

FAM - 5’'cugcauguc gccalugcaguucag gculauaucuucaal’
3’ cuaggacguacag|uggu acgucaaguc|uga uauagaaguugagaab’ - Cy5

C3 | c2 | c1

To initiate the ligation of sense fragments (A123 and C123), seed amounts of tA123 and tC123
were included in the respective ligation reaction. The incubation period was extended to 3 h
to allow for a sufficient reaction time. PAGE analysis revealed the formation of both sense
strands as well as antisense strands (A123, tA123) for the A fragment, indicating that once
formed, A123 acted as template for the synthesis of their respective antisense template, tA123
(see Figure|5.9|c). The yields in the AWT system were 40% and 19% for full-length A123 and
tA123, respectively. Under isothermal conditions, no full-length product tA123 was detected.
The yield for A123 under isothermal conditions was 6%. For the sunY fragment C, leaving
the concentration for both sense and antisense ligation fragments at 10 uM did not yield
any product. However, decreasing the concentration of the overall complementary strands
of sunY again resulted in the formation of sense strands as well as antisense strands (C123,
tC123) as shown in Figure[5.8b,c. The yields for C123 and tC123 in the AWI system were 11%
and 1%, respectively. Several additional concentration ratios of the seeding template and anti-
sense substrates were tested with the combined concentration of all complementary strands
to sunY , always above the 2.5 uM equal concentration limit. All reactions showed full-length
product with yields for C123 of 26%, 27% and 34% and tC123 of 7%, 4% and 8% (from left to

right, Figure[5.8]c).

Intriguingly, the formation of sense and antisense fragments for A as well as C was also
detected in the absence of any seeding templates (Figure [5.9). This suggests that the sunY
ribozyme itself is able to function as a template for the synthesis of A123 and C123 in the AWI-
system. Subsequently, these newly synthesized fragments could then serve as templates for
the formation of tA123 and tC123, completing the replication cycle within the AWI-system.
Without the template, the yields in the AWT system were 34% and 24% for A123 and tA123,
respectively. The isothermal control showed no full-length product for both A123 and tA123.
The yields for C123 and tC123 were both 3% in the AWI-system. Under isothermal conditions,
no full-length products were detected.
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The difference in the ligation efficiency between the A and C fragments could have several
possible explanations. First, the sunY fragments B and C make up the catalytic core and the
G-binding pocket. Thus, inhibition or even partial inhibition due to partial unfolding and
binding of the template to the sequence part of fragment C could have a more drastic influ-
ence on the activity of the full-length sunY compared to similar inhibition of the sequence
part of fragment A. Additionally, the full-length and fragmented versions have slightly vary-
ing sequences of the fragment A part. This results in a less efficient binding of the tem-
plate for the fragment A ligation substrates to the corresponding part of the full-length sunY
ribozyme. A more detailed analysis of the binding behavior is discussed in section
where different compositions of strands are analyzed with Nupack in terms of their mean
field energy structure. Last, as shown above, the overlap between the ligation substrates for
fragment A and C vary in terms of number of overlap length. As the ligation site between tAl
and tA2 has a minimum of 7 nt overlap with A2, this ligation step of the complementary site
can proceed without strand separation and is present to some extent in all reactions (AWI
and isothermal), which in turn could kick-start the reaction.

Although it is very promising that sense and antisense strands emerge, the reaction was not

yet tested for an exponential replication behavior. To do so, it would be beneficial to increase
the overall reaction time and test different starting concentrations.

5.2.4 Synthesis of the hammerhead ribozyme

Q HH3
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q HH2
ligation of H:—h
at interface
T

Fisiimannimmmn

I

FrerrTTCETTY strand separation

+ promoted by
W precipitating dew
HH-min + Cy5dye
FAM dye
black hole
quencher

© guanosine

Figure 5.10: Templated synthesis of the hammerhead ribozyme (HH-min):
sunY catalyzes the ligation of the hammerhead ribozyme (HHmin, red) from
the three RNA substrates (HHI-3, red) on the template (grey). Locally varying
pH and MgCls concentration cause strand separation conditions, resulting
in the release of the ligated HH-min.

Equally important for a sensible RNA world as self-amplification is the replication of a

variety of ribozymes capable of diverse functions. To probe whether the AWI-system is ca-
pable of driving the sunY-based ligation reaction of a different ribozyme, a minimal version
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Figure 5.11: Kinetics of HH-min synthesis with a 1:2 (5 pM:10 pM) ratio
of template to substrates: The samples with a 1:2 concentration ratio of
5 uM:10 uM for ligation substrates and template, respectively, were analyzed
at different time points of the reaction. a For the AWI-system, samples were
aliquoted into equal parts for the time points 30 min, 1 h, 2 h, and 4 h. For
each time point, a separate AWI-system was assembled. For triplicates, the
reactions were prepared individually and again divided into equal parts for
the time points 30 min, 1 h, 2 h, and 4 h. Each time point corresponded to
a separate AWI, with the three chambers as triplicates. b For reactions car-
ried out under isothermal conditions, time points were taken from the same
reaction at 0 h, 10 min, 30 min, 1 h, 2 h, and 4 h. ¢ PAGE analysis of samples
reacted under AWI-conditions. d PAGE from samples from isothermal incu-
bations.

of the hammerhead ribozyme (HH-min) [85}213], derived from the tobacco ring spot virus
satellite RNA, was chosen as a simple test scenario. Similar to the previously described cases,
the template-dependent ligation, catalyzed by sunY , started from three substrates (HH1-Cy5,
HH2, and HH3 with 11 nt, 11 nt, and 16 nt). In the AWI-system the reduced constraint of the
bulk magnesium concentration presumably leads to strand separation by the dew droplets,
potentially allowing for multi-turnover (see Figure[5.10jand Table[5.5).
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Figure 5.12: HH-min synthesis with a 1:4 (3 pM:12 uM) ratio of template
to substrates: The reaction under isothermal conditions were analyzed by
PAGE. Buffers contained a MgCly concentration of a 50 mM, b 25 mM and ¢
10 mM. d In the AWI-system, the buffer contained 5 mM MgCls.

The isothermal and AWI reactions were prepared in 30 mM Tris-HCI pH 7.5, 100 mM KCl, and
50 mM or 5 mM, respectively. The isothermal reaction was again incubated at 45 °C. Samples
were divided into equal aliquots for both isothermal conditions and the AWI-system. Time
points of 10 min, 30 min, 1 h, 2 h, and 4 h were selected for isothermal conditions. The same
time points were taken for the AWI-system, excluding the 10 min, as the heating and cooling
for the temperature gradient at the beginning and end of the experiment introduce delays,
which obscured results from short incubation periods. For each time point, a separate AWI-
system was assembled. To ensure similar humidity conditions in the AWI-system for all
experiments, empty chambers were filled with 15 pL of water. As expected, the experiments
in both the AWI-system and under standard isothermal conditions led to the synthesis of
HH-min (see Figure[5.11). However, the AWI-system promoted the synthesis of HH-min even
at a 10-fold lower MgCl, concentration (5 mM) than required for isothermal ligation (50 mM),

supporting our previous data regarding magnesium dependence in non-equilibrium condi-
tions.
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Figure 5.13: Quantification of HH-min product formation by PAGE: a Exam-
ple traces of the fluorescence signal obtained from PAGE analysis for a time
series of the 50 mM MgCl, isothermal reaction. Each peak was fitted with
one, or in the case of broader shoulders, several Gaussians. The total area
corresponding to the same peak was normalized by the total area, i.e., the
sum of all Gaussians. b After 4 h, the results for 50 mM MgCl, showed an av-
erage yield of 20 + 3% for the full-length product. ¢ After 4 h, the results for
25 mM MgCl, showed an average yield of 8 + 2% for the full-length product.
d The triplicates of the AWI reaction showed an average yield of 29 + 1% after
4 h for the full-length product.

As multi-turnover of the reaction was expected, the concentration of ligation substrates and
template were changed from 10 yM and 5 uM to 12 uM and 3 uM to facilitate a clearer outcome.
Kinetic measurements of the 1:4 ratio of ligation substrates to template were performed as
triplicates for both, the AWI-system and isothermal conditions. To this end, each of the tripli-
cates was individually prepared and divided into as many equal parts as time points. For the
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AWI-system, a separate trap with the triple chamber Teflon cutout was assembled for each
time point, with the chambers corresponding to the triplicates. PAGE-analysis revealed that
the AWI-system indeed enabled multi-turnover synthesis of HH-min as the resulting yields of
the full-length HH-min, which exceeded the amount of input template RNA (see Figure[5.13).
After 4 h, the triplicates of the AWI reaction show an average yield of 29 + 1%. In contrast, no
excess synthesis of HH-min over the template could be observed under standard isothermal
conditions (average yield of 20 + 3% for 50 mM MgCls), indicating that all product strands
remained tightly associated with the template. This observation of multi-turnover ligation
in the AWI-system suggested the presence of single-stranded, de novo synthesized HH-min
in solution.

5.2.5 One-pot synthesis and folding of active hammerhead ribozyme
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Figure 5.14: Templated synthesis and release of active hammerhead ri-
bozyme: The template-dependent ligation by of the hammerhead ribozyme
(HHmin, red) from the three RNA substrates (HH1-3, red) mediated by sunY
can proceed in the AWI-system. Additionally, local variations in pH and salt
concentration cause strand separation, potentially releasing ligated HH-min,
which could then bind to and cleave its substrate (blue).

The previous section showed that the sunY mediated templated ligation proceeds within
the AWI-system at low bulk magnesium conditions. Additionally, it was described how the
periodic local decreases in pH, caused by acidified dew droplets precipitating back into the
bulk reservoir (Figure[5.2), transiently lowers the melting temperatures of RNA. Thus, the
AWTI-system allows for both the ligation as well as the strand strand-separating conditions.
Together, these results are promising for the replication of ribozymes, as the AWI-system
could not only drive the synthesis but facilitate the release of ligation products from their
templates, thus enabling their intramolecular folding into functional RNAs, a process simi-
lar to transcription (see Figure[5.14).

The observed multi-turnover suggests that free HH-min is present in the solution. If this dis-
sociated HH-min was catalytically active, it should be able to bind to and subsequently cleave
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Figure 5.15: Synthesis of active HH-min in one-pot reaction in AWI-system:
a HH-min (grey) is ligated from three fragments (HH1-3). The two ligation
sites are indicated with a dashed line. The active structure binds to its sub-
strate (pink) and cleaves it at the specified cleavage site, indicated by the
pink arrow. To distinguish the fluorescence signal, HH-min has a 5’ Cy5 tag,
whereas HH-sub has a 5 FAM- and 3’ BHQ-tag. b After a 2 h incubation pe-
riod, the presence of ligated HH-min (red, Cy5) was observed in both the
AWT-system and the isothermal environment. Activity, i.e., cleaved hammer-
head substrate (HH-sub, blue, FAM), was exclusively observed in the non-
equilibrium (AWT) conditions. Control experiments conducted without sunY
ribozyme demonstrated no assembly of HH-min or cleavage of HH-sub, in-
dicating that the unligated HH-min fragments HH1-3 lacked residual RNA-
cleavage activity. The isothermal control also exhibited no activity. The in-
dividual gel lanes have been rearranged and outlined with dotted lines to
enhance clarity.

its cognate substrate (HH-sub) (see Figure[5.15). To test for activity, the ligation reaction of
HH-min was repeated as described in the previous subsection - this time in the presence
of HH-sub to observe catalytic substrate cleavage. The concentration ratio of ligation sub-
strates to template was again 2:1 with concentrations of 10 uM and 5 uM, respectively. The
results obtained from PAGE analysis indeed confirmed that the formation of HH-min was
accompanied by the cleavage of HH-sub under non-equilibrium (AWT) conditions. For quan-
tification of the cleaved substrate, the extracted PAGE traces were fitted with Gaussian peaks.
The area corresponding to the uncleaved HH-sub (first peak) was multiplied with a factor of
1.69 to account for the decrease in fluorescence due to the BHQ. The yield was then calcu-
lated as the fraction of the area of the cleaved product divided by the total area (including,
if present, bands due to hydrolysis). The cleavage ratios after 2 h and 4 h were measured to
be 40 + 13% and 60 + 7%, respectively, indicating a significant occurrence of sunY-catalyzed
ribozyme assembly followed by product dissociation, folding, binding, and cleavage within
the one-pot system (see Figure[5.16/and Table[5.1).

In stark contrast, no cleavage of HH-sub was observed under isothermal conditions, suggest-
ing that the newly synthesized HH-min was unable to dissociate from the template within
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Table 5.1: Cleavage yields of HH-sub in the AWI-system from replicates in
the one-pot scenario. Experiments were performed at a stoichiometry of 1:2
template to ligation substrates.

mean | sdv
2h || 0.31 |1 034 | 0.37 |1 039 | 0.60 | 0.61 | 0.28 | 049 | 0.46 | 0.19 040 | 0.13
4h || 0.57 | 0.50 | 0.64 0.68 0.60 | 0.07

this environment. This observation aligns well with the predicted melting temperature of the
HH-min-template complex at the given magnesium concentrations in the reaction, which
was approximately 90 °C (see sections|5.4.10[and [5.4.11). Furthermore, as expected, control
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Figure 5.16: Yields for cleaved HH-sub in one-pot reaction: a Extracted
traces of the PAGE analysis for HH-sub cleavage reaction in the AWI-system.
b Bar graph showing the calculated yields of HH-sub cleavage after 2 h and
4 h in the AWI-system and under isothermal conditions. The data is pre-
sented as mean values + SEM, with the black circles representing the values
from independent replicates.

experiments conducted in the AWI-system without the presence of sunY showed no observ-
able assembly of HH-min or cleavage of HH-sub, further supporting the pivotal role of sunY
in mediating the ligation reaction.

This is an exciting result as it shows the potential of the AWI-system to host several ribozymes.

Not only could they perform different independent functions, but they could even be newly
synthesized, an important prerequisite for an RNA world.
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5.3 Discussion and Outlook
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Figure 5.17: Hypothesis for an autocatalytic replication scenario of frag-
mented sunY : a Driving the ligation reaction of sunY with the fragmented
version of sunY in the AWI-system could potentially lead to an exponential
autocatalytic self-replication as the separated, newly synthesized fragments
could actively participate in the replication reaction. b In contrast, in isother-
mal conditions, the template likely inhibits the fragmented sunY even before
the first ligation reaction, not to mention the lack of strand separation and,
thus, lack of potential for exponential amplification.

This chapter discussed a compelling model for a prebiotic reaction environment at an
air-water interface (AWI-system) that supports RNA-catalyzed replication of short functional
RNAs. It is plausible that similar non-equilibrium microenvironments could have hosted
early autocatalytic nucleic acid replicators, which presumably played a crucial role in the
emergence of molecular evolution towards greater complexity.

The AWI-systems, as shown in this chapter, are well-equipped to facilitate both ligation reac-
tions and subsequent strand-dissociation of RNA strands ranging from <20 to 75 nucleotides
that were built from much shorter precursor oligonucleotides. Especially attractive is the po-
tential of the sunY fragments to assemble through non-covalent interactions into functional
replicating ribozymes, as this reduces the length requirements of the replicating ribozyme.
However, fragmented ribozyme variants typically exhibit lower activity compared to their
full-length counterparts. This is likely due to a reduced stability and folding defects. First ex-
periments confirmed that no ligation of HH-min through the fragmented sunY variant could
be detected under standard AWI or isothermal conditions (see Figure[5.18). However, lower-
ing the temperature on the warm side of the AWI-system from 45 °C to 40 °C showed that the
fragmented sunY ribozyme was able to synthesize moderate amounts of HH-min. Intrigu-
ingly, this suggests that milder conditions could partially compensate for the lower activity
of the fragmented variant (see Figure[5.18).

Since the AWI-system can drive the synthesis of the fragmented sunY version, the naturally
following question is whether the fragmented version could synthesize itself, eventually lead-
ing to an exponential autocatalytic self-replication. To explore the autocatalytic potential of
the system, the synthesis of each of the three sunY fragments (A123, B123, and C123) using the
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Figure 5.18: Ligation of HH-min by fragmented sunY : Running the ligation
reaction of HH-min with the fragmented sunY did not yield any product at
the same temperature conditions as the full-length version. However, reduc-
ing the temperature of the hot side of the AWI-system to 40 °C leads to the
complete synthesis of HH-min with a yield of 7%, which is significantly lower
compared to the full-length version with a mean yield of 40%. Reducing the
temperature in isothermal conditions did not lead to any product.

fragmented sunY ribozyme was tested. Synthesizing the individual fragments using the frag-
mented sunY version proves to be considerably more challenging. In addition to reducing the
temperature of the hot side, the total reaction time was increased to 18 h with the CO, supply
temporarily halted overnight. Note that this reduces the capacity of the AWI-system to sepa-
rate strands. Although the yields were considerably lower compared to ligations catalyzed by
the full-length ribozyme (see Figure[5.19), full-length products were detected for each frag-
ment.

Further optimization of the experimental setup, such as increasing the reaction times and au-
tomatizing the time-dependent CO, inflow, will be necessary to improve the reaction yields.
Still, these results provide an optimistic outlook on the system’s capacity for self-replication
from a pool of shorter oligonucleotide substrates. The next goal would be the simultaneous
ligation of all three sunY fragments by the fragmented version. To begin with, one could start
with the same total concentration of complementary strands as fragmented sunY, i.e., reduc-
ing the concentration of the individual templates instead of matching it with each strand. It
would be worth collecting kinetic data of this reaction as an increase in reaction efficiency
would be expected as more sunY fragments are ligated. This would already be the first evi-
dence of a positive feedback loop expected from autocatalysis.

Additionally, improving the chamber and heater design could improve the strand-separating
capability of the AWI-system, allowing for multi-turnover reactions in all replication scenar-
ios. Instead of a uniform heating of the front sapphire, moving to a point-like heat source,
similar to the one described in chapter[4] could reduce the thermal stress of the system while
maintaining or even increasing strand separating conditions. This proves especially interest-
ing for AWI-systems, customized to meet the requirements of other ribozyme systems such as
polymerase ribozymes reported by Holliger et al. and Horning et al. variants. Test-
ing RNA polymerase ribozymes in the AWI-system is exciting, as non-equilibrium conditions
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Figure 5.19: Ligation of individual fragments by fragmented sunY : For all
fragments, i.e., a fragment A, b fragment B and ¢ fragment C, traces of the
full-length product are detected in the AWI-system. No full-length product
is detected in isothermal conditions.

are not only a route towards self-replication but also help to avoid Spiegelman’s dilemma of
the "tyranny of the shortest’ [214].

However, several potential challenges need to be considered. First, it is essential to assess
these ribozymes’ compatibility with the system’s dry phase environment. Each ribozyme
may have specific requirements for the presence of water or particular buffer conditions to
maintain its activity. Therefore, it is crucial to investigate whether the dry phase conditions
provided by the setup can support the functionality of these ribozymes effectively. If the dry
phase inhibits catalytic activity, automatized pH cycles could also be achieved in different
ways, e.g., by acid-base mixtures in thermogravitational traps [215].

Additionally, the buffer conditions may need to be tailored to meet the specific needs of
the ribozymes under investigation. Each ribozyme has distinct optimal pH ranges, salt con-
centrations, or cofactor requirements. Consequently, evaluating and optimizing the buffer
conditions is necessary to ensure the ribozymes’ stability and catalytic efficiency within the
modified chamber design. Thus, it remains to be seen how these replication systems can
benefit from salt and pH oscillations and if yields can be enhanced by the template release
and reduced degradation.

Interestingly, similar interface settings can drive other prebiotically relevant processes, such
as the phosphorylation of mono-nucleosides, RNA polymerization, nucleic acid encapsu-
lation in membrane vesicles, as well as the fusion and fission of coacervate-based proto-
cells [84,[88}[103][105]. Combining these key aspects of biological systems into a unified sce-

nario converges towards the molecular evolution of replication.

In conclusion, the presented data strongly suggest that the heated AWI-system has the po-
tential to host fragmented RNA replicators capable of catalyzing both general and autocat-
alytic template-directed RNA synthesis. This finding further supports the hypothesis that
dynamic, non-equilibrium environments played a crucial role in the emergence of higher-
order biomolecular complexity.
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5.4 Materials and Methods

5.4.1 Nucleic acids

RNA oligonucleotides were obtained in dry form from Biomers or Integrated DNA Technolo-
gies (IDT) and then reconstituted to a stock concentration of 200 uM using nuclease-free
water (Ambion™ Nuclease-free water from Invitrogen). HH-sub was synthesized by Eurofins
Genomics. All RNA oligonucleotide sequences are provided in Table[5.2] The final concentra-
tions of RNA were determined by measuring the absorbance at 260 nm. All stock solutions
were stored at -80 °C and thawed on ice before use. The filling and extraction of AWI-systems
were carried out on ice to maintain the integrity of the components. The sunY DNA template
for in vitro transcription was ordered as a gBlock with the following sequence:

GAT CGA TCT CGC CCG CGA AAT TAA TAC GAC TCA CTA TAG GGA AAA TCT GCC TAA ACG
GGG AAA CACTCA CTGAGT CAATCC CGT GCT AAA TCA GCA GTA GCT GTA AAT GCCTAA
CGA CTATCC CTG ATG AAT GTA AGG GAG TAG GGT CAA GCG ACC CGA AAC GGC AGA CAA
CTC TAA GAG TTG AAG ATA TAG TCT GAA CTG CAT GGT GAC ATG CAG GAT C

The gBlock was amplified using the following primers:

Prev = GATCCTGCATGTCACCATGCAGTTCAGACT
Pewa = GATCGATCTCGCCCGCGAAATTAATACGAC

Table 5.2: List of all RNA sequences used in the experiments. Fach of the
second and third ligation substrates was ordered with an additional 5’ G base
(lowercase), which acts as a leaving group during the RNA ligation reaction

catalyzed by sunY .

