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Abstract

There is little agreement on how life might have started on Earth. Following life
as a guide, phylogenetic and comparative biochemical studies point to an
autotrophic origin, with complexity accruing over time. In modern metabolism, the
universal energy currency is adenosine triphosphate (ATP), which not only drives
metabolism through phosphorylation and condensation reactions but is also key
for the synthesis of the informational molecules RNA, DNA, and proteins. Such
deep conservation suggests an early origin of ATP, before the emergence of
genes or genetically-encoded macromolecular machines such as the ATPase.
This thesis explores the plausibility of an early emergence of ATP and the role it
might have had at the origin of life. | first confirm earlier work showing moderate
(15-20%) ATP yield from the non-enzymatic phosphorylation of ADP by acetyl
phosphate (AcP), before systematically exploring the prebiotic context for this
synthesis. AcP is a universally conserved intermediate between acetyl-CoA and
ATP, bridging between thioester and phosphate metabolism. | show that it is
possible to form moderate yields of ATP in a variety of agueous environments.
The combination of AcP and the catalyst Fe3* is surprisingly favoured. No other
prebiotically relevant metal ion, mineral, and phosphorylating agent tested here
favoured ADP phosphorylation. Nor could AcP phosphorylate other nucleoside
diphosphates to the triphosphates. | demonstrate a reaction mechanism that
implicates the N7 and the N6 amino group on the adenine ring in the Fe3*-
catalysed phosphorylation of ADP, implying a deep significance of the adenine
base. Finally, | explore how ATP might have facilitated condensation reactions to
generate nucleotide and peptide polymers in an aqueous environment, using life
as a guide. These efforts met with limited success, confirming that condensation
reactions are not facile in water. Nonetheless, my findings overall support the

approach of taking life as a guide to study the origin of life.
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Chapter 1

Introduction

1.1 The origin of life field

The Earth is approximately 4.5 billion years old, and although we have an
estimated idea of the time life appeared on our planet (evidence of life as old as
~3.8 #4.1 billion years has been recently found (Dodd et al., 2017), its origin is

still a source of debate and we are still far from certainty.

History shows that man has been troubled by this issue since the beginning.
Countless creation myths have tried to explain how life came to Earth, and
spontaneous generation was widely accepted until the 19" century, when Louis
Pasteur discovered that microorganisms (then called gmall organisms ] are
ubiquitous and cannot arise in sterile conditions (Pasteur, 1862; Leduc, 1911,
Strick, 1988; Ligon et al., 2002).

Life is a delicate state that needs many external factors to have come together in
just the right way. This is why the Origin of Life (OoL) field encompasses many
disciplines, from biology to geology, physics and philosophy (Preiner et al.,
2020a). Indeed, the questions that it tries to answer to are varied and they all feed
each other: why did Earth developed life, and how did its geological evolution
DIITHFW OLIHTVY RZQ RULJLQ DQG HYROXWLRQ" +RZ GLC
What is the role of energy, entropy, and complexity? What is the definition of life

that we adopt when researching it? (Mariscal et al., 2019).

There are some aspects of the OoL that have been generally accepted: the
earliest undisputed evidences of life are dated at least 3.4 Ga (Javaux, 2019),
molecular clock analyses place the emergence of life earlier than 3.9 Ga (Betts
et al., 2018), and the OoL did not result from a single event but was rather the
outcome of a long series of processes, as suggested by the complexity of the

modern cell and reconstructions of the last universal common ancestor (LUCA).
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This involved the evolution from a simple abiotic process, fuelled by elements

present on Earth (Preiner et al., 2020a).

The way this all first came together, however, is the source of many disputes.

1.2 A planetary perspective

As life needs specific conditions in order to occur, the natural first question is:
what makes Earth so good at hosting life? For this, we need to look at the Solar

System, what confers habitability, and the history of our planet.

The way the Solar System is organised is believed to be important for the
development of life. Firstly, while the most common type of star in the Universe
is a red dwarf, the Sun is a yellow dwarf, or G-type main-sequence star, as per
the Hertzsprung-Russell Diagram (HRD) (Figure 1.1).
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Secondly, the presence of a giant planet like Jupiter is thought to have been one
of the key factors that allowed our planet to develop life. This is because during

its early development, the Earth experienced countless asteroid collisions until
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Jupiter formed completely and cooled down. A star system with a cool giant
planet and an asteroid belt between said planet and the habitable zone (HZ) of
the system has been studied to not experience migration of the planets towards
the sun, due to the gravitational pull of the giant planet, allowing the asteroid belt

to stay stably beyond the HZ (Maruyama et al., 2013).

The idea of the habitable zone, also known as Goldilocks zone { was coined in
the 1950s. This is a region around a star where planets are at the right distance
for water to be likely found in the liquid state, making them possible candidate
hosts of life (Strughold, 1953).

The Earth occupies this zone, thus being able to maintain a fluid envelope on top
of its solid surface, and it possesses a few other specific characteristics that are
universally accepted as decisive for the successful development of life as we

know it (Meadows and Barnes, 2018):

- a rocky composition and size that confer enough gravity to keep an
atmosphere;

- an atmosphere that is thick enough to protect from solar radiations and to
create some kind of greenhouse effect, which helps prevent the temperature
from varying drastically;

= a mean temperature and pressure close to the triple point of water;

- active geodynamics, which allow weathering cycle and CO:2 recycling;

- a magnetic field due to the core dynamo, which protects the planet against
stellar winds;

- a relatively large satellite (the Moon), to prevent drastic temperature
changes in small periods of time (the essentiality of this can be debated, but
it is widely believed to be important).

Of course, Earth was not always like this. As previously mentioned, while the
earliest undisputed evidences of life are dated at least 3.4 Ga (early Archaean
eon) (Javaux, 2019), molecular clock analyses place the emergence of life
around > 3.9 Gya, during the Hadean eon (Betts et al., 2018). Unfortunately it is
quite difficult to say with some degree of certainty what the conditions in the

Hadean were, due to the fact that almost all of the Hadean crust has disappeared,
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having been recycled by tectonic activity and consumed by large impacts (Azuma
et al., 2017). Nevertheless, detailed geochemical analysis of both primitive extra-
terrestrial materials and ancient terrestrial rocks, as well as comparison with the
characteristics of our sister planets Venus and Mars, modelling, and in situ
analysis of comets and asteroids can help us infer the characteristics of the
Hadean Earth (Shaw, 2008, 2016; Westall and Brack, 2018).

The Greek word Hadean suggests a Hell-like environment, however nowadays
the early Earth is thought to not have been so drastically hotter than modern Earth
during the whole Hadean eon. In fact, liquid oceans were present as far back as
4.4 Gya, as evidenced by the relatively recent discovery of zircons from that
period (Cavosie et al., 2005, 2007; Arndt and Nisbet, 2012; Valley et al., 2014).
From this we can deduce that the atmosphere was < 100°C, although it is difficult
to constrain. At the same time, the mean temperature of the mantle is thought to
have been higher than nowadays. This would generally lead to more vigorous
convection due to the lower viscosity of the mantle, and thus higher rates of
volatile outgassing during subduction of slabs, leading to low volatile content in
the mantle. This would solve the problem of the faint young Sun paradox Yof
Sagan and Mullen (1972), which describes the contradiction between the
presence of liquid water on the early Earth when the luminosity of the Sun was
30% lower than the modern Solar System: higher outgassing rates cause high
CO: levels (Tajika and Matsui, 1992), leading to higher temperatures on the
surface (Arndt and Nisbet, 2012).

Many studies indicate that the high CO: levels also meant that the Hadean ocean
must have been more acidic, possibly around pH 5 #6 (modern ocean has a pH
of ~8). Furthermore, the volume of oceans was almost twice that of modern times,
due to the hotter mantle, meaning that most of the water on the planet was in the
ocean basin (Bounama et al., 2001; Russell and Arndt, 2005; Sleep et al., 2011).
The consequent circulation of water through the basaltic lava of the oceanic crust
would have created a variety of hydrothermal systems, which influenced greatly
the composition of the waters (Arndt and Nisbet, 2012), such as alkaline
hydrothermal vents caused by the process of serpentinization, which will be

discussed later.
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1.2.1 Requirements for life

1.2.1.a Water

Oceans cover three quarters of the surface and hold about 96.5% of all water on
the planet, while the rest is present in rivers, lakes, glaciers, groundwater, in the
soil as moisture and in the air as water vapour. This prominent presence of water
is so clear from outer space that the Earth is often referred to as the RBlue Planet §
It is a good solvent (it is capable of dissolving a great number of substances) and
allows biochemical reactions to occur efficiently; indeed, even the human body is

50-65% made of water.

Water is an interesting molecule, and despite its ubiquity on Earth, there is still
much to learn about it. The strong electronegativity of oxygen and the H-O-H
bond angle (104.5°) gives water polarity, which causes electromagnetic attraction
between two H20 molecules. The hydrogen bonds between water molecules
cause a strong surface tension, which is likely to encourage compounds to react
with each other to form membranes, and it can take part in electron transport
reactions by donating a proton. Other types of solvents have been seen to have
some similar characteristics, such as hydrogen sulphide (H2S) and ammonia
(NHs), however their liquid phases occur in rather limited temperature ranges,
which are too strict and extreme for most living organisms. Conversely, water
exists in the liquid form in a wide temperature range (0-100°C) and is available in
all three phases on Earth, creating a variety of microclimates that are key for
diversity. Water has a very high specific heat capacity (4,184 J/kg-°C), i.e. it takes
a lot of energy to raise its temperature by 1°C. On a global scale, this allows it to
regulate the rate at which the air temperature changes, making the variations of
temperature between seasons more gradual. In other words: the high specific
heat capacity of water regulates extremes in the environment, which is key for

evolution of life .

As such, water is essential for the emergence of life (Westall and Brack, 2018),
and there are various theories on where it came from. The Earth likely did not

acquire all its water content in a single event, but rather obtained it gradually
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during its accretion and evolution. Some of it was brought by carbonaceous
chondrites (Pizzarello and Shock, 2010), micrometeorites (Maurette and Brack,
2006), and cometary material (Altwegg et al., 2016). Some of it probably
outgassed from the core of the Earth due to plate tectonics. Plate tectonics are a
consequence of the convections occurring in the mantle, which as | mentioned
earlier were likely very vigorous during the Hadean. This creates continental crust
(which is quite buoyant), leading to a consistent outgassing of volatiles contained
in the mantle, which quickly condensed as the magma ocean cooled down
(Lebrun et al., 2013). This is possible due to the ability of rock to store water.
Earth is actually a dry rock planet with a very small amount of water (0.022%
mass of the Earth), and although the amount of water stored in rocks is incredibly
small, the mantle makes up two thirds of the mass of the Earth, therefore the total

water that can be contained in it amounts to a considerable quantity.
1.2.1.b Other compounds necessary for life

Life strictly depends on the availability of six elements: carbon, hydrogen,
nitrogen, oxygen, phosphorus, and sulphur (commonly referred to as CHNOPS).
The question is when they would have been available on the early Earth and in

what form.

Although extra-terrestrial delivery might have played the greatest role, it is likely
that organic compounds were synthesised both in the interstellar medium (Chyba
and Sagan, 1992), on asteroids and comets, and then delivered during accretion
(by micrometeorites and carbonaceous chondrites such as the Murchison
meteorite (Kvenvolden et al., 1971; Lazcano, 2004; Maurette and Brack, 2006;
Westall and Brack, 2018)), and directly on the Earth. As mentioned earlier, the
early outgassed atmosphere likely consisted of H20, COz,and N2, with small
amounts of CO and Hz (Holland, 1984; Arndt and Nisbet, 2012; Westall and
Brack, 2018). Additionally, reactions occurring within the early crust produced
more simple organic molecules. Hydrothermal processes caused by seawater
percolating into the crust could also produce small organic molecules through
Fischer-Tropsch synthesis (Shock and Schulte, 1998; Lollar et al., 2008;
Proskurowski et al., 2008; Konn et al., 2015; Westall and Brack, 2018). Recent
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laboratory simulations that successfully produced formate, acetate and pyruvate
support this (Preiner et al., 2020b).

No matter the source or the form, carbon will have been very common on the
early Earth. The turnover of the surface due to plate tectonics would create a

cycle of carbon, which breaks down into CO2 and outgasses into the atmosphere.

The many volcanoes present must have released abundant N2 into the
atmosphere (Yokochi et al., 2009). Active forms of nitrogen, such as NO, NOs*,

and NHs, were probably also present due to meteorite impacts and UV radiation.

Due to the large amount of water available, water-rock interactions
(serpentinization) would also have been common and a source of H2 and sulphur
(probably as S?*and SO3?% as there is evidence of significant levels of SO4?*only
after the Great Oxidation Event at 2.4 Ga (Habicht et al., 2002)). Oxygen would
have been mainly available as H20, which, as mentioned so far, was also present

in high amounts.

A more puzzling issue is that of phosphate. Phosphate is the crucial component
of the key molecule adenosine triphosphate (ATP), however its availability during
the history of Earth has probably been very limited due to its tendency to
precipitate in the ocean as calcium phosphate or iron phosphate minerals, such
as apatite (Cao(POa4)s(OH,F,Cl)2) and vivianite (Fe?*Fe?*2(POa)2-8H20) (Herschy
et al., 2018). This poor geochemical accessibility has led many to question the

requirement of P for the early development of life (Fontecilla-Camps, 2021).

The main source of bioavailable phosphorus in the marine biosphere is
continental weathering (Ruttenberg, 2003), with submarine processes such as
the weathering of basaltic ocean crust and hydrothermal processes acting as P
sinks (Wheat et al., 2003, 2017; Coogan and Gillis, 2013; McManus et al., 2019).
Others have proposed that in the Archaean eon submarine weathering under
anoxic conditions was potentially another significant source (which supports the
idea that volatile-rich Earth-like ocean worlds could also develop a robust
biosphere) (Syverson et al., 2020). Some have argued that in the anoxic
Archaean ocean, phosphate (PO4 ') could have been reduced by Fe?* (Herschy

et al. 2018) or processes such as serpentinization (Pasek et al., 2013) to
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phosphite (HPOs '), a phosphorus source that would have been stable and more

soluble.

Regardless of the issue of the questionable availability of P in the early Earth, all

elements necessary for life were present as early as the Hadean.

1.2.2 Other p lanets

I now want to share a few thoughts on other celestial bodies, as | feel the field of
the origin of life can and should be extrapolated to the wider universal context.

In 2009, as part of their Discovery Program, NASA launched the space
observatory Kepler, an optical telescope whose mission was to detect exoplanets
(i.e. planets that are in other solar systems) orbiting in the HZ of distant Sun-like
stars (i.e. a yellow dwarf, as mentioned in earlier), and see whether they could be
suitable hosts for life as we know it. Designed to stare fixedly at a small area of
the sky near the constellation Cygnus, KeplerfV JRDO ZDV plrfetsGhdtw H F W
have similar characteristics to the Earth (Borucki et al., 2010). Its data collection
ended in 2013 due to malfunction, however the mission K2 started collecting data
soon after, making use of much of the Kepler instrumentation and covering a
wider sky area (Howell et al., 2014). NASA also launched the Transiting
Exoplanet Survey Satellite (TESS) in 2018, which targets red giant stars and
measures the periodic oscillations in their brightness that are caused by planet
transits (Ricker et al., 2015). As of November 2021, the total number of confirmed
exoplanets discovered by these missions is 3,035 (NASA Exoplanet Archive,
2021).

In 2009, Lammer et al. proposed a classification of habitable worlds: class |
planets are analogues of Earth, and they have a chance of complex life forms to
evolve; class Il planets may have enjoyed Earth-like conditions in the past, such
as surface H20, but no longer do (e.g. Mars); class Ill includes rocky bodies that
have a subsurface ocean that can interact with silicate (e.g. Europa, Enceladus),
while class IV bodies have liquid water between ice layers (e.g. Ganymede,

Callisto). This expanded the limits imposed by the HZ for the search of life:
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nowadays the HZ is treated more as a Hunting Zone by astrobiologists, as it
gives hints to observers to check surrounding areas (Forget et al., 2017).

The third class is particularly interesting from an OoL point of view due to the
probable presence of hydrothermal vents. Life could occur in the subsurface of
planets or satellites with no atmosphere and/or that are far from the star of the
system if they have some other form of heating and energy source. An example
is one of the satellites of Jupiter Europa, which has an iced surface with a liquid
water ocean beneath it and is kept warm through tidal heating caused by the
considerable gravity of Jupiter. ,Q WKLV FRQWH[W 6DWXUQYV
of the most interesting candidates for astrobiology (Choblet et al., 2021). Like
Europa, the surface of this small satellite (the diameter is only ~500 km) is made
of several kilometres of ice covering several kilometres of liquid water, and it has
a rocky interior. The interaction between Enceladus and the gravitation of Saturn
produces heat, which keeps water in the liquid state (Hsu et al., 2015; Sekine et
al., 2015; do Nascimento Vieira et al., 2020).

Enceladus is characterised by plumes of water vapor and mist in the South pole
that travel several hundreds of kilometres into space, making the contents of its
subsurface ocean accessible to observation. As a result, thanks to the flybys of
the spacecraft Cassini, we know that the subsurface ocean is quite alkaline (pH
9 #11) (Glein et al., 2015), and COg, various hydrocarbons including methane,
and molecular hydrogen have been detected within the plumes (Waite et al.,
2017). The detection of H2 is significant because it is a sign that the subsurface
ocean is interacting with the rocks underneath. Theoretically, the process of
serpentinization should occur on any wet rocky planet or moon because the
elements required (minerals such as olivine and water) are some of the most
ubiquitous molecules in the universe. Therefore it is very likely that the subsurface
of Enceladus might resemble what is proposed in Figure 1.2, making it a very
good candidate for the origin of life.
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Figure 1.2 =Graphic illustrating how scientists on NASA's Cassini mission think water
interacts with rock at the bottom of the ocean of Saturn's icy moon Enceladus, producing
hydrogen gas (H2) (Credits: NASA/JPL-Caltech/Southwest Research Institute).

While Enceladus might be able to host the emergence of life in the present, the
classification of habitable planets by Lammer et al (2009) highlights one key thing:
wet, rocky Earth-like planets are quite common +some lost their water in time,

some still retain it. Therefore, conclusions for Earth can be generalised.
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1.3 Early Earth conditions

Having looked at the evidence of the presence of the elements necessary for life
on our own rocky planet, it is now possible to go a little deeper and see what
mechanisms might have been happening on the early Earth and what form of the

elements they might have been the source of.

For most of the Hadean era, as was mentioned previously, there was very little
land, most of the world was covered in ocean, there were constant meteorite
impacts, and the UV radiation from the Sun was stronger than today due to the

absence of an ozone layer (Catling and Zahnle, 2020).

As mentioned previously, the absence of early atmospheric records renders the
identification of the composition of the Hadean-Archaean atmosphere difficult.
Due to the Moon-forming impact, which deprived the Earth of most of its reduced
iron core, the mantle must have been quite oxidised, and this overall loss of
hydrogen meant that also the carbon in the atmosphere must have been relatively
oxidised, another cause of the high levels of CO2 mentioned earlier (Halliday,
2003; Arndt and Nisbet, 2012). The surface was characterised by geothermal
activity such as volcanoes and hydrothermal vents, which would have been
widespread due to the amount of water available. A type of hydrothermal vent
ZDV GLVFRYHUHG LQ WKH ODWH fVv QHDU WKH *DOI

Pacific Rise: the so-called black smokers (Figure 1.3a).

Formed by the interaction of seawater with magma, these vents produce very hot
(>300°C) and acidic (~ pH 1 £) fluids that are rich in hydrogen sulphide (H2S)
and Fe, but poor in H2 (Spiess et al., 1980). Their structure is made of precipitated
iron sulphides (pyrite and greigite). Nowadays they are most commonly found
along the Mid-Atlantic Ridge.
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Figure 1.3 *A black-smoker (a) and an alkaline hydrothermal vent (b). (Photo © Ocean
Exploration Trust and D. Kelley and M. Elend/University of Washington, respectively).

Another type of hydrothermal system thought to have been common in the
Hadean ocean is the alkaline hydrothermal vent (AHV). Discovered in 2001
(Kelley et al., 2001), the existence of these vents on the early Earth had been
SURSRVHG E\ 5XVVHOO DQG FR RustBllJaadl Hall, Q9887 K H
Russell et al., 1989): also located at the bottom of the ocean, these vents produce
Hz-rich, warm (50 £90°C), alkaline (~ pH 9 #11) fluids and are stable over long
periods of time (>30,000 years) (Kelley et al., 2002). The best-known active
example of this submarine system is the post City thydrothermal field (Figure
1.3b), just 15 km away from the mid-Atlantic Ridge (Kelley et al., 2001), however
their characteristics are not identical to those inferred for the Hadean due to the
different state of the ocean (ancient oceans were anoxic and rich in COz2, hence

more acidic).

The geological process that causes the formation of AHVs, called
serpentinization, is a spontaneous chemical reaction between water and minerals
with low SiO2 content such as olivine, a ferromagnesian silicate mineral found in
the upper mantle of the Earth (most commonly in the layers beneath the ocean

floor). Water can percolate several kilometres down fractures in the ocean floor
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and come into contact with the mantle-derived minerals, a process in which the
iron in olivine gets oxidised, leading to the formation of a hydroxylated mineral
called serpentinite, magnetite, brucite, and Hz, at relatively low temperatures (<
300°C) (Holm and Neubeck, 2009):

t %ex Fag <sEU 6 \ exo Taso 6 oE: ¥ sE{ %6 6E ¢Et 5 ;
olivine serpentinite magnetite  brucite

This exothermic reaction together with geothermal heat causes a steady source
of hydrogen gas, as well as quite alkaline fluids (pH 9 #11), rising up and exhaling
at around 50 990°C (Lane and Martin, 2012). The precipitate that this exhalation
leaves behind form large mineral peaks (< 60 m) composed of calcium
magnesium carbonate minerals and magnesium hydroxide minerals (such as
brucite) (Kelley et al., 2001; 2005). The precipitates have been inferred to also
have contained iron sulphur and iron hydroxide minerals during the Hadean, such
as mackinawite, greigite and green rust (White et al., 2015; Russell, 2018). The
interface of this type of vent is reminiscent of a battery: there is flow of electrons
from the reduced EarthfV PDQWOH WR WKH PRUH R[LGLVHG RFH

It is difficult to constrain the actual conditions for the Hadean Earth: the
atmosphere was probably oxidizing or mildly oxidized (so CO2/N2), but localized
systems could support reducing chemistry (vents, terrestrial geothermal, eutectic
ice). These uncertain characteristics are partially consistent with a variety of

hypotheses on the origin of life.

1.4 Metabolic origins of life + heterotrophy vs.
autotrophy

The two most prominent schools of thought are the one that advocates a
heterotrophic origin of life (i.e. the first organisms required organics from the

environment), and that which instead argues life probably had an autotrophic

emergence (i.e. the first organisms produced their own organic molecules).
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The first theory is favoured by synthetic chemists in the field, and in fact
represents the majority of prebiotic chemistry research. The core concept is that
the environment provided monomeric precursors such as carboxylic acids, amino
acids, fatty acids, sugars, and nucleotides in a way that does not necessarily
resemble extant biology. These eventually led to the emergence of a type of
protocell that had to find a way to survive before the huilding blocks fwere

exhausted. This means that early protocells had to pnvent biochemistry.

This hypothesis was introduced in the early 20" century by two scientists who
separately arrived to similar conclusions: the Soviet biochemist Aleksandr Oparin
and the English scientist J.B.S. Haldane. Independently, they proposed that the
first organisms likely lacked complex anabolic metabolism, and thus the first
organisms self-assembled from environmentally supplied organic molecules.
Both postulated that conditions on early Earth may have been different than at
present (they argued that the atmosphere might have contained CH4 and NHs
and thus it was more reducing) and were more favourable for the formation of
organic compounds and the spontaneous generation of heterotrophic organisms
(Haldane, 1929; Oparin, 1938; Tirard, 2017).

This theory has its roots in the concept of tKH P3UHELRWLF 6RXSY ZKI
Darwin once described in a private letter (University of Cambridge, 2021) as a
warm little pond fwhere a few essential building blocks of life (water, ammonium
cyanide, formaldehyde, hydrogen cyanide, cyanogen, cyanoacetylene,
acetonitrile, and acrylonitrile) were concentrated, creating more complex

molecules and thus originating life (Eschenmoser and Loewenthal, 1992).

Many studies have backed the idea of these molecules being at the start of
prebiotic chemistry, as production of many compounds relevant to modern life
XVLQJ WKHP DV VXEVWUDWHY KDYH SURYHG VXFFHVV!
Stanley Miller and Harold Urey reported the synthesis of several amino acids via
the induction of an electric discharge through an anaerobic mixture containing
methane, ammonia, and H2 in aqueous solution (Miller, 1953, 1957; Johnson et
al., 2008). Inspired by the Miller-Urey experiment, Or6 (1960) later achieved the
synthesis of adenine through the heating of a solution containing ammonium

cyanide.
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Despite the experimental successes that support it, however, there are a few
problems fwith this hypothesis. From a biological point of view, the reactions
proposed are mostly chemistry-oriented, and do not consider the way modern life
works. The substrates used in those studies are not typically used by living
systems (Lane et al., 2010; Martin et al., 2014). They are quite complex, and their
low activation energy allows them to react with each other relatively easily,
whereas metabolic processes are known to need catalysts like enzymes in order
to lower the activation energy and make two otherwise unreactive molecules
react with each other. The metabolites also need to accumulate at high
concentrations in order to be ponsumed %ut the high reactivity of the compounds
will make it harder for them to accumulate; even if they accumulated, the
conditions proposed in those theories, such as strong UV light or concentrated
cyanide solutions (Keller et al., 2017), are harmful even to the most resistant cell.
Furthermore, although there is modelling work proposing the generation of a
methane-rich atmosphere by the impacts of large iron meteorites, which might be
conducive to forming cyanide (Zahnle et al., 2020), there is no geochemical
evidence that the amount of these compounds needed for the metabolism
proposed in those theories was present on the early Earth (Lane, 2017).

The heterotrophic origin theory pleasingly assumes that the whole planet is a
laboratory, with different reactions that yield elements of extant metabolism
occurring in different, specifically advantageous environments. This gives the
OoL a planetary dimension. It does not, however, attempt to bridge those
reactions with a modern cell, where metabolism happens in a single environment.
When and, most importantly, how did all the singular reactions come together in
just the right way for them evolve into a metabolic network? Not to mention that
in this scenario where a conceivably wide variety of environments are used to
produce metabolism-like molecules, you would expect that an equally wide
variety of phemistries fwould do the job. If that were true at the OoL then we
should see remnants of these different processes; however, as will be discussed
later, phylogenetic studies show that the core metabolic pathways are universally
conserved. Modern heterotrophs and autotrophs generally run opposite iterations
of the same pathways (Schonheit et al., 2016). A major example is the Krebs

cycle, whose forward version is oxidative and occurs in heterotrophs while its
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reverse version is reductive and it occurs in autotrophs, suggesting that one
derived from the other. Studies suggest that the reductive Krebs cycle, or
reductive tricarboxylic acid (rTCA) cycle, due its anabolic nature, might have been
the first iteration, implying that the earliest organisms must have been reductive

chemoautotrophs (Morowitz and Smith, 2007).

Lastly, there is also the problem of selection. Most of the research that supports
a heterotrophic origin assumes life started somewhere where water is periodically
provided and taken away (wet-dry cycles Jsuch as a shore or a shallow basin
(Mulkidjanian et al., 2012; Djokic et al., 2017; Becker et al., 2018; Damer and
Deamer, 2020). This allows for polymerisation, a reaction that is unfavourable in
agueous environments as it requires the formation of a water molecule per
monomer (in fact, it is also known as pondensation JFigure 1.4). However, during
a wet-dry cycle polymers and the structure of protocells are made and then
disbanded randomly, and at the end of several cycles of polymerisation nothing
has been inherited. The only way that a heterotrophic protocell will have a
selective advantage over others in the same environment is if it has a way of
taking up organics from the environment selectively. With the random
polymerisation mechanism described above, selection is far more problematic,
and therefore how the protocells could have evolved from there is an open

guestion.

Figure 1.4 +Polymerisation of two amino acids. A water molecule (blue) is liberated by
the reaction. NB: the actual biological process catalysed by ATP does not liberate a water
molecule, as water hydrolyses ATP into ADP + Pi.

A popular theory whose conventional interpretation links to a heterotrophic origin
of life is the RNA World. The term was coined by Nobel laureate Walter Gilbert
(1986) and the hypothesis has its origin in the scientific effort started by Carl
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‘RHVH LQ WKH fv. +H REVHUYHG WKDW ULERVRPDO 5
well-conserved (Woese, 1968; Fox, 2013), identifying the translational machinery

(namely the ribosome) as one of the most ancient biochemical mechanisms
(Gesteland and Atkins, 1993; Woese, 1998; Harris et al., 2003; Charlebois and

Doolittle, 2004; Vetsigian et al., 2006; Fournier et al., 2010; Di Giulio, 2011,

Williams et al., 2013; Hartman and Smith, 2014; Bernier et al., 2018; Weiss et al.,

2018; Camprubi et al., 2019; Coleman et al., 2019; Fontecilla-Camps, 2021).

The RNA world hypothesis envisions a scenario with a non-enzymatic process
by which potentially catalytic and replicating polymers were produced to initiate
life. This is because RNA, as opposed to DNA (an inert, hereditary material) and
proteins (catalysts), has the ability of reproducing itself. Therefore, as RNA has a
sequence, is hereditary, and can have catalytic activity, it must have been a
precursor to both DNA and proteins +LQ RWKHU ZRUGV 51% 3SLQYHQWH

This hypothesis is quite popular; however, while the central role of RNA in
metabolism cannot be disputed, the RNA world remains controversial due to
many fundamental issues, such as the lack of demonstration and phylogenetic
support of many of the claims associated with it (James and Ellington, 1995; Ma
and Yu, 2006; Robertson and Joyce, 2012; Higgs and Lehman, 2014; Ma, 2014;
Camprubi et al., 2019; Fontecilla-Camps, 2021). Additionally, there is an issue
with how selection switched from favouring replication speed, and thus shorter
51$ SRO\PHUV DV VKRZQ HEhoGs&L ¥5piddelimanial., 1965),
to favouring coding for metabolism, and thus complexity.

The purist side of the RNA world theory essentially describes a heterotrophic
origin. In fact, the scenario proposed does not explain where the nucleotides that
make up the RNA polymers are originated, rather it assumes a constant supply

from the environment.

In essence, a heterotrophic OoL suggests that life started from very complex and
varied chemistry that simplified as time went by. This is the opposite of the
autotrophic origin theory, which suggests that life built up complexity as it evolved
and acquired more advantageous strategies for metabolic reactions. Indeed,

while heterotrophy uses already-formed organic substances as carbon sources,
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the principle of autotrophy involves a scenario where the continuous flux of small
inorganic molecules such as Hz and COz2 (which, as mentioned earlier, are two of
the most common molecules in the Universe and were likely widely available on
the early Earth) triggered the appearance of life via the fixation of CO:2 into
ELRPDVV 'DWLQJ DV IDU E D F(Neddd/ 191 K)Hhid Iypo@hesis is TV
described as a top-down flapproach as it looks at the modern metabolic
processes (in other words, how life works) and studies the way these processes
may have arisen prebiotically, therefore it involves mechanisms that are much
more compatible with modern processes (Goldschmidt, 1952). The fixation of
CO:2 by H2, however, has a steep energetic barrier to break in order to form
organic molecules such as formaldehyde (CH20), a precursor to many important
compounds. Indeed, although the overall reaction to methane is exergonic (i.e. it
releases energy), the first two steps to formate and formaldehyde are endergonic
(i.e. require energy), as shown by Amend and McCollom (2009) in their
calculations for the Gibbs free energy of the reactions that produce molecular
building blocks (Figure 1.5).
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Figure 1.5 xCalculated Gibbs free energies of reaction as a function of temperature for
molecular constituents of cells and for total biomass. The calculations show the apparent
ability to produce all biomolecules under alkaline hydrothermal vent conditions. Figure
from Amend and McCollom (2009).

35



Introduction

A problem that arises from the autotrophic origin hypothesis is that while the
formation of carboxylic acids, amino acids, and fatty acids from CO2 and H:2
involves a few mostly repetitive steps, nucleotide synthesis requires a large
number of less repetitive steps, beginning from intermediates that already require
several steps to form. In order for a metabolic network to start, enough carboxylic
acids need to be made so that there is a push towards making amino acids, and
then enough of these need to be made so that there is a push towards making
nucleotides. This is difficult to address, and our group is developing a model to
give insights into how these multiple steps might occur (Nunes Palmeira et al.,
2022).

Therefore, the issue is that while synthetic chemistry achieves high yields of
products (Lohrmann and Orgel, 1968; Ricardo et al., 2004; Costanzo et al., 2007),
reactions starting from CO2 and H: are difficult, slow, and produce lower yields
compared to those starting from formamide or cyanide. This dissuades many
people from focusing on the autotrophic origin of life, despite arguably being more
reminiscent of extant life, in favour of the higher-yielding chemical processes.
This leads to the question: how can we know which approach might have led to
modern metabolism? For that we have to consider what phylogenetic studies say
about the evolution of life and what early life might have looked like, as | hinted

before.

1.5 What can phylogenetics tell us?

The structure of the tree of life is still a controversial topic, as billions of years of
evolution and lateral gene transfer make the study of phylogenetics exceptionally
difficult. Figure 1.6 represents a conceptual interpretation of the phylogenetic
tree, which depicts archaea and bacteria as the deepest branches (Martin, 1999)
and has been confirmed by more recent work (Betts et al., 2018). The idea that
the two phyla diverged from a common precursor has led many to study them
extensively while trying to define the characteristics of the last universal common
ancestor (LUCA) (de Duve, 2003; Lane et al., 2010; Weiss et al., 2016).
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There is very little agreement about LUCA between those who envisage a
heterotrophic and an autotrophic OoL. While following a top-down approach
leads to LUCA not being too far from the first protocells in some studies, the
prebiotic experimental chemistry conducted by proponents of the heterotrophy-
first hypothesis is so far from a cellular LUCA that many question the relevance
of LUCA to the origin of life. As mentioned above, if the chemistry proposed in
the heterotrophy-first hypothesis, which is so far from how life as we know it,
works, then there is a serious discontinuity between the origin of life and the

origins of true metabolism. There are persuasive arguments against this

discontinuity, which canbe summDUL]HG E\ WKH SULQFLSOH RI 2FFD

faced with two possible explanations, the simpler of the two is the most likely

RQH" ,1 SURWRPHWDEROLVP ZDV FORVH WR PRGHUQ E

had to go through little evolution.
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Figure 1.6 +The tree of life. A conceptual interpretation of the phylogenetic tree:
archaea, bacteria and eukaryotes make the 3 domains, the latter deriving from the
fusion f the other two. NB: LUCA is shown here as embedded in hydrothermal vents,
however this is still debated. Figure amended from Martin (1999).
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Christian de Duve (2005) has proposed that in order to study how life originated
and the evolution of metabolism, it is imperative to consider how biological
FDWDO\VWYV ILUVW FDPH LQWR H[LVWHQFH +LV 3RQO\ L
selected, and this selection must have happened only if they offered some
improvement over their protometabolic counterparts. This implies that the very
first biological catalysts must have enhanced abiotic processes that already
existed, namely geochemical processes. The notion that biochemistry derived
from geochemistry and was gradually improved through the incorporation of more
refined catalysts/enzymes provides a more plausible way of thinking about the
origin of life, as it gives the practical task of narrowing the gap between the two.
In order to do this, we have to look at the universally conserved biochemistry
within all cells. In this way, it seems reasonable to think that the earliest living
entities conserved energy and maintained a carbon metabolism in a way not
remarkably different to what the LUCA did. This pursuit of convergence is the

basis of the autotrophic hypothesis for the origins of life.

