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Abstract

Serpentinizing systems are a likely location for the origin of life. These
underwater structures are rich in minerals, harbour pH and temperature gradients,
dissolved carbon sources such as CO;, and a stable source of electrons from
geochemically produced H». Central to the hypothesis built around these geochemical
systems are minerals as precursors of enzymes, e.g. catalysing the reduction of CO»
with the electrons from H» to organic matter. Analyses of ancient metabolic networks
place organic cofactors as central to the establishment of autocatalytic chemical
networks as a step between abiotic and biotic chemistry. This work explores potential
prebiotic functions of cofactors, considering H> as the energy source, natural minerals

as primary catalysts, and conditions approaching those of hydrothermal systems.

This work studies both organic (NAD) and protein-bound inorganic cofactors
(iron-sulphur clusters in ferredoxin), focusing on their stability under hydrothermal
conditions and functional interactions with H; and hydrothermal minerals.
Experimental results from the first and second publications show that NAD" is reduced
with Ni°, Fe?, Ni/Fe alloys and Co’in the presence of Hz (5 bar, anoxic, pH 8.5, 40 °C).
Publication Il also highlights the importance of the AMP moiety in the function of NAD
in environments with different mineral compositions. In addition, this work
demonstrates the functionality of these cofactors in hydrothermal environments in the
presence of high metal and water activity. Finally, the third publication shows that
Clostridium pasteureanum ferredoxin requires Hz and Fe® to be reduced under the

same conditions.

The results show that complex enzyme functions can sometimes be substituted
by metal and water alone, in certain cases not even requiring exogenous H». Overall,
this work provides fundamental experimental insights into how cofactors may have

contributed to the origin of life.
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Zusammenfassung

Serpentinisierende Systeme sind eine mégliche Umgebung fur die Entstehung
des Lebens. Diese pordésen Unterwasserstrukturen sind reich an Mineralien,
beherbergen pH und Temperaturgradienten , geléste Kohlenstoffquellen wie CO> und
eine stabile Energie- und Elektronenquelle aus geochemisch erzeugtem Hj. Im
Mittelpunkt der Hypothese, die sich auf diese geochemischen Systeme stiitzt, stehen
Mineralien als Vorlaufer von Enzymen, die z. B. die Reduktion von CO> mit den
Elektronen aus Hz zu organischem Material katalysieren. Bioinformatische Analysen
konservierter Stoffwechselwege zeigen, dass organische Cofaktoren eine zentrale
Rolle bei der Etablierung autokatalytischer chemischer Netzwerke spielen, die einen
Schritt zwischen abiotischer und biotischer Chemie darstellen. In dieser Arbeit werden
maogliche prabiotische Funktionen von Cofaktoren untersucht, wobei H; als
Energiequelle, natirliche Mineralien als erste Katalysatoren und Bedingungen, die

denen von hydrothermalen Systemen ahneln, berticksichtigt werden.

In dieser Arbeit werden sowohl organische (NAD) als auch proteingebundene
anorganische Cofaktoren (Ferredoxin) untersucht, wobei der Schwerpunkt auf ihrer
Stabilitat unter hydrothermalen Bedingungen und funktionellen Wechselwirkungen mit
H> und hydrothermalen Mineralien liegt. Experimentelle Ergebnisse aus Publikation |
und Il zeigen, dass NAD* mit Ni®, Fe®, Ni/Fe-Legierungen und Co®in Gegenwart von
H, (5 bar, anaerob, pH 8.5, 40°C) reduziert. Publikation Il unterstreicht zudem auch
die Bedeutung der AMP-Komponente fur die Funktion von NAD. Daruber hinaus wird
in dieser Arbeit die Funktionalitat dieser Cofaktoren in hydrothermalen Umgebungen
in Gegenwart hoher Metall- und Wasseraktivitdt nachgewiesen. In Publikation Il
konnte gezeigt werden, dass Ferredoxin (isoliert aus Clostridium pasteureanum), im
Gegensatz zu NAD weniger flexible in puncto Metallwahl ist und H2und Fe® benétigt,

um unter den gleichen Bedingungen reduziert zu werden.

Die Ergebnisse zeigen, dass komplexe Enzymfunktionen allein durch Metall
und Wasser ersetzt werden koénnen, wobei in bestimmten Fallen nicht einmal
exogenes Hy erforderlich ist. Insgesamt liefert diese Arbeit grundlegende
Experimente, um festzustellen, wie Cofaktoren zur Entstehung des Lebens

beigetragen haben kénnten.
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Aim of the thesis

This research aims to contribute to the ongoing search for the origin of life and
help to describe the prebiotic autocatalytic network that produced the building blocks
of life. One goal is to experimentally replicate the conditions found in hydrothermal
vents. These underwater structures can be studied on Earth today, and they likely
existed on Hadean Earth, as they did in Mars. They generate gradients of pH,
temperature, and dissolved nutrients; mineral catalysts are available, and H; is
naturally produced in the crust during serpentinization — a geochemical process in
which hot water hydrolysis ferromagnesian minerals to serpentinite. This is interesting
to study in the context of the origin of life because life also generates gradients to stay
far from equilibrium, requires metals for enzymatic activity, liquid water and, hydrogen
(H2) is necessary for the oldest known biological form of carbon fixation — the linear
acetyl-CoA pathway. Because hydrogen probably played a crucial role as an energy
and electron source in early metabolic processes, it is important to understand the
activation of the generally inert H> gas under geochemical conditions. In modern H»-
dependent microbes (hydrogenotrophs), the activation of H, and the distribution of
protons and electrons through metabolism requires cofactors in addition to a complex
enzymatic machinery. The main goal here is to identify prebiotic precursors of these
biological processes that could have been instrumental in the evolution of biological

networks in serpentine systems.

At the basis of this project are theories that resurfaced with new metabolomic
and structural data analysis, suggesting that cofactors are older than life and were
instrumental in establishing an autocatalytic system. In order to critically evaluate
these theories, this dissertation will specifically address several key research
questions: Are redox cofactors stable under the alkaline hydrothermal conditions
specific to serpentinizing systems? Can inorganic catalysts present in these
environments, especially transition metals, facilitate the transfer of electrons and
hydrides from hydrogen (H2) to redox cofactors? In addition, how do these metals
interact with cofactors — do they stabilize them, are they toxic to their integrity, or
neither? By answering these questions, the research is designed to provide an
experimental foundation for cofactor-based theories of prebiotic evolution and

contributes to the field of origin of life research.
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Introduction

It is human nature to assign meaning to things, and life is no exception.
Biologists, chemists, philosophers, and religious people have tried to define it in a
variety of subjective ways, but when searching for its definition, one cannot find an
agreed-upon answer (Gayon et al., 2010). The same goes for the researchers working
to discover its origin, who are also interdisciplinary and have long been working
towards an undefined goal. This changed in the 1990s when it was discovered that all
living things can be traced back to a single identity called the Last Universal Common
Ancestor (LUCA) (Dyson, 1999; Penny and Poole, 1999). Defined from a top-down
approach, LUCA is a concept made up of traits from different extant species, well
preserved over eons, that together describe the oldest creature or colony from which
all known life originated. Top-down inferences of LUCA’s physiology were helpful in
extrapolating the characteristics of its habitat, and they were essential to establish an
entity that all disciplines could continue trying to uncover by a bottom-up approach
(Martin et al., 2016; Penny and Poole, 1999; Weiss ef al., 2016; Wimmer et al., 2021,
Woese and Fox, 1977). In attempting to bridge the “impassable abyss (that) existed
between the living and the dead” (Oparin, 1938), we must first understand what exactly

that abyss is.
|.  Hadean Earth

Connection to the Last Universal Common Ancestor

LUCA and its direct relatives are the furthest we can travel back in life’s timeline,
but life could have emerged millions of years before that. Investigation of the isotopic
composition of Eoarchean rocks in the Saglek block revealed biogenic graphite dating
to 3.95 billion years ago (Ga) (Tashiro et al., 2017), and a recent phylogenetic study
proposed that LUCA existed as early as 4.09—4.32 Ga (Moody et al., 2024). Assuming
that life emerged after the Moon-forming impact (4.48 Ga) (Bottke et al., 2015;
Hartmann and Davis, 1975; Mrnjavac et al., 2023), this leaves a not-so-long interval
of 200-500 million years for the Earth's surface to cool, for liquid water to rain down,

and for life to evolve from inorganic matter to a protocell (LUCA).
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For metabolism to exist, energy is required. For this effect, LUCA was an
autotrophic anaerobe (Martin et al., 2016; Moody et al., 2024; Weiss et al., 2016) and
used, at least in part, the linear acetyl-CoA pathway for Ho>-dependent carbon (CO3)
fixation (Ljungdhal, 1986; Martin, 2020; Moody ef al., 2024; Weiss et al., 2016; Wood
et al., 1986). To activate molecular hydrogen (H>), it needed hydrogenases, other
metalloenzymes and cofactors, some of which oxygen sensitive, in its central
metabolic pathways (Weiss et al., 2016). Thus, to live, LUCA needed an anoxic

environment with available transition metals, CO2, and a natural source of Hs.

Earth was anoxic during the Archean and Hadean eon, before the Great
Oxygenation Event 2.45 Ga (Bekker et al., 2004; Holland, 1999) CO, was abundant
during the Hadean eon, both in the atmosphere and dissolved in the ocean (Liu, 2004,
Ueda and Shibuya, 2021). H, was scarcer but was naturally made available by
serpentinizing hydrothermal vents — a geochemical process that produces H> from
hydrolysed rock, described in detail in the chapter bellow. Serpentinizing vents had
transition metals readily available as well, mostly as minerals, making these
underwater structures likely hosts for LUCA and the origin of life (Baross and Hoffman,
1985; Corliss et al,, 1981; Weiss ef al., 2016). Evidence from a Martian meteorite
shows us that serpentinization occurred on Mars around the time of the Moon-forming
impact, about 4 billion years ago (Ga) (Steele et al., 2022). There is also evidence that
it occurs on several other celestial bodies, which speaks to the universality of this
geochemical formation (Holm et al., 2015; Sleep et al., 2004; Vance and Melwani
Daswani, 2020).

Serpentinization and hydrothermal vents

On Earth, serpentinization occurs mostly near mid-ocean ridges, where plate
activity is higher, and fissures can form. At spreading zones, molten lava rises from
magma chambers to the seafloor, forming black smokers. In these structures, direct
contact with magma causes water to reach temperatures in excess of 400 °C and
releases large amounts of magmatic CO2 (4—215 mmol/kg) and H2S (3—110 mmol/kg)
(Kelley et al., 2002; Rona et al., 1986). A few kilometres away from the ridge, fissures
can still form, and cold, acidic water falls in contact with hot rock. Off-ridge systems
are not in direct contact with magmatic rocks and therefore have a very different

composition and lower temperatures (< 200 °C) (Kelley et al., 2005, 2001).
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In both cases, when serpentinization occurs, hot water-rock interactions
hydrolyse ultramafic rocks (ferromagnesian minerals), most commonly olivine, for the
production of serpentine and up to 15 mmol Ha/kg (Charlou et al., 2002; Klein ef al.,
2013). The general reaction can be described as follows (Klein et al., 2013; McCollom
and Bach, 2009):

(MgFe),SI04 + VH,0O — w(MgFe)(OH), + X(MgFe)srean(SiFe )a-reunOs(OH)s + yFes04 + ZHzaq)
Olivine brucite serpentine magnetite

To make Ha, the electrons come from the oxidation of ferrous iron (Fe?*) with
water, to ferric iron (Fe®*) (Sleep et al., 2011). This can generate sufficient reduction
potential to reduce iron (Fe) and nickel (Ni) oxides to form Ni/Fe alloys, such as
awaruite (NisFe) (Foustoukos et al., 2015; Klein and Bach, 2009) or even native metals
(Ni°® and Fe?) in very special cases (Dekov, 2006; Kanellopoulos et al., 2018;
Kepezhinskas et al., 2020). Off-ridge systems have a lower silica content and a higher
ultramafic rock content, which results in more serpentinization and thus more
hydroxides, making it alkaline (pH 8—12) and more H: producing (Kelley et al. 2001,
2005; Seyfried et al. 2015). This is very different from serpentinizing black smokers,
which tend to be very acidic (pH 2-5) and have a lot of dissolved sulphides (Charlou
et al., 2002).

The circulating serpentinizing water in the crust picks up dissolved minerals and
gases from the surrounding rock, further enriching the water. As it returns to the
surface, it mixes with the ocean (2 °C, pH 7.5-8), forming all kinds of gradients of
temperature, pH, and dissolved molecules across the structure (Schwander ef al.,
2023). This occurred especially during the Hadean eon, when seawater was acidic
and steeper gradients formed with the alkaline off-ridge vents where seawater and
hydrothermal fluids mixed (Holland, 1984). Eventually, the minerals become insoluble
and precipitate on the seafloor to form complex nano- and microporous mineral-rich
hydrothermal vents that tower over the serpentinizing system (Baross and Hoffman
1985). The far from equilibrium conditions over the vents, in a system that produces
constant heat and H», make serpentinization a process worth studying in the context
of the origin of life (Martin ef al., 2008; Martin and Russell, 2003; Preiner et al., 2018;
Schwander et al., 2023).
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Life mirrors serpentinization

Serpentine systems are now home to hundreds of animal species and many
more microbes, with new species being discovered every year. Most of them live on
the sides and around the vents. In the warm waters of the vents, thermophilic
anaerobes feed on CO; or other small reduced carbon compounds (Zeng et al., 2021).
LUCA's successors (Moody et al., 2024; Weiss et al., 2016) — methanogenic archaea
and acetogenic bacteria — that live on H> and CO: still today also inhabit hydrothermal
systems (Kelley ef al., 2005; Zeng ef al., 2021). Allegorically, the vents themselves
perform Hz-dependent CO; fixation. Under hydrothermal conditions in the laboratory
(100 °C, 25 bar CO2/H>), the fixation of CO2 can be catalysed by natural minerals such
as Fe304 and NisFe to produce up to 200 mM of formate overnight and less than 0.1
mM acetate, pyruvate, methanol and methane — the same intermediates and products
of the reductive acetyl-CoA pathway (Beyazay et al., 2023a, 2023c, 2023b; Preiner et
al., 2020). Olivine-rich vents contain about 1-3 mmol/kg methane of abiotic origin
(Grozeva et al., 2020; Proskurowski et al., 2008; Schwander et al., 2023) formate,
ethane, propane, and butane have also been detected in smaller amounts (Etiope and
Sherwood Lollar, 2013; Holm and Charlou, 2001; Lang et al., 2010; McDermott ef al.,
2015; Suda et al., 2017). In other words, hydrothermal vents are inorganic systems
that harbour minerals capable of producing organic metabolites, reminiscent of a

proto-metabolism.
[l.  Transition metals

Since the discovery of hydrothermal vents, researchers have noticed
connections between life and natural geochemical reactions. It is not only the reaction
reagents and products that are the same in hydrothermal and biological systems: they
put at the driving wheel the same transition metals to achieve product selectivity and

overcome energy barriers (Russell and Martin, 2004).
Inorganic cofactors

Inorganic cofactors are metal ions and iron sulphide (FeS) clusters that can
provide catalytic activity to the enzymes that use them, act as electron conduits, help
mediate folding, stabilize negative charges, and help position and stabilize the

substrate (Loutet ef al., 2015). Their presence is noticed throughout life and is relevant
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to the function of at least 40% of all crystallized enzymes (Guengerich, 2016). Metals
accelerate certain reactions over others, preserving the unique profile of the species
(Loutet et al., 2015).

FeS clusters are ubiquitous in life and essential for single electron transfer in
redox reactions, forming the functional and sometimes structural part of proteins often
involved in respiration. Magnesium (Mg), iron, zinc (Zn), copper (Cu), nickel, cobalt
(Co), and molybdenum (Mo) are the most common metal cofactors found in various
oxidation states. Depending on the organism and its metabolism, different amounts of
each metal are required for survival (Loutet et al., 2015; Valdez et al., 2014). For
example, copper and zinc have become more available after the great oxidation event,
while nickel and cobalt are most relevant to anaerobic metabolism, especially

methanogens (Hawco ef al., 2020; Saito ef al., 2003).

The incorporation of carbon and hydrogen into anaerobic metabolism is done
by metalloenzymes. For the activation of H, specifically, [Ni,Fe]-hydrogenases are
likely the most ancient enzymes (Greening ef al., 2016; Moody et al., 2024). As for
CO2, the most ancient pathway of CO; fixation via the acetyl-CoA pathway whereby
CO2 is converted to CO in the [NiFesS4] cluster of carbon monoxide dehydrogenase
(CODH). In addition, another CO2 molecule enters a separate branch with its own
metalloenzymes and (de)hydrogenases to make a methyl group (Ragsdale and
Pierce, 2008; Shima et al., 2002). Ultimately, a corrinoid iron-sulphur protein (CFeSP)
within the Acetyl-CoA Synthase (ACS) transfers the methyl group to a Ni—Ni active
site, bridged by cysteine thiol to a [FesS4] cluster. Here, the methyl group transferred
by CFeSP and the CO group derived from CODH, join and by thiolysis of the acetyl
group, acetyl-CoA is formed for the rest of the carbon metabolism to unfold (Cohen et
al., 2020; Ragsdale and Kumar, 1996). The metals mentioned above are part of the
active centre of these enzymes, but for the electrons to reach them, chains of FeS
clusters exist within the protein to carry the electrons to and from the active centre to
and from other (co)factors (Ragsdale and Pierce, 2008; Shima et al., 2002; Sousa and
Martin, 2014). The structures of these enzymes’ active centres are represented in

Figure 1, bellow.
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Figure 1 The metal centres of [Ni,Fe] (Ogata et al. 2005), [Fe,Fe] (Nicolet et al. 1999) and [Fe]-Hydrogenases
(Huang et al. 2019) are represented above. [Ni,Fe] and [Fe,Fe] clusters are closely positioned to FeS clusters
(FesS4), which carry electrons to and from the centre, while [Fe]-Hydrogenase’s cofactor — iron-guanylylpyridinol
(FeGP) — directly transfers the electrons to the substrate. The nucleotide guanosine monophosphate in FeGP is
highlighted in blue. A scheme of a [FesS4] cluster is represented bellow the hydrogenases. Underneath are depicted
the structures of the complex carbon monoxide dehydrogenase/acetyl-CoA Synthase (CODH/ACS). Cluster A of
ACS: a Ni-Ni active site bridged by cysteine thiol to a [FesS.] cluster, (Cohen et al. 2020); and cluster C of CODH:
a [Ni-4Fe-5S] cluster (Dobbek et al. 2001). The complex was drawn in the context of a simplified acetyl-CoA
pathway, where the methyl branch is reduced to an arrow. In reality, this branch is also rich in metalloenzymes,
such as (de)hydrogenases, culminating in the corrinoid iron-sulphur protein (CFeSP), before joining the CO branch
to make acetyl-CoA. Fe — Orange; Ni — Green; Cobalt — Purple; “open site” indicates where the substrate binds to
the cluster.
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H> activation and redox potential in vivo

Although H: is a widely used source of electrons for hydrogenation in industrial,
geochemical, and biological processes, it is also very unreactive without a strong
energy source or a catalyst. The H-H bond can be cleaved into two H atoms (H), a
reaction described by homolytic cleavage, or into a hydride ion (H-) and a proton (H*),
by heterolytic cleavage (+200 kJ mol-') (Scheme 1). In all cases, transition metals are

often used as catalysts to activate H, ( Kubas, 2007).

Homolytic Heterolytic
H H H H
M —> M<—% —> M~ M | ——>» M—H
H F| H H H+

Scheme 1 Represented on the left is the homolytic cleavage of Hj, resulting in an unstable dihydride metal
complex. On the right is the heterolytic cleavage which makes a metal-bound hydride and a free proton. M = Metal.
Redrawn and adapted from Kubas (2007).

Life as we know it was probably H> dependent at its origin (Moody et al., 2024;
Weiss et al., 2016; Wimmer et al., 2021). In hydrogenotrophs’ metabolisms, the
activation of H> and the further processing of its electrons can be done by [NiFe],
[FeFe] and [Fe] hydrogenases (Thauer, 2011). H> diffuses through hydrophobic
channels of the enzymes until it reaches the active site, where heterolytic cleavage
occurs by various mechanisms. The details of this reaction have been described in
detail by Lubitz et al. (2014) and Shima et al. (2020). Notably, metal-bound hydrides
on the iron guanylyl pyridinol (FeGP) cofactor of [Fe] hydrogenases are transferred
directly to the substrate: methenyl-tetrahydromethanopterin (Arriaza-Gallardo ef al.
2023; Huang et al. 2020); whereas the other two hydrogenases require FeS centres
and hydrophobic channels to transport electrons and H*, respectively. This is an
enzymatic step that can also go the opposite direction if the organism needs to

produce H> to dispose of electrons.

The electrons are often transferred to carriers such as coenzyme Fa42o,
nicotinamide adenine dinucleotide (NAD), and ferredoxin. The latter is a small
ubiquitous non-enzymatic protein (6—12 kDa) responsible for electron transfer with the
relevant redox couple being Fe?*/Fe3* (FeS cluster) (Tagawa and Arnon, 1962). The
clusters of different ferredoxins can be [2Fe—-2S], [3Fe—3S] or [4Fe—4S], but the latter
is said to be the oldest, and represented in Figure 1 (Fitch and Bruschi, 1987). The
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reduction of Fd (standard redox potential (E®') = —450 mV) by H: is essential to keep
the metabolism thermodynamically afloat in H2-growing microorganisms, allowing
electrons to flow downhill, but involves a more complex mechanism by hydrogenases:
flavin-based electron bifurcation. Due to the low redox potential of Fd, its reduction by
H> is not favourable (E*' = —414 mV) under physiological conditions. However, when
coupled to the reduction of a high potential electron acceptor, a trick employed by
bifurcating hydrogenases, the reaction becomes overall exergonic while producing two
reduced cofactors (Buckel and Thauer, 2018, 2013).

Flavin-based electron bifurcation begins after H is activated by hydrogenases.
The electrons produced are transferred to a flavin-containing enzyme complex. Flavins
have three different oxidation states (0, —1, —2) with different midpoint redox potentials,
the average of which is more positive than Hz and thus favours reduction (E°' = -300
mV). The electrons can then leave the flavin in two different directions. The endergonic
branch uses the first electron from the flavin redox pair —1/-2 with an extremely high
midpoint potential (E-1/—2 2 —910 mV), making the one-electron reduction of Fd
possible. In the exergonic branch, the reduction of high-potential carriers, such as NAD
(E°" =-320 mV), with the pair 0/—1 (Eo-1 = +360 mV) seems to have a thermodynamic
barrier. However, individual electron transfer steps can make positive changes in
potential in an overall thermodynamically favourable reaction, maintain this branch
exergonic (Buckel and Thauer, 2018; Lubner et al., 2017; Nitschke and Russell, 2012;
Page et al., 1999).

To maintain H>-dependent metabolism, inorganic cofactors (Ni, Fe, FeS; and
organic cofactors like flavins and others) are indispensable. Although modern
hydrogenases do not always require Ni, its metal-bound hydride is more stable than
in Ni-free hydrogenases (Lubitz et al. 2014). Regardless, every hydrogenase requires
transition metals in its active centre. While proteins are rather complex molecules,
transition metals have always been available on Earth, essential for LUCA's

metabolism and probably the origin of life.
H- activation “in metallum”

Transition metals are particularly well suited for hydrogenation in industrial
processes (Aireddy and Ding, 2022). Although H> can be absorbed onto metal

surfaces relatively quickly by physisorption, the weakly stabilized van der Waals
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interactions cannot cleave the H-H bond. To be chemically activated, hydrogen must
be chemisorbed, which heterolytically cleaves the H-H bond to produce a single
hydride on the metal surface, forming a sigma (o) bond (Scheme 1) (Aireddy and
Ding, 2022; Kubas, 2007)

The same transition metals that carry out the fixation of carbon and hydrogen
in biology are used as catalysts in industrial-scale reactions. Nickel activates hydrogen
to produce methane (CHai) through CO, methanation reaction (Sabatier process)
(Wang et al., 2022). The same process can be reversed to produce H, from methane
and steam, which can then be activated by iron or magnetite (Fe304) to hydrogenate
nitrogen to ammonia (Haber-Bosch process) (Ertl, 1983; Kandemir ef al., 2013; Leigh,
2004). Fe is also used in the Fischer-Tropsch process to convert the CO2/H> pair into
liquid hydrocarbons that can be used for fuel production (Heveling, 2012). The same
mechanism can be extrapolated to mineral surfaces, allowing the inorganic reduction

of the COy/H; pair in hydrothermal vents, as discussed throughout chapter |.

Transition metals are effective catalysts in both homogeneous and
heterogeneous catalysis. We find them in biology, chemistry and geology. During the
Hadean eon, minerals and reducing conditions in hydrothermal systems would be

sufficient to sustain a proto-metabolism (Wimmer ef al., 2021).
llIl.  Organic cofactors

The abyss between prebiotic chemistry and life

Metabolites or precursors thereof could have been formed in hydrothermal
vents (Baross and Hoffman, 1985; Corliss et al., 1981; Martin et al., 2008; Schwander
et al., 2023), a different location on earth (Damer and Deamer, 2020; Maruyama et al.,
2019; Pearce et al., 2017) or meteorites that carry products from an extra-terrestrial
system (Zeichner et al., 2023). Starting from undirected abiogenesis, it possibly took
a long time until the surface-based network chemically evolved into a self-sustaining
network (Nghe et al., 2015).

In a study from 2020, Xavier et al. computationally identified self-sustaining
networks within methanogens and acetogens and concluded that they were
maintained when there was a constant source of small-molecule catalysts, mostly

cofactors, but not when provided with bases or amino acids. Proteins and RNA
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macromolecules are end-products and non-essential to sustain the network, but
cofactors are. They identified nucleotide-derived cofactors to be the most prevalent of
cofactors and necessary for the network (Xavier et al., 2020). Another study compared
several phylogenetic analyses of LUCA and reached the same conclusion that

nucleotide-cofactors are particularly ancient (Crapitto et al., 2022).

The prebiotic network contains inorganic cofactors in the form of metal ions and
possibly even FeS clusters, but as suggested by Xavier et al. (2020), organic cofactors
would be necessary to establish more complex and directed autocatalytic networks.
This is theoretically possible as there are many proposed mechanisms for the
inorganic synthesis of nucleotide cofactors (Copley et al., 2007; Fontecilla-Camps,
2019; Harrison and Lane, 2018; Kim and Benner, 2018; Kirschning, 2021a; Miller and
Schlesinger, 1993). The idea that nucleotide cofactors are fossils of earlier metabolic
networks is not new (White, 1976). Because nucleotides are also the monomers of
genetic polymers, they were mostly discussed in the context of the RNA world.
Proponents of this theory argue that first self-replicating systems were driven by self-
replicating catalytic RNA molecules, before DNA genomes and protein-driven
metabolism emerged (Crick, 1968; Fine and Peariman, 2023; Gilbert, 1986; Orgel,
1968; Woese, 1965). For it, itis often argued that small nucleotide-like molecules could
have stablished a pre-RNA world, which would gradually evolve into the RNA world
(Cafferty et al., 2018; Copley et al., 2007; Goldman and Kacar, 2021; Kirschning,
2021b; White, 1976). However, there is no reason to believe that a nucleotide-world
inevitably leads to an RNA-world, as nucleotides, and cofactors in general, are also
strongly associated to protein metabolism (Fried et al., 2022; Sanchez-Rocha et al.,
2024; Xavier et al., 2020). Most proteins in ancient pathways are apoenzymes
(inactive) and catalytic active only when metals and/or organic cofactors bind to their
active centre (Ragsdale and Pierce 2008; Shima et al. 2002). Additionally, NADH can
mediate reductive amination of a-ketoacids with ammonia to produce the building
blocks of proteins (Nogal et al., 2024). Regardless of what proceeded small
nucleotides, these small cofactors are always discussed as essential pillars to origin

of life theories.
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Figure 2 The linear acetyl-coA pathway entails a variety of nucleotide-derived cofactors (Fuchs 2011; Martin 2020).
The first step always requires molybdenum cofactor (MoCo), and a flavin for flavin-based bifurcation. The
intermediate steps require different cofactors for the methyl branch in acetogens and methanogens, ultimately
converging again in the last step where coenzyme A (CoA) is required. Blue are structures of cobamide, which —R
can be a nucleobase or not, methylene tetrahydrofolate (H4F), tetrahydromethanopterin (HsMPT), 8-hydroxy-5-
deazaflavin (F420), MoCo and flavin adenine dinucleotide (FAD), which derive from nucleotides in their biosynthesis
(Graham and White 2002; Schwarz and Mendel 2006; Shin et al. 2016). Highlighted in red is AMP(PP) and in

 nicotinamide mononucleotide (NMN). Another cofactor the acetyl-CoA may also require is FeGP, when Ni
is scarce and [Fe]-hydrogenases are produced instead of [Ni,Fe] -hydrogenases. The FeGP structure is
represented in Figure 1 (Huang et al., 2019).
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Formed from inorganic resources (and smaller metabolites of abiotic origin),
soluble organic cofactors could have been instrumental in the evolution of metal-
dependent networks. These smaller catalytic components would form the basis of a
proto-metabolism (Copley et al. 2007; Fontecilla-Camps 2019; Harrison and Lane
2018; Kim and Benner 2018; Kirschning 2021b; Miller and Schlesinger 1993) from
which genetic information and complex proteins could evolve (Copley et al. 2007;
Fontecilla-Camps 2019; Fried et al. 2022; Goldford et al. 2024; Kirschning 2021b;
Martinez Giménez and Tabares Seisdedos 2022; Tremmel ef al. 2019). These ideas
fuelled the need to investigate ancient cofactors in a prebiotic context, which
eventually inspired all three publications in this thesis (Brabender et al., 2024,
Henriques Pereira et al., 2025, 2022).

