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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. I 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. I show that it is 

possible to form moderate yields of ATP in a variety of aqueous 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. I 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, I 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 

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 19th century, when Louis 

Pasteur discovered that microorganisms (then called ‘small 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 

affect life’s own origin and evolution? How did life as we know it come to be? 

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). 

The HRD was first designed in 

1911 to show the relationship 

between the absolute 

magnitude of stars, their 

luminosity relative to the Sun, 

temperature, and spectral 

class (Hertzsprung, 1913). G-

type main-sequence stars are 

characterised by a mass of 

around 0.84–1.15 solar 

masses (solar mass = 2 x 1030 

kg) and a surface temperature 

of 5,300–6,000 K (Habets and 

Heintze, 1981). 

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 

Figure 1.1 – Hertzsprung-Russell Diagram. The 
diagram was first designed to show the relationship 
between the absolute magnitude of the stars, their 
luminosity relative to the Sun, temperature, and 
spectral class. The colours of the spectral classes 
are due to the temperature of the stars that belong in 
each (Pinna, 2016). 
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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 CO2 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’ of 

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 

CO2 levels (Tajika and Matsui, 1992), leading to higher temperatures on the 

surface (Arndt and Nisbet, 2012). 

Many studies indicate that the high CO2 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 ‘Blue 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 H2O 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 

(NH3), 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 I 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 H2O, CO2,and N2, with small 

amounts of CO and H2 (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, NO3
–, 

and NH3, 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 S2– and SO3
2–, as there is evidence of significant levels of SO4

2– only 

after the Great Oxidation Event at 2.4 Ga (Habicht et al., 2002)). Oxygen would 

have been mainly available as H2O, 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 (Ca10(PO4)6(OH,F,Cl)2) and vivianite (Fe2+Fe2+
2(PO4)2·8H2O) (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
3−) could have been reduced by Fe2+ (Herschy 

et al. 2018) or processes such as serpentinization (Pasek et al., 2013) to 
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phosphite (HPO3
2−), 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 planets 

I now want to share a few thoughts on other celestial bodies, as I 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, Kepler’s goal was to detect planets that 

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 I 

planets are analogues of Earth, and they have a chance of complex life forms to 

evolve; class II planets may have enjoyed Earth-like conditions in the past, such 

as surface H2O, but no longer do (e.g. Mars); class III 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. In this context, Saturn’s satellite Enceladus is one 

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 CO2, 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 

was discovered in the late 1970’s near the Galápagos Islands along the East 

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 1–2) 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 

proposed by Russell and colleagues in the 1980’s (Russell and Hall, 1988; 

Russell et al., 1989): also located at the bottom of the ocean, these vents produce 

H2-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 ‘Lost City’ hydrothermal 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 CO2, 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 

a b 
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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 H2, at relatively low temperatures (< 

300°C) (Holm and Neubeck, 2009): 

2Mg1.8Fe0.2SiO4 + 3H2O → Mg2.85Fe0.15Si2O5 + (Fe3O4 + 9Mg(OH)2 + H2 + 2H2O) 

 

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 50–90°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 Earth’s mantle to the more oxidised ocean and atmosphere. 

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). 

           olivine          serpentinite         magnetite     brucite 
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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 ‘building blocks’ were 

exhausted. This means that early protocells had to ‘invent’ biochemistry. 

This hypothesis was introduced in the early 20th 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 NH3 

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 the ‘Prebiotic Soup’, what Charles 

Darwin once described in a private letter (University of Cambridge, 2021) as a 

‘warm little pond’ where 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 

using them as substrates have proved successful. For instance, In the 1950’s 

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, Oró (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’ with 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 ‘consumed’ but 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 ‘chemistries’ would 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 (Schönheit 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’) such 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 

aqueous environments as it requires the formation of a water molecule per 

monomer (in fact, it is also known as ‘condensation’, Figure 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 

question. 

 

 

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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Woese in the 1970’s. He observed that ribosomal RNA is universal and extremely 

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; Camprubí 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 – in other words, RNA “invented” metabolism. 

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; 

Camprubí et al., 2019; Fontecilla-Camps, 2021). Additionally, there is an issue 

with how selection switched from favouring replication speed, and thus shorter 

RNA polymers, as shown by Spiegelman’s ‘monster’ (Spiegelman et al., 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 H2 and CO2 (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 CO2 into 

biomass. Dating as far back as the early 1910’s (Leduc, 1911), this hypothesis is 

described as a ‘top-down’ approach 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 

CO2 by H2, however, has a steep energetic barrier to break in order to form 

organic molecules such as formaldehyde (CH2O), 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). 

 

Figure 1.5 – Calculated 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). 
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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 H2 

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 H2 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 I 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 can be summarized by the principle of Occam’s razor: “when 

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

one”. If protometabolism was close to modern biochemistry, then it would have 

had to go through little evolution. 

 

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’ of 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 

catalysts first came into existence. His “only reasonable answer” is that they were 

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 CO2 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: CO2 + 4H2 → 𝐂𝐇𝟒 + 2H2O                    (∆𝐺0 = −131 kJ ∙ mol−1) 

Acetogens:            2CO2 + 4H2 → 𝐂𝐇𝟑𝐂𝐎𝐎𝐇 + 2H2O     (∆𝐺0 = −104 kJ ∙ mol−1) 

 

The reaction itself provides the energy needed to make their waste product, and 

they accomplish this through CO2 fixation via the acetyl-coenzyme A (CoA) 

pathway (also known as the Wood–Ljungdahl 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 CO2 by converting acetyl-CoA to acetate 

via acetyl phosphate (Fuchs, 2011). 

 

Figure 1.7 – The acetyl-CoA (Wood-Ljungdahl) pathway. The colours represent the 
differences in the methyl synthesis pathway between acetogens and methanogens. CO2 
is ultimately converted into acetyl-CoA (CH3COSCoA). Abbreviations: MFR, 
methanofuran; H4PT, tretrahydropterin; Fd, ferredoxin. Figure amended from Fuchs 
(2011). 

 

methane 

acetate 
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In this pathway, CO2 is reduced to CO and formic acid (CH2O2), 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 in the 1980’s by Wächtershäuser 

(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, Wächtershäuser 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 (Wächtershäuser, 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 

CO2, 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 CO2 and H2 via the 

reverse Krebs cycle, however they proposed another type of hydrothermal vent 

in contrast to Wächtershäuser’s black smokers: alkaline hydrothermal vents 

(AHVs) (Russell and Hall, 1988; Russell et al., 1989). They proposed a different 

surface catalysis compared to Wächtershäuser, with iron-sulphur minerals 

precipitating as porous structures in a mildly acidic, CO2-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, H2-rich, alkaline water comes in contact with 

cooler, CO2-rich, more acidic water. These porous environments are 
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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 

autotrophic cells. Confirming Russell’s theory (Russell and Hall, 1988; Russell et 

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 H2 

500 µm  

Figure 1.8 – Porous structure of an alkaline 
hydrothermal vent peak from the Lost City 
hydrothermal field. (Figure amended from Kelley 
et al. (2007) and Nussenzveig (2015). 
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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 CO2 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 (Möller 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). 

 

Figure 1.9 – Reduction potentials of H2 and CO2 at different pH. (a): At the same pH, the 
transfer of electrons from H2 to CO2 is unfavourable because the reduction potential for 
CO2 is more negative. (b): When H2 is at a higher pH than CO2, the reduction potential 
is more negative for H2 than CO2, allowing the transfer of electrons from H2 to CO2. 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 (Fe3S4)) 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). 

 

Figure 1.10 – Structural 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 H2 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 H2 in the 

alkaline fluids inside the inorganic pore to the CO2 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. 

 

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 H2 
to reduce the CO2 on the other side of the barrier. (a) Electrons (e–) cross the barrier 
from the H2-rich alkaline solution to the CO2-rich acidic ocean water. (b) Protocells later 
forming on the acidic side of the barrier assuming continuity of CO2 reduction with (a). 
The triangle represents Fe(Ni)S clusters embedded in the protocell membrane (not 
topologically equivalent to modern CO2 reduction mechanism). (c) Protons (H+) crossing 
the barrier from the CO2-rich acidic ocean water to the H2-rich alkaline solution. (d) 
Protocells later forming on the alkaline side of the barrier assuming continuity of CO2 
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 CO2 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 

the OoL and modern cells which, as de Duve and the principle of Occam’s razor 

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 CO2 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 it is 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). 

 

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 CO2 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 ‘energy currency’ of life because it is 

universally used to store energy in its phosphate bonds: 

ADP + Pi + energy ↔ ATP + H2O 

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 H2O (Pinna, 

2017). 
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However, the molecular 

structure of ATP is complex 

enough that it begs the 

question of how it came to be 

formed for the first time. ATP 

is a nucleotide composed of a 

pentose sugar (ribose) with a 

molecule of adenine attached 

to its 1′ carbon (making the 

nucleoside adenosine) and 

three phosphate groups in series attached to its 5′ carbon (Figure 

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 H2O. 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 

ribose 

adenine 
phosphate groups 

Figure 1.13 – Molecular structure of ATP. 
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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 ~1010 (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. It is 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. I 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) 

(Camprubí et al., 2022). 

There have been recent efforts by our lab to direct the formose reaction towards 

making ribose via phosphorylation (Camprubí 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’ more 

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. 

 

 

Figure 1.15 – Calcium precipitation upon addition of AcP/Pi to the formose reaction. (a): 
Formose reaction after 5 hours, left to cool. When AcP was added, the reaction never 
progressed to the ‘yellowing point’. (b): Addition of AcP or orthophosphate to the Ca-
catalysed formose reaction caused significant precipitation. The likely dominant 
precipitate hydroxyapatite (Ca10(PO4)6(OH)2, HAp) is shown for reference. Figure from 
Camprubí et al. (2022). 

+AcP Control 
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a 
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Figure 1.16 – Effect 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 Camprubí et al. (2022), data provided by Dr. Eloi Camprubí-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 (Oró, 

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.  

I 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 

during the Wood–Ljungdahl pathway via the 

phosphorolysis of acetyl-CoA. Although its 

discovery dates back to the 1860’s, the German 

biochemist Fritz Albert Lipmann (1954) defined the 

link between AcP and acetyl-CoA in the 1940’s. His 

work led to the discovery of the coenzyme A, for which he was awarded the Nobel 

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 ‘energy-rich’ intermediate, 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 (Schönheit et al., 2016): 

acetyl-CoA + Pi ↔ acetyl phosphate + CoA 

acetyl phosphate + ADP ↔ acetate + ATP 

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 

−43 kJ/mol compared to ATP’s −31 kJ/mol) makes it a very proficient 

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. 

Figure 1.17 – Molecular 
structure of acetyl phosphate 
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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 Wächtershäuser, 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. 

 

Figure 1.18 – (a) Comparison of 31P-NMR spectra of the phosphorylation of ADP by AcP 
(black), commercial ATP (green), commercial ADP (red), commercial AMP (blue), and 
commercial AcP (grey). (b) 31P-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 I 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. 

 



 

60 
 

The work presented in this thesis led to the following papers: 

• Whicher A, Camprubí E, Pinna S, Herschy B, Lane N. (2018). “Acetyl 

phosphate as a primordial energy currency at the origin of life.” Origin of 

Life & Evolution of Biospheres 48(2): 159-179. 

• Pinna S, Kunz C, Harrison SA, Jordan SF, Ward J, Werner F, Lane N. 

(2021) “A prebiotic basis for ATP as the universal energy currency.” Under 

review at PLoS Biology. (Preprint available on bioRxiv). 

• Camprubí E, Harrison SA, Jordan SF, Bonnel J, Pinna S, Lane N. (2022) 

“Do soluble phosphates direct the formose reaction towards pentose 

sugars?” Astrobiology 22(8) [in press]. 

• Harrison SA, Harries T, Pinna S, Lane N. “Prebiotically plausible, non-

enzymatic synthesis of the pyrimidine nucleobase uracil” Manuscript in 

preparation. 

  



 

61 
 

Chapter 2 : Materials & Methods 

Materials & Methods 

2.1 Materials 

All salts were purchased from Sigma-Aldrich, except for copper nitrate 

hemipentahydrate (Cu(NO3)2·2.5H2O), copper sulphate pentahydrate 

(CuSO4·5H2O) and manganese nitrate hexahydrate (Mn(NO3)2·6H2O, 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 used were analytical grade (≥ 97%). 

 

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 HCl (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 µM 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 –80 °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)2), 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-nucleotides (sodium salts, ≥96%, Sigma-Aldrich), 

phosphorylating agents and metal catalyst were freshly prepared so as to avoid 

freeze-thawing (5–10 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(Fe3+):2(ADP). When needed, the pH was 

adjusted using aqueous HCl 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 

otherwise specified, immediately frozen at −80 °C for next-day analysis. Extra 

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 N2 gas (95% N2 + 5% H2, BOC) 

was used to prepare all solutions. Stock solutions of 10 mM Na2S, 10 mM FeCl3, 

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 FeCl3 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 HCl 

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 µm 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 µL 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 

µL, 100 µM) was mixed to the sample solution (5 µL) on a heated glass slide, 

which was then covered with a heated coverslip. Images were captured using a 

×63 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 collected and frozen at −80 °C. Prior to freezing, a portion of the 
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aqueous phase was quickly tested for the residual presence of lipids by 

suspending 50 µL of sample in 950 µL 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% N2 + 5% H2, 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 

µL of glacial acetic acid to 7.6 mL of H2O, and a sodium silicate solution, made 

by diluting 1.25, 2.5 and 3.75 mL of sodium silicate (≤ 27% SiO2 and ≤ 10% 

NaOH, Sigma-Aldrich) to 8 mL with H2O (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 

quantification 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 µL in 800 µL of EDTA solution (500 µL in 100 mM KxHxPO4 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 μm PTFE 

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 µm particle size) for pH 2-8 and Poroshell HPH-C18 (4.6 x 

150 mm, 4 µm 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 µm, 

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 with 0.2 μm nylon membrane filters (GNWP04700, 

0.2 μm pore size, Merck Millipore Ltd.), while mobile phase B consisted of 100% 

methanol (MeOH). The injection volume was 1 μL, with a flow rate of 1 mL/min, 

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 µm), 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 HCl and 

filtered with 0.2 μm nylon membrane filters (GNWP04700, 0.2 μm pore size, 

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, I and U nucleotides experiments. 

Mobile phase A 10 mM KH2PO4 + 10 mM TBAH in HPLC-grade water 

Mobile phase B 100% HPLC-grade MeOH 

Gradient 
5% B → 50% B (up during 25 min) → 50% B (for 2 min) → 95% 
B (up during 6 sec) → 95% B (for 3 min) → 5% B (down during 
6 sec) → 5% B (for 2 min) 

Flow rate 1.5 mL/min 

Injection volume 1 µL 
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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 Initial: 5% B → 95% B (up 
during 15 min) → 95% B 
(for 5 min) → 5% B (down 
during 10 min) 

Initial: 5% B (for 17 min) → 
95% B (up during 18 min) 
→ 95% B (for 17 min) → 
60% B (down during 6 min) 
→ 60% B (for 17 min) 

Flow rate 1 mL/min 1 mL/min 
Injection volume 1 µL 1 µL 

 

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 0 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 µM and immediately analysed with 

the appropriate HPLC method (either using the C18 or the HPH column, as 

described above), using 250 µM AMP as external standard. 
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Figure 2.2 – Calibration 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 
5, 25, 50, 100, 150, 200 and 250 µM; λ = 260 nm; N = 3 ± SD. Limit of quantification = 1 
µM. 
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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 

Scientific’s Hypersep 500 mg/2.8 mL C18-Hypersil. A vacuum 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). 

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

3. 1mL of experimental sample passed through the matrix (to waste). 

4. Analytes-containing matrix washed with 1 mL of HPLC water (to waste). 

5. 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(SO4)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 µM EDTA (ethylenediaminetetraacetic acid) in 100 

mM phosphate buffer (KxHxPO4) 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). 

 

Figure 2.3 – HPLC-UV chromatogram of a mix of commercial AMP, ADP, ATP standards 
and Fe3+ chelated by EDTA. λ = 260 nm. 

 

 

Figure 2.4 – Test of 100 µM ATP in water (a) and in KxHxPO4 (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 (31P–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 (D2O) and dispensed in an NMR tube (Norell Standard 

Series 5 mm Precision NMR Sampling Tubes) for analysis (1H decoupling, Bruker 

Avance 400 MHz, 52 scans). Alternatively, a D2O-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 31P-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 H2O, 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 Ionisation Mass Spectrometry (ESI MS) 

Electrospray Ionisation 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:H2O), loaded into a 0.5 mL 

glass syringe (Gastight Syringe Model 1750 RN, Hamilton) and directly infused 

into the mass spectrometer (Finnigan LTQ Linear Ion Trap mass spectrometer) 

at a flow rate of 10 μL/min. To avoid contaminations, the syringe and line were 

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/Ionisation – 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 µL of MeCN solution was aspirated and 

discarded three times. The three rinses were repeated with 10 µL of the TEAA 

solution. A volume of 10 µL 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 µL of water was aspirated and discarded, followed by 10 µL of 

the TEAA solution and once again 10 µL of water. A volume of 4 µL 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. 

A volume of 2 μL of matrix solution was mixed with 2 μL of sample, deposited 

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 

initially dissolved in 100 μL water, divided in aliquots and frozen at −80 °C. A fresh 

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 HCl (1 or 3 M), unless otherwise 

specified. 

a 

b 
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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 = 0h) 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:H2O 25 mM ammonium 

formate), and stored at 4 °C until the day of analysis. No sample was stored at 

−80 °C for these experiments to avoid any polymerisation 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 NaCl, 50 mM MgCl2 and 10 mM CaCl2). 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.a NMR 

As in Section 2.2.2, a volume of 0.9 mL of sample was added to 0.1 mL of 

deuterated water (D2O) to provide the lock signal, and the mixture was dispensed 

in an NMR tube (Norell Standard Series 5mm Precision NMR Sampling Tubes) 

for analysis (1H 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:H2O) 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 H2O, 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 μL of the sample were injected on a 

C4 column (2.1 mm x 150 mm, 1.9 μM pore size, Thermo 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 µL in 800 µL 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 

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 

Cäcilia Kunz under my supervision. 

 

3.1 Introduction 

ATP is casually referred to as the ‘universal energy currency’ of life. Why it gained 

this ascendency in metabolism, in place of many possible equivalents, is an 

abiding mystery in biology. There is nothing particularly special about the ‘high-

energy’ phosphoanhydride or phosphoester bonds in ATP. Rather, its ability to 

drive phosphorylation or condensation reactions reflects the extraordinary 

disequilibrium between ATP and ADP – about 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 Söll, 2000; do 

Nascimento Vieira et al., 2020). The hydrolysis of PPi renders these steps 

exothermic, if not practically irreversible (Herdewijn and Marlière, 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, possibly even in a ‘monomer world’, before these 

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 nanomotor 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; Schönheit 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 (Schönheit 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; Schönheit 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 aqueous 

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; 

Schönheit 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. I 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 µm), 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 KH2PO4 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. 

 

Figure 3.1 – HPLC-UV chromatogram of a mix of commercial AMP, ADP, and ATP. λ = 

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. 

 

Figure 3.2 – Recovery test for ATP (a) and ADP (b) at – 80 °C. The red mark represents 
the analysis of a fresh standard (initial nucleotide concentration, N0, was 100 µM), which 
was then frozen at –80 °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. 

 

Figure 3.3 – Recovery 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). 

 

Figure 3.4 – HPLC chromatogram of ADP (250 µM). As can be seen, the peak was 
starting to “front” (red arrows), a sign of bad chromatography. Chromatogram cut for 
clarity, the full length of the x axis is 32 min. λ = 254 nm. 
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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 PO4 buffer (pH 5.8), mobile phase B: 100% MeOH, gradient: 2. The 
final conditions are shaded in green. Chromatograms cut for clarity. λ = 260 nm. 
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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 CO2 

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. 

