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Zusammenfassung 

 

Selbst die kleinste und einfachste Zelle verfügt über ein komplex strukturiertes Netzwerk von 

niedermolekularen Stoffen. Unabhängig von der Größe und der Komplexität eines heutigen 

Lebewesens, bleibt die grundlegende Biochemie der Energieerzeugung und Biosynthese die 

wichtigsten Biomoleküle im Wesentlichen über alle Lebensformen gleich. Diese Kongruenz lässt 

auf eine lineare Evolution mit einem gemeinsamen Ursprung schließen. Es erscheint daher 

möglich, aus dem Regelwerk der heutigen Biochemie auf Reaktionen und Mechanismen der 

frühen Evolution und im weitesten Sinne sogar auf eine abiotische Entstehung des Lebens 

rückzuschließen. Eine bekannte Theorie zum Ursprung des Lebens postuliert die Bildung von 

organischen Molekülen aus einfachen anorganischen Vorläufern wie CO, Cyanid, NH3 und/oder 

Acetylen (C2H2). Durch Katalyse an Eisenschwefel- und Nickelschwefelmineralien kann aus 

diesen Stoffen das Atomgerüst vieler organischer Molekülen, wie Aminosäuren, Fettsäuren oder 

Heterocyclen, aufgebaut werden. In der heutigen Biochemie ist die enzymatische Fixierung 

einfacher anorganischer Moleküle, wie CO2 oder N2, und der Umbau in Biomoleküle 

gleichermaßen eine zentrale Aufgabe. Bei der Fixierung von Kohlenstoff können dabei in 

Bakterien und Archaeen unterschiedliche Wege, wie z.B. der reduktive Acetyl-CoA-Weg, der 

reverse Zitronensäurezyklus, oder der 3-Hydroxypropionat-Bizyklus bestritten werden. Ein 

gemeinsames Motiv in den meisten Schlüsselschritten dieser Wege ist jedoch die Katalyse an 

Metallzentren der beteiligten Enzyme, meist an Eisen-Schwefel- oder Eisennickel-

Schwefelclustern.  Unter den auf der frühen Erde vorherrschenden abiotischen hydrothermalen 

Bedingungen können ähnliche Mechanismen der Kohlenstofffixierung und Molekülgenese durch 

Katalyse an Eisenschwefel- oder Nickelschwefelmineralien postuliert werden. Möglicherweise 

können daher Enzyme und Mechanismen an katalytischen Eisen-Schwefel -oder Nickel-

Schwefel-Clustern der heutigen Biochemie ein Relikt aus der frühen Evolution des Lebens 

darstellen.  

In der hier vorliegenden Arbeit wurde die Hypothese eines möglichen Urmetabolismus unter 

abiotischen hydrothermalen Bedingungen weiter verfeinert und experimentell untermauert. Dabei 

wurde in wässrigen Reaktionsgemischen in Gegenwart von Nickelsulfid (NiS) die Umwandlung 

von Kohlenmonoxid (CO) und Acetylen (C2H2) in zahlreiche organische Moleküle durch 

Massenspektrometrie und Isotopenmarkierung nachgewiesen werden. Durch 13C- und 15N- 

Markierungsexperimente konnte dabei ein komplexes Reaktionsnetzwerk und dabei ablaufende 
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Mechanismen erkannt werden. Die im Labor eingestellten Reaktionsbedingungen (hohe 

Temperaturen, wässrige Bedingungen, Metallkatalyse, Gegenwart von vulkanischen Gasen) 

waren ähnlich zu den Bedingungen an den heutigen aber wahrscheinlich auch den urzeitlichen 

vulkanischen Hydrothermalquellen auf der frühen Erde. Die in den Laborversuchen gezeigten 

Reaktionsprodukte umfassten Hunderte von organischen Molekülen mit diverser Funktionalität. 

Unter den Produkten waren zahlreiche Vertreter, die als biochemische Metabolite, Intermediate 

und Produkte in den heutigen Stoffwechselwegen auftreten. Als ein Schlüsselergebnis kann die 

Bildung von Metaboliten bezeichnet werden, die sich auch in den Kohlenstofffixierungswegen 

(z.B. reverser Citronensäurezyklus, Acetyl-CoA Weg) von genetisch tief verankerten thermophilen 

Bakterien und Archaeen befinden. Basierend auf dieser Beobachtung könnte das beschriebene 

abiotische acetyleno/carboxydothrophe Reaktionsnetzwerk als der wahrscheinliche Vorfahr 

eines Urmetabolismus in den ersten Lebensformen auf der Erde postuliert werden. 

 

Des Weiteren wurde in dieser Arbeit die mögliche Sonderstellung von Thiophen und dessen 

Folgeprodukten als Anzeichen für einen passenden Ort zur Entstehung von Leben gezeigt. 

Thiophene entstehen ebenfalls unter den oben genannten Bedingungen ausgehend von Acetylen 

und Nickelsulfidkatalyse. Die Koordination des fixierten Kohlenstoffs findet hier am Schwefelatom 

des NiS-Katalysators statt. Vor kurzem konnte, durch die Curiosity-Mission, auf dem Mars 

Thiophen nachgewiesen werden. Die von uns gezeigte abiotische Synthese von Thiophen unter 

hydrothermalen Bedingungen könnte somit ein Fingerzeig für eine frühere Umgebung auf dem 

Mars sein, welche die Entstehung von Leben auf dem Mars ermöglichte.  

Es war gewiss ein gewaltiger Schritt in der Evolution von einem abiotischen Reaktionsnetzwerk 

in wässriger vulkanischer Umgebung an mineralischem Gestein, zu einem umschlossenen 

zellähnlichen Metabolismus der ersten Lebensformen. In dieser Arbeit wurde daher die 

Möglichkeit der Bildung von Lipidvesikel unter den oben beschriebenen abiotischen 

Bedingungen untersucht. Zusätzlich zu den oben genannten Produkten entstanden in den 

hydrothermalen Reaktionen Fettsäuren. Mittels GC/MS konnten Kettenlängen von bis zu 9 

Kohlenstoffatomen und durch FT-ICR-Massenspektrometrie Kettenlängen größer als 20 

Kohlenstoffatome gezeigt werden. Diese Fettsäuren konnten in der wässrigen Umgebung sowohl 

Mizellen als auch Vesikel bilden. Die Konzentration war hier ein bestimmender Faktor. Die 

Struktur und Art der bipolaren Moleküle war ein weiterer entscheidender Faktor, so unterstützen 

unter anderem Doppelbindungen oder längere Kohlestoffketten die Bildung von Vesikeln. Es 
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wurde ein Nass-Trocken-Zyklus nachgestellt, der auch in natürlicher Umgebung von 

vulkanischen Hydrothermalquellen passieren kann. Ziel dieses Zyklus war die Etablierung einer 

einschichtigen Lage von Fettsäuren auf einem Trägermaterial. Durch Rehydrierung mit Wasser 

könnten so bei ausreichender Konzentration Vesikel erzeugt werden. Eine Vergleichsprobe (85 

mM Nonansäure) wurde in Wasser aufgenommen und mit Natronlauge titriert, bis sich die Probe 

komplett gelöst hatte. Im Anschluss wurde mit Salzsäure rücktitriert. Durch die Protonierung der 

gelösten Fettsäure bilden sich Vesikel in der wässrigen Lösung und es wurde eine opaleszente 

Trübung erzeugt. Die selbe Prozedur wurde mit dem gewonnen organischen Extrakt einer 

hydrothermalen Reaktion wiederholt. Es konnte ebenso eine opaleszente Trübung erzeugt 

werden. Zum Nachweis, ob es sich zweifelsfrei um Vesikel handelt, wird die Probe derzeit mit 

Transmissionselektronenmikroskopie untersucht.  

Die Methoden der Massenspekrometrie sowie der stabilen Isotopenmarkierung waren die 

wichtigsten Arbeitsmittel in dieser Arbeit. Die Identifizierung von kleinen Molekülen war mittels 

Massenspektrometrie sehr gut möglich. Moleküle die, selbst bei höheren Temperaturen, nicht 

flüchtig sind, wurden dabei mit einem Silylierungsmittel derivatisiert. Durch Isotopmarkierung 

mittels 13CO oder 13C2-Acetylen konnte sowohl die Authentizität nachgewiesen werden als auch 

Mechanismen der Reaktionen untersucht werden. Beispielsweise zeigten die 13C-Profile von 

Ameisensäure und Pyruvat die Herkunft der C-Atome aus CO oder Acetylen im Verhältnis von 

ca. 1:1. Die partielle Markierung von Ameisensäure aus 13C2-Acetylen konnte als Beweis 

herangezogen werden, dass Acetylen im Laufe der Reaktionskaskade gespalten wurde und ein 

13C1-Produkt in Ameisensäure umgewandelt wurde. Mit etwa gleicher Effizienz konnte 13CO in 

Ameisensäure verwandelt werden. Dies zeigte gleichzeitig die Möglichkeit, auch ungerade 

Kohlenstoffketten aus geradzahligen Bausteinen von Acetylen aufzubauen. Ausgehend von 

diesen Beobachtungen wurde ein Mechanismus vorgeschlagen, der die Spaltung von Acetylen 

an einer NiS-Oberfläche beinhaltet und daraus entstehende C1-Produkte (zusammen mit CO) 

weiter zu den organischen Molekülen unter diesen Bedingungen führt. Im Detail wird dabei das 

Acetylen an zwei aktivierte Nickelzentren koordiniert und durch Reduktion mit H2 Gespalten und 

anschließend z.B. in Ameisensäure umgewandelt. Pyruvat wird in diesem Model durch die 

Kombination von gespaltenem und nicht gespaltenem Acetylen erzeugt. Das Acetylen wird dabei 

an ein aktiviertes Nickelzentrum angelagert, es erfolgt eine Wasseranlagerung sowie Reduktion 

in ([Ni]—CO—CH3). Das gespaltene Acetylen wird oxidiert und Wasser angelagert in ([Ni]—CO). 

Pyruvat resultiert dann durch Insertion des entstandenen CO in den [Ni]—CO—CH3 Komplex. Die 

Freisetzung des Pyruvats erfolgt durch erneute Wasseranlagerung.  
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Abstract 

 

Even the smallest and simplest cell has a complexly structured network of low molecular weight 

substances. Regardless of the size and complexity of a living thing today, the basic biochemistry 

of energy production and biosynthesis of the major biomolecules remains essentially the same 

across all life forms. This congruence suggests linear evolution with a common origin. It, 

therefore, seems possible to infer reactions and mechanisms of early evolution and, in the 

broadest sense, even an abiotic origin of life from the set of rules of contemporary biochemistry. 

A well-known theory on the origin of life postulates the formation of organic molecules from 

simple inorganic precursors such as CO, cyanide, NH3, and/or acetylene (C2H2). By catalysis on 

iron-sulfur and nickel-sulfur minerals, the atomic skeleton of many organic molecules, such as 

amino acids, fatty acids, or heterocycles, can be built up from these substances. In today's 

biochemistry, the enzymatic fixation of simple inorganic molecules, such as CO2 or N2, and their 

conversion into biomolecules is equally a central task. In the fixation of carbon, different pathways 

can be contested in bacteria and archaea, such as the reductive acetyl-CoA pathway, the reverse 

citric acid cycle, or the 3-hydroxypropionate bicycle. However, a common motif in most key steps 

of these pathways is catalysis at the metal centers of the enzymes involved, usually at iron-sulfur 

or iron-nickel-sulfur clusters.  Under the abiotic hydrothermal conditions prevalent on the early 

Earth, similar mechanisms of carbon fixation and molecular genesis can be postulated by 

catalysis at iron-sulfur or nickel-sulfur minerals. It is possible; therefore, that enzymes and 

mechanisms at catalytic iron-sulfur or nickel-sulfur clusters of present-day biochemistry may 

represent a relic from the early evolution of life.  

In the present work, the hypothesis of a possible primal metabolism under abiotic hydrothermal 

conditions was further refined and experimentally substantiated. In aqueous reaction mixtures in 

the presence of nickel sulfide (NiS), mass spectrometry and isotope labeling detected the 

conversion of carbon monoxide (CO) and acetylene (C2H2) into numerous organic molecules. 

