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Abstract

One of the greatest scientific mysteries of all time is the Origin of Life on Earth. Life

on Earth may have emerged with a unique molecule: Ribonucleic Acids (RNA). The

RNA world for the origin of life is a theory that states that life started with RNA

before DNA and proteins because RNA molecules can auto-replicate and store genetic

information.

This thesis aims to expose how such RNA molecules could have been formed

on a primitive Earth without the presence of other catalytic biomolecules such as

enzymes. The model used in this thesis is the warm little ponds theory for the origin

of life. RNA molecules could have been formed in these ponds thanks to wet-cold

and warm-dry cycles. We used new experimental and computational technologies

to try to answer this dilemma. Using a new machine, the Planet Simulator, which

can mimic primitive environments by controlling five physical parameters, we found

that extreme heat and low pH would destroy the building blocks of RNA. However,

Molecular Dynamics computer simulations showed us that neutral pH could have led

to the formation of RNA. Still, the presence of any surfaces and substrates would

have decreased the polymerization rate due to the number of interactions between

the RNA building blocks and the minerals substrates. We then found a new vision

of where life could have come from: in super-saturated water droplets, which could
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have been formed by geysers or springs on primitive Earth. We tested this theory

experimentally using an acoustic levitator to levitate super-saturated droplets and

study them in the laboratory. Our preliminary results showed that RNA could have

been formed in such droplets on primitive Earth.
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Chapter 1

Introduction

The quest to find the Origins of Life has become an expanding field in the last few

decades. Numerous research groups are trying to answer the question “how did life

begin on Earth?”. Since Charles Darwin’s observations which led to the famous theory

of evolution by natural selection in 1859 [30], what we define as living needs to be

able to evolve. Louis Pasteur (1822-1895) proved that life has to come from life [8].

Alexander Oparin (1894-1980), in his book “The origin of life” [101], proposed that life

could have started in a “prebiotic soup” in the ocean, where non-biological molecules

could have assembled through chemical reactions to form biological molecules such

as RNA or cells. With these two ideas, life comes from life and the prebiotic soup;

Stanley Miller (1930-2007) and Harold Urey (1893-1981) created an experiment to

replicate the Early Earth, with water, atoms, and electricity to mimic lightning,

bringing energy. When they analyzed the “primitive soup”, they found amino acids

[85, 89]. That was the starting point of the origin of life experimental research. With

today’s space conquest (e.g., the Perseverance rover on Mars [55] and the James Webb

Space Telescope [3] that has the mission to find a second Earth), founding how life

1
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started on Earth has become more crucial than ever. The formation of life on Earth

research and results may be expanding and applied to other planets and the Universe.

1.1 The RNA world

The origin of life field has two general theories to explain the formation of life on prim-

itive Earth. The first involves the creation of a stable metabolism for the beginning of

life on Earth. This view is proposed by the hydrothermal vents hypothesis, where pH

and temperature gradients near undersea vents provide energy for life. Thanks to the

different gradients, stable and autocatalytic cycles could have been present to provide

energy for chemical reactions to happen [81, 126, 118, 110, 5, 100, 80]. This theory,

however, does not explain in detail how cells could have been formed in such condi-

tions or how information polymers would have arisen. And in water, molecules are

constantly diffusing which would have made the concentration of molecules difficult,

in addition to hydrolysis.

The other theory is based on “information first”. Life may have started with

ribonucleic acid (RNA) molecules. This theory was produced in 1967 by Carl Woese

[130]. The time period where life exists mainly in the form of RNA is called the “RNA

world”, a term introduced by Walter Gilbert in 1986 [54].

RNA plays a crucial role in modern biology and life. RNA is a polymer composed

of four different units: adenosine monophosphate (AMP), uridine monophosphate

(UMP), cytidine monophosphate (CMP), and guanosine monophosphate (GMP).

Those molecules are linked together between their carbon 3’ and 5’ (Fig 1.1A)) via a

phosphodiester bond. In biological cells today, DNA is transcribed using DNA poly-

merase and other proteins to form what is called messenger RNA (mRNA). Once this

2
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mRNA is formed, it is translated to form proteins using another molecule called ribo-

some which is composed of RNA molecules called transfer RNA (tRNA) and proteins.

So to start transcribing DNA, a protein and RNA are needed. But in order to make

proteins, DNA is needed. So what came first: DNA or proteins? The answer might

be neither. Indeed, RNA can play the role of both proteins and DNA. Like DNA, it

encodes information in a form of genetic code. But, the RNA molecule, because it is

a single strand, can fold on itself to have a 3-dimensional structure like proteins and

can have many of the same properties and functions as proteins.

The RNA world hypothesis for the origin of life is based on seven pieces of evidence:

(1) RNA is a catalytic molecule which is capable of making a copy of another RNA

strand if nucleotides are present in the direct environment [113, 18];

(2) the probability of forming molecules from just one auto-catalyst is higher than

finding two different molecules at the same place at the same time, such as a nucleic

acid and a protein. Furthermore, proteins can not act as templates for replication,

but they could have stabilized an RNA [15, 50];

(3) The ribosome, tRNAs, and a common genetic code are found in all organisms

[74];

(4) proteins use ribonucleotide coenzymes which contain nucleotides. Nucleotides are

not necessarily the reactive part, but this suggests that the nucleotides need to be

there to bind the coenzyme to a ribozyme [129];

(5) deoxyribonucleotides are derived from oxyribonucleotides synthesis, meaning that

DNA came after RNA;

(6) it is easier to start a life with RNA because we know that it continues with DNA

transferring information from RNA to DNA by hybridization [19, 67];

3
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(7) it has been shown that RNA is capable of evolution in-vitro [73, 9, 10, 114, 6,

124, 43]. This shows that ribozymes can be generated in a laboratory and can have

a variety of functions. It suggests that the range of functions in an RNA world is

larger than what biological ribozymes currently do (which have only a few roles, such

as hammerheads or ribosomes).

One of the major problems is that RNA can not be translated and thus play

its genetic carrier role and be catalytic simultaneously. To be replicated, the RNA

molecules need to be unfolded (Fig. 1.1B)), while they need to be folded to be cat-

alytic (Fig. 1.1C)). The RNA folded structures are held together via hydrogen bonds

interaction between the base of the nucleotides in Watson and Crick conformation.

The nucleobase adenine forms two hydrogen bonds with uracil and guanine forms

three hydrogen bonds with cytosine. Such hydrogen bonds can be broken with high

temperatures or, like in our modern cells, with a helicase enzyme that uses the energy

stored in a coenzyme adenosine 5’-triphosphate. RNA polymerases can partially solve

this problem. RNA polymerases are similar to DNA polymerases that are used in

modern cells to form mRNAs. RNA polymerases are folded, thus catalytic, and bind

to the end of an RNA strand. While traversing the strand, they attach the appropri-

ate nucleotide found in its immediate environment to the previous nucleotide. In the

RNA world hypothesis for the origin of life, if RNA polymerases had been present,

they would have formed a double-stranded RNA. The mechanism of splitting the

double helix into one strand is not yet known, but research suggests that heat would

have been necessary [75].
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Figure 1.1: A) shows the linkage between phosphate, sugar, and base (adenosine
(A), uracil (U), guanosine (G), and cytosine (C)). Ribonucleic acid (RNA) is

composed of a sugar-phosphate backbone linked via a phosphodiester bond between
the C3′ and the C5′ of the sugar. B) shows the unfolded structure of RNA where

this one can be translated but is not catalytic. C) shows the folded structure where
RNA is catalytic but can not be translated.
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1.2 Activated nucleotides versus non-activated nu-

cleotides

In the origin of life research today, researchers use two different types of nucleotides:

activated and non-activated. Activated nucleotides give good results regarding RNA

polymerization in a prebiotic world; however, it has not yet been found how such

molecules could have been polymerized on a prebiotic Earth. On the other hand,

different processes of non-activated nucleotide formation on primitive Earth have

been brought to light, but these nucleotides did not give such positive outcomes.

1.2.1 Non-activated nucleotides

A non-activated nucleotide is a term that refers to a nucleotide that is present in

modern RNA and DNA today. They comprise a phosphate, linked to a pentose sugar’s

5th carbon. Two oxide groups are linked to the second and third carbon of an RNA

nucleotide. The first carbon is linked to a nitrogenous base, also called nucleobases:

adenine (A), uracil (U), guanine (G), or cytosine (C), as shown in Fig 1.2. Those

nucleotides are not reactive by themselves and thus can not form bonds without an

external energy source.

6

http://www.mcmaster.ca/
https://www.chemistry.mcmaster.ca/


M.A.Sc. Thesis – A. Dujardin; McMaster University – Chemistry and Chemical Biology

Figure 1.2: Representation of a non-activated nucleotide in A) composed of a
phosphate group, a pentose sugar, and a nucleobase. The different nucleobases are
represented in B). The four RNA nucleobases are adenine (A), uracil (U), guanine

(G), and cytosine (C).

Some groups used those molecules in the optic of synthesizing RNA polymers

[112, 93, 26, 99].

Their components (nucleobase, sugar, phosphate) must first form to polymerize

such nucleotides. Three different pathways could have led to nucleobase formation

on primitive Earth [104]. The first one, the Fischer-Tropsch-type reaction, consists of

the formation of nucleobase by mixing dihydrogen, carbon monoxide, and ammonia

in contact with minerals of iron, aluminum, and silica [84, 104]. Another possible

pathway would have been based on hydrogen cyanide that could react with other

molecules to form the nucleobases [105, 104]. The last one consists of reacting for-

mamide in the presence of titanium, aluminum, or silica to form the nucleobases with
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the exception of guanine [105, 104].

Once that is done, one of the solutions is to mix all the compounds together

and wait for the reaction to happen. This is the Lego block approach [86, 107,

108, 106, 52, 58, 104]. The second pathway of the formation of nucleotides is based

on four components: cyanamide, cyanoacetylene, glycolaldehyde, glyceraldehyde, and

inorganic phosphate. The inconvenience is that these reactants need to be introduced

in a specific order. But, it is unlikely that primitive Earth would have followed the

rigorous steps of scientific [110, 104].

1.2.2 Activated nucleotides

Activated nucleotides are modified chemically to create additional bonds linked to

the sugar. The degradation of these bonds allows the release of energy that can be

used to form a phosphodiester bond between nucleotides. It exists different types of

activated nucleotides.

Imidazole as a leaving group

The most common activated nucleotides that are used are imidazole-activated nu-

cleotides. Imidazole is linked to the phosphate of a nucleotide. When the phosphate

and imidazole bond is hydrolyzed, the energy release allows the formation of a phos-

phodiester bond. The biochemical pathway is quite complex to pass from the first to

the final product, including three different steps, other molecules such as peptides,

and other steps on the side to form derived products [2]. Nucleotides linked with

imidazole are much more reactive and do not need an external enzyme to polymerize

[120].
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Imidazole can also be used for nonenzymatic template-directed RNA polymeriza-

tion. The imidazole group from a first nucleotide can attack the imidazole group from

a second nucleotide to form a dinucleotide intermediate. This dinucleotide, linked to

a template, can bond to a third non-activated nucleotide (primer), extending it by

one nucleotide, and leaving an imidazole-activated nucleotide starting a nonenzymatic

template-directed RNA polymerization, as seen in Fig 1.3 [128].

Figure 1.3: Example of a biochemical pathway of nonenzymatic template-directed
RNA polymerization. An imidazole- (in red) activated nucleotide attacks another
imidazole-activated nucleotide forming a dinucleotide intermediate linked via 5’,5’

imidazole. This dimer can bind to a template. The hydroxyl of a nucleotide primer
bonds to a template and can attack the phosphate group of the intermediate dimer,

extending the primer by one nucleotide and releasing an imidazole-activated
nucleotide. Figure modified from [128].

Many groups used imidazole to polymerize RNA in the context of the origin of

life [48, 45, 68, 46, 119, 131].

Using side compounds, Oró et al. [102] have shown that forming imidazole-

nucleotide molecules would have been possible under prebiotic conditions. Two dif-

ferent pathways were found. The first one used an aldehyde, glyoxal, and ammonia

as precursor agents. The second one started with a carbohydrate and ammonia [102].

Cyclic nucleotides

Different types of cyclic nucleotides exist and can be used for the origin of life research.

Some groups used 2’,3’-cyclic nucleotide (Fig. 1.4A)) for RNA polymerization [31],
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while other favored 3’,5’ cyclic nucleotides (Fig. 1.4B)) [24, 25, 91].

Hydrolyzing the bond between 2’ and the phosphate of the 2’,3’-cyclic nucleotide,

or 3’-phosphate bond for the 3, 5’ cyclic nucleotides, will allow freeing the phosphate,

in addition to the liberation of energy, which can be used to form another phospho-

diester bond with the C3′ (if using the 3’, 5’ cyclic nucleotides) or the C5′ (if using

the 2’, 3’-cyclic nucleotide) as seen on Fig. 1.4C).

But such molecules would have been difficult to use to promote polymerization on

primitive Earth due to a small ∆G which is a consequence of the two non-stabilized

reactions which happen forward and backward of 2’,3’-cyclic phosphodiesters and

3’,5’-phosphodiesters. This suggests that RNA polymerization would have been less

favorable using such cyclic molecules [117]. Scott et al. argued that this assump-

tion could have been wrong, and the biochemical pathways were necessary to revise.

They discussed that a three-state reaction would have been necessary (and feasible

on primitive Earth) to stabilize the final product and suppress the back reaction.

Stabilization of the final product in Fig. 1.4 could have been possible by nucleotide

stacking interactions and base-pairing which increased the energy barrier between the

final production and intermediate product. Those two combined would have driven

RNA helix formation, leading to a kinetically favored product and preventing the

back reaction from occurring [117]. They did not, however, do any experiments to

support these assumptions.
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Figure 1.4: Different types of cycling nucleotides can be used for RNA
polymerization research. A) shows a 2’,3’-cyclic nucleotide. B) shows 3’,5-cyclic

nucleotide. C) shows the biochemical pathway of the oligomerization of 2’,3’-cyclic
nucleotides and a nucleoside leading to the formation of an RNA dimer. Figure

modified from [117]
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Nucleosides triphosphates

Nucleosides are molecules precursors of nucleotides, thus, nucleoside triphosphate

would have been the precursor of a nucleotide. Some groups used such molecules for

their prebiotic experiments [42, 70].

In a prebiotic polymerization using these types of molecules, a nucleoside (com-

posed of a sugar and a base) would have reacted with a nucleoside triphosphate in

a highly exothermic reaction similar to reactions catalyzed by modern RNA poly-

merase where the departure of the phosphate leaving group is crucial for the RNA

polymerization, releasing an important amount of energy allowing the formation of a

phosphodiester bond (Fig. 1.5) [117].

Figure 1.5: Biochemical pathway of the oligomerization of RNA, which starts with a
nucleoside and a nucleoside triphosphate. Figure modified from [117]
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Thermodynamically, this reaction could have been feasible because the ∆G is

large and negative [117]. Orgel and colleagues had, however, stated that nucleoside

triphosphate needs to be used with complex enzymes to catalyze the reaction that

would have been unlikely present on primitive Earth. Without such enzymes, the

reaction would have been too slow for RNA polymerization to occur [79].

1.3 RNA polymerization

Polymerizing RNA, without enzyme, in a primitive atmosphere is not trivial. Through-

out the research, different techniques have been established, but all of them included

activated nucleotides, and it is not clear how such molecules would have been formed

on primitive Earth. [82, 48, 70, 31]

But it is possible to form a phosphodiester bond between two nucleotides via

a condensation reaction between two non-activated nucleotides in a world without

enzymes.

Kinetics simulations have shown that oligomer synthesis is fast after dehydration,

while hydrolysis is slow. Ross et al. [115] had shown that with a ∆G′ = -10 kcal/mol,

the reaction is energetically favorable, and the time to equilibrium is short (a few tens

of seconds, versus 10 h when they tried with ∆G′ = -3.5 kcal/mol). Each oligomer

in the evaporite is more stable than its immediate precursors. Furthermore, at 85◦C,

∆G′ and the water activity decrease when the size of the cavity decrease (the cavity

refers to where nucleotides are trapped, such as pores). This form of Kelvin equation

can approximate the effects, where aw is water activity, λ is the surface tension,

and Vm is the molar tension of water at T temperature, the size of the cavity is
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representing by d, and R is the universal gas constant:

ln aw = −2λVm

dRT
. (1.3.1)

The re-hydration will drive the initial high-value diffusion rates. However, accord-

ing to Equation (1.3.2), for high diluted value, τ= 1/k−1 which is about 100 hours for

pool conditions but with evaporation, k1 will be the main term in the denominator so

τ will decrease by a similar amount. In contrast, the polymerization reaction takes

place in ∼ 10 s. Oligomers can grow thanks to hydration-dehydration cycles: where a

refers to the activity of nucleotides monomers m and n at equilibrium eq, k1 refers to

the rate of polymers formation whereas k−1 is the rate of nucleotides breakdown, and

τ refers to the relaxation time, echo to the recovery time from abrupt perturbation,

disturbing the system from equilibrium [115]

τ =
1

(aeqm + aeqn )k1 + k−1

(1.3.2)

So to reach the activation barrier of non-activated nucleotides and be able to form

phosphodiester bonds between two carbons, one would say it is necessary to have

hydration-dehydration cycles.