 

Figure 3.6 – Degradation test of ATP (500 µM, left) and ADP (500 µM, 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). 

 

Figure 3.7 – Degradation test of ATP (500 µM, left) and ADP (500 µM, 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 µM, 500 µM and 1 mM, as per Protocol 1 described in 

Chapter 2 (Figure 3.8). 

The only seemingly positive results were achieved at 250 µM (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 – Reaction ADP + AcP at different solutes concentrations (1:1): 250 µM (a 
and b), 500 µM (c and d) and 2 mM (e and f). a, c, 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 31P-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 1017 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 ‘nested’ in 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 Mg2+ 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 Mg2+ 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 Mg2+ (a) and RNA polymerase catalytic site 
(b). The solid lines in a do not represent bonds but highlight the regular geometry of the 
Mg2+–OH– interaction. b: mechanism of nucleotide addition during RNA polymerisation. 
The Mg2+ 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 Mg2+ 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 Mg2+ (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 Mg2+ 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 Mg2+ 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. 

 

 

Figure 3.11 – Comparison of reaction ADP (1 mM) + AcP (4 mM) at 30°C and 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). 

 

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 ‘ruined’ when 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% 
MeOH. λ = 260 nm. 

 

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 µM 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 µM ATP, ADP, and AMP. The sample was 
prepared in water, dried through SPE, and eluted in 80% MeOH. λ = 260 nm. 

 

 

Figure 3.15 – 100 µM 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 

quantified 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 – Effect of different percentages of MeOH as sample solvent on the 
stability of 100 µM ATP. λ = 260 nm. 

 

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) in the method’s solvent mix (95% A and 5% MeOH). As can be seen, 

neither had any major effect. 
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Figure 3.17 – Test of mobile phase A (MPA, 40 mM PO4 buffer) and mobile phase mix 
(MP, 95% A and 5% MeOH) as samples solvents. Panels a and b show 100 µM ATP in 
MPA and MP, respectively, and how the recorded peak area compares to the calibration 
curve in water (red dot). λ = 260 nm. 

 

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)3 and the EDTA solution was also run and 

confirmed that it was indeed AcP generating ATP (Figure 3.19). 
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Figure 3.18 – ADP (1 mM) + AcP (4 mM) + Fe3+ (500 µM) reaction at 30°C, pH ~ 5.5. 
N = 3 ± SD. 

 

 

Figure 3.19 – ADP (1 mM) + Fe3+ (500 µM) + 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 at t = 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 
MCH00020 for Adenosine 5′-triphosphate, 2016). Conditions: ADP (1 mM) + AcP (4 mM) 
+ Fe3+ (500 μM) at 30°C and pH ~ 5.5–6. Figure from Pinna et al. (2021). 

 

ADP phosphorylation occurs in a range of aqueous prebiotic environments 

As Fe2(SO4)3 was used as the Fe3+ ion source, the reaction was carried out using 

FeCl3 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 – Comparison of the ATP yield from the reaction ADP (1 mM) + AcP (4 mM) 

+ Fe3+ (0.5 mM) at 30°C where the Fe3+ is given by either FeCl3 (□, green) or Fe2(SO4)3 

(○, 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 ~ 5.5 – 6 (the 

uncorrected ‘default’ pH of the reaction) (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)3, 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 I show that, on the contrary, it could be valuable in generating 

disequilibria.  
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Figure 3.22 – Degradation 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 NaCl 

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 NaCl, reaction ionic strength 

603.75 mM) and higher salinity (1 M NaCl, reaction ionic strength 1.004 M) both 
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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 Mg2+ and Ca2+ 

concentrations (50 mM and 10 mM, respectively) as part of a modern ocean mix 

collapsed ATP yields to nearly zero, presumably because Ca2+ and Mg2+ promote 

ATP hydrolysis (Ramirez et al., 1980; Williams, 2000). 

While this might suggest that ATP synthesis could not occur in modern oceans, 

Mg2+ and Ca2+ 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 Mg2+ and Ca2+ 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 Lüdemann (1995), who 

showed that high pressure promotes ATP hydrolysis, but only at pressures ≥ 300 

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 100–300 bar, therefore it is encouraging that a pressure of ~100 

bar does not have a strong effect on the efficacy of the reaction. 



Acetyl phosphate as a prebiotic phosphorylator 

 

104 
 

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). 

 

Figure 3.23 – ATP synthesis by AcP and Fe3+ under different conditions. (a) Effect of pH 
on reaction ADP (1 mM) + AcP (4 mM) + Fe3+ (500 μM) at 30°C. The optimal pH of the 
reaction is ~ 5.5–6. (b) Effect of temperature on reaction ADP (1 mM) + AcP (4 mM) + 

Fe3+ (500 μM), pH ~ 5.5–6. 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 ~ 5.5–6 in water (reaction ionic strength = 3.75 mM), a modern ocean mix 
(600 mM NaCl, 50 mM MgCl2 and 10 mM CaCl2, 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 NaCl (reaction ionic strength 
= 1.004 M), dissolved silicate (10 mM SiO2, 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 
µM) 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 

the pH’s characteristics of alkaline hydrothermal vents, meaning that the reaction 
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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 

aqueous 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 Fe3+ 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 kinetics 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 5.5–6, 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 Fe3+. 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-CH3) 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 (Ramón-Maiques et al., 

2010).  
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Table 3.2 – Phosphorylating agents tested. 

Name ID Formula 
Prebiotic/biochemical 

prominence 
Cyclic 
trimetaphosphate 

cTMP Na3P3O9 (Etaix and Orgel, 1978; 
Yamagata et al., 1995; Ozawa et 
al., 2004; Holm, 2012) 

Pyrophosphate PPi(V) K4P2O7 (Holm and Baltscheffsky, 2011) 

Pyrophosphite PPi(III) Na2H2P2O5 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) 

Phosphoenolpyruvate PEP KC3H5O6P Has the highest phosphoryl-
transfer potential found in living 
organisms (ΔGo´ = −62 kJ/mol) 
(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 

Carbamoyl phosphate CP Li2CH2NO5P·xH2O Can be made abiotically and has 
a role in extant biochemistry (Liu 
et al., 2019) 

Pyridoxal phosphate PLP C8H10NO6P Active form of Vitamin B6, 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) 

Trimethyl phosphate TMP (CH3)3PO4 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).  

 

Figure 3.24 – ATP synthesis with different phosphorylating agents. 1:4 
ADP:phosphorylating agent reaction catalysed by Fe3+ with various phosphorylating 
agents at different pH and temperature. PO4: potassium phosphate; cTMP: 
trimetaphosphate; TMP: trimethyl phosphate; PEP: phosphoenolpyruvate; PLP: 
pyridoxal phosphate; PPi(V): pyrophosphate; PPi(III): 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 Mg2+ (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 unique 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.g. 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 Fe2+. Following an initial experiment showing limited 

ATP formation that had to be scrapped due to excessively high O2 levels inside 

the anaerobic hood, a repetition under optimal experimental conditions showed 

that Fe2+ 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 Fe3+ or Fe2+ (500 
µM). Max yields: 17 % at 10 h (Fe3+) and 2 % at 24 h (Fe2+). 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 Mg2+ 

(whose effect has been reported earlier) and Mn2+ (which has a similar activity to 

Mg2+ in acetate kinase (Winzer et al., 1997)), failed to promote ATP formation. 

 

Figure 3.26 – Test of reaction ADP (1 mM) + AcP (4 mM) at 30°C and pH ~ 5.5–6 with 
Fe3+ (Fe2(SO4)3), Mg2+ (MgCl2), Ca2+ (CaCl2), Mn2+ (Mn(NO3)2), Cr3+ (Cr(NO3)3), Mo3+ 
(MoCl3), Co3+ ([Co(NH₃)₆]Cl₃), Co2+ (CoCl2), CuSO4, Cu(NO3)2. 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. (Günter Wächtershäuser, 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 CO2 in cells today (Cody et al., 2001; Hazen and 

Sverjensky, 2010; Camprubí 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 (CaCO₃) 

over time. Brucite is a hydroxide mineral (Mg(OH)2) that has a unit structure 

reminiscent of the Mg2+ coordination by aspartate in enzymes such as Mg2+-

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 Mg2+ (a) and 
a brucite sheet (b). The solid lines do not represent bonds but highlight the regular 
geometry of the Mg2+–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). 

 

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. 

 

Figure 3.29 – Comparison of reaction ADP (1 mM) + AcP (4 mM) at 30°C with brucite 

(△, green, 500 µM), and with Fe3+ (○, teal, 500 µM). 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, I started thinking about prebiotically plausible surfaces 

containing Fe3+. 

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 CO2 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; Camprubí 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+, I 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). 

 

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. 

 

Figure 3.31 – Test of reaction ADP (1 mM) + AcP (4 mM) at 30°C and pH ~ 5.5–6 with 
Fe3+ (Fe2(SO4)3), Mg2+ (MgCl2), Ca2+ (CaCl2), Mn2+ (Mn(NO3)2), Cr3+ (Cr(NO3)3), Mo3+ 
(MoCl3), Co3+ ([Co(NH₃)₆]Cl₃), Co2+ (CoCl2), CuSO4, Cu(NO3)2 and FeS clusters (500 
μM). The bars represent the ATP yield after 5h. N = 3 ±SD. Figure adapted from Pinna 
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 

at which FeS clusters are stable (≥ 8) (Jordan et al., 2021) does not 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. 

 

Figure 3.33 – UV 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 ‘natural’ pH 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. 

 

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 

Hematite (α-Fe2O3, Figure 3.35) is an iron(III) 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. 

 

Figure 3.36 – Comparison of reaction ADP (1 mM) + AcP (4 mM) at 30°C with Fe3+ (500 
µM) 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 
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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 (C10 fatty acids (FA) and decanol (C10 

fatty alcohols (FOH) at a pH as low as 7 via titration using 1 M HCl (Jordan et al. 

2019a). While I 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 – Vesicles (1:1 C10 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. 

 

I 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 C10 FA/FOH mixtures, which is around 100x higher 

than the usual solute concentrations in the reaction samples, so I decided to 

determine the lowest concentration of vesicles that could be made. I was not able 

to visualise vesicles at concentrations lower than 20 mM with the confocal 

microscope, therefore I could not be sure that there were vesicles present in the 

solution (Figure 3.38). 

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

stability in the presence of the experimental concentration of Fe2(SO4)3. As can 

be seen in Figure 3.39, the vesicles are clearly visible in solution with 500 μM 

Fe3+. 

 

pH 6 pH 7 
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Figure 3.38 – Vesicles in different concentrations of 1:1 C10 FA/FOH mixtures: 20 mM 
(a), 50 mM (b) and 100 mM (c). (T = 40°C). 

 

 

Figure 3.39 – Vesicle (1:1 C10 FA/FOH mixtures) stability in the presence of Fe3+ (T = 
40°C). 

a b 

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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Figure 3.40 – HPLC chromatograms of the reaction carried out with Fe3+ and different concentrations of amphiphilic vesicles at t = 0h (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, ‘2h 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 Fe3+. 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 Fe3+ 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 ‘water activity’ refers to the concentration of water in a system, also 

known as ‘bulk water’. When water molecules interact with ions, molecules, or 

surfaces (such as membranes), the water activity of a system decreases (do 

Nascimento Vieira et al., 2020). 

Figure 3.41 – Fe3+ encapsulated 
by polar lipids. 
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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 (SHGs) 

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 Fe2+ within a SHG in aerobic conditions, and reported 

successful formation of PPi(V) in mixtures of Pi(III) and Pi(V) or pure PPi(III–V). 

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 ‘sitting’ on 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 ‘extreme’ and the presence of 

Fe3+ in the sample, which heavily interferes with 31P–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, c and d), suggesting that Fe3+ is still 

present in the sample (Du et al., 2001). 

 

Figure 3.42 – 31P–NMR spectra of reactions at low water activity. (a) ATP standard in 
water; (b) ADP (1 mM) + AcP (4 mM) + Fe3+ (0.5 mM) reaction at t = 4h in and (c) on a 
0.5 M SHG solution, (d) reaction at t = 0h. The less defined peaks in b, c and d are due 
to the presence of residual Fe3+ 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’ of 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. 

 

 
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. 

Figure 3.43 – Nitrogen being funnelled to the 
sample for drying. 
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3.2.4 Mechanism study of the formation of ATP by AcP and Fe3+ 

3.2.4.a Catalysis of ADP phosphorylation requires direct contact 

with Fe3+ 

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. 

 

Figure 3.45 – HPLC chromatogram of the reaction ADP (1 mM) + AcP (4 mM) + Fe3+ 
(0.5 mM) + EDTA (0.5 mM) at the beginning of the reaction (0h, 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 Cäcilia Kunz under 

my supervision. Holding the ADP and AcP concentrations constant at 1 mM and 

4 mM, respectively, the Fe3+ concentration was varied from 0.05 to 2 mM. We 

found that the maximal ATP yield was produced by 1 mM Fe3+, indicating that the 

optimal ADP:Fe3+ 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 

concentration of an enzyme’s substrate. By treating Fe3+ as an enzyme using 

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

indicating that Fe3+ 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). 

 

Figure 3.46 – Mechanism studies. (a) Effect of varying concentration of Fe3+ 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 
Fe3+ (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 3.46c). This demonstrates that stacking of 

ADP to coordinate the Fe3+ 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+. 

 

Figure 3.47 – Possible stacking of ADP coordinated by Fe3+. 

 

3.2.4.b Phosphorylation of ADP to ATP is unique 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, I 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 0 h can be ascribed to minor contamination of 

the commercial standard during the manufacturing process. 

 

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 ~ 5.5–6 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 Fe3+. No triphosphate was detected by 31P-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). 

 

Figure 3.49 – Comparison of 31P-NMR spectra of the phosphorylation of PPi by AcP in 
the absence (orange and yellow) and presence (purple and green) of Fe3+, commercial 
PPPi (red), and commercial PPi (blue). All peaks labelled for clarity. 

 

I 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.  



Acetyl phosphate as a prebiotic phosphorylator 

 

133 
 

 
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., 1993; Šponer et al., 2000), 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 Mg2+ 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 Fe3+ 
and the effect of the addition of Ca2+ or Mg2+. Figure adapted from Kitani et al. (1995). 

 

Adding a range of low concentrations of either Ca2+ or Mg2+ (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 Mg2+ and Ca2+ 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 Mg2+ and Ca2+ 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 Mg2+ (○, purple) and Ca2+ 
(◇, green) on ATP yield at 2 h from the reaction ADP (1 mM) + AcP (4 mM) with 0.5 mM 
Fe3+ (solid line) and 1 mM Fe3+ (broken line) at 30°C and pH ~ 5.5–6. N = 2 ±SD. The 
solid teal line represents the effect of varying concentration of Fe3+ 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 3.53a1). 

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 5.5–6, 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) Fe3+, stabilised by the 6-NH2 and N7 groups on 
adenine, interacts with the dianion of ADP, lowering the pKa of the outermost OH group, 
enhancing nucleophilicity. Fe3+ interacts with the oxygens of a molecule of the 
surrounding AcP, bringing it close enough to facilitate the phosphate transfer. Fe3+ then 
moves from Pα to the Pβ and Pγ of ATP and ultimately abandons the ATP chelated by 
acetate groups facilitated by the favourable association of Mg2+. Fe3+ is then available to 
catalyse another phosphorylation of ADP. (b) The presence of the 6-NH2 enhances the 
nucleophilicity of N7, which interacts with the Fe3+. AcP is stabilised by the interaction of 
its carboxyl oxygen with the 6-NH2 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 – Molecular 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 Ca2+ and Mg2+ slightly increase the rate of reaction; these ions could displace 

Fe3+ from the ATP product (as they interact better with the triphosphate tail, 

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 Mg2+ or Ca2+ (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; Izatt et al., 1972; Gao et al., 1993; Šponer et 

al., 2000; Garijo Añorbe 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, although the ‘rigid’ anti-gg conformation is considered 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; Izatt et al., 1972). Furthermore, a similar complex between ATP and Cu2+ 

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 Cr3+ and Co3+, 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 Co3+, Fe3+ has the electronic configuration [Ar]3d5, having all 5 d orbitals half 

occupied. However, Mn2+, which can substitute Mg2+ 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 Fe3+ 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 

than that of ATP (ΔGo´ = –43 kJ mol-1 versus –31 kJ mol-1, 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 

to the excretion of acetate as waste. But the actual change in ΔG depends on 

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 

ΔGo′ for hydrolysis of PEP (–62 kJ mol-1) and CP (–51 kJ mol-1) 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 Ca2+ or Ba2+ 

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 (Ramón-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 

suggest that both AcP and CP are molecular ‘living fossils’ of prebiotic chemistry, 

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 – at 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 5-5–6 after 10 hours was 17.4 % (corresponding to 156.5 

µM) while the yield at pH 9 was 0.043 % (corresponding to 0.4 µM) 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. I 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 Mg2+ (50 mM) and Ca2+ (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 Ca2+ and Mg2+ 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, I 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? I 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 

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 ‘blueprint of life’ as 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 I 

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 I 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 ‘consumed’ for 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 

– it 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 CO2 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 CO2 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 resemble 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, I 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 I 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 Mg2+ cations. These form a complex with the β- and γ-

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, I chose to first test whether Mg2+ chelated by 

aspartate could facilitate polymerisation, and then Mg2+ in the presence of short 

polypeptides such as the conserved RNAP motif NADFDGD. Variations included 

the use of glutamate, as it coordinates Mg2+ in the DNA mismatch repair protein 

(and contains an additional carboxylate group that can chelate the Mg2+), and 

Mn2+, which can substitute Mg2+ 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 Wächtershäuser, 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; Sawai 

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 Mg2+ 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, I 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 – Incorporation 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). 

 

 

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. 
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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 Cu2+ provided a substantial formation of di- and triglycine if the NaCl 

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 

aqueous 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 Cu2+. 

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 Mg2+ 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 I 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 I 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/Ionisation – 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). 

 

Figure 4.3 – Linear 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’ and 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-ToF analysis consists of placing a few μL of 

sample onto a steel plate containing a series of numerated circles (‘spotting’). 

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 Ionisation 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 μL), which 

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 I adopted the SPE used for NMR instead. I 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. Ions are 

captured through ‘electrodynamic squeezing’ and 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 – Commercial standards of AMP (100 µM, a) and ATP (100 µM, 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 Ion 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 µM, a) and GTP (100 µM, 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 Mg2+ (Piast et al., 2020), and in 

particular ATP is very often found as an Mg-ATP complex. The cation Mg2+ 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 Mg2+ 

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:H2O 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 Ion/mineral 

ATP/GTP Asp Mg2+ 

ATP/GTP Asp Mn2+ 

ATP/GTP Asp brucite 

ATP/GTP Asp Fe3+ 

ATP/GTP Glu Mg2+ 

 

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) 

• At pH 5.5, 7, 9 and uncontrolled pH (3.7–7.3, according to the elements in 

the solution) 

• At 50 and 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 

aqueous conditions I 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 SI 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 Mg2+ 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 I 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 

that it might further facilitate the deprotonation of the 3’ OH on the ribose ring, 

necessary or the nucleophilic attack of the α-phosphate group of the incoming 

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, I noted before 

that brucite has a unit structure reminiscent of the Mg2+ coordination by aspartate 
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in enzymes such as Mg2+-dependent RNAP (Figure 3.27). Therefore, if mineral 

surfaces were the starting place for the role of free Mg2+ in metabolism, their 

catalytic activity must be tested. 

