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Zusammenfassung

Nukleinsäuren gelten aufgrund ihrer Fähigkeit, Informationen zu speichern und gleichzeitig
Reaktionen zu katalysieren, als evolutionär ursprüngliche Moleküle. Die Entstehung kom-
plexer funktioneller Nukleinsäuren aus einem Pool von Bausteinen oder kurzen Fragmenten
impliziert die Selektion bestimmter Sequenzen. Der Sequenzraum von Nukleinsäurepools
mit Dutzenden oder Hunderten von Basen ist zu groß, um vollständig erforscht zu werden.
Aus diesem Grund geht man davon aus, dass eine Selektion bereits dann stattfindet, wenn
die Pools komplexer werden, und nicht erst, wenn sie die zur Erzeugung eines Ribozyms
ausreichende Länge erreicht haben. In allen Phasen der Nukleinsäureverlängerung und
-replikation sind die Stränge verschiedenen Selektionsmechanismen ausgesetzt. Diese entste-
hen entweder aus dem Replikations- oder dem Verlängerungsmechanismus oder aus äußeren
Einflüssen der Umgebung.
In Kapitel 1 wird gezeigt, dass die Fähigkeit von Nukleinsäuren, Phasentrennung zu

vollführen, möglicherweise als extrinsischer Selektionsdruck für Sequenzen mit spezifischen
Sekundärstrukturen wirkt, indem sie Schutz vor Verdünnung und Hydrolyse bietet. Unsere
Studie ergab, dass Sequenzen, die zur Phasentrennung fähig sind und sich dadurch auf
dem Boden einer Steinpore absetzen können, bei wiederholter Entfernung des Überstandes
gegenüber anderen Sequenzen angereichert werden. Diese Bedingungen ahmen geologische
Gegebenheiten mit sich verändernden Flüssigkeitsströmen nach, wie z.B. Gewässer, die
einem Tag-Nacht-Zyklus ausgesetzt sind. Genauer gesagt sind die angereicherten Sequenzen
jene, die dazu neigen, netzwerkartige Sekundärstrukturen zu bilden. Systeme mit geringer
Vielfalt in der Komposition – etwa binäre Systeme aus ausschließlich AT oder GC – wiesen
keine Phasentrennung auf. Die Einführung einer einzigen Mutation des jeweils anderen
Alphabets stellte diese Fähigkeit jedoch wieder her, was auf eine hohe Sequenzspezifität der
Phasentrennung als treibende Kraft für die Selektion hinweist.
In Kapitel 2 wurde der Einfluss von Replikation auf Pools kurzer Oligomere mit verz-

errter Anfangsverteilung als ein intrinsischer Faktor untersucht. Zufällige Pools kurzer
DNA-Stränge, die im Durchschnitt in Richtung eines bestimmten Nukleotids verzerrt sind,
wurden mit der Polymerase Bst templatbezogen polymerisiert. Während die Gesamtvielfalt
der Poolzusammensetzung auf Nukleotidebene aufgrund der templatbezogenen Natur des
Mechanismus zunahm, blieben Reste der anfänglichen Zusammensetzungsverzerrung an
bestimmten Positionen der replizierten Stränge bestehen. Ursprünglich unstrukturierte
Pools entwickelten Muster wie z.B. Periodizität, die die Replizierbarkeit durch vermehrte
Bindungsstellen innerhalb eines und zwischen verschiedenen Strängen verbesserten. Auch
hier begünstigte der durch den Replikationsmechanismus ausgeübte Selektionsdrucks eine
bestimmte Gesamtzusammensetzung des Pools sowie bestimmte Sekundärstrukturen und
Sequenzen.
In Kapitel 3 wird ein nicht-enzymatisches RNA-Replikationssystem beschrieben, das 2′, 3′-

zyklische Phosphate verwendet. Diese Aktivierungsgruppe, die während der RNA-Hydrolyse,
der Nukleobasenpolymerisation und der präbiotischen Phosphorylierung gebildet wird, ist
präbiotisch leicht verfügbar. Zum ersten Mal wurde eine templatbezogene RNA-Replikation
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durch Ligation ohne Zugabe von organischen Katalysatoren erreicht. Dieses System wies eine
hohe Sequenzspezifität auf, mit einer Ligationsgenauigkeit von über 82%. Lange Sequenzen
bis zu 100-mer wurden durch konsekutive Ligationen synthetisiert und ebneten den Weg zur
Erzeugung von Pools, die molekulare Evolution ermöglichen.
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Abstract

Nucleic acids are considered to be early molecules owing to their dual ability to store informa-
tion and catalyze reactions. The evolution of complex functional nucleic acids from a diverse
pool of building blocks or short fragments necessitates the selective preference of certain
sequences over others. The sequence space of nucleic acid pools with dozens or hundreds of
bases is too vast to be fully explored. For this reason, it is believed that selection occurs as the
pools becomemore complex, not only after attaining a sufficient length to support a ribozyme.
Throughout the stages of nucleic acid elongation and copying, strands are subjected to various
selection pressures, intrinsic to the replication or elongation mechanisms, or extrinsic, where
certain sequences are better suited to survive in specific environments.
In Chapter 1, selection for nucleic acids capable of phase separation was studied as the

result of extrinsic selective pressures such as flux changes and dilution. Sequences capable
of phase separation were enriched over cycles of supernatant removal by sedimenting at the
bottom of the pore while other sequences were washed-out. These enriched sequences were
the ones prone to forming network-like secondary structures. The wash-out and refeeding
conditions mimic geological settings with varying fluxes such as bodies of water subjected to
day-night cycles or tidal waves. Sequence pools with low compositional diversity (i.e. those
that contained a binary alphabet - A / T or G / C ) did not exhibit phase separation. However,
the introduction of a singlemutation of the opposite alphabet restored this capacity, indicating
a high sequence specificity of phase separation as a driving force for selection.
In Chapter 2, the influence of replication on pools of short, biased oligomers was examined

as an intrinsic factor. Random pools of short DNA strands, on average biased toward a
specific nucleotide, underwent templated polymerization with Bst 1. While the overall pool
compositional diversity increased at the nucleotide level due to the templated nature of
the mechanism, remnants of the initial bias persisted at specific positions of the replicated
strands. Initially unstructured pools developed patterns such as periodicity, enhancing
replicability through increased intra- and inter-strand binding sites. In this case the overall
pool composition also shifted to specific secondary structures, and therefore sequence motifs,
due to the selective pressure exerted by the replication mechanism.
In Chapter 3, a non-enzymatic RNA replication system employing 2′, 3′-cyclic phosphates is

described. This activation group, formed during RNA hydrolysis, nucleotide polymerization,
and prebiotic phosphorylation, is readily available prebiotically. For the first time, templated
RNA replication through ligation was achieved without the addition of organic catalysts.
This system exhibited high sequence specificity, with a ligation fidelity exceeding 82%. Long
sequences up to 100-merwere synthesized through consecutive ligation, paving theway for the
creation of pools capable of hostingmolecular evolution. Describing such a system represents
the initial step in investigating the intrinsic influence of replication on a prebiotically plausible
pool.

1short for Bacillus stereathermophilus polymerase I
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Introduction

Chemical origins of life

The emergence of life needed a source of local non-equilibrium, facilitating self-organization,
up-concentration, and a continuous flux of nutrients and energy to lower entropy [49, 119].
These non-equilibria, such as concentration and temperature gradients, salt and pH cycling,
could have been initiated by external forces like geothermal heating, solar irradiation, and
day-night cycles, propelling the system towards self-organization [7, 57]. Many geological
scenarios can provide with these non-equilibria forces [56], such hydrothermal vents [23,113],
heated rock pores [56,87], water ponds [26,44], and more.
Complex environments as the ones mentioned above likely resulted in the formation of

rich and diverse pools of organic molecules. While contemporary life relies on essential
building blocks such as amino acids, nucleotides, and fatty acids, early life forms were likely
simpler, potentially comprising only a subset of these components alongside other molecules
no longer prominent in modern organisms. The molecular evolution of organic precursors
of biomolecules over time complicates our understanding of the potential primordial soup,
as from present-day biology. For example, though DNA is the prevalent information-carrier
nucleic acid today, it is considered a later molecule compared to RNA due to the ribose’s
reducibility to deoxyribose [108]. Research on non-canonical nucleic acids1, suggests other
simpler nucleic acids might have preceded RNA. This early set of organic molecules likely
comprised a diverse array of molecules, possibly also including non-canonical nucleobases
and amino acids, with selection pressures leading to the current canonical nucleotides and
amino acids to be selected [10,79].

Emergence of nucleic acids

Nucleic acids play a crucial role in modern biology, primarily serving as carriers of genetic
information. While proteins (enzymes) perform most of the catalytic functions, nucleic acids
are implicated in storing and transmitting genetic data. Given the complex nature of modern
proteins, indicative of their evolutionary development, it is theorized they were preceded
by a simpler chemical mechanism for replication. The RNA world hypothesis posits that
RNA could have played a dual role in early life, possessing both informational and catalytic
properties [48]. The structure of the contemporary ribosome, where the active site is a central
core of RNA and the peptides are mostly in the outskirts, supports this theory [6, 146, 153].
The interpretations of the RNA world hypothesis vary considerably. For the purpose of this

study, a core definition as proposed by Robertson et. al [109] is adopted, which focuses on
three fundamental assumptions:

• At a certain stage in the evolution of life, genetic continuity was maintained through
RNA replication;

1such as α-L-threose nucleic acid (TNA) [152]. Such non-canonical nucleic acids are also known as XNAs
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• Watson-Crick base-pairing was key to replication;

• Genetically encoded proteins were not involved as catalysts.

These assumptions do not exclude the potential existence of other replicating and evolving
molecules preceding RNA, akin to how RNA is believed to precede DNA and complex proteins.
They also do not disregard the possibility of RNA’s co-evolution with other smaller molecules,
such as amino acids or small peptides. These could have co-evolved as the peptides protected
RNA from degradation or stabilized specific conformations [95,96, 137].
In the evolutionary time line, this work explores the time frame where this core RNA world

theory applies. This comprises the time period between the prebiotic synthesis of very small
RNA oligomers and the development of replication networks based on RNA. The evolution of
nucleic acids likely began with the assembly of simpler, shorter sequences that underwent
elongation, replication, and molecular evolution to yield more advanced structures. Such
functional sequence are often long, highly structured and rare [129]. For this reason, the
process of elongation and selection likely occurred simultaneously. Early ribozymes probably
emerged from initial pools synthesized through non-enzymatic oligomerization, composed
predominantly of short RNA segments [27, 138, 139] and exhibiting low diversity [30]. The
shift of nucleotide, sequence and structural diversity over time is then tied with the selection
for functional motifs.

Sequence selection mechanisms

Biases in nucleic acid sequences can arise through both intrinsic and extrinsic selection
factors. Mechanisms of replication and elongation may inherently favor certain nucleotides
or sequences due to stability, kinetics, or recognition by the replication apparatus [32, 51,
70, 84]. Additionally, environmental selection pressures can introduce biases in sequence
evolution. For instance, in aqueous environments, sequences capable of encapsulation and
local accumulation may have a survival advantage [35,36,55], while in environments more
exposed to the irradition of the early sun, the presence of sequence-specific UV-induced
mutations [24,68, 132] may become deleterious for propagation, favouring sequences that do
not have those UV-damage prone motifs.
In Chapter 1 cyclic flux changes are explored as an extrinsic factor for selection of phase

separating sequences. In this project the liquid-liquid phase separation (LLPS) of mixtures of
DNA is triggered, in a system where part of the dilute phase is cyclically re-fed. Over cycles,
specific sequences enrich in the dense phase, effectively selecting them out of the original
pool.
In Chapter 2 the influence of replication on pools of short biased oligomers is studied

as an intrinsic factor. Biased random pools of DNA strands were subjected to templated
polymerization with Bst. Periodicity emerged through replication of the initially unstructured
pools. This selection was accompanied by a shift in the overall nucleotide composition.
In Chapter 3 an non-enzymatic RNA replication chemistry is characterized. The previous

systems were proof-of-principle approaches with DNA and, in the case of Chapter 2 with an
enzyme. This allows for higher stability and the exploration of evolutionary time scales, due
to the faster enzymatic kinetics. In this chapter however, a plausible replication mechanism
relying on the templated ligation of short RNA fragments containing 2′, 3′-cyclic phosphates
is described.
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1 Nucleic acid selection by cyclic phase
separation

Summary

Cyclic processes such as daily temperature oscillations and tides are ubiquitous and could
have triggered oligonucleotide phase separation on early Earth. Here, nucleic acid phase
separation is proposed as a mechanism to select subsets of short oligomer pools. This was
experimentally realized through the discontinuous feeding of an initial pool to a chamberwere
the dense phase sedimented and was therefore sequestered. Sequence-specific enrichment of
DNA in the sedimented dense phase was shown, in particular of short 22-mer DNA sequences.
The underlying mechanism selects for complementarity, as it enriches sequences that form
fully base-paired networks. A 4-letter alphabet (i.e. with A , T , C and G incorporated in
the sequences) was found to be necessary for phase separation to occur within this system,
potentially due to higher prevalence of non-specific secondary structures in binary ( A / T or
G / C only) systems. One single base mutation to a binary system was found to trigger phase
separation. These findings provide an example of a selection mechanism towards sequence
networks with high cross-complementarity. This enrichment in inter-sequence interactions
could lead to the emergence of auto-catalytic oligonucleotides.

This chapter was published by Barlotucci, Serrão and Schwintek et. al [8] in PNAS and is here adapted and
reprinted in part with permission from PNAS. It was based on a collaborative project with Giacomo Bartolucci
and Christoph A. Weber. Full article attached in the List of Publications.
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1.1 Motivation

Liquid-liquid phase separation (LLPS) is the process by which a homogenous solution of
molecules separates into two distinct phases: a dense and a diluted phase. Nucleic acids are
known to be capable of phase separation, forming condensates such as coacervates [5,60],
liquid crystals [93,155] or hydrogels [94,149]. The intermolecular interactions between strands
of nucleic acids lead to a local enrichment of certain oligonucleotides. When these interac-
tions are sequence-specific, such as Watson-Crick base-pairing, the strands recruited and
enriched in the dense phase are highly correlated, as they are to some degree complementary.
This subset of strands has a evolutionary advantage in comparison to the remainder of the
pool which is two-fold. On the one hand, the dense phase provides with a microenvironment
which shelters from dilution and potentially hydrolysis. On the other hand, higher-order
complementary networks are the starting point for the development of functional nucleic
acids capable of catalysis [99]. Depending on the environmental conditions, LLPS could have
played a role in the selection and evolution of prebiotic oligonucleotide pools.

Figure 1.1: Prebiotic rocky pore subjected to continuous oscillating flux of material
selects for phase-separating sequences. a, Scheme of a continuous oligonucleotide
flux through porous rocks on early Earth. By sedimentation, phase separating se-
quences (depicted in orange) are enriched in the bottom forming a dense phase.
Meanwhile the remaining dilute phase is washed-out. b, The oscillatory continuous
flux can be approximated by a step-like cyclic flow profile experimentally. c, Experi-
mental abstraction of a where a closed system is fed in a step-like manner. Cyclically,
the dilute phase is removed and the same volume of initial pool is provided. The
feeding and removal steps are separated in time from phase separation kinetics.

Environmental factors were involved in the selection of some sequence subsets over others
on early Earth, exerting a selection pressure, with varying influence over time and geological
setting. A range of geological environments, including shallow water ponds [26], freeze-thaw

6



cycles within ice [62] and hydrothermal vents [23], have been suggested as potential settings
where the origins of life might have emerged during the late Hadean and early Archaean [57].
An underwater rocky pore is a plausible prebiotic setting that could act as a physical

reservoir for phase separated oligonucleotides, see Figure 1.1 a. An alternating flux of a pool
of oligonucleotides (Figure 1.1 b) could lead to part of the pool to be retained in the interim
time between cycles. A subset of sequences that interact tightly could then form a dense
phase and sediment, being therefore more sheltered from the next cycle’s wash-out than the
dilute phase. Over time, the dense phase would grow, by recruiting more sequences from the
pool, potentially enriching in certain motifs, and altering nucleotide composition. Without
phase separation, the oligomer composition approaches or remains at the composition of the
environment, independent of oligonucleotide sequence. This work hypothesizes that such a
setting can provide a physical mechanism of selection of specific sequences.

1.2 Scientific approach

The hypothesis behind these experiments was: "Do sequences that phase separate i) selectively
enrich in the sedimented dense phase and ii) are therefore protected from wash-out of the
remaining pool?". To answer these questions an initial pool of sequences was artificially
designed, with some of the sequences (or sequence combinations) being able to phase separate
while the remaining are not. Mimicking the step-wise flux profile (Figure 1.1 b), a series of
cycles of feeding and dilute phase removal were manually done, Figure (Figure 1.1 c). An
analysis of the removed dilute phase samples and the remaining dense phase, at the final
state, allowed to differentiate the composition of both phases. This approach implies a series
of decisions and assumptions that facilitate researching the hypothesis in a laboratory and
isolating the contribution of each of the parameters to strand selection.

• DNA vs. RNA

RNA is considered to be an earlier molecule than DNA, both due to its capacity to infor-
mation storage and catalysis [48], see Introduction for more details on the RNAWorld
theory. Since RNA is more labile than DNA to hydrolysis [1] and RNAses are common
contaminants, DNA is often used as a replacement in proof-of-principle studies such as
this work. Both nucleic acids share similar properties, particularly comparable base-
pairing dependence on temperature and secondary structure formation [118,126]. Phase
separation through Watson-Crick base-pairing as the source intermolecular interaction
was the focus of this work as it is sequence specific, and for this reason DNA was used
as the polymer for the initial pools.

• Artificial strand design vs. pool generated in prebiotic conditions

Prebiotic nucleic acid synthesis is one the cornerstones for understanding themolecular
origin of life. Several different condensation chemistries have been explored in this
context yielding pools ofmostly short length [27,31,72,142] and/or low diversity (e.g. only
consisting of A or G ) oligomers [43,88,139]. Most of the oligonucleotides that have been
demonstrated to phase separate in the basis of forming long base pairing network have
been at least about 20 nt long and consisting of the full 4-letter alphabet [60,94, 117, 149]
(with the exception of [87] which demonstrated hydrogel formation of A / T only or
G / C only strands). As the generation of diverse oligonucleotide pools through prebiotic
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synthesis in a length regime of tens of base pairs is not yet understood, an artificially
designed and synthesized pool was used instead.

• Low diversity pool vs. random pool
Prebiotic pools are not thought to be fully random (equal incorporation of the 4 bases)
since the nucleotide abundance in the environment is imbalanced due to different rates
of nucleotide formation and degradation, depending on the conditions [22,30,70,71,145]
and to the different rate of condensation [27,32,84]. Assuming a length of approximately
20 nt, the possible sequences with a 4-letter alphabet would be 420 ≈ 1.1 ∗ 1012 and
with a 2-letter alphabet 220) ≈ 1.1 ∗ 106. Even taking into account the asymmetry in
nucleotide incorporation, the sequence space resulting from condensation would still
be within these two boundaries and therefore too large to screen in laboratory time
scales. Such a large sequence space entails that individual sequence would be most
likely too dilute to interact. While phase separation is hypothesized here to select for
particular sequences due to base pairing networks, likely other selection mechanisms
were at play, both before and concomitantly, that would up-concentrate nucleic acids to
the critical phase separation concentration. For these reason, the initial pool used here
was artificially "pre-selected" as a proof-of-concept approach. Sequences that are known
to phase separate were mixed with others that do not, while still having high cross
complementarity, at concentrations above the critical phase separation concentration.

• Reaction tube vs. rocky pore
While it is plausible that many selection mechanisms were at play in the origin of life,
as previously discussed, using a real rocky pore would introduce additional interactions
with the system thatwould not allow to isolate the influence of phase separation. Mineral
surfaces have been shown to be selectively adsorb longer oligonucleotides, effectively
enriching them [29, 85]. Inhomogeneities in temperature across the pore were also
extensively studied for selectively accumulating sequences [81,86, 116]. In turn, using
a reaction tube assures homogeneous temperature across the sample, with limited
convection and condensation, and a chemically inert inner surface.

1.3 Results and Discussion

1.3.1 Sequence design

In order to experimentally test selection through phase separation, short nucleic acid se-
quences were designed and tested for their capacity to undergo LLPS and form condensates.
This design aimed to create a sequence pair (SP) that interacts robustly and which would be
able to phase separate only when both sequences are simultaneously present. The choice of
an SP, in opposition to a single phase separating DNA sequence, aims to prevent the formation
of stable self-folded structures and increases the chances of incorporation into a network.
Previous work has been done to design and characterize DNA sequences that phase separate.

These have the common denominator that the secondary structures formed can grow through
the continuous incorporation of more sequences in a network formation. Eventually, through
the formation of networks, phase separation occurs. These have been reported both for
systems of single sequences [86] or for systems of two or more cooperative sequences [3,12,60,
94, 117, 148, 149]. The formation of such branched DNA aggregates with short sequences leads
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Figure 1.2: Schematics of expected secondary structure for designed SPs. Sequence
i is composed of three segments a, b, and c with spacer s. Its pair ii consists of reverse
complements a′, b′ and c′. The inverted arrangement of a′ and b′ creates a network
from three binding sites and prevents the formation of a linear double-stranded
duplex. The spacers were included to add more flexibility to the individual segments
and avoid angular constraints.

to a dense phase. However, these studies investigated rather long strands and solely [3] studied
phase separation of short DNA strands in the length regime of 20 to 25 bp. Understanding the
process of phase separation within the range of tens of base pairs is particularly significant
within the prebiotic chemistry framework as early, non-enzymatic nucleic acid synthesis was
initially slow and likely yielded short fragments.

Figure 1.3: NUPACK simulation for the three designed SPs. Sequence i is composed
of three segments a, b, and c with spacer s. Its pair ii consists of reverse complements
a′, b′ and c′. The inverted arrangement of a′ and c′ creates a network from three
binding sites and prevents the formation of a linear double-stranded duplex.

SPs were designed to be composed of sequences with three binding regions each (a, b, and
c or a′ , b′ and c′) which are separated by dimeric spacer sequences 1.2. These segments are
individually reverse-complementary, i.e., a′ is the reverse complement of a. However, the
sequences i and ii are not the reverse complement of each other, because the order of the
individual segments is not reversed (since i = 5′ a,b,c 3 ′ and ii =5′ a′,b′,c′ 3′). The goal was to
design a SP composed of two sequences containing at least 3 unique binding regions such
that every strand bound to the first one results in an additional binding site available. This
yields b = 3 + n as the number of vacant binding sites (b) with n being the number of strands
bound in the network. Therefore, the strand network will grow faster the more strands are
already bound. This choice avoids a fully complementary double-stranded structure and
allows each sequence to bind to three other sequences, forming a branched structure.
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DNA oligonucleotide systems were designed using the NUPACK software package 3.2.2 [154].
This search was performed in an automated manner, with the appended script in Appendix
1.A and three systems that formed the planned secondary structure were chosen. The shortest
possible SPs that still formed a branching network upon hybridization were chosen. While
keeping the center part of each sequence restricted to G or C only, the outer sections ("arms")
were varied, to either consist of all four bases (SP 1), A / T only (SP 2) or G / C only (SP 3).
The resulting output sequences were iteratively mutated afterwards. Upon each mutation of
the strands, the sequences were analysed using the Analysis segment of the online NUPACK
tool in order to check their ability to form a network. Figure 1.3 shows the final iteration for
SPs 1, 2 and 3, where the sequences form the intended secondary structure. Specifically, the
presence of secondary structures that included strands bound to three other strands were
considered indicative of network formation. Spacers of two bases were inserted between the
three segments of each sequence. These were chosen to be either TT (SP 1 and 3) or CC (SP
2) in order to not have complementarity with the arms and reduce their participation in the
overall secondary structure. Inspired by Ref. [94], these spacers allow for more flexibility of
the segments by minimizing angular constraints. The corresponding sequences for each of
the systems are shown in Table 2.1.

Table 1.1: Sequences of the designed SPs, divided into the three segments. Sequence
i is shaded in light grey and sequence ii is shaded in dark grey. For SP 1, the nucleotide
′mutation′ is highlighted in red.

Seq. pair Sequence a/a′ s b/b′ s c/ c′

1 i 5′ GGACCC TT CGGCCG TT CGCTCG 3′
ii 5′ GGGTCC TT CGGCCG TT CGAGCG 3′

2 i 5′ AATATATA CC GCGGCCGG CC TATAATAA 3′
ii 5′ TATATATT CC CCGGCCGC CC TTATTATA 3′

3 i 5′ GGCGCGCG TT GCGGCCGG TT CGCGGCGG 3′
ii 5′ CGCGCGCC TT CCGGCCGC TT CCGCCGCG 3′

1.3.2 Thermal melting curves

The stability of a nucleic acid complex can bemeasured by a thermal denaturation experiment.
Varying the temperature changes the fraction of DNA strands that is in the random coil or
single-stranded state versus the fraction that is in the double-stranded form. The melting
temperature (Tm) is defined as the temperature at which half of the DNA is in single-stranded
(ssDNA) state, and is generally higher for longer or GC-rich sequences. The fraction of
bound sequences is commonly measured by absorbance at 260 nm or fluorescence with an
intercalating dye, but many other methodologies have been developed [82].
Melting curves for all SPs were measured in triplicates at neutral pH and with close to

physiological salt conditions, Figure 1.4. The methodology is detailed in Section 1.5.3. The
mixtures contained SYBR Green I, which is an intercalating dye that preferentially binds to
double-stranded (dsDNA) [161]. The SYBR Green I fluorescence signal across temperature was
converted into a double-stranded fraction (fraction bound) through the baseline normalization
described in [82]. This analysis yielded a Tm of 57°C for SP 1, 71°C for SP 2 and 65°C for SP 3.
The shortest SP, 1, expectedly displayed the lowest melting temperature. However, between
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SP 2 and 3, which both are 29 nt in length, the lowest melting temperature was found for 3,
which has a lower GC-content. While the SPs were designed to fold into the structure shown
in Figure 1.2, other alternative secondary structures are possible and may be contributing to
the difference in melting temperature.

Figure 1.4: Melting curves of SP 1, 2 and 3. The mixtures contained both strands
of each system at 2 µm each DNA strand, 10 mm Tris buffer pH 7, 125mm NaCl and
10 mm MgCl2. SYBR Green I concentration was 5X. Potentially due to the shorter duplex
forming segments (a, b and c), the Tm of SP 1 is the lowest. Data depicted as mean ±
one standard deviation for three independent replicates.

1.3.3 Condensation and sedimentation

The phase separation propensity of the designed systems was measured with time-lapse
fluorescencemicroscopy. In particular, each systemwas imaged over time in thin temperature-
controlled microfluidic chambers, Section 1.5.4. For each SP, both strands were at 25 µM
(remaining buffer concentrations described in Section 1.5.2). The samples were then slowly
cooled at a rate of 6 K/min to 15°C and incubated at that temperature for at least 3 h. This
temperature is lower than the melting temperature for all of the SPs, corresponding to a
scenario where most of the sequences are bound (Section 1.3.2).
Microscope images for all three systems are shown in Figure 1.5 a, where "0h" corresponds

to the moment when the cooling step has reduced the temperature to 15°C. This was taken as
the initial micrograph since from that time point onwards the temperature did not change,
and there was no temperature influence on fluorescence. Within about 10 min, the first dense
phase DNA nucleated for SP 1, grewwithin 1.5 h to a size of a fewmicrometers and sedimented.
As a result, a phase of sedimented DNA accumulated at the bottom of the chamber. The DNA
concentration in the dense phase increased up to 13-fold for SP 1 (Fig. 1.2 b).
The total amount of molecules that sedimented saturates at about 8% of the initial material

at about 3 h, decreasing then only slightly over time (Figure 1.5 c, black data points). The
height of sedimented DNA reached a maximum of about 100 µm at 3 h but then compacted to
about half the height Figure 1.5 c, red data points). This volume reduction over time has been
observed in literature for systems composed of longer DNA strands [94]. This phenomenon,
denominated contractile aging of DNA hydrogels, is attributed to the rearrangement of base-
pairing within the network. Sequences are in dynamic equilibrium and through the shuffling
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Figure 1.5: Phase separation and sedimentation behavior of three SPs. a, Fluores-
cence time lapse images in a vertical, 500µm thin microfluidic chamber to prevent
convection flow, Section 1.5.4. DNA concentration was 25 µm (for each sequence in the
SPs) in a 10 mm Tris-HCl pH 7 buffer with 10 mm MgCl2 and 125 mm NaCl. Fluorescence
labelling was provided by 5X SYBR Green I. After cooling from 65°C to 15°C, SP 1
phase separated and sedimented to the bottom of the chamber. SPs 2 and 3 did not
form a dense phase, and thus showed a homogeneous fluorescence signal. b, SP 1
showed an up to 13-fold enhanced relative concentration while SPs 2 and 3 showed
no phase separation. c, The sedimentation behaviour of SP 1 is studied by measuring
its fluorescence. The total amount of sedimented DNA plateaued at 6 to 8% after 5 h
while the sedimented DNA contracted about two-fold. The sticking of dense phase
DNA to the chamber walls could not be fully prevented. Data depicted as mean ± one
standard deviation for three independent replicates.

of hybridization partners, a more favourable state is reached, where a larger fraction of
strands have their arms subsegments bound, minimizing the strain in the overall structure.

No dense phase was observed for SPs 2 or 3, despite having longer arms (a,a′) and (c,c′)
than SP 1, which should lead to stronger binding interactions through base-pairing, and
therefore more stable networks. A possible explanation for this would be that SPs 2 and 3
have arms with a binary alphabet composed of only G / C or A / T , respectively. This could
cause non-specific hybridization (especially within G- and C-rich) sequences, which can
lead to alternative secondary structures, such as hairpin-rich configurations, internal loops
or G-quadruplexes [128]. The reduced alphabet also increases the likelihood of finding a
sequence that binds partially, effectively preventing network formation.
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1.3.4 Cyclic phase separation

Figure 1.6: Cyclic experimental protocol to mimic a rocky-pore subjected to an
oscillating flux of material. An initial pool containing both oligonucleotides that
phase separate (purple) and that do not (green) is incubated at room-temperature for
hours. This leads to liquid-liquid phase separation followed by sedimentation, where
the dense phase mostly consists of the purple oligonucleotides. Part of dilute phase
is then "washed-out", or manually removed, and re-fed with the same volume of initial
pool. The mixture is then subjected to a high temperature, that homogenizes the
mixture and simulates a worst-case scenario of memory loss, ending one full cycle.

Based on the observation that SP 1 can form a condensed DNA-rich phase, an experimental
implementation of the selection mechanism shown in Figure 1.1 c that relied on a cyclic
influx of material was performed. The phase-separating DNA was subjected to cyclic feeding
steps by replacing the top fraction of the supernatant phase in the vial by the pool. The
experimental approach of such a cycle is schematized in Figure 1.6. The cycle starts with the
phase separation of a homogeneous initial pool (step 0.) into dense and a dilute phases (step
1.).
The theory developed for multi-component phase separation subject to cyclic material

exchanges suggests that exchanging the complete supernatant phase with the pool reaches
the final stationary state with minimal amount of cycles (Appendix 1.B for the theoretical
description). However, a complete removal of the supernatant phase by pipetting turns out to
be experimentally difficult since this also risks to remove condensed DNA. For this reason, in
step 2. of Figure 1.6, only a top fraction is removed. This corresponds in this approach to half
of the total volume and is entirely composed of dilute phase. The bottom fraction therefore
has both the totality of the dense phase and a fraction of the dilute phase.
Afterwards, an equal volume of initial pool is fed to the system in step 3., in this case

specifically corresponding to half of the total volume. To avoid kinetically trapped states of
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condensing oligonucleotides, annealing and melting steps are included in the cycle (Fig. 1.6,
steps 3 to 4 and back to step 1). This procedure enabled a fast relaxation to thermodynamic
equilibrium after each feeding step.

Figure 1.7: Schematic of a feeding cycle and the corresponding concentrations for
top and bottom volume fractions.

The system composed of equal fractions of the SPs 1 and 2, where solely the SP 1 showed
phase separation before. As control a system composed of SPs 2 and 3 was considered,
where the formation of a condensed DNA phase was not observed (Fig. 1.5 a). The strand
concentrations of each system in the top and bottom fractions of the vial was determined
using HPLC1 UV absorbance (Section 1.5.5 for methodology). The concentration in the top
fraction could bemeasured directly, as it is removed in each cycle. However, the concentration
of the intermediate bottom fractions cannot be determined, since they proceed into the next
cycle, and only the last bottom fraction can be retrieved and directly analysed.
To determine the concentration of the bottom fraction for each cycle n a mass balance

is used (Figure 1.7). Using the concentration of the removed top fraction obtained through
HPLC analysis, and the known concentration of the initial pool c0, all the concentrations
of the intermediate bottom fractions are calculated. At step 1., the system phase separates
which conserves the total mass:

c̄n 2V 1
2
= ctop,n V 1

2
+ cbottom,n V 1

2
, and thus cbottom,n = 2c̄n − ctop,n , (1.1)

where V 1
2
= V/2 denotes half the total volume (V is the total volume of the system), ctop,n

and cbottom,n the concentrations of material in the top and bottom fractions in the n-th cycle,
respectively. Note that the bottom fraction includes the sedimented dense phase. Moreover,
c̄n describes the concentration in the whole volume during the n-th cycle, which is conserved
during phase separation. At step 2. the top half of the system is removed and fed at step 3 by
the pool of concentration cpool. The corresponding mass balance reads:

cpool V 1
2
+ cbottom,n V 1

2
= c̄n+1 2V . (1.2)

1short for High-Performance Liquid Chromatography
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Using Equation (1.1) to substitute Equation (1.2), c̄n+1 can bewritten as a function of ctop,n, cn
and cpool. This relation can be used to obtain an equation for cbottom,n+1, through substitution
in Equation (1.1):

c̄n+1 = c̄n +
cpool − ctop,n

2
, (1.3)

cbottom,n+1 = 2c̄n + cpool − ctop,n − ctop,n+1 . (1.4)

Since for n = 0, c̄n = cpool and by measuring the top fraction concentrations ctop,n+1, all the
bottom fraction concentrations using Equation (1.4) can be calculated.

Figure 1.8: Cycles of phase separation and feeding steps select specific oligonu-
cleotide sequences from the initial pool. a, The initial pool contained a 25 µm
concentration of SPs 1 and 2. After sedimentation, the top half of the volume (top
fraction) was removed (α= 0.5, see Appendix 1.B) and fed after each cycle with the same
volume of the initial pool. Using quantification with HPLC, SP 1 (purple) was found to
be enriched while the concentration of SP 2 (green) remained approximately constant.
The same flat dynamics was found for a control system using non-phase-separating
SPs 2 and 3 (inset, due to significant data overlap markers are halved for clarity). In
addition, the concentration of all supernatants and the final sediment were measured
by absorbance at 260 nm (triangular markers, Section 1.5.5). b, Solid lines show theo-
retical predictions using the mass-balances detailed in Figure 1.7. The bottom fraction
concentration saturates once the sedimented DNA has filled the bottom fraction of
the chamber. If the whole supernatant could have been removed at each step of the
cycle, only slightly amplified selection would be predicted (dashed line).

The kinetics over six feeding cycles for the system composed of SPs 1 and 2 were monitored
(Figure 1.8 a) and compared it to the non phase-separating control (inset). Both systems
were intialized with equimolar concentrations of the two respective SPs. The concentrations
for the control hardly increased per cycles with slopes about or less than 2 µM/cycle. This
non-zero increase is probably due to the adhesion of strands to the vials surface. For the phase-
separating system with SP 1 the concentration strongly increased, approximately linearly
with a slope of about (10.2 ± 0.4) µM/cycle (purple), while the SP 2 in the mixture got only
weakly enriched by the cycling. This observation confirmed that specific sequences could get
selected by phase separation from the dilute phase.
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In the experiments, the selection occurred concomitant to the growth of the condensed
phase. As cycles proceeded, the dense phase grew and lead to an increase of the concentra-
tion of the bottom fraction (Figure 1.8 a). In contrast, the concentration of the top fraction
remained constant at about 14.7 µM (Fig. 1.8 a, light purple). A constant supernatant concen-
tration during cycles implies that system remained on the same tie line while the volume
of the sedimented DNA was growing. This corresponds to the simple theoretical scenario
where the system is initialized at the pool tie line. The experimental results for the bottom
fraction concentration were compared with the theoretical model presented in Appendix 1.B
and shown in Figure 1.8 b. Since the experimental selection kinetics occurred on a single tie
line, the dense phase and dilute phase concentrations remained constant over time. For the
dilute phase concentration the experimental concentration value of the top fraction was used.
The sediment concentration could be estimated for the theory using the experimental value
for the initial average sequence concentration and the initial sedimented DNA size, taken
from Figure 1.5 c.
Using these values the theoretical results could be computed, Figure 1.8 b, solid lines.

Based on the agreement between experiment and theory, the theory was used to extrapolate
the selection kinetics for a larger amount of cycles. For the experimental partial removal
of the dilute phase it was found that the selection approximately doubled after 20 cycles.
The selection kinetics saturates because the condensed phase has grown to the volume
corresponding to the bottom fraction. Finally, the theory could also consider the ideal case of
a complete removal of the dilute phase. For this ideal case the SP can enrich by two-fold better
than the for partial dilute phase removal and more than 10 fold compared to the initial pool
(Figure 1.8 b, dashed lines). This experimentally demonstrates that discrete cycles of feeding,
i.e., replacing the dilute phase with a reference pool, leads to the enrichment of specific SPs
based on the formation of a dense phase which confirms the theoretically proposed selection
mechanism in Appendix 1.B.

1.3.5 Influence of SYBR Green I

The initial pool mixtures in Section 1.3.4 also contained 5X SYBR Green I. This was done in
order to be able to apply the knowledge about the dynamics of phase separation of individual
systems, obtained through fluorescence microscopy in the presence of SYBR Green I and
shown in Figure 1.5, to the development of theoretical data for the cyclic phase separation.
The presence of SYBRGreen I however is not necessary for HPLC detection and could interfere
with secondary structure and therefore dense phase formation.
In order to understand the potential influence of SYBR Green I on the phase separation

and sedimentation of the SP 1, the feeding cycle experiment presented in Fig 1.8 a was
repeated without including SYBR Green I 5X. The concentration of each of the SPs over cycles
of refeeding, for a mixture of SP 1 and 2 is plotted in Fig. 1.9 and for SPs 2 and 3 in the
corresponding inset. The quantification was performed with HPLC at 260 nm UV detection.
Similarly to the original experiment containing SYBR Green I, the concentration of SP 1
increases linearly in the bottom fraction and is depleted in the top fraction. Additionally, SP 2
also does not partition between the top and bottom fractions, maintaining an approximately
constant concentration around 25 µM, the initial concentration. For the control experiment,
with SPs 2 and 3, the concentration of both systems stays approximately constant over cycles.
The general behaviour of the pools is similar in the presence and absence of SYBR Green

I at 5X concentration. However, the linear increase in concentration of SP 1 in the bottom
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Figure 1.9: Concentration of the SPs over five cycles of refeeding in the absence of
SYBR green I. The initial pool contained 25 µm of SPs 1 and 2. The sequences were
slowly cooled to 15°C at 6 K/min similarly to the remaining sedimentation experiments
(see Figure 1.8). Similarly, the volume removed for the top fraction was half of the
total volume. The quantification was performed with HPLC through the measurement
of absorbance at 260 nm. For the mixture of SPs 1 and 2, the concentration of SP 1
increased linearly with a slope of approximately (16.1 ± 0.3) µm/cycle . Data are the
average of three independent repeats and error bars correspond to one standard
deviation of the mean.

fraction is about 1.6 times higher without it, with an approximate slope of (16.1± 0.3) µM/cycle
(compared to 10.2 ± 0.4 with SYBR Green I). This difference could be explained by the fact
that SYBR Green I is an intercalating agent, which has been described to bind to the minor
groove of a DNA helix [161]. This could interfere with the structure of the dsDNA, as well as
changing its Tm [52]. This has also been reported for other intercalating dyes [66], and could
influence the phase separation.