1.4 Life could have formed in Warm Little Ponds

Many different theories exist about what type of environment life may have beginning

on Earth. Some groups tested cold environments with ice [123, 87, 4, 90]. Ice contains

pores that could have trapped molecules. Ice has been used to form RNA polymers

because of the possibility to find mineral particles, salty liquid water, and gas bubbles
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trapped in it. Thus, electrical potential, ions densities, and a pH gradient can appear

[123, 87]. But the activation barrier for non-activated nucleotides would be difficult

to reach in ice due to the low temperature.

Other groups are looking deep in the oceans near hydrothermal vents for the

searching answers to the “metabolism first” theory [81, 126, 118, 110, 5, 100, 80].

Finally, warm little ponds (WLP) could have been where life had started [122,

64, 33, 34, 36, 32, 60, 115, 28, 26, 59, 35, 27, 37]. Anecdotally, Charles Darwin wrote

a letter to one of his friend in 1871, where he mentioned that he had this idea that

life could have started in “some warm little ponds with all sort of ammonia and

phosphoric salts, -light, heat, electricity present” [29].

In ponds today, scientists have found many different molecules like salts and min-

erals [33]. Because a pond is not deep, it is easy for the water to evaporate quickly

(Fig. 1.6). As the water evaporates, less and less water is present, and the molecules

such as amphiphiles, nucleotides, and solutes would become more and more concen-

trated. Finally, molecules would not be able to diffuse anymore and would have been

stuck in contact with an inorganic surface, such as minerals present in the pond.

The heat of the Sun could have brought enough energy to activate the nucleotides,

and thus, phosphodiester bonds would have been created thanks to a condensation

reaction [115, 27, 63]. Because of the rain, the nucleotides would not be stuck on the

minerals and would be able to diffuse again. Water is also important to diffuse nu-

cleotides and polymers synthesized, but also to form proto-cells and to allow proper

functioning of ribosomes [27, 63]. During a second period of dryness, nucleotides

could again concentrate on the rocks, but in another conformation than the first

time, leading to the growth of RNA chains [46, 47, 66, 26].
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In this thesis, we are focusing on the WLP theory for multiple reasons like fatty-

acid self-assembly or polymerization reactions [34, 28]. Furthermore, biosignatures

were found in ancient hot springs showing that life may have begun in this type of

environment [38]. Finally, this idea was tested on homologous sites, showing that

condensation reaction to form ester bond between two nucleotides can appear outside

of a laboratory [33].

But the experiments have a hard time matching the theory when using non-

activated nucleotides, and results are often controversial, usually blaming the lack of

different techniques to prove the results.
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Figure 1.6: Representation of the wet-dry cycles hypothesis for the origin of life on
Earth. In the first phase, nucleotides would have been able to diffuse in the water in
the pond. The heat would lead to water evaporation (beginning of the dry stage),

leading to 2-dimensional confinement. The nucleotides would not have been able to
diffuse. Two nucleotides in a C3′-C5′ conformation would have been able to

polymerize thanks to the activation energy brought by the heat (e.g., Sun). Water
from rain (or other) would have remixed the nucleotides.
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1.5 Outlines of thesis research

This thesis focuses on the formation of a complex molecule: Ribonucleic Acid (RNA),

using non-activated nucleotides in the context of the origin of life on Earth.

Chapter 2 shows that pH plays an essential role in the origin of life research. We

experimentally investigated acidic pH with ammonium salts to form RNA polymer

using non-activated nucleotides. We worked with a unique machine, only present at

McMaster University, the Planet Simulator. We also examined the role of the salts

at neutral pH using MD simulations under wet-dry cycles.

In Chapter 3, we focused on the interactions of nucleotides with different sub-

strates materials that can be used as RNA polymerization catalysts studied by Molec-

ular Dynamics (MD) simulations. We reviewed the literature to collect information

about the different types of minerals which may have been present on primitive Earth

and what types of minerals research groups used for their experimentation. We pre-

sented a new model for where RNA polymerization could have occurred on primitive

Earth. This paper was published in a peer-reviewed journal Life (13(1):112) in 2022 by

myself, Alix Dujardin, Sebastian Himbert, Ralph Pudritz, and Maikel Rheinstädter

In Chapter 4, we used the new model presented in the previous chapter to form

RNA polymers experimentally without the use of enzymes or activated nucleotides.

Finally, in Chapter 5, we summarized the main conclusions from the three previous

chapters.
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2.1 Preface for Acidic environment does not favor

the formation of RNA polymers in a prebiotic

salty Warm Little Pond.

These researches were conducted to understand the formation of RNA polymers us-

ing different types of salts. For more than six months, we were optimistic about the

results obtained; gel electrophoresis showed bands using certain types of salts (NH4

ions salts) but none with others. We then conducted Molecular Dynamics computer

simulations to understand why we had such good results with the salts. But we found,

using mass spectrometry technique, that our bands were not RNA but a result of de-

composition of the nucleotides into sugar due to the acidic pH and high temperature.

Research on this specific subject has been on standby since.

Status: Because of the final mass spectrometer results, research on this subject

has been left on standby. Research needs to be continued.

Author Contributions:

Sample Preparation: Alix Dujardin, Renée-Claude Bider, Maikel Rheinstädter

Matlab Coding For Electrophoresis Gel Analysis: Sebastian Himbert

Planet Simulator Design: Maikel Rheinstd̈ater, Ralph Pudritz

Gel Data Analysis: Alix Dujardin, Maikel Rheinstädter, David Deamer

Mass Spectrometer: Avinash Dass

MD Model Development: Maikel Rheinstädter

MD Analysis: Alix Dujardin
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2.2 Introduction

Wet-dry cycles in warm little ponds for the origin of life is now a theory that is being

spread through the scientific community. Different groups have tested the effect

of hydration-dehydration (HD) cycles on polymerization. DeGuzman et al. [37],

and Rajamani et al. [112] used lipids as an organized matrice in their experiments.

Nucleotides formed polymers after cycling, from 10 to >50 nucleotides long [37], and

from 25 to 100 nucleotides long [112] respectively, by analyzing with nanopore and

gel electrophoresis. The presence of a secondary structure was proven by polymers

exhibiting hyperchromicity and intercalating dye. Hassenkam et al. [60] have noticed

viroid size ring-like structure by AFM, showing that nucleotides formed secondary

structures. Instead of lipids, DaSilva et al. [26] used salts as an organized matrice.

Four different monovalent salts were tested (LiCl, NaCl, KCl, and NH4Cl). According

to nanopore and gel electrophoresis results, ammonium chloride (NH4Cl) was found

to be the best salt to promote RNA polymerization.

Himbert et al. [64] have shown via X-ray diffraction technique that nucleotides

can be organized on elements surface such as lipids or salts. Depending on the envi-

ronment, the rate of polymerization is different. X-ray diffraction reveals that some

environments are better for organizing nucleotides and procuring two-dimensional
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confinement. Lipids had formed a liquid crystal film confining nucleotides where they

can diffuse and react without organic molecules, anhydrous or charge surface. Ammo-

nium chloride and clay provide a large surface area where nucleotides can be confined

between salt crystallites and the clay layers. Nevertheless, these environments do

not give the same amount of ordered structures. Clay improves UMP organization,

whereas salt is better with the mix AMP:UMP. However, the structure of minerals

depends on different parameters such as pH, concentration, and nature of molecular

solutes and electrolytes. Interactions between solutes and minerals can inhibit the

development of crystals [61]. The polymerization of RNA-like polymers was unsuc-

cessful but produced backbones of sugar-phosphate with a pH around 2, at ∼ 80-90◦C

[93]; indeed, it has been found later on that under these conditions, the base was lost

[93].

Different experimental techniques are used to mimic the primitive environment

with hydration-dehydration cycles. For the dehydration part, DaSilva et al. (2015)

[26] used a hot plate heated to the desired temperature (85◦C) under carbon dioxide

to obtain an oxygen and water-free environment. The samples were dispersed in

100µL of 1.0 mM HCl. Other groups built automatic machines. DeGuzman et al.

[37] created their homemade simulator chamber. This chamber is equipped with

an aluminum disk containing vials with the reactions. They used carbon dioxide

and heated it at 85◦C as well. Water was used to re-hydrate the mixture. Fox et

al.(2019) [49] designed another type of apparatus. They used a chemical system of

condensation. A Schlenk flask is warmed up via an oil bath. The flask is attached to

a heat-insulated glass riser linked with a reservoir. This part is attached to the low

part riser with a time-controlled valve. During the dehydration phase, the flask is
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heated. The nitrogen carries the water out. In the dehydration phase, the previously

stocked water vapor condensed in a reservoir is introduced into the hot flask via the

valve.
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Figure 2.1: Sketch of the Planet Simulator (Angstrom Engineering, Kitchener,
Ontario, Canada). The simulator is composed of a closed chamber where a

computer controls temperature, humidity, pressure, radiation, and gas. Temperature
(from -20◦C to +120◦C) is controlled by a Peltier element and a silicone oil bath.

The humidity (%RH) is formed via a bubbler. The rough pump controls the
pressure (0 to 760 Torr). The radiation (from 100 to 1000 nm) are controlled by two
light bulbs and two light-emitting diode -LED-. Three gas lines allow the choice of

the type of environment wanted in the simulator.
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In this study, we used a novel simulation chamber to mimic hot-cold and hydration-

dehydration cycles with unprecedented resolution and duration called the Planet Sim-

ulator, shown in Fig. 2.1. The Planet Simulator can modify five different parameters

(temperature, humidity, gas, pressure, radiation). It has the advantage of being

wholly automatized and computer-controlled. The parameters are regulated thanks

to the sensors present inside the chamber, and measurements can be saved and fol-

lowed in real-time. A full description of its capacity is described in the 2.3 Materials

and Methods part under 2.3.2 The Planet Simulator.

The RNA world proposed by Gilbert [54] in 1986 envisions that the first genetic

polymers that formed on the pre-biotic Earth were based on RNA polymerization and

replication. In this study, we investigated the formation of RNA using non-activated

nucleotides and hot-cold and hydration-dehydration cycles (HD cycles) under acidic

pH experimentally and neutral pH using Molecular Dynamics (MD) simulations in

the presence of different ammonium salts that have been reported or suggested for

their catalytic function. This study uses a novel simulation chamber to create un-

precedented resolution and duration cycles.

Using this simulator to mimic the HD cycles, we found that the pH of the solution

plays an important role in the polymerization of non-activated nucleotides. Under

acidic pH, the nucleotides are destabilized and then fragmented by hydrolysis. At

neutral pH, bonds would be more stabilized because of the titration of the polar groups

responsible for hydrogen bonding between the base pairs in RNA. Thus, nucleotides

would not degrade. Adding ammonium salt increased the number of positive charges

without changing the pH of the solution. From Molecular Dynamics (MD) computer

simulations, the NH+
4 ions form hydrogen bonds with the nucleotides in the aqueous
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phase, forming nucleotide clusters. When the water is removed successively, these

clusters’ nucleotides start forming 3’-5’ hydrogen bonds. In a dry (2 water molecules

per nucleotide and 90◦C) state, we observe the formation of hydrogen-bonded stacks

of up to six nucleotides. The ability to form these hydrogen bonds makes ammonium

different from other inorganic salts. We speculate that these pre-polymers are a

prerequisite for forming RNA polymers. In summary, we present a plausible molecular

model of how HD cycles in warm little ponds can lead to the formation of RNA

polymers in a prebiotic environment using non-activated nucleotides.

2.3 Materials and Methods

2.3.1 Sample Preparation

Solutions of AMP:UMP nucleotides (Sigma) and salts were prepared. Nucleotides

were mixed with NH4Cl, (NH4)2SO4 in a 1:1 molar ratio. A ∼10 mg/ml stock

solution of AMP (Sigma-Aldrich), initially in powder form was made with ultra-

pure (18.2 MΩ·cm) water. Subsequently, solutions were sonicated for approximately

15 min using a tip sonicator (10 s pulse, 15 s off), assuring complete dissolution.

Complete dissolution was indicated by a shift from a cloudy translucent solution to

a transparent solution by eye. This protocol was repeated for CMP and GMP (both

from Sigma-Aldrich). A ∼9 mg/ml stock solution of UMP (Sigma-Aldrich), initially

in crystal form was prepared. The solution was vortexed for 10 s, until crystals were

completely dissolved and the solution appeared homogeneous when observed through

a flashlight. AMP and UMP solutions were then mixed in a 1:1 molar and volu-

metric ratio and vortexed for 10 s to form a homogeneous solution. Though some
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experiments were conducted with CMP and GMP, AMP:UMP solution was the main

source of nucleotides in these experiments. AMP and UMP were selected as they are

complimentary which facilitates bonding [111].

A ∼1.5 mg/ml stock solution of ammonium chloride (99.5% purity, Caledon) was

prepared by combining ammonium chloride crystals with ultrapure water which was

subsequently vortexed for 10 s to dissolve any remaining crystals. The same protocol

was repeated to prepare stock solutions of ammonium sulfate, ammonium nitrate,

and ammonium acetate. Stock concentrations are listed in Table A.1.

Working under a biosafety enclosure, a glass slide was cleaned in dichloromethane

for ∼20 min. The slide was 75 mm × 25 mm × 3 mm with three wells, each of

which could hold ∼300 µl of liquid (United Scientific supplies, Inc). The slide was

subsequently rinsed by alternating ∼5 ml of methanol, and ultrapure water, ending

with methanol. The slide was then dried under a stream of nitrogen gas and placed

on a hot plate heated to 85◦C. Typically 250 µm of the solution was pipetted into

each sample well, such that each experiment had three replicates.

2.3.2 The Planet Simulator

The samples were then placed in the Planet Simulator (Angstrom Engineering, Kitch-

ener, Ontario, Canada), a custom-built simulation chamber in McMaster University’s

Origins of Life Laboratory. The simulator is sketched in Fig. 2.1. The Planet Simu-

lator can control temperature (-20 to 120◦C), humidity (0 to 100% RH), atmospheric

composition (four unique gas lines), radiation (155 to 1000 nm), and pressure (0 to

750 Torr). The Planet Simulator can intake multi-step recipes controlling these pa-

rameters, which can be looped to repeat steps. The simulator was first calibrated to
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a 40% RH, and 30◦C for both chamber and plate temperature. A simple cycle was

comprised of a dehydration phase and a hydration phase. To achieve dehydration

phases, the plate temperature was elevated to 90◦C, and the chamber temperature

was elevated to 85◦C, while the humidity was decreased to 10% RH. In this state, nu-

cleotides are thought to have sufficient energy to bond, while the lack of water would

minimize hydrolysis and restrict nucleotide movement so that nucleotides aligned

during the drying phase can bond. To achieve a hydration phase, the humidity was

increased to 90% RH while the plate temperature was decreased below the chamber

temperature, set at 20◦C to 15◦C. Placing the sample temperature below the dew

point induced condensation on the sample. Dehydration and hydration steps were

repeated, creating cycles. Throughout the experiment, pressure remained ambient

while the atmosphere was flooded by nitrogen gas to prevent any oxidation reactions

from occurring. Programmed cycle parameters can be seen in Table 2.1. The first

step presented in the table was an initial step to calibrate the temperature, humid-

ity, and gas in the chamber. At the end of step four, the cycles resumed at step

two. Samples were cycled for 40 cycles. After each hydration-dehydration cycle, a

short re-calibration occurred, where the plate and the chamber temperature were re-

turned to 30◦C, and the humidity to 40%. This ensured the simulator’s maximum

and minimum humidity did not change as the experiment progressed.
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Step
Chamber

(◦C)

Plate

(◦C)
Humidity (% RH) Time (hours)

1 30 30 40 2

2 30 10 40 0.66

3 98 90 10 1

4 30 30 40 1

Table 2.1: Planet Simulator settings for the different steps. All steps were
conducted in a 100% nitrogen atmosphere.

2.3.3 Microscopy

Fluorescent and optical microscopy were conducted using an Eclipse LV100 ND Mi-

croscope from Nikon in the Origins of Life Laboratory at McMaster University. The

instrument is equipped with a Tu Plan Fluor BD 50× objective with a numerical aper-

ture of 0.8. Images were recorded using a Nikon DS-Ri2 Camera with a resolution of

4908 × 3264 pixels and a pixel size of 7.3 × 7.3 µm2. The camera is mounted via a

2.5× telescope to the microscope. All images were recorded in episcopic illumination

mode using a halogen lamp. Due to the high numerical aperture, the objective has

a small depth of focus between 0.7 µm and 0.9 µm. To record a uniform sharp im-

age, the Nikon control software (NIS Elements, Version 4.60.0) was used to record an

Extended Depth of Focus (EDF) image by combining multiple images with different

focal planes. brightfield, darkfield and fluorescent images were taken for all samples.
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A B-2A long-pass emission filter cube was used with an excitation wavelength of 450–

490 nm, and a long-pass analyzing filter with a barrier wavelength of 520 nm. Due

to their auto-fluorescence, nucleotides light up in the fluorescent picture. Conversely,

salts barely emit a fluorescent signal such that nucleotide-enriched regions can be

identified on the fluorescent image.