When the MS suite was available again, I opted to analyse my samples via DIMS, 

as that was the only reliable technique I had tested. However, by the time I could 

start using the LTQ again, I 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) + Mg2+ (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; Mg2+ = 
~12; Mn2+ = ~27; Fe3+ = ~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 

ATP 

 Asp+Mn2+ ~ 4 70°C 100 bar 676 diadenylic acid 

 Asp+Fe3+ 9 70°C 100 bar 1006 triadenylic acid 

 Asp+Fe3+ 9 70°C 1 bar 1006 triadenylic acid 

 Glu+Mg2+ 5.5 50°C 100 bar 676 diadenylic acid 

GTP 

 Asp+Mn2+ ~ 6 70°C 100 bar 708 diguanylic acid 

 Asp+bru 5.5 50°C 1 bar 708 diguanylic acid 

 Asp+bru 7 50°C 100 bar 1054 triguanylic acid 

 Glu+Mg2+ ~ 6 50°C 100 bar 1053 triguanylic acid 

 Glu+Mg2+ 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 + Mn2+, 
70°C, pH 4 (unadjusted), 100 bar; (b) Asp + Fe3+, 70°C, pH 9, 100 bar; (c) AMP (0.3 
mM) + Asp + Fe3+, 70°C, pH 9, 1 bar; (d) AMP (0.3 mM) + Glu + Mg2+, 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 + Mn2+, 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 + Mg2+, 
50°C, pH 6 (unadjusted), 100 bar; (e) GMP (0.3 mM) + Glu + Mg2+, 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  

Le Chatelier’s Principle, and thus has 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 0h 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 = 0h 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 I 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) + Fe3+ (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, I 

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 SI 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 – Representative UPLC-MS spectra of a reaction with adenosine. Reaction: 
ATP (0.6 mM) + AMP (0.3 mM) + polypeptide (0.15 mM) + Mg2+ (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 

ATP 

 Mg2+ 5.5 70°C 100 bar 
461 aspartyl adenylate / 
aspartyl acylated AMP 
and 676 diadenylic acid 

 
Mg2+ 5.5 70°C 100 bar 677 diadenylic acid 

 Mg2+ 5.5 50°C 1 bar 
461 aspartyl adenylate / 
aspartyl acylated AMP 

 
Mg2+ ~ 3.5 70°C 100 bar 

702 diadenylic acid 
[M+MeCN] 

GTP  Mg2+ ~ 4.5 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) + Mg2+ (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; (e) 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 = 0h 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, I 

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 MgCl2, 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 = 0h). Figure 4.16 shows the 31P-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 –1 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 31P-NMR spectra with 
assignment of spectral regions indicated by colour bars (the colours reflect the product 
classes shown in Figure 4.11); 31P-NMR spectra of experiments with Gly (b), Asp (c), 
and Glu (d) after 7 d at 0 °C (purple trace) compared with their respective timepoint 0 
(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, 1H-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 I 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 (Vázquez-

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 Mg2+ 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 Mg2+ (no amino acid), however, suggests 

that it was likely indicative of an ATP-Mg2+ 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 – 1H-NMR spectra of the reaction Gly (200 mM) + ATP (100 mM) + Mg2+ 
(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-Mg2+ 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 1H-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 ‘shoulder’ on the peak 

given by the H of the 1′ carbon of the ATP ribose. While it was likely to be 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 at the 1′ carbon would give a different signal if 

there were an amino acid bound to the 2′ O in place of the H. 

 

Figure 4.18 – 1H-NMR COSY scan of the reaction mixture of Gly + ATP + Mg2+ 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 
between the hydrogen on the 1′ carbon of the ATP ribose (circled in red on the ATP 
molecular structure) and the hydrogens of glycine’s central carbon. Data provided by 
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 hydrogen on the 1′ carbon of the ATP ribose (indicated by the red arrows 

in the figure). This could potentially be indicative of glycine acylated onto ATP 

(either at the 2′ or 3′ caron 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; Bujdák 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, I 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 1H-

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 – 1H-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 fitness 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, 

due to the aforementioned low availability 

of MS analytical instruments and the 

presence of high salt concentrations 

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). 

 

Figure 4.20 – Molecular structure of 
aspartame. The red portion is the 
aspartic acid components, while the 
phenylalanine component is in blue. 
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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). λ = 210 nm. 

 

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 ‘default’ 

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 CuSO4 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 CuSO4 

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 – Representative 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 MgCl2 and 10 mM CaCl2) at 70°C, 
uncontrolled pH (~ 4.5). Dark green trace: t = 0h; 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. λ = 210 nm. 

 

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 Cu2+ 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 ‘consumed’ by the SIPF reaction, but rather it is being 

oxidised. Indeed, Trp is highly susceptible to reactive oxygen species (Ronsein 

et al., 2008), and Cu2+ 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(II) + O2 → Cu(III) + O•
2 (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 + CuSO4 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 ‘interesting peaks’ listed 

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, in accordance with Le Chatelier’s Principle as 

well as what has been proposed by others (Imai et al., 1999; Wu et al., 2011), 

and, surprisingly, Mg2+ 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 ‘interesting peaks’ were 

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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cTMP 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, I 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 1H-

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. I 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, Val/Asp, Pro, Ser, Glu/Leu, Thr, Arg, Asn, Lys, Gln, Ile, 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’s (Miller, 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 CO2 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 Mg2+ 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. I 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 

Conclusions 

This research has been an investigation into the transition from prebiotic to biotic 

chemistry. There were three main aims for this project: 

• To assess the mode of prebiotic ATP synthesis using acetyl phosphate 

(AcP) as an energy-currency precursor capable of prebiotic 

phosphorylation; 

• To study what the optimal conditions of ATP formation could allow us to 

infer about the potential environment for the OoL; and 

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

drive condensation reactions under similar simple prebiotic conditions. 

In Chapter 3, I have shown that AcP, specifically in combination with Fe3+, will 

phosphorylate ADP to ATP under aqueous 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, I 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 I 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; Camprubí 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 H2 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 CO2 fixation (Nunes Palmeira 

et al., 2022). I will be using this model (depicted in Figure 5.1) as a context for 

interpreting my results. 

An autotrophic origin, as I 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 S2- to make FeS clusters 

(Jordan et al., 2021). These could catalyse CO2 fixation, thus promoting more 

amino acids or fatty acids synthesis. 
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Figure 5.1 – Diagram 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 CO2 into two-carbon organics (C2). Each protocell model shows a different 
catalytic function of nucleotides. (a) shows the production of fatty acids (FA), amino 
acids, half of which (AA1) feedback on carbon fixation, sugars (S) and energy (E). The 
other models (b–d) show the catalytic function of nucleotides (N) produced from sugars 
(S), energy (E) and the other half of amino acids (AA2). In (b) nucleotides catalyse carbon 

fixation (𝐾𝐶
𝑁), in (c) nucleotides catalyse individual synthetic pathways (𝐾𝑖

𝑁, where i is an 

element of FA, AA1, AA2, S, E) in addition to carbon fixation. In (d) nucleotides perform 

autocatalysis (𝐾𝑁
𝑁) 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 CO2 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 ‘nutrients’ (CO2 and H2), 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 CO2 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 I 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 

CO2 fixation (Huber and Wächtershäuser, 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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I 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 Fe3+, 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 (Camprubí 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; Camprubí et al., 2017), the trivalent ion has 

not been explored much. Part of the reason is that Fe3+ 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 Fe2+ 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 Fe2+ to form Fe3+, 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 Fe2+ in the Hadean ocean, and BIFs instead formed from Fe2+ 
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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 Fe2+ 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 I 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, Fe3+ 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 CO2 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 

– surfaces (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 CO2 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 CO2 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, I 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 

aqueous 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 – gels, 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 as ‘impossible’ can indeed occur readily, so long as 

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

In his book “The Fourth Phase of Water - Beyond Solid, Liquid, and Vapor”, 

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, in/around 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. 

  



 

201 
 

Bibliography 

Ador, L., Jaeger, S., Geslain, R., Martin, F., Cavarelli, J. and Eriani, G. (2004) 

‘Mutation and evolution of the magnesium-binding site of a class II aminoacyl-

tRNA synthetase’, Biochemistry, 43(22), pp. 7028–7037. 

Agar, J.N., Krebs, C., Frazzon, J., Huynh, B.H., Dean, D.R. and Johnson, M.K. 

(2000) ‘IscU as a scaffold for iron-sulfur cluster biosynthesis: Sequential 

assembly of [2Fe-2S] and [4Fe-4S] clusters in IscU’, Biochemistry, 39(27), 

pp. 7856–7862. 

Allen, C.M. and Jones, M.E. (1964) ‘Decomposition of Carbamylphosphate in 

Aqueous Solutions*’, Biochemistry, 3(9), pp. 1238–1247. 

Altwegg, K., Balsiger, H., Bar-Nun, A., Berthelier, J.J., Bieler, A., Bochsler, P., 

Briois, C., Calmonte, U., Combi, M.R., Cottin, H., De Keyser, J., Dhooghe, 

F., Fiethe, B., Fuselier, S.A., Gasc, S., Gombosi, T.I., Hansen, K.C., Haessig, 

M., Jäckel, A., Kopp, E., Korth, A., Le Roy, L., Mall, U., Marty, B., Mousis, O., 

Owen, T., Rème, H., Rubin, M., Sémon, T., Tzou, C.Y., Waite, J.H. and Wurz, 

P. (2016) ‘Prebiotic chemicals-amino acid and phosphorus in the coma of 

comet 67P/Churyumov-Gerasimenko’, Science Advances, 2(5), p. 

e1600285. 

Amend, J.P., LaRowe, D.E., McCollom, T.M. and Shock, E.L. (2013) ‘The 

energetics of organic synthesis inside and outside the cell’, Philosophical 

Transactions of the Royal Society B: Biological Sciences, 368(1622), pp. 1–

15. 

Amend, J.P. and McCollom, T.M. (2009) ‘Energetics of biomolecule synthesis on 

early earth’, ACS Symposium Series, 1025, pp. 63–94. 

Amend, J.P. and Shock, E.L. (1998) ‘Energetics of amino acid synthesis in 

hydrothermal ecosystems’, Science, 281(5383), pp. 1659–1662. 

Arndt, N.T. and Nisbet, E.G. (2012) ‘Processes on the Young Earth and the 

Habitats of Early Life’, Annual Review of Earth and Planetary Sciences, 40(1), 



Bibliography 

 

202 
 

pp. 521–549. 

Auffinger, P., Grover, N. and Westhof, E. (2011) Metal ion binding to RNA., Metal 

ions in life sciences. 

Austin, S.M. and Waddell, T.G. (1999) ‘Prebiotic synthesis of vitamin B6-type 

compounds’, Origins of Life and Evolution of the Biosphere, 29(3), pp. 287–

296. 

Aylward, N. and Bofinger, N. (2006) ‘A plausible prebiotic synthesis of pyridoxal 

phosphate: Vitamin B6 - A computational study’, Biophysical Chemistry, 

123(2–3), pp. 113–121. 

Azuma, S., Yamamoto, S., Ichikawa, H. and Maruyama, S. (2017) ‘Why 

primordial continents were recycled to the deep: Role of subduction erosion’, 

Geoscience Frontiers, 8(2), pp. 337–346. 

Baaske, P., Weinert, F.M., Duhr, S., Lemke, K.H., Russell, M.J. and Braun, D. 

(2007) ‘Extreme accumulation of nucleotides in simulated hydrothermal pore 

systems’, Proceedings of the National Academy of Sciences of the United 

States of America, 104(22), pp. 9346–9351. 

Bailey, S., Wing, R.A. and Steitz, T.A. (2006) ‘The structure of T. aquaticus DNA 

polymerase III is distinct from eukaryotic replicative DNA polymerases.’, Cell, 

126(5), pp. 893–904. 

Baker, M. and Penny, D. (2016) ‘Is there a reproducibility crisis?’, Nature, 

533(7604), pp. 452–454. 

Barge, L.M., Flores, E., Baum, M.M., Vandervelde, D.G. and Russell, M.J. (2019) 

‘Redox and pH gradients drive amino acid synthesis in iron oxyhydroxide 

mineral systems’, Proceedings of the National Academy of Sciences, 

116(11), pp. 4828–4833. 

Barge, L.M., Hammond, D.E., Chan, M.A., Potter, S., Petruska, J. and Nealson, 

K.H. (2011) ‘Precipitation patterns formed by self-organizing processes in 

porous media’, Geofluids, 11(2), pp. 124–133. 



Bibliography 

 

203 
 

Barks, H.L., Buckley, R., Grieves, G.A., Di Mauro, E., Hud, N. V. and Orlando, 

T.M. (2010) ‘Guanine, adenine, and hypoxanthine production in UV-irradiated 

formamide solutions: Relaxation of the requirements for prebiotic purine 

nucleobase formation’, ChemBioChem, 11(9), pp. 1240–1243. 

Becker, S., Feldmann, J., Wiedemann, S., Okamura, H., Schneider, C., Iwan, K., 

Crisp, A., Rossa, M., Amatov, T. and Carell, T. (2019) ‘Unified prebiotically 

plausible synthesis of pyrimidine and purine RNA ribonucleotides’, Science, 

366(6461), pp. 76–82. 

Becker, S., Schneider, C., Okamura, H., Crisp, A., Amatov, T., Dejmek, M. and 

Carell, T. (2018) ‘Wet-dry cycles enable the parallel origin of canonical and 

non-canonical nucleosides by continuous synthesis’, Nature 

Communications, 9(1), p. 163. 

Becker, S., Thoma, I., Deutsch, A., Gehrke, T., Mayer, P., Zipse, H. and Carell, 

T. (2016) ‘Origin of life: A high-yielding, strictly regioselective prebiotic purine 

nucleoside formation pathway’, Science, 352(6287), pp. 833–836. 

Berg, I.A., Kockelkorn, D., Ramos-Vera, W.H., Say, R.F., Zarzycki, J., Hügler, M., 

Alber, B.E. and Fuchs, G. (2010) ‘Autotrophic carbon fixation in archaea’, 

Nature Reviews Microbiology, 8(6), pp. 447–460. 

Berg, P. and Ofengand, E.J. (1958) ‘An Enzymatic Mechanism for Linking Amino 

Acids to RNA’, Proceedings of the National Academy of Sciences, 44, pp. 

78–86. 

Bernier, C.R., Petrov, A.S., Kovacs, N.A., Penev, P.I. and Williams, L.D. (2018) 

‘Translation: The universal structural core of life’, Molecular Biology and 

Evolution, 35(8), pp. 2065–2076. 

Betts, H.C., Puttick, M.N., Clark, J.W., Williams, T.A., Donoghue, P.C.J. and 

Pisani, D. (2018) ‘Integrated genomic and fossil evidence illuminates life’s 

early evolution and eukaryote origin’, Nature Ecology and Evolution, 2(10), 

pp. 1556–1562. 

Biaglow, J.E., Held, K.D., Manevich, Y., Tuttle, S., Kachur, A., Uckun, F. (1996) 



Bibliography 

 

204 
 

‘Role of Guanosine Triphosphate in Ferric Ion-Linked Fenton Chemistry’, 

Radiation Research, 145(5), pp. 554–562. 

Borucki, W.J., Koch, D., Basri, G., Batalha, N., Brown, T., Caldwell, D., Caldwell, 

J., Christensen-Dalsgaard, J., Cochran, W.D., Devore, E., Dunham, E.W., 

Dupree, A.K., Gautier, T.N., Geary, J.C., Gilliland, R., Gould, A., Howell, S.B., 

Jenkins, J.M., Kondo, Y., Latham, D.W., Marcy, G.W., Meibom, S., Kjeldsen, 

H., Lissauer, J.J., Monet, D.G., Morrison, D., Sasselov, D., Tarter, J., Boss, 

A., Brownlee, D., Owen, T., Buzasi, D., Charbonneau, D., Doyle, L., Fortney, 

J., Ford, E.B., Holman, M.J., Seager, S., Steffen, J.H., Welsh, W.F., Rowe, 

J., Anderson, H., Buchhave, L., Ciardi, D., Walkowicz, L., Sherry, W., Horch, 

E., Isaacson, H., Everett, M.E., Fischer, D., Torres, G., Johnson, J.A., Endl, 

M., MacQueen, P., Bryson, S.T., Dotson, J., Haas, M., Kolodziejczak, J., Van 

Cleve, J., Chandrasekaran, H., Twicken, J.D., Quintana, E. V., Clarke, B.D., 

Allen, C., Li, J., Wu, H., Tenenbaum, P., Verner, E., Bruhweiler, F., Barnes, 

J. and Prsa, A. (2010) ‘Kepler planet-detection mission: Introduction and first 

results’, Science, 327(5968), pp. 977–980. 

Bounama, C., Franck, S. and von Bloh W., W. (2001) ‘The fate of Earth’s ocean’, 

Hydrology and Earth System Sciences, 5(4), pp. 569–575. 

Braakman, R. and Smith, E. (2012) ‘The emergence and early evolution of 

biological carbon-fixation’, PLoS Computational Biology, 8(4), p. 1002455. 

Brack, A., Louembe, D. and Spach, G. (1975) ‘Polymerization of amino acid 

methyl esters via their copper complexes’, Origins of Life, 6(3), pp. 407–411. 

Branscomb, E., Biancalani, T., Goldenfeld, N. and Russell, M.J. (2017) 

‘Escapement mechanisms and the conversion of disequilibria; the engines of 

creation’, Physics Reports, 677, pp. 1–60. 

Bryant, D.E., Greenfield, D., Walshaw, R.D., Johnson, B.R.G., Herschy, B., 

Smith, C., Pasek, M.A., Telford, R., Scowen, I., Munshi, T., Edwards, H.G.M., 

Cousins, C.R., Crawford, I.A. and Kee, T.P. (2013) ‘Hydrothermal 

modification of the Sikhote-Alin iron meteorite under low pH geothermal 

environments. A plausibly prebiotic route to activated phosphorus on the 



Bibliography 

 

205 
 

early Earth’, Geochimica et Cosmochimica Acta, 109, pp. 90–112. 

Buckel, W. and Thauer, R.K. (2013) ‘Energy conservation via electron bifurcating 

ferredoxin reduction and proton/Na+ translocating ferredoxin oxidation’, 

Biochimica et Biophysica Acta - Bioenergetics, pp. 94–113. 

Bujdák, J. and Rode, B.M. (1996) ‘The effect of smectite composition on the 

catalysis of peptide bond formation’, Journal of Molecular Evolution, 43(4), 

pp. 326–333. 

Burcar, B.T., Cassidy, L.M., Moriarty, E.M., Joshi, P.C., Coari, K.M. and McGown, 

L.B. (2013) ‘Potential Pitfalls in MALDI-TOF MS Analysis of Abiotically 

Synthesized RNA Oligonucleotides’, Origins of Life and Evolution of 

Biospheres, 43(3), pp. 247–261. 

Burcar, B.T., Jawed, M., Shah, H. and McGown, L.B. (2015) ‘In Situ Imidazole 

Activation of Ribonucleotides for Abiotic RNA Oligomerization Reactions’, 

Origins of Life and Evolution of Biospheres, 45(1–2), pp. 31–40. 

Butlerow, A. (1861) ‘Bildung einer zuckerartigen Substanz durch Synthese’, 

Justus Liebigs Annalen Der Chemie, 120(3), pp. 295–298. 

Callahan, M.P., Smith, K.E., Cleaves, J.H., Dworkin, J.P. (2011) ‘Carbonaceous 

meteorites contain a wide range of extraterrestrial nucleobases’, Proceedings 

of the National Academy of Sciences of the United States of America, 108, 

pp. 13995–13998 

Camprubí, E. (2018) The origin of proto-metabolism at the origin of life in alkaline 

hydrothermal vents. [PhD Thesis, University College London]. 

Camprubí, E., Harrison, S.A., Jordan, S.F., Bonnel, J., Pinna, S. and Lane, N. 

