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To Dr. Clara Immerwahr
Representing the ignored and inhibited half of scientists in the 20" century and beyond

And to everyone who struggles with injustice and inhumanity as she did



Ja, mach nur einen Plan!
Sei nur ein grofBes Licht!
Und mach dann noch ’nen zweiten Plan
Gehn tun sie beide nicht.
Denn fiir dieses Leben
Ist der Mensch nicht schlecht genug.
Doch sein hohres Streben

Ist ein schoner Zug.

Aus: ,,Das Lied von der Unzulanglichkeit menschlichen Strebens®,

Die Dreigroschenoper (1928), Bertholt Brecht.

Ay, make yourself a plan
They need you at the top
Then make yourself a second plan
Then let the whole thing drop
For this bleak existence
Man is never bad enough
Though his sheer persistence

Can be lovely stuff

From: ‘Song of the Insufficiency of Human Struggling’, The Three
Penny Opera (1928), Bertholt Brecht (Translation: Elizabeth

Hauptmann).
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Abstract

Life as we know it here on Earth manifests itself in countless forms, but all of them share three
fundamental properties: 1) They harness energy from their environment to fuel chemical
reactions. 1) These chemical reactions primarily involve carbon-based molecules. 1i1) Catalysts
accelerate the chemical reactions, thus even making them relevant for life.

But how and where did these catalysed reactions begin to run their course? The central
molecules of life must have had a tendency to form spontaneously on early Earth and organize
towards higher complexity, a process that was driven by the environmental conditions our
planet offered when life arose 4 billion years ago. At and before the beginning of life, the
fundamental properties listed above probably played a pivotal role, thus the conditions on early
Earth had to include an energy source, a carbon source and access to catalysts.

All three can be found in certain geochemical (‘serpentinizing’) systems: chemical
energy in the form of hydrogen (H»), a carbon source in the form of carbon dioxide (CO3), and
transition metals bearing minerals that can act as catalysts for the reaction between Hz and CO-.
Some anaerobic prokaryotes also use these two gasses—employing transition metals bearing
enzymes—to sustain their metabolic need for complex organic molecules.

In this thesis, the parallels between abiotic geochemical CO, fixation and biotic
processes observed in cells are examined. The aim is to find a transition point (or points) from

geo- to biochemistry at the origin of life.



Zusammenfassung

Das Leben, so wie wir es hier auf der Erde kennen, nimmt unzéhlige Formen an, aber alle teilen
sich folgende Eigenschaften: 1) Sie nutzen die Energie ithrer Umwelt um chemische Reaktionen
anzutreiben. 1) An diesen chemischen Reaktionen sind mafBgeblich Molekiile auf
Kohlenstoffbasis beteiligt. 111) Katalysatoren beschleunigen die chemischen Reaktionen und
machen diese dadurch erst relevant fiir das Leben.

Doch wie und wo haben diese katalysierten Reaktionen ihren Lauf genommen? Die
zentralen Molekiile des Lebens miissen sich auf der frithen Erde spontan geformt und zu
komplexeren Systemen organisiert haben. Dieser Prozess wurde von den Umweltbedingungen
angetrieben, die unser Planet vor 4 Milliarden Jahren zu bieten hatte, also dem Zeitpunkt, an
dem das Leben nachweislich entstand. Dabei werden die genannten zentralen Eigenschaften
des Lebens wahrscheinlich schon eine entscheidende Rolle zu oder sogar vor Beginn des
Lebens gespielt haben. Die Konditionen auf der jungen Erden mussten dementsprechend eine
Energiequelle, eine Kohlenstoffquelle und Zugang zu Katalysatoren umfassen.

All das lasst sich in bestimmten geochemischen (,,serpentinisierenden®) Systemen
finden: chemische Energie in Form von Wasserstoff (H2), eine Kohlenstoffquelle in Form von
Kohlenstoffdioxid (CO,) und Ubergangsmetall-haltige Mineralien, die als Katalysatoren fiir die
Reaktion zwischen H> und CO; fungieren kénnen. Auch einige anaerobe Prokaryoten nutzen
diese beiden Gase um mithilfe von Ubergangsmetall-haltigen Enzymen komplexe organische
Molekiile in ihren Stoffwechsel zu bringen.

In dieser Arbeit werden die Parallelen zwischen der abiotischen geochemischen CO»-
Fixierung und den entsprechenden biotischen Prozessen, die man in lebenden Zellen findet,
untersucht. Das Ziel ist es, einen Ubergangspunkt (oder Ubergangspunkte) von Geo- zu

Biochemie am Ursprung des Lebens zu finden.



Outline and aim of this thesis

This thesis approaches the question of how geochemical reactions on early Earth eventually led
to life as we know it. Many follow-up questions that are important pillars of origin of life (OoL)
research start to evolve from this starting point, among them: what geochemical reactions were
possible on early Earth? How did complex metabolic systems arise from simple reactions? Are
these the first reactions that ultimately led to life still imprinted in life today? Embracing the
premise that the answer to this last question is “yes’, this thesis focusses on modern biotic carbon
fixation found in anaerobic autotrophs, an important hint towards how metabolism could have
developed over 4 billion years ago.

To place the role of carbon fixation and metabolism a position within the framework of
the many topics that OoL research entails, an historical and future-oriented perspective is given
in Chapter I and Publications 1 and 2 contained therein.

Furthermore, CO; fixation will be explored from the standpoints of both biology and
prebiotic chemistry. The biological side constitutes a crucial approach, because it is widely
ignored within chemical approaches in OoL research. It is important to understand what life
does today, in order to build up a concept of how it began. This is elucidated in in Chapter II
(Publications 3-5).

The aim here 1s to find parallels between biological and geochemical H>-dependent CO»
fixation, concentrating on the acetyl-CoA pathway on the biological side and serpentinizing
systems on the geochemical one. Details of this approach will be found in Publication 6
(Chapter IIT). The focus lies on the available catalysts, assuming that the ‘right’ choice would
help us understand why anaerobic metabolism is what it 1s. A fitting setup and an analytical
method to analyse the products had to be established in order to conduct simple one-pot
experiments based on the conditions found in serpentinizing systems. The results of these
experiments are presented in Publication 7, and outlook towards future experiments is given in
Publication 8.

By providing insight into the many ways in which nature fixes carbon, it will be shown

that both abiotic and biotic pathways share many similarities.



Introduction

1. Abiogenesis: a tale of energy and carbon

1.1 In the beginning

The question “Where do we come from?’ has been fascinating and mfluential throughout the
history of mankind. Modern scientific hypotheses on the origin of life (OoL) on Earth emerged
with a deeper understanding of evolution and, to be more precise, of the origin of species
(Darwin, 1859). Charles Darwin concludes Chapter IV of his most pivotal publication, On the

origin of species by means of natural selection, with the following words:

“As buds give rise by growth to fresh buds, and these, if vigorous, branch
out and overtop on all sides many a feebler branch, so by generation I believe it
has been with the great Tree of Life, which fills with its dead and broken
branches the crust of the earth, and covers the surface with its ever branching

and beautiful ramifications.” (Darwin 1859, p. 119)

In that chapter resides the only illustration of Darwin’s treatise, a precise diagram of a
rooted phylogenetic tree. Looking at this abstract, schematic diagram, and the almost poetic last
sentence of the chapter, one cannot help but wonder what lies beneath the root of this “great
Tree of Life”.

Darwin asked himself this question later on and, in a correspondence with Joseph D.
Hooker (Darwin, 1871), came up with warm little ponds “with all sorts of ammonia &
phosphoric salts” which, with the help of external energy, could form “a protein compound (...)
ready to undergo still more complex changes”. This simple description by Darwin was actually
already quite progressive for the time. He described how, in his opinion, life-like processes
could have emerged abiotically, so out of chemicals that are incorporated within life today,
although he neglected to mention the element that provides the backbone of life: carbon. Many
different hypotheses on where, when and how the origin of life occurred have been proposed,

developed, debated, and, if possible, tested, since Darwin’s letter to his friend was written.
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Figure 1: One part of the fold-out diagram in Darwin’s On the origin of species

by means of natural selection. Darwin included the only illustration in his book
to facilitate the understanding of “the perplexing subject” of how the “principle
of great benefit being derived from divergence of character, combined with the
principles of natural selection and extinction, will tend to act.” (Darwin, 1859,

p. 108)

Since the 1860s, popular OoL theories amongst biologists were those directly connected with
the Darwinian view; that of a slow transition from non-living to living matter, a form of
‘chemical evolution’ (Moore, 1913). This was in contrast with a spontaneous generation of life
which was the predominant theory propagated throughout the 18® to 20® century (Farley, 1978;
Kamminga, 1988). It was—and for some still is—the conviction that, with enough time, simple
forms of life could develop from carbon-based compounds gradually increasing in complexity,
which meant that there were no impassable barriers in nature (Kamminga, 1988).

But there was a parallel, rather restrictive ideological development in the 19 century as

well: the protoplasmic theory of life (Huxley, 1869; Welch, 1995). Restrictive, because



protoplasm was defined by Thomas H. Huxley as “the physical basis and matter of life”
(Huxley, 1869, p. 3). In other words, protoplasm or the ‘cell substance’ was regarded as a single
unit and the OoL meant the origin of protoplasm. However, with time and the advent of modern
analytical methods came the insight that the cell substance was chemically far too complex to
be considered one single entity. It is likely that life could not have started with such a demanding
heterogeneous mixture of individual enzymes, proteins and other organic molecules that already
was perfectly functioning.

Nevertheless, this ‘one entity to solve it all’ approach 1s something that the OoL field
circled back to towards the end of the 20® century, when the RNA world hypothesis was
postulated. This will be briefly discussed further below (Chapter 1.3). In the beginning of the
20™ century, however, it became clear that what had to be solved was how one of these complex
systems could have emerged. A lot of biochemists chose to steer clear of opening this Pandora’s
box, perhaps because the problem could not be solved by one scientific discipline alone

(Kamminga, 1988).

1.2 “Boring from the two opposite ends of a tunnel”

For the first few decades of the 20® century, OoL research stagnated as scientists simply
avoided this seemingly unsolvable puzzle. But then, the first attempt for an interdisciplinary
scientific overview specifically on the OoL was put to paper, written by the Soviet biologist
and biochemist Alexander Ivanovich Oparin. His book, The Origin of Life, was published in
1936, with the English translation following in 1938 (Oparin, 1938). These and the following
extended editions of the book revived the OoL field by presenting new ideas and approaches in
organic and inorganic chemistry, comparative biology, biochemistry, geochemistry, and
astrophysics. Oparin looked deeply into the biochemical properties of life and, furthermore,
stated important considerations about the thermodynamics and kinetics necessarily involved in
the transition between abiotic and biotic processes (Oparin, 1957).

Oparin based his assumptions about the conditions of early Earth on geochemical studies
of the modern Earth’s crust, spectroscopic investigations of stars and planets, and the chemical
composition of meteorites. An important insight of these comparative studies was that the
Earth’s atmosphere was oxygen-depleted and of a reducing nature. This had been independently
proposed by J.B.S. Haldane a few years earlier in a short publication (Haldane, 1929). An
anaerobic, reducing atmosphere opened the possibility of building up carbon compounds from
more oxidized forms like carbon monoxide (CO) or carbon dioxide (CO»), instead of having

the equilibrium position of these reactions lie on the side of CO> (as it would in an aerobic



atmosphere). Knowledge of organic chemistry at that time was already advanced enough to
predict possible synthetic pathways, from formaldehyde to formate to amino acids and even
organic polymers.

Hypothetical access to more complex organic molecules allowed Oparin to consider the
role of coacervates after delving into the state of the art literature on colloids, that is,
suspensions of two substances that do not share the same phase (Ostwald and Kéhler, 1927;
Bungenberg de Jong, 1932). In a prebiotic context, Oparin considered coacervates as
microdroplets formed from hydrophobic compounds (organic or inorganic) in aqueous solution,
like small compartments, which, by most definitions, are a crucial prerequisite for life (Ruiz-
Mirazo, Briones and De La Escosura, 2014; Martin and Preiner, 2017). The ability of such
droplets to absorb and incorporate organic matter from the solution around them and utilising
it to grow and develop reminded Oparin of metabolic structures, for him they constituted a
possible link between prebiotic and simple biotic cellular systems (Kamminga, 1988). To this
day, the formation of organic (biologically inspired or not) microdroplets under various
conditions constitutes a large part of OoL research (Deamer, 1997; Jia et al., 2019; Jordan et
al., 2019).

Oparin viewed metabolism as a chain of coupled oxidations and reductions including
imtermolecular hydrogen transfer based on the biochemistry of his time (Kamminga, 1988). The
1dea of metabolism being one unit and, moreover, the elementary property of life, was central
to his theory. He compared the existing data of the different metabolic systems from existent
organisms and mapped a possible order for the evolution of the earliest organisms. With this,
he introduced comparative biochemistry, central tool in modern OoL and molecular evolution
research (Kamminga, 1988). In later editions of his oeuvre, he also elaborated on the role of
CO- fixation with H» as an important part of building up the necessary carbon compounds,
comparing the processes of what he knew from autotrophic carbon fixation, calling it the
“abiogenic (...) evolution of carbon compounds™ (Oparin, 1957, p. 139).

The overall unprecedented interdisciplinary approach of Oparin resulted in what is
known today as the ‘Heterotrophic origin of life theory” or the ‘Oparin—Haldane hypothesis’,
as 1t 1s credited to Oparin and Haldane. The latter was also was the first to mention the word
‘soup’ in context of the OoL (Haldane, 1929), which is why the expression ‘primordial soup’
1s common parlance today.

Oparin stated his opinion on how to approach research on the origin of life in a booklet
that preceded the first edition of his book by 12 years. The booklet did not include the chemical

and biochemical detail which made his later works so valuable, nor was it translated from



Russian into English before 1967. Thus, this early work was not recognized widely, although

Oparin’s idealistic roadmap towards a solution for the OoL puzzle is still relevant today:

“A whole army of biologists is studying the structure and organization of
living matter, while a no less number of physicists and chemists are daily
revealing to us new properties of dead things. Like two parties of workers boring
from the two opposite ends of a tunnel, they are working towards the same goal.
The work has already gone a long way and very, very soon the last barriers
between the living and the dead will crumble under the attack of patient work
and powerful scientific thought.” (Oparin, 1967, p. 234)

Oparin was perhaps over-optimistic about the upcoming scientific breakthroughs in
OoL research, but his message was clear: all disciplines have to pitch in in order to see the light
at the end of the figurative tunnel. His theory reflected this conviction. Formulated openly and
including the view of many disciplines, it was predestined to be flexible enough for scientific
progress (Farley, 1978). Oparin himself extended and changed his theory until his death in 1980
(Oparin, 1957; Kamminga, 1988). Even if researchers did not agree with parts of Oparin’s
theory, they were able to build on other aspects of it. Most important of all, parts of Oparin’s
hypotheses could actually be tested, something that resulted in probably the best known OoL
set-up—the Miller-Urey experiment.

1.3 Modem times, divided times

When Stanley Miller, under the supervision of Harold Urey, started setting up an experiment to
test Oparin and Haldane’s hypothesis of the primordial soup during his PhD thesis, his were not
the first chemical experiments central to the field of prebiotic chemistry (Miller, 1953).
Reactions like the Strecker-synthesis of amino acids from aldehydes, ammonia, and hydrogen
cyanide (Strecker, 1850) or the formose reaction, which is still widely considered the most
important prebiotic pathway from aldehydes to sugars (Butlerow, 1861) had already been
described a century earlier. Nevertheless, Miller’s experiment became a landmark because it
was tailored for OoL, it was based on an existing hypothesis, and was performed under
conditions that were considered to represent those on early Earth (Bada and Lazcano, 2003).
Miller circulated 200 mL water (H20) and ca. 20 mbar (Miller used the unit ‘20 cm H>O’) of
methane (CH4), 20 mbar of ammonia (NHz), and 10 mbar of hydrogen (H:) through a glass U-



tube, using electrical discharge to create free radicals. His observations over the one-week long

run are described in the Science publication of 1954

“During the run the water in the flask became noticeably pink after the
first day, and by the end of the week the solution was deep red and turbid. Most
of the turbidity was due to colloidal silica from the glass. The red color is due to
organic compounds adsorbed on the silica. Also present are yellow organic

compounds, of which only a small fraction can be extracted with

ether... ”(Miller, 1953, p. 528)

Miller then tested the resulting mixture for amino acids by paper chromatography and
was able to identify glycine, a-alanine and B-alanine. Two years later, with improved analytic
means he could also detect the amino acids sarcosine, d,l-o-aminobutyric acid, and o-
methylalanine. The major part of the acid fraction consisted of carboxylic acids like glycolic,
lactic, formic, acetic and propionic acid (Miller, 1955). In the gas phase, apart from the educt
gasses, Miller detected nitrogen (N2), carbon monoxide (CO), and carbon dioxide (CO-), the
latter two probably also reactants en route to the amino- and carboxylic acids he found.

These first de facto OoL experiments kicked off further experimental investigations of
prebiotic chemical reactions. This research provided constraints on the otherwise endless
possibilities of organic compounds available in various versions of early Earth environments.
Over the years many different OoL locations have been considered in terms of abiotic organic
synthesis (McCollom, 2013b). For example, at the time of the Miller—Urey experiments the
most favourable environment for the OoLL was seen as Oparin and Haldane’s primordial soup.
In the mid-1970s the discovery of deep-sea hydrothermal vents (Corliss et al., 1979; Baross and
Hoffman, 1985; Kelley ef al., 2001) led to hypotheses based on these locations and their
conditions. The same is true for more recent proposals that built theories around terrestrial hot
springs (Milshteyn ef al., 2018). These are merely a few of many proposed OoL environments.

A variety of hypotheses followed not only from the physico-chemical constraints of
different possible sites for the emergence of life, but they also led to the abandonment of
Oparin’s concept of looking at metabolism as a unity. When the catalytic properties of RNA
were discovered in the early 1980s in the form of ribozymes (Kruger ef al., 1982), the concept
of the ‘RNA world’ by Walter Gilbert quickly established a hierarchy of biomolecules (Gilbert,
1986). For many OoL researchers, the synthesis of RNA under ‘plausible’ prebiotic conditions
(Powner, Gerland and Sutherland, 2009) equalled the solution to OoL itself, since those



molecules unified both informational (genetic) and enzymatic (metabolic) properties (Orgel,
2004), both main attributes of life as we know it. Once there was RNA, life could become
established, and the role of other molecules and pathways within the metabolic system became
very insignificant, not unlike the (by then 100 years old) protoplasm idea, where one substance
was also thought to be the solution to all. Unlike the complex, mainly unknown composition of
protoplasm, the RNA molecule’s structure and chemical behaviour is well investigated and
currently seems to be something within reach in terms of laboratory synthesis. But fundamental
difficulties with the concept were formulated over the decades that followed. These include the
lack of templates for RNA polymerization (Shapiro, 2000) and the improbability of such a
complex molecule as RNA forming prebiotically without an established metabolic system given
that it is susceptible to destruction via hydrolysis (Oivanen, Kuusela and Lonnberg, 1998;
Preiner, Asche, et al., 2019). Also, geochemists point out that most of the ‘plausible’ conditions
that are deployed by typical RNA world experiments are not compatible with the reconstructed
environments of early Earth (McCollom, 2013b), something which is addressed in more detail
in this thesis’ Chapter I (Publication 1).

Often depicted in direct opposition to RNA world are ‘metabolism first’ theories (Orgel,
2008), which start from simpler molecules building up pathways and networks that can harness
energy more or less directly from geochemical sources before reaching genetic complexity
(Wachtershauser, 1997; Dyson, 1999; de Duve, 2003; Smith and Morowitz, 2004). The concept
‘from simple to complex’ is reflected in all theories for OoL, including the alkaline
hydrothermal vent approach described in Chapter 1.4 and, by extension, the publications
presented in Chapter IT and III of this thesis.

Many divisions within the OoL research community boil down to how carbon enters the
system. If carbon enters inorganically (mainly CO», sometimes CO), life is considered to have
had an autotrophic origin. In heterotrophic origin theories, the source of carbon is a reduced,
organic form, (Schonheit, Buckel and Martin, 2016). Heterotrophic origin theories started with
Oparin’s comparative biochemistry studies and are traditionally favoured by prebiotic chemists
(Oparin, 1957; Orgel, 2008), picturing the first cells living from complex organic molecules
synthesized abiotically, outside of the cell. Autotrophic theories are normally supported by a
biological perspective, where the first cells are usually considered to be autotrophs (Weiss et
al., 2016), building up organic carbon molecules from the already mentioned inorganic C1
sources. Evidence for these theories 1s also discussed in Chapter I (Publication 1) of this thesis.
Some have considered the division of autotrophic and heterotrophic OoL theories to be

misleading, as ecological trophic levels do not necessarily apply to biosynthetic pathways
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(Smith and Morowitz in “Workshop OQOL’09: Open Questions on the Origins of Life 20097).
A chemical distinction between autotrophic and heterotrophic origin models might be whether
the mechanisms of a metabolic pathway were conserved or replaced, and “whether the original
molecular inventory was similar to the universal core today” (Smith and Morowitz in
“Workshop OQOL’09: Open Questions on the Origins of Life 2009”, p. 398).

This said, life can be considered as a process harvesting the energy from constantly
occurring reactions—and the complex molecules and networks of life as side products of that
main exergonic reaction, to be more precise, a redox reaction, an electron transfer. Or, as the

biologist Bill Martin puts it: “Life is a chemical reaction” (Martin, 2011, p. 1).

1.4  One reaction to fuel them all?

There are a many facets to the origin of life, but throughout its research history, from Darwin
to Oparin and Miller, RNA world to metabolism first, primordial soups and lightning to
hydrothermal vents, the fixation (and thus hydrogenation) of carbon is central to them all. Some
would even say, that “the hydrogenation of CO; [is] life’s job™, an expression that was coined
by geochemist Mike Russell (Russell, 2019, p. 6). The hypothesis behind this expression is that
life was a way to harness the free energy stored in CO» in Earth’s atmosphere and ocean over 4
billion years ago. The chemical potential of CO; can be accessed via hydrothermally produced
H> (Martin and Russell, 2007). In the reaction of H> with CO», the equilibrium lies on the side
of reduced carbon compounds (Shock, 1990), so one could expect them to react spontaneously
to produce methane, water and heat (Shock, 1990). But due to kinetic barriers (Maden, 2000),
they do not do that, but life makes them react, or to be more precise, life forms like methanogens
make them react (Sousa and Martin, 2014; Weiss ef al., 2016). With enzymes, cofactors, and a
whole plethora of coupled reactions, life draws energy exclusively from the transfer of electrons
from donor to acceptor molecules (Morowitz and Smith, 2006). At life’s origin, the kinetic
barriers to the reaction of H, with CO; were overcome by abiotic catalysts. Depending on the
catalyst composition and on the environmental conditions (temperature, pH, pressure), a
complex series of reactions emerged, ultimately leading to the chemical reaction that is life
(Martin, 2011).

But how did this series of reactions start exactly? That is where the approach already
applied by Oparin—uniting comparative biochemistry and geochemistry—comes into play.
When deep-sea hydrothermal vents where discovered in the 1970s, they were quickly
established as possible sites for the origin of life (Corliss et al., 1979; Corliss, Baross and

Hoffman, 1981; Baross and Hoffman, 1985). The vent hypotheses were adapted with time and
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expanded by insights from biology (Decker, Jungermann and Thauer, 1970; Thauer,
Jungermann and Decker, 1977) and chemistry (Wachtershauser 1988, 1990, 1992), leading to
a theory built around alkaline, low-temperature hydrothermal vents, rich in iron sulfides
(Russell, Hall and Turner, 1989; Russell ef a/., 1993; Russell and Hall, 1997).

The evolution of the first metabolic cycles with the help of iron sulfides (‘iron—sulfur
world’) was hypothesized by Giinther Wachtershiduser (Wachtershauser, 1992), based on work
of Rolf Thauer and his colleagues (Thauer, Jungermann and Decker, 1977). In contrast to the
ron—sulfur world, which relied on iron sulfides as reactants/electron donors and catalysts to fix
COa, the theory around alkaline hydrothermal vent focused on the disequilibrium of two fluids,
using iron sulfides as a kind of membrane to separate the alkaline hydrothermal vent fluid from
the mildly acidic ocean to drive a pH gradient to electrochemically reduce CO, (Huber and
Wichtershiuser, 1997; Russell, 2019). At the time this theory was proposed, it was based on
experiments with chemical gardens in the laboratory, the existence of hydrothermal systems
with alkaline effluents was not confirmed.

The discovery of the vents themselves occurred over 10 years later, when Deborah
Kelley and her team discovered the Lost City alkaline hydrothermal field 15 km West of the
Mid Atlantic Ridge (Kelley ef al., 2001; Kelley, Baross and Delaney, 2002). The alkaline pH
1s a consequence of a process called serpentinization, a water—rock interaction through which
vast amounts of water are reduced to H», thus delivering the electron donor for the CO; fixation
in the effluent. Later on, studies suggested that the hydrogen dependent reduction of CO; could
be happening in serpentinizing systems abiotically, thus opening the possibility of prebiotic
CO: fixation (Klein, Bach and McCollom, 2013; Schrenk, Brazelton and Lang, 2013; Friih-
Green ef al., 2017). This process 1s explained in detail in Chapter III (Publication 6).

With increasing information on possible geological conditions and progress in
microbiology and bioinformatics, autotrophic carbon fixation pathways like the reverse Krebs
cycle ITCA) or the reductive acetyl-CoA pathway became associated with chemical and
geochemical reactions (Dayhoff and Eck, 1966; Thauer, Jungermann and Decker, 1977;
Wichtershiuser, 1988; Huber and Wachtershiauser, 1997). This led to the idea that these
biological pathways could be not only ‘biochemical fossils’ of the metabolic pathways in
already existing cells, but also ‘geochemical fossils’ from prebiotic times, before enzymes and
cofactors arose (Crabtree, 1997). The idea began to mature when geochemist Mike Russell and
biologist Bill Martin started to collaborate. Martin’s views on the pivotal role of hydrogen in
carbon metabolism fit in the geochemical setting alkaline hydrothermal vents provided (Martin

and Miiller, 1998; Martin and Russell, 2003; Russell, 2019). The geochemical bottom-up
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approach of the hydrogenation of CO: and the biological top-down approach, looking at
molecular evolution in cells, led to the same conclusion: that CO> fixation with H» is extremely
ancient (Martin and Russell, 2003; Russell and Martin, 2004; Martin and Russell, 2007; Russell,
Hall and Martin, 2010). The far-from-equilibrium system in alkaline hydrothermal vents not
only offered access to biology-like CO; reduction, it also offered small, almost cell-like
compartments, in which the development of catalytic networks separated from the environment
was 1maginable, leading to complex structures like RNA and proteins (Martin and Russell,
2007). It should be noted that today, various sub-hypotheses have developed based on alkaline
hydrothermal vents, a coherent alkaline hydrothermal vent theory does not exist. While some
are proposing methane as a carbon source instead of CO-, (Russell, Nitschke and Branscomb,
2013; Russell, 2019), others attach less importance to pH gradients or iron sulfides, as will be
elaborated on in Chapter III of this dissertation.

Modern bioinformatics makes it possible to reconstruct the biochemical pathways of the
first living cell, the last universal common ancestor (LUCA). LUCA links the abiotic phase of
Earth with the first evidence of microbial life, which is almost 4 billion years of age (Weiss et
al., 2016, 2018; Tashiro ef al., 2017). While the methods are refining constantly, it seems that
LUCA indeed lived from CO; fixation with H> via the acetyl-CoA pathway. This topic is
covered in detail in Chapter II (Publication 4). What makes the reaction of these two compounds
so appealing? To approach this question, one has to do so from different directions. Because in
the beginning, this had to be an abiotic reaction, not a biotic one. Abiotic CO»/H; reactions are
found both in geology and industry. In order to understand how and why nature could have

chosen this reaction as a starting point for life, no catalytic stone can be left unturned.
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2 COq;fixation across the disciplines

2.1  Well known and still not fully understood: CO,

Rarely are there single molecules, let alone their empirical formulae, that make it into common
parlance. But the most oxidized form of carbon, carbon dioxide, has become so crucial for our
understanding of Earth’s climate that its chemical formula 1s known to the broad public.

CO 1s one of the Earth’s most important naturally occurring greenhouse gasses, and as
such is directly responsible for making the planet warm enough for life as we know it to develop
(Kiehl and Trenberth, 1997). Situated in the atmosphere, greenhouse gasses absorb infrared
radiation coming from the Earth’s surface and reflect parts of it back to the surface, thereby
increasing the temperature to a pleasant 14 °C (Karl and Trenberth, 2003).

CO» is also the end product of the primary energy generation process of the 20® and 21
century, the combustion of organic material that was, millions of years ago, fixed by plants and
microorganisms via photosynthesis. By burning fossil fuels, large amounts of reduced carbon
are oxidized to CO; in short periods of time. The reverse process however, CO- fixation, is far
more complex, needs more resources and consequently takes more time than burning the carbon
equivalent of coal, oil or gas. This has led to a rapid increase of atmospheric CO; levels, from
a pre-industrial value of about 280 ppm to 379 ppm in 2005 (Solomon er al., 2007).
Geologically, this is a very short period of time. According to measurements of the Earth
System Research Laboratory at Mauna Loa on Hawaii, the current atmospheric global mean
concentration of CO> is 407.75 ppm (August 2019) and rising (7rends in atmospheric carbon
dioxide, 2019). This short-term rise of CO; concentration entails a concurrent increase of global
temperature which, if not constrained, is predicted eventually to have uncontrollable impacts
on the World’s climate (Pachauri and Meyer, 2014).

Besides drastically reducing the industrial processes that release most CO; into the
atmosphere, capturing and storing CO- in order to keep it out of the atmosphere (Carbon capture
and storage, CCS) and transforming CO; back into more reduced carbon compounds (Carbon-
to-Chem, C2C) are approaches that are being considered to decrease atmospheric CO- levels
(D’ Alessandro, Smit and Long, 2010; Li ef al., 2016).

Taking a closer look at this molecule that is so essential and simultaneously threatening
to life on Earth as we know it, the chances and caveats of reducing it to organic compounds
become clearer. Carbon dioxide is a linear, nonpolar molecule that holds strong polar bonds
between carbon and oxygen, resulting in a short distance between the atoms (1.16 A). The triple
point of CO», where the three phases coexist in thermodynamic equilibrium, lies at 5.1 bar and

—56.6 °C, which means at lower temperatures and higher pressures the gas becomes solid, at
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higher temperatures and higher pressures, the gas liquefies. Above temperatures of 31.1.°C in
combination with pressures above 73.8 bar, CO» turns supercritical (sCOz), a state in which it
exhibits properties between a gas and a liquid, a state that is widely used in industry for
extractions and other applications (Cvjetko Bubalo ef al., 2015). The electronic structure,
07%—C*?-07, reveals that carbon is susceptible to a nucleophilic attack, meaning electron rich
species can form a bond with it (Appel e al., 2013). Oxygen, on the other hand, is open to an
electrophilic attack from an electron poor molecule, atom or ion. CO; also has a large
quadrupole moment that can be described as two electrical dipoles sitting back-to-back and
pointing in opposite directions. This makes CO; interact well with polar environments—in
solution, gas phase or within solid frameworks (Buckingham and Disch, 1963; Choi1 and Suh,
2009; D’ Alessandro, Smit and Long, 2010). Compared to other atmospheric gases (Hz, N2, O2),
CO- 1s therefore very soluble in water: at 25 °C under 1 bar of CO; gas, 0.033 mol/L CO- are
dissolved in water (Appel ef al., 2013). Depending on the pH, either carbonic acid (H2COs),
bicarbonate (HCO53") or carbonate (COs”") is the predominant species, although equilibrium for
the hydration of CO to H>COs 1s only achieved slowly without catalysts. Carbon dioxide acts
as a Lewis acid (electron acceptor), while barely reacting with Brensted (proton donor) or Lewis
(electron acceptor) acids.

In order to be able to accept electrons, CO> has to be activated, meaning the C—O bonds
have to be weakened. This weakening 1s mostly achieved via the bending of the usually linear
molecule, making it easier for nucleophiles and electrophiles to interact with the corresponding
orbitals (Fig. 2). The lowest unoccupied molecular orbital (LUMO) of CO,—the molecular
orbital (MO) susceptible to electrons and thus nucleophilic attacks—is an anti-binding * MO.
Its wave function probabilities are strongly localized at the carbon atom, which enables the
transfer of electron density from a nucleophile into the LUMO. Bending enforces this reaction
by exposing the LUMO to the nucleophile. The highest occupied molecular orbital (HOMO) of
CO2 1s a non-binding T MO (Fig. 2). Here, the electron density and wave function probability
are localized as lone electron pairs of oxygen and thus open for reactions with electrophiles
(Appel et al., 2013).

The energy needed for activating the structural change that is the bending of the CO»
molecule is reflected in the very negative electrochemical potentials for one-electron reduction
of CO2to CO; " (E°=-1.9 V at pH 7) (Frese, 1993), which means that this reaction is highly
endergonic. In comparison, the coupled two-electron reduction from CO; to CO (E°’=-0.52V
at pH 7) and CO- to aqueous formate (HCOO™; E°’=—0.53 V at pH 7) can happen under mild

conditions.
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Figure 2: Molecular orbital (MO) energy level diagram for the linear CO-»
molecule. The depicted MOs are the binding m° MO, the non-binding © MO (the
highest occupied MO, HOMO) and the anti-binding ©° MO (the lowest
unoccupied MO, LUMO. Redrawn and adapted from Keene, 1993.

CO> can be reduced either with strong nucleophiles or when it is activated/bent well enough. In
biology, in order to avoid the necessity of strong nucleo- or electrophiles, nucleophilic and
electrophilic reactions are often combined within the active centres of the involved enzymes to
fix CO2 (Appel et al., 2013).

Biological pathways for CO- fixation use a variety of mechanisms and enzymes. From
making C—H and C—C bonds to cleaving C—O bonds, nature has had billions of years to develop
six (known) ways to process CO: (Fuchs, 2011). The first discovered and best known of these
six 1s the reductive pentose phosphate (Calvin-Benson) cycle, found in various autotrophic

prokaryotes and plants. It converts CO2, NADPH and phosphate (P;) from ATP into sugar

16



phosphates (Bassham, 1979). The other five autotrophic pathways that can turn inorganic into
organic material found in prokaryotes are: the reductive citric acid cycle (1TCA), the
dicarboxylate/4-hydroxybutyrate cycle, the 3-hydroxypropionate/4-hydroxybutyrate cycle, the
3-hydroxypropionate bi-cycle, and the reductive acetyl-CoA (or Wood-Ljungdahl) pathway
(Berg et al., 2007; Fuchs, 2011). If these five fixation pathways are compared, it becomes
evident that the reductive acetyl-CoA pathway requires minimal energy and links anabolism
and catabolism via its product, acetyl-CoA. The latter can be hydrolysed to acetate, a step that
releases ATP (Berg et al., 2010; Fuchs, 2011). This means, the acetyl-CoA pathway can be
linked directly to an energy providing process, which is crucial for a metabolic cycle. The
possible role of the pathway in building up a protometabolism is discussed in detail in the
publications included in Chapters II and III. The intermediate steps of the acetyl-CoA pathway
can be identified, and, as in industrial processes, transition metals play a key role, being
embedded in the active centres of the enzymes involved (Volbeda er al., 1995; Chabriére et al.,
1999; Dobbek er al., 2001; Jeoung and Dobbek, 2007; Martin, 2019).

While industrial CO; fixation processes are far less refined than those in prokaryotic
cells, research on homogeneous (catalyst in the same phase as reactants) and heterogeneous
(catalyst and reactant phases differ) catalysts for CO; reduction can help to deepen the
understanding of how C—C and C—H bonds form or C—O bonds are cleaved in biology. At the
same time, much knowledge can be retrieved from biology for industrial conversion of CO-.
Suitable catalysts would constitute a turning point in energy production (Bell, Gates and Ray,
2007). A good starting point for the search of such catalysts could be the metal-bearing active
centres of the enzymes that have been catalysing metabolic reactions of carbon for billions of
years. The activation of the CO; molecule seems to be the crucial point for its reduction. And
it can be promoted by catalysts. Recent calculations have shown that the CO, molecule interacts
strongly with magnetite (Fe3O4) and other surfaces, causing the linear molecule to bend and
thus activating it (Alvarez et al., 2017; Santos-Carballal er al., 2018). However, in order for
reduction to happen, not only does CO; need to be in the right state, but so do the electrons.
These electrons to a large extent—both in biology and chemical industry—come from a second

gas: hydrogen (H>).
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2.2 Source of electrons and energy: H,

The main source of electrons for chemoautotrophic, industrial and geochemical CO; fixation is
dihydrogen (Sleep ef al., 2004; Fuchs, 2011; Porosoff, Yan and Chen, 2016). There are two
main sources of naturally occurring H»: abiotic geochemical production (serpentinization) or
biotic biochemical production (hydrogenases, fermentation). Today, anaerobic autotrophs such
as methanogens grow mainly on H> of biotic origin, approximately 150 million tons per year
are produced by microorganisms and consumed by methanogens (Thauer et al., 2008, 2010).
Only a small fraction sustains itself from geochemically generated H», for instance in
hydrothermal vents (Thauer e al., 2010). When the first microbial lineages evolved, however,
the abiotic H» had to play a bigger role to supply the energy and electrons of ancient metabolism
(Thauer et al., 2010).

Hydrogen is a crucial electron source in chemical industry. It is central for all
hydrogenation processes, and for any kind of chemical reaction in which hydrogen is added to
another compound thereby reducing it. Catalytic hydrogenations are considered to produce the
largest product volume of all man-made chemical reactions (Kubas, 2007). For instance, all
crude oil is treated with hydrogen to remove non-carbon contaminations like sulfur or nitrogen.
Nitrogen 1s hydrogenated in large volumes as well. 141 million tonnes of nitrogen (N2) were
reduced to ammonia for production of fertilizers, plastics, fibres and explosives in 2015 (Kelly
and Matos, 2015). In general, H> on its own does not react very well, the two electron H—H
bond is very strong. Hydrogen can only become chemically useful when this bond is broken
and the two H-atoms are separated (Kubas, 2007). The homolytic cleavage of gaseous H, in
which the H—H bond is broken in the middle (Fig. 3a), is very endergonic by +436 kJ mol™.
The heterolytic cleavage—meaning one H getting both electrons of the bond, becoming a
hydride (H), and leaving a proton (H*) behind (Fig. 3b)—is less endergonic, but still requires
+200 kJ mol™. The mechanisms of H-H bonds splitting to form a metal dihydride complex
have been studied for a long time (Kubas, 2007).

The activation of H> 1s challenging and the mechanistic details are of great interest for
the development of suitable catalysts. H» was long assumed to be inert to further chemical
interaction, except in the case of weaker versions such as physisorption, where mainly van der
Waals force is acting between the adsorbed molecule and the surface (Kubas, 2007). Only in
the 1980s was an intact H> molecule shown to be coordinating ‘side-on’ to a metal complex by
donating its two 6-bond electrons to a vacant d-orbital of the metal (Kubas ez al., 1984), leading
to a stable, isolable 6-complex. Based on this discovery, further investigations made it possible

to sketch a mechanism from metal bound H> molecules to metal dihydrides (Fig. 3a).
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Figure 3: (a) Binding and splitting of H, on a transition metal complex
(homolytic cleavage); (b) Heterolytic cleavage of H> on a transition metal

complex. L = Ligand; M = Metal. Redrawn and adapted from Kubas 2007.

Metal dihydrides as a result of oxidative addition of H> to a metal centre have long been known
to be part of catalytic cycles of hydrogenation (Chalk and Halpern, 1959; Halpern, 1980).
Investigation of H>-complexes shows that the H> molecule 1s not physisorbed but chemisorbed
(involving the formation of chemical bonds between adsorbed atoms or molecules and the
metal), facilitating the splitting of the H—H bond. The formation of side-on H>-complexes are
the first step of the H—H bond cleavage (Kubas er al., 1984; Kubas, 2007).

Biology, of course, figured out how to activate and cleave H; about 4 billion years ago.
Autotrophic prokaryotes use hydrogenases, redox enzymes that were already present in LUCA
(Weiss ef al, 2016). H» was the source of electrons for primary production before
photosynthesis emerged (Martin, Bryant and Beatty, 2018). Hydrogenases can either use H> as
an energy source or dispose of leftover electrons as H>. There are three different kinds of
hydrogenases, all of them holding transition metals coordinated by varying ligands in their
active centres: [NiFe] (tracing back to LUCA), [FeFe], and [Fe] (Fontecilla-Camps and
Ragsdale, 1999; Thauer ef al., 2008; Thauer, 2011; Lubitz ef al., 2014). Here, similar side-on
coordination and bond cleavage is expected as observed in inorganic homogeneous catalytic
processes (Kubas, 2007).

Most of the intermediate constellations of the active centres of the three hydrogenase-
types have been determined via crystallographic studies, Fourier-transform infrared (FTIR),
and electron paramagnetic resonance (EPR) spectroscopy (a method using magnetic fields to
study materials with unpaired electrons), radionuclide labelling, and density functional theory
(DFT) calculations (Lubitz ef al., 2014). All three hydrogenases perform a heterolytic cleavage
of H», but do so in mechanistically different ways; the same applies to the reverse reaction, the
formation of Ha. The first step in heterolytic cleavage is to polarize the bond at an open metal

side, so while the proton (H") is accepted by a nearby base ligand, the hydride (H") remains
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bound to the metal. In the case of [FeFe] hydrogenases, H™ 1s bound end-on to one of the two
Fe atoms (Kubas, 2007; Siegbahn, Tye and Hall, 2007; Lubitz ef al, 2014). In [NiFe]
hydrogenases, H™ binds to both Ni and Fe (with help of an extra electron coming from Ni),
making the hydride more stable than the one in [FeFe] hydrogenases (Kubas, 2007; Siegbahn,
Tye and Hall, 2007; Lubitz ef al., 2014). The mechanism of [Fe] hydrogenases is less well
resolved (Lubitz ef al., 2014). In all hydrogenases, as in inorganic metal complexes, ligands
such as cyanide (CN") or carbon monoxide (CO) have great impact on the catalytic activity, as
they can draw electrons in and out of the complex, stabilizing or destabilizing certain spin states
of the transition metals (Kubas, 2007; Lubitz ef al., 2014).

Carbon—metal bonds, just like the ones formed between ligands and metals, are involved
in central enzymes and cofactors found in LUCA, hinting towards their possible role in ancient
chemical evolution (Martin, 2019). Electrons from H> are transferred to electron acceptors like
NAD", Faz or oxidized ferredoxins (proteins containing iron—sulfur clusters) for entry into
metabolism. While NADH and Fa2o can be considered H™-donors (two electrons), ferredoxin
donates single electrons. There 1s no known example of direct hydrogen transfer in biology
similar to synthetic hydrogenation. The path from activated H» to an ultimate electron acceptor
such as CO; traverses intermediate electron carriers. Investigating the mechanisms of
hydrogenases is of great interest for biotechnological hydrogen production (Friedrich, Fritsch
and Lenz, 2011) or biofuel cells for hydrogen oxidation (Vincent ef al., 2005), and to provide
a blueprint for designing new catalytic systems (Kubas, 2007; Lubitz ef al., 2014).

In current industrial practice, hydrogenation is the main large-scale hydrogen reaction.
While homogeneous catalysis is a new development for hydrogenation, heterogeneous catalysts
have been around since the late 19 and early 20" century. The Sabatier process, for instance,
the synthesis of CH4 from CO and H> over nickel catalysts, was first described in 1897. In the
subsequent decade, a large-scale process for the hydrogenation of nitrogen over iron catalysts
was developed (also known as the Haber—Bosch process). The mechanisms have been
mvestigated ever since (Ertl, 1983; Leigh, 2004; Kandemir e al., 2013), including of course,
how hydrogen reacts on and interacts with catalytic surfaces. As in homogeneous catalysis,
hydrogen can be adsorbed both as a molecule by physisorption and as H-atoms by dissociative
chemisorption. Physisorption of H> on surfaces only takes place under low temperature. For
chemisorption, hydrogen has to overcome the activation barrier and thus higher temperatures
are required. If the kinetic energy of the molecule is high enough, H> can be dissociated directly

on the surface of the catalyst. But also indirect chemisorption starting from the transient
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physisorbed state is possible; physisorbed H> molecules diffuse quickly on the surface and then
dissociate when the right catalytic site 1s met (Pisarev, 2012).

In summary, H> has to be activated to donate its electrons, CO; needs to be activated to
accept them. Both activations have to occur on the same catalytic surface in order to enable
CO; reduction. This applies to industrial hydrogenation, to biological CO- fixation, and
probably also applied to the origin of life.

2.3. From surfaces to enzymes

As outlined in the foregoing section, CO2 and H> can hardly react without being activated, their
itermolecular bonds are too strong and the activation energies are too high, unless they meet
on a compatible catalyst. Once the kinetic barrier is surmounted, the subsequent reactions can
run their course, depending on the conditions and the catalysts. The heterogeneously catalysed
reaction between CO> by H> has been studied extensively (Riedel ef al., 2001, 2003; Porosoff
etal.,2015; Rodriguez ef al., 2015; Porosoff, Yan and Chen, 2016; Wang, Feng and Bao, 2018).
The development of catalysts suitable for large-scale processes is still a challenge, mainly
because so little is known about why some catalysts work better than others.