Name nt | Sequence (5-3’)

A Template 43 | GAU UUU GCC CUU UGG GAG UGA CUC UGU UAG GCA GCG
AUU UAGU

Al (5-Cy5) 25 | GAA AAU CUG CCU AAA ACG GGA AACU

A2 20 | gCUC ACU GAG ACA AUCCGU U

A3 16 | gGCU AAA UCA GCA GUA

tA123 43 | UGA UUU AGC GAC GGA UUG UCU CAG UGA GGG UUU CCC
GUU UUA G

tAl (5-FAM) 16 | UGA UUU AGC GACGGA U

tA2 16 | gUGU CUC AGU GAG GGU

tA3 13 | gUUC CCG UUU UAG

B Template 51 | ACG GGU UGC UGG UAG GGA CUA CUU ACA UUC CCU CGU
CCC AGU UCG CUG GGC

B1 (5-Cy5) 20 | GCU GUA AAU GCC CAA CGA CU

B2 24 | gAUC CCU GAU GAA UGU AAG GGA GU

B3 33 | gAGG GUC AAG CGA CCC GAA ACG GCA GAC AACUC

tB123 52 | UCG GGU CGC UUG ACC CUG CUC CCU UAC AUU CAU CAG
GGA UGGU CGU UGG GCA

tB1 (5-FAM) 20 | UCG GGU CGC UUG ACC CUG CU

tB2 20 | gCCC UUA CAU UCA UCA GGG A
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Name nt | Sequence (5-3')

B3 14 | gUGG UCG UUG GGC A

C Template 36 | AAC UUC UAU AUC GGA CUU GAC GUA CCG CUG UAC GUC

C1 (5-Cy5) 16 | GAG UUG AAG AUA UAG U

c2 15 | gCUG AAC UGC AUG GU

C3 14 | gGAC AUG CAG GAU C

tC1 (5-FAM) 13 | CUG CAU GUC GCC A

tC2 14 | gUGC AGU UCA GGC U

tC3 11 | gAUA UCU UCA A

tC123 36 | CUG CAU GUC GCC AUG CAG UUC AGG CUA UAU CUU CAA

HH-sub (5FAM, | 12 | UGC CUC UUC AGC

3'BHO)

HH-min 38 | GGA GCU GAA CUG AUG AGU CCG UGA GGA CGA AAG GCA
CA

HH Template 47 | GGG AAA UGU GCC UUU CGU CCU CGC GGA CUC AUC GGU
UCA GCU CCA AA

HH]1 (5-Cy5) 11 | GGA GCU GAA CU

HH2 12 | gGAU GAG UCC GU

HH3 17 | gGAG GAC GAA AGG CAC A

M123 40 | GCG CGC GAA GGA AGG AUU GGU AUG UGG UAU AUU CGC
GCGC

M Template 39 | GGG AAA CGA AUA UAC CGC AUA CCG AUC CUU CCU UCG
AAA

M1 (5-Cy5) 13 | CGA AGG AAG GAU U

M2 8 | gGGU AUG U

M3 11 | gGGU AUA UUC G

suny 182 | GGG AAA AUC UGC CUA AAC GGG GAA ACA CUC ACU GAG

UCA AUC CCG UGC UAA AUC AGC AGU AGC UGU AAA UGC
CUA ACG ACU AUC CCU GAU GAA UGU AAG GGA GUA GGG
UCA AGC GAC CCG AAA CGG CAG ACA ACU CUA AGA GUU
GAA GAU AUA GUC UGA ACU GCA UGG UGA CAU GCA GGA
ucC

5.4.2 sunY transcription protocol

The sunY DNA template was amplified by PCR using the Q5 High Fidelity 2x Master Mix (NEB).
The PCR reaction included 10-25 ng of the gBlock template and 1 uM of both primers, Pgyq
and Prey. The PCR protocol consisted of an initial denaturation at 98 °C for 30 s, followed by
12 cycles of denaturation at 98 °C for 7 s and annealing/extension at 72 °C for 50 s. A final
extension step was performed at 72 °C for 2 min. The PCR product was then purified using
the Monarch PCR cleanup kit (NEB) and eluted in 6-10 uL of nuclease-free water.

The transcription buffer consisted of 40 mM Tris-HCI pH 8, 20 mM MgCly, 10 mM DTT, and
2 mM spermidine. The template was at an approximate final concentration of 0.5 uM. Ad-
ditionally, 3.75 mM of each NTP, 5 U/mL or 2 U/400 pL of E. coli Inorganic Pyrophosphatase
(100 U/mL stock), and 1500 U of T7 polymerase were added. The transcription reaction was
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incubated at 37 °C for 3-4 h. After transcription, the RNA product was purified using the
Monarch RNA cleanup kit (NEB).

The resulting material was gel purified using a 2 mm two-component, 6-well comb gel con-
sisting of 15% PAGE gel (30 mL) and 10% stacking gel (10 mL). The gel was run at 25 W constant
power for approximately 2 h. After the finished run, it was wrapped in plastic wrap, placed
on TLC plate, and illuminated under UV (254 nm). Under illumination, the ribozyme band
was marked, excised, placed in a 2 mL tube, and weighed. The gel slice was dry crushed
in the tube using a syringe plunger. 0.3 M sodium acetate pH 4.8-5.2 was added to the tube
(2x mg gel weight in uL) and soaked overnight at 4 °C on a rotator.

The supernatant was recovered the next day using Spin-X centrifuge tube filters (Corning,
0.45 um, sterile) and centrifuged for 5 min at maximum speed. Subsequently, 20 ng glyco-
gen together with either 1 volume of isopropanol or 2.5 volumes of ethanol were added. The
sample was then frozen for 45-60 min (-80 °C in the case of ethanol or -20 °C in the case of
isopropanol) and centrifuged for 45-90 min at -9°C and maximum speed. Subsequently, the
supernatant was removed and the pellet was washed with 80% ethanol. It was then cen-
trifuged again for 5 min at maximum speed. This step was repeated twice before drying the
pellet for 10-15 min. In the final step, it was dissolved in deionized HsO.

The final concentrations were determined by measuring the absorption at 260 nm using a
Nanodrop (Thermo). The respective extinction coefficients for sequences were calculated
using OligoCalc [216]. All sunY aliquots were then stored in the -80 °C freezer, only thawed
on ice prior to the experiment, and returned to -80 °C after usage. Multiple different aliquots
were used for the ligation experiments.

5.4.3 Reaction details of the ligation of M123

RNA ligation reactions were conducted using the following final concentrations: 20 uM for
all ligation substrates, 5 uM for the template, 30 mM Tris-HCl pH 7.5, 100 mM KCl, and varying
bulk magnesium concentrations as specified. The ligation process was initiated by adding
sunY ribozyme to a final concentration of 2.5 uM. For the experiments under AWI condi-
tions, a reaction volume of 17 uL. was prepared, while a volume of 12 uL was prepared for
the isothermal control. As soon as sunY was added, 2 uL of each sample was quenched with
2x gel loading buffer (90% formamide, 5% glycerol, 0.015% Orange G). The isothermal con-
trol samples were placed in a T100 thermal cycler (Bio-Rad) set to 45 °C. To conduct the AWI
experiments, the remaining reaction volume of 15 uL was injected into the fully assembled
AWI-system through a Teflon tubing (Techlab) using a Hamilton syringe. The reaction time
for both the isothermal controls and the AWT experiments was 4 h. After the reaction time,
the sample was extracted from the AWI-system and immediately quenched and analyzed
with PAGE. The analysis was done with a two-channel protocol enabled by the sybr stained
gel and the 5’ Cy5 labeled first substrate (M1). For more detailed information on the PAGE pro-
tocol, please refer to the subsection[5.4.6] Additionally, the subsection[5.4.7 provides further
details on the assembly and filling process of the AWI-system.
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5.4.4 Reaction details of synthesis of sunY fragments

The synthesis reactions were conducted for 2 h at a final concentration of 10 uM for each lig-
ation substrate, including the 5-Cy5 labeled first ligation substrate and 2.5 pM of template.
The reaction buffer consisted of 30 mM Tris-HCI, pH 7.5, 100 mM KCl, and 10 mM MgCl,. The
conditions for the reactions under both AWT and isothermal conditions followed the previ-
ously described procedure.

For the complete replication of sunY sense and antisense fragments, both the sense and an-
tisense ligation substrates were added. The syntheses of A123 and tA123 were carried out
with a final concentration of 10 uM for each substrate (A1, A2, A3) and their complementary
substrates (tAl, tA2, tA3). The reactions were incubated for 3 h with and without 2.5 uM
of template. The first substrate of the A123 and C123 ligation reactions (A1/Cl) were 5-Cy5
labeled, while the 5-terminal substrates of the tA123 and tC123 ligation reactions (tA1/tCl)
were 5-FAM labeled. To improve yields and reduce incubation times, the concentrations
for the synthesis of C123 and tC123 were adjusted by decreasing the overall concentration
of strands complementary to the full-length sunY ribozyme. Four concentration ratios were
tested, denoted as 'Template: complementary substrates: substrates (T:tS:S): 2.5 uM: 5 uM:
10 uM, 1.5 uM: 2.5 uM: 10 uM, 1.5 uM: 5 uM: 10 uM, and 2.5 uM: 2.5 uM: 10uM. All replication
reactions were performed in a buffer containing 30 mM Tris-HCI, pH 7.5, 100 mM KCl, and
10 mM MgCls. The ligation of substrates was initiated by adding sunY to a final concentration
of 2.5 uM. For the ligation of C123 and tC123, the experiments ran for 3 h or 18 h, as indicated.

5.4.5 Reaction details of HH-min synthesis

The HH-min synthesis reactions were conducted at different final concentrations of either
10 uM and 5 uM or 12 pM and 3 pM of all ligation substrates and template, respectively. As
specified for the reactions, the first RNA ligation substrate, HH1, was either unlabeled or la-
beled with a 5-FAM or 5-Cy5. The buffer used in the AWI reactions and isothermal controls
consisted of 30 mM Tris-HCI, pH 7.5, 100 mM KCl and varying bulk magnesium concentra-
tions (cpyik, as specified). The reactions were initiated by adding sunY to a final concentration
of 2.5 uM. To verify the activity of the in situ synthesized HH-min hammerhead ribozyme,
0.4 uM of HH-sub, which contained a 5-FAM tag and a 3-BHQ quencher, was added. For a Ty
sample, 2 pL of the prepared reaction was quenched immediately with 18 uL of gel loading
buffer (94% formamide, 5% glycerol, 0.01% Orange G) right after the reaction initiation. All
isothermal controls were incubated at 45 °C. To ensure that the three unligated HH-min liga-
tion substrates, HH1-3, had no residual RNA-cleavage activity triggered by the accumulation
process at the water-air interface, control reactions without sunY were performed for 2 hours
and 4 hours.

5.4.6 Polyacrylamide gel electrophoresis (PAGE)

All samples were subjected to analysis using polyacrylamide gel electrophoresis (PAGE) with
a 15% acrylamide gel. The gel stock was prepared using Roth Rotiphorese DNA sequencing
gel stocks with an acrylamide-to-bisacrylamide ratio of 19:1. For a 0.75 mm thick gel with a
15-tooth comb, approximately 5 mL of gel mixture was required, consisting of 3 mL of gel
concentrate, 1.5 mL of gel diluent, 0.5 mL of buffer concentrate, 25 uL. of APS, and 2.5 uL
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of TEMED. Denaturing conditions were employed for gel electrophoresis, utilizing 50% urea
and 1x TBE buffer at temperatures around 50-55 °C. Each runtime started with a 30 min pre-
run at 400 V, after which 4-5 uL of the samples were loaded per well. For PAGE analyses of
To samples and samples from isothermal experiments, a 1:9 dilution with gel loading buffer
(94% formamide, 5% glycerol, 0.01% Orange G) was used. For PAGE analyses of samples from
AWT experiments, a 3:7 dilution was employed. Electrophoresis was conducted with a two-
step protocol consisting of 5 min at 50 V, followed by 18-24 min at 300 V. After the finished run,
the gels were directly imaged in the case of quantifying the reaction for both Cy5 and FAM
labels. When only quantifying a Cy5 label, they were stained in 50 mL of 1x TBE buffer with
5 uL of 10,000x SYBR Gold Nucleic Acid Gel Stain for 5 min before imaging. Gel images were
captured using a two-channel protocol with the Bio-Rad ChemiDoc MP System and analyzed
using an in-house LabView routine (NI LabVIEW 2014 14.0.1f11 (64 bit)). The background
correction of the recorded lane intensities was done with the respective average intensity of
the inter-lane spaces. Each band was fitted with one or multiple Gaussian peaks using Igor
Pro 6.37. Since extraction from AWIs and quenching during imaging can introduce artifacts,
only relative intensities r for each lane were utilized for quantification. They were calculated
following equation[5.1}

- Iproduct . Iproduct

- (5.1)
Liotal Isupstrates + Lintermediate + Irest + Iproduct

where I, roqucr and Ly refer to the intensity of the product and to total intensity, respectively.
For the quantification of the activity, the intensities from the uncleaved substrate HH-sub
were multiplied by a factor of 1.69 to account for the quenching effect caused by the presence
of the Black Hole Quencher at the 3’ end.

5.4.7 Preparation of AWI chambers and sample injection
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Figure 5.20: Components for the assembly of the AWI-system setup: The
whole AWT setup was designed in Autodesk Inventor. The assembled trap
consists of the 12 parts shown here. As the setup is modular, only slight
changes have to be implemented when adapting to the experimental need.
Such as the shape of the Teflon cutout or the heater.
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The AWI chambers were constructed following a similar design to the trap system de-
scribed in Matreux et al. [150]. Figure shows a schematic image of such a chamber. The
desired shape was cut out from a 250 pm thick Teflon foil (Holscot Europe) using a GRAPH-
TEC CE6000-40 Plus cutter. This Teflon slide defined the outline of the non-equilibrium AWI
compartments. One block was designed to have three reaction compartments, each consti-
tuting an AWI-system. The compartments each had dimensions of 11 mm width and 8 mm
height, allowing for a maximum capacity of 22 uL with a 250 um foil thickness. A second
foil with a thickness of 100 um was cut to serve as the hydrophobic backside. Both Teflon
slides were sandwiched between two sapphire windows and secured to a metal block using
a steel frame. To enhance heat conductivity between the cold sapphire and the metal sur-
face, a 25 um thick graphite foil (PANASONIC) was inserted between the two elements. All
components of the assembly had dimensions of 22 mm width and 60 mm height and were
cleaned with ethanol and Milli-Q water before the assembly. Additionally, dust was removed
using scotch tape. A heater was attached to the top side of the chamber. To ensure optimal
heat conductivity for applying the temperature gradient, 200 um thick graphite foils (PANA-
SONIC) were placed between the heater and the assembled AWI-system, as well as between
the AWI-system and the water-cooled backside of the setup.

A reaction volume of 15 uL was injected with a Hamilton syringe through a Teflon tubing
(Techlab) fixed by PTFE fittings (Techlab) prior to each experiment. Before applying the
temperature gradient, the inlets were sealed with soft silicone and PTFE fittings. All com-
partments were connected to the same CO, inflow to ensure similar pressure conditions. A
pressure controller (RIEGLER), directly at the setup, was used to adjust the pressure. Addi-
tionally, a manometer (Bourdon Instruments, MEX 3) was attached to the CO, supply of the
chamber to cross-verify the applied pressure. The influence of the CO, atmosphere on the
bulk pH is described in section[5.4.8|

The temperature gradient was controlled by heating the front using an electrical heater reg-
ulated by an Arduino microcontroller board and cooling the backside of the chamber with a
refrigerated water bath (CF41 and 300 F, Julabo). Temperatures were monitored throughout
the experiment using a GTH 1170 thermometer (Greisinger) at the back sapphire by screwing
it into one of the holes in the backside using one of the fittings. At the beginning and end
of each experiment, temperatures were also measured using a heat camera (Seek Thermal,
SQ-AAA) on the front sapphire to monitor the applied gradient. The measured temperatures
were used as input parameters for a finite-element simulation to simulate the thermal gra-
dientinside the chamber. Details of the temperature simulation are provided in section|5.4.9]

Two types of setups were used to create the non-equilibrium conditions in the AWI-system,
either with or without the possibility of optical readout. For fluorescence excitation, the
THORLAB LEDs M470L2-C4 (470 nm emission) and M625L2 (625 nm emission) were used for
the dyes FAM and CyS5, respectively. For the readout of the TO1-b a 505 nm wavelength Cyan-
LED from THORLABS was used. Imaging was done with the Axio Scope.Al microscope (Zeiss)
employing the infinity-corrected long working distance objective (2x lens Mitotoyo, M Plan
Apo) and a 0.5 adapter, coupled to a stingray camera F145B ASG (Allied). Temperature and
microscope were controlled with code written in NI LabVIEW 2014 14.0.1f11 (64 bit).
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5.4.8 Measurement of bulk pH changes in AWI
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Figure 5.21: pH change due to CO, atmosphere: The pH of the dew droplets
gets reduced due to the dissolution of gaseous carbon dioxide. The pH re-
duction depends on the applied pressure. The scheme of the reaction was

adapted from [84].

The pH of the dew droplets acidifies in a COq-rich atmosphere, as the gaseous CO4 dissolves
in water (see Figure[5.21). The total pH drop depends on the applied pressure of CO, inside
the chamber. In the reported experiments, the applied CO, pressure was 0.5-0.7 bar, leading
to mean pH values between 4 and 4.5 [84]. In case the buffer capacity of the bulk solution
is strong enough, only the dew droplets exhibit a pH reduction. To assess the impact of the
CO; atmosphere on the bulk solution, the pH of the sample solution was measured before
and after the experiment. Initially, a 45 uL buffer solution was prepared, and its pH was
determined using a Thermo Scientific™ Orion™ 9826BN Micro pH Electrode (Thermo Fisher
Scientific, USA). The solution was then divided into three 15 yL aliquots and filled into an
AWTI-system with a triple chamber design. The AWI-system was subjected to the same heat
gradient and CO, flux as the experimental conditions for RNA ligation. After a runtime of
4 h, the volumes from the three chambers were combined, and the pH was measured once
again. These control experiments were repeated on three different days, and although the
CO; influx was manually controlled, slight variations in the intervals and lengths of the influx
may have occurred. The median of the initial pH of the solution was 7.61, with an average
pH decrease of 0.57 + 0.32, resulting in a median pH of 7.07 after 4 h of incubation. Based on
these control experiments, it was concluded that the buffer in the bulk solvent was sufficient
to prevent significant overall acidification.

5.4.9 Temperature simulations with COMSOL

Finite-element simulations (COMSOL Multiphysics 5.4) were used to model the temperature
gradient inside the chamber. A digital model of the system was created using 3D CAD soft-
ware (Autodesk Inventor 2021) and was imported into the finite element software for a real-
istic 3D simulation. The thermal conductivities of the different materials in the 3D model
were obtained from the COMSOL internal database or the product data sheets. The thermal
conductivities k at room temperature are shown in Table[5.3|
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Figure 5.22: Cross-section of temperature simulation: The temperature gra-
dient across the non-equilibrium chambers was simulated employing finite-
element simulations for different sets of experimentally measured tempera-
tures at the back (cold) and front (hot) side of the sapphire. The temperature
gradient plays a crucial role in influencing the accumulation behavior and
dew droplet dynamics within the system. Experimental optimization was
performed to determine the optimal temperature gradient that would result
in favorable droplet dynamics, specifically ensuring the formation of suffi-
ciently large condensation droplets for rearrangement towards the hot side.
Good overall droplet dynamics were found for temperatures between 45-47 °C
and 26-28 °C at the front and back sapphire, respectively.

Table 5.3: Thermal Conductivity of Materials
Water (H20) Steel Aluminum Sapphire FEP Foils
k [W/(m K)] 0.62 44.5 237 35 0.2

The heat flow through the outer surfaces of the model was assumed to be thermally insu-
lating, i.e., Qexternal surface = 0. The temperature profile was calculated using the following
formula:

V- (kVT) = -Q (5.2)

where T represents the temperature, k is the thermal conductivity, and @ is the heat source
in (W/m?3). The temperature of the back side of the cold sapphire and the front side of the
warm sapphire were fixed as boundary conditions based on measurements obtained from
a thermometer (Greisinger, GTH 1170) and with a heat camera (Seek Thermal, SQ-AAA), re-
spectively.

The choice of the hot side temperature for the sapphire was intentionally made to match
the isothermal temperature. The cold temperature was experimentally optimized to ensure
favorable dew droplet dynamics. It was found that temperature combinations within the
range of 45-47 °C for the front sapphire and 26-28 °C for the back sapphire resulted in good
overall dynamics. Variations within this temperature range did not have a significant impact
on the reaction outcomes.
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5.4.10 Melting temperatures

The melting temperatures for the ABC and hammerhead system were calculated for various

divalent ion concentrations based on data from [|84].