(2022) ‘Do soluble phosphates direct the formose reaction towards pentose 

sugars?’, Astrobiology, 22(8) [in press]. 

Camprubí, E., Jordan, S.F., Vasiliadou, R. and Lane, N. (2017) ‘Iron catalysis at 

the origin of life’, IUBMB Life, 69(6), pp. 373–381. 

Camprubí, E., de Leeuw, J.W., House, C.H., Raulin, F., Russell, M.J., Spang, A., 



Bibliography 

 

206 
 

Tirumalai, M.R. and Westall, F. (2019) ‘The Emergence of Life’, Space 

Science Reviews, 215, p. 56. 

Catling, D.C. and Zahnle, K.J. (2020) ‘The Archean atmosphere’, Science 

Advances, 6, p. eaax1420. 

Cavosie, A.J., Valley, J.W. and Wilde, S.A. (2005) ‘Magmatic δ18O in 4400-3900 

Ma detrital zircons: A record of the alteration and recycling of crust in the 

Early Archean’, Earth and Planetary Science Letters, 235(3–4), pp. 663–681. 

Cavosie, A.J., Valley, J.W. and Wilde, S.A. (2007) ‘Chapter 2.5 The Oldest 

Terrestrial Mineral Record: A Review of 4400 to 4000 Ma Detrital Zircons 

from Jack Hills, Western Australia’, in Developments in Precambrian 

Geology. Elsevier, pp. 91–111. 

Charlebois, R.L. and Doolittle, W.F. (2004) ‘Computing prokaryotic gene ubiquity: 

Rescuing the core from extinction’, Genome Research, 14(12), pp. 2469–

2477. 

Chen, F. and Yang, D. (2007) ‘Condensation of amino acids to form peptides in 

aqueous solution induced by the oxidation of sulfur(iv): An oxidative model 

for prebiotic peptide formation’, Origins of Life and Evolution of the Biosphere, 

37(1), pp. 47–54. 

Choblet, G., Tobie, G., Buch, A., Čadek, O., Barge, L.M., Bēhounková, M., 

Camprubi, E., Freissinet, C., Hedman, M., Jones, G., Lainey, V., Le Gall, A., 

Lucchetti, A., MacKenzie, S., Mitri, G., Neveu, M., Nimmo, F., Olsson-

Francis, K., Panning, M., Postberg, F., Saur, J., Schmidt, J., Sekine, Y., 

Shibuya, T., Sotin, C., Soucek, O., Szopa, C., Usui, T., Vance, S. and Van 

Hoolst, T. (2021) ‘Enceladus as a potential oasis for life: Science goals and 

investigations for future explorations’, Experimental Astronomy, pp. 1–39. 

Chung, N.M., Lohrmann, R., Orgel, L.E. and Rabinowitz, J. (1971) ‘The 

mechanism of the trimetaphosphate-induced peptide synthesis’, 

Tetrahedron, 27(6), pp. 1205–1210. 

Chyba, C. and Sagan, C. (1992) ‘Endogenous production, exogenous delivery 



Bibliography 

 

207 
 

and impact-shock synthesis of organic molecules: An inventory for the origins 

of life’, Nature. Nature Publishing Group, pp. 125–132. 

Cody, G.D., Boctor, N.Z., Hazen, R.M., Brandes, J.A., Morowitz, H.J. and Yoder, 

H.S. (2001) ‘Geochemical roots of autotrophic carbon fixation: Hydrothermal 

experiments in the system citric acid, H2O-(±FeS)-(±NiS)’, Geochimica et 

Cosmochimica Acta, 65(20), pp. 3557–3576. 

Coggins, A.J. and Powner, M.W. (2017) ‘Prebiotic synthesis of phosphoenol 

pyruvate by α-phosphorylation-controlled triose glycolysis’, Nature 

Chemistry, 9(4), pp. 310–317. 

Coleman, G.A., Pancost, R.D., Williams, T.A. and Dagan, T. (2019) ‘Investigating 

the Origins of Membrane Phospholipid Biosynthesis Genes Using Outgroup-

Free Rooting’, Genome Biology and Evolution, 11(3), pp. 883–898. 

Coogan, L.A. and Gillis, K.M. (2013) ‘Evidence that low-temperature oceanic 

hydrothermal systems play an important role in the silicate-carbonate 

weathering cycle and long-term climate regulation’, Geochemistry, 

Geophysics, Geosystems, 14(6), pp. 1771–1786. 

Copley, S.D., Smith, E. and Morowitz, H.J. (2007) ‘The origin of the RNA world: 

Co-evolution of genes and metabolism’, Bioorganic Chemistry, 35(6), pp. 

430–443. 

Costanzo, G., Pino, S., Ciciriello, F. and Di Mauro, E. (2009) ‘Generation of long 

RNA chains in water’, Journal of Biological Chemistry, 284(48), pp. 33206–

33216. 

Costanzo, G., Saladino, R., Botta, G., Giorgi, A., Scipioni, A., Pino, S. and Di 

Mauro, E. (2012) ‘Generation of RNA Molecules by a Base-Catalysed Click-

Like Reaction’, ChemBioChem, 13(7), pp. 999–1008. 

Costanzo, G., Saladino, R., Crestini, C., Ciciriello, F. and Di Mauro, E. (2007) 

‘Nucleoside phosphorylation by phosphate minerals’, Journal of Biological 

Chemistry, 282(23), pp. 16729–16735. 



Bibliography 

 

208 
 

Damer, B. and Deamer, D. (2020) ‘The hot spring hypothesis for an origin of life’, 

Astrobiology, 20(4), pp. 429–452. 

Dass, A., Jaber, M., Brack, A., Foucher, F., Kee, T.P., Georgelin, T. and Westall, 

F. (2018) ‘Potential Role of Inorganic Confined Environments in Prebiotic 

Phosphorylation’, Life, 8(1), p. 7. 

Decker, K., Jungermann, K. and Thauer, R.K. (1970) ‘Energy Production i n 

Anaerobic Organisms’, Angewandte Chemie International Edition, 9(2), pp. 

138–158. 

DeGuzman, V., Vercoutere, W., Shenasa, H. and Deamer, D.W. (2014) 

‘Generation of oligonucleotides under hydrothermal conditions by non-

enzymatic polymerization’, Journal of Molecular Evolution, 78(5), pp. 251–

262. 

Djokic, T., VanKranendonk, M.J., Campbel, K.A., Walter, M.R. and Ward, C.R. 

(2017) ‘Earliest signs of life on land preserved in ca. 3.5 Ga hot spring 

deposits’, Nature Communications, 8(May), pp. 1–8. 

Dodd, M.S., Papineau, D., Grenne, T., Slack, J.F., Rittner, M., Pirajno, F., O’Neil, 

J. and Little, C.T.S. (2017) ‘Evidence for early life in Earth’s oldest 

hydrothermal vent precipitates’, Nature, 543(7643), pp. 60–64. 

Drobner, E., Huber, H., Wächtershäuser, G., Rose, D. and Stetter, K. (1990) 

‘Pyrite formation linked with hydrogen evolution under anaerobic conditions’, 

Nature, 346, pp. 742–744. 

Du, F., Mao, X.A., Li, D.F. and Liao, Z.R. (2001) ‘Binding site of Fe3+ at purine 

of ATP as studied by NMR’, Journal of Inorganic Biochemistry, 83(2–3), pp. 

101–105. 

Dubinina, E.E., Gavrovskaya, S. V., Kuzmich, E. V., Leonova, N. V., Morozova, 

M.G., Kovrugina, S. V. and Smirnova, T.A. (2002) ‘Oxidative modification of 

proteins: Oxidation of tryptophan and production of dityrosine in purified 

proteins using fenton’s system’, Biochemistry (Moscow), 67(3), pp. 343–350. 



Bibliography 

 

209 
 

Ducluzeau, A.L., van Lis, R., Duval, S., Schoepp-Cothenet, B., Russell, M.J. and 

Nitschke, W. (2009) ‘Was nitric oxide the first deep electron sink?’, Trends in 

Biochemical Sciences, 34(1), pp. 9–15. 

de Duve, C. (1988) ‘Did God make RNA?’, Nature, 336(6196), pp. 209–210. 

de Duve, C. (1991) Blueprint for a Cell - The Nature and Origin of Life. Burlington, 

North Carolina, USA: Neil Patterson Publishers. 

de Duve, C. (1998) ‘Clues from present-day biology: the thioester world’, in Brack, 

A. (ed.) The Molecular Origins of Life. Cambridge University Press, pp. 219–

236. 

de Duve, C. (2003) ‘A research proposal on the origin of life’, in Origins of Life 

and Evolution of the Biosphere, pp. 559–574. 

de Duve, C. (2005) Singularities : Landmarks on the Pathways of Life. New York, 

USA: Cambridge University Press. 

Eliot, A.C. and Kirsch, J.F. (2004) ‘Pyridoxal phosphate enzymes: Mechanistic, 

structural, and evolutionary considerations’, Annual Review of Biochemistry, 

73, pp. 383–415. 

Erastova, V., Degiacomi, M.T., Fraser, D.G. and Greenwell, H.C. (2017) ‘Mineral 

surface chemistry control for origin of prebiotic peptides’, Nature 

Communications, 8(1). 

Eschenmoser, A. and Loewenthal, E. (1992) ‘Chemistry of Potentially 

Prebiological Natural Products’, Chemical Society reviews, 21, pp. 1–16. 

Etaix, E. and Orgel, L.E. (1978) ‘Phosphorylation of Nucleosides in Aqueous-

Solution Using Trimetaphosphate-Formation of Nucleoside Triphosphates’, 

Journal of Carbohydrates-Nucleosides-Nucleotides, 5(2), pp. 91–110. 

Evans, M., Buchanan, B. and Arnon, D. (1966) ‘A new ferredoxin-dependent 

carbon reduction cycle in a photosynthetic bacterium.’, Proc. Natl. Acad. Sci., 

55(4), pp. 928–934. 



Bibliography 

 

210 
 

Ferris, J.P., Ertem, G. and Agarwal, V. (1989) ‘Mineral catalysis of the formation 

of dimers of 5′-AMP in aqueous solution: The possible role of montmorillonite 

clays in the prebiotic synthesis of RNA’, Origins of Life and Evolution of the 

Biosphere, 19(2), pp. 165–178. 

Ferry, J.G. and House, C.H. (2006) ‘The stepwise evolution of early life driven by 

energy conservation’, Molecular Biology and Evolution, 23(6), pp. 1286–

1292. 

Fitz, D., Jakschitz, T. and Rode, B.M. (2011) ‘Salt-Induced Peptide Formation in 

Chemical Evolution: Building Blocks Before RNA -- Potential of Peptide 

Splicing Reactions’, in Egel, R., Lankenau, D.-H., and Mulkidjanian, A.Y. 

(eds) Origins of Life: The Primal Self-Organization. Berlin, Heidelberg: 

Springer Berlin Heidelberg, pp. 109–127. 

Flores, J.J. and Leckie, J.O. (1973) ‘Peptide Formation mediated by Cyanate’, 

Nature, 244, pp. 435–437. 

Foden, C.S., Islam, S., Fernández-García, C., Maugeri, L., Sheppard, T.D. and 

Powner, M.W. (2020) ‘Prebiotic synthesis of cysteine peptides that catalyze 

peptide ligation in neutral water’, Science, 370(6518), pp. 865–869. 

Fontecave, M. (2006) ‘Iron-sulfur clusters: ever-expanding roles’, Nature 

Chemical Biology, 2(4), pp. 171–174. 

Fontecilla-Camps, J.C. (2021) ‘Primordial bioenergy sources: The two facets of 

adenosine triphosphate’, Journal of Inorganic Biochemistry, 216, p. 111347. 

Forget, F., Turbet, M., Selsis, F. and Leconte, J. (2017) ‘Definition and 

Characterization of the Habitable Zone’, in Habitable Worlds 2017 (LPI 

Contribution No. 2042). 

Forsythe, J.G., Yu, S.-S.S., Mamajanov, I., Grover, M.A., Krishnamurthy, R., 

Fernandez, F.M. and Hud, N. V. (2015) ‘Ester-Mediated Amide Bond 

Formation Driven by Wet-Dry Cycles: A Possible Path to Polypeptides on the 

Prebiotic Earth’, Angewandte Chemie International Edition, 54(34), pp. 9871–

9875. 



Bibliography 

 

211 
 

Fournier, G.P., Neumann, J.E. and Gogarten, J.P. (2010) ‘Inferring the ancient 

history of the translation machinery and genetic code via recapitulation of 

ribosomal subunit assembly orders’, PLoS ONE, 5(3). 

Fox, G.E. (2013) ‘Carl R. Woese, 1928-2012.’, Astrobiology, 13(12), pp. 1201–

1202. 

Fox, S.W., Jungck, J.R. and Nakashima, T. (1974) ‘From proteinoid microsphere 

to contemporary cell: Formation of internucleotide and peptide bonds by 

proteinoid particles’, Origins of Life, 5(1–2), pp. 227–237. 

Freibert, S.A., Goldberg, A. V., Hacker, C., Molik, S., Dean, P., Williams, T.A., 

Nakjang, S., Long, S., Sendra, K., Bill, E., Heinz, E., Hirt, R.P., Lucocq, J.M., 

Embley, T.M. and Lill, R. (2017) ‘Evolutionary conservation and in vitro 

reconstitution of microsporidian iron-sulfur cluster biosynthesis’, Nature 

Communications, 8(1), pp. 1–12. 

Fuchs, G. (2011) ‘Alternative Pathways of Carbon Dioxide Fixation: Insights into 

the Early Evolution of Life?’, Annual Review of Microbiology, 65(1), pp. 631–

658. 

Gao, K. and Orgel, L.E. (2000) ‘Polyphosphorylation and non-enzymatic 

template-directed ligation of oligonucleotides’, Origins of Life and Evolution 

of the Biosphere, 30(1), pp. 45–51. 

Gao, Y. gui, Sriram, M. and Wang, A.H.J. (1993) ‘Crystallographic studies of 

metal ion - DNA interactions: Different binding modes of cobalt(II), copper(II) 

and barium(II) to N7 of guanines in Z-DNA and a drug-DNA complex’, Nucleic 

Acids Research, 21(17), pp. 4093–4101. 

Garijo Añorbe, M., Lüth, M.S., Roitzch, M., Morell Cerdà, M., Lax, P., Kampf, G., 

Sigel, H., Lippert, B. (2004)  ‘Perturbation of the NH2 pKa Value of Adenine 

in Platinum(II) Complexes: Distinct Stereochemical Internucleobase Effects’, 

Chemistry—A European Journal, 10, pp.1046–1057. 

Gesteland, R.F. and Atkins, J.F. (1993) The RNA world. Cold Spring Harbor 

Laboratory Press, Cold Spring Harbor. 



Bibliography 

 

212 
 

Gilbert, W. (1986) ‘Origin of life: The RNA world’, Nature, 319(6055), pp. 618–

618. 

Di Giulio, M. (2008) ‘An extension of the coevolution theory of the origin of the 

genetic code’, Biology Direct, 3(37). 

Di Giulio, M. (2011) ‘The last universal common ancestor (LUCA) and the 

ancestors of archaea and bacteria were progenotes’, Journal of Molecular 

Evolution, 72(1), pp. 119–126. 

Glein, C.R., Baross, J.A. and Waite, J.H. (2015) ‘The pH of Enceladus’ ocean’, 

Geochimica et Cosmochimica Acta, 162, pp. 202–219. 

Goldford, J.E., Hartman, H., Smith, T.F. and Segrè, D. (2017) ‘Remnants of an 

Ancient Metabolism without Phosphate’, Cell, 168(6), pp. 1126-1134.e9. 

Goldschmidt, V.M. (1952) ‘Geochemical aspects of the origin of complex organic 

molecules on Earth, as precursors to organic life.’, New Biology, 12, pp. 97–

105. 

Gomez, M.A.R. and Ibba, M. (2020) ‘Aminoacyl-tRNA synthetases’, RNA. Cold 

Spring Harbor Laboratory Press, pp. 910–936. 

Gorrell, I.B., Henderson, T.W., Albdeery, K., Savage, P.M. and Kee, T.P. (2017) 

‘Chemical Transformations in Proto-Cytoplasmic Media. Phosphorus 

Coupling in the Silica Hydrogel Phase’, Life, 7(4), p. 45. 

Goucher, C.R. and Taylor, J.F. (1964) ‘Compounds of Ferric Iron with Adenosine 

Triphosphate and Other Nucleoside Phosphates’, The Journal of Biological 

Chemistry, 239(7), pp. 2251–2255. 

Griesser, H., Bechthold, M., Tremmel, P., Kervio, E. and Richert, C. (2017a) 

‘Amino Acid-Specific, Ribonucleotide-Promoted Peptide Formation in the 

Absence of Enzymes’, Angewandte Chemie - International Edition, 56(5), pp. 

1224–1228. 

Griesser, H., Tremmel, P., Kervio, E., Pfeffer, C., Steiner, U.E. and Richert, C. 

(2017b) ‘Ribonucleotides and RNA Promote Peptide Chain Growth’, 



Bibliography 

 

213 
 

Angewandte Chemie - International Edition, 56(5), pp. 1219–1223. 

Guijarro, A. and Yus, M. (2009) ‘Chapter 4 - Chiral Physical Forces’, in The Origin 

of Chirality in the Molecules of Life. Royal Society of Chemistry, pp. 31–71. 

Habets, G.M.H.. and Heintze, J.R.. (1981) ‘Empirical bolometric corrections for 

the main-sequence’, Astronomy and Astrophysics Supplement Series, 46, 

pp. 193–237. 

Habicht, K.S., Gade, M., Thamdrup, B., Berg, P. and Canfield, D.E. (2002) 

‘Calibration of sulfate levels in the Archean ocean’, Science, 298(5602), pp. 

2372–2374. 

Haldane, J.B.S. (1929) ‘The origin of life’, Rationalist Annual, 148, pp. 3–10. 

Halliday, A.N. (2003) ‘The Origin and Earliest History of the Earth’, in Treatise on 

Geochemistry, Volume 1. Elsevier, pp. 509–557. 

Hargreaves, W.R. and Deamer, D.W. (1978) ‘Liposomes from Ionic, Single-Chain 

Amphiphiles’, Biochemistry, 17(18), pp. 3759–3768. 

Harris, J.K., Kelley, S.T., Spiegelman, G.B. and Pace, N.R. (2003) ‘The genetic 

core of the universal ancestor’, Genome Research, 13(3), pp. 407–412. 

Harrison, S.A., Harries, T., Pinna, S. and Lane, N. (2022a) ‘Prebiotically plausible, 

non-enzymatic synthesis of the pyrimidine nucleobase uracil’, MS in prep. 

Harrison, S.A. and Lane, N. (2018) ‘Life as a guide to prebiotic nucleotide 

synthesis’, Nature Communications, 9(1), p. 5176. 

Harrison, S.A., Nunes Palmeira, R., Halpern, A. and Lane, N. (2022b) ‘A solution 

to the emergence of the genetic code’, MS in prep. 

Hartman, H. (1975) ‘Speculations on the origin and evolution of metabolism’, 

Journal of Molecular Evolution, 4(4), pp. 359–370. 

Hartman, H. and Smith, T.F. (2014) ‘The evolution of the ribosome and the 

genetic code’, Life, 4(2), pp. 227–249. 



Bibliography 

 

214 
 

Hayashi, H. (1995) ‘Pyridoxal enzymes: Mechanistic diversity and uniformity’, 

Journal of Biochemistry. Oxford University Press, pp. 463–473. 

Hazen, R.M. and Sverjensky, D.A. (2010) ‘Mineral Surfaces, Geochemical 

Complexities, and the Origins of Life’, Cold Spring Harbor Perspectives in 

Biology, 2, p. a002162. 

