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Zusammenfassung

Eine der wichtigsten Hypothesen fiir die Entstehung des Lebens auf der Erde ist, dass es aus
einem System funktionalisierter RNA entstanden ist, das seine eigene Replikation katalysieren
kann. Diese Ribozyme sind jedoch mindestens 50 Monomere lang, was die Frage aufwirft
wie es abiotisch aus einem Pool von Nukleinsduren de novo RNA-Strange entstehen kon-
nen, die lang genug sind, um aus demselben Pool von Nukleosiden/Tiden und einfachen
Molekiilen neue Strange herzustellen? Es wurden mehrere Studien zu den verschiedenen
Schritten durchgefiihrt, die zur Bildung der ersten Oligonukleotide fiihren konnten: Nuk-
leotidsynthese, Phosphorylierung, Polymerisation, Ligation, Replikation, Selektion und Ri-
bozymaktivitat. Bis heute gibt es jedoch keinen Weg, auf dem alle diese Schritte unter densel-
ben prébiotisch plausiblen Bedingungen effizient ablaufen.

In dieser Arbeit wird ein Weg zur Bildung der ersten kurzen RNA-Strange vorgestellt, der
auf der Fahigkeit der 2/,3'-zyklischen Phosphatgruppe beruht, Diphosphoesterbindungen
durch basenkatalysierte Transphosphoesterifikation unter milden, trockenen Bedingungen
zu bilden. Im ersten Teil wurde die Polymerisation von 2’,3’-zyklischem Phosphatguanosin
bei alkalischem pH-Wert in Gegenwart von Kaliumsalzen, ohne weiteren Katalysator und
durch Trocknung bei S140°C beobachtet. Es konnten Oligomere von bis zu 10mere nachgewiesen
werden, was einer Gesamtausbeute der Polymerisation von etwa 3 % entspricht. A, Cund U
zeigten eine deutlich geringere Effizienz bei der Oligomerisierung. Bei gemischten Proben
wurde der Einbau der anderen Nukleobasen in die G-Oligomere nachgewiesen, aber die Pro-
dukte wurden weiterhin stark von G dominiert. Die Reaktion fand zusatzlich auch an einer
Wasser- Luft-Grenzflache statt, die einem Temperaturgradienten ausgesetzt war. In dieser
aus dem Gleichgewicht geratenen Umgebung durchlaufen die Molektile Feucht-Trocken-
Zyklen, und die Produkte weisen eine etwas geringere Tendenz zu G auf.

Im zweiten Teil wurde die gleiche Reaktion im manuellen Nass-Trocken-Verfahren bei Raumtem-
peratur durchgefiithrt. Diese Bedingungen verbessern die Polymerisationsausbeute fiir alle
vier Nukleotide erheblich, insbesondere fiir A, C und U, flr die 4-6mere nachgewiesen wur-
den. Der optimale Polymerisations-pH-Wert ist 10 fiir die Purinbasen G (70 %) und A (38 %)
und 11 fur die Pyrimidinbasen U (36 %) und C (39 %). Die Hydrolyse ist auch bei Raumtem-
peratur geringer, aber der Anteil an hydrolysierten Produkten nimmt mit hoherer Zyklenzahl
und hoherem pH-Wert zu. Eine Tendenz zu G bleibt dennoch bestehen; Die Beobachtung des
Trocknungsprozesses zeigt, dass die G-Monomere im getrockneten Zustand Flussigkristalle
und kristalline Phasen bilden. A, C und U bilden amorphe Phasen, obwohl fiir A einige
kristalline Strukturen nachgewiesen werden konnten. Die Mischpolymerisation, die G ein-
schliefit, zeigt ausgepragte amorphe und kristalline Phasen, die gemischten Produkte haben
aber niedrige Konzentrationen, trotz einer ausgewogeneren Zusammensetzung bei pH 11.

Der letzte Teil konzentrierte sich auf die Bildung der 2,3’-zyklischen Phosphatgruppen unter
Bedingungen, die mit der anschlieffenden Polymerisation vereinbar sind; Trocknung einer
alkalischen Losung bei niedriger Temperatur. Orthophosphat ist unter diesen Bedingun-



Summary

gen eher unreaktiv, aber Trimetaphosphat erzeugt eine gewisse Menge an 2’,3'-zyklischen
Phosphatprodukten durch Reaktion mit Nukleosid und 2’-/3’-Phosphat-Nukleotid bei alka-
lischen pH-Wert und einer Trocknungstemperatur von 60°C. Die Ausbeuten liegen unter
1%, aber einige Dimere konnen nachgewiesen werden. Die Anwesenheit anderer kleiner
organischer Molekiile wie Harnstoff und Aminosauren verbessert die Ausbeuten und bee-
influsst die Regioselektivitat der Reaktion. Die Phosphorylierung und Kondensation von
Aminosauren wird unter denselben Bedingungen beobachtet, was die parallele Bildung von
RNA-Oligomeren und Peptiden plausibel macht.
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Abstract

One of the most significant hypotheses for the emergence of life on Earth is that it started
from a system of functionalized RNA able to catalyze its own replication. Butthose ribozymes
are at least 50 monomers-long, which brings up the question: how to abiotically produce de
novo RNA strands long enough from a pool of nucleosides/tides and simple molecules? Var-
ious works have been conducted on the different steps leading to the formation of the first
oligonucleotides: nucleotide synthesis, phosphorylation, polymerization, ligation, replica-
tion, selection and ribozyme activity. But to this day, there is no pathway where all those
steps are efficient in the same prebiotically-plausible conditions.

This thesis presents a pathway to the formation of the first short RNA strands based on the
ability of the 2/,3’-cyclic phosphate group to form diphosphoester bonds by base-catalyzed
transphosphoesterification in mild, dry conditions. In the first part, the polymerization of
2/ 3'-cyclic phosphate guanosine was observed at alkaline pH in presence of potassium salts,
without any other catalyst, and by drying at 40°C. Oligomers up to 10mers could be de-
tected, for a total yield of polymerization of around 3%. A, C and U showed a notably lesser
efficiency toward oligomerization. In the case of mixed samples, incorporation of the other
nucleobases in the G oligomers was detected, but the products remained heavily dominated
by G. The reaction also occurred at a water-air interface submitted to a temperature gradi-
ent. In this local out-of-equilibrium environment, the molecules go through wet-dry cycling,
and the products have a slightly lesser bias toward G.

In the second part, the same reaction was conducted in manual wet-dry cycling at room
temperature. The conditions improve considerably the polymerization yield for all four nu-
cleotides, in particular A, C and U, for which 4-6mers were detected. The optimal polymer-
ization pH is 10 for the purine bases G (70 %) and A (38 %), and 11 for the pyrimidine bases
U (36 %) and C (39 %). Hydrolysis is also lower at room temperature, but the yield of hy-
drolyzed products still increases with higher numbers of cycles and pH value. A bias toward
G remains: the observation of the drying process shows the G monomers form liquid crystals
and crystalline phases in the dried state. A, C and U give amorphous phases although some
crystalline structures could be detected for A. Mixed polymerization including G shows dis-
tinct amorphous and crystalline phases and the mixed products have low concentrations, in
spite of a more balanced composition at pH 11.

The final part focused on the formation of the 2/,3’-cyclic phosphate groups in conditions
compatible with subsequent polymerization: drying of an alkaline solution at low temper-
ature. Orthophosphate is rather unreactive in those conditions, but trimetaphosphate pro-
duces some amount of 2/,3’-cyclic phosphate products by reaction on nucleoside and 2'-/3'-
phosphate nucleotide, at alkaline pH, for a drying temperature of 60 °C. The yields are below
<1%, but some dimers are already detected. The presence of other small organic molecules
like urea and amino acids improve the yields and impact the regioselectivity of the reaction.

1ii



Summary

Amino acids phosphorylation and condensation are observed in the same conditions, which
makes the parallel formation of RNA oligomers and peptides plausible.
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List of Acronyms and Abbreviations

A Adenosine

ATP 5'-triphosphate adenosine

C Cytidine

DNA Deoxyribonucleic acid

EIC Extracted Ion Counts

eq equivalents

G Guanosine

G-2P 2’-monophosphate guanosine

G-3P 3’-monophosphate guanosine

G-5P 5'-monophosphate guanosine

G-5PP 5'-diphosphate guanosine

G-5PPP 5-triphosphate guanosine

G-cP 2/ 3'-cyclic phosphate guanosine

G-noP G nucleoside

G2-3P dimer G with a 3-monophosphate ending
G2-noP dimer G with no phosphate ending
G3-3P trimer G with a 3’-monophosphate ending
G3-noP trimer G with no phosphate ending
Gya gigayears ago

m/z Mass divided by charge

N-2/3/5P 2'/3'/5'-monophosphate nucleotide
N-cP 2/,3'-cyclic phosphate nucleotide

P; inorganic orthophosphate

RNA Ribonucleic acid

TMP Trimetaphosphate

U Uridine
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Chapter

1 Motivation

[ Abiogenesis window |

Clues of earliest
traces of life

>
gE»>

4.54 Gya 4.3 Gya 4.0 Gya 3.8 Gya

Earth formation

Moon formation ~ Hydrosphere

Figure 1.1: Abiogenesis window: Scheme of the chronology of the early Earth and plausible
boundaries for the emergence of life on Earth. Images sources: [1-4]

The emergence of life on Earth remains an unsolved mystery to this day. All life forms show
similar a composition and organization, prompting the idea that they all descend from a last
universal common ancestor (LUCA), which is believed to have been similar in complexity to
the modern bacteria [5}/6]. And, although some still advocate for the panspermia hypothe-
sis [7], it is believed that life developed de novo on Earth [5]. As shown in Figure[L.T] the lower
boundary of abiogenesis window is generally set around 4.3 Gya, after the moon-forming im-
pact at 4.5 Gya and the subsequent cooling-down of the Earth until water could exist again
on the planet []. The oldest traces of early life are mineral formations in rocks suggesting
a biogenic origin, dated from 3.8 Gya [8,[9]. Knowing the origins of life would mean having
a detailed account of the stages by which LUCA evolved during that abiogenesis window,
going from simple chemicals at equilibrium in the conditions of the early Earth to highly-
ordered and complex biomolecular systems of the extant life. However, several issues make
that investigation rather complicated. The exact conditions in which life emerged are still
unknown. Some studies explore the composition of the atmosphere [10], of the ocean
and the temperature of the early Earth, as well as the potential environments
and energy sources that existed at that time. Nonetheless, there are no rocks, fos-
sils or samples left from that Eon to provide clues about the earliest stages of life’s develop-
ment. What's more, the experimental duration and limitations cannot match the realistic
timescales and sample size of the early Earth. Therefore, the current studies have simpler,
smaller and well-defined goals.

The present thesis will focus on three main axes:

1. Synthesis of the first biomolecules from their building blocks, salts and other small
organic molecules.

2. Focus on one type of biopolymers in particular, RNA, as it is believed to have been able
to form a first self-sustaining, self-replicating system.



1. Motivation

3. The conditions of the reactions must be plausible in regards to what is expected of the
conditions of the early Earth and the emergence of life.

1.1 The synthesis of biomolecules from their building blocks

In modern life, the synthesis o biomolecules is entirely guided and catalyzed by enzymes,
which lower the activation barrier of the reaction and favor the formation of the correct
molecules over the other potential products. Enzymes use the energy stored in the molecule
of ATP to catalyze chemical reactions. However, neither enzymes nor ATP would have existed
on the Hadean Earth before life arose. Then, there must have been one or several first abi-
otic pathways that produced biomolecules using other mechanisms and energy sources. But
these synthesis are no longer used in extant life, although studies hypothesized that some
characteristics of living organisms are traces of primitive life (such as the presence of se-
quences likely to form amyloids in older organisms [17] or the use of inorganic polyphos-
phate as energy storage [18}19]). Therefore, apart from possible input from comets or other
planets and moons, they can only be explored via experiments in the lab or simulations.

The abiotic synthesis of biomolecules has been explored very early, with the Urey-Miller
[5,120] experiment in 1952 and subsequent works proving that complex organic molecules
such as amino acids [20-22] and nucleobases [23,24] could be formed from electric dis-
charges in a strongly reducing atmosphere (H2, NH3, CH4 and additional compounds) in
presence of liquid water. Although the conditions were later criticized as implausible [10],
it was seen as a definitive proof that biomolecules could arise from inert chemical systems.
Other experimental conditions have been proposed since [25], supported by experimental
data, but there is no scientific consensus on a prebiotic synthesis of the building blocks of
life.

Some of the most important biomolecules in extant life - proteins and nucleic acids - are
polymers. Starting from their simplest monomers, amino acids and monophosphorylated
nucleosides, the reaction leading to the formation of the polymer is a condensation, with
the production of a molecule of water. This reaction is thermodynamically unfavorable,
especially in an aqueous environment, whereas water is the solvent of life. Different strate-
gies [26] have been explored to overcome that issue, either by using activated monomers
(or activating them in situ by another reagent), very high temperatures (or moderately high
temperatures associated with catalysts), or non-aqueous environments (dried conditions or
using another solvent such as formamide) in which the monomer could be more reactive.

In this thesis, I will focus on the formation of short biopolymers starting from activated
monomers which are not the building blocks of their biosynthesis by enzymes. I will also
explore if those reactants can be produced under the same conditions as their polymeriza-
tion. The experimental constraints, that were applied on these reactions in order to make
the proposed pathway more plausible, are further discussed in the following section[L.3]



1.2 The RNA world hypothesis

1.2 The RNA world hypothesis

According to the central dogma of molecular biology, DNA is the molecule carrying genetic
information. RNA is transcribed from DNA and RNA transfers the information to the ribo-
some to form the proteins, which take care of most of the cellular functions. DNA is the
biopolymer storing the genetic information, including the coding exons used to produce
proteins. But DNA needs proteins for its maintenance, replication, transcription etc. To that
chicken and egg problem, a solution was proposed: RNA could be the molecule that started
life on Earth [27]. Ekland and his co-workers isolated RNA sequences capable of catalyz-
ing the reaction of ligation, an activity similar to that of the extant DNA and RNA ligases.
Many other ribozymes, enzymes made of RNA instead of proteins have been identified [29],
and including in extant life [30}/31]. Thus, RNA carries the same genetic information as DNA,
but can catalyze chemical reactions necessary for life. Furthermore, RNA (as DNA) possesses
an inherent replication mechanism through hybridization between complementary strands.

| Abiogenesis window |

g

4.3 Gya 4.0 Gya 3.8 Gya
| RNA world |
Building blocks First short Longer First Replication
synthesis RNA strands RNA pool ribozymes network Protein

° [ paeneg iE ® enzyme
© = W & || s | ﬁ — Q DNA genetic

S i storing

Figure 1.2: RNA world hypothesis: Description of the main steps for the development of the
RNA world, leading to the emergence of modern life.

The de novo formation of the first RNA strands of the early Earth goes through several hall-
marks, illustrated in Figure[L.2] The nucleotides are first synthesized from the chemicals
available on the early Earth, then polymerize to form the first RNA strands. Through reac-
tions of ligation and other mechanisms (such as adsorption on minerals for example, which
would select longer strands against hydrolysis or other selection pressures [33]), the pool
of RNA trends toward longer sequences. Some of them are catalytically active and some of
these ribozymes can favore RNA formation, ligation, replication and recombination [29].
Later, the chemical catalysis is overtaken by proteins and the more stable nucleic acid DNA
becomes the carrier of genetic information.

This thesis will study the early steps of the RNA world, the synthesis of the first short RNA
strands from their building blocks. Although this has been the focus of many studies in
the field of origins of life (see section[2.1.1), the pathway from monomers to polymers is far
from being established, especially if we take into account the constraints due to conditions
existing on the early Earth.



1. Motivation

1.3 Experimental constraints and prebiotic plausibility

There is no scientific consensus on what the exact conditions have been on the early Earth,
and therefore on what exactly the conditions were for the prebiotic synthesis of biomolecules.
The goal of this thesis is to explore the synthesis of RNA in a plausible scenario and that plau-
sibility will be studied by following several experimental constraints.

The presence of water

Water plays an ambivalent role in the origins of life: it is a secondary product of the conden-
sation reactions (by which most of the biopolymers form), making those reactions unfavor-
able. What’s more, the presence of large quantities of water causes another major problem
for the emergence of life, like dilution. Nonetheless, water is the universal solvent for the ex-
tant life on Earth, and its ubiquity might mean that it also played a role in its emergence [34].
Therefore, most of the significant prebiotic reactions are still attempted in aqueous solution,
or at least in presence of water and the upper boundary for the habitability on Earth was es-
tablished as the moment when the planet recovered a stable hydrosphere [8]. Furthermore,
the presence of water is still the primary sign for life that astrobiologists track on exoplanets
and moons. [35]

Thus, in this thesis, we will also explore the impact of water in our experiments.

Temperatures

Temperature plays a major role in both the kinetics of chemical reactions and the thermo-
dynamic stability of the products. It is one of the major parameters studied for the synthesis
of biomolecules. The temperatures that existed on the early Earth depended on different pa-
rameters that can only be extrapolated: the radiation from the young Sun, the composition
of the atmosphere [36] etc. Through the analysis of minerals dated from the Archean Eon,
liquid water is thought to have existed on Earth during the emergence of life [37], which,
which still means a large range of temperature is possible. Some of the works on prebiotic
chemistry rely on higher temperatures at the surface of the planet compared to today, while
others on cold temperatures (some reactions and catalysis proposed happen only in ice). As
of today, none of these scenarios can be completely excluded [38].

In these projects, we explored the emergence of RNA in a relatively cool environment or un-
der moderate heating.

One pot-reactions

One of the important goals that have been pursued thorough the different projects was the
uniformity of the conditions. Successive steps in the formation of RNA should happen in
the same conditions. Reactions necessitating different environments would mean that the
molecules have to be transferred from one to another, making the overall process less likely.

1.4 Outline

The topic explored by each chapter is represented on Figure[L.3]

Chapter[2lwill explore a pathway for the non-enzymatic, non-templated polymerization of
RNA from a mix of nucleotides. But instead of using the canonical 5'-phosphate nucleotide,
the reactant here is the 2/,3’-cyclic phosphate ribonucleotide (written as N-cP in the thesis).



1.4 Outline
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Figure 1.3: Chapters outline: Phosphorylation of the nucleoside to form a phosphorylated re-
actant and subsequent polymerization where conducted in drying or wet-dry-cycling experiment,
at alkaline pH. Later step, ligation and the apparition of functional RNAs have been shown is
similar conditions (the design of the ribozyme shown in the scheme correspond to the Sun Y
ribozyme [29}[39]). The reaction of polymerization of 2’,3’-cyclic phosphate nucleosides will be
explored in Chapters |2 and The phosphorylation and cyclization reactions leading to that
reactant will be studied in Chapter

It spontaneously polymerizes when dried from a mildly alkaline solution by moderate heat-
ing, in presence of cations such as Na® or K". No additional activating agent or catalyst is
required for the reaction to happen. Although the oligomerization cannot occur in aqueous
solution beyond dimerization, the nucleotides can efficiently polymerize at a heated water-
air interface.

In Chapter[3] the polymerization of cyclic phosphate nucleosides is optimized through wet-
dry cycling at room temperature. The oligomers yields increase with the cycling, and so does
the hydrolysis of the phosphate ring into unreactive 2’- or 3’-monophosphate nucleosides. G
nucleotides, which polymerizes with the highest efficiency, is shown to form well-organized
crystalline domains. In comparison, the less reactive A, Cand U give only amorphous phases.

I will explore in Chapter[4the formation of the 2/,3'-cyclic phosphate ribonucleotide, in par-
ticular guanosine (G-cp), in conditions that do not deter the subsequent polymerization, by
phosphorylation of nucleosides and cyclization of unreactive 2’- and 3’-monophosphate nu-
cleotides.






Chapter

5 RNA oligomerization without

added catalyst from 2/,3'-cyclic
phosphate nucleotides

Polymerization Enﬁuap Hﬂp
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Degradation
' + H20
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Figure 2.1: Chapter summary: Formation of short RNA strands by polymerization of the
2',3'-cyclic phosphate nucleotides by heat-drying of an alkaline solution either in a vial or at a
water air interface, in a setting mimicking a rock pore.

Chapter summary

The de novo polymerization RNA from phosphate ribonucleotides, without the catalysis of ri-
bozymes or the contribution of other complex organic molecules (such as a pre-synthesized
template) is a challenging step. The chapter presents a possible pathway for the formation of
short RNA strands, through the transphosphoesterification of 2/,3'-cyclic phosphate ribonu-
cleotides (N-cP). Oligomers can be formed by drying from an alkaline solution by moderate
heating and do not require further activation. The analysis of the oligomers (2 to 10mers) is
conducted by reversed-phase liquid chromatography, associated to negative-mode electro-
spray ionization mass spectrometry. However, those products are largely dominated by G, as
A, Cand U show a lesser oligomerization efficiency.

This project was developed with two colleagues from my lab: Sreekar Wunnava and Dr.
Avinash Vicholous Dass.



2. RNA oligomerization without added catalyst from 2',3'-cyclic phosphate nucleotides

2.1 Introduction

Efficient polymerization of a mixture of nucleotides in conditions compatible with the early
Earth and in the presence of water is yet to be achieved. The canonical 5'-triphosphate and
monophosphate nucleotides cannot polymerize without an enzymatic catalysis. Prebiotic
synthesis of nucleic acids relies on activated nucleotides that are more reactive toward poly-
merization, such as 2’,3’-cyclic phosphate nucleotides, molecules that can be obtained from
the phosphorylation of nucleosides and the hydrolysis of already synthesized RNA strands.

2.1.1 Prebiotic synthesis of RNA

Different strategies have been deployed to form the first RNA strands, the main path studied
being the activation of the 5'-phosphate group, in general by adding an imidazole derivative.

It acts as a leaving group to make polymerization more efficient [32}40-42]. Mineral sur-
faces were used to improve reaction yields and protect longer products from hydrolyzing by
adsorption of phosphate groups on the surface [32}43]. But the formation of the activated nu-
cleotides in situ, in conditions compatible with further polymerization, is also a complex is-
sue. Thislast step was achieved by using EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide)
as coupling reagent [44,|45]. Nonethless, EDC is not considered to be prebiotically plausible,
although other carbodiimides could have been formed by the isomerization of cyanamide
on the early Earth [46]47].

Sponer’s team and collaborators worked on another reaction for the formation of RNA, through
the oligomerization of 3',5'-cyclic monophosphate nucleotides in acidic and dry conditions
[48H51]. Polymerization products of length up to 40mers could be detected in these condi-
tions, but only for the nucleobase guanosine. No product beyond dimers could be observed
for A, C, U. What’s more, the 3',5'-cyclic phosphate nucleotides are very difficult to form from
aqueous solutions [52,|53].

One common problem of those pathways is the formation of the activated monomers, es-
pecially in conditions compatible with the subsequent polymerization. The reaction also
requires precise conditions and chemical composition, which are not necessarily prebioti-
cally plausible.

2.1.2 2',3'-cyclic phosphate nucleotides oligomerization

As an alternative the 5'-phosphate activation, other studies focused on another reactant, for
which the phosphate group is not attached to the canonical 5'-OH position, but on the 2’- and
3/-OH. The scheme of the polymerization mechanism can be seen in Figure[2.2} nucleophilic
substitution (Sy2) occurs with the nucleophilic attack of the 5-OH of the phosphate group
of another nucleotide and the cleavage of either the 2/-O-P or the 3’-O-P bond. Therefore the
reaction can yield either a canonical 3/-5" linkage or the unnatural 2’-5 one.

Orgel and his co-workers reported conditions for the oligomerization of 2/,3’-cyclic monophos-
phate adenosine (A-cP) [54-56]. In 1971 [56], they observed the oligomerization of A-cP on
a poly U template and in presence in Mg?* and amine derivatives (spermine, spermidine,
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Figure 2.2: 2',3'-cyclic phosphate nucleotide (N-cP) polymerization mechanism: by
transphosphoesterification at alkaline pH. The reaction proceeds by attack of the 5-OH group
of a monomer on the phosphorus center of another one. The phosphate ring can be opened on
either 2/ or 3’, causing the formation of 3’-5" or 2/-5’ linkage respectively. No water molecule
are produced by this reaction.

1,4-diaminobutane, 1,2-diaminoethane...) in aqueous solution, during up to 50 days, for pH
between 5.5 and 8.5. The main product detected was adenosine dinucleotides, with yields of
17 % from the starting material, obtained at pH 8.5, 25 days at 0°C, in presence of 20 equiva-
lents of ethylenediamine. Using enzymatic degradation that should cleave only the canonical
3’-5" linkage, they estimated that 97 % of the dinucleotides were 2’-5' linked. In 1973 [54], they
worked on the non-templated polymerization of adenosine in dry conditions for 1-2 days at
room temperature or heated up to 85 °C, in presence of amines compounds as catalysts. Their
findings suggest that the self-polymerization of A-cP might be subjected to general base catal-
ysis. 1,2-diaminoethane (5 equivalents) performs quite efficiently at room temperature, lead-
ing to a polymerization yield of 60 % (36 % for the dimers alone, the longer oligomers were
not measured separately). Other catalysts such as imidazole needed higher temperatures for
the oligomerization to work. Here linkages were found to be mostly 3’-5" (around 60 %). In a
subsequent article [55], they focused on the analysis of the longer oligonucleotide products
obtained for the non-templated oligomerization of A-cP in presence of 1,2-diaminoethane
at alkaline pH, under drying conditions for several days at room temperature. After 3days,
they detected 13mers, which concentration corresponded to 0.67 % of the material.

Tapeiro and Nagyvary [57] also observed the oligomerization of C-cP triethyl ammonium salt
under dry conditions at 138 °C for 48 h, with products of length up to hexamers. The yields
for the dimers, trimers, tetramers and pentamers were respectively 16 %, 10 %, 4 % and 2 %.
The proportion of 2’-5’ linkages was estimated to approximately 50 % for the dimers and 70 %
for the trimers.

The thermal phosphorylation of uridine nucleoside in presence of urea at 100 °C in dry nitro-
gen atmosphere for several days yielded significant amount of U-cP and polymeric material
was also detected [58]. 50 % to 60 % of the internucleotide linkages were found to be the
canonical 3’-5" bond.

Polymerization using N-cPs had been explored mostly with A and, and to a lesser extent, U
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and C, but never with G. For A, U and C, the non-templated polymerization seems to require
rather high temperatures and significant concentrations of amine derivatives as catalysts.

2.1.3 Auvailability of 2’,3'-cyclic phosphate nucleotides

2/,3'-cyclic nucleotide are the products of alkaline hydrolysis of RNA, through the nucle-
ophilic attack of the 2-OH group on the phosphodiester bond [59], as well as the products
of enzymatic degradation by both protein enzyme [60], and by known ribozymes [30,31]. Al-
though nowadays they are not used as building blocks for the synthesis of RNA, N-cP are still
present and used by modern life [61].

2/,3'-cyclic monophosphate ribonucleotides are commonly reported products of prebiotic
phosphorylation conditions, although often not the main focus of the study. High amounts of
U-cP were produced by thermal phosphorylation of the nucleoside at 100 °C in urea [58]. The
phosphorylating agent TMP produces also some amount of cyclic ribonucleotides [62]. The
phosphorylation by diaminophosphate (DAP) developped by Krishnamurthy and his cowork-
ers gives also very high yield of N-cP [44,/63,/64].

In the direct synthesis of the pyrimidine ribonucleotide by Sutherland et al., the final prod-
uct is the beta-ribocytidine-2'3’-cyclic phosphate [65].