Although there is still little information about it, extensive studies that attempt to
reconstruct the metabolism of LUCA depict it as an anaerobic, thermophilic,
chemiosmotic organism with an acetyl-CoA pathway for CO: fixation and,
possibly, a membrane-bound ATP synthase (Weiss et al., 2016), although these
most likely did not look like the modern correspondents due to evolution. This
theoretical characterisation was possible through the study of the acetyl-CoA
pathway and 6.1 million protein coding genes present in both some archaea and
bacteria, indicating that they might have derived from a common ancestor
(possibly LUCA) and were not laterally transferred. This is a controversial study,
however it is one of the few attempts to explore the physiology of LUCA. The
study identified two types of modern autotrophic organisms as the deepest
branches in the bacteria and archaea phyla due to their very simple metabolism
likely reflecting ancient origins: methanogenic archaea and acetogenic bacteria.
Indeed, as they represent the simplest examples of the two phyla, they could give
insights into which characteristics might have derived from their common
ancestor, and which might have arisen later during the bacteria-archaea

divergence (Pinna, 2017).
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Both autotrophs are strictly anaerobic and live off simple chemical reactions
between CO2 and hydrogen:

Methanogens: sEV g\ AGYELt ¢ ¢)*LFsus ®' 725
methane
Acetogens: t 6EV g\ AGQAYYOEt ¢ :¢)*L Fsrve ®‘Z°%;

acetate

The reaction itself provides the energy needed to make their waste product, and
they accomplish this through CO: fixation via the acetyl-coenzyme A (CoA)
pathway (also known as the Wood #jungdahl pathway, Figure 1.7). This is
thought to be the most ancient of the six known metabolic pathways conserved
in both archaea and bacteria phyla (Fuchs, 2011; Martin, 2020), though differing
in some of the catalytic enzymes (highlighted by the different colours used for the
affected steps in Figure 1.7). This pathway is uniquely short and linear, overall
moderately exergonic, strictly chemiosmotic, and it is the only autotrophic
pathway that can form ATP while fixing CO:2 by converting acetyl-CoA to acetate

via acetyl phosphate (Fuchs, 2011).

ATP
HCOOH THF Acetogens

NAD(P)H formate ADP+P,
NADH NAD* 2H'+Fd, Fd,
@
CHO-H,PT &YCHEH‘,PT %CH2=H4PT CH,-H,PT
HZO F420H2 F420+H‘ F420H2 Fd?\’)

formyl-MF WER H,PT

Mgl TOTEMEDE SEEE Methanogens G co@

CH;COOH > CH,COSCoA

2H* + FdZy co,
Fdox CoASH
CH;COCOOH

Figure 1.7 *=The acetyl-CoA (Wood-Ljungdahl) pathway. The colours represent the
differences in the methyl synthesis pathway between acetogens and methanogens. CO;
is ultimately converted into acetyl-CoA (CH3COSCoA). Abbreviations: MFR,
methanofuran; H4PT, tretrahydropterin; Fd, ferredoxin. Figure amended from Fuchs
(2011).
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In this pathway, CO:2 is reduced to CO and formic acid (CH20:2), which is then
reduced to a methyl group that combines with CO and CoA to form acetyl-CoA.
The enzymes that catalyse the key reactions, such as ferredoxin and
hydrogenases, contain Fe(Ni)S clusters. In both organisms, the acetyl-CoA
pathway is strictly dependent on chemiosmotic coupling, as the free energy
resulting from these reactions is harnessed to generate electrochemical ion
gradients across the cell membrane, which in turn drive ferredoxin reduction via
the energy-converting hydrogenase (Ech) and energy metabolism via ATP
synthase (ATPase), the energy-conserving rotary motor (Buckel and Thauer,
2013). This could imply that LUCA might have possessed these two specialised
proteins, and thus similar bioenergetics, suggesting that chemiosmotic coupling
has been essential since the beginning (Herschy et al., 2014; Sojo et al., 2016;
Pinna, 2017).

Of course, nothing can be certain about LUCA. The key differences between the
two autotrophs that possibly arose independently make it problematic to fully
characterise their common ancestor. For example, it is difficult to accurately
define the bioenergetics of LUCA because of the absence of a modern
phospholipid membrane and proton-pumps to generate its own ion gradients
(Sousa et al., 2013), although the lipids were arranged in the familiar 5 nm-thick
bilayer fashion (Sojo et al., 2016) and the Ech is found in both bacteria and
archaea, albeit running in opposite directions (Buckel and Thauer, 2013).

This is a paradox that could be reconciled if LUCA existed in an environment that
harboured natural proton gradients to drive carbon and energy metabolism (Lane
et al., 2010; Sojo et al., 2014).

1.6 Prebiotic origin of autotrophy and modern

autotrophs

The autotrophic origin hypothesis, as mentioned earlier dating back to Leduc
(1911), started to be deeply investigated LQ WKH by WAathtershauser
(1988a, 1988b) and independently by Russell and colleagues (Russell and Hall,
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1988; Russell et al., 1989). In contradistinction to the prebiotic soup theory and
the well-known RNA world, Wé&chtershduser suggested that the oxidative
formation of transition metal sulphides such as pyrite (FeS2) provided the
reducing power for a reverse Krebs cycle, which he believed to be the
chemoautotrophic ancestor of the oxidative cycle as it is quite common in bacteria
and some archaea (Wé&chtershauser, 1990). He called this process pyrite-pulling
and formed his concept around the theory that life originated at hydrothermal
vents formed via the reaction between magma and ocean water (the black

smokers described earlier).

This mechanism, however, has never been demonstrated starting from H2 and
COg, and although pyrite has been detected in some bacteria (Drobner et al.,
1990), no living organism is known to have a pyrite-driven metabolism. This led
to this theory losing some scientific interest but, nevertheless, opened the field
for further research on autotrophic origins.

Russell and colleagues also envisaged life growing from CO:2 and H: via the
reverse Krebs cycle, however they proposed another type of hydrothermal vent
LQ FRQWUDVW WR :IFKWHUVKIXVHUYY EODFN VPRNHU
(AHVs) (Russell and Hall, 1988; Russell et al., 1989). They proposed a different
surface catalysis compared to Wachtershauser, with iron-sulphur minerals
precipitating as porous structures in a mildly acidic, COz-rich ocean, across which
proton gradients would form to power reactions similarly to modern metabolism.
According to them, these vents could have been the starting point of metabolism

before the emergence of protocells, that is, membrane-enclosed environments.

This AHV theory gained even more support following the discovery of the modern
alkaline hydrothermal field of Lost City (Kelley et al., 2001) which, despite its
characteristics being different from those in the Hadean, provided concrete

experimental conditions for further studies.

The large peaks formed by the precipitation of minerals exhaled by these vents
are characterised by an internal structure that resembles a porous labyrinth
(Figure 1.8), across which warm, Hz-rich, alkaline water comes in contact with

cooler, COg2-rich, more acidic water. These porous environments are

41



Introduction

characterised by steep
temperature gradients (nowadays
up to 90 °C in the inner layers and
down to 20 °C in the outermost
ones, but possibly steeper in the
uncertain Hadean ocean). They
are conducive to the physical
phenomenon of thermophoresis,
by which solutes accumulate in the
¢ pores of a solid matrix due to
thermal convection of the solution
generated by a thermal gradient
that crosses it. This phenomenon
could have concentrated
#*. nucleotides and fatty acids to high
concentrations (Baaske et al.,
2007; Amend et al., 2013; Mast et
al., 2013; Herschy et al., 2014),
together with the possibility of the

pores  themselves providing

compartments that could retain organics and shelter protocells.

This type of hydrothermal system was likely to be common on the early Earth,
and its stability over long scales of time, as opposed to many other potential origin
of life locations such as the black smokers, means that it can provide a constant
source of chemical energy, which renders them quite favourable for the lengthy
evolution of metabolic processes (Kelley et al., 2002; Martin et al., 2014).

The main case in favour of AHVs is that they provide conditions equivalent to
DXWRWURSKLF FHOOV &RQ [(Russel énd HakX Y988t QUBSEVeWW KH R U
al., 1989), the microporous environment of these vents have been found to be
characterised by far-from-equilibrium conditions that offer a naturally continuous
reactive chemical environment that is key for the emergence of life (Shock and

Canovas, 2010; Amend et al., 2013). The continuous supply and circulation of Hz
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(potentially not as intense as today, due to the higher silicate concentrations in
early oceans, but still considerable (Tutolo et al., 2020)) from the alkaline vent
fluids (pH 10-11) and CO:2 from the more acidic Hadean ocean (pH 5-6) creates
a natural pH gradient that is similar in magnitude and orientation to that used by
modern cells, although the inorganic wall and the much thinner cellular
membrane have different compositions (Lane and Martin, 2012). Experimental
microfluidics systems have shown that this steep gradient can be sustained in the
microscale of the pores of the vents, even simply via laminar flow in the absence
of a barrier (Moéller et al., 2017; Vasiliadou et al., 2019). Although it has not yet
been demonstrated, this could drive reduction of CO2 to methyl groups, as occurs
in some autotrophic organisms. Indeed, pH modulates the reduction of H2 and
CO2 according to the Nernst equation (Herschy et al., 2014; Sojo et al., 2016),
which states that when protons are involved in a reduction reaction, the redox
potential changes by around 59 mV per pH unit (Nicholls and Ferguson, 2013).
This means that CO2 has a higher reduction potential (in other words, it is more
reactive) at acidic pH, and thus is more likely to pick up electrons, while on the
other side of the barrier H2 has a lower reduction potential at higher pH and is
therefore more likely to pass its electrons, leaving protons (2H*) behind to interact
with the hydroxide ions to form water (Figure 1.9) (Lane, 2014; Pinna, 2017).

a-700 - b -700 1
H, = H*
-600 - CO, = CH,0 -600 2
s /' s €O, CH,0
E-500 - E-500 -
] H, H* ®
§ o0 | § o0 |
& e
§'300 7 2_300 B
B -200 - -200 -
2 2%
-100 1 -100 1
0 . 0
At pH 7, H, cannot reduce CO, to With H, at pH 10 and CO, at pH 6,
formaldehyde, it is unfavourable H, can reduce CO, to formaldehyde

Figure 1.9 tReduction potentials of H, and CO at different pH. (a): At the same pH, the
transfer of electrons from H; to CO: is unfavourable because the reduction potential for
CO; is more negative. (b): When H is at a higher pH than CO,, the reduction potential
is more negative for Hz than CO., allowing the transfer of electrons from H, to CO.. Figure
from Herschy et al. (2014).
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This would have especially been possible due to the semiconducting FeS
minerals (such as mackinawite (FeS) and greigite (FesSa4)) that Russell and
colleagues suggested should have been contained by the inorganic walls of
deep-sea vents in the Hadean ocean. The structure of these minerals resembles
the Fe(Ni)S cofactors of modern enzymes, as shown in Figure 1.10. This
similarity reinforces the idea of modern metabolism possibly arising from such
abiotic mechanisms (Russell and Martin, 2004; Sousa et al., 2013; Herschy et
al., 2014; Sojo et al., 2016).
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Figure 1.10 xStructural similarities between Fe(Ni)S clusters in enzymes and minerals.
The grey shading represents the protein in which the FeS clusters are embedded. In the
centre is greigite. Figure from Lane (2015), adapted from Russell and Martin (2004).

The side of the inorganic wall of the vent in contact with the alkaline fluids would
be deprotonated, and hence more reducing, as opposed to the side in contact
with the more acidic fluids, which would be protonated and more easily reduced.
This would allow electrons to get transferred from Hz to CO2. There are two

different scenarios that describe what could happen. According to the first one,
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the semiconducting minerals could theoretically transfer electrons from Hz in the
alkaline fluids inside the inorganic pore to the COz2 in the acidic ocean water thus
reducing it, as shown in Figure 1.11a. The resulting organic molecule would then
be carried by the ocean waters percolating through the vent labyrinth and possibly
concentrated in pores along with other organics through the process of

thermophoresis described earlier.

(a) (b)

pH 6 pH 6
CO, CH,O
CO, CH,O 2 >
" > N
Fe(Ni)S Ize— Fe(Ni)S 2o
+ +
Hy 2H° H, 2H D1
(c) (d)
pH6 pH 6
Fe(Ni)S 2H+l Co, Fe(Ni)S 2H+l CO,
CH,O CH,0
H, 2H* = H, 2H+
pH 11 pH 11

Figure 1.11 #Interaction between alkaline vent fluid and more acidic ocean waters
across Fe(Ni)S barriers inside the hydrothermal vents. The minerals act as means for H,
to reduce the CO; on the other side of the barrier. (a) Electrons (e?) cross the barrier
from the Hz-rich alkaline solution to the CO.-rich acidic ocean water. (b) Protocells later
forming on the acidic side of the barrier assuming continuity of CO; reduction with (a).
The triangle represents Fe(Ni)S clusters embedded in the protocell membrane (not
topologically equivalent to modern CO; reduction mechanism). (c) Protons (H*) crossing
the barrier from the CO.-rich acidic ocean water to the H.-rich alkaline solution. (d)
Protocells later forming on the alkaline side of the barrier assuming continuity of CO»
reduction with (c). Figure from Vasiliadou et al. (2019).

This has been recently shown by Hudson et al. (2020), at a pressure of just 1.5
bar, while Herschy et al. (2014) reported the successful formation of
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formaldehyde, albeit at low nM concentrations, in their AHV simulation in prebiotic

conditions.

The issue with this scenario is that the topology is not equivalent to that of cells.
In cells, the reduction of COz2 through the Ech occurs in the relatively alkaline
environment of the cytoplasm, with electrons obtained by intracellular H2 and
protons flowing in from the more acidic exterior (Thauer et al., 2010). However, if
electrons crossed the barrier, then protocells would have eventually formed on
the acidic side of the barrier (Figure 1.11b). This is problematic because single-
chain amphiphiles (which are what the first protocell membranes are believed to
have been composed of (Hargreaves and Deamer, 1978; Monnard and Deamer,
2011)) cannot form bilayer membranes at mildly acidic pH (Hargreaves and
Deamer, 1978; Maurer, 2017; Maurer et al., 2018; Vasiliadou et al., 2019). If CO2
fixation occurred in the way described, there would be a discontinuity between
WKH 2R/ DQG PRGHUQ FHOOV ZKLFK DV GH 'XYH

describe, is not ideal when looking at how life might have started.

In the second scenario, protons would instead cross the inorganic barrier, leading
to organic molecules being formed in the alkaline phase. This would be possible
thanks to steep pH gradients across the barrier modulating the redox potential of
the Fe(Ni)S nanocrystals, H2 and CO2 to make COz fixation into simple organics
thermodynamically favourable. In fact, in this scenario, the CO2 reduction would
occur in a narrow region with steep pH gradients close to the alkaline side (Figure
1.11c, d). A recent paper by our lab has demonstrated that the permeability of
Fe(Ni)S barriers to H* is about two million-fold greater than OH ¥ and steep pH
gradients of 3 pH units across the mineral barrier are stable over 24 hours
(Vasiliadou et al., 2019). This gives the vent inorganic pores a clear resemblance
to autotrophic cells (Figure 1.12).

In both scenarios, the mixing within the vents driven by convection and thermal
cycling is key because (i) it prevents both charge building up and further transfer
of either electrons or protons, (ii) products can travel to areas with different
conditions within the vents, potentially causing other reactions, and (iii)
thermophoresis allows concentration of small organics such as nucleotides,

eventually favouring polymerisation of bigger molecules like RNA. These last two
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points are not essential for the second scenario, as when protocells eventually
form in the alkaline side of the pore barrier organics are already being made
within the enclosed space, however they are important in the first scenario
because it has been shown that Fischer-Tropsch-type reactions form
hydrocarbons and lipids under hydrothermal conditions, so itis likely that organics
formed via thermophoresis in the vents would include fatty acids, which would

spontaneously arrange in bilayers (Lane, 2017; Jordan et al., 2019a; 2019b).

Inorganic pore Autotrophic cell

H H’

+ B s Ol |
H membrane

Acidic seawater

Alkaline hydrothermal fluid

Proton gradient across Proton gradient across
a thin inorganic barrier an organic membrane

Figure 1.12 +Analogous topology of an inorganic vent pore with an autotrophic cell.
Although the wall of the inorganic pore is much thicker than the cell membrane, they both
separate an alkaline interior and a more acidic exterior, with equivalent pH gradients.
The inorganic walls are permeable, and do not prevent mixing everywhere else in the
vent, but the continuous circulation of liquids within the vent maintains the pH gradients.
Figure taken from Sojo et al. (2016).

Of course, neither scenario is 100% certain, but they overall seem more plausible
than the need for wet-dry cycles and other dehydrating geological mechanisms
that have been proposed by many (Rajamani et al., 2008; DeGuzman et al., 2014;
Da Silva et al., 2015; Forsythe et al., 2015), as these are not congruent with the
cellular environment, and therefore seem less likely to have represented an

ancient metabolism from which life has evolved (Whicher et al., 2018).
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Regardless, LUCA, or its ancestors, could have been leaky protocells within vent
pores, with a membrane-bound Ech driving COz fixation (West et al., 2017; Nunes
Palmeira et al., 2022). This does not preclude the natural proton gradient driving

reactions such as ATP synthesis via protoenzymes (Sojo et al., 2014).

1.7 Modern metabolism and the universal energy

currency

1.7.1 Energy and ATP

The idea that ATP has been playing a central role in the development of life as
we know it is almost ubiquitously accepted. Some of the OoL research goes as
far as implying its key use in a few theories, as the primordial soup theory does
not explain the origin of a reliable energy source (except for UV radiation), and
most of the energy sources proposed by RNA World promoters imply ATP as the
de-facto energy currency (Muller, 2005; Fontecilla-Camps, 2021).

ATP is most often defined as the primary g@nergy currency of life because it is

universally used to store energy in its phosphate bonds:
ADP + Pi+ energy < ATP + Hz20

ATP drives two core metabolism reactions that release this energy:
phosphorylation (as an activation mechanism) and condensation. They are
essential for the promotion of intermediary metabolism and the polymerisation of
more complex molecules such as amino acids and nucleotides, explaining why
ATP seems to have been at the centre of bioenergetics since the first prokaryotes
(Martin et al., 2014). In fact, it is quite likely that life began to use ATP specifically
(i) for the purpose of lowering the energy barrier via activation through
phosphorylation of intermediates, and (ii) because the hydrolysis of ATP takes
OH*and H* from molecules that are being condensed together, getting around
the problem of dehydration in water as it does not release more H20 (Pinna,
2017).

48



Introduction

However, the molecular
structure of ATP is complex
enough that it begs the
guestion of how it came to be
formed for the first time. ATP
is a nucleotide composed of a

pentose sugar (ribose) with a
L molecule of adenine attached
_ to its 1 ecarbon (making the
nucleoside adenosine) and
WKUHH SKRVSKDWH JURXSV LQ VHULHV Bigue/ DFKHC
1.13). Derivatives of adenosine, such as cAMP, NAD*, and FAD, play key roles
in biochemical processes. ATP belongs to the group of nucleoside triphosphates
(NTPs), which are the building blocks for RNA (deoxy-nucleoside triphosphates,
or dNTPs, for DNA).

Living organisms produce ATP in two main ways: via substrate-level
phosphorylation (SLP), which is the direct transfer of a phosphate group from a
phosphorylated compound to adenosine diphosphate (ADP), and via
chemiosmotic coupling in oxidative phosphorylation (Ox Phos, also known as
electron transport-linked phosphorylation), which occurs primarily in the
mitochondrial inner membrane (in eukaryotic cells) or the plasma membrane (in

prokaryotes) through a membrane-bound ATP synthase (ATPase).

Ox Phos is by far the most prolific pathway for creating ATP, as it accounts for 26
of the 30 molecules of ATP that are formed when glucose is completely oxidized
to CO2 and H20. Ox Phos is perhaps the most familiar pathway as it is the
dominant process in an oxygenated world and it is linked to respiration, which is
required for animals to live. The process starts with the oxidation of the molecule
NADH that has been produced during glycolysis or the Krebs cycle. Its electrons
are passed through the electron transport chain (ETC) to the electron-receptor
oxygen, which is reduced to water. The ETC simultaneously releases energy to
pump the resulting protons out through the membrane (the inner mitochondrial

membrane for eukaryotes, the plasma membrane in bacteria and archaea), and
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the higher concentration of protons on the outside compared to the inside gives
rise to an electrochemical concentration gradient across the membrane. A

schematic for the process is shown in Figure 1.14.

Figure 1.14 =+ Electron transport chain (ETC) and ATP synthase (ATPase). Figure
amended from OpenStax College (2013).

Acting as a pore, the rotating nanomotor ATPase harnesses the potential energy
stored as this electrochemical gradient by allowing outside protons to move down
its gradient into the cell (or matrix), and it couples the release of free energy to
ATP synthesis. This enzyme also maintains disequilibrium. ATP production in
extant life is dictated by the disequilibrium between ATP and its hydrolysis
products adenosine diphosphate (ADP) and orthophosphate (Pi). This
disequilibrium, consisting of a factor of ~10%° (Nicholls and Ferguson, 2013),
corresponds to the free energy that is dissipated upon ATP hydrolysis. The
ATPase captures the environmental disequilibrium (the redox disequilibrium
between food and oxygen, in this case) and converts it into an electrochemical
vectorial disequilibrium (the H* gradient across the membrane), which in turn is

converted into a chemical disequilibrium in the ATP/ADP ratio.

The reliance of this process on complex molecular machines, however, means
that it could not have been possible at the origin of life. For instance, even the
origin of the widely conserved ATPase is often and broadly discussed (Prebble,

2013). Those who support the theory of the origin of life occurring at deep-sea
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AHVs note that the H* gradient that occurs naturally across the inorganic pores
that make up the structure of this type of hydrothermal vents is similar in
magnitude to that found across membranes in relevant contemporary cells and
organelles. This gradient could have been a primordial energy source for
protocells and thus power a primitive ATPase (Lane et al., 2010; Shock and
Canovas, 2010; Lane and Martin, 2012; Amend et al., 2013). However, it is
difficult to imagine a prebiotic (pregenetic) version of this complex rotary

nanomotor.

Regardless of whether ATPase arose from AHVs directly or through exaptation
(Fontecilla-Camps, 2021), the deep conservation of the protein (which is as
universal as the ribosome (Weiss et al., 2016)) further supports the notion that
ATP must have been selected very early on as the energy currency of
metabolism. But that means that when the ATPase evolved, ATP must have
already been the energy currency of protocells, therefore SLP is the better
candidate as the first process to operate during life evolution because it is much

simpler than chemiosmosis-based ATP synthesis.

SLP is not a very efficient source of ATP. Itis generally an outcome of processes
such as glycolysis and the Krebs cycle, as in the strictly anaerobic acetogenic
bacteria, and is powered by reaction coupling. However, at the origin of life ATP
synthesis via SLP is unlikely to occur through glycolysis, as differences between
bacteria and archaea suggest this may have arisen later on (from
gluconeogenesis, as will be discussed briefly in Chapter 3) (Berg et al., 2010; Say
and Fuchs, 2010). So the question is: how did ATP come to be selected as the

universal energy currency at the origin of life?

1.7.2 Prebiotic synthesis of ATP

The question of prebiotic ATP synthesis is a puzzling one. As mentioned
previously, ATP contains three phosphate groups covalently bonded to
adenosine, which is composed of a pentose sugar (ribose) with the purine

adenine attached to its 1 «carbon. | have addressed the availability of phosphate
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on the early Earth in Section 1.2.1 (p.24), however sugars and bases are a
different story entirely, as their prebiotic synthesis is still an open question.

Sugars have universally conserved, essential functions in living organisms,
suggesting they likely had an essential role during the emergence of life. As
monomers they serve as a source of energy via glycolysis, as polymers they
serve as a primary energy storage and have diverse structural roles in most
organisms. They serve as starting materials for the synthesis of a range of
biomolecules and key cofactors, and certainly the most important sugar
derivatives from an autotrophic origin point of view are nucleotides, for both
energy metabolism (ATP) and information (RNA and DNA).

The most popular theory for their emergence, the formose reaction, was
proposed by Butlerow in 1861. This theory shows that in alkaline conditions in
the presence of a divalent metal ion catalyst, formaldehyde undergoes a series
of reactions to form an autocatalytic network which produces a wide range of
sugars, including biologically important species such as ribose. This relatively
simple reaction is compatible with a wide variety of scenarios, including
hydrothermal systems (both at present and Hadean conditions), interstellar
medium, and small exogenous rocky bodies (i.e. asteroids and comets)
(Camprubi et al., 2022).

There have been recent efforts by our lab to direct the formose reaction towards
making ribose via phosphorylation (Camprubi et al., 2022). As suggested by
Mellersh & Smith (2010), in an alkaline environment phosphorylation would
promote selective retention of sugars which could funnel the formose reaction
towards the synthesis of ribose-phosphate via a prebiotic pathway reminiscent of
gluconeogenesis. The use of this sugar phosphate for nucleotide synthesis would
then remove the ribose from equilibrium and serve to pull through fmore
formaldehyde, in a sort of positive feedback loop that fuels more formose
reaction. In our experiments we showed that under submarine alkaline
hydrothermal conditions the formose reaction produces a wide range of
monomeric sugars, including ribose. However, we were unable to detect any
sugar phosphates or other phosphorylated intermediates. Rather, we found that

the addition of phosphate (either the phosphorylating agent acetyl phosphate
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(AcP) or inorganic phosphate (Pi)) rapidly precipitates free calcium (Figure 1.15).
Interestingly, this both stabilises the sugars and terminates the formose reaction,
preventing the further condensation of ribose (Figure 1.16). These results
suggest that perhaps phosphorylating agents are incompatible with the original
prebiotic source of sugars, which in light of what has been discussed earlier
regarding the uncertain (or maybe limited) availability of phosphate in the Hadean

ocean does not represent an insurmountable problem. Alternatively, a different

pathway for the synthesis of sugars might have occurred at the origins of life.
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Figure 1.16 zEffect of the addition of acetyl phosphate to the formose reaction at t = 30
min (pH 11.5). The solid lines indicate the reaction with acetyl phosphate added, while
the dashed lines indicate control experiments for comparison. The red vertical bar
indicates the point acetyl phosphate was added to the reaction mixture. N = 3 + SD.
Figure from Camprubi et al. (2022), data provided by Dr. Eloi Camprubi-Casas.

The origin of adenine is another big conundrum. While pyrimidines are relatively
simple to make, purine biosynthesis is quite a complex process that requires > 6
ATP molecules (Moffatt and Ashihara, 2002; Zhang et al., 2008), which creates
the paradox that ATP needs itself to be made.

There have been several attempts at describing a prebiotic synthesis of the four
canonical RNA nucleosides: adenine was successfully made using cyanide (Oro,
1960), purines were successfully formed in formamide via UV irradiation (Barks
et al., 2010), the separate synthesis of canonical pyrimidines (U, C) (Powner et
al., 2009) and purines (A, G) (Becker et al., 2016) has been demonstrated in
aqueous conditions, while more recent work has attempted to describe a
prebiotically plausible way of synthesising all four at the same time (Saladino et
al., 2015, 2017; Kim and Benner, 2017; Stairs et al., 2017). Given the diverse set
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of properties in the genetic system of many non-canonical nucleosides, which in
fact are conserved across all domains of life, Becker et al. (2019, 2018) have
proposed a parallel synthesis of canonical and non-canonical nucleobases via a

continuous synthesis pathway.

Some of these theories, however, operate with an entirely chemical approach:
some start from cyanide, need UV light, employ wet-dry cycles, etc. These
conditions may work well; however, they do not resemble life as it is nowadays,

as mentioned previously.

| have talked before about the need for congruence, as well as the need to take
life as a guide for the OoL research, therefore alternative ways have to be studied
(Harrison and Lane, 2018). Much of intermediary metabolism has been achieved
under hydrothermal conditions using life as a guide (Muchowska et al., 2020).
Our lab has been working on a de novo nucleoside synthesis following the
biochemical pathways that can happen in an ocean environment, and
experiments on pyrimidine nucleobase synthesis have shown successful
formation of uracil using metal ion catalysts. This is greatly enhanced by alkaline
hydrothermal conditions: high pressure, alkaline pH, high ionic activity, warm/hot
temperatures (Harrison et al., 2022a). However, as mentioned earlier, purine
synthesis using life as a guide is more challenging due to ATP itself being
required for six phosphorylation steps. Therefore, ATP must have been preceded
by a simpler precursor that could be formed in a prebiotic system, where neither
enzymes nor modern membranes existed, and that was capable of driving
intermediary biochemistry in a manner analogous to ATP. This could promote
purine synthesis by substituting ATP in the six steps mentioned above, and
eventually formed ATP via SLP, which would then be evolutionarily selected as

the main energy-storing molecule.

1.7.3 A plausible precursor

The simple two-carbon molecule that was used in the formose experiments had

been proposed by some (Lipmann and Tuttle, 1944; Hartman, 1975; de Duve,
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1991; Martin and Russell, 2007) as a good candidate: acetyl phosphate (AcP)
(Figure 1.17).

@] AcP is a simple intermediary molecule that is formed

N

HaC~ ~O-P-OH
OH
GLVFRYHU\ GDWHV EDFtNe BeRmavw K H
_ biochemist Fritz Albert Lipmann (1954) defined the
link between AcP and acetyl-& R$ LQ WKHHis fV
work led to the discovery of the coenzyme A, for which he was awarded the Nobel

during the Wood 4 jungdahl pathway via the
phosphorolysis of acetyl-CoA. Although its

prize along with Sir Hans Adolf Krebs in 1953.

AcP is still obligately used in bacteria and archaea (in the latter case in a captive
form in an enzyme, rather than in solution). Thauer et al. (1977) defined its use
as a primary @nergy-rich fintermediate, along with acetyl-CoA, for SLP. Indeed,
at the end of the acetyl-CoA pathway, AcP is available for the synthesis of ATP

via two enzyme-catalysed reactions (Schonheit et al., 2016):
acetyFCoAE 4" f..18%2'SfE$
f..1-8S%2'SfEt ~ f..t-H-%

The two reactions are catalysed by phosphotransacetylase and acetate kinase,
respectively, which are characteristic of anaerobic bacteria that form acetyl-CoA
as part of their metabolism and use it to produce ATP (although they are also
present in a few aerobic bacteria) (Thauer et al., 1977).

This molecule has generally been overlooked because its instability would render
it unable to persist long enough to promote reactions (the rate of hydrolysis is
strongly dependent on temperature, being relatively stable at 20°C but completely
hydrolysed within 3 hours at 50°C (Whicher et al., 2018)). However the high
phosphorylating potential (the free energy of hydrolysis of its energy-rich bond is
i N- PRO FRPSDUHG WR $731V i N- PRO PDNHV |
phosphorylator (Martin and Russell, 2007). The free energy depends on how far
from equilibrium it is pushed in relation to its hydrolysis product acetate, and this

is achieved in acetogenic bacteria through the excretion of acetate.
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What confers acetyl-CoA high energy is its thioester bond, which is thought to
have been the precursor to the pyrophosphate bond in many important SLP
processes (de Duve, 2005; Morowitz and Smith, 2007; Goldford et al., 2017).
Thioesters such as methyl thioacetate have been argued to have properties
analogous to those of the more complex acetyl-CoA (de Duve, 1988, 1991; Lane
and Martin, 2012; Martin and Thauer, 2017) and have successfully been formed
abiotically under hydrothermal conditions (Huber and Wachtershauser, 1997;
Kitadai et al., 2021).

Work from our lab showed the successful synthesis of acetyl phosphate (with
yields up to 2% under mildly acidic conditions and relatively cool temperature) via
the phosphorolysis of methyl thioacetate which, as a thiocarboxylic acid, is even
simpler than thioesters (Whicher et al., 2018). Once formed, we went on to
investigate whether AcP could behave like ATP in water, under alkaline
hydrothermal conditions. We successfully phosphorylated ribose to form ribose-
5-phosphate (R5P) with a high rate of synthesis, albeit with a low overall yield,
and achieved the (much slower) phosphorylation of adenosine into adenosine
monophosphate (AMP), neither of which worked in the absence of AcP (Whicher
et al., 2018).

AcP however was not able to drive condensation reactions in water. This is
because when AcP is used to drive a condensation reaction a molecule of water
is released as by-product, rather than incorporating the products of AcP
hydrolysis as in the case of ATP, which is not favoured in aqueous solution, as
mentioned previously. Nucleotide polymerisation via ATP produces
pyrophosphate as by-product, which is more favoured as phosphorus is a strong
electrophile and will therefore readily react with the surrounding water (which
gives insight into why biology uses ATP (Whicher et al., 2018; Fontecilla-Camps,
2021)).

This suggests that AcP could have been originally used to phosphorylate ADP to
form ATP, in the absence of enzymes, and then ATP was selected because of
the advantageous reactions it allowed for continuing evolution. The part of the
work published in Whicher et al. (2018) carried out by myself suggests that AcP

will indeed produce ATP at low yields, however at close-to-contamination levels
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(Figure 1.18) (Pinna, 2017). The question remains whether there is a way of
obtaining larger amounts of ATP from the SLP of ADP by AcP, since this is
needed for subsequent key reactions.
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B 500 mM ADP
Pi B 50 mM ATP
B 500 mM ADP + 500 mM AcP
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Figure 1.18 +(a) Comparison of 3'P-NMR spectra of the phosphorylation of ADP by AcP
(black), commercial ATP (green), commercial ADP (red), commercial AMP (blue), and
commercial AcP (grey). (b) 3!P-NMR spectrum of the phosphorylation of ADP (500 mM)
by AcP (500 mM) at 50°C and pH 5.5 after 2 hours in water, yielding ATP. All peaks
labelled for clarity. Graph inserts show zoomed in areas of ATP signal (red). Small pH

differences account for the imperfect alignment of the peaks between +8 and £10 ppm.
Figure from Whicher et al. (2018).
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1.8 Project objectives

This is the context that has set the foundations of my research.

The aim of this project is to offer a better view on how key metabolites might have
arisen, following life as a guide. Specifically, in an autotrophic protocell, where a
complexifying chemical network is in principle capable of giving rise to ATP, the

questions | addressed are the following:
1. Whether ATP could be formed via SLP under prebiotic conditions;

2. What factors enhance the formation of ATP and what can be inferred about

the potential environment for the OoL;

3. Once ATP is formed, how this energy source can be used to drive one of
the most important reactions in metabolism that precursors cannot

achieve: polymerisation.
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Chapter 2

Materials & Methods

2.1 Materials

All salts were purchased from Sigma-Aldrich, except for copper nitrate
hemipentahydrate = (Cu(NO3)2:2.5H20), copper sulphate pentahydrate
(CuS04-5H20) and manganese nitrate hexahydrate (Mn(NO3)2-6H20, Alfa
Aesar), TEAA (triethylammonium acetate, Fluka), and CTP (Cytidine 5=
triphosphate sodium salt, Cambridge Bioscience). The custom polypeptide
sequence NADFDGD (Asn-Ala-Asp-Phe-Asp-Gly-Asp) was synthesized by
Peptide Synthetics, UK. All solvents were HPLC-grade and purchased from
Fischer. All reagents usedwere DQDO\WLFDO JUDGH -

2.2 AcP-mediated phosphorylation experiments

2.2.1 Experimental setup

The reaction samples were prepared in triplicates with the appropriate conditions
(time, temperature and pH as planned) in water, while any pH adjustment was
made using aqueous NaOH (1 or 5 M) or HCI (1 or 3 M). Three different protocols
have been used to prepare the reaction samples, with the last of these being
selected for further work because of its positive results (see Section 3.2.2 of
Chapter 3, p.98).