Table 5.4: Predicted Melting Temperatures for the ABC System. Melting temperatures
were predicted for different pH, 100 mM of monovalent ions, adapted length and GC con-
tent, and varying divalent ion concentrations. The last two columns represent melting tem-
peratures with low concentrations of monovalent (1 mM) and divalent (0.2 mM) metal ions
at pH 4 and pH 3.6. If no melting transition was observed, the melting temperature is re-
ported as NaN. The calculations considered the longest possible double-stranded region
and assumed stoichiometric conditions.

strands low salt

T A123 Al A2 A3 len. | GC% CMgClg TM TM TM TM TM

(nt) (mM) | (C) | CC) | Q) | (O | (O

pH7 | pH4 | pH3.6 | pH4 | pH3.6
50 85.72 | 5798 | 29.64

yes | yes S | aag | 10| BSE| 088 2863 | ) | og
1 79.23 | 51.97 | 24.13
50 7298 | 451 | 17.37

yes yes 25 | 40% 150 ;(1)23 fé(l)j 1165§69 30.06 | 3.51
1 66.68 | 39.25 12
50 69.89 | 41.57 | 13.72

jes s | | 10 | | 10| SET | H0SL] 1275 o |
1 63.61 | 35.73 | 8.35
50 53.1 | 2513 | NaN

yes yes | 15 | 40% 150 55211 ggié EZE 1048 | NaN
1 4708 | 19.51 | NaN

T B123 Bl B2 B3 len. GC% CMgClg TM TM TM TM TM

(nt) mM) | (C) | (C) | (C) | (O | (O

pH7 | pH4 | pH3.6 | pH4 | pH3.6
50 95.03 | 66.34 | 37.35

yes | yes 75 | 52% 150 3321 Zig ggié 50.61 | 22.93
1 88.37 | 60.18 | 31.71
50 73.72 | 45.24 | 1716

s | | s 20 | sow | 10| 7256 | 46| 1617 g | gy
1 67.38 | 39.34 | 11.74
50 73.06 | 45.01 | 1718

yes yes 23 | 43% 150 ;(1)3; jggj ﬁj 2991 | 3.26
1 66.75 | 3915 | 11.79
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50 90.56 | 61.62 | 32.66
10 89.35 | 60.5 | 31.64
0,
yes yes | 32 59% s 3336 | 5950 | 308 4591 | 18.21
1 83.95 | 5549 | 27.04
T C123 C1 C2 C3 len. | GC% CMgC12 TM TM TM TM TM
(nt) (mM) | (C) | (C) | (C) | (C) | (C)
pH7 | pH4 | pH3.6 | pH4 | pH3.6
50 83.88 | 55.77 | 27.51
10 82.69 | 54.68 | 26.51
0
yes | yes 43 44% s 8173 | 5378 | 2569 4044 | 1343
1 7741 | 49.78 | 22.02
50 51.66 | 24.21 | NaN
10 50.57 | 23.2 NaN
[
yes yes 16 31% s 4969 | 2238 | NaN 9.74 NaN
1 45.69 | 18.64 | NaN
50 53.71 | 25.15 | NaN
10 52.61 | 2413 | NaN
0
yes yes 14 | 50% s 5171 | 233 | NaN 10.33 | NaN
1 47.65 | 1949 | NaN
50 48.1 | 19.32 | NaN
10 4701 | 18.31 | NaN
0
yes yes | 13 | 54% s 4612 | 1748 | NaN 4.55 | NaN
1 4211 | 13.7 NaN

Table 5.5: Predicted Melting Temperatures for the HH-min System. Melting temperatures
were predicted for different pH, 100 mM of monovalent ions, adapted length and GC con-
tent, and varying divalent ion concentrations. The last two columns represent melting tem-
peratures with low concentrations of monovalent (1 mM) and divalent (0.2 mM) metal ions
at pH 4 and pH 3.6. If no melting transition was observed, the melting temperature is re-
ported as NaN. The calculations considered the longest possible double-stranded region
and assumed stoichiometric conditions.

strands low salt
T HH | HH | HH | HH | len. | GC% CMgcl, | Tm T Ty T Tum
-min | 1 2 3 | (nt) (mM) | (°C) | (°C) (°C) (°C) (°C)
pH7 | pH4 | pH3.6 | pH4 | pH3.6
50 90.11 | 614 | 32.58
10 88.91 | 60.28 | 31.56
0,
yes | yes 38 | 55% 5 3793 | 5938 | 30.73 45.77 | 18.22
1 83.52 | 55.3 | 26.98
50 1491 | NaN | NaN
10 1392 | NaN | NaN
0,
yes yes 11 | 55% s 1311 | NaN | NaN NaN | NaN
1 941 NaN NaN
50 1491 | NaN | NaN
yes yes 11 55% 10 13.92 | NaN | NaN NaN ! NaN
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S 13.11 | NaN | NaN
1 941 | NaN | NaN

50 67.67 | 38.17 | 10.16
10 66.53 | 3711 | 9.19
0,

yes yes | 16 | 56% s 656 | 3605 | 339 NaN | NaN

1 614 | 32.33 | 4.78

5.4.11 Stability analysis of the ligation systems
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Figure 5.23: MFS simulated with NUPACK for fragmented sunY : NUPACK
simulations were conducted to analyze the mean free energy structures for
the synthesis of fragmented sunY. The concentrations of the ligation sub-
strates was set to 10 uM, while the concentrations of the template and sunY
were set to 2.5 uM each. a The mean free energy structures of the A frag-
ment. As fragment A differs slightly from the corresponding region in the
full-length version, the inhibitory effect of the template appears to be weak.
The mean free energy structure suggests that almost all of the template is
correctly bound toits ligation fragments. b Similarly, mean free energy struc-
tures were simulated for the synthesis of fragment C. In this case, the tem-
plate and sunY form a complex, inhibiting the folding of sunY into its active
structure. ¢ The synthesis of fragment B was also simulated with NUPACK.
Once again, the template and sunY form a complex, preventing the proper
folding of sunY into its active structure.

The equilibrium base pairing for the sequence design of all systems was evaluated using
the NUPACK analysis tool [217]. This algorithm is based on free energy calculations incor-
porating empirical data from Serra and Turner for nearest neighbor interactions [218]. It is
important to note that in the simulation, the parameter for the salt concentration was set
to 1 mM Na't, which typically underestimates the binding stability of the experimental sys-
tems due to the higher duplex stability conferred by magnesium ions. The temperature was
maintained at 25 °C, and the maximum complex size was limited to 4. NUPACK predicts
the minimal free energy structures (MFS) and base-pairing probabilities for RNA sequences,
considering the specified input parameters, i.e., salt concentration, temperature, maximum
complex size, sequences, and strand concentrations. Additionally, the prediction provides
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Figure 5.24: MFS simulated with NUPACK for the hammerhead system: a
For concentrations of 10 uM of fragments and 5 uM of templates, all tem-
plate is occupied by the three fragments allowing for the templated ligation
at the simulated conditions, indicating efficient ligation conditions. b The
MFS of the T-hh1-hh2-hh3 complex has a mean free energy of the secondary
structure of -82.89 kcal/mol. The color code represents the equilibrium prob-
ability for each base to be in the shown configuration.
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the equilibrium concentrations of the MFS complexes and their corresponding free energy
of folding.

Several scenarios were simulated for the ABC system, taking into account the experimen-
tal conditions. The input concentrations of 2.5 uM for the template and 10 uM for each of
the three ligation substrates were selected to align with the experimental setup. Additionally,
the sequence of the sunY ribozyme was included in the simulation with an input concentra-
tion of 2.5 uM to estimate the inhibitory effect of complementary templates on sunY . The
cutoff for the fraction of maximum concentration was set to 0.005.

Initially, the equilibrium concentrations were calculated for each ligation substrate of sunY
individually, namely (tA123, A1, A2, A3, sunY), (tB, B1, B2, B3, sunY), and (tC123, C1, C2, C3,
sunY). It should be noted that the A123 fragment, as reported in [126], of sunY used in this
study has slight sequence variations compared to the full-length version used (see Table[5.2).
This discrepancy is reflected in the outcome of the NUPACK simulation. The simulation
shows that almost all templates are bound to all three ligation substrates, resulting in a mean
free energy of -80.27 kcal/mol. On the other hand, the simulation suggests that sunY is mostly
present in its active form and is barely inhibited. However, when simulating the mean free
energy structures for tA123 and sunY , as well as tA123, tB123, tC123, and sunY , structures
with free energies of -114.47 kcal/mol and -254.74 kcal/mol were obtained, respectively. This
indicates that atleast some of the sunY is inhibited by tA123. For fragments B123 and C123, the
inhibitory effect, as indicated by the mean free energy structures, is significantly stronger,
with a large portion of sunY being bound to either tB123 or tC123. These results could also ex-
plain the difference in the isothermal ligation efficiency of A123 compared to B123 and C123.
To access this further, the experiments should be repeated with a sunY fragment A, which is
similar in sequence to the full-length version.
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For the hammerhead system, the input concentrations of 5 uM for the template and 10 uM for
each of the three ligation substrates were selected to align with the experimental conditions.
The cutoff for the fraction of maximum concentration was set to 0.005. At a temperature of
25°C, it was observed that all templates were bound to all three ligation substrates, resulting
in a complete occupancy of the binding sites. The mean free energy of this fully bound struc-
ture was calculated to be -82.8 kcal/mol. This indicates a strong binding affinity between the
template and the ligation substrates, suggesting favorable conditions for the ligation reaction
to occur efficiently.
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5.5 Appendix - Supplementary Figures
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Figure 5.25: Ligation of HH-min by sunY : To exclude any dye artifacts, the
HH-min synthesis was run with a 5’ FAM label at HH1 for a and ¢ or with-
out any label for b. All reactions yielded the full-length product (HH-min).
a Again, the reaction in the AWI-system produces significant HH-min full-
length product at 5 mM MgCl, and even at lower magnesium concentrations
of 1 mM, whereas no product was observed under isothermal conditions be-
low 50 mM MgCls. b Synthesis using unlabeled HH1 (5 mM MgCls). ¢ To
ensure that the accumulation in the non-equilibrium did not lead to any
unintended side reactions, each RNA component was omitted individually.
Removing either template, substrates or sunY completely abolishes ligation
(1 mM MgCly).
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6 Discussion and Outlook

molecular evolution
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Figure 6.1: Evolution of replication: What could be the path towards an RNA
world? Several evolutionary steps would potentially lead up to such a sce-
nario. In this thesis, two intermediate steps are investigated. The first result
chapter studies the emergence of long sequences with reduced sequence
space compared to a random pool. It was shown how spiking short pools
with subsets of sequences can completely bias the outcome. The molecular
evolution of active RNA sequences is of great importance for the hypothe-
sized RNA world. The second part of this thesis highlighted how thermal
non-equilibrium settings are essential to achieve a realistic one-pot scenario
of RNA replication. Physical transport effects lead to different reaction con-
ditions within close proximity. This results in the protection of RNA from
degradation. It further enables a one-pot scenario of replication and transla-
tion. Both effects are essential for an RNA world, underlining the importance
of combining prebiotic chemistry with geophysical conditions in future re-
search.

Although life certainly has more to it, a central quality is its ability to store, replicate,
and translate (sequence) information. Starting from simple building blocks that polymer-
ize into short oligomers of random sequences, molecular evolution eventually leads to the
emergence of the genetic code. However, it remains heavily debated how this path could
have occurred. This thesis aims to help unravel this mystery by providing experimental
non-equilibrium approaches highlighting potential routes of how replication could have pro-
ceeded. One key aspect is the potential of physical non-equilibria (in this case, thermal non-
equilibria) to not only aid replication chemistries but enable them in the first place. They
are an essential driving force. In this chapter, the main results are summarized, connections
between the three result chapters are discussed, and potential routes for future research are
highlighted.

Figure[6.]] a slightly expanded version of Figure[3.1, shows how molecular evolution of repli-
cation presumably underwent several steps. Chapter [3| has addressed the question of how
pools of short random sequences can lead to longer product sequences when exposed to the
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right temperature cycling conditions. The sequence space of the synthesized products de-
viates from what is expected of random pools. The sequence space of the products, as well
as the elongation behavior, can be influenced by spiked random pools either with short se-
quence networks or long spikes. This shows that even though major characteristics of the
product sequence space, such as the separation into A- and T-types, are conserved, biases
are amplified and lead to significant differences between the pools. Thus, a more realistic
scenario with random pools of slightly different initial compositions that have evolved, e.g.,
in different rock pores, could lead to multiple parallel evolutionary experiments, yielding dif-
ferent product pools. Even more interesting results would emerge if mixing events occur, for
example, with two spikes competing for the same resources. Further, chapter [3has shown
that given enough time to ligate and overall cycles, pools of sequences with all four bases can
extend to longer products. This is exciting because all ribozymes known to date consist of
sequences with all four bases, suggesting that they are required for the emergence of func-
tional sequences. Although similar types of experiments might provide a starting pool that
potentially contains a catalytically active sequence, different types of experiments need to
be employed for its selection and amplification.

Similar to other recent DNA evolution experiments that use DNA pools with a BST poly-
merase [219], the results reported in chapter [3 on DNA pools and the Taq ligase can only
serve as a model system for a prebiotic replication chemistry. Although these model systems
provide valuable expertise on potential replication dynamics, experimental methods, and
data analysis, the specific experimental insights must be translated and reinterpreted once a
more realistic and efficient replication chemistry is identified. Promising candidates are the
RNA ligation chemistry reported by [48], employing a N-alkyl imidazole organocatalyst at the
5-end and a 3-amino group, as well as the RNA ligation chemistry reported by [91], based on
a ligation chemistry mediated by a 2’3" cyclic phosphate. Both are non-enzymatic ligation
chemistries and, thus, face similar problems. First, they naturally exhibit significantly lower
ligation rates compared to enzymatic ligation reactions, making cycling experiments with
hundreds of cycles a long endeavor. As with any RNA replication, they are confronted with
a much higher rate of backbone hydrolysis, especially at the high temperatures needed for
strand separation. Additionally, high temperatures might lead to a deactivation of the respec-
tive reactive groups. Thus, evolution experiments, ideally starting from random pools, could
make use of not just thermal cycling but more realistic settings such as the ones described
in chaptersffand[§] Especially the air-water interface (AWI) system could provide significant
advantages, as it provides a mechanism allowing strand separation at lower temperatures.

However, experiments employing the imidazole-based ligation chemistry in the AWI-system
showed that a high concentration of ligation substrates, induced by the accumulation, leads
to untemplated ligation [220]. While it is unclear to what extent sequence information can
still be copied in a templated manner, similar untemplated ligation reactions would at least
lead to a high background reaction rate, producing longer oligomer strands. Even though ex-
periments similar to the random DNA Tagq ligase are impossible to achieve with this ligation
chemistry, it might still be a promising route from shorter to longer strands.

Analogous replication experiments with the ligation chemistry based on the activation of

strands with a 2’3’ cyclic phosphate could be run in the AWI-system. It has been previously
shown that polymerization experiments based on the same activation chemistry can benefit
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from the AWI-settings [105]. This provides an appealing connection between polymeriza-
tion reactions of 2,3’ cyclic monomers to short sequences and templated ligation reactions
that allow the transfer of sequence information. The key to these experiments’ success is to
run them in AWI-systems for multiple days to counteract the slow ligation rate. Recent up-
dates of the experimental setting now incorporate an automatized CO, influx, which makes
long-term experiments possible. Additionally, enough active ligation substrates need to be
provided throughout the experiment. On the one hand, this could be achieved by adapting
the AWI-system to a point-like heat source at the interface, i.e., combining the advantages of
a small hot temperature region (chapter[d) and an interface setting (chapter[5). On the other
hand, the system could be expanded by an in- and outflow of fresh ligation substrates and
‘burned’ material, respectively. Further, it could be interesting to build a ribozyme, e.g., suny,
from a non-enzymatic replication chemistry such as the 2’3’ cyclic phosphate ligation and
exploit the strand separation capacity of the AWI-system as shown in chapter[f] One possibil-
ity is to start with a fragmented sunY and activate the ends with 2,3’ cyclic phosphates, which
could connect the fragments to a full version. While the fragmented version can already cat-
alyze ligation reactions, ligating it to a full version would likely result in a rate enhancement.

From another perspective, a realistic replication scenario for any ribozyme most likely has to
function within a random background of sequences. Preliminary experiments have demon-
strated that the sunY ribozyme is able to act on random pools within AWI-systems [221]. In
these experiments, a Cy-5 labeled primer and its corresponding template were placed into a
pool of random sequences (G-N7-U; with N=A T, G, C). Indeed, it was possible to detect the
extension of the primer with sequences of the random pool. However, it remains uncertain
how much of the template information could be copied in such a scenario as the concentra-
tion of complementary sequences of the random pool to the template is very low. However,
including a random pool in ligation experiments of the hammerhead ribozyme as described
in chapter 5] where all ligation substrates needed for the ligation are present in higher con-
centration, would allow to infer the robustness and fidelity of these replication reactions.
Further, it would be worth exploring whether experiments similar to the ones described in
chapter [3are possible with this system. Especially interesting are potential sequence biases
and different sequence selection criteria introduced by the sunY ribozyme that would, for
example, provide insight into the sequence generality of the ribozyme.

To expand on the concept of an RNA world hosted by an AWI-system as discussed in chapter
an obvious next step is to ligate a range of different ribozymes within the same compart-
ment, each subsequently performing their respective reaction. One could even imagine a re-
action setup where two ribozymes of significantly different lengths are ligated from the same
number of ligation substrates, which consequently also vary in length. At low overall tem-
peratures, all ligation substrates could bind and ligate, but only the shorter ribozyme could
separate from its template. On the other hand, increasing the overall temperatures would
only allow the longer ligation substrates to bind, resulting in the ligation and strand separa-
tion of the longer ribozyme. Thus, variations in the temperatures of the gradient could pro-
vide means to regulate which ribozyme is ‘expressed. Although feedback loops, as present
in the regulatory effects of biology, would still be missing, this would further attest to the po-
tential of non-equilibrium systems in the environment of the early Earth to enable multiple
concepts of modern biology.
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In conclusion, the results of this thesis underline the potential of thermal non-equilibrium
systems to enable evolutionary processes of early replication. As life is undoubtedly a far
from equilibrium process, energy will always be necessary for its emergence and mainte-
nance. It seems highly plausible that nature had to make use of abundant energy sources
and non-equilibria during the course of molecular evolution. At the same time, geophysi-
cal constraints can provide the first selection pressures. Thus, employing more and various
kinds of non-equilibrium settings in evolution experiments, combining the expertise of mul-
tiple disciplines, and progressively adding complexity to the experiments seems to be the
most promising path towards unraveling the history of life on Earth.
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The RNA world scenario posits replication by RNA polymerases. On early Earth, a geophysical setting is
required to separate hybridized strands after their replication and to localize them against diffusion.
We present a pointed heat source that drives exponential, RNA-catalyzed amplification of short RNA with
high efficiency in a confined chamber. While shorter strands were periodically melted by laminar
convection, the temperature gradient caused aggregated polymerase molecules to accumulate, protecting
them from degradation in hot regions of the chamber. These findings demonstrate a size-selective pathway
for autonomous RNA-based replication in natural nonequilibrium conditions.

DOI: 10.1103/PhysRevLett.125.048104

Introduction.—In modern living systems, the translation
of information from DNA to proteins is performed by an
RNA intermediate, separating the requirements for the
replication of genetic polymers and the production of
functional enzymes. However, RNA itself is capable of
both storing genetic information and folding into catalyti-
cally active structures, including those that enable copying
of RNA molecules [1-3]. Thus, a solution for storage and
effective transfer of information on early Earth prior to the
invention of genetically encoded proteins could have been
achieved with an RNA-only replication mechanism [4-8].

Any RNA copying mechanism, based on either tem-
plated ligation or templated polymerization, relies on
Watson-Crick base pairing. An energy source is needed
to separate the two complementary strands to begin the next
round of templated synthesis, which would need to have
been provided by a plausible geochemical mechanism on
the early Earth. Separation of hybridized strands could be
achieved by pH cycling [9,10], evaporation-wetting cycles
[11-13], oscillation of salt concentrations [14], or elevated
temperatures. In all cases, a setting is needed that mini-
mizes the spontaneous cleavage of RNA [15,16] that occurs
at high temperatures for the high-salt conditions required
for RNA catalysis. In the temperature range from 20 to
90°C, degradation increases over 4 orders of magnitude,
dictating a minimal exposure time at high temperatures.

A habitat for RNA replication on the early Earth should
not only be able to separate double-stranded RNA, but also
provide a mechanism for its persistent accumulation against
dilution by diffusion. Previous studies have shown that a
localized heat flux across closed, elongated compartments
can accumulate nucleic acids. This mechanism favors the
retention of longer strands in a replication reaction mixture
[17,18]. While the combination of replication and selection
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FIG. 1. Heat flux across water-filled pores drives RNA-cata-
lyzed RNA replication. (a) A heat flow is used to create
temperature differences across a water-filled pore. The temper-
ature differences induce both thermophoresis of molecules
(dashed arrows), moving them along thermal gradients, and
convection of water (solid arrows). Simulations predict that
the interplay of the two physical nonequilibrium effects locally
concentrates the RNA polymerase toward cold regions of the
cylindrical chamber, where it is protected against thermal
degradation. Because of the strongly length-dependent thermo-
phoretic properties of RNA [22], shorter RNA molecules are not
accumulated, but are subjected to temperature oscillations to
achieve the necessary strand separation in the warm spot after
their template-directed replication in the cold areas. (b) A natural
setting for such a heat flow could be the dissipation of heat across
volcanic or hydrothermal rocks. This leads to temperature
differences over porous structures of various shapes and lengths.

© 2020 American Physical Society



PHYSICAL REVIEW LETTERS 125, 048104 (2020)

was shown for the protein-based replication of DNA using
Taq DNA polymerase [19], also in combination with
accumulation [20,21], it was unclear whether the thermal
instability of RNA would prevent a similar approach.

Here, we describe a modified thermal microenvironment
that is able to drive the replication of small RNAs catalyzed
by a larger polymerase ribozyme. A punctual heat source
inside a cylindrical compartment gives rise to two effects:
(1) laminar gravitational convection due to the temperature-
dependent density of water, resulting in temperature cycles
that meet the delicate requirements for the elongation and
strand separation for RNA-catalyzed RNA replication; and
(i1) thermophoretic movement of molecules along a temper-
ature gradient, pointing outward from the high temperature
spot [Fig. 1(a)]. This thermophoretic movement has been
shown to depend on a combination of nonionic inter-
actions, ionic shielding, and Seebeck effects [22]. In the
case of polyanionic nucleic acids at elevated temperatures,
thermophoresis drives the molecules from warmer to cooler
areas [23]. For a cylindrical compartment, the interplay of
convective and thermophoretic transport resulted in a
length-dependent net transport of molecules away from
the warm temperature spot. The efficiency of this transport
increased for longer RNAs, stabilizing them against cleav-
age that would occur at higher temperatures.

In contrast, the replicated shorter RNA oligomers cycled
quickly through the hotter areas of the habitat, where they
could undergo thermally induced denaturation. This
cycling ensured the melting of double-stranded molecules,
providing templates for new polymerization reactions. As a
result, the replication and preservation of genetic informa-
tion could be accomplished within a single, thermally
driven environment. On the early Earth, similar thermal
hatcheries could have driven RNA-based replication in
natural conditions, provided confinement and temperature
gradients are present, which is a common setting in
volcanic or hydrothermal environments [Fig. 1(b)].

Results.—Convective temperature oscillations: The
heat flow was implemented via a focused infrared laser
that was absorbed in a water-filled cylindrical chamber. The
resulting radial symmetric temperature profile consisted of
a hot temperature spot (~80°C), decreasing across the
compartment to 17 °C at the bottom side, as measured by
fluorescent thermometry (see Supplemental Material,
Materials and Methods, and Supplemental Material
Fig. 1 [24]). The emerging temperature gradient not only
accounted for the accumulation, but also for the repetitive
temperature cycling of the oligonucleotides.

A similar geometry driving protein-catalyzed replication
has previously been reported based on localized heating of
the chamber surface [25]. Both implementations showed
comparable temperature fields in numerical simulations
(Supplemental Material Fig. 2 [24]). However, protein-
catalyzed replication mimics only later stages of evolution,
after the emergence of genetically encoded proteins. Here,

the amplification of sequence information relied solely on
the enzymatic activity of an RNA molecule.