Clues to their antiquity

Organic cofactors are essential for a variety of enzymatic functions, but are
most commonly found in oxidoreductases and transferases (Fischer et al., 2010). They
bind to relatively simple but ancient folds (e.g. P-loop NTPases, TIM beta/alpha-
barrels, OB and Rossmann folds), which are composed exclusively of prebiotically
available amino acids (Sanchez-Rocha ef al., 2024). Many ancient cofactors such as
flavins, pterins, and folates are sensitive to oxygen and light degradation. They are
also often universal, conserved across all domains of life, as in the case of Coenzyme
A (CoA), S-adenosyl-methionine (SAM), NAD(P), and others. To this argument is also
the fact that in addition to NADH, flavins (Argueta ef al., 2015), pyridoxal 5"-phosphate
(Metzler and Snell, 1952; Zabinski and Toney, 2001), S-adenosylmethionine (SAM)
(Barrows and Magee, 1982), CoA (Wagner and Payne, 2013), and other cofactors
(Bazhenova et al. 2000; Benkovic 1978; Mizuhara and Handler 1954), can also

promote reactions without any other catalysts.

The pathway to produce acetyl-CoA requires six different organic cofactors in
methanogens and seven in acetogens, which are involved in all but one step of each
pathway (Figure 2) (Fuchs, 2011; Martin, 2020). Of these, only one organic cofactor
in methanogenic bacteria (methanofuran) is not a nucleotide or, in their biosynthesis,
nucleotide-derived (Graham and White, 2002; Schwarz and Mendel, 2006; Sousa and
Martin, 2014). The predominance of cofactor-dependent enzymes in these organisms

is strongly related to H> metabolism: more than 80% of all oxidoreductases use at least
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one organic cofactor in their active site (Fischer et al.,, 2010) of which 90% is a
nicotinamide cofactor (NAD(P)) (Wu et al., 2013).

Nicotinamide Adenine Dinucleotide

The first organic cofactor discovered was NAD, which was named "cozymase"
by British biochemists Arthur Harden and William John Young in 1906 (Harden and
Young, 1906). 30 years later, in 1936, Otto Heinrich Warburg discovered that
"cozymases" transfer a hydride from one molecule to another (Warburg and Christian,
1936). Today, we know that NAD(P)s are required for more than 1500 enzymatic
reactions in microorganisms (Forster ef al.,, 2003). They are essential for energy
management and help kick-start all major autocatalytic metabolic networks. ATP, on
the other hand, famously called the energy currency of the cell, is an essential
intermediate, but is not needed to start autocatalytic networks (Xavier et al., 2020).
NAD(P)s participate in redox reactions as electron carriers by undergoing nucleophilic
addition of a hydride at the C4 of the pyridinium moiety of nicotinamide (Scheme 2).
Overall, they are particularly primordial and relevant cofactors, commercially available,
and easy to handle during experiments due to their stability towards O, and light. From
both a theoretical and practical point of view, this dinucleotide was the best candidate
to initiate a new research effort on ancient nucleotide cofactors. The first two
publications in this thesis reflect the interest and impact of studying NAD, and consider
how the results might apply to other nucleotide cofactors (Henriques Pereira et al.,
2025, 2022).

@) H H 0
H-
=4 NH, . ‘ ‘ NH,
| )
R R
NAD* 1,4-NADH

Scheme 2 The reduction of NAD" in biology is mediated by enzymes. In this case the C4 (marked in red) of the
nicotinamide ring is initially reduced by transfer of two electrons and a proton (H), resulting in the production of 1,4-
NADH.

Shared structure of prebiotic origins

Most cofactors have an adenosine monophosphate (AMP) moiety in their
structure (Figure 2, in red). However, it's never their chemically active group, with the

exception of adenosine triphosphate (ATP). NAD has an additional active nucleotide
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attached to AMP, forming a dinucleotide structure. Others have different molecules
attached to AMP, such as 4'-phosphopantetheine, which carries the acetyl group in
acetyl-CoA, or a flavin (FAD). Finally, some contain cyclic nitrogenous bases that are
nucleotide-derived in their biosynthesis but do not carry a nucleotide within their
structure, such as SAM, which has an adenine nucleoside and folates or pterins which
stem from GTP but do not show nucleotidic features anymore (Graham and White,
2002; Schwarz and Mendel, 2006; Shin et al., 2016). The AMP or AMP-like structures
of these cofactors mostly provide a structural "handle" for enzymatic binding
(Denessiouk et al., 2001; Sanchez-Rocha et al., 2024) leading to theories of late
addition of the AMP moiety to prebiotic active proto-cofactors (Goldman and Kacar
2021; Kirschning 2021b, 2021a). Although protein domains that bind to AMP cofactors
are among the oldest, they are also very diverse, suggesting that they were selected
to recognize these cofactors and not the other way around (Ji et al., 2007). The
implications of a prebiotic origin to the AMP moiety are many and thus motivated an

experimental test, presented in Publication Il (Henriques Pereira et al., 2025).
Past and future considerations

If some organic cofactors are indeed ancient, they should be able to survive
certain hydrothermal conditions, and through reactions with geochemical hydrides on
mineral surfaces, transfer protons and electrons from Hz and other transfer groups
from available resources. At present, we know that mild hydrothermal temperatures
(atleast =100 °C) are required to mitigate hydrolysis of most ancient organic cofactors,
while pH stability varies widely (Anderson and Anderson, 1963; Buyske ef al., 1954;
Hemmerich et al., 1965; Kaplan ef al., 1951; Matos and Wong, 1987; Oey et al., 2003;
Tyagi et al., 2009).

Because of their role in metabolism, organic cofactors have become
purchasable supplements, increasing the need for pharmaceutical companies to find
problem as it seeks to engineer cofactor-dependent enzymes such as
oxidoreductases. NAD(P) being such a central cofactor, it is often examined in such
studies. A recurring method is the regeneration of electron carriers using electrodes
(Chenault, Simon, and Whitesides 1988). However, other methods from enzymatic,
chemical, electrochemical, and photochemical regeneration can be applied (Wu et al.,
2013). Canivet, Siiss-Fink and Stépni¢ka (2007) have developed organometallic

complexes of rhodium, iridium, and ruthenium to catalyse the 1,4-regioselective
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reduction of NAD* to NADH in aqueous solution with sodium formate as hydride donor
(60 °C and pH 7). Another iridium-aqua complex can produce protons and NADH from
the H, with NAD™ and also the reverse process under atmospheric pressure at room
temperature (Maenaka et al., 2012). These metals and platinum-group metals are
most often used for hydrogenation due to the stable hydrides that can form on the
surface of their complexes (Noffke et al., 2012). However, these metals, and most
certainly the synthetic organometallic complexes, are not easy to find in nature.
Without the optimized synthetic complex, it is also uncertain if the reduction of NAD*
will be stereoselective, or efficient and further investigation on the reduction of NAD
under abiotic conditions in necessary. The stereoselectivity of different metals was
investigated and discussed in publication 1 and 2, but the ladder work also
investigated how the dinucleotide structure of NAD might influence this (Henriques
Pereira et al., 2025, 2022).

An example of natural organometallic complexes are FeS clusters. They
resemble the mineral structure of greigite (FesSs), which occurs in off-ridge
hydrothermal systems (White et al., 2015). The transfer of electrons from FeS to NAD*
is thermodynamically favoured, but NAD requires a hydride to be reduced. According
to the work of Weber et al. (2022) FeS minerals could have driven NAD* reduction
(initial pH about 6.5, anoxic, 70°C), but this reaction is slow (2% yield after 72h with
10 equiv), and degradation of the substrate to cyclic NAD and adenosine diphosphate
ribose in acidic water (Mayer and Moran, 2024), degradation of NADH to nicotinamide
and ADP at 70°C (Hachisuka et al., 2017), as well as NADH oxidation under acidic
conditions, accumulate faster. Alternatively, H> is a better hydride donor. Not only can
it be cleaved on mineral surfaces to form hydrides, it is also accessible (10-15
mmol/kg) in serpentinizing systems (Charlou et al., 2002; Kelley et al., 2002) and the
main abiotic electron source for anaerobic respiration. Whether heterolytic cleavage
of the H2 bond and hydride transfer to the cofactor is possible at low temperatures with
non-optimized catalysts was unknown prior to all three publications presented in this
thesis. Since anaerobic microbes and serpentinizing systems are particularly rich in Ni
and Fe, it made the most sense to test them rather than others. Publications | and Il
use native metals and oxides (Fe®, Ni°, Co? FeO, NiO, etc.) (Brabender et al., 2024;

Henriques Pereira et al., 2022), and Publications Il and Ill use serpentinizing minerals
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(Fe30s4, NisFe, etc.) (Brabender et al., 2024; Henriques Pereira et al., 2025) covering

a wide range of available Ni and Fe minerals and redox states.

Instead of studying FeS clusters as catalysts for the reduction of other electron
carriers, it would be most valuable to study them as they are used in biology: for
electron transfer. Unlike organic cofactors, which are free in the cytosol, FeS clusters
are always bound to proteins, usually through cysteine. It so happens that these
clusters can spontaneously form inorganic Fe?/Fe** and S%* with micromolar
concentrations of cysteine under alkaline hydrothermal conditions (Jordan et al. 2021).
However, the reduction of ferredoxin is not favoured by H> except by flavin-based
electron bifurcation. In the prebiotic context, the energetic gap between the different
oxidation states of free flavins (0, —1, —2) is much smaller than the difference in
prosthetic flavins, and is also unlikely to promote Fd reduction (Anderson 1983; Buckel
and Thauer 2018). In other words, the potential generated by the reduction of a high
potential cofactor would not cover the cost of the low potential cofactor, leaving Fd
oxidized. In this scenario, it is possible that flavins were prosthetic to a small protein,
but first we should rule out that minerals alone are sufficient to catalyse this reaction
under prebiotic conditions (Sousa et al., 2018), which we aimed to do in publication 3
(Brabender et al., 2024).

The problem of H; activation under mild hydrothermal conditions, as well as the
distribution of the obtained resources, whether that is through electron (e.g. Fd) or
hydride (e.g. NAD) carriers, is most important for understanding the evolution of
autocatalytic networks in a prebiotic world. However, little is known about how
cofactors could have contributed to this fact. This gap of knowledge was a good
starting point for the experimental work done all throughout the development of this
thesis (Brabender et al., 2024; Henriques Pereira ef al., 2025, 2022).
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Prospects

As stated in the Infroduction, cofactors are essential to establish any kind of
biological network, however rudimentary its machinery may be (Xavier et al., 2020),
and thus a valuable subject of study for the field of origin of life research. However,
very little experimental work has been done to integrate cofactors in prebiotically
relevant environments, and it is uncertain whether their reduction is possible and
efficient using naturally available catalysts (Weber et al., 2022). Considering the
characteristic temperature and pH gradients, catalytic minerals, and dissolved gases
of serpentinizing hydrothermal vents (Martin et al.,, 2008; Preiner et al., 2018,
Schwander et al.,, 2023), in addition to the similar metabolic characteristics of the
LUCA (Martin et al. 2016; Moody et al. 2024; Weiss et al. 2016), discussed in chapter
| — Hadean Earth, this work aims to fill the knowledge gap on the stability of inorganic
and organic cofactors under mild hydrothermal conditions and their ability to
metabolize Hy. In doing so, the experimental work provides prebiotic alternatives to
complex enzymatic processes such as electron bifurcation and H» activation. All three
publications address these issues, but as foundation to the following work, Publication
| is particularly insightful to the interactions between water, an organic cofactor (NAD),
and native Ni, Fe, and Co (Henriques Pereira ef al. 2022). Publication |l expands on
the same topic by testing a variety of NiFe alloys ((Henriques Pereira et al., 2025)).
Publication Il applies the same knowledge to a different kind of electron carrier —
Clostridium pasteurianum ferredoxin — which harbours two [4Fe—4S] clusters
(Brabender et al., 2024). By testing very different cofactors — high and low potential
cofactors, nucleotide and protein, electron and hydride carrier, organic and inorganic
cofactor — the goal is to test a variety of characteristics that are essential to any

metabolism and thus understand H> proto-metabolism better.

Pondering on the shared nucleotide structure of ancient organic cofactors
(Figure 2), and the evolution of protein-cofactor domains discussed in chapter IIl —
Organic cofactors, it is striking that there is no known evolutionary purpose for the
shared moiety. Perhaps, if modern cofactors or precursors thereof existed before life
in a proto-metabolism, the function of the “AMP-handle” lies in a prebiotic context, to
fulfil prebiotic functions. This hypothesis motivated the experimental work conducted

in Publication Ill, comparing the reduction, oxidation and stability of NAD under
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hydrothermal conditions to its “AMP-less” metabolite: nicotinamide mononucleotide

(NMN) (Figure 2, in yellow) (Henriques Pereira et al., 2025).
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Hydrogen gas, H,, is generated in serpentinizing hydrothermal systems,
where it has supplied electrons and energy for microbial communities since
there was liquid water on Earth. In modern metabolism, H, is converted
by hydrogenases into organically bound hydrides (H™), for example, the
cofactor NADH. It transfers hydrides among molecules, serving as an acti-
vated and biologically harnessed form of H,. In serpentinizing systems,
minerals can also bind hydrides and could, in principle, have acted as inor-
ganic hydride donors—possibly as a geochemical protoenzyme, a ‘geo-
zyme'— at the origin of metabolism. To test this idea, we investigated the
ability of H, to reduce NAD™ in the presence of iron (Fe), cobalt (Co) and
nickel (Ni), metals that occur in serpentinizing systems. In the presence of
H,, all three metals specifically reduce NAD™ to the biologically relevant
form, 1,4-NADH, with up to 100% conversion rates within a few hours
under alkaline aqueous conditions at 40 °C. Using Henry’s law, the partial
pressure of H, in our reactions corresponds to 3.6 mM, a concentration
observed in many modern serpentinizing systems. While the reduction of
NAD™" by Ni is strictly H,-dependent, experiments in heavy water (*H,0)
indicate that native Fe can reduce NAD™ both with and without H,. The
results establish a mechanistic connection between abiotic and biotic
hydride donors, indicating that geochemically catalysed, H,-dependent
NAD™ reduction could have preceded the hydrogenase-dependent reaction
in evolution.

Introduction

Hydrogen (H,) is the main source of electrons for
chemoautotrophic, industrial, and geochemical CO, fix-
ation [1-3]. There are two main sources of naturally

Abbreviations

occurring H,: abiotic geochemical production (serpen-
tinization) and biotic biochemical production via hydro-
genases in fermentations. Today, anaerobic autotrophs

TH-NMR, proton nuclear magnetic resonance, an analytical method to characterise and quantify hydrogen-containing molecules; Co, cobalt;
Fd,»/Fd.ed, Oxidised/reduced ferredoxins; Fe, iron; LUCA, the last universal common ancestor, a theoretical cell based on phylogenetic
reconstructions of the most conserved genetic setup between bacteria and archaea; NAD*/NADH, oxidised and reduced form of

nicotinamide adenine dinucleotide; Ni, nickel.
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such as methanogens grow mainly from H; of biotic ori-
gin, approximately 150 million tons of H, per year are
produced by microorganisms and consumed by metha-
nogens [4,5]. Only a small fraction of primary produc-
tion is attributable to chemolithoautotrophy from H,
geochemically generated during serpentinization in
hydrothermal systems [5]. When the first microbial lin-
eages evolved, however, abiotic H, was probably the
major source of electrons for primary production in
ancient ecosystems and metabolism [5-8].

Making the electrons of H, accessible

In the absence of effective catalysts, hydrogen is a sur-
prisingly unreactive gas. It can only become chemically
or biochemically useful when it is activated, that is,
when its covalent bond is broken and the two H-atoms
are separated [9]. The homolytic cleavage of gas-phase
H, that breaks the H—H bond into two H atoms (H-) is
endergonic by +436 kJ-mol™"' [5,10]. The heterolytic
cleavage into a hydride ion (H") and a proton (H") is
less endergonic [5,10] but still requires +200 kJ mol™".
Metal and mineral surfaces can adsorb H, both as a
molecule by physisorption and as H-atoms by dissocia-
tive chemisorption [11-14]. Physisorption of H, usually
requires very little energy (3-5 kJ-mol™") so it is most
easily observed at low temperature in the range of lig-
uid helium [14]. For chemisorption, hydrogen has to
overcome the activation barrier and thus higher temper-
atures are usually required to form the metal-bound
hydride, depending on the material. If the kinetic
energy of the H, molecule is high enough, it can be dis-
sociated directly on the surface of a suitable catalyst.
But indirect chemisorption starting from the transient
physisorbed state is also possible; physisorbed H, mole-
cules can diffuse quickly on catalyst surfaces and then
dissociate when the right catalytic site is met [3,14-16].
Microbes solved the problem of H, activation and
cleavage about 4 billion years ago with the origin of
hydrogenases, enzymes that dissociate H, into two
protons and two electrons. H, was the source of elec-
trons for primary production before photosynthesis
emerged [8] and hydrogenases were already present in
the last universal common ancestor (LUCA) [17]. All
hydrogenases known catalyse a reversible reaction such
that they can either use H, as an electron source or
dispose of leftover electrons as H,. There are three dif-
ferent kinds of hydrogenases, all of them holding tran-
sition metals coordinated by varying ligands in their
active sites: [NiFe], [FeFe] and [Fe] [4,18-20]. Most of
the reaction intermediates in the active site of hydroge-
nases have been determined [20]. All three perform a
heterolytic cleavage of H,, but do so in mechanistically

Abiotic hydride transfer by metals to NAD™

different ways; the same applies to the reverse reac-
tion, the formation of H,. The bond is polarised at an
open metal site, such that a proton (H") is accepted
by a nearby base ligand, while the hydride (H")
remains bound to the metal, transiently altering its
oxidation state. In the case of [FeFe] hydrogenases, H™
is bound end-on to one of the two Fe atoms [9,20,21].
In [NiFe] hydrogenases, H™ binds to both Ni and Fe
(with help of an extra electron coming from Ni), mak-
ing the hydride more stable than the one in [FeFe]
hydrogenases [9,20,21]. The mechanism of [Fe] hydro-
genases involves a direct hydride transfer from H, to
an organic substrate, in contrast to the other two
hydrogenases which need the assistance of FeS centres
for this procedure [22].

Hydride carriers in biology

Though the reaction mechanisms of hydrogenases dif-
fer, their result is similar: Electrons from H, are trans-
ferred to soluble electron acceptors such as NADY,
Fas, or iron-sulfur clusters of oxidised ferredoxins
(Fd,x) for entry into metabolism [23]. While NAD and
F450 donate and accept electron pairs as hydrides
(two-electron reactions), ferredoxin donates and
accepts single electrons (one-electron reactions). In this
paper, we focus on NAD and the H -transfer reaction
that reduces its oxidised form, NAD?Y, to its reduced
form NADH [24,25]. NADH is a universal redox
cofactor present in all cells, it is one of the most cen-
tral molecules of metabolism, being essential in auto-
catalytic metabolic networks, meaning that without
NADH metabolism cannot take place [26].

While hydrogenases make the electrons of H, acces-
sible in modern cells [1,5,27], at the emergence of
metabolism, before the existence of enzymes, electrons
from H, that participated in CO; reduction and
organic synthesis must have been activated by inor-
ganic means such as mineral and metal surfaces [28—
31]. Minerals could have served as prebiotic protohy-
drogenases (‘geozymes’) producing surface-bound
hydrides (e.g. Fe-H) from dissociated H, which, in
turn, are a prebiotic version of NADH. That this abi-
otic catalysis works for the reduction of CO, was
shown previously [32,33]. Here our question was
whether geochemical hydrides can reduce NAD' to
NADH which could have served as a soluble electron
carrier at the origin of metabolic pathways. The exis-
tence of soluble electron carriers at origins is of inter-
est for early metabolic evolution because catalytically
active sites on minerals are immobile, whereas soluble
organic hydride carriers such as NADH can transport
activated H to mineral surfaces that might, for
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Abiotic hydride transfer by metals to NAD™

example, catalyse organic redox reactions but not Hj
activation in situ.

Connecting geochemical with biological hydride
carriers

To address possible transition points between abiotic
and biotic hydride donation and the question of why
NAD*/NADH became one of the universal hydride
donors and acceptors in metabolism, we investigated
geochemical conditions under which NAD*/NADH can
(a) accept (and donate) hydrides and (b) remain stable.
From earlier studies, it is known that NAD" can be
reduced heterogeneously on industrial catalysts [34,35]
at neutral to slightly alkaline pH, so an approach under
more rugged and natural conditions seemed possible. In
a prebiotic context, this would entail a constant supply
of environmental H> and accessible mineral surfaces.
Serpentinizing systems harbour geochemical sites that
reduce H,O to H, via the oxidation of Fe(Il)-
containing minerals and thus provide these conditions
[36,37]. Most but not all of these systems are alkaline
because of the accumulation of metal hydroxides during
serpentinization reactions [36,38]. Some microbes inhab-
iting such environments appear to lack hydrogenase
enzymes [39], suggesting that even today, there might
be alternative (abiotic?) and probably metal-based entry
points for H, into metabolism.

To reduce NAD" with H,, we investigated three differ-
ent metals as potential H, activating agents: Fe, Co and
Ni. We started with native metals to keep the reactions as
simple as possible. Both Fe and Ni are employed in the
active centres of hydrogenases, but are also found in ser-
pentinizing systems in oxidised and reduced forms
[40.41]. We included Co because it is a crucial transition
metal in autotrophic CO; fixation [1] and it is assumed to
have been abundant in the Archean anoxic ocean [42]. In
addition, Co complexes are being tested for its properties
as artificial hydrogenases [43]. The hydrides of all three
metals are known to have approximately the same
hydricity (tendency to transfer hydrides) [44] as NADH
and are ultimately direct neighbours in the periodic sys-
tem of elements, so this choice of metals would also allow
us to set their experimental behaviour in relation to their
electrochemical potential.

Results
NAD™* reduction with H, and transition metals
under alkaline conditions

We used conditions approximating those found in
alkaline serpentinizing systems (starting pH 8.5, 5 bar

D. P. Henrigues Pereira et al.

H, atmosphere, 40 °C), with metals Fe, Ni and Co
[40,45] in powdered form, (1 M). The resulting aqueous
H, concentration of 3.6 mm (calculated using Henry’s
law, s. Equation S1) is comparable to that found in
hydrothermal effluent [38,40]. Under these conditions,
the reduction of 3 mm NAD' to NADH was facile
(Fig. 1A,B). Fe, Ni and Co also play important cat-
alytic roles in autotrophic metabolism [46-48]. That all
three metals promote the reaction between NAD" and
H, to NADH was observed with 'H-NMR, enabling
us to make a detailed structural determination of our
products as various prospective hydride acceptor sites
exist on the NAD"* molecule and also degradation
products such as nicotine amide are possible [49,50].
Our results show that indeed the biological form of
NADH, 1,4NADH, was the main product. We also
observe some degradation products (mainly nicoti-
namide), but in low concentrations under the reaction
conditions tested.

In order to probe the nature of H,-metal interac-
tions in these reactions, we performed four different
experiments with each metal (for visual overview s.
Fig. S1). In two reactions, we first pretreated the metal
powders in a dry state with H, gas for 16 h at 50 °C
before adding a buffer/NAD™ solution. Chemisorption
and dissociation of H, is feasible at these temperatures
[51-53]. This approximates the situation in serpentiniz-
ing systems, where H, is being produced continuously,
such that the minerals could be constantly hydro-
genated (i.e. organic redox cofactors and not hydro-
genated minerals would be rate-limiting in the
geochemical reaction). In addition, and in accordance
with previous industrial investigations of heteroge-
neous NAD™ reduction [35], a thermal (> 350 °C) pre-
treatment of the catalyst with H, increased the yield of
reduced NADH due to more or less saturating hydro-
genation of the catalyst. Pretreated and non-pretreated
metal powders were mixed with the phosphate buffer/
NAD™" solution and reactions from 0.5 to 4 h were
performed either under 5 bar of Ar or H; at 40 °C. In
the Ar experiments, NAD" reduction can be attributed
to the activity of preformed hydrides on the metal sur-
face. Controls without metals were conducted in each
run, showing that metals are needed for the reduction
of NAD™. All experiments were repeated at least three
times. All the corresponding spectra can be found in
Fig. S2.

The results summarised in Fig. 2 show how each
metal responds to the different experiments over a 4-h
course. The corresponding table with all individual
measurements and standard deviation values can be
found in the supplementary information (Table S1).
Pretreating the metals with H, has a positive effect on
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Fig. 1. Reduction of NAD* with H, and Fe powder over time. (A) NAD* is reduced to 1,4-NADH, the naturally occurring reduced form of
nicotinamide adenine dinucleotide (NAD). This means a hydride is added to the carbon in position 4 of the aromatic cycle of NAD'. NAD™
can also be reduced at two further positions, the second and the sixth, thus leading to 1,2-NADH and 1,6-NADH respectively [84]. (B)
Within 4 h, NAD* is reduced to 1,4-NADH as monitored via "H-NMR. A pH shift from 8.5 to 9.6 is observed, probably due to the oxidation
of Fe powder coupled to the reduction of H;O to hydrides/H, (accumulation of OH™). The peaks of the used NMR standard sodium

trimethylsilylpropanesulfonate (DSS) are marked with asterisks.

the NAD reducing activity of all three metals: Fe
reaches high NADH yields quickly (Fig. 2A), as does
Co (Fig. 2B), but the clearest effect can be seen with
Ni, where only with H,-pretreatment NADH yields
approaching 50% can be reached. With both Fe and
Co nearly 100% conversion from NAD™ to NADH is
observed, but with one important difference: while Co
clearly needs H, gas during the reaction to reach a
high yield of NADH, Fe shows almost identical results
under Ar as it does under H,. Under Ar, Co can still
convert almost 50% of NAD* to NADH. The amount
of metal used in comparison to NAD" is very high
(I of metal to 3mm NAD™', so 333:1), but

experiments with a ratio of 20 : 1 (62.5 mmM to 3 mm
NAD%) and 10 : 1 (62.5 mm to 6 mm NAD™) (Fig. S3)
showed that all three metals still yield NADH at the
lower ratios. While Fe yields about 40% NADH at
10 : 1, Ni only reaches 0.6% at the same metal to
NAD™ ratio.

We also observed a significant pH increase (s. Fig.
S4) during the Fe and Co reactions and the develop-
ment of coloured colloids (Fe: dark green, Co: pink; s.
Fig. S5), especially when there was no H; gas added to
the reaction or when not pretreated with H,, while the
pH remained stable and the solution colloid free
(though coloured yellow) during the Ni reactions. The
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Fig. 2. NADH synthesis with Fe, Co and Ni under four different settings. In the experiments, the three metal powders were either
pretreated with Hz gas overnight at 50 °C before the reactions under 5 bar Hz or Ar between 0.5 and 4 h (solid lines and circles), or the
reactions took place without the pretreatment (dashed lines and squares). Data points shown are mean = SD. (A) Fe does not need an
external H, source under the given conditions, NADH synthesis is equally efficient in both cases. Pretreated Fe reduces NAD™ faster but
does not lead to a higher yield overall. Repetitions from 0.5 h to 4 h: n(pretreated, H,) = 3, 3, 4, 3; n(H,) = 3, 4, 4, 6; n(pretreated, Ar) = 2,
3, 2, 3; nfAr) =1, 4, 3, 3. (B) Co can reduce up to roughly 60% of NAD™ without an external H, source, but the presence of H, gas
improved the yield and accelerated the conversion immensely. Pretreatment with Hz also decreased the reaction time of the conversion
visibly as long as there is an H, source during the reaction. Repetitions from 0.5 h to 4 h: n(pretreated, H,) = 4, 4, 4, 4; n(H,) =4, 4, 4, 5;
n(pretreated, Ar) =2, 5, 4, 6; n(Ar) =4, 4, 4, 4. (C) Ni powder cannot reduce NAD" under the absence of H, as an electron source.
Pretreated with Hz, Ni shows a 50% yield of NADH. Pretreated Ni can convert a very small amount of NAD™ to NADH under Ar, suggesting
that hydrides are covering the surface of the metals after the pretreatment. Repetitions from 0.5 h to 4 h: nipretreated, Hz) = 4, 3, 3, 4;
niH.) = 4, 4, 4, 6; nipretreated, Ar) =2, 5, 4, 6; nlAr) =0, 4, 4, 4.

Probing the role of metals with ?H: H, activation,
H, synthesis, both or something else?

pH shift observed was also the reason we chose to
work with a 1 M phosphate buffer. With buffers of
lower concentrations, the pH of the Fe and Co sam-
ples shifted far into the alkaline range (> pH 10 and
> pH 9 respectively), conditions under which NAD™" is
unstable and decomposes [54] (s. Figs. S6,S7A).
NADH, however, is far more stable under alkaline
conditions, as we were able to determine in additional
experiments, the results of which are summarised in
Fig. S7B. The phosphate buffer can, however, lead to
a degradation of NADH [55], which can explain minor
losses we observed in NAD" conversion (Table S1).

The observed pH shifts and colouration were a hint
for following redox reactions taking place (the hydrox-
ides generated are partly soluble [56] and lead to an
pH increase):

Fe +2 H,0O — Fe(OH), (green rust) + H> (1)

Co + 2 H,0 — Co(OH), (pink) +H, (2

These observations led us to the conclusion that
while Ni clearly catalysed the dissociation of H, gas
and is thus making electrons from H, accessible to
NAD?*, both Fe and Co themselves can serve as the
electron source instead of H, gas and are being oxi-
dised (directly connected to the developing coloura-
tion), especially during the experiments without
external H, source (under Ar). We undertook addi-
tional experiments to further investigate the role of Fe
and Co as reductants.

