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Abstract

The aim of this study is to explore whether acetylene gas could have been a key
component in the emergence of life. Acetylene is a reactive gas formed from the
photolysis of methane in planetary atmospheres, including that of the primordial
Earth. The study demonstrates that acetylene, in combination with other
prebiotically relevant reactants such as carbon monoxide, water, and nickel
sulfide, has the potential to transform into a variety of small molecules with

properties that prebiotic chemists are looking for.

The study is divided into three major parts, each representing a publication
analyzing different reaction products emerging from acetylene. The investigation
revealed a promising similarity to the C2-metabolism of extant organisms,
particularly Pelobacter acetylenicus. This microorganism thrives in anaerobic

agueous environments and can use acetylene as its sole carbon source.

Through 3C-labelling, we discovered that acetylene is converted into a C2-
building block in the system and is used to increase the mass of all detected
compound classes. This discovery, along with the detection of thioacetic acid and
higher thio acids, made this pathway even more reminiscent of the metabolism
of Pelobacter acetylenicus, which converts acetylene into acetaldehyde and then

into acetyl-CoA, a thio acid ester.

The experimental conditions changed over time due to the formation of a complex
mixture. This led to an autoregulation of the compounds produced from newly
formed acetaldehyde. Basic conditions led to the formation of amino acids if
ammonium and cyanate were present in the system. Older systems changed to
a more acidic pH due to the formation of carboxylic and sulfonic acids. This pH
switch altered the reaction route taken by acetaldehyde and resulted in lactic acid,
an a-hydroxy acid. Both amino and a-hydroxy acids possess useful

characteristics for the origin of life.

The formation pathway of acetaldehyde could be further elucidated by detecting
an organo-nickel complex in the form of nickel-bis(dithiolene). This complex

formed quickly in the early stages of the reaction setup and was then transformed



into acetaldehyde and formic acid. This transformation is highly interesting, as
the enzymatic transformation of acetylene into acetaldehyde in Pelobacter
acetylenicus is catalyzed by a pterin co-factor containing a metal-bis(dithiolene)

core.

Altogether, the research presented in this thesis clearly documents the promising

role of acetylene as an essential Origin-of-Life building block.



Zusammenfassung

Diese Studie untersucht das Potenzial von Acetylen Gas als Baustein fir den
Ursprung des Lebens. Acetylen ist ein reaktives Gas, das durch Fotolyse von
Methan in der Atmosphare von Planeten, einschlie3lich der der urzeitlichen Erde,
entstehen konnte. Unsere Studie zeigt, dass Acetylen in Kombination mit
anderen prabiotisch-relevanten Reaktanten wie Kohlenmonoxid, Wasser und
Nickelsulfid zu einer Vielzahl von kleinen Molekilen mit Eigenschaften, die von

prabiotischen Chemikern gesucht werden, fuhrt.

Die Studie ist in drei Hauptteile gegliedert, von denen jeder eine Veroéffentlichung
darstellt, die verschiedene Reaktionsprodukte analysiert, die aus Acetylen
entstehen. Die Untersuchung ergab eine vielversprechende Ahnlichkeit zum C2-
Stoffwechsel von existierenden Organismen, insbesondere Pelobacter
acetylenicus. Dieser Mikroorganismus Uberlebt in anaeroben wassrigen

Umgebungen und kann Acetylen als einzige Kohlenstoffquelle nutzen.

Durch 3C-Markierung wurde entdeckt, dass Acetylen in unserem System als C2-
Baustein genutzt wird und zur Erhéhung der Masse aller nachgewiesenen
Verbindungsklassen verwendet wird. Diese Entdeckung, zusammen mit dem
Nachweis von Thioessigsaure und hoheren Thiosauren, machte dieses
Reaktionssystem dem Stoffwechsel von Pelobacter acetylenicus noch &hnlicher:
Dieser Mikroorganismus wandelt Acetylen in Acetaldehyd und dann in Acetyl-

CoA, einem Thiosaureester, um.

Die experimentellen Bedingungen anderten sich im Laufe der Zeit aufgrund der
Bildung eines komplexen Gemisches. Dies fulhrte zu einer Autoregulation der
produzierten Verbindungen aus neu gebildetem Acetaldehyd. Basische
Bedingungen fiihrten zur Bildung von Aminosauren, wenn Ammonium und
Cyanat im System vorhanden waren. Altere Systeme wurden saurer aufgrund
der Bildung von Carbonsauren und Sulfonsauren. Dieser pH-Wechsel anderte
den Reaktionsweg von Acetaldehyd und fuhrte zu Milchsaure, einer a-
Hydroxysaure. Sowohl Aminosauren als auch a-Hydroxysauren besitzen

nitzliche Eigenschaften fir den Ursprung des Lebens.



Der Bildungsweg von Acetaldehyd konnte weiter durch den Nachweis eines
Organo-Nickel-Komplexes in Form von Nickel-bis(Dithiolene) aufgeklart werden.
Dieser Komplex bildete sich schnell in den friihen Stadien des Reaktionsaufbaus
und wurde dann in Acetaldehyd und Ameisensdure umgewandelt. Diese
Umwandlung ist hochinteressant, da die enzymatische Umwandlung von
Acetylen zu Acetaldehyd in Pelobacter acetylenicus durch einen Pterin-Co-

Faktor katalysiert wird, der einen Metall-bis(Dithiolene)-Kern enthalt.

Insgesamt  dokumentieren die in dieser Dissertation vorgestellten
Forschungsergebnisse die vielversprechende Rolle von Acetylen als

wesentlichen Baustein fur den Ursprung des Lebens.
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Abbreviations

A Adenine

APCI Atmospheric pressure chemical ionization
APPI Atmospheric pressure photoionization
C Cytosine

CaO Calcium oxide

CO Carbon monoxide

COoT Cyclooctatetraene

DI-MS Direct-infusion mass spectrometry
DNA Deoxyribonucleic acid

ESI Electrospray ionization

Fe Iron

FID Free induction decay

FT-ICR-MS Fourier-transform ion cyclotron resonance mass spectrometry
G Guanine

HCN Hydrogen cyanide

kJ Kilo Joule

LC Liquid chromatography

MS Mass spectrometry

Ni Nickel

NMR Nuclear magnetic resonance

OA Oxalic acid

r(TCA) Reversed tricarboxylic acid cycle

RNA Ribonucleic acid

T Thymine

TCA Tricarboxylic acid cycle

ToF Time of flight

U Uracil

UHR-MS Ultrahigh-resolution mass spectrometry
uv Ultra-violet
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1. Introduction

1.1 The Origin of Life

The origin of life is an unanswered question humankind has been trying to solve since
the earliest stages of its existence. The quest for an answer led to many hypotheses
resulting in diverse philosophical and religious worldviews. With the emergence of the
scientific method also came the wish to investigate routes leading to life in agreement
with the laws of natural science(l, 2). To investigate the origin of life scientifically,
however, it is necessary to define what the "origin of life" means. This question can be

approached differently, and researchers followed different routes.

Even though the most direct interpretation of the question suggests that the goal is to
find out how life emerged on Earth, this is commonly seen as the most unlikely
guestion to be answered(3). Therefore, the question is often understood as how life
could have emerged on Earth(4). Scientists try to discover one way that leads to a
living organism without proving that this is the real way. An even broader view on the
topic tries to answer how life can appear anywhere without any constraints on location

or resources(b).

Synthetic biology is an approach that aims at engineering an organism without any
restrictions on materials or complexity. Specifically, synthetic biologists do not refrain
from interfering with the process at any given time(6). This human interference strongly
contrasts the prebiotic approach, as the word prebiotic already suggests. If we stay on
the other extreme of the spectrum, any interference from outside is forbidden. An
optimal experiment for this line of thinking would be a closed system with all the
necessary ingredients resulting in a living cell simply by waiting long enough - an

experiment mimicking the emergence of life on a prebiotic planet.

A second question that must be considered is the general definition of life and,
therefore, at what stage a reaction product of small molecules is considered alive.

What conditions must this product fulfill to be the goal of chemical evolution?



NASA defines life as follows:

"A self-sustaining chemical system capable of Darwinian evolution."

This definition contains two key requirements. The system must be self-sustaining.
This condition emphasizes that external interference is not permitted. The system
must "live" independently without external energy input or other resources from a
higher entity. A second aspect is adaptability, represented by the term Darwinian
evolution(7). The chemical system has to be able to alter itself and adapt to changing
environments. This change is performed through imperfect replication of the system.
This evolution also contains the characteristic of inheritance. The system inherits a
specific amount of information to its replicate. The quality of this inherited information

relative to its environment results in its overall fitness in the actual environment(8).

1.2 The Chemical Origin of Life

Prebiotic chemistry aims to synthesize molecules that are directly relevant to extant
living organisms or compounds that could have been metabolic intermediates leading
to those relevant molecules(9). Prebiotic chemists start at the boundary between
inorganic and organic chemistry(10). Transforming inorganic molecules like water,
nitrogen, and inorganic carbon species into organic molecules is the most fundamental
step to establishing a chemical system that can be considered life(11). This concept
often adheres to a more rigid interpretation of "how life could emerge on earth".
Therefore, organic biological building blocks are synthesized in conditions and with
reactants that are plausible for early Earth(12). The plausibility of reactants and
conditions is an ever-evolving topic, and new knowledge from geology, astronomy,
and computer modeling continuously alters the most popular opinions on acceptable
experimental parameters(13). These parameters are defined not only by the expected
conditions on early Earth at a specific time but also by the specific environment on
early Earth at a specific time. Prebiotic chemists simulate many environments in the
lab, ranging from extreme to extreme. While some scientists investigate the response
of reactants to drastic temperature changes in freeze-thaw experiments(14), other

scientists utilize the energy provided by volcanic lightning(15) or hot sulfur ponds(16).
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e The top-down approach looks at life today and tries to break it into its basic
molecular units following a retro-synthetic concept(17).

e The second approach, encompassing the chemical origin of life, starts with
supposedly prebiotically plausible elemental units and describes the result of
their interaction to converge to the most promising pathway leading to a product
considered life(18). This approach is commonly called the bottom-up

approach and is followed in this work.

1.3 The Building Blocks of Life

The bottom-up approach requires products that can be converted; therefore, defining
which building blocks are required or relevant for the origin of life is important. Here,
scientists look at the most basic units known to modern biology(19). Sugars, fatty
acids, nucleobases, and amino acids are considered the essential building blocks of
modern organisms and were chosen as targets for prebiotic synthesis. Synthetic
chemists quickly synthesized those relevant compounds with varying degrees of
prebiotic probability(20).

1.3.1 Sugars

The origin of sugars is largely seen in formaldehyde, the most primitive aldehyde. This
aldehyde is frequently observed in the interstellar medium and was also produced in
early Earth experimental simulations(21). Experimental proof for the synthesis of
sugars from formaldehyde emerged as early as 1861 when Butlerov(22) discovered
the formation of a complex mixture of sugars from an alkaline aqueous formaldehyde
solution. However, this synthesis pathway proved insufficient. The mixture quickly
turned into a tar-like water-insoluble mass(23). It only yielded low amounts of ribose,
the sugar necessary for nucleoside synthesis and an essential component of the
genetic material we know today. Another problem is the instability of relevant sugars,
specifically ribose, in aqueous solution. Ribose was found to have a half-life of 73
minutes in neutral (pH 7) water at 100°C(24). The addition of borate ions, however, an
element found in the upper continental crust, interacts with glyceraldehyde (the first

condensation product of formaldehyde) and leads to a more selective synthesis of



ribose. In addition to this increased selectivity, borate stabilizes ribose and prevents
the mixture from turning into its tar-like state(25). Alternatively, scientists also
proposed ribose-independent precursors of nucleosides like peptide nucleic acids,
which would partially circumvent the need for a prebiotically plausible way of sugar
synthesis(26).

o o)
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(borate complex) (borate complex)
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O OH HO
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H OH ——= \OH
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OH OH HO 0] OH
pentose pentose
(acyclic form) (cyclic borate complex form)

Figure 1: Formose reaction starting from formaldehyde. Modified with borate (in blue) to selectively yield pentose,
as Benner et al. (2012) described.

1.3.2 DNA building blocks

The molecules that make up our DNA are another category of necessary building
blocks for life as we know it today. These nucleotide building blocks are synthesized
by combining nucleobases and ribose(27), the sugar resulting from the selective
borate-catalyzed synthesis from formaldehyde. Nucleobases are next to sugars, the
second critical part of the genetic material of extant organisms. The educts, catalysts,
and conditions for their abiotic formation are more diverse, and multiple plausible
routes have been proposed over the years(27, 28). Nucleobases exist in five different
forms in our DNA and RNA: Adenine (A), guanine (G), cytosine (C), thymine (T), and
uracil (U) are found in both DNA and RNA, whereas T is exclusive for DNA and is

replaced by U in RNA. The nucleobases can be further divided into two different
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chemical classes. Adenine and guanine belong to the class of purines; cytosine,
thymine, and uracil are pyrimidines. Adenine was the first nucleotide to be synthesized
under prebiotic conditions. Oro observed the formation of adenine in 1960 after
heating ammonium cyanide for multiple days at temperatures around 100°C(29). This
synthesis showed, however, the problem of over-polymerization and tar formation(30).
Adenine was only discovered after removing the tar and adding hydrochloric acid to
the residual solution(31). Different research groups analyzed this polymerization more
thoroughly, and the exact mechanism was elucidated(32). The research invested into
this reaction yielded more than just adenine. Guanine was discovered later in the same
experimental setup at low concentrations(32). The synthesis of nucleobases of the
pyrimidine class wasn't achieved by mere polymerization of cyanide. Pyrimidines
require more ingredients. One successful attempt at synthesizing cytosine resulted in
reacting cyanoacetylene with cyanide(33). Condensation of those two molecules leads
to the desired nucleobase. However, a major drawback of cyanoacetylene is its
reduced water stability(34, 35). In alkaline water, cyanoacetylene hydrolyses quickly
into cyanoacetaldehyde. Luckily, this hydrolysis is not a problem, as
cyanoacetaldehyde reacts with urea or guanidine to form cytosine and uracil(36).
Here, the reaction with guanidine is much more efficient and succeeds even at very

low concentrations (5mM).

Nucleobases can also be formed via a completely different route. Formamide, in
conjunction with mineral catalysts, reacts to purines and pyrimidines if heated to
temperatures over the boiling point of water(37, 38). An advantage of formamide over
the otherwise used hydrogen cyanide is its boiling point. With a boiling point above
200°C, formamide can be concentrated in ponds or lagoons if water evaporates, an
effect that is impossible for hydrogen cyanide with its low boiling point if the pH of the
water is below the pKa of 9.2 of HCN(9). However, the concentration of HCN isn't
unthinkable, as freezing of aqueous HCN solutions leads to an extreme concentration
of HCN at -21°C(39).

Nucleobases all share a common problem. Nucleobases have limited stability in
neutral water at elevated temperatures. Cytosine is the most unstable, with a half-life
of only 19 days. All other nucleobases show half-lives of 1 to 56 years(40). Therefore,

the accumulation of nucleobases in the ocean at a pace higher than their degradation



is seen with much doubt(33, 41). Only specialized reducing environments with high

concentrations of HCN can be seen as potential candidates for nucleobase synthesis.

Meteorites are a completely different source of nucleobases. A variety of purines and
pyrimidines was discovered, especially in carbonaceous chondrites. The
concentrations rarely reach more than 500 ppb. Therefore, meteorites are only proof
of the feasibility of abiotic purine and pyrimidine formation and are unlikely to be the

main source of nucleobases for the origin of life on Earth(42, 43).

After synthesizing nucleobases, their reaction with ribose must be considered to form
nucleotides. The final biological macromolecule formed by nucleotides is DNA. DNA
is first transcribed to RNA,

1.3.3 Amino acids

RNA encodes proteins made of amino acids. This fact requires the prebiotic chemist
to find ways to provide those amino acids in an origin-of-life context. Amino acids were
discovered during the famous experiment by Miller and Urey in 1953(44). These
pioneers built a setup that mimicked the composition of an early Earth atmosphere or
what was accepted as prebiotically plausible at that time. The setup contained water,
hydrogen, ammonia, and methane. Those reactants were then reacted with each other
via electrical discharge. Later, however, the scientific community heavily criticized
those conditions as unlikely. Nonetheless, Miller and Urey produced four of the twenty
proteinogenic amino acids with this simple setup. They hypothesized the Strecker
reaction to be the chemical pathway leading to those amino acids. The Strecker
reaction requires aldehydes, hydrogen cyanide, and ammonia(45). This pathway
became one of the most popular pathways for chemists in this field to produce amino
acids(46).

o,B-unsaturated aldehydes belong to another important subgroup of aldehydes.
Acrolein, combined with methanethiol or hydrogen cyanide, yields methionine or
glutamine(47). Erythrose, an aldose, reacts to histidine if formamidine is added and
water can be removed(48). Aldehydes are, however, not the only path to amino acids.
Cyanoacetylene was also used as a reagent with ammonia and hydrogen cyanide to

form asparagine(49). A further compound containing an ethinyl group, namely



phenylacetylene, was reacted into phenylalanine and tyrosine(50). Aminoacetonitrile
yields valine and isoleucine if combined with the ketones acetone (for valine) and

methyl ethyl ketone (for isoleucine)(51).

a-hydroxy acids are interesting side products of amino acid synthesis(52). Those
molecules can be produced via the Strecker reaction under the same conditions as
amino acids, with the pH determining the ratio between the two compound
classes(45). Alkaline pH favors amino acid production, whereas acidic pH favors a-
hydroxy acid production. Moving from an alkaline amino acid-producing system to an
acidic a-hydroxy acid-producing system would be an interesting event, as a-hydroxy
acids were shown to enhance peptide bond formation between amino acids during

dry-down experiments(53).

Abiotic synthesis of amino acids was heavily investigated in hydrothermal vent
systems. This environment presents perfect starting conditions for the Strecker
reaction in the presence of elevated concentrations of formaldehyde, hydrogen

cyanide, and ammonia(54).

1.3.4 Fatty acids

The strongest argument against Oparin's prebiotic soup theory, proposed as early as
1924, is the problem of diffusion and concentration(55). If the primitive ocean on early
Earth is seen as a reaction vessel, then the production of biomolecules is very unlikely
to have been sufficient to reach critical concentrations. Living beings and individual
cellular entities are also physically constrained and have a barrier to the outside. This
barrier provides the ability to concentrate biomolecules inside an organism or cell. The
smallest organisms comprise a single cell, which possesses a barrier in the form of a
lipidic membrane. Membranes of modern cells are made of a lipid bilayer of glycerol
phosphate phospholipids(56). However, these membranes are very rigid and lack the
ability of growth, division, and ion permeability(57). Modern cells solve this problem
with elaborate biochemical tools like ion channels inserted into the membrane.
Primitive cells most certainly lacked these tools and needed to resort to membrane
components that allowed for the division and uptake of nutrients. Fatty acids showed
promising results in experiments that tried to achieve compartmentalization(58). Fatty

acids found in carbonaceous chondrites formed vesicles in an alkaline aqueous
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mixture(59). A terrestrial pathway to fatty acids is the Fischer-Tropsch synthesis(60).
This reaction turns CO and H2 gas into a mixture of saturated unbranched alkanes.
Fatty acids and alcohols are side products of this reaction. A main drawback of this
synthesis is the requirement of a gas phase. Experiments in the liquid phase mainly
produce methane(61). This reaction is even enhanced in the presence of Ni/Fe
minerals(62). Another route to fatty acids is the action of UV irradiation(63), shock
heating(64), or electric discharge(65). Those experiments yielded fatty acids up to Ci2-

chains.

A more recent approach included acetylene as a reactant for fatty acid synthesis(66).
Reppe pioneered this synthesis in 1953 when he reacted carbon monoxide with
acetylene in the presence of water and a nickel catalyst to form highly unsaturated
fatty acids in varying chain lengths(67). This reaction was reinterpreted in a prebiotic
setting by Wachtershauser in a setting more akin to hydrothermal vents. A carbon
monoxide and acetylene atmosphere over water containing a nickel sulfide catalyst
could form unsaturated fatty acids with a carbon number of up to 9 carbons. This
reaction does not require a gas phase, and the presence of acetylene becomes a more

and more discussed topic in the origin of life(68-70).

1.4 Acetylene chemistry

1.4.1 Acetylene as a feedstock molecule in the chemical industry

In the first half of the 20th century, acetylene became a crucial component of the
chemical industry after introducing its hydration into acetaldehyde in 1916(71).
Kutscheroff first discovered this process in 1881(72). He discovered that hydration

occurs in an aqueous solution when a mercury catalyst is present(73).

Acetylene was replaced by ethylene and other olefins due to their numerous
advantages, such as safer handling and lower price(74). In the early 20th century, with
the shift from a coal to petroleum-based chemistry, ethylene became an affordable
reagent for the chemical industry. The advent of crude oil opened a new route to small
hydrocarbons and moved the focus of industrial chemists from acetylene to ethylene.
Acetylene production was not financially viable due to high energy costs, leading to

declined interest(75). Also, safety was a big factor. Ethylene and other slow-mass
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olefins are much easier to handle than acetylene. Acetylene is highly explosive when
in contact with oxygen. Ironically, this aspect of acetylene also maintains one dominant
use of acetylene. Acetylene is the gas with the highest welding performance due to its
maximum flame temperature of 3170°C(76). As the oil market becomes increasingly
unpredictable, there are talks of bringing back acetylene as a feedstock molecule.
Combining energy-intensive processes with renewable energy sources like wind and
solar power is a smart solution. By utilizing the excess energy produced during peak
times, we can avoid losing it due to inadequate storage methods. Indeed, the plant will

be shut down during low energy availability(74).

e The calcium carbide process is a long-established route of producing acetylene
from coal. In this process, calcium oxide (CaO, quicklime) is heated with coke
(a product of coal pyrolysis) at around 2100°C in an electric arc furnace(77).
This step also releases carbon monoxide, another relevant gas for the origin of
life(78). The resulting calcium carbide can then be reacted with water to release
the gaseous acetylene. This method produces pure acetylene.

e A second class of processes to produce acetylene is cracking. Cracking was
introduced along with crude oil. Crude oil or fuel is injected into a reaction
chamber and partially burned. The resulting heat of 1200°C then leads to
thermal cracking. Cracked hydrocarbons release hydrogen and methyl radicals,
which are then recombined and undergo chain reactions to produce a mixture

of hydrocarbons, including acetylene(79).

Nevertheless, it should be remembered that acetylene is more reactive and often
requires fewer process steps. The resulting higher overall selectivity(80) is essential
for prebiotic reactions. Indeed, reactant concentrations are often low and efficient

reactions are therefore preferred.

1.4.2 Reactivity of acetylene

Although producing acetylene is expensive due to its high formation enthalpy of 226
kJd/mol, this same property makes it highly reactive. Acetylene's high reactivity allows
it to react with even the most unreactive compounds, such as water. Using catalysts
can make reactions happen efficiently even at temperatures below room

temperature(81).
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Figure 2: Reaction classes leading to industrially-used products derived from acetylene as a feedstock molecule.

The reactivity of acetylene greatly relies on the pH level of the reaction environment.
Figure 2 illustrates that addition reactions are facilitated in acidic media, which was the
preferred method for industrial-scale production of acetaldehyde through the hydration
of acetylene(73). However, acidic media also has the drawback of causing
polymerization, which then deactivates the catalyst used(74). Base-catalyzed
reactions are more prevalent due to this inconvenience. Activation of acetylene via a
base is easier than that of other hydrocarbons because its pKa is 25, making it more
acidic than ethylene, which has a pKa of 44(82). This ease of deprotonation makes it
a more efficient nucleophile and explains its potential for ethynylation reactions with
carbonyl groups. Dimerization of acetylene under basic conditions, requiring a
nucleophilic attack on acetylene by a second deprotonated acetylene (also called
vinylation), also needs the presence of a metal catalyst to be efficient(83). Most
prebiotic scenarios discussed by the scientific community today consider basic pH
more probable for the origin of life(84, 85), which suits the pH-dependent reactivity of
acetylene well.

Different forms of metal catalysts, including metal salts, dissolved ions, or metal
complexes, dominate acetylene chemistry(86, 87). Such catalysts paved the way for

more advanced chemical reactions like the carbonylation of acetylene via Reppe
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chemistry(67). We previously noted that this is another significant pathway by which

fatty acids can be produced under prebiotic conditions(66).

1.4.3 Carbonylation of acetylene via metal catalysis

As previously stated, acetylene production releases a significant quantity of carbon
monoxide. In 1953, Walter Reppe utilized this fact to create highly unsaturated fatty
acids by combining acetylene, carbon monoxide, and water in the presence of nickel
carbonyl or nickel salts. The main product of this reaction is acrylic acid(67). This
reaction mechanism is not limited to carbonylation only. The oxygen can be
exchanged with sulfur or nitrogen in the respective reaction medium to form thio-acids

or amides and their respective esters, depending on the reactant used.

The production of acrylic acid on an industrial scale relied on this technique as the
primary method until it was replaced by propylene oxidation in the 1960s(77).

Propene oxidation
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— + —0 + H20 Catalyst O
HOj A

Figure 3: Transition metal-catalyzed synthesis routes to acrylic acid, the main product of acetylene and carbon
monoxide under nickel sulfide-catalyzed prebiotic conditions.

1.4.4 Oligomerization and polymerization of acetylene: Forming new
linear carbon bonds

Dimerization is the first step of oligomerization. The process of acetylene dimerization

is closely linked to transition metals, indicating the natural affinity of acetylene for
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metals and metal salts(83). When it comes to dimerization, the Nieuwland catalyst is
utilized. This catalytic system consists of a copper chloride salt and either ammonium
or potassium chloride(88). Here, the choice of the alkaline ion is important, as the
reaction efficiency decreases if other counter ions are used. This type of chemistry
was mainly used to industrially produce rubber polymers. It involved converting
vinylacetylene, produced through acetylene dimerization, into chloroprene by adding
hydrochloric acid to the dimerization product(89). However, in the 1960s, a more
profitable process was introduced using butadiene as the starting material, replacing
the previous method(90). The Nieuwland process has an interesting aspect that is
useful for prebiotic chemistry. This catalytic system is one of the rare catalysts that
can oligomerize acetylene in a linear way without the formation of cyclic species like
benzene. Considering acetylene as a fundamental component in producing long-chain
fatty acids is crucial. Biologically relevant fatty acids are linear and do not contain
cycles. Studies on the production of fatty acids from acetylene using nickel sulfide salts
have detected linear fatty acids(66). However, whether this catalytic system operates

similarly to the Nieuwland system remains uncertain.

Notably, nickel catalysts are preferred for cyclization, which contradicts the hypothesis.
Although the synthesis of benzene from acetylene has never been utilized industrially
and has no significance in prebiotic chemistry, it is worth noting that it is a potential
side reaction that commonly occurs. Similar statements can be made about its

tetramer counterpart, cyclooctatetraene, commonly abbreviated COT.

1.4.5 Pyridine synthesis

Another class of compounds that are relevant to prebiotic scientists is nitrogen-
containing heterocycles. Acetylene was considered to be used for pyridine synthesis
on an industrial scale based on its effectiveness, but less expensive options have once
again taken over this role. Acetylene is a very efficient reactant for pyridine synthesis
and hydrogen cyanide or other nitriles(91). Hydrogen cyanide is a commonly used
reactant in creating basic building blocks required for life(92, 93). The main use of
hydrogen cyanide was the formation of nucleobases for DNA synthesis. It is intriguing
to note that DNA is stabilized under acidic pH conditions through pyridine, as

discovered by Portella in 2015(94). Pyridines do not naturally occur in extant
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organisms. Their formation from acetylene can provide insights into how nitrogen can

be introduced into larger cyclic oligomers formed from acetylene.

