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Abstract 
 

The origin of life is still one of the most exciting scientific quests, one that has 

deep implications that go far beyond science itself. This thesis explores 

the possible origins of carbon and energy proto-metabolism in Hadean alkaline 

hydrothermal vents. I first explore the catalytic properties of Fe(Ni)S minerals in 

the presence of geologically sustained proton gradients, which lower the kinetic 

barrier to the reaction between H2 and CO2. This could have promoted non-

enzymatic pathways analogous to the acetyl CoA pathway and reverse 

incomplete Krebs cycle, which drive carbon metabolism in arguably some of the 

most ancient microorganisms (methanogenic archaea). One of the predicted 

prebiotic products is thioacetate, which we have shown can be non-

enzymatically phosphorolysed to acetyl phosphate (AcP). AcP is widely used in 

bacteria and archaea as a key intermediary between acetyl CoA and ATP, 

driving substrate-level phosphorylation of ADP. Its simple structure and high 

phosphorylating potential suggest it could have acted as a primordial ATP 

analogue, driving energy metabolism at the beginnings of proto-metabolism. 

The thesis then explores the phosphorylating capabilities of AcP on ribose, 

adenosine and ADP, followed by a study on the condensing capabilities of AcP 

with glycine and AMP. Finally, I explore how carbon and energy metabolism 

could have interacted during early abiogenesis. The formose reaction non-

enzymatically synthesises sugars (carbon metabolism) from formaldehyde, one 

of the first products of CO2 reduction. AcP could hypothetically direct the 

formose reaction towards biologically interesting sugars such as ribose 

using AcP (energy metabolism), rather than the much larger and ramified tars 

often claimed to be its main products. I show how Hadean alkaline 

hydrothermal vents could have promoted non-enzymatic pathways analogous 

to the acetyl CoA pathway and reverse incomplete Krebs cycle. I report that 

AcP can non-enzymatically phosphorylate a variety of biomolecules, but does 

not promote the polymerisation of glycine or AMP. Most strikingly, I show that 

AcP can indeed direct the formose reaction towards the synthesis of pentoses 

such as ribose. 
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Chapter 1 

Introduction 
 

1.1  A universal enquiry 
 

The origin of life has been one of humanity's most compelling questions since 

the cradle of civilization, where innumerable creation myths have tried to shed 

light onto this essential question without the limitations that a scientific approach 

to the issue would entail. Until the 19th century, the theory of spontaneous 

generation was widely accepted, since it was the most comprehensive way to 

conceive how maggots in rotting meat or mice in grain could appear from 

apparently thin air. Using the scientific method, Louis Pasteur disproved this 

theory by showing that small organisms (later known as microorganisms) were 

everywhere, and that these could not emerge in strictly isolated sterile organic 

media (Ligon, 2002; Pasteur, 1862). By demonstrating that living organisms 

could only originate from other living organisms, Pasteur had ultimately unveiled 

the question of how the first living entity could have emerged. 

 

‘How and where did life originate?’ remains one of the most fundamental 

questions for humanity to date. Unfortunately, these enquiries are confronted by 

the harsh reality that the phenomenon of life has not been fully comprehended 

yet. One of best examples to visualise this is the lack of a common definition of 

life (Cleland & Chyba, 2002). The definition most commonly accepted has been 

proposed by NASA: life is ‘a self-sustaining chemical system capable of 

Darwinian evolution’. This definition (like any other) has problems, arguably the 

most important being the term ‘self-sustaining’. Life is most definitely not self-

sustained, just the opposite: it is an open system that exchanges matter and 

energy with its environment in order to temporarily maintain its far-from-

equilibrium state. In Peter Mitchell’s words, life and its environment “may be 

regarded as equivalent phases between which dynamic contact is maintained 

by the membranes that separate and link them” (Mitchell, 1959). 
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In turn, most modern definitions avoid the term ‘life’ (a noun) and instead use 

‘living’ (an adjective), pointing to the fact that life is more of a transient state 

which some matter experiences: ‘a living being is any autonomous system with 

open-ended evolutionary capacities’ (Ruiz-Mirazo et al., 2004). An analogous 

phenomenon occurs when trying to define entities such as the ‘truth’. If the 

adjective ‘true’ is used instead (or ‘living’ instead of ‘life’), its study becomes 

more approachable, but the difficulty of defining the qualities of the overarching 

phenomenon still remains. These controversies with the definition of life are 

probably just symptoms of a deeper problem, and unfortunately these have 

been conducive to arguably the larger issue of the classical divide on the 

approaches to the origin of life. Each definition of life has classically put its 

emphasis on a trait(s) expressed by living entities, such as their replicative 

capabilities, their far-from-equilibrium energetic state, their 

compartmentalisation, or their evolutionary potential, etc. Each trait has 

classically been associated with different scientific disciplines (e.g. replication 

with RNA molecular biology, compartmentalisation with lipidic molecular 

biophysics, etc.), so each sprung independent lines of research. Mostly due to 

limitations associated with each highly specialised discipline, but also due to 

often-antagonistic philosophical positions, these disciplines have often 

remained strikingly isolated from each other. Needless to say, research on the 

origin of life is a remarkably broad area of enquiry, requiring expertise 

encompassing geochemistry, organic chemistry, bioenergetics and molecular 

biology amongst others; due to this, it cannot be overstated how 

counterproductive this classical divide has been for the research field. 

 

Despite still being far from the objective, it is undeniable that during the last few 

decades, considerable experimental progress has been made and, luckily, 

some of the old controversies have slowly faded away. Hopefully, a better 

understanding ‘how and where’ life started on Earth will serve as tools in order 

to comprehend ‘why’ life, as a phenomenon, occurs in the Universe; a goal 

mankind has always striven to achieve. 
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1.2  Origin of life research, a historical perspective 
 

Charles Darwin’s proposition of a “warm little pond” acting as the cradle of life 

on Earth was one of the earliest and, due to his scientific pre-eminence, most 

famous scientific propositions on this issue. Darwin’s proposal was rather vague 

since he avoided the subject publicly and his few comments were in a brief 

personal note written to Joseph Dalton Hooker, but it sparkled the scientific 

interest for the study of the origin of life. Darwin’s ideas were later developed 

independently by Haldane (1929) and Oparin (1924). They proposed that life 

started from simple organic molecules, deriving from CH4, NH3, H2O and H2 

(from a highly reducing atmosphere), which aggregated and in time became the 

complex biomolecules of life. The scientific community embraced this idea and 

expanded on it; the Miller-Urey experiment (Miller, 1953) being a crucial 

contribution which is considered to be where modern experimentation on the 

origins of life started. Just as Haldane and Oparin suggested, in this experiment 

CH4, H2, H2O and NH3 were mixed in an anoxic environment with electrical 

discharges as a source of energy. These reactions generated a mixture of 

organic compounds (initially mostly amino acids, then considered to be the 

building blocks of life) that were proposed to accumulate in the ocean ultimately 

creating the now well-known "primordial soup". Another postulated source of 

organic compounds has been the delivery from outer space through meteorites 

and other space debris; at least some of the organic compounds trapped within 

would accumulate in the early ocean as well. Regardless of the source of 

organic material, all these hypotheses imply a heterotrophic origin of life 

wherein the first living entities would have thrived by fermenting previously 

formed organics. Historically, this hypothesis has enjoyed a wide, yet often 

uncritical, acceptance from the scientific community. 

 

The aforementioned hypothesis is experimentally supported by the discovery of 

several chemical pathways that generate other, more complex, molecules of life 

today. These proposed chemical reactions require UV radiation, radioactive 

decay, lightning or shockwaves as the energy sources. Despite this, most are 

not sustained energy sources and some, including UV radiation, would tend to 

degrade organics as fast as they promote their synthesis. Many of these 
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processes also rely on a highly reducing early atmosphere (Oro, 1960; Saladino 

et al., 2009). There is no consensus on the chemical composition of Hadean 

(ancient) atmosphere and hydrosphere, particularly regarding nitrogenated 

compounds, which makes some of the proposed chemistry somewhat tenuous. 

Furthermore, these chemical systems would readily reach equilibrium (state of 

maximum entropy) due to the accumulation of reaction products inhibiting the 

continuing forward reaction. In contrast, living entities are open systems that 

operate far-from-equilibrium via a continuous influx of reactants and efflux of 

waste products. Some more dynamic environments, such as tidal beaches, 

have been postulated which could arguably comprise both a mechanism for the 

concentration of substrates and for the removal of waste substances. In all of 

the hypotheses mentioned so far, it is worth pointing that the chemical reactions 

that synthesised the monomers of life (e.g. amino acids) were not considered to 

be initially part of it, as, once formed, life supposedly would have invented its 

metabolism (the pathways to keep synthesising those monomers) basically from 

scratch. This raises several important questions, which have not been 

addressed by research into heterotrophic hypothesis: How did life survive the 

discontinuity between heterotrophic origins and autotrophy, necessary as soon 

as the primordial soup had been consumed (presumably very early)? Why do 

all phylogenetic trees place autotrophs as the most deeply branching 

organisms, and heterotrophs as more recent branches? Why do the bacteria 

and archaea, the two major groups of prokaryotes, have evolutionarily distinct 

pathways of glycolysis (Embden-Mayerhoff pathway), a markedly heterotrophic 

metabolic pathway, but share the same pathway of gluconeogenesis up to C3 

sugars, also implying that early life was autotrophic (Berg et al., 2010)?  How 

and why did early life adopt the universally conserved mechanism for 

conserving energy (chemiosmosis) if it first arose through abiotic mechanisms 

completely detached from it? All these considerations are far more compatible 

with an autotrophic origin of life; the ideas for which actually predate those of 

Haldane and Oparin, going back to Leduc (1911), and Goldschmidt (1952). 

 

All living organisms conserve energy through an electrochemical gradient 

across membranes, the proton-motive force (Mitchell, 1961), where protons 

actively pumped across a membrane flux back through the ATP-synthase to 
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generate ATP. This feature, named chemiosmotic coupling which is common to 

all life and as conserved as the genetic code, has been proposed to be as 

crucial as the latter for explaining how, where and why life started (Lane & 

Martin, 2012). 

 

It is at least feasible that the ubiquity of chemiosmotic coupling suggests a very 

early origin, and possibly some congruence with an abiotic environment. The 

question of congruence was addressed by Christian de Duve (2005): when 

considering the evolution of metabolism, de Duve argues that we must consider 

how biological catalysts, whether ribozymes or enzymes, first came into 

existence. His “only reasonable answer” is that they were selected. But 

enzymes (or ribozymes) could only be selected if they offered some 

improvement over their protometabolic counterparts, implying that the very first 

biological catalysts must have enhanced abiotic (geochemical) processes that 

already existed. This principle argues that biochemistry derived from 

geochemistry and was gradually improved through the incorporation of more 

refined enzymes. This implies that to understand how life arose, we need 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 

last universal common ancestor (LUCA) did. This, together with the Occam’s 

razor principle, is the basis of the autotrophic hypothesis for the origins of life. 

 

This hypothesis, as discussed earlier dating back to Leduc (1911) and 

pioneered more recently by Wächtershäuser (1988b; 1988a) and independently 

by Russell and colleagues (Russell et al., 1988; Russell et al., 1989), involves a 

scenario where the continuous flux of small inorganic molecules such as H2 and 

CO2 triggered the appearance of life. Wächtershäuser proposed an “iron-

sulphur world” (in contraposition to the well-known “RNA world”) where proto-

metabolism was driven by “pyrites pulling”. As initially conceived, from H2 and 

CO2, pyrites pulling has never been demonstrated (Heinen & Lauwers, 1996), 

and indeed is not found in any living cell either, a glaring lack of congruence. 

Wächtershäuser was able to reduce CO under ‘black smoker’ conditions 

(extremely hot and acidic submarine hydrothermal vents). Despite this 
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experimental success, the actual CO concentrations in these environments are 

now known to be much lower than of CO2, which makes this carbon fixating 

mechanism remarkably implausible. Due to this and the fact that no living 

organism is known to have a pyrite-driven metabolism, his theory lost some 

scientific interest but, nevertheless, opened the field for further research on 

autotrophic origins. 

 

In contrast, Michael Russell proposed alkaline hydrothermal vents (Figure 1.1) 

as the hatcheries of life (Russell et al., 1988) as these show remarkable 

congruence with current life, especially in their vectorial chemistry, with both 

proton gradients and redox gradients across thin inorganic barriers in 

microporous labyrinths. The discovery of the first deep marine alkaline 

hydrothermal vent (Kelley et al., 2001) nearly a decade after Russell had 

predicted their existence greatly supported Russell's views and established an 

empirically measured set of experimental conditions (pressure, pH, 

temperature, ion composition, etc.) for further tests. However, it should be noted 

that all modern vents, including Lost City, are not equivalent to Hadean systems 

because the ancient oceans were anoxic and rich in CO2. The anoxic conditions 

meant that the Hadean oceans were rich in dissolved ferrous iron and other 

transition metals derived from volcanic vents, notably Ni; and the high CO2 

levels probably rendered the early oceans mildly acidic (pH 5-7) unlike modern 

oceans, which are mildly alkaline (pH 8). That would have strengthened natural 

proton gradients in such vent systems and also increased the local 

concentration of bicarbonate/CO2 for carbon fixation.  

 

Furthermore, the internal structure of these vents resembles a porous labyrinth, 

which has caught scientific interest since these porous environments containing 

steep temperature gradients (up to 90 °C in the inner layers, and down to 20 °C 

in the outermost ones) are conducive to the physical phenomenon of 

thermophoresis. Thermophoresis is a process by which solutes accumulate in 

the colder pockets of a solid porous matrix due to thermal convection of the 

solution generated by a thermal gradient that crosses it. This phenomenon 

could have concentrated organics synthesised in the vents by 5000-fold 
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(Herschy et al., 2014), and even extreme accumulations of ~108-fold have been 

reported (Baaske et al., 2007). 

 

 
 

 

1.3  From geochemistry to biochemistry 
 

From a biological point of view, the reduction of CO2 using electrons from H2 via 

the acetyl CoA pathway is used by some of the most putatively ancient 

organisms: methanogenic archaea and acetogenic bacteria (Buckel & Thauer, 

2013), which are strict anaerobes. This metabolic pathway is arguably ancient, 

Figure 1.1. Alkaline 

hydrothermal vents at Lost 

City (Kelley et al., 2005). (a) 

A 10 m tall actively venting 

carbonate chimney. (b-e) 

Actively venting sections of 

Lost City at 50 °C. 
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as it is the only carbon-fixation pathway conserved in both archaea and bacteria 

phyla (albeit there are significant differences in the enzymes catalysing the 

conserved chemistry of transition metal-catalyzed methyl synthesis (Martin, 

2012)); this strongly suggests that LUCA conserved energy this way. The acetyl 

CoA pathway is unique in that it presents the following characteristics: it is the 

only exergonic pathway of carbon fixation, it is short and linear, it is replete with 

numerous Fe(Ni)S proteins, and it is obligately chemiosmotic (Fuchs, 2011). 

Following de Duve's congruence principle, if LUCA used this type of 

metabolism, then the first protocells did too and, at the same time, they arose in 

an environment where that type of geochemistry was naturally already 

occurring. And indeed there is abiotic production of methane in alkaline 

hydrothermal vents (Proskurowski et al., 2008), which adds to this argument. 

 

Chemical and electrical gradients occur naturally in alkaline hydrothermal vents 

due to a reaction called serpentinization, which occurs below the seafloor. In 

this reaction, minerals such as olivine [(Mg/Fe)2SiO4] react with sea water to 

produce serpentinite and H2 dissolved in alkaline fluids. Serpentinization is an 

exothermic process, releasing heat: the warm, buoyant hydrothermal fluids rise 

back up to the seafloor and components precipitate into large microporous vent 

systems. Modern vents such as Lost City consist of spires composed of a 

mixture of precipitated carbonate (aragonite) and brucite. On the other hand, 

the Hadean oceans (i.e. circa 4000 million years ago) was acidic due to high 

atmospheric CO2 concentrations (Pinti, 2005). The composition of early vents 

are unknown, but are likely to have contained silicates, brucite, some 

carbonate, and importantly, Fe(Ni)S minerals such as mackinawite (FeS) and 

green rust, Fe(OH)2. The structure of the spires is a complex microporous 

labyrinth with chambers separated by thin mineral walls. This semi-permeable 

environment created electrochemical H+ gradients with a magnitude and 

polarity (acid outside) that was remarkably similar to what can bee seen today 

across prokaryote membranes (~3 pH units). 

 

The walls of Hadean alkaline vents most probably contained Fe and Ni ions 

(which, as today, are exhaled from hotter acidic black smokers). The source of 

Fe and Ni ions in the Hadean alkaline vents is the ocean, which (we know from 
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the early deposition of banded iron formations) contained high concentrations of 

these ions due to its increased acidity and absence of dissolved O2. It has been 

proposed that these natural proton gradients, together with the Fe(Ni)S clusters 

acting as catalysts, could have driven abiotic electron flux from H2 to CO2 

generating organic molecules in an analogous way to modern anaerobes living 

in equivalent environments (Lane, 2014; Martin & Russell, 2007). 

 

In summary, research based on a heterotrophic origin of life focuses on 

unveiling chemical routes to generating the components of cells (RNA, proteins, 

etc.). This approach has commonly been referred as ‘bottom-up’, since it is 

centred first in synthesising the molecules of life, and then assessing how these 

would have later developed life’s defining traits (replication, heredity, etc.); this 

upward directionality (from geology/chemistry up into the tree of life) explains 

the naming of the approach. These chemical routes are expected to meet a 

series of criteria (Wong & Lazcano, 2009), achieving high reaction yields and 

explaining the origin of homochirality being crucial ones. On the other hand, the 

autotrophic origins hypotheses focus on the metabolism by which current life 

(and its last universal common ancestor, LUCA) conserves energy, and 

investigates how these mechanisms could have derived from pre-existing 

geochemical reactions. This approach has a downward directionality (from 

biology down into geology/chemistry), and therefore it is commonly known as a 

‘top-down’ approach. The research presented in this thesis, based around 

alkaline hydrothermal vents, offers a perspective which hopes to balance both 

approaches and, by doing so, aims to close the current disconnection between 

prebiotic chemistry and ancient biochemistry. 

 

 

1.4  Bifurcation between carbon and energy proto- 
  metabolisms 

1.4.1  Carbon proto-metabolism 
 

Despite many pieces of evidence supporting the possibility that life could have 

started in alkaline hydrothermal vents, many questions remain unanswered. 
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How exactly does CO2 get reduced to organic compounds such as 

formaldehyde (HCHO) and more complex organics in these environments? 

Although the reaction of H2 and CO2 to form organics is exergonic overall, the 

first steps to produce formaldehyde are strongly endergonic, producing a major 

kinetic barrier to their reaction. So far, experimental efforts to force the reaction 

of H2 and CO2 under plausible abiotic conditions have been somewhat 

unsuccessful. 

 

Lane has argued that proton gradients across thin semi-conducting barriers 

could drive the reduction of CO2 to formaldehyde directly in a manner 

analogous to modern autotrophic cells such as methanogens (Lane, 2014). 

Modern cells use the proton gradient to reduce ferredoxin and thence CO2, 

using H2 via the membrane protein Ech (energy-converting hydrogenase). A 

similar abiotic mechanism is feasible, based on differences in reduction 

potential depending on pH. Specifically, the reduction potential of all reactions 

involving protons falls by 59 mV for each pH unit rise in pH. Thus while it is 

essentially ‘impossible’ for H2 to reduce CO2 at pH 7 (because the reduction 

potential is not low enough) in vents it could be possible: the reduction potential 

of CO2 is higher at pH 6, whereas the reduction potential of H2 is lower at pH 

10, sufficiently low to reduce CO2 to formaldehyde (Figure 1.2). 
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The FeS catalytic membrane can also be protonated (Wolthers et al., 2005), so 

its reduction potential should vary with pH. It should be more easily reduced on 

the acidic face, and more reducing on the alkaline one; hence electrons should 

cross the barrier from the alkaline side to the acidic side. This way, the FeS 

membrane, acting as a semiconductor, should promote the transfer of electrons 

from H2 to CO2 (Figure 1.3). The term semi-conducting used here and 

thereafter is to emphasize the unidirectional flow of electrons, which is 

paramount to this hypothesis; in this type of vectorial electrochemistry electrons 

flow from the highly reducing alkaline fluid to the moderately oxidising acidic 

oceanic waters. 

Figure 1.2. Redox reaction between H2 and CO2 mediated by pH gradients (Herschy et 

al., 2014). (a) Standard reduction potentials of H2 and CO2 at pH 7. Transfer of 

electrons from H2 to CO2 is unfavourable as the reduction potential for CO2 at this pH is 

lower (more negative) than H2. (b) With H2 dissolved in waters at pH 10 and dissolved 

CO2 in waters at pH 6 however, the reduction potential for CO2 becomes higher (more 

positive) than that of H2 making the reduction of CO2 favourable. This would 

theoretically allow for the reduction of CO2 to form organic compounds such as formate, 

formaldehyde, methanol and methane. 
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This hypothesis that CO2 can be reduced by vectorial electron transfer has 

been tested in the lab (Herschy et al., 2014), and it has been partially 

successful. Formaldehyde has repeatedly been detected above background 

noise levels, but it seems that the usage of a large 1.5 L reactor seems to be 

contributing to the large variation in the data obtained. The lab is currently 

working on a microfluidics device that should help constrain the reaction 

coordinates in order to generate more reproducible data. As discussed 

previously, one of the products of the reaction of CO2 with H2 is formaldehyde, 

which under the conditions found in alkaline hydrothermal vents undergoes the 

formose reaction. In 1861 Alexander Butlerov discovered the “formose reaction” 

where formaldehyde undergoes a series of aldol condensation and 

isomerisation reactions to form sugars, including ribose, in alkaline medium 

(Figure 1.4). Ribose molecules are the structural backbone of RNA and many 

other key organic compounds. The formose reaction has since been of interest 

as an abiotic source of sugar backbones, although it fell out of fashion as 

feasible abiotic chemistry, as the required strongly alkaline conditions seemed 

Figure 1.3. Reduction of CO2 by H2 across the thin inorganic barrier containing FeS 

minerals, which mimics a Hadean alkaline hydrothermal vent (Sojo et al., 2016). The 

reduction potential of the H+/H2 couple at pH 10 is lower (–590 mV) than of the 

CO2/HCOOH (–370 mV) and HCOOH/HCHO (–520 mV) couples, both at pH 6. 
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implausible on the early Earth. Not surprisingly, the discovery of alkaline 

hydrothermal vents, whose pH of around 11 is perfectly compatible with the 

formose reaction, changed that perception. Another factor that has contributed 

to the current interest in the formose reaction is that it has also been proposed 

to take place in interstellar dust, since its products have been detected remotely 

(Meinert et al., 2016). It has been demonstrated that the formose reaction 

serves as a supply of sugars, particularly ribose, under simulated alkaline 

hydrothermal vents (Herschy et al., 2014, Kopetzki & Antonietti, 2011); even so 

in a low yield, this reaction, coupled to the concentration-enhancing 

phenomenon of thermophoresis, constitutes a plausible abiotic source of ribose.  

 

 
 

Fe(Ni)S minerals at alkaline hydrothermal vents could conceivably promote the 

synthesis of other organic molecules apart from formaldehyde. As mentioned 

earlier, the acetyl CoA pathway is arguably an ancient metabolic pathway found 

both in methanogenic archaea and acetogenic bacteria. These organisms rely 

on the reaction between CO2 and H2, which is exergonic, to grow. The enzymes 

that catalyse the step-wise reduction of CO2 in this pathway, such as the acetyl 

CoA synthase, are replete with Fe(Ni)S clusters. It is indeed conceivable that, 

perhaps at lower yields, the surface of Fe(Ni)S minerals at alkaline 

hydrothermal vents could promote (i) the reduction of mineral-bound CO2 

molecules to bound-methyl groups (via hydrogenation), which in turn could be 

(ii) carbonylated by bound-CO moieties (originally from CO2), yielding mineral-

Figure 1.4. Schematic representation of the formose reaction starting with the condensation 

of two formaldehyde molecules up to pentoses/hexoses (Kopetzki & Antonietti, 2011). Note 

that the reaction continues further and creates longer chain and branched sugars. A positive 

feedback cycle by autocatalysis is depicted where a tetrose gets hydrolysed and generates 

two molecules of glycolaldehyde speeding up the reaction. Many side reactions take place 

alongside those depicted here but have been omitted for clarity. 
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bound acetyl groups in a manner analogous to the mechanism of acetyl CoA 

synthase present in modern methanogens (Figure 1.5). At alkaline 

hydrothermal vents, a molecule that could elute the bound acetyl group from the 

mineral surface could be SH-, yielding thioacetate (or CH3S-, yielding methyl 

thioacetate), which could have acted as a simpler primordial precursor of acetyl 

CoA. Further carbonylation and hydrogenation reactions could yield Krebs cycle 

intermediates starting from thioacetate/methyl thioacetate. This kind of reactivity 

could have constituted the core of carbon proto-metabolism since the acetyl 

CoA analogous pathway would have been necessary to feed the reverse 

incomplete Krebs cycle, which in turn would have supplied the carbon skeletons 

necessary for further amino acid and nucleotide synthesis. 

 

 
 

In summary, thioacetate or methyl thioacetate could have acted as a primordial 

precursor of acetyl CoA (Figure 1.6), linking the putative earliest source of 

energy, the exergonic reaction between CO2 and H2. This could have happened 

Figure 1.5. Schematic representation of the active sites of acetyl CoA synthase (Cody et al., 

2004). The left reaction branch sequentially reduces CO2 to a tetra-hydrofolate (THF) bound 

methyl group. This methyl group is transferred to a cobalt cobalamin cofactor and then to a 

Nip(proximal)-Nid(distal)-Fe4S4 cluster (“A”). The right reaction branch promotes the water-

gas shift reaction reducing CO2 to CO by utilizing a second Nip-Nid-Fe4S4 cluster (“C”). The 

CO carbonylates cluster “A”. Carbonyl migration and insertion (carbonylation) between the 

Ni-CH3 bond yields the acetyl group. Transfer of the acetyl group first to a neighbouring 

cysteine and then to the thiol end of coenzyme A yields acetyl CoA. 
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via a prebiotic analogous to the acetyl CoA pathway, with both the incomplete 

reverse Krebs cycle and gluconeogenesis (carbon proto-metabolism), and the 

synthesis of acetyl phosphate, which could have acted as a prebiotic precursor 

to ATP (energy metabolism, see below). This kind of FeS-promoted catalysis 

has been assessed in this project and is discussed in detail in Chapter 3. 

 

 
 

 

1.4.2  Energy proto-metabolism 
 

From an origins of life point of view, one of the crucial next steps after obtaining 

simple organics would be to phosphorylate them. Due to its ionising properties, 

phosphorylation could have helped molecules to be retained either inside 

protocells (organic membranes are impermeable to large ions), or onto the 

positively charged mineral surfaces (Westheimer, 1987). Abiotic phosphate 

Figure 1.6. Schematic summary of the reactions of carbon and energy metabolism relevant 

to modern biochemistry and possibly relevant to prebiotic proto-metabolism (amended from 

Martin & Russell, 2007). 

H2 CO2

thioacetate/methyl thioacetate

pyruvate

H2 CO2

acetyl phosphate

acetyl CoA-analogous pathway

orthophosphate

phosphorylations

oxaloacetate

phosphoenolpyruvate

gluconeogenesis-analogous pathway

malate

fumarate

succinate

thiosuccinate

alpha-ketoglutarate

isocitrate

amino acids 
      and
nucleotides

H2

H2 CO2

H2 CO2

incomplete
reverse 
Krebs cycle

carbon 
and

energy
proto-metabolism

energy
proto-metabolism

carbon
proto-metabolism

CO2

CO2

CO2



Introduction 

 31 

metabolism is of crucial interest as phosphorylated molecules (e.g. ATP) serve 

as the universal energetic currency of modern cells. Acetyl phosphate (AcP) 

has been proposed as a primordial phosphorylating molecule (de Duve, 1995; 

Martin & Russell, 2007; Pratt, 2011; Whicher et al., 2018). 

 

Furthermore, prebiotic phosphorylation is of interest since phosphorylated 

molecules can, theoretically, condense more easily in aqueous solution, mostly 

due to the phosphates acting as good leaving groups due to their strong 

resonance stabilisation. In modern cells, condensation reactions are achieved 

by the phosphorylation of substrates; and some limited phosphorylation can be 

achieved by phosphate minerals and other compounds, including ATP, in the 

absence of enzymes (Burcar et al., 2016; Gull et al., 2015; Costanzo et al., 

2007; Saygin, 1983; Schieven & Martin, 1988; Vasant et al., 2005). AcP has a 

higher phosphorylating potential than ATP due to the more negative free energy 

of hydrolysis of its ‘energy-rich’ phosphoester bond (−43 kJ/mol versus −31 

kJ/mol in standard conditions) (Martin & Russell, 2007); this allows for a wider 

variety of synthetic coupled reactions with high energy requirements to take 

place when using AcP rather than with ATP. AcP is much simpler than ATP and 

could theoretically be synthesized from the reaction of thiolated compounds 

(such as acetyl CoA biotically or simpler thioesters abiotically) with inorganic 

phosphate (de Duve, 1991; Whicher et al., 2018) (Figure 1.5). As explained in 

the previous section, thiolated compounds, such as thioacetate or methyl 

thioacetate, could have been synthesized from CO2, H2 and SH-/CH3S- using 

Fe(Ni)S minerals as catalysts in alkaline hydrothermal vents (Camprubi et al., 

2017), or from CO and CH3SH (Huber & Wächtershäuser, 1997). AcP and its 

phosphorylating properties on sugars, nucleosides and nucleotides have been 

studied in detail during this project and are discussed in detail in Chapter 4. 

 

Another as to yet unanswered question for the hydrothermal vents hypothesis 

point of view is how monomers such as nucleotides and amino acids would 

polymerise (via condensation) to generate oligomers like nucleic acids and 

peptides respectively in aqueous conditions. A dehydration reaction (which 

yields water) is a subtype of condensation and is thermodynamically hard to 

achieve when water is the solvent, due to product inhibition (Figure 1.7a). The 
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severity of this problem has even led some to suggest that life must have 

originated on Mars, where there was less water, and was transferred to the 

Earth on planetary meteorites (Benner, 2013). However, this argument does not 

stand up to much scrutiny. Other attempts to answer this question propose 

several Earth-based dehydrating mechanisms (e.g. tidal beaches or low water 

activity environments (Burcar et al., 2015)), whilst others opt for primordial 

solvents other than water (e.g. formamide) (Saladino et al., 2009), which 

eliminate the product inhibition problem of having a dehydration in water 

altogether. Whilst this approach has generated some measurable results, it also 

generates a rather large gap between prebiotic chemistry and ancient 

biochemistry according to de Duve’s congruence principle. The proposed 

solutions to this problem from the perspective of autotrophic origins generally 

consists of using previously activated monomers, since this is what life does 

(Figure 1.7b), (e.g. imidazole-activated nucleotides (Burcar et al., 2015) or 

cyclic nucleotides (Costanzo et al., 2009)) which are in effect pre-condensed 

versions of the monomer and thus, facilitate further condensations to form the 

polymer. The main problem with this approach is that the way of obtaining such 

condensed monomers remains unclear. The capacity of AcP for promoting the 

condensation of glycine and AMP in water under simulated alkaline 

hydrothermal vents has been studied in this project and is discussed in Chapter 

5. We expected that AcP would help condense nucleotides in aqueous 

conditions, albeit producing small oligomers in low yields. Higher yields would 

be expected in future experimentation when adding chelated ions (e.g. Mg2+ 

chelated by aspartate oligomers) or mineral surfaces (e.g. ground brucite 

mineral), as these conditions would roughly mimic the predicted natural 

evolution steps occurred in vents: from unspecific and low-yielding reactions in 

an aqueous medium, to highly productive and stereospecific reactions occurring 

at the active centres of enzymes or ribozymes. 
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AcP might be able not only to drive condensations in water through 

phosphorylation, but also possibly direct prebiotic pathways such as the 

formose reaction towards biological products. Even under ideal alkaline 

hydrothermal conditions, the formose reaction is frequently claimed to yield little 

more than tars and complex mixtures of biologically irrelevant sugars (Gollihar 

et al., 2014). Because of this, a way of funnelling the formose reaction towards 

its pentose products (particularly ribose) has become one of the main focuses 

of this research field. Several different mechanisms have been proposed to this 

goal, for example ultraviolet radiations in interstellar dust (Meinert et al., 2016), 

co-incubation of the formose reaction with borate minerals (Furukawa et al., 

2013; Pepi et al., 2010; Ricardo et al., 2004), and phosphorylation-mediated 

funnelling of the formose reaction (Mellersh & Smith, 2010). While Mellersh & 

Smith (2010) suggested that phosphorylation could drive the synthesis of ribose 

phosphate after it has been synthesised by the formose reaction, there is as yet 

no experimental verification. Chapter 6 of this document explores in depth the 

formose reaction at alkaline hydrothermal vent conditions, and how the addition 

of a phosphorylating agent (acetyl phosphate) could funnel its products towards 

the synthesis of pentoses, such as ribose. In conclusion, Chapter 6 focuses on 
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Figure 1.7. Glycine polymerisation mechanisms. (a) Dehydration reaction between two un-

activated glycine molecules, yielding a water molecule which inhibits the forward reaction in 

water. (b) Condensation reaction between the aminoacyl-tRNA of glycine (acting as a 

nucleophile) with an activated peptidyl-tRNA glycine molecule, yielding a longer oligopeptide 

and a free tRNA molecule; no product inhibition occurs here since no water is produced. 
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assessing the potential early interactions between carbon and energy proto-

metabolisms. 

 

 

1.5  Objectives 
 

This project aims to have a better understanding of the reactivity landscape 

afforded by Hadean alkaline hydrothermal vents, which could have arguably 

been conducive to the emergence of proto-metabolism in a congruent step-wise 

fashion. Accordingly, the main four aims of this study were to:  

 

1. Assess whether Fe(Ni)S minerals could have catalysed chemical 

reactions analogous to those of the acetyl CoA pathway and the 

incomplete reverse Krebs cycle, by acting as semiconducting barriers 

promoting redox reactions between reactants, whose reduction 

potentials could have been attuned by the steep natural pH gradients 

present at Hadean alkaline hydrothermal vents. The synthesised 

intermediate molecules would include thioacetate, which is conducive to 

the synthesis of AcP. 

 

2. Study whether AcP could have acted as a primordial non-enzymatic ATP 

analogue by promoting substrate-level phosphorylations on simple 

organics, such as ribose, adenosine and ADP, under simulated alkaline 

hydrothermal vent conditions. 

 

3. Evaluate whether similar non-enzymatic phosphorylations on small 

organics (AMP and glycine) would have been conducive to their non-

enzymatic condensation yielding oligomers under simulated alkaline 

hydrothermal vent conditions. 

 

4. Finally, assess whether the formose reaction could have acted as a 

credible source of biologically important sugars, such as ribose, at 

Hadean alkaline hydrothermal vents; and study whether the addition of a 



Introduction 

 35 

phosphorylating agent (such as AcP) could have funnelled it towards the 

synthesis of pentoses, as suggested in previous literature. 
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Chapter 2 

Materials and methods 
 

2.1  AcP-mediated phosphorylation experiments 

2.1.1  Acetyl phosphate production 
 

A method developed by Crans & Whitesides (1983) was used to synthesize 

disodium acetyl phosphate. A volume of 45 mL of phosphoric acid (85 wt. %, 

Sigma-Aldrich) was dissolved in 400 mL of ethyl acetate (Sigma-Aldrich, 

≥99.7%). In order to boost the stability of the produced AcP, the solution was 

cooled to 0 °C using an ice bath and 125 mL of precooled (0 °C) acetic 

anhydride (Fluka, ≥99%) was slowly added over 15 min. The mixture was 

stirred for 6 h at 0 °C and added to a suspension of 330 mL of HPLC water, 170 

g of ice and 56 g of sodium bicarbonate (Sigma-Aldrich, 99.5-100.5%). This 

mixture was stirred at 0 °C until no more CO2 evolved. The mixture was 

transferred to a separation funnel and mixed vigorously; the organic layer was 

then separated and discarded. The resulting liquid was washed with 600 mL of 

ethyl acetate followed by 330 mL of ethyl acetate again to remove as much 

acetic acid as possible. The resulting volume was neutralized using NaOH, 

which caused the appearance of a thin ethyl acetate layer that was discarded 

using a separation funnel. The final product was divided into aliquots and stored 

at −80 °C.  

 

The usage of commercial AcP (lithium-potassium salt, ≥85%, Sigma) was later 

adopted for experimentation in order to exclude the potential adverse effects 

from contaminants (notably acetate and inorganic phosphate) abundantly 

present in the synthesised stock. A 1.1 M solution of commercial AcP was 

prepared, divided into aliquots and stored at −80 °C. 
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2.1.2  Colorimetric quantification of acetyl phosphate 
 

A method from Fowler et al. (2011) was used to determine the concentration of 

AcP in the prepared stock solution. According to the literature, the prepared 

solution should contain 1.1 M AcP; this assay was performed to ensure this, so 

that accurate quantities of phosphorylating agent would be used across all 

experiments. A 0.1 M of commercial lithium-potassium acetyl phosphate stock 

solution was prepared adding 0.092 g in 5 mL HPLC water and divided into 

micro-centrifuge tubes (0.25 mL) and frozen at −20 °C. An AcP dilution series 

was prepared from the stock AcP solution in HPLC water at a concentration 

range from 10 mM to 100 µM to act as a calibration curve. A 2 M hydroxylamine 

hydrochloride (Sigma-Aldrich, 99%) solution was prepared by dissolving 1.39 g 

in 5 mL HPLC water; the pH was adjusted to 7 using 10 M NaOH, yielding a 

final volume of 10 mL. This solution could be stored for up to 90 days at 4 °C. A 

0.5 M ferric chloride solution was prepared by dissolving 1.35 g of ferric chloride 

(Sigma-Aldrich, ≥99.99%) in 5 mL of HPLC water and adding 4.13 mL of 12 M 

HCl. The volume was brought to 10 mL using HPLC water; this solution could 

be stored at room temperature. A desired volume of development solution was 

prepared freshly by mixing equal volumes of the ferric chloride solution and 

HPLC water. 