Fe and Co powder are able to produce nascent H:
freshly synthesised H, from two hydrogen atoms. The
intermediates of this reaction are surface-bound
hydrides [57] which could, in theory, be directly trans-
ferred to NAD™. It is also known that Fe readily pro-
duces H, from water under mild alkaline conditions
[58]. To clarify the present mechanisms, Fourier-
transform infrared spectroscopy (FTIR) was per-
formed on all three metals (Fe, Co and Ni) before and
after the reaction under Ar (expecting the highest
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oxidation rate in these experiments in contrast to the
ones under H, gas and hence more reducing condi-
tions). The respective FTIR spectra (s. Fig. S8) show
the differences between the metals very clearly, in line
with our other results. Ni does not show any visible
changes, Co does, but not clearly enough to specify
the nature of the change. The spectrum of Fe after the
reaction shows a new Fe-O bond (in the region of
500-600 cm™) as well as stretching and bending bands
of -OH groups located around 3200 and 950 cm™
respectively, which indicates transformation of metallic
iron into iron hydroxides such as Fe(OH),, confirmed
by the dark green colouration of the Fe samples
(‘green rust’).

To further probe the mechanisms of NAD™ reduc-
tion, we replaced H,O in the solvent with heavy water
(*H,0, D,0) to determine the source of the hydrides
added to NAD™. There were two reasonable options:
either protons from H,O and metal electrons (formed

Abiotic hydride transfer by metals to NAD™

to surface-bound hydrides) or surface-bound hydrides
from H, gas. Previous work on reducing NAD" and
H sources [59,60] provided us with mechanistic details
and reference 'H-NMR spectra for NAD?H species,
the presence of which can be monitored via the duplet
of duplet at 2.7 p.p.m. (position 4 as shown in Fig. 1).
In our case, we would expect the formation of
NAD?H instead of NADH if the hydride comes from
*H* in *H,0 plus electrons from metal, while NADH
should be formed if the H, gas is the prevalent hydride
source. Three 2-hour NAD™ reduction experiments
with Fe, Co and Ni were performed in *H,O (other-
wise using the same conditions as described above):
metals under Argon, H,-pretreated metals under
Argon and metals under H,. The results are shown in
Fig. 3 with a focus on the 2.7 p.p.m. peaks described
above (s. Fig. S2 to see the full range of the shown
spectra). When no (under Argon Fig. 3A) or only little
H, (pretreated and reaction under Argon, Fig. S9 and
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\ | \
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H
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HO a 2
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Fig. 3. Two-hour experiments in 2HZO to determine the source of the H™ reducing NAD™. (A) When there is no external H, source, Fe
delivers the electrons to form 2H™ from 2H»O which is transferred to NAD*. The Deuterium (*H) at position 4 in the nicotinamide ring of
NADH changes the proton coupling visibly. (B) The mechanism for NADH formation apparently changes when H, is added to the reaction.
NADH becomes the main product, suggesting that H, is catalytically activated by Fe. (C) Co does not produce NAD?H (or NADH) over the
detection limit under Ar gas in ZHZO, (D) When H, is added to the reaction, Co promotes NADH formation. (E) Ni does not produce NAD?H
(or NADH) over the detection limit under Ar gas in 2H,0 (or "H20). (F) In contrast to the 'H.0 experiments, Ni highly promotes NADH
formation in 2H,0 under H, after 2 h. Note that (C) and (E) are more vertically zoomed in than the rest of the panels as the product

concentration was significantly lower.
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Abiotic hydride transfer by metals to NAD™

Table S1) is in the experimental system, NAD?H is the
prevalent product of the reactions with Fe. This indi-
cates that Fe reduces 2H-O to 2H™ which then is trans-
ferred to NAD*. When the reaction is performed
under "H, atmosphere (Fig. 3B), however, the product
does not contain any measurable amount of ?H, sug-
gesting that 'H, is the hydride source in this case. We
confirmed these observations additionally by integrat-
ing the duplet of duplet at 2.7 p.p.m. in both the Ar
and the H; experiments (the peak integrals correspond
to the number of associated 'H; “H is not detected).
The integral values were compared to those of the sin-
glet at 6.9 (1 'H-proton), ultimately showing that in
’H,0 and under Ar only one 'H-proton is detected at
position 4 of NADH (Table S2). In combination with
the other findings above, the reaction path involving
Fe-dependent reduction of water (or “H-0) to metal-
bound hydride (or *H") appears reasonable. Fe seems
to employ both described mechanisms, depending on
the conditions. The positive effect of Fe pretreatment
with H; is not explained by the present results. How-
ever, it is worth to mention that the overall yield of
NADH with Fe under Ar is substantially lower and
variable in “H,0 (0-50%, Table S1) than it is in 'H,O
(60-70%), while pretreatment increases the yield of
NAD?H in the *H,O experiments (~ 80%, Table S1).
We still registered a pH shift and slight green coloura-
tion suggesting the formation of Fe(OH), (Figs. S4,
S5). We will return to this observation shortly.

Cobalt does not deliver a picture as clear as that
obtained for Fe. H, was necessary during the Co catal-
ysed reaction to detect NADH formation in the *H,O
experiments. Co reduces NAD" to NADH under Ar,
without H, and with 'H,O as proton source (Fig. 3C,
lower trace), although with a far lower yield than Fe
(Fig. 2B or Table S1). In the *H,O experiments how-
ever, H, was necessary for NADH formation. We
could not observe any NAD?H formation after 2 h
(Fig. 3D). Performing the same experiment for 4 h
yielded detectable amounts of NADH, but not enough
to investigate the peak at 2.7 p.p.m. (Table S1) and
thus the status of deuteration.

In the case of Ni, the experiments under Ar confirm
the conclusion from the previous experiments (no
NADH formation). Nevertheless, a surprising effect of
’H,O was observed: while only very little NADH for-
mation was observed after 2 h in H,O under H-,
almost all NAD™ is converted to NADH in 2H,O
(Fig. 3F) and there seems to be a very small amount
of NAD?H formed. We have no thorough explanation
for this puzzling observation, but it is possible that
H,O absorbing on the Ni surface occupies sites needed
for H, dissociation—while 2H,O does not as easily

D. P. Henrigues Pereira et al.

[61-63]. The formation of NAD?H is probably the
result of an exchange between H* and H* as the peak
distribution is by far not as clear as in the case of Fe
(Fig. 3A).

Overall, we were able to derive some valuable con-
clusions from the experiments performed under 2H,O,
but there are also some observations (e.g. yield loss
with Fe and Co) that we cannot properly explain so
far and are most likely the result of isotopic effects.

Being aware that metal ions are going into solution
during our experiments, we also tried to exclude these
dissolved species as being the true catalysts in our
reactions. Therefore, we performed a ‘hot filtration
test’ for all metals, that is, we separated the solid from
the liquid phase after a 1 h reaction under H, (so we
could test whether hydride-bearing, soluble complexes
are being formed), added a new NAD"/buffer solution
onto the solid phase and resumed the reaction under
5 bar for both parts for another 1 h and compared the
NADH vyields (Fig. S10). The separated liquid phase
did not show any additional NADH formation for
any of the metals, while the separated solid phase was
still able to promote a very high NAD* — NADH
transformation yield (95% for Fe, 81% for Co, 35%
for Ni after 1h of reaction time). This indicates that
the solid metals are the (far) more crucial species for
NAD" reduction in our experiments.

In addition, we also observed that the reaction with
fresh NAD* and ‘used’ metal powders (powders that
had already been used in a previous H, reaction) yielded
more NADH in 1 h than pristine metal powder would
in that time (Fig. S11). The same experimental order,
but with the first step under Ar instead of H, lead to
similar results. This could mean one of several things.
On one hand, it is possible that the oxidised forms of
the metals (Equations 1 and 2) are better catalysts for
the hydrogenation reaction than the native metal forms.
We performed additional experiments (16 h pretreat-
ment with H,, 4 h reaction time under H,) with mag-
netite (Fe30y4), cobalt(IL,IIT)oxide (Co304) and nickel
(INoxide (NiO) using the same amount of metal atoms
per mol to test their ability to promote NAD" reduc-
tion. In this case, however, no oxide yielded any NADH
(Fig. S12). On the other hand, it is also possible that the
1 h reaction served as a pretreatment step (e.g. hydride
formation on metal surfaces from either H, gas or oxi-
dation of the metals), resulting in the observed higher
yield of NADH after 1 h of reaction.

Discussion

We tested Fe, Co and Ni for their ability to reduce
NAD™ with H, gas to establish a connection between
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a biotic H donor (NADH) and an abiotic donor
(metal hydride). The reduction was performed by all
three metals, which however showed differences in
their reactivity and response to Hs-pretreatment. The
detailed effects of H,-pretreatment on each of the met-
als under the present conditions will be investigated
further. In this publication, we were able to collect
some insights concerning the possible mechanisms in
the performed experiments.

Mechanisms: where do the hydrides come from?

Of all three metals, Ni produced the lowest (but still
substantial) NADH yields with around 50% after H,
pretreatment (Fig. 2C), but it employs the most
straightforward hydrogenation mechanism, additionally
backed up by the results of the experiments with heavy
water. Known to enable the dissociation of H; [15,64—
67], Ni was able to reduce NAD" under H, gas and
showed the strongest positive response to pretreatment
with H; gas out of the three metals. This suggests that
Ni-bound hydrides are transferred to NAD™ to produce
mainly 1,4-NADH (s. Fig. 4A). The redox potentials
calculated for the experimental conditions (40 °C, 5 bar
H,, pH 8.5) back up the observations (Equation S2)
[68,69]: the potential of Ni(OH), + 2¢” +2 H" & Ni° +
2 H,0 (E = -390 mV) is not reducing enough to enable
2H,O0+2¢ <+ H, + 20H (E = -510 mV).

Iron also dissociates H, to metal-bound hydrides,
but can also produce fresh H, from water via metal-

B

A NADH H,

Fe
NAD*
HH

c

Co

NADH

H,
NAD*
_KH G / NAD*
| 1

Abiotic hydride transfer by metals to NAD™

bound hydrides under mild hydrothermal conditions
[57,58,70]. This is consistent with the midpoint poten-
tial calculated for the experimental conditions: Fe
(OH); +2 ¢ + 2 H* & Fe’ + 2 H,0 (E = -550 mV)
[68], which is more negative than the redox potential
for H, formation from H,O (E =-510 mV). In our
experiments, 100% NAD% reduction was reached
under all conditions after 4 h with Fe (Fig. 2A). The
Fe reactions also benefit from pretreatment with H,
gas, reaching high NADH yields in shorter times. The
mechanistic effect of pretreatment, however, could not
be determined. Through further experiments in heavy
water (*H,0) we were able to confirm that the reaction
depends on the abundance of 'H, gas: if the reactions
take place under a 5 bar 'H, atmosphere, surface dis-
sociation of 'H, seems to be the main pathway, while
under Ar atmosphere freshly produced hydrides are
apparently transferred from the metal surface (Fig. 4B).
Fe is still visibly oxidised (formation of green rust Fe
(OH),; Fig. S5) under the reducing H, atmosphere,
but much less so than under Ar. We cannot exclude at
this point that these oxidised forms of iron catalyti-
cally enhance the reaction with H, gas, but experi-
ments we conducted with metal oxides as a proxy
suggest they cannot promote NAD™' reduction by
themselves (Fig. S12).

Following our preliminary report of metal-
dependent NAD™' reduction with H, [71] it was
recently reported [72] that iron sulfides can reduce
small amounts of NAD™, but without an external

NADH H, NADH

Fe?* OH- H,0
NAD* NAD*
HH ﬁk—/
[ | ‘\
H

NADH

Fig. 4. Proposed mechanisms for NAD™ reduction depending on the used metal. (A) H, dissociates on the Ni surface. The metal-bound
hydrides can then directly reduce NAD™ to NADH. (B) Fe employs two different mechanisms, depending on the availability of H, gas in the
atmosphere. Without Hz, Fe itself delivers the electrons for hydride formation on its surface, the necessary proton comes from H>O. With
H, around, Fe is able to assist H, dissociation like Ni. (C) Co also is able to activate Hs to transfer the hydride to NAD™. But without H; gas
in the atmosphere, Co seems to employ a different mechanism than iron. Judging from the electrochemical potentials, it is able to reduce
NAD™ directly without hydride formation. Note that the absorption of water molecules and/or hydroxides on the metal surfaces are not
considered in these depictions.
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electron source such as H», so the combination of both
oxidised iron compounds such as iron sulfides, iron
hydroxides or iron oxides and H, gas as electron
donor has to be investigated further. In the conditions
of serpentinizing hydrothermal vents, H, is abundant
and ubiquitous [38,73], hence it is not clear what kinds
of prebiotic environments such reactions in the
absence [72] of H, would be modelling. In the presence
of H, under the conditions reported here, NAD"
reduction is complete, rapid, and facile. Our experi-
ments were performed under an excess of metal (1 m
of metal to 3 mm NAD™, so 333 : 1), but lowering the
amount of metal in relation to NAD* (20:1 and
10 : 1, Fig. S3) did not automatically decrease the
NADH yield by the same magnitude—at least for Fe
and Co. This either means that the amount of metal
does not directly influence the yield, underlining the
catalytic character of the metals or that the NAD*
concentration is the limiting factor in our 333:1
experiments. Nickel is not spent during the reaction
and depends on the abundance of H, to reduce NAD"
which strongly suggests that Ni is acting as a catalyst
—an inorganic precursor of an enzyme, a geozyme—
for the biochemical reaction. This made the drop of
NADH yield between the 333 : 1 (50%) and 20 : 1
(1%) experiments surprising and suggests that the area
of the hydrogenated Ni surface has to be quite large
to efficiently reduce NAD*. As we also observed that
Ni yields substantially more NADH under H, gas
when the reactions take place in 2H,0 instead of H,O
(Fig. 3F), we posit that water molecules quickly cover
Ni’s surface and thus block the catalytic sites needed
for H, dissociation. This also could explain why Ni is
performing better when pretreated with H, before add-
ing the aqueous NAD¥/buffer: here, metal-bound
hydrides can form before the binding sites are blocked
by water molecules. Once NADH is being formed,
these sites can be taken by water molecules again,
which would explain why experiments with Ni do not
exceed a 50% vyield of NADH. Under geochemical
conditions with lower water activity (also found in ser-
pentinizing systems [74,75]), this process might be less
of an issue than in the aqueous solutions investigated
in our experiments.

Judging from our time-course experiments, we
assumed that Co is also able to both dissociate H> and
produce H, in situ, as pretreated Co gave the highest
yield of 1,4-NADH in the shortest amount of time
(Fig. 2B). Co is visibly far more dependent upon the
presence of H, gas to attain higher NADH yields than
Fe. But there is a third mechanism to be considered
here, looking at the following midpoint potentials (cal-
culated for the given experimental conditions)

D. P. Henrigues Pereira et al.

[68,69,76]: although Co(OH), +2 ¢ + 2 H* & Co° + 2
H,0 (E = 407 mV) cannot directly enable 2 H,O + 2
e < H,+2 OH (E = -510 mV), it would be able to
reduce NAD" +2 ¢ + H" &+ NADH (E = -390 mV)
directly. This might explain why we were not able to
demonstrate both mechanisms for Co with the heavy
water experiments as we could with Fe. Without H,, Co
did not show any reduction during the 2 h ?H,O experi-
ments. The data thus indicate that Co is able to dissoci-
ate H, [77] and transfer electrons to NAD" (either in
hydride form or directly), but the results concerning the
possibility of a nascent H, pathway for Co are not con-
clusive (Figs. 3C,4C). In case Co is indeed directly trans-
ferring electrons to NAD™Y, there might be a kinetic
inhibition in the H,O experiments due to slower proton
transfer [78].

In a geochemical context, it should be mentioned that
in serpentinizing systems we can expect both abiotic
hydride donor mechanisms to take place if the electron
acceptor will permit: H, is constantly produced from
H>O on mineral surfaces (bound hydride intermediate)
and dissolved H, gas (as a source for freshly chemi-
sorbed hydride) is present in the hydrothermal effluent.

By separating the liquid and the solid phase mid-
experiment we were trying to exclude homogeneous
catalytic mechanisms (catalysis by metal ions in solu-
tion), which are known for hydrogenation reactions
[9]. Our results indicate that reactions of the divalent
metals do not play a major role in the present reac-
tions. For Ni, this is in line with the role of Ni® in the
reaction mechanism of CODH proposed by Ragsdale
(2009) [46], although in that reaction, electrons stem
from ferredoxin rather than directly from H, We
explicitly are not excluding colloidal hydroxides as
potential catalysts for Fe and Co as we were not able
to reliably separate them from the solid phase without
changing the rest of the solid phase. However, experi-
ments with Fe;04, Co304 and NiO under H, atmo-
sphere as a proxy for oxidised phases show that they
do not promote NADH synthesis at all (Fig. S12).

NAD stability under alkaline conditions and the
possibility for reversible reactions

In order to have been useful at life’s emergence, NAD
had to serve as both hydride donor and hydride accep-
tor. That means the oxidation/reduction reaction has
to be able to proceed in both directions under the
given environmental conditions. Very small pH fluctu-
ations could bear upon this issue. From the present
data (Fig. S7) we observe that NADH is more stable
under (very) alkaline conditions than NAD" which
will degrade within a few hours under alkaline
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conditions [54]. Also in our reduction experiments (at
pH 8.5, usually increasing during the reaction), we
observe a loss of NAD™ in reactions in which it is not
quickly converted to substantial amounts of NADH
(Table S1). Under slightly acidic conditions, however
(pH < 7), NADH will be oxidised quite quickly. Thus,
in an environment in which pH can slightly vacillate
around neutral pH, both reduction and oxidation of
NAD are possible. Mineral catalysts could probably
direct the reversibility at even smaller pH ranges. In
serpentinizing systems, local pH microenvironments
have an influence on serpentinization rates [79], which
might mean serpentinization rates could also have an
influence on pH. Depending on the exact mineral com-
position of a serpentinizing system, pH depends on the
buffering characteristics of mineral compounds, such
that pH is not a static parameter. Under specific rock
compositions, there are even a few acidic serpentizing
systems on modern Earth [38], although the chemical
reactions of serpentinization are bound to ultimately
make a hydrothermal system alkaline.

Abiotic and biotic hydride donors

Our study shows that metal surfaces can serve as abiotic
hydrogenases (or ‘geozymes’) that can transfer the elec-
trons from H; directly to an organic cofactor. This direct
transfer of two electrons from H; to an organic cofactor,
without intervention of one-electron transfer through
FeS centres, has only been recently observed for a hydro-
genase, namely the Fgyo reducing [Fe] hydrogenase of
methanogens and some anaerobic bacteria [22]. Metal
hydrides could not only have served as abiotic hydride
donors for biological molecules in early evolution, but
also bring into focus a possible transition point from abi-
otic to biotic hydride donors in a prebiotic context. Prior
to the origin of hydrogenases, early metabolic systems
[6,26,80] were possibly still dependent upon metal
hydrides from their geochemical surroundings but at
some point an organic molecule that was able to inte-
grate the hydride and transfer it to acceptors such as
CO, under the given environmental conditions and made
the protocell independent of metal hydrides. Though this
is a strong hypothesis in need of testing, we note that
there are cells living in H,-rich environments today that
appear to lack hydrogenases [39]. Our findings suggest
that early redox cofactors might have interacted with H,
rich environments in a far more complex manner than
previously suspected. Our findings also show that in the
case of Ni, an essential element of acetogens and metha-
nogens [46], there exists a direct, rapid, and facile reac-
tion between NAD* and metal hydrides. Overall, H, gas
is able to convert an organic molecule (NAD™) to an

Abiotic hydride transfer by metals to NAD™

organic hydride carrier (NADH) in the absence of
enzymes [81], in the presence of native metals [41] under
the conditions of H; rich hydrothermal vents, which nat-
urally deposit native Ni (and Fe) in the form of the min-
eral awaruite (NisFe) [40,82,83].

Materials and methods

Samples with pretreatment

4 mmol of iron powder (Fe’; 99.94% metals basis, particle size
< 10 pm, Alfa Aesar, Thermo Fisher Scientific, Lancashire,
UK), cobalt powder (Co% metal basis, particle size 1.6 pm,
Alfa Aesar) and nickel powder (Ni’; metal basis, particle size
3-7 pm, Alfa Aesar) were placed in reaction glass vials, closed
with a PTFE-membrane bearing crimp cap, equipped with a
syringe needle for gas exchange, and lastly exposed to 5 bars of
H, overnight (16 h, 400 r.p.m. and 50 °C) in a stainless-steel
high-pressure reactor (BR-300, Berghof Products + Instru-
ments GmbH, Eningen, Germany). Afterwards, for NAD*
reduction, a solution of 12 pmol of NAD" (free acid, Merck
Millipore, Darmstadt, Germany) in 4 mL of 1 M phosphate
buffer (pH 8.5; potassium phosphate monobasic and sodium
phosphate dibasic, Honeywell Fluka, Fisher Scientific,
Schwerte, Germany; in HPLC-grade water) was prepared and
added via a disposable syringe through the needle in the mem-
brane, leading to an overall concentration of 1 M metal. As an
experimental control, one additional sample was prepared for
every reaction without any metal powder. The samples were
reintroduced in the reactor, which was closed tightly and pres-
surised again with either 5 bar of Ar or 5 bar of H,, depending
on the experiment. For the controls with metal oxides (Fe;Oy,
50-100 nm, 97% trace metals; Co304 < 10 pm; NiO,
> 99.995% trace metals; Sigma-Aldrich, Taufkirchen, Ger-
many) we used 1 M worth of metal atoms according to each
oxide (0.333 m for Co30,4 and Fe;0, and 1 M for NiO).

Samples without pretreatment

4 mmol of each metal powder were placed in 5 mL glass vials
(beaded rim) with a polytetrafluoroethylene (PTFE)-coated
stirring bar. The described NAD* solution in phosphate buffer
was pipetted on top, and sealed with a crimp cap with a PTFE-
coated membrane. One more sample was prepared without
metal powder to work as a control. To allow gas exchange
between the interior and the exterior of the glass vial, a syringe
needle was placed through the crimp cap membrane before the
vials were placed in the high-pressure reactor.

Reaction

After pressurising the reactor with either 5 bar of Ar gas
(99.998%, Air Liquide, Paris, France) or 5 bar of H, gas
(99.999%, Air Liquide), the reactions were started and regu-
lated by a temperature controller (BTC-3000, Berghof

The FEBS Journal 289 (2022) 3148-3162 © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 3157

Federation of European Biochemical Societies

40/153

9SUI0I] SUOURNO) JATIL) S[quar|dele 31 £ PALISAS 18 SIDMIE () ‘960 JO SI[ML 10§ ARIGUT JUUQ) AT, O (SUOIPUO-PUR-SIIY W0 4 [ AIRIGIRATIO, /) STOMPUDY) Pure ST, 3013 395 “[FZ0T/G0/L0] U0 AIQUT SWTUQ) A3[1, 691549/ 111 1'D1/10P/W00" Ko[iat” A1eaqriaun[uo’sqa ;s wiosy papeo[usoqt ‘I 1 ‘Z20Z SS9TrLI



Abiotic hydride transfer by metals to NAD™

Products + Instruments GmbH). Reactions were performed
from 0.5 h to 4 h at 40 °C. After the reaction, the reactor was
depressurised and the samples (metal powders and solution)
were transferred to 2 mL Eppendorf tubes and centrifuged for
15 min at 16 000 g. (Biofuge fresco, Heraeus, Hanau, Ger-
many). The supernatants (NAD*/NADH) and pellets (metal
powders) were subjected to different analyses which are
described below.

Separation of metal and supernatant to check for
the active catalytic species

To study the liquid and solid phases separately, we separated
them after a 1-h reaction with NAD™ (5 bar H,, 40 °C)
through hot filtration. The liquid phase was pipetted to a
new glass vial with a new PTFE-coated stirring bar and
sealed. The solid phase also went into a new glass vial but
with a fresh NAD™ stock solution. Then, all-glass vials were
re-introduced to the reactor to perform another 1-h reaction.

2H,0 controls

Three control experiments were made for Fe and Co: one
for pretreatment under Ar, one for reactions with H, and
another under Ar. Our controls contained “H,O instead of
the corresponding volume of HPLC-grade water with all
other parameters and analytic procedures maintained.

Measurement of pH

The pH after the reaction was measured for all samples
containing inorganic catalysts using a Lab 875 Multiparam-
eter Benchtop Meter (SI Analytics, Xylem, Mainz, Ger-
many) and a pH electrode (SI Analytics).

Quantitative 'TH-NMR analysis

To detect and quantify the formation of NADH and side
products such as nicotinamide and the decrease of NAD"
we used an existing protocol for quantitative proton nuclear
magnetic resonance ('H-NMR) [32,33]. The internal stan-
dard was a 7-mm solution of sodium 3-(trimethylsilyl)-1-
propanesulfonate (97%, Sigma-Aldrich) in deuterium oxide
(CH; peak at 0 p.p.m.; ’H,0 or D50, D50 99.9 atom % D,
Sigma-Aldrich), mixed 1:6 with the supernatant of our sam-
ples. gNMR spectra were obtained on a Bruker (Billerica,
MA, USA) Avance 111 600 using a ZGESGP pulse program.
Thirty-two scans were made for each sample with a relax-
ation delay of 40s (600 MHz) and a spectral width of
12 315 p.p.m. (600 MHz). Analysis and integration were
performed using MESTRENOVA (v.10.0.2) software.

UV-Vis Spectroscopy analysis

UV-Vis Spectroscopy was performed in some experiments as
a complementary analysis to 'H-NMR with an Agilent

D. P. Henrigues Pereira et al.

Technologies (Santa Clara, CA, USA) Cary 300 UV-Vis
Compact Peltier spectrometer. Two UV-Quartz cuvettes
were used for each measurement, one containing the super-
natant of a sample and the other 1 M phosphate buffer (pH
8.5) as a reference value. Analysis was made using the Cary
UV Workstation.

Fourier Transform Infrared (FTIR) Measurements

The metals from a 4 h reaction under Ar in "H>O were col-
lected from their glass vials and individually washed with
Milli-Q water through suction filtration. Then, the metal sam-
ples were dried using a vacuum desiccator overnight and
homogenised with a mortar and pestle for analysis. FTIR
spectra of the metal powders before and after the reaction
were obtained on Perkin Elmer-Spectrum Two (Perkin
Elmer, Waltham, USA) utilising an Attenuated Total Reflec-
tance (ATR) geometry with a LaTiO; detector. For each
measurement, the dry powder was directly measured on the
surface of the ATR crystal at room temperature without any
pretreatment. Each spectrum was collected with the resolu-
tion of 4 cm™" with 32 scans in the range of 400-4000 cm™".
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Abstract

Nucleotide-derived cofactors could function as a missing link between the informational and the
metabolic part at life’'s emergence. One well-known example is nicotinamide dinucleotide (NAD),
one of the evolutionarily most conserved redox cofactors found in metabolism. Here, we propose
that the role of these cofactors could even extend to missing links between geo- and biochemistry.
We first show how NAD* can be reduced specifically to the biologically relevant form of NADH
under close-to nature conditions with nickel-iron-alloys found in water-rock-interaction settings rich
in hydrogen (serpentinizing systems). Our study then revealed that the adenosine monophosphate
(AMP) “tail” of the dinucleotide, a shared trait between many organic cofactors, seems to play a
crucial mechanistic role in preventing overreduction of the nicotinamide-bearing nucleotide in our
mineral-based setup. Experiments with nicotinamide mononuclectide (NMN), a precursor molecule
to NAD lacking the AMP part, show that NMN gets reduced far less specifically than NAD, leading
to a variety of reduction side products. When reduced in direct competition, the concentration of
1,4-NADH always surpasses that of NMNH. Furthermore testing the reducing abilities of both
NADH and NMNH under abiotic conditions showed that both molecules act as equally effective,
soluble hydride donors, while overreduction products were shown to have less reducing strength.
This and the observation that reduction specificity also depends on type of present transition metal,
leads to the conclusion that the environment could have had an important influence on a prebiotic,
pre-enzymatic selection of cofactors.

Significance Statement

Many central organic cofactors share a molecular structure: the adenosine-derived “tail”. So far, it
is mostly seen as a recognition handle for enzymes with no specific prebiotic role. Using the
example of the most central redox cofactor nicotinamide dinuclectide (NAD), we demonstrate how
this attachment enables a specific hydride transfer from mineral surfaces. These findings lay the
foundation for potentially explaining how this “tail” became a universal structure in metabolism and
a promising approach towards investigating the emergence of metabolism.

48/153



Main Text

Introduction

To form connections between undirected geochemical reactions and the first, directed, potentially
even autocatalytic chemical reactions ultimately leading to metabolism, organic cofactors have
dropped in and out of focus of research for decades (1-10). These cofactors are a common
denominator between “information first” and “metabolism first” emergence of life hypotheses and
thus might help to actively bridge this dated temporal separation of life’'s most central components
(1, 11). The prebiotic synthesis of several organic cofactors was described or hypothesized via
numerous synthetic ways (3, 9, 11). Based on theoretical work cofactors could have preceded
enzymatic reactions playing central parts of self-sustaining non-enzymatic reaction networks (2,
12). Many central cofactors are structurally related, mostly via an adenosine-derived “tail” added to
a chemically active group (s. Fig.1). In biology, this tail mainly seems to have a recognition function
for enzymes (13, 14). The chemical properties and impact of this tail to the molecular dynamics of
the molecule, however, remain largely underexplored, with only a few exceptions (5). Even when
cofactors do not exhibit an obvious molecular connection such as adenosine, many (e.g. pterins or
folates) derive from nucleotides in their biosynthesis (8, 15-17).