Protocol 1

Equimolar solutions of ADP and AcP were mixed to obtain a 10 mL solution
containing 1 mM, 500 or 250 uM of each solute. The mixture was left to react for
24 hours at the temperature required (20°C or 50°C), collecting three 1 mL
samples every hour for 5 hours, then at 12 and 24 hours and finally storing them
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at 480 °C after measuring the pH (Fisher Scientific accumet AE150 meter with
VWR semi-micro pH electrode).

Protocol 2

A 4.6 mL solution containing 500 mM ADP and 500 mM AcP (from 1 M stocks)
was prepared and left to react for 24 hours at the temperature and pH required.
After measuring the pH of the solution timepoints were collected as above, diluted

1000x with water and analysed immediately via HPLC.

For experiments using brucite (Mg(OH)z), the powdered mineral was added to
the reaction solution then placed on a shaker, to unify the dispersion of the solid,
and the samples collected were centrifuged at 10,000 rpm so that the liquid phase

could be diluted prior to HPLC analysis.
Protocol 3

Depending on the solubility of the analytes, reactions were carried out in either a
stationary (SciQuip HP120-S) or a shaking (ThermoMix HM100-Pro) dry block
heater.

Stock solutions of di-QXFOHRWLGHYV VRGLXP VBAaNgH),
phosphorylating agents and metal catalyst were freshly prepared so as to avoid
freeze-thawing (50 mM for reactions to be analysed via HPLC, 1 M for
reactions to be analysed via NMR). Except where indicated, the ratios of analytes
in a solution were 1(ADP):4(AcP) and 1(Fe®*):2(ADP). When needed, the pH was
adjusted using aqueous HCI and NaOH (1 M or 3 M). No buffers were used to

prevent any unwarranted interactions.

After checking the pH (Fisher Scientific accumet AE150 meter with VWR semi-
micro pH electrode), samples were taken at timepoints as above and, unless
RWKHUZLVH VSHFLILHG LPPHGLDWHd@y dnidlgsjsd xtia W i f
timepoints between 0 and 1 hour (10 and 30 min) were added in order to have a
more complete timeline, as in metabolism most reaction occur in a matter of

minutes, while the 12 hour timepoint was changed to 10 hour for convenience.
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2.2.1.a FeS clusters

FeS clusters coordinated by 5 mM of L-cysteine were prepared under anaerobic
conditions and water degassed by anhydrous Nz gas (95% Nz + 5% Hz, BOC)
was used to prepare all solutions. Stock solutions of 10 mM Na2S, 10 mM FeCls,
50 mM L-cysteine and 1 M NaOH were prepared either in water or in 10 mM
bicarbonate buffer (pH 9.1). A volume of 4 mL of Na2S and 4 mL of L-cys were
added to 28 mL of water/buffer, and the pH adjusted to ~ 9.8 using NaOH. A
volume of 4 mL of FeCls was then added and the volume adjusted to 40 mL to

obtain a 1 mM FeS solution.

Oxygen levels were maintained below 20 ppm when possible, and no work was

conducted if this level was surpassed.

UV/Vis Spectroscopy

UV/Vis spectroscopy was used to verify the formation of FeS clusters. A volume
of 1 mL of FeS stock solution was placed in a crystal cuvette, which was sealed
with parafilm under anaerobic conditions. Spectra were obtained using a

Thermofisher NanoDrop 2000c, with a baseline correction of 800 nm.
2.2.1.b Amphiphilic vesicles

Vesicle solutions were prepared following a modified version of the protocol
designed by Monnard and Deamer (2003). All solutions were prepared in glass
screw-top vials in a stationary dry block heater at 40°C. The temperature was
chosen because it is the lowest temperature at which all amphiphiles exist in the
melted state (Jordan et al. 2019a) and it is close to the temperature at which the
AcP-mediated phosphorylation of ADP is most proficient.

A 5 mL 100 mM stock solution of vesicles was prepared by adding decanoic acid
to 2 mL of water in a glass vial. The pH was slowly raised using 1 M NaOH and
the vial vortexed until the solution appeared clear (full dissolution of deprotonated
acids). An equimolar concentration of decanol was added at this point and the
solution vortexed. The solution was then titrated with gradual addition of 1 M HCI

followed by pH measurement to achieve pH ~ 7, and brought to a final volume of
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5 mL with water. The stock solution was then used to make vesicle solutions of
different concentrations by adding water, which were then used to prepare

reaction samples.

When needed, vesicles of a specific diameter were obtained by passing the stock
solution through an extruder (Avanti Mini Extruder, Avanti Polar Lipids Inc.) with
a 0.1 or 0.2 um filter, mounted on a hot plate to keep the 40 °C temperature. The
stock solution was collected with one of the glass syringes, the extruder was
assembled, and the vesicles solution was slowly passed back and forth 10 times,
before being collected in the other syringe and dispensed in a new glass vial that
had been kept at 40 °C.

Optical Density (OD)

OD measurements to confirm vesicle formation were obtained by measuring
absorbance at 480 mm on an Infinite M200 Pro Spectrophotometer (Tecan) and
data were processed using the Magellan software package. Aliquots of 200 uL of
each solution were transferred to separate wells on a Falcon black 96-well plate
(preheated to 40°C) and immediately analysed alongside a water blank
(absorbance at 480 nm = 0.04). The instrument was set to 40°C and the plate

was shaken for 10 seconds before analysis. (Jordan et al., 2019b).

Confocal microscopy

Confocal microscopy of vesicle solutions was performed on a Zeiss LSM-T-PMT
with an Ar laser at 514 nm coupled to an Airyscan detector. Rhodamine-6G (0.5
puL, 100 uM) was mixed to the sample solution (5 yL) on a heated glass slide,
which was then covered with a heated coverslip. Images were captured using a
x63 oil objective (Jordan et al., 2019a).

Sample preparation =*lipid extraction

For analysis of the reaction made in vesicle solution, lipids were extracted by
adding 2 mL of sample to 3 mL of heptane in a 10 mL glass vial and left in the
block heater at 40 °C for 30 minutes, vortexing occasionally. The lower aqueous
phase was then collecWHG DQG IURJHQ DW i f& 3ULRU WR IUH
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aqueous phase was quickly tested for the residual presence of lipids by
suspending 50 pL of sample in 950 pL of ethanol, adding 1 mL of distilled water
and shaking. The formation of white emulsion meant lipids were still present in

the sample.
2.2.1.c Pressure reactor

Experiments under pressure were performed in a pressure vessel (Series 4600-
1L-VGR with single inlet valve, Parr Instrument Company), pressurised with N2
gas (95% Nz + 5% Hz, BOC) and placed on a hotplate (Fisherbrand Isotemp
Digital Stirring Hotplate) at 30°C. Samples were prepared in 2 mL glass
headspace vials (Agilent Technologies) whose caps were pierced with a needle.

2.2.1.d Silica hydrogel (SHG)

SHGs were prepared following a method by Barge et al. (2011) and Gorrell et al.
(2017). Two stock solutions were prepared: an acid solution, made by adding 360
pL of glacial acetic acid to 7.6 mL of H20, and a sodium silicate solution, made
by diluting 1.25, 2.5 and 3.75 mL of sodium silicate (” 6 L2and ”

NaOH, Sigma-Aldrich) to 8 mL with H20 (to obtain gels of 0.5, 0.75 and 1 M silica,
respectively). The sodium silicate solution was added to the acid solution in a 20
mL headspace glass vial with screw top (Sigma-Aldrich) and was mixed by slowly
inverting the vial (3-5 times). The tube was then left aside for gelation to take
place, indicated by the colour change from clear to opaque and the stability
towards gravity when inverted (Figure 2.1). When testing the phosphorylation
reaction in silica gels, the reactants were incorporated in the acid solution, as per

the directions of the method in the literature.
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Figure 2.1 #Silica hydrogels of (a) 0.5, (b) 0.75, and (c) 1 M. The vials are being inverted
to showcase the successful gelification.

2.2.2 Analytical methods

2.2.2.a High -Performance Liquid Chromatography (HPLC)

HPLC is a very sensitive analytical technique that allows identification and
guantification of different components in a mixture using the same principles as
column chromatography, although applying high pressure instead of gravity to
force the solvent through the column. In this case, reversed phase HPLC was

employed as nucleotides are quite polar.

Samples were prepared at collection by spinning at 4,000 rpm for 2 minutes and
diluting 200 pL in 800 pL of EDTA solution (500 pL in 100 mM KxHxPOa4 buffer at
pH 7.1) prior to freezing, in order to chelate the metal ions in solution that would

otherwise block the HPLC column.

Thawed samples were filtered using syringe filters (ANP1322, 0.22 P 37)(
Syringe filter, Gilson Scientific Ltd.) attached to a 1 mL sterile syringe (BD
Plastipak Syringes) in 2 mL headspace vials and analysed on an HPLC
instrument (Agilent Technologies, 1260 Infinity II); peaks were identified using
pure standards. The wavelengths for UV detection were usually set at 254 nm
and 260 nm (most suitable for cyclic rings such as adenosine), while the column

tray temperature was maintained at room temperature. Two different columns
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were used depending on the pH of the sample being analysed: Poroshell 120 EC-
C18 (4.6 x 150 mm, 4 pm particle size) for pH 2-8 and Poroshell HPH-C18 (4.6 x
150 mm, 4 um particle size) for pH 9-11. The column used more often (EC-C18)
was fitted with a guard column (Poroshell 120 EC-C18, 4.6 x 150 mm, 4 um,
UHPLC guard) in order to preserve it.

Mobile phase A consisted of 80 mM phosphate buffer (made by mixing equal
parts of potassium phosphate dibasic (K2HPO4, 40 mM) and potassium
phosphate monobasic (KH2PO4, 40 mM) salts dissolved in water) adjusted to pH
5.8 using 3 M HCl and filtered with0.2 P Q\ORQ PHPE U DBNWPDUTDOY HU V

P SRUH VLIH OHUFN OLOOLSRUH /WG ZKLOH PREL:
methanol (MeOH) 7KH LQMHFWLRQ YROXPH ZDV /| ZLWK D
and the run was an isocratic gradient that consisted of 95% B (mobile phase) for

5 minutes.

For experiments using nucleoside diphosphates with different bases, analyses

were carried out on a Polaris C18-A column (4.6 x 150 mm, 3 um), with mobile

phase A consisting of 10 mM potassium phosphate monobasic buffer with 10 mM
Tetrabutylammonium hydroxide (TBAH) adjusted to pH 8 using 3 M HCI and
ILOWHUHG ZLWK P Q\ORQ PHPEUDQH ILOWHUV *1.:
Merck Millipore Ltd.), while mobile phase B consisted of 100% MeOH (method
described in Table 2.1). The wavelengths for UV detection were set at 254, 260,

and 271 nm for guanosine, uridine and inosine, and cytidine, respectively.

Table 2.1 +HPLC method for G, C, | and U nucleotides experiments.

Mobile phase A 10 mM KH2PO4 + 10 mM TBAH in HPLC-grade water
Mobile phase B 100% HPLC-grade MeOH
% % XS GXULQJ PLQ : % IR
Gradient % XS GXULQJ VHF % IRU PLQ
VHF % IRU PLQ
Flow rate 1.5 mL/min
Injection volume 1pL
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Two flush methods (Table 2.2) were designed to preserve the column: Flush 1
was used every 12-15 samples, then three rounds of Flush 1 followed by one run

of Flush 2 were run prior to switching off the machine.

Table 2.2 +HPLC flush methods . These are run at the end of a set number of sample
analyses.

FLUSH 1 FLUSH 2

Mobile phase A HPLC-grade water HPLC-grade water

Mobile phase B 100% HPLC-grade MeOH 100% HPLC-grade MeOH

Gradient ,QLWLDO % ,QLWLDO % IR
GXULQJ PLQ : 95% B (up during 18 min)

IRU PLQ : % % IRU PLQ
during 10 min) 60% B (down during 6 min)
% (for 17 min)
Flow rate 1 mL/min 1 mL/min
Injection volume 1L 1L

Computational analysis was done using Agilent OpenLAB software (ChemStation
Edition). Each peak was manually integrated using the calibration curves as
reference and the raw file was exported for data manipulation. As residual ATP
is present in the ADP commercial standard, the yield of the reaction is calculated
by subtracting the reading for ATP at timepoint O from all subsequent timepoint
readings.

Standard solutions and controls

ATP, ADP, AMP and AcP standards were dissolved in 10 mL of water each to
obtain stock solutions of 1 mM and frozen at {80 °C in 1 mL Eppendorf vials.
These were used to make mixed samples to be run at the beginning of every full
HPLC run. Salts that did not readily dissolve were sonicated for a few minutes

until fully dissolved.

Two sets of calibration curves (Figure 2.2) were constructed for ATP, ADP and
AMP by making aliquots from a freshly made 1 mM stock solution to obtain 1mL
samples of 5, 25, 50, 100, 150, 200 and 250 puM and immediately analysed with
the appropriate HPLC method (either using the C18 or the HPH column, as
described above), using 250 uM AMP as external standard.
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Figure 2.2 xCalibration curves for ATP, ADP and AMP for methods using the Poroshell
120 EC-C18 (a) and Poroshell HPH-C18 column (b). The concentrations used were of

DQG — 0nm; N = 3 + SD. Limit of quantification = 1
HM.
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Sample purification

The SPE (solid-phase extraction) protocol used was developed by Camprubi
(2018). The presence of ions in samples being analysed by chromatography is
quite harmful to the instrument, as they tend to precipitate inside the column and
tubing, reducing efficiency over time. The cartridges used were Thermo
6FLHQWLILFYV +\SHUVHS -Hypdrsil. A vaéuun&manifold was used
in order to improve the time efficiency of the purification process, allowing more

samples to be purified simultaneously. The purification process was as follows:

1. SPE cartridge conditioned with 3 mL of pure MeOH (volume discarded to
waste).

SPE cartridge conditioned with 3 mL of HPLC water (to waste).

1mL of experimental sample passed through the matrix (to waste).
Analytes-containing matrix washed with 1 mL of HPLC water (to waste).

ok~ 0N

Analytes eluted with 1 mL of 80 % MeOH in water (recovered).

The method described was tested alongside one suggested for nucleotides by a
manufacturer of SPE cartridges, Chromabond, the only difference being the type
of column and the elution solvent (5 % formic acid). Samples containing 5 mM
Fe2(S0Oa4)3 and 5 mM ADP were prepared to test the two methods. After being run
through the SPE method, the eluted sample was diluted 2x using 1 M NaOH as
a preliminary test for the efficiency of the method in extracting all the iron: if there
was a considerable amount of iron, it would have formed a dark yellow precipitate
when centrifuged at 10,000 rpm for 30 seconds. Neither method produced visible
precipitate, so next the samples were analysed using a nanodrop
spectrophotometer for a first confirmation of the presence of the solute. Finally,
the samples were analysed via HPLC, and as the method developed by

Camprubi showed a better peak for ADP, that was selected.

After several failed attempts at analysing samples purified through this method
(see Section 3.2.2 of Chapter 3, p.94), the SPE purification was replaced by a 4x
dilution using a solution of 500 uM EDTA (ethylenediaminetetraacetic acid) in 100
mM phosphate buffer (KxHxPOa4) at pH 7.1 (Figure 2.3). A test was made to
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ensure that the phosphate buffer would not alter the chromatogram of ATP
(Figure 2.4).
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Figure 2.3 +HPLC-UV chromatogram of a mix of commercial AMP, ADP, ATP standards
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Figure 2.4 xTest of 100 uM ATP in water (a) and in KyHxPO4 (100 mM) buffer at pH 7.1
(b). The peaks were quantified and compared to the calibration curve (red dot).
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2.2.2.b Nuclear Magnetic Resonance (NMR) spectroscopy

NMR spectroscopy is a quick method of analysis that uses the magnetic
properties of atomic nuclei to determine the physical and chemical properties of
the atoms, and thus is a good method for the identification of chemical
compounds and their structure. In this case, phosphorus NMR (3!P &NMR) was
employed as the molecules studied all contain phosphorus but differ in their
content (for example, ADP has two phosphates while ATP has three).

To provide the lock signal, a volume of 0.9 mL of purified sample was added to
0.1 mL of deuterated water (D20) and dispensed in an NMR tube (Norell Standard
Series 5 mm Precision NMR Sampling Tubes) for analysis (*H decoupling, Bruker
Avance 400 MHz, 52 scans). Alternatively, a D20-containing capillary was
inserted into the tube and analysed with the same parameters. The data was
processed using the Bruker TopSpin 4.0.7 software and peaks were identified

using pure standards.

Solid Phase Extraction (SPE)

As iron is paramagnetic and thus diminishes the resolution of NMR spectra,
samples prepared for 31 P-NMR were purified using solid phase extraction (SPE)
after thawing. The SPE cartridge (InertSep ME-1, 300 mg/3 mL) was equilibrated
with 3 mL of 100% acetonitrile (MeCN) and then washed with 3 mL H20, after
which the sample was passed through and collected. The procedure was tested

on control samples to ensure appropriate recovery.
2.2.2.c Electrospray lonisation Mass Spectrometry (ESI MS)

Electrospray lonisation Mass Spectrometry (ESI MS) was used to confirm the
identity of ATP through MS/MS via direct infusion. This is one of the most
commonly used ionisation techniques, and it is very useful for analysing
thermolabile chemicals. High voltage is applied to the sample as it flows out of a
capillary, generating highly charged droplets. As charged analyte molecules
desorb from the sprayed droplets, they are sampled through the mass
spectrometer. ESI is known for enabling analysis of a wide variety of molecules,

and it allows sensitive detection of singly charged, low molecular weight polar
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species. Direct infusion is an excellent way of quickly checking the mass of
molecules because it bypasses the method development.

After purification through SPE (see previous section) the sample was diluted 10x
in a 25 mM ammonium formate buffer (50:50 MeCN:H20), loaded into a 0.5 mL
glass syringe (Gastight Syringe Model 1750 RN, Hamilton) and directly infused
into the mass spectrometer (Finnigan LTQ Linear lon Trap mass spectrometer)
DW D IORZ UDWH RI /| PLQ 7R DYRLG FRQWDPLQDWL
flushed with 100% MeOH before and after sample infusion, and the spectra

recorded.

The mass spectrometer was operated in negative ion mode and the capillary
voltage was set at -16 V. Data were collected from 100 to 2000 m/z with an
acquisition rate of 5 spectra per second. For the MS/MS Ar was used as the
collision gas and the collision energy was adjusted to 30 eV. The software
Xcalibur (Thermo Scientific) was used for method setup and data processing.

2.2.2.d Matrix -Assisted Laser Desorption/lonisation +Time-of-
Flight Mass Spectrometry (MALDI -ToF MS)

Matrix-assisted laser desorption/ionisation | time of flight (MALDI-ToF) mass
spectrometry was used for the analysis of potential ADP stacks during the SLP
reaction. MALDI is an excellent ionisation technique as it requires the sample to
be uniformly mixed in a matrix, which absorbs the energy of the laser and
converts it to heat energy so that the sample is not fractionated. The rapid heating
allows for a small part of the matrix to be vaporised together with the sample,
generating charged ions of various sizes. ToF is a common mass spectrometry
technique coupled with MALDI, as it has a large mass range, and it detects the
mass of the analyte by the time that the charged ions take in travelling from the
slide to the detector, which depends on the mass-to-charge ratio (m/z) value of

the ion (lighter ions travel faster than heavier ions).

Samples were thawed and desalted using a protocol by Camprubi (2018) adapted
from Burcar et al. (2013). Two solvents were prepared: a solution consisting of
50% MeCN in water and a solution consisting of 0.1 M TEAA in water.
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Using a Millipore C18 zip tip (Sigma), 10 puL of MeCN solution was aspirated and
discarded three times. The three rinses were repeated with 10 pL of the TEAA
solution. A volume of 10 pyL of sample was aspirated up and down eight times
(to allow for the retention of the analyte by the zip tip matrix) and then discarded.
A volume of 10 pL of water was aspirated and discarded, followed by 10 pL of
the TEAA solution and once again 10 pL of water. A volume of 4 pL of MeCN was
slowly aspirated up and down three times and deposited into a small Eppendorf

microcentrifuge tube.

The MALDI-ToF protocol used was designed by Whicher et al. (2018). The matrix
consisted of 2,4,6-trihydroxyacetophenone monohydrate (THAP) and ammonium
citrate dibasic, and was freshly prepared before the analysis using equal volumes

of stocks that were maintained at 4 °C for a maximum of a week.

$ YROXPH RI / Rl PDWUL[ VROXWLRQ ZDV PL[HG ZLW

onto a clean steel MALDI-ToF plate and allowed to evaporate for 30 minutes
before the introduction of the steel plate into the instrument (Waters micro MX
mass spectrometer). The analytical conditions were as follows: reflectron and
negative ion mode, 400 au of laser power, 2 kV of pulse, 2.5 kV of the detector,
12 kV of flight tube, 5.2 kV of reflector, 3.74 kV of negative anode, and 500 +5000
amu of scan range. The mass spectrometer was calibrated using a low-
molecular-weight oligonucleotide standard (comprising a DNA 4-mer, 5-mer, 7-
mer, 9- mer, and 11-mer (Bruker Daltonics)). Each oligonucleotide standard was
LQLWLDOO\ GLVVROYHSLEHG L/IQZDWIHIXRWY DQG

aliquot was used at each analytical calibration.

The MALDI mass spectrum of the oligonucleotide standard before and after
desalting is shown in Figure 2.5. The software MassLynx (Waters) was used for
method setup and data processing.
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Figure 2.5 =MALDI mass spectrum of the oligonucleotide calibration standard before
(a) and after (b) desalting. The sample consisted of an equivolume solution of the
standard oligonucleotides mix and NaCl. The peak at 1461.2 m/z in the desalted sample
(pentamer) was used for the calibration of the sample spectra due to its higher intensity
compared the other four under the operational conditions described.

2.3 Polymerisation experiments

2.3.1 Experimental setup

All solutions were prepared with HPLC-grade water while any pH adjustment was
made using aqueous NaOH (1 or 5 M) or HCI (1 or 3 M), unless otherwise

specified.
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2.3.1.a Nucleotide polymerisation

Stock solutions for all reactants (nucleotides, amino acids, metal catalysts) were
freshly prepared to avoid freeze-thawing: 5 mM for reactions to be analysed via
MS, 1 M for reactions to be analysed via NMR. Except where indicated, the ratios

of analytes in a solution were 2(NTP):1(metal catalyst):1(amino acid).

Reactions were carried out in either a stationary dry block heater (SciQuip
HP120-S) or, for experiments under pressure, in a pressure vessel (Series 4600-
1L-VGR with single inlet valve, Parr Instrument Company), pressurised with
anhydrous N2 gas and placed on a hotplate (Fisherbrand Isotemp Digital Stirring
Hotplate) at the desired temperature. For the latter set up, samples were
prepared in 2 mL glass headspace vials (Agilent Technologies) whose caps were

pierced with a needle.

Samples were collected immediately after mixing (t = Oh) and after 2 days (t =
48h), their pH checked (Fisher Scientific accumet AE150 meter with VWR semi-
micro pH electrode), diluted 10x in buffer (50:50 MeCN:H20 25 mM ammonium
formate), and stored at 4 °C until the day of analysis. No sample was stored at
i f& IRU WKHVH HJ&bidldnp pdinivénisation due to the freezing and

thawing, which might act like a wet-dry cycle.

In order to avoid contamination by ribonucleases (RNases), surfaces and
anything that was not expressly sterile were washed with RNaseZAP (Sigma-
Aldrich).

2.3.1.b Peptide polymerisation

Stock solutions for all reactants (nucleotides, amino acids, metal catalysts) were
freshly prepared to avoid freeze-thawing (5 mM for reactions to be analysed via
MS, 1 M for reactions to be analysed via NMR) in either water or a modern ocean
mix (MOM: 600 mM NacCl, 50 mM MgCl2 and 10 mM CacClz). Except where
indicated, the ratios of analytes in a solution were 1(ATP):1(amino acid). As in
the previous Section, the experiments were either carried out in a stationary dry

block or in a pressure vessel placed on a hotplate.
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Samples were collected as described above and diluted with the appropriate
buffer for the analytical method required.

2.3.2 Analytical methods

2.3.2.aNMR

As in Section 2.2.2, a volume of 0.9 mL of sample was added to 0.1 mL of
deuterated water (D20) to provide the lock signal, and the mixture was dispensed
in an NMR tube (Norell Standard Series 5mm Precision NMR Sampling Tubes)

for analysis (*H decoupling, Bruker Avance 400 MHz, 52 scans).

2.3.2.b Ultra-Performance Liquid Chromatography  coupled to
Mass Spectrometry (UPLC -MS)

Similarly to HPLC, UPLC-MS is a very sensitive analytical technique that allows
identification and quantification of different components in a mixture through high-
pressure column chromatography, although it differs from HPLC in the much
higher pressures employed (~ 1000 bar versus < 400 bar). This improves analyte

resolution and sensitivity, lower solvent consumption, and shortens run times

As above, samples were prepared upon collection by diluting them 10x in an

ammonium formate buffer (25 mM in 50:50 MeCN:H20) prior to storing.

As the samples contained metal ions, they were purified using SPE. The cartridge
(InertSep ME-1, 300mg/3mL) was equilibrated with 3 mL 100% MeCN and then
washed with 3 mL H20, after which the sample was passed through and
collected. The analysis was performed on an Acquity UPLC-SQD system
consisting of a 515 pump, 2525 mixer and 1998 UV detector set at 254 nM
(Waters). The UPLC system was connected to a Micromass ZQ mass

spectrometer, which scanned the m/z range from 100 to 2000.

Mobile phase A consisted of 0.1% formic acid in water, while mobile phase B
consisted of 0.1% formic acid in MeCN. Ten / RI WKH VDPSOH ZHUH LQM
C4 column (2.1 mm x 150 mm, 0 S RUH TWérite Scientific), and peaks

were identified using pure standards. The flow rate was 0.6 mL/min and the
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gradient was employed as follows:- 5% (B) for 0.5 min following a gradual
increase to 95% (B) over 4.5 min and return to 5% (B) in 30 sec and held for 1
min at 5% (B).

The mass spectrometer was operated in negative ion mode, as nucleotides are
better ionised at that mode due to their overall negative charge. The capillary
voltage was set at 3 kV and the cone at 31.10 V.

At the start and at the end of the experimental samples, a wash was run by
injecting 100% MeOH. This was also done as a diagnostic for the state of the

column.

The software MassLynx (Waters) was used for method setup and data

processing.
2.3.2.c High-Performance Liquid Chromatography (HPLC)

The HPLC method used corresponds to the main method described in Section
2.2.2 of this Chapter. The column used was a Poroshell 120 EC-C18 fitted with a
guard column. As described previously, samples were prepared at collection by
spinning at 4,000 rpm for 2 minutes and diluting 200 pL in 800 yL of EDTA
solution 30 minutes prior to analysis, so as to encapsulate the metal ions in
solution that would otherwise block the HPLC column.
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Chapter 3
Acetyl phosphate as a prebiotic

phosphorylator

Most of the work described in this chapter is going to be published as Pinna et al.
(2021), which is currently under review at PLOS Biology and available as a
preprint on bioRxiv. However, there is a large backstory to how the data was
collected, therefore this chapter will include detailed results of the method
development and negative findings that were not included in the published
material but were vital to the final results. Consequently, the chapter is structured
chronologically to best reflect the research that was carried out during my PhD,

and how each failure led to the final data.

The work has been performed by myself except for an experiment conducted by

Cacilia Kunz under my supervision.

3.1 Introduction

ATP is casually referredtoasthe pXQLYHUVDO HQHUJ\ FXUUHQF\Y RI
this ascendency in metabolism, in place of many possible equivalents, is an
DELGLQJ P\VWHU\ LQ ELRORJ\ 7KHUH LV QRWKLQJ SDL
HQHUJ\Y SKRVSKRDQK\GULGH RidATK Rafl®K RsHabiiytoU ER Q C
drive phosphorylation or condensation reactions reflects the extraordinary
disequilibrium between ATP and ADP zabout 10 orders of magnitude in modern
cells, pushed by free energy derived from respiration (Nicholls and Ferguson,
2013). ATP drives intermediary metabolism through the coupling of exergonic to
endergonic reactions via phosphorylation and hydrolysis, but other
phosphorylating agents (including GTP and CTP) could be pushed equally far
from equilibrium, and accomplish equivalent coupling. In fact, the centrality of

ATP goes far beyond phosphorylation, as emphasised by the ubiquity of ATP
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derivatives in intermediary metabolism, including the ancient cofactors NADH,
FADH and Coenzyme A (which all derive from ATP rather than AMP or adenine).
ATP-coupled monomer activation also promotes the polymerisation of
macromolecules, including RNA, DNA, and proteins. Protein synthesis requires
the activation of amino acids by adenylation (using ATP) before binding to tRNA,
while the nucleoside triphosphates used for RNA and DNA synthesis are

phosphorylated by ATP. So what, if anything, is special about ATP?

The most pleasing partial answer to this question is that ATP links energy
metabolism with genetic information (de Duve, 2005). The ability to replicate RNA
or DNA depends on the availability of sufficient energy to complete the task.
Unlike the simple phosphorylation of intermediary metabolites, the leaving group
during nucleotide polymerization is pyrophosphate (PPi) (Kottur and Nair, 2018).
Likewise, activation of amino acids by adenylation releases PPi as the leaving
group (Berg and Ofengand, 1958; Ofengand et al., 1961; Ibba and Soll, 2000; do
Nascimento Vieira et al., 2020). The hydrolysis of PPi renders these steps
exothermic, if not practically irreversible (Herdewijn and Marliére, 2012; Kottur
and Nair, 2018; Wimmer et al., 2021). Only nucleoside triphosphates can release
PPi while still retaining a phosphate for the sugar-phosphate backbone of RNA
and DNA, or for amino-acid activation. But the fact that the canonical nucleosides
can all form triphosphates, with equivalent free-energy profiles, only serves to
emphasise the prominence of ATP over GTP, TTP, UTP or CTP in RNA, DNA,
and protein synthesis. While GTP is not uncommon in metabolic processes,
including gluconeogenesis and the Krebs cycle, as well as in association with G
proteins, and as the precursor of folate and pterin cofactors (Braakman and
Smith, 2012), it hardly displaces ATP from its central position in biology. Even if
only one nucleoside triphosphate can be dominant, the implication of a frozen
accident is not a satisfying explanation. In any case, the fact that ATP is
universally conserved in the synthesis of RNA, DNA and proteins suggests it
arose very early in biology, poVVLEO\ HYHQ LQ D pPRQRPHU ZRUC
macromolecules existed (Copley et al., 2007; Whicher et al., 2018).

As mentioned in Chapter 1, the mechanisms of ATP synthesis could give insight

into why ATP is universally conserved. The ATP synthase is ancient and was
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most likely present in the last universal common ancestor of life (LUCA) (Lane et
al., 2010). But as a rotating multi-subunit hanomotor powered by the proton-
motive force, this enzyme is clearly a product of genes and natural selection.
Because LUCA had genes and molecular machines such as ribosomes, there is
no inconsistency here (Martin et al., 2014). Yet prebiotic precursors of the ATP
synthase are hard to imagine (Fontecilla-Camps, 2021). This dead-end is
compounded by the inference that glycolytic ATP synthesis is less deeply
conserved than chemiosmotic coupling. In bacteria and archaea, many genes in
both the Embden-Meyerhof-Parnas and Entner-Doudoroff pathways are not
homologous, which suggests that gluconeogenesis preceded glycolysis (Berg et
al., 2010; Say and Fuchs, 2010), and that LUCA might not have had a genetically
encoded glycolytic pathway. Arguably the most plausible ancestral mechanism
of ATP synthesis is through the substrate-level phosphorylation (SLP) of ADP to
ATP by acetyl phosphate (AcP) (Fontecilla-Camps, 2021), which still acts as a
bridge between thioester and phosphate metabolism in bacteria and archaea
(Ferry and House, 2006; Schonheit et al., 2016). In modern bacteria, AcP is
formed by the phosphorolysis of acetyl CoA; in archaea and eukaryotes, AcP
remains bound to the active site of the enzyme, but is still formed as a transient
intermediate (Schonheit et al., 2016). The notion that AcP played an important
role at the origin of life goes back to Lipmann (Lipmann, 1971), and has been
advocated by de Duve, Ferry and House, Martin and Russell, and others
(Lipmann and Tuttle, 1944; Decker et al., 1970; Thauer et al., 1977; Ferry and
House, 2006; Martin and Russell, 2007; Schonheit et al., 2016). It is at least
possible to imagine the substrate-level phosphorylation of ADP to ATP by AcP in

a monomer world.

CoA itself is derived from ATP, but simpler thioesters, with equivalent functional
chemistry to acetyl CoA, have long been linked with prebiotic chemistry and the
core metabolic networks in cells (Lipmann, 1971; Hartman, 1975; de Duve, 1988,
1991, 1998; Ferry and House, 2006; Sousa et al., 2013; Martin et al., 2014; Sojo
et al., 2016; Goldford et al., 2017). Recent work suggests that thioesters such as
methyl thioacetate can be synthesised under hydrothermal conditions (Kitadai et
al., 2021). AcP itself can be made in water under ambient or mild hydrothermal

conditions by phosphorolysis of the simpler molecule thioacetate (Whicher et al.,
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2018). AcP will phosphorylate various nucleotide precursors in water, including
ribose to ribose-5-phosphate, and adenosine to AMP (Whicher et al., 2018).
Importantly, AcP will phosphorylate ADP to ATP at 20 % yield in water in the
presence of Fe3* ions, suggesting that SLP could indeed take place in agueous
prebiotic conditions (Kitani et al.,, 1991, 1995). But there are also some
confounding issues with AcP chemistry. Most notably, AcP acetylates amino
groups, especially under alkaline conditions, which could interfere with the
activation and polymerization of amino acids (Di Sabato and Jencks, 1961;
Whicher et al., 2018). This propensity to acetylate amino acids might explain why
AcP is retained in the active site of acetate kinase in archaea (and pyruvate
dehydrogenase in eukaryotes) (Tauchert et al., 1990; Reinscheid et al., 1999;
Schonheit et al., 2016; Xu et al., 2018).

The discovery that AcP can phosphorylate ADP to ATP in the presence of Fe3*
was serendipitous: while studying the electrolysis of ADP in the presence of AcP,
Kitani et al. noted a ~ 20 % conversion of ADP to ATP as the iron electrode they
were using in their setup corroded (Kitani et al. 1991). But the fact that SLP of
ADP to ATP can be accomplished by AcP in water says nothing about whether
this mechanism actually holds prebiotic relevance. | have therefore explored the
phosphorylation of ADP more systematically using a range of prebiotically
plausible and biologically relevant phosphorylating agents, and a panel of metal

ions as possible catalysts.

3.2 Results
3.2.1 Initial work & method development

The first step to start this project was to design an optimal HPLC method. The
first employed was that advised by Agilent Technologies for their Polaris C18-A
column (4.6 x 150 mm, 5 um), which is specific for nucleotide analysis as it retains
polar analytes under highly aqueous conditions. This method required 10 mM
tetrabutylammonium hydroxide (TBAH) and 10 mM KH2PO4 in water as mobile
phase A, and 10 mM TBAH in methanol (MeOH) as mobile phase B. TBAH is a
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common ion-pairing factor used to create a more hydrophobic complex of each
analyte to improve retention in the column. The analysis was done with the
column tray at ambient temperature (25°C), the flow rate was 1.5 mL/min and the
UV detector was set at 254 nm (Table 3.1).

