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CONSPECTUS: Life is an exergonic chemical reaction. The same was true  Ancient catalysts at metabolic origin - p, /246

when the very first cells emerged at life’s origin. In order to live, all cells need a Acetate
CO, Formate

source of carbon, energy, and electrons to drive their overall reaction network
(metabolism). In most cells, these are separate pathways. There is only one
biochemical pathway that serves all three needs simultaneously: the acetyl-CoA
pathway of CO, fixation. In the acetyl-CoA pathway, electrons from H, reduce
CO, to pyruvate for carbon supply, while methane or acetate synthesis are
coupled to energy conservation as ATP. This simplicity and thermodynamic
favorability prompted Georg Fuchs and Erhard Stupperich to propose in 1985
that the acetyl-CoA pathway might mark the origin of metabolism, at the same -
time that Steve Ragsdale and Harland Wood were uncovering catalytic roles for & Fanedoxin Reduced '

Fe, Co, and Ni in the enzymes of the pathway. Subsequent work has provided Ferredoxin

strong support for those proposals.

In the presence of Fe, Co, and Ni in their native metallic state as catalysts, aqueous H, and CO, react specifically to formate, acetate,
methane, and pyruvate overnight at 100 °C. These metals (and their alloys) thus replace the function of over 120 enzymes required
for the conversion of H, and CO, to pyruvate via the pathway and its cofactors, an unprecedented set of findings in the study of
biochemical evolution. The reactions require alkaline conditions, which promote hydrogen oxidation by proton removal and are
naturally generated in serpentinizing (H,-producing) hydrothermal vents. Serpentinizing hydrothermal vents furthermore produce
natural deposits of native Fe, Co, Ni, and their alloys. These are precisely the metals that reduce CO, with H, in the laboratory; they
are also the metals found at the active sites of enzymes in the acetyl-CoA pathway. Iron, cobalt and nickel are relicts of the
environments in which metabolism arose, environments that still harbor ancient methane- and acetate-producing autotrophs today.
This convergence indicates bedrock-level antiquity for the acetyl-CoA pathway. In acetogens and methanogens growing on H, as
reductant, the acetyl-CoA pathway requires flavin-based electron bifurcation as a source of reduced ferredoxin (a 4Fe4S cluster-
containing protein) in order to function. Recent findings show that H, can