Herdewijn, P. and Marlière, P. (2012) ‘Redesigning the leaving group in nucleic 

acid polymerization’, FEBS Letters. No longer published by Elsevier, pp. 

2049–2056. 

Herschy, B., Chang, S.J., Blake, R., Lepland, A., Abbott-Lyon, H., Sampson, J., 

Atlas, Z., Kee, T.P. and Pasek, M.A. (2018) ‘Archean phosphorus liberation 

induced by iron redox geochemistry’, Nature Communications, 9, p. 1346. 

Herschy, B., Whicher, A., Camprubí, E., Watson, C., Dartnell, L., Ward, J., Evans, 

J.R.G. and Lane, N. (2014) ‘An Origin-of-Life Reactor to Simulate Alkaline 

Hydrothermal Vents’, Journal of Molecular Evolution, 79(5–6), pp. 213–227. 

Hertzsprung, E. (1913) ‘Über die räumliche Verteilung der Veränderlichen vom δ 

Cephei-Typus’, Astronomische Nachrichten, 196, p. 201. 

Higgins, M.J., Polcik, M., Fukuma, T., Sader, J.E., Nakayama, Y. and Jarvis, S.P. 

(2006) ‘Structured water layers adjacent to biological membranes’, 

Biophysical Journal, 91(7), pp. 2532–2542. 

Higgs, P.G. and Lehman, N. (2014) ‘The RNA World: molecular cooperation at 

the origins of life’, Nature Reviews Genetics, 16(1), pp. 7–17. 

Holland, H.D. (1984) The Chemical Evolution of the Atmosphere and Oceans, 

The Chemical Evolution of the Atmosphere and Oceans. Princeton University 

Press. 

Holm, N.G. (2012) ‘The significance of Mg in prebiotic geochemistry’, Geobiology, 

10(4), pp. 269–279. 

Holm, N.G. and Baltscheffsky, H. (2011) ‘Links Between Hydrothermal 

Environments, Pyrophosphate, Na +, and Early Evolution’, Origins of Life and 



Bibliography 

 

215 
 

Evolution of Biospheres, 41(5), pp. 483–493. 

Holm, N.G. and Neubeck, A. (2009) ‘Reduction of nitrogen compounds in oceanic 

basement and its implications for HCN formation and abiotic organic 

synthesis’, Geochemical Transactions, 10(1), p. 9. 

Howell, S.B., Sobeck, C., Haas, M., Still, M., Barclay, T., Mullally, F., Troeltzsch, 

J., Aigrain, S., Bryson, S.T., Caldwell, D., Chaplin, W.J., Cochran, W.D., 

Huber, D., Marcy, G.W., Miglio, A., Najita, J.R., Smith, M., Twicken, J.D. and 

Fortney, J.J. (2014) ‘The K2 Mission: Characterization and Early Results’, 

Publications of the Astronomical Society of the Pacific, 126(938), pp. 398–

408. 

Hsu, H.W., Postberg, F., Sekine, Y., Shibuya, T., Kempf, S., Horányi, M., Juhász, 

A., Altobelli, N., Suzuki, K., Masaki, Y., Kuwatani, T., Tachibana, S., Sirono, 

S.I., Moragas-Klostermeyer, G. and Srama, R. (2015) ‘Ongoing hydrothermal 

activities within Enceladus’, Nature, 519(7542), pp. 207–210. 

Huber, C. and Wächtershäuser, G. (1997) ‘Activated Acetic Acid by Carbon 

Fixation on (Fe,Ni)S Under Primordial Conditions’, Science, 276, pp. 245–

248. 

Huber, C. and Wächtershäuser, G. (1998) ‘Peptides by activation of amino acids 

with CO on (Ni,Fe)S surfaces: Implications for the origin of life’, Science, 

281(5377), pp. 670–671. 

Hudson, R., de Graaf, R., Rodin, M.S., Ohno, A., Lane, N., McGlynn, S.E., 

Yamada, Y.M.A., Nakamura, R., Barge, L.M., Braun, D. and Sojo, V. (2020) 

‘CO2 reduction driven by a pH gradient’, Proceedings of the National 

Academy of Sciences, 117(37), pp. 22873–22879. 

Ibanez, J.D., Kimball, A.P. and Oró, J. (1971) ‘Possible prebiotic condensation of 

mononucleotides by cyanamide’, Science, 173(3995), pp. 444–446. 

Ibba, M. and Söll, D. (2000) ‘Aminoacyl-tRNA Synthesis’, Annual Review of 

Biochemistry, 69(1), pp. 617–650. 



Bibliography 

 

216 
 

Imai, E.I., Honda, H., Hatori, K., Brack, A. and Matsuno, K. (1999) ‘Elongation of 

oligopeptides in a simulated submarine hydrothermal system’, Science, 

283(5403), pp. 831–833. 

Izatt, R.M., Christensen, J.J. and Rytting, J.H. (1972) ‘Erratum: Sites and 

thermodynamic quantities associated with proton and metal ion interaction 

with ribonucleic acid, deoxyribonucleic acid, and their constituent bases, 

nucleosides, and nucleotides’, Chemical Reviews, pp. 439–481. 

James, H.L. (1954) ‘Sedimentary facies of iron-formation’, Economic Geology, 

49(3), pp. 235–293. 

James, K.D. and Ellington, A.D. (1995) ‘The search for missing links between 

self-replicating nucleic ACIDs and the RNA world’, Origins of Life and 

Evolution of the Biosphere, 25(6), pp. 515–530. 

Javaux, E.J. (2019) ‘Challenges in evidencing the earliest traces of life’, Nature, 

572(7770), pp. 451–460. 

John, R.A. (1995) ‘Pyridoxal phosphate-dependent enzymes’, Biochimica et 

Biophysica Acta (BBA)/Protein Structure and Molecular. Elsevier, pp. 81–96. 

Johnson, A.P., Cleaves, H.J., Dworkin, J.P., Glavin, D.P., Lazcano, A. and Bada, 

J.L. (2008) ‘The Miller volcanic spark discharge experiment’, Science, 

322(5900), p. 404. 

Jones, M.E. and Lipmann, F. (1960) ‘Chemical and enzymatic synthesis of 

carbamyl phosphate’, Proceedings of the National Academy of Sciences, 

46(9), pp. 1194–205. 

Jones, M.E., Spector, L. and Lipmann, F. (1955) ‘Carbamyl phosphate, the 

carbamyl donor in enzymatic citrulline synthesis’, Journal of the American 

Chemical Society, 77(3), pp. 819–820. 

Jordan, S.F., Ioannou, I., Rammu, H., Halpern, A., Bogart, L.K., Ahn, M., 

Vasiliadou, R., Christodoulou, J., Maréchal, A. and Lane, N. (2021) 

‘Spontaneous assembly of redox-active iron-sulfur clusters at low 



Bibliography 

 

217 
 

concentrations of cysteine’, Nature Communications, 12, p. 5925. 

Jordan, S.F., Nee, E. and Lane, N. (2019a) ‘Isoprenoids enhance the stability of 

fatty acid membranes at the emergence of life potentially leading to an early 

lipid divide’, Interface Focus, Submitted. 

Jordan, S.F., Rammu, H., Zheludev, I.N., Hartley, A.M., Maréchal, A. and Lane, 

N. (2019b) ‘Promotion of protocell self-assembly from mixed amphiphiles at 

the origin of life’, Nature Ecology & Evolution 2019, pp. 1–10. 

Jun, S.H., Reichlen, M.J., Tajiri, M. and Murakami, K.S. (2011) ‘Archaeal RNA 

polymerase and transcription regulation’, Critical Reviews in Biochemistry 

and Molecular Biology, 46(1), pp. 27–40. 

Kaye, K., Bryant, D.E., Marriott, K.E.R., Ohara, S., Fishwick, C.W.G. and Kee, 

T.P. (2016) ‘Selective Phosphonylation of 5′-Adenosine Monophosphate (5′-

AMP) via Pyrophosphite [PPi(III)]’, Origins of Life and Evolution of 

Biospheres, 46(4), pp. 425–434. 

Kee, T.P., Bryant, D.E., Herschy, B., Marriott, K.E.R., Cosgrove, N.E., Pasek, 

M.A., Atlas, Z. and Cousins, C.R. (2013) ‘Phosphate activation via reduced 

oxidation state phosphorus (P). Mild routes to condensed-P energy currency 

molecules’, Life, 3(3), pp. 386–402. 

Kehres, D.G. and Maguire, M.E. (2002) ‘Structure, properties and regulation of 

magnesium transport proteins’, BioMetals, pp. 261–270. 

Keller, M.A., Driscoll, P.C., Messner, C. and Ralser, M. (2017) ‘Primordial Krebs-

cycle-like non-enzymatic reactions detected by mass spectrometry and 

nuclear magnetic resonance’, Wellcome Open Research, 2, p. 52. 

Kelley, D.S., Baross, J.A. and Delaney, J.R. (2002) ‘Volcanoes, fluids, and life at 

mid-ocean ridge spreading centers’, Annu. Rev. Earth Planet. Sci, 30, pp. 

385–491. 

Kelley, D.S., Früh-Green, G.L., Karson, J.A. and Ludwig, K.A. (2007) ‘The lost 

city Hydrothermal field revisited’, Oceanography, 20(4), pp. 90–99. 



Bibliography 

 

218 
 

Kelley, D.S., Karson, J.A., Blackman, D.K., Früh-Green, G.L., Butterfield, D.A., 

Lilley, M.D., Olson, E.J., Schrenk, M.O., Roe, K., Lebon, G.T. and Rivizzigno, 

P. (2001) ‘An off-axis hydrothermal vent field near the Mid-Atlantic Ridge at 

30 degrees N’, Nature, 412(6843), pp. 145-149. 

Kelley, D.S., Karson, J.A., Früh-Green, G.L., Yoerger, D.R., Shank, T.M., 

Butterfield, D.A., Hayes, J.M., Schrenk, M.O., Olson, E.J., Proskurowski, G., 

Jakuba, M., Bradley, A., Larson, B., Ludwig, K., Glickson, D., Buckman, K., 

Bradley, A.S., Brazelton, W.J., Roe, K., Bernasconi, S.M., Elend, M.J., Lilley, 

M.D., Baross, J.A., Summons, R.E. and Sylva, S.P. (2005) ‘A Serpentinite-

Hosted Ecosystem: The Lost City Hydrothermal Field’, Science, 307, pp. 

1428–1434. 

Kim, H.J. and Benner, S.A. (2017) ‘Prebiotic stereoselective synthesis of purine 

and noncanonical pyrimidine nucleotide from nucleobases and 

phosphorylated carbohydrates’, Proceedings of the National Academy of 

Sciences of the United States of America, 114(43), pp. 11315–11320. 

Kim, J.D., Yee, N., Nanda, V. and Falkowski, P.G. (2013) ‘Anoxic photochemical 

oxidation of siderite generates molecular hydrogen and iron oxides’, 

Proceedings of the National Academy of Sciences of the United States of 

America, 110(25), pp. 10073–10077. 

Kirschning, A. (2020) ‘Coenzymes and Their Role in the Evolution of Life’, 

Angewandte Chemie - International Edition, 59, pp. 2–30. 

Kitadai, N., Nakamura, R., Yamamoto, M., Okada, S., Takahagi, W., Nakano, Y., 

Takahashi, Y., Takai, K. and Oono, Y. (2021) ‘Thioester synthesis through 

geoelectrochemical CO2 fixation on Ni sulfides’, Communications Chemistry, 

4(1), pp. 1–9. 

Kitani, A., Tsunetsugu, S. and Sasaki, K. (1991) ‘Fe(III)-ion-Catalysed Non-

enzymatic Transformation of ADP into ATP’, J. Chem. Soc. Perkin Trans, (2), 

pp. 329–331. 

Kitani, A., Tsunetsugu, S., Suzuki, A., Ito, S. and Sasaki, K. (1995) ‘Fe(III)-ion-



Bibliography 

 

219 
 

catalysed non-enzymatic transformation of adenosine diphosphate into 

adenosine triphosphate part II. Evidence of catalytic nature of Fe ions’, 

Bioelectrochemistry and Bioenergetics, 36(1), pp. 47–51. 

Klein, C. (2005) ‘Some Precambrian banded iron-formations (BIFs) from around 

the world: Their age, geologic setting, mineralogy, metamorphism, 

geochemistry, and origin’, American Mineralogist. GeoScienceWorld, pp. 

1473–1499. 

Konn, C., Charlou, J.L., Holm, N.G. and Mousis, O. (2015) ‘The production of 

methane, hydrogen, and organic compounds in ultramafic-hosted 

hydrothermal vents of the mid-atlantic ridge’, Astrobiology, 15(5), pp. 381–

399. 

Kopetzki, D. and Antonietti, M. (2011) ‘Hydrothermal formose reaction’, New 

Journal of Chemistry, 35(9), pp. 1787–1794. 

Kottur, J. and Nair, D.T. (2018) ‘Pyrophosphate hydrolysis is an intrinsic and 

critical step of the DNA synthesis reaction’, Nucleic Acids Research, 46(12), 

pp. 5875–5885. 

Kvenvolden, K.A., Lawless, J.G. and Ponnamperuma, C. (1971) ‘Nonprotein 

Amino Acids in the Murchison Meteorite’, Proceedings of the National 

Academy of Sciences, 68(2), pp. 486–490. 

Lacey, J.C. and White, W.E. (1972) ‘Aminoacyl transer: Chemical conversion of 

an aminoacyl adenylate to an imidazolide’, Biochemical and Biophysical 

Research Communications, 47(3), pp. 565–573. 

Lagoja, I.M. and Herdewijn, P. (2005) ‘A potential prebiotic route to adenine from 

hypoxanthine’, Chemistry and Biodiversity, 2(7), pp. 923–927. 

Lammer, H., Bredehöft, J.H., Coustenis, A., Khodachenko, M.L., Kaltenegger, L., 

Grasset, O., Prieur, D., Raulin, F., Ehrenfreund, P., Yamauchi, M., Wahlund, 

J.E., Grießmeier, J.M., Stangl, G., Cockell, C.S., Kulikov, Y.N., Grenfell, J.L. 

and Rauer, H. (2009) ‘What makes a planet habitable?’, Astronomy and 

Astrophysics Review, 17(2), pp. 181–249. 



Bibliography 

 

220 
 

Lane, N. (2014) ‘Bioenergetic constraints on the evolution of complex life’, Cold 

Spring Harb Perspect Biol, 6(5), pp. 1–18. 

Lane, N. (2015) The Vital Question. London, UK: Profile Books Ltd. 

Lane, N. (2017) ‘Proton gradients at the origin of life’, BioEssays, p. 1600217. 

Lane, N., Allen, J.F. and Martin, W.F. (2010) ‘How did LUCA make a living? 

Chemiosmosis in the origin of life’, BioEssays, 32(4), pp. 271–280. 

Lane, N. and Martin, W.F. (2012) ‘The origin of membrane bioenergetics’, Cell, 

151(7), pp. 1406–1416. 

Lazcano, A. (2004) ‘Astrobiology: Towards and Understanding of the Emergence 

of Life in the Universe’, in Norris, R.P. and Stootman, F.H. (eds) 

Bioastronomy 2002: Life Among the Stars. IAU Symposium. San Francisco, 

pp. 245–254. 

Lebrun, T., Massol, H., Chassefière, E., Davaille, A., Marcq, E., Sarda, P., 

Leblanc, F. and Brandeis, G. (2013) ‘Thermal evolution of an early magma 

ocean in interaction with the atmosphere’, Journal of Geophysical Research 

E: Planets, 118(6), pp. 1155–1176. 

Ledevin, M., Arndt, N.T., Simionovici, A., Jaillard, E. and Ulrich, M. (2014) ‘Silica 

precipitation triggered by clastic sedimentation in the Archean: New 

petrographic evidence from cherts of the Kromberg type section, South 

Africa’, Precambrian Research, 255(P1), pp. 316–334. 

Leduc, S. (1911) The Mechanism Of Life. London, UK: William Heinemann. 

Leibrock, E., Bayer, P. and Lüdemann, H.D. (1995) ‘Nonenzymatic hydrolysis of 

adenosinetriphosphate (ATP) at high temperatures and high pressures’, 

Biophysical Chemistry, 54(2), pp. 175–180. 

Li, F., Fitz, D., Fraser, D.G. and Rode, B.M. (2008) ‘Methionine peptide formation 

under primordial earth conditions’, Journal of Inorganic Biochemistry, 102(5–

6), pp. 1212–1217. 



Bibliography 

 

221 
 

Ligon, E., Thomas, J.P. and Worrall, T. (2002) ‘Informal insurance arrangements 

with limited commitment: Theory and evidence from village economies’, 

Review of Economic Studies, 69(1), pp. 209–244. 

Lipmann, F. (1954) ‘Development of the acetylation problem, a personal 

account.’, Science (New York, N.Y.), 120(3126), pp. 855–865. 

Lipmann, F. (1971) Wanderings of a Biochemist. New York, USA: Wiley-

Interscience. 

Lipmann, F. and Tuttle, L.C. (1944) ‘Acetyl phosphate: chemistry, determiantion, 

and synthesis’, Journal of Biological Chemistry, 153, pp. 571–582. 

Liu, Z., Rossi, J.C. and Pascal, R. (2019) ‘How prebiotic chemistry and early life 

chose phosphate’, Life, 9(1), pp. 1–16. 

Lohrmann, R. and Orgel, L.E. (1968) ‘Prebiotic synthesis: phosphorylation in 

aqueous solution.’, Science (New York, N.Y.), 161(836), pp. 64–66. 

Lohrmann, R. and Orgel, L.E. (1971) ‘Urea-Inorganic Phosphate Mixtures as 

Prebiotic Phosphorylating Agents’, Science, 171(3970), pp. 490–494. 

Lohrmann, R. and Orgel, L.E. (1979) ‘Self-condensation of activated 

dinucleotides on polynucleotide templates with alternating sequences’, 

Journal of Molecular Evolution, 14(4), pp. 243–250. 

Lollar, B.S., Lacrampe-Couloume, G., Voglesonger, K., Onstott, T.C., Pratt, L.M. 

and Slater, G.F. (2008) ‘Isotopic signatures of CH4 and higher hydrocarbon 

gases from Precambrian Shield sites: A model for abiogenic polymerization 

of hydrocarbons’, Geochimica et Cosmochimica Acta, 72(19), pp. 4778–

4795. 

Lowenstein, J.M. (1958) ‘Non-enzymic formation of hydroxamates catalysed by 

manganous ions’, Biochimica et Biophysica Acta, 28(C), pp. 206–207. 

Lowenstein, J.M. and Schatz, M.N. (1961) ‘The nonenzymatic activation of 

acetate by adenosine triphosphate-bivalent metal chelates.’, The Journal of 

biological chemistry, 236(2), pp. 305–307. 



Bibliography 

 

222 
 

Ma, W. (2014) ‘The origin of life: A problem of history, chemistry, and evolution’, 

Chemistry and Biodiversity, 11(12), pp. 1998–2010. 

Ma, W. and Yu, C. (2006) ‘Intramolecular RNA replicase: Possibly the first self-

replicating molecule in the RNA world’, Origins of Life and Evolution of the 

Biosphere. Springer, pp. 413–420. 

MacHala, L., Tuček, J. and Zbořil, R. (2011) ‘Polymorphous transformations of 

nanometric iron(III) oxide: A review’, Chemistry of Materials, pp. 3255–3272. 

Maguire, O.R., Smokers, I.B.A., Huck, W.T.S. (2021) ‘A physicochemical 

orthophosphate cycle via a 885 kinetically stable thermodynamically 

activated intermediate enables mild prebiotic phosphorylations’, Nature 

Communications, 12:5517. 

Mamajanov, I., Callahan, M.P., Dworkin, J.P. and Cody, G.D. (2015) ‘Prebiotic 

Alternatives to Proteins: Structure and Function of Hyperbranched 

Polyesters’, Origins of Life and Evolution of Biospheres, 45(1–2), pp. 123–

137. 