 

Aliquots of 600 µL of the prepared AcP solution or standard curve were added 

to 1.5 mL Eppendorf tubes. Hydroxylamine hydrochloride solution (100 µL) 

were added and left for 5 min at 60 °C. After the incubation time, 200 µL of 

development solution were added and mixed. Then, each vial was immediately 

transferred to 1.5 mL polystyrene cuvettes and measured on a 

spectrophotometer at 500 nm. An aliquot with HPLC water instead of the 600 

µL of sample was used as a spectrophotometric blank. The spectrophotometer 

used was a NanoDrop 2000c (Thermo Scientific) in cuvette mode with 

NanoDrop 2000/2000c (1.4.2 version) software. 
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2.1.3  Derivatisation of sugars (phosphates) for LC-MS analysis 
 

Some molecules need to be chemically modified for chromatographic assay; 

this is the case for both sugars and sugar phosphates for LC-MS analysis. 

Sugar phosphates should not be analysed using other chromatographic 

techniques, such as gas chromatography, as the phosphate moiety is too polar 

for most columns. This polarity also lowers the ionisation efficiency and 

dramatically reduces the signal intensity. Alternatively, negative ion mode LC-

MS could be used for the analysis of un-derivatised sugar phosphates but (i) 

usually the resulting signal intensity is poor, and (ii) the sugars in the sample 

can react further, yielding unreliable information. LC-MS analysis using positive 

ion mode of derivatised sugars is the best option, as it affords a high sensibility 

assay and the derivatised analytes in the sample are chemically unreactive. 

The method developed by Han et al. (2013) was employed (Figure 2.1); this 

method chemically modifies the sugars by attaching a molecule of 3-amino 9-

ethylcarbazole (AEC) through a reductive amination of the 1' carbon of the 

sugar. This modification adds molecular weight and hydrophobicity, which 

allows for an optimal separation of the sugars during the liquid chromatography, 

as well as providing good positive ionization sites (the nitrogen atoms of AEC) 

for the mass spectrometry analysis. 

 

Initially, a 25 mM stock solution of AEC (Sigma-Aldrich, ≥95%) was prepared by 

diluting 0.0263 g in methanol. A 50mM stock solution of NaCNBH3 (Acros 

Organics, 95%) was also prepared diluting 7.83 mg in 10 mL water. 10 mL of a 

solution made of 2:1 DCM-hexane (Sigma-Aldrich, 95%) was created. A 

disodium D-ribose 5-phosphate (Sigma-Aldrich, ≥98%) 1 mM solution was 

prepared by diluting in HPLC water to act as a standard.  

 

A 50 µL aliquot of standard solution or sample was introduced into 1.5 mL 

Eppendorf tubes followed by addition of 100 µL of AEC solution in methanol, 50 

µL of NaCNBH3 solution and 20 µL of acetic acid (which acts as a reaction 

catalyst). The reaction mixtures were incubated at 70 °C for 60 min. After the 

reaction, the tubes were cooled on ice for 1 min. Then, in order to remove 

excess derivatisation reagents a liquid-liquid extraction step was performed by 
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adding 300 µL of HPLC water and 300 µL of the DCM-hexane solution; each 

tube was vortexed and centrifuged at 10,000 rpm for 5 min in a microcentrifuge. 

A volume of 150 µL of the upper aqueous phase was transferred to an LC 

autosampler vial and mixed with 850 µL of HPLC water. The resulting 1 mL was 

finally manually filtered using 0.22 um filters (13 mm PFTE, Gilson Scientific) in 

order to preclude any blockage of the chromatography column. 

 

 
Later experimental results suggested that the concentration of derivatisation 

reagents initially used was not enough to fully derivatise high concentrations (> 

100 mM) of sugars present in some samples (see Section 4.2.2). Therefore the 

concentration of derivatisation agents was increased to 238 mM of AEC in 

methanol (to saturation), and 476 mM of NaCNBH3 in water. Using the same 

50:100:50 µL ratios of derivatisation reagent volumes, this new protocol allowed 

for the full derivatisation of up to 500 mM of total sugars present in the 50 µL of 

sample. In order to compensate for the higher concentrations of derivatisation 

reagents used, and therefore to not saturate and damage the chromatography 

column, the post-derivatisation purification step was expanded into three liquid-

liquid extractions. First (i) 300 µL of HPLC water plus 300 µL of 2:1 DCM-

hexane solution were added to the 220 µL of derivatisation volume, followed by 

vortexing and microcentrifuging at 10,000 rpm for 5 min; then 450 µL of the 

aqueous upper phase were collected in a separate vial. Then (ii) to the 

remaining derivatisation reaction volume, another 300 µL of HPLC water plus 

300 µL of 2:1 DCM-hexane solution were added, followed by the usual mixing 

and microcentrifuging; this time 250 µL of the aqueous upper phase were 

collected and added to the previously collected 450 µL. Finally (iii) to the 

remaining derivatisation reaction volume, another 300 µL of HPLC water plus 

Figure 2.1. Derivatisation reaction of glucose using AEC. Other sugars and sugar 

phosphates are derivatised in the same way by the reductive amination of the carbonyl 

group of the sugar. 
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300 µL of 2:1 DCM-hexane solution were added, followed by the usual mixing 

and microcentrifuging; this time 300 µL of the aqueous upper phase were 

collected and added to the previously collected 700 µL, making a total of 1 mL. 

In order to wash the final 1 mL of any remnant AEC, 500 µL of 2:1 DCM-hexane 

solution were added, followed by the usual mixing and microcentrifuging. The 

resulting 750 µL of upper phase contained all the derivatised analyte whilst 

containing only trace amounts of AEC. This final volume was then either (i) 

manually filtered using 200 µm filters (in the case of commercial standards) and 

directly injected on the LC-MS instrument, or (ii) put through an extra 

purification step using solid phase extraction (SPE) cartridges in order to 

eliminate any polar ions (notably phosphates or Ca2+) which would damage the 

instrument. 

 

 

2.1.4  Solid phase extraction (SPE) 
 

The presence of high concentrations of ions in samples being analysed by LC-

MS is harmful to the instrument, as these tend to precipitate inside the 

ionisation chamber, reducing ionisation efficiency over time, as well as clogging 

the internal metallic tubing. Due to this, samples that contained such ions 

(phosphates and Ca2+ mainly) had to be purified using a solid phase extraction 

(SPE) protocol. This purification protocol was partially developed by 

undergraduate student Jeanne Bonnel under my supervision. It was decided to 

use a non-polar C18 stationary phase because sugars, once derivatised using 

AEC (Section 2.1.3), become rather non-polar and thus would be adsorbed to 

the SPE cartridge matrix, whilst polar ions would be washed away. Another 

possibility was to SPE-purify the sugars before derivatisation but this way, due 

to the similar polarity of analytes (sugars) and contaminants (small ions), it 

would have been necessary to alter the pH of the samples and that could have 

easily contributed to generate analytical artefacts, therefore this was discarded. 

The cartridges used were Thermo Scientific’s Hypersep 500 mg/2.8 mL C18-

Hypersil. A vacuum manifold was used in order to maximise the time efficiency 

of the purification process, as this allowed for 12 samples to be purified 
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simultaneously. The initial SPE purification process was designed using the 

following scheme: 

 

1. SPE cartridge was conditioned using 1 mL of pure methanol (volume 

discarded to waste). 

2. SPE cartridge was conditioned using 1 mL of HPLC water (to waste). 

3. 200 µL of derivatised sample was passed though the matrix and the 

resulting liquid would not be recovered (to waste). 

4. The analytes-containing matrix was washed with 1 mL of HPLC water (to 

waste). 

5. The analytes was eluted using 1 mL of a given % of methanol in water, 

and this volume would be recovered and analysed further using LC-MS. 

 

In order to assess what percentage of methanol should be used to elute the 

derivatised sugars from the SPE matrix, a series of tests were carried out 

calculating the % recovery of an initial concentration of 1 mM of commercial 

ribose and ribose 5-phosphate when eluted with increasing % of methanol. 

Methanol was tested first as it is commonly available and provides a good 

intermediate point in polarity (note that derivatised sugars are only mildly non-

polar and the eluting solvent must match that). A concentration of 80% 

methanol was shown to display the best polarity level for eluting the adsorbed 

derivatised sugars (Figure 2.2) in the case of ribose; for simplicity, this 

concentration was also used to elute all the other sugars. 

 

Despite a concentration of 80% methanol being optimal, using a volume of only 

1 mL was not enough as only a 50% recovery was achieved. In order to 

improve this, a test using increasing volumes of 80% methanol during the last 

eluting step was performed. The results showed that using 3 mL of 80% 

methanol in water offered the best recoveries with 99.43% in the case of ribose 

and 86.87% in the case of ribose 5-phosphate; these results were obtained by 

averaging the results of 10 independent tests with an initial concentration of 500 

µM of each sugar. These percentage recovery values were used as a correcting 

factor when experimentally quantifying sugars; the % recovery value for ribose 
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was used for the quantification of every non-phosphorylated sugar, and the 

value for ribose 5-phosphate was used for all phosphorylated ones. 

 

 
 

This SPE protocol was applied both to the samples from the late ribose 

phosphorylation experiments, as well as to those of the formose reaction tests. 

 

 

2.1.5  Liquid chromatography – mass spectrometry 
 

Once the samples had been derivatised according to the previous method, they 

were analysed using LC-MS, which is a good method for analysing polar 

analytes such as sugars and sugar phosphates (even after derivatisation). LC-

MS analysis was carried out at the mass spectrometry laboratory at UCL’s 

Christopher Ingold building. The first LC-MS system used was an Acquity Ultra 

Performance (Waters) LC plus Acquity Sample Manager equipped with a 

tuneable UV-detector and a Single Quadrupole (Waters) MS in electrospray 
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Figure 2.2. Percentage recoveries of commercial ribose (blue) and ribose 5-phosphate (red) 

at increasing % of methanol (x axis) during the last 1 mL elution step. The initial effluent 

(‘initial’) that would normally go to waste, as well as the water wash (‘H2O’), were recovered 

and analysed to ensure that no analyte was being lost during these steps. Data acquired by 

Jeanne Bonnel under my supervision. 
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ionization (ESI) mode. HPLC water with 0.1% formic acid (solvent A) (Fisher 

Chemical, ≥98%) and acetonitrile (solvent B) (Sigma-Aldrich, ≥99.9%) were 

used as solvents. This system was on an open-access regime, so not ideal for 

long-term data acquisition due to a large number of different labs using it, but 

was ideal for the initial reaction conditions screening. Data analysis performed 

in MassLynx (4.1 version) software. Pure methanol blanks were always injected 

between samples to avoid cross contamination and cluttering of the column. 

The analytical conditions used are summarised in Table 2.1. 

 
Table 2.1. Operational conditions of the Acquity UPLC-MS. 

LC-MS  

   Column Acquity UPLC (Ultra Performance LC) BEH C18 1.7 µm, 

2.1 mm x 50 mm 

   Column temperature 50 °C 

   Mobile phase 90% (A)/10% (B) (up for 8 min)      72% (A)/28% (B) (for 0.1 

min)       0% (A)/100% (B) (for 2.4 min) 

   Column flow rate 0.6 mL/min 

   Ion source ESI (+) 

   Ion source temperature 120 °C 

   Atm. pressure ionisation gas Nitrogen 

   Desolvation                                             

   Temperature 

   Injection volume 

350 °C 

 

10 µL 

   Scan range 100-600 m/z 

 

 

Another LC-MS instrument was used at later dates to improve sensitivity and, 

due to its high mass accuracy capabilities, was used for an isotopic assay with 

7-deuterated glucose (97% atom D, Sigma-Aldrich). These analyses were 

performed using an Agilent 1200 Series LC system connected to an Agilent 

6510 Q-TOF mass spectrometer. The mobile phases were identical as in the 

first LC-MS setup. For the first 0.5 minutes, the effluent from the column was 

sent to the waste and after to the MS. The analytical conditions used are 

summarised in Table 2.2. 

 

 

 



Materials and methods 

 44 

Table 2.2. Operational conditions of the Agilent LC-MS (Q-TOF). 

LC-MS  

   Column Thermo Hypersil Gold C18 1.9 µm, 150 mm x 2.1 mm 

   Column temperature 30 °C 

   Mobile phase Initial: 85% (A)/15% (B) (up during 18 min)      0% (A)/100% 

(B) (for 1 min)        85% (A)/15% (B) (for 3 min) 

   Column flow rate 0.25 mL/min 

   Ion source ESI (+) 

   Injection volume 10 µL 

   Scan range 150-2000 m/z 

   Acquisition rate 

   Calibration references 

   Centroid transformation 

   Electrospray voltage 

   Fragmentor voltage    

   Gas temperature 

0.57 spectra/second 

121.0509 and 922.0098 m/z 

Mass Hunter 

4000 V 

175 V 

320 °C 

 

 

A different LC-MS setup was used at later dates to improve the quantification 

reproducibility, as this instrument was more commonly available. These 

analyses were performed using a Thermo HPLC Accela 600 pump and 

autosampler LC system connected to a Thermo Finnigan (linear trap 

quadrupole) LTQ mass spectrometer. The mobile phases were identical as in 

the two previous LC-MS setups. The analytical conditions used are summarised 

in Table 2.3. 

 
Table 2.3. Operational conditions of the Thermo LC-MS (LTQ). 

LC-MS  

   Column Thermo Hypersil Gold C18 1.9 µm, 150 mm x 2.1 mm 

   Column temperature 35 °C 

   Mobile phase Initial: 98% (A)/2% (B) (up during 18 min)      5% (A)/95% 

(B) (for 1 min)        98% (A)/2% (B) (for 5.5 min) 

   Column flow rate 0.2 mL/min 

   Ion source ESI (+) 

   Injection volume 10 µL 
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2.1.6  Ribose phosphorylation 
 

Solutions of D-ribose (0.3 M) and AcP (0.3 M) were prepared and, when 

applicable, MgCl2 (hexahydrate, ≥98%, Alpha Aesar) CaCl2 (dihydrate, ≥99%, 

Sigma-Aldrich) or boric acid (H3BO3) (≥99.5%, Sigma-Aldrich) were added (0.15 

M). The final reaction volumes of 4 mL were contained in 15 mL Falcon tubes. 

Experiments were performed at pH 7, 9 and 11 (titrated using negligible 

volumes of 5 M HCl and 10 M NaOH solutions as needed) at 20 °C, 50 °C and 

60 °C and samples taken at 2, 30, 60, 120 and 300 minutes, and 1, 2 and 5 

days. After acquisition, all individual samples were immediately frozen at −80 

°C, and thawed as batches right before derivatisation. Chemical derivatisation 

and analysis was performed using the LC-MS analytical protocol described at 

Sections 2.1.3, 2.1.4 and 2.1.5.  

 

Ribose phosphate was identified by the comparison with a commercial standard 

of its (i) chromatographic retention time, (ii) accurate mass of the precursor ion, 

and (iii) unique MS-MS secondary fragmentation pattern. Ribose phosphate 

was quantified using calibration curves of the integrated chromatographic areas 

of commercial standards for each experimental condition (pH and ion 

concentration). D-fucose (Sigma-Aldrich, ≥98%) was used as an external 

standard in order to minimise data dispersion across months of analytical 

assays, as well as to monitor instrumental and derivatisation efficiencies. A 250 

µM solution of fucose in HPLC water was prepared, divided into 50 µL aliquots 

and stored at −80 °C. One of the aliquoted fucose solution vials was thawed 

every time an analytical assay was to be performed and was derivatised 

together with the rest of the samples. Chromatographic ribose phosphate signal 

(from a calibration curve or experimental samples) was always divided by the 

signal of the external standard (fucose), which had been derivatised on the 

same day and ran first on the sample sequence (in triplicate to maximise 

reproducibility). 
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2.1.7  Adenosine diphosphate phosphorylation 
 

Equimolar solutions (0.5 M) of ADP (≥90%, disodium salt, Sigma-Aldrich) and 

AcP were prepared and mixed. The pH was adjusted to 5.5 with aqueous HCl 

or NaOH (1M) and samples (500 µL) were taken at time-points (1, 2, 3, 4 and 5 

hours) and immediately frozen at –80 °C. Experiments were carried out at 20 

and 50 °C. These samples were analysed using the HPLC-UV protocol 

described in Section 2.1.10. 

 

 

2.1.8  Nuclear magnetic resonance 
 

For the ribose phosphorylation experiments 31P-NMR was used to try to 

establish the phosphorylation sites of experimentally phosphorylated ribose, 

and adenosine diphosphate (ADP): 1H-NMR was used to quantify of acetyl 

phosphate. Both 31P-NMR and 1H-NMR were carried out in a Bruker-

Spectrospin 300 MHz equipped with an automated 60 sample changer and 

Topspin (2.1) software; a 1H/13C/31P/19F probe with z-gradients was routinely 

used. Sealed glass capillary tubes (SAMCO) with deuterated water (D2O) 

(Sigma-Aldrich, ≥99.9% D atom) were introduced in each NMR tube. D2O is 

used for locking purposes, which allows the software to accurately establish its 

ppm scale; this way, the software sets the frequency of the D2O peak and then 

references all other experimentally found frequencies to that point. 

 

For the ADP phosphorylation experiments 31P-NMR (1H-decoupled, Bruker 

Avance 400 MHz, 152 scans) was used; these experiments were performed by 

Silvana Pinna under my supervision. Peaks were identified by comparison with 

the chemical shift of pure standards, and by performing spike tests (addition of 

commercial standard directly into an already analysed sample in order to see if 

the putative peak grew). The quantification and statistical analysis were carried 

out by extrapolating the absolute intensity of the peaks of interest (in the case of 

ATP, the average absolute intensity of the three peaks formed by the β-

phosphate, Pβ) and using standard calibration curves. 
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2.1.9  Acetyl phosphate stability assay 
 
1H-NMR was used to monitor the degradation of AcP in water. The study was 

performed using the same concentration of AcP used in the ribose 

phosphorylation experiments and the same reaction volume (4 mL). Reaction 

conditions comprised pH 7, 9 and 11; 20 °C, 50 °C and 60 °C; and the 

presence/absence of Mg2+ ions and Ca2+ ions (20 mM Mg2+ and Ca2+ 

respectively). Samples were taken after 2, 30, 60, 120 and 300 minutes. 

Samples (500 µL) were immediately frozen at –80 °C. Samples were later 

thawed and analysed as described in Section 2.1.8 with the addition of 5.5 µL of 

a 1 mM potassium hydrogen phthalate (KHP) solution in water (≥99.95%, 

Sigma-Aldrich) as an internal standard. The usage of an internal standard 

allowed correcting for variations in machine sensitivity across different days of 

analysis. The internal standard was also employed for quantification purposes; 

analyte concentrations were calculated using the integrated ratio of protons in 

the internal standard compared to AcP. KHP was detected between 7.4 – 7.6 

ppm and AcP at 2.1 ppm. To account for time taken from thawing to start of 

analysis (which took place in another building), 15 minutes were added to every 

sample time point. 

 

 

2.1.10  High performance liquid chromatography (HPLC) – UV  
  spectroscopy 
 

HPLC-UV was used to study the phosphorylation of ADP by AcP. An equivalent 

experiment as in Section 2.1.7 was carried out, but this time with lower 

concentration of reagents to prevent chromatographic saturation, by mixing 

equimolar solutions (250 µM) of ADP and AcP at pH 5.5 at 50 °C. Samples (1 

mL) were taken at time-points (1, 2, 3, 4 and 5 hours) and frozen at –80 °C. 

Samples were thawed and analysed using the following mobile phases A: 0.1 M 

ammonium acetate, B: 100% acetonitrile. Peaks were identified using pure 

standards and a spike test, and quantified by comparison with standard 

calibration curves. The analytical conditions used are summarised in Table 2.4. 
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Table 2.4. Operational conditions of the Dionex HPLC. 

HPLC-UV  

   Column Acclaim 120 C18 2.2 µm, 2.1 x 250 mm 

   Column temperature 20 °C 

   Mobile phase Initial: 100% (A)/0% (B) (up during 5 min)      95% (A)/5% 

(B) (up during 6.3 min)        75% (A)/25% (B) (for 8.7 min) 

   Column flow rate 0.1 mL/min 

   Injection volume 20 µL 

 

 

2.2  Nucleotide polymerization 

2.2.1  Sample desalting protocol 
 

In order to reduce the adduct formation, which confounds the peak assignation 

and therefore the analysis of the results, a desalting protocol was applied to the 

samples before the mixing with the MALDI matrix. The protocol was adapted 

from Burcar et al. (2013) with advice from Kristin M. Coari (personal 

communication). The protocol consists of the following steps:  

 

Solvents used:   

ACN solution: 50% acetonitrile (MS grade, FLUKA) with HPLC water 

TEAA solution: 0.1 M triethylammonium acetate (TEAA) in HPLC water (1 M in 

H2O, FLUKA) 

 

Procedure:  

1. A volume of 4 µL of the ACN solution was deposited into a small Eppendorf 

microcentrifuge tube, closed and set aside.  

2. With a Millipore C18 zip tip (Sigma), 10 µL of ACN solution were aspirated up 

and discarded. This was repeated twice more. 

3. The previous three rinses were repeated with 10 µL of the TEAA solution. 

4. To allow for the retention of the analyte by the zip tip matrix, 10 µL of sample 

were aspirated up and down eight times and then discarded. 

5. A volume of 10 µL of HPLC water were aspirated up and dispensed. 

6. A volume of 10 µL of the TEAA solution were aspirated up and dispensed. 

7. Step 5 was repeated. 
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8. The 4 µL of the microcentrifuge tube with ACN from step 1 were slowly 

aspirated up and down three times. The analyte was in the final 4 µL. 

 

 

2.2.2  MALDI-TOF analysis 
 

Matrix-assisted laser desorption/ionisation (MALDI) – time of flight (TOF) mass 

spectrometry was used for the analysis of potential AMP polymers. A MALDI 

matrix consisting of 2,4,6-trihydroxyacetophenone monohydrate (THAP) plus 

ammonium citrate was selected on the basis of previous work showing THAP to 

be less prone to generating a dirty baseline when compared with other common 

MALDI matrices; also ammonium citrate reduces matrix-ion-sample adducts 

(Burcar et al., 2013) which simplifies the analysis. Other matrices such as 3-

hydroxypicolinic acid were also tried but discarded as they showed much higher 

and dirtier baseline when compared to THAP, mostly in the range of 500 – 1000 

m/z which is exactly where a strong sample signal (dimer and trimer molecular 

weights) was expected. 

 

Two solutions were prepared in preparation of the MALDI matrix: 0.0372 g of 

2,4,6-trihydroxyacetophenone monohydrate (Sigma-Aldrich, ≥99.5%) were 

added to 1 mL of acetonitrile (ACN); 0.045 g of ammonium citrate dibasic 

(Sigma-Aldrich, ≥98%) were added to 1 mL of HPLC water. Each solution was 

maintained at 4 °C for a maximum of a week. The required equal volumes of 

each solution were mixed to obtain the MALDI matrix. A volume of 1 µL of 

freshly prepared matrix solution were mixed with 1 µL of sample and deposited 

onto a clean steel MALDI-TOF plate. The liquid volume was allowed to 

evaporate for 30 min before the introduction of the steel plate into the MALDI-

TOF machine.  

 

The MALDI-TOF MS analysis was performed using a Waters micro MX mass 

spectrometer. The analytical conditions used are summarised in Table 2.5. 
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Table 2.5. Operational conditions of MALDI-TOF MS. 

MALDI-TOF MS  

   Mode Reflectron and negative ion 

   Laser power 280 au 

   Pulse 2000 V 

   Detector 2500 V 

   Flight tube 12000 V 

   Reflector 5200 V 

   Negative anode 3738 V 

   Scan range 500-5000 amu 

 

 

Before analysis, the mass spectrometer was calibrated using a low-molecular-

weight oligonucleotide standard (comprising of a DNA tetramer, pentamer, 7-

mer, 9-mer, and 11-mer (Bruker Daltonics)) as external calibrants. Each 

oligonucleotide standard was initially dissolved in 100 µL of HPLC water, 

divided in 6 µL aliquots and frozen at –80 °C. A fresh aliquot was used at each 

analytical calibration. The MALDI mass spectrum of the oligonucleotide 

standard is shown in Figure 2.3.  

 

 

Figure 2.3. MALDI mass spectrum of the oligonucleotide calibration standard. The peak 

at 1487.0 m/z (pentamer) was used for the calibration of the sample spectra due to its 

higher intensity compared the other four under the operational conditions shown in Table 

2.5. 
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2.3  Glycine polymerisation 

2.3.1  Glycine polymerisation experiments 
 

Solutions of glycine (0.5 M) were prepared, pH adjusted to 7, 8, 9, 10, 11 or 12 

using NaOH (1 M), and AcP (0.5 M; prepared as in Crans & Whitesides (1983), 

or using a commercial preparation) added to each pH condition. Samples were 

incubated at 20 °C for 7 days. Glycine (≥99%), N-acetylglycine (99%), 

diketopiperazine (≥99%) and diglycine (≥99%) were purchased from Sigma-

Aldrich. 
 

 

2.3.2  Nuclear magnetic resonance 
 

Analysis was carried out by 1H-NMR (Bruker Avance 300 MHz; 10% D2O, 16 

scans, water suppression). All peaks in NMR were identified by analysis of both 

pure standards and by spiked experimental samples. Percentage conversion of 

glycine to N-acetylglycine was calculated using the integrated ratio of protons 

by comparable integration of peak areas. 

 

 

2.4  Formose reaction 

2.4.1  Formose reaction experiments 
 

Conditions for the formose reactions were adapted from Kopetzki & Antonietti 

(2011); no high pressure system was used. Calcium salts were used as a 

source of Ca2+ and to naturally adjust the initial reaction pH to 12.6-12.9; 

calcium ions have been shown to be crucial for a successful formose reaction at 

moderate temperature (<100 °C) (Kopetzki & Antonietti, 2011). Formaldehyde 

(Fischer, 16%), Ca(OH)2 (Sigma-Aldrich, ≥95%) and CaCO3 (Sigma-Aldrich, 

≥99%) were diluted in HPLC water to achieve a final reaction volume of 2 mL. 

The initial reaction concentrations were of 0.5 M for formaldehyde, and 0.167 M 

for both calcium-bearing salts. Reactions were carried out at 60 °C in glass vials 
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in a metallic block heater. Samples were taken at 30 minutes, and 1, 2, 3 and 5 

hours and immediately frozen. When applicable, commercial AcP was added to 

the formose reactions (400 mM) in order to study its effect. 

 

For later GC-MS analysis (i), the sampling volumes were 99 µL plus immediate 

addition of 1 µL of myo-Inositol (Sigma-Aldrich, ≥99%) 0.025 M aqueous 

solution as internal standard (IS) to achieve a final concentration of IS of 250 

µM in each sample. Samples were then immediately frozen at –80 °C. For later 

LC-MS or HPLC-UV analysis (ii) the sampling volumes were of 80 µL and were 

immediately frozen at –80 °C. All samples were thawed right before 

derivatisation. Sugar/sugar phosphates/alditol standards (glycerol, 99.5%; 

dihydroxyacetone, USP reference standard; D-ribose, 99%; D-arabinose, ≥98%, 

D-lyxose, 99%; D-xylose, ≥99%; D-fructose, ≥99%, 2-deoxy-D-ribose, 97%; D-

erythrose 4-phosphate, ≥98%; D-glyceraldehyde 3-phosphate, ≥97%; D-

glucose 6-phosphate, ≥98%, and D-ribulose, ≥97%) were purchased from 

Sigma-Aldrich. Glyoxal 40% solution was purchased from Sigma-Aldrich. 

Ethylene glycol was purchased from Fisher Chemical and was of general-

purpose grade. Meso-erythritol was purchased from Alfa Aesar, ≥99%. 

 

 

2.4.2  Sugar derivatisation for GC-MS 
 

Carbohydrate analysis was achieved by transforming the sugars to their alditol 

acetates (Figure 2.4) (Blakeney et al., 1983). Sugars were first reduced using 

NaBH4 (Fisher Chemical, general purpose grade) in dimethyl sulfoxide (DMSO) 

(Sigma-Aldrich, ≥99.6%) at 0.02 g/mL. 1 mL of this solution was added to 0.1 

mL of samples/standards and incubated in 10 mL glass vials at 40 °C for 90 

minutes. After the incubation, 0.1 mL of acetic acid (Sigma-Aldrich, ≥99%) was 

added to destroy excess NaBH4. Then 0.2 mL N-methyl imidazole (Fisher 

Chemical, general purpose grade), which was used as a reaction catalyst was 

added followed by 2 mL acetic anhydride, which served as a source of acetyl 

groups. After 10 minutes, 5 mL of HPLC water was added to destroy excess 

acetic anhydride. Once cool, 1 mL of dichloromethane (DCM) (Sigma-Aldrich, 

≥99.9%) was added; after vortexing the vial to separate the phases, the lower 
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phase was taken using a Pasteur pipette. Later, to improve sensitivity, this 

liquid-liquid extraction was repeated three times for each sample and the 

resulting ~3 mL evaporated down to a final volume of 0.5 mL. Afterwards, 

approximately 0.3 mL was transferred to a capped GC-MS vial. 

 

 
 

 

2.4.3  Gas chromatography – mass spectrometry (GC-MS) 
 

Once the samples had been derivatised according to the previous method, they 

were analysed using GC-MS, which is a good method for analysing volatile 

analytes such as the alditol-acetate derivatives of sugars. GC-MS analysis was 

carried out at the mass spectrometry laboratory at UCL’s Christopher Ingold 

building. A Trace 1310 GC with ISQ quadrupole MS was used for the analysis 

and a TriPlus RSH autosampler was used for liquid injection of samples. 

Between samples, dichloromethane blanks were injected to prevent cross-

contamination. Scanning began after 3 minutes, as before this time peaks 

correspond to derivatisation reagents, and reconstructed ion chromatograms 

were produced for identification of relevant sugar peaks. The general conditions 

used are summarised in Table 2.6.  

 

 

 

 

 

 

Figure 2.4. Derivatisation reaction of an aldehyde (glyceraldehyde) for GC-MS using 

reduction to its alditol (glycerol) and full acetylation to its alditol-acetate (triacetin). 
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Table 2.6. Operational conditions of the Trace GC-MS. 

GC-MS  

   Column Rxi-5Sil MS (Thames Restek) Fused silica capillary column 

15 m x 0.25 mm x 0.25 µm 

   Oven temperature 50 °C (for 1 min), then increase 30 °C /min to 280 °C (and 

hold 10 min) 

   Carrier gas Helium 

   Injection temperature 220 °C 

   Injection volume 2 µL 

   Ion source temperature 280 °C 

   Transfer line temperature 280 °C 

   Injection mode 

   Monitorised ions 

Splitless 

Glyceraldehyde: 103, 145, 116 m/z 

Erythrose: 103, 115, 128 m/z 

Ribose: 103, 115, 145 m/z 

Myo-Inositol (internal standard): 115, 168, 199 m/z 

   Ion source EI 

 

 

2.4.4  High performance liquid chromatography (HPLC) – UV  
  spectroscopy 
 

HPLC-UV was used to quantify the sugars synthesised by the formose reaction, 

as well as to provide a peak assignation by comparison with commercial 

standards, which was later reinforced using LC-MS-MS (Section 2.4.5). The 

formose reaction samples were derivatised for liquid chromatography as 

explained in Section 2.1.3, and SPE-purified as explained in Section 2.1.4. Only 

one extra step was added to this sample preparation: once thawed, the 

samples were completely dried using N2 gas (for 22 minutes) in order to 

eliminate all unreacted formaldehyde (which started at an abundance of 0.5 M); 

this was done in order to prevent the large quantity of formaldehyde from 

competing with the smaller amount of sugars for the derivatisation reagents, 

which would preclude an accurate quantification.  

 

Once dried, the samples were rehydrated with HPLC water in order to achieve 

the same initial volume (80 µL). Once prepared, the samples were analysed 

using an Agilent 1260 Infinity II LC system with a UV detector. The analytical 
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method was adapted from Han et al. (2013); a series of columns and mobile 

phases were tested in order to maximise peak separation, since this is the 

primary kind of information that an HPLC-UV system provides. The chosen 

mobile phases were A: 0.1 M ammonium acetate in water (pH 4.5 titrated using 

HCl), and B: pure acetonitrile. The operational conditions are summarised in 

Table 2.7. 

 
Table 2.7. Operational conditions of the Agilent 1260 Infinity II HPLC-UV. 

HPLC-UV  

   Column Agilent InfinityLab Poroshell 120 EC-C18 column 4.6 x 150 

mm, 4 µm particle size 

   Column temperature 40 °C 

   Flow rate 0.5 mL/min 

   Mobile phase Isocratic 75% A during 50 minutes 

   Injection volume 10 µL 

   UV detector wavelength 254 nm 

 
 

2.4.5  Liquid chromatography – mass spectrometry (LC-MS) 
 

MS-MS assays were also performed on the formose reaction samples in order 

to provide an unequivocal peak assignation for each sugar. These analyses 

were performed using a Thermo HPLC Accela 600 pump and autosampler LC 

system connected to a Thermo Finnigan LTQ mass spectrometer. The used 

mobile phases were A: 0.05 M ammonium acetate in water (pH 4.5 titrated 

using formic acid), and B: pure acetonitrile. The analytical conditions used are 

summarised in Table 2.8. 
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Table 2.8. Operational conditions of the Thermo LC-MS (LTQ) for the MS-MS assays. 

LC-MS-MS  

   Column Thermo Hypersil Gold C18 1.9 µm, 150 mm x 2.1 mm 

   Column temperature 40 °C 

   Flow rate 0.18 mL/min 

   Mobile phase Isocratic 75% A during 50 minutes 

   Injection volume 10 µL 

   Ion source 

   Normalised collision energy 

   MS-MS parent masses (m/z) 

ESI (+) 

35 

375.4 (glucose), 455.4 (glucose 6-phosphate), 

345.2 (ribose), 425.2 (ribose 5-phosphate),  

315.3 (erythrose), 395.1 (erythrose 4-phosphate), 

285.1 (glyceraldehyde), 365 (glyceraldehyde 3-phosphate) 

359.2 (fucose; used as external standard) 

 

 

The MS-MS analyses were qualitative and were performed once per formose 

reaction experiment since they were time consuming and, due to the large 

number of scan instances (a total of 9), the resolution of the retention time 

values was poor (Figure 2.5c), so this could not be used for quantification 

purposes. Despite that, these tests reinforced the peak assignation for each 

sugar that was previously achieved using the HPLC-UV instrument. An example 

of the full scanned and MS-MS spectra of commercial standards versus 

experimentally synthesised sugars is shown in Figure 2.5a-b. 
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Figure 2.5. An example of the MS-MS data acquisition. (a-b) Comparison of the MS-MS 

spectra of a D-ribose commercial standard (a), and the peak corresponding to ribose 

synthesised by the formose reaction (b). LC-MS chromatograms corresponding to 

commercial sugar standards (c-d). Note the poor time-resolution of the chromatogram in (c) 

when scanning for 9 precursor ions. The resolution of (d) is much better as it was a general 

full scan (1 scanning instance). The method shown in (c) was used for peak identification in 

the formose reaction samples. 
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2.4.6  Formaldehyde quantification 
 

A method for formaldehyde quantification was necessary in order to make sure 

that the formose reaction samples (for LC-MS and HPLC-UV analysis) were 

formaldehyde-free, as it would be derivatised (since it has a carbonyl group) 

when using AEC, and therefore its high concentrations would interfere with the 

quantification of sugars and sugar phosphates. Formaldehyde was derivatised 

with O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine hydrochloride (PFBOA) 

(Figure 2.6) (Sugaya et al., 2001). Formaldehyde is a small organic difficult to 

analyse as it normally escapes the chromatographic column as fast as the 

solvent and becomes masked by it; derivatisation with PFBOA adds molecular 

weight and solves this problem. Also, it improves the volatility of formaldehyde, 

which allows for the usage of headspace injection (injection of the gas phase of 

the sample vial). Headspace injection of the sample is normally preferable to 

liquid injection as the former only introduces volatile compounds to the 

machine, greatly improving sensitivity and minimizing irrelevant signals as well 

as allowing for a faster sample preparation making any purification steps during 

derivatisation unnecessary. A 0.1 mM standard stock solution of 4-

bromofluorobenzene (Sigma Aldrich, ≥99%) in methanol was prepared for use 

as an internal standard for these analyses. Derivatised formaldehyde signal 

was always corrected to the internal standard signal to minimize random 

fluctuations affecting quantification. PFBOA (Sigma Aldrich, ≥98%) standard 

stock solution at 4 mM was prepared with HPLC water.  

 

 
 

A volume of 1 µL of formaldehyde standard stock solution (when preparing 

calibration curves) or 1 µL of experimental sample was added to a PTFE-lined 

Figure 2.6. Derivatisation reaction of formaldehyde using PFBOA, resulting in an oxime 

(right), which is volatile. 
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septum and aluminium cap vial, followed by 1 mL of IS stock solution and 8,999 

mL of HPLC grade water. A volume of 0.6 mL of PFBOA standard stock 

solution was added immediately followed by 3 g of sodium chloride (VWR, 

laboratory reagent grade). The vial was sealed and the samples were left for 4 

h at 20 °C to allow for the derivatisation reaction. After the incubation time, the 

samples were analysed using GC-MS in headspace injection mode. The 

analytical conditions used are summarised in Table 2.9. 

 

Table 2.9. Operational conditions of GC-MS and headspace autosampler. 

Headspace autosampler  

   Needle temperature 120 °C 

   Agitator temperature 60 °C 

   Agitator time 10 min 

   Injection depth 40 mm 

 

GC-MS  

   Column Trace TR-5MS 260F047P (Thermo Scientific) Fused silica 

capillary column 30 m x 0.25 mm x 0.25 µm 

   Oven temperature 40 °C for 1 min, followed by an increase of 10 °C /min until 

reaching 220 °C; then hold at 220 °C for 20 min 

   Carrier gas Helium 

   Injection temperature 200 °C 

   Sample draw 1 mL 

   Ion source EI 

   Ion source temperature 240 °C 

   Transfer line temperature 220 °C 

   Injection mode Split 10:1, 15 mL/min 

   Scan range 30-300 m/z 
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Chapter 3 

Proto-metabolism driven by pH gradients and FeS 
minerals 
 

The work described in this Chapter was published in Camprubi et al. (2017) and 

corresponds to theoretical predictions on the abiogenic role of Fe(Ni)S minerals 

at Hadean alkaline hydrothermal vents. 

 

 

3.1  Introduction 
 

Hadean alkaline hydrothermal vents present a number of interesting biogenic 

properties, which make them particularly suitable as hatcheries for life on Earth. 

Even though many of these characteristics are important (e.g. thermophoresis), 

both the presence of natural pH gradients and Fe(Ni)S minerals stand out, as 

these bear a great degree of congruence with life as we know it. 