1.3.6 Salt and pH dependence of SP 3

In order to understand the dependence of the SP 1 phase separation on the salt and pH
conditions a screening was performed. Firstly, the buffer conditions were fixed to 10 mM
TRIS pH 7 and both NaCl and MgCl2 were varied between 0-250 mM and 0-10 mM respectively.
The fluorescence micrographs are shown in Figure 1.10 a. In the absence of MgCl2, phase
separation is only observed at the highest concentration of NaCl tested (250 mM). In the
presence of 10 mM MgCl2, phase separation occurs for any concentration of NaCl in the
range.
Additionally, the influence of the buffer conditions were tested by fixing the salt concentra-

tion to the standard conditions used throughout the manuscript (10 mMMgCl2 and 125 mM
NaCl) and varying the pH between 5.5 and 9 (see Fig. 1.10 b). Coexisting phases are observed
for both pH 7 buffers screened, Tris and HEPES2, suggesting that the phase separation is

2short for (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)

17



Figure 1.10: pH and salt concentration screening for the phase separation of SP 1.
a, Mixtures with 25 µm of SP 1 in 10 mm TRIS buffer pH 7 and varying concentrations
of NaCl and MgCl2 were analysed through fluorescence microscopy (5X Sybr Green
I was added). The temperature protocol is as described for Figure 1.5, denaturing
the samples at 95°C, then fast cooling to 65°C and lastly cooling to 15°C at a rate of
6 K/min. The micrographs show a cut-out of the bottom of the microfluidic chamber
after at least 3 h have passed since the temperature reached 15°C. b, Keeping the salt
concentration fixed at 125 mm NaCl and 10 mm MgCl2, the buffer (and consequently
the pH) was now varied between 5.5 and 9. Concentration of SP 1 was 25 µm, SYBR
Green I was 5X and the temperature protocol was kept the same. The micrographs
show either homogeneous fluorescence for the conditions no phase separation is
observed, or a layer of sedimented DNA at the bottom of the chamber.

not buffer dependent. Decreasing the pH, by using MES3 pH 5.5, led to no observable DNA
aggregates. Meanwhile, increasing the pH to 9, now buffering with CHES4, did not have
detrimental effect to the phase separation. Different buffers were used in order to assure
buffering capacity for the desired pH range.

1.3.7 4-letter alphabet vs. 2-letter alphabet

Additionally, five more 22 nt SPs similar to SP 1 were analysed, systematically varying the
base composition of the G / C -only binding segments. Notably, the inclusion of a single A / T
nucleotide in the outer segments a/a′ or c/c′, thus utilizing the full 4-letter alphabet, proved
crucial for phase separation.

3short for 2-(N-morpholino)ethanesulfonic acid
4short for (N-cyclohexyl-2-aminoethanesulfonic acid)
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Figure 1.11: Phase separation and sedimentation behaviour of the additional SPs.
Samples were initially heated to 60°C to ensure dehybridization and then slowly
(6 K/min) cooled to 10°C. Buffer conditions were 10 mm TRIS pH7, 10 mm MgCl2,
500 mm NaCl, 25 µm of each DNA sequence and 5X SYBR Green I). Images were taken
continuously and the samples were given up to 7 h to sediment. All micrographs depict
the bottom of the well after 7 h. The only system to phase separate and sediment is
SP 4, which is also the only one to contain a full-alphabet in the a and b segments of
the sequences.

The SPs 4-8 are described in Table 1.2. All the Sequences have 6 nucleotide long segments
(like SP 1), which contain only G / C . The exception is SP 4, which is identical to SP 5, but one
nucleotide in segments a and c is changed to A / T (highlighted in red in Table 1.2). Confirming
the previous observations for SP 1, this change triggers SP 4 to phase separate and sediment
in contrast to its counterpart SP 5. This suggests that the selection mechanism is able to
separate single base changes and heavily favors sequence including all four nucleotides. For
all the possible iterations of SPs with G / C -only segments, sedimentation was not observed
(See Figure 1.11). Removing the TT spacers from SP 5, did also not lead to observable phase
separation (see SP 7).

1.4 Conclusion

LLPS of oligonucleotideswas experimentally demonstrated to lead to an evolutionary selection
mechanism under feeding cycles. Specifically, by replacing the dilute phase with a consistent
pool containing different oligonucleotide sequences, a dense phase grew that was enriched in
specific sequences and depleted in others. The experiments with cyclic removal and feeding
of an initial oligonucleotide pool using designed DNA sequences quantitatively validated our
theoretical predictions, see Section 1.3.4.
A key characteristic of this selection mechanism is its strong sequence specificity, even in

the presence of interacting sequences. Sequences showing robust interactions with others are
enriched within the dense phase, while weakly interacting ones partition into the dilute phase
and are expelled from the system. Remarkably, this mechanism proves effective even for very
short oligonucleotides, as observed in the experiments involving 22 nt long sequences forming
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Table 1.2: Sequences of the additional SPs. Sequence i is shaded in light grey and
sequence ii is shaded in dark grey. For SP 4, the nucleotide ’mutation’ is highlighted
in red. SP 7 does not have spacer sequences.

Seq. pair Sequence a/a′ s b/b′ s c/ c′

4 i 5′ GGAGGC TT GCGCGG TT GACCCG 3′
ii 5′ GCCTCC TT CCGCGC TT CGGGTC 3′

5 i 5′ GGCGGC TT GCGCGG TT GGCCCG 3′
ii 5′ GCCGCC TT CCGCGC TT CGGGCC 3′

6 i 5′ GCGGCC TT GGCGGG TT GGCGCG 3′
ii 5′ GGCCGC TT CCCGCC TT CGCGCC 3′

7 i 5′ GGCGGC - GCGCGG - GGCCCG 3′
ii 5′ GCCGCC - CCGCGC - CGGGCC 3′

8 i 5′ CCGCCC TT CGCGCC TT CCGGGC 3′
ii 5′ GGGCGG TT GGCGCG TT GCCCGG 3′

cooperative base-pairing networks and undergoing phase separation at room temperature,
see Section 1.3.3.
The robustness of this selection mechanism, particularly with short oligonucleotides, hints

at its relevance for the molecular origin of life. This mechanism could have been behind
the selection of other biomolecules that also undergo LLPS such as short-chained peptides
or RNA sequences, effectively enriching them from the prebiotic pools where they were
assembled. The cyclic removal of weakly interacting sequences can guide the selection of
longer sequences which face dilution by the exponentially growing size of sequence space.
Moreover, the dense phase could have provided enhanced stability against degrading chemical
reactions such as catalytic cleavage [117] or hydrolysis due to the duplex formation [156]. In
fact, there is a correlation between catalytic sequences and phase separation in functional
ribozyme polymerases [115]. Ultimately, an enhanced selection propensity when combing
self-replication with our selection mechanism relying on base-pairing interactions is to be
expected.

1.5 Experimental Realization

1.5.1 Oligomer stocks

DNA oligonucleotides were purchased in dry form with HPLC purification from biomers.net
and then adjusted to a stock concentration of approximately 200 µM with nuclease-free water
(Ambion nuclease-free water from Invitrogen). All the strands were stored at -20°C. Before
every experiment, the stock solutions of the strands were incubated at 95°C for 2 min to
promote denaturation.

1.5.2 Sample preparation

For the phase separation with subsequent sedimentation, initial pools of 15 µL were prepared
with 25 µM of each respective DNA strand, 10 mM Tris Buffer-HCl pH 7, 5X SYBR Green I
(intercalating dye; excitation 450-490 nm, emission 510-530 nm), 125 mM NaCl and 10 mM
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MgCl2. The mixtures were heated to 95 °C for 2 min to ensure full de-hybridization of the
strands. The temperature protocol that allows hybridization and consequent phase separation,
was i. 95°C for 2 min, ii. 65°C for 10s, iii. cooling to 15°C (ramp rate: 6°C per minute), iv. 15°C
for at least 3 h. Temperature protocols were performed in a standard thermocycler (BioRad
CFX96 Real-Time System). The melting curves were measured in triplicates using the same
reaction mixture and temperature profile as for the sedimentation experiments. Baseline
correction using a reference measurement with only SYBR Green I. In the case of feeding
cycle experiments, after sedimentation, 7.5µL of the supernatant, corresponding to 50% of
the initial volume, was removed by carefully pipetting only at the center of the meniscus to
avoid removing material from the sediment. Afterwards, 7.5 µL of the initial pool stock was
added to the remaining bottom fraction. The aforementioned temperature protocol was then
repeated, completing one feeding cycle.

1.5.3 Melting curve analysis

The analysis of the melting curves was done with a self-written Labview script and based on
the baseline adjustment described in [82]. First the signal from the background fluorescence
was subtracted from the fluorescence of the sample. Afterwards, the lower and higher baseline
(linear) functions were determined and used for the baseline adjustment. These correspond
to fully bound and fully unbound duplex states, respectively. The corrected data were then
exported to “Igor Pro 6.37” and fitted with a sigmoidal function, where the midpoint fitting
parameter corresponds to the Tm. The Tm of all the SPs was below the denaturing temperature
used in the thermal protocol (95°C), sowe ensure themixture is homogeneous before triggering
phase separation through cooling.

1.5.4 Sedimentation imaging and analysis

The imaging experiments were performed in a microfluidic chamber containing multiple
wells, cut out of 500 µm Teflon foil and sandwiched between two sapphire plates (see Figure
1.12). The sample volume (about 15 mL per well) was loaded by using microloader pipette
tips. The temperature of the chamber was controlled using three Peltier elements. To remove
the waste heat from the Peltier elements, a Julabo 300F waterbath (JULABO GmbH) was used
to cool the back of the chamber. The entire chamber is held in place by screwing a steel
frame on top using a homogenous torque of 0.2 Nm. After loading, the wells were sealed
with Parafilm to avoid evaporation. Monitoring of the edimentation was performed using a
self-built fluorescencemicroscope composed of a 490 nmLED (M490L4, Thorlabs), a 2.5x Fluar
objective (Zeiss) and the FITC/Cy5 HDualband Filterset (AHF). Multiple wells could be imaged
by moving the chamber perpendicularly to the light axis with two NEMA23 Stepper Motors
and a CBeam Linear Actuator (Ooznest Limited). Images were taken using a StingrayF145B
CCD camera (ALLIED Vision Technologies) connected via FireWire to a computer running a
self-written Labview code operating camera, motors, LED’s and Peltier elements.
In order to perform the sedimentation analysis, the time lapse stack of micrographs for

each sample was loaded into a self-written Labview script (Fig. 1.13). Since SyBR Green I
fluorescent intensity scales linearly with the amount of dsDNA in solution, it can be used
for quantification [161]. The first micrograph was acquired before the sedimentation started.
It was used as a reference image after the temperature had reached 15°C. All the remain-
ing micrographs were divided by this one to obtain relative concentration c/c0, where c0
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Figure 1.12: Schematic of sedimentation wells. The chamber is mounted from left to
right. The temperature is controlled with the Peltier element, heat conducting graphite
foil is used between all the parts to enhance heat conductivity. The water bath is used
to dissipate the heat generated by the rear panel of the Peltier element back. The
microfluidic Teflon cut-out is sandwiched between two sapphires which provide high
heat conductivity when coupled to visible light transparency. The thickness is shown
below each of the relevant parts. The Teflon cut-out, shown below as a zoom-in, has
9 each 3mm-wide wells and a temperature sensor is connected to the right-most
well, which is wider. The shape of the remaining wells was designed to prevent the
evaporation of the sample upon heating. The wide area above the narrow bottleneck
is filled with parafilm, which seals the well and further prevents evaporation.

was the sequence concentration in the chamber immediately after flushing, i.e. the pool
concentration.

When a sediment is present, the relative concentration through the sediment is obtained by
measuring the concentration along a defined line perpendicular to the wall of the well, which
we parametrize by x. The maximum of relative concentration occurs at the center of the
sediment. Sediment height is determined along the x-direction from the center concentration
cmax until the value has reached a 0.5 cmax. The sediment height is then the distance where c >
0.5 cmax. The relative average sediment concentration is calculated by averaging over all points
for which c > 0.5 cmax. Using the sediment height hsed and average relative concentration
c̄/c0, the total amount of sedimented material Nsed was calculated through Equation (1.5),
where c0 is the initial concentration, L is the length of the chamber and d is the depth of the
chamber:

Nsed =

(
c̄

c0

)
c0 hsed Ld . (1.5)
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Figure 1.13: Screenshot of the self-written sedimentation analysis software in Lab-
VIEW. A stack of images is analysed by defining a line perpendicular to the chamber
wall (x-direction), along which the relative concentration c/c0 is plotted for each
image.

1.5.5 HPLC-UV absorbance

Ion-pairing reverse phase HPLC experiments were carried out on an Agilent 1260 Infinity II
LC System coupled to Agilent 1260 Infinity II DAD WR detector and an Agilent 6230B ESI TOF
Mass spectrometer. A C18 capillary column (AdvanceBio Oligonucleotide 4.6x150 mm with
particle size 2.7 µm, Agilent) was used to perform reverse phase liquid chromatography. The
temperature of the autosampler was set to 4°C. The mobile phases consisted of two eluents.
Eluent A was HPLC water (Sigma-Aldrich), 200 mMHFIP5 (Carl Roth GmbH), 8 mM TEA6 (Carl
Roth GmbH). Eluent B was a 50:50 (v/v) mixture of water and methanol (HPLC grade, Sigma
Aldrich, Germany), 200 mMHFIP, 8 mM TEA. The injection volume for each measurement
was 100 µL.
The samples were eluted with a gradient of 1% B to 58.6% B over the course of 45 min

with a flowrate of 1 mL/min. Prior to the gradient, the column was flushed with 1% B for
5 min.Retention times were analyzed via a UV Diode Array Detector (Agilent 1260 Infinity
II Diode Array Detector WR G7115A) at 260 nm with a bandwidth of 4 nm. Samples were
diluted for HPLC loading in the following manner: 7.5 µL of sample, 105 µL nuclease free
water and 75 µL of a 5 M urea solution. They were heated to 95°C for 2 min afterwards to
ensure de-hybridization of the strands and dissolution of any sediment. Then, 105 µL of the
diluted samples were transferred into N9 glass vials (MachereyNagel GmbH) and stored at 4°C
in the auto-sampler of the HPLC system until injection.

5short for 1,1,1,3,3,3, -Hexafluoro-2-propanol
6short for triethylamine
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Appendix

1.A Exemplary NUPACK design code

temperature[C] = 37.0
material = dna

# domains
domain a1 = S2
domain a2 = W2
domain a3 = S2
domain b1 = S2
domain b2 = W2
domain b3 = S2
domain c1 = S2
domain c2 = W2
domain c3 = S2
domain s = T2

# strands
strand s1 = a1 a2 a3 s b1 b2 b3 s c1 c2 c3
strand s2 = a3* a2* a1* s b3* b2* b1* s c3* c2* c1*
# complexes
complex ca = s1 s2
complex cb = s1 s2
complex cc = s1 s2

# target structures
ca.structure = D6(U16 +) U16
cb.structure = U8 D6( U8 + U8) U8
cc.structure = U16 D6(+ U16)

# tubes
tube tub = ca cb cc
tub.ca.conc[M] = 1e-6
tub.cb.conc[M] = 1e-6
tub.cc.conc[M] = 1e-6

prevent = AAAA,CCCC,GGGG,UUUU,AA,GGG
stop[%] = 10

Figure 1.14: Exemplary Nupack design code. For DNA at a temperature of 37°C, two
strands were designed by segmentation into smaller domains (a, b and c). In the #
domains section, the a, b and c are split into even smaller domains of similar nucleotide
content ( S being G or C , and W being A or T ). In this example code, TT
spacers were defined via "s = T2". In "# strands", the sequences of the system are defined,
reading from 5′ to 3′. The * denotes complementarity. Hybridization constraints are
shown in "# target structures", where the 3 possible binding interactions from "#
complexes" between strand 1 and strand 2 are defined further. "D6U16" for example
denotes a 6 base pair region followed by a 16 unpaired region. Preventing specific
sequence-patterns, such as AAAA or GGGG , above a certain relative amount, can
be useful to avoid for example G -quadruplex structures or unwanted stacking.
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1.B Multi-component phase separation subject to cyclic material
ex- changes

Here, concentration changes in a mixture of volume V that is composed of M different
oligonucleotide sequences subjected to periodic exchange of material with a pool with fixed
composition cpool are described. This theory was developed within the collaboration with
Dr. Giacomo Bartolucci and Prof. Christoph Weber from the University of Augsburg. The
concentration of each sequences are stored in anM -dimensional vector c̄(t). Starting from
the initial state c̄(t0), and performing N exchange cycles, where each cycle is labeled with
n = 1, . . . , N and composed of the two following steps:

Phase separation step: The homogeneous mixture of concentration c̄(tn) phase-separates
into two coexisting phases. The concentrations of the dense and dilute phase are
denoted as cI(tn) and cII(tn), respectively. The volume of the dense phase is V I(tn) and
thus the dense phase occupies the volume (V − V I(tn)). Mass and particle numbers are
conserved during the phase separation step:

c̄(tn) =

[
V I(tn)

V
cI(tn) +

V − V I(tn)

V
cII(tn)

]
. (1.6)

Partial dense phase removal step: A constant fraction of the volume of the dense phase,
α(V − V (tn−1)), with the relative fraction 0 < α < 1, is replaced by the same volume
taken from the pool, cpool. The average composition thus changes according to:

c̄(tn+1) =

[
V I(tn)

V
cI(tn) +

V − V I(tn)

V

(
αcpool + (1− α)cII(tn)

)]
. (1.7)

For the general case where the initial average concentration is not equal to the average
concentration of the pool, c̄(t0) ̸= cpool (full lines in Fig. 1.8 a and b), the phase compositions
cI(tn) and cII(tn), and the phase volumes V I(tn) at each cycle time tn are determined. The
details of this are in the Supplementary material of the Bartolucci et. al publication [8]. Note
that during the selection kinetics, the average concentration c̄(tn) approaches the tie line
passing through the pool concentration vector cpool.
For the special case where the initial average concentration is equal to the average concen-

tration of the pool, c̄(t0) = cpool (dashed lines Fig. 1.8 a and b), an analytic solution can be
obtained, even for an arbitrary number of different componentsM . Only in this case, cI and
cII, remain constant in time since the average concentration moves along the tie line defined
by the pool. The iteration rule Equation (1.7) simplifies to:

c̄(tn+1) =

[
λ(tn)c

I + (1− λ(tn))
(
αcpool + (1− α)cII

)]
, (1.8)

where λ(tn) = V I(tn)/V is the relative volume of the dense phase. Using particle conservation
in Equation (1.6) for the pool concentration cpool, remaining within the special case cpool =
c̄(t0), the interaction rule becomes:
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c̄(tn+1) =
[
αλ0 + (1− αλ0)λ(tn)

]
cI +

[
1− αλ0 − (1− αλ0)λ(tn)

]
cII , (1.9)

where λ0 = λ(t0).
Using particle conservation at time step tn+1,

c̄(tn+1) = λ(tn+1)c
I + (1− λ(tn+1)) c

II , (1.10)

the term in the first bracket of Equation (1.9), can be identified as λ(tn+1), the size of the
dense phase at tn+1, and obtain a recursion relation:

λ(tn+1) = a λ(tn) + b , (1.11)

where a = 1− αλ0 and b = αλ0. For large times, the system reaches a stationary state

λ(t∞) =
b

1− a
= 1 . (1.12)

This can be used to rewrite the recursion in terms of δλ(tn) with δλ(tn) = λ(t∞)− λ(tn) =
1 − λ(tn). As a result, δλ(tn+1) = a δλ(tn). Its solution reads δλ(tn) = δλ0 a

n that can be
written as

λ(tn) = 1− (1− λ0) (1− αλ0)
n . (1.13)

This solution completely determines the evolution of the mean volume fraction:

c̄(tn) =
[
1− (1− λ0) (1− αλ0)

n
]
cI + (1− λ0) (1− αλ0)

n cII . (1.14)

The characteristic number of iterations required to converge to the stationary state λ(t∞) = 1
(and, consequently, c̄∞ = cI) is

nc = − 1

log a
= − 1

log[α(1− λ0)]
. (1.15)
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2 Replication elongates short DNA, reduces
sequence bias and develops trimer
structure

Summary

Prebiotic oligonucleotide pools, formed through non-enzymatic nucleotide condensation,
have a highly biased nucleobase composition. Various factors contribute to this phenomenon,
such as varying environment availability of nucleotides and their precursors and different
incorporation kinetics. This bias is more pronounced than that observed in ’evolved’ and
functional oligonucleotides like ribozymes. The persistence and propagation of this initial
bias during replication, and its potential impact on the replication process, were so far
unexplored topics. To address these questions, the evolution of 12-mer short biased DNA
pools was investigated using an enzymatic model system. Analysis using next-generation
sequencing (NGS) at various time points post-replication revealed the disappearance of the
initial nucleotide bias in the elongated pool. Conversely, the nucleotide composition at
each position in the elongated sequences remained biased, dependent on the initial pool’s
composition. Essentially, while the overall pool homogenized in nucleotide composition,
certain positions held memory of the initial pool’s nucleotide bias. Moreover, sequences
that replicated more rapidly contained highly periodic dimer and trimer motifs. These
periodic motifs likely contributed to the increase of intra- and inter-strand binding sites.
Since binding through base-pairing is a prerequisite for replication, these motifs conferred a
replicative advantage to the fast replicator sequences. The shift in nucleotide composition and
the emergence of structure through templated replication provide insights into how biased
prebiotic pools undergo molecular evolution. This process may result in the preferential
selection of specific sequences over others, ultimately leading to the development of complex
functional nucleic acids. 1

1This chapter was published by Serrão and Dänekamp et al. [19] in NAR and is here adapted and reprinted in
part with permission from NAR.
Full article attached in List of Publications.

29



2.1 Motivation

Early pools of nucleic acids likely featured distinct ratios of each nucleobase. Prebiotic
condensation of mononucleotides leads to pools of short oligomers with a sequence bias,
namely with one nucleobase incorporated more into the product strands [27,32,33,42]. This
bias can be due to the compounded contribution of different factors. On the one hand,
there may be an imbalanced abundance in the environment caused by varying rates of
nucleotide formation and degradation with different geochemical conditions [?, 22, 70, 71, 97].
On the other hand, even when the environment has equimolar concentrations of all reacting
nucleotides, the rate of the condensation reactions themselves may also vary for different
nucleotides [27,32,83] further exacerbating the incorporation bias.

Figure 2.1: Templated replication as a dual mechanism for increase of compositional
diversity and selection of sequence patterns. Prebiotic pools, resulting from non-
enzymatic condensation reactions, would be highly biased pools of short oligomers.
These, through templated replication could lead to a pool of longer oligomers with a
homogenous nucleobase composition. Certain sequence and structural motifs may
be enriched, as replication also acts as a selection mechanism. These pools can then
be a starting point for the molecular evolution of functional nucleic acids.

Functional nucleic acids, whether from natural or artificial origin, were found to occupy
only a subsection of the sequence space [63, 127]. Regardless of the displayed function, the
nucleobase composition of functional RNA was found to be imbalanced towards purines [63].
These sequence biases however are milder than the ones obtained in nucleotide condensation
studies [30]. Additionally, on the structural level, also referred to as the phenotype, pools
of natural short RNA have a very heterogeneous distribution of secondary structure motifs
[127]. In order for functional, and therefore complex, nucleic acids to evolve from such a
pool, specific rare secondary structures should be represented. It was found that nucleotide
composition plays a larger role than sequence length to bias a pool on the structural level.
While imbalances on the nucleotide composition and therefore structure level are important

for molecular evolution to take place, the selection mechanisms that led to them are not
yet fully understood. The highly biased short oligomer pools, resulting from non-enzymatic
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mononucleotide condensation, would undergo selection and elongation, yielding pools with
sequence and structural patterns [28,55].
Templated replication is a potential mechanism through which both the compositional

diversity and sequence length can increase to facilitate the exploration of sequence space
while replicating sequence information [30]. While the overall nucleotide composition is
expected to diversify, several studies have shown that templated replication can act as a
selection mechanism in itself, enriching specific sequence motifs [41, 50, 67, 131]. More
experimental investigations are needed to grasp the influence of the initial biases of the pool
on the sequence level.

2.2 Scientific approach

The hypotheses behind these experiments were: i) Does a biased prebiotic pool of nucleic
acids have its bias transferred or transformed by undergoing templated replication? and ii)
Are the sequence patterns (i.e. enriched motifs) retrieved from the replicated pool dependent
the bias of the initial pool?
To answer these questions, initial random pools of DNA sequences, with 12-mer length

and a binary composition ( A / T or G / C ) were replicated with Bst, a strand displacing
polymerase. Each of the four possible biased initial pools ( A -rich, T -rich, C -rich, C -rich)
were isothermally replicated and the resulting pools were sequenced at two different time
points. An early time point pool was studied to learn about "fast replicators", and a late time
point pool to understand the sequence distribution in the “left-behind” sequences. The initial
pools used are shown in Table 2.1.

Table 2.1: Initial pools of random 12-mer DNA with the requested bias upon ordering.
DNA sequences were ordered from biomers.net. S signifies G or C and W signifies
A or T . DNA synthesis can have a significant shift from the intended bias and

the actual nucleotide content of the binary initial pools was only assessed post-
sequencing, as is shown and discussed in Section 2.5.1.

Pool Sequence Requested Bias
G -rich (G0) 5′ SSSSSSSSSSSS 3′ (67% G :33% C )
C -rich (C0) 5′ SSSSSSSSSSSS 3′ (33% G :67% C )
A -rich (A0) 5′ WWWWWWWWWWWW 3′ (67% A :33% T )
T -rich (T0) 5′ WWWWWWWWWWWW 3′ (33% A :67% T )

The templated nature of the replicationmechanism is relevant because onlywhen copying is
present can the information of the template sequence be propagated to the nascent replicated
strand. Due to the complementarity of Watson-Crick base-pairing, necessary for templation,
a strong bias to one nucleobase leads to the complementary base being correspondingly
more incorporated in the nascent strand. This in turn is expected to homogenize the average
pool nucleotide fraction, as schematized in Figure 2.2. While this happens as an overall
pool average, localized patterns or motifs may still arise, when replication exerts selective
pressure.
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Figure 2.2: Polymerization starts from a binary initial pool ( AT or GC ) with a bias
f̄ of either purine (orange) or pyrimidine (purple) nucleotides. Distinct sequences
from the pool base-pair to form short duplexes and are enzymatically extended
(5′-3′) complementarily to the template (“pool templation”). Longer sequences may
also self-template through hairpin-like secondary structures (“self-templation”). The
biased pyrimidine fraction f̄T or f̄C in the initial pool is countered by complementary
elongation.

This experimental approach implies a series of decisions and assumptions that facilitate
researching the hypothesis in a laboratory setting and isolating the contribution of each of
the parameters to strand selection. The topics of DNA vs. RNA and reaction tube vs. rocky
pore have been discussed in Section 1.2 and a similar argumentation can be applied to the
assumptions in this project.

• Artificial strand design vs. pool generated in prebiotic conditions

The initial pools were synthesized by an external company to have a specific bias of
each of the four nucleobases. Prebiotic pools synthesized through non-enzymatic
condensation mostly yield sequences that are very short (less than 10 nt in length) with
longer sequences being several orders of magnitude lower in concentration [27,31,72,
142]. For this reason, in order to isolate the contribution of the nucleotide composition
bias from length and abundance, the initial pools are designed pools of 12-mer with
binary composition. This length regime also allows for stable duplexes to form between
sequences that could act as a substrate for templated polymerization. Additionally, with
a designed pool the nucleotide bias can be controlled and kept on the same order of
magnitude between different pools.

• Binary pool vs. full-alphabet pool

Binary pools (with either A / T or G / C , henceforth named AT and GC pools) were
chosen instead of full-alphabet pool (with A , T , C and G ). The reasons for this choice
are twofold: i) the sequencing analysis is far more challenging with a 4 nt pool, and ii)
binary pools isolate the contributions of A : T and G : C base-pairs to the replication
dynamics which facilitates the description of a more complex full-alphabet pool. It was
assumed that the conclusions resulting from studying a binary pool would be applied
to understanding replication of a full-alphabet pool. The validity of this assumption
has been experimentally tested, with a proof-of-concept experiment for a biased
full-alphabet pool and the analysis challenges are further discussed in Section 2.3.7.
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• Strand-displacement vs. environment-based strand-separation

In contemporary biology, strand separation and elongation occur in tandem [11, 122].
The displacement of any pre-hybridized strands is performed enzymatically. However,
strand displacement can also be triggered by the hybridization of other sequences in the
pool [135]. This non-enzymatic strand displacement has recently been described for a
prebiotic RNA replication system [158]. When compared to other prebiotic mechanisms
proposed for strand separation, such as pH [55, 80], heat and salt fluctuations [56],
strand displacement has the advantage that it can also occur isothermally and with a
constant chemical environment [135]. It thereby erases the need for a specific set of
cycle conditions that are potentially more difficult to satisfy and isolates the impact of
replication on sequence structure from other environment variables. Replication of
sequence information was the main driver of evolution and to be able to generalize the
conclusions obtained to several proposed prebiotic environments.

• Enzymatic vs. non-enzymatic replication

Replication of the initial poolswas donewithBst, which performshigh-fidelity templated
polymerization in a isothermal manner through a strand-displacement mechanism.
Bst binds to double stranded regions and elongates the strand in the 5′ to 3′ direction
with high-fidelity [4, 21, 102], displacing downstream bound strands and denaturing
secondary structures present in the primer or template - it does not ’slip’ [140]. See
Appendix 2.A for a more detailed description of the specific Bst strain used. Note that all
the sequences in the initial pool are 12-mer and that primer and template is a notation
that solely depends on the direction of elongation, i.e. Bst adds nucleotides to the 3′ end
of the primer, Figure 2.2. A single strand can therefore go through several replication
rounds, even in isothermal conditions – first through pool templation and later, when a
certain length threshold is crossed, through self-templation, Figure 2.2. This is therefore
a robust model system for prebiotic primer extension through strand-displacement
starting fromadiverse pool. An enzymewas chosen, as an alternative to amore plausible
non-enzymatic replication, due to its much faster kinetics. As the objective of this study
is to describe molecular evolution in a pool undergoing several cycles of replication,
evolutionary timescales can only be modeled experimentally with an enzyme.

2.3 Results and Discussion

The starting DNA pools A0, T0, G0 and C0, Table 2.1 were isothermally amplified with Bst.
While the bias requested upon manufacturing was 2/3 vs 1/3, the actual initial pools were
revealed to initially contain 60% A (A0), 75% T (T0), 70% G (G0), 69% C (C0) by NGS, see
Sections 2.3.2 and 2.5.5. The possible sequence space was 212 = 4096, but sequences were not
represented equally due to the bias. The incubation temperatures were 35°C for AT pools and
65°C for GC pools. Different incubation temperatures were necessary to observe replication
due to the lower stability of the A : T base-pair in comparison to the G : C one. The initial
mixtures contained 10µM of the initial pool, 1.4 mM of each dNTP, 10 mMMgSO4, 320 U/mL
of Bst, in 1X of the standard buffer provided from the manufacturer, Section 2.5.2.
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Figure 2.3: Initial pools polymerize producing products longer than 100-mer. PAGE
analysis shows the length distribution of a, A -biased (A0), b, G -biased (G0), c, T -
biased (T0) and d, C -biased (C0) pools over time. Aliquots of the initial mixtures were
incubated at either 45°C ( AT pools) or 65°C ( GC pools) and removed at the different
time points indicated. For the initial mixtures, the total DNA concentration was 10 µm,
with 1.4 mm of each dNTP, 10 mm MgSO4, 320 U/mL of Bst, in 1X of the standard
buffer provided from the manufacturer, Section 2.5.2 for more methodological details.
The fraction of nucleotide T (fT ) for AT pools and of nucleotide C (fC ) for GC
reported in panels a-d was obtained through NGS sequencing, Section 2.5.5. The molar
concentration of sequences was quantified through PAGE smear analysis detailed in
Appendix 2.C and plotted over sequence length for each time point corresponding to
individual lanes. A0 corresponds to pink (c) and G0 to green (d), with hue increasing
over time. The total DNA mass concentration grows linearly with time (inlets) and was
fitted in grey.
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2.3.1 Kinetics of elongation

To understand the kinetics of nucleotide incorporation with Bst for each of the initial pool at
the described conditions, the evolution of sequence lengths over time was analyzed through
PAGE, Figure 2.3 a-d. Different time points were analyzed for AT and GC pools to account for
the different kinetics observed with each of the data sets. The polymerization was stopped at
32 h for AT and 8 h for GC when the length distribution reached a state with an abundance
of sequences well beyond 100 nt in the PAGE gel. Both the A -biased (A0) and the G -biased
(G0) pools displayed replication to sequences longer than 100-mer within the first 2 h. For
the case of the AT pools, most of the short initial sequences (<20 nt) were depleted after 2 h,
whereas for GC pools, these remained detectable even for later time points.
The concentration profiles over strand length were obtained via ladder-calibrated SYBR

Gold fluorescence intensity in PAGE gels and depicted for all time points of samples A0 and
G0 in Figure 2.3 e and f respectively. The methodology for PAGE smear quantification through
SYBR Gold is detailed in Appendix 2.C. The contribution of nucleotide composition to SYBR
Gold intensity was ruled out by performing a screen with sequences of different compositions
at known concentrations, Appendix 2.B. For both A0 and G0 pools, the molar concentration at
later time points forms a double peaked length distribution with a long tail which continues to
lengths longer than 300 nt. The first peak, around 12 nt, could be explained by the sequences
of the initial pool that were not recruited for replication. The second peak, between 20 and
30 nt, could be due to fully hybridized duplexes that have a melting temperature above the
incubation temperature [111]. These duplexes would be too stable at the working temperature
to denature spontaneously, and therefore inaccessible to additional rounds of templation,
whether by another sequence or itself (pool- vs. self-templation, respectively). Bst would also
not denature a fully-bound duplex, as it needs a double stranded region with a single stranded
region ahead to initiate polymerization, Appendix 2.A.
Through the elongationmechanism, free dNTPs are added to the already existing sequences.

This means that while the total number of sequences does not change, the total DNA mass
increases linearly with time as more nucleotides are incorporated, depending on the enzyme’s
average rate of incorporation, Figure 2.3 e and f, inlets. In the case of AT , this increase is
0.09 ng/µLminwhereas for GC it is 0.27 ng/µLmin. The difference in kinetics observed (about
three times slower for AT experiments) can be explained by the compounded temperature
dependent efficiency of Bst (10% at 35°C vs. 100% at 65°C) and the nucleotide-dependent
differences in the rate of incorporation [101, 106].

2.3.2 Sequencing yield and read length distribution

To assess the sequence content of our product strands we used NGS. For each of the four
initial pools three time point samples were sequenced (indicated in Figure 2.3 a-d by the grey
outlines). The raw sequencing data obtained was pre-processed with a trimming step through
which low quality reads or read segments were removed and followed by a Regular Expression
(RegEx) filtering step. This second step ensured that only reads with binary sequence and
with the proper adapter sequence at the 3′ end were selected. The NGS data processing is
detailed in Section 2.5.5.
The three time points represent the initial pool, an early time point pool, from to retrieve

"fast replicators", and a late time point pool to understand the sequence distribution in the
“left-behind” pool. The maximum sequence length captured is 112 nt, corresponding to the
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maximum read length of 120 nt minus the CT -tail of at least 4 nt and the AGAT adapter which
are cut in the RegEx filtering step of the pre-processing, Section 2.5.5. This effectively isolates
the left-behind sequences from the fast replicators in the sequenced late time point, as the
fast replicators become much larger than 112 nt and are not captured in the late time point.
In the case of A0 and T0, the samples sequenced were at 0 h, 2 h and 32 h, whereas in the case
of G0 and C0, at 0 h, 0.5 h and 8 h. The resulting data sets allowed to characterize how the
bias in the initial pools affects the pool evolution on short and long time scales.

Figure 2.4: Total read counts obtained with NGS. The data was de-multiplexed and
trimmed before this analysis (pre-processing), as described in Section 2.5.5. The total
read number varies by more than one order of magnitude between samples, while it
was expected to be constant, as the total amount of DNA strands does not change
with polymerization (10 µm total DNA). Sequencing has both sequence biases and
length biases. This can be seen, on the one hand, by the GC data sets systematically
having less read counts than AT ones, which likely is due to differences in sequencing
yield. On the other hand, initial pools consisting of 12-mer sequences also have less
reads than their corresponding later time points, revealing that sequencing of longer
strands is favoured.

The total read counts for all the samples are shown in Figure 2.4. Since the amount of
strands should stay the same (10 µM total DNA strands), the read counts should be constant
across all data sets, which is not the case. Firstly, the read counts observed were about two
orders of magnitude lower for the initial pool in comparison to the early and late time points.
Since the initial pool consists exclusively of short 12 nt sequences, this lower sequencing yield
could be due to ineffective library preparation for short DNA fragments, both for the adapter
ligation step or the PCR step.
Additionally, GC data sets have less read counts than AT data sets. As this is already the

case for the initial 12-mer pools, likely is due to differences in sequencing yield possibly
related to challenges in the amplification step of the library preparation necessary for NGS.
For instance, both very high and low GC contents (both the case in the work as the systems
were binary) have been shown to be a challenge to NGS due to difficulties in the PCR step [15].
The length distribution of the reads obtained after pre-processing is plotted in Figure

2.5. For all of the samples, the initial pool is almost entirely composed of 12-mer strands.
Shortly after the onset of elongation, in the early time points (2 h for AT data sets and 0.5 h
for GC data sets), the amount of 12-mer strands decreases, as they have been recruited for
replication. The early time point curves peak at lengths between 20 and 30 nt, similar to the
length distributions obtained via PAGE smear quantification, Figure 2.3. The end time points
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Figure 2.5: Length distribution of the NGS reads obtained after pre-processing.
The initial pools are composed almost entirely of 12-mer strands. Those strands are
depleted as sequences get recruited for replication. Between the early and the late
time point, strands in the length regime 12-40 nt are depleted, supporting the idea
that one strand can go through several rounds of replication. Strands longer than
the maximum read length of 112 nt are only partially sequenced and were discarded
during the RegEx step, see Section 2.5.5.

reveal a depletion both of the initial 12-mer and of the 20-30 nt peak, indicating that both
12-mer and longer strands get recruited in the later stages of replication. This supports the
idea that one strand can go through several rounds of replication.
The maximum read length obtained with Illumina NGS was 112 nt which is the reason for

the sharp wall in the AT data sets. There are likely longer products only partially sequenced,
which are discarded by RegEx filtering. The longer strands are visible in the PAGE images for
the AT data sets, Figure 2.3. The most striking difference between the length distributions
obtained for the two methods (PAGE and NGS) is the higher abundance of long (up to 112 nt)
products compared to short (≈ 12-mer) in the case of NGS.

2.3.3 Global nucleotide fraction

The nucleotide fraction for all sequences in each of the datasets was calculated and is shown
in Figure 2.6. Even though the initial pools are biased, replicated pools exhibited a shift
towards a distribution centered around 0.5 for both AT and GC pools (f̄T/C = 0.5), indicative
of an uniform average pool nucleotide fraction. Notably, there was no significant difference
between the early and late time points, suggesting a rapid reduction in bias.
This phenomenon occurs since in pools where a majority of sequences are biased toward

one nucleotide, the sequences are likely to encounter similarly biased templates. During
template-directed polymerization, complementary nucleotides are incorporated into the
templates, causing an inversion of bias in the newly forming strand segments, as shown in
Figure 2.2.
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Figure 2.6: Distribution of nucleotide fraction among the obtained reads after pre-
processing. The initially biased pools shift towards a distribution centered around
0.5, corresponding to a homogeneous average pool nucleotide fraction. Early and late
time point distributions are very similar, indicating a rapid reduction of bias.