2.3.4 UV-Visible Spectroscopy

UV-visible spectroscopy was conducted using a Nanophotometer (IMPLEN NP80).

Water was used as a blank, and five 1.2 µl sample measurements were taken for each

compound. Complete wave scans were measured and normalized for a wavelength

range from 200 nm to 800 nm. These scans were used to determine nucleotide con-

centrations, which were returned by the nanophotometer in ng/µl. Working with

very short RNA strands, this step was key in confirming the presence of nucleotides

before running the gel. The nanophotometer was often saturated, indicating a high

concentration of nucleotides. Given this information, if a gel was returned with lit-

tle to no results, it could be determined that the experimental parameters had not

promoted RNA synthesis.

2.3.5 Electrophoresis Gel Preparation

DNA or RNA precipitation followed by Polyacrylamide gel electrophoresis is a stan-

dard practice determining the length of DNA and RNA strands. Ethanol RNA or

DNA precipitation typically requires a two-hour freezing in -20◦C before centrifug-

ing. Glycogen is typically added to the ethanol solution if concentrations of RNA or

DNA are low. Glycogen (Glycogen for Mol. Biol., Roche), a highly branched glucose
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polymer, is insoluble in ethanol and forms a precipitate in the presence of salts. As

it precipitates, it traps nucleic acids, acting as a carrier and increasing precipitation

yield. Glycogen also forms a visible pellet which aids in further handling. Polyacry-

lamide gels for RNA or DNA visualization are typically prepared with concentrations

ranging from 5-10%. This protocol is designed for visualizing long strands of genetic

material, such as entire genes, and was not found to be sufficient for the visualization

of very short RNA strands.

Therefore, the electrophoresis gel preparation protocol used in these experiments

was optimized to increase gel resolution in the range of short strands [57]. When

precipitating the gel, the freezing step was increased to ∼12 h at -20◦C to increase

the yield of short-strand precipitation. Though nucleotide concentrations were much

higher than typical precipitated solutions, glycogen was added to the ethanol solution

to account for low polymerization yields. Gel concentration was increased to 20%

polyacrylamide, increasing the separation of different strand lengths and short strand

visibility.

Sample was first extracted from the Planet Simulator processed samples to per-

form RNA gel electrophoresis. To remove the sample from the glass well, 100 µl of a

70% ethanol solution was deposited on the sample in the well. The sample surface was

delicately disturbed with the pipette tip. The ethanol solution was then extracted

along with any dissolved sample and deposited in a 1.7 ml Eppendorf tube (Diamed).

This procedure was repeated approximately three times until the well appeared clear.

70% ethanol was then added to the Eppendorf tube to bring the volume to a total of

∼700 µl. In order to precipitate the RNA, 20 µl of 3M sodium acetate and 1 µl of

glycogen were added to an Eppendorf tube. After that, samples were vortexed and
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placed in the freezer at -20◦C for 12 hours.

Samples were centrifuged at 13000 rpm and -2◦C for 20 min, precipitating the

RNA. The supernatant was removed and replaced with 100 µl of 70% ethanol to

dissolve any remaining salts. The samples were centrifuged in the same settings for

5 min, and the supernatant was removed again, such that only the RNA pellet re-

mained. Samples were dried under a nitrogen stream until the ethanol had completely

evaporated.

To prepare samples for gel electrophoresis, 20 µl of water, 2 µl of gel loading dye,

and 1 µl of a 30% glycerol solution were added to each Eppendorf tube containing an

RNA pellet. Samples were vortexed to redissolve the RNA. In order to denature the

RNA and eliminate secondary structures, each sample was heated in a water bath at

90◦C for 1 min and allowed to cool for 5 min.

A 20% polyacrylamide gel was prepared. 28.8 g of Urea (BioShop) was mixed with

6 ml of TBE Buffer (BioShop) 10× and 30 ml of acrylamide 40% (29:1 crosslink ratio)

(BioShop) and placed on the hot plate at 50◦C with a mixing rod set to 450 rpm to

dissolve urea. Once the urea was dissolved, 199.2 µl of APS (Ammonium persulfate)

and 24 µl of TEMED (Tetramethylethylenediamine) (BioShop) were added to the

solution, which was carefully mixed and poured between the two plates. Once the gel

had filled the plates, a 20-well comb was added (each well measured ∼4.5 mm). The

gel was then left to solidify for approximately 20 min. Once solidified, the gel and

plates were clamped onto the vertical polyacrylamide electrophoresis machine (C.B.S

scientific), and an aluminum plate was clamped to the back to distribute the heat,

ensuring that RNA in all lanes encountered equal resistance and therefore migrated

at the same speed. The comb was removed, and TBE 1× was placed in the top and
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the bottom bath, filling the wells and covering the bottom of the gel. A syringe was

used to rinse the wells with TBE 1× to flush out any excess polyacrylamide solution

which could deform the wells.

Finally, the gel was pre-run for 15 min with 3000 V, 400 mA, and 20 W. Preheating

the gel allows the gel to stabilize and ensures that RNA strands move uniformly and

do not accelerate as the gel warms. Before adding the samples to the gel, wells were

once again rinsed with TBE 1× via a syringe to remove any urea accumulation in the

lanes.

20 µl of each sample was placed in each well with 200 µl corning flat 0.4 mm thick

gel-loading pipette tips (Sigma-Aldrich), such that there was a unique experiment

in each well. Two ladders, dsRNA NO363S (BioLabs Inc), were added to two wells,

and one well contained a control sample of a non-cycled AMP:UMP stock solution.

Samples were run at 20 Watt constant power for approximately 1.5 h.

2.3.6 Electrophoresis Gel Analysis

To analyze the results, the gel was released from the electrophoresis plates and placed

in a bath with 300 ml of TBE 1× and 3 µl of SYBR Gold nucleic acid gel stain (Life

Technologies Corporation; 10.000X concentrate in DMSO), for 10 min. Syber gold

was used for these experiments as it provided the highest resolution. The gel was

photographed under UV light (302 nm) using an Azure C400.

Once the gel has been photographed, our MATLAB script can map out the in-

tensity of the entire gel. The black and white gel is converted to a jet color gel to

visualize intensity better. Due to the acceleration of the polymers within the gel,

the length of the polymers is exponentially spread out. We calibrate what value on

32

http://www.mcmaster.ca/
https://www.chemistry.mcmaster.ca/


M.A.Sc. Thesis – A. Dujardin; McMaster University – Chemistry and Chemical Biology

the y-axis corresponds to the length of the nucleotide chain using our two ladders

and fit the correspondence with an exponential. Each well is analyzed by selecting

and applying Gaussians to the most prominent peaks. The Gaussian peaks were cho-

sen to correspond with the features seen in most or all gels with the same physical

parameters (salts, AMP:UMP, etc.).

A noteworthy drawback of our analyzing process is the degree of the exponential

needed to fit the calibration - because we chose to have greater precision for the

smaller chains. The peaks at low polymer chain lengths are much clearer than those

at higher nucleotide lengths. At those higher lengths, >100, RNA chains are highly

compressed and difficult to discern via our current method. The appearance of ‘tails’

at the end of highly saturated gels is due to the compression of all of our data points

after a particular mark on the gel.

2.3.7 Molecular Dynamics Simulations

MD simulations were also run to visualize the behavior of the nucleotides in our

experiments. The simulation box contained 100 molecules of AMP and UMP re-

spectively, a quartz substrate representing the slide, and different salts depending

on the simulation run. Molecules were taken from the CHARMM-GUI archive-small

molecules library using CHARMM-GUI multi-component assembler [71, 77, 16]. The

simulation box was 90 Å3 in size. GROMACS 2016.3 on MacSim was utilized to

run the simulations, a GPU-accelerated computer workstation [1]. This computer

is equipped with a 40 Core central processing unit (CPU, Intel(R) Xeon(R) CPU

E5-2630 v4 @ 2.20GHz), 130 GB random-access memory (RAM), and three graphic

processing units (GPU, 2 NVIDIA 1080 TDI + 1 GeForce GT 730). Simulations can
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only be run at pH 7.

The systems were first energy minimized and then equilibrated for 100 ps using an

NVT ensemble before being simulated for 10 ns at 100% hydration. All simulations

used a 2 fs time step, a periodic boundary cutoff of 1.2 nm, the particle-mesh Ewals

method using a real-space cutoff of 1.2 nm, fourth-order interpolation, and 0.16 nm

grid spacing to solve for long-range electrostatics. The parallel LINCS (P-LINCS)

algorithm was used to determine bond constraints [62]. Temperature and pressure

were maintained at 303 K and 1.0 bar using a Nose-Hoover thermostat [97, 98, 65] at

30◦C (τ = 1.0 ps) and Parrinello-Rahman isotropic weak coupling (τ = 1 ps) [103].

All analyses were performed on the entire simulations.

Water was removed successively during the simulations to mimic dehydration and

a wet-dry cycle, following the same protocol as explained in [41].

2.3.8 Mass Spectrometry

A HPLC was combined with a ESI-TOF. The detailed protocol of the mass spec-

trometry can be found in the Dass et al. (2023) paper [31]

2.4 Results

2.4.1 At pH 2, non-activated nucleotides are degraded

Gel electrophoresis

The gel electrophoresis results observed in Fig. 2.2 were not the same as what we

could expect when looking at RNA polymers [78]. Indeed, no distinct bands are seen,
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only a continuous band throughout the gel which is similar to what can be observed

with polyphosphate [92].

After 40 cycles at pH 2 (Fig. 2.2), AMP:UMP mix reveals a weaker intensity on

the gel than the mixes AMP:UMP:salt. It was noticed that AMP:UMP:ammonium

sulfate had the strongest intensity on the gel, compared to the mixes with ammonium

chloride or ammonium nitrate.

Ladder (bp)

150

50

21

30

AMP:UMP
AMP:UMP:

NH4Cl

AMP:UMP:

(NH4)2SO4

AMP:UMP:

NH4NO3

Figure 2.2: Gel electrophoresis of AMP:UMP, AMP:UMP:NH4Cl,
AMP:UMP:(NH4)2SO4, and AMP:UMP:NH4NO3 after 40 cycles. The coloration

was inverted so that the results appear in black on the gel.

A sample containing AMP:UMP was also run at 25◦C without cycles. The results

can be seen in Fig A.1. These results were generated using our MATLAB code. This

code allowed us the create an intensity map of each gel’s line (Fig A.1a), c)) and to

convert it into the number of nucleotides in nanomole (quantity of nucleotides added

in each well) in the function of the size of the polymers (calibration with the ladder
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present on the gel electrophoresis) (Fig A.1b), d)). The results presented in Appendix

A.1 show that cycling at high temperatures generates the degradation of nucleotides

(due to the absence of peaks). However, room temperature without cycling does

not help the formation of polymers, but they are not degraded either. These results

suggest that high temperature is the main factor for the degradation of nucleotides.

Microscopy images of the mix AMP:UMP:salts have been taken before and after

cycling to see the microscopy evolution of the salts crystals structure and the distri-

bution of the nucleotides (seen in the fluorescent filter in Fig. A.2,A.3 in c), f), k),

n)). On the microscopy images in Fig. A.2,A.3 in d), l) is the brown color resulting

from the caramelization of the nucleotides. The degradation of the nucleotides looked

more important with the ammonium sulfate salt as seen in Fig. A.2o), p).

The number of nucleotides:salts added to the gel was also tested (Fig A.4. In-

creasing the number of elements in the mix did not help prevent the degradation of

nucleotides.

The number of cycles was also reduced to see after how many cycles the degrada-

tion of nucleotides started (Fig. A.5. A clear degradation started after 6 cycles. Even

though no degradation is visible on the gel before 6 cycles, no polymerization is seen

either.

Finally, long periods of dryness and humidity were tested. A long period of heat

seems to accentuate the degradation of nucleotides (Fig A.6), while low humidity

inhibits this degradation (Fig A.7).
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Mass spectrometry

A)

B)

Figure 2.3: Mass spectrometry results obtained with HPLC- ESI-TOF. In A), DAD
(Diode Array Detector) are the results obtained for a mix AMP:UMP:NH4Cl. The
retention time was inferior to the retention time obtained with a known dimer. No

peaks can be seen for longer polymers either. In B), the mass spectrum was
extracted from the DAD (Diode Array Detector) for the 1-3.5 min peaks.

Non-covalent (N-C) adducts are seen.
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Mass spectrometry was performed on the different samples AMP:UMP and AMP:UMP:

salts. The retention time of standard oligomers from 2-10 mers was obtained as seen

in Dass et al. (2023) [31]. However, for AMP:UMP:NH4Cl after ethanol precipita-

tion, there appear to be no oligomers as seen by lack in DAD (Diode Array Detector)

(Fig. 2.3A)). The DAD showed possible dimer dimers. But on the inspection of cor-

responding mass spectrometry in Fig. 2.3B), the masses found were of non-covalent

(n-c) adducts formed by the mass spectrometer analysis. The masses corresponding to

oligomers 2-10 were extracted from EIC spectra, but none were observed (Fig. 2.3A)).

2.4.2 At pH 7, Molecular Dynamics simulations reveal the

formation of clusters in the presence of ammonium ions

We wanted to understand how the nucleotides behaved in the presence of salt in the

context of our experiment, and thus, we ran MD simulations. We ran the simulations

before obtaining the mass spectrometry results. We wanted to understand why we

had such “good results” with the presence of ammonium salts. We mimicked our

experiments in the simulations by mixing 100 molecules of AMP and UMP AMP:UMP

and NH4 ions while drying the system slowly to reproduce the dehydration process.

These simulations were run using the protocol in Dujardin et al. (2022) paper [41]

(Chapter 2 of this thesis).

Dehydration drives adsorption and 2-dimensional confinement of nucleotides

and formation of pre-polymers in the presence of ammonium ions

As defined in Dujardin et al. (2022) [41, 64], pre-polymers are nucleotides aligned

in the good conformation C3’-C5’ linked via hydrogen bonds but have not yet been
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linked via phosphodiester bonds.
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Figure 2.4: Molecular Dynamics (MD) simulations were run in the presence of
nucleotides (in grey), quartz (in yellow), ammonium ions (in purple), and calcium

ions (in green) represented by snapshots at the top (MD with ammonium ions) and
the bottom (MD with calcium ions) of the figure, at different percentage of

hydration. Fully hydrated, nucleotides started forming clusters with ammonium
ions far from the quartz slide, whereas calcium and nucleotides did not form

clusters. When dehydrated the systems, tight clusters of ammonium and nucleotides
were more and more present and closer to the slide, but this phenomenon is less

present with calcium ions. The number of Hbonds between C3′ − C5′ of the
nucleotides was calculated as a function of hydration. The number of Hbonds is
small when fully hydrated for both systems (less than 5); this number started to

increase in the presence of NH4 ions to finish at ∼15 but did not with calcium ions.

Computer simulations were run with (NH4)2SO4 and AMP:UMP in water (Fig 2.4).

39

http://www.mcmaster.ca/
https://www.chemistry.mcmaster.ca/


M.A.Sc. Thesis – A. Dujardin; McMaster University – Chemistry and Chemical Biology

Nucleotides are represented in gray, NH4 ions in purple, and the quartz is shown in

yellow on the top half of the figure. Snapshots were taken at three different hydration

levels: 100%, 15%, and 0.5%. 0.5% was also run at 60◦C and 90◦C in addition of the

30◦C. When fully hydrated, the nucleotides and ions do not cluster. When decreasing

the humidity level, nucleotides and ions started to cluster on the quartz. It has been

shown before that the interaction between the quartz and the nucleotides is negligible

[41]. We also simulate without the quartz at 100% hydration (Fig.A.8a), b) c)). After

100 ns, nucleotides and NH4 ions started to cluster. MD simulations were also run

with nucleotides only at 100% hydration (Fig. A.9). After 100 ns, nucleotides do not

form clusters.

The number of Hbonds was then calculated between the C3′ and C5′ of the

nucleotides in the simulation. The number of Hbonds increased while the hydration

level decreased. The variation of temperature does not affect the number of Hbonds

formed. At 0.5%, the average was 15 Hbonds. The temperature slightly affected the

number of Hbonds, changing from an average at 15 Hbonds at 30◦C to 11 Hbonds

at 90◦C. For the simulation without the quartz, we calculated the number of Hbonds

between the C2′/C3′ − C5′ with an average of 4 Hbond (Fig.A.8g).

We also ran a dynamic simulation with tRNA and ammonium sulfate to see if the

ions intercalate between the bases (Fig.A.11). It appears that after the RNA forma-

tion, the ions do not play a role anymore and only form clusters between themself.