Manchester, K. (1980) ‘Free energy ATP hydrolysis and phosphorylation 

potential’, Biochemical Education, 8(3), pp. 70–72. 

Mapolelo, D.T., Zhang, B., Naik, S.G., Huynh, B.H. and Johnson, M.K. (2012) 

‘Spectroscopic and functional characterization of iron-sulfur cluster-bound 

forms of azotobacter vinelandii NifIscA’, Biochemistry, 51(41), pp. 8071–

8084. 

Mariscal, C., Barahona, A., Aubert-Kato, N., Aydinoglu, A.U., Bartlett, S., 

Cárdenas, M.L., Chandru, K., Cleland, C., Cocanougher, B.T., Comfort, N., 

Cornish-Bowden, A., Deacon, T., Froese, T., Giovannelli, D., Hernlund, J., 

Hut, P., Kimura, J., Maurel, M.-C., Merino, N., Moreno, A., Nakagawa, M., 

Peretó, J., Virgo, N., Witkowski, O. and James Cleaves, H. (2019) ‘Hidden 

Concepts in the History and Philosophy of Origins-of-Life Studies: a 

Workshop Report’, Origins of Life and Evolution of Biospheres, 49(3), pp. 

111–145. 



Bibliography 

 

223 
 

Marteinsson, V.T., Kristjánsson, J.K., Kristmannsdóttir, H., Dahlkvist, M., 

Sæmundsson, K., Hannington, M., Pétursdóttir, S.K., Geptner, A. and 

Stoffers, P. (2001) ‘Discovery and description of giant submarine smectite 

cones on the seafloor in Eyjafjordur, northern Iceland, and a novel thermal 

microbial habitat’, Applied and Environmental Microbiology, 67(2), pp. 827–

833. 

Martin, W.F. (1999) ‘Mosaic bacterial chromosomes: a challenge en route to a 

tree of genomes.’, BioEssays : news and reviews in molecular, cellular and 

developmental biology, 21(2), pp. 99–104. 

Martin, W.F. (2020) ‘Older Than Genes: The Acetyl CoA Pathway and Origins’, 

Frontiers in Microbiology, 11. 

Martin, W.F. and Russell, M.J. (2003) ‘On the origins of cells: A hypothesis for 

the evolutionary transitions from abiotic geochemistry to chemoautotrophic 

prokaryotes, and from prokaryotes to nucleated cells’, in Philosophical 

Transactions of the Royal Society B: Biological Sciences, pp. 59–85. 

Martin, W.F. and Russell, M.J. (2007) ‘On the origin of biochemistry at an alkaline 

hydrothermal vent.’, Philosophical transactions of the Royal Society of 

London. Series B, Biological sciences, 362(1486), pp. 1887–925. 

Martin, W.F., Sousa, F.L. and Lane, N. (2014) ‘Energy at life’s origin’, Science, 

344(6188), pp. 1092–1093. 

Martin, W.F. and Thauer, R.K. (2017) ‘Energy in Ancient Metabolism’, Cell, 

168(6), pp. 953–955. 

Martra, G., Deiana, C., Sakhno, Y., Barberis, I., Fabbiani, M., Pazzi, M. and 

Vincenti, M. (2014) ‘The formation and self-assembly of long prebiotic 

oligomers produced by the condensation of unactivated amino acids on oxide 

surfaces’, Angewandte Chemie - International Edition, 53(18), pp. 4671–

4674. 

Maruyama, S., Ikoma, M., Genda, H., Hirose, K., Yokoyama, T. and Santosh, M. 

(2013) ‘The naked planet Earth: Most essential pre-requisite for the origin 



Bibliography 

 

224 
 

and evolution of life’, Geoscience Frontiers, 4(2), pp. 141–165. 

Mast, C.B., Schink, S., Gerland, U. and Braun, D. (2013) ‘Escalation of 

polymerization in a thermal gradient.’, Proceedings of the National Academy 

of Sciences of the United States of America, 110(20), pp. 8030–5. 

Maurer, S.E. (2017) ‘The impact of salts on single chain amphiphile membranes 

and implications for the location of the origin of life’, Life. Multidisciplinary 

Digital Publishing Institute, p. 44. 

Maurer, S.E., Tølbøl Sørensen, K., Iqbal, Z., Nicholas, J., Quirion, K., Gioia, M., 

Monnard, P.A. and Hanczyc, M.M. (2018) ‘Vesicle Self-Assembly of 

Monoalkyl Amphiphiles under the Effects of High Ionic Strength, Extreme pH, 

and High Temperature Environments’, Langmuir, 34(50), pp. 15560–15568. 

Maurette, M. and Brack, A. (2006) ‘Proceedings of 69th Annual Meeting of the 

Meteoritical Society, held August 6-11, 2006 in Zurich, Switzerland’, in 

Meteoritics & Planetary Science, p. 5247. 

McManus, J., Wheat, C.G. and Bach, W. (2019) ‘Carbon cycling in low 

temperature hydrothermal systems: The Dorado Outcrop’, Geochimica et 

Cosmochimica Acta, 264, pp. 1–12. 

Meadows, V.S. and Barnes, R.K. (2018) ‘Factors Affecting Exoplanet 

Habitability’, in Handbook of Exoplanets. Cham: Springer International 

Publishing, pp. 1–24. 

Meierhenrich, U.J., Muñoz Caro, G.M., Bredehöft, J.H., Jessberger, E.K. and 

Thiemann, W.H.-P. (2004) ‘Identification of diamino acid in the Murchison 

meteorite’, Proceedings of the National Academy of Sciences of the United 

States of America, 101(25), pp. 9182–9186. 

Mellersh, A.R. and Smith, P.M. (2010) ‘The Alkaline World and the Origin of Life’, 

Journal of Cosmology, 10, pp. 3230–3242. 

Meyer, J. (1988) ‘The evolution of ferredoxins’, Trends in Ecology and Evolution. 

Elsevier Current Trends, pp. 222–226. 



Bibliography 

 

225 
 

Miller, S.L. (1953) ‘A Production of Amino Acids Under Possible Primitive Earth 

Conditions’, Science, 117(3046), pp. 528–529. 

Miller, S.L. (1957) ‘The mechanism of synthesis of amino acids by electric 

discharges.’, Biochimica et biophysica acta, 23(3), pp. 480–489. 

Mloszewska, A.M., Pecoits, E., Cates, N.L., Mojzsis, S.J., O’Neil, J., Robbins, 

L.J. and Konhauser, K.O. (2012) ‘The composition of Earth’s oldest iron 

formations: The Nuvvuagittuq Supracrustal Belt (Québec, Canada)’, Earth 

and Planetary Science Letters, 317–318, pp. 331–342. 

Moffatt, B.A. and Ashihara, H. (2002) ‘Purine and Pyrimidine Nucleotide 

Synthesis and Metabolism’, in The Arabidopsis Book. BioOne, p. e0018. 

Möller, F.M., Kriegel, F., Kieß, M., Sojo, V. and Braun, D. (2017) ‘Steep pH 

Gradients and Directed Colloid Transport in a Microfluidic Alkaline 

Hydrothermal Pore’, Angewandte Chemie - International Edition, 56(9), pp. 

2340–2344. 

Monnard, P.A., Apel, C.L., Kanavarioti, A. and Deamer, D.W. (2002) ‘Influence of 

ionic inorganic solutes on self-assembly and polymerization processes 

related to early forms of life: Implications for a prebiotic aqueous medium’, 

Astrobiology, 2(2), pp. 139–152. 

Monnard, P.A. and Deamer, D.W. (2003) ‘Preparation of Vesicles from 

Nonphospholipid Amphiphiles’, Methods in Enzymology, 372(1981), pp. 133–

151. 

Monnard, P.A. and Deamer, D.W. (2011) ‘Membrane self-Assembly processes: 

Steps toward the first cellular life’, in The Minimal Cell: The Biophysics of Cell 

Compartment and the Origin of Cell Functionality. Springer, Dordrecht, pp. 

123–151. 

Morasch, M., Mast, C.B., Langer, J.K., Schilcher, P. and Braun, D. (2014) ‘Dry 

polymerization of 3′,5′-cyclic GMP to long strands of RNA’, ChemBioChem, 

15(6), pp. 879–883. 



Bibliography 

 

226 
 

Morowitz, H. and Smith, E. (2007) ‘Energy flow and the organization of life’, 

Complexity. John Wiley and Sons Inc., pp. 51–59. 

Morse, J.W. and Mackenzie, F.T. (1998) ‘Hadean Ocean carbonate 

geochemistry’, Aquatic Geochemistry, 4(3–4), pp. 301–319. 

Muchowska, K.B., Varma, S.J., Chevallot-Beroux, E., Lethuillier-Karl, L., Li, G. 

and Moran, J. (2017) ‘Metals promote sequences of the reverse Krebs cycle’, 

Nature Ecology and Evolution, 1(11), pp. 1716–1721. 

Muchowska, K.B., Varma, S.J. and Moran, J. (2019) ‘Synthesis and breakdown 

of universal metabolic precursors promoted by iron’, Nature, 569(7754), pp. 

104–107. 

Muchowska, K.B., Varma, S.J. and Moran, J. (2020) ‘Nonenzymatic Metabolic 

Reactions and Life’s Origins’, Chemical Reviews, 120(15), pp. 7708–7744. 

Mulkidjanian, A.Y., Bychkov, A.Y., Dibrova, D. V, Galperin, M.Y. and Koonin, E. 

V. (2012) ‘Origin of first cells at terrestrial, anoxic geothermal fields’, 

Proceedings of the National Academy of Sciences, 109(14), pp. E821–E830. 

Muller, A.W.J. (2005) ‘Thermosynthesis as energy source for the RNA World: A 

model for the bioenergetics of the origin of life’, BioSystems, 82(1), pp. 93–

102. 

Mullins, D.W. and Lacey, J.C. (1980) ‘Genetic code correlations: Differential rates 

of non-enzymatic activation of hydrophobic amino acids by ATP’, 

Biochemical and Biophysical Research Communications, 96(1), pp. 491–

497. 

Nakamaru-Ogiso, E., Yano, T., Ohnishi, T. and Yagi, T. (2002) ‘Characterization 

of the iron-sulfur cluster coordinated by a cysteine cluster 

motif(CXXCXXXCX27C) in the Nqo3 subunit in the proton-translocating 

NADH-quinone oxidoreductase (NDH-1) of Thermus thermophilus HB-8’, 

Journal of Biological Chemistry, 277(3), pp. 1680–1688. 

NASA Exoplanet Archive (2021) Exoplanet and Candidate Statistics. 



Bibliography 

 

227 
 

do Nascimento Vieira, A., Kleinermanns, K., Martin, W.F. and Preiner, M. (2020) 

‘The ambivalent role of water at the origins of life’, FEBS Letters, 594(17), pp. 

2717–2733. 

Nauny, P., Cassaro, A., Kopacz, N., Noack, L., Palabikyan, H., Pinna, S., Price, 

A., Stavrakakis, H.A., Taubner, R.S. (2022) ‘Reaching out to early-career 

astrobiologists: AbGradE's actions and perspectives’, International Journal of 

Astrobiology [in press]. 

Nicholls, D.G. and Ferguson, S. (2013) Bioenergetics: Fourth Edition, 

Bioenergetics: Fourth Edition. Academic Press. 

Nickels, J.D. and Katsaras, J. (2015) ‘Water and Lipid Bilayers’, in Membrane 

Hydration. Springer New York, pp. 45–67. 

Nitschke, W. and Russell, M.J. (2009) ‘Hydrothermal focusing of chemical and 

chemiosmotic energy, supported by delivery of catalytic Fe, Ni, Mo/W, Co, S 

and Se, forced life to emerge’, Journal of Molecular Evolution, 69, pp. 481–

496. 

Nunes Palmeira, R., Colnaghi, M., Harrison, S.A., Pomiankowski, A. and Lane, 

N. (2022) ‘The Limits of Metabolic Heredity in Protocells’, bioRxiv [Preprint]. 

Nussenzveig, H.M. (2015) ‘Bohr’s “Light and Life” revisited’, Physica Scripta, 90, 

p. 118001. 

Oba, Y., Takano, Y., Furukawa, Y., Koga, T., Glavin, D.P., Dworkin, J.P., 

Naraoka, H. (2022) ‘Identifying the wide diversity of extraterrestrial purine and 

pyrimidine nucleobases in carbonaceous meteorites’, Nature 

Communications, 13, 2008. 

Ofengand, E.J., Dieckmann, M. and Berg, P. (1961) ‘The enzymic synthesis of 

amino acyl derivatives of ribonucleic acid’, Journal of Biological Chemistry, 

236(6), pp. 1741–1747. 

Ogasawara, H., Yoshida, A., Imai, E.I., Honda, H., Hatori, K. and Matsuno, K. 

(2000) ‘Synthesizing oligomers from monomeric nucleotides in simulated 



Bibliography 

 

228 
 

hydrothermal environments’, Origins of Life and Evolution of the Biosphere, 

30(6), pp. 519–526. 

Okumura, T., Ohara, Y., Stern, R.J., Yamanaka, T., Onishi, Y., Watanabe, H., 

Chen, C., Bloomer, S.H., Pujana, I., Sakai, S., Ishii, T. and Takai, K. (2016) 

‘Brucite chimney formation and carbonate alteration at the Shinkai Seep 

Field, a serpentinite-hosted vent system in the southern Mariana forearc’, 

Geochemistry, Geophysics, Geosystems, 17(9), pp. 3775–3796. 

Olasagasti, F. and Rajamani, S. (2019) ‘Lipid-assisted polymerization of 

nucleotides’, Life, 9(4), pp. 1–10. 

Oparin, A.I. (1938) The Orign of Lifie. The Macmillan Co. 

OpenStax College (2013) ‘Oxidative Phosphorylation’, in Biology. OpenStax. 

Oró, J. (1960) ‘Synthesis of adenine from ammonium cyanide’, Biochemical and 

Biophysical Research Communications, 2(6), pp. 407–412. 

Ouameur, A.A., Arakawa, H., Ahmad, R., Naoui, M. and Tajmir-Riahi, H.A. (2005) 

‘A comparative study of Fe(II) and Fe(III) interactions with DNA duplex: Major 

and minor grooves bindings’, DNA and Cell Biology, 24(6), pp. 394–401. 

Ozawa, K., Nemoto, A., Imai, E.I., Honda, H., Hatori, K. and Matsuno, K. (2004) 

‘Phosphorylation of nucleotide molecules in hydrothermal environments’, 

Origins of Life and Evolution of the Biosphere, 34(5), pp. 465–471. 

Papineau, D. (2010) ‘Mineral environments on the earliest Earth’, Elements, 6(1), 

pp. 25–30. 

Pasek, M.A., Harnmeijer, J.P., Buick, R., Gull, M. and Atlas, Z. (2013) ‘Evidence 

for reactive reduced phosphorus species in the early Archean ocean.’, 

Proceedings of the National Academy of Sciences of the United States of 

America, 110(25), pp. 10089–94. 

Pasek, M.A., Omran, A., Lang, C., Gull, M., Abbatiello, J., Feng, T., Garong, L. 

and Abbott-Lyon, H. (2020) ‘Serpentinization as a route to liberating 

phosphorus on habitable worlds’, Research Square [Preprint]. 



Bibliography 

 

229 
 

Pasek, M.A. (2020) ‘Thermodynamics of Prebiotic Phosphorylation’, Chemical 

Reviews, 120(11), pp. 4690–4706. 

Pasteur, L. (1862) Mémoire sur les corpuscules organisés qui existent en 

suspension dans l’atmosphère: Examen de la doctrine des générations 

spontanées. Mallet-Bachelier. 

Patel, B.H., Percivalle, C., Ritson, D.J., Duffy, C.D. and Sutherland, J.D. (2015) 

‘Common origins of RNA, protein and lipid precursors in a cyanosulfidic 

protometabolism’, Nature Chemistry, 7(4), pp. 301–307. 

Petrat, F., Paluch, S., Dogruöz, E., Dö Rfler, P., Kirsch, M., Korth, H.-G., 

Sustmann, R. and De Groot, H. (2003) ‘Reduction of Fe(III) Ions Complexed 

to Physiological Ligands by Lipoyl Dehydrogenase and Other Flavoenzymes 

in Vitro’, The Journal of Biological Chemistry, 278(47), pp. 46403–13. 

Phillips, R.C., George, P. and Rutman, R.J. (1969) ‘Thermodynamic data for the 

hydrolysis of adenosine triphosphate as a function of pH, Mg2+ ion 

concentration, and ionic strength.’, Journal of Biological Chemistry, 244(12), 

pp. 3330–3342. 

Piast, R.W., Garstka, M., Misicka, A. and Wieczorek, R.M. (2020) ‘Small Cyclic 

Peptide for Pyrophosphate Dependent Ligation in Prebiotic Environments’, 

Life, 10, pp. 1–13. 

Pinna, S. (2017) Formation of ATP under prebiotic conditions. [MRes Thesis, 

University College London]. 

Pinna, S., Kunz, C., Harrison, S.A., Jordan, S.F., Ward, J., Werner, F. and Lane, 

N. (2021) ‘A prebiotic basis for ATP as the universal energy currency’, bioRxiv 

[Preprint]. 

Pizzarello, S., Cooper, G.W. and Flynn, G.J. (2006) ‘The Nature and Distribution 

of the Organic Material in Carbonaceous Chondrites and Interplanetary Dust 

Particles’, Meteorites and the Early Solar System II, p. p.625-651. 

Pizzarello, S. and Shock, E.L. (2010) ‘The organic composition of carbonaceous 



Bibliography 

 

230 
 

meteorites: the evolutionary story ahead of biochemistry’, Cold Spring Harbor 

perspectives in biology, 2(3):a002105. 

Poehlein, A., Schmidt, S., Kaster, A.K., Goenrich, M., Vollmers, J., Thürmer, A., 

Bertsch, J., Schuchmann, K., Voigt, B., Hecker, M., Daniel, R., Thauer, R.K., 

Gottschalk, G. and Müller, V. (2012) ‘An ancient pathway combining carbon 

dioxide fixation with the generation and utilization of a sodium ion gradient for 

ATP synthesis’, PLoS ONE, 7(3), p. 33439. 

Pollack, G.H. (2001) Cells, gels and the engines of life. (A new, unifying ap- 

proach to cell function). 1st edn. Seattle, USA: Ebner & Sons. 

Pollack, G.H. (2013) The Fourth Phase of Water: Beyond Solid, Liquid, and 

Vapor. Ebner & Sons. 

Poulton, S.W. and Canfield, D.E. (2011) ‘Ferruginous conditions: A dominant 

feature of the ocean through Earth’s history’, Elements, 7(2), pp. 107–112. 

Powner, M.W., Gerland, B. and Sutherland, J.D. (2009) ‘Synthesis of activated 

pyrimidine ribonucleotides in prebiotically plausible conditions’, Nature, 

459(7244), pp. 239–242. 

Prebble, J.N. (2013) ‘Contrasting Approaches to a Biological Problem: Paul 

Boyer, Peter Mitchell and the Mechanism of the ATP Synthase, 1961-1985’, 

Journal of the History of Biology, 46(4), pp. 699–737. 

Preiner, M., Asche, S., Becker, S., Betts, H.C., Boniface, A., Camprubí, E., 

Chandru, K., Erastova, V., Garg, S.G., Khawaja, N., Kostyrka, G., Machné, 

R., Moggioli, G., Muchowska, K.B., Neukirchen, S., Peter, B., Pichlhöfer, E., 

Radványi, Á., Rossetto, D., Salditt, A., Schmelling, N.M., Sousa, F.L., Tria, 

F.D.K., Vörös, D. and Xavier, J.C. (2020a) ‘The future of origin of life 

research: Bridging decades-old divisions’, Life, 10(3). 