2.3.4 Positional nucleotide fraction

The overall bias of the pool was rapidly homogenized with polymerization with Bst, Section
2.3.3. However, to investigate whether specific positions or regions of the elongated sequences
are enriched or depleted in certain nucleotides, the positional nucleotide fraction must be
computed. To assess this, the average fraction fN (i) of nucleotide N at each position i
was plotted. As polymerization leads to all possible integer lengths from the initial 12-mer
sequences (to the maximum range detectable by sequencing of 112 nt), fN (i) was computed
for each possible sequence length. The graphs were then stacked so that the positions align
across lengths to facilitate visualization of position dependent.
The analysis of the fT (i) for AT data sets (A0 and T0) is depicted in Figure 2.7. The position

is plotted in the direction 5′ to 3′ end, the direction in which Bst elongates the sequences.
This way, for every sequence length, the probability of finding the nucleotide T at each
position can be read. As the system is binary, a divergent color scale was used to facilitate
interpretation: a positional enrichment in the T (fT (i) > 0.5) corresponds to a purple shade,
whereas an enrichment in A corresponds to an orange shade (fT (i) < 0.5). A position that
has a homogenous nucleotide fraction (fT (i) = 0.5), i.e. no positional bias, is plotted in white.
Evidently, fT (i) = 1− fA(i) for a binary system.
The initial pools of A0 and T0 show an overall homogeneous bias across position for the 12-

mer length. The lack of structure across positions for the initial pools supports the assumption
that structure in early and late time points develops through replication. In the case of the
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Figure 2.7: Effects of initial bias and elongation on sequence composition for AT
(A0 and T0 experiments). Evolution of nucleotide fraction fT across sequence lengths
and positions in sequences for the initial pool, an early time point and a late time
point (0 h, 2 h, 32 h). A -rich regions (fT ≪ 0.5) represented in orange and T -rich
regions (fT ≫ 0.5) in purple. The initially biased average pool nucleotide fraction
f̄T is countered as the pool undergoes polymerization, homogenizing to 0.5 at later
time points. The first 12 nucleotides at the 5′ terminus retain the initial sequence bias
for all graphs, due to the directionality of the polymerization mechanism (5′-3′). In
addition, an inverse bias at the 3′ is explained explained by pool templation from
the biased pool. For the 2 h time point, horizontally alternating “zebra” patterns of
fT are visible, illustrated by the insets with increased contrast. At 32 h, gradients of
alternating nucleotide fraction suggest self-complementarity, possibly a consequence
of self-templation.

replicated sequences, through the 2 h and 32 h time points, while the pool-averaged bias was
homogenized, in-strand positional biases were amplified. Due to the 5′-3′ direction of Bst,
nucleotides do not get added to the 5′ end of sequences. This means, whichever bias the initial
pool has, the initial 12-mer segment at the 5′ terminus will be preserved over the complete
reaction period. Additionally, since the nucleotides added are mostly complementary, the
nascent segment will be inversely biased at the 3′ terminus. This is observed in A0 and T0 as
12-mer columns with inverse biases stretching inwards from both termini of the sequences,
both for the 2 h and 32 h time points.
Fast replicators, corresponding to sequences observed at the early time point, feature pat-

terned structure. They display a zebra pattern, visible through the vertical stripes indicating
alternating average nucleotide fractions, 2 h segments in Figure 2.7, insets. After 32 h of poly-
merization, the zebra patterns in the fraction of T have been replaced by smooth gradients.
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Figure 2.8: Effects of initial bias and elongation on sequence composition for GC
(G0 and C0 experiments). The nucleotide fraction fC for the 0 h, 0.5 h and 8 h time
points was decomposed by length and position, which leads to graphs similar to those
for AT . Again, the initially biased average pool nucleotide fraction f̄C is homogenized
with time and the first 12 nt retain the initial bias while the following segment is
inversely biased due to pool templation. However, no zebra patterns are visible in the
early 0.5 h time points.

A reason for this may be that the fast replicators have elongated even more and are no longer
captured by sequencing analysis. This supports that such zebra patterns are a feature of fast
replicators only. These gradients are antisymmetric around the center, corresponding to
alternating inversions of bias. This indicates self-complementarity, suggesting self-templation
through the formation of hairpins as a mechanism of elongation. Self-templation is favoured
over pool templation when possible since it is kinetically more likely to find a complementary
region within the proximity of the same molecule than within another molecule of the pool,
Figure 2.2. Furthermore, the emergence of self-complementarity at the late time point sug-
gests its possible adverse effect on replication, causing certain sequences to be left-behind, as
these sequences form stable, fully bound duplexes.
Similarly to the AT pools, the positional nucleotide fraction was computed for the GC pools,

G0 and C0 and are shown in Figure 2.8. In the case of the polymerized pools, the sequences
obtained were overall shorter than in the case of the AT data sets, even for the later time
points. This may be due to a combination of the different polymerization dynamics and a
lower sequencing efficiency for GC samples which yields fewer and lower quality reads for a
similar initial concentration, see Section 2.4. For this reason, the GC graphs are noisier and
have shorter maximum length.
The initial pool for the case of G0 and C0 is not entirely homogeneous, and the specific

positions that differ from the mean bias seem to retain that bias in the first 12 nt reinforcing
the directionality as a reason for the preservation of bias on the 5′ terminus nucleotides. For
the earlier time point, at 0.5 h incubation time, the alternating vertical stripes that indicated
zebra patterns in the AT graphs are not present, indicating that the fast replicators for the
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case of GC pools do not contain high zebraness. The inversion of bias both on the 5′ to 3′
terminus and in the intermediate region is evident for both the 0.5 h and 8 h time points as in
AT . These can be explained with the pool and self-templation mechanisms in addition to the
directionality of polymerization, Figure 2.2.

2.3.5 Intra-sequence periodicity and patterns

2.3.5.1 Conditional nucleotide probability

Figure 2.9: Conditional probability of finding base A at position ii given A at
position i: p(pos ii = A | pos i = A ) for the A0 and T0 data sets, top and bottom
row respectively. The initial pools have a mostly homogeneous bias across positions
and did not reveal any particular periodic structure. For the early time points (2 h),
diagonal structure indicating periodicity was visible for all the samples. This periodicity,
however, was not present in the late time points. These had only vertical regions of
bias, corresponding to structures that are present in the average of the pool, as for
instance for the initial 12-mer.

The f̄T plots shown in Section 2.3.4, Figure 2.7 and 2.8 do not allow conclusions about
in-sequence periodicity since the nucleotide fraction is averaged over all sequences of the
same length. For this reason the conditional probability of finding a certain nucleotide N
on position ii, knowing that position i has an N p(ii = N |i = N ) was investigated. In other
words, what is the average nucleotide fraction in position ii for the sequences that have N
in position i? This way the dependency of positional biases within a single sequence can be
observed.
For the both AT and GC pools sequences of a single length were selected from the pool

(50 nt), and the probability of finding one of the two possible bases at a specific position
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depending on the base found at another position in a square graph, Figure 2.9 and 2.10
respectively. In these plots the diagonal always displays a probability of 100% as i = ii for
that case. Two main patterns propose themselves.

On the one hand the vertical patterns, that is, positional biases that are present indepen-
dently of the nucleotide fraction on other positions of the sequence (p(i = N ) does not affect
p(ii = N )) are pool-average patterns. For instance, the first 12 nt of a replicated pool (early
and late time points) are on average preserving the bias of the initial pool, regardless of the
remaining sequence. This can be seen for both AT and GC pools. Averaging all positions ii
in the conditional probability plots yields the positional nucleotide fraction plots presented
in Section 2.3.4, for this case, the line for sequence length 50 nt. Other vertical patterns, that
not the first 12 nt can also be traced to the plots in Section Section 2.3.4. On the other hand,
there are also diagonal patterns which are presented the early time points but not for initial
pools or late time points for both AT and GC . Diagonal lines parallel to the main diagonal
correspond to periodic structures present in individual sequences. This supports the idea
that fast replicators are highly periodic. This was already suggested for AT pools through the
zebraness observed in the pool averaged positional nucleotide fraction plots. However, here
this 3 nt periodicity is revealed for fast replicators of both AT and GC which puts forward a
characteristic of rapid replication.

Figure 2.10: Conditional probability of finding base G at position ii given G at
position i: p(pos ii = G | pos i = G ) for the G0 and C0 data sets, top and bottom
row respectively. Similarly to the AT data sets shown in Figure 2.9, only the early time
point (0.5 h) showed diagonal stripes which indicates periodicity.
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2.3.5.2 Fourier transform

The presence of sequence periodicity, with onsets or shifts varying across the pool, visible as
diagonal lines parallel to the main diagonal in conditional probability plots in Figures 2.9 and
2.10 suggests Fourier analysis as a method of quantification. To obtain the dominant period
of the patterns, a discrete Fourier transform was applied to every row of the conditional
probability correlation matrices (corresponding to a fixed position i) and averaged across
all rows and sequences to obtain the Fourier amplitude for AT and GC data sets shown in
Figure 2.11.

Figure 2.11: Periodicity obtained through the amplitude of the Fourier modes of
a discrete Fourier transform. Fourier transform was performed on the position-
dependent conditional probability of A (for A0 and T0, shown in a and b respectively),
or G (for G0 and C0, shown in c and d, respectively), discussed in Section 2.3.5.1. For
the AT data sets, the fast replicator sequences from the 2 h early time point display
patterns with period 2 nt, matching the zebra patterns of the nucleotide fraction
graphs, as well as period 3 nt. In contrast, for the GC data points the 2 nt periodicity
is not present.

For the case of A0 and T0 the early time point graphs spike at period 2 nt and 3 nt above
the baseline Fourier amplitude of 50 which random sequences would display (the baseline
equals the average pool nucleotide fraction in percent). Initial and late time point pools do
not present any dominant period as was expected from the conditional probability plots from
Figures 2.9 and 2.10. The 2 nt periodicity zebra patterns ( ATATATATA is an example of a zebra
like sequence) were suggested from the positional nucleotide fraction plots in Figure 2.7.
The enriched 3 nt periodicity, which stems from sequences or sequence segments that have
a 3-mer motif repeated (e.g. AATAATAAT or TATTATTAT ), was only retrieved from the Fourier
transform analysis.
Similarly forG0 andC0 samples, only the early time points display sequenceswith increased

periodicity, reinforcing its role for fast replication. However, unlike the AT samples, these
lack 2 nt periodicity while still displaying an increased periodicity of 3 nt. This indicates that
3 nt periodicity is a feature of fast replicators independent of the initial pool type whereas

2.3.5.3 Zebraness

The fast replicators in the case of AT pools showed increased 2-mer periodicity (zebra pat-
terns), in comparison with the initial and late time point pools. Zebraness has been found to
be a useful measure of pool structure in a theoretical study simulating elongation of random
RNA strands, permitting an investigation of evolutionary dynamics in sequence space [50].
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The zebraness ζ(S) of a strand S of length LS is defined as the number of alternating “zebra”
motifs ( XY or YX , being Y and X any two nucleobases) within the sequence divided by
the total number of 2-mer motifs, given by LS − 1. Correspondingly, 2-mer bulky motifs are
defined as homodimers ( XX or YY ). A random sequence is expected to have a zebraness of
0.5, a fully alternating strand one of 1 and a homogenous strand one of 0.

Figure 2.12: Zebraness by sequence length, defined as the fraction of alternating
2-mer motifs ( XY , YX ). In the case of AT data sets (left panel) the 2 h early time
point sequences possessed a higher average zebraness than their 32 h late time point
counterparts. Additionally, the zebraness was higher for longer sequences, suggesting
that 2 nt periodicity is present in fast AT replicators. In constrast, GC samples
(right panel) had a generally lower zebraness, consistently below 0.5. Furthermore,
the zebraness decreased for longer strands, indicating that the bulky non-alternating
2-mer motifs ( XX , YY ) are favoured for the fast GC replicators.

While 50 nt long sequences in the AT early time point pools have an increased 2-mer
periodicity on average, in order to obtain more mechanistic insights about how sequences
become fast replicators, it would be important to understand the evolution of zebraness
across sequence lengths for all the pools. Zebraness-per-lenght is defined ZL as the average
of all ζ(SL) for all the strands SL of the same length L and plot it across sequence length in
Figure 2.12 for both AT and GC early and late time point pools. The zebraness that a random
pool would have (0.50) is indicated in red. The findings reveal that in AT sequences, zebraness
of fast replicators is higher than 0.5 and consistently exceeds that of left-behind sequences.
For both early and late time points, zebraness increases with length. In contrast, for GC
sequences, zebraness consistently falls below 0.5 and decreases with sequence length. Thus
zebraness appears to confer a replicative advantage to AT sequences, while not benefiting
GC sequences.

2.3.5.4 4-mer motifs

The analysis of periodicity through conditional probability, Fourier transform and 2-mer
motifs, as well as indirectly through the concept of zebraness-per-length, provides insight
about differences in sequences with replicative advantages between AT and GC pools, Section
2.3.6. However, certain small motifs may be enriched in the overall pool without manifesting
as periodic within sequences. For this reason the distribution of the 4-mer motifs for all the
data sets was computed. A sliding window algorithm was used to count the occurrences of
every possible 4-mer (out of the possible 16 different 4-mer motifs) in each of the sequences of
either pool, and the normalized by the total number of motifs counted. Randomly generated
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sequences would yield almost perfectly evenly distributed motifs, as deviations quickly
disappear through statistical narrowing. This is shown in Figure 2.13, where the motif-axis is
ordered from A -rich motifs to T -rich motifs, such that reverse complementary motifs are in
symmetric positions on the axis.
In the 2h timepoint for AT and the 0.5h timepoint for GC , only sequences with a length of

at least 40 nt are analyzed whereas the 32 h ( AT ) and 8 h ( GC ) pool is split into two subsets,
of which the 12-40 nt and the 70-120 nt ( AT ) or 40-120nt ( GC ) are displayed in Figure 2.13. The
symmetry in the 4-mer motif graphs reveals the enrichment in reverse complementary motifs
for both pools after replication. The increase in overall pool complementarity leads to the
convergence of the pool average nucleotide fraction to about 0.5 as discussed in Section 2.3.3.
The main difference between AT and GC is that the favoured motifs are more zebra-like –
with 2 or especially 3 zebra 2-mer submotifs (e.g. AATA and ATAT , respectively) – for AT pools
and more bulky – with a majority of bulky 2-mer submotifs (e.g. CCCC or CCGG ) – for GC
pools.

2.3.5.5 Self-complementarity

Self-complementarity within single sequences has been suggested through two of the analysis
performed: 1) the anti-symmetric inversions of nucleotide fraction bias near the 3′ and 5′ end
of sequences, when averaged across the whole pool, indicating that the terminal segments
fold back and sequences may self-template, Section 2.3.4 and 2) the symmetric distribution of
4-mer motifs, for which reverse complementary motifs have similar relative abundance in
the overall pool, Section 2.3.5.4.
In order to investigate self-complementarity, the longest possible complementary region

was computed for each sequence. This is done by comparing the sequence starting at the
3′-end to its sequence from the 5′-end and looking for the largest possible complementary
overlap. In case more than one region has the same maximum self-complementary length,
the region with the maximum area between the two complementary parts of a strand is
kept. The length of the longest region found was then averaged for all the sequences of the
same length and is shown in Figure 2.14. To establish a reference point, a random pool was
generated with a nucleotide fraction of f̄T/C,pool = 0.50. This reference provides a baseline
for the maximum length of self-complementary regions in the absence of pool or sequence
level patterns.
It is essential to clarify that this study exclusively examined hypothetical perfect hairpins,

and no exploration into potential secondary structure folds was conducted. The objective
was to comprehend the relationship between the length of self-complementary regions and
the overall length of the elongated sequence. Future research exploring other more complex
secondary structures, distinct from hairpins and potentially independent of sequence length,
could provide valuable insights into the mechanism of replication. The enrichment of com-
plex secondary structures in a pool has been shown to be a metric on whether molecular
evolution can start within that pool which would be a next step in the time line of nucleic acid
emergence [127]. While secondary structure remains unknown plotting the average length
of self-complementarity against the sequence length allowed to discover at which strand
lengths self-complementarity becomes a prominent phenomenon. For AT the fast replicators
possess the longest average longest self-complementary regions, Figure 2.14. Left-behind
sequences also have longer self-complementary regions than the random sample, but only
approximate the region length of left-behind sequences for very long sequence length. Both
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Figure 2.13: 4-motif distributions of different time points for A0 and T0 (a) and G0

and C0 (b) data sets. The motif distribution of the initial pool, in a solid color in
the background, reveals a highly skewed distribution, due to the initial bias of the
pool. In the case of AT data sets (a) for the 2 h time point, the motifs were plotted
for the sequences that are above 40 nt in length in order to characterize the fast
replicators. These showed an enrichment in zebra motifs. For the 32 h pool, two
different length frames were analysed: 12-40 nt and 70-120 nt. The longer sequences
had a similar motif distribution to that of the fast replicators, whereas the shorter
sequences had a flatter distribution. The symmetry of the distribution indicates that
reverse complementary motifs are enriched. For the GC pools (b), in the case of the
0.5 h time point, the motifs were plotted for the sequences that are above 40 nt in
length in order to characterize the fast replicators. Similarly to AT pools, for the later
time pool, 8 h, two different length frames were analysed: 12-40 nt and 40-120 nt. In
this case, all of the replicated pools had a homogeneous distribution of motifs with a
slight preference towards bulky motifs.

the fast replicators and the left-behind sequences deviate from a random sample at around
40 nt.
The graphs for GC strands do not exhibit longer self-complementary areas than a randomly

generated sample with homogeneous average pool nucleotide fraction for either the fast
replicators or the left-behind sequences indicating that self-complementarity does not confer
a replicative advantage to GC sequences. This may be due to the stronger binding energy of
the G : C base-pair in comparison with the A : T .

2.3.6 Mechanistic insights

For elongation to occur, two sequences need to form overlap duplexes or a sequence needs to
self-template, Figure 2.2. However, if the resulting duplex is excessively stable after replication,
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Figure 2.14: Analysis of length of self-complementary regions, decomposed by
sequence length, for AT and GC experiments. AT pools (left panel) displayed
higher self-complementarity compared to a randomly generated homogeneous pool,
particularly for sequences longer than 40 nt. No significant deviations from a randomly
generated pool were present in the GC pools (right panel).

it hinders strand separation and further replication, effectively leading to the sequences being
left behind. To understand sequence evolution, both early and late time points were analyzed,
aiming to distinguish characteristics of fast replicators from left-behind sequences. Late time
points reveal anti-symmetric bias inversion regions (Figure 2.3.4) indicative of fully self-bound
sequences, which are too stable to replicate and therefore remain in the left-behind pool.
To gain insights into how self-complementarity evolves during replication, we analyzed

the longest potentially self-complementary region in each sequence, Figure 2.14. Notably,
the longer AT self-complementary regions of fast replicators coincide with an increased 2 nt
periodicity. To understand this characteristic, we investigated zebraness, and found that
in AT sequences, zebraness of fast replicators is higher than 0.5 and consistently exceeds
that of left-behind sequences. In contrast, for GC sequences, zebraness consistently falls
below 0.5. Thus zebraness appears to confer a replicative advantage to AT sequences, while
not benefiting GC sequences. The difference between the AT and GC fast replicators can
be explained by the intrinsic differences in the stacking energies ∆G of zebra – averaged
from the motifs XY and YX – and bulky XX / YY motifs which have been determined in [118]
(literature values∆GSH , all in mol−1):

∆Gzebra
AT = (∆GSH

AT/TA +∆GSH
TA/AT )/2 = −0.73

∆Gbulky
AT = ∆GSH

AA/TT = −1.00

∆Gzebra
GC = (∆GSH

GC/CG +∆GSH
CG/GC)/2 = −2.20

∆Gbulky
GC = ∆GSH

GG/CC = −1.84

Thus for AT , bulky motifs are more stabilizing than zebra motifs, whereas for GC the
opposite is true, with the stacking energy difference∆Gbulky −∆Gzebra equaling 0.27mol−1
for AT versus −0.36mol−1 for GC . Stacking energy of neighbouring nucleotide pairs is the
main contributor for duplex stability [151], explaining its strong effect on sequence evolution.
The sequences rich in the most destabilizing motif type replicate the fastest into very long
strands. This prevents them from being stuck in very stable secondary structures and renders
them more accessible for several rounds of priming. Additionally, long zebra regions are
fully self-complementary, allowing a single strand to have many possible transient fold-back
conformations and undergo several rounds of self-templation, which could be a replication
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mode of AT fast replicators. Due to the elevated stability of the G : C base-pair in comparison
to the A : T base-pair, in addition to stacking, for GC this mode of replication might lead to
overly stable self-folded conformations impeding their status as fast replicators.

Table 2.2: Possible motifs of length 2 to 5-mer for AT pools, categorized into
pool-templating or self-templating. The periodicity of a n-mer motif increases the
complementarity of the pool and provides sequences (or sequence subsets) with
a replicative advantage. Sequences rich in motifs that are self-complementary to
themselves may undergo self-templation whereas the periodicity of other short motifs
may lead to pool templating networks. Pool-templating motifs are grouped with
their corresponding reverse complement. In red are homopolymeric motifs, which if
repeated would not correspond to a defined periodicity.

2-mer motifs 3-mer motifs 4-mer motifs 5-mer motifs
Pool-templating Pool-templating Pool-templating Pool-templating

AA / TT AAA / TTT AAAA / TTTT AAAAA / TTTTT
Self-templating AAT / ATT AAAT / ATTT AAAAT / ATTTT

AT ATA / TAT ATAA / TTAT AAATA / TATTT
TA TTA / TAA AATA / TATT AAATT / AATTT

TAAA / TTTA ATAAA / TTTAT
TAAT / ATTA ATAAT / ATTAT

Self-templating AATAA / TTATT
AATT AATAT / ATATT
ATAT TAAAA / TTTTA
TATA TAAAT / ATTTA
TTAA TAATA / TATTA

TAATT / AATTA
TAATT / AATTA
ATATA / TATAT
TTAAA / TTTAA
TATAA / TTATA

The enhanced 3 nt periodicity is a distinct characteristic of fast replicators both in AT and
GC experiments (Figure 2.11). The base of the mechanism may however be the same: an
increase of periodicity in the pool leads to more possibilities of finding a binding partner.
Unlike zebra sequences, which are reverse complementary to themselves (i.e. XY is its
own reverse complement), 3 nt periodic sequences cannot as easily self-template through
hairpin formation unless they are composed of (at least) two regions with repeating reverse
complementary 3-mer motifs. However, their periodic regions offer an increased amount
of potential binding sites for reverse complementary periodic regions of other sequences,
allowing for the formation of duplex regions for elongation to start. For this reason 3 nt
periodicity balances the formation of duplexes for elongation with the avoidance of overly
stable self-binding, enabling fast replication. Two subpopulations of sequences with reverse
complementary periodic 3-mer motifs may form efficient primer-template pairs that rapidly
bind, elongate, and separate again, effectively cooperating to achieve fast replication.
In fact, any pool periodicity would be enriched as motif repetition leads to an increase of

binding partners either intra- or inter-sequence (leading to fast replication through pool- or
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self-templation, respectively). However, only periodic motifs with even length can be their
own reverse complement (such as XY for 2-mer and XYXY for 4-mer). This means, sequences
rich in uneven periodic motifs need to form cooperative replication networks in order to
replicate (unless for the special case where one sequence is rich in both one motive and its
reverse complement). The advantage of 3 nt periodicity over longer 4 nt or 5 nt periodicities
is not only the higher amount of potential binding sites, but more importantly the small
sequence space associated with 3-mers. This results in only four “3 nt periodic partner” sub-
populations (containing periodic motifs AAT / ATT , ATA / TAT , TAA / TTA , AAA / TTT ) instead
of the combination of six pool-templating plus four self-templating subpopulations for 4 nt
periodicities or a total of 16 “5 nt periodic partner” subpopulations in the pool. The example
for 3- 4- and 5-mer motifs is given in Table 2.2.

2.3.7 4-letter alphabet: a special case

Figure 2.15: Kinetics of polymerization for ATGC pools. a Similar as for the binary
data sets, initial pools were polymerized for different time points at 45°C. b, The
molar concentration of sequences was quantified (Section 2.5.3 and Appendix 2.C) and
plotted over sequence length for each time point corresponding to individual lanes,
with hue increasing over time. The inlet shows the total DNA mass concentration,
which was fitted linearly in grey.

One of the initial assumption made was that studying binary pools would provide insights
aboutmore realistic 4-letter pools, through the simplification of themethodology and isolation
of the different contributions, see Section 2.2 for further explanation about the assumptions
of the approach and Appendix 2.D for a breakdown of the difficulties of sequencing 4-letter
pools. To challenge this assumption a supplementary experiment that analyzes the replication
of a 4 nt data set (ATGC0) at two time points (0 and 64 h) was perfmoerd. An initial 4-letter
alphabet pool was replicated, applying the Bst experiment protocol to a randompool with 12 nt
long single stranded sequences with a T -bias (ATGC0). The 10µM initial pool was incubated
at 45°C for up to 64 h (3840min), as these conditions led to the most extensive elongation.
The ATGC0 samples were incubated for longer than the binary samples to account for the
slower kinetics of nucleotide incorporation resulting from the much larger sequence space,
which decreases the probability of primer to template attachment creating a suitable double-
stranded region for polymerization with Bst to start. The sequence space was 412 = 16777216,
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though sequences were not equally represented in the initial pool due to the bias. Assuming
the equal occurrence of every possible sequence at our concentration of 10µM and volume of
15µL, each sequence would be represented approximately 5 million times, averting effects of
undersampling.
The length distribution of sequences over time was analyzed with PAGE, Figure 2.15 a. The

ATGC0 pool displays replication to sequences more than 60 nt long after 3840 min, with most
of the initial 12-mer depleted. The concentration profiles over strand length were obtained via
ladder-calibrated SYBRGold fluorescence intensity in PAGE gels, Figure 2.15 b. Similarly to the
binary pools, replication of the ATGC0 pool displays a double peaked length distribution with
a long tail. The first peak at around 12 nt corresponds to the 12-mers of the initial pool not yet
recruited for replication. The second peak, between 20 and 30 nt, could be due to fully bound
duplexes that cannot melt at the incubation temperatures. The total DNA mass concentration
also grows approximately linearly, with an incorporation rate about 4.5 times slower than for
the AT experiments and 14 times slower than for the GC experiments. The nucleotide fraction
determined by NGS was 24% A , 32% T , 21% G and 23% C . The recovery of sequencing
signal from the reads, discussed in Appendix 2.D, required an additional adapter filtering
step to partly meet the challenges associated with sequencing a random pool of all possible
discrete lengths and all 4 bases.

Figure 2.16: Longest self-complementary regions that were found for each sequence,
plotted averaged per sequence length. a The polymerized ATGC0 sample (64 h) dis-
played higher self-complementarity compared to a randomly generated homogeneous
pool, particularly for sequences longer than 40 nt. This behaviour is similar to that of
AT pools shown in Figure 2.14 b, for the longest self-complementary regions found

with the analysis in a, the 2-mer motifs where plotted, in length subsets. The longer
the self-complementary regions are, the richer in AT and TA motifs, when compared
to the average of the whole ATGC0,64h pool.

Self-complementarity, that is the longest possible complementary overlap in each sequence
over sequence length is shown in Figure 2.16 a. For binary systems, this parameter revealed
an important difference between AT and GC . While for AT sequences longer than 40 nt, the
longest self-complementary regions were longer than ones from a generated random pool, the
GC sequences did not show any deviations. For the ATGC0 pool, the sequences longer than
40 nt displayed increased self-complementarity similar to that of the AT ones. To understand
whether the self-complementary regions were richer in specific motifs, particularly motifs
containing A and T . The ATGC 2-mer motifs of self-complementary regions were computed,
dividing the sequences into subsets of different lengths and comparing that to the 2-mer motif
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distribution for the whole ATGC0 pool after 64h, Figure 2.16 b. We thereby found that increases
in length of self-complementary regions corresponded to an enrichment in AT and TA motifs.
Simultaneously, CC and GG motifs were depletedmore in longer self-complementary regions.
The replication with a four-base pool therefore has characteristics that are a combination
of both AT and GC pools analyzed. This promotes the validity of analyzing binary pools to
simplify the full alphabet system while still being able to isolate its important characteristics.

Figure 2.17: Fourier transforms for all four nucleotides, obtained from the conditional
probability graphs for the 50 nt long sequences, p(pos ii = A/T/G/C | pos i =
A/T/G/C) as discussed in Section 2.3.5.1. As for the late time points of the binary
systems, no specific periodicities are apparent, with the exception of A and T
favoring shorter periodicities ≤3 nt and especially 2 nt, indicating AT zebraness in
ATGC data as the 2-mer motif analysis did.

The analysis of periodicity for sequences of length 50 nt was conducted in a manner
similar to binary systems, as shown in Section 2.3.5.1 and 2.3.5.2. The probability of a certain
nucleotide in pos ii given the presence of that nucleotide in pos i, was computed for all four
nucleotides. Subsequently, a Fourier transform of this conditional probability was applied
to each position and the results were averaged across positions, Figure 2.17. In the case of
ATGC0, the potential periodicities of the early replicators could not be retrieved since only
the initial pool and the late time point were sequenced. Nevertheless, the Fourier transforms
of the late-time point concur with those of AT and GC , as no enhanced periodicities were
observed.
In an analysis similar to the approach with binary pools performed in Section 2.3.4, the

nucleotide fraction fN(i) of nucleotide N at each position i for sequences of the same length
was also plotted. This is visualized in the 5′ to 3′ end direction. The initial pool consisted of
12-mer sequences with a bias towards T , Figure 2.18. For the initial pool, a divergent color
scale ranging from grey to the color corresponding to the nucleotide (orange for purines and
purple for pyrimidines) is used, centered around a homogeneous nucleotide fraction of 0.25
in white. Grey indicates the absence of the nucleotide in question. In contrast to the AT and
GC samples, the ATGC0 pool, being non-binary, required the plotting of the fraction for all
four nucleotides. Some inhomogeneities were observed in the initial pool, particularly in the
T -fraction, which was especially rich in T within the first 6 nt.
For the late time point, 64 h, the color scale was centered around the average nucleotide

fraction for each nucleotide (f̄N ) to highlight regions where each specific nucleotide deviated
from the pool’s average for that nucleotide. In this case, the f̄N did not consistently correspond
to 0.25, as the pool did not tend to a homogeneous nucleotide fraction through replication,
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Figure 2.18: Nucleotide fraction for the 0 h and 64 h time point, for each of the four
nucleotides. In the case of the 0 h time point, the divergent color scale was centered
in 0.25, the homogeneous nucleotide fraction in a non-biased pool. The initial pool
was biased towards T and slightly depleted in A , G and C . The nucleotide fraction
for the 64 h time point was decomposed by length and position, for each of the four
nucleotides. In this case, the divergent color scale was centered around the pool
average nucleotide fraction, for each specific nucleotide. This way, it is possible to
assess which regions of the pool have a higher than average nucleotide fraction. Grey
represents absence of the nucleotide. The first 12 nucleotides at the 5′ end retain the
initial sequence bias for all graphs, due to the directionality of the polymerization
mechanism (5′ − 3′) as has been seen for binary data sets. Gradients of alternating
nucleotide fraction indicate the presence of long self-complementary regions.

likely due to the interplay of several more complex factors influencing the final nucleotide
fraction in a full alphabet experiment. While the elongation mechanism is still the same
compared to binary experiments – complementary nucleotides to the template are incorpo-
rated – duplexes with certain nucleotide biases are more stable than others. The stability
of ATGC duplex sequences depends on the GC to AT ratio as well as on the contribution
of the stacking energies from all the submotifs and the patterns present in fast replicators
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and left-behind sequences would depend more on the replication temperature. To gain a
comprehensive understanding of the intricate interplay among these and potentially other
factors, conducting an ATGC screening experiment with various initial biases at both early
and late time points and at different incubation temperatures would be required.
Nonetheless, the limited investigation of this 4-letter replication systems revealed patterns

akin to those in binary systems. The initial 12-mer columns resulting from the directionality
of polymerization were evident, along with clear regions of enrichment and depletion for
all four nucleotides. Notably, the initial 12-mer sequences incorporated were richer in G
and T compared to the overall average, while positions between 12 and 25 nt were notably
A -enriched and slightly C -enriched. Unlike binary systems, not all nucleotide fraction
gradients were antisymmetric; this was the case for G and less pronounced for C .
Overall, patterns resembled those of binary systems, validating the utility of binary pools as

simpler, more controlled systems, isolating effects of replication on sequence pools. Detailed
understanding of themechanisms underlying a full 4-nucleotide data set however necessitates
not only the sequencing of early time points to decipher the patterns of fast replicators, but
especially the screening of different initial pool biases and incubation temperatures. Lastly,
theoretical models would likely be required to tackle the interplay of the effects isolated in
binary systems as well as new ones arising from 4 nucleotides.

2.3.8 Reproducibility

Reproducibility of the obtained length distributions with PAGE analysis was verified with
different aliquots of the initial pools in similar experiments, leading to similar PAGE images.
While reproducibility was not purposefully investigated by sequencing these aliquots, two
independently synthesized initial pools similar in average base nucleotide fraction were
obtainedwhen attempting to perform experiments with a non-biased AT pool (50% A , 50% T ).
After sequencing, the base content was revealed to be similar to the A0 pool, providing with a
fully independent repeat, herein named A∗

0.
The positional nucleotide fraction is depicted in Figure 2.19, where the graphs for A0 from

Section 2.3.4 are reproduced alongside it. The prominent resemblance is a good indicator
of general reproducibility not only for average pool nucleotide fractions, but also for the
structure of sequences. The Fourier transform reveals the same periodicities of 2 and 3 nt. A
slight enhancement in 4 nt periodicity for the A∗

0 2h data compared to the A0 2 h is visible. As
is explained in the Section 2.3.6, periodicity is a feature of fast replicators as they facilitate
templation by increasing binding possibilities and possibly enabling catalytic network for-
mation within the pool. While the two dominant periodicities are the shortest (2 and 3 nt),
the enrichment of longer periodicities not to be precluded. Even though, A∗

0 and A0 have
the same starting nucleotide bias, specific sequence composition varies, leading to slight
variations in the outcome. This may explain the increased enrichment in 4 nt periodicity for
A∗
0.

2.4 Conclusion

With this project it was demonstrated that, while biased pools that underwent templated
replication display positional biases, the average pool nucleotide fractions became more
homogeneous. Replication from two independently synthesized initial pools with the same
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Figure 2.19: Reproducible sequence patterns formed from independent initial pools
with the same nucleotide fraction bias a, positional nucleotide fraction over time for
the A∗

0 data set, which has the initial bias as A0. The overall patterns observed are
identical for both idential pools (A0 is shown again in b as a comparison reference. c
and d, The Fourier transform reveals the same periodicities of 2 and 3 nt for A∗

0 and
A0, respectively.

bias resulted in reproducible length distributions, average pool nucleotide fractions and
sequence structure, Section 2.3.8.

Compositional diversity, represented by the average pool nucleotide fraction, was shown to
arise from biased binary pools via templated replication. This is a necessary characteristic for
the exploration of sequence space with the possibility of generating a functional sequence.
Similar conclusions have previously been described for binary DNA systems in silico [30],
particularly for templated ligation.

Simultaneously, the replication of an initially biased pool resulted in regions in the repli-
cated sequence that possess the same or the symmetric bias, which alternate and balance
each other on average. This allows for a biased exploration of subsections of sequence space
with structured sequences, without restricting the sequence space to a subset of similar
sequences. Different nucleotide biases have been shown to correlate with enrichment of dif-
ferent secondary structures [127], implying that the sequences obtained from this templated
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replication may exhibit a diverse range of secondary structure, which is in turn correlated
with functionality.
Symmetry breaking, triggered by the selection for the reverse complement due to templation

mechanisms, has been experimentally described for templated ligation. In a previous study
[67] where binary AT pools were studied, two different sub-populations of sequences were
found to contain a high amount of reverse complement sequences, with different nucleotide
biases being enriched for each sub-population (an A -rich and a T -rich). Indeed, a comparable
behaviour was observed also within single sequences.Highly periodic sequences were found
to replicate faster, interestingly amplifying a periodic trimer structure in all studied pools.
We attribute this to the potential emergence of cooperative sequence networks made up of
subpopulations within the pools. These subpopulations would be characterized by reverse-
complementary 3-mer periodic motif sequences that would cross-catalyze each other’s rapid
elongation.
Besides this agreement in 3 nt structure, the 2 nt periodicity differed for the two binary

systems investigated. AT pools favored the 2 nt zebra motifs AT and TA , whereas GC
pools preferred the bulky motifs GG and CC , likely due to intrinsic differences in stacking
energies. Our findings, especially of the high self-complementarity in long AT sequences,
support the mechanism of “hairpin elongation” for repetitive DNA, as previously suggested
[98]. Repetitive DNA strands possess a high number of potential fold-back sites for hairpin
formation. Repeated complete or partial melting, possibly induced by the strand displacing
activity of Bst, alternating with hairpin formation and self-templation, would quickly elongate
highly repetitive sequences.
In this study, an experimental model system was employed to provide insight into the role

of replication as a mechanism of selection. Using a protein-based replication system with
strand displacement (Bst), certain sequence patterns emerged as the fittest, found through the
analysing of fast replicators. In addition, the dependency of the emergent structure on the ini-
tial pool was characterized. Overall, these findings contribute to elucidate the steps involved
in themolecular evolution of short unstructured nucleic acids into long functional sequences.

2.5 Experimental Realization

2.5.1 Nucleic acid sequences

DNA oligonucleotides were purchased in dry form from biomers.net with HPLC purification
and then adjusted to a stock concentration of approximately 200 µM with nuclease-free water
(Ambion nuclease-free water from Invitrogen). All of the purchased DNA sequences with the
corresponding nucleotide fraction bias measured by Illumina sequencing (Section 2.5.5 for
method) are shown in Table 2.3. This bias differs from the requested bias upon ordering,
which is shown in Table 2.1. This can be due both to synthesis and sequencing artifacts. The
stocks solutions were stored at -20°C and denatured at 95°C for 2 min.

2.5.2 Reaction conditions

The polymerization reactions were performed with Bst 2.0 DNA Polymerase (New England
BioLabs, #M0537S). The conditions were according to the protocol provided by the manufac-
turer: 1x Isothermal Amplification Buffer (containing 2 mMMgSO4), 8 mMMgSO4 (for a total
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Table 2.3: List of all DNA sequences used in the experiments with the measured bias
upon sequencing DNA sequences were ordered from biomers.net. S signifies G or
C and W signifies A or T .

Name Sequence Measured Bias
G0 5′ SSSSSSSSSSSS 3′ (70% G :30% C )
C0 5′ SSSSSSSSSSSS 3′ (31% G :69% C )
A0 5′ WWWWWWWWWWWW 3′ (60% A :40% T )
A*0 5′ WWWWWWWWWWWW 3′ (60% A :40% T )
T0 5′ WWWWWWWWWWWW 3′ (25% A :75% T )

ATGC0 5′ NNNNNNNNNNNN 3′ (24% A :32% T :21% G )

of 10 mMwith the 2mMMgSO4 from the buffer), 320 U/mL Bst (all supplied when ordering the
enzyme), 1.4 mM of each dNTP and 10µM DNA. AT samples were supplied with 1.4 mM dATP
and dTTP and GC experiments with 1.4mM dGTP and dCTP (all from Sigma-Aldrich) the ATGC
experiments with all four nucleotides (1.4 mM of each). All experiments were conducted with
initial DNA samples containing only random 12-mers provided by biomers.net, with binary
base alphabets ( AT , GC ) in varying base content and for the ATGC experiment a full base
alphabet, Table 2.3. The polymerization reactions were incubated in a standard thermocycler
with the following protocol: 1. constant temperature (35°C for AT , 65°C for GC , 45°C for ATGC )
for the reported time; 2. 90°C for 20 min to deactivate Bst. The incubation temperature was
lower for AT than for GC due to differences in Tm, and based on a temperature screening
performed with Bst.

2.5.3 Denaturing PAGE

PAGE was used to analyze and quantify the length distribution of the strands obtained at
different time points of polymerization. The samples were run in a denaturing 15% poly-
acrylamide made from a 40% acrylamide/bis-acrylamide (19:1) stock solution (Carl Roth) and
contained 50 wt% urea and 1x TBE (from 10x, Carl Roth) and polymerized with TEMED 2 and
APS 3. Each gel has a thickness of 0.75 mm and approximately 5 mL of the gel mixture. The
gel mixture was prepared with 5 mL of the 15% PAA 4 mixture, 25 µL of APS and 2.5 µL of
TEMED.
The gels were pre-heated in the electrophoretic chamber at 300 V for 27 min. The samples

were then loaded, in a mixture with a ratio of 2:7 of sample to loading dye. Loading dye is
prepared in-house (for 10 mL: 9.5 mL formamide, 0.5 mL glycerol, 1 µL EDTA 5 (0.5 M) and
100 µL Orange G dye (New England BioLabs). The samples were at 50 V for 5 min followed by
300 V for 25 min. After the run, the gels were stained with a 2x SYBR Gold (Thermo Fischer
Scientific) dilution in TBE 6 buffer 1x. They were then rinsed with 1x TBE buffer twice and
imaged using a Bio-Rad ChemiDoc MP imaging system. The 20-100 bp ladder (DNA oligo
2short for Tetramethylethylenediamine
3short for Ammonium persulphate
4short for polyacrylamide
5short for ethylenediaminetetraacetic acid
6short for Tris-Borate-EDTA
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length standard 20/100 Ladder, IDT) was supplied in a final concentration of 2.04ng/µL (for
each rung) and the 100-1517 bp ladder (100 bp DNA Ladder, New England BioLabs) in a final
concentration of 71.4 ng/µL (for all rungs; concentrations vary by n-mer as described by the
manufacturer). Finally, the obtained micrographs were loaded into and analyzed with a
self-written LabVIEW program for quantification of the concentration-per-length, Section
2.5.4.