An important aspect of evaluating the role of common nucleotide structures in organic
cofactors as the adenosine-derived “tail” is to investigate its function in a non-biochemical setting
(5). So to take one of the most central organic cofactors, NAD, as an example: how much are the
hydride transfers onto and from the nicotinamide influenced by the non-redox active adenosine

o e part? Getting insight into the mechanisms
{:}“{ iMowoneisies  in question is one of the main goals of this

o o NH 3 (NMN ) -
: '4\_ S - : study, focussing on extant biomolecules
. /‘ a
WHO il | i 2,
i W on ] rather than unknown prebiotic precursors.
{‘}_Jo b i o NAD is a central redox cofactor in
s H \ ¢ 3 adeni . .
HN’\; f: 1 T e Emriuglmnae metabolism and is presumed to trace back
N - Ao <Y : .
o/ \o ST et N : to the Last Universal Common Ancestor
. wo O 4 :
i (. 0\ (LUCA) of Archaea and Bacteria — and
HaN Mo, - y-HN,
; . o0
s g, el oo Ny _ . . _
N ”'*TO}_ Junag,ox.pf.-»”\,—f\___, F\ . Figure 1. A selection of central organic
w? o © T e RIS cofactors with an adenosine-based tail
. - \ £ (blue) connected to a functional part that
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P T W R HC ' t :
LW I,} EH_ \:]1/ _ metabolism  (black):  Electron/hydride
YW oo Bageosy! methione transfer, methyl transfer or acetyl-transfer.
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_‘,J/ \ G CH: o s} g g =
o e & (NMN).

possibly beyond (2, 18, 19). In a previous study we

demonstrated that NAD* can react with H2 and metal powder (Ni, Co, Fe) to specifically form the
biologically relevant form of reduced NAD (1,4-NADH) under hydrothermal conditions, however
using the metal powders in great excess (333:1) (20). Another study achieved NAD* reduction
without H2 — but also rather low yields — with iron sulfides (21). These publications introduced

3
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organic cofactors as possible transition points between geo- and biochemistry. Prior to these
studies, only application-oriented heterogeneous catalysis pathways for the hydrogenation of NAD*
had been described (22).

When it comes to NAD'’s prebiotic synthesis pathways, several have been proposed e.g.
via mineral-assisted synthesis under hydrothermal conditions (9, 23) or achieved in parts via nitrile-
and amino acid derived pathways (11, 24, 25). This study starts from the assumption that
nicotinamides were synthesized under prebiotic conditions and aims to evaluate whether the
described adenine-derived tail could have played a role in a non-enzymatic context as well.

Approaching prebiotic redox reactions, one has to think about a possible primary electron
source in the geochemical setting. Here, we are mainly investigating the options of water-rock-
interaction systems, where protons of water are being reduced to hydrogen (H2) gas by electrons
of Fe(ll) containing minerals (serpentinizing systems) (26, 27). Minerals found in such systems are
known to promote hydrogen activation and electron transfer for CO: fixation (28—30). Apart from
water-rock interactions constituting a rather simple, likely wide-spread geological scenario on a
mostly unknown early Earth, H2 as an ancient electron source makes a lot of sense from a biological
perspective as well. Looking at the reconstructed physiology of LUCA, it is likely that these first
cells lived as anaerobic autotrophs, so were fixing carbon dioxide (CO2) with the electrons provided
by H2 (19, 31-33) — a metabolic pathway still employed by many autotrophic prokaryotes today
(34). In order to access the electrons of H2, these organisms possess enzymes called
hydrogenases, which, depending on the exact organism, employ either Fe or Fe and Ni in their
active centers (35).

Incidentally, serpentinizing systems are rich in Fe and, depending on the system, can also
be abundant in Ni as well. Hotter systems tend to feature Ni-Fe-alloys with higher nickel
composition, while cooler ones are richer in iron (36). Nickel-containing intermetallic compounds
such as awaruite (NisFe) or taenite (NiFes to Ni2Fe) are products of the reaction of Hz2 with Ni(ll)
compounds in serpentinizing systems (36—38) and are also found in meteorites (39). Native metals
are also not impossible to find, if the conditions on site are reducing enough (40, 41). In this study,
we first tested various naturally occurring Ni- and Fe-containing compounds as “proto-
hydrogenases” for NAD* reduction and then compared NAD to NMN under hydrothermal
conditions, to assess the relevancy of the adenosine-derived tail in pre-enzymatic reduction. We
investigated the stability, reducibility and specificity of these organic cofactors and reduction
products.

Results

Screening naturally occurring iron and nickel containing minerals. Ni-Fe containing minerals
found in hydrothermal settings were tested for the reduction of NAD* under conditions comparable
to those found in mild serpentinizing hydrothermal systems (40 °C, 0.133 M phosphate buffer pH
8.5, 5 bar H2, SI Appendix Scheme §1). These nanoparticular mineral powders were synthesized
from scratch via the nano-casting method by using tea leaves as a template and were previously
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Figure 2. NAD" reduction at 40 °C over 4 h with equimolar amounts (normalized to 1 metal atom
per NAD molecule) of several Ni-Fe-alloys and 5 bar of Ha (or Ar). A) Segment of the 'TH-NMR
spectra where the chemical shift of the hydrogen on the 2™ nicotinamide carbon is visible upon
reduction. 1,4-NADH features a characteristic peak at 6 = 6.9 ppm and 1,6-NADH at & = 7.1 ppm
(SI Appendix Table 1). B) Yield of 1,4-NADH obtained for several metals after 4 h under Hz and
Ar. Reduction under Ar is detected only with minerals whose metal content is = 75% Fe. With 5 bar
of Hz, all metals can facilitate 1,4-NADH synthesis. Mixed alloys are more efficient than the pure
metals. All spectra and yields can be found in SI Appendix Tabs. S2-S3, Sl Figs. S1 and S2.

characterized (29, 42). The metal content in these reactions is equivalent to that of the cofactor (1
metal atom per cofactor). The resulting H2 concentration at our conditions is 3.6 mM (using Henry’s
law, s. SI Appendix Equations S$1-S3 and references (18, 26)), which is comparable to the H:
concentrations found in the effluent of serpentinizing systems (43, 44). The buffer was bubbled with
N2 for 1 h and handled inside a glove box to approximate the anoxic conditions on early Earth.
Several controls were implemented, including controls without metal and Ho, respectively. The
liquid phase was analysed by 'H-NMR.

After 4 h under Ha, 1,4- and 1,6-NADH formed in all samples at different yields, the reaction
with nanoparticular NiFes (nNiFes) yielding the most NADH (Fig. 2). Control experiments starting
from 1,4-NADH showed that 1,6-NADH is very likely a product of rearrangement from 1,4-NADH —
with only a marginal influence of the used metals (SI Appendix Scheme S2, Sl Tabs. S4 and S5,
Sl Figs. §3). Samples under Ar also produced NADH with a Fe-rich minerals (nNiFes, nFe). In
addition to transferring hydrides from Hz to NAD*, iron can oxidize, donating its own electrons either
by producing nascent Hz gas, ultimately reducing NAD* or by direct electron transfer to NAD*. This
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process can also be used as a proxy for the constant Ho-production in serpentinizing systems (20).
Ni by itself is Ho-dependent in the promotion of NAD* reduction.

STEM imaging before and after the reactions (the latter including a washing and dilution
step to assure true surface alteration) confirms that Fe, both under Ar and Hz, gets associated with
phosphate ions in ratio that suggests the formation of iron phosphate. Ni does not associate with
phosphate, suggesting it stays in its native form (S Appendix methods and Sl Figs. S4-S7).

In Ni-rich minerals, the Fe is expected to slowly reduce NAD under Ar conditions. However,
it is likely that the resulting products do not reach the detection threshold within 4 h. Overall,
bimetallic minerals are significantly more efficient than the individual transition metals when
hydrogen is available. Introducing one Ni atom to a Fe atom increases the yield by 300% (nNiFe
vs. nFe). Their properties, already observed in a previous study (20), seem to complement each
other for the reduction of NAD* with H2: Fe being mostly an electron donor, while Ni promotes
hydride transfer from Hz. These complementary roles have also been described in other
publications, suggesting charge transfers from Fe (more electropositive) to Ni could increase the
electron density in Ni (29, 45).

The “universal” adenine nucleotide in organic cofactors. Many central cofactors share an
adenosine-derived tail (Fig. 1) attached to a “functional” part. In the case of NAD, we define NMN
as the functional part (containing the hydride-transferring nicotinamide) and adenosine
monophosphate (AMP) as the adenosine-derived tail. NAD is stable in water, with its pH range
depending on the reduction state of the nicotinamide: NADH is more stable at pH>7, while NAD* is
more stable under acidic conditions (20). To investigate the role of the AMP-tail in a prebiotic
context, several experiments were designed to compare NAD and NMN. We initially focussed on
nNiFes, the most efficient of the Ni-Fe minerals in the above described NAD experiment (s. Fig. 2).
All other reaction conditions (buffer, pH, temperature, metal to cofactor ratio) were maintained (S/
Appendix Schemes S3). Products were quantified via '"H-NMR spectroscopy.

Without metals, NMN does not react and remained stable (SI Appendix Figs. S8 and S9).
Under Ar, NMN still got reduced due to the abundant iron in the mineral compound, but more slowly
than under H2 (SI Appendix Tabs. $6 and S7).

Additionally to the 2 h experiment with NAD* under Hz showed the increase of 1,4- and 1,6-
NADH to be steady and inversely proportional to the decrease of NAD" in solution (Fig. 3C). After
4 h with nNiFes, on average 57% of NAD" was reduced with 26% remaining oxidized. The
remaining 17% can in part be attributed to nicotinamide formation but also unassigned degradation
reactions and loss via surface absorption (46).

NMN, however, shows a completely different reaction profile (Fig. 3D). After only 1 h, 69%
of the starting NMN had been consumed, and a variety of products was observed in 1D 'H-NMR
(Fig. 3A). 2D-NMR spectroscopy facilitated the identification of the overreduction of NMN's
nicotinamide ring with two and three hydrogenation sites, so 1,4,6-NMNHs (2¢), and 1,2,4,6-NMNHs
(2d) respectively (Figs. 3A, B and D). While the fully reduced species 2d formed quickly and its
concentration remained constant over time, the concentration of twice reduced 2c increased with
once reduced 1,4-NMNH decreasing. This indicates that not all reductions are a step-wise process
(s. Fig. 3B), especially in the case of 2d.
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Figure 3. The reduction of NMN and NAD* promoted with equimolar quantities of NiFes
nanopowder (normalized to the number of metal atoms) and 5 bar of Hz2 (40 °C) was monitored for
4 h (SI Appendix Schemes §2 and S3). Both reactions were carried out in oxygen-free, aqueous
solutions at a pH of 8.5 (0.133 M phosphate buffer). A) '"H-NMR (600MHz) spectra monitoring NMN
reduction over time. Dashed lines mark the peaks used for identifying and quantifying reduced
NMN species previously identified via 2D NMR (SI Appendix Table S$8). Due to the complexity of
the mixture not all peaks could be assigned (SI Appendix Scheme $4 and S5, Figs. S11-22) B)
Proposed mechanism for NMN reduction with H2z and Ni-Fe minerals. The reduction site and
additional protons are highlighted in red. Full arrows represent proposed reaction mechanisms
supported by the data obtained, while the dashed arrow is an additional reaction that could not be
entirely excluded. Grey circles indicate the proton providing the NMR signal for quantification. In
bold font numeral assignments for NMN reduction products are made. C) Time course of NAD*
reduction (SI Appendix Schemes S6). Reduced NAD species are plotted as relative percentage
to a metal-free control sample (S| Methods) — all time points represent the mean and SD of at least
triplicates of the same reaction. The ring chart represents the distribution of products after 4 h,
percentage in the center indicates the entirety of assigned products. D) Time course of NMN
reduction (SI Appendix Schemes S7). Reduced NMN species are plotted as relative percentage
to a metal-free control sample — all time points represent the mean and SD of at least triplicates of
the same reaction. The ring chart represents the distribution of products after 4 h, percentage in
the center indicates the entirety of assigned products. Yields shown in C) and D) are also listed in
detail in SI Appendix Tab. S9 and S10 and Sl Appendix Fig. S23 and S24

Under Ar, 2d did not form at all, demonstrating that H2 is necessary for the full
hydrogenation of the nicotinamide ring (SI Appendix Tab. S7, Fig. S9). 2c, however, was also
forming under Ar, albeit in far lower yields (3%) than under H2 (25%) after 4h. The yield of 1,4-
NMNH was relatively similar in both atmospheres (7% under Ar; 10% under H2). Transferring these
observations to environmental conditions suggests that less reducing conditions could be
favourable for specific NMN reduction.
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The above mentioned products accumulated in different amounts, 1,4-NMNH being the
main product after 1 h under Hz (Fig. 3A and D). Other side products formed at a comparable rate,
rapidly depleting the reagent NMN. Consequently, the production of 1,4-NMNH seems to have
stopped after 2 h and subsequently began to decrease in concentration. The concentration of 2c
continuously increased over time. Even though the concentration of 1,4-NMNH decreased from
35% to 9% in 2 h, the total amount of reduced NMN remained relatively stable, exceeding 60%.
This suggests that 1,4-NMNH is the first and main product of NMN reduction, which can
subsequently undergo further reduction to other species, mainly 2c.

We were able to exclude two products commonly found in NAD* reduction, where the 2
or 6" carbon of the nicotinamide ring is reduced (22, 47, 48). Subsequently, reduction products
presumably starting with these two one-time reduced products could be excluded (SI Appendix
Scheme S4 and S8, Figs. S12, §13, $25-28)_In the case of NADH, its 1,2-reduced form is known
to be unstable, so it is likely this is the case with 1,2-NMNH as well, leading to its absence in our
reaction (49).

In the case of 1,4-NMNH loss over time, we saw several routes: i) mainly the further
reduction to 2¢, ii) 1,4-NMNH getting hydrolysed at it 5™ or 6! position, and iii) 1,4-NMNH engaging
in various dimerization reactions with 1,6-NMNH (Diels-Alder type reactions; SI Appendix Scheme
S§5). Via Liquid Chromatography Mass Spectroscopy (LC-MS) we were able to exclude such
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Figure 4. Selectivity and efficiency of NMN reduction with H2 gas is influenced by the type of metal
prevalent. (A) Product spectra of NMN reduction with decreasing Ni ratio. The proportion of
overreduction products decreases abruptly when no Ni is used (nFe), but so does the overall NMN
conversion (s. also SI Appendix Tab. S6 and Fig. S8). (B) The reduction of NMN assisted by
nNiFe alloys (cofactor ratio 1:1) yields products that directly correlate with the products obtained
when utilizing the metals separately in micropowder form (metal-cofactor ratio 200:1). pNi?
promotes the accumulation of 2c and 2d (purple) and other side products. 1,4-NMNH (grey) seems
to not react further when using yFe®, accumulating over time, but hydrolyse in parts further to 2b.
Note that this comparison is a qualitative one as it would not be appropriate to compare the yields
between nano- and micropowder. Yields for micropowder reactions shown in Fig. 4 are listed in SI
Appendix Tab. S11.

54/153



products and confirned the presence of a hydration product, so an OH™ being added to 1,4-NMNH
(Fig. 4B, SI Appendix Figs. S20-22). We were able to assign the hydration product NMINH20H
(2b) to a peak in the 'H-NMR (SI Appendix Figs. S18 and $19). Both 2b and 2c have several
conformational isomers, which result in several peaks within the "H-NMR spectrum as indicated in
Fig. 4A.

An often reported side-product of NAD reduction (e.g. via cyclic voltammetry) is a 4,4'-
linked NAD dimer (50), which also qualifies as a possible side reaction of NMN reduction. Here,
after careful interpretation of our 2D NMRs of the 1 h and 4 h reaction with NMN and the 4h reaction
with NAD, we can exclude the presence of such dimers (s. SI Appendix Fig. S14; no peak at 40
to 50 ppm in 13C of a bridging methine corresponding to the linkage). This was also confirmed via
LC-MS (no double charged molecules were detected). As these dimers are a direct result of radical-
forming 1e"transfers onto NAD (51), we can draw the conclusion that direct hydride or 2e” transfer
is the present mechanism in our reactions.

After quantification of all identified species, we can account for at least 70.7% of transformed
NMN for all reactions, often more. Unidentified species encountered in lower yields can also stem
from the differently reduced versions of the degradation product nicotinamide (52). It is furthermore
possible, as mentioned above, that some NMN was lost due to interaction with the mineral surface.
Overall, there is notable and surprising difference between the reduction profile of the dinucleotide
and the mononucleotide, the origin of which will be addressed in the discussion.

To each its own metal and mechanism? Starting from the observation that during NMN
reduction, 1,4-NMNH is a main product decreasing with the length of the reaction, we hypothesized
that less efficient catalysts might help to avoid overreduction and thus reduce NMN more
specifically than the previously used rather efficient nanoparticular NiFe-alloys. As both nNi and
nFe visibly worked less efficiently for NAD* reduction, but Fe promoted reduction in higher yields,
we decided to work with the same nanoparticular NiFe and Fe powder (nNiFe, nFe; 1:1 ratio to the
cofactor) powder used for NAD* reduction (Fig. 4A). Reducing the ratio of Fe (nNiFe) also reduces
the amount of converted NMN, while keeping the ratio of 1,4-NMNH to side products quite similar.
The nFe powder by itself converted far less NMN but also did not promote the formation of three
times reduced 2d, while twice reduced 2c is only produced in almost untraceable amounts. The
hydration product 2b visible as a peak at 7.35 ppm still accumulated over the 4 h reaction time.

In order to explore whether this observation is a mere metal-dependent effect, we repeated
experiments with NMN and Hz over commercially available Fe and Ni micropowder (uFe, particle
size: <150 pym; pNi, particle size: 3—7 pym). This separates the metal dependency from the general
reduction efficiency of nanoparticular powders due to a large surface area. The metal-cofactor ratio
was 200:1 to guarantee the detection of even low concentration side products. The results (Fig.
4B) show a remarkable trend to overreduction with pNi, while yFe mostly displays two main
products: 1,4-NMNH and 2b, the latter being the hydrolysis product of the former. Comparing the
spectra of NMN reduction with uNi only and pFe only with those of nNiFe, the distinct product
patterns of each metal becomes apparent.

Nickel has long been recognized as a hydrogenation catalyst (53), — but why does it, when not
combined with Fe, only reluctantly reduce NAD (Fig. 2 and (20)) and yet overreduce NMN, not
leaving any traceable amount of single-reduced species? The answer probably lies again in the
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structural differences between NAD and NMN. NMN can be more easily absorbed to a
hydrogenated Ni surface, possibly over the entirety of its nicotinamide ring (s. SI Appendix
Scheme $§9). This could also explain the fast formation of its fully reduced product 2d shown in Fig.
4C. NAD in a staggered formation could only absorb partly on the surface, avoiding overreduction
(54).

If this is true, why does Fe not overreduce NMN as readily as Ni? Here, we can reflect on the
mechanisms postulated by us in Pereira et al. (20), that Fe both serves as a (less effective)
hydrogenation catalyst and a strong electron donor, either via direct electron transfer to the
nicotinamide cofactor or the formation of nascent hydride groups on its surface.

Assuming that Fe predominantly reduces NMN through direct electron transfer, the reduction
process prioritizes the species with the most favourable redox potential first—namely, 1,4-NMNH
(and 1,4-NADH, in the case of NAD). This hypothesis was substantiated by cyclic voltammetry (CV)
measurements, which revealed that 1,4-NMNH exhibits the highest oxidation potential among all
the reduction products obtained from NMN (SI Appendix Tab. S12, Figs. S30-33).

Another possible explanation could be that the Ni catalyst does not alter as much as the Fe
surface, meaning there would be a constant supply of hydrides available. For Fe, the previously
described association with phosphate from the buffer could block active centres, which further
prevent over reduction.

While the combination of nickel’'s hydrogenation strengths and iron’'s electron donation
increases the yield of 1,4-NADH immensely compared to Fe or Ni separately (Fig. 2), the addition
Ni does not increase the directed reduction of NMN to 1,4-NMNH.

Table 1. Overview of yields of mixtures of NAD* and NMN in comparison to separate reduction.
Row 1 shows the quantification of NAD* (n=3) and NMN (n=3) in individual reactions with uNi and
uFe, row 2 shows reactions of mixtures of NAD* and NMN (for all n=3). In all experiments, the
metal powder concentration lies at 600 mM, so for row 1, the metal to cofactor ratio is 50:1, for row
2 itis 25:1. All yields are calculated per to 12 mM of starting cofactor. Unpaired t-tests were used
to evaluate whether the differences in concentration between 1,4-NADH and 1,4-NMNH in the
competition experiments are significant: *two-tailed P value = 0.01686, significant difference; ***two-
tailed P value = 0.0008, very significant difference. All additional data for these experiments can be
found in SI Appendix Tabs. S13-16, Figs. S34-37 and Schemes S10-12.

1,4- 146- 1246

Cofactors  metal Nk‘[‘;H ng'H NAD* | NMNH NMgHbjo"' NMNH; NMNH  NMN
(2a) 2c)  (2d)
8.12% 1.60% 57.52% 47.95 % 11.43% 0.00% 0.00% 23.48%
nap' | nmn Fe | x12s | so2e w2ss | osiise +2.03 £000  $000  *1584
12mM Ni 19.89% 5.26% 53.12% 4.85% 13.79% 44 13% 983% 0.92%
+0.15 +0:15 +1.82 + 3:47 + 453 07 +3.11 +0.40
11.33%" 217% 4510 7.06%" 2.26% 0.00% 0.00% 75.15%
NAD- +NMN  Fe +120 | :028 1060 | 2093 £0.71 £000 :000 +1126
12 mM Ni 13.63%" ™ 3.51% 63.82% 5.70%" 7.33% 3.74% 0.00% 79.55%
+0.83 +035 +17.08 +0.92 +0.31 + 095 +(0.00 +175
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Competing interests. At this point, we have formulated the hypothesis, how the addition of an
adenosine-derived tail to the functional nicotinamide group could harbour an advantage for specific
reduction in a mineral-based environment. To test this hypothesis, we conducted experiments with
both NMN and NAD* in the same reaction mixture using uNi and uFe as metal promoters at pH 8.5
to explore the reduction of both cofactors in direct competition (Tab.1). As controls, we used
reduction experiments of NAD" and NMN separately. For the mixed experiments, both cofactors (a
12 mM) were combined with 600 mM of metal powder, leading to a 25:1 metal to cofactor ratio. In
all cases, the 1,4-NADH concentration surpassed that of 1,4-NMNH considerably (Tab. 1). This
shows how a dinuclectidic structure could potentially have been an advantage on a non-enzymatic
level. Furthermore, the results indicate that NAD, while obtaining rather comparable reduction
yields for itself in all experiments, seems to have a dampening effect on NMN (over)reduction when
both cofactors are in the mixture.

Ultimately, reducing NAD and NMN with the help of H2 and metal catalysts is just one part of
these cofactors’ role in the prebiotic path towards the first functioning cells — being able to act as a
reductant is equally important.

The reduction capability of NMNH and NADH. Looking at all side products of both NAD* and
NMN reduction, one has to ask the question: which ones can be a reductant for further reactions
and which ones cannot? As already mentioned above, investigating the redox potential of both 1,4-
NADH and 1,4-NMNH standards via cyclic voltammetry helped comparing their oxidation potential
with that of the reaction mixtures of NiFe-assisted reduction of NAD* and NMN with Hz (S/
Appendix Tab. $12, Figs. S30-33). In the case of NiFe-assisted NAD* reduction, the resulting
mixture shows only the oxidation potential of 1,4-NADH, while in the case of NMN reduction, the
oxidation potential of both 1,4-NMNH and that of a second reduced species (most likely the species
with the 2" highest concentration, 2c) is measured. As the 20
second signal has a lower oxidation potential (meaning is harder

ns
to oxidize), we postulate that in the case of NMN, as for NAD, the 15 - |

1,4-species is the most relevant reductant, not only in a biological =

but also in a prebiotic context (55-57). One could argue that it is 10 -
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single-reduced 1,6-NADH, but we could not isolate this side product to test it as we did for 1,4-
NADH and 1,4-NMNH in the following. Recently, it was shown, that Fe?* ions (among other metal
ions and also minerals) can promote the reaction of 1,4-NADH with pyruvate to lactate abiotically
(SI Appendix Scheme S$13) (10). Here, we used this reaction as a proxy to compare the reducing
capabilities of 1,4-NMNH and 1,4-NADH, showing that both molecules can reduce pyruvate to
equal amounts under aqueous conditions with Fe** in 17 h at 40°C (pH<5), based on recently
published experiments by Mayer and Moran (10). These results underline that both 1,4-NMNH and
1,4-NADH are equally good hydride donors and thus that the adenosine nucleotide tail does not —
or at least not strongly — influence the efficiency of the catalysed hydride transfer (Fig. 5).

The conditions used for reduction and for oxidation in this paper diverge — while for reduction
slightly alkaline conditions are used, oxidation is conducted under acidic conditions. 1,4-NADH is
known to hydrolyse under acidic conditions (58). We performed qualitative experiments at pH 5.5
over puFe and uNi with both NAD* and NMN (SI Appendix Scheme S14 and S15, Figs. S40 and
S41) to confirm this applies to both nicotinamides in a similar manner. These experiments show
the formation of hydrolysis products of the 1,4-species of both cofactors in the case of Ni, while,
over Fe, also 1,4-NMNH and 1,4-NADH can be detected probably due to the increase in pH (up to
pH 8) during the latter experiments. So although NAD* and NMN will be reduced under acidic
conditions, they are hydrolysed quickly.

The oxidation of 1,4-NADH and 1,4-NMNH, however, seems to work preferably under acidic
conditions (10). So fluctuations in pH might be necessary to combine both reduction and oxidation
in the most effective way.

Discussion

In this study, we have shown that both nicotinamide mono- and dinucleotide can be reduced under
conditions found in serpentinizing systems, i.e. with H2 gas promoted by Fe and Ni containing
minerals. We demonstrated that NMN is much more reactive than NAD* in a time course
experiment with NiFes nanopowder. Within 1 h, more NMN is consumed than NAD* in 4 h, under
the same experimental conditions. The first and main product of both reactions seems to be 1,4-
NADH/NMNH. However, while 1,4-NADH remains stable in solution, 1,4-NMNH quickly undergoes
further reduction to form increasingly reduced products. From previous studies we know that 1,4-
NADH does not get overreduced and remains stable even when the experimental conditions are
more reducing or a higher metal to cofactor ratio is employed (20).

Where does this specificity for 1,4-NADH come from? It is known and well-described that
NAD(H) in aqueous solution alternates between a folded (Fig. 6) and open conformation (59-63).
This could shield the nicotinamide ring from excessive overreduction — and possibly also from side
reactions such as hydrolysis. We deduce from these results that —in a mineral-dependent prebiotic
context — the adenosine-derived tail can be essential for the targeted reduction of the 1,4-position,
as well as for the stability of this specific reduction product.

We also evaluated the role of both Fe and Ni individually in NMN reduction — separated
from the general efficiency of nanopowders. We found, that Ni tends to be responsible for most of
the overreduction products in NMN reduction while Fe promotes the formation of 1,4-NMNH, the
main other side-product being the hydrolysis product 2b. However, looking at experiments with less
Ni to cofactor ratio (e.g. Tab. 1, row 1), Ni also promotes the formation of 2b, indicating that the
hydrolysis product forms whenever 1,4-NMNH is not overreduced very quickly. Based on these
results, one can discuss how environmental conditions such as metal availability could have
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influenced the prebiotic selection process of redox cofactors. This study has shown that the
adenosine-derived tail of NAD stabilizes the functional nicotinamide part of the molecule. Like that,
the reduction (and thus also oxidation) properties of NAD could have been maintained within a
broader variety of environmental conditions than without the tail. We validated this hypothesis
further by performing experiments with both NMN and NAD* in the same reaction mixture using
uNi and yFe as metal promoters. These results show that NAD* always produces more of the 1,4-
species than NMN, the latter forming more sideproducts. An additional observation was that NAD
seems to be actively decreasing NMN (over)reduction, most likely lowering the interaction of NMN
with the metal surfaces — clearly also those metal-cofactor interactions leading to full hydrogenation
of the nicotinamide ring (Tab. 1). NAD potentially assisting NMN in increasing its reduction
specificity is an effect in need of further investigation.

Cyclic voltammetry experiments showed that the oxidation potential of single-reduced
species, while all further side products fall behind. Concerning the single-reduced side product 1,6-
NADH, we assume it to have a comparable redox potential as 1,4-NADH, although we cannot
account for possible steric hindrances during actual reduction reactions. In a biological context,
only oxidation at the 1,4-position of the nicotinamide ring is observed. Prebiotically, a 1,6-species
could also be relevant for reduction, but this, to our knowledge, has not yet been observed in an
experimental setup.
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Figure 6. Summarizing figure showing all educts and products detected during simultaneous
reduction of NAD* and NMN. NMN produces more side products than NAD, possibly creating a
mechanistic bottleneck for the back reaction, for which only one-time reduced nicotinamides have
a comparable reducing strength — both overreduction products such as NMNHs and hydrolysis
products such as NMNH20H could likely not compete as reducing agents in a prebiotic scenario.
Consequently, only single-reduced species such 1,4-NADH and 1,4-NMNH could be coupled for
reduction reactions, thus detaching the reduction from a mineral surface. Based on assessments
of the redox potential, we assume 1,6-NADH being able to reduce equally well as 1,4-NADH — not
accounting for possible steric hindrances.
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The higher reducing strength of single-reduced nicotinamide species creates a mechanistic
bottleneck for the back reaction — both overreduction and hydrolysis products could likely not
compete as reducing agents in a prebiotic scenario. Additionally, we have shown here that both
1,4-NMNH and 1,4-NADH act equally well as a hydride source in a non-enzymatic context, using
a protocol established by colleagues (10). So considering that the synthesis of both 1,4-species
from their according oxidized forms is highly influenced by effectiveness and mechanism of the
hydrogenation catalysts, it is possible that the environment had an important influence on the
prebiotic selection of nicotinamides.