 

Hadean alkaline hydrothermal vents have long been postulated as the 

hatcheries of life and initially this was mostly due to the pH gradients naturally 

appearing there. Alkaline hydrothermal effluents are (and were) alkaline (pH 10-

12), whilst Hadean oceans were mildly acidic (pH 5-6). As explained earlier, this 

proton gradient is congruent with life, which uses electrochemical gradients 

across membranes in order to conserve energy in the form of ATP. Proton 

gradients also drive CO2 reduction via membrane Fe(Ni)S proteins such as the 

energy converting hydrogenase (see below). Interestingly, the approximate 

value of these natural gradients is remarkably reminiscent to that of the one 

found in modern mitochondria, which inspired modelling studies determining 

whether this could have been a successful source of energy at the origin of life 

(Sojo et al., 2016). Modern life uses intricate molecular machines (e.g. ATP 

synthase) in order to tap into the electrochemical gradient, but how could a 
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similar natural gradient be useful if ATP synthase, together with most other 

complex biological inventions such as a lipid membrane, was not present yet? 

 

Iron (and nickel) sulphide minerals are also very closely related to life. It is 

calculated that as much as 50% of all known enzymes are metalloproteins 

(Thomson & Gray, 1998): they use inorganic metals as necessary cofactors. A 

prevalent group of these inorganic cofactors are Fe(Ni)S clusters. Iron-sulphur 

proteins are ancient and drive fundamental processes in cells, most notably 

electron transfer and CO2 fixation (Fuchs, 2011; Ferry, 2010). It is reasonable 

then to postulate that similar iron-sulphur minerals could have played an 

important role in the origin of life because electron transfer (redox) and CO2 

fixation reactions were definitely some of the most important abiotic chemical 

reactions, which potentially led to the synthesis of organic molecules. But, how 

could simple minerals catalyse what nowadays is mediated using a series of 

complex and well-regulated enzymes? As discussed previously, 

Wächtershäuser (1988b; 1988a) proposed that abiotic proto-metabolism could 

have been powered through pyrites-pulling without the need of complex organic 

catalysts. Despite Wächtershäuser’s novelty at aiming to explain the biological 

importance of Fe(Ni)S clusters, little evidence of this type of prebiotic reactivity 

has been experimentally provided. 

 

Phylogenetic studies (Morowitz et al., 2000; Smith & Morowitz, 2004) suggest 

that the earliest cells drove carbon and energy metabolism via the acetyl CoA 

pathway, which is replete in Fe(Ni)S proteins and is the only known carbon 

fixation pathway found in both archaea and bacteria (Fuchs, 2011). This 

pathway works mechanistically different in bacteria and archaea, which makes it 

difficult to assess its ancestral (pre-enzymes) state (Russell & Martin, 2004). As 

will be discussed later, these differences could arguably be explained if proto-

metabolism depended on the natural electrochemical gradients found in alkaline 

hydrothermal vents, and domain-specific adaptations were invented alongside 

the later differentiation of domain-specific membrane types. If this is true, it 

would be reasonable to envision that the acetyl CoA pathway diverged with the 

origins of active ion pumping (Sojo et al., 2016) (during the split between 

bacteria and archaea), and ancestral CO2 fixation could have been very similar 



Proto-metabolism driven by pH gradients and FeS minerals 

 62 

to methanogens, which depend on a membrane-bound NiFe hydrogenase, the 

energy converting hydrogenase (Ech), which uses the proton-motive force to 

reduce ferredoxin, which in turn reduces CO2. This mechanism suggests that 

pH modulates the reduction potential at the active site of the enzyme, making 

the unfavourable reduction of CO2 by H2 (when both reacting couples are at the 

same pH) feasible. It is then reasonable to postulate that under abiotic 

conditions, steep pH differences across semi-conducting Fe(Ni)S barriers could 

drive CO2 reduction in a similar way.  

 

It is also possible that not just CO2 reduction could be achieved, but also a 

range of similar carbonylation and hydrogenation reactions could take place 

forming longer chain carboxylic acids such as pyruvate and oxaloacetate, 

mimicking the incomplete reverse Krebs cycle as found in methanogens (see 

Section 3.2.7). It is possible that the later closure of a complete reverse Krebs 

cycle, by regenerating acetyl CoA (or its prebiotic analogue) directly, could have 

displaced the acetyl CoA pathway in many modern groups (where this pathway 

is missing). A later reliance on acetyl CoA and ATP could have eliminated the 

need for the proton-motive force to drive most steps of the reverse Krebs cycle, 

yielding the modern version we observe today. 

 

The work presented in this Chapter is theoretical and was carried out during 

several months when most analytical instruments were either out of service or 

could not be used due to, for example, the impracticability of switching daily 

between an LC-MS analytical setup for large protein analysis to one for small 

molecules. This work has been based on the analysis of reaction mechanisms 

as they occur in modern (or ancestral) enzymes, and their correlation with 

mineral-based catalysis of organic compounds. In line with de Duve’s 

congruence principle, there has been a focus on proposing mechanisms that 

could have later developed into the modern forms by using the least amount of 

changes as possible.  
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3.2  Results and discussion 

3.2.1  A primordial iron-sulphur world? 
 

Two papers published in 1966 produced a remarkable shift of the paradigm on 

the research on the origin of life. Eck and Dayhoff (1966) reconstructed the 

evolutionary history of ferredoxin on the basis of its amino acid sequence. 

These authors proposed that ferredoxin, which contains very simple FeS 

cofactors, was formed through the doubling of a shorter protein, containing only 

the simplest eight amino acids, which in turn developed from a repeating 

sequence of only four amino acids (glycine, proline, aspartic acid and serine). 

The author’s conclusion was that ferredoxin had been incorporated into 

metabolism even before complex proteins and the complete modern genetic 

code existed. Another article by Evans et al. (1966) showed that the Krebs 

cycle could operate in reverse, driving a ferredoxin-dependent carbon-reduction 

cycle in a photosynthetic bacterium. This pathway remained controversial for a 

long time, but was eventually accepted as an alternative to the Calvin-Benson 

cycle as a CO2-fixing pathway. The reverse Krebs cycle is autocatalytic (from 

oxaloacetate, a single spin of the cycle generates two oxaloacetates). This 

discovery reinforced ideas on autocatalytic cycles and hypercycles as a means 

of driving stable growth at the origin of life, dating back to Eigen (1971), and 

foreshadowing the current widely accepted view on the biogenic importance of 

autocatalytic sets. 

 

Almost 20 years later, Wächtershäuser proposed his often regarded as radical 

conception of a pyrites-pulled reverse Krebs cycle (Wächtershäuser, 1990). 

Wächtershäuser dismissed a heterotrophic origin of life in the form of a 

primordial soup and attempted to reconstruct the first metabolic cycles by 

retrodiction based on the tenets that (i) the reverse Krebs cycle was the 

ancestral state of the oxidative cycle, that (ii) it was common in bacteria and 

some archaea, and that (iii) it could be strictly chemoautotrophic (i.e. 

phototrophy was not required). Wächtershäuser was aware that, unlike the 

easier chemistry proceeding from electrical discharges or UV radiation acting on 

reduced gases such as methane and ammonia, the reduction of CO2 by H2 was 

not trivial (Wächtershäuser, 1988b). The reaction between CO2 and H2 is 
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overall exergonic under anoxic conditions, but the first steps to generate CO, 

HCOO− or CH2O are markedly endergonic and inhibit the synthesis of organic 

molecules using this reaction scheme (Amend & McCollom, 2009). Autotrophic 

cells that grow from this reaction alone (methanogens and acetogens) must 

then use some form of energetic coupling to lower the kinetic barrier that would 

otherwise inhibit this form of metabolism. Wächtershäuser proposed that, before 

the advent of modern enzymes, the coupling mechanism was pyrites pulling, in 

which oxidation of FeS to pyrites (FeS2) is coupled to the reduction of CO2 by 

H2: 

 

FeS + H2S         FeS2 + H2                             ΔG°'= −38.4 kJmol−1 

H2 + CO2         HCOOH                                  ΔG°'= +30.2 kJmol−1 

FeS + H2S + CO2         FeS2 + HCOOH         ΔG°'= −8.2 kJmol−1 

 

Some studies have supported this mechanism, at least to form simple (but 

reactive) organics such as CH3SH (methanethiol) (Heinen & Lauwers, 1996), 

but most successful studies testing this hypothesis, including those from 

Wächtershäuser, start with the most reactive substrate CO rather than CO2 

(Huber & Wächtershäuser, 1997; 1998), and therefore ironically avoid pyrites 

pulling. Parallel work on primordial soup was beginning to take account of 

geochemical evidence which suggested that the Earth’s atmosphere was never 

rich in reduced gases such as CH4 and NH3, but was instead relatively 

oxidising, composed mainly of CO2 and N2 (Arndt & Nisbet, 2012; Trail et al., 

2011; Zahnle et al., 2007). Unlike previous results, electrical discharges through 

such relatively oxidising atmospheres did not readily form amino acids; but 

inclusion of high concentrations of CO did indeed facilitate organic chemistry 

(Miyakawa et al., 2002). Accordingly, both Wächtershäuser and his opponents, 

who favoured a heterotrophic origin of life, called on the reactivity of CO. The 

synthesis of ‘activated acetate’ (methyl thioacetate) by Huber and 

Wächtershäuser in 1996 was achieved under an atmosphere of 1 bar of CO, 

which is geologically highly unlikely, and occurred readily in the absence of 

FeS; NiSO4 was also effective as a catalyst for this reaction, despite being 

incapable of pyrites pulling. 

 



Proto-metabolism driven by pH gradients and FeS minerals 

 65 

3.2.2  Problems with primordial metabolic cycles 
 

Most discussion of prebiotic chemistry has historically been framed in terms of 

specificity and yield. Most synthetic chemists working on the origins of life tend 

to see the problem in terms of achieving high yields of specific products, and 

distrust chemistry that produces low yields of mixed products (Patel et al., 

2015). Biologists tend to be more inclined to the opposite view, arguing instead 

that selection will favour higher yields of specific products over time; hence the 

earliest prebiotic chemistry should have produced low yields of mixed products, 

otherwise natural selection would have no space to operate. Particular catalysts 

such as metal ions or minerals favour certain reactivity landscapes over others, 

and increase yields somewhat when compared to a non-catalysed reaction, 

hinting at the beginnings of geochemical proto-metabolic pathways (Copley et 

al., 2007). Chelation by simple organics such as amino acids, and later short 

non-coded oligopeptides, and ultimately genetically encoded proteins, would 

each favour increasing yields of more specific products (Copley et al., 2007; de 

Duve, 2005). As a rule of thumb, cells (using enzymes) lower kinetic barriers to 

thermodynamically favoured reactions. This applies equally to the tardy reaction 

between H2 and CO2; methanogens and acetogens that depend on the acetyl 

CoA pathway gain all the carbon and energy they need to grow from this 

reaction alone (Ferry & House, 2006; Maden, 2000; Shock et al., 1998). 

Because this reaction barely occurs as abiotic chemistry, the reactants remain 

naturally far from equilibrium, an opportunity waiting to be exploited. Most 

prebiotic reactions performed throughout this thesis display low yields and 

specificity. In essence, we propose that this is not a problem prebiotic chemists 

need to work around, but rather it is what should be sought after, since 

otherwise natural selection would have had no ‘room’ for selecting for catalytic 

improvements over time. 

 

From this point of view, the fact that Wächtershäuser’s hypothetical pyrites-

pulled Krebs cycle has never been shown to work is not unexpected as, 

amongst other considerations, a theoretical energetic coupling is technically not 

catalysis, unless a catalyst (in almost a mechanical way) couples both 

reactions. But there is a deeper problem with the conception of primordial 



Proto-metabolism driven by pH gradients and FeS minerals 

 66 

metabolic cycles, as pointed out by Orgel (2008), which applies specifically to 

the idea of cycles rather than linear pathways. The problem is that if abiotic 

reactions occur at low yield, and the product of one reaction acts as the 

substrate of the next reaction, then the more reaction steps there are, the more 

catastrophic the decline in yield. That much is true for any metabolic pathway, 

and must presumably favour the shortest pathways of carbon fixation. But it 

becomes far more of a serious problem for metabolic cycles, in part because 

they usually comprise many steps (Wächtershäuser’s pyrite-pulled reverse 

Krebs cycle has 16), but especially because the substrate concentration for the 

first step depends (basically in its totality) on the yield of the final step. This is 

surely unworkable as abiotic chemistry; Orgel eloquently named it as ‘if pigs 

could fly’ hypothetical chemistry (Orgel, 2008). 

 

This last issue, incidentally, is not solved by a recent study suggesting that 

Krebs cycle intermediates are favoured by sulphate radical chemistry (Keller et 

al., 2017). This study demonstrated a decomposition of long chain Krebs cycle 

intermediates yielding simpler molecules such as pyruvate, but not a proto-

metabolic step-wise turning of the cycle. The article is nevertheless interesting 

in that it shows that Krebs cycle intermediates are thermodynamically 

metastable (not unlike many other small organic molecules such as amino 

acids), but does not solve the problem of declining yield at each steps of a full 

prebiotic cycle. An interesting point of this study is that it shows that radical 

chemistry (that does not involve UV radiation) could be a source of prebiotic 

chemical reactivity. The outcome of this study broadens the possibility of 

exploring prebiotic radical chemistry in a way more akin to life; for instance 

using FeS clusters as those involved in the reactivity of pyruvate synthase (also 

known as pyruvate:ferredoxin oxidoreductase (PFOR)), which is a key enzyme 

linking the acetyl CoA pathway to the reductive Krebs cycle catalysing the 

formation of pyruvate from acetyl CoA in anaerobic archaea and bacteria 

(Charon et al.,1999). 
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3.2.3  The acetyl CoA pathway is ancient 
 

The complete reverse Krebs cycle is found only in bacteria so, despite the 

appeal of FeS catalysis in CO2 fixation, its deep antiquity is not sustained by 

phylogenetics (unless it was lost in all archaea) (Campbell & Cary, 2004; Fuchs, 

2011; Martin & Russell, 2003; Weiss et al., 2016). There are six pathways of 

CO2 fixation known to date (Fuchs, 2011). Of these, only the acetyl CoA 

pathway (or Wood/Ljungdahl pathway) is found in both bacteria and archaea 

(Campbell & Cary, 2004; Fuchs, 2011; Martin & Russell, 2003; Weiss et al., 

2016); so it likely dates back to their common ancestor, the last universal 

common ancestor of all life (LUCA), which arguably might have lived in 

submarine hydrothermal vents (Martin et al., 2014). 

 

There are other factors that are consistent with the early evolution of the acetyl 

CoA pathway. It is short and linear, which avoids the problems discussed above 

(Russell & Martin, 2004). Unlike other pathways of CO2 fixation, it is exergonic 

overall, so there is no net input of ATP needed in order to drive the pathway; on 

the contrary, the reaction of H2 with CO2 yields of the energy required for cell 

growth (Russell & Martin, 2004). As mentioned earlier, this pathway is also 

replete in Fe(Ni)S cofactors, to the extent that the pathway has been said to 

have ‘rocky roots’ (Russell & Martin, 2004). The groups of microorganisms that 

rely on the acetyl CoA pathway for carbon fixation (such as methanogens, 

acetogens and sulphate-reducers) have notably more FeS-bearing proteins in 

their genomes than other prokaryotes (Sousa et al., 2013). The key enzyme of 

this pathway, the carbon monoxide dehydrogenase/acetyl CoA synthase 

(CODH/ACS), is an unusual hydrogenase with the Fe4S4 clusters, two of which 

bridge via sulphide to nickel (Ni-S-Fe4S4) (Ragsdale & Kumar, 1996). This 

enzyme catalyses the synthesis of acetyl CoA, the hub of metabolism, directly 

from CO bound to an iron atom, and a methyl (–CH3) group bound to a nickel 

one (Ragsdale & Kumar, 1996). Similar abiotic reactions have been proposed 

to take place on Fe(Ni)S surfaces, via Fischer-Tropsch-type hydrogenations 

and Koch-type carbonylations (Cody et al., 2004; Cody, 2004), as shown in 

Figure 3.1. This reaction mechanism also depicts the first difficult step, the 
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reduction of CO2 to CO on an iron-sulphide surface (Dzade et al., 2015), which 

is discussed later in the relation to pH modulation of reduction potential. 

 

 
Others (Varma et al., 2017) have achieved similar reactions yielding acetate 

(and pyruvate) using metals (Fe0, Ni0 and Co0) as catalysts. But, even though 

this is impressive chemistry and shows the feasibility of the non-enzymatic 

reduction of CO2, the choice of metals are of limited geological plausibility, 

mainly due to their highly reduced state. 

 

 

3.2.4  Deep differences between bacteria and archaea 
 

While the previous factors are consistent with the primordial origins of the acetyl 

CoA pathway, there are deep differences in the methyl synthesis between 

bacteria and archaea, which make it difficult to discern the evolution of the 

pathway (Nitschke & Russell, 2013; Sojo et al., 2016; Sousa & Martin, 2014). 

Figure 3.1. Primordial CO2 reduction on the surface of a Fe(Ni)S mineral (Camprubi et al., 

2017). (a) Fe-catalysed reduction of CO2 into surface-bound CO (purple) via the cleavage of a 

C-O bond, followed by subsequent hydrogenations and a dehydration yielding surface-bound 

methyl group (green). (b) Carbonylation of a Ni-bound methyl group by Fe-bound CO, followed 

by elution through nucleophilic attack by a sulphydryl or methyl-sulphydryl ion yielding thioacetic 

acid or methyl-thioacetic acid, respectively. This abiotic mechanism is analogous to the carbon 

monoxide dehydrogenase/acetyl CoA synthase (CODH/ACS) enzymatic mechanism, where 

coenzyme A acts as the eluting nucleophile. 
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One possibility is that reactive methyl groups (perhaps in the form of CH3SH, 

methanethiol) were so plentiful in Hadean hydrothermal systems that there was 

no requirement for genetically encoded methyl synthesis in the earliest stages 

of evolution (Sousa & Martin, 2014). If that were the case, then the true main 

substrate for the origin of life was not CO2, as in most autotrophs, but CH3SH. 

To date, little abiotic CH3SH has been detected in modern hydrothermal 

systems (Reeves et al., 2014), but it could be consumed by cells lower in the 

crust, or rapidly oxidised under modern aerobic conditions. If so, the 

concentration of CH3SH could have been far greater in anoxic Hadean vents. 

 

An alternative possibility is that H2 reduced CO2 to both CO and to –CH3 at the 

vent-ocean interface, through a process similar to that which occurs in 

methanogens (Sojo et al., 2016). The logic here relates to the process of flavin-

based electron bifurcation, which is similar in concept, but differs in many 

details, between methanogens and acetogens (archaea and bacteria, 

respectively) (Buckel & Thauer, 2013; Herrmann et al., 2008; Kaster et al., 

2011). Electron bifurcation accomplishes the endergonic reduction of a low-

potential ferredoxin by coupling it to the exergonic reduction of a 

heterodisulphide (in methanogens) (Kaster et al., 2011) or NAD+ (in acetogens) 

(Herrmann et al., 2008). The specific steps of electron bifurcation are discussed 

in detail elsewhere (Buckel & Thauer, 2013; Herrmann et al., 2008; Kaster et 

al., 2011; Nitschke & Russell, 2013; Sojo et al., 2016) and it is not the focus of 

this Chapter, so it will not be discussed here. The main point is that, in both 

groups, electron bifurcation achieves two outcomes, albeit via distinct 

pathways: (i) the difficult reduction of CO2 by H2 to form reactive methyl groups 

and (ii) the generation of an electrochemical ion gradient via a membrane-

bound pump, Mtr in the case of methanogens, and Rnf or energy converting 

hydrogenase (Ech) in the case of acetogens (Buckel & Thauer, 2013) (Figure 

3.2). 

 

Critically, for electron bifurcation to continue operating, the exergonic reduction 

products (thiols or NADH) must be reoxidised, and this is achieved by the 

excretion of either methane (in methanogens) or acetate (in acetogens) (Buckel 

& Thauer, 2013). So electron bifurcation generates an electrochemical 
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membrane potential (which is then used to drive both ATP synthesis and CO2 

fixation, as discussed below), but it does not directly generate biomass (Figure 

3.2a-b, left panels). This is a key point, which is worth reiterating. While electron 

bifurcation achieves the difficult reduction of ferredoxin, all that is actually 

conserved is an electrochemical ion gradient across a membrane. In other 

words, electron bifurcation drives active ion pumping (Sojo et al., 2016). 
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Figure 3.2. Schematic depiction of methanogenesis and acetogenesis (Sojo et al., 2016). (a) 

Methanogenesis. Left panel: Flavin-based electron bifurcation in methanogenesis generates 

reduced ferredoxin and reduced thiols. Ferredoxin is used to reduce CO2 to a methyl group; its 

transfer from one cofactor to another releases enough energy to generate an ion gradient 

(depicted here as a H+ gradient for simplicity) via the membrane protein Mtr. Methane is 

excreted as waste. Right panel: The ion gradient is used to drive ferredoxin reduction directly 

to form a methyl group, which is reacted with CO to form acetyl CoA (not shown for simplicity); 

ATP is synthesized via a standard rotor-stator ATP synthase. Acetyl CoA and ATP together 

drive intermediary metabolism. (b) Acetogenesis. Left panel: Electron bifurcation in acetogens 

generates reduced ferredoxin and NADH. Oxidation of ferredoxin drives the extrusion of ions 

(typically Na+ but shown here as H+ for consistency) via the membrane protein Ech or Rnf. 

Right panel: CO2 is reduced using NADH and ATP to form a methyl group. This is reacted with 

CO (not shown) to form acetyl CoA, which together with ATP is used to drive carbon 

metabolism. Acetate is excreted to maintain redox balance. 
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3.2.5  Alkaline hydrothermal vents 
 

The fact that electron bifurcation generates electrochemical ion gradients allows 

us to structure the problem of its origin in a specific environment: alkaline 

hydrothermal vents. As explained in the Introduction to the thesis, these vents 

have many properties that make them conducive to the origins of life, which 

have been developed in detail by Russell and colleagues over two decades 

(Martin & Russell, 2007; Martin et al., 2008; Russell & Hall, 1997; Russell et al., 

2014; Russell et al., 1994); due to this, the details will not be discussed here. 

Suffice to say that, in anoxic Hadean oceans, alkaline vents should have 

formed labyrinths of micropores with thin, catalytic walls containing Fe(Ni)S 

minerals, through which hydrothermal fluids and ocean waters percolated. Like 

modern vents, the hydrothermal fluids should have been warm (70-90 °C), rich 

in H2 (15–200 mM) and strongly alkaline (about pH 11), whereas in the Hadean 

the ocean waters were probably mildly acidic (pH 6) and saturated in CO2. 

Within vents, laminar flow of hydrothermal fluids and ocean waters through 

interconnected micropores should have generated proton gradients across the 

thin semi-conducting Fe(Ni)S walls, with CO2 in acidic ocean waters in pores off 

from the main hydrothermal flow, and H2 in alkaline hydrothermal fluids in more 

actively venting regions. In summary: these vents should have provided 

everything needed to drive the acetyl CoA pathway: H2, CO2 and natural proton 

gradients (up to 5 pH units) across thin, semi-conducting barriers containing 

Fe(Ni)S minerals, with structures similar to the FeS clusters in ferredoxin of 

Ech. There would have been no need to actively pump ions via electron 

bifurcation if hydrothermal flow provided equivalent proton gradients across 

natural Fe(Ni)S barriers (Lane & Martin, 2012; Sojo et al., 2016; Sojo et al., 

2014); no need to actively generate proton gradients if the vents provided them 

for free. 

 

Both methanogens and acetogens use electrochemical ion gradients to grow. 

Acetogens use them to generate ATP via the ATP synthase, and then use ATP 

and NADH to drive CO2 fixation (Buckel & Thauer, 2013; Herrmann et al., 2008) 

(Figure 3.2b, right panel). Since the ATP synthase is a sophisticated protein, a 

rotating nanomotor, it is unlikely to have been primordial (Martin & Thauer, 
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2017). In contrast, methanogens stand out: they use the proton-motive 

membrane-bound NiFe hydrogenase Ech in order to drive the reduction of 

ferredoxin directly (Kaster et al., 2011) (Figure 3.2a, right panel). This is then 

used to reduce CO2, to form a methyl group bound to a cofactor, as well as CO, 

which then react together to form acetyl CoA on the Ni-S-Fe4S4 clusters of 

CODH/ACS (Ragsdale & Kumar, 1996). The entire path of CO2 fixation in 

methanogens is driven by the proton gradient (likely converted from a Na+ 

gradient, generated by Mtr, via an obligate Na+/H+ antiporter (Šurín et al., 

2007)) and does not require ATP (Buckel & Thauer, 2013; Kaster et al., 2011). 

While the proteins involved today are moderately complex, all the critical 

electron transfers are achieved by the Fe(Ni)S cofactors, with structures similar 

to Fe(Ni)S minerals found in hydrothermal systems (Russell & Martin, 2004). In 

principle, the fact that alkaline vents contain H2, CO2 and natural proton 

gradients across thin semi-conducting Fe(Ni)S barriers means that they could in 

principle drive prebiotic CO2 fixation via a mechanism analogous to 

methanogens (Sojo et al., 2016). If so, that was the ancestral pathway of 

carbon fixation, and the detailed differences in electron bifurcation and methyl 

synthesis between methanogens and acetogens could be ascribed to the 

independent evolution of active pumping in the two groups, as proposed in 

detail elsewhere (Lane & Martin, 2012; Sojo et al., 2016; Sojo et al., 2014). 

 

 

3.2.6  How proton gradients could drive CO2 fixation 
 

Why does the reduction of ferredoxin via Ech depend on the proton-motive 

force? The answer is as yet unknown, but cannot relate to reverse electron flow 

(as originally proposed (Hedderich, 2004)) as these methanogens do not 

possess an electron-transport chain that could operate in the opposite direction 

(Buckel & Thauer, 2013; Kaster et al., 2011). A more likely possibility is that pH 

modulates reduction potential at the active site of the enzyme. The flux of 

protons through Ech from the relatively acidic exterior could lower the pH at the 

active site of the enzyme, which should facilitate reductions that depend on 

protons, including CO2 as well as some ferredoxins (Chen et al., 2002). As 

Wächtershäuser pointed out in his proposal for pyrites pulling, H2 is not 
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sufficiently electropositive to reduce CO2 to CO, formate or formaldehyde 

(Wächtershäuser, 1988b, 1990), even though the later steps to methanol and 

methane are strongly exergonic (Amend & McCollom, 2009). This is the reason 

that electron bifurcation works: the endergonic initial steps are coupled to the 

exergonic final steps, so that the final steps pull through the first steps (Buckel & 

Thauer, 2013). But that is not the mechanism of Ech (Buckel & Thauer, 2013); 

something else must be going on. 

 

As introduced in Chapter 1, we propose that pH modulates the reduction 

potential of H2 and CO2 (Herschy et al., 2014; Sojo et al., 2016). When protons 

are involved in a reduction (e.g. balancing charges), the Nernst equation shows 

that the reduction potential falls by approximately –59 mV per pH unit (Nicholls 

& Ferguson, 2013). At pH 0, the reduction potential of H2 is 0 (as defined by the 

hydrogen electrode). At pH 7, it is –414 mV; and at pH 11, it falls to –650 mV, 

strongly reducing. The reason is simple: if H2 gives up its electrons under 

alkaline conditions, the remaining H+ ions will react swiftly with OH– to form 

water, thermodynamically a highly favoured reaction under these 

circumstances, as there is an overwhelming excess of hydroxide ions ready to 

react. Conversely, CO2 is more easily reduced under acidic conditions. At pH 7, 

the mid-point reduction potential of the CO2/CH2O couple is about –580 mV 

(Herschy et al., 2014; Sojo et al., 2016), but at pH 6 it rises to –520 mV. Again, 

the reason is simple: CO2 will pick up the four electrons (in order to form CH2O) 

more easily if protons are readily available (at low pH) to balance the negative 

charges resulting from the direct reduction. Much the same applies to some 

FeS minerals such as mackinawite, which can be protonated under mild acidic 

conditions (below pH 7.5) but deprotonate under alkaline conditions (Wolthers 

et al., 2005); and at least some FeS clusters, in certain ferredoxins, seem to 

follow a similar behaviour (Chen et al., 2002). If so, ferredoxin is easier to 

reduce under mildly acidic conditions, and in the context of the active site of 

Ech it should be readily reduced in the vicinity of proton channels that could 

lower the pH locally. Conversely, in the more alkaline interior of the cell, 

ferredoxin should deprotonate and become more reducing (more able to reduce 

CO2 to CO and beyond). It is worth noting that some literature points to 

ferredoxin binding to the other side of Ech from the H+ pore, so it seems 
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implausible that it could be protonated; therefore, it is probable that another of 

the FeS clusters in Ech is (Hedderich & Forzi, 2006; Sapra et al., 2003). 

 

These principles could have significant connotations for electrochemistry at the 

origin of life. While the discussion above relates to the active site of Ech, the 

same principles should hold in an abiotic context, given a structure that is 

capable of separating two phases of different pH. This is precisely what alkaline 

vents provide. While H2 cannot reduce CO2 to CH2O at pH 7 (because the 

reduction potentials of the H2/H+ and CO2/CH2O couples are –414 mV and –580 

mV respectively), in alkaline vents H2 is dissolved in alkaline solution at pH 11-

11.5, giving it a reduction potential as low as –680 mV, whereas CO2 is 

dissolved in ocean waters at a pH 5.5-6, conferring it a reduction potential of 

about –500 mV. As long as the two pH phases are separate (which is aided by 

laminar flow in vents (Möller et al., 2017)), and as long as they are separated by 

a semi-conducting barrier capable of transferring electrons from one pH phase 

to the other, then H2 in the alkaline phase should reduce CO2 in the acidic 

phase via transfer of electrons across the semi-conducting barrier. Not only are 

Fe(Ni)S minerals semi-conducting (Nakamura et al., 2010) but they can also be 

protonated under mildly acidic conditions (Wolthers et al., 2005), making the 

acid-facing surfaces more electronegative, hence drawing electrons across the 

barrier. While such a process would necessarily generate an electrical charge 

on the barrier (Barge et al., 2015), this should be dissipated by the physical 

mixing of the hydrothermal fluids and ocean waters elsewhere in the vent. This 

phenomenon could also be somewhat counterproductive since the synthesis of 

H2 on the acidic side would be promoted (from H+ from the acidic side, and e- 

from the alkaline), and this could then compete with the synthesis of organics.  

In sum: natural pH gradients across thin, semi-conducting catalytic Fe(Ni)S 

barriers should facilitate the reduction of CO2 by H2 to form CO and more highly 

reduced organics such as –CH3 groups, as depicted in Figure 3.1, through a 

mechanism analogous to Ech in methanogens. 
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3.2.7  Analogous reductions in the incomplete reverse Krebs cycle 
 

The reduction of CO2 to reactive thioesters such as acetyl CoA, or abiotic 

equivalents such as thioacetate or methyl thioacetate is an important first step, 

but is only the first step of proto-metabolism. Amino acids and nucleotides are 

synthesised from carboxylic acids with 3-6 carbons (which are Krebs cycle 

intermediates) and producing these requires a series of further carbonylation 

and hydrogenation reactions. Considering this in terms of prebiotic chemistry, 

Martin and Russell have previously suggested that the acetyl CoA pathway 

could feed into the reverse incomplete Krebs cycle, as in methanogens (Martin 

& Russell, 2007). 
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The incomplete reverse Krebs cycle has two advantages over the complete 

version. First, given high H2 concentrations and natural proton gradients 

transecting semi-conducing Fe(Ni)S barriers, the short linear acetyl CoA 

pathway should provide a continuous supply of reactive thioesters (far more 

than would be attained through a complete turn of the cycle, with its calamitous 

decline in yield at each step). Second, we might expect that the high 

concentration of thioesters could drive at least the next couple of steps, to 

pyruvate or oxaloacetate (Figure 3.3), both of which are important precursors 

for amino acid and nucleotide biosynthesis. These in turn are likely to chelate 

Fe(Ni)S minerals, enhancing their catalytic properties, by mimicking the active 

site of the enzyme and increasing the catalytic surface area (Dzade et al., 2016; 

Wang et al., 2015; Yamaguchi et al., 2014), driving faster CO2 reduction; a 

valuable positive feedback (West et al., 2017). As catalytic properties improve, 

the yield of individual steps should increase, ultimately extending the pathway 

(still linear) through to C6 tricarboxylic acids, such as isocitrate.

Figure 3.3. Primordial incomplete reverse Krebs cycle facilitated by pH gradients across 

Fe(Ni)S semipermeable barriers (Camprubi et al., 2017). (a) Carbonylation of a surface-

bound acetyl group (from thioacetic acid), and elution from the mineral surface by a 

hydroxide or sulphydryl ion yielding pyruvic acid or thiopyruvic acid, respectively. To 

simplify, the non-thiolated version of the products is shown for the remaining reactions. (b) 

Adsorption of pyruvic acid through its enolate form onto the mineral surface followed by 

carbonylation and elution to form oxaloacetic acid. (c) Reversible adsorption of 

oxaloacetate followed by hydrogenation of its keto group by two electrons (from H2 

oxidation by Ni+ in the alkaline phase) and H+ ions from surface mineral protonation 

yielding malic acid. Nickel atoms channel electrons from H2 catalysing a two-electron 

reduction. 
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While this mechanism is pleasing in itself, we note that the carbonylations and 

hydrogenations of the reverse incomplete Krebs cycle are closely analogous to 

those in the acetyl CoA pathway itself. The general idea that there are two 

branches of the acetyl CoA pathway, one which generates CO and the other a 

methyl group, is chemically misleading. As shown in Figure 3.1, the formation of 

thioesters is best seen as the carbonylation of a methyl group, which is formed 

through the partial reduction of CO2 on an Fe(Ni)S surface by Fischer-Tropsch 

and Koch-type reactions. The reverse incomplete Krebs cycle as a series of 

analogous carbonylations and hydrogenations on an Fe(Ni)S surface is shown 

in Figures 3.3, 3.4, and 3.5 (originally part of one large figure, but divided for 

better detail clarity). For simplicity, CO is shown bound to the surface, but this is 

not calling for a 1 bar atmosphere of CO, or even high concentrations in 

hydrothermal vents; the reduction of CO2 to CO (and –CH3) on the Fe(Ni)S 

surface is inferred, as shown in Figure 3.1. From thioacetate in Figures 3.3 to 

3.5, the carboxylic acids of the reverse Krebs cycle are depicted as being 

successively carbonylated by nickel-bound CO, and then hydrogenated by 

electrons from H2, which are transferred across a thin, semi-conducting Fe(Ni)S 

barrier as described above. 

 

 

 

 

 

 

 

Figure 3.4. Primordial incomplete reverse Krebs cycle facilitated by pH gradients across 

Fe(Ni)S semipermeable barriers (Camprubi et al., 2017). (d) Acid–base catalysed 

dehydration of malic acid by the mineral surface yielding fumaric acid. (e) Adsorption of 

fumaric acid though π bond cleavage followed by hydrogenation of its secondary carbons 

(with electrons from H2 oxidation in the alkaline phase and H+ ions from surface mineral 

protonation) yielding free succinic acid. Iron atoms channel electrons from H2 catalysing two 

one-electron reductions (f) Thiolation or methyl-thiolation of succinic acid yielding 

thiosuccinate or methyl-thiosuccinate. The collateral hydroxylation of the catalyst surface 

can be readily removed by dehydration at low pH. 
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Figure 3.5. Primordial incomplete reverse Krebs cycle facilitated by pH gradients across 

Fe(Ni)S semipermeable barriers (Camprubi et al., 2017). (g) Thiosuccinate carbonylation 

yielding α-ketoglutaric acid. (h) Isocitric acid synthesis by carbonylation of its 3' carbon and Ni-

mediated keto group hydrogenation by a mechanism equivalent to reaction in Figure 3.3c. 
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It is worth stressing that each carbonylation reaction should be facilitated by the 

pH gradient across a barrier, as discussed above, to form CO from CO2; and 

each hydrogenation reaction should likewise be aided by the pH difference, with 

protons deriving either from the acidic ocean waters or from adjoining –S– 

groups in the Fe(Ni)S barrier, which are protonated below pH 7.5. This is 

admittedly hypothetical chemistry, and some steps might not be facile, but it is 

not of the ‘if pigs could fly’ type (Orgel, 2008), as there is no requirement for a 

complete cycle with declining yield at each step. On the contrary, each step is 

driven independently by the high concentration of H2 and proton gradients 

across semi-conducting barriers, both of which are sustained by hydrothermal 

flow. It is also probable that the proposed abiotic reactions would yield other 

products apart from the specific ones required for the incomplete reverse Krebs 

cycle; we see this as a valid criticism. As discussed earlier, we accept that early 

proto-metabolic pathways probably presented low specificity and propose that 

available catalysts (both inorganic minerals and organically-chelated ones) 

would have been crucial at directing (and precluding) certain reactivity 

pathways, in time generating the ancient core of metabolism. This being said, 

one could predict that the study of how simple catalysts allowed for certain 

reaction pathways (and not others), will slowly reveal how the core of ancient 

metabolism chemically developed before (or alongside) the advent of genetic 

coding. These predictions are experimentally testable and are currently being 

so in a microfluidic reactor. Roldan et al., (2015) have achieved equivalent 

reductions of CO2 to pyruvate, using direct electrochemical potential rather than 

H2 and pH modulation of reduction potential, as discussed here. Others 

(Muchowska et al., 2017) have synthesised large portions of the reverse Krebs 

cycle using metals (e.g. Fe0) as reductants but, even though this shows that the 

reduction of CO2 is possible, the choice of the electron donor is of limited 

(compared to H2) geological and biological plausibility. 

 

 

3.2.8  Collapse to the complete reverse Krebs cycle 
 

The steps discussed above concern abiotic chemistry, driven by the far-from-

equilibrium conditions and topological structure of pores in alkaline 
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hydrothermal vents, based on a deep congruence with the carbon and energy 

metabolism of methanogens. We propose that the ancestral metabolism of the 

first cells was similar to methanogens (Sojo et al., 2016), and the early 

divergence of bacteria and archaea arose from the independent origins of 

electron bifurcation and active pumping in the methanogens and acetogens 

(Lane & Martin, 2012; Sojo et al., 2016; Sojo et al., 2014). This Chapter will 

conclude with some thoughts on the origins of the complete reverse Krebs cycle 

in bacteria, which obviously do not suffer from the abiotic problem of declining 

yields. 