The convection chamber drove RNA-catalyzed
amplification of a 35-nucleotide RNA template, employing
25-nucleotide short RNA primers. The slow polymerization
rate of the ribozyme required the convection to run for
~24 h. Under these conditions, the convection chamber
showed exponential amplification of the 35-nucleotide
RNA, with starting template concentrations as low as
100 fM [Figs. 2(a) and 2(b)]. Thermal cycling of a bulk
reaction mixture under optimized conditions achieved
similar results with 50 temperature cycles and a cycle time
of 20 min. Starting with 100 fM RNA template, RNA-
catalyzed amplification resulted in product yields of
2 x 10°-fold and 4 x 10°-fold for the bulk and convectively
driven reactions, respectively [Fig. 2(b)]. This amplification
could be described theoretically by a two-parameter growth
equation [27] (see Supplemental Material [24]), deriving a
similar maximum replication efficiency E, for convection
with £ = 1.27 and for thermal cycling with £ = 1.28. In
both cases, the buffer conditions were optimized to increase
replication yield [3], i.e., by adding PEG8000 to serve as a
molecular crowding agent, reducing the concentration of
Mg+ to 50 mM to reduce spontaneous cleavage of RNA,
and adding tetrapropylammonium chloride to lower the
melting temperature of the RNA.

To gain access to the temperature cycling conditions
within the chamber, a fluorescence measurement of the
temperature profile was used as the basis for a numerical
model. The temperature cycling of the molecules inside
the chamber was based on a combination of laminar
convection, Brownian motion, and thermophoretic drift
(Supplemental Material Fig. 3). With a chamber thickness
of 500 ym, we obtained a mean cycle time of 26 min for the
35-nucleotide RNA to oscillate between the threshold
temperatures of 20 and 60°C [Figs. 2(c) and 2(d)].
This matched the 20 min cycling protocol in the thermal
cycler (68°C for 2 s, then 17°C for 20 min) used in
the bulk amplification protocols in the homogeneously
mixed experiments [3]. In this way, the molecules evade
the fast degradation at high temperatures [26] shown in
Fig. 2(e).

Thermophoretic accumulation of RNA polymerase:
We characterized the accumulation behavior of the different
RNA components of the system by monitoring fluores-
cently labeled single- and double-stranded DNA substitutes
containing 35 and 210 nucleotides, in addition to the RNA
polymerase itself and its DNA analog. The thermophoretic
properties of diluted DNA and RNA, either single- or
double-stranded, have been shown to be very similar [23].
However, the thermophoretic drift was found to be strongly
length dependent [28].

As expected, we found that the shorter DNA barely
accumulated in the convection system. Fully double-
stranded 210mer DNA showed a central fivefold
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FIG.2. Convective RNA-catalyzed replication of RNA. (a) The

convection system and a thermal cycler showed similar yields of
primer extension on the 35-nucleotide RNA template. (b) The
polymerase ribozyme exponentially amplified starting template
concentrations as low as 100 fM in 24 h. The amplification can be
described theoretically by a two-parameter growth equation
(Supplemental Material [24]). A maximum amplification of
2 x 10°-fold was observed in the convection chamber. Error
bars indicate the deviation from duplicate experiments. (c) Thin
lines show simulated stochastic trajectories for a 35mer inside the
convection chamber of 500 ym height and 2.25 mm radius. (d) In
the convection chamber, RNA mostly resided at low-temperature
regions, where polymerization could occur, and passed quickly
through high-temperature regions that enabled strand separation.
Stochastic simulations found a mean temperature cycling time of
26 min. Thermal cycler experiments were performed with cycles
of 17 °C for 20 min, then 68 °C for 2 s. (¢) Degradation of RNA is
almost 5 orders of magnitude faster at higher temperatures [26].

accumulation after 60 min at the bottom of the chamber
[Fig. 3(a)]. These findings are in agreement with finite-
element simulations that took into account convection,
diffusion, and thermophoresis [Fig. 3(c)].

Interestingly, the active RNA polymerase showed a
different, ring-shaped accumulation pattern in colder

regions of the chamber. To understand this effect, we
performed accumulation experiments for the RNA polymer-
ase, as well as for a DNA analog of the polymerase
ribozyme. The RNA polymerase or its DNA analog forms
a ternary complex with RNA primer and template via
complementary sequences at the 5’ ends of both polymerase
and template [3], enabling the molecules to be stained with a
fluorescently labeled primer. Imaging the solution with
higher resolution in a 40 um thin capillary revealed that a
majority of the RNA polymerase and its DNA analog were
present in form of conglomerates at 7 = 17 °C [Fig. 3(b)].

By individually removing buffer components, the 6%
w/v PEG8000 was found to be the crucial component that
induced aggregation (Supplemental Material Fig. 4 [24]),
both for the RNA and DNA version of the polymerase
sequence. Additionally, the conglomerates exhibited a
temperature dependence, where heating the solution led
to melting of the conglomerates (see Supplemental Material
and movie [24]). For the 35mer single-stranded DNA and
210mer double-stranded DNA, no aggregates were found,
as imaging the solution showed homogeneous fluorescence
[Fig. 3(b)].

For the conglomerates, we could predict the ring-shaped
accumulation region at the top of the chamber with finite
element simulations after we included the thermophoretic
accumulation of PEG and its diffusiophoretic effect on
DNA/RNA as reported by Madea et al. [29] [Supplemental
Material Figure 5(c)]. For the conglomerates, diffusiopho-
resis dominated the movement in the temperature gradient,
now pointing toward the heating source. However, this
inverted force only has an effect near the boundary walls
where flow velocity does not dominate over the slower
diffusion of the conglomerates. As a result, the conglom-
erated RNA or DNA accumulated into a ring, away from
the hot temperature spot at the top chamber wall
(Supplemental Material Fig. 5 [24]).

The diffusiophoretic interaction between PEG and RNA
made the accumulation dependent on the binding details of
the molecules. Unsaturated, single-stranded molecules
could engage in intermolecular interactions and therefore
form conglomerates. This behavior is supported by the
stark difference between double-stranded DNA and the
single-stranded DNA analog of the polymerase sequence.

Simulating the trajectories of 400 particles with random
starting positions gave access to the temperature distribution
and cycling times for polymerases, double-stranded DNA,
and single-stranded DNA, respectively (Supplemental
Material Fig. 6 [24]). These simulations showed that the
ring-shaped accumulation maintained the conglomerates at
a temperature of 45°C and efficiently restricted them to
temperatures below 60 °C. Although molecules not forming
conglomerates have a higher residence probability at the
lowest temperatures, they are frequently subjected to tem-
peratures above 60 °C. Based on the experiments of Li and
Breaker [26] the RNA cleavage rate can be predicted for

048104-3



PHYSICAL REVIEW LETTERS 125, 048104 (2020)

a) Top View <cle, m—v_—l

©ssDNA 35nt odsDNA 210nt

*DNA Pol. RNA Pol.

1.0 .
Radius (mm)

FIG. 3. Thermophoretic accumulation of nucleic acids. (a) Ac-
cumulation of nucleic acids inside the convection chamber with a
central heat source implemented via an IR laser is shown for
35mer single-stranded DNA, 210mer double-stranded DNA, and
folded single-stranded DNA and RNA corresponding to the
polymerase sequences (from left to right). The scale bar corre-
sponds to 1 mm. (b) Imaging the different strands inside the
reaction buffer revealed the formation of conglomerates in the
case of the polymerase sequences. The scale bar corresponds to
250 pm (c) The height average (c/cy). of the simulated relative
concentrations (lines) reproduced the experimental fluorescence
signal (symbols) for all species. The data points represent the
radial averaging of the background corrected fluorescence images
with respect to the central point of the chamber. (d) By including
diffusive, convective, thermophoretic, and diffusiophoretic trans-
port in the finite element simulation, the model could capture the
ring-shaped concentration enhancement of the polymerases
observed in the experiments, with a maximum of 66-fold
concentration increase after 60 min. The simulation was executed
in a compartment of 500 ym and 2.25 mm height and radius,
respectively.

varying temperature, pH and ions (see Supplemental
Material methods [24]), ranging from 3.81 x 107® s~! for
17°C and 0.22 s~! for 85°C. To investigate whether the
accumulation indeed protects the ribozyme, we included the
cleavage rate in our simulation. The total ribozyme con-
centration decreased exponentially (Supplemental Material
Fig. 7) with a fivefold reduced degradation rate if the
phoretic forces were activated in the simulation and there-
fore accumulated the ribozyme conglomerates in the ring
pattern. These simulation capabilities will allow us to
engineer optimal rock geometries, a process that would
have been performed by natural selection on early Earth.

Discussion.—What habitat could provide conditions
for an RNA world implementation of the emergence of
life? Considerable efforts have been made to investigate
the synthesis of RNA by an RNA polymerase ribozyme
[3,30-34], but only very few reactions have been operated
in a prebiotically plausible setting.

The spontaneous cleavage of RNA at the elevated
temperatures necessary to separate template and product
strands limits the formation and preservation of longer
nucleic acids. On the early Earth, however, longer RNAs
would have been required to provide robust enzymatic
activities [35,36]. The thermal habitat described here
provides temperature conditions that can drive RNA-
catalyzed RNA replication. It achieved comparable repli-
cation kinetics to the optimized bulk reaction within a
standard thermal cycler. Additionally, the interplay of
phoretic forces and convection concentrated the RNA
polymerase away from the central heating spot. This
length-dependent accumulation mechanism biased toward
longer and more structured RNAs also could help to
overcome the threat of short parasitic sequences that are
generally copied more quickly. In the thermal habitat,
shorter RNAs have a higher probability of exposure to
elevated temperatures where degradation is enhanced
[Fig. 3(a); Supplemental Material Fig. 5] [16]. Moreover,
the reaction will be able to be fed with nucleotides by
adding a flow through the chamber. The conditions present
in the compartment can be tuned to match multiple reaction
conditions, which allows us to adapt to future versions of
early replication scenarios as well as other reactions.

One such example is the RNA-catalyzed polymerization
of RNA, carried out in eutectic ice, which both concentrates
the reactants and reduces spontaneous RNA cleavage [34].
Moving forward, including ice phases in future versions of
the shown thermal habitant could help to reduce the bulk
salt concentrations, while still achieving thermal strand
separation and long term localization by thermal convec-
tion and thermophoresis.

The experiments indicate the existence of selective
pathways in thermal habitats, which could guide RNA
evolution toward longer and more structured sequences.
This setting could provide a way to replicate not only
35 mers, but a complete RNA polymerase that is assembled
from several shorter component strands [33,34,37]. How
such >200-nucleotide RNAs could have emerged starting
from simple, nonenzymatic replication chemistries in a
similar setting remains an open question.

Conclusion.—The search for the origin of life implies
finding a location for informational molecules to replicate
and undergo Darwinian evolution against entropic
obstacles such as dilution and spontaneous degradation.
The experiments described here demonstrate how a heat
flow across a millimeter-sized, water-filled porous rock can
lead to spatial separation of molecular species resulting in
different reaction conditions for different species. The
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conditions inside such a compartment can be tuned
according to the requirements of the partaking molecules
due to the scalable nature of this setting. A similar setting
could have driven both the accumulation and RNA-based
replication in the emergence of life, relying only on thermal
energy, a plausible geological energy source on the early
Earth. Current forms of RNA polymerase ribozymes can
only replicate very short RNA strands. However, the
observed thermal selection bias toward long RNA strands
in this system could guide molecular evolution toward
longer strands and higher complexity.
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Introduction
To understand possible mechanisms for the origin of life, it is essen-
tial to study the environmental conditions that could generate and
sustain the first stages of molecular evolution. These boundary con-
ditions were defined by the geological conditions and processes of
theveryearly Earth, probably inthe Hadean eon after the appearance
of liquid water about 4.4-4.0 billion years ago'. Various geological
settings with and without the presence of limited surficial landmass
are considered plausible environments at the late Hadean and early
Archaean. Some of the most studied settings are shown in Fig. 1. Each
ofthese can host one or more non-equilibrium mechanisms that make
itparticularly appealinginthe context of Hadean molecular evolution.
Such geological systems are sources of local non-equilibrium
conditions, driven by the slowly cooling early Earth under a young
faint Sun. These non-equilibria are essential because, according to
entropy arguments, life could not have originated under equilibrium
conditions*’. The origin of life needs a high level of self-organization,
high concentration of reagents and a continuous influx of energy to
be able to evolve towards more complex systems. Without a means of
lowering the entropy, this process becomesimpossible, and the system
slowly reaches equilibrium and decays into adead soup. For example,
under equilibrium, RNA and DNA oligomers dilute by diffusion, reduce
theirlength by hydrolysis and cannot replicate sequence information
by polymerization through activated molecules as these cannot be
replenished. The necessary non-equilibria — such as concentration
gradients, saltand pH cycles, irradiation or temperature differences —
actively drive the system towards a continuous and dynamic self-
organization®® and could be provided by external forces such as
geothermal heating, solar and isotopic irradiation, day-night cycles
and atmospheric phenomena. The search for settings that are able
to deliver continuous forces to maintain the chemical system out of
equilibriumis therefore important.

@ Evaporating water ponds b Hydrothermal vents

Double-stranded

Single-stranded
RNA

€ Mineral surfaces

%Qﬁx

Cold \_/ Warm
et

Fig.1| Proposed primordial geological settings for fluctuations

in temperature, salts and pH, ultraviolet irradiation and high CO,
concentrations. a, Evaporating water ponds on surficial land. b, Submarine
hydrothermal vents. ¢, Freezing-thawing cycles inice. d, Heated rock pores.

Investigating the early Earth environment that may have provided
the initial conditions for the emergence of life also offers inspiration
for research into the question of extraterrestrial life. Although some
astrophysical space missions, such as NASA’s Transiting Exoplanet
Survey Satellite (TESS®), focus on searching for Earth’s analogues, there
isincreasingevidence that the sort of out-of-equilibriumenvironments
reviewed in this Perspective may also be common on celestial bodies
that are far from being Earth analogues. For instance, even if most
rocky planets in the habitable zone around cooler (M) stars that were
targeted by the Kepler mission'®are expected to be tidally locked (that
is, always showing the same side to their parent star), they are still likely
to have something resembling day-night cycles driven by weather
systems, which could in turn drive wet-dry cycles in some regions on
their surface. Extreme examples of possible habitable worlds that have
conditions far from those of Earth are moons around giant planets, like
thoseinour Solar System (lo, Europa, Titan), in extrasolar systems or,
even more exotically, moons around free-floating planets". The huge
investmentin space missions aiming atatmospheric studies of extrater-
restrial and extrasolar bodies, due to be launched within the next two
decades, will strongly benefit from origins of life research that studies
this complex process on Earth.

In this Perspective, we survey commonly studied geological set-
tingsinthe Hadean Earth, before discussing how the non-equilibrium
conditions hosted by these settings could drive molecular evolution.

Hadean Earth geological conditions

Wet-dry cycles in evaporating water ponds

In the past, the most often cited setting for the origin of life has been
Darwin’s “warmlittle pond” of fresh water onland'>"®>, where reagents in
the organic soup canbecome concentrated enough for chemical reac-
tions to occur (Fig. 1a). Day-night, seasonal temperature, or weather

oscillations can be imagined to lead to fluctuating water levels and

€ Freezing-thawing ice d Heated rock pores

Brine

e, Mineral surfaces. f, Atmospheric ultraviolet radiation and gases. g, Aerosols.
h, Liquid-liquid phase separation, forming coacervates. These systems are
chemically rich and offer a variety of non-equilibrium forces that could have
enhanced the prebiotic chemical reactions and driven the molecular evolution.
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wet-dry cycles. This system continuously generates fluctuations in
the concentrations of molecules, reagents and salts, which canbecome
exceedingly highinthe completely dry state.Inaddition, the pH, which
depends onthe chemical properties of the concentration-varying spe-
cies, changes during evaporation. The chemical complexity of wet-dry
cycles can enhance those chemical reactions that benefit from high
concentrations, including the synthesis of canonical and non-canon-
ical nucleosides™ ™, the phosphorylation of prebiotic molecules”,
the formation of peptide bonds between amino acids'®, the ester bond
formation of sugar monomers into polymers'’, the polymerization
of RNA from single nucleotides®>?, and the emergence of ribozymes
and transfer-RNA-like structures®, among others. However, because
nucleobases rapidly photodissociate during illuminated dry periods
and arelostinto pond seepage during the wet periods, it is possible that
the synthesis of nucleotides and the subsequent RNA polymerization
might require a few wet-dry cycles®.

Chemical and temperature gradients in hydrothermal vents
Later, submarine hydrothermal vents (Fig.1b) could have played arole
as habitats for the first forms of life***’. These systems are chemically
richand contain dissolved chemicals frominteractions with the newly
formed oceanic crust and the underlying hydrothermal system. They
are expected to host pH gradients and drive a variety of redox reac-
tions?. Moreover, rock cavities in their proximity are subject to steep
temperature gradients, which induce convection and thermophoresis,
cycling the solutes between hot and cold temperatures and inducing
theiraccumulation®°. For DNA, thermal replication and thermal accu-
mulation could be combined**?. A considerable number of chemical
reactions of smaller metabolic molecules have been demonstrated
to occur in these systems: redox reactions involving iron, sulfate and
methane?; the interconversion and formation of amino acids®?*; RNA
oligomerization®; and DNA accumulation and polymerization®-%%.
However, the absence of wet-dry cycles within hydrothermal vents has
limited RNA polymerization in these systems to short oligomers®.
Moreover, the high temperatures of the hydrothermal vents pose a
problemfor hydrolysis reactions, whichmay degrade the newly formed
polymers®, but could also open new pathways for protometabolic
reactions®.

Freezing-thawingice in brine microchannels

Another geological setting to considerisice (Fig.1c), which should not
be excluded at the poles or at exposed landmass on the early Earth,
or in the scenarios of variable CO, partial pressure and the faint Sun
hypothesis*®*. During the formation of ice from seawater (or other
solute-rich solutions) water freezes to create ice crystals of pure water,
while the remaining solute-rich liquid brine progressively concentrates
ininterstitial microchannels with a size of several micrometres, sub-
jecting the molecules to oscillatory conditions under freeze-thaw
cycles*. At lower temperature, when the salt solubility limits are
reached, salts can precipitate and create crystals. Degassing leads to
gasbubbles, whichareincorporatedinto thebrine channelsandtheice.
Gradients of pH between the brine and the ice are created®. The ice’s
eutectic phase and freezing-thawing seawater offer a large chemical
variety that has been shown to accelerate many chemical reactions
involving RNA. Some notable examples are the templated polymeri-
zation of aminonucleotides*>**; the assembly of active ribozymes*;
the ribozymatic replication of RNA*¢; and a one-pot pathway from
nucleotide activation to non-enzymatic RNA extension after repeated
freeze-thaw cycles®.

Microscale water cycles inrock pores

Heated rock pores containing gas and water (Fig. 1d) are another geo-
logical setting that was probably abundant whenlife emerged, and the
prebioticrelevance of which has been explored*®*°. This system exists
inthe proximity of heat sources (such as magmaticactivity ingeneral,
active volcanic regions or hydrothermal systems), with gas bubbles
arising from magma degassing or from the incorporation of air. The dif-
ferentially heated surfaces inside the pore trigger a water cycle at the
microscale, generating temporary salt and pH fluctuations, as well as
wet-dry cycles. Thissetting could host the crystallization of ribose, RNA
phosphorylation and gelation, ribozyme catalysis and the formation
of lipid vesicles*’. The pH and salt fluctuations of the water cycle also
promote strand separation at low temperatures*®*°, Moreover, it has
been shown that CO,-acidified water drives DNA replication (albeitin
an enzymatic manner), providing evidence for sequence evolution
towards longer strands with an AT:GC composition that depends on
the physico-chemical conditions of the environment®"*,

Charged surfaces and leaching on mineral surfaces
Theinteraction of mineral surfaces with water onthe early Earth (Fig. 1e)
isalmostinevitable, and part of all the systems discussed above. A vari-
ety of minerals form the walls and surfaces of hydrothermal vents,
build the rocks hosting pores, and form the sediments within water
ponds. The minerals offer a variety of effects on prebiotic molecules and
chemistries and probably played a major role inmolecular evolution®.
Different types of minerals, rocks and glasses have been reported to
enhance various chemical reactions: borate minerals for the synthesis
of RNA components such as ribose®; phosphate minerals for the phos-
phorylation of nucleosides®; the synthesis of DNA and RNA oligomers
onmontmorillonite and hydroxyapatite**%; the regulation of ribozy-
matic catalytic activity by tholeiitic basalt surfaces™; RNA polymeriza-
tion promoted by montmorillonite and amino acids®’; the synthesis
of polyribonucleic acid promoted by rock glasses®; and the preferen-
tial accumulation of long RNA molecules®, among other examples.
Mineral-water interactions alsoresultinions and molecules leaching
outof theminerals over time by dissolution, ion exchange and surface
complexation reactions®’; thus minerals can act as buffers for aque-
ous solutions®* or provide ions to ribozymes and oligonucleotides®’,
dependingonthetype of mineralused and theionsit contains. In addi-
tion, clay mineral surfaces, in particular those of montmorillonite, have
been shown to interact with hairpin ribozymes to protect them from
degradation by ultraviolet (UV) irradiation, retaining the catalytic
activity of the ribozymes for longer times®.

Irradiation by high-energy photons

Atmospheric factors such as UV irradiation and the concentration of
gaseous CO, also have major effects on prebiotic chemistry (Fig. 1f).
Without access to molecular oxygen and the resulting ozone layer,
the surface of the early Earth was reached by UV radiation with wave-
lengths as low as 200 nm (ref. °°). At 260 nm, the solar photon flux on
the surface reached intensities of 10'>-10" photons per square centi-
metre per second (ref. °°). Owing to the high photon energy in the range
0f 200-300 nm, more complex organic compounds such as nucle-
obases could be damaged®’. Although in aqueous solutions dissolved
metal ions can shield this radiation (such as bromide for wavelengths
A<220 nm, or Fe* for 220 <A <300 nm), in natural waters on the early
Earththe penetration depth of200-360 nmlight reached up to several
metres®®, Therefore, it is essential to consider the influence of UV light
as aphysical selection pressure on prebiotic chemistry.
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The canonical nucleobases (A, C, G, T and U) are particularly
resistant to UV irradiation® because they can convert the absorbed
energy into heat on sub-picosecond timescales’*”". In contrast, other
precursors, such as 2-aminooxazole or 2-aminoimidazole, are more
susceptible to UV damage’”. Ultraviolet radiationis not only destruc-
tive but can also catalyse the interconversion of nucleosides through
photo-induced hydrolysis™, and drive redox reactions to produce
nucleoside, amino acids and lipid precursors’’,

Besides UV radiation, other ionizing radiations such as solar
X-rays”’, solar protons” and gamma rays from radioisotopes’
(for example, *°K, *2Th, U and ***Po) were abundant on the Hadean
Earth surface and inside nuclear geysers®® (underground natural
nuclear reactors). lonizing radiation has been historically shown®
to drive various chemical reactions, such as the formation of amines,
amino acids and a variety of organic compounds (such as alanine,
glycine, formicacid, ammoniumacetate and urea). More recently, it has
beenshown how ionizing radiation canbe animportant energy source
in prebiotic synthesis, for the formation of formamide®?, sugars and
nucleosides”™*’, and to generate chemical diversity by radiolytically
produced prebiotic precursors®*. lonizing radiation can also aid the
genetic mutations that are necessary for evolution®. However, it can
also disintegrate biomolecules by radiolysis and trigger the formation
of radicals that have detrimental effects on the origin of life®°.