2.2 Materials and methods

2.2.1 Reactants and standards

2/,3’-cyclic nucleotide monophosphates (N-cP): G-cP (monosodium salt), C-cP (monosodium
salt), A-cP (monosodium salt), U-cP (monosodium salt). G-cP and U-cP were purchased from
Biolog Life Science Institute GmbH & Co. KG. cAMP and cCMP were purchased from Sigma
Aldrich. KOH, NaOH, HCI, MgCl,, KCl and imidazole were purchased from Carl Roth.
Oligomer standards for HPLC-Mass Spectrometer calibration G 2 to 10mers with a 3’-phosphate
ending (and -OH at the 5’ end) were purchased from biomers.net GmbH.

To analyze the nature of the linkages, the enzyme Nuclease P1 produced from Penicillium
citrinum was purchased from Sigma Aldrich. The 2’- 5’ linked 5mers were purchased from
biomers.net GmbH.

2.2.2 Sample preparation and experiment in dry phase

From stock solutions of 200 mM N-cP, 20 mM of each N-cP is prepared and the volume is
adjusted to 100 uL. The pH adjustment is set using KOH and HCl. When reactions are car-
ried out in the presence of cations K*, then KOH was used to adjust the pH, NaOH for Na*,
LiOH for Li*. For Mg?", KOH was used. The 100 uL sample is then put in 1.5 mL Eppendorf
vials, which are then heated, open-lidded, in a heat block for 18 hours, unless the time is
specifically mentioned. After drying the sample, the dried pellet is rehydrated with 100 uL of
nuclease-free water.

10



2.2 Materials and methods

2.2.3 Experiment at a water-air interface

a)

Heater

Microfluidic
chambers

Tubins for )
cooling water

Figure 2.3: Thermal trap front view and installation: a) Front view of the microfluidic
chambers, seen through the sapphire 5 in Figure b) Picture of the full set up of the
thermal trap.

The samples for the reaction at water-air interface proceeded without a microfluidic cham-
ber (see Figure|2.3|a)) only partially filled with the reaction mix, subjected to a temperature
gradient. The microfluidic device is referred as a "Thermal trap" in this chapter. The solution
that reacts in the thermal trap is prepared as in section[2.2.2] Unless otherwise specified, the
experiment inside the thermal trap lasts 18 hours, as in the dried state.

The thermal trap is assembled layer by layer, as indicated in Figure Once the screws
on the upper metal plate 6 are tightened, the chambers are closed so that the solution inside
cannot leak outside, and there is no longer gas exchange with the external atmosphere: the
water vapor produced by the heated remains inside the chamber. The solution is injected
into the thermal trap using tubings attached to syringes and to the back of sapphire plate
2 in Figure and flown in the three chambers cut in the Teflon layer 4. They all con-
tain the same solution and run at the same time. The chambers are not completely filled, so
there is a water-air interface; they contain roughly 30 uL each. The temperature of the metal
support 1 is then cooled to 20 °C and the temperature of the heater attached to the top of 5
and 6 is set at 40, 60 or 80 °C. Inside the trap, in the three chambers, the reaction mixture is
subjected to a temperature gradient. The exact boundary temperatures within the chamber
were calculated by measuring the temperatures at the outer surface of the sapphires 2 and
5 and simulating the evolution of temperature between the different layers based on their
thickness and the conductivities of the material. When the temperature of a water bath is
set at 20 °C and the temperature of a heater at 60 °C, the extreme temperatures in the cham-
bers will be 38 °C on the cold side and 54 °C on the hot side (see Figurea) scheme). The
aqueous solution is in contact with a Teflon layer on the cold side, a hydrophobic layer that
will cause the water condensing there to form thicker droplets before they fall back into the
bulk solution. On the hot side, the solution is in contact with the 2 mm-thick sapphire and
monomers and polymers accumulate at the interface between water and air [66,/67]. The
evaporation on the hot side and the recondensation on the cold side are what drives the wet-
dry cycles in the trap.

11



2. RNA oligomerization without added catalyst from 2',3'-cyclic phosphate nucleotides

Once the experiment is finished, the heater is stopped and the samples in the three cham-
bers are extracted once the trap has cooled down. The solution is collected using syringes
and the contents of the chambers are added together. The empty chambers are filled com-
pletely with nuclease-free water, in order to dissolve the potential remaining dried material,
and this cleaning water is then added to the sample, to prepare it for analysis as in the sec-
tions below.

2.2.4 Ethanol precipitation

The precipitation is used to remove excess monomers which would otherwise saturate the
HPLC column, yielding a robust method for the complex oligonucleotides mixturef2.2.7| For
the volume of 100 uL, 2 uL of 10 mg/mL of glycogen are added. Then 10 uL of 5M ammonium
acetate are added. 250 uL of cold 100 % ethanol are added and the sample is kept overnight
at 4°C. The sample is then centrifuged at 4°C for 30 min at 21000 rpm. The supernatant is
discarded and and 100 uL of cold 70 % ethanol are added to the pellet. The sample is gen-
tly mixed by tapping on the vial and then centrifuged again at 4°C for 30 min at 21 000 rpm.
The supernatant is again discarded and the pellet is left to dried until most of the alcohol is
removed. Then the pellet is rehydrated with 20 uL nuclease-free water; the sample is homog-
enized by vortexing and 18 uL of the volume are injected into the HPLC for analysis.

2.2.5 LC-MS instrument specifications and protocol

Due to the propensity of purines to form non covalent aggregates in mass spectrometry de-
tection [68], a combination of HPLC and ESI-TOF techniques were used for detection and
quantification of oligonucleotides. The non covalent stacked oligomers are discriminated
by the HPLC retention times under the denaturing HPLC conditions [69+71]. The denaturing
conditions of the HPLC column at 60 °C efficiency resolved covalently-bound oligo G with-
out signs of aggregation, as shown in Figure 2.5 A definitive confirmation of the presence
of diphosphoester bonds in the reacted mix was provided by Phosphorus NMR (see section
2.2.9).

The measurements were performed on a high performance liquid chromatography (HPLC
Agilent 1260 Infinity II bioinert) with a G7115A 1260 Infinity II diode array detector and cou-
pled to an electrospray ionization time-of-flight mass spectrometer (Agilent 6230B with dual
AJS ESI). The column used was an Agilent Advance Oligonucleotide C18 Column (4.6 x 150 mm
2.7 um) heated at 60 °C with a pressure limit of 600 bar.

The oligomers were separated according to their length by ion-pairing reversed-phase HPLC.
The eluent consisted of a mix of water (Bottle A) and methanol (Bottle B: 50 % water, 50 %
methanol) containing each 8 mM trimethylamine (TEA) and 200 mM hexafluoroisopropanol
(HFIP), with a gradient elution at a flow of 1 mL/min. The method started with 1% of B for
5min, followed by a gradient, increasing from 1% to 30 % B over 22.5min and then to 40 %
for 15min. Then, the column was flushed with 100 % B for 5 min before being returned to
1% for 6 min, to re-equilibrate the column.

12



2.2 Materials and methods

Detection of eluted compounds and quantification of monomers is achieved by using a Diode
Array Detector (DAD) WR (wavelength used: 260 nm).

The detection of eluted mononucleotides and quantification of eluted oligonucleotides are
achieved using ESI-TOF in negative mode (employing specific source parameters: Gas tem-
perature: 325°C, Drying gas flow: 13 L/min, Sheath gas temperature: 400 °C, Sheath gas flow:
12 L/min, VCap: 3500V, Nozzle Voltage: 2000V). Reference masses are run in parallel to
the sample run using standard reference and tuning mix recommended by Agilent (product
number G1969-85000).

2.2.6 MS data analysis by custom-written LabVIEW program

The data files obtained from the mass spectrometer are converted to another format and
then analyzed using a custom-written LabVIEW developed by my supervisor, Dieter Braun.
To calculate the concentration of each product oligomer, the Spectral Browser takes the area
of the peaks in the spectrum corresponding to the isotopic distribution(s) of the molecule.
The concentration value is obtained from the ion counts of the isotopic distribution by com-
parison with a solution of standard oligomers of known concentrations.
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Figure 2.4: Representative screenshot of the workflow in the Spectral Browser

The Figure [2.4 shows, step by step (numbered 1 to 7), how the oligomers are quantified
in the Spectral Browser, step by step. The MS1 data files are generated by a freely available
program called MSConvert from ProteoWizard and dropped into 1. The MSI file is converted
into a binary file that is read by the Spectral Browser by function 2. The counts at defined
cursor positions are accumulated by function 3. Oligomeric masses of 2-10mers with the
cyclic phosphate or linear phosphate ends are defined by 4. Those masses are then pro-
cessed, plotted and displayed in the program by clicking on 5. The ‘Do Fit’ function in the
program is applied to resolve overlaps between distinct molecules’ isotopic distributions and
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2. RNA oligomerization without added catalyst from 2',3'-cyclic phosphate nucleotides

the concentrations are calculated based on the fit qualities defined in 6. The concentrations
of the oligomers are then calculated from the calibration coefficients defined in 7 (see how
the coefficients were obtained in section [2.2.7).

2.2.7 Oligomers quantification
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Figure 2.5: G oligomers standards 2 to 10mers with a 3/-P ending, 50 pmol each, both before
and after an ethanol precipitation step. a) Efficient separation is observed with the HPLC-DAD
(Diode Array Detector) at 260 nm. They are simultaneously injected into the ESI-MS after their
elution from the HPLC column. b) The eluted peaks of each n-mer are then detected based on
their masses and is confirmed by the Extracted lon Counts (EIC) peaks. The y-axis displays the
ion counts plotted against the corresponding HPLC retention times (x-axis) of the n-mers.

Oligomers from 2- to 15-mers were detected by HPLC-MS for G-cP oligomerization. For the
quantification, only 2- to 10-mers were considered throughout the study.

For quantification, the HPLC retention times of the oligomer standards of G were first opti-
mized on a RP C-18 HPLC column coupled to ESI-TOF. Figure [2.5/a) shows the HPLC chro-
matograms of 2- to 10-mers for oligo G standards with 5-OH and 3’-phosphate endings (in
presence of 1eq of KCl) with their respective retention times. The ion counts of the n-mer
with their HPLC retention times are shown in Figure[2.5|b). The high efficiency of the post-
polymerization ethanol precipitation protocol and its negligible influence on the results were
confirmed by comparing the ion counts of the oligomers detected before and after polymer-
ization.
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2.2 Materials and methods

All concentrations reported in the chapter are calculated for a volume of 100 uL. The to-
tal concentration of each n-mer is the sum of the oligomers of the same length ending with
both the linear phosphate (2’ or 3/)-P and the cyclic phosphate (2,3')-cP on the terminus.
Oligomers of the same length but with different endings are well discriminated by HPLC as
oligomers with -cP endings are eluted before oligomers of the same length with -P endings
(see[2.6). In most of the experiments in this chapter, the majority of the oligonucleotides
consisted of -P endings.
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Figure 2.6: Comparison of the retention times of the -cP versus the -P ending oligomers:
Products of the polymerization of G-cP from a solution of 20mM at pH 10 dried at 40°C for
18 hours in presence of 1eq KCl: a) 5mers, b) 6mers, c) 7mers.

The calibration curves and coefficients (see the values in Table were established for a
range of quantities 1-500 pmol, obtained by injecting different volumes (1, 2, 5, 10, 25, 50 uL)
of calibration mixes of concentrations 1 and 10 uL. The concentration of an oligomer was
calculated using the same length-dependent coefficient, regardless of the composition and
the ending (-cP or -P). The error bars were evaluated for the whole chapter based on 5 repli-
cates performed under the same optimal G-cP polymerization conditions (see Figure [2.7).
Products longer than 10mers were not quantified, but oligomers were clearly detected in the
mass spectrometry analysis and the values shown here for 2-10mer, using moles/ions values
in Table[2.1] The error bars are smaller than the markers, with a mean standard deviation
of 2.95uM for independent runs of the experiment. Therefore, the error bars will not be
indicated in the plot of the section[2.3] as they would appear insignificant on the log scale.
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Table 2.1: Coefficient values for the calibration of the standards G,_1o-3'P Coefficient
values by linear fit of the EIC=f(moles) + one standard deviation, over the quantity range 0.5

N= 5 replicates -
Error bars are standard deviation

0.1

to 50 pmol
Oligo length | Slope un-precipitated | Slope precipitated
2 13656 + 259 10288 £ 87.7
3 21307 4 453 20768 £ 276
4 38472 + 1780 41287 £ 307
5 31293 4 896 32831 £ 292
6 12173 £ 408 12407 £ 242
7 15117 £+ 444 15601 + 313
8 9866.8 + 403 10429 + 275
9 9806 + 400 10404 £ 270
10 11048 £ 509 11551 + 366
100
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Figure 2.7: Error bars calculated as standard deviation for 5 replicates The 5 replicates
were conducted in the same conditions: a 20mM G-cP solution at pH 10 was dried with 2eq
K™ at 40°C for 18 hours. The dotted horizontal line indicates the quantification limit.

2.2.8 Determination of the phosphodiester linkage by Nuclease P1

Nuclease P1 digestion assay was conducted to assess the type of the phosphodiester linkages
formed during the experiments. 3'-5 phosphodiester bonds are susceptible to Nuclease P1
while the 2/-5" bonds are not. This had previously been used to determine the 2’-5" linkages
by ligation of the Peach Latent Mosaic Viroid [72]. For the assay, 100 uL of 20 mM G-cP at pH
10 is oligomerized as in by drying at 40 °C for 24 hours. The samples are then precipitated
(see section[2.2.2) and re-dissolved to contain 10 pM of phosphodiester bonds.

Nuclease P1 from Penicillium citrinum (Sigma-Aldrich N8630) is dissolved in P1 storage buffer
(25mM Tris-HCL, 50 mM NaCl, 1 mM ZnCl,, 50 % Glycerol, pH 7.2 at 25 °C) at a concentration
below 0.5 U/uL. The digestion reaction is done in reaction buffer P1 (50 mM sodium acetate,
pH 5.5) with oligomerized G-cP sample concentration of 1 uM phosphodiester bond equiva-
lentsand 0.5 U enzyme in a volume of 100 L. For the control, 1 uL of P1 storage buffer without
the Nuclease P1 is used. The samples are incubated at 37°C for 10, 30 or 240 min following
which the enzyme is inactivated by heating at 75°C for 10 min. Phenol-chloroform-isoamyl
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alcohol (Carl-Roth A156.3) extraction carried out by adding an equal volume to the sample
followed by vigorous mixing and centrifugation at 15000 rpm. The top aqueous phase is care-
fully removed and injected in the HPLC-MS.

For the HPLC-MS analysis, the EIC (Extracted Ion Counts) for the oligomers (whether -2/,3'cP,
-2'P, -3'P or no phosphate ends) are used and the concentration equivalent of the phosphodi-
ester linkages is calculated for each sample and normalized to the estimated phosphodiester
linkages remaining in the control experiment without enzymatic degradation (Figure[2.E.1).

2.2.9 3'P NMR data acquisition

A sample of G-cP polymerized at pH 10 and dried at 40 °C for 18 h is rehydrated in a mix of
90 % water and 10 % deuterium oxide D,O was measured on Bruker Avance III spectrometer
and its 3'P NMR spectrum was recorded at 25 °C, for a Lamor frequency of 162 MHz. Sodium
trimethylsilylpropane sulfonate (DSS) is used as an internal standard.

Several peaks corresponding to different phosphate groups were identified in Figure 2.§]a).
The main peak between 21 and 20 ppm is attributed to the the cyclic phosphate group of
the monomer and the minor peak with a slightly lower chemical shift corresponds to the
cyclic phosphate ending of oligomers. The linear phosphate groups 2’-P and 3’-P due to the
hydrolysis of the cyclic phosphate give signals at 5-6 ppm [73]. Here again, the larger peaks
are attributed to the linear phosphate group of the monomers and the smaller ones to the
phosphate endings of the oligomers. The signals with a chemical shift between 0 and -1 ppm
correspond to diphosphoesters [74].

2.3 Results

First, the physical-chemical parameters impacting the polymerization were explored, using
G-cP as a model. Then, the reactivities toward polymerization of the four canonical nucle-
obases were compared: G is significantly more efficient than A, C and U. A possible expla-
nation might be that G can self-organize in a supramolecular assembly before drying, which
will be confirmed later in the chapter[3] Non-canonical 2'-5' and canonical 3'-5' linkages were
detected in the newly formed oligomers.

2.3.1 G-cP dry polymerization: effect of the conditions

A 20 mM aqueous solution of sodium salt of G-cP was dried for 18 hours at 40 °C in the pres-
ence of 40mM KCL. The presence of covalently bound oligomers is confirmed in Figure[2.§]
by both a) analysis on HPLC-MS (see protocol in section and b) detection by 3'P NMR.
On the NMR spectrum, the peaks at 0/~1 ppm were attributed to diphosphoester groups. Fig-
ure a) shows the Extracted Ion Counts (EIC) peaks corresponding to the mass divided
by charge (m/z) of G oligomers with a linear phosphate -P ending. This phosphate group is
due to the hydrolysis of the cyclic phosphate group. The method used for the HPLC does
not discriminate between a -2'P or a -3'P, but the 3!P NMR spectrum in b) confirmed both
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endings are present in the sample. Although less abundant, oligomers with cyclic phosphate
-cP ending were also detected on HPLC-MS and NMR (minor peak around 20 ppm).
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Figure 2.8: G polymerization: A 20mM G-cP solution at pH 10 was dried with 2eq K at
40°C for 18 hours, under ambient pressure. a) Reconstructed chromatogram of G oligomers
standards with -3'P ending. The ion counts from mass spectrometer are plotted against the
retention time in HPLC for each length. d) 3!P proton-decoupled NMR spectrum (10 % D,O
of polymerized G sample: the signals corresponding to phosphodiester linkages (3’-5" and 2’-5')
are between -0.8 to -1.1 ppm

Figure[2.9| compares the effect of pH on the length and concentrations of the oligomers,
either in the presence of a) K" cations or b) imidazole. Imidazole was often used as a catalyst
for the polymerization by Orgel and his coworkers [54-56], as well as a nucleotide activation
agent in other works [32,40-42]. The optimal pH was found to be 10 for both conditions.
Interestingly, the addition of imidazole seemed to have only a minor impact on the results,
mostly at pH 7. For pH 10, no significant enhancement of the length and concentration of
the products was observed compared to oligomerization in the presence of K*. Therefore,
the efficiency of G-cP polymerization was further explored without the presence of a catalyst
such as imidazole.

The impact of time and temperature on the reaction was studied in Figure a): the
concentration of the products, especially of length > 3, increases over time until 24 hours.
The aqueous control, in which the monomers G-cP were left to react for 24 hours at 40 °C in
aqueous solution, proves that the drying step is essential for polymerization, as no polymers
were detected. The efficiency of the reaction increases with decreasing drying temperature
(see Figure[2.10]b)), the optimal one being 40 °C. However, one thing to note is that the 30°C
samples never fully dried for the duration of the experiment (18 h). The lower efficiency of
the reaction at higher temperatures might be due to the increase of the hydrolysis of the
phosphate ring.
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Figure 2.9: Effect of pH and the presence of a catalyst over the G-cP polymerization:
A 20mM G-cP solution was heat-dried with 2eq Kt at 40°C for 18 hours, under ambient
pressure. a) Screening over the pH range of 3-12 for each n-mer. Concentrations shown (for a
volume of 100 pL) are a sum of terminal 2’,3'-cyclic phosphate and linear 2/~ or 3’-phosphate.
Polymerization was optimal at pH 10. b) Screening over a range of pH 3-12 in presence of
5eq of imidazole under similar conditions: no significant increase in products concentration was
observed, especially at pH 10, compared to the results shown in a).
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Figure 2.10: Kinetic and effect of the temperature over G-cP polymerization: Results of
G-cP polymerization from a 20 mM solution at pH 10 in presence of 2eq KCl. a) The solution
was dried at 40°C and different samples were left to react for different times: 0, 4, 8, 12 and
24 h. A aqueous control was conducted in the same conditions as the 24 h dried sample, except
that the lid of the vial containing the control solution was closed, thus there was no drying. b)
The solution was dried for 18 hours at different temperatures: 30, 40, 60 and 80°C. The 30°C
sample never reach the fully dried state, which might have impacted the results.

2.3.2 A-cP, U-cP, C-cP dry polymerization: effect of the nucleobase

The polymerization tendencies of A-cP, U-cP and C-cP were also tested under the same heat-
drying conditions: these monomers do not polymerize to the same length and concentra-
tions as G-cP. Figure shows that the polymerization trends decrease in the order G-cP >
U-cP > A-cP > C-cP. The dominance of G polymerization prompted us to investigate in Figure
[2.12]the copolymerization of these moderately reactive mononucleotides under the influence
of the very reactive G-cP. A mixture of two or four different monomers was capable of gen-
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2. RNA oligomerization without added catalyst from 2',3'-cyclic phosphate nucleotides

erating mixed-sequence oligomers, but the majority of those oligomers were rich in G. We
investigated if the oligomerization of G and C mixtures could reach levels where hybridiza-
tion between strands could be possible.

Thus, a binary mixture of G-cP and C-cP of 20 mM each was oligomerized under heat-drying
conditions at 40 °C in the presence of 830 mM KCI. Mixed GC oligomers were detected. The de-
tailed sequence composition for mixed GC polymerization is seen in Figure[2.12](the detailed
sequence compositions of mixed GA and GU polymerization can be seen in Figure[2.C.1) and
shows that the G homopolymers remain the main product of the reaction. Up to two C were
incorporated into 4mers, one C was incorporated into 5mers. Similar observations can be
made for the binary mixtures of GA and GU. At this stage, hybridization probably does not
play any role, as is expected since the incorporation of C in polymers is so low.

100
s
=2
55100
S5 ~e- PolyG
o8 1L —o- PolyA
S PolyC
O —-o— PolyU
01 1 1 . 1 . 1

2 4 6 8 10
Oligomer length (nt)

Figure 2.11: Homopolymers of G-cP, A-cP, C-cP and U-cP obtained from individual
polymerization from 20 mM solution dried at 40°C for 18 hours. Poly-G were formed in far
higher concentrations than poly-C, poly-A and poly-U.
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Figure 2.12: Mixed polymerization products composition: Sequence composition of the
products synthesized from GC copolymerization with 2eq K*. G-rich oligomers are significantly
higher in concentration. G homopolymers are shown in the plot as dark blue dots. Homopolymers
other than G are shown as colored dots. Mixed polymers are marked as colored dots surrounded
by a blue circle.

GC mixed polymerization was favored by drying at 40 °C on the range 30-80°C in Figure
a), similarly to G homopolymerization (see Figure b)). Specific cations also influ-
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2.3 Results

enced N-cP polymerization, as shown in Figure b). K" ions yielded oligomers of higher
concentrations and length in comparison to Na* ions at the same concentrations. The pres-
ence of Mg?T ions in the mixture inhibited polymerization.
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Figure 2.13: Conditions influencing the GC mixed polymerization: a) Temperature screen-
ing over a range of 30-80 °C for GC copolymerization. Reduced concentrations of n-mers longer
than 3 nucleotides are observed for 80°C, possibly due to degradation. b) Polymerization of GC
in presence of different cations: 2eq KT, 2eq Na™, 2eq Mg?*. In all of those experiment, there
also 1eq of Na™ due to the initial N-cP sodium salt.

Although all four nucleotides can be oligomerize through the reaction of the -2/,3'cP, G is
significantly more reactive. A possible explanation might be that G can form, in aqueous so-
lution, supramolecular assemblies where the position of the -5’OH group of a nucleotide and
the 2/,3'-cP group are in the right position to react, facilitating the formation of long strands.
In comparison, A, C and U orientation would be entirely random when they dry, leading to
only detectable 2mers and 3mers.

One possible type of assemblies would be stacks of the guanine bases, based on non co-
valent hydrophobic interactions of the nucleobases. Sponer and her collaborators [49] have
proposed that a stack-assisted geometry triggers the oligomerization of G-3',5'cP. Some of
our collaborators explored the suitability of that mechanism applied to G-2/,3'cP by molecu-
lar dynamic simulations and modeling [[75].

Another hypothesis would be that these supramolecular assemblies consist of G tetrads,
in which four guanine nucleobases are bound to each other by hydrogen bonds, stacked
on top of each other. They are stabilized by the presence of cations between each planar
tetrad, as shown in Figure[2.14a). Several clues point toward the plausibility of such struc-
tures forming under those conditions. G-quadruplexes can form from mononucleotides and
oligomers [76] and the hydrogen bonds involved can form up to pH 10 (for higher pH values,
the nucleobase is deprotonated, since G has a pK, of 9-10). In addition, K* cations are known
to stabilize these structures [77], much more than Na*, as they have the perfect radius. Mg?*
and especially Li" make G-quadruplexes extremely unstable [77,|78]. Polymerization of G-cP
was tested in the presence of increasing quantities of Li*, compared to the same quantities of
Na' in Figure[2.14]b). The concentrations and the length of the oligomer products decreased
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2. RNA oligomerization without added catalyst from 2',3'-cyclic phosphate nucleotides

with increasing concentrations of Li".
It should be noted that it is difficult to distinguish between the effect of the interstacking

of the nucleobases and the G-quadruplexes tetrad arrangements, based on the enhanced
polymerization observed with K'.
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Figure 2.14: G quadruplexes: one possible supramolecular assembly: a) Scheme of G-
quadruplexes stacks. The overall charge of this nucleotide assembly is known to be stabilized
by KT cations, which could explain why Kt promotes better polymerization than other cations
(see Figure . b) Screening of Na* and Li* quantities for the polymerization of a solution
of 20mM G-cp at pH 10, dried for 18 hours at 40°C. In addition to the added salts, there was
already 1eq Na™ due to the 2,3'-cyclic phosphate guanosine sodium salt.

2.3.3 Polymerization at water-air interface

In Figure a), we show that the drying process is essential to polymerization and that
N-cPs do not react if they remain in aqueous solution. However, we wanted to explore the
possibility of making the reaction compatible with the presence of water, in an environment
where both drying and rehydration occur, at the interface between the aqueous solution and
the air. Previous works on local wet-dry cycling have led to the development of the thermal
trap (see section[2.2.3). That microfluidic device mimicks a heated rock pore where air bub-
bles are trapped in contact with the aqueous solution. We tested the polymerization of N-cP
in the thermal trap’s chambers (see Figure[2.15), which were partially filled with a solution of
N-cP and subjected to a temperature gradient. This thermal non-equilibrium drives constant
wet-dry cycling within the chamber. Over time, the meniscus of the bulk solution receded
and the material accumulated on the hot side of the wet-dry interface dried [66]. However,
because of the formation of dew droplets on the cold side of the chamber and the fall of the
droplets, a fraction of the dried material is redissolved.

Wet-dry cycles in surface-based geological environments are subjected to a drift in salt and
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2.3 Results

pH conditions due to an imbalance caused by the evaporation of pure water and the rehydra-
tion by the salt-containing solution. Previous works reported important processes occurring
within that setting, such as accumulation, phosphorylation, encapsulation, gelation, strand
separation, enzymatic DNA replication (like an auto-PCR), crystallization and ribozyme ac-

tivity (29,6667, 79).
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Figure 2.15: Microfluidic chamber under a temperature gradient, mimicking in a heated
rock pore: a) Scheme illustrating the side view of the chamber filled with a solution of 20 mM
N-cP adjusted at pH 10. The chamber is 500 ym thick and subjected to a heat flow with a
temperature gradient of 38-54°C. b) Picture showing the front view of the chamber. The
thermal gradient drives continuous evaporation and recondensation in the air bubbles, triggering
accumulation and wet-dry cycling for the N-cP reactants. First, the molecules accumulated at
the interface are dried from a receding interface, due to evaporation. Rehydration is provided
by dew droplets forming on the colder side of the chamber, which then merge with the bulk
solution.