 

So what is the advantage of a complete reductive Krebs cycle, given that the 

modern cycle requires an investment of ATP at several steps? One factor might 

be thermodynamic. The rate of flux through a linear metabolic pathway depends 

(amongst other factors) on the concentration of end products relative to 

substrates; an accumulation of end products inhibits flux, as does a low 

concentration of substrates. In the case of the incomplete reverse Krebs cycle, 

an accumulation of citrate would slow flux through the pathway. But if the citrate 

were split into oxaloacetate and acetyl CoA, the overall effect would be to 

remove the end product and replenish the substrates, providing a 

thermodynamic drive and balancing availability of precursors for the synthesis 

of amino acids, fatty acids, sugars and nucleotides needed for growth (Eigen, 

1971). As noted earlier, the reverse Krebs cycle is autocatalytic, providing two 

oxaloacetates for each turn of the cycle, which promotes stable growth. The 

input of acetyl CoA depends stoichiometrically on the spinning of the cycle 

itself, meaning there is no longer a need for input from the acetyl CoA pathway. 

 

Other factors might have contributed to displacing the acetyl CoA pathway from 

most bacteria. C1 analytical chemistry is notoriously difficult, and we wonder 

whether cells also struggle to react two C1 molecules to form the acetyl moiety 

of acetyl CoA. It could be simpler for enzymes to recognize substrates if the C1 

carbons are attached to longer chain carboxylic acids, rather than other C1 

molecules. The acetyl CoA pathway is unique among the six known pathways 

of carbon fixation in dealing solely with C1 chemistry (Fuchs, 2011). Another 

advantage of the reverse Krebs cycle is that the acetyl CoA pathway combines 
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carbon and energy metabolism in the same pathway, whereas the reverse 

Krebs cycle has to derive the necessary reducing power and ATP from 

alternative sources (Martin & Russell, 2007), notably phototrophy as originally 

reported by Evans et al. (1966). H2 and CO2 can then be used solely for carbon 

fixation, rather than for ATP synthesis too, enabling growth at lower partial 

pressures of H2 or in its absence (Campbell & Cary, 2004; Thauer et al., 2008). 

Given either phototrohpy or relatively high concentrations of anaerobic electron 

acceptors for a respiratory chain, ATP synthesis ceases to be rate limiting. And 

with abundant ATP, there would no longer be any need for a proton-motive 

force to power the chemistry proposed in Figures 3.3, 3.4 and 3.5, freeing 

membrane surface for other purposes, including faster ATP synthesis. That 

could explain why most steps of the reverse Krebs cycle no longer depend on 

the proton-motive force. 

 

 

3.3  Conclusions 
 

Ever since its discovery in 1966, the reverse Krebs cycle has been proposed as 

an ancient pathway of CO2 fixation (Evans et al., 1966), potentially even 

prebiotic (Smith & Morowitz, 2004; Wächtershäuser, 1990). However, the 

conception of primordial metabolic cycles was challenged by Orgel on the basis 

that a steep decline in yield at each step would preclude non-enzymatically 

catalysed flux through the full cycle (Orgel, 2008); we see this is a valid 

criticism. The complete reverse Krebs cycle is also phylogenetically restricted 

almost entirely to bacteria, and so is unlikely to date back to the common 

ancestor of bacteria and archaea (LUCA) (Campbell & Cary, 2004; Fuchs, 

2011; Martin & Russell, 2003; Weiss et al., 2016). The short, linear acetyl CoA 

pathway, which uses Fe(Ni)S proteins and electrochemical ion gradients across 

membranes to drive both carbon and energy metabolism from H2 and CO2, 

solves many of these problems. This pathway is found in both methanogenic 

archaea and acetogenic bacteria, but deep differences in the mechanism of 

electron bifurcation and methyl synthesis obscure the ancestral pathway of CO2 

fixation (Nitschke & Russell, 2013; Sojo et al., 2016; Sousa & Martin, 2014). Our 

group has proposed elsewhere that these differences arose with the origin of 
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active pumping (Lane & Martin, 2012; Sojo et al., 2014), and that ancestral 

carbon fixation in the first cells resembled that of methanogens (Sojo et al., 

2016), which use electrochemical ion gradients to drive ferredoxin reduction via 

the membrane-bound NiFe hydrogenase Ech. 

 

These factors point towards the topology of pores in submarine alkaline 

hydrothermal vents, in which natural proton gradients across Fe(Ni)S barriers 

could drive the reduction of CO2 by H2. I suggest that the initial reduction of CO2 

to a methyl group proceeded via a Fischer Tropsch-type mechanism on the acid 

side of an Fe(Ni)S surface, followed by carbonylation via a Koch-type 

mechanism. These endergonic reactions ought to be facilitated by pH 

differences between phases, which modulate the reduction potential of H2, CO2 

and Fe(Ni)S minerals such as mackinawite (Herschy et al., 2014; Sojo et al., 

2016; Wolthers et al., 2005). Similar hydrogenations and carbonylations, 

facilitated by natural proton gradients across Fe(Ni)S barriers, could generate 

longer chain carboxylic acids (up to 6 carbons) via a prebiotic equivalent to the 

reverse incomplete Krebs cycle in methanogens. Finally, after the evolution of 

cells with genes and proteins, closure of the complete reverse Krebs cycle 

should displace the acetyl CoA pathway from bacteria and archaea, except 

under anoxic conditions and at high partial pressures of H2. This framework 

helps explain the origins of autotrophic CO2 fixation in alkaline vents, the early 

divergence of bacteria and archaea, and the later evolution of the reductive 

Krebs cycle in bacteria. 
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Chapter 4 

Prebiotic phosphorylations mediated by acetyl 
phosphate 
 

The work described in this Chapter has been published in Whicher et al. (2018) 

as part of a first co-authored publication with Dr Alexandra Whicher. The work 

on the synthesis of AcP presented in Section 4.2.1 was independently 

performed by Dr Alexandra Whicher, whilst the work on the stability of AcP was 

performed jointly. This work on the synthesis and characteristics of AcP is 

presented in this Chapter as it is crucial for the overall understanding of the 

AcP-mediated phosphorylation experiments detailed in further Sections. 

 

 

4.1  Introduction 
 

In the previous Chapter I discussed in detail how hydrothermal vents could 

drive the synthesis of organic molecules, such as methyl thioacetate, pyruvate 

and Krebs cycle intermediates, from CO2 and H2 by Fischer Tropsch-type 

hydrogenations and Koch-type carbonylations. I also mentioned that the 

reaction of CO2 and H2 facilitated by the natural pH gradients present at alkaline 

hydrothermal vents could also yield a more immediate reactive organic 

molecule, formaldehyde. Lane has argued that proton gradients across thin 

semi-conducting barriers could drive the reduction of CO2 to formaldehyde 

directly in a manner analogous to modern autotrophic cells such as 

methanogens (Lane, 2014; Sojo et al., 2016). In short, an abiotic mechanism 

analogous to that of Ech (from methanogens) could theoretically catalyse the 

reduction of CO2 (by H2) based on differences in reduction potential, which are 

pH-dependant. Thus while it is essentially ‘impossible’ for H2 to reduce CO2 at 

pH 7 (because the reduction potential is not low enough) in vents it could be 

possible. The FeS catalytic barrier would act as a semiconductor by ‘feeling’ the 
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reduction potentials in each side and should transfer electrons from H2 to CO2 

(Figure 1.3), since the acidic side would be more electronegative. 

 

Under the conditions found in alkaline hydrothermal vents, formaldehyde 

undergoes the formose reaction. The formose reaction was introduced earlier; 

in short, in 1861 Alexander Butlerow discovered the formose reaction where 

formaldehyde undergoes a series of aldol condensation and isomerisation 

reactions to form sugars, including ribose, in alkaline medium (Figure 1.4). 

Ribose is the structural backbone of RNA and many other key organic 

compounds (e.g. several vitamins and cofactors); for this reason, the formose 

reaction has been of interest as an abiotic source of sugar backbones. As 

explained in the Introduction, one of the prebiotically interesting next steps after 

obtaining ribose (in order to generate nucleotides) would be to phosphorylate it. 

Furthermore, it is possible that phosphorylation could favour the accumulation 

of pentose sugars in the complex formose reaction (see Chapter 6). A historical 

criticism of the relevance of the formose reaction, even under ideal 

hydrothermal conditions, is that it is frequently claimed to yield little more than 

tars and complex mixtures of biologically irrelevant sugars (Gollihar et al., 

2014). Mellersh & Smith (2010) suggested that phosphorylation could drive the 

synthesis of ribose phosphate (from ribose from the formose reaction), but until 

this project there was no experimental verification of this. The formose reaction 

has been extensively studied during this project and will be discussed in detail 

during Chapter 6; suffices to say here that there is a plausible abiotic source of 

sugars at Hadean alkaline hydrothermal vents, and that sugar phosphorylation 

during the formose reaction could funnel the formose reaction towards pentoses 

such as ribose. 

 

This Chapter focuses on the study of the phosphorylating capabilities of AcP. 

As mentioned earlier, both acetyl CoA and ATP are universally conserved 

across life, hence are most probably ancient (Fuchs, 2011; Martin et al., 2014; 

Morowitz et al., 2000; Smith & Morowitz, 2004). Nonetheless, both are complex 

molecules produced by genetically encoded enzymes, and so are unlikely to 

have driven the emergence of biochemistry at the origin of life. Plausible 

prebiotic precursors to acetyl CoA and ATP have been proposed to operate in a 
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‘thioester world’ (de Duve, 1988, 1991, 1998; Goldford et al., 2017; Sousa et al., 

2013). Prebiotic thioesters such as methyl thioacetate could arguably 

phosphorolyse to generate a phosphoester bond equivalent to that in ATP, as in 

the simple 2-carbon molecule acetyl phosphate, AcP (Ferry & House, 2006; 

Martin et al., 2014; Sojo et al., 2016). This is analogous to modern cells, where 

acetyl CoA is readily phosphorolysed to generate AcP in both bacteria and 

archaea (Decker et al., 1970; Martin & Russell, 2007; Thauer et al., 1977). AcP 

then phosphorylates ADP to ATP (Ferry & House, 2006; Schönheit, 2016) 

making it the fulcrum between thioester and phosphate metabolism (de Duve, 

1991). In terms of prebiotic chemistry, AcP could have been formed from simple 

thioesters such as methyl thioester, and it could have then driven 

phosphorylation and condensation reactions in a similar fashion to ATP (Figure 

4.1) (de Duve, 1991; Ferry & House, 2006; Martin & Russell, 2007), narrowing 

the gap between geochemistry and the origins of intermediary metabolism.  

 

However, simple thioesters such as methyl thioacetate and putative ATP 

analogues like AcP have generally been considered to be too unstable to 

persist for long enough to drive prebiotic chemistry, especially at the high or low 

pH and hot temperatures found in hydrothermal systems (Barge et al., 2014; 

Chandru et al., 2016). AcP has long been overlooked experimentally as a 

prebiotic precursor to ATP, except in the synthesis of more stable (but less 

reactive) products such as pyrophosphate (Baltscheffsky & Baltscheffsky, 1995; 

Barge et al., 2014; de Zwart et al., 2004; Kornberg et al., 1999). This perception 

stems largely from the ‘heterotrophic’ approach to prebiotic chemistry: stable 

organics are assumed to accumulate in a primordial soup or warm geothermal 

pond, perhaps with different precursors formed under distinct conditions before 

being brought together by some circumstance (Patel et al., 2015), all of which 

demands long-term stability. In contrast, autotrophic origins imply a continuous 

flux of inorganic substrates (e.g. H2 and CO2) in a specific environment, in 

which organic synthesis is driven by the continuous flux, and the rates of 

synthesis and breakdown or reaction at least balance over time (Barge et al., 

2017; Branscomb & Russell, 2013; Lane, 2015). It is of little relevance if 

prebiotic thioesters or AcP react within minutes or hours as long as they are 

formed at a similar rate; indeed it is more parsimonious if they do, as they are 
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then approaching the lability of biochemical intermediates. In this chapter then, 

the synthesis and reactivity of AcP under mild alkaline hydrothermal conditions 

will be examined with this lability in mind. 

 

For these experiments simulating Hadean alkaline hydrothermal vents, 

temperatures from 20 to 60 °C and pH values from 6 to 12 have been 

considered, conditions that are equivalent to the ranges found in these (Lane & 

Martin, 2012; Martin et al., 2008; Nitschke & Russell, 2009; Russell et al., 2014, 

1994). Such vents are composed of labyrinths of interconnected micropores 

with thin inorganic walls, which separate hydrothermal fluids (pH 9 – 12) and 

ocean waters (Kelley et al., 2005; Russell & Hall, 1997; Russell et al., 1994). 

The oceans were probably mildly acidic (pH 5–7) in the Hadean, as CO2 levels 

were higher (Arndt & Nisbet, 2012; Pinti, 2005). Mixing within the vent is driven 

by convection and thermal diffusion (Baaske et al., 2007; Braun & Libchaber, 

2002; Herschy, et al., 2014; Kreysing et al., 2015; Mast, 2013; Mast & Braun, 

2010), which is important for three reasons. First, conditions for organic 

synthesis are not necessarily warm and strongly alkaline, but could equally be 

cool and neutral pH, or even mildly acidic. Second, convective cycling means 

that products formed in cool, neutral conditions can cycle through warm, 

alkaline conditions, potentially driving other reactions, including simple 

hydrolysis. Third, thermal cycling can concentrate small organics such as 

nucleotides by at least 5000-fold via thermophoresis (Baaske et al., 2007; 

Braun & Libchaber, 2002; Herschy, et al., 2014; Kreysing et al., 2015; Mast, 

2013; Mast & Braun, 2010); such extreme concentration by thermophoresis 

partially justifies the relatively high concentrations of reagents used in the work 

presented in this Chapter. 
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4.2  Results 

4.2.1  Synthesis of AcP under alkaline hydrothermal vent  
  conditions 
 

We expected to synthesise AcP by phosphorolysis of methyl thioacetate 

(CH3COSCH3). This simple prebiotic thioester has been argued to have 

properties equivalent to acetyl CoA (de Duve, 1991, 1988; Lane & Martin, 2012; 

Martin & Russell, 2007), and has indeed been formed under hydrothermal 

conditions from CO and CH3SH alone (Huber & Wächtershäuser, 1997). In fact, 

no AcP from CH3COSCH3 in the presence of 20 mM Na2HPO4 was detected in 

our experiments, but we rather generated yields of up to 2% within 1–2 h from 

the even simpler precursor thioacetate (CH3COSH, 40 mM) (Figures 4.1 and 

4.2). This probably reflects the different hydrogen bonding capabilities of both 

substrates: the electronegativity of the S atom of thioacetate is increased by 

Figure 4.1. Molecular structures of key biotic and prebiotic molecules (Whicher et al., 2018). 

Acetyl CoA is the hub of metabolism in all six known pathways of carbon fixation. The 

‘business end’ of the molecule is the reactive thioester group (green), which has prebiotic 

analogues in methyl thioacetate/thioacetic acid. ATP is the universally conserved energy 

currency in modern metabolism; AcP could have been a simple precursor, driving similar 

reactions. The lilac shading highlights equivalent phosphate groups. 
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hydrogen bonding of its proton with the (water) solvent, since this causes the H 

atom to pull the electron cloud of the S-H bond towards H. In turn this effect 

favours the nucleophilic attack (from Pi) to the carbonyl group of the 

thioacetate, favouring the synthesis of AcP. In contrast, the methyl moiety of 

methyl thioacetate cannot establish hydrogen bonding with the solvent, making 

its productive phosphorolysis (yielding AcP) less likely. In order to confirm this, 

a hydrogen-deuterium exchange experiment using deuterated water as the 

solvent could be performed. The rate of exchange of the S-H proton of 

thioacetate with the solvent depends on the hydrogen bonding capabilities of 

such proton; this can be monitored using H-NMR or mass spectroscopy. If this 

proton is heavily involved in hydrogen bonding with the solvent, it would easily 

exchange with deuterium atoms, therefore its rate of deuterium incorporation 

would be fast. In contrast, a proton bonded to a more electropositive atom (e.g. 

C instead of O) would have much lower hydrogen bonding capabilities, and thus 

would exchange with deuterium considerably slower. In conclusion, if the rate of 

deuteration of the S-H proton of thioacetate is higher than that of the methyl 

protons of a similar control molecule unable of hydrogen-bonding (e.g. 

acetone), this would indicate that the proton was indeed heavily involved in 

hydrogen-bonding, which in turn favoured the phosphorolysis of thioacetate, 

yielding AcP. 

 

The yield of AcP synthesis depended on pH, temperature, and ions present. 

Under mildly acidic conditions and cooler temperatures (pH 6, 20 °C), equimolar 

mixtures of Ca2+ and Mg2+ ions promoted synthesis of AcP, compared with no 

ions (Figure 4.2a, red line). Under more alkaline conditions, Ca2+ and Mg2+ ions 

lowered AcP synthesis, because Ca2+ precipitated out some phosphate as 

apatite, so less was available for AcP formation (Figure 4.2b–c; data for Ca2+ 

alone are not shown, as nanoparticles interfered with NMR measurements). 

AcP was not formed at all at pH 11, even in the absence of ions (not shown). In 

contrast, Mg2+ alone precipitated relatively little phosphate below pH 11, and 

doubled yields of AcP under neutral or mildly alkaline conditions, presumably 

promoting synthesis relative to breakdown of AcP (Figure 4.2d–f). These data 

could be interpreted as foreshadowing the close association of Mg2+ ions with 

AcP, ATP and nucleotides, and the exclusion of Ca2+ ions from modern cells. 
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Synthesis under anaerobic conditions (mimicking Hadean conditions) did not 

affect the yield of AcP, indicating that thioacetate is equally reactive in the 

absence of oxygen (Figure 4.3b). The addition of Fe2+ was also tested in order 

to see if such a prevalent metal at Hadean vents would have any effect on the 

synthesis of AcP, but it did not (Figure 4.3a). 

 

 
However, when performing the experiment at 50 °C with equimolar mixtures of 

Ca2+ and Mg2+, the balance between AcP formation and hydrolysis shifted 

markedly towards hydrolysis (Figure 4.2g–i). Although the initial rate of 

synthesis was slightly faster, AcP was almost completely hydrolysed within 3 h, 

Figure 4.2. Synthesis of AcP from orthophosphate and thioacetate (Whicher et al., 2018). 

(a–c) AcP synthesis at pH 6, 7 and 8, respectively, with varying equimolar concentrations of 

Ca2+ and Mg2+ ions at 20 °C (blue). (d–f) Varying concentrations of Mg2+ ions alone. (g–i) 

Varying concentrations of both Ca2+ and Mg2+ ions at 50 °C (red). The upper two rows 

represent experiments performed at 20 °C, whilst the lower row those performed at 50 °C. 

Darker shading of the vertical columns to the right represent growing reaction pH (6 to 8). 

The maximum yield of AcP obtained was of over 300 µM (corresponding to a ~2% 

conversion from starting 40 mM of thioacetate). N=3± SD. Data provided by Dr Alexandra 

Whicher. 
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especially under mildly alkaline conditions (pH 8; Figure 4.2i). In the vent 

setting, therefore, AcP synthesis should occur mostly in cooler, more neutral 

regions, precisely the regions where organics tend to accumulate by 

thermophoresis (Baaske et al., 2007; Herschy et al., 2014), and should be 

stable under aqueous neutral to alkaline conditions over at least several hours. 

 

 
 

A study testing the stability of AcP in water was performed in order to help us 

understand the dynamics of acetyl phosphate synthesis (Figure 4.2), and that of 

ribose phosphorylation (see next Section (4.2.2)). At ambient temperatures and 

non-extreme pH, AcP is reasonably stable, as previously reported by others 

(Etaix & Buvet, 1974; Koshland, 1952) with ~20% hydrolysed over 5 h at 20 °C 

under the range of pH conditions tested (Figure 4.4a, circles). The rate of 

hydrolysis depends strongly on temperature, with AcP completely hydrolysed 

within 3–5 h at 50 °C, and within 90 min at 60 °C (Figure 4.4a, squares and 

triangles respectively). In contrast, pH had little effect at any given temperature 

(Figure 4.4a). The presence of Mg2+ (Figure 4.4b) and Ca2+ (Figure 4.4c) ions 

also had little effect, slightly speeding the initial rate of hydrolysis at both 20 °C 

and 50 °C, as reported previously for concentrated salt solutions by Di Sabato 

and Jencks (1961b), but not changing the overall proportion hydrolysed over 5 

h (Figure 4.4b-c). 

Figure 4.3. Anaerobic synthesis of AcP from orthophosphate and thioacetate at pH 7 and 

20°C (Whicher et al., 2018). (a) Anaerobic experiments carried out in the presence of 

different concentrations of Fe2+ ions (0, 200, 400 and 1000 µM). In the absence of thioacetic 

acid no AcP was produced (black); and (b) under anaerobic and aerobic conditions with no 

ions present. N=3 ±SD. Data provided by Dr Alexandra Whicher. 
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Figure 4.4. Stability of AcP depending on pH, temperature and ions (Whicher et al., 

2018). Degradation profile for AcP over 5 hours with and without ions at pH 7, 9 and 11, 

stored at 20 °C (circles), 50 °C (squares) and 60 °C (triangles). (a) no ions added, (b), 

with 20 mM Mg2+ ions added, (c), with 20 mM Ca2+ ions added. Initial concentration for 

every condition was 300 mM verified with the protocol stipulated in Section 2.1.2. N=3 

±SD. With thanks to Dr Alexandra Whicher for providing the data shown in (b) and (c). 
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4.2.2  Phosphorylation of ribose by acetyl phosphate 
 

The experiments on the AcP-mediated phosphorylation of D-ribose occurred as 

two sets, since several issues with the analytical instruments took place during 

the months these tests were carried out (see below). Despite this, both sets of 

experiments were successful under a wide range of pH, temperature and ions 

presence conditions; the main differences between both sets were (i) the 

maximum yields of ribose phosphate obtained, as well as (ii) the overall 

reaction profile over time. 

 

For all ribose phosphate synthesis experiments, the quantification was achieved 

by interpolating the experimental integrated areas with a calibration curves 

prepared in triplicate using commercial ribose 5-phosphate. A vial with 250 µM 

of commercial D-fucose was thawed, derivatised and analysed as an external 

standard alongside the analysis of both calibration curve samples, as well as 

experimental ones. This was done in order to minimise variation or noise in 

experimental data generated due to random changes in the derivatisation 

efficiency and instrumental precision. 

 

 

4.2.2.1 First experimental set 

 

An example of the calibration curve used is shown in Figure 4.5; and the 

calibration parameters are displayed in Table 4.1 

 
Table 4.1. Ribose 5-phosphate calibration curve (1-500 µM). 

Compound Linearity Lower limit of quantification r2 

Ribose 5-phosphate As/Ai = 0.007c - 0.0568a 1 µM 0.99234 
aAs/Ai: peak area ratio of the analyte to the external standard; c: concentration in µM 
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Ribose + Acetyl phosphate  ⇄   Ribose phosphate + Acetate 

 

Reaction rate (pH 11, 20 °C): ∆ [!"#$%& !!!"#!!"#]
∆ [!]  =  !"#.!"!!!"# !  = 0.00174 !"/! 

 

The maximum yield of ribose phosphate obtained in these experiments with 

respect to the concentration of ribose was low (~0.1%), but the rate of synthesis 

was rapid. Concentrations of ribose phosphate over 200 µM were present after 

only 2 minutes at 20 °C when no ions were present (Figure 4.6a) (samples were 

impossible obtain before 2 minutes due the time it took for the samples to 

freeze at –80 °C). The yield was higher at 50 °C, with concentrations reaching 

300 µM (Figure 4.6b). The reaction pH seemed to have little effect on the 

efficiency of this phosphorylation. 
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Figure 4.5. Calibration curve (1-500 µM) for commercial ribose 5-phosphate, 

corrected using fucose as external standard (y axis). N=3 ±SD. 
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Despite these encouraging results, it seemed strange that the concentration of 

ribose phosphate reached its maximum concentration so quickly, and that it 

hardly changed over the course of 5 hours. In order to ensure that these results 

were not reflecting an analytical artefact, I planned to repeat the experiments 

using another analytical set up which had a more restricted access (Agilent Q-

TOF), as the first LC-MS setup (Acquity UPLC-MS) was on an open access 

regime and was often out of order. Initially, a repetition of the reaction at pH 11 

(at 20 and 50 °C) using the same concentration of reagents used in Figure 4.6 

(300 mM each) was performed. The acetyl phosphate stock solution used this 

time was of commercial origin (Sigma-Aldrich, ≥85%) and not synthesised in the 

lab; this was done in order to exclude the possibility of the high concentration of 

acetate and orthophosphate present in the lab-prepared AcP to affect the 

synthesis of ribose phosphate. The commercial version of AcP was a Li+/K+ salt 

whereas the synthesised in the lab was a Na+ salt. The results of this 

experiment are shown in Figure 4.7. 

Figure 4.6. Phosphorylation of ribose by Na+AcP. (a–b) Synthesis of ribose phosphate from 

D-ribose and AcP (300 mM each) at pH 7, 9 and 11 at: (a) 20 °C and (b) 50 °C. Black line 

indicates a negative control containing ribose only (no AcP). (c–d) LC-MS chromatogram for 

derivatised ribose 5-phosphate (monoisotopic mass: 425.14 m/z): (c) standard and (d) 

experimental sample. Graph inserts show mass spectra for each peak. N=3 ±SD. 
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The overall shape of the concentration/time curve was very similar to the data 

shown in Figure 4.6. Despite this, the yield was about 7 times lower. The lower 

yield was not due to a problem with the new calibration curve (1-750 µM 

concentration range, r² = 0.99551) as a new one was generated again with an 

almost identical result; something else was responsible for the concentration 

decrease. During the months this experiment was being performed, the Agilent 

Q-TOF LC-MS instrument underwent several weeks of inoperability and days of 

a marked reduced sensibility. More frequent disruptions meant that the planned 

experiments using different pH values had to be postponed as the data 

acquired lacked the proper sturdiness. The cause of the instrumental problems 

could not be identified without doubt as there were several research groups 

using the instrument, but the large amount of phosphate and other ions present 

in our samples could, in theory, contribute to block the internal tubing of the 

instrument causing multiple issues such as lower signal intensity over short 

periods of time, as well as the complete halt of a run (due to high internal 

pressure) causing the next run to have material (and thus chromatographic 

peaks) from the previous sample, which made posterior analysis impossible. 

Due to these problems, and in order to prevent more issues in the future, a solid 

phase extraction protocol (SPE) was designed with the aid of undergraduate 

student Jeanne Bonnel under my supervision. This purification protocol used a 

C18 matrix and a range of solvents in order to separate the non-polar 

derivatised sugars from the polar ions (phosphates, Na+, Li+, K+, etc.) present in 

the samples. Unfortunately this protocol inevitably diluted the samples (1/15) 

Figure 4.7. Synthesis of ribose phosphate from D-ribose and commercial Li+AcP at pH 11 

at: (a) 20 °C and (b) 50 °C. N=3 ±SD. Precursor ion monitored for derivatised ribose-5-

phosphate (425.1472 m/z). 
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but, in turn, ensured that our samples could not damage any instrumental part 

in the future. This protocol is detailed in the Section 2.1.4 of Chapter 2. From 

this point onwards, any sample bound for HPLC-UV or LC-MS analysis was 

purified using this SPE protocol. 

 

Apart from the analytical problems mentioned above, the lack of reproducibility 

of the data from Figure 4.6 when the LC-MS set up was changed (Figure 4.7) 

could be explained by another three factors: (i) the type stock AcP solution 

used, (ii) the potential effect of ion suppression during the analysis, and (iii) 

problems with the derivatisation protocol. These three potential factors were 

tested and the results are discussed below. 

 

(i) The AcP stock solution used in the previous experiments of Figure 4.6 was 

prepared in the lab and always kept close to 3-4 °C during its preparation and 

frozen at –80 °C directly. The commercial AcP used for the experiments in 

Figure 4.7 was dissolved in water at ambient temperature just before freezing it 

at –80 °C. The commercial AcP solution was very far from the equilibrium of its 

hydrolysis reaction, which yields acetate and phosphate, and thus would have 

been comparatively more labile than the AcP prepared in the lab, which 

contained about 0.1 M acetate and unknown but probably high levels of 

phosphate as it was one of the reagents used to synthesise it. This intrinsically 

higher instability of the commercial AcP coupled to its dissolution at ambient 

temperature could have contributed to the lower reaction yields observed in 

Figure 4.7 (compared to Figure 4.6). 

 

(ii) When two chromatographic peaks overlap even a bit, ion suppression can 

take place; this means that the whole population of analyte molecules are not 

being ionised completely because there is competition from another (often more 

abundant) molecule being ionised at the same time. This effect causes an 

under-quantification of the analyte of interest. Because ribose was present in 

concentrations close to 300 mM, much higher than the potential amounts of 

ribose phosphate synthesised; the chromatographic peaks of ribose and ribose 

phosphate did overlap a bit; and it was impossible to separate the peaks 

further, it is possible that ion suppression within the instrument’s ionisation 
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chamber occurred during my analyses and thus the concentration of ribose 

phosphate was routinely underestimated. An experiment using solutions of 

commercial ribose 5-phosphate (100 µM) incubated with either 300 mM of a 

solution of commercial ribose (the same concentration as in the polymerisation 

experiments) or the same volume of water was performed in triplicate (all 

samples were corrected using fucose as the external standard). The result was 

an 84% reduction in the amount of ribose 5-phosphate being quantified when 

100 uM was incubated with 300 mM of ribose. Of course, the extent of this 

suppression depends on the relative amount of both analytes and the 

instrumental analytical conditions. The relative concentration of both analytes 

was never exactly the same in each experimental condition or reaction time 

point; therefore it would be wrong to correct all ribose phosphate concentration 

values presented in Figures 4.6 and 4.7 by this amount, but it would be justified 

to generally accept that the real value of ribose phosphate in each experiment 

was higher than the values given.  

 

This reduction on the intensity of the ribose 5-phosphate signal could also have 

been caused by (iii) a derivatisation protocol not optimised to deal with high a 

concentration of sugars (300 mM); this could result in a systematic 

underestimation of ribose phosphate concentrations causing disruption on both 

the overall yields, and on the shape of the concentration/time curves in Figures 

4.6 and 4.7. An experiment was designed in order to study whether the 

derivatisation protocol used so far was optimised for the mid mM range of 

sugars present in the samples: 

 

First a dilution series of commercial ribose was prepared from 100 µM to 500 

mM, and derivatised using the first derivatisation protocol (25 mM of 3-amino 9-

ethylcarbazole (AEC) in methanol). The integrated peak areas were compared 

to the theoretical concentrations and the results indicated that above 1 mM the 

derivatisation efficiency collapsed dramatically (Table 4.2, middle column). This 

indicated that the derivatisation issue was probably the main reason why the 

concentration of ribose phosphate in Figures 4.6 and 4.7 was unchanging over 

time: only a small proportion of ribose phosphate experimentally synthesised 

was being derivatised. The outcome was that the instrument could detect a 
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signal (the analyte concentration was above the detection limit), but the signal 

was basically non-responsive to changes in the real concentration of analyte 

due to its incomplete derivatisation. In order to rectify this issue, the stock 

solution of 3-amino 9-ethylcarbazole in methanol was brought to its saturation 

concentration (238 mM), and the concentration of the other reagent (NaCHBH3) 

was brought up to 476 mM (keeping the ratio of both reagents unchanged). The 

same experiment was performed again, but this time using the new 

derivatisation method: solutions of commercial ribose from 10 mM to 300 mM 

were prepared and analysed. The results (Table 4.2, right column) indicated 

that, this time, the derivatisation efficiency was maintained throughout the 

concentration scale; up to 300 mM, which was the maximum concentration of 

sugars present in the ribose phosphorylation experiments. Therefore, using this 

new derivatisation method should allow a much more accurate ribose 

phosphate quantification, as well as a better overview of the reaction dynamics 

over time. Both initial and final derivatisation protocols are detailed in Section 

2.1.3 of Chapter 2. 

 
Table 4.2. Comparison of the derivatisation efficiencies of both methods (data acquired by 

Jeanne Bonnel under my supervision). 

Ribose concentration (mM) Efficiency (first method) Efficiency (second method) 

0.1 1.111 --- 

0.5 1.021 --- 

0.75 0.918 --- 

1 1.040 --- 

5 0.948 --- 

10 --- 0.866 

20 --- 0.948 

50 0.216 0.970 

100 0.169 0.871 

300 0.157 0.870 
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4.2.2.2 Second experimental set 

 

With this in mind, the experiments resulting in Figure 4.6 were repeated, this 

time using (i) commercial AcP stock solutions, and (ii) the final derivatisation 

protocol that could derivatise up to 300 mM of sugars (which was the initial 

ribose concentration, therefore this was also the maximum concentration of all 

sugars present in the samples). The analytical setup was also changed 

(Thermo LTQ) in order to improve the quantification reproducibility, as this 

instrument was more commonly available than the Agilent Q-TOF used 

previously. The results of these experiments are shown in Figure 4.8; the 

analytical parameters are shown in Table 4.3. 
 

 
 

Table 4.3. Ribose 5-phosphate calibration curve (0.8-1000 µM). 

Compound Linearity Lower limit of quantification r2 

Ribose 5-phosphate As/Ai = 0.0008c + 0.0043a 0.8 µM 0.99386 
aAs/Ai: peak area ratio of the analyte to the external standard; c: concentration in µM 

 

Reaction rate (pH 11, 20 °C): ∆ [!"#$%& !!!"#!!"#]
∆ [!]  =  !"#.!"!!!"# !  = 0.00497 !"/! 

These results confirm that in previous experiments the yield of ribose 

phosphate was being underestimated systematically, and indeed reinforces the 

putative role of acetyl phosphate as an abiotic phosphorylating agent. The 

overall yield (relative to ribose) was still modest (~2%), but significantly higher 

than in the first set of experiments, and the rate of synthesis was rapid, with 

>500 µM of ribose phosphate formed within 2 min at 20 °C in the absence of 

Figure 4.8. Phosphorylation of ribose by commercial AcP (Whicher et al., 2018). Synthesis of 

ribose phosphate from D-ribose and AcP (300 mM each) at pH 7, 9 and 11 at: (a) 20 °C and 

(b) 50 °C. Black line indicates a negative control containing ribose only (no AcP). Graph 

inserts show full reaction profile over 120 hours (5 days). N=3 ±SD. 
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Ca2+ and Mg2+ ions, and concentrations peaking at ~2500 µM after 120 h 

(Figure 4.8a). The fast initial reaction rate could reflect a sugar-catalysed 

hydrolysis of AcP (see below), which together with the slower hydroxyl-

mediated phosphorylation could explain the power curve shown in Figure 4.8. 

The proposed mechanism for this sugar-catalysed hydrolysis of AcP follows a 

nucleophilic attack by the phosphate onto ribose’s carbonyl followed by the 

hydrolysis of AcP, yielding ribose phosphate and acetate. This would require 

ribose to exist in its open (aldehyde) form, which is abundant only initially: in 

water most of sugar molecules rapidly form an intramolecular hemiacetal. To 

test this, the same reaction should be performed using ribulose (the ketose form 

of ribose), which due to its lower electrophilic properties should impede this 

effect, thus slowing down the initial reaction rate. The expected reaction profile 

using ribulose should be similar to the phosphorylation of adenosine 

monophosphate by AcP (see section 4.2.3.1) since both lack a free aldehyde. 

 

The synthesised ribose phosphate was surprisingly stable at 20 °C, with no loss 

of yield over 5 days (Figure 4.8a inset). The rate of synthesis of ribose 

phosphate was even faster at 50 °C, with concentrations reaching ~1500 µM 

within 2 min and ~2300 µM after 2 h, giving a similar total yield (Figure 4.8b). 

However, ~20% of this yield was lost by hydrolysis over the following 5 days at 

50 °C (Figure 4.8b inset). The apparent stability of ribose phosphate to 

hydrolysis over 5 days, even at 50 °C, was unexpected, so I measured the 

stability of commercial ribose 5-phosphate (R5P) under equivalent pH and 

temperature conditions; I confirmed that R5P is indeed relatively stable to 

hydrolysis under mild hydrothermal conditions (Figure 4.9). 

 

Figure 4.9. Degradation profile for commercial ribose 5-phosphate over 5 days at pH 7, 9 

and 11, stored at (a) 20 °C and (b) 50 °C (Whicher et al., 2018). N = 3 ±SD. 
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While pH had little effect, the synthesis of ribose phosphate was slightly lower at 

pH 11 (Figure 4.8a-b, in red), reflecting the formation of tetra-acetylated ribose 

at pH 11 alone (Figure 4.10). This corresponds to the known pKa of the 

hydroxyl groups of ribose, which is ~11.8 (Sen et al., 2014) hence these are 

acetylated only at quite strongly alkaline pH. This type of pH-dependent 

acetylation reaction has been reported in the literature (Di Sabato & Jencks, 

1961a) on amino groups; in our case the acetylation occurred on hydroxyl 

groups, most probably following an analogous reaction mechanism (Figure 

4.10e). Small chromatographic peaks corresponding to traces of tri-acetylated 

ribose (Figure 4.10d) could also be found at pH 11. 
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The presence of other ions lowered the rate of ribose phosphate synthesis and 

tended to increase its rate of hydrolysis at 50 °C (Figure 4.11). Ca2+ ions (0.15 

M) halved the initial rate of synthesis but subsequently had a limited effect on 

hydrolysis. In contrast, Mg2+ ions barely effected the initial rate of synthesis but 

tended to promote hydrolysis, with ~40% loss over 48 h (Figure 4.11). Again 

this points to the differing roles of Mg2+ and Ca2+ in the cell, whereby Mg2+ 

promotes both the formation (acetyl phosphate synthesis) and reactivity 

(phosphorylation of ribose) of phosphorylated intermediates. Borate ions have 

previously been claimed to stabilise ribose (Ricardo et al., 2004) potentially 

favouring phosphorylation to ribose 5-phosphate (Mellersh & Smith, 2010) but 

had little effect in our hands (Figure 4.11). 

 

 
 

 

 

Figure 4.11. Synthesis of ribose phosphate from D-ribose and commercial AcP at pH 9 and 

50 °C in the presence of different ions (0.15 M) (Whicher et al., 2018). An equivalent run 

without ions (black) is shown for comparison purposes. Graph insert shows the full reaction 

profile over 120 hours. N = 3 ±SD. 
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4.2.2.3 Unambiguous identification of ribose phosphate 

 

The identification of ribose phosphate as a product of the reaction of ribose with 

AcP was initially achieved by comparison of the liquid chromatography retention 

time and mass spectrum of the sample to a ribose 5-phosphate commercial 

standard. The mass of derivatised ribose 5-phosphate was of 425.14 m/z 

(425.2 m/z when using the first analytical setup). The correspondence in 

virtually exact m/z values is shown Figure 4.6 between the derivatised 

commercial standard Figure 4.6c and the derivatised sample Figure 4.6d; 

secondary MS peaks at +1 m/z correspond to normal isotopic fractionation, with 

the relative height of the monoisotopic (main) mass peak and the +1 m/z peak 

depending on the number of carbon atoms of the molecule. When only D-ribose 

or only AcP was introduced under the same reaction conditions, no signal at 

425.2 m/z developed but a signal at ~421.5 m/z was visible. This ion 

corresponded to a dimer of the 3-amino 9-ethylcarbazole derivatisation agent 

(210.27 g/mol x 2) + 1H+. Regardless, this ion would not interfere with the 

quantification of ribose phosphate as the scanning window was set to +/-1 m/z, 

therefore only counting ions from 424.2 to 426.2 m/z. 