Three types of reactions are established in industrial heterogeneous hydrogenation of
COa2: 1) the reverse water gas shift (RWGS) reaction to form CO; 11) selective hydrogenation
via formate, adsorbed to the surface ("HCOQO), which through several subsequent carbon and
oxygen hydrogenations and C—O cleavage leads to the formation of methanol (CH3OH) and
water (Appel er al., 2013); 111) combination of CO: reduction with Fischer—Tropsch (FT)
reactions, the latter being a hydrogenation reaction starting from CO. There, the initial
hydrogenation of CO> forms adsorbed carboxylate (*HOCO) species that dissociate to form
CO and OH. The intermediate CO then either desorbs from the catalyst or undergoes further
hydrogenation reactions to form CH3zOH, CH4 or other hydrocarbons ((—CH2—)x).

In all these pathways, CO- reduction is initiated by a hydrogen transfer when both
compounds are bound to the surface (Porosoff, Yan and Chen, 2016; Bdéller, Durner and
Wintterlin, 2019). The interactions between intermediate species and catalytic surfaces
influence the product distribution. For example, catalysts that bind carbonyls (*CO) strongly
favour methanol and hydrocarbon formation while weaker binding leads to free CO in the gas
phase (Porosoff, Yan and Chen, 2016). Additionally, the type of catalyst surface, and even just
small amounts of impurities, make a difference in product distribution. The literature on which
metals, additives, and surface compositions suit a certain catalytic process is vast, and illustrates

that catalyst development still relies on trial-and-error approaches because the efficiency of a
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catalyst is hard to anticipate before it is tested (Zambelli ef al., 1996; Wintterlin et al., 1997;
Porosoff ef al., 2015; Rodriguez ef al., 2015; Boller, Durner and Wintterlin, 2019).

Magnetite (Fe3O4) is one example among many industrial catalysts. It is also one of the
main components of industrial heterogeneous catalysts because it is stable, available and cheap.
In theory, the mixed valence state of the Fe-ions (Fe**/Fe*") enables the iron oxide to catalyse
both oxidation and reduction reactions (Cornell and Schwertmann, 2003; Santos-Carballal ez
al., 2018). Fe304 can accept and donate electrons, theoretically making it ideal for reactions
with both electron acceptors and donors such as CO> and H> (or N2 and H»). In practice, the
situation 1s more complicated. In the Fischer—Tropsch process, for instance, Fe3Oy4 1s used, but
it 1s not the working catalyst. The latter is a mixture of o-Fe (iron with a body-centred cubic
crystal structure) and the iron carbide FesC», both products of the reaction between the FT-
reactants CO and H» (syngas) and Fe3O4 (Satterfield er al., 1986; Hou ef al., 2012; Spreitzer
and Schenk, 2019).

Apart from the catalyst, there are other parameters that can influence the outcome of the
H,/CO3 reactions. These include the composition of the gas mixture, the reaction temperatures,
pressures, and, if aqueous, the pH. Each of these factors significantly affects the reaction
intermediates and products. That means that the same sets of reactions performed under less
well-defined conditions, as found in geological settings, lead to a broader product spectrum
than a streamlined industrial synthesis.

These ‘messier’ or ‘less yield oriented’ geochemical conditions for CO; fixation have
been explored in many directions. H> was not necessarily the primary electron source in such
experiments, but native metals, electrodes coated in metal sulfides, and metal sulfides (and
oxides) have been used in aqueous solution (Chen and Bahnemann, 2000; Guan er al., 2003;
He et al., 2010; McCollom, 2013a, 2016; Roldan et al., 2015; Miller ef al., 2017; Varma et al.,
2018). In many cases in which H> was not added, its presence as an intermediate, however,
cannot be excluded. Such studies constitute an important bridge between catalytic chemistry
and geochemistry and also focus on the important role of minerals as prospective catalysts for
CO- fixation (Camprubi ef al., 2017). Geochemists have investigated the chemical reactions
that occur naturally in serpentinizing systems, detecting low molecular weight carbon
compounds such as formate and methane (Kelley and Frith-Green, 1999; Holm and Charlou,
2001; Lang ef al., 2010; Schrenk, Brazelton and Lang, 2013; Etiope and Schoell, 2014; Etiope
and Ionescu, 2015; Konn ef al., 2015). Recently, even complex carbon compounds, including
the aromatic amino acid tryptophan, have been found preserved in rock samples from

serpentinizing systems (Ménez er al, 2018). While it is possible to distinguish carbon
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compounds from abiotic and biotic origin via carbon and hydrogen isotope signatures, the
mechanisms of the carbon compound synthesis inside such geochemical systems are still
unclear. Nevertheless, hydrogenation-like reactions between CO> (dissolved or bound as
carbonate) and the constantly synthesized H; are a very probably source, especially looking at
laboratory simulations under comparable conditions (Horita and Berndt, 1999; Miller ef al.,
2017; Varma et al., 2018). This thesis will pick up these approaches and elaborate on them in
Chapter III.

The question 1s, how does a geochemical process transform into something as elaborate
as the reductive acetyl-CoA pathway? The answer, whatever it is, almost certainly has to do
with catalysts. If the answer involves transition metal-containing surfaces, transition metal
complexes or transition metal-incorporating enzymes, then there would be continuity in
evolution from rocks as catalysts to proteins that incorporated the catalytic properties. This
basic idea has been common currency among biologists at least since the discovery of FeS
centres in ferredoxin (Dayhoff and Eck, 1966; Thauer, Jungermann and Decker, 1977;
Wichtershiuser, 1988). If we look at the formate route of CO> hydrogenation to methanol, it
has definite parallels with the methyl branch of the acetyl-CoA pathway (Fig. 4).

Acetic acid AcelgI-CoA
HOOCCH, H,CCO~

T Monsanto process

*CO "H,COH . _ - .
41 industrial biological
i Hydrogenation > HC
H,CO <«—| ' =9
2]
4 | ) 6e", 6H* = e
= *H,C00 <«—— == :
& | HH H NiFe —>»H(O)C—
. L1 2 - | P
HCOO «——| HH > HEOO
H A A1 A
2 Wiho 2e
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@ formyltetrahydrofolate

@ CO dehydrogenase (CODH)
and acetyl-CoA synthase (ACS)

Figure 4: The formate route in industrial hydrogenation processes for methanol
synthesis (left) and the methyl branch of the acetyl-CoA pathway (right) share
mechanistic parallels. The last step of the acetyl-CoA pathway, the carbonyl

insertion between the methyl group and the metal centre of the according
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catalyst, also has an equivalent in industrial processes. Drawn based on

information in Fuchs (2011) and Porosoff, Yan and Chen (2016).

In the industrial hydrogenation process, another H-atom adds to the adsorbed formate
(*HCOO), forming adsorbed dioxomethylene (*H>.COO), and from there, one H atom at a time,
methanol (*CH3OH) 1s formed on the surface (Behrens er al., 2012; Appel et al., 2013;
Porosoff, Yan and Chen, 2016). In the methyl branch of the acetyl-CoA pathway, similar steps
can be observed, the intermediate groups being bound to tetrahydrofolate and
tetrahydromethanopterin, respectively (Fuchs, 2011; Preiner, Igarashi, ef al., 2019). Also the
CO branch, which in the acetyl-CoA pathway is united with the methyl branch by the acetyl-
CoA synthase (ACS) to form acetyl-CoA, has a parallel in the abiotic approach: the RWGS
reaction (Ragsdale and Kumar, 1996).

The reaction between CO and the methyl group, biotically catalysed by the acetyl-CoA
synthase (ACS), also has an industrial equivalent: the carbonylation of methanol. The industrial
approach to synthesize acetic acid, now commonly known as the Monsanto process, was
described in the 1960s by BASF and Monsanto, both using homogeneous catalysts, namely
1odide-promoted metal complexes. The catalyst presented by BASF was based on cobalt, the
Monsanto catalyst on rhodium (Fuchs, 1986). Later, an iridium based version, the Cativa
process, was developed (Sunley and Watson, 2000). All three metal complexes catalyse the
msertion of CO into the carbon metal bond that is formed between the methyl group of methanol
and the chosen transition metal (Forster, 1979). A very similar mechanism 1s proposed for the
nickel bearing active site of ACS (Can et al., 2017).

The backbone of CO- fixation with H> is possibly a highly conserved reaction in
biology, as suggested by both biological and chemical data (Weiss ef al., 2016; Varma ef al.,
2018). This observation is interesting in an OoL context because not only 1s the biological
pathway ancient, it is compatible with geochemical observations in serpentinizing systems such
as alkaline hydrothermal vents, constantly producing a source of chemical energy (Hz) and the
prospective catalysts to utilize that energy. Iron oxides, iron sulphides, and zero valent
mtermetallic compounds can be found inside these systems, being renewed steadily by the far-
from-equilibrium system of which they form part (Klein and Bach, 2009). There 1s still little
known about the processes going on inside of these geochemical settings, hence they offer
opportunity for investigation and constitute a good starting point for the experimental part of

this thesis, the results of which are presented in Chapter III (Publication 7).
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[  Past and current concepts of origin of life research

As outlined in Chapter 1, chemical research on the OoL has about a century of history. It has
led to a diversity of ideas and has produced literature that became exponentially vast with time.
But one must start somewhere. This attempt is the subject of the two publications presented in
this chapter. Publication 1, an encyclopaedia article, presents a research starting point, a
stepping stone into OoL research. Publication 2 shows discussions, revelations, debates and
progress concerning the OoL research and aims to forge connectivity between disciplines and

different premises.
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Publication 1

Title:
Year:
Authors:

Published in:

Contribution:

Summary:

Origin of life, Theories of
2017
William F. Martin and Martina Preiner

Reference Module in Life Sciences, Elsevier Inc., Oxford.
doi:10.1016/B978-0-12-809633-8.02403-1.

Second author.
Medium: provided extensive literature research and contributed towards

writing parts of the text.

This encyclopaedia chapter provides an overview of the most pivotal
issues of origin of life (OoL) research, while giving a historical context

to the different approaches.
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Origin of Life, Theories of
William F Martin and Martina Preiner, Heinrich Heine University, Diisseldorf, Germany

(© 2017 Elsevier Inc. All rights reserved.

There are many facets to the problem of understanding life’s origin and equally many ways to address it. The origin of life can be
viewed from a variety of different standpoints: information theory (Yockey, 2005), RNA replication (Eigen and Schuster, 1977),
meteorite impacts (Brack, 2009), physics (Smith and Morowitz, 2016), spedific chemical synthesis (Powner ef al., 2009), geo-
chemistry (Martin and Russell, 2003), or entropy (Russell et al., 2013), to name a few. Common to all current theories for the
origin of life is the view that some kinds of molecules, probably similar to nudleic acids, were able to replicate and undergo
selection for the ability to replicate prior to the advent of fully fledged free living cells.

When it comes to addressing the origin of life as we know it, as opposed to considering forms of life that are imaginable, it is
helpful to connect ideas on the origin of life with the biology of modern microbes. This constrains the thoughts on the topic from
becoming too theoretical or otherwise decoupled from life (that which is to be explained). The properties of life and the nature of
living things focus thoughts about how or where life might have been arisen. Understanding which forms of life among the many
that we know are likely to be the most primitive is also important in understanding life’s origin, because it helps to narrow down
the many possibilities when it comes to trying to narrow the gap between spontaneous chemical processes on the early Earth and
biological processes in microbes with primitive metabolism. In the literature on the origin of life, four attributes of life recurrently
come up as central to the issue: compartmentation, information, replication, and energy.

Compartmentation

Because all life that we know is organized as cells, there is every reason to assume that the first forms of life were also cellular. It also
means that in the time before there were fully fledged free-living cells, there were simpler entities that were not capable of independent
replication in the wild (Ganti, 1975). Compartmentation is important for two reasons. First, whatever chemical synthesis one has in
mind for the synthesis of life’s building blocks, some kind of concentrating mechanism or barrier has to exist such that the products of
synthesis do not diffuse off into the oceans (Kuhn, 1972). Second, for any form of evolution to take place among replicating
molecules, the population of molecules has to be structured in some manner in order to permit selection to act. That is, selection for
new populations of molecules with new and different properties, for example, a catalytic activity or effidency of replication, cannot
occur unless the molecular populations are distinct. In an unstructured population of molecules, the fastest replicators, also called
parasites, will prevail (Branciamore et al, 2009). There are various thoughts about how early molecular systems might have been
compartmentalized from the environment to permit concentration and selection, these include evaporation on land, freezing in ice
(eutectic mixtures), or naturally forming inorganic compartments at hydrothermal vents (Martin and Russell, 2003).

Information

All forms of life have the universal genetic code. It is therefore reasonable to assume that a form of information processing that
involves the modern genetic code was also present in the very first forms of life as well. That is consistent with the observation that
the genetic code is one of the oldest and least modified traits of life as we know it (Wong, 1975). The genetic code is quite
complex. It requires the accurate loading of coding amino acids onto tRNA, tRNA-mRNA interactions mediated by the ribosome
(and ribosomal RNA). It is likely that earlier forms of the code were simpler than the modern code, using a two letter code, for
example, rather than three letter triplets. The issue of how the code arose is an unresolved problem (Koonin and Novozhilov,
2009), although theories strive to link the origin of the code to metabolism by suggesting that the amino and oxygen moieties in
the bases of the tRNA anticodon provided catalytic activity that synthesized the cognate amino acid on the tRNA acceptor stem, as
opposed to linking preformed amino acids with tRNA (Copley et al., 2007).

Replication

Replication has long been viewed as one of the most important aspects at life’s origin. For anything to evolve in a Darwinian sense,
it must generate copies of itself that differ to some degree from the original (natural variation) and exhibit properties that would
permit their differential success in a proliferation sense (natural selection). Since the pioneering work of Sol Spiegelman and
Manfred Eigen with a viral enzyme called Qp replicase, replication of RNA has stood in the foreground of thinking on the issue
(Spiegelman, 1965; Eigen, 1971). RNA can be replicated (like DNA) and can exhibit catalytic activity (proteins) making it
attractive as a precursor to both in evolution. Eigen's work in particular demonstrated the differential success of different RNA
templates to replicate in vitro. That established the concept of natural variation and natural selection among molecules prior to the
origin of variation and selection among cells. This aspect, in addition to replication plus catalysis, gave rise to the concept of
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evolution in an RNA world that preceded the evolution of cells (Gilbert, 1986). RNA evolution experiments are widely conducted
under laboratory conditions (Lincoln and Joyce, 2009). However, on the early earth, the chemical environment was harsh. There
were only rocks and water, there was the constant threat of diffusion into the ocean, UV light was abundant, as was constant
meterorite impact and widespread volcanic activity. Such conditions have little if any similarity with modern laboratory condi-
tions, a drcumstance that acts as a kind of watershed in origin of life theories as concerns the role of RNA. Proponents of the RNA
world point to the experimental accessibility of RNA replication as a model for early evolution, while geochemists point to the lack
of known environmental conditions that would allow an RNA world to arise or evolve.

Part of the replication aspect of origins concerns speed. The fastest replicators will incorporate all environmentally available
monomers into polymeric likenesses of themselves, thereby greedily consuming all available resources. Hence they will survive
much better and dominate under molecular selection schemes than other sequence variants (stability to hydrolysis being equal
among different sequences). But a fast replicating sequence variant might mutate so as to generate even faster variants, in which
case they would outcompete the slower ancestor and follow an evolutionary trajectory toward the fastest replicating sequence.
Once that locally optimal, fastest replicating sequence has evolved, mutational variants drift away from the optimum and generate
slower replicating progeny while duttering the sequence space (the sum of all possible sequence variants around the fastest
replicator). That concept of a locally optimal replicator and its less optimal variants was developed by Eigen in the context of
replication; such a replicator together with its variants is called a quasispecies (Eigen and Schuster, 1977).

Energy

Perthaps most essentially, all forms of life harness one or more sources of energy that are available in the environment. No form of
replication or selection or evolution among either molecules or cells can take place without energy release hence energy supply, as
stipulated by the second law of thermodynamics. As a consequence of that constraint, we can be rather certain that prior to the advent
of biological cells, prebiotic chemical reactions had to occur spontaneously. All spontaneous chemical reactions entail, in turn, an
overall exergonic reaction that supplies the free energy change needed for the reaction to take place (Thauer et al., 1977). This does not
mean that every single reaction in prebiotic evolution had to be exergonic. Many reactions in modem metabolism are endergonic. But
endergonic reactions are necessarily coupled to a main energy releasing reaction that the cell harnesses in order to drive metabolism
and the life process forward. In modern metabolism, the most widespread form of coupling is through adenosine triphosphate (ATP).
ATP hydrolysis releases energy, such that endergonic reactions can be coupled (enzymatically) to ATP hydrolysis such that the overall
reaction is energetically downhill and will thus go forward (Sousa and Martin, 2014). There are other forms of energy currendies in
metabolism besides ATP, these incdlude thioesters (Goldford et al, 2017), acyl phosphates (Schonheit et al., 2016), and reduced
ferredoxin, a small soluble iron-sulfur cluster containing protein that transfers low potential electrons in metabolism (Eck and
Dayhoff, 1966). These currencies are synthesized in what biologists call energy metabolism (the main bioenergetic reaction of the cell),
and are used to drive other reactions forward. At the origin of life, there must have been some sort of energy supply that drove the
synthesis of organic compounds forward to a level where complex polymers (peptides and nudleic acids) were formed. Among the
possible sources of environmental energy most often discussed are ultraviolet light, lightning, heat, and chemical energy (Kaufmann,
2009). If we look around among anaerobic chemoautotrophic microbes, only chemical energy is hamessed for energetic coupling.

As seen from the standpoint of biology, life is a side product or a byproduct of the main energy releasing (exergonic) reaction
that serves to drive all other reactions in the cell forward. Put more succinctly, life is an exergonic chemical reaction. The synthesis
of the very first chemical components of which cells are composed, often called the building blocks of life, must also have been the
products of exergonic reactions, because the second law of thermodynamics stipulates that chemical reactions can only go forward
if the overall reaction releases energy.

Molecular Networks

Living cells are side products of a main energy releasing reaction. Stated another way, metabolism generates life, not vice versa; the
main flux of carbon, energy, and nutrients through the cells generates the substance and organization of cell mass. For example,
acetogens channel 24 molecules of CO, through the cell as waste product (acetate) for every molecule of CO, that they incorporate
into cell carbon (Daniel et al, 1990). One of the longstanding puzzles in the origin of metabolism is the emergence of biochemical
networks. Recent progress on that topic has come from the investigation of autocatalytic networks (Hordijk and Steel, 2004;
Hordijk et al., 2012), which have shown that the elements of a chemical network need not provide much catalysis for other steps in
the network in order for flux through the system, hence net synthesis of the system itself, to increase. In the laboratory, chemical
networks with oscillatory properties have been constructed, using thioesters as the chemical energy source (Semenov et al,, 2016).

Two Main Theories for Carbon

As recently summarized elsewhere (Schonheit et al., 2016), a convenient structure to the problem is obtained if we sort theories on
the origin of life into two categories based upon the assumptions they entail regarding the nature of carbon metabolism in the
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earliest cells. By that criterion, theories about the earliest phases of evolution fall into two main categories: autotrophic origins
versus heterotrophic origins. Theories for autotrophic origins posit that the first cells fulfilled their carbon needs from CO,. Hetero-
trophic origin theories are based on the idea that the first cells lived from the fermentations of reduced organic compounds present in
some kind of rich organic soup. The main contours of the two theories as they interface with biology can be summarized briefly.

Heterotrophic Origins

Heterotrophic origin theories are traditionally favored by chemists (Bada and Lazcano, 2008; Miller and Orgel, 1974; Orgel,
2008). Seen from a biological perspective, heterotrophic origin theories have two main drawbacks. First, they do not connect with
the chemistry of modern cells. They start with cyanide (Levy et al., 1999), formamide (Saladino et al., 2012), or UV light-dependent
(Ritson and Sutherland, 2013) condensations. The conditions underlying heterotrophic origin theories are sometimes viewed by
geochemists as unlikely to ever have existed on early Earth (McCollom, 2013). Organic compounds delivered from space are seen
as a source of catbon for the first cells in some heterotrophic origin theories, however, catbon from space is an
unfermentable substrate and is furthermore chemically too heterogeneous to have served as a carbon source for the first cells
(Schonheit et al., 2016).

Autotrophic Origins

Autotrophic origin theories, by contrast, generally operate with chemicals that undoubtedly did exist on the anaerobic early Earth:
H,, CO,, N; and H,S. Transition metals and transition metal sulfide (FeS and FeNiS) centers play a crucial role in autotrophic
origin theories for several reasons. First, FeS and FeNiS centers serve as essential catalysts in the modern day core carbon and energy
metabolism of anaerobic autotrophs, as such they provide direct links between the origin of life and modern cells (Eck and
Dayhoff, 1966). Second, FeS and FeNiS minerals abound in anaerobic geological settings both today and on the early Earth
(Wichtershduser, 1992). Third FeS and FeNiS centers are naturally catalytic by virtue of their unfilled d and f electron orbitals,
which can readily hybridize to generate metastable bonds with carbon and nitrogen. Under the theory of autotrophic origins the
first cells satisfied their carbon needs from CO, (Schénheit et al., 2016).

Sementinization

In recent years, geochemical processes in modern hydrothermal vents have been characterized that resemble biological processes
germane to autotrophic origin theories. This development can perhaps be best summarized with the main keyword “serpenti-
nization” (Russell et al., 2010). During serpentinization, water is drawn by the force of gravity into cracks in the Earth's crust. At
depths of one to several kilometers and temperatures around 200°C, water reacts with Fe?* in the iron-magnesium silicates that
comprise the crust. Water is thereby reduced to generate molecular H,. The effluent of hydrothermal systems can contain up to 10
vol% or more H, (Etiope et al., 2011). H; is a useful currency of chemical energy for many modern microbes, in particular for
anaerobic autotrophs.

Geochemists have also discovered a modest variety of chemical reactions that are occurring naturally at hydrothermal vents
today that entail the synthesis of methane (CH,4) and other small molecular weight carbon compounds such as formate and short
chain hydrocarbons within hydrothermal systems (Schrenk et al., 2013; McDermott et al.,, 2015; McCollom, 2016). Methane can
be present in the effluent of hydrothermal vents at up to 2 mmol kg ™' (Schrenk et al., 2013) and can constitute up to 87 vol% of
the vent gas emission (Etiope et al., 2011), hydrocarbons in much lower amounts, formate has only been reported for some
systems (Schrenk et al., 2013). The mechanism of methane synthesis in hydrothermal systems is still uncertain (McCollom, 2016).
It might entail reduction of dissolved CO, or of rock-bound carbonate. Whether H, or reduced transition metal spedies in the crust
are the source of electrons for CO, reduction is not known.

Some modern microbes called methanogens belonging to the domain archaea synthesize methane from H, and CO; or C,
compounds (Thauer et al., 2008; Mayumi et al., 2013). To determine whether the methane produced in hydrothermal vents is of
biological (methanogenesis) or of geochemical (serpentinization) origin, geochemists use stable isotope ratios that involve
measuring the '>C/'*C and *H/"H ratios of the respective compounds. Such measurements cannot be fully explained here; let it
suffice to say that the *C/*>C and 2H/'H isotope signatures of methane produced by biological and geological processes can be
distinguished, geochemically produced methane being typically enriched in the heavier carbon isotope and depleted in the heavier
hydrogen isotope relative to biogenically produced methane (Etiope et al, 2011; Pedrera et al, 2016). In laboratory scale
serpentinization reactions, acetate and formate synthesis has been reported (Miller et al., 2017).

Ancient Microbial Lineages

Various lines of evidence suggest that anaerobic autotrophs are the most ancient lineages among microbes known today. Modern
anaerobic autotrophs thrive upon H,, which is continuously generated in serpentinizing geological settings at activities of the
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order of 10 mmol kg~! or more via disequilibria driven by rock-water interactions in hydrothermal systems. At such high H,
activities, and under strictly anaerobic conditions, the synthesis of cell mass from CO, is thermodynamically favorable. The core
pathway of carbon and energy metabolism in anaerobic autotrophs that inhabit such hydrothermal and deep crust environments
is the acetyl-coenzyme A (CoA) pathway, the most ancient of the six pathways of CO, fixation known (Fuchs, 2011) and the only
one present in archaea and bacteria.

The observation that spontaneous exergonic organic syntheses from H, and CO, occur today at hydrothermal vents suggests
that these processes are similar, if not homologous (Martin, 2012), to core energy-releasing reactions of carbon and energy
metabolism in methanogens (Thauer et al., 2008) and acetogens (Schuchmann and Miiller, 2014), which live from the reduction
of CO; by H,. Chemists are less taken by the similarity of the overall exergonic processes and tend to doubt in rather general terms
that there are any traces of ancestral metabolic processes retained in any modern metabolic pathways (Orgel, 2008). However, the
evidence is fairly solid that microbial communities have been thriving in hydrothermal vents for over 3.3 billion years (Westall
et al., 2012). From the biological standpoint, there is no strong a priori reason to assume that the energy releasing reactions from
which those ancient microbes harnessed energy were fundamentally different from those that modern anaerobes living in the same
environment use (Martin and Sousa, 2016). From the geochemical standpoint, there is no dlear indication that early biological
processes were fundamentally different from those still existing today in anaerobic environments (Amndt and Nisbet, 2012).
Investigations of microbial genomes support the view that the first cells lived from H, and CO, and that acetogens (bacteria) and
methanogens (archaea) are among the most primitive prokaryotic lineages currently known (Weiss et al., 2016).
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Abstract: Research on the origin of life is highly heterogeneous. After a peculiar historical
development, it still includes strongly opposed views which potentially hinder progress. In the 1st
Interdisciplinary Origin of Life Meeting, early-career researchers gathered to explore the
commonalities between theories and approaches, critical divergence points, and expectations for
the future. We find that even though classical approaches and theories—e.g. bottom-up and top-
down, RNA world vs. metabolism-first—have been prevalent in origin of life research, they are
ceasing to be mutually exclusive and they can and should feed integrating approaches. Here we
focus on pressing questions and recent developments that bridge the classical disciplines and
approaches, and highlight expectations for future endeavours in origin of life research.

Keywords: origins of life; prebiotic chemistry; early life; LUCA; abiogenesis; top-down; bottom-up;
emergence

1. Introduction

Understanding the origin of life (OoL) is one of the major unsolved scientific problems of the
century. It starts with the lack of a commonly accepted definition of the phenomenon of life itself [1],
but difficulties go far beyond merely that obstacle. OoL research involves a large number of diffuse
concepts cornering several natural sciences and philosophy, such as entropy, information and
complexity. Despite evidence that untangling this knot will require a concerted and collaborative
effort between different disciplines, technologies, individuals and groups [2], division in OoL
research is still marked, concerning both theories (e.g. RNA world vs. metabolism-first) and
approaches (e.g. bottom-up vs. top-down). What causes these on-going divisions, and how can
heated debates be moderated?

There is some consensus on a few points. First, the earliest undisputed fossil evidence places life
on Earth prior to 3.35 Ga [3] and molecular clocks suggest an origin prior to the late heavy
bombardment >3.9 Ga [4]. Second, the origin of life must have resulted from a long process or a series
of processes, not a sudden event, for the complexity of a cell could not have appeared
instantaneously. The OoL must have started from simple abiotic processes, involving one or more
sources of energy and matter (particularly CHNOPS: carbon, hydrogen, nitrogen, oxygen,
phosphorus and sulfur, the six most prevalent elements in life on Earth) forming protometabolism,
compartmentalization and inheritance. But strikingly, the list of agreements does not expand much
further than this. Several researchers have speculated on life forms different than the ones we know
and see on Earth—not based on cells [5] or even on CHNOPS [6,7]. Even if evidence for those
alternative life forms has yet to be found, here we do not exclude their possibility. Throughout this
text we will focus on life as we know it, which insofar as has been demonstrated is all based on
individual cells with metabolism, genetic inheritance and compartmentalization.

The list of individual theories, ditferent lines of experimental and theoretical research and
diverse views on the OoL is extensive and eclectic. It is not the purpose of this article to be a
comprehensive review of all of those. Rather, based on discussions that took part in the 1st
Interdisciplinary Origin of Life meeting for early-career researchers (IOoL), we present a forward-
looking perspective on how discontinued discourses on the OoL can be (re)united in a new mosaic
with resolution and meaning. We reflect purposely on individual topics causing the most distressing
divisions in OoL research, most of which result from classical separations between disciplines and
theories that date to decades ago. We then portray examples of bridges being built between classically
opposed views and finish by providing a roadmap for future dialogue and evidence-based research
in OoL.
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2. Classical Divisions in Origin of Life (OoL) Research

2.1. Top-Down versus Bottom-Up: Where To?

Classical OoL research has gained from synthetic or bottom-up approaches, aiming at
synthesizing de novo the building blocks of life (and assemblies of them), and top-down or analytic
approaches, which start from living systems, deconstruct them into their parts and survey their
properties. But while most origins questions (e.g. that of the universe, atoms, continents or social
structures) are usually led by ‘their’ disciplines with small contributions from others, the OoL has
been peculiar in calling multiple subjects to play major roles.

Chemistry focused on the heavy lifting at the bottom-up, synthetic side of OoL research.
Chemical reactions potentially relevant to life’s beginnings date back as far as 1828 with Wé&hler's
urea synthesis [8], a landmark for the birth of organic chemistry. The year of 1861 brought Butlerow’s
formose reaction [9], which generates a mixture of carbohydrates from formaldehyde through an
autocatalytic mechanism that came to be appreciated by the OoL community nearly a century later
[10]. The launch of the chemical origins field occurred with Miller’'s experiment in 1953, based on
Oparin and Haldane’s theoretical work (see “Section 3. Building Bridges”), synthesizing a mixture of
organic compounds (including essential amino acids) from water, methane, ammonia and hydrogen
using electric discharges [11,12]. Later, significant advances were made with the synthesis of
phospholipid membranes under prebiotic conditions [13]. The synthetic quest continued with efforts
focusing on the synthesis of amino acids (usually involving the Strecker or the Biicherer-Bergs
synthesis), sugars and nucleobases (usually based on the formose reaction and the chemistry of
nitriles and their derivatives); for thorough recent reviews see [14,15] and references therein. Progress
is scarcer in understanding the polymerization of proto-biological monomers into oligomers. Recent
achievements include RN A synthesis assisted by ribozymes [16,17] and lipids [18]; polymerization of
carbohydrate monomers [19] and peptide-bond formation at the water-air interface [20], under
dehydration-hydration conditions [21] and in mineral interlayers [22]. Synthetic biology worked on
the assembly of more complex features, as the synthesis of a whole bacterial genome [23] and of a
viral cDNA genome that was transcribed, translated and replicated without cells [24].

Given that virtually all of the origins hypotheses are non-falsifiable, the diversity of the bottom-
up approaches mentioned here has led to an important question: to what extent do the experimental
synthetic advances resemble what actually happened at the OoL? With the complete set of inorganics
and ready-synthesized organics at its disposal (plus a wide range of experimental conditions), the
bottom-up approach parallels an artistic endeavour that can paint both abstract and realistic pictures
of the first biomolecules and their assemblies. For this reason, to constrain the experimental space,
clearer pictures of i) the fundamental features of life, ii) ancestral life forms and iii) the environmental
conditions at their origin are urgently required.

Surprisingly, biology has played a modest part in the search for the OoL [14,25]. A closer look
reveals possible reasons for this (quantitatively) sparse involvement. Biology is complex and its
numbers are vast: the queue of living species is long, and only recently did technology to start
exploring their workings within new disciplines (e.g. biochemistry, molecular biology and genetics)
become available. Looking at microbes only, recent estimates point to 1 trillion different species on
Earth [26] and orders of magnitude more bacterial cells on the planet than the number of stars in the
known universe. A single one of those cells can have at any given moment 2—4 million expressed
proteins [27]. By looking at whole living systems, biology has much in its hands, and a gap still
remains between i) experimental biology looking at specific mechanistic aspects in a cell or organism
(e.g. metabolism, particular enzymes or pathways) and ii) the larger (yet microscopic) picture of how
life as a whole started, which falls out of the traditional interpretation of the theory of evolution [28].
Were there mechanisms that drove variation and selection before genomes?

One could say that the top-down approach kick-started when a small number of biological
species were compared, the mechanism of speciation was uncovered and the theory of evolution
formulated, in parallel with the discarding of spontaneous generation [29]. Yet, the bona fide dawn
of top-down approaches in the OoL question would not come to be until the genomics era. Modelling
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early evolution and the OoL required a precise and holistic way to trace species back in time, and
that came first in the form of genome sequences. Prokaryotes, the simplest forms of cellular life, are
increasingly supported by evolutionary studies as the oldest lifeforms, and thus of utmost
importance for OoL research [30]. The first comparison of prokaryotic genomes revealed a conserved
set of 240 genes [31]. Later, the exponential growth of the number of sequenced genomes came with
a daunting realization: the prokaryote world is highly diverse, full of redundancy with non-
orthologous gene displacements (unrelated sequences encoding the same biochemical function) and
lateral gene transfer [32], and the intersection of genomes shrank to a mere handful of ribosomal
genes [33]. The search for the genetic content of LUCA —the Last Universal Common Ancestor—
using the classical comparative top-down approach had thus stagnated. Some argue that the gap
between the OoL and the biochemical wiring of LUCA is so vast that whatever constituted the
chemistry leading to the earliest life could have been rewritten multiple times, and changed beyond
recognition to then become LUCA [34]. Others argue that even if a good reconstruction of LUCA
cannot determine the chemistry at the OoL, universal biochemical features can meet with OoL
chemistry by advancing experimental and analytical methods [35]. Parallel but relevant to this line
of thought, a new biological concept has been devised — the IDA (initial Darwinian ancestor) [36] also
called FUCA (first universal common ancestor) [37], the first entity that could be considered capable
of evolution.

The bridging of all the critical advances made by chemistry’s bottom-up and biology’s top-down
approaches seems to be an indelible requirement for the advancement of the OoL field [38—40]. It is
not impossible to envision these seemingly non-overlapping approaches to be reconciled by
incorporating expertise from other fields. Indeed, disciplines beyond classical biology and chemistry
have much to contribute. Before exploring those contributions, we elaborate further on disputes in
OoL research by briefly focusing on another particular format of OoL theories: the prebiotic ‘worlds’.

2.2. One Origin, Abundant Worlds

The relative abundance and distribution of building blocks of the main classes of biomolecules
~4 Ga ago on Earth is still elusive and a matter of strong debate [15]. Based on earlier suggestions
[41], RNA emerged among all biomolecules in a privileged metaphor that would cement and
permeate OoL research for decades to come—the ‘RNA world’ [42]. Ribozymes constituted a
shocking and promising discovery: there was now genetic material that was catalytic as well [43,44].
Many found the metaphor appealing: a world with a jack-of-all-trades RNA molecule, catalyzing the
formation of indispensable cellular scaffolds, from which somehow then cells emerged [45,46]. Others
were quick to notice several difficulties with that scenario. These included the lack of templates
enabling the polymerization of RNA in the prebiotic complex mixture [47] and RNA’s extreme
lability at moderate to high temperatures and susceptibility to base-catalyzed hydrolysis [48]. The
‘metabolism-first’ theory emerged independently [49-52], standing in favour of simpler molecular
networks harnessing energy from geological disequilibrium leading to the emergence of genetic
complexity. The RNA world and the metabolism-first theories have often been portrayed in stark
opposition to each other [53,54], leading the OoL field to an unprecedented division. Ever since, other
prebiotic worlds came to light with their own preferred class of biomolecules and significant insights,
e.g. the protein (or peptide) [39,55,56], lipid [57,58], coenzyme [59], and even virus [60] worlds are
some of the most popular theories for the order and/or relevance of appearance of biomolecules on
Earth.

Each prebiotic world generated invaluable insight on its own class of biomolecules, but also
proposes a privileged, precursory function for them. This privileged position imposes a sequential,
stepwise hierarchy on the OoL timeline: subsequent takeovers by the next world(s) until a living cell
originates. Still, the question of which class of biomolecules initiated the OoL is a loaded question
[61]. All known living cells contain DNA, RNA, proteins, lipids, coenzymes, and other metabolites—
and the earliest cells as those known on Earth would have had to fulfil these minimal cell
requirements [62]. There is a strong argument to be made for the emergence of essential biomolecules
to have been (at least to some extent) contemporaneous and interdependent. More importantly, the
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origin of biomolecules needs to be distinguished from the origin of cells, and life. Cells are not mere
collections of their chemical components, but highly dynamic, complex systems with multiple
interlocked processes involving those components. For this reason, the emergence of life cannot be
distilled down to biomolecular retrosynthesis only. This appeal is not new, Kamminga asked
biochemists to focus on processes rather than on pure retrosynthesis more than 30 years ago [54]. If
common requirements between the origin of each biomolecule are found, they may provide
necessary constraints for the OoL problem. Ultimately, for the emergence of biomolecules to be
relevant for the OoL, it should be tightly linked with their participation in dynamic processes
characteristic of life (e.g. replication, energy coupling and compartmentalization). These are some of
the reasons why bridging different prebiotic worlds, with all their conceptual advances, is an urgent
endeavour.

3. Building Bridges

3.1. Pressing Questions in OoL are Interdisciplinary

Insights from classical approaches, hypotheses and ‘worlds” have led to many advances, but
they have also resulted in an ideological isolation that is possibly hindering progress in the OoL field
[35,53,63—67]. A need to link different disciplines and approaches becomes evident looking at, in our
view, the most central questions that should be addressed (Figure 1). These and other questions were
identified before [68]. Only cooperation can push their answers forward — in both bottom-up and top-
down directions. This is truly not an innovative line of thought. Aleksandr Oparin formulated it in
1924 in a comprehensive way:

“A whole army of biologists is studying the structure and organization of living matter, while a no less
number of physicists and chemists are daily revealing to us new properties of dead things. Like two parties of
workers boring from the two opposite ends of a tunnel, they are working towards the same goal. The work has
already gone a long way and very, very soon the last barriers between the living and the dead will crumble
under the attack of patient and powerful scientific thought.” [69]

What were the What is life? How did the
first "cellular” genetic code
boundaries? emerge?

N ; )

PHILOSOPHY

How did energy ,/ How important are

- < / -life @55
coupling arise? ~ F non: .il_f{né rf;uf(;;rsnefs for
I I [

. /s
_CHEMISTRY /BloLogy -~

What were the
mechanisms leading to
simple catalysis and
complex metabolism?

Are there universal
geological —
requirements for life?

s
Is there life elsewhere How did
and if so, what are its homachirality
biosignatures? arise?
y INFORMATICS MkTHEMATICS\\\
How much variation Was there
and selection is there in Was life's origin self-replication before
abiogenesis? improbable or genelics?
inevitable?

Figure 1. Current central questions in origin of life (OoL) research. In order to find answers, each of
the natural sciences illustrated has to play a role by converting these questions into hypotheses and
theories, while constantly testing them experimentally. The fundamental roles of philosophy,
mathematics and informatics are portrayed in the background.
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Both Oparin and Haldane proposed independently integrative theories for the OoL in the 1920s
[70]. Their ‘Heterotrophic origin of life theory” was one of the first approaches to describe a slow
transition between a non-living primordial ‘soup’ (Haldane) and living cells. Oparin was the first to
integrate data from geochemistry, chemistry, planetary sciences and biochemistry in his seminal work
proposing different prebiotic and biological stages [54,69]. His words, quoted above, now almost 100
years old, were optimistic. The “very, very soon” has not happened to this day — there is still a pressing
need to bridge (or, in Oparin’s words “tunnel”) top-down and bottom-up approaches. Every attempt
to reach over to “the opposite end of the tunnel” opens ways to new data and/or new data
interpretations. Cross-disciplinary collaborations can lead to innovative discoveries when new
information from discipline A challenges the status quo in discipline B [71]. This forces researchers to
formulate new approaches and leads to progress. ‘Outsider information' like that may help to find a
middle ground for irreconcilable hypotheses or theories (see also “Section 4. Towards the Future”) [72].

The OoL question benefits greatly from crossovers of scientific disciplines, each of which brings
its specific skills to the table. Chemistry supplies the knowledge of the construction kit, and physics,
for instance, the energetic boundaries for the assembly of life [73,74]. Biology is confronted with
bigger pictures, providing the roadmap from extant life to its origins via data collection and analysis
(from multiple ‘omics’ technologies [75] to the study of elaborate microbial communities [76]).
Geology and other geosciences help unfold the possible timeline and set the environmental
constraints for the OoL (terrestrial and/or extraterrestrial) [77,78]. All of the above disciplines rely
heavily on engineering, mathematics and informatics. Finally, philosophy provides a structure that
allows scientists to ask the right questions following the rules of reasoning and argumentation,
avoiding the traps of non-sequiturs and other logical fallacies [2,49].

An important first step in connecting disciplines is making the borders between them fully
permeable. In the past 50 years, several interdisciplinary fields developed and paved the way for new
research. For OoL in particular, astrochemistry, astrobiology and their search for biosignatures in the
universe had a significant impact. These disciplines focused on physical and chemical processes that
could lead to biotic or prebiotic systems on other planets [79] (Figure 1). One example is the discovery
of subsurface oceans on icy moons, which extended the concept of habitable zone from the inner to
the darker, colder places of the outer solar system [80]. Both complex, large insoluble organic material
and low mass, reactive and soluble molecules, have been found in the subsurface ocean of Enceladus
[81,82]. Large molecules have also been found in the atmosphere of Titan [83].

How does the need for discipline crossovers and permeability translate into practice? To
illustrate this, we will use three central questions—all concerning essential cellular processes—as
examples: (i) how did energy coupling arise, (ii) what mechanisms led to metabolism, and (iii) how
did the genetic code emerge?

Life on Earth couples energy-releasing (spontaneous) reactions to energy-demanding (non-
spontaneous) ones, capturing energy from its environment and eventually dissipating it as heat. This
enables cellular processes such as growth and division. But how did this sophisticated system
develop? Today, energy-coupling is mediated by enzymes which, acting as engines, funnel energy
released from the cell’s diet into chemical energy. This energy is stored in a thioester linkage (as in
acetyl-CoA), a phosphate-ester bond to carbon like in acetyl phosphate or a phosphate bond in the
adenosine triphosphate (ATP) molecule [84]. These molecules are commonly known as energetic
currencies in cells and mediate energy coupling by transferring energy between non-related
biochemical processes. Are energetic currencies indispensable or exchangeable within existing
metabolisms? To answer this biological insight on different species and pathways is crucial [85]. In
order to find out if energy coupling was necessary for life’s first steps (still a subject of debate) several
alternative energy currencies have been proposed and tested, for instance high-energy phosphates
[86] or thioesters [87]—as it is known that cells use both, often sequentially (e.g. the production of
ATP is sometimes mediated by thioesters). From there, further questions emerge: how did these
energy-storing molecules become coupled and implemented into life as we know it (or: what was the
order of entry of such heteroatoms as nitrogen, sulfur and phosphorus into proto-life’s chemistry)?
Here, it would be helpful to look at different geochemical conditions to explore under which

38



Life 2020, 10, 20 7 of 25

conditions these couplings could be possible. Although the answers are still unclear [88], discovering
them will be pivotal to understanding the transition between non-living and living systems [84,89].

The question of energy coupling is directly linked to the question of what geochemical
mechanisms led to complex cellular metabolism. A systematic search for metabolism’s beginnings
(i.e. protometabolism) requires a clear and agreed-upon definition of metabolism, yet to be
developed. This definition should start from the molecular level and the fundamental physical
driving forces (kinetics vs. thermodynamics) [90], leading to combinations of chemical reactions,
ultimately giving rise to a complex network [91,92], governed by a set of rules and boundaries [93,94].
Starting from known biochemical pathways one can deduce a conserved network that could sustain
itself without enzymes [95-97]. The feasibility of such top-down analysis reducing the complexity of
biological metabolic networks has to be tested in a bottom-up laboratory setting [98-100]. Conditions
for these laboratory experiments can either be inspired by known geological environments, or a set
of favourable conditions can be searched among existing geological settings and/or models. Such
comparisons and convergences between biochemical and geochemical conditions, reactions and
products can help to unveil environments where metabolic pathways and networks could emerge
[101-103]. This applies not only to the early Earth but also other locations elsewhere in the universe
like Enceladus [81,104]. Certainly, the same methodological rules will apply to other angles from
which the OoL question is tackled: researching compartmentalisation, reconstructing the
characteristics of LUCA, studying molecular replicators and precursors to genetics —hardly can we
envision any of these succeeding in isolation.

Along with metabolism, life is based on another equally-important fundamental principle-
inheritance, also described as “information that copies itself“ [105]. As discussed (see “Section 2.2.
Omne Origin, Abundant Worlds”), a better question than “which came first, information or
metabolism?” would be: does the emergence of one have common properties with the other? In other
words, perhaps we will know that acetate originated before ATP, but the emergence of metabolism
and inherited information as complex systems was most likely interdependent and simultaneous.
This directly leads to the fundamental question of how and when metabolism and information
storage became linked. Nature’s elegant solution is the genetic code, the origin of which remains a
true enigma.