Through 13C and 15N labeling experiments, a complex reaction network and the mechanisms 

involved were identified. The reaction conditions set in the laboratory (high temperatures, 

aqueous conditions, metal catalysis, presence of volcanic gases) were similar to conditions at 

present-day but probably also prehistoric volcanic hydrothermal vents on early Earth. The 

reaction products shown in the laboratory experiments included hundreds of organic molecules 

with diverse functionality. Among the products were numerous representatives that appear as 
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biochemical metabolites, intermediates, and products in present-day metabolic pathways. A key 

finding may be the formation of metabolites that are also found in the carbon fixation pathways 

(e.g., reverse citric acid cycle, acetyl-CoA pathway) of genetically deep thermophilic bacteria and 

archaea. Based on this observation, the described abiotic acetyleno/carboxydothrophic reaction 

network could be postulated as the likely ancestor of a primordial metabolism in the first life forms 

on Earth. 

Furthermore, this work has shown the possible special position of thiophene and its derivatives 

as indications of a suitable site for the origin of life. Thiophenes are also formed under the above 

conditions starting from acetylene and nickel sulfide catalysis. Here, the coordination of the fixed 

carbon takes place at the sulfur atom of the NiS catalyst. Recently, through the Curiosity mission, 

thiophene has been detected on Mars. The abiotic synthesis of thiophene under hydrothermal 

conditions that we have shown could thus be a pointer to an earlier environment on Mars that 

enabled the emergence of life on Mars. 

It was certainly a giant step in the evolution from an abiotic reaction network in aqueous volcanic 

environments on mineral rocks, to an enclosed cell-like metabolism of the first life forms. In this 

work, therefore, the possibility of the formation of lipid vesicles, under the abiotic conditions 

described above, was investigated. In addition to the above products, fatty acids were formed in 

the hydrothermal reactions. Chain lengths of up to nine carbon atoms were shown by GC/MS 

and chain lengths greater than 20 carbon atoms were shown by FT-ICR mass spectrometry. 

These fatty acids were able to form both micelles and vesicles in the aqueous environment. 

Concentration was a determining factor here. The structure and nature of the bipolar molecules 

were other determining factors, including double bonds or longer carbon chains supporting the 

formation of vesicles. A wet-dry cycle was mimicked, which can also happen in natural 

environments of volcanic hydrothermal vents. The goal of this cycle was to establish a single 

layer of fatty acids on a support material. Vesicles could thus be generated by rehydration with 

water if the concentration was sufficient. A reference sample (85 mM nonanoic acid) was taken 

up in water and titrated with sodium hydroxide solution until the sample was completely 

dissolved. Subsequently, back titration was performed with hydrochloric acid. Vesicles formed 

in the aqueous solution due to protonation of the dissolved fatty acid and opalescent turbidity 

was produced. The same procedure was repeated with the organic extract obtained from a 

hydrothermal reaction. Opalescent turbidity was also produced. The sample is currently being 

examined by transmission electron microscopy to determine whether it is definitely a vesicle. 
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The methods of mass spectrometry, as well as stable isotope labeling, were the main working 

tools in this work. The identification of small molecules was very well possible by mass 

spectrometry. Molecules that are not volatile, even at higher temperatures, were derivatized with 

a sialylation agent. Isotopic labeling using 13CO or 13C2-acetylene allowed both authenticities to 

be established and mechanisms of the reactions to be investigated. For example, the 13C profiles 

of formic acid and pyruvate showed the origin of the C atoms from CO or acetylene in a ratio of 

about 1:1, and the partial labeling of formic acid from 13C2-acetylene could be used as evidence 

that acetylene was cleaved during the reaction cascade and a 13C1 product was converted to 

formic acid. With about the same efficiency, 13CO could be converted to formic acid. This 

simultaneously demonstrated the possibility of building odd carbon chains from even-numbered 

building blocks of acetylene.   

Based on these observations, a mechanism involving the cleavage of acetylene at a NiS surface 

and resulting C1 products (together with CO) was proposed to further lead to the organic 

molecules under these conditions. In detail, this involves the coordination of acetylene to two 

activated nickel centers and its cleavage by reduction with H2 and subsequent conversion to 

formic acid, for example. Pyruvate is generated in this model by combining cleaved and non-

cleaved acetylene. The acetylene is attached to an activated nickel center, and water is added 

and reduced to ([Ni]-CO-CH3). The cleaved acetylene is oxidized and water is added in ([Ni]-CO). 

Pyruvate then results from the insertion of the resulting CO into the [Ni]-CO-CH3 complex. The 

pyruvate is released by a water addition. 
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1 Introduction  
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1.1 Prebiotic Chemistry or the question, where to start? 
 

With the term prebiotic chemistry, we describe all the chemistry that could have 

happened during the transition from the Hadean to the Archean period (approx. 4000 myr 

ago). During this period there have been no complex molecules of life like today, such as 

DNA or specialized enzymes. However, it can be assumed that the conditions allowed to 

constitute basic chemistry and simple chemical reactions starting from simple molecules 

like Reppe-reactions starting from volcanic acetylene exhalations as an example (Reppe, 

1949; Reppe, 1953). Unfortunately, a vast amount of traces for this early chemistry 

potentially leading to life on our planet is lost. Because of that, the philosophical question 

of "where do we come from?" can be asked. 

Fortunately, some traces of environmental conditions have been better conserved than 

the traces of early life.  

There are evidences, found in zircons, that liquid water has been on earth as 4.4 billion 

years ago (Valley et al., 2002). This water could have served as a solvent for all reactions 

that needed a liquid state. Unfortunately, there is no unanimous opinion regarding the 

primitive atmosphere in that times. It could have been strongly reducing, containing gas 

compositions like CH4/N2 or CO2/H2/N2. On the other hand, it could have been just neutral 

CO2/N2/H2O (Lazcano & Miller, 1996; Urey, 1952). The second big system on ancient 

earth was the ocean. In this primordial times it is said to be strict anoxic and rich in iron-

containing minerals (Anbar & Knoll, 2002). The ancient ocean was a divers system with 

the ingredients to perform a vast variety of chemical reactions. For example, the 

constituents would make the system able to perform nitrogen fixation. One of the modern 

nitrogenases needs a Fe-S-cluster and molybdenum to perform the fixation of nitrogen. 

Iron-sulfur clusters and molybdenum are constituents of the ancient ocean (Anbar & 

Knoll, 2002; Cheng et al., 2015). A fundamental problem of the two systems, atmosphere 

and open ocean, was a significant dilution gradient. The probability of the origin of life in 

this open systems would not have happened. This means not that the systems are not 

capable of this processes. But it would push up the probability of emergence of life, if 

the sight is on smaller defined parts of this open systems. There could be many niches 
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feasible to be the starting point of the emergence of life. There is a way to look at the 

emergence from two directions to have a look at the transition from an abiotic to biotic 

earth, namely by using a “Bottom up” or “Top down” approach (Peters & Williams, 2012). 

The difference lies in the viewpoint. A “Top down” view implicates a look at modern life. 

Here, the task is to take present biochemistry and phylogeny to create a pathway from 

current to ancient times. A look into metabolic pathways, processes, and assemblies 

show common links that connect somewhere in the past to find the first interconnections 

and, therefore, they give hints to the origin of life. Finally, in a “Bottom up” approach, the 

perspective changes to the other side. Here the starting point is the chemistry and 

physics on early earth to create a system that moves from an abiotic “nonliving” to a 

biotic “living” system. The early earth supports this approach with molecules still present 

as biomolecules formed in the atmosphere, hydrosphere, and lithosphere. (Kasting, 

1993; Mojzsis et al., 1999; Chakraborty et al., 2020).  

1.1.1 Different ideas and niches of prebiotic chemistry 
 

The early earth offers many niches containing suitable environments to be the starting 

point of the origin of living things. Suitable in this consent means an environment, 

providing conditions that support basic needs like energy. To name some of this suitable 

environments, there are, submarine vents (Martin et al., 2008; Nitschke & Russell, 2009; 

Wächtershäuser, 1992), ice (Hao et al., 2018), meteoritic craters (Cockell, 2006) and 

volcanoes (Bada & Korenaga, 2018; Kitadai & Maruyama, 2018; Miller, 1953). 

Experimental work on the origin of life was done by Stanley Miller. He reacted CH4, NH3, 

H2O, and H2 through electronic discharging resulting in amino acids like Gly, Ala and Asp 

(Miller, 1953). His thoughts were encouraged by the theoretical suggestions of Oparin 

and Urey on this purpose (Oparin, 1924; Urey, 1952). In the 1960s and later, a now proven 

theory states the presence of organic molecules in meteorites and comets (Anders, 1989; 

Oró, 1961). Alone the analysis of the carbonous content of the Murchison Meteorite 

revealed several thousand carbon hydrogen oxygen -and carbon hydrogen oxygen sulfur 

structures (CHO and CHOS), which showed the extreme chemical diversity in space 

(Schmitt-Kopplin et al., 2010; Schmitt-Kopplin et al., 2014). Therefore, some theories say 
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impacts of meteorites in the early years of the earth's existence could have provided 

precursors molecules for the emergence of life (Oró & Kimball, 1961). Oró went further 

with Miller’s experiments resulting in adenine (Oró, 1960). Adenine is essential in today’s 

biochemistry, as a nucleobase in deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA). Further, it is part of today’s energy transfer mechanism as adenosine triphosphate 

(ATP). Thinking of the elemental composition of adenine C5H5N5, Oró suggested that it 

could be a pentameric HCN, which he stated as a molecule on comets and meteorites 

(Oró, 1961; Oró & Kimball, 1961). 

Miller’s experiments suggested a molecular broth, also called primordial soup. Oró’s 

experiments indicated a cometary collision theory. Both theories provide an excellent 

explanation for the occurrence of biomolecules to enhance the emergence of life. 

Through the particular location of the creation of these molecules, the emerging 

biomolecules are likely to be dissolved in the earth's vast oceans. Thus, it isn't very likely 

to get the needed concentrations of the molecules to enhance any further reaction 

(Hagmann, 2002; Mojzsis et al., 1999). Because of this fact, supplemental theories were 

needed that can overcome the concentration factor and take place in niches on the 

planet. 

Important niches to assume would be: 

impact craters of meteorites (Cockell, 2006), 

warm or cold little ponds on long lasting volcanic hot spot islands (Bada & Korenaga, 

2018) and 

Hydrothermal vents (Russell, 2018; Russell et al., 2014; Wächtershäuser, 1988b, 2006). 

Impact craters 

Impact craters give many geochemical conditions for prebiotic reactions. First the impact 

of the meteorite itself could deliver organic precursor material (Charnley et al., 2002; 

Chyba & Sagan, 1992). Further the organics could have been created by the impact itself 

(McKay & Borucki, 1997). After the event there could emerge a hydrothermal system in 

the crater by flowing of water in the hot rock layer (Cockell, 2006). The stream of water 
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introduces sediment particles in the system, which contains zeolites and clays. These 

offer electrically charged surfaces on which reactions for the emergence of life could 

have occurred (Ferris et al., 1996; Saladino et al., 2001). A step to concentrate the 

organics takes place at the surface of the crater, induced through the heat of the impact 

and followed hydrothermal system (Usher, 1977). The conditions for the hydrothermal 

system in an impact crater can have a very different longevity, varying from several 

thousand years (Osinski et al., 2001; Versh et al., 2003) up to 2 myr (Abramov & Kring, 

2004). The lifetime of those systems is relatively short compared to those emerging in 

the deep sea. But they offer a more significant temperature gradient starting from around 

650°C (Osinski et al., 2001) but they can cool fully down with time. With the loss of heat 

more complex molecules can occur because lower temperatures support their stability 

in aqueous solution (Shock & Schulte, 1998). 

Warm and cold Ponds  

Charles Darwin is famous for his “The Origin of the Species” with was originally printed 

in 1859 (Darwin, 1909). He is also known for the idea of the “warm little pond” (WLP), as 

an early imagine of the abiogenesis of life. He never really published this idea in a book, 

but he mentioned it in a letter to his friend Joseph D. Hooker (Peretó et al., 2009). But 

also in our time (a century later) the idea of WLP or a cold one, promotes diverse ideas 

of scientists (Damer, 2016; Follmann & Brownson, 2009). As there were no continents on 

the young earth, the only bigger landmasses are the islands of so called “hotspot” 

volcanoes, that are above sea level (Sleep, 1990). The reducing gases from the plume of 

the volcano island and the energy provided from the electric discharges of this volcanoes 

smoke columns could hold a system to produce organic compounds for the emergence 

of life (Bada & Korenaga, 2018; Scheu et al., 2017). The reacted residue can rain in a WLP 

on one of this islands or is washed in one of those from the flanks of the volcano. In this 

ponds the further prebiotic synthesis occurred (Bada & Korenaga, 2018). Following wet 

and dry cycles in these ponds could promote further complexity in the reactions of 

organic molecules (Bada & Korenaga, 2018; Becker et al., 2018). 