 

If, by chance, a molecule formed during the sugar derivatisation (a 

derivatisation artefact) presented the same molecular mass as the derivatised 

ribose phosphate, then this would interfere in the quantification of the actual 

sugar phosphate. One of the main reasons for the choice of a more accurate 

LC-MS instrument (Agilent Q-TOF) for the first experimental repetition (Figure 

4.7) was to obtain a better separation of all reaction components. Figure 4.12 

depicts LC-MS traces of a mixture of 1 mM of commercial standards of ribose 5-

phosphate (Figure 4.12a) and fucose (which was used as the external standard 

in all samples and calibration curves) (Figure 4.12b). Their separation was not 

the best possible but sufficient for our tests; also no ion at 425.1472 m/z or 

closely similar ion was present in the fucose chromatogram, and vice versa. 

Most importantly, Figure 4.12c shows that the bulk of the derivatisation matter 

(whose most common ion fragment is 211.1230 m/z) was well separated 

chromatographically from the sugars, and thus did not interfere at all with their 

quantification. 
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Further to a good chromatographic separation, a phosphorylation experiment 

using the same solution of commercial AcP (300 mM) and the same 

experimental conditions as in Figure 4.7 was performed. This time, instead of 

commercial ribose, AcP was incubated together with commercial glucose and, 

in another experiment, with 7-deuterated glucose (+7 Da). This way, if the 

425.1472 m/z ion observed when AcP was incubated with ribose, which I 

attributed to ribose phosphate, was not ribose phosphate and instead was the 

product of another unknown reaction taking place, it would still appear when 

AcP was incubated with another sugar. If the 425.1472 m/z ion did not appear 

when AcP was incubated with glucose or deuterated glucose and instead I saw 

the expected mass of phosphorylated glucose or phosphorylated deuterated 

glucose, then I could say that indeed ribose was being phosphorylated in the 

first place, just as glucose and deuterated glucose were now. As expected, 

when glucose was incubated alone, no signal from its phosphorylation product 

(455.1505 m/z, which is 454.1505 m/z plus 1 H+) appeared (Figure 4.13a). Also 

as expected, when glucose was incubated with AcP (pH 11, 50 °C, 1h), an ion 

a 

b 

c 

Figure 4.12. LC-MS traces of a derivatised 1 mM mixture of commercial standards of 

ribose-5-phosphate and fucose (internal standard) scanned for ions: (a) 425.1472 m/z 

(ribose-5-phosphate), (b) 359.1965 m/z (fucose) and (c) 211.1230 m/z (derivatisation 

reagent (AEC) precursor ion). 
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with the mass of phosphorylated glucose (455.1505 m/z) appeared (Figure 

4.13b); as expected, no signal from 425.1472 m/z (phosphorylated ribose) was 

present. Furthermore, when 7-deuterated glucose was incubated with AcP, the 

corresponding phosphorylated ion +7 m/z appeared: 462.1505 m/z (Figure 

4.13c); also, no signal from phosphorylated ribose was present either. 
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a 

b 
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Figure 4.13. LC traces (upper cells) and mass spectra (lower cells) of reaction mixtures (pH 11, 

50 °C, 1h) of: (a) glucose alone (300 mM), (b) glucose and AcP (both 300 mM) and (c) 7-

deuterated glucose and AcP (both 300 mM). Chemical structure of derivatised (non-deuterated) 

glucose phosphate (d). All mass spectra shown (lower cells) are reconstructed ion 

chromatograms for each expected phosphorylated sugar monoisotopic ion mass: 455.1505 m/z 

(454.1505 (d) + 1H+) for (a) and (b); and 462.1505 m/z (455.1505 + 7 2H) for (c). Note the 

absence of phosphorylated sugar when there was only glucose in the sample (a). 
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All the previous experiments, coupled to the fact that AcP also mediates the 

abiotic phosphorylation of adenosine (to AMP) and adenosine diphosphate (to 

ATP) (Whicher et al., 2018, see Section 4.2.3), strongly suggest that ribose was 

also non-enzymatically phosphorylated by AcP. Interestingly, when the 

phosphorylation experiments were analysed with the second analytical setup 

(Agilent Q-TOF) the ribose (and glucose/deuterated glucose) phosphate peak 

appeared as a double peak (Figure 4.13 and 4.14), each sub-peak with the 

same mass as the ribose 5-phosphate commercial standard. This was surely 

happening when using the other analytical setups (as the experimental 

chemical reactions were identical) but, because the sugar chromatographic 

separation was worse previously (due to logistical constraints), all forms of 

phosphorylated ribose appeared as a single peak. This double sub-peak feature 

strongly suggests that more than one constitutional isomer of the 

phosphorylated sugar was being synthesised when incubated with AcP, which 

is not surprising given that there was more than one hydroxyl group from the 

sugar which could nucleophilically attack the phosphorus atom of AcP. Figure 

4.15 depicts the proposed reaction mechanism. When quantifying ribose 

phosphate using the second analytical setup (data presented in Figure 4.7) the 

areas of both peaks were added as, undoubtedly, both represent ribose 

phosphate despite most probably representing different bond constitutions 

(constitutional isomers). For this purpose, the assumption that the calibration 

curves for each ribose phosphate isomer would be the same or very similar to 

the ribose 5-phosphate one, had to be made. Given the chemical similarities of 

the four potential constitutional isomers synthesised and the fact we are not 

dealing with enzymatic active sites, which in many cases can differentiate 

between isomers, it is reasonable to make this assumption. The lack of 

resolution between ribose phosphate isomers during quantification is the reason 

I specifically refer to ‘ribose phosphate’ (instead of ‘ribose 5-phosphate’) when 

dealing with the experimentally synthesised version throughout this document; 

despite the fact that ribose 5-phosphate is almost undoubtedly the most 

abundantly produced isoform of them all (as discussed in the next sub-Section). 
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a 

b 
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Figure 4.14. LC traces and mass spectra of (a) ribose 5-phosphate commercial standard, (b) 

experimental ribose phosphate (first peak), and (c) experimental ribose phosphate (second peak). 

Experimental conditions of (b) and (c) are: pH 11, 50 °C and 1 h of incubation time. Other small 

MS peaks appearing in the experimental spectra are due to the imperfect chromatographic 

separation and background contamination. Note that only the commercial phosphorylated sugar 

standard (a) lacks the double sub-peak feature, since it is a pure monoisomeric preparation. 

c 

Figure 4.15. Proposed reaction 

mechanism of the non-enzymatic 

phosphorylation of ribose by AcP. 
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4.2.2.4 Competing sites for ribose phosphorylation 

 

As mentioned earlier, the experimentally synthesised ribose phosphate could 

have been phosphorylated in several positions generating: ribose 5-phosphate, 

ribose 1-phosphate, ribose 2-phosphate and ribose 3-phosphate. The 4' carbon 

of ribose could not be phosphorylated due to its lack of a hydroxyl group after 

the cyclation of the sugar. If synthesised by our studied reaction, any ribose 1-

phosphate would not be detectable using this derivatisation method, as a bond 

from the anomeric carbon from the sugar (in its aldehyde form) must be created 

with the derivatisation agent, and it would not be free if it was already 

phosphorylated. In the unlikely event of the derivatising bond being able to form 

when the initial substrate was ribose 1-phosphate, the final derivatisation 

product would not have weighed 425.2 m/z anyway, as it would have 

exchanged with the phosphate group (it would have weighed 345.2 m/z just like 

naked ribose). This way, it was not possible for any putative ribose 1-phosphate 

experimentally synthesised to be quantified as ribose 5-phosphate (the main 

sugar of interest). 

 

So, the three possible molecules giving rise to the 425.2 m/z signal could have 

been ribose 5-phopshate, ribose 2-phosphate and ribose 3-phosphate. Another 

possibility is that the secondary peak corresponded to a cyclic ribose 2,3-

phosphate; the putative formation of this cyclic isomer would be interesting as it 

is deemed as an activated monomer, ready for further otherwise unfavoured 

reactions, such as polymerisations (Powner et al., 2009). HMBC (heteronuclear 

multiple bond correlation) 2-dimensional 31P /1H NMR was used to try determine 

the phosphorylation sites of the synthesised ribose phosphate. Unfortunately, 

as shown in Figure 4.16, the signal/noise ratio of the results was too small to be 

informative. Despite the fact that generally speaking phosphorus NMR is more 

sensitive than carbon NMR, concentrations of analyte below 1 mM are 

challenging to robustly quantify. This coupled to the measurable amount of 

sensitivity being lost when switching from 1-D to 2-D NMR, accounts for the low 

signal/noise ratio obtained. Furthermore, if more than one of the ribose 

phosphate isoforms was present in the sample, this would have divided the 

signal into two or three different couplings, thus lowering the overall signal 
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intensity even more. The validity of this last factor in contributing to the poor 

results of this 2-D test was supported by the visualisation of a double peak 

when using the Agilent Q-TOF analytical setup (Figure 4.14) suggesting that 

several of the ribose hydroxyl groups are good candidates for the AcP-

facilitated phosphorylation. A still better chromatographic separation of all 

sugars (and derivatisation material) could theoretically generate non-

overlapping peaks, which could be exploited by future analyses using MS-MS in 

order to further elucidate the phosphorylation positions. Unfortunately, due to 

time constraints and numerous analytical instrument setbacks, these further 

analyses were not carried out; this issue is discussed further in the Conclusions 

and future work Section (7.1) of Chapter 7. 

 

 

 

 

4.2.3  Phosphorylation of other nucleotide precursors by acetyl 

  phosphate 

 

Apart from the phosphorylation of ribose and due to their relevance for 

nucleotide synthesis, we also considered whether AcP could phosphorylate 

other nucleotide precursors under a range of alkaline hydrothermal conditions. 

Figure 4.16. HMBC 2-D 31P/1H NMR of (a) D-ribose 5-phosphate commercial standard, and (b) 

the reaction product of D-ribose and AcP at 60 °C, pH 11 and after 30 min of reaction. The red 

square marks the area where ribose phosphates yield signal. The signal arising from (b) was 

too weak to calculate the corresponding J couplings. The strong signal arising at 2 ppm (x axis) 

in (b) corresponds to AcP. 

a b 
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In this Section I will consider the synthesis of adenosine monophosphate (AMP) 

from adenosine, and ATP from ADP. The experimentation on AcP-mediated 

phosphorylation of AMP from adenosine was performed independently by Dr 

Alexandra Whicher, whilst the AcP-mediated phosphorylation of ATP from ADP 

was performed under my supervision by Silvana Pinna. 

 

 

4.2.3.1 Phosphorylation of adenosine to AMP by AcP 

 

 
 

The phosphorylation of adenosine to AMP by AcP was markedly slower than 

that of ribose, taking several hours even at 50 °C (Figure 4.17e–h), but 

ultimately achieving a similar yield (relative to adenosine) of ~2%. These 

differences may reflect steric or chemical hindrances by the nucleobase, or the 

reaction conditions, which differed due to the limited solubility of adenosine 

Figure 4.17. (e–f) Phosphorylation of adenosine to AMP by commercial AcP (Whicher et al., 

2018) at pH 7, 9 and 11; at (e) 20 °C, and (f) 50 °C. (g–h) HPLC-UV chromatograms for 

detection of AMP at 4.3 min at 254 nm of UV wavelength: (g) commercial standard and (h) 

experimental sample. Graph insert shows full reaction profile over 144 h. The large peak at 

7.9 min is adenosine. N=3 ±SD. Data provided by Dr Alexandra Whicher. 
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(maximum solubility in water at 20 °C ~10 mM). Again, the concentration of 

AMP synthesised at pH 11 was slightly lower; but in general the pH had little 

effect on phosphorylation in the case of either ribose phosphate or AMP. Nor 

did the presence or absence of Mg2+ or Fe2+ ions under anaerobic or aerobic 

conditions (Figure 4.18). Although the rate of reaction was slower in this case 

compared with ribose phosphate, all these phosphorylations took place within 

minutes to hours, rather than days to weeks as commonly reported (Chung et 

al., 1971; Lohrmann & Orgel, 1968). These relatively rapid reaction rates are 

more commensurate with cellular biochemistry, as catalysed by enzymes, than 

with much slower geological processes, and so offer a first step towards the far-

from-equilibrium dynamics of living cells. 

 

 
 

 

4.2.3.2 Phosphorylation of ADP to ATP by AcP 

 

AcP could also phosphorylate ADP to ATP in water, but we were unable to 

quantify the ATP yields using 31P–NMR, as the concentrations were close to the 

limits of detection of our instrument (Figure 4.19). 

 

 

Figure 4.18. Phosphorylation of adenosine to AMP by AcP under anaerobic conditions with 

the addition of metal ions (Fe2+ and Mg2+). Experiments at pH 7 and 20 °C (Whicher et al., 

2018). (a) Anaerobic conditions with Fe2+ at 200 µM and Mg2+ ions at 2 mM. (b) Aerobic 

conditions with Mg2+ ions at 2, 20, 100 and 200 mM. In both experiments phosphorylations 

did not occur in the absence of AcP (black lines). N = 3 ±SD. Data provided by Dr Alexandra 

Whicher. 
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Figure 4.19. Phosphorylation of ADP by AcP (Whicher et al., 2018). (a) 31P–NMR spectrum 

of the phosphorylation of ADP by AcP at 50 °C and pH 5.5 after 2 h, yielding ATP. All peaks 

labelled for clarity. Graph inserts show zoomed in areas of ATP signal. (b) 31P–NMR spectra 

of the phosphorylation of ADP by AcP, compared with commercial ATP, commercial ADP, 

commercial AMP, and commercial AcP. Small pH differences account for the imperfect 

alignment of the peaks between −8 and −10 ppm. Data provided by Silvana Pinna under my 

supervision. 
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ATP could not be detected over 24 h at 20 °C, but ATP synthesis was detected 

after 1–5 h by both 31P–NMR (Figure 4.19) and HPLC (Figure 4.20) at 50 °C, 

again suggesting reactivity over time periods of minutes to hours. Our group is 

currently developing a more sensitive HPLC analysis for ATP synthesis in the 

near future (this issue is discussed further in the Conclusions and future work 

Section (7.1) of Chapter 7), so simply report its successful synthesis here. Our 

findings corroborate those of Kitani et al. (1995) who reported the synthesis of 

ATP from ADP using AcP, especially when catalysed by Fe3+. Unlike Kitani et 

al. we found higher yields at higher temperatures. 

 

 
 

 

4.3.  Discussion 

 

While the yields of phosphorylated products were generally low (~2%), as 

mentioned in Section 3.2.2 of Chapter 3, I do not consider that to be a problem; 

rather the reverse. As argued by de Duve (2005), the ‘only scientifically 

plausible’ explanation for the emergence of biological catalysts, whether 

ribozymes or enzymes, is selection. The first biological catalysts must have 

been selected because they enhanced flux through proto-metabolic pathways. 

These proto-metabolic pathways presumably had much the same substrates 

and products, and probably many equivalent intermediates, as later genetically 

encoded pathways (Copley et al., 2007; Keller et al., 2017a; Martin et al., 2014; 

Figure 4.20. HPLC-UV chromatograms of (a) commercial ATP, ADP and AMP; and (b) 

experimental phosphorylation of ADP by AcP (Whicher et al, 2018). Data provided by 

Silvana Pinna under my supervision. 
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Sojo et al., 2016). Tardy reactions should have been promoted by mechanisms 

equivalent to those still observed in modern cells, such as phosphorylation. 

That is what we did find. AcP is formed under mild prebiotic conditions; it is 

capable of phosphorylating biologically meaningful molecules, including ADP to 

ATP; and it is still used by cells today, critically as the fulcrum between thioester 

and phosphate metabolism (de Duve, 1991; Ferry & House, 2006; Schönheit et 

al., 2016). If metabolism did indeed emerge through selection, then low yields of 

intermediates and products would be expected to form in water in the absence 

of catalysts. Work on prebiotic forms of glycolysis and the pentose phosphate 

pathway (Keller et al., 2014), Krebs cycle (Keller et al., 2017b) and 

gluconeogenesis (Messner et al., 2017) suggests that the intermediates do 

indeed form spontaneously under prebiotic conditions. These intermediates are 

necessarily relatively reactive, or they would accumulate and could not be part 

of metabolic networks (Keller, et al., 2017; Smith & Morowitz, 2004). 

 

The first steps of catalysis should be promoted by ions or mineral clusters 

equivalent to the cofactors of modern proteins. Simple ions in solution should 

improve yields slightly. Accordingly, we found that Mg2+ promoted the synthesis 

of AcP from thioacetate relative to other ions. That is important because Mg2+ is 

unusual in being able to complex with two phosphate groups (Holm, 2012); it is 

still required in cells today to maintain the structure of RNA and enzymes, as 

well as the activity of phosphorylated molecules, including ATP. Chelation of 

ions or small mineral crystals (such as FeS clusters) by amino acids or short 

polypeptides should enhance catalysis further, as these complexes ought to 

mimic the active site of enzymes for reasons of physical chemistry, increasing 

yields further (Copley et al., 2007; Milner-White & Russell, 2005; Nitschke & 

Russell, 2013; West et al., 2017). Ultimately, genetically encoded ribozymes or 

enzymes would increase yields considerably more. In other words, the explicit 

prediction of a selectionist approach to the origin of life is that the yields of 

prebiotic reactions should be low in the absence of organic catalysts in water. 

From this perspective, the synthetic chemists’ preoccupation with high prebiotic 

yields of specific products is misguided. 
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The phosphorylation reactions reported here required high concentrations of 

reagents, and could be criticised for being prebiotically implausible (McCollom, 

2013). While the concentrations we used are similar to those reported for most 

other studies (Bujdák & Rode, 1996; Burcar et al., 2015; Chung et al., 1971; 

Costanzo et al., 2007; DeGuzman et al., 2014; Huber et al., 2003; Leman et al., 

2004; Liu & Orgel, 1997; Lohrmann & Orgel, 1968; Morasch et al., 2014; 

Rabinowitz, 1970; Yamagata et al., 1991), three factors make these high 

concentrations more realistic in alkaline hydrothermal systems. First, deep-sea 

hydrothermal systems are at high pressure (100– 300 bars), which increases 

the solubility, and so concentration, of gases such as H2. Pressure also 

increases the likelihood of molecular collisions, which is equivalent to increasing 

the concentration of reactants or raising the temperature. Continuous 

hydrothermal flux sustains the critical disequilibria in H2, CO2 and proton 

concentrations, and should theoretically drive organic synthesis, including 

formation of thioacetate and acetyl phosphate, under these conditions (Amend 

& Shock, 1998; Amend et al., 2013; Shock & Canovas, 2010; Sojo et al., 2016). 

Second, as mentioned previously, thermal gradients and convection currents in 

alkaline hydrothermal vents can concentrate organics by thermophoresis. Steep 

heat gradients produced by lasers in closed glass capillaries concentrate 

nucleotides and small RNAs by up to 103–1012-fold (Baaske et al., 2007; Braun 

& Libchaber, 2002; Mast et al., 2013; Mast & Braun, 2010). In simulated 

hydrothermal systems, we have shown that thermophoresis across an open, 

inert microporous matrix can concentrate small organics equivalent to 

nucleotides by at least 5000-fold (Herschy et al., 2014). Third, the charge on 

phosphorylated biomolecules such as acetyl phosphate makes them more likely 

to interact with mineral surfaces within hydrothermal vents, promoting their 

retention in vent pores rather than their discharge from the vent along with 

uncharged ‘waste’ molecules such as methane (Pratt, 2006; Mellersh & Smith, 

2010; Westheimer, 1987). Similarly, if monomers were formed inside fatty acid 

vesicles, with ‘autotrophic’ growth driven by geologically sustained gradients 

across the membranes (West et al., 2017), molecular crowding and membrane 

surface associations inside growing protocells would also increase local 

concentrations. These three factors mean that the concentrations used in the 
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work presented here (as well as in the other Chapters), while admittedly high, 

are not necessarily unreasonable. 

 

 

4.4  Conclusions 

 

The work in this Chapter shows that AcP is formed at modest (~2%) yields 

within minutes under ambient conditions (neutral pH and 20 °C) and mild 

hydrothermal (pH 8, 50 °C) conditions, from the simple 2-carbon precursor 

thioacetate. The formation of AcP from the simple thioester methyl thioacetate 

was not detected under any of the conditions tested. While most theoretical 

work (de Duve, 1991; Martin & Russell, 2007) has considered methyl 

thioacetate as a prebiotic equivalent to acetyl CoA, thioacetate has also been 

synthesised from CO and CH3SH under mild hydrothermal conditions (Huber & 

Wächtershäuser, 1997). Being even simpler, thioacetate is arguably a more 

plausible prebiotic precursor, if not a thioester. Once formed, AcP exhibits an 

ideal poise between stability and reactivity: it is stable over >5 h under ambient 

conditions, even at pH 11 and in the presence of Mg2+ and Ca2+ ions. Earlier 

work showed that AcP is hydrolysed much more rapidly above pH 11 (Etaix & 

Buvet, 1974; Koshland, 1952), but those conditions would be rare even in 

alkaline hydrothermal systems (Kelley et al., 2001, 2005), so these were not 

studied here. AcP is less stable at warmer temperatures: it is completely 

hydrolysed over 3–5 h at 50 °C, and within 90 min at 60 °C. 

 

It has also been shown that AcP does indeed act as an ATP mimetic, 

phosphorylating several intermediates in nucleotide synthesis, in water, over 

minutes to hours: ribose to ribose phosphate, adenosine to AMP, and ADP to 

ATP. AcP also is shown to act as an acetylating agent on the hydroxyl groups 

of ribose at alkaline pH. The acetylating properties of AcP are discussed in 

detail in the next Chapter, so this will not be discussed further here.  

 

In conclusion, AcP is readily synthesised under ambient and mild hydrothermal 

conditions, and promotes phosphorylation reactions in water, without catalysts, 

under a wide range of conditions. Most of the conclusions of this Chapter apply 
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equally to other prebiotic environments, and do not necessarily need to be 

interpreted in a hydrothermal context. Unlike the majority of chemical pathways 

to biomolecules proposed so far in abiogenesis research, the fast reaction rates 

shown throughout this Chapter are more commensurate with cellular 

biochemistry, catalysed by enzymes, than with slower geological processes. 

Therefore our proposed pathways offer a possible first step towards the far-

from-equilibrium dynamics of living cells. Furthermore AcP is still used by 

bacteria (Thauer et al., 1977). These findings coupled with what is shown in 

Chapter 5 (exploring the condensing properties of AcP) suggest that AcP 

constitutes a credible primordial energy currency, coupling carbon and energy 

flux at the origin of life. 
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Chapter 5 

Acetyl phosphate as a primordial condensing agent 
 

5.1  Introduction 

 

The non-enzymatic phosphorylation capabilities of acetyl phosphate have been 

discussed in the previous Chapter. This Chapter focuses on whether these 

AcP-mediated phosphorylations could promote the respective non-enzymatic 

condensation reactions of nucleotides and amino acids in water.  In modern 

cells, the condensation of amino acids and nucleotides is achieved by their 

phosphorylation; either directly, as in the case of nucleotide monophosphates, 

or, indirectly by adenylation (through a phosphate group) in the case of amino 

acids to be integrated onto the aminoacyl-tRNA complex. Abiotically, some 

limited phosphorylation can be achieved by phosphate minerals and other 

compounds, including ATP, in the absence of enzymes (Burcar et al., 2016; 

Gibard et al., 2017; Gull et al., 2015; Costanzo et al., 2007; Saygin, 1983; 

Schieven & Martin, 1988; Vasant et al., 2005). As shown in the previous 

Chapter, AcP is a strong abiotic phosphorylating reagent, is much simpler than 

ATP, and is synthesized from the reaction of thiolated compounds (such as 

acetyl CoA biotically or simpler thioesters abiotically) with inorganic phosphate 

(de Duve, 1991). As predicted theoretically, in our lab we have succeeded in 

synthesising AcP from thioacetate and inorganic phosphate under simulated 

alkaline hydrothermal vent conditions (Figure 4.2) (Whicher et al., 2018). 

Thiolated compounds, such as thioacetate, could have been synthesized in 

alkaline hydrothermal vents from CO and CH3SH using FeS minerals as 

catalysts (Huber & Wächtershäuser, 1997), or from CO2, H2 and SH-/CH3S- 

using Fe(Ni)S minerals as catalysts (Figure 3.1). 

 

Focusing specifically on the abiotic polymerisation of nucleotides, there have 

been many attempts to answer this question from a heterotrophic origins point 

of view. Most authors propose that either life started somewhere with little water 
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(e.g. Mars) or through dehydrating mechanisms (e.g. tidal beaches or low water 

activity environments (Burcar et al., 2015)) whilst others opt for primordial 

solvents other than water (e.g. formamide) (Saladino et al., 2009) which 

eliminate the product inhibition problem of having a dehydration in water 

altogether. Whilst this approach has generated some promising results, 

according to de Duve’s congruence principle it also widens the gap between 

geochemistry and biochemistry. As in the rest of this thesis, following de Duve’s 

congruence principle I assume water to be the initial solvent of life; alkaline 

hydrothermal vents mostly occur on the ocean floor after all. The proposed 

solutions to this problem from the perspective of autotrophic origins generally 

consists of using previously activated monomers (e.g. imidazole-activated 

nucleotides (Burcar et al., 2015) or cyclic nucleotides (Costanzo et al., 2009)) 

which are in effect pre-condensed versions of the monomer, and thus facilitate 

further condensations to form the polymer. The main problem with this 

approach is that the way of obtaining the condensed monomers remains 

unclear. 

 

The literature on prebiotic condensation of amino acids has also yielded some 

interesting positive results (Chen & Yang, 2007; Huber & Wächtershäuser, 

1998; Le Son et al., 1998; Martra et al., 2014), but suffers from a similar 

problem whereby most proposed mechanisms (e.g. sulphur trioxide/salt-

induced/oxide surface-mediated condensations) do not remotely resemble 

ancient life (based on any broad reconstruction of LUCA). This disconnect 

between prebiotic geochemistry and ancient biochemistry is, in my view, one of 

the most crippling issues that the research on the origins of life currently faces. 

Our approach is to propose a prebiotic reactivity that resembles an analogous 

(but simpler) core metabolism of all life. This approach somewhat limits the 

reactivity landscape (e.g. using water as the only solvent available), but offers 

testable predictions and, if successful, could being to reconnect geo- and 

biochemistry. 

 

Therefore, I anticipated that AcP would promote the condensation of 

nucleotides and simple amino acids under aqueous conditions, albeit producing 

small oligomers in low yields. Higher yields would be expected in future 
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experimentation when adding chelated ions (e.g. Mg2+ chelated by aspartate 

oligomers) or mineral surfaces (e.g. the Mg(OH)2 mineral brucite), as these 

conditions would roughly mimic the predicted natural evolution steps occurring 

in vents: from unspecific and low-yielding reactions in an aqueous medium, to 

highly productive and stereospecific reactions occurring at the active centres of 

enzymes or ribozymes (in this case the Mg2+-dependent RNA polymerase). 

 

 

5.2  Results 

5.2.1  AcP-mediated polymerisation of adenosine monophosphate 

5.2.1.1 Perspective 

 

Previous experiments within our lab suggested that AcP favoured the 

condensation of glycine into the cyclic peptide diketopiperazine at high yield 

under simulated alkaline hydrothermal vent conditions. This reaction generated 

a condensed cyclic form of diglycine (diketopiperazine or DKP) with yields up to 

80%. Peer reviewers raised critical questions on this work and after careful 

assessment I concluded that what we thought was DKP, was in reality N-

acetylated glycine rather than condensed glycine; more on this is detailed later 

in this Chapter (Section 5.2.2). I decided to test the condensing activity of AcP 

on nucleotides, encouraged by the apparent success on AcP-mediated amino 

acid condensation. Successive adenosine monophosphate (AMP) 

(monohydrate, ≥97%, Sigma) polymerisation attempts were attempted. AMP 

was chosen as our monomer as it has been the most successful of all 

nucleotides in polymerisation tests (Burcar et al., 2015), presumably due to the 

purine stacking capacity which may also favour its polymerisation (Costanzo et 

al., 2009). Acetyl phosphate was tested as a condensing agent as it is known to 

phosphorylate several organic molecules on hydroxyl groups, including ribose 

as described earlier; this phenomenon could potentially favour the subsequent 

polymerisation of the phosphorylated monomers in water. This activating effect 

mainly occurs (i) as the phosphate group is generally a good leaving group in 

SN2 reaction mechanisms (since charges in the generated inorganic 

(poly)phosphates are stabilised due to their multiple resonant structures); and 
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(ii) to the fact that phosphorylated molecules are already a condensed form of 

the monomer so that the subsequent condensation with another monomer 

would, in theory, represent a lower energetic jump (Chung et al., 1971; Hulshof 

& Ponnamperuma, 1976). 

 

Three general reaction mechanisms for the AcP-mediated AMP polymerisation, 

depicted in Figure 5.1, were conceivable at the start of this project. Figure 5.1a 

shows the first possible reaction mechanism where a molecule of AMP would 

generate a nucleophilic attack from its 3'-OH onto the α-phosphate of a 

molecule of ADP, which in turn would have been synthesised in situ due to an 

AcP-mediated phosphorylation on the 5'-phosphate of an AMP molecule. This 

potential AcP-mediated phosphorylation onto the 5'-phosphate of an AMP 

molecule is depicted in the first reaction step (top horizontal arrow) of Figure 

5.1b. This putative first reaction is in line with the results showing AcP-mediated 

phosphorylation of ADP to ATP (Section 4.2.3 of Chapter 4). Figure 5.1b 

depicts a second potential reaction pathway onto a dinucleotide: once the 

potential ADP molecule was synthesised, it could undergo an intramolecular 

cyclation generating cyclic AMP (cAMP). This cyclic derivative of AMP, very 

common in biology as a secondary messenger, represents a more condensed 

version of the molecule, which can be hydrolytically opened again generating a 

metastable ionised intermediate; its charged hydroxyl group could act as a good 

nucleophile and thus attack the phosphate of another molecule of AMP, 

resulting in a dehydrating condensation. Finally, we envisioned the possibility of 

AcP facilitating the condensation of AMP molecules by its reaction with the 

leaving group (a hydroxide ion) of the condensation (Figure 5.1c). The presence 

of a high-energy phosphoryl donor in the reaction mixture could add a 

dynamism whose implications are difficult to predict theoretically. For example, 

it is conceivable that the 3' OH of a molecule of AMP could perform a 

nucleophilic attack onto the α-phosphate of another molecule of AMP: normally 

the leaving group would be a OH– (a bad leaving group at high pH), but in the 

presence of AcP the free OH– could instead attack a molecule of AcP, yielding 

acetate and orthophosphate (good final leaving groups under these 

experimental conditions). 
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5.2.1.2 Analytical improvements for MALDI-TOF analysis 

 

In order to reduce salt-induced adduct formation, which can easily confound the 

MALDI-TOF peak assignation and therefore the analysis of the results, a 

O
N

N

N

N

NH2

OP

O

HO

O-

OH OH
Adenosine monophosphate (AMP)

O
N

N

N

N

NH2

OP

O

O

O-

OH OH
Adenosine diphosphate (ADP)

P

O

HO

O-O

O

P

O

OH

O-

Acetyl phosphate

O

N

N

N

N

NH2

O
P

O O-

O

OH

Cyclic adenosine monophosphate (cAMP)

H
O

H
Water

O
N

N

N

N

NH2

OP

O

-O

OH

OH OH

Adenosine monophosphate (AMP)

O
N

N

N

N

NH2

OP

O

-O

OH

O OH

O
N

N

N

N

NH2

OPO

O-

OH OH

Adenine dinucleotide

O

N

N

N

N

NH2

OP

O

-O

OH

OH OH

Adenosine monophosphate (AMP)

O

N

N

N

N

NH2

OP

O

O

O-

OH OH

Adenosine diphosphate (ADP)

P

O

OH

O-

O
N

N

N

N

NH2

OP

O

-O

OH

O OH

O
N

N

N

N

NH2

OPO

O-

OH OH

Adenine dinucleotide

O
N

N

N

N

NH2

OP

O

OH

OH

OH OH

O
N

N

N

N

NH2

OP

O

OH

OH

OH OH

O
N

N

N

N

NH2

OP

O

OH

OH

O OH

O
N

N

N

N

NH2

OPO

OH

OH OH

+ OH-

O

O

P

O

OH

OH

O

OH

Acetic acid

+

P

O

-O

OH

OH

Orthophosphate

AMP

AMP

Acetyl phosphate

Adenine dinucleotide

a b 

c 

* 
* 

Figure 5.1. Three proposed reaction mechanisms leading to AMP polymerisation. The first (a) 

assumes an ADP intermediate produced by an AcP-mediated phosphorylation of AMP; the 

second (b) depicts the intramolecular cyclisation of ADP also generated through AcP-mediated 

phosphorylation of AMP; and finally (c) a reaction between two molecules of AMP facilitated by 

AcP, which allows for the final production of acetic acid and orthophosphate molecules instead of 

water/hydroxide ion. The red asterisk indicates the bond of cAMP  (intramolecular P-O bond) that 

would hydrolytically open and trigger a nucleophilic attack onto another AMP molecule by the now 

negatively charged (reactive) AMP molecule, generating a dinucleotide (intermolecular P-O bond). 
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desalting protocol was applied to the samples before the mixing with the MALDI 

matrix. In order to first test whether the desalting protocol (Section 2.2.1) was 

useful to desalt our samples and also to make sure it retained our analytes 

(small nucleic acid oligomers) it was tested on four 6 µL of standard oligomer 

aliquots (prepared as described in Section 2.2.2). Two of them were not 

desalted, whist the other two were. In each case, 6 µL of a 0.02 g/mL solution of 

NaCl was added to one of the aliquots in order to simulate a sample with a 

heavy ion load. Figure 5.2a shows the spectrum of the non-filtrated and without 

NaCl standard with the five expected peaks (black arrows). Figure 5.2b shows 

the spectrum of the non-desalted aliquot with added NaCl, the resulting 

Gaussian bell shape for each peak was typical for a sample with an ion excess. 

The Na+ cations create numerous adducts with the sample molecule generating 

many secondary peaks at +/- 22 m/z (corresponding to the analyte +/- 23 m/z 

(Na+) – 1 m/z (H+)) and successive higher and lower further peaks depending 

on the number of cations the analyte molecules can accept. Figure 5.2c shows 

the aliquot with added NaCl, which was then desalted. This test shows the 

desalting protocol worked as planned because the five expected peaks 

appeared again as desired. I noted also that when the desalting protocol was 

applied, some of the analyte was lost in the procedure; in the case of the DNA 

standard the loss was of about a 10–20% of the starting material. It is 

reasonable to assume this would also apply to any RNA oligomers generated 

experimentally. 
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5.2.1.3 Experimentation on AMP polymerisation 

 

The final concentration of AMP used in all polymerisation experiments was of 3 

mM (lower than the previous phosphorylation tests using ribose at 300 mM) due 

to the low solubility of AMP in water (stock solution concentration of 5 mM). The 

acetyl phosphate concentration used was of 450 mM (slightly higher than in 
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Figure 5.2. MALDI-TOF mass spectra of the DNA standard oligomers: (a) non-desalted and 

without NaCl added, (b) non-desalted with NaCl added, and (c) desalted and with NaCl added. 

Black arrows indicate the expected five DNA oligomer peaks. Abscises correspond to m/z 

values and ordinates to relative ionic abundance in all presented MALDI spectra. 
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previous experiments (300 mM)) in order to try to maximise the reaction yield. 

As in the rest of the early experimentation presented throughout this thesis, the 

stock solution of AcP synthesised in the laboratory (Section 2.1.1 of Chapter 2) 

was used for these experiments. The temperature conditions chosen were 

those previously tested, 20 °C and 50 °C, as well as 75 °C as it has been 

claimed that some condensation reactions would only take place from 75 °C 

and above (Šponer et al., 2015). All three temperatures used can easily be 

found in a vent scenario. The pH values tested were of 11 and 5, as both would 

have been present in Hadean alkaline vents (pH 5–6 would be found in ocean 

waters percolating into the vent). No additional ions were added during the 

initial tests. Reactions were carried out in 1.5 mL Eppendorf tubes with a final 

volume of 1 mL. The tubes were heated when applicable in a block heater. The 

pH of each reaction was adjusted using solutions of 5 M HCl and 10 M NaOH. 

The incubation time for each experiment was a maximum of 5 hours (as little 

effect of AcP would be expected any longer, especially at high temperature) 

although some samples were taken after 24 and 48 hours. To account for the 

time required between sampling and data acquisition, 30 minutes have been 

added to each sample time. Samples were not frozen (in order to store them) as 

the freeze-thaw process (akin to a wet-dry cycle) might account for some 

polymerisation, which would become an artefact in this set of experiments. 

 

The ion fragments which would be indicative of polymerisation are the following: 

dimer (675.44 m/z), trimer (1004.66 m/z), tetramer (1333.88 m/z) and 

successive additions of 329.22 m/z which correspond to an AMP residue (AMP 

(347.22 m/z) – H2O (18.01 m/z)) incorporated into the growing RNA polymer. 

The spectra in Figure 5.3 are representative of the data that the first set of 

experiments yielded. 
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No polymerisation products could be observed at any pH, temperature or 

incubation-time combination. The red oval in Figure 5.3c shows the absence of 

the smallest oligomer I was trying to synthesise. Some minor peaks appeared in 

several cases but their masses were attributed to adducts formed by the matrix 
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Figure 5.3. MALDI-TOF mass spectra of the products of the reaction of AMP and AcP, at pH 11 

and after 5 hours of incubation: (a) negative control containing only AMP and HPLC water at 20 

°C (range: 500–5000 m/z); (b) polymerisation reaction at 20 °C (range: 500–5000 m/z); and (c) 

polymerisation reaction at 50 °C (range: 500–1075 m/z). The red oval shows the absence of the 

dimer mass (675.44 m/z), which would indicate polymerisation. All samples were desalted before 

their analysis. 
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(THAP) and cations such as K+ and Na+. These minor peaks could also be 

observed in the negative controls done for every experimental combination of 

reaction conditions, reinforcing the interpretation that they were analytical 

artefacts. Two controls with 3 or 300 mM AcP and 200 µL of standard oligomer 

solution were also performed to ensure that a high concentration of AcP did not 

mask the signal arising from potential oligomers, as this is a common 

occurrence in mass spectrometry due to ionisation suppression; the results 

(Figure 5.4) indicated that a high concentration of AcP did not interfere with the 

signal arising from nucleic acid oligomers. 