Different hypotheses exist for the origin of the genetic code, often depending on assumptions of
the different hotly debated prebiotic conditions. Ribozymes show that RNA can harbour both
catalysis and genetics, and there is support for the capability of RNAs to aminoacylate [106].
However, the code today is self-referential, that is, the mapping between amino acids and codons
heavily relies on encoded proteins. When, why and how did non-coded peptides become involved?
For the origin of the involvement of peptides in the genetic code, the conjecture that they are a
superior catalyst is not enough, especially because they only have a supporting but not catalytic role
in the ribosome [107]. Therefore, we must justify likely proximal selective advantages of using amino
acids and simple peptides in the context of RNAs. These so-called ‘exaptations” may bridge the RNA
and peptide worlds, offering the basis on which later elements of the translational apparatus were
built. Possible advantages of peptides include providing catalytic aid and expanding the catalytic
repertoire of RNAs [107], membrane transport [108], scaffolding [109] and energy storage [110]. It has
indeed been shown experimentally that non-coded peptides can potentiate the functions of RNA,
which supports the coevolution of RNA and peptides [111]. Both the RNA and protein worlds ask
whether a bipartite polymer setup (with nucleic acids and proteins) and the current genetic code is
an inherent requirement of life, or if it is possible to envision one dominant polymer carrying
information in prebiotic stages. Neither world alone can provide a clear explanation for the
interlacing of the two, though, and there are relatively few endeavours to try out ‘messy emergence’,
where some initial cooperation between non-coded proteins and RNAs was vital. However,
regardless of the polymers at the origin of the code, another question urges: how did the code freeze
to the current codon table? This question seemed for some time to be a mere statistical or even
cryptographic problem [112], and a variety of explanations emerged to solve it, most popularly:
stereochemical basis for the assignment between nucleic acids and amino acids [113], the
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development of the code guided by the biosynthetic pathways of amino acids [114], and optimization
in order to reduce the severity of mutations [115]. These are not mutually exclusive hypotheses, and
the origin of the code might have simultaneously involved several of them [116]. Most likely, the
development of the genetic code took place in a continuous expansion [117], a hypothesis supported
by functional proteins with reduced amino acid repertoires [118]. The later expansion of the
repertoire was possibly governed by a physicochemical optimization that fits well with water-based
biochemistry [119].

Answers on the origin of the code still seem very distant [115,116,120-122]. In order to finally
solve this puzzle it will be necessary to investigate not only the emergence of biological information
[120], but also the evolution of interactions between the molecules involved in translation [117,123].

3.2. On the Right Track? Looking at the Past Decade

In the past 10 years, many have worked and asked for OoL research to unite [25,39,124,125].
Here we look at experimental examples from the last decade that connect different disciplines,
theories or interpretations (Figure 2).

One of the first barriers to come down stood between the decades-old views of different single-
biomolecule worlds (see “Section 2.2. One Origin, Abundant Worlds”). Studies merging the lipid
world with others are pioneers. The requirement for compartmentalization to keep genomic
molecules and their products spatially together, as well as to allow for vectorial (bio)chemistry,
suggests that the potential of lipids and other amphiphilic structures to self-assemble into micelles
and bilayer vesicles within an aqueous phase constituted a critical step in the emergence of life
[67,126,127]. Vesicles were thought to be stable only in salt-poor aqueous environments, such as
surficial freshwater ponds or hydrothermal springs, but recent work showed that these become much
more resilient to extreme salinity and pH if they are composed of mixtures of amphiphiles [128], a
feature which better reflects the naturally messy aspect of prebiotic chemistry. Such prebiotic
compartments, also referred to as ‘protocells’, are defined as primitive precursors of modern cells
which, although not yet alive, exhibited essential cellular characteristics [129]. Efforts of OoL
researchers aim to establish various in vitro protocell models that mimic key features of life as we
know it, including simple metabolic pathways, replication or vesicle growth and division [130]. A
protometabolism leading to sugar synthesis has been assembled within lipid vesicles, with the final
products diffusing through the lipid barrier and being detected by living bacteria [131]. Not long
after, DNA amplification was shown to induce growth and division of lipid vesicles, linking the
reproduction of an informational substance with that of a compartment [132]. These demonstrate that
simpler systems than cells can model fundamental interactions between membranes and their
contents. Another example is the bridge between the metabolism-first and the RNA world theories
[114]. It is now clear that the building blocks for RNA and DNA are intermediates of metabolic
networks; they are never directly uptaken from the environment in their ready-for-polymerization
forms (i.e. as phosphorylated nucleosides), but as unphosphorylated biogenic nucleosides [133], and
are also in fact moieties of several essential cofactors [134]. The idea of the simultaneous and
interdependent origins for RNA and DNA'’s building blocks has been given experimental evidence
[135]. But bridges between the RNA world and metabolism-first can be built beyond their typical
molecules. Classical approaches in OoL have often been constrained to biomolecules due to their
ubiquity in biology, however, most of these biomolecules were not necessarily available at early
prebiotic stages [136]. Prebiotic environments most likely included compounds not central to modern
biopolymers, for example, alpha hydroxy acids (aHA) [137] among numerous others [138,139].
Recent work has shown that aHAs easily form combinatorial polyesters under wet-dry conditions
that may have played a role in the catalytic landscape within which they were formed [140]. These
polyesters can form membraneless compartments mimicking a cell, capable of differentially
segregating various kinds of dyes, hosting a protein and even accumulating lipids in their exterior
[141]. If one considers that the accumulation of biomolecules is a biological invention, optimizing for
certain geochemical and/or biochemical properties [119], then compounds such as aHAs may have
played a role in some form of nascent biology not conserved in modern biology [142]. Considering the
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‘messy’ nature (meaning the inherent diversity) of prebiotic chemistry [143,144], this may have been the
case, and the utility of central biomolecules such as RNA and ubiquitous metabolites to elucidate the
OoL may be partial, despite their omnipresence in modern life.

Other striking examples for integration in OoL research come from geological studies providing
a better picture of the Hadean world, including the likely atmospheric composition and the depths
of oceans and tectonic activity [145,146]. These studies constrained and brought closer the work of
both biologists and chemists. Experimentation with origins in hydrothermal vents [147-149] and
geothermal fields [150-152] have taken into consideration geological insights in their OoL scenarios.
In particular, the importance of relevant metals and metal clusters in the Hadean has settled in
experimental work that recreates the origin of biochemistry in vitro, including carbon cycling
[98,103,153], nitrogen fixation [154], ribosomal translation [155], and even the generation of pH
gradients [156]. Simulated hydrothermal conditions, in particular pores, select for the replication of
longer oligonucleotides [157]. Mineral surfaces have shown promising features in promoting
biochemistry, including the selection of longer RNA molecules [100], and a variety of organic
reactions including nitrogen reduction, lipid self-organization, condensation-polymerization
reactions, selection and concentration of amino acids and sugars and chiral selection (see [158] and
references therein). Surfaces can also help to tame the combinatorial space in a complex system of
organic molecules [100,159].

By providing new ways to handle vast amounts of data in a systematic and quantitative manner,
advances in computer sciences and technologies help the much-required aforementioned
integrations that are starting to reflect on OoL research. Larger chemical libraries can now be
monitored over a manageable timeline, and the diversification of self-replicating molecules has been
observed in such systems [160]. The self-replication of small organic molecules has also been
observed in an autocatalytic process displaying complex, non-linear responses to changes in
environmental conditions [161]. Computational models allow us to test hypotheses unattainable in a
laboratory alone, be it chemical conditions [22], timescales [4] or other routine perturbations to the
model. Computational biology has now moved to mathematical simulations at increasing levels of
complexity, from topological, interaction-based to constraint- and mechanism-based [162]. Recently, a
database aggregating a variety of bioinformatic approaches to LUCA was compiled, allowing for
testing hypotheses in investigations of ancient biochemistry [163]. Simulations can now be undertaken
with geology and biology in mind, both in molecular dynamics [22] and network biology [95,96],
identitying constraints and parameters that can provide direction for experimental work [98,159,164].

The progress of top-down approaches from traditional comparative genomics to more
integrative approaches revives optimism in the quest for LUCA [165]. Integrating fossil data with
molecular evolutionary clocks has solidified evidence for the age of LUCA at >3.9 Ga [4]. Taking into
account morphological characteristics together with genetic signatures is another promising
direction. Recent analyses of membranes and cell walls of prokaryotes suggest that LUCA was able
to sporulate, that is, to reproduce into a dormant, non-metabolising cell that could survive long
periods of harsh conditions such as the late heavy bombardment [146,166]. Modern phylogenetic
considerations minimize the effect of lateral gene transfer in reconstructing the first genomes,
pointing to a thermophilic autotrophic LUCA [149].
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Figure 2. Timeline of recent multidisciplinary achievements that build bridges in OoL research.
Included are examples from the past 10 years of OoL research that bridge disciplines, approaches
and/or methods, biomolecules/single-world scenarios, simulations and experiments. The choice of
studies does not aim to cover (exclusively) novel findings, but those that build bridges.
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4. Towards the Future

4.1. General Remarks

We expect by now to have presented a convincing argument for the necessity of bridges in
answering OoL’s most prominent questions (Figure 1), together with examples of successful studies
(Figure 2). How can the future hold more interconnections between approaches and theories? Some
tools are general for all types of linking between seemingly disconnected research (Box 1). These
include interdisciplinary conferences, where the focus lies not only on one molecule or one theory,
but either on the whole field or on the question (Figure 1) sought to be answered. Interdisciplinary
higher education and scientific collaborations should progress in the same direction in the coming
decades, with more focus on questions and holistic pictures.

Box 1: Tools for future integration of OoL research

General Specific
e User-friendly informatic tools
s » Better databases
_Experiments « Promote reproducibility
in vitro, in vivo, in e Create interface spaces for easier data exchange
silico {between computational and experimental)
s Writing with broad audience in mind
e Explore both commonalities and differences
» Explore particular parts of an alternative theory,
Theori specially the testable ones
cories s Promote either double-blind or double-open
peer-review of articles and grants, to reduce
perscnal and institutional bias

Regarding the limits of experimentation, computational tools can extrapolate from experimental
input, and thus will play a major role in untangling complexity in OoL. However, research in vitro,
in vivo or in silico (Box 1) needs to be attainable to everyone. This requires more user-friendly
computational tools, the communication of tools and results in an accessible manner, and the creation
of curated and moderated spaces where data and tools can be exchanged, faster than by the
traditional scientific paper (as forums, curated databases, websites and discussion channels).
Standards that can be used by different disciplines are heavily required, particularly in chemical,
biochemical and genetic nomenclature—we recommend Chebi [167], KEGG [168] or BiGG [169].
Nomenclature in theoretical biology also requires attention. In particular, nomenclature regarding
the first biological entities includes a great amount of confusing variability, e.g. an initial Darwinian
ancestor (IDA) [36] akin to a first universal common ancestor, FUCA [37], and the more commonly
used LUCA, akin to the urancestor [170], to the cenancestor [171], and to the (simpler) universal
common ancestor [172]. Here, we recommend, merely based on the greater usage to this day, the use
of IDA and LUCA. Semantic variability without clear conceptual justitication does not ease literature
review and theoretical studies, and a strong community etfort is required to make different names
clearly distinguishable or for standards to be adopted.

Sharing and combining experimental setups (both computational and laboratorial), can help to
increase reproducibility but also to connect disciplines and approaches. For example, to narrow the
current gap between prebiotic (geo)chemistry and ancient biochemistry, simulation efforts could
focus on the least contested facts on the early Earth. These include a COz-rich atmosphere and
hydrosphere from volcanism, and an Hz-rich hydrothermal outflow from the crust. Other parameters
which are harder to characterize, as pH ranges, pressure, access to ultraviolet (UV) radiation, water
activity, etc. could then be varied. There are means to attempt such simulations in the laboratory
today, where collecting vast amounts of data is possible [173]. This data can be analysed and
incorporated into the computational models which then, in turn, can shed more light on what
laboratory experiments should be attempted. Hereby, the steady bilateral exchange between
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disciplines is crucial. Not only should geology provide conditions for experiments [174], those
experiments should also provide the attributes that geochemical studies could search for.

4.2. Commonalities between Opposing Theories

Bridges between methodologies will allow the OoL field to advance, but ultimately theories will
have to become more interconnected as well. We foresee that this can happen with an intentional
focus on commonalities rather than solely on differences, and plenty of examples can be mentioned.
Here we choose to focus on four of the most heated debates, heavily interrelated: (i) the geological
setting for the OoL, (ii) the source of food/starting molecules, (iii) the source of energy and (iv) the
RNA world vs. metabolism-first division.

4.2.1. The Geological Setting

The proposed and heavily discussed locations for the OoL, including terrestrial hot springs [150],
submarine hydrothermal vents [175,176], volcanic landscapes [177], hydrothermally-percolated
sediments [178] and warm little ponds [179] create some of the strongest disagreements in OoL
research, but have in common several requirements. These include a constant energy and CHNOPS
source, heterogeneous or homogeneous catalysts, non-equilibrium conditions and conditions that
enable aggregation of molecules to form life’s building blocks and, eventually, polymerization of said
building blocks [22,103,152,180]. One example is the requirement for wet-dry cycles for
polymerization, mostly discussed in the context of geothermal fields [180], even though wet-dry
cycles can also be found in hydrothermal pores [181] and even at the water-air interface [20]. On
another note, some propose that different geological settings could have created different
biomolecules that were then able to meet in an unchanged chemical state in the location where cells
ultimately emerged [182].

A historically important division drawing from the analogy with different types of metabolism
in prokaryotes [125] is the heterotrophy vs. autotrophy conundrum. Each side has envisioned their
abiogenic scenario from a trophic point of view: if the carbon source for organosynthesis was
eminently inorganic (usually CO2), this represented an autotrophic origin (e.g. [183]), whereas if the
carbon source were reduced organic compounds, a heterotrophic one (e.g. [184]). This division
usually links to whether the earliest cells are considered autotrophic (e.g. [149]) or heterotrophic (e.g.
[185]). It is important to note that for the first cells, the question is indeed meaningful —those cells
either imported C1 compounds, subsequently reducing them and forming C—C bonds (autotrophy)
or imported Cn compounds and used those directly in biosynthesis [186,187]. But others are wary that
this division may be unhelpful before the cellular stage (see Smith and Morowitz in [68]), since
trophic types apply poorly to biosynthetic pathways. All organic molecules synthesised non-
enzymatically ultimately derive from an inorganic carbon source (C, CO or CO2) which was
subsequently reduced. The endogenous (i.e. terrestrial origin) vs. exogenous (i.e. extraterrestrial
origin) debate also entails limitations, by simply referring to the physical origin of the organic
molecules, but not informing on the chemical relationship between these and the nascent proto-
biochemistry. For the origin of the first biochemical networks, potentially acellular IDAs, we propose
referring instead to whether all or some of the reactions leading to organic molecules occurred in situ
(i.e. within, or physically contiguous to the nascent proto-biochemistry) or ex situ (i.e. physically
separated from it). Note that this is not just a geographical distinction. Instead, it aims to find out
whether the nascent chemical network (eventually leading to living cells) could affect (positively
and/or negatively) the chemical reactions feeding it. This, we believe, is a meaningful change in
language aiming to mend the limitations associated with the autotrophic vs. heterotrophic dilemma.
Therefore, the in situ synthesis implies the reactions yielding biomolecules as part of the nascent
protometabolism. In contrast, in the ex situ subtype the synthetic reactions rest unaffected by the
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nascent chemical network, and the latter needs to invent alternative chemical pathways to eventually
become independent from the former’s unidirectional supply.

4.2.3. The Energy Source

Non-equilibrium conditions suggest an important bridge that can be established between most
OoL hypotheses [14,188]. The fact that life is a process that is by definition not in equilibrium is not
debatable in physics, biology or any other of the involved disciplines [189,190]. One example of how
‘disequilibration’ can be observed in life as we know it, is that life builds up complexity and then
breaks it down again—in biology, this is, in broad strokes, anabolism and catabolism. These complex
processes in general parallel energy spending and gaining in the cell, respectively. However, some
organisms (e.g. methanogens) are known to conserve energy only through anabolism [191]. The
earliest life would have had to couple both the constructive and destructive regime in some way
[188,192]. To tulfil their energetic requirements, prebiotic systems would need both electron donors
and acceptors supplied by their environment. The source of energy for the earliest life has been
strongly disputed, with plausible hypotheses ranging from pH and redox gradients to thermal energy
and UV light (for a detailed discussion see [74,193,194]. Itis, however, not unlikely that several energy
sources played a role in different prebiotic stages. Nevertheless, other constraints than the primary
energy sources are imposed as soon as more complex prebiotic systems arise. A cell-like energy-
coupling system could only be persistent over time if it can be inherited, thus forging a necessary link
between the offspring hypotheses of the classical ‘metabolism-first’ and ‘genetic-first’ worlds [194].

4.2.4. RNA World versus Metabolism-First

Modern thinking on the OoL highlights the need for not only the synthesis of life’s building
blocks (themselves crucial goals), but also the reenactment of the processes they participate in [195].
Thankfully, what follows from this realization is that metabolism- and genetics-oriented hypotheses
are gradually ceasing to be seen as mutually exclusive, because cellular processes involve both
metabolites and genetic molecules [25,124]. A particular example regards evolution. Looking for the
origin of natural selection and evolution is to look for the origin of an inheritance system that must
maintain the capacity to produce new combinations, while keeping fidelity in information transfer
[196,197]. But what is this information? Biological information is more than a collection of bits; it has
contextuality, translated into functionality and is prone to evolve, as languages do [198]. In other
words, genetic molecules only hold information in the right context: when they can be recognized
and translated to functions that keep the system going. This definition opens different avenues to
look for information storage and transmission during chemical evolution.

The earliest information could have been made from the types and quantities of molecules
within a self-sustaining chemical assembly, also called ‘composome’ [199] or autocatalytic network
[200]. This relates to the emphasis by some recent OoL research on the co-dependence of metabolism,
containment and replication/information (see “Section 3.2. On the Right Track: Looking at the Last
Decade”). This emphasis is central to bridging the RNA world and metabolism-first theories and
points to the origin of molecular coordination or cooperation. Following this line of thought, some
authors propose early ‘selfish cooperators’, akin to viruses, which formed stable ensembles of co-
inherited genetic elements [60]. These ensembles should have been able to perform both a kind of
proto-replication and a kind of proto-metabolism [201]. Still, there is a ‘cooperation barrier’ in the
transition of non-life to life, caused by (i) molecules that could cooperatively contribute to the success
of an ensemble but which are often not supported by the ensemble, and (ii) side reactions or processes
that undermine cooperation [202]. To overcome this barrier, the management of those otherwise
unconstrained ensembles is required [202]. This hypothesis is particularly interesting because it
exposes the necessity of a digitally-coded (genetic, on/off) management of the analog (continuous)
reactions of metabolism in order to overcome the cooperation barrier efficiently, reflecting the two-
tiered structure of all known living cells [198,202].

If such analog information storage mechanisms as autocatalytic networks are able to undergo
Darwinian evolution is a matter under debate [93,203]. Several have suggested fitness criteria for
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natural chemical selection, including the rate of entropy production [204] and other kinetic or
thermodynamic features of chemical reactions, such as stoichiometric catalysis, autocatalysis, and
cooperativity [205]. A specific example is the greater reactivity of proteinaceous amino acids when
compared to their non-proteinaceous counterparts, which naturally selects from oligomers of the
former [206]. At some point, most likely quite early during the development of prebiotic systems,
genetic molecules did crystallize, and information storage became based on molecular recognition.
Every letter of the ‘genetic alphabet’, A, C, G, T and U, given a recognition/translation system,
contains information. Early molecular recognition could have been significantly different to
contemporary DNA and RNA [207,208] and even minerals have been proposed as information
storage molecules [209].

What we know now, is that if we wish to search for answers on the origin of life as we know it—
meaning the origin of cells—we are faced with an increasing conceptual [2] and experimental
complexity [210] that will require the integration of RNA molecules with peptides, lipids, and
protometabolism. Better models of complex biological systems [100], as well as better techniques to
characterise them [211], will help to tackle such complexity. However, this complexity can no longer
be denied. In other words, both the RNA-world and metabolism-first theories aim at the origin of life
as we know it. However, we do not know it without each and both of them.

5. Conclusions

The main reason the OoL research field is still divided on so many issues is that it seems virtually
impossible to find definite answers for all of our questions—we cannot wait hundreds of thousands
of years to observe in real-time if a certain geological setting trumps another or which are the first
enzymes to develop. We can only approach solutions asymptotically and, returning to the image of
an OoL mosaic, add one pebble at a time, one insight that brings us closer to a more complete picture.
In this article, we tried to convey how this is already being done —and hopefully, can be done even
better in the future. Just as life itself is a synergistic process, in the sense that life’s biological, physical
and chemical properties are intertwined, the research that tries to explain its origin has to be
synergistic as well. No discipline or approach should be dismissed, as long as its claims are evidence-
based. However, we should keep in mind that while single results have dominated the field in the
past, these can never constitute a solution to such a complex problem. Synthesising biomolecules, for
example, although informative, cannot be enough to tackle the OoL, because life is not a mere
collection of biomolecules, but rather a dynamic process involving biomolecules within boundary
conditions interacting with its environment. Modern thinking on origins will thrive from recreating
or imitating processes, rather than focusing only on the prebiotic synthesis of biomolecules.

Finally, we must highlight bias in OoL experiments, starting from how to define ‘plausible’
prebiotic conditions to which biomolecules are more central than others [212]. It is imperative to
overcome personal biases in order to make progress. To get there, we need to increase the exchange,
openness and respect between all those involved despite the inherent competition and inherited bias
towards different hypotheses or approaches in research these days. The bridges we propose are
essential, not because scientific research must be homogeneous, but because heterogeneity must be
articulated (for examples see “Section 3. Building Bridges”). This articulation will change both the
way research is done but also communication (in published articles, conferences and others). At this
point, it is important to emphasize how crucial classical approaches in OoL research were and still
are. However, while pivotal insights were achieved in classical studies, a more complete OoL
narrative can only unfold by building bridges between them. This might all appear far too obvious
to mention, but the reality in origin of life research shows that it cannot be mentioned often enough.
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II Biological CO; fixation

The autotrophic conversion of inorganic carbon to organic carbon is crucial for the development
of life because it directly links the abiotic with the biotic world (Fuchs, 2011). In modern
ecosystems, the most widespread biological CO; fixation pathways out of the six known is the
reductive pentose phosphate (Calvin-Benson) cycle, converting CO; into sugar phosphates. It
1s found in most photosynthetic organisms, from prokaryotes to plants (Bassham, 1979).
Among the remaining five autotrophic pathways that can turn inorganic into organic material
(Fuchs, 2011), most central within this thesis is the acetyl-CoA (Wood-Ljungdahl) pathway.
This 1s for several reasons, starting with the fact that the acetyl-CoA pathway traces back to the
last universal common ancestor—LUCA (Weiss ef al., 2016). This pathway uses electrons and
energy from hydrogen (H2) and can simultaneously supply three key requirements for life:
reduced carbon in the form of acetyl groups, electrons in the form of reduced ferredoxin and
NADH, and ion gradients for energy conservation in the form of ATP (Fuchs, 2011; Miiller,
Chowdhury and Basen, 2018; Preiner, Igarashi, ef al., 2019). The pathway is linear, not cyclic
as the other five pathways, a sort of one-way street into metabolism; it releases more energy
than it consumes; and the enzymes involved contain metal cofactors that could be of primordial
origin (Ragsdale and Pierce, 2008; Sousa and Martin, 2014).

The three publications presented in this chapter address the acetyl-CoA pathway and its
connection to geochemical processes (Publication 3), its relevance for the physiology of LUCA
(Publication 4), and its mechanistic peculiarities in comparison with other CO, fixation

pathways (Publication 5) that provide clues about its antiquity and possibly about its origin.
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Introduction

The only thing we know for sure about life’s origin some
3.95 billion years ago [1] is that energy was required.
Without energy release, no chemical reactions can take
place that could ultimately lead to complex chemicals,
metabolism or primitive ecosystems [2°]. T'wo sources of
energy at origins are mainly discussed: ultraviolet (UV)
light emitted from the sun [3,4] and chemical energy at
hydrothermal vents [3,4]. Although UV light can be con-
veniently integrated into elegant laboratory syntheses of
organic molecules at low temperatures and pressures [5,6],
it does not connect to the microbial world (life) because no
known form of microbial physiology is powered by UV
light. From the biological standpoint, chemical energy at
hydrothermal vents, in particular the H,/CO; redox cou-
ple, is interesting as a source of energy at origins. Why?

First, many forms of microbes use H; as a source of
chemical energy for ATP synthesis in conjunction
with a suitable electron acceptor such as CO; [7,8], and
H,-dependent autotrophs provided the initial primary
production that supported the first heterotrophic meta-
bolisms [9]. Second, the Earth’s crust has been generating
large amounts of H; since there was liquid water, through
a process called serpentinization [10]. In addition, biol-
ogists have long held that anaerobic autotrophs that
reduce CO; using electrons from H, harbour the most
ancient forms of metabolism [11-13]. H, dependent
anaerobic autotrophs are furthermore rich in transition
metal catalysts such as Fe and Ni[13], traits long regarded
as ancient, and hydrogenases that extract the electron pair
from H, to provide reduction equivalents and energy that
drive metabolism forward [14].

Among the kinds of carbon and energy metabolism
known among modern microbes, the acetyl-CoA pathway
(or Wood-Ljungdahl pathway) as it is used in acetogens
(bacteria) and methanogens (archaea) appears to be the
most ancient [12]. It is the only exergonic pathway of
biological CO; fixation known [12], all others require
energy input in the form of ATP. The intermediate
product of the pathway is a thioester, reactive compounds
that have long been thought to play an important role in
early chemical evolution [15]. In bacteria, the acetyl-CoA
pathway generates acetyl phosphate from H,, CO, and
phosphate (Figure 1). Acetyl phosphate is an excellent
source of phosphorylation potential with a free energy of
hydrolysis of —43 k]/mol, 30% better than ATP. Even to
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Scheme of energy conservation from ferredoxin to ATP in the acetyl CoA pathway. Redrawn after [12] incorporating intermediates in CO
generation [13] and of substrate level phosphorylation [11]. Methanogenic growth on methoxy groups from coal was recently reported by [38°].
The beige arrow indicates the requirement for electron bifurcation in the synthesis of low potential reduced ferredoxins with electrons from Hz [7].
Insights into the mechanisms of electron bifurcation were recently revealed by the structures of two bifurcating enzymes [25°,26°]. Substrates and
endproducts of the reversible reaction sequence are boxed in blue. The synthesis of the methyl group from Hz and CO: entails energy investment,
such that net synthesis of acyl phosphate or ATP from Hz requires chemiosmotic coupling [6-8].

the level of the energy rich thioester the reaction is  The problem with H, and FeS

exergonic: Despite its chemical simplicity, its abundance in ancient

2C0, +4H, + CoASH — CH;COSCoA + 3H,0 environments, and the clear I:.cndcncy of Hiz-dcpcndcnt
autotrophs to branch deeply in phylogenetic trees [16],
H, has a rather severe Achilles’ heel as a source of

AG," = —59k]/mol[12]. electrons for CO, reduction at origins. Its midpoint

potential is unfavourable for CO, reduction beyond the
Microbial genomes also point to the antiquity of anaero-  near-equilibrium reaction with formate [22]. That is why
bic autotroph physiology. A recent study identified  microbes that reduce CO, with H, employ flavin based
355 ancient gene families that, based on their phyloge- electron bifurcation [23], a biochemical mechanism that

nies, provided insights into the physiology and habitat of ~ generates reduced ferredoxins (Fd™) with a midpoint
the last universal common ancestor, LUCA [16]. LUCA  potential on the order of =500 mV from H, with a more
lived in a hot environment rich in gasses (Hz, CO3, Na, positive midpoint potential of only 414 mV [7]. Elec-
CO) and metals, a habitat very similar to hydrothermal  trons from H, have to flow energetically uphill to low
vents, which existed on the early Earth [10]. It used the  potential Fd. That might appear to violate the second law
acetyl-CoA pathway [16], its metabolism was rich in FeS  of thermodynamics, but electron bifurcation obeys the
and thioester dependent reactions, which are enriched in ~ law in that one electron from H; is transferred energeti-
the ancient ATP-independent core of metabolism [17°%].  cally downhill to a high potential acceptor like NAD™ or
It harboured a diversified small molecule chemistry [18], heterodisulfide CoB-S-S—CoM [24], while the other is
many radical-based reactions that are dependent upon S-  transferred uphill to Fd so that the overall energetics of
adenosyl methionine (SAM), which can form spontane- the reaction are favourable [8].

ously i vitro [19°], and it harboured features found in

microbes that today still inhabit ancient geochemical = Whyisthat problematic? The problem with H; inan early
niches [20,21]. evolution context is that flavin based electron bifurcation
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is an elaborate physiological process that requires sophisti-
cated proteins [25°,26°] working in concert with other
proteins [7] as an energy metabolic pathway to reduce
Fd (for reducing CO;). This presents a familiar chicken-
and-egg type paradox, namely how was CO; reduced with
H; before there were proteins to catalyze electron bifurca-
ton? One might counter that if early CO; fixation took
place at hydrothermal vents, then electron bifurcation was
not needed, because there was plenty of natural FeS around
that could do the job of Fd™ when it comes to fixing CO,.

But FeS minerals do not really solve the problem, because
FeS has its own, different issues. FeS clusters in proteins
are one electron donors, with iron undergoing Fe?* to Fe**
valence changes. The steps of biological CO, reduction in
autotrophs are always two electron reactions [12]. In biol-
ogy, the electrons from Fd™ are donated to C in CO; via
metals that readily undergo two electron reactions, such as
Ni, Mo, or W atoms coordinated in proteins or cofactors
(Figure 2), or electron pairs are donated via hydride
transfer from organic cofactors like NAD(P)H [12].

Huber and Wichtershduser [27] obtained excellent yields
(40 mol%) of the thioester methyl thioacetate from
CH3SH and CO using FeS, Ni?* and Fe%* salts, emulating
the central anabolic reaction of the acetyl CoA pathway,
but no one has reported genuine success involving FeS or
other Fe?* species as a reductant for CO; in an early
evolution context, electrochemical experiments where
external voltage is applied aside [28]. Could it be that
in the beginning, CO; was not reduced directly by H; at
all? What does nature say?

Figure 2
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Geochemical CO- reduction

Modem hydrothermal systems provide a check for CO,
reduction in that CHy4 (ca. 1 mM) [29] and other small
organic compounds including formate are present in hydro-
thermal effluent [30-32]. Those small organic compounds
are not synthesized where vent effluent discharges into the
ocean on the sea floor, rather, the organics are apparently
made deep in the crust, as organics in terrestrial vents attest
[33]. CO; reduction in the modern crust is still not well
understood in its details, although it is thought to stem
from the same geochemical process that generates H, in
hydrothermal effluent: serpentinization [30-32].

During serpentinization, H, synthesis stems from the
reduction of water in hydrothermal systems via the oxi-
dation of Fe®* that is present in the Earth’s crust in vast
amounts as iron magnesium silicates [10]. Fresh iron
silicates for serpentinization are continuously supplied
anew at spreading zones such as the mid-Atlantic ridge,
where crust emerges as magma that subsequently cools,
ultimately being recycled back into the mantle at sub-
duction zones [34]. The isotope signatures of CH, emer-
gent from hydrothermal systems are distinct from that of
marine CO; [29,32], the reasons for which are unclear.
The rates of methane synthesis in laboratory scale ser-
pentinization reactions so far are generally very slow [35°].
Thus, carbon is being reduced in serpentinizing systems,
by a yet unidentified mechanism.

The process of serpentinization has been going on for the
last 4.2 billion years, since there was liquid water on Earth
[10]. Both its basic ingredients — water, Fe(II)-rich rocks,
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Reaction mechanism of CO2 reduction in bifunctional CO dehydrogenase acetyl-CoA synthase (CODH/ACS) synthase in the acetyl-CoA pathway,
proposed by Ragsdale [13], modified from [13]. C-cluster refers to the NiFeS cluster at the active site of the CODH enzyme [13].
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Box 1 The early Earth in a nutshell

There is broad agreement among geochemists and planetary
researchers that the early Earth was molten at some point, by the
moon forming impact roughly 4.4 billion years ago, at the latest
[10,33]. On the molten Earth (>1500 K), carbon that had been
brought to the freshly accreted planet was converted to CO,, almost
all of which was outgassed into the atmosphere, a small fraction
being retained in magma oceans [10,33]. By about 4.4 Ga the
magma oceans had cooled [33], by about 4.2 Ga there was liquid
water on Earth [10], some outgassed from accretion and some
delivered later by comets, and by around 4 Ga, perhaps as late as
3.7 Ga, the late heavy bombardment had come to an end [33]. By
3.95 Ga a carbon isotopic signature compatible with that produced
by the acetyl-CoA pathway appeared [1].

As it relates to the source of energy for CO, reduction, the relevant
sequence of events is this: magma oceans in the molten phase
oxidized Earth’s early carbon to atmospheric COz and small amounts
of mantle CO,. Because it cooled from magma, the primordial crust
was depleted in water, consisted mostly of iron magnesium silicates
with very low water content [10,55]. As the crust cooled, water
condensed to surface oceans. Gravity pulled water into cracks in the
solid crust, creating convective currents — the process of serpenti-
nization set in. Serpentinization drew very COz-rich water into the
crust where serpentinization took place, such that Hz was synthe-
sized in an otherwise H,-free environment and at sites where CO,
existed in hydrothermal downcurrent water and as bound CO, (car-
bonates) in a generally dry crust. The primordial interaction between
H, and CO, thus probably took place deep in the crust, not at sites
where hydrothermal vent effluent reached the ocean floor in contrast
to earlier views [6]; Hz and CO: first interacted in the presence of vast
amounts of dry rock, and at temperatures likely exceeding 100 °C.

and heat for convection — and the chemical reaction are
simple, as such the process appears to be occurring on the
Saturn moon Enceladus as well [36°]. Serpentinization is
a spontaneous process that releases chemical energy, a
notable property that it shares with microbial energy
metabolism. If serpentinization releases chemical energy,
where does the energy that serpentinization releases
come from? A look at early Earth history is instructive:
the energy comes from the molten state of the early Earth
(magma oxidizes carbon to CO;) and subsequent rock—
water interactions, which then generate H, in the pres-

ence of CO, (Box 1).

Metagenomics tells us that approximately half of today’s
biomass lives in the crust in rocky, H; rich environments
[37] and that substantial components of the modern
subsurface biomass lives from the H,/CO; redox couple
as acetogens and methanogens [38°], which fuel subsur-
face primary production. Today, microbes in the crust can
also grow from organic carbon deposits such as coal [39°°],
but that was not an option 4 billion years ago. Another
main difference between today’s crust and the primordial
crust is that about half the water on Earth (i.e., roughly the
volume of the ocean) is bound in the modern crust (and
mantle), brought there by submarine hydrothermal activ-
ity [34]. The flipside of that coin is that the primordial
oceans were twice as deep as today’s [34], meaning that
land for warm little ponds was probably in short supply.

Whence electrons, if not Hz or FeS?

Serpentinization alters the rocks that host hydrothermal
activity. A very notable component of hydrothermally
altered rocks is the mineral awaruite. Awaruite is an
intermetallic compound with the formula NizFe (or
Niz_3Fe): native transition metals with oxidation state
zero. It is a normal constituent of serpentinizing hydro-
thermal systems [35°,40], formed there naturally during
serpentinization under conditions where high H; activi-
ties of ~200 mmol/kg [41] reduce the divalent metal ions.

Almost 20 years ago Horita and Berndt [42] reported that
NisFe could catalyze the synthesis of methane in mmol/
kg amounts from H, and CO, [42] in simulated hydro-
thermal conditions (200400 °C, ca. 50 MPa) although it
cannot be excluded that awaruite was the reductant rather
than the catalyst, at least in part. They also reported that
after 1-2 weeks at lower temperature (200 °C) carbon
compounds of oxidation state intermediate between CO,
and CH, were obtained in amounts similar to or exceed-
ing those observed for CH,. Guan ez /. [43] showed that
Fel in the presence of salts will reduce CO; to CHy,
C;Hg, CH30H and C;HsOH in the 10-70 pM range at
room temperature. He ez @/. [44] reported reduction of
CO; to formate and acetate in the 1-10 mM range using
nanoparticular Fe’ at 80-200 °C. Moreover, Muchowska
et al. [45°°] recently showed native iron to accelerate
and promote reactions of the reverse citric acid cycle
(Figure 3). The message is that native metals can effi-
ciently reduce CO;. That is not the case for either H; alone
or for FeS minerals. The native metals are interesting.

Awaruite is today synthesized where H; is produced and
where organic compounds are being made. Are native
metals involved in geochemical CO, reduction, and were
they involved in primordial CO; reduction? Considering
the mechanism proposed by Steve Ragsdale [13] for
acetyl-CoA synthesis in acetogens (Figure 2), the active
Ni species for CO, reduction in the (4 billion year old)
biochemical reaction is formally Ni’. The electrons are
delivered to the enzyme one at a time via FeS clusters in
Fd~, but are delivered to carbon as a pair. The Fe?*
species in FeS clusters perform one electron chemistry,
but the two electron carbon reduction reaction is per-
formed by the transiently native metal. This might be a
clue about ancient life.

Microbes always have the last word

What do anaerobic microbes say about native metals?
Basically they say ‘yes, please’, and they are the source of
much corrosion to things made of steel, as recently
surveyed by Enning and Garrelfs [46]. Early reports
showed that methanogens grow from Fe’ and CO,
[47], but questions remained whether the growth was
really from iron or just from H, generated by interaction
of iron with water. Dinh e @/. [48] then showed that
methanogens grew rapidly on native iron as an electron
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The acetyl-CoA pathway and the incomplete reverse citric acid cycle as the core carbon end energy metabolism in some modern microbes and
the first microbes, modified from Ref. [6] to include the energetic impediment imposed by flavin based electron bifurcation in ferredoxin reduction
with electrons from H: [7] and updated to include new information. Participation of FeS or FeNiS clusters is indicated using database information
for the corresponding enzymes indicated in Fuchs [12]. Note the paucity of ATP-dependent steps and the acyl phosphate/ATP-generating steps,
indicated with ATP next to the reaction (see also Ref. [17°]). Circled numbers at reactions indicate that the non-enzymatic laboratory reaction has
been reported as follows. (1) Kitani et al. reported that ATP is readily generated from acetyl phosphate and ADP using only Fe®* [57] or Fe®* [58]
as catalysts. (2) Wachtershduser and Huber reported the divalent metal ion-catalyzed synthesis of acetyl thioesters from CH2SH and CO [267]. (3)
Muchowska et al. showed these steps to proceed spontaneously in vitro using native metal and metal ion catalysts [45°°]. (4) Weber [56] reported
the synthesis of pyrophosphate from an acetylthioester and P;, whereby the presence of acetyl phosphate was inferred but not directly shown [6].
(5) Varma et al. [54°°] recently demonstrated synthesis of metal bound methyl groups and synthesis of pyruvate from CO. with native metals as
the source of electrons. The free energy of hydrolysis for acetyl phosphate (-43 kJ/mol) is greater than that for ATP (<31 kJ/mol) [E]. In the context
of early biochemical evolution, reactions that are today coupled to ATP hydrolysis would be thermodynamically even more favourable if coupled to

acetyl phosphate (or other acyl phosphate) hydrolysis, an argument in favour of acetyl phosphate as a primitive energy currency [6,59]. The
involvement of reductants other than Fd™ in the enzymatic reaction is indicated with [2H]. Abbreviations: CODH/ACS, carbon monoxide
dehydrogenase/acetyl-CoA synthase; WL, Wood-Ljungdahl; PFOR, pyruvate ferredoxin oxidoreductase.

source, suggesting that H, was not involved as an inter-
mediate. More recently, Tan ez 4/. [49] showed that
Methanosarcina barkeri will grow on Fe’ as an electron
source, but only when deprived of standard electron

donors such as CH;0H or H,.

The molecular mechanisms of microbial electron extrac-
tion from Fe? are so far elusive. Lohner ez a/. [50] reported
Fe” oxidation by methanogens in the presence of exter-
nally applied voltage. The results eu%gc';tcd that metha-
nogens can access electrons from Fe” via routes that do
not involve H,. More recent results by Deutzmann and
colleagues using applied potentials suggest that

methanogens might acquire electrons from Fe’ via extra-
cellular enzymes that oxidize the native metal to standard
electron sources such as H; or formate [51,52]. There are
many reports about anaerobic growth on iron, many
involving methanogens or sulfate reducers [46]. But
acetogens?

Kato e al. [53°] recently isolated acetogens from the
genus Sporomusa (firmicutes) that grow on native iron
without externally applied potentials. Most acetogens
that Kato ez a/. [53°] tested do not grow on iron as the
electron source, indicating the presence of genetically
specified mechanisms to access electrons from Fe’, in line

www.sciencedirect.com
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with the conclusions of Dinh ez 4/. [48] for sulfate reducers
and methanogens. For sulfate reducers, the terminal
acceptor of electrons from Fe’ can be a sulfur compound
or CO;, for acetogens and methanogens, the terminal
acceptor is CO;. The proteins, cofactors and mechanisms
involved in Fe’ oxidation are still unknown [46,52,53°]. It
is possible that non-enzymatic reactions of Fe’ with CO,
such as those generating formate, methanol, and acetate
in the laboratory [43,44] play a role in microbial growth on
iron. Very recent work reports the non-enzymatic synthe-
sis of pyruvate from aqueous CO, and Fe’ under mild
hydrothermal conditions [54°°].

Conclusions

As usual, nature leaves us with observations and ques-
tions. Is the oxidation of native iron (and other metals) an
ancient trait, preserved from the very earliest phases of
biological CO; reduction and is it prevalent in hydrother-
mal vents, where NizFe is still made today? The two
electron iron oxidation reaction Fe” — Fe?* + 2¢” has a
midpoint potential of E, = —470 mV [53°], more negative
than that for hydrogen H; — 2H* + 2¢7, with K, =-
410 mV. Might anaerobic autotrophs that oxidize Fe°
short circuit flavin based electron bifurcation to generate
their low potential reduced ferredoxins? If so, they still
would have to direct two electron (Fe’) to one electron
(FeS clusters in Fd) reactions. The physiological reac-
tions by which microbes access Fe and other native
metals as electron sources might uncover hints about
early life, possibly even probing a phase of physiological
evolution before there was genetically encoded electron
bifurcation.
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ancient Earth chemistry and the onset of
genetics
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1 Institute of Molecular Evolution, Heinrich Heine University, Diisseldorf, Germany, 2 Instituto de Tecnologia
Quénica e Bioldgica, Universidade Nova de Lisboa, Oeiras, Portugal

* bill@hhu.de

Abstract

All known life forms trace back to a last universal common ancestor (LUCA) that witnessed
the onset of Darwinian evolution. One can ask questions about LUCA in various ways, the
most common way being to look for traits that are common to all cells, like ribosomes or the
genetic code. With the availability of genomes, we can, however, also ask what genes are
ancient by virtue of their phylogeny rather than by virtue of being universal. That approach,
undertaken recently, leads to a different view of LUCA than we have had in the past, one
that fits well with the harsh geochemical setting of early Earth and resembles the biology of
prokaryotes that today inhabit the Earth's crust.

Introduction

The very earliest phases of life on Earth witnessed the origin of life and genetics from the ele-
ments. There was a time when there was no life on Earth, and there was a time when there
were DNA-inheriting cells. The transitions are hard to imagine. Some dates and constraints
on the order of events helps us to better grasp the problem. The Earth is 4.5 billion years (Ga)
old [1]. By about 4.4 Ga, the moon-forming impact turned the Earth into a ball of boiling lava
[1]. Magma oceans with temperatures over 2,000°K forced all water from early accretion into
the gas phase and converted all early accreted carbon to atmospheric carbon dioxide (CO,)
[1,2]. By 4.2 to 4.3 Ga, the Earth had cooled sufficiently enough that there was liquid water [3]
—those first oceans were about twice as deep as today’s [1,2]. Only later, hydrothermal convec-
tion currents started sequestering water to the primordial crust and mantle, which today bind
one extra ocean volume [4,5]. The first signs of life appear as carbon isotope signatures in
rocks 3.95 billion years of age [6]. Thus, somewhere on the ocean-covered early Earthand in a
narrow window of time of only about 200 million years, the first cells came into existence.
Because the genetic code [7] and amino acid chirality [8] are universal, all modern life forms
ultimately trace back to that phase of evolution. That was the time during which the last uni-
versal common ancestor (LUCA) of all cells lived.

PLOS Genetics | hitps://doi.org/10.137 1/journal.pgen. 1007518  August 16, 2018

1/19

68


https://doi.org/10.1371/journal.pgen.1007518
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007518&domain=pdf&date_stamp=2018-08-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007518&domain=pdf&date_stamp=2018-08-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007518&domain=pdf&date_stamp=2018-08-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007518&domain=pdf&date_stamp=2018-08-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007518&domain=pdf&date_stamp=2018-08-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007518&domain=pdf&date_stamp=2018-08-16
https://doi.org/10.1371/journal.pgen.1007518
http://creativecommons.org/licenses/by/4.0/
https://erc.europa.eu/
https://www.volkswagenstiftung.de/en/funding.html
https://www.volkswagenstiftung.de/en/funding.html
http://www.gif.org.il/Pages/default.aspx
http://www.gif.org.il/Pages/default.aspx

@.PLOS | GENETICS

LUCA, the tree of life, and its roots

LUCA is a theoretical construct—it might or might not have been something we today would
call an organism. It helps to bridge the conceptual gap between rocks and water on the early
Earth and ideas about the nature of the first cells. Thoughts about LUCA span decades. Vari-
ous ideas exist in the literature about how LUCA was physically organized and what properties
it possessed. These ideas are traditionally linked to our ideas about the overall tree of life and
where its root might lie [9-18]. Phylogenetic trees are, however, ephemeral. It is their inescap-
able fate to undergo change as new data and new methods of phylogenetic inference emerge.
Accordingly, the tree of life has been undergoing a great deal of change of late.