 



6 
 

(Deep sea) hydrothermal systems 

With the discovery of hydrothermal vents, in the 1970s, at the seafloor, these systems 

got in to sight for a plausible geological location of the emergence of life (Corliss et al., 

1981; Holm & Andersson, 2005; Holm & Charlou, 2001; Lonsdale, 1977). The 

hydrothermal vents are located at the mid oceanic ridges. The water seeps in the basaltic 

rocks. Here it gets heated by magma chambers, located under the rock layer. Then the 

water circulates back in the ocean through the vent (Colín-García et al., 2016). This 

process inheres a high thermal gradient, with temperatures above 300 °C (French, 1970). 

The stream of the vent contains a large amount of detached minerals from the mantle 

and a vast quantity of chemicals. This mixture makes up the plume of the vent. At the 

vent there are several hundred bar of pressure because of the water column. The average 

depths are between 2000 and 3000 meters below metric sea level (Colín-García et al., 

2016). A hydrothermal vent provides hot water at the surface of the sea floor, fluids from 

the deeper layers are acting with the cold surrounding sea water, which causes a 

chemical imbalance which further could support the synthesis of organic materials. The 

out flushed minerals (carbonates, silicates etc.) can now rapidly crystallize into a reactive 

surface (Pope et al., 2006). On this basis, the first forms of life could be chemoautotrophic 

and thermophile (Pope et al., 2006; Wächtershäuser, 1988b). 

Today’s hydrothermal vents found in places of volcanic activity caused by plate tectonic 

can be divided into two main forms.  

One of these is called “black smokers”. They are fairly close to the magma containing 

chambers, so they eject water, with temperatures exceeding 400 °C, at a low pH. By 

contact with cold sea water, this iron and sulfides rich fluids constitute black-colored 

turbid clouds which gave them their name (Colín-García et al., 2016). 
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Figure 1: Black smoker (MARUM – Center for Marine Environmental Sciences, University of 
Bremen (CC-BY 4.0)) 

The other common type of subaqueous hydrothermal vents is called “white smokers”. 

The whitish color comes from the difference in the chemical distribution of the vent fluid. 

Here, the main components are sulfates and calcium ions. The temperature is in the 

range of 40° to 75 °C due to the larger distances to the magma chambers. The pH of 

these fluids is typically between 9 and 10 (Kelley et al., 2005).  

 

Figure 2: White smoker (MARUM – Center for Marine Environmental Sciences, University of 
Bremen (CC-BY 4.0)) 

A special kind of deep sea vents was discovered in 2000 and was called “lost city”. This 

system is not settled at the mid-Atlantic ridge (region of plate tectonics), but on old 

oceanic crust (1.5 myr). The heat of the water ranges between 40° to 70 °C sometimes 

up to 90 °C. The pH is a little more alkaline than sea water (fluids 9-9.5; sea water 8.0). 

There are low concentrations of magnesium ions, but high concentrations of calcium 
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ions. The pH and the calcium ions are part of the process of serpentinization (e.g. 

peridotite minerals into serpentinite minerals) to build up chimneys with 60 m in height 

(Kelley et al., 2001). Serpentinization leads to the formation of H2, CH4 and heat (Boetius, 

2005). There is a theory based on serpentinization and methanotrophy to explain the start 

of the life in such a deep sea environment (Russell et al., 2014; Russell et al., 2010). 

 

Figure 3: Carbonate chimney in the eastern portion of the Lost city field (Kelley et al., 2001) 

The problem of energy and substance dilution by the ocean brought Günter 

Wächtershäuser, 1988, to the postulate of a thermophilic and chemoautotrophic origin 

of life by pyrite-driven metabolism at volcanic hydrothermal vents (Wächtershäuser, 

1988a, 1988b, 1992). In his theory, the hydrothermal vents are freed from plate tectonics, 

which is said to have evolved after the emergence of life. Rather, these hydrothermal vent 

systems are based on volcanism, which was highly active on the young earth because 

of its thin oceanic crust back in that time. 

 

1.1.2 Iron-Sulfur-World designed by Günter Wächtershäuser 
 

During the further and deeper development of his theory, Wächtershäuser created the 

phrase of “iron sulfur world”, which sets a plausible explanation for a chemoautotrophic 

emergence of life (Wächtershäuser, 1988a, 1988b, 1992). He suggested that a pioneer 



9 
 

organism evolved at volcanic hydrothermal vents, with the circumstance of surface 

metabolism (Wächtershäuser, 1988a). 

Energy and evolution of the pioneer organism 

An early pioneer organism has to be autotrophic and needs an autocatalytic metabolism 

and is anionic bonded to a positive charged surface (e.g. pyrite) in the surrounding of hot 

water (Hartman, 1975; Wächtershäuser, 1988a). The pioneer organism is acellular and 

therefore it cannot divide itself like recent cellular organism can do, but through surface 

metabolism it can grow (Wächtershäuser, 1988a). A simple state of an autocatalytic 

system is that small molecules catalyze their own synthesis using external educts and 

producing themselves and some reactional waste (Peretó, 2012). 

 

Figure 4: Scheme of two easy metabolically cycles. A simple (a) cycle leading to product A and 

an autocatalytic (b) cycle. (A = organic reaction product; X = inorganic educt; Y = reactional waste) 

adapted from (Peretó, 2012) 

Today’s methanogens get their needed energy through the reduction of CO2 and H2 to 

CH4 (methane), for example from subaqueous exhalation at hydrothermal vents. Günter 

Wächtershäuser recognized this circumstance but also stated that an endergonic barrier 

has be to be overcome for this reaction, so there must be an additional energy source. 

He concluded that the oxidative formation of FeS2 (pyrite) forms a reaction of FeS and 

H2S (hydrogen sulfide) under the release of H2 is exergonic and could serve as a 

continuous energy source for the fixation of CO2 (Wächtershäuser, 1988b). The transition 

metal sulfides, iron sulfide (FeS) as well as the similar reactive nickel sulfide (NiS) were 

both present on the early earth (Allegre et al., 1995). They originate by the precipitation 
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of water soluble Fe2+-and Ni2+-ions with H2S forming the not soluble metal sulfides. For 

example, this reaction occurs in the flows of hydrothermal vents.  

The exergonic pyrite formation can support the primordial organism with a Gibbs energy 

of -38.4 kJ/mol (pH=0; T=25 °C) which gives this one a reducing power (Wächtershäuser, 

1990). The calculated exergonic formation is shown in following reaction equation: 

FeS + H2S   FeS2 + 2H + 2e- ΔG° = -38.4 kJ/mol       (1) 

Reactions with the reducing agents FeS and H2S under primordial conditions are also 

proven to occur e.g. by the conversion of NO3
- to NH3 (ammonia) or alkynes to alkanes 

(Blöchl et al., 1992). It is also shown that under primordial conditions a system containing 

FeS and H2S can reduce nitrogen (N2) to ammonia (Dörr et al., 2003). Wächtershäuser’s 

theory is supported by nowadays enzyme activities, because metal-sulfur clusters play 

an important role in today’s existing metallo-enzymes (Berg et al., 2010; Span et al., 

2012). Their role in biochemistry developed even further in catalyzing gas-based redox 

reactions, including gases like hydrogen, nitrogen, carbon mono oxide, carbon dioxide, 

and methane (Fontecilla-Camps et al., 2009; Volbeda & Fontecilla-Camps, 2006). 

Important enzymes that fall under this category are e.g. the carbon monoxide 

dehydrogenase, converting CO2 to CO (Ragsdale, 1994) or the acetyl coenzyme A 

synthase with which can utilize CO (Darnault et al., 2003). The iron-sulfur clusters are also 

playing a role in non-redox reactions like the hydration of acetylene to acetaldehyde by 

the acetylene hydratase (Seiffert et al., 2007; tenBrink et al., 2011). From this coincidence, 

the connection of the activity of Fe-S-minerals and the enzymatic Fe-S clusters gained 

support for Wächtershäusers theory of a primordial surface metabolism on transition-

metal sulfides (Sobotta, 2018). The core of this FeS-theory is built up by the assumption 

that some core elements (H, O, C, N, Mg, Fe, S, Ca, Na, Ni and P) make up the biomass 

for the primordial pioneer organism. These elements have their origin in the mantle of the 

earth and can form gases as H2O, CO2, CO, C2H2, H2S, N2, NH3, H2, HCN and P4O10 (Igari 

et al., 2000; Oremland & Voytek, 2008; Wächtershäuser, 2007; Wächtershäuser, 2014). 

When these gases, transported by a flow of hot water in the vents, react with transition-

metal sulfide minerals (e.g., FeS2 or NiS), the products of this reaction promote their 



11 
 

reaction. Therefore, an autocatalytic C-fixation is the result. Hereafter this carbon fixation, 

low-molecular organic compounds emerge on these autocatalytic surfaces. Through 

further evolution chemoautotrophic reactions occur, forming more complex biotic 

molecules and polymers. This approach represents a “metabolism first” approach, the 

building of molecules/polymers without templates. The following link for this process 

would be the genetic evolution. 

 

Figure 5: Representation of the various steps of the chemoautotrophic theory formulated by 

Günter Wächtershäuser. Origin biomolecules from chemical elements present in the earth mantle, 

followed by an abiotic reaction to special gases. Autocatalytic carbon fixation on transition-metal 

sulfide minerals promotes the emergence of low-molecular organic compounds (pioneer 

organism). This further leads to the transition of a biotic evolution and polymerization reactions 

adapted from Sobotta,2018; Wächtershäuser, 1990. 

“Pioneer organism”, a definition 

A “pioneer organism” requires an organized being (system) at the start of the evolution. 

It is to be considered the turn point from an abiotic to a biotic world. 

In opposition to this stands the “backwards projection” (Lipmann, 1965). The backward 

projection describes the process as a one-to-one extrapolation of individual biochemical 

features between extant- and precursor features. That means more and more projections 
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lead to more independent features added, which leads to a primordial broth of primordial 

individuals. 

 

Figure 6: Representation of the heuristics of (a) backward projection and (b) biochemical 

retrodiction. (a) leads to a sum of primitive cells, called primordial broth, each with their own 

features. (b) leads back to one pioneer organism from which the diversity begun. (F = extant 

biological feature; P = precursor feature) (Wächtershäuser, 2014) 

The idea of the pioneer organism brings up the biochemical retrodiction (what means 

many-to-one). Different extant features are resting on lesser primordial elements, which 

again rest on the pioneer organism. It is no coincidence that the biochemical retrodiction 

and the phylogenetic tree of life have a similar structure (Wächtershäuser, 2014). 

Wächtershäuser’s idea of the iron sulfur world does not only take its inspiration from this 

biological-inspired retrodiction, it also uses plausible geochemical circumstances to 

create a niche for the pioneer organism (Sobotta, 2018). In this context his pioneer 

organism is based not only on non-metal elements like H, C, N, O and S but also on 

active and catalyzing transition metals as Fe, Co, Ni, W (Wächtershäuser, 2014). 

Surface metabolism and setting of the pioneer organism 

The setting the pioneer organism emerged in had a nearly neutral pH. Caused by an 

offset of orthosilicates (<45% SiO2), the dominant mineral during Hadean times, an 
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alkaline pH range (pH 9-12) occurs, and volcanic exhalations, which have a severe acidic 

pH range, are compensating the alkaline pH (Wächtershäuser, 1992; Wächtershäuser, 

2014). Other gases deriving from magmatic plume exhalations are highly reducing due 

to their high CO/CO2 ratio (Wächtershäuser, 2007). A relatively near to today’s industrial 

reaction to form cyanide from carbon monoxide and ammonia occurred, and the 

reduction of nitrogen to ammonia occurred (Elsner et al., 2002; Owen, 1961). The cyanide 

synthesis is favored by higher temperatures, where in the opposite the ammonia 

synthesis is driven up by lower temperatures. This brings the equilibrium of HCN/NH3, at 

the temperature of a hydrothermal vent (100 °C), nearly completely to the ammonia side. 

But the equilibrium could be shifted by the formation of highly stable complexes of 

cyanide with transition metals like nickel (here Ni2+-Ions). By a reaction of CO with H2S 

from volcanic exhalations COS is formed, which can be fast hydrolyzed to CO2 and H2S. 