The wet-dry cycling within the chamber went for 18 hours. Then the heating and cooling
were stopped, therefore stopping the temperature gradient driving the cycles. After that, the
thermal trap was dismounted and the remaining solution was collected along with the dried
materials which was redissolved in water. The pH of the solution was lowered by a unit after
reaction in the thermal trap. This could be due to the formation of acidic species, such as the
2'/3'-phosphate : at pH 10, one hydroxide anion is consumed to open the phosphate ring. It
might also be caused by the dissolution of carbonic acid in the bulk solution, as its solubility
is higher at alkaline pH.

For reactions at the water-air interface inside the thermal trap, a total concentration of 20 mM
N-cP was used. For a mixed GC polymerization, the solution contained 10 mM G-cP and
10 mM C-cP, and for a AUGC experiment 5 mM each. A single chamber was filled with around
30 uL and the three chambers were run and extracted together (see section[2.2.3). The com-
parison between the results of experiments conducted under dried conditions and in the
thermal trap, normalized to the same starting quantities of reactants, can be seen in Figure
for GC and [2.D.1]for AUGC experiments. Both experiments show comparable polymer-
ization efficiency, but the product composition distribution is slightly different. For AUGC,
all the dimers and most of the trimers were detected. However, the tetramers and pentamers
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2. RNA oligomerization without added catalyst from 2',3'-cyclic phosphate nucleotides

are predominantly G-rich sequences. Some differences were noted in the product distribu-
tion between the results in dried state and in the thermal trap for both AUGC and GC mixed
polymerization. Although the G homopolymerization is lower in the thermal trap, the mixed
and C products show higher concentrations. The product composition was more balanced
for the reaction at the interface in the thermal trap.
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Figure 2.16: Comparison of the oligomerization efficiency between the reaction in dried
state and experiment at water-air interface Oligomerization of mixed monomers: G-cP, C-cp
10mM in presence of 40mM KCIl at pH 10 for 18 hours. Especially for the longer strands, the
oligomerization in the simulated rock pore shows improved yields over the dry reaction.

2.3.4 Diphosphoester bond: 3'-5' versus 2'-5’

Our very preliminary digestion studies (in Figure and 3'P NMR results (in Figure
a)) suggested a considerable backbone heterogeneity (3'-5" and 2’-5’) within the oligomers.
Figure show the absorbance (at 260 nm) chromatogram of the control samples with
annotations made to indicate the peaks shown in the corresponding b) to i) plots. The UV
chromatograms show that some of the peaks disappear, and others remain identical after
degradation by the enzyme. The nuclease degrades only the 3/-5" linkages, but does not in-
teract with the 2/-5" ones. However, a full quantitative treatment is beyond the scope of this
study.

2.4 Discussion

The data show that G-cP, which had not been tested in previous studies, easily oligomerizes
in the dry state. The reaction occurs over a range of temperatures (40-80°C) and pH (7-12),
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2.4 Discussion

and does not require additional catalysts, making this reaction robust. In geological set-
tings, dissolved gases, salts and the presence of some minerals can vary the pH in which the
RNA formation occurs [38}[80]. Some environments on Earth naturally have local alkaline
pH [14,[81]. Polymerization can also occur in a partially aqueous setting: the polymerization
is driven there by wet-dry cycles at a heated interface, adding RNA synthesis to the pool of
prebiotic processes possible within such a setting. The cyclic monomers undergo polymer-
ization and ring opening (see Figure[2.8). It must be noted that the hydrolysis of the cyclic
phosphate is the dominant reaction at the tested temperatures. Products with a length of up
to 15 nucleotides could be detected (in Figure[2.7), for a total polymerization yield around 3%
for the polymerization of G-cP at pH 10 and 40 °C. In mixed polymerization, the G oligomers
incorporated some C, A, U monomers, albeit at lower concentrations and alone, C, A and
U did not oligomerize significantly. To compare with the yields achieved by Verlander and
Orgel when they tested the polymerization of A-cP in the presence of 1,2-diamine, around
0.4 % was detected for a G 6mer in 18 hours and they obtained 0.8 % poly A in 40 days.

An important feature of that polymerization is that at alkaline pH, the 2’,3’-cyclic phosphate
group form a diphosphoester bond by transphosphoesterification without ex-situ or in-situ
activation mechanism or added catalyst, and under low salt conditions. This finding is a
very good starting point for Darwinian evolution. Low salt condition are also interesting
for RNA evolution and replication as they notably help strand separation and reduce RNA
degradation [67]. To an extent, the polymerization of N-cP is found to be a relatively clean
reaction under the tested conditions. In comparison, in situ EDC activation yields side prod-
ucts, especially at high temperatures [82]. I did not detect major side products with analysis
by HPLC-MS, other than the hydrolysis products N-3'P and N-2’P, and the salt adducts of
sodium and potassium.

The abiotic formation and recycling of N-cP monomers is feasible, as they are known to be
produced by phosphorylation [62,|63}[83], nucleotide synthesis [65] and are common degra-
dation products of RNA [60]. T have also explored the formation of the reactive phosphate
ring in conditions compatible with its subsequent transphosphoesterification in Chapter [4|
Thus, with subsequent studies, a cycle of reactions involving polymerization, oligomer ex-
tension, ligation, hydrolysis and recyclization of monomers under early Earth conditions
become conceivable. Furthermore, recombination and templated ligation using the reactiv-
ity of the 2/,3’-cyclic phosphate have already been observed [84}85].

For our studies, my colleagues and I compared monovalent ions K" and Na* and divalent
ions Mg?*, Li*. They were chosen for their relevance in modern life and their abundance in
the early Earth [86]. In addition, Mg?* plays a key role in ribozyme activity [87]. K* cations in-
crease more polymerization than Na*. The inhibition of the reaction by Mg+ possibly occurs
by a combination of base catalysis mechanism, the opening of -cP endings and degradation
of the oligomer products. In spite of its role in ribozyme functionality, high concentrations
of Mg?* also deter RNA replication by favoring the formation of strong RNA duplexes. In
addition, the presence of millimolar concentration of Mg?* is enough to inhibit the mem-
brane self-assembly of fatty acids and this has been considered an incompatible aspect for
the co-emergence of RNA and fatty acid membranes [88}89]. However, under the conditions
studied, RNA formation and encapsulation within fatty membrane might be possible.
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2. RNA oligomerization without added catalyst from 2',3'-cyclic phosphate nucleotides

Our studies also show that the backbone’s heterogeneity (2/-5 vs. 3/-5') within the polymers
is significant. The heterogeneity of the linkage is a consequence of the vicinal ~-OH groups at
2’-and 3’- positions of the ribose (also their comparable nucleophilicity) and the equal prob-
ability of opening the ring from either side in the case of N-2/,3’cP. It has been demonstrated
that the presence of 2/-5" linkages allows efficient strand separation by reducing the melting
temperature (Tm) of oligomers, which is relevant in the case of G-rich sequences observed in
this polymerization. Lowering of Tm is therefore critical to replication of sequences [90,91].
These studies also show that the presence of 2/-5" linkages allows the folding of RNA into
three-dimensional structures, similar to native linkages. They do not hinder the evolution
of functional RNAs.

Several type of self-assemblies might contribute to the polymerization of G-cP in the dry
state. Based on the effect ions, my colleagues and I hypothesize that G-cP monomers form
tetrads, and several such tetrads stack over each other with a central K" cation between the
stacks and promote polymerization (see Figure[2.14). Such an arrangement is reminiscent
of G-quadruplexes, which may exist under the reaction conditions tested. Moreover, as Li"
cation are reported to have a destabilizing impact on the formation of G-qudruplexes, G-cP
were dried in presence of increasing quantities of LiCl added to the reaction solution. The
amount of polymers detected decreased with increasing amount of Li+. Some studies also
point to self-assembly of G-5'P and G-3'P into helical stacks [92]. Individual cations such as
Na® or K" could favor a specific arrangement; thus, explaining the differences in polymer-
ization efficiencies as a function of the type of cation.

In conclusion, the formation of short RNA strands was observed under very simple con-
ditions, alkaline pH and mild heat-drying, by reaction of N-cP. G-cp, which has never been
tested before in literature, shows a particularly high efficiency, including in the absence of
potential catalyst. In the next chapter, the polymerization results, especially for A, C and U,
were improved by drying at room temperature and wet-dry cycling.
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Addendum 2

2.A Building of the thermal trap
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Figure 2.A.1: Thermal trap parts and building: a) Front view of the different parts of the
thermal trap. b) Front view of the different parts of the thermal trap in the order in which they
are put together for the experiment. 1 Metal support on which the thermal trap is attached
which the two plastic screws shown in b). The plate is connected to a water bath (the cooled
down water input and output are represented as blue arrows) and cooled down to 20°C. 2
500 pm-thick sapphire in which four holes have been pierced. 3 125pm-thick Teflon layer in
which four holes have been cut at the same place as 2. 4 500 pm-thick Teflon layer in which the
full design of the microfluidic chambers, the channel and the feeding holes have been cut. Each
chamber can contain 32 uL.. 5 2 mm-thick sapphire plate, which is the "wall" which closes the
chambers on the other side. 6 Metal plate closing the thermal with the six small metal screws
in b). A metal heater will be attached on top of 5 and 6 to set the higher temperature. The
reaction solution is introduced inside the chambers using tubins attached to the plate 1 and
pressed against the four holes in 2, 3, 4 which are all connected. The solution flow through
the channels cut in the Teflon layer 4 to the three chambers, which are run in parallel for one
experiment.
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2. RNA oligomerization without added catalyst from 2/,3'-cyclic phosphate nucleotides

2.B Spectral Browser workflow
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Figure 2.B.1: Example of a routine of G7-3'P using the Spectral Browser: a) The masses
of G; (sum of the counts of all the charged states) plotted against time on the x-axis. The
peak of the G; standard is set between the two cursors in white. b) Concentrations of the
oligomers detected the oligomers of G. On the right of concentration plot is the raw counts
of the corresponding G oligomers. c) Combined spectrum resulting from the addition of all
the spectrum taken between the cursors. The yellow traces correspond to all the charge states
(z=2,3 and 4) detected in the ESI-MS for a G7 oligo. Z=1 is a dormant charge state for a G7
oligo and hence not observed. d) The fit results m/z = 1215.7 (corresponding to the second
charged state). e) Inset are the fits for all the charge states of a G; oligomer.
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2.C GA and GU mixed polymerization
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Figure 2.C.1: Mixed polymerization products composition. Sequence composition of the
products synthesized from copolymerization with 2eq K*: a) GA and b) GU. G-rich oligomers
are significantly higher in concentration. G homopolymers are shown in the plot as dark blue
dots. Homopolymers other than G are shown as colored dots. Mixed polymers are marked as
colored dots surrounded by a blue circle.
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2.D AUGC polymerization at water-air interface
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Figure 2.D.1: Comparison of the oligomerization efficiency between the reaction in dried

state and inside the trap. Oligomerization of mixed monomers: G-cP, C-cp, A-cP, U-cp, 5mM

each, in presence of 40 mM KCI at pH 10 for 18 hours. Especially for the longer strands, the
oligomerization in the simulated rock pore shows improved yields over the dry reaction.
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2.E Enzymatic degradation results
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Figure 2.E.1: Nuclease P1 digestion conducted on polymerized samples of G-cP to
determine the amount of linkages 3'-5" and 2’-5’. a) Absorbance (at 260 nm) chromatogram
for the control sample C10 without enzyme left in the reaction medium for 10 min at 37°C. The
peaks corresponding to the oligomers products are annotated by the letters b-i. Saturated peak
at 4 min is due to the traces of phenol used in the extraction masking some oligonucleotide
peaks. b-i) UV chromatograms for samples C10 (no-enzyme control, 10 min incubation, purple-
dashed), R10 (digested by enzyme during 10 min, purple-full), C30 (no-enzyme control, 30 min
incubation, green-dashed), R30 (digested by enzyme during 30 min, green-full). Intensity of
some of the peaks are lowered in the enzymatic digest samples. b. Go-P, c. G3-P and G4-cP,
d. G4-P and G5-cP, e. G5-P and Gg-cP, f. Gg-P and G7-cP, g. G7-P and Gg-cP, h. Gg-P and
Gg-cP, i. Gg-P and G;0-cP. j) Concentration equivalent of phosphodiester bonds were calculated
for each sample using the integrated EIC counts. Concentrations of the samples R10, C30 and
R30 were normalized to that of C10.
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Chapter

Polymerization for G, C, A and
U 2/,3’-cyclic phosphate
nucleotides by wet-dry cycling
at room temperature
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Figure 3.1: Chapter summary: Polymerization of 2’,3'-cyclic phosphate nucleotides by wet-
dry cycling at alkaline pH and room temperature, and hydrolysis and degradation in the same
conditions.

Chapter summary: The work in this chapter was conducted in collaboration with co-workers
for the University of Milano: Prof. Dr. Tommaso Bellini, Dr. Tommaso Fraccia, Dr. Federico
Caimi and Francesco Fontana.

We further explored the effect of wet-dry cycling on polymerization of 2’,3'-cyclic phosphate
nucleotides, with collaborators from the university of Milano. The drying is now carried out
at room temperature and completed within 8-10 h. Temperature plays an important role for
polymerization and hydrolysis, which deactivates a significant portion the reactants. Those
new conditions improve considerably the polymerization of all 4 nucleotides. Mixed sam-
ples still show a bias toward G, but it can be minimized by slightly more alkaline conditions.
The drying of the monomers (and oligomers for a number of cycles > 1) different reactants
was followed by microscopy. The aim was to detect the self-assembly of the reactants prior
to the full drying, as it affects the efficiency of the polymerization and to the formation of
long RNA strands. The formation of crystalline structures, resulting from supramolecular
assemblies in aqueous solution, was confirmed for G and, to some extent, for A.
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3.1 Introduction

In Chapter [2] we demonstrate the polymerization of 2/,3'-cyclic phosphate ribonucleotides
(N-cP) for all canonical nucleobases by drying of an alkaline solution, with moderate heat-
ing and without additional catalyst. However, the yields of polymerization were substantial
only for G-cP, around 3-4 % at pH 10. The reaction of A-cP, C-cP and U-cP produced only
dimers and trimers. When different N-cP were mixed together, it yielded mixed oligomers,
but dominated by G. This lack of sequence diversity and heavy bias toward one of the nucle-
obases would be a problem for further evolution of RNA. It would inhibit hybridization and
therefore tamplated ligation and replication. Also, homopolymers are not very useful in the
genetic code [93].

The aim of the present work is to explore conditions and mechanisms that might drive the
reaction further, improving both the yields and the length of the products and their compo-
sition. We already showed, in the previous Chapter, N-cP polymerization at a heated water-
air interface. There, the polymerization was driven by a constant evaporation-rehydration
cycling, and the bias toward G seemed slightly lower compared to the dry state. Thus, we
decided to explore further the impact of wet-dry cycling on polymerization by performing
manually the cycles and observing the results after each one.

The high polymerization for G is most likely due to self-assembly of the monomers before
full drying. My collaborators monitored those potential assemblies in the aqueous phase
and in the dried state by PTOM (Polarized Transmission Optical Microscopy) observation.
PTOM can detect molecular ordering, including in liquid states, such as liquid crystals.

3.1.1 Wet-dry cycling

Cycling between dehydration and rehydration is used to drive a wide range of prebiotic reac-
tions producing biomolecules and biopolymers: condensation of amino acids [94}95], syn-
thesis of nucleosides [96] and formation of oligonucleotides [97,98]. Some researchers also
fed the reaction with fresh reactants during rehydration, demonstrating enhanced yields for
phosphorylation [98]99].

In wet-dry cycling conditions, the reactants (and subsequent products) go from a diluted
aqueous phase to a high-concentration aqueous phase and end up in a dry state. Compared
to use of catalysts which only lower the energy activation barrier and improve the kinetics
of a reaction, wet-dry cycling continuously changes the chemical potentials of the reactants
and products, and thus the thermokinetic equilibrium of the system. The chemical poten-
tial of the reactants can be increased and the potential of the products can lowered, making
the reaction more favorable [100]. The wet-dry cycling also leads to the variation of other
parameters such as the pH and salt concentrations, which are important factors in prebiotic
reactions [67},(79].

Considering an early Earth scenario, the aqueous reservoir oscillations can be due to "weather
conditions" such as temperature changes, humidity and deliquescent mineral [94,/101,|102].
Those oscillations of conditions for the reactants can also be obtained by non-equilibrium
at water-air interfaces [103-105], as I explored in the previous Chapter.
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3.1.2 Liquid crystals

Liquid crystals are fluid phases, composed of partially oriented molecules showing posi-
tional ordering. Physically, they are mesophases between the isotropic liquid state and crys-
talline solids, a form of still-liquid self-organization. Thus, liquid crystal phases can easily
be observed in polarized microscopy.

Nucleic acids liquid crystal were first observed from long DNA strands in vitro [106] and in
vivo [107]). Later works showed that liquid crystals can be formed by smaller DNA sequences
(6-20mers [108]). The crystalline micro-domains are composed of DNA duplexes, which pos-
sess an increased rigidity compared to single strands. Mononucleotides and nucleic acid
single strands have only a weak propensity to stack, but the formation of hydrogen bonds
reduces the water solubility of the compounds, which promotes aggregation and ordering.
Thus, with the ability of the G monomers to form G-tetrads via non-Watson-Crick hydrogen
bonds, they can form liquid crystals [109].

Liquid crystals are environments that could provide many advantages for the origins of life
and starting evolution: protection by compartmentalization, selection of biopolymers based
on their structures, enhancement of abiotic polymerization and elongation by ordering the
reactants [110-112]. Inside the liquid crystals ordered domains, the reactive terminals of the
oligomers are kept in close proximity to each other by packing and stacking forces [112]. In
the case of the RNA world in particular, one of the fundamental questions is: how to syn-
thesize de novo the first long RNA strands. The shortest ribozymes that are catalytically ac-
tive in water are at least 50 monomers-long. To this day, there is no known abiotic pathway
to oligomers of that length starting from monomers. Liquid crystals could provide a tem-
plate that orders the mononucleotides and oligonucleotides and enhances the reactions of
polymerization and ligation [113]. As an example, liquid crystals of nucleic acids reportedly
improve the ligation of DNA oligomers by water-soluble carbodiimide EDC [114].

3.2 Materials and methods

3.2.1 Reactants and standards

Cyclic nucleotides (G-cP, A-cP, C-cP, U-cP) and the linear-ending monomers (G-2'P, G-3'P, A-
2'P, A-3'P, C-2'P, C-3'P, U-2'P, U-3'P) were purchased from BioLog in their sodium salt form,
as lyophilized samples.

Standard pre-synthesized homooligomers of G (2 to 10mers), C (2 to 10mers), A (2 to 4mers)
and U (2 to 4mers) with a 3’-phosphate ending (and -OH at the 5’ end) were purchased from
Biomers as lyophilized samples.

3.2.2 Sample preparation and wet-dry-cycles protocol

The experiments were conducted by my collaborators from the university of Milano, Francesco
Fontana and Dr. Federico Caimi.

Diluted solutions (10 mM) of 2/,;3'-cyclic monophosphate nucleotides species (A, U, G or C)
and equimolar mixtures (AU, GC, AUGC) were prepared, portioned in 200 uL Eppendorf tubes
(1 umol of nucleotides in each tube) and then lyophilized overnight. The resulting powders
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were stored at room temperature. Samples were prepared by dissolving each portion in
20 uL of deionized water (the initial concentration is 50 mM) and the pH was adjusted us-
ing potassium hydroxide (KOH). Solutions were evaporated on a glass-bottomed multi-well
plate (Corning, 4580) at room temperature during 24 hours.

For analysis by LC-MS, the samples were received in lyophilized state and then rehydrated in
RNAse-free water (from Thermo Fisher Scientific). 10 nmol (for single nucleotide samples)
to 40 nmol (for AUGC samples) were injected in the HPLC for analysis, without further treat-
ment for the majority of the samples.

3.2.3 LC-MS instrument specifications and protocol

Measurements were performed on a high-performance liquid chromatography (Agilent 1260
Infinity II bioinert) with a G7115A 1260 Infinity II diode array detector and coupled to an
electrospray ionization time-of-flight mass spectrometer (Agilent 6230B with dual AJS EIS).
The column used was an Agilent Advance Oligonucleotide C18 Column (4.6 x 150 mm 2.7 um)
heated at 60 °C with a pressure rating of 600 bar.

The oligomers were separated by using ion-pairing reversed-phase HPLC. The eluent con-
sisted of mixtures of water (Bottle A) and methanol (Bottle B: 50 % water, 50 % methanol) con-
taining each 8 mM trimethylamine (TEA) and 200 mM hexafluoroisopropanol (HFIP), with a
flow of 1mL/min. The method started with 1% of B for 5min, followed by a gradient, in-
creasing from 1% to 30 % B over 22.5 min and then to 40 % for 15 min. Then, the column was
flushed with 100 % B for 5min before being returned to 1% for 6 min, to re-equilibrate the
column.

Detection of the eluted compounds is achieved by using a Diode Array Detector (DAD) WR
(wavelength used: 260 nm), and a coupled mass spectrometer.

The quantification of eluted oligonucleotides was achieved using ESI-TOF in negative mode
(employing specific source parameters: Gas temperature: 325 °C, Drying gas flow: 13 L/min,
Sheath gas temperature: 400°C, Sheath gas flow: 12 L/min, VCap: 3500V, Nozzle Voltage:
2000V). Reference masses are run in parallel to the sample run using standard reference
and tuning mix recommended by Agilent (product number G1969-85000).

3.2.4 MS data analysis by custom-written LabVIEW program

The MS data acquired from HPLC ESI-TOF was converted to mz5 format using MSConvert,
a component of ProteoWizard [115]. Subsequently, it was imported into a custom LabVIEW
program (Spectral browser 3.58 or a newer version Spectral browser 4.63) for detailed analy-
sis. These versions of the program were updated and modified compared to the one used in
Chapter 2]
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Figure 3.2: User Interface of Spectral Browser version 4.63: The MS data analysis pipeline
involves a systematic process denoted by numbers (1-5), each step is color-coded (yellow to red)
and described below.

Workflow for the Spectral Browser 4.63 (see Figure[??):

1. Mass List generation

2. Extracted Ion Counts chromatograms plotting

3. Summing of raw mass spectra

4. Pick and 5. Fit of summed isotope distribution and concentration determination.

1. Mass List generation (see Figure[3.A.]):
This list is then passed via ZeroMQ message transfer protocol to Python, where IsoSpecPy
[116] retrieves theoretical isotope distributions (1-ii and 1-iii) for the corresponding chemical
formulae.

2. Extracted Ion Counts (EIC) chromatogram plotting (see Figure[3.A.2):
The mz5 is loaded (folder in 2-A and file in 2-B) and the EIC chromatograms correspond-
ing to the masses calculated in the previous step are plotted in 2-C. This step facilitates the
determination of cursors position for different oligonucleotide lengths (2-D).

3. Summing of raw mass spectra (sce Figure
Raw mass spectra within the cursor positions are summed. Additionally, the program saves
the summed spectra into another format (.data) with all the parameters for the calculs, opti-
mizes memory usage and enhances data loading time for future analysis. This feature allows
for efficient retrieval and utilization of the summed spectra in subsequent analyzes.

4. Pick and 5. Fit of summed isotope distributions (see Figure
Theoretical isotope distributions for molecules between the cursor positions are assigned

37



3. Polymerization for G, C, A and U 2/,3'-cyclic phosphate nucleotides by wet-dry cycling
at room temperature

to the corresponding m/z in the summed spectra using the most abundant isotope (4). De-
pending on the number of isotopes selected (4-A), their theoretical distribution is fit to the
measured data (5) (and plotted in 4-B) to generate the TOF ion counts. The sum of TOF ion
counts at different charge states is calculated for each molecule based on the fitted distri-
butions. The concentration of the oligonucleotides (4-C) in the sample is determined for the
volume (4-D) analyzed using the TOF counts. For each length of oligonucleotide, I calculated
coefficients (moles/ion counts) (4-E) using oligonucleotide standards of 2-10 mer of known
concentrations (see below).

3.2.5 Quantification

The separation in the HPLC column of the standards for each nucleobases can be seen in

Figure|3.B.1]

Monomers quantification

The monomers are quantified using UV absorption for the wavelength 260 nm. The monomers
can be detected by mass spectrometry but the quantities are too high for quantification: the
function of ion counts depending on concentrations is not linear.

Oligomers quantification

The oligomers are quantified by their extracted ion count. For the concentrations I detected,
the function of the extracted ion counts EIC depending on the concentration was linear. The
calibration was done using the standard oligomer of the same length with a -3P ending (see

Figure|3.B.1)

Yield calculations

For each molecule x, the yields are calculated over the total concentration of monomers A,
U, C or G (remaining cyclic monomers + hydrolyzed monomers + monomers included in an
oligomer). The total polymerization yield is defined as the total concentration of monomers
included in an oligomer (cyclic and linear-ending) over the total concentration of monomers.

With N =G, C, A or U, cP indicating a molecule with a cyclic phosphate ending, P a linear
phosphate ending and j being the maximum length of the oligomers detected:

- the total concentration of monomers (in pM) is defined as:

Ctot Z Z (3 * — CP [Nl — P]) (31)

=1 N

with [N;-cP] the concentration of oligomer of length i and ending cP and [N;-P] of
oligomer of length i and ending P.

- the total yield of polymerization for the products with a cyclic end (in %) is defined as:

vl = Z > i [Nj — cP]/Cior * 100 (3.2)

=2 N
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- the total yield of polymerization for the products with a linear end (in %) is defined as:

J
YEE=3"N "0k [Ny = P)/Ciop + 100 (3.3)
=2 N

- the total yield of hydrolysis for the monomers (in %) is defined as:

Yp =) [Ny — P}/Cior 100 (3.4)
N

- the concentration of n-mer N; with a defined AUGC composition reported for a theo-
retical starting concentration of 50 000 pM is defined as:

C, = ([N; — ¢P] + [N; — P])/Cloy + 50000 (3.5)
to compensate for the potential loss of material during the lyophilization step.

- the total for a specific length i of oligomer (in uM) is defined as:

Clot = > _([Ni = ¢P] + [N; — P])/Cior * 50000 (3.6)
N

3.2.6 Microscopy observation

The microscope imaging was performed by my collaborators. A Nikon TE 200 inverted mi-
croscope was used together with a set of Nikon magnification objective lenses (from 5x to
50x) and a TE-PSE100 Nikon lamp. Images were acquired with a Nikon DS-Fi3 camera. The
system was connected to a TANGO 3 Desktope device (Marzhauser Sensotech) to control the
stage mounted on the microscope. The automated image acquisition of samples evaporat-
ing overnight was managed using NIS-Elements BR software (exposure = 20ms, gain = 1x,
magnification = 5x). Polarizer and analyzer were crossed at 90°.

3.3 Results

We report the oligomerization of N-2/,3/cP by dehydration-rehydration cycling at room tem-
perature in presence of KOH. In a typical experiment, 20 uL of an aqueous solution of N-cPs
(initial concentration 50 mM) and the pH of the solution is adjusted to values between 6 to
12 for the first wet-dry cycle. The results were analyzed by HPLC-MS (see Methods), and
new peaks at later retention times are shown in Figure [3.3] Those peaks are attributed to
hydrolyzed monomers and synthesized polymers by comparison with standards (see Figure
and detection with the mass spectrometer.

3.3.1 Conditions of wet-dry cycling

The evaporation was coupled with a slight reduction of the pH value, most likely due to a
combination of phosphate ring opening and CO, (g) dissolution. We tested two different
protocols and the results for G-cP at pH 10 are presented in Figure[3.3] for the first one (grey
in the figure), the pH was readjusted to 10 by addition of KOH at each rehydration. For the
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second one (black in the figure), the pH was set to 10 only for the first dehydration and each
rehydration was done with pure water. The results presented in Figure[3.3|correspond to the
10th cycle.