2.5.4 PAGE quantification

PAGE images were analyzed with a self-written (adapted from an existing program of the AG
Braun) LabVIEW tool, which allowed to obtain the concentrations of DNA strands depending
on length from smears in the gel lanes by using known total molar concentrations of each
lane and the linear increase in fluorescence intensity of SYBR gold with strand length and
concentration [66]. The total molar concentration is known since it stays constant throughout
the experiment as no new strands may appear through polymerization. Effects of hydrolysis
should be small. The analysis happened in threemain steps: gel image to lane data conversion,
ladder peak detection and concentration analysis.
Firstly, the PAGE image was converted to lane data by loading the image and extracting

the intensities, matching a lane mask with the imaged lanes and performing a background
correction. A uniform x-axis for all lanes was then calculated and the y-axis rescaled to make
them comparable. In the second step, the approximate positions of the ladder n-mers in the
leftmost lane of the gel (ladder peak positions) were detected. The program then fitted each
peak with a Gaussian function individually to obtain the precise ladder peak position and
interpolate the positions to arrive at a position vs. length function µ(m) as explained in more
detail in Appendix 2.C.
In order to quantify the concentrations in the third step, an intensity to concentration

relation was obtained for each gel lane individually by knowledge of the constant total molar
concentration. This had the advantage of precisely covering the whole range when calculating
concentrations for all n-mers and permitted to obtain a measure of total molar concentration
for each lane allowing a normalization of each lane for correction of experimental variability
and better comparability.

2.5.5 Illumina sequencing

Samples were sequenced by the Gene Center Munich (LMU) using the NGS Illumina NextSeq
1000 machine (flow cell type P2, 2 x 50bp with 138 cycles for 100bp single-end reads; at most
120 bpwith 2 indexes were read, with declining quality towards the end). 50million reads were
ordered for each sample. Before sequencing, the samples were prepped using the ACCEL-NGS
1S Plus DNA Library Kit (Swift Biosciences) for library preparation. The raw sequencing
data obtained, in FastQ format, was processed in this order by demultiplexing, quality score
trimming, and regular expression filtering. Demultiplexing was performed with software
from Galaxy servers [2], provided by the Gene Center Munich. During sequencing, each
read base was assigned a Phred quality score Q = −10 log10 P , where P is the probability
of an incorrectly read base [39]. Using Trimmomatic [13] we trimmed low quality segments
by running a sliding window of 4 nt in the 3′ to 5′ end direction over the sequence that
allowed a minimum average Phred quality of 20, otherwise trimming at the leftmost base of
the window, corresponding to an average accuracy of at least 99%. As the experimentally
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obtained sequences were appended on the 3′ terminus with a CT -region followed by an AGAT
during sequencing preparation, those needed to be found and cut, for which we employed
the following regular expressions:

(ˆ[AT]{12,})(?=([CT]{4,}AGAT)) for AT
(ˆ[CG]{12,})(?=([CT]{4,}AGAT)) for GC

(ˆ[ATGC]{12,})(?=([CT]{4,}AGAT)) for ATGC

This also ensured that only binary sequences were included in the analysis of binary pools. For
the ATGC experiment, a further adapter filtering step was employed to recover the sequencing
signal from the adapter contaminated reads, Appendix 2.D.
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Appendix

2.A Bst enzyme specifications

Bacillus stereathermophilus polymerase I (Bst) is a thermophilic, strand displacing A family
polymerase used in many isothermal amplification applications [4]. The enzyme binds to a
double stranded segment and elongates it in the 5′-3′ direction, adding the dNTPs comple-
mentary to the template and displacing any other downstream bound strands. Specifically,
in this work, Bst 2.0 DNA Polymerase was used. This is an in silico designed homologue of
the large fragment of the Bst enzyme that contains the 5′-3′ polymerase activity, but lacks
5′-3′ exonuclease activity. It also has higher speed, yield, salt tolerance and thermostability
than the wild-type. This enzyme should have an activity of about 10% for 35°C and 100% for
65°C, and has maximum performance at 4-10mMMg2+ according to the manufacturer (New
England Biolabs). The large fragment of Bst has proofreading activity which contributes to its
high fidelity. This is not achieved through an exonuclease domain, but though a mechanism
that checks the structure of the incorporated nucleotide at the active site [21]. The active site
of the protein interacts with the minor groove of the double stranded DNA helix, particularly
the 4 base pairs closest to the 3′-OH terminus. The proofreading is done at the last 3′ base. In
case the base added is wrong (i.e. not complementary to the template), the 3′-OH terminus
will not be oriented correctly and the elongation will not proceed [64]. In addition to the
downstream bound strands, any secondary structure of the primers or template is denatured
by Bst due to its strand displacing activity – it does not ‘slip’ [140].

2.B SYBR Gold staining efficiency

The staining efficiency of SYBR Gold exhibited significant variability based on nucleotide
composition in previous literature. It was found that the efficacy of SYBR Gold staining is
predominantly influenced by the composition when for the case of ssDNA, in opposition to ss-
DNA which displays consistent staining efficiency regardless of sequence [53]. Notably, ssDNA
that is composed of a single base (homopolymers), with the exception of poly- G , exhibited
no discernible staining. Furthermore, ssDNA lacking complementary bases demonstrated
distinct binding efficiencies to SYBR Gold. Conversely, it was noted that ssDNA featuring
some degree of complementary bases bound to SYBR Gold and displayed uniform staining,
even under denaturing PAGE.
While the mechanism behind the differential staining is not fully understood in [53],

it is proposed to occur through the transient formation of secondary structure. Despite
these data set falling within the category of ssDNA formed by complementary bases, tests to
assess whether the SYBR Gold binding efficiency was dependent on the composition were
performed. To do this, 12-mer sequences corresponding to the initial pool were stained.
These are the most heavily biased samples and the a priori bias is known through sequencing,
allowing us to analyse a ’worst-case scenario’. As polymerization progresses, nucleotide
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Table 2.4: Concentration of at least three independent stocks of biased initial pools
obtained via absorbance at 260 nm A260. The independent stocks were provided
as separate aliquots for the same pool by the DNA manufacturer (biomers.net) and
diluted to approximately 10 µm. For each of the pools, the composition of each
nucleotide was assessed by NGS. The absorbance at 260 nm of each of these stocks
was measured using Nanodrop and converted to concentration by the Lambert-Beer
law. The extinction coefficient ϵ260 was calculated from the individual nucleotides’
coefficients using the nucleotide composition data.

Initial pool Composition ϵ260 [mM−1 cm−1] A260 Concentration[µM]

A∗
0

60% A
40% T

142.4

0.128 9.0
0.139 9.7
0.143 10.0
0.171 12.0

A0
60% A
40% T

142.4

0.143 10.0
0.127 8.9
0.120 8.5
0.127 8.9

T0
25% A
75% T

108.8

0.142 13.1
0.126 11.5
0.118 10.8
0.126 11.6

G∗
0

46% G
54% C

122.7

0.121 9.9
0.124 10.1
0.225 18.3
0.128 10.4

G0
70% G
30% C

133.1

0.131 9.8
0.131 9.9
0.150 11.3
0.160 12.0

C0
31% G
69% C

116.2

0.182 15.7
0.166 14.3
0.186 16.0
0.144 12.4

ATGC0

24% A
32% T
21% G
23% C

121.9
0.108 8.9
0.100 8.2
0.167 13.6

composition undergoes changes, diminishing the inherent bias. Consequently, the impact of
nucleotide composition dependence primarily concerns the quantification of the initial pool
concentration.
The concentration of three independent stock solutions was quantified for 12-mer pools of

different composition bymeasuring the absorbance at 260 nmwithNanodrop. The absorbance
of these replicates is shown in Table 2.4. The extinction coefficient of ssDNA depends on the
nucleotide composition, as it varies for different deoxyribonucleotide 5′-monophosphates [20].
The extinction coefficient of a single DNA strand can be approximated by adding up the ex-
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Figure 2.20: PAGE quantification of SYBR Gold signal for samples with different nu-
cleotide composition. Samples with 12-mer DNA of known concentration consisting of
A / T -only, G / C -only or with four bases and with varying nucleotide composition

were loaded in a 15% PAGE, with at least three replicates per composition. The nu-
cleotide composition was assessed with NGS. The fluorescence intensity of the bands
was measured with a self-written Labview script, described in Section 2.5.4. b The SYBR
Gold intensity obtained with the PAGE quantification in a was then normalized for the
concentration for each sample to obtain a value of fluorescence-per-concentration
(I/C). Data corresponds to average ± one standard deviation.

tinction coefficients of its individual bases. To do this, the composition of the initial pools
obtained via NGS was used to perform a weighted average of the extinction coefficients pro-
vided in [20], see Table 2.4. Lastly, the concentration of DNA in each replicate was determined
applying the Lambert-Beer law.

Besides nucleotide composition, SYBR Gold binding efficiency also depends on DNA length
and concentration. Extracting the concentration of DNA of certain lengths from the gel
image is thus difficult for two reasons. Firstly, the functional relation of imaged intensity of
fluorescence to the concentration of DNA in the gel is usually unknown. However, for SYBR
gold, fluorescence signal was found to increase linearly with stained DNA concentration as
well as DNA strand length for a wide range of concentrations [66].

Secondly, DNA strands of the same length move through the gel with a slightly different
speed due to diffusion and influence of sequence composition, leading to a smearing of signals
through an overlap of n-mer bands (DNA strands with a length of n nt) with neighboring
n ± ∆n bands. As polymerization, unlike for example ligation, produces DNA strands of
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all possible discrete lengths which result in continuous intensity smears in gels, a direct
summation of the intensity signal for DNA strands of a specific length is impossible.

2.C Smear quantification from PAGE

In order to quantify individual strand lengths from a length distribution with all possible
discrete lengths, yielding a smear in the PAGE, a model relying on small second order changes
in intensities of neighboring DNA strands was developed. The central idea of the model is
that for obtaining the area A of a centered symmetric peak, e.g. a Gaussian peak, instead of
integrating the peak function from −∞ to∞, it is possible to integrate the sum of infinite
evenly spaced equally shaped peaks from x− 1

2∆µ to x+ 1
2∆µ with peak centers spaced with

∆µ (2.1):

A =

∫
Gm(hm, σm, µm)x =

∫ µm+ 1
2
∆µ

µm− 1
2
∆µ

∞∑
n=−∞

Gn(hm, σm, µn)x (2.1)

where h describes the height, σ the width and µ the position of the peak G(h, σ, µ).
As peaks are centered, one can then neglect contributions from the sides with little error

and consider only the immediate neighboring peaks (2.2):

A ≈
∫ 2σm

−2σm

Gm(hm, σm, µm)x ≈
∫ µm+ 1

2
∆µ

µm− 1
2
∆µ

∆m∑
n=−∆m

Gn(hm, σm, µn)x (2.2)

with∆m such that |µm±∆m − µm| ≈ 2σm.
The inner part of the integral resembles the measured gel intensity I(x) at point x, which

is described by (2.3):

I(x) =
∆m∑

n=−∆m

Gn(hn, σn, µn) (2.3)

when gel bands are modeled as centered symmetric peaks. The only difference is that in
the gel, neighboring peaks are not evenly spaced and are described by different h’s and σ’s
(observe that hm and σm were replaced by hn and σn).

Small second order changes of intensities by length

But how large is the error, if neighboring gel peaks are assumed to be evenly spaced and
equally shaped? – Very little error can be associated with the variability of peak spacing
in the immediate vicinity of each peak. For the peak heights and widths, this doesn’t hold.
Deviations would lead to larger errors.
In most cases though, while intensities of neighboring gel bands vary, the change in

intensities doesn’t vary much. But when second order changes are small, peaks of same
distance to the one that is to be measured can be described with symmetric deviations in h
and σ (2.4) and (2.5):

Gm−∆m = G(hm ±∆hm, σm ±∆σm, µm−∆m) (2.4)
Gm+∆m = G(hm ∓∆hm, σm ∓∆σm, µm+∆m) (2.5)
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In this case, the relative error in the area calculation (2.2) can expected to be smaller than
2∆hm∆σm

hmσm
and should stay reasonably small unless intensities change abruptly with certain

oligomer lengths.
Assuming a continuous smear with slow second order change in intensity, total intensities

Am of m-mer peaks are approximated well by (2.6):

Am =

∫ µm+ 1
2
∆µ

µm− 1
2
∆µ

I(x)x (2.6)

Required measurements: intensities and ladder peak positions

The required values remaining besides the gel intensity I(x) are then the position of the m-th
peak, µm, and its spacing to neighboring peaks,∆µ, which was assumed to be constant in its
vicinity and can thus be calculated as (2.7):

∆µ(m) =
µm+1 − µm−1

2
=

∆µ±m

∆m
≈ µ(m)

m
(2.7)

with the continuous interpolation µ(m) of µm’s, leaving only the function µ(m) relating
oligomer lengths to gel positions to be found.
To determine µ(m), DNA ladders can be used: by interpolating the ladder rung-mer peak

positions of known oligomer lengths with a function relating in-gel-distances to product
lengths, µ(m) is acquired. The simplest function yielding a good fit is a logarithm scaled by
m, µ(m) = a ln(bm)

m , with fit parameters a and b. For fitting of long strands (>100nt), another
logarithmic factor improved the fit even more, giving the final fit function (2.8):

µ(m) = a
ln(m)

m
+ b ln(m) + c (2.8)

with peak position in gel µ, oligomer length m and fit parameters a, b and c. Fits were
performed using the Levenberg-Marquardt algorithm implemented in LabVIEW.

Total molar concentrations

The accuracy of the PAGE gel quantification, should the total molar concentrations of DNA
strands in each lane be known, can finally be verified by comparing calculated total molar
concentrations to the known total molar concentration of the probes. The molecular weight
of a single-stranded polymerized DNA oligomer can approximately be calculated as (2.9):

molecular weight [g/mol] = n ∗ 308.95− 61 (2.9)

where n is the number of nucleotides in the n-mer. 308.95 is the average molecular weight of
an incorporated nucleotide ( A : 313.2, T : 304.2, C : 289.2, G : 329.2) and -61 is obtained by
subtracting one phosphate (weight 79) for the hydroxyl-end and adding one water molecule
(weight 18).
Reversing this line of thought, intensities can also be related to concentrations for each

lane individually, as long as their molar concentrations are known. This normalization for
each lane additionally helps to account for experimental variations in intensities introduced
through pipetting of low volume / high viscosity samples and possible evaporation effects
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in thermocyclers. For these reasons, each gel lane was indeed normalized to have the total
molar concentration (the sum of molar concentrations for all oligomer lengths) equal the
known molar concentration of the initial sample for gel analysis in this work – the total
molar concentration was known to equal the initial molar concentration at each time because
elongation of initial DNA strands does not change total molar concentration.

2.D Sequencing signal recovery in ATGC data

For ATGC data sequenced by NGS, the recovery of the actual experimental data from reads
that are artifacts, such as those resulting from the sequencing of adapters, proves challenging
since there is neither a genome to compare the reads to, nor a specific length (as for ligation)
or a limited alphabet (as for binary data). In addition to the RegEx filtering step given in the
methods section (to remove the CT -tail and AGAT ), RegEx filtering the ATGC sequencing data
for all possible 12 nt long adapter snippets is an effective way to recover the signal. With this
in mind, a LabVIEW program was written to generate a list of RegEx filtering expressions and
perform the adapter filtering.
The adapters in this case were:

GATCGGAAGAGCACACGTCTGAACTCCAGTCACTCTCGCGCATCTCGTATGCCGTCTTCTGCTTG and
AATGATACGGCGACCACCGAGATCTACACTCAGAGCCACACTCTTTCCCTACACGACGCTCTTCCGATCT for 0 h,

GATCGGAAGAGCACACGTCTGAACTCCAGTCACAGCGATAGATCTCGTATGCCGTCTTCTGCTTG and
AATGATACGGCGACCACCGAGATCTACACCTTCGCCTACACTCTTTCCCTACACGACGCTCTTCCGATCT for 64 h

To check the quality of the adapter filtering, the same procedure was applied to the A0

and the G0 experiments. This allowed us to compare the results between RegEx filtering for
CT -tail and AGAT plus adapter filtering with binary RegEx filtering. We assessed both the
total read counts and the length distributions of the 8 data sets, Figure 2.21.
These graphs allow to conclude that the adapter filtering was, with some minor deviations,

effective for the A0 experiments, while strong artifacts remain for the G0 ones. For the ATGC
case, the length distribution for the 0h initial time point does not exhibit a specific artifact
with a peak at 43 nt as seen in the G0 ones, but still displays a long tail after the 12 nt long
sequences, which might in part be due to adapter contamination. To address the long tail,
sequences up to 16 nt were considered for the analysis of the ATGC 0h data set. In this range,
the filtering works reasonably well for the two ATGC data sets.
The two individual adapters for each sequenced experiment in this study were each made

up of three segments, of which the beginning and ending segments (Illumina TruSeq HT
adapters D701-D712 and D501-D508) remained the same across all experiments. These were as
follows:

D701-D712: GATCGGAAGAGCACACGTCTGAACTCCAGTCAC [i7] ATCTCGTATGCCGTCTTCTGCTTG ,
D501-D508: AATGATACGGCGACCACCGAGATCTACAC [i5] ACACTCTTTCCCTACACGACGCTCTTCCGATCT

The two individual middle segments (i7 and i5) for each sequenced experiment are given in
Table 2.5.
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Figure 2.21: Assessment of adapter filtering efficiency. Comparison of sequenc-
ing read counts and length distributions for the A0, G0 and ATGC0 experiments,
after RegEx filtering for binary sequences or the combination of RegEx filtering
for CT -tail and AGAT with adapter filtering. While artifacts are present in
the 0 h initial time points and the G0 ones with a peak at 43 nt for adapter
filtering, the A0 ones show good agreement with the binary RegEx filtering.
No binary RegEx filtering being possible for the ATGC, artifacts have to be
assessed in comparison to the other binary samples. For the 0h time point,
sequences up to 16 nt were considered, and since there is no specific artifact
with a peak at 43 nt, it is assumed that the late time point predominantly
contains sequencing signal rather than adapter noise.
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Experiment i7 index i7 sequence i5 index i5 sequence
T0,0h D706 GAATTCGT D503 AGGATAGG
T0,2h D707 CTGAAGCT D504 TCAGAGCC
T0,32h D708 TAATGCGC D505 CTTCGCCT
A∗
0,0h D701 ATTACTCG D506 TAAGATTA

A∗
0,2h D702 TCCGGAGA D507 ACGTCCTG

A∗
0,32h D707 CTGAAGCT D508 GTCAGTAC
A0,0h D703 CGCTCATT D508 GTCAGTAC
A0,2h D704 GAGATTCC D501 AGGCTATA
A0,32h D705 ATTCAGAA D502 GCCTCTAT
C0,0h D702 TCCGGAGA D503 AGGATAGG
C0,0.5h D703 CGCTCATT D504 TCAGAGCC
C0,8h D704 GAGATTCC D505 CTTCGCCT
G0,0h D711 TCTCGCGC D508 GTCAGTAC
G0,0.5h D712 AGCGATAG D501 AGGCTATA
G0,8h D701 ATTACTCG D502 GCCTCTAT

ATGC0,0h D711 TCTCGCGC D504 TCAGAGCC
ATGC0,64h D712 AGCGATAG D505 CTTCGCCT

Table 2.5: Middle segments of adapter sequences.

66



text

67





3 Sequence-specific ligation of short RNA
with 2’,3’ cyclic phosphates

Summary

Templated ligation offers an efficient approach to replicate long strands in an RNA world
with fewer condensation steps than a base-by-base replication mechanism. The 2′,3′-cyclic
phosphate (>P) is a prebiotically available activation that forms during RNA hydrolysis, nu-
cleobase polymerization and prebiotic phosphorylation. Using PAGE and HPLC, the impact
of reaction conditions on yield, kinetics and sequence fidelity was investigated. Templated
ligation of RNA with >P was shown to proceed in simple low-salt aqueous solutions with 1 mM
MgCl2 under, alkaline pH ranging from 9 to 11 and temperatures from -20 to 25°C yielding up
to 40% in 7 days. No additional added organocatalysts were required. Moreover, an increased
ratio of 50% of the canonical 3′-5′ linkages at the ligation site was observed, an improvement
over previously reported aqueous condensations involving >P. The reaction proceeds in a
sequence-specificmanner, with an experimentally determined ligation fidelity of 82% at the 3′
end and 91% at the 5′ end of the ligation site. Multistep ligations within a splinted RNA system
using >P were shown to generate long RNA molecules on the length scale of 100 nucleotides
through cross-templation. Five ligations created a 96-mer strand, demonstrating a possible
pathway for ribozyme assembly. Due to the low salt requirements, the ligation conditions will
be compatible with strand separation. Templated ligation mediated by 2′,3′-cyclic phosphate
in alkaline conditions therefore offers a performant replication and elongation reaction for
RNA on early Earth. 1

1This chapter was published by Serrão and Wunnava et. al [18] in the Journal of the American Chemical Society
(JACS) and is here adapted and reprinted in part with permission from JACS. Full article attached in the List of
Publications.
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3.1 Motivation

Nucleic acid replication is essential for the propagation of genetic information and, there-
fore is a central step for the origin of life [48]. An early form of molecular evolution that
preceded catalytic polymers, i.e. enzymes and ribozymes, required a non-enzymatic copying
mechanism. While primer extension by the addition of mono-, di- or tri- nucleotides has
been demonstrated to copy shorter sequences [72, 124, 142, 157], its processivity is limiting
and the combination with strand separation is a considerable hurdle due to the high divalent
salt concentration necessary. A simple way to overcome the issue of processivity would be
templated ligation, which reduces the number of steps-per-length required to generate an
oligonucleotide and if possible to operate at low magnesium concentration would offer an
easier strand separation particularly when coupled to non-equilibrium microenvironments
with salt and pH cycling [114]. Additionally, ligation chain reactions have been shown to offer
exponential replication [37].
Due to its high processivity, templated ligation can bridge the gap between two length

scales in the nucleic acid emergence timeline: the very short oligomers with 10 nucleotides
or less and the very long, structurally complex functional replicators (see Figure 3.1). Base-
by-base mechanisms likely still existed in earlier stages, preceding templated replication in
order to generate strands long enough to form the duplexes necessary for templation. After
ribozymatic replication emerges from molecular evolution, this more efficient mechanism
would take over the slower non-enzymatic replication chemistries.

Figure 3.1: Templated ligation bridges the gaps between two length scales in the
emergence of functional nucleic acids. First, short oligomers (< 10 nt) are formed
by non-enzymatic likely non-templated prebiotic chemistries. These base-by-base
chemistries are not effecient, as each condensation step only adds one nucleotide.
When strands are long enough to form stable double strands, templated ligation may
have taken over providing with a higher processivity. This would have allowed the
formation of strands with tens or hundreds of base-pairs which are long enough to
undergo molecular evolution and form ribozymes. Ribozymatic replication would then
take over with potentially higher speed and sequence fidelity.

The state-of-the-art method for templated ligation makes use of phosphoramidates, such
as phosphorimidazolides [143, 158]. The need for a separate (ex-situ) pre-synthesis step with
condensing agents, coupled with their short half-life reduces their prebiotic likelihood. Fur-
thermore, in situ activationwith prebiotically plausible organocatalysts in ligation-compatible
scenarios has not been shown. Disregarding the need for multiple synthesis steps required
to make the phosphorimidazolides [61, 104], imidazole activated oligonucleotides are less
reactive than their mononucleotide counterparts lowering the yield of templated ligation
compared to that of polymerization [143]. Moreover, studies demonstrating the assembly of a
long catalytic RNA by templated ligation of imidazole-activated oligonucleotides required a
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high concentration of Mg2+ which leads to product inhibition [143, 159, 160]. This strongly
supports the need for an efficient ligation system compatible with strand separation.
The quest for such a system led to cyclic phosphates since they generate short oligomers

in the dry state [27, 138, 139] which retain the active >P ends and further undergo ligation.
More importantly, they represent a simple and endogenous activated group, minimizing
the need for complex multi-step synthesis and ex-situ activation with other organocatalysts.
2′,3′ cyclic phosphate (>P) endings were likely readily available in the prebiotic pool since
they are the primary product of prebiotic nucleotide synthesis [103] and phosphorylation
reactions [47,75], Figure 3.2 "Synthesis". Moreover, ribozymatic [69] and alkaline hydrolysis of
RNA strands via transesterification [14,17,73] produce >P ends (Figure 3.2 "Hydrolysis") which
are substrates for ribozymes catalyzing phosphodiester bond formation [90, 123]. Hydrolysis
of >P results in 2′- or 3′-monophosphate, the recycling of which, i.e. the re-cyclization to
activated oligonucleotides with >P, under prebiotic conditions was also demonstrated [123]
(Figure 3.2 "Cyclization"), suggesting a way for the in situ recycling of hydrolyzed substrates.

Figure 3.2: 2′,3′-cyclic phosphate were likely available in the prebiotic pool. Prebiotic
nucleotide synthesis yields >P as a primary product whereas phosphorylation with
TMP2 and DAP3 have been shown to phosphorylate nucleosides yielding >P. Alkaline
RNA oligomer hydrolysis yields bot cyclic phoshpate or 2′- or 3′-monophosphate end,
where the later can undergo cyclization, with the addition of EDC or Cyanamide to
yields >P.

Biochemical protocols using EDC4 at low temperatures are also common [76,90,92]. The
widespread presence of these activated phosphate groups in established prebiotic pathways
and their relatively longer half-life was the motivation to investigate their role in ligating RNA
oligomers in a templated setting and their relevance for early RNA replication. Previous work
with >P containing oligonucleotides has demonstrated template copying only through ligation
with DNA:RNA chimeras, resulting in low yield and a predominance of 2′–5′ linkages [76,77].
Non-templated ligation of random sequences with >P has also been shown to proceed in
4short for 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
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eutectic phase at low rates [91]. However, the potential of ligation of RNA sequences with >P
ends for quantitative genetic copying remained largely unexplored.

3.2 Scientific approach

The hypotheses behind the experiments in this project were: i) Does a fully RNA-based system,
with a >P end, ligate on a template? ii) What are the characteristics of this reaction in terms
of both yield and kinetics? iii) Is the reaction sequence dependent, and, if so, with which
fidelity? iiii) What type of linkages are formed? iv Can successive cooperative ligation of short
oligomers yield long ribozyme-sized products?
To answer these questions a system of three short RNA strands was designed, with the

sequences based on the work by Murayama et. al [89]. The system consists of two primers
(a and b) that bind on a template BA, Figure 3.3 a. Primer a has a >P at the ligation site
terminus that can suffer a nucleophilic attack from the 5′ hydroxil (Figure 3.3 b) and yield
product ab. In case the nucleophilic attack is performed by water, the ring opens and a 3′- or
a 2′-monophosphate forms, yielding an inactive primer (a-P) that cannot undergo ligation.
The sequences of a, b, ab and BA are shown in Table 3.1.

Figure 3.3: Non-enzymatic template directed ligation of short RNA strands. a,
Schematics of reaction design. Both primers (a and b) bind on the complemen-
tary template, BA. The primer a has a 2′,3′-cyclic phosphate, while b contains a 5′-OH
group. b, 5′-OH performs a nucleophilic attack on the cyclic phosphate group and
forms a phosphodiester bond between the two primers, leading to the ligation product
strand ab. As a side reaction, the cyclic phosphate in a can also hydrolyse, rendering
a inactive.

Table 3.1: Sequences of primers, template and product used for the ligation reaction.
RNA sequences were ordered from biomers.net.

Name Sequence
a 5′ AAAGCAUCAGU 3′
b 5′ CUCAUAGGAAA 3′
BA 5′ CCUAUGAGACUGAUGC 3′
ab 5′ AAAGCAUCAGUCUCAUAGGAAA 3′

This experimental approach implies a series of decisions and assumptions that facilitate
researching the hypothesis in a laboratory setting and isolating the contribution of each of
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the parameters to RNA ligation. The topic of reaction tube vs. rocky pore, has been discussed
in Section 1.2 and a similar argumentation can be applied to the assumptions in this project.
Other approximations explained in both 1.2 and 2.2 are now lifted. Specifically, because the
actual non-enzymatic chemistry is at the focus of this project, in opposition to the impact of
selective pressures on molecular evolution, some decisions were made so that the system
is more prebiotically plausible. The three stands partaking in ligation are now RNA, with a
full-alphabet pool and are ligated through non-enzymatic means.

• Artificial strand design vs. pool generated in prebiotic conditions

The sequences were designed to have a balanced amount of all nucleotides (about 50%
GC -content) and to form a stably bound duplex. Prebiotic pools generated through
non-enzymatic oligomerization yield sequences that are very short (less than 10 nt in
length) with longer sequences being several orders of magnitude lower in concentration
[27,31,72, 142]. In order to be to characterize the ligation reaction yield, kinetics, and
sequence dependence the starting point was therefore a simple three-sequence system
with well-known sequence and concentration.

3.3 Results and Discussion

3.3.1 Condition screening

Figure 3.4: Methods to follow the ligation reaction over time a, Denaturing PAGE
analysis of ligation reaction over time. Reaction contained 1 µm primers, 1 µm tem-
plate, 50 mm CHES, pH 10 and 1 mm MgCl2, at 5°C. b, Stacked HPLC chromatograms
(absorbance at 260 nm) of the same reaction mixtures as in a. The product peak ab
increases over time, as the primers get depleted.
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In order to detect and quantify the ligation product formation over time, both denaturing
PAGE and HPLC are used in parallel. Figure 3.4 shows an exemplary analysis for a ligation
reaction at pH 10 and 5°C using these methods. The conditions and methodology for PAGE
are described in Section 3.5.4. In panel a the time points over a week long reaction show
that this method is able to differentiate between all the intervening strands, including the
two primers a and b, which have the same length (11 nt). This is likely due to the different
electrophoretic properties caused by the additional phosphate in primer a. The formation of
product surpasses the limit of detection at about 6 h.
HPLC separation coupled with detection through absorbance at 260 nm is additionally

able to differentiate between a>P and a-P, which allows to understand the kinetics of >P
hydrolysis as it competes with the formation of product ab. Corresponding chromatograms
are shown in Figure 3.4 b. However, the limit of detection of both methods is comparable.
The details of HPLC detection and quantification are explained in Section 1.5.5 and 3.5.8.
The quantification of the strands concentration will be mostly perfomed with HPLC UV
absorbance as it introduces less artifacts when compared with SYBR Gold fluorescence.
Previous work with cyclic phosphates, both from the Braun lab on dry-state oligomerization

[27] and other studies on ligation, has shown ligation performs in alkaline conditions [76–78].
Indeed a broad pH screen (pH 3-11) has shown ligation at mildly alkaline pH (Figure 3.5 a).
For this an equimolar solution of all strands (1 µM a, b and BA, unbuffered) was incubated for
a week at 25°C. The pH was adjusted with either NaOH (for pH 9 and 11) or HCl (for pH 3 and
5) and the reaction supplemented with 1 mMMgCl2. The product ab is visible for pH 7 and 9,
whereas for pH 11 there is almost complete hydrolysis of the backbone.

Figure 3.5: Dependence of ligation reaction on pH and MgCl2 concentration. a, PAGE
gel showing the pH screen for the ligation reaction. The reaction was done with 1 µm
strands at 25°C for 7 days in the presence of 1 mm MgCl2. The pH of the reactions
was adjusted using NaOH (for pH 9 and 11) or HCl (for pH 3 and 5) and no buffer was
added. The product ab is only visible at pH 7 and 9. Hydrolysis of all the strands is
evident at pH 11. b PAGE gel showing the Mg2+ concentration screening. The Mg2+ was
added in the form of MgCl2. The reaction was done at 25°C for 7 days at pH 9 buffered
with 50 mM Bis-Tris propane buffer. The product ab is visible only in the presence of
Mg2+, Addition of 1 mm MgCl2 shows the most product as additional Mg2+ leads to
hydrolysis of the strands as evident from the low intensity of the bands.

Divalent ions have been shown to be necessary for ligation with >P in previous work from
Lutay et. al [77] and for other functional RNAmotifs such as self-splicing group I and II introns,
ribonuclease P, ribozymes etc. [105]. The formation of the phosphodiester bond, with or
without ribozymatic catalysis mechanisms, forms through an SN2 attack that has electrostatic
and sterical requirements, depending strongly on the metal ion for the coordination of the
intervening groups. The yield obtained with the divalent metal ions in the study by Lutay et.
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al increased with increased pH, similar to what is seen for our system in Figure 3.4 a, and
at mildly alkaline pH (8.8) was highest for Mg2+. The high pH likely plays a role through
deprotonation of the 5′-OH,making it a better nucleophile. Several different factorsmay affect
which metal ions are better at catalysing a certain phosphodiester bond forming reaction,
such as: reaction pH,metal ion pKa, metal ion hydroxide solubility, pka of 5′-OH group (which
is dependent on sequence and microenvironment conditions [130]).
In this study we explored whether the presence of Mg2+ was necessary for ligation with >P

and how it evolved with concentration 3.4 b as it seems to be ubiquitous for RNA catalysis
and folding. With the same equimolar mixtures (1 µM of a, b and BA) now buffered at pH
9 with 50 mM Bis-Tris propane buffer and reacted at 25°C for several days, the influence of
varying millimolar concentrations of Mg2+ was tested. The reaction was found to not proceed
in the absence of Mg2+, indicating the necessity of this divalent cation for catalysis. However,
increasing the concentration of Mg2+ also did not lead to increased product formation, which
also matches the observations by Lutay et. al [77]. This is likely due to the degradation of the
phosphodiester backbone with is for RNA catalyzed at high Mg2+ concentrations [105]. All
the reactions from here onwards were performed in the presence of 1 mM Mg2+ as it was
found to be optimal.

Figure 3.6: Buffer screening with organic and inorganic buffers. PAGE gels showing the
ligation reaction done at pH 9 with different organic (a) and inorganic (b) buffers. The
pH for each reaction conditions was set by 50 mm of the corresponding buffer. For each
buffer tested, the reaction was done for 7 days at 25°C and the lane marked with 0 days
denotes the control sample frozen at -80 °C. The ligation reaction proceeds irrespective
of the buffer used, albeit with differing efficiencies. Phosphate buffer, especially, shows
a reduction in the yield, possibly due to the high amount of multivalent phosphate
ions, chelating the Mg2+ ions supporting the reaction. Additionally, the reaction also
proceeds unbuffered, only adjusted with NaOH, with lower yield possibly due to a drop
in pH upon ligation. This was also shown in Figure 3.5 at different pHs. The reaction
was conducted in the presence of 1µm strands and 1mm MgCl2.

A reaction pH of 9 corresponds to an OH− concentration of 10 µM. Considering that the
concentration of the RNA strands used in the reactions is in the same order of magnitude,
RNA hydrolysis (of the cyclic phosphate and the phosphodiester bonds) would greatly affect
the OH˘ ion concentrations thus rapidly changing the pH of the reaction. In the non-buffered
pH 9 reaction (Figure 3.5 a) the initial pH 9.07 dropped to pH 7.72 after 7 days. As there was
no significant hydrolysis of the backbone, this drop in pH is attributed to the opening of
the cyclic phosphate. Furthermore, dissolution of CO2 from ambient air could also have
a partial effect on the drop in pH. Thus, to have a constant pH, the reaction was done in
buffered solutions. However, in such cases, the interaction of the buffer molecules also must
be considered.
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To test this potential buffer interaction the ligation reaction was performed with the same
equimolar concentration of RNA strands, 1 mMMgCl2 and 50 mM of both organic and inor-
ganic buffers, Figure 3.6 a and b. The reaction was conducted at pH 9 and 25°C for 7 d. We
observed that the ligation reaction at pH 9 proceeds irrespective of the buffer used, albeit
with slightly different efficiencies. It is worth noting that in the case of phosphate buffer, the
ligation reaction is quite suppressed. The multivalent phosphate ions can chelate MgCl2 ions
may have thereby reduced the MgCl2 ions available for the ligation reaction. In general, the
yield is higher for the case of the buffered samples in comparison to non-buffered sample
control. This is probably due to the aforementioned pH drop.

Figure 3.7: Role of Divalent (Mg2+) vs Monovalent Cations (K+) over a range of
alkaline pH and temperature for templated ligation. PAGE gels comparing the ligation
at different temperatures (5°C, 10°C and 25°C) and pH 9-12 in the presence of Mg2+

ions, K+ ions or both (a, b and c, respectively). d, For pH 10, the ligation product
yield was quantified via HPLC, at different temperatures. Mg2+ ions are important for
the ligation reaction. Replacing Mg2+ with 500mm K+ still results in 2 fold reduced
ligation efficiency. However, a mixture of 1mmMg2+ and 500mm K+ shows intermediate
efficiency. The reaction was done at with 50mm CHES buffer at pH 10 for 1 day.

Work with ribozymes has shown that monovalent cations in molar quantities can replace
activity of Mg2+ [25, 100, 105]. For this reason, replacement of Mg2+ for K+ but in much
higher concentration (500 mM) was tested, coupled to a wider alkaline pH screening (9 to
12) and a wider temperature screening (5 to 25°C), shown in Figure 3.7 a, b and c. While
pH 11 has shown degradation in Figure 3.5, it was hypothesized that lower temperatures
and the absence of Mg2+ could prevent it. Supplanting the optimal low amount (1 mM) of
Mg2+, with 500 mM K+ only recovers it to half the yield while a mixture of 500 mM K+ and
1 mMMg2+ rescues the reaction further, albeit moderately. Furthermore, the yield of the
ligation increases linearly with temperature at pH 10 as evident from the plot in Figure 3.7 d.
Generally higher yields are obtained to pH 10 and 11, which here still showminimal backbone
hydrolysis as the reaction was stopped after 24 h (in contrast to the 7 days in Figure 3.5). At
pH 12, only the sample without Mg2+ revealed product formation, Figure 3.7 a.
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3.3.2 Kinetics

Figure 3.8: Concentration of all the strands over reaction time, for different pH
and temperature conditions. Concentration of primers and product over a 7 days’
period for varied pH (9-11, vertical axis) and temperature (5, 10, 25 °C, horizontal axis)
measured through HPLC with UV absorbance at 260nm. Highest yield at 7 days are
highlighted in red, for pH 10 and 5 °C. At both high temperature and pH (25 °C, pH
11) there is additional hydrolysis of the backbone, particularly after 7 days (bottom,
right-most graph). The full lines correspond to the exponential fit of the data as a
guide to the eye. Initial concentration of all strands (a, b and BA was 1 µm, in CHES
Buffer 50 mm at the reported pH and with 1 mm MgCl2). Data are represented as mean
± standard deviation of three independent replicates.

Concentration the strands a>P, b, ab, a-P was followed pver for different temperature-pH
combinations and are plotted in Figure 3.8 a in green, blue, dark red and yellow, respectively
to understand how the kinetics of both the ligation and the hydrolysis reaction develop with
pH and temperature. The temperature was either 5, 15 or 25°C and the pH 9, 10 or 11, with a
1 µM concentration of each strand, 50 mM concentration of CHES Buffer, adjusted with NaOH
to the corresponding pH and 1 mMMgCl2. It is important to note that in all the experiments,
the initial concentration of a<P is on average 26% of total a, suggesting that a part of a>P was
already hydrolyzed in the stock solutions. This capped the maximum concentration of abat
0.74 µM, the concentration of the initial a>P. The yield of ab depends on the temperature and
pH combination of the reaction. The highest concentration of ab at 7 days (0.28
The reaction to produce ab proceeds in three steps: i) the annealing of primers a<P and b

on the template BA; ii) the ligation through the nucleophilic attack; iii) the melting of product
ab and BA. Each of these steps has a rate constant (kann, klig and kmelt as indicated in Equation
3.1.
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a>P +BA+ b
kann−−−→ [a>P : BA : b]

klig−−→ [ab : BA]
kmelt−−−→ ab+BA (3.1)

The hydrolysis of the cyclic phosphate occurs in parallel with the rate constant khyd (Equa-
tion 3.2)

a>P
khyd−−−→ aP (3.2)

The timescales of RNA base-pairing and melting are in the order of magnitude of seconds
[150]. This is a much faster timescale than the nucleophilic attack of the 5′-OH on the 2′,3′-
cyclic phosphate which is in the order of hours to days. For this reason, the step from
the primer:primer:template complex (C) to the product:template complex (P ) is the rate
determining step of the reaction in aqueous solution and it can be considered a pseudo-first
order. These reactions have orders higher than 1 but behave experimentally as first order.
Thus, Equation 3.1 is simplified to Equation 3.3 .