1.5 Acetylene in the universe

We must consider the potential presence of acetylene to investigate whether acetylene
played a role in early metabolism or life processes. Acetylene is a rare gas in our
atmosphere, at concentrations of 0.04 ppb(95). According to current knowledge, the
conditions on early Earth likely differed from today’s atmosphere(96). Acetylene in the
atmosphere is the result of methane photolysis(97). Thus, it is consistently found in
the atmosphere of planetary bodies that contain methane, and primitive Earth was
such a planet. According to the hypothesis that the early Earth had a reducing
atmosphere, it is conceivable that acetylene concentrations were higher than 5 ppm,
as stated by Trainer et al. in 2004(98).
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Figure 4: Hypothesized pathway from methane to acetylene catalyzed by irradiation of methane in the upper
atmosphere of a primordial earth.
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The potential role of acetylene in the origin of life is reinforced by its existence in the
atmosphere of Jovian planets. The Jovian planets are called "giant planets” and
consist of Saturn, Jupiter, Neptune, and Uranus. The amount of acetylene in the
atmospheres of those planets reaches amounts of 4 ppm for Jupiter(99, 100), followed
by 0.3 ppm for Saturn(101). Neptune(102) and Uranus(103) only show negligible
amounts. Acetylene plays a crucial role in the formation of tholins in the atmosphere
of certain planets like Titan. Tholins are large molecules with a high molecular weight
of 8000 Dalton. They are responsible for giving Jupiter its distinct red color(104).
Tholins have an interesting connection to the origin of life as they can serve as the
only source of nutrition for various types of aerobic and anaerobic bacteria, as noted
by Stoker(105). Scientists have proposed a process for tholin formation in the
atmosphere of Titan, a fascinating moon of Saturn that contains 2-3.5 ppm of
acetylene(104). Titan is a celestial object that has captured the attention of many due
to its unique and distinct features. One of the most remarkable aspects of this moon
is its atmosphere, which sets it apart from other moons that revolve around giant
planets. Unlike its counterparts, Titan's atmosphere is not predominantly composed of
hydrogen. This observation presents a fascinating opportunity to discover more about
the composition and formation of celestial bodies. The atmosphere of Titan consists
mainly of nitrogen gas(106) and is often seen as a "frozen" version of primitive Earth.
Tholin formation on Titan is initiated by the irradiation of methane and nitrogen, which
leads to acetylene, acetylene oligomers, hydrogen cyanide, and numerous radical
species derived from those molecular entities. These compounds subsequently
polymerize and recombine to form higher mass complex organic molecules and are
further processed into large negatively charged mixed species broadly called
tholins(104).

UV-irradiation

Figure 5: Formation of tholins in the atmosphere of Titan as proposed by Waite et al. (2007)(104).
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Acetylene was a significant discovery during the Cassini-Huygens mission. This
discovery provides valuable insights into the planet's chemical composition and

highlights the potential for further exploration in the future.

While passing Enceladus, one of Saturn's moons, a cryovolcanic eruption occurred,
causing a plume of water to shoot up into the atmosphere from the moon's lower
layers. This plume contained significant amounts of methane and CO2, along with
acetylene and propane(107). It is unclear whether the detected acetylene originated
from the moon or was created in the atmosphere by the irradiation of methane in the
plume. However, this discovery validated that detectable amounts of acetylene likely

exist on numerous planetary bodies throughout the universe.

Acetylene is among the numerous light organic compounds observed in cometary
tails. The existence of acetylene in cometary material is significant because it is
believed to have played a role in the creation of protoplanetary disks. Disk-like
structures can be observed around young stars, made of gaseous and solid materials,
and serve as the foundation for planet formation(108). During the initial stages of
planetary formation, acetylene can be detected within these disks(109). The direct
consequences of the presence of acetylene and the resulting diversity of organic

compounds in those disks remain elusive and need further investigation.

1.6 Origins of enzymatic activity

Enzymes are an indispensable part of extant metabolisms(110). Enzymes in the
present day comprise several protein subunits, which form a complex and weighty
molecular structure. It is highly improbable that such a structure could have formed by
mere chance. Electron-transfer enzymes, or oxidoreductases, are vital in the
metabolic process(111). These enzymes facilitate the transfer of electrons from one
molecule to another, essential for various metabolic reactions. In other words,
oxidoreductases are crucial components that enable the body to produce and utilize
energy efficiently. Most enzymes belonging to this class contain transition metals in
their active centers(112). Iron is the prevalent active center among transition metals in
this class, accounting for approximately 60%. Iron is predominantly present in the form
of iron-sulfur clusters or heme, organic compounds containing iron essential for

various metabolic processes in the body. Heme molecular components are used
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across the Tree of Life to transfer single electrons without undergoing protonation.
Heme-containing molecules such as cytochromes are often interspersed between
electron carriers such as quinones that undergo protonation. The process exhibits a
hopscotch-like pattern wherein protons are conveyed by a carrier and freed into a
confined space while electrons are transported through the membrane to an oxidant.
(i.e., the Q cycle)(113). One of the oldest pathways being considered is the Wood-
Ljungdahl(114) or reductive acetyl-CoA pathway(115). This pathway relies heavily on
the activity of the carbon monoxide dehydrogenase/acetyl CoA synthase enzyme. This
nickel-containing enzyme shares a significant resemblance to the metal sulfide

minerals believed to exist on early Earth.
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Figure 6: The structure of a halve cell of the iron-nickel mineral greigite and the active centers of ACS-CODH

showing high structural and chemical similarities with the mineral.

A central component of this pathway is acetyl-CoA. This thioester is energy-rich and
acts as an energy transporter. De Duve proposed the concept of the thioester world
as a potential basis for life that does not require ATP(19). Thioesters have various
uses beyond energy transfer. Fatty acid biosynthesis requires acetyl-CoA as an
essential building block. Experiments by Huber and Wachtershauser already
demonstrated the formation of methyl thioesters if carbon monoxide is incubated in an
oxygen-free system over water containing (Fe,Ni)sulfide and methyl mercaptan(116).
Acetylene hydratase is an enzyme believed to have appeared very early(117) and
uses an iron sulfide cluster. Acetylene hydratase requires one additional transition
metal, namely tungsten. Tungsten is bound by two pterin units, forming a
molybdopterin co-factor. Molybdopterin cofactors appear in multiple enzyme classes
with either molybdopterin or tungsten as transition metals. There are several enzymes
that contain molybdopterin, including carbon monoxide dehydrogenases, aldehyde

oxidases, sulfite oxidases, and glyceraldehyde-3-phosphate ferredoxin
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oxidoreductase. These enzymes have been previously discussed. It is imperative to
note that the CODH species featuring a molybdopterin co-factor solely coexists with
copper in anaerobic bacteria. Furthermore, these enzymes only facilitate carbon
monoxide oxidation into carbon dioxide. In contrast to the previously mentioned nickel-
containing CODH, which is only present in anaerobic bacteria, this enzyme also
catalyzes the reverse reaction from carbon dioxide to highly reactive carbon monoxide.
Acetylene hydratase is an interesting enzyme produced by Pelobacter
acetylenicus(118). This enzyme catalyzes the hydration of acetylene to acetaldehyde
used to form acetyl-CoA.
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Molybdopterin cofactor as found in acetylene hydratase in

Pelobactor acetylenicus

Figure 7: Structure of the molybdopterin cofactor found in acetylene hydratase in Pelobacter acetylenicus. The
transition metal tungsten is highlighted in red.

Pyrococcus furiosus is a type of extremophile that belongs to the Archaea domain and
is known for its ability to develop in extreme conditions. Specifically, this organism is
often found in close proximity to hydrothermal vent formations on the ocean floor,
where temperatures can reach up to 100°C. Pyrococcus furiosus has adapted to its
environment and can carry out vital biological functions despite these harsh conditions.
This species expresses an enzyme using acetaldehyde as a substrate. Acetaldehyde
is turned into acetic acid via a molybdopterin cofactor(119). The recurring patterns,
particularly using pterin-bound transition metals in enzyme co-factors, are fascinating.
Further investigations are required to ascertain the probable roots of this pattern, as

its origins are not as evident as those for NICODH.
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2. Methods

The complexity of the question surrounding the origin of life remains unresolved,
particularly regarding the extent of chemical diversification required for its occurrence.
Analyzing complex matrices is essential in the origin of life research field, but it can be
challenging for analytical chemists. Many analytical techniques are available; each
has its unique strengths. We will focus on two techniques that have shown a broad
range of applications and are specifically useful for analyzing complex samples(120,
121). We will explain each technique and discuss its strengths and weaknesses. We

will also highlight any biases and pitfalls associated with these techniques.

2.1 Nuclear magnetic resonance

The revolutionary technique of nuclear magnetic resonance, commonly abbreviated
as NMR, was pioneered in the early 1950s. This novel methodology enables the
detection of currents in a coil produced by the motion of nuclei within the coil. The
motion frequency of the nuclei is closely connected to the chemical environment
surrounding them(122). NMR facilitates the identification of molecules through the
frequency spectrum detected. Initially, chemists used NMR to elucidate the molecular
structure and concentration of compounds without requiring a reference standard. This
focus changes to metabolomics(123, 124) and other untargeted applications(125,
126).

2.1.1 Physical principles

The basis of NMR spectroscopy is the detection of a current in a detection coil induced
by the precession of nuclear spins in a homogenous magnetic field(127). Every
nucleus has a spin associated with it. Spin is an intrinsic characteristic of a nucleus,
like its mass or charge. The spins of nuclei vary depending on the isotope and can be
whole integers, e.g., 0, 1, 5, or half integers, e.g., /2, 3/2, ®/.. A spin other than 0 is

required to receive a detectable NMR signal. In NMR spectroscopy, the proton (*H) is
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the most notable nucleus. *H has a spin of /2 and an isotopic abundance of 99.985%
for Hydrogen. The high sensitivity of this nucleus makes it ideal for NMR. As most
organic molecules carry at least one hydrogen atom, NMR is well suited to study the
evolution, transformation, and diversity of complex organic mixtures, including
prebiotic setups. Hydrogen is a highly significant element to measure. Indeed, the field
strength of NMR spectrometers is described by the resonance frequency of hydrogen
at the specific field strength of the spectrometer instead of the actual field strength.
This resonance frequency is called Lamor frequency. It is defined by the following

equation:
w® = —yB°

The Lamor frequency w° results from the negative product of the isotope-specific
gyromagnetic ratio y and the magnetic field B° (T). To produce a signal, the sample
needs to be irradiated with this field-specific frequency to achieve excitation of the
nuclei. Every isotope resonates at a different Lamor frequency, allowing for the
selective excitation and detection of a single kind of isotope. This ability is especially
useful for origin of life researchers, as different problems can be specifically
addressed. If phosphorous is of interest, this nucleus can be detected alone, without
interference from other elements contained in the system. Pasek successfully
executed this method and analyzed different oxidation states of phosphates in a
prebiotic setup(128). In another prebiotic experiment, NMR was used to measure the
hetero atom in transforming apatite into fulgurite. The author conducted a stimulated
lightning discharge experiment, which provided important insights into the fluor and

phosphate chemical environment changes during the process(129).

When measuring NMR spectra, we need to consider two additional features of nuclei:

chemical shift and relaxation.

- The chemical shift is the main information that can be gained from NMR
measurements for most applications. The Lamor frequency only represents a
theoretical resonance frequency for a specific isotope without considering its chemical
environment. The chemical environment of an isotope shifts its resonance frequency
away from the theoretical Lamor frequency. The absolute value of this chemical shift

is expressed in Hz and is field strength-dependent. Therefore, the chemical shift in Hz
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is not comparable between instruments of different field strengths. Normalization of
this shift into a ppm scale solves this problem and is the generally accepted way of
reporting NMR spectra. The ppm range of nuclei of the same isotope can vary
significantly based on their chemical environment. For *H, a range between 0 to 11
ppm is observed for most samples. Exotic nuclei can become negative or present
exceptional chemical shifts higher than 11. 13C, on the other hand, shows shifts from
0 (carbon covalently bound to silicon) to 215 (ketones) or even 230 (thiocarbonyls).

Other nuclei, like nitrogen, show ranges of a thousand ppm.

Chemical shifts identify functional groups of a purified compound or a mixture.
Empirical data allowed us to attribute specific functional groups to chemical shifts since
the earliest stages of NMR spectroscopy. Electron withdrawing groups increase the
difference between the Lamor frequency and the observed resonance frequency,
leading to higher ppm. Itis currently only possible to calculate the exact chemical shifts
for all isotopes to a limited extent. Especially hydrogen shifts can vary significantly
from predicted values due to their extreme sensitivity to pH differences and
intermolecular interactions. The knowledge about hydrogen shifts lets NMR-
spectroscopists have an unbiased view of different hydrogen atoms in complex
mixtures. The method accurately detects the primary functional groups present in a
mixture. The previously unknown presence of carboxyl-rich alicyclic molecules was
discovered in marine dissolved organic matter, a highly complex mixture of organic

molecules(130).

- Another important factor to consider is relaxation. In NMR spectroscopy, we
differentiate between two types of relaxation, spin-lattice relaxation (T1) and spin-spin

relaxation (T2):

- Spin-spin relaxation, or T2, is the duration during which a signal can be detected.
After irradiation of the sample, isotopes will start precession, generating a signal
corresponding to a current in the detection coil. This precession is limited in time
and will eventually cease due to the imperfection of the magnetic field. As of today,
it is still impossible to create a completely homogenous magnetic field. Such minor
imperfections lead to areas in the sample with a different apparent B?, resulting in
slightly different precession frequencies for the same nucleus in different areas of

the measurement tube. This desynchronization or coherence decay of the
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detected precession leads to a faster signal decay and broadening. The absence
of field homogeneity is not the only factor influencing the coherence decay. In
addition, every nucleus possesses an intrinsic spin-spin relaxation. This intrinsic
relaxation is positively correlated with the size of the molecule. Macromolecules
possess an intrinsically high coherence decay rate, so achieving the same peak
widths for proteins as for small metabolites is impossible. Dissolved paramagnetic
transition metal ions like nickel or iron represent another factor modulating the
relaxation T2 time. Most routine analyses do not need to consider this factor, which
has become important for complex samples mimicking prebiotic
environments(131, 132). Indeed, metal ions interact with functional groups and
lower the T2 time of all nuclei in their proximity already at low concentrations. In a
controlled manner, this effect can identify nuclei in molecules that interact with
metals. In an uncontrolled manner and at higher concentrations, such metals can
degrade the spectral quality to such a degree that it hinders analysis. In such
situations, additional sample preparation steps must be considered to remove
interfering ions, for example, by precipitation of the paramagnetic element or by
solid phase extraction methods.

Spin-lattice relaxation, or T1, refers to the duration required for a nucleus to
regain its capacity to generate a signal. The NMR signal is produced through the
polarization of spins aligned with the magnetic field. When the sample is irradiated,
the polarized magnetization changes direction to become perpendicular to the
magnetic field. This leads to the precession. The flipped spins must re-align
themselves (at least partially) with the magnetic field to re-generate a signal. The
signal strength is related to the degree of the relaxation of nuclei after excitation.
No magnetization occurs in the orthogonal plane when spins are fully aligned with
the magnetic field. If NMR is used for quantification, T1 time requires special
attention. As already mentioned, the intensity of a signal refers to the level of
relaxation that a nucleus can attain between excitations. As a result, the area
under the curve of a signal, used to quantify compounds, is also directly linked to

T1. We will discuss the topic of quantification in more detail later.
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2.1.2 Technical aspects of the NMR spectrometer

An NMR instrument or spectrometer has two primary components: the
superconducting cryo-magnet and the probehead. The magnet consists of a metal
alloy solenoid submerged in liquid helium. Those metal alloys, commonly made of
niobium (Nb) and tin (Sn), manifest their superconducting nature at extremely low
temperatures. A bath of liquid helium (4 K) is required to maintain the
superconductivity of the magnet. The magnet runs nearly indefinitely after its initial
charging with the current. It maintains a magnetic field with very low levels of
fluctuations, which is necessary for exact and high-resolution measurements. The
helium reservoir is placed in a liquid nitrogen reservoir (77 K) as helium is very volatile
and would evaporate at room temperature. Even with the surrounding vacuum
chambers, the two reservoirs gradually lose their cryogenic fluids and require regular
refilling despite the countermeasures integrated into the instrument. How often the
magnet needs to be refilled depends on its size and whether re-liquefiers are installed
to capture and re-liquify evaporating gases onsite. If the magnets are not refilled
properly because of carelessness or issues with delivering cryogenic liquid (as helium
is becoming increasingly scarce), it can result in a phenomenon known as "quenching"
of the magnet. If the helium level falls below a certain point, the solenoid will no longer
remain superconductive and will start to resist the electrical current. This happens
when the temperature around the solenoid rises above 4 K. If it encounters resistance,
it can lead to intense heating and boiling of the liquid helium. Consequently, a
significant quantity of helium gas is released into the room, presenting a significant
risk of suffocation. In some cases, quenching also causes damage to the instrument,

which may result in the loss of the entire instrument.

The probehead is the detector of the NMR spectrometer. The probehead contains a
detection coil that can transmit and receive radiofrequency irradiation. The irradiation
of the sample and detection of the emitted signal are central to the nuclear magnetic
resonance technique and will be discussed in more detail later. The probehead is an

exchangeable part of the spectrometer, with various specialized probeheads.

The main differences between the probeheads can be classified into spatial

differences and transmission frequency differences.
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Probeheads differ spatially as they can fit different sample diameters. The wider
the sample diameter, the more volume is in the detection area of the
probehead, which increases signal strength. This is very advantageous if large
guantities of samples are available, as one of the biggest problems for
spectroscopists is the lack of sufficient sensitivity to maintain reasonable
analysis times. On the other hand, smaller tubes are required if samples are
limited to < 200 pl. Probeheads with a larger diameter (5-10 mm) can also
measure tubes with a smaller diameter. Nevertheless, If the detection coil is
positioned farther from the sample, the signal strength diminishes, leading to
signal loss. An additional advantage of small diameters is the higher resolution
that can be achieved. Creating a homogeneous magnetic field is easier when
applied to a small area compared to a larger one. This approach translates into
narrower peaks and, therefore, higher resolution.
The probehead’s ability to generate and detect specific frequencies is the
second and most important factor to consider. Every NMR-active nucleus
resonates at a different frequency. Probehead coils can be specific for one
frequency or tunable to a wide range of frequencies (broadband coils).
Probeheads usually contain two coils:

o One coil is reserved for detecting and exciting hydrogen atoms, the most

sensitive and widely used nucleus.
o The second coil is either specialized for one nucleus (*3C in most cases)

or consists of a broadband coil that can be tuned to nearly all nuclei.

The arrangement of those coils can also be altered. Due to technical reasons,
the first coil needs to be positioned closer to the sample. The second one is
positioned around the first coil, forming a configuration of inner and outer coils.
In the early days, the arrangement was nearly always a hydrogen coil on the
outside. A second coil on the inside detected heteroatoms, as nuclei other than
hydrogen are less sensitive. This arrangement was termed “ordinary” and
describes broadband ordinary (BBO) probeheads. With the advent of
metabolomics and the analysis of physiological samples, scientists became
mainly interested in hydrogen-carrying molecules present at low
concentrations. As a result, the opposite arrangement became popular, as the

highest possible sensitivity was required, and the detection of non-hydrogen
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nuclei was of lesser importance. This arrangement was therefore coined
‘inverse” and is found in Quadruple Resonance CryoProbe inverse (QCI)

probeheads, for example.

Experienced spectroscopists can easily exchange probeheads in just a few minutes
to rapidly adapt the NMR instrument to meet the sample requirements. Cryo-
probeheads are an exception to this rule. These technically advanced probeheads
possess higher sensitivity and signal-to-noise ratio. The detection coil of those
probeheads is also cooled by helium and has, therefore, reduced electrical noise.
Although such probeheads have several advantages over their room temperature
counterparts, they also have some significant limitations. A scientifically irrelevant but
financially draining aspect is the purchasing and maintenance costs of those
probeheads. They require an additional module with a pump that produces a vacuum
in the probehead and cools it down with helium gas. This fact also reduces their
flexibility in daily use. Indeed, swapping the installed probehead with another one and

cooling it down takes an entire day to complete.

It is worth mentioning an additional feature. A gas flow passes from the bottom of the

instrument upwards through the bore. This gas flow achieves two tasks:

e The temperature of the probehead and sample is controlled by the gas that
passes a heating coil installed in the probehead.

e The volume of gas blown through the bore also moves the sample from its
position on the top of the probehead to the bore entrance at the top of the

instrument, where the operator can remove and change it.

2.1.3 Quantification

NMR can quantify compounds in an absolute manner by comparing a signal belonging
to the compound to the signal of an internal standard at a known concentration. This
is unique because any compound can be used as an internal standard without
calibration curves. The response of nuclei is absolute for NMR so that an excited
hydrogen atom will generate the same signal intensity independently of the compound.
When analyzing complex mixtures, using a reference standard for each compound of

interest is impossible. This approach is required for quantifications with MS or UV/Vis.
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Although NMR quantification has its benefits, it also has some potential
drawbacks(133):

e It is necessary to integrate the entirety of the peak of interest without
overlapping with other peaks to achieve a precision and accuracy better than
+/- 2% of the measured value. As the mixture being analyzed becomes more
complex, meeting this requirement becomes increasingly challenging. The
NMR signals in a spectrum maintain a consistent shape due to the inherent
properties of NMR. The NMR signal has a Lorentz-shaped appearance under
ideal conditions. Due to technical imperfections, this signal shape becomes
progressively convoluted and adopts a Gaussian shape. The resulting shape is
then called Voigt shape or profile. This specific shape can be utilized to partially
deconvolute overlapping peaks to enhance the quantification's precision
eventually.

e Another crucial factor is understanding the T1 time. It was already discussed
that the T1 time describes the time required by an excited nucleus to recover
its magnetization in the direction of the magnetic field. Each nucleus that can

be chemically differentiated has a unique T1 time.
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Figure 8: Theoretical amount of recovered magnetization in the z-direction after increasing amounts of recovery
time incremented in T1.
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Waiting for the T1 time is insufficient to obtain accurate quantitative
measurements. Only 63% of the total magnetization is recovered after T1. A
general rule of thumb recommends waiting 5 times the T1 to acquire the next
transient of a spectrum. Five times T1 allows the magnetization to relax up to
99.3%. Every chemically different nucleus of the same isotope has a different
inherent T1 time. Accordingly, measuring the T1 time for every signal is not
feasible. Single T1 times can be determined via an inversion recovery
approach. This approach is, however, very time-consuming, as total relaxation
of the nucleus must be guaranteed to make the measurement accurate. One
way to avoid this problem is by cautiously choosing a longer waiting time or
recycling delay. For protons, 30-40 seconds can be considered sufficient to
reach 99% of the recovery for nearly every chemical environment of the
nucleus. In most cases, protons have a T1 time < 5-6 seconds. Finding reliable
tables with specific T1 times for different protons can be challenging. Other
nuclei like 3C or 2°Si have much longer relaxation times, and quantitative
measurements are rarely done. When a compound is highly concentrated, it
becomes easier to measure and quantify, as the strong signal does not require
the magnetization to be fully flipped by 90°. If a smaller flip angle is chosen
(often 30° instead of 90°), the magnetization reaches the desired magnetization
recovery of >99% much faster, and it becomes possible to quantify NMR-active
heteroatoms once again. It is important to note that not all NMR experiments
are quantitative in an absolute way. In 2D NMR experiments, numerous waiting
times are inherent to the experiment. Therefore, signal responses of 2D
experiments cannot be treated like signals from 1D experiments, as 2D
experiments contain delays in modifying the signal response in various ways.
It is sometimes necessary to use a 2D experiment with an enhanced resolution
to accurately quantify the components in complex mixtures. Even though the
advantage over other analytical techniques may be lost, it is possible to perform

a quantification using an exact reference standard under these conditions.
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2.1.4 Limitations and biases of NMR

NMR can detect all nuclei belonging to a chosen isotope in an absolute way and
without bias. It is important to remember that not every compound in a mixture will
contain NMR-active isotopes. Metabolomics is a research field that analyses complex
mixtures and relies on NMR. If NMR is the only analysis method used, metabolites like
oxalic acid (OA) may be overlooked. OA is the dicarboxylic acid with the shortest
carbon chain (C2) and does not carry non-exchangeable hydrogens. OA is a crucial
compound in the metabolism of amino acids and ascorbic acid. Furthermore, it can be
easily detected in urine, a matrix heavily investigated using NMR. The urine OA
concentration has an important prognostic value for detecting diseases like kidney
stones(134). Urea is another compound measured in urine but is invisible to proton
NMR. Urea is also discussed as a buildingblock for noncanonical nucleosides(135)
and has a plethora of other applications in prebiotic chemistry(136, 137). Both
mentioned compounds could easily be detected via **C-NMR. Unfortunately, large
metabolomics studies with NMR exclusively rely on proton NMR because of the low
sensitivity and the resulting long measurement times combined with the qualitative
nature of 3C-NMR.

Another NMR limitation is T2 shortening caused by paramagnetic components or
impurities in a sample. In certain systems, selected signals may vanish without
significantly impacting the residual spectrum(138). The extent of this signal deletion
depends on the coordination strength of the paramagnetic metal. Addition of FeS to a
mixture of Krebs-cycle intermediates showed the selective suppression of citrate,
malate and fumarate(131). This effect is especially strong for organo-metal

compounds with covalent bonds with paramagnetic transition metals.

When comparing NMR to mass spectrometry, sensitivity is a commonly mentioned
limitation. While it is true that some compounds can be detected at picomolar
concentrations when using mass spectrometers, there are also numerous
counterexamples. In ESI-MS, certain compounds, especially hydrophobic substances,
have a low ionization efficiency(139) which can make NMR a more sensitive technique
in those cases. One benefit of NMR is that the signal response can be predicted.
Suppose your system can detect a concentration of 10 yM of a compound. In that

case, any compound with the same measured isotope at concentrations of 10 uM or
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higher can be detected confidently. Thanks to advancements in cryo-probehead
technology and ultra-high field spectrometers, the detection limit has been lowered to
1-10 uM. These levels can now be accurately detected within a reasonable analysis

time.

2.2 Mass spectrometry

Mass spectrometry is another highly used analytical technique for analyzing complex
mixtures(140). Mass spectrometry measures the mass-to-charge ratio (m/z) of the
ionizable compounds present in a sample(141). The information gained from this
technique can be of qualitative or quantitative nature if particular precautions are
taken. Mass spectrometry can be performed by injecting a sample directly into the
system, called direct infusion (DI), or hyphenated with a chromatographic system.
Combining mass spectrometry with chromatographic systems is common. This
method minimizes the impact of uncontrollable factors like ion suppression and ion
clustering on the resulting spectra(142). Mass spectrometry instruments are based on
different measurement principles(143), whereas NMR always measures the current
induced in its detection coil. In this discussion, we will focus on two types of mass
spectrometers that have been widely used in analyzing complex mixtures(144). These
instruments have been featured in numerous publications and are well-regarded within

the scientific community.

2.2.1 FT-ICR-MS

Fourier-transform-ion-cyclotron-resonance-mass spectrometers deliver the highest
resolution of all available mass spectrometer architectures(145). It also shares multiple
aspects with NMR spectrometers. The most obvious similarity is the cryo magnet
providing the magnetic field necessary for FT-ICR-MS measurements. No other
commercially available mass spectrometer architecture uses a cryo magnet. This
magnetic field forces ionized compounds to orbit around the axis of the magnetic field
direction. Multiple detection plates are placed around the orbit to detect this orbital
motion(146). By measuring the frequency of ions orbiting, their mass can be

determined. The cyclotron equation determines the mass:

28



qB m B
W, =—<=>—=—
m q O

This equation allows us to determine the m/z ratio, as B, the field strength of the

magnet is known, and the angular frequency wcis measured.

The most frequent method for conducting measurements on FT-ICR mass
spectrometers is through direct infusion. This is due to the very low scan speed of the
instrument (~1 second) required to reach the unrivaled resolution. The length of the
acquired FID (free induction decay) is directly linked to the resolution(147), just like in
NMR spectra. If hyphenated with a chromatographic system and scanned at a low
frequency of 1 Hz, the resulting chromatograms would have limited data points. There
is a risk of overlooking a peak because of elution between scans with this method and
bad peak definition. Raising the scan rate may prevent this issue, resulting in a shorter
FID and lower resolution. Under those conditions, FT-ICR-MS no longer holds any

advantage over other types of mass spectrometers.