G,-P
G-cP G-P pH adjusted G;-cP Gs-P G,P GeP
Go-cP | after cycle 1 |o5_ Gy-cP Gs-cP Gg-cP
200 1 Yes e P
— No 20 G7-cP
150 - G;-P
15 Gg-cP
100 Polymers 10 Gg-P
Gg-cP
50 5
0 % T T | 0= T T T 1
0 |5 10 15 20 25 5 10 15 20 25
Retention time (min) Retention time (min)

Figure 3.3: Effect of the pH adjustment during wet-dry cycling on the polymerization
of G-cP: The starting solution of 50 mM G-cP was initially adjusted to pH 10. For one of the
samples (in grey), the pH of the solution is adjusted to 10 after every rehydration. For the other
one (in black), the pH is not adjusted.

The second protocol shows higher concentrations for the oligomers longer than 3, for a
total polymerization yield of 70 %. For the first protocol with pH adjusted at every cycle, the
peak corresponding to the remaining N-cP has entirely disappeared and most of the reac-
tants - 67 % - are converted into hydrolyzed monomers N-2P or N-3P. Therefore, the lower
polymerization results, 32 %, are due to base-catalyzed hydrolysis.

All the other experiments were conducted with the second protocol and the pH was not read-
justed after the first drying.

3.3.2 Effect of wet-dry cycling on 2’,3’-cyclic phosphate nucleotides
Polymerization

The drying at room temperature improved significantly the yields of polymerization com-
pared to the drying at 40 °C (Chapter [2), for all four canonical nucleotides. After one dehy-
dration at 40 °C, G polymerization reached 4 %, against 70 % at room temperature (see Figure
[3.4). Previously, I could detect only dimers and trimers for the other three nucleotides, but
for the drying at room temperature, the oligomers detected were as long as 4 to émers for
the first cycle at pH 10 or 11 (see Figure with total yields around 5 to 20 %.
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Figure 3.4: Polymerization yields for G, A, C and U: A solution of 50mM N-cP (N=G, A,
C or U) was adjusted to a starting pH of 6, 8, 10, 11 and 12. Total polymerization yields are
presented after 1, 5 and 10 wet-dry cycles at room temperature. The bottom bar corresponds to
the yields for the polymers ending with a 2’,3’-cyclic phosphate -cP. The upper bar corresponds
to the yields for the polymers ending with a linear 2'- or 3’-phosphate -P. The purine bases
polymerize best at pH 10 and the pyrimidine at pH 11. G shows the highest efficiency but a
significant fraction of A, U and C monomers also form oligomers by wet-dry cycling at room
temperature.

The polymerization is highly pH dependent and is favored for a pH range going from neu-
tral to alkaline, with variations between the different nucleotides (see Figure[3.4). G-cP effi-
ciently polymerizes for a pH range from 7 to 11, with a significant drop in oligomer formation
at pH 12, as observed in Figure[3.C.1] Like in Chapter[2 the optimal starting pH was found to
be 10, for yields around 60-70 %. The optimal pH for the polymerization of A is also 10, with
the formation of oligomers observed at pH 8 to 12, for yields around 9 to 38 %. The pyrimi-
dine nucleobases have an optimal polymerization for pH 11. Oligomers formation is favored
over the pH range [10-12], a little more alkaline than for the purine base, with polymerization
yields for this pH between 7-38 % for C and 6-31 % for U.

HPLC-MS analysis confirmed that a significant amount of cyclic phosphate groups are still
present in the sample after one dehydration (24 h), both for monomers (see Figure and
polymers (bottom bars in Figure[3.4). At pH 10, for the first cycle, there were still 20 % cyclic
phosphate mononucleotides for G, 49 % for A, 68 % for C and 72 % for U. For pH 11, optimal
for the polymerization of the pyrimidine bases, 2 % for G, 35 % for A, 23 % for C and 48 % for
U. Thus, there were still reactants to continue the reaction for further cycles. The wet-dry
cycling enhanced reaction yields at pH 10 up to 51 % for A, 45 % for C and 170 % for U. And
longer oligomers also increased in concentration at pH 10, and at pH 11 for C and U. But at
pH 12, the formed oligomers degraded after the 1st cycle, due to base-catalyzed degradation
of the phosphate-sugar backbone and phosphate hydrolysis.
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Figure 3.5: Polymers length for G, A, C and U: The results are from the same experiments
as for Figure A solution of 50 mM N-cP (N = G, A, C or U) was adjusted to a starting pH
of 6, 8, 10, 11 and 12. The plots show the concentrations of the oligomer products per length
(c-P and 2’-P and 3’-P endings added together) for: a) 10th cycle: pH 5, 8, 10, 11 and 12. b)
1st, 5th and 10th cycles at pH 10 and 11.
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Figure 3.6: Remaining cyclic-ending reactants after reaction at pH 6, 8, 10, 11 and 12,
after 1, 5 and 10 wet-dry cycles, for the homopolymerization of G-¢cP, A-cP, C-cP, U-cp. For pH
8, 10 and 11, a significant portion of the N-cP remain after the first cycle: polymerization can
continue in the next cycles.
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Dried phases

b)

Dry state

20 microns

c)

Figure 3.7: High concentration and dry state imaging by microscope: a) Microscope
images of the samples just before the full drying. For the G samples, the concentration was
estimated around 300 mM. Polarizer and analyzer were crossed at 90°. Birefringence textures
were detected for G samples, but A, C and U showed only a black background. b) Microscope
images of the samples G and A after they fully dried. Polarizer and analyzer were crossed at
90°. The C and U samples just showed black background. c) Microscope images of the samples
A, C and U, fully dried, with the polarizer and analyzer uncrossed. The crystals that can be
observed for the C samples are not composed of nucleotides.

Monitoring the drying process by PTOM (Polarized Transmission Optical Microscopy) ob-
servation showed that samples reached the full dry state after 8-10 hours (1 cycle is 24 hours),
C and U samples remained completely homogeneous and isotropic during the evaporation:
only a black background could be detected during (Figure [3.7/a)) and after (Figure [3.7| b))
dehydration when the samples were observed under polarized light. The crystals which are
shown in ¢) for the C sample are not composed of nucleotides.

In the case of G (or G-containing samples), nucleation and growth of birefringent textures
typical of liquid crystals was observed before the full drying. The birefringence textures vary
smoothly, characteristic of still fluid liquid crystalline phases. The whole sample showed
those textures 5 hours after the beginning of the experiment (8-10 hours for full drying). A
transition to sharper high birefringence textures occurred once the G sample reached the
fully dried state, a sign of lesser fluidity. In dried state, G nucleotides were in a highly or-
dered crystalline phase, resulting from the previous liquid crystals.

The images of the A samples at high concentration did not show any birefringence textures
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that could indicate the presence of liquid crystals. However in the fully dried state, the pres-
ence of crystalline domains was confirmed, although it did not covered the full volume of
the sample.

Birefringence is a good indicator of molecular ordering. For guanosine, the formation of
G-quadruplexes and production of liquid crystal phases is well documented [109]. The as-
sembly of those G tetrads was proposed as a mechanism explaining the enhanced polymer-
ization of G. In that highly-ordered assembly, the functional groups involved in the polymer-
ization would likely be kept in proximity, impacting the reaction efficiency. It would explain
why G is not only producing higher yields, but also longer oligomers. As for the formation of
A-cP crystals, it can be favored by higher stacking interaction of purine bases with respect to
pyrimidines. Nonetheless, those crystalline domains do not seem to improve the polymer-
ization of A compared to C and U as much as it did for G.

Even if the ordering happens already in liquid phase (in the case of G), no polymerization
product could be observed before full drying, which is coherent with the results of the pre-
vious chapter.

Hydrolysis

The reaction of polymerization which produces diphosphoester bonds is in competition with
hydrolysis, which causes phosphate ring opening, producing -2'P and -3'P endings. In Figure
we can see that already in the first cycle, a significant portion or most of the oligomers
produced at pH 10 have a linear phosphate ending and that portion increases with each cy-
cle. At pH 11 and for the 10th cycle, almost all of the oligomers have linear endings: 100 %
for G, 94 % for A, 97 % for C and 88 %.
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Figure 3.8: Hydrolysis yields for the monomers G, A, C and U: at pH 6, 8, 10, 11 and
12, after 1, 5 and 10 wet-dry cycles, for the homopolymerization of G-cP, A-cP, C-cP, U-cp.
The hydrolysis yields of the monomers increase with higher value of pH and number of wet-dry
cycles.
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The hydrolysis of the cyclic monomers into deactivated N-2'P or N-3'P was monitored by
HPLC-MS measurements. This reaction was shown to be also highly pH-dependent and to
increase with the pH and the number of wet-dry cycles conducted for all four nucleotides.
The hydrolysis of the monomers was insignificant at pH 6, increased to 2-10 % of the initial
monomers (20-25 % for G) at pH 8. For pH > 10, hydrolyzed monomers rose to (50-70 %), and
inhibited the reaction of polymerization. For pH 12 in particular, we observed a decrease
in polymerization yields and the length of the products, between the 1st, 5th and 10th cy-

cle. We observed phosphate ring openings, but also the degradation of the phosphate-sugar
backbone for the products formed in the first cycles.

3.3.3 Effect of wet-dry cycling on mixed polymerization

We performed experiments with mixtures of nucleotides: AU, GC and AUGC and observed
the production of mixed products. Nonetheless, the incorporation of the different monomers
depends highly on the nucleobase and the initial pH of the solution.

Binary mix: adenosine and uridine

AU mixed sample showed the lowest polymerization yields among the mixed experiments.
They peak at 27 % for pH 11, after 10 cycles and oligomers as long as 5mers could be detected

(see Figure[3.9).
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Figure 3.9: AU mixed polymerization yields and products length: A 25mM A-cP and
25mM U-cP solution was adjusted to pH 6, 10, 11 and 12 and went through several wet-
dry cycles. a) Total polymerization yields (with distinction between -cP ending polymers and
-P ending polymers). b) Concentrations of the oligomers products per length (different AU
composition and endings summed up together).
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3. Polymerization for G, C, A and U 2/,3'-cyclic phosphate nucleotides by wet-dry cycling
at room temperature

I checked the different product compositions by analysis on the mass spectrometer; it must
be noted that this analysis method does not discriminate between the different permutations
of the same compositions (e.g. dimers AU and UA). Thus, in the theoretical case where both
A and U polymerize as efficiently as each other and are randomly mixed together in the dry
state, dimers of composition AU should be twice as abundant as AA or UU, trimers of com-
position AAU and AUU thrice as AAA or UUU, etc. This theoretical behavior is represented
by the black line on Figure [3.10]a) and b).

a) , oH 10 b)  pH 11

10 o - o -o-

— Theoretical mixed
polymerization profile

Figure 3.10: AU mixed polymerization products compositions: The oligomers concentra-
tions are given for a starting N-cP concentration of 50 mM. a) At pH10, 1st, 5th and 10th cycle.
b) At pH 11, 1st, 5th and 10th cycle. c) 10th cycle, for pH 6, 10, 11 and 12. In a) and b),
the black line represents the theoretical product composition distribution if A and U polymerize
with comparable efficiency and in the same dry phase.

The concentrations per composition can be seen for different pH and cycles in Figure[3.10]
a) for pH 10, b) for pH 11 and c) for the 10th cycle at different pH. At pH 10, the A-rich prod-
ucts are slightly favored and for pH 11, it is the U-rich products, which is expected in regard
of the optimal pH of polymerization for A and U separately (see Figure[3.4). In spite of those
biases, the AU sample shows a behavior close to the theoretical one. The concentrations of
the heteropolymers are particularly enhanced by the wet-dry cycling compared to the ho-
mopolymers.
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3.3 Results

The picture of the dry AU sample in Figure shows only an amorphous phase, without
any sign of crystalline structures.
Binary mix: guanosine and cytidine

GC polymerization peaks at pH 10-11 for a yield around 40 % and oligomers up to 10mers
could be detected at pH 10 (see Figure|3.11).
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Figure 3.11: GC mixed polymerization yields and products length: A 25 mM G-cP and
25mM C-cP solution was adjusted to pH 6, 10, 11 and 12 and went through several wet-
dry cycles. a) Total polymerization yields (with distinction between -cP ending polymers and
-P ending polymers). b) Concentrations of the oligomers products per length (different GC
composition and endings are summed up together).

The product composition is significantly dominated by G (see Figure at every pH.
Mixed GC polymers are produced, but at lower concentrations than G homopolymers. Nonethe-
less, pH 11 and 12 make the reaction a bit more balanced between G and C. C polymerizes
better at pH 11, and we detected a degradation of the G products after several wet-dry cycles,
resulting in a flatter distribution between products of the same length in Figure[3.12]b). The
presence of highly ordered crystalline structures was confirmed by PTOM imaging. Unlike
the G samples, the birefringent textures in Figure do not cover the whole volume of the
sample: the crystalline domains formed by G are intercalated with amorphous phases, most
likely C-rich. Not only is there a difference in efficiency between G and C, but they also dry
as separated phases, lowering the likelihood of mixed products. In Figure[3.12] some mixed
products are at lower concentrations than pure C products. For pH 10 and the 10th cycle, GC
dimers have a concentration of 317 uM against a concentration of 526 uM for CC. For trimers,
I detected 158 uM of GGC, 75 uM of GCC and 126 uM of CCC.
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3. Polymerization for G, C, A and U 2/,3'-cyclic phosphate nucleotides by wet-dry cycling

at room temperature
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Figure 3.12: GC mixed polymerization products composition: The oligomers concentra-
tions are given for a starting N-cP concentration of 50 mM. a) At pH 10, 1st, 5th and 10th
cycles. b) At pH 11, 1st, 5th and 10th cycles. ¢) 10th cycle, for pH 6, 10, 11 and 12. In a)
and b), the black line represents the theoretical product composition distribution if G and C
polymerize with identical efficiency together.

20 microns

Figure 3.13: Microscope images of the binary mixtures AU and GC for pH 10 and 10th
cycle. For the GC sample, the polarizer and analyzer were crossed at 90 °: birefringence textures
were observed but not for the whole surface, indicating the presence of both crystalline domains
and amorphous phases. The polarizer and analyzer were uncrossed for the AU sample image
showed here. Under polarized light, the AU sample showed only a black background.
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3.3 Results

Quaternary mix

AUGC mixtures polymerize up to 40 % for an optimal pH of 11. However, longer oligomers
can be detected at pH 8, 9, 10 (see Figure(3.14).
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Figure 3.14: AUGC mixed polymerization yields and products length: A 12.5mM A-cP,
12.5mM U-cP, 12.5mM G-cP and 12.5mM C-cP solution was adjusted to pH 6, 10, 11 and
12 and went through several wet-dry cycles. a) Total polymerization yields (with distinction
between -cP ending polymers and -P ending polymers). b) Concentrations of the oligomer
products per length (different AUGC composition and endings summed up together).

For oligomers of a length > 4, the products are dominated by G. In the 5 and 6mers, for
the 10th cycle, up to two monomers other than G were incorporated, one in the 7 and 8mers.
For 9 and 10mers, I detected almost only G homopolymers. The composition of 2mers and
3mers, in Figure[3.15)is a bit more diversified: I detected all of them. The distribution is flatter
at pH 11 than 10, indicating a lesser bias in favor of G. As for the GC sample, the concentra-
tion of the G mixed polymers is lower than the mixed products including the other three
nucleotides A, U and C. For the tenth cycle at starting pH 11, [ measured a concentration of
728 uM for CA, 706 uM for CU, 957 uM for AU and for the pure dimers 288 uM for CC, 409 uM
for AA, 577 uM for UU. In comparison, mixed dimers contaning one G had concentrations of
346 UM, 386 uM for GA and 441 uM for GU. For trimers, the average concentration for GGX (X
=A, Cor U)is 54 uM, 61 uM for GXX and 88 uM for XXX.

The PTOM images of the dried AUGC samples at pH 10, 11 and 12 were recorded for the
6th cycle and are shown in Figure[3.16 Like for the GC dried sample, crystalline structures
could be observed, although they do not occupy the whole surface. For pH 10 and 12, the
crystalline and amorphous phases are clearly separated, but they are more mixed at pH 11.
That more homogeneous phase and lower polymerization of G at pH 11 can explain the flat-
ter product distribution.
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3. Polymerization for G, C, A and U 2/,3'-cyclic phosphate nucleotides by wet-dry cycling

at room temperature
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Figure 3.15: AUGC mixed polymerization products compositions: The oligomers concen-
trations are given for a starting N-cP concentration of 50mM. a) At pH10, 1st, 5th and 10th
cycles. b) At pH 11, 1st, 5th and 10th cycles. c) 10th cycle, for pH 6, 10, 11 and 12. In a)
and b), the black line represents the theoretical product composition distribution if G, C, A and
U polymerize with identical efficiency and together.
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3.4 Discussion

4 microns

Figure 3.16: PTOM images for AU samples at pH 10, 11 and 12. The samples were
observed in the dried state for the 6th cycle. The polarizer and analyzer are crossed at 90°. The
birefringence textures indicating the presence of crystalline domains vary depending on the pH.

3.4 Discussion

The data reported in that chapter show the polymerization of G-cP, A-cP, C-cP and U-cP by
drying an alkaline solution at room temperature, in the presence of potassium salts, and
without any other catalyst. The reaction occurs for a pH between 8 to 12, with a significant
decrease at pH 12. The results suggest that the oligomerization proceeds by base catalysis,
but so does the hydrolysis. Hydrolysis of the cyclic phosphate groups leads to the more sta-
ble products (-2'P and -3'P). For pH < 10, the reaction is limited by the lower reactivity of
the cyclic phosphate. At pH > 10, it is limited because of the competition of hydrolysis. Hy-
drolysis happens in aqueous solution, so a pathway to limit hydrolysis would be to lower the
drying time, making the wet-dry cycling even more asymmetric in favor of the dry state. We
further improve the polymerization by optimizing the frequency of the cycles. The work of
Christoph Weber on the theoretical impact of wet-dry cycling on prebiotic reactions points
to a "resonance frequency" at which the reaction proceeds with maximal efficiency [100].

I also observed a bias toward G in wet-dry cycling at room temperature: it polymerizes up
to 70 % and forms longer oligomers compared to A, U and C. The bias toward G, against
the pyrimidine bases, may result from intermolecular interactions such as stacking or hy-
drogen bonds. This phenomenon facilitates the geometric arrangements conducive to in-
ternucleotide phosphodiester bonds. By monitoring the samples by PTOM observation, my
collaborators confirmed that the G monomers can self-assemble in a liquid phase at high
concentration and form liquid crystals. After full drying, they form crystalline phases, fa-
cilitating the polymerization of G into long chains of oligomers. Higher pH, like 11, reduces
slightly the bias, but it also reduces the polymerization efficiency of the purine base and in-
creases considerably the hydrolysis.

Previous work has shown that liquid crystals can be formed from oligomers as small as 6-
20mers in a random sequence pool where hybridization can occur between different strands
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3. Polymerization for G, C, A and U 2/,3'-cyclic phosphate nucleotides by wet-dry cycling
at room temperature

(108]. It would cause a liquid-liquid separation between duplexes-rich liquid crystalline do-
mains and the isotropic aqueous solution containing mostly single strands [117]. Liquid crys-
tals were also detected for solutions containing only four-base long self-complementary nano
DNA: 5/-ATTA-3" and 5'-GCCG-3' [118]. In the case of AUGC samples obtained for this thesis,
we confirmed the presence of crystalline structures. But it is difficult at this stage to verify
the contribution of potential short oligomers duplexes compared to the G-quadruplexes. We
observed a change in the textures of the crystalline structures of the mixtures at pH 11, in
the conditions for which we had the highest concentrations of non-G rich products. But they
remained short, 2mer and 3mers mostly, with some 4mers.

Wet-dry cycling at pH < 12 improves the polymerization yields for all nucleotides and the
production of mixed samples. With a better incorporation of A, C and U and the production
of long oligomers, hybrization, templated ligation and therefore replication become conceiv-
able uner conditions compatible with de novo polymerization. My colleagues Wunnava and
Serrdo [85] showed that ligation can already occur for oligomers as small as 8mers in aque-
ous solution at alkaline pH and low temperatures, by reaction of the 2/,3’-cyclic phosphate

group.
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Figure 3.A.1: Masses calculation: A sub-VI called “mass list generator” takes inputs such as
a) nucleobase combinations, b) length range, c) type of phosphate ends and charged states to
generate (button 1-i) a list of all chemical formulae and the corresponding m/z listed in 1-ii and
plotted in 1-iii.
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3. Polymerization for G, C, A and U 2/,3'-cyclic phosphate nucleotides by wet-dry cycling
at room temperature

3.B Standards separation of the HPLC column
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Figure 3.B.1: Calibration standards: UV absorption chromatograms at 260 nm of the four
calibration mixes: a) G standards. b) A standards. c¢) C standards. d) U standards.
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3.C G polymerization on the pH range neutral to alkaline

3.C G polymerization on the pH range neutral to alkaline
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Figure 3.C.1: G polymerization yields for the full pH range 6, 7, 8, 9, 10, 11, 12:
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Chapter

A Formation of 2’,3'-cyclic

phosphate nucleotides

Phosphorylation
———————

Wet-dry
cycles

pH 10-11

Figure 4.1: Chapter summary: Formation of 2’,3'-cyclic phosphate nucleotides by phospho-
rylation and cyclization at alkaline pH, in presence of catalysts like amino acids

Chapter summary

The formation of N-cP was observed by reaction with trimetaphosphate under alkaline, dried
conditions. The formation of dimers was observed under the same conditions. The reaction
in aqueous conditions or in the presence of orthophosphate was significantly less efficient.
Trimetaphosphate is selective for the 2/,3-diol group of the nucleoside. Cyclization of N-
2'/3'P was also observed under these conditions. The yields remain rather low, below 0.4 %
of the initial N-cPs. The presence of other small organic molecules, such as urea and amino
acids, as well as salts (NH4Cl) has an impact on the selective formation of the 2/,3'-cyclic
phosphate. In the case of amino acids, phosphorylated amino acids and peptides were de-
tected in the same experiments, as well as the formation of amino acid-nucleotide hybrid
compounds, making a common synthetic pathway for both RNA and oligopeptides plausi-
ble.

This project was conducted with the contribution of three Bachelor students: Francesco

Testi, Nikolas Wetzel and Maik Krusche, enrolled at that time at the Fakultat fir Physik of
the LMU Munich.
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4. Formation of 2/,3'-cyclic phosphate nucleotides

4.1 Introduction

2/,3'-cyclic phosphate nucleotides (N-cPs) are known to be products of enzymatic and non-
enzymatic degradation of RNA. But before reaching the first RNA strands, 2/,3'-cyclic phos-
phate groups had to be formed de novo. Sutherland and his collaborators [65] proposed a
pathway to the pyrimidine nucleotides, for which the main product is the 2/,3'-cyclic phos-
phorylated compound [65]. But in this part, the aim is to explore a pathway to the reactive
cyclic phosphate that works for all 4 nucleotides, in particular the purine G. Although 2/,3'-
cyclic phosphate nucleotides often reported as products of phosphorylation, most studies
focus on the canonical 5’-phosphate nucleotide.

Thus, in this third chapter, I explore the formation of the G-cP, most reactive toward poly-
merization, by direct phosphorylation of the guanosine nucleoside and cyclization of the 2'-
and 3’-monophosphate guanosines, which are products of G-cP hydrolysis, under conditions
that are compatible with subsequent polymerization.

4.1.1 Prebiotic phosphorylation

The phosphorylation of nucleosides, proteins or lipids is extremely important in extant life
and is also one of the most thoroughly studied reactions in prebiotic chemistry. The phos-
phorylation of an organic substrate and an inorganic orthophosphate is a condensation re-
action, which produces one molecule of water [119] (as for the reaction of cyclization of N-2'P
and -3'P). To produce N-cP, two molecules of water are produced (see Figure[4.4). In aqueous
solution medium, the equilibrium is extremely unfavorable to the products, according to
Le Chatelier’s principle. Different strategies have been implemented by researchers to over-
come that issue, focusing either (or both) on the conditions of the reaction (indicated below
by numbers 1-3) and/or on the phosphorylating agent (indicated below by letters a-d).

In general, three types of conditions have been explored:

1 Aqueous solutions: the reaction is made more efficient by using high concentrations
of the reactants and condensing agents that reduce the activity of water.

2 Dry or wet-dry cycling conditions: the condensation becomes more thermodynami-
cally favorable once the product in excess - water - is removed from the experiment.

3 Non-aqueous solvents.

The other parameter that is modified to improve the yields and/or the regioselectivity of the
reaction is the phosphorylating agent:

a Inorganic orthophosphate, salts and minerals
b Polyphosphates (especially trimetaphosphate)
¢ Other activated phosphate compounds

d Reduced phosphorus compounds
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High energy phosphate compounds are activated by a functional side group that removes
electrons from the phosphorus center, which also plays the role of a good leaving group,
as it is much less abundant than water (NH3 for DAP and pyrophosphate for trimetaphos-
phate) [120].

The impact of condensing agents and catalysts was explored for all of those conditions.

4.1.2 Formation of 2/,3'-cyclic phosphate nucleotide
By direct phosphorylation

(3-a) Direct phosphorylation of nucleoside by orthophosphate salt or minerals in non-aqueous
solvent, like formamide [1211123}[123] or semi-aqueous eutectic solvent [124] gives significant
yields of the N-cP at high temperature. Different phosphate minerals heated at high temper-
ature in a mixed solution of urea, ammonium formate and water, especially in the presence
of ferrocyanide, give substantial amounts of N-cP, as well as other phosphorylated products,
after 7 days [125}[126]. The reaction in other solvents makes the condensation easier. How-
ever, it seems unlikely that there were significant quantities of a solvent other than water on
the early Earth and high temperature causes the degradation of organic solvents [119].

(2-a) N-cP was reported as a phosphorylating agent of orthophosphate, either salt or min-
eral, in dry conditions. In presence of high quantities of urea and ammonium salts NH4Cl
and NH4HCOs, uridine is converted to 24 % U-cP after drying at 100°C after 24 h [127]. At
lower temperature (66 °C), the yield reaches only 4 %.

(1-b) The 2/,3'-cyclic phosphorylated product was also obtained by reaction with TMP in
aqueous medium, under very specific conditions. Itis reported as a minor product of the four
canonical nucleosides with TMP in the presence of 1M of NaOH, but it quickly hydrolyzes
into N-2/3P [128]. At neutral pH, Yamagata and his coworkers [62] obtained a conversion
around 4 % after 1 day at 41°C by phosphorylation by TMP (25eq), in the presence of high
concentrations of Mg?" cations (10 eq).

(2-b) Under dried conditions and dehydration-rehydration cycling, trimetaphosphate gives
generally higher yields. For neutral pH, a rate of conversion into A-cP increases up to 10 %
in the presence of Ni(NOs3), after wet-dry cycling (2 weeks) at 37 °C [83]. It was also reported
as a side product (around 13 % for U) of the synthesis of 5'-triphosphate nucleotides from
the reaction of nucleoside and trimetaphosphate in presence of urea and Ni(II) borate, by
heat-drying at 90 °C [129].