Indeed, only a few Hbonds can be seen on the graph, up to ∼40, in contrast to ∼475

for AMP:UMP:(NH4)2SO4 simulation (Fig. A.8e)).
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There is no clustering in the absence of hydrogen bonding

MD simulations were run with another ion than NH4, Calcium (Ca) ions. Ca was

chosen because it can not form Hbonds with the nucleotides. On Fig 2.4 bottom

half, Ca ions are represented in green, nucleotides in gray, and the quartz in yellow.

While looking at the simulation over time, nucleotides do not form tight clusters on

the quartz slide. A representation of the simulation at 100% without the quartz slide

can be seen in Fig. A.10.

The number of Hbonds between C3′ − C5′ of the nucleotides in the presence of

Ca ions is 5 Hbonds at 0.5%, which is 33% fewer Hbonds than with NH4 ions.

Formation of pre-polymers is driven by dehydration, not by the surface

To be sure that the quartz was not playing any role in the formation of the pre-

polymers, the number of Hbonds was calculated the C3’ and C5’ of the nucleotides

within 7 Å to the quartz (Fig. A.12). At 0.5% hydration, whether it be with NH4 or

Ca, the average has been found to be 3 Hbonds.

Ammonium ions organized nucleotides up to six nucleotides

The radial pair distribution function g(r) between two nucleotides’ bases has been

calculated in the presence of ammonium ions and calcium ions and is presented in

Fig.2.5. At 100% hydration, whether with NH4 ions or Ca ions, nucleotides are not

organized more than two bases pair. At 0.5% hydration at 30◦C, ammonium ions

helped form longer chains of nucleotides up to 5 nucleotides, even though the signal

is noisy. The signal is even noisier with calcium ions, and peaks are more challenging

to determine. Moreover, the quantity of the chains is less than with NH4 ions. At 0.5%
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hydration at 90◦C, the signal is less noisy, and the peak can be clearly determined

in the simulation with ammonium ions, which led to the formation of chains up to

6 nucleotides, with a distance of ∼2.5 Åbetween the base. With the calcium, the

signal at 90◦C is similar to the one at 30◦C.
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Figure 2.5: The radial pair distribution function g(r) was calculated in the presence
of ammonium ions (top) and calcium ions (bottom) at 100% hydration, 0.5% at

30◦C and 90 ◦C. No organization of the nucleotides can be seen with calcium ions,
whereas nucleotides are organized at 0.5% in the presence of ammonium ions.

2.5 Discussion

This research aimed to find a way to form phosphodiester bonds between non-activated

nucleotides using wet-dry cycles and salts as catalysts. Unfortunately, our results

showed us a different route. Our first results revealed that the combination of acidic
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pH plus high temperature accelerates the decomposition of nucleotides. Indeed, gel

electrophoresis results displayed large and thick bands and mass spectrometry did not

expose covalent bonds between the nucleotides. Furthermore, we found that without

high temperatures, there is no decomposition of the nucleotide.

After some cycles, the color of the mixture started to change from a translucent

color to a brown color. A phenomenon of caramelization occurred there due to the

degradation of the nucleotides, similar to a Maillard reaction. However, carameliza-

tion differs from a Maillard reaction for the absence of amino acids and the pyrolytic

aspect of the caramelization reaction [69]. Indeed, Mungi and Rajamani (2015) [93]

have shown that under low pH and high-temperature conditions, the nucleotides be-

came abasic, meaning that the nucleotide lost their nucleobases. Moreover, it has

also been shown that under acidic conditions (e.g., pH 2) and high temperature (e.g.,

100◦C), 50% of the RNA phosphodiester bonds were cleaved after only 50 min [14].

This reaction can be due to nucleophilic substitution, where the atom linked to the

sugar is substituted by another chemical. This leads to a split of the sugar and the

phosphate group.

It is, however, unclear through these results what the products of degradation

are. Indeed, the only products we can observe with the gel might be related to

polyphosphate. But it is possible that we formed a backbone of polymers with a

loss of base like Mungi and Rajamani (2015) [93] saw during their experiments. One

experiment that can be done is to add borate to the mix to stabilize the pentose.

As Benner [7] showed in his paper, borate might stabilize the sugar in the nucleotide

molecules. Another method we can use to verify our results is nanopore sequencing,

like Deamer and his group did in their research on the origin of life [26]. Furthermore,
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the number of cycling used in our experiments could be reduced to match DaSilva et

al. experiments [26].

No precise results can be detected from these results, and before continuing fur-

ther, it is essential to understand the behavior of the nucleotides at different pHs

and temperatures. Using Nuclear Magnetic Resonance (NMR) technique, a phase

diagram can be done to understand the stability of the nucleotides under different

temperatures and pHs.

To understand the link between the pH coupled with temperature and their effects

on nucleotides, it would be interesting to run Nuclear Magnetic Resonance (NMR)

to characterize the different products formed when nucleotides are degraded.

Molecular Dynamics simulations have shown that pH 7 and wet-dry cycles could be

a potential source of RNA polymerization. MD simulations revealed that ammonium

ions reduce the distance between the nucleotides by the formation of Hbonds between

NH4 ions and the nucleotides. The decreasing distance led to the increasing number of

pre-polymer, Hbonds formation between the C3′ and the C5′ of the nucleotides when

decreasing the hydration rate. Even more, the nucleotides are organized periodically,

every ∼3 Å, when the system is dehydrated. Another important point to note is that

the heat does not destroy this pre-polymer; even better, it allows a slightly better

organization of the nucleotides. This phenomenon is not observed with other types

of salt, such as calcium chloride. This suggests that these Hbonds would have been

necessary on a prebiotic Earth to form later on phosphodiester bonds [41].
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2.6 Conclusion

The formation of RNA from non-activated nucleotides using wet-dry cycles is not an

easy process. The planet simulator allowed us to have wet-dry cycles with unprece-

dented resolution. However, the low pH, in addition to the extreme heat necessary to

form the phosphodiester bonds, is not a good combination to preserve the integrity

of the nucleotide molecules. Adding certain types of salts, such as ammonium ones,

accelerates this decomposition. Neither gel electrophoresis nor mass spectrometry

revealed the formation of phosphodiester bonds between nucleotides. Nevertheless,

Molecular Dynamics simulations revealed that at pH 7, in the absence of water, NH4

ions help form Hbonds between the C3′ and the C5′ of the nucleotides by cluster-

ing. These pre-polymers may have been necessary for RNA formation on prebiotic

Earth. These findings suggest that a neutral environment in a warm little pond in

the presence of ammonium ions could have led to the formation of RNA polymers

from non-activated nucleotides on an early Earth.
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3.1 Preface for Paper I

This paper aimed to have a deeper understanding of the nucleotide (AMP, UMP,

CMP, GMP) interactions with different substrates using Molecular Dynamics (MD)

simulations, in the context of the origin of life. We investigated the different properties

of nine types of minerals. We wanted to find a link between the minerals’ proper-

ties and the interactions with the nucleotides which may have led to the formation

of RNA. Thus, we forced dehydration by removing manually after each simulation

molecules of water mimic RNA formation in warm little ponds.
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The Formation of RNA Pre-Polymers in the Presence of
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Dynamics Simulations
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Abstract: We used all-atom Molecular Dynamics (MD) computer simulations to study the formation
of pre-polymers between the four nucleotides in RNA (AMP, UMP, CMP, GMP) in the presence of
different substrates that could have been present in a prebiotic environment. Pre-polymers are C3′–C5′

hydrogen-bonded nucleotides that have been suggested to be the precursors of phosphodiester-
bonded RNA polymers. We simulated wet–dry cycles by successively removing water molecules
from the simulations, from ∼60 to 3 water molecules per nucleotide. The nine substrates in this
study include three clay minerals, one mica, one phosphate mineral, one silica, and two metal
oxides. The substrates differ in their surface charge and ability to form hydrogen bonds with the
nucleotides. From the MD simulations, we quantify the interactions between different nucleotides,
and between nucleotides and substrates. For comparison, we included graphite as an inert substrate,
which is not charged and cannot form hydrogen bonds. We also simulated the dehydration of a
nucleotide-only system, which mimics the drying of small droplets. The number of hydrogen bonds
between nucleotides and nucleotides and substrates was found to increase significantly when water
molecules were removed from the systems. The largest number of C3′–C5′ hydrogen bonds between
nucleotides occurred in the graphite and nucleotide-only systems. While the surface of the substrates
led to an organization and periodic arrangement of the nucleotides, none of the substrates was found
to be a catalyst for pre-polymer formation, neither at full hydration, nor when dehydrated. While
confinement and dehydration seem to be the main drivers for hydrogen bond formation, substrate
interactions reduced the interactions between nucleotides in all cases. Our findings suggest that small
supersaturated water droplets that could have been produced by geysers or springs on the primitive
Earth may play an important role in non-enzymatic RNA polymerization.

Keywords: origins of life; non-enzymatic RNA polymerization; prebiotic mineral surfaces; molecular
dynamics simulations; hydrogen-bonded RNA pre-polymers

1. Introduction

One of the most challenging questions about the origin of life is in what environment
primitive life may have started. It has been suggested that life can form near hydrothermal
vents [1–7], in warm little ponds [8–21], or in ice [22–25]. In all these scenarios, biomolecules
are in contact with substrates. Minerals are known to be catalysts for many reactions, such
as molecular synthesis, selection, protection, concentration, templating or even organi-
zation of biomolecules [26]. During the Hadean period (about 4 Gy ago), more than 420
different types of minerals were estimated to be distributed on Earth [26]. The question
is what mineral potentially helped the formation of life, and what kind of interactions
between biomolecules and minerals are important for the emergence of life? To answer
those questions, numerous experiments included minerals, whether to understand how chi-
rality of molecules started [27–31], to understand the synthesis of the first building blocks
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of life [2,32–42], the first metabolism [1,43–56], the formation of primitive cells [57–60],
to synthesize peptides [60–65], or to synthesize ribonucleic acids (RNA) [17,60,64,66–77].

RNA synthesis becomes particularly relevant since primitive life is thought to have
started with RNA because RNA can store genetic information and it is also a catalyst [78–82].
RNA is also capable of evolution in vitro [83–89]. Modern RNA is mainly synthesized via
RNA-polymerases by using DNA as a matrix. However, it is not clear how such molecules
could have been synthesized 3.5 billion years ago. Since the discovery of the catalytic
activities of RNA, many scientists have addressed the question of RNA synthesis in the
prebiotic world [90]. Finding a catalyst/template to promote RNA synthesis is essential
since it is thermodynamically not possible for polymerization to happen in water only.

Minerals are likely important for the origin of life research for multiple reasons. One
of the main benefits of the minerals is to concentrate biomolecules in solution. It has
been shown in many studies that charged surface minerals adsorb charged biomolecules.
For example, Ferris and Ertem [72,91] highlighted that the protonated base and the negative
charges of montmorillonite surface interact via electrostatic interactions. Franchi et al. [92]
have shown the importance of the type of cation used for binding to the surface. They
exposed that divalent cations were better at mediating the adsorption compared with the
monovalent cations. Other substrates have been used to concentrate nucleotides [93]. It is,
however, possible to concentrate biomolecules in water without surfaces. Mast et al. [94]
conducted experiments on thermal gradients that led to the formation of polymers due to a
thermal trap. They explained that the thermal trap increases the sequence space availability
and induces active catalytic polymer formation.

As RNA synthesis from monomers is thermodynamically unfavorable in the pres-
ence of water, many of these studies in aqueous environments used activated nucleotides.
In this study, we investigated the interaction between non-activated nucleotides and nine
substrates that have been suggested to be present on primitive Earth [26] using all-atom
Molecular Dynamics (MD) simulations. Water molecules were successively removed
during the simulations to mimic dehydration. Three clays were investigated (montmo-
rillonite, kaolinite, and pyrophosphate), one mica (muscovite), one phosphate mineral
(hydroxyapatite), one silica (quartz), two metal oxides (corundum, and periclase), and one
carbonaceous material (graphite).

These nine substrates were chosen because of their interest in origin of life research.
Clays are known to have reactive surfaces, high cations exchange, and catalytic activities in
aqueous environments [95] and clays are often used in origin of life research because of these
properties [45,46,57,66–72,93,96–98]. Montmorillonite and kaolinite are abundant clays on
Earth [99,100]. We also included pyrophyllite, which has aluminum atoms sandwiched
between two silica sheets, and kaolinite, which consists of a single sheet of silica, only.
All three clays can be found where hydrothermal alteration occurred, such as in warm
little ponds or in epipelagic environments, as sketched in Figure 1. Montmorillonite and
pyrophyllite are found at low-temperature metamorphism, and montmorillonite can also be
present in meteorites [26]. Muscovite is a common mineral on Earth, which can be compared
to clays because it has a similar structure to montmorillonite. It is authigenic (formed where
it is found), but it can also be found in granitic igneous, and where hydrothermal alteration
and regional metamorphism occurred. Some traces are found in Hadean zircons (the oldest
mineral that survived Earth’s transformation) [26,101]. Some scientists used muscovite as a
“primitive cell” because it has common points with our modern cells [102–105].

Hydroxyapatite is the main constituent of dental enamel, dentin, and bones. It is found
where hydrothermal alteration and serpentinization happened [26,74]. Hydroxyapatite
was included in this study because it was used in several experiments for phosphate
and nucleotide synthesis linked to the origin of life [38,39,74]. Silicate minerals (quartz)
represent more than two-thirds of the Earth’s crust. As a result of their abundance on
Earth, silica was one of our minerals selected. They can be found in granitic igneous, where
hydrothermal alteration occurred, in meteorites and clastic sedimentary environment,
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as well as in Hadean zircons inclusion [26,95]. Quartz is used in origin of life research
related to the chirality of molecules [27–30].

Figure 1. Sketch of primitive Earth including the nine substrates investigated in this study. Each
substrate differs in its macrostructure, microstructure, and interaction between the atoms. They
occur in different environments, such as hydrothermal alteration, low-temperature metamorphism
(where pressure is higher), regional metamorphism (large-scale action of heat and pressure), contact
metamorphism (contact with or proximity to a magmatic rock), serpentinization (contact between
seawater and magmatic rock with a low silica rate), meteorite, in granitic igneous rocks (specific
magmatic rocks), and in Ur-mineral (minerals formed from presolar grains) [26]. Clay substrates
are represented by a jar (montmorillonite, kaolinite, pyrophyllite), mica is represented by a rock
(muscovite), the phosphate mineral by bone (hydroxyapatite), metal oxides by sapphire (corundum,
and periclase), the crystal represents the silicate mineral (quartz), and the pencil represents the
carbonaceous material (graphite). Representations are used throughout the manuscript.

Corundum has, among others, two gem varieties: ruby and sapphire. It is commonly
found in meteorites but it can also be found in alkali igneous (in the basic and volcanic
environments), where contact and regional metamorphism happened, in hydrothermal al-
teration, in a clastic sedimentary environment, and Ur-minerals from pre-solar grains. This
mineral was used to understand the formation and the stability of the first cells [106,107].
Periclase is usually found in marble produced by contact, and regional metamorphism in
the form of inclusion, as well as in meteorites [26]. Periclase and corundum were chosen
because these minerals can be found in small inclusions in bigger rocks. Their atoms’
organization provides them a hardness that is not present in the other minerals studied.
Graphite is one of the presolar dust grains [108], but it can also be found in metamor-
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phic rocks. Some researchers used it to understand the first metabolism [109] and the
concentration of nucleic bases [110,111].

In the wet–dry cycles hypothesis for the origin of life [15,16], nucleotides are mixed
in an aqueous phase and then dried on a surface. At the same time, the available thermal
energy for sufficiently warm conditions drives the formation of a phosphodiester bond
between the C3′ and C5′ of neighboring nucleotides. This assumption implies that nu-
cleotides align in a way that brings these two atoms in close proximity when they dry out on
a surface. The question that we address is to what extent various mineral substrates are able
to promote polymerization by either securing favorable proximity or securing favorable
molecular arrangements of the nucleotides. We address this question by conducting a
comprehensive series of MD simulations in which we carefully follow the dynamics of
nucleotides in their interaction with one another and as well as the nine surfaces of minerals
noted in Figure 1 as dehydration takes place. In particular, we track the appearance of
hydrogen bonds between the C3′ and C5′ atoms that are probably precursors of covalent
bond formation. These nucleotides, which are aligned, however, have not yet formed
phosphodiester bonds have been named ‘pre-polymers’ [9]. These pre-polymers are thus in
the right conformation and ready to bond; however, ester bond formation is a rate-limiting
process, unlike hydrogen bonds. Even though the formation of phosphodiester bonds
using wet–dry cycles is a thermodynamically favorable process [15], the formation rate of
these bonds must be as fast as possible due to numerous exterior factors that can damage
RNA polymers, such as hydrolysis, pH, or temperature. Our simulations suggest that
surfaces may play a secondary role in this pre-polymerization phase. It is most likely
that the stage leading to polymerization in such dehydration conditions occurs in the
volume of drastically dehydrated ponds and, in particular, in small droplets that are nearly
completely dehydrated.