In our experimental setup, reduction and oxidation do not occur under the same conditions:
slight alkaline conditions for reduction as the reduced forms of NMN and NAD are prone to
hydrolyse under acidic conditions; acidic conditions for oxidation as 1,4-NADH is known to
hydrolyse more efficiently then (58). It is a challenge to triangulate conditions under which both
oxidation and reduction can occur at the same time, it is however likely, that slightly fluctuating
conditions are necessary to direct oxidation and reduction.

Considering that redox cofactors could have presented a means to detach hydrides from
mineral surfaces tor transport them to other geochemical conditions, a separation of conditions for
reduction and oxidation would actually make sense. Fluctuations in pH would be not only a bear
necessity to combine both reduction and oxidation, but a natural mechanism to boost the role of
organic hydride carriers to begin with (Fig. 6).

The geochemical settings this work is focussing on (serpentinizing systems), exist in both
acidic and alkaline conditions, though geologically separated from each other (26, 43). Alternating
physicochemical conditions on a micro-compartment level within serpentinizing systems have been
observed and further hypothesized as driving force for prebiotic reactions (64-67). However, the
real effect of such alternations still needs to be investigated in both laboratory and natural settings
—including a variety of different geochemical settings.

Conclusion and Implications

Here, we observed that the distinct structure of nicotinamide mono- and dinuclectide
molecules influences the reduction product spectrum associated with the nicotinamide ring. There
is a significant difference in how both molecules react to the addition of nickel to iron-containing
catalysts — while most of the overreduction of NMN seems to be due to the contribution of nickel,
the specific reduction of NAD* to 1,4-NADH and smaller amounts of 1,6-NADH with Ni-Fe-alloys is
much faster than with iron or nickel alone. The overreduction of NMN, only consisting of
nicotinamide and a phosphorylated ribose part, inevitably would lead to the molecule being a less
effective hydride donor. The rather quick overreduction could be due to NMN being able to interact
more directly with the mineral/metal surface than NAD. The additional AMP part attributes NAD its
well-described staggered position in solution (59-62) which could prevent it from associating to the
mineral surface the same way NMN does (Fig. 6; SI Appendix Scheme §9). Further, possibly
theoretical, investigation will be necessary to get a definite answer.

Looking at the reverse reaction, based on previous work by colleagues with 1,4-NADH (10),
we were able to confirm that both 1,4-NMNH and 1,4-NADH act equally well as a hydride source
in a non-enzymatic context.

When it comes to the concrete question of prebiotic selection of organic cofactors, our study
suggests that the ability to provide hydrides might not be the bottleneck, but rather the setup of the
environment in which these reactions would have taken place. Overall, in the case of NAD and
NMN, the dinucleotide would be more adapt to a variety of environments, ensuring specific, one-
time reduction of the nicotinamide. In direct competition experiments we performed over the course
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of 4 h, the concentration of the 1,4-species of NAD always surpasses that of NMN. However, the
mononucleotide might be advantageous in an environment with less efficient catalysts as it reduces
faster, this ultimately also depends on how exactly reduction and oxidation reaction can be coupled
under prebiotic conditions. Assuming that redox cofactors could have presented a way to detach
hydrides from a mineral surface under certain conditions (33) to expose them to different
environmental conditions, a molecular structure stabilizing the optimal reducing form (NAD) would
be preferable over one that does not (NMN, Fig. 6). A next step would aim for the self-sustaining
combination of both reduction and oxidation of these redox cofactors. Furthermore, more research
will be necessary to understand the depths of molecular structure in prebiotic selection, including
molecules we do not see in biochemistry today.

Lastly, our observations of a stabilizing function of adenosine-derived tails could be applied
other cofactors such as FAD, CoA or SAM. It seems feasible that also there, the extended structure
could have been of merit in a prebiotic setting prior to a biological function (14, 68).

Materials and Methods

Metal preparation. The synthesis of Ni’, Fe? and Ni-Fe Nanoparticles was carried out as described
by Beyazay et al. (29). Commercially bought Fe’ (reduced, <149 pm, Carl Roth, referred to as uFe?)
and Ni® micropowders (3-7 micron, Thermo Scientific, referred to as uNi%) were treated under 5 bar
of Hz, at 50 °C for 16 h before being used. A detailed characterization of these metals can be found
in the same publication.

Experimental setup with Ni-Fe alloys. Under anaerobic conditions, using a glovebox
(JACOMEX), 3 mL of anoxic 0.133 M phosphate buffer solution (PBS; pH 8.5; potassium phosphate
monobasic and sodium phosphate dibasic, Sigma-Aldrich, in HPLC-grade water); bubbled with N2
for 1 h containing 36 or 18 ymol of the organic nicotinamide (Nam) compound NAD* (>95.0%, TClI)
or NMN (100% Uthever, MoleQlar; >98.0%, TCI; SI Appendix Fig. S42) were placed in 5 mL glass
vials (beaded rim) with a polytetrafluoroethylene (PTFE)-coated stirring bar. Equimolar amounts
(relative to the cofactor) of metal atoms of Fe, NiFes, NiFe, NisFe, or Ni nanopowders were added
to the bottom of each vial, with the exception of a metal-free control (SI Appendix Tab. §18).
Alternatively, experiments with Fe and Ni micropowders had 1.8 or 7.2 mmols of metal and 36 pmol
of cofactor (metal-cofactor ratio 50 or 200:1) in 0.5 M PBS (pH 8.5 or pH 5.5). The vials were sealed
with a crimp cap with a PTFE-coated membrane. To allow gas exchange between the interior and
the exterior of the glass vial, a syringe needle was inserted through the crimp cap membrane before
the vials were placed in the high-pressure reactor.

Standard high-pressure reaction. After pressurizing the reactor (Berghof Reactor 300) with either
5 bar of Ar gas (99.999%, Air Liquid) or 5 bar of H2 gas (99.9% Nippon Gases), the reactions were
started and regulated by a controlled reactor heating system (Berghof Products + Instruments).
Reactions were performed from 1 h to 4 h at 40 °C and 400 rpm, in a Berghof Reactor Heating
System (BR-HS). Afterward, reactors were depressurized under anaerobic conditions and the
samples (metal powders and solution) were transferred to 2 mL Eppendorf tubes and centrifuged
for 20 min, at 4 °C, and 13,000 rpm (Fresco 17 Microcentrifuge). The supernatants were subjected
to different analyses, which are described below.
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Reduction of pyruvate with Fe3* and 1,4-NMNH or 1,4-NADH. These experiments followed the
protocol described in Tables S15 and S16 of the paper Mayer et al. 2024 (10). An aqueous mixture
of 0.1 mL with 0.1 M pyruvate (Pyruvic acid, Carl Roth), 0.2 M 1,4-NADH (95%, Thermo Scientific),
and 0.06 M FeCls (98% anhydrous, Grussing GmbH) reacted overnight at 40 °C and 400 rpm
(pH<5). For the removal of metal ions, it was added 0.2 mL of a thiolate/phosphate solution (100
mg NaSH, 100 mg NaCH in 10 mL saturated aqueous Na3PQOa), and left to settle in the fridge (4
°C) for 3 h. Instead of a DMSO standard as used in the referenced protocol, 0.1 mL of a 7mM DSS
stock solution was added at the end of the experiment. To reach a certain volume, 0.2 mL of D20
were also added before the sample was measured. '"H-NMR spectra were obtained by an AV I
HD 250 MHz Spectrometer with a Double Resonance Broad Band (BBOF) probe head. The same
experiment was repeated with 1,4-NMNH (97%, AmBeed) instead of 1,4-NADH.

Quantitative proton nuclear magnetic resonance (QNMR) analysis. To monitor reactions, as
well as detect and quantify the formation of reduced NADH and side products we established a
protocol for quantitative proton nuclear magnetic resonance ('H-NMR).(28, 69) The internal
standard was a 7 mM solution of sodium 3-(trimethylsilyl)-1-propanesulfonate (DSS, CHs peak at
0 ppm; >98.0%, TCI) in deuterium oxide (D20 99.8 atom%D, AcroSeal, Thermo Scientific), mixed
1:6 with the supernatant of our samples. gNMR spectra were obtained on a Bruker AVANCE-NEO
600 MHz spectrometer equipped with a 5 mm iprobe TBO with z-gradient. Thirty-two scans were
made for each sample with a relaxation delay of 40 s (600 MHz) and a spectral width from -3 to 13.
Analysis and integration were performed using MestReNova (v.15.0.1). Metal-free controls (ran
under the same conditions as the quantified, metal-containing samples) were used as references
to the initial amount of NAD/NMN in the sample to account for evaporation and possible
degradation under the given pH, temperature and time. The average initial amount of cofactor in
the controls was used as t = 0 h and to normalize the reaction yields.

Standards. 'H-NMR standards were prepared with 24 mM of the compound and 1 mM of DSS
dissolved in D20 (SI Appendix Figs. S43). The spectra were obtained by a AV lIl HD 250 MHz
Spectrometer with a BBOF probe head.

Product Characterization through 2D-NMR. 2D 'H-NMR enabled the assignment of peaks for
1,4-NMNH and NMN in accordance with literature and in comparison to the pair NAD/NADH (S/
Appendix Tabs. S19 and S20; Figs. $S44-58) (70). Reduction products were also characterized
through different 2D-NMR correlation spectra (SI Appendix Scheme S4; Figs. $11-19). 3 mL of
sample from a 1h and 4 h reduction of NMN with equimolar amounts of NiFes (5 bar Hz, 40 °C, 400
rpm) were dried using a vacuum concentrator (SpeedVac DNA 130, Savant). The remaining
solution and pellet were suspended in 500 pl of D20 to increase the concentration of the products
and resolution of the NMR spectra. The same procedure was performed for a NAD* sample after
a 4 h reaction with equimolar amounts of NiFes (5 bar H2, 40 °C, 400 rpm). Two-dimensional
correlation spectra of 'H, 'TH DQF-COSY (Double-Quantum Filtered COrrelated SpectroscopY), 'H,
'H TOCSY (Total COrrelated SpectroscopY),'H, '*C HMBC (Heteronuclear Multiple Bond
Correlation spectroscopy) were recorded with standard pulse programs.(71) Edited HSQC
(Heteronuclear Single Quantum Coherence spectroscopy) spectra were recorded using sensitivity
improvement with echo/anti-echo gradient selection and multiplicity editing during selection step®’
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NOESY (Nuclear Overhauser Effect SpectroscopY’) spectrum was recorded with mixing time of 1.5
s. Chemical shifts are referenced with sodium salt of trimethylsilylpropanesulfonic acid (DSS).
Spectra were obtained with the same instrument as qNMR and compared to a list of possible
products.

Supporting Information

All Supporting Information (methods, figures showing analytic data, tables, schemes) is
comprehensibly presented in a single pdf file.

Data Availability Statement

The data that support the findings of this study are available in the S| Appendix of this article.
Original analysis files (LC-MS, NMR) will be provided by the corresponding authors upon
reasonable request.
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Supporting Methods

Liquid Chromatography Mass Spectroscopy (LC-MS). Samples were prepared from the
supernantant of a reaction with 36 pmol NMN, 36 umol Fe® (nanopowder) in 3 mL of 0.133 M PBS
(pH 8.5). The reaction ran for 4 h at 40 °C in a high pressure reactor with 5 bar of Hz. Afterwards
the supernatant was diluted 1:200 with HPLC grade H:0. 2 replicas were measured and compared
to the supernatant of the control (without metal powder) and a standard with equivalent amounts of
1,4-NMN to NMN in the samples. The chromatographic separation was performed on a Thermo
Scientific Vanquish high performance liquid chromatography (HPLC) System using a SeQuant ZIC-
pHILIC column (150 x 2.1 mm, 5 um particle size, peek coated, Merck) connected to a guard
column of similar specificity (20 x 2.1 mm, 5 um particle size, Phenomenex) a constant flow rate of
0.1 mL/min with mobile phase A with mobile phase comprised of 10 mM ammonium acetate in
water, pH 9, supplemented with medronic acid to a final concentration of 5 uM (A) and 10 mM
ammonium acetate in 90:10 acetonitrile to water, pH 9, supplemented with medronic acid to a final
concentration of 5 uM (B) at 40 °C . The injection volume was, dependent on the expected analyte
concentration, between 1 ul and 5 pul. The mobile phase profile consisted of the following steps and
linear gradients: 0 — 1 min constant at 75% B; 1 — 6 min from 75 to 40% B; 6 to 9 min constant at
40% B; 9 — 9.1 min from 40 to 75% B; 9.1 to 20 min constant at 75% B. A Thermo Scientific ID-X
Orbitrap mass spectrometer was used in negative ionization mode with an electrospray ionization
source and the following conditions: HESI spray voltage at 5500 V, sheath gas at 25 arbitrary units,
auxiliary gas at 5 arbitrary units, no sweep gas, ion transfer tube temperature at 275 °C, and
Vaporizer temperature at 75 °C.Detection was performed in full scan mode using the orbitrap mass
analyzer at a mass resolution of 120 000 in the mass range 330-360 (m/z). The extracted ion
chromatograms of the [M-H] were generated using Freestyle software (Thermo Scientific) applying
a mass accuracy of 5 ppm. Comparative predicted natural isotope distribution was calculated using
ChemcCalc z. Peak spectra were extracted from the apex of the peak. A Background subtraction
was performed from an injection of water using the spectrum extracted at the same retention time.

Cyclic Voltammetry. The redox potential of NAD and NMN were compared through cyclic
voltammetry performed at 1 mM of each compound in H2O at 25°C using as electrolyte disodium
hydrogen phosphate and potassium phosphate (0.133 M PBS), at a scan rate of 50 mV/s. A three-
electrode electrochemical cell has been used: glassy carbon as the working electrode, platinum
wire as an auxiliary electrode, and Ag/AgNO3 (0.01 M) as a reference electrode.

Scanning Transmission Electron Microscope (STEM). In preparation for the STEM
measurement, 1 mg of Ni-Fe-particles where dispersed in 400 pL methanol (HPLC grade; Fisher
Scientific) using an ultrasonic bath (Bandelin) for 5 s. Subsequently, 20 uL the dispersion where
diluted with additional 90 pyL of methanol, dispersed in the ultrasonic bath again. A drop of the
dispersion was placed on the Cu 300 Mesh lacey carbon grid (EMS) and left to dry. In the case of
particles recovered after a reaction, the particles were washed with water (HPLC grade, Fisher
Scientific), dried and handled accordingly to pristine particles above. Measurements of drop-cast
NiFe particles were carried out using an aberration-corrected JEOL JEM-2200FS STEM equipped
with a Bruker XFlash 5060 Energy Dispersive X-ray Spectrometer (EDX) operated in analytical
mode with a spatial resolution of approximately 1-2 Angstroms.
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Henry’s Law
Equation S1 H2 concentration

H°P:Henry's constant
c,. concentration
p: pressure

Equation S2 Henry's constant for Hz:

mol
H®(H,,298K) = 7.8 x 10—
L X atm

Equation S3 Temperature dependency of Henry’s constant:

11
H?(H, T,) = H?(H, 298 K) X e(snu(Tz 298 x))

70/153



Heterogeneous catalysis of NAD" reduction with H; and Ni/Fe alloys
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Scheme S1 The reduction of NAD* with Ni/Fe alloys was tested with the protocol described in detail
in Methods, and according to the scheme above. The amount of metal and NAD* was 36 pmol,
which reacted together for 4 h, at 40 °C, under alkaline conditions and 5 bars of H2. The same
reaction was made under Ar as a control.

Table S1 For quantification of each compound, a peak was selected in their spectra. The values
listed a bellow indicate the ppm value where the peak can be found at approximately pH 8.5
(0.133M PBS).

Molecule NAD* Nam 1,6-NADH | 1,4-NADH
6 (ppm) for
guantification 9.12 8.93 <1 6.94

Table S2 After 4 h under 5 bar of Ha, samples with different nanoparticular Ni/Fe alloys yielded
different amounts of 1,4-NADH, 1,6-NADH and nicotinamide (Nam), from the starting material
NAD™*, as listed below. The starting metal and cofactor were 36 pumol mixed in 3 mL of 0.133 M
PBS (pH 8.5), as shown in Scheme S1. The yields were calculated relative to the metal-free sample
(100% NAD?*). Reactions with nNi, nNisFe, and nNiFe were performed with six replicas; Fe? and
w/o metal were done with five replicas; nNiFes amounted to four. To determine the turn over
frequency (TOF) of each reaction, 1,4-NADH and 1,6-NADH were considered as products and the
total amount of metal atoms were considered as the amount of catalyst, instead of the number of

molecules.
Ha NAD* | sD 1,4- sD 1,6- sD | Nam | sp | TOF [mols]
NADH NADH

nNP® | 72.63% | 35% | 368% | 05% |  1.19% | 02% | 6.37% | 0.3% 3.57E-06

an LoNisFe | 61.20% | 27% | 14.00% | 18% | 684% | 11% | 747% | 02% 1.54E-05

nNiFe | 31.10% | 21% | 19.66% | 24% | 7.00% | 12% | 7.88% | 0.7% 2.02E.05

nNiFes | 2550% | 4.4% | 40.60% | 1.8% | 16.70% | 0.6% | 4.48% | 0.1% 3.02E-05

nFe® | 52.23% | 76% | 601% | 1.1% | 0.00% | 0.0% | 7.04% | 0.6% 4.41E-06
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Fig. S1 The NMR spectra of replica samples of NAD* in PBS (0.133 M, pH 8.5) after 4 h with 5 bar
of H2 and a metal 1:1 cofactor ratio, as shown in Scheme 81, are stacked together in this figure.
The metal used in each sample is indicated on the right side of each spectra. After 4h reacting, the
supernatant was collected and DSS added as an internal standard. The spectra were edited to only
include relevant peaks, having been removed a DSS peak at 0 ppm and water peak at 4.8 ppm.
No other peaks were found in the areas removed. Some DSS peaks are still visible (*). The peaks
used for qualitative analysis and subsequent gNMR are highlighted in blue, according to Table S1.

Table S3 After 4 h under 5 bar of Ar, samples with different nanoparticular Ni/Fe alloys yielded
different amounts of 1,4-NADH, 1,6-NADH and Nam, from the starting material NAD*, as listed
below. The starting metal and cofactor were 36 pmol mixed in 3 mL of 0.133 M PBS (pH 8.5), as
shown in Scheme S$1 with Ar. The yields were calculated relative to the metal-free sample (100%
NAD™"). Reactions with nNi, nNizFe, and nNiFe were performed with six replicas; nFe® and w/o metal
were done with five replicas; nNiFes amounted to four. To determine the TOF of each reaction, 1,4-
NADH and 1,6-NADH were considered as products and the total amount of metal atoms were
considered as the amount of catalyst, instead of the number of molecules.

Ar NAD* | SD | 1,4-NADH | sD ng'H SD | Nam SD | TOF [molls]

nNi® 80.94% | 1.7% 0.00% | 0.0% | 000% | 0.0% | 748% | 0.2% 0.00E+00

4n |nNisFe | 6268% | 80% 0.00% | 0.0% | 000% | 0.0% | 661% | 1.5% 0.00E+00
nNiFe | 85.24% | 2.5% 0.00% | 0.0% [ 000% | 0.0% | 848% | 0.3% 0.00E+00
nNiFes | 88.84% [ 1.2% 4.43% | 09% | 1.64% | 0.3% | 455% | 0.0% 3.20E-06

nFe® | 77.00% | 6.0% 544% | 0.9% | 0.00% | 0.0% | 20.33% | 2.3% 3.99E-06
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Fig. S2 The NMR spectra of replica samples of NAD* in PBS (0.133 M, pH 8.5) after 4 h with 5 bar
of Ar and a metal 1:1 cofactor ratio, as shown in Scheme S1 with Ar, are stacked together in this
figure. The nanoparticular metalpowder used in each sample is indicated on the right. After 4h
reacting, the supernatant was collected and DSS added as an internal standard. The spectra were
edited to only include relevant peaks, having been removed a DSS peak at 0 ppm and water peak
at 4.8 ppm. No other peaks were found in the areas removed. Some DSS peaks are still visible (*).
The peaks used for qualitative analysis and subsequent gNMR are highlighted in blue, according

to Table S1.
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Specificity of each metal to 1,4-NADH production

In the experiments described with NAD, the only other reduction product made other than 1,4-
NADH, in significant amounts and identified through 2D-NMR, was 1,6-NADH. The amount of 1,6-
NADH relative to the total amount of NADH detected in each sample was calculated and presented
in the table below.

Table S4 After 4 h under 5 bar of H2, as shown in Scheme 81, samples with different Ni/Fe alloys
yielded different amounts of 1,4-NADH and 1,6-NADH, from the starting material NAD*. The starting
amount of cofactor was 36 pmol mixed in 3 mL of PBS (pH 8.5), with equimolar amounts of metal
nanopowder (0.133 M PBS buffer) or 50 times more if using micropowder (0.5 M PBS buffer). The
1,6-NADH and 1,4-NADH yields were collected from Table S2 and Table $13. To determine the
specificity of each reaction to reduce NAD in the 4" or 6" carbon of the nicotinamide moiety, the
amount of 1,6-NADH was normalized to the total amount of 1,x-NADH in the sample (1,4-NADH +
1,6-NADH). Calculating mere surface area differences between nNi and pNi powder results in a
ratio of roughly 50:1, for nFe and pFe the ratio is 1:1400.

H: NADIL',E\]ADH s
HNP° 20,91% 0,34%
nNP 24,34% 1,36%
nNisFe 32,63% 0,82%
nNiFe 28.58% 1,19%
nNiFes 29.15% 0.20%
nFe° 0,00% 0,00%
uFe 16,50% 0,80%

According to Table S4, micropowder metals tend to lead to the accumulation of less 1,6-NADH
compared to nanopowders. 1,6-NADH was not detected in samples with nFe?, most likely due to
the low NADH vyield and high amounts of dissolved paramagnetic metal ions leading to line
broadening. Contrastingly, nNiFes is the only metal to produce 1,6-NADH under Ar, due to its
comparably high TOF (s. Table S3). The ratio of 1,6-NADH to NADH seems to be maintained
independently of the gas phase and yield between 20 and 30%.

To further understand the accumulation of 1,6-NADH, the reaction above was reproduced under
an inert N2 atmosphere, and starting with a solution of 1,4-NADH instead of NAD* and with
duplicates.
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Scheme S2 The conversion of 1,4-NADH to 1,6-NADH was tested according to the scheme above.
The amount of 1,4-NADH was 36 pmol, and 50 times more metal was added to each vial (uFe® and
uNi®) which reacted together for 4 h, at 40 °C, under alkaline conditions and a N2 overpressure.

Table S5 After 4 h under an overpressure of N2, as shown in Scheme S§2, samples with uNi and
pFe yielded different amounts of 1,4-NADH and 1,6-NADH, from the starting material 1,4-NADH.
The starting cofactor was 36 pmol mixed in 3 mL of 0.5 M PBS (pH 8.5) and with 1.8 mmol of yFe
or uNi. To determine the specificity of each reaction to reduce NAD in the 4" of 6™ carbon of the
nicotinamide moiety, the amount of 1,6-NADH was normalized to the total amount of NADH in the
sample (1,4-NADH + 1,6-NADH). All conditions had duplicates.

16
N2 NADH/NADH Sl
control 15.3% 0,00%
uFe’ 10,11% 0,78%
uNi® 12.91% 0,33%

Starting from a solution of only 1,4-NADH, all samples yielded more 1,6-NADH than when starting
from NAD* (Table S5). Additionally, the metal-containing experiments did not accumulate more
1,6-NADH than the control. Given the differences ocbserved between metals in Table $4, it is clear
that metals can influence the production of 1,6-NADH, but it also seems that in the case of
micropowders, it mostly results from an equilibrium reaction of NADH in solution.
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Fig. 83 The NMR spectra of replica samples of 1,4-NADH in PBS (0.5 M, pH 8.5), as shown in
Scheme $2, are stacked together in this figure. The metal used in each sample is the micropowder
indicated on the right. After 4h reacting, the supernatant was collected and DSS added as an
internal standard. The spectra were edited to only include relevant peaks, having been removed a
DSS peak at 0 ppm and water peak at 4.8 ppm. No other peaks were found in the areas removed.

%

Some DSS peaks are still visible (*). The peaks used for qualitative analysis and subsequent gNMR
are highlighted in blue, according to Table S1.
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Scanning Transmission Electron Microscope of Ni-Fe-nanopowders

A
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Fig. S84 NiFe (1:1) nanopowder pre-reaction STEM observation. (A) STEM-EDS analyses show
that NiFe nanopowder shows a mostly even distribution of nickel an iron throughout the
nanoparticles. (B) On average, there is slightly more Fe than Ni. A thin oxide layer covers the
particles, probably shielding the particles from further oxidation. In comparison with NiFes particles
(Fig. 85). NiFe shows less Fe-rich regions.
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Fig. S5 NiFes (1:3) nanopowder pre-reaction STEM observation. (A) STEM-EDS analyses show
that NiFes nanopowder shows the overall distribution of Ni and Fe is 1:3, but we find both metals
are not distributed completely evenly, probably leading to the well hydrogenation yields in the
reactions. There are iron rich areas that can predominantly be oxidized, delivering nascent H:z to
the NiFe regions of the same powder. (B) A thin oxide layer covers the particles, probably shielding
them from further oxidation before the reaction.
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Fig. 86 NiFes (1:3) nanopowder after reaction in H2 atmosphere — STEM observation. STEM-EDS
analyses show that the Fe of NiFes nanopowder gets associated with the phosphate used in the
buffer. This is being determined via the ratios between Fe, P and O (1.5:1:4) in the elemental
analysis of the shells forming around the nanoparticles. From previous work (1) we know, that Fe
is capable of producing nascent hydrogen while being oxidized, these findings are a more direct
proof of this happening. The growing phosphate layer could also ultimately lead to the Fe(0)
containing minerals to decrease their reaction-promoting ability — we posit that the Hz in the
atmosphere can re-cycle the oxidized Fe back to Fe? and thus keep the reaction going for a longer
period of time.
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Fig. S7 NiFes (1:3) nanopowder after reaction in Ar atmosphere — STEM observation. STEM-EDS
analyses indicate that the Fe of NiFes nanopowder likely gets oxidized, forming Fes(PQs)2 with the
phosphate buffer. The cleaning process of the nanoparticles after the reaction (s. Methods)
strengthens the assumption that Fe and phosphate are more than just loosely associated. This is
being determined via the ratios between Fe. P and O. This mapping shows that the regions between
the nanoparticles almost consist exclusively of iron-phosphates precipitating from the reactions.
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Heterogeneous catalysis of NMN reduction with H; and Ni/Fe alloys
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Scheme S3 The reduction of NMN with nanoparticular Ni/Fe alloys was tested with the protocol
described in detail in Methods, and according to the scheme above. The amount of metal and NMN
was 36 or 18 pmol, which reacted together for 4 h, at 40 °C, under alkaline conditions and 5 bars
of Ha. The same reaction was made under Ar as a control.

Table S6 After 4 h under 5 bar of Hz, as shown in Scheme 83, samples with different nanoparticular
Ni/Fe alloys yielded different amounts of 1,4-NMNH, 1,4,6-NMNH, NMNH,OH, 1,2,4,6-NMNHs and
nicotinamide (Nam), from the starting material NMN, as listed below. The starting metal and
cofactor were 36 or 18 pmol mixed in 3 mL of 0.133 M PBS (pH 8.5). The yields were calculated
relative to the metal-free sample (100% NMN). To determine the TOF of each reaction, the sum of
1,4-NMNH, 1,4,6-NMNHs and 1,2,4,6-NMNHs was considered as the amount of product, and the
total amount of metal atoms were considered as the mount of catalyst, instead of the number of
molecules. Each condition was tested in duplicates and a metal-free control.

Hz NMN sD N:oid!;H sD I:I::!:lsl:lg SD | NMNHzOH sD :";’:’S; sD Nam sD [;g[':s]
4h |LDNiFe 961% [ 6.4% 7.74% | 0.5% 21.63% | 3.2% 25.39% | 0.6% 3.24% | 0.6% [ 1.93% | 0.3% 2.12E-05
nNiFes 2.01% | 0.1% 9.46% [ 0.4% 25.22% | 0.7% 29.49% | 0.0% 273% | 04% [ 1.75% | 0.1% 1.12E-05
nke? 4051% | 51% 13.23% | 1.0% 229% | 0.3% 19.47% | 21% 0.00% | 00% | 463% | 0.2% 2 63E-05
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Fig. S8 The NMR spectra of replica samples of NMN in PBS (0.133 M, pH 8.5) reacted for 4h with
5 bar of Hz and a metal 1:1 cofactor ratio, as shown in Scheme S3, are stacked together in this
figure. The metal used in each reaction is specified on the right of each spectra. After the 4h
reaction, the supernatant was collected and DSS added as an internal standard. The spectra were
edited to only include relevant peaks, having been removed a DSS peak at 0 ppm and water peak
at 4.8 ppm. No other peaks were found in the areas removed. Some DSS peaks are still visible (*).
The peaks used for qualitative analysis and subsequent gqNMR are highlighted in blue, according
to Table S8.