A second advantage of FT-ICR-MS over other mass spectrometers is the theoretically
“infinite” sensitivity that can be achieved by accumulating scans. This aspectis shared
with NMR spectroscopy. The accumulation of FIDs leads to a stronger buildup of the

signal compared to noise, following the equation:

[S] [S]
— o n —
The actual signal of an ion will always be the same as opposed to the noise, which
fluctuates around zero and will only increase by a factor of v/n, with n being the ratio
of m/k. Increasing the number of scans by 4 will increase S/N by 2. With sufficient
scans, even a weak signal can be detected based on this concept. In most cases, this

scenario is not realistic because very low concentrations would result in extremely long

measurement times that are not practical.
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2.2.2 LC-ToF-MS

Hyphenated mass spectrometry techniques are much more widespread than direct

infusion(148). These approaches have multiple advantages over direct infusion.

Unless UHR-mass spectrometers like FT-ICR-MS are being used, there is no

advantage to choosing direct infusion over hyphenation with any type of separation

other than the speed of analysis and less solvent consumption. Before injecting the

sample into the mass spectrometer, it is beneficial to at least partially separate its

chemical components. This approach helps to address two common issues in mass

spectrometry, particularly in DI-MS:

First, ion suppression happens during the co-elution of different compounds. It
can lead to biased spectra, depending on the concentration and the presence
or absence of compounds in a sample(149). Depending on the separation
quality before injection, hyphenation can solve this problem. If all the
compounds within a sample can be fully separated using the appropriate
techniques, then ion suppression is negligible. Separating every compound in
a complex biological or environmental sample is unrealistic in most situations.
It is important to consider co-elution, as it cannot be completely avoided.
Nevertheless, the issue remains significantly reduced with hyphenated
separation since in DI-MS, every compound co-elutes, and ion suppression

must be accepted as an essentially uncontrollable factor during the analysis.

Second, ion-cluster or adduct formation(150). Despite the use of hyphenated
ESI-MS, cluster formation cannot be eliminated. The eluents used in liquid
chromatography already contain small ions from buffer salts, impurities, or
added acids or bases. Those small ions co-elute permanently with the
compounds contained in the sample and can form adducts. This is a predictable
event that can be considered during data processing. The software for the mass
spectrometer can identify specific mass differences provoked by adduct
formation and flag or remove them. Non-hyphenated methods like DI-MS
produce unpredictable clusters. As every compound elutes at the same time, it
has the potential to form adducts or clusters with every other ionizable

compound in the sample.
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Using hyphenated methods has an advantage in allowing the automatic acquisition of
MS2 fragment spectra for a significant portion of the identified masses. Fragment
spectra deliver a whole new dimension of information otherwise absent in MS spectra.
Pure MS! spectra provide information about the mass of compounds. UHR-
spectrometers enable the direct assignment of elemental compositions in this manner.
However, elemental compositions are not sufficient to identify functional groups. The
function of a compound is determined to a large extent by its functional groups, hence
the name. Fragmentation data offers further insights in this regard. In MS? spectra,
specific functional groups can manifest themselves through the loss of specific masses
or the appearance of new signals called diagnostic ions. Analyzing their fragmentation
pattern makes it possible to classify compounds in samples. This research field was
accelerated by the recent widespread use of bioinformatics and chemometrics, which
attempt to completely characterize whole samples via a combination of MS? spectra

and network approaches.

2.2.3 Limitations and biases of MS

The main bias of mass spectrometry was already mentioned and consisted mainly of
the ionization bias. A mass spectrum usually only displays a specific portion of the
sample. Multiple conditions must be fulfilled for a signal to appear in a mass spectrum.
The first bias is always introduced through the choice of polarity. lons can be positively
(cations) or negatively (anions) charged. The spectrometer can only detect one
polarity at a time. Not all compounds can ionize in both modes. Some compounds, like
pure carboxylic acids, only ionize in negative mode. Amines ionize only in positive
mode. Compounds like esters only ionize inefficiently in positive mode and are often
completely missing. Every sample can be measured in both modes, doubling the
analysis's time and cost and leading to more demanding data processing.
Unfortunately, this solution does not address the issue of compounds that do not ionize
at all. lonization is also very dependent on the ionization technique used. ESI ionizes
mainly polar compounds. APCI and APPI ionize apolar compounds. It is not practical
to change the ionization source and test every sample in both ionization modes for

studies that involve over 100 samples.
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3. Research questions

3.1 General hypothesis

The in-depth investigation of the chemical reactivity and evolution of acetylene under
prebiotic conditions is an important task, considering the presence of this gas in the
atmospheres of Titan and Enceladus and its hypothesized existence on early Earth.
There are already theoretical pathways described on Titan that lead from acetylene to
acetaldehyde, which can be converted into alanine. However, the reactants involved
in these pathways are less likely to have existed on early Earth. There is currently no
experimental evidence to support the idea that the necessary reactants for an
acetylene-based origin of life chemistry can be assessed under hydrothermal

conditions.

Considering the dynamic nature of likely rapid conversions of reactants, it is a
requirement to use advanced analytical techniques to provide a kinetic view of this
conversion rather than investigating endpoints. Such an approach allows us to detect
numerous parallel reaction products as well as their evolution towards end products.
Related to the fate of acetylene, the initial interaction of reactants leading to
intermediates and, finally, the conversion of acetylene into biomolecules must be
considered. Moreover, advanced analytics would allow us to identify and quantify

alterations of the described pathways.

The experimental setup needs to be analyzed untargeted to fully understand the range
of possible outcomes from the combination of acetylene with prebiotically relevant
reactants. This approach will expand the limited number of recently discovered reverse
(NTCA products and fatty acids. A comprehensive overview of all ionizable
components in the system has the potential to reveal undiscovered reaction patterns,
as it was previously shown for complex reaction mixtures like the Maillard reaction.
Isotope labeling will be of utmost importance in this approach to distinguish products

formed from acetylene alone and from acetylene together with other carbon sources.

Finally, the role of acetylene as a catalyst should be investigated, as acetylene is
known to have a high affinity for transition metals and can, especially in combination

with sulfur, lead to organo-metal complexes. Those organometal complexes could
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then allow for a better understanding of the origin of organo-metal enzyme co-factor

motifs.

Altogether, our general hypothesis is that acetylene is an ancestral C2 building block
that leads to higher-order hydrocarbons alone or in combination with other carbon

sources, in the presence of sulfur.

3.2 Specific objectives

To validate our general hypothesis, we will develop the following specific objectives:

1. To provide first kinetic evidence demonstrating the existence of a progressively
increasing molecular complexity arising from a limited number of compounds. To
achieve our objective, we will combine '3C-labelling with untargeted ultrahigh-

resolution mass spectrometry.
We postulate that this approach:

- will allow us to elucidate the molecular complexity of an early pre-metabolic
system over time,

- will reveal the increasing diversity of functional groups in the investigated
acetylene-containing reaction setup and

- detect reoccurring patterns in mass differences with the potential to

represent chemical reactions.

2. To demonstrate the formation of acetaldehyde and a multitude of acetylene
derivatives, we intend to describe the required conditions allowing the concentration

of acetaldehyde:

- We will emphasize changes in the reaction path undertaken by aldehydes
under early Earth conditions in a continuously changing system.
- Moreover, we will investigate the impact of the pH, allowing sufficient

amounts to be yielded as a prerequisite for diversified chemical reactions.
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3. To bridge the autonomous chemical pathways triggered by acetylene towards pre-
enzymatic entities, we plan to identify enzymatic organo-metal motifs formed from

acetylene in the presence of sulfur. In particular, we will investigate:

- the exact structure of organo-metal compounds found in the system,

- the time-dependent effect of those organo-metal complexes on the system
and

- the potential of those compounds to be precursors for extant enzyme co-

factors.

To achieve this aim, we will rely on *3C-labelling with untargeted ultrahigh-resolution
mass spectrometry and nuclear magnetic resonance, which will likely allow us to
elucidate the molecular complexity of this early metabolic system emerging from

acetylene.

3.3 Overview of this thesis

After an introduction to early Earth chemistry and the advanced analytical tools
required to achieve our aims (Chapter 3, Methods), this thesis comprises three major
result sections (Chapter 4, Results) that intend to provide answers to our general

hypothesis by investigating detailed aspects of our specific objectives.

e Paper 1 is entitled “Formation, stabilization, and fate of acetaldehyde and
higher aldehydes in an autonomously changing prebiotic system emerging from
acetylene”.

e Paper 2 is entitled “C2-addition patterns emerging from acetylene and nickel
sulfide in simulated prebiotic hydrothermal conditions”.

e Paper 3 is entitled “Nickel-organo compounds as potential enzyme precursors
under simulated early Earth conditions”.

The thesis will be finalized by an integrative discussion (Chapter 5, Discussion),

followed by Chapter 6, Conclusions, including critical considerations and limitations
of the study.
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4. Results

Summary of contributed articles

A summary of all first-author publications that resulted from these doctoral studies is
provided below, sorted by the research questions introduced in the section

“Hypothesis and objectives.”
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Formation, stabilization, and fate of acetaldehyde

and higher aldehydes emerging from acetylene.

Aldehydes are crucial for the prebiotic synthesis of Life’s essential building blocks,
including amino acids, sugars, and nucleosides. Therefore, understanding how
aldehydes formed under early earth conditions is vital. To investigate aldehyde
formation, we simulated primordial early earth conditions, based on the metal-sulfur
world theory, in an acetylene-rich atmosphere. Our results show that a pH-driven, self-
regulating environment concentrates acetaldehyde and other higher molecular weight
aldehydes. Acetaldehyde forms rapidly from acetylene over a nickel sulfide catalyst in
water, followed by sequential reactions that increase the molecular diversity and
complexity of the mixture. The evolution of this complex matrix leads to the auto-
stabilization of newly synthesized aldehydes and alters the subsequent synthesis of
relevant biomolecules, preventing uncontrolled polymerization. Our findings
emphasize the influence of progressively generated compounds on reaction
conditions and underscore the role of acetylene in forming essential building blocks

for the emergence of terrestrial life.

||||||
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24 hours

Figure 9: 1D-1H NMR spectra, zoomed-in on the diol-hydrogen of acetaldehyde (green asterisk), at different time
points. A bar plot shows the quantified absolute yield of acetaldehyde in the mixture.

Candidate's contributions: P. Diederich designed the research, performed all
analytical experiments, processed all the MS and NMR data, and analyzed all
the data. P. Diederich prepared all the figures and wrote and revised the
manuscript.
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C2-addition patterns emerging from acetylene and
nickel sulfide in simulated prebiotic hydrothermal

volcanic conditions

We analyzed the chemical evolution of a complex prebiotic mixture containing
acetylene, carbon monoxide, and nickel sulfide using mass spectrometry. Isotopic 1°C-
labeling allowed us to identify multiple reaction products, including diverse CHO and
CHOS compounds. Molecules belonging to the same chemical spaces showed
varying degrees of 13C labeling and differences in saturation levels, enabling more
robust functional group characterization. We detected a characteristic C2-addition
pattern in all compound classes, along with a high diversity of thio acids, reminiscent
of extant microbial C2-metabolism. We analyzed the mixture over time using a
molecular network, revealing the behavior of sulfur in the system. Early-formed
compounds contained more sulfur atoms than later-emerging compounds. Our results
provide insight into the elusive role of sulfur dynamics in the emergence of life and
show the progressively increasing molecular complexity arising from a limited number

of compounds.
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Figure 10: 13C-labeled elemental compositions of the CHOs-subspace highlighting the C2-addition pattern found
in all identified compound classes.

Candidate's contributions: P. Diederich designed the research, performed all
analytical experiments, processed all the MS and NMR data, and analyzed all
the data. P. Diederich prepared all the figures (except figures 5 and 6) and wrote
and revised the manuscript.
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Nickel-organo compounds as potential enzyme

precursors under simulated early Earth conditions.

For this study, we used a prebiotically-inspired experimental environment that
contained acetylene and mimicked volcanic hydrothermal conditions to investigate the
efficient and spontaneous self-assembly of organo-metal complexes. We identified the
simplest bis(dithiolene)nickel complex, (C2H2S2)2Ni, using various techniques such as
UV/Vis spectroscopy, mass spectrometry, nuclear magnetic resonance, and capillary
electrophoresis. We then studied the temporal evolution of this Ni-containing
compound and its possible function. We used a simulated early Earth atmosphere by
isolating the main bis(dithiolene)nickel species from the primordial experimental setup.
Our approach allowed us to uncover the significant diversity of organo-nickel
compositions by identifying 156 elemental annotations. One intriguing finding was the
formation of acetaldehyde through the subsequent degradation of these organo-metal
complexes. This is reminiscent of the ability of Pelobacter acetylenicus to ferment
acetylene to acetaldehyde via its bis(dithiolene)-containing enzyme acetylene
hydratase. Our findings provide a mechanistic characterization of the role of nickel
sulfide in catalyzing the formation of acetaldehyde. This fundamental pre-metabolic
reaction could play the role of a primitive enzyme precursor of the enzymatic acetylene
metabolism of Pelobacter acetylenicus and further strengthen the role of acetylene in

the origin of life.
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Figure 11: (A) UV/Vis spectrum of the prebiotic mixture after two hours, incubated at room temperature for
various amounts of time. (B) MS/MS spectrum of the identified nickel bis(dithiolene) complex.

Candidate's contributions: P. Diederich designed the research, performed all
analytical experiments, processed all the MS and NMR data, and analyzed all
the data. P. Diederich prepared all the figures and wrote and revised the
manuscript.
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5. Discussion and
Conclusion

Advances in the origin of life research have allowed scientists to address progressively
more complex questions. Pathways leading to the synthesis of all small building blocks
under arguably prebiotic conditions have been proposed in the past(10). Sugars,
nucleic acids, amino acids, and fatty acids can be synthesized under multiple prebiotic
conditions, as shown in the introduction (Chapter 1). The diversity of the suggested
synthesis pathways also partially highlights the ambiguity of prebiotic formation
pathways. This ambiguity justifies the continued search for new prebiotic pathways

from less investigated educts.

On the other hand, recent progress in analytical technologies enables us to go beyond
synthesizing a limited number of biologically relevant building blocks. New research
emerges showing the impact of mixtures on the progress of synthesis routes(151).
Vahab showed a reduction of the emerging complexity if more reactants were used in
the synthesis(152). This was an unexpected result, considering the theoretical
increase in possible reaction permutations. Generally, a large part of prebiotic
chemistry was performed in chemically “pure” environments with a very limited number
of reactants. The environment on prebiotic Earth was likely not a chemically “pure”
environment but a complex mixture of organic compounds(11). Future investigations
must focus on the impact of the growing complexity of prebiotic reaction systems to

understand how pathways are shaped by the evolving mixture.

A second emerging research field is catalysis. Prebiotic reactions need to be efficient
as concentrations are often low. Catalysts are investigated for this purpose, as they
lower the required energy for reactions to proceed. Catalysts can be of organic or
inorganic origin. Organic catalysts are of interest, as they are formed from the organic
feedstock molecules that are also useful for the synthesis of the building blocks

themselves. A particularly interesting organo-catalyst system was shown by Closs,

39



who developed different organo-catalysts. Depending on the chemical environment,
these catalysts continuously changed the output of produced compounds(153).
Organo-catalysts are also the core of auto-catalytical reactions(154). On the other
hand, there are inorganic catalysts derived from transition metals. Those metals show
a broad range of redox potentials and are prebiotically plausible, as they are contained
in minerals(155). Iron was heavily investigated for its role as an oxidating agent and is
essential in a proposed prebiotic reverse tricarboxylic acid (rTCA) cycle(156). The
most interesting aspect of those inorganic catalysts is their similarity to active sites of
extant enzymes. Iron-nickel cluster motifs exist in enzymes and minerals and were
shown to catalyze similar reactions(156). The detailed investigation of metal-binding
motifs in contemporary enzymes could provide further clues for the discovery of
inorganic or organometallic catalysts with autonomous catalytic functions, even

without a protein scaffold.

Through investigating the role of acetylene in the origin of life, it has been discovered
that this gas has multiple previously underestimated purposes. Examining the
pathways this molecule took under volcanic hydrothermal conditions revealed that
there are still more potential uses for this gas to be explored. Previous literature
described that acetylene reacts with carbon monoxide, water, and nickel sulfide to
form unsaturated fatty acids(66). While this compound class is significant(59), it is not

the only essential compound class required for life as we know it today(10).

First, we elucidated a pathway for acetylene to generate a large diversity of aldehydes.
These aldehydes were time-dependently converted into amino acids or a-hydroxy
acids. We incorporated the already-known formation of acids and the resulting lower
pH into our investigation. This effect demonstrated the influence of the complex
mixture forming in parallel on the described aldehyde formation pathway. Indeed, we
eventually discovered a system that autonomously transitioned from producing amino
acids to producing a-hydroxy acids. These essential biomolecules are well known to
be indispensable for the function of extant organisms. It is important to mention that
not every formation pathway is influenced to the same extent. Products originating
from acetaldehyde were transformed into another compound class. The formation of
acetaldehyde from acetylene only changed in its efficiency of the conversion and
resulted in higher yields. Those yields originate also partially from a stabilization of

acetaldehyde in the more acidic pH. The change in the chemical environment through
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the complex mixture, therefore, had a second effect countering the often-occurring
uncontrolled polymerization of acetaldehyde, resulting in tar formation, mentioned as
a limiting factor in other aldehyde-dependent pathways, like the formose reaction for
sugar synthesis. Considering the whole complexity of an observed reaction system

and its evolution is inevitable to assess its potential for the origin of life.

This targeted and quantitative look at the evolution of acetylene and its products gave
acetylene more relevance in the origin-of-life field. So far, acetylene has rarely been
mentioned as a prebiotic chemistry reactant(68). The use of untargeted techniques to
analyze complex mixtures revealed the presence of numerous unknown molecules in
this setup. This approach provides an even more comprehensive understanding of the
situation required to investigate the underlying system fully. It allows the detection of
around 3000 distinct elemental compositions from the CHO and CHOS space in the

investigated setup.

This level of molecular diversity was impossible to investigate with the techniques used
in our initial study. Our initial method of using NMR as a detection method was
unbiased towards hydrogen-bearing organic molecules but less sensitive, which
resulted in a less clear understanding of the extent of complexity. Especially the
recognition of sulfur-bearing compounds was mainly achieved with FT-ICR-MS. Sulfur
is a nucleus that possesses an isotope with an NMR-active nucleus. However, the T2
time of this nucleus is so short that its measurement is impossible in solution NMR.
Still, the chemical shift of hydrogen and carbon atoms in close vicinity of sulfur are
influenced and shifted. However, the shift caused by sulfur in the chemical

environment of hydrogen and carbon remains inconclusive.

As shown during the investigation of the fate of aldehydes in the hydrothermal
acetylene system, identifying the sulfur-bearing 4-oxobutane-2-sulfonic acid required
the synthesis of the exact compound in combination with mass spectrometric
measurements to confirm its identity. The system was analyzed at different time points
to investigate the behavior and temporal evolution of 2300 sulfur compounds. An
untargeted examination of this system clearly revealed C2-addition patterns reinforced

by stable isotope labeling.
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Stable isotope labeling already allowed for robust conclusions on the exact origin of

carbon in our first investigation, where it was necessary to differentiate between two

separate pathways leading to formic acid. Using '3C labeling, we could use our

knowledge to categorize the overwhelming number of elemental compositions into

functional classes. The targeted and untargeted investigations complemented each

other, highlighting the strengths of both approaches.

The targeted approach with NMR easily described the diversity and quantity of

aldehydes in the system over time, which was impossible with FT-ICR-MS for two

reasons:

The aldehyde group has poor ionization ability. Deprotonation of the aldehyde
functional group is rather difficult compared to a carboxylic acid and lowers,
therefore, the ionization efficiency. This observation alone, however, would not
exclude the possibility of detecting pure aldehydes. We demonstrated that the
acetaldehyde concentration reaches 4 mM, which could compensate for the low
ionization efficiency in favorable situations.

The excitation bandwidth of FT-ICR-MS excludes the detection of acetaldehyde
with FT-ICR-MS. Small m/z ratios need much higher frequencies to be excited
because FT-ICR-MS has to excite molecules with a frequency equal to their
orbiting frequency. The instrument's radiofrequency generator has a limit on the
highest frequency it can produce, so it is technically unfeasible to measure m/z
ratios below 100 m/z. Acetaldehyde has a mass of 44.05 g/mol, which lies far
below this technical limitation. Most compounds described in our first
investigation were only detectable with NMR because of their low molecular
weight (e.g., acetic acid, formic acid). In our initial investigation, we utilized a
different MS archetype, specifically ToF-MS, to decrease the limit of detectable
masses. This enabled us to detect alanine using LC-ToF-MS successfully.

However, this has the disadvantage of reducing the resolution.

On the other hand, analysis with FT-ICR-MS allows superior resolution. This

approach allowed us to describe the molecules from 120 m/z to 550 m/z in much

greater qualitative detail than with NMR. Our research discovered that the fatty acid

and hydroxy acid compound classes initially identified using NMR or GC-MS
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existed in even greater diversity at higher masses. The detected compounds
initially allowed a better qualitative characterization of the formed compounds.
Additionally, we were able to propose hypotheses on how larger molecules may
have developed from the smaller molecules identified in a targeted configuration.
The untargeted investigation revealed the presence of thio acids arising solely from
acetylene carbon. We observed that acetylene is mainly converted into
acetaldehyde, which grows via aldol condensation. One of our tempting
hypotheses is that these hydrocarbons could be oxidized to form thio acids(157).
This oxidation would happen via the geminal hydroxy-thiol form of acetaldehyde

conditioned by hydrogen sulfide in the system.

This oxidation would link the results from our first investigation with a key finding
of the second investigation. By combining the information from the two different

approaches, it is possible to connect and better understand the results from each

method.
Reppe chemistry: o)
nxHC=CH+ HS # (=0 => | A~
Aldol condenstaion and oxidation: n
= )OI\ — M = 7  + ] =
H,0 H +5 H -0 HONF HON H%
n
“+ H,S )H/+H2S ﬂ,-l- H,S
OH OH OH
HS)\ Hs)\/\ HSM\
\”/ oxidation \U/ oxidation \U/oxidacclion
0] 0 0]

HSJJ\ HSJ\/\ HSM

n

Figure 12: Two pathways leading to thio acids. One via the Reppe chemistry route and a second via an aldol
condensation route as a possible explanation of the observed masses in the untargeted FT-ICR-MS approach,
originating from compounds detected with the targeted quantitative NMR approach. Higher thio acids are marked

with a green background.

Our last investigation focused on the enzyme that allows Pelobacter acetylenicus to
thrive solely on acetylene(118). Acetylene hydratase enables this microorganism to
convert acetylene into acetaldehyde. The conversion of acetylene into aldehyde was
already the result of our first investigation. A highly abundant signal with an elemental
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composition fitting an organo-nickel complex at early time points of our temporal
analysis of this system led to the discovery of nickel-bis(dithiolene). The formation of

this specific transition-metal complex in water was interesting in two ways:

e The isolated complex was only soluble in water at higher temperatures (>50°C)
and transformed quickly into acetaldehyde and formic acid. In our initial
investigation, we discovered one potential pathway that allowed the production
of acetaldehyde using nickel sulfide.

¢ In addition to the elucidation of this formation pathway, the complex showed a
strong similarity to the co-factor of acetylene hydratase. Molybdopterin contains
a bis(dithiolene) motif(118, 158). The only difference is the transition metal
found in the extant co-enzyme. Such pterin co-factors contain either tungsten

or molybdopterin(158). In our case, the transition metal is nickel.

Nonetheless, the formed complex still originated from the same reactant, namely
acetylene, and resulted in the same product, acetaldehyde. The additional strong
structural similarity to the pterin co-factor further strengthens the relevance of this

complex as a precursor of extant co-factor motifs.

The third investigation ties in seamlessly with the first two, as the mechanism
described clarifies the formation of acetaldehyde discussed in the second
investigation. The relevance of the first investigation stems from the discovered
C2-addition patterns. Pelobacter acetylenicus transforms acetylene into
acetaldehyde to further metabolize it into acetyl-CoA. Acetyl-CoA is then used to
fuel its metabolism and especially to synthesize fatty acids in a C2-addition

manner.

Altogether, figure 13 provides an overview showing how our main publications are
interconnected to proceed from a gas, water, and nickel-sulfide mixture to a

potential vesicle-containing machinery able to produce a proto-metabolism.
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Figure 13: Overview figure showing how all publications are connected to proceed from a gas, water, and nickel-
sulfide mixture to a potential vesicle-containing machinery that produces a proto-metabolism. The number one

represents findings from the first investigation, the number two from the second, the number three from the third
and the number 4 from the co-authored publication(159)
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Our study attempted to analyze the underlying system comprehensively. With the
analytical techniques available today, a completely unbiased description is impossible.
The investigation based on a combination of NMR and mass spectrometry eliminated
some of the biases of both techniques. Despite our efforts, our methods were unable
to detect certain biologically significant molecules that have a low mass and no non-

exchangeable hydrogens, such as oxalate.

Another limitation is the lack of quantitative data for a large number of described
compounds, especially during the investigation of the complexity of the system. There
is currently no practical solution to this problem due to the lack of absolute
guantification in mass spectrometry. The absence of reference standards, in
combination with unpredictable ion suppression effects, is the main bottleneck that
prevents quantification. Additionally, for most detected annotations, the exact structure
remains unknown or at least highly ambiguous, which would prevent quantification via

a reference standard even if they were available.

Nonetheless, the amount of reliable and unambiguous information that could be
gained with this approach demonstrates that it is possible to advance knowledge in a
field at the edge of analytical possibilities. We show that the overwhelming complexity
emerging from systems mimicking prebiotic conditions can be tamed to some degree

with the most advanced analytical systems available today.

Further insights can be gained through stronger integration of chromatography. We
refrained from using chromatography for all FT-ICR-MS-related investigations, as it
would have entailed an unacceptable reduction of resolution in the mass spectra. The
newest FT-ICR-MS instruments, however, have a faster scan rate. This enhanced
scan rate will allow future investigations to take advantage of the numerous benefits
of separation prior to the injection into the mass analyzer. The knowledge of the
retention time itself carries information about the interaction of the detected
compounds with the stationary phase of the column material. In the case of reverse-
phase (RP) chromatography with C-18 columns, this retention time strongly correlates
with the hydrophobicity of the compounds. A separation of compound classes could
be attempted with this knowledge alone, as elemental annotations belonging to either

esters or carboxylic acids could be categorized more reliably. This process can be
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facilitated because esters have a higher level of hydrophobicity than carboxylic acids,
especially if chain lengths are low (short-chain fatty acids), with direct relevance for

metabolic pathways like the TCA cycle(160).

This study laid the foundation for future investigations based on our hydrothermal
acetylene-containing system. The emerging chemical space of CHO and CHOS
compounds was described to a large extent and allows the introduction of further
additional elements known to be required for the emergence of life, including nitrogen
and phosphorous. We have already investigated the influence of nitrogen reactants
on the evolution of aldehydes in the system. This was far from comprehensive, and
further investigations of heterocycle formation, for example, would be very interesting,
as they could potentially lead to purine and pyrimidine synthesis. Phosphorous is
another indispensable element, as itis a prerequisite for energy transfer. Phosphorous
was not investigated in this study, but the discovery of a nickel complex with electron-

transportation properties calls for the introduction of phosphorous.