The process can also be activated as a carbon source through a reaction at a transition-

metal surface to form methanethiol (Barrault et al., 1987; Wächtershäuser, 2007). The full 

reaction is summed up in reaction equation (2). 

CO + H2S   COS + 2H+ + 2e- 

    COS + 6H+ + 6e-   CH3SH + H2O      (2) 

Surface catalysis on positive charged transition metal surfaces (e.g. pyrite) converts 

exhaled gases (educts) to organic compounds (products). Further, the catalyzing 

surfaces have strong interactions with the resulting anions like COO-, PO3
2- or S- 

(Wächtershäuser, 1992). From this functionalized organic compounds, the cell-free 

pioneer organism evolved. Using metallo-sulfide surfaces ((Fe/Ni)S) under primordial 

conditions, CO and CH3SH can be reacted to acetic acid, thioacetic acid or methyl 

thioacetate. These experiments were performed by Huber and Wächtershäuser (Huber & 

Wächtershäuser, 1997), a hypothetical mechanism (Cody, 2004) of the experiments is 

shown in Figure 7. 

To enhance the chemical space, reactions with acetylene as acceptor of a carbonylation 

on nickel sulfide have been done. They showed the creation mono/di- or branched 
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carboxylic acids of variable lengths (Sobotta et al., 2020). The proposed mechanism for 

those is shown in Figure 8. 

 

Figure 7: A hypothetic mechanism of the reaction of CO and CH3SH on a (Fe/Ni)S surface as 

proposed by Huber and Wächtershäuser. The methyl group of methanethiol is transferred to a 

nickel atom, a neighboring iron atom is carbonylated by CO. The following transfer and insertion 

of the carbonyl to the nickel atom leads to an acetyl group. A nucleophilic attack at the carbonyl 

by a hydroxyl, bisulfide or methanethiol leads to either acetic acid, thioacetic acid or methyl 

thioacetate. Adapted from Cody, 2004. (black = iron atom, lined = nickel atom, grey = spacer) 
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Figure 8: Hypothetical mechanism of acetylene/carboxydotrophic reactions on a catalytic nickel 

center [Ni]. Leading to either mono carboxylic acids, branched carboxylic acids or dicarboxylic 

acids by hydrolysis. By the reaction with thiol to the corresponding thioesters/acids. Adapted 

from Sobotta et al., 2020. 

The interaction of the compounds and the surface plays a significant role in the Fe-S-

theory, thus in this circumstance, this could overcome the dilution problem of the soup 

theory. This factor inspired other scientists to have a look on the surface binding and 

accumulation. They consider that it also plays a role in other scenarios, like the warm/cold 

pond (Bada & Korenaga, 2018) or ice (Hao et al., 2018), as well as in processes found in 

thermal pores and cracks, of the mantle rock. These are concentration-dependent by a 

thermal gradient (Kreysing et al., 2015; Mast et al., 2013; Salditt et al., 2020).  

Appearance of the pioneer organism 

The pioneer organism has a minimal substructure-superstructure organization. The 

mineral containing inorganic substructure, a (Fe/Ni)S-mineral, is permeable for gases and 

water. The organic superstructure consists of low-molecular bioorganic compounds that 

derived from the fixation of carbon from the gases on the mineral surface 

(Wächtershäuser, 2006). Figure 9 gives a cross-sectional representation of the 

organization of the pioneer organism. 
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Figure 9: Cross-sectional representation of the pioneer organism. The organic superstructure, 

obtained by C-fixation, stands on the inorganic mineral substructure, both together build the 

organism. The organism stays in contrast to the environment, here the volcanic liquid water 

phase. Through the water phase and the volcanic exhalations there is a permanent supply of 

educts to ensure the growth of the organism. Due to permanent growth the permeable surface 

becomes lipophilisated. Adapted from Wächtershäuser, 2006. 

Together the mineral substructure and the organic superstructure make up the pioneer 

organism. The volcanic water phase and the permeable mineral ground are supplying the 

organism with constant fresh gases to further fixate them through surface catalysis. 

Further, the carbon chains bound to the mineral (Fe/Ni)S surfaces elongate and become 

characteristics of fatty acids, which means the surface lipophilisates (Wächtershäuser, 

1992, 2006). 

By the fixation of carbon from CO into the superstructure, two aspects gain importance. 

First, the oxidation level of the C-atom is reduced from CO/CO2 to the one of methane 

(CH4), and second, a formation of a C-C-bond takes place. Both aspects lead to a 

elongating ––(CH2)n–– polymeric structure bonded to the surface by an anionic group. 

Under the anaerobic conditions of a pyrite-pulled metabolism they are chemically inert 

and have a strong surface bonging moiety. Therefore, they start to accumulate on the 

pyrite surface, so called lipophilization. This autocatalytic process stepwise coats the 

whole pyrite surface with generated lipids (Wächtershäuser, 1992). Figure 10 shows how 
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the lipid layers can interact between themselves (a). The transition from surface 

lipophilization to a bilayer membrane (b). There is also a stepwise conversion from the 

surface metabolism to a cellular organism (c). 

 

Figure 10: (a) Schematic representation of different membrane cross-sections: monolayer (I), 

bilayer (II), interdigitated membrane (III); (b) Transition from surface lipophilization to a surface-

supported bilayer membrane; (c) Starting with a semi-cell formation, ongoing to a complete 

cellularization and further growth, lastly the pioneer organism. Adapted from Wächtershäuser, 

1992,2006. 

The lipids can derive in a complex manner through the autocatalytic synthesis, but the 

three most accessible types (here called a; b; c) are presented in the following: 

 (type a) -OOC––(CH2)n––COOH 

(type b) -OOC––(CH2)n––OH 

(type c) -OOC––(CH2)n––H 

The formation of a pre-cellular structure will end with the inclusion of water, saturated 

with volcanic gases. Further, a separation process starts by the elongation of lipids, 
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leading to a prototypic membrane. A two-dimensional phase separation can be obtained 

by three different types of lipids (Figure 10 (a)). The appearance is like any extant lipid 

with a hydrophilic head and a hydrophobic tail. 

Autocatalytic possibilities of the pioneer organism 

Another problem in the emergence of life is the establishment of a metabolism further 

than the upbringing of a membrane layer. The sticking point on this is whether the 

metabolism is either heterotrophic or autotrophic. Wächtershäuser is a proponent of an 

autocatalytic self-replicating cycle. Thus to the given conditions on hadean earth, he 

shifted his focus on the reductive citric acid cycle (rTCA). He set up an archaic form of 

the rTCA where the hydroxyl groups coexist with thiols and the carbonyls with their 

corresponding COS-forms (Wächtershäuser, 1990). Wächtershäuser showed, 

theoretically, that with every turn of the rTCA, starting with succinate, the cycle fixates 

four molecules of CO2. This creates a second molecule of succinate. The creation of the 

second succinate shows that the cycle is autocatalytic, because it doubles with every full 

turn (Wächtershäuser, 1990). 

 

Figure 11: On the left is the simplified, hypothetical rTCA, starting with succinate (Succ). The 

numbers at the reaction arrows indicate, the associated ideal reaction taking place in the hadean 

atmosphere. Adapted from Wächtershäuser, 1990. 
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The CO2 fixation is available through the reduction potential of the FeS/H2S-system. 

Figure 11 shows clearly why the archaic rTCA is autocatalytic, because it generates a 

small launch molecule like succinate or acetate. Succinate is found again after a full turn 

of the cycle and the fixation of four CO2. Further, through the cleavage of citrate to 

oxaloacetate and acetate this procedure generates two molecules of succinate from one. 

Theoretically, this succinate can start a new cycle again, launching parallel cycles in 

neighboring. So the succinate promotes its synthesis over these steps, making the whole 

procedure autocatalytic. Part (b) of figure 4 shows the point of autocatalysis in a simplicity 

but also full explanation. In the example of the rTCA, succinate would stand for A. After 

the cleavage of the citrate molecule, the precursor of acetate, has the following structure: 

H3C––COS-. This molecule could be an ancestor molecule of the todays activated acetic 

acid in form of acetyl-CoA (Wächtershäuser, 1990). Additionally, Wächtershäuser 

calculated the free energy of this proposed archaic cycle. The data, for reactions like this 

archaic cycle, had been compiled earlier (Thauer et al., 1977). Wächtershäuser came to 

the conclusion, that the pyrite-pulled formation of succinic acid is a very exergonic 

reaction, with a Gibbs energy of -420.0 kJ/mol at pH = 0 (Wächtershäuser, 1990).  

4CO2 + 7H2S + 7FeS    (CH2––COOH)2 + 7FeS2 + 4H2O     ΔG° = -420.0 kJ/mol   (3) 

Reaction equation (3) shows the full exergonic reaction from CO2 to succinate. 

The reductive citric acid cycle putatively being one of the first metabolic pathways, and 

its evolutionary prebiotic origin, is still a great discussion in the scientific world (Berg et 

al., 2010; Keller et al., 2019; Keller et al., 2017; Kitadai et al., 2017). 

By further deepening his theory, Wächtershäuser described synthetic reactions that the 

pioneer organism is “able” to perform. This means these reactions are still catalyzed by 

the metal centers of the inorganic substructure of the pioneer organism, but there is 

progress to complexity observable (Wächtershäuser, 2006). The described reactions will 

get a short enlightening and discussion in the following. 



20 
 

The first one is the least complex reaction, the formation of C2-structures. Through the 

surface catalysis, the pioneer organism can form activated thioacetic acid from CH3SH 

and CO (Huber & Wächtershäuser, 1997). 

By linking carbon atoms, the pioneer organism is able to create elongated carbon chains, 

like C3-structures. But here, arithmetic is not only C1+C1+C1=C3. When CO is used 

solely at high pressure and temperature (Cody et al., 2000), the arithmetic could also be 

C2+C1=C3, by taking a C2 body from e.g. the volcanic gases (Sobotta et al., 2020). 

With the addition of nitrogen, in the reactive form of ammonia (NH3), to the reactive 

system of the pioneer organism, it could perform a reductive amination 

(Wächtershäuser, 1990). This reaction was demonstrated at 105 °C under primordial 

requirements (Huber & Wächtershäuser, 2003). Under these conditions also an 

activation of amino acids and peptide cycles is possible (Huber et al., 2003). 

There is also the possibility of a phosphorylation reaction of the pioneer organism. Thus 

there is P4O10 available in the volcanic gases, it can undergo hydrolyses via poly- to 

pyrophosphates (Yamagata et al., 1991), which can be used for further COS activated 

reactions (Leman et al., 2004, 2006). 

 

Figure 12: Schematic breakdown of P4O10 (A) to first polyphosphate (B) and further to 
pyrophosphate (C).  

Activated acetic acid (C2) – Some Experiments with the goal to show a “metabolism 

first” approach, have been performed by Claudia Huber in the mid-nineties. The theory 

states that activated thioacetic S-acid (CH3COSH) forms from methyl thiol and carbon 

monoxide. In contrast, the first was the source for the methyl group, and CO was the 

provider of the thiocarbonyl moiety. The experiments confirmed this assumption (Huber 
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& Wächtershäuser, 1997) at 100 °C on a freshly precipitated NiS or (Ni,Fe)S catalyst. 

Further experiments showed that if there is already an activated C2-body (e.g., C2H2) in 

volcanic exhalations available (Igari et al., 2000), this one favorably used (Sobotta et al., 

2020). Sobotta et al. showed that methyl thiol acetic ester forms from acetylene with the 

addition of methyl thiol. They used 13CO, in this case, as part of a 1:1 atmosphere of 13CO 

and C2H2, on a NiS catalyst. There was no increase in molecular weight of the methyl 

thiol acetic ester, using GC/MS. Sobotta et al. concluded that acetylene is the carbon 

source. This leads to a theoretical precursor analogue of the reductive acetyl-CoA 

pathway, shown in Figure 13. 

 

Figure 13: Theoretical pathway of a NiS/C2H2/CO system resulting in thio acetate ester, after 

hydroxylation in acetate. Possible precursor of today’s reductive acetyl-CoA pathway. Adapted 

from Sobotta et al.,2020. 