Table S7 After 4 h under 5 bar of Ar, as shown in Scheme S3 with Ar, samples with different
nanoparticular Ni/Fe alloys yielded different amounts of 1,4-NMNH, 1,4,6-NMNH, NMNH20H,
1,2,4,6-NMNHs and nicotinamide (Nam), from the starting material NMN, as listed below. The
starting metal and cofactor were 36 or 18 pmol mixed in 3 mL of 0.133 M PBS (pH 8.5). The amount
of metal atoms was the same as the cofactor. The yields were calculated relative to the metal-free
sample (100% NMN). To determine the TOF of each reaction, the sum of 1,4-NMNH, 1,4,6-NMNH3
and 1,2,4,6-NMNHs was considered as the amount of product, and the total amount of metal atoms
were considered as the mount of catalyst, instead of the number of molecules.

4h

Ar NMN | sD | (bt | sD J';“"hﬁjh SD | NMNH.OH | SD :1:1:1:5 sD | Nam | sD [n:gfs]
nNiFe | 65.07% | 10% | 440% | 04% | 202% | 0.0% 752% | 0.3% 0.00% | 0.0% | 1.90% | 0.1% | 475E.06
nNiFes | 54.40% | 02% | 672% [ 04% | 339% | 04% |  13.31% | 0.4% 0.00% | 0.0% | 238% | 0.2% | 656E-06
nFe® | 87.37% | 12% | 097% [ 00% | 0.00% | 0.0% 0.80% | 0.2% 0.00% | 0.0% | 536% | 0.2% | 133F-06
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Fig. S9 The NMR spectra of replica samples of NMN in PBS (0.133 M. pH 8.5) reacted for 4h with
5 bar of Ar and a metal 1:1 cofactor ratio, as shown in Scheme S3 with Ar, as indicated on the left
side, are stacked together in this figure. The metal used in each reaction is specified on the right of
each spectra. After the 4h reaction, the supernatant was collected and DSS added as an internal
standard. The spectra were edited to only include relevant peaks, having been removed a DSS
peak at 0 ppm and water peak at 4.8 ppm. No other peaks were found in the areas removed. Some
DSS peaks are still visible (*). The peaks used for qualitative analysis and subsequent gNMR are
highlighted in blue, according to Table S8.

Table S8 For quantification of each compound, a peak was selected in their spectra. The values
listed a bellow indicate the ppm value where the peak can be found at approximately pH 8.5
(0.133M PBS).

— NMN Nam 1,4,6-NMN | NMNH,OH | 1L4-NMNH | 1,2,4,6-NMN
5(ppem} for 9.58 8.93 7.41/7.45 7.34 7.45 2.85
guantification
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Reduction products of NMN and NAD characterized through NMR spectroscopy

Fig. $10 shows the 'H spectrum of substrate 1 in 0.133 M PBS at 298 K. Characteristic signals at
9.581, 9.337, 8.990, 8.308, 6.187, 4.472 ppm were observed for H-2, H-6, H-4, H-5, H-1’and H-4’
respectively. Furthermore, two double doublets at 4.197 and 4.025 ppm were detected for the
diastereotopic methylene CH»-5'.

5r_f\nl4
\ ok MHz
5 4 U“"-N‘:'%H'.T
(I'IJ ,__ | 1 2 o *
HO-P-0 3 X 2'gH
P o HO

9 8 7 6 5 4 3 7, 1 ppm
Fig. S10 "H spectrum of substrate NMN* (1) in 0.133 M PBS with the internal reference DSS (*) at
298 K.

Identification of products of substrate 1

= LU%*”“J} i b

9 8 £ 6 5 ~ 3 2 1 ppm
Fig. S11 'H spectrum of the products NMNH in 0.133 M PBS at 298 K.

The figure above presents 'H spectrum of products solution of substrate 1 after 4 h of incubation.
This spectrum shows a strong reduction in the intensity of signals from 8.3 to 9.6 ppm. which means
a large degradation of the substrate. A large number of signals from 1.3 to 7.5 ppm were observed,
which reveals the formation of a group of more than three different species of products. As shown
in Scheme $4, three single reduction products, the 1.2-NMNH. 1,4-NMNH and 1,6-NMNH may
form. Further reduction of the nicotineamide may follow, thus 1,2,4-, 1,2,5-, 1,2,6-, 1,4,6-, and
1,2,4,6-NMNHx may form, too.

Due to the large number of species in the reaction solution, efforts to separate the products through
LC-MS turned out to be in vain. The different NMN reduced species share the same retention time
with the implemented protocol. Nevertheless, with enough amount of substance in hands we
managed to use NMR spectroscopy to characterize the obtained products. It is well-known that
multidimensional NMR spectroscopy plays an important role in the structure determination in
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synthetic chemistry, molecular biology and biochemistry and catalysis. By using two-dimensional
NMR spectra, not only the funtional groups but also the connectivity among them within a molecule
can be characterised. Thus, the structure of peptides and biomacromolecules can be
determined.(2—4)

The great challenge we were facing was to deal with a huge signal overlap caused by the mixture
of various species. Fortunately, by using TOCSY signals belong to the same molecule (within one
spin network) can be identified. The edited 'H — 3C HSQC spectra extend the scope of information,
where characteric '3C chemical schifts can be made used for the structure identification.
Furthermore, the sign of crosspeaks in the edited HSQC spectra provides unambiguous
identification of methylene and methine groups. By careful analysis of the TOCSY and edited HSQC
spectra we wre able to determine the main species of those reduction products.

0 0 0
" NH, L/jJ\NHQ (‘j’ﬂ\mz
N N
& R

N
I
R
1,4-NMNH 1,6-NMNH 1,2-NMNH
0 0 0 0
UILNHZ (‘j)\NHz [/TU\NFE O/N\NHQ
N N N7 N
l | | |
R R R R
1,2,4-NMNHa 1,2,5-NMNH3 1,2,8-NMNH; 1,4,6-NMNH;
Q
NH,
N
R

1,2,4,8-NMNH5
Scheme S4 Tentative reduction products of NMN reduction. Red marks the reduced carbon.

The single reduction product 1.1

Starting from the well-resolved signal at 3.057 ppm, TOCSY crosspeaks (Fig. S$12) show
connectivities with signals at 7.147, 6.214, 5.774, and 5.022 ppm. The edited HSQC spectrum (Fig.
813) shows crosspeaks between 3.057 — 22.0 ppm for a CH2 group, 7.147 — 138.2 ppm, 6.214 —
124.8 ppm and 5.022 — 105.3 ppm for three aromatic CH groups, and 5.774 — 91.7 ppm for a CH
group at the anomeric position of a sugar. Those defined fragments correspond well to the three
species of single reduction as shown in Scheme $4. Upon a close inspection into the '>C chemical
shift at 22.0 ppm, we concluded product 1.1 to be 1,4-NMNH. The '3C signal of the CHz group in
both 1,2- and 1,6-NMNH (at the a-position of a tertiary amine) would appear at a much lower field
(in the range 45 — 50 ppm).(5) Since no such crosspeaks were detected, we excluded the formation
of 1,2- and 1,6-NMNH from our products. Two well resolved major peaks at 7.15 ppm (d, 1.5 Hz)
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and 6.24 ppm (ddt, 8.1, 1.9, 1.7 Hz) were observed. In addition, a pair of very close doublets were
observed at 3.056 ppm (1.6 Hz) and 3.062 ppm (1.7 Hz). Those peaks correspond well to 'H signals
at positions 2, 6 and 4 in the Table $18, respectively.
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Fig. $12 'H-'"H TOCSY spectrum of NMN products in 0.133 M PBS at 298 K.
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Fig. $13 The edited 'H-*C HSQC spectrum of products of 1 at 298 K.
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Products of follow up reactions

As shown in Scheme $4, two of the tetrahydro-products, 1,2,4- and 1,2,6-NMNHs; contain a CH
group within the hetero cyclic ring. This CH group should show a characteristic crosspeak in the
edited HSQC spectrum of >C chemical shift in the region 40 — 50 ppm (38), with a sign opposite to
a CH: group. A close inspection of the spectrum shows none of such signals detected. We thus
excluded these two species from our products.

Nevertheless, one crosspeak at 2.868 — 38.8 ppm was detected. Close inspection of the
crosspeaks in the corresponding region of the TOCSY spectrum (Fig. $15) revealed a connectivity
pattern for a meta-substituted piperidine. Therefore, a hexahydro product 1.2 was identified, which
is 1,2,4,6-NMNHs. The highlighted peak is for the methine CH and the 'H signal at 2.87 ppm stands
for proton at carbon 3.
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Fig. S14. Section of edited 'H-"3C HSQC spectrum of products of 1 at 298 K.
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Similarly. crosspeaks at 7.448/7.405 — 143.7 (not shown Fig. $16), 3.165-39.7, 2.215-20.3, and
1.808 — 20.3 ppm were detected in the edited HSQC spectrum (Fig. $16). together with
connectivities observed with TOCSY. The tetrahydro-product 1.3 was identified to be 1,4,6-NMNHs.
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Fig. $16 Section of edited 'H-'3C HSQC spectrum of products of 1 at 298 K.
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Fig. 817 Section of 'H-'H TOCSY spectrum of products of 1 at 298 K.

In summary, in the reaction mixture of substrate 1. we were able to identify product 1.1 (1,4-
NMNH), product 1.2 (1,2,4,6-NMNHs), and product 1.3 (1,4,6-NMNHs).

Identification of hydration product NMNH.OH.

In order to identify the peak at 7.35 ppm in the 'H spectrum we put further efforts. Via LC-MS a
hydration product with molecular formula C11H1sN209P~ and 353.07323 m/z (mass accuracy of 5
ppm) was revealed (Fig. $22). Following the first reduction step, hydration upon 1,4-NMNH took
place and products 1,4-NMNH2OH formed. Thus, crosspeaks at 7.35 — 138.9. 7.35-139.9. 5.29 —
73.9, 5.24 — 74,6, 2.25/2.31 — 15.3 and 2.07/1.06 — 27.1 ppm were detected in the edited HSQC
spectrum (Fig. $19). Together with connectivity in TOCSY spectrum (Fig. $18) hydration products
as revealed by LC-MS were verified.
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In summary. in the reaction mixture of substrate 1 we were able to identify product 1.1 (1,4-NMNH).
product 1.2 (1,2,4,6-NMNHs), product 1.3 (1,4,6-NMNHz) and verify the hydration product 1,4

(NMNH20H).
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Characterization of the 2"! reaction product with Fe? and LC-MS (7.35 ppm in '"H-NMR)

In order to identify the second product of NMN reduction with H2 and Fe?, sample from such reaction
(NMN 18 pmol, nanopowder Fe® 18 umol, 4 h. 40 °C. 5 bar H») was subjected to 2D-NMR and LC-
MS qualitative analysis.

LC-MS analysis is in agreement that the main product is 1,4-NMNH. Three different molecules
seem to be detected through chromatography, and one matches the retention time of the 1,4-NMN
standard. It is possible that we have different conformations of this product in our samples. lts
absence in the control confirms it to be a product obtained during the described reaction.
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Fig. $20 The Extracted lon Chromatogram (EIC) of mass 335.06368 (mass accuracy of 5 ppm)

against the Retention Time (RT) reveals molecules of the mass 335.0649 m/z in the samples from

the reaction described on the right. Samples were diluted 1:20 with waster after the reaction for

measurement. The natural isotope distribution of the 1,4-NMNH standard (335.06498 m/z) matches

that of the samples.
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All Diels Alder products suggested in Scheme 85 share the same mass and charge, which is also
the same mass-to-charge of NMNH. Even though molecules of mass 335.06498, were revealed in
the chromatogram, analysis of the isotope distribution revealed no doubled charged molecules,
thus excluding Diels Alder reactions as products of the reaction with Fe®.
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Fig. $21 The Extracted lon Chromatogram (EIC) of mass 335.06368 (mass accuracy of 5 ppm)
against the Retention Time (RT) reveals molecules of the mass 335.0649 m/z in the samples from
the reaction described on the right. Samples were diluted 1:20 with waster after the reaction for
measurement. The standard was prepared in water at similar final concentrations. The theoretical
natural isotope distribution of the proposed Diels Alder products (335.06498 m/z), extracted from
the website ChemCalc, is compared to that of the samples.
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Fig. S22 The Extracted lon Chromatogram (EIC) of mass 353.07323 (mass accuracy of 5 ppm)
against the Retention Time (RT) reveals molecules of the mass 353.07323 m/z in the samples from
the reaction described on the right. Samples were diluted 1:20 with waster after the reaction for
measurement. The standard was prepared in water at similar final concentrations. The theoretical
natural isotope distribution of NMINH2OH (353.07554 m/z), extracted from the website ChemCalc,
is compared to that of the samples.
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Further analysis of the samples revealed high amounts of a molecule of mass 353.07554 in the
samples, which were not in the control. The mass and the isotope distribution of the sample
matches that of NMNH20H. The same signal was detected in the 1,4-NMNH standard, however,
the relative abundance to the standard itself, shows it is likely a small contamination from the
synthesis of the standard or a consequence of sample preparation and injection into the LC-MS
column. The relative abundance of this molecule to 1,4-NMNH, in the samples, is much more
significant, being likely a product of the Fel reaction. Its abundance suggests it could be the
molecule detected at 7.35 ppm ("H-NMR). 2D-NMR analysis confirmed the proposed structure to
be of NMNH20H (Fig. $18 and Fig. $19).
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Overtime reduction of NAD/NMN with Hz and NiFe;

For quantification of each product, the ppm values of Table S$1, and Table S6 should be
considered.

mn mn

gas phase H
(5 bar) e e4h !

y

>
liquid phase u 40°C 2
D D D {0133 MPBS, pH B.5) NAD :
solid phase Metal
N )
| | I 400 rpm

Scheme S6 The reduction of NAD* with nNiFe3 alloys was tested with the protocol described in
detail in Methods, and according to the scheme above. The amount of metal and NAD* was 36
pumol, which reacted together for 2 and 4 h, at 40 °C, under alkaline conditions and 5 bars of Ha.
The same reaction was made under Ar as a control.

Table S9 After 2 and 4 h under 5 bar of H2, as shown in Scheme $6, samples with NiFes yielded
different amounts of 1,4-NADH, 1,6-NADH, and Nam, from the starting material NAD*. The starting
metal and cofactor were 36 pmol mixed in 3 mL of 0.133 M PBS (pH 8.5). The amount of metal
atoms was the same as the cofactor. The yields were calculated relative to the metal-free sample
(100% NAD?). To determine the TOF of each reaction, the sum of 1,4-NADH, and 1,6-NADH was
considered as the amount of product, and the total amount of metal atoms was considered as the
mount of catalyst, instead of the number of molecules. Experiments of 2h had duplicates while 4h
long experiments had four replicas.

Ha NAD* | sD NRE'H sD NkBD'H sD | Nam | SD | TOF [molis]
4 | NiFe, [2559% | 44% | 4060% | 18% | 1670% | 06% | 448% | 01% 3.026-05
2h 68.38% | 25% | 15.05% | 13% | 661% | 06% | 741% | 04% 3.18E.05
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Fig. $23 The NMR spectra of replica samples of 36 umol NAD* in PBS (0.133 M, pH 8.5) with 5
bar of Hz and 36 pmol NiFes (1:1 cofactor ratio), as shown in Scheme $6, are stacked together in
this figure. After 0, 2 and 4 h, the supernatant was collected and DSS added as an internal standard.
The spectra were edited to only include relevant peaks, having been removed a DSS peak at 0
ppm and water peak at 4.8 ppm. No other peaks were found in the areas removed. Some DSS
peaks are still visible (*). The peaks used for qualitative analysis and subsequent gNMR are
highlighted in blue, according to Table S1.

as phase 123 4h H:
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(NiFes) =/
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Scheme S7 The reduction of NMN with NiFes was tested with the protocol described in detail in
Methods, and according to the scheme above. The amount of metal and NMN was 36 or 18 pmol,
which reacted together for 1, 2, 3, and 4 h, at 40 °C, under alkaline conditions and 5 bars of H..
The same reaction was made under Ar as a control.
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Table S10 After 1, 2, 3, and 4 h under 5 bar of Hz, as shown in Scheme 87, samples with NiFes
yielded different amounts of 1,4-NMNH, NMNH.OH, 1,4,6-NMNHs3, 1,2,4,6-NMNHs and
nicotinamide (Nam), from the starting material NMN. The starting metal and cofactor were 36 pmol
mixed in 3 mL of 0.133 M PBS (pH 8.5). The amount of metal atoms was the same as the cofactor.
The yields were calculated relative to the metal-free sample (100% NMN). To determine the TOF
of each reaction, the sum of 1,4-NMNH, 1,4,6-NMNH3, 1,2,4,6-NMNHs was considered as the
amount of product, and the total amount of metal atoms was considered as the mount of catalyst,
instead of the number of molecules. 2h and 4h were tested with duplicates while 1h and 3h with
triplicates.

1,4- 1,4,6- 1,2,4,6- TOF
Hz NMN SD NMNH SD NMNH. SD | NMNH:OH sD NMNH. SD Nam SD [molis]
4h 2.01% 0.1% 946% [ 04% 2522% | 0.7% 2949% | 0.0% 273% | 04% 1.75% 0.1% 1.12E-05
3h nNiFes 1.21% 06% | 2474% | 00% 19.72% | 26% 21.32% | 1.4% 282% | 06% 205% 0.2% 7.10E-05
2h 9.38% 35% | 3403% | 0.7% 14.48% | 14% 16.64% | 0.3% 178% | 04% 2.54% 0.2% 7.55E-05
1h 3080% [ 16.7% | 2984% | 7.1% 740% | 27% 1267% | 2.7% 073% | 05% 287% 0.3% 1.14E-04
g u
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Fig. S24 The NMR spectra of replica samples of 36 or 18 pmol NMN in PBS (0.133 M, pH
8.5) with 5 bar of H2 and equimolar amounts of nNiFes; (1:1 ratio), as shown in Scheme S7, are
stacked together in this figure. After 0, 1, 2, 3 and 4 h, the supernatant was collected and DSS
added as an internal standard. The spectra were edited to only include relevant peaks, having been
removed a DSS peak at 0 ppm and water peak at 4.8 ppm. No other peaks were found in the areas
removed. Some DSS peaks are still visible (*). The peaks used for qualitative analysis and
subsequent gNMR are highlighted in blue, according to Table S6.
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Identification of products of substrate 2

Fig. 25 shows the 'H spectrum of substrate 2 in 0.133 M PBS at 298 K. Characteristic signals at
9.339, 9.156, 8.825, 8.198 ppm were observed for H-2. H-6. H-4 and H-5 of the nicotinamide unit,
signals at 8.379 and 8.019 ppm were detected for H-8 and H-2 of the adenine unit, while two signals
at 6.097 and 5.993 ppm for H-1’of nicotinamide and adenine. Respectively, negligible impurities
may exist.
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Fig. $25 "H spectrum of substrate NAD* (2) in 0.133 M PBS at 298 K.
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Fig. 826 'H spectrum in the region 5.6 — 9.6 ppm of products of substrate 2 at 298 K. The labels

show signal assignment (cyan for the major and green for the minor product) and the integral values
show the conversion rates.

The 'H spectrum in the region 5.6 — 9.6 ppm of the reaction solution of substrate 2 after 4 hours of
incubation in 0.133 M PBS is shown in Fig. $26. Different to the situation of substrate 1, remaining
of the substrate 2 was observed. One major and one minor product could be detected. Signal
integral revealed a conversion rate of 40% and 6% for the major and the minor product.
respectively. Further products of a scale comparable to impurities may form too.
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Scheme S8 Tentative reduction products of substrate 2.

Scheme S8 shows the possible products of a single reduction of substrate 2. Section of the TOCSY
spectrum is shown in Fig. $27. To start, the double doublet characteristic of a methylene at 2.647
and 2.616 ppm. crosspeaks with signals at 6.903. 5.946. and 4.725 ppm were detected. As shown
in Fig. $27, these signals correspond to the main product. In the edited HSQC spectrum (Fig. $28)
crosspeaks 2.647 —21.8 and 2.616 — 21.8 ppm were observed. This '*C chemical shift corresponds
to the Cn4 (22.3 ppm) of 1,4-NADH.(1) Similarly. a minor double doublet at 3.913 and 3.776 ppm
was observed, whose crosspeaks with signals at 7.075. 5.785 and 5.000 ppm were detected. These
signals were assigned to the second product. A close inspection of the edited HSQC spectrum
revealed crosspeaks at 3.913 —41.6 and 3.776 — 41.6 ppm. This '3C chemical shift corresponds to
the Cns (42.1 ppm) published for 1,6-NADH.(6) We thus concluded 1,4-NADH and 1,6-NADH to
be major and minor products of substrate 2.
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Fig. $27 Section of 'H-"H TOCSY spectrum of products of 2 at 298 K. Connectivity among the

signals of the major product is highlighted.
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Fig. $28 Section of edited 'H-'3C HSQC spectrum of products of 2 at 298 K.
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Reduction of NMN with uNi® and pFe® (1:200 )

Table S11 After 4 h under 5 bar of H, as shown in Scheme S11, samples with uNi® or uFe? yielded
different amounts of 1,4-NMNH, 1,4,6-NMNHs, 1,2,4,6-NMNHs, NMNH20H, and nicotinamide
(Nam), from the starting material NMN. The starting metal and cofactor were 3.2 mmol and 18
pmol, respectively, mixed in 3 mL of 0.5 M PBS (pH 8.5). The amount of metal atoms was two
hundred times of the cofactor. The yields were calculated relative to the metal-free sample (100%
NMN). To determine the TOF of each reaction, the sum of 1,4-NMNH, 1,4,6-NMNH3, and 1,2,4,6-
NMNHs was considered as the amount of product. Fe-containing experiments were performed in
duplicate and Ni-containing in triplicate.

1,4- 1,4,6- 1,2,4,6- TOF
Ha NMN SO | et sD sidi. SD | NMNH.OH | SD | (A | SD | Nam SD fmole]
s NP 070% | 05% | 104% | 12% 37.05% | 3.0% 402% | 31% | 11.49% | 3.1% | 021% | 03% | {5082E-07
pre® | 2007% | 17.8% | 44.73% | 20.3% 0.23% | 0.0% 953% | 42% | 081% | 0.3% | 2543% | 55% | 1 3gp5E_07
o
A Ot A
e R B
I pFe®
___J_A_.A_AAJ\ S— oy I | L .
- pNi
“ . M f l\_a'nJ L_.\_Jlbmmﬁ___,_}\_ﬂ JﬁUIlkwl
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Fig. S29 The NMR spectra of replica samples of 18 pymol NMN in PBS (0.5 M, pH 8.5) with
5 bar of Hz and 3.2 mmol uFe?, uNi® (200:1 cofactor ratio), or no metal, as shown in Scheme $11,
are stacked together in this figure. After the 4h reaction, the supernatant was collected and DSS
added as an internal standard. The spectra were edited to only include relevant peaks, having been
removed a DSS peak at 0 ppm and water peak at 4.8 ppm. No other peaks were found in the areas
removed. Some DSS peaks are still visible (*). The peaks used for qualitative analysis and
subsequent gNMR are highlighted in blue, according to Table S6.
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Proposed surface interaction between NAD/NMN and Ni/Fe minerals

O\F’ /OH
\o_
e g
O
OH
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Scheme S9 Proposed surface interaction with NAD* and NMN. Due to its dinucleotide structure.
NAD alternates between the folded and open conformation. This could prevent surface hydrides
from reaching all carbons of the nicotinamide ring. NMN does not have such conformation and

would be able to interact more directly with the surface.
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Cyclic Voltametry of standards and reaction products

Standards were prepared at 1 mM of each compound in PBS (0.133 M, pH 8.5) at 25°C, a
three-electrode electrochemical cell was prepared for cyclic voltammetry with glassy carbon as
working electrode, platinum wire as auxiliary electrode and Ag/AgNOs (0.01 M) as reference

electrode.
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Fig. $30 Cyclic voltammogram of 1 mM of NAD* (A) and 1,4-NADH (B) in PBS (pH 8.5) at 25 °C.
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Fig. 831 Cyclic voltammogram of 1TmM of NMN (A) and 1,4-NMNH (B) in PBS (pH 8.5) at 25 °C.
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After a 4 h long reaction as described in Scheme S6 and Scheme S7 the supernatant was
diluted with PBS (0.133 M at pH 8.5) to obtain 15 mL of sample.

Maintaining the same experimental setup (oxygen-free 0.133 M PBS at pH 8.5), a three-
electrode electrochemical cell was prepared for cyclic voltammetry with glassy carbon as working
electrode, platinum wire as auxiliary electrode and Ag/AgNOs (0.01 M) as reference electrode.
Samples were collected after 4h under the conditions described above, and diluted with buffer to
reach a similar concentration to that of the standards (1 mM).

Table $12 Table of oxidation potential

Reagent Ea (V vs. SCE)®
1,4-NADH 0.531
1,4-NMNH 0.609

Reduced NAD* 0.573
Reduced NMN 0.616; 1.000

0.015
0.010—
2 ouos ~ 1,4-NADH
= ~— 1,4-NMNH
0.000—
-0.005—

Ewe (V vs. SCE)

Fig. $32 Cyclic voltammogram of 1,4-NADH (1 mM; blue) and 1,4-NMNH (1 mM; green) in PBS
(pH 8.5) at 25 °C.
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-1.5 -1.0 0.5 0.0 05 1.0
Ewe (V vs. SCE)

Ewe (V vs. SCE)

— 1,4-NADH
— Reaction products

— 1,4-NMNH
— Reaction products

Fig. 833 A) Cyclic voltammogram of 1,4-NADH (1 mM in 0.133 M PBS pH 8.5; blue) and 12 mM
of reduced NAD* with equimolar amounts of nNiFe (0.133 M PBS. 40 °C. 5 bar Hz.diluted 1:5 after
reaction; green), measured at 25 °C. B) Cyclic voltammogram of 1,4-NMNH (1 mM in 0.133 M PBS
pH 8.5; blue) and 12 mM of reduced NMN with equimolar amounts of nNiFe (0.133 M PBS. 40 °C.
5 bar Ha.diluted with PBS 1:5 after reaction; green). measured at 25 °C.
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Reduction of NAD/NMN with pNi° and pFe’

In an attempt to further understand the differences observed in reactions with NMN and
Ni/Fe alloys as catalysts, compared to NAD, experiments with the individual metals in micropowder
form were performed.

For quantification of each product, the ppm values of Table $1, and Table S2 should be
considered.

gas phase H
(5 bar) Hz 4h z

y

L
liquid phase + 9 2
w.sqm Pagpﬂa..‘)] NAD 40°C 3

aE B solid phase Metal

(HNI® and pFe)

J 400 rpm
Scheme S10 The reduction of NAD* with uFe? (particle size: <150 um) and pNi? (particle size: 3—
7 um) was tested with the protocol described in detail in Methods, and according to the scheme

above. The amount of NAD* was 36 pumol and metal was 1.8 mmol, which reacted together for 4 h,
at 40 °C, under alkaline conditions and 5 bars of Ha.

Table S13 After 4 h under 5 bar of Hz, as shown in Scheme S10, samples with uNi® or uFe? yielded
different amounts of 1,4-NADH, 1,6-NADH and Nam, from the starting material NAD*. The starting
metal and cofactor were 36 pmol mixed in 3 mL of 0.5 M PBS (pH 8.5). The amount of metal atoms
was 50 times the moles of cofactor. The yields were calculated relative to the metal-free sample
(100% NAD*). To determine the TOF of each reaction, the sum of 1,4-NADH, and 1,6-NADH was
considered as the amount of product. All conditions had duplicates and a metal-free control.

Ha NAD+ sD 1,4-NADH sD 1,6-NADH sD Nam sD TOF [mol/s]
N0 | 53.12% | 1.8% 19.89% 0.2% 5.26% 0.1% 11.21% 0.0% 3.69E-07
pFe® | 57.52% | 29% 8.12% 1.2% 1.60% 0.2% 27.57T% 22% 1.43E-07

4h

In comparison to a former study with uNi(1) (333:1), where no 1,4-NADH was formed unless the
powder was pretreated with Hz2 before the reaction, the same powder produces a 13.6% yield of
1,4-NADH in the experiment described here (50:1). We attribute this different outcome to the
degassing of this experiments’ buffer opposed to no degassing in Pereira et al. 2022.(1) Degassing
does not seem to have the same consequences to pFe, most likely due to the different reduction
mechanism at place (Fe donating electrons while Ni depending on Hz activation on its surface).
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Fig. S34 The NMR spectra of replica samples of 36 pmol NAD* in PBS (0.5 M, pH 8.5) with 5 bar
of Hz and 1.8 mmol pFe®, uNi® (50:1 cofactor ratio), or no metal, as shown in Scheme S$10, are
stacked together in this figure. After the 4h reaction, the supernatant was collected and DSS added
as an internal standard. The spectra were edited to only include relevant peaks, having been
removed a DSS peak at 0 ppm and water peak at 4.8 ppm. No other peaks were found in the areas
removed. Some DSS peaks are still visible (*). The peaks used for qualitative analysis and
subsequent gNMR are highlighted in blue, according to Table S1.

gas phase H:> 4h Hz

(5 bar)

y

>
liquid phase 40 ° |
(0.5 M PBS, pH 8.5) NMN c :
solid phase Metal
(e anc e ==
400 rpm

Scheme 811 The reduction of NMN with pFe® and uNi was tested with the protocol described in
detail in Methods, and according to the scheme above. The amount of NMN was 36 umol and
metal was 1.8 mmol (50:1) or 18 pmol and 3.6 mmol respectfully (200:1), which reacted together
for 4 h, at 40 °C, under alkaline conditions and 5 bars of H>. The same reaction was made under
Ar as a control.
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Table $14 After 4 h under 5 bar of Hz, as shown in Scheme $11, samples with uNi® or uFe? yielded
different amounts of 1,4-NMNH, 1,4,6-NMNH3, NMNH20H, and nicotinamide (Nam), from the
starting material NMN. The starting metal and cofactor were 1.8 mmol and 36 umol, respectively,
mixed in 3 mL of 0.5 M PBS (pH 8.5). The amount of metal atoms was fifty times of the cofactor.
The yields were calculated relative to the metal-free sample (100% NMN). To determine the TOF
of each reaction, the sum of 1,4-NMNH, 1,2,4,6-NMNHs, and 1,4,6-NMNH3 was considered as the
amount of product. All conditions were tested in triplicate.