 

 
 

One of the samples from the previous experiments was accidentally not 

desalted and a pattern that could be attributed to a successful AMP 

polymerisation emerged. This striking result rendered the question of whether I 

had been successfully synthesising small oligomers at modest yields before, 

but could not detect them due to the known loss of 10–20% of analyte during 

the desalting protocol. Alternatively it was also possible that the oligomer loss 
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Figure 5.4. MALDI-TOF mass spectra of the DNA standard oligomers incubated during 1 h at 

20 °C with (a) 3 mM AcP, and (b) 300 mM AcP. Peak intensity did not vary depending on the 

AcP concentration. All samples were desalted before their analysis. 
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during desalting was not a relative percentage but a given amount (e.g. 200 

nmol); if the reaction between AcP and AMP yielded oligomer quantities of up to 

200 nmol, none would be detected. Because of this, all the previous 

experiments (which yielded negative results) were performed again and 

analysed without the posterior desalting procedure. The data shown in Figure 

5.5 are representative of the data, at pH 5, acquired for these non-desalted set 

of samples under all the other experimental conditions tested (temperature and 

incubation time). Under all the combinations of experimental conditions, marked 

peaks at 716.3, 1085.1, 1453.4, 1821.74, 2190.8, 2558,37 m/z appeared. 

These peaks never appeared in any of the negative controls performed for each 

of the combinations of experimental conditions; instead, small peaks appeared 

around the area corresponding to the 1085.1 and 1453.4 peaks from the 

experimental runs, but not matching exactly (red oval in Figure 5.5b). These 

observations strongly suggested that the peaks found in the experimental runs 

arose from AMP polymers. Both in the experimental and control conditions, 

secondary peaks at +/- 22 m/z (Na+ - H+) appeared as expected when not 

desalting the samples. 
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Figure 5.5. MALDI-TOF mass spectra of the products of the reaction of AMP (3 mM) 

and AcP (450 mM), at pH 5 and after 24 hours of incubation: (a) polymerisation reaction 

at 20 °C, and (b) zoomed in view of a negative control containing only AMP at 20 °C. 

None of the samples were desalted before analysis. The red oval highlights the zoomed 

in area in the negative control experiment corresponding to the 1085.1 m/z peak of the 

putative trimer from the experiment in (a). None of the small peaks in (b) corresponded 

to the putative trimer: 1085.1 m/z. 
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Nucleotide polymerisation experiments are known to generate a wide range of 

artefacts that make interpretation of data difficult (Burcar et al., 2013). As 

mentioned earlier in this Chapter, work done in the past in which the authors 

claimed polymerisation had been achieved (Costanzo et al., 2012, 2009), has 

been questioned by Morasch et al., (2014). Purine nucleotides tend to 

aggregate due to interactions between the rings of the nucleobases (Figure 

5.6). Some authors claim this phenomenon boosts the chances of a successful 

polymerisation (Costanzo et al., 2012, 2009; Pino et al., 2015). Other authors 

consider it merely an artefact that masks potential true polymers (Burcar et al., 

2013) due to the polymers and stacks displaying very similar m/z values. 

Polymers differ from stacks in that they present a loss of a water molecule for 

every monomer added to the polymer due to the condensation necessary to 

generate the new covalent bond. 

 

The peaks obtained in the experimental runs could be assigned to AMP 

polymers according the following scheme: 

 

716.3 = 347.22 m/z (AMP) x 2 – 18.01 m/z (H2O) = 713.54 m/z, which is close 

to the experimentally found 716.3 m/z 

 

1085.1 = 1004.66 (AMP trimer) + 80.971 m/z (phosphate radical) = 1085.63 m/z 

 

 

1453.4  

 

 

1821.74, and so on 

+ 329.22 m/z (AMP monomer) + 39.098 m/z (K+) – 1 m/z (H+) 

+ 329.22 m/z (AMP monomer) + 39.098 m/z (K+) – 1 m/z (H+) 
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The peaks appearing in the same zones of the negative control experiments 

(Figure 5.5b) could be explained as aggregates. For example the 1079.1 m/z 

peak = 3 x 347.22 m/z + 39.09 m/z (K+) – 1 m/z (H+). As pointed out before, 

aggregates of purine nucleotides are known to be common due their bases 

being more energetically favoured piled up in water rather than each one in 

solution (Šponer et al., 2015). This is due to an entropic effect: fewer water 

molecules need to be structured around the surface of the relatively 

hydrophobic surfaces of the nucleobases of a dinucleotide stack than around 

two separate nucleobases in solution; fewer structured water molecules implies 

a higher entropy (and thus a lower energy or more stable) state. Because both 

sets of peaks did not weigh the same, and the aggregates did not appear in the 

experimental runs (or appeared as very small peaks), I initially considered them 

to be analytical artefacts that did not interfere with the peak assignation done 

for our experimental runs. 

 

But this presumptive peak assignation had several peculiarities. First, from the 

AMP trimer onwards, the polymers would contain an extra phosphate, 

presumably at their 3' hydroxyl end (Figure 5.7), or on one of the several 2' 

Figure 5.6. Stacking (middle) and polymerisation (right) of AMP monomers (amended from 

Whicher et al., 2018). Stacking is energetically favoured in water due to nucleobase 

interactions, and even more so when dissolved cations balance the negative charges of 

AMP. 
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hydroxyls. The possibility of this extra phosphate being present in the polymers 

was plausible if we consider the phosphorylating capability of AcP on hydroxyl 

groups of ribose (and other sugar derivatives) demonstrated in Chapter 4 when 

mixing ribose and AcP. Despite this, the reason why only the trimer (and 

onwards) presented this 3' phosphate, but the dimer did not, was unclear. 

Considering the proposed reaction mechanisms shown in Figure 5.1, there is 

no obvious mechanistic reason explaining the presumptive presence of this 

extra 3' phosphate group only from the trimer onwards. 

 

 
 

The same experiment performed at pH 11 yielded negative controls 

(experiments with only AMP) containing (albeit lower in intensity) the 1085.1 

m/z and 1453.4 m/z peaks. As shown earlier, these peaks were previously only 

present in the experimental runs at pH 5, and were undetectable in the negative 

controls containing only AMP. After generating new stock solutions of all 

reagents used (including the pH-adjusting solutions) to exclude cross-

contamination, the same surprising results at pH 11 appeared. This suggested 

that the Na+ ions from the NaOH (not added at pH 5) used to adjust the pH 

could potentially generate the peaks, which I had previously assigned to AMP 

polymers. NaOH was the only source of Na+ ions of these experiments 

containing solely commercial AMP (which is a Li+/K+ salt). 
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Figure 5.7. Chemical structure of 

the presumptive AMP trimer, which 

contains an extra phosphate group 

at its 3' hydroxyl (black arrow). 
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Other observations point to this possibility: (i) the peaks which were assigned to 

AMP polymers were accompanied by secondary peaks which would correspond 

to +/- Na+ adducts; if that had been the case, the main peak should have 

contained Na+ as well, but that was not the case in our peak assignation. (ii) 

The putative dimer m/z value did not fully match the m/z values repetitively 

observed in the experimental runs; the difference was of almost 3 m/z units, 

which was greater than could be expected for a low resolution MALDI-TOF 

instrument (1-1.5 m/z units of variation could have been explained by small 

differences in the spectrum calibration). (iii) For any of the presumed 

polymerisation peaks obtained, there should have been accompanying peaks at 

– 39.09 m/z (K+) and/or at – 80.97 m/z (phosphate radical) which would have 

been a result of the parent molecule losing one or both of these moieties (– K+ 

should be more common due to the ionic bond fragility compared with the 

covalent bond); these secondary peaks were never observed. (iv) Despite the 

possibility that a significant portion of the (small) quantity of polymerised 

oligomers generated were lost during the desalting process, it was strange that 

the presumed polymers were only visible when the samples were not desalted, 

as the desalting method (Section 2.2.1) was tailored specifically to small nucleic 

acid oligomers and with the advice of an expert who participated in a relevant 

publication. (v) At all temperatures, pH and incubation times tested, it was 

strange that the presumed positive polymerisation results were almost identical 

to each other; what seems more reasonable is that each different combination 

of all three factors would direct the polymerisation in a slightly different way, 

some generating longer polymers, some generating shorter ones, and some 

precluding their formation or disaggregating them over longer incubation times. 

In conclusion, all these points, coupled to the negative controls containing 

solely AMP presenting the putative polymerisation peaks, strongly suggest that 

what I had previously assigned to polymerisation products were, in reality, 

aggregates product of AMP stacking. 

 

In order to test the hypothesis that all the experimental peaks obtained were 

AMP aggregates (not polymerised), the experiments were run again and their 

pH adjustment was performed using KOH (10 M) and HCl (5 M), this way any 

differences caused by the main cation present (K+ or Na+) would be evident. 
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Figure 5.8 shows that the peak at 1085.1 m/z appeared only when the AcP 

solution (which contained a lot of Na+ due to its preparation protocol) was 

added (Figure 5.8a-b) to the AMP; and also that the peaks already appearing in 

the negative control experiment were still visible when the AcP solution was 

added (Figure 5.8c). These results support the aggregate hypothesis as the 

negative control with only AMP and titrated with KOH showed different peaks 

from the same control titrated with NaOH. In conclusion, it seems that all the 

peaks obtained changed according to the most common ion present 

(generating different aggregates) and not as a result of polymerisation. 

 

 
 

Furthermore, our synthesised AcP solution was known to contain around 0.1 M 

acetate as well as undetermined but relevant levels of Na+, K+ and 

orthophosphate due to the solution preparation protocol (Section 2.1.1 of 

Chapter 2). In order to assess the potential impact of the usage of a ‘dirty’ AcP 

stock solution for the polymerisation experiments, a fresh 1.1 M solution of 
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commercial AcP (lithium-potassium salt, ≥85%, Sigma) in HPLC water was 

prepared, aliquots were prepared and stored at –80 °C. Due to commercial 

constraints, Li+ was introduced into the equation (cation-free AcP was not 

available) so, in order to also study its effect on the potential aggregation of 

AMP and how that compares with the effect of Na+ and K+ ions, a set of 

negative controls made of 3 mM AMP and 3 mM LiCl (≥99.99%, Aldrich) or 3 

mM NaOH or 3 mM KOH were prepared and analysed. 

 

The results of these experiments confirmed that the mass of the aggregates 

when there was only AMP (not AcP) in solution depended on which cation was 

dominating in the solution. For instance, when the AMP solution was not 

titrated, the resulting main peak in the dimer area was 694.4 m/z, which 

corresponded to two molecules of AMP (347.22 m/z) stacked together (not 

condensed) (Figure 5.9d). The commercial AMP I used contained ions giving 

rise to a secondary peak at 756.4 m/z, which corresponded to the previous 

stack of two AMP plus Na+ and K+. The spectra from Figure 5.9a-c show the 

main aggregate peak at 694.4 m/z plus secondary peaks depending on the ion 

added Na+, K+ or Li+ at 716.4 m/z, 732.4 m/z or 700.5 m/z respectively. The 

difference from all the secondary peaks to the main peak was attributable 

precisely to the mass of each ion minus 1 m/z corresponding to the displaced 

proton.  

 

This effect was applicable to the results obtained for the area around 1085.1 

m/z and 1453.4 m/z in each experimental run; the chart depicted in Figure 5.10 

shows the final peak assignation for the peaks from the aggregate consisting of 

3 AMP molecules onwards. Only aggregates with K+ and Na+ have been 

assigned, as Li+ aggregates in experimental runs were practically non-existent. 

K+ seemed to outcompete Li+ when generating AMP stacks when both are 

present in roughly equimolar quantities (commercial AMP contained only trace 

amounts of K+). The reason for this remains highly speculative but it may have 

to do with Li+ presenting a higher charge density compared to K+, which seems 

to be inconvenient for its chelation onto phosphate groups when larger cations, 

such as K+, are present. 
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The AMP polymerisation experiments were repeated, this time using 

commercial AcP. Comparing the usage of Li+K+AcP with the experiments 

previously performed (using Na+AcP), I observed the same phenomenon: pH 

(the same ion solution at different pH yielded the same result); temperature and 

incubation time did not have an impact on which peaks were generated. 

Instead, the ion that was dominant at each time point determined the resulting 

peaks. With all of the previous observations I can conclude that acetyl 

phosphate did not drive the condensation of AMP under the experimental 

conditions tested. 
 

 
 

 

 

 

 

 

Figure 5.9. MALDI-TOF mass spectra of solutions of 3 mM AMP with added (a) 3 mM LiCl, 

(b) 3 mM KOH, (c) 3 mM NaOH and (d) water (Whicher et al., 2018). Main peaks 

corresponding to stacks of AMP molecules with each cation are shown for clarity. The size 

of an AMP monomer is of 347.22 m/z. 
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 1063.1 m/z               1085.1 m/z         1454.32 m/z 

 

 

1041.1 m/z (3 AMP)  

 

 

 1079.1 m/z               1117.1 m/z              1502.32 m/z 

 

 

 

 

 

Another experiment was performed to determine whether the orthophosphate 

present in the initial AcP solution used (Section 2.1.1 of Chapter 2) was 

responsible for any of peaks observed during the experimental runs. The results 

in Figure 5.11 show this was not the case; no new peaks could be observed. 

 

 

b 

a 

Figure 5.11. MALDI-TOF mass spectra of a solution with (a) 3 mM AMP and 45 mM 

phosphoric acid or (b) negative control with only 3 mM AMP. The solutions were not titrated or 

desalted. The phosphoric acid concentration used was chosen on the basis that after 1 hour 

at 20 °C, 10% of the initial 450 mM of AcP (in an experimental run) would have been 

degraded into orthophosphate (Figure 4.4). No AcP was added to either of these runs. 
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Another set of experiments was designed to assess the effect of Mg2+ and Ca2+ 

on the aggregation or potential polymerisation of AMP. These ions were tested 

as they are known to be necessary for several cellular and biochemical 

processes, and had also been tested for other experiments in this project. The 

concentration of both ions was 10 mM (as in other publications for 

polymerisation purposes (Burcar et al., 2015)). The AMP concentration was 2.5 

mM and AcP (commercial version) 366 mM. The results (not shown) showed no 

difference to the aggregates seen in previous experiments (either at pH 5 or 11) 

and no new peaks, corresponding to aggregates of AMP with Mg2+ or Ca2+, 

appeared. 

 

Finally, an experiment was performed using adenosine triphosphate (ATP) 

instead of AMP. ATP was selected for these experiments as it is one of the 

monomers used to polymerise nucleotides in cells (not AMP), and 

pyrophosphate (from ATP) is a better leaving group than orthophosphate (or 

water, obviously) under the tested experimental conditions. An experiment with 

3 mM ATP (dihydrate, 99%, Aldrich) and 450 mM AcP was prepared. The 

mixture was incubated for 1 hour at pH 11, at 50 °C (Figure 5.12a) and 20 °C 

(Figure 5.12b). Another control using only 3 mM ATP (Figure 5.12c) under the 

same experimental conditions was also performed. The results in Figure 5.12c 

show a marked aggregation (but not polymerisation) pattern of the ATP 

monomers due to nucleobase stacking; aggregates up to a 9-mer could be 

observed. Stacks of ATP were expected to almost disappear at high pH, as the 

phosphates would be fully ionised, thus making the phosphoanhydride bonds 

less stable). In fact this did not happen, probably reflecting that the cation 

excess present in all AcP solutions used compensated for any extra charges 

present at high pH. When ATP was incubated with AcP (Figure 5.12a-b) the 

aggregates only reached the size of a tetramer and present much larger 

secondary peaks corresponding to K+ and Na+ adducts, probably reflecting the 

capacity of the triphosphate to chelate cations better than the single phosphate 

of AMP. No polymerisation products (aggregate mass – water mass) could be 

observed at any combination of pH, temperature or incubation time. 
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5.2.2  AcP-mediated polymerisation of glycine 

 

The polymerization of glycine (0.5 M) by AcP (0.5 M) in water was attempted 

but I was unable to detect any linear diglycine, cyclic diketopiperazine, or any 

other short polymer; instead I corroborated the findings of others (Di Sabato & 

Jencks, 1961a), that AcP efficiently acetylates the amino group of glycine to 

form N-acetyl glycine (NAG), especially under alkaline conditions.  
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Diglycine forms two peaks on 1H–NMR (Figure 5.13) whereas the condensed 

form of diglycine, diketopiperazine (DKP) forms a single peak. Under alkaline 

conditions (pH 9–12) two peaks were detected at around 3.7 ppm and 2 ppm 

(with the exact chemical shift varying slightly with pH) within minutes of adding 

AcP to glycine in solution. These peaks corresponded to the formation of NAG 

(Figure 5.13a). This interpretation was confirmed by the behaviour of NAG by 
1H–NMR under more acidic conditions (Figure 5.13b and Figure 5.14). At pH 7 

and below, NAG still forms two peaks, but the peak at 3.7 ppm now splits into a 

doublet. The splitting of these methylene protons at low pH relates to their 

interaction with the proton on the neighbouring N. This H-N proton exchanges 

with protons in the solvent at a rate that is dependent on pH. At low pH the rate 

of exchange of the H-N proton is lower than the speed at which that proton 

magnetically affects the methylene protons (by shielding and un-shielding), so 

the methylene signal splits. This pH-dependent peak splitting at 3.7 ppm is, in 

this context, diagnostic of NAG and confirms that this was the major product 

formed, rather than diglycine or DKP. We found an 80% yield (relative to 

glycine) after 24 h at an initial pH 12 (with ~70% yield after 1 h) falling to <40% 

yield at an initial pH 7–9 after 24h (Figure 5.13c). 

 

 

 

 

 

Figure 5.13. Acetylation of glycine in water by AcP (Whicher et al., 2018). (a) 1H-NMR 

spectra of acetylation of glycine to N-acetylglycine (NAG) by AcP at 20 °C and pH 12 after 2 

hours, compared with AcP, diglycine, diketopiperazine (DKP), and NAG; all commercial 

standards were titrated to pH 12. Molecular structures highlighting the protons giving rise to 

each spectroscopic peak are added for clarity. (b) 1H-NMR spectra of the acetylation of 

glycine to NAG by AcP at pH 12 and at pH 7 compared with the spectra of commercial NAG 

at both pH 12 and pH 7. (c) Acetylation of glycine by AcP at 20 °C at different initial pH 

values over 168 hours. N=3 ±SD. With thanks to Dr Barry Herschy for providing the data 

shown in (c). All peaks were identified by comparison with the chemical shift of commercial 

standards (at the same pH), as well as by spiking experimental samples with standards and 

observing the growth of the assigned peak. 
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Apart from the aforementioned N-acetylation of glycine, I was also able to 

observe trace signal of its N-phosphorylation, but only at pH 11 (Figure 5.15a 

and b(ii)). The O-phosphorylation of glycine was not detected (Figure 5.15b(iii) 

at any pH. Had this reaction taken place, it is easy to envision a subsequent 

nucleophilic attack from the amino group of a free glycine, yielding glycylglycine 

(or diglycine), the successful polymerisation product. While these findings were 

disappointing, it remains possible that AcP could promote nucleotide 

polymerisation on mineral surfaces or at lower water activity. 

Figure 5.14. 1H-NMR spectra of commercial N-acetyl glycine (100 mM) at pH 2, 5, 7, 9, 10, 

and 11 (Whicher et al., 2018). In alkaline pH (9-11), the peak at ~3.8 ppm is a singlet, 

whereas in acidic pH (2-7) it splits into a doublet (see text). 
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Figure 5.15. (a) 31P-NMR spectra of a mixture of glycine (0.5 M) and AcP (0.5 M) at 20 °C and 

after 2 hours of reaction. The reaction pH was titrated to 11 in the upper two spectra (green 

and red), and to pH 7 in the lower spectrum (blue). Green and blue spectra show 1H-

decoupled 31P-NMR, whilst the red one shows 1H-coupled 31P-NMR (note the splitting of the 

signal at 11 ppm). (b) Proposed reaction mechanisms: (i) N-acetylation, (ii) N-phosphorylation, 

and (iii) O-phosphorylation (or activation) of glycine. The highlighted atoms (in red) for N-

phosphorylated glycine are responsible for the spitting of the 31P-NMR signal in (a, in red). 
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5.3  Discussion 

 

In the previous Chapter I showed that AcP readily promotes the abiotic 

phosphorylation of ribose, adenosine and ADP, making it a strong candidate for 

a prebiotic analogous to ATP. In this Chapter I have shown that AcP does not 

promote the polymerization of either nucleotides (Section 5.2.1) or amino acids 

(Section 5.2.2.) in aqueous solution. 

 

Under all the reaction conditions tested, AcP did not favour the polymerisation 

of AMP. There is likely to be a range of reasons why this did not happen. For 

instance, so far I have not tested the potential capacity of surface-based 

catalysts aiding the polymerisation of AMP (or indeed glycine). The 

polymerisation of nucleotides in extant life occurs at the active centre of 

enzymes such as DNA and RNA polymerases. Focusing now on RNA 

polymerases, it is well known that their two-metal-ion reaction mechanism 

(Sosunov et al., 2003; Steitz & Steitz, 1993) involves three conserved aspartate 

residues which coordinate two Mg2+ that are crucial for catalysis. It is thought 

that the first Mg2+ is directly coordinated by the aforementioned aspartates 

whilst the second is kept soluble and joins the catalytic intermediary structure 

when catalysis is taking place (Carvalho et al., 2011). Figure 5.16 shows the 

proposed enzymatic mechanism involving the 3' oxygen of the previous 

nucleotide attacking the α-phosphate of the incoming nucleotide and thus 

creating a new phosphodiester bond whilst liberating pyrophosphate. The 

catalytic centre residues (the conserved aspartates and others) play an 

important role by potentially affecting the pKa of involved chemical groups and 

stabilizing ionic charges of reaction intermediates and phosphate groups. 

 

It is very possible that the proposed reaction mechanism proposed in Figure 

5.1a, despite being chemically possible, did not occur, at least partly, due to the 

lack of surface catalysts present in our reactions. Catalysts are important for life 

and for all sorts of chemical reactions (such as industrial ones) as they lower (or 

eliminate) the activation energy of the reaction, speeding them up considerably. 

For example, for the RNA polymerisation reaction shown in Figure 5.1 it seems 

clear that the pKa of the 3' hydroxyl group is modified at the active site, which 
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results in its ionisation favouring the reaction, as now it can behave as a 

stronger nucleophile. The same phenomenon happens with the phosphorus 

atom of the α-phosphate of the incoming nucleotide: it becomes a better 

electrophile as the electrons from the surrounding oxygens are being extruded 

by the positively charged magnesium ions generating a stronger polarity of the 

P-O bonds. Even though in our experiments I introduced metal ions such as 

magnesium occasionally, these were in solution and therefore, the optimal or 

sub-optimal distances between the reacting atoms were virtually impossible to 

achieve. 

 

As mentioned, the outcome that I had hoped to obtain was a poor, albeit 

existing, polymerisation yielding AMP dimers or trimers when using AcP in 

water. Then with the addition of simple mineral catalysts (e.g. brucite (Mg(OH)2) 

the expected yield and/or length of the oligomers should increase; later 

successive catalytic improvements such as the addition of Mg2+ chelated by 

aspartate (and later by polypeptide chains) would also potentially improve the 

yield/length of products. By performing this succession of catalytic 

improvements I had hoped to roughly reproduce what could have ocurred 

naturally at the origin of life over time (Copley et al., 2007; Milner-White & 

Russell, 2005; Nitschke et al., 2013; West et al., 2017). The active site of 

enzymes has been evolutionarily tuned for thousands of millions of years so 

that all catalytic atoms are disposed in the optimal positions for catalysis. This 

surely would not be the case at the origin of life or very early afterwards but, 

probably, catalysts that were in a solid phase (such as inorganic minerals like 

brucite and small nucleic acid/peptide sequences) could have provided the 

initial scaffolding on which life later built surrounding nucleic acid and protein 

scaffolds, which, over time, improved the yield and selectivity of the reactions 

as these offered a selective advantage. It is debatable whether the crucial initial 

reactions at the origin of life (e.g. condensed phosphate synthesis, 

polymerisation of nucleotides and amino acids, etc.) started with the aid of 

mineral surface catalysis or if they occurred incipiently in solution and were later 

improved by inorganic and organic catalysis; this is currently one of the hot 

topics in the research field of the origin of life. In my view both are plausible and 

what most likely happened was a mix of both: some reactions probably required 
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a minimal surface catalysis input (e.g. early phosphate condensing mechanisms 

could have involved a sort of molecular physical press made of clays, 

reminiscent of modern ATP synthase), whilst some other reactions could have 

occurred spontaneously in solution and were only later evolutionarily transferred 

into ribo/enzymes when/if the corresponding selective advantage paid off. 

 

It is possible that the proposed reaction mechanisms shown in Figures 5.1a and 

5.1c did not progress because the condensation of AMP (and potentially of all 

other nucleotides) at the origin of life was one of the reactions that initially 

required a reactivity based (at least minimally) on surface catalysis. This 

conclusion does not stem just from my experimental data, but certainly would fit 

with my observations. Furthermore this is the direction the research field is 

slowly tending towards, as some other nucleotide polymerisation studies based 

on soluble chemistry are now seen with rather unconcealed scepticism. This is, 

by no means, definitive, as some striking work pointing to soluble 

polymerisation chemistry could be made public any time. For this reason it 

would be beneficial in the future to explore the effect of solid state catalysts 

such as magnesium-bearing minerals such as brucite (Mg(OH)2), which has a 

similar geometry between Mg2+ and O- as in the active centre of the RNA 

polymerase; and also small peptide sequences such as small polyaspartate 

peptides, which could potentially chelate magnesium ions from solution. The 

catalytic mineral arrays we will mainly focus on will consist of small-scale 

mineral arrays chelated by amino acids (e.g. Mg2+ chelated by serine or Fe3S4 

clusters chelated by cysteine) instead of large-scale mineral surfaces (e.g. 

Mg(OH)2 or mackinawite (FeS) sheets), as we consider the former scenario 

more congruent with life. Metabolism involving large-scale mineral catalysis is 

not present in extant life or in the core metabolism of LUCA (Weiss et al., 2016) 

so, probably, it was not either at the origin of life. 
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Another factor, which probably contributed to the unsuccessful nucleotide 

polymerisation, was the fact that some of the reaction mechanisms that 

theoretically could have worked, would have needed to occur via dehydration 

(in an aqueous environment). For instance, the mechanism shown in Figure 

5.1b (as well as other potential dehydrating mechanisms that are not shown) 

implies a dehydration reaction. This dehydration, energetically unfavoured due 

to the pervasive presence of water molecules, could potentially occur due to (i) 

the well-known phenomenon of purine nucleobase stacking, which would lower 

the energy requirements for the trans-phosphorylation reaction generating the 

condensed dimer (Costanzo et al., 2012, 2009); and (ii) due to the fact that a 

molecule of water would be incorporated during the hydrolytic step of the 

reaction, this way there would not be a net production of water on the overall 

reaction. The polymerisation of cAMP in water reported by Costanzo et al. 

(2012, 2009), which as the authors argue followed the reaction mechism 

Figure 5.16. Proposed reaction mechanism in detail showing the coordination 

system for Mg2+ I and Mg2+ II in the active site of RNA polymerases (amended 

from Sosunov et al., 2003). Incoming nucleotide is shown in blue. Other residues 

shown to affect catalysis are also illustrated. 
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depicted in Figure 5.1b, has since been under scrutiny as no other research 

group has been able to replicate their results. Later research (Morasch et al., 

2014) compellingly suggested that short adenine polymers are generated 

during the freeze drying process of the industrial synthesis of commercial 

cAMP, therefore concluding that the polymerising capabilities of cAMP reported 

by Costanzo et al. were an experimental artefact. I agree with the view from 

Morasch et al. (2014), but Costanzo et al. have been robustly defending their 

work, and in any case the reaction pathway depicted in Figure 5.1b was, at 

least theoretically, a possibility. 

 

As mentioned earlier, dehydration reactions are a subset of condensation 

reactions in which a molecule of water is being produced as a reaction product. 

Due to the equilibrium that exists between a dehydration reaction and the 

hydrolysis of the dehydration product, these reactions tend not to occur when 

the reaction solvent is water as the equilibrium is strongly shifted towards the 

reaction substrates (in our case, AMP monomers), and the concentration of 

dehydration product (small nucleotides) remains undetectable. This factor has 

strongly contributed to a number of researchers interested in the origin of life on 

Earth to postulate that life’s first solvent was not water. Other researchers think 

water must have been the solvent where life first evolved and propose a series 

of mechanisms by which polymerisation reactions could happen in water. One 

of the possibilities are wet-dry cycles (happening on beaches for instance) 

where water is evaporated intermittently favouring polymerisation in the 

process; another is the usage of low water activity settings such as 

concentrated silicates submarine settings. Another possibility is that 

polymerisations were able to occur in water due to the chemical activation of 

the monomers by phosphates, thioesters and a series of other chemical groups. 

This monomer activation offers mainly a good leaving group, which crucially is 

not a water molecule. 

 

The prebiotic reactions that have been successful in our research group and, 

generally speaking, on the research on the origin of life in hydrothermal vents 

occur as condensation reactions not occurring via dehydrations. In a 

condensation reaction, two molecules join together whilst a moiety other than 
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one of the previous molecules acts as a leaving group (water, orthophosphate, 

pyrophosphate, a thiol, etc.); if the leaving group is water, the reaction is 

commonly named ’dehydration’; if it is not, the reaction remains with the more 

generic name of ‘condensation’. The synthesis of AcP from thioacetate and 

orthophosphate (Whicher et al., 2018) under simulated aqueous hydrothermal 

vent conditions was successful partly because the reactions occurred via the 

loss of H2S, not water. The phosphorylation of adenosine and ribose by AcP 

(Whicher et al. 2018) also occurs via a non-dehydrating condensation with 

acetate as a leaving group. 

 

The pool of biotic reactions in extant life in which two molecules join to form a 

larger product (condensations) occur via non-dehydrating mechanisms with, so 

far as one can tell from a consideration of intermediary metabolism, a single 

intriguing exception: ATP synthesis by the ATP synthase. For instance, in the 

amino acid polymerisation reactions occurring in the ribosome, the leaving 

group is the tRNA, which was covalently bonded to the incoming amino acid; in 

this case the leaving group is definitely not a small molecule, but it is still 

smaller than the growing polypeptide-tRNA nascent chain. Another example 

would be the synthesis of the amino acyl-tRNA complex itself, where first the 

amino acid is activated by an adenylation, with pyrophosphate acting as a 

leaving group; then the amino acid is bound to the tRNA and AMP (or adenylyl 

group) acts as a leaving group. There are plenty of other examples: in glycogen 

and starch polymers synthesis the leaving groups are UDP and ADP 

respectively. In the formation of the N-glycosidic bond of nucleosides the 

leaving group is pyrophosphate again. Nucleotide polymerisation is another 

example; the pyrophosphate of the incoming nucleotide is the leaving group. 

The list is endless but what all these condensation reactions have in common is 

that they do not happen via dehydrations. I am not proposing that all these 

biotic reactions are the way they are just because of the dehydration vs 

condensation dilemma, but it is certainly a factor; for instance it is well known 

that life keeps the concentration of pyrophosphate and ADP (and the other 

diphospho-nucleosides) to much lower concentrations (50-100 µM for ADP 

(Williams et al., 1993)) than ATP (1-10 mM); this strong disequilibrium is 

responsible for ADP and pyrophosphate acting as excellent leaving groups. 
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There are some biotic reactions where water is being produced: for instance the 

citrate – cisaconitate – D-isocitrate isomerisations, the enolase dehydration in 

glycolysis, and the fumarase reaction in the Krebs cycle. Despite these 

examples, dehydrating reactions are scarce in life and most probably only occur 

thanks to the catalytic aid of enzymes; furthermore none of these reactions are 

condensing (or polymerising) reactions. 

 

The scarcity of dehydration reactions in life suggests that life was indeed 

cradled in a water-based solution and that the condensation reactions it needed 

had to have their genesis as non-dehydrating condensation reactions 

(otherwise they would not have occurred at all) and they were maintained as 

such as evolution went on. If life started in formamide (Pino et al., 2015) or urea 

(Powner et al., 2009) or within (or with the aid of) other organic solvents these 

reactions would have probably started as dehydrations as there would be no 

thermodynamic impediment that way, and water would act as the leaving group 

in many of the aforementioned reactions. If that was the case, then why did life 

later completely switch from one paradigm to the other? Some authors propose 

that life had to adapt to a water-based biochemistry as cataclysmic events 

(such as the late heavy bombardment) forced it to the ocean depths in order to 

survive. The very existence of the late heavy bombardment has been 

questioned (Boehnke & Harrison, 2016), and in the case that it actually 

occurred, this would imply in effect a second origin of life, as virtually all 

biochemistry would need to be invented all over again. It is obvious that, despite 

being possible, it is by far not the most parsimonious explanation. 

 

As mentioned earlier, the ATP synthase represents a genuine dehydrating 

machinery, one that strikingly acts almost as a physical press in order to 

extrude water molecules and uses a flow of protons in order to turn, in much the 

same way that a turbine uses the physical force of water (falling due to the 

gravitational potential energy it possesses) to turn in a hydroelectric plant. Other 

reactions yielding ATP (substrate level phosphorylations) are not dehydrations: 

for instance in the reaction of 1,3-bisphosphoglycerate with ADP yielding ATP 

and 3-phosphoglycerate, the leaving group is always the molecular moiety that 
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was initially phosphorylated (1,3-bisphosphoglycerate in this case, leaving as 3-

phosphoglycerate). The structure and reaction mechanism of the ATP synthase 

look to be a standout process: it seems as if the energy accumulated in these 

initial dehydrations is transferred to the rest of the cell as a series of non-

dehydrating condensations (de Duve, 1991). The implications of this for the 

origin or life are beyond the scope of this thesis but would conceivably point to a 

mechanical origin of phosphate-mediated energy coupling at the origin of life 

(Branscomb et al., 2017; Branscomb & Russell, 2013), which has been 

maintained throughout evolution in the form of the ATP synthase, a molecular 

machine conserved across essentially all extant life. It is admittedly difficult to 

envision a direct series of homologous steps from the mechanical action of a 

mineral (such as green rust (Fe(OH)2) and a molecular machine such as the 

ATP synthase; this apparent discontinuity hinders the acceptance of this idea. 

Maybe acetyl phosphate could be envisioned as a solution as it can be 

synthesised in solution and it can phosphorylate monomers in solution; 

unfortunately this did not lead to polymerisation under the experimental 

conditions tested. Despite these limitations, the biogenic importance of AcP is 

supported by triple-phosphorylated molecules (such as ATP) being successfully 

synthesised using AcP (Figures 4.19 and 4.20 in Section 4.2.3 of Chapter 4), as 

this narrows the discontinuity problem (from mono to tri-phosphorylated 

molecules); work on phosphorylating AMP to ADP is on-going within the 

research group but it is proving to be quite challenging. The formation of 

thioesters (such as methyl thioacetate) or thioacids (such as thioacetate), which 

are necessary for the hydrothermal synthesis of AcP (Figure 4.2) (Whicher et 

al., 2018) is arguably a more difficult critical point, since these molecules 

represent a pre-condensed state. We propose that they could be synthesised 

on Fe(Ni)S barriers (at low water activity setting) by tapping the natural pH 

gradient present at alkaline hydrothermal vents (Figure 3.1) (Camprubi et al., 

2017). 

 

I expected AcP to promote the polymerisation of the simple amino acid glycine. 

As in the case of AMP polymerisation, what I expected to obtain was a poor, 

albeit existing, polymerisation yielding glycylglycine or slightly longer oligomers 

when using solely AcP. Then, with the successive addition of simple mineral 
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catalysts or organically-chelated ones, the expected yield and/or length of the 

oligomers should increase, mimicking the putative natural evolution of catalysts. 

Instead, AcP tended to acetylate the amino group of amino acids (Figure 5.13), 

especially at more alkaline pH, as reported by others (Di Sabato & Jencks, 

1961a). Its tendency to acetylate amino groups could partially explain why AcP 

is used less commonly than ATP to catalyse phosphorylation reactions in 

modern cells, and indeed in archaea AcP remains bound to the active site of 

acetyl CoA synthetase (Bräsen et al., 2008; Schonheit et al., 2016). If instead of 

N-phosphorylation of glycine, the reaction that had taken place were its O-

phosphorylation, the AcP-mediated polymerisation of glycine would have 

happened more easily. The O-phosphorylation (technically an adenylation) by 

ATP of the carboxyl group of amino acids is the biological activating mechanism 

of amino acids, which will be subsequently mounted onto tRNA, yielding the 

aminoacyl-tRNA complex. The O-adenylation of amino acids (and not N-

adenylation) is achieved by the catalytic properties of the active site of the 

enzyme (aminoacyl-tRNA synthetase), which modifies the pKa of the amino 

acid groups, promoting their ionisation (Carter, 1993). This ionisation allows for 

the amino group (which is now charged positively) to cease competing with the 

carboxyl (now negatively charged) for the subsequent adenylation/activation. 

An uncharged amino group is a strong nucleophile; even when the carboxyl is 

ionised, an uncharged amino group would still act as a competing nucleophile. 

Therefore, a putative prebiotic mechanism that promotes the double ionisation 

of amino acids (e.g. a neutral or slightly acidic pH) should positively impact the 

chances of a phosphorylation-mediated polymerisation; in our hands, this did 

proved not to be enough (Figure 5.13), presumably due to the strong N-

acetylating properties of AcP. 

 

Finally, it could be that condensation reactions really did begin through radically 

different mechanisms, which were later overwritten by enzymatic catalysis. If 

metabolism were ‘invented’ in an RNA world that would arguably need to be the 

case. On the other hand, if intermediary metabolism arose initially from 

geochemical flux, via conserved intermediates, then it might be that 

polymerizations in water are genuinely difficult to achieve, and arose later in a 

world of organic monomer catalysts. If that were the case, the fact that AcP 
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promoted the synthesis of ATP from ADP (as it still does in modern cells (Ferry 

& House, 2006; Schönheit et al., 2016)) might be important, as both amino acid 

and nucleotide polymerization depends on nucleotide triphosphates today. The 

concept of a ‘monomer world’ is not new (Copley et al., 2007), and could be 

highly structured, as the formation of fatty acids is favoured under a wide range 

of conditions (Amend et al., 2013), and spontaneously form bilayer vesicles 

when above a threshold concentration (Morowitz et al., 1988; Segré et al., 

2001). The possibility of a rudimentary form of heredity, based on several linked 

positive feedbacks in growing protocells, is consistent with the idea that 

polymerization to form macromolecules occurred relatively late (West et al., 

2017). If so, then AcP could potentially drive prebiotic chemistry towards a form 

of proto-metabolism that prefigures the metabolic pathways of modern cells, in 

which relatively unreactive precursors are activated through phosphorylation. 