The discovered nickel complex is an interesting candidate to investigate further and
develop additional hypotheses. This study did not achieve the exchange of nickel with
tungsten or molybdenum. Itis crucial to conduct additional research to explore options
for facilitating this exchange to approach a prebiotically synthesized co-factor even
more akin to pterins. Additionally, ways to derivatize this complex further and grow it
in mass would be relevant to reach higher similarity to extant pterin co-factors. This
approach would require the addition of nitrogen into the system to allow the formation

of the structure of the extant co-factor (Figure 5).
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Many essential building blocks of life, including amino acids, sugars, and nucleosides, require
aldehydes for prebiotic synthesis. Pathways for their formation under early earth conditions
are therefore of great importance. We investigated the formation of aldehydes by an
experimental simulation of primordial early earth conditions, in line with the metal-sulfur
world theory in an acetylene-containing atmosphere. We describe a pH-driven, intrinsically
autoregulatory environment that concentrates acetaldehyde and other higher molecular
weight aldehydes. We demonstrate that acetaldehyde is rapidly formed from acetylene over a
nickel sulfide catalyst in an aqueous solution, followed by sequential reactions progressively
increasing the molecular diversity and complexity of the reaction mixture. Interestingly,
through inherent pH changes, the evolution of this complex matrix leads to auto-stabilization
of de novo synthesized aldehydes and alters the subsequent synthesis of relevant biomo-
lecules rather than yielding uncontrolled polymerization products. Our results emphasize the
impact of progressively generated compounds on the overall reaction conditions and
strengthen the role of acetylene in forming essential building blocks that are fundamental for
the emergence of terrestrial life.
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available in the early Earth’s atmosphere and throughout

the universe as it was formed through the photolysis of
methanel>2. Spectroscopic measurements of astrophysical objects
like Titan and Jupiter revealed acetylene as a part of their
atmosphere3. Hypothetical scenarios for its role in prebiotic
chemistry have already been discussed in the literature and
mentioned routes to polycyclic aromatic hydrocarbons* and other
biomolecules® under extraterrestrial conditions. At the same time,
acetylene has been an often-used educt for numerous chemical
reactions since the earliest stages of organic synthesis. After the
discovery of acetylene hydration by Mikhail Kucherov in 18819,
acetylene became the main precursor for acetaldehyde production
until modern industrial chemistry introduced the Wacker
process’. Compounds carrying an aldehyde functional group are
frequent educts in primordial synthesis pathways (and in che-
mical synthesis in general) as they are easily transformed into
several coveted functional groups to fuel the origin of life®. The
reactions of aldehydes are well characterized in the literature,
making them an attractive basis for new reaction hypotheses®.
Previous publications already reported the formation of acet-
aldehyde and various other aldehydes under extraterrestrial
conditions, as extraterrestrial samples contain a large variety of
organic compounds covering a broad chemical space!? whereas
cometary ice contains acetaldehyde as a product of small building
blocks and UV-radiation!!:12, Ketones and aldehydes became
part of systematic, targeted analytical screening in extraterrestrial
materials (meteorites and return mission samples), underlining
the importance of these compounds as essential reaction partners
in synthesizing life-relevant molecules!3-16. Despite the extra-
terrestrial hypothesis of aldehyde origins, the synthesis and
accumulation of such precursors on early Earth remain largely
unclear. In addition, the high reactivity of aldehydes leads to
concentration issues and may prevent the accumulation of suf-
ficient amounts of aldehydes that would allow specific reactions.
Prebiotically relevant synthesis pathways, starting from aldehydes
as biological building blocks, play a crucial role in understanding
the origin of life. Synthesis of numerous necessary small building
blocks of life has been demonstrated under varying levels of
primordial plausibility!”. As varying amounts of comparable
chemical entities were also discovered in extraterrestrial materials
such as meteorites or real samples from asteroid sample return
missions!8-21, the aim of this paper was a demonstration of a
potentially universal, auto-regulatory, up-scalable synthesis of
aldehydes explaining the occurrence of aldehydes under both
Early Earth and extraterrestrial conditions.

The “metal-sulfur world” represents a prebiotically plausible
hypothesis describing a reduced chemical environment allowing the
emergence of life?2. The investigation of this environment started
with Wichtershiuser et al. with the incubation of CO and H,S in
the presence of different metal-sulfur catalysts like FeS and NiS,
which eventually resulted in activated acetic acid as an early analog
of acetyl-CoA, hinting at a primitive form of the citric acid cycle?>.

Recent work hypothesized acetylene as a precursor for reac-
tions leading to relevant biomolecules, including unsaturated fatty
acids and thiophens?42°. Until now, aldehydes were an unknown
part of this hypothetical prebiotic environment, even though the
potential relevance of acetaldehyde in the context of the metal
sulfur world theory was already mentioned in a previous work?4.

Here we provide experimental proof for the formation of
acetaldehyde and a multitude of follow-up products. At the same
time, we describe a pH-driven, intrinsic autoregulatory environ-
ment that concentrates acetaldehyde and changes the reaction
path undertaken by aldehydes, fully compatible with early earth
conditions and yielding sufficient amounts allowing for diversi-
fied detectable chemical reactions.

Q cetylene is a gaseous compound that was most likely

Results

Nickel sulfide catalyzes acetaldehyde formation. To investigate
the formation of acetaldehyde, we incubated a gaseous mixture of
carbon monoxide and acetylene over water containing a nickel
sulfide catalyst in an oxygen-free environment. This experimental
setup was inspired by the acetylene metabolism of the anaerobic
extant Pelobacter acetylenicus utilizing a tungstopterin enzyme to
convert acetylene to acetaldehyde?®. We determined the con-
centration of acetaldehyde via nuclear magnetic resonance spec-
troscopy (NMR) after different incubation periods (Fig. 1). The
concentration of acetaldehyde showed a steady increase over two
days, suggesting a higher conversion of acetylene to acetaldehyde
compared to the reaction rate of acetaldehyde to later reaction
products. Acetaldehyde reached a concentration of 3.3 mM after
48 h, representing a conversion of about 1% of the total available
acetylene. Acetaldehyde could already be detected after 8h of
incubation, demonstrating the conversion efficiency with the used
catalyst. Acetaldehyde results most likely from the hydration of
acetylene followed by tautomerization of hydroxyethanal to
acetaldehyde, analogous to the mercury salt catalyzed synthesis
described by Kutscheroff in 1881. In this aqueous environment,
acetaldehyde was detected as a mixture of the free aldehyde and
its hydrate with a pH-dependent ratio. This hydration is, in our
case, catalyzed by nickel sulfide, mimicking a mineral surface, as
experiments without catalyst only resulted in trace amounts of
acetaldehyde (<40 pM). Experiments with low concentrations of
free nickel ions (4 uM), simulating the effect of dissolved NiS,
didn’t lead to higher amounts of acetaldehyde compared to the
experiments without NiS. However, experiments with trace
amounts of sulfide (10 uM) lead to low but quantifiable acet-
aldehyde yields, suggesting a parallel pathway catalyzed by sulfide
ions alone. This experiment led to concentrations of 360 uM of
acetaldehyde, 10% of the yield with NiS (Supplementary Fig. 1).
We performed additional experiments with FeS and NiS/FeS
(1:1), as nickel sulfide is most often found in conjunction with
iron sulfide in Nature. The setup with FeS alone did not show any
detectable amount of free acetaldehyde nor the hydrate. The NiS/
FeS setup produced acetaldehyde in the same concentration range
as NiS alone (2.5 mM) (Supplementary Fig. 2), highlighting the
importance of nickel sulfide in iron-nickel-sulfide minerals.

Increased aldehyde diversity through aldol condensation. We
detected trans-but-2-enal as the direct aldol condensation pro-
duct of acetaldehyde, showing the feasibility of this type of
reaction in the complex system, without interference from other
matrix components. The aldol condensation and numerous other
reactions drive the diversification of aldehydes in the explored
system and generate a diverse aldehyde mixture (Fig. 2). The
extensively investigated formose reaction generates a similar
diversity of aldehydes through aldol condensation, starting with
formaldehyde, leading to highly hydroxylated products, resulting
in carbohydrates?’. In contrast to the formose reaction, the
condensation of acetaldehyde leads to highly reactive a,p-unsa-
turated aldehydes?8. These aldehydes carry one double bond
conjugated to the aldehyde group giving both the carbonyl carbon
and the B-carbon an electrophilic character. This character allows
nucleophiles to be added to the molecule. One of these potential
nucleophiles is sulfur which will be discussed later. However, the
aldol condensation reaction also carries the risk of rapid poly-
merization under favorable pH conditions. It leads to large,
water-insoluble compounds, hereby removing the aldehydes from
the reaction medium. The complex matrix of our system contains
a large diversity of water-soluble aldehydes.

The numerous proton NMR resonances between 9.1 and
10 ppm reflect the diversity of aldehydes formed under these
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Fig. 1 Quantification of acetaldehyde over time. 1D-'H spectrum showing the hydrogen signal of the single hydrogen connected to the carbon carrying the
diol functionality (marked with a green asterisk). Spectra for four time points are shown. The bar plot shows the measured average concentration of
acetaldehyde in the aqueous mixture over time, with error bars representing the standard deviation and black dots for individual data points.
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Fig. 2 Aldehyde diversity formed after 7 days in an alkaline setup. The
TH,13C HSQC shows three different groups (marked with a black frame) of
signals sharing similar hydrogen and carbon shifts, suggesting chemical
similarity of the aldehyde group. The acetaldehyde signal is cut to allow
magnification of the other aldehydes.

conditions. The observed clustering in the !H,13C-HSQC
experiment (an experiment that links hydrogen atom shifts
to the carbon atom shift directly attached to the hydrogen
atom) suggests a rough classification into three chemically
similar aldehyde groups: o,p-unsaturated aldehydes (doublets

9.1-9.5 ppm), acetaldehyde (quartet 9.68 ppm), aliphatic alde-
hydes (multiplets 9.55-9.65 ppm) and aldehydes attached to an
olefinic carbon without hydrogen or heteroatom, but not
necessarily aromatic (singlets 9.75-10 ppm).

We further performed isotope-labeled experiments to clarify
the origin of acetaldehyde in the investigated system and to
confirm the hypothesized reactions. 13C-labeled acetylene experi-
ments demonstrate acetylene as the sole origin of the detected
aldehyde functional group. The absence of !y coupling in the
'H 1D NMR spectrum during 13C-labelling of carbon monoxide
provides strong evidence for this hypothesis (Supplementary
Fig. 3). Carbon monoxide does not react to detectable amounts of
aldehydes under these conditions. Experiments with acetylene
alone also produced acetaldehyde (Supplementary Fig. 4),
excluding a relevant catalytical role of carbon monoxide in this
reaction in form of nickel carbonyl for example.

Increase in aldehyde diversity through Michael addition reac-
tions with sulfur and formation of sulfuric acids. The overall
complexity emerging out of the investigated system was already
demonstrated by Fourier transform ion cyclotron resonance mass
spectrometry measurements, showing an, until then, to the best of
our knowledge unreported chemical space defined by sulfur2®.
These measurements revealed 2332 individual elemental com-
positions divided into 575 formulas consisting of only carbon,
hydrogen, and oxygen and 1757 formulas with sulfur as an
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additional element. These results call for further characterization
of the formed compounds and evaluation of their relevance to the
origin of life.

The a,B-unsaturated functionality of the condensation products
drives further diversification of aldehydes contained in the mixture
by sequential aldol condensation and additions to the double bond
by Michael addition reactions. Especially hydrogen sulfide and
other thiols act as good nucleophiles and form new carbon-sulfur
bonds. The sulfur in the investigated system originates from the
NiS catalyst, as it is the only source of sulfur in the system. Sulfide
addition is often observed in our system to be followed by the
oxidation of sulfur to form a sulfonic acid group, shown through 4-
oxobutane-2-sulfonic acid, which can be found in amounts
comparable to acetaldehyde (half of the acetaldehyde concentra-
tion). More than 250 possibly sulfonated compounds could be
detected by LC-MS, even though it remains unknown if all derive
from Michael additions to a,B-unsaturated aldehydes (Supplemen-
tary Table 4). With the new knowledge of the existence of those
sulfonic acids, a part of the sulfur compounds detected by FT-ICR-
MS can be attributed to this compound class.

Stabilization of aldehydes via intrinsic environmental pH
changes. pH is a key parameter with a substantial impact on the
reactivity of aldehydes. The pH of the investigated system evolves,
starting at an alkaline pH of 12 and changing to a nearly neutral
pH (7.6 £0.5s.d.) via the formation of a large variety of car-
boxylic and sulfonic acids (Supplementary Table 1). The forma-
tion of highly unsaturated carboxylic acids has been described in
a previous paper?%. The chemistry leading to those carboxylic
acids was already described by Walter Reppe in 195330, The
formation of these carboxylic acids requires carbon monoxide,
also added to the gas phase of the experimental setup. However,
smaller carboxylic acids like formic acid and acetic acid were also
formed to some degree from acetylene alone. Formic acid was
potentially formed through cleavage of the triple bond in acet-
ylene by a so far unknown mechanism. This reaction usually
requires strong oxidative conditions not present in the investi-
gated setup>!. This hypothesis was drawn from the observation of
formic acid in setups with acetylene alone and the coexistence of
labeled and unlabeled formic acids, in setups including labeled
acetylene and unlabeled carbon monoxide (Supplementary
Fig. 5). Acetic acid is observed and originates from acetylene
alone32. We consider that the disproportionation of acetaldehyde
provides the acetic acid to a certain extent, as ethanol is also
detected in this prebiotic experiment. Acetaldehyde dispropor-
tionates into acetic acid and ethanol under all tested pH condi-
tions. Lower pH (<8 after 7 days of incubation) enabled the
stabilization of the observed aldehydes and slowed aldol con-
densation. The concentration of acetaldehyde was found to be
2.5mM on average after 7 days. Experiments with added formic
acid (pH 3) showed a significantly increased acetaldehyde yield
(up to 40 mM, Supplementary Table 1). Further experiments with
a standard acetaldehyde solution alone showed the compounds
near inert behavior under acidic conditions. An incubation of
acetaldehyde at 105°C for one day in formic acid containing
water (pH 4) did not lead to detectable reaction products besides
a small amount of butenal (Supplementary Fig. 6). Morooka et al.
reported the formation of lactic acid from formic acid and acet-
aldehyde under acidic conditions in subcritical water at
200-250 °C33. Even though both compounds were present in the
mixture, lactic acid could not be detected under the much milder
conditions utilized in this setup. Lower pH slows down the aldol
condensation and inhibits rapid polymerization of the acet-
aldehyde, making it available for other reactions that are essential
to the origin of life, depending on the prevailing pH.

pH-dependent fate of the aldehydes: alkaline conditions. To
test the feasibility of a Strecker-type reaction in this complex
mixture, we added potassium cyanide (KCN) and ammonium
chloride (NH,CI) to the alkaline setup. We detected the forma-
tion of alanine (180pM, 0.02% yield based on ammonium
chloride) in the resulting incubation mixture after 7 days. Alanine
is the Strecker reaction product of acetaldehyde with potassium
cyanide and ammonium chloride. The Strecker reaction is con-
sidered a likely reaction for forming amino acids under origin of
life conditions34. Incubation of the same setup under acidic
conditions (pH 3) leads to a mixture of acetaldehyde (27 mM)
and 2-hydroxy propanenitrile (10.2 mM) but no alanine, showing
the stabilization of the produced acetaldehyde and pH depen-
dence of the fate of the formed aldehydes. The introduction of
additional ammonia alkalinized the reaction mixture (pH 12),
allowing the detection of intermediate products, namely
1-aminoethane-1-ol and 2-amino propanennitrile of the Strecker
reaction from acetaldehyde to alanine in this chemically diverse
environment (Fig. 3). These results support the hypothesis that
the Strecker reaction is the main pathway leading to amino acid
synthesis under these conditions from aldehydes. Alanine was
additionally confirmed by LC-MS analysis. (Supplementary
Table 3).

pH-dependent fate of the aldehydes: acidic conditions. Acidic
conditions, occurring naturally through the generation of car-
boxylic and sulfonic acids, change the reaction pathway of alde-
hydes. A strong indicator of this behavior is the intermediate
product 2-hydroxypropanenitrile, detected in the already men-
tioned setup acidified with formic acid. Formic acid was used for
acidification as it is generated naturally in the investigated system.
The acidified system should be thought of as a system that has
already produced many carboxylic and sulfonic acids. The result
is the conversion of acetaldehyde to an a-hydroxycarboxylic acid,
namely lactic acid, instead of alanine via the hydrolysis of the
cyanide group of the now prominent 2-hydroxypropanenitrile
(Fig. 4, i). This pathway leading to lactic acid requires less harsh
thermal conditions than the pathway starting from formic acid
and acetaldehyde at 200-250 °C described by Morooka et al.33. It
occurs naturally over time through the generation of carboxylic
and sulfonic acids. To further validate the importance of acidic
pH conditions, the pH of the acidified setup was further lowered
with sulfonic acid to pH 1. After incubation, we observed a
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Fig. 3 Investigation of the reactions of acetaldehyde under different pH
conditions. The pH of an acidified setup was readjusted to alkaline
conditions to observe the behavior of acetaldehyde. Blue numbers indicate
detected hydrogen atoms and black numbers the corresponding resonance
in the hydrogen spectrum.
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further increase in lactic acid concentration. a-hydroxy acids are
known to promote peptide bond formation during dry-down
reactions>>.

An observed side effect of the lower pH is a higher percentage
of dissolved NiS in the aqueous phase. This can be seen by the
strong line broadening in the 1D-'H NMR spectra of the acidified
solutions. The paramagnetic nickel in the solution leads to this
effect. Carboxylic acids are strongly affected by a higher
percentage of NiS, as they seem to coordinate with the Ni** in
solution. At an acidic pH, the measurement became impossible
without additional precipitation of the nickel ions with a sodium
phosphate solution.

Discussion

Our findings show an efficient and prebiotically relevant pathway
to acetaldehyde and higher condensation products starting from a
simple gaseous mixture of acetylene and carbon monoxide over
NiS containing water under hydrothermal conditions. The mix-
ture evolves by changing its pH in the first step by forming a
multitude of carboxylic and sulfonic acids, which then, in a sec-
ond step, changes the reaction pathway undertaken by the newly
formed aldehydes. The aldehydes are later stabilized by the
lowered pH of the complex mixture of carboxylic and sulfonic
acids. Therefore, they stay available for further non-
polymerization reactions even under high temperatures.

The first aldehyde formed in our experimental system, acet-
aldehyde, is described in the literature as required for multiple
building blocks, including a path for synthesizing deoxyr-
ibonucleosides utilizing acetaldehyde as a critical educt?¢. Con-
verting the aldehyde group into an amino acid group via the
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Strecker reaction is a more straightforward idea. The conditions
of this primordial setup allow an expedient synthesis of amino
acids, witnessed by the presence of alanine, readily formed via the
Strecker reaction. The high diversity in aldehydes present in this
system has therefore, the potential to form a diverse set of amino
acids. The slow acidification of the environment by the carboxylic
acids leads to favorable conditions for the Strecker reaction. We
observe a transition from a basic pH, required for the nucleophilic
addition of ammonia to the aldehyde group, to a more acidic pH
that facilitates the imine formation and the hydrolysis of the a-
aminonitrile.

Further acidification of the matrix leads to the detection of
2-hydroxy propanenitrile and lactic acid. These conditions sug-
gest a pathway leading to a-hydroxycarboxylic acids via the
hydrolysis of the nitrile group, analogous to the hydrolysis during
the Strecker reaction’. The presence of the hydroxy group in
alpha position enables this reaction only in an aged system that
has already accumulated sufficient acids or lowered its pH in a
different way. The positive impact of a-hydroxycarboxylic acids
on peptide-bond formation during dry-down reactions is an
interesting effect in a system that evolves from an amino acid-
producing system to an o-hydroxycarboxylic acid producing
system. The acidified environment also showed a higher con-
centration of dissolved nickel ions.

The o,p-unsaturated nature of a part of the formed aldehydes
facilitates the functionalization of the formed compounds, as the
addition of sulfur shows. The carbon-sulfur bond formation is a
sought-after reaction in the field of the origin of life383%. Early
papers suggest a thioacid/thioester-based metabolism as a pre-
cursor to extant phosphate-based metabolic pathways?%41. The
5
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presence of sulfonic acids was also detected in the Murchison
meteorite, even though a direct relevance for the origin-of-life
remained uncommented?2. Recent reports show the increased
importance of sulfur functional groups, especially thiols, as pre-
cursors of protopeptides*> and organocatalysts*4,

Future investigations could focus on a pH swing back to
alkaline conditions due to external events. This alkalization would
create starting conditions with much higher acetaldehyde con-
centrations, leading to stronger polymerization and higher-weight
aldehydes. If the polymerization is stopped quickly enough by the
formation of acids, this would change product distribution to
potentially higher mass amino acids and sulfonic acids.

Conclusion

Acetylene, a prominent molecule in the universe*’, reported on
the poles of Jupiter®, and supposed to be abundant on early
Earth%’, shows great potential as a precursor for primordial
building blocks and reaction matrix modification. This paper
sheds light on a possible pathway to acetaldehyde in a primordial
setup aligned with the idea of a metal-sulfur world. The rapid
diversification of acetaldehyde into a large variety of aldehydes
and the transformation of acetaldehyde into alanine shows the
potential to produce amino acids from acetylene gas in a one-pot
experiment. Additionally, through the parallel formation of car-
boxylic acids and the efficient generation of sulfonic acids via
Michael addition reactions, the environment intrinsically changes
over time, especially the pH. This alteration changes the pre-
vailing conditions to such an extent that the reactions involving
the formed aldehydes shifted from an amino acid-producing
system to an a-hydroxycarboxylic acid-producing system. Con-
sidering this change in reaction conditions, provoked by intrinsic,
de novo compound synthesis within the same setup allowed us to
demonstrate how this system autonomously changes its chemical
output without any external input.

Materials and methods

Chemicals. A D,0 sodium phosphate (for analysis, Merck KGaA) buffer (1.5 M)
was prepared with added sodium trimethylsilylpropanoate (2 mM) (98 atom %D,
Aldrich) as the internal standard. The pH of this buffer was adjusted to 7 with
sodium hydroxide. This solution was used to reference and quantify signals in
1D-'H NMR experiments. Ammonia solution in water (25% ammonia, Lichropur
Merck KGaA), Sulfuric acid (95-98%, Sigma-Aldrich), Acetaldehyde standard
(ReagentPlus, >99.0%, Sigma-Aldrich)), Lactic acid standard (>99.0%, Sigma-
Aldrich).

Nitrogen-free bottles: setup S1. A 125 ml glass serum bottle was charged with
1.0 mM NiSOy « 6 H,O (99%, Aldrich) and sealed with a silicon stopper. Three
times the bottle was evacuated and filled with argon, finally ending in a deaerated
state. Subsequently, the bottle was filled with 8.5 ml argon-saturated water, with
1.0 mL argon-saturated 1 M Na,S (solid Na,S: 99.99%, Sigma-Aldrich) solution
with 0.5 mL 1 M NaOH solution and finally with 60 ml CO (2.44 mmol) and 60 ml
(2.53 mmol) acetylene (acetone free), using gastight syringes for the injections.
Reactions were carried out at 105 °C. After a reaction time of up to 7 days, the
reaction mixture was allowed to cool down.

Acetylene and CO were replaced by argon in a blank run with otherwise
identical composition.

Nitrogen-free bottles: setup S1*. A 125 ml glass serum bottle was charged with
1.0 mM NiSOy « 6 H,O (99%, Aldrich), 50 pl of formic acid and sealed with a
silicon stopper. The bottle was evacuated Three times and filled with argon, finally
ending in a deaerated state. Subsequently, the bottle was filled with 8.5 ml argon-
saturated water, with 1.0 mL argon-saturated 1 M Na,S$ (solid Na,S: 99.99%, Sigma-
Aldrich) solution with 0.5 mL 1 M NaOH solution and finally with 60 ml CO
(2.44 mmol) and 60 ml (2.53 mmol) acetylene (acetone free), using gastight syr-
inges for the injections. Reactions were carried out at 105 °C. After a reaction time
of up to 7 days, the reaction mixture was allowed to cool down.

Nitrogen-free 13C bottles setup. To confirm the hypothesized reactions, 13CO or
13C,-acetylene were used in representative experiments. Whereas 13CO (Cam-
bridge Isotopes Laboratories Inc. (Tewksbury, MA, USA) could be used directly,
13C-acetylene had to be set free from Ethinyl-!3C,-trimethylsilan (90 atom % 13C,

Sigma-Aldrich). To release the 13C,acetylene from its silylated form, a glass serum
bottle was charged with the stoichiometric amount of tetrabutylammonium
fluoride (TBAF) (297.0%, SigmaAldrich). The bottle was sealed with a silicon
stopper. The bottle was evacuated three times and flushed with argon, finally
ending in a deaerated state. The 13C,-acetylene was transferred into the bottle using
a gastight syringe. TBAF and 13C,-acetylene amounts were calculated to produce a
slight overpressure in the serum bottle.

Nitrogen-containing bottles: S2 setup. A 125 ml glass serum bottle was charged
with 1.0 mM NiSOy « 6 H,O (99%, Aldrich), 1.0 mmol NH,CI (>99.5% Sigma-
Aldrich) and 1.0 mmol KCN (>98.0 % Sigma-Aldrich) resulting in starting mola-
rities of 100 mM for each nitrogen containing compound. and sealed with a silicon
stopper. Three times the bottle was evacuated and filled with argon, finally ending
in a deaerated state. Subsequently, the bottle was filled with 8.5 ml argon-saturated
water, with 1.0 mL argon-saturated 1 M Na,S$ (solid Na,S: 99.99%, Sigma-Aldrich)
solution with 0.5mL 1 M NaOH solution and finally with 60 ml CO (2.44 mmol)
and 60 ml (2.53 mmol) acetylene (acetone free), using gastight syringes for the
injections. Reactions were carried out at 105 °C. After a reaction time of up to

7 days, the reaction mixture was allowed to cool down.

Nitrogen-containing bottles: S2*. A 125 ml glass serum bottle was charged with
1.0 mM NiSOy « 6 H,O (99%, Aldrich), 50 ul of formic acid, 1.0 mmol NH,Cl
(>99.5% Sigma-Aldrich) and 1.0 mmol KCN (>98.0% Sigma-Aldrich) resulting in
starting molarities of 100 mM for each nitrogen containing compound and sealed
with a silicon stopper. Three times the bottle was evacuated and filled with argon,
finally ending in a deaerated state. Subsequently, the bottle was filled with 8.5 ml
argon-saturated water, with 1.0 mL argon-saturated 1 M Na,S$ (solid Na,S: 99.99%,
Sigma-Aldrich) solution with 0.5mL 1 M NaOH solution and finally with 60 ml
CO (2.44 mmol) and 60 ml (2.53 mmol) acetylene (acetone free), using gastight
syringes for the injections. Reactions were carried out at 105 °C. After a reaction
time of up to 7 days, the reaction mixture was allowed to cool down.

NMR spectroscopy. All NMR experiments were carried out on an 800 MHz
Bruker AVANCE III spectrometer equipped with a 5 mm QCI-probe head
at 300 K.

Quantification of acetaldehyde. 1D-'H spectra were acquired for triplicates of
bottles incubated for 8 h, 24 h, and 48 h. 150 pul supernatant of each centrifuged
sample was spiked with 50 pl D,O buffer. The pulse program consisted of a simple
90° pulse followed by acquisition. 64 scans were acquired for each sample with a
relaxation delay of 16 s and an acquisition time of 4 s. On-resonance pre-saturation
was used during the relaxation delay to suppress the water signal. The optimized
90° pulse had a duration of 12.75 us. Quantification was done by comparing the
sum of the integrals after baseline correction of the hydrate single hydrogen signal
and the acetaldehyde methyl hydrogens signal added together to the TSP internal
reference integral. The average for every time point was calculated. The acquired
FID was apodized with an exponential function (LB = 0.3), and Fourier
transformed.

Aldehyde complexity. A bottle incubated for 7 days was used to prepare the sample.
180 pl of the sample were spiked with 20 pl of D,O buffer.

1D-'H spectrum was acquired using a 1D version of the nuclear Overhauser
effect (NOE) experiment with on-resonance pre-saturation of the water signal
during the relaxation delay of 6s (s) and mixing time of 20 ms. 256 scans were
acquired. HSQC spectrum was recorded with a phase-sensitive version using Echo/
AntiechoTPPI gradient selection (hsqcetgpprsisp2.2), decoupling during
acquisition, and onresonance pre-saturation during the relaxation delay (1.5 s). 197
increments were acquired with 800 transients each. The spectral width was set to
15 ppm in the F2 dimension and 40 ppm in the F1 dimension, with an offset of
200 ppm in the F1 dimension. The FID of the F2 dimension was apodized with a
sine function (SSB = 2), and the F1 Dimension with a squared sine function
(SSB =3).