2. Results

2.1. Substrate Properties: Charge and Hydrogen Bond Potential

In the following, we classify the substrates used in this study based on two physical
properties, which we believe are important for their interaction with nucleotides: (1) their
charge and (2) their potential to form hydrogen bonds (Hbonds) with the nucleotides.

2.1.1. Charges

The type of atoms and their arrangement determine the surface charge of a substrate.
This property determines what types of molecules or molecular groups would be attracted
through electrostatic interactions. To better understand the surface charge of each substrate,
an interpolated charge surface map was created and is shown in Figure 2. This map was
generated using the software BIOVIA Discovery Studio 2021 [112]. A partial charge is
assigned to each atom on the surface. If there is no partial charge available, the system
calculates the Gasteiger charge which is determined on the basis of electronegativity
equilibration [113]. The limits used are −0.1 to +0.1 C. The map is then created using
a numerically mapped color spectrum. In Figure 2, the light blue represents a positive
surface, the dark-purple blue is associated with a neutral surface, and the red color shows
a negative surface.

From these calculations, three of the substrates are strictly positively charged: mus-
covite’s surface is positive due to the potassium ions on the surface. Corundum is positively
charged throughout its entire surface due to the aluminum present. Periclase’s overall
charge is positive due to the presence of magnesium.
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Figure 2. Surface map of interpolated charges for the different substrates. Light blue represents
a positive charge, while red shows a negative charge. Charges vary between −0.1 and +0.1 C.
Dark blue/purple illustrates a neutral charge. Montmorillonite, muscovite, corundum, kaolinite,
and periclase are positively charged. Pyrophyllite and quartz are neutral. Hydroxyapatite is both
positive and negative. Graphite has an inert surface. Maps were created using BIOVIA Discovery
Studio 2021 [112].

The montmorillonite surface tends to be positively charged but less than +0.1 C.
The extremity of the folia is, however, neutral. Kaolinite tends to have similar charges
as montmorillonite; however, its surface tends to be more positive due to the presence
of hydrogen atoms. Hydroxyapatite’s surface is both positively and negatively charged.
The oxygen attached to the phosphate gives a negative charge, while the calcium provides
a positive charge. Pyrophyllite’s surface tends to be neutral due to the position of the
hydroxide ions in the substrate. Quartz is also neutral because each oxygen is linked to a
silica atom. Graphite is included here as a reference for a non-interacting substrate because
it has no charges. The role of this substrate will be discussed further below.

2.1.2. Hydrogen Bond Potential

A substrate’s capacity to form Hbonds with external molecules, such as the nucleotides,
is an important physical property. The surface map in Figure 3 gives information on the
area of the surface where nucleotides can bond. To do so, a map was created to extrapolate
the potential donor or acceptor of each surface using BIOVIA discovery Studio 2021 [112].
Hydrogen atoms were added if needed to ensure a consistent surface. If an atom is
considered as a donor, a fictitious charge q is given of +1 C. A fictitious charge q of −1 C
is assigned for atoms considered acceptors. Other atoms are not taken into consideration.
The charges are used to calculate a single-valued “potential” function at the location of each
surface vertex. The potential is obtained as the weighted average ∑q w(q)∗q of all charges
q, with the weight w(q) for an individual charge q set to the ratio s(q)/s, where s(q) is the
inverse of the square distance between the position of the surface vertex and the position
of the atom carrying charge, and s = ∑q s(q) is the sum of the contributions s(q) from all
charges. This potential is then mapped using a numerically mapped color spectrum as well.
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In this figure, green represents an acceptor surface, the magenta color represents a donor
surface, and white is neutral.

Donor

Acceptor

Montmorillonite Pyrophyllite Muscovite

KaoliniteQuartz Corundum

Hydroxyapatite Periclase Graphite

or

or

Figure 3. Surface map representing the substrates’ capacity to form hydrogen bonding with other
molecules. In green, the substrates tend to function as hydrogen bond acceptors, while the magenta
color shows the surface which functions as hydrogen bond donors. White illustrates a neutral surface.
Montmorillonite, pyrophyllite, muscovite, quartz, and corundum are acceptors. Kaolinite is a donor.
Hydroxyapatite is both donor and acceptor. Periclase is neutral, and graphite is inert. Maps were
created using BIOVIA Discovery Studio 2021 [112].

Following this analysis, five substrates have the potential to form Hbonds. Mont-
morillonite clay surface has the potential to accept hydrogen bonds due to oxygen on
the surface. However, due to the hydrogen present at the aluminum layer’s extremity,
the folia’s edge functions as a donor. Thus, magenta is seen in between each repeating
unit. As montmorillonite, pyrophyllite will tend to form a hydrogen bond by accepting an
electron on its surface. Muscovite’s surface has the potential to accept electrons to make
hydrogen bonds due to the presence of oxygen. Quartz’s overall surface functions as a
hydrogen bond acceptor due to the oxygen present in the mineral. Corundum will tend to
receive electrons because not all oxygens are fully connected with aluminum.

Kaolinite’s surface is the only one to work as a potential hydrogen bond donor. This
is due to the presence of hydrogen linked to oxygen which made the bond between
the silica atoms. At the extremity of the folia, oxygen is exposed; thus, this part of the
surface is a hydrogen bond donor. The hydroxyapatite surface has both donor and acceptor
properties. The oxygen ions are acceptor, while the hydrogen linked to the oxygen serve
as donors. Periclase does not accept or give hydrogen because all oxygen is linked with a
magnesium ion.

Charge distribution and the potential to form Hbonds were also created for the nu-
cleotide molecules. In Figure 4a, adenosine monophosphate (AMP) is shown as an example.
Figure 4b shows the potential Hbonds surface map. The nucleotide’s atoms do not have the
same capacity to form Hbonds throughout the molecule. The phosphate of the nucleotide
is a hydrogen bond acceptor, while the hydroxyl on the C2′ and C3′ are donors as well
as the amine group on the base. The other atoms of the molecules are neutral. Figure 4c
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shows the surface charge of the AMP molecule. Nucleotides have heterogeneous charges
throughout the molecule. The phosphate of the nucleotide is negatively charged, while the
other parts of the nucleotides tend to be more neutral. This figure gives information on
which part of the nucleotide can potentially form electrostatic interactions and hydrogen
bonds with the different substrates.

0.1 C

– 0.1 C

0

Donor

Acceptor{ { {

Phosphate Sugar Base

a) b) c)

Figure 4. Example of a nucleotide used in the simulations. (a) Adenosine monophosphate (AMP)
molecule. (b) Map of the hydrogen bond potential of AMP. (c) Map of the charge distribution of AMP.

2.2. Molecular Dynamics Simulations

All-atom MD simulations were performed using GROMACS 2016.3 on MacSim, a GPU-
accelerated computer workstation [114]. Each simulation was set up using CHARMM-
GUI [115–117]. The size of the simulation box was 85 Å3. All systems contained 200 nu-
cleotides (50 nucleotides of AMP, UMP, CMP, and GMP, respectively), the substrate, and wa-
ter molecules. The system was first energy minimized and then equilibrated. Hydration
was reduced in 10 steps from ∼12,500 water molecules to ∼600 water molecules in to-
tal, equivalent to a dehydration from ∼62 to ∼3 water molecules per nucleotide. Each
simulation’s total production simulation time using this dehydration script was ∼200 ns,
resulting in a total production simulation time of about 2 µs of all-atom MD simulations
for this study. More details can be found in Section 5.

Figure 5a shows snapshots of the MD simulation run in the presence of hydroxyapatite.
Hydroxyapatite is represented in pink, nucleotides in purple, and water in gray. Snapshots
were taken at four different hydration levels: ∼100%, ∼70%, ∼40%, and ∼5%. These
frames were taken at 10 ns at ∼100% and 15 ns for the last three. The figure shows that
every time water molecules are removed from the system, nucleotides move closer to the
substrate until they saturate the substrate surface at ∼5% hydration.

We used this MD simulation also to calculate the number of Hbonds during de-
hydration. Hydrogen bond analysis was performed using Visual Molecular Dynamics
algorithms [118]. Three different interactions are plotted in Figure 5b: the Hbonds between
C3′ and C5′ of the nucleotides in blue, the Hbonds between C3′ and C5′ of the nucleotides
within a 7 Å distance from the substrate are represented in orange, and the Hbonds between
the nucleotides (non-specific atoms) and the substrate in yellow. All substrates resulted in
similar profiles, with the number of Hbonds significantly increasing when water molecules
were removed from the system, resulting in denser packing and increased substrate in-
teraction. When fully hydrated, all types combined the number of Hbonds was found to
be low (∼5 on average). When decreasing the number of water molecules, the number of
Hbonds started to increase in all cases. A number of hydrogen bonds of ∼50 at the lowest
hydration of 5% then means that 25% of the nucleotides have formed hydrogen bonds (out
of 200 nucleotides in total). We will focus on the results at ∼5% hydration in the following,
representing the fully dehydrated state.
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Figure 5. MD simulation results for hydroxyapatite as an example. (a) Snapshot of MD simulations
at ∼100%, ∼70%, ∼40%, and ∼5% hydration. The simulation contained 200 nucleotides. Hydroxya-
patite is shown in pink, nucleotides in purple, and water in gray. (b) Number of hydrogen bonds
(Hbonds) between the C3′ and the C5′ of the nucleotides in the entire simulation box (blue); between
the nucleotides’ C3′ and the C5′ within a distance of 7 Å to the substrate (orange), and between the
nucleotides and the substrate (yellow), as a function of hydration. While the number of hydrogen
bonds nucleotides is small (∼5) when fully hydrated (at 100% hydration), bonding significantly
increases during dehydration.

2.3. Substrates with Positive Charges Attract the Nucleotides’ Phosphate Group

The surface charge of the substrates determines the orientation and the attraction
of the nucleotides to the surface. Different parts of the nucleotides will be attracted by
electrostatic interactions and will interact with the substrate. In our study, five substrates
have a positively charged surface, pyrophyllite and quartz are neutral, and hydroxyapatite
has both positive and negative charges. A representation of the nucleotide orientation on
the different surfaces is pictured in Figure 6. A positive surface will attract the negatively
charged phosphate group of the nucleotides due to their opposite attraction (Figure 6a).
Then, depending on the Hbonds potential of the surface, the nucleotides would be able to
form hydrogen bonds with different parts of the molecule (Figure 6b). The donor surface
will form Hbonds with the phosphate of the nucleotides because of the oxygen present.
The hydroxyl on the sugar and the hydrogen on the base will form Hbonds with an acceptor
surface because of their donor property. Figure 6c shows a snapshot of the hydroxyapatite
MD simulation at ∼5% showing the nucleotide conformations equivalent to the cartoons in
parts a and b. In this figure, only AMP molecules are shown for clarity.
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Surface Hydrogen bond donor and positively chargeda)

 Surface Hydrogen bond acceptor and positively charged

Nucleotide 

(AMP)

Substrate’s 

surface

Hydrogen bond

Electrostatic interaction

drogen bo

  Hydroxyapatite surface Spatial arrangement of 

the nucleotide on the surface

b)

c)

Figure 6. Sketch of the organization of nucleotides on the different substrates. (a) When the surface is
a hydrogen donor and positively charged, the negatively charged phosphate is attracted through
electrostatic interactions and will form Hbonds with the surface. (b) If the surface is an acceptor and
positively charged, the phosphate will be attracted; however, the hydroxyl part of the sugar and the
base will form Hbonds with the surface. (c) Screenshot of the hydroxyapatite MD simulation at ∼5%
at 15 ns showing the nucleotide conformations, sketched in (a,b). Only AMP molecules are shown
for clarity.
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2.4. Substrates form Hydrogen Bonds with Different Parts of the Nucleotides

We calculated the number of Hbonds between the nucleotides (all atoms combined)
and the different substrates. Figure 7 shows the average number of Hbonds formed at
∼5% hydration. Error bars represent one standard deviation. It is evident that the different
substrates bond very differently with the nucleotides. Three of the four acceptor substrates
do not form a significant amount of Hbonds with the substrates, as seen in Figure 7
(montmorillonite: ∼10; pyrophyllite: ∼12; muscovite: ∼8). Corundum is an exception and
it formed ∼37 Hbonds with the nucleotides. Kaolinite, which is a hydrogen donor, formed
∼24 Hbonds with the nucleotides. Hydroxyapatite was the most efficient for forming
Hbonds with the nucleotides by having both hydrogen donor and acceptor atoms. It
formed Hbonds up to ∼47 bonds. The neutral surface periclase formed ∼9 Hbonds with
the nucleotides.
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Figure 7. The average number of Hbonds formed between the substrates and the nucleotides at
∼5% hydration. The error bars represent one standard deviation. The color blocks represent the
substrates’ potential as donors or acceptors. The “+” and “−” represent the positive and negative
surface charges, respectively. The largest number of Hbonds are observed for corundum, kaolinite,
and hydroxyapatite.

We then calculated the number of Hbonds between the phosphate, the base, and the
hydroxyl of the nucleotides and the substrates. Figure 8 shows the number of Hbonds
between the nucleotide base and the substrate (purple), between the nucleotide sugar and
the substrate (to be more specific, between C2′ and C3′ of the sugar) in yellow, and the
nucleotide phosphate group and the substrate (blue) for all substrates in this study.
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Figure 8. The average number of Hbonds formed between the different substrates and the different
parts of the nucleotides at ∼5% hydration. Three nucleotide parts were considered: the nucleotides’
base (purple), the hydroxyl C2′ and/or C3′ (yellow), and the phosphate (blue). Error bars represent
one standard deviation. The color blocks visualize the substrates’ potential to serve as Hbond donors
or acceptors. The “+” and “−” represent the positive and negative surface’s charge, respectively.
The largest number of bonds was observed for corundum, kaolinite, and hydroxyapatite, between C2′

and/or C3′ and the substrate.

Figure 8 shows that not all parts of the nucleotides interact in the same way with the
different substrates. Except for montmorillonite, three of the four acceptor surfaces were
found to form bonds mainly with the nucleotides’ C2′ and/or the C3′. They also created
Hbonds with the base of the nucleotides, however, with a lower rate, and they formed a few
Hbonds with the phosphate of the nucleotides. Montmorillonite mainly formed Hbonds
with the base of the nucleotides. Kaolinite formed 62% of its Hbonds with the phosphate
of the nucleotides. Hydroxyapatite mainly formed Hbonds with the C2′ and/or C3′ and
the base of the nucleotide. It formed only one Hbond with the phosphate of a nucleotide.
Periclase formed around the same number of Hbonds with the C2′/C3′ and the base of the
nucleotides (four and three, respectively), and none with the phosphate.

2.5. No Substrate Is a Good Catalyst for the Formation of Pre-Polymers

The C3′ link to the C5′ is the most critical linkage for the origin of life as it is the bond
that links the nucleotides in modern RNA and DNA. We thus calculated the number of
Hbonds between those two atoms in the presence of the different substrates. Figure 9a
shows the number of Hbonds between C3′ and C5′ in the entire simulation box at ∼5%
hydration. Figure 9b shows the same type of Hbonds, however, only including nucleotides
at a distance closer than 7 Å to the surface to check whether the direct proximity of the
substrate has an influence on the formation of these pre-polymers. Figure 9c plots the
number of nucleotides closer than 7 Å to the surface.
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Figure 9. (a) The average number of Hbonds formed in the entire box between C3′ and the phos-
phate of the nucleotides (C5′) in the presence of the different substrates. (b) The average number
of C3′–C5′ Hbonds between molecules within a 7 Å distance to each substrate. (c) The average
number of nucleotides close to the substrate. All results at ∼5% hydration, error bars represent one
standard deviation. The color blocks visualize the substrates’ potential to serve as Hbond donors or
acceptors. The “+” and “−” represent the positive and negative surface’s charge respectively. See text
for explanations.
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In Figure 9, we also included values for two additional systems. We included graphite
in the simulations as an inert substrate, which is not charged nor capable of forming
hydrogen bonds with the nucleotides. Graphite thus allowed us to study the effect of a non-
interacting surface on pre-polymer formation. We also simulated a nucleotide-only system,
i.e., 200 nucleotides, that were dehydrated using the same protocol as in the substrate
simulations. By comparing to this simulation, one should be able to determine the efficiency
of the different substrates, and if they actually work as catalysts for pre-polymer formation.

As a first finding, the largest number of C3′–C5′ Hbonds is found in the presence of
the neutral graphite, or in the absence of a substrate, as shown in Figure 9a. Within the
given statistics, only montmorillonite, pyrophyllite, and quartz lead to a similar number of
Hbonds; the number of Hbonds for the other substrates falls below the standard deviation
of the nucleotide-only and graphite systems. All of the other substrates thus seem to
inhibit the formation of pre-polymers, which include muscovite, corundum, kaolinite,
hydroxyapatite, and periclase.