(1/2-¢) Other phosphorylating agents, such as diamido phosphate (DAP), also produced N-cP.
The phosphorylation by DAP produces N-cP in high yields, both in aqueous, dry and wet-dry
cycling - "paste" - conditions. In aqueous solution, the highest yields (25-30 % for G, C, A
and U) were obtained for a pH between neutral to slightly acidic values, in the presence of
metal cations, after several days at room temperature [44}|63]. The reaction also worked at
water-air interface, in microdroplets [130].
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4. Formation of 2/,3'-cyclic phosphate nucleotides

Cyclization

(1) Cyclization from N-2//3'P was also reported, especially in acidic conditions [57]. In the
presence of acetic acid and the activating agent (aqueous solution) methyl isonitrile, A-3'P
was converted to A-cP up to 56 % [131]. The yield was up to 70 % for the conversion of U-2'/3'P
into U-cP at acid to neutral pH at 73°C in the presence of several activating agents, the most
efficient being a aqueous solution carbodiimide [132]. Mullen and Sutherland [133], reported
an almost complete conversion in aqueous solution at pH 6 and 40 °C in presence of an iso-
cyanide, an aldehyde and NH,4Cl salt.

(1-c) DAP also catalyzes the recyclization of N-cP in aqueous solution [63].

4.1.3 Phosphorylating agent and their availabilities

Orthophosphate is expected to have been the most abundant phosphate species on the early
Earth as it is still nowadays, as insoluble minerals such as apatite [123,/134+137]. However,
these minerals need non-aqueous solvents [125|126] and to be in contact with a very acidic
aqueous solution [138], where they are more soluble.

Different strategies have been tried to activate the phosphate: using condensing agent and/or
by adding a better leaving group to the phosphate, such as DAP [44}63] or imidazole-phosphate
[99]. However, the prebiotic plausibility of these reactants and their potential sources on
the early Earth are unknown. Imidazole phosphate can be obtained in high concentrations
of cyanate [99] or in the presence of carbodiimides [45]. Krishnamurthy and his cowork-
ers [139H141] proposed a synthesis of DAP by reaction of TMP in high concentration of am-
monia. At lower pH, DAP tends to convert back into TMP [63]. But the prebiotic feasibility
of these syntheses is still being discussed.

Polyphosphates are also more reactive and cyclic trimetaphospahte is one of the main reagents
used in prebiotic phosphorylations. It is also still used in extant life, notably as energy stor-
age, and thus the role of inorganic polyphosphates in some modern organisms could be a
indication of their role during the emergence of life [18}|19]. Polyphosphates also tend to
be scarce under normal conditions [142]. Although naturally occurring minerals contain-
ing pyrophosphate have been discovered [143], pyrophosphate is not considered an effective
phosphorylating agent [120}/144]. Some potential sources of TMP on the early Earth have been
proposed: it has been detected in phosphorus volcanic material, produced by hydrolysis of
P,0O1p during the cooling process [145]. Condensed phosphates are stable in alkaline glasses
containing some low amounts of Al,O3 [146,/147]. Prebiotic synthetic pathways have also been
proposed for the formation of polyphosphate and trimetaphosphate [148]]. Pasek and his col-
laborators [149] reported the phosphorylation of nucleosides A and U by mild heating of the
aqueous solution in presence of analogs of the mineral schreibersite found in meteorites.
Schreibersite (Fe, Ni);P provides phosphorus (I1I) compounds, more reduced compared with
the phosphorus (V) at the center of the phosphate. Those reduced phosphorus compounds
also offer a synthetic path to polyphosphates and in particular, TMP [134}/150]. Trimetaphos-
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phate also presents one more considerable advantage over other phosphorylating agents: it
shows regioselectivity toward the 2” and 3-OH position in alkaline aqueous solution [151].

4.2 Materials and methods

The experiments are carried out by preparing solutions of different pH and by drying at dif-
ferent temperatures on glass slides. The samples are then collected by rehydration with water
and then injected in a reversed-phase HPLC and the results are quantified by UV absorbance
at 260 nm and mass spectrometry in negative mode.

4.2.1 Reactants and standards

G nucleoside and amino acids were purchased from Sigma-Aldrich.

Cyclic nucleotide G-cP and the linear-ending monomers G-2'P and G-3'P were purchased
from BioLog in their sodium salt form, as lyophilized samples.

Standard pre-synthesized homopolymers of G, 2 and 3mer, with a 3’-phosphate ending (and
-OH at the 5 end) and no phosphate ending were purchased from Biomers as lyophilized
samples.

Glass slides were purchased from Carl Roth.

4.2.2 Sample preparation
Direct phosphorylation

A solution of 1mM G nucleoside and 10 mM sodium salt of trimetaphosphate is prepared
in RNAse-free water, eventually with other organic molecules such as urea, amino acids, at
different concentrations (1, 3, 10, 30, 100 mM) and the salt HN4Cl. The pH of the solution
is then adjusted to different pH using 1M HCl and either 1M KOH or NH4,OH. 50 uL of the
solution are put on a glass slide with three 100 uL dips. The slides are put on a heating plate
and protected by a cover. The solution is left to dry at different temperatures for 1day, or
undergoes several wet-dry cycles.

The dried material is solubilized in 2x50 uL.. 20 uL of the collected sample are injected in
HPLC-MS for analysis.

By cyclization

A solution of 1 mM equimolar mix of G-2P and G-3'P, 10 mM sodium salt of trimetaphos-
phate is prepared in RNAse-free water, eventually with other organic molecules such as urea,
amino acids, at different concentrations (1, 3, 10, 30, 100 mM) and the salt HN4Cl. The pH of
the solution is then adjusted to different pH using 1 M HCl and either 1 M KOH and NH4OH.
50 pL of the solution are put on a glass slide with three 100 uL dips. The slides are put on a
heating plate and protected by a cover. The solution is left to dry at different temperatures
for 1day, or undergoes several wet-dry cycles.
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4. Formation of 2/,3'-cyclic phosphate nucleotides

The dried material is solubilized in 2x50 yL. 20 uL of the collected sample isinjected in HPLC-
MS for analysis.

Wet-dry cycling

The rehydration is done using 50 uL pure water without pH adjustment. At the end of the last
cycle, the dried material is solubilized in 2x50 L. 20 uL of the collected sample is injected
in HPLC-MS for analysis.

4.2.3 LC-MS instrument specifications

The measurements were performed on a high-performance liquid chromatography HPLC
(Agilent 1260 Infinity II) coupled to an electrospray ionization time-of-flight mass spectrom-
eter (Agilent 6230B with dual AJS EIS). The column used was a Agilent Advance Oligonu-
cleotide C18 Column (4.6 x 150 mm 2.7 micron) heated at 30 °C and the nucleotides and oligomers
were separated by length using ion-pairing reversed-phase HPLC. The eluent consisted of
mixtures of water (Bottle A) and methanol (Bottle B: 50 % water, 50 % methanol) containing
each 8 mM trimethylamine (TEA) and 200 mM hexafluoroisopropanol (HFIP), with a gradi-
ent elution at a flow of 0.6 mL/min. The method started with 1 % of B for 4 minutes, followed
by several gradients increasing from 1% to 4% of B over 3 minutes, to 8 % over 3.2 min, to
15 % over 4.8 min, to 30 % over 5minutes and then to 50 % for 5 minutes. Then, the column
was flushed with 100 % B for 7 minutes before being returned to 1% for 8 minutes, to re-
equilibrate the column.

Detection of eluted mononucleotides and oligonucleotides was achieved using ESI-TOF in
negative mode (employing specific source parameters: Gas temperature: 325°C, Drying gas
flow: 121/min, Sheath gas temperature: 400 °C, Sheath gas flow: 111/min, VCap: 3500V, Noz-
zle Voltage: 2000 V) and Diode Array Detector (DAD) WR (wavelength used: 260 nm).

4.2.4 Standards and quantification

The standards used for the quantification of the products are shown in Figure and they
are well separated on the HPLC column (see Figure 4.2). A standards mixture is prepared
and injected in the HPLC at different volumes: 1, 2, 3, 6, 10, 20, 30, 100 pL.

Reactants quantification

- G-noP for phosphorylation experiments

Nucleosides are not easily ionized in the negative mode mass spectrometer. Thus, its ex-
tracted ion count is not linearly dependent on the quantity of nucleosides. There, I use the
UV absorbance at 260 nm of the nucleobase to quantify the nucleoside. The HPLC separated
well the nucleoside from the other compounds at 2.2 minutes, giving a clean peak which
does not overlap with other molecules that also absorbes at 260 nm. I calculated the area of
the peak corresponding to the nucleoside using the Agilent MassHunter software Qualitative
Analysis Navigator version B8.00 and found it to be linearly dependent on the quantity of the
molecule.

- G-2/3P for cyclization experiments
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Figure 4.2: Separation of the standards on the column: UV chromatogram (absorption at
260 nm) of the standards used for identification and detection — G nucleoside (G-noP), dimer G
with no phosphate ending (Gz-noP), 2/,3’-cyclic phosphate nucleotide (G-cP), 5'-monophosphate
nucleotide (G-5P), trimer G with no phosphate ending (Gsz-noP), 2’/3’-monophosphate nu-
cleotide (G-2/3P) are not separated with that HPLC method), 5'-diphosphate nucleotide (G-
5PP), dimer G with a 3’-monophosphate ending (G2-3P), 5'-triphosphate nucleotide (G-5PPP),
trimer G with a 3’-monophosphate ending (G3-3P). Their molecular structures can seen in Figure

For quantities > 1 nmol, the extracted ion counts of 2’/3’-monophosphate nucleotides are not
linearly dependent on the quantity. Thus, I used the area of its UV absorbance (at 260 nm)
peak corresponding to those compounds in the chromatogram. It should be noted that this
LC method does not separate 2’- and 3’- monophosphate nucleotides.

Products quantification

The quantification was done using the same Spectral Browser as in the previous Chapter[3]
therefore it was not described in this chapter.

- Standards compounds that are commercially available

For quantities below < 1nmol, the extracted ion counts of the phosphorylated guanosine
mononucleotides and oligomers are linearly dependent on the quantities injected in the
HPLC. The calibration curves and quantities of the molecules are calculated using the Spec-
tral Browser program (see Section [3.2.4).

- Compounds without any commercially available standards

Among the products of reactions, there were guanosine derivatives that were not commer-
cially available: 2//3'-diphosphate guanosine, 2'/5'- or 3'/5'-bisphosphate guanosine and the
equivalent for the triphosphate. They are quantified in this chapter using the calibration
coefficient of another standard (see table[4.1).
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4. Formation of 2/,3'-cyclic phosphate nucleotides

Table 4.1: Calibration standards for the products without commercially available stan-

dards
Compounds Standards used for quantification
G-PP (2//3' or bisphosphate) G-5PP
G-PPP (2//3' or and other isomers) G-5PPP
GQ—CP GQ-3P

Valine-guanosine hybrid compound

In the experiment of direct phosphorylation of G nucleoside by TMP in presence of valine
put under wet-dry cycling, the quantity of phosphorylated guanosine covalently bound to
a valine was estimated using their UV absorbance peak area at 260 nm. Quantification by
mass spectrometry was not possible since the covalent bond between the amino acid and
the phosphate changes the ionization of the compound.

Yields calculations

The yields are calculated over the initial concentration of G reactants (nucleoside for direct
phosphorylation and monophosphorylated nucleotides for the cyclization).
With [G]p defined as the initial concentration of guanosine reactants:

- the total conversion yield of G (in %) is defined as:

Yiot = ([G — cP] +[G —2/3P] + [G — 5P|+ [G — PP] + [G — PPP| + 2 % [G2 — noP]
425 (G — 3P| + 3+ [Gs — noP| + 3 (G — 3P])/[Glo
(4.1)

- the conversion yield (in %) for a phosphorylated mononucleotide G-X, with X repre-
senting the phosphate ending (G-cP, G-2/3P, G-5P, G-PP or G-PPP) is defined as:

Yo-x =[G - X]/[Go (4.2)

- the polymerization yield (in %) of G (taken into account the main detected products
G2-noP, Go-3P, G3-noP and Gy-noP) is defined as:

Ypol = (2* [Gg —noP + 2 x [GQ —3P] + 3 % [Gg — noP] + 3 % [Gg —3P])/[G]0 (4.3)

For the experiments carried out in the presence of amino acids, the formation of amino acid-
nucleotide hybrid compound was not taken into account in the total reaction of G (see Figure
and Figure[4.11). Their yields were estimated to be below 1% of the initial concentration
of guanosine (see Figure [4.14).

4.3 Results

I compared the two most prominent phosphorylation agents under dried conditions at differ-
ent pH and different temperatures. While inorganic orthophosphate (P;) remained unreac-
tive, phosphorylation by trimetaphosphate (TMP) produced some amount of G-¢cP in acidic
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and alkaline pH and by heat drying. Dimers were detected at alkaline pH. The yields remain
low, thus I tested several small organic molecules as condensing agents and catalysts, such
as urea and amino acids. Urea and valine improved the yields of phosphorylation and in
particular of the cyclic phosphate product.

Cyclization of the 2//3’-monophosphate guanosine was also an important goal. In the pre-
vious Chapters, hydrolysis of the N-cP reactants deterred the polymerization reaction as it
caused the deactivation of the cyclic phosphate group after several wet-dry cycles, even at
room temperature. Under the same conditions as the phosphorylation, I observed some
monophosphorylated nucleotides converted by TMP into cyclic phosphate, especially in the
presence of lysine and proline.

4.3.1 Direct phosphorylation of the nucleoside

Based on the literature about the formation of 2’/3’-monophosphate guanosine (see section
[4.1.2), I tested and compared two phosphorylating agents - inorganic phosphate P; and tri-
metaphosphate TMP - under conditions compatible with further polymerization. A solution
of 1mM G nucleoside and 10 mM phosphorylating agent was prepared, adjusted to different
pH and dried at different temperatures. From the results of the previous Chapters |[2/and
I know that subsequent polymerization happens only in dried state and the literature about
prebiotic phosphorylation shows that the reaction is globally more efficient in dried state
than in aqueous solution. I tested the reaction of G nucleoside, first without any additional
catalyst or condensing agent, to keep the conditions as simple as possible.

The phosphorylating agent needed to be both reactive and regioselective for the 2//3’-OH
position on the ribose. Theoretically, direct phosphorylation on the nucleoside can yield
several products: 2’-phosphate, 3’-phosphate (2,3'-cyclic) or 5'-phosphate. In particular, I
wanted to avoid the formation in large amount of the product G-5'P as it is a product which
cannot react with G-cP to form polymers.

With orthophosphate

On early Earth, it is estimated that almost all of the phosphate were orthophosphate miner-
als. I tested P; sodium salt first as a phosphorylating agent. A solution of 1 mM nucleoside
and 10 mM Na,HPO, was adjusted to either acidic, neutral or alkaline pH and was dried at
temperatures on the range 25-100 °C. On Figure[4.3] I observed that orthophosphate is mostly
unreactive under those conditions, without any condensing agent. At pH 3, monophospho-
rylated nucleotides are produced at very low yields (at 80°C, 0.2 % G-5'P and G-2/3P, < 0.02 %
G-cP). The yields increased with drying temperature, but remained below 1%. Almost no
phosphorylation product was detected at pH 10, regardless of the temperature.

The formation of G-cP by P; produces two molecules of water (see Figure[4.4), which makes
the reaction thermodynamically unfavorable as some water molecules most likely remained
in the environment even after full drying. To make the reaction more efficient with or-
thophosphate, I would need much higher temperatures and large quantities of condensing
agent. Both are rather incompatible with the subsequent polymerization of G-cP.
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Figure 4.3: Phosphorylation of G nucleoside by orthophosphate, temperature and pH
screening: A solution of 1mM G nucleoside and 10 mM NaH,PO, was adjusted either at pH
acidic, neutral or alkaline by NaOH and HCI at different pH. The results are shown as yields for
the four main products: the monophosphorylated products G-cP, G-2'/3'P, G-5'P and the first
product of polymerization Gz-noP.
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Figure 4.4: 2',3'-cyclic phosphate nucleoside (N-cP) synthesis by the phosphorylation
of a nucleoside by orthophosphate at pH 10.
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With trimetaphosphate

Apart from inorganic orthophosphate, trimetaphosphate is the most studied phosphorylat-
ing agent in literature. It has been shown to be selective toward the 2’-/3’-OH positions on
the ribose in highly alkaline aqueous solutions. In addition, its reaction on nucleoside (see
Figure[4.5) does not produce any water molecule: the first phosphorylation causes the open-
ing of the trimetaphosphate cycle, and the second one gives pyrophosphate as secondary
product.
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Figure 4.5: 2',3'-cyclic phosphate nucleoside (N-cP) synthesis by the phosphorylation
of nucleoside by trimetaphosphate at pH 10 The reaction produces no water molecule but
one molecule of pyrophosphate.

In the conditions tested in Figure the phosphorylation yields are much higher. Tri-
metaphosphate is reactive at both acidic and alkaline pH. At pH 3 and 80 °C, monophospho-
rylated products yields were ten times higher than with orthophosphate (4 % G-5'P, 2% G-
2'/3'P, 0.4 % G-cP). Small amounts of di- and triphosphorylated products were also detected.
At pH 10, the formation of G-5'P decreases significantly, below 0.5 %, while the yield of G-cP
remained comparable. In addition, at alkaline pH, I detected the dimer GG-noP (without
phosphate ending), which most likely results of the reaction between the produced G-cP and
the remaining nucleoside.

In the following sections, I have used trimetaphosphate as a phosphorylating agent. Al-
though more efficient than the reaction using orthophosphate, the phosphorylation by tri-
metaphosphate on G nucleoside gives low yields, below 0.5 % of G-cP. I tested several poten-
tial condensing agents and catalysts, such as urea and amino acids, to improve the yields.
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Figure 4.6: Phosphorylation of G nucleoside by trimetaphosphate, temperature and pH
screening: A solution of 1mM G nucleoside and 10 mM Na3P30g was adjusted either at pH
acidic, neutral or alkaline by NaOH and HCI at different pH. The results are shown as yields for
the four main products: the monophosphorylated molecules G-cP, G-2"/3’P, G-5'P and the first
product of polymerization Gz-noP.

In presence of urea

Urea is widely used as a condensing agent for prebiotic phosphorylation. Orgel and his co-
workers [127] reported the production of N-cP in presence of orthophosphate, ammonium
salt and high quantity of urea, by drying at rather high temperatures (66-100°C). I tested
used urea in presence of trimetaphosphate, and observed how it impacted the reaction for
the different pH (see Figure[4.7).

At acidic and neutral pH, the presence of urea enhances 2/, 3’ and 5’ linear phosphorylated
products, as well as the di/bisphosphorylated products (see Figure [4.6).

At alkaline conditions, I detected higher yields of G-cP, 1.1% at 60°C and 1.7 % at 90 °C, for
10 mM urea. It is noticeable that higher amounts of condensing agent do not necessarily re-
sult in higher yields. When the sample is dried at 60 °C, G-cP is significantly enhanced by
the presence of the condensing agent urea — around 20-fold higher compared to the control
experiment without urea, against 11-fold enhancement for the G-2’/3'P and 3x for G-5'P. Poly-
merization product yield was also improved by addition of urea: the dimers GG-noP, GG-cP
and GG-P and the trimers GGG-noP were detected for reaction at pH 11 with drying at 60 °C
and 90 °C. The yield of G-cP is higher for 90 °C, but higher temperature also favors the linear
product 2’/3’-monophosphate.

Even in presence of urea and at alkaline pH, TMP is rather unreactive at low temperature,
which can be an issue as polymerization proceeds better at room temperature.
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Figure 4.7: Screening of the condensing agent urea for the phosphorylation of nu-
cleoside: at different pH, drying temperatures and quantities. Solutions of 1 mM guanosine
nucleoside, 10mM TMP, 10mM NH,* and different concentrations of urea (0, 1, 3, 10, 30
and 100 mM) are adjusted to pH 3, 7 and 10. 50pL are dried at room temperature (25 °C,
60°C, 90°C). a) Yields of polymerization for each of the products and total yields of nucleoside
reaction for each condition. b) Effect of temperature on the formation of the products at pH
11. The best conditions for the G-cP (and its subsequent dimerization) are 10 mM urea at pH
11 and drying at 60-90 °C.

In presence of amino acids

Amino acids have been tested in some studies as a catalyst for the nucleoside phosphory-
lation. Glycine, its dimers and trimers, as well as aspartic acid, were tested as additional
catalysts for the synthesis of A-cP by reaction of nucleoside with trimetaphosphate in pres-
ence of Mg?" in aqueous solution, but seemed to have little impact on the reaction [62]. The
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4. Formation of 2/,3'-cyclic phosphate nucleotides

work of my colleague Saroj Rout [152] shows that the presence of amino acids have an in-
fluence on the reaction of polymerization. In particular, hydrophobic amino acids such as
valine improve the yields of A, U and C. More generally, the idea of amino acids/peptides and
nucleotide/RNA catalyzing each others reactions and later coevolution during the emergence
of life is attractive, as it would be one step further toward the organization of the extant life.
What's more, both are expected to be found in the vicinity of each other, as amino acids and
nucleobases are synthesized in similar conditions [153,(154].
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Figure 4.8: Effect of amino acids of the phosphorylation of G by trimetaphosphate:
Solutions of 1 mM G nucleoside, 10 mM TMP, 10 mM amino acids for a) and b), adjusted to pH
10, was dried at 60 °C for 24 hours. The control experiment was done in the same conditions,
but without any amino acid. a) Screening of different amino acids: yields of each products and
total yield of G reaction. b) Increase on G-cP formation for each amino acid in comparison with
the control experiment. c) Screening of different quantities of valine. d) Screening of different
quantities of lysine. Valine and lysine have the highest impact on the total of G conversion.
Valine enhanced the cyclic phosphate product the most.

Different amino acids were tested as catalysts for the phosphorylation of G nucleoside
by trimetaphosphate at alkaline pH: glycine, asparagine, proline, hydrophobic amino acids
(alanine, valine and leucine), basic amino acids histidine and lysine) and acidic aspartic acid
(see Figure[.A.2). They were all tested at concentration 10mM at pH 10, for drying at 60 °C
and the results can be see in Figure 4.8/a) and b). With the exception of histidine, all the
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amino acids improved the total yield of phosphorylation, although to a lesser extent than
urea. The reaction showed different regioselectivity depending on the amino acid used. The
two best catalysts were found to be valine and lysine (see Figure [4.8|¢) and d)), but lysine
increases best the product G-5'P, while valine enhanced mostly G-cP and G-2//3'P. Of all the
amino acids, valine is also the one that increases the most efficiently G-cP formation, up to
3 folds for 10 mM valine (see Figure |4.8/b)), and the yield of G-cP is even higher for higher
valine quantities.

A mixture of 1 mM Gnucleoside, 10 mM TMP, 10 mM valine, adjusted at pH 10 was put through
several cycles of dehydration-rehydration at 60 °C, in order to observe the impact of wet-dry
cycling on phosphorylation. The results are presented in Figures[#.9]and #.B.1} wet-dry cy-
cling has a strong impact on the total conversion yield of G nucleoside, which more than
doubles between the 1st and the 6th cycles. Although the yield of G-cP does not increase
after the first cycle, the polymers yields are enhanced by the wet-dry cycling. The produced
G-cPs are probably converted into oligomers or hydrolyzed G-2//3'P.

12
B G-cP

<8 M Gn
g = G-2/3P
S, O G-5P
$ E G-PP

0 @ G-PPP

123456
Cycles

Figure 4.9: Effect of the wet-dry cycling on the phosphorylation of G by TMP in presence
of valine: A solution of 1mM G nucleoside, 10 mM TMP, 10 mM valine, adjusted to pH 10,
was dried at 60 °C, during 24 hours for each cycles (except for the 5th and 6th cycle which lasted
three days each). Each rehydration step was done using pure (RNAse-free) water, without pH
adjustment. Linear phosphorylated products and dimers were enhanced by the cycling.

4.3.2 Cyclization of the 2’- or 3’-phosphate nucleotide

In the previous experiments on the direct phosphorylation, I obtained higher yields of the
linear products G-2//3'P. Furthermore, polymerization starting from a pool of N-cP is also in
competition with the hydrolysis of the reactants at alkaline pH, which also yields G-2//3'P.
The efficient cyclization of the linear monophosphate nucleotide is key to the synthesis of
oligomers of increasing length. In literature, cyclization is achieved mostly under acidic con-
ditions and in the presence of organic catalysts [57,[131,/132].

I tested the cyclization in similar conditions to direct phosphorylation by trimetaphosphate.
TMP could act as a condensing agent by phosphorylating further the compound. The phos-
phate ring is formed by removing a molecule of linear triphosphate (see Figure[4.10). Other
hydroxide groups of the ribose could be phosphorylated by TMP, resulting in bis/multiphos-
phorylated compounds as side products. In Figure[4.B.2 I detected 4-5 peaks corresponding
to the mass of di/bis phosphate can be observed, showing that several distinct isomers are
produced in the same conditions. Apart from G-5'PP, the standards of those isomers were
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4. Formation of 2/,3'-cyclic phosphate nucleotides

not commercially available, so I did not try to identify them separately.

Base Base HO Base HO Base H Base
HO o HO o o o o o
HO HO HO™ *l())_ H20
_H
> o0 —> 9 O ——» o O —> O /O:/ —> o,
O:FI’—O 0—P—0 Q;Fl’—o Q;T—O VAN
- | i o o
° i 7 1
A(3\\ /o O\\J /o o:Fl’—o‘ o=||9—o” <|3*
P P I
i@ 7 9 i o=y
0— =0 Oo—p_ p=° o=pP—0~ o=pP—0~ o
o 107N | | [
o} o o} cl) cl) o:F|>—o
o:;la—o' o:||9—o" cl)
o o o=F|>—o‘
&

Figure 4.10: 2’,3'-cyclic phosphate nucleoside (N-cP) synthesis by the recyclization of
2’- and 3’-phosphate nucleoside by trimetaphosphate at pH 10: The reaction produces no
water molecule but one molecule of linear triphosphate.

In Figure we can see that the reaction of TMP on G-2'/3'P produced G-cP, with higher
yields than for the direct phosphorylation. From a solution of 1mM G-2//3'P and 10 mM
trimetaphosphate adjusted to pH 10, dried at 60 °C without amino acids or other catalysts,
a yield of 0.3 % G-cP was obtained. In the absence of any TMP, no cyclization was observed
at alkaline pH. The presence of amino acids, in addition to the trimetaphosphate, impacts
both the formation of the products. All of them enhanced the cylization reaction to some
extent; proline and lysine are the two most efficient catalysts, increasing significantly the
reaction (9-10 folds). I tested different concentrations of lysine (see Figure[4.11) and observed
that it improved not only the cylization, but also the subsequent formation of the dimer
GG-P, which is most likely the product of G-cP on G-2//3'P. In comparison with direct phos-
phorylation, valine had a lower impact on the reaction of cylization starting from an already
phosphorylated nucleotide.
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Figure 4.11: Effect of amino acids of the cyclization of G-P by trimetaphosphate:
Solutions of 1mM G 2’/3'-monophosphate, 10 mM TMP, 10 mM amino acids for a) and b),
adjusted to pH 10, was dried at 60°C for 24 hours. The control experiment was done in the
same conditions, but without any amino acid. a) Screening of different amino acids: yields of
each product and total yield of G reaction. a) Screening of different amino acids: yields of each
product and total yield of G reaction. b) Screening of increasing quantities of lysine.

4.3.3 Amino acid phosphorylation and polymerization

In addition to the reaction on guanosine, I detected phosphorylated amino acids and peptide
products resulting from the reaction between amino acids and trimetaphosphate, for each of
the amino acids tested (see Figure[4.C.1). The evolution of each of those products for valine
is detailed in the Figure .12 through the successive wet-dry cycles. The following analyses

will remain purely qualitative: amino acids and their products after the reaction were not
quantified.