1,4- 1,4,6- 1,2,4,6-
H2 NMN SD NMNH SD NMNH; SD NMNH:OH SD NMNHs SD Nam sD TOF [molis]
0
4h BN 0.92% 04% 485% | 347% | 4413% | 7T07% 13.79% | 4.5% 983% | 31% 0.50% 0.3% 3.595E-07
pFe" | 23.48% | 15.8% | 47.95% | 11.9% 0.00% 0.0% 11.43% | 2.0% 000% | 0.0% | 1488% | 12.8% 1.72E-07
o
‘1\\3”9‘\?\‘?\ W
o o \ F@‘“f}& R
J “ I pFe®
T | b A o
ﬂ I pNi°
)i JN\J««\‘
L __,\J\J"\Jk'r“ Y
‘ F wio metal
LJLIIl_A_ ) Jl JIJJLA A ~

T

95 90 85 80 75 70 65 60 5545 40 35 30 25 20 15
0 (ppm)

Fig. 835 The NMR spectra of replica samples of 36 pmol NMN in PBS (0.5 M, pH 8.5) with 5 bar
of H2 and 1.8 mmol pFe®, uNi?® (50:1 cofactor ratio), or no metal, as shown in Scheme $11, are
stacked together in this figure. After the 4h reaction, the supernatant was collected and DSS added
as an internal standard. The spectra were edited to only include relevant peaks, having been
removed a DSS peak at 0 ppm and water peak at 4.8 ppm. No other peaks were found in the areas
removed. Some DSS peaks are still visible (*). The peaks used for qualitative analysis and
subsequent gNMR are highlighted in blue, according to Table S6.
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Table S15 After 4 h under 5 bar of Ar, as shown in Scheme $11, samples with pNi° or uFe? yielded
different amounts of 1,4-NMNH, NMNH2OH, and nicotinamide (Nam), from the starting material
NMN. The starting metal and cofactor were 1.8 mmol and 36 umol, respectively, mixed in 3 mL of
0.5 M PBS (pH 8.5). The amount of metal atoms was fifty times of the cofactor. The yields were
calculated relative to the metal-free sample (100% NMN). To determine the TOF of each reaction,
the sum of 1,4-NMNH, 1,4,6-NMNH3, and 1,2,4,6-NMNHs was considered as the amount of
product. All experiments were performed in duplicate.

1,4- 1,4,6- 1,2,4,6- TOF
Ar NMN sSD NMNH SD NMNH: sSD NMNH:0OH sD NMNHs sD Nam sSD [molis]
ah UNC | 85.34% [ 3.1% 0.00% | 0.0% 0.00% | 0.0% 0.00% | 0.0% 0.00% | 0.0% 9.48% 1.8% | 0.00E+00
pFe’ | 4566% | 24% | 22.21% | 12% 0.00% | 0.0% 544% | 0.2% 0.00% | 0.0% | 22.25% 0.2% | 3.34E-07
t\ﬁ
1'0'1." \\?‘ \h\z\
@\“‘\ = ‘.\\!“L\‘(\F‘x pE \'}'&6

- pFe®

w 4] JL bt N
RIN I VT B
I R S I VTV I

- pNP

95 90 85 80 75 70 65 60 5545 40 35 30 25 20 15
0 (ppm)

Fig. S36 The NMR spectra of replica samples of 36 umol NMN in PBS (0.5 M, pH 8.5) with
5 bar of Ar and 1.8 mmol pFe?, uNi® (50:1 cofactor ratio), or no metal, as shown in Scheme $11,
are stacked together in this figure. After the 4h reaction, the supernatant was collected and DSS
added as an internal standard. The spectra were edited to only include relevant peaks, having been
removed a DSS peak at 0 ppm and water peak at 4.8 ppm. No other peaks were found in the areas
removed. Some DSS peaks are still visible (*). The peaks used for qualitative analysis and
subsequent gNMR are highlighted in blue, according to Table S6.
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“Competition” experiments

To further test the reactivity of NMN and NAD under prebiotic conditions, experiments with both
cofactors in the same reaction mixture were designed.

L I i
gas phase H.
(6 bar) Ha 4h 2

4

>
liquid phase NIN 40°C )
(0.5M PBS, pHB.5) MNAD !
- D -
mimin solid phase Metal
N i WFes) =
L l 400 rem

Scheme $12 The reduction of a mixture of NMN and NAD* with pFe® or uNi® was tested with the
general protocol described in detail in Methods, and according to the scheme above. The amount
of cofactor was 36 or 72 pmol (18 or 36 each, respectively) in 3 mL of pH 8.5 0.5 M PBS buffer, the
metal amount was constantly 1.8 mmol (leading to a metal-cofactor ratio of 50:1 and 25:1,
respectively). The reaction took place for 4 h at 40 °C under slightly alkaline conditions and 5 bars
of Ho.

Table S16 After 4 h under 5 bar of Hz, as shown in Scheme $12, samples with uFe? or uNi® yielded
different amounts of 1,4-NADH, 1,4-NMNH, NMNH>OH, and nicotinamide (Nam), from the starting
material NMN and NAD®. The starting cofactor mixture was 72 umol (36 pmol each nucleotide)
mixed in 3 mL of 0.5 M PBS (pH 8.5), with a metal-cofactor ratio of 25:1. The yields were calculated
separately and relative to the metal-free sample (100% NMN and 100% NAD*; 12 mM each). To
determine the TOF of each reaction, the sum of 1,4-NMNH, 1,4,6-NMNH3, 1,2,4,6-NMNHs, 1,4-
NADH, and 1,6-NADH was considered as part of the reduction products. The NMN and NAD
products are presented separately in order for the table to fit the page, but belong to the same set
of triplicates.

14 1,4,6- 1,2,4,6-
Haz NMNH sSD NMNH- SD | NMNH:OH sD NMNH, sD NMN sD
570% | 0.92% 3.74% | 0.9% 733% | 0.3% 0,00% | 0.0% 79.55% | 1.8%
. 1,4- 1,6- 2
NI AT sSD HRD sD NAD sD TOF [mol/s]
13,63% | 0,8% 351% | 04% 63,8% | 17.1% 3,90E-07
o H e sD LAR: SD | NMNH:OH sD 1245 sD NMN sD
z NMNH NMNHs 2 NMNHs
7.06% | 0,9% 0,00% | 0,0% 226% | 07% 0,00% | 0,0% 75,15% | 11,3%
1] 114' 1!6' +
uFe NADH sSD NADH sD NAD sD TOF [mol/s]
11.33% | 1.2% 217% | 0.3% 451% | 10.6% 3,02E-07
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Fig. S37 The NMR spectra of replica samples with a mixture of 36 pmol NMN and 36 pmol NAD*
in PBS (0.5 M, pH 8.5) with 5 bar of H> and 1.8 mmol pFe®, uNi® (25:1 metal-cofactor ratio), or no
metal, as shown in Scheme S$12, are stacked together in this figure. After the 4h reaction, the
supernatant was collected and DSS added as an internal standard. The spectra were edited to only
include relevant peaks, a DSS peak at 0 ppm and the water peak at 4.8 ppm have been removed.
No other peaks were found in the areas removed. Other DSS peaks are still visible (*). The peaks
used for qualitative analysis and subsequent gNMR are highlighted in blue (NMN products) and
green (NAD products), according to Table S1 and Table S6.
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Abiotic oxidation of organic cofactors and reduction of pyruvate

gas phase
(Air)

liquid phase
(Hz0 and FeCls)

Cofactor

Pyruvate
o

400 rpm 400 rpm
Scheme $13 An aqueous mixture of 0.1 mL with 100 mM pyruvate, twice as much 1,4-NADH or
1,4-NMNH, and 60 mM FeCls reacted overnight at 40 °C and 400 rpm to produce lactate, according
to the scheme. The pH before and after the reaction is <5.

Table $17 After 17 h with FeCls, as shown in Scheme $13, samples with NMNH and NADH yielded
similar amounts of lactate from pyruvate. The starting cofactor was 20 pmol mixed in 0.1 mL of
water, with 6 ymol of FeCls reacting overnight at 40 °C and 400 rpm (pH<5). The conditions were
done in duplicates and yields were calculated relative to the initial amount of pyruvate.

Air lactate SD
NMNH 10,84% 1,5%
FeCls
NADH 13,03% 1,6%
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Fig. $38 A NMR spectrum of a replica sample of aqueous 1,4-NADH (20 mmol) were mixed in an
Eppendorf tube with 10 mmol of pyruvic acid, and 60 mmol of FeCls, as indicated by Scheme $13,
is stacked together in this figure with the respective controls. The latter were without NADH and
without pyruvic acid as described on the right side of each spectra. The metals were precipitated
with 0.2 mL of a thiolate/phosphate solution. The supernatant was collected and DSS added as an
internal standard. The spectra were edited to only include relevant peaks, having been removed a
DSS peak at 0 ppm and water peak at 4.8 ppm. No other peaks were found in the areas removed.
Some DSS peaks are still visible (*). The peaks used for qualitative analysis and subsequent gNMR
are highlighted in blue (1.33 ppm).
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Fig. 839 A NMR spectrum of a replica sample of aqueous NMNH (20 mmol) were mixed in an
Eppendorf tube with 10 mmol of pyruvic acid, and 6 mmol of FeCls, as indicated by Scheme S$13,
is stacked together in this figure with the respective controls. The latter were without NADH and
without pyruvic acid as described on the right side of each spectra. The metals were precipitated
with 0.2 mL of a thiolate/phosphate solution. The supernatant was collected and DSS added as an
internal standard. The spectra were edited to only include relevant peaks, having been removed a
DSS peak at 0 ppm and water peak at 4.8 ppm. No other peaks were found in the areas removed.
Some DSS peaks are still visible (*). The peaks used for gNMR are highlighted in blue (1.33 ppm).

I reaction
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Reduction of NAD/NMN at pH 5.5

5% R %

gas phase H

{15 bar} Ha 4h - :
i~
liquid phase + e oy
:u.sqnn Pag.pu 5.5) NAD 40°C :
solid phase Metal
(N and pFe®) \—J‘:D

400 rpm

Scheme S14 The reduction of NAD* with uNi and pFe was tested with the protocol described in
detail in Methods, and according to the scheme above. The amount of NAD* was 36 pmol, which
reacted together for 4 h, at 40 °C, under alkaline conditions and 15 bars of H2. The metal in excess
was 7.2 mmol. The same reaction was made with NADH as control to the stability of the reduced

cofactor under acidic conditions (pH 5.5).

A

&,0" o i\w A\K—h t *
I L IPLUALW . N
_wL M o . .

95 90 85 80 75 70 65 60 5545 40 35 30 25 20 15
6 (ppm)

NAD* + pFe®

NAD" + pNi®

NADH wfo metal

NAD" wio metal

Fig. $40 The NMR spectra of replica samples with 36 umol NAD* in PBS (0.5 M, pH 5.5) with 15
bar of H2 and 7.2 mmol puFe?, uNi® (200:1 metal-cofactor ratio), or no metal, as shown in Scheme
814, are stacked together in this figure, together with an NADH control under the same conditions.
After the 4h reaction, the supernatant was collected and DSS added as an internal standard. The
spectra were edited to only include relevant peaks, a DSS peak at 0 ppm and the water peak at 4.8
ppm have been removed. Other DSS peaks are still visible (*). The peaks used for qualitative

analysis are highlighted in blue (NAD products), according to Table S1.
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Scheme $15 The reduction of NMN with uNi and pFe was tested with the protocol described in
detail in Methods, and according to the scheme above. The amount of NMN was 36 pmol, which
reacted together for 4 h, at 40 °C, under alkaline conditions and 15 bars of H2. The metal in excess
was 7.2 mmol. The same reaction was made with NMNH as control to the stability of the reduced
cofactor under acidic conditions (pH 5.5).
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Fig. S41 The NMR spectra of replica samples with 36 umol NMN in PBS (0.5 M, pH 5.5) with 15
bar of H> and 7.2 mmol pFe?, uNi® (200:1 metal-cofactor ratio), or no metal, as shown in Scheme
815, are stacked together in this figure, together with an NMNH control under the same conditions.
After the 4h reaction, the supernatant was collected and DSS added as an internal standard. The
spectra were edited to only include relevant peaks, a DSS peak at 0 ppm and the water peak at 4.8
ppm have been removed. Other DSS peaks are still visible (*). The peaks used for qualitative
analysis are highlighted in blue (NMN products), according to Table S6.
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Standards

p-Nicotinamide Mononucleotide

Tokio Chemical Insdustry Co.
CAS RN: 1094-61-7 l I

. 4

Uthever NMN (=99%:)
MoleQlar Longevity
CAS : 1084-61-7 I l

I (S

' 9?6 ' QI.Z ) Sl.s ' a'.4 ' a{n ' ?fe ' ?I.2 ' a:s ' a'_4 ) 6‘.0 ' 5‘.6 ' 5?2 ' 4?8 ) 4‘.4 ’ 4f0 ‘ sl.a
& (ppm|
Fig. S42 'H-NMR comparison of the two different NMN supplies used in all experiments (12 mM of

NMN in 0.133 M PBS pH 8.5). Empty spectra was cut out on both extremities, and water
suppression hides the peak around 4.8.

Table $18 Standard metal preparation.The molecular weight (MW) was normalized to the
amount of metal atoms of each metal powder. The mg of metal used in experiments with 18, 36,
and 1800 umol are listed for each metal used.

Metals MW / metal atom 18 pmol (mg) 36 pmol (mg) 1.8 mmol (mg)
Fe 55.85 1.01 201 100.5
NiFes 56.56 1.02 204
NiFe 57.27 1.03 206
NisFe 57.98 1.04 209
Ni 58.69 1.06 2441 105.7
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Fig. $43 'H-NMR standards of several molecules in D20. Empty spectra was cut out on both
sides, as well as the water peak between 4.5 and 5 ppm.
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Fig. S44 According to 2D-NMR measurements and literature, the 1H-NMR peaks obtained from
NAD* (above) and NADH (bellow) can be assigned to hydrogens bound to the carbons indicated
in the figure. Only spectra without any significant peaks were removed from the figure at several

ppm values. Highlighted in blue is the peak used for gNMR. The standard DSS peak at 0 ppm is
included and marked (*).
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Characterization of NMN

A full assignment of the 'H and '3C resonance signals of NMN was fulfilled and the chemical
shifts are listed in Table $19.

Table S19 NMR data of NMN in D20 at 298 K

6 /
O N £ 3 NH,
@]
HO—P— >OH
o HO
Position On (multi., J) oc
2 9.47 (s) 142.6
3 136.7
C=0 168.6
4 8.99 (dt, 8.2, 1.1) 148.7
5 8.30 (dd, 8.0, 6.4) 131.3
6 9.29 (d, 6.2) 145.2
1 6.22 (d, 5.6) 102.7
2 4.34 (dd, 7.6, 5.3) 80.5
3 4.45 (dd, 5.1, 2.5) 73.8
4 4,65 (q, 2.5) 90.2 (d, 8.8)
Ly 4.31 (ddd, 12.0, 4.3, 2.5) 66.9 (d, 4.9)

4.15 (ddd, 12.0, 5.0, 2.1)

JULl

95 90 85 7.0

NMN

60 50 45 40 30 25 00
0 (ppm)

Fig. S45 'H spectrum of NMN standard in D20 with internal reference DSS at 298 K. Empty spectra
was removed, highlighting the substrate peaks, labelled according to Table $19. Highlighted in
blue is the peak used for gNMR. The standard DSS peak at 0 ppm is included and marked (*).
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Fig. S46 Complete view of the 'H spectrum of NMN standard in D20 with internal reference DSS

(*) at 298 K, labelled according to Table S1. Some HxO is visible at about 4.8 ppm.

T T T T T T T T d
180 160 140 120 100 20 il 40 20 ppm

Fig. S47 3C spectrum of NMN standard in DO at 298 K, labelled according to Table $19.
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Fig. S48 'H-'H DQF-COSY spectrum of NMN standard in D20 at 298 K, labelled according to Table
S19.
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Fig. $49 'H-"H TOCSY spectrum of NMN standard in D20 at 298 K, labelled according to Table
S19.
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Fig. S50 Edited 'H-'3C HSQC spectrum of standard NMN standard in D20 at 298 K, labelled

according to Table S19.
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Fig. 851 The 'H-3C HMBC spectrum of NMN standard in D20 at 298 K, labelled according to

Table S19.
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Characterization of 1,4-NMNH

A full assignment of the 'H and '3C resonance signals of 1,4-NMNH was fulfilled and the

chemical shifts are listed in.

Table $20 NMR data 1,4-NMNH in D20 at 298 K

5

6.2 N4
o. N~ 3 NH,
o 9. 4 " 2 I8
HO—P-0  3¥"2"on
O HO
Position On (multi., J) éc
2 7.15(d, 1,6) 141.1
3 103.4
Cc=0 175.9
4 3.056 (d, 1.7); 3.062 (d, 1.7) 24.7
5 5.02 (m) 108.2
6 6.24 (ddt, 8.3, 1,4, 1.5) 127.7
T 4.88 (m) 97.7
2 4.34 (dd, 7.6, 5.3) 73.3
3 4.25 (dd, 5.3, 2.0) 73:6
4 4.09 (m) 86.0 (d, 8.8)
5' 3.87 —3.81(m) 66.6 (d, 4.1)
NMNH

LLJJJMLi

TI.O 6.0 50 45 40 30 25 00
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Fig. $52 'H spectrum of NMNH standard in D20 with internal reference DSS at 298 K. Empty
spectra was removed, highlighting the substrate peaks, labelled according to Table S20 highlighted

in blue is the peak used for gNMR.
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Fig. $56 'H-'"H TOCSY spectrum of 1,4-NMNH in D20 at 298 K, labelled according to Table S20.
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Fig. S58 The 'H-'C HMBC spectrum of 1,4-NMNH in D20 at 298 K, labelled according to Table
$20.

61

128/153



References

1

D. P. Henriques Pereira, et al., Role of geochemical protoenzymes (geozymes) in primordial
metabolism: Specific abiotic hydride transfer by metals to the biological redox cofactor NAD*.

The FEBS Journal 16329 (2022). https://doi.org/10.1111/febs.16329.

R. R. Emnst, G. Bodenhausen, A. Wokaun, Principles of nuclear magnetic resonance in one
and two dimensions, Repr (Clarendon Press, 2004).

K. Withrich, NMR of proteins and nucleic acids (Wiley, 1986).
J. N. S. Evans, Biomolecular NMR Spectroscopy (Oxford University Press, 1996).

H.-O. Kalinowski, S. Berger, S. Braun, "*C-NMR-Spektroskopie (Georg Thieme Verlag,
1988).

S. E. Godtfredsen, M. Ottesen, N. R. Andersen, On the mode of formation of 1,6-dihydro-
NAD in NADH preparations. Carlsberg Res. Commun. 44, 65—75 (1979).

129/153

62



Publication Ill — Ferredoxin reduction by hydrogen with iron functions as

an evolutionary precursor of flavin-based electron bifurcation

Year: 2024

Authors: Max Brabender, Delfina P. Henrigues Pereira, Natalia Mrnjavac,

Manon Laura Schlikker, Zen-Ichiro Kimura, Jeerus Sucharitakul, Karl Kleinermanns,

Harun Taysuz, Wolfgang Buckel, Martina Preiner, and William F. Martin

Contribution: First author.

Developed the protocol used for the abiotic reduction of Fd and quantification. | was
directly involved in planning all experiments as well as performing the initial tests with
all Fe, Co, Ni alloys, oxides and native metals at pH 8.5. Analysed the data | collected

and discussed all the data obtained. Helped reviewing and adapting the main text.

Published in: Proceedings of the National Academy of Sciences (PNAS)

DOI: 10.1073/pnas.2318969121

Summary: This research paper shows that the reduction of Clostridium pasteurianum
ferredoxin is possible with H2 and native iron (Fe®), and not with the other metals tested
(Ni% Co® Mo? NiFe, NizFe, NisFe, or Fe3sO4). Results also show that it maintains its
folded conformation in a metal-rich environment, under pH 10 at 40 °C. This
demonstrates that electron bifurcation is not needed to reduce low potential cofactors
under prebiotic conditions and supports the preconceived idea that the acetyl-CoA

pathway is ancient.

130/153



Downloaded from https://www.pnas.org by 88.152.48.138 on September 7, 2024 from IP address 88.152.48.138.

RESEARCH ARTICLE MICROBIOLOGY

PNAS

mf' OPEN ACCESS ")

Check for
pdates

uj
L

Ferredoxin reduction by hydrogen with iron functions as an
evolutionary precursor of flavin-based electron bifurcation

Max Brabender>'*
Jeerus Sucharitakul®

, Delfina P. Henriques Pereira®' {2, Natalia Mrnjavac®’'
, Karl Kleinermanns®, Harun Taysuz™ 2, Wolfgang Buckel#"

, Manon Laura Schlikker®
, Martina Preiner®

, Zen-Ichiro Kimura®©{2),

, and William F. Martin®

Edited by Caroline Harwood, University of Washington, Seattle, WA; received October 31, 2023; accepted February 14, 2024

Autotrophic theories for the origin of metabolism posit that the first cells satisfied their
carbon needs from CO, and were chemolithoautotrophs that obtained their energy
and electrons from H,. The acetyl-CoA pathway of CO, fixation is central to that view
because of its antiquity: Among known CO, fixing pathways it is the only one that is i)
exergonic, ii) occurs in both bacteria and archaea, and iii) can be functionally replaced
in full by single transition metal catalysts in vitro. In order to operate in cells at a pH
close to 7, however, the acetyl-CoA pathway requires complex multi-enzyme systems
capable of flavin-based electron bifurcation that reduce low potential ferredoxin—the
physiological donor of electrons in the acetyl-CoA pathway—with electrons from H,,.
How can the acetyl-CoA pathway be primordial if it requires flavin-based electron
bifurcation? Here, we show that native iron (Fe®), but not Ni’, Co”, Mo®, NiFe, Ni,Fe,
Ni,Fe, or Fe;O,, promotes the H,-dependent reduction of aqueous Clostridium pas-
teurianum ferredoxin at pH 8.5 or higher within a few hours at 40 °C, providing the
physiological function of flavin-based electron bifurcation, but without the help of
enzymes or organic redox cofactors. H,-dependent ferredoxin reduction by iron ties
primordial ferredoxin reduction and early metabolic evolution to a chemical process in
the Earth’s crust promoted by solid-state iron, a metal that is still deposited in serpen-
tinizing hydrothermal vents today.

acetyl CoA pathway | transition metals | serpentinization | origin of metabolism | origin of life

Autotrophic theories for life’s origins posit that the first organisms on Earth were CO,-fixing
microbes. In that view, relicts from primordial CO, fixation might have been preserved
in modern metabolism, bringing CO, fixation pathways to bear the origin of metabolism
and life (1). Among known routes of CO, fixation, the acetyl-CoA pathway is the most
ancient (2). It is the only CO, fixation pathway known to operate in both archaea (meth-
anogens) and bacteria (acetogens) (3) and the only one that is exergonic, releasing energy
in the synthesis of acetyl-CoA (CH;COSCoA) from H,, CO,, and coenzyme A (CoASH)
via formate as an intermediate (4) according to

2CO, + 4H, + CoASH — CH;COSCoA + 3H,0,

with AG,' = —59 kJ/mol (2). Roughly 70% of the resulting acetyl-CoA pool is further
converted to pyruvate (CH;COCOOQ") by ferredoxin-dependent CO, fixation at the
pyruvate synthase reaction

2Fd,eq + CO, + H* + CH3COSCoA — 2Fd,, + CoASH + CH;COCOO™,

for the synthesis of amino acids, bases, cofactors, and cell mass (2). The enzymes of the
acetyl-CoA pathway are replete with transition metals as electron carriers and catalysts
(4-8), inorganic cofactors that are reasonably interpreted as relicts (9—12) from a geo-
chemical setting (13) within which metabolism and life arose. In acetogens and methano-
gens growing on H, and CO,, the acetyl-CoA pathway converts H, and CO, into formate
(4), acetate, and pyruvate (2) via ~10 enzymatic reactions that require 14 cofactors and
127 proteins, including the cofactor biosynthesis pathways (14).

Newer findings reveal that under the conditions of H,-producing (serpentinizing)
hydrothermal vents (15, 16), the function of those 127 proteins can be replaced in toto
by individual transition metal minerals such as NisFe or Fe;O, in vitro. These catalysts
not only convert CO, and H, with high specificity to formate, acetate, and pyruvate in
the laboratory (17-20), they are deposited in serpentinizing hydrothermal vents in nature
(21-23). They can even convert H, and CO, to pyruvate at concentrations of 200 pM
(19), the physiological pyruvate concentration in the cytosol of acetogens growing on H,
and CO, (24). Whether catalyzed by enzymes or metals, these ancient metabolic reactions
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and cofactors. How was
ferredoxin charged before
enzymes and cofactors arose? In
alkaline, Hy-producing
hydrothermal systems, the
electron-donating potential of H,
can reduce ferredoxins but
requires the presence of a
transition metal. We show that in
water, raw iron will transfer
electrons from H, to ferredoxin,
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metabolic evolution.
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go forward because in the reaction of H, with CO,, the equilib-
rium lies on the side of reduced carbon compounds (25). Transition
metal catalysts forge a functional link between ancient metabolism
and modern serpentinizing hydrothermal systems, which synthe-
size formate via abiotic geochemical reactions in amounts suffi-
cient to support microbial growth (26-30).

Though the reactions of the acetyl-CoA pathway naturally unfold
from H, and CO, in the presence of transition metal catalysts in
the laboratory, this does not, by itself, solve the problem of meta-
bolic origins, because the biochemically catalyzed acetyl-CoA path-
way as it occurs in cells presents a thermodynamic paradox. The
CO,-reducing enzymes of the acetyl-CoA pathway require reduced
ferredoxin, Fd, as their electron donor, whereby Fd is reduced with
electrons from H, via hydrogenases (Fig. 1). However, the midpoint
potential of H, under standard physiological conditions, E," = —414
mV, is more positive than the midpoint potential of low potential
ferredoxins, roughly —450 to —500 mV in cells (31) as required for
CO, fixation (E," = —430 mV), making Fd reduction with H, a
steeply endergonic process (Fig. 14), especially in environments
with low H, partial pressures (31). How do cells push electrons
energetically uphill to Fd for CO, fixation?

The discovery of flavin-based electron bifurcation (32, 33)
revealed how the main groups of H,-dependent autotrophs, meth-
anogens and acetogens, reduce ferredoxin with H, (34, 35). The
two electrons from H, are transferred via a hydrogenase (36, 37)
to an enzyme-bound flavin, where they diverge along exergonic
and endergonic paths, respectively. One electron is transferred to
a high potential acceptor such as NAD" or the heterodisulfide
CoM-§-5-CoB, the other is transferred, in strict stoichiometry,
to Fd as the low potential acceptor (Fig. 14). Reduction of the
high potential acceptor renders the overall Fd-reducing reaction
exergonic (31-42). All flavin-based electron bifurcation redox
couples known so far reduce Fd (39) or flavodoxins under Fe
limitation (41). This indicates that the ancestral physiological
function of flavin-based electron bifurcation was to supply reduced
Fd as a low potential reductant for metabolism, in turn welding
both flavin-based electron bifurcation and Fd into the foundation
of autotrophic theories for the origin of metabolism because, in
concert, they supply the electrons for FeS and FeNiS clusters in
enzymes of the acetyl-CoA pathway (2-8, 31, 35, 43, 44).

While flavin-based electron bifurcation solves the bioenergetic
problem of Fd reduction with H, in metabolism, it presents a
paradox in prebiotic physiology (45, 46): Given the antiquity of
the acetyl-CoA pathway, how was Fd reduced in early evolution
i) before the origin of the more complicated Fe-Ni and Fe—Fe
hydrogenases that oxidize H, (Fig. 1B) and ii) before the origin
of the vastly more complicated multi-enzyme process of
flavin-based electron bifurcation (31-42) (Fig. 14) that is required
for Fd reduction in H,-dependent chemolithoautotrophs? Because
of its universality among anaerobes, and by functional, structural,
and biogenetic simplicity (Fig. 1B), Fd is clearly more ancient
than the hydrogenases (Fig. 1C) that supply reduced ferredoxin
as the reductant for CO, fixation. The FeS clusters of Fd are not
only simpler in structure than hydrogenase active sites, which
extract electrons from H, for Fd reduction, they also lack the small
molecule ligands that are added to iron during hydrogenase active
site maturation (47—49) (Fig. 1C) by maturases that arose subse-
quent to the hydrogenase structural protein (50). In early bio-
chemical evolution, simpler mechanisms must have therefore
preceded hydrogenases and flavin-based electron bifurcation as a
means of supplying reduced ferredoxin, though such mechanisms
have not been experimentally identified so far. Here, we investigate
the ability of native transition metals to reduce ferredoxin with
H, in the absence of flavins or electron-bifurcating enzymes.