AcP therefore begins to bridge the gap between prebiotic chemistry and 

monomer biochemistry in living cells, but does not directly promote the 

formation of macromolecules. 

 

 

5.4  Conclusions 

 

The fact that AcP did not drive the condensation of amino acids or nucleotides, 

even to a limited degree, was disappointing, but possibly significant. I had 

hoped that short polymers would form spontaneously in water in the presence 

of AcP. In the case of glycine, high yields (up to 80%) of N-acetylglycine (NAG) 

were generated, as reported by others (Di Sabato & Jencks, 1961a). NAG did 

not react any further, although acetylation of amino groups can promote the 

formation of short peptides in the presence of amino acid esters, AMP, a 

carbodiimide and 1-ethylimidazole, as acetylation of the amino group facilitates 

reaction of the carboxylic acid group instead (Griesser et al., 2017; Jauker et al., 

2015). But modern cells do not promote polymerization using any of these 

condensing agents, nor through acetylation or phosphorylation of amino groups, 

as reported for diamidophosphate (Gibard et al., 2017), or acetylation of 

hydroxides (Bowler et al., 2013); nor do they do so through wet-dry cycles (Da 

Silva et al., 2015; Deguzman et al., 2014; Forsythe et al., 2015; Rajamani et al., 
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2008). Polymerization of cyclic nucleotides in water at temperatures above 75 

°C has been reported (Costanzo et al., 2012, 2009) but these findings have 

proved ‘erratic’ to repeat (Morasch et al., 2014; Šponer et al., 2015). 

Polymerization apparently occurs only in the absence of Na+ ions, and ideally in 

a gradually desiccating environment (Šponer et al., 2015) that has little in 

common with polymerization in modern cells. 

 

I believe that these findings (together with those reported in Chapter 4) make 

AcP a credible primordial energy currency, coupling carbon and energy flux at 

the origin of life. The fact that AcP promotes phosphorylation but not 

condensation reactions in water points to a period of monomer biochemistry 

before the emergence of polymeric enzymes or ribozymes at the origin of life 

(Copley et al., 2007). This conception is consistent with autotrophic origins and 

rudimentary heredity in growing protocells before the emergence of RNA, 

polypeptides, and true genetic heredity (West et al., 2017). The biochemical 

utility of AcP may be limited by its tendency to acetylate amino groups. But in 

driving the synthesis of ATP from ADP, AcP might have helped bridge the gap 

between monomer biochemistry and the origin of genetic replicators. 
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Chapter 6 

The formose reaction as a primordial source of sugars 
 

The work described in this Chapter will be published in Camprubi et al. (MS in 

preparation; 2018). 

 

 

6.1  Introduction 

 

Sugars have plenty of functions in living organisms but, despite this, are rarely 

deemed to be central on the origin of life. In cells, they are paramount to the 

conservation of energy both by photosynthesis and glycolysis; as polymers they 

serve as an energy store and have structural roles, such as cellulose and chitin; 

sugar derivatives (e.g. nucleotides) constitute the basis for the coding 

molecules of life (RNA and DNA) and also form part of many cofactors, 

essential for enzymatic catalysis. One of the most obvious route of prebiotic 

synthesis of sugars is through the formose reaction, first performed by Butlerow 

in (1861). In the formose reaction, formaldehyde undergoes a series of aldol 

condensation and isomerisation reactions to form sugars, including ribose, in 

alkaline medium (Figure 1.4). There is contention as to whether it is only 

formaldehyde that slowly reacts (since it is a poor nucleophile) to form 

glycolaldehyde and then these two react much faster, yielding the rest of the 

sugars, or whether the formose reaction cannot proceed as mentioned and 

indeed trace amounts of C2 or C3 sugars need to be added in order to get the 

reaction started in the first place (Kieboom & VanBekkum, 1984; Socha, 1980); 

this contention is not the focus of this Chapter so this will not be discussed 

further here. For my experiments I used pure formaldehyde (Fischer, 16%; 

commercial formulations containing higher % contain methanol as a stabilizing 

agent) but I did not assess whether trace amounts of other aldehydes were 

present as contaminants. In any case, in a heavily reducing mild hydrothermal 

environment, it is reasonable to assume that trace quantities of small (C2-3) 
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molecules could be abiotically synthesised by mechanisms analogous to those 

depicted in Figure 1.3 and 3.1. 

 

As mentioned previously, a historical criticism of the relevance of the formose 

reaction, even under ideal hydrothermal conditions, is that it is frequently 

claimed to yield little more than tars and complex mixtures of biologically 

irrelevant sugars (Gollihar et al., 2014). Orgel (2004) acknowledged that if by a 

plausible mechanism the formose reaction was to be directed towards the 

synthesis of ribose, this would represent an ideal prebiotic route to the 

synthesis of the precursors of nucleotides. Later on, Mellersh & Smith (2010) 

suggested that this putative mechanism could be phosphorylation and that this 

would funnel the formose reaction towards the synthesis of ribose phosphate. 

Mellersh & Smith propose that the polarity of the phosphate moiety of 

glyceraldehyde 3-phosphate (phosphorylated from glyceraldehyde) would 

promote its retention on a mineral surface and its keto-enol isomerisation to 

dihydroxyacetone phosphate. At alkaline pH DHAP would easily enolise, which 

would promote the formation of a new C-C bond with a G3P molecule through a 

canonical aldol condensation; a series of stepwise analogous reactions would 

logically result in the synthesis of pentose (or hexose) phosphates, such as 

ribose 5-phosphate or glucose 6-phophate (Figure 6.1). 
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In essence, this series of phosphorylation-promoted isomerisations and aldol 

condensations could help transition from the a priori hardly biological formose 

reaction, to a ‘sugar cascade’ more reminiscent of anabolism (Figure 6.2). 

Mellersh and Smith proposed, rather cryptically, that a mechanism that 

selectively uses ribose 5-phosphate (and therefore removes it from the 

equilibrium) would funnel the formose reaction towards this biologically 

important phosphorylated sugar (Mellersh & Smith, 2010). Despite the alluring 

aspect of this hypothesis, it is admittedly difficult to envision a prebiotic 

mechanism that would selectively remove ribose 5-phosphate amongst all the 

possible products (and isomers) of this complex set of reactions, even more so 

in the absence of modern enzymes. In this Chapter I will explore whether the 

formose reaction takes place under simulated alkaline hydrothermal vent 

conditions, and whether AcP-mediated phosphorylations specifically promotes 

the synthesis of biologically important sugars, such as ribose or ribose 5-

phosphate. 
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Figure 6.1. (a) Enolisation of 

dihydroxyacetone phosphate (DHAP) 

creating a reactive negatively charged 

carbon species. B represents a strong 

base, such as a hydroxide ion. (b) Enol 

condensation of glyceraldehyde 3-

phosphate (G3P) with DHAP yielding 

fructose 1.6-bisphosphate, which can be 

subsequently hydrolysed to fructose 6-

phosphate. Analogous reactions would 

yield a wide spectrum of sugars and 

sugar phosphates. 
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6.2  Results 

 

My work on the formose reaction occurred in two sets of experiments. The first 

set was performed in order to assess whether the formose reaction could occur 

under alkaline hydrothermal vent conditions and whether it yields individual 

sugars, rather than the often-claimed complex (and biologically useless) tar; this 

data was analysed using GC-MS. The second set was analysed using HPLC-

UV and LC-MS due to recurrent problems with the GC-MS setup used 

previously (see below); this set studied whether the addition of AcP on the 

formose reaction had any effect on the synthesised sugar distribution, and was 

also used to test for the presence of sugar phosphates. 

 

 

6.2.1  Formose reaction 

 

A GC-MS analytical method from Kopetzki & Antonietti (2011) was adapted for 

the first set of experiments, and a good chromatographic separation was 

achieved using this method (Figure 6.3). 

Figure 6.2. Sugar cascade promoted by phosphorylation during the formose reaction 

(amended from Mellersh & Smith (2010). Fructose 6-phosphate (F6P), synthesised as 

in Figure 6.1, reacts with G3P yielding ribulose 5-phosphate (Ru5P) and erythrose 4-

phosphate (E4P). E4P reacts with DHAP, yielding sedoheptulose 7-phosphate (Su7P), 

which can react with G3P giving rise to Ru5P and ribose 5-phosphate (R5P). Alkaline-

promoted tautomerisation causes ketoses (such as Ru5P) and aldoses (such as R5P) 

to readily interchange. 
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Using the NIST 14 Mass Spectral library, which is a fully evaluated collection of 

electron ionization (EI) mass spectra, it was possible to assign many 

chromatographic peaks found experimentally. For instance, one of the first 

peaks corresponded to the derivatisation reagent N-methyl imidazole (the 

derivatisation reaction catalyst) (Figure 6.4). Peaks from 4.5‒7.5 minutes 

corresponded to the various sugars, which were further confirmed by 

comparison of the retention times of commercial standards (as their 

fragmentation patterns were almost identical). Some peaks were also attributed 

to derivatisation artefacts (mostly cyclic carbonated structures (Nygren et al., 

1996)). 
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Figure 6.3. GC-MS chromatogram (acquired on full scan mode) of a mixture of all 

derivatised sugar standards and internal standard (IS). Solutions of 1 mM of each standard 

and IS were derivatised and 60 µL of the resulting DCM-based derivaitsation solutions were 

mixed together in a liquid injection vial. Other peaks correspond to derivatisation artefacts 

(mostly carbonated cyclic structures) but, because of their good separation and later usage 

of single ion monitoring (SIM) mode for acquisition, they did not affect quantification in 

experimental samples. 
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An example of a peak assignation is depicted in Figure 6.5, showing the 

comparison between commercial D-ribose and experimentally synthesised 

ribose (this analytical method could not separate D and L isomers of a given 

sugar, but it is reasonable to assume that the D/L ratios of non-enzymatically 

synthesised sugars would be of 50% each). 
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Figure 6.4. A GC-MS peak assignation example. (a) GC-MS trace of a derivatised HPLC 

water sample (negative control) shows the early peaks corresponding to the derivatisation 

reagents (2.8‒3.1 min), as well as scattered peaks that appeared later corresponding to 

derivatisation artefacts. (b) MS spectrum of the peak at retention time 3.1 min. (c) Example 

of NIST-14 Mass Spectrometry library usage where the spectrum from (b) is attributed to N-

methyl imidazole with a probability of 98.6% (black square). The red spectrum corresponds 

to the NIST-recorded spectrum of commercial N-methyl imidazole; the blue one corresponds 

to the peak experimentally found at 3.1 min. 
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c 
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The retention times of the commercial standards of all sugars assessed is 

shown in Table 6.1. This analytical method was not suitable for C2 sugars, as 

the derivatised product of glycolaldehyde (C2) was not detected, even as a 

commercial standard. 
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Figure 6.5. GC chromatograms and mass spectra comparison between formose reaction 

product eluting at 6.46 min (a-b) and D-ribose standard (500 µM) (c-d). Peak eluting at 6.46 

min (±0.07 min) was assigned to ribose (black arrows) due to the coincident retention times 

and fragmentation patterns of the reaction product and standard. 
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Table 6.1. GC retention times of commercial standards of sugars. 

Compound (C atoms) Retention time (min) 

Glyceraldehyde (3C) 4.47 

Erythrose (4C) 5.65 

Deoxyribose (5C) 6.02 

Ribose (5C) 6.47 

Arabinose (5C) 6.51 

Lyxose (5C) 6.51 

Xylose (5C) 6.56 

Myo-inositol (IS) (6C) 6.82 

Fructose (6C) 7.25 

 

 

The ratio of the peak area of the analyte to the internal standard (myo-inositol) 

was routinely calculated for quantification purposes in order to improve data 

reproducibility. Due to time constraints, not all sugars were systematically 

quantified using the GC-MS setup; the quantified sugars were glyceraldehyde, 

erythrose and ribose. Only trace amounts of deoxyribose were found 

experimentally and, because the integrated experimental areas were smaller 

than the analytical quantification limit, it was not quantified (Table 6.2). Amongst 

the aldopentoses (containing an aldehyde group, not a ketone) analysed, ribose 

was successfully separated from the other diastereomers (arabinose, lyxose 

and xylose). In all these experiments, ribose constituted roughly ¼ of all 

aldopentoses, as expected. 

 

Ketoses (sugars containing a ketone group) could not be quantified using this 

method since some of their derivatisation products were shared with those from 

some others. For instance, fructose, which is a ketopentose, yielded two 

overlapping peaks corresponding to mannitol and glucitol when derivatised. 

This is due to the fact that when a ketone group is reduced, two possible 

isomers are produced depending on which side of the carbonyl plane the 

nucleophile (acetic anhydride) attacks from. This is not an issue for 

quantification, as the integrated areas could be calculated and treated as one; 

the problem is the interference with glucose, which is also a product of the 

formose reaction. Glucose is an aldohexose that, when reduced, also yields 
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glucitol, which would be quantified together with the fructose reduction 

products, thus hindering quantification of the latter. Following this logic, a 

ketopentose, such as ribulose (5C), would yield the same peak as ribose (an 

aldopentose). The fact that ketoses could not be quantified independently 

during this first set of GC-MS experiments helps explain the results of the 

experiments that were analysed using the LC-MS (Section 6.2.2); this will be 

discussed in detail later (Section 6.3). 

 
Table 6.2. Calibration curves for sugar standards (50 nM - 1 mM). 

Compound Linearity Lower limit of quantitation r2 

Glyceraldehyde As/Ai = 4223.9c + 0.1072a 1 µM 0.999 

Erythrose As/Ai = 6241.5c + 0.0349 0.5 µM 0.999 

Deoxyribose As/Ai = 7793.1c - 0.0188 0.5 µM 0.996 

Ribose As/Ai = 7318.5c + 9x10-5 0.1 µM 1 
aAs/Ai: peak area ratio of the analyte to the internal standard; c: concentration in µM 

 

Figure 6.6 shows the first quantification data acquired for a formose reaction. 

The experimental conditions were the following: 0.5 M formaldehyde, 0.16 M 

Ca(OH)2, 0.16 M CaCO3, 60 mL reaction volume, 60 °C, and initial pH = 12.3. 

Due to recurrent problems with the GC-MS instrument, these data only 

represents one experimental run, so exact quantification values should not be 

taken into account; instead, these results suggest that individual (monomeric) 

sugars can indeed be synthesised by the formose reaction, and that they are 

maintained as such for a long time (5 days) under cooler conditions (which, as 

discussed, hydrothermal vents provide). The maximum yield of ribose was of 

only 0.06%. Note that this, which seems minor, is only one of the multiple 

sugars synthesised by a large set of reactions, which are commonly simplified 

(misleadingly) as a single reaction pathway. 

 

5 HCHO (formaldehyde, 30.03 g/mol)              C5H10O5 (ribose, 150.13 g/mol)  

Initial formaldehyde: 0.5!"#$%! ! 30.03 !
!"#  ! 0.06 ! = 0.9009 !"#$% 

Final ribose: 60.35 µ!"#$%!  ! 1 !"#
!!! !!"#$%  ! 150.13 !

!"#  ! 0.06 ! = 0.00054 !"#$%  
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( !.!!!"# !"#$% !"#$%&
!.!""! !"#$%&'"$#()*!!"#) ! 100 = 0.06 % of initial formaldehyde transformed into 

ribose. 

 

 
 

A high initial pH of around 12.3 was necessary for this reaction since reducing 

the initial pH to 10, either by using lower concentrations of CaCO3/Ca(OH)2 or 

titrating the pH using HCl, lowered the yield of sugars by 10-fold (not shown). 

Furthermore, the addition of boron (Furukawa et al., 2013; Holm et al., 2006; 

Ricardo et al., 2004) has been associated in the literature with the funnelling of 

the formose reaction towards pentoses but, in our hands, it had no such effect 

(not shown). 

 

 

 

Figure 6.6. Change in concentration of formose reaction products over 120 h. The shaded 

area (5–120 h) represents the reaction mixture left at ambient temperature (20 °C), whilst the 

unshaded area represents the reaction mixture at 60 °C. N=1. 
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6.2.2  AcP addition to the formose reaction 

6.2.2.1 Initial tests using GC-MS analysis 

 

AcP was added to the formose reaction in order to test the predictions made by 

Mellersh & Smith (2010). Undergraduate student Hebe Wildi performed these 

initial exploratory tests under my supervision. We decided to use commercial 

AcP in order to eliminate the potential effects of the high phosphate and acetate 

concentrations that the prepared AcP could have. Due to the high cost of 

commercial AcP, the reaction volume was reduced to 2 mL for these 

experiments. Volumes of 800 µL of 1.5 M AcP were added to the formose 

reactions when applicable, giving a final AcP concentration of 400 mM. AcP 

solutions act as a strong buffer (around pH 7) so, once AcP was added the pH 

of the reaction had to immediately be titrated up using 5 M NaOH 

(approximately 200 µL). So, adding AcP to a formose reaction changed its final 

volume (to 3 mL), and its pH (albeit just for a few seconds). In order to ensure 

that these two factors did not affect the outcome of these experiments (and that 

any changes measured were due only to the chemical properties of AcP), every 

time that AcP was added to a formose reaction, a set of control reactions were 

also performed: (i) an unaltered formose reaction whose reaction pH was 

monitored in order to adjust the pH of all the other experimental reactions 

accordingly; and (ii) a formose reaction where AcP was not added (nor the 200 

µL of 5 M NaOH), but the same volume of HPLC water (to a total of 3 mL) was 

added in order to mimic the dilution effect that the addition of AcP (plus 

subsequent titration) had on the experimental reactions. The addition of HPLC 

water to the second type of control experiments did not alter the reaction pH so, 

their pH never had to be adjusted. Therefore, when assessing the effect of the 

addition of AcP to a formose reaction, these results will always be compared to 

the corresponding control reaction. 

 

In the first experiments, AcP was added immediately (time 0) but this seemed to 

prevent the formose reaction from beginning at all, and no sugars could be 

detected at any point during the next 5 hours (not shown), even after titrating 

the pH immediately back to 12.5. This presumably reflects the fragility of the 

formose reaction during its first minutes, when formaldehyde needs to act as a 
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nucleophile (whilst not being a good one); it is conceibable that the addition of a 

large amount of AcP provides better nucleophiles, so that the reaction cascade 

between formaldehyde molecules never starts.  

 

Figure 6.7 shows the results from the first set of experiments in which AcP was 

added after 30 minutes of reaction (black arrow). In these control formose 

reactions (Figure 6.7, dashed lines) the yields for each sugar quantified are 

about 6 times greater than those shown in Figure 6.6; not just that, but the 

overall reaction dynamics are slower in Figure 6.6, reaching the maximum yield 

of ribose at 5 h (rather than at 1 h as in Figure 6.7). These discrepancies most 

probably reflect the change in the reaction volume (from 60 mL to 3 mL); the 

high volume of 60 mL would be completely heated up to 60 °C considerably 

slower than only 3 mL, therefore slowing down the whole reaction cascade did. 

Remarkably, the maximum yield of each sugar quantified was considerably 

higher when AcP was added to the reaction (Figure 6.7, solid lines). The 

increase in maximum yield was of 2.7-fold in the case of glyceraldehyde, of 3.3-

fold in the case of erythrose, and of 5.24-fold in the case of ribose. So, not only 

all the maximum yields increase, but also there seems to have been an AcP-

mediated selective effect, with ribose concentration being preferentially raised. 
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These results seemed to be in line with what Mellersh & Smith (2010) had 

predicted: that the addition of a phosphorylating agent would funnel the formose 

reaction towards pentose sugars. Unfortunately, due to continuous instrumental 

problems with the GC-MS apparatus, the analytical method had to be changed. 

This setback offered the opportunity to test for the presence of sugar 

phosphates (putatively phosphorylated by AcP) since the GC-MS analytical 

method was not suitable for the analysis of sugar phosphates. 

 

 

 

Figure 6.7. Quantification of formose reaction products ribose (5 carbon), erythrose (4 

carbon) and glyceraldehyde (3 carbon) over 5 hours of reaction (0.5 M formaldehyde, and 

0.167 M Ca(OH)2 
and CaCO3, at 60 °C). Dashed lines show control formose reactions; solid 

lines show experimental runs in which AcP was added to the reaction. The black arrow 

indicates the point of AcP addition (400 mM). The graph insert shows the pH of the reactions. 

The pH of the experimental reactions was maintained accordingly to the pH of the control 

reactions. N=2 ±SD. Data provided by Hebe Wildi under my supervision. 
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6.2.2.2 Later tests using HPLC-UV analysis 

 

Some time later, professor Nick Lane’s research group purchased a new HPLC 

instrument (Agilent 1260 Infinity II) and, together with sporadic Thermo LTQ LC-

MS tests, this allowed for the reprisal of the formose reaction experiments. The 

change in analytical method was a setback time-wise, but also allowed for a 

deeper study of the AcP-mediated changes on the formose reaction. For 

instance, sugar phosphates were hard to quantify using the GC-MS setup since 

both their volatility and ionisation efficiencies were negligible, and thus the 

detection of putative AcP-synthesised sugar phosphates during the formose 

reaction was never successful on the GC-MS. As discussed in Chapter 5, AcP 

is a strong acetylating agent and, even though acetylated molecules are very 

GC-MS-friendly, because the derivatisation for GC-MS analysis consisted in 

acetylating the hydroxyl groups of sugars, it would have been virtually 

impossible to differentiate between experimental acetylations produced by AcP 

and acetic anhydride-mediated acetylations produced by the derivatisation 

procedure. The derivatisation method for HPLC-UV and LTQ LC-MS is 

described in Section 2.1.5 of Chapter 2; suffice to say here that it involved the 

derivatisation of sugars using 3-amino 9-ethylcarbazole (AEC) as in the AcP-

mediated ribose phosphorylation experiments (Section 4.2.2, Chapter 4), with 

the addition of a N2-based drying of the samples prior to derivatisation, which 

allowed for the complete removal of formaldehyde (which is volatile and was 

present in high concentrations within the formose reaction samples and would 

have interfered with the derivatisation using AEC). 

 

In order to ensure that N2-drying would remove the formaldehyde from the 

formose reaction samples two experiments were performed. The (i) first 

consisted of assessing the percentage of formaldehyde removed after the 

drying (and later rehydration) process. A total of 10 samples consisting of 80 µL 

of 1 mM formaldehyde were prepared; 5 of them were completely N2-dried (for 

22 min) and rehydrated with 80 µL of water, whilst the remaining 5 were kept 

capped in the fridge as controls. All 10 samples were then derivatised and 

analysed on the GC-MS instrument as detailed in Section 2.4.6 of Chapter 2. 

The integrated areas of each group were averaged and their comparison 
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showed that only 8.16% of the initial formaldehyde was present in the samples 

that were N2-dried, so that a 91.83% was removed. The (ii) second test 

consisted of assessing whether some sugars could be lost during the N2-drying 

process (this should not happen as sugars are barely volatile, but it was worth 

checking in case they experienced unexpected reactions during the 

dehydration-rehydration process). A total of ten 80 µL aliquots of 1 mM of both 

commercial ribose and commercial ribose 5-phosphate were prepared. Five 

samples of each sugar were N2-dried (for 22 min) and then rehydrated, whilst 

the remaining five were kept capped in the fridge as controls. Then, all 20 

samples were derivatised and analysed on the HPLC-UV instrument as 

explained in Sections 2.1.3 and 2.4.4 of Chapter 2 respectively, and the 

integrated areas were compared with the respective controls. The results were 

that 97.23 % of initial ribose, and 95.66 % of initial ribose 5-phosphate were 

recovered after the drying process. In conclusion, the results of both tests were 

satisfying: most formaldehyde was being removed during the drying, whilst the 

sugars and sugar phosphates remained intact, so the experiments on the effect 

of the addition of AcP on the formose reaction moved on. 

 

As usual, calibration curves were prepared in triplicate for each sugar (Table 

6.3); an example of a calibration curve is shown in Figure 6.8. Commercial 

fucose was again used as an external standard. Because no sugar phosphates 

could be detected in any formose reaction samples, neither by HPLC-UV or 

LTQ LC-MS, calibration curves for them were not prepared (see below). 

 
Table 6.3. Calibration curves for HPLC-UV quantification (1 µM - 2 mM). 

Compound Linearity Lower limit of quantitation r2 

Glyceraldehyde As/Ai = 0.0015c – 0.024a 1 µM 0.9980 

Erythrose As/Ai = 0.0014c – 0.001  1 µM 0.9998 

Ribose As/Ai = 0.0021c + 0.0014 1 µM 0.9999 

Glucose As/Ai = 0.002c – 0.0062 10 µM 0.9997 
aAs/Ai: peak area ratio of the analyte to the external standard; c: concentration in µM 
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An example of the HPLC chromatograms for the 8 sugar and sugar phosphate 

standards, and a real formose reaction sample is shown in Figure 6.9. 
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Figure 6.8. Calibration curve (1-2000 

µM) for commercial ribose, corrected 

using fucose as external standard (y 

axis). N=3 ±SD. 

 

Figure 6.9. HPLC-UV chromatograms of: (a) a mixture (250 µM) of 8 sugar standards 

(glucose 6-phosphate, 9.035 min; ribose 5-phosphate, 9.968 min; erythrose 4-phosphate, 

10.996; glyceraldehyde 3-phosphate, 11.583; glucose, 18.153; ribose, 19.864; erythrose, 

25.052; glyceraldehyde, 39.237). (b) A formose reaction sample (0.5 M formaldehyde, and 

0.167 M Ca(OH)2 
and CaCO3, at 60 °C) after 1 hour of reaction. 
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A series of formose reaction experiments were performed in order to (i) repeat 

the results from Figure 6.7, and to assess the individual effects of (ii) AcP-

mediated chemistry on the reaction, and of (iii) the effect of pH changes during 

the addition of AcP; these results are shown on the four graphs of Figure 6.10. 

When adding AcP at 30 minutes of reaction and adjusting the pH of the vials 

where AcP was added throughout, the result was a markedly different reaction 

profile overall (Figure 6.10a, solid lines). The whole reaction seemed to proceed 

slower, with sugars peaking at later reaction times compared with the controls 

(Figure 6.10a, dashed lines). The maximum yields of glyceraldehyde, erythrose 

and ribose marginally increased, whereas that of glucose decreased. A striking 

effect of the addition of AcP was that high concentrations of ribose were 

maintained during 5 hours whereas the concentration of the other sugars 

quickly collapsed. In order to assess the effect of the reaction pH, the same 

experiments were repeated but this time, the pH of the reactions where AcP 

was added were only adjusted (according to the pH of the control reactions) 

right after the addition of AcP (at 30 minutes) but left un-titrated thereafter 

(Figure 6.10b). The result was that the reaction profile slowed down even more, 

with maximum yields of glyceraldehyde and erythrose at 3 hours, and ribose 

peaking at 5 hours (and potentially kept growing thereafter); the effect on 

glucose was also positive, but much more modest. Looking at Figure 6.10b, it 

seems clear that the reaction pH played a role in slowing down the formose 

reaction, and allowing for the accumulation of intermediate sized sugars (C3-4), 

such as those tested.  

 

The measured slowdown of the synthesis of ribose shown in Figure 6.10a-b 

could also be explained by the differing ionic strengths present between the 

experimental and control formose reactions. The addition of AcP (charged at 

high pH, and added as a Li+/K+ salt) increases the ionic strength of the reaction, 

an effect that could not be controlled by the addition of the same volume of 

water in the control reaction. Higher ionic strength could have slowed down the 

rate of ribose phosphorylation because the additional charged species interact 

with charged AcP, thus reducing the chances of AcP productively colliding with 

ribose. In order to elucidate whether ionic strength played a role in the observed 

effect, a series of control formose experiments with the addition of salty water 
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should be performed. To this end, a range of aqueous solutions with 1-800 mM 

NaCl in order to mimic the addition of AcP ionic strength-wise should be used 

(400 mM of AcP implied 400 mM of both K+ and Li+ ions). If the addition of high 

concentration of salt were to decrease the rate of ribose phosphorylation this 

would strongly suggest that, at least partially, the effect of the addition of AcP to 

the formose reaction could be explained by the modification of the ionic strength 

of the solution. 

 

When 400 mM of AcP were added to a formose reaction vial, the reaction pH 

dropped down to 8.5 for around 30 seconds, which is the time it took to titrate it 

back up according to a control reaction performed alongside (and where the 

same volume of HPLC water had been added). In order to make sure that this 

brief drop in pH was not responsible for the effects observed in Figure 6.10a-b, 

the same experiment was repeated but, this time, no AcP was added (the same 

volume of HPLC water was added instead), and the pH of the reaction was 

artificially titrated down for 30 seconds using HCl (5 M), mimicking the effect of 

AcP addition, followed by a titration up to 11.5 (using 5 M NaOH), as it was 

done when adding AcP (Figure 6.10c). The difference in pH changed the 

reaction profile only marginally: the concentration of each sugar was maintained 

slightly higher for longer periods, but the yield peaks for each sugar remained 

the same as the control reaction. These results support the interpretation that 

the effects seen in Figure 6.10a-b reflect a chemical AcP-mediated effect on the 

formose reaction, rather than just a pH-related effect linked to its addition. In 

order to make sure that the results shown in Figure 6.10c were not due to the 

specific usage of HCl, this experiment was repeated using phosphoric acid (5 

M) instead (Figure 6.11a). When using phosphoric acid instead of HCl the 

results were basically identical, reinforcing the interpretation that the 

phenomena observed in Figure 6.10a-b were due to the chemical reactivity of 

AcP and not its buffering effect. Finally, another experiment, leaving the 

reaction totally un-titrated after the addition of AcP (instead of titrating it right up 

to 11.5) was preformed (Figure 6.11b). As expected, the results indicated that 

the formose reaction slows down and then stops when the pH drops below 8.5. 
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Going back to Figure 6.10, the effect of the addition of AcP after 1 hour of 

reaction (instead of at 30 minutes) was also tested (Figure 6.10d). As expected, 

before the AcP addition there were no differences between experimental and 

control runs. Afterwards, the concentration of each sugar was similar to each 

respective control, again with the striking exception of ribose, whose 

concentration declined only slowly over 5 hours. 

 

In conclusion, the reaction pH did slow down the formose reaction in an 

inversely proportional fashion, and affected each sugar equally. In contrast, the 

addition of AcP seemed to preferentially boost the ribose concentrations. This 

effect could be achieved through promoting its synthesis, inhibiting its further 

polymerisation into bigger sugars, promoting the retro-aldol breakdown of larger 

sugars yielding ribose, or a mixture of these effects. Interestingly, apart from the 

experiment shown in Figure 6.10b (where reaction pH was not corrected for), no 

experimental treatment increased the yield of ribose compared with the control 

reaction – a striking difference to the earlier results using GC-MS performed by 

Hebe Wildi under my supervision (previous sub-Section). This discrepancy is 

discussed in detail in Section 6.3 of this Chapter. 

Figure 6.10. Quantification of formose reaction products glucose (6 carbon), ribose (5 

carbon), erythrose (4 carbon) and glyceraldehyde (3 carbon) over 5 hours of reaction (0.5 M 

formaldehyde and 0.167 M Ca(OH)2 
and CaCO3, at 60 °C). Dashed lines show control 

formose reactions; solid lines show experimental runs. Black arrows indicate the point 

of  AcP addition (400 mM). Graph inserts show the pH of each reaction; dashed lines 

indicate pH of controls if different from experimental reactions. (a) Formose reaction with the 

addition of AcP after 30 minutes of reaction; the reaction pH was maintained as in the 

control reaction. (b) Formose reaction with the addition of AcP after 30 minutes of reaction; 

the pH was titrated immediately after the AcP addition only. (c) Formose reaction where the 

pH was titrated down (with 5 M HCl) mimicking the effect of the addition of AcP; no AcP was 

added. (d) Formose reaction with the addition of AcP after 1 hour of reaction; the reaction 

pH was maintained as in the control reaction. All ‘reaction pH’ graph inserts should 

technically reflect a 30 seconds pH dip for each experimental run as shown in Figure 6.11a; 

this is not shown here for clarity. N=3 ±SD. 
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Figure 6.11. Quantification of formose reaction products over 5 hours of reaction (0.5 M 

formaldehyde and 0.167 M Ca(OH)2 
and CaCO3, at 60 °C). Dashed lines show control formose 

reactions; solid lines show experimental runs (this also applies for graph inserts showing 

reaction pH). The black arrow indicates the point of  AcP addition (400 mM). (a) Formose 

reaction where the pH was titrated down (with 5 M H3PO4) mimicking the effect of the addition of 

AcP; no AcP was added. (d) Formose reaction with the addition of AcP after 30 min of reaction; 

the reaction pH was not titrated at any point. N=3 ±SD. 
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6.2.2.3 Final tests using LC-MS analysis 

 

The experiments on the addition of AcP to the formose reaction analysed using 

the HPLC-UV setup yielded interesting data, but the depth of information that a 

UV detector can provide is rather limited. Due to this, further exploratory tests 

were planned on the LTQ LC-MS setup. The samples were N2-dried in order to 

eliminate formaldehyde, derivatised and purified as explained in the previous 

Section for HPLC-UV analysis; the LC-MS analytical conditions are detailed in 

Section 2.4.5 of Chapter 2. Due to time constraints, no quantification was 

attempted for these experiments. Figure 6.12 shows a chromatogram for each 

non-phosphorylated (Figure 6.12a) and phosphorylated (Figure 6.12b) sugars 

analysed using this method. 

 

 

a 

b 

Figure 6.12. LC-MS chromatograms of (a) 4 commercial sugar 

standards (1 mM): glucose (7.6 min), ribose (8.2 min), erythrose (10.2 

min), glyceraldehyde (11.82 min); and (b) 4 commercial sugar 

phosphates standards (500 µM): glucose 6-phosphate (3.99 min), 

ribose 5-phosphate (4.34 min), erythrose 4-phosphate (4.73 min), 

glyceraldehyde 3-phosphate (4.94 min). Peak at 16.8-16.96 

corresponds to the derivatisation reagent (AEC). 
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Note that in Figure 6.12 the retention time of the derivatisation reagent (AEC) 

was not the same in both chromatograms. These discrepancies were mostly 

due to different research groups using the instrument: over time, the usage of 

different solvents and not thoroughly purified samples generated a random drift 

in the retention times of analytes. This was the main reason for performing the 

quantification of the formose products using our HPLC-UV instrument (Section 

6.2.2.2) as, even though the information it yielded was limited, the instrument 

was under our daily supervision and was kept in perfect state. In order to 

quantify this drift, a solution containing 250 µM of commercial ribose was 

derivatised and analysed 15 times; the resulting peaks had a mean retention 

time of 8.115 minutes ±0.101 SD. There were relatively large peaks appearing 

from minute 34 onwards (Figure 6.12a), corresponding to unidentified 

contaminants adsorbed into the chromatography column; despite its thorough 

cleaning, these always appeared in every chromatogram, probably contributing 

to the moderate retention time drift. 

 

Examples of chromatograms for a control formose reaction, and formose 

reactions where AcP had been added at minute 30, and 60 are shown in Figure 

6.12. Despite using different analytical instruments and a different 

chromatographic column (albeit both being C18-based), both control formose 

reactions from Figure 6.9b and 6.13a are remarkably similar. The identification 

of the peaks was performed by comparison with the retention times of 

commercial standards and with their MS-MS fragmentation patterns. When AcP 

was added after 30 minutes of reaction (Figure 6.13b), the peaks corresponding 

to the four non-phosphorylated sugars were smaller than in the control 

chromatogram, with the exception of glyceraldehyde (Figure 6.13a); this fits with 

the quantification data shown in Figure 6.10a-b. Interestingly, two new peaks 

appeared with the addition of AcP at 30 minutes: one with a mass of 299.29 

m/z, and another with a size of 329.31 m/z (see below). In contrast, when AcP 

was added after 1 hour or reaction (Figure 6.13c), the resulting peak distribution 

was more reminiscent of the control reaction (Figure 6.13a) with a few 

additions: two peaks with a mass of 359.2 m/z, and again peaks with a mass of 

329.31 and 299.29 m/z. 
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None of the expected phosphorylated sugars (Figure 6.12b) appeared in any of 

the samples where AcP was added (Figure 6.13). The presence of acetylated 

sugars was also tested for even though commercial standards are not available 

for most (e.g. 436.14 m/z for mono-acetylated erythrose), but none of the 

predicted masses were observed either. Tetra-acetylated ribose was 

commercially available (513.2 m/z), but its derivatisation product could not be 

chromatographically observed using this analytical method (not shown). 

 

The peaks corresponding to 299.29 and 329.31 m/z did not match up with the 

mass of any derivatised sugars (the putative masses of the un-derivatised 

molecules should be between 100 and 200 m/z). Interestingly, these peaks only 

appeared when AcP was added to the formose reaction, which suggested that 

the un-derivatised parent molecules were a result of the reaction between AcP 

and a formose reaction product. The only two possible masses for the un-

derivatised molecules are of 104.05 m/z and 134.06 m/z each; these masses 

can only conceivably correspond to mono-acetylated ethylene glycol and 

glycerol respectively (Figure 6.14). The masses of other conceivable un-

derivatised parent molecules, such as phosphorylated or (mono/poly)acetylated 

small sugars (e.g. glycolaldehyde or glyceraldehyde) did not match the 

experimentally determined masses. Ethylene glycol and glycerol are the 

products of the reduction of glycolaldehyde and glyceraldehyde respectively; 

this reduction is known to occur in the Cannizzaro reaction, which is a base-

induced disproportionation of aldehydes (Figure 6.14). The Cannizzaro reaction 

is well known to take place during the formose reaction, and is mainly 

responsible for the pH drop that the reaction undergoes naturally, as it 

Figure 6.13. Full scanned LC-MS chromatograms of formose reaction (0.5 M formaldehyde 

and 0.167 M Ca(OH)2 
and CaCO3, at 60 °C) samples after 90 minutes of reaction. (a) 

Control formose reaction without the addition of AcP. The blue oval highlits the lack of a 

dihydroxyacetone signal. (b) Formose reaction with the addition of AcP after 30 minutes of 

reaction. (c) Formose reaction with the addition of AcP after 60 minutes of reaction. The pH 

of the experimental reactions (b-c) was titrated according to the pH of the control one. Peaks 

labeled as ‘isomers’ present the same mass as the labeled isomer (e.g. ribose), but not its 

retention time. When no commercial standard was available for a given putative molecule 

(see text), the corresponding peak is labeled with just its mass. 
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generates formic acid from formaldehyde with up to 40% efficiency (Kopetzki & 

Antonietti, 2011). 