Alanine and lactic acid formation experiments. To observe the formation of alanine
from acetaldehyde in the investigated system, bottle setup S2* was used as it
showed a high amount of acetaldehyde due to the acidic conditions. 2 ul of
ammonia solution (25%) was added to 200 pl of S2* solution contained in a 3 mm
NMR tube with a final concentration of 140 mM. This reaction mixture was
measured via NMR. A first 1D"TH spectrum was acquired immediately after the
addition and a second after a 24 h incubation at 100 °C. Spectra were acquired with
a simple 90-degree pulse (13.75 us) and on-resonance pre-saturation during the
relaxation delay. Eight scans were acquired for each sample with a 4-second
acquisition time and a relaxation delay of 16 s to allow for quantitative information.
The same experiment was repeated with sulfuric acid instead of ammonia to
further prove the origin of lactic acid in this specific experimental setup.
Acquisition parameters for NMR experiments with the purpose of compound
identification or spectra not shown in the main text can be found in Supplementary
Table 2. LC-MS parameters can be found in Supplementary Methods page S14.

6 COMMUNICATIONS CHEMISTRY | (2023)6:38 | https://doi.org/10.1038/s42004-023-00833-5 | www.nature.com/commschem


www.nature.com/commschem

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-00833-5

ARTICLE

pH-Measurement. The pH of the solutions was determined with a Metrohm
Ecotrode Gel pH-Electrode (Mettler Toledo, Gieflen, Germany) and checked with
VWR chemicals Dosatest pH test strips pH 0-14 (VWR International, Radnor,
Pennsylvania, USA).

Data availability

The authors declare that [the/all other] data supporting the findings of this study are
available within the paper [and its supplementary information files]. Further data that
support the findings of this study are available from the corresponding author upon
reasonable request. All NMR spectra can be found in Supplementary Data 1
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Supplementary methods

Experiments with trace amounts of dissolved ions
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Supplementary Figure 1: 1D-'H NMR spectra comparing the acetaldehyde yield of
identical setups differing only in the potential catalyst. The NMR signals of the
aldehyde hydrogen signal (column on the left), the methyl hydrogen of
acetaldehyde (column in the middle), and the methyl hydrogen of the hydrate
form of acetaldehyde (right column) are shown. The annotation on the right-hand
side indicates the added catalyst, the incubation time, and the resulting yield in
acetaldehyde.

Control bottles: setup S3_Supplement

A 125 ml glass serum bottle was charged with 1 mg NiSO4 ¢ 6 H,0 (99%, Aldrich) for the trace nickel
experiment and with 10 pul of argon-saturated 1M Na,S (solid Na,S: 99.99%, Sigma-Aldrich) solution
for the trace sulphide experiment. and sealed with a silicon stopper. Three times the bottle was
evacuated and filled with argon, finally ending in a deaerated state. Subsequently, the bottle was
filled with argon-saturated water (calculated for the end volume of 5 ml) with 1.0 mL 1M NaOH
solution and finally with 60 ml CO (2.44 mmol) and 60 ml (2.53 mmol) acetylene (acetone free), using
gastight syringes for the injections. Reactions were carried out at 105 °C. After a reaction time of up
to 7 days, the reaction mixture was allowed to cool down. Acetylene and CO were replaced by argon
in a blank run with otherwise identical composition.



Experiments with FiS and NiS/FeS
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Supplementary Figure 2: Comparative acetaldehyde formation in setups with different
catalyst compositions. The NMR signals of the aldehyde hydrogen signal (column on the left),
the methyl hydrogen of acetaldehyde (column in the middle), and the methyl hydrogen of the
hydrate form of acetaldehyde (right column) are shown. The annotation on the right-hand
side indicates the added catalyst, the incubation time, and the resulting yield in acetaldehyde.
The seemingly higher intensity in the NiS/FeS setup than the NiS setup stems purely from the
broadened linewidth in the NiS/FeS setup and is an artifact of the processing. The
concentrations derived from the peak integrals show the correct result.

Control bottles: setup S4_Supplement

A 125 ml glass serum bottle was charged with 131 mg NiSO4 ® 6 H,0 (99%, Aldrich) and 139 mg FeSO,
* 7 H,0 (99%, Aldrich) for the NiS/FeS experiment and with 278 mg FeSO4 ¢ 7 H,0 (99%, Aldrich) for
the FeS-only experiment. and sealed with a silicon stopper. Three times the bottle was evacuated
and filled with argon, finally ending in a deaerated state. Subsequently, the bottle was filled with
argon-saturated water (calculated for the end volume of 5 ml) with 1.0 mL argon-saturated 1M Na,S
(solid NayS: 99.99%, Sigma-Aldrich) solution with 1.0 mL 1M NaOH solution and finally with 60 mI CO
(2.44 mmol) and 60 ml (2.53 mmol) acetylene (acetone free), using gastight syringes for the
injections. Reactions were carried out at 105 °C. After a reaction time of up to 7 days, the reaction
mixture was allowed to cool down. Acetylene and CO were replaced by argon in a blank run with
otherwise identical composition.



Unlabelled versus labelled experiments

13C labelling leads to additional splitting in 1D-'H NMR spectra because of the NMR activity of
this isotope. Jcu-couplings between the detected hydrogen signal and the '3C-atom are 120-
180 Hz. The absence of such a coupling in 3CO-labelled experiments establishes acetylene as
the origin of all detected aldehydes. On the other hand, experiments with 3C-labelled

acetylene showed the mentioned YJcy-splittings. YJcu and 2Jcu couplings were clearly observed.
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Supplementary Figure 3: 1D- 'H NMR spectra of the aldehyde region for labelled and
unlabelled samples. Additional couplings through 3C labelling are added for the direct aldol

condensation product of acetaldehyde, crotonaldehyde.



Acetaldehyde from acetylene alone
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Supplementary Figure 4: Comparative acetaldehyde formation in setups with (top) and
without (bottom) carbon monoxide. The NMR signals of the aldehyde hydrogen signal (column
on the left), the methyl hydrogen of acetaldehyde (column in the middle), and the methy!
hydrogen of the hydrate form of acetaldehyde (right column) are shown. The annotation on

the right-hand side indicates the added catalyst, the incubation time, and the resulting yield

in acetaldehyde.



Formic acid from acetylene

Based on the same principle, namely the splitting of the hydrogen signal, the origin of formic
acid could be traced back partially to acetylene. Experiments with solely acetylene also

produced formic acid.
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Supplementary Figure 5: 1D-1H NMR spectra of setups with varying *3C labels showing the

origin of formic acid.



pH influence on the reactivity of acetaldehyde

Prove of a strongly decreased aldol condensation of acetaldehyde under the exact reaction
conditions. Acetaldehyde (300mM) was reacted in water containing NiS as a catalyst. The
reaction time was 25 hours at 100°C. Acidification of the pH 4 reaction was achieved by adding
formic acid to the water. The alkaline reaction also contained formic acid and was adjusted
to pH 11 with sodium hydroxide. Both spectra are normalised to the TSP (0.2 mM) signal at 0
ppm. The acidified reaction only shows the first aldol condensation product but-2-enal. The

alkaline reaction shows a much higher aldehyde diversity and greater complexity in general.
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Supplementary Figure 6: 1D-1H NMR spectra of the same concentration of acetaldehyde
standard in water over an NiS catalyst, spiked with formic acid at different pH. Samples were

incubated for 24 hours at 378K.



Identification of 4-oxobutan-2-sulfonic acid

To prove the annotation of the H-signals (9.69(dd), 3.55(ddd), 2.96(ddd), 2.72 (ddd), 1.35 (d))
with the structure of 4-oxobutan-2-sulfonic acid, a synthesis following the hypothesised
formation route was performed. Acetaldehyde (5 mM) was reacted with a Na,S-solution (10
mM in the reaction mixture) in water. After 60 minutes at 100°C, the annotated signals could
be detected in a 1D-'H spectrum. This reaction solution was then diluted in methanol and
analysed at two different concentrations with an FT-ICR-MS showing a peak at m/z 151.00700
with an intensity correlating with the different concentration levels and not found in the
blank. The high mass accuracy of FT-ICR-MS allowed for the direct annotation of the
elemental composition, namely C4H704S  as negative ionization mode was used for the
detection of sulfonic acid. The exact elemental composition together with the connectivity
and shift information of the NMR measurement made the identification of the compound

possible.

Oxobutanesulfonic acid (hydrate): NMR (800 MHz, H20/D20): § 5.22 (dd, J=4.95 Hz, 6.78 Hz, 1H),
6 3.02 (ddq, J=9.3 Hz, 4.64 Hz, 6.9 Hz, 1H), 6 2.17 (ddd, J =4.65 Hz, 6.9 Hz, 14 Hz, 1H), 6 1.75 (ddd, J =
4.96 Hz, 9.03 Hz, 14 Hz, 1H), 1.33 (d, J= 6.9 Hz, 3H), *C-'H NMR (200MHz/800MHz, H20/D20): § 92,
55,42, 17.5.

Oxobutanesulfonic acid: NMR (800 MHz, H20/D20): 6 9.69 (dd, 1H), § 3.54 (m, width=42 Hz, 1H),
& 2.96(ddd, J = 1.96 Hz, 6.45 Hz, 17.7 Hz, 1H), § 2.72 (m, , width=40 Hz, 1H), 1.35 (d, J= 6.92 Hz, 3H),
13C-H NMR (200MHz/800MHz, H20/D20): § 207, 53, 43, 17; FT-ICR-MS (m/z): [M]- calcd. For
C4H,0,S, 151.00705; found, 151.00700.



Compound identification and quantification

The hydrogen and carbon shifts of all mentioned compounds are reported in the table below.
The different methods of identification are noted in the column “Identification”. Standard
means identification by spiking a standard into the mixture to observe an increase of the
compound signal. For some compounds with very characteristic NMR shifts and high
probability to be formed or unstable compounds only the NMR shifts are reported.
Identification of 4-oxobutan-2-sulfonic acid was already described above. Signals used for

guantification are also reported together with possible interferences leading to higher

guantification error.



Compound Identification 1H-shift (ppm) 13C-shift (ppm) | Quantified signals Interference
Acetaldehyde Standard 9.68(q), 2.25(d) 33, 2.25 (d) /
209.9
Acetaldehyde (hydrate) Standard 5.26(q), 26, 5.26(q) Solvent
1.33(d) 93 suppression
Acrylic acid Standard 6.14(dd), 125.5, 6.14(dd), 6.03(dd), /
6.03(dd), 135.7, 5.66(dd)
5.66(dd) 177
Oxobutanesulfonic acid 1H/13C shift 9.69(dd), 17, / /
LC-MS mass + 3.55(ddd), 43,
fragmentation 2.96(ddd), 2.72 53,
FT-MS elemental (ddd), 207.6
composition 1.35(d)
Oxobutanesulfonic acid (hydrate) 1H/13C shift 5.22(dd), 17.5, 5.22(dd) Solvent
3.02(m), 42, suppression
2.17(ddd), 1.75 55,
(ddd), 92
1.33(d)
Crotonaldehyde 1H/13C shift 9.38, 201.69, 9.38(d) /
7.2,

10




6.23,

2.05
Alanine Standard 1.25-1.48 (d), 23, 1.48 (d) Slight overlap
3.6-3.8(q) 53,
strong pH 178
dependency
Lactic acid Standard 4.13(q), / 4.13 /
1.33(d)
Aminoethanol 1H/13C shift 1.194, 22.0, 1.194 /
3.758 66.8
Formic acid Standard 8.46(s) 174 8.46 /
Acetic acid 1H/13C shift 1.97(s) 26, 1.97 /
184
Ethanol 1H shift 1.19(t), / 3.66 low S/N
3.66(q)
Hydroxypropannitrile 1H/13C shift 1.569(d), 23, 1.57 /
4.75(q) 59,
123

11




Bottle setup pH Incubation time Acetaldehyde (mM) Acetaldehyde Acrylic acid (mM) Croton- aldehyde
(hydrate) (mM) (mM)
S1 11 8 hours 0.16/0.48/0.45 0.24/0.91/1.10 0.46/0.28/0.20 nd
S1 10 24 hours 0.85/0.99/0.99 1.51/1.65/1.72 0.75/0.73/0.72 nd
S1 8 48 hours 2.07/1.03/1.14 3.07/1.60/1.66 0.766/0.88/0.93 0.04/qualitative
S1 7.6 7 days 1.08/1.01/1.22 1.24/1.19/1.32 0.60/0.57/0.46 qualitative
S1* 3 7days 18/19/18 19/22/21 nd nd
S2 8 7 days 0.33/0.30/0.32 0.41/0.57/0.58 2.24/0.97/1.01 nd
S2* 3 7 days 11/13/13 13/16/17 nd nd
Bottle pH Incubation Lactic acid (mM) Aminoethanol (mM) Formic acid (mM) Acetic acid (mM)
S1 11 8 hours nd nd 4.55/2.81/2.92 0.948/0.536/0.6
S1 10 24 hours nd nd 8.75/8.52/8.28 0.72/0.64/0.72
S1 8 48 hours nd nd 7.20/10.72/8.98 0.92/0.79/0.79
S1 7.6 7 days nd nd 8.48/9.36/11.7 1.02/0.98/1.032
S1* 3 7days nd nd Not quantified 2.07/1.89
S2 8 7 days nd nd 3.17/2.00/2.01 0.50/0.33/0.31
S2* 3 7 days 0.16/0.17/0.17 nd Not quantified 1.03/0.95
Bottle pH Incubation Alanine (mM) Ethanol (mM) 2-hydroxypropannitrile Oxobutanesulfonic
(mM) acid (hydrate) (mM)
S1 11 8 hours nd qualitative nd 0.16/0.39/0.33
S1 10 24 hours nd qualitative nd 0.64/0.62/0.70
S1 8 48 hours nd qualitative nd 1.15/0.46/0.68
S1 7.6 7 days nd 0.02/0.01/0.01 nd 0.6/0.57/0.58
S1* 3 7days nd 0.59/0.43 nd nd
S2 8 7 days 0.18/0.29/0.28 qualitative nd qualitative
S2* 3 7 days nd 0.265/0.288 14.71/8.14/8.02 nd

Supplementary table 1: Concentration values of reported compounds for every replicate of the various setups. “nd” for not detected.
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NMR experiment parameters for identification

Setup Experiment Spectral Spectral Number of | Increments | Relaxation | Acquisition Mixing 1)
width (F2) | width (F1) scans delay (s) time (s) time coupling
(ms)

S1 TOCSY 12 ppm 12 ppm 8 857 1.5 1 70 /
S1 HSQC 14 ppm 245 ppm 800 249 1.75 0.25 / 145
S2 TOCSY 11 ppm 11 ppm 16 1024 0.5 1.5 80 /
S2 HSQC-TOCSY 10 ppm 190 ppm 320 438 1.5 0.25 70 145
S2 HMBC 11 ppm 240 ppm 1280 137 0.5 1.5 / 145
S2* HSQC 12 ppm 190 ppm 24 59 1.75 0.25 / 145
S2%* HMBC 12 ppm 230 ppm 256 39 0.5 1 / 145

Supplementary table 2: NMR experiment parameters for various spectra

13




LC-MS parameters
Materials

L-alanine (99%), acetonitrile and methanol (both LC-MS grade) were purchased from
Merck (Darmstadt, Germany). Formic acid (98%, for mass spectrometry) was obtained
from Honeywell Fluka (North Carolina, USA). Ammonium formate (10 M in water) was
ordered from Sigma Aldrich (Steinheim, Germany). Purified water (18.2 MQ) was from
a Milli-Q integral system (Billerica, MA, USA). ESI-L low concentration tuning mix was
supplied by Agilent (Santa Clara, CA, USA).

HILIC-MS/MS analysis

Samples were diluted 1:5 (v/v) with methanol, and analyzed by UPLC system (Waters
Acquity, Milford, MA, USA) coupled to a Quadrupole time-of-flight (QTOF) mass
spectrometer (MS) (Bruker maXis, Bremen, Germany). A hydrophilic interaction liquid
chromatography (HILIC) column ZIC-cHILIC (100 x 2.1 mm, 3 um, Merck, Darmstadt,
Germany) was used at flow rate of 0.5 mL/min under 40 °C for chromatographic
separation. 5:95 (v/v) acetonitrile:water and 95:5 (v/v) acetonitrile:water, both with 5
mM ammonium formate and 0.1% formic acid, were used as eluent A and B,
respectively. The gradient was: 0 min, 99.9% B; 2 min, 99.9% B; 13 min, 56% B; 14
min, 30% B; 14.1 min, 10 %B; 16 min, 10 %B; 16.1 min, 99.9 %B. The column was
equilibrated at 99.9 %B for 3 min after each injection and 5 uL was injected for each

sample.

The MS was operated in both positive and negative ionization mode with mass range
from m/z 50 to m/z 1500. MS settings were: nebulizer pressure 2 bar, capillary voltage
4500 V for positive mode and 4000 V for negative mode, dry gas 10 L/min with
temperature 200 °C. Data were obtained with an acquisition rate of 5 Hz in data-
dependent mode. MS/MS spectra were triggered for the three highest MS1 ions in
each precursor scan with collision energy of 20 eV. Diluted ESI-L tuning mix (1:4 (v/v)
with 75:25 (v/v) acetonitrile:water) was analyzed from 0.1 to 0.3 minutes in each

measurement for internal recalibration.

Data processing

Raw HILIC-MS/MS data were calibrated and converted to mzXML format by Bruker

DataAnalysis 5.0 software (Bremen, Germany). The data processing, including peak

14



picking, peak alignment and correspondence, feature annotation, and data cleaning
were done using in-house script based on XCMS and CAMERA packages in R[1, 2].
The fragmentation pattern, characterized by fragment ions of HSOs (m/z 80.9641),
SOs~ radicals (m/z 79.9573), HSO4 (m/z 96.9590), and neutral losses of
H2S03(81.9725 Da), SO3(79.9568 Da), H2S04(97.9674 Da) for sulfonic acids in
negative ionization mode, were summarized and used for searching compounds
containing the sulfonic acid group[3, 4]. The consensus MS/MS spectra were screened
with an error of 0.005 Da and features with MS/MS spectra containing at least HSO3"
fragments were kept as candidates. The formula of potential sulfonic acids was
calculated by SIRIUS software based on MS/MS spectra [5]. The calculated formula

with explained intensity > 0.6 and absolute ppm error < 10 were kept.
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Alanine identified in the alkaline setup by LC-MS/MS

Metabolite Name Molecular formula RT m/z Theoretical m/zt | Error lonization | Confidence
(ppm) mode Level?
Alanine C3H702N 8,24 90,0544 90,0550 6,10 positive Level 2
Alanine C3H702N 8,31 88,0395 88,0393 2,21 negative Level 2

Initiative [1]:

ions matching within 0.01 Da)

Level 2: retention time difference < 0.2 min, error of m/z < 10 ppm

1: The theoretical m/z was calculated as [M+H]* for positive mode and [M-H] for negative mode
2: The amino acids were identified by comparing to the reference standards analyzed with the same

LC-MS/MS method. The identification level was assigned following the Metabolomics Standards

Level 1: retention time difference < 0.2 min, error of m/z < 10 ppm, MS/MS spectra (main fragment

analysis[J]. Metabolomics, 2007, 3(3): 211-221.

[1] Sumner L W, Amberg A, Barrett D, et al. Proposed minimum reporting standards for chemical

Supplementray table 3 Identification of alanine via LC-MS/MS
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Molecular formulas showing fragment characteristic for sulfonic acids

m/z Retention Molecular Adduct Fragment Fragment Neutral Neutral loss | Theoretical Error
time (min.) formula HSO3- SO3- loss H2S03 SO3 m/z (ppm)
106,9799 4,95 C2H403S [M - H]- Yes Yes NO NO 106,9797 1,48
126,9515 3,91 CH403s2 [M - H]- Yes Yes NO NO 126,9518 -2,46
138,9519 0,58 C2H40352 [M - H]- Yes Yes NO NO 138,9518 0,63
139,006 5,57 C3H804S [M - H]- Yes Yes NO NO 139,0060 0,32
140,9671 3,45 C2H603S2 [M - H]- Yes Yes NO Yes 140,9675 -2,57
150,9697 8,72 C3H405S [M - H]- Yes Yes NO NO 150,9696 0,86
151,006 4,97 C4H804S [M - H]- Yes Yes NO NO 151,0060 0,29
151,0061 4,40 C4H804S [M - H]- Yes Yes NO NO 151,0060 0,95
152,9859 8,12 C3H605S [M - H]- Yes Yes Yes NO 152,9852 4,44
154,9468 0,94 C2H404S2 [M - H]- Yes Yes NO NO 154,9467 0,47
154,9837 3,14 C3H80352 [M - H]- Yes Yes NO Yes 154,9831 3,79
161,0271 4,35 C6H1003S [M - H]- Yes Yes NO NO 161,0267 2,54
165,0217 4,72 C5H1004S [M - H]- Yes Yes NO NO 165,0216 0,57
166,9473 1,29 C3H40452 [M - H]- Yes NO NO Yes 166,9467 3,44
166,983 4,26 C4H803S2 [M - H]- Yes Yes NO NO 166,9831 -0,67
166,9831 12,82 C4H803S2 [M - H]- Yes Yes NO NO 166,9831 -0,07
167,0009 4,64 C4H805S [M - H]- Yes Yes NO NO 167,0009 0,18

17




167,0011 7,89 C4H805S [M - H]- Yes Yes Yes NO 167,0009 1,37
168,9988 2,87 C4H1003S2 [M - H]- Yes Yes NO NO 168,9988 0,22
170,9238 6,89 C2H403S3 [M - H]- Yes Yes NO NO 170,9239 -0,48
170,9415 8,30 C2H405S2 [M - H]- Yes NO Yes Yes 170,9416 -0,83
170,9421 10,25 C2H405S2 [M - H]- Yes Yes NO NO 170,9416 2,68
174,919 2,51 CH404S3 [M - H]- Yes Yes NO NO 174,9188 1,16
175,0057 5,12 C6H804S [M - H]- Yes Yes NO NO 175,0060 -1,46
177,0218 5,28 C6H1004S [M - H]- Yes Yes NO NO 177,0216 1,10
179,0373 4,53 C6H1204S [M - H]- Yes Yes NO NO 179,0373 0,25
180,9799 6,16 C4H606S [M - H]- Yes Yes Yes Yes 180,9801 -1,30
180,9801 10,00 C4H606S [M - H]- Yes Yes NO NO 180,9801 -0,19
180,9801 9,77 C4H606S [M - H]- Yes Yes NO NO 180,9801 -0,19
181,0168 5,67 C5H1005S [M - H]- Yes Yes NO NO 181,0165 1,54
184,9572 7,24 C3H605S2 [M - H]- Yes NO NO Yes 184,9573 -0,49
188,9517 9,91 C2H606S52 [M - H]- Yes Yes Yes NO 188,9522 -2,68
189,0212 5,02 C7H1004S [M - H]- Yes Yes Yes NO 189,0216 -2,15
190,8959 1,92 CH40354 [M - H]- Yes Yes NO Yes 190,8960 -0,28
190,9137 9,81 CH405S3 [M - H]- Yes NO NO NO 190,9137 -0,06
191,0002 5,34 C6H805S [M - H]- Yes Yes NO NO 191,0009 -3,51
191,0013 8,04 C6H805S [M - H]- Yes Yes NO NO 191,0009 2,25
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191,0374 4,36 C7H1204S [M - H]- Yes Yes NO NO 191,0373 0,75
192,9986 4,21 C6H1003S2 [M - H]- Yes Yes NO NO 192,9988 -0,84
193,0164 4,34 C6H1005S [M - H]- Yes Yes NO NO 193,0165 -0,62
193,0171 8,03 C6H1005S [M - H]- Yes Yes NO NO 193,0165 3,00
194,924 9,18 C4H403S3 [M - H]- Yes Yes NO Yes 194,9239 0,60
194,9415 5,72 C4H405S2 [M - H]- Yes Yes NO NO 194,9416 -0,72
194,9956 8,05 C5H806S [M - H]- Yes NO NO NO 194,9958 -0,95
194,9959 9,64 C5H806S [M - H]- Yes Yes Yes NO 194,9958 0,59
195,0319 6,04 C6H1205S [M - H]- Yes Yes NO NO 195,0322 -1,39
195,0323 5,49 C6H1205S [M - H]- Yes Yes NO NO 195,0322 0,66
195,0324 3,24 C6H1205S [M - H]- Yes Yes NO NO 195,0322 1,18
196,9394 4,00 C4H603S3 [M - H]- Yes Yes NO Yes 196,9395 -0,67
196,9567 3,50 C4H605S2 [M - H]- Yes NO NO NO 196,9573 -3,00
196,9751 9,69 C4H607S [M - H]- Yes Yes NO NO 196,9750 0,26
197,0117 8,40 C5H1006S [M - H]- Yes Yes Yes NO 197,0114 1,34
197,0477 6,97 C6H1405S [M - H]- Yes Yes NO NO 197,0478 -0,61
198,0179 8,46 C5H1106S [M - H]- Yes Yes NO NO 198,0193 -6,87
198,9552 2,01 C4H803S3 [M - H]- Yes Yes NO Yes 198,9552 0,09
198,9729 5,42 C4H805S2 [M - H]- Yes NO Yes Yes 198,9729 -0,21
198,9731 3,03 C4H805S2 [M - H]- Yes Yes NO NO 198,9729 0,80
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198,9731 2,60 C4H805S2 [M - H]- Yes Yes NO NO 198,9729 0,80