Table 3.1 +Agilent Polaris C18 -A column method . The column was kept at 25°C, the
flow rate was 1.5 mL/min and the UV detector was set at 254 nm. Mobile phase A: 10
mM TBAH + 10 mM KH2PQO, in water; mobile phase B: 10 mM TBAH in MeOH.

Time (min) %A %B
0 95 5

25 50 50

27 50 50
27.1 5 95
30.1 5 95
30.2 95 5

Preliminary analyses of commercial standards (ATP, ADP, AMP as well as other
phosphate molecules such as sodium triphosphate (STP), cyclic
trimetaphosphate (cTMP), pyrophosphate (PPi(V) and orthophosphate (Pi)) were
carried out to test the method. While STP, cTMP, PPi(V) and Pi did not show in
the chromatogram as they absorb UV light at different wavelengths, the mix of
commercial ATP, ADP and AMP showed good separation between the peaks

(Figure 3.1), so this method was selected for a number of initial controls.

250

200

maALu)
-
w
o

Absorbance (
-
(=]
<

wm
=]

J L L

T T T 1
5 10 15 20
Time (min)

Figure 3.1 +HPLC-UV chromatogram RI D PL[ Rl FRPPHUFLDO $03 $'3 DQ
254 nm.
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As the samples did not need to be derivatised, it was important to have a careful
analysis of the degradation of the analytes, in order to take into account the rate
of degradation when quantifying the ATP produced by the reaction AcP + ADP.
A timed difference between fresh and frozen stock solutions (Figure 3.2) was
tested. As can be seen, the loss of analyte for both nucleotides over the first three
days of freezing at #80°C was small enough to be considered insignificant.
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Figure 3.2 tRecovery test for ATP (a) and ADP (b) at 80 °C. The red mark represents
the analysis of a fresh standard (initial nucleotide concentration, No, was 100 uM), which
was then frozen at 10 °C and thawed after different number of days. N =3 + SD.

A test comparing the use of glass and plastic HPLC vials also showed that use
of either did not produce any significant variation (Figure 3.3). This test was run
as phosphate molecules are known to stick to glass due to their polarity, and it is

therefore useful to see whether the use of either could affect the reading.

Glass vs Plastic headspace vial

’2; 100 I
2 g0 = .
c m Plastic
2 60
T Glass
= 40
(0]
2 20
@]
O o
ATP ADP

Figure 3.3 tRecovery test for ATP and ADP in glass (green) and plastic (teal) HPLC
headspace vials. N =5 + SD.
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Following several issues, first with components of the HPLC instruments
(damage to the pump piston seal was causing peak splitting and high pressure)
and then with the method employed (Figure 3.4), a new method was developed
using a different column (Poroshell 120 EC-C18), 40 mM PO4 (20 mM K2HPO4 +
20 mM KH2PO4) in water at pH 5.8 as mobile phase A, and 100% MeOH as
mobile phase B, which allowed for shorter runs. The ion pairing component TBAH
was excluded in this new method as it was the likely cause of the column
blockage (ion pairing reagents are known to be nearly impossible to wash fully
from the column). A wavelength of 260 nm was also found to be more appropriate
for adenine nucleotides than 254 nm. Figure 3.5 shows the progression of the
method development, where the new method described above improved peak

separation (Figure 3.5d).
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Figure 3.4 £HPLC chromatogram of ADP (250 uM). As can be seen, the peak was
starting to ¥ront " (red arrows), a sign of bad chromatography. Chromatogram cut for
FODULW\ WKH IXO0 OHQJWK RI WKH [ D[LV LV PLQ
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Figure 3.5 +HPLC method development. The table shows the gradients used for the
chromatograms presented. (a) Column: Polaris, mobile phase A: ammonium acetate 0.1
M (pH 6), mobile phase B: 100% acetonitrile (MeCN), gradient: 1; (b) Column: Polaris,
mobile phase A: ammonium acetate 0.1 M (pH 6), mobile phase B: 100% MeOH,
gradient: 1; (c) Column: Poroshell EC-C18, mobile phase A: ammonium acetate 0.1 M
(pH 6), mobile phase B: 100% MeOH, gradient: 1; (d) Column: Poroshell EC-C18, mobile
phase A: 40 mM PO, buffer (pH 5.8), mobile phase B: 100% MeOH, gradient: 2. The
final conditions are shaded in green. & KURPDWRJUDPYV FXW IRU FODULW\
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3.2.1.a Non-catalysed substrate -level phosphorylation of ADP by
acetyl AcP

Degradation tests show minimal solute loss over 24 hours

As past experiments suggested a difference between the reaction occurring at 20
and 50°C (Whicher et al., 2018), the SLP of ADP to ATP was tested again at both
temperatures: room temperature (20°C) makes for a good term of reference when
testing reactions, while 50°C is closer to the average temperature in the main
body of AHVs, and is also the temperature that thermodynamically favours CO:
fixation to form total biomass under alkaline hydrothermal conditions (Amend and
McCollom, 2009). Firstly, degradation profiles for both ADP and ATP were
constructed by having a solution per nucleotide sitting at the temperature of
interest and analysing the same timepoints that would be used for the
experiments (as per Protocol 3 described in Chapter 2, p.62). This is important
because any rapid degradation of ATP needs to be taken into consideration when
quantifying the yield from reaction samples.

As can be seen from Figure 3.6, ATP is quite stable at 20°C and slightly less so
at 50°C. For both temperatures, significant peak loss is observed well after 24
hours: around 2% at 20°C and around 14% at 50°C after 48 hours. The same
can be said about ADP, where the degradation is minimal and as expected

slightly more prominent at 50°C.
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85 VR :
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Figure 3.6 +Degradation test of ATP (500 pM, left) and ADP (500 uM, right) in water at
20°C (| green) and 50°C (teal) (no pH adjustments: pH 4 for ATP, pH 5 for ADP). The
datapoints represent the % solute abundance relative to the starting concentration
(analysis of timepoint 0). N = 3 £ SD.
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Additional degradation controls were done adjusting the pH to ~ 5.5 - 6, which is
the default pH of the reaction sample ADP + AcP in water (Figure 3.7). The
degradation pattern is similar to that of the degradation at the default pH of the

solutions containing the single nucleotides (~ 4 for ATP and ~ 5.5 for ADP).

20°C ——50°C
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80
750 123456 ?50123455
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
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o 27

fay
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Figure 3.7 xDegradation test of ATP (500 uM, left) and ADP (500 uM, right) in water at
20°C (| green) and 50°C (teal) (pH ~ 5.5 +6). The datapoints represent the % loss in
solute abundance relative to the starting concentration (analysis of timepoint 0). N =3 +
SD.

As a result of these tests, all subsequent experiments were carried out over 24
h, as the hydrolysis for either solute was minimal at that timepoint. The loss of
ATP was accounted for in the quantification by adding the corresponding % loss

at each timepoint.

Substrate-level phosphorylation of ADP

Three different concentrations of the solutes were tested for the reaction, all at a
1:1 ADP:AcP ratio: 250 uM, 500 uM and 1 mM, as per Protocol 1 described in
Chapter 2 (Figure 3.8).

The only seemingly positive results were achieved at 250 uM (Figure 3.8a and b)
which, although the error bars are quite large, confirm the results from Whicher
et al. (2018) that show minimal production of ATP via SLP. For the rest of the
conditions, the ATP signal can be seen to never detach from the ADP signal, and
additional tests confirmed that the ATP observed was just ATP that was already

present in the control (Figure 3.9).
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Figure 3.8 tReaction ADP + AcP at different solutes concentrations (1:1): 250 uM (a
and b), 500 uM (c and d) and 2 mM (e and f). a, ¢, and e were left to react at 20°C (blue
background), while b, d, and f at 50°C (beige background), pH ~6. The datapoints
represent the change in solutes abundance relative to their starting concentration

(analysis at timepoint 0). N = 3 + SD.
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Figure 3.9 £ Residual levels of ATP present in the ADP commercial standard. (a)
Comparison of *P-NMR spectra of commercial AMP (green), commercial ADP (red),
and commercial ATP (blue); the graph insert shows a zoomed in area of ATP signal. (b)
HPLC chromatogram of commercial ADP (1 mM). All peaks labelled for clarity.

The presence of ATP in ADP standard samples and the fact that the signal does
not vary over time in the reaction samples, suggests that ATP is likely used by
the manufacturer of the commercial standards to make ADP and the detected
ATP is just residual, or that ADP disproportionates into ATP and AMP. This

ubiquitous ATP trace was accounted for in all subsequent analyses by subtracting
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the initial ATP concentration detected from the rest of the ATP data and plotting
the percent ADP to ATP conversion. This also allows any human error in
measuring the dry salts when preparing the reaction stocks to be taken into

account.

3.2.2 Catalysis is needed for the reaction to take place

The results so far suggest that the reaction cannot produce ATP to significant
levels without catalysis. Catalysis is crucial in metabolism because it lowers (and
sometimes eliminates completely) the activation energy and thus the kinetic
barrier required for a reaction to take place. In metabolism this is mostly carried
out by enzymes, which can increase reaction rates up to 10’ times and tend to
be very specific as to the reaction they facilitate.

In a prebiotic scenario, however, catalysis would have necessarily started as a
non-enzymatic process, and therefore would have had to be carried by simpler
catalysts that could have been present in the environment, such as metal ions or
mineral surfaces. Quite often, enzymes function with the aid of cofactors, which
are often metal ions pested fin the active (catalytic) site of the protein, therefore
one would expect similar physical interactions between equivalent amino acids

and metal ions in a prebiotic context.
3.2.2.a Magnesium as a catalyst

Magnesium plays an important role in biology: it is one of the most common
enzyme cofactors (in the form of the Mg?* ion), and most free ATP is found in
complex with magnesium to become activated and more prone to nucleophilic
attack (Holm, 2012). This is perhaps due to the unusual characteristics of this
cation: it forms strong ionic interactions with water, it is quite bulky and almost
always found coordinating 6 oxygen atoms in a regular octahedral geometry
(Figure 3.10) due to the limited bond angle flexibility (Kehres and Maguire, 2002).
These features make Mg?* a key factor in the stability of many molecules,
including DNA, RNA and polyphosphates such as ADP and ATP (Storer and
Cornish-Bowden, 1976; Holm, 2012).
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Figure 3.10 *Geometry of hexacoordinated Mg?* (a) and RNA polymerase catalytic site
(b). The solid lines in a do not represent bonds but highlight the regular geometry of the
Mg?* #OH *interaction. b: mechanism of nucleotide addition during RNA polymerisation.
The Mg?" ions (circled in green) interact with the triphosphate group of the incoming
nucleotide (in blue) and the carboxylate of three aspartate residues (D460, D462, and
D464). The regular octahedral geometry is not portrayed due to the constraints of a 2-
dimensional representation of 3-dimensional interactions. Other residues known to affect
catalysis have been omitted for clarity. In both a and b, the dotted lines represent the
ionic bonds. Figure b was amended from Sosunov et al. (2003).

This central role of Mg?* in the stabilisation of phosphates derives from the unique
ability of phosphate to connect two adjacent groups and still remain charged, as
in DNA and RNA (Westheimer, 1987). Indeed, DNA and RNA are known to be
negatively charged because of their phosphate backbone, therefore the
magnesium cations are needed for the structural integrity in both chains, and for
the catalytic activity of ribozymes (such as the ribosome) (Holm, 2012).
Additionally, the natural state of polyphosphates in aqueous solutions is in
complexes with ions such as Mg?* (Storer and Cornish-Bowden, 1976; Piast et
al., 2020).

The significance of magnesium also comes from being one of the most common

elements on Earth and the other terrestrial planets (Mercury, Venus, and Mars),
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as it is one of the main components of the silicate minerals in the crust (Holm,
2012).

These considerations led to testing the promising catalytic ability of the ionic form
of magnesium for the formation of ATP. Figure 3.11 shows the ATP yield of the
reaction using Mg?* as catalyst in several forms: as the ion alone, the ion chelated
by the monomeric amino acids aspartate and glutamate, and the carboxylic acid
citrate. Chelated metal ions were anticipated to show a stronger catalytic efficacy
than free ions, as the coordination environment partially mimics the active site of
enzymes where amino acids chelate Mg?* at the active site (such as acetate
kinase and the RNA polymerase (RNAP) in the case of aspartate, or the DNA

mismatch repair protein in the case of glutamate).

Surprisingly, as can be seen by Figure 3.11, the presence of the ion, with or

without these ligands, did not produce any difference compared to the simple

reaction.
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Figure 3.11 +Comparison of reaction ADP (1 mM) + AcP (4 mM) at 30°Cand pH ~ 5.5+
6 catalysed by magnesium coordinated by citrate or amino acids. N = 3 £SD. Figure
amended from Pinna et al. (2021).

3.2.2.b Iron as a catalyst

As mentioned before, Kitani and colleagues had reported positive results in
phosphorylating ADP to ATP using AcP and ferric iron (Fe3*) at 30°C in the past
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(Kitani et al., 1991, 1995), which pushed me to test the same cation. The choice
of Fe3* as catalyst by the authors, as mentioned earlier, was simply due to their
use of an iron electrode when doing electrolysis experiments on ADP in the
presence of AcP, and they noticed the signal for ATP rose with the corrosion of
the electrode (Kitani et al., 1991).

Method development

Firstly, a control for the temperature used throughout their experiment was made,
which showed minimal hydrolysis ATP and ADP to form ADP and AMP,
respectively (Figure 3.12).
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Figure 3.12 +Degradation test of ATP (1 mM, |, teal) and ADP (1 mM, -, green) in
water at 30°C (pH ~ 5.5 +6). The datapoints represent the % solute abundance relative
to the starting concentration (analysis at timepoint 0). N = 3 + SD.

As Kitani et al. (1991; 1995) do not mention a pre-HPLC analysis preparation of
their metal-containing samples, the next step was to devise a suitable sample
preparation. As previously mentioned, ions are quite damaging to the HPLC
instrument due to their precipitation in the tubing system, therefore SPE was
initially employed to purify the samples from Fe3* ions, as described in the
Methods section.

However, the ATP peak in the chromatogram appeared puined Ywhen a tentative
reaction with Fe3* was run (Figure 3.13a), and lowering the pH to that which the
authors reported to be optimal (4.7) did not produce a better chromatogram
(Figure 3.13b).
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Figure 3.13 +HPLC chromatogram of reaction samples reproducing the conditions used
by Kitani et al. (1995) at 3 hours with uncontrolled pH (a) and with initial pH adjustment
to 4.7 (b). The sample was prepared in water, dried through SPE, and eluted in 80%
OH2+ QP

A mix of the three nucleotides was also prepared in the same way, to check if the
problem lay with the reaction sample, and it too revealed a strange looking
chromatogram (Figure 3.14). As the only common denominator was the presence
of MeOH, two samples containing 100 uM ATP were prepared, one in water and
one in 80% MeOH, as well as a reaction sample left for 3 hours. Sure enough,
the sample in MeOH produced a similar misshapen peak to the samples that went

through SPE (Figure 3.15), while the other two came out looking normal.
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Figure 3.14 +SPE test of mix of 300 uM ATP, ADP, and AMP. The sample was

prepared in water, dried through SPE, DQG HOXWHG LQ OH2+ QP
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Figure 3.15 100 pM ATP in water (left) and in 80% MeOH (right).

Since the development of the original SPE method required a trial of different
percentages of MeOH, and since it appeared that ATP degrades in MeOH, ATP
samples were prepared in different percentages of MeOH to see at what
percentage the ATP peak would be quantifiable. The idea was that a calibration
curve would then be constructed so that the degradation could be taken into
account when quantifying the ATP yield in experimental samples (Figure 3.16).
As can be seen, the percentage of MeOH at which ATP was stable enough to be
guantified was too low for the SPE purification to work, therefore a new way of

preparing samples for analysis had to be found.
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Figure 3.16 zEffect of different percentages of MeOH as sample solvent on the
VWDELOLW\ RI —0 $73 QP

After the discovery of MeOH tampering with the results, a test was also made to
ensure that the HPLC method used for analysis would not also negatively affect
the samples in any way, as it includes 5% MeOH (Figure 3.17). This was done
by preparing ATP solutions in (a) just mobile phase A (MPA, phosphate buffer)
and(b LQ WKH PHWKRGTV VROYHQW PL] $ DQG OH

neither had any major effect.
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Figure 3.17 xTest of mobile phase A (MPA, 40 mM PO, buffer) and mobile phase mix
(MP, 95% A and 5% MeOH) as samples solvents. Panels a and b show 100 uM ATP in
MPA and MP, respectively, and how the recorded peak area compares to the calibration
curve in water (red GRW QP

First results: Fe3* successfully catalyses the formation of ATP by AcP

Once the method using EDTA to chelate the Fe3* described in Section 2.2.2 of
Chapter 2 (p.70) was determined, the testing of the iron-catalysed reaction could
start. Chelation by EDTA is more desirable than SPE because there is no risk of
losing the analytes of interest, as the reaction solution is simply diluted using the
EDTA solution. As can be seen in Figure 3.18, there is a considerable increase
in ATP yield over time, confirming the results of Kitani et al. (1991; 1995). A
control with just ADP, Fe2(SO4)s and the EDTA solution was also run and

confirmed that it was indeed AcP generating ATP (Figure 3.19).
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Reaction with Fe** as catalyst
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Figure 3.18 +ADP (1 mM) + AcP (4 mM) + Fe3* (500 uM) reaction at 30°C, pH ~ 5.5.
N =3+ SD.
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Figure 3.19 +ADP (1 mM) + Fe®* (500 uM) + EDTA in PO4 (pH 7) buffer at 30 °C. N =
3+ SD.

The solution was also checked via MS/MS fragmentation to confirm that the
product was indeed ATP and not some other compound (such as an acetylated

ADP or an ADP with a phosphate group attached elsewhere (Figure 3.20).
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Figure 3.20 +Mass spectrometry analysis on a reaction sample att = 0 h (upper panel)
and 24 h (middle panel). The MS/MS spectrum and proposed structures of the products
of the fragmentation of the ATP mass detected at 24 h (m/z = 506.19) is shown in the
lower panel and was confronted to commercial standards and public data (Spectrum
MCHO00020 for Adenosine 5 striphosphate, 2016). Conditions: ADP (1 mM) + AcP (4 mM)
+ Fe3* 0 DW f& DG 4 Figure from Pinna et al. (2021).

ADP phosphorylation occurs in a range of agueous prebiotic environments

As Fe2(S04)3 was used as the Fe®* ion source, the reaction was carried out using
FeCls to see if the counter ion had any effect on the ATP yield. As can be seen

in Figure 3.21, both experiments yielded the same amount of ATP.
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Figure 3.21 tComparison of the ATP yield from the reaction ADP (1 mM) + AcP (4 mM)
+ Fe®* (0.5 mM) at 30°C where the Fe®* is given by either FeCl; (*, green) or Fez(SO.)s
(], teal). N =3 £SD.

More tests were done to explore the conditions under which Fe3* catalyses the
phosphorylation of ADP by AcP, specifically pH, temperature, ionic strength, and
pressure. The reaction was strongly sensitive to pH, and occurs most readily
under mildly acidic conditions, with an optimum pH of pH~ 55 =+ 6 (the
XQFRUUHFWH@E gi @el réaxtion)(figure 3.23a). Slightly more acidic
conditions (pH 4) suppressed the yield a little, but more alkaline conditions had a
much stronger suppressive effect. ATP yield fell by around three quarters at pH
7, and collapsed to nearly zero at pH 9. This is likely due to the Fe3* precipitating
as Fe(OH)s, as degradation tests at pH 9 for both neither ATP nor ADP showed
drastic hydrolysis (Figure 3.22). Indeed, some yellow precipitate was visible in

the samples at pH 9 upon centrifugation at 4,000 rpm for 2 minutes.

While this sharp sensitivity to pH might seem at first sight limiting, in the
Discussion | show that, on the contrary, it could be valuable in generating

disequilibria.
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Figure 3.22 tDegradation test of ATP (1 mM, left) and ADP (1 mM, right) in water at
30°C, pH 7 (|, green) and pH 9 (-, teal), . The datapoints represent the % solute
abundance relative to the starting concentration (analysis of timepoint 0). N = 3 £ SD.

ATP yield was less acutely sensitive to temperature, at least between 20 and
50°C. Over 24 hours, the overall ATP yield reflects both synthesis and hydrolysis.
A temperature of 30°C optimised yield across 24 hours, by promoting synthesis
within the first 4 hours while limiting hydrolysis over the subsequent 20 hours
(Figure 3.23b). The rate of synthesis was a little lower at 20°C, but this was offset
by slightly less hydrolysis over 24 hours. ATP synthesis was markedly faster at
50°C, but so too was hydrolysis, which already lowered yields within the first 2
hours and cut them to less than a quarter of those at 30°C after 24 hours. If ATP
is to power work, as in modern cells, then hydrolysis in itself is not an issue, but
rather needs to be coupled to other reactions such as the phosphorylation or
condensation of substrates. Such processes also tend to take place over minutes
to hours (Whicher et al., 2018), meaning that temperature has a relatively trivial
effect, with the yield after 2-3 hours being similar at all three temperatures
studied, at around 10-15 % (Figure 3.23b). This implies that temperature would

not be a strong limiting factor on many possible prebiotic environments.

More surprisingly, ATP yield was greatest under mostly aqueous conditions,
either in HPLC-grade water or with suspended silica (Figure 3.23c). Adding NacCl
lowered ATP yield, albeit not dramatically. Moderate NaCl concentration (300
mM, giving a total reaction ionic strength of 303.75 mM) lowered ATP yield by
around a fifth. Modern ocean salinity (600 mM NacCl, reaction ionic strength
603.75 mM) and higher salinity (1 M NaCl, reaction ionic strength 1.004 M) both

102



Acetyl phosphate as a prebiotic phosphorylator

roughly halved the yield. This suggests that the effect of solutes does not only
reflect ionic strength, which was confirmed by the addition of other solutes.
Dissolved silicate (10 mM SiO2) also halved ATP yield, even though the ionic
strength in this case was only 123.75 mM. Likewise, higher Mg?* and Ca?*
concentrations (50 mM and 10 mM, respectively) as part of a modern ocean mix
collapsed ATP yields to nearly zero, presumably because Ca?* and Mg?* promote
ATP hydrolysis (Ramirez et al., 1980; Williams, 2000).

While this might suggest that ATP synthesis could not occur in modern oceans,
Mg?* and Ca?* concentrations can in fact vary considerably in ocean
environments. Many have pointed out that it is difficult to constrain the salinity of
Hadean oceans (Jordan et al. 2019). In particular, estimates for the concentration
of divalent cations vary greatly (Morse and Mackenzie 1998; Holm 2012), and
they can be chelated by citrate present in protocells that are capable of forming
purines such as adenine in the first place. Therefore, low concentrations in the
ocean can be offered locally by environments such as alkaline hydrothermal
vents (AHVs), where Mg?* and Ca?* precipitate in mineral barriers as brucite or

aragonite, respectively.

High pressure (80 bar) also had very little effect on ATP synthesis (Figure 3.23d).
This is consistent with the work of Leibrock, Bayer, and Lidemann (1995), who
VKRZHG WKDW KLJK SUHVVXUH SURPRWHYV $73 K\GURO\
bar. The slightly greater ATP yield at ambient pressure in our experiment may be
attributable to greater evaporation in the open (non-pressurized) system. This
was clearly the case in the absence of Fe3*, where most of the ATP detected was
not produced by phosphorylation of ADP, but contamination of the ADP
commercial standard via the manufacturing process, then concentrated by

evaporation at ambient pressure, as mentioned earlier (Figure 3.9).

Pressure is believed to have been a key factor at the origins of life for the
possibility of driving condensation reactions at lower concentrations of analytes
(Imai et al., 1999; Wu et al., 2011). Modern deep-sea AHVs have a pressure that
ranges between 100 1300 bar, therefore it is encouraging that a pressure of ~100

bar does not have a strong effect on the efficacy of the reaction.
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So far, these results suggest that this chemistry could take place at depth in the
oceans or in lakes on land; the formation of ATP would work better in freshwater
hydrothermal fields on land and less well in marine environments, but not

substantially so (Figure 3.23c).
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Figure 3.23 *ATP synthesis by AcP and Fe®" under different conditions. (a) Effect of pH

on reaction ADP (1 mM) + AcP (4 mM) + Fe®* 0O DW f& 7KH RSWLPDO S

reaction is ~ 5.5 #6. (b) Effect of temperature on reaction ADP (1 mM) + AcP (4 mM) +
Fe3* 0 S~ 5.5 4#6. Rate of reaction: 6.6 nM/s (20°C), 7.9 nM/s (30°C) and 28
nM/s (50°C). (c) Comparison of ATP yield from the reaction ADP (1 mM) + AcP (4 mM)
at 30°C, pH ~ 5.5 16 in water (reaction ionic strength = 3.75 mM), a modern ocean mix
(600 mM NacCl, 50 mM MgCl; and 10 mM CacCl,, reaction ionic strength = 783.75 mM),
300 mM Nacl (reaction ionic strength = 303.75 mM), modern ocean concentration of
NaCl (600 mM, reaction ionic strength = 603.75 mM), 1 mM NacCl (reaction ionic strength
= 1.004 M), dissolved silicate (10 mM SiO, reaction ionic strength = 123.75 mM), and
suspended silica in water (50 mg). N = 3 £SD. (d) Comparison of ATP yield from the
reaction ADP (1 mM) + AcP (4 mM) at 30°C and pH ~ 5.5 #6 with and without Fe3* (500
pM) at 80 bar (striped green) and at atmospheric pressure (1 bar, solid teal). N =2 £ SD.
Figure from Pinna et al. (2021).

Both optimal values for the pH and temperature lie within the ranges accepted for
alkaline hydrothermal vents (Russell and Hall, 1997; Kelley et al., 2001, 2005).
Specifically for pH, the optimal default pH (5.5 #6) is at the lower threshold for
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may be happening near the inorganic wall of the pores that make up the vents
structure, where the pH is more acidic due to the influx of protons, as mentioned
in Section 1.6 of Chapter 1 (p.45).

However, the optimal conditions are consistent with multiple environments,
including freshwater hydrothermal fields and hydrothermal vents. Indeed,
perhaps the most significant finding is the fact that the reaction works best in
agueous conditions, and clearly does not require dehydration. Specifically, high
pressure and high ionic strength do not enhance ATP synthesis. This implies that
dehydration reactions can occur at high yield in water, given the right catalyst and

a suitable phosphorylating agent.

Acetyl phosphate is more effective than other prebiotic phosphorylating

agents

Due to its proficiency in the presence of Fe** in forming ATP via SLP, AcP was
compared with a panel of seven other potentially prebiotic phosphorylating

agents, including a number still used by cells today (Table 3.2).

Given the diverse reaction Kkinetics anticipated with these different
phosphorylating agents, the experiments were carried out both at 30°C (the
optimal temperature for AcP) and at 50°C (as some phosphate donors tend to be
slower and less reactive than AcP and so might be more effective at higher
temperatures), as well as pH 5.5 46, 7, and 9. As shown in Figure 3.24, no other
phosphorylating agent was as effective as AcP in phosphorylating ADP to form
ATP in the presence of Fe®*. The only other phosphorylating agent to show any
notable efficacy was carbamoyl phosphate (CP), which is similar in structure to
AcP; it has a carbamate (-CO-NH2) rather than acetate (-CO-CHs) bound to
phosphate. CP intermediates have actually been proposed in the past as
plausible phosphorylating species when studying the pathway with which urea
promotes phosphorylation in a prebiotic setting (Lohrmann and Orgel, 1971). This
is a small molecule involved in nucleotide synthesis but also used by carbamate
kinase to phosphorylate ADP to form ATP in the microbial fermentative
catabolism of arginine, agmatine, and oxalurate/allantoin (Ramdn-Maiques et al.,
2010).
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Table 3.2 +Phosphorylating agents tested.

Name

ID

Formula

Prebiotic/biochemical
prominence

Cyclic
trimetaphosphate

Pyrophosphate
Pyrophosphite

Phosphoenolpyruvate

Carbamoyl phosphate

Pyridoxal phosphate

Trimethyl phosphate

cTMP

PPi(V)
PPi(IIl)

PEP

CP

PLP

TMP

NasP30g

Ka4P207
NazH-P,05

KC3HsOsP

Li2CH2NOsP-xH20

CgH10NO6P

(CH3)3POq4

(Etaix and Orgel, 1978;
Yamagata et al., 1995; Ozawa et
al., 2004; Holm, 2012)

(Holm and Baltscheffsky, 2011)

Has been detected in meteorites
and can be generated from
phosphite under hot acidic
hydrothermal conditions;
phosphate can be reduced to
phosphite by serpentinization
(Bryant et al., 2013; Kee et al.,
2013; Pasek et al., 2013, 2020;
Kaye et al., 2016)

Has the highest phosphoryl-
transfer potential found in living
RUJDQLVPYV {i* N- PR
(Coggins and Powner, 2017),
and is an intermediate in
gluconeogenesis and glycolysis,
where its conversion to pyruvic
acid by pyruvate kinase
generates ATP via substrate-
level phosphorylation

Can be made abiotically and has
a role in extant biochemistry (Liu
et al., 2019)

Active form of Vitamin B, it is
widely used in amino acid
metabolism as a coenzyme
(Hayashi, 1995; John, 1995),
and on the grounds of its
unrivalled diversity of reactions
catalysed, this molecule has
been proposed to have had a
very early introduction into life
processes (Austin and Waddell,
1999; Eliot and Kirsch, 2004,
Aylward and Bofinger, 2006;
Kirschning, 2020)

Has been studied for its potential
role in the non-enzymatic
conversion of hypoxanthine to
adenine (Lagoja and Herdewijn,
2005)

CP produced about half the ATP yield of AcP at 20°C and pH 5.5 #6 (Figure
3.24a), but barely a quarter of the yield at pH 7 (Figure 3.24b). At pH 9, only cyclic
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trimetaphosphate (cTMP) produced any ATP at all, albeit after a delay of more
than 20 hours (Figure 3.24c).
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Figure 3.24 + ATP synthesis with different phosphorylating agents. 1:4
ADP:phosphorylating agent reaction catalysed by Fe® with various phosphorylating
agents at different pH and temperature. PO potassium phosphate; cTMP:
trimetaphosphate; TMP: trimethyl phosphate; PEP: phosphoenolpyruvate; PLP:
pyridoxal phosphate; PPi(V): pyrophosphate; PPi(lll): pyrophosphite; CP: carbamoyl
phosphate; AcP: acetyl phosphate. N = 3 £ SD. Figure adapted from Pinna et al. (2021).

At 50 °C, CP generated ATP continuously over 24 hours at pH 5.5 #6, despite
producing only half the yield in the first 2 hours. The fact that ATP yield declined
over time with AcP indicates that ATP was hydrolysed over hours at 50 °C; it was
not replenished because AcP had also been hydrolysed at that temperature
(Whicher et al., 2018). While CP has a similarly low thermal stability, the primary
decomposition product is cyanate (Allen and Jones, 1964), which is itself a
proficient condensing agent (Lohrmann and Orgel, 1968) and has been used in
the past to form ATP via SLP of ADP in the presence of Mg?* (Yamagata, 1996)
and calcium phosphate (Yamagata, 1999). This likely contributed to a balance
between the synthesis and hydrolysis of ATP over 24 hours. Only AcP formed
any ATP at 50 °C and pH 7 (Figure 3.24e), consistent with the pH sensitivity of
CP seen at 30 °C. CP did form ATP at low yield at 50 °C and pH 9 (Figure 3.24f),
and we can infer again that it is due to the decomposition product cyanate. The

main conclusion here is that from a panel of seven plausibly prebiotic
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phosphorylating agents, only AcP was capable of generating an ATP yield of >
10% in water at both 30 and 50 °C. The only other agent to show remotely
comparable efficacy at mildly acidic pH was CP, but its maximal yield was half
that of AcP. The fact that CP was capable of synthesising ATP at low yield under
warm alkaline condition (50 °C, pH 9) in fact lowers its phosphorylating potential
as it is less capable of sustaining a disequilibrium of ATP/ADP ratio in a dynamic

pH environment (see Discussion).

Fe3* is unigue in promoting the reaction

The biological significance of iron is undisputable, as the function of numerous
proteins are coupled to the transition metal. While most of intracellular iron is
bound to proteins (e.qg. ferritin, Ech as FeS clusters, haemoglobin as haem, etc.),
around 3% is complexed to smaller molecules such as citric acid, amino acids,
ATP and ADP, constituting the metabolically and catalytically reactive iron of the
cell (Petrat et al., 2003). However, the efficacy of Fe3* in driving the synthesis of
ATP is interesting because iron is not obviously associated with ATP in modern

metabolism.

The first question this raises is whether the iron as a divalent cation, which is
usually taken to be the more readily available form in prebiotic environments
would have the same effect. To answer this, the reaction was carried out under
anaerobic conditions using Fe?*. Following an initial experiment showing limited
ATP formation that had to be scrapped due to excessively high Oz levels inside
the anaerobic hood, a repetition under optimal experimental conditions showed

that Fe?* does not aid the synthesis of ATP in the same way as Fe3* (Figure 3.25).

This result was interesting, as the divalent form of iron is more typically used in
metabolism as a cofactor and is the most soluble form between the two. Due to
its oxidation state, the trivalent ion Fe3* has a high charge density and one of the
smallest ionic radii, so perhaps it is the combination of small ionic radius and high
charge density that gives Fe3" some advantage, such as allowing a

stronger interaction.
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Figure 3.25 +Comparison of reaction ADP (1 mM) + AcP (4 mM) with Fe®*" or Fe?* (500
UM). Max yields: 17 % at 10 h (Fe®*") and 2 % at 24 h (Fe?"). N = 3 + SD.

A panel of metal ions commonly used as cofactors in metabolism, and likely
available at the origin of life, was also analysed to compare their effect on the
phosphorylation of ATP by AcP (Figure 3.26). Surprisingly, Fe3* seems to be
uniquely effective at catalysing ADP phosphorylation, at least among the panel

of metal ions tested.

Metal ions that are commonly associated with ATP in metabolism, including Mg?*
(whose effect has been reported earlier) and Mn?* (which has a similar activity to

Mg?* in acetate kinase (Winzer et al., 1997)), failed to promote ATP formation.
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Figure 3.26 Test of reaction ADP (1 mM) + AcP (4 mM) at 30°C and pH ~ 5.5 46 with
Fe3* (Fex(S0a4)s), Mg?* (MgCly), Ca?* (CaCly), Mn?* (Mn(NOs),), Cr3* (Cr(NOs)s), Mo®*
(MoCls), Co®* ([Co(NH ZICI %, Co** (CoCl,), CuSO4, Cu(NOs).. The bars represent the
ATP yield after 5h. N = 3 £SD. Figure adapted from Pinna et al. (2021).
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3.2.2.c Surface catalysis did not enhance ATP formation

As mentioned at the beginning of this section, surface catalysts might have
preceded many of the metal catalysts used now in life. There has long been
discussion about the potential key role of solid-state (or surface) catalysis at the
origin of metabolism, where lack of proteins possibly meant that reactions in
solution would occur at a slower rate. (Guinter Wachtershauser, 1988; Hazen and
Sverjensky, 2010). Through the interaction with reactants via adsorption,
surfaces could have structurally helped with positioning substrates in a way that
might enable them to react, as opposed to continuously rotating in solution and
hence only rarely being held in the correct configuration to react.

Mineral surfaces

Mineral surfaces are the prime focus of most studies on surface catalysis in a

prebiotic setting, as they would have been widely available on the early Earth.