 

 
 

Probably, the most striking feature of Figure 6.13 is the large peak with a mass 

of 345.2 m/z (Figure 6.13b), which is exactly the mass of ribose (and its 

Figure 6.14. Proposed reaction pathways from the formose reaction 

products glycolaldehyde and glyceraldehyde leading to the 

experimentally measured masses of 299.29 and 329.31 m/z 

respectively. Other chemically possible precursor molecules, such as 

acetylated glycolaldehyde (102.03 Da) would give rise to masses 

(297.15 m/z) not corresponding to those observed experimentally. 
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isomers). The corresponding precursor molecule could not be ribose since, as 

shown earlier, it presented a very different retention time (more than 2 minutes 

apart). In order to assess what molecule the peak at 10.99 min was, 500 µM 

solutions of the commercial diastereomers of ribose (xylose, arabinose and 

lyxose), as well as the ketopentose ribulose, were prepared and analysed 

(Figure 6.15). 

 

 
 

The data shown in Figure 6.15a-b strongly suggests that the 345.2 m/z signal 

detected when AcP was added to the formose reaction was added after 30 

minutes (Figure 6.13b) corresponded to ribulose (a ketopentose). It is 

a b 

c d 

Figure 6.15. LC chromatograms and MS spectra of commercial (a) ribulose (345.29 m/z), 

(b) experimental signal attributed to ribulose (345.29 m/z), (c) a mixture of commercial 

xylose, arabinose and lyxose (both peaks with a mass of 345.29 m/z), and (d) commercial 

dihydroxyacetone (285.28 m/z). 
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impossible that this signal at about 11 minutes corresponds to any of the 

isomeric aldopentoses of ribose (xylose, arabinose and lyxose), since the 

retention time of their combined two peaks was of 8.13-8.83 minutes (Figure 

6.15c). The signal from commercial dihydroxyacetone (DHA) showed a 

retention time of 14.3 minutes, which was not detected in any of the 

chromatograms shown in Figure 6.13 (blue circle). It is noticeable that the 

retention times of both commercial (Figure 6.15a) and experimental (Figure 

6.15b) ribulose (11.21 vs 10.96 min), and of commercial (Figure 6.15c) and 

experimental (Figure 6.13a,c) aldopentose isomers of ribose (8.13-8.83 vs 8.04-

8.71 min) were not completely coincident. As explained earlier, these small 

discrepancies are caused by random retention time drifts of the instrument, and 

are within the expected range. The identity of these peaks was further 

reinforced by the perfect coincidence in the masses of their molecular ions 

(Figure 6.15a-c, lower cells). 

 

 

6.3  Discussion 

 

Looking at all the data presented in the previous Section, it is clear that the 

formose reaction constitutes a plausible prebiotic source of sugars under 

simulated alkaline hydrothermal vent conditions. None of the formose reactions 

performed developed a dark colour or a tarry texture, which is associated with 

the synthesis of large (and often ramified) sugars. Kim et al. (2011) showed that 

the development of a tar occurs when all initial formaldehyde has been used; 

taking this into account, even though the amount of formaldehyde in each 

sample was not quantified, it is safe to assume that the formose reactions 

performed never exhausted the formaldehyde ‘fuel’. From this perspective, it is 

tempting to think that this represents a laboratory artefact, and that in a natural 

environment the initial concentration of formaldehyde would have been lower, 

which would get depleted rather quickly, resulting in the reaction yielding mostly 

the classical biologically useless tars. This may not have been the case, 

however, if the thin semiconducting Fe(Ni)S mineral walls of Hadean alkaline 

hydrothermal vents catalysed the reduction of CO2 into formaldehyde (Lane, 

2014; Martin & Russell, 2007; Martin et al., 2008; Russell et al., 2014; Sojo et 
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al., 2016). This would continuously do so (as long as the vent is active), 

constantly supplying the nascent proto-metabolic network with fresh reactants. 

 

As expected, the addition of AcP to the formose reaction altered its products 

qualitatively and quantitatively. The early experimentation using GC-MS 

analysis showed that indeed the addition of AcP to the formose reaction (whilst 

controlling for the changes in volume and pH that it entailed) altered the 

production of sugars. When AcP was added initially (0 minutes), the reaction did 

not produce any sugars at all. With the addition of AcP after 30 minutes of 

reaction, the yield of all sugars increased, with ribose experiencing the largest 

amplification (Figure 6.7). As explained earlier, the experiments using GC-MS 

had to be abandoned due to problems with the chromatographic column, so the 

next set of experiments were analysed using HPLC-UV. 

 

Using the HPLC-UV setup, it was observed that the control formose reaction 

runs (Figure 6.10a-d, dashed lines), showed distinct sugar patterns to those 

from previous experiments using the GC-MS setup (Figures 6.7): ribose was 

now the sugar with the higher yield (without the addition of AcP), but only after 1 

hour of reaction; at 30 minutes glyceraldehyde was the most prominent sugar 

but with modest yields. Erythrose followed the same pattern as in the 

experiments analysed with GC-MS: modest yields and peaking at 1 hour of 

reaction. Glucose, a C6 sugar, was quantified for the first time, and its pattern 

was similar to that of ribose, but with decreased yields throughout. These 

differences probably reflect the analytical method used: when analysed using 

the GC-MS setup, the samples were derivatised by acetylation, which was 

preceded by a reduction of the aldehyde group using NaBH4. Commercial 

ribose was used as such (aldehyde form) when generating calibration curves, 

but erythrose and glyceraldehyde were purchased as erythritol and glycerol 

respectively, as done in relevant literature (Kopetzki & Antonietti, 2011). It is 

possible that the reduction step of the derivatisation protocol did not present 

100% efficiency and thus, the sugars which were purchased as such (and not 

as already-reduced polyalcohols), such as ribose, were infraquantified 

systematically, yielding the reduced ribose yields seen in Figure 6.7 (red 

dashed line). Finally, the data shown in Figure 6.7 represents only a total of 2 
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repetitions, whereas the data shown in Figure 6.10 represents 9 independent 

experimental runs (where AcP was not added), conferring on the latter 

significantly higher credibility. The sugar yields in the control formose reactions 

shown in Figure 6.10c-d were about 20% higher than those in Figure 6.10a-b; 

this probably just reflected a random fluctuation in the reaction parameters 

since both sets were performed identically. These differences are not very 

important since both reaction profiles are almost identical (apart from the 

absolute yields), and each experimental run should be compared only to the 

control reactions performed alongside on the same day (which is the way it is 

displayed for each graph in Figure 6.10). Continuing with the HPLC-UV-

analysed samples, the addition of AcP at 30 minutes seemed to slow down the 

formose reaction overall, delaying the peak of maximum concentration for each 

sugar. Not only that, but ribose seemed to (again) be most affected by the 

addition of AcP compared to the other sugars (Figure 6.10a,b and d). It is clear 

that this was not just a pH-related effect, since all appropriate controls were 

performed (Figures 6.10c and 6.11a), strongly indicating that the observed AcP-

mediated effect was genuinely due to its chemical activity. Finally, a striking 

difference when comparing the data acquired using the HPLC-UV setup with 

the one analysed by GC-MS, is that no experimental treatment consisting only 

of AcP addition increased the maximum yields of ribose compared with the 

control reaction (Figure 6.10a and d), but instead seemed to boost its stability 

(or hinder its reactivity) over time; Figure 6.10b constitutes an exception since 

the addition of AcP was accompanied with lower reaction pH from 30 minutes 

onwards. All the aforementioned discrepancies were further clarified by studying 

the samples on an LC-MS setup. 

 

Using the analytical capabilities of the LTQ LC-MS setup, the results suggested 

that the main effects of AcP addition to the formose reaction occur via the (i) 

acetylation of reduced glycolaldehyde (ethylene glycol) and glyceraldehyde 

(glycerol), and (ii) via the promotion of the synthesis of ribulose. The chemically 

possible synthesis of phosphorylated and acetylated sugars was examined, but 

no signal was detected. Evidence of the synthesis of DHA (an important 

formose reaction intermediate) was also sought, but was unsuccessful. 



The formose reaction as a primordial source of sugars 

 192 

The combined results discussed in the previous Section suggest that AcP 

promoted the channelling of the formose reaction towards certain sets of 

products via acetylation and in a time-dependant fashion. The conveniently 

named formose reaction (Butlerow, 1861) is in reality a complexly reaction 

cascade with multiple autocatalytic cycles and competing branched side 

reactions (Breslow, 1959; Holm et al., 2006; Orgel, 2004). The first reaction of 

the formose reaction (the condensation of formaldehyde with another molecule 

of formaldehyde) is controversial, with some authors claiming that, because 

formaldehyde is such a poor nucleophile, the reaction rate is so slow that it 

basically does not happen, and that successful formose reactions in reality start 

with the condensation of formaldehyde with trace (down to 3 ppm) amounts of 

glycolaldehyde (2C) or glyceraldehyde (3C) (Kieboom & VanBekkum, 1984; 

Socha, 1980). This controversy has not been studied in this thesis, so the first 

reaction will be treated as a dimerization of two molecules of formaldehyde. 

Regardless, the controversy exemplifies how the early stages of the formose 

reaction (which are arguably the most important) are not fully understood. 

 

The results shown throughout Section 6.2 of this Chapter can be interpreted 

following the diagram shown in Figure 6.16. As just mentioned, the first reaction 

yielding glycolaldehyde is a slow one and helps explaining the slow pace of the 

reaction during its first 30 minutes. Once glycolaldehyde has been synthesised, 

it can follow three distinct pathways; obviously it could undergo other reactions, 

but for clarity, and because these putative reactions do not help explaining our 

results, these have not been taken into account. First, glycolaldehyde can 

undergo the well-known Cannizzaro reaction, yielding ethylene glycol and 

glycolic acid (which lowers the reaction pH). It is clear that AcP acetylated 

ethylene glycol (299.29 m/z peaks at 11.12 min in Figure 6.13b,c), which 

constitutes a poorly reactive molecule that tends to accumulate. With the 

addition of AcP, ethylene glycol becomes readily acetylated (in a similar fashion 

to glycine, as discussed in Chapter 5) and accumulates; this removes ethylene 

glycol from the equilibrium, which in turn would funnel more glycolaldehyde into 

the Cannizzaro reaction replenishing the lost ethylene glycol (Figure 6.16, 

green reactions). This interpretation explains why with the addition of AcP at 0 

minutes of the formose reaction, no sugars were formed at all; this probably 
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reflects that formaldehyde and/or glycolaldehyde were mostly funnelled towards 

their Cannizzaro products, bringing the reaction to a halt. 

 

 

Figure 6.16. Initial steps of the formose reaction cascade, highlighting the unproductive 

Cannizzaro reactions followed by AcP-mediated acetylations (green and violet), and the 

aldol condensations yielding ribose (red) and ribulose (blue). 
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The finding that AcP-mediated acetylation indirectly favoured the synthesis of 

glycerol (it was not detected, as the analytical method used was not suitable) in 

the formose reaction is as interesting one, which has implications for the 

research on the prebiotic synthesis of ancient biological membranes, as these 

often involve the synthesis of glycerolipids (esters of glycerol and fatty acids).  

 

In control formose reactions (without the addition of AcP), I observed ribose 

being synthesised plentifully (Figures 6.10 and 6.11, dashed lines). It is worth 

noting here that I could not differentiate whether only ribose was being 

synthesised (which is unlikely) when using the HPLC-UV setup, since ribose 

shared its retention time with its three aldo-pentose isomers (xylose, lyxose and 

arabinose). Therefore, I should technically be using the term aldopentose when 

referring to that data (which includes all four isomers), but for clarity I will use 

the term ‘ribose’ in this Chapter. As shown in Table 6.1, on the GC-MS setup 

the retention times of all 4 aldopentoses were different (with the exception of 

arabinose and lyxose), and in all the quantification attempts, the integrated area 

of ribose was roughly ¼ of the sum of all three peaks. This is an expected 

outcome since our experiments did not contained any known chiralgenic factor; 

it is then reasonable to assume that the expected ¼ ratio ribose/aldopentose 

found via GC-MS analysis applies to any formose reaction analysed. Returning 

to the control formose reactions: without the addition of AcP, glycolaldehyde 

would not be solely funnelled towards its Cannizzaro products, so the formose 

reaction advances normally, generating aldopentoses such as ribose, as only 3 

reactions are needed (Figure 6.16, red reactions); note that only small amounts 

of ribulose were synthesised under control conditions (small 345.2 m/z peat at 

10.99 min in Figure 6.13a), which involves a total of 5 reactions (Figure 6.16, 

blue reactions). 

 

With the addition of AcP at 30 minutes of reaction, a different reactivity 

landscape takes place. In these experiments the formose reaction was left 

unaltered during the first 30 minutes, which is enough time for glyceraldehyde 

to be synthesised (Figure 6.10a,b). Glyceraldehyde isomerises to its ketose 

form (dihydroxyacetone (DHA)) easily under alkaline conditions via a Ca2+-

mediated 1,2-hydride shift mechanism (Appayee & Breslow, 2014). DHA in turn 
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is a good nucleophile once it enolises (which is favoured at high pH) and thus it 

readily reacts; this would help explain why dihydroxyacetone was not detected 

(Figure 6.13, blue oval). DHA has been notoriously difficult to detect in similar 

studies (Kim et al., 2011), even though it is most definitely a required 

intermediate of the formose reaction (Appayee & Breslow, 2014; Deng et al., 

2013; Meinert et al., 2016). The enolised dihydroxyacetone can then 

nucleophilically attack glycolaldehyde, yielding ribulose. Conversely, the 

enolisation of glycolaldehyde (yielding an enediolate intermediate) and its 

subsequent nucleophilic attack onto formaldehyde is a very slow process 

(Mellersh & Smith, 2010). To recap, the addition of AcP after 30 minutes of 

reaction encounters a complex system where glyceraldehyde and 

dihydroxyacetone have already been synthesised in sizeable portions; then 

glycolaldehyde starts being funnelled towards its Cannizzaro products due to 

AcP-mediated acetylation. This AcP-mediated effect could conceivably force the 

remaining glycolaldehyde to be directed mostly towards the synthesis of 

ribulose instead of ribose (which would require glycolaldehyde to act as a 

nucleophile via its slow enolisation, an unflavoured reaction when under 

competition). This interpretation is further supported by the large (unreacted) 

glyceraldehyde peak observed when AcP was added after 30 minutes of 

reaction (Figure 6.13b), since it is required for the (now slower) synthesis of 

ribose.  

 

This (putatively indirect) AcP-mediated promotion of the synthesis of ribulose 

found experimentally would help explain two of the other phenomena, which 

were left unexplained earlier. First, it would help explain why when using the 

GC-MS analytical setup, the addition of AcP caused a substantial increase in 

the yield of ribose compared to the control reactions (Figure 6.7), but when 

using the HPLC-UV setup and controlling the reaction pH throughout (Figure 

6.10a) the maximum yield or ribose did not increase. The sample derivatisation 

protocol for subsequent GC-MS analysis involved a NaBH4-mediated reduction 

of any aldehydes and ketones present in the sample; thus, any ribose (aldose) 

and ribulose (ketose) synthesised would yield the same acetylated polyalcohol 

as a final derivative (pentol). In contrast, the derivatisation protocol for HPLC-

UV (and LC-MS) analysis derivatised ribose (and its aldose isomers) and 
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ribulose as separate molecules, and their retention times on the C18 column 

were different (8 and 11 minutes respectively). This means that the GC-MS-

acquired data shown in Figure 6.7 was representative of the added 

concentrations of ribose and ribulose, so the synthesis of ribulose promoted by 

AcP was seen as an increased ribose concentration; whilst HPLC-UV-acquired 

data represented ribose (or as explained earlier, it represents aldopentoses, 

with ¼ being ribose), and is independent of ribulose quantification. Second, the 

synthesis of large quantities of ribulose (and less ribose) when AcP was added 

after 30 minutes could help explain why the ribose peak in Figure 6.10 was 

delayed compared to the control reaction: the synthesis of ribose was indeed 

bypassed by the preeminent synthesis of ribulose delaying the peak but, over 

time, ribulose can isomerise into ribose easily at high pH (Appayee & Breslow, 

2014; Hamada et al., 2003; Yoshida et al., 2012), either through an enediol 

intermediate or hydride-shift mechanisms. Therefore, ribulose would effectively 

act as a mid-term reservoir of ribose, resulting in the measured stability of the 

ribose concentrations after its peak (Figure 6.10a), since the large ribulose 

reservoir would slowly but steadily replenish it. 

 

With the addition of AcP at 60 minutes of reaction, ribose also seemed to have 

its stability boosted (Figure 6.10d), this effect was not observed for the other 

quantified sugars. The experimental LC-MS chromatogram (Figure 6.13c) is 

remarkably similar to the control formose reaction one, but with acetylated 

Cannizzaro reaction products (329.31 and 299.29 m/z), and two new peaks 

appearing around the glucose ones with a mass of 359.2 m/z each. 

Coincidentally, a precursor molecule that matches this mass is the C6 

deoxysugar fucose and its isomers (precursor mass of 164.16 Da), which I had 

used in other experiments as external standard (but not in these since 

quantification was not attempted). With the information at hand, it is hard to 

envision how AcP could promote the synthesis of deoxysugars, such as fucose, 

but it is probable that with the addition of AcP at 1 hour, the formose reaction 

bottleneck around glycolaldehyde (Figure 6.16) had been already bypassed; 

this way the effects of AcP would be mostly on the chemistry of larger sugars 

(which were not quantified in this study) and effectively either promoted the 
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break down of these heavier sugars into ribose (by retro-aldol reactions), or 

hindered reactions that use ribose as a substrate to build larger sugars. 

 

During this Section, all the mechanisms proposed so far involve AcP-mediated 

acetylations since these have been detected experimentally (Figure 6.13). 

Despite this, I cannot dismiss the possibility that some of the AcP-mediated 

effects on the formose reaction occurred through phosphorylation, as proposed 

by Mellersh & Smith (2010); even though their proposed phosphorylations 

would have affected the reaction mostly by retention in the positively charged 

mineral surface of a vent. An intriguing possibility is that these phosphorylated 

intermediates would become so reactive that were readily depleted (as noted 

previously must have been the case for dihydroxyacetone); this way they would 

not be detected. It is worth noting though that this does not square well with the 

apparent long-term stability of ribose phosphate (Figure 4.9), a feature which 

presumably applies to the other sugar phosphates. It is possible that the 

reaction between a phosphorylated tetrose (e.g. erythrose 4-phosphate) with 

the enediolate of glycolaldehyde could yield a fucose isomer, which would yield 

a mass of 359.2 m/z (Figure 6.17); again, this is highly speculative since the 

putative phosphorylated intermediate was not detected. How this putative 

reaction would be related to the measured increase in ribose stability (Figure 

6.10d) remains unsolved. 

 

 
 

Figure 6.17. Reaction between the enediolate of glycolaldehyde and putative (AcP-

synthesised) erythrose 4-phosphate, yielding a fucose isomer and orthophosphate. 
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In conclusion, acetyl phosphate did indeed have an effect on the product palette 

resulting from the formose reaction, albeit possibly not through the 

phosphorylating mechanism proposed by Mellersh & Smith (2010). Admittedly, I 

did not test the effects of adding a positively charged metal surface to the 

reaction, which according to the authors, together with a moderate hydrothermal 

flow would wash out undesired products, those which are non-phosphorylated, 

and retain phosphorylated ones, this way promoting a biologically-reminiscent 

phosphorylated sugar cascade. A key question though, would be whether my 

findings are relevant for the research field, since the addition of AcP had 

interesting effects, such as promoting pentose abundance throughout the 

formose reaction, but these only presented biologically-interesting outcomes in 

a time-dependant manner (e.g. no sugars were formed when AcP was added at 

the very beginning). It is indeed hard to envision a way by which AcP is 

naturally added to the formose reaction some time after it has started and not 

before. As mentioned earlier, the natural layout of alkaline hydrothermal vents is 

intrinsically heterogeneous, with areas whose physico-chemical parameters are 

substantially different to some other. Taking this into account, it is possible to 

envision the synthesis of AcP taking place mostly in cooler and more neutral 

areas of the vent (its outer layers), whilst the formose reaction would 

predominantly occur within its inner layers (hotter and strongly alkaline); this 

way, AcP could be ‘delivered’ via thermal convection to the formose reaction in 

volumes and in a temporality that favours a biologically-synergetic outcome of 

the formose reaction. The rate at which the freshly synthesised AcP would be 

delivered to the formose reaction would basically depend on the physico-

chemical structure (which would have been randomly assembled) of that part of 

the vent. The biologically interesting synergism found experimentally in this 

study would then only occur in very specific areas of a vent, and would probably 

be completely impossible in other alkaline vents. The implied difficulty of having 

the right set of reactions happening in the right order, magnitude and time 

lapses may be hinting to why life seems to have only started once on Earth (that 

we know of); perhaps it was indeed the result of a rare combination of chemical 

reactions that needed a rather specific set of randomly-assembled conditions, 

which were rarely met. Of course, such a conclusion does not stem directly from 

these results, but would fit with my observations. Further experimentation on a 
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continuous-flow reactor simulating more realistically the interactions between 

AcP and the formose reaction is detailed in the Conclusions and future work 

Section of Chapter 7. 

 

 

6.4  Conclusions 

 

The formose reaction constitutes a plausible source of sugars under alkaline 

hydrothermal vents conditions. The synthesised sugars remained in their 

monomeric form for up to five hours and, under the experimental conditions 

tested, did not lead to biologically inert tars. The addition of AcP to the formose 

reaction resulted in an altered product range. Its addition at the very beginning 

of the reaction arrested it so that it never yielded sugars, whilst its addition later 

on (30 or 60 minutes) directed it towards the synthesis of pentoses. These 

effects seem to be mostly mediated by the acetylating properties of AcP, which 

are well studied in the literature (Di Sabato & Jencks, 1961a), and were 

experimentally corroborated during this project on other substrates such as the 

amino acid glycine. Acetylation is hardly a biologically conserved mechanism, 

unlike phosphorylation, so these results are somewhat disappointing. It is worth 

nothing that the fact that AcP remains bound to the active site of CODH/ACS in 

archaea (Bräsen et al., 2008; Schonheit et al., 2016) could be suggestive of 

acetylation causing problems in modern cells; this way, it is conceivable that 

acetylation played a larger role at the origin of life, but was reigned in after the 

switch to ATP. These acetylation-mediated effects could be inferred due to the 

detection of the acetylated early Cannizzaro products (ethylene glycol and 

glycerol) of the formose reaction; surprisingly, no acetylated sugars could be 

detected. AcP boosted the synthesis of ribulose when it was added at 30 

minutes, which seemed to act indirectly as a ribose reservoir since its 

isomerisation into ribose is base-catalysed. With the addition of AcP at 60 

minutes of reaction, the stability (or inertness) of ribose was promoted by a yet 

undefined mechanism; fucose (and its isomers), which is a C6 deoxysugar, was 

detected for the first time as a reaction product. 
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The initial aim of this study was to assess the validity of theoretical predictions 

on the putative effect of phosphorylation on the formose reaction (Mellersh & 

Smith, 2010). Albeit the possibility that the synthesis of deoxysugars (such as 

fucose) reflected AcP-mediated phosphorylations, this could not be 

corroborated since sugar phosphates could not be detected during this study. 

Admittedly, I used AcP because, as explained previously, is a very simple 

molecule that can be synthesised under hydrothermal vent conditions and it is 

still used by life today. The choice of AcP, which as extensively discussed does 

not only possess phosphorylating capabilities, means that I technically did not 

falsify Mellersh & Smith predictions, since they specifically proposed that it is 

the combined effects of phosphorylation plus the presence mineral surfaces 

that could direct the formose reaction into biologically interesting sugars. It 

would be indeed interesting to explore the effect of other purely phosphorylating 

prebiotic reagents, such as pyrophosphate or trimetaphosphate, on the formose 

reaction, with and without the presence of mineral surfaces.
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Chapter 7 

Conclusions and future work 

7.1  Conclusions and future work 

 

The aims of this project were to:  

 

1. Assess whether Fe(Ni)S minerals could have catalysed chemical 

reactions analogous to those of the acetyl CoA pathway and the 

incomplete reverse Krebs cycle, by acting as semiconducting barriers 

promoting redox reactions between reactants, whose reduction potentials 

could have been attuned by the steep natural pH gradients present at 

Hadean alkaline hydrothermal vents. The synthesised intermediate 

molecules would include thioacetate, which is conducive to the synthesis 

of AcP. 

 

2. Study whether AcP could have acted as a primordial non-enzymatic ATP 

analogue by promoting substrate-level phosphorylations on simple 

organics, such as ribose, adenosine and ADP, under simulated alkaline 

hydrothermal vent conditions. 

 

3. Evaluate whether similar non-enzymatic phosphorylations on small 

organics (AMP and glycine) would have been conducive to their non-

enzymatic condensation yielding oligomers under simulated alkaline 

hydrothermal vent conditions. 

 

4. Assess whether the formose reaction could have acted as a credible 

source of biologically important sugars, such as ribose, at Hadean 

alkaline hydrothermal vents; and appraise whether the addition of a 

phosphorylating agent (such as AcP) could have channelled it towards 

the synthesis of pentoses, as suggested in previous literature. 
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In this project I found that Hadean alkaline hydrothermal vents could indeed 

have promoted non-enzymatic reactions analogous to those (later catalysed by 

enzymes) in the acetyl CoA pathway and incomplete reverse Krebs cycle. I 

suggest that the initial reduction of CO2 to a methyl group proceeded via a 

Fischer Tropsch-type mechanism on the acid side of an Fe(Ni)S surface, 

followed by carbonyl migration and insertion (carbonylation) via a Koch-type 

mechanism. These endergonic reactions ought to be facilitated by pH 

differences between phases, which modulate the reduction potential of H2, CO2 

and Fe(Ni)S minerals such as mackinawite (Herschy et al., 2014; Sojo et al., 

2016; Wolthers et al., 2005). Similar hydrogenations and carbonylations, 

facilitated by natural proton gradients across Fe(Ni)S barriers, could in principle 

generate longer chain carboxylic acids (up to 6 carbons) via a prebiotic 

equivalent to the reverse incomplete Krebs cycle in methanogens.  

 

Whilst promising, these are of course theoretical predictions and experimental 

work to ascertain these claims is needed in the future. Current work on 

developing an open-flow Y-shaped microfluidics chip is underway in the Lane 

Lab. In the chip, each of the two branches of the Y-shaped channel supplies 

one of the two fluid phases (either alkaline outflow or acidic ocean), which meet 

in the middle channel and generate a thin Fe(Ni)S precipitate in-between both 

laminar flows. This device allows for a more precise control of the reaction 

parameters (pH, temperature, Fe(Ni)S mineral thickness, reduction potentials, 

etc.), which in turn helps defining the required parameters for these tardy 

reactions to take place. Plans for a high-pressure (up to 500 bar) microfluidics 

chip are in place, since this should maximise the percentage of H2 gas that gets 

dissolved in the alkaline fluid. It is suspected that some of the CO2 reduction 

experiments in the past were unsuccessful because only a marginal amount of 

H2 (the ultimate reducing agent in these experiments) would be dissolved at 

atmospheric pressure, hindering the yields of formaldehyde produced. The 

solubility of H2 in water is proportional to the pressure in the system (Wiebe et 

al., 1932) (Figure 7.1); therefore the usage of a high-pressure reactor should 

clear this limitation. This setup should also help with the experimentation on the 

reduction and carbonylation reactions of larger organic molecules, such as 

those forming part of the incomplete reverse Krebs cycle. 
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I have also shown that acetyl phosphate is a good non-enzymatic 

phosphorylating agent, capable of phosphorylating the hydroxyl groups of 

several sugars (ribose and glucose) and sugar derivatives (adenosine); 

therefore confirming that AcP could have acted as a prebiotic precursor to ATP 

in this regard. Although the yields found were modest I explain why, from an 

evolutionary point of view, low yields should be the expected outcome for non-

enzymatic prebiotic reactions. Unfortunately, the exact phosphorylation 

positions of ribose could not be determined due to (i) the low experimental 

yields, which did not allow for a good 2D 31P-NMR signal, and (ii) the achieved 

LC chromatographic separation not being optimal. A better chromatographic 

separation of all sugars (and derivatisation material) in the future would 

theoretically generate non-overlapping peaks; this feature could be exploited in 

future analyses using MS-MS in order to further elucidate the exact ribose 

phosphorylation positions, since each constitutional isomer would generate 

secondary fragments with slightly different abundances. 

 

We have also shown that AcP can phosphorylate already phosphorylated 

nucleotides, such as ADP. We confirmed that ATP (and not other ATP isomers, 

such as for example a putative 3-phospho-ADP) had been synthesised using 
31P-NMR and HPLC-UV, since our results can only be compatible with three 

phosphate groups disposed in tandem. This is a relevant finding, since this way 

Figure 7.1. Solubility of H2 gas in water at 25 °C at various 

pressures (Wiebe et al., 1932). 
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AcP could then act as an intermediate between an acetyl CoA precursor 

(thioacetate) and ATP, which (not)coincidentally is its role in modern cells. 

Unfortunately, at the time of writing of this thesis, the quantification of the 

synthesis of ATP (from ADP) could not be performed due to the Dionex HPLC-

UV used being often out of order, mostly due to column blockages caused by 

the usage of phosphate-based buffers. A new method using Lane Lab’s Agilent 

1260 Infinity II LC system with a UV detector is being developed; it will entail the 

usage of a C18 column this time (Agilent InfinityLab Poroshell 120 EC-C18, 4.6 

x 150 mm, 4 µm particle size), and mobile phases consisting of 0.1 M 

ammonium acetate in water (A) (pH 6, adjusted with the addition of 10 mM of 

acetic acid), and methanol (B). I have also shown that AcP acetylated hydroxyl 

groups easily at high pH. Quantification was not attempted for the acetylated 

products, but it is safe to say that the competition between acetylation and 

phosphorylation reactions pH probably accounted for the lower yields of ribose 

phosphate observed. 

 

AcP did not promote the polymerisation of either glycine or AMP under the 

experimental conditions tested. In the case of glycine this had to do with the 

strong N-acetylating capabilities of AcP. Acetylation is generally deemed as 

prebiotically non-productive, since it is a rather stable chemical group, making 

the acetylated molecule less prone to react further. Despite this, it could be 

theoretically possible to promote the condensation of amino acids by first 

acetylating the amino group of glycine in order to promote further reactions of 

other non-acetylated groups (e.g. carboxyl) of the same molecule; this way, the 

synthesis of a phosphor-carboxylate intermediate would be promoted, which 

could yield di-glycine with the addition of free glycine molecules. I have 

observed that differences in pH affect the phosphorylating/acetylating 

capabilities of AcP. In order to better understand the conditions that promote 

each capacity, more experimentation should take place assessing the effects 

of: pH and temperature, the presence of ions (e.g. Mg2+ ions could promote 

phosphorylation reactions since these increase the electrophilicity of phosphate 

groups), and the addition of mineral surfaces which, due to their interaction with 

charged groups, could promote or hinder certain reactions. 

 



Conclusions and future work 

 205 

In the case of AMP I could not detect any acetylated products, so it is possible 

that other reaction parameters (e.g. lack of surface-based catalysis) account for 

the negative results. Future work should focus mainly on the potential effect of 

prebiotically plausible surface catalysts on this reaction. As theorised earlier, 

extant nucleotide polymerising enzymes have a conserved two-metal (Mg2+) ion 

reaction mechanism, which modifies the pKa of the chemical groups of the 

substrates allowing for a great yield and selectivity of the reaction. I realistically 

do not aim for this as I predict that prebiotic reactions had to generate low 

yields, so that successive evolutionary steps could be selected because they 

offered a higher selectivity for substrate/product and overall yield. What I aim to 

achieve is to get the reaction going with prebiotic catalysts that plausibly existed 

in alkaline hydrothermal vents. For example, 0.01-2 g/mL of ground (to increase 

the catalytic surface area) brucite (Mg(OH)2 (Figure 7.2)) could be added to 

solutions of 3-10 mM AMP, ADP and ATP, hoping to mimic, in a very crude 

way, the conditions of the active site of the RNA polymerase. For the same 

purpose, small 2-10 aspartate oligomers (since these coordinate Mg2+ and 

ligands in the active site) could be introduced into the equation at different 

stoichiometric ratios with free Mg2+ ions (e.g. from MgCl2) in order to assess 

their catalytic properties on nucleotide polymerisation. 

 

 

 

Figure 7.2. Lattice structure of brucite crystals (left) (Saifullah & Hussein, 2015), and a 

macroscopic brucite deposit (right). 
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I showed that the formose reaction indeed acted as a primordial source of 

monomeric sugars under alkaline hydrothermal vent conditions, with ribose (or 

more accurately, aldopentoses) being one of the main products during the first 

hours of reaction. More strikingly, I also found that the addition of AcP had a 

strong effect on the product palette. The maximum yields of ribose were not 

higher when compared to the control conditions (as initially suggested by the 

results using GC-MS) and the reaction was slowed overall, with the maximum 

yield peaks shifted to later reaction times. Despite this, the concentration of 

ribose remained high for a long time (both when AcP had been added after 30 

or 60 minutes of reaction), whereas the other sugars measured were affected 

much more moderately. Due to the detection of acetylated Cannizzaro products, 

I attributed these effects to AcP-mediated acetylations, which most probably 

altered the fine equilibrium around glycolaldehyde in the early stages of the 

formose reaction; even so, the possible synthesis of reactive phosphorylated 

intermediates could not be discarded since their presence could explain the 

synthesis of experimentally found deoxysugars. I propose that the observed 

increased stability of the concentrations of ribose over time reflects an AcP-

mediated promotion of the synthesis of ribulose, which slowly isomerises into 

ribose, replenishing its abundance. The reason why ribose seems more stable 

(compared with the respective control) when AcP was added after 60 minutes of 

reaction remains unknown, but probably reflects AcP having an effect onto the 

rates of hydrolysis (via retro-aldol condensations) of larger sugars, which were 

not measured during this study. 

 

Admittedly, it is possible that limitations in the time to carry out these 

experiments are concealing other AcP-mediated effects; therefore further 

testing would be required. (i) A test assessing the rate of ribulose to ribose (and 

vice versa) isomerisation under the experimental conditions used would help 

explain whether a high amount of ribulose acting as a reservoir could explain 

the sustained high concentrations of ribose observed. This could be performed 

by simply monitoring the concentrations of ribulose and ribose over time, 

starting with a known amount of ribulose. (ii) Assessing the rate at which 

equimolar amounts of dihydroxyacetone and glycolaldehyde react to form 

ribulose under the experimental conditions used. This would shed light onto 
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whether this reaction is faster than the one between glycolaldehyde and 

formaldehyde, which is known to be slow (Mellersh & Smith, 2010) – one of the 

requirements if the proposed mechanism (Figure 6.16) is true. (iii) Future testing 

on the addition of AcP to the formose reaction should broaden the studied 

sugars in order to comprise both glycolaldehyde and sugars larger than 6C, 

since this should help having a more accurate understanding of its effect. (iv) 

Further experimentation using the aforementioned Y-shaped continuous-flow 

reactor could help better simulate the delivery of AcP to the formose reaction in 

time- and magnitude-wise fashions commensurate with the thermal cycling of 

hydrothermal fluids within a vent. (v) Finally, in order to better test the 

predictions made by Mellersh & Smith (2010) it would be of great interest to 

explore the effect of purely phosphorylating prebiotic reagents (unlike AcP), 

such as pyrophosphate or trimetaphosphate, on the formose reaction, with and 

without the presence of mineral surfaces. 

 

In conclusion, alkaline hydrothermal vents constitute great candidates as the 

hatcheries of life on Hadean Earth. Their naturally occurring pH gradients would 

have constituted a source of energy congruent with how energy is conserved 

across all life today (chemiosmosis). Their mineral composition, rich in Fe(Ni)S, 

is also congruent with the prevalence of this type of cofactors in metalloproteins, 

particularly in CO2-fixing metabolic pathways. In essence, these vents could 

have acted as giant aqueous flow reactors, continuously supplying simple 

organic molecules (at low yields), which could accumulate due to 

thermophoresis, increasing the chances of further proto-anabolic reactions; at 

the same time, waste materials would be washed out into the ocean due to their 

un-reactivity (e.g. acetate). In essence, the sustained far-from-equilibrium 

geochemical state of alkaline hydrothermal vents could have conceivably lead 

to the step-wise emergence of the far-from-equilibrium biochemical 

phenomenon we know as ‘life’. Of course, the work presented in this thesis is 

only a snapshot of a much larger set of events, but hopefully it adds another 

grain of sand necessary to construct a larger mountain. 
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7.2  Impact statement 

 

The work presented in this thesis has a beneficial impact on an academic level, 

but as mentioned previously, the end goals of this field of research goes well 

beyond that. 

 

On an academic level, this work represents pieces of evidence congruent with 

an autotrophic origin of life and, even though marine alkaline hydrothermal 

vents were the proposed setting here, many of the findings here could be 

extrapolated elsewhere (e.g. alkaline hydrothermal vents in fresh water volcanic 

lakes). This work aims to put in perspective the often-exaggerated importance 

of achieving high prebiotic yields, and advocates the contrary: congruence with 

ancient life and low non-enzymatic yields should be sought after. The 

methodological protocols detailed here, albeit somewhat specific in their scope, 

represent highly refined analytical methods developed across years, and could 

easily be transposed to other research fields. 

 

Outside of academia, this work helps with the understanding of ‘how and where’ 

life started on Earth, which hopefully one day will help grasp ‘why’ life appeared 

on Earth, and potentially elsewhere in the Universe; these are fundamental 

questions that far exceed science. Furthermore, this research will contribute 

influencing political decision-making regarding future space exploration 

programmes, both in national and international institutions, since it is in line with 

evidence suggesting that Enceladus and Europa (satellites orbiting Saturn and 

Jupiter) could contain internal oceans, which in contact with an olivine-rich sea 

floor should promote the emergence of alkaline hydrothermal vents, and 

therefore potentially life. 

 

The impact of this research has been further brought about thanks to several 

disseminating outputs in the form of: (i) four academic papers, two of which 

were first-authored (Camprubi et al., 2017; Whicher et al., 2018); (ii) numerous 

national and international scientific conference presentations and posters; (iii) 

and several public-engagement events, such as a stand in the Royal Society’s 

Summer Science Exhibition, as well as talks to primary and secondary schools. 
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