C
k−→ P (3.3)

The reaction rate is given by Equation 3.4.

d[C]

dt
= −k[C] (3.4)

Equation 3.4 can be integrated to provide the concentration of C over time shown in
Equation 3.5. ∫

d[C]

[C]
=

∫
−kdt ≡ C = C0e

−kt (3.5)

Similarly, the product reaction rate and P concentration profile is given by Equation 3.6
and 3.7, respectively.

d[P ]

dt
= k[C] = k · C0 · e−kt (3.6)

∫
dP = k · C0

∫
e−ktdt ≡ P = P0 + C0

(
1− e−kt

)
(3.7)

Because the hydrolysis of the cyclic phosphate is also a first-order reaction, these expres-
sions (3.4) and (3.6) are valid for the reagents (a<P and b) and both the ligation product ab
and the linear phosphate side product a-P. The concentration profiles for all participating
molecules, except the template strand BA, which is not consumed, are given by Equation
3.8-4.11.

aP = aP0 + a>P0

(
1− e−kaP t

)
(3.8)

ab = a>P0

(
1− e−kabt

)
(3.9)

b = a>P0

(
e−kabt

)
+ (b0 − a>P0) (3.10)
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Figure 3.9: Linear regression fits to obtain the observed fitting constants for product
formation and cyclic phosphate hydrolysis. For all the conditions presented in Figure
3.8 the linearized rate equations (Equation 3.12 and 3.13) were applied to the indepen-
dent triplicate average and the corresponding propagated standard deviation was
computed. The linear fits were performed with Igor 6.27 using Levenberg-Marquardt
fitting algorithm. Only the time points corresponding to the initial rate (before satura-
tion) were used for the fit computation, however all time-points are plotted in the
figure.

a>P = a>P0

(
e−kabt

)
(3.11)

Some considerations need to be addressed regarding Equations 3.8 - 3.11. Firstly, the kaP
considered in equation (3.8) is the rate in the presence of all the other strands. The presence
of the template means that, at the low temperatures below Tm, at which we are working, most
of a<P will be bound to the template, and thus affecting the cyclic phosphate hydrolysis rate.
Secondly, it is assumed that the complex concentration is equal to a<P. This is based on the
presumptions that:

• a<P is the limiting reagent (as part of primer a<P is already hydrolyzed, a priori)

• All the primers are bound to the complex at the tested temperatures. The calculated Tm
of primer-template is about 40C, so for temperatures between 5C and 25C this can be
assumed to be true.

• concentration of complex P (product:template) has the same concentration as ab.
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Figure 3.10: Product yield and rate constant for ligation and cyclic phosphate hy-
drolysis. a, Product yield obtained (%) at 7 days for all the conditions tested in Figure
3.8. Maximum obtained yield of 38% was for pH 10 at 5 °C (red square). This reported
yield has been corrected for the limiting concentration of a>P. b, Observed initial
pseudo-first order rate of product and inactive primer formation for all the conditions,
obtained from the fitting of the data presented in Figure 3.9.

To obtain the rate of product formation and cyclic phosphate hydrolysis we re-arranged
Equations 3.8 and 3.9 to Equations 3.12 and 3.13, respectively.

log

(
aP0 + acP0 − aP

acP0

)
= kaP · t (3.12)

log

(
acP0 − ab

acP0

)
= kab · t (3.13)

The equation 3.12 and 3.13 could then be applied to fit the data from the time point screening
shown in Figure 3.8. The linear regressions for all the conditions are presented in Figure
3.9. All concentration data points correspond to mean ± one standard deviation of the three
independent replicates. For Figure 3.9 the error bars correspond to the error propagation
according to the linearized formula. The linear regression was performed with Igor 6.37
which uses the Levenberg-Marquardt fitting algorithm. The standard deviation calculated
through error propagation, was used as weighting parameters for the fit, which allows a more
accurate fit parameter error estimation. Additionally, to obtain the observed rate constants,
only the points corresponding to the initial reaction rate, before saturation, were fitted, which
depends on the condition (see Figure 3.8).
The yield, calculating for the real initial amount of a>P, is shown in Figure 3.10 a. For pH 10

and 5°C this corresponds to a yield of 38%. The obtained yield was measured under limiting
concentration of the primer with a cyclic phosphate end (a>P), meaning that the formation
of hydrolyzed a-P contributed to the observed partial conversion. However, the addition
of excess primer a did not improve the yield (data not shown) indicating efficient product-
inhibition, confirmed by our estimate that the product strands have an off-rate of about 40
days at 5°C. Comparable yields have been reported for ligation with phosphorimidazolide
activation under similarly low Mg2+ concentrations [143].
The first order kinetic rate constants (kobs) for product formation and hydrolysis of cyclic

phosphate were fitted to the data in Figure 3.9 and are shown for all the samples in Figure 3.10.
The obtained rates are between 0.001 and 0.03 h−1 which are in the same order of magnitude
for the ligation of native RNA at 20mM MgCl2 with 2-Me imidazolide chemistry [159]. A
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Figure 3.11: Template BA concentration over time at different pH and temperature.
Screening the concentration template BA over a 7 days’ period for varied pH (9-11)
and temperature (5, 10, 25°C), for the same samples presented in 3.8 of the main. The
concentrations were measured with HPLC UV detection 260 nm. Data are represented
as mean ± standard deviation of three independent replicates.

few salient features of the plots in Figure 3.10 are the rates and yields of ligation (ab) and
hydrolysis (a-P). Both the rates of ligation and hydrolysis increase with an increase in either
pH or temperature, keeping the other parameter constant. Figure 3.10 b shows that while
the observed ligation rate mostly increases from pH 9 to 10, the inactivation rate increases
from pH 10 to 11. At higher pH, the ligation kinetics is slightly faster, however the final yield
drops due to the competing inactivation rate. The rate of ligation is in general higher than
the rate of the hydrolysis at 5 and 10°C while 25°C favor the inactivation. It has been reported
that low temperatures reduce the entropic cost of the ligation reaction and shift the reaction
equilibrium from hydrolysis to ligation [123]. The maximum 7 day yield obtained is at pH 10
and 5°C. Significant RNA backbone hydrolysis is observed when both temperature and pH
are maximal (25°C and pH 11).
In order to test whether the template normalization used for Figure 3.8 is appropriate,

as possible backbone hydrolysis would increase the adjusted concentration and introduce
artifacts in the obtained yield, the average concentration of BA was plotted for each of the
conditions in Figure 3.11. The template concentration varies slightly across different samples.
For pH 11 at 25°C rapid hydrolysis of the template is observed, whereas for pH 11 at 10 °C, this
is only significant for later time points. The remaining samples do not reveal hydrolysis. For
the former since there is not product detected at 7 d this does not affect the yield reported.
For the latter, the concentration at 7 d (the only time point with visible degradation) is similar
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to that of 3 d indicating the normalization does not introduce a considerable shift. This is
likely due to the fact that not only the template BA degrades but also the remaining strands in
solution in similar rates. The shift introduced due to backbone hydrolysis for ab and BA is
therefore similar not affecting much the normalized concentration and yield.

3.3.3 Loop-closing ligation

Functional RNAs possess folded secondary structures, which are essential for the molecular
evolution of early oligomers into functional RNA, such as ribozymes [9, 16,34,40]. However,
there exists an incompatibility between the folded structures involved in catalysis and the
unstructured RNA that serves as a template in copying chemistry [147]. Therefore, a mecha-
nism introducing non-copied regions, like loops and bulges, is considered a crucial step for
nucleic acid catalysis to emerge, not only diversifying information but also, more importantly,
introducing structure. To address this, a loop-closing reaction—where the template folds
back, attacking the cyclic phosphate of the primer attached to it—was tested. This reaction
yields a product with a hairpin as a secondary structure when using primer a<P and template
BA, as depicted in the schematics shown in Figure 3.12.

Figure 3.12: Scheme of loop-closing reaction, in the absence of primer b. Loop-
closing reaction occurs when the 5′-OH group of the template BA attacks the cyclic
phosphate on primer a forming a product herein named aAB. The cyclic phosphate
can also hydrolyse in a competing side-reaction yielding the inactive primer a-P.

Figure 3.13: Loop-closing reaction product aAB formation kinetics. a, PAGE gel
showing the loop-closing ligation reaction done over the course of one week, at pH 9
(buffered with Bis-Tris propane adjusted with NaOH) and 25°C. b, Concentration of all
intervening strands measured with HPLC UV detection 260 nm. Reaction contained
1 µm primers, 1 µm template, 50 mm Bis-Tris propane and 1 mm MgCl2.

To test the feasibility of loop-closing ligation, an equimolar mixture of the RNA strands was
prepared (1 µM of a<P and BA), with 1mMMgCl2 at pH 9 and 25°C and followed the reaction
over the course of 7 days both through PAGE and HPLC with the data shown in Figure 3.13 a
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and b respectively. The loop-closing product aAB is detectable after about 2 h and reaches
a plateau around 0.25 µM after about 3 d. Both the kinetics and yield of this reaction are
comparable to the ligation of primer a<P and b on the template discussed in Section 3.3.2. This
also supports the idea that the ligation step is the limiting rate-determining step. Annealing
should be fast enough such that one-strand on a template vs. two-strand on a template does
not significantly affect the ligation rate.

3.3.4 Reverse system

To complete a full replication cycle, it is imperative that both strand separation occurs and that
the ligated product can serve as a template to ligate two shorter segments, thereby producing
an exact copy of the original template (as the product of the initial step is merely the reverse
complement). To assess the feasibility of the second step in this process, a ’reverse system’
was devised. Here, the product sequence ab now acts as a template, with primers A>P and B
ligating to form BA, effectively replenishing the initial template, Figure 3.14 a. Additionally,
to distinguish the strand abT from ab, it bears AAA overhangs both at the 3′ and 5′ ends.
Similarly, the primers B and A>P feature AAAAA sequences to differentiate them from a>P
and b in a gel. This also ensures that the product from the ligation, BAp, is distinguishable
from BA.

Figure 3.14: Reverse ligation that produces the template BA. a, Scheme of reverse
ligation reaction, where primers A and B bind to the product ba, here acting as a
template, in order to yield BA, the template of the forward reaction shown in Figure
3.3. b, PAGE gel showing the reverse ligation reaction done over the course of one day
at pH 10 and 5°C. b, Concentration of all intervening strands measured with HPLC UV
detection 260nm. Reaction contained 1µm primers, 1µm template, 50mm CHES buffer
pH 10 and 1mm MgCl2.

In order to investigate ligation with the reverse system, an equimolar mixture of all the
intervening RNA strands was prepared (1 µM of A, B and abT , at pH 10 (50 mM CHES buffer)
and 5°C with 1ũnit MgCl2 and the reaction was follwed over the course of 24 h both through
PAGE and HPLC with the data shown in Figure 3.13 b and c respectively. The ligation kinetics
and yield are similar to those of the ’forward system’ in 3.8 and the loop-closing system in 3.13.
The implementation of a full cycle may still pose some challenges. Firstly, strand separation
has to be compatible in these conditions. Even though the MgCl2 is low, the temperatures
are also cold, still potentially above Tm. Non-equilibrium systems with air-water interfaces
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have shown however that Mg2+ concentration in this same order of magnitude is compatible
with both strand separation and ribozymatic activity [114]. Additionally, continuous feeding
of primers should occur concomitantly to the strand separation such that the cycles can
proceed. An air-water interfacewith continuous feedingwould allow for both the denaturation
and replenishment of activated primers, without necessarily high temperature which could
degrade the cyclic phosphate and the RNA backbone.
The type of linkages formed on the product strand may also affect the viability of the full

replication cycle. On the one hand, a 2′-5′ linkage affects the structure of the RNA strand [121]
which may affect sterical orientation of the 5′-OH and >P in the attached primers. It has
however been shown that the structural effect can be compensated for on the global structure,
in case the relative amount of 2′-5′ linkages would be small, which is the case here. On the
other hand, the destabilising properties of 2′-5′ linkages could also play a role in facilitating
strand separation [38,46,65, 144]. To test the regiospecificity of the reaction, a study on the
type of phosphodiester linkage formed through ligation was performed and is presented in
Section 3.3.5.

3.3.5 Phosphodiester linkage

Figure 3.15: Linkage analysis of the reaction product ab through digestion with
Nuclease P1. Scheme of the ligation site with a 2′–5′ linkage (a, blue) and a 3′–5′

linkage (b, purple). c, Total product yield obtained for three condition sets, with the
corresponding relative amount of 2′–5′ and 3′–5′ linkage. The ligation with 2′,3′-cyclic
phosphates does not exhibit regioselectivity, as both linkages are equally represented
for the studied conditions. After the reactions with 10 µm primers, 10 µm template,
50 mm CHES pH 10 and 1 mm MgCl2, they were digested with Nuclease P1 (Section 3.5.6).
The concentrations of the samples before and after digestion were measured with
HPLC UV detection at 260 nm, Section 3.5.6. Data represents the mean of independent
duplicates. d, PAGE gel showing the reverse system ligation reaction, where the ab
template strand has a 2′–5′ linkage. The product BA still forms showing that a template
containing a 2′–5′ linkage does not hinder ligation. Reaction contained 1 µm primers,
1 µm template, 50 mm CHES buffer pH 10 and 1 mm MgCl2.

The attack of the 5′-OH on the cyclic phosphate (Figure 3.3 b) can form either a 2′–5′ or a
3′–5′ phosphodiester bond (Figure 3.15 a and b respectively). This happens due to the similar
nucleophilicity of both the 2′ and 3′-OH groups of the ribose [121]. Previous studies on the
polymerization and ligation with cyclic phosphates have reported varying ratios of 3′–5′ to
2′–5′ linkages, depending largely on the experimental conditions. For example, dry state
polymerization resulted in a natural linkage enrichment ratio of 2:1 [136,139], while an aqueous
state (with 0.5 M diamine, pH 8 and 0°C) was reported to lead to at least 97% of 2′–5′ [107].
Templated cleavage and ligation at 25°C, pH 9 and 5 mMMgCl2 in an aqueous solution was
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reported to also show a predominance of 2′–5′ linkages (about 95%) [78]. Conversely, templated
ligation in the eutectic phase resulted in an excess of 3′–5′ linkages [141]. For templated ligation
reaction described here, no significant regioselectivity under the tested conditions was found
(Figure 3.15 c). This difference in comparison to previous studies is potentially due to different
systems and conditions tested. To investigate this, the reaction was quenched by ethanol
precipitation and the samples were digested with Nuclease P1 following the manufacturer’s
protocol (3.3.5). Nuclease P1 specifically lyses the 3′–5′ linkages, which in this case would
digest all the strands a, b and BA completely but digest ab either completely, or result in a UC
dimer.
The concentration of total product pre-digestion and UC dimer post-digestion were de-

termined using HPLC UV absorbance (3.3.5). Both types of linkages were formed equally
(Figure 3.15 c) indicating that the reaction is not regioselective. However, a slight enrich-
ment of the canonical linkage over time for the 5°C conditions can be seen, possibly due
to the favored hydrolysis of 2′–5′ linkages, particularly in double-stranded RNA in alkaline
solutions [110]. The presence of non-canonical linkages however, does not render the prod-
uct strands obsolete. Such mixed backbone RNA have been demonstrated to still fold into
functional structures [121]. The stability of the RNA duplex has been documented to be
reduced for strands fully composed by 2′–5′ linkages in comparison for RNA with canonical
linkages [46, 144]. For this system however, one single 2′–5′ linkage at the ligation site would
likely not have a considerable destabilizing effect, as the duplex could accommodate for
the structural disruption [121]. Furthermore, a reaction with ab containing a 2′–5′ linkage
at the ligation site was performed (Figure 3.15 d) with equimolar amounts of primers A, B
and template ab (1 µM)) in 50 mM CHES pH 10 and 1mMMgCl2. It was shown that ab can still
template the formation of BA through >P mediated ligation, highlighting the possibility of a
replication cycle.

3.3.6 Sequence dependence

The sequence dependence of ligation was investigated through NGS sequencing, focusing
on the effect of randomizing three nucleotides closer to the ligation site on primer a, while
keeping primer b and template ab constant. The experiment with the randomized primer
a conducted at pH 9 with equimolar amounts of primers and supplemented with MgCl2,
the reaction proceeded for 24 h at 25°C. With a fixed template sequence (5′ ACU 3′), the
study anticipated an enrichment of the reverse complement at positions crucial for ligation,
indicating a preference for specific nucleotides ( U in Na, G in Nc, and A in Ne) in the ligated
product. Both the initial mixture (t0) and the ligated mixture underwent sequencing, followed
by quality trimming and RegEx filtering to isolate reads containing the exact sequence of
non-random stretches in the primers or the template, Section 3.5.9.
Analysis of the relative abundance of nucleotides at t0 for the randomized primer in posi-

tions Na, Nc, and Ne revealed an initial synthesis bias. Notably, G and U were enriched by
over 25%, while A was depleted at the ligation site, serving as a reference bias for comparison
with the final bias observed. This provides an idea about the initial synthesis bias of the
randomized stretch. For instance, G and U are enriched (>25%) in the position at the ligation
site, whereas A is depleted. This serves as the reference bias to compare the final bias to.
In Figure 3.16 c the bias observed in the three initially randomized position nucleotides of
the ligated product (incorporation bias) shifted. The relative enrichment of the product ab
through ligation, in comparison to the reference, primer a at t0, is shown in Figure 3.16 d.
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The closer the position is to the ligation site (Na>Nb>Ne), the more enriched it is, relatively,
in the reverse complementary nucleotide. While Ne did not show a relative enrichment to
A , Nc has a 15% enrichment towards G and Ne has an enrichment of almost 40% towards
U . This result highlights the importance of primer-template binding for successful ligation,
particularly for the nucleotides at the ligation site.

Figure 3.16: Sequence dependence in the segment of primer a close to the ligation
site assessed by NGS. a Schematics showing the positions of primer a that were
randomized. b Bias of randomized positions Na, Nc and Ne of primer a assessed by NGS
(Section 3.5.9) corresponding to the RNA synthesis bias. c Bias of the same positions
in the ligated product ab corresponding to the incorporation bias. d Percentual
enrichment in the same positions, normalizing the bias of the product ab in c with
the initial synthesis bias of the primer a in b.

In order to investigate in detail how the ligation site nucleotides affect ligation, both the
intervening nucleotides on primer a (Na) and b (Na) were varied. The reaction was conducted
with each of the 16 different nucleotide combinations (four each on 3′ end of a and 5′ end of
b) at the ligation site, while keeping the template sequence fixed (Figure 3.17 a). Additionally,
two different templates were tested, one with GA and the other with UA at the position
complementary to ligation site. Except for the ligation site, the remainder of the sequence
was fully complementary to the template. These reactions were carried out at pH 10 and
5°C for 7 d. Figure 3.17 b and c show that of all the combination of the primers tested, the
highest yield of ab is obtained for the sequence with the correct nucleotides at the ligation site
(marked in red, CU for the template GA and AU for the template UA ). However, mismatched
ligations did occur, albeit with much lower relative yields, which were especially reduced for
the template UA .
Interestingly, G : G wobble pairing of the 5′ U of primer b at the ligation site led to a high

relative yield (78%) compared to the complementary primers for the template GA . When
considering one single mutation at the ligation site either on a or b, the reaction yield drops on
average by 91% or 82% respectively, relative to the non-mutated complex. This is considered
to be the ligation fidelity for one mutation. If two mutations at the ligation site are considered
(on both the 5′ and 3′ nucleotides), the average experimental yield drops to 12% (template
AG ) and 5% (template AU ) and thus the ligation fidelity for the respective template is 88%
and 95%.

3.3.7 Per-nucleotide fidelity

A prebiotic replication through ligation would take place from a diverse pool of oligonu-
cleotides consisting of different sequences of varied lengths. In such a scenario, the likeli-
hood of unstable primer template complexes is high. Two contributions of the nucleotides
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Figure 3.17: Ligation site specificity for two different templates sequences. Reaction
yields at 7 days were quantified for reactions with primers containing each of the
possible four nucleotides the 3′ end of a (Na) and 5′ end of b (Nb) leading to 16 primer
combinations. a, Schematics of the ligation sites and the two templates tested. The
templates differed only at the dimer complementary to the ligation site, with either 5′

GA 3′ (b) or 5′ UA 3′ (c). The maximum yield obtained in both cases was for the
correct combination of complementary primers (nucleotides highlighted in red). G : U
wobble pairing is represented as a tilted nucleotide in the cartoon representation. For
most combinations, one single mutation at the ligation site reduced its relative yield
considerably or prevented ligation, even though the second primer is fully bound to
the template. The snippet below the heat map in (b and c) corresponds to the PAGE
of the bottom row, showing the ligated product ab. Reactions were performed with
10 µm primers, 10 µm template, 50 mm CHES pH 10 and 1 mm MgCl2 for 7 days at 5°C.
Data are represented as mean of independent triplicates.

Figure 3.18: Per-nucleotide fidelity over primer length. The fidelity of ligation was
extrapolated to a per-nucleotide replication fidelity using primers of varying length
using single-mutation sensitive binding calculation of the primers with NUPACK (Sub-
section NUPACK Analysis). The fidelity dropped for longer primers. Also, a G at the
ligation site lead to lower fidelity due to the G - U wobble pairs (Section 3.3.6).

surrounding the ligation site can be identified to have a significant effect on the stability of
the complex, the amount of mismatches and the length of the binding region. To compare
the performance of the ligation with a base-by-base replication, the per-nucleotide replica-
tion fidelity was calculated. This corresponds to the minimum fidelity that a base-by-base
replicator would require, for each incorporation, to create the same number of errors within
the ligated strand.
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Figure 3.17 b and c suggests significant reduction in the ligation yield (80% or 94% on
average) when the ligation site nucleotides are mutated. This in turn suggests that the
positioning of the two nucleotides at the ligation site is crucial for the attack of the 5′-OH
on the >P. Nevertheless, the role of the other nucleotides of the primer sequence cannot
be disregarded, as the overall stability of the primer-template complex is also important to
the templated ligation. Two contributions regarding the surrounding nucleotides can be
identified to have a significant effect on the stability of the complex.
The first contribution regards the sequence mismatches between the primers and the

template. Here, the destabilizing, and hence ligation-inhibiting effect scales with the number
ofmismatches and their proximity to the ligation site (not including the site itself). The second
contribution regards the overall length (L) of the base paired region given no mismatches. At
a given temperature, the stability of the RNA duplex would scale with the length. Summarized,
the ligation reaction depends on both the probability of the duplex formation combined with
the probability that the ligation site nucleotides are bound and in proper orientation. While
the role of the ligation site nucleotides has been determined experimentally (Figure 3.17 b and
c), the role of the complex formation and its dependence on the introduction of mismatches
to the primer-template complex was determined by binding analysis on NUPACK [154]. The
contribution of point mutations to duplex stability has been extensively studied in the context
of PCR primer design [45,74, 125].

NUPACK Analysis

The binding analysis of the ligation complex was performed using the NUPACK Python
module [45, 154], which was accessed through a self-written LabView interface. Primary
inputs for the analysis were the sequences of the three strands, the model parameter, and
constraints for the introduction of mismatches to the primer-template complex, which we call
mutations in the following text. For the complex analysis, only the nucleotides surrounding
the ligation site, but not the two ligating nucleotides themselves were mutated to estimate
the error rate of the ligation with respect to the overall sequence of the primers. Then both
were combined to calculate the overall fidelity.
First, the equilibrium concentration of the primer-template complex without any mutation

in the sequences is calculated (C0). For the case of one mutation, each nucleotide is varied
consecutively and equilibrium complex concentration (C1) is calculated for each case. Then,
the equilibrium concentrations of the structures in which the nucleotides involved in the
ligation process are bound to the template are calculated (C1,b). The binding error rate(
εduplex,1

)
is calculated as the ratio of the average of C1,b to C0, as shown in Equation 3.14.

εduplex ,1 =
(
∑

C1,b) /N

C0
(3.14)

where N is the number of possible mutants.
Identical analyses were done for two mutations (inclusive of all possible variants of the two

mutations) and for the case of shorter strand lengths by successively removing one nucleotide
from each side, furthest away from the binding site.
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Fidelity calculation

The per-nucleotide replication fidelity (f) is defined as the probability of correct nucleotide
incorporation by a base-by-base replicator. This corresponds to the inverse of the error rate
(ε) associated with each nucleotide incorporation and is given by Equation 3.15.

f = 1− ε (3.15)

For the described replicative system based on templated ligation, mutation of one or more
bases reduces the product yield or completely impairs reaction (Figure 3.17). This residual
yield obtained upon mutation corresponds to a ligation error rate which when combined with
the error rates in the complex formation, can be used to calculate the per-nucleotide fidelity
i.e., the fidelity of a base-by-base replicator that would produce the same number of errors
within the product strand.
Taking a symmetric system with two primers of length L bound to a template of length

2 L, associated with a ligation error of εligation then the corresponding single-base f would be
given by Equation 3.16.

f = 2L

√
1− εligation (3.16)

Mutating different nucleotides at different positions of the primers will have a different
impact on the εligation: It can be expected that mutations further away from the ligation site
will mostly affect the duplex stability, while mutations at the ligation site will affect mostly
the viability of the nucleophilic attack. In order to quantify this effect, we define the error
rate εsite as the probability for a successful ligation despite a non matching nucleotide-pair
at the ligation site, and the error rate εduplex as the corresponding probability for successful
ligation despite a mutation in the remaining positions within the primer. The overall average
ligation error rate for one allowed mutation εligation,1 is then given by Equation 3.17.

εligation,1 =

3 ·
(

2L− 2
1

)
εduplex,1 + 3 ·

(
2
1

)
εsite,1

3 ·
(

2L
1

) (3.17)

Where 3 ·
(

2L− 2
1

)
corresponds to the number of possible single mutations outside

of the ligation site, since there are 2 L nucleotides in total, 2 nucleotides at the ligation site

and there are 3 possible ways to mutate each position. Following the same logic 3 ·
(

2
1

)
corresponds to the number of possible single mutations in the ligation site and 3 ·

(
2L
2

)
to

the total number of possible single mutations.
Similarly, for the case of two mutations, there can be two mutations outside the ligation

site, two in the ligation site or one in each. It follows that εligation,2 is then given by Equation
3.18.
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εligation,2 =

32 ·
(

2L− 2
2

)
εduplex,2 + 32 ·

(
2
2

)
εsite,2 + 32 ·

(
2
1

)
εsite,1

(
2L− 2

1

)
εduplex,1

32 ·
(

2L
2

)
(3.18)

For the particular system described in Figure 3.3 the εsite,1 and εsite2 were obtained experi-
mentally from the data in Figure 3.17 b and c, as it corresponds to the average yield obtained
following one or twomutations at the ligation site, respectively. Through the NUPACKAnalysis
εduplex,1 and εduplex,2 were obtained by successively mutating the duplex regions excluding
the ligation site. The ligation error rates and the corresponding per-nucleotide replication
fidelity for each of the cases is summarized in Table 3.2.

Table 3.2: Average ligation error rate associated with mutations of the ligation
site nucleotides (εsite ) and of the remaining nucleotides

(
εduplex ) for 1 or 2 point

mutations. εsite values were determined experimentally and correspond to the average
relative yield obtained upon one mutation in the ligation site. εduplex corresponds
to the relative concentration of complexes with the ligation site nucleotides bound,
upon one mutation not in the ligation site, in relation to in the absence of mutations
and were computed with NUPACK.

1 mutation 2 mutations
εduplex1 εsite,1 f1 εduplex,2 εsite,2 f2

Template AG 0.93 0.20 0.89 0.85 0.12 0.93
Template AU 0.86 0.06 0.92 0.71 0.05 0.96

Fidelity for systems with primers of different lengths considering 1 mutation

As discussed, the length of the primers affects the stability of the duplex and single mutations
on shorter primers are expected to have a more deleterious effect on the ligation. This would
suggest an increased fidelity for replication of short primers.
Single mutations were performed to study how the per-nucleotide fidelity changes with

length in systems composed of primers between 4 and 2 nt long. Starting with the system
described in Figure 3.3 and Table 3.1 nucleotides were removed from the primer terminus
farthest away from the ligation site to obtain sequences with length 4 to 7 nt. For the sequences
between 9 and 12 nt, U , UA , UAC , UACG were added to the same terminus, respectively.
Because the ligation site was kept constant, the experimental εsite, was used for each of
the templates. The εduplex,1 was computed with NUPACK by performing all possible single
mutations outside the ligation site. The obtained values are presented in Table 3.3.
Using Equation 3.17, the ligation error rate

(
εligation,1

)
for one point mutation is calculated

by substituting the values of
(
εduplex ,1

)
for each length and the values of

(
εsite,1

)
from Table

3.2, depending on the template sequence. The per-nucleotide fidelity corresponding to one
point mutation (f) was calculated using Equation 3.15. In general, fidelity decreases with
primer length as each mutation becomes detrimental to the duplex stability.
Additionally, the template with G at the ligation site has a generally lower fidelity because

both εsite,1 and εduplex,1 are higher. This is a result of the stronger G : C binding, which
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Table 3.3: Average ligation error rate associated with one mutation outside the liga-
tion site

(
εduplex, ,1

)
for systems with primers of different lengths. Values correspond

to the relative concentration of complexes with the ligation site nucleotides bound,
upon one mutation, in relation to in the absence of mutations and were computed
with NUPACK.

Length (L) 4 5 6 7 8 9 10 11 12
Template AG 0.37 0.22 0.48 0.88 0.93 0.94 0.95 0.95 0.96
Template AU 0.09 0.13 0.19 0.67 0.86 0.88 0.92 0.92 0.93

increases the stability of the duplex despite mutations and G : U wobble pair at the ligation
site which increases the error εsite,1.

3.3.8 Shorter systems

Figure 3.19: Shorter primer:primer:template systems with 6-mer or 4-mer base-
paired region. Ligation product ab was detected for both systems through PAGE gel
at both -20°C and 5°C, after reaction for 7 days with 100 µm of primers and templates
each (CHES pH 10 with 10 mm MgCl2). The primers for the 4-mer system are 7 nt long
and therefore not well detected through PAGE analysis. Three independent replicates
were analyzed with HPLC UV absorbance as described in Section 3.5.7 and 3.5.8 and
the obtained yields are reported under the gel.

As most non-enzymatic oligomerization reactions yield mostly very short strands and the
fidelity increases for shorter lengths as concluded in Section 3.3.7, the limit of primer length
was tested by reducing the system in Figure 3.3 to 6-mer and 4-mer binding regions, removing
nucleotides from the outer regions of the primers, Figure3.19 a and b respectively. This
assured the GC -content stayed about the same as for the longer system. This length excludes
the poly-adenosine overhangs added for PAGE detection. Due to the shorter binding region
the duplex is less stable. Hence, the systems were assessed at lower temperatures (both 5°C
and -20°C) at pH 10, 1 mMMgCl2. Note that for the 4-mer primers had a length of 7 nt and
thus were not discernible in the gel. However, the product was visible for both systems at
all tested temperatures, except at -8 °C which served as a negative control. The yield of the
reaction was quantified using HPLC UV absorbance for independent triplicates. For the 6-mer
primer system, the yield was higher at 5°C than at -20°C, whereas for the 4-mer system, the
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opposite was true. The ligation and dissociation rates are higher at higher temperatures, so
the optimum ligation temperature differs depending on the duplex length and, therefore, its
stability. Under the lowest yield conditions, the product was visible through PAGE but not
detectable through UV absorbance, possibly reflecting the method’s lower limit of detection.
The obtained yields at 7 days were very low (about 3%) for the 4-mer primers. This suggests
that to stabilize the duplex for short oligonucleotides, a compromise between the slower rate
of ligation and the low probability of duplex formation must be made.

3.3.9 Ligation through concatenation

Figure 3.20: Assembly of long RNA via splinted ligation of 2′, 3′ cyclic phosphate
containing oligonucleotides. a, Schematics of sequence design. Two strands (c and
d) with complementary sub-regions and not corresponding to the complete reverse
complement, bind to form a long chain with repeating units of each. Both c and d
contain 2′, 3′-cyclic phosphate, and the ligation can yield all possible length multiples
of the initial strands. For the case where c and d are 16-mer long, denaturing PAGE of
ligation reaction at -80°C, -20°C(frozen) and 5°C (b) revealed products of up to five
concatenations. The concentration of each ligation product (up to n=5), obtained from
the PAGE quantification analysis, is plotted in c. Similarly, for an initial strand size of
8-mer, denaturing PAGE (d) and product concentration (e) are shown. The optimal
temperature for splinted ligation depends on oligomer length, as 5°C yields higher
concentration for 16-mer while -20°C is better for 8-mer. Reaction were performed
with 10 µm primers, 10 µm template, 50 mm CHES pH 10 and 1 mm MgCl2 for 7 days.
Data are represented as mean of three independent replicates.

After understanding that the non-enzymatic ligationwith 2′,3′ cyclic phosphates is a reliable
copying mechanism, we aimed to investigate the potential for elongation. This would have
been an important characteristic of a potential prebiotic replication mechanism, as it would
establish a link between non-templated nucleotide condensation and the faster replication
by long ribozymes, with tens or hundreds of nucleotides [54,58, 120].
Splint strandswith short (4- or 8-mer) binding regions that can both cross template and ligate

(Figure 3.20 a) were designed to explore the possibility of bridging these two oligonuceotide
length regimes. Each system has two strands (labelled c and d) with >P. The strands are
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designed such that the 5′ half of the strand d is a reverse complement to the 5′ half of c
and the same goes for the 3′ halves such that they bind and form a long network of ccc. . .
bound to ddd. . . . The formed secondary structure allows for multiple ligations resulting in
homopolymers of c and d. Figures 3.20 b and d show that up to 5 concatenations (n=6) could be
detected for both the 16-mer system (Figure 3.20 b) and 8-mer system (Figure 3.20 c) resulting
in 96- and 48-mer RNA respectively. Figures 3.20 c and e show the PAGE quantification of
the respective gels in Figures 3.20 b and d. For the shorter system, the yield was reduced by
about one order of magnitude for each additional concatenation, and was generally lower
than for the 16-mer system, which was likely due to the slower kinetics in frozen state at
-20 °C. Specifically for the case of the 16-mer at 5°C 5.1 µM of the strands were incorporated
into the concatemers, and 4.9 µM remain. The remaining strands c and d contain either the
active or inactive phosphate group, as the two species do not resolve through PAGE. For these
conditions, as for the system in Figure 2.2, it is hypothesized that the main limitation to the
yield is the hydrolysis of the cyclic phosphate. It is interesting to note that the maximum
yield for the 16-mer system was obtained at 5°C whereas for the 8-mer system it was at -20 °C.
This is likely resulting from the low duplex stability of the 4-mer duplex region at 5°C. This is
supported by the results of ligation with shorter systems (Section 3.3.8).
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3.4 Conclusion

A non-enzymatic replicator chemistry on the early Earth should have the capacity, under
plausible conditions, to elongate strands and undergo further replication steps all while being
highly accurate and processive. This work demonstrates that ligation with >P RNA fulfills
these criteria.
Firstly, we show that the template-directed replication mechanism, only requires salts for

stabilizing the duplex and alkaline pH making the ligation with >P RNA robust, reproducible
and high-yielding in both aqueous and frozen solutions. For the aqueous case, 38% yield was
observed in contrast to previously reported yield of 16% for similar reactions. It was found
that a combination of high pH and low temperature promotes ligation over the hydrolysis
of the cyclic phosphate moiety. Such conditions are thought to be plausible on early Earth,
where the fainter sun contributed to cold surface temperature that would still allow liquid
water [112]. Additionally, Hadean oceans were potentially alkaline due to the sequestering
of CO2 in carbonate minerals [62], and alkaline conditions present in freshwater volcanic
lakes [133, 134], have been proposed to foster early metabolism.
However, a fraction of the >P still hydrolyzes, which contributes to its incomplete conversion.

While the yield could be further improved by adding reagents that aid in the re-cyclization
of the monophosphate moiety, such as diamidophosphate in combination with imidazole
[123], this would increase the complexity of the system. Moreover, this reaction has low salt
requirements (1 mMMgCl2, Figure 3.5) ensuring RNA backbone integrity and compatibility
with strand separation. It can also proceed in a wide pH range, even un-buffered (Figures 3.5
and 3.6).
The elongation of short RNA was demonstrated with splinted systems that yielded up to

six-copy concatemers of short RNA strands of either 16- or 8-mer, resulting in long RNA on the
scale of 100-mer (Figure 3.20). This length range approaches the average length of replicating
ribozymes [54,58, 120], representing a significant step toward assembling functional RNAs
by plausible means. Even very short >P RNA fragments (with 4-mer base-pairing regions)
ligate under frozen conditions (Figure 3.19), establishing a bridge from the single nucleotide
condensation reactions, yielding very short RNA strands, to a regime where templated ligation
reactions could dominate.
Furthermore, we evaluate the copying accuracywith two templateswith varying nucleotides

at the ligation site. One single mutation at either the 3′ or 5′ end nucleotide resulted in a
reduction by more than 82% in yield (Figure 3.17), even when the remaining primer was en-
tirely complementary. To compare with a base-by-base replication, such as primer extension,
we calculated a yield of 89% that each nucleotide addition should have in order to obtain
38% yield for adding eight nucleotides. If we would have chosen primers with length 4 to 6
nucleotides, we estimated that a base-by-base replicator offers a fidelity between 95% and
98% depending on whether the ligation includes a G -base or a U -base on the template,
respectively.
Contrary to previous studies on >P, we found that under the tested conditions, the reaction

was not regioselective, producing equal amounts of 2′–5′ and 3′–5′ linkages at the ligation site
(Figure 3.15). While approximately half of the linkages were non-canonical, we argue this
does not diminish the applicability of the reaction in a prebiotic context. Strands with 2′–5′
linkages have been shown to fold into functional structures [121], and these non-canonical
linkages have also been demonstrated to be more labile than 3′–5′ and have potential for
interconversion [59,62]. Furthermore, Figure 3.15 shows that the product abwith a 2′–5′ linkage
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at the ligation site could still template the reverse ligation reaction. The non-canonical linkage
in the template at the ligation site did not impede ligation, paving the way for exponential
replication cycles.
Strand-separation, driven by non-equilibrium environments with thermal, salt or pH oscil-

lations would allow for the implementation of a ligation chain reaction, similar to Edeleva
et al., with the added benefit of not generating deleterious side-products by a prebiotically
implausible EDC [37]. An air-water interface with continuous feeding would allow for both the
denaturation and replenishment of activated primers, without necessarily high temperature
which could degrade the cyclic phosphate and the RNA backbone6. This suggests that such
scenarios could provide a niche where the ligation reactions by 2′, 3′ cyclic phosphate could
evolve towards a ribozymatic replicator.
Considering these results, ligation with >P is an interesting framework to produce diverse

pools of long RNA that could undergo molecular evolution. The system described in the cur-
rent study enables the generation of long RNA, with high fidelity. This was demonstrated for
a range of lengths, sequence combinations, reaction conditions and temperatures suggesting
that ligation of RNA with >P holds a central position in the general conception of the RNA
world.

3.5 Experimental Realization

3.5.1 Nucleic acid sequences

Table 3.4: Oligonucleotide sequences used in the experiments. All the sequences
were ordered from biomers.net in lyophilized form and were diluted to a 200 µm stock
concentration in RNAse free water, and stored in the -80°C. All the primers with >P
were ordered with a 2′, 3′-cyclic phosphate. The polyadenosine overhangs were added
to the primer strands to be able to differentiate the ligation product and the template
through PAGE and HPLC.

Strand name Sequence Length (nt) Remarks

Primer a AAAGCAUCAGU >P 11 Sequences of the system pre-
sented in Figure 3.3. Template
BA is also denominated tem-
plate GA in Figure 3.17 of the
main text, to differentiate the
ligation site. Product ab is
used for HPLC quantification.