Pyruvate (C3) – The theoretically formation of pyruvate, under primordial conditions, was 

suggested by Huber & Wächtershäuser (1997). Pyruvate was synthesized using a 

FeS/H2S-System with CO as source of carbon (Cody et al., 2000). Thus very harsh 

conditions were used in this experiment, namely 2000 bar pressure and 250 °C. The 

educts of the reaction have been FeS (catalyst), alkyl (nonyl) thiol (S source) and formic 

acid (C source). Through thermal decomposition of formic acid CO and H2O are formed, 

in this manner a reactive C1-body (CO) is formed (Cody et al., 2000). Unfortunately, there 

is still no evidence if these conditions were present in Hadean times (Wächtershäuser, 

2000). Pyruvate was generated in a Wächtershäuser system using NiS/β -

Ni(OH)2/C2H2/CO at 1 bar/105 °C. The authenticity was checked with labeled carbon 

monoxide (13CO), prompting in an increase of the molecular mass of one (Sobotta et al., 

2020).  

α-Hydroxy and α-amino acids – With the finding of the activated acetic acid and the 

proposal of pyruvate (C3-body), an elongation seemed as the next logical step in the 

evolution of reactions. Therefore, the attention shifted to α-hydroxy and α-amino acids 
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as products of an C1 extension or an C1 extension with concurrent NH3 insertion. It has 

been showed that a reductive amination can be performed, when treating an α-keto acid 

with NH3 to obtain the corresponding amino acid (Huber & Wächtershäuser, 2003). The 

scheme is shown in equation (4). 

R–CO–COOH + 2Fe2+ + NH3 + 2H+     R–CH(NH2)–COOH + 2Fe3+ + H2O     (4) 

Further reactions have been carried out, to find a synthesis of α-hydroxy and α-amino 

acids at a Hadean hydrothermal setting. The reactions had iron- or nickel ions as catalytic 

centers and the carbon was provided through CO, KCN and CH3SH (Huber & 

Wächtershäuser, 2006). For the experiments the heat was variated from 80 °C up to 120 

°C with a gas pressure of CO at 1 bar. The reaction time was 10 days. For a shortening 

of the reaction time and an increase of the net amount of the products, the pressure was 

increased up to 75 bar. The pH was chosen to be light alkaline to promote the creation 

of amino acids. Therefore, (Mg,Ca)(OH)2 was added to the reaction system to prevent 

acidification. As result a series of α-hydroxy- and α-amino acids were found with a chain 

length up to C5. More specifically, it showed the formation of pyruvate, glycolate, lactate, 

glycerate and even 2-hydroxy butanoic acid. When KCN was added, the amino 

analogues of the just mentioned molecules occurred; glycine, alanine, serin and amino 

butanoic acid, respectively. Glycinamide was also found in this reactions, implicating that 

amino acids could be formed by CN-ligands via their corresponding carboxamides. This 

entails the conclusion that Ni(CN)2 could be an important reactant (Huber & 

Wächtershäuser, 2006; Wächtershäuser, 2007). The educts have been CO and KCN as 

described earlier. They classified the products as followed: glycine family e.g., glycine, 

glycolate, glycinamide; alanine family e.g., alanine, lactate, alaninamide; serine family e.g. 

serine, glycerate, glyceramide. By stable isotope labeling they confirmed their findings 

as authentically and showed that KCN is the major carbon and nitrogen donor. The 

carbon monoxide acts as reductant and minor carbon donor (C. Huber et al., 2010) in 

this reaction. The usage of high rates of pressure in some experiments gained criticism 

from other scientists in field, especially the high concentration of cyanide would just 

hydrolyze above 100 °C (Bada et al., 2007). Against this, Wächtershäuser and Huber 

showed that there are no detectable free cyanide ions in the reaction solution (author 
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reply to Bada et al. 2007). Furthermore, they answered that all reaction products, found 

in the increased pressure runs, are also detectable in the 1 bar experiments, albeit at a 

lower concentration. Additionally, the amount of produced hydroxy/amino acids can be 

increased when the temperature is increased, too.  

Later Huber et al. (2010), showed that the amount is increased when starting at 100°C. 

The reaction comes to its peak at around 180 °C, when the temperature was increased 

further, the amount of products started to decrease. This brought them to the conclusion 

that these reactions could take place in flow zones of the hydrothermal vents where the 

water, coming from the mantle, still has a high temperature (Huber et al., 2010). More 

investigations were performed on this purpose, ending in a hypothetical mechanistic 

scheme leading to lactate, alanine, glycolate, glycine, glycerate, serine and isoserine. The 

reaction was catalyzed by organo-metal complexes (Huber et al., 2012). They proposed 

that the start of the mechanism is a stable tetracyanonickelate [Ni[CN]4]2- in the reductive 

presents of CO or H2. The reaction keeps going on by multiple insertions of cyanide. 

 

Figure 14: Proposed mechanism of the reaction of tetracyanonickelate to alanine/lactate via 

multiple cyanide insertions. Adapted from Huber et al., 2012. 

The hydrated nickel complex, shown in Figure 14, is of unknown geometry, oxidation 

state, nuclearity and ligand sphere. Therefore, it is indicated as [Ni*]. The first step of this 

hypothetical reaction is the hydration of the tetracyanonickelate to the activated H–[Ni*]-

complex. The next step is an insertion of cyanide as the proton ligand. Therefore, the 

adhered cyanides of the complex come down from n to n-1. Because of the atmosphere 

around the complex, CO/H2, a reduction takes place to a methyl group. Then the insertion 

step is repeated. From this stage a third insertion takes place. For the α-hydroxy acid 

product, a subsequent hydration takes place to form an carboxamide. The next step is a 
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reduction of the keto/imine group at the β-C of the product. Lastly the imine located at 

the α-C is hydrated to form the corresponding amino- or α-hydroxy acid (Huber et al., 

2012). 

Activated amino acids and peptides – Finding how to produce amino acids with 

reaction mechanisms of the pioneer organism, it was just consequent to have a look on 

the emergence of peptides. Peptides in today’s biochemistry are the far most important 

molecules, because they are building up the proteins. Huber und Wächtershäuser started 

to add amino acids in reactions to form the thioester of acetic acid. Conditions were 

(Fe/Ni)S, CO, H2S (or CH3SH) at 100 °C with a slight basic pH, buffered by Mg(OH)2. They 

added phenylalanine (Phe), tyrosine (Tyr) and glycine (Gly). The creation of a peptide 

bond was observed, this occurred through a condensation reaction, the amino acids 

formed dipeptides (C. Huber & Wächtershäuser, 1998). In further study’s the authors 

were able to propose a peptide cycle to form dipeptides (Huber & Wächtershäuser, 

2003). 

 

Figure 15: Simplified CO driven peptide cycle of glycine in aqueous (Fe/Ni)S system. Formation 

of the dipeptide gly–gly via hydantoin derivative and urea derivative. Adapted from Huber et al. 

2013, Wächtershäuser 2006. 
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In Figure 15, a simplified version of a CO driven cyclic reaction of glycine to glycylglycin 

is shown (Huber et al., 2003). The amino acid gets activated by COS to its aminoacyl N-

carboxanhydride. A second molecule of Gly acts as nucleophile to form the dipeptide. 

With an activation by COS the dipeptide is transferred to the hydantoin derivative. By the 

hydrolysation of the intramolecular amide bond, the urea derivative is formed. By 

cleavage of a carboxyl group and a rearrangement of the molecule, the dipeptide is 

formed again. This can go into the circle again to form tri- or even tetrapeptides. By 

creating more pressure via CO gas the reaction is supported (Huber et al., 2003; 

Wächtershäuser, 2006). The mechanism of the nowadays nickel enzyme urease and the 

proposed peptide cycle share analogies. Further the continuously formed hydantoin 

could be considered to be a precursor on a pathway to purines (Huber et al., 2003). These 

different approaches on several important classes of molecules and reactions under 

volcanic hydrothermal vent conditions show the importance and the potential of the iron-

sulfur world from Günter Wächtershäuser. 

 

1.1.3 Further works in prebiotic iron-sulfur-chemistry 
 

Another scientist who worked on the importance of prebiotic iron-sulfur-chemistry is 

Michael Russel. He suggested that iron monosulfide gels can form spherical shells. These 

aggregates are found in fossil hydrothermal chimneys. The described shells could have 

provided a surface for the concentration of polar organic species (Russell & Hall, 1990; 

Russell et al., 1993). Studies have also shown that if an alkaline solution were injected 

into light acidic iron-ion solution, a chimney of iron-sulfide was growing (Mielke et al., 

2011). Laura Barge et al. showed utilization of the iron-sulfide chimneys. By adding 

pyruvate to the alkaline stream, they showed a conversion from pyruvate to lactate. There 

were also experiments to generate amino acids by adding ammonia into the solution. 

Unfortunately, no amino acids (e.g., alanine) were detectable (Barge et al., 2019). 
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1.2 Chemical evolution 
 

1.2.1 Definition of chemical evolution and life 
 

The name “chemical evolution” was introduced by Melvin Calvin to describe the 

conversion of simple organic and inorganic molecules into complicated and partly 

polymeric structures (Calvin, 1956, 1959). Chemical evolution can be considered as an 

intermediate state between non-living chemistry and fully fledged biological evolution. 

This means diversity is created through non-directional chemical synthesis instead of 

mutation and selection of properties (Higgs, 2017). There is a point of view considering 

that the definition of life has nothing to do with the understanding of its origin or evolution 

(Szostak, 2012). Life needs a feature of ongoing development and adaptation to new 

influences, that is what we call evolution (Baross, 2007). But there is the problem of the 

definition of “what is life” in general. There have been many approaches and opinions 

over the years (Schrödinger, 1944; Palyi et al., 2002; Gayon et al., 2010;Trifonov, 2011). 

A recognized definition of life states, that life is “a self-sustaining chemical system 

capable of undergoing Darwinian evolution (Joyce, 1994). This sentence describes the 

definition as big picture, where it is not easy to see nuances. Thus, there is no generally 

applicable definition available, but there are criteria found that are valid in all living 

systems (Eigen, 1995): 

1 Self-reproduction – transfer of information between generations, if not, their 

information would be lost 

2 Metabolism – without it a state of equilibrium would be reached, no further 

change would be possible 

3 Mutation – without it there would be no change of information, therefore 

mutation implies development for the living system 
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1.2.2 Metabolism first vs. transcription/genetic first 
 

As described in the pages before, there is an approach to the origin of life, called 

metabolism first. Which means that the emergence of life started with simple reactions 

on inorganic surfaces, that went more and more complex over time. Sometimes the 

products of this reactions catalyze their own building reaction. From this point, the 

reactions went more and more in the way of biochemical reactions, forming metabolic 

reaction chains and cycles. Followed by a development to more complex structures like 

proteins.  

 

The start of the RNA world and central dogma of molecular biology 

On the other hand, there is an approach to start the emergence of life from a point of 

storing information and building structures to catalyze biochemical reactions, mostly 

called the RNA world theory. This term is very common in publications on the biogenesis 

of life (Rauchfuss, 2008). The theory, better the hypothesis, was named in 1986 by 

Harvard scientist Walter Gilbert (Gilbert, 1986). The groundworks for this hypothesis 

started 60 years ago, with the finding that information is stored in the genetic code. The 

code is built of the combination of four nucleobases (Gamow, 1954; Nirenberg & 

Matthaei, 1961; Woese et al., 1966). It was already known that the information is passed 

further by the replication of deoxyribonucleic acid (DNA) (Watson & Crick, 1953). The 

important role in the transcription of the naming structure ribonucleic acid (RNA) was 

found short after the finding of the genetic code (Crick, 1968; Orgel, 1968; Woese, 1967). 

These insights let Francis Crick to his “central dogma of molecular biology” (Crick, 1970). 

His dogma describes the flow of genetic information in biological systems. The flow is 

structured in three steps, namely replication, transcription and translation. The replication 

is done by the enzyme DNA-polymerase, here starts the flow of information. The 

information is then transcribed to a mobile form of information called messenger 

ribonucleic acid (mRNA), this process is done by a RNA-polymerase. RNA and DNA 

deviate in one nucleic acid. In the RNA, the DNA’s nucleic acid thymine, is substituted 
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with the nucleic acid uracil. The mRNA gets then translated into proteins by cellular 

structures called ribosomes (Crick, 1970).  