Results

We used H, as the source of electrons for Fd reduction because
it is the reductant that drove primary production on Earth prior
to the origin of photosynthesis starting with the first signs of life
3.8 billion years ago (51, 52). To activate H, we used native
metals and metal alloys that are naturally deposited in serpenti-
nizing systems (21-23). Serpentinization entails geochemical
redox reactions between Fe(II) minerals and H,O circulating
through the Earth’s crust (15, 16), generating H, as the source
of energy and electrons for primary production by bifurcation-
dependent anaerobic autotrophs that inhabit serpentinizing sys-
tems in the dark subsurface: acetogens (26, 53) and methanogens
(27, 28). For assays, we used glass vials and 5 bar of H,, corre-
sponding to 3.8 mM H, in the aqueous phase, well within the
range of H, concentrations measured in the effluent of Lost City
(29, 54) and other serpentinizing hydrothermal systems (46, 55).
The reduction of ferredoxin from Clostridium pasteurianum puri-
fied from Escherichia coli can be followed by the standard pho-
tometric assay (56) by following the difference in absorption at
420 nm (Fig. 2).

Previous studies showed that Fe’, Ni’, and Co® can catalyze
the reduction of NAD* to NADH under mild hydrothermal
conditions: 5 bar H,, 40 °C (57). NAD" is a stronger oxidant
(E, =—320 mV) than C. pasteurianum Fd (E, = —412 mV) (58)
and NAD' reduction is a two-electron reaction involving hydride
(H") transfer while ferredoxin reduction involves one-electron
transfer to [4Fe4S] centers. A screen of transition metals revealed
that Ni’, Co’, Mo, NiFe, Ni,Fe, Ni,Fe, and Fe;O, do not medi-
ate H,-dependent Fd reduction, whereas Fe” reduces Fd in the
presence of H, (Fig. 3). The concentration of Fd in reactions was
30 uM, slightly lower than the physiological concentration in
anaerobes, where Fd concentrations are in the range of 80 to
400 uM (59).

Ferredoxin reduction by Fe’ required roughly four hours at 40
°C (Fig. 4). Notably, C. pasteurianum Fd does not autoreduce
under these conditions, as shown in Fig. 4 for reactions of Fd and
H, without metal. This is also seen in reactions of Fig. 3 where
no Fd reduction was detected. Ferredoxin reduction with Fe® at
pH 8.5 required H, and solid-state iron (Fig. 3). The lack of
autoreduction is noteworthy, because FeNiS and FeS enzymes of
the acetyl-CoA pathway (acetyl-CoA synthase/carbon monoxide
dehydrogenase and pyruvate synthase) are able to activate H, via
latent hydrogenase activities (60). However, C. pasteurianum Fd
does not oxidize H,, in agreement with the absence of hydrogenase
activity for Fd from Clostridium rhermoacericum (60). The FeS
clusters of C. pasteurianum Fd require an iron surface for reduction
under the conditions tested here.

Early studies detected an effect of pH on the reduction of FeS
proteins from C. pasteurianum and other sources, though the
effects were generally small in the pH range of 6 to 9 (63).
Subsequent studies did not detect pH-dependent effects (58). The
conditions in our investigation are aligned with serpentinizing
systems, where the midpoint potential of H, oxidation is directly
influenced by pH through the reaction

H, — 2e” +2H*Y,

which is pulled to the right at alkaline pH via proton removal,
resulting in very negative midpoint potentials. In actively ser-
pentinizing hydrothermal systems, pH can exceed 10 and the
midpoint potentials can exceed =700 mV (26, 30, 46, 55). We
observed a tendency for the pH to increase with reaction time
in runs with Fe’ despite the presence of 133 mM P, buffer. To
see whether the observed Fd reduction is due solely to a pH
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Fig. 1. Ferredoxin is the primordial one-electron carrier in metabolism. (A) Flavin-based electron bifurcation is required to reduce low potential ferredoxin
for CO, fixation using electrons from H, (schematic). The flavoprotein and its high potential acceptor varies across organisms and pathways (31-42). (B) The
structure of C. pasteurianum ferredoxin (PDB ID: 1CLF). Other renderings of ferredoxin are given in S/ Appendix, Fig. S1. () The structure of the two forms of
hydrogenase used to oxidize H, for Fd reduction and their catalytic metal clusters compared to Fd from C. pasteurianum. The structures are for MvhAGD, the
[NiFe] hydrogenase from Methanothermococcus thermolithotrophicus (PDB ID: 50DC) (36) and HydABC, the [FeFe] hydrogenase from Acetobacterium woodii (PDB
ID: 8ASE) (37). The CN™ and aminodithiolate ligands are missing in the structure of the H-cluster of HydABC. One protomer of HydABC and one protomer of
MvhAGD are shown, the biologically active complexes being a homodimer of heterotrimers and a homodimer of heterohexamers (including the heterodisulfide
reductase), respectively. Under nickel limitation, some methanogens express a third form of hydrogenase with a unique iron-guanylylpyrinidol cofactor that
transfers electrons from H, directly to methenyl-tetrahydromethanopterin without FeS cluster intermediates (8).

effect (altered midpoint potential of H, oxidation) on metal-
dependent water reduction, native metals were tested at pH 10.
For Ni” and Co’, there was no observable Fd reduction with H, at
pH 8.5 or pH 10 (Fig. 5B). At pH 8.5, Fd reduction required Fe’

and H,, while at pH 10, there was also substantial Fd reduction
without addition of exogenous H, (Fig. 54). ThlS was expected
based on findings from NAD" reductlon using "H labellng, where
it was observed that at pH 10, Fe® generates endogenous "H™ from
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Fig. 2. Photometric assay of Fd reduction. (4) UV-Vis spectra following the oxidation of 30 uM of reduced Fd from C. pasteurianum in 0.133 M phosphate buffer
at pH 8.5 through air exposure for 300 s. Fd was previously reduced through addition of two equivalents of sodium dithionite (Na,S,0,). (B) Magnified boxed
region in A showing the difference in absorption of the [4Fe4S] clusters at 420 nm and the isosbestic point at 354 nm (56), used for normalization. The time

course of Fd reduction is shown in S/ Appendix, Fig. 52.

*H,0O (57). The yield of reduced ferredoxin for Fe’ without H,
at pH 10 relative to the yield without H, at pH 8.5 (Fig. 54)
might result from the more negative H, mldpomt potentlal at
increased pH. Reduction of Fd cannot be tested with *H,O in
the same way as for NAD" (57) because Fd accepts smgle elec-
trons rather than hydride. Surface oxidation of Fe” can generate
soluble Fe** (64—66), which is not, however, a sufficiently strong
reductant to reduce ferredoxin (Fe**—Fe**+ e, E, = —200 mV)
(67).

To further probe the effect of pH, we increased the buffer
strength to 1.33 M P, and incubated in the presence of H, at
different pH values (Fig. 6). At pH 7, where the midpoint poten-
tial of the H, oxidation is E, = —414 mV, close to the midpoint
potential of Fd the reaction is incomplete. At pH 6, the reactlon
is blocked, as expected. Ferredoxin reduced by H, over Fe’ is
biologically active, it serves as a substrate to reduce NADP in the
reaction catalyzed by ferredoxin:NADP oxidoreductase from spin-
ach chloroplasts (ST Appendix, Fig. S4).

A
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1.8 pH85 | Fdred
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<
= 144
1.2 . - = Fdox
NIl |
H, - + + + + +
metal - - NP | Co® | Mo® | Fe?

Discussion

In water at 40 °C, H, can reduce C. pasrmrmnum Fd at a con-
centration of 30 UM in the presence of Fe” within a few hours.
The pH and partial pressure of H, used (5 bar, roughly 3.8 mM
in solution according to Henry'’s law) correspond to conditions
in actively serpentinizing hydrothermal vents (29, 46, 54, 55).
The 30 uM Fd concentration used is close to that in cells. We
found that iron was effective in reducing Fd with H,. Neither
the Fe—Ni alloys tested nor magnetite were effective in Fd reduc-
tion. Though the mechanism of electron transfer from the het-
erogeneous Fe” surface to Fd is obscure, it requires Fe in the solid
state in these experiments and likely entails chemisorption for
H, activation (61, 62) with electron transfer mechanisms possibly
similar to those that operate between FeS clusters in proteins (68,
69). Because Fe’ conducts, H, oxidation and Fd reduction need
not occur at the same site on iron particles. Several studies have
used electrodes with externally applied potentials to promote

B
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Fig. 3. Metals tested for H;-dependent Fd reduction. Reaction of 30 pM Fd from C. pasteurianum with 0.1 mmol (4) native metal and (B) metal alloys and magnetite
under a hydrogen atmosphere [5 bar] in 0.133 M phosphate buffer at pH 8.5. Normalized absorption of [4Fe4S] clusters in Fd is shown (Methods). Raw data for

iron shown in 5/ Appendix, Fig. S3.

134/153

40of 9 https://doi.org/10.1073/pnas.2318969121

pnas.org



Downloaded from https://www.pnas.org by 88.152.48.138 on September 7, 2024 from IP address 88.152.48.138.

20— u= Fd+ H,
1 ~® Fd+Ar+Fe°

187 .o Fd+ H, + Fe? {
€164 40°C -
Sﬁ | pH85

1.0 L———

|
0 100 200 300
time [min)]

Fig. 4. Time course of Fe"-promoted H,-dependent Fd reduction. The lag
time of about 1 h might reflect delayed formation of chemisorbed hydrogen
on the iron surface (61, 62) or H,-dependent formation of active sites on
the metal surface. A similar lag time was observed for H,-dependent NAD*
reduction on Fe® (57).

prebiotic chemical reactions (70, 71). We applied no external
potentials. At alkaline pH, serpentinization and Fe’ produce the
diffusible reductant H, by interactions with water. The reduction
of Fd took place via redox reactions with exogenous H, and Fe’
at pH 8.5 and without exogenous H, at pH 10. At pH 6, Fd
reduction does not take place (Fig. 6). The reason why Fe’ reduces
Fd in our reactions while the other metals tested do not (Fig. 3)
is likely due to the more negative midpoint potential of Fe’ in
reaction to the divalent ion relative to the other metals tested
(57, 67) or to differences in H, chemisorption among metals

tested (57), or both.

An Ancient Root to Modern Corrosion? Though motivated by
the study of early evolution, our findings bear upon a modern
problem: the corrosion of iron by microbes that use Fe’ as an
electron source. A number of H,-dependent anaerobic microbes
that use the acetyl-CoA pathway, most notably methanogens and

acetogens, can use Fe” as an electron source for 2g!’ow'[h (64—606).
Iron oxidation results in iron dissolution as Fe™ and corrosion.
The molecular mechanisms by which acetogens and methanogens
extract electrons from Fe” are still unknown (66), but the transient
formation of H, from oxide-generating reactions of iron and
water—as suggested in a previous study of NAD* reduction (57)
and as we suspect for Fd reduction without H, at pH 10 (Fig. 6)—
are widely discussed (64—66).

While it is possible that use of Fe’ as a source of electrons is a
recent microbial adaptation to human metalworking technology,
it is far more likely that this physiological capacity is ancient, a
holdover from growth on ubiquitous Fe” and iron alloys (21-23)
in serpentinizing systems, which are as old as water on Earth (15,
16). This would be highly compatible with phylogenetic and phys-
iological evidence for the age of acetogens and methanogens (26,
53, 72-74), lineages that can grow on iron. Native metals are
deposited in hydrothermal systems when serpentinization and H,
production are active. When H, production through serpentini-
zation stops, deposited Fe’ is still available (21-23), which can
serve as the sole electron source for several lineages of acetogens
and methanogens (64—66). Our findings raise the possibility that
FeS clusters localized in proteins at the cell surface mediate growth
on iron as an electron source in organisms that do not use extra-
cellular multiheme cytochromes (66) or extracellular flavins to
access electrons.

No Requirement for Membranes or lon Gradients. The enzymatic
process of flavin-based electron bifurcation requires neither mem-
branes, ion gradients, nor membrane-integral proteins (31-42),
hence it could have operated at a very early stage of biochemical
evolution, before the origin of free-living cells and even before the
origin of membranes. During the course of evolution, microbes
evolved membrane-dependent protein complexes that generate
reduced ferredoxin without flavin-based electron bifurcation.
These include the energy-conserving hydrogenase Ech, which taps
ion gradients at the plasma membrane to reduce Fd with H, (75,
76). It has been proposed that Ech-like functions might have been
required for primordial ferredoxin reduction (77, 78), yet Ech is
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Fig. 5. H,-dependent Fd reduction at pH 10. Reaction of 30 uM Fd from C. pasteurianum with 0.1 mmol metal. (4) Native iron and (B) native cobalt and native
nickel under a hydrogen atmosphere [5 bar] in 0.133 M phosphate buffer at pH 8.5 and pH 10. Normalized absorption of [4Fe4S] clusters in Fd is shown (Methods).
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Fig. 6. pH dependence of Fd reduction with H,. Reaction of 30 uM Fd from C.
pasteurianum with 0.1 mmol native iron under a hydrogen atmosphere [5 bar]
in 0.133 M and 1.33 M phosphate buffer at pH 8.5. Normalized absorption of
[4Fe4S] clusters in Fd is shown (Methods). The midpoint potential of H, was
calculated using the Nernst equation.

evolutionarily derived from soluble Fe-Ni hydrogenases (79), which
require electron bifurcation for autotrophic function, such that Ech
can hardly be an ancestral Fd-reducing agent. Our findings show
that neither ion gradients, membranes, nor Ech-like functions are
required by the far simpler process of Fd reduction in the presence
of H, and iron.

A Metal:Protein Hybrid Intermediate. In contrast to previous studies
of inorganic-catalyzed prebiotic reactions (80), the substrate of our
iron-dependent reaction is a protein with FeS clusters. Ferredoxin
reduction with H, and Fe” under serpentinizing conditions closes an
important gap in early bioenergetic evolution, providing an example
of a hybrid intermediate state in the evolution of metabolism
subsequent to abiotic versions of the acetyl-CoA pathway (17-20,
81) yet prior to the origin of enzymes that perform flavin-based
electron bifurcation (Fig. 7). The ancestral route of pyruvate
synthesis from H, and CO, is readily catalyzed by a number of
different transition meal catalysts, including Fe’, Ni’, Ni;Fe, and
Fe;0, (17-20) that occur naturally in serpentinizing hydrothermal
vents (Fig. 74). With the advent of genes and proteins, primitive
versions of the acetyl-CoA pathway (72, 82) comprising the Fd-
dependent enzymes carbon monoxide dehydrogenase/acetyl-CoA
synthase and pyruvate synthase (5-8) could replace inorganically
catalyzed pyruvate synthesis, but the activity of the soluble enzymes
remained tied to transition metals in the crust for the supply of
reduced ferredoxin as a kind of electrochemical umbilical cord
connecting H, activation (solid phase) to one-electron supply at
enzymes (aqueous phase) (Fig. 75).

Given geochemical availability of H, from serpentinization and
CO, from seawater, this hybrid intermediate state would be indef-
initely sustainable, but metabolic evolution would remain bound
to the Earth’s crust by the requirement for solid-state metals.
Escape from the crust required a number of inventions, among
them cellularization and the ability to fix CO, without the require-
ment for physical contact between cytosolic enzymes and metals
in the crust. The origin of hydrogenases (36, 37, 50) and flavin-
based electron bifurcation freed H,-dependent ferredoxin

reduction from solid-state contact, but coupled Fd reduction to
the simultaneous reduction of stronger oxidants (Fig. 7C). These
eventually included NAD" via the electron-bifurcating Fe—Fe
hydrogenase reaction of acetogens (35) or CoM-S-S-CoB via the
MvhADG/HdrABC complex (Fe—Ni hydrogenase/heterodisulfide
reductase) of methanogens (34), coupling Fd-dependent CO,
reduction to stoichiometrically balanced energy metabolism in
these H,-dependent chemolithoautotrophs (39). The evolutionary
innovation of flavin-based electron bifurcation enabled the use of
H, as an electron donor for Fd reduction at cytosolic pH values
near 7. Despite their divergent mechanisms of pumping for ATP
synthesis (43, 44), the acetyl-CoA pathway links methanogens
and acetogens (84), primordial members of the archaeal and bac-
terial lineages (72-74), with serpentinizing environments (15, 16,
85), which they still inhabit today (26-30, 53, 74). Our findings
provide a crucial missing link in early metabolic evolution, closing
a gap in autotrophic theories by demonstrating a functional inter-
mediate state in the transition from geochemical to enzymatic
catalysis in H,-dependent CO, fixation (Fig. 7), as required if life
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Fig. 7. Three phases in the evolution of autotrophy via the acetyl-CoA
pathway. (A) Metal-catalyzed pyruvate synthesis from H, and CO, (17-20, 80)
as the ancestral state of the acetyl-CoA pathway. (B) Iron-dependent ferredoxin
reduction with H, as a source of the physiological reductant (reduced
ferredoxin) for CODH/ACS (5, 7, 60) and PFOR (6, 34, 60) in an intermediate
stage of physiological evolution before the origin of flavin-based electron
bifurcation. (C) H, oxidation via Fe-Fe and Ni-Fe hydrogenases and flavin-
based electron bifurcation for the synthesis of reduced ferredoxin in a fully
soluble enzymatic system encoded by genes. The source of methyl groups
for the ACS reaction in (B) can either be geochemical (72, 83) as in (A) or
biochemical from CO; as in the extant acetyl-CoA pathway (2).
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arose at hydrothermal vents (13) involving the acetyl-CoA path-
way (83).

In the Light of Origin Theories. Do the present findings dis-
criminate among theories for the origin of life? The main competing
theories for origins encompass genetics first and metabolism first
proposals. Genetics first theories posit, in current mainstream
formulations, that RNA-based replicating systems preceded the
origin of life-like metabolic pathways and that the RNA bases
were synthesized with the help of atmospheric reactions giving
rise to cyanide, C=N", or C=N-containing compounds that
fueled RNA synthesis until metabolism arose (86-88). In genetics
first theories, reactions between H, and CO, play no role, as the
reduced carbon species that initiate primordial amino acid and
nucleobase synthesis contain reduced carbon with highly reactive
C=N bonds (89-91). Because C=N-containing compounds
are absent in modern biosynthesis, genetics first models do not
intersect microbial metabolism, such that flavin-based electron
bifurcation, H,-dependent CO, fixation, and the acetyl-CoA
pathway do not address genetics first, and vice versa.

Metabolism first theories posit that organized and catalyzed
chemical reaction networks having evident similarity to modern
metabolic pathways are the starting point of life chemistry, from
which genetic systems later emerged (92). In autotrophic theories,
metabolism started from CO,, just like it does in the primary
production of modern ecosystems (1). Autotrophic theories that
draw upon hydrothermal vents (13) and H, from serpentinization
to reduce CO, via the acetyl-CoA pathway to pyruvate strictly
require evolutionary precursors of electron bifurcation (45, 46),
readily accommodating the present findings. From pyruvate, the
central intermediate of biosynthesis (2, 93), the paths to the
incomplete reductive reductive citric acid cycle (94), amino acids,
nucleotide, and cofactor synthesis are short, entailing only about
400 reactions (95). Amino acid and nucleobase syntheses from
biochemical starting compounds can take place without enzymes
(80, 96, 97), as suggested in these pages in 1963: “primitive
organic cofactors (along with inorganic ions) acting on surfaces
were the original ‘bio’ catalysts, active long before specific poly-
peptides evolved” (92). As Fe” presents a surface, our findings
(Fig. 7) are in full accord with that depiction.

Orrigins theories that start with methane oxidation (98, 99)
belong to the metabolism first category but not to autotrophic
theories, because they start from CH, as the first carbon source
(methanotrophy) as opposed to CO, (autotrophy). Methane
requires strong oxidants such as nitrogen oxides, O,, or H,0, to
enter primordial metabolism (99), precluding a requirement for
H, (98) hence electron bifurcation. Wichtershiuser explicitly
excluded H; as the primordial source of electrons for metabolism,
because of the uphill nature of CO, reduction with H, (100)
under standard conditions. Smith and Morowitz (101) concluded
that the site of life’s origin must have performed electron bifurca-
tion; our findings identify a simpler and functional environmental
precursor. Other proposals involve electrogenesis, using externally
applied voltages on transition metal electrodes to generate poten-
tials required to reduce CO, without H, (71). These theories miss
the impact of pH on H, oxidation.

Conclusion

Iron-mediated, H,-dependent Fd reduction provides the function
of electron bifurcation in water at H, partial pressures, tempera-
tures, and pH that occur naturally at serpentinizing hydrothermal
vents. It requires solid-state transition metal surfaces, with no need

for sulfide minerals, membranes, ion gradients, redox cofactors,
externally applied voltage, or oxidants other than Fd, presenting
a simple (one gas, one solid) and energetically smooth transition
in physiological evolution from abiotic to enzymatic use of H,
from serpentinization to reduce Fd (Fig. 7). These findings point
to an early phase of biochemical evolution in which proteins (ferre-
doxin), hence ribosomes and the code existed in the last universal
common ancestor (72), but metabolic electron acquisition from
H, during autotrophic origins was still tied to transition metals
in serpentinizing systems in the Earth’s crust. Acetogens, meth-
anogens, other organisms that inhabit modern serpentinizing
systems (2630, 53, 74), and chemolithoautotrophs that fuel their
acetyl-CoA pathway with electrons from H,, native iron (64—66)
or phosphite (102) might harbor additional biochemical relicts
from the earliest phases of physiological evolution.

Methods

Reactions were prepared under anaerobic conditions in a glovebox (GS 79821,
GS Glovebox-System), using N,-washed 0.133 M or 1.33 M phosphate buffer
in HPLC-grade water (pH 6, 7, 8.5 or 10; potassium phosphate monobasic and
sodium phosphate dibasic (Honeywell Fluka)) containing Fd, pipetted into
5 mL glass vials (beaded rim) with metal powders (no powder in controls) and a
polytetrafluoroethylene (PTFE)-coated stirring bar. Vials were sealed by a crimp
cap with PTFE-coated membrane. To allow gas exchange, a syringe needle was
placed through the crimp cap membrane before the vials were placed in the
high-pressure reactor.

Ferredoxin. Aliquots of lyophilized ferredoxin from C. pasteurianum prepared
in E. coli as described (55) were suspended in 3.5 mL of N,-washed phosphate
buffer per reaction with 100 nmol Fd distributed throughout the experimental
run (one replica for Ni Fe and Fe,0, and three replicas forall other reactions) and
the control. 0.8 mL of the solution was placed on top of 0.1 mmol iron powder
(Fe®, 99.9+% metals basis, particle size <10 pm, Alfa Aesar), cobalt powder (Co®,
metal basis, particle size 1.6 pm, Alfa Aesar), nickel powder (Ni’, metal basis,
particle size 3 to 7 pm, Alfa Aesar), molybdenum powder (Mo®, 100 Mesh, 99.95%
metal basis, Alfa Aesar), magnetite (Fe,0,, 97% trace metal basis, particle size 50
to 100 nm, Sigma-Aldrich), or Ni,Fe (synthesis based on (30), kindly provided by
Tudce Beyazay, Max Planck Institute for Coal Research, Milheim, Germany). The
remaining volume of the Fd stock was used as a pre-reaction control for UV-Vis
spectroscopy. The ferredoxin and hydrogenase structures in Fig. T were rendered
with Pymol (103).

Reaction. After pressurizing the reactor with either 5 bar of Ar gas (99.998%, Air
Liquide) or 5 bar of H, gas (99.999%, Air Liquide), reactions were started and reg-
ulated by a temperature controller (BTC-3000, Berghof Products + Instruments
GmbH). Reactions were performed at 40 °C. The reaction time spanned from 1 h
to 4 h. Afterward, reactors were depressurized under anaerobic conditions and
the samples (metal powders and solution) were transferred to 2-mL Eppendorf
tubes and centrifuged for 15 min at 13,000 rpm (Biofuge Fresco, Hereaeus).
Supernatants were analyzed.

Reduction with Sodium Dithionite. To obtain standards of Fd, the protein
was reduced using sodium dithionite (ACROS Organics, Geel). Ferredoxin was
diluted in a N,-washed 133 mM phosphate buffer solution (pH 8.5). Sodium
dithionite was prepared in a similarsolution at pH 8.6.The reduction was carried
out with two moles of sodium dithionite per one mole of ferredoxin. In a 3-mL
UV quartz cuvette with a small PTFE-coated stirring bar at 400 rpm, reduced Fd
was re-oxidized by air, measuring a full scan of the UV-Vis spectrum every 30 s
until the protein was re-oxidized.

UV-Vis Spectrophotometry. Spectra were recorded in an AgilentTechnologies
Cary 300 UV-Vis Compact Peltier spectrophotometer using UV-quartz cuvettes
covered with a rubber stopper. A200 to 800 nm scan was taken for each sample.
Absorption of the [4FedS] clusters in Fd was normalized to the absorbance of
the isoshestic point of the spectrum at 354 nm (56). Data were analyzed with
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the Cary UV Workstation and Cary WinUV software. Midpoint potentials of H,
were calculated with the Nernst equation for the standard hydrogen electrode.

Data, Materials, and Software Availability. PDF data have been deposited
in HHU ResearchData (https://doi.org/10.25838/d5p-51) (104).
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Conclusion and Outlook

The importance of metals in the origin of life has been discussed for 30 years
(Eck and Dayhoff, 1966; Fried et al., 2022; Lipmann, 1965; Martin and Kleinermanns,
2024; Russell and Martin, 2004; Wachtershauser, 1992; Williams and Frausto da
Silva, 1997) especially when considering the inorganic cofactors at the centre of
modern enzymes. From a bottom-up approach, there has been an increased interest
in studying earth minerals as catalysts under similar conditions (Barge et al., 2020;
Beyazay et al., 2023c; Preiner ef al., 2020; Song et al., 2024). From a top-down
approach, the importance of cofactors is undeniable and supports this interest: core
enzymes have always relied on cofactors for their activity and are what can make
prebiotic reaction networks autocatalytic (Xavier et al., 2020). Considering that
proteins were probably the first biopolymers to exist, but that nucleotide cofactors may
have contributed to more efficient proto-metabolism early on (Fried et al., 2022), this
work focused on testing both organic cofactors and protein-bound inorganic cofactors
in a prebiotic environment. To this end, it has been successfully demonstrated that
both can interact with metals in hydrothermal systems in a stable and functional
manner, contributing to the construction of a timeline of the origin of life. All
publications address the stability of both inorganic and organic cofactors involved in
the experiments, in addition to proposing mechanisms for the identified reactions.
Publication 1 and 3 show that NAD is specifically reduced at the 4™ position by many
Ni, Fe and Co containing metals with H,. The complete reduction of ferredoxin was
shown in publication 2, but only with Fe®. Both NADH and Fd.q were easy to produce,
stable in alkaline solutions, and by-products were little to none below pH 9. To this
effect, publication 3 concludes that the ADP moiety is most important (for NAD) in Ni-
rich environments, otherwise it is over-reduced and hydrolysed. Finally, all 3 show that
high levels of metal and water activity are not nearly as toxic to these cofactors as they
can be in modern life. In turn, we have shown that hydrides can be formed from H;0
reduction by Fe?, similar to serpentinization, at much lower temperatures than those
reported in serpentinizing systems. Taken together, these results are a first step
toward understanding if and how a cofactor-dependent proto-metabolism might have

existed above a serpentinizing system.

140/153



To further test this hypothesis, we are currently working with other organic
cofactors of interest and testing their reduction with Hzin the case of electron carriers
and COgy/Hofor methyl carriers. During the preparation of this thesis, preliminary work
with flavins showed that they can also be reduced under conditions similar to those
described for NAD and Fd. Even though the midpoint potential of the -1/-2 pair in free
flavins is not as negative as in prosthetic flavins, their properties still hold, and it would
be very interesting to test if they could facilitate the reduction of Fd with more abundant

minerals than Fe?.

Another intuitive next step is to investigate subsequent reactions: hydrides and
electrons have been successfully transferred from the gas phase (H2) through a metal
surface to soluble cofactors, but can they be transferred from these cofactors to
relevant metabolites in solution without enzymes? Mayer and Moran (2024) have
already explored this idea using metal ions to reduce pyruvate with NADH. However,
this has only been achieved under acidic conditions where NADH is naturally
degraded over time and dissolved metals also degrade NAD. Thus, further
experiments with NAD and other cofactors are needed. It is also important to continue
to explore prebiotic synthesis in the Hadean Earth. For example, Sanchez-Rocha
(Sanchez-Rocha et al., 2024) has shown that ancient cofactors are more likely to bind
to early amino acids in enzyme binding sites than late cofactors, and more likely to do
so via metal ions. In this paper, they postulate that organic cofactors may have been
key to resolving the tertiary structures and catalytic functions of prebiotic enzymes,

which is worth investigating experimentally.

We are still a long way from knowing if these theoretical scenarios were real, in
fact we can never know for sure, but the ever-growing body of data from both top-
down (Fried et al., 2022; Sanchez-Rocha et al., 2024; Xavier et al., 2020) and bottom-
up approaches increasingly supports an early origin of organic cofactors (Brabender
et al., 2024; Henriques Pereira et al., 2022; Weber et al., 2022; Nogal et al., 2024,
Mayer and Moran, 2024; Sebastianelli ef al., 2024). While these findings do not rule
out an alternative origin of life for hydrothermal systems, they support the idea that
many key metabolic mechanisms (e.g. Hz-dependent reduction of low potential
cofactors are prebiotically possible in these environments, transformed into life and

perfected by evolution.
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