The familiar three-domain tree of life presented by ribosomal RNA [19] depicted LUCA as
the last common ancestor of archaea, bacteria, and eukaryotes (Fig 1A). In that framework,
efforts to infer the gene content, hence the properties of LUCA, boiled down to identifying
genes that were present in eukaryotes, archaea, and bacteria. When the first genomes came
out, there were a great many such investigations [20-22], all of which were confronted with
the same two recurrent and fundamental problems: 1) How are the three domains related to
one another so that gene presence patterns would really trace genes to LUCA as opposed to
another evolutionarily more derived branch? 2) Does presence of a gene in two domains (or
three) indicate that it was present in the common ancestor of those domains, or could it have
reached its current distribution via late invention in one domain and lateral gene transfer
(LGT) from one domain to another?

The first problem (the root of the domains) has been the subject of much recent work. Phy-
logenetic advances and new metagenomic data are changing the three-domain tree [19] into a
two-domain tree [24,25]. This is partially a development around phylogenetic methods
[24,26-28] but also entails new archaeal lineages that are now being assembled from metage-
nomic data and that appear to be more closely related to the host that acquired the mitochon-
drion than any other archaea known so far [29,30]. The two-domain tree showing an "archaeal
origin of eukaryotes" [24,28] (Fig 1B) only tells part of the story, though, because eukaryote
genomes harbor more bacterial genes than they do archaeal genes by a factor of about 3:1 [31-
33], and those bacterial genes furthermore trace to the eukaryote common ancestor [23].
Eukaryotes are not just big, complex archaea; genomically and at the cellular level, they are
true chimeras in that they possess archaeal ribosomes in the cytosol and bacterial ribosomes in
mitochondria (Fig 1C) [34]. That polarizes cellular evolution in the right direction (there were
once debates about eukaryotes being ancestral [10,13,14,22], as discussed elsewhere [35-37])
and identifies eukaryotes as latecomers in evolution, descendants of prokaryotes [38].

Current versions of the two-domain tree focus on the phylogeny of a handful of about 30
genes, mostly for ribosomal proteins (Box 1) but also on sequences from metagenomic sam-
ples. The metagenomic studies [29,30] have generated debate. Metagenomic data can bring
forth alignments of genes that were sequenced accurately but have the wrong taxonomic label.
For example, Da Cunha and colleagues [39] reported that published trees [29] hinge upon a
strong signal stemming from one gene out of 30 and that the gene in question (an elongation
factor [EF2]) might not be archaeal but eukaryotic instead. Spang and colleagues [40] defended
their tree, eliciting more debate [41]. Errors can also occur in the assembly pipeline [42] en
route to alignments [43], independent of contamination. Notwithstanding current debate
about metagenomics-based trees of life [24,39,40,42,43], we should recall that rRNA itself pro-
duces the two-domain tree when various tree construction parameters are employed
[24,26,27]. Both data and methods bear upon efforts to construct trees of life. It remains possi-
ble that some aspects of domain relationships might never be resolved to everyone’s satisfac-
tion—even the endosymbiotic origin of mitochondria is still debated [37]. But the bacterial
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Fig 1. Different views on domain relationships in the tree of life. (A) The three-domain tree: based on rRNA

phylogeny, the three domains were of equal rank. (B) The two-domain tree: modern trees show eukaryote cytosolic

ribosomes branching within the diversity of archaeal ribosomes. (C) As eukaryotes are not just grownup archaea,
eukaryote ancestor possessed mitochondria. If mitochondrial-derived genes are taken into account, the tree is no

the

longer a bifurcating graph. (D) If plastids are included, the tree becomes even less tree-like because the photosynthetic

lineages of eukaryotes also acquired many genes from the plastid ancestor [23].
https://doi.org/10.1371/journal.pgen.1007518.9001

origin of mitochondria and their presence in the eukaryote common ancestor [44-47],

together with the tendency of eukaryotes to branch within archaeal lineages as archaeal lineage
sampling [29,30,48] and phylogenetic methods [24,26,27,32] improve, indicates that eukary-
otes arose from prokaryotes and that genes that trace to the common ancestor of archaea and

bacteria trace to LUCA.

The second problem (how much LGT has there been between domains) that has impaired
progress on LUCA has arguably been more difficult to resolve than the rooting issue. If a given
gene is present in bacteria and archaea, was it present in LUCA, or could it have been trans-
ferred between domains via LGT? As one important example, early studies pondered the pres-
ence of bacterial type oxygen (O,)-consuming respiratory chains in archaea [21]. Does that

Box 1. The tree of 1% and the tree of everything else
A traditional approach to LUCA has been to simply look for the genes that are present

in all genomes. That is easy enough, but the results are sobering. What one finds is a col-

lection of about 30 genes, mostly for ribosomal proteins, telling us that LUCA had a

ribosome and had the genetic code, which we already knew [63-65]. That collection of

about 30 genes has been in use for about 20 years as concatenated alignments to make
trees of lineages based on larger amounts of data than rRNA sequences have to offer

[66]. The genes that are present in all lineages (or nearly all) inform us about how LUCA

translated mRNA into protein, but they do not tell us about how or where LUCA lived.

That information concerns ecophysiology, and physiological traits are not universally
conserved—they are what makes microbes different from one another. One can relax

the criteria of universal presence a bit and allow for some gene loss in some lineages, in

which case, one finds about 100 proteins that are nearly universal [67]. If one puts no
size constraints on LUCA’s genome and allows loss freely, then all genes presentin at
least one archaeon and one bacterium trace to LUCA, making it the most versatile
organism that ever lived [51]. New insights about microbial phylogeny are emerging
from concatenated alignments [24,29,30,42,48,68]. But one has to take care not to get
genes from different lineages mixed up, which can be difficult when metagenomes are
involved [39,43]. Furthermore, data concatenation has its own pitfalls [66,69,70]. Most

modern concatenation studies [29,30,48] employ site-filtering methods in an attempt to
remove "noise,” but even sites that look "noise free" can still contain bias and conflicting
data [63]. Another problem is that popular methods of phylogenetic inference produce
inflated confidence intervals on phylogenies and branches [71]. Trees of ca. 30
concatenated proteins are no more immune to phylogenetic error than rRNA is and are
prone to additional kinds of error [72]. As itrelates to LUCA, regardless of the backbone
tree, we still need to know what all proteins say individually about their own
phylogenies.
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mean that archaea are ancestrally O, consumers? As O, is the product of cyanobacterial photo-
synthesis [49] if we presume archaeal O, respiration to be an ancestral trait of archaea, it
means that archaea arose after cyanobacteria, which are only about 2.5 billion years old and
gave rise to plastids (Fig 1D) only about 1.5 billion years ago [50]. If ancestral archaea were
oxygen respirers, and ancestral bacteria were too, suddenly neither the two-domain tree nor
the three-domain tree (Fig 1) make sense because everything is upside down and rooted in
cyanobacteria. Similar issues are encountered for many genes and traits [51]. Lateral gene
transfer among prokaryotic domains helps to resolve such problems because it decouples phys-
iology (ecological trait evolution) from phylogeny (ribosomal lineage evolution) [52], but it
also makes genes more difficult to trace to LUCA.

Has lateral gene transfer obscured all records?

That takes us to the other extreme. If all genes have been subjected to LGT, as some early
claims had it [53], then LUCA would be altogether unknowable from the standpoint of
genomes. Early archaeal genomes did indeed uncover abundant transdomain LGT [54], and
many bacteria to archaea transfers can be correlated to changes in physiology [55], including
the transfer of O,-consuming respiratory chains [55-58]. For reconstructing LUCA, the issue
boils down to determining i) which genes are present in both archaea and bacteria, ii) which of
those are present in both prokaryotic domains because of LGT between archaea and bacteria,
and iii) which are present because of vertical inheritance from LUCA. For that, there are cur-
rently two methodological approaches. One involves making a backbone reference tree from
universally conserved genes that are present in each genome—the tree of 1% [59] (see Box 1)
—plotting all gene distributions on the tips of that tree, and then estimating which genes trace
to LUCA on the basis of various assumed gain and loss parameters [60-62]. If we permit loss
freely, many genes will trace back to LUCA,; if we assume many gains, LUCA will have few
genes [61]. Constraining ancestral genome sizes helps constrain estimates of which genes trace
to LUCA [61] but only if we assume that the tree of each gene is compatible with the reference
tree, which is a very severe assumption and unlikely to be true. Each gene has its own individ-

ual history (Box 1).

Each gene records its own evolutionary history

If any protein-coding genes have been vertically inherited from LUCA, their trees should
reflect that. To find such trees, one has to make all trees for all proteins, meaning one has to
make clusters for all protein-coding genes from large numbers (thousands) of sequenced
genomes. Clusters correspond to "natural” protein families of shared amino acid sequence sim-
ilarity. Given modern computers, making alignments for all such clusters and making maxi-
mum likelihood trees for all such alignments is a tractable undertaking. Because LGT among
prokaryotes is a real and pervasive process shaping prokaryote genome evolution [55,58,73-
77], one has to treat each gene as a marker of its own evolution, not as a proxy for other genes
or as a function that is subordinate to ribosomal phylogeny.

Genes that are present in several bacterial lineages and one archaeal lineage (or vice versa)
might have been present in LUCA, but they might also have been the result of LGT [55,56,58].
An example illustrates how each gene tree can discriminate between vertical inheritance from
LUCA and interdomain LGT. A recent study investigated the 6.1 million proteins encoded in
1,981 prokaryotic genomes (1,847 bacteria and 134 archaea) [78]. The proteins were clustered
using the standard Markov Cluster (MCL) method [79]. The first step in that procedure is a
matrix containing 18.5 trillion elements ((n*-n)/2), each element corresponding to a pairwise
amino acid sequence comparison. The clustering of such a matrix requires substantial
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computational power and is aided by the availability of several terabytes of memory in a single
machine. The MCL algorithm samples the distribution of values in the matrix and then starts
removing the weak edges, with the value of "weak" being specified by the user. Two kinds of
thresholds are typically used in MCL clustering: BLAST e-values and amino acid identity in
pairwise alignments.

When the goal of clustering is to make alignments and trees, our group has found thata
clustering threshold of 25% amino acid identity is a good rule of thumb. At lower thresholds,
amino acid identity starts to approach random values and generates random errors in align-
ments [80], carrying over as erroneous topologies in trees [81]. That is why Russell F. Doolittle
coined the term "twilight zone" for amino acid identity at or below the 20% range [82,83]. Of
course, many proteins or domains that clearly share a common ancestry by the measure of
related crystal structures do not share more than a random amino acid sequence identity [84].
Such ancient folds will fall into separate clusters at the 25% identity threshold and might thus
generate false negatives when it comes to presence in LUCA (but see next section).

From thousands of clusters and trees, a handful remain

Using the 25% identity threshold, the 6.1 million prokaryotic proteins sampled fall into
286,514 clusters of at least two sequences, and 11,093 of those clusters include sequences found
in both archaea and bacteria [78]. Many of those clusters involve oxygen-dependent respira-
tory chains. Did LUCA have 11,000 genes in its genome and breathe oxygen? That is, was
LUCA (and hence archaea) descended from cyanobacteria? Neither prospect seems likely
enough to warrant further discussion [85]. Knowing that transdomain LGT is prevalent [54—
56] and that thousands of typically bacterial genes are shared with only one archaeal group
[58], Weiss and colleagues [78] reasoned that a simple way to exclude some LGTs would be to
set the minimal phylogenetic criteria that 1) a gene needs to be present in bacteria and archaea,
2) it needs to be present in at least two phylum-level clades, and 3) the tree needs to preserve
domain monophyly (Fig 2). Genes that do not fulfil criterion 1 are not candidates for LUCA
anyway. The two-phylum-plus-monophyly criteria 2 and 3 make it less likely but not impossi-
ble that such a gene attained that distribution via LGT. How so? Criteria 2 and 3 would require
one transdomain transfer followed by intradomain transfers to different phyla, while allowing
no subsequent, independent transdomain transfers. The last condition is the restrictive one.
Of the 11,093 clusters that harbored sequences in bacteria and archaea, only 355 (3%)
passed the simple LGT filter [78]. Put another way, 97% of the sequences present in bacteria
and archaea apparently underwent some transdomain LGT, underscoring the degree to which
transdomain LGT has influenced gene history since LUCA and underscoring the need to
employ phylogenetic filters in search of genes that trace to LUCA [21,51]. The 97% LGT value
is important with regard to the 25% clustering threshold and possible false negatives; 97% of
all false negatives founded in low-sequence conservation would still not trace to LUCA because
of transdomain LGTs. But transdomain LGT has apparently not erased all signals, as 355 genes
passed the LGT test, and those genes tell us things about LUCA that we did not know before.

The physiology of LUCA

Most earlier depictions of LUCA focused on what it was like [16]; for example, whether it was
like RNA [86], like a virus [87], whether it was like prokaryotes in terms of its genetic code
[88], or like eukaryotes in terms of its cellular organization [22]. But traditional approaches
lacked information about how and from what LUCA lived [16]. Our phylogenetic approach to
LUCA [78] uncovered information about what LUCA was doing: its physiology, its ecology,
and its environment. The genes for those physiological traits are not necessarily widespread
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https://doi.org/10.1371/journal.pgen.1007518.0002

among modern genomes, but the filtering criteria by Weiss and colleagues [78] only require
that these genes are ancient. What Weiss and colleagues [78] found is schematically summa-
rized in Fig 3.

LUCA was an anaerobe, as long predicted by microbiologists [89]. Its metabolism was
replete with O,-sensitive enzymes. These include proteins rich in O,-sensitive iron—sulfur
(FeS) clusters and enzymes that entail the generation of radicals (unpaired electrons) via S-ade-
nosyl methionine (SAM) in their reaction mechanisms. That fits well with the 50-year-old [90]
but still modern view that FeS clusters represent very ancient cofactors in metabolism [91-93].
It also fits with newer insights about the ancient and spontaneous (nonenzymatic) chemistry
underlying SAM synthesis [94].

LUCA lived from gasses. For carbon assimilation, LUCA used the simplest and most
ancient of the six known pathways of CO, fixation, called the acetyl-CoA (or Wood-Ljung-
dahl) pathway [95-97], which is increasingly central for our concepts on early evolution
because of its chemical simplicity [97,98] and exergonic nature [99-101]. In the acetyl-CoA
pathway, CO, is reduced with hydrogen (H,) to a methyl group and CO. The methyl group is
synthesized by the methyl branch of the pathway, which employs different one-carbon (C1)
carriers in bacteria (tetrahydrofolate) and archaea (tetrahydromethanopterin), cofactors that
are synthesized by unrelated biosynthetic pathways [96]. Carbon monoxide (CO) is synthe-
sized by carbon monoxide dehydrogenase (CODH), the archaeal and bacterial versions of
which are distinct but related [96]. The methyl and carbonyl moieties are condensed to an
enzyme-bound acetyl group thatis removed from a metal cluster in acetyl-CoA synthase
(ACS) as an energy rich thioester. Thioesters harbor chemically reactive bonds [102] that play
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Fig 3. The physiology of LUCA. Summary of the main interactions of LUCA with its environment, reprinted with permission from [78]
(supporting trees in 51 Appendix). Components listed at the lower right are present in LUCA. The figure does not make a statement
regarding the source of CO in primordial metabolism, symbolized by [CO]. LUCA indisputably possessed genes because it had a genetic
code. Transition metal clusters are symbolized. CH;-R, methyl groups; CODH/ACS, carbon monoxide dehydrogenase/acetyl-CoA
synthase; GS, glutamine synthetase; HS-R, organic thiols; LUCA, last universal common ancestor; Mrp, MrP type Na'/H" antiporter; Nif,
nitrogenase; SAM, S-adenosyl methionine.
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a crucial role in energy metabolism [101] and in metabolism in general, both modern and
ancient [101,103,104]. Although CODH/ACS clearly does trace to LUCA [78,96], this is not
true for the methyl synthesis branch, which consists of unrelated enzymes in bacteria and
archaea [78,96].

A recent report [105] argued that the presence of CODH in LUCA did not exclude a hetero-
trophic lifestyle for LUCA. This argument is problematic because no single enzyme defines a
trophic lifestyle. Even Rubisco (D-ribulose-1, 5-bisphosphate carboxylase/oxygenase), the clas-
sical Calvin cycle enzyme, is not a marker for autotrophy because Rubisco also functions in a
simpler heterotrophic pathway of RNA fermentation [106-108] that is common among
archaea and bacteria in marine sediment environments [109]. Moreover, all heterotrophs are
derived from autotrophs due to the former requiring the latter as a source of chemically
defined growth substrates. The reason is that CO, constituted the main carbon source on
Earth after the moon-forming impact [1,110], while carbon delivered from space was either
too reduced to be fermented (polyaromatic hydrocarbons), too heterogeneous in structure to
support microbial growth, or both [108]. Autotrophs with CODH can obtain ATP from CO,
reduction with H, [98,101,110]. Autotrophs without CODH cannot. If we base inferences
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about LUCA’s lifestyle on broad criteria rather than single genes [105], LUCA was an auto-
troph [78,108].

Life is about harnessing energy [44]. Thioesters are chemically reactive—they forge direct
links between carbon metabolism and energy metabolism (ATP synthesis) as they give rise to
acetyl phosphate, the possible precursor of ATP in evolution as a currency of high-energy
bonds [111]. Relics of ATP synthesis via acetyl phosphate were found in LUCA’s genes [78], as
were subunits of the rotor-stator ATP synthase itself. The ATP synthase might appear to pres-
ent a paradox because no proteins of the proton-pumping machinery that cells use to generate
the ion gradient that drives the ATP synthase traced to LUCA [78]. Yet some theories have it
that the first cells arose at alkaline hydrothermal vents [91,96,111], meaning that the inside of
the vent is more alkaline than the ocean outside. Such naturally existing pH gradients could
have been harnessed by LUCA to synthesize ATP (Fig 3). Ancestral ATPases might have har-
nessed either proton gradients or sodium gradients generated by proton/sodium (H*/Na™)
dependent antiporters [112], or they might have even been promiscuous for both kinds of
ions, similar to the ATPase of modern microbes that live near the thermodynamic limits of life
[113].

LUCA’s environment was rich in sulfur; thioesters, SAM, proteins rich in FeS and iron-
nickel-sulfur (FeNiS) clusters, sulfurtransferases, and thioredoxins were part of its repertoire,
as were hydrogenases that could channel electrons from environmental H, to reduced ferre-
doxin, which is the main currency of reducing power (electrons) in anaerobes [114]. A recent
report provided phylogenetic evidence that archaea are ancestrally H,-dependent methano-
gens [62], compatible with an autotrophic, H>-dependent lifestyle of LUCA.

LUCA had a reverse gyrase, an enzyme typical of thermopbhiles, suggesting that LUCA liked
it hot. But independent of the reverse gyrase, simple chemical kinetics provide strong evidence
in favor of a thermophilic origin for the first cells [115,116]. The reason is that only uncatalysed
or inorganically catalysed reactions existed before there were enzymes. Their rates of reaction
were lower than the enzymatically catalyzed reactions. Between 0°C and 120°C (the biologi-
cally relevant temperature range), organic chemical reaction rates generally increase with tem-
perature [115,116]. Before there were enzymes, high-temperature environments were more
conducive to organic chemical reactions than low-temperature environments [115,116].
Taken together, LUCA’s requirement for gasses (CO,, H,, CO, nitrogen [N,]), the prevalence
of sulfide, its affinity to high temperature and metals, plus an ability to use but not generate
ion gradients all point to the same environment: alkaline hydrothermal vents.

In addition to shedding light on physiology, the 355 trees that showed domain monophyly
(S1 Appendix) [78] also have another interesting property: they are reciprocally rooted. That
is, the bacteria are rooted in an archaeal outgroup and vice versa. Genes present in LUCA con-
tain information about their lineages and about the groups of bacteria and archaea that
branched most deeply in each domain. In both cases, the answer was clostridia (bacteria) and
methanogens (archaea). Those are strictly anaerobic prokaryotes that use the acetyl-CoA path-
way; live from CO,, H,, and CO; fix N, and today inhabit hydrothermal environments in the
Earth’s crust [117-119].

The onset of genetics

Though the organization of inanimate matter into living cells with genetics can be charted in
mathematical terms [120,121], the biochemical details remain elusive. For example, it is con-
troversial whether LUCA had DNA or not [87]. Several DNA-binding proteins trace to LUCA
[78], so it would appear that LUCA possessed DNA, but it is unresolved whether LUCA could
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actually replicate DNA. For LUCA, DNA might just have been a chemically stable repository
for RNA-based replication [122].

A novel and interesting aspect of LUCA’s biology concerns modified bases and the genetic
code. Transfer RN A requires modified bases for proper interaction with mRNA (codon-anti-
codon wobble base pairing) and with rRNA in the ribosome during translation. That is, modi-
fied bases are part of the universal genetic code (Fig 4), which was present in LUCA. Many
RNA-modifying enzymes trace to LUCA, particularly the enzymes that modify tRNA. Several
of those enzymes are methyltransferases (many SAM dependent), and they remind us that,
before the genetic code arose, the four main RNA bases could hardly have been in great supply
in pure form because there were no genes or enzymes, only chemical reactions [123]. Sponta-
neous synthesis of bases in a real early Earth environment like a hydrothermal vent, an envi-
ronment that lacks the control of a modern laboratory [124], is not likely to generate the four
main bases in pure form. Many side products will accumulate, including chemically modified
bases [111]. Chemically modified bases from living cells have been reported since the 1970s by
pioneering RNA chemists such as Mathias Sprinzl [125] and Henri Grosjean [126]. There are
28 modified bases, mainly occurring in tRNA, that are shared by bacteria and archaea [127].
The modifications are chemically simple, such as the introduction of methyl groups or sulfur
and occasionally of acetyl groups and the like (Fig 4).

Chemical modifications in the tRNA anticodon are essential for codon-anticodon interac-
tions to work [128,129]. Modifications of the rRNA are concentrated around the peptidyl
transferase site and are also essential for tRN A ribosome interactions [130]). It is possible that
the genetic code itself arose in the same chemically reactive environment where LUCA arose
and that modified bases in tRNA carry the chemical imprint of that environment [78]. That
would forge a link between the early Earth and genetics as we know it. New laboratory synthe-
ses of RNA molecules in the origin of life context now also include investigations of modified
bases [131], as it is becoming increasingly clear that these are crucial components at the very
earliest phases of molecular and biological evolution.

Moving forward

Investigations of LUCA based on phylogenies of all genes pose new opportunities and new
challenges. As environmental sequencing and metagenomics progresses, the number of micro-
bial sequences and new lineages is exploding [48,109]. How will that aspect of metagenomics
affect investigations of LUCAZ? If the criteria for gene age are phylogenetic (prokaryote domain
monophyly, presence in at least two bacterial and archaeal “phyla”), then the correct taxo-
nomic assignment of each sequence is very important. A problematic aspect of metagenomic
data is that some data handling steps can assign incorrect higher taxon labels to genes
[39,41,43], which in turn can falsify phylogenetic relationships. Analyses of cultured microbes
or complete genome sequences limit the available sample size but deliver reliable taxon labels,
at least at the level of archaea versus bacteria. Clearly, there are trade-offs.

At first sight, LUCA’s genome appears doomed to shrinkage. As the sample of complete
genomes grows, the list of 355 genes that trace to LUCA by domain monophyly criteria [78]
will shrink because each new genome offers new opportunities to uncover recent LGT events
for the 355 genes. Recalling that only 3% of the 11,093 clusters investigated [78] appeared free
of transdomain LGT, it is evident that the inclusion of new genomes will eventually cause the
number 355 to asymptotically approach zero, unless some genes never undergo transdomain
LGT, which seems unlikely. What to do? Filtering out recent LGT events would help save
LUCA’s genome from shrinking to zero. For example, the tree for gene X might violate
domain monophyly by one LGT event. If the LGT was recent, affecting members of only one
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Fig 4. Modified tRNA and nucleoside structures (adapted from [78]). Cloverleaf secondary structure representation of
tRNA showing post-transcriptional nucleoside modifications that are conserved among bacteria and archaea in both identity
and position. The structures of respective conserved modified nucleosides are highlighted in grey. Methyl and acetyl groups
are shown in red and dark red, respectively; sulfur in yellow; and the threonylcarbamoyl group in blue.
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recipient genus or family, it would hardly affect inferences about LUCA, adding gene X to
LUCAs list. To identify recent LGTs in prokaryote phylogeny, standard criteria like incom-
plete amelioration [132], anomalously high-sequence identity [133], or presence in the auxil-
iary genome [134] will be useful, as will new methods that root unrooted trees [135].
Identifying recent LGTs should allow us to trace more genes to LUCA.

There is also the issue of clustering thresholds to consider, as discussed above. Stringent
thresholds produce many small clusters and more relaxed thresholds produce a smaller num-
ber of very large clusters [136]. One can argue that large clusters (low stringency) allow one
to look further back into time, but they also can generate clusters whose origins trace to dupli-
cations in LUCA, in which domain monophyly is violated but not because of LGT. Another
factor concerns gene fusions. Genes tend to undergo fusion and fission during evolution
[137,138]. In clustering procedures, gene fusions tend to slightly reduce the number of clusters
because when they occur, they can bring two fused genes into one alignment, and the weaker
phylogenetic signal in the fusion is obscured [23]. Methods to detect fusions exist [139,140].
By detecting gene fusions and dissecting them into their component parts, it might be possible
to increase the number of trees that trace to LUCA by phylogenetic criteria.
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Investigations into early evolution always elicit protest. For example, there were criticisms
[141] of the term "progenote,” which Woese and Fox [142] introduced to designate a state of
organization below that of a free-living cell [143,144], as shown in Fig 3. In addition, multiple
LGTs can, in principle, generate false positives by mimicking vertical inheritance from LUCA
[78], but very specific conditions have to be fulfilled (Fig 1C). The challenge is to distill a
chronicle of microbial evolution that takes all genes and LGT [145] into account and that con-
veys information about physiology [146], the energy-releasing reactions that power microbial
evolution.

Conclusions

More clues about LUCA’s lifestyle are emerging. Investigations of modern biochemical path-
ways hone in on the same kinds of reactions as the phylogenetic approach [103]. Similarly,
laboratory experiments also demonstrate the spontaneous synthesis of end products and inter-
mediates of the acetyl-CoA pathway, the mainstay of LUCA’s physiology; new findings show
that formate, methanol, acetyl moieties, and even pyruvate arise spontaneously at high yields
and at temperatures conducive to life (30°C-100°C) from CO,, native metals, and water
[98,147]. Those conditions are virtually impossible to underbid in terms of chemical simplicity
[98], yet they bring forth the core of LUCA’s carbon and energy metabolism [78,96,97,101,
103] overnight. Did the origin of genetics hinge upon hydrothermal chemical conditions that
gave rise to the first biochemical pathways that in turn gave rise to the first cells? Genes that
trace to LUCA [78], ancient biochemical pathways [103], and aqueous reactions of CO, with
iron and water [98,110] all seem to converge on similar sets of simple, exergonic chemical
reactions as those that occur spontaneously at hydrothermal vents [148]. From the standpoint
of genes, physiology, laboratory chemistry, and geochemistry, it is beginning to look like
LUCA was rooted in rocks.

Supporting information

S1 Appendix. ML trees for the 355 protein families that trace to LUCA by phylogenetic cri-
teria. The trees are for the 355 clusters that, after alignment and tree construction, generated
ML trees that preserve domain monophyly while also having homologues in >2 archaeal and
>2 bacterial lineages. These 355 proteins trace to LUCA by those phylogenetic criteria [78].
LUCA, last universal common ancestor; ML, maximum likelihood.
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Carbon dioxide enters metabolism via six known CO, fixation pathways,
of which only one is linear, exergonic in the direction of COj-assimilation,
and present in both bacterial and archaeal anaerobes — the Wood-Ljung-
dahl (WL) or reductive acetyl-CoA pathway. Carbon monoxide (CO) plays
a central role in the WL pathway as an energy rich intermediate. Here, we
scan the major biochemical reaction databases for reactions involving CO
and CO,. We identified 415 reactions corresponding to enzyme commission
(EC) numbers involving CQO,, which are non-randomly distributed across
different biochemical pathways. Their taxonomic distribution, reversibility
under physiological conditions, cofactors and prosthetic groups are sum-
marized. In contrast to CO,, only 15 reaction classes involving CO were
detected. Closer inspection reveals that CO interfaces with metabolism and
the carbon cycle at only two enzymes: anaerobic carbon monoxide dehy-
drogenase (CODH), a Ni- and Fe-containing enzyme that generates CO
for CO, fixation in the WL pathway, and aerobic CODH, a Mo- and Cu-
containing enzyme that oxidizes environmental CO as an electron source.
The CO-dependent reaction of the WL pathway involves carbonyl insertion
into a methyl carbon-nickel at the Ni-Fe-S A-cluster of acetyl-CoA syn-
thase (ACS). It appears that no alternative mechanisms to the CO-depen-
dent reaction of ACS have evolved in nearly 4 billion years, indicating
an ancient and mechanistically essential role for CO at the onset of
metabolism.

Introduction

In autotrophs, carbon dioxide enters metabolism mainly
via six known pathways of CO, fixation [1-5]. In discus-
sions about novel synthetic CO, fixation pathways [6—
10], it is often overlooked that heterotrophs also harbor
a number of metabolic reactions that incorporate CO,.
For example, carbon atoms from CQO; end up in the
purine and pyrimidine rings during de nove nucleobase
biosynthesis, from prokaryotes to humans [11], and
CO, assimilation into membrane lipids has been mea-
sured as a proxy of metabolic activity in different het-
erotrophic bacteria [12]. Of the six natural pathways of
autotrophic CO; fixation, only one involves CO as an

Abbreviations

intermediate — the Wood-Ljungdahl (WL) pathway,
also called the reductive acetyl-CoA pathway.

Among CO, assimilation pathways, the WL pathway
is unique in being the only linear pathway of carbon
fixation that can occur exergonically [3,13,14]. Phyloge-
netic evidence traces the pathway to the genome of the
Last Universal Common Ancestor (LUCA) [15]. It is
the only known pathway of core CO, fixation present
in both bacteria and archaea [2,3]. Gene distributions
for both the enzymes of the pathway and the synthesis
of its salient pterin cofactors — tetrahydrofolate (H4F)
in bacteria and tetrahydromethanopterin (H4MPT) in

ACS, acetyl-CoA synthase; CODH, carbon monoxide dehydrogenase; EC, enzyme commission; Gt, gigatonne; LUCA, last universal common
ancestor; PAP, presence-absence pattern; rTCA, reverse citric acid; WL, Wood-Ljungdahl.
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archaea — testify to the antiquity of the WL pathway
[3,16], which is closely aligned with theories that posit
a chemolithoautotrophic origin of life [17-19]. Its basic
chemistry, the reduction in CO, to organic one-carbon
(C1) moieties, occurs as spontaneous geochemical reac-
tions in hydrothermal systems [20,21]. The WL path-
way entails oxygen sensitive catalysts, as its enzymes
are replete with iron and nickel sulfur centers essential
for electron transfer and catalysis [14,22]. CO;-reducing
reactions of the WL pathway occur readily in the labo-
ratory in the presence of native metals [23,24]. The WL
pathway is the only pathway known that fixes CO;
while conserving energy as ATP, the mechanisms of
energy conservation entailing chemiosmotic coupling
and flavin-based electron bifurcation [3,25]. The sim-
plicity of the WL pathway [13,22], its antiquity [13—
16,26,27], favorable energetics in the COs-reducing
direction [3,25] and chemical similarity to exergonic
geochemical reactions in hydrothermal vents [20,21]
forge chemical links between early earth geochemistry
and the biochemistry of the first cells.

The WL pathway works in a conceptually simple
but chemically demanding manner — one carbon at a
time [22]. The enzymology of the pathway has been
reviewed [3,19,22,28.29]. In comparisons of the
archaeal and bacterial pathway, the enzymes of the
methyl synthesis branch show no sequence conserva-
tion across the prokaryotic domain divide [16],
whereby the CO synthesis and thioesther synthesis are
catalyzed by an enzyme well conserved between
archaea and bacteria: bifunctional carbon monoxide
dehydrogenase/acetyl CoA synthase (CODH/ACS).
CODH catalyzes the reversible, ferredoxin-dependent
interconversion of CO and CO, [30]. In the WL path-
way, CO is generated as an intermediate of CO, fixa-
tion, but environmental CO can also enter the
pathway as a carbon and electron source [3,31,32].
Both CODH and CO are central to carbon and energy
metabolism in methanogens (archaea) [33], hydrogeno-
gens, acetogens [22,34], some solventogenic bacteria,
such as ethanol-producing Clostridium ljungdahlii [35]
and other anaerobes including sulfate reducers [36], as
reviewed in [32,37]. CODH contains FeS clusters, the
active site contains an FeNiS cluster [38-40]. An
anaerobic CODH preparation containing copper in the
active site was reported [41], but the enzyme was inac-
tive. The CODH enzyme of the WL pathway is oxygen
sensitive. ACS catalyzes the cleavage and synthesis of
acetyl-CoA, releasing or consuming CO, respectively.
In Moorella thermoacetica, CO is carried inside the
enzyme through a hydrophobic tunnel as proposed by
scavenging experiments using hemoglobin [42] and
subsequently supported by isotope exchange data [43]

J. C. Xavier et al.

and structural data [44]. Some facultative aerobes, as
Rhodospirillum rubrum, have the anaerobic CODH but
no ACS, and use it to conserve energy in the reverse
direction through CO oxidation [32].

In other aerobic and facultative aerobic bacteria,
CO oxidation can also be catalyzed by an oxygen tol-
erant enzyme that shares no sequence similarity with
CODH of the WL pathway. The oxygen tolerant CO
oxidizing enzyme is encoded by the cox operon [45]. It
is typically called aerobic CODH [45], but for clarity
we will refer to it here by the name of its catalytic sub-
unit, coxL. Importantly, coxLL enzymes are not related
to the CODH of the WL pathway, rather they are
related to molybdenum hydroxylases [45,46]. The met-
als involved in coxL catalysis are molybdenum and
copper [38,46-48]. Cox gene products only perform
the oxidation of CO to CO,, which in some species of
Proteobacteria, Firmicutes and Actinobacteria can
then be fixed via the Calvin cycle [45,47]. In aerobes
that use coxL enzymes, CO is typically a source of
electrons for respiratory processes coupled with exoge-
nous electron acceptors such as oxygen [45,49], sulfate
[50], anthraquinone disulfonate and fumarate [51].

Various lines of evidence point to the importance of
CO in primordial metabolism [52-56]. Here, we quer-
ied large and well curated biochemical databases —
KEGG and BRENDA - to investigate the number
and nature of entry points of CO and CO, into
metabolism.

Results and Discussion

CO; is everywhere in metabolism, CO is rare

The KEGG and BRENDA have different reaction
nomenclatures, therefore to compare their content it is
convenient to use Enzyme Commission (EC) numbers,
which also link metabolic data with taxonomy and
other catalysis metadata. Figure 1 shows the content
of both databases regarding enzyme classes that use
CO, and CO. Both databases reveal that CO is very
rare in metabolism, whereas CQO, is very common.
KEGG contained 390 EC numbers involving CO,,
BRENDA Natural (a subset of BRENDA including
only reactions tested in vivo) contained 323 EC num-
bers and both databases returned 13 EC numbers
involving CO (Fig. 1).

The results obtained from both databases are not
completely overlapping (Fig. 1). In KEGG, there are
91 EC numbers involving CO, that are not found in
BRENDA. Conversely, 25 EC numbers involving CO,
are found in BRENDA but not in KEGG. Regarding
CO, each database has two unique EC numbers: in
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Fig. 1. Enzyme Commission (EC) numbers
involving COz and CO in KEGG and
BRENDA (only in vivo reactions) and their
overlaps. The horizontal bars display the
total of EC numbers for each molecule in 2 a3
each database. The vertical bars display the
size of the overlaps (intersections) between
the databases.

BRENDA an additional dioxygenase, 1.13.11.54, and
an additional heme oxygenase, 1.14.99.48, are listed as
producing CO. In KEGG one of these non-overlap-
ping EC numbers is a misannotation: 2.1.1.258, a 5-
methyltetrahydrofolate: corrinoid/iron-sulfur protein
Co-methyltransferase, represents a reaction of the
Wood-Ljungdahl pathway that does not involve CO as
substrate or product [29]. The second CO involving
reaction unique to KEGG is EC 4.1.99.5, an O,-
dependent aldehyde oxygenase. O,-dependent reactions
cannot be primordial, because O, is the product of
cyanobacterial metabolism (see Conclusion).

Eleven EC numbers that involve CO occur in both
databases. Of those 11, seven entail CO only as a
by-product of an O,-dependent enzyme: two heme
oxygenases, 1.14.14.18 and 1.14.15.20; four dioxyge-
nases: 1.13.11.24, 1.13.11.47, 1.13.11.48 and 1.13.11.
53 and one synthase 4.1.99.17. The remaining four
EC numbers involving CO all trace directly to
CODH. The first is 1.2.2.4, aerobic CODH with
cytochrome b-561 as an electron acceptor. This reac-
tion is disputed, however, as some authors argue
that no cytochromes are involved in the aerobic
CODH reaction [57], contrary to the original pro-
posal [49]. The second is 1.2.5.3, aerobic CODH
with quinones as an electron acceptor. The third is

Something special about CO-dependent CO; fixation
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EC. 1.2.7.4, anaerobic CODH with ferredoxin. The
fourth is 2.3.1.169, the CODH/ACS combined reac-
tion, which in BRENDA is considered as including
only the second step of acetyl-CoA synthesis and
not the CO, fixation step.

CO, for all trades, CO only for CODH

CO, is involved throughout all major functional path-
ways in KEGG, while CO is assigned to only 7
(Fig. 2A). Each EC number had from 0 to a maximum
of 11 KEGG pathways assigned. Multifunctionality is
a known and important characteristic of enzymes, so
the functional analysis done here preserved all classifi-
cations assigned to all enzymes, except for the large
generalist categories (‘Biosynthesis of antibiotics’,
‘Biosynthesis of secondary metabolites’, ‘Microbial
metabolism in diverse environments’ and ‘Metabolic
pathways”), which were discarded. A large number of
enzymes do not have any pathways assigned (not
shown in the plot) - 113 involving CO; and 5 involving
CO. The functions of these 5 EC numbers involving
CO were searched manually in the literature (see
legend of Fig. 2; Table 1). All EC numbers involving
CO as a substrate are assigned (or, if assigned
Unknown, could be manually assigned) to ‘carbon
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fixation pathways in prokaryotes’ and ‘energy metabo-
lism” through the CODH reaction. Other pathways
involve CO always as a byproduct, with the exception
of the additional assignments of anaerobic CODH 1.2.
7.4 to ‘methane metabolism’ (in the methanogen path-
way) and (through a reaction that does not involve
CO) to ‘nitrotoluene degradation’.

Each reaction in our set was annotated in a range
from 1 to a maximum of 4320 taxa (species) in KEGG
as per its occurrence, either through the corresponding
gene in KEGG genomes or manually assigned upon
examination of the literature (see Materials and meth-
ods). Out of the total 399 EC numbers gathered for
CO; and CO, 99 reactions were found to be annotated
only in eukaryotes, only one of which involves CO (a
mammalian heme oxygenase that produces CO, 1.14.
14.18, annotated in 110 KEGG genomes). In

Something special about CO-dependent CO; fixation

prokaryotes, 292 ECs involved with CO, were anno-
tated, versus only 12 with CO.

To investigate the distribution of reactions across
pathways where CO, was involved, a higher-level cate-
gorization was performed, using the KEGG pathway
hierarchy, for prokaryotic EC numbers (Fig. 2B). A
Fisher’s exact test for enrichment of each pathway indi-
cates amino-acid metabolism as highly enriched for
COx-involving reactions, as well as a significant enrich-
ment for xenobiotics biodegradation and metabolism,
carbohydrate metabolism, metabolism of cofactors and
vitamins and energy metabolism (adjusted p-values of
2.49 x 107, 6.01 x 107°, 4.44 x 107>, 3.21 x 107*
and 7.10 x 10~*, respectively).

The ubiquity of CO, in metabolism is more clearly
seen by highlighting CO,-dependent reactions on the
KEGG map ‘Metabolic Pathways’ (Fig. S1; portion

Table 1. Enzyme commission numbers associated with carbon monoxide.

Proposed functional

EC number Functional classifications in KEGG Name and description classification
1.22.4 Unknown CO dehydrogenase (cytochrome bsg;); Energy Metabolism;
although present in strict aerobes, Carbon fixation pathways
0z is not required for the reaction. in prokaryotes
CO is oxidized to CO; with water as
the oxidant [49]
1.2.5.3 Unknown Aerobic Carbon Monoxide Energy Metabolism;
dehydrogenase (quinone) Carbon fixation pathways
in prokaryotes
1.2.74 Carbon fixation pathways in prokaryotes; Anaerobic carbon-monoxide
Methane metabolism; Nitrotoluene degradation  dehydrogenase (ferredoxin)
2.3.1.169 Carbon fixation pathways in prokaryotes CO-methylating acetyFCoA synthase
2.1.1.258 Carbon fixation pathways in prokaryotes 5-methyltetrahydrofolate: corrinoidfiron-sulfur
protein Co-methyltransferase; two step
reaction: Tetrahydrofolate +
acetyl-CoA <> 5-methyltetrahydrofolate +
CoA + CO
1.13.11.24  Unknown Quercetin 2,3-dioxygenase. CO is a Xenobiotics biodegradation
byproduct in this reaction. and metabolism
1.13.11.47  Unknown 3-hydroxy-4-oxoguincline 2,4-dioxygenase. Xenobiotics biodegradation
CO is a byproduct in this reaction. and metabolism
1.13.11.48  Unknown 3-hydroxy-2-methylguinolin-4-one Xenobiotics biodegradation
2,4-dioxygenase. CO is a and metabolism
byproduct in this reaction.
1.13.11.63  Cysteine and methionine metabolism Acireductone dioxygenase {Niz*-rsquiring},
CO is a byproduct in this reaction. Unknown
function; the same enzyme, when binding
iron, is the one leading to the salvage of
methionine (EC 1.13.11.54) [97,98].
1.14.14.18  Porphyrin and chlorophyll metabolism Heme oxygenase (biliverdin-producing).
CO is a byproduct in this reaction.
1.14.15.20  Porphyrin and chlorophyll metabolism Heme oxygenase (biliverdin-producing,
ferredoxin). CO is a byproduct in this reaction.
41995 Cutin, suberine and wax biosynthesis Aldehyde oxygenase (deformylating)
4.1.99.17 Thiamine metabolism Phosphomethylpyrimidine synthase.
CO is a byproduct in this reaction.
The FEBS Journal (2018) @ 2018 The Authors. The FEBS Joumal published by John Wiley & Sons Ltd on behalf of 5

Federation of European Biochemical Societies

92


http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/2/7/4.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/2/7/4.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/14/14/18.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/14/14/18.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/2/2/4.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/2/5/3.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/2/7/4.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC2/3/1/169.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC2/1/1/258.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/13/11/24.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/13/11/47.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/13/11/48.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/13/11/53.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/13/11/54.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/14/14/18.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC1/14/15/20.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC4/1/99/5.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC4/1/99/17.html

Something special about CO-dependent CO; fixation J. C. Xavier et al.

1 = R l 4 bood . - + ' . .
%Fm! chmiosw!hes's l beta-Alanine &
- — s metabolism
| = i Pyrimidine metabaolism I ’
m&aﬁd’ c) i I
r i biosy\i-\:agas ¥ = =
- 4 Bnosml\ass of vancomycin — 4 T
Aming sugar and 4 = 1—
mdaoi%g sugar T 1 1 i
! 1 L 1 !
F = Peniose phosphate . N ¥
1 metabali Biosynthesis of 12-, 14- and 2
Frucoseand pry 16.membered magrolioes L - tyrosine and
mannose metabolism L 3 hyptophnn Ixosy\l\esls

i Carbohydrate !
Metabolism

Energy
Metabolism

pline, leudne and
pleucine bics; i

Benzoxazinone
biosynthesis

S tion

Oxidati
phasphorylation

Fig. 3. COz in a section of a global metabolic map (full map provided as Fig. S1). A portion of the KEGG map ‘01100 — metabolic pathways’
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in BRENDA or where CO, is a product in BRENDA but reversibility is unknown; in blue, reactions where CO, is a substrate or it is a
product and the reaction is classified as reversible in at least one study; in red, reactions classified as irreversible where CO; is a product.

shown in Fig. 3). The KEGG metabolic map used is the involving CO, against the information regarding

largest available for depiction, however it can still only
plot 40% of the 292 prokaryotic EC numbers for CO,.
The chemical reactions in the map are all theoretically
reversible, however not all can be reversibly catalyzed
by the same enzyme under the same physiological condi-
tions. We crosschecked all KEGG EC numbers

reversibility in BRENDA. KEGG reactions have no
direct information regarding reversibility — all are
assigned as reversible. Reversibility information in
BRENDA is two-fold: (a) there is a direct assignment of
compounds involved in the reaction as substrates or
products and (b) each reaction assigned to an EC has an
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independent reversibility classification, which is assigned
manually by the database curators as ‘reversible’, ‘irre-
versible’ or ‘unknown’. In Figs S1 and 3, EC numbers
involving CQO, are highlighted according to the
reversibility of the reactions they encode in BRENDA.
When looking at all reactions, including those not in the
map, 65% were classified as producing CO, with
reversibility unknown; 24% as utilizing CO- or reversi-
bly producing it; 11% as irreversibly producing CO,.

Metals and cofactors

The cofactors and metals involved in CO and CO;
metabolism are different. We analyzed the number of
studies reporting metal and cofactor utilization in
BRENDA in vivo, only for EC numbers where CO
and CO, are assigned as substrates, and only for
anaerobic, prokaryotic reactions (Fig. 4).