Gaseous CO,leading to water acidification and mineralization
The pressure of gaseous CO, in the Hadean atmosphere has been esti-
mated to have beenintherange of 0.01-10 bar, much higher thantoday
(-3.5 x10* bar)***%7% When CO, is absorbed into water, it leads to the
formation of carbonicacid, bicarbonate and carbonate, and therefore
towater acidification®. In the absence of additional buffers (for exam-
ple in condensation water formed during the water cycle), the pH is
directly proportional to the partial pressure of CO, (ref. °°). Ithas been
argued that surface waters on the Hadean Earth were therefore prob-
ablyacidic, whichwould have profound implications for the prebiotic
chemistries”??, for the molecular evolution of oligonucleotides® and
for the climate of the early Earth®. An atmosphere richin CO, could also
have had arole in the release of phosphate from phosphate minerals
suchasapatite; theincreased solubility of apatite in CO,-acidified water
couldstrongly increase the availability of phosphate at concentrations
and pH levels relevant for prebiotic syntheses’*.

Compartmentalization and drying of aerosols

Another system of prebiotic relevance is atmospheric aerosols (Fig. 1g),
generated by wind upon the breaking of waves at the ocean surface,
bubble-bursting or geysers”. The aerosol particles, the size of which
isdetermined by aerodynamic drag, surface tensionand gravity, have
ahighsurface-to-volumeratio. The organic molecules and long-chain
surfactantsrearrange at the aerosol-windinterface and formaspheri-
calmonolayer thatencloses an aqueous core, a configuration known as
the ‘inverted micelle’ model®®”. This structural rearrangement implies
that most of the organic content of the particle resides at the surface,
increasing the concentration of the molecules in that region. During
their passage through fluctuating fields of humidity and temperature
in the atmosphere, the aerosols rapidly lose water from the central
core until a full external organic monolayer is formed®. The chemi-
cal variety, size and the surfactant wall give aerosols strong similari-
ties to simple cells. Reactions such as polymerization, OH oxidation
reactions, compartmentalization and the formation of various organic
molecules have been demonstrated to be enhanced in the crowded

and dehydrated interior of aerosol particles, which also experience
pH changes during their lifetime”*?* ",

Liquid-liquid phase separation and compartmentalization
Coacervation, the liquid-liquid phase separation of oppositely charged
polyelectrolytesinwater (Fig. 1h), has been hypothesized to have played
amajor role during the origin of life. The membrane-free protocells
produced by coacervation can spatially localize molecules, aid fatty
acid bilayer assembly'??, selectively concentrate a range of different
molecules'®™'* and tolerate catalytic reactions involving RNA and
ribozymes'°®'”’, Coacervate droplets of polypeptides, polysugars
and oligonucleotides are highly dynamic and form with heterogeneous
chemicalidentity'®. Interesting effects arise when they are putinafluc-
tuating environment, such as microfluidic water cycles inside heated
rock cavities. There, the fluxes generated by moving water rapidly
make the coacervate droplets fuse together, divide and fragment'®’.

Non-equilibria to drive molecular evolution

To test the physical non-equilibrium constraints described above
in a chemical context, many example systems are available. These
examples are not necessarily limited to canonical ribonucleotides, as
non-canonical systems could have been precursorstoan RNAworld or
other hypothetical scenarios'"°"2, However, because the properties
of canonical ribonucleotides are exceptionally well studied and many
deep analytical methods such as high-throughput sequencing have
been established, in this Perspective we focus on how combinations
of physical non-equilibrium systems can enable RNA-related reactions
and push their sequence space by applying external selection pressures.
Thatsaid, itis still a matter of debate as to which molecule came first:
RNA, DNA, proteins, RNA-protein hybrids, or their coexistence; and
which function they would carry™™".

Strand separation under temperature, salts and pH synergism

One of life’s mostimportant features is the ability to continuously copy
its genetic blueprint, stored in DNA and RNA. Its replication requires
conditions in which the copied productstrand can detach fromits tem-
plate, which s typically problematic under standard conditions. This
difficulty is also known as the strand separation problem'®. The issue
arises from the fact that long RNA duplexes have a very high melting
temperature (sometimes even higher than the boiling point of water),
andtheiraccurate copying would generate a dead-end duplex product.
Moreover, therate of strand reannealing at high strand concentrations
is orders of magnitude faster than the current copying chemistries.
Therefore, it is considered central to understand how the previously
discussed geophysical systems can offer kinetic, non-equilibrium
solutions to this problem.

The temperature, salts and pH fluctuations that occur in geo-
logical settings are subject to various geological processes of the early
Earth. Asdiscussed below, they canact synergistically toinduce strand
separation at moderate physico-chemical conditions. Figure 2a-d sum-
marizes the main determinants of the duplex stability of oligonucleo-
tides. Temperature, concentration of monovalentand bivalentions',
and pH™° determine whether a specific oligonucleotide sequence is
in the single-stranded or double-stranded conformation'”. A single
one of these factors is usually not enough to trigger strand separa-
tion without reaching extreme values, which could damage RNA and
chemical reagents (asis the case with very high temperatures), or could
be incompatible with prebiotic chemistries (such as for very low salts
or pH). Instead, when all these factors act in synergy, a substantial
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strand separation can be achieved in moderate regimes that can be
compatible with many replication chemistries (Fig. 2e).

The environment drives sequence evolution
Several reports have shown how the environment can influence the
final sequence composition and length of replicated, ligated or poly-
merizedsequences®*>'*"** Inasimulatedreplicative environmentofthe
RNAworld, the sequences adapted to the melting conditions of an acidic
microscale water cycle®’. The pH, salts and temperature fluctuations
created specific regimes of melting conditions. Only the sequences with
intermediate duplex stability could continuously melt and reanneal,
and thereby undergo repeated replication cycles. This effect strongly
biased the resulting sequence length and ATGC content, creatinglong
sequences whose AT/GC fraction correlated with the melting condi-
tions. For example, mild denaturing conditions promoted the repli-
cation of sequencesrich in Aand T, whereas stronger ones promoted
the creation of sequencesricherin Gand C (Fig. 3a). This effect derives
fromthe fact that the AT/GC ratio of aduplex oligonucleotide sequence
is amajor factor that determines its stability against denaturation'”.
On an early Earth, therefore, different environments could host
poolsof sequences enriched inspecificnucleotides. This differentiation
would strongly reduce the occupied states in the sequence space'* and
wouldrender the spontaneous emergence of particular sequence biases
or motifs far more possible: an essential feature for the emergence of
ribozymes in an evolving RNA world?”**, The sequence space of long
oligonucleotides is immense. Without a mechanism to selectively
reducethe sequence space, any sequence biasis likely to remain hidden
and not emerge. The non-equilibrium features discussed above are able
to circumvent this limitation, selecting specific subsets of sequences
of defined nucleotide composition®'?’, Moreover, these observations
could give an explanation to the paradox of the dual roles of RNA in
the RNA world, as both information carrier and catalyst™°. These dual
roles require the RNA to have good templating ability and stable fold-
ing, which are in conflict with each other. However, an open-ended
replicating system drives the evolution of sequences withintermediate
stability, whose melting temperature (7)) is close to the environmental
temperature. In that temperature regime, sequences can repeatedly
fold and unfold, satisfying the dual role of RNA in the RNA world.

Ribozymes under non-equilibria

The catalytic activity of ribozymesis strongly influenced by salts, tem-
perature and pH, because these factors directly affect their folding™ ",
For example, RNA-stabilizing conditions (that is, high salts and low
temperature) canshift the equilibrium of the hairpin ribozyme towards
ligation. Conversely, destabilizing and melting conditions shift the
equilibrium towards cleavage'®. Itis therefore an attractive hypothesis
that fluctuating environmental conditions could tune the activity of
ribozymes and introduce biases into a pool of replicating sequences,
to drive molecular evolution towards a net direction (Fig. 3b).

In addition, the interactions of ribozymes with mineral surfaces
insertanadditional layer of regulation to their catalytic activity. Asions
are liberated from minerals, heat flows actively alter the ionic salt
ratios (for instance, the ratio of Mg? to Na®) to an extent that enables
key ribozyme activities in otherwise challenging solution conditions™.

Kinetics-mediated sequence evolution

Salts, temperature and pHalso affect the kinetics of annealing of com-
plementary strands. The annealing process is slower for lower salts
and pH*®"*° Therefore, denaturing conditions increase the time
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Fig.2|The chemico-physical determinants of oligonucleotide stability.
a-d, Melting curves of a 35-nucleotide RNA oligonucleotide (30% GC) as
afunction of temperature (a), concentration of monovalentions (Na*)

(b), concentration of bivalentions (Mg?*) (¢) and pH (d). e, Synergistic effects of
temperature (7), concentration of Na*, concentration of Mg? and pH, visualized
atreduced dimensionality (2D) via principal component analysis (kernel PCA).
Combinations of factors provide enhanced strand separation efficiency. Details
are explained in Supplementary Section 1.

required for strand annealing. With a limited time window available,
only the sequences with a faster and more accurate annealing (such
as those with fewer mutations) would be able to remain active during
the replication process. The sequences that are unable to anneal in
that time stall and die out.

This mechanism can trigger sequence-selective processes that
bias the sequence pool of a replicative system (Fig. 3c). One example
is the selection of sequences containing fewer mutations (kinetic
error filtering'**), a sort of non-enzymatic proofreading method.
Another example is a self-enhancing sequence selection that arises
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from kinetic stalling of mismatching sequences; this sequence selec-
tion canstrongly reduce the occupied states in the sequence space and

promote self-amplification'?.

Sequence-selective UV photodamage

In addition to the impact on prebiotic chemistry discussed above,
UV radiation can also photodamage oligonucleotides in a sequence-
selective manner'', In particular, the excitation energy obtained by
the absorption of UV photons can lead to the formation of dimeric
lesions from neighbouring pyrimidine nucleotides (TT"*'*3, TC'**) or
adenosine nucleotides', which can deform the oligomer'**. Further-
more, the formation of charge transfer states”**® in the vicinity of
guanosine nucleotides can prevent damage formation, resulting in a
strong anticorrelation between the GC content and the susceptibility
to UVlight'. These factors add up to acomplex sequence dependence
of UV resistance in oligonucleotides™. Comparing the UV damage of
DNA sequences of 7 nt length (Fig. 3d) indicates that strands that are
more resistant to UV damage are enriched in Gand C, which also results
inahigher melting temperature T, of the strands. Inaddition, double-
stranded DNA is more resistant to UV damage than single-stranded
oligonucleotides®™'. Both effects thus reinforce each other and select
more stable, GC-rich DNA duplexes, which are particularly well pro-
tected against UV. These observations pose stringently measurable
selection and regulation pressures on early sequence pools such as
RNA aptamers™,

Non-canonical sequence evolution

Over theyears, many additional approaches have been proposed that
use complex chemistry and specific RNA or DNA sequences to trigger
processes of replication, recombination and strand separation.

Inrolling circleRNA synthesis®***, a circular template aids contin-
uous replication by overcoming the problem of the fast reannealing of
the complementary strands, which occurs at high concentrations. The
model is valid to describe the downstream evolution of polymerase-
catalysed replication. It requires the loop to close after the replica-
tion in order to offer an exponentially growing replication, which is
considered important to maintain information against the exponen-
tially decaying dynamics of degradation. Note that the rather long
persistence length of double-stranded RNA of 63 nm (or 250 bases)
would probably restrict rolling circle replication under physiological
conditions to longer sequences'.

Another way to provide strand displacement can be through
invading RNA strands'®. Short complementary RNA fragments,
derived from degradation, partial replication or non-templated
polymerization, are able to attack a double-stranded region and par-
tially open it to allow this short primer to be elongated. This type of
strand displacement could allow RNA replication cycles to be com-
pleted when the reannealing of complementary strands becomes
too fast.

Based onthe observation that there are no clear prebiotic mecha-
nismsto discriminate between DNA and RNA, RNA-DNA chimeras have
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Fig.3|Non-equilibrium environments to shape oligonucleotide evolution.

a, The nucleotide composition of replicating sequences is determined by the
chemico-physics of water. Denaturing conditions to formsingle strands correlate
withanincreased GC content. Left: annealing conditions (10 °C,pH 7,300 mM Na®,

3 mM Mg*"); middle: mild denaturing (65 °C, pH4.5,20 mM Na*, 0.3 mM Mg*"); right:
strong denaturing (75 °C, pH4,1 mMNa*, 0.1 mM Mg?"). b, The catalyticactivity of
the hairpin ribozymeis regulated by temperature and concentration of salts, which

melt

influenceits folding and conformation. ¢, Kinetic selection mechanism for sequence
lengthand error discrimination. The hybridization kinetics of oligonucleotides
isalso affected by the chemico-physical parameters. d, Sequence dependence of
ultraviolet damage, indicated as damage rate per photon, for 7-nucleotide single-
stranded DNA after 2.5 h of ultraviolet irradiation. Higher melting temperature
(Tmei0) corresponds to stable duplex sequences (GC-rich), which are less susceptible
toultraviolet damage. Details are explained in Supplementary Section 2.

Nature Reviews Physics



Perspective

UV irradiation
(oligonucleotide
damage)

Ice brine
(ribozyme activity)

co,
(acidification)

Dew
(salt and pH cycles)

Gas-water
(wet-dry cycles,
accumulation)

Minerals
(ions leaching,
RNA absorption)

Bulk
(neutral pH,
high salts)
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possibilities to drive the origin of life. a, Multiple
non-equilibrium features in the same geological
setting are prebiotically plausible. Such acomplex
system would generate unexplored scenarios

for the evolution of the first oligonucleotides on
the early Earth. b, Itis experimentally feasible
toinvestigate such a scenario. A microfluidic
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been proposed to have played arole during molecular evolution™ ',
These chimeras have weaker base pairing than the standard duplexes,
indicating they would be less affected by the strand separation problem
under non-denaturing conditions. Moreover, they add a new pos-
sibility to the RNA-DNA-protein world transition model, suggesting
the coexistence and co-evolution of RNA and DNA systems during the
initial stages. Adding the more stable DNA to the mix for long-term
storage of sequences offers many advantages, but it remains to be
seen if they are outweighed by the disadvantages associated with the
co-replication and co-synthesis of DNA together with RNA. Moreover,
itremains unclear what chemico-physical conditions are suited for the
replication of a hybrid system containing both RNA and DNA, as they
have very different pH, saltand temperature preferences. For example,
RNAis more susceptible to hydrolysis than DNA at high temperatures.
Moreover, the conditions that enhance RNA catalytic activity'® (high
salts, neutral pH, moderate temperature) are those that better stabilize
the DNA double-stranded conformation, posing the problem of how
strand separation is to occur. Therefore, salt-poor wet-dry cycling
could provide a new perspective'®; or non-equilibrium environments
hosting fluctuating pH, salts and temperatures could offer aninterest-
ingenvironmentin whichto test the molecular evolution of these types
of hybrid systems.

Many ofthe aboveideastoreplicate RNA have not yet beentested
under geological non-equilibria. Based on experience, we believe that
interesting and unexpected dynamics will be found by this connection
of geoscience, physics and chemistry. Moreover, the combination of
the discussed geophysical features, when coupled with more complex
prebiotic chemistries, are expected to offer synergistic resultsand are
now becoming experimentally feasible.

Primordial scenarios and experimental analogues

Itis plausible that heterogeneous physico-chemical microscale pro-
perties would have been present in close proximity. For example, a
porous rock containing water and CO, gas inclusions could exist near
to avolcanic heat source, bombarded at its top by UV irradiation and
undergoing day-night or seasonal freeze-thaw cycles (Fig. 4a). The

rock part could vary between micrometres and tens of metres. Insuch
a setting, ions are leached from the minerals to buffer the pH of the
bulk and selectively absorb RNA; convection and thermophoresis in
the bulkand the gas-water boundaries of the bubble exponentially and
selectively accumulate molecules; microscale water cycles in the gas
bubbleinduce pH and salt fluctuations that facilitate strand separation;
the UVirradiationinduces selective damage to oligonucleotides; and
freeze-thaw cycles create ice brines and locally enhance the activity
of ribozymes.

This system can be efficiently transferred to alab experiment and
implemented in millimetre-sized microfluidic experiments (Fig. 4b).
Heat flow can be provided by differentially heating and cooling the sur-
faces of the microfluidic chamber, CO, gas bubbles canbe introduced
microfluidically, acontinuous liquid flow can be controlled with syringe
pumps, realistic geomaterials can be introduced as powdered miner-
als, and the sample chamber can be locally irradiated with UV-light-
emitting diodes. However, the combinatorial space of the prebiotic
physico-chemical and environmental conditions is immense, and so
the identification of the key factors is not generalizable but depends
on each specific scenario. This means that the results are likely to be
unpredictable, and mutual, synergistic or inhibitory effects cannot
be determined a priori. One possible approach is to systematically
study the effects of each non-equilibrium feature separately. Multiple
non-equilibrium features can then be merged, once the single effects
have been quantified.

Researchers have started to make use of heterogeneous geo-
physico-chemical conditions to study and enhance prebiotic chemical
reactions in such more complex physical boundary conditions'®*,
Oneexampleisthe production of nucleobases, ribose, and nucleotide
precursors in a comprehensive model of the early Earth atmosphere
coupled with an evaporating water pond™. The systemincludes light-
ning, UV,impact degassing, volcanism, ocean geochemistry and water
evaporation. The UV irradiation, lightning and wet-dry cycles in an
atmosphere with plausible levels of water, CO,, H, and CH, enable a
series of complex chemical reactions, from the formation of HCN to
sugars and nucleotide precursors. Such a level of complexity would
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have not been possible without the interaction of multiple geological
features. Theinterplay between such geological settings and prebiotic
chemicalreactionsislikely to create unpredictable results, with mutual,
synergistic or inhibitory effects in acomplex reaction network.

Enzymaticreplication

Whereas the chemistry for prebiotic RNA replication will probably
remain a puzzle for some time, it might be a good exercise to probe
the physics of the environment with polymerase or ligase proteins.
And indeed, this approach has shown first signs of Darwinian-like
evolution. For example, the three-body reaction of templated liga-
tion was observed to create a strong self-selection of initially ran-
dom sequences, creating a unusually complex sequence space from
the random pools'”. With this self-selection, a sparse exploration
of the sequence space becomes possible without having to scan the
masses of the Universe that are theoretically necessary to hold all
4%°gequences for 100-nucleotide oligomers, as would be required to
perform evolutionin a very systematic way.

As seen by following the same approach, enzymatic replication
at air-water interfaces has interesting strand separation dynamics’".
Gasbubblesinside thermal gradients, which experimenters normally
avoided at great cost in microfluidic experiments, are now hot spots
for replicative polymerization. The speed of creating longer strandsin
these experiments, enzymatically, and protocolled by deep sequencing
iscompelling. Withinafew hours, sequences more than1,300 nucleo-
tides in length evolved from 50-nucleotide initial templates, adapt-
ing to the length-selective non-equilibrium setting at the air-water
interface and tuning the AT/GC ratio to fit the conditions of strand
separation®. Central to this experimentis the local salt and pH cycling
at the heated air-water interface, coupled with the capillary flows in
the liquid that preferentially accumulate longer oligonucleotides at the
gas-water boundaries. Moreover, the replication efficiency of a cold
air-water interface® or alocal heated spot'’ is much higher than ever
achieved in bulk polymerase chain reaction (PCR) or systematic evo-
lution of ligands by exponential enrichment (SELEX) experiments'*®,
PCR run under non-equilibria on a sequence mix can amplify specific
sequences locally in micrometre-sized spots, without depleting the
bulk’s reagents, and reaching extremely high amplification factors.
However, standard bulk amplification typically runs out of resources
after 20-30 cycles.

Prebiotic polymerization

A widely investigated topic in the origin of life field is the prebiotic
polymerization of RNA. To form RNA from its nucleotides — or peptides
from amino acids — water must be removed'**”°, For nucleotides,
modern biology uses triphosphates as an activation group to drive
this reaction. When it comes to prebiotic scenarios, the approaches
differ on whether to start with astrong activation group and drive the
reaction mainly chemically” "> or to use a weak activation group and
mainly put the burden on the physical non-equilibria, for example by
temporarily using dry or semi-dry conditions and active accumulation
mechanisms. An example of the latter approach is the polymeriza-
tion of 2,3’-cyclic monophosphate nucleotides at elevated pH. Under
conditions of temporary drying at a heated air-water interface, RNA
oligomers form'. One could also set templated replication reactions
to operate in similar semi-dry conditions and use the salt-poor wet
conditionsto separate the RNA strands. This inverted mechanism could
offeranumber of new perspectives for replicative systems, including
longer lifetimes of RNA in the predominantly dry state.

Outlook

Inour view, future generations of experiments willinclude anincreasing
number of the non-equilibria discussed above, with many more to be
discovered. So we think that much can be expected from the above-
mentioned non-equilibrium possibilities that geo-environments offer
at the microscale (Fig. 4).

We have discussed the multiple ways in which environmental
factors are not mere boundary conditions, but instead play an active
role in driving and shaping the molecular evolution of DNA and RNA.
Based on the positive cooperative effects seen in experiments using
this combination of origin of life chemistry with the geoscience of the
early Earth in the past, it is likely that scenarios will emerge that can
make prebiotic processes much more plausible. The purpose of this
Perspective is to encourage the use of non-equilibria in origin of life
experiments. We have discussed and demonstrated many intrinsic
advantages of combining the physics of selection and strand separation
with the chemistry of replication in a natural localized setting. Apart
from these biotechnological advantages, we argue that the merging
of physics and chemistry is the best route to understand, through lab
experiments, that the emergence of life might not have been asrare and
implausible asis commonly thought. Many more interesting molecular
machines recreating the emergence of life may be found at the cross-
roads of replication chemistry and non-equilibrium physics. The future
of cross-disciplinary experiments has only just begun in this field.