From the data in Figure 9b, the role of the substrate for pre-polymer formation can be
determined, as only nucleotides closer than 7 Å to the surface were selected. The largest
number of Hbonds was again observed for the neutral graphite and the nucleotide-only
system. Except for muscovite, the number of all bonds was significantly lower than the
number of total bonds in part a. This is indicative that the presence of a substrate does not
drive bond formation as C3′–C5′ Hbonds are primarily formed further away than 7 Å from
the substrate. To support this hypothesis, Figure 9c displays the number of nucleotides
closer than 7 Å to the substrate. For three substrates (montmorillonite, pyrophyllite,
and quartz), more than half the nucleotides are further than 7 Å from the surface. Those
substrates do not seem to attract the nucleotides efficiently. The other substrates, corundum,
kaolinite, hydroxyapatite, and periclase, seem to be attractive to the nucleotides, however,
the substrates do not seem to strongly support the formation of pre-polymers.

2.6. Substrate Surfaces Can Align Nucleotide through Interactions

It is important to notice that even though substrates do not seem to support the forma-
tion of pre-polymers, they serve to organize the nucleotides. The radial pair distribution
function g(r) between the C3′ of the nucleotides has been calculated for all systems, and is
presented in Figure 10. No defined peaks are visible in Figure 10a for g(r) of the nucleotide-
only system at ∼5%. In the presence of graphite, however, in Figure 10b, three peaks
can be distinguished at 4.3 Å, 6 Å, and 6.8 Å. g(r) of muscovite, quartz, and periclase are
exemplary shown in Figure 10c (the other substrates provided similar results). Distinct
peaks were observed here as well, at positions of 4.5 Å, 5.7 Å, and 7.3 Å, slightly shifted in
comparison to graphite.

These graphs reveal an organization of the nucleotides in the presence of substrates,
as sketched in Figure 11. Without a substrate in Figure 11a, the nucleotides are completely
disordered in the water phase. This can also be seen in the MD simulations, in the snapshot
in Figure 12a. In the presence of graphite (at ∼5% hydration) in Figure 11b, the nucleotides
align flat on the substrates, forming a hexagonal unit cell with side lengths a = 6.8 Å,
and b = 4.3 Å, and angle α = 120◦. Evidence for this type of organization is found in the
simulations, as shown in Figure 12b, where nucleotides have a tendency to form flat layers
on the graphite sheets.
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Figure 10. Radial pair distribution function g(r). (a) The g(r) of the simulation without substrate at
∼5% hydration. (b) The g(r) of the nucleotides with graphite at ∼5% hydration. Three peaks are
distinguished at 4.3 Å, 6 Å and 6.8 Å. (c) The g(r) of muscovite, quartz, and periclase as examples.
Three peaks can be seen at 4.5 Å, 5.7 Å and 7.3 Å.
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a) No substrate

b) Graphite

c) Other substrates

6.8 Å

4.3 Å

4.5 Å

5.7 Å

Figure 11. Organization of the nucleotides in the simulations. (a) The non-organization of the
simulation without substrate at ∼5% hydration. (b) The nucleotide organization with graphite at
∼5% hydration. The nucleotides are laying down on the substrates. The unit cell is a parallelogram
with a = 6.8 Å and b = 4.3 Å. (c) The nucleotide organization in presence of the other substrates
studied at ∼5% hydration. The unit cell is rectangular with a = 5.7 Å and b = 4.5 Å.

In the presence of charges, there is an attraction between certain molecular groups
in the nucleotides and the substrate, and in order to minimize this electrostatic energy,
the nucleotides are no longer aligning flat on those substrates. The electrostatic interactions
between the phosphate and the base, for instance, would lead to an arrangement as in
Figure 11c, where the nucleotides are slightly tilted, and the different layers can move more
closely and become more densely packed. This type of organization can be observed in
the MD snapshots in Figure 12c. When the nucleotides are slightly tilted, a second layer of
nucleotides can slide under the first layer. The corresponding unit cell is rectangular with
a = 5.7 Å, and b = 4.5 Å.
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a) No substrate

b) Graphite

c) Montmorillonite

Nucleotides layer

Electrostatic attraction

Figure 12. Snapshot of the different simulations at ∼5% hydration. In purple is AMP, in red—UMP,
in black—GMP, and in orange—CMP. The substrates are shown in cyan. (a) Snapshot of the simulation
without substrate. (b) The graphite simulation. Nucleotides formed a flat layer on the sheets of
graphite. (c) Montmorillonite simulation as an example. Nucleotide phosphates are attracted to the
substrate due to the different charges.
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3. Discussion

Our goal was to find the physical properties of the substrates that support the forma-
tion of RNA polymers in a prebiotic environment in the context of the wet–dry cycling
theory. To do so, we used Molecular Dynamics simulations using nine different substrates
with different charges and hydrogen bonding potential. Some researcher used MD simu-
lations to study wettability of clay [119]. They found that kaolinite is overall hydrophilic
and that the OH-groups on the O surface can form unstable hydrogen bonds with water.
MD simulations were also studied for the polymerization of peptides. Quartz and clays
were used in this research [120–130]. Other groups studied the formation of nucleotides
using MD simulations [131–133], but to our knowledge, these are the first simulations to
study the interaction between nucleotides and substrates. Our initial hypothesis was that
the presence of substrates has a catalytic effect on the formation of pre-polymers that show
C3′–C5′ hydrogen bonds between nucleotides.

Ferris, Ferris et al. [66–68,134], and Huang and Ferris [77] used montmorillonite clay
as a catalyst to promote RNA polymerization. Using activated nucleotides, they were
able to form RNA polymers up to 40 mers. More recently, rock glasses have been used to
convert ribonucleosides 5′-triphosphates into RNA long of 9–150 mers on average [135].

Substrates are also used for template-directed synthesis. Holm et al. [73] used iron
oxide hydroxide polymorph to concentrate and form a longer chain of polymers. They
again explain the adsorption of the nucleotides onto the surface by electrostatic interaction
between the negative charge of the phosphate and the positive surface, as underlined
in the introduction. Using hydroxyapatite, Acevedo et al. [74] were able to form poly-
mers of up to 20–25 nucleotides after only one cycle of reactivation and ligation using a
template. The length of the polymers increased when increasing the number of reactivation–
ligation cycling.

The implicit effect of the concentration is the stabilization of biomolecules by the sur-
faces. Biondi et al. [136,137] emphasized that opal, alkaline carbonate, and sulfate minerals
also stabilized polymers, in addition to concentrating RNA. Along with stabilization, it has
been shown that minerals protect biomolecules from environmental damage. Huang and
Ferris [77] have established that montmorillonite protected nucleotides from hydrolysis.
Other research has shown that polymers could have been protected from UV radiation by
diver minerals on primitive Earth [75,96,138].

We found that the charge of the substrates impacts the attraction and the binding of
the nucleotides onto the substrate. Positively charged substrates showed a tendency to
attract the negatively charged phosphate group. The substrates that work as hydrogen
bond donors can form hydrogen bonds with the phosphates. This number increases when
water is removed from the system. Overall, the nucleotides behaved as expected while in
contact with the different substrates.

The next step was to calculate the number of pre-polymers in different environments.
The surprising result is that none of the charged and hydrogen bond potential substrates
has been found to be a catalyst when compared to the nucleotide-only system. The three
substrates that give the best results had very different properties. Muscovite is a positively
charged hydrogen acceptor, kaolinite is a positively charged hydrogen donor, and quartz
is neutral and a hydrogen acceptor. Hydroxyapatite, which is a donor and a hydrogen
acceptor substrate, with positive and negative charges, formed an important number of
Hbonds with the nucleotides, but the nucleotides did not form a significant number of
C3′–C5′ Hbonds in the presence of this substrate.

Our simulations of graphite provide the deepest insight into the role of mineral
surfaces for pre-polymerization. Unlike the other minerals we simulated, graphite does
not have any charges, or the ability to form Hbonds with the nucleotides, but it was found
to strongly promote the formation of C3′–C5′ Hbonds. In fact, graphite was as efficient
as the nucleotide-only system without a substrate to promote pre-polymers’ formation.
Graphite was already studied in the origin of life context by Sowerby et al. [110,139]. They
showed that xanthine formed monolayers on graphite at a solid–liquid interface. They also
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observed a periodic lattice structure. Other papers highlight the position of different bases
on graphite. By measuring the adsorption isotherm, they also found that some bases are
adsorbed on the surface better than others. Therefore, we conclude that inert substrates,
such as graphite, or the complete absence of a substrate are likely preferred for forming
pre-polymers on primitive Earth. While it has been speculated that a substrate can help to
organize and confine nucleotides, the presence of a substrate at the same time was found to
reduce the number of interactions between nucleotides.

While it is straightforward to set up a system that contains nucleotides and water,
and successively reduces the number of water molecules to mimic dehydration, the question
remains how relevant such a system is. Such a system mimics supersaturated water, maybe
droplets, but it is a system that is almost dried out. We suggest that those systems could
have been present on primitive Earth via the presence of geysers for example. Indeed,
springs or geysers can produce very fine water droplets that dry quickly when exposed to
air, heat, and the Sun, depending on the size of the droplets. During this drying process,
pre-polymers can form in the first step, and phosphodiester bonds between the nucleotides
to form RNA polymers can be formed in a second step when additional energy in the form
of heat is provided. The dried pellet can potentially become part of a pond where the
RNA can later be encapsulated. In case amphiphilic molecules are present in the droplet
simultaneously as nucleotides, the RNA polymers could be encapsulated in liposomes in
the same process [16].

What is the possibility of having such droplets that linger in the air for long enough
(several seconds) for those reactions to occur? Several forces affect the length of time of a
droplet in the air: gravity (Fg = ρwaterVdropletg), the force of buoyancy (FB = ρairVdropletg),
and the viscous resistance of air (FStokes = 6πνrv), see, for instance, [140]. The terminal
sedimentation velocity of droplets is then calculated to vt = 2r2g(ρwater − ρair)/(9η),
where r is the droplet’s radius, g is the gravity constant, η is the viscosity of the air,
ρwater is the density of water and ρair is the density of air. Assuming that such a droplet
would fall from a certain height, the time of the fall is calculated as t f all = H/vt. At the
same time, evaporation limits the lifetime of a water drop by tli f e = 2r2/(q0∆T), where
r corresponds to the radius of the droplet, ∆T is the difference between ‘dry-bulb’ and
‘wet-bulb’ temperature (the ‘wet-bulb’ temperature corresponds to the temperature where
the drop is cooling down due to evaporation), and q0 (in µm2s−1K−1) depends on the
ambient conditions and the liquid properties [140]. At 20 ◦C and 50% RH, ∆T is equal to
6.1 ◦C and q0 is equal to 89.84 µm2s−1K−1 [140].

In Figure 13, t f all is plotted (for a height of 5 m, yellow) together with the lifetime of a
droplet (at 20 ◦C and 50% relative humidity, purple). Smaller droplets would stay in the
air long enough for pre-polymerization and polymerization to happen; however, they will
evaporate too quickly. Larger droplets on the other hand would live longer but they would
not stay in the air long enough but quickly fall to the ground. The intersection of the two
lines provides an estimate of an optimal droplet size of about ∼200 µm in diameter, which
corresponds to a volume of 0.0042 µL. Such droplets would live for ∼100 s, which would
likely leave enough time for pre-polymerization and polymerization to occur [15].

It is important to note that the literature emphasizes the importance of substrates
and their catalytic properties when reactions are carried out in aqueous environments.
However, as the synthesis of RNA from monomers is thermodynamically impossible in
the presence of water [141], these studies typically involve activated nucleotides, and RNA
polymerization is observed in the presence of substrates. We found that non-activated
nucleotides first start to interact in aqueous environments via hydrogen bonds, however,
hydrogen bond formation becomes significant only when water is removed, and the system
is dehydrated. In the absence of water, we then found that substrates may have played
a secondary role in the formation of pre-polymers and potentially also in the origin of
life. Substrates do play a role in the organization of nucleotides; however, because of their
interaction with the surface, nucleotides are limited in their availability to interact with each
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other. Our results suggest that non-interactive surfaces, or even the absence of substrates,
are likely best for bond formation while drying the system in an origin of life context.
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Figure 13. Graph of the time of a droplet in the air (to sediment from a height of 5 m, yellow), and the
lifetime of a droplet limited by evaporation (purple) as a function of the droplet radius. Droplets
around r = 100 µm can live for ∼100 s, which would provide enough time for pre-polymers and
polymers to form.

4. Conclusions

We used all-atom Molecular Dynamics computer simulations to investigate the effect
of substrates on the formation of C3′–C5′ hydrogen bonds between the four nucleotides in
RNA (AMP, UMP, CMP, GMP). These hydrogen-bonded pre-polymers have been suggested
to be the precursors of phosphodiester bonded RNA-polymers. The nine substrates in
this study included three clay minerals, one mica, one phosphate mineral, one silica,
and two metal oxides. We also included graphite, a non-charged and non-hydrogen
bonding substrate. Wet–dry cycles were simulated by slowly removing water molecules
from the simulations. No substrate was found to be a good catalyst for the formation of
hydrogen-bonded pre-polymers. The highest number of C3′–C5′ hydrogen bonds between
nucleotides was found in the presence of graphite or in the absence of a substrate, in a
nucleotide-only system. While confinement and dehydration seem to be mainly responsible
for hydrogen bond formation, substrate interactions were found to reduce the interactions
between nucleotides in all cases, independent of their charge and ability to form hydrogen
bonds with the nucleotides. The findings suggest that small supersaturated droplets may
be an efficient way to produce pre-polymers. Geysers and springs could have produced
these droplets in an early-Earth environment.

5. Materials and Methods

5.1. Substrates

Nine different substrates were prepared using the CHARMM-GUI nanomaterial
modeler [115–117] and are listed in Table 1. All substrates had a size of 40 Å × 50 Å × 30 Å.

Some of the substrates can be found in granitic igneous rocks (specific magmatic rocks),
in meteorites, and in Ur-minerals (mineral form from presolar grain) [105]. Clay surfaces
have a grain size of <2 µm. When wet, clays tend to be more ductile and they harden when
dry. Montmorillonite is composed of layers that include one sheet of alumina between two
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sheets of silica linked through oxygen atoms. Each layer has a thickness of ∼1 nm, while
the interlayer has a thickness from 0 to 4 nm. Sodium or calcium ions can be present in
between the layers, as well as water. Montmorillonite can swell when water is incorporated
between the layers. The overall charge of the montmorillonite surface is negative but it
is compensated with the absorption of cation around the edges to maintain balance [95].
Montmorillonite used in the simulations has a three repeating unit, each having a thickness
of ∼7 Å, with an interlayer spacing of ∼4 Å. Kaolinite is another type of clay. One kaolinite
layer comprises one sheet of silica and one sheet of alumina, linked together via oxygen
atoms [95]. Its interlayer size is typically 0.7 nm. No ions are found between the layers, so
kaolinite has a low exchange capacity. Layers are linked together via hydrogen bonding.
Kaolinite used in the simulation is composed of five repeating units. Each layer has a
thickness of ∼4.5 Å and an interlayer spacing of ∼2 Å. Pyrophyllite’s layers have the same
thickness and the same organization as montmorillonite (Silica-Alumina-Silica); however,
cations are not present between the layers. Layers are neutral and held together with weak
van der Waals bonds [95,142]. This clay is flexible but not elastic. Pyrophyllite presented in
this study is composed of four repeated units, with a thickness of ∼6 Å and an interlayer
distance of ∼2.5 Å.

Table 1. List of all substrates in this study and their composition.

Material Mineral Formula

Clay
Montmorillonite (K,Na)n[Si4O8][Al2nMgnO2(OH)2]

Kaolinite Al2Si2O5(OH)4
Pyrophyllite Al2Si4O10(OH)2)

Mica Muscovite (KAl2(AlSi3)O10(OH)2)

Phosphate minerals Hydroxyapatite Ca5(PO4)3(OH)

Silica α-quartz SiO2

Metal oxides Corundum Al2O3
Periclase MgO

Carbonaceous material Graphite C

Muscovite is also composed of repeating units. Each unit is composed of three sheets,
two silica sheets, and one alumina sheet in between. Potassium is the cation present in
between the layers, but mica minerals have little or no exchangeable water. Muscovite’s
layers are flexible and elastic. The silica layer has a net negative charge [95]. In our study,
muscovite is composed of three layers, with a thickness of ∼6.5 Å and an interlayer of ∼5 Å
with potassium ions in between the layers.

Hydroxyapatite is a phosphate mineral composed of PO4
3− groups bonded laterally

through Ca2+ [95]. Hydroxyapatite does not have a uniform hydrogen property throughout
its surface because of the atoms’ organization in the minerals. In the quartz mineral (SiO2),
each silica is held together via four oxygen atoms. Quartz structure is open so it can
be incorporated large cations such as Ca2+, Na2+, K+ [95]. Quartz was also used as a
substrate in the origin of life research [27–30]. Quartz is formed of just one block of material.
An oxide is a group of minerals that include natural compounds in which oxygen anions
(O2−) are combined with one or more metals. Strong ionic bonds maintain the atoms
together in oxide minerals [95]. All of these minerals do not contain anionic groups. In the
corundum case (Al2O3), Al3+ is surrounded by six oxygens, and four bonds can radiate
from an oxygen [95]. For periclase (MgO), each oxygen is shared between six Mg-O (and
not just four Al-O); therefore, MgO does not show cation vacancies [95]. Corundum and
periclase are also just composed of just one block of material.