For CO, 63 entries for metal utilization were
retrieved linked with the only EC number where CO
is an in vivo substrate in BRENDA (anaerobic
CODH reaction, 1.2.7.4). Nickel and iron are by far
the most commonly reported metals, occurring in 46
and 34.9% of all 63 entries, respectively. For CO,, of
the total 499 entries retrieved, magnesium and man-
ganese are by far the preferred metals — 33.9 and
14.2%, respectively). Regarding organic cofactors,
ATP, biotin and NADs are the most common for

A ecoeco,
Nickel 46% 0.6%
Iron . M0% 6%
Zinc . 6.3% 8%
Cobalt . 1.2% 8.6%
Magnesium . - 33.0%
Manganese . - 14.2%
Potassium . - 48%
Molybdenum . - 3%
Copper . - 0.4%

Metals

Metal Clusters
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CO; utilization — 33.2, 26 and 20%, respectively from
a total of 235 entries — whereas for CO nickel-iron-
sulfur clusters are the only reported cofactors. Differ-
ent types of Ni-Fe-S clusters have been synthesized
in the laboratory [58,59], although none have yet
been shown to catalyze the interconversion of CO,
and CO.

CODH/ACS: Archaea and bacteria, but not
aerobes

An earlier paper plotted the evolutionary distribution
of the archaeal type and bacterial type CODH and
ACS enzymes across genomes [16] demonstrating the
antiquity of the enzyme. Single gene phylogenies also
trace CODH and ACS to the universal common
ancestor [15,26,27]. A fundamental limitation to gene
phylogenies as a proxy of prokaryotic gene evolution
is however that phylogenies only show in which lin-
eages the gene is present, not the lineages in which it
is missing. Plots of gene distributions reveal where
genes are lacking. Figure 5SA shows the current gene
distribution at the prokaryotic phylum level for
CODH and ACS as proxies for capacity to harness
CO in metabolism and to fix it as acetyl-CoA. As the
query sequences, homologues from eight prokaryotes
were used to obtain insights into the distribution of
the catalytic domains.

@co eco,

. - |
[ J
[

ATP - 33.2%

Biotin

NADs

Acetyl-CoA
Flavins

Molybdenum
cofactors

- 3.8%

- 0.43%

Organic Cofactors

Fig. 4. Metals and organic cofactors in reactions that consume CO or CO.. Percentage of entries of experimental evidence in BRENDA
demonstrating the participation of different (A) metals and (B) cofactors in the catalytic activity of enzymes that use CO (red) or CO; (blue)

as substrates.
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Fig. 5. Phylogenomic analysis of CO-interconverting enzymes. (A) Distribution of genes encoding the CODH and ACS reactions. The left
part of the figure lists the taxonomic groups from 5655 completed sequenced genomes (212 archaeal and 5443 bacterial). The presence-
absence patterns (PAPs) represent the proportion of genomes within a taxonomic group where each gene is present according to the
discrete grey scale-bar of binned intervals (top right, value indicates upper value of each bin). Each column represents a different gene
selected from a different query species capable of performing the aerobic CODH (oxidative) reaction, the anaerobic CODH or both the
(anaerobic) CODH and the ACS reactions (Oligotropha carboxidovorans, Moorella thermoacetica, Carboxydothermus hydrogenoformans,
Rhodospirillum rubrum, Archaeoglobus fulgidus, Candidatus Bathyarchaeota archaeon BA1, Methanothermobacter thermautotrophicus and
Methanosarcina acetivorans). Homologous proteins were predicted by BLAST with an F-value threshold of 107° and filtering for global
amino acid identities of at least 20% with Powerneedle (see Materials and methods). (B) Phylogenetic trees of the query sequences of
CODH (left) and ACS (right) used to BLAST the RefSeq Database to build the PAPs in (A), numbers at branches are bootstrap values.
Metabolic modes of the different species are marked in front of the respective sequences with colored circles according to the legend

(bottom right).

The main observation from Fig. 5 is that CODH
and ACS are typically distributed among anaerobic
autotrophs. Some diversity is seen in the bacterial
copy of the enzyme — the presence/absence patterns
obtained with the different queries are not fully iden-
tical — indicating divergence after duplication. This
contrasts with the archaeal forms, with one interest-
ing exception. In both A. fulgidus and Bath-
yarchaeota, there is one copy of CODH with the
same distribution as the bacterial CODH. This sug-
gests interdomain lateral gene transfer for this CODH
subunit (Fig. 5B). Gene transfers from bacteria to
archaea are very common in evolution [60,61]. The
distribution of ACS is clearer, and uniform within
both domains, showing some homology in-between
domains for the clostridial enzymes and Methanomi-
crobiales (Fig. 5).

CO forms stronger bonds to metals than CO,

The large difference in the numbers of metabolic reac-
tions that involve either the utilization or production
of CO and CO; is striking. A closer look at the chem-
istry regarding the interaction of both compounds with
metals provides further detail (Fig. 6). The orbitals in
carbon atoms of both carbon monoxide and carbon
dioxide are sp-hybridized, such that both molecules
are linear. At the level of electron configurations, how-
ever, CO and CO, differ quite noticeably. In particu-
lar, the free electron pair of CO enables two
complementing mechanisms (o and n) that lead to
very strong and short bonds with metals (Fig. 6A).
The empty m-orbitals of CO support backbonding with
metals, which results in a very high affinity to nickel
and iron in particular [62]. The high affinity of CO for
nickel leads to the facile formation of nickel carbonyl,
Ni(CO)4 (a volatile liquid), which formed the basis of
the Mond process, an early method for industrial
nickel preparation [63]. The strong affinity of CO to
transition metals is the basis of its extreme toxicity to

humans, it bonds with the iron in hemoglobin more
strongly than does O,.

By contrast, there are various bonding modes of
CO;, to transition metals (Fig. 6B) which depend
mostly on whether the metal is rich or poor in elec-
trons. In general, the bonds that CO, forms with met-
als are not as strong as those formed by CO. This can
be a virtue in metabolism, as the rather weak bonds of
CO;, to metals permit faster and more versatile cat-
alytic reactions than those of CO. Nevertheless, the
special bond between CO and transition metals also
enables carbonyl insertion, both in industrial chemistry
(heterogenic catalysis) [64], and in one very ancient
and important biological reaction — CODH/acetyl-
CoA synthase [65], which requires the essential Ni-Fe-
S cluster for achieving the slow reduction of CO; to
CO. Recent studies showing that CO, is efficiently
reduced by native metals to acetyl and pyruvoyl moi-
eties entail metal bound carbonyl groups and carbonyl
insertions in the proposed reaction mechanisms [23].
This parallels the Fischer-Tropsch type reaction mech-
anisms suggested for geochemical CO, reduction pro-

cesses giving rise to abiotic organic molecules in
hydrothermal vents [66,67].

Conclusion

For soil environments, it has been estimated that 0.2
gigatonnes (Gt) of CO is consumed each year globally
[68] mainly through CO aerobic oxidation [69]. During
methanogenesis in anoxic environments [70], about 0.6
Gt of CHy is produced annually from acetate [71,72], a
process that generates one mol of CO as a pathway
intermediate per mol of acetate cleaved [71,72], corre-
sponding to roughly 1 Gt methanogenesis-dependent
CO synthesis per year. Based on reviews of CO metabo-
lism [22,37], and on our metabolic database search, it
appears that CO interfaces with metabolism (the biotic
segment of the carbon cycle) at only two enzymes: the
anaerobic CODH, a Ni- and Fe-containing enzyme, and
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the aerobic CODH, a Mo- and Cu-containing enzyme.
Although they catalyze the same reversible reaction

(Eq. 1),

CO + H;0 — CO; +2¢ +2HT

1
AG} = —20kJ - mol ™" M)

the aerobic and anaerobic CODH enzymes have differ-
ent subunit structures, different cofactors and are not
related at the amino acid sequence or structural level
[37,39—41,45]. Prokaryotes that use aerobic CODH use
CO as a source of electrons in energy metabolism, are
typically aerobes or facultative aerobes and tend to
transfer the electrons from CO to high potential accep-
tors such as O, or acceptors derived from it such as
nitrate (NO;™) [45,73]. Because O, is a product of
cyanobacterial metabolism [74], such high potential

acceptors are latecomers in evolution, as current geo-
chemical data have it that cyanobacterial O, first
appeared about 2.5 billion years ago [74-76].

From the standpoint of thermodynamics, it is well-
known that the WL pathway is the most favorable of
the six known CO, fixation pathways [3,77]:

2CO; + 4H, + CoASH — CH;COSCoA + 3H,0

2
AG, = —59kJ - mol ™! @

The reaction is exergonic when H, is the electron
donor, which allows some acetogens and some metha-
nogens to generate ion gradients and ATP at the
expense of CO, fixation. All other pathways of CO,
fixation require ATP hydrolysis to go forward. Recent
findings show that the reverse citric acid (rTCA) cycle
in some thermophiles requires hydrolysis of only one
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ATP to go forward [78,79], but that ATP must still be
generated by an independent energy metabolism. The
reductive acetyl-CoA pathway is simultaneously a
source of carbon and energy, a strong argument in
favor of its ancestral status among carbon assimilation
pathways [2,3]. CO,-fixation via the rTCA cycle could
have arisen via closure of the incomplete (horseshoe)
version of the rTCA cycle [80] (starting from acetyl-
CoA supplied by the WL-pathway) as it occurs in
some acetogens and methanogens [18,81,82].

Its linear nature, chemical simplicity, favorable ener-
getics, and occurrence among both Bacteria and
Archaea set it apart from other pathways of CO, fixa-
tion and suggest that the WL is the most ancient of
CO, fixation pathways [3,4]. Strong evidence support-
ing the antiquity of the WL pathway comes from new
findings showing that its main reactions are facile, with
its central intermediates including pyruvate arising
spontaneous in laboratory reactions overnight from
CO, and water at temperatures of 30-100 °C in the
absence of enzymes, with native metals such as Fe”
and Ni’ functioning as catalysts and reductants [23].
From the standpoint of energetics, there is something
very special about the reductive acetyl-CoA pathway
among metabolic pathways. The involvement of CO as
a reaction intermediate able to undergo carbonyl inser-
tion might be the essential property that renders Ni-
dependent C—C bond formation in the CODH/ACS
reaction mechanism apparently immune to substitution
by organic cofactors or alternative enzymes over the
last 4 billion years. In physiological evolution, it
appears that there is something very special about CO.

Materials and methods

Data retrieval and integration

Both KEGG and BRENDA databases were scanned for
classes of reactions involving CO and/or CO, by parsing
Enzyme Commission (EC) numbers. From BRENDA, we
took only the subset of reactions tested in vivo. EC num-
bers involving bicarbonate (HCOj3) were also retrieved.
Because of the chemical equilibrium between CO, and
HCOj3 and their rapid interconversion by carbonic anhy-
drases [83], which are widely distributed enzymes, through-
out this work CO, and HCO; were considered to be
identical in database parsing procedures. EC numbers and
the current list of KEGG organisms with the corresponding
taxonomic classification were downloaded using the KEGG
Rest API (http://www kegg.jp/kegg/rest/keggapi.html), July
2017. The EC numbers from BRENDA were retrieved with
the SOAP API Python interface. All integration was per-
formed with Python scripts.

Something special about CO-dependent CO; fixation

Taxonomy annotation

The taxonomic assignment of EC numbers was retrieved
from the annotated genomes in the KEGG database.
Among all 399 KEGG EC numbers used, 114 had no gene
associated, and these were manually checked: for each EC
number we checked the original literature linked in the
KEGG entry to find the corresponding taxon where the EC
number was identified. For 53 out of these 114 EC num-
bers, the taxon retrieved from the literature was not present
in KEGG genomes. In these cases, a close phylogenetic cou-
sin was assigned to the EC number so that it could be auto-
matically assigned to the Prokaryotic or Eukaryotic
domains.

Statistical analysis and metabolic maps

All the statistical analyses, including the Fisher’s exact test
for significance and Bonferroni correction, were performed
with the package RPy2, that provides an interface between
Python and the Rr statistical software. Overlapping sets of
EC numbers were analyzed and plotted with UpSetR [84].
The metabolic map with highlighted reactions was pro-
duced with iPath v2.0 [85].

Analysis of distributions of CO enzymes

The query sequences for the catalytic domain of CODH and
the catalytic domain of ACS were manually selected from
nine different species (four archaea and five bacteria) that
have been studied with respect to CO utilization. All anno-
tated copies for both genes were taken for each genome. This
exercise resulted in the collection of a total of 25 queries
from: (bacterial) an acetogen, Moorella thermoacetica, with
two copies of CODH and one copy of ACS [86]; a ther-
mophilic hydrogenogen, Carboxydothermus hydrogenofor-
mans with four CODH copies and one ACS [87]; a
photosynthetic facultative anaerobe, Rhodospirillum rubrum
with a single copy of CODH, capable of growth on carbon
monoxide as sole energy source [88]; two aerobes with one
CODH each, Oligotropha carboxidovorans (coxL I) and
Bradyrhizobium sp. CPP (coxL II) [89] — the latter with a sim-
ilar pattern to the former (data not shown); (archaeal) a non-
methanogenic sulfate reducer, Archaeoglobus fulgidus, with 3
copies of CODH and one ACS [90]; a recently identified, fer-
mentative and possibly methylotrophic methanogen, Candi-
datus Bathyarchaeota archaeon BA1l with two copies of
CODH and one of ACS [91,92]; one hydrogenotrophic
methanogen, Methanothermobacter thermautotrophicus with
one copy of each enzyme [93] and finally an acetoclastic
methylotrophic, hydrogenotrophic methanogen, Methano-
sarcina acetivorans with three copies of CODH and two of
ACS [94]. Representative queries were taken from each gen-
ome when they were significantly similar. The queries were
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aligned with ClustalW [95] and phylogenetic inferences were
made with RAxML [96].

To characterize CODH and ACS gene distribution, a
BLAST search was performed against all prokaryotic gen-
omes in RefSeq (NCBI, version September 2016), of which
the primary hits (e-value <1 x 107°) were selected. A
pairwise global ‘Needleman & Wunsch’ — alignment was
then performed with these sequences against the whole
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III CO: fixation in abiogenesis and beyond

It 1s established that CO; fixation can be considered a transition point between abiotic and biotic
processes. Biology hurdles this transition daily, as evident by autotrophic organisms. The
central question of this thesis is, however: how did that arise? The working hypothesis is that
abiotic, geochemical organic syntheses in geochemical settings such as hydrothermal vents or
serpentinizing systems in general (McDermott ef al., 2015; McCollom ez al., 2016) preceded
biological processes. As such, the possible product spectrum within such settings is key.

The three publications within this chapter present the core of this dissertation. They
discuss in detail the importance of the physicochemical setting for prebiotic processes with
special focus on the importance of heterogeneous catalysis. Publication 6 draws parallels
between known industrial processes and possible synthetic pathways within hydrothermal
geochemical settings. Publication 7 presents experimental results showing actual observable
parallels between the bio- and geochemistry of H»-dependent CO; fixation. Here, segments
resembling intermediates and products of biotic pathways are found as the main products of the
abiotic reaction. Publication 8 finally provides an outlook on the possibilities of such systems
for more complex experimental approaches and also theoretical transition points to more

complex protometabolic systems.

103



Publication 6

Title:

Year:

Authors:

Published in:

Contribution:

Summary:

Serpentinization: connecting geochemistry, ancient metabolism and

industrial hydrogenation
2018

Martina Preiner, Joana C. Xavier, Filipa L. Sousa, Verena Zimorski,
Anna Neubeck, Susan Q. Lang, H. Chris Greenwell, Karl Kleinermanns,
Harun Tiiysiiz, Tom M. McCollom, Nils G. Holm, and William F. Martin

Life, 8(4), 41.
doi: 10.3390/1ife8040041.

First and shared corresponding author.
Major: wrote substantial sections of the paper, edited heavily throughout
all review processes and coordinated the distribution and responses with

all authors.

This article points out the striking parallels between biochemical,
geochemical and industrial CO- fixation. Minerals such as magnetite are
presented as a common denominator between geologically abundant and
industrially applied catalysts, expanding the possibilities of mechanistic

and product oriented studies within prebiotic chemical research.

104



eWe) /ife ﬁh\:@

Review
Serpentinization: Connecting Geochemistry, Ancient
Metabolism and Industrial Hydrogenation

103, Filipa L. Sousa ?, Verena Zimorski !, Anna Neubeck 3,

Martina Preiner *(, Joana C. Xavier
Susan Q. Lang ?, H. Chris Greenwell >, Karl Kleinermanns , Harun Tiiysiiz 7,
Tom M. McCollom &, Nils G. Holm ? and William F. Martin *

! Institute of Molecular Evolution, University of Diisseldorf, 40225 Disseldorf, Germany;

xavier@hhu.de (J.C.X.); zimorski@hhu.de (V.Z.)

Division of Archaea Biology and Ecogenomics, Department of Ecogenomics and Systems Biology,

University of Vienna, Althanstrasse 14 UZA [, 1090 Vienna, Austria; filipa.sousa@univie.ac.at

Department of Earth Sciences, Palaeobiology, Uppsala University, Geocentrum, Villavéigen 16,

SE-752 36 Uppsala, Sweden; anna.neubeck@geo.su.se

4 School of the Earth, Ocean, and Environment, University of South Carolina, 701 Sumter St. EWS 401,
Columbia, SC 29208, USA; slang@geol.sc.edu

5 Department of Farth Sciences, Durham University, South Road, DH1 3LE Durham, UK;

chris.greenwell@durham.ac.uk

Institute for Physical Chemistry, University of Dtsseldorf, 40225 Disseldorf, Germany;

shangrilal@icloud.com

7 Max-Planck-Institut fiir Kohlenforschung, Kaiser-Wilhelm-Platz 1, 45470 Miilheim an der Ruhr, Germany;
tueysuez@mpi-muelheim.mpg.de

8 Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, CO 80309, USA;
tom.mccollom@lasp.colorado.edu

¢ Department of Geological Sciences, Stockholm University, SE-106 91 Stockholm, Sweden;
Nils.Holm@geo.su.se

*  Correspondence: preiner@hhu.de (M.P.); bill@hhu.de (W.EM.); Tel.: +49-(0)211-81-12736 (M.P.)

(5]

check for
Received: 27 August 2018; Accepted: 20 September 2018; Published: 22 September 2018 updates

Abstract: Rock-water—carbon interactions germane to serpentinization in hydrothermal vents have
occurred for over 4 billion years, ever since there was liquid water on Farth. Serpentinization converts
iron(Il) containing minerals and water to magnetite (Fe3Oy4) plus Hz. The hydrogen can generate
native metals such as awaruite (NisFe), a common serpentinization product. Awaruite catalyzes
the synthesis of methane from H; and CO; under hydrothermal conditions. Native iron and nickel
catalyze the synthesis of formate, methanol, acetate, and pyruvate—intermediates of the acetyl-CoA
pathway, the most ancient pathway of CO; fixation. Carbon monoxide dehydrogenase (CODH) is
central to the pathway and employs Ni¥ in its catalytic mechanism. CODH has been conserved during
4 billion years of evolution as a relic of the natural CO>-reducing catalyst at the onset of biochemistry.
The carbide-containing active site of nitrogenase—the only enzyme on Earth that reduces Ny—is
probably also a relic, a biological reconstruction of the naturally occurring inorganic catalyst that
generated primordial organic nitrogen. Serpentinization generates Fe3O4 and Hp, the catalyst and
reductant for industrial CO, hydrogenation and for N, reduction via the Haber-Bosch process.
In both industrial processes, an Fe3Oy catalyst is matured via Hj-dependent reduction to generate
Fe5C; and FepN respectively. Whether serpentinization entails similar catalyst maturation is not
known. We suggest that at the onset of life, essential reactions leading to reduced carbon and
reduced nitrogen occurred with catalysts that were synthesized during the serpentinization process,
connecting the chemistry of life and Earth to industrial chemistry in unexpected ways.

Keywords: rock-water—carbon interactions; origin of life; carbides; iron sulfur; early metabolism
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1. Abiotic Chemical Synthesis at Hydrothermal Vents

Since their discovery, hydrothermal vents have been of interest in thoughts about the origin
of life [1,2]. They are relevant to origins for a number of reasons. From the standpoint of
thermodynamics, hydrothermal systems harbor chemical reactions that are continuously far from
equilibrium, a property they share with life [3-5], and they harbor gradients: Temperature gradients,
pH gradients, and redox gradients [2,6]. Today, those gradients are most pronounced at the vent ocean
interface, where vent effluent emerges into sea water and forms hydrothermal mounds [6,7]. But life
is—to our knowledge—not arising anew today. Rather life emerged once. We can say that because all
life forms we know (the only ones that demand an explanation) share the same genetic code, this can
only be reasonably explained by common ancestry [2]. Carbon isotopes with signatures typical for
life that appear in rock 3.95-3.8 Ga of age [9,10] provide the currently known date for the emergence
of life.

Though views on the origin of life are traditionally marked by debate, everyone agrees that energy
was important, because without energy uptake and release, no chemical reactions can take place,
and if no chemical reactions take place, life forms can neither arise nor multiply. Chemical reactions
require the flow of energy in order to be initiated and proceed. The main sources of energy at
origins that are currently discussed in the literature are UV light [11,12], lightning that generates nitric
oxides as oxidants [13], kinetic energy of meteorite impacts [14,15], hydrothermally generated ion
gradients [16-18], and chemical energy in the form of the Hy—CO; redox couple [19-25].

This paper will focus on Hy-dependent CO, reduction in hydrothermal systems and its possible
significance at origins. We will discuss Hj synthesis in hydrothermal systems via serpentinization,
Hy-dependent organic synthesis at modern vents, and IH-dependent reduction of inorganic
compounds in the crust to generate catalysts (native metals and carbides) that are used in the laboratory
and in industry for Hh-dependent reduction of COz and N». Catalysts are important because they
increase reaction rates by lowering the activation energy. They also have a drastic effect on the type
of products formed because in thermodynamically controlled reactions the most stable products
accumulate, whereas in kinetically controlled reactions the most rapidly formed products accumulate.
The nature of the most rapidly formed products is usually governed by the chemical and physical
properties of the catalyst.

We will outline clear links between vents and well-studied existing life forms. Modern anaerobic
autotrophs that live from the Hp,—CO» couple, acetogens and methanogens, have a conserved
native metal (Ni°) in their most central CO, reducing enzyme—carbon monoxide dehydrogenase
(CODH) [26,27]—and a carbide in the only enzyme that introduces N» into biology, nitrogenase [28,29].
At the same time, Hy-dependent reduction of inorganic compounds uncovers interesting links between
vents and important industrial processes, because serpentinization yields not only Hs, but also FezQy,
which is the starting catalyst for CO, hydrogenation to synthetic gasoline [20] and for N» reduction to
NHj; through the Haber-Bosch process [31,32].

That the chernical conditions, minerals and metallic compounds of hydrothermal vents could serve
as sites of chemical synthesis of organic compounds on the early Earth is hardly a new idea [3,33,34]).
Shock and Schulte [35] investigated the thermodynamics of hydrothermal systems, predicting nearly
complete conversion of inorganic CO» to organic compounds under some conditions, emphasizing
that organic compounds should even be more stable than mixtures of their precursors Hy and CO;
under a variety of conditions. Amend and Shock [36] showed that the synthesis of amino acids was
thermodynamically favorable under hydrothermal vent conditions. Amend and McCollom [37]
explored the thermodynamics of low temperature vents similar to Lost City (low temperature,
slight pH gradients between effluent and sea water), and found that synthesis of organic compounds
in the composition and stoichiometry of biomass from inorganic precursors is thermodynamically
favorable (—1016 to —628 Joules per cell) at 50 to 100 °C. Clearly, there is substantial potential for
organic synthesis at today’s hydrothermal vents and likely more so in vents on the early Earth. If life
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really started 3.8-3.95 billion years ago [9], we need to consider the state of the very early Earth,
the setting within which the first hydrothermal systems formed.

2. The Early Earth: Magma, then Crust, then Oceans

The early Earth was molten following the moon-forming impact roughly 4 4 billion vears ago,
at the latest [38,39]. With temperatures on the molten Earth around > 1200 “C, carbon that had been
brought to Earth by accretion was converted to CO», which was outgassed into the atmosphere [38 40],
with a portion of CO» remaining in magma oceans [41]. Magma oceans also retained little water, which
was predominantly converted to atmospheric steam. By about 4.4 Ga the magma ocean had cooled [42]
and by about 4.2 Ga there was liquid water on Earth [38,39], some condensed from the atmosphere
and some delivered later by comets. By around 4 Ga the late heavy bombardment had ended [42,43].
By 3.95 Ga a carbon isotopic signature compatible with that produced by the acetyl-CoA pathway had
appeared [9].

As it relates to hydrothermal vents and organic synthesis, the relevant sequence of events starts
from COs as a result of magma oceans and minor amounts of mantle COz. In the molten state,
the densest material of the early Earth—metals in the elemental state—was drawn to the planet’s center
where it remains to this day as the core (mainly 85% Fe and 5% Ni). This process of differentiation
(gravitational metal migration to the core) did not completely separate heavy material from light,
because some light elements also exist in the core, such as 5i, 5, and C, estimated at 6%, 2%, and 0.2%
respectively [44]. Lighter material consisting mainly of silicates (iron, magnesium, and aluminum
silicates), possibly with residual metals, was displaced to the surface accordingly, where it formed the
primordial mantle and crust. The crust started as magma and, thus, had a very low water content [35].
As the crust cooled, water eventually condensed over the Earth’s surface to form oceans of liquid
water [38,40,45,46].

As liquid oceans formed, gravity pulled water into cracks of the steadily cooling crust. Water in
the crust became heated and resurfaced, creating convective currents. The primordial ocean was
about twice as deep as today’s because the modern crust and mantle bind about one ocean volume of
water [40,47], which was originally in the ocean before rock-water interactions in the primordial crust
commenced. The CC» content of the primordial atmosphere was perhaps 100-1000 times higher [40]
than today’s, and very large amounts of COy were, thus, dissolved in the ocean. Convective water
currents through the very dry iron magnesium silicate crust led to rock-water interactions, initiating a
process called serpentinization, as sketched in Figure 1.

Ocean
Out: reduced
In: oxidized CH, H,
CO, H,0

Crust

1-5 km

., |
FeZ* + H,0 —» Fe,0,+ H,

N 4
ca. 200 °C

Figure 1. Schematic representation of serpentinization in a hydrothermal vent. See text and [5,48-52].
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3. Serpentinization: Rock—Water Interactions

Serpentinization occurs when ultramafic rocks, enriched in the minerals olivine and
orthopyroxene, react with water and are converted to rocks containing a suite of minerals dominated
by serpentine. A significant by-product of the reaction is Hy. In general terms, the process can be
summarized by the general reactior:

Olivine &+ orthopyroxene + HyO — serpentine & brucite + magnetite + Hy. (1)
In somewhat more precise terms, the reaction can be expressed as:

Mg, gFeq25i0y[clivine] + Mg, gFen2510;[orthopyroxene] + whH;O
0.5(Mg, Fe? ", Fe¥1),(Si, Fe*1),05(OH) s [serpentine] + x(Mg, Fe?)(OH), [brucite] (2)
~+yFe;O4magnetite] + zH;

where the stoichiometric coefficients w, x, y, and z are variable and depend on a number of factors
including temperature and the relative proportions of olivine and orthopyroxene in the reacting
rock [48,49]. The production of Hy during serpentinization results from the oxidation of ferrous iron
(Fe?*) from the reactant minerals to ferric iron (Fe*") in the products through reaction with water,
liberating Hy. This process can be expressed as:

2(Fe?"O) + HpO — (Fe®'505) + Hy (3)

where (Fe>*0) and (Fe**,05) represent components of reacting rocks and product minerals,
respectively. Magnetite is often the major product of Fe?" oxidation during serpentinization. In some
serpentinizing systems, sufficient amounts of Hy accumulate to reduce Fe** and Ni** (a trace
component of olivine), converting them to native metal alloys such as awaruite (NizFe) [53,54].

(T'e®+0) + 3(NiZ*0) + 4Hp — Nizlle [awaruite] + 4H,O (4)

where (Fe?*O} and (Ni?*O) again represent components of the reacting rock. The essence of
serpentinization is, ultimately, that Fe?" is oxidized by water, water is consumed by the reaction,
the oxidized Fe?" and the newly formed oxygen remain as magnetite (FezOy), the water is reduced to
Hj, and the vent fluid becomes alkaline (pH 9-11) [6] due to hydroxides being generated. Notably,
magnetite, Fe;Qy, and H; are the starting materials for industrial catalysts used for N» reduction via
the Haber—-Bosch process, to which we will return in a later section. Liquid gasoline synthesis from Hj
and COy, according to new findings [30] is also efficiently and specifically (up to 22% CQOy conversion
and 78% of products) catalyzed with magnetite. In industrial CO» reduction, iron catalysts are often
the choice for high-temperature processes.

However, if we consider serpentinization as a source of energy and electrons for organic synthesis
at the origin of life [5,50-52] or as a source of energy and electrons for the first ecosystems on
Earth [3&,55,56], we have to extrapolate back from modern systems. Importantly, only ultramafic
(silica-poor) rocks can undergo serpentinization. The ultramafic rocks that are serpentinized in today’s
ocean lithosphere represent chunks of the mantle that are tectonically uplifted to shallow environments
where serpentinization happens owing to lower temperatures [57,58]. Since the composition of the
mantle does not appear to have changed significantly over time, primordial serpentinization should
not have been fundamentally different from the modern process. Furthermore, a possibly thinner crust
and the eruption of extrusive ultramafic volcanic rocks called komatiites because of higher mantle
temperatures would have made this process more widespread on the early Earth than it currently
is [35]. The primordial crust contained minor amounts of residual Fe? and Ni? from differentiation,
and the ocean water circulating through the crust contained much more CO» than present dav.

108



Life 2018, 8, 41 50f 22

On the modern seafloor, fluids discharged from serpentinizing systems contain up to
16 mmol Hy /kg [59,60]. Laboratory simulations of serpentinization generate comparable and higher
H; concentrations [61-63]. Hydrothermal fluids from serpentine-hosted seafloor systems are also
commonly enriched in CHy, up to several mmol/kg [59,60]. The exact temperature and pressure in
natural serpentinizing systems are not known, serpentinization experiments in simulated hydrothermal
systems show good results from 400 °C down to nearly ambient temperatures [64,65].

4, Serpentinization: Awaruite and Carbon

Some serpentinization loci are naturally richer in nickel and iron minerals than others, leading to
alloys containing compounds like taenite (NiFe, 25-40% Ni), kamacite (NiFe, ca. 7% Ni), or awaruite [65,66].
The Ni-Fe alloys produced in serpentinizing systems are primarily awaruite, which can have
a somewhat narrow range of composition from NisFe to NizFe (Nip;Fe). Awaruite is a minor
but fairly widespread component of serpentinized rocks [53,66,67]. Its mechanism of synthesis
and/or deposition are not known in detail, but it is known to be generated by serpentinization
because it occurs in hydrothermally altered serpentinite rocks [52,68]. It is thought to arise from
the Hp-dependent reduction of Fe?* and Ni?" containing minerals during the serpentinization
process [53,66]. In a laboratory simulation of serpentinization, McCollom [68] reported the laboratory
synthesis of awaruite from Ni-containing olivine under conditions that generated ca. 60 mmol/kg
I,. In the temperature range 200-400 “C, high H, activities and low H»5 activities favor awaruite
formation [53]. TFoustoukos et al. [54] report that awaruite can be formed at H,S activities of
ca. 1 mmol/kg and at H; activities of <100 mmol/kg, in line with findings from laboratory awaruite
synthesis [68].

Serpentinization in submarine hydrothermal systems has been around since there was water
on Earth [55]. Contingent upon a heat source and cooling rates at the ridge axis, the reaction runs
continuously until the host rocks are completely serpentinized, or the supply of water is exhausted.
Lost City is at least 30,000 years old [69] and possibly 100,000 vears old [70], indicating that these
systems can be fairly long-lived. Lost City effluent contains 1-2 mmol/kg methane [71], with formate
being the second most prevalent carbon species [72]. Like methane, the isotopic composition of Lost
City formate indicates an abiotic origin [56,72]. Smaller amounts of ethane, propane, and butane are
also observed in a serpentinizing environment and attributed to abiological synthesis [71,73-75].

During the lifespan of a serpentinizing vent, the rock reacts and its composition changes, altering
the redox state and chemical composition of its surfaces, an aspect that might be relevant in terms of
catalyst formation during serpentinization.

A study by Horita and Berndt [76] illustrates the principle. In laboratory experiments to better
understand the presence of methane in hydrothermal effluent, they examined the reduction of CO;
with Hy to CHy using awaruite as the catalyst. At temperatures from 200-400 °C, pressure at 50 bar
(5 MPa), and Hj activities around 200 mmol/kg, they obtained 1-10 mmol/kg CIly, often with
>50% conversion rates of COp added. The point is that awaruite (the catalyst) is not a pre-existing
component of the rocks that host hydrothermal systems. Awaruite is first synthesized on site by the
serpentinization process, and once formed it can then catalyze the Hs-dependent reduction of CCs.

The study of Horita and Berndt [76] points to the significance of native metals in
rock-water—carbon interactions more generally. Heinen and Lauwers [77] investigated the ability of
Fe? to catalyze COs reduction in the presence of H»S to obtain thiols in an early evolution context.
They obtained modest thiol yields (nmol), but they only analyzed volatile § containing compounds.

In the laboratory, good rates of CO» conversion have been reported under hydrothermal conditions
using native metals as catalysts and reductants. Guan etal. [78] showed that Fe’ in the presence of
potassium, copper and aluminum will reduce COp to CHy, C3Hg, CH30H, and C;H5;0H in the
10-70 uM range in 20 h at room temperature. He et al. [79] reported a reduction of CO; to formate and
acetate in the 1-10 mM range using nanoparticular Fe® at 80-200 °C for 5 to 200 h. Varma et al. [80]
used Fe, Ni, Mo, Co, and W at temperatures between 30-100 °C, all with some success, but the
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best yields (10-200 uM concentrations of reduced carbon compounds) were observed with Fe? in
presence of potassium salts. Importantly, the reduced carbon products observed by Guan et al. [78],
He et al. [79], and Varma et al. [7#] are compounds that also occur as intermediates and end products in
the metabolism of organisms, such as acetogenic bacteria and methanogenic archaea [81,82], that live
on Hp and CO; as the substrates for their carbon and energy metabolism: Formate, methyl moieties,
and acetate. Varma et al. [80] even reported the synthesis of pyruvate at temperatures of 100 *C
and below.

In terms of microbial physiology, Varma et al.”s [80] findings are very significant because the
reduction of COs to pyruvate—presumably via formate, methyl groups, and acetyl groups—exactly
mirrors the reaction sequence in the acetyl-CoA pathway, the pathway of carbon and energy
metabolism in organisms that live from the reduction of CO; with Hp [83,84]. Stated another
way, when CO; and native metals react in water overnight under strictly anaerobic conditions,
the core reaction sequence of the most ancient pathway of microbial carbon and energy metabolism,
the acetyl-CoA pathway [24,83,85,86], which operates in the most ancient microbial lineages [87,88]
unfolds in a series of spontaneous non-enzymatic reactions in the presence of water. The pressures
employed by Varma et al. [#0] do not preclude, however, the existence of a gas phase. At depths of
several km, very high gas activities can be attained, but the pressure (hundreds of bars) would seem
to be too high for a gas phase. However, Frith-Green et al. [89] reported gas bubbles arising during
drilling around vents at the Atlantis Massif at a depth of 1,140 m.

Noteworthy in the study of Varma et al. [80] is that the products of CO» reduction appear to
be synthesized and bound on the surface of the metals, such that they had to be cleaved by alkaline
hydrolysis to be assaved. It is not clear whether the products were bound to the Fe particles via C—Te
bonds or C-O-Fe bonds, because there was no surface analysis so far, but alkaline hydrolysis was
required to obtain the soluble products. In the studies of He et al. [79] and Guan et al. [78] some
fraction of the reduced carbon products was probably discarded, bound to metal surfaces. Reaction
mechanisms for COp reduction have been proposed by He et al. [79] and Varma et al. [80] but the exact
role of Hs and Fe” in CO, reduction is not yet clear. Heinen and Lauwers [77] showed that under
anaerobic conditions, Fe? and HoO readily generate Hy which, in the presence of the metal, readily
reduces COy. Guan et al. [78] reported that roughly 0.3 mol Hy was generated per mol Fe’.

Awaruite was also reported to catalyze the reduction of N> with Hp, but at very low rates just
above background [90]. Under simulated deep crust conditions comparable to the Haber-Bosch process
(>300 C), but without exogenous Hp, the reduction of N to NHj on native iron was reported [91],
as were low conversion rates (~0.1%) of Ny to NHj with HsS in the presence of FeS at ambient pressure
and 90 °C [92]. On the scales of submarine crust volume and geological time, a constant supply of
small amounts of reduced nitrogen, or activated nitrogen species on metal catalyst surfaces, could
easily be sufficient to underpin prebiotic synthesis of nitrogenous carbon compounds [93].

5. Serpentinization: Methane

Distinctive C and H isotope signatures and other evidence indicate that the methane discharged
from many serpentinizing systems has an abiotic origin [71,74,75]. Presumably, this methane is
produced as the Hy produced by serpentinization reacts with COo:

COZ +4 Hg — CH4 =t 2H20 (5)

Although exactly where in the system and how it is produced remains a matter of ongoing
debate [74,75,94,95]. In the absence of catalysis, reduction of dissolved CO; is extremely slow even
at temperatures up to 350 °C [33,68,96]. However, when suitable catalysts such as awaruite are
available, or when CQO; and Iy are present in a gas phase, the reaction can proceed much more
readily [22,33,75,76]. It is this kinetic inhibition that allows CO; and H» to remain in disequilibrium
and be exploited as an energy source by methanogenic organisms in hydrothermal environments.
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Reduction of dissolved CO» to formate proceeds readily under simulated hydrothermal conditions and,
as mentioned above, formate is observed in modern hydrothermal vent effluent, although typically at
lower concentrations than methane [72,74,97].

Today, the formation of abiotic methane is important as a substrate for methanotrophic organisms
in an oxidizing environment. In an origin of life context, methane itself is probably not of central
interest, because of its very strong C—H bond. At great depths in the oceanic crust and in the upper
mantle dominated by the fayalite-magnetite-quartz (FMQ) redox buffer, CO, is the dominant carbon
species at stable equilibrium [20]. At temperatures above about 350 °C, equilibrium between CO; and
CHy favors COy even at elevated Hj concentrations [5,20]. However, with decreasing temperature,
the equilibrium shifts to favor CHy, so that at temperatures below ~350 °C reaction of COp with Hp to
form CHy is thermodynamically favored. If the activation energy is too high and kinetic hindrances
arise that prevent equilibrium conditions from being established, the organic chemistry will be locked
up in different organic metastable compounds such as carboxylic acids. If nitrogen is present, even
amino acids and nitrogen bases may be formed. Therefore, it is the interrupted transition from CQOs
to CHy that has the potential to create prebiotic constituents of life processes in the ocean floor and
not CHy itself. Organic chemists have often rejected igneous environments as a likely site for the
origin of life because CO; is a common component of fluids and gases (because of kinetic hindrances).
Oparin [98], for instance, claims that ‘carbon dioxide is not the beginning but the end of life’—a
statement that is, of course, only true in an oxidizing environment.

6. Serpentinization: Magnetite (Fe;(y)

Magnetite is a common (although not ubiquitous) product of serpentinization. It is of interest
in the context of CQs reduction because it is the starting point to reach industrial catalysts for COy
hydrogenation and for N» reduction to ammeonia via the Haber-Bosch process. Wei et al. [20] reported
the Hp-dependent reduction of COp to hydrocarbons (Cp—Cyy), methane, and aromatics, with up to
22% COq conversion using Fe3Oy as the catalyst. During the reaction process, at about 320 °C and
30 bar (3 MPa), with H /COs ratios of 1:1 to 6:1, I'e304 is converted by Hp in situ to iron carbide,
FesCp, as analysis of the spent catalyst reveals. FesCy is, in turn, thought to be the decisive catalyst
for Fischer—Tropsch (FT) synthesis of longer hydrocarbons from CQ, which is generated on FezQOy
sites via a reverse water gas shift (WGS) reaction [30,99,100]. Note the involvement of WGS means
that H»O is present during the reaction. FI and WGS reactions have long been discussed in the
context of hydrothermal organic synthesis [101,102]. That magnetite itself is not an effective catalyst,
as experimental studies reveal [68,103], is not the main point here. The point, as we see it, is that the
effective catalyst, an iron carbide, is synthesized from CQOy and Fe;O, in the presence of H» during
the reaction that mirrors conditions and chemical components found in serpentinizing hydrothermal
vents, as outlined in Figure 2.

The participation of carbides in CO» hydrogenation is well known from processes developed
for industrial application. Metal—carbide interfaces catalyze COp conversion into CO [104] or
methanol [105]. The literature on Fischer-Tropsch synthesis [106,107] shows that carbides are a
product of reactions with iron catalysts. This happens especially with CO, because it decomposes to
COy and chemisorbed carbon. The latter reacts further to produce iron carbides. As one can commonly
observe magnetite, Fes Oy, in both fresh and spent iron catalysts, this compound is thought to be an
active part of such reactions. Small amounts of native iron also seem to help the catalysis from CO to
carbide [108]. Carbides have not been widely considered in an early evolution context, although they
are also found in natural systems: Iron carbides are formed in the lower parts of the Earth’s crust (called
ophiolite}, but are uplifted over time—some of them even containing nickel [109-111]. In all of biclogy,
there is only one carbide carbon known. Discovered in 2011 [28,29], it resides at one of the most crucial
reactions for fueling ecosystems and in one of the most ancient enzymes known, nitrogenase.
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Figure 2, Possible connections between industrial processes and chemical evolution. See text. RWGS,
reverse gas water shift reaction. FT, Fischer-Tropsch. The Haber-Bosch process starts with magnetite
and generates nitrides[31,32]. The synthesis of gasoline from CQO; starts with magnetite and generates
iron carbide, both catalysts appear to fulfill impertant but distinct reles [28]. Reaction parameters
aimed at simultaneous reduction of N; and CQ; are not well explored.

Magnetite itself, without carbides and without exogenous Hy, can reduce CO, in HyO to acetate
with roughly 3% conversion at 250 °C [112]. The greater high-temperature catalytic ability of reduced
magnetite-containing carbides [106] or nitrides [32] and the lower-temperature (100-200 °C) catalytic
ability of native metals [80] and awaruite [76] raise a question that needs to be spelled out clearly:
Do serpentinizing hydrothermal systems improve their organic synthetic capacity during their
lifespan by synthesizing better (more reduced) inorganic catalysts of organic reacions? That is,
does serpentinization generate carbides and nitrides from magnetite and H; in a similar manner to
what chemical industry does? And if so, what kinds of products might one expect under conditions
where both CO; and N3 could be reduced simultaneously?

In a typical heterogeneously driven gas phase catalytic reaction, the first step of a catalytic reaction
is adsorption of reactants on the surface of catalysts, followed by dissociation of reactants, product
formation, and, finally, desorption of products from the surface of the catalyst. Heterogeneous catalysts
naturally contain different types of catalytically active surface sites depending on their composition,
crystallinity, particle size, and facet, and also impurities. If the catalyst contains several components
(as the starting materials for the serpentinization process do) the surface composition might be different
from a bulk structure. Moreover, the surface structure and composition of the catalyst can change
dramatically during the catalytic reaction as it is the case for CO; reduction over magnetite [30] and
N; hydrogenation to NHj in the Haber—Bosch process [32].

This is potentially an interesting avenue of thought. The sequence of events underlying awaruite
synthesis can, generally, be understood as large amounts of reduced iron and water giving rise to lesser
amounts of Hy, which then reduces divalent Ni and Fe in minerals to generate reduced magnetite
and elemental metals Ni’ and Fe® (NizFe) which appear to have catalytic properties when it comes
to Hyp-dependent CO; reduction [76,80]. If so, the geochemical process is synthesizing catalysts for
organic synthesis—constantly. As outlined above, processes of catalyst synthesis from FegOy and H;
are demonstrably occurring in industrial applications for reduction of CO; and N.
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7. Conserved Relicts in Metabolism: The Ni® in CODH

The reaction mechanism of an ancient enzyme called carbon monoxide dehydrogenase (CODH)
entails the generation of zero valent Ni (Ni%) as an intermediate in biological CO synthesis as shown in
Figure 3a. CODH is involved in a pathway that is thought to be just as ancient (probably even more
so) than the enzyme itself: The acetyl-CoA pathway. It is the only exergonic pathway of autotrophic
carbon metabolism known [83,85,113]. Its exergonic nature allows acetogens and methanogens to
generate transmembrane ion gradients in a process involving flavin-based electron bifurcation [114]
during the process of CO; fixation [81,115] and thereby conserve energy in the form of ATF via electron
transfer phosphorylation (chemiosmosis).

Flavin-hased electron bifurcation is a newly discovered mechanism of soluble (as opposed
to membrane-associated) energy conservation [114,116,117]. Its principle is significant and we
will encounter it again in a later section so it should be briefly explained here. The midpoint
potential, Ey, of H; (-414 mV) is not sufficiently negative to generate the low-potential reduced
ferredoxin (Eq = ca. 500 mV) that acetogens and methanogens require and use to reduce CO»
under physiological conditions. How, then, do acetogens and methanogens send electrons from
H, energetically uphill by roughly -100 mV? The electron pair from I, is transferred to a
flavoprotein, the flavin of which splits the pair: One electron goes energetically uphill to ferredoxin
while the other goes energetically downhill to a more positive electron acceptor such as NAD"
(Eo = ca. —320 mV) [115] or a heterodisulfide (Ey’ = ca. —140 mV) [118] or similar [114]. The reduction
of the downhill (more positive) acceptor energetically finances the reduction of the uphill acceptor so
that ferredoxin is reduced and CO; in the acetyl-CoA pathway can be fixed.