200,88 10,57 C2H20354 [M - H]- Yes Yes NO NO 200,8803 -1,51
200,8804 11,56 C2H20354 [M - H]- Yes Yes NO NO 200,8803 0,48
201,0217 4,37 C8H1004S [M - H]- Yes NO NO NO 201,0216 0,47
202,8962 4,54 C2H40354 [M - H]- Yes Yes NO NO 202,8960 1,22
202,9136 8,81 C2H405S3 [M - H]- Yes Yes NO Yes 202,9137 -0,55
202,9136 13,21 C2H405S3 [M - H]- Yes Yes NO NO 202,9137 -0,55
202,9136 7,01 C2H405S3 [M - H]- Yes Yes NO Yes 202,9137 -0,55
203,0366 4,63 C8H1204S [M - H]- Yes Yes NO NO 203,0373 -3,23
204,9113 1,63 CH20852 [M - H]- Yes Yes NO NO 204,9107 2,76
204,9299 9,43 C2H605S3 [M - H]- Yes Yes NO NO 204,9294 2,63
205,0165 8,40 C7H1005S [M - H]- Yes NO NO NO 205,0165 -0,10
205,0166 4,02 C7H1005S [M - H]- Yes Yes NO NO 205,0165 0,39
205,0167 3,78 C7H1005S [M - H]- Yes NO NO NO 205,0165 0,87
205,0533 4,16 C8H1404S [M - H]- Yes Yes NO NO 205,0529 1,92
206,9957 9,66 C6H806S [M - H]- Yes Yes Yes NO 206,9958 -0,41
206,9958 5,12 C6H806S [M - H]- Yes Yes NO NO 206,9958 0,07
207,032 3,28 C7H1205S [M - H]- Yes NO NO NO 207,0322 -0,82
207,0321 5,85 C7H1205S [M - H]- Yes Yes Yes NO 207,0322 -0,34
209,0475 5,41 C7H1405S [M - H]- Yes NO NO NO 209,0478 -1,53
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209,0476 5,17 C7H1405S [M - H]- Yes NO NO NO 209,0478 -1,06
210,9723 2,72 C5H805S2 [M - H]- Yes NO NO NO 210,9729 -3,04
210,9729 3,04 C5H805S2 [M - H]- Yes Yes NO Yes 210,9729 -0,20
210,9731 7,23 C5H805S2 [M - H]- Yes Yes NO NO 210,9729 0,75
210,9895 4,02 C5H807S [M - H]- Yes NO NO NO 210,9907 -5,69
211,0094 4,71 C6H1204S2 [M - H]- Yes Yes NO NO 211,0093 0,35
212,9854 12,03 C8H605S [M - H]- Yes NO NO NO 212,9852 0,84
212,9882 10,12 C5H1005S2 [M - H]- Yes Yes NO NO 212,9886 -1,84
212,9883 7,59 C5H1005S52 [M - H]- Yes NO NO NO 212,9886 -1,37
215,0018 11,64 C8H805S [M - H]- Yes NO NO NO 215,0009 4,32
216,9296 5,13 C3H605S3 [M - H]- Yes Yes NO Yes 216,9294 1,10
217,0528 4,45 C9H1404S [M - H]- Yes Yes NO NO 217,0529 -0,49
219,0141 4,31 C8H1203S2 [M - H]- Yes Yes NO NO 219,0144 -1,43
219,0325 5,63 C8H1205S [M - H]- Yes NO NO NO 219,0322 1,50
220,924 8,98 CH2011S [M - H]- Yes Yes NO Yes 220,9234 2,68
221,0116 4,74 C7H1006S [M - H]- Yes Yes NO Yes 221,0114 0,75
221,0473 4,79 C8H1405S [M - H]- Yes Yes NO NO 221,0478 -2,36
221,0475 4,16 C8H1405S [M - H]- Yes Yes NO NO 221,0478 -1,45
221,0482 5,15 C8H1405S [M - H]- Yes Yes NO NO 221,0478 1,72
223,0267 5,92 C7H1206S [M - H]- Yes Yes NO Yes 223,0271 -1,73
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223,0267 5,34 C7H1206S [M - H]- Yes NO NO NO 223,0271 -1,73
223,0269 6,41 C7H1206S [M - H]- Yes NO NO NO 223,0271 -0,83
223,0273 4,49 C7H1206S [M - H]- Yes Yes NO NO 223,0271 0,96
223,0628 5,22 C8H1605S [M - H]- Yes Yes NO NO 223,0635 -3,01
226,8959 2,04 C4H40354 [M - H]- Yes Yes NO Yes 226,8960 -0,23
226,9136 9,56 C4H405S3 [M - H]- Yes NO NO NO 226,9137 -0,49
226,9311 10,14 C4H407S2 [M - H]- Yes NO NO Yes 226,9315 -1,63
227,0044 6,60 C6H1205S2 [M - H]- Yes NO NO NO 227,0042 0,70
227,0219 8,37 C6H1207S [M - H]- Yes NO NO NO 227,0220 -0,44
228,9112 12,65 C4H60354 [M - H]- Yes Yes NO NO 228,9116 -1,76
228,9112 12,00 C4H60354 [M - H]- Yes Yes NO NO 228,9116 -1,76
228,9288 5,43 C4H605S3 [M - H]- Yes NO NO NO 228,9294 -2,45
228,9833 6,39 C5H1006S2 [M - H]- Yes NO NO Yes 228,9835 -0,90
230,9447 4,79 C4H805S3 [M - H]- Yes Yes NO NO 230,9450 -1,35
231,0325 3,06 C9H1205S [M - H]- Yes Yes NO NO 231,0322 1,43
231,0686 4,10 C10H1604S [M - H]- Yes Yes NO NO 231,0686 0,19
233,0479 5,36 C9H1405S [M - H]- Yes Yes NO NO 233,0478 0,34
234,8682 3,12 C2H403S5 [M - H]- Yes NO NO NO 234,8680 0,75
234,8852 8,13 C2H40554 [M - H]- Yes Yes NO Yes 234,8858 -2,48
234,8854 7,02 C2H40554 [M - H]- Yes Yes NO Yes 234,8858 -1,63
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234,9902 9,59 C7H807S [M - H]- Yes Yes Yes NO 234,9907 -2,13
235,0093 4,61 C8H1204S2 [M - H]- Yes Yes NO NO 235,0093 -0,11
235,0095 4,96 C8H1204S2 [M - H]- Yes Yes NO NO 235,0093 0,74
235,0268 9,50 C8H1206S [M - H]- Yes Yes NO NO 235,0271 -1,21
235,0269 4,57 C8H1206S [M - H]- Yes Yes NO Yes 235,0271 -0,79
235,0271 6,21 C8H1206S [M - H]- Yes NO NO NO 235,0271 0,06
235,0271 6,02 C8H1206S [M - H]- Yes NO NO NO 235,0271 0,06
236,9874 3,04 C7H1005S2 [M - H]- Yes NO NO Yes 236,9886 -5,03
237,0426 6,40 C8H1406S [M - H]- Yes Yes Yes NO 237,0427 -0,57
238,9498 4,16 C6H804S3 [M - H]- Yes Yes Yes Yes 238,9501 -1,24
239,0042 6,06 C7H1205S2 [M - H]- Yes Yes NO NO 239,0042 -0,17
239,0209 6,57 C7H1207S [M - H]- Yes Yes NO NO 239,0220 -4,60
239,0582 5,13 C8H1606S [M - H]- Yes NO NO NO 239,0584 -0,78
239,0583 5,46 C8H1606S [M - H]- Yes Yes NO NO 239,0584 -0,36
242,9451 5,70 C5H805S3 [M - H]- Yes Yes NO Yes 242,9450 0,36
242,9814 3,76 C6H1204S3 [M - H]- Yes Yes NO Yes 242,9814 0,01
244,9604 4,61 C5H1005S3 [M - H]- Yes Yes NO NO 244,9607 -1,07
244,9606 6,11 C5H1005S3 [M - H]- Yes NO NO NO 244,9607 -0,25
246,9398 9,14 C4H806S3 [M - H]- Yes Yes Yes NO 246,9399 -0,51
247,0266 8,09 C9H1206S [M - H]- Yes NO NO NO 247,0271 -1,96
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247,0636 5,20 C10H1605S [M - H]- Yes NO NO NO 247,0635 0,52
247,0641 4,82 C10H1605S [M - H]- Yes Yes NO NO 247,0635 2,55
248,9016 4,72 C3H60554 [M - H]- Yes Yes NO Yes 248,9014 0,67
249,0426 6,47 C9H1406S [M - H]- Yes Yes Yes NO 249,0427 -0,54
249,0426 5,87 C9H1406S [M - H]- Yes NO Yes NO 249,0427 -0,54
249,043 9,28 C9H1406S [M - H]- Yes Yes NO NO 249,0427 1,06
250,8806 6,95 C2H40654 [M - H]- Yes Yes NO Yes 250,8807 -0,39
251,0582 5,47 C9H1606S [M - H]- Yes NO Yes NO 251,0584 -0,74
251,0585 6,13 C9H1606S [M - H]- Yes Yes Yes NO 251,0584 0,46
252,9115 1,66 C6H60354 [M - H]- Yes NO NO Yes 252,9116 -0,41
252,9653 4,23 C7H1004S3 [M - H]- Yes Yes NO Yes 252,9657 -1,77
253,0012 8,90 C7H1008S [M - H]- Yes Yes NO NO 253,0013 -0,25
253,0016 8,48 C7H1008S [M - H]- Yes NO NO Yes 253,0013 1,33
254,9991 6,13 C7H1206S2 [M - H]- Yes NO NO NO 254,9992 -0,22
255,0168 8,53 C7H1208S [M - H]- Yes NO NO NO 255,0169 -0,45
256,9421 3,96 C5H608S2 [M - H]- Yes Yes NO NO 256,9420 0,25
256,9778 8,65 C6H1007S2 [M - H]- Yes Yes NO NO 256,9784 -2,41
256,9786 8,90 C6H100752 [M - H]- Yes Yes Yes NO 256,9784 0,70
258,9939 4,97 C6H1207S2 [M - H]- Yes Yes NO NO 258,9941 -0,66
258,9942 9,37 C6H120752 [M - H]- Yes Yes Yes NO 258,9941 0,50
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259,0632 4,83 C11H1605S [M - H]- Yes Yes NO NO 259,0635 -1,05
260,9009 1,27 C4H60554 [M - H]- Yes Yes NO Yes 260,9014 -2,04
260,9019 2,11 C4H60554 [M - H]- Yes Yes NO NO 260,9014 1,79
260,9734 10,73 C5H1008S2 [M - H]- Yes NO Yes NO 260,9733 0,25
261,0095 10,10 C6H1407S2 [M - H]- Yes NO NO NO 261,0097 -0,85
261,025 2,66 C10H1404S2 [M - H]- Yes NO NO NO 261,0250 0,09
261,0251 4,05 C10H140452 [M - H]- Yes Yes NO NO 261,0250 0,47
261,0421 7,04 C10H1406S [M - H]- Yes Yes NO NO 261,0427 -2,43
261,0428 5,86 C10H1406S [M - H]- Yes NO Yes NO 261,0427 0,25
261,0786 4,64 C11H1805S [M - H]- Yes Yes NO NO 261,0791 -2,00
263,0217 8,84 C9H1207S [M - H]- Yes NO Yes NO 263,0220 -1,14
263,0404 4,29 C10H160452 [M - H]- Yes Yes Yes NO 263,0406 -0,86
263,041 2,30 C10H1604S2 [M - H]- Yes NO NO NO 263,0406 1,42
264,9836 4,50 C8H1006S2 [M - H]- Yes Yes NO Yes 264,9835 0,35
265,0015 9,26 C8H1008S [M - H]- Yes Yes Yes NO 265,0013 0,89
265,0197 6,29 C9H1405S2 [M - H]- Yes NO NO NO 265,0199 -0,72
265,0371 6,20 C9H1407S [M - H]- Yes NO NO NO 265,0377 -2,08
265,0371 5,33 C9H14075S [M - H]- Yes NO NO NO 265,0377 -2,08
266,9805 4,13 C8H1204S3 [M - H]- Yes Yes NO Yes 266,9814 -3,36
268,9071 3,66 C6H60454 [M - H]- Yes Yes NO Yes 268,9065 2,16
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268,9782 8,74 C7H1007S2 [M - H]- Yes Yes Yes Yes 268,9784 -0,82
268,9786 9,37 C7H1007S2 [M - H]- Yes Yes Yes Yes 268,9784 0,67
269,0324 9,21 C8H1408S [M - H]- Yes Yes NO NO 269,0326 -0,61
270,976 5,34 C7H1205S3 [M - H]- Yes NO NO NO 270,9763 -1,15
270,976 3,72 C7H1205S3 [M - H]- Yes NO NO NO 270,9763 -1,15
270,9938 9,47 C7H1207S2 [M - H]- Yes Yes Yes NO 270,9941 -1,00
270,9941 8,11 C7H120752 [M - H]- Yes NO NO NO 270,9941 0,11
273,0097 9,29 C7H1407S2 [M - H]- Yes NO Yes NO 273,0097 -0,08
274,9712 4,78 C6H1206S3 [M - H]- Yes NO NO NO 274,9712 -0,10
274,9888 10,57 C6H120852 [M - H]- Yes NO NO NO 274,9890 -0,67
275,0583 3,01 C11H1606S [M - H]- Yes NO Yes NO 275,0584 -0,31
275,0589 5,49 C11H1606S [M - H]- Yes NO NO NO 275,0584 1,87
277,0202 4,86 C10H1405S2 [M - H]- Yes NO NO NO 277,0199 1,11
277,0733 5,72 C11H1806S [M - H]- Yes NO NO NO 277,0740 -2,65
277,0736 5,33 C11H1806S [M - H]- Yes NO Yes NO 277,0740 -1,57
277,0738 6,09 C11H1806S [M - H]- Yes NO NO NO 277,0740 -0,85
278,9999 4,86 C9H1206S2 [M - H]- Yes NO NO NO 278,9992 2,67
280,9429 3,85 C7H608S52 [M - H]- Yes Yes NO NO 280,9420 3,08
282,8526 6,81 C2H406S5 [M - H]- Yes Yes NO NO 282,8528 -0,59
282,9761 4,77 C8H1205S3 [M - H]- Yes Yes NO NO 282,9763 -0,75
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285,0093 9,70 C8H1407S2 [M - H]- Yes NO NO NO 285,0097 -1,48
285,0099 8,05 C8H1407S2 [M - H]- Yes NO NO NO 285,0097 0,63
285,0427 5,43 C12H1406S [M - H]- Yes NO NO NO 285,0427 -0,12
287,0251 9,14 C8H1607S2 [M - H]- Yes Yes Yes NO 287,0254 -0,94
287,0586 6,13 C12H1606S [M - H]- Yes NO Yes NO 287,0584 0,75
288,9674 12,17 C6H1009S2 [M - H]- Yes NO Yes NO 288,9682 -2,94
288,9678 10,38 C6H1009S2 [M - H]- Yes NO NO Yes 288,9682 -1,56
289,0557 4,74 C15H1404S [M - H]- Yes Yes NO NO 289,0529 9,67
290,9989 5,81 C10H120652 [M - H]- Yes NO Yes NO 290,9992 -0,88
293,0132 6,53 C13H1006S [M - H]- Yes NO NO NO 293,0114 6,02
293,0141 5,92 C10H1406S2 [M - H]- Yes NO NO NO 293,0148 -2,41
294,9424 1,34 C5H120654 [M - H]- Yes Yes NO NO 294,9433 -3,04
296,9554 5,43 C8H1006S3 [M - H]- Yes NO NO NO 296,9556 -0,59
297,0098 9,34 C9H1407S2 [M - H]- Yes Yes Yes Yes 297,0097 0,27
297,0272 9,14 C9H1409S [M - H]- Yes NO NO NO 297,0275 -0,94
297,0798 4,47 C14H1805S [M - H]- Yes Yes NO NO 297,0791 2,29
303,0893 5,36 C13H2006S [M - H]- Yes NO Yes NO 303,0897 -1,27
304,945 11,60 C6H1008S3 [M - H]- Yes NO NO NO 304,9454 -1,33
306,8523 7,10 C4H406S5 [M - H]- Yes NO NO Yes 306,8528 -1,52
306,9788 8,13 C6H12010S2 [M - H]- Yes NO NO NO 306,9788 -0,05
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308,8673 7,10 C4H606S5 [M - H]- Yes NO NO NO 308,8684 -3,62
308,868 6,81 C4H606S5 [M - H]- Yes NO NO Yes 308,8684 -1,35
313,0039 9,01 C9H1408S2 [M - H]- Yes Yes Yes NO 313,0046 -2,35
313,0562 3,82 C14H1804S2 [M - H]- Yes Yes NO NO 313,0563 -0,25
314,9836 12,16 C8H1209S2 [M - H]- Yes NO Yes NO 314,9839 -0,95
315,0203 9,43 C9H1608S2 [M - H]- Yes NO Yes NO 315,0203 0,05
316,9984 10,06 C8H140952 [M - H]- Yes NO Yes NO 316,9995 -3,63
319,0304 5,73 C12H1606S2 [M - H]- Yes NO NO NO 319,0305 -0,18
320,9761 10,15 C7H1408S3 [M - H]- Yes NO Yes NO 320,9767 -1,89
322,9703 5,83 C10H1206S3 [M - H]- Yes Yes NO NO 322,9712 -2,87
324,8627 10,25 C4H607S5 [M - H]- Yes NO NO NO 324,8633 -1,95
325,002 10,09 C13H1008S [M - H]- Yes Yes Yes NO 325,0013 2,26
326,8789 11,89 C3H4012S3 [M - H]- Yes NO NO NO 326,8781 2,40
328,9991 10,65 C9H1409S2 [M - H]- Yes NO NO Yes 328,9995 -1,37
329,0356 9,72 C13H1408S [M - H]- Yes NO Yes Yes 329,0326 9,23
331,0151 10,08 C9H1609S2 [M - H]- Yes NO Yes NO 331,0152 -0,30
333,0456 5,90 C13H1806S2 [M - H]- Yes NO Yes NO 333,0461 -1,52
333,0456 5,45 C13H180652 [M - H]- Yes NO Yes NO 333,0461 -1,52
336,9862 5,08 C11H1406S3 [M - H]- Yes NO NO NO 336,9869 -2,01
339,0896 5,41 C16H2006S [M - H]- Yes NO NO NO 339,0897 -0,25
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341,036 5,03 C11H1808S2 [M - H]- Yes NO NO NO 341,0359 0,19
344,9757 10,30 C9H1408S3 [M - H]- Yes NO NO Yes 344,9767 -2,92
345,0306 9,84 C13H1409S [M - H]- Yes NO Yes NO 345,0275 9,04
346,9371 8,62 C7H8012S2 [M - H]- Yes NO NO Yes 346,9373 -0,70
346,9374 8,29 C7H8012S2 [M - H]- Yes NO Yes Yes 346,9373 0,16
347,0456 10,25 C13H1609S [M - H]- Yes NO Yes NO 347,0431 7,12
357,0305 9,68 C11H1809S2 [M - H]- Yes NO Yes NO 357,0309 -0,98
357,0459 5,69 C15H1806S2 [M - H]- Yes NO Yes NO 357,0461 -0,58
359,0618 5,76 C15H200652 [M - H]- Yes NO Yes NO 359,0618 0,12
366,921 6,21 C14H80454 [M - H]- Yes NO NO NO 366,9222 -3,18
379,0508 5,04 C14H20085S2 [M - H]- Yes Yes NO NO 379,0516 -2,07
382,8335 6,85 C5H4010S5 [M - H]- Yes NO NO Yes 382,8324 2,80
391,0728 5,52 C12H24010S2 [M - H]- Yes NO NO NO 391,0727 0,22
404,9973 12,02 C11H18010S3 [M - H]- Yes NO Yes Yes 404,9978 -1,32

Supplementary Table 4: All detected molecular formulas showing a fragmentation pattern in accordance with a sulfonic acid functional group.
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C2-addition patterns emerging from acetylene and
nickel sulfide in simulated prebiotic hydrothermal
conditions
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Chemical complexity is vital not only for the origin of life but also for biological evolution. The
chemical evolution of a complex prebiotic mixture containing acetylene, carbon monoxide
(CO), and nickel sulfide (NiS) has been analyzed with mass spectrometry as an untargeted
approach to reaction monitoring. Here we show through isotopic 13C-labelling, multiple
reaction products, encompassing diverse CHO and CHOS compounds within the complex
reaction mixture. Molecules within the same chemical spaces displayed varying degrees of
13C-labelling, enabling more robust functional group characterization based on targeted
investigations and differences in saturation levels among the described classes. A char-
acteristic C2-addition pattern was detected in all compound classes in conjunction with a
high diversity of thio acids, reminiscent of extant microbial C2-metabolism. The analysis
involved a time-resolved molecular network, which unveiled the behavior of sulfur in the
system. At the onset of the reaction, early formed compounds contain more sulfur atoms
compared to later emerging compounds. These results give an essential insight into the still
elusive role of sulfur dynamics in the origin of life. Moreover, our results provide temporally
resolved evidence of the progressively increasing molecular complexity arising from a limited
number of compounds.
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acetylene and carbon monoxide!. In conjunction with a nickel

carbonyl catalyst, both gases yielded acrylic acid and longer
unsaturated fatty acids. However, nickel carbonyl, a water-labile
compound, is not the only catalyst capable of lowering the
required energy to accelerate this reaction. Recently, this reaction
was reinterpreted in an origin-of-life context as fatty acids play
structural and energetic roles in living organisms. Experimental
evidence that describes the formation of a variety of fatty acids of
different lengths and degrees of saturation was achieved under
volcanic hydrothermal conditions, utilizing a nickel sulfide cata-
lyst compatible with aqueous early earth conditions.

So far, acetylene has been underrepresented in origin-of-life
research. Literature is scarce, but new evidence for its relevance
emerges. Acetylene is formed from methane irradiated by UV
light>. Multiple planetary bodies show an atmosphere partially
made from acetylene gas, like the Saturn moon Titan*” and the
Jovian planet Jupiter®. The atmosphere of Enceladus, another
moon of Saturn, contains acetylene in addition to phosphorous’
and exhibits hydrothermal volcanic activity®. The existence of
acetylene in the atmosphere of early Earth was also hypothesized?
and can be found nowadays in fumaroles of geothermal areas!©.
Spark discharge experiments of gaseous nitrogen and methane
mixtures also lead to the formation of acetylene!l. Extant
microorganisms in anaerobic aqueous environments can use
acetylene as an energy and carbon source, increasing the like-
lihood of its presence at early evolutionary stages. Specifically,
Pelobacter acetylenicus can grow from acetylene!? alone and
therefore demonstrates that acetylene has the potential to fuel a
complete metabolism on its own. Acetylene is transformed into
acetyl-coenzyme (Co)A, a thio ester, via the hydration of acet-
ylene into acetaldehyde. Acetyl-CoA is then used to build meta-
bolites with C2-units.

The role of sulfur in the origin of life is still an elusive and
extensively researched topic. Undoubtedly sulfur is essential for
extant life, as it is part of methionine and cysteine, acetyl-CoA,
and multiple hydrogenases!3. Popular hypotheses for the origin of
life also include sulfur as a critical element in a more indirect way.
Inspired by the “iron-sulfur world” theory of Wichtershiuser!4,
transition-metal sulfides were used as catalysts in origin-of-life
experiments. This theory proposed a mineral surface metabolism,
starting from simple inorganic precursors and evolving into
complex bioorganic molecules. This hypothetical chemoauto-
trophic evolution proceeds via thio acids or thioesters in reduc-
tive autocatalytic cycles!®. Incubation of carbon monoxide with
methyl mercaptan over transition-metal sulfides leads to the well-
coveted activated thioester!®, a molecular part of acetyl-CoA.
These seminal results sparked the discovery of other reactions,
possible in a hydrothermal environment and yielding
prebiotically-relevant compounds, including acetaldehyde!?,
Krebs cycle intermediates!®, and the porphyrin building block
pyrrole!®. De Duve proposed a second hypothesis, heavily
depending on sulfur compounds where thioesters contribute the
energy for essential reactions?0. Moreover, thiols were described
as a possible prebiotic intermediate for peptide-bond formation?!,
whereas sulfur-containing heterocycles could act as catalysts for
biologically-relevant reactions?2.

A deeper comprehension of chemical complexity is vital not
only for the origin of life but also for biological evolution. We
combined !3C-labelling with untargeted ultrahigh-resolution
mass spectrometry to tackle the challenging analysis of highly
complex evolving abiotic systems. We describe an analytical
approach based on known chemical reactions that allows us to
categorize detected elemental compositions into individual com-
pound classes via the degree of 13C-labelling. In this study, we
expanded our knowledge of the diversity of compound classes

I n 1953, Reppe pioneered the synthesis of fatty acids from

formed from prebiotically relevant gases. We recognized C2-
addition as a driving factor for compound diversity in a given
compound class. In addition, we identified new functional classes,
such as thio ethers and thio acids. Through labeling, we dis-
covered that there are two pathways leading to thio acids, which
are crucial molecular components of acetyl-CoA. Thioacids
formed solely from acetylene also enabled comparison with
Pelobacter acetyleneicus. Lastly, this approach succeeded in
detecting a sulfur-specific trend that led to the reduction of sulfur
atoms per molecule after the initial introduction of sulfur to the
gases. This trend led to compounds with low numbers of sulfur,
more aligned with biomolecules in extant organisms, shedding
light on sulfur dynamics in abiotic systems.

Results

Compositional complexity increases over time. We incubated
acetylene with carbon monoxide over water containing nickel
sulfide for varying time periods at 105°C and measured the
evolving mixture at different time points. After 2 h, the first sig-
nals belonging to reaction products were analyzed by direct
infusion Fourier transform ion cyclotron resonance mass spec-
trometry (FT-ICR-MS). Longer incubation times increased the
chemical diversity and complexity of organic compounds,
meaning a functional and compositional variety of molecules.
Visualization of the increasing diversity of elemental CHO and
CHOS compositions found in the one-pot reaction can be seen in
Fig. 1. The mass-to-charge ratio was plotted against the
hydrogen-to-carbon ratio. This separation allowed an overview of
the chemical composition of the system resolved by the mass and
the degree of saturation of the individual compounds. We sepa-
rately focused on the chemical space of CHO and CHOS com-
pounds. We observed an increase in detected signals over time for
both chemical spaces, strongly suggesting a diversification of
reaction products by a factor of ~9. The main group of the
detected compounds is highly unsaturated, as the average H/C
ratio is 1.4 for both chemical spaces after 7 days. This strong bias
toward unsaturated compounds is in line with the utilized reac-
tants (acetylene possessing a triple bond) and targeted GC-MS
measurements of formed highly unsaturated carboxylic acids in
the mixture2. Further, the mass of the compounds increased over
time. The overall diversity increases as well, as the number of
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Fig. 1 Overview of the CHO and CHOS space over time. Overview of two
different chemical spaces within the reaction mixture (acetylene/CO/H,0/
NiS). The annotated elemental compositions are plotted with the ratio of
hydrogen atoms to carbon atoms (H/C) against the mass of the elemental
composition. Different panels represent different time points for CHO
(D-F, blue) and CHOS (A-C, green). Marker sizes represent relative
detected intensity.
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detected CHO and CHOS compounds increases from 328
annotated signals after 2 h to 2885 annotated signals present after
7 days.

The compositional space visualization of the ongoing reactions
gives an overview of the system, but elemental compositions
alone do not provide information about isomers and, more
importantly, functional groups. The determination of such
functional groups remains a determining factor if specific
reactions need to be characterized.

Resolving functional diversity by 13C-labelling. Comparing
unlabeled setups to setups with 13C-labelled carbon monoxide
allowed us to characterize functional groups and compound class
diversity Dbetter. Categorizing the elemental annotations by
13C-labelling improved the amount of information, where

13C-carbons convey specific functional insights into the onset of
an early evolving system. This additional dimension allowed us to
resolve different compound classes with the same number of
heteroatoms. The origin of the label (carbon monoxide in our
experimental setup) provided insight into the functional groups
present in elemental subspaces after chemical reactions. Targeted
GC-MS analysis of this mixture revealed that carbon monoxide is
mainly reacted into a carboxylic acid group?, in agreement with
Reppe s chemistry!.

In line with published data®!8, we were able to differentiate
distinct populations of CHO and CHOS compounds in our
model, as some compounds are labeled once, twice, or higher.
CH,O3-compounds form the first elemental composition with
more heteroatoms than pure fatty acids (Fig. 2). The elemental
compositions with a single 13C-label show a saturation level on
average higher (1.38) than the saturation of the double-labeled
compositions (1.20). This result strengthens the hypothesis that
carbon monoxide is introduced as a carbonyl group. The carbonyl
group reduces the H/C ratio compared to a hydroxy group or
ether. Mono-labeled compounds, therefore, belong to carboxylic
acids carrying an additional hydroxy or ether group. The addition
of water to a double bond is likely responsible for the increase in
oxygen in molecules without the need for carbon monoxide. We
further observed that the number of oxygens in compounds with
one 13C label positively correlates with the H/C ratio of the
detected compounds, further strengthening the claim that the
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Fig. 2 CHO3-subspace Elemental compositions in the C,H,03-subspace
colored by the degree of 13C-labelling. Differences in acetylene and
hydrogen building blocks are highlighted by black arrows. Exemplary
structures belonging to the identified compound class are shown for both
degrees of 13C-labelling. Horizontal colored lines show the average H/C
ratio for the different degrees of labeling. Marker sizes represent relative
detected intensity.
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Fig. 3 CHO,-subspace. Elemental compositions in the C;H,0,-subspace
colored by the degree of 13C-labelling. Violet color shows sodium adducts.
Red line marks the clear border in saturation between mono-and triple-
labeled compounds. Differences in acetylene and hydrogen building blocks
are highlighted by black arrows. Exemplary structures belonging to the
identified compound class are shown for all degrees of 13C-labelling and
adducts. Horizontal colored lines show the average H/C ratio for the
different degrees of labeling. Marker sizes represent relative detected
intensity.

introduction of oxygen via water consumes a double bond
(supplementary fig. 1). These results suggest a separation of the
CHO; space into keto acids and either hydroxy acids or
carboxylic acids with an ether (cyclic unsaturated ethers like
furans, for example). Similar carboxylated heterocycles with
sulfur, namely thiophenes, were already described in the system?3.

The recurring pattern of molecules reflecting C2-addition
originating from acetylene is important to mention. Compounds
of a specific subspace with the same amount of 13C label increase
in mass only via the addition of acetylene or reduction of double
bonds. This addition of C2-units is reminiscent of the C2-
metabolism carried out by acetyl-CoA. This behavior of mass
increase via acetylene can be seen for all identified compound
classes.