Primer b CUCAUAGGAAA 11

Template BA CCUAUGAGACUGAUGC 16

Product ab AAAGCAUCAGUCUCAUAGGAAA 22

Primer a- G AAAGCAUCAGG >P 11

Used for specificity of ligation
site (Figure 3.17).

Primer a- C AAAGCAUCAGC >P 11

Primer a- A AAAGCAUCAGA >P 11

Primer b- G GUCAUAGGAAA 11
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Strand name Sequence Length (nt) Remarks

Primer b- A AUCAUAGGAAA 11

Primer b- U UUCAUAGGAAA 11

Template BA- AU CCUAUGAUACUGAUGC 16

ab (2′ − 5′) AAAGCAUCAGU(2′-5′)CUCAUAGGAAA 16
The ligation site linkage is 2′−
5′. Used for UV absorbance
calibration of the linkage as-
say (Section 3.3.5).

Primer a - short 6 AAAAUCAGU >P 9

Used to test shorter primer-
primer-template systems and
their ligation yields (Figure
3.19). 6 and 4 correspond to
the binding region excluding
overhangs. The product was
used for UV absorbance cali-
bration.

Primer b - short 6 CUCAUAAAA 9

Template BA - short 6 UAUGAGACUGAU 12

Product ab - short 6 AAAAUCAGUCUCAUAAAA 18

Primer a - short 4 AAACAGU 7

Primer b - short 4 CUCAAAA 7

Template BA - short 4 UGAGACUG 8

Product ab - short 4 AAACAGUCUCAAAA 14

Splint c GCAUCAGUCUCAUAGG >P 16

Used for ligation through con-
catenation (Section 3.3.9).

Splint d ACUGAUGCCCUAUGAG >P 16

Splint c - short 8 GCAUCAGU 8

Splint d - short 8 AUGCACUG 8

Primer A AAAAACCUAUGAG 13 Used for ligation of the reverse
system (Section 3.3.4).Primer B ACUGAUGCAAAAA 13

Template BA CCTATGAGACTGATGC 16

RNA oligonucleotides were purchased in dry form from biomers.net and then adjusted to a
stock concentration of approximately 200 µMwith nuclease-free water (Ambion nuclease-free
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water from Invitrogen). The stocks solutions were stored at -80°C and thawed a maximum of
five times. All the sequences used in this project are presented in Table 3.4.

3.5.2 Sample preparation

Non-enzymatic ligation reactions were performed with equimolar amount of primers and
template (1 µM for the screening experiments and 10 µM for the sequence specificity, splinted
ligation experiments and shorter systems and 20 µM for the Nuclease P1 digest analysis). The
concentration was increased in order to facilitate analysis for lower yield samples. The salts
were always kept at 1mMMgCl2 (Ambion) unless stated otherwise. Time points were varied
between 0 h and 168 h and temperature between -20°C and 25°C (-80 °C served as the negative
control). The indicated pH for each experiment (pH 9-11) wasmaintained with 50mM of buffer,
either CHES, Tris of Bis-Tris Propane.

3.5.3 Ethanol precipitation

After ligation, the samples were quenched and purified through ethanol precipitation. To
each of the samples, 20 µg of glycogen (Sigma) and 500 mM ammonium acetate (Sigma) were
added. To this, 3 volumes of cold 100% ethanol (Carl Roth) were added and the samples were
incubated at -80°C for 30 min. The samples were then centrifuged at 15000 rpm for one hour
at 4°C. The obtained pellets were washed with cold 70% ethanol and centrifuged at 15000 rpm
for 10 min at 4 °C. The resulting pellets were air-dried and dissolved in the required volume
of nuclease-free water (Ambion) for downstream analysis.

3.5.4 Denaturing PAGE

PAGE was used to analyze and quantify the length distribution of the strands obtained at
different time points of polymerization. The samples were run in a denaturing 15% poly-
acrylamide made from a 40% acrylamide/bis-acrylamide (19:1) stock solution (Carl Roth) and
contained 50 wt% urea and 1x TBE (from 10x, Carl Roth) and polymerized with TEMED and
APS. Each gel has a thickness of 0.75 mm and approximately 5 mL of the gel mixture. The gel
mixture was prepared with 5 mL of the 15% PAA mixture, 25 µL of APS and 2.5 µL of TEMED.
The gels were pre-heated in the electrophoretic chamber at 300 V for 27 min. The samples

were then loaded, in a mixture with a ratio of 2:7 of sample to loading dye. Loading dye is
prepared in-house (for 10 mL: 9.5 mL formamide, 0.5 mL glycerol, 1 µL EDTA 5 (0.5 M) and
100 µL Orange G dye (New England BioLabs). The samples were at 50 V for 5 min followed by
300 V for 25 min. After the run, the gels were stained with a 2x SYBR Gold (Thermo Fischer
Scientific) dilution in TBE buffer 1x. They were then rinsed with 1x TBE buffer twice and
imaged using a Bio-Rad ChemiDoc MP imaging system.

3.5.5 PAGE quantification

The ligation of splinted strands (Figure 3.20) yields long RNA strands (up to 100-mer). To
estimate the concentration of these strands, SYBR gold stained gel imageswere analyzedwith a
self-written LabVIEW tool which extracts the peaks intensity for all the lanes, subtracted from

5short for ethylenediaminetetraacetic acid
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background. To convert this data to a concentration distribution, the following presumptions
were taken into account:

• SYBR Gold fluorescence intensity is linear with oligonucleotide concentration at the
working conditions (i.e. 2X) as the SYBR Gold binding sites are saturated [66].

• For a given concentration of oligonucleotides, SYBR Gold fluorescence increases linearly
with strand length [67].

The initial concentration of the strands was 10 µM concentration (for example, Figure 3.4)
and 22 and its length was either 16-mer or 8-mer, depending on the splinted system. Knowing
this, we could determine the concentration of the elongated fragments through normalization.
For the normalization, the total intensity of the SYBR gold for the negative control (in the
same gel) was used as a calibration point for 10 µM, from which the concentrations of other
strands were derived. This was done for three independent triplicates.

3.5.6 Nuclease P1 digestion

Nuclease P1 digests the canonical 3′–5′ linkages of both RNA and DNA into acid soluble
nucleotides, but it does not cleave 2′–5′ linkages. While the Nuclease P1 is regarded as a
single-strand specific nuclease, it has been demonstrated to cleave long structured RNA such
as tRNA, rRNA and viroid RNA at pH 5.3. The product of ligation reaction in our experiments
can have both 3′–5′ and 2′–5′ linkages at the ligation site, while the rest of the backbone is
3′–5′ linked. Thus, upon digestion, the strand with 3′–5′ linkage at the ligation site would be
completely cleaved as well as all the phosphodiester bonds of the template and the unreacted
primers, and of the 2′–5′ linked product except the dimer with the 2′–5′ linkage.
The ligation reactions were prepared as described above (20 µM each strands in 20 µL) and

incubated for 24 h at 25°C and for 72 h and 168 h at 5°C. A sample kept at -80°C served as
the negative control for ligation. After ligation, the samples were purified through ethanol
precipitation and then redissolved in 20 µL of nuclease-free water. A 2 µL aliquot of the
precipitated sample was taken and diluted to 20 µL for the HPLC quantification of the product.
Additionally, for calibration, a synthetic product ab strand was purchased to contain 2′-5′
linkage at the ligation site (Product ab 2′-5′). A dilution series (20 µM to 0.625 µM) of the
Product ab 2′-5′ was made in 20 µL. More details about peak identification and quantification
of the UC dimer shown are shown in Appendix 3.A). For the digestion by nuclease P1, the
remaining 18 µL volume of the sample and that of the 2′–5′ linked standard dilutions were
used.
The Nuclease P1 (New England Biolabs Inc., M0660S) is supplied as a solution of 100,000

Units/mL along with a vial of 10X Nuclease P1 Reaction Buffer (B0660S). A 2X enzyme mix
was prepared such as to contain 2X buffer and 0.56 units of enzyme/µL. For the digestion,
18 µL of the samples (and 2′–5′ product standards) were mixed with 18 µL of the 2X enzyme
mix. Thus, the final digestion mixes contained 10 Units of enzyme, 1X reaction buffer (50 mL
Sodium Acetate pH 5.5) and 360 pmol of each oligonucleotide. These digestion mixes were
then incubated at 37°C for 30 min, following which the enzyme was heat inactivated at 75°C
for 10 min.
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3.5.7 HPLC-UV absorbance

Ion-pairing reverse phase HPLC experiments were carried out on an Agilent 1260 Infinity II
LC System coupled to Agilent 1260 Infinity II DAD WR detector and an Agilent 6230B ESI TOF
Mass spectrometer. A C18 capillary column (AdvanceBio Oligonucleotide 4.6x150 mm with
particle size 2.7 µm, Agilent) was used to perform reverse phase liquid chromatography. The
temperature of the autosampler was set to 4°C. The mobile phases consisted of two eluents.
Eluent A was HPLC water (Sigma-Aldrich), 200 mM HFIP (Carl Roth GmbH), 8 mM TEA (Carl
Roth GmbH). Eluent B was a 50:50 (v/v) mixture of water and methanol (HPLC grade, Sigma
Aldrich, Germany), 200 mM HFIP, 8 mM TEA. The injection volume was 20 µL.
The samples were eluted with a gradient of 20% B to 55.5% B over the course of 18.5 min

with a flowrate of 1.5 mL/min at 60°C. Afterwards the column was flushed at 100% Eluent
B for 3.31 min and then re-equilibrated at 20% Eluent B for 3.67 min. Retention times were
analyzed via a UV Diode Array Detector (Agilent 1260 Infinity II Diode Array Detector WR
G7115A) at 260 nm with a bandwidth of 4 nm. A standard solution was prepared at known
concentration of strands and, using the auto-sampler, different volumes of the standard
solution were injected. This was used to make the calibration curve. The peaks in the UV
chromatogram were assigned based on the mass spectrum obtained in negative mode. The
ionization parameters are – drying gas temp: 325°C, drying gas flow: 8 L/min, nebulizer
pressure: 35 psi, sheath gas temp: 350°C, sheath gas flow: 11 L/min, VCap: 3500 V, and nozzle
voltage 1000 V.

3.5.8 Quantification with HPLC

The quantification of strands (for Figures 3.7, 3.8, 3.11, 3.13, 3.14, 3.15 and 3.17) was done with
HPLC. The UV 260 nm chromatogram was integrated for each strand peak using MassHunter
Qualitative Analysis Navigator and the integrated values were used for the quantification.
Using a calibration curve of picomoles vs integrated values of the UV chromatogram the
concentrations of the strands were quantified. The concentrations of the strands were nor-
malized with respect to the template strand in the corresponding sample to correct for slight
pipetting variations. The concentration of BA can be observed in Figure 3.11, where the tem-
plate concentration varies slightly across different samples. For pH 11 at 25°C rapid hydrolysis
of the template is observed, whereas for pH 11 at 10°C, this is only significant for later time
points. The remaining samples do not reveal hydrolysis. Since most of the quantifications
done were for lower pH and/or temperature, it was assumed this did not introduce artifacts.

3.5.9 Illumina sequencing

All the samples were sequenced by the Gene Center Munich (LMU) using the NGS Illumina
NextSeq 1000 machine (flow cell type P2, 2 x 100 bp with 138 cycles for 50bp single-end
reads). 20 million reads were ordered for each sample. The raw sequencing data obtained, in
FastQ format, was processed in this order by demultiplexing, quality score trimming, and
regular expression filtering. Before sequencing, the samples were prepped using the SMARTer
smRNA-Seq Kit (Takara) for library preparation. Demultiplexing was performed with software
from Galaxy servers [2], provided by the Gene Center Munich. During sequencing, each read
base was assigned a Phred quality score Q = −10 log10 P , where P is the probability of an
incorrectly read base [39]. Using Trimmomatic [13] the low quality segments were trimmed by
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running a sliding window of 4 nt in the 3′ to 5′ end direction over the sequence that allowed a
minimum average Phred quality of 20, otherwise trimming at the leftmost base of the window,
corresponding to an average accuracy of at least 99%. To find the reads that contained a
ligation product ab the following RegEx was used in series:

(?<=AAAGCATC)(.*)(?=CTCATAGGAAA)
(∧[ATCG]3,3)

The first to obtain the intermediate region between the two primer sequences (as this
should correspond to the random region) and the second to filter only the 3-mer regions from
those. To obtain the random segment in the primer a in the t0 sample the following ReGex
was used:

(?<=AAAGCATC).*
∧.0,3

The first expression extracts the sequence right after the primer segment and the second
trims the first three nucleotides, which should correspond to the random segment of the
primer.

100



Appendix

3.A Identification of the 2′–5′ linkage by nuclease P1 digestion

Figure 3.21: UV chromatogram of the nuclease P1 digests of ligation reactions. After
the ligation reaction, the ethanol precipitated samples were digested with Nuclease
P1 (protocol described in section 3.5.6). Following the digestion, the digests were
analyzed by HPLC coupled to an ESI TOF mass spectrometer. The UV chromatograms
were obtained at 260 nm. Nucleosides monophosphate (likely 5′-) elute between
4-7 min following which two major peaks can be seen between 7 and 10 min. Inset
shows a zoomed-in view of the 7 to 10-min region, with arrows highlighting the peak
identities. A minor peak can also be seen at 14 min. The digests traces of different
samples are colored as following- black: -80 °C control; light blue: ligation at 5°C for
72h; deep blue: ligation at 5°C for 168h; red: ligation at 25°C for 24 h; green: 20 µm
2′-5′ linked product standard.

The analysis of the digested sample was done with the same HPLC system described in
Section 3.5.7. However, an updated method to resolve the mono- and di-nucleotide (up to 5-
mer can be resolved) was used: the column was kept at 30 °C and the flow rate was 0.6 mL/min.
The gradient startedwith 1%Eluent B for 4min afterwhich it was increased first to 4% in 3min,
then to 8% in 3.2 min, and 35% in 5 min. Following which the column was flushed with 100%
Eluent B and then re-equilibrated at 1% Eluent B for 7 min each. For the peak identification
by ESI TOF 6mass spectrometer in negative mode following ionization parameters were used -
drying gas temp: 325°C, drying gas flow: 8 L/min, nebulizer pressure: 45 psi, sheath gas temp:
400°C, sheath gas flow: 11 L/min, VCap: 3500 V, and nozzle voltage 2000 V.

6short for Electrospray Ionization Time-of-Flight
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Figure 3.22: Peak identification by mass spectrometry. a, UV chromatogram of the
nuclease P1 digests for the sample ligated at 5 °C for 168 hours. The inset shows
a zoomed-in view from 7-15 min showing three distinct peaks highlighted in black
(retention time: 7.5 min), blue (retention time: 8.5 min) and purple (retention time:
14 min). Nucleoside monophosphate peaks are between retention time 4 to 7-minutes
and are marked with the braces. b, Background subtracted mass spectra extracted from
the highlighted region shown in the UV chromatogram in a. Three major distributions
can be seen in the black spectrum- m/z of 166.99 and 334.99 depict HFIP and its
adducts which is present in the HPLC eluents as buffer along with TEA. The next
prominent distribution is for the m/z of 628.07 which corresponds to the m/z of the
UC dimer. Similarly, major peak in the blue spectrum at m/z of 384.99 corresponds

to 2′,3′-cyclic, 5′- Uridine bisphosphate and the major peak in purple spectrum at m/z
402.99 corresponds to UDP 7 (or Uridine (2′)3′, 5′ bisphosphate). The adjoining spectra
to each of the full spectrum shows a zoomed-in view of the corresponding m/z.

The UV chromatogram of different digests and that of 2′-5′ linked product standard is
presented in Figure 3.21. With the HPLC method (Section 3.5.7), the non-interacting species
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Figure 3.23: Confirmation of the UV peaks by extracted ion chromatogram. a, (same
as Figure 3.22 a) UV chromatogram of the nuclease P1 digests for the sample ligated
at 5 °C for 168 hours. The inset shows a zoomed-in view from 7-15 min showing
three distinct peaks highlighted in black (retention time: 7.5 min), blue (retention
time: 8.5 min) and purple (retention time: 14 min). Nucleoside monophosphate peaks
are between retention time 4 to 7-min and are marked with the braces. b, Using
the theoretical m/z of the molecules identified with their retention times and mass
spectra, the ion chromatograms were extracted. This confirms that the molecules
identified are indeed present in a single peak and do not pertain to background in
the mass spectra or have multiple retention times.

(no negative charge or low hydrophobicity to interact with the ion-pairing C18 column) elute in
the column void fraction (0-3 min), followed by the nucleosides. Nucleosides monophosphate
elute first (4-7 min) as marked in the Figure 3.21, after which, different species with multiple
phosphates elute. Three distinct peaks are observed in the chromatogram after the first 7 min
for the digested sample and can be better visualized in the zoomed-in view in Figure 3.22 a
and 3.23 a for the digestion of the sample ligated at 5°C for 168 h. Figure 3.22 and 3.23 detail
on how the identity of the peaks in the UV chromatograms were determined using ESI TOF
data.
For the peak at approximately 7.5 min, the green trace in Figure 3.21 depicts the digestion of

the 2′-5′ linked standard product. The lack of this peak in the -80 °C control sample (black UV
chromatogram) suggests the identity of this peak to be that of the 2′-5′ linked UC dimer (with
a 5′ phosphate). The black mass spectrum in Figure 3.22 and the extracted ion chromatogram
for the m/z of the UC dimer (628.0699) confirm this identification of the peak. For the peak at
8.5 min, it is interesting to note that it is only present in the digests of the ligation reactions
and the -80 °C control but not in that of the digested 2′–5′ linked product. This corresponds to
the digestion of the phosphodiester linkage between the penultimate and the last nucleotide
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( U ) with the 2′,3′ cyclic phosphate of the primer a, thus corresponding to 2′,3′ cyclic-, 5′-
uridine bisphosphate.
Another major peak is observed at 14 min (slight bump can be seen in Figure 3.21) which

can be better appreciated in the UV chromatogram in Figure 3.22 a and 3.23 a. The mass
spectrum of that region (purple spectra) shows an m/z of 402.99 peak, corresponding to the
mass of UDP. While this could be any possible isomer of UDP, its presence in the digested
ligation mix suggests it to be either the cleavage of the linkage between the penultimate and
the last nucleotide ( U ) with the inactive primer a or the hydrolysis product of the 2′,3′ cyclic-,
5′- Uridine bisphosphate, both of which lead to (2′)3′, 5′ uridine bisphosphate.
Quantification of the of the 2′–5′ linked product was done in the following steps:

• Firstly, as described above and in Section 3.5.7, an aliquot of the 20 µL sample, was used
to quantify the amount of total product ab in the ligated samples using the HPLC UV
chromatogram. Similar quantification was done for the serial dilution of the strand ab
2′-5′.

• Nuclease P1 digestion of the serial dilution of ab 2′–5′, generates a concentration series
of the 2′–5′ linked UC dimer. Due to the complete digestion, the concentration of the
ab 2′–5′ dilutions (computed in step 1) gives us the concentrations of the 2′–5′ linked
UC dimer. This was used to make a calibration curve ( pmol vs integrated counts) for
the 2′–5′ linked UC dimer.

• This calibration curve was used to quantify the amount of 2′–5′ linked UC dimer in the
ligation samples after the Nuclease P1 digestion. This amount of the 2′–5′ linked UC
dimer corresponds to the amount of the ligated product with the 2′–5′ linkage.

• Thus the concentrations of both total ligated product and the 2′–5′ linked product
are obtained which are then used to calculate the composition of the phosphodiester
linkages formed at the ligation site shown in Section 3.3.5.
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Discussion and Outlook

Nucleic acids play an important role in contemporary biology in both information storage
and functionality. It is theorized that an early replication network consisting solely of RNA
predates the sophisticated proteinmachinery necessary for modern biological functions. This
concept finds support in the existence of functional RNA machinery, such as the ribosome,
which may be a remnant from that primordial era. While diverse pools of nucleic acids have
been shown to undergo molecular evolution, selecting for functional sequences becomes
more challenging the longer the sequences of the initial pool are. Due to sequence space
limitations, not all the sequences can be represented in a pool with dozens or hundreds of
base-pairs. This would impede retrieval of functional sequences that have rare secondary
structures. Selection and elongation of the sequences in the pool must have been concomitant
phenomena.
Environmental factors exert selective pressures on nucleic acid strands, termed extrinsic

selective pressure. Cyclic flux changes, like tidalwaves,may periodically remove and replenish
prebiotic pools of oligonucleotides, leading to the enrichment of sequences capable of forming
clusters or compartments, as demonstrated in Chapter 1 regarding sequences undergoing
LLPS. Sequences phase-separated through the formation of base-pair networks which grew
long enough to form DNA condensates. Only sequences with a four-letter alphabet were able
to form these networks and phase separate. This necessary compositional diversity allows
for the stabilization of the structure, as binary alphabets have more binding possibilities
owing to their smaller sequence space which could lead to self-folding or other non-specific
secondary structure.
The chemical mechanisms governing pool elongation and replication also impose selective

pressures, termed intrinsic selective pressure. This was explored with enzymatic model
system in Chapter 2. The replication of short random binary oligonucleotide pools, with
an initial bias to specific nucleotides homogenized the overall pool composition to about
50% of each nucleotide while at the same time preserving positional biases that depend on
the initial pool. Structured sequences with periodicity facilitated replication through self-
and pool-templation, although excessively stable secondary structures such as fully bound
duplexes got stalled.
In both of these model systems, sequences that base-pair through the formation of cooper-

ative networks of several sequences, while avoiding fully bound duplexes, have an advantage.
In the case of Chapter 1, this is an advantage of survival against dilution, in comparison
to other sequences that remains in solution. In the case of Chapter 2, this is a replicative
advantage. Periodic sequences have more binding possibilities, which increases the chances
of being recruited for replication. In a prebiotic pool, with shorter sequences, cooperative
inter-sequence binding also allows to bundle and associate more information and functional
groups together, which could later evolve to a different segments of a single genome.
In order to explore the intrinsic selective pressures of prebiotic replication on nucleic

acid pools, non-enzymatic replication chemistries need to be described and understood. In
Chapter 3, the kinetics and fidelity of the templated ligation of short RNA fragments with
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cyclic 2′, 3′-phosphates. The timescales necessary for this mechanism (about 3 d to observe
40% yield) do not yet allow for molecular evolution experiments, hence the enzymatic model
system used in Chapter 2. An SP that binds to form a network was shown, with this activation
chemistry, to ligate consecutively and yield an 100-mer. On the one hand, this result paves the
way to prebiotically create pools of longer oligomers, of lengths closer to that of ribozymes.
On the other hand, sequences capable of forming such networks could have an advantage
against dilution, through the formation of condensates (Chapter 1) and a replicative advantage
over other sequences that do not base pair in this way (Chapter 2). The capacity of sequences
to form cooperative networks grants them a survival advantage. This is seen from different
perspectives, either physical sheltering by the formation of condensates that phase separate,
or by the replicative advantage to have secondary structures that are not stuck in a fully bound
duplex allowing for efficient elongation.
In the future, SPs that phase-separate known from Chapter 1 could be investigated in RNA

to bridge the gap with the non-enzymatic chemistry described in Chapter 3. This clustering
of sequences could bring the interacting moieties closer together and yield even longer
polymers than the 100-mer observed. These condensates may also have a protecting effect
against hydrolysis, both of the phosphodiester bonds and of the >P moiety which should be
investigated. The diversity of sequences in the initial pool for phase separation studies should
also be increased, possibly with the addition of random stretches. The evolution of these
stretches could be followed with NGS as the sequencing analysis pipeline is developed for
Chapter 2. This way the joint selective pressure of phase separation and ligation could be
assessed.
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The emergence of functional oligonucleotides on early Earth required a molecular
selection mechanism to screen for specific sequences with prebiotic functions. Cyclic
processes such as daily temperature oscillations were ubiquitous in this environment
and could trigger oligonucleotide phase separation. Here, we propose sequence selection
based on phase separation cycles realized through sedimentation in a system subjected
to the feeding of oligonucleotides. Using theory and experiments with DNA, we show
sequence-specific enrichment in the sedimented dense phase, in particular of short
22-mer DNA sequences. The underlying mechanism selects for complementarity, as
it enriches sequences that tightly interact in the dense phase through base-pairing.
Our mechanism also enables initially weakly biased pools to enhance their sequence
bias or to replace the previously most abundant sequences as the cycles progress. Our
findings provide an example of a selection mechanism that may have eased screening
for auto-catalytic self-replicating oligonucleotides.

molecular selection | phase separation | prebiotic oligonucleotides | molecular origin of life | DNA

Oligonucleotides can catalyse biochemical reactions and store genetic information
(1–3). The mechanisms through which functional oligonucleotides became sufficiently
abundant are crucial to understanding the molecular origin of life (4). In addition to
sequence motifs, sufficient strand length is also a requirement for functional folds (5).
Therefore, the assembly of long-chained prebiotic oligonucleotides has been the focus of
many recent studies (6–9).

However, the probability of randomly assembling a specific sequence of lengthLwithm
different nucleotides is proportional to m−L. Since sequence space grows exponentially
with sequence length, functional sequences are either not present or too dilute to interact
and undergo chemical reactions. It is thus one of the central mysteries of the molecular
origin of life how long enough sequences that enable self-replication could be selected
from a large random pool of short non-functional oligonucleotides.

Due to the lack of complex biological machinery at the molecular origin of life, various
physicochemical selective mechanisms have been considered (10). Examples are biased
replication (11, 12), accumulation due to gradients of temperature or salt (13), the
accumulation at liquid-vapor interfaces (14), as well as the length selective accumulation
at mineral surfaces (15, 16). Multiple of the aforementioned mechanisms may also act
synergistically. Another possible mechanism is related to the coexistence of two liquid-like
phases. In particular, recent studies have shown that oligonucleotides can phase separate,
forming coacervates (17, 18), liquid crystals (19, 20), or hydrogels (21–23), which can
lead to a local enrichment of specific oligonucleotides.

An especially elegant case emerges when phase separation is caused directly by the
base pairing of sequence segments among oligonucleotides. The strong interactions
among complementary oligonucleotide strands (approximately 5 kbT per base pair)
lead to low saturation concentration above which phase separation occurs (24) and
an oligonucleotide-dense phase that is composed of strongly correlated sequences. Thus,
oligonucleotide phase separation via base pairing provides a mechanism to strongly
accumulate a specific set of oligonucleotide sequences.

In a realistic prebiotic environment, such as an under-water rocky pore (14, 25, 26), the
phase separation of oligonucleotides can be expected to be subject to periodic, typically
daily, changes in the environment. In addition, such systems can exchange oligomers
with the environment continuously, for example, by fluid flows (Fig. 1A). Without phase
separation, the oligomer composition is set by the composition of the environment.
However, when the oligomers can phase separate, the oligomer-dense phase can grow by
continuously recruiting sequences from the pool. Initially, we focus on periodic flows
composed of short spikes separated by long waiting times in which the flow vanishes.
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Fig. 1. Sequence selection via phase separation under varying feedingconditions. (A) Illustration of a time-dependent oligonucleotide flow throughporous rocks on early earth. By sedimentation, phase-separated sequencescan be enriched in pores, while others are flushed away by the flow. Inthe case of intermittent flows that are non-zero for periods much shorterthan teq (time to reach phase equilibrium), separated by waiting times muchlonger than teq, this scenario of sequence exchange can be mimicked viacycles of phase separation. (B) At each cycle, the system phase separatesinto a dense and a dilute phase, then a fraction of the dilute phase isremoved and replaced with samples coming from a fixed sequence pool.(C) Theoretical result for the selection kinetics of multiple cycles depicted inB, discussed in systems composed of solvent and two sequences 1 and 2with concentrations c1 (orange) and c2 (blue), respectively, see Eq. 1. Solidand dashed lines correspond to �=0.75 and �=0.25, where � is the fractionof the dilute phase that gets replaced with the pool at each cycle. The twocases displayed differ also in initial average concentration c̄(t0) that can beequal to the pool (cpool = c̄(t0), solid lines) or deviate from it (cpool 6= c̄(t0),dashed lines). (D) The selection kinetics can be represented as a trajectory(solid, dashed black line) in the corresponding phase diagram, where outerwhite regions correspond to homogeneous mixtures while phase separationoccurs in the coloured area. Gray tie lines connect the concentrations of thecoexisting phases. During the kinetics, the dense phase grows as indicatedby an increase of its relative size �n (Inset).

The duration of the spikes is short compared to the time to reach
phase equilibrium teq while the waiting time between spikes is
large compared to teq. In this case, we can mimic the continuous
exchange with the pool by a simplified cyclic protocol composed
of two different steps: i) A feeding step that corresponds to the
replacement of a part of the dilute phase by the pool, followed
by ii) a relaxation period toward phase separation equilibrium;
see Fig. 1B. Later, we examine the opposite regime, i.e., where
the flow is constant in time, see DNA Phase Separation in a
Continuous Feeding Flow.

In this study, we ask whether this recruitment can significantly
alter the oligonucleotide composition in the pore and thereby
provide a physical mechanism of selection of specific sequences.
The key question is how much the oligonucleotide composition
of the system can evolve away from the pool, which serves as a

reference for the selection process. We investigate this question
through theory and experiments using DNA as a model oligomer.
We decided to use DNA instead of RNA since DNA is more
stable and our study focuses on a selection mechanism that
relies on base pairing, which is very similar for both (27). We
show that phase separation combined with feeding cycles by a
pool indeed provides a strong selection mechanism giving rise to
distinct routes for molecular selection of specific oligonucleotide
sequences.

Results and Discussion
Theory of Cyclic Phase Separation with Feeding. Here, we first
discuss the theory governing the kinetics of an oligonucleotide
mixture of volume V which is composed of M different
sequences. This system undergoes cycles alternating between
i) a period where the material is exchanged with a pool of
fixed composition cpool, and ii) a period of phase separation
(Fig. 1B). Specifically, within (ii), the mixture phase separates
into a dense and a dilute phase with sufficient time to relax
to thermodynamic phase equilibrium, while during the feeding
step (i), a fraction � of the dilute phase is replaced by the
pool. After n cycles, the average composition of the system is
described by the M -dimensional vector, c̄(tn) = �(tn)cI(tn) +
(1− �(tn)) cII(tn), where the vector components are the average
concentrations of sequences. Moreover, cI(tn) and cII(tn) denote
the concentrations of the dense and dilute phase, respectively,
and �(tn) = V I(tn)/V is the fraction of the system occupied by
the dense phase, where V I(tn) denotes the volume of the dense
phase. The average composition of the system changes with cycle
time tn due to the feeding step (i) and is given by (see SI Appendix,
section 1 for more information):

c̄(tn+1) =
[(

1− �(tn)
)(
�cpool + (1− �)cII(tn)

)
+ �(tn)cI(tn)

]
, [1]

where cpool is the concentration vector characterizing the
composition of the pool that remains constant in time. The
fraction of the dense phase �(tn), and the concentrations of
the dense and dilute phase cI(tn) and cII(tn) at cycle time
tn can be determined by a Maxwell’s construction in a M -
dimensional state space for c̄(tn) obtained from solving the
iteration Eq. 1. The construction amounts to solving a set of
non-linear equations that describe the balance of the chemical
potentials and the osmotic pressure between the phases. Their
solution requires estimating the sequence-specific interactions
among the different oligonucleotides. Details on the numerical
method and the determination of interaction matrices are
discussed in SI Appendix, section 2.

To study the selection of oligonucleotide by cyclic phase
separation, we considered the exchange of the oligonucleotide-
poor phase by a pool of constant composition cpool, where the
pool acted as a reference for the selection kinetics. We studied
two cases where the pool had the same composition as the initial
average concentration at t = t0, cpool = c̄(t0), or they differed in
terms of composition, cpool 6= c̄(t0). Representative time traces
for both cases are shown in Fig. 1C for a mixture composed of
solvent and two oligonucleotide sequences. We find that for both
cases one sequence is enriched while the other sequence decreases
in concentration as cycles proceed (orange and blue dashed lines,
respectively). These concentration traces can be represented as
trajectories of the average concentrations c̄(tn) in the ternary
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phase diagram; Fig 1D. For average concentrations in the white
region of the phase diagram the system remains homogeneous,
while in the coloured region, phase separation occurs. In light
gray, we show the tie lines connecting the coexisting dense
and dilute phase concentrations. Each average concentration
on the trajectory within this coloured region leads to a unique
fraction of the dense phase, �(tn), and a pair of concentrations
corresponding to the dense and dilute phase, cI(tn) and cII(tn),
respectively. As cycles proceed, the fraction of the dense phase
�(tn) grows (Fig. 1 D, Inset). During this growth, sequence
1 is selected over sequence 2. As volume growth saturates at
�(t∞) = 1, the selection process stops and the system settles in
a stationary state.

The sequence composition of this stationary state is set by
the tie line defined by the pool composition cpool (straight solid
black line in Fig 1D). Most importantly, the slope and length
of this pool tie line determine if and how well sequences are
selected. Only if the pool tie line deviates from the diagonal
tie line in the phase diagram, there is sequence selection during
the growth of the dense phase. Selection is more pronounced
if the pool tie line is longer in the phase diagram since more
volume growth can occur. This case can be realized for example
by strong interactions among sequences leading to the dilute and
dense binodal branches being far apart in the phase diagram.
Strikingly, both conditions, non-diagonal pool tie lines and
strong sequence interactions, are particularly fulfilled in mixtures
of oligonucleotides that can interact via base pairing. From our
theoretical study, we conclude that phase separation subject to
cyclic feeding can provide a selection mechanism particularly
relevant in oligonucleotides mixtures.

Observation of a Dense Phase of DNA. To experimentally scru-
tinize the prerequisite of our proposed selection mechanism,
we investigate phase-separation in oligonucleotide mixtures.
To this end, we have designed several experimental systems.
The constructs were motivated by the theoretical model which
suggested that a group of sequences were selected if they
interacted strongly among themselves but weakly with other
sequences. The three sequence pairs (1 to 3) are composed of
sequences with three binding regions each (a, b, and c or a’, b’,
and c’) which are separated by dimeric spacer sequences. These
segments are individually reverse-complementary, i.e., a’ is the
reverse complement of a. However, the sequences i and ii are not
the reverse complement of each other, because the order of the
individual segments is not reversed (since i = 5’ a,b,c 3’ and ii =
5’ a’,b’,c’ 3’). This choice avoids a fully complementary double-
stranded structure and allows each sequence to bind to three other
sequences, forming a branched structure (Fig. 2 A and B). See SI
Appendix, section 4 for a simulation of the secondary structure
of each of the sequence pairs with NUPACK. The formation
of branched DNA aggregates with short sequences leads to a
dense phase. In fact, it was previously shown that mixtures of
oligonucleotides are able to form dense phases through mutual
base-pairing between long strands (14, 18, 21, 22, 28–30).
However, these studies investigated rather long strands and solely
ref. (31) studied phase separation of short DNA strands in the
length regime of 20 to 25 bp which are more likely in prebiotic
soups.

To characterize the phase separation propensity of our
designed systems, we used time-lapse fluorescence microscopy
(SI Appendix, section 13). In particular, we imaged each system
over time in thin temperature-controlled microfluidic chambers.
For each sequence pair, both strands were at 25 μM. Salt

A

B

C

D E

Fig. 2. Phase separation and sedimentation behavior of three sequencepairs. (A and B) Sequence i is composed of three segments a, b, and c withspacer s. Its pair ii consists of reverse complements a’, b’ and c’. The invertedarrangement of a’ and b’ creates a network from three binding sites andprevents the formation of a linear double-stranded duplex. (C) Fluorescencetime laps images in a vertical, 500 μm thin microfluidic chamber to preventconvection flow. Concentrations of strands were 25 μM in a buffer of 10 mMTris-HCl pH 7, 10 mM MgCl2 and 125 mM NaCl. Fluorescence labelling wasprovided by 5X SYBR Green I. After cooling from 65 ◦C to 15 ◦C, sequencepair 1 phase separated and sedimented to the bottom of the chamber.Sequence pairs 2 and 3 did not form a dense phase, and thus showed ahomogeneous fluorescence signal. (D) Sequence pair 1 showed an up to 13-fold enhanced relative concentration while sequence pairs 2 and 3 showedno phase separation. (E) The sedimentation behaviour of sequence pair 1 isstudied by measuring its fluorescence. The total amount of sedimented DNAplateaued at 6 to 8% after 5 h while the sedimented DNA contracted abouttwofold. The sticking of dense phase DNA to the chamber walls could not befully prevented. Error bars are SDs of three independent experiments.

concentrations were fixed at 125 mM NaCl and 10 mM MgCl2,
pH was controlled using 10 mM TRIS pH 7 buffer, and 5X
SYBR Green I was used for fluorescent labelling. Other buffer
conditions were also screened (SI Appendix, section 6). Prior to
each experiment, the solutions were heated inside the microfluidic
chamber to 65 ◦C to ensure homogeneous initial conditions. The
samples were then slowly cooled at a rate of 6 K/min to 15 ◦C and
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incubated at that temperature for at least 3 h. This temperature
is lower than the melting temperature for all of the sequence
pairs, corresponding to a scenario where most of the sequences
are bound (SI Appendix, section 8). Choosing a higher incubation
temperature resulted in smaller aggregates in bulk (SI Appendix,
section 9 as well as Videos 4 and 5, video description).

Microscope images for all three systems are shown in Fig. 2C,
where “0 h” corresponds to the moment when the cooling
step has reduced the temperature to 15 ◦C. Within about 10
min, the first dense phase DNA nucleated for sequence pair
1 (Video Description) grew within 1.5 h to a size of a few
micrometers and sedimented at speeds between 0.1 to 2.5 μ
m/s (SI Appendix, section 9). As a result, a phase of sedimented
DNA accumulated at the bottom of the chamber. Assuming the
particles to behave like sinking spheres subjected to Stokes drag,
we estimated their densities to be around 3% higher than water.
We could thus determine the characteristic sedimentation length
to be on the scale of tens of micrometers. For sedimentation to
occur, the chamber (pore) height has to exceed the sedimentation
length. Inverting this logic, the minimal particle radius for
our setup to observe sedimentation would be 0.3 μm. The
DNA concentration in the dense phase increased up to 13-fold
(Fig. 2D).

The total amount of molecules that sedimented saturates at
about 8% of the initial material at about 3 h, decreasing then
only slightly over time (Fig. 2E, black data points). The height
of sedimented DNA reached a maximum of about 100 μm at
3 h but then compacted to about half the height (Fig. 2E, red
data points). Similar behavior has been observed in literature for
systems composed of longer DNA strands (21).

No dense phase was observed for sequence pairs 2 or 3,
despite their longer segments that suggest stronger binding
affinities. This could be caused by non-specific hybridization
tendencies of binary (especially G- and C-rich) sequences, which
can lead to alternative secondary structures, such as hairpin-
rich configurations, internal loops or G-quadruplexes (32).
Consequently, the formation of such structures may prevent

network formation. We also examined five additional 22-nt
sequence pairs similar to pair 1, systematically varying the base
composition of the GC-only binding segments. Notably, the
inclusion of a single A/T nucleotide in the outer segments a/a’
or c/c’, thus utilizing the full 4-letter alphabet, proved crucial for
phase separation (see SI Appendix, section 5 for more details).

Cycles of Phase Separation and Feeding. Based on our ob-
servation that sequence pair 1 can form a dense DNA-rich
phase, we experimentally scrutinize the theoretically proposed
selection mechanism shown in Fig. 1 A–D that relied on a cyclic
material inflow. We subjected the phase-separating DNA to cyclic
feeding steps by replacing the Top fraction of the dilute phase
in the vial with the pool (Fig. 3A, steps 1 to 3). The theory
suggests that exchanging the complete dilute phase with the pool
reaches the final stationary state with minimal amount of cycles
(SI Appendix, section 1). However, a complete removal of the
dilute phase by pipetting turns out to be experimentally difficult
since this also risks removing sedimented dense DNA. To avoid
kinetically trapped states of phase-separating oligonucleotides,
we additionally include annealing and melting steps in the cycle
(Fig. 3A, steps 3 to 4 and back to step 1). This procedure enabled
a fast relaxation to thermodynamic equilibrium after each feeding
step.

We investigated a system composed of equal fractions of the
sequence pairs 1 and 2 (Fig. 2B), where solely the sequence pair
1 showed phase separation before. As control we considered a
system composed of sequence pairs 2 and 3 where we could
not observe the formation of a dense DNA phase (Fig. 2B). We
determined the strand concentrations of each system in the Top
and Bottom fractions of the vial using HPLC. We monitored
the kinetics over six feeding cycles for the system composed of
sequence pairs 1 and 2 (Fig. 3B) and compare it to the non-phase-
separating control (Inset in B). Both systems were initialized with
equimolar concentrations of the two respective sequence pairs.