Although five of the six known pathways of autotrophic carbon metabolism also generate
acetyl-CoA as the net end product of CO; fixation starting with electrons from H» [83] (the Calvin
cycle generates glyceraldehyde 3-phosphate), only the acetyl-CoA pathway generates ATP from
CO» fixation. The other five require ATP input to fix CO, [84]. That ATP input comes from an
independent energy metabolism, typically aerobic or anaerobic respiration (sulfate reduction for
example), that is independent of COs reduction. The reverse TUA cycle only requires the input of
one ATP per CO» [119,120], but it still requires ATP input. The acetyl-CoA pathway permits ATP
synthesis from Hy-dependent COs reduction. Why? It involves CO as an intermediate, a carbonyl
moiety that becomes a carboxylate only after going through a sequence of metal carbonyl (CO-Nij,
thioester (CO-S) and acyl phosphate (CO-OPO3?") bonds, the latter of which phosphorylates ADP
to generate the carboxylate. In all other pathways of CO, fixation, COs is fixed as a carboxylate that
subsequently has to be reduced, ultimately at the expense of ATP hydrolysis [83,84]. It is the zero
valent Ni of CODH that generates CO for the acetyl-CoA pathway; that is the chemistry that makes
the pathway exergonic [27,121,122].
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Figure 3. Relicts in metabolism. (a) The active site of CODH that interconverts CO» and CO, redrawn
from supplemental figure 55 in Ragsdale [26] underscoring the reduced Niatom that binds CO; in
the proposed mechanism for the CO-generating reaction. (b) The carbide carbon in the active site of
nitrogenase [28,29] and its proposed role in the catalytic mechanism [123].
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8. Conserved Relicts in Metabolism: The Carbide in Nitrogenase

In terms of dry weight, life is 50% carbon and 10% nitrogen. Though CCO; can enter metabolism
via six known carbon fixation pathways [83], there is only one known entry point for Np: Nitrogenase.
It has long been known for its complex 7Fe-95 cluster harboring a light atom at its center and for existing
in three related forms that differ with respect to the metal cofactor that is peripherally associated
with the active site: Mo, V, or Fe [123-125]. It requires 16 AT and 8 electrons per conversion of N
into 2 NH4™ and it produces Hy as an unavoidable reaction by-product. The ATP is consumed by
“archerases” in nitrogenase which hydrolyze ATT to induce conformational changes that alter the
midpoint potential of 4Fe4S clusters to more negative values for N» reduction [126].

In 2011, the light atom at the nitrogenase active site was identified as a carbon atom in the
elemental state that is coordinated by four iron atoms, forming an essential FeyC carbide at the catalytic
heart of the enzyme [28,29] (Figure 3b). The carbide is generated during nitrogenase maturation from
a methyl group donated to an active site Fe by S-adenosyl methionine (SAM) [127]. Synthetic analogs
of the active site of nitrogenase even catalyze the synthesis of hydrocarbons from CO [128].

Nitrogenase is a very ancient enzyme that traces to the last universal common ancestor (LUCA) in
ancestral genome reconstructions [87]. It has never been replaced during 4 billion years of evolution,
nor has an alternative enzymatic mechanism been invented among microbes that would serve the
same purpose of making N from Nj available for biosynthesis (amino acids, cofactors, nucleotides) and
growth [129]. The incorporation of nitrogen into metabelism requires an iron carbide, as models for the
nitrogenase catalytic mechanism suggest [120]. There is apparently no other way for biclogical systems
to reduce N, with the tools of enzymes and cofactors. That suggests to us that the carbide-containing
active site of nitrogenase is a biclogical reconstruction of the naturally occurring inorganic catalyst that
gave rise to organic N at the onset of biochemistry.

This inference parallels the situation with a native metal (Ni®) and CO synthesis in the exergonic
acetyl-CoA pathway: There is apparently no mechanistic alternative to exergonic CO; reduction
with Hj that can be readily realized during 4 hillion years of evolution. We suggest that elemental
carbon (carbide} in nitrogenase and Ni” in CODH represent relicts from the chemical environment that
supported organic synthesis at life’s origin.

9, Weighing in on Caveats

One of the strengths of hydrothermal vent theories is that over the vears since their first
formulations, the gaps between spontaneous chemistry at vents and the chemistry of life have
narrowed, not widened. Methane made abiogenically in substantial amounts at vents [22,52,71,72]
stems from the same overall exergonic chemical reaction at the heart of methanogenesis in archaea,
namely Equation {5). A similar case can be made for the acetogenic reaction [&1,131].

4H, + 2C05 — CH3COOH + 2H,0O (6)

Methanogens and acetogens are identified as the most ancient archaea and bacteria
respectively, in reciprocally rooted trees for genes that trace to the last universal commeon ancestor
(LUCA) [87,88]. Furthermore, Hy-dependent methanogens appear as the most ancient archaea in
some phyvlogenies [132] and clostridia (acetogens) appear as the most ancient bacteria, too [133],
although lineage phylogenies among prokaryotes are always in flux and inferences from them are
generally problematic because lateral gene transfer decouples physiology from phylogeny [134].
More direct observations are that methanogens abundantly inhabit vents [23,56] and the deep,
subsurface oceanic crust [135,136] today.

But what about acetate or chemically reactive methyl groups like methanol or methyl sulfide?
For example, the absence of more than nanomolar amounts of methyl sulfide was taken as evidence
against the hydrothermal origins theory [137], but methanethiol is avidly assimilated by methanogens
and acetogens in the acetyl-CoA pathway [83]. Similar reasoning applies to acetate, which is
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very scarce in hydrothermal effluents sampled so far [72], even though it readily accumulates in
experiments intended to simulate vent conditions [80]. Acetate is the carbon and energy source for
aceticlastic methanogens [¢1] belonging to the Methanosarcinales, which are abundant at hydrothermal
vents [138,139], because the substrates they require for growth abound. The deep biosphere contains
very large amounts of biomass [140,141] consisting of microorganisms that are generally starved for
reducible carbon substrate, Heberling et al. [142] estimate 200 x 10% tons of biomass in the marine
igneous crust (that is, excluding sediment). That abiotic acetate or methylsulfide is scarce in vent
effluents reported so far [56,137] might not directly reflect synthesis processes at depth, but microbial
scavenging instead. Methane accumulates within vents because strong oxidants, which are typically
lacking within vents, are required for methane oxidation [143].

Another criticism concerns synthesis. Miller and Bada [144] argued that FT type reactions readily
catalyzed by native metals cannot generate organic compounds in hydrothermal systems because
of catalyst inhibition by HyO and H:S. Holm et al. [52] explain, however, that off-axis hvdrothermal
systems of the Lost City type have low concentrations of IS [145]. Additionally, awaruite can be
formed at higher H»5 activities (ca. 1 mmol/kg) than previously thought [54], and metals other than
Fe, including Ni, are not inhibited by H,S.

Water activities are another issue typically raised by critics of hydrothermal vent theories [146].
Water hydrolyzes RNA and interferes with many reactions that generate specific prebiotic-type
syntheses of particular organic molecules. This has spawned arguments that life must have arisen on
land in dry or even desert-like conditions [147] or that essential reaction sequences giving rise to RNA
monomers took place in the absence of water because that is how they work best in the laboratory
with energy from UV light [12]. Nobody has yet proposed that RNA replication took place without
water. Life is 80% water by weight, about 60% protein and 25% RNA by dry weight [148], with protein
synthesis consuming ahout 75% of a cell’s energy budget [149]; life counters hydrolysis problems by
synthesizing polymers faster than they are hydrolyzed, at the expense of chemical energy.

An underappreciated aspect concerning water activity is that serpentinization takes place in
rock that is initially very dry and that roughly 12 to 37 mol water is consumed per mol Hj produced
(reactions 1-4). Placed in the context of methane or acetate synthesis (reactions 5-6), roughly 100 mol
of HO is consumed per CO; or carbonate that is reduced to the level of a methyl group. Furthermore,
a great deal of additional water is simply converted into hydroxylated minerals during serpentinization.
At the same time that water is being consumed, reactive gasses (Hy, CO) are being generated.
Gas reactions on solid phase catalysts in serpentinization studies should not be neglected, nor should
the circumstances that hydrophobic organics synthesized at hydrothermal vents will undergo phase
separation and generate molecular environments of low water activity, which is the main function
that enzymes provide in catalysis: Exclusion of water from the active site [150]. The crust hosting
hydrothermal systems is necessarily replete with localities of low water activity and water disappears
where reducing power for carbon reduction is generated.

10. Do Genomes Help?

Recent work has examined the origins problem from a novel top-down perspective. Standard
approaches analyzed genomes to see which genes are universal to all cells, recovering about 30 genes
invelved in information processing [#8]. Weiss et al. [87] constructed all trees for all proteins from 2000
genomes and identified proteins that are not universal to all cells but that are ancient by phylogenetic
criteria. They looked for genes that trace to the LUCA because they are present in bacteria and archaea,
but present by virtue of vertical inheritance from LUCA as opposed to late lateral gene transfer [87,28].
Based upon the kinds of genes that trace to LUCA, the results indicated that LUCA lived from dissolved
gasses: Hp, CO;, CO, N and H;S. The results indicated that for carbon assimilation, LUCA used the
simplest and most ancient of the six known pathways of CO; fixation, the acetyl-CoA pathway germane
to methanogenesis and acetogenesis, but it lacked the methyl synthesis branch suggesting that it relied
on a geochemical supply of methyl groups. LUCA had nitrogenase, it had no traces of light utilization,
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its environment was hot, contained Hs, CO», CO, N», H»5, and metals—an environment that looks
very much like a hydrothermal vent, Genomes trace LUCA to a site of rock-water—carbon interactions.

LUCA was able to harness ion gradients via the rotor-stator ATPase, but proteins of the ion
gradient generation (pumping) were missing [87], which would have been possible, if LUCA lived
at the vent of a serpentinizing system. There, geochemically generated ion gradients {(alkaline inside
versus the more neutral ocean) could be harnessed before the machinery was invented that allows cells
to pump with the help of an ion gradient generated by a chemistry that is specified by genes [24,131].
In short, LUCA was half-alive, dependent upon geochemical organic synthesis and the chemical
disequilibrium of its environment to harness carbon and energy. That might sound radical, but
no theory for origins can operate without some kind of sustained chemical synthesis from the
environment. A strong argument for origins at vents is the congruence between the basic CO; reduction
reactions of serpentinization and the chemistry of acetogen and methanogen metabolism [24,86].
Metabolic pathway reconstructions of phosphate independent reactions uncovered the essential role of
ferredoxin-dependent redox reaction and thioesters in ancient anabolic biochemistry [151,152]. LUCA’s
metabolism and genetic code were heavily dependent upon methyl groups [87].

The kind of LUCA that emerges from genomic reconstruction would have starved (low Hy and
COy activities) and perished (UV light) at the surface—what it needed to survive was provided by
rock—water interactions in the crust: Reactive gasses. Perhaps the crust was the first environment
on EHarth to have been inhabited [4,55]. Biologists and chemists have long held that inorganic
catalysts/electron donors like FeS centers preceded organic catalysts/electron donors like NADH in
evolution [153,154]. Similarly conserved base modifications (methylations, sulfur additions) in tRNA,
in particular in the anticodon loop that allows the modern genetic code to operate, reflect the chemical
environment within which the genetic code arose [87,88].

LUCA also harbored hydrogenases [£7]. In Figure 3, the active sites of CODH and nitrogenase
underscore the role of Ni” and a carbide in the entry of carbon (from CQO») and nitrogen (from Nb) into
the biosphere. These active sites represent bottlenecks in the origins and early evolution of metabolism.
For the reduction of carbon and nitrogen, electrons stemming from H; as the proximal carrier were
required. But in metabolism, Hy never interacts directly with C or N, rather it enters metabolism via
metal atoms in hydrogenases. Electrons from Hpy always enter metabolism via metals in the active
site of hydrogenase or hydrogenase domains. There are three different kinds of hydrogenases known,
they are phylogenetically unrelated and have very different active sites: The [NiFe| hydrogenase,
the [FeFe] hydrogenase, and the [Fe] hydrogenase, the latter lacking FeS clusters [155]. Common to all
three active sites, however, is that Hs relinquishes its electrons via interaction with an Fe atom that is
coordinated by one or more CQ molecules [156]: Iron(I]) carbonyls participate in Hy activation in three
independently arisen hydrogenase active sites. In contrast to CODH and nitrogenase, hydrogenases
have appeared three times independently in evolution, but the iron carbonyl catalyst is conserved,
indicating that the catalyst is older than the proteins that harbor it.

11. What Next?

What has been missing from hydrothermal vent-based research on origins is a decisive
experiment where a wide variety of amino acids and bases arise under genuinely realistic conditions,
although an early attempt was made by Hennet et al. [34]. FeS generally does not efficiently convert
CO» into reduced carbon, either in the laboratory or in metabolism. Native metals do [80], and they
furthermore generate the bhiologically relevant carbon species that occur at the core of metaholism:
Formate, acetate, pyruvate, and methyl groups. The reason that FeS does not work well, but Fe”
does, stated most simply, is that CO; reduction in biology (and perhaps more generally) is always
a two-electron reaction, whereas FeS only undergoes one-electron reactions. Wichtershiuser has
stressed the role of FeS in primordial biochemistry [157] and reported extensive experiments using
FeS as a catalyst in reactions involving CO as a reductant, in which amino acids were observed [158].
Bases (heterocycles) have not been observed so far in FeS catalyzed reactions, nor has COj reduction
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using FeS catalysts ever been convincingly demonstrated in terms of reaction rates or product yields
so far. CO9 reduction using Hy and NizFe catalysis at higher temperatures (200400 “C) produce good
vields of methane [76], but methane is rather an end product of metabolism than a building block
of life.

That is a complicated way of saying that work investigating the role of hydrothermal chemistry
in an origins context should possibly be looking at higher temperatures, higher pressures, low water
activities, and catalysts containing native metals, carbides, and minerals like magnetite. It is possible
that efficient synthesis of amino acids and bases from CO53 and Ny requires conditions where both
gases are reduced to an appreciable extent simultaneously. This does not mean that Haber-Bosch-like
conditions (500 °C) need to be employed for prebiotic type synthesis, because there is no imperative to
generate high yields or specificity from such experiments. It does, however, suggest that FeS, despite
its unassailably essential role in the physiology of life, despite its unquestionable antiquity [153],
and despite its unquestioned ability to generate thicesters from CHzSH and CO [159] might not be the
right electron donor to get CO» reduced in a hydrothermal context. Although FeS is crucial to make iron
biologically accessible, and sulfur compounds were probably very important for the transition from
thermal to chemical activation, catalysts that promote two-electron reactions fit better to the chemistry
of carbon. We also need to consider the very real possibility that some reactions work better (or at all)
at greater depth, products being transported by hydrothermal current to cooler environments near the
surface where they can react under milder conditions (Higure 4}, and where lower temperature reactions
more similar to energetically coupled metabolism (as opposed to synthesis), such as those reported by
Muchowska et al. [160] (although under acidic conditions} and Varma et al. [80], or oscillating thiocester
reactions such as those reported by Semenov et al. [161], come into play. Even at hydrothermal vents,
in terms of catalysis, some reactions take place on certain surfaces at higher temperatures, others will
only function at lower temperatures with different catalysts. In that sense, the sequence of reactions
in the acetyl-CoA pathway [83] from electron bifurcation, to CQ, to acyl metal bonds, to thioesters
that yield acyl phosphates (Figure 5), which phosphorylate ADP to generate ATP, can be seen as
the spatially condensed and enzymatically catalyzed version of a spontaneous geochemical process,
the thermodynamic drive for which stems from the natural tendency of CO» to be reduced with
electrons from Hp. That is, similar to the iron(Il) carbonyl of hydrogenases, the chemical reactions of
the acetyl-CoA pathway themselves are older than the enzymes that catalyze them.
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Figure 4. Possible processes at depth and at the ocean floor in serpentinizing systems. See text.
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Figure 5. An ancient pathway. The diagram summarizes the biclogical energy conservation from
ferredoxin to acyl phosphate in the acetyl-CoA pathway in an early evolution context [23,78,112].
Note that the reactions shown also occur without enzymes under suitable conditions [152]. See text.
For an explanation of electron bifurcation see [106]. CODH: Carbon monoxide dehydrogenase.

Early papers on vents and life [1] voiced similar considerations about the possibility of
different processes occurring at different depths. This became more evident as it became clear
that serpentinization was relevant to synthesis at vent and origins [50]. A spectrum of processes
across depths and conditions needs to be considered. And why, one might ask, have industrial
chemists not already exhaustively explored the kinds of reactions sketched at the right of Figure 2?
Reacting Hy, N2 and CO; on Fe3Oy at temperatures needed for nitrogen reduction is not only
Haber-Bosch expensive (energy intense), it is not going to generate any specific product. Chemists
have not yet explored all kinds of conditions that might be interesting for prebiotic chemistry [162],
the high-pressure-high-temperature reaction parameter space holds potential for investigation.
Hydrothermal vents have been supporting microbial life for 3.5 billion years [163], perhaps because it
arose there.

There also might be other parallels between bio- and geochemistry. For example, the formation of
NisFe is still a mystery, and it poses an energetic problem similar to flavin-based electron bifurcation:
The electrons from Hy need to go energetically (far) uphill to reduce Fe?* to Fe” under the conditions
in hydrothermal systems. Might there be a geochemical redox process akin to biological electron
bifurcation, that is, might the reduction of Fe?* to Fe' via hydrogen be energetically coupled to (and
financed by) Ni’ deposition? It would help to explain why native Ni and Fe are deposited together,
and in the case of awaruite in a stoichiometry favoring Ni, even though it is much rarer than Fe in
serpentinizing systems.

Some of the organic compounds found on carbonaceous chondrites are apparently formed via FI'
type reactions [164]. FT type reactions in the presence of NH3 generate the familiar nucleobases, but at
very low conversions (ca. 0.02% of product) and requiring short heating up to ca. 600 “C [164]. An old
experiment [165] serves as a reminder: Heating three amino acids (combinations of glycine, alanine,
valine, lysine, asparagine and glutamine) without water to temperatures between 160 “C to 200 “C for
4 to 6 h or to temperatures between 180 °C to 350 °C for 1 to 2 h produces, inter alia, the compound
shown in Figure 6.

There has to be something innately natural to the chemistry of life that its chemical constituents
will assemble effortlessly when the right conditions and catalysts are found. Perhaps reducing CO;
and N under chemical industry conditions milder than Haber-Bosch, with catalysts derived from
Hjy and Fe3Oy4, will deliver a hydrothermal version of the Miller-Urey experiment, with a diversity of
relevant nitrogenous compounds. This is an experiment that hydrothermal theories have been missing.
The surface structure, morphology, facets, and impurities of catalysts should be also taken into account
as crucial parameters. Concomitant reduction of N and CO; might yield a diversity of compounds
relevant to life more readily than adding NHj to reduced carbon compounds. Regardless, by better
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understanding the sequence of chemical events within hydrothermal systems we should gain insights
into catalysts that can further close the gap between rock-water—carbon interaction in vents, and life.

@]
Lysine 480 ¢ N._O
Alanine — N | /vl/
- PN
Glycine H,N N N
O

CH,0CgH,,
HO OH

Figure 6. Pterin riboside from amino acids. One of the products obtained by Heinz et al. [165] without
catalysts from dry heating of three amino acids is shown. Pterins are important cofactors in the
acetyl-CoA pathway [83,86,166]. Note the N-glycosidic bond of the heterocyclic to ribose.
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Sreejith J. Varma®, Karl Kleinermanns®, Masaru K. Nobu®7, Yoichi Kamagata’, Harun Tiiysiiz©42,

Joseph Moran®32< and William F. Martin®15<

Hydrogen gas, H,, is generated by alkaline hydrothermal vents through an ancient geochemical process called serpentinization,
in which water reacts with iron-containing minerals deep within the Earth's crust. H, is the electron donor for the most ancient
and the only energy-releasing route of biological CO, fixation, the acetyl-CoA pathway. At the origin of metabolism, CO, fixa-
tion by hydrothermal H, within serpentinizing systems could have preceded and patterned biotic pathways. Here we show that
three hydrothermal minerals—greigite (Fe,S,), magnetite (Fe;0,) and awaruite (Ni;Fe)—catalyse the fixation of CO, with H,
at 100 °C under alkaline aqueous conditions. The product spectrum includes formate (up to 200 mM), acetate (up to 100uM),
pyruvate (up to 10 pM), methanol (up to 100 pM) and methane. The results shed light on both the geochemical origin of micro-
bial metabolism and the nature of abiotic formate and methane synthesis in modern hydrothermal vents.

origin because the reactions involve sustained energy

release founded in the disequilibrium between CO, and
the vast amounts of molecular hydrogen, H,, generated in the
Earth’s crust during serpentinization'-’. Hydrogen has been a
source of electrons and energy since there was liquid water on
the early Earth, and it fuelled early anaerobic ecosystems in the
Earth’s crust*'". In biochemistry, the acetyl-CoA pathway of
CO, fixation uses the electrons and energy of H, to simultane-
ously supply three key requirements for life: reduced carbon in
the form of acetyl groups, electrons in the form of reduced fer-
redoxin and ion gradients for energy conservation in the form
of ATP'"'2. The pathway is linear, not cyclic, it releases energy
rather than requiring energy input and its enzymes are replete
with primordial metal co-factors'*'. It traces to the last universal
common ancestor”, and abiotic, geochemical organic syntheses
resembling segments of the pathway occur in modern hydro-
thermal vents*’. Laboratory simulations of acetyl-CoA pathway
reactions include the non-enzymatic synthesis of thioesters from
CO and methylsulfide'?, and the synthesis of acetate'” and pyru-
vate’® from CO, using native iron or external electrochemical
potentials'® as the electron source. Enzymatic versions of those
abiotic reactions occur in core energy metabolism of acetogens
and methanogens''~'%, ancient anaerobic autotrophs that live from
H, and CO, via the acetyl-CoA pathway and that still inhabit the
crust today'. Although the enzymes that catalyse these modern
microbial reactions have been widely investigated''-', catalysts
promoting abiotic reactions in vents today, and that might have
been instrumental at life’s origin, are poorly understood”. A fully
abiotic analogue of the acetyl-CoA pathway, from H, and CO, as
it occurs in life, has not been reported to date.

O rganic synthesis in hydrothermal vents is relevant to life’s

To probe the mechanisms of hydrothermal metabolic reactions
emulating ancient pathways, we investigated three different iron
minerals that occur naturally in hydrothermal systems: greigite
(Fe,S,), magnetite (Fe,O,) and the nickel iron alloy awaruite (Ni,Fe).
Magnetite and awaruite are common constituents of serpentiniz-
ing systems™ and are more stable under alkaline conditions than
greigite**”. Magnetite, like H,, is a main end product of serpentini-
zation, being formed from water-dependent oxidation of iron(II) sil-
icates®. In chemical industry, iron-based materials are the catalysts
of choice for diverse industrial processes including Haber-Bosch
(fixation of N,) and Fischer-Tropsch syngas (CO and H,) con-
version to hydrocarbons’. Awaruite is an intermetallic compound
that forms in serpentinizing systems at high-H, partial pressures
and very low-H,S fugacities®”, via the reduction of iron(II) and
nickel(IT) compounds. It is common in Ni-containing serpentiniz-
ing systems, where it is usually deposited as small grains™. Greigite
is formed under conditions of high H,S activity™* as a transient
intermediate in the conversion of mackinawite to pyrite*>*; it shares
structural similarity with the iron sulfur clusters of many modern
enzymes®. Iron sulfides can be found at the surface of hydrothermal
vents either as small compartments® or as nanoparticles in hydro-
thermal plumes™, as well as in meteorites”. Iron minerals have long
been regarded as ancient catalysts™'*”, although the key initial reac-
tion connecting the inorganic and organic world—CO, fixation
with H, as the reductant—has not been reported using iron mineral
catalysts under biologically relevant conditions™.

Results

Although very different in structure and composition (Fig. 1),
greigite, magnetite and awaruite are geochemically synthesized in
hydrothermal systems from pre-existing divalent iron and nickel
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Fig. 1| Characterization of greigite, magnetite and awaruite catalysts. a-¢, The three powders are different in structure and morphology as seen

from electron microscopy images, for which greigite (a) and awaruite (¢) were freshly synthesized and magnetite (b) was commercially obtained. d-i,
Comparison of XRD patterns of the minerals greigite (d), magnetite (e) and awaruite (f) before the reaction and after experiments under the following
conditions: greigite for 24 h at pH 6.5, stabilized by a phosphate buffer under a H,/CO, atmosphere (g); magnetite (h) and awaruite (i) for 16 h under

alkaline conditions (KOH added) under a H,/CO, atmosphere.

minerals during serpentinization®**. X-ray diffraction (XRD)
applied to our laboratory preparations of colloidal Fe,S, and Ni,Fe
nanoparticles (for details of synthesis, see Methods), as well as com-
mercial Fe,O,, reveals their characteristic patterns of crystal struc-
tures (Fig. 1).

Building on evidence for catalytic reactivity in previous
reports'®-"?, we investigated the ability of greigite, magnetite and
awaruite to promote the reduction of CO, with H, in water. Under
very mild hydrothermal conditions—at 100°C under 2bar H,/
CO, (80/20)—formate and acetate synthesis from H, and CO,
occurs readily in nearly neutral and alkaline aqueous solution in
the presence of Fe,S, (Fig. 2a). While only formate was detected
at 20°C, formate and acetate were found at 60 °C, which is close
to the temperature of vent effluent (ca.70°C) in the Lost City
hydrothermal field (Fig. 2b)*. At 100bar, Fe,S, catalyses the syn-
thesis of formate and methane from H, and CO, (Fig. 2c), but not
from CO (Extended Data Fig. 4b). Here, methane and formate
production is almost stoichiometric relative to hydrogen decrease.
For 14mM H, consumed, 1 mM of formate (1 H, per molecule of
formate) and 2.3 mM of methane (4 H, per molecule of methane)
are produced, leaving only 3.8 mM of H, that might be available
for acetate synthesis (which was below detection level in this
experimental set-up). At 2bar, formate accumulates to >2mM
within 4h while the detection of acetate requires 4-8h (Fig. 2d).
Notably, formate and methane are the main products of abiotic
organic synthesis observed in the effluent of modern serpentiniz-
ing hydrothermal systems™***".

We found that magnetite, like greigite, catalyses the aqueous syn-
thesis of formate and acetate in the range of 10pM to 1 mM from H,
and CO,, but also the formation of methanol and pyruvate under
mild (25bar H,/CO,, 40/60 ratio and 100°C) hydrothermal con-
ditions (Fig. 3a). Pyruvate is a crucial intermediate of carbon and
energy metabolism in nearly all microbes, and the main product
of CO, fixation in autotrophs that use the acetyl-CoA pathway'. It
accumulates at 5-10 uM in the presence of Fe,O, across the pH range
6.0-10.0, when either native iron (Fe) or H, is used as the reductant
(Fig. 3a). Magnetite generates a generally uniform product distri-
bution across conditions tested, and also when smaller amounts of
catalyst are used (Extended Data Fig. 6b). Additionally we investi-
gated different amounts of Fe as a reductant, showing that its impact
on product concentrations is low even when a large excess of Fe was
used. Both Fe and Fe,O, formed a solid disc after the reaction, which
probably hindered further oxidation of Fe and thus further accumu-
lation of reduced carbon compounds (Extended Data Fig. 7a).

At 100°C, awaruite catalyses the synthesis of acetate and methanol
in the range 10-100puM at pH 5.0-8.0 whereby either the native alloy
itself, H, or native Fe can function as the reductant, albeit with dif-
fering efficiency and product distribution (Fig. 3b). Under alkaline
conditions, with either native Fe or H, as reductant, formate accu-
mulates in the 200 mM range with 1 mmol of metal atoms as catalyst.
Physical contact between awaruite and native iron is not required
for product formation (Extended Data Fig. 7b). In the case of awa-
ruite, lower temperatures improved pyruvate synthesis (Fig. 4a),
similar to previous studies'. Pyruvate is formed under alkaline
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Fig. 2 | Fixation of CO, with H,, catalysed by greigite. a, Catalysis by greigite at 100 °C. b, Effect of temperature on greigite catalysis. ¢, Time course
experiment of high-pressure methane and formate production from CO, and H, under greigite catalysis (liquid phase, 150 ml) at 100 bar and 60°C.

d, Reaction progress over time under a 2-bar H,/CO, atmosphere and 100 °C. All reactions were performed in water containing a phosphate buffer (a,b,d,
3ml, ¢, 150ml). a,b, Flasks summarize the reaction parameters, with greigite depicted in black. Amounts of catalyst are normalized by the number of
moles of metal atoms per mole of mineral compound: 0.33 mmol of greigite is equivalent to 1mmol of metal atoms in each catalyst. Individual experiments
were performed under either CO, or H,/CO, atmosphere. Red bars, pH < 7.0; blue bars, pH> 7.0. ND, not detected (no product was formed, or product
concentration was below the detection limit). Circles correspond to the values of individual experiments. Values of O are not shown on the logarithmic
scale. Asterisks indicate experiments for which Gibbs free energy was calculated in Table 1. Experimental concentration values and s.d. are listed in
Supplementary Table 1, and control experiments are shown in Extended Data Fig. 2a. The influence of pH (4.0-10.0) on reactions catalysed by greigite is

shown in Extended Data Fig. 4a.

conditions at 70 °C (Fig. 4a), even at lower amounts of catalyst than
previously used (0.5mmol of metal atoms), and reaches 10uM
when higher amounts are used (Fig. 4b). This suggests that pyru-
vate production in reactions with smaller amounts of awaruite
probably occurs, but is below the detection limit of the "H-nuclear

NATURE ECOLOGY & EVOLUTION | www.nature.com/natecolevol

magnetic resonance (NMR) spectroscopy used here. Using even
less Ni,Fe (0.05mmol metal atoms) is still effective for formate,
acetate and methanol formation in thermal gradients from 100 to
30°C (Extended Data Fig. 6a,c), conditions similar to those of nat-
ural alkaline hydrothermal vents”. Catalysts are required for the
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Fig. 3 | Fixation of CO, with H,, catalysed by magnetite and awaruite. a,b, Catalysis by magnetite (a) and awaruite (b). All reactions were performed
in water (1ml). Flasks in each panel summarize the reaction parameters: hydrothermal minerals are depicted in black, additional iron powder in grey.

Amounts of catalyst are normalized by the number of moles of metal atoms per mole of mineral compound: 0.33 mmol of magnetite, as well as 0.25 mmol
of awaruite, are equivalent to 1Tmmol of metal atoms in each catalyst. Individual experiments were performed under either CO, atmosphere, H,/CO,
atmosphere or CO, atmosphere with Fe powder as an electron source (also for H, formation from H,O). Experiments without native Fe were performed
with decontaminated stir bars; those containing native Fe were performed without stir bars due to solidification of Fe powder during the process. Red bars,
pH <7.0; blue bars, pH> 7.0. ND, not detected (no product was formed, or product concentration was below the detection limit). Experiments performed
at pH < 7.0 were treated with KOH after the reaction, as in Varma et al.”®. Circles correspond to the values of individual experiments. Values of O are not
shown on the logarithmic scale. Asterisks indicate experiments for which Gibbs free energy was calculated in Table 1. Concentration values and s.d. of the
experiments are listed in Supplementary Table 1, and control experiments are shown in Extended Data Figs. 2b,c (awaruite) and 3 (Fe®) and Supplementary
Tables 4-7. Background levels of formate at least three orders of magnitude below experimental product concentrations (awaruite); background levels of

acetate (ca.10-20 pM) were observed in controls using awaruite as catalyst.

Information for all background values).

reaction—controls without catalysts yielded only trace levels of prod-
uct (Extended Data Fig. 2b,c and Supplementary Tables 6 and 7).

In some experiments using Ni,Fe, we detected ethanol in con-
centrations up to >100uM (Extended Data Fig. 5b). We observed
trace amounts of methane (ca. 19 ppm) in awaruite-catalysed reac-
tions (Extended Data Fig. 8), which is substantially less than that
detected in an earlier report using H, and CO, for 1-2weeks at
500bar and 200-400°C with awaruite as the catalyst*. The hydro-
thermal conditions we found for the synthesis of organics from H,
and CO, over 16h with awaruite as catalyst are sufficiently mild in
terms of temperature and energetics to permit microbial growth.
Of the catalysts employed, only awaruite showed minor alteration
after reaction, probably due to mild oxidation (Fig. 1g—i). Formate
accumulation catalysed by awaruite reflects the near-equilibrium
interconversion of H,—CQO, and formate®.

To avoid contamination, no organic buffers were employed in
any of our experiments. Because greigite is sensitive to high pH,
phosphate buffer was employed here. In the experiments with mag-
netite and awaruite, no buffers were used. In Figs. 3 and 4, blue bars
indicate reactions where the starting pH was ~11.0 through the
addition of KOH to generate alkaline vent conditions; the pH mea-
sured at completion is dependent on the amount of mineral used
and metal, in addition to the amount of CO, dissolved and organic
acid synthesized. No water loss, which would potentially distort the
product concentrations, was detected in any of our experiments.

Sustained synthesis of reactive organic compounds was essen-
tial at the origin of metabolism and had to be thermodynamically
favourable. Equations (1-5) show the redox reactions taking place
between CO, and H, to form formate (equation (1)), methanol

All background levels were subtracted before plotting (see Supplementary

Table 1| AG for CO, fixation product formation (kJ mol™)

Greigite Magnetite Awaruite
Product 1 2 3 4 5 6
Formate  0.31 -2558 -1956 -4814 -2.56 -15.26
Methanol ND ND -46.60 -46.60 -5149 -50.33
Acetate -71.00 -96.69 -10859 -13716 -120.03 -13217
Pyruvate  ND ND ND -5718 ND ND

Values of AG refer to the reactions as shown in equations (1-5). The conditions are those for
reactions marked with asterisks in Figs. 2 and 3. Details of reaction conditions for columns 1-6:
(1) 0.33 mmol Fe,5,, 100°C, 24 h, pH 6.5, 2 bar H,/CO, (80/20); (2) 0.33mmol Fe,5,, 100°C,
24 h, pH 10.0, 2 bar H,/CO, (80/20); (3) 0.33mmol, Fe,0,, 100°C, 16 h, pH 6.0, 25bar H,/CO,
(40/60); (4) 0.33mmol, Fe,0,, 100°C, 16 h, pH 9.0, 25 bar H,/CO, (40/60); (5) 0.25 mmol,
NisFe, 100°C, 16 h, pH 6.0, 25 bar H,/CO, (40,/60); (6) 0.25 mmol, NisFe, 100 °C, 16h, pH 8.0,
25 bar H/CO, (40/60). Columns 1, 3, 5: pH< 7.0; columns 2, 4, 6: pH> 8.0. ND, not detected
(no product was formed or product concentration was below the detection limit). Values of AG
for product accumulation at 100 nM in these experiments (below the detection level) are given in
Supplementary Table 3.

(equation (2)), acetate (equation (3)), pyruvate (equation (4)) and
methane (equation (5)).
H, + CO; — HCOO™ + HY (1)

3H,; + CO; — CH30H + H,0 (2)

4H, + 2CO; — CH3COO™ +2H,0 + H* (3)
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Fig. 4 | Awaruite catalyses synthesis of formate, acetate, and pyruvate. a, Effect of temperature on awaruite catalysis. b, Impact of amount of awaruite
catalyst used. All reactions were performed in water (1ml). Amounts of catalyst used are normalized to the number of moles of metal atoms per mole

of mineral compound: 0.25 mmol of awaruite is equivalent to Tmmol of metal atoms. Individual experiments were performed under H,/CO, (40/60)
atmosphere. All experiments were conducted without stir bars. Values of O are not shown on the logarithmic scale. All measurements were performed

in at least triplicate (2.5 mmol of awaruite in duplicate). ND, not detected (no product was formed or product concentration was below the detection
limit). Circles correspond to values obtained in individual experiments. Experimental concentration values and s.d. are listed in Supplementary Table 1, and
control experiments are shown in Extended Data Fig. 2b,c and Supplementary Tables 6 and 7.

5H, + 3CO; — CH;(CO)COO™ + 3H,0 + H* (4)

4H, 4+ CO, — CHy4 + 2H,0 (5)

The changes in Gibbs free energy, AG, for six of the H,-
dependent reactions reported here are given in Table 1 (detailed
datasets are shown in Supplementary Tables 2 and 3). The syn-
thesis of observed products is close to equilibrium or exergonic.
For most compounds and conditions, product generation did not
reach equilibrium, indicating the kinetic inhibition of reactions.
Only H,-dependent reduction of CO, to formate approached
equilibrium in the presence of greigite or awaruite (according to
experiments in Figs. 2a and 3b). Pyruvate and CH, production
were detected only under specific conditions despite being exer-
gonic in nearly all treatments. In treatments with H, and magne-
tite, for example, pyruvate generation was detected only under
alkaline conditions (Fig. 3a), while in treatments with H, and
awaruite it was detected only under alkaline conditions and when
the amount of mineral was increased (Fig. 4b). H,-dependent
reduction of formate to acetate (equation (3)-equation (1));
3H,+CHOO +CO, — CH,;COO +2H,0) consistently reached
similar AG values for each mineral, regardless of pH and mineral
content (approximately -72, -89 and -115kJmol™ at 100°C for
greigite, magnetite and awaruite, respectively), suggesting the pos-
sibility of shared features between the minerals’ catalytic mecha-
nisms. None of the three minerals catalysed acetate synthesis to
completion (A G << 0), suggesting the possible presence of kinetic
barriers and an opportunity for energetic coupling. For those reac-
tions in which no H, was added, only native metals were available
as reductant (Extended Data Figs. 3, 5a and 7), probably generat-
ing intermediate H, from water.
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Discussion

When greigite, magnetite or awaruite is used as a catalyst, the syn-
thesis of formate, acetate, methanol and pyruvate from H, and CO,
under hydrothermal conditions is facile. The synthesis of formate
and acetate is furthermore robust to the catalyst employed. The
main product we observed was formate (Figs. 2-4), which is also
the main organic product of abiotic organic synthesis found in alka-
line hydrothermal vent effluent™'***". We propose a mechanism for
the catalysed two-electron reduction of CO, to formate for all three
minerals (Extended Data Fig. 10).

Formate synthesis from H, and CO, was anticipated by ear-
lier studies****, and formate synthesis from CO, has been reported
at high temperatures (> 250°C) and pressures (> 300bar) with
hydrothermal minerals*. However, the amounts of formate
we observed with Ni,Fe at moderate temperature and pres-
sure (70-100°C and 25bar H,/CO, atmosphere), as well as the
accumulation of acetate and pyruvate, reveal an unexpected cor-
respondence between spontaneous H,-dependent CO, reduc-
tion and metabolism. We see a clear tendency of Ni-containing
compounds to preferentially produce formate in high concentra-
tions'®, while pyruvate accumulation is preferentially observed
with Fe. These product-catalyst specificities are reflected in the
active site metals of corresponding enzymes of the modern acetyl-
CoA pathway''~">*'~*,

Under physiological conditions, the reducing power of H, is
insufficient to reduce CO,. Microbes studied to date reduce CO,
with electrons from H,, employing flavin-based electron bifurca-
tion to synthesize reduced iron sulfur clusters in ferredoxin for CO,
fixation'>*". This biological CO, fixation usually also entails ion
gradients***. The reactions reported here require neither electron
bifurcation nor ion gradients. With suitable inorganic catalysts that
activate both H, and CO, to enable their reaction, products of the
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Fig. 5| Congruence between the acetyl-CoA pathway and reactions catalysed by three iron minerals found in hydrothermal vents. The chemical
reactions shown summarize the acetyl-CoA pathway as it occurs in hydrogenotrophic bacteria and archaea, as depicted in ref. ", with the exception

of free formate later discovered in the archaeal pathway®. The methenyl (=CH-), methylene (-CH,-) and methyl (-CH;) groups of the bacterial and
archaeal pathways are bound to tetrahydrofolate and tetrahydromethanopterin, respectively, generically indicated here as catalysts (). Colour-edged
boxes indicate products observed in reactions using iron mineral catalysts. Asterisk indicates the reaction sequence in which energy is conserved as

ATP via substrate-level phosphorylation in the biological pathway (acyl-nickel, thioester and acyl-phosphate intermediates employed by the enzymatic
pathway for stepwise conservation of free energy in exergonic conversion of the nickel-bound acyl group to ATP" are not shown). All products shown were
observed at temperatures <100 °C and obtained within < 24 h, except methane in the case of greigite, which was observed over the course of 25d (Fig.
2¢). Methanol, methyl sulfide, methyl amines and methoxy groups from coal can serve as methyl donors for the pathway' 5.

acetyl-CoA pathway (Figs. 2, 3 and 4) are formed without the addi-
tion of organic co-factors.

With the exception of ethanol, the reaction products we observe
correspond exactly to those of the biological acetyl-CoA pathway to
pyruvate'' (Fig. 5). No other reaction products were observed. That
is, the mineral-catalysed H,-dependent reduction of CO, delivers a
very discrete subset of possible chemical structures: one that con-
structs the backbone of carbon and energy metabolism in primitive
anaerobic autotrophs''-'*. The acetyl-CoA pathway'"'* entails 11 main
enzymes totalling ~15,000 amino acid residues'>*'~** plus six organic
co-factors, each with its own complex biosynthesis'*. The bacterial
and archaeal versions of the pathway involve evolutionarily unrelated
enzymes but chemically similar methyl synthesis routes®'"'*. The
reactions of the acetyl-CoA pathway employed in modern metabo-
lism (Fig. 5) involve the stepwise conservation of chemical energy
during CO, fixation as acetyl-nickel, acetyl-thioester, acetyl-phos-
phate and ATP synthesis via substrate-level phosphorylation (marked
with an asterisk in Fig. 5)''-'*. Although the nature of catalyst-bound
intermediates of the biological pathway from H, and CO, to meth-
ane, acetate and pyruvate is known''-'*, the identity of catalyst-bound
intermediates of mineral-catalysed reactions is not.

Proposals for the nature of primordial CO, fixation and energy
conservation at biochemical origins typically posit the participation
of external energy sources”, such as UV light™, heat, impact, pres-
sure, electrical currents or ion gradients®, to push organic synthesis
forward. The reactions reported here require no additional energy
source for the unfolding of a protometabolic acetyl-CoA pathway
from H, and CO, other than the natural reactivity of two gases and
metal catalysts, indicating that neither membranes, though essential
for the emergence of free-living cells**'~**, nor external potentials'**
were required for primordial CO, fixation along an exergonic, H,-
dependent, non-enzymatic pathway to C3 products. The energy for
the synthesis of compounds capable of phosphorylating ADP via
substrate-level phosphorylation®'"'>—for reactions reported here,
and for those of the enzymatically catalysed acetyl-CoA pathway—
stems from the exergonic synthesis of biologically relevant organic
compounds from H, and CO,. Our findings suggest that abiotic,
geochemical versions of energy-releasing reactions underlying the
acetyl-CoA pathway very likely preceded the enzymes that catalyse

it today''*'®. The simplicity and primordial nature of these
reactions furthermore suggests that metabolism elsewhere could
initiate by a similar route.

Methods

General information. An overview of the experiments performed can be found

in Extended Data Fig. 1, and relevant controls in Extended Data Figs. 2 and 3 and
Supplementary Tables 4-7. The quantity of each transition metal reagent tested as a
carbon fixation catalyst was normalized so that it would contain the same number
of millimoles of metal atoms across the experiments. For example, 1 mmol of
metal atoms corresponds to 0.33 mmol of greigite (99 mg), 0.33 mmol of magnetite
(77 mg) and 0.25 mmol of awaruite (58 mg). Each reaction was performed in at
least triplicate. Information on suppliers, grade and purity of all reagents used is
listed in the Supplementary Information.

Synthesis of greigite. Every piece of apparatus used in greigite synthesis was stored
in an anaerobic chamber (Coy Laboratory Products) under a gas mixture of N,/
H,/CO, (80/5/15) for at least 48 h before use, to remove residual oxygen. Reag,
for greigite synthesis were purged with N, before use unless otherwise stated.
Amorphous FeO(OH) was synthesized as reported previously™ and suspended
in Milli-Q water (0.30 moll™") under air atmosphere. After purging with N,, this
suspension was stored in a glass bottle under N,/H,/CO, (80/5/15). Solutions of
Na,S (1.0M) and H,SO, (2.0 M) were prepared as reported previously’” and stored
in a glass bottle under N,. Greigite was synthesized in a solid-gas reaction system
as reported previously™ with slight modifications. In brief, amorphous FeO(OH)
(0.66 mmol, 2.2 ml of water suspension) was aliquoted to a glass reaction vessel,
and a test tube containing 1.0 ml of the Na,S solution was placed in the vessel inside
the anaerobic chamber. The vessel was sealed with an ethylene tetrafluoroethylene
(ETFE)-coated butyl rubber stopper and an aluminium seal. The vessel was then
removed from the anaerobic chamber and the headspace gas replaced with Ar.
After returning the vessel to the anaerobic chamber, H,S gas was generated inside
the vessel by injecting 0.5 ml of the H,S0O, solution into the Na,S solution in the

test tube using a disposable Myjector syringe (Terumo). The vessel was incubated
at 80°C for 3h. The resulting greigite suspension was collected by pipetting from
several reaction vessels, washed with 0.5 M HCI and then rinsed with N,-purged
Milli-Q water in the anaerobic chamber as described previously™.