Published online: 18 January 2023

References

1. Mojzsis, S. J., Harrison, T. M. & Pidgeon, R. T. Oxygen-isotope evidence from
ancient zircons for liquid water at the Earth’s surface 4,300 Myr ago. Nature 409, 178-181
(2001).

2. Wilde, S. A., Valley, J. W., Peck, W. H. & Graham, C. M. Evidence from detrital zircons for
the existence of continental crust and oceans on the Earth 4.4 Gyr ago. Nature 409,
175-178 (2001).

3. Valley, J. W. et al. Hadean age for a post-magma-ocean zircon confirmed by atom-probe
tomography. Nat. Geosci. 7, 219-223 (2014).

4.  Schrodinger, E. What is Life? The Physical Aspect of the Living Cell (Cambridge Univ.
Press, 1944).

5.  Goldenfeld, N. & Woese, C. Life is physics: evolution as a collective phenomenon far from
equilibrium. Annu. Rev. Condens. Mater. Phys. 2, 375-399 (2010).

6.  Michaelian, K. Thermodynamic dissipation theory for the origin of life. Earth Syst. Dyn. 2,
37-51(201).

7. Marsh, M. G. E. Thermodynamics and the origin of life. Can. J. Phys. https://doi.org/
10.1139/CJP-2020-0013 (2022).

8. Barge, L. M. et al. Thermodynamics, disequilibrium, evolution: far-from-equilibrium
geological and chemical considerations for origin-of-life research. Orig. Life Evol. Biosph.
47, 39-56 (2016).

9.  Ricker, G.R. et al. Transiting exoplanet survey satellite. J. Astron. Telesc. Instrum., Syst. 1,
014003 (2014).

10.  Borucki, W. J. et al. Kepler planet-detection mission: introduction and first results.
Science 327, 977-980 (2010).

1. Avila, P. J. et al. Presence of water on exomoons orbiting free-floating planets: a case
study. Int. J. Astrobiol. 20, 300-311(2021).

12.  Damer, B. & Deamer, D. The hot spring hypothesis for an origin of life. Astrobiology 20,
429-452 (2020).

13. Follmann, H. & Brownson, C. Darwin’s warm little pond revisited: from molecules to the
origin of life. Naturwissenschaften 96, 1265-1292 (2009).

14. Becker, S. et al. Wet-dry cycles enable the parallel origin of canonical and non-canonical
nucleosides by continuous synthesis. Nat. Commun. 9, 163 (2018).

15.  Kim, H. J. & Benner, S. A. Prebiotic stereoselective synthesis of purine and noncanonical
pyrimidine nucleotide from nucleobases and phosphorylated carbohydrates. Proc. Natl
Acad. Sci. USA 114, 11315-11320 (2017).

16. Okamura, H. et al. A one-pot, water compatible synthesis of pyrimidine
nucleobases under plausible prebiotic conditions. Chem. Commun. 65, 1939-1942
(2019).

17.  Gull, M. Prebiotic phosphorylation reactions on the early earth. Challenges 5, 193-212
(2014).

18. Orsythe, J. et al. Ester-mediated amide bond formation driven by wet-dry cycles:

a possible path to polypeptides on the prebiotic Earth. Angew. Chem. Int. Ed. 54,
9871-9875 (2015).

Nature Reviews Physics



Perspective

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Mamajanov, I. et al. Ester formation and hydrolysis during wet-dry cycles: generation

of far-from-equilibrium polymers in a model prebiotic reaction. Macromolecules 47,
1334-1343 (2014).

Da Silva, L., Maurel, M. C. & Deamer, D. Salt-promoted synthesis of RNA-like molecules
in simulated hydrothermal conditions. J. Mol. Evol. 80, 86-97 (2015).

Morasch, M., Mast, C. B., Langer, J. K., Schilcher, P. & Braun, D. Dry polymerization

of 3',5'-cyclic GMP to long strands of RNA. ChemBioChem 15, 879-883 (2014).

Roy, S., Bapat, N. V., Derr, J., Rajamani, S. & Sengupta, S. Emergence of ribozyme and
tRNA-like structures from mineral-rich muddy pools on prebiotic Earth. J. Theor. Biol.
506, 110446 (2020).

Pearce, B. K. D., Pudritz, R. E., Semenov, D. A. & Henning, T. K. Origin of the RNA world:
the fate of nucleobases in warm little ponds. Proc. Natl Acad. Sci. USA 114, 11327-11332
(2017).

Corliss, J. B., Baross, J. & Hoffman, S. An hypothesis concerning the relationships between
submarine hot springs and the origin of life on Earth. Oceanol. Acta Special Issue 59-69
https://archimer.ifremer.fr/doc/00245/35661/ (1981).

Russell, M. J., Daniel, R. M. & Hall, A. J. On the emergence of life via catalytic
iron-sulphide membranes. Terra Nov. 5, 343-347 (1993).

Martin, W. et al. On the origins of cells: a hypothesis for the evolutionary transitions

from abiotic geochemistry to chemoautotrophic prokaryotes, and from prokaryotes

to nucleated cells. Phil. Trans. R. Soc. Lond. B 3568, 59-85 (2003).

Martin, W. & Russell, M. J. On the origin of biochemistry at an alkaline hydrothermal vent.
Phil. Trans. R. Soc. B 362, 1887-1926 (2007).

Martin, W., Baross, J., Kelley, D. & Russell, M. J. Hydrothermal vents and the origin of life.
Nat. Rev. Microbiol. 6, 805-814 (2008).

Agerschou, E. D., Mast, C. B. & Braun, D. Emergence of life from trapped nucleotides?
Non-equilibrium behavior of oligonucleotides in thermal gradients. Synlett 28, 56-63
(2017).

Baaske, P. et al. Extreme accumulation of nucleotides in simulated hydrothermal pore
systems. Proc. Natl Acad. Sci. USA 104, 9346-9351(2007).

Mast, C. B. & Braun, D. Thermal trap for DNA replication. Phys. Rev. Lett. 104, 188102 (2010).
Kreysing, M., Keil, L., Lanzmich, S. & Braun, D. Heat flux across an open pore enables

the continuous replication and selection of oligonucleotides towards increasing length.
Nat. Chem. 7, 203-208 (2015).

Vallentyne, J. R. Biogeochemistry of organic matter — Il Thermal reaction kinetics and
transformation products of amino compounds. Geochim. Cosmochim. Acta 28, 157-188
(1964).

Aubrey, A. D., Cleaves, H. J. & Bada, J. L. The role of submarine hydrothermal systems in
the synthesis of amino acids. Orig. Life Evol. Biosph. 39, 91-108 (2009).

Burcar, B. T. et al. RNA oligomerization in laboratory analogues of alkaline hydrothermal
vent systems. Astrobiology 15, 509-522 (2015).

Mast, C. B., Schink, S., Gerland, U. & Braun, D. Escalation of polymerization in a thermal
gradient. Proc. Natl Acad. Sci. USA 110, 8030-8035 (2013).

Braun, D., Goddard, N. L. & Libchaber, A. Exponential DNA replication by laminar
convection. Phys. Rev. Lett. 91,158103 (2003).

White, R. H. Hydrolytic stability of biomolecules at high temperatures and its implication
for life at 250°C. Nature 310, 430-432 (1984).

do Nascimento Vieira, A., Kleinermanns, K., Martin, W. F. & Preiner, M. The ambivalent role
of water at the origins of life. FEBS Lett. 594, 2717-2733 (2020).

Kadoya, S., Krissansen-Totton, J. & Catling, D. C. Probable cold and alkaline surface
environment of the hadean Earth caused by impact ejecta weathering. Geochem.
Geophys. Geosyst. 21, e2019GC008734 (2020).

Zahnle, K., Schaefer, L. & Fegley, B. Earth’s earliest atmospheres. Cold Spring Harb.
Perspect. Biol. 2, a004895 (2010).

Trinks, H., Schroder, W. & Biebricher, C. K. Ice and the origin of life. Orig. Life Evol. Biosph.
35, 429-445 (2005).

Bronshteyn, V. L. & Chernov, A. A. Freezing potentials arising on solidification of dilute
aqueous solutions of electrolytes. J. Cryst. Growth 112, 129-145 (1991).

Lohrmann, R. & Orgel, L. E. Template-directed reactions of aminonucleosides. J. Mol. Evol.
9, 323-328(1977).

Mutschler, H., Wochner, A. & Holliger, P. Freeze-thaw cycles as drivers of complex
ribozyme assembly. Nat. Chem. 7, 502-508 (2015).

Attwater, J., Wochner, A., Pinheiro, V. B., Coulson, A. & Holliger, P. Ice as a protocellular
medium for RNA replication. Nat. Commun. 1, 76 (2010).

Zhang, S. J., Duzdevich, D., Ding, D. & Szostak, J. W. Freeze-thaw cycles enable

a prebiotically plausible and continuous pathway from nucleotide activation to
nonenzymatic RNA copying. Proc. Natl Acad. Sci. USA 119, 2116429119 (2022).

laneselli, A., Mast, C. B. & Braun, D. Periodic melting of oligonucleotides by oscillating
salt concentrations triggered by microscale water cycles inside heated rock pores.
Angew. Chem. Int. Ed. 58, 13155-13160 (2019).

Morasch, M. et al. Heated gas bubbles enrich, crystallize, dry, phosphorylate and
encapsulate prebiotic molecules. Nat. Chem. 11, 779-788 (2019).

Lathe, R. Fast tidal cycling and the origin of life. Icarus 168, 18-22 (2004).

laneselli, A. et al. Water cycles in a Hadean CO2 atmosphere drive the evolution of long
DNA. Nat. Phys. 18, 579-585 (2022).

laneselli, A. Hadean Water-dew Cycles Drive the Evolution of DNA and Protocells (Ludwig
Maximilan Univ., 2022).

Cleaves, H. J. et al. Mineral-organic interfacial processes: potential roles in the origins of
life. Chem. Soc. Rev. 41, 5502-5525 (2012).

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Ricardo, A., Carrigan, M. A., Olcott, A. N. & Benner, S. A. Borate minerals stabilize ribose.
Science 303, 196 (2004).

Costanzo, G., Saladino, R., Crestini, C., Ciciriello, F. & Di Mauro, E. Nucleoside
phosphorylation by phosphate minerals. J. Biol. Chem. 282, 16729-16735 (2007).

Ferris, J. P, Hill, A. R., Liu, R. & Orgel, L. E. Synthesis of long prebiotic oligomers on
mineral surfaces. Nature 381, 59-61(1996).

Ferris, J. P. Montmorillonite-catalysed formation of RNA oligomers: the possible role

of catalysis in the origins of life. Philos. Trans. R. Soc. B Biol. Sci. 361, 1777 (2006).
Gibbs, D., Lohrmann, R. & Orgel, L. E. Template-directed synthesis and selective
adsorption of oligoadenylates on hydroxyapatite. J. Mol. Evol. 15, 347-354 (1980).
Matreux, T. et al. Heat flows in rock cracks naturally optimize salt compositions for
ribozymes. Nat. Chem. 13, 1038-1045 (2021).

Namani, T. et al. Amino acid specific nonenzymatic montmorillonite-promoted RNA
polymerization. ChemSystemsChem 3, e2000060 (2021).

Jerome, C. A., Kim, H. J., Mojzsis, S. J., Benner, S. A. & Biondi, E. Catalytic synthesis

of polyribonucleic acid on prebiotic rock glasses. Astrobiology 22, 629-636 (2022).
Mizuuchi, R. et al. Mineral surfaces select for longer RNA molecules. Chem. Commun.
55, 2090-2093 (2019).

Seibert, S. et al. Identification and quantification of redox and pH buffering processes
in a heterogeneous, low carbonate aquifer during managed aquifer recharge.

Water Resour. Res. 52, 4003-4025 (2016).

Lacroix, E., Brovelli, A., Holliger, C. & Barry, D. A. Evaluation of silicate minerals for pH
control during bioremediation: application to chlorinated solvents. Water Air Soil Pollut.
223, 2663-2684 (2012).

Biondi, E., Branciamore, S., Maurel, M. C. & Gallori, E. Montmorillonite protection of an
UV-irradiated hairpin ribozyme: evolution of the RNA world in a mineral environment.
BMC Evol. Biol. 7, S2 (2007).

Ranjan, S. & Sasselov, D. D. Constraints on the early terrestrial surface UV environment
relevant to prebiotic chemistry. Astrobiology 17, 169-204 (2017).

Crespo-Hernandez, C. E. & Arce, R. Formamidopyrimidines as major products in the
low- and high-intensity UV irradiation of guanine derivatives. J. Photochem. Photobiol. B
73,167-175 (2004).

Ranjan, S. et al. UV transmission in natural waters on prebiotic earth. Astrobiology 22,
242-262 (2022).

Boldissar, S. & De Vries, M. S. How nature covers its bases. Phys. Chem. Chem. Phys. 20,
9701-9716 (2018).

De Vries, M. S. & Hobza, P. Gas-phase spectroscopy of biomolecular building blocks.
Annu. Rev. Phys. Chem. 568, 585-612 (2007).

Beckstead, A. A., Zhang, Y., De Vries, M. S. & Kohler, B. Life in the light: nucleic acid
photoproperties as a legacy of chemical evolution. Phys. Chem. Chem. Phys. 18,
24228-24238 (2016).

Todd, Z.R., Szabla, R., Szostak, J. W. & Sasselov, D. D. UV photostability of three
2-aminoazoles with key roles in prebiotic chemistry on the early earth. Chem. Commun.
55,10388-10391(2019).

Todd, Z. R., Szostak, J. W. & Sasselov, D. D. Shielding from UV photodamage: implications
for surficial origins of life chemistry on the early earth. ACS Earth Sp. Chem. 5, 239-246
(2021).

Powner, M. W., Gerland, B. & Sutherland, J. D. Synthesis of activated pyrimidine
ribonucleotides in prebiotically plausible conditions. Nature 459, 239-242 (2009).
Rimmer, P. B. et al. The origin of RNA precursors on exoplanets. Sci. Adv. 4, eaar3302
(2018).

Roberts, S. J. et al. Selective prebiotic conversion of pyrimidine and purine
anhydronucleosides into Watson-Crick base-pairing arabino-furanosyl nucleosides in
water. Nat. Commun. 9, 4073 (2018).

Cnossen, |. et al. Habitat of early life: solar X-ray and UV radiation at Earth’s surface 4-3.5
billion years ago. J. Geophys. Res. Planets 112, 2008 (2007).

Saladino, R. et al. Proton irradiation: a key to the challenge of N-glycosidic bond
formation in a prebiotic context. Sci. Rep. 7, 14709 (2017).

Bau, J. P. T. et al. Adenine adsorbed onto montmorillonite exposed to ionizing radiation:
essays on prebiotic chemistry. Astrobiology 20, 26-38 (2020).

Ebisuzaki, T. & Maruyama, S. Nuclear geyser model of the origin of life: driving force to
promote the synthesis of building blocks of life. Geosci. Front. 8, 275-298 (2017).

Miller, S. L. & Urey, H. C. Organic compound synthesis on the primitive earth. Science
130, 245-251(1959).

Pastorek, A. et al. Primordial radioactivity and prebiotic chemical evolution: effect of

y radiation on formamide-based synthesis. J. Phys. Chem. B 124, 8951-8959 (2020).
Saladino, R. et al. Meteorite-catalyzed syntheses of nucleosides and of other prebiotic
compounds from formamide under proton irradiation. Proc. Natl Acad. Sci. USA 112,
E2746-E2755 (2015).

Adam, Z. R., Fahrenbach, A. C., Jacobson, S. M., Kacar, B. & Zubarey, D. Y. Radiolysis
generates a complex organosynthetic chemical network. Sci. Rep. 11, 1-10 (2021).
Parke, W. C. lonizing radiation and life. Biophysics https://doi.org/10.1007/
978-3-030-44146-3_8 (2020).

Bad, J. P. T. et al. Solid adenine and seawater salts exposed to gamma radiation: an FT-IR
and EPR spectroscopy analysis for prebiotic chemistry. Heliyon 5, 01584 (2019).
Kasting, J. F. Earth's early atmosphere. Science 259, 920-926 (1993).

Walker, J. C. G. Carbon dioxide on the early Earth. Orig. Life Evol. Biosph. 16, 117-127
(1985).

Byck, H. T. Effect of dissolved CO, on the pH of water. Science 75, 224 (1932).

Nature Reviews Physics



Perspective

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101

102.

108.

104.

105.

106.

107.

108.

100.

10.

m.

12.

3.

4.

5.

1e.

7.

8.

e.

120.

121.
122.

123.

124.

125.

Al-Hindi, M. & Azizi, F. Absorption and desorption of carbon dioxide in several water
types. Can. J. Chem. Eng. 96, 274-284 (2018).

Wigley, T. M. L. & Brimblecombe, P. Carbon dioxide, ammonia and the origin of life.
Nature 291, 213-215 (1981).

Rimmer, P. B. & Shorttle, O. Origin of life’s building blocks in carbon-and nitrogen-rich
surface hydrothermal vents. Life 9,12 (2019).

Feulner, G. The faint young Sun problem. Rev. Geophys. https://doi.org/10.1029/
2011RG0O00375 (2012).

Toner, J. D. & Catling, D. C. A carbonate-rich lake solution to the phosphate problem

of the origin of life. Proc. Natl Acad. Sci. USA 117, 883-888 (2020).

Donaldson, D. J., Tervahattu, H., Tuck, A. F. & Vaida, V. Organic aerosols and the origin
of life: an hypothesis. Orig. Life Evol. Biosph. 34, 57-67 (2004).

Ellison, G. B., Tuck, A. F. & Vaida, V. Atmospheric processing of organic aerosols.

J. Geophys. Res. Atmos. 104, 11633-11641(1999).

Murphy, D. M., Thomson, D. S. & Mahoney, M. J. In situ measurements of organics,
meteoritic material, mercury, and other elements in aerosols at 5 to 19kilometers.
Science 282, 1664-1669 (1998).

Tuck, A. The role of atmospheric aerosols in the origin of life. Surv. Geophys. 23, 379-409
(2002).

Trueblood, J. V. et al. The old and the new: aging of sea spray aerosol and formation

of secondary marine aerosol through OH oxidation reactions. ACS Earth Sp. Chem. 3,
2307-2314 (2019).

Griffith, E. C., Carpenter, B. K., Shoemaker, R. K. & Vaida, V. Photochemistry of aqueous
pyruvic acid. Proc. Natl Acad. Sci. USA 110, 11714-11719 (2013).

Dobson, C. M., Ellison, G. B., Tuck, A. F. & Vaida, V. Atmospheric aerosols as prebiotic
chemical reactors. Proc. Natl Acad. Sci. USA 97, 11864-11868 (2000).

Dora Tang, T. Y. et al. Fatty acid membrane assembly on coacervate microdroplets as a
step towards a hybrid protocell model. Nat. Chem. 6, 527-533 (2014).

Koga, S., Williams, D. S., Perriman, A. W. & Mann, S. Peptide-nucleotide microdroplets as
a step towards a membrane-free protocell model. Nat. Chem. 3, 720-724 (2011).
Tena-Solsona, M. et al. Kinetic control over droplet ripening in fuel-driven active
emulsions. Preprint at https://doi.org/10.26434/CHEMRXIV.9978539V1 (2019).

Crosby, J. et al. Stabilization and enhanced reactivity of actinorhodin polyketide synthase
minimal complex in polymer-nucleotide coacervate droplets. Chem. Commun. 48,
11832 (2012).

Drobot, B. et al. Compartmentalised RNA catalysis in membrane-free coacervate
protocells. Nat. Commun. 9, 3643 (2018).

Poudyal, R. R. et al. Template-directed RNA polymerization and enhanced ribozyme
catalysis inside membraneless compartments formed by coacervates. Nat. Commun. 10,
490 (2019).

Priftis, D., Laugel, N. & Tirrell, M. Thermodynamic characterization of polypeptide
complex coacervation. Langmuir 28, 15947-15957 (2012).

laneselli, A. et al. Non-equilibrium conditions inside rock pores drive fission,
maintenance and selection of coacervate protocells. Nat. Chem. 14, 32-39 (2021).
Fialho, D. M., Roche, T. P. & Hud, N. V. Prebiotic syntheses of noncanonical nucleosides
and nucleotides. Chem. Rev. 120, 4806-4830 (2020).

Hud, N. V. Searching for lost nucleotides of the pre-RNA world with a self-refining model
of early Earth. Nat. Commun. 9, 5171 (2018).

Okamura, H. et al. Proto-Urea-RNA (W&hler RNA) containing unusually stable urea
nucleosides. Angew. Chem. Int. Ed. 58, 18691-18696 (2019).

Miller, F. et al. A prebiotically plausible scenario of an RNA-peptide world. Nature 605,
279-284(2022).

Orgel, L. E. Prebiotic chemistry and the origin of the RNA world. Crit. Rev. Biochem.
Mol. Biol. 39, 99-123 (2004).

Alberts, B. et al. The RNA World and the Origins of Life. In Molecular Biology of the Cell
4th edn (Garland Science, 2002).

Cojocaru, R. & Unrau, P. J. Transitioning to DNA genomes in an RNA world: the
unexpected ability of an RNA polymerase ribozyme to copy RNA into DNA has
ramifications for understanding how DNA genomes evolved. eLife 6, €32330 (2017).
Xu, J., Green, N. J., Gibard, C., Krishnamurthy, R. & Sutherland, J. D. Prebiotic
phosphorylation of 2-thiouridine provides either nucleotides or DNA building blocks via
photoreduction. Nat. Chem. 11, 457-462 (2019).

Szostak, J. W. The eightfold path to non-enzymatic RNA replication. J. Syst. Chem. 3, 2
(2012).

Gruenwedel, D. W. & Hsu, C.-H. Salt effects on the denaturation of DNA. Biopolymers 7,
557-570 (1969).

Bunville, L. G. & Geiduschek, E. P. DNA composition and stability to acid denaturation.
Biochem. Biophys. Res. Commun. 2, 287-292 (1960).

Thomas, R. The denaturation of DNA. Gene 135, 77-79 (1993).

Goppel, T., Rosenberger, J. H., Altaner, B. & Gerland, U. Thermodynamic and kinetic
sequence selection in enzyme-free polymer self-assembly inside a non-equilibrium RNA
reactor. Life 12, 567 (2022).