Additional heteroatoms increase the number of potential
isomers and functional groups. This labeling approach further
allows distinguishing at least three different compound classes in
the CHO,-subspace (Fig. 3). Mono-labeled compounds show the
expected behavior of an increase in H/C-ratio compared to
the CHO;-subspace (from 1.38 to 1.57). This is the result of the
consumption of a double bond during the introduction of water
into the molecule. The mono-labeled compounds belong to the
group of dihydroxy-acids and were not yet described in
the system. Double-labeled compounds present a challenge, as
the labeling still allows the formation of dicarboxylic acids or
hydroxy-keto acids. The information that carbon monoxide is
converted into a carbonyl group is insufficient for categorization.
Further categorization requires the inclusion of an additional
element, namely sodium. Our data suggested that dicarboxylic
acids are prone to form sodium adducts after negative
electrospray ionization. A double-deprotonated species can carry
a positively charged sodium ion while still being negatively
charged. This observation allows for the separation of double-
labeled compounds into two potential subgroups.

Compositions labeled twice and showing sodium adducts can
be categorized as dicarboxylic acids. The presence of succinic acid
in the system was already shown in a previous publication!s.
Notably, no annotations with a single label (tentatively one
carboxylic group) and a sodium adduct are detected. The same
applies to the triple-labeled compounds that will be discussed
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later. This fact strengthens the hypothesis that this behavior is
specific to dicarboxylic acids in the CHO, subspace. A further
sign of the occurrence of dicarboxylic acids is the strongly
increased average H/C ratio (1.39) of compounds falling into this
category compared to the average of this class (1.27). The
introduction of a further carboxylic group consumes a double
bond if the underlying mechanism complies with the reaction
hypothesis of Reppe. This consumption of a double bond would
raise the saturation level of the compounds and explain the strong
deviation from the remaining double-labeled annotations. The
categorization is still ambiguous, as compounds with higher mass
may lead to reduced formation of sodium adducts. Notably, all
sodium adducts are detected in a lower mass range than non-
sodium-adduct-forming compounds. Strong evidence, however,
for the presence of a mix of dicarboxylic acids and hydroxy-keto
acids in the double-labeled CHO,-subspace is the fact that a
triple-labeled group is present. No sodium adducts are observed
in this group, and the H/C ratio is, on average, lower (1.15). These
results strengthen the annotation as diketo acids and make the
presence of hydroxy-keto acids for double-labeled compounds
more likely. CHOs and CHOg subspaces follow the same trends
described for the previous subspaces.

Compounds containing sulfur show similar patterns. The
CHO;S; is the first elemental subspace in the category of CHOS
compounds. Our results distinguished two groups (Fig. 4).
Unlabeled compounds originate from acetylene alone, whereas
mono-labeled compounds are derived from acetylene and a single
carbon monoxide molecule. No double- or triple-labeled CHO, S,
compounds were detected. CHO;S; compounds match the
elemental composition of thio acids. The possibility of a modified
Reppe chemistry with hydrogen sulfide instead of water leading to
thio acids was already shown in earlier works of Reppe!. Having
both labeled and unlabeled species of this compound class is
surprising, as the pathway described by Reppe requires carbon
monoxide. However, the probability that the unlabeled com-
pounds belong to a different class of compounds is low, as
hydroxy and thiol groups alone do not efficiently ionize in
negative ionization mode. Those unlabeled species are also mostly
fully labeled if acetylene is used with two labeled carbons instead
of carbon monoxide (Fig. 4, black circled dots), excluding
contamination. The formation of thio acetic acid could be
detected in high amounts at early time points in the system with
NMR (see Supplementary Fig. 2), further strengthening the
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Fig. 4 C,H,0,S;-subspace. Elemental compositions in the CxHyO151-
subspace representing thio acids, colored by the degree of 13C-labelling.
Black encircled dots could also be confirmed to consist solely of acetylene
building blocks. Differences in hydrogen building blocks are highlighted by
black arrows. Horizontal colored lines show the average H/C ratio for the
different degrees of labeling. Marker sizes represent relative detected
intensity.

presence of thio acids formed without carbon monoxide. If no
more than two oxygen atoms are present in the molecule, the
amount of labeled carbon does not exceed one 13C. This result
suggests that sulfur cannot completely exchange oxygen in this
system. Oxygen originating from carbon monoxide stays attached
to its labeled carbon.

The increased number of hetero atoms in the CHOS subspaces
progressively leads to ambiguity. Relevant information can still be
gained from !3C labeling. The CHO;S subspace behaves similarly
to the CHO; rather than the CHO, subspace. Only mono- and
double-labeled compounds can be detected. In addition, no
sodium adducts are detected. This result suggests that compounds
carrying a carboxylic and a thiocarboxylic acid group simulta-
neously are absent from the system. CHO,S is similar in this
regard. The diversity in sodium adducts for this subspace exceeds
the diversity of the non-sodium-adduct-forming fraction of
double-labeled compounds. However, the complete absence of
triple-labeled compounds is very surprising in this subspace,
likely because double-labeled CHO,S belong to thioethers. Two
carboxylic acids are linked to each other via a sulfur ether. To
further strengthen this claim, the detected elemental composition
of C¢H,00,S was identified and validated as thiobispropanoic
acid via targeted GC-MS analysis by comparing retention time
and the fragmentation pattern to a commercially available
standard (Supplementary Fig. 3). Adding one sulfur to reach
the CHO,S, subspace shows only double-labeled sodium adducts
as a coherent homologous series. The result suggests the presence
of two carboxylic acids linked by a sulfur bridge, reminiscent of
protein sulfur bridges allowing their tertiary structure (Supple-
mentary Fig. 4).

Further interpretations of higher heteroatom combinations
were deemed too ambiguous, but a table showing all annotations
with the corresponding labels can be found as a supplementary
Excel sheet (Supplementary Data 1). One source of ambiguity is
the presence of “mixed” !3C annotations where the same
elemental composition is present in different degrees of !13C
labeling. Due to this, it is almost impossible to reliably assign
functional groups to a detected signal. However, it is still
interesting to investigate how the percentage of “mixed”
annotations changes for different subspaces in such a complex
mixture. A reaction scheme summarizing all proposed mechan-
isms and 13C-patterns can be found in S.I. (supplementary fig. 5).

Isomer frequency has an unpredictable variance in analyzed
subspaces. 13C labeling of the sample allowed additional
dimension for untargeted analysis, which is otherwise inaccessible
in direct-infusion mass spectrometry. The labeling revealed that
some of the identical elemental compositions existed as a mixture
of 13C labeled species, as labeled experiments yielded signals
compatible with multiple degrees of labeling. A representative
comparison between labeled and unlabeled spectra can be found
in S.I. (supplementary fig. 6). We investigated the percentage of
mixed and pure annotations for different chemical subspaces and
observed unexpected behaviors. With an increasing number of
hetero atoms, we expected a steady increase in the fraction of
mixed annotations compared to pure annotations. This, however,
was not always the case. The CHO space showed an increase of
mixed annotations from two (7.7%) to three (17.4%) oxygens per
molecule. The CHO,-subspace, however, only shows 12.9%, and
the CHOs subspace 4.9% of mixed annotations. The CHOS space
showed increased mixed annotations compared to the CHO
space. However, no clear trend could be elucidated. CHO,S; and
CHO,S; showed 0% mixed annotations, in contrast to CHO3S,,
with 39% mixed annotations. These results highlight the unpre-
dictability of isomer populations in untargeted FT-ICR-MS.
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Fig. 5 Molecular network of all annotated signal. A Time-resolved molecular network evolving from red (2 h) at the bottom to pink at the top (7 days).
B Mass-resolved molecular network showing an increase in mass correlated with the increase in time. Molecular network colored by the number of

assigned elements (C-F) or elemental ratios (G-J).

Table 1 Mass differences used as edges in the molecular
network to connect all annotated formulas.
Possible reaction Elemental Exact mass
difference difference (u)
Water addition + H,O 18.01057
Hydrogen sulfide addition ~ + H,S 33.98772
Dimerization/ + CyH, 26.01565
Oligomerization
Carbonylation (with H,0)  + CH,0, 46.00548
Carbonylation (with H,S)  + CH,0S 61.98264
Reduction + H> 2.01565

Using 13C labeling allows a definite distinction between
impurities and experimental sample components?4. This result
is difficult to achieve with FT-ICR-MS, as removing blank signals
potentially removes specific results corresponding to compound
isomers in solvents or other sources of contamination. In some
instances, compounds like fatty acids can be in the solvent and
the investigated system.

Temporal evolution of the system. The system was visualized
over time via a temporal molecular network (Fig. 5). In this
network, individual nodes represent detected annotated signals.
Opverall, 6 elemental compositions were chosen as possible edges,

all representing differences in molecular weight after specific
reactions. Based on previous publications or available reactants,
the 6 chosen mass differences (Table 1) represent possible reac-
tions likely to happen in the system. Edges can represent the
addition of acetylene?®, the simultaneous addition of carbon
monoxide and water to a double or triple bond to form a car-
boxylic acid group. The same reaction can be slightly altered with
hydrogen sulfide instead of water resulting in a thio acid!. The
addition of water?%, hydrogen sulfide?’, or hydrogen represents
the loss of a double or triple bond, potentially through reduction.
This limited number of possible edges allowed to interconnect
97.5% of all annotated signals.

The overall temporal path taken by the system is visualized by
a molecular network (Fig. 5A). Molecular networks and mass-
difference analysis were developed for biological samples?® and
used in recent untargeted investigations of astrochemical
reactions?? allowing a comprehensive overview of the chemical
system. The masses increase over time, and later detected
molecules show the highest masses (>500u) (Fig. 5B). The
amount of hydrogen and carbon follow a nearly identical trend
compared to the mass (Fig. 5C and D). The percentage of
compounds containing high numbers of sulfur atoms per
molecule (>2) sulfur) is highest at early time points (Fig. 5F).
The percentage of CHO,S; annotations starts at 29% of overall
sulfur annotations after 2h and is lowered to 17% after 7 days,
even though the absolute amount of CHO,S; annotations is
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Fig. 6 SOM analysis. SOM clusters showing intensity traces for all annotated masses (gray) and an average path taken (red), with different intensity maxima
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increasing (from 60 annotations after 2h to 388 after 7 days).
CHOxS, compounds start at 39 annotations after 2h and go
down to 22 after 7 days (from 17 to 1% of total CHOLS,
annotations). The CHO,Ss-subspace disappears completely after
3 days. Compounds annotated with 1-2 sulfur show the opposite
trend. The percentage of CHO,S; increases from 27% to 44.5%
over the time of the experiment. We observe an inverted picture
for the relative abundance of CHO compounds. CHO com-
pounds with 2-3 oxygen represent 27-34% of all CHO
annotations after 2h of incubation. This percentage is reduced
to 13-15% after 7 days of incubation.

We have further used self-organizing maps (SOM) classifica-
tion theory3? to characterize time-dependent molecular profiles
in greater detail. This technique allows the clustering of temporal
mass abundance profiles that follow the same evolutional trend
over time. Masses following a similar intensity change over time
are clustered together. The approach was already successfully
used in other untargeted FT-ICR-MS analyses to categorize the
temporal evolution of detected mass signals®! in food samples.
Our results show 8 different main clusters (Fig. 6). These clusters
show groups of masses reaching their maximum intensity at
different time points. We can confirm two trends that were
suggested in the temporal network.: Clusters with maximum
intensity at earlier time points show elemental compositions with
lower masses on average than elemental compositions in clusters
with late maxima. Compounds with higher amounts of sulfur
reach their intensity maximum earlier than compounds with less
sulfur. This fact shows that the continuous addition of sulfur to
the unsaturated olefinic molecules is unlikely.

The profiles of the different groups give insight into the
changing reactions over time, as compounds do not all linearly
accumulate in the system but have different peak times. Some
compounds are mostly depleted after 7 days (Fig. 6A, B, D). The
behavior of sulfur over time is particularly interesting (Fig. 7).
Sulfur-containing compounds with 3 or 4 sulfur atoms appear
earlier and degrade quickly (Fig. 7A, B). The peak time appears

later for annotations with lower numbers of sulfur (Fig. 7C, D).
This effect differs for CHO compounds, where the compounds
have a peak time of 7 days (or later) and mostly show steady
signal increases over time.

Based on our results, the addition of acetylene or other mass-
increasing reactions compensates for the loss of mass due to lower
amounts of sulfur. However, an exchange of sulfur through other
mass-increasing building blocks can only be hypothesized. 84% of
all annotated thio acids follow the trend of cluster 6 (Fig. 6H).
The observed behavior of the higher mass thio acids is different
from their low mass counterpart thio acetic acid, which is present
after 2h in high amounts and then reacts away throughout the
experiment (supplementary fig. 2), partially by hydrolyzing to
acetic acid.

Discussion

The described system demonstrated its potential in previous
publications to produce different prebiotically-relevant substances
like aldehydes, fatty acids, and thiophenes?17-23, The formation of
pyrrole!’® and amino acids from aldehydes!” via the Strecker
reaction was also demonstrated in previously published experi-
ments that included nitrogen. Our study now expands these
targeted observations to reveal a dynamic chemical landscape of
functional groups derived from basic building blocks, emphasiz-
ing sulfur-containing molecules and the deconvolution of func-
tional groups with the help of 13C labeling. The size of the
investigated molecules also continues to grow progressively over
time, mainly via a C2-unit increase, reminiscent of the C2-
metabolism including the formation of fatty acids, polyketides,
and terpenes from acetyl-CoA units in extant organisms>2. Some
prokaryotes even use acetylene as a main carbon source for their
metabolism. The Gram-negative bacterium Pelobacter acet-
ylenicus lives in anoxic oceanic sediments and converts acetylene
into acetyl-CoA via acetaldehyde to fuel its C2-metabolism!2.
Capitalizing on our previous findings of a primordial conversion

6 COMMUNICATIONS CHEMISTRY | (2023)6:220 | https://doi.org/10.1038/s42004-023-01021-1| www.nature.com/commschem


www.nature.com/commschem

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-01021-1

ARTICLE

er peak times —=———

24/A CxHyO1 454 24/B CxHyO1_4S3 n,
° 22.41 \'é‘/
%20 18.97 |5 o
© g
16 . @ 16
Q .

: ni

212 12
Q .

Tos o 08

24{C€ CxHy01 45

‘wy 24{P CxHyO1_4S:1
v .

200 300

2¢E C,H,0s

400 500
@‘/ 2MF CxH,04
@y

% 2.0 .
g 1.6 1.6
E 1.2 e 1.2 5 13.00 1
Tos8 0.8 W
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
Mass [u] Mass [u] Mass [u] Mass [u]
Cluster 1 Cluster 2 Cluster3 @ Cluster4 o Cluster5 ®Cluster6  ®Cluster7 @ Cluster 8
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to violet for later emerging compounds. Pie charts on the right side of the plots show the percentage of annotations for the different peak times/clusters.

of acetylene into fatty acids and related organic molecules, this
primitive bacterium could therefore be seen as the link between a
purely abiotic acetylene-based C2-metabolism and the C2-
metabolism in extant organisms. The formation of acetaldehyde
and thio acetic acid S-methyl ester (a simple analog to acetyl-
CoA) from acetylene was already shown in this system!®17.

Isotope labeling uncovered the system’s hidden diversity in
functional groups. We could separate functional groups with the
same number of hetero atoms by FT-ICR-MS. Separating func-
tional groups with the same number of hetero atoms is difficult
for FT-ICR-MS-based analysis. The problem could be solved by
13C isotope labeling of the starting materials. This approach made
it possible to trace the origin and chemical nature of hetero atoms
based on the literature!1%2>, The CHO;-subspace shows hydroxy
acids and keto acids. Hydroxy acids continue to gain interest in
the origin-of-life field. a-hydroxy acids can enhance peptide-bond
formation in dry-down reactions33, even though our analysis does
not allow for the exact identification of the position of the
functional group. The same can be said of keto acids, which play a
central role in an ancestral analog of the Krebs cycle3%3>.
Dicarboxylic acids gained recent attention due to their ability to
form co-polymers with glycol nucleic acids with a hypothesized
potential to perform genetic or catalytic functions®. The diverse
compound classes from multiple species have already proven to
be significant in the origin of life.

After the primary introduction of varying amounts of sulfur to
the initial reactants, we observed a percentual decrease of sulfur
atoms per molecule over time instead of a continuous increase.
This decrease in sulfur is true for all sulfur-containing groups that
could be resolved and categorized in this study. The behavior of
sulfur differs from that of the other elements in the system. The
disappearance of sulfur from the formed compounds is an
interesting observation. Sulfur represents an important element
for origin-of-life reactions. In extant organisms, sulfur is less
abundant than other relevant elements like carbon, nitrogen, and
phosphate. Nonetheless, the remaining sulfur plays a crucial role
in extant organisms. Indeed, thioesters like acetyl-CoA belong to
the metabolically essential sulfur molecules. It is challenging to
provide conclusive evidence for the precise process that leads to a
sulfur reduction in the resulting compounds. Still, it can only be
hypothesized with this untargeted approach.

We conducted and analyzed a 7-day experiment to study the
evolution of a system with progressively decreasing sulfur levels.
This system can be considered a fast motion of early evolution
on Earth.

The analysis of the fraction of isomers revealed an unexpected
distribution. Instead of a steady increase in isomer diversity, some
chemical subspaces, mainly the sulfur-containing ones, showed
very high variance in mixed annotations. This result shows an
unknown amount of directed synthesis in the system, as some
subspaces keep a certain amount of functional purity and do not
uncontrollably diversify over time.

It is also relevant to mention the presence of thio acids in a large
diversity. The present investigation reveals the full extent of the
possible molecular diversity of pure thio acids and describes different
formation pathways. One pathway requires acetylene and carbon
monoxide; the other relies on acetylene alone. Independent of the
pathway, the increase in mass and many saturation levels remain
comparable. The temporal analysis of the mixture also revealed that
larger thio acids reach their maximum intensity much later than thio
acetic acid, most of them belonging to the SOM cluster reaching a
maximum after 3 days. Thio acetic acid, on the other hand, decays
quickly and becomes undetectable via NMR after 8 h.

Acetylene is the main driver of the increased mass of the
detected molecules. Labeled atoms stemming from carbon mon-
oxide remain in the single digits independently of the size of the
molecule. Compounds detected after 7 days show between 15 and
27 carbon atoms within the mass range of 230-500 m/z but
present only up to four carbon labels from 13CO.

Acetylene is still a building block often overlooked. Still, our
finding turns it into an important tool to increase molecular mass
or as a C2-spacer to optimize the spatial arrangement of func-
tional groups. All compound classes exhibit a noticeable increase
in two-carbon mass, known as C2-chemistry. This phenomenon
closely resembles the C2-metabolism of contemporary organisms,
which is mediated by acetyl-CoA.

Conclusion

This work revealed a new dimension of complexity in a hydro-
thermal system based on the “metal-sulfur” world theory. Uti-
lizing isotope labeling to categorize the functional groups
enhanced the understanding of the reactions in the system.
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Unexpected behavior was observed for sulfur, as its number was
lowered in detected compounds over time, leading to sulfur
numbers more akin to the biological molecules in contemporary
organisms. We have discovered several ways to produce thio
acids, indicating that this group of compounds is easily accessible
in the environment we investigated. Furthermore, the role of
acetylene as the main building block for synthesizing higher-mass
compounds was shown by differentiating carbon originating from
carbon monoxide and acetylene. We revealed a reoccurring pat-
tern of C2-addition to all formed compounds through acetylene, a
nutrient used by Pelobacter acetylenicus to fuel its fatty acid
synthesis via a similar C2-metabolism. These results show new
paths for further investigations that require the described func-
tional groups or deliver a framework to tackle the analysis of even
more complex systems containing nitrogen or phosphor.

Methods

Reaction bottle setup. In a typical run, a 125ml glass serum
bottle was charged with 1.0 mmol NiSO, « 6 H,O (99%, Aldrich)
and sealed with a silicon stopper. The bottle underwent three
cycles of evacuation and argon filling, ultimately reaching a
deaerated state. Subsequently, the bottle was filled with argon-
saturated water (calculated for the end volume of 5ml), with
1.0 mL argon-saturated 1 M Na,S (solid Na,S: 99.99%, Aldrich)
solution, with 1.0 mL 1 M NaOH solution and finally with 60 ml
unlabeled CO and 60 ml unlabeled acetylene (acetone-free), using
gastight syringes for the injections. Reactions were carried out at
105 °C. Following a reaction time of up to 7 days, the reaction
mixture was cooled down. To conduct labeling experiments,
13CO was utilized, while in a control run with the same com-
position, acetylene and CO were substituted with argon.

FT-ICR mass spectrometry. Samples were taken from the serum
bottle with a syringe and centrifuged for 5min at 15000 rpm.
100 ul of the supernatant were diluted in 900 ul methanol and
centrifuged again to remove the precipitated salt. 70 ul of the
centrifuged sample were diluted again in 930 pl methanol. For the
timepoints 2h, 1 day, 2 days, 3 days, 7 days and 7 days (13C
labeled) three different bottles were analyzed as biological repli-
cates. Time points 3 h to 20 h were measured with two biological
replicates. Every biological replicate was measured as three
technical replicates. Only signals appearing in >66% of a triplicate
were kept for annotation. Only annotated signals with a H/C ratio
between 0.5 and 2.5 were kept. O/C ratios had to be below 1.5 for
all annotations.

Analysis was performed on a high-field Fourier Transform Ion
Cyclotron Resonance mass spectrometer from Bruker Daltonics
—Solarix with a 12T magnet from Magnex. The mass spectra
were acquired with a 4-megaword (MW) time domain. The
system was calibrated with L-Arginine clusters in negative
ionization mode (5 mgL~! L-arginine solved in methanol). For
each sample, 200 scans were accumulated in negative ion mode in
the mass range of 122-1000 amu. Ions were accumulated for
300 ms. The pressure in the hexapole was 3 x 10~¢ mbar, and the
pressure in the ICR vacuum chamber was 6 x 10~¢ mbar. An
Apollo ii (Bruker Daltonics) ESI source was used. The super-
natant was injected via a microliter pump system (flow rate:
120l h—1).

Data were recalibrated post data collection via a calibration list
based on fatty acids with different chain lengths. Peaks were
picked automatically in Data Analysis (Bruker) with a s/n
threshold of 4. Mass lists were exported, filtered with two in-
house filters removing wiggles artifacts and natural 34 S isotopes.

Formula assignment was done through a mass difference
network approach3”. The transformation list can be found in the
excel sheet supplementary data.

Annotation of the labeling degree was done by comparing the
7-day setup with a CO-13C- or acetylene 13C labeled 7-day setup.
In CO-labeled setups, compounds were categorized as labeled if
the corresponding signal in the labeled sample showed a signal
that surpassed the expected signal intensity of the natural 1>C (1%
times the number of carbon atoms in an elemental composition)
by 100%. 13C acetylene signals were checked manually and had to
fulfill the same requirements.

Molecular networks were generated and analyzed via the
method mol2net (https://zenodo.org/record/7025094; Ruf &
Danger 2022).

SOM-clustering. The data were preprocessed by the sklearn
MinMaxScaler function. The SOM model was implemented on a
2 x4 grid with a learning rate of 0.1. A Gaussian neighborhood
function on top of a rectangular topology was used. Euclidean
activation distances were used for model calculations. The com-
piled model was trained for 50,000 iterations. Aggregated clusters
were extracted from the winning map and plotted with respective
averaged cluster centers.

Data availability

The authors declare that [the/all other] data supporting the findings of this study are
available within the paper [and in Supplementary Data 1]. Further data that support the
findings of this study are available from the corresponding author upon reasonable
request.
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Correlation between number of oxygen atoms per molecule and the H/C ratio for different
compound classes

H/C ratio relative to the number of oxygen atoms for
different degrees of 13C-labelling

AVERAGE H/C VALUE

2 oxygen 3 oxygen 4 oxygen Soxygen 6 oxygen
NUMBER OF OXYGEN COLORED BY DEGREE OF LABELING

W 1x13C m2x13C wm 3x13C

Supplementary Figure 1: Barplot showing the increasing H/C ratio with increasing amounts of oxygen atoms per molecule.



Spiking experiment with thio acetic acid standard

To prove the presence of thio acetic acid at early time points and its disappearance later, we
measured the mixture after 2 hours and 7 days. To confirm the presence of thio acetic acid,
a standard was spiked to the 7-day sample, and its chemical shift was compared to the
signal after 2 hours (Supplementary Figure 1, gray line).

TH-spectrum after
2 hours Thio acetic acid (-CH3 signal)

N
I

TH-spectrum after 7 days
with thio acetic acid spiked

TH-spectrum after 7 days

I 1
2.8 2.7 2.6 2.5 2.4 2.3
'H Chemical shift [ppm]
Supplementary Figure 2: 'H-spectrum of the investigated setup after 2 hours and 7 days. Thio acetic acid was

spiked into the 7-day experiment to confirm this compound. The gray line marks the chemical shift of thio acetic
acid.



Identification of 3,3 -thiobispropanoic acid

it 10.000.000)

1.0
0.5
I T T 1 r ~ T 1 T+ T T T T
19.95 20.00 2005 2010 2015 2020 2025 2030 2035 20.40
B: 73
] = 128
] 348
E 115 i
R Y |- N W YL 202217 245 277301 318 I __9laps
C: 73
1] 349
125
- 115 . ) .
Al e L b T soper ws AT gy or || s asiens  sa
10,0000
D: =
078{ &R
349
050 e
025
115 | -
ooodl ddly b E2 VR Tl 203 27 245 T L 331
0 0 b0 130 1800 10 200 B0 200 ZE0 00 80 300 HE0 4000 4E0 0
E:

5 O\\/

N\, O .
ST

Supplementary Figure 3: GC-MS chromatogram and mass spectra from TBDMS derivatized 3,3 -thiobispropanoic acid.
Sample preparation and GC-MS conditions are described in [15]

A: Chromatogram showing mass traces from a commercially available standard (black) and 3,3’ -thiobispropanoic acid from
the reaction supernatant (pink).

B: Mass spectrum from the commercially available 3,3 -thiobispropanoic acid

C: Mass spectrum from the reaction supernatant

D: Mass spectrum taken from library NIST14.

E: Structure of TBDMS derivatized 3,3 -thiobispropanoic acid (characteristic fragments: M-15 (methyl group): m/z 391; M-
57 (tert-butyl group): m/z 349



Higher sulfur compounds showing homologous series of sodium adducts
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Supplementary Figure 4: Comparison of CHOS-subspace and CHO,S;-subspace. The two subspaces show interesting
similarities to the CHO4-subspace, mainly consisting of dicarboxylic acids. Comparing the two sulfur subspaces shows the
nearly identical level of saturation and labeling between the fractions of sodium adducts (violet). This suggests that they are
structurally very similar and are potentially only differentiated by a longer sulfur chain.



Proposed reaction schemes for the categorized compound classes

Proposed reactions leading to the observed '3C-patterns
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Supplementary Figure 5: Reactions with carbon monoxide leading to different degrees of 13C-labeling



Spectral manifestation of 13C-labeling. Unlabeled setup compared to labeled carbon monoxide
spectrum
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Supplementary Figure 6: Figure showing the spectral appearance of an unlabeled setup versus a lebaled setup. The
magnification shows how the mass of a labeled signal shifts by exactly 1.0033 amu.
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Nickel-organo compounds as potential
enzyme precursors under simulated early

Earth conditions
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The transition from inorganic catalysis through minerals to organic catalysis by enzymes is a

necessary step in the emergence of life. Our work is elucidating likely reactions at the earliest moments
of Life, prior to the existence of enzymatic catalysis, by exploring essential intersections between
nickel bioinorganic chemistry and pterin biochemistry. We used a prebiotically-inspired acetylene-
containing volcanic hydrothermal experimental environment to shed light on the efficient formation of
nickel-organo complexes. The simplest bis(dithiolene)nickel complex (C,H»S,)-Ni was identified by
UV/Vis spectroscopy, mass spectrometry, nuclear magnetic resonance. lts temporal progression and

possible function in this simulated early Earth atmosphere were investigated by isolating the main
bis(dithiolene)nickel species from the primordial experimental setup. Using this approach, we
uncovered a significant diversity of nickel-organo compositions by identifying 156 elemental
annotations. The formation of acetaldehyde through the subsequent degradation of these organo-
metal complexes is intriguing, as it is reminiscent of the ability of Pelobacter acetylenicus to hydrate
acetylene to acetaldehyde via its bis(dithiolene)-containing enzyme acetylene hydratase. As our
findings mechanistically characterize the role of nickel sulfide in catalyzing the formation of
acetaldehyde, this fundamental pre-metabolic reaction could play the role of a primitive enzyme
precursor of the enzymatic acetylene metabolism and further strengthen the role of acetylene in the

molecular origin of life.