RNA-World-Theory 

A central problem of the genetic theory was that DNA and proteins are not present at the 

same time at the same spot in a living system. Further there is no catalytic function in the 

DNA molecule, its only purpose is the storage of information. After encoding into protein, 

these ones unfold their catalytic properties. So it is safe to say, by observing Cricks 

central dogma (Crick, 1970), that DNA and proteins depend on each other. This leads to 

a discord. What was first? The RNA steps in this gap. As a polynucleotide it is able to 

store information like DNA can, but RNA even inheres catalytic functions, e.g. catalyze 

its own synthesis (Cech, 1986). With this equipment, RNA could perform all vital functions 

of life, like catalysis, heredity, recombination and evolution, this led to the RNA-World-

Theory (Gilbert, 1986; Martin et al., 2008). Seen as transcription first, the RNA-World 

would have originated from the nothing. This leads to a wall between biochemistry and 

prebiotic chemistry (Martin et al., 2008). Newer studies state that RNA, of course would 

not occur de novo, more it was a transition from peptide nucleic acids to tetrose nucleic 

acids to RNA (Bada, 2004; Orgel, 2004). That shows RNA could have been a central point 

of primordial synthesis. If you look from the evolutionary side, all processes in which RNA 

is involved in today’s biochemistry, are very old (Rauchfuss, 2008). Thus there are quite 

good approaches in the RNA-World-Theory, it is only a hypothesis, that entailed some 

interesting models of biogenesis (Rauchfuss, 2008). An example for the ambivalence of 

the theory is shown by Dworkin et al., stating that, because of its metabolic arguments, 

RNA genetic material precedes DNA. But on the other side 2’-deoxyribose is more 

soluble, stable and reactive than ribose, which would favor DNA as the older one 

(Dworkin et al., 2003). Another point of criticism is the competition to be assembled into 

a polymer. In prebiotic times there was a vast number of compounds capable to be 

incorporated into a polymeric structure as RNA is. As example Robert Shapiro showed 

that if a polymeric chain of L-amino acids is build up from the prebiotic material found on 

the Murchinson meteorite, the L-amino acids compete with D-amino acids, β-amino 

acids and hydroxyl acids. Some reactions will bring the elongation to a sudden end, while 
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reactions containing trifunctional amino acids like aspartic acid will create branches in 

the polymer chain and increase the complexity. He concluded that the creation of an 

information transmitting polymer like RNA from a complex mixture is not excluded, but it 

is very unlikely (Shapiro, 2000a, 2000b). A molecular code, stored in the RNA, of complex 

molecules like enzymes was not necessarily needed in the origin of life. Further, the 

formation of the molecule carbamate from CO2 and furfuryl amine, can occur 

spontaneous and without an enzyme. This reaction is the first step of biological 

methanogenesis in today’s microorganisms (Vorholt & Tauer, 1997; Bartoschek et al., 

2000; Martin et al., 2008). Varma et al. showed the formation of pyruvate from CO2 on a 

Fe0 surface, with an enzyme free acetyl-CoA-like pathway (Varma et al., 2018). Further 

the prebiotic synthesis of RNA is challenging (Powner et al., 2009) and the chain length 

needed of a ribozyme to replicate RNA sequences is at a minimum of 200 nucleotides, 

which is quite a big molecule for prebiotic times (Wochner et al., 2011). On the chemical 

side there are some problems regarding the sugar backbone of RNA, namely the 

instability of ribose and the implementation of glycosidic bonds between the nucleotides 

under primordial conditions (Nelson et al., 2000a, 2000b). Because of all these 

negativities about the hypothesis of the RNA-World there are aspirations to simplify the 

structure of the primordial molecule. Here mainly the backbone is considered and not 

the nucleotides to maintain the ability to hold information. A substance inhering this 

simplicity and function is PNA (peptide nucleic acid). Here the phosphate-ribose 

backbone is replaced by a polyamide polymer. The normal Watson-Crick base pairing is 

still in function, as PNA can interact with DNA and RNA (Egholm et al., 1992; Nielsen et 

al., 1991). Because of its simplicity PNA could be a starter to a “Pre-RNA-World” 

(Rauchfuss, 2008).  

But still there is the question whether metabolism or genetics was first? 

 

The first two outline items laid the foundation for this work. From early experiments of 

Stanley Miller to today’s works of e.g. Laurie Barge had an influence on the experimental 

work. Especially the work of Günter Wächtershäuser, together with Claudia Huber paved 
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the way. The thesis is based on the iron-sulfur-world theory. Therefore, the experiments 

performed in this thesis work were designed to recreate the metabolic options of 

Wächtershäusers pioneer organism. Because of this it follows that the practical work was 

based on a metabolism first approach. But the other approach should also be 

highlighted.  

 

1.3 Emergence of metabolism 
 

1.3.1 Metabolism and its offspring  

A definition of metabolism could be read as follows, “the chemical process that occur 

within a living organism in order to maintain life” (Stevenson, 2010). This concedes that 

metabolism is the main subject of biochemistry, “the branch of science concerned with 

the chemical and physio-chemical processes and substances which occur within living 

organisms (Lazar & Birnbaum, 2012; Stevenson, 2010). This shows the strong 

interconnection of metabolism and biochemical reactions. The emergence of life can also 

be seen as the emergence of metabolism. The first conversions of inorganic material to 

a vast number of organic compounds capable of, early and non-complex, biochemical 

reactions marks a start in the evolution of metabolism. This conversion is the catabolically 

source of energy in modern life (Wächtershäuser, 1988a, 2006). A central point of the first 

metabolic networks, derived from high variety of compounds, was the fixation of carbon 

as source of molecular growth. This process was driven by the force to reduce entropy 

in the reaction system. A possible carbon donor of primordial atmosphere could be CO2 

(Kasting, 1993). In extant biological life the fixation of CO2 is the main carbon source, the 

reactions, e.g. phosphorylation or cofactor coupling via thioester formation, are very 

energy consuming and therefore catalyzed by enzymes. Primordial fixation of CO2 could 

have been done by inorganic catalysis on metal surfaces of minerals (Preiner et al., 2020; 

Varma et al., 2018). Another source of carbon fixation agents could be volcanic 

exhalations. For example, carbon monoxide and acetylene can be potential compounds, 

because of their availability in exhalations, chemical reactivity and high potential of 
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ligation with transition metals for catalysis (Igari et al., 2000; Mukhin, 1974; Oremland & 

Voytek, 2008; Sobotta et al., 2020). With the ability to fixate carbon, diversity of 

compounds further increases, although the probability for more complex reactions is 

increased.  

1.3.2 First enrobed metabolism or who is LUCA? 

The term “LUCA” stands for universal last common ancestor. What does this mean for 

the emergence of life? First, descending from Darwinian evolution, there was a tree of life 

with two main branches, the eukarya and the bacteria. With the finding of unusual 

bacteria in 1981 by Woese, the phylogenetic tree grew to its today lookalike with three 

domains, bacteria, archaea and eukarya, with the last two sitting on a symbiotic branch 

of the tree (Woese, 1981; Woese et al., 1990). 

 

Figure 16: Simplified traditional phylogenetic tree of life. Showing Bacteria (orange) on the left 

branch, archaea (green) and eukarya (red) on the right branch. LUCA is identified on the bottom 

of the trunk. Adapted from (Doolittle, 1999; Woese et al., 1990) 

The shown traditional phylogenetic tree pictures just a lateral gene transfer from 

predecessor to successor. It was shown by Doolittle that there is not just lateral gene 

transfer, furthermore he found that there is also horizontal gene transfer in 
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microorganisms. Implementing this horizontal gene transfer, the phylogenetic tree looks 

more woven (Doolittle, 1999).  

To be clear, LUCA is a theoretical organism sitting on the down end of the trunk to bring 

the early biochemistry and the presentation of first cells together (Weiss et al., 2018). A 

timeline for the emergence of LUCA and the three domains could look as follows 

(Glansdorff et al., 2008). Firstly, there was prebiotic chemistry on iron-sulfur cluster rich 

minerals, proceeding the first biochemical reactions. Over time the reaction network 

assembles into a self-sustaining proto-metabolism, which was followed by a phase of 

pregenomic nature. This means the catalytic networks producing polynucleotides and 

peptides, get closed up in vesicles. With the pregenomic phase also an era of community 

of ancestor cells starts. In this era a RNA-progenote evolved. This means the genetic 

code as well as sn 1,2 lipids develop. Further a protonucleus evolves. This is followed by 

the evolution of various metabolic types. The end of the community era marks a 

protoeukaryotic LUCA. A promiscuous community of cells with mesophilic features and 

thermotolerant. These organisms were metabolically and morphological diverse and 

genetically redundant. From this point followed a transition from RNA to DNA and a 

diversification into the three domains. The Eukarya emerged from the protoform and 

showed an increasing tolerance to O2. The archaea emerged by thermoreduction and 

further developed sn 2,3 lipids. The bacteria emerged out of a reductive evolution.  

These LUCA communities probably mainly lived under anaerobe conditions, because of 

the sensitivity of iron-sulfur clusters to O2, from gases. It is assumed that LUCA used the 

acetyl-CoA pathway (Wood-Ljungdahl) to fixate CO2. The reason for the assumption of 

the acetyl-CoA pathway was because, its chemical simplicity and exergonic nature 

(Weiss et al., 2016). In the Isua supracrustal belt, located in Greenland, stromatolites were 

found. These showed microbial structures, which is an indication of biotic CO2 fixation. 

The stromatolites were dated back to about 3.7 billion years ago (Nutman et al., 2016). 

Additionally, in the same geological region, the Canadian shield, microbial structures 

were found in fossilized hydrothermal vent. This was dated to be 3.8 billion years old 

(Dodd et al., 2017). These findings support the hypothesis of the emergence of life at 

hydrothermal systems. Still today, submerged regions with volcanic activity are flowering 
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environments, hosting for example different classes of archaea. These microorganisms 

are able to do an autotrophic metabolism (Berg et al., 2010). 

1.3.3 Traits in today’s biochemistry 

The start of any todays intra cellular metabolism, has its traits in cell free metabolic 

reactions at the emergence of life. Based on the carbon dependency of any living 

organism on our planet, the fixation of carbon is one of the most important metabolic 

tasks to be performed. This means that carbon fixation is a main part of the evolution of 

metabolism, which is an important basis for the emergence of life. A look on today’s 

carbon fixation can help to extract the ancient parts. All present carbon fixation pathways 

are seen as successors of an ancient fixation pathway. The pathways can be conducted 

to a phylometabolic tree of carbon fixation (Braakman & Smith, 2012). The extant fixation 

of carbon is mainly done by the fixation of CO2. The reaction to activate CO2 for fixation 

is chemical and energetically complex. It is an elaborate way to perform just a C1 

extension. Because of this nature other gases at volcanic hydrothermal vents were 

considered to be involved in a first carbon fixation reaction network (Sobotta et al., 2020). 

The proposed acetyleno/carboxydotrophic reaction network by Sobotta et al works an 

example for ancient carbon fixation with traits in today’s biochemistry. 

In their experiments they found several biochemical components, that are members of 

extant CO2 fixation pathways. The pathways were the following: reductive acetyl-CoA 

pathway (purple) (Ljungdahl & Wood, 1969), reductive tricarboxylic acid (rTCA) cycle 

(orange) (Fuchs et al., 1980), 3-hydroxypropionate-4-hydroxybutyrate (3HP-4HB) cycle 

(blue) (Kockelkorn & Fuchs, 2009), Dicarboxylate-4-hydroxybutyrate (DC-4HB) cycle (red) 

(Huber et al., 2008) and 3-hydroxypropionate (3HP) bicycle (green) (Strauss & Fuchs, 

1993). These findings can show connection of an ancient transition metal dependent 

carbon fixation pathway and extant pathways.  
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Figure 17: Proposed acetyleno/carboxydotrophic reaction network by Sobotta et al., the different 

colors indicate connections to extant CO2 fixation pathways, red dots show labeling with 13C-

atom. Adapted from (Sobotta et al., 2020) 

 

As mentioned before, this work has a distinct look on the metabolic options of the pioneer 

organism. This organism is a cell free structure. Therefore, it is a requirement for all 

reactions, taking place in this metabolism, to function in an aqueous environment on a 

transition metal catalyst. With these basic requirements we could show an 

acetyleno/carboxydotrophic reaction network, which shows parts of a primordial 

metabolism (Sobotta et al., 2020). In this network we found molecules which are 

metabolites in today’s CO2 fixation reactions systems. Further we could show metabolic 

reactions taking place in our network. This highlights a connection of old cell-free 

metabolic reactions with modern biochemistry in living systems. Furthermore, we 

showed that substance classes like thiophenes can evolve during these reactions. This 

shows that they are not only degradation products, on the contrary they can show sites 

and niches with evolving cell-free metabolism (Geisberger et al., 2021). 
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1.4 Capsulation of metabolism 

 

1.4.1 Fatty acid vesicles and micelles 

To obtain a vesicle or a micelle in an aqueous solution the surface active molecules need 

to inhere amphiphilic characteristics. For that purpose, both polar and nonpolar 

functional groups must be present (Walde, 2006). Fatty acids as well as fatty alcohols are 

typical examples for molecules that are able to self-organization in a spatial alignment to 

neighboring molecules (Meierhenrich et al., 2010). In extant organisms this function is 

executed by phospholipids (Menger & Peresypkin, 2001; Zepik et al., 2008). The force 

that pushes amphiphilic structures into a round shape, are the hydrophobic interactions 

at the hydrocarbon water interface. This drives the molecules to association. Against this 

force, there are hydrophilic, sterically and ionic repulsive forces that favor the 

dissociation. This is called the concept of “Opposing Forces” (Tanford, 1978). The 

hydrocarbon chains inside a vesicle or a micelle behave like fluids (Lindblom & 

Wennerström, 1977; Shinitzky et al., 1971). 