The product which mass corresponds to the cyclic acyl-phosphoramidate is detected after
the 1st dehydration and it decreases quickly with an increasing number of wet-dry cycles.
I also detected masses corresponding to mono- and diphosphorylated products; it must be
noted that analysis by mass spectrometry does not permit to know whether the phosphate
group(s) is attached to the amide or carboxyl group of the amino acids. For valine, only one
peak is observed, which might mean that only one of the isomers is produced. Orgel and his
co-workers [155] estimated that the carboxyl group remains rather unreactive, so the main
product of amino acid phosphorylation should be the N-phosphoramidate. Peptide forma-
tion is observed for each of the amino acids, phosphorylated or not, as can be seen in Figure
[4.C.1]b) and ¢). Unlike the phosphorylated amino acids, the quantities of dipeptide increase
with wet-dry cycling (see Figure[d.12)e), f), g), h) and i)).

The condensation of oligopeptides catalyzed by trimetaphosphate has already been re-
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Figure 4.12: Reaction products between trimetaphosphate and valine A solution of 1 mM
G nucleoside, 10 mM TMP, 10 mM valine is put through several wet-dry cycling at 60 °C (each
cycle corresponds to 1day, except for the 5th and 6th which lasted 3days). EIC chromatograms
corresponding to the detected products from the phosphorylation and oligomerization reaction of
valine, for each cycle. a) Cyclic acyl phosphoramidate valine (Val-cP), b) monophosphorylated
valine (Val-P), c) di/bisphosphorylated valine (Val-PP), d) triphosphorylated valine (Val-PPP),
e) valine dipeptide (Val-Val), f) cyclic phosphate dipeptide valine (Val-Val-cP), g) monophos-
phorylated dipeptide (Val-Val-P), h) di/bisphosphorylated dipeptide(Val-Val-PP), i) triphospho-
rylated peptide (Val-Val-PPP). No tripeptide was detected for valine.
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ported in literature [155-161]. The reaction mostly occurs at alkaline pH and heat-drying,
but it also occurs at very acidic pH (2-3) [162]. Two possible mechanisms were proposed for
this reaction: Rabinowitz’ mechanism [156] proposed as a first step the phosphorylation of
the carboxylate group and dipeptide bond formation happens by nucleophilic attack of the
amine group of another amino acid, producing a molecule of a linear triphosphate as a leav-
ing group. Another mechanism was proposed later by Orgel and his coworkers [155] and can
be seen in Figure ¢.13] The first step of the reaction is initiated by phosphorylation of the
amine group and gives as a reactive intermediate the acyl phosphoramidate. We detect this
product for all amino acids. But in comparison with the mono and diphosphorylated prod-
uct, we detected almost no triphosphoryl product for amino of the amino acids, although
it is an intermediary product in the mechanism shown in Figure for the formation of
the cyclic acyl phosphoramidate (detected for all amino acids tested). It might be due to the
molecule being highly reactive toward hydrolysis or cyclization.

In the condition of the dehydration-rehydration cycling in the presence of valine, the ion
counts detected for the dipeptides increase with time, while the cyclic acyl phosphorymi-
date decreases, maybe partly due to the reaction of oligomerization.

H20 -
- 0
a) \\ /o H—0 o — O /
N /—(\ e 9 .8 ° =p__ o 9
- | 4 4+ N o —» 0—P—0—P—0OP—NH —_ / + 0—P—O0—P—O
O-p  _p=° o 1. L 0 HN o 0
& o R o} o} o} ! o} o}
R
b) o
o=/ o f i o Q i
-
\/P\(o /—\ O_—P‘—\NHw/lk HzN\HJ\NH + Ho—Fl’—o’
HaN — _ NH C — - _
HN + 1 o} 0 0 o o}
o} - R R
H=0 R HO—H R R

R

Figure 4.13: Proposed mechanism of dipeptide formation by TMP: for pH 10, adapted
from the mechanisms proposed by Orgel and his coworkers and subsequent works [155}(163H165].
a) Formation of the cyclic acyl-phosphoramidate: the nucleophilic attacks of the amine group
on a phosphorus center of TMP, causing ring opening and production of a N-triphosphoryl
amino acid, which then cyclized by removal of a molecule of pyrophosphate. b) Formation of
the peptidic bond: the amine group of another amino acid attack the carbon center of the
ester, causing the opening of the cyclic acyl-phosphoramidate: the product is a phosphorylated
dipeptide. On a later step, hydrolysis causes the cleavage with the phosphate group.

4.3.4 Formation of a covalent bond between amino acid and nucleotide

In addition to the guanosine phosphorylation products reported in Figures and,
I detected other peaks of UV absorption for the experiments with added amino acids. The
mass of the compound corresponds to a mono or diphosphorylated nucleotide (G-P-aa or G-
PP-aa) covalently bound to an amino acid, starting from either a nucleoside or a nucleotide
(see Figure[4.D.]). In the later case, no G-P-aa was observed: the amino acid comes with the
addition of one phosphate. This molecule could correspond to several isomers, for which the
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4. Formation of 2/,3'-cyclic phosphate nucleotides

phosphorylated amino acid in attached to different -OH group of the ribose, and the amino
acid could attached to the phosphate via either its carboxylate or amine group. In the case of
G-P-aa, I observed mostly one peak, but for G-PP-aa, there are two to four peaks depending
on the amino acid. It is possible that this molecule is the product of the reaction of the cyclic
acyl phosphoramidate on the guanosine (nucleoside or nucleotide). In the case of valine, we
can that the UV absorption peak corresponding to the product G-P-Val increases with addi-
tion wet-dry cycles. For the 6th cycle, its yield compared to the initial reactant of guanosine
can be estimated to 6 %.
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Figure 4.14: Valine-phosphorylated guanosine hybrid compound A solution of 1mM G
nucleoside, 10 mM TMP, 10 mM valine is put through several wet-dry cycling at 60 °C (each cycle
corresponds to 1day, except for the 5th and 6th which lasted 3days). a) UV chromatogram
(at 260 nm) for each cycle, showing the peaks corresponding to the nucleoside (1) and to the
main products: dimer GG-noP (2), cyclic product G-cP (3), G-5P (4), G-2/3P (5). The peak 6
was attributed to the m/z value corresponding to valine-guanosine hybrid compound G-P-Val,
but there several isomers possible for this product. The peak 7 was attributed to the mass of
di/bisphosphate, and it can correspond to several isomers. The yield of formation of G-P-Val
can be estimated to 0.8 % for the 6th cycle, based on the comparison of the UV absorption
peak area of G-noP (8684), of G-2/3P (764) and G-P-Val (75), shown on the Figure. b) EIC
chromatograms corresponding to the m/z of G-P-Val, for every cycle: the products seem to be
increased by the wet-dry cycling.

4.4 Discussion
Trimetaphosphate reaction on nucleoside and 2’-/3’-monophosphate guanosine gives G-cP
as a product at alkaline pH. Those two conditions are quite compatible with the subsequent

polymerization: we detect the presence of a dimer GG under the same alkaline conditions
that produced G-cP. But trimetaphosphate does not react at low temperatures, so most of
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the experiments in this chapters were performed at 60 °C. The yields remain quite low, be-
low 0.05% for the direct phosphorylation and and 0.3 % for the cyclization starting from
2/3-monophosphate guanosine. I tested several potential condensing agents and catalysts.
Urea, a common condensing agents in literature, enhanced significantly - 20 fold - the cyclic
product (for 10 mM urea), at alkaline pH.

I tested the impact of amino acids on those reactions. For direct phosphorylation, valine
gave the highest yield - 3 fold increase for the formation of G-cP, for a valine concentration
of 10 mM. Further wet-dry cycling wet-dry cycles did not result in a higher yield of G-cP, but
they did improve the formation of G dimers. The cyclization was improved by the presence of
lysine and proline - 10 fold increase. Valine and other amino acids tested also enhanced the
G-cP. Itis unclear at this point why those amino acids in particular give the best results. More
generally, condensing agents work by diminishing the activity on water, bringing energy to
the condensation reaction or/and reacting with the substrate to form a new, more reactive
molecule [120]. Amino acids react with TMP to form, among other products, a cyclic acyl
phosphoramidate. That molecule may produce G-cP, with one amino acid (or monophos-
phorylated amino acid) activated as the leaving group. The formation of a covalent bond
between a phosphorylated nucleotide and an amino acid has been confirmed by mass spec-
trometry.

Rout et al [152] also observed that amino acids catalyze the polymerization of A-cP, U-cP and
C-cP at room temperature and alkaline pH. However, under those conditions, there was no
reaction between cyclic phosphate nucleotides and amino acids. The amine group of amino
acids has a pK, in general around 9 to 10, the pH used for the polymerization. Amino acids
carrying a hydrophobic side chain, in particular valine, were found to be the most efficient
for the polymerization.

The phosphorylation of amino acids by trimetaphosphate is reported in literature [166], with
rather high yields (60-90 %). Condensation of amino acids via activation by a phosphate
species, TMP [155H161] or DAP [63] is also one of the main known pathways for prebiotic
peptide formation. Most of the literature focuses on glycine as a model amino acid [164].
With TMP, the reaction proceeds better at alkaline pH and higher drying temperature, simi-
lar conditions to those of the G-cP synthesis, with dipeptide as the main product [162]]. Other
amino acids have been tested, such alanine [162}|165,(167], but they tend to show a lower effi-
ciency. Here, I detected the masses corresponding to dipeptides for every tested amino acid.
Oligopeptides were also formed without TMP, but with a lower efficiency. This reaction can
be improved by wet-dry cycling [94,/168]. Both pathways can be applied to our experiments,
as we have drying and wet-dry cycles and we detected the phosphorylated intermediates for
the dipeptide formation in the mechanism proposed by Orgel [155].

In addition, I detected, for all experiments conducted in presence of amino acids, a molecule
corresponding to a nucleotide-amino acid hybrid compound. Several isomers are possible
and the analysis by HPLC-MS was not enough to determine which one was produced in
these experiments. Previous works established that the main products of phosphorylation
of amino acids by trimetaphosphate are N-phosphoramidates, where the amino acid is at-
tached to the phosphate group by the amine group [155]. In presence of a nucleoside, for
example adenosine, trimetaphosphate and amino acid in alkaline solution, it was discov-
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ered that the main product was the 2’-phosphorylated hybrid compound, when in compari-
son the 5’-phosphorylated product could not be generated in those conditions [169]. In this
article, amino acid nucleotide hybrid compounds were detected for some of the biogenic
amino acids and the found canonical nucleobases. Adenosine formed hybrid compounds
with all the amino acids except proline, but guanosine, cytidine and uridine showed a lower
efficiency. Glycine, aspartic acid, asparagine and glutamine were particularly difficult. In
my experiments, I qualitatively detected amino-guanosine hybrid compounds in dried con-
ditions for all the tested amino acids.

The 5'-aminoacyl adenylate (A-5'P-aa, where the amino acid is attached to the 5-phosphate
group via the carboxyl group of the amino acid) are essential intermediates for protein biosyn-
thesis, however it is not easily synthesized in prebiotic chemistry. Some deemed that the O-
5'P-aa might be a later evolutionary product, and another isomer, N-phopshoramidate could
have been primitive activated intermediate for the prebiotic synthesis of peptides [170]. Phos-
phoramidate could be an activated compound for both the synthesis of oligopeptides and
oligonucleotides [44,|171].

80



Addendum 4

4.A Molecular structures
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Figure 4.A.1: Standards used for quantification: G nucleoside (G-noP), 2’,3'-cyclic phos-
phate G (G-cP), 3’-monophosphate G (G-3P), 2’-monophosphate G (G-2P), 5’-monophosphate
G (G-5P), 5’-diphosphate G (G-5PP), 5'-triphosphate G (G-5PPP), G dimer with no phosphate
ending (GG-noP), G dimer with 3'-phosphate ending (GG-3P), G trimer with no phosphate end-
ing (GGG-noP), G trimer with 3’-phosphate ending (GGG-3P)
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Figure 4.A.2: Amino acids structures: glycine, asparagine, alanine, valine, leucine, histidine,

lysine, aspartic acid.
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4.B Effect of amino acids on phosphorylation of G nucleoside
and cyclization of G monophosphate nucleotide
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Figure 4.B.1: Effect of different of amino acids on the direct phosphorylation of G
nucleoside: 50 plL of a solution of 1 mM G nucleoside, 10 mM trimetaphosphate, 10 mM amino
acids, adjusted of pH 10 using 1 M KOH were dried on a glass slide at 60°C and left to react
for 24 hours. The tested amino acids are glycine, asparagine, alanine, valine, leucine, histidine,
lysine and aspartic acid.

The Figure shows the UV absorbance chromatogram (for 260 nm), focusing on the peaks of the
main products of the experiment: 1 G-cP, 2 G-5'P, 3 G-2'/3'P (the unnumbered peak after 2
minutes corresponds to the nucleoside).
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Figure 4.B.2: Effect of different amino acids on the cyclization and further phospho-
rylation of G monophosphate: 50 pL of a solution of 1mM G 2’/3’-monophosphate, 10 mM
trimetaphosphate, 10 MM amino acids, adjusted of pH 10 using 1 M KOH were dried on a glass
slide at 60°C and left to react for 24 hours. The tested amino acids are glycine, asparagine,
alanine, valine, leucine, histidine, lysine and aspartic acid.

The Figure shows the UV absorbance chromatogram (for 260 nm), focusing on the peaks of the
main products of the experiment: 1 G-cP, 2 peaks attributed to the m/z corresponding to the
mass of guanosine di/bisphosphate (bisphosphate: two monophosphates are attached to distinct
hydroxide groups). The peaks were not identified one by one and they were quantified together
as G-PP in Figure[4.11] 3 corresponds to both G-PP and the dimer GG-P. Proline and lysine
gives the best results.
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4.C Phosphorylated amino acids and dipeptides
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Figure 4.C.1: Phosphorylated amino acids and dipeptide products: The results shown
correspond to the cyclization experiments, but the same products were detected also for the direct
phosphorylation experiments. Conditions of the experiments: 1mM G 2’/3’-monophosphate,
10mM TMP, 10 mM amino acids, pH 10, 50 uL dried at 60 °C and left to react for 24 hours. a)
EIC chromatograms corresponding to the m/z of the cyclic acyl-phosphoramidate for each amino
acid. b) EIC chromatograms corresponding to the m/z of the non-phosphorylated dipeptide. c)
EIC chromatograms corresponding to the m/z of the di/bisphosphorylated dipeptide.

Mono and di-phosphorylated amino acids were also detected, but not the triphosphorylated
products. Monophosphorylated dimer was detected, but with lower lon count. Glycine was the
only amino acid for which a trimer was detected.
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4.D Amino-acid-guanosine hybrid compounds
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Figure 4.D.1: N-phosphoramidate amino acids guanosine: Extracted lon Counts (EIC)
chromatograms corresponding to the m/z of covalently bound G nucleotide and amino acids,
detected for both phosphorylation and cyclization experiments. Those peaks were also observed
on the UV absorption chromatogram. a) Conditions of the experiments: 1mM G nucleoside,
10 mM TMP, 10 mM amino acids, pH 10, 50 pL dried at 60 °C and left to react for 24 hours. For
all amino acids, | detected a product corresponding to the monophosphorylated product cova-
lently bound to one amino acid. b) Conditions of the experiments: 1 mM G 2’/3’-monophosphate
G, 10mM TMP, 30 mM amino acids, pH 10, 50 pL dried at 60 °C. For all amino acids, | detected
a product corresponding to the m/z of a di/bisphosphorylated product covalently bound to one
amino acids. The monophosphorylated one was not detected in these experiments. Depending
on the amino acid, the EIC chromatograms show 2 to 4 peaks: they might correspond to differ-
ent isomers.
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Figure 5.1: Outlook summary: The first steps of RNA synthesis — phosphorylation, cyclization,
polymerization, as well as ligation and replication [85] — can be achieved in similar conditions,
alkaline pH, aqueous solution or wet-dry cycling in presence of amino acids, by reaction of the
2’ 3'-cyclic phosphate group.

Wet-dry
cycles

pH 10-11

RNA world is one of the main hypotheses explaining the emergence of life. This is due
to the ability of RNA to carry genetic information, to catalyze its own replication by hy-
bridization between complementary strands and to form complex tridimensional structures
that can catalyze chemical reactions. Nonetheless, the steps leading to the formation of ri-
bozymes still need to be solved. How can we obtain long-enough RNA strands starting from
mononucleosides/tides and simple organic molecule and in plausible conditions? I report
here the formation of the first RNA via the opening of the 2’,3’-cyclic phosphate ring (cP) at
alkaline pH and by drying - or wet-dry cycling — at room temperature. A-cP, C-cP and U-cP
polymerize around 20-40 % at pH 10-11 and gives products as long as 4-6mers after several
wet-dry cycles. The imaging of their dry state shows only an amorphous phase. The yields
are as high as 70 % G, with detection of products of length going from 2 to 10mers. None
of the tested potential catalyst improved those yields, but using K* salts instead instead of
Na*, Mg?" or Li* increases the concentration of polymers. Microscope observation under
polarized light shows the formation of liquid crystals, and after full drying of crystalline
domains, resulting from a higher-order assembly between the G monomers and oligomers,
which likely explain the enhanced polymerization for this nucleobase. This supramolecular
assembly results likely from stackings of G-quadruplexes.

We tested the formation of the reactant N-cP starting from nucleosides and linear G-2//3'P
(0.05% by direct phosphorylation and 0.5 % by cylization). Drying an alkaline solution at
60°C (or higher) gives the best results, with few side-products such as G-5P. However, un-
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like polymerization, the reaction by TMP necessitates a drying process under higher tem-
peratures to produce higher yields. The addition of small organic molecules such as urea
or amino acids improves the formation of N-cP. In particular, valine enhances the reaction
of direct phosphorylation. Lysine and proline improve the reaction of cyclization with the
highest efficiency. The same experiments showed also the products of amino acids polymer-
ization and phosphorylation by TMP.

Several major steps of RNA formation happen in very similar conditions: formation of
the N-cP reactants, polymerization of those reactants into oligonucleotides and even the
subsequent templated ligation [85]. They all proceed by opening of the phosphate cycle
by base-catalysis. Polymerization and cyclic phosphate formation require drying, but they
are not deterred by the presence of water, as long as dehydration happens. Ligation (and
later ribozyme activity) happens in aqueous solution. The overall system could work in
wet-dry cycling conditions. Polymerization and phosphorylation are enhanced by cycles of
dehydration-rehydration and I expect ligation and elongation of RNA strands to be improved
by self-assembly of the oligomers, such as liquid crystal, in highly-concentrated aqueous so-
lutions.

Liquid crystals have been proposed as environment that could host the first steps of the
RNA world. In detail: polymerization from monomers, selection of sequences based on their
structure and composition, ligation, replication and apparition of catalytic functions [110].
Liquid crystals arise from molecular self-ordering, and they have been obtained from G-
monomer solutions [109] which my collaborators observed, long DNA strands [106] and from
shorter oligomers forming duplexes [108,|118]. Liquid crystals create a selection pressure to-
ward the longer oligomers, as they fit better in the aligned environment, in which they are
also protected from hydrolysis thanks to the lower water activity [112]. It also causes a sep-
aration between duplexes and simple helices (due to their difference in flexibility) from a
solution of short random oligomers, with a very high number of distinct molecules [117}/172].
This could help to reduce the bias towards G. The phenomenon of liquid crystals formation
from duplexes also enhances ligation by keeping the reactive ends in the vicinity of each
other [114]. This was shown for the ligation driven by EDC, but could be applied for 2/,3'-
cyclic phosphate ligation. Liquid crystals were also proven to form short complementary
strands with dangling endings, if that end find another complementary sequence. Thus, the
linear aggregation and liquid crystal ordering are restored [173}|174]. This arrangement could
favor the quick assembly of long oligomers via a series of splinted ligation like Wunnava and
Serrdo [85] demonstrated for the 2/,3'-cyclic phosphate. Therefore, liquid crystal matrices
could act as fluid and permeable microreactors for the formation of the first RNA strands.
What's more, liquid crystals formation have been observed from DNA and peptide coacer-
vates [175].

The different steps studied in this thesis preferably occur under mild alkaline conditions,
around pH 10-11. The fact that they all need the same conditions improve the plausibility of
that system. An alkaline pH is less likely to be found than a neutral pH on the early Earth.
Nonetheless, some specific environments are known to locally have high pH. Hydrothermal

88



vents are considered potential sites, as natural electrochemical reactors [176-178]. In par-
ticular, the Lost City is a hydrothermal vent with a pH around 9 and 10 [13,/179}[180]. Some
hydrothermal vents can also be found in shallow water. Wet-dry cycling could happen, as
they can be exposed to air at low tide [181].

The exact temperatures at the surface of the early Earth are unknown. In most studies
about prebiotic chemistry, lower temperatures are generally considered to be more plausi-
ble. The opening of the 2/ 3’-cyclic phosphate to form a diphosphoester bond (polymeriza-
tion [75], ligation [85] and ribozyme-catalyzed ligation [182H184])) occurs at room temperature
or even at lower temperatures, with slower kinetics. Higher temperatures tend to destabilize
supramolecular assemblies and increase the kinetics of hydrolysis of the phosphate ring.
Nonetheless, higher temperatures are needed for more efficient polymerization and cycliza-
tion by trimetaphosphate. In this thesis, I tested mild conditions by submitting the samples
to a temperature of 60 °C. Maybe in later studies, the optimization of other parameters such
as wet-dry cycling and the presence of efficient condensing agents will favor the reaction at
lower temperatures.

Polymerization of G-cP (and ligation of short oligonucleotides) occurs without the pres-
ence of catalysts other than potassium salts. Nonetheless, amino acids such as valine im-
prove the yield of A, U and C, making the reaction less biased toward G. They also improved
the yields of cP formation. A more complex chemical composition makes it less likely to
be found on the early Earth. But amino acids and nucleobases are believed to form in sim-
ilar conditions [20-24,|154], so it is believable that they may have been in the same envi-
ronments anyway. What’s more, I observed amino acids phosphorylation and condensation
also occurring in the same conditions: wet-dry cycling, alkaline solution, in presence of
TMP. Recent works [185,/186] push the idea that peptides might have played a role in the
RNA world hypothesis. Therefore the parallel development of both RNA and oligopeptides
would be a major stepstone for the development of life on Earth. Nucleotide-amino acid
hybrid molecules were detected: in those conditions, it is likely that I formed mostly the
2’-phosphoramidate guanosine rather than other isomers (5'-phosphoramidate guanosine,
aminoacyl guanylate) [155,[169]. 5’-aminoacyl adenylate is used in extant Life as an inter-
mediate for the biosynthesis of transfer RNA. But some other isomers might have played a
similar role during the emergence of Life [44,/170,(171]. What's more, this reactive molecule
could serve as an activated nucleotide or amino acid to enhance the formation of either pep-
tides or RNA strands. In our experiments, its formation might partially be the reason of the
enhancement of G-cP and dipeptide formation in the presence of most of the tested amino
acids.

In conclusion, the results of this thesis show the first steps of the synthesis of RNA under
simple, prebiotically likely conditions, based on the reactivity of the 2’,3'-cyclic phosphate
nucleotides. The phosphorylation (activation of the nucleotide), the polymerization and the
cyclization (reactivation of the nucleotide) all occur by drying of an alkaline solution at room
temperature or under mild heating. The presence of amino acids favors these reactions and
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the amino acids themselves undergo phosphorylation (activation) and dimerization under
the same conditions.
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RNA Oligomerisation without Added Catalyst from 2',3'-
Cyclic Nucleotides by Drying at Air-Water Interfaces**

Avinash Vicholous Dass*,® Sreekar Wunnava®,

@l Juliette Langlais*,”” Beatriz von der Esch,”

Maik Krusche,® Lennard Ufer,”® Nico Chrisam,”™ Romeo C. A. Dubini,® Florian Gartner,!
Severin Angerpointner,” Christina F. Dirscherl,”” Petra Rové, ¢ Christof B. Mast,”
Judit E. Sponer,”® Christian Ochsenfeld,™ Erwin Frey,” and Dieter Braun*®

For the emergence of life, the abiotic synthesis of RNA from its
monomers is a central step. We found that in alkaline, drying
conditions in bulk and at heated air-water interfaces, 2’,3'-cyclic
nucleotides oligomerised without additional catalyst, forming
up to 10-mers within a day. The oligomerisation proceeded at a
pH range of 7-12, at temperatures between 40-80 C and was
marginally enhanced by K* ions. Among the canonical
ribonucleotides, cGMP oligomerised most efficiently. Quantifica-
tion was performed using HPLC coupled to ESI-TOF by fitting

Introduction

The central and multifunctional role of RNA within biology
points towards RNA as a chief informational biopolymer for the
onset of molecular evolution." Polymerisation involving more
than a single type of canonical nucleotide, generating a varied
pool of RNA strands, has not been achieved under aqueous
conditions.>® Chemical activation strategies are deployed to
trigger RNA polymerisation®”® and template-directed primer
extension of sequences'” In the earliest self-replicating
systems, the formation of complementary strands for replication
and transfer of genetic information by non-enzymatic processes
is believed to be important and homopolymers are not
considered very useful as genes."" Short RNA strands, especially
from dimers"" to tetramers"?'¥ have been shown to enhance
the copying of mixed-sequence templates in comparison to

the isotope distribution to the mass spectra. Our study suggests
a oligomerisation mechanism where cGMP aids the incorpora-
tion of the relatively unreactive nucleotides C, A and U. The
2',3'-cyclic ribonucleotides are byproducts of prebiotic phos-
phorylation, nucleotide syntheses and RNA hydrolysis, indicat-
ing direct recycling pathways. The simple reaction condition
offers a plausible entry point for RNA to the evolution of life on
early Earth.

monomers. Thus, it is necessary to have a oligomerisation
mechanism that is able to generate short mixed-sequences that
later function as primers and templates for copying of longer
sequences.

We base this study on 2',3"-cyclic mononucleotides (c(NMP)
which (a) possess an intrinsically activated phosphate; (b) are
products of several prebiotic phosphorylation and nucleotide
syntheses;"*'® and (c) are products of neutral to alkaline
chemical and enzymatic hydrolyses of RNA."** In comparison,
the dry oligomerisation of 3',5-cGMP**** did not foster the
oligomerisation of the other ribonucleotides.” Orgel and
coworkers, reported conditions for 2',3-cAMP oligomerisation
by drying for 40 days with a 5-fold excess of ethane-1,2-diamine
and yields up to 0.67% of 14-mers.*® Other catalysts such as
imidazole or urea required temperatures up to 85 C and offered
lower yields.*®
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Polymerisation of cGMP

An aqueous solution of the sodium salt of 2',3'-cGMP (20 mM)
was dried for 18 hours at 40 C in the presence of 40 mM KCl.
Since the monomers are monosodium salts, there was an equal
concentration of Na® ions when in solution (20 mM). All the
reported concentrations throughout the article are calculated
for a volume of 100 pL. The total concentration of each n-mer
(oligomer) is a sum of oligomers containing the linear-
phosphate (-P) and the cyclic-phosphate (-cP) on the n-mer
terminus. Both endings are well discriminated by HPLC as the
n-mer-cP is eluted before a n-mer-P of the same length (S2d).
Typically, about 90% of the n-mers consisted of -P endings
(S5d). Due to propensity of purines to form non-covalent
aggregates in mass spectrometry detection,”” a combination of
HPLC and ESI-TOF techniques were used for detection of
oligonucleotides. The non-covalent stacked n-mers (eg. two 4-
mers) are discriminated from covalent n-mers (eg. an 8-mer)
due to the higher mass of the stacked n-mers by one H,0 in the
MS and the corresponding HPLC retention times of n-mers
under denaturing HPLC conditions.**3?

The denaturing conditions of the HPLC column at 60 C
efficiently resolved synthetic oligoG n-mers without signs of
aggregation, as shown in Figure 1c. It must be noted that an n-
mer-cP and a cyclised n-mer of the same length would have the
same mass, but are unlikely not to be discriminated by the
HPLC retention times. The presence of n-mer-cP is established
from the *P NMR peak at ~20 ppm in Figure 1d. Oligomers
from 2- to 15-mers (S8a) were detected by HPLC-MS for cGMP
oligomerisation. For quantification, only 2- to 10-mers were
considered throughout the study.