Experiments have shown that charged mineral surfaces have the ability to adsorb
and reduce a CO2 molecule, in a similar way to when ferredoxin stabilizes the
transfer of electrons onto CO:2 in cells today (Cody et al., 2001; Hazen and
Sverjensky, 2010; Camprubi et al., 2017). Some have proposed that mineral
surfaces in aqueous solutions might help with reactions that are generally
unfavoured in 100% water enabling reactions at the solid-liquid phase boundary
(do Nascimento Vieira et al., 2020; Preiner et al., 2020b).

Brucite

In the context of alkaline hydrothermal vents, brucite is the primary and often the
first mineral to precipitate in the chimneys, assembling in tri-octahedral sheets
(Figure 3.27c) (Kelley et al., 2001; Holm, 2012; Okumura et al., 2016; Price et al.,
2017; Russell, 2018). It is metastable and can be replaced by aragonite (CaCO %
over time. Brucite is a hydroxide mineral (Mg(OH)2) that has a unit structure
reminiscent of the Mg?* coordination by aspartate in enzymes such as Mg?*-
dependent RNAP (Figure 3.27b), and, being quite insoluble, offers the potential
of surface catalysis, which has long been suggested as important in the origins

of life (as will be discussed later in this Chapter).
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Figure 3.27 +Comparison of the octahedral geometry of hexacoordinated Mg?* (a) and
a brucite sheet (b). The solid lines do not represent bonds but highlight the regular
geometry of the Mg?* #OH* interaction, while the dotted lines in a represent the ionic

bonds.

Preliminary results had suggested that the presence of brucite in a solution of
ADP and AcP slightly improved ATP yield. After developing a new, more sensitive
HPLC method for the higher pH of the experimental samples (see Section 2.2.2
of Chapter 2, p.67), two trials of the reaction using Protocol 2 in the presence of
brucite were done. The results confirmed the preliminary results: brucite slightly
enhances the production of ATP, most clearly at 50°C, where the maximum ATP

yield is ~ 1.7% at 1 hour (Figure 3.28).
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Figure 3.28 +ATP yield of ADP + AcP reaction (1:1, 500 mM) with (solid line) and without
(broken line) brucite (26.8 mg) at 20 ( », green) and 50°C ( |, teal), pH 8. N = 3 +SD.
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Conducting the same experiment as the one with Fe3* at 30°C with brucite,
however, did not produce any ATP (Figure 3.29). While at 50°C there is some
evidence of ATP formation, the yield is nowhere near the those obtained through

Fe3* catalysis.
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Figure 3.29 +Comparison of reaction ADP (1 mM) + AcP (4 mM) at 30°C with brucite
(-, green, 500 uM), and with Fe®" (| teal, 500 uM). N = 3 + SD.

Prebiotically plausible forms of iron

At this point it is clear that Fe3* is the most efficient catalyst under aqueous
conditions for the formation of ATP. Therefore, to further carry along the idea of
surface catalysis, | started thinking about prebiotically plausible surfaces
containing Fe®*.

FeS clusters

Best known as components of ferredoxin (Meyer, 1988), iron-sulphur (FeS)
clusters are key components for metabolism as they provide the means for

electron transport in biological redox reactions, such as in cellular respiration
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(Stiban et al., 2016). Most relevant to this project, FeS proteins such as ferredoxin
enable COz2 fixation in ancient autotrophic pathways, such as the acetyl CoA
pathway and the reductive Krebs cycle (Evans et al., 1966; Martin and Russell,
2007; Fuchs, 2011; Braakman and Smith, 2012; Jordan et al., 2021). Due to their
intimate link with metabolism, including potentially ancient carbon fixation
pathways, FeS clusters have often been valued as important players in
abiogenesis (Poehlein et al., 2012; Buckel and Thauer, 2013; Wagner et al.,
2016; Camprubi et al., 2017). Biological FeS clusters have structural similarities
to FeS minerals (Rickard and Luther, 2007), and they have also been observed

in many anoxic marine and freshwater systems.

It is important to note that FeS clusters are not connected to ATP synthesis, but
because of their significance in biology and their plausible availability in a
prebiotic scenario, and most importantly the presence of Fe3*, | decided to test
whether they would influence in any way the formation of ATP by AcP.

Clusters in the conformation [4Fe-4S] coordinated by monomeric cysteine (Figure
3.30) were chosen for this experiment as evidence suggests that their abiotic

formation in alkaline, anaerobic environments is possible (Jordan et al., 2021).

Cys, Cys,
/Fe —S > Fle » S c
Cys., s .Oys S é—-Fle.,‘ S—éEe_f 3
Cys” Fexg e ~eys 5 Fle/— & F|e_ 5‘/ Ty
Cys Cys”
[2Fe-2S] [3Fe-4S] [4Fe-48]

Figure 3.30 +Geometric conformations of FeS clusters. Figure from Fontecave (2006).

Cysteine is considered to be a late addition amino acid (Trifonov, 2004), and
although its synthesis has been calculated to be thermodynamically unfavourable
under alkaline conditions (Amend and Shock, 1998), recent work has reported
high yields of cysteine via its prebiotic formation in water (Foden et al., 2020),
increasing the plausibility of cysteine being available at the origin of life. The fact
that such a simple organic is able to form clusters is an important step towards

understanding how clusters were adopted into protometabolism.
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An initial quick experiment showed that FeS clusters chelated by monomeric
cysteine seem to produce small yields of ATP, as shown in Figure 3.31.
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Figure 3.31 zTest of reaction ADP (1 mM) + AcP (4 mM) at 30°C and pH ~ 5.5 46 with
Fe¥* (Fex(SO04)s), Mg*" (MgCl), Ca** (CaClz), Mn** (Mn(NOs)z), Cr** (Cr(NOs)s), Mo**
(MoCls), Co® ([Co(NH Z]Cl §, Co?* (CoCl,), CuSOa, Cu(NOs), and FeS clusters (500
0 7KH EDUV UHSUHVHQW WKH $73 Wigdre &apt¢d\itdrd Pinha 1
et al. (2021).

This however was a misleading result as it turned out the formation of the clusters
was not successful in the first place. Iron-sulphur clusters can be easily detected
through UV absorbance due to a distinctive diagnostic shoulder at 420 nm (Agar
et al., 2000; Nakamaru-Ogiso et al., 2002; Mapolelo et al., 2012; Freibert et al.,
2017; Jordan et al., 2021) (Figure 3.32a). This was not present in the spectrum
produced by my solution (Figure 3.32b), indicating the absence of FeS clusters
in the solution. This may have been due to two main reasons: (i) the optimal pH
DW ZKLFK )H6 FOXVWHYNorBad idt al. V2 O0RE)Qibes mot allow for
successful ATP production and therefore was adjusted to 6, and (ii) Cys-FeS
clusters are known to disassemble after 1-2 hours when exposed to even low
levels of oxygen (Jordan et al., 2021), which would coincide with a release of free
Fe3* ions into the medium, potentially explaining the formation of ATP after that

time.
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Figure 3.32 +UV absorbance of FeS clusters as observed by Jordan et al. (2021) (a)
vs these experiments in water (b). Note the absence of the diagnostic shoulder at 420
nm in b.

Evidence suggests that FeS clusters formation is more successful in buffered
solutions (Jordan et al., 2021), as there is little variance in pH, therefore
bicarbonate was used as buffer. Although the use of buffers was not preferred in
this project, bicarbonate is a good buffer for this kind of studies because it was
likely present in an ancient ocean (Sojo et al., 2016).
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The buffered solution showed presence of FeS clusters (Figure 3.33b), so the

reaction was attempted again, this time also monitoring the ATP yield below the

hour.
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Figure 3.33 tUV absorbance of FeS clusters as observed by Jordan et al. (2021) (a) vs
these experiments in bicarbonate (b). Note the correct curve shape obtained in b.

The reaction showed little to no ATP production both at pH 7 (which was selected
because it is the lowest pH the clusters are stable at and ATP yield was possible,
as shown earlier) and at pH 9 (the patural $H achieved by the protocol described
in Section 2.2.1 of Chapter 2, p.63) (Figure 3.34). This could be due to two
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reasons: (i) the concentration of Fe3* far exceeded the optimal one for the
reaction, or (ii) the iron atoms in the clusters were not able to interact with ADP
and AcP. This last possibility will be further discussed later.

—&—pH 9 pH 7

ATP yield (%)

0 1 2 3 4
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Figure 3.34 +Comparison of the ATP yield from the reaction ADP (1 mM) + AcP (4 mM)
at 30°C in a FeS clusters-rich 10 mM bicarbonate solution at pH 9 and 7.

Hematite

+ H P D W ER&83, Figure 3.35) is an iron(lll) oxide mineral common in banded
iron formations (BIFs) (James, 1954; Klein, 2005; Mloszewska et al., 2012). Its
formation is caused by hot (>350°C) water moving through iron-bearing rocks and
dissolving the iron. As the water cools the dissolved iron precipitates in the cracks
of surrounding rock. This process is common in volcanic hydrothermal systems.
The fine-grained type generally forms by the weathering of iron-bearing minerals

by oxidation and is thought to be among the main components of the materials
that make Mars characteristically red.
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Figure 3.35 +Geometric conformation of hematite. Figure amended from MacHala et al.
(2011)

The experiment was conducted with 50 mg of suspended hematite, and the
solution was kept spinning on a rotary heat block to ensure that the mineral was
evenly dispersed throughout the solution. As can be seen from Figure 3.36,

hematite did not produce any ATP.
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Figure 3.36 +Comparison of reaction ADP (1 mM) + AcP (4 mM) at 30°C with Fe*" (500
UM) and with suspended hematite (Fe2O3, 50 mg) at pH ~ 5.5-6. N =3 + SD.

Both FeS cluster and hematite results seem to suggest that the Fe3* ion needs

to be singularly available to participate in the reaction mechanism, which

118



Acetyl phosphate as a prebiotic phosphorylator

implicates more than two simultaneous interactions, as each iron atom in FeS

clusters already interacts with 4 atoms and in hematite it interacts with 2 atoms.

Amphiphilic vesicles

An interesting test for surface catalysis was seeing whether having the reaction
catalysed by Fe3* occur in contact with lipid vesicles would alter the rate of the
reaction. The interaction with the polar head groups of the fatty acids, along with
the curvature offered by the spherical shape of the vesicle, could alter the
catalytic properties of AcP, and may provide better mechanics than a flat surface.
As a result, the effect of the variation in shape and curvature determined by
different lipid densities may also vary. Additionally, lipid membranes influence the
structure of water, as at the membrane/water interface the hydrogens face the
membrane, and this could also have an effect on the reaction which so far has
only been successful in aqueous solution (Higgins et al., 2006; Pollack, 2013;
Nickels and Katsaras, 2015). Experiments so far have been able to form vesicles
at a variety of alkaline hydrothermal vents conditions, with diameters down to 20
nm (a molecule of ATP is ~ 2 nm long, so the curvature would be strong enough

to affect the reaction mechanism) (Jordan et al., 2019b).

The first thing to establish was that vesicles are stable at the pH required. The
protocol used was a modified version of the protocol designed by Monnard and
Deamer (2003), which required a temperature of 70°C and allowed for vesicles
to form from a 1:1 mixture of decanoic acid (Cio fatty acids (FA) and decanol (Cio
fatty alcohols (FOH) at a pH as low as 7 via titration using 1 M HCI (Jordan et al.
2019a). While 1 was able to form vesicles at pH 7, going down to pH 6 resulted in
their break-down, with the lipids forming as droplets, because the carboxylate

headgroups become protonated, making them more hydrophobic (Figure 3.37).
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Figure 3.37 xVesicles (1:1 Cip FA/FOH 100 mM mixtures) at the low pH (T = 70°C).
While at pH 6 only lipid droplets are visible (full green circles), at pH 7 numerous vesicles
are visible (empty green circles). Examples for both are indicated by the red arrows.

| decided to keep working at pH 7 as ATP synthesis had been observed at that
pH, albeit less than at lower pH values. As the original temperature of 70°C was
much higher than the ideal of 30°C for the AcP-mediated phosphorylation of ADP,
the rest of the experiments with lipid vesicles were carried out at the milder
temperature of 40°C, which is the lowest at which all amphiphiles exist at a melted
state (Jordan et al., 2019b). The protocol used produced vesicle solutions with a
concentration of 100 mM 1:1 Cio FA/FOH mixtures, which is around 100x higher
than the usual solute concentrations in the reaction samples, so | decided to
determine the lowest concentration of vesicles that could be made. | was not able
to visualise vesicles at concentrations lower than 20 mM with the confocal
microscope, therefore | could not be sure that there were vesicles present in the
solution (Figure 3.38).

Once the protocol for producing vesicles had been established, | next tested their

stability in the presence of the experimental concentration of Fe2(SOa4)s. As can

be seen in Figure 3.39 WKH YHVLFOHY DUH FOHDUO\ YLVLEOH
Fes*.
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Figure 3.38 tVesicles in different concentrations of 1:1 C1o FA/FOH mixtures: 20 mM
(a), 50 mM (b) and 100 mM (c). (T = 40°C).

50 mM + Fe¥*

¢

20 mM + Fe3+*

Figure 3.39 *Vesicle (1:1 Cio FA/FOH mixtures) stability in the presence of Fe®* (T =
40°C).
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As mentioned previously, the HPLC column is quite delicate, and improper or
absent sample preparation could lead to the collapse of the solid phase or
blockage in the column. For this reason, it was imperative to find a suitable
method for extracting the amphiphilic vesicles from the experimental samples
prior to analysis. Two protocols were tested: the first was to lower the pH to burst
the vesicles, ultracentrifuge at 14,000 rpm for 5 minutes and collect and analyse
the upper lipid-free phase. The second protocol consisted of mixing one volume
of sample with 1 volume of 100% heptane. Lipids are insoluble in water but quite
soluble in heptane, therefore shaking the mix should successfully extract them
from the aqueous sample, which could then be collected and analysed.

Both protocols were tested for the residual presence of lipids in the recovered
sample by performing a simple emulsion test described in Section 2.2.1 of

Chapter 2 (p.64). Both were successful in purifying the samples.

The vesicles were then formed in a solution with the nucleotide standards (ATP
and a mix of ATP, ADP, and AMP), to see whether either purification protocol
caused loss of solutes. After checking their OD, the purified samples were
analysed via HPLC on an old C18 column. The first protocol caused ~13% loss
of sample, while the heptane protocol resulted in ~15% loss, so for the

experiments the loss would need to be accounted for.

The usual reaction was run in vesicle solutions of different vesicle concentrations
and samples were collected at t = 2h. The samples were purified with either
method (in case one worked better than the other) and analysed via HPLC.
Negative results led to the suspicion that heterogeneous solutions contained
vesicles that were too large to aid the reaction in any way. Therefore, the reaction
was run in vesicle solutions that were passed through an extruder containing a
filter with either 200 nm or 100 nm pores, so that the vesicles in a given
homogeneous solution would be of a smaller diameter. Again, no ATP yield was

detected. These experiments are summarised in Figure 3.40.
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Acid purification Heptane purification
50 mM vesicles 20 mM vesicles 50 mM vesicles 20 mM vesicles
—0h ——0Oh —0h
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Figure 3.40 +HPLC chromatograms of the reaction carried out with Fe3** and different concentrations of amphiphilic vesicles at t = Oh (blue
trace) and t = 2 h (orange trace). Two types of purifications (acid, column 2, and heptane, column 3) have been used, and 3 types of vesicle
solutions according to their size: heterogeneous, diameter = 100 nm, and diameter = 200 nm. The first panel contains the usual
chromatogram for the reaction run in water, for reference (green trace, ph no v. )} The chromatogram has been but to only show the ATP

peak for clarity.
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A final attempt at making vesicles in a pH 6 buffer was made, in case the pH was
causing issues to the reaction; however, that also did not work, probably due to
the ionic strength for PO4 buffer being too high for the stability of the vesicles

(Monnard et al., 2002). The experiments with vesicles were then abandoned.

It is unclear why the presence of vesicles not only did not enhance ATP yield, but
it seemed to prevent the reaction from starting altogether. Aside from the
aforementioned pH issues, one reason could be that the lipid concentrations, as
noted previously, might have been too high and somehow interact unfavourably
with the reactants, if not impeding the necessary interaction between ADP, AcP
and Fe®*. Another possibility could be that the Fe3* gets chelated by some of the
lipids in solution: while lipids are usually non-polar under acidic conditions, at

neutral/alkaline pH the heads are negatively charged and could therefore be

attracted to the less concentrated Fe3*, creating a scenario such as that depicted
in Figure 3.41.

In this scenario, the Fe®* is not available to
catalyse the SLP reaction because it is
encapsulated by the vesicle. This would
potentially modify the OD of vesicles. The fact
that the OD of the vesicle solution containing
the metal ion was equivalent to that without it
(~2) is inconsistent with this hypothesis,
however, as noted above, the lipids
concentration was several times higher than
that of Fe3*, thus any variation in OD would be
hard to detect.

3.2.3 Low water activity

The term iwater activity “refers to the concentration of water in a system, also
known DV pEXON ZD W&idy fholedtld<Qinteract with ions, molecules, or
surfaces (such as membranes), the water activity of a system decreases (do

Nascimento Vieira et al., 2020).
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Cell size and metabolism greatly affect the water activity of the cytosol (do
Nascimento Vieira et al., 2020). The cytosol is a quite crowded environment, so
much so that the interior of a cell can be thought more as a heterogeneous
hydrogel than an aqueous environment (Pollack, 2001). Furthermore, the active

site of enzymes tend to be hydrophobic (do Nascimento Vieira et al., 2020).

These considerations have led many to propose that a more appropriate
approach for the OoL research is to study simple hydrogels as environments for
the origin of protometabolism and the assembly of protocells, as they could have
also provided structural integrity, as well as easy maintenance of charge and ion
gradients (Trevors and Pollack, 2005; Trevors, 2010, 2011; Yang et al., 2013;
Gorrell et al.,, 2017; Dass et al., 2018). As the formation of polyphosphates
requires a dehydration reaction, not favoured in aqueous conditions, having the

reaction occur in a hydrogel might enhance it.
3.2.3.a Silica hydrogel (SHGSs)

Silica hydrogels (SHG) have been observed in a number of hydrothermal
environments, are thought to have been present in the early Earth (Papineau,
2010; Ledevin et al., 2014; Westall et al., 2018), and have been formed in AHV
simulations (Herschy et al., 2014). Gorrell et al. (2017) studied the coupling of
phosphorus mediated by Fe?* within a SHG in aerobic conditions, and reported
successful formation of PPi(V) in mixtures of Pi(lll) and Pi(V) or pure PPi(lll 4).
Given the importance of phosphate in metabolism, they proposed that this may

have great mechanistic implications.

The same protocol used by Gorrell et al. (2017) was employed to test the
hypothesis that a lower water activity might raise the rate of ATP synthesis in my
reaction. The authors chose NMR as analytical method, which requires the
dissolution of the gel. This is achieved via the addition of high-concentration
NaOH (5 M) to the gel, which proved to be problematic as the solutes present in
the reaction hydrolyse at the high pH. Indeed, when attempted, no ATP could be
detected after 4 hours, neither when the reaction was run inside the SHG, nor
when the reaction was prepared normally and simply left gitting ¥n the hydrogel,
and therefore did not go through the alkalisation procedure (Figure 3.42). This
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result was probably due to both the pH being too gxtreme fand the presence of
Fe3* in the sample, which heavily interferes with 3P #NMR spectroscopy due to
its paramagnetism, as mentioned previously. Solid-phase extraction was
performed twice to try and minimise the presence of the metal ion in the samples
prior to NMR; the experimental samples clearly show some deformation (less
defined and shorter peaks, Figure 3.42b, ¢ and d), suggesting that Fe3* is still
present in the sample (Du et al., 2001).

0 -10 -20 [ppm]

Figure 3.42 +3P ANMR spectra of reactions at low water activity. (a) ATP standard in
water; (b) ADP (1 mM) + AcP (4 mM) + Fe** (0.5 mM) reaction at t = 4h in and (c) on a
0.5 M SHG solution, (d) reaction at t = Oh. The less defined peaks in b, c and d are due
to the presence of residual Fe®" in the samples despite the SPE steps, as mentioned
previously.

This led to trying FTIR (Fourier-transform infrared) spectroscopy in an attempt to
find an alternative analytical method, as this IR technique does not require the
sample to be in liquid form. FTIR produces a molecular fingerprint %f the analyte
by simultaneously detecting the absorption and emission of a sample. The
mathematical process Fourier Transform is used to convert the raw data to an
interpretable spectrum. In order to operate, the detector first needs to be cooled
down using liquid nitrogen, a background signal is recorded prior to sample

analysis, then a small amount of sample is deposited on the slide for analysis.

This was performed on hydrated and dehydrated gel to see if there would be a
visible difference in the resulting spectrum. The dehydration was achieved by

funnelling N2 gas to the sample prior to analysis (Figure 3.43).
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As can be seen from Figure 3.44a,
the base signal improves upon

dehydration, which might allow
better signal from the analytes of
interest. The same approach was
then used for controls of ATP, ADP
and AcP. However, as can be seen
from Figure 3.44b the nucleotide
traces are indistinguishable,
unfortunately making the method
unsuitable for analysing the
samples. This led to setting aside

this experiment.
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Figure 3.44 £ FTIR analysis of SHGs. (a) Comparison between gel and dried; (b)

comparison between SHGs containing the molecules of interest in dried gel.
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3.2.4 Mechanism study of the formation of ATP by AcP and Fe = 3*

3.2.4.a Catalysis of ADP phosphorylation requires direct contact

with Fe 3*

Given the negative attempts at enhancing the ADP to ATP phosphorylation, the

natural question was: through what mechanism does Fe3* catalyse this reaction?

The first step was to test whether direct contact with Fe3* is needed. The reaction
was run normally, except that the EDTA solution used to dilute the samples upon
timepoint collection (see Section 2.2.2 of Chapter 2, p.70) was added at the
beginning of the reaction. As can be seen from Figure 3.45, the experiment
yielded no ATP, confirming the need for direct interaction with the free ion.

----- Oh 2h
5
S 4
<
E 3
3
c 2
8
= 1 P
< 0 Fssc———=c========Z-Y = S=I====c==i
-1
1.7 1.8 1.9 2 2.1
Time (min)

Figure 3.45 +HPLC chromatogram of the reaction ADP (1 mM) + AcP (4 mM) + Fe®*
(0.5 mM) + EDTA (0.5 mM) at the beginning of the reaction (Oh, broken teal line) and
after 2 hours (2h, solid green line), at 30°C and pH ~ 5.5 #6 (zoomed-in view of the ATP
peak). The widening of the peak is due to a problem in the HPLC column, but it does not
affect detection.

The effect of varying the Fe3* ion concentration was tested by Cécilia Kunz under
my supervision. Holding the ADP and AcP concentrations constant at 1 mM and
4 mM, respectively, the Fe®* concentration was varied from 0.05 to 2 mM. We
found that the maximal ATP yield was produced by 1 mM Fe?*, indicating that the

optimal ADP:Fe?* stoichiometry of the reaction was 1:1 (Figure 3.46a).
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Next a kinetic study of the phosphorylation reaction was conducted by varying

the substrate concentration (ADP) and monitoring the rate. This experiment was

used to perform a Michaelis-Menten assay, which is a typical analysis for enzyme

kinetics that shows how the rate of a reaction is affected by varying the

FRQFHQWUDWLRQ RI

DQ HQJ\PHTV3\aX BvanzyrBesing

ADP as substrate, we obtained the curve of a typical Michaelis-Menten enzyme,

indicating that Fe** is acting as a direct catalyst, with the rate of the reaction rising

and eventually reaching saturation as the ADP concentration rises (Figure

3.46b).
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Figure 3.46 +Mechanism studies. (a) Effect of varying concentration of Fe®** on ATP
yield at 2 h from the reaction ADP (1 mM) + AcP (4 mM) at 30°C and pH ~5.5 6. N =

3 £SD. (b) Michaelis-Menten kinetic analysis on the ADP + AcP reaction catalysed by

Fe* (0.5 mM). N = 3 +SD. (c) MALDI-ToF spectra of ADP control (top) and a reaction
sample at 1 h (bottom). Figure amended from Pinna et al. (2021).

The question remained whether a single Fe3* was interacting directly with a single

ADP and AcP, or whether larger units such as stacked ADP rings were involved.

Stacking can alter the geometry of which group interacts with Fe3* (Figure 3.47)

and has previously been suggested as a possible mechanism (Sigel, 1992).

However,

MALDI-ToF analysis,

which can sensitively detect

stacked

nucleotides, showed no difference between the ADP control and the reaction

sample; the main visible peaks appeared to be dimers of ADP/AMP present in

the commercial ADP standard, possibly due to freeze-drying during production of
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ADP (Morasch et al., 2014) (Figure 3.46¢). This demonstrates that stacking of
ADP to coordinate the Fe®* ion does not occur as a mechanistic step in the
reaction. That in turn constrains more tightly which groups in the base could
potentially interact with metal ions such as Fe3*.

HO
Ee3 OH
O_/ :u N\\\\\“
\ e AU v
P | e
o= \\o\ /o- ‘ N/\N \o\ /o
OH P. N / N \ P HO
o/ \o/// e AN o-/ N\
Z 0 NHy 5 0
A H \Péo
WwN "
N : \
/N\\\\\\\- I: ————— O
HO Terpg-TT
OH

Figure 3.47 +Possible stacking of ADP coordinated by Fe®*.

3.2.4.b Phosphorylation of ADP to ATP is uniqgue among
nucleoside diphosphates

As mentioned in Chapter 1, although the biosynthesis of purines is more complex
than that of pyrimidines, the nucleobase adenine has a key role in biology. In

cellular respiration, it is present in the form of ATP, NADH, FADH, and in protein
synthesis as DNA and RNA.

Because of this, | next explored the propensity of AcP to phosphorylate other
canonical nucleoside diphosphates (NDPs), specifically cytidine diphosphate
(CDP), guanosine diphosphate (GDP), uridine diphosphate (UDP) and inosine
diphosphate (IDP). While not a canonical base, inosine is the precursor to both
adenosine and guanosine in purine synthesis. Importantly, from a mechanistic
point of view, inosine lacks the amino group incorporated at different positions
onto the purine rings of adenosine and guanosine, but like GDP, IDP has an

oxygen in place of the N6 amino group of adenosine. The results clearly show
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that AcP will phosphorylate ADP but not other NDPs (Figure 3.48), demonstrating
a strong dependence on the structure of the nucleobase. For all NDPs, a peak
for the corresponding triphosphate was present at the start of the reaction, but
this did not change over 3 hours for any NDP except ADP. As noted above for
ADP, the presence of the NTP at O h can be ascribed to minor contamination of
the commercial standard during the manufacturing process.
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Figure 3.48 <+ Phosphorylation of nucleoside diphosphates by AcP. HPLC
chromatogram of the resulting NTP of the phosphorylation of (a) adenosine diphosphate
(ADP), (b) inosine diphosphate (IDP), (c) guanosine diphosphate (GDP), (d) cytidine
diphosphate (CDP) and (e) uridine diphosphate (UDP) by AcP catalysed by Fe3* at 30°C
and pH ~ 5.5 16 at the beginning of the reaction (0 h, broken line, teal) and after 3 hours
(solid line, green). The molecular structure of each base forming the nucleotides is
shown. Figure amended from Pinna et al. (2021).

To explore the dependence of phosphorylation on the nucleobase, and to
establish whether Fe3* interacts directly with the base as well as its diphosphate
tail, ADP was substituted by potassium pyrophosphate (PPi) in the reaction
mixture with AcP and Fe®*. No triphosphate was detected by 3'P-NMR (Figure
3.49), which suggests that adenine does indeed need to interact directly with
Fe3*. It is worth recalling that Fe3* heavily interferes with 31P NMR
spectroscopy due to its paramagnetism. To minimize the presence of Fe3* in the
sample, solid-phase extraction was therefore performed twice before NMR as
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was done earlier. Despite this precaution, the experimental samples still showed
some deformation, suggesting that Fe3* continued to interact with the phosphate
groups (Du et al., 2001).
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Figure 3.49 *Comparison of 3!P-NMR spectra of the phosphorylation of PPi by AcP in
the absence (orange and yellow) and presence (purple and green) of Fe®", commercial
PPPi (red), and commercial PPi (blue). All peaks labelled for clarity.

| next considered whether Fe3* could interact with the adenine ring but not the
diphosphate tail by analysing the phosphorylation of AMP to ADP. AcP did indeed
phosphorylate AMP to ADP in the presence of Fe3* (Figure 3.50) but at
considerably lower yield than ADP to ATP. Thus, Fe3* interacts preferentially with

the purine ring coupled to the diphosphate tail.
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Figure 3.50 +HPLC chromatogram showing progressive phosphorylation of AMP to
ADP by AcP at 30°C over 24 hours. Figure from Pinna et al. (2021).

The fact that neither pyrimidine NDP could be phosphorylated suggests that the
purine ring (or more specifically adenosine) is essential for positioning the
interactions between Fe3* and AcP. ADP has an amino group at N6, whereas
GDP has a carbonyl at C6 and an amino group at N2; inosine has a carbonyl
group at C6; and both GDP and IDP have a protonated N at N1. We infer that the
critical moiety in the adenosine ring for phosphorylation by AcP with Fe3* as
catalyst must be the N6-amino group of adenosine, as the IDP and GDP ring
structures are equivalent elsewhere. In particular, from a mechanistic point of
view, we note that the N7 is equivalent in all three purine rings, so although this
might also interact with Fe3*, as suggested by others (Rabinowitz et al., 1966;
Izatt et al., 1972; Gao et al. a S R & HIJ2000), it cannot be the critical

moiety. These results suggest a possibly early significance of the adenine.

3.2.4.c Low magnesium and calcium concentrations enhance the

reaction

In their work, Kitani et al. (1995) observed enhanced ATP yield in the presence
of Mg?* and suggested that a more favourable interaction of the newly formed
ATP with the divalent ion liberates the Fe3* to catalyse more phosphorylation of
ADP (Figure 3.51).
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Figure 3.51 *Schematic view of the phosphorylation of ADP by AcP catalysed by Fe®*
and the effect of the addition of Ca?* or Mg?*. Figure adapted from Kitani et al. (1995).

Adding a range of low concentrations of either Ca?* or Mg?* (up to 2 mM) to the
reaction sample confirmed this theory (Figure 3.52). This was interesting in light
of my previous experiments showing that high Mg?* and Ca?* concentrations such
as those in modern oceans are detrimental to the reaction as they might promote
ATP hydrolysis (Figure 3.23c) (Ramirez et al., 1980; Williams, 2000). Low
concentrations in the ocean can be offered locally by environments such as
alkaline hydrothermal vents, where Mg?* and Ca?* precipitate in mineral barriers

as brucite or aragonite, respectively, as mentioned earlier.
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Figure 3.52 *Effect of adding increasing concentrations of Mg?* (|, purple) and Ca?
(», green) on ATP yield at 2 h from the reaction ADP (1 mM) + AcP (4 mM) with 0.5 mM
Fe*" (solid line) and 1 mM Fe?®" (broken line) at 30°C and pH ~ 5.546. N = 2 +SD. The
solid teal line represents the effect of varying concentration of Fe®* on the reaction, as in
Figure 3.46a. Figure from Pinna et al. (2021).

3.2.4.d Proposed mechanism

Two possible mechanisms for the phosphorylation of ADP by AcP catalysed by
Fe3* are proposed in Figure 3.53. As the optimal ADP:Fe3* stoichiometry is 1:1
(Figure 3.46a), one Fe3* ion is sufficient to catalyse the phosphorylation of one
ADP molecule. Altogether, our results suggest that the high charge density of
Fe3* might allow it to interact directly with the N6 amino group on the adenine
ring, while anchoring AcP in position for its phosphate group to interact with the
diphosphate tail of ADP, giving a taut conformation of ADP (Figure 3.53al).
Alternatively, the N6 amino group does not interact with the Fe3*, but it serves to
enrich the purine cycle, making the N7 of the 5-membered ring nucleophilic
enough to interact with the Fe3* (Figure 3.53b1). The interaction of Fe3* with the
dianion of the diphosphate tail has been proposed before (Goucher and Taylor,
1964; Ouameur et al., 2005) and is key because at the optimal pH of 5.5 16, the
first two hydroxyl groups of ADP (pKa 0.9 and 2.8) are deprotonated, while the
external OH group (pKa 6.8) remains protonated, and is therefore not available
for nucleophilic attack (Figure 3.54) (Swain, 2012). The interaction of the two
deprotonated OH groups with Fe3* has the effect of lowering the pKa of the
outermost OH group, thus deprotonating it and enhancing its nucleophilicity
(Figure 3.53a2,b2).
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Figure 3.53 *Potential mechanisms. (a) Fe**, stabilised by the 6-NH, and N7 groups on

adenine, interacts with the dianion of ADP, lowering the pK, of the outermost OH group,

enhancing nucleophilicity. Fe®*' interacts with the oxygens of a molecule of the
surrounding AcP, bringing it close enough to facilitate the phosphate transfer. Fe3* then

PRYHV IURP 3. WR WKH 3 DQG 3 RI $73 DQG XOWLPDWHO\ [
acetate groups facilitated by the favourable association of Mg?*. Fe®* is then available to

catalyse another phosphorylation of ADP. (b) The presence of the 6-NH» enhances the
nucleophilicity of N7, which interacts with the Fe3*. AcP is stabilised by the interaction of

its carboxyl oxygen with the 6-NH; of the purine. The rest of the mechanism follows what

has been described for (a). Figure adapted from Pinna et al. (2021).
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Figure 3.54 xMolecular structure of adenosine diphosphate (ADP) with each hydroxide
group labelled by their number (red) and pKa value (blue).

Possibly stabilised by interactions between the carboxylate oxygen of AcP and
the N6 amino group on the adenosine ring (Figure 3.53b2), the phosphate group
of AcP is readily positioned for nucleophilic attack by the newly deprotonated O *
of ADP, forming ATP (Figure 3.53a3,b3). This mechanism might also help explain
why Ca?* and Mg?* slightly increase the rate of reaction; these ions could displace
Fe3* from the ATP product (as they interact better with the triphosphate talil,
Figure 3.53a4,b4), or alternatively protect newly formed ATP from hydrolysis after
displacement of Fe3*. Given the approximation to Michaelis-Menten reaction
kinetics, Fe3* is assumed to be displaced from the ATP, being freed to catalyse
further rounds of ADP phosphorylation (Figure 3.53a5,b5).

3.3 Discussion & Conclusions

The work in this Chapter supports the following conclusions: (i) acetyl phosphate
(AcP) efficiently phosphorylates ADP to ATP, but only in the presence of Fe3*
ions as catalyst; (ii) the reaction takes place in water and can occur in a wide
range of aqueous environments (Figure 3.23); (iii) no other phosphorylating agent
tested was as effective as AcP (Figure 3.24); and (iv) adenine is unique among
canonical nucleobases in facilitating the phosphorylation of its nucleoside
diphosphate to the triphosphate (Figure 3.48). Taken together, these findings
suggest that the pre-eminence of ATP in biology has its roots in aqueous prebiotic

chemistry. The substrate-level phosphorylation of ADP to ATP by AcP is uniquely
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facilitated in water under prebiotic conditions and remains the fulcrum between
thioester and phosphate metabolism in bacteria and archaea today (de Duve,
2005). This implies that ATP became the universal energy currency of life not as
the endpoint of genetic selection or some frozen accident, but for fundamental
chemical reasons, and probably in a monomer world before the polymerization of
RNA, DNA, and proteins.