Preiner, M., Igarashi, K., Muchowska, K.B., Yu, M., Varma, S.J., Kleinermanns, 

K., Nobu, M.K., Kamagata, Y., Tüysüz, H., Moran, J. and Martin, W.F. 

(2020b) ‘A hydrogen dependent geochemical analogue of primordial carbon 

and energy metabolism’, Nature Ecology & Evolution, 4, pp. 534–542. 



Bibliography 

 

231 
 

Price, R., Boyd, E.S., Hoehler, T.M., Wehrmann, L.M., Bogason, E., Valtýsson, 

H.P., Örlygsson, J., Gautason, B. and Amend, J.P. (2017) ‘Alkaline vents and 

steep Na+ gradients from ridge-flank basalts-Implications for the origin and 

evolution of life’, Geology, 45(12), pp. 1135–1138. 

Proskurowski, G., Lilley, M.D., Seewald, J.S., Früh-Green, G.L., Olson, E.J., 

Lupton, J.E., Sylva, S.P. and Kelley, D.S. (2008) ‘Abiogenic Hydrocarbon 

Production at Lost City Hydrothermal Field’, Science, 319(5863), pp. 604–

607. 

Pusch, W., Flocco, M.T., Leung, S.M., Thiele, H. and Kostrzewa, M. (2003) ‘Mass 

spectrometry-based clinical proteomics’, Pharmacogenomics, pp. 463–476. 

Rabinowitz, I.N., Davis, F.F. and Herber, R.H. (1966) ‘Mossbauer-Effect Studies 

on Metal Binding in Purine Compounds1a’, Journal of the American Chemical 

Society, 88(19), pp. 4346–4354. 

Rabinowitz, J., Flores, J., Krebsbach, R. and Rogers, G. (1969) ‘Peptide 

formation in the presence of linear or cyclic polyphosphates’, Nature, 

224(5221), pp. 795–796. 

Rajamani, S., Vlassov, A., Benner, S., Coombs, A., Olasagasti, F. and Deamer, 

D.W. (2008) ‘Lipid-assisted synthesis of RNA-like polymers from 

mononucleotides’, Origins of Life and Evolution of Biospheres, 38(1), pp. 57–

74. 

Ramirez, F., Marecek, J.F. and Szamosi, J. (1980) ‘Magnesium and Calcium Ion 

Effects on Hydrolysis Rates of Adenosine 5’-Triphosphate’, Journal of 

Organic Chemistry. Academic Press, pp. 4748–4752. 

Ramón-Maiques, S., Marina, A., Guinot, A., Gil-Ortiz, F., Uriarte, M., Fita, I. and 

Rubio, V. (2010) ‘Substrate binding and catalysis in carbamate kinase 

ascertained by crystallographic and site-directed mutagenesis studies: 

Movements and significance of a unique globular subdomain of this key 

enzyme for fermentative ATP production in bacteria’, Journal of Molecular 

Biology, 397(5), pp. 1261–1275. 



Bibliography 

 

232 
 

Reinscheid, D.J., Schnicke, S., Rittmann, D., Zahnow, U., Sahm, H. and 

Eikmanns, B.J. (1999) ‘Cloning, sequence analysis, expression and 

inactivation of the Corynebacterium glutamicum pta-ack operon encoding 

phosphotransacetylase and acetate kinase’, Microbiology, 145(2), pp. 503–

513. 

Ricardo, A., Carrigan, M.A., Olcott, A.N. and Benner, S.A. (2004) Borate Minerals 

Stabilize Ribose, Science. 

Rickard, D. and Luther, G.W. (2007) ‘Chemistry of iron sulfides’, Chemical 

Reviews, 107(2), pp. 514–562. 

Ricker, G.R., Winn, J.N., Vanderspek, R., Latham, D.W., Bakos, G.Á., Bean, J.L., 

Berta-Thompson, Z.K., Brown, T.M., Buchhave, L., Butler, N.R., Butler, R.P., 

Chaplin, W.J., Charbonneau, D., Christensen-Dalsgaard, J., Clampin, M., 

Deming, D., Doty, J., De Lee, N., Dressing, C., Dunham, E.W., Endl, M., 

Fressin, F., Ge, J., Henning, T., Holman, M.J., Howard, A.W., Ida, S., 

Jenkins, J.M., Jernigan, G., Johnson, J.A., Kaltenegger, L., Kawai, N., 

Kjeldsen, H., Laughlin, G., Levine, A.M., Lin, D., Lissauer, J.J., MacQueen, 

P., Marcy, G., McCullough, P.R., Morton, T.D., Narita, N., Paegert, M., Palle, 

E., Pepe, F., Pepper, J., Quirrenbach, A., Rinehart, S.A., Sasselov, D., Sato, 

B., Seager, S., Sozzetti, A., Stassun, K.G., Sullivan, P., Szentgyorgyi, A., 

Torres, G., Udry, S. and Villasenor, J. (2015) ‘Transiting Exoplanet Survey 

Satellite’, Journal of Astronomical Telescopes, Instruments, and Systems, 

1(1), p. 014003. 

Robertson, M.P. and Joyce, G.F. (2012) ‘The origins of the RNA World’, Cold 

Spring Harbor Perspectives in Biology, 4(5). 

Rode, B.M. and Schwendinger, M.G. (1990) ‘Copper-catalyzed amino acid 

condensation in water - A simple possible way of prebiotic peptide formation’, 

Origins of Life and Evolution of the Biosphere, 20(5), pp. 401–410. 

Rode, B.M. and Suwannachot, Y. (1999) ‘The possible role of Cu(II) for the origin 

of life’, Coordination Chemistry Reviews, 190–192, pp. 1085–1099. 



Bibliography 

 

233 
 

Ronsein, G.E., Oliveira, M.C.B., Miyamoto, S., Medeiros, M.H.G. and Di Mascio, 

P. (2008) ‘Tryptophan oxidation by singlet molecular oxygen [O2 ( 1Δg)]: 

Mechanistic studies using 18O-labeled hydroperoxides, mass spectrometry, 

and light emission measurements’, Chemical Research in Toxicology, 21(6), 

pp. 1271–1283. 

Runnels, C.M., Lanier, K.A., Williams, J.K., Bowman, J.C., Petrov, A.S., Hud, N. 

V. and Williams, L.D. (2018) ‘Folding, Assembly, and Persistence: The 

Essential Nature and Origins of Biopolymers’, Journal of Molecular Evolution, 

86(9), pp. 598–610. 

Russell, M.J. (2018) ‘Green rust: The simple organizing “seed” of all life?’, Life. 

MDPI AG, p. 35. 

Russell, M.J. and Arndt, N.T. (2005) ‘Geodynamic and metabolic cycles in the 

Hadean’, Biogeosciences, 2(1), pp. 97–111. 

Russell, M.J. and Hall, A.J. (1988) Submarine hot springs and the origin of life - 

letter response, Nature. 

Russell, M.J. and Hall, A.J. (1997) ‘The emergence of life from iron monosulphide 

bubbles at a submarine hydrothermal redox and pH front’, Journal of the 

Geological Society, 154(3), pp. 377–402. 

Russell, M.J., Hall, A.J. and Turner, D. (1989) ‘In vitro growth of iron sulphide 

chimneys: possible culture chambers for origin-of-life experiments’, Terra 

Nova, 1(3), pp. 238–241. 

Russell, M.J. and Martin, W.F. (2004) ‘The rocky roots of the acetyl-CoA 

pathway’, Trends in Biochemical Sciences, pp. 358–363. 

Ruttenberg, K.C. (2003) ‘The Global Phosphorus Cycle’, Treatise on 

Geochemistry, 8–9, pp. 585–643. 

Di Sabato, G. and Jencks, W.P. (1961) ‘Mechanism and Catalysis of Reactions 

of Acyl Phosphates. I. Nucleophilic Reactions’, Journal of the American 

Chemical Society, 83(21), pp. 4400–4405. 



Bibliography 

 

234 
 

Sagan, C. and Mullen, G. (1972) ‘Earth and Mars: Evolution of atmospheres and 

surface temperatures’, Science, 177(4043), pp. 52–56. 

Sakata, K., Kitadai, N. and Yokoyama, T. (2010) ‘Effects of pH and temperature 

on dimerization rate of glycine: Evaluation of favorable environmental 

conditions for chemical evolution of life’, Geochimica et Cosmochimica Acta, 

74(23), pp. 6841–6851. 

Saladino, R., Bizzarri, B.M., Botta, L., Šponer, J., Šponer, J.E., Georgelin, T., 

Jaber, M., Rigaud, B., Kapralov, M., Timoshenko, G.N., Rozanov, A.Y., 

Krasavin, E., Timperio, A.M. and Mauro, E. Di (2017) ‘Proton irradiation: A 

key to the challenge of N-glycosidic bond formation in a prebiotic context’, 

Scientific Reports, 7(1). 

Saladino, R., Carota, E., Botta, G., Kapralov, M., Timoshenko, G.N., Rozanov, 

A.Y., Krasavin, E. and Di Mauro, E. (2015) ‘Meteorite-catalyzed syntheses of 

nucleosides and of other prebiotic compounds from formamide under proton 

irradiation’, Proceedings of the National Academy of Sciences of the United 

States of America, 112(21), pp. E2746–E2755. 

Saladino, R., Crestini, C., Ciciriello, F., Pino, S., Costanzo, G. and Di Mauro, E. 

(2009) ‘From formamide to RNA: the roles of formamide and water in the 

evolution of chemical information’, Research in Microbiology, 160(7), pp. 

441–448. 

Sawai, H., Lohrmann, R. and Orgel, L.E. (1975) ‘Prebiotic peptide-formation in 

the solid state - II. Reaction of Glycine with Adenosine 5’-Triphosphate and 

P1, P2-Diadenosine-Pyrophosphate’, Journal of Molecular Evolution, 6, pp. 

165–184. 

Sawai, H. and Orgel, L.E. (1975) ‘Prebiotic peptide-formation in the solid state - 

III. Condensation Reactions of Glycine in Solid State Mixtures Containing 

Inorganic Polyphosphates’, Journal of Molecular Evolution, 6(3), pp. 185–

197. 

Say, R.F. and Fuchs, G. (2010) ‘Fructose 1,6-bisphosphate 



Bibliography 

 

235 
 

aldolase/phosphatase may be an ancestral gluconeogenic enzyme’, Nature, 

464, pp. 1077–1081. 

Saygin, Ö. (1981) ‘Nonenzymatic photophosphorylation with visible light - A 

possible mode of prebiotic ATP formation’, Naturwissenschaften, 68(12), pp. 

617–619. 

Saygin, Ö. (1983) ‘Nonenzymatic phosphorylation of acetate by carbamyl 

phosphate’, Origins of Life and Evolution of Biospheres, 13, pp. 43–48. 

Saygin, Ö. (1984) ‘Photochemical carbamylphosphate formation and metal ion 

catalysed transphosphorylations between carbamylphosphate and adenine 

nucleotides or carboxyl groups’, Origins of Life and Evolution of Biospheres, 

14, pp. 131–137. 

Scheller, K.H., Sigel, H. (1983) ‘A proton nuclear magnetic resonance study of 

purine and pyrimidine nucleoside 5'-diphosphates. Extent of macrochelate 

formation in monomeric metal ion complexes and promotion of self-stacking 

by metal ions’, Journal of the American Chemical Society, 105(18), pp. 5891–

5900. 

Schönheit, P., Buckel, W. and Martin, W.F. (2016) ‘On the Origin of Heterotrophy’, 

Trends in Microbiology, 24(1), pp. 12–25. 

Schultheisz, H.L., Szymczyna, B.R., Scott, L.G. and Williamson, J.R. (2011) 

‘Enzymatic de novo pyrimidine nucleotide synthesis’, Journal of the American 

Chemical Society, 133(2), pp. 297–304. 

Sekine, Y., Shibuya, T., Postberg, F., Hsu, H.W., Suzuki, K., Masaki, Y., 

Kuwatani, T., Mori, M., Hong, P.K., Yoshizaki, M., Tachibana, S. and Sirono, 

S.I. (2015) ‘High-temperature water-rock interactions and hydrothermal 

environments in the chondrite-like core of Enceladus’, Nature 

Communications, 6(8604). 

Shannon, R.D. (1976) ‘Revised effective ionic radii and systematic studies of 

interatomic distances in halides and chalcogenides’, Acta Crystallographica 

Section A, 32(5), pp. 751–767. 



Bibliography 

 

236 
 

Shaw, G.H. (2008) ‘Earth’s atmosphere - Hadean to early Proterozoic’, Chemie 

der Erde, 68(3), pp. 235–264. 

Shaw, G.H. (2016) Earth’s Early Atmosphere and Oceans, and The Origin of Life, 

Springer. 

Shi, D., Caldovic, L., Tuchman, M. (2018) ‘Sources and Fates of Carbamyl 

Phosphate: A Labile Energy-Rich Molecule with Multiple Facets’, Biology 

(Basel), 7(2), pp. 34. 

Shibuya, T., Russell, M.J. and Takai, K. (2016) ‘Free energy distribution and 

hydrothermal mineral precipitation in Hadean submarine alkaline vent 

systems: Importance of iron redox reactions under anoxic conditions’, 

Geochimica et Cosmochimica Acta, 175, pp. 1–19. 

Shock, E.L. and Canovas, P.A. (2010) ‘The potential for abiotic organic synthesis 

and biosynthesis at seafloor hydrothermal systems.’, Geofluids, 10, pp. 161–

192. 

Shock, E.L. and Schulte, M.D. (1998) ‘Organic synthesis during fluid mixing in 

hydrothermal systems’, Journal of Geophysical Research E: Planets, 

103(E12), pp. 28513–28527. 

Sigel, H. (1992) ‘Have adenosine 5′-triphosphate (ATP^4−) and related purine-

nucleotides played a role in early evolution? ATP, its own ‘enzyme’in metal 

ion facilitated hydrolysis!’, Inorganica chimica acta, 198, pp. 1–11. 

Sigel, H. (1993) ‘Interactions of metal ions with nucleotides and nucleic acids and 

their constituents’, Chemical Society Reviews, 22, pp. 255-267. 

Sigel H, Massoud SS, Corfu NA. (1994) ‘Comparison of the Extent of 

Macrochelate Formation in Complexes of Divalent Metal Ions with Guanosine 

(GMP2-), Inosine (IMP2-), and Adenosine 5'-Monophosphate (AMP2-). The 

Crucial Role of N-7 Basicity in Metal Ion-Nucleic Base Recognition’, Journal 

of the American Chemical Society, 116(7), pp. 2958–2971. 

Da Silva, L., Maurel, M.-C. and Deamer, D.W. (2015) ‘Salt-Promoted Synthesis 



Bibliography 

 

237 
 

of RNA-like Molecules in Simulated Hydrothermal Conditions’, Journal of 

Molecular Evolution, 80(2), pp. 86–97. 

Sleep, N., Bird, D. and Pope, E. (2011) ‘Serpentinite and the dawn of life’, 

Philosophical Transactions of the Royal Society B: Biological Sciences, 

366(1580), pp. 2857–2869. 

Sojo, V., Herschy, B., Whicher, A., Camprubí, E. and Lane, N. (2016) ‘The origin 

of life in alkaline hydrothermal vents’, Astrobiology, 16(2), pp. 181–197. 

Sojo, V., Pomiankowski, A. and Lane, N. (2014) ‘A Bioenergetic Basis for 

Membrane Divergence in Archaea and Bacteria’, PLoS Biology, 12(8), p. 

e1001926. 

Sosunov, V., Sosunova, E., Mustaev, A., Bass, I., Nikiforov, V. and Goldfarb, A. 

(2003) ‘Unified two-metal mechanism of RNA synthesis and degradation by 

RNA polymerase’, EMBO Journal, 22(9), pp. 2234–2244. 

Sosunov, V., Zorov, S., Sosunova, E., Nikolaev, A., Zakeyeva, I., Bass, I., 

Goldfarb, A., Nikiforov, V., Severinov, K. and Mustaev, A. (2005) ‘The 

involvement of the aspartate triad of the active center in all catalytic activities 

of multisubunit RNA polymerase’, Nucleic Acids Research, 33(13), pp. 4202–

4211. 

Sousa, F.L., Thiergart, T., Landan, G., Nelson-Sathi, S., Pereira, I.A.C., Allen, 

J.F., Lane, N. and Martin, W.F. (2013) ‘Early bioenergetic evolution’, 

Philosophical Transactions of the Royal Society B: Biological Sciences, 

368(1622), pp. 20130088–20130088. 

Spectrum MCH00020 for Adenosine 5’-triphosphate (2016) MoNA - MassBank 

of North America. [Available at: 

https://mona.fiehnlab.ucdavis.edu/spectra/display/MCH00020] 

Spiegelman, S., Haruna, I., Holland, I.B., Beaudreau, G. and Mills, D. (1965) ‘The 

synthesis of a self-propagating and infectious nucleic acid with a purified 

enzyme.’, Proceedings of the National Academy of Sciences of the United 

States of America, 54(3), pp. 919–927. 



Bibliography 

 

238 
 

Spiess, F., Macdonald, K., Atwater, T., Ballard, B., Carranza, A., Cordoba, D., 

Cox, C., Diaz Garcia, M., Francheteau, J., Guerrera, J., Hawkins, J., Haymon, 

R., Hessler, R., Juteau, M., Kastner, M., Larson, R., Luyendyk, B., 

Macdougall, J., Miller, S.L., Normak, W., Orcutt, J. and Rangin, C. (1980) 

‘East Pacific Rise: Hot Spring and Geophysical Experimer’, Science, 

207(4438), pp. 1421–1433. 

Šponer, J., Sabat, M., Gorb, L., Leszczynski, J., Lippert, B. and Hobzat, P. (2000) 

‘The effect of metal binding to the N7 site of purine nucleotides on their 

structure, energy, and involvement in base pairing’, Journal of Physical 

Chemistry B, 104(31), pp. 7535–7544. 

Stairs, S., Nikmal, A., Bǔar, D.K., Zheng, S.L., Szostak, J.W. and Powner, M.W. 

(2017) ‘Divergent prebiotic synthesis of pyrimidine and 8-oxo-purine 

ribonucleotides’, Nature Communications, 8. 

Steinman, G. and Cole, M.N. (1967) ‘Synthesis of biologically pertinent peptides 

under possible primordial conditions.’, Proceedings of the National Academy 

of Sciences of the United States of America, 58(2), pp. 735–742. 

Steinman, G., Lemmon, R.M. and Calvin, M. (1964) ‘Cyanamide: a possible key 

compound in chemical evolution.’, Proceedings of the National Academy of 

Sciences of the United States of, 52, pp. 27–30. 

Steitz, T.A. (2008) ‘A structural understanding of the dynamic ribosome machine’, 

Nature Reviews Molecular Cell Biology, (9), pp. 242–253. 

Stiban, J., So, M. and Kaguni, L.S. (2016) ‘Iron-sulfur clusters in mitochondrial 

metabolism: Multifaceted roles of a simple cofactor’, Biochemistry (Moscow). 

Maik Nauka Publishing / Springer SBM, pp. 1066–1080. 

Storer, A.C. and Cornish-Bowden, A. (1976) ‘Concentration of MgATP2- and 

other ions in solution. Calculation of the true concentrations of species 

present in mixtures of associating ions’, Biochemical Journal, 159, pp. 1–5. 

Strick, J. (1988) ‘A Modern Spontaneous Generation Debate’, Bulletin of Science, 

Technology & Society, 8(3), pp. 302–305. 



Bibliography 

 

239 
 

Strughold, H. (1953) The Green and Red Planet: A Physiological Study of the 

Possibility of Life on Mars. University of New Mexico Press. 