CO, fixation catalysed by greigite. Synthesized greigite (0.33 mmol) was
resuspended in 3 ml of potassium phosphate buffer (20 mM) of designated pH.

The greigite suspension was placed in a fresh glass reaction vessel, which was then
sealed with an ETFE-coated butyl rubber stopper and an aluminium seal. The vessel
was then removed from the chamber and the headspace gas replaced with H,/CO,
(80/20) or CO, outside the chamber. Vessels were incubated at 100°C over 4-24h.

High-performance liquid chromatography (HPLC) analysis (greigite
experiments). Liquid-phase components were analysed on a D-2000 LaChrom
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Elite HPLC system (Hitachi), equipped with an Aminex HPX-87H column

(300 mm, 7.8 mm internal diameter (i.d.); Bio-Rad Laboratories) and an L-2400 UV
detector at 240 nm and L-2490 RI detector as described previously™. Supernatants
obtained in the CO, reduction experiments were collected after centrifugation
inside the anaerobic chamber, then 10pl of the supernatants obtained were directly
injected into the HPLC circuit and chromatographed under an isocratic flow of
0.7mlmin (eluent, 10mM H,SQ, in H,0). Column temperature was maintained
at 50°C. Identities of the analytes detected were determined by the liquid
chromatography-tandem mass spectrometry system: Agilent 1200 HPLC (Agilent
Technologies) coupled to an HCT Ultra mass spectrometer (Bruker Daltonics)
using a Shodex HILICpak VG-50 2D column (150 mm, 2mm i.d.; Showa Denko).
The supernatant prepared as above was mixed with an equal amount of the eluent,
then 5 pl of the mixture was injected into the HPLC circuit and chromatographed
under an isocratic flow of 0.1 mlmin~' (eluent, a mixture of acetonitrile and 0.25%
ammonia water at 80/20). Column temperature was maintained at 30°C.

High-pressure measurements (greigite experiments). A previously developed™
high-pressure incubation system was used for the high-pressure CO, (Fig. 2c)

and CO (Extended Data Fig. 4b) reduction reactions in this study. The system
consisted of an incubation vessel (stainless steel with Sulfinert coating on its
internal wall, volume 150 cm®; Swagelok), inflow/outflow tubes with valves
(Swagelok) and a 500D automated syringe pump (Teledyne Isco). Greigite
suspension was placed in the reaction vessel inside the anaerobic chamber. After
sealing the vessel with inflow and outflow tubes, the headspace gas was replaced
with H,+ CO, (80/20) through a rubber septum equipped with an inflow tube, via
aneedle. This vessel was then connected to the syringe pump via the inflow tube
to complete the incubation system. Potassium phosphate buffer was injected by
the syringe pump to reach a hydrostatic pressure of 100 bar. Incubation at 60°C
started after H; and CO, were completely dissolved in the liquid phase (verified by
gas chromatography analysis). Samples were periodically collected via the outflow
tube while keeping the same hydrostatic pressure through automated pressure
control of the syringe pump.

Gas analysis (greigite experiments). Gas-phase measurements were carried

out on a gas chromatograph GC-2014 (Shimadzu) as described previously™.
Depending on the target gas component, different columns and detectors were
used: an Rt-QPLOT (30m, 0.32mm i.d., 10 pm ET; Restek) with flame ionization
detector (FID) for CH,, molecular sieve 13x column (2 m, 3 mm i.d.; Shimadzu)
with a thermal conductivity detector (TCD) for H, and CO, and activated charcoal
column (2.0 m, 3 mm, 60/80 mesh; Shinwa Chemical Industries) with TCD for
CO,. Pure He and Ar were used as carrier gases for FID and TCD, respectively.
Gases were identified by gas chromatography-mass spectrometry (GC-MS) using
two systems: (1) TQ8040 NX GC-MS (Shimadzu) equipped with a polar capillary
column (TC-70, 30 m, 0.25mm i.d., 0.25pm ET.; GL Sciences); (2) QP2010 Plus
GC-MS (Shimadzu) equipped with Rt-Q-BOND (15m, 0.32mm i.d., 10pm ET,;
Restek). Carrier gas in both systems was pure He.

Synthesis of awaruite (Ni,Fe) nanoparticles. As previously reported™, spent

tea leaves can be used as sustainable hard template to synthesize native metal
nanoparticles at the desired composition. For the synthesis of nanoparticular Ni,Fe,
washed and dried tea leaves were added to an aqueous solution of Ni(NO,),-6H,0
and Fe(NO,),-9H,0 (molar ratio 3/1) and stirred at room temperature for 2h.

The mass ratio of tea leaves and metal precursors was set at 2/1. Due to the low
decomposition temperature of the metal nitrate salt (< 200°C), metal oxide
nanoparticles can be formed in the pore confinement of the template before its
structural damage/combustion. The carbon-based tea leaf template was burned out
in air atmosphere (550 °C for 4h), and the resulting Ni,Fe oxide was washed with
0.1 M HCI solution for 2h and cleaned with deionized water. Finally, the product
was treated in a reductive 10% H,/Ar flow (100 ml min') at 500°C for 2h to
generate the intermetallic Ni,Fe compound.

CO, fixation catalysed by magnetite and awaruite. Awaruite and

magnetite powders (commercial) were placed in a 1.5-ml glass vial. In the

case of the magnetite and awaruite experiments shown in Fig. 3, a clean
polytetrafluoroethylene (PTFE)-coated stir bar was added to the vial. All further
awaruite experiments were conducted without stir bars. The reaction vials were
then filled with 1.0 ml of Milli-Q water. Whenever the effect of increased pH of
the reaction mixtures was tested, solid KOH was added to Milli-Q water before
the reaction (45 mgml™'). KOH had previously been tested for contaminants

by '"H-NMR analysis (Extended Data Fig. 9a). To prevent cross-contamination
while allowing for ready access of the gas to the reaction mixture, the vials
were closed by caps with punctured PTEE septa. The reaction vials (3-12) were
placed in a stainless-steel pressure reactor (Berghof or Parr) which was then
sealed, flushed three times with ca.5bar CO,, pressurized to a final value of
25bar CO, (unless noted otherwise) and heated at the desired temperature (an
external heating mantle was used) for 16h. At a reaction temperature of 100°C,
a maximum pressure of ca. 30 bar was reached. After the reaction, the reactor
was allowed to cool to room temperature (3—4h from 100 °C, 2-3h from 70°C)
before sample analysis'**.
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Experiments with iron powder or hydrogen gas. These experiments were
performed according to the general procedure described above, except that

10 mmol (560 mg) of Fe” powder was first placed in the reaction vials followed by
the mineral tested and no stir bars were added. Further experiments exploring
the impact of the amount of Fe” powder are shown in Extended Data Fig. 7a.
Whenever H; was used in the experiments, the pressure reactor was first flushed
with CO,, pressurized with 10bar of H, and then brought to 25bar by further
addition of CO, (H,/CO, approximately 40/60).

Work-up procedure for reaction mixtures (magnetite and awaruite). The pH of
individual reaction mixtures was determined via TRITESTL pH 1.0-11.0 papers
(Macherey-Nagel) directly after the reaction. The values of Ni,Fe experiments were
confirmed with a pH metre (Lab 875, SI Analytics) and a pH combination micro-
electrode (A 157 IDS, SI Analytics). CO, dissolved in the reaction mixture during
the reaction decreased reaction pH values due to the formation of carbonic acid.
Reaction mixtures that did not contain KOH were either treated with ca.45mg of
solid KOH per 1-ml reaction mixture to precipitate the metal ions as hydroxides
(in the case of Fe,0, and Ni,Fe experiments, shown in Fig. 3), or left untreated

(in the case of Ni,Fe). The treatment of individual experimental rows was also
dependent on the visible concentration of metal ions in solution (since these ions
have to be removed by precipitation as hydroxides before NMR measurements),
and is additionally described in the corresponding figure legends. All samples were
then centrifuged at 13,000 r.p.m. for 10 min. The supernatant was then separated
from the precipitate (catalyst) and stored at 4°C overnight or longer before NMR
or HPLC analysis.

NMR analysis (magnetite and awaruite). Concentrations of formate, acetate,
pyruvate and methanol (as methoxide) were determined by '"H-NMR, following the
protocol established in Varma et al."”. The supernatant of the centrifuged samples
was mixed with sodium 3-(trimethylsilyl)-1-propanesulfonate D,0-solution as
the internal standard (CH; peak at 0 ppm). NMR spectra were acquired on either
a Bruker AvanceIII 600 or 300 spectrometer at 297 K, using a ZGESGP pulse
programme. Thirty-two scans were acquired for each sample and the relaxation
delay was set to 40s (600 MHz) and 87 s (300 MHz), with a spectral width of either
12,315 ppm (600 MHz) or 11,963 ppm (300 MHz). Analysis and integration were
performed using MestReNova (v.10.0.2) software. Shifts of the measured products
are depicted in Extended Data Fig. 9b.

Powder X-ray diffraction. Power XRD analysis was performed for pre- and
post-reaction catalysts. For greigite, XRD specimes were prepared as described
previously”. In brief, sampls were collected by centrifugation and the pellet
obtained directly mounted in slurry form on a silicon holder (SanyuShoko), then
sealed using polyimide film (Nilaco Corporation) and vacuum grease (JEOL) to
avoid possible desiccation and oxidation during analysis. Specimens were analysed
using a RINT2000 X-ray diffractometer (Rigaku) at room temperature for CuKe, ,
radiation scanning at a step interval of 0.02° 26 and a counting time of 2 s with a 26
range of 20-60°, operating at an accelerating voltage of 40kV at 30 mA. To prepare
specimens for magnetite and awaruite experiments, samples were collected, washed
with Milli-Q water and dried under vacuum. XRD patterns of these specimens
were collected at room temperature using a theta-theta diffractometer (Stoe) in
BraggBrentano geometry for CuKa, , radiation scanning, at a step interval of 0.04°
20 and a counting time of 6 s with a 26 range of 20-80°.

Electron microscopy. Electron microscopic observation was conducted for pre-
reaction catalysts to check their morphology. For greigite, specimens were prepared
as described previously™. Briefly, in the anaerobic chamber, greigite was rinsed

at least three times with N,-purged Milli-Q water, dried at room temperature

and then mounted on an aluminium stab using carbon tape. Specimens were
removed from the anaerobic chamber, coated with platinum/palladium alloy with
an ion-sputter E102 (Hitachi) and observed on either a JSM-6330F (JEOL) or
JSM-7800F (JEOL) field-emission scanning electron microscope at an acceleration
voltage of 5kV. Magnetite samples were deposited on lacy carbon film-coated

Cu grids (400 mesh) and observed on an H-7100 (Hitachi) transmission electron
microscope at an acceleration voltage of 100kV. Awaruite samples were collected
and embedded in Spurr resin (hard mixture). Resin blocks thus obtained were
trimmed using an EM TRIM milling system (Leica). Thin sections were cut from
the resin blocks by microtome with a 35° diamond knife (Reichert Ultra-Cut),
dispersed in Milli-Q water, transferred from the water surface on lacy carbon
film-coated Cu grids (400 mesh) and observed on an 5-5500 (Hitachi) scanning
transmission electron microscope at an acceleration voltage of 30kV.

Thermodynamic calculations. For AG calculations, published values of AH
(reaction enthalpy) and AG values were used**. The effect of temperature on
Gibbs free energy yield was calculated using the Gibbs—Helmholtz equation.
Equilibrium constants at different temperatures were adjusted using the van’t Hoff
equation (detailed equations given in Supplementary Information). Corrections
based on non-standard pressures were estimated using partial molar volume
changes of the reactions™. For any organic compounds not detected, an aqueous
concentration of 0.1 pM was assumed. For CH,, a partial pressure of 10-"bar was
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assumed when not detected. In reactions containing Fe” as an electron donor
(Supplementary Table 2), H, concentration was estimated by assuming that H,-
dependent CO, reduction to formate reached equilibrium. Final H, and CO,
concentrations were estimated based on the measured products (subtracting 1 mol
of H, per mole formate detected).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All data are available in the main text, Extended Data Figs. 1-10 and the
Supplementary Information (Supplementary Methods, Supplementary Tables 1-7,
Supplementary Figs. 1-29 and Supplementary Equations).
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Extended Data Fig. 1| Overview of the main experiments performed in this study. Three different iron-containing hydrothermal minerals were tested for
their ability to catalyse the reaction between CO, and H,: greigite (Fe,S,), magnetite (Fe,;0,), and awaruite (Ni;Fe).
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Extended Data Fig. 2 | Background controls for CO, fixation. a Control runs for greigite experiments—each run was performed either in the absence of H,
or CO,, or both. Circles show individual measurements. CO,-only and H,-only controls were performed at least in triplicate - values of O are not shown by
the logarithmic scale. Four types of control experiments under the conditions of greigite experiments were performed with the catalyst: one under 100%
CO, atmosphere, one under 100% H, atmosphere and two under Ar atmosphere (one with, one without catalyst). The mass spectra of the argon-controls
are listed in the supplemental material. The CO,-only experiments show that formate can be formed in small amounts without H, gas, suggesting that the
electrons necessary for CO, reduction can also come from greigite's Fe* ions, either by forming H; from water or by a direct reduction of CO,. The latter
seems less probable as the step from CO, to formate is a 2-electron reaction, which electrons Fe?* cannot provide (see also the proposed mechanism

in Extended Data Fig. 10). b Comparison between background and product concentration in awaruite experiments with 1Tmmol metal atoms NisFe (16 h

at 100°C, 25 bar, pH> 7). Both CO, fixation background without Ni;Fe and the background of Ni,Fe itself under an Ar/H, atmosphere are significantly
lower than after H,-dependent CO, reduction with NiFe. € Comparing background and product concentration in awaruite experiments with 2.5mmol
metal atoms NisFe (16 h at 100°C, 25bar, pH > 7). More details on the background contamination in awaruite and magnetite experiments are listed in

Supplementary Tables 3-6.
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Extended Data Fig. 3 | Controls with added Fe® powder. a Control for internal Fe® runs (relevant to magnetite and awaruite experiments). Red: pH< 7;
Blue: pH > 7. Circles show individual measurements, all controls were performed in at least triplicate - values of O are not shown by the logarithmic
scale. As shown in Varma et al.”¥, a KOH workup after the reaction was necessary prior to analysis. Here we show that KOH can also be added before the
reaction (blue bars) in order to liberate the products into the solution. For reactions at lower pH (red bars), KOH was added afterwards. In both cases Fe
powder promotes the reduction of CO, to formate, acetate, pyruvate and methanol. The exact mechanism remains unclear, but it is probable that the Fe
powder is being oxidized, leading to the production of H, from H,O. b Pictures after the reaction at pH 8, 16 h, 100 °C, 25bar CO,/H,, showing the visual
level of oxidation of Fe®, Fe;0, and NisFe. € XRD of iron powder after a reaction with 0.125 mmol NisFe on top (25bar CO,, 16 h, pH 8, 100 °C), the results
of the CO, fixation are shown in Extended Data Fig. 6. The XRD spectrum shows that a major part of the iron surface is converted into iron(ll) carbonate
(siderite, FeCO,), thus confirming the oxidation of the iron powder and the precipitation of Fe?* ions with carbonate at the same time.
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Extended Data Fig. 4 | Influence of pH and high-pressure CO experiments for greigite. a Influence of pH on greigite reactions. Red: pH <7; Blue: pH>7.
Circles show individual measurements, all measurements performed in at least triplicate. The distribution of carbon fixation products in greigite reactions
remains stable with changing pH. b Time course experiment of high-pressure methane and formate production from CO under greigite catalysis (liquid
phase, 150mL) at 60 °C and 100 bar. Using CO gas instead of CO, and H, does not explain the amount of methane produced (up to 0.04mM). The
rationale for using CO as a sole reactant stems from previous reports where small organics were obtained in appreciable quantities™. In reactions of CO
with greigite and water, no organic products were found other than formate, whose carbon has the same redox state as CO.
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Extended Data Fig. 5 | Fe® as external and internal H, source and ethanol occurrence in awaruite experiments. a Screen of the quantity of Fe? as H,
source. As a native metal compound, awaruite could serve as an electron donor and/or a catalyst. To establish the catalytic activity of the nanoparticular
awaruite and the ability of Fe® powder to serve as an H, delivery system, the concentration of hydrogen gas within the reactor runs was gradually
increased. First, 6 neighbouring vials filled with 10 mmol (560 mg) of iron powder (‘external iron") each provided a small amount of H, to the atmosphere
inside the pressure reactor. By adding 10 mmol iron powder into reaction vials (“internal iron™) and placing the nanoparticular awaruite on top of it,
especially formate concentration was pushed towards very high yields (8 mM at pH 5; 100 mM at pH 8, depicted in main Fig. 3b). b Occurrence of ethanol
in NisFe reactions. Red: pH < 7; Blue: pH> 7. Circles show individual measurements; all measurements were performed in at least duplicate - values of

0 are not shown by the logarithmic scale. Ethanol was detected in concentrations up to over 0.1mM. Its concentration fluctuated over the course of
experiments, leading to the conclusion that it might be a product of decarboxylation of pyruvate or other side reactions.
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Extended Data Fig. 6 | Lower amounts of catalyst in magnetite and awaruite experiments. a Ni;Fe catalysis of CO, fixation with 0.125 mmol catalyst
(0.5mmol metal atoms). Reactions mixtures with pH< 7 were not treated with KOH after the reaction. b Fe,0, catalysis of CO, fixation with 0.167 mmol
catalyst (0.5 mmol metal atoms). Reactions mixtures with pH <7 were treated with KOH after reaction. Using less magnetite and less awaruite still yields a
noticeable amount of product. ¢ NisFe catalysis of CO; fixation at 100-30°C. Red: pH < 7; Blue: pH> 7.Circles show individual measurements, all measurements
were performed in at least triplicate - values of O are not shown by the logarithmic scale. Under this thermal gradient (8 h at 100°C, 8h at 70°C, 8h at 30°C),
even very small amounts (12.5 pmol =50 pmol of metal atoms) of NizFe suffice to produce notable amounts of formate, acetate and methanol.
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Extended Data Fig. 7 | Effect of physical contact between Fe® as internal H, source and catalyst and effect of Fe® amount. a Effect of Fe® as internal

H, source with magnetite as catalyst. Red: pH < 7; Blue: pH > 7. Circles show individual measurements, all measurements were performed in duplicate -
values of O are not shown by the logarithmic scale. In the absence of H, and with Fe® as reductant, CO, can be reduced in water in the presence of Fe,0,.
Pyruvate accumulates at detectable levels at pH 10 but not at pH 6. The product increase with increasing iron quickly reaches an unexpected maximum,
considering the minor differences in product concentration between the two samples with the highest Fe amount. A likely reason is that not the entire

bulk of the iron powder reacts/becomes oxidized, but only the surface, thus inhibiting further interaction of the water molecules with the unreacted iron
underneath the iron oxide and/or iron carbonate layer formed. b Separating awaruite (0.125 mmol NisFe = 0.5 mmol metal atoms) and internal iron powder.
Circles show individual measurements, all measurements in triplicate - values of O are not shown by the logarithmic scale. Physical contact between the
mineral and native iron is not required for product formation. As shown in Extended Data Fig. 3, placing the catalysts directly on the iron powder in order to
"harvest” the nascent hydrogen ascending from the iron powder has the disadvantage that products on the surface of the iron will mix with the ones from
awaruite (or magnetite). By tightly packing ca. 10 mg of decontaminated glass wool between iron and awaruite, this effect can be decreased. Although in
the initial experiments, no pyruvate could be detected, the other products were formed in appreciable amounts.
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Extended Data Fig. 8 | Detection of methane by GC-FID for awaruite experiments. a Gas analysis of 4% (40,000 ppm) methane standard. b CO,/H,
reaction with NisFe (awaruite) as catalyst. These measurements show that CH, is formed, although only in very small amounts. According to the methane
standard measurement, the methane outcome of a typical experiment (16 h, 100 °C, 60:40 CO,/H, atmosphere, 25 bar) containing 9 mmol of awaruite
within one reactor run is roughly 19 ppm (determined by a one-point calibration). Two controls were performed: ¢ one with the reactor pressurized (25 bar)
with the 60:40 CO,/H, gas mixture, and d one after subjecting the CO,/H, gas mixture to the typical experimental conditions (16 h, 100 °C) within the
otherwise empty reactor. Neither control experiment showed traces of methane.
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Extended Data Fig. 9 | 'H-NMR controls for catalysts and reagents and shifts of product peaks in the magnetite and awaruite experiments. a 'H-

NMR material controls for catalysts and reagents used for experiments with NMR product detection. Awaruite and magnetite were tested for surface
contamination by treating it with a potassium hydroxide solution to cleave potential contaminants from the surface. Also potassium hydroxide was tested
for contaminations. b 'H NMR chemical shifts of product peaks observed and quantified in the magnetite and awaruite experiments. Quantification was
achieved using two-point linear regression analysis.
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Extended Data Fig. 10 | Proposed mechanisms for CO, reduction with H; catalysed by hydrothermal minerals. We propose an ionic mechanism for the
catalysed two-electron reduction of CO, to formate in water for all three minerals a Proposed mechanism for CO, reduction with H, catalysed by Fe;O, (or
FesS,). An H, molecule approaches the Fe;0, (or Fe;S,) surface and reduces Fe** to Fe?*. The generated H,* is unstable and decomposes to H*, assisted by
OH- (accounting for increased product formation at pH > 7 in magnetite experiments) - and to a hydrogen atom (H-) which picks up an electron from Fe+
to become a hydride (H-). Hydride mechanisms were described in previous literature®’. CO, on the other hand physisorbs on the magnetite surface and
reacts with the hydride to yield HCOO- which is displaced from the surface by OH-. Observations from experiments not discussed in this publication show,
that experiments with minerals only containing ferrous iron (FeO and FeS) give far lower yields of CO, fixation products. b Proposed mechanism of CO,
reduction catalysed by NisFe. As NisFe only consists of zero-valent metals, H, can dissociate on the metal surface. Then, the H atoms diffuse into awaruite

where they can capture mobile (“free”) electrons from the conduction band of the metal alloy.
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If life on Earth started out in geochemical environments like hydrothermal
vents, then it started out from gasses like CO,, N> and H,. Anaerobic
autotrophs still live from these gasses today, and they still inhabit the
Earth’s crust. In the search for connections between abiotic processes in
ancient geological systems and biotic processes in biological systems, it
becomes evident that chemical activation (catalysis) of these gasses and
a constant source of energy are key. The H,~CO, redox reaction provides
a constant source of energy and anabolic inputs, because the equilibrium
lies on the side of reduced carbon compounds. Identifying geochemical cat-
alysts that activate these gasses en route to nitrogenous organic compounds
and small autocatalytic networks will be an important step towards under-
standing prebiotic chemistry that operates only on the basis of chemical
energy, without input from solar radiation. So, if life arose in the dark
depths of hydrothermal vents, then understanding reactions and catalysts
that operate under such conditions is crucial for understanding origins.

1. Introduction

When the Earth was formed 4.5 billion years ago, it was formed without life, we
can safely presume. If there was any life on the freshly accreted Earth, it was
destroyed at the moon forming impact, which converted the Earth into a ball of
boiling magma [1]. By about 3.95 billion years ago, there was life on Earth [2].
The question of how it arose is of substantial interest. Hydrothermal vents play
an important role in the question of life’s origin, because they were present on
the early Earth [3-7] and because they harbour continuously far-from-equilibrium
conditions in an environment where H, and CO; interact in such a way as to gen-
erate reduced carbon compounds [8-15]. Inthe discussion of possible sites for life’s
origin, hydrothermal vents are unique by that criterion: hydrothermal vents har-
bour far from equilibrium conditions over geological timescales, and the
approach towards equilibrium releases energy in the synthesis of reduced
carbon compounds. This sets hydrothermal vents apart from all other physico-
chemical settings [16]. Moreover, the release of free energy and the synthesis of
reduced carbon compounds at vents are united in a common reaction sequence
that operates in the laboratory without enzymes [15] and that is simultaneously
the core of carbon and energy metabolism in real bacteria and archaea—acetogens
and methanogens. Vents are unique among settings for the origin of metabolism
(as opposed to the origin of [ife), because no other site for life’s origin harbours
chemical reactions that resemble real microbial carbon and energy metabolism.
The far-from-equilibrium conditions at alkaline hydrothermal vents entail
steep redox gradients owing to a constant flux of H,-rich effluent over geologi-
cal timescales [17]. The main redox reaction they harbour is the H,~CO, system,

© 2019 The Authors. Published by the Royal Sodety under the tems of the Creative Commons Attribution
License http:/creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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in which the equilibrium lies far on the side of organic
compounds [18], such that the reaction can proceed spon-
taneously as long as suitable catalysts are available and
strictly reducing conditions are maintained [10,15,19,20]. In
the presence of activated nitrogen species, hydrothermal
vents can synthesize the building blocks of life [12,13].
Because of their abundance of chemical energy, and despite
the absence of light, modern alkaline hydrothermal vents
are teeming with microbial life [21,22], life that is ultimately
fuelled by the reaction of H, with CO..

The H,—~CO, redox reaction is an attractive source of
energy for the first chemical reactions en route to life, because
it provides direct links between a known geochemical process
(serpentinization) and known biochemical processes. These
are most notably the reactions of core carbon and energy
metabolism in acetogens and methanogens, anaerobic auto-
trophs that live from the reduction of CO, with Ho,.
Acetogenesis and methanogenesis represent the most primor-
dial forms of metabolism in bacteria and archaea [23,24],
rooting life’s chemistry to reactions of gasses, rocks and water.

The continuity between exergonic geochemical and bio-
chemical reactions can be seen as a virtue of hydrothermal
origin theories, because it generates concrete mechanistic
links between processes catalysed by minerals in the Earth’s
crust (exergonic CO, reduction) [25] and processes catalysed
by enzymes in the metabolism of prokaryotic lineages [26].
At hydrothermal vents, life as we know it connects to
geochemistry as we know it.

2. Activation of (0, and H,: the door to (0,

fixation

In biology, acetogens and methanogens fix CO, via the
H,-dependent reduction of CO, to a methyl group and CO,
followed by condensation of the methyl moiety and CO to
a nickel bound acetyl group that is thiolytically cleaved
from nickel to generate the thioester acetyl-CoA. The acetyl-
CoA pathway is unique in microbial physiology, because it
is carbon and energy metabolism in one. Carbon metabolism
involves the Hy-dependent reduction of CO, to acetyl-CoA.
Under standard physiological conditions, the synthesis of
the thioester is exergonic by about —59 k] mol™" [27], while
there is not enough energy to generate thioesters and syn-
thesize ATP via substrate level phosphorylation [28]. Thus,
for energy metabolism, acetogens that lack cytochromes
and quinones couple methyl synthesis to the generation
of ion gradients via electron bifurcation and ferredoxin
oxidation at the membrane-bound Rnf complex [29], while
methanogens that lack cytochromes generate their ion
gradient by coupling the transfer of the methyl group from
a nitrogen atom in methyl-tetrahydromethanopterin to a
sulfur atom in coenzyme M [30].

If the acetyl-CoA pathway is the most ancient carbon
fixation pathway, and various lines of evidence indicate that
to be the case [14,15,23,24,27,31], there are still some dots
that need to be connected. For H, to have played a role in
early chemical evolution, it required activation—it required
catalysis. It is noteworthy that H, never interacts directly
with any organic oxidant (substrate) in metabolism, it
always releases electrons into metabolism via a catalyst:
hydrogenase. There are only three classes of hydrogenases
known. All three harbour Fe atoms at their active site
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amino acids

nucleobases

cofactors

activation

Figure 1. Simultaneous activation of H,, (0, and N; on mineral surfaces
leading to the formation of a variety of biologically relevant molecules,
such as amino acids, nucleic acid bases and cofactors. Molecules, such as pyr-
uvate, acetate, methanol and ammonia, are known to form on transition
metal containing surfaces [15,45]. Little is known about the products
obtained when the separation of N and C fixation is revoked. Heterogeneous
catalysis may have been the key for early processes of protometabolism.
Dashed lines indicate physisorption, non-dashed lines indicate chemisorption
on the surface.

[32,33], all three harbour carbon metal bonds at their active
site [26]. The central enzyme of the acetyl-CoA pathway,
the only exergonic CO, fixation pathway known [34,35], is
bifunctional carbon monoxide dehydrogenase/acetyl-CoA
synthase (CODH/ACS), which also harbours carbon metal
bonds. These two activities, hydrogenase and CODH/ACS,
trace to the last universal ancestor, LUCA [26]. Organisms
that use the acetyl-CoA pathway employ flavin-based
electron bifurcation to generate ferredoxins with a lower
reducing potential than H, [36-38]. Flavin-based electron
bifurcation thus accounts for the thermodynamics of H, oxi-
dation, but what about the kinetics? In kinetically controlled
reactions, catalysts can have an important influence on the
nature of the products that accumulate—and the same is
true for geochemical CO, fixation with H,.

The H,-dependent reaction from the most oxidized form
of carbon, CO,, to its most reduced form, methane (CH,), is
thermodynamically favourable under reducing conditions.
However, in serpentinizing, alkaline hydrothermal systems
[39] the direct transfer of electrons from H, to CO, has a
large activation energy and requires either high temperatures
and high pressures [40] or, at milder conditions, chemical
activation and catalysis [41,42]. The requirement for catalysis
stems from kinetic barriers in the sequence of reactions
from CO- to CH,. Catalysts decrease the activation energy
and thus the kinetic barrier, allowing intermediate products
such as formate, acetate, methanol and pyruvate to accumu-
late after a short time under mild conditions [15] rather
than the thermodynamically favoured end product CHy.
While high temperatures, high pressures and long reaction
times lead to the accumulation of CH, the most stable
product [40,43], catalysts influence the product distribution
in the short term. In biology, enzymes effect such shifts
from thermodynamically controlled reactions to kinetically
controlled reactions [44]. In purely geological settings, how-
ever, heterogeneous catalysis can occur on mineral surfaces
(figure 1)—which are not unlike the catalysts used in indus-
try to produce hydrocarbons [15,25]. The activation of
molecules on mineral surfaces is likely to have preceded
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the chemical activation that enzymes provide in modern
organisms [46,47].

3. Adding nitrogen

In order to synthesize amino acids and nucleic acid bases,
living cells have to incorporate dinitrogen (N) into biosyn-
thetic pathways. From a chemical point of view, N> as a
starting material is not the easiest choice in comparison
to more oxidized or reduced nitrogen compounds [48].
Nevertheless, looking at early Earth’s conditions, an atmos-
phere filled with N> would have led to an ocean with
dissolved N, and thus—via sequestration through the
Earth’s crust—to a nitrogen source in serpentinizing systems
[49,50]. Looking at biology, N, fixation is considered ancient
[50,51]. There is only one way for N, to enter metabolism: via
the nitrogenase complex. Nitrogenase consists of two pro-
teins, dinitrogenase reductase, which contains an FeS-based
active centre and the dinitrogenase protein, harbouring an
Mo (or V, or Fe) containing Fe;S, centre with a carbide
carbon at the active site [52,53]. Mechanistically, the complex
works with dinitrogenase reductase harvesting the energy
of ATP hydrolysis and transferring it via conformational
changes to dinitrogenase, which then binds the N, molecule
[53,54]. The following steps involve sequential hydrogen-
ations of the nitrogen molecule. There, as for CO, fixation,
hydrogenase activity is needed to deliver electrons from H,
to N,. This hydrogenase activity is promoted by the FeS
clusters of the nitrogenase complex [53,55], which is the
sole entry point of N, into metabolism. As CODH and
hydrogenase, nitrogenase also traces back to LUCA [26,56].

Biology operates within constraints of temperature and
pressure. Biological N, reduction follows very different
kinetics from those of the industrial process [57]. For
both processes, inorganic catalysts have a central role in
the reduction of N». In industry, the reduction of N> might
resemble prebiotic FeS-based nitrogen fixation [45]. The
greatest impediment to N, reduction is its activation
energy. N, is very stable at normal atmospheric temperatures
and pressures. Thus, few processes are capable of activating
N, sufficiently in order to form N-rich molecules. Industrial
N> conversion to NHj; via the Haber-Bosch process
(Hy-dependent) requires Fe-based catalysts such as Fe;Oy,
high pressure (200 bar) and temperatures exceeding 400°C
[58]. The Haber-Bosch process currently consumes about
1-2% of the World’s total energy production. Biological nitro-
gen fixation catalysed by the nitrogenase enzyme operates
at ambient pressure and room temperature. Accordingly,
there is immense commercial interest in the mechanism of
biological N, fixation [57].

Not unlike the stepwise use of Fe atoms found in the
active sites of the nitrogenase complex, industrial N,
reduction is extremely dependent on the physico-chemical
state of the catalysts. Thus, the yield of ammonia is affected
as a result of several factors such as particle size, purity
and subsurface dissociation of nitrogen into Fe catalysts,
leading to iron nitrides such as Fe,N [59].

Can serpentinization reduce N,? Although there is
abundant evidence for abiotic CO, reduction in serpentiniz-
ing systems [60,61], evidence for abiotic N, reduction is so
far lacking. Laboratory simulations suggest that N> can be
reduced to ammonia (NH3) with mineral catalysts under
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mild hydrothermal conditions [45,62]. Incorporation of N ]

from N into organic compounds under hydrothermal con-
ditions presents a more substantial challenge for laboratory
simulations. In principle, activated forms of nitrogen chemi-
sorbed to geochemical catalysts (figure 1) might be better
starting points for prebiotic synthesis of such compounds
than NHj [25], but this remains to be shown experimentally.

There are nevertheless very curious parallels between
industrial hydrogenation processes and geochemical
H,-dependent reactions. Serpentinization not only reduces
H,0 to Hy and CO5 to formate and CHy, it also generates inor-
ganic catalysts within the Earth’s crust [25]. These include
magnetite, Fe;O,, which is the catalyst of choice for the indus-
trial Haber-Bosch process (H,-dependent N, reduction) and
for Fischer-Tropsch (CO, reduction) applications [59,63] and
awaruite, NizFe, which catalyses the H,-dependent reduction
of CO, to methane at high pressures and temperatures [40].
While H, and CO, deliver carbon and energy, for an autocataly-
tic network to emerge, one from which microbial metabolism
could unfold, organic cofactors, bases and amino acids are
required. All are nitrogenous compounds.

4. What if C, N and H are activated together?

As shown in figure 1, it is possible that mineral surfaces can
activate H,, CO, and N, simultaneously. If so, amino acids or
even bases and cofactors might be obtained via such routes. It
has been reported that Fe?* and Fe” can catalyse reactions of
2-oxoacids with hydroxylamine to give aspartate, alanine,
glycine and glutamine [64]. These should also be the first
amino acids to appear in the evolution of metabolism, if
metabolism evolved from a pyruvate-fed, incomplete citric
acid cycle and if amino acids arose ancestrally as they do in
metabolism, namely via reductive amination of the keto
group in oxalacetate, pyruvate, glyoxylate and 2-oxoglutarate
[9]. Pyruvate is new as a possible prebiotic compound [14].
Using hydrothermal iron minerals instead of enzymes, it
is possible to synthesize pyruvate from H, and CO, [15].
Pyruvate now appears to be a much more readily synthesized
prebiotic compound than previously assumed.

If N» can be activated efficiently under hydrothermal
conditions, nucleic acid bases might not be far away. Recent
studies show that even aromatic heterocyclic compounds
such as tryptophan can be formed abiotically in serpentiniz-
ing hydrothermal systems [13]. The connection of simpler
amino acids like aspartate and glycine to bases is direct,
they sit in the middle of the aromatic pyrimidine (aspartate
and glycine) and purine (aspartate) rings. This is shown in
figure 2, modified from reference [9]. In metabolism, pyrimi-
dines are made from aspartate and carbamoyl phosphate.
Carbamoyl phosphate is made from carbamate and ATE
carbamate forms spontaneously as a colourless precipitate
in hot solutions containing CO, (or carbonate) and
ammonium. Four of the atoms in the pyrimidine ring come
from aspartate. Purines are more complex, but the com-
ponents are simple. Glycine comprises the centre of the
rings, which are completed by inclusion of C1 units from
formyl tetrahydrofolate [65] or from formyl phosphate (in
methanogens) [66], by N from the amido group of glutamine,
and, as with pyrimidines, by CO, and N from aspartate.

There is a clear record of geochemical origins preserved in
metabolism [26]. This record can be resurrected in the

sgsy/fewnof/B1o Buystgnddsaposiekos

£00610T -6 S04 adppiajul



(@) Tle
Met
Thr
Lys Pro
L Pyl Arg
alanine aspartate glutamate glycine

/

f

T4

reductive amination

¢
I

N

)
\

pyruvate oxalacetate glyoxylate
succinate
co, H,
H DL-malate
acetyl-CoA incomplete isocitrate
(Wood-Ljungdahl reverse
TCA cycle
pathway)
j\ fumarate HZCOZ
o-ketoglutarate
CoASH
4H, 2C0,
succmate 002
succinyl~CoA
(b) NH,
\ ~Cuc
carbamoyl Nj 45
phosphate E.’.z s(!; <t— aspartate
N~
Co,
C =
glycine
aspartate gj /
/ C ~ N
N @ 5? o N3 N'0_methenyl-
ciatc$ N/ tetrahydrofolate
\. / or
10
N" “formyl- ﬁ K ﬁ formyl phosphate
tetrahydrofolate
or glutamine

formyl phosphate

Figure 2. A path from H, and (0, to nucleic acid bases (adapted from figs. 3, 4 and 6 of [9]. (a) The lower portion of the panel shows the biosynthesis of carbon
backbones in microbes that use the acetyl-CoA pathway and the incomplete (horseshoe) reverse citric acid cycle. Reductive steps of (O, fixation are indicated as
H,-dependent, though reduced ferredoxin or NAD(P)H are the reductants in metabolism. The first four 2-oxoacids to arise via the route shown, and, if reductively
aminated, generate Ala, Asp, Glu and Gly (upper portion of the panel). Muchowska et al. [64] showed that pyruvate, oxaloacetate, 2-oxoglutarate and glyoxylate are
readily reduced to the corresponding amino acids by hydroxylamine under mild conditions in the presence of native iron. Asp is the starting point for biosynthesis of
five other canonical amino acids and pyrrolysine, Glu is the starting point for synthesis of Gin, Arg and Pro. (b) Asp and Gly are central to pyrimidine and purine
biosynthesis, respectively (modified from fig. 4 of [9]). The involvement of 0, in purine and pyrimidine synthesis is noteworthy, as is the involvement of folate-
bound C1 intermediates of the acetyl-CoA pathway in purine synthesis, which are replaced by the simpler intermediate formyl phosphate in methanogens.
This suggests the possibility of a small prebiotic biochemical network linking 0, reduction to nucleic acid base synthesis. (Online version in colour.)

laboratory, if we find the right conditions. The four amino acids
that Muchowska et al. [64] synthesize (Gly, Ala, Asp, Glu) even
suggest (reveal, one might say) a connection to the evolution of
the genetic code. These are the very same amino acids that are
identified as ancient in different theories about the origin and
evolution of the genetic code. In some theories, exactly these
four (Gly, Ala, Asp, Glu) are the oldest [67]. In other theories,
they are the most ancient as members of larger sets [68],
while in yet other theories they rank well in order of antiquity,
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with Gly, Ala and Asp being the oldest, Glu coming in seventh
[69]. A look at the biosynthetic families of amino acids reveals
that the Asp and Glu families stand out as central.

5. Autocatalytic networks

If we assume that simultaneous activation of N,, H, and CO,
can lead to thermodynamically stable products that include

H
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amino acids, nucleic acid bases and cofactors (that is
currently a big assumption, we admit), then small chemical
networks on a laboratory scale become possible. Central to
various schools of thought on chemical origins are constructs
called autocatalytic networks [70]. These can represent
abstract mathematical constructs or they can describe inter-
actions in real sets of molecules. As applied to molecular
interactions, autocatalytic networks contain molecules that
promote the synthesis of copies of themselves [71]. According
to this very general definition, autocatalytic networks can
provide theoretical frameworks for both the genetics first
and the metabolism first approaches to prebiotic evolution.
In the former, they can be sets of nucleic acids that ligate
to form specific products [72], in the latter, they can be sets
of metabolites that interact in such a way as to generate
self-sustaining metabolic networks [24].

When describing molecular interactions, autocatalytic sets
require input molecules in order to promote the synthesis of
their constituent elements. This condition draws attention to
a particular class of autocatalytic networks called reflexively
autocatalytic food-generated networks—RAFs [73]—in
which each reaction is catalysed by a molecule from within
the network, and all molecules can be produced from a set of
food molecules by the network itself. RAFs are particularly
interesting in the context of early evolution, because they do
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not require a pre-existing catalyst for a reaction before it is
required. The reaction can proceed uncatalysed, or rather
catalysed by an unknown molecule, as long as the known
catalystis produced at some point by the network and assumes
therole of catalysis in that reaction of the RAF. Moreover, when
it comes to the concrete modelling of early evolution, the
nature and source of the food molecules [74] that generate a
given RAF or other autocatalytic set are of particular interest,
because in order for the reactions in the set to take place, the
overall thermodynamics of the network must be exergonic.
In other words, in order for RAFs (or other autocatalytic
networks) to serve as a useful model for early evolution, the
set of reactants (educts) needs to release energy en route to the
products (adducts), as is always the case in metabolism [18].

Of course, in cellular metabolism, the overall energetics
are given by the sum of the changes in free energy for the
core bioenergetic reactions [18]. For individual reactions of
metabolism, the change in free energy from substrate to
product is often endergonic, which is why such reactions
are usually coupled to energy-releasing reactions involving
exergonic electron transfer, ion gradients across the plasma
membrane, or hydrolysis of high-energy bonds, such as
ATFT, acyl phosphates or thioesters [18,37]. Energetic coupling
can also occur within RAFs, which makes them more
interesting models of cellular metabolism.
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It seems likely that at least a subset of the catalysts, high-
energy bonds and energetic currencies that occur in
modern metabolism were generally present and functional
in prebiotic chemistry. Sources and transduction of modern
metabolic catalysis and energy should then have analogues
or homologues in geochemical settings. Regarding catalysis,
there are now good indications that metals and simple
organic cofactors could have promoted the emergence of
cell-sized autocatalytic networks [15,64,75,76]. In physiology,
the term energy metabolism generally means ATP synthesis.
There are two sources of ATP in cells: chemiosmotic coupling
and substrate level phosphorylation (SLP). Chemiosmotic
coupling needs ion gradients as an energetic intermediate
and proteins, without exception. SLP does not require ion
gradients, its energy source is the Gibbs free energy of
chemical reactions, and SLP reactions can take place without
enzymes [77-79]. Although vents harbour natural ion gradi-
ents, ATP synthesis via chemiosmotic coupling always
involves the ATPase, for which there is no known geochem-
ical homologue or mechanistic analogue. The energy for
SLP stems from the redox chemistry of carbon whereby
both carbon oxidation to CO, and H,-dependent CO,
reduction can be coupled to SLP [80]. Because the H,.
-dependent CO, reducing reaction that drives SLP in
acetogens (acetate synthesis) operates in the laboratory under
simulated hydrothermal vent conditions with only metals
and metal ions as catalysts [15], it is currently the only candi-
date for a primordial (geochemical) source of energy
conservation (acyl phosphates via SLP) that is mechanistically
linked to naturally occurring carbon redox reactions at vents.

A set of molecules that is generated by kinetically
controlled reactions (the most rapidly formed products
accumulate) will contain chemical energy that permits mem-
bers of the set to interact further and to form an autocatalytic
network that can serve as a basis for higher complexity [76].
Such a process is sketched in figure 3. The energetic input
is necessarily centralized because thermodynamically stable
metabolites and end products are synthesized from the core
exergonic reaction, in our example the reduction of CO,
with H, via the acetyl-CoA pathway [9,15,31].

6. Conclusion

Hydrothermal vents contain catalysts and chemical
disequilibria that resemble life and metabolism in many
ways. However, the natural chemical environment at vents
does not strongly resemble metabolism in many forms of
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Concluding remarks

It 1s still hard to believe how many researchers, outside and inside OoL related research were
and are working on the ins and outs of CO> fixation (Guan ef al., 2003; He et al., 2010; Klein
and McCollom, 2013; McCollom, 2016; Varma et al., 2018; Preiner, Igarashi, ef al., 2019).
CO: fixation seems like a simple enough task, especially when high yield is not the main goal,
merely detecting the actual products is sufficient. But the task is not simple at all. Often, the
electron donors chosen are sulfide minerals, which on their own (i.e. without electrochemical
gradients) cannot reduce CO-, mainly because they are only capable of one-electron reduction
which, as explained, 1s an unfavourable reduction step for CO (see Chapter 2.2). Zero valent
metal compounds were tested by us and by our collaborators as electron donors. Although CO»
was reduced this way, with time it became clear that H» is the most efficient electron donor
provided the right catalysts are around. There is good reason to believe that H» 1s also formed
in the zero valent metals and acts as the actual reducing agent.

The results presented in ‘A hydrogen dependent geochemical analogue of primordial
carbon and energy metabolism’ (Publication 7) show that abiotic and biotic H> dependent CO»
fixation under mild hydrothermal conditions apparently follow very similar routes. This alone
cannot lead to the conclusion that the mechanisms are also similar, especially because one is
heterogeneous and the other enzymatic. But heterogeneous hydrogenation mechanisms (see
Fig. 4 in 2.3) indicates that the principles of hydrogenation are very similar either way, for
mstance as in the enzymatic mechanisms of formate dehydrogenase (Maia ef al., 2016). The
actual mechanism in our reactions, which are not taking place in a dry gas phase as with large-
scale hydrogenations, but in water, remains to be identified.