We found that the concentrations for the control hardly
increased per cycle with slopes about or less than 2 µM/cycle.

A B C

Fig. 3. Cycles of phase separation and feeding steps select specific oligonucleotide sequences from the initial pool. (A) Cyclic experimental protocol basedon Fig. 1B. (B) The initial pool contained a 25 μM concentration of sequences pairs 1 and 2. After sedimentation, the top half of the volume (Top fraction) wasremoved (� = 0.5) and fed after each cycle with the same volume of the initial pool. Using quantification with HPLC, we found that sequence pair 1 (purple) wasenriched while the concentration of sequence pair 2 (green) remained approximately constant. The same flat dynamics was found for a control system usingnon-phase-separating sequence pairs 2 and 3 (inset, due to significant data overlap markers are halved). In addition, the concentration of all supernatantsand the final sediment were measured by absorbance at 260 nm (triangular markers; SI Appendix, section 10). (C) Solid lines show theoretical predictions. TheBottom fraction concentration saturates once the sedimented DNA has filled the Bottom fraction of the chamber. If the whole supernatant could have beenremoved at each step of the cycle, only slightly amplified selection would be predicted (dashed line).
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This non-zero increase is probably due to the adhesion of strands
to the vial surface. For the phase-separating system with sequence
pair 1 we observed that the concentration strongly increased,
approximately linear with a slope of about (10.2± 0.4) µM/cycle
(purple), while the sequence pair 2 in the mixture got only weakly
enriched by the cycling. This observation confirmed that specific
sequences could get selected by phase separation from the dilute
phase.

Additionally, we also tested whether SYBR Green I changes
the general behavior of the sequence pair mixtures over feeding
cycles. In its absence, the partitioning of sequence pair 1 to the
Bottom fraction also occurred, while sequence pair 2 remained
constant on both fractions. Interestingly, the linear increase in
concentration on the Bottom fraction is about 1.6 times higher
than in the presence of SYBR Green I but shows very similar
results compared to the experiments with SYBR (SI Appendix,
section 11). However, in order to match theory parameters based
on fluorescence measurements, we kept the SYBR concentration
constant throughout all experiments.

In the experiments, the selection occurred concomitantly with
the growth of the dense phase, which is consistent with our
theoretical results. As cycles proceeded, more phase-separating
DNA was recruited and led to an increase in the concentration of
the Bottom fraction (Fig. 3C ). In contrast, the concentration of
the Top fraction remained constant at about 14.7 µM (Fig. 3C,
light purple). A constantTop fraction concentration during cycles
implies that the system remained on the same tie line while the
volume of the sedimented DNA was growing. This corresponds
to the simple theoretical scenario where the system is initialized
at the pool tie line, as outlined in Fig. 1D (c(t0) = cpool).

We quantitatively compared the experimental results for the
Bottom fraction concentration with the theoretical model. Since
the experimental selection kinetics occurred on a single tie line,
the dense and dilute phase concentrations, cI and cII remained
constant over time, while the sediment size increases. For the
dilute phase concentration cII, we use the experimental concen-
tration value of the Top fraction. The sediment concentration cI

could be estimated for the theory using the experimental value
for the initial average sequence concentration c̄(t0) and the initial
sedimented DNA size �(t0). Using these values, we find that the
theoretical results (solid lines in Fig. 3B) agree well with the
experimental data points.

Based on the agreement between experiment and theory,
we could use the theory to extrapolate the selection kinetics
for a larger amount of cycles (Fig. 3C, solid lines). For the
experimental partial removal of the dilute phase, we found that
selection approximately doubled after 20 cycles. The selection
kinetics saturate because the sediment has grown to the volume
corresponding to the Bottom fraction.

Finally, we used the theory to consider the ideal case of the
complete removal of the dilute phase. We find that, for this ideal
case, the sequence pair can enrich by twofold better than the for
Top fraction removal and more than 10-fold compared to the
initial pool (Fig. 3C, dashed lines).

In summary, we have shown experimentally that discrete cycles
of feeding, i.e., replacing the dilute phase with a pool, lead to
the enrichment of specific sequence pairs through the formation
of dense phases, confirming the theoretically proposed selection
mechanism.

DNA Phase Separation in a Continuous Feeding Flow. The
conditions on the early Earth scenario in general deviated from
the simplified scenario of periodic feeding cycles separated by

waiting times to relax to phase equilibrium. Here, we demonstrate
a continuous implementation of the selection mechanism shown
in Fig. 3. Using a microfluidic setup, we mimic a continuous
exchange of solute and simulate a feeding flow of nucleic acids
and salts flowing through a rock pore (Fig. 1A). Previous
studies have shown that gases and liquids can effectively pass
through cracks in hydrothermal structures like shattered glassy
basalt, providing one possible implementation of the scenario
mentioned above (33, 34). This flow generates a selection
pressure, requiring sequence pairs to rapidly phase separate and
settle at the pore’s bottom to avoid being flushed out, as this
would threaten the dilution by a larger reservoir such as the
ocean, potentially resulting in hydrolysis-induced death or loss
of information.

To test the concept, we designed a microfluidic system with
a continuous flow of a pool and compared it to fluid flow
theory using COMSOL Multiphysics. In this setup (SI Appendix,
section 13), a pore (3 mm × 6 mm × 500 μm) at 15 ◦C is
connected to a feeding pool of sequence pair 1 through a channel
(See Left green arrow in Fig. 4A). The results of this experiment
are shown in the fluorescence micrographs in Fig. 4A. Using an
inflow speed of 2 μm/s, we observe upconcentration of sequence

A

B C

Fig. 4. DNA Phase separation with continuous feeding flow. (A) Fluorescencetime-lapse images of a microfluidic chamber with a 2 μm/s inflow of sequencepair 1 with concentration cpool. DNA that phase separates can sediment,
thus is not advected out of the chamber. This implements cycles of phaseseparation in a system with continuous flow. (B) Finite element simulationof fluid flow with sedimentation and diffusion confirms the experimentalfindings in detail when assuming a downward sedimentation speed of 0.1
μm/s and a diffusion coefficient of 5 μ m2/s. (C) The relative concentrationc/cpool at the bottom matches well between experiment and simulation, seen
for a 200 μm sized squared cut-out or when plotted over time.
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pair 1 by phase separation and sedimentation inside the pore
despite the continuous outflow.

In our setup, we found that after 2 h, the concentration
of sequence pair 1, c(t), is enriched 8-fold relative to the
inflow concentration cpool. The inflow and the choice of pore
geometry have to be tuned not to perturb the sedimentation
speed of the dense phase DNA (Fig. 4B). By numerically solving
the hydrodynamic flow equations in addition to sedimentation
and diffusion of dense phase DNA, the simulated increase in
concentration agrees well with the experiments in both space
and time (Fig. 4C ). In summary, our findings demonstrate that
for a sufficiently slow flow (in the 10 μm/s regime), sequences
can be effectively selected from the continuously fed pool and
accumulate within a pore. This emphasizes the viability of the
selection mechanism in a prebiotic context.

Selection in Pools with Many Sequences. Up to now, we have
investigated specific pools composed of only a few designed
sequence pairs for the proof of principle. It remains unclear how
robust our proposed selection mechanism is for realistic pools
that are formed via polymerization and contain many different
sequences. To tackle this question, we use our theory of cyclic
oligonucleotide phase separation with discrete feeding cycles and
consider pools that could emerge from the polymerization of
different units. For simplicity, we focus on sequences of fixed
length L composed of two different units, 0 and 1. Both units
can be either thought of as two different nucleotides, or as two
nucleotide segments of fixed compositions, like the building
blocks of the sequences introduced in Fig. 2A.

Following ref. 35, sequence ensembles can be characterized by
two parameters, the relative composition of the two units r and
the blockiness bl . The latter determines the chain correlations
of the two units: For bl = 1, the model favors homopolymers
(..11.. or ..00..), while for bl = −1, sequences are anti-correlated
heteropolymers (..1010..); see SI Appendix, section 3A for more
details on the model. Phase separation of an ensemble of different
sequences occurs once the system crosses the cloud point in
the phase diagram; for details, see SI Appendix, section 3B.
Subjecting such a phase-separated sequence pool to removal and
feeding cycles, we find qualitatively different selection scenarios
depending on the parameters r and bl .

For initial pools of low blockiness (bl < 0), we find that
the sequence bias of the pool is strongly amplified for a large
number of cycles n (Fig. 5A). This behavior results from the
strong interaction propensity among sequences of the same type.
Dominantly, such sequences are recruited from the dilute phase
after pool replacement, while other sequences partition into the
dilute phase and get subsequently removed by the replacement
step. In contrast, for initial pools of high blockiness (bl > 0), the
initial sequence bias is completely altered while cycling (Fig. 5B).

In particular, homopolymeric sequences are disfavored, while
heteropolymeric sequences get more favored as cycles proceed.
The reason is that a homopolymeric sequence cannot interact
with copies of itself, while more heteropolymeric sequences
can. These trends are summarized for largely different sequence
ensembles for different values of unit compositions r and
blockiness bl by determining the most abundant sequence before
cycling and for a large amount of cycles nf (Fig. 5C ).

We identify a domain at low blockiness (bl < 0) where
the most abundant sequences are amplified. In this domain,
the number of sequences in solution decreases significantly.
Thus, a description in terms of a few strongly interacting
sequences becomes more and more accurate as cycles proceed.

A

B

C

Fig. 5. Cycles of phase separation can amplify pool bias or offer an alter-native selection route. We consider pools composed of sequence ensemblescharacterized by two parameters: blockiness bl and relative composition r ofthe units 0 and 1. (A and B) For low initial blockiness (bl < 0), the initially mostabundant sequence (here: 0101) gets further enriched. In contrast, for highinitial blockiness (bl > 0), homopolymeric sequences (e.g. 1111 and 0000)are depleted with cycling while a more heteropolymeric sequence (0011) isstrongly amplified. The color code indicates relative sequence abundances.(C) The most abundant sequence is shown for different values of bl and rbefore cycling (Left) after cycling nf-times (Right). Further amplification of theinitially most abundant sequence is found for low blockiness (bl < 0), whilenew selection routes can emerge at high blockiness (bl > 0).

For a quantification of the variation in abundance due to phase
separation cycles, see SI Appendix, Fig. S4H. New selection routes
can emerge for sequence ensembles of intermediate or large
blockiness (bl > 0). The later regime leads to a switch of the
most abundant sequence when subjecting the system to a large
number of feeding cycles.

Conclusion
Here, we showed that the ability of oligonucleotides to phase
separate can give rise to an evolutionary selection mechanism
if subject to feeding cycles. In particular, replacing the dilute
phase with a constant pool composed of different oligonucleotide
sequences leads to the growth of a dense phase of specific
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sequences while others are depleted relative to the pool. We
have quantitatively confirmed our theoretical predictions for
discrete cycles by experiments using designed DNA sequences.
In addition, we showed that the same mechanism also caused the
selection of specific sequences in a prebiotic-relevant scenario
where the system is subjected to a continuous flow of the
pool.

The key property of the proposed selection mechanism is
that it is highly sequence-specific, also in the presence of
other interacting sequences. Specifically, sequences that interact
strongly with other sequences are enriched in the dense phase
while weakly interacting sequences are expelled and thus leave
the system through the removal step. A key observation of our
work is that the selection mechanism also works for very short
oligonucleotides. In our experiments, sequences of 22 nucleotides
with base pairing regions of 6 nt form cooperative base-pairing
networks at room temperature and phase separate, while others
with the length of 28 nucleotides and base pairing regions of
8 nt do not. In contrast to the strong length selectivity of
mineral surfaces, for example, this mechanism counter-intuitively
prioritizes sequence over length in this case. In the future, it
would be interesting to investigate the combined effect of DNA
phase separation with other selection mechanisms, particularly
how it affects the sequence and length distribution of freshly
polymerized oligonucleotide pools (36).

Using theory, we studied realistic, multi-sequence pools that
result from polymerization. We found robust and pronounced
selection kinetics already for sequences composed of only four
segments of nucleotide sequences. We distinguish two qualitative
scenarios of sequence selection, where either the initial sequences
bias is strongly amplified, or the initial bias is swapped and other
sequences are selected.

The robustness of our selection mechanism, particularly for
short oligonucleotides, suggests its relevance at the molecular
origin of life, where specific short-chained peptides, RNA,
and DNA sequences were recruited during their assembly
from prebiotic pools. The cyclic removal of weakly interacting
sequences can guide the selection of longer sequences which
face dilution by the exponentially growing size of sequence
space. Moreover, the dense phase could have provided enhanced
stability against degrading chemical reactions such as catalytic
cleavage (28) or hydrolysis due to the duplex formation (37). In
fact, there is a correlation between catalytic sequences and phase
separation in functional ribozyme polymerases (38). Ultimately,
we expect an enhanced selection propensity when combining self-
replication with our selection mechanism relying on base-pairing
interactions.

Materials and Methods

StrandDesign. DNA oligonucleotide systems were designed using the NUPACK
software package 3.2.2 (39). The strands were constrained to contain three
binding sites separated by spacers either composed of TT or CC. Systems
that formed the intended secondary structure (each strand base-pairing with
three other strands) were chosen (SI Appendix, section 4). The oligomers were
ordered from biomers.net GmbH, in a dry state, with high-performance liquid
chromatography purification. The sequences were as follows (5’-3’) - Sequence
pair 1, sequence i: GGA CCC TTC GGC CGT TCG CTCG; sequence ii: GGG TCC TTC
GGC CGT TCG AGCG; Sequence pair 2, sequence i: AAT ATA TAC CGC GGC CGG
CCT ATA ATA A; sequence 2: TAT ATA TTC CCC GGC CGC CCT TAT TATA; Sequence
pair 3, sequence i: GGC GCG CGT TGC GGC CGG TTC GCG GCGG; sequence ii: CGC
GCG CCT TCC GGC CGC TTC CGC CGCG. All the strands were stored at−20 ◦C,
diluted in nuclease-free water at 200 μM. Before every experiment, the strands
were denatured at 95 ◦C for 2 min.

Reaction Mixtures. Initial pools of 15 μL were prepared with 25 μM of each
respective DNA strand, 10 mM Tris Buffer-HCl pH 7, 5X SYBR Green I (intercalating
dye; excitation 450 to 490 nm, emission 510 to 530 nm), 125 mM NaCl, and
10 mM MgCl2. The mixtures were heated to 95 ◦C for 2 min to ensure full de-
hybridization of the strands. The temperature protocol that allows hybridization
and consequent phase separation was i. 95 ◦C for 2 min, ii. 65 ◦C for 10 s,
iii. cooling to 15 ◦C (ramp rate: 6 K per minute), iv. 15 ◦C for at least 3 h.
Temperature protocols were performed in a standard thermocycler (Bio-Rad
CFX96 Real-Time System). Melting curves were measured in triplicates using
the same reaction mixture and temperature profile as for the sedimentation
experiments (SI Appendix, section 8). Baseline correction using a reference
measurement with only SYBR Green I. In the case of feeding cycle experiments,
aftersedimentation,7.5μLof thedilutephase,correspondingto50%oftheinitial
volume, was removed by carefully pipetting only at the center of the meniscus
to avoid removing material from the sediment. Afterward, 7.5 μL of the initial
pool stock was added to the remaining Bottom fraction. The aforementioned
temperature protocol was then repeated, completing one feeding cycle.

Sedimentation Imaging. The imaging experiments were performed in a
microfluidic chamber containing multiple wells, cut out of 500μm Teflon foil and
sandwiched between two sapphire plates (SI Appendix, Fig. S16). The sample
volume (about 15 μL per well) was loaded by using microloader pipette tips.
The temperature of the chamber was controlled using three Peltier elements.
To remove the waste heat from the Peltier elements, a Julabo 300F water
bath (JULABO GmbH) was used to cool the back of the chamber. The entire
chamber is held in place by screwing a steel frame on top using a homogenous
torque of 0.2 Nm. After loading, the wells were sealed with Parafilm to avoid
evaporation. Monitoring of the sedimentation was performed using a self-built
fluorescence microscope composed of a 490-nm LED (M490L4, Thorlabs), a 2.5x
Fluar objective (Zeiss), and the FITC/Cy5 H Dualband Filterset (AHF). Multiple
wells could be imaged by moving the chamber perpendicularly to the light
axis with two NEMA23 Stepper Motors and a C-Beam Linear Actuator (Ooznest
Limited). Images were taken using a Stingray-F145B CCD camera (ALLIED Vision
Technologies) connected via FireWire to a computer running a self-written
Labview code operating camera, motors, LED’s and Peltier elements (SIAppendix,
Fig. S15). Flow-through experiments were conducted using a similar chamber
without Peltier Elements, only using the water bath at homogeneous 15 ◦C. In
this case, the sapphires have holes on the backside, where an outlet and two
inlet tubings were attached. Inlet tubing 1 contained 20 uM of each strand of
system 3 and 10X SYBR Green I, while inlet tubing 2 contained 20 mM TRIS
pH 7, 250 mM NaCl, and 20 mM MgCl2. Flowspeed was adjusted using the
Nemesys Controler NEM-B002-02 D (Cetoni GmbH) with two 100 μl syringes.
Hardware was controlled using a self-written labview (National Instruments)
software (SI Appendix, Fig. 4).

High-Performance Liquid Chromatography (HPLC). Ion-pairing reverse-
phase HPLC experiments were carried out on a column liquid chromatography
system equipped with an auto-sampler and a bio-inert quaternary pump
(Agilent 1260 Infinity II Bio-Inert Pump G5654A, Agilent Technologies). A C18
capillary column (AdvanceBio Oligonucleotide 4.6x150 mm with particle size
2.7μm, Agilent) was used to perform reverse-phase liquid chromatography. The
temperature of the autosampler was set to 4 ◦C. The mobile phases consisted
of two eluents. Eluent A was HPLC water (Sigma-Aldrich), 200 mM 1,1,1,3,3,3,
-Hexafluoro-2-propanol (HFIP) (Carl Roth GmbH), 8 mM Triethylamine (TEA) (Carl
Roth GmbH). Eluent B was a 50:50 (v/v) mixture of water and methanol (HPLC
grade, Sigma Aldrich, Germany), 200 mM HFIP, and 8 mM TEA. The injection
volume for each measurement was 100 μL. The samples were eluted with a
gradient of 1% B to 58.6% B over the course of 45 min with a flow rate of
1 mL/min. Prior to the gradient, the column was flushed with 1% B for 5 min.
Retention times were analyzed via a UV Diode Array Detector (Agilent 1260
Infinity II Diode Array Detector WR G7115A) at 260 nm with a bandwidth of
4 nm. Samples were diluted for HPLC loading in the following manner: 7.5μL of
sample, 105μL nuclease-free water, and 75μL of a 5M urea solution. They were
heated to 95 ◦C for 2 min afterward to ensure de-hybridization of the strands
and dissolution of any sediment. Then, 105 μL of the diluted samples were
transferred into N9 glass vials (Macherey-Nagel GmbH) and stored at 4 ◦C in
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the auto-sampler of the HPLC-MS system (1260 Infinity II, Agilent Technologies)
until injection.

Finite-Element Simulations. Simulations were performed in 2D using COM-
SOL Multiphysics 5.4. The simulation file with all the detailed parameters is
given in the supplement in binary format. Additionally, the simulation is given
as an auto-generated report in a hierarchical html compressed into a Zip-File.
For more detailed information, see SI Appendix, section 8.

Data, Materials, and Software Availability. The data and the codes that
support the findings of this study are available at the following online repository
(40).
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Abstract 

The origin of molecular evolution required the replication of short oligonucleotides to form longer polymers. Prebiotically plausible oligonucleotide 
pools tend to contain more of some nucleobases than others. It has been unclear whether this initial bias persists and how it affects replication. 
To in v estigate this, w e e xamined the e v olution of 12-mer biased short DNA pools using an enzymatic model sy stem. T his allo w ed us to study 
the long timescales in v olv ed in e v olution, since it is not yet possible with currently in v estigated prebiotic replication chemistries. Our analysis 
using next-generation sequencing from different time points re v ealed that the initial nucleotide bias of the pool disappeared in the elongated 
pool after isothermal replication. In contrast, the nucleotide composition at each position in the elongated sequences remained biased and varied 
with both position and initial bias. Furthermore, we observed the emergence of highly periodic dimer and trimer motifs in the rapidly elongated 
sequences. This shift in nucleotide composition and the emergence of str uct ure through templated replication could help explain how biased 
prebiotic pools could undergo molecular e v olution and lead to complex functional nucleic acids. 

Gr aphical abstr act 

Introduction 

The replication of short oligonucleotides to create longer poly- 
mers is a central step in the origin of more functional nucleic 
acids. It has been addressed through enzymatic ( 1 ,2 ) and non- 
enzymatic replication ( 3–5 ), mostly from specific sequences 
or naive pools of short oligomers. However, condensation of 
mononucleotides in a primordial context often leads to short 
oligomer pools with a sequence bias, namely with one nu- 
cleobase incorporated more into the product strands ( 6–9 ). 
This bias, on the one hand, may be due to an imbalanced 

abundance in the environment caused by different rates of 
nucleotide formation and degradation in different conditions 
( 10–14 ). On the other hand, even when the environment has 

equimolar concentrations of all reacting nucleotides, the rate 
of the condensation reactions themselves may also vary for 
different nucleotides ( 6 , 9 , 15 ). 

Functional nucleic acid strands are usually long, with sev- 
eral tens or hundreds of base pairs ( 16 ), and have specific sec- 
ondary structure ( 17 ,18 ). Even though such catalytic nucleic 
acids occupy only a subsection of the possible sequence space 
( 19 ,20 ), they are still more compositionally diverse than the 
biased pools obtained from nucleotide condensation studies 
( 10 ). The mechanism through which such functional strands 
evolve from a pool of short biased oligomers, both elongating 
and driving the evolution of sequence information, is not fully 
understood ( 21 ,22 ). 
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Figure 1. Polymerization starts from a binary initial pool (AT or GC) with a 
bias f̄ of either purine (orange) or pyrimidine (purple) nucleotides. Distinct 
sequences from the pool base-pair to form short duplexes and are 
enzymatically extended (5 ′ –3 ′ ) complementarily to the template (‘pool 
templation’). Longer sequences may also self-template through 
hairpin-like secondary str uct ures (‘self-templation’). T he biased p yrimidine 
fraction f̄ T or f̄ C in the initial pool is countered by complementary 
elongation. 

Templated replication is a potential mechanism through 

which both the compositional diversity and sequence length 

can increase to facilitate the exploration of sequence space 
while replicating sequence information ( 10 ). Due to the com- 
plementarity of Watson–Crick base pairing, necessary for tem- 
plation, a strong bias to one nucleobase leads to the comple- 
mentary base being correspondingly more incorporated in the 
nascent strand. This in turn homogenizes the average pool nu- 
cleotide fraction (Figure 1 ). While the overall nucleotide com- 
position is expected to diversify, several studies have shown 

that templated replication can act as a selection mechanism 

in itself, enriching specific sequence motifs ( 1 ,23–25 ). More 
experimental investigations are needed to grasp the influ- 
ence of the initial biases of the pool on the sequence level. 
The goal of our study was to specifically understand which 

motifs are enriched starting from such biased initial pools 
and whether the replicated pool holds memory of the initial 
bias. 

In contemporary biology, strand separation and elonga- 
tion occur in tandem ( 26 ,27 ). The displacement of any 
pre-hybridized strands is performed enzymatically. However, 
strand displacement can also be triggered by the hybridiza- 
tion of other sequences in the pool ( 28 ). This non-enzymatic 
strand displacement has recently been described for a prebi- 
otic RNA replication system ( 29 ). When compared to other 
prebiotic mechanisms proposed for strand separation, such as 
pH ( 22 ,30 ), heat and salt fluctuations ( 31 ), strand displace- 
ment has the advantage that it can also occur isothermally 
and with a constant chemical environment ( 28 ). It thereby 
erases the need for a specific set of cycle conditions that are 
potentially more difficult to satisfy and isolates the impact 
of replication on sequence structure from other environment 
variables. 

We investigated how the sequence landscape of short bi- 
ased DNA pools evolves upon templated polymerization with 

Bacillus stearothermophilus strand displacing polymerase 
( Bst ). Bst binds to double-stranded regions and elongates 
the strand in the 5 

′ to 3 

′ direction with high fidelity ( 32–
34 ), displacing downstream bound strands (Supplementary 
Data, Section II). A single strand can therefore go through 

several replication rounds, even in isothermal conditions—
first through pool templation and later, when a certain length 

threshold is crossed, through self-templation (Figure 1 ). This 
is therefore a robust model system for prebiotic primer exten- 
sion starting from a diverse pool. With the faster enzymatic 

kinetics, the influence of the replication cycles on the pool 
composition and diversity can be assessed. 

The initial pools studied consisted of short 12-mer DNA 

strands, with a binary composition of either AT or GC, and 

of all the four possible biases (A-rich, G-rich, etc.). After fol- 
lowing the sequence space over the course of incubation with 

Bst , we found that the initial nucleotide bias of the pool dis- 
appears, so that the resulting pool has a nucleotide fraction 

of 0.5 (i.e. 50% A and 50% T). While this new pool is now 

homogenized in terms of overall nucleotide composition, in- 
dividual segments of the elongated strands still retain traces 
of the initial bias, due to the directionality of the polymeriza- 
tion. This shows that even though the overall pool nucleotide 
fraction changes through replication, the structure within se- 
quences depends on the initial state. Furthermore, we have 
also observed that highly periodic motifs are present in se- 
quences that elongate fast. 

Materials and methods 

Polymerization with Bst 

The polymerization reactions were performed with Bst 2.0 

DNA Polymerase (New England Biolabs, #M0537S). The con- 
ditions were according to the protocol provided by the man- 
ufacturer: 1 × Isothermal Amplification Buffer, 8 mM MgSO 4 

(for a total of 10 mM with 2 mM MgSO 4 from the 1 × buffer), 
320 U / ml Bst (all supplied when ordering the enzyme), 
1.4 mM of each nucleotide triphosphate and 10 μM DNA. AT 

samples were supplied with 1.4 mM dATP and dTTP and GC 

experiments with 1.4 mM dGTP and dCTP (all from Sigma–
Aldrich), and the ATGC experiments with all four nucleotides 
(1.4 mM of each). All experiments were conducted with ini- 
tial DNA samples containing only random 12-mers provided 

by biomers.net, with binary base alphabets (AT, GC) in vary- 
ing base content and for the ATGC experiment a full base 
alphabet (Supplementary Data, Section I). The ordered base 
content differs from the effective base content detected with 

next-generation sequencing (NGS) (Figures 3 and 4 , and Sup- 
plementary Data, Section VI). The polymerization reactions 
were incubated in a thermocycler with the following protocol: 
(i) constant temperature (35 

◦C for AT, 65 

◦C for GC, 45 

◦C for 
ATGC) for the reported time and (ii) 90 

◦C for 20 min to deac- 
tivate Bst . The incubation temperature was lower for AT than 

for GC due to differences in melting temperature, and based 

on a temperature screening performed with Bst (Supplemen- 
tary Data, Section VII). 

PAGE and gel imaging 

The samples were run in a denaturing 15% polyacrylamide in 

50% urea, with a 19:1 ratio of acrylamide to bis-acrylamide 
and polymerized with tetramethylethylenediamine and am- 
monium persulfate. The gels were pre-heated in the elec- 
trophoretic chamber at 300 V for 27 min. The samples were 
then loaded, in a mixture with a ratio of 2:7 of sample to load- 
ing dye. Loading dye is prepared in-house [for 10 ml: 9.5 ml 
formamide, 0.5 ml glycerol, 1 μl ethylenediaminetetraacetic 
acid (EDTA, 0.5 M) and 100 μl Orange G dye (New Eng- 
land Biolabs, #B7022S)]. The running protocol for the gels in 

the electrophoretic chamber was 50 V for 5 min followed by 
300 V for 25 min. After the run, the gels were stained with a 
2 × SYBR Gold (Thermo Fischer Scientific, #S11494) dilution 

in Tris–borate–EDTA (TBE) buffer 1 ×. They were then rinsed 
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with 1 × TBE buffer twice and imaged using a Bio-Rad Chemi- 
Doc™ MP imaging system. The 20–100 bp ladder (DNA oligo 

length standard 20 / 100 Ladder , IDT , #51-05-15-02) was sup- 
plied in a final concentration of 2.04 ng / μl (for each rung) and 

the 100–1517 bp ladder (100 bp DNA Ladder, New England 

Biolabs, #N3231S) in a final concentration of 71.4 ng / μl (for 
all rungs; concentrations vary by n -mer as described by the 
manufacturer). Finally, the obtained micrographs were loaded 

into and analyzed with a self-written LabVIEW program (Sup- 
plementary Data, Section VIII). 

Sequencing 

Samples were sequenced by the Gene Center Munich (LMU) 
using the NGS Illumina NextSeq 1000 machine (flow cell type 
P2, 2 × 50 bp with 138 cycles for 100 bp single-end reads; at 
most 120 bp with two indexes were read, with declining qual- 
ity toward the end). Fifty million reads were ordered for each 

sample. The raw sequencing data obtained, in FastQ format, 
were processed in this order by demultiplexing, quality score 
trimming and regular expression filtering. Demultiplexing was 
performed with software from Galaxy servers ( 35 ), provided 

by the Gene Center Munich. During sequencing, each read 

base was assigned a Phred quality score Q = −10 log 10 P , 
where P is the probability of an incorrectly read base ( 36 ). Us- 
ing Trimmomatic ( 37 ), we trimmed low-quality segments by 
running a sliding window of 4 nt in the 3 

′ to 5 

′ direction over 
the sequence that allowed a minimum average Phred quality 
of 20, otherwise trimming at the leftmost base of the window, 
corresponding to an average accuracy of at least 99%. As the 
experimentally obtained sequences were appended on the 3 

′ 

terminus with a CT tail followed by an AGAT during sequenc- 
ing preparation, those needed to be found and cut, for which 

we employed the following regular expressions: 
(∧ [AT]{12, })(? = ([CT]{4, }A GAT)) for AT 

(∧ [CG]{12, })(? = ([CT]{4, }A GAT)) for GC 

(∧ [ATGC]{12, })(? = ([CT]{4, }A GAT)) for ATGC 

This also ensured that only binary sequences were included 

in the analysis of binary pools. For the ATGC experiment, a 
further adapter filtering step was employed to recover the se- 
quencing signal from the adapter contaminated reads (Supple- 
mentary Data, Section XII). 

Results and discussion 

Length distribution of binary pools over time 

Our starting pools with 10 μM total DNA were composed of 
random 12 nt long single-stranded binary sequences (AT or 
GC only) with a bias in the nucleotide fraction. The four bi- 
nary pools studied were labeled according to the more abun- 
dant nucleotide and were revealed to initially contain 60% A 

(A 0 ), 75% T (T 0 ), 70% G (G 0 ) and 69% C (C 0 ) by sequenc- 
ing (see ‘Materials and methods’ section and Supplementary 
Data, Section IV). The sequence space was 2 

12 = 4096, but 
sequences were not represented equally due to the bias. From 

these initial pools, sequences were isothermally amplified with 

the strand displacing enzyme Bst . The incubation tempera- 
tures were 35 

◦C for AT pools and 65 

◦C for GC pools. In a 
temperature screening, these led to the most extensive elonga- 
tion (Supplementary Data, Section VII). 

The evolution of sequence lengths over time was analyzed 

through PAGE (Figure 2 A and B). Different time points were 
analyzed for AT and GC pools to account for the different 

Figure 2. Templated polymerization of random DNA 12-mers leads to 
products longer than 1 00-mer . Polyacrylamide gel electrophoresis (PAGE) 
analy sis sho ws the length distribution of ( A ) A-biased (A 0 ) and ( B ) 
G-biased (G 0 ) pools o v er time. The molar concentration of sequences 
was quantified and plotted over sequence length for each time point 
corresponding to individual lanes. A 0 corresponds to pink ( C ) and G 0 to 
green ( D ), with hue increasing o v er time. The total DNA mass 
concentration grows linearly with time (insets) and was fitted in gray. The 
concentrations were obtained from the gels by PAGE smear 
quantification (Supplementary Data, Sections VIII and IX). 

kinetics of nucleotide incorporation (Figure 2 C and D). The 
polymerization was stopped at 32 h for AT and 8 h for GC 

when the length distribution reached a state with an abun- 
dance of sequences well beyond 100 nt in the PAGE gel. Both 

the A-biased (A 0 ) and the G-biased (G 0 ) pools displayed repli- 
cation to sequences longer than 100-mer within the first 2 h. In 

case of the A 0 pool, most of the short initial sequences ( < 20 

nt) were depleted after 2 h, whereas for G 0 these remained 

detectable even for later time points. The remaining pools, T- 
biased (T 0 ) and C-biased (C 0 ), exhibit similar length distribu- 
tion kinetics (A 0 to T 0 and G 0 to C 0 , respectively) (Supple- 
mentary Data, Section V). 

The concentration profiles over strand length were ob- 
tained via ladder-calibrated SYBR Gold fluorescence intensity 
in PAGE gels and depicted for all time points in Figure 2 C 

and D (Supplementary Data, Sections VIII and IX). The con- 
tribution of nucleotide composition to SYBR Gold intensity 
was ruled out by performing a screen with sequences of dif- 
ferent compositions at known concentrations (Supplementary 
Data, Section IX.A). For both A 0 and G 0 pools, the molar con- 
centration at later time points forms a double-peaked length 

distribution with a long tail that continues to lengths longer 
than 300 nt. The first peak, around 12 nt, could be explained 

by the sequences of the initial pool that were not recruited for 
replication. The second peak, between 20 and 30 nt, could be 
due to fully hybridized duplexes that have a melting tempera- 
ture above the incubation temperature ( 38 ). 
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While the total number of sequences is constant because 
single nucleotides get added to already existing sequences, 
the total DNA mass increases linearly with time as more nu- 
cleotides are incorporated (Figure 2 C and D, insets). The dif- 
ference in kinetics observed (about three times slower for 
AT experiments) can be explained by both the temperature- 
dependent efficiency of Bst and nucleotide-dependent differ- 
ences in the rate of incorporation ( 39 ,40 ). 

Disappearance of nucleotide bias in the AT pool 

To assess the sequence content of our product strands, we used 

NGS. For each of the four initial pools, three time point sam- 
ples were sequenced (indicated in Figure 2 A and B by the gray 
outlines). These represent the initial pool, an early time point 
pool, from which we learned about ‘fast replicators’, and a 
late time point pool to understand the sequence distribution 

in the ‘left-behind’ pool, respectively. The maximum sequence 
length captured is 112 nt, corresponding to the maximum read 

length of 120 nt minus the CT tail of at least 4 nt and the 
AGAT adapter, isolating the left-behind sequences from the 
fast replicators in the sequenced late time point. In the case of 
A 0 and T 0 , we sequenced the samples at 0, 2 and 32 h, whereas 
in the case of G 0 and C 0 , at 0, 0.5 and 8 h. The resulting data 
sets allowed us to characterize how the bias in the initial pools 
affects the pool evolution on short and long timescales. 

The analysis of the AT data sets (A 0 and T 0 ) is depicted 

in Figure 3 . As polymerization leads to all possible integer 
lengths from the initial 12-mer sequences (to the maximum 

range), we plotted the fraction f T ( i ) of nucleotide T at each 

position i for sequences of the same length. We then stacked 

the graphs so that the positions align across lengths (Figure 3 A 

and B). The position is plotted in the 5 

′ to 3 

′ direction, the 
same direction as Bst elongates the sequences. This way, for 
every sequence length, the probability of finding the nucleotide 
T at each position can be read. 

The initial pools (Figure 3 A and B, top) consisted of 12-mer 
sequences with an overall T fraction ( f̄ T ) of 0.40 for A 0 and 

0.75 for T 0 . The heavier bias in the T 0 pool can be explained 

due to DNA synthesis variability. Across positions, the dis- 
tribution of the nucleotide fraction is close to homogeneous, 
with no apparent patterns in the initial pool that could prop- 
agate with replication. 

The initial bias is countered by polymerization, and the 
overall pool average approaches equal nucleotide fraction 

for both A 0 and T 0 ( f̄ T = 0.5). This can be seen for the 2 

and 32 h time points (Supplementary Data, Section IV). As 
most of the sequences in the pool are biased toward one nu- 
cleotide, sequences are likely to find a similarly biased tem- 
plate. Template-directed polymerization incorporates comple- 
mentary nucleotides to the templates, inverting the bias in the 
newly forming strand segments. Note that all the sequences 
in the initial pool are 12-mer and that primer and template is 
a notation that solely depends on the direction of elongation; 
i.e. Bst adds nucleotides to the 3 

′ end of the primer (Figure 1 ). 

Periodicity of fast AT replicators 

While the pool-averaged bias was homogenized, in-strand po- 
sitional biases were amplified. Due to the 5 

′ –3 

′ direction of 
the polymerase, any bias at priming the first 12 nt at the 5 

′ 

terminus will be preserved over the complete reaction period. 
Additionally, since the nucleotides added are mostly comple- 
mentary, the nascent segment will be inversely biased. These 

Figure 3. Effects of initial bias and elongation on sequence composition 
for AT (A 0 and T 0 experiments). ( A , B ) Evolution of nucleotide fraction f T 
across sequence lengths and positions in sequences for the initial pool, 
an early time point and a late time point (0, 2 and 32 h). A-rich regions 
( f T � 0 . 5 ) are represented in orange and T-rich regions ( f T � 0 . 5 ) in 
purple. The initially biased average pool nucleotide fraction f̄ T is 
countered as the pool undergoes polymerization, homogenizing to 0.5 at 
later time points. The first 12 nucleotides at the 5 ′ end retain the initial 
sequence bias for all graphs, due to the directionality of the 
polymerization mechanism (5 ′ –3 ′ ). In addition, an in v erse bias at 3 ′ is 
e xplained b y pool templation from the biased pool. For the 2 h time point, 
horizontally alternating ‘zebra’ patterns of f T are visible, illustrated by the 
insets with increased contrast. At 32 h, gradients of alternating 
nucleotide fraction suggest self-complement arit y, possibly a 
consequence of self-templation. ( C , D ) Periodicity is plotted as the 
amplitude of the Fourier modes of a discrete Fourier transform performed 
on the position-dependent conditional probability of A for the 50-mer long 
sequences (Supplementary Data, Section XI.C). The fast replicator 
sequences from the 2 h early time point display patterns with period 2 nt, 
matching the zebra patterns of the nucleotide fraction graphs, as well as 
period 3 nt. 

bias inversions are observed as starting 12-mer columns for 
the 2 and 32 h time points, for both of the analyzed pools. 

Fast replicators, corresponding to sequences observed at 
early time points, feature patterned structure. They display a 
zebra pattern, visible through the vertical stripes indicating 
alternating average nucleotide fractions (Figure 3 A and B, in- 
sets). To understand the interdependence between in-strand 

sequence motifs, we calculated a matrix that correlates the 
nucleotide fraction at each position to all positions of each re- 
spective sequence for sequences of length 50 (Supplementary 
Data, Section XI). The f̄ T plots do not allow to do so as they 
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average over all sequences of the same length. The correlation 

matrices for 2 h time points, for both A 0 and T 0 , revealed a 
diagonal correlation indicative of periodicity. To obtain the 
dominant period of the patterns, a discrete Fourier transform 

(Supplementary Data, Section XI.C) was applied to every row 

of the correlation matrices and averaged across all rows and 

sequences (Figure 3 C and D). The graphs spike at periods 2 

and 3 nt above the baseline Fourier amplitude of 50, which 

random sequences would display (the baseline equals the av- 
erage pool nucleotide fraction in percent). Fast replicators dis- 
play a period of length 2 nt, matching the zebra patterns of 
the nucleotide fraction graphs. Additionally, a periodicity of 
length 3 nt is revealed. 

After 32 h of polymerization, the zebra patterns in the frac- 
tion of T have been replaced by smooth gradients. A rea- 
son for this may be that the fast replicators have elongated 

even more and are no longer captured by sequencing analy- 
sis. The gradients are antisymmetric around the center, cor- 
responding to alternating inversions of bias. This indicates 
self-complementarity, suggesting self-templation through the 
formation of hairpins as a mechanism of elongation. Self- 
templation is favored over pool templation when possible 
since it is kinetically more likely to find a complementary re- 
gion within the proximity of the same molecule than within 

another molecule of the pool (Figure 1 ). Furthermore, the 
emergence of self-complementarity at the late time point sug- 
gests its possible adverse effect on replication, causing certain 

sequences to be left behind, as these sequences form stable, 
fully bound duplexes. 