The work presented here provides a compelling basis for each of these
statements, but also raises a number of questions. Why ferric iron? Unlike AcP
or ATP itself there is no clear link with biology in this case; other ions more
commonly associated with nucleotides, notably Mg?* or Ca?* (Storer and Cornish-
Bowden, 1976; Holm, 2012), were expected to play a more clear-cut role. In fact,
their catalytic effect was only noticeable in the presence of Fe3*, as has been
reported before, whereas higher concentrations, equivalent to modern ocean
conditions, precluded ATP synthesis. The reason why Fe3* plays a unique role
might relate in part to its high charge density and small ionic radius. The fact that
only ADP could be phosphorylated among canonical nucleobases highlights the
importance of the N6 amino group on the adenine ring. This either interacts with
the Fe3* (although others have noted that the N7 is more prone to interaction with
metal ions (Rabinowitz et al., 1966; lzatt et al., 1972; Gao et al. AaSRQHU
al., 2000; Garijo Aforbe et al., 2004) (Figure 3.53a), or it enriches the purine
cycle, making the N7 more nucleophilic and therefore improving the interaction
with the Fe3* (Figure 3.53b). The second hypothesis, along with the possible
interaction between the N6 amino group and the carboxyl oxygen of AcP
proposed in Figure 3.53b, might also explain why no triphosphate was formed in
the absence of the N6-amino group, for example in the case of GDP. The fact
that ADP is phosphorylated more readily than AMP (Figure 3.50) indicates that
Fe3* also interacts with the diphosphate tail of ADP. And the fact that the optimal
stoichiometry of Fe3* to ADP is 1:1, coupled with the absence of evidence for
stacking of bases by MALDI-ToF (Figure 3.46), indicates that a single Fe3* ion
interacts with a single ADP, and necessarily also with a single AcP.

As shown in Figure 3.53, these stipulations require a taut molecular configuration

of ADP, far from the loose conformation usually depicted, if only for ease of
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presentation. The orientation of the adenine ring in relation to metal ions has long
been disputed, DOWKRXJK W K g |cohfodrhaBdh iBD Qovsidered to be
energetically the most favoured state (Yathindra and Sundaralingam, 1973).
Others have suggested an equivalent orientation to that proposed here (Ouameur
et al., 2005; Auffinger et al., 2011), some specifically with Fe3* (Rabinowitz et al.,
1966; lzatt et al., 1972). Furthermore, a similar complex between ATP and Cu?*
has recently been reported to efficiently catalyse Diels-Alder reactions, thus
confirming such an orientation of the molecule is indeed possible (Wang et al.,
2020). In any case, this taut conformation almost certainly requires the interacting
ion to have a high charge density and small ionic radius, to draw each of these
groups into close enough proximity to react. Among the cations tested here, Fe3*
has the highest charge density and the smallest ionic radius (Shannon, 1976).
Nonetheless, some of the other ions studied, notably Cr®* and Co®*, have a
similar ionic radius and charge density, yet do not have a remotely comparable
catalytic effect, so the size and charge density cannot be the only explanation for
these results. The electronic configuration of Fe3* may also play a role: unlike Cr3*
and Co®*, Fe®* has the electronic configuration [Ar]3d®, having all 5 d orbitals half
occupied. However, Mn?*, which can substitute Mg?* in the catalytic centre of
acetate kinase, has an equivalent 3d orbital, yet yielded negative results in the
experiments presented here. If so, then size, charge density and electronic
configuration might all play a role, potentially by stabilizing the phosphorylation
transition state as a macro-chelate complex with ADP and acetyl phosphate
(Scheller and Sigel, 1983; Sigel, 1993; Sigel et al., 1994). These possibilities
need to be explored in future work. A related question, given the emphasis on life
as a guide to protometabolism, is why Fe3* is no longer used to catalyse ADP
phosphorylation in biology. The most likely possibility is simply that Fe3* always
had limited availability (but see below) and undesirable reactivity, such as
catalysing Fenton chemistry (Biaglow et al., 1996). As noted previously, chelated
forms of Fe®* do not catalyse ADP phosphorylation +neither FeS clusters (Figure
3.34) nor EDTA-chelated Fe3* (Figure 3.45) generated any ATP at all. Nor did
Fe3* on surfaces such as hematite (Figure 3.36). For these reasons, enzymatic
catalysis most likely displaced Fe3* catalysis from later metabolism, especially

given the high demand for ATP.
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Why acetyl phosphate? As mentioned in Section 1.7.3 of Chapter 1 (p.55), the
idea that this small molecule might have acted as a phosphoryl donor at the origin
of life has a long history, going back to Lipmann himself (Lipmann, 1971; de Duve,
1988, 1991, 1998; Ferry and House, 2006; Sousa et al., 2013; Martin et al., 2014;
Sojo et al., 2016; Goldford et al., 2017; Whicher et al., 2018), as indeed does its
confounding potential as an acetyl donor. Acetyl phosphate still plays a global
signalling and energy transduction role in bacteria (Wolfe, 2010), in part because
its free energy of hydrolysis (and therefore its phosphorylating potential) is greater
WKDQ WKDW R+ #3 BJ mot! versus 31 kJ mol?, respectively). When
complexed in a 1:4 ratio with ADP, therefore, AcP has the potential to transfer its
phosphate to form ATP, and so serves as a labile energy source in cells, linked
WR WKH H[FUHWLRQ RI DFHWDWH DV ZDVWH %XW WK
how far from equilibrium the ratio of AcP/Ac + Pi or ATP/ADP + Pi has been
pushed, and hence varies depending on conditions. In the experiments presented
here, all phosphoryl donors were added at equivalent excess. The fact that the
0 *0 «for hydrolysis of PEP (62 kJ mol?) and CP (#51 kJ mol?t) are markedly
greater than that for AcP means that free-energy change is only part of the
explanation for the efficacy of AcP. The fact that ATP was primarily formed by
AcP in the presence of Fe3* ions instead implies that the critical factors were (i)
the position of the two phosphoester oxygen atoms in relation to the Fe3*, (ii) the
phosphate group in relation to the diphosphate tail of ADP, and (iii), possibly, the
carboxyl oxygen of AcP in relation to the N6 amino group of adenine, as shown
in Figure 3.53b. This latter point might also discriminate ADP from GDP, as noted
in the previous section. In other words, both AcP and ADP are favoured not for
selective or thermodynamic reasons, but kinetic +because their chemistry is

facilitated by molecular geometry in aqueous prebiotic environments.

The only other molecule with equivalent geometry in this regard is carbamoyl
phosphate (CP), which the model proposed here would therefore predict should
have some phosphorylating efficacy. CP was indeed the only other species to
show significant phosphorylating activity in this system (Figure 3.24). CP has long
been considered as a plausible prebiotic phosphorylating agent (Jones et al.,
1955; Jones and Lipmann, 1960; Lohrmann and Orgel, 1971; Liu et al., 2019),
albeit possibly in the form of cyanate and Pi, which is in equilibrium with
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carbamoyl phosphate (Yamagata, 1996, 1999; Pasek, 2020; Maguire et al.,
2021) and can also promote the formation of ATP in the presence of Ca?* or Ba®*
ions (Saygin, 1981, 1983, 1984; Liu et al., 2019). Like AcP, CP retains a place in
modern metabolism, for example as a substrate for carbamate kinase,
phosphorylating ADP to ATP in microbial fermentation of arginine, agmatine, and
oxalurate/allantoin (Ramoén-Maiques et al., 2010), as well as the de novo
synthesis of pyrimidines (although not as a phosphorylator) (Schultheisz et al.,
2011). Taken together with the results presented in this thesis, these findings
VXJIJHVW WKDW ERWK $F3 DQG &3 DUH PROHFXODU pOL
retaining a role in modern metabolism due to their felicitous aqueous chemistry.
Nonetheless, CP was less effective than AcP at generating ATP under mildly
acidic to neutral conditions, and in general carbamoyl phosphate does not
perform phosphorylation reactions in extant life, preferring primary N-
carbamoylation reactions (Shi et al., 2018).

A major question for prebiotic chemistry is how can an energy currency power
work? As noted in the Introduction, there is nothing special about the bonds in
ATP; rather, the ATP synthase powers a disequilibrium in the ratio of ADP to ATP,
which amounts to 10 orders of magnitude from equilibrium in the cytosol of
modern cells. Only that disequilibrium powers work; no equilibrium mixture of ATP
and ADP can power anything. But molecular engines such as the ATP synthase
use ratchet-like mechanical mechanisms to convert environmental redox
disequilibria into the highly skewed ratio of ADP to ATP (Branscomb et al., 2017).
How could a simple prebiotic system composed of monomers sustain a
disequilibrium in the ratio of ATP to ADP that powers work? One possibility is that
the environment itself could sustain critical disequilibria across short distances,

such as membranes.

The fundamental disequilibrium that drives work in essentially all cells is the
proton-motive force zat its simplest, the difference in proton concentration, or
pH, across membranes. This mechanism is highly relevant to ATP, given the
strong dependence of ATP synthesis on pH, specifically because the
phosphorylation potential of ATP depends on its free energy of hydrolysis, which
increases with pH (Phillips et al., 1969; Manchester, 1980). Far from being an
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environmental limitation, the narrow pH range facilitating ATP synthesis reported
here may therefore help to drive work in a monomer prebiotic world.

Dynamic environments such as alkaline hydrothermal systems can sustain steep
pH gradients across thin inorganic barriers, as mildly acidic Hadean ocean waters
(pH 5-6) continually mix with strongly alkaline hydrothermal fluids (pH 9-11) in
microporous labyrinths that operate as electrochemical flow reactors (Russell and
Hall, 1997; Martin and Russell, 2003; Nitschke and Russell, 2009; Sojo et al.,
2016). Our lab has previously shown that thin inorganic barriers containing FeS
minerals such as mackinawite can sustain proton gradients as steep as 4 pH
units across single 25 nm FeS nanocrystals (Vasiliadou et al., 2019). Such steep
pH gradients could in principle operate across protocells as well as inorganic
barriers. Alkaline hydrothermal conditions promote the self-assembly of
protocells with bilayer membranes composed of mixed amphiphiles (fatty acids
and fatty alcohols) (Jordan et al., 2019b)). These protocells can bind to mineral
surfaces, potentially exposing them to the steep pH gradients across barriers
(Jordan et al.,, 2019a). Equivalent pH gradients can drive the synthesis of
organics including formate (Hudson et al., 2020) and potentially thioesters
(Kitadai et al., 2021).

The critical point is that proton flux across membranes in hydrothermal systems
could promote the phosphorylation of ADP to ATP under locally acidic conditions
close to the barriers, followed by hydrolysis linked to phosphorylation under more
alkaline conditions in the cytosol of protocells. At face value, the ATP yield
reported here at pH 5-5 46 after 10 hours was 17.4 % (corresponding to 156.5
uM) while the yield at pH 9 was 0.043 % (corresponding to 0.4 uM) a difference
of 400-fold. Thus, a geologically sustained difference in pH across membranes
could drive a local disequilibrium in the ATP/ADP ratio of 2-3 orders of magnitude,
enough to power work even in the absence of other possible factors such as
temperature. Higher temperatures (50 °C) promote both the rapid synthesis and
hydrolysis of ATP (Figure 3.23b), which should amplify this driving force. | would
like to stress that these considerations require further elucidation, but in principle
steep pH gradients can drive a disequilibrium in the ATP/ADP ratio that powers

work.
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Are these far-from-equilibrium conditions consistent with the high water activity
and low ion requirements for optimal ATP synthesis in these experiments? High
concentrations of Mg?* (50 mM) and Ca?* (10 mM) precluded ATP synthesis,
implying that this chemistry would not be favoured in modern oceans, but would
be feasible in freshwater systems. Likewise, ferrous iron could be oxidized to
ferric iron by photochemical reactions or oxidants such as NO derived from
volcanic emissions, meteorite impacts or lightning strikes, which also points to
terrestrial geothermal systems as a plausible environment for aqueous ATP
synthesis (Ducluzeau et al., 2009). But it is less clear if steep gradients (of pH or
anything else) could sustain disequilibria in ATP/ADP ratios in terrestrial
geothermal systems. In any case, the results reported in this chapter certainly do
not rule out the alkaline hydrothermal systems discussed above. Some shallow
submarine systems such as Strytan in Iceland are sustained by meteoritic water,
and feature Na* gradients as well as H* gradients (Marteinsson et al., 2001); such
mixed systems could have been common in shallow Hadean oceans. The
concentration of divalent cations in the Hadean oceans may also have been lower
than modern oceans, with estimates varying widely (Morse and Mackenzie, 1998;
Holm, 2012). Regardless of mean ocean concentrations, strongly alkaline
conditions tend to precipitate Ca?* and Mg?* ions as aragonite and brucite, so

their concentration can be much lower in hydrothermal systems.

Ferric iron may also have been available, even in deep ferruginous oceans, as
will be discussed in more detail in Section 5.1 of Chapter 5 (p.196).
Thermodynamic modelling shows that the simple mixing of alkaline hydrothermal
fluids with seawater in submarine systems can promote continuous cycling
between ferrous and ferric iron, potentially forming soluble hydrous ferric
chlorides (Shibuya et al., 2016) (which my experiments show to have the same
effect as ferric sulphate, Figure 3.21). The availability of ferric iron is critical for
other prebiotic catalysts including cysteine-FeS clusters and has been discussed
in more detail elsewhere (Jordan et al., 2021). Other conditions considered here,
including salinity and pressure (Leibrock et al., 1995), have only limited effect on
ATP synthesis in warm alkaline hydrothermal systems. Finally, | do not envision
ATP synthesis taking place in open geochemical systems, but rather within leaky

protocells composed of mixed amphiphiles (Jordan et al., 2019b) and capable of
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simple metabolic heredity, as will be discussed in Chapter 5 (Nunes Palmeira et
al., 2022). Any system that can generate nucleotides will likely also form
carboxylic acids such as citrate that can chelate divalent cations. Therefore these

results are consistent with a wide range of prebiotic aqueous environments.

This is not the first report of ATP synthesis at moderate yield under prebiotic
conditions. What do my findings add to earlier work? | provide an unexpected link
between aqueous prebiotic chemistry and biochemistry. For example, earlier
work using cyanate as a condensing agent generated ATP from ADP (Yamagata,
1996, 1999), but cyanate also phosphorylated other nucleoside diphosphates.
That was important as it showed that biologically relevant condensations are
possible in water, but differed from modern biochemistry in that cyanate does not
feature in extant metabolism, nor does it discriminate between bases. Cyanate
therefore gives little insight into the origins of biochemistry as we know it, and
specifically, the question of why ATP is the universal energy currency.

In conclusion, the work reported here shows that AcP is unique among a panel
of relevant phosphorylating agents in that it can phosphorylate ADP to ATP in the
presence of Fe3*. AcP is formed readily through prebiotic chemistry, and remains
central to prokaryotic metabolism, making it the most plausible precursor to ATP
as a biochemical phosphorylator (Whicher et al., 2018). Critically important, AcP
does not phosphorylate other nucleoside diphosphates, giving a compelling
insight into how ATP came to be so dominant in modern metabolism. These
findings indicate that the high charge density and electronic configuration of Fe3*
can position molecules in water to react in the absence of macromolecular
catalysts such as RNA or proteins, or even mineral surfaces. Beyond that, the
results suggest that steep pH gradients could in principle generate disequilibria
in the ratio of ATP to ADP of several orders of magnitude, enabling ATP to drive
work even in a prebiotic monomer world. Once formed, ATP would promote
intermediary metabolism through phosphorylation and as a precursor to
cofactors, notably NADH, FADH and coenzyme A, while also driving the
polymerization of amino acids and nucleotides to form RNA, DNA, and proteins,
via liberation of pyrophosphate as the leaving group. If so, then ATP became

established as the universal energy currency for reasons of prebiotic chemistry,
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in a monomer world before the emergence of genetically encoded

macromolecular engines.
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Chapter 4

Prebiotic polymerisation using life as a

guide

4.1 Introduction

The non-enzymatic formation of ATP via phosphorylation of ADP by acetyl
phosphate has been discussed in the previous chapter. This chapter focuses on
whether ATP could be involved in condensation reactions under similar
conditions, either as a monomer (to be polymerized into polyA RNA) or as an

activating agent.

As mentioned in Chapter 1, polymerisation is one of the core reactions that are
carried out by harnessing the energy carried by ATP. Polymers are the key
structural and functional molecules of life. There are different types and they differ
profoundly in their properties and functions. For instance, while polysaccharides
(polymers of sugars) or fatty acids (polymers of acetate) are important in physical
structure, energy storage and recognition, polymers such as polypeptides and
polynucleotides hold the information content of life (Runnels et al., 2018). DNA
and RNA are known as the hlueprint of life fas without these information-dense
structures life would not occur, and polypeptides are effectively the best

biocatalysts (Griesser et al., 2017a), encoded by the polynucleotides themselves.

Biopolymers protect themselves from hydrolysis by folding and assembling into
precise and highly elaborate units, and shield other molecules via heterogeneous
assembly (i.e. via the close association between different types of polymers, such
as in the case of RNA and proteins in the ribosome) (Runnels et al., 2018). A
universal property of biopolymers is the fact that their synthesis occurs via
phosphorylated intermediates in reactions catalysed by divalent cation-
dependent specialised enzymes: the aminoacyl-tRNA synthetase (aaRS) and
ribosome in translation (Steitz, 2008; Gomez and Ibba, 2020), the DNA
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polymerase in replication (Bailey et al., 2006), and the RNA polymerase (RNAP)
in transcription (Sosunov et al., 2003, 2005). RNA and DNA formation is the only

one that retains a phosphate, while the others eliminate it.

This phosphorylation is either direct, as in the case of nucleotides, or indirect, as
in adenylation through the phosphate group in the case of amino acids for their
integration onto the aminoacyl-tRNA complex. These mechanisms, which will be
discussed in more detail later, evolved to be dependent on ATP possibly because
of its components: its triphosphate group allows PPi to be the leaving group
during phosphorylation as an activation mechanism, which is thermodynamically
favoured, and the adenosine might have become necessary very early on, as |

discussed in the previous chapter.

In earlier work, our lab showed that acetyl phosphate is not able to promote the
condensation of either amino acids or nucleotides in aqueous environments
(under the conditions examined), rather it tends to acetylate the amino group of
amino acids (Whicher et al., 2018). However, as | showed in Chapter 3, AcP can
promote the non-enzymatic formation of ATP quite efficiently, a role which has
been preserved universally across prokaryotes. At the origin of life, the newly
formed ATP would need to be ponsumed ffor more formation of the molecule to
be feasible, that is, the free energy of ATP hydrolysis would need to be coupled
to power work. The ADP or AMP formed would in turn need to be recycled through
phosphorylation back to ATP. Had ATP not been essential for early
protometabolism it would arguably not have been selectively advantageous to
generate a complex motor protein such as the ATPase. If this protein evolved
explicitly for the task of recycling ADP to ATP then presumably ADP was already
being recycled back to ATP beforehand, just less effectively (presumably by
substrate-level phosphorylation) (Fontecilla-Camps, 2021). Given the probable
early key role of polymerisation +one could take the whole field of research on
the RNA World as an example, if not the fact that life depends on genetic heredity
tit is conceivable that this process would start sequestering ATP. In other words,
the ATP/ADP ratio would be pushed far from equilibrium in an environment that
promotes the formation of ATP such as that discussed in Chapter 3, providing

enough to power the useful work of protein or RNA synthesis.
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A wide variety of nucleobases have been detected in carbonaceous chondritic
meteorites (Callahan et al., 2011; Oba et al., 2022), Additionally, most precursors
of nucleotides have been synthesised under relevant prebiotic conditions, as
noted in Section 1.7.2 of Chapter 1 (p.51) (Kopetzki and Antonietti, 2011;
Muchowska et al., 2017; Whicher et al., 2018). Therefore, it is also conceivable
that synthesis of trace levels of nucleotides could occur at the same time.
Specifically, mathematical modelling on the origin of the code being carried out
in our lab suggests a purine-rich biochemistry. This is due to positive feedback
loops between guanosine (G)-derived cofactors involved in COz2 fixation (pterins
and folates) and amino acids encoded by G at the first letter of the codon (Val,
Ala, Asp, Glu, and Gly). Notably, these are (i) the first products of CO:2 fixation
and (ii) the amino acids used for purine synthesis (at least Gly and Asp) (Di
Giulio, 2008; Harrison et al., 2022b; Nunes Palmeira et al., 2022). This is further
strengthened by the positive feedback in ATP synthesis: as mentioned before,
there is a requirement of six molecules of ATP to form adenosine to make ATP
itself. Therefore, in light of all this, trace levels of purine nucleotides at the least

are likely to have been present on the early Earth.

When tackling the question of prebiotic polymerisation of nucleotides, many
attempts have focused on mechanisms that would not pose the problem of having
a dehydration reaction occur in water, mostly from a heterotrophic OoL point of
view. Supporters of the origin of life in environments with scarce water or with
dehydrating conditions (wet-dry cycles, such as on tidal beaches or terrestrial
geothermal systems) have successfully achieved polymerisation (Rajamani et al.,
2008; Morasch et al., 2014; Da Silva et al., 2015; Olasagasti and Rajamani,
2019). Others avoided the problem of water altogether by testing primordial
solvents other than water, such as formamide (Saladino et al., 2009).

While these approaches have yielded positive results, wet-dry cycles processes
cannot give us a clue of how modern metabolism evolved, as was seen in
Chapter 1: they do not resembile life, as the interior of the cell is aqueous, albeit
gel-like (Pollack, 2001, 2013). Wet-dry cycles often give rise to complex,
branched oligomeric structures (Mamajanov et al., 2015), thus not following any

form of selection (which is crucial for evolution, as mentioned previously).
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Additionally, repeated drying could be potentially harmful to the fragile protocells
by disrupting membranes, not to mention that in a dry state there is potential for
long exposure to damaging UV radiation. Wet-dry cycles widen the disconnect
between geochemistry and biochemistry rather than narrowing it which, as was
mentioned previously, is important when considering a congruent origin of life (de
Duve, 2005). For these reasons, as noted earlier in my thesis, | assume water to

be the initial solvent of life as in modern life.

Low yields of dimers and trimers of nucleotides have been achieved under
hydrothermal conditions, both acidic (Ferris et al., 1989; Ogasawara et al., 2000)
and alkaline (Ibanez et al., 1971; Burcar et al., 2015). Most of these, however,
start from activated or modified nucleotides, either pre-reaction or in situ, or use
biologically equivocal condensing agents, such as cyanamide or carbodiimide
and imidazole (Burcar et al., 2015; Yadav et al., 2020). As effective as they may
be, activated nucleotides are highly unlikely to have occurred in a prebiotic
environment, and the use of condensing agents comes with problems in the
context of prebiotic plausibility. For instance, they often give rise to side products,
which may not be ideal, and they cannot be effective in water unless they are
supplied continuously. As mentioned in Chapter 1, in a protocell type environment
there has to be a continuous turnover of protometabolic agents (i.e. continuous
synthesis and loss), and this would need to be true for the condensing agents. If
that were the case and there was a protometabolic way of making these
molecules, remnants of them would be present in life as we know it. Taking life
as a guide, which has been the driving idea of this thesis, implies the need for
seeking congruence with modern metabolism, which occurs in the aqueous

environment of the cytosol and does not use condensing agents.

Some have reported polymerisation using cyclic ribonucleotides (Costanzo et al.,
2009, 2012; Morasch et al., 2014), which may have been prebiotically significant
but need a condensation to be formed. This brings the attention back to the
thermodynamic problem | have been talking about all along. However,
experiments that have attempted nucleotide polymerisation in aqueous solutions
with linear nucleotides have not been successful (Whicher et al., 2018).

Additionally, in modern metabolism, nucleotides are condensed starting from the
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nucleoside triphosphates (NTPs), which lose the pyrophosphate group as they
are joined. PPi is later hydrolysed, rendering the reaction practically irreversible,
as noted in Chapter 3 (p.80). For RNA, this occurs in the RNAP. The catalytic
centre contains the deeply conserved motif NADFDGD (Asn-Ala-Asp-Phe-Asp-
Gly-Asp) (Zaychikov et al., 1996; Jun et al., 2011), where the incoming NTP is
stabilised by two Mg?* cations. These form a complex with the - DQG
phosphates of the triphosphate chain and are coordinated by the three aspartate
residues (as shown in Figure 3.10b) (Sosunov et al., 2003, 2005).

In order to study nucleotide polymerisation using life as a guide, the RNAP should
be taken as reference. Therefore, | chose to first test whether Mg?* chelated by
aspartate could facilitate polymerisation, and then Mg?* in the presence of short
polypeptides such as the conserved RNAP motif NADFDGD. Variations included
the use of glutamate, as it coordinates Mg?* in the DNA mismatch repair protein
(and contains an additional carboxylate group that can chelate the Mg?*), and

Mn?*, which can substitute Mg?* in acetate kinase, as noted in Chapter 3.

Concerning peptides, one of the most popular theories in the field of astrobiology
is the origin of organic compounds such as amino acids within the star-forming
regions of the interstellar space via photochemical reactions induced by UV
(Guijarro and Yus, 2009; Sugahara et al., 2018). These would have then been
delivered to Earth by meteorites (Meierhenrich et al., 2004; Pizzarello et al., 2006)
or comets (Altwegg et al., 2016) during the late accretion (after oceans formed),
as mentioned in Section 1.2.1 of Chapter 1 (p.23). Amino acids have also been
shown to be formed through geochemistry, which is perhaps more congruent with
taking life as a guide for the OoL (Muchowska et al., 2017). In any case, the early
availability of amino acids is not as disputed as that of nucleotides, as they are
much simpler molecules, and indeed the precursors for nucleotide synthesis in

modern biochemistry.

Work on the prebiotic polymerisation of amino acids has yielded some interesting
positive results (Huber and Wachtershéuser, 1998; Chen and Yang, 2007; Fitz et
al., 2011; Martra et al., 2014; Erastova et al., 2017). However, as for nucleotide
polymerisation, most proposed mechanisms, such as the use of pre-activated

amino acids (Brack et al., 1975) or condensing agents (Steinman et al., 1964;
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Steinman and Cole, 1967; Chung et al., 1971; Flores and Leckie, 1973; Sawali
and Orgel, 1975; Sawai et al., 1975; Weber et al., 1977), do not remotely
resemble biochemistry as reconstructed by phylogenetics and comparative
biochemistry (Fitz et al.,, 2011). Additionally, as with nucleotides, the
polymerization of amino acids to peptides has also presented a formidable
obstacle in water, when considering processes congruent to life as we know it.
First among these would be the requirement for ATP to activate amino acids for

polymerization via their adenylation.

The ribosome does not directly link amino acids during translation, but it requires
them to go through a couple of reactions catalysed by another enzyme: the
aminoacyl-tRNA synthetase (aaRS). This enzyme, whose catalytic centre
includes one or more Mg?* ions (Ador et al., 2004), first activates an amino acid
with an ATP molecule to form an amino-acid adenylate (Figure 4.1a), and then
the adenylated amino acid is transferred onto the tRNA by binding to the OH
group of the adenosine of the CCA acceptor stem (Figure 4.2), forming an
aminoacylated tRNA (Figure 4.1b) (Gomez and Ibba, 2020). Lastly, this moves
to the ribosome, where it receives the nascent polypeptide chain from another
tRNA, and so on.

As can be seen, both these mechanisms require adenosine, be it during the
phosphorylation reaction in the first step or in the acylation. This might be the
reason why the reaction does not happen simply in the presence of a
phosphorylating agent, as work using acetyl phosphate as a condensing agent in
our lab has shown (Whicher et al., 2018). Therefore, | decided to attempt the
simple condensation of amino acids under aqueous conditions using ATP as
activator, which might occur through the steps described above. If even just the
first reaction could happen spontaneously with the correct catalyst under the right
conditions, then this might also push through to the condensation of peptides, as

has been seen in the previous chapter.
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Figure 4.1 xIncorporation of an amino acid to the tRNA. The amino acid is first activated
with ATP forming an amino acid adenylate (a), and then it is transferred to the tRNA via
the release of AMP (b). Figure amended from Gomez and Ibba (2020).
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Figure 4.2 #tRNA secondary structure. The red box highlights the site of aminoacylation.

Salt-induced peptide formation (SIPF) is a well-known reaction mechanism where
polymerisation of amino acids is favoured in solutions containing dissolved salts.

152



Prebiotic polymerisation using life as a guide

High NaCl concentrations in water, such as that in the modern ocean (500 mM),
would cause a strong dehydrating effect. This is due to the fact that a number of
water molecules will be attracted to the Na* ions, forming a six-fold coordination
(possibly multiple molecules thick (Pollack, 2013)), which will decrease the
number of water molecules available to interact with amino acids, thus pushing
the equilibrium constant of amino acids and peptides towards the condensed
polymers (Fitz et al., 2011). This is combined with the notion that complexes of
amino acids with metal cations, which tend to happen spontaneously, could alter
the properties of the amino acids so that the activation energy barrier for the
formation of a peptide bond is lowered (Fitz et al., 2011). When testing a wide
variety of di- and trivalent metal cations, Rode and Schwendinger (1990) reported
that Cu?* provided a substantial formation of di- and triglycine if the NacCl
concentration was at least 3 mol/L. Several later experiments confirmed the
mechanism, adding that it works to form both homo- and heteropeptides (Rode
and Suwannachot, 1999; Li et al., 2008). Their experiments called for wet-dry
cycles; however, due to the considerations made above about relatively high salt
concentrations in water causing a dehydrating effect, SIPF can also work in
agueous conditions (Fitz et al., 2011). Therefore, in addition to pure water
conditions, experiments were carried out in solutions with higher ionic strength
such as the modern ocean mix used in Section 3.2.2 of Chapter 3 (p.102) in the
presence and absence of Cu?*.

There is an interesting parallel between the polymerization of nucleotides and
amino acids in that (following life as a guide) their investigation requires
essentially the same experiment. Indeed, in metabolism both mechanisms
require the other molecule: nucleotide polymerization to form RNA requires ATP
and possibly simple catalysts such as amino acids or short peptides, whereas
amino acid polymerisation to form peptides requires ATP and amino acids, in this
case not as catalysts but as substrates. All this potentially occurs in the presence
of Mg?* ions, which are at the active site of both the RNAP and the aaRS. This
might point to a coevolution scenario, which has been proposed before (Griesser
et al., 2017a; 2017b). This chapter therefore also explores these interactions.
Again, water was chosen as the main medium because while gels may be

important in the context of dehydration reactions, the same might have been said
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about ADP phosphorylation, but that occurred most readily in water at low ionic
strength; it is therefore possible that the same conditions apply here too.

Of course, as | mentioned earlier, condensation reactions are not facile in water.
Therefore, failing a complete demonstration that polymerising amino acids and
nucleotides in water following life as a guide is possible, a minimum success

would be to form dimers and timers of nucleotides and adenylated amino acids.

4.2 Results

4.2.1 Initial issues

This project faced several issues, starting with its post COVID-19 national
lockdown start. This unfortunately meant that access to the lab, analytical
instruments, and, to some extent, chemicals was quite difficult and inconsistent.
For most of the time, access to the lab facilities was severely limited in order to
follow the directives on social distancing instructed by the UK Government. This
also meant that inter-departmental access was severely limited as members of
each department were given priority over members of other departments for the
use of instruments and facilities. Therefore, this chapter was written up despite
not achieving what | would have wished or planned to do.

The first step was to find a suitable way of analysing samples, and mass
spectrometry (MS) was identified as the most appropriate. As mentioned
previously, MS is a powerful tool that allows careful identification of molecules in
experimental samples due to the fact that each molecule has a specific mass-to-
charge ratio (m/z). Unfortunately, during the months the experiments for this
project were being performed, several MS instruments underwent weeks of
inoperability. Frequent disruptions in the analysis meant that many experiments

had to be repeated or, ultimately, stored at low temperatures for several months.

The specific causes for the instrumental problems could not always be exactly
identified, however most instruments are quite old, explaining their proneness to
breaking, and, most importantly, they are open-access. As such, there were
several research groups using the same machineries, undoubtedly inadvertently

contributing to contaminations that, among other things, hinder the interpretation
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of spectra. Despite these difficulties, the quality of the work carried out was

upheld to the highest possible standard given the circumstances.

4.2.1.a Matrix -Assisted Laser Desorption/lonisation +Time-of-
Flight (MALDI -ToF) MS

The first MS instrument considered was the MALDI-ToF, which had been used to
check for potential stacking of ADP molecules when studying the mechanism of
the ADP phosphorylation in Chapter 3.

The first issue arose when the low-molecular-weight oligonucleotide standard
used previously (Figure 2.5) could not be detected using the same parameters.
Mass analysers in time-of-flight mass spectrometry (ToF-MS) can be linear or
reflectron. In the former, the accelerated ions travel through a linear flight tube
and are separated by mass in a field-free drift region before they reach the
detector. In the second mode, the ions pass through an electrostatic ion mirror
(called this way as it reverses the trajectory of ions) situated in the drift region

before detection (Figure 4.3).

Linear ToF DEtE'LCtm
I
lon source L) Fa
s @ |
Reflectron
Reflectron ToF -

lon source G :
.

Detector-

Figure 4.3 zLinear and reflectron time-of-flight. In linear mode (top), the accelerated
ions travel through a linear flight tube and directly hit the detector; in reflectron mode
(bottom) the ions first pass through an electrostatic ion mirror (the reflectron) that further
separates the ions according to their mass-to-charge ratio. Figure amended from Pusch
et al. (2003)
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The purpose of the reflectron is to better separate ions with the same m/z. The
flight path of ions that have to go through the mirror fand turn around before
hitting the detector is twice as long as that in a linear ToF-MS. Although this
lowers the sensitivity, it improves resolution, as the ions are more spread out
when they reach the detector. This allows the detector to discriminate ions of
similar but not identical m/z. That makes reflectron mode more appropriate for
analysing molecules as small as single nucleotides, and that is why it was used
originally. The procedure for MALDI-7R) DQDO\VLV FRQVLVWYV RI SODI
sample onto a steel plate containing a series of numerated circles ( gpotting i
Once inside the instrument, a laser hits a small portion of the sample, and the
operator has to manually move the laser around until they hit a spot that produces
a strong enough signal, which is indicated by a peak in the analysis window: only
then will the operator start recording the masses. Unfortunately, the reflectron
mode would not give any discernible peaks from the background noise, so linear

mode had to be used.

Additionally, the original method (described in Section 2.2.2 of Chapter 2, p.73)
employed negative ion mode, as negative ionisation has often been proved more
appropriate for nucleotides and amino acids due to the negative charges carried
by the molecules. However, negative-ion mode produced no signal in reflectron
nor in linear mode, unlike previous experiments. Positive ionisation produced
small signals, but the spectra did not show a single known mass, either in the
oligonucleotide standard or in the ATP and GTP controls (Figure 4.4).

It was later found that the instrument itself had some issues: firstly, the instrument
often could not reach vacuum due to dust infiltrating the chamber; secondly, the
parameters needed for the correct analytical conditions described in Chapter 2
would not reach the values needed for the analysis. A series of failed attempts at

correcting this led to scrapping the method.
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Figure 4.4 + MALDI-ToF spectra of oligonucleotide standard. (a) Old analysis in
reflectron negative mode showing the masses 1154, 1461, 2068, 2675, and 3283; (b)
new analysis in reflectron negative, (c) linear negative, and (d) linear positive mode.