The error bars can be estimated based on plots of cGMP
oligomerisation (5 replicates) in S8a, with a mean standard
deviation of 2.95 uM between independent runs of the experi-
ment. The error bars are not indicated in the figures as they
would appear insignificant on the log scale. For quantification,
the HPLC retention times of the oligomer standards of G were

ChemSystemsChem 2023, 5, 202200026 (2 of 8)
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Figure 1. Oligomerisation of Guanosine-2',3'-cyclic monophosphate
(cGMP-Na). A 20 mM cGMP-Na solution was heat-dried with 40 mM K* at
40 Cfor 18 hours, under ambient pressure in 100 pL volume. (a) Polymer-
isation was screened over a range of pH 3-12. The reported concentrations
were the sum of terminal cyclic (-cP) and linear phosphate (-P) containing
oligomers. Oligomers without terminal phosphates were not detected.
Polymerisation was optimal at pH 10 with total oligomer yields of ~3.5%
(inset). The solid line shows results of the polymerisation model based on
stacked assembly (S19). (b) pH screen with 100 mM imidazole under similar
conditions. No significant increase in oligomerisation was found by adding
imidazole. (c) Diode array detector (DAD) absorbance at 260 nm for 50 uM
oligoG standards (-P endings) and 100 pM KCl used for confirming HPLC
separation and the determination of retention time for quantification with
ion counts. (d) *'P proton-decoupled NMR spectrum (10% D,0, pH 10), of
oligomerised G sample: the signals corresponding to phosphodiester
linkages for both 3’-5" and 2’-5" are between —0.8 and —1.1 ppm.

first optimised on an RP C-18 HPLC column coupled to ESI-TOF.
Figure 1c shows the HPLC chromatogram of 2- to 10-mers for
oligoG standards (with 1 eqv. of KCl) with their respective
retention times. We found efficient separation and no evidence
for the formation of aggregates. The ion counts of the n-mer
with their HPLC retention times are shown in S2b. By comparing
the ion counts, we confirmed the high efficiency of the post-
polymerisation ethanol precipitation protocol and its negligible
influence (S3). However, the precipitation was used to remove
excess monomers which would otherwise saturate the HPLC
column, yielding a robust method for the quantification of the
complex oligonucleotide mixtures (S2c).

The calculated isotope probabilities of the n-mers in the
various charge states were fitted to the raw mass spectra using
a self-written LabView program. This allowed us to identify salt
adducts formed in the mass spectrometer and to fit overlapping
isotope patterns. The retention times of the oligoG standards
were used to obtain time-brackets to sum the mass spectra.
Further details on the calibration used for the quantification
within the program and the functional modes of the program
are elaborated in S1-S6. Based on preliminary enzymatic
digestion experiments, we estimated that the formed G

© 2022 The Authors. ChemSystemsChem published by Wiley-VCH GmbH
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oligomers were linked by 2'-5" and 3'-5" phosphodiester link-
ages in about 1:1 ratio (521-523). The linkage type in the
oligomerisation was also confirmed by *'P NMR (Figure 1d) and
the peaks were assigned based on the literature values.****

Figures 1a and 1b compare the effect of pH on the lengths
and concentrations of the n-mers formed by drying with K™
(CI") and imidazole respectively. We determined the optimal
reaction temperature to be 40 C (S5, S8b). Imidazole and its
derivatives are used in the literature as nucleotide activation
agents for templated primer extension reactions” as a
buffering agent and a catalyst for oligomerisation.”) The
addition of imidazole did not enhance the length and
concentration of n-mers in comparison to oligomerisation with
K.

Polymerisation from cNMP

We also tested the polymerisation tendencies of cAMP, cUMP
and cCMP under the same heat-drying conditions and found
that these monomers did not polymerise to the same lengths
and concentrations as cGMP. Figure 2a shows that the polymer-
isation trend decreases in the order ¢cGMP >cUMP >cAMP >
cCMP. The dominance of G-polymerisation prompted us to
investigate the copolymerisation of these moderately reactive
mononucleotides under the influence of the well oligomerising
cGMP. We found that a mixture of two or four different
monomers was capable of generating mixed sequence oligom-
ers, where the majority of the mixed oligomers were rich in G.
We probed if the oligomerisation of a G and C mixture could
reach levels where hybridisation between strands could be
possible. Thus, we oligomerised a binary mixture of cGMP and
cCMP (20 mM each), under heat-drying conditions (40 C) in the
presence of 40 mM KCI. Comparing quantities of C, in Figure 2a
and 2b, the concentration of C, is enhanced 2 fold and C;
became detectable; besides the fact that mixed GC oligomers
are formed (Figure 2b). The detailed sequence composition for
GC mixed polymerisation is seen in Figure 2e, showing that the
G, to G,, contribute to the bulk of the oligomers formed in the
polymerisation mixture. Up to two C's were incorporated into
oligomers <4-mers, one C is incorporated into 5-mers and
none were detectable beyond them. A similar analysis of GA
and GU binary mixtures is available in S9a, b.

GC mixed polymerisation was favoured at temperatures
ranging from 40 C to 80 C (Figure 2c), similar to cGMP (S5b,
S8b). It must be noted that in reactions at 30 C for 18 hours,
the drying was incomplete within the polypropylene tubes
used for the experiment and the reaction kinetics in the dry
state was reduced. Higher temperatures on the other hand
possibly contributed to the degradation of the monomers (S4c)
and the formed oligomers as seen in the trace comparisons
under 80, 60 and 40 C in Figure 2c.

Specific cations also influenced cNMP oligomerisation. We
found that K™ ions yielded higher concentrations and lengths
of the oligomers in comparison to Na* ions at the same
concentrations. The presence of Mg?" ions in the reaction
mixture inhibited polymerisation (Figure 2d). The dependence
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Figure 2. Oligomerisation of mixed Nucleotide 2',3"-cyclic monophosphate
(cNMP). (a) Homooligomers of cGMP-Na, cAMP-Na, cCMP-Na, cUMP-Na were
individually produced from a 20 mM solution at 40 C for 18 hours.
Oligomers of G were formed in far higher concentrations than polyC, A and
U. The solid line shows results of the polymerisation model based on stacked
assembly (S18). The approximately 3x lower yield for oligoG compared to
Figure 1a is attributed to the lack of K* ions. (b) Oligomerisation of cGMP
and cCMP at 40 C with 40 mM K*. The base C is incorporated into the
sequences in the presence of cGMP while only dimers were detected
without it. (c) Temperature screening over a range of 30-80 C for GC
oligomerisation. Reduced concentration of n-mers > 3 is observed for 80 C,
possibly due to ring opening of the cyclic phosphate monomers (S4c).

(d) The presence of 40 mM K™ increased the concentration of n-mers while
added Mg?* quenched polymerisation (S10a). (e) Sequence composition of
c¢GMP and cCMP mixed oligomers at 40 mM K*. Oligomers show G-rich n-
mers and suggest the presence of all possible combinations in trimer
sequences.

of polymerisation on K¥, Na® and Mg>" salt concentrations is
shown in S10, indicating that 1-3 eqv. of the same cation
display similar results, but the type of cation affected the
efficiency of oligomerisation.

Polymerisation of cNMP in a heated rock pore mimic

Wet-dry cycles in surface-based geological settings are sub-
jected to a drift in salt and pH conditions due to the imbalance
caused by the evaporation of pure water and the rehydration of
the fluid that contains salt. Wet-dry cycling can also occur in a
closed chamber, subjected to a temperature gradient.* The
water that evaporates on the warm side re-enters the fluid on
its cold side. This causes interface shifts and the dew droplet
dynamics on the cold side, offering wet-dry cycles under

© 2022 The Authors. ChemSystemsChem published by Wiley-VCH GmbH
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constant pH and salt conditions. The geological analogues of
such a setting would be volcanic rock pores which are partially
filled with fluids and are subjected to a thermal gradient. We
have previously reported prebiotically important processes such
as accumulation, phosphorylation, encapsulation, gelation,
strand separation, enzymatic DNA replication and crystallisation
within such settings.®*=7

For the polymerisation within this setting, we started with
20 mM total monomers (5 mM each of cG, cC, cA and cU). After
the chamber was loaded with the monomer solution, a thermal
gradient was applied which drove continuous wet-dry cycles
just above the air-water interface inside the chamber (Fig-
ure 3a). Over time, the meniscus of the bulk liquid receded in
an oscillatory manner depending on how many dew droplets
formed above the interface; and dried material precipitated on
the warm side as a consequence (Figure 3b). The dew droplets
grew at the cooler side of the chamber by surface-tension
driven fusion and made contact with the warm side, rehydrat-
ing the dried material and transporting it back into the bulk.®?”
This phenomenon was allowed to continue for 18 hours, after
which the setup was dismounted and the remaining bulk liquid
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Figure 3. RNA oligomerisation in the vicinity of air inclusions in a heated
simulated rock pore. (a) Side view. The chamber is 500 um in depth and
subjected to a heat flow with a temperature gradient of 38-54 C. (b) Front
view. The thermal gradient drives continuous evaporation and recondensa-
tion in the air inclusions, triggering accumulation and wet-dry cycles.
Molecules accumulated at the interface are dried from a receding interface
due to evaporation. Rehydration is provided by dew droplets on the cold
side which merge with the bulk solution due to surface tension.

(c) Oligomerisation of four canonical monomers: cGMP, cCMP, cAMP and
cUMP, 5 mM each, 40 mM KCl at pH 10 for 18 hours. Especially for the longer
strands, the oligomerisation in the simulated rock pore shows improved
yields over the dry reaction. The physically triggered wet-dry cycling and
length selectivity in this environment has been shown to drive efficient
replication and selection cycles,*” making the finding of oligomerisation to
provide the raw material for templated ligation very interesting. Moreover,
this shows that oligomerisation under simulated geological conditions is
possible without the need for arid conditions on early Earth. The trends
show a rich set of mixed short sequences when all four nucleotides are
mixed together for oligomerisation.
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and the dried flakes (after dissolution) were sampled for
analysis.

The pH of the samples at the end the reaction was found to
be lowered by a pH unit, indicating the formation of acidic
species in the reaction mixture. A likely cause of the pH drop is
the acidification by the ring opening of the cyclic phosphate in
the mononucleotides and the oligomers (S4e, S5¢, d). At higher
temperatures, the pH drop was 1.5 to 2 pH units (S4e).

Despite the presence of bulk water, the oligomerisation
inside the simulated volcanic-rock pore showed comparable
yields as that of the heat-dried conditions. This indicates that
the heated interface can access conditions favourable for
polymerisation similar to bulk dried polymerisation conditions.
The constant feeding of monomers from the bulk fluid could
also be an important factor. A length-selective enzymatic DNA
replication was reported recently within this setting, indicating
the possible continuity of prebiotic chemistry in such a
setting.””

We observed all the dimer sequence combinations and
most of the trimers (Figure 3c). However, the tetramers and
pentamers are predominantly sequences rich in G. The length
selectivity of the HPLC allowed the detection of longer
sequences. However, the isotopic fit to the raw mass spectra
provided by our LabView-based analysis showed that longer
species with concentrations lower than 0.2 uM were lost in the
background noise of the mass spectra. Moreover, different
oligomers can have similar masses (eg. Table S3 and S4), so to
avoid false positives, sequences with mass overlaps were not
included here. This is in addition to the rigid selection criteria,
based on fitting of the isotopic distribution (S12) and only
considering mass spectra within the optimised n-mer retention
times of the HPLC. A full sequence composition analysis for GC
and GCAU mixtures with comparison between dry polymer-
isation and simulated rock-pore polymerisation is provided in
S11. In comparison, CAU reaction mixture yielded only dimers
(S9¢), indicating again the central role of G in the copolymerisa-
tion process.

Computational study of the proposed intercalated stacked
arrangement

Based on the hypothesis that a stack-assisted geometry is
triggering the oligomerisation of 3',5'-cGMP,*® we studied the
suitability of intercalated stack arrangements for the oligomer-
isation of 2',3'-cNMP. We explored the stability of the stack
arrangements, and the incorporation of cNMP monomers into
polymerised ¢cGMP scaffold, based on minimum energy struc-
tures and molecular dynamics simulations (Figure 4a-c and
S24-34).

To investigate the suggested intercalated stack arrange-
ment for several possible species, we have computed the
stacking interaction energies and evaluated the minimum
energy geometries obtained at wB97 M-V/def2-TZVPD level of
theory.®5*" All systems were studied in the gas phase as well as
with implicit solvation (C-PCM).*? The quantum mechanical
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‘%5 idea that the formation of dimers is the rate limiting step: the
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Figure 4. Possible supramolecular assemblies facilitating polymerisation of
cNMP. Molecular dynamics simulations suggest polymerisation of A, U and C
by intercalating into stacks of oligoG. (a) Distances between bases in the
complex of unpolymerised nucleotides show that polymerisation is
disfavoured due to drifting away of the complex. (b) The assembly formed
when the bases are templated by covalently linked G—G (2'-5') dimers, forms
the most stable complexes and make possible the incorporation of the G, C,
A, and U within the n-mers observed in our experiments. (c) Snapshot after
energy minimization of stacking interaction between a oligomerised scaffold
of cGMP (G—G) to template the cGMP and cUMP monomers (U,G). The
dotted lines mark distances between the bases used to evaluate the stability
of the complex. (d) However, the self-oligomerisation of oligoG could also be
based on stacks of G-tetrads, stabilised by inner K* ions, coinciding with the
promotion of oligoG formation by K* ions. R denotes the ribose of RNA.

computations were performed using FermiONs+ 4“4 in
combination with Chemshell.“®

These computations were complemented by GFN-FF molec-
ular dynamics simulations,*” for the systems encapsulated in an
explicit water sphere using xtb.*® The stacking of homoge-
neous monomers were tested (N,N/N,N) with N=A, U, G, C and
the incorporation of monomers into a dimer and trimer scaffold
of G was probed (N,N/G—G or N,N/G—G—G). The 3’-5’ linked G—G
and G—-G—G accommodate A, U and G monomers into the
scaffold providing a stable arrangement for the initiation of
polymerisation. For C an alternate arrangement involving
hydrogen bonding with a G within the scaffold is observed
(528). We found that a 2’-5’ oligoG scaffold seemed to enhance
the alignment (Figure 4a, b, c), confirmed both by static and
dynamic computations (530, S31).
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significant. For the cGMP oligomerisation in Figure 1a, the
20 mM monomer concentrations drop to 0.15 mM for G,, then
forming a flat concentration plateau, in contrast to the typical
exponential length distribution in homogeneous
polymerisation."*”!

To test this idea, we fit the concentration distribution of G
homooligomers with a stacked polymerisation model (solid line
Figure 1a and 2a). The model assumed a three-step polymer-
isation reaction: i) a monomer of length i and a oligoG scaffold
k can stack together with rate v, ii) the de-stacking rate J,;
decreases exponentially with the number of stacked bases n,,
iii) another monomer of length j can stack to the complex. If the
stacks persist long enough, the polymerisation reaction ligates
the two monomers with rate p (see for details S18-519). The
model fits the experimental data, suggesting a rate limiting
step for the formation of short oligomers due to the required
mutual alignment. It should be noted that it is difficult to
distinguish between inter-base stacking or a plausible G-tetrad
arrangement suggested based on the enhanced polymerisation
observed with K* (Figure 4d).

Discussion

Our data suggests that ¢cGMP oligomerises in dry state at
moderate temperatures and pH. The oligomerisation occurs
over a range of temperatures (40-80 C) and pH (7-12) and
does not require additional catalysts, making this reaction
robust. Dissolved gases and salts could adjust the pH of the
environment, making RNA formation more probable under early
Earth models.”**" We also showed polymerisation in the wet-
dry cycling environment at a heated air-water interface, adding
RNA polymerisation to the pool of prebiotic processes possible
within such a setting.?*?” The tested conditions of wet-dry
cycles at an air-water interface or direct drying keep the
reaction out of equilibrium. The cyclic monomers undergo
polymerisation and ring-opening (Figure 1d), of which the ring-
opening is still the dominant product at the tested temper-
atures (S4). Under the tested conditions, the reaction yielded
oligomers up to 15-mers. The formed oligoG incorporated
cCMP, cAMP and cUMP monomers, albeit in lower concen-
tration, which did not homooligomerise significantly. As a
rough comparison to the yields achieved by Verlander and
Orgel with homooligomers of cAMP in the presence of ethane-
1,2-diamine, we observed ~0.35% for a 6-mer of oligoG in
18 hours compared to 0.81% for polyA in 40 days.®

An important feature of this oligomerisation is that the 2',3"-
cyclic phosphate group, under alkaline pH, is sufficient to
trigger oligomerisation without ex-situ or in-situ activation
mechanism or added catalysts, and under low salt conditions.
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The finding that the oligomerisation starts without added
catalysts — and that the reaction site is not yet blocked by a
catalyst - is a very good starting point for Darwinian evolution
to speed up this reaction rate. Low salt conditions are
interesting for RNA evolution since they notably help strand
separation and reduce RNA degradation.®®

cNMP oligomerisation is found to be a relatively clean
reaction under the tested conditions. In comparison, in situ EDC
activation  yields side products, especially at high
temperatures.*? We did not detect any major side products
with ESI-TOF, other than the salt adducts of sodium and
potassium.

The abiotic formation and recyclability of the cNMP
monomers is feasible, as they are known to be produced under
several phosphorylation conditions, nucleotide syntheses and
are common degradation products of RNA."*?¥ Thus, with the
likelihood of finding catalytic boosts for this found reaction
mode, a cycle of reactions involving polymerisation, oligomer
extension, polymer hydrolysis and reactivation of monomers
under early Earth conditions becomes conceivable. Further-
more, recombination and templated ligation involving 2,3'-
cyclic ending oligomers®™ have been observed.

For our studies, we compared two monovalent ions (K",
Na™) and one divalent cation (Mg®"). They were chosen for their
relevance in contemporary cytosolic media, their abundance on
the early Earth®” and for the role of Mg®' in ribozyme
activity.®™ Polymerisation is enhanced in the presence of K* in
comparison to Na* ions. The inhibition by Mg®* ions possibly
occurs by a combination of base catalysis mechanism, the
deactivation of -cP ends of the reactant, products and enhanced
oligomer hydrolysis. Despite its role in ribozyme functionality,
at high concentrations Mg®" inhibits RNA replication by
creating strong RNA duplexes, limiting thermal denaturation
and enhancing temperature dependent hydrolysis.®® It is also
known that the presence of ~1.5mM Mg®" is sufficient to
inhibit the membrane self-assembly of fatty acids and this has
been considered an incompatible aspect for the co-emergence
of RNA and fatty acid membranes.*’*® However, under the
discussed reaction conditions of ¢cNMP oligomerisation, RNA
formation and encapsulation with fatty acids might be conceiv-
able within freshwater locations on the primordial Earth.
Moreover, we have shown that efficient strand separation can
be achieved by low sodium concentrations, triggered by
microscale water cycles within heated rock pores.®%*”

Our very preliminary digestion studies and *'P NMR results
suggest a considerable backbone heterogeneity (2'-5" and 3'-5)
within the oligomers. However, a full quantitative treatment is
beyond the scope of this study. It has been demonstrated that
the presence of 2'-5' linkages allow efficient strand separation
by reducing the melting temperature (Tm) of oligomers, which
is pertinent in the case of G-rich sequences that are observed in
this oligomerisation.”? Lowering of Tm is critical to replication
of sequences.®®*” These studies also show that the presence of
2'-5' linkages allow the folding of RNA into three-dimensional
structures, similar to native linkages and do not hinder the
evolution of functional RNAs, such as ribozymes. The suscept-
ibility towards enhanced hydrolysis of the 2'-5' over the 3'-5'
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linkages could select the latter in wet-dry cycling conditions,
similar to the reported backbone selection of RNA and
DNA.[59'61'62]

Mechanistically, molecular dynamics studies indicated that
cGMP oligomerisation could be due to the formation of
intercalated stacks of cGMP as a consequence of hydrophobic
interactions between the guanine bases. On attaining a stable
intermolecular arrangement, the 5-OH of a nucleotide can
attack the cyclic phosphate of the neighbouring nucleotide.
This could allow the formation of oligomeric G-scaffolds (Fig-
ure 4c, d, S25). However, the formation of tetrad stacks over
one another with a central K™ ion between the stacks could
also promote oligomerisation (Figure 4d).

The notion of multi-molecular assemblies is supported by
the presence of slow-diffusing species observed in 'H, *'P
diffusion ordered spectroscopy (DOSY) of cGMP-KCI solution
(S15, S16). Reports in literature point to self-assembly of 5'-GMP
and 3'-GMP into helical stacks.”® The presence of several slow-
diffusing species indicate a range of molecular environments,
making it impossible to identify a single type of self-assembly
by NMR. It has also been reported that G-quadruplex structures
could be stable up to a pH of ~10.8 at ambient
temperatures.©*¢%)

The formation of dimers appears to be a limiting step in the
oligomerisation. Such a threshold behaviour is known to be an
optimal control strategy for self-assembly processes.”® With
this, monomers remain available in high concentration, leading
to long-tailed, non-exponential polymer distributions. This limits
the total efficiency of the polymerisation but favours the
formation of the oligomers, important for downstream reactions
such as templated replication.

It should be noted that an efficient generation of very long
and random RNA sequences would make hybridisation and
replication inconceivable. At this point, the generated G-rich
sequences might not seem optimal for hybridisation and
replication. However, a biased pool of short oligomers (10- to
15-mers) further constrains the sequence space, favouring
selectivity and making templated replication plausible."¢"%®
We think that the findings are a first step to provide
oligonucleotides for templated ligation and the emergence of
an evolutionary dynamics with RNA.

Conclusion

We report the oligomerisation of canonical nucleotides that
produced RNA of mixed sequences under drying conditions in
bulk and at heated air-water interface. A wide range of
temperatures (40-80 C) and pH (7-12) promoted oligomerisa-
tion. Best yields were reported by mild heating (40 C) of
monomers at low salt concentrations and under alkaline drying
conditions (pH 10). The reaction proceeded best at 1-2 equiv-
alents of K™ and Na™, while Mg?" ions inhibited it. In an equal
mixture of four nucleotides, equal incorporation of all four was
not observed and the mixed sequences were dominated by G.
However, 2',3'-cGMP fostered the incorporation of the other-
wise scarcely reactive C, A, and U, generating short, mixed
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sequences. This reaction under the tested temperatures, pH and
salt conditions provide a novel route to fresh water oligomerisa-
tion towards short RNA strands, an important intermediate step
towards providing the raw materials for an RNA-based
emergence of life.
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Prebiotic Foam Environments to Oligomerize and

Accumulate RNA

Emre Tekin,” Annalena Salditt,”” Philipp Schwintek,” Sreekar Wunnava,” Juliette Langlais,

[a]

James Saenz,™ Dora Tang,' Petra Schwille,'” Christof Mast,”” and Dieter Braun*®

When water interacts with porous rocks, its wetting and surface
tension properties create air bubbles in large number. To probe
their relevance as a setting for the emergence of life, we
microfluidically created foams that were stabilized with lipids. A
persistent non-equilibrium setting was provided by a thermal
gradient. The foam's large surface area triggers capillary flows
and wet-dry reactions that accumulate, aggregate and oligo-
merize RNA, offering a compelling habitat for RNA-based early
life as it offers both wet and dry conditions in direct
neighborhood. Lipids were screened to stabilize the foams. The
prebiotically more probable myristic acid stabilized foams over

Introduction

The emergence of Darwinian evolution demands that already
the earliest form of life must be capable of replication and
mutation to then be selected by its environment in order to
adapt and develop further."” A candidate for life’s first polymer
is proposed by the RNA world hypothesis.? RNA can store
information and fold into catalytic structures, also known as
ribozymes. A ribozyme replicator could therefore have been a
suitable starting point for molecular evolution and could have
predated the otherwise necessary simultaneous emergence of
functional proteins and DNA as information storage.®
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many hours. The capillary flow created by the evaporation at
the water-air interface provided an attractive force for molecule
localization and selection for molecule size. For example, self-
binding oligonucleotide sequences accumulated and formed
micrometer-sized aggregates which were shuttled between gas
bubbles. The wet-dry cycles at the foam bubble interfaces
triggered a non-enzymatic RNA oligomerization from 2’,3"-cyclic
CMP and GMP which despite the small dry reaction volume was
superior to the corresponding dry reaction. The found charac-
teristics make heated foams an interesting, localized setting for
early molecular evolution.

For entropic reasons, the prebiotic synthesis of RNA
polymers from monomers had to be driven by non-equilibrium
boundary conditions, such as temperature, pH or salt gradients.
On the early earth, for example, hydrothermal vents or springs,
volcanic eruption sites or heated ponds would offer temper-
ature gradients at various scales. For replication to keep
sequence information despite various degradation channels, a
local reduction of entropy would be a central pre-requisite for
Darwinian processes,” notably enhancing the concentration of
the participating molecules against diffusion. One example of
such a recently discussed scenario is the convection of water in
pores of heated volcanic rocks.” Such thermal gradients were a
likely setting at early earths hot crust® and were shown to drive
polymerase-based DNA replication towards increasing length.”

Various studies have been recently published on the role of
thermal gradient systems for the emergence of life. For
example, a pointed heat source led to highly efficient RNA-
catalyzed amplification of short RNA,® the circulation of lipid
vesicles in a thermal gradient gave rise to fission by membrane-
phase transitions™ or by cycling temperatures of a random pool
of 12 nucleotide long DNA, selective oligomer structures
emerged by templated ligation."” Within this context, gas-
water interfaces were discussed, as they drive a continuous
enrichment of molecular structures under a temperature
gradient.”) Morasch et al. focused on the effects of gas-water
interfaces, that were created with the help of single gas-filled
cavities surrounded by a liquid. Here, we introduced foam into
the reaction compartments and could significantly increase the
interfacial area. Also, the addition of prebiotic more probable
surfactants created additional structures at the interfaces.

Foams are heterogeneous inclusions of gas in liquids
stabilized by surface active reactants, i.e., surfactants. Their very
high surface to volume ratio promotes phase boundary
processes such as gelation, accumulation and phosphorylation.
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Shallow hydro-thermal and volcanic settings may have led to
ascending gas that passed through numerous porous rocks and
formed micro scale foam environments. Alkaline hydrothermal
vents are hypothesized to be a favorable environment for the
emergence of the first protocell.”” Studies have shown that in
hydro-thermal fields (e.g. in Mount Lassen, California), myristic
acid added to warm spring water gave rise to the self-assembly
of foams and membranous compartments.''?

We base this study on 2',3’-cyclic mononucleotides (cNMP)
which (a) possess an intrinsically activated phosphate; (b) are
products of several prebiotic phosphorylation and nucleotide
syntheses™"” and (c) are products of neutral to alkaline
chemical and enzymatic hydrolyses of RNA."*? In comparison,
the dry polymerization of 3',5-cGMP*% did not foster the
polymerization of the other ribonucleotides.”” Orgel and
coworkers, reported conditions for 2,3’ CAMP polymerization by
drying for 40 days with a 5-fold excess of ethane 1,2 diamine
and yields up to 0.67% of 14-mers.**?” Other catalysts such as
imidazole or urea required temperatures up to 85 C and offered
lower yields.

In a highly diluted, hadean ocean, around 4.4 billion years
ago,”® environments that promote high concentrations were
crucial for triggering polymerization and fast reactions kinetics.
Moreover, the localization of reaction products is deemed
central for evolution to proceed. In this work, we showed that
foams, in comparison to environments with low surface to bulk
ratio, could improve the yield of reactions by the presence of
heated gas-water interfaces. A non-enzymatic polymerization
reaction was examined in both environments and produced
significantly higher yield for the polymerization of RNA.