 

Figure 18: Example micelle, showing hydrocarbon chains (marked in red) in a disordered 

manner, comparable to a fluid. Adapted from (Gruen & De Lacey, 1984). 
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Above a critical concentration the amphiphilic material tents to build microscopic 

structures. These concentrations are called cmc (critical micelle concentration) and 

cvc/cbc (critical vesicle/bilayer concentration). The cmc is normally extremely lower than 

the cvc. Additional to the cvc/cmc there is the Krafft-temperature, which is defined as 

the minimum temperature at which the formation of micelles take place (Krafft & Strutz, 

1896). If the system is above the Krafft-temperature and the cmc the amphiphilic 

molecules will build up spherical micelles (Rasi et al., 2003). Above the cvc the 

amphiphilic molecules will build up bilayer sheets and vesicles, which are in a dynamically 

equilibrium with the sole amphiphilic molecules and vesicles (Apel et al., 2002; Namani & 

Walde, 2005). These lipid vesicles are called liposomes (Berclaz et al., 2001; Cheng & 

Luisi, 2003; Fredric M. Menger & Gabrielson, 1995); the characteristic is the 

encapsulation of a water phase in the bilayer construct (Frisken et al., 2000; Hunter & 

Frisken, 1998; Fredric M. Menger & Gabrielson, 1995). From this base, there can occur 

uni-laminar or multi-laminar vesicles, with diameters from 20 nm to 100 µm (Segre et al., 

2001; Walde, 2006). Following their structural similarity to cell membranes, fatty acid uni-

laminar vesicles are in consideration to be a predecessor of modern membranes (Segre 

et al., 2001). The internal structure of uni-laminar vesicle protocells would be a lot simpler 

than modern cells, additionally these protocells would have been smaller than today’s 

smallest bacteria (Rasmussen et al., 2004). Some scientists are even going so far to call 

uni-laminar fatty acid vesicles “protocells”, “progenotes” and “proto-/probionts” 

(Doolittle & Brown, 1994; Oparin & Gladilin, 1980; Woese, 1998).  

1.4.2 Fatty acid vesicles as a possible protocell 

If there is an additional amount of amphiphilic material available, whether free fatty acids 

or fatty acid micelles, vesicles are able to absorb this material and grow (Berclaz et al., 

2001; Hanczyc et al., 2003). There are three models for the growth of vesicles 

(Meierhenrich et al., 2010): 

1 A direct fusion of vesicles with micelles in one step 

2 A disassembly of micelles into fatty acid units and installation into a vesicle bilayer 

3 Fusion of vesicles 
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The enlargement of vesicles and the increase in number is called autopoietic self-

reproduction (Walde et al., 1994; Wick et al., 1995). The formation of vesicles can be 

induced by mineral surfaces. Quartz minerals or minerals with iron-sulfur surfaces 

enhance the transition of fatty acid micelles to bilayer vesicles (Hanczyc et al., 2007). 

Bilayer vesicles are dynamic systems. This means that single molecules can be easy 

assembled into the vesicle structure. The amphiphilic molecules can move between the 

layers of the vesicle (Mansy et al., 2008; Segre et al., 2001). This movement can be a hint 

to the cross membrane transportation of metabolites.  

Because there are no complex biochemical processes for cell division in a fatty acid 

vesicle it needs physical/chemical mechanisms to divide a vesicle (Szostak et al., 2001). 

The division of vesicles takes place by extrusion through pores. The vesicle enters the 

pore under pressure and changes its shape from spherical to cylindrical. Smaller 

subsidiary vesicles are cut off with a diameter similar to the pore (Hunter & Frisken, 1998). 

Hanczyc et al. differentiate between two mechanisms of vesicle division. The first 

mechanism is, the breakdown of the vesicle under pressure into membrane fragments, 

which assemble back into smaller vesicles. As second mechanism of division it is stated 

that smaller vesicles are cut off from the parental structure. (Hanczyc et al., 2003). They 

showed that vesicles can divide, without a molecular machinery, just by a physiochemical 

mechanism, which can occur also naturally. Further shearing forces can also initiate the 

division of vesicles (Szostak et al., 2001). 

As fatty acid vesicles can grow and divide in some kind of manner, the next step would 

be the providing of a reaction chamber. This can be achieved through a dehydration and 

rehydration process. By dehydration a fatty acid mono layer area will be created on a 

surface. With rehydration, substances solved or transported by water can be capsulated 

in the fatty acid vesicles, also nanoparticles can get enclosed by vesicles (Apel et al., 

2002). Vesicle membranes reforming by hydration on a mineral particle, can merge 

together with other vesicles formed on this particle. With further growth the vesicles can 

encapsulate the particle whole. This encapsulation transports the catalytic moiety into 

the vesicle (Hanczyc et al., 2003; Wächtershäuser, 1992, 2006). Oligonucleotides can be 

synthesized by encapsulated clay particles (Hanczyc et al., 2003). Chen et al. showed 
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additionally, that oligonucleotides are transported into the vesicle. There occurred a 

polymerization on a catalytic mineral surface to RNA-molecules. The synthesized RNA 

increased the osmotic pressure inside the vesicle, which promoted the further growth of 

the vesicle (Chen et al., 2004). A mechanism to transport metabolites through a fatty acid 

bilayer is described by the static solubility-diffusion theory. The theory says that the fatty 

acid bilayer is a liquid phase separating two aqueous phases. Therefore, metabolites can 

infiltrate this bilayer, get distributed in the hydrophobic phase. They defund through it, 

and again get resolved in the aqueous phase. This mechanism is primarily driven by a 

gradient in the concentration. The theory can be applied on uncharged molecules, 

because it is easier for them to cross the hydrocarbon phase of the vesicle (Meierhenrich 

et al., 2010). 

 

A big step in the evolution of a living cell was the development of compartments. The 

easiest way to create a compartment in an aqueous solution is the addition of nonpolar 

molecules. Substances that meet these requirements are fatty acids. These are products 

of our reactions. Fatty acids can build up two different compartments in aqueous 

solution, micelles and vesicles. So the next big step would be to show that the 

concentration of fatty acids produced in our hydrothermal vent experiments is big 

enough to form one of these compartments, in the best case vesicles. To show this is 

the actual task. 
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2 Motivation  
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In summary the aim of this work was to further investigate on the first metabolic pathways 

of the pioneer organism in accordance with the iron-sulfur world and the possible 

emergence of compartmentation for those pathways. This means to sound out the 

possibilities of a metabolism suitable for a cell-free pioneer organism. On the base of 

simple and reactive educt molecules provided by primordial volcanic hydrothermal vents. 

Further the traceability of this rather old reactions and their products in today’s 

biochemistry. Specific on nowadays CO2 fixation reactions, as follow up of primordial 

carbon fixation from e. g. acetylene. Lastly the look on how an encapsulated reaction 

could take place. Here it focuses on the compartmentation its self. The building of a 

compartment from, hydrothermal vent reaction provided, fatty acids is the aim. 

A first part of this work concerns about the connection of a acetyleno/carboxydotrophic 

core metabolism of the pioneer organism to extant mechanisms to fixate carbon (mainly 

as CO2). This work shows the occurrence of metabolites, still present in today’s carbon 

dioxide fixation pathways, through a primordial mechanistic pathway at simulated 

volcanic hydrothermal vent conditions. The “metabolites” are synthesized on NiS-surface 

using acetylene and carbon monoxide as carbon sources. These gases are existing in 

volcanic exhalations. So this part describes a conversion of inorganic educts to 

biochemistry suitable products by transition metal catalysis.  

Further this work focused on the possibility of niches suitable for the emergence of life. 

There were findings on Mars showing metabolites and mainly sulfur containing 

compounds from the family of thiophenes (Heinz & Schulze-Makuch, 2020). Thiophene 

and its successor molecules can be found in reactions of volcanic gases activated on a 

NiS-surface. Here a theoretical mechanism was described concerning the attachment of 

a C-atom at the sulfide and the carbon chain extension. Further the resulting sulfur 

containing molecules can be seen as predecessors of those containing oxygen or 

nitrogen at this certain position. With these findings there can be theorized that 

thiophenes not only show a decay of organic life, they can also show a possible habitable 

site for the emergence of life on earth or other extraterrestrial bodies. 
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Lastly this work was on the building of compartments for possible encapsulation of 

metabolic reactions. A previous work showed the diversity of short chain fatty acids 

found in reactions simulating volcanic hydrothermal vent conditions (Scheidler et al., 

2016). The reaction mixtures pass through conditions to theoretically form fatty acid 

vesicles. The aim was to find evidences for vesicles in these mixtures. The short chain 

length, unsaturation and the reaction surface should favor the formation of fatty acid 

vesicles in the aqueous reaction solution.  
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3 Results 
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The articles shown on the following pages are referenced as: 

 

Sobotta, J., Geisberger, T., Moosmann, C., Scheidler, C. M., Eisenreich, W., 
Wächtershäuser, G., & Huber, C. (2020). A Possible Primordial 
Acetyleno/Carboxydotrophic Core Metabolism. Life (Basel), 10(4). 
doi:10.3390/life10040035 

 

Geisberger, T., Sobotta, J., Eisenreich, W., & Huber, C. (2021). Formation of Thiophene 
under Simulated Volcanic Hydrothermal Conditions on Earth—Implications for 
Early Life on Extraterrestrial Planets? Life, 11(2), 149.  
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3.1 Summary and Article: A Possible Primordial 

Acetyleno/Carboxydotrophic Core Metabolism 
 

To enhance an evolution of life, there must have been the critical step of carbon fixation, 

to a further establishment of metabolism. In this work we showed the synthesis of C2-4-

products representative for C2-4-segments of all four CO2-fixation cycles of the domains 

Archaea and Bacteria. These products were obtained from experiments simulating 

volcanic hydrothermal vent conditions. For a typical experiment a reactor vessel was 

charged with an aqueous solution of freshly precipitated NiS with a ratio of C2H2:CO2 (1:1) 

as reaction gases. The preparation was done at room temperature followed by 7 days at 

105 °C at a 1 bar of pressure. The supernatant was analyzed by GC/MS, showing C2-4-

products (Figure 19). The evidence of authenticity was done by 13CO labeling 

experiments. The products were found in concentrations up to 29 mM. 

 

Figure 19: Acetyleno/carboxydotrophic reaction network. NiS-catalyzed reaction network 

starting from acetylene and carbon monoxide. Observed products are shown with their chemical 

formula and names. Adapted from (Sobotta et al., 2020). 

 

My individual contribution of this work included the interpretation of available data and 

performing necessary additional experiments with analytics and interpretation of the 

data. Additionally, I was involved in the preparation of this published research paper.  
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3.2 Summary and Article: Formation of Thiophene under Simulated 

Volcanic Hydrothermal Conditions on Earth —Implications for 

Early Life on Extraterrestrial Planets? 
 

The mission of the mars rover Curiosity showed the presence of thiophene on mars. 

Therefore, it was discussed as an eventual marker for biotic life, as degradation product. 

In this work we showed that thiophene and its derivatives are formed in abiotic reactions 

from acetylene and transition metal sulfides. The typical experiment was the same as in 

3.1. Additionally, here we tested other transition metal sulfides and performed 

experiments to show the abundancy to the pH. The detection of thiophenes was 

performed by GC/MS. These conditions showed in other works of our group a great 

variety of organic molecules like fatty acids and other molecules of today’s metabolic 

systems.  