Nesbitt, S. M., Erlacher, H. A. & Fedor, M. J. The internal equilibrium of the hairpin
ribozyme: temperature, ion and pH effects. J. Mol. Biol. 286, 1009-1024 (1999).
GOppel, T., Obermayer, B., Chen, I. A. & Gerland, U. A kinetic error filtering mechanism
for enzyme-free copying of nucleic acid sequences. bioRxiv https://doi.org/
10.1101/2021.08.06.455386 (2021).

Wada, A. & Suyama, A. Local stability of DNA and RNA secondary structure and its
relation to biological functions. Proo. Biophys. molec. Biol. 47, 113-157 (1986).

126.
127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.
160.

De Duve, C. The onset of selection. Nature 433, 581-582 (2005).

Wachowius, F. & Holliger, P. Non-enzymatic assembly of a minimized RNA polymerase
ribozyme. ChemSystemsChem 1, 1-4 (2019).

Zhou, L., O’Flaherty, D. K. & Szostak, J. W. Assembly of a ribozyme ligase from short
oligomers by nonenzymatic ligation. J. Am. Chem. Soc. 142, 15961-15965 (2020).
Kudella, P. W., Tkachenko, A. V., Salditt, A., Maslov, S. & Braun, D. Structured sequences
emerge from random pool when replicated by templated ligation. Proc. Natl Acad.

Sci. USA 118, 2018830118 (2021).

Ivica, N. A. et al. The paradox of dual roles in the RNA world: resolving the conflict
between stable folding and templating ability. J. Mol. Evol. 77, 55-63 (2013).

Cottrell, J. W., Scott, L. G. & Fedor, M. J. The pH dependence of hairpin ribozyme catalysis
reflects ionization of an active site adenine. J. Biol. Chem. 286, 17658 (2011).

Anella, F. & Danelon, C. Prebiotic factors influencing the activity of a ligase ribozyme. Life
7,17 (2017).

Peracchi, A. Origins of the temperature dependence of hammerhead ribozyme catalysis.
Nucleic Acids Res. 27, 2875-2882 (1999).

Wilson, T. J., Nahas, M., Ha, T. & Lilley, D. M. J. Folding and catalysis of the hairpin
ribozyme. Biochem. Soc. Trans. 33, 461-465 (2005).

Studier, F. W. Effects of the conformation of single-stranded DNA on renaturation and
aggregation. J. Mol. Biol. 41,199-209 (1969).

Hinckley, D. M. et al. Coarse-grained modeling of DNA oligomer hybridization: length,
sequence, and salt effects. J. Chem. Phys. 141, 035102 (2014).

Tsuruoka, M. & Karube, I. Rapid hybridization at high salt concentration and detection of
bacterial DNA using fluorescence polarization. Comb. Chem. High. Throughput Screen.
6, 225-234 (2003).

Porschke, D. & Eigen, M. Co-operative non-enzymic base recognition. 3. Kinetics of

the helix-coil transition of the oligoribouridylic-oligoriboadenylic acid system and

of oligoriboadenylic acid alone at acidic pH. J. Mol. Biol. 62, 361-381 (1971).

Wong, K. L. & Liu, J. Factors and methods to modulate DNA hybridization kinetics.
Biotechnol. J. 16, 2000338 (2021).

Wetmur, J. G. & Davidson, N. Kinetics of renaturation of DNA. J. Mol. Biol. 31, 349-370
(1968).

Kufner, C. L. et al. Sequence dependent UV damage of complete pools of
oligonucleotides. bioRxiv https://doi.org/10.1101/2022.08.01.502267 (2022).

Johns, H. E., Pearson, M. L., LeBlanc, J. C. & Helleiner, C. W. The ultraviolet
photochemistry of thymidylyl-(3'>5')-thymidine. J. Mol. Biol. 9, 503 (1964).

Sugiyama, T., Keinard, B., Best, G. & Sanyal, M. R. Biochemical and photochemical
mechanisms that produce different UV-induced mutation spectra. Mutat. Res. Mol. Mech.
Mutagen. 823, 111762 (2021).

Lemaire, D. G. E. & Ruzsicska, B. P. Quantum yields and secondary photoreactions of the
photoproducts of dTpdT, dTpdC and dTpdU. Photochem. Photobiol. 57, 755-757 (1993).
Kumar, S. et al. Adenine photodimerization in deoxyadenylate sequences: elucidation
of the mechanism through structural studies of a major d(ApA) photoproduct.

Nucleic Acids Res. 19, 2841-2847 (1991).

Lee, J. H. et al. NMR structure of the DNA decamer duplex containing double T-G
mismatches of cis-syn cyclobutane pyrimidine dimer: implications for DNA damage
recognition by the XPC-hHR23B complex. Nucleic Acids Res. 32, 2474 (2004).

Pilles, B. M. et al. Identification of charge separated states in thymine single strands.
Chem. Commun. 50, 15623-15626 (2014).

Bucher, D. B., Pilles, B. M., Carell, T. & Zinth, W. Dewar lesion formation in single- and
double-stranded DNA is quenched by neighboring bases. J. Phys. Chem. B119,
8685-8692 (2015).

Kufner, C. L., Zinth, W. & Bucher, D. B. UV-induced charge-transfer states in short
guanosine-containing DNA oligonucleotides. ChemBioChem 21, 2306-2310 (2020).

Lu, C., Gutierrez-Bayona, N. E. & Taylor, J. S. The effect of flanking bases on direct and triplet
sensitized cyclobutane pyrimidine dimer formation in DNA depends on the dipyrimidine,
wavelength and the photosensitizer. Nucleic Acids Res. 49, 4266-4280 (2021).

Bucher, D. B., Schlueter, A., Carell, T. & Zinth, W. Watson-Crick base pairing controls
excited-state decay in natural DNA. Angew. Chem. Int. Ed. 53, 11366-11369 (2014).
Saha, R. & Chen, I. A. Effect of UV radiation on fluorescent RNA aptamers’ functional and
templating ability. ChemBioChem 20, 2609-2617 (2019).

Kristoffersen, E. L., Burman, M., Noy, A. & Holliger, P. Rolling circle RNA synthesis
catalysed by RNA. eLife 11, €75186. (2022).

Tupper, A. S. & Higgs, P. G. Rolling-circle and strand-displacement mechanisms for
non-enzymatic RNA replication at the time of the origin of life. J. Theor. Biol. 527, 110822
(2021).

Abels, J. A., Moreno-Herrero, F., Van Der Heijden, T., Dekker, C. & Dekker, N. H. Single-
molecule measurements of the persistence length of double-stranded RNA. Biophys. J.
88, 2737 (2005).

Zhou, L. et al. Non-enzymatic primer extension with strand displacement. eLife 8, €51888
(2019).

Gavette, J. V. et al. RNA-DNA chimeras in the context of an RNA world transition to an
RNA/DNA world. Angew. Chem. Int. Ed. 55,13204-13209 (2016).

Trevino, S. G., Zhang, N., Elenko, M. P., Luptak, A. & Szostak, J. W. Evolution of functional
nucleic acids in the presence of nonheritable backbone heterogeneity. Proc. Natl Acad.
Sci. USA 108, 13492-13497 (2011).

Krishnamurthy, R. On the emergence of RNA. Isr. J. Chem. 55, 837-850 (2015).

Hampel, A. & Cowan, J. A. A unigue mechanism for RNA catalysis: the role of metal
cofactors in hairpin ribozyme cleavage. Chem. Biol. 4, 513-517 (1997).

Nature Reviews Physics



Perspective

161. Dass, A. V. et al. RNA oligomerisation without added catalyst from 2',3'-cyclic
nucleotides by drying at air-water interfaces. ChemSystChem https://doi.org/10.1002/
syst.202200026 (2022).

162. Altair, T., Borges, L. G. F., Galante, D. & Varela, H. Experimental approaches for testing the
hypothesis of the emergence of life at submarine alkaline vents. Life 11, 777 (2021).

163. Fox, S., Pleyer, H. L. & Strasdeit, H. An automated apparatus for the simulation of prebiotic
wet-dry cycles under strictly anaerobic conditions. Int. J. Astrobiol. 18, 60-72 (2019).

164. Vincent, L. et al. Chemical ecosystem selection on mineral surfaces reveals long-term
dynamics consistent with the spontaneous emergence of mutual catalysis. Life 9, 80
(2019).

165. Vincent, L. et al. The prebiotic kitchen: a guide to composing prebiotic soup recipes to
test origins of life hypotheses. Life 11,1221 (2021).

166. Pearce, B. K. D., Molaverdikhani, K., Pudritz, R. E., Henning, T. & Cerrillo, K. E. Towards
RNA life on early Earth: from atmospheric HCN to biomolecule production in warm little
ponds. Astrophys. J. 932, 9 (2022).

167. Salditt, A. et al. Thermal habitat for RNA amplification and accumulation. Phys. Rev. Lett.
125, 048104 (2020).

168. Schroeder, R. Soups & SELEX for the origin of life. RNA 21, 729 (2015).

169. Borsook, H. Peptide bond formation. Adv. Protein Chem. 8,127-174 (1953).

170. Kavdia, M. Phosphodiester bond formation. Encycl. Syst. Biol. https://doi.
0rg/10.1007/978-1-4419-9863-7_1598 (2013).

171. Walton, T., Zhang, W., Li, L., Tam, C. P. & Szostak, J. W. The mechanism of nonenzymatic
template copying with imidazole-activated nucleotides. Angew. Chem. Int. Ed.
58,10812-10819 (2019).

172. Kaddour, H. & Sahai, N. Synergism and mutualism in non-enzymatic RNA polymerization.
Life 4,598-620 (2014).

173. Blain, J. C., Ricardo, A. & Szostak, J. W. Synthesis and nonenzymatic template-directed
polymerization of 2'-amino-2'-deoxythreose nucleotides. J. Am. Chem. Soc. 136,
2033-2039 (2014).

Acknowledgements
Financial support came from the European Research Council (ERC Evotrap, grant number
787356), the Simons Foundation (grant number 327125), the CRC 235 Emergence of Life

(Project-ID 364653263), the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy — EXC-2094 — 390783311, and the Center
for NanoScience (CeNS). Funding by the Volkswagen Initiative ‘Life? - A Fresh Scientific
Approach to the Basic Principles of Life’ is gratefully acknowledged.

Author contributions
A.l,AS., C.M., B.E., C.LK., B.S.and D.B. structured the manuscript and wrote the text. A.l., A.S.
and C.M. designed the figures and analysed the data.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s42254-022-00550-3.

Correspondence should be addressed to Dieter Braun.

Peer review information Nature Reviews Physics thanks Saul Villafafie-Barajas, Philipp Holliger
and the other, anonymous, referee(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author self-
archiving of the accepted manuscript version of this article is solely governed by the terms
of such publishing agreement and applicable law.

© Springer Nature Limited 2023

Nature Reviews Physics



148



nature communications

Article

Ribozyme-mediated RNA synthesis and
replication in a model Hadean
microenvironment

https://doi.org/10.1038/s41467-023-37206-4

Annalena Salditt’, Leonie Karr', Elia Salibi?, Kristian Le Vay?, Dieter Braun®'' -~ &
Hannes Mutschler ®?2

Received: 1 September 2022

Accepted: 6 March 2023

Published online: 17 March 2023

Enzyme-catalyzed replication of nucleic acid sequences is a prerequisite for
the survival and evolution of biological entities. Before the advent of protein
synthesis, genetic information was most likely stored in and replicated by RNA.
However, experimental systems for sustained RNA-dependent RNA-replica-
tion are difficult to realise, in part due to the high thermodynamic stability of
duplex products and the low chemical stability of catalytic RNAs. Using a
derivative of a group I intron as a model for an RNA replicase, we show that

M Check for updates

heated air-water interfaces that are exposed to a plausible CO,-rich atmo-
sphere enable sense and antisense RNA replication as well as template-
dependent synthesis and catalysis of a functional ribozyme in a one-pot
reaction. Both reactions are driven by autonomous oscillations in salt con-
centrations and pH, resulting from precipitation of acidified dew droplets,
which transiently destabilise RNA duplexes. Our results suggest that an
abundant Hadean microenvironment may have promoted both replication
and synthesis of functional RNAs.

Identifying a physicochemical environment suitable for auto-
catalytic template-dependent self- and cross-replication cycles of
RNAs would significantly advance our understanding of plausible
scenarios that could explain the emergence of life on Earth'>. The
development of catalytic RNAs (ribozymes) capable of accelerating
RNA ligation and polymerization over the last decades has tre-
mendously progressed the field of protein-free RNA replication*®,
However, the high thermodynamic stability of the RNA duplexes
resulting from these reactions, which is further enhanced by salts
present in the solution required to fold the ribozymes and often for
catalysis, usually prevents the dissociation of the newly synthesized
strands from their template’’. Thus, template-dependent RNA
synthesis frequently leads to the formation of dead-end duplexes,
which are incompatible not only with the release and folding of
encoded ribozymes but also with the recycling of templates for
further rounds of replication.

Temperature-induced melting appears as an attractive solution to
separate product from template. However, high temperatures lead to
substantial RNA degradation, especially at high magnesium
concentrations'®". These factors limit thermal denaturation to short
strands in specific buffers and short heating times?, possibly imple-
mented by a centralized convection flow”. Strategies including toe-
hold strand displacement™* or nucleic acids with heterogeneous
backbone chemistries™'® have been studied as potential solutions to
this dilemma. Recently, RNA synthesis from a circular genome has
been discussed as a solution to the strand separation problem" and
limited synthesis of a catalytic RNA micromotif using rolling circle
replication has been demonstrated'®. Nonetheless, demonstrations of
key reaction steps, particularly the general synthesis and release of
more complex functional RNAs, are currently missing™".

We previously explored geochemically plausible non-equilibrium
systems that could overcome the template-inhibition challenge in the

Systems Biophysics and Center for NanoScience (CeNS), Ludwig Maximilian University Munich, Geschwister-Scholl-Platz 1, 80539 Munich, Germany.

2Department of Chemistry and Chemical Biology, TU Dortmund University, Otto-Hahn-Str. 4a, 44227 Dortmund, Germany.

hannes.mutschler@tu-dortmund.de

e-mail: dieter.braun@lmu.de;

Nature Communications | (2023)14:1495



Article

https://doi.org/10.1038/s41467-023-37206-4

absence of excessively high temperatures?. Of particular interest are
porous rock systems comprising heated air-water interfaces (hereafter
referred to as AWI-systems), which can be experimentally reproduced
in a defined manner by microfabrication. In this work, we demonstrate
how AWI-systems allow ribozyme-catalyzed RNA replication of sense
and antisense strands followed by subsequent strand-dissociation in a
one-pot system. The combination of these reaction steps, which are
otherwise mutually exclusive under isothermal conditions, enables the
combined synthesis, release, and folding of active ribozymes. Overall,
these results infer that abundant geothermal microenvironments had
the potential to support replication and thus evolution of early bio-
logical systems.

Results

sunY-catalyzed RNA ligation at heated air-water interfaces

In CO,-rich AWI-systems, nucleic acids are exposed to periodic chan-
ges in Mg? concentration and pH level, the latter of which originates
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Fig. 1| Heated AWI-systems create micro water cycles that enable RNA folding,
ligation, and strand separation at low magnesium concentrations.

a Asymmetric heating triggers a temperature gradient across AWI compartments.
This setup mimics a gas bubble inside a porous volcanic rock. RNA and ions are
concentrated at the warm side of the interface by the evaporation of water. The
evaporated water condenses as dew droplets on the cold side of the chamber. The
droplets grow through surface tension and form a connection to the warm surface
of the chamber, creating a miniature water cycle with strong fluctuations in salt
concentration and pH similar to what has been described previously**?. b The sunY
ribozyme catalyzes templated ligation of RNA strands using guanosine nucleosides
(G) as leaving group as schematically shown for the ligation substrates M1-CyS5 (red
label), M2 and M3. The mechanism of ligation is based on the exon ligation step
during RNA splicing by group I intron: after formation of the ribozyme substrate
complex, the ligation junction of the substrate duplex is positioned in the catalytic
center of the ribozyme by binding of the terminal guanine nucleotide of the
downstream exon in the G-binding pocket®. The aligned 3’-OH group of the
upstream exon performs an inline attack on the phosphodiester bond of the bound
5-guanosine, leading to ligation of the adjacent upstream and downstream exons
and release of the guanosine and the catalytic intron. ¢ PAGE analysis (two channels:
SYBR Gold, blue, and Cys5, red) shows that the AWI environment enables ligation of
an RNA product M123 from three RNA substrates (M1-3) at MgCl, concentrations as
low as 1 mM. To produce yields similar to 5 mM MgCl, in the AWI-system, a MgCl,
concentration of 50 mM is required under isothermal conditions. Source data are
provided as a Source Data file.

from an equilibrium of dissolved carbonic acid, bicarbonate, and car-
bonate in dew droplets depending on the applied partial pressure of
C0,”** (Fig. 1a, Supplementary Fig. 1). While the low pH enables
transient melting of otherwise stable nucleic acid duplexes pre-
sumably due to nucleobase protonation®, the co-accumulation of RNA
and magnesium ions at water-gas interfaces promotes folding and
catalysis****. This accumulation is the result of the capillary flow cre-
ated by water evaporation at the warm side of the air-water interface.
The effect of water convection and Marangoni flow at the interface is
minimal, but contribute if molecular assemblies grow to the size of
tens of micrometers®™. We, therefore, speculated about the ability of
AWI-systems to provide a suitable environment for repeated RNA-
dependent RNA replication. Derivatives of the self-splicing sunY intron
from bacteriophage T4 can catalyze template-dependent oligonu-
cleotide ligation using 5-guanosines as a leaving group*’ (Supple-
mentary Fig. 2a, b). Due to their robust activity and independence from
prerequisite activation chemistries such as phosphate- or imidazole-
based leaving groups, sunY-derived ribozymes are an attractive model
system for primitive enzymatic RNA-replication®*. Initially, we
explored the Mg?" concentration requirements for RNA ligation by a
182 nucleotide (nt) variant of the sunY ribozyme (Supplementary
Fig. 2c) in CO,-rich AWI-systems (Supplementary Figs. 1, 3, 4). To this
end, we probed the template-dependent ligation of a 30 nt RNA from
three oligonucleotide substrates (Fig. 1b, Supplementary Table 1,
Supplementary Note 1): a 5-Cy5 labeled substrate (M1, 13 nt), which
allows direct fluorescence-based PAGE analysis, and two downstream
5’-guanosine ‘activated’ substrates, M2 (7 nt), and M3 (10 nt). Due to
the concentration effect at the evaporation zone of the heated side of
the air-water interface, a significantly lower Mg?* bulk concentration
(5mM) was required to observe near-complete substrate ligation
ratios (89%) compared to isothermal conditions (50 mM, 86%) after 4 h
of incubation (Fig. 1c). We observed ligation in the AWI-system even at
bulk concentrations as low as 1 mM MgCl, (17%), whereas no detect-
able ligation occurred in a comparable equilibrated system at constant
temperature (Fig. 1c, Supplementary Fig. 5). These findings confirmed
that the local up-concentration of solutes at the warm side of the AWI
interface was sufficient to allow sunY-dependent RNA ligation at bulk
magnesium concentrations considerably lower than those required
under isothermal conditions.

AWI-systems enable sunY-catalyzed ligation of sunY fragments

We hypothesized that the periodic local pH decreases, resulting from
the precipitation of acidified dew droplets back into the bulk reservoir
(Supplementary Fig. 6), could lead to a transient decrease in RNA
melting temperatures thereby promoting the release of ligation pro-
ducts from their template and allowing intramolecular folding into
functional RNAs. This encouraged us to attempt to synthesize strands
with the same or similar sequence as sunY. The Szostak group pre-
viously demonstrated that an active version of sunY can assemble non-
covalently from three oligonucleotides (A, B, and C) between 43 and 75
nt in length*. We reasoned that the AWI-system might circumvent
template inhibition during templated RNA ligation and therefore
explored if AWI-based non-equilibrium environments could also sup-
port replication of sunY-derived RNA strands. We initially explored if
AWI-systems enable sunY to catalyze the synthesis of each of the three
fragments A, B, and C from three short oligonucleotides substrates (Al-
3, B1-3, and C1-3) (Supplementary Table 1, Supplementary Note 1). To
this end, we probed the ligation of each fragment (herein referred to as
Al23, B123, and C123) from three substrate strands starting from equal
concentrations (2.5 uM) of sunY and template and fourfold excess of
each ligation fragment (Fig. 2a). We observed good yields of full-length
products (38.5 +1.5% A123,19.5 +2.5% B123 and 22 + 7% C123) after 2h
of reaction in the AWI-system and only minor amounts of incomplete
intermediates. In contrast, we observed higher relative amounts of
intermediate products and only low full-length yields for the three
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tC123

FAM dye @guanosme

without template

AWI iso.

T, 3h

C123

%—j%“

+
C1 gl @ W —16nt

@ w

1 qCS

FAM dye @ guanosine

red) and the antisense strand (tC1-FAM, tC2, tC3, blue). In the AWI-systems, both
the sense and antisense strands emerged b with the template present and ¢ without
the template present, suggesting that sunY partially acted as a template for anti-
sense strand synthesis (gray box). Under isothermal conditions no products were
observed after PAGE analysis. Source data are provided as a Source Data file.

fragments under isothermal conditions (-8% A123, ~1% B123, and -1.3%
Cl123 after 2 h), indicating that the high melting temperatures of the
different RNA duplexes in the system might limit processivity under
bulk conditions (Fig. 2a, Supplementary Fig. 7, Supplementary
Table 2).