Graphitic carbon is a general term given to solid carbonaceous compounds whose
structure is based on 6-fold rings of carbon atoms [101]. Graphite sheets are bonded
to each other with van der Waals interaction [95]. Six sheets of graphite were used in
our simulations.
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5.2. Molecular Dynamics Simulations

Substrates were then run in presence of 50 molecules of adenosine monophosphate
(AMP), uridine monophosphate (UMP), cytidine monophosphate (CMP), and guanosine
monophosphate (GMP) each. Molecules were taken from the CHARMM-GUI archive-small
molecules library using CHARMM-GUI multi component assembler [115–117]. The size of
the simulation box was 85 Å3. Simulations were run with GROMACS 2016.3 on MacSim,
a GPU-accelerated computer workstation [114]. This computer was equipped with a
40 Core central processing unit (CPU, Intel(R) Xeon(R) CPU E5-2630 v4 @ 2.20GHz), 130 GB
random-access memory (RAM), and three graphic processing units (GPU, 2 NVIDIA 1080
TDI + 1 GeForce GT 730).

The systems were first energy minimized and then equilibrated for 100 ps using an
NVT ensemble before being simulated for 10 ns at 100% hydration. All simulations used
a 2 fs time step, a periodic boundary cutoff of 1.2 nm, the particle-mesh Ewals method
using a real-space cutoff of 1.2 nm, fourth-order interpolation, and 0.16 nm grid spacing
to solve for long-range electrostatics. The parallel LINCS (P-LINCS) algorithm was used
to determine bond constraints [143]. Temperature and pressure were maintained at 303 K
and 1.0 bar using a Nosé–Hoover thermostat [144–146] at 30 ◦C (τ = 1.0 ps) and Parrinello–
Rahman isotropic weak coupling (τ = 1 ps) [147]. All analyses were performed on the
entire simulations.

Water was removed successively during the simulations to mimic dehydration and
a wet–dry cycle. For each step of the dehydration protocol, the next simulation, a new
index file was created by selecting all the molecules except the water molecules. The last
frame from the previous simulation was extracted using the GROMACS command gmx
trjconv. The last frame was solvated and a new system was created using the GROMACS
command gmx solvate. The new system was then energy minimized, equilibrated, and run
in the same condition than 100% hydration. The systems were run for 15 ns. The number of
water molecules per simulation is listed in Table S1 (in the Supplementary Material) for the
system with substrates and in Table S2 (Supplementary Material) for the nucleotides-only
system. Hydrogen bond analysis was performed using VMD built-in algorithms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life13010112/s1, Table S1: Percentage of hydration and number
of water molecules for all simulations containing a substrate; Table S2: Percentage of hydration and
water molecules for the nucleotides-only system.
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S1

SUPPLEMENTARY MATERIAL TO:
THE FORMATION OF RNA PRE-POLYMERS IN THE PRESENCE
OF DIFFERENT PREBIOTIC MINERAL SURFACES STUDIED BY

MOLECULAR DYNAMICS SIMULATIONS

Percentage of hydration (%) Total number of water molecules Approximate number of water molecules

per nucleotide

100 12263-12878 61-64

85.4-89.7 10170-11000 51-55

75.3-78.9 8949-9680 45-48

61.3-69.7 7175-8470 36-42

53.5-59.2 6258-7260 31-36

40.8-51.6 5217-6050 26-30

31.4-41.3 4019-4840 20-24

24.2-31.1 3094-3630 15-18

18.8-20.7 2399-2420 12

9.0-10.3 1210 6

4.6-5.2 605 3

Supplementary Material, Table S1. Percentage of hydration and number of water molecules for all simulations containing a

substrate.

Percentage of hydration (%) Total number of water molecules Approximate number of water molecules

per nucleotide

100 15436 77

71.3 11014 55

61.9 9549 48

54.8 8462 42

47.6 7344 37

34.6 5340 27

28.8 4452 22

23.2 3579 18

16.2 2500 12

6.5 1000 5

3.2 500 3

Supplementary Material, Table S2. Percentage of hydration and water molecules for the nucleotides-only system.
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4.1 Preface for The formation of RNA oligomers

in supersaturated levitated droplets

The results from paper I showed that minerals interacted with nucleotides, and thus,

nucleotides interacted less with each other. Our best results were found with graphite

which is a non-interactive mineral and in the absence of a surface. Without a surface,

simulations showed that nucleotides were freer to interact with each other. The

absence of any surface could be and has been related to water droplets.

Therefore we wanted to understand if the formation of RNA using non-activated

nucleotides would have been possible in droplets. We used a levitator using sound

waves to suspend a droplet and observe it while it dried. The dehydration of the

droplets and the confinement of the nucleotides could have formed RNA polymers

in a prebiotic world. Furthermore, in a bulk solution, the surface effect becomes too

dominant.

The construction and the set-up of the levitator were realized principally by Rachel

Hambly. The sample preparation and data analysis were principally run by myself.

Jake Brill, working in Yingfu Li laboratory, ran the radio-labeling gel electrophoresis.

Only preliminary results are shown here. Only one trial has been done with an

experimental setup that needs to be improved. Indeed, the current setup does not

allow the control of the environmental temperature and humidity. Once that is done,

experiments can be used for publication.

This research will be carried on later by Rachel Hambly, Jake Brill, Ralph Pu-

dritz, and Maikel Rheinstädter.
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Status: Only preliminary results have been taken.

Author Contributions:

Set-up construction: Rachel Hambly, Alix Dujardin, Maikel C. Rheinstädter

Sample preparation: Alix Dujardin

Radio-labeling gel electrophoresis: Jake Brill, Yingfu Li

Data Analysis: Alix Dujardin, Jake Brill, Maikel C. Rheinstädter
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4.2 Introduction

The formation of ribonucleic acids (RNA) without enzymes is still a prime question

regarding the origin of life on Earth.

Different pathways could have led to the formation of non-activated nucleotides

as explained in the first chapter of this thesis (1.2.1 Non-activated nucleotides) where

minerals surfaces containing iron, aluminum, and silica were involved [105, 104, 84,

86, 107, 108, 106, 52, 58, 110]. But one of them not exposed earlier is via micro-

droplets. Nam et al. showed that sugar phosphates and ribonucleoside could form

spontaneously in micro-droplets, that were formed using electrospray ionization and

analyzed with mass spectrometry, without enzymes or external energy sources [95].

They could also form nucleotide bases in the presence of a small quantity of Mg2+

[96]. Droplets were also used to create peptides formed at the air-water interface

[56, 51, 76].

In our previous paper [41], we argued that tiny supersaturated water droplets

that could have been produced by geysers or springs on the primitive Earth might

have played an essential role in non-enzymatic RNA polymerization (have seen in

Fig .4.1) based on the numerical simulations of high interaction between nucleotides

and formation of pre-polymers in the absence of surface. Using droplets as three-

dimensional confinement for forming complex molecules such as RNA is particularly

relevant since organic components were found in marine aerosol particles [121, 88], as

well as aerosols at 5 to 19 kilometers [94]. Moreover, it has been shown that molecules

can be organized at the air-water interface [20, 83, 53]. Other research focused on the

formation of protocells by using droplets and their role in protection for encapsulated

molecules [121, 44, 39, 127, 40].
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In this research, we are investigating the formation of RNA polymers using non-

activated nucleotides in droplets using sound waves techniques to levitate and dry

droplets in suspension in the air to mimic the formation of droplets formed by gey-

sers in small ponds (4.1). We also examined the role of pre-polymer formation

[41] by increasing the pH of the droplet containing nucleotides. Pre-polymers are

C3′C5′ hydrogen-bonded nucleotides that have been suggested to be the precursors

of phosphodiester-bonded RNA polymers. After 45 min in the levitator, once the

droplet was dried, we analyzed the pellet obtained using γ-32P ATP Radio labeling

and gel electrophoresis techniques.

Droplet with 

nucleotides

Raspberry Pi

Camera

Thermal Camera

The Levitator Set-up

Sound waves

73 speakers

Figure 4.1: Sketch of primitive Earth including warm little ponds. Geysers of water,
or water ricocheting off rocks, could have formed tiny droplets containing

nucleotides. The dehydration and confinement could have led to RNA formation.
The experiment set-up using an acoustic levitator containing a droplet with

nucleotides can be seen on the right. Videos were taken using a Raspberry Pi
camera, and temperatures were recorded using a thermal camera.

Our results suggested that water-droplet could have been a favorable environment
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to form RNA polymers in the context of the origin of life both at acidic pH and basic

pH.

4.3 Materials and Methods

4.3.1 Sample preparation

A ∼24.3 g/L stock solution of AMP (Sigma-Aldrich), initially in powder form, was

made with ultrapure (18.2 MΩ·cm) water. Subsequently, solutions were sonicated

for approximately 15 min using a tip sonicator (10 s pulse, 15 s off). A ∼22.6 g/L

stock solution of UMP (Sigma-Aldrich), initially in crystal form, was prepared. The

solution was vortexed for 10 s until crystals were completely dissolved, and the so-

lution appeared homogeneous when observed through a flashlight. AMP and UMP

solutions were mixed in a 1:1 molar and volumetric ratio and vortexed for 10 s to

form a homogeneous solution. The pH of the initial solution is ∼2 because nucleotides

are naturally acidic. The pH was adjusted using 1 M KOH solution to increase the

pH and study the reaction at different pHs. The pH-meter used was Orion Star

A211 with the Thermo Scientific Orion Micro pH electrode. The concentration of

nucleotides was then adjusted using ultrapure water to 20 g/L of nucleotides.

AMP:UMP solution was the main source of nucleotides in these experiments.

AMP and UMP were selected as they are complimentary, which facilitates bonding.

4.3.2 Acoustic levitator

The acoustic levitator was built using a kit that can be found online [22], made

accessible by UpnaLab, as seen in Fig 4.2. The kit comprises seventy-two 10 mm
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40kHz transducers, one 3D-printed TinyLev support, one Arduino Nano, an L298N

Dual Motor Drive Board, a power switch, a DC adaptor variable between 7V and

12V, and a DC female connector. The kit was assembled following the instruction on

https://www.instructables.com/Acoustic-Levitator/. The levitator creates standing

waves, and thus nodes are formed. At the node, a water droplet containing non-

activated nucleotides is levitated. The drop is dried for ∼45 min until all the water

evaporates. The pellet is then retrieved with a quartz slide (nucleotides do not form

a lot of bond with quartz, see [41]), cleaned beforehand with dichloromethane, rinsed

using methanol and water, and dried. The pellet is then retrieved from the slide using

100 µL of water. The pellet is finally ethanol precipitated.

4.3.3 Cameras

Videos of the droplet were taken using a Raspberry Pi camera module with a 3 Mega

Pixel lens, 8-50 mm IR F1.4C (Fig. 4.2).

A HIKMICRO Pocket1 192 x 144 IR Resolution Thermal Imaging Camera with

8MP Visual Camera, 25 Hz, was used to record the temperature of the droplet through

time (Fig. 4.2).
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Acoustic Levitator

Raspberry Pi camera

Thermal camera

Figure 4.2: Picture of the experiment set-up. The acoustic levitator was placed in
front of the Raspberry Pi camera module as well as the thermal camera.

4.3.4 γ-32P ATP Radio-labeling and gel electrophoresis

The radio-labeling technique allows a quick but still efficient and more resolution than

standard fluorescence stains (such as SYBR Gold). This radio-labeling technique

involves the phosphates of the polymers. In the first step, the 5′-phosphate of the

polymer is removed to be replaced by a radioactive phosphate 32P. Like a standard gel,

the RNA polymers, now radio-labeled, are going to migrate through the gel depending

on their size. After the migration, the 32-phosphate is excited, and the polymers can
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be revealed on the gel. The advantage of radio-labeling thus relates to imaging.

Indeed, it gives a much higher resolution and basically eliminates background noise

[109].

After ethanol precipitation of the sample, the 5’-phosphate termini of RNA was

dephosphorylated by alkaline phosphatase (FastAP, ThermoFisher ScientificTM), pu-

rified, then phosphorylated with 32P by T4 polynucleotide kinase (PNK, Thermo

ScientificTM). 80-100 ng of each sample was added to 1 U FastAP, 1× FastAP buffer

(10 mM Tris-HCl pH 8.0, 5 mM MgCl2, 500 mM KCl, 0.02% Triton X-100 and 0.1

mg/ml BSA, ThermoFisher ScientificTM) and incubated for 30 minutes at 37°C.

The dephosphorylated RNA was purified by the addition of equal volume phenol-

chloroform-isoamyl alcohol 25:24:1 pH 6.7/8.0, which was then centrifuged for 2 min-

utes to separate out the aqueous layer. This was repeated with 99% chloroform to

remove any residual phenol from the RNA-containing aqueous layer. The aqueous

layer was removed, EtOH precipitated and dried by SpeedVac. The dried RNA was

resuspended in a solution containing 10 µm Ci γ-32P radio-labeled ATP, 10 U PNK,

1× PNK buffer A (50 mM imidazole-HCl pH 6.4, 18 mM MgCl2, 5 mM DTT, 0.1

mM spermidine and 0.1 mM ADP, Thermo ScientificTM) and incubated for 20 min-

utes at 37°C. 1× quenching buffer was added to the solution and separated on a 10%

PAGE gel with 8 M Urea. The gel was exposed on an AmershamTM Biosciences

storage phosphor screen and imaged on an AmershamTM Typhoon 9200 scanner

with a photo-multiplier tube sensitivity of 4000 V and pixel size of 200 µm. The

radio-labeled transcripts were excised, crushed, soaked in 1× elution buffer, EtOH

precipitated and dried by SpeedVac.
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4.4 Preliminary Results

The formation of RNA from non-activated nucleotides was tested at acidic, neutral,

and basic pH in droplets maintained in the air by acoustic waves in levitation.

Firstly, the size of the droplets was determined over time. They were obtained by

taking the difference in the grey value of the background and the grey value of the

droplet for each frame was recorded with the Raspberry Pi module. In other terms,

the background color was substracted by the droplet color to obtain the size of the

droplet. At the beginning of the experiment, the droplet size was usually around

2.2 mm, as seen in Fig. 4.3A) (example taken with a pH 10 droplet). After ∼25 min,

the water completely evaporated, and only the pellet on nucleotides remained, as seen

by the flat signal. The size of the pellet was about 0.75 mm, losing ∼34% of its initial

volume.

The temperature of the droplet is another parameter that was carefully followed

over time using a thermal camera. At the beginning of the experiment, the tempera-

ture of the droplet was colder than in the outside environment, as seen in Fig. 4.3B)

(example taken with a pH 10 droplet). The droplet was 20.1◦C, and the outside envi-

ronment was about 29◦C. However, after 40 min, the droplet had reached the outside

temperature of about 30◦C.

A gel electrophoresis was performed with samples at different pHs, as seen in

Fig. 4.3C). Two experiments were performed at pH 2. The first one, labeled pH 2,

25◦C was dried using the same protocol as described in 3.3 Materials and Methods,

Acoustic levitator, and directly ethanol precipitated. The second acidic sample, la-

beled pH 2, 85◦C, was dried at room temperature in suspension, retrieved from the

levitator using a slide, and heated at 85◦C on a hot plate for 5 min before ethanol
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precipitation. The goal was to see if heating up would increase the polymerization

rate. Our results suggested otherwise. The same signal is seen at ∼18 nt for both

experiments at acidic pH.

From these preliminary results, neutral pH did not give any signal on the elec-

trophoresis gel. Basic pH, pH 9, however, gives the highest rate of polymerization

with RNA formed of about 50 nt.
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Figure 4.3: Preliminary results. A) shows the size of the droplet over time. At the
beginning of the experiment, the size of the droplet is about ∼2.3 mm. Once all the
water evaporates, the pellet is about ∼ 0.75 mm. B) display the temperature of the
droplet over time. At the beginning of the experiment, the droplet is 20.4◦C. After
40 min, the droplet warms up until 29.6◦C which is the environment temperature

inside the levitator. C) is a radio-labeling electrophoresis gel. At pH 9, a signal can
be seen at 50 nt. At pH 2 dry at 25◦C and at pH 2 dry at 25◦C and once on the

slide, heat-up at 85◦C, signals around 18 nt are observed.

It is also noticed that at the bottom of the gel in Fig.4.3C), a large band can be

observed under the polymer signals. This can be due to a large number of polymers.
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Other experiments can be done to confirm these results and explain these large bands,

which are explained further below in the discussion.

4.5 Discussion

The formation of RNA using non-activated nucleotides using parameters that mimic

primitive Earth is not an easy task. Our goal was to experiment with our previous

results obtained by computer modeling [41], which were that substrate inhibits the

formation of RNA. Based on these results, a new model of RNA synthesized of prim-

itive Earth emerged: the RNA formation in micro-droplets. To our knowledge, it is

the first time that such experiments have been done regarding the origin of RNA on

Earth.