Initially, bis(dithiolene)nickel compounds garnered attention solely for their
synthetic properties. However, their resemblance to enzyme catalytic cen-
ters was later recognized, leading to renewed attention for those nickel-
organo compounds. The synthesis of thiophene from acetylene and pyrite
(FeS,) by Steinkopf and Kirchhoff' originally inspired Schrauzer and
Mayweg to investigate the reactions between diphenyl acetylene and nickel
sulfides in toluene’. Schrauzer’s discovery of bis(diphenyldithiolene)nickel,
a nickel-sulfur complex with highly covalent metal-ligand bonds, led to the
successful synthesis of various derivatives of this compound class, including
the synthetically challenging unsubstituted complex (C,H,S,),Ni, obtained
from halogenated non-gaseous precursors and dissolved nickel ions’.

Several extant enzymes possess metal-dithiolene active cores binding
to transition metals like tungsten or molybdenum®. One example is acet-
ylene hydratase (AH) expressed by the anaerobic bacterium Pelobacter
acetylenicus. This organism is frequently discussed in the context of the
origin of life because of its unique ability to hydrate acetylene into acet-
aldehyde, leading to acetyl-CoA and acetate building blocks. Hyperther-
mophile Archaea thriving in the vicinity of volcanic hydrothermal vents
express aldehyde ferredoxin oxidoreductase (AFO) with a tungstopterin
center catalyzing the oxidation of aldehydes into carboxylic acids at 100
degrees Celsius (C°)*. Interestingly, the catalytic ability of enzymes relying
on metal-dithiolenes can be enhanced by exchanging molybdenum with
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nickel in molybdopterin-like catalysts’. Regardless of the presence of an
enzyme structure, the nickel bis(dithiolene) complex alone is an excellent
electron transporter as it exists in three oxidation states (0, —1, —2). As a
result, these complexes activate hydrogen more efficiently than most
hydrogenases in Nature®, which aligns with the abiogenesis theory of pre-
biotic synthesis of organic molecules.

The role of acetylene as a building block of terrestrial life remains a
topic of speculation. Still, there is growing evidence for its presence in the
atmosphere of interstellar bodies such as Titan” or Jupiter’. Additionally, its
existence on early Earth is hypothesized”'’, emphasizing the importance of
investigating the role of acetylene in the emergence of life. Previous
hypotheses regarding the role of acetylene in the origin of life have suggested
that it contributes to the formation of polycyclic aromatic hydrocarbons'*
and small biomolecules'. Its popularity increased after it was proposed as a
“fast food” for organisms in Earth’s early biosphere’. Recent literature
analyzed the potential of acetylene under the same conditions to form
distinct unsaturated fatty acids in combination with carbon monoxide".
Moreover, a route to pyrrole was demonstrated in the presence of ammonia,
leading to the elemental unit of porphyrin, another metal complexing
scaffold indispensable for life as we know it today. Acetylene, combined with
nickel sulfide, forms a large diversity of prebiotic organic compounds,
including acetaldehyde and alanine, in a one-pot setup'.

Nickel plays a fundamental role in enzymes found in most organisms,
independent of the bis(dithiolene) framework. Nickel sites in extant
enzymes show a large variety in nickel coordination and redox chemistry
over a potential range of 1500 mV in proteins”. The metal center in
superoxide dismutase (SOD) catalyzes redox processes with potentials
ranging from +890-—160 mV'’. In methyl-coenzyme M reductase (MCR)
and carbon monoxide dehydrogenase (CODH), the active sites reach
potentials as low as —600 mV".

Anaerobic nickel-containing CODH isoforms are found in organisms
capable of heterotrophy, autotrophy, fermentation, or anaerobic
respiration'". In hydrogenogenic CO oxidizers, CO oxidation is coupled
with proton reduction to produce hydrogen (H,)*. In the presence of water,
required as an electron acceptor, a hydrogenase, and an ATP synthase are
sufficient to ensure respiration. This straightforward mechanism highlights
the significance of nickel-based catalysis in ancient energy preservation™.

Nickel sulfide plays a crucial role in recent prebiotic chemistry, as they
were shown to promote multiple relevant reactions. Thioesters were syn-
thesized on nickel sulfide through geoelectrochemical CO2 fixation™.
Another study reported the promotion of a protometabolism in an alkaline
hydrothermal vent environment™.*

Ni-organo catalysts are pivotal in various organic reactions, including
cross-coupling reactions (e.g., Suzuki, Kumada, or Negishi couplings)“,
carbon-heteroatom bond-forming™ reactions and the hydrogenation of
organic compounds™. Our experimental setup finds its roots in the “Iron-
sulfur world” theory of Wéchtershiuser who considered nickel or iron
sulfide salts as catalytically active species due to their redox potential and
limited solubility in water, which allows surface catalysis.

We now further investigated the previously mentioned one-pot setup™
with a focus on the formation mechanism of acetaldehyde and its link to the
presence of nickel-organo compounds. The one-pot setup already showed a
progressing system that generated acetaldehyde over time and also changed
its pH in the process due to formed acids, ultimately leading to a changed
reaction path for the formed acetaldehyde. Building on the knowledge about
the presence of acetaldehyde, we provide the first mechanistic evidence of
abiogenic acetylene processing based on nickel bis(dithiolene), a molecular
structure reminiscent of active centers of contemporary enzymes. Con-
sidering the resemblance with molybdopterin coenzymes, we postulate that
nickel bis(dithiolene) was a transition catalyzer, allowing early acetaldehyde
formation from acetylene in a prebiotic environment.

Results

Formation and identification of nickel-organo complexes

The investigated prebiotic system consisted of an oxygen-free carbon
monoxide and acetylene atmosphere in equal amounts in the headspace of
water containing water-insoluble nickel sulfide salt (NiS). The setup was
contained in a sealed glass bottle and was incubated at 105 °C for varying
periods of time.

The presence of nickel complexes was detected using Fourier-
transform ion-cyclotron-resonance mass spectrometric (FT-ICR-MS)
measurements after 2 h of incubation. FT-ICR-MS analysis allowed a reli-
able elemental annotation of the nickel-organo complexes in the complex
reaction mixture. C;H,S,Ni was the most abundantly detected nickel-
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organo species by intensity. This annotation fits the simplest dithiolene-
nickel species that can be obtained from two acetylene molecules, four
sulfur, and one nickel atom. Due to its high abundance in the system, the
composition could be further validated with its isotopic fine structure,
excluding the possibility of false elemental annotation due to an isobaric
compound (Fig. 1).

Samples showing the highest intensity of this compound in MS-spectra
display a pink color (Suppl. Fig. 1). This color and the mass spectra signals
for C4H,S,Ni decreased over time and were lost after 3 days of incubation.

A closer inspection of the isotope pattern revealed a further signal
(Fig. 1, B+D highlighted in blue) not explained by the theoretical simulated
isotope pattern. The mass difference between this additional peak and the
isotope peak of the previous nominal mass amounts to the mass of one
hydrogen atom. This result can be explained by the different possible oxi-
dation states of nickel-bis(dithiolenes). The main peak belongs to the M
species. The additional peaks belong to the [X? -+ H*']" species, with X
being any isotopic species with a sufficiently high intensity to detect the
second oxidation state species. The same observation was made for sodium
ions but with lower signal intensity.

UV/VIS spectroscopy of the colored reaction product in water showed
two absorption maxima at 500 and 855 nm. The second maximum is in the
near-infrared at 855 nm. Absorption in the near-infrared is characteristic of
bis(dithiolene)nickel compounds”’. The maximum at 500 nm explained the
observed pink color as absorption of green light results in red transmitted
light and is also expected to be associated with the detected complex.
Degradation of the complex in water happened relatively fast, and the
corresponding UV/Vis signals nearly disappeared completely after 4 h at
room temperature (Fig. 2, A). The degradation of the compound was
accompanied by a color change of the solution from pink to yellow.

Isolation of the nickel-organo complex

We isolated the described complex from the aqueous solution via liquid-
liquid extraction using methyl tert-butyl ether (MTBE). The MTBE phase
took on a strongly violet color after the extraction of the aqueous phase. The
MTBE phase was completely dried under N, flow, and a dark blue solid
remained in the glass vial. This color is also reported by Schrauzer, who
synthesized the compound through a different non-aqueous route with
halogenated reactants, incompatible with currently hypothesized conditions
on early Earth’. We weighed the remaining solid of two different experi-
mental setups in triplicates, differing in the composition of the gaseous
atmosphere (Table 1). The setup with carbon monoxide produced 5.97 mg
of the complex with a theoretical yield of 1.79%. In contrast, a setup with
twice the volume of acetylene in the absence of carbon monoxide generated
6.92 mg with a yield of 1.14%. Utilizing twice the volume of acetylene
increased the absolute yield as expected but decreased the theoretical yield.
These yields are comparable to those reported by Schrauzer, who obtained a
3% yield using a more elaborate synthetic route. One triplicate of the CO/
acetylene setup only showed very faint coloration. This triplicate also

showed the lowest residual mass. A reaction scheme and discussed com-
pounds can be found in the supplementary information (Suppl. Fig. 2).

The near insolubility of the isolated compound at room temperature in
purified water strengthened our hypothesis of a changed charge state. Even
though the color change could result purely from the solvent change,
another explanation is the change of the complexes’ oxidation state from a
charged water-soluble state to an uncharged lipophilic state. The solid only
slowly dissolved at temperatures >50 °C, resulting in the expected pink
coloration, followed by rapid degradation. Furthermore, adding the original
reaction medium did not solubilize the compound at room temperature,
excluding the possibility of a solubility-enhancing effect through molecules
or salts formed in the experimental setup. Extraction of the residual solid
phase in the reaction bottle with MTBE, expected to be mainly solid nickel
sulfide salt, did not yield any amount of the target compound (no coloration
of the MTBE used for extraction). We concluded that the compound
remained solubilized during the experiment without precipitation and
changed its oxidation state during extraction.

The isolated compound was further analyzed via LC-MS/MS to
validate the hypothesized structure. LC-MS analysis of the dried
extracted solid dissolved in methanol resulted in a violet solution with the
same appearance as the MTBE solution. We detected the expected mass
previously found in the initial mixture identified as (C,H,S,),Ni". Frag-
mentation was performed with a UHPLC-IM-Q-ToFMS system to
gather fragmentation data (Fig. 2, B) and report its collision cross section
(CCS) value of 130 A%

Fate of the formed nickel complex

The isolated water-insoluble complex became soluble at around 50 °C and
above. Dissolution of the complex also resulted in a color change back to
pink, comparable to the color of the unextracted aqueous mixture, reflecting
the presence of the charged state in water.

Incubation of the isolated complex in water at pH 11 for 15 and 30 h
resulted in the degradation of the complex. The degradation route and
degradation products are temperature-dependent. The complex degraded
into formic acid and acetaldehyde at temperatures reflecting the initial
experimental conditions (100 °C) (Fig. 3). This result confirms the pre-
viously observed characteristics of those two compounds in the system and
sheds light on the exact mechanism of their formation with nickel sulfide'".
Incubation at 24 °C yielded no acetaldehyde. NMR measurements of the
incubated sample showed increased signals in the olefinic ppm range. This
observation shows the formation of new carbon-carbon bonds via this
complex during its degradation. The complex degraded into unsaturated
acetylene polymers. NMR spectra can be found in Supplementary data 1.

In the degradation process, nickel sulfide is consistently formed. The
identification was made by observing an insoluble black solid in the reaction
vessel. However, likely, the nickel and sulfur released during degradation
precipitated at least partially into nickel sulfide. This particular process
provides the complex with the ability to dissolve nickel sulfide, making it
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Fig. 2 | Identification of bis(dithiolene) nickel. A UV/Vis spectrum of the complete aqueous 2 h reaction product degrading over time. B MS/MS of the m/z 237.85 with

suggested structures for the detected fragments.

Communications Chemistry | (2024)7:33



https://doi.org/10.1038/s42004-024-01119-0

Article

Table 1 | Nickel bis(dithiolene) yield.

Gas mixture Gas Ratio (%) All yields (mg) Mean Yield (mg) Theoretical yield (%) Relative Standard deviation (%)
CO/acetylene 50/50 5.97/5.98/(1.92)* 5.97 1.79 0.1%
Acetylene 100 6.81/7.19/6.76 6.92 1.14 3.4%

Yields from triplicate experiments with two different atmospheres determined by weighing after drying. Gas ratio describes the ratio of the two gases used in the setups. Every yield is shown for each

triplicate. The *marked triplicate was excluded from the yield determination.
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Fig. 3 | Temporal progression of the isolated nickel complex over time. The ppm
range with the main changes is zoomed in. Structures on top show the observed
hydrogen in red for acetaldehyde. As the structure of the olefinic species could not be

determined, only the structure of an olefinic chain is shown. The incubation time
indicates the time the sample was kept at 100 °C or room temperature, respectively.

soluble, transport this highly insoluble salt and relocate it via diffusion
processes.

Identification and characterization of diverse nickel-organo
species

The compound with the elemental composition (C,H,S,),Ni is not the only
nickel-containing annotation in the mixture. 156 different elemental com-
positions were annotated, some containing various amounts of oxygen. The
addition of oxygen to the sulfur atoms in those complexes was already
described and discussed by Schrauzer”. The detected diversity of nickel-
organo compounds is vast and sometimes challenging to interpret, as some
elemental compositions contain odd amounts of carbon atoms, a fact
hinting at a carbon cleavage pathway with nickel-organo compounds as
intermediates. This hypothesis is also strengthened by the detection of
formic acid after the degradation of the complex. Most annotations show the
NiS,-core of the bis(dithiolene)nickel complex, followed in number by
NiS;-“cores” (Fig. 4). It cannot be excluded that some or all NiS;-annota-
tions result from in-source fragmentation, as the fragmentation pattern of
[(CH,S,),Ni] also showed a fragment with the formula [C,H,S;Ni].
Nickel-organo annotations become increasingly scarce with higher
amounts of sulfur atoms in the molecule. The NiS¢-“core”-group is nearly
devoid of signals. Only the [C¢H,NiSs]” compositions (highlighted in yellow
in Fig. 4) show some diversity in their homologous hydrogen series and
could belong to the trimer, carrying an additional dithiolene unit.

Discussion

The formation of the reported bis(dithiolene) nickel complex after 2 h of
incubation of the evolving reaction mixture showed the feasibility of its
existence in early earth scenarios. The similarity of the formed bis(dithio-
lene) nickel complex with the active center of AH found in Pelobacter
acetylenicus living in anaerobic aqueous systems is very intriguing, as the
setting of the experiment is situated in a prebiotic oxygen-free atmosphere.
Acetaldehyde is obtained from acetylene in the presence of NiS via the
formed nickel bis(dithiolene) and then oxidized to acetic acid"*(Fig. 5). This
oxidation corresponds to a reaction performed by the hyperthermophilic
archaeon Pyroccocus furiosus via AFO, another molybdopterin-containing
enzyme. The likeness of the habitat of this microorganism is even more
striking, as it lives near hydrothermal vents at 100 °C.

The described transportation role of the complex is also worth men-
tioning. The ability to extract nickel sulfide from minerals, to be later
redeposited after degradation, leads to new scenarios, where nickel-
catalyzed reactions like the reduction of double bonds™ can occur on pri-
mitive Earth. The change in polarity, from an ionic form into a highly
lipophilic organic form, could also lead to enhanced complex uptake into
vesicles with less permeable and hydrophobic properties. This aspect makes
the reported complex not only relevant for early prebiotic stages but also for
later stages during a transition from reactions in an aqueous bulk to an
evolving metabolism in protocells. Its chemical nature facilitates its intro-
duction into vesicular protocells. This hypothesis is strengthened by a
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recently published report of vesicle formation in the described set-up, where
the formed long-chain fatty acids showed the potential to form vesicles™.
The described complexity of the nickel-organo complexes has the
potential for the derivatization of this core motif for co-enzymes. Deri-
vatization of the elemental nickel bis(dithiolene) alters its reactivity and
potential to catalyze different reactions. The literature on nickel bis(-
dithiolene) complexes provides a large list of catalyzed reactions involved
in the energy management of microorganisms. The reduction of
hydrogen atoms to form hydrogen gas is among the most interesting.
Bis(dithiolene) nickel complexes lower the reduction potential required
for proton reduction resulting from formed acids’. Ameerunisha et al.
reported the reduction of protons from p-toluene sulfonic acid through a
nickel bis(dithiolene) complex’. The fact that this environment produced
a large diversity of unsaturated carboxylic acids from carbon monoxide
and acetylene” increases the relevance of this mechanism, as those acids
dissociate readily under aqueous conditions. The second origin of
hydrogen cations in the system is acetic acid. Another reduction per-
formed by those complexes is the reduction of CO, into formic acid™.
The ability of nickel bis(dithiolene) to act as an electron transporter and
to exist in several oxidation states lets it perform energy transfer roles.
The formation of carboxylic acids synergizes well with the redox
reactions catalyzed by this compound class. Metal-bis(dithiolene) com-
pounds are potent hydrogenases. Nickel bis(dithiolene) complexes can
reduce protons from organic acids to hydrogen gas’. One characteristic of
the investigated system is the production of many highly unsaturated acids
via Reppe chemistry"”’ and other acids. A compound reinforcing the sus-
pected hydrogen activation is propanoic acid. Acrylic acid is the primary
product of acetylene and carbon monoxide via the chemistry described by

Reppe in 1953%. Detection of its reduced form of propanoic acid” in the
mixture indirectly indicates a possible reduction with hydrogen gas.

In addition to its redox capabilities, bis(dithiolene) nickel compounds
act as intermediates for many organo-sulfur compounds™. One main
follow-up product of bis(dithiolene) nickel is thiophene, proven to exist in
large amounts in the investigated mixture™.

Electron transfer is a vital mechanism of all living systems and is
performed by NAD(H)/NADP(H) to allow ATP synthesis in extant
organisms. The fact that acetylene is transformed to a large degree into
aldehydes and additionally leads to a complex very similar to several active
centers in enzymes connected to the metabolism of those compounds is a
meaningful coincidence. A recent paper even showed its potential to oxidize
glucose into gluconolactone™. Extant enzymes with pterin co-factors con-
tain mostly molybdenum or tungsten. Yet nickel is a much more frequent
element on Earth”” with an elemental abondance of 1.86% compared to Mo
with 2.35 ppm and W with 180 ppb; therefore, the early existence of pre-
cursors of active centers with nickel is a plausible hypothesis. Additionally,
nickel is found in the active centers of 9 contemporary enzymes (known so

far)*. Further studies have to be performed to investigate what prebiotic
conditions allow for an exchange of nickel through molybdenum or
tungsten.”

Our findings revealed a pathway from acetylene to acetaldehyde via a
nickel-organo complex. This discovery strengthens the relevance of nickel-
organo compounds for the origin of life, as they now present an intermediate
product for a prebiotic synthesis pathway of higher aldehydes, the amino
acid alanine and potentially higher amino acids. Furthermore, this finding
now paves the way for investigations about the exact catalytical nature and
other roles in prebiotic chemistry of this nickel-organo compound.
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Fig. 5 | Overview of a potential scenario forming acetaldehyde from acetylene via
nickel bis(dithiolene). A Reaction scheme showing a plausible pathway under early
earth conditions leading to bis(dithiolene) nickel and its follow-up products.

B Structure of the molybdopterin cofactor in Pelobacter acetylenicus and the
enzymatic transformation of acetylene into acetaldehyde in a potentially more
modern body of water that, however, still contains acetylene.

Conclusion

This work showed the feasibility of forming bis(dithiolene) nickel under
simulated early Earth atmosphere imitating hydrothermal volcanic condi-
tions in the presence of acetylene. Even though the main nickel-organo
compound (C,H,S,),Ni is nearly water-insoluble, its spontaneous self-
assembly from acetylene allows its charged existence in water. We char-
acterized the structure of the detected nickel bis(dithiolene). We showed an
intriguing similarity between the transformation of acetylene to acet-
aldehyde by the tungstopterin co-enzymes and the formation of acet-
aldehyde via the degradation of the self-assembled nickel bis(dithiolene).
The structural resemblance between bis(dithiolene) and extant co-enzymes
supports the hypothesis that metal bis(dithiolenes) may have been among
the first protoenzymes. Altogether, our work explores an essential inter-
section between nickel bioinorganic chemistry and pterin biochemistry,
elucidating likely reactions at the earliest moments prior to the existence of
enzymatic catalysis.

Methods

Bottle setup

A 125 ml glass serum bottle was charged with 1.0 mmol NiSO,4 « 6 H,O
(99%, Aldrich) and sealed with a silicon stopper. The bottle underwent three
cycles of evacuation and argon filling, ultimately reaching a deaerated state.
Subsequently, the bottle was filled with argon-saturated water (calculated for
the end volume of 5 ml), with 1.0 mL argon-saturated 1 M Na,S (solid Na,S:
99.99%, Aldrich) solution, with 1.0 mL 1 M NaOH solution and finally with
60 ml CO and 60 ml acetylene (acetone-free), using gastight syringes for the
injections. Reactions were carried out at 105 °C. Following a reaction time of
up to 3 days, the reaction mixture was cooled down.

FT-ICR-MS analysis

Samples were taken from the serum bottle with a syringe and centrifuged for
5 min at 15000 rpm. 100 pl of supernatant were diluted in 900 ul methanol
and centrifuged to remove the precipitated salt. 70 pl of the centrifuged

sample were diluted in 930 ul methanol to obtain the final sample dilution.
Samples were measured in triplicates. All measurements were done in
negative jonization mode.

Analysis was performed on a high-field Fourier Transform Ion
Cyclotron Resonance mass spectrometer from Bruker Daltonics—Solarix.
The magnetis a 12 T magnet from Magnex. The mass spectra were acquired
with a 4 mega word (MW) time domain. The system was calibrated with
L-arginine clusters in negative mode (5mgL™" L-arginine solved in
methanol). For each sample, scans were accumulated in the mass range of
122-1000 amu. Ions were accumulated for 300 ms. The pressure in the
hexapole was 3 x 10~ mbar, and the pressure in the ICR vacuum chamber
was 6 x 107 mbar. An Apollo ii (Bruker Daltonics) ESI source was used.
The supernatant was injected via a microliter pump system (flow rate:
120 llh™).

Formula assignment was achieved through a network approach™.

LC-IM-Q-ToFMS analysis

LC-IM-MS/MS was carried out using a 6560 Ion Mobility LC/Q-TOF
system (Agilent Technologies, Santa Clara, CA) coupled with a 1290 infinity
II UHPLC (Agilent Technologies, Santa Clara, CA). Before the analysis, the
MS was tuned within the parameters recommended by Agilent. The sample
was injected onto a Waters ACQUITY UPLC BEH C8 (150 mm x 11 mm,
1.7 um) column, with a starting gradient of 99% ACN (LC-MS/MS grade,
Supelco LiChroSolv hypergrade for LC-MS) lowered linearly to 50% over
1 min with Milli-Q grade water and a total run time of 9 min at a flow rate of
0.2 mL/min. During the entire analysis, a reference mass mixture containing
purine and hexakis(1H,1H,3H-tetrafluoropentoxy)phosphazene (Agilent
Technologies, Santa Clara, CA) was introduced at a flow rate of 0.5 pL/min.
The MS method used negative polarity with all ion fixed 2 ramped mode
selected following drift time 0-59 with 10-40 CE in the second phase and a
mass range from 50-1700. The gas temp was set at 250 °C with a flow of
12 L/min. The nebulizer was set at 40 psi, the sheath gas at 320 °C with a flow
of 11 L/min, and vcap set at 5500 V. The IM measurements were conducted
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in N, gas at ~4 Torr and 25 °C with a trap fill time of 2000 s and release
of 300 ps.

The raw file was calibrated to the reference mixture using an IM-MS
reprocessor (Agilent Technologies, Santa Clara, CA), and the CCS was
calibrated using a calibration mixture (Agilent Technologies, Santa Clara,
CA) introduced to the IM-MS prior with a single field setting in Masshunter
IM-MS browser (Agilent Technologies, Santa Clara, CA) result was applied
to the sample measurement. Feature finding was carried out using an
automatic and unbiased option in the mass profiler, and the CCS value
resulted accordingly.

NMR analysis

D,0O (for analysis, Merck KGaA) was prepared with added sodium tri-
methylsilylpropanoate (2 mM) (98 atom %D, Aldrich) as the internal
standard. This solution was used to reference and quantify signals in 1D-1H
experiments. The pH of the sodium phosphate buffer was adjusted to 11
with sodium hydroxide. This solution was used to keep the dissolved
complex at pH 11. The buffer was deoxygenated by nitrogen purging.

Detection of degradation products

1D 'H spectra were acquired in triplicates for the dissolved complex in
deoxygenated buffered water (100 mM sodium phosphate at pH11) after 0,
15, and 30 h of incubation at 100 °C. The sample at room temperature was
prepared identically and measured after 30 h. 150 pl dissolved complex were
spiked with 40 pl phosphate buffer and 10 ul D20 containing 2 mM TSP.
The pulse program consisted of a simple 90° pulse followed by acquisition.
8 scans were acquired for each sample with a relaxation delay of 26 s and an
acquisition time of 4 s. On-resonance pre-saturation was used during the
relaxation delay to suppress the water signal. The optimized 90° pulse had a
duration of 10.35 ps. Relative quantification was done by comparing the
sum of the integrals after baseline correction of the hydrate single hydrogen
signal and the methyl hydrogens signal to the TSP internal reference inte-
gral. The average for every time point was calculated. The acquired FID was
apodized with an exponential function (LB = 0.3), and Fourier transformed.

Isolation of nickel bis(dithiolene)

We isolated the described complex from the aqueous solution via liquid-
liquid extraction with methyl tert-butyl ether (MTBE). 9 mL of the reaction
mixture was extracted with 3 x 9 mL of MTBE in a 50 ml falcon tube. The
MTBE phase became strongly violet after the vortexing of the two-phase
system. The MTBE phase was separated from the aqueous phase by carefully
pipetting the MTBE off. The 3 x 9 ml of MTBE were combined and dried
with an N, flow. After reducing the volume to about 1 ml, the residual
sample was transferred to a 1.5 ml glass vial that was weighed beforehand.
The residual sample was then dried to completeness and weighed to
determine the amount of solid in the glass vial. A dark blue solid remained in
the glass vial. This procedure was repeated three times for the two examined
gas ratios.

Data availability

The authors declare that [the/all other] data supporting the findings of this
study are available within the paper [and its supplementary information
files]. Further data that support the findings of this study are available from
the corresponding author upon reasonable request. All NMR spectra can be
found in Supplementary Data 1. Data for Fig. 4 can be found in Supple-
mentary Data 2.
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Color correlates with the bis(dithiolene)nickel signal

The color of the analyzed samples correlates with the intensity of the mass of nickel
bis(dithiolene). The bar plot presents the signal intensity at different time points. The
corresponding sample is located directly beneath the respective bar and displays the
reported color.
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Supplementary figure 1: Bar plot showing the correlation between the detected intensity for the mass 237.8554 and the
pinkish color of the prepared samples at different timepoints.




Reaction scheme and discussed compounds
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Supplementary figure 2: Reaction scheme overview. Panel A shows the hypothesized formation pathway of nickel
bis(dithiolene) and acetaldehyde. Panel B shows the structure of a molybdopterin co-factor found in extant enzymes.
*Unknown form.



Intensity normalized on the TSP (0.1mM) signal

Spectrum of dissolved nickel bis(dithiolene)
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Intensity normalized on the TSP (0.1mM) signal

Spectrum of dissolved nickel bis(dithiolene) after 16 hours
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Intensity normalized on the TSP (0.1mM) signal

Spectrum of dissolved nickel bis(dithiolene) after 30 hours
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Intensity normalized on the TSP (0.1mM) signal

Spectrum of dissolved nickel bis(dithiolene) after 30 hours at RT
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