4.2.1.b Electrospray lo nisation mass spectrometry (ESI -MS)

The second MS technique tested was ESI-MS which, as described in Section
2.2.2 of Chapter 2 (p.72), is a common ionisation technique that allows sensitive

detection of singly charged, low molecular weight polar species.
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The first method used a Waters 2720 autosampler connected to an LCT Premier
XE Q-TOF mass spectrometer. The sample was injected into the Q-TOF using a
six-valve loop, and the mass spectrometer operated in positive and negative
ionisation ESI with full MS scan. At first, there were two recurring problems: the
standards did not appear in the spectra, and the instrument randomly stopped
working mid-analysis. The first issue was probably due to the SPE method
employed: the desalting protocol used for the MALDI-ToF had successfully
purified similar samples before (Figure 2.5) and was therefore selected for this
set of experiments. However, the method was specific for MALDI-ToF use, and
so involved working with extremely low sample volumes (4 10 / ZKLFK
required scaling up the method for normal SPE cartridge use, since both the zip
tips and the cartridge have the same common C18 packing. This proved to be
ineffective, so | adopted the SPE used for NMR instead. | had not used this
method initially due to the lower affinity of the method for divalent cations, but the
purification was good enough not to present problems for the instrument and
effective spectrum interpretation. Unfortunately, the LCT had to undergo several

weeks of repair as it kept switching off mid-analysis.

Another instrument was briefly used in the meantime: samples were directly
injected into an Orbitrap mass spectrometer (Thermo Fischer Exactive Plus
Orbitrap Mass Spectrometer). This is a high-resolution ion trap mass analyser
that consists of two outer electrodes and an inner spindle-like electrode. lons are
captured through glectrodynamic squeezing fand are trapped by circling around
the central electrode. Different ions circle at different frequencies, resulting in their

separation (Zubarev and Makarov, 2013).

The ATP and AMP controls run on the Orbitrap produced good spectra (Figure
4.5); however, access to the instrument quickly became limited due to heavy use.
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Figure 4.5 +tCommercial standards of AMP (100 uM, a) and ATP (100 uM, b) analysed
by Orbitrap MS. The ATP peak in the AMP standards is likely due to the manufacturing
of the AMP commercial standard, as described in Chapter 3, while the ADP peaks in
both standards and the AMP peak in the ATP standard are hydrolysis products. The rest
are contaminations of the instrument.

Analysis through the Orbitrap highlighted DIMS (direct injection mass
spectrometry) as very convenient for quick use, as by bypassing the
chromatography part it does not involve extensive method development. Another
instrument in the lab was made available and could be booked for hours at a time:
the Finnigan LTQ Linear lon Trap mass spectrometer. This instrument generates
ions through ESI and has a quite wide mass range (50 +2,000 m/z). DIMS does
however require a good sample preparation, as salts can accumulate in the ion
source if not removed, thus damaging the instrument. This was solved by diluting

10x the samples and using the SPE method mentioned above.

This method immediately produced data that could be interpreted, despite the
spectra being quite noisy due to contaminations from the common use (Figure
4.6). Another positive aspect of using the LTQ is that it offers the possibility of
performing tandem mass spectrometry (MS/MS), which allows for precise

identification of compounds (as noted in Chapter 3).
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Figure 4.6 +ATP (100 uM, a) and GTP (100 uM, b) commercial standards analysed on
an LTQ instrument.

Unfortunately, it too suffered from being an old, open-access instrument and it
broke, leading it to be out of use for several months. Because of these issues,

mass spectrometry analysis had to be put on hold.

4.2.2 Polymerisation of nucleotides
4.2.2.a Free amino acids

As mentioned previously, RNA has long been thought of as potentially
prebiotically made, as it provides the template for DNA synthesis.

As mentioned in Chapter 3, the natural state of polyphosphates in aqueous
solution is in complexes with ions such as Mg?* (Piast et al., 2020), and in
particular ATP is very often found as an Mg-ATP complex. The cation Mg?* also
plays a central role in nucleotide polymerisation via the RNAP, as mentioned
earlier. Therefore, the first experiments were carried out in the presence of Mg?*

and Asp. The setup consisted of a simple 1:1:2 ATP:MgCl2:Asp solution.
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Due to the MS instruments being unavailable, as mentioned above, several
experiments were run and immediately stored at 4°C. Samples were not frozen
as the freeze-thaw process (akin to a wet-dry cycle) might account for some
polymerisation, which would become an artifact in this set of experiments.
Covalent bonds should be stable enough at low temperature. However, aliquots
were stored both as formed and in a 50:50 MeCN:H20 ammonium formate buffer
(the buffer used for MS experiments, see Section 2.2.2 of Chapter 2, p.73) to
lower the water activity in an attempt to limit the chance of hydrolysis. The
experiments run and stored are summarised in Table 4.1. More details are

available in SI Table 1.

Table 4.1 *Experiments run and stored.

Nucleotide Amino acid lon/mineral

ATP/GTP Asp Mg?*
ATP/GTP Asp Mn2*
ATP/GTP Asp brucite
ATP/GTP Asp Fe3*
ATP/GTP Glu Mg?*

All experiments were left to run for 48 hours and performed under the following

conditions:

¥ In the presence and absence of the corresponding nucleoside
monophosphate (NMP)

¥ AtpH 5.5, 7,9 and uncontrolled pH (3.7 #.3, according to the elements in
the solution)

¥ At50and 70°C

¥ At 1 (ambient pressure) and 100 bar.

The time of 48 hours was used because it allowed for more convenient practical
testing and, most importantly, it allowed for the parallel run of reactions at ambient
and higher pressure (100 bar) which, as noted in Chapter 3, could have been a
key factor at the origins of life for the possibility of driving condensation reactions

at lower concentrations of analytes (Imai et al., 1999; Wu et al.,, 2011).
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Pressurizing and de-pressurizing the pressure vessel (see Section 2.2.1 of
Chapter 2, p.65) took time, therefore shorter runs or multiple timepoints were not

feasible.

The conditions were chosen so as to have a varied set. As mentioned earlier, in
metabolism, NTPs are added by the RNAP to the new RNA chain, possibly
because PPi is a favoured leaving group. However, as a simple reaction in
agueous conditions | expected the presence of the corresponding NMP might
also be needed to start the reaction, as in the RNAP the incoming nucleoside
triphosphate is not joined to another NTP, rather to a nucleoside monophosphate.
Therefore, the experiments were run with solutions containing both NTP and

NMP, as well as containing just the NTP.

My results in Chapter 3 showed the value of leaving a solution in uncontrolled pH

to react. Naturally, the uncontrolled pH varied according to the elements present

in the reaction (the pH for each individual solution is reported in Sl Table 1);
however, they ranged from 3.7 to 7.3. The pKa of Asp and Glu is ~ 4, while the
highest pKa of the OH groups of the nucleoside triphosphate chain that interact

with the Mg?* is ~ 3 (Swain, 2012). Therefore, all hydroxyl groups involved were
available for interaction. The other pH values were chosen as follows: pH 5.5 was

the value that worked best for ATP synthesis and so | chose it to be cohesive, as

well as being used by other researchers (Yadav et al., 2020); pH 7 is the pH at

which enzymes such as the RNAP work under physiological conditions; while pH

9 represents the alkaline conditions in alkaline hydrothermal vents, not to mention
WKDW LW PLJKW IXUWKHU IDFLOLWDWH WKHe th SURW R
QHFHVVDU\ RU WKH QXF O H RBdshhate GroDpNdinHe knsonfitig W K H
NTP. The temperatures were chosen because they were used in most studies

that did not involve wet-dry cycles (or freeze-thaw cycles).

The magnesium hydroxide mineral brucite was also tested because of its possible
significance at the origin of life in alkaline hydrothermal vents, as described in
Chapter 3. Surface catalysis has been proposed to facilitate reactions not facile
in water by enabling them to occur at the solid-liquid phase boundary (do
Nascimento Vieira et al., 2020; Preiner et al., 2020b). Additionally, | noted before

that brucite has a unit structure reminiscent of the Mg?* coordination by aspartate
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in enzymes such as Mg?*-dependent RNAP (Figure 3.27). Therefore, if mineral
surfaces were the starting place for the role of free Mg?* in metabolism, their

catalytic activity must be tested.

When the MS suite was available again, | opted to analyse my samples via DIMS,
as that was the only reliable technique | had tested. However, by the time | could
start using the LTQ again, | had collected > 400 samples, and so manual injection
of each would have been quite laborious: a technique that allowed the use of an
autosampler would have been more time-efficient. Therefore, everything was
analysed via a UPLC-MS instrument (Acquity UPLC-SQD, Waters) connected to
a Micromass ZQ mass spectrometer. Unfortunately, the samples were analysed

after varying times of refrigeration, up to more than 2 months.

In all samples the singular reactants were visible, including the nucleoside
diphosphate due to triphosphate hydrolysis (representative spectra are shown in
Figure 4.7).

Figure 4.7 +Representative UPLC MS spectra of a reaction with adenosine (a) or
guanosine (b). Reaction: NTP (0.6 mM) + NMP (0.3 mM) + Glu (0.3 mM) + Mg?* (0.3
mM). Experimental conditions: (a) 70°C, pH 9, 100 bar; (b) 50°C, pH 9, 100 bar. The
peak height reflects relative abundance. The lower peak height of the NTP compared to
the NDP and NMP reflect hydrolysis.
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Mass predictions were made using the software ChemDraw 20.1 (PerkinElmer)
by drawing the molecular structure of any compound of interest. The most
indicative (short polymers of ATP/AMP or GTP/GMP) were compiled in Figure
4.8. The software allows to account for different protonation states, as well as
aggregation of different molecules, therefore the expectation of the masses

shown were adjusted according to the conditions of the reaction, such as pH.

Figure 4.8 +Library of main masses of interest. NB: the structures shown are fully
protonated, however at different pHs there would be variations according to how many
H* are lost (m/z of H* = ~1). Other mass variations could be due to metal ions that might
not have been completely eliminated through SPE (m/z: Na* = ~23; K* = ~39; Mg?* =
~12; Mn?* = ~ 27, Fe*" = ~18).

In addition to those listed in the figure, other masses potentially of interest were
the molecules that form during translation (due to the idea of a possible co-
evolution of nucleotides and amino acids, as mentioned earlier in this Chapter),
the aspartyl or glutamyl adenylate (462 m/z and 476 m/z, respectively) and
aspartyl or glutamyl acylated AMP (same m/z as the adenylates), and similar
molecules that might happen in the absence of a selective enzyme: aspartyl or
glutamyl guanylate (478 m/z and 492 m/z, respectively), aspartyl or glutamyl
acylated GMP (same m/z as the guanylates), ATP (622 m/z and 636 m/z,
respectively) and GTP (638 m/z and 652 m/z, respectively). Note that if the
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masses equivalent to these last few compounds were detected, the likelihood of
them being the actual molecule described and not some contaminant in the
instrument is very low, as they are most likely only to be present as unstable

intermediates.

For most samples, no products could be detected. The signal was also quite low,
likely due to the unfavourable conditions on the instrument due to the issues

related to it being open-access mentioned above (as could be seen in the
representative spectra shown in Figure 4.7). The masses listed above (including

variations) were manually searched for in every sample, and none could be

detected in most samples.

A few samples generated peaks that corresponded to the structures described
above. The signals were quite low, within the noise region, but as non-enzymatic
condensation reactions are notoriously difficult, especially in aqueous conditions,
any yield was expected to be very low. The reactions and masses of interest
detected are summarised in Table 4.2, while the spectra are shown in Figure 4.9
and Figure 4.10.

Table 4.2 +Summary of all reactions that presented interesting peaks. The pH values in
italics are those recorded for the reactions in uncontrolled pH (rounded to the nearest
0.5). Bru: brucite.

Base NMP Reaction pH Temperature Pressure Peak (m/z) & structure

Asp+Mn?*  ~4 70°C 100 bar 676 diadenylic acid
Asp+Fe®* 9 70°C 100 bar 1006 triadenylic acid
ATP Asp+Fe® 9 70°C 1 bar 1006 triadenylic acid
Glu+Mg#* 5.5 50°C 100 bar 676 diadenylic acid
Asp+Mn**  ~6 70°C 100 bar 708 diguanylic acid
Asp+bru 5.5 50°C 1 bar 708 diguanylic acid
GTP Asp+bru 7 50°C 100 bar 1054 triguanylic acid
Glu+Mg?* ~6 50°C 100 bar 1053 triguanylic acid
Glu+Mg?* 9 70°C 100 bar 1053 triguanylic acid
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Figure 4.9 +UPLC-MS scan of samples that reported AMP polymers. Reaction: ATP
(0.6 mM) + amino acid (0.3 mM) + ion (0.3 mM). Experimental conditions: (a) Asp + Mn?*,
70°C, pH 4 (unadjusted), 100 bar; (b) Asp + Fe®**, 70°C, pH 9, 100 bar; (c) AMP (0.3
mM) + Asp + Fe®", 70°C, pH 9, 1 bar; (d) AMP (0.3 mM) + Glu + Mg?*, 50°C, pH 5.5, 100
bar. The boxes show the spectrum resulting from the manual search of the mass of
interest. The peak height reflects relative abundance.
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Figure 4.10 £UPLC-MS scan of samples that reported GMP polymers. Reaction: GTP
(0.6 mM) + amino acid (0.3 mM) + ion/mineral (0.3 mM). Experimental conditions: (a)
Asp + Mn?*, 70°C, pH 6 (unadjusted), 100 bar; (b) Asp + brucite, 50°C, pH 5.5, 1 bar; (c)
GMP (0.3 mM) + Asp + brucite, 50°C, pH 7, 100 bar; (d) GMP (0.3 mM) + Glu + Mg?",
50°C, pH 6 (unadjusted), 100 bar; (e) GMP (0.3 mM) + Glu + Mg?*, 70°C, pH 9, 100 bar.
The boxes show the spectrum resulting from the manual search of the mass of interest.
The peak height reflects relative abundance.
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As can be seen, most of these seemingly positive results are in samples that
were subjected to high pressure (100 bar). This is to be expected as pressure
would tend to favour the decrease in molecule number in a solution according to
/H &KDWHO Liplé) fakd BusLH@3$- been proposed to being able to drive
condensation reactions (Imai et al., 1999; Wu et al., 2011). Additionally, lower pH
seems to favour these products more than alkaline conditions.

Further analysis on these samples was done in 4 steps:

1. The chromatograms of samples appearing to contain the same molecule
were compared to see if the mass of interest corresponded to the same
retention time: if they did not, the peaks were likely to be random noise;

2. The corresponding samples at timepoint Oh were analysed to check
whether the peak was present;

3. The samples were analysed via DIMS using the LTQ instrument, as live
analysis allows for narrowing of the scan and thus more accurate
detection;

4. Any mass of interest detected was also analysed via MS/MS.

The original idea was that all samples would go through the first 2 steps, and only
those who passed both would be analysed as described in steps 3 and 4.
Unfortunately, none of the samples at t = Oh generated good spectra, as not even
the starting molecules were visible, therefore step 2 was not taken into account
for the overall analysis and all samples were analysed via DIMS (Figure 4.11).
This was likely due to both (i) the samples having been stored for too long and all

molecules hydrolysed, and (ii) the instrument not being in top shape.

None of the samples that reported the possible presence of dimers or trimers of
GMP (triguanylic acid) passed the first step, i.e. they all presented different
retention times for the peak of interest. The unavailability of a commercial
standard for those products however meant that | was unable to verify the

possible correct retention time, therefore all three were further analysed.
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Figure 4.11 *Representative UPLC-MS spectrum of a reaction at timepoint 0. Reaction:
ATP (0.6 mM) + Asp (0.3 mM) + Fe®" (0.3 mM). Experimental conditions: (a) 70°C, pH
9, 100 bar. The 159 m/z peak is a major contaminant in the instrument.

Unfortunately, none of the samples analysed through DIMS showed the masses
detected through UPLC-MS. This could be due to either the UPLC-MS instrument
generating random peaks with the m/z of interest, which is not unlikely as the
peaks do not rise above the noise, or the LTQ used for the DIMS not being
sensitive enough or being too dirty to detect low concentrations. This will be

further addressed in the Discussion of this Chapter.
4.2.2.b Polypeptide sequence

If the formation of dimers and trimers shown above were true, the yields are so
low that it raises the suspicion that free amino acids might not be able to provide
the same efficient coordination that they do as part of a catalytic site of enzymes.
As described above, the amino acids sequence in the active site of the RNAP
(NADFDGD, Asn-Ala-Asp-Phe-Asp-Gly-Asp) is extremely conserved, therefore
this may have arisen quite early in the origin of this enzyme.

Some of the amino acids in the sequence can safely be argued not to have been
present early at the origin of life due to their complexity (which will be addressed
in the discussion) (Harrison et al., 2022b). However, as the conserved motif
NADFDGD is deemed as the key element that allows RNA polymerisation, |
decided to test whether it could work outside of the RNAP molecular machine.
Therefore, the reaction was carried out in similar conditions to the previous
experiments, adding the NADFDGD polypeptide instead of free amino acids

(summarised in Sl Table 2).
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As well as the other reactants, all samples produced spectra that contained the
mass expected for the polypeptide sequence (751 m/z), indicating that the
sequence was stable during the 48 hours of the experiment. A representative
spectrum of a reaction sample is shown in Figure 4.12. Once again, as can be
seen below, the spectra were quite noisy, and masses of interest were not

detected in most samples.

Figure 4.12 tRepresentative UPLC-MS spectra of a reaction with adenosine. Reaction:
ATP (0.6 mM) + AMP (0.3 mM) + polypeptide (0.15 mM) + Mg?* (0.3 mM). Experimental
conditions: 50°C, pH 7, 1 bar. The peak height reflects relative abundance.

Similarly to the experiments with free amino acids, however, some of the
reactions gave seemingly positive results (Table 4.3). The spectra are shown in
Figure 4.13.

Table 4.3 +Summary of all reactions with the polypeptide sequence that presented
interesting peaks. The pH values in italics are those recorded for the reactions in
uncontrolled pH (rounded to the nearest 0.5).

Base NMP Cation pH Temperature Pressure Peak & Structure
461 aspartyl adenylate /
Mg?* 5.5 70°C 100 bar aspartyl acylated AMP
and 676 diadenylic acid
2+ o . . .
ATP Mg 55 70°C 100 bar 677 diadenylic acid
24 R 461 aspartyl adenylate /
Mg 55 S0°C 1 bar aspartyl acylated AMP
2 o 702 diadenylic acid
Mg 35 70°C 100 bar [M+MeCN]
GTP Mg** ~45 50°C 100 bar 1052 triguanylic acid
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Figure 4.13 + UPLC-MS scan of samples that reported polymers or adenylated
nucleotides. Reaction: NTP (0.6 mM) + polypeptide (0.15 mM) + Mg?" (0.3 mM).
Experimental conditions: (a) ATP + AMP (0.3 mM), 70°C, pH 5.5, 100 bar; (b) ATP, 70°C,
pH 5.5, 100 bar; (c) ATP, 50°C, pH 5.5, 1 bar; (d) ATP, 70°C, pH 4 (unadjusted), 100
bar; () GTP + GMP (0.3 mM), 50°C, pH 4.5 (unadjusted), 100 bar. The boxes show the
spectrum resulting from the manual search of the mass of interest. The peak height
reflects relative abundance.
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Once again, higher pressure and lower pH seem to favour the formation of these
products more than ambient pressure and alkaline pH.

These samples were analysed via the steps described in the previous Section to
confirm the identity of the peaks. As above, the t = Oh control did not give good
results, as the spectra did not even show the starting molecules. Additionally, the
sample reporting the presence of trimeric GMP again did not present the same
retention time for that peak when compared to the spectra shown in Figure 4.10,
but due to the absence of a commercial standard, as noted previously, it was

analysed via DIMS nonetheless.

Once again, none of the samples detected by UPLC-MS had their structures
confirmed via DIMS analysis in step 3. As for the previous results, this will be

addressed in the Discussion.
4.2.2.c Formation of peptido RNA

As mentioned in the Introduction to this Chapter, some have proposed a
simultaneous evolution of peptides and RNAs (Griesser et al., 2017a; 2017b).
Griesser and colleagues have reported the spontaneous formation of a hybrid N-
linked peptide-oligonucleotide molecule in aqueous condensation buffer (Figure
4.14).

Figure 4.14 +Spontaneous formation of peptido RNA from amino acids and NMP in
condensation buffer. Figure amended from Griesser et al. (2017a)
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As peptide synthesis is mediated by RNA, the authors posit polypeptide synthesis
might have started via capture mechanism in an RNA-dominated world. In their
work they also reported the formation of phosphodiester bonds between
monomeric nucleotides (Figure 4.15). The product classes reported are the initial
phosphoramidate capture product, peptido products of different lengths,
phosphodiesters formed through nucleotide incorporation in RNA chains,

pyrophosphates, and other phosphate products.

Figure 4.15 * Non-enzymatic, amino acid-specific, ribonucleotide-promoted peptide
formation reaction and graphical definition of product classes. The products of interest
for this project are highlighted in blue. Figure amended from Griesser et al. (2017a)

Aside from allusions to the translation mechanism, their work is clearly not based
on extant life, as evidenced by the fact that it employs the use of a buffer which,
among other compounds, contains carbodiimide (N-ethyl-N §[3-dimethylamino-
propyl) carbodiimide, EDC), a tautomer of cyanamide, and thus cannot reflect
plausible prebiotic conditions. However, this work presents an interesting process
that hints at the copolymerisation of amino acids and nucleotides, as mentioned
earlier: to extend the chain length of RNA, extension of the peptides chain length
might be needed. In light of this and of the ambiguous results obtained thus far, |
decided to repeat the experiment with an added goal: to verify that the procedures
used during this project were RNA-friendly. Indeed, ribonucleases (RNases) are
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ubiquitous and although sterile equipment (pipette tips, Eppendorf tubes, etc.)

was always used, one cannot be too safe.

The experiment consisted of preparing a 1:1 solution of AMP and amino acid in
a condensation buffer (0.5 M HEPES, 80 mM MgClz, 0.15 M 1-ethylimidazole,
and 0.8 M N-ethyl-N §[3-dimethylaminopropyl) carbodiimide (EDC)) at near-
neutral pH (7.5) and leaving it to react at 0°C for 7 days (a sample was collected
and analysed at t = Oh). Figure 4.16 shows the 3!P-NMR spectra of the reaction
with Gly (a), Glu (b), and Asp (c). Gly was chosen because according to Griesser
et al. (2017a) this amino acid produced the strongest signal for peptido nucleotide
as well as phosphodiester, while Asp and Glu were chosen because they have
been used before in this project. All three are simple enough to potentially be

made prebiotically and hence carry significance in the context of this thesis.

As can be seen in Figure 4.16, the results confirmed what was found by Griesser:
the reaction with Gly resulted in more peptido nucleotide than Glu and Asp.
Regarding the formation of phosphodiester bonds, all three contain the
corresponding peaks around # ppm, however these are also present in the AMP
control, and they grew over 7 days. As the control was also in the condensation
buffer, it could be that the nucleotide polymerised spontaneously.

Again, this project does not favour the use of condensation buffers due to their
inconsistency with extant metabolism, and the sole use of the nucleoside
monophosphate does not take into account the key aspect of PPi loss during
nucleotide polymerisation that has been discussed several times in this thesis.
However, the claim the authors make about the idea of a simultaneous evolution
of peptides and RNAs (Griesser et al., 2017a; 2017b) is valuable for the use of
life as a guide, and would need to be taken forwards in a more biologically
relevant and meaningful way. Therefore, confirming their results is a meaningful
step, if anything to see that unequivocally positive results could be achieved in

this project.
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Figure 4.16 +Results of the repetition of the peptido RNA experiment. (a) Figure by

Griesser et al. (2017a) showing representative experimental 3P-NMR spectra with
assignment of spectral regions indicated by colour bars (the colours reflect the product

classes shown in Figure 4.11); **P-NMR spectra of experiments with Gly (b), Asp (c),

and Glu (d) DIWHU G DW xf& SXUSOH WUDFH FRPSDUHG ZLW
(red trace) and an AMP control (reaction: 0.2 M amino acid + 0.2 M AMP). The same

colour bars used by Griesser et al. (2017a) in a were used to indicate the spectral regions

in b, c and d.

4.2.3 Polymerisation of amino acids

Following the positive results using NMR as the analytical method, and due to
the limited availability of the MS instruments mentioned earlier in this Chapter,
NMR was used for studying the polymerisation of amino acids. Indeed, as
mentioned in Section 2.2.2 of Chapter 2 (p.72), this technique is very useful for
obtaining structure information. In particular, *H-NMR provides information about
the hydrogen atoms in a molecule: how many and what types of H are in the
sample, how many of each type are present, and what connectivity there is

among them. Aside from the obvious protonation state of the molecules in
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solution, this can indicate whether there is a new bond and the nature of it (i.e.
between which functional groups).

As | mentioned earlier in this Chapter, most of the work focused on this question
uses chemically pre-activated amino acids, which under prebiotic conditions
would be difficult to obtain (Brack et al., 1975; Wu et al., 2021). A more
prebiotically plausible method for activating amino acids, initially proposed by
Lowenstein (Lowenstein, 1958; Lowenstein and Schatz, 1961) and then further
developed by James Lacey and Dail Mullins (Mullins and Lacey, 1980), reports
the acylation of activated amino acids onto polyribonucleotides using imidazole
as a catalyst (Lacey and White, 1972; White et al., 1973). Imidazole is often,
although controversially, considered to be prebiotically relevant (Vazquez-
Salazar et al., 2018). The reaction only requires ATP, an amino acid, a divalent
cation, the condensing agent imidazole ,and acidic pH (~ 5); however, the work
has since not been repeated. In collaboration with Minkoo Ahn and Aaron
Halpern, another PhD student in our lab, we decided to test whether the results
from the work of Lacey and White could be corroborated, and if so, whether we
could take them further into more biologically reasonable terrain. Aaron Halpern
is working on the origin of the translational system and the genetic code, in
particular the association between tRNA, anticodons and amino acids in relation
to adenylation, and the work we carried out aimed at determining whether the
activated amino acid that is incorporated onto the tRNA, as described earlier in
this Chapter, could be formed prebiotically. As shown in Figure 4.1, amino acid
polymerisation occurs at the acceptor stem of the tRNA.: if this process is stripped
to the essential elements, all that is left is ATP, the amino acid, the anticodon
CCA adenosine, and the Mg?* ions of the aaRS catalytic centre. Therefore the
question is: is peptide polymerisation feasible starting from these main
components, i.e. non-enzymatically under prebiotic conditions?

Samples with a variety of amino acids, pHs, temperatures, and reaction times, in
the presence or absence of imidazole were analysed in the hope of detecting any
of the reaction intermediates (adenylated amino acid or acylated adenosine) or

polymers of either nucleotides or peptides.
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All reaction samples presented an unexpected peak around 6.6 ppm, which was
not present in the spectra from the pure standard controls (Figure 4.17a). Its
presence in mixtures of just ATP and Mg?* (no amino acid), however, suggests
that it was likely indicative of an ATP-Mg?* complex. This peak was extremely pH
sensitive and appeared to reach the maximum between pH 5.2 and 7.7 (Figure
4.17b). As can be seen from (a), all other peaks were accounted for and did not

coincide with any of the predicted structures.

Figure 4.17 +'H-NMR spectra of the reaction Gly (200 mM) + ATP (100 mM) + Mg#
(200 mM) at 50°C. (a) Reaction at pH ~ 5.5; (b) overlaid spectra showing a pH range of
the reaction, focussing on the peak from the ATP-Mg?* complex. Data provided by Aaron
Halpern.

Due to the lack of reference spectra for the adenylation or acylation products, one

of the samples was further analysed through 'H-NMR COSY (correlation
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spectroscopy, Figure 4.18). This is a 2D NMR technique that allows for the
identification of local hydrogen spin correlations. This means that hydrogens in
close proximity, for example on the same molecule but not necessarily bound to
neighbouring atoms, can be identified. The method requires a long scan time (7
hours), and therefore, due to limited access, we were only able to analyse one
reaction sample. This was chosen due to the presence of a ghoulder $n the peak
given bythe Hofthele FDUERQ RI1 WK HVHilE & wad likdi\Mdbe caused
by the hydrolysis of ATP to AMP, which is expected to occur spontaneously at
the pH of the reaction (pH ~ 7.5), it could also be indicative of a by-product of
reactions involving an amino acid adenylate. This is because the signal in NMR
spectroscopy changes according to the surrounding environment (i.e. what atoms
are in the vicinity), therefore the H atthe 1 « F D WibRdgive a different signal if
there were an amino acid bound to the 2 <O in place of the H.

Figure 4.18 +'H-NMR COSY scan of the reaction mixture of Gly + ATP + Mg?* at pH ~

7.5. The 2D scan is in blue, while the 1D spectrum is overlaid at the bottom of the image

in red. Peaks (resembling blue bubbles) along the diagonal correspond to self-
correlations of a hydrogen with itself and are uninformative. Peaks off the diagonal show

local hydrogen correlations. The red arrows indicate the main correlation of interest
EHWZHHQ WKH K\GURJHQ RQ WKH +« FDUERQ RI WKH $73 UL
molecular structure) aQG WKH K\GURJHQV RI JO\FLQHYV FHQWUDO F
Aaron Halpern.

The COSY scan revealed numerous correlations, most of which were difficult to
identify because resolution was low despite the long scan time. The only
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identifiable correlation was between the hydrogen of the central carbon of glycine
and the hydrogenonthel« FDUERQ RI WKH $73 ULERVH LQGLFDW
in the figure). This could potentially be indicative of glycine acylated onto ATP
(either at the 2 eor 3 ecaron of ribose); however, given the instability of the
intermediary molecule and the weakness of the correlation it could more
realistically be due to charge-based interactions between the glycine zwitterion
and one of the phosphate groups of ATP, which at least suggests close proximity

of glycine and ATP in solution.

It is unclear whether the experiments did not work or whether they did work, but
the intermediary structures were so unstable under the conditions tested that they
could not be detected using NMR. In any case, despite the samples being
scanned after different amounts of reaction time, no polypeptides or
polynucleotides were observed, suggesting that a simple aqueous solution, albeit
in the presence of a condensing agent such as imidazole, is not appropriate for
this condensation reaction to take place. This would contradict the (equivocal)
results reported earlier, where possible dimers and trimers of nucleotides were

observed, as well as amino acid adenylates in a couple of instances (Table 4.3).

Another possibility is that the use of NMR might not have been the most
appropriate method for experiments of this nature, due to the high presence of
similar types of hydrogen atoms, which makes it difficult to detect product
formation. Additionally, avoiding buffers in order to stay true to prebiotic
conditions meant that the pH was difficult to constrain, and not only does that
result in an inconsistent protonation state and therefore number of hydrogens,
but it also varies the chemical shift of the spectra. Ultimately, NMR was selected
mainly because access to MS instruments was limited, despite the access to the
NMR suite also not being as reliable due to COVID-19 restrictions as to make

repetitions. Therefore conclusions cannot be drawn with certainty.
4.2.3.a Polymerisation of glycine into diketopiperazine (DKP)

NMR was employed for one more experiment. Another form of amino acid
activation to facilitate polymerisation is dimer cyclisation. In particular, diglycine
anhydride (2,5-diketopiperazine, or DKP) has often been studied, with both amino
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and carboxyl groups condensing to form a ring structure that must be opened for
polymerisation to continue. Work on forming this peptide had determined cTMP
to be quite effective at pH 12 over a period of 1 week (Rabinowitz et al., 1969;
Chung et al., 1971; Bujddk and Rode, 1996; Gao and Orgel, 2000). Past,
unpublished work carried out in our lab reported an even faster DKP formation
using cTMP: 4% conversion in 72 minutes at strongly alkaline pH. At higher pH,
DKP partially hydrolyses to diglycine and could act as a base for more
polymerisation. As the latter is known to occur at near-neutral pH (Rabinowitz et
al., 1969; Sakata et al., 2010), the idea was that in an active environment such

as AHVs the thermal cycling through a pH range may drive polypeptide formation.

Despite the activation through cyclisation not fitting with the goal of this thesis of
finding a prebiotic mimic to modern metabolism, | decided to try to replicate this
experiment (i) because cTMP has long been studied as a prebiotic condensing
agent, as mentioned in Chapter 3, and (ii) as another positive control to confirm
that the procedures followed were suitable for the products of interest. This
experiment was conducted at pH 12 and at 20 and 50 °C, and analysed via ‘H-
NMR. While nothing could be seen at 20 °C, the experiment run at 50 °C
confirmed production of DKP, as can be seen by the appearance of the DKP peak

at 4 ppm in Figure 4.19.

Figure 4.19 +'H-NMR spectra of DKP, Gly, and cTMP standards (0.5 M) as well as the
reaction Gly (0.5 M) + cTMP (0.5 M) at 50°C and pH 12, after 3 hours. The DKP peak is
highlighted by the red box. The spectra were zoomed-in to allow clearer view of the peak
of interest.
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The success of this experiment once again confirmed the fithess of the
procedures followed during this project.

4.2.3.b Salt-induced peptide formation (SIPF)

As mentioned earlier, SIPF could be a promising mechanism that might allow
amino acids polymerisation in the absence of condensing agents or the
employment of wet-dry cycles, as the higher ionic strength might help concentrate
the monomers (Rode and Suwannachot, 1999; Li et al., 2008; Fitz et al., 2011).

Glycine is usually the amino acid of
choice for this type of research due to its
simplicity and being arguably more
prebiotically plausible than some of its
more complex counterparts (Trifonov,
2000; Harrison et al., 2022b). However,

Figure 4.20 + Molecular structure of due to the aforementioned low availability
aspartame. The red portion is the
aspartic acid components, while the
phenylalanine component is in blue. presence of high salt concentrations

of MS analytical instruments and the

ruling out NMR, HPLC was chosen as the
analytical method. This led to the use of aspartate (Asp) and phenylalanine (Phe)
in the following experiments, as the resulting dimer aspartame (a non-saccharide
sweetener commonly used as a synthetic sugar substitute, Figure 4.20), can be
seen through UV detection. This is due to the aromatic group in the molecular
structure of Phe strongly absorbing UV, meaning that the samples can be directly
analysed via HPLC, and the dimer differs from each monomer in its retention time
(Figure 4.21).
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Figure 4.21 +HPLC chromatogram with overlaying aspartame (purple), aspartate (dark
green), and phenylalanine (light green) commercial standards (0.25 mM). QP

The downside is that Phe is arguably one of the least prebiotic of amino acids, as
will be discussed later, however this experiment could be an insightful proof of
concept.

An equimolar solution containing Asp and Phe was left to react for 48h in the
presence of ATP at pressures of 1 (ambient) and 100 bar, and the reaction was
carried out at 50 and 70°C, and at a series of pH: ~ 4.5 (the unadjusted gefault
pH of the reaction, experimentally meaningful for the reasons discussed earlier
in this Chapter), 5.5 (for continuity with the experiments carried out in Chapter 3),
the physiological pH 7, and 9 (to represent the alkaline conditions in alkaline
hydrothermal vents). The solution was prepared both in pure water and in the
modern ocean mix (MOM) used in the previous Chapter, in the presence or
absence of CuSOas in the latter case. While ATP was present in the reaction mix
in order to potentially activate the amino acids (most probably through
adenylation, as in the translation mechanism), the solutions containing CuSOa4
were hoped to yield some results via the SIPF mechanism described previously
(Rode and Schwendinger, 1990; Rode and Suwannachot, 1999; Li et al., 2008).

The only finding that was systematically noticed in the samples was ATP
hydrolysis, which is expected at the conditions tested, while there was no

aspartame formation in any of the samples. Figure 4.22 shows a representative
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HPLC chromatogram, showing no peak for aspartame (which would be at ~ 5

min, as shown in Figure 4.21) is present.