The acoustic levitator allowed us to study in a controlled environment the for-

mation of RNA in a water droplet. The average size of the droplets pipped in the

levitator is ∼2 mm. Only ∼25 min is needed for the water to evaporate completely.

It has been calculated by Dujardin et al. (2022) that the optimal droplet would have

been around 0.2 mm in diameter to not evaporates too quickly or drops too fast.

The evaporation rate of these droplets is about 100 s. Such droplets are, however,

too small to study the polymerization rate in them. Nevertheless, our model can be

compared to these micro-supersaturated droplets that could be formed by geysers or

hot springs.

Thanks to the study by γ-32P ATP radio-labeling and gel electrophoresis, it has

been shown that at acidic and basic pHs, RNA polymers can be synthesized from

non-activated nucleotides. At basic pH, the bases and the hydroxyl are protonated

while the phosphates are deprotonated [125]. These results also revealed that the 2-D
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confinement in the droplets is enough activated energy to carry the polymerization

and that no extreme heat would have been needed to activate the nucleotides. On

the other hand, it has been shown that alkaline and warm environment accelerate

RNA decomposition [72].

Another point to underline is that we thought pre-polymers would have been

necessary for forming polymers. However, our best result yet was with a basic pH.

Our results suggest that supersaturated droplets containing non-activated nu-

cleotides would have been an efficient way to form RNA on a prebiotic Earth. Back

in the ponds, these RNA strands formed in the droplets could have been either pro-

tected by a protocell membrane [121, 44, 39, 127, 40] or minerals could have stabilized

the RNA formed to avoid hydrolyze [12, 13, 66, 11, 116, 21].

It is important to highlight that these results are a first trial, and they need to

be repeated and reproducible. The appearance of the gel, with a large band at the

bottom and clear bands at the top, have already been published in the literature

[70]. To prove the formation of polymers, the percentage of the PAGE gel could be

increased. Thus, if the signal observed on the gel is indeed polymers, they would

have difficulties moving through the gel, and the signal will be seen at the same place

relative to the ladder. The opposite experiment can be done in a smaller percentage.

These experiments have been done by Jerome et al. [70] to prove their results using

radio-labeling gel electrophoresis. These experiments could be done in correlation

with other techniques, such as mass spectrometry, to ensure the polymer formation

and the integrity of the polymers (e.g. no bases lost) and also see if the large band at

the bottom is polymers or not. Finally, the band in the gel could be extracted and

run again through a gel and through a mass spectrometer to verify the size of the
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band observed.

It is however important to note that, even though precautions have been taken to

avoid contamination, being more careful working with RNA-free material would be

necessary for the next steps of the experiments.

4.6 Conclusion

We used an acoustic levitator to study the RNA polymerization in water droplets

using non-activated nucleotides. The water droplet was first dried for ∼ 45 min at

room temperature. Our preliminary results suggested that RNA polymerization from

non-activated nucleotides is possible, even without the addition of external heat. The

3-D confinement of the droplet would have been enough to carry the polymerization

further, due to the internal heat in the droplet and the water-air interaction. pHs

would have played an important role in the formation of RNA; basic pH would have

been the optimal environment for RNA formation with non-activated nucleotides.

We acknowledge, however, that this setup is not perfect and can be improved. For

example, a hermetic box can be placed around the levitator to control the environ-

mental temperature. Other experiments that repeated this first one need to be done

to see if the same bands are seen. The percentage of the PAGE gel can be changed

to see if the signal observed on the gel is the same relative to the ladder. The results

can also be correlated with other techniques such as mass spectrometry.
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Chapter 5

Conclusions

The main question of this thesis is the emergence of life on primitive Earth, with a

focus on RNA formation with non-activated nucleotides using the warm little ponds

model and hydration-dehydration cycles. This research is split into three chapters,

chapters 2, 3, and 4.

In Chapter 2, we presented a new simulator able to control five physical parameters

(temperature, humidity, pressure, radiation, and gas environment) to mimic the wet-

dry cycles. Using this new technology, we set up an experiment using non-activated

nucleotides to reproduce warm little ponds in the presence of ammonium salts at

pH 2. Gel electrophoresis and mass spectrometry, unfortunately, did not lead to a

positive result regarding the formation of RNA.

Acidic conditions correlate with a warm environment leading to the degradation

of the nucleotides. It is, however, important to keep in mind that shipping overseas

could also have degraded the eventual polymers formed during the experiment. We

are trying to have Mass Spectrometry running at McMaster to avoid the shipment,

but setting up a Mass spectrometer for short RNA polymers is complex. Indeed,
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Mass spectrometry is usually set up for proteins and not nucleic molecules. Molecular

Dynamics simulations ran at pH 7, have shown that tight clusters of nucleotides were

formed in the presence of ammonium ions due to the formation of hydrogen bonds

between the ions and the nucleotides. This clusterization led to the formation of

pre-polymers (hydrogen bonds between the C3′ and the C5′ of the nucleotides) when

the system was dehydrated.

These conclusions led us to continue running MD computer simulations to have

a better understanding of the role of the different substrates in RNA polymerization

in the context of the origin of life research. Our research is exposed in Chapter 3 of

this thesis. Indeed, substrates are almost systematically used for RNA polymeriza-

tion research. Substrates are used as a catalyst for chemical reactions, protection of

biomolecules, understanding the chirality of molecules, the first metabolism, and the

formation of proto-cells. It is important to note that other groups such as Ferris or

Orgel used activated nucleotides in their experiments.

Our main findings were that all charged substrates interact with the nucleotides

by forming hydrogen bonds, leaving few chances for the formation of pre-polymers

between the nucleotides, and would have thus inhibited the polymerization of RNA.

Our simulations revealed that our best result was in the total absence of substrates.

We thus concluded that the formation of RNA polymers would have been possible

in supersaturated droplets formed by geysers or springs. This is a new environmental

vision that was not studied before in the RNA synthesize context for the origin of life,

to the best of our knowledge. It is essential to note that even though substrates would

not help with the formation of RNA, substrates tend the organize the nucleotides due

to their charges. We also wanted to report that, to our knowledge, no other research
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groups have done such computer simulations to study nucleotide organization in the

presence of different substrates.

We want to highlight that the substrates used in our simulation were run without

any impurities on their surfaces, they were perfectly smooth. Other groups such as

Campisi et al. [17] have shown that defects, like the presence of iron or nickel in the

substrates as a point defect, could be beneficial to activate certain types of bonds

and dissociating them such as C − H to form new bonds between other molecules

like C − Si and O − H bonds with the surface . These points consider it might be

interesting to run Molecular Dynamics simulations with nucleotides and substrates

with defects included in them, because we acknowledge that the results obtain and

presented in Paper I are still the first step to understanding the role of minerals in

the formation of life.

Thus, Chapter 4 regroups the preliminary experimental results of this new theory:

life could have emerged from supersaturated micro-droplet. We used an acoustic

levitator to make levitate a droplet containing non-activated nucleotides. Again,

to our knowledge, no other research groups have done such experimentation before.

Our results suggested that the formation of RNA from non-activated nucleotides

would have been possible in small droplets. Our best result was obtained at basic

pH, but smaller RNA polymers also formed at acid pH. Furthermore, these results

were obtained without increasing the heat of the environment; the 2-dimensional

confinement was enough to form phosphodiester bonds between nucleotides. This

favors our first results presented in Chapter 2, where we found that heat increased

the degradation rate of the nucleotides. But, the longest polymerization chains have

been formed at alkaline pH, which would mean that pre-polymers would not have
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been a pre-requisite for the formation of RNA polymer.

This last research must be continued because only a few tries have been tested.

The setup can also be improved by enclosing the levitator in a hermetic box avoiding

contact with outside air, where the temperature and humidity can be controlled. The

acoustic levitator can also be set up inside the Planet Simulator to have optimal

control over the droplet. In addition to the gel electrophoresis, mass spectrometry

should be performed on the samples.

But the first experiment that needs to be done is the phase diagram using Nuclear

Magnetic Resonance (NMR) to understand the stability of the nucleotides at different

pHs and temperatures.

Another experiment can be done to prove the results exposed in Chapter 3, ob-

tained with Molecular Dynamics simulations. For example, Synth-Med Biotechnology

[23] uses gold biosensors to understand the bidings of cells and bacteria to lipids

membranes. This technology could be used to study the binding of nucleotides to

different substrates.

Finally, experiments involving the Planet Simulator can be redone using activated

nucleotides such as cyclic ones or nucleoside triphosphates. For example, Jerome et

al. [70] have shown promising results using nucleoside triphosphates to form RNA

polymers under prebiotic conditions.

When these new experiments are going to be done, it is important to be certain

that the materials use and the environment is RNA-free.
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Appendix A

Appendix

A.1 Gel electrophoresis

Compound Concentration stock (mg/ml)

Adenosine 5’-monophosphate monohydrate (AMP) (C10H14N5O7P ) 10.2433

Uridine 5’-monophosphate (UMP) (C9H13N2O9P) 9.5636

Ammonium chloride (NH4Cl) 1.5790

Ammonium sulfate ((NH4)2SO4) 3.8981

Ammonium nitrate (NH4NO3) 2.3613

Ammonium acetate (NH3COONH4) 2.2739

Table A.1: List of all solutions prepared and their concentrations.
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Figure A.1: AMP:UMP after 40 cycles a), b). AMP:UMP after 4 days without
cycles, at 25◦C c),d). The distribution of polymers length is shown in the gel line in

a), and c). The quantitative analysis is shown in b) and d). With cycles,
degradation of AMP:UMP can be seen. Without the cycles, no degradation nor

polymers are revealed by the gel analysis. Only noise can be observed in the
quantitative analysis.
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Figure A.2: Microscope images of an AMP:UMP:NH4Cl film before (a), b), c)) and
after (d), e), f)) 40 hydration-dehydration cycles (scale: 250 µm). Before cycling, a
film and a crystalline structure are seen in a), b). Nucleotides are concentrated on

the crystals’ surfaces, in c). After cycling, triangular-shaped crystals are observed in
d), e). Nucleotides are concentrated at the periphery of the crystals (f)). The

intensity through the gel is shown on the band in g). The gel’s quantitative analysis
(h)) indicates a substantial amount of degradation. Microscope images of an

AMP:UMP:(NH4)2SO4 film before (i), j), k)) and after (l), m), n)) 40
hydration-dehydration cycles (scale: 250 µm). Before cycling, a crystalline structure

and an amorphous phase are seen (i), j)). Nucleotides are concentrated on the
crystals and on the film (k)). After cycling, irregular structures are observed in the

film (l)). Darkfield, in m) shows tiny crystals inside the film. Nucleotides are
uniformly distributed in the film (n)). The overall intensity through the gel is strong

which might indicate a higher degradation, as seen in o).
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Figure A.3: Microscope images of an AMP:UMP:NH4NO3 film before (a), b), c))
and after (d), e), f)) 40 hydration-dehydration cycles (scale: 250 µm). Before

cycling, crystalline structures are seen in the film (a), b)); nucleotides are
concentrated on the crystals. After cycling, small crystals appear in (d).

Nucleotides are concentrated on and around those crystals (f)). In the gel, a band is
observed, indicating degradation (g). Microscope images of an

AMP:UMP:NH3COONH4 film before (i), j), k)) and after (l), m), n)) 40
hydration-dehydration cycles (scale: 250 µm). Before cycling, a smooth film is

observed on the slide (i), j)). Nucleotides are uniformly distributed inside the film
even if the highest concentration is observed along the edge of the film (k)). After
cycling, in l), the sample takes a rough clumpy structure. This mix does not form
crystal (m)). Nucleotides are found to be everywhere throughout the sample (n)).

The overall intensity on the gel line (o)) is minimal, and no large band can be seen.
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Figure A.4: Gel electrophoresis of AMP:UMP:(NH4)2SO4 after 40
hydration-dehydration cycles. The coloration was inverted so that the results
appeared black on the gel. The sample ran with 1:1 nucleotides:salt ratio, and

mixed at the end of the experiment before precipitation (Materials and Methods,
Electrophoresis gel preparation). The intensity is stronger when the ratio is higher.

Nothing is detected with a ratio lower than 1:1.

99

http://www.mcmaster.ca/
https://www.chemistry.mcmaster.ca/


M.A.Sc. Thesis – A. Dujardin; McMaster University – Chemistry and Chemical Biology

Ladder (bp)2 cyles 4 cyles 6 cyles 8 cyles 10 cyles 12 cyles21 bp ladder

150

50

21

30

21

27

19

1

2

3

Figure A.5: Gel electrophoresis of AMP:UMP:(NH4)2SO4 after 2, 4, 6, 8, 10, and 12
hydration-dehydration cycles. The coloration was inverted so that the results

appeared black on the gel. After 2 and 4 cycles, the band is weak, and nothing
appears on the gel. After 6 cycles, the bands’ intensity is stronger. At 8 cycles, the
migration shape is the same as after 6 cycles, but the overall intensity is stronger.
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Figure A.6: Gel electrophoresis of AMP:UMP:NH4Cl. Sequence 1 underwent
24 hours of high temperature and low humidity. Sequence 2 went through 24 hours
of cycling and 24 hours of high temperature and low humidity. Sequence 3 shows
the sample result that ran during 24 hours of high temperature and low humidity,

plus the same parameters as sequence 2. The last sequence underwent 24 more
hours of cycles at the beginning of the experiment compared to sequence 3. The

overall intensity on the gel is vigorous.
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Figure A.7: Gel electrophoresis of AMP:UMP:NH4Cl. This experiment is the
opposite of the one before. Instead of high temperature and low humidity, the effect

of the humidity is tested, so the sample underwent high humidity and low
temperature. Sequence 1 went through 24 hours of low temperature and high

humidity. Sequence 2 had 24 hours of cycling and 24 hours of high temperature and
low humidity. Sequence 3 underwent 24 hours of high temperature and low

humidity, plus the same parameters as sequence 2. The last sequence ran 24 more
hours of cycles at the beginning of the experiment compared to sequence 3. When
samples underwent more cycling than the other samples, the degradation is more

intense, like indicate by a longueur and larger band on the gel.
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A.2 MD Simulations

MD simulations at 100% hydration
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Figure A.8: Computer simulations of AMP:UMP (in gray) in the presence of
(NH4)2SO4 in water. Only NH4 ions are represented (in purple). a), b), c) represent

the position of the nucleotides in presence of NH4 ions at 0.1 ns, 5 ns, and 100 ns
respectively. The graphic d) indicates the number of Hbonds between the

nucleotides over time. The average was found to be 30. e) represents the number of
Hbonds between NH4 ions and the nucleotides over time. During the first 5 ns, the
number increases and stabilized at ∼475. The graphic f) shows the evolution of the

number of Hbonds between NH4 ions and C5′ of nucleotides. As same as e), the
number of Hbonds increases during the first 5 ns and then stabilized at ∼350. The
number of Hbonds between C2′/C3′ − C5′ is indicated in g). The average number
was estimated at 4. The Hbonds are represented in blue, the phosphate group in

brown, and the C2′ and C3′ groups in pink.
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Figure A.9: Computer simulations of AMP:UMP (in gray) in water. a), b), c) show
the nucleotide distribution at 0.1 ns, 5 ns, and 100 ns respectively. The nucleotides
are homogeneously dispersed over time. The graphic d) represents the number of
Hbonds between nucleotides over time. The average number of H-bonds is ∼20.
The graphic e) indicates the number of C2′/C3′ − C5′ Hbonds over time. The

average number is ∼8 Hbonds. The Hbonds are represented in blue, the phosphate
group in brown, and the C2′ and C3′ groups in pink.
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Figure A.10: Computer simulations of AMP:UMP (in gray) in the presence of
CaCl2 in water. Only Ca ions are represented (in green). a), b), c) show the

evolution of the nucleotides in presence of Ca ions in solution at 0.1 ns, 5 ns, and
10 ns respectively. The graphic d) represents the number of Hbonds between
nucleotides over time. The average number of Hbonds is ∼30. The graphic e)

indicates the number of C2′/C3′ − C5′ Hbonds over time. The average number has
been found to be ∼4 Hbonds. The Hbonds are represented in blue, the phosphate

group in brown, and the C2′ and C3′ groups in pink.
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Ammonium ions do not intercalate in existing RNA
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Figure A.11: Computer simulations of tRNA in the presence of (NH4)2SO4 in water.
Only NH4 is represented (in purple) in a), b), and c). The graphic shows the

number of Hbonds between nucleotides and NH4 ions over time (ns) (f)). a) shows a
homogenous distribution of the ions in water, at 0.1 ns. After 5 ns, ions clusters
start to form but not inside the tRNA. The same phenomenon is observed after

100 ns. The number of Hbond between tRNA and ions is stable over time (∼20).
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Formation of pre-polymers is a bulk, not a surface effect
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Figure A.12: Number of Hbonds between C3′ and C5′ within 7 Åclose to the
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