Results and Discussion
Foam creation

In order to create reproducible and prebiotically more probable
foam environments, we imitated micrometer sized pores and
cracks in rocks with the help of shaped FEP foils clamped
between two sapphires. These 150 pm-500 pm thick chambers
can be filled with liquid and gas, temperature gradients can be
applied, and fluorescent as well as bright light microscopy
readout is possible. Figure 1 shows a schematic sketch of the
cross-section of a surfactant stabilized bubble in a thermal
gradient. Inside the gas bubble water evaporates at the warm
side and condenses at the cold side, forming pure water
droplets.

For foam fabrication by the co-flow method, a controlled
supply of surfactant solution (e.g., 1.5mM - 4 mM SDS or
Tween20) and gas pressure was required. The surfactant
solution flowed in from two opposite channels and periodically
pinched off gas coming in from the mid channel (Figure 2a).
The gas pressure and liquid flow could be varied from 180 mbar
to 400 mbar and 10 pLs™' to 40 plLs™', which allowed for control
over the average bubble sizes. Similar to other publications®*”
that studied micro fluidic foams, we found d~p and d~q',
with the bubble diameter d, gas pressure p and liquid flow g

ChemBioChem 2022, 23, e202200423 (2 of 9)
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Figure 1. Foam in heated rock pores. Gas bubbles in heated porous volcanic
rocks enable a prebiotic scenario of microfluidic foam systems, triggered by
a thermal gradient. The scenario was recreated by foam filled 150 pm thick
FEP cut-outs between heated sapphires. The surfactant solution of super-
saturated sodium myristate created large foam structures as the surfactant
adsorbed at gas-water interfaces and stabilized the gas bubbles. A temper-
ature gradient triggered a continuous water cycling by evaporative capillary
flow at the bubble interface of the foam that accumulated nucleotides at the
warm side of the foam bubbles (grey arrow). The water vapor recondensed
at the cold side and was shuttled by bubble aggregation driven by the
surface tension back into the solution. This release of condensed water
droplets into the bulk solution caused the gas bubble to fluctuate in size,
transporting the dry accumulated nucleotides back into solution, establish-
ing a localized, continuous wet-dry cycle similar to a heated air-water
interface.”!

(Figure 2b). As pressure increased and flow decreased, the
bubble sizes grew. Likely, due to its chemical structure and
resulting packaging shape sodium myristate did not allow for
precise control over the average bubble size, contrary to
Tween20 or SDS.

We tested several lipids to create stable foams under the
thermal gradient. In Figure 2c we plot the tested lipids’ foam
lifetimes over five orders of magnitude and plotted it against
their corresponding hydrophilic lipophilic balance values. The
lifetime was defined by the time half of the initial bubbles
vanished in a 150 pum thick chamber while being exposed to a
thermal gradient of AT=T,,m - Tcoa=62 C-25 C=37K.

For the ion induced stabilization of the foam in temperature
gradients we used 200 mM dipotassium phosphate buffer.
Phosphorus is a vital component of life, as it is essential for
phosphorylation reactions for RNA and phospholipids.
Carbonate-rich lakes can concentrate phosphorus up to more
than 1 M.2¥ Due to the prebiotic plausibility and long lifetime a
mixture of ~3.2mM supersaturated sodium myristate and
200 mM dipotassium phosphate buffer was used for further
experiments.

Fatty acids, such as myristic acid, can be synthesized under
prebiotically more probable conditions®'*? and are therefore
considered reasonable candidates for our foam experiments.
We found that charged fatty acids are well suited for foam
fabrication as their solubility is higher compared to their
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Figure 2. Foam formation and lifetime. a) Foam was generated in a micro-
fluidic setup using the co-flow method. Gas pressure was applied to the
central channel (purple arrow). The lateral inflow of the surfactant solution
(orange arrows) allowed the pinch off of gas bubbles, so that the chamber
was filled with foam within approximately 4 seconds. b) Tuning the liquid
flow g and the gas pressure p allowed to control the average bubble
diameter d. The shown foam was created using a 4.5 mM Tween20 solution.
Data for a constant pressure of p =205 mbar by varying flow and a constant
flow of =11 pLs™' per channel by varying pressure is plotted. We found an
approximate proportionality d~p and d~q~". As a guide to the eye, power
functions of the form d(x) =k,* x k1 +k, were displayed. The error bars
represent the standard deviation from the average bubble diameter. c) The
choice of surfactant influenced the lifetime of the corresponding foam in a
thermal gradient of AT =37 K across the 150 um thick chamber. Surfactants
with a high hydrophilic-lipophilic balance tended to increase the life span of
the foam. The addition of 200 mM dipotassium phosphate buffer to the
supersaturated sodium myristate solution drastically increased the lifetime
from several seconds to 20.5 h. The error bars were estimated to be 50%
(see Figure S10).

uncharged counterparts. In addition, the lifetime of sodium
myristate increased significantly when the solution was
enriched with ions. The likely reason is that the addition of ions
to the surfactant solution shields the headgroup repulsion of
the lipid, which enables better packing at the interface.”
Consequently, the critical packaging shape improves, and
bubble formation is enhanced.

ChemBioChem 2022, 23, e202200423 (3 of 9)
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Accumulation of nucleotides

After having established a reproducible and stable way to form
foams from prebiotically more probable surfactants, we inves-
tigated how the foams accumulate oligonucleotides. We
prepared a solution of 3.2mM sodium myristate, 200 mM
dipotassium phosphate buffer and 10 uM Cy5 labeled, 14
nucleotide long ssDNA as a fluorescently marked proxy for
polymerized RNA (see Supporting Information Table S1 for
details). We have established previously, that DNA and RNA in
capillary flow driven air-water systems behave similarly."”

To compare the behavior of the DNA in a high surface area
system (foam) and at a low surface areas system (single gas-
water interface), a thermal gradient was applied to each system
(Figure 3a, b). In both systems the same solution was injected,
so that the only difference was the surface area. into the second
chamber in the form of foam. The injection process of foam and
sample is described in the Supporting Information (Figure S8).
When the 150 um thick chambers were exposed to a thermal
gradient (here, AT=T,,m~Toa=52 C-38 C=14 K), similar wet-
dry dynamics and liquid fluxes occurred at the gas-water
interfaces of both systems.

In both systems, evaporation at the warm side triggered
capillary flows and accumulated molecules at the warm side of
the water-gas interface, accumulating DNA.” The gaseous water
is recondensed at the cold side either into the bulk or in form
of dew droplets either at the open interface or inside the air-
filled bubbles of the foam. They are invisible in the fluorescence
images of Figure 3 since they consist of pure water without
fluorescence molecules. Close to the interface, the pure droplets
went back to solution by surface tension and temporarily
reduced local ion and molecule concentrations, which is
analogous to “rainfall” in the macroscopic water cycle.’” The
constant water cycle induced a fluctuating water level in the
low surface area system, but in foam it led to fluctuation of the
gas bubble diameters (Figure S11). In both cases, the fluctuating
gas-water interfaces captured the accumulated molecules in
continuous wet-dry cycles.

During the buildup of the thermal gradient an initial phase
of Ostwald ripening®® was found and spontaneous degassing
led to small bubbles of the foam disappearing in favor of larger
bubbles (see Movie S2). When the buildup of the thermal
gradient equilibrated, only much fewer bubbles collapsed and
created larger gas bubbles. These effects caused slight move-
ment of gas bubbles. Molecules that were captured in wet-dry
cycles at the interfaces were torn out of the continuous cycle
and left in the dry as the contact line between air and water
receded away from them.

In Figure 3¢, the accumulation and distribution of DNA is
shown before and after the application of a thermal gradient of
AT=T,am=Tcoq=49 C-37 C=12K in z-direction. Due to the
temperature dependence of the surface tension, the thermal
gradient contracted the bubble at the warm side and expanded
it at the cold side, which induced rather a truncated cone-like
structure of the bubble. The top view through the sapphire
gave a picture, in which two nested rings were observed, similar
to Figure 3b. The bright inner ring of accumulated material was
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Figure 3. Capillary flow accumulates oligonucleotides at a gas-water inter-
face and inside foams. a) Cross-section of a heated chamber filled with water
and gas next to a fluorescent image of 14 nucleotide long FAM-labelled DNA
at a single gas-water interface. DNA accumulated at the interface and
eventually dried out. Oscillating water levels inside the foam bubbles
redissolved the dried DNA and evoked a wet-dry cycle. Surface tension and
temperature differences lead to a meniscus shaped interface, that produced
two bright fluorescent lines with accumulated DNA. The sample was
exposed to a temperature gradient of AT=T,,,n~Tcoa=52 C-38 C=14K. b)
Around the gas bubbles of the foam we found ring formed accumulations of
DNA due to the capillary flow of evaporating water on the warm side. At the
bubble surfaces light reflections appear, which are not to be confused with
the direct fluorescence signal of concentrated DNA. c) Fluorescence image
of foam before and after the application of a thermal gradient of AT=T,,m—
Toiq=49 C-37 C =12 K. Water cycles inside the gas bubbles lead to
luminous spots, which originated from growing dew droplets that spread
from the cold to the warm side and thus rehydrating dry material inside the
gas bubbles. Light reflexes can be distinguished from accumulation, as the
brighter arcs appear also without the application of a thermal gradient. The
experiments were performed in 150 pm thick chambers with a solution of
200 mM dipotassium phosphate buffer, 3.2 mM supersaturated sodium
myristate at pH 9.2 and 10 uM Cy5 labeled DNA.

enclosed by an outer ring, which marked the air bubble

boundary at the cold side.” Light reflections in the right image
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can easily be distinguished from high DNA concentrations, as
they also occur for AT=0K with T=24 C, where the equili-
brium prevents an accumulation of DNA. The overall drop in
fluorescence intensity was attributed to the temperature
dependence of the dye.

For the emergence of life, the localization of DNA at each
foam bubble effectively generated an inverted cell structure.
The gas bubbles evoke several microenvironments of accumu-
lated DNA at each of the bubbles. They offer slightly different
local environmental conditions, based on the uneven distribu-
tion of DNA and the molecule transport between the foam
bubbles is enhanced by the capillary flow and free diffusion,
offering a complex spatial reaction setting, especially when the
foam would be formed inside more complex rock pores. Inside
the gas bubble, continuous evaporation and dew recondensa-
tion of water led to bright spots when dew encountered the
warm side and thus redissolved previously dried fluorescent
DNA there. Uneven arrangement of gas bubbles can lead to
unevenly distributed concentrations in foam (Figure S12).

DNA-rich droplets accumulate at foam

Interestingly, highly concentrated structures appeared at the
foam interfaces when the DNA was labelled with Cy5 (Fig-
ure 4a). To investigate these DNA-rich droplets further, a series
of experiments with different DNA sequences and dyes were
executed. We used a solution with 10 uM fluorophore labelled
DNA (see Table S1 for details), 3.2 mM supersaturated sodium
myristate, 200 mM dipotassium phosphate buffer at pH 9.2. The
chamber thickness was 150 um and the thermal gradient
amounted AT=12 K with T,,,,,=49 C.

Cy5 labeled DNA showed liquid-liquid phase separated
structures at the bubble interfaces. We observed this behavior
for 14 nucleotide long and 84 nucleotides long Cy5 labelled
DNA (Figure 4a, d). However, accumulation of 6-Fam labeled
DNA at the gas bubble interface did not show a similar DNA-
rich droplets (Figure 4b). Interestingly, an experiment with Cy5
dye without DNA, also gave rise to DNA-rich droplets at the gas
bubble interfaces, indicating that the hydrophobic Cy5 dye as
major driver of the effect, causing DNA-rich droplets in fatty
acid solutions. Their resemblance to cellular structures could
offer another level of complexity useful for localized prebiotic
reactions.

We modified the DNA sample from Figure 4c by replacing
Cy5 with 6-Fam and swapping the 6 bases next to the dye by
poly Gs. While the 6-Fam labeled DNA without integrated poly
G did show uniform accumulation at the interface, poly G
modified, 6-Fam labeled DNA gave rise to cumulated DNA
structures. Thus, adding G-rich tails altered DNA-rich droplets at
the interfaces. Inferred from the location in Figure 4, the
GGGGGG-induced droplets are located in the bulk fluid of the
interface. Given the fact that polymerization in the wet state is
strongly reduced in its yield, we do not expect that this is the
cause of the prominence of G in the polymerization product.
Moreover, the polymerization of G is also enhanced in the dry
state, indicating other mechanism for its preference, possibly
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Figure 4. DNA-rich droplets form at heated foam interfaces. a) Cy5 labeled
84 nucleotide long DNA showed DNA-rich droplets at the accumulating,
warm interface of gas bubbles (white arrows). b) Excerpt from white box (a),
300 ms apart. The DNA-rich droplets moved in the liquid phase at the warm
interface, showing a fusion dynamic typical to oil droplets or coacervates. c,
d) 6-Fam labeled 15 nucleotide long DNA did not show DNA-rich droplets
while Cy5 labelled DNA of 14 nucleotides showed round structures, more
homogeneous than the 84 nucleotide long DNA in (a). ) Replacing six bases
of the 15 nucleotide long 6-Fam sequence by GGGGGG induced dot-like
structures, indicating that the G-rich sequences also trigger the effect,
confirming lipid interactions of G.*” f) Only Cy5 dye as a sample showed
uniform DNA-rich droplets at the interface as well. All experiments applied a
thermal gradient of AT=T,,m~Tca =49 C-37 C=12Kin 150 pm thick
vessels. The sample consisted of 10 uM fluorescent DNA or dye (f), 200 mM
dipotassium phosphate buffer and 3.2 mM sodium myristate.

due to the pK, of the base or its enhanced stacking
interaction.®®
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The observed DNA-rich droplets were either stuck at the
warm interface or moved freely close to the interface (see
Movie S3). The freely moving DNA-rich droplets are recogniz-
able by their isolated circular form. The structures touched and
fused (Figure 4f), which is typical for coacervates studied in a
thermal gradient before® or oil droplets.”” We would charac-
terize the droplet structures rather as coacervates than vesicles
as we measured them to be 3 um-7 um in size and larger than
vesicles, which are up to 100 nm in size.*" Surfactants typically
form micelles rather than vesicles.®®

Accumulation of sequence dependent DNA aggregates

Sequence-dependent large scale DNA aggregates can be
obtained from self-binding of ssDNA.P**™¢ With the same
experimental parameters as in Figure 4, a 36 nucleotide long 6-
Fam labeled DNA sequence of G and C was designed to self-
assemble into large DNA networks (Figure 5a). After the
application of a thermal gradient (AT=12 K with T,,w=49 C)
the accumulation of DNA aggregates became visible within
minutes (Figure 5b) and grew to larger, ring-like assemblies.
Sequences which were not self-binding did not create com-
parably large aggregates as seen in Figure 3 and 4).

This sequence dependent accumulation by gel formation®*!
gives RNA sequences a direct physical selection pressure: (i) the
gel formation enhances the accumulation by the reduction in
diffusion coefficient, making them more resistant to flow-based
dilution away. (ii) The gelation enhances the formation of
double stranded versus single stranded forms. This reduces the
degradation of RNA by hydrolysis, leading to a sequence-
dependent, multi-molecular selection pressure, adding a direct
phenotype-genotype relationship for early Darwinian evolution.

The fluctuation of the gas bubble sizes caused sudden
contractions of the gas-water interfaces, the aggregates could
detach from one foam bubble and were transported by the
capillary flows to another gas bubble (Figure 5c), demonstrating
the sequence-dependent oligonucleotide transport in the foam.
Compared to a single gas-water interface, foam offers more
space for the formation of DNA aggregates™ and the exchange
between bubbles offers complex exchange modes for self-
similar genetic material.

GC polymerization

Foams are particularly interesting for reactions relying on wet-
dry cycles and as seen, already short oligonucleotides show
very diverse selective phenotypes. To approach prebiotic
scenarios, we therefore explored the effectiveness of the wet-
dry cycles for the polymerization of short RNA from prebiotic
more probable 2',3'-cyclic nucleotides. Verlander et al. observed
polyA oligomers up to a length of six nucleotides at alkaline pH
conditions and temperatures from 20 C to 70 C with the help
of amine catalysts®  Under such conditions a
transesterification®” of the phosphate group can occur, which
results in the conversion of the 2'3'-cyclic phosphate group to a
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a self-binding sc interfacial area. We could keep the conditions like before, using

a solution of 3.6 MM sodium myristate, 200 mM phosphate
buffer, 25 mM cGMP and 25 mM cCMP each and KOH to adapt
the pH to pH 9.2. After 19.5 hours the pH of the extracted
sample dropped to 8.6.

In Figure 6a, the resulting polymers were quantified by
HPLC-ESI-TOF mass spectrometry measurements. The high
surface to bulk ratio in the foams lead to higher concentrations
of polymerization products compared to the non-foam counter-
part. The reaction in foam has progressed further (up to 8mers)
than in non-foam (up to 5mers). The chamber thickness and

Foam

a —e— 2 or 3' phosphate
I I\ . 2'3'-cyclic phosph.

No foam

100 - —A— 2' or 3' phosphate
_ F 2'3'-cyclic phosph.
= r Dry
reflexes = 3 —A— 2'0r 3'
01:01:12 2 r —A— 2'3'-cyclic
©
€ 10F
S 3
o o
j o L
Q
© [

oligomer length

—e— foam
—A— no foam
—A— dry
100 sum of phosphate
— configurations
=
=
c
9o
8
g 10 E
3 E
< u
Q
S C
Figure 5. Aggregates of self-binding ssDNA form at the foam interfaces. a) 1 3
Self-binding 36 nucleotide long ssDNA of G and C is designed to self- SIS IR EEEI LRI LN NN ENERET
assemble into complex aggregates. b) Driven by a thermal gradient of OOGOOATOITOIIOTIOOITOIIOOT
AT =12 K With T,m=49 C, 10 uM 6-Fam labeled ssDNA is forming O o O B AR BBOOOA
aggregates that grew over several minutes, gaining size through fluctuations WOO%%ng%g(DW%%O
of the gas-water Interface (Movie S4). c) Grown aggregates were detached © 88@5@00(3@@@0@008
from the interface and were transported through the bulk solution by OO0 8
diffusion and capillary flows. The circular excerpts show magnified images of
the DNA aggregate docking at another bubble. The trap thickness was sequence
150 um. The solution included 3.2 mM sodium myristate and 200 mM
dipotassium phosphate buffer. Figure 6. Foam induced polymerization of 2',3'-cGMP and 2’,3-cCMP. a) The

wet-dry cycling conditions at the moving interfaces led to the oligomeriza-
tion of RNA. The heated foam setting provided wet-dry cycles for polymer-
ization (red), while a control experiments without bubbles did not

3'5" or 2,5 linkage. In recent study, 2',3’ cyclic nucleotides were  oligomerize significantly (blue). The samples were exposed to a thermal

shown to self-polymerize without catalysts under low salt ~ 9rdient of AT=25Kwith Tyem =59 Cfor t=19.5 hours. When the whole
polyl Y solution was dried to T, the oligomerization yield was significantly lower

conditions and elevated pH in the dry state. In case of mixed  (grey) despite subjecting all nucleotides to the reactive dry condition.
oligonucleotides polyG leads the copolymerization.m] Therefore, Oligomers with linear phosphate ends were found, indicating significant
- hydrolysis towards the unreactive, open ended monophosphates. b) The
the wet-dry cycling inherent to the heated foam was tested. sequences detected by mass spectrometry showed sequences that inte-
We compared the polymerization from cGMP and cCMP in  grated the less reactive C base, but also confirmed that longer oligonucleo-

foam to polymerization in a system with significantly lower tides were dominated by polyG.
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temperatures in the polymerization experiments were 500 pm,
Toa=34 C and T,,m=>59 C. In b the sequence space of the
same experiment can be seen. The sequences that occur in
both experiments are much higher concentrated in the foam
experiment. Without foam, the maximum length of the
resulting polymers was G, while polymerization in foam gave
rise to Gg at a higher concentration.

The foam brings together both the dry and wet state,
offering increased flexibility for prebiotic reactions. It has been
established previously that the oligomerization is driven in the
dry state.>*%® |n the foam setting, only a small fraction of the
molecules are in the dry state at the air-water interface on the
warm side. One could therefore expect that the oligomerization
in the foam should be less effective than when the whole
solution would be dried. However the opposite is true. As
reported in Figure 6 with the grey data points, the oligomeriza-
tion in the fully dry condition is yields significantly less than for
the reaction in the heated foam. At this point, we can only
speculate that this might be due to the length dependent
accumulation at the interface.”%3

It is important to note that the shown oligomerization is
inefficient in comparison to polymerization reactions known in
chemistry. But if prebiotic chemistry would have provided very
efficient polymerization for RNA, any competing replicative
mechanism would have been overwhelmed by a large amount
of non-replicated, polymerized RNA, making Darwinian evolu-
tion a difficult past. However our results can be compared to
previously reported results by Verlander and Orgel.***” There,
homo-oligomers of cAMP in the presence of 5-fold excess of
ethane-1,2-diamine showed a yield of 0.81% for a 6mer of
polyA after 40 days. Im comparison, we observed here ~0.12%
for a 6mer of oligoG without added catalysts after less than a
day in a mixed GC setting. Adding other catalysts such as
imidazole or urea required temperatures up to 85 C and offered
lower yields.?%*"!

Clearly, the rather short mixed sequence oligomers
reported are quite a bit away from the short oligomers
required to for example run a templated ligation chain
reaction. We hope that we will be able to better understand
the degradation pathways of 2'3’-cyclic monomers with
future experiments. But already at this stage, if an RNA
world would operate with trimers, recently shown with a
harder to reach triphosphate activation,** the documented
oligomerization could be a good source of raw materials for
replication while at the same time offering strand separa-
tion functionality by the air-water interface.”

Conclusion

For prebiotic reactions, heated liquid-gas interfaces offer
dry and wet cycling conditions for the molecules that were
attracted by the ensuing capillary flows. Here we maximized
the surface to volume ratio by creating foams using
prebiotic more probable lipids for stabilization. The result
was an array of molecule-accumulating habitats for DNA or
RNA that form an inverted cellular geometry.
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Instead of insulating molecules by a bilayer, the mole-
cules are concentrated at each bubble of the foam and are
free to transfer between individual bubble habitats. At these
interfaces, we found that the accumulation by the capillary
flows triggered the formation of DNA-rich droplets and the
sequence-dependent formation of large scale oligonucleo-
tide aggregates, extending experiments at single air-water
interfaces.”?® The open setting also allows for thermopho-
retic accumulation effects, such as the accumulation of ions
to boost RNA polymerization catalysis."*"

Since both accumulation and the formation of agglom-
erates and coacervation-like structures was triggered by
oligonucleotides, it was intriguing to find that the heated
foam was also capable to produce them by polymerizing
RNA up to 8mers directly from the prebiotically more
probable 2',3'-cyclic GMP and CMP. These combined find-
ings show an interesting convergence of physical settings
and chemical synthesis, establishing a new paradigm of
compartmentalization for the selection, accumulation and
oligomerization of informational polymers for early pre-
biotic evolution.

Experimental Section

Sample preparation: The reaction mixture was prepared by
mixing 720 pL of the 5 mM supersaturated sodium myristate
solution with 100 uL of a 2M K2HPO4 solution, 50 uL of a
500 mM 2'3’cGMP solution, 500 mM 2'3'cCMP solution and
75 uL of RNAse-free water. The pH was adjusted at 9.2 by
adding 5 puL of 1 M KOH solution, resulting in 3.6 mM sodium
myristate, 200 mM dipotassium phosphate, 25 mM 2'3'cGMP
and 25 mM 2'3'cCMP.

Precipitation protocol: To provide best reproducibility, a
precipitation protocol that was shown not to change oligomer
concentrations down to 2nt significantly was developed. To an
aqueous solution of the oligonucleotide sample 2 puL of
100 mg/mL of glycogen and 1/10th volume 5M ammonium
acetate was added. After mixing, 2-3 volumes of cold 100%
ethanol was added. The final solution was incubated at 4 C
overnight. After incubation, the sample was centrifuged at 4 C
for 30 min at 15000 rom. The remaining supernatant was
carefully discarded and 10 uL of cold 70% ethanol was added.
The sample was centrifuged again at 4 C for 30 minutes at
15000 rpm. The supernatant was removed, and the dried pellet
dissolved in 40 uL RNAse-free water for HPLC analysis.

HPLC and mass spectrometry: The measurements were per-
formed on Agilent G6230BA LC/TOF with G5654 A 1260 Infinityll
bioinert HPLC using a an Agilent AdvanceBio Oligonucleotide
(4.6x150 mm, 2.7 pm) column with a pressure rating of 600 bar,
heated to 60 C. Oligomers were analyzed in a water-methanol
solvent system with solvent A consisting of 200 mM HFIP and
8 mM TEA in water and solvent B a 50:50 methanol-water
mixed with solvent A. After an initial flow of 1% B for first 5
minutes, followed by a gradient of 1% up to 30% B in 22.5
minutes and a gradient from 30% to 40% B in the next 15
minutes at 1 mL/minute. The TOF Mass spectrometer Agilent
6125 is equipped with a dual AJS ESI ion source, set to a gas
temperature of 325 C, gas flow at 8 I/min, nebulizer at 45 psig,
sheath gas temperature at 400 C and sheath gas flow at 111/
min. and run in negative mode. The samples were analyzed in

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

120

85U017 SUOWWOD aAIIa1D 3|qedldde ay) Aq pausenob afe sajole YO ‘8sn JO Sa|n 10y Ar1q1T 8UIUO AS]IAM UO (SUONIPUOD-pUe-SULBY WD A8 |1 Ale.d jBul [UO//SANL) SUORIPUOD pue sWwie 1 8y} 88S *[Z0Z/0T/62] U0 Akeiqiauljuo AS|IM ‘EZ¥002202 2169/200T OT/I0p/0d" A8 W Aleiq 1 pul uo'adone-Alis IWeyd//sdny Wouy papeojumod ‘vz ‘22§z ‘Se9L6erT




Chemistry

Research Article Europe _
ChemBioChem doi.org/10.1002/cbic.202200423 bttt

the negative ion mode. The scan source parameters were
negative mode, Vcap=3000V, nozzle voltage at 2000V,
fragmentor at 175V, Skimmer at 65 and octapoleRFpeak value
of 750.

Fitting TOF-MS data with LabView program: Raw spectra of
the mass spectrometry was converted with MSConvert to a MS1
or MZ5 format. The timing of the oligomers on the HPLC
separation was determined with standards and to also deter-
mine the ionization efficiency. The raw mass spectra between
each time bracket were integrated before fitting. Species of the
polymers were defined and the isotope distribution calculated
and used to fit the raw spectra before species of different
charge are integrated and were converted to concentrations
using the calibration from oligomer standards.

Thermal chamber and imaging: The thermal chamber was
cooled by a water bath from the back and heated using 3D
printer heating rods on the front side. The chamber was defined
by Sapphire windows in between a the chamber geometry was
defined by Teflon foil that was cut with a plotter (GRAPHTEC
CE6000-40 Plus). An Arduino Mega 2560 was used to control
temperature. The aluminum blocks and the backside sapphire
provided openings for tubes or temperature sensors (Grei-
singer, GTH 1170). A heat camera (Seek Thermal, SQ-AAA)
allowed temperature measurement on the front sapphire. The
experiments were either monitored by a Canon90D camera
with a 5x magnifying lens or a fluorescence microscope.
Fluorescence imaging for Cy5 and 6-Fam was provided con-
currently by an OptoSplit under LED illumination. Long distance
2x, 5x or 10x objectives were used in reflected light and
imaged with a Stingray F145-B camera through a self-built
fluorescence imaging setup using Thorlabs lens tube compo-
nents.
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