This brings up another issue that needs to be addressed in the future. Indeed, most
prebiotic CO; fixation experiments are performed in aqueous solution which is of course
appropriate for all homogeneous catalytic experiments, but can block heterogeneous catalysts.
From industrial processes it is known that water, which is often a side product of hydrogenation,
poisons the catalysts through hydroxyl formation on their surfaces, thus blocking the
prospective catalysis sites (Porosoff, Yan and Chen, 2016). This would also explain why the
yields of all aqueous CO2/H> experiments are generally very low in comparison to those of
purposive chemical syntheses. Especially under our alkaline conditions, hydroxyl group
formation can occur in situ and would not easily be visible in the XRD spectra. On the other
hand, studies with water vapour in hydrogenation processes have shown that H»O, although
lowering the output of industrially relevant products including methane and larger

hydrocarbons, increases the percentage of Cl1-C4 ‘oxygenates’—oxidized carbon
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compounds—possibly including organic acids central in metabolism (Satterfield e al., 1986).
Water poisoning might thus be a problem, but a manageable one.

Furthermore, 1t could be that the water activity in serpentinizing systems is low, due to
water-rock interactions. Water is either bound as hydroxides or reduced to hydrogen via
serpentinization (Frost and Beard, 2007). We started working with clays and zeolites to meet
such conditions in new experiments. Decreasing water activity in the system might also promote
the formation of more complex carbon compounds, especially when other elements such as
nitrogen are added to the reaction. The water-tolerant catalysts that are developed for industrial
purposes are metal clusters encapsulated in carbon (Liu ef al., 2003) or in porous SiO; shells
(Q1ao et al., 2014). Both forms come close to a porous serpentinizing system.

What is missing in the realm of OoL theories built around serpentinizing systems is an
equivalent of the Miller—Urey experiment: a one-pot synthesis of amino acids, nucleic bases
and cofactors from simple gasses. This thesis has identified an avenue for future pursuit.

Our CO: fixation results are robust to different catalysts and conditions, opening up the
possibility that any serpentinizing system—also outside of deep-sea hydrothermal vents—could
be a site for the early steps of abiogenesis. Besides mid-ocean ridges, serpentinization of
ultramafic rocks also occurs in forearc regions between an ocean trench and the associated
volcanic arc or terrestrial ophiolites (i.e. obducted/accretionary oceanic crust) (Holm er al.,
2015). The conditions found in such regions should be investigated in an OoL context.

What became evident working on this project, in which bioinformatics, network
specialists, microbiologists, surface and organic chemists exchanged much information, is the
value of interdisciplinarity in order to form a deeper understanding of the mechanisms in both
biology and (geo)chemistry. Biology needs this knowledge to find out how the transition from
abiotic to biotic took place 4 billion years ago, and also to understand what happens at
geochemical sites mechanistically. Chemistry can improve the desperately needed process of
CO: fixation by learning from nature’s very long experience with the issue (Appel ef al., 2013).
One main problem for industrial CO; fixation 1s the lack of pure H> gas. Most technologically
used H> comes from the compounds that are meant to be produced by it: hydrocarbons. Better
means of H> synthesis can improve CO- fixation and potentially decrease CO; emissions.
Serpentinization solved this problem for geochemical settings and might have been an
important prerequisite for life as it would have been able to provide the electron and energy

source that is H>. Geochemical processes could also inspire industrial hydrogen production.

157



References

Alvarez, A. et al. (2017) ‘CO, activation over catalytic surfaces’, ChemPhysChem, 18, pp.
3135-3141. doi: 10.1002/cphc.201700782.

Appel, A. M. ef al. (2013) ‘Frontiers, opportunities, and challenges in biochemical and
chemical catalysis of CO> fixation’, Chemical Reviews, 113(8), pp. 6621-6658. doi:
10.1021/cr300463y.

Bada, J. L. and Lazcano, A. (2003) ‘Prebiotic Soup—Revisiting the Miller Experiment’,
Science, 300, pp. 745-746. doi: 10.1126/science.1085145.

Baross, J. A. and Hoffman, S. E. (1985) ‘Submarine hydrothermal vents and associated
gradient environments as sites for the origin and evolution of life’, Origins of Life and

Evolution of the Biosphere, 15, pp. 327-345. doi: 10.1007/BF01808177.

Bassham, J. A. (1979) “The reductive pentose phosphate cycle and its regulation’, in Gibbs,
M. and Latzko, E. (eds) Photosynthesis II. Encyclopedia of Plant Physiology (New Series),
vol 6. Berlin, Heidelberg: Springer Berlin Heidelberg, pp. 9-30. doi:
https://doi.org/10.1007/978-3-642-67242-2 2.

Behrens, M. et al. (2012) ‘The active site of methanol synthesis over Cu/ZnO/Al,0s industrial
catalysts’, Science, 336(6083), pp. 893—898. doi: 10.1126/science.1219831.

Bell, A. T., Gates, B. C. and Ray, D. (2007) Basic research needs: Catalysis for Energy.
Bethesda, Maryland. doi: 10.2172/927492.

Berg, I. A. ef al. (2007) ‘A 3-hydroxypropionate/4-hydroxybutyrate autotrophic carbon
dioxide assimilation pathway in archaea’, Science, 318(5857), pp. 1782—1786. doi:
10.1126/science.1149976.

Berg, I. A. ef al. (2010) “Autotrophic carbon fixation in archaea’, Nature Reviews

Microbiology, 8(6), pp. 447-460. do1: 10.1038/nrmicro2365.

Bdller, B., Durner, K. M. and Wintterlin, J. (2019) ‘The active sites of a working Fischer—
Tropsch catalyst revealed by operando scanning tunnelling microscopy’, Nature Catalysis, 2,
pp- 1027-1034. doi: 10.1038/s41929-019-0360-1.

Buckingham, A. D. and Disch, R. L. (1963) “The Quadrupole Moment of the Carbon Dioxide
Molecule’, Proceedings of the Royal Society A: Mathematical, Physical and Engineering
Science, 273, pp. 275-289. doi: 10.1098/rspa.1963.0088.

158



Bungenberg de Jong, H. G. (1932) ‘Die Koazervation und ihre Bedeutung fiir die Biologie’,
Protoplasm, 15, pp. 110-173.

Butlerow, A. (1861) ‘Bildung einer zuckerartigen Substanz durch Synthese’, Justus Liebigs
Annalen der Chemie, 120(3), pp. 295-298.

Camprubi, E. et al. (2017) ‘Iron catalysis at the origin of life’, JUBMB Life, 69(6), pp. 373—
381. doi: 10.1002/iub.1632.

Can, M. ef al. (2017) ‘Bond in the CO-treated form of acetyl-CoA synthase’. doi:
10.1021/acs.biochem.6b00983.

Chabriere, E. ef al. (1999) “Crystal structures of the key anaerobic enzyme pyruvate
ferredoxin oxidoreductase free and in complex with pyruvate’, Nature Structural Biology,

6(2), pp. 182-190. doi: 10.1038/5870.

Chalk, A. J. and Halpern, J. (1959) ‘Medium effects in the homogeneous catalytic activation
of molecular hydrogen by metal salts. I. Cupric and cuprous heptanoates in heptanoic acid’,

Physical and Inorganic Chemistry, 81(22), pp. 5846-5852. doi: 10.1021/ja01531a002.

Chen, Q. W. and Bahnemann, D. W. (2000) ‘Reduction of carbon dioxide by magnetite:
Implications for the primordial synthesis of organic molecules’, Journal of American

Chemical Society, 122(10), pp. 970-971. doi: 10.1021/ja991278y.

Choti, H.-S. and Suh, M. P. (2009) ‘Highly selective CO2 capture in flexible 3D coordination
polymer’, Angewandte Chemie - International Edition, 48, pp. 6865—6869. doi:
10.1002/anie.200902836.

Corliss, J. B. ef al. (1979) ‘Submarine thermal springs on the Galapagos rift’, 203(4385), pp.
1073-1083.

Corliss, J. B., Baross, J. A. and Hoffman, S. E. (1981) ‘An hypothesis concerning the
relationships between submarine hot springs and the origin of life on earth’, in Oceanologica

Acta, Special issue, pp. 59—69.

Cornell, R. and Schwertmann, U. (2003) ‘Formation’, in The iron oxides: Structure,

properties, reactions, occurences and uses, second edition. 2nd edn. Weinheim, Germany:

Wiley-VCH Verlag GmbH & Co. KGaA, pp. 345-364. doi: 10.1002/3527602097.

Crabtree, R. H. (1997) ‘Where smokers rule’, Science, 276, p. 2515. doi:
10.1126/science.276.5310.222.

159



Cvjetko Bubalo, M. et al. (2015) ‘Green solvents for green technologies’, Journal of
Chemical Technology & Biotechnology, 90(9), pp. 1631-1639. doi: 10.1002/jctb.4668.

D’Alessandro, D. M., Smit, B. and Long, J. R. (2010) ‘Carbon dioxide capture carbon dioxide
capture: prospects for new materials’, Angewandte Chemie - International Edition, 49, pp.

6058—6082. doi: 10.1002/anie.201000431.

Darwin, C. (1859) On the origin of species by means of natural selection. Edited by D. and C.
Appelton. New York.

Darwin, C. (1871) Correspondence Project, Letter No. 7471. Available at:
https://www.darwinproject.ac.uk/letter/DCP-LETT-7471.xml.

Dayhoff, M. O. and Eck, R. V. (1966) ‘Evolution of the structure of ferredoxin based on
surviving relics of primitive amino acid sequences’, Science, 152(3720), pp. 363—366. doi:

10.1126/science.152.3720.363.

Deamer, D. W. (1997) ‘The first living systems: a bioenergetic perspective’, Microbiology
and Molecular Biology Reviews, 61(2), pp. 239-261.

Decker, K., Jungermann, K. and Thauer, R. K. (1970) ‘Energy production in anaerobic
organisms’, Angewandte Chemie International Edition, 9(2), pp. 138—158.

Dobbek, H. et al. (2001) “Crystal structure of a carbon monoxide dehydrogenase reveals a
[N1-4Fe-5S] cluster’, Science, 293(5533), pp. 1281-1285. doi: 10.1126/science.1061500.

de Duve, C. (2003) “A research proposal on the origin of life. Closing Lecture given at the
ISSOL Congress in 727 Oaxaca, Mexico, on July 4, 2002.”, Origins of Life and Evolution of
the Biosphere, 33(6), pp. 559-574. doi: 10.1023/a:1025760311436.

Dyson, F. J. (1999) Origins of Life. Cambridge: Cambridge University Press.

Ertl, G. (1983) ‘Primary steps in catalytic synthesis of ammonia’, Journal of Vacuum Science
& Technology A: Vacuum, Surfaces, and Films, 1(2), pp. 1247-1253. doi: 10.1116/1.572299.

Etiope, G. and Ionescu, A. M. (2015) ‘Low-temperature catalytic CO; hydrogenation with

geological quantities of ruthenium: a possible abiotic CH4 source in chromitite-rich

serpentinized rocks’, Geofluids, 15, pp. 438-452. do1: 10.1111/gf1.1210.

Etiope, G. and Schoell, M. (2014) “Abiotic gas: atypical, but not rare’, Elements, 10, pp. 291—
296. doi: 10.2113/gselements.10.4.291.

160



Farley, J. (1978) ‘Philosophical and historical aspects of the origin of life’, Treballs de la
Societat Catalana de Biologia, 39, pp. 37-47.

Fontecilla-Camps, J. C. and Ragsdale, S. W. (1999) ‘Nickel-iron-sulfur active sites:
Hydrogenase and CO dehydrogenase.’, Advances in Inorganic Chemistry, 47(2), pp. 283—333.
doi: 10.1016/S0898-8838(08)60081-1.

Forster, D. (1979) ‘Mechanistic pathways in the catalytic carbonylation by rhodium and
iridium Complexes’, Advances in Organometallic Chemistry, 17, pp. 255-267. doi:
10.1016/s0065-3055(08)60325-1.

Frese, K. W. (1993) ‘Electrochemical reduction of CO> at solid electrodes’, in Sullivan, B. P.,
Krist, K., and Guard, H. E. (eds) Electrochemical and electrocatalytic reactions of carbon

dioxide. New York: Elsevier, pp. 145-216.

Friedrich, B., Fritsch, J. and Lenz, O. (2011) ‘Oxygen-tolerant hydrogenases in hydrogen-
based technologies’, Current Opinion in Biotechnology, 22(3), pp. 358-364. doi:
10.1016/j.copbio.2011.01.006.

Frost, R. B. and Beard, J. S. (2007) “On silica activity and serpentinization’, Journal of
Petrology, 48(7), pp. 1351-1368. doi: 10.1093/petrology/egm021.

Frith-Green, G. L. ef al. (2017) ‘Northern sites’, Proceedings of the International Ocean
Discovery Program, 357. doi: 10.14379/10dp.proc.357.106.2017.

Fuchs, G. (1986) ‘CO; fixation in acetogenic bacteria: variations on a theme’, FEMS
Microbiology Letters, 39(3), pp. 181-213. doi: 10.1111/5.1574-6968.1986.tb01859 x.

Fuchs, G. (2011) ‘Alternative pathways of carbon dioxide fixation: Insights into the early
evolution of life?’, Annual Review of Microbiology, 65(1), pp. 631-658. doi:
10.1146/annurev-micro-090110-102801.

Gilbert, W. (1986) ‘“The RNA world’, Nature, 319, p. 618. doi: 10.1038/319618a0.

Guan, G. ef al. (2003) ‘Reduction of aqueous CO; at ambient temperature using zero-valent

iron-based composites’, Green Chemistry, 5(5), p. 630. doi: 10.1039/b304395a.
Haldane, J. B. S. (1929) “The origin of life’, Rationalist Annual, pp. 3—10.

Halpern, J. (1980) ‘Homogeneous catalytic hydrogenation: a retrospective account’, Journal

of Organometallic Chemistry, 200, pp. 133—144. doi: 10.1016/S0022-328X(00)88642-8.

161



He, C. et al. (2010) ‘A mild hydrothermal route to fix carbon dioxide to simple carboxylic
acids’, Organic Letters, 12(4), pp. 649—651. doi: 10.1021/019025414.

Holm, N. G. et al. (2015) ‘Serpentinization and the formation of H> and CH4 on celestial
bodies (planets, moons, comets)’, Astrobiology, 15(7), pp. 587—600. doi:
10.1089/ast.2014.1188.

Holm, N. G. and Charlou, J. L. (2001) ‘Initial indications of abiotic formation of
hydrocarbons in the Rainbow ultramafic hydrothermal system, Mid-Atlantic Ridge’, Earth,
191, pp. 1-8. doi: 10.1016/s0012-821x(01)00397-1.

Horita, J. and Berndt, M. E. (1999) Abiogenic methane formation and isotopic fractionation
under hydrothermal conditions’, Scientific Reports, 285, pp. 1055-1057. dot:
10.1126/science.285.5430.1055.

Hou, B. ef al. (2012) ‘Study on kinetics of iron oxide reduction by hydrogen’, Chinese
Journal of Chemical Engineering, 20(1), pp. 10—17. doi: 10.1016/S1004-9541(12)60357-7.

Huber, C. and Wichtershiuser, G. (1997) “Activated acetic acid by carbon fixation on
(Fe,N1)S under primordial conditions’, Science, 276(5310), pp. 245-248. doi:
10.1126/science.276.5310.245.

Huxley, T. H. (1869) ‘On the physical basis of life’, Fortightly Review, 5, pp. 129—145.

Jeoung, J.-H. and Dobbek, H. (2007) ‘Carbon dioxide activation at the Ni,Fe-cluster of
anaerobic carbon monoxide dehydrogenase’, Conservation & Exhibitions, 318, pp. 1461—

1464. doi: 10.1016/b978-0-408-01434-2.50020-6.

Jia, T. Z. et al. (2019) ‘Membraneless polyester microdroplets as primordial compartments at
the origins of life’, Proceedings of the National Academy of Science, U.S.A., 116(32), pp.
15830-15835. doi: 10.1073/pnas.1902336116.

Jordan, S. F. et al. (2019) ‘Promotion of protocell self-assembly from mixed amphiphiles at
the origin of life’, Nature Ecology and Evolution, 3, pp. 1705-1714. doi: 10.1038/s41559-
019-1015-y.

Kamminga, H. (1988) “Historical perspective: the problem of the origin of life in the context

of developments in biology’, Origins of Life and Evolution of Biospheres, 18, pp. 1-11.

162



Kandemir, T. et al. (2013) ‘The Haber-Bosch process revisited: on the real structure and
stability of “ammonia iron” under working conditions’, Angewandte Chemie - International

Edition, 52(48), pp. 12723-12726. doi: 10.1002/an1e.201305812.

Karl, T. R. and Trenberth, K. E. (2003) “‘Modern global climate change’, Science, 302, pp.
1719-1723. doi: 10.1126/science.1090228.

Keene, F. R. (1993) ‘Thermodynamic, kinetic, and product considerations in carbon dioxide
reactivity’, in Sullivan, B. P., Krist, K., and Guard, H. E. (eds) Electrochemical and

electrocatalytic reactions of carbon dioxide. New York: Elsevier, pp. 1-18.

Kelley, D. S. et al. (2001) ‘An off-axis hydrothermal vent field near the Mid-Atlantic Ridge at
30 degrees N.’, Nature, 412(6843), pp. 145-149. doi: 10.1038/35084000.

Kelley, D. S., Baross, J. A. and Delaney, J. R. (2002) “Volcanoes, fluids, and life at mid-
ocean ridge spreading centers’, Annual Review of Earth and Planetary Sciences., 30, pp. 385—

491. doi: 10.1146/annurev.earth.30.091201.141331.

Kelley, D. S. and Friih-Green, G. L. (1999) ‘Abiogenic methane in deep-seated mid-ocean
ridge environments: Insights from stable isotope analyses’, Journal of Geophysical Research,

104(BS5), pp. 10439-10460. doi: doi.0org/10.1029/1999JB900058.

Kelly, T. D. and Matos, G. R. (2015) Historical statistics for mineral and material
commodities in the united states, U.S. Geological Survey (USGS). Available at:
https://www.usgs.gov/centers/nmic/historical-statistics-mineral-and-material-commodities-

united-states.

Kiehl, J. T. and Trenberth, K. E. (1997) ‘Earth’s annual global mean energy budget’, Bulletin
of the American Meteorological Society, 78, pp. 197-208. doi: 10.1175/1520-
0477(1997)078<0197:EAGMEB>2.0.CO;2.

Klein, F. and Bach, W. (2009) ‘Fe-Ni-Co-O-S phase relations in peridotite-seawater
mteractions’, Journal of Petrology, 50(1), pp. 37-59. doi: 10.1093/petrology/egn071.

Klein, F., Bach, W. and McCollom, T. M. (2013) ‘Compositional controls on hydrogen
generation during serpentinization of ultramafic rocks’, Lithos, 178, pp. 55-69. doi:

10.1016/;.11thos.2013.03.008.

163



Klein, F. and McCollom, T. M. (2013) ‘From serpentinization to carbonation: New insights
from a CO; injection experiment’, Earth and Planetary Science Letters, 379, pp. 137-145.
doi: 10.1016/.epsl.2013.08.017.

Konn, C. et al. (2015) ‘The production of methane, hydrogen, and organic compounds in
ultramafic-hosted hydrothermal vents of the Mid-Atlantic Ridge’, Astrobiology, 15(5), pp.
381-399. doi: 10.1089/ast.2014.1198.

Kruger, K. ef al. (1982) ‘Self-Splicing RNA : Autoexcision and autocyclization of the
ribosomal RNA intervening sequence of Tetrahymena’, Cell, 31, pp. 147-157.

Kubas, G. J. ef al. (1984) ‘Characterization of the first examples of 1solable molecular
hydrogen complexes, M(CO);(PR3)2(H2) (M = Mo, W; R = Cy, 1-Pr). Evidence for a side-on
bonded H> ligand’, Journal of American Chemical Society, 106, pp. 451-452.

Kubas, G. J. (2007) ‘Fundamentals of H> binding and reactivity on transition metals

underlying hydrogenase function and H» production and storage’, Chemical Reviews, 107(10),

pp- 4152-4205. doi: 10.1021/cr050197;.

Lang, S. Q. ef al. (2010) ‘Elevated concentrations of formate, acetate and dissolved organic
carbon found at the Lost City hydrothermal field’, Geochimica et Cosmochimica Acta, 74(3),
pp- 941-952. doi: 10.1016/j.gca.2009.10.045.

Leigh, G. J. (2004) ‘Haber— Bosch and other industrial processes’, in Smith, B. E., Richards,
R. L., and Newton, W. E. (eds) Catalysts for nitrogen fixation: nitrogenases, relevant

chemical models, and commercial processes. Kluwer Academic Publishers, pp. 33-54. doi:

10.1007/978-1-4020-3611-8 2.

Li, P. et al. (2016) “Challenges and perspectives on carbon fixation and utilization
technologies: an overview’, Aerosol and Air Quality Research, 16, pp. 1327—-1344. doi:
10.4209/aaqr.2015.12.0698.

Liu, X. M. ef al. (2003) ‘Recent advances in catalysts for methanol synthesis via
hydrogenation of CO and CO>’, Industrial and Engineering Chemistry Research, 42(25), pp.
6518-6530. doi: 10.1021/1e020979s.

Lubitz, W. ef al. (2014) ‘Hydrogenases’, Chemical Reviews, 114, pp. 4081-4148. doi:
10.1021/cr4005814.

164



Maden, B. E. H. (2000) ‘Tetrahydrofolate and tetrahydromethanopterin compared:
functionally distinct carriers in C, metabolism’, Biochemical Journal, 350(3), pp. 609—629.
doi: 10.1042/0264-6021:3520935.

Maia, L. B. ef al. (2016) ‘Reduction of carbon dioxide by a molybdenum-containing formate
dehydrogenase: a kinetic and mechanistic study’, Journal of the American Chemical Society,

138(28), pp. 8834-8846. doi: 10.1021/jacs.6b03941.

Martin, W. F. (2011) ‘Early evolution without a tree of life’, Biology Direct, 6(1), 36. doi:
10.1186/1745-6150-6-36.

Martin, W. F. (2019) ‘Carbon—metal bonds: rare and primordial in metabolism’, Trends in
Biochemical Sciences, 44, pp. 807-818. doi: 10.1016/1.t1bs.2019.04.010.

Martin, W. F_, Bryant, D. A. and Beatty, J. T. (2018) ‘A physiological perspective on the
origin and evolution of photosynthesis’, FEMS Microbiology Reviews, 42, pp. 205-231. doi:
10.1093/femsre/fux056.

Martin, W. F. and Miiller, M. (1998) ‘The hydrogen hypothesis for the first eukaryote’,
Nature, 392, pp. 37-41. doi: 10.1088/1555-6611/aad92d.

Martin, W. F. and Preiner, M. (2017) ‘Origin of Life, Theories of’, Reference Module in Life
Sciences. Elsevier Inc., Oxford. doi: 10.1016/B978-0-12-809633-8.02403-1.

Martin, W. F. and Russell, M. J. (2003) ‘On the origins of cells: a hypothesis for the
evolutionary transitions from abiotic geochemistry to chemoautotrophic prokaryotes, and
from prokaryotes to nucleated cells’, Philosophical Transactions of the Royal Society B:

Biological Sciences, 358(1429), pp. 59-85. doi: 10.1098/1stb.2002.1183.

Martin, W. F. and Russell, M. J. (2007) ‘On the origin of biochemistry at an alkaline
hydrothermal vent’, Philosophical Transactions of the Royal Society B: Biological Sciences,
362(1486), pp. 1887-1925. doi: 10.1098/1stb.2006.1881.

McCollom, T. M. (2013a) ‘Laboratory simulations of abiotic hydrocarbon formation in
Earth’s deep subsurface’, Reviews in Mineralogy and Geochemistry, 75(1), pp. 467-494. doi:
10.2138/rmg.2013.75.15.

McCollom, T. M. (2013b) ‘Miller-Urey and beyond: What have we learned about prebiotic
organic synthesis reactions in the past 60 years?’, Annual Review of Earth and Planetary

Sciences, 41, pp. 207-29. doi: 10.1146/annurev-earth-040610-133457.

165



McCollom, T. M. (2016) ‘Abiotic methane formation during experimental serpentinization of
olivine.’, Proceedings of the National Academy of Sciences, U.S.A., 113(49), pp. 13965—
13970. doi: 10.1073/pnas.1611843113.

McCollom, T. M. ef al. (2016) ‘Temperature trends for reaction rates, hydrogen generation,
and partitioning of iron during experimental serpentinization of olivine’, Geochimica et

Cosmochimica Acta, 181, pp. 175-200. doi: 10.1016/j.gca.2016.03.002.

McDermott, J. M. ef al. (2015) ‘Pathways for abiotic organic synthesis at submarine
hydrothermal fields’, Proceedings of the National Academy of Sciences, U.S.A., 112(25), pp.
7668-7672. doi: 10.1073/pnas.1506295112.

Meénez, B. er al. (2018) ‘Abiotic synthesis of amino acids in the recesses of the oceanic

lithosphere’, Nature, 564(7734), pp. 59-63. doi: 10.1038/541586-018-0684-z.

Miller, H. M. et al. (2017) ‘Low temperature hydrogen production during experimental
hydration of partially-serpentinized dunite’, Geochimica et Cosmochimica Acta, 209, pp.
161-183. doi: 10.1016/j.gca.2017.04.022.

Miller, S. L. (1953) ‘A production of amino acids under possible primitive earth conditions’,

Science, 117(3046), pp. 528-529.

Miller, S. L. (1955) ‘Production of some organic compounds under possible primitive earth

conditions’, Journal of the American Chemical Society, T7(9), pp. 2351-2361.

Milshteyn, D. ef al. (2018) ‘Amphiphilic compounds assemble into membranous vesicles in
hydrothermal hot spring water but not in seawater’, Life, 8(2), 11. doi: 10.3390/1ife8020011.

Moore, B. (1913) The origin and nature of life. Edited by H. Holt. New York.

Morowitz, H. and Smith, E. (2006) ‘Energy flow and the organisation of life’, Complexity, 13,
pp. 51-59. doi: 10.1002/cplx.20191.

Miiller, V., Chowdhury, N. P. and Basen, M. (2018) “Electron bifurcation: A long-hidden
energy-coupling mechanism’, Annual Review of Microbiology, 72, pp. 331-353. doi:
10.1146/annurev-micro-090816- 093440.

Oivanen, M., Kuusela, S. and Lonnberg, H. (1998) ‘Kinetics and mechanisms for the cleavage
and 1somerization of the phosphodiester bonds of RNA by Brensted acids and bases’,
Chemical Reviews, 98, pp. 961-990. doi: 10.1021/cr960425x.

Oparin, A. (1938) The origin of life. New York: Dover Publications, Inc.

166



Oparin, A. (1957) Die Entstehung des Lebens auf der Erde. Edited by T. Creutziger. Berlin:

Deutscher Verlag der Wissenschaften.

Oparin, A. (1967) “The origin of life, transl. A. Synge’, in Bernal, J. D. (ed.) The Origin of
Life. London: Oxford University Press, pp. 197-234.

Orgel, L. E. (2004) ‘Prebiotic Chemistry and the Origin of the RNA World Prebiotic
Chemistry and the Origin of the RNA World’, Critical Reviews in Biochemistry and
Molecular Biology, 39(2), pp. 99-123. doi: 10.1080/10409230490460765.

Orgel, L. E. (2008) ‘The implausibility of metabolic cycles on the prebiotic Earth’, PLoS
Biology, 6(1), e18-9. doi: 10.1371/journal pb10.0060018.

Ostwald, W. and Kohler, R. (1927) “Ueber die fliissig-fliissige Entmischung von Gelatine
durch Sulfosalizylsdure und iiber die Beziehungen dieses Systems zur Phasenregel’, Kolloid-

Zeitschrift, 43, pp. 131-150.

Pachauri, R. K. and Meyer, L. A. (eds) (2014) Climate change 2014. Synthesis report.
Contribution of working groups I, II and III to the fifth assessment report of the

intergovernmental panel on climate change, IPCC, 2014. Geneva, Switzerland. doi:

10.1016/S0022-0248(00)00575-3.

Pisarev, A. A. (2012) ‘Hydrogen adsorption on the surface of metals’, in Gangloff, R. P. and
Somerday, B. P. (eds) Gaseous Hydrogen Embrittlement of Materials in Energy Technologies
Part 1. Woodhead Publishing Limited, pp. 3—26. doi: 10.1533/9780857095374.1.3.

Porosoff, M. D. et al. (2015) ‘Identifying trends and descriptors for selective CO» conversion
to CO over transition metal carbides’, Chem. Commun., 51, pp. 6988—6991. doi:
10.1039/C5CCO01545F.

Porosoff, M. D., Yan, B. and Chen, J. G. (2016) “Catalytic reduction of CO, by H> for
synthesis of CO, methanol and hydrocarbons: Challenges and opportunities’, Energy and
Environmental Science, 9(1), pp. 62—73. do1: 10.1039/c5ee02657a.

Powner, M. W., Gerland, B. and Sutherland, J. D. (2009) ‘Synthesis of activated pyrimidine
ribonucleotides in prebiotically plausible conditions’, Nature, 459(7244), pp. 239-242. doi:
10.1038/nature08013.

Preiner, M. ef al. (2018) “Serpentinization: connecting geochemistry, ancient metabolism and

industrial hydrogenation’, Life, 8(4), 41. doi: 10.3390/11fe8040041.

167



Preiner, M., Igarashi, K., ef al. (2020) ‘A hydrogen-dependent geochemical analogue of
primordial carbon and energy metabolism’, Nature Ecology and Evolution. doi:

10.1038/s41559-020-1125-6.

Preiner, M., Xavier, J. C., et al. (2019) “Catalysts, autocatalysis and the origin of metabolism’,
Interface Focus, 9(6), 20190072. doi: 10.1098/1sf5.2019.0072.

Preiner, M., Asche, S., ef al. (2020) “The future of origin of life research: bridging decades-
old divisions’, Life, 10(3), 20. 10.3390/1ife10030020.

Qiao, Z. A. et al. (2014) ‘Lab-in-a-shell: encapsulating metal clusters for size sieving
catalysis’, Journal of the American Chemical Society, 136(32), pp. 11260-11263. doi:
10.1021/ja505903r.

Ragsdale, S. W. and Kumar, M. (1996) ‘Nickel-containing carbon monoxide
dehydrogenase/acetyl-CoA synthase’, Chemical Reviews, 96(7), pp. 2515-2540. doi:
10.1021/cr950058+.

Ragsdale, S. W. and Pierce, E. (2008) ‘Acetogenesis and the Wood-Ljungdahl pathway of
CO: fixation’, Biochimica et Biophysica Acta, 1784, pp. 1873—1898. doi:
10.1016/j.bbapap.2008.08.012.

Riedel, T. ef al. (2001) “Kinetics of CO> hydrogenation on a K-promoted Fe catalyst’,
Industrial & Engineering Chemistry Research, 40, pp. 1355-1363. doi: 10.1021/1e000084k.

Riedel, T. ef al. (2003) ‘Fischer—Tropsch on iron with H»/CO and H»>/CO; as synthesis gases:
The episodes of formation of the Fischer-Tropsch regime and construction of the catalyst’,

Topics in Catalysis, 26(1-4), pp. 41-54. doi: 10.1023/B:TOCA.0000012986.46680.28.

Rodriguez, J. A. ef al. (2015) ‘Hydrogenation of CO- to methanol: Importance of metal-oxide
and metal-carbide interfaces in the activation of CO2’, ACS Catalysis, 5, pp. 6696—6706. doi:
10.1021/acscatal.5b01755.

Roldan, A. et al. (2015) ‘Bio-mnspired CO; conversion by iron sulfide catalysts under
sustainable conditions’, Chem. Commun., 51, pp. 7501-7504.

Ruiz-Mirazo, K., Briones, C. and De La Escosura, A. (2014) ‘Prebiotic systems chemistry:
New perspectives for the origins of life’, Chemical Reviews, 114(1), pp. 285-366. doi:
10.1021/cr2004844.

Russell, M. J. ef al. (1993) “‘On the emergence of life via catalytic iron-sulphide membranes’,

168



Terra Nova, 5, pp- 343-347. do1: 10.1111/5.1365-3121.1993.tb00267 x.

Russell, M. J. (2007) ‘The alkaline solution to the emergence of life: Energy, entropy and
early evolution’, Acta Biotheoretica, 55(2), pp. 133—179. doi: 10.1007/s10441-007-9018-5.

Russell, M. J. (2019) ‘Prospecting for life’, Interface Focus, 9(6), 20190050. doi:
10.1098/1sf5.2019.0050.

Russell, M. J. and Hall, A. J. (1997) ‘The emergence of life from iron monosulphide bubbles
at a submarine hydrothermal redox and pH front’, Journal of the Geological Society, 154, pp.
377-402. doi: 10.1.1.520.7821.

Russell, M. J_, Hall, A. J. and Martin, W. F. (2010) ‘Serpentinization as a source of energy at
the origin of life’, Geobiology, 8(5), pp. 355-371. doi: 10.1111/5.1472-4669.2010.00249 x.

Russell, M. J_, Hall, A. J. and Turner, D. (1989) ‘In vitro growth of iron sulphide chimneys:
possible culture chambers for origin-of-life experiments’, Terra Nova, 1(3), pp. 238-241. dot:
10.1111/5.1365-3121.1989.tb00364 x.

Russell, M. J. and Martin, W. F. (2004) ‘The rocky roots of the acetyl-CoA pathway’, Trends
in Biochemical Sciences, 29(7), pp. 358-363. doi: 10.1016/;.t1bs.2004.05.007.

Russell, M. J., Nitschke, W. and Branscomb, E. (2013) ‘The inevitable journey to being’,
Philosophical Transactions of the Royal Society B: Biological Sciences, 368(1622),
20120254. doi: 10.1098/1stb.2012.0254.

Santos-Carballal, D. er al. (2018) ‘Reactivity of CO; on the surfaces of magnetite (FezOa),
greigite (FesS4) and mackinawite (FeS)’, Philosophical Transactions of the Royal Society A,
376(2110), 20170065. doi: 10.1098/rsta.2017.0065.

Satterfield, C. N. ef al. (1986) ‘Effect of water on the iron-catalyzed Fischer—Tropsch
synthesis’, Industrial and Engineering Chemistry Product Research and Development, 25(3),
pp- 407-414. doi: 10.1021/i1300023a007.

Schonheit, P., Buckel, W. and Martin, W. F. (2016) ‘On the origin of heterotrophy’, Trends in
Microbiology, 24(1), pp. 12-25. doi: 10.1016/5.tim.2015.10.003.

Schrenk, M. O., Brazelton, W. J. and Lang, S. Q. (2013) ‘Serpentinization, carbon, and deep
life’, Reviews in Mineralogy and Geochemistry, 75, pp. 575—606. doi:
10.2138/rmg.2013.75.18.

Shapiro, R. (2000) ‘A replicator was not involved in the origin of life’, JUBMB Life, 49(3),

169



pp- 173-176. do1: 10.1080/713803621.

Shock, E. L. (1990) ‘Geochemical contraints on the origin of organic compounds in
hydrothermal systems’, Origins of Life and Evolution of the Biosphere, 20, pp. 331-367. dot:
10.1007/BF01808115.

Siegbahn, P. E. M., Tye, J. W. and Hall, M. B. (2007) ‘Computational studies of [NiFe] and
[FeFe] hydrogenases’, Chemical Reviews, 107(10), pp. 4414—4435. doi: 10.1021/cr050185y.

Sleep, N. H. et al. (2004) ‘Hz-rich fluids from serpentinization: geochemical and biotic
implications’, Proceedings of the National Academy of Sciences, U.S.A., 101(35), pp. 12818—
12823. doi: 10.1073/pnas.0405289101.

Smith, E. and Morowitz, H. J. (2004) “‘Universality in intermediary metabolism’, Proceedings
of the National Academy of Science, U.S.A., 101(36), pp. 13168-13173. doi:
10.1073/pnas.0404922101.

Solomon, S. et al. (2007) Climate change 2007 : the physical Science basis.

Sousa, F. L. and Martin, W. F. (2014) ‘Biochemical fossils of the ancient transition from
geoenergetics to bioenergetics in prokaryotic one carbon compound metabolism’, Biochimica

et Biophysica Acta - Bioenergetics, 1837(7), pp. 964-981. do1: 10.1016/1.bbab10.2014.02.001.

Sousa, F. L., Preiner, M. and Martin, W. F. (2018) ‘Native metals, electron bifurcation, and
CO3 reduction in early biochemical evolution’, Current Opinion in Microbiology, 43, pp. 77—

83. doi: 10.1016/).m1b.2017.12.010.

Spreitzer, D. and Schenk, J. (2019) ‘Reduction of iron oxides with hydrogen—a review’, Steel
Research International, 90(10), 1900108. doi: 10.1002/srin.201900108.

Strecker, A. (1850) “Ueber die kiinstliche Bildung der Milchsaure und einen neuen, dem
Glycocoll homologen Kdorper’, Justus Liebigs Annalen der Chemie, 75, pp. 27-45.

Sunley, G. J. and Watson, D. J. (2000) ‘High productivity methanol carbonylation catalysis
using iridium. The CativaTM process for the manufacture of acetic acid’, Catalysis Today,

58(4), pp. 293-307. doi: 10.1016/50920-5861(00)00263-7.

Tashiro, T. ef al. (2017) “Early trace of life from 3.95 Ga sedimentary rocks in Labrador,
Canada’, Nature, 549, pp. 516-518. doi: 10.1038/nature24019.

Thauer, R. K. ef al. (2008) “‘Methanogenic archaea: ecologically relevant differences in

energy conservation’, Nature Reviews Microbiology, 6(8), pp. 579-591. doi:

170



10.1038/nrmicrol1931.

Thauer, R. K. ef al. (2010) ‘Hydrogenases from methanogenic archaea, nickel, a novel
cofactor, and H» storage’, Annual Review of Biochemistry, 79(1), pp. 507-536. doi:
10.1146/annurev.biochem.030508.152103.

Thauer, R. K. (2011) ‘Hydrogenases and the global H» cycle’, European Journal of Inorganic
Chemistry, 7, pp. 919-921. doi: 10.1002/ejic.201001255.

Thauer, R. K., Jungermann, K. and Decker, K. (1977) ‘Energy conservation in chemotrophic
anaerobic bacteria’, Bacteriological reviews, 41(1), pp. 100—180. dot:

10.1073/pnas.0803850105.

Trends in atmospheric carbon dioxide (2019) Global monthly mean CO;. Available at:
https://www _esrl.noaa.gov/gmd/ccgg/trends/global. html#global.

Varma, S. J. ef al. (2018) “Native iron reduces CO- to intermediates and endproducts of the
acetyl-CoA pathway’, Nature Ecology and Evolution, 2(6), pp. 1019-1024. dot:
10.1038/s41559-018-0542-2.

Vincent, K. A. ef al. (2005) ‘Electrocatalytic hydrogen oxidation by an enzyme at high carbon
monoxide or oxygen levels’, Proceedings of the National Academy of Science, U.S.A.,

102(47), pp. 16951-16954. doi: 10.1073/pnas.0504499102.

Volbeda, A. er al. (1995) ‘Crystal structure of the nickel-iron hydrogenase from Desulfovibrio
gigas’, Nature, 373(6515), pp. 580-587. doi: 10.1038/373580a0.

Wichtershiuser, G. (1988) ‘Before enzymes and templates: Theory of surface metabolism’,
Microbiological Reviews, 52(4), pp. 452—484.

Wichtershiuser, G. (1990) ‘Evolution of the first metabolic cycles.’, Proceedings of the
National Academy of Sciences, U.S.A., 87(1), pp. 200-204. do1: 10.1073/pnas.87.1.200.

Wichtershauser, G. (1992) ‘Groundworks for an evolutionary biochemistry: The iron-sulphur
world’, Progress in Biophysics and Molecular Biology, 58(2), pp. 85-201. doi: 10.1016/0079-
6107(92)90022-X.

Wichtershiuser, G. (1997) “The origin of life and its methodological challenge’, Journal of
Theoretical Biology, 187, pp. 483—494. do1: 10.1006/jtb1.1996.0383.

171



Wang, W.-H., Feng, X. and Bao, M. (2018) ‘Transformation of CO- to formic acid or formate
with homogeneous catalysts’, in Transformation of carbon dioxide to formic acid and

methanol. SpringerBriefs in molecular Science. Singapore: Springer, pp. 7—42. dot:

10.1007/978-981-10-3250-9 2.

Weiss, M. C. et al. (2016) ‘The physiology and habitat of the last universal common
ancestor’, Nature Microbiology, 1(9), 16116. doi: 10.1038/nmicrobiol.2016.116.

Weiss, M. C. et al. (2018) ‘The last universal common ancestor between ancient Earth
chemistry and the onset of genetics’, PloS Genetics, 14(8), e1007518. doi:
10.1371/journal.pgen.1007518.

Welch, G. R. (1995) “T. H. Huxley and the ’Protoplasmic theory of life *: 100 years later’,
Trends in Biochemical Sciences, 20(11), pp. 481-485. doi: 10.1016/S0968-0004(00)89106-9.

Wintterlin, J. ez al. (1997) ‘Atomic and macroscopic reaction rates of a surface-catalyzed

reaction’, Science, 278(5345), pp. 1931-1934. doi: 10.1126/science.278.5345.1931.

“Workshop OQOL’09: Open questions on the origins of life 2009’ (2010) Origins of Life and
Evolution of Biospheres, 40. doi: 10.1007/s11084-010-9213-2.

Xavier, J. C., Preiner, M. and Martin, W. F. (2018) ‘Something special about CO-dependent
CO; fixation’, FEBS Letters, 285(22), pp- 4181-4195. doi: 10.1111/febs.14664.

Zambelli, T. et al. (1996) ‘Identification of the “active sites” of a surface-catalyzed reaction’,

Science, 273, pp. 1688-1690. doi: 10.1126/science.273.5282.1688.

172



	Pub 1 Martin and Preiner 2017 OoL theories.pdf
	Origin of Life, Theories of
	 Compartmentation
	 Information
	 Replication
	 Energy
	 Molecular Networks
	 Two Main Theories for Carbon
	 Heterotrophic Origins
	 Autotrophic Origins
	 Serpentinization
	 Ancient Microbial Lineages
	References


	Pub 3 Sousa Preiner Martin Curr Opin 2018 Native metals.pdf
	Native metals, electron bifurcation, and CO2 reduction in early biochemical evolution
	Introduction
	The problem with H2 and FeS
	Geochemical CO2 reduction
	Whence electrons, if not H2 or FeS?
	Microbes always have the last word
	Conclusions
	References and recommended reading
	Acknowledgements


	Pub 6 Preiner et al Life 2018 Serpentinization-4.pdf
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_01
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_02
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_03
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_04
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_05
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_06
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_07
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_08
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_09
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_10
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_11
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_12
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_13
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_14
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_15
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_16
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_17
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_18
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_19
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_20
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_21
	Pub 6 Preiner et al Life 2018 Serpentinization_Seite_22

	Pub 7 Preiner et al NEE 2020 CO2 fix.pdf
	A hydrogen-dependent geochemical analogue of primordial carbon and energy metabolism

	Results

	Discussion

	Methods

	General information
	Synthesis of greigite
	CO2 fixation catalysed by greigite
	High-performance liquid chromatography (HPLC) analysis (greigite experiments)
	High-pressure measurements (greigite experiments)
	Gas analysis (greigite experiments)
	Synthesis of awaruite (Ni3Fe) nanoparticles
	CO2 fixation catalysed by magnetite and awaruite
	Experiments with iron powder or hydrogen gas
	Work-up procedure for reaction mixtures (magnetite and awaruite)
	NMR analysis (magnetite and awaruite)
	Powder X-ray diffraction
	Electron microscopy
	Thermodynamic calculations
	Reporting Summary

	Acknowledgements

	Fig. 1 Characterization of greigite, magnetite and awaruite catalysts.
	Fig. 2 Fixation of CO2 with H2, catalysed by greigite.
	Fig. 3 Fixation of CO2 with H2, catalysed by magnetite and awaruite.
	Fig. 4 Awaruite catalyses synthesis of formate, acetate, and pyruvate.
	Fig. 5 Congruence between the acetyl-CoA pathway and reactions catalysed by three iron minerals found in hydrothermal vents.
	Extended Data Fig. 1 Overview of the main experiments performed in this study.
	Extended Data Fig. 2 Background controls for CO2 fixation.
	Extended Data Fig. 3 Controls with added Fe0 powder.
	Extended Data Fig. 4 Influence of pH and high-pressure CO experiments for greigite.
	Extended Data Fig. 5 Fe0 as external and internal H2 source and ethanol occurrence in awaruite experiments.
	Extended Data Fig. 6 Lower amounts of catalyst in magnetite and awaruite experiments.
	Extended Data Fig. 7 Effect of physical contact between Fe0 as internal H2 source and catalyst and effect of Fe0 amount.
	Extended Data Fig. 8 Detection of methane by GC-FID for awaruite experiments.
	Extended Data Fig. 9 1H-NMR controls for catalysts and reagents and shifts of product peaks in the magnetite and awaruite experiments.
	Extended Data Fig. 10 Proposed mechanisms for CO2 reduction with H2 catalysed by hydrothermal minerals.
	Table 1 ΔG for CO2 fixation product formation (kJ mol–1).


	Pub 8 Preiner et al Roy Soc 2019.pdf
	Catalysts, autocatalysis and the origin of metabolism
	Introduction
	Activation of CO2 and H2: the door to CO2 fixation
	Adding nitrogen
	What if C, N and H are activated together?
	Autocatalytic networks
	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References