 

Figure 20: Thiophene (1) and its derivatives obtained from volcanic hydrothermal vent 

experiments. Adapted from (Geisberger et al., 2021) 

Therefore, we suggested to see thiophene not only as a biomarker of degrading life, but 

also as a marker for sites and conditions well-suited for the emergence of life on earth 

and other extraterrestrial planets.  

My individual contribution to this work included the conception and performance of the 

experiments. Further the analytics and interpretation of the obtained data, as well as 

the preparation of the published manuscript. 
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4 Conclusion and Outlook 
  



63 
 

In this work we made one more step towards the understanding of the metabolic carbon 

fixation of the pioneer organism. By looking on the similarities of extant CO2-fixation 

pathways and the gained knowledge of hydrothermal vent experiments. There was 

considerable process made in the field of the habitability of certain niches for the 

emergence of life. Experiments looking on thiophene showed, that it is not only a marker 

for possible decay of organic life. Further it can also be seen as a marker for habitable 

zones to support the origin of life. In the following chapter unpublished results of ongoing 

studies and their preliminary results are briefly discussed, but not disclosed. 

 

4.1 Elements of metabolic evolution 
 

Mild amino acid synthesis — The synthesis of -amino acids was shown by our group 

before (Huber & Wächtershäuser, 2006). In this reactions CO as well as CN— are used as 

carbon source to form amino acids under primordial conditions. Further they showed 

that it is possible to from amino acids from their corresponding -hydroxy acids (Huber 

& Wächtershäuser, 2003). The method of amination was far more mild in contrast to CN—

, by using NH4Cl or NH4CH3. Therefore, the design of the new experiment was to 

implement the milder amination into the reaction, to form organic molecules. Here we 

started to add NH4Cl directly to our reaction mixtures. But the focus was not only find 

amino acids. We also tried to find the corresponding amines of short chain fatty acids 

that evolve in our experiments like acrylic acid. The finding of amides where not fully 

positive to this time, thus with the new system we could show the emergence of alanine, 

glycine and aspartic acid. Also the formation of peptide bonds is a subject of this 

reactions with phenylalanine, tyrosine as promising candidates. The finding of serine in 

this experiments would be a good thing. Following the concepts of the iron sulfur world 

by Günter Wächtershäuser, serine would be the hydroxylated form of cysteine. This 

would be promising because it shows the presence of cysteine, which is the step stone 

for interconnection between different peptide chains. 
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Mechanisms of building metabolites — A very good way to verify the reaction products 

resulting in our experiments is the labeling with stable isotopes like 13C. The addition was 

first only via 13CO. This not only verified the reaction products as genuine products of the 

reaction, it further gives information about the structure and the location of the labeled 

carbon. Here it showed that CO is a starting point to build up for further elongation of the 

formed molecules. Solely in uneven fatty acids or di acids a label could be found. Further 

in the metabolites formic acid and pyruvic acid occurred a specialty. In this molecules 

the labeling was formal just 0.5, which means that the portion of labeled and unlabeled 

material was even after the experiment. So, acetylene the second carbon containing 

molecule gained attention. There were experiments with 13C2-acethylene. This verified 

what was already thought. The carbon chain of the uneven fatty acids and molecules is 

built of acetylene. More interesting is that the even fatty acids are completely labeled in 

experiments only using 13C2H2. From this point a hypothetical mechanism can be 

formulated. The acetylene is coordinated to the NiS-surface via the [Ni]—H (activated 

nickel surface). At this stage an elongation, functionalization or reduction is taking place. 

Followed by an insertion of CO. By hydroxylation, the molecule is released as a free acid 

(Sobotta et al., 2020). Still there is the mystery of the 0.5 labeled constituents of the 

reactions. The labeling with acetylene showed exactly the same picture as the labeling 

with CO. This shows that both formic acid and pyruvic acid can be build up completely 

by CO or C2H2, respectively for pyruvate with or without CO. But both molecules have an 

uneven number of carbons, with formic acid being a C1-body and pyruvic acid a C3-body. 

In this case there must be a mechanism to cleave the C—C bond in the acetylene to form 

the C1-bodys. This must be a multistep reaction because it involves reduction steps 

followed by oxidations. A hypothetical mechanism for this reaction is shown in Figure 21: 
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Figure 21: Hypothetical mechanism showing the cleavage of acetylene on a catalytic nickel 

surface. Further the reaction of the cleaved acetylene to formic acid and pyruvic acid. The 

numbers 1 and 2 are indicating the two nickel centers of the cleaved acetylene. Red dots and 

red colored C indicate a 13C isotope labeling. (unpublished data).  

Exploring the reaction network — Together with the group of Prof. Schmitt-Kopplin, 

from the Helmholtz Zentrum Munich, we are investigating in the reaction networks of our 

volcanic hydrothermal vent experiment. An interesting approach to the network is the 

timeline of the emergence of molecules in the reaction. A typical reaction vessel for the 

cooperation experiment was loaded with 262 mg NiSO4. After that the reaction vessel 

was sealed and it was pumped to vacuum with a refill of argon. This procedure was 

repeated again for two times. Again it was pumped to vacuum. Then the liquids were 

added to the reaction mix, 8.5 ml H2O, 1 ml Na2S and 0.5 ml of NaOH (1M). The solved 

nickel ions and the sulfide form fresh precipitated NiS. Then CO and acetylene are filled 

into the vessel, each 60 ml. The reaction vessel is placed in an oven for seven days at 

105 °C. The pressure will level out at 1 bar. The product mixture is analyzed my GC/MS 
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and NMR (TUM) and by FTICR/MS, LC-MS and NMR (Helmholtz). The resolution over 

time showed that acrylic acid is one of main components in the product mixture. The 

shift in time to a later point of time for e.g. propionic acid shows a dependency from 

acrylic acid as it is the reduced form of it. Another surprise of this timeline is the formation 

of succinic acid before its more functionalized analogues fumaric acid and maleic acid. 

 

Figure 22: Resolution over time of assorted reaction products from volcanic hydrothermal vent 

experiments. 

The Helmholtz-team works on the chemical space which is build up by a CHOS-system. 

This means a reaction network containing carbon, hydrogen, oxygen and sulfur. With 

mathematical features and FTICR/MS they can build a reaction network (Popova et al., 

2013; Schmitt-Kopplin et al., 2010; Tziotis et al., 2011). 



67 
 

 

Figure 23: Reaction network of the CHOS space of the reaction mix. Picture in courtesy of 

Philippe Diederich (unpublished data). 

Volcanic lightning — A cooperation with the group of Prof. Scheu has the target to 

investigate the reactions implemented by volcanic lightning. During a volcanic eruption a 

high amount of material and gases is released in the plume. The mineral material is a very 

fine powder. Therefore, it is electrically charged through the friction of the material. This 

electrically charge is released as lightning (Springsklee et al., 2020). The plume contains 

both porous material, as reaction chambers, and various gases. Additionally, there is also 

steam which acts as solvent when cooling. The volcanic lightning should be reproduced 

in lab scale (Cimarelli et al., 2014; Gaudin & Cimarelli, 2019) to test various gas mixtures 

on their potential to create organic material. The material getting charged by a “eruption” 

are cleaned volcanic ashes. The final step of the cooperation would be to use the organic 

loaded ashes in volcanic hydrothermal vent experiments. In earlier unpublished 

experiments, there were traces of glycine and alanine detectable using an atmosphere 

of ammonia and methane. With the actual experiments using nitrogen and CO2, no 

organics can be found (unpublished data). 

4.2 Encapsulation with fatty acids  
 

Building vesicles from experiments —Previous works of our group showed the 

tendency to build up fatty acids and di acids (Scheidler et al., 2016; Sobotta et al., 2020). 
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Therefore, a logic coincidence would be to have a look if there are micelles/vesicles in 

our experiments or if the organic mixture would be able to form vesicles under special 

circumstances. In the past there was already an experiment examined with a 

transmission electron microscope (TEM). Actually hydrophobic drop like compartments 

could be visualized using -hemolysin, a hydrophobic protein core. The protein core 

would embed its self in the hydrophobic bilayer of a vesicle, making it visual in the 

microscope. Regarding the papers, mentioned above, the main constituents of the 

reactions are short to medium chained, mostly unsatisfied, fatty acids. Scheidler et al. 

(2016) specify the amount of C3-9 to be around 19 mM with an end pH 8.8. They even 

obtained up to 24 mM when NiS is 0.5 mmol and 0.5 mmol -Ni(OH)2 is added, end pH 

was 8.9. The inside of a vesicle bilayer behaves like a fluid (Lindblom & Wennerström, 

1977; Shinitzky et al., 1971). Further, the creation of vesicles is promoted by unsatisfied 

chains of fatty acids (Meierhenrich et al., 2010). Because of these findings the product 

mixture of a standard reaction (1 mmol NiSO4, 1 mmol Na2S, 0.5 mmol NaOH, 3,5 ml 

H2O, 60 ml CO/C2H2 each) is subject to a deeper investigation on vesicles.  

The literature states that octanoic acid is the shortest acid to form vesicles, when 

prepared (Apel et al., 2002). Following the protocol from Apel et al. a comparative sample 

of fatty acid vesicles from nonanoic acid was produced to have a look at it with a TEM. 

The 85 mM nonanoic acid in water 5 ml water were alkalized with 1M NaOH to 

deprotonate the carbonic acid. In this state the acid will accumulate as micelles, showing 

a clear solution with no abundant fatty acid droplets or foam. After that the solution is 

acidified with 1M HCl to fully protonate the acid molecules. The solution got opalescent, 

indicating the emergence of vesicles. Figure 24 shows this control sample (unpublished 

data). 
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Figure 24: Control experiment (TEM) with 85 mM nonanoic acid, following the protocol from 

Apel et al. (2002). The scale bar represents 100 nm in all micrographs. Pictures in courtesy of 

Christoph Kaiser (unpublished data). 

The pictures from the TEM showed multi-laminar vesicles formed from nonanoic acid. 

The reaction mixture needs to have at least a concentration of 85 mM for nonanoic acid 

or 250 mM for octanoic acid. But the cvc can be lowered when there are fatty alcohols 

and hydrocarbons in the mixture. Further the cvc can be lowered by adding longer 

chained fatty acids (Apel et al., 2002; Cape et al., 2011; Deamer, 1985). Mostly longer 

fatty acids as C9 were not found in detectable amounts by GC/MS. The group of Prof. 

Schmitt-Kopplin could show via FTICR/MS that there are longer fatty acids in the product 

mixture. Figure 25 shows a van Krevelen diagram of a product mix measured by 

FTICR/MS (unpublished data). 

 

Figure 25: Van Krevelen diagram of a typical reaction run, showing the fatty acid moiety of the 

sample. Dots on lines indicating the same homologous series. Going left up indicating the 

addition of a CH2-group. Picture in courtesy of Philippe Diederich (unpublished data) 
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The investigation of vesicles to be found free in the reaction solution was not positive by 

TEM. So the procedure was adapted to focus on the building of vesicles from the organic 

moiety of the reaction. In a volcanic hydrothermal vent system there is the possibility to 

get wet and dry cycles in the cavities of the sounding mineral rocks (Ross & Deamer, 

2016). During a possible dry phase, the fatty acids will form a monolayer on the surface 

of the minerals. With a rehydration of the cavity the fatty acids will form vesicles, some 

of these can encapsulate mineral structures. With this happening a catalytic structure 

could be transported into a vesicle (Hanczyc et al., 2007). Further there could also be the 

lipophilization of a catalytic particle, ending in a complete cellularization of the particle 

(Wächtershäuser, 1992, 2006). Figure 26 shows the hypothetical process of building up 

a bilayer vesicle around a catalytic NiS particle (unpublished data). 

 

Figure 26: Hypothetical fatty acid vesicle grown around of a nickel sulfide particle. Light blue 

signifies encapsulated water phase. Chemical structures show metabolites derived from Sobotta 

et al. (2020) that could possibly evolve in this vesicle reaction chamber. Structures on the left 

clarifying possible structures of the lipid bilayer of the vesicle. (unpublished data) 

To obtain this drying process the supernatant of the reaction as well as the precipitate 

were subject to an organic extraction. The extracted organic phase was dried and then 

the same protocol was applied as for nonanoic acid, adapted from Apel et al. (2002). The 

sample was transferred into the micelle-form by raising the pH with NaOH 1M. By adding 

HCl 3M the sample showed opalescence. This sample is now subject to transition 

electron microscopy.  
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