Coupled sense and antisense synthesis of sunY fragments

After demonstrating that all three sunY fragments can be synthesized
by the full-length ribozyme in situ, we sought to explore if AWI-systems
can also support full cycles of RNA replication, synthesizing both sense
and antisense strands of its fragments in a single reaction environ-
ment. To this end, we carried out separate ligation experiments using

substrate oligonucleotides for the sunY fragments C123 and A123 as
well as their corresponding templates, e.g., tAl, tA2, tA3 for tA123
(Supplementary Table 1, Supplementary Note 2). To initiate ligation of
the sense fragments, we included seed amounts of tA123 and tC123 in
each reaction. We detected the formation of both sense (C123, A123)
and antisense strands (tC123, tA123) after 3 h of incubation suggesting
that once formed, both A123 and CI123 serve as templates for the
synthesis of their respective antisense templates tA123 and tC123.
(Fig. 2b, Supplementary Fig. 8a, b). Intriguingly, we also detected the
formation of both sense and antisense fragments even in the absence
of seeding template (Fig. 2c, Supplementary Fig. 8), suggesting that the
sunY ribozyme itself can act as template for the synthesis of A123 and
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a sunY catalyzes template-dependent ligation of the hammerhead ribozyme (HH-
min, red) from the three RNA substrates (HH1-3, red). Local variations in pH and salt
concentration cause strand separation, releasing ligated HH-min, which can then
bind to and cleave its substrate (blue). b Ligated HH-min (red, Cy5) was observed in
both the non-equilibrium and isothermal environments after 2 h of incubation.
Formation of cleaved hammerhead substrate (HH-sub, blue, FAM) was observed
only after incubation under non-equilibrium (AWI) conditions. Control experi-
ments without sunY ribozyme exhibited no HH-min assembly or HH-sub cleavage,
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demonstrating that the combined unligated HH-min fragments HH1-3 have no
residual RNA-cleavage activity. The isothermal control also showed no activity.
Individual gel lanes (outlined with dotted lines) have been rearranged for clarity.
¢ Bar graph showing the calculated yields of HH-sub cleavage after 2 hand 4 hiin the
AWI-system and under isothermal control conditions. Data are presented as mean
values + SEM. Black circles represent the values from independent replicates with
n=10 for 2 h incubation and n =4 for 4 h incubation. Source data are provided as a
Source Data file.

Cl123, which subsequently can serve as template for the formation of
tA123 and tC123.

One-pot synthesis and folding of active hammerhead ribozyme
We speculated that release of the ligation products from their tem-
plate might lead to folding of the products into functionally active
RNAs, a process similar to transcription. To test this hypothesis, we
designed a sunY-based assembly assay for a minimal version of the
hammerhead ribozyme (HH-min) derived from the tobacco ring spot
virus satellite RNA (Fig. 3a)””*. In this system, HH-min is synthesized by
sunY from three RNA substrates (HH1-3, 11 nt, 11 nt, 16 nt), with ligation
junctions interrupting critical catalytic motifs of HH-min, such that
catalysis of the fragmented HH-min was prevented (Supplementary
Fig. 2d, Supplementary Table 1, Supplementary Note 1). While experi-
ments in both the AWI-system and under standard isothermal condi-
tions led to the synthesis of HH-min, the AWI-system promoted the
synthesis of HH-min even at a 10-fold lower MgCl, concentration
(5 mM) than required for isothermal ligation (50 mM, Supplementary
Fig. 9), corroborating our previous data regarding magnesium
dependence under non-equilibrium conditions. Kinetic measurements
for both conditions further revealed that the AWI-system indeed
enabled multi-turnover synthesis of HH-min as the resulting yields of
the full-length HH-min, which peaked after about 4 h of incubation,
exceeded the amount of input template RNA (Supplementary
Figs. 10-12). In contrast, no excess synthesis of HH-min over template
could be observed under isothermal conditions, indicating that all
product strands remained tightly associated with the template. The

observation of multi-turnover ligation in the AWI-system suggested
the presence of single-stranded, de novo synthesized HH-min in
solution. To probe if this dissociated RNA species was catalytically
active, we repeated the experiment in presence of the cognate HH-min
substrate (HH-sub) with the aim of observing catalytic substrate clea-
vage. Satisfyingly, PAGE analysis of the reaction mixture confirmed
that HH-min formation was accompanied by cleavage of HH-sub under
non-equilibrium conditions (cleavage ratio of 40 +13% and 60 + 7%
after 2 h and 4 h, respectively), validating that product dissociation,
folding, binding and cleavage occur in addition to sunY-catalyzed
ribozyme assembly in a one-pot system (Fig. 3b, ¢, Supplementary
Table 3). In contrast, no HH-sub cleavage was observed under iso-
thermal conditions, suggesting that the newly synthesized HH-min was
unable to dissociate from the template under these conditions (Sup-
plementary Fig. 13). This interpretation agrees with the predicted
melting temperature of the HH-min-template complex at the magne-
sium concentrations used in the reaction (90°C, Supplementary
Table 4). As expected, control experiments in the AWI-system without
sunY resulted in no observable HH-min assembly or HH-sub cleavage.

Discussion

This work revealed a credible model prebiotic reaction environment
that is compatible with purely RNA-catalyzed replication of short
functional RNAs. Similar non-equilibrium microenvironments might
have been able to host the first autocatalytic nucleic acid replicators
that marked the onset of biological evolution towards higher com-
plexity. In its current form, AWI-systems are well suited to enable
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combined replication and strand-dissociation of RNA strands between
20 and 75 nt from much shorter precursor oligonucleotides, which
have the potential to assemble into more complex ribozymes. Typi-
cally, fragmented ribozyme variants are in most cases less active than
their full-length counterparts presumably due to their lower stability
and folding defects. In line with this, the fragmented sunY variant
formed by noncovalent assembly of A123, B123, and C123, unlike the
full-length variant, did not show detectable ligation of HH-min under
standard AWI or isothermal conditions (Supplementary Fig. 14a).

Interestingly, however, we found that lowering the temperature
on the warm side of the AWI-system from 45 °C to 40 °C allowed the
fragmented sunY ribozyme to synthesize moderate amounts of HH-
min, illustrating that milder conditions could compensate to some
extent for the lower activity of the split variant (Supplementary
Fig. 14a). To explore the autocatalytic potential of the system, we
demonstrated the synthesis of all three sunY fragments (A123, B123,
and C123) directly by the fragmented sunY, although the yields were
considerably lower than for ligations catalyzed by the full-length
ribozyme (Supplementary Fig. 14b-d). Further optimization will be
required to improve reaction yields, but the results provide an opti-
mistic outlook on the capability of the system to undergo self-
replication from a pool of shorter oligonucleotide substrates.

AWI-systems can be adapted to the requirements of other
ribozyme systems by altering temperatures or chamber geometries.
Of particular interest are RNA polymerase ribozymes that catalyze
templated primer extension reactions of equal sequence length to
themselves. As previously mentioned, the problem of separating de
novo RNA from its template is exacerbated by salts in solution. This is
even more the case for RNA polymerase ribozymes that have been
characterized under magnesium concentrations ranging from
50-200 mM°®®, It remains to be seen how these systems also benefit
from the salt and pH oscillations to enhance the yields by the positive
feedback of template release and by reduced metal ion- and pH-
mediated degradation of catalytic RNAs.

In conclusion, the data presented suggest that the heated air-
water interface (AWI) system has the potential to host fragmented RNA
replicators that catalyze both general and autocatalytic template-
directed RNA synthesis, further strengthening the hypothesis that
dynamic, non-equilibrium environments were cradles for the emer-
gence of higher order biomolecular complexity. Intriguingly, similar
interface settings can drive other prebiotically relevant key processes
such as the phosphorylation of mononucleosides, polymerization of
RNA, encapsulation of nucleic acids in membrane vesicles as well as the
fusion and fission of coacervate-based protocells®***?**°, Future work
might explore the suitability of AWI-systems to combine these key
aspects of biological systems into a single collective scenario providing
a setting that could potentially support most, if not all, of the required
capabilities for an inanimate system to adopt life-like behaviors.

Methods
Nucleic acids
RNA oligonucleotides were ordered from Biomers or Integrated DNA
Technologies (IDT) in dry form and subsequently adjusted to 200 uM
stock concentrations with nuclease-free water (Ambion™ Nuclease-
free water from Invitrogen). HH-sub was synthesized by eurofins
Genomics. Final RNA concentrations were confirmed using 260 nm
absorbance. All stocks were kept at -80 °C and thawed on ice prior to
the experiment. Filling and extraction of AWI-systems were performed
onice. The sunY DNA template for in vitro transcription was ordered as
a gBlock with the following sequence:
GATCGATCTCGCCCGCGAAATTAATACGACTCACTATAGGGAAA
ATCTGCCTAAACGGGGAAACACTCACTGAGTCAATCCCGTGCTAAAT
CAGCAGTAGCTGTAAATGCCTAACGACTATCCCTGATGAATGTAAGG-
GAGTAGGGTCAAGCGACCCGAAACGGCAGACAACTCTAAGAGTTGAA
GATATAGTCTGAACTGCATGGTGACATGCAGGATC

The gBlock was amplified using the following primers:
Prey = GATCCTGCATGTCACCATGCAGTTCAGACT;
Prwa = GATCGATCTCGCCCGCGAAATTAATACGAC
All RNA oligonucleotide sequences are provided in Supplemen-
tary Table 1.

Transcription of sunY

The sunY DNA template was amplified by PCR using the Q5 High
Fidelity 2x Master Mix (NEB) with 10-25 ng gBlock template and 1uM
Prwa and Pye,. The PCR protocol was: 30 s at 98 °C, 12 cycles of 7s at
98 °C and 50 s at 72 °C, followed by a 2 min step at 72 °C. The reaction
was cleaned using the Monarch PCR cleanup oligo kit (NEB) and eluted
in 6-10 uL of nuclease-free water. The transcription buffer consisted of
40 mM Tris-HCI pH 8, 20 mM MgCl,, 10 mM DTT and 2 mM spermi-
dine. Template (approximate final concentration of 0.5uM) and
3.75mM of each NTP, 5U/mL or 2U/400 pL of E. coli Inorganic Pyr-
ophosphatase (100 U/mL stock) and 1500 U of T7 polymerase were
added. The transcription was incubated for 3-4 h at 37 °C, and sub-
sequently cleaned using the Monarch RNA cleanup kit (NEB). The
resulting material was gel purified using a 2 mm 15% PAGE gel (30 mL)
with 10% stacking gel (10 mL), (6 well comb, 25 W constant power for
2 h). The gel was wrapped in plastic wrap, placed on TLC plate, and
illuminated under UV (254 nm). The ribozyme band was marked,
excised, placed in a 2mL tube and weighed. The gel slice was dry
crushed with a syringe plunger, 0.3 M sodium acetate pH 4.8-5.2 was
added (2x mg gel weight in uL) and soaked overnight at 4°C on a
rotator. The next day, the supernatant was recovered using Spin-X
centrifuge tube filters (Corning, 0.45 um, sterile) and centrifuging for
5 min at maximum speed. Subsequently, 20 ng glycogen and either 1
volume isopropanol or 2.5 volumes of ethanol were added, and the
sample was frozen for 45min to 1h (=80 °C for ethanol, —20 °C for
isopropanol) and centrifuged for 45-90 min at —9 °C, maximum speed.
The supernatant was removed, and the pellet washed with 80% ethanol
and centrifuged again for 5mins at maximum speed. This step was
repeated twice before drying the pellet for 10-15 min. Finally, it was
dissolved in deionized H,O and concentrations were determined by
measuring the absorption at 260 nm using a Nanodrop (Thermo).
Extinction coefficients for sequences were calculated using
OligoCalc®.

Ligation of M123

RNA ligation reactions were carried out with final concentrations of
20 uM for all ligation substrates, 5 uM of template, 30 mM Tris-HCI pH
7.5, 100 mM KClI, and varying bulk magnesium concentrations (as
specified). Ligation was initiated by adding sunY ribozyme to a final
concentration of 2.5 uM. The first substrate (M1) contained a Cy5 label
at the 5-end. A reaction volume of 12 uL was prepared for the iso-
thermal control and 17 uL were prepared for the experiments under
AWI conditions. As soon as sunY was added, 2 uL of each sample was
quenched with 2x gel loading buffer (90% formamide, 5% glycerol, 50
mM EDTA, 0.015% Orange G). For specifics regarding the PAGE pro-
tocol, please refer to subsection ‘Polyacrylamide gel electrophoresis
(PAGE)'. The remaining volume for the isothermal controls was placed
in the T100 thermal cycler (Bio-Rad) set to 45 °C. The reaction volume
of 15 L for the AWI experiments was injected into the fully assembled
AWI-system through a Teflon tubing (Techlab) using a Hamilton syr-
inge. The reaction time was 4 h. Please refer to the subsection ‘Pre-
paration of AWI chambers and sample injection’ for details of the AWI
assembly and filling process.

Synthesis of sunY fragments A123, B123, and C123

The synthesis reactions took place for 2 h at a final concentration of
10 uM of each ligation substrate (including the 5 Cy5 labeled 5-sub-
strate) and 2.5uM of template, respectively. The reaction buffer was
30mM Tris-HCI pH 7.5, 100 mM KCI, and 10 mM MgCl, and all
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reactions were initialized by the addition of sunY to a final con-
centration of 2.5 uM. Setup of reactions under AWI/isothermal condi-
tions was performed as described above.

Complete replication of sunY sense and antisense fragments
For a full replication cycle of a sunY fragment, ligation substrates for
both the sense and antisense were added. Syntheses of A123 and tA123
were carried out with final concentrations of 10 uM for each substrate
(A1, A2, A3) and the complementary substrates (tAl, tA2, tA3). Reac-
tions were incubated for 3 h with and without 2.5 uM of template. The
first substrate of the A123 and C123 ligation reactions (Al / C1) were
5'CyS5 labeled, and the 5-terminal substrates of the tA123 and tC123
ligation reactions (tAl / tCl1) were 5FAM labeled. For the synthesis of
CI123 and tCI123 the concentrations had to be adjusted slightly to
decrease the overall concentration of strands complementary to the
full-length sunY ribozyme as this increased yields and reduced incu-
bation times. Here, four concentration ratios were tested and are
denoted in the following by “Template: complementary substrates:
substrates (T:tS:S)”: 2.5uM: S5uM: 10 uM (Fig. 2b, c¢; Supplementary
Fig. 8c); 1.5 uM: 2.5 uM: 10 uM; 1.5 uM: 5uM: 10 uM and 2.5 uM: 2.5 uM:
10 uM (Supplementary Fig. 8b). All replication reactions were per-
formed in 30mM Tris'HCl pH 7.5, 100mM KCI and 10 mM
MgCl,. Substrate ligation was initialized by the addition of sunY to a
final concentration of 2.5 uM. For the ligation of C123 and tC123, the
experiments ran for 3 h or 18 h as indicated.

HH-min synthesis

HH-min synthesis reactions took place at a final concentration of either
10 uM and 5uM or 12 uM and 3 uM of all ligation substrates and tem-
plate, respectively. The first RNA ligation substrate (HH1) was either
5’FAM or 5'Cys5 labeled. The buffer in the AWI reactions and isothermal
controls was 30 mM Tris-HCI pH 7.5, 100 mM KCI with varying bulk
magnesium concentrations (c,,—as specified). Reactions were initi-
alized by the addition of sunY to a final concentration of 2.5uM. To
verify the activity of the in situ synthesized HH-min hammerhead
ribozyme, 0.4 uM HH-sub was added. The HH-sub contained 5-term-
inal FAM tag and a 3’ BHQ quencher. For a Ty sample, 2L of the
prepared reaction was quetched immediately with 18 uL gel loading
buffer (94% formamide, 5% glycerol, 0.01% Orange G) after initializa-
tion of the reaction. All isothermal controls were incubated at 45 °C. To
verify that the three unligated HH-min ligation substrates HH1-3 had no
residual RNA-cleavage activity that was e.g. triggered by the accumu-
lation process at the water-air interface, 2 h and 4 h control reactions in
the absence sunY were performed (Supplementary Fig. 9).

Polyacrylamide gel electrophoresis (PAGE)

All samples were analyzed using polyacrylamide gel electrophoresis
(PAGE) with 15% acrylamide. The gel stock was prepared from the Roth
Rotiphorese DNA sequencing gel stocks (acrylamide:bisacrylamide =
19:1), where a 0.75 mm thick gel with a 15-tooth comb needed about
5mL gel mixture, containing 3 mL gel concentrate, 1.5 mL gel diluent,
0.5 mL buffer concentrate, 25 pL APS and 2.5 uL TEMED. All gels were
run in denaturing conditions of 50% urea and 1x TBE buffer at
~50-55 °C. Each runtime consisted of a 30 min pre-run at 400V, after
which 4-5pL were loaded per well. 1:9 dilutions of samples with
gel loading buffer (94% formamide, 5% glycerol, 0.01% Orange G) were
used for PAGE analyses of To samples and samples from isothermal
experiments and 3:7 dilutions were used for PAGE analyses of samples
from AWI experiments. Electrophoresis was performed for 5min at
50V followed by 18-24 min at 300 V. After each run, gels were either
directly imaged or stained in 50 mL of 1x TBE buffer with 5pul of
10,000% SYBR Gold Nucleic Acid Gel Stain (Thermo Fisher Scientific)
for S5min prior to imaging. Imaging was done with a two-channel
protocol of Image Lab v6.0.1 from the Bio-Rad ChemiDoc MP System,
using the blots for Cy5 and Alexa488. All gel images were imported

into an in-house written LabView routine (NI LabVIEW 2014 14.0.1f11
(64 bit)) for densitometric analysis. Recorded lane intensities were
background-corrected using the average intensity of the inter-lane
spaces. Each band was fitted with a Gaussian in Igor Pro 6.37. As the
extraction from AWIs as well as quenching from imaging during the
experiment can introduce artifacts, only relative intensities for each
lane were used for quantification:

/
r= 57 Prad:l—clt - I
C " lintermideate ' 'Bg " ! Product

Intensities from the uncleaved substrate HH-sub were multiplied
by 1.69, which is the factor by which the in-gel fluorescence is quen-
ched due to the presence of the Black Hole Quencher at the 3’end.

Preparation of AWI chambers and sample injection

AWI chambers were built similarly to the trap system reported in
Matreux et al.**. A schematic image of a chamber is shown in Supple-
mentary Fig. 1. The desired shape was cut out from a 250 um thick
Teflon foil (HolscotEurope) with using a GRAPHTEC CE6000-40 Plus
cutter. The resulting Teflon slide defined the shape of the non-
equilibrium AWI compartments. The Teflon cut-out was designed to
have three reaction compartments. The compartments are all 11 mm
wide and 8 mm high. This corresponds to a maximum capacity of 22 uL
for a 250 um foil thickness. A second foil with 100 um thickness was cut
out to serve as hydrophobic backside. Both Teflon slides were sand-
wiched between two sapphire windows and fixed to a metal block
using a steel frame. To increase heat conductivity between the cold
sapphire and the metal surface, a 25 um thick graphite (PANASONIC)
foil was sandwiched in between both elements. All parts of the sand-
wich had a width of 22 mm and a height of 60 mm. Prior to assembly,
all components were cleaned with ethanol and milliQ water and
additionally cleaned from dust using scotch tape. A heater was
screwed onto the top side. To achieve the best heat conductivity
between the heater element and the surface of the AWI chamber,
200 um thick graphite foils (PANASONIC) were placed between heater
and the assembled AWI-system, as well as between the AWI-system and
the water-cooled backside of the setup. The temperature gradient was
maintained by cooling the backside with a refrigerated water bath
(CF41 and 300 F, Julabo) and heating the front with an electrical heater
regulated by an Arduino microcontroller board. For each experiment,
a reaction volume of 15puL was injected with a Hamilton syringe
through a Teflon tubing (Techlab), which were fixed by PTFE fittings
(Techlab). The inlets were then sealed with soft silicon and PTFE fit-
tings. All compartments were connected to the same CO, inflow to
ensure similar pressure conditions. Details of the resulting dynamics
are described in Supplementary Note 3. Additionally, to monitor the
temperature by the water bath and set the temperature of the heater, a
temperature sensor was screwed into one of the holes in the backside
with one of the fittings.

To create the non-equilibrium conditions in the AWI-system, two
types of setups were used either with or without the possibility of
optical readout. The air phase of each AWI-system was connected to a
CO, supply and the pressure was adjusted by a dedicated pressure
controller (RIEGLER) directly at the setup. Additionally, a manometer
(Bourdon Instruments, MEX 3) was attached to the CO, supply to
cross-verify the applied pressure. Details of the influence of the CO,
atmosphere on the pH of the bulk reaction are described in Supple-
mentary Methods 3.1. Temperatures were monitored throughout the
experiment using a GTH 1170 thermometer (Greisinger) at the back
sapphire. Temperatures were further monitored at the beginning and
end of each experiment with a heat camera (Seek Thermal, SQ-AAA) on
the front sapphire to monitor the applied gradient. The measured
temperatures were used as input parameters for a finite-element
simulation to simulate the thermal gradient inside the chamber.
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Details of the temperature simulation are provided in Supplementary
Fig. 4 and Supplementary Methods 3.2. For fluorescence excitation,
the THORLAB LEDs M470L2-C4 (470 nm emission) and M625L2
(625 nm emission) were used for the dyes FAM and Cys5, respectively.
Imaging was performed with the Axio Scope.Al microscope (Zeiss)
with infinity corrected long working distance objective (2x lens Mito-
toyo, M Plan Apo) and a 0.5 adapter that was coupled to a stingray
camera F145B ASG (Allied). Temperature and microscope control were
realized with code written in NI LabVIEW 2014 14.0.1f11 (64 bit).

Statistics and reproducibility

The gel presented in Fig. 1c is a representative from n=4, n=4, and
n=2 independent replicates in the AWI-system for MgCl, concentra-
tions of 10 mM, 5mM, and 1 mM, respectively, and n=2 and n=S5 for
MgCl, concentrations of 10 mM and 50 mM in isothermal conditions.
All corresponding gels are provided in the Source Data file. In Fig. 2a
the shown gel is representative for n=2 (A, B fragment) and n=3 (C
fragment) independent experiments for reactions in the AWI-system.
The remaining gels are shown in Supplementary Fig. 7 and are pro-
vided in the Source Data file. The gels shown in Fig. 2b, c represent a
single concentration ratio (n = 2 independent experiments), which was
selected based on several pre-tested concentration ratios (each n=1).
The remaining concentration ratios are shown in Supplementary Fig. 8.
All gels are provided in the Source Data file. In Fig. 3b the gel lanes were
reordered for clarity as indicated by the dotted line. The unmodified
gel is shown in Supplementary Fig. 13B. The isothermal control for this
experiment was run on a different gel. The 2 h and 4 h lane (+sunY) of
the AWI-system are representative gels from n=10 and n=4 inde-
pendent experiments, respectively. These replicates are the source
data for Fig. 3c and are provided in the Source Data file. Details on the
statistics and reproducibility of the data shown in the Supplementary
figures are provided in Supplementary Methods 3.3.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are provided in the paper and Sup-
plementary Information file. Figs. 1-3 and Supplementary Figs. 3-5,
7-14 contain associated raw data provided in the Source Data file and
deposited at https://doi.org/10.5282/ubm/data.362. Source data are
provided with this paper.

Code availability
Codes are provided at https://doi.org/10.5282/ubm/data.362.
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