Sugahara, H., Meinert, C., Nahon, L., Jones, N.C., Hoffmann, S. V., Hamase, K., 

Takano, Y. and Meierhenrich, U.J. (2018) ‘D-Amino acids in molecular 

evolution in space – Absolute asymmetric photolysis and synthesis of amino 

acids by circularly polarized light’, Biochimica et Biophysica Acta - Proteins 

and Proteomics, 1866(7), pp. 743–758. 

Summers, D.P. and Khare, B. (2007) ‘Nitrogen fixation on early Mars and other 

terrestrial planets: Experimental demonstration of abiotic fixation reactions to 

nitrite and nitrate’, Astrobiology, 7(2), pp. 333–341. 

Svetlov, V., Vassylyev, D.G. and Artsimovitch, I. (2004) ‘Discrimination against 

deoxyribonucleotide substrates by bacterial RNA polymerase’, Journal of 

Biological Chemistry, 279(37), pp. 38087–38090. 

Swain, M. (2012) ‘chemicalize.org’, Journal of Chemical Information and 

Modeling, 52(2), pp. 613–615. 

Syverson, D., Reinhard, C.T., Isson, T., Holstege, C., Katchinoff, J., Tutolo, B., 

Etschmann, B. and Planavsky, N.J. (2020) ‘Nutrient Supply to Planetary 

Biospheres from Anoxic Weathering of Mafic Oceanic Crust’, 

arXiv:2002.07667 [astro-ph.EP] [Preprint]. 

Tajika, E. and Matsui, T. (1992) ‘Evolution of terrestrial proto-CO2 atmosphere 

coupled with thermal history of the earth’, Earth and Planetary Science 

Letters, 113(1–2), pp. 251–266. 

Tauchert, K., Jahn, A. and Oelze, J. (1990) ‘Control of diauxic growth of 

Azotobacter vinelandii on acetate and glucose’, Journal of Bacteriology, 

172(11), pp. 6447–6451. 

Thauer, R.K., Jungermann, K. and Decker, K. (1977) ‘Energy conservation in 

chemotrophic anaerobic bacteria.’, Bacteriological reviews, 41(1), pp. 100–

180. 



Bibliography 

 

240 
 

Thauer, R.K., Kaster, A.K., Goenrich, M., Schick, M., Hiromoto, T. and Shima, S. 

(2010) ‘Hydrogenases from methanogenic archaea, nickel, a novel cofactor, 

and H2 storage’, Annual Review of Biochemistry, 79, pp. 507–536. 

Tirard, S. (2017) ‘J. B. S. Haldane and the origin of life’, Journal of Genetics, 

96(5), pp. 735–739. 

Tosca, N.J., Jiang, C.Z., Rasmussen, B. and Muhling, J. (2019) ‘Products of the 

iron cycle on the early Earth’, Free Radical Biology and Medicine. Pergamon, 

pp. 138–153. 

Trevors, J.T. (2010) ‘Perspective: Researching the transition from non-living to 

the first microorganisms: Methods and experiments are major challenges’, 

Journal of Microbiological Methods. Elsevier, pp. 259–263. 

Trevors, J.T. (2011) ‘Hypothesized origin of microbial life in a prebiotic gel and 

the transition to a living biofilm and microbial mats’, Comptes Rendus - 

Biologies. No longer published by Elsevier, pp. 269–272. 

Trevors, J.T. and Pollack, G.H. (2005) ‘Hypothesis: The origin of life in a hydrogel 

environment’, Progress in Biophysics and Molecular Biology. Pergamon, pp. 

1–8. 

Trifonov, E.N. (2000) ‘Consensus temporal order of amino acids and evolution of 

the triplet code’, Gene, 261(1), pp. 139–151. 

Trifonov, E.N. (2004) ‘The triplet code from first principles’, Journal of 

Biomolecular Structure and Dynamics, 22(1), pp. 1–11. 

Tutolo, B.M., Seyfried, W.E. and Tosca, N.J. (2020) ‘A seawater throttle on H 2 

production in Precambrian serpentinizing systems’, Proceedings of the 

National Academy of Sciences, pp. 1–8. 

University of Cambridge (2021) Darwin Correspondence Project “Letter no. 

7471”, Darwin Correspondence Project. [Available at: 

https://www.darwinproject.ac.uk/letter/DCP-LETT-7471.xml] 

Utrera, M. and Estévez, M. (2012) ‘Analysis of tryptophan oxidation by 



Bibliography 

 

241 
 

fluorescence spectroscopy: Effect of metal-catalyzed oxidation and selected 

phenolic compounds’, Food Chemistry, 135(1), pp. 88–93. 

Valko, M., Morris, H. and Cronin, M. (2005) ‘Metals, Toxicity and Oxidative 

Stress’, Current Medicinal Chemistry, 12(10), pp. 1161–1208. 

Valley, J.W., Cavosie, A.J., Ushikubo, T., Reinhard, D.A., Lawrence, D.F., 

Larson, D.J., Clifton, P.H., Kelly, T., Wilde, S.A., Moser, D.E. and Spicuzza, 

M.J. (2014) ‘Hadean age for a post-magma-ocean zircon confirmed by atom-

probe tomography’, Nature Geoscience, 7, pp. 219–223. 

Varma, S.J., Muchowska, K.B., Chatelain, P. and Moran, J. (2018) ‘Native iron 

reduces CO2 to intermediates and end-products of the acetyl-CoA pathway’, 

Nature Ecology and Evolution, 2(6), pp. 1019–1024. 

Vasiliadou, R., Dimov, N., Szita, N., Jordan, S.F. and Lane, N. (2019) ‘Possible 

mechanisms of CO2 reduction by H2 via prebiotic vectorial electrochemistry’, 

Interface Focus, 9(6), p. 20190073. 

Vázquez-Salazar, A., Becerra, A. and Lazcano, A. (2018) ‘Evolutionary 

convergence in the biosyntheses of the imidazole moieties of histidine and 

purines’, PLoS ONE, 13(4), p. e0196349. 

Vetsigian, K., Woese, C. and Goldenfeld, N. (2006) ‘Collective evolution and the 

genetic code’, Proceedings of the National Academy of Sciences of the 

United States of America, 103(28), pp. 10696–10701. 

Wächtershäuser, Günter (1988) ‘Before Enzymes and Templates: Theory of 

Surface Metabolism’, Microbiological reviews, 52(4), pp. 452–484. 

Wächtershäuser, Gunter (1988) ‘Pyrite Formation, the First Energy Source for 

Life: a Hypothesis’, Systematic and Applied Microbiology, 10(3), pp. 207–

210. 

Wächtershäuser, G. (1990) ‘Evolution of the first metabolic cycles.’, Proceedings 

of the National Academy of Sciences, 87(1), pp. 200–204. 

Wagner, T., Ermler, U. and Shima, S. (2016) ‘The methanogenic CO2 reducing-



Bibliography 

 

242 
 

and-fixing enzyme is bifunctional and contains 46 [4Fe-4S] clusters’, Science, 

354(6308), pp. 114–117. 

Waite, J.H., Glein, C.R., Perryman, R.S., Teolis, B.D., Magee, B.A., Miller, G., 

Grimes, J., Perry, M.E., Miller, K.E., Bouquet, A., Lunine, J.I., Brockwell, T. 

and Bolton, S.J. (2017) ‘Cassini finds molecular hydrogen in the Enceladus 

plume: Evidence for hydrothermal processes’, Science, 356(6334), pp. 155–

159. 

Wang, C., Qi, Q., Li, W., Dang, J., Hao, M., Lv, S., Dong, X., Gu, Y., Wu, P., 

Zhang, W., Chen, Y. and Hartig, J.S. (2020) ‘A Cu(II)–ATP complex efficiently 

catalyses enantioselective Diels–Alder reactions’, Nature Communications, 

11(1). 

Weber, A.L., Caroon, J.M., Warden, J.T., Lemmon, R.M. and Calvin, M. (1977) 

‘Simultaneous peptide and oligonucleotide formation in mixtures of amino 

acid, nucleoside triphosphate, imidazole, and magnesium ion’, BioSystems, 

8(4), pp. 277–286. 

Weiss, M.C., Preiner, M., Xavier, J.C., Zimorski, V. and Martin, W.F. (2018) ‘The 

last universal common ancestor between ancient Earth chemistry and the 

onset of genetics’, PLoS Genetics, 14(8). 

Weiss, M.C., Sousa, F.L., Mrnjavac, N., Neukirchen, S., Roettger, M., Nelson-

Sathi, S. and Martin, W.F. (2016) ‘The physiology and habitat of the last 

universal common ancestor’, Nature Microbiology, 1(9), p. 16116. 

West, T., Sojo, V., Pomiankowski, A. and Lane, N. (2017) ‘The origin of heredity 

in protocells’, Phylosophical Transactions of the Royal Society B, 372, p. 

20160419. 

Westall, F. and Brack, A. (2018) ‘The Importance of Water for Life’, Space 

Science Reviews, p. 50. 

Westall, F., Hickman-Lewis, K., Hinman, N., Gautret, P., Campbell, K.A., 

Bréhéret, J.G., Foucher, F., Hubert, A., Sorieul, S., Dass, A.V., Kee, T.P., 

Georgelin, T. and Brack, A. (2018) ‘A Hydrothermal-Sedimentary Context for 



Bibliography 

 

243 
 

the Origin of Life’, Astrobiology, 18(3), pp. 259–293. 

Westheimer, F.H. (1987) ‘Why nature chose phosphates over arsenates’, 

Science, 13(4793), pp. 3601–3608. 

Wheat, C.G., Fisher, A.T., McManus, J., Hulme, S.M. and Orcutt, B.N. (2017) 

‘Cool seafloor hydrothermal springs reveal global geochemical fluxes’, Earth 

and Planetary Science Letters, 476, pp. 179–188. 

Wheat, C.G., McManus, J., Mottl, M.J. and Giambalvo, E. (2003) ‘Oceanic 

phosphorus imbalance: Magnitude of the mid-ocean ridge flank hydrothermal 

sink’, Geophysical Research Letters, 30(17). 

Whicher, A., Camprubí, E., Pinna, S., Herschy, B. and Lane, N. (2018) ‘Acetyl 

Phosphate as a Primordial Energy Currency at the Origin of Life’, Origins of 

Life and Evolution of Biospheres, 48(2), pp. 159–179. 

White, L.M., Bhartia, R., Stucky, G.D., Kanik, I. and Russell, M.J. (2015) 

‘Mackinawite and greigite in ancient alkaline hydrothermal chimneys: 

Identifying potential key catalysts for emergent life’, Earth and Planetary 

Science Letters, 430, pp. 105–114. 

White, W.E., Lacey, J.C. and Weber, A.L. (1973) ‘Aminoacyl transfer from 

adenylate anhydride to the 2′OH groups along the backbone of 

polyribonucleotides’, Biochemical and Biophysical Research 

Communications, 51(2), pp. 283–291. 

Williams, N.H. (2000) ‘Magnesium ion catalyzed ATP hydrolysis’, Journal of the 

American Chemical Society, 122(48), pp. 12023–12024. 

Williams, T.A., Foster, P.G., Cox, C.J. and Embley, T.M. (2013) ‘An archaeal 

origin of eukaryotes supports only two primary domains of life.’, Nature, 

504(7479), pp. 231–6. 

Wimmer, J.L.E., Kleinermanns, K. and Martin, W.F. (2021) ‘Pyrophosphate and 

Irreversibility in Evolution , or why PP i Is Not an Energy Currency and why 

Nature Chose Triphosphates’, Frontiers in Microbiology, 12, p. 759359. 



Bibliography 

 

244 
 

Winzer, K., Lorenz, K. and Dürre, P. (1997) ‘Acetate kinase from Clostridium 

acetobutylicum: A highly specific enzyme that is actively transcribed during 

acidogenesis and solventogenesis’, Microbiology, 143(10), pp. 3279–3286. 

Woese, C. (1998) ‘The universal ancestor’, Proceedings of the National Academy 

of Sciences of the United States of America, 95(12), pp. 6854–6859. 

Woese, C.R. (1968) ‘The fundamental nature of the genetic code: prebiotic 

interactions between polynucleotides and polyamino acids or their 

derivatives.’, Proceedings of the National Academy of Sciences of the United 

States of America, 59(1), pp. 110–117. 

Wolfe, A.J. (2010) ‘Physiologically relevant small phosphodonors link metabolism 

to signal transduction’, Current Opinion in Microbiology, 13(2), pp. 204–209. 

Wu, J., Zhang, Z.S., Yu, X.W., Pan, H.H., Jiang, W.G., Xu, X.R. and Tang, R.K. 

(2011) ‘Mechanism of promoted dipeptide formation on hydroxyapatite 

crystal surfaces’, Chinese Science Bulletin, 56(7), pp. 633–639. 

Wu, L.-F., Su, M., Liu, Z., Bjork, S.J. and Sutherland, J.D. (2021) ‘Interstrand 

Aminoacyl Transfer in a tRNA Acceptor Stem-Overhang Mimic’, Journal of 

the American Chemical Society, p. jacs.1c05746. 

Xu, W.J., Wen, H., Kim, H.S., Ko, Y.J., Dong, S.M., Park, I.S., Yook, J.I. and Park, 

S. (2018) ‘Observation of acetyl phosphate formation in mammalian 

mitochondria using real-time in-organelle NMR metabolomics’, Proceedings 

of the National Academy of Sciences of the United States of America, 

115(16), pp. 4152–4157. 

Yadav, M., Kumar, R. and Krishnamurthy, R. (2020) ‘Chemistry of Abiotic 

Nucleotide Synthesis’, Chemical Reviews. American Chemical Society, pp. 

4766–4805. 

Yamagata, Y. (1996) ‘Non-enzymatic ATP synthesis by the phosphorylation of 

ADP with the assistance of cyanate and magnesium ion’, Origins of Life and 

Evolution of the Biosphere, 26(3–5), pp. 242–243. 



Bibliography 

 

245 
 

Yamagata, Y. (1999) ‘Prebiotic Formation of ADP and ATP From AMP, Calcium 

Phosphates and Cyanate in Aqueous Solution’, Origins of Life and Evolution 

of the Biosphere, 29, pp. 511–520. 

Yamagata, Y., Inoue, H. and Inomata, K. (1995) ‘Specific effect of magnesium on 

2’,3’-cyclic AMP synthesis from adenosine and trimetaphosphate in aqueous 

solution’, Origins of Life and Evolution of the Biosphere, 25, pp. 47–52. 

Yang, D., Peng, S., Hartman, M.R., Gupton-Campolongo, T., Rice, E.J., Chang, 

A.K., Gu, Z., Lu, G.Q. and Luo, D. (2013) ‘Enhanced transcription and 

translation in clay hydrogel and implications for early life evolution’, Scientific 

Reports, 3, p. 3165. 

Yathindra, N. and Sundaralingam, M. (1973) ‘Correlation between the backbone 

and side chain conformations in 5′‐nucleotides. The concept of a “rigid” 

nucleotide conformation’, Biopolymers, 12(2), pp. 297–314. 

Yokochi, R., Marty, B., Chazot, G. and Burnard, P. (2009) ‘Nitrogen in peridotite 

xenoliths: Lithophile behavior and magmatic isotope fractionation’, 

Geochimica et Cosmochimica Acta, 73(16), pp. 4843–4861. 

Zahnle, K.J., Lupu, R., Catling, D.C. and Wogan, N. (2020) ‘Creation and 

Evolution of Impact-generated Reduced Atmospheres of Early Earth’, The 

Planetary Science Journal, 1(1), p. 11. 

Zaychikov, E., Martin, E., Denissova, L., Kozlov, M., Markovtsov, V., Kashlev, M., 

Heumann, H., Nikiforov, V., Goldfarb, A. and Mustaev, A. (1996) ‘Mapping of 

catalytic residues in the RNA polymerase active center’, Science, 273(5271), 

pp. 107–108. 

Zhang, Y., Morar, M. and Ealick, S.E. (2008) ‘Structural biology of the purine 

biosynthetic pathway’, Cellular and Molecular Life Sciences, pp. 3699–3724. 

Zubarev, R.A. and Makarov, A. (2013) ‘Orbitrap mass spectrometry’, Analytical 

Chemistry, 85(11), pp. 5288–5296. 



 

246 
 

Supplementary information 

SI 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 
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s
p

 +
 M
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+
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~ 4.5 
1bar   
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1bar   
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1bar   
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1bar   

100bar   
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1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar Triadenylic acid 

A
s
p

 +
 b

ru
c
it
e
 

Y 

50 

~ 5 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

70 

~ 5 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

N 50 ~ 5 
1bar   

100bar   
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5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

70 

~ 5 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

G
lu

 +
 M

g
2
+
 

Y 

50 

~ 4 
1bar   

100bar   

5.5 
1bar   

100bar Diadenylic acid 

7 
1bar   

100bar   

9 
1bar   

100bar   

70 

~ 4 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

N 

50 

~ 4 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

70 
~ 4 

1bar   

100bar   

5.5 1bar   
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100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

 

Base Catalyst NMP T (°C) pH Pressure Positive result 

G
T

P
 

A
s
p

 +
 M

g
2
+
 

Y 

50 

~ 5 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

70 

~ 5 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

N 

50 

~ 5 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

70 

~ 5 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 

1bar   

100bar 
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A
s
p

 +
 M

n
2
+
 

Y 

50 

~ 5 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

70 

~ 5 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

N 

50 

~ 6 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

70 

~ 6 
1bar   

100bar Diguanylic acid 

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

A
s
p

 +
 F

e
3
+
 

Y 50 

~ 4.5 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   
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70 

~ 4.5 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

N 

50 

~ 4 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

70 

~ 4 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

A
s
p

 +
 b

ru
c
it
e
 

Y 

50 

~ 7.5 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar Triguanylic acid 

9 
1bar   

100bar   

70 

~ 7 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   
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N 

50 

~ 7.5 
1bar   

100bar   

5.5 
1bar Diguanylic acid 

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

70 

~ 7 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

G
lu

 +
 M

g
2
+
 

Y 

50 

~ 6 
1bar   

100bar Triguanylic acid 

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

70 

~ 6 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar Triguanylic acid 

N 50 

~ 6 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   
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70 

~ 6 
1bar   

100bar   

5.5 
1bar   

100bar   

7 
1bar   

100bar   

9 
1bar   

100bar   

 

SI 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 

A
T

P
 

Y 

50 

~ 3.5 
1bar  

100bar  

5.5 
1bar  

100bar  

7 
1bar  

100bar  

9 
1bar  

100bar  

70 

~ 3.5 
1bar  

100bar  

5.5 

1bar  

100bar 
Aspartyl adenylate / aspartyl 

acylated AMP 

7 
1bar  

100bar  

9 
1bar  

100bar  

N 

50 

~ 3.5 
1bar  

100bar  

5.5 
1bar 

Aspartyl adenylate / aspartyl 
acylated AMP 

100bar  

7 
1bar  

100bar  

9 
1bar  

100bar  

70 

~ 3.5 
1bar  

100bar Diadenylic acid 

5.5 
1bar  

100bar Diadenylic acid 

7 
1bar  

100bar  
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9 
1bar  

100bar  

G
T

P
 

Y 

50 

~ 4.5 
1bar  

100bar Triguanylic acid 

5.5 
1bar  

100bar  

7 
1bar  

100bar  

9 
1bar  

100bar  

70 

~ 4.5 
1bar  

100bar  

5.5 
1bar  

100bar  

7 
1bar  

100bar  

9 
1bar  

100bar  

N 

50 

~ 4.5 
1bar  

100bar  

5.5 
1bar  

100bar  

7 
1bar  

100bar  

9 
1bar  

100bar  

70 

~ 4.5 
1bar  

100bar  

5.5 
1bar  

100bar  

7 
1bar  

100bar  

9 
1bar  

100bar  

 