Similar patterns in GC pools, but lack of 2 nt 
periodicity for fast replicators 

Similarly to the AT experiments, the G 0 and C 0 samples were 
analyzed with NGS (Figure 4 ). The three time points chosen 

in this case were adapted to the faster GC elongation kinetics. 
The initial pools had symmetric biases, with f̄ C , G 0 = 0 . 30 and 

f̄ C , C 0 = 0 . 69 for C 0 . In the case of the polymerized pools, the 
sequences obtained were overall shorter than in the case of 
the AT data sets, even for the later time points. This may be 
due to a combination of the different polymerization dynam- 
ics and a lower sequencing efficiency for GC samples (Sup- 
plementary Data, Section III), which yields fewer and lower 
quality reads for a similar initial concentration. For this rea- 
son, the GC graphs (Figure 4 A and B) are noisier and have 
shorter maximum length. 

For the earlier time point, at 0.5 h incubation time, the al- 
ternating vertical stripes that indicated zebra patterns in the 
AT graphs are not present. The positional dependences within 

sequences of a specific length were analyzed by conditional 
probability graphs, which revealed periodicity in GC samples 
as they did for AT (Supplementary Data, Section XI). The 
Fourier transform graphs, unlike the AT ones, lack 2 nt pe- 
riodicity while still displaying an increased periodicity of 3 nt 
(Figure 4 C and D). This indicates that 3 nt periodicity is a 
feature of fast replicators independent of the initial pool type. 

The inversion of bias both on the 5 

′ to 3 

′ end and in the 
intermediate region is evident for both the 0.5 and 8 h time 
points as in AT. These can be explained with the pool and 

self-templation mechanisms in addition to the directionality 
of polymerization. For both AT and GC, 4-mer motifs that are 
reverse complementary display similar abundances after poly- 
merization has occurred, which can be seen by the symmetry 

Figure 4. Results for GC (G 0 and C 0 experiments). ( A , B ) The nucleotide 
fraction f C for the 0, 0.5 and 8 h time points was decomposed by length 
and position, which leads to graphs similar to those for AT. Again, the 
initially biased a v erage pool nucleotide fraction f̄ C is homogenized with 
time and the first 12 nt retain the initial bias, while the f ollo wing segment 
is in v ersely biased due to pool templation. Ho w e v er, no z ebra patterns 
are visible in the early 0.5 h time point. ( C , D ) The Fourier modes (for G, 
50-mer) confirm this absence of 2 nt periodicity but do indicate 3 nt 
periodicity. 

in the graphs (Supplementary Data, Section X). The increase 
in overall pool complementarity leads to the convergence of 
the pool average nucleotide fraction to f̄ C 

= 0.52 after 8 h for 
both experiments. 

Mechanistic insights 

For elongation to occur, two sequences need to form over- 
lap duplexes or a sequence needs to self-template. However, 
if the resulting duplex is excessively stable after replication, it 
hinders strand separation and further replication, effectively 
leading to the sequences being left behind. To understand se- 
quence evolution, we analyzed both early and late time points, 
aiming to distinguish characteristics of fast replicators from 

left-behind sequences. Late time points reveal antisymmetric 
bias inversion regions indicative of fully self-bound sequences, 
which are too stable to replicate and therefore remain in the 
left-behind pool. 

To gain insights into how self-complementarity evolves 
during replication, we analyzed the longest potentially self- 
complementary region in each sequence (Figure 5 A). This was 
achieved by comparing a strand’s sequence from the 3 

′ end to 

the 5 

′ end and identifying the longest complementary over- 
lap. The results were then averaged among sequences of the 
same length for both AT and GC pools. To establish a refer- 
ence point, a random pool was generated with a nucleotide 
fraction of f̄ T / C , pool = 0 . 50 . This reference provides a baseline 
for the maximum length of self-complementary regions in the 
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Figure 5. Analysis of self-complement arit y and zebraness revealed 
in v erse effects between AT and GC experiments. ( A ) Longest 
self-complementary regions that were found for each sequence, plotted 
a v eraged per sequence length. AT pools (left panel) displa y ed higher 
self-complement arit y compared to a randomly generated homogeneous 
pool, particularly for sequences longer than 40 nt. No significant 
deviations from a randomly generated pool were present in the GC pools 
(right panel). ( B ) Zebraness by sequence length, defined as the fraction of 
alternating 2-mer motifs (XY, YX). In the case of AT experiments (left 
panel), the 2 h early time point sequences possessed a higher a v erage 
zebraness than their 32 h late time point counterparts. Additionally, the 
z ebraness w as higher f or longer sequences, suggesting that 2 nt 
periodicity is present in fast AT replicators. In contrast, GC samples (right 
panel) had a generally lo w er z ebraness, consistently belo w 0.5. 
Furthermore, the zebraness decreased for longer strands, indicating that 
the bulky non-alternating 2-mer motifs (XX, YY) are f a v ored f or the f ast 
GC replicators. 

absence of pool- or sequence-level patterns. AT sequences ex- 
hibit significantly longer self-complementary regions, partic- 
ularly among fast replicators. Conversely, GC regions align 

perfectly in length with the generated reference sample. 
Notably, the longer AT self-complementary regions of fast 

replicators coincide with an increased 2 nt periodicity. To un- 
derstand this characteristic, we introduced the concept of ze- 
braness, defined as the fraction of alternating (zebra) 2-mer 
motifs (XY or YX) ( 41 ) (Figure 5 B). Correspondingly, 2-mer 
bulky motifs are defined as homodimers (XX or YY). The find- 
ings reveal that in AT sequences, zebraness of fast replicators is 
higher than 0.5 and consistently exceeds that of left-behind se- 
quences. In contrast, for GC sequences, zebraness consistently 
falls below 0.5. Thus, zebraness appears to confer a replica- 
tive advantage to AT sequences, while not benefiting GC se- 
quences. The difference between the AT and GC fast replica- 
tors can be explained by the intrinsic differences in the stack- 
ing energies �G of zebra—averaged from the motifs XY and 

YX—and bulky XX / YY motifs that have been determined in 

( 42 ) (literature values �G 

SH , all in kcal / mol): 

�G 

zebra 
AT = (�G 

SH 

AT / TA 

+ �G 

SH 

TA / AT ) / 2 = −0 . 73 , 

�G 

bulky 
AT = �G 

SH 

AA / TT = −1 . 00 , 

�G 

zebra 
GC 

= (�G 

SH 

GC / CG 

+ �G 

SH 

CG / GC 

) / 2 = −2 . 20 , 

�G 

bulky 
GC 

= �G 

SH 

GG / CC 

= −1 . 84 . 

Thus, for AT, bulky motifs are more stabilizing than zebra mo- 
tifs, whereas for GC the opposite is true, with the stacking en- 
ergy difference �G 

bulky − �G 

zebra equaling 0.27 kcal / mol for 
AT versus −0.36 kcal / mol for GC. Stacking energy of neigh- 
boring nucleotide pairs is the main contributor for duplex 

stability ( 43 ), explaining its strong effect on sequence evo- 
lution. The sequences rich in the most destabilizing motif 
type replicate the fastest into very long strands. This pre- 
vents them from being stuck in very stable secondary struc- 
tures and renders them more accessible for several rounds 
of priming. Additionally, long zebra regions are fully self- 
complementary, allowing a single strand to have many pos- 
sible transient fold-back conformations and undergo several 
rounds of self-templation, which could be a replication mode 
of AT fast replicators. Due to the elevated stability of the G:C 

base pair in comparison to the A:T base pair, in addition to 

stacking, for GC this mode of replication might lead to overly 
stable self-folded conformations impeding their status as fast 
replicators. 

The enhanced 3 nt periodicity is a distinct characteristic of 
fast replicators in both AT and GC experiments (Figures 3 

and 4 C and D). We propose a mechanism by which 3 nt pe- 
riodicity balances the formation of duplexes for elongation 

with the avoidance of overly stable ones, enabling fast repli- 
cation. Unlike zebra sequences, which are reverse complemen- 
tary to themselves, 3 nt periodic sequences cannot as easily 
self-template through hairpin formation unless they are com- 
posed of (at least) two regions with repeating reverse com- 
plementary 3-mer motifs. However, their periodic regions of- 
fer an increased amount of potential binding sites for reverse 
complementary periodic regions of other sequences, allow- 
ing for the formation of duplex regions for elongation to 

start. Two subpopulations of sequences with reverse comple- 
mentary periodic 3-mer motifs may form efficient primer–
template pairs that rapidly bind, elongate and separate again, 
effectively cooperating to achieve fast replication. The advan- 
tage of 3 nt periodicity over longer 4 or 5 nt periodicities 
is not only the higher amount of potential binding sites, but 
more importantly the small sequence space associated with 

3-mers. This results in only four ‘3 nt periodic partner’ sub- 
populations (containing periodic motifs AA T / A TT, A T A / T A T, 
T AA / TT A and AAA / TTT) instead of the combination of six 

pool-templating plus four self-templating subpopulations for 
4 nt periodicities or a total of sixteen ‘5 nt periodic partner’ 
subpopulations in the pool. 

While this study focused on isolating effects of replica- 
tion in binary systems, we performed a supplementary ex- 
periment to check whether the conclusions drawn in these 
simpler and more accessible systems also apply to more com- 
plex full-alphabet experiments. Analyzing the replication of a 
4 nt data set (ATGC 0 ) at two time points (0 and 64 h) recov- 
ered patterns found in binary systems (Supplementary Data, 
Section XIII). For example, the nucleotide fractions also re- 
vealed positional biases, due to the combination of templa- 
tion and directionality. The polymerized sequences exhibited 

longer self-complementary regions than a generated random 

pool, as it was the case for AT pools. These regions displayed 

an increase in the prevalence of AT and TA motifs with in- 
creasing length. Similarly to the late time point pools of the bi- 
nary systems, the Fourier transform of the 50 nt sequences did 

not reveal any periodicity for ATGC, which indicates that the 
fast replicators were not captured with this later time point. 
The full-alphabet analysis thereby demonstrates that mecha- 
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nisms and effects of replication isolated in binary systems are 
recoverable in ATGC data. 

Conclusion 

We demonstrated that in following templated replication, 
pools display a positional bias and the average pool nucleotide 
fractions become more homogeneous. Replication from two 

independently synthesized initial pools with the same bias 
resulted in reproducible length distributions, average pool 
nucleotide fractions and sequence structure (Supplementary 
Data, Section VI). 

We experimentally verified that compositional diversity, 
represented by the average pool nucleotide fraction, arises 
from biased binary pools via templated replication. This is 
a necessary characteristic for the exploration of sequence 
space with the possibility of generating a functional sequence. 
Similar conclusions have previously been described for bi- 
nary DNA systems in silico ( 10 ), particularly for templated 

ligation. 
Simultaneously, the replication of an initially biased pool 

resulted in regions in the replicated sequence that possess the 
same or the symmetric bias, which alternate and balance each 

other on average. This allows for a biased exploration of sub- 
sections of sequence space with structured sequences, without 
restricting the sequence space to a subset of similar sequences. 
Different nucleotide biases have been shown to correlate with 

enrichment of different secondary structures ( 20 ), implying 
that the sequences obtained from our templated replication 

may exhibit a diverse range of secondary structure, which is 
in turn correlated with functionality. 

Symmetry breaking, triggered by the selection for the re- 
verse complement due to templation mechanisms, has been 

experimentally described for templated ligation. In a previ- 
ous study ( 1 ) where binary AT pools were studied, two dif- 
ferent subpopulations of sequences were found to contain a 
high amount of reverse complement sequences, with different 
nucleotide biases being enriched for each subpopulation (an 

A-rich and a T-rich). Indeed, we observed a comparable be- 
havior within single sequences. 

We also found that highly periodic sequences are repli- 
cated faster, interestingly amplifying a periodic trimer struc- 
ture in all studied pools. We attribute this to the potential 
emergence of cooperative sequence networks made up of sub- 
populations within the pools. These subpopulations would 

be characterized by reverse-complementary 3-mer periodic 
motif sequences that would cross-catalyze each other’s rapid 

elongation. 
Besides this agreement in 3 nt structure, the 2 nt periodic- 

ity differed for the two binary systems investigated. AT pools 
favored the 2 nt zebra motifs AT and TA, whereas GC pools 
preferred the bulky motifs GG and CC, likely due to intrin- 
sic differences in stacking energies. Our findings, especially of 
the high self-complementarity in long AT sequences (Figure 5 ), 
support the mechanism of ‘hairpin elongation’ for repetitive 
DNA, as previously suggested ( 44 ). Repetitive DNA strands 
possess a high number of potential fold-back sites for hairpin 

formation. Repeated complete or partial melting, possibly in- 
duced by the strand displacing activity of Bst , alternating with 

hairpin formation and self-templation, would quickly elon- 
gate highly repetitive sequences. 

In this study, we employed an experimental model system 

to provide insight into the role of replication as a mechanism 

of selection. Using a protein-based replication system with 

strand displacement ( Bst ), we identified which sequence pat- 
terns emerged as the fittest by analyzing the fast replicators. 
In addition, we characterized the dependence of the emer- 
gent structure on the initial pool. Overall, our findings con- 
tribute to elucidate the steps involved in the molecular evolu- 
tion of short unstructured nucleic acids into long functional 
sequences. 

Data availability 

All data and code relevant to the study are available at https:// 
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mentary information or, in the case of the raw sequencing 
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ABSTRACT: Templated ligation offers an efficient approach to replicate long strands in an RNA world. The 2′,3′-cyclic phosphate
(>P) is a prebiotically available activation that also forms during RNA hydrolysis. Using gel electrophoresis and high-performance
liquid chromatography, we found that the templated ligation of RNA with >P proceeds in simple low-salt aqueous solutions with 1
mM MgCl2 under alkaline pH ranging from 9 to 11 and temperatures from −20 to 25 °C. No additional catalysts were required. In
contrast to previous reports, we found an increase in the number of canonical linkages to 50%. The reaction proceeds in a sequence-
specific manner, with an experimentally determined ligation fidelity of 82% at the 3′ end and 91% at the 5′ end of the ligation site.
With splinted oligomers, five ligations created a 96-mer strand, demonstrating a pathway for the ribozyme assembly. Due to the low
salt requirements, the ligation conditions will be compatible with strand separation. Templated ligation mediated by 2′,3′-cyclic
phosphate in alkaline conditions therefore offers a performant replication and elongation reaction for RNA on early Earth.

■ INTRODUCTION
Nucleic acid replication is essential for the propagation of
genetic information and therefore is a central step for the
origin of life.1 An early form of molecular evolution that
preceded catalytic polymers (i.e., enzymes and ribozymes)
required a nonenzymatic copying mechanism. While primer
extension by the addition of mono-, di-, or tri-nucleotides has
been demonstrated to copy shorter sequences,2−5 its
processivity is limiting, and the combination with strand
separation is a considerable hurdle. A simple way to overcome
these issues could be templated ligation, which reduces the
number of steps-per-length required to generate an oligonu-
cleotide, and if possible, operating at low magnesium
concentration would offer an easier strand separation,
particularly when coupled to nonequilibrium microenviron-
ments with salt and pH cycling.6 Additionally, ligation chain
reactions are known to offer exponential replication.7

The state-of-the-art method for templated ligation makes use
of phosphoramidates, such as phosphorimidazolides.8,9 The
need for a separate (ex situ) presynthesis step with condensing
agents, coupled with their short half-life, reduces their prebiotic
likelihood. Furthermore, in situ activation with prebiotically
plausible organocatalysts in ligation-compatible scenarios has
not been shown. Disregarding the need for multiple synthesis
steps required to make the phosphorimidazolides,10,11

imidazole-activated oligonucleotides are less reactive than

their mononucleotide counterparts, lowering the yield of
templated ligation compared to that of polymerization.8

Moreover, studies demonstrating the assembly of a long
catalytic RNA by templated ligation of imidazole-activated
oligonucleotides required a high concentration of Mg2+, which
leads to product inhibition.8,9,12 This strongly supports the
need for an efficient ligation system compatible with strand
separation.

The quest for such a system led us to cyclic phosphates since
they generate short oligomers in the dry state,13−15 which
retain the active >P ends and could act as raw material for
ligation. More importantly, they represent a simple and
endogenous activated group, minimizing the need for complex
multistep synthesis and ex situ activation. 2′,3′-Cyclic
phosphate (>P) endings are likely readily available in the
prebiotic pool since they are the primary product of prebiotic
nucleotide synthesis16 and phosphorylation reactions.17,18

Moreover, ribozymatic19 and alkaline hydrolysis of RNA
strands via transesterification20−22 produce >P ends, which
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are substrates for ribozymes catalyzing phosphodiester bond
formation.23,24

Hydrolysis of >P results in 2′- or 3′-monophosphate, the
recycling of which, i.e., the recyclization to activated
oligonucleotides with >P, under prebiotic conditions was also
demonstrated,17,18,23 suggesting a way for the in situ recycling
of hydrolyzed substrates. Biochemical protocols using 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) at low tem-
peratures are also common.24−26 The widespread presence of
these activated phosphate groups in established prebiotic
pathways and their relatively longer half-life motivated us to
investigate their role in ligating RNA oligomers in a templated
setting and their relevance to early RNA replication.

Previous work with >P containing oligonucleotides has
demonstrated template copying only through ligation with
DNA/RNA chimeras, resulting in low yield and a predom-
inance of 2′−5′ linkages.26,27 Nontemplated ligation of random
sequences with >P has also been shown to proceed in eutectic
phase at low rates.28 However, the potential of ligation of RNA
sequences with >P ends for quantitative genetic copying
remained largely unexplored.

Our study explored the ligation of a completely RNA-based
system in simple conditions devoid of additional organo-
catalysts. We investigated the impact of reaction conditions on
yield, kinetics, and sequence fidelity, achieving a maximum
yield at 5 °C and pH 10. This was achieved under reduced salt
conditions, enabling compatibility of the settings with strand
separation. Moreover, we observed an increased ratio of 50%
of the canonical 3′−5′ linkages at the ligation site, an
improvement over previously reported aqueous condensations
involving >P.26,29,30 Additionally, we demonstrated that the
reaction is highly sequence-selective, even for a single
nucleotide at the ligation site. Finally, we could demonstrate
that multistep ligations within a splinted RNA system using >P
can generate long RNA molecules on the length scale of 100
nucleotides through a cross-templating reaction.

This work serves as a proof of principle for nonenzymatically
replicating and generating long RNA, in a sequence-specific
manner using a simple and ubiquitous phosphate chemistry,
albeit at conditions of elevated pH. Such alkaline conditions
are however common in fresh-water volcanic lakes,31,32

indicating it is a possible scenario on early Earth.

■ RESULTS AND DISCUSSION
Learning from our previous work15 and other studies on
ligation with >P,26,27,29,33 we decided to investigate the ligation
reaction with >P under alkaline conditions. This was also
corroborated by a broader pH screen (Supporting Information
S4, Figure S4.1). All the reactions were performed in aqueous
alkaline conditions with 50 mM 2-(cyclohexylamino)ethane-1-
sulfonic acid (CHES) buffer and an equimolar concentration
of the participating strands. A possible influence of the buffer
itself was not supported in a buffer screen at pH 9 (Supporting
Information S4, Figure S4.2). The two ligating strands are
labeled as primer a and b and the template, BA. All the
reactions were performed in the presence of 1 mM Mg2+ as it
was found to be optimal (Supporting Information S4, Figure
S4.3). The analysis of the ligation reaction was done either by
polyacrylamide gel electrophoresis (PAGE, Figure 1c; see
Supporting Information S1.3 and S2.2) or high-performance
liquid chromatography (HPLC, Figures 1d, Supporting
Information S1.4 and S2.1), or a combination of both.

To study the impact of temperature and pH on the ligation
reaction, three temperatures of 5, 10, and 25 °C and pH 9, 10,
and 11 were tested, as shown in Figure 2. The reaction yielded
both the ligation product (ab) and the inactivated primer side
product (a−P) while consuming the two primers a > P and b.
The template (BA) was not consumed by the reaction. Thus,
its concentration was used to correct for small pipetting errors
through normalization.

The concentration over time of the strands a > P, b, ab, a−P,
for different temperature−pH combinations is plotted in
Figure 2b (see Figure 2a for color-coded schematics). It is
important to note that in all the experiments, the initial
concentration of a−P is on average 26% of total a, suggesting
that a part of a > P was already hydrolyzed in the stock
solutions. This capped the maximum concentration of ab at
0.74 μM, the concentration of initial a > P. The yield of ab
depends on the temperature and pH combination of the
reaction. The highest concentration of ab at 7 days (0.28 μM)
was obtained at 5 °C, pH 10 (Figure 2b,c, red rectangle).
Calculating for the real initial amount of a > P, the yield was
38%. The obtained yield was measured under a limiting
concentration of the primer with a cyclic phosphate end (a >
P), meaning that the formation of hydrolyzed a−P contributed

Figure 1. Nonenzymatic template-directed ligation of short RNA
strands. (a) Schematics of reaction design. Both primers a andb bind
on the complementary template, BA. The primer a has a 2′,3′-cyclic
phosphate, while b contains a 5′-OH group. (b) 5′-OH performs a
nucleophilic attack on the cyclic phosphate group and forms a
phosphodiester bond between the two primers, leading to the ligation
product strand ab. As a side reaction, the cyclic phosphate in a can
also hydrolyze, rendering a inactive. (c) Denaturing polyacrylamide
gel electrophoresis (PAGE) analysis of ligation reaction over time.
Reaction contained 1 μM primers, 1 μM template, 50 mM CHES, pH
10, and 1 mM MgCl2 at 5 °C. (d) Stacked HPLC chromatograms
(absorbance at 260 nm) of the same reaction mixtures as in (c). The
product peak increases over time as the primers get depleted.
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to the observed partial conversion. However, the addition of
excess primer a did not improve the yield (Supporting
Information S10), indicating product inhibition, confirmed
by our estimate that the product strands have an off-rate of

about 40 days at 5 °C. Comparable yields have been reported
for ligation with phosphorimidazolide activation under
similarly low Mg2+ concentrations.8

Since the formation of the primer−primer−template
complex through base-pairing proceeds at much faster time
scales (kon ≈ 1 μM−1 s−1, literature values for similar-sized
oligonucleotides34−36) than that of the nucleophilic attack on
the cyclic phosphate, it can be assumed that the reaction is of
pseudo-first order (Supporting Information S8.1). Thus, first-
order kinetic rate constants (kobs) for product formation and
hydrolysis of cyclic phosphate were fitted to the data, see
Figure 2d (Supporting Information S8, Figure S8.1). The
obtained rates are between 0.001 and 0.03 h−1, which are in
the same order of magnitude for the ligation of native RNA at
20 mM MgCl2 with 2-Me imidazolide chemistry.9

A few salient features of the plots in Figure 2b−d are the
rates and yields of ligation (ab) and hydrolysis (a−P). Both the
rates of ligation and hydrolysis increase with an increase in
either pH or temperature, keeping the other parameter
constant. Figure 2d shows that while the observed ligation
rate mostly increases from pH 9−10, the inactivation rate
increases from pH 10−11. At higher pH, the ligation kinetics is
slightly faster; however, the final yield drops due to the
competing inactivation rate. The rate of ligation is in general
higher than the rate of the hydrolysis at 5 and 10 °C, while 25
°C favors the inactivation. It has been reported that low
temperatures reduce the entropic cost of the ligation reaction
and shift the reaction equilibrium from hydrolysis to ligation.23

The maximum 7 day yield obtained is at pH 10 and 5 °C.
Significant RNA backbone hydrolysis is observed when both
temperature and pH are maximal (25 °C and pH 11).

The attack of the 5′-OH on the cyclic phosphate (Figure
1b) can form either a 2′−5′ or a 3′−5′ phosphodiester bond
(Figure 3a,b, respectively). Previous studies on the polymer-
ization and ligation with cyclic phosphates have reported
varying ratios of 3′−5′ and 2′−5′ linkages, depending largely
on the experimental conditions. For example, dry-state
polymerization resulted in a natural linkage enrichment ratio
of 2:1,13,37 while an aqueous state (with 0.5 M diamine, pH 8,
and 0 °C) was reported to lead to at least 97% of 2′−5′.30

Figure 2. Kinetic study of temperature and pH influence in ligation
reaction. (a) Schematics of the ligation reaction. The hydrolysis of the
cyclic phosphate competes with the ligation reaction. (b) Screening
the concentration of primers and product over a 7 day period for
varied pH (9−11) and temperature (5, 10, 25 °C). The highest yield
at 7 days is highlighted in red, for pH 10 and 5 °C. At both high
temperature and pH (25 °C and pH 11), there is additional hydrolysis
of the backbone, particularly after 7 days (bottom, right−most graph).
The full lines correspond to the exponential fit of the data as a guide
to the eye. (c) Product yield obtained (%) at 7 days for all of the
conditions tested. Maximum obtained yield was for pH 10 at 5 °C
(red square). This reported yield was calculated for the limiting
concentration of a > P. (d) Observed initial pseudo-first order rate of
product and inactive primer formation for all the conditions
(Supporting Information S8). Reactions contained 1 μM primers, 1
μM template, 50 mM CHES, with varied pH, and 1 mM MgCl2.
Concentrations were measured with HPLC UV detection at 260 nm.
Data are represented as mean ± standard deviation of three
independent replicates.

Figure 3. Linkage analysis of the reaction product ab through
digestion with nuclease P1. Scheme of the ligation site with a 2′−5′
linkage (a, green) and a 3′−5′ linkage (b, pink). (c) Total product
yield obtained for three condition sets, with the corresponding relative
amounts of 2′−5′ and 3′−5′ linkage. The ligation with 2′,3′-cyclic
phosphates does not exhibit regioselectivity as both linkages are
equally represented for the studied conditions. After the reactions
with 10 μM primers, 10 μM template, 50 mM CHES, pH 10, and 1
mM MgCl2, they were digested with nuclease P1 (Supporting
Information S1.5). The concentrations of the samples before and after
digestion were measured with HPLC UV detection at 260 nm
(Supporting Information S2.1 and S5). Data represent the mean of
independent duplicates.
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Templated cleavage and ligation at 25 °C, pH 9, and 5 mM
MgCl2 in an aqueous solution was reported to also show a
predominance of 2′−5′ linkages (about 95%).29 Conversely,
templated ligation in the eutectic phase resulted in an excess of
3′−5′ linkages.38 For the templated ligation reaction described
here, we found no significant regioselectivity under the tested
conditions (Figure 3c). This difference in comparison to
previous studies is potentially due to the different systems and
conditions tested. To investigate this, the reaction was
quenched by ethanol precipitation, and the samples were
digested with nuclease P1 following the manufacturer’s
protocol (Supporting Information S1.5). Nuclease P1 specif-
ically lyses the 3′−5′ linkages, which in this case would digest
all the strands a, b, and BA completely but digest ab either
completely or result in a UC dimer.

The concentration of total product predigestion and UC
dimer postdigestion was determined using HPLC UV
absorbance (Supporting Information S2.1 and S5). We
observed that both types of linkages were formed equally
(Figure 3c), indicating that the reaction is not regioselective.
However, a slight enrichment of the canonical linkage over
time for the 5 °C conditions can be seen, possibly due to the
favored hydrolysis of 2′−5′ linkages, particularly in double-
stranded RNA in alkaline solutions.39 The presence of
noncanonical linkages, however, does not render the product
strands obsolete. Such mixed backbone RNA has been
demonstrated to still fold into functional structures.40 The
stability of the RNA duplex has been documented to be
reduced for strands fully composed by 2′−5′ linkages in
comparison with that of RNA with canonical linkages.41,42 For
this system, however, one single 2′−5′ linkage at the ligation
site would likely not have a considerable destabilizing effect as
the duplex could accommodate the structural disruption.40

Furthermore, Supporting Information S7, Figure S7.3a shows
that ab with a 2′−5′ linkage can still template the formation of
BA through >P mediated ligation, highlighting the possibility
of a replication cycle.

To answer the question if the ligation reaction is sequence-
specific, we conducted the reaction with each of the 16
different nucleotide combinations (four each on the 3′ end of a
and the 5′ end of b) at the ligation site (Figure 4a).
Additionally, we tested two different templates, one with GA
and the other with UA at the position complementary to the
ligation site. Except for the ligation site, the remainder of the
sequence was fully complementary to the template. This is
similar to the approaches undertaken for the fidelity calculation
for ligases.43−45 These reactions were carried out at pH 10 and
5 °C for 168 h, i.e., conditions with the highest yield of ligation
among the ones tested (Figure 2c). Figure 4b,c shows that of
all the combinations of the primers tested, the highest yield of
ab is obtained for the sequence with the correct nucleotides at
the ligation site (marked in red, CU for the template GA and
AU for the template UA). However, mismatched ligations did
occur, albeit with much lower relative yields, which were
especially reduced for the template UA.

Interestingly, G/U wobble pairing of the 5′ U of primer b at
the ligation site led to a high relative yield (78%) compared to
that of the complementary primers for the template GA. When
considering one single mutation at the ligation site either on a
or b, the reaction yield drops on average by 91 or 82%,
respectively, relative to the nonmutated complex. We term this
the ligation fidelity for one mutation. If we consider two
mutations at the ligation site, the average experimental yield

drops to 12% (template AG) and 5% (template AU), and thus,
the ligation fidelity for the respective template is 88 and 95%
for two mutations.

A prebiotic replication through ligation would take place
from a diverse pool of oligonucleotides consisting of different
sequences of varied lengths. In such a scenario, the likelihood
of unstable primer−template complexes is high. Two
contributions of the nucleotides surrounding the ligation site
can be identified as having a significant effect on the stability of
the complex, the amount of mismatches, and the length of the
binding region. To compare the performance of the ligation
with a base-by-base replication, we calculated the per-
nucleotide replication fidelity as detailed in Supporting

Figure 4. Ligation site specificity for two different template sequences.
After 7 days, the yields were measured for reactions using primers that
had each of the four possible nucleotides at the 3′ end of a (Na) and
the 5′ end of b (Nb). This resulted in a total of 16 different primer
combinations being evaluated. (a) Schematics of the ligation sites and
the two templates tested. The templates differed only at the dimer
complementary to the ligation site with either 5′ GA 3′ (b) or 5′ UA
3′ (c). The maximum yield obtained in both cases was for the correct
combination of complementary primers (nucleotides highlighted in
red). Guanine/uracil (G/U) wobble pairing is represented as a tilted
nucleotide in the cartoon representation. For most combinations, one
single mutation at the ligation site reduced its relative yield
considerably or prevented ligation, even though the other primer is
fully bound to the template. The snippet below the heat map in (b,c)
corresponds to the PAGE of the bottom row, showing the ligated
product ab. Reactions were performed with 10 μM primers, 10 μM
template, 50 mM CHES, pH 10, and 1 mM MgCl2 for 7 days at 5 °C.
Data are represented as mean of independent triplicates. (d) The
fidelity of ligation was extrapolated to a per-nucleotide replication
fidelity using primers of varying length using single-mutation-sensitive
binding calculation of the primers with NUPACK (Supporting
Information S9.1). The fidelity decreased for longer primers. Also, a G
at the ligation site leads to lower fidelity due to the G−U wobble pairs
(Supporting Information S9.3).
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Information S9. This corresponds to the minimum fidelity that
a base-by-base replicator would require, for each incorporation,
to create the same number of errors within the ligated strand.
We combined thermodynamic analysis, using NUPACK, for
one or two mutations in the ligating strands outside of the
ligation site with the experimental ligation errors obtained by
mutating both nucleotides at the ligation site (Figure 4b,c).
These extrapolated experimental−theoretical per-nucleotide
fidelities reached 89−92% for the tested system and 95−98%
for primer length of 6-mer. Unlike shorter strands where a
single point mutation would destabilize the complex, longer
primers are more tolerant to single point mutations at cold
temperatures, setting a fidelity-based length limit to the ligating
strands. This is the reason for the increase in fidelity for shorter
strands. Interestingly, the optimal lengths for ligation are
reached by dry oligomerization from 2′,3′-cyclic nucleotides at
the same alkaline pH.15

After understanding that the nonenzymatic ligation with
2′,3′-cyclic phosphates is a reliable copying mechanism, we
aimed to investigate the potential for elongation. This would
have been an important characteristic of a potential prebiotic
replication mechanism as it would establish a link between
nontemplated nucleotide condensation and the faster repli-
cation by long ribozymes, with tens or hundreds of
nucleotides.46−48

We explored the possibility of bridging these two
oligonucleotide length regimes by designing splint strands
with short (4- or 8-mer) binding regions that can both cross-
template and ligate (Figure 5a). Each system has two strands
(labeled c and d) with >P. The strands are designed such that
the 5′ half of the strand d is a reverse complement to the 5′
half of c, and the same goes for the 3′ halves such that they
bind and form a long network of ccc... bound to ddd... (Figure
5a, see Supporting Information S3 for sequence information).
The formed secondary structure allows for multiple ligations,
resulting in homopolymers of c and d. Figure 5b shows that up
to 5 concatenations (n = 6) could be detected for both the 16-
mer system (Figure 5b) and 8-mer system (Figure 5d)
resulting in 96- and 48-mer RNA, respectively. Figure 5c,e
shows the gel quantification of the respective gels in Figure
5b,d. For the shorter system, the yield was reduced by about an
order of magnitude for each additional concatenation and was
generally lower than that for the 16-mer system, which was
likely due to the slower kinetics in a frozen state at −20 °C.
Specifically for the case of the 16-mer at 5 °C, 5.1 μM of the
strands was incorporated into the concatemers, and 4.9 μM
remained. The remaining strands c and d contain either the
active or inactive phosphate group as the two species do not
resolve through PAGE. We propose that for these conditions,
as for the system in Figure 2, the main limitation to the yield is
the hydrolysis of the cyclic phosphate.

It is interesting to note that the maximum yield for the 16-
mer system was obtained at 5 °C, whereas for the 8-mer
system, it was at −20 °C. We believe this to result from the low
duplex stability of the 4-mer duplex region at 5 °C. We tested
this by studying the ligation of shorter systems (Supporting
Information S6). Systems with 4- and 6-mer binding regions
were designed to have the same sequence at the ligation site
and the same GC content as the strands used in Figures 1 and
2. While there was a significant reduction in yield for both
systems, we found that for the 6-mer system, the yields were
higher at 5 °C, whereas for the 4-mer system, −20 °C was
more favorable (Supporting Information, Figure S6.1). Addi-

tionally, the obtained yields at 7 days were very low (about
3%) for the latter. This suggests that to stabilize the duplex for
short oligonucleotides, a compromise between the slower rate
of ligation and the low probability of duplex formation must be
made. We demonstrate that the ligation reaction is robust since
the only requirement for the templated ligation via 2′,3′-cyclic
phosphate, besides the formation of a duplex, seems to be an
alkaline pH, needing no additional molecules or external
activations. Also, the shown formation of long RNA, bridges
the length gap toward a regime where long, functional
ribozymes can evolve.

■ CONCLUSIONS
A nonenzymatic replicator chemistry on the early Earth should
have the capacity, under plausible conditions, to elongate
strands and undergo further replication steps all while being
highly accurate and processive. We demonstrate with this work
that ligation with >P RNA fulfills these criteria.

First, we show that the template-directed replication
mechanism only requires salts for stabilizing the duplex and
alkaline pH, making the ligation with >P RNA robust and
reproducible in both aqueous and frozen solutions. For the
aqueous case, a 38% yield was observed in contrast to the
previously reported yield of 16% for similar reactions. It was
found that a combination of high pH and low temperature

Figure 5. Assembly of long RNA via splinted ligation of 2′,3′-cyclic
phosphate containing oligonucleotides. (a) Schematics of sequence
design. Two strands labeled c and d with complementary subregions
and not corresponding to the complete reverse complement, bind to
form a long chain with repeating units of each. Both c and d contain
2′,3′-cyclic phosphate, and the ligation can yield all possible length
multiples of the initial strands. For the case where c and d are 16-mer
long, denaturing PAGE of ligation reaction at −80, −20 °C (frozen),
and 5 °C (b) revealed products of up to five concatenations. The
concentration of each ligation product (up to n = 5), obtained from
the SYBR Gold fluorescence analysis, is plotted in (c). Similarly, for
an initial strand size of 8-mer, denaturing PAGE (d) and product
concentration (e) are shown. The optimal temperature for splinted
ligation depends on oligomer length as 5 °C yields a higher
concentration for the 16-mer, while −20 °C is better for 8-mer.
Reactions were performed with 10 μM primers, 10 μM template, 50
mM CHES, pH 10, and 1 mM MgCl2 for 7 days. Data are represented
as the mean of three independent replicates.
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promotes ligation over the hydrolysis of the cyclic phosphate
moiety. Such conditions are thought to be plausible on early
Earth, where the fainter sun contributed to a cold surface
temperature that would still allow liquid water.49 Additionally,
Hadean oceans were potentially alkaline due to the
sequestering of CO2 in carbonate minerals,50 and alkaline
conditions present in freshwater volcanic lakes31,32 have been
proposed to foster early metabolism.

However, a fraction of the >P still hydrolyzes, which
contributes to its incomplete conversion. While the yield could
be further improved by adding reagents that aid in the
recyclization of the monophosphate moiety, such as
diamidophosphate in combination with imidazole,23 this
would increase the complexity of the system. Moreover, this
reaction has low salt requirements (1 mM MgCl2, Supporting
Information, Figure S4.3), ensuring RNA backbone integrity
and compatibility with strand separation. It can also proceed in
a wide pH range, even unbuffered (Supporting Information
S4).

The elongation of short RNA was demonstrated with
splinted systems that yielded up to six-copy concatemers of
short RNA strands of either 16- or 8-mer, resulting in long
RNA on the scale of 100-mer (Figure 5). This length range
approaches the average length of replicating ribozymes,46−48

representing a significant step toward assembling functional
RNAs by plausible means. Even very short >P RNA fragments
(with 4-mer base-pairing regions) ligate under frozen
conditions (Supporting Information S6), establishing a bridge
from the single nucleotide condensation reactions, yielding
very short RNA strands, to a regime where templated ligation
reactions could dominate.

Furthermore, we evaluated the copying accuracy with
varying nucleotides at the ligation site. An experimentally
measured fidelity of at least 82% was obtained upon screening
all possible single base mutations at either the 3′ or 5′ end of
the ligation site (Figure 4d), with the remaining primer being
entirely complementary. To compare the ligation fidelity with a
base-by-base replication, we extrapolated a per-nucleotide
fidelity of 89−92% for adding eight nucleotides or a fidelity of
95−98% when adding six nucleotides.

Contrary to previous studies on >P, we found that under the
tested conditions, the reaction was not regioselective,
producing equal amounts of 2′−5′ and 3′−5′ linkages at the
ligation site (Figure 3). While approximately half of the
linkages were noncanonical, we argue this does not diminish
the applicability of the reaction in a prebiotic context. Strands
with 2′−5′ linkages have been shown to fold into functional
structures,40 and these noncanonical linkages have also been
demonstrated to be more labile than 3′−5′ and have potential
for interconversion.39,51 Furthermore, Supporting Information,
Figure S6.3 shows that product ab with a 2′−5′ linkage at the
ligation site could still template the reverse ligation reaction.
The noncanonical linkage in the template at the ligation site
did not impede ligation, paving the way for exponential
replication cycles.

Strand separation, driven by nonequilibrium environments
with thermal, salt, or pH oscillations would allow for the
implementation of a ligation chain reaction, similar to that
reported by Edeleva et al., with the added benefit of not
generating deleterious side-products by a prebiotically
implausible EDC.7 An air−water interface with continuous
feeding would allow for both the denaturation and replenish-
ment of activated primers, without necessarily high temper-

ature which could degrade the cyclic phosphate and the RNA
backbone.6 This suggests that such scenarios could provide a
niche, where the ligation reactions by 2′,3′-cyclic phosphate
could evolve toward a ribozymatic replicator.

Considering these results, ligation with >P is an interesting
framework to produce diverse pools of long RNA that could
undergo molecular evolution. We show that the system
described in the current study enables the generation of long
RNA, with high fidelity. This was demonstrated for a range of
lengths, sequence combinations, reaction conditions, and
temperatures, suggesting that ligation of RNA with >P holds
a central position in the general conception of the RNA world.
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