Figure 4.22 tRepresentative HPLC chromatogram of aspartame formation experiments
lacking evidence of aspartame formation. Reaction: 1:1:1 Asp + Phe + ATP (1 mM) in
modern ocean mix (MOM: 600 mM NaCl, 50 mM MgCl, and 10 mM CacCl,) at 70°C,
uncontrolled pH (~ 4.5). Dark green trace: t = Oh; light green trace: t = 48h. The red circle
highlights the area where any aspartame peak would appear, while the box shows the
zoomed-in 3.5 +5.5 min area of the chromatogram where the Asp peak at 4 min is visible
and no aspartame peak at 5 min is present QP

Due to the UV absorbance of the residue, the same conditions were applied to a
reaction with tryptophan (Trp) in the hopes of forming short homopeptides. The
absence of a control for a Trp di- or trimer was not considered an issue since their
formation would result in a new peak in the chromatogram. While no new peaks
were detected in any of the samples, as in the aspartame experiments, the
reactions mixes containing Cu?* showed a distinctive loss of Trp after 48h and a
higher ADP peak (Figure 4.23).

The absence of any new peaks and, most significantly, the fact that this
consistent loss occurred both in the modern ocean mix and in water indicates that
the Trp is not being pWFRQVXPHGYT E\ WKH 6,3) UHDFWLRQ EX
oxidised. Indeed, Trp is highly susceptible to reactive oxygen species (Ronsein
et al., 2008), and Cu?* has been reported to promote oxidation (in a process
called metal-catalysed oxidation) by the formation of reactive oxygen species in

the presence of even trace amounts of molecular oxygen in a reaction similar to
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the Fenton reaction: Cu(ll) + O2 : & X Il) + O% (Dubinina et al., 2002; Valko et
al., 2005; Utrera and Estévez, 2012). This is probably also causing the ATP to
hydrolyse faster, hence the significantly higher ADP peak.

Figure 4.23 +HPLC chromatogram of Trp + ATP + CuSQO, at pH 5.5. (a) is at 50°C and
(b) is at 70°C. The solvent of each reaction and the identity of each peak is indicated in
the figure legend (MOM: modern ocean mix). The chromatograms are offset by 5% in
both the time and the absorbance axis.

Another possible cause of the failure to polymerise Trp is the nature of the amino
acid. Tryptophan is quite hydrophobic, therefore in a mostly aqueous
environment it might be more prone to stacking, interactions exacerbated by high
salt conditions. This means that positioning for polymerisation might have been
difficult.
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4.3 Discussion & Conclusions

The work in this Chapter ultimately shows that polymerisation certainly does not
occur readily in prebiotic aqueous solutions. As mentioned throughout this
Chapter, the challenges in access and functioning of the analytical instruments
used, especially the MS instruments, confer ambiguity to some of the results. If
the data were to be taken at face value, and therefore the pnteresting peaks fisted
in Table 4.2 and Table 4.3 were true and their absence in the DIMS analysis was
simply due to the LTQ instrument being too contaminated, then the fact that
nucleotide di- and trimers were observed with higher incidence than di- or tri-
peptides suggests that polynucleotides are slightly more favoured in aqueous
conditions. Additionally high pressure (100 bar) and relatively acidic pH seem to
favour nucleotide condensation LQ DFFRUGDQFH ZLWK /H &KDWHO
well as what has been proposed by others (Imai et al., 1999; Wu et al., 2011),
and, surprisingly, Mg?* seemed to work better when chelated by Glu than Asp in
the free amino acids experiments. The fact that adenylated amino acids were
also observed might be in support of the theory of a co-evolution of
polynucleotides and polypeptides. As mentioned earlier, this has been proposed
before, and the successful repetition of the work by (Griesser et al., 2017a;
2017b) in making peptido RNA supports the theory: nucleotides, either as
monomers or as di- or trimers, are needed for extension of a peptide chain.
Additionally, the experiment confirmed the formation of oligonucleotides (of
unknown quantity or length), indicated by the peak that the authors identified as
indicative of a phosphodiester bond (indicated by the orange bar, per Figure
4.12).

On the other hand, if the DIMS data were reliable and the pteresting peaks Yvere
the result of contaminations in the instrument (either in the tubing or in the
column, which again was not used exclusively by myself and therefore is hard to
constrain contaminations), then it would mean that polymerisation did not occur
under any of the biologically plausible conditions tested. In any case, the
successful repetitions of past work using condensing agents, either arguably not
congruent with life, such as imidazole in the case of the peptido RNA work by

(Griesser et al., 2017a; 2017b), or life-like and prebiotically plausible such as
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CcTMP in the case of the DKP formation demonstrated that the experimental
practices followed were appropriate for polypeptides and especially
polynucleotides, despite the ubiquitous presence of RNAse. Given the number of
uncertain/negative results, this kind of positive control is a valuable
demonstration of effective methodology (despite the problems with instruments).
It is also a useful experimental corroboration of some earlier findings in an era of

irreproducibility (Baker and Penny, 2016).

However, it is not by chance that condensation reactions in purely aqueous
conditions have rarely been observed: it may very well be that condensation
reactions are not facile in water without enzymes. This does not mean that efforts
should not be made: there has been successful work on the elongation of
polypeptides (as the amino groups of the amino acids in the polymer are inactive)
and oligonucleotides (Lohrmann and Orgel, 1979), suggesting it is easier than
condensing monomers. Therefore, studying how to form those first di- or trimers
is valuable in order to have a more systematic appreciation of otherwise separate
and singularly tested premetabolic reactions. This is another reason why
repeating experiments that showed polymerisation of glycine into DKP via cTMP
was important, especially since it requires not one, but two condensation

reactions.

Particularly disappointing was the failure to polymerise amino acids via SIPF. As
I mentioned earlier, this reaction mechanism is quite appropriate for OoL research
given the prebiotic relevance and the chemical feasibility. It is unclear exactly why
it did not work, though one possibility is that tryptophan and phenylalanine might
be too complex. Both amino acids have hydrophobic ring structures, therefore
they might stack in water, in which case the orientation of the amino and
carboxylate groups might not be conducive to peptide bond formation. Perhaps
this is another reason why they were introduced late to the code (Hartman and
Smith, 2014) +they require enzymes to orientate them correctly. In this sense
their obligate use in this project was unfortunate, but HPLC was the only
analytical technique available at the time, and the experiments were carried out

in the spirit of exploration.
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Ultimately, there are no doubts that this work needs extensive further exploration.
If more time was available and there was good access to instruments in full
working conditions, | would likely repeat most experiments. Firstly, the samples
would not be stored for relatively long periods of time. For the nucleotide
polymerisation experiments, as mentioned at the beginning of this chapter,
MALDI-ToF would be the most appropriate method for this analysis as it prevents
the sample from being fractionated, and therefore it would not compromise any
polymer. Any sample that gives positive results would be further analysed by
MS/MS and NMR for product confirmation: via MS/MS the product can be
identified through the pattern of fragmentation, comparing the results with the
literature and with software such as ChemDraw 20.1 (PerkinElmer), while H-
NMR can help identify that the new bonds indeed occurred in the right place, as

the environment around an atom influences the signal.

A wider panel of conditions would be tested, in a systematic process akin to the
work described in Chapter 3: pH values, temperatures, ionic strengths, and, most
importantly, metal ions. | believe there might be a metal ion that, due to its
physicochemical properties, might be key for catalysing this reaction. This is in
light of the results in Chapter 3, where Fe3* unexpectedly proved to be the metal
cation needed to promote ADP phosphorylation by AcP in aqueous solutions. In
the event of successful short polymer formation, an experiment testing the
condensation of dimers and trimers would be interesting, following what was said
above about their having been proposed to be easier to condense than the

monomers.

In addition to using the conserved polypeptide sequence in the RNAP (Asn-Ala-
Asp-Phe-Asp-Gly-Asp) for metal ion coordination, more short peptides could be
tested. The current consensus of the order that amino acids became incorporated

into biochemistry (Trifonov, 2000) is as follows:

Gly/Ala, VallAsp, Pro, Ser, Glu/Leu, Thr, Arg, Asn, Lys, GIn, lle, Cys, His, Phe,
Met, Tyr, Trp

This order has been calculated by studying a variety of properties of the amino

acids as well as the corresponding encoding codons. The first 9 amino acids of
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the sequence shown above are those that Miller was able to synthesise abiotically
in the 50 § Willer, 1953, 1957), while those in the RNAP active site are in bold.
As mentioned above, our group is currently working on a model that describes
the order in which elements of the code might have been synthesised starting
from CO: fixation using metabolism as a guide, and the amino acids encoded by
G at the first position of the codon (Gly, Ala, Val, Asp and Glu) have been found
to being the likely first to arise, which reflects for the most part the order presented
above (Harrison et al., 2022b).

As can be seen, while Gly, Ala, and Asp probably arose quite early, which can be
deduced from the simplicity of the molecular structure, Asn and Phe are likely to
have arisen later on. Additionally, of the 7 amino acids in the RNAP active site,
only the three aspartates are indispensable, as demonstrated by Sosunov et al.
(2005) (biochemical evidence suggests that the upstream asparagine might
contribute to the discrimination between ribo- and deoxy-NTPs (Svetlov et al.,

2004), but in this case that function is not needed).

The RNAP conserved sequence contains three hydrophobic (Ala, Phe and Gly)
and four hydrophilic (Asn and Asp) residues, of which aspartate is negatively
charged. The intercalating hydrophobic residues might help mechanistically with
exposing the three Asp residues so that they can interact with the Mg?* ions,
therefore it is conceivable that at the origin of life the sequence could have started
as three Asp residues intercalated by any hydrophobic simple amino acid
available, such as glycine, alanine, or valine. In light of this, it would be useful to
test an aspartate trimer as well as a sequence of three Asp intercalated by more

prebiotically plausible hydrophobic amino acids.

High salt conditions should also be tested as they could provide low water activity.
SIPF has been tested for the polymerisation of amino acids in this project, but
this could work for nucleotides as well, as high salt conditions have been
observed to promote oligomerisation (DeGuzman et al., 2014; Da Silva et al.,
2015). This could prove difficult as an appropriate desalting technique would need
to be developed, however, given that salty conditions are not ideal for MS

analysis, both because they could precipitate in the lines, causing damage to the
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instrument, and because a lot of adducts could form and thus render spectra
interpretation more difficult.

As for amino acid condensation using the SIPF mechanism, HPLC could still be
used as the main analytical method, as samples in salty conditions do not need
a complex desalting procedure that otherwise might disrupt the products of
interest. For this, however, a derivatisation would be needed to make non-UV
absorbing amino acids detectable. | have avoided derivatisation in an attempt at
minimising unwanted effects on the products of interest, as mentioned previously;
however, this might be indispensable in this case. Again, a panel of ions and a
range of salt concentration would need to be tested systematically. Moreover, for
the theory of co-evolution of nucleotides and peptides, in addition to searching
for either product in both sets of experiments detailed above, peptide
condensation using di-/trimers of nucleotides as a template for peptide formation
(similar to the experiments by Griesser et al. (2017a) but in the absence of a
condensing agent and at higher temperatures) would prove an interesting

experiment.

As can be seen, much is left to explore for prebiotic polymerisation following life

as a guide.

For the time being, this work is not going to be published due to the unreliability
of the results caused by the unfortunate circumstances, which meant that major
controls are also missing. However, the small number of samples that gave
tentatively positive results suggest contaminations may not be the only things at
play, as statistically they should have been detected in many more samples. Not
to mention that these results are based on a single repetition of the reactions,
and therefore while the positive results cannot be trusted, they cannot be
excluded either. In other words, this work is far from conclusive, but it arguably
favours an optimistic interpretation, providing a good foundation for future

exploration, as mentioned above.

Overall, this Chapter confirms that condensation reactions are much more facile

in the presence of condensing agents. Therefore, whether biology can be used
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as a guide (i.e. whether polymerisation can occur in water in the presence of ATP)

remains an open question.
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Chapter 5

Conclusions

This research has been an investigation into the transition from prebiotic to biotic
chemistry. There were three main aims for this project:

T To assess the mode of prebiotic ATP synthesis using acetyl phosphate
(AcP) as an energy-currency precursor capable of prebiotic
phosphorylation;

T To study what the optimal conditions of ATP formation could allow us to
infer about the potential environment for the OoL; and

T To evaluate whether, once the universal energy currency is made, it could

drive condensation reactions under similar simple prebiotic conditions.

In Chapter 3, | have shown that AcP, specifically in combination with Fe3*, will
phosphorylate ADP to ATP under agueous conditions at mildly acidic pH (Figure
3.23). This reaction is specific to adenosine nucleotides, as no other NDP could
be phosphorylated to the triphosphate in the same fashion (Figure 3.48),
suggesting that the significance of ATP is deeply conserved in its prebiotic
chemistry. The results are compatible with a wide range of possible aqueous
environments, including freshwater hydrothermal fields and hydrothermal vents.
Significantly, these results indicate that this apparently difficult reaction occurs at
relatively high yields in pure water rather than at higher ionic strength, and it
does not require dehydration or low water activity. This implies that the formation

of polyphosphates occurs readily in water, given the right catalyst.

This however cannot be said about nucleotide or peptide polymerization. The
work presented in Chapter 4 seems to show that the formation of short
polynucleotides (dimers and trimers, Tables 4.2 and 4.3) or adenylated amino
acids might be slightly more favourable than the formation of polypeptides under
aqueous conditions in the absence of condensing agents. However, as
mentioned in the Chapter, this work was badly hit by the COVID-19 pandemic

and poor maintenance of equipment during the lockdowns. Therefore, | was
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unable to unequivocally demonstrate the promising results. Successfully
replicating the work of others importantly established that the procedures
followed were appropriate for the products of interest (and thus any negative or
equivocal result was mainly due to the unfavourable circumstances). My findings
certainly confirm that the use of condensing agents renders polymerisation

reactions more facile in water than under more life-like conditions.

What do these results mean in the context of the origin of life research?

5.1 An autotrophic system

As | mentioned in Chapter 1, the origin of life is mainly split into two schools of
thought about which kind of metabolism arose first: heterotrophic or autotrophic.
The heterotrophic origin of life hypothesis assumes that life started in an
environment that included all the organic compounds needed to obtain energy.
Different areas on Earth would have supplied different organics, therefore this
hypothesis implies that the many reactions that produce metabolism-like
molecules would have occurred in different areas of the planet. These molecules
would then have been brought together by streams and rivulets (Patel et al.,
2015) and eventually combined into the first protocells, which later evolved into
life as we know it. While this idea does attempt to describe the way these
reactions came together to form a metabolic network similar to that in the LUCA,
it relies on constant supply from locations under whose specific conditions certain
molecules can be made. There is therefore a disconnect between this and the

moment metabolic molecules started to be formed in situ.

There is work on how to make metabolism-like molecules that uses compounds
that are not used by any organism alive today (in some cases explicitly toxic)
(Lane et al., 2010; Martin et al., 2014; Keller et al., 2017), and then there is work
that assumes the presence of molecules that hardly would have been present on
the early Earth. For instance, the RNA World hypothesis at first glance could
seem promising, as it is based on the observation that ribosomal RNA is universal

and extremely well-conserved (Woese, 1968; Fox, 2013), suggesting that the
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translational machinery must have been included in LUCA (Gesteland and Atkins,
1993; Woese, 1998; Harris et al., 2003; Charlebois and Doolittle, 2004; Vetsigian
et al., 2006; Fournier et al., 2010; Di Giulio, 2011; Williams et al., 2013; Hartman
and Smith, 2014; Bernier et al., 2018; Weiss et al., 2018; Camprubi et al., 2019;
Coleman et al., 2019; Fontecilla-Camps, 2021). RNA could have initially
catalysed its own synthesis, thus kick-starting life. The drawback comes when we
think about how difficult nucleotides are to make (as discussed in Chapter 1) and
that in some cases ATP is implied as the energy source, therefore how these

complex molecules arose in this hypothesis is an open question.

Based on using life as a guide, the autotrophy first hypothesis seeks convergence
with extant metabolism and therefore ignores all those chemical processes that
do not have any correspondence in life nowadays. This is why the idea supported
by the autotrophic origin of life hypothesis that life could have started from
ubiquitous simple molecules such as CO2 and Hz is quite appealing when looking

for a holistic vision of the OoL.

As mentioned in Chapter 1, our group has been developing a model to give
insights into how metabolic complexity built up from COz2 fixation (Nunes Palmeira
et al., 2022). | will be using this model (depicted in Figure 5.1) as a context for

interpreting my results.

An autotrophic origin, as | mentioned in Chapter 1, implies a complexifying
monomer system in an aqueous environment, and the growth of such systems is
theoretically driven by the continuous flow and reactivity of hydrothermal
systems. If life is assumed to have originated in a hydrothermal environment,
starting from CO2 and H2 this system would be able to make carboxylic acids
(most reverse Krebs cycle intermediates (Muchowska et al., 2017, 2019, 2020)),
from which, according to theoretical thermodynamics (Amend and McCollom,
2009), the synthesis of fatty acids and amino acids is most favoured. Fatty acids
would go straight to producing (and eventually feeding) protocells with bilayer
membranes, even under alkaline hydrothermal conditions (Jordan et al., 2019b),
and some amino acids would interact with Fe3* and S to make FeS clusters
(Jordan et al., 2021). These could catalyse CO:2 fixation, thus promoting more

amino acids or fatty acids synthesis.
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Figure 5.1 xDiagram of protocell models in a vent, with FeS clusters chelated by amino
acids (yellow squares with green circles) embedded in the membrane. FeS clusters
reduce CO; into two-carbon organics (Cz). Each protocell model shows a different
catalytic function of nucleotides. (a) shows the production of fatty acids (FA), amino
acids, half of which (AA;) feedback on carbon fixation, sugars (S) and energy (E). The
other models (b 1) show the catalytic function of nucleotides (N) produced from sugars
(S), energy (E) and the other half of amino acids (AA>). In (b) nucleotides catalyse carbon
fixation ( -3), in (c) nucleotides catalyse individual synthetic pathways ( - S whereiis an
element of FA, AA1, AA;, S, E) in addition to carbon fixation. In (d) nucleotides perform
autocatalysis ( - 5) in addition to carbon fixation. The solid arrows represent synthesis
reactions, while the dashed arrows represent catalysis (shown in red for the variant
models). Note that the energy currency E acts as a catalyst through phosphorylation and
is shown by a solid line. Figure from Nunes Palmeira et al. (2022)

That can be thought of as a form of rudimentary heredity that makes more
organics and will allow the system (or protocell) to grow faster, inheriting FeS
clusters chelated by cysteine sitting in the membrane driving CO: fixation (Figure
5.1a) (West et al., 2017; Nunes Palmeira et al., 2022).
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So far, however, this model lacks a very important part of metabolism that would
be key for a protocell to evolve: genetic inheritance. For that, nucleotides are
needed, and in order to synthesise nucleotides there need to be sugars and
amino acids to make the nucleobases, and an energy currency. Therefore,
instead of only two products (amino acids and fatty acids), the system has to
make four, which requires more energy and putrients {CO2 and Hz), and as a
result the protocell will in principle grow slower. In other words, the flux of this
model is diverted into multiple pathways which means that the flux down any one
pathway must diminish unless the total flux increases. For the system to warrant
the formation of nucleotides, these have to offer some sort of advantage, meaning
that they have to feed back into the network to catalyse more CO: fixation, thus

increasing the total flux (Figure 5.1b).

My results in Chapter 3 show that if AcP is available, the phosphorylation of ADP
into ATP will occur spontaneously, in other words the reaction is close to
equilibrium. Not only that, but the reaction appears to be rather specific, as | found
that the combination of Fe3* and AcP is unique: no other metal ions or
phosphorylating agents tested are as effective at phosphorylating ADP. Equally
striking, ADP also seems to be unique: the combination of AcP and Fe3* will
phosphorylate ADP but not GDP, CDP, UDP, TDP or IDP, nor free
pyrophosphate. These findings not only suggest that ATP became established
as the universal energy currency in a prebiotic, monomeric world on the basis of
its unusual chemistry in water, but they also highlight the plausible role of AcP as
the energy currency precursor to ATP at the origin of life. As mentioned in
Chapter 1, six steps in purine biosynthesis require ATP to drive condensation via
phosphorylation (Moffatt and Ashihara, 2002; Zhang et al., 2008). Before the
synthesis of ATP, a primordial energy currency had to do that job, and AcP is a
plausible candidate as it derives from prebiotic thioesters, which are products of
CO: fixation (Huber and Wachtershauser, 1997; Whicher et al., 2018; Kitadai et
al., 2021). Many of the other steps in intermediary metabolism appear to occur
spontaneously under the conditions described for this system (Keller et al., 2017;
Varma et al., 2018; Muchowska et al., 2020), so although purine synthesis has

not yet been demonstrated, the assumptions are not unreasonable.
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| discussed in Chapter 3 how in a protocell system the excretion of acetate as
waste from the protocell (as it happens in modern bacteria) could maintain a
disequilibrium between AcP and acetate, driving ADP phosphorylation. The
differential likelihood of ATP synthesis with pH and temperature observed can
explain how ATP then drives work in a prebiotic setting, as the acidic pH in the
vicinity of membranes would tend to favour ATP synthesis, whereas the more
alkaline conditions in the cytosol would tend to favour hydrolysis and therefore
phosphorylation more generally. As can be seen, this prebiotic chemistry
foreshadows metabolic biochemistry in an unexpectedly precise way, with the
exception of Fe®*, which, as mentioned in Chapter 1, has no clear link with
biology, unlike AcP or ATP itself.

The uniqueness of Fe3* among the metals tested at catalysing this reaction is
significant. Firstly, as noted previously, iron has been studied a lot lately in
relation to prebiotic chemistry (Camprubi et al., 2017; Russell, 2018; Varma et
al., 2018; Barge et al., 2019; Muchowska et al., 2019), yet except for studies on
FeS clusters, which necessarily need Fe3* (Poehlein et al., 2012; Buckel and
Thauer, 2013; Wagner et al., 2016; Camprubi et al., 2017), the trivalent ion has
not been explored much. Part of the reason is that Fe** is formed by oxidation,
and so it is difficult to conceive its presence under the anoxic conditions of the
Hadean ocean. However, there are many processes that could have formed Fe3*
on the early Earth. Most geologists have long taken the Hadean ocean to be
ferruginous (Poulton and Canfield, 2011) on the basis of large banded-iron
formations taken to be precipitated through the oxidation of ferrous iron dissolved
in the oceans. Assuming ferruginous oceans, a variety of processes could have
oxidised the Fe?* to nanoparticulate ferric iron: photochemical reactions (Kim et
al., 2013), oxidation via NO emissions generated by volcanic activity (Ducluzeau
et al., 2009), meteorite impacts or lightning. Nitrate or nitrite (formed following the
water-dependent hydrogenation of NO (Summers and Khare, 2007; Ducluzeau
et al., 2009)) would dissolve in the ocean and react with Fe?* to form Fe?*, which
would then end up as ferric hydroxides or oxides, depositing the bottom of the
ocean to form banded iron formations (BIFs). Tosca et al. (2019), on the other
hand, say that the early Earth ocean could not have been ferruginous due to poor

solubility of Fe?* in the Hadean ocean, and BIFs instead formed from Fe?*
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emanating from hydrothermal systems and settling in their vicinity, getting
oxidised. This in situ oxidation at AHVs is supported by thermodynamic studies
that indicate that it can happen at temperatures above 70 °C. AHVs being a
dynamic environment, the movements of fluids within the vents could have
provided continuous cycling between Fe?* and Fe3* (Shibuya et al., 2016), and
conceivably some would have formed hydrous ferric chlorides or ferric sulphates,

as noted in the Discussion of Chapter 3 (p.143).

The observation that it is an ion dissolved in water that catalyses this chemistry
is interesting. As | mentioned previously, mineral surfaces have long been
thought as the original catalysts, yet my experiments show that no surface tested
promoted ADP phosphorylation. Mineral surfaces are usually thought to aid
reactions by positioning molecules in the right orientation, however my results
suggest that high charge density, as mentioned in Chapter 3, might instead have
played that role.

Additionally, the Fe3* ion is singularly needed for the interactions proposed for
the reaction mechanisms to occur (Figure 3.53). In a protocell system such as
the one described in Figure 5.1, Fe®* free ions could directly be provided by
release from FeS clusters. This provides further convergence with life, where

metal ion catalysts in protometabolism later became incorporated into enzymes.

In any case, in light of what has been discussed so far, nucleotides could be
formed relatively easily given the right elements are available, which they could
be in specific hydrothermal environments. Therefore, going back the model by
Nunes Palmeira et al. (2021), if nucleotides are assumed to be made
spontaneously in the system, and these feed back into COz: fixation, then the
throughput of the whole system increases, resulting in faster growth, which is of
course evolutionarily favourable and thus theoretically could select for the
synthesis of nucleotides before the emergence of a genetic code or an RNA

world.

The question then is: can nucleotides polymerise under these conditions? If
nucleotide synthesis is favoured by autocatalytic feedbacks at the network level,

then they will conceivably accumulate, until they get above a threshold
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concentration that could cause them to spontaneously polymerise. This should
be possible because the protocell system contains a variety of potential catalysts
tsurfaces (such as the surface of the membrane), ions (which can be more easily
incorporated in protocells than minerals), and amino acids to chelate them. Life
clearly managed to do that at some point in its evolution; however it has so far
been difficult to model (West et al., 2017; Nunes Palmeira et al., 2022). This is
due to the fact that such a system favours growth and division and therefore the
more nucleotides are made, the faster the protocell will grow due to their feeding
back into the network (Figure 5.1d), be it for catalysing COz2 fixation or their own
synthesis (which is good from the standpoint of purine synthesis, as it needs a lot
of ATP (Moffatt and Ashihara, 2002; Zhang et al., 2008)). The only way there
would be accumulation is if too much of the nucleotides feeds back into making
themselves, but in that case the protocell growth will slow down because not
enough nucleotides are going back to catalysing COz2 fixation. This suggests that

accumulation might not be the key process for polymerisation.

The work presented in Chapter 4 centred on providing an answer to this question,
and it certainly confirmed that polymerisation reactions are difficult in water. As
mentioned above, | have confirmed earlier work that implies they can occur but
not as yet in a biological fashion. However, my work under aqueous conditions at
least hints at the possibility that short polynucleotides can form. Higher pressure
and relatively low pH seem to favour the reaction, which is compatible with
protometabolism originating in a hydrothermal system.

These results undoubtedly need confirmation and further exploration, which
unfortunately was not possible in this project given the time constraints and
access to suitable instruments. Nevertheless, what can be inferred from these
preliminary results? At face value, they suggest that short polynucleotides might
have arisen earlier than polypeptides, and therefore peptide synthesis might take
place on an RNA template. This would support the idea of a co-evolution of RNA
and peptides supported by many (Fox et al., 1974; Griesser, 2017a; Runnels,
2018), and indeed the practical experiment seems to be essentially the same, as
noted previously: ATP, amino acids and ions are needed for both nucleotide and

peptide polymerization. Support can also be found by looking at the genetic code.
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The code within the codons implies biophysical interactions between anticodons
and amino acids. This in turn suggests some kind of templating whereby if short
RNAs come first then they could specify the sequence of peptides through

biophysical interactions.

Again, there are no doubts that the work on polymerisation presented has
suffered from many drawbacks, and there are indeed many experiments that
would probably have benefited the investigation, as detailed in the Discussion of
Chapter 4. There is a definite need of repetition for the results to be significant,
as well as a more systematic exploration of conditions. In particular, future work
should focus on finding prebiotic catalysts that might facilitate polymerisation in
aqueous solutions similarly to Fe3* for ATP synthesis. Despite the equivocal
results, the work presents a promising lead for future work that might prove this

possible.

Ultimately, if in a protocell (i) nucleotide synthesis can happen spontaneously, (ii)
polymerisation is catalysed by a simple catalyst, and (iii), as polynucleotides are
made, peptide polymerisation is promoted, the scenario starts to look like a

system that conceivably could give rise to some sort of genetic heredity.

5.2 Final remarks

In summary, the work presented provides support to the origin of life in an
agueous environment, and this does not necessarily mean the ocean. One of the
most significant outcomes of this thesis is that reactions that usually require
enzymes such as that to make the universal energy currency ATP can occur in
water zgels, surfaces and high ionic strength are unexpectedly not needed, and
in some cases even hinder the reaction. On the other hand, polymerisation did

not prove as effective in water.

Water itself is a major mystery. Despite difficulties with non-enzymatic reactions,
water should not be seen as an issue for biology or biochemistry, but rather as a

little-understood scaffold for chemistry. The structure of water in hydrothermal
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environments and in cells, along with its relationship with surfaces and ions, is
poorly understood, however my results show that some reactions that have been
too easily dismissed aV ULPSRVVLEOHY FDQ LQGHHG RFFXU |

appropriate conditions are explored. This thesis makes a start in this direction.

,Q KLV ERRN 37KH )RXUWK BKDR/GIGREROMGIU/LTXLG DQ
Gerald Pollack (2013) suggests that the complexity of water could be summarised
in the idea of a fourth phase in between solid and liquid: a more ordered,
structured water. This could explain the strong surface tension, or the lipid-water
interface on membrane surfaces. In particular, in the presence of hydrophilic
surfaces water molecules will assemble into layers and will spontaneously create
two oppositely charged areas (Pollack, 2013). This is undoubtedly significant
when thinking about reactions that occur in water: what kind of behaviour does
water have around metal ions, RNA molecules, infaround protocells? Is it this
peculiar property of water that makes it the solvent for life? This is a fascinating

and important idea to explore, and certainly a bigger question for the future.
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Supplementary information

Sl Table 1 +Nucleotide polymerisation reactions catalysed by free amino acids. Yellow
table: reactions with ATP; green table: reactions with GTP. The NMP column indicates
whether the corresponding nucleoside monophosphate (AMP or GMP) was included (Y)
or not (N) in the reaction. The pH values in italics were the default values of uncontrolled
reactions.

Base Catalyst | NMP | T (°C) pH Pressure Positive result
1bar
~4.5
100bar
1bar
55
100bar
50
1bar
7
100bar
1bar
9
100bar
Y
1bar
~4.5
100bar
1bar
55
100bar
70
1bar
7
100bar
& 1bar
o) 9
a = 100bar
= +
< o 1bar
0 ~4.5
< 100bar
1bar
55
100bar
50
1bar
7
100bar
1bar
9
100bar
N
1bar
~4.5
100bar
1bar
55
100bar
70
1bar
7
100bar
1bar
9
OObar
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1bar
~45
100bar
1bar
5.5
100bar
50
1bar
7
100bar
1bar
9
100bar
1bar
~45
100bar
1bar
5.5
100bar
70
1bar
7
100bar
& 1bar
c 9
= 100bar
;_ 1bar
0 ~4
< 100bar
1bar
55
100bar
50
. 1bar
100bar
1bar
9
100bar
4 1bar
100bar Diadenylic acid
1bar
55
100bar
70
1bar
7
100bar
1bar
9
100bar
1bar
~4
100bar
1bar
& 5.5
(] 100bar
L 50
+ 1bar
73 7 b
< 100bar
1bar
9
100bar
70 ~4 1bar
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100bar
1bar
5.5
100bar
1bar
7
100bar
9 lbar Triadenylic acid
100bar
1bar
~35
100bar
1bar
5.5
100bar
50
1bar
7
100bar
1bar
9
100bar
1bar
~35
100bar
1bar
55
100bar
70
1bar
7
100bar
9 1bar
100bar Triadenylic acid
1bar
~5
100bar
1bar
55
100bar
50
1bar
7
100bar
1bar
) 9
= 100bar
S
5 -5 1bar
+ 100bar
o) 1bar
< 5.5
100bar
70
1bar
7
100bar
1bar
9
100bar
1bar
50 ~5
100bar
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55

1bar

100bar

1bar

100bar

1bar

100bar

70

1bar

100bar

55

1bar

100bar

1bar

100bar

1bar

100bar

Glu + Mg?*

50

1bar

100bar

1bar

100bar

Diadenylic acid

1bar

100bar

1bar

100bar

70

1bar

100bar

55

1bar

100bar

1bar

100bar

1bar

100bar

50

1bar

100bar

55

1bar

100bar

1bar

100bar

1bar

100bar

70

1bar

100bar

5.5

1bar
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100bar

1bar

100bar

1bar

100bar

Base

Catalyst

NMP

T(°C)

pH

Pressure

Positive result

GTP

Asp + Mg?*

50

1bar

100bar

5.5

1bar

100bar

1bar

100bar

1bar

100bar

70

1bar

100bar

5.5

1bar

100bar

1bar

100bar

1bar

100bar

50

1bar

100bar

55

1bar

100bar

1bar

100bar

1bar

100bar

70

1bar

100bar

5.5

1bar

100bar

1bar

100bar

1bar

100bar
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Asp + Mn?*

50

1bar

100bar

55

1bar

100bar

1bar

100bar

1bar

100bar

70

1bar

100bar

55

1bar

100bar

1bar

100bar

1bar

100bar

50

1bar

100bar

55

1bar

100bar

1bar

100bar

1bar

100bar

70

1bar

100bar

Diguanylic acid

55

1bar

100bar

1bar

100bar

1bar

100bar

Asp + Fe®*

50

~4.5

1bar

100bar

55

1bar

100bar

1bar

100bar

1bar

100bar
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1bar
~4.5
100bar
1bar
5.5
100bar
70
1bar
7
100bar
1bar
9
100bar
1bar
~4
100bar
1bar
5.5
100bar
50
1bar
7
100bar
1bar
9
100bar
1bar
~4
100bar
1bar
55
100bar
70
1bar
7
100bar
1bar
9
100bar
1bar
~75
100bar
1bar
55
100bar
50
- 1bar
100bar Triguanylic acid
3 1bar
S 9
5 100bar
+ 1bar
2 ~7
< 100bar
1bar
55
100bar
70
1bar
7
100bar
1bar
9
100bar
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1bar
~75
100bar
55 lbar Diguanylic acid
' 100bar
50
1bar
7
100bar
1bar
9
100bar
1bar
~7
100bar
1bar
5.5
100bar
70
1bar
7
100bar
1bar
9
100bar
5 1bar
100bar Triguanylic acid
1bar
55
100bar
50
1bar
7
100bar
1bar
9
100bar
1bar
~6
100bar
& 1bar
e)) 55
> 100bar
+ 70
= 7 1bar
© 100bar
9 1bar
100bar Triguanylic acid
1bar
~6
100bar
1bar
55
100bar
50
1bar
7
100bar
1bar
9
100bar
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5 1bar
100bar
1bar

55
100bar
70
1bar

7
100bar
1bar

9
100bar

S| Table 2 =* Nucleotide polymerisation reactions catalysed by a polypeptide. The
polypeptide is NADFDGD, as per Section x of Chapter 4 (p.). Yellow table: reactions with
ATP; green table: reactions with GTP. The NMP column indicates whether the
corresponding nucleoside monophosphate (AMP or GMP) was included (Y) or not (N) in
the reaction. The pH values in italics were the default values of uncontrolled reactions.

Base | NMP | T(°C) pH Pressure Positive result
lbar
=35 Moobar
lbar
55 100bar
50
7 lbar
100bar
9 lbar
100bar
Y lbar
=35 Moobar
lbar
5.5 Aspartyl adenylate / aspartyl
70 100bar acylated AMP
7 lbar
100bar
o lbar
|<7: 9 100bar
lbar
=35 Moobar
1bar Aspartyl adenylate / aspartyl
5.5 acylated AMP
50 100bar
7 lbar
100bar
N 9 lbar
100bar
~35 lbar
' 100bar Diadenylic acid
lbar
70 55 100bar Diadenylic acid
7 lbar
100bar
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9 1bar
100bar
—45 lbar
' 100bar Triguanylic acid
1bar
55 100bar
50
7 1bar
100bar
9 1bar
100bar
1bar
~4.5 100bar
1bar
55 100bar
70
7 1bar
100bar
9 1bar
& 100bar
@] 45 1bar
' 100bar
1bar
55 100bar
50
7 1bar
100bar
9 1bar
100bar
1bar
=45 "100bar
1bar
55 100bar
70
7 1bar
100bar
9 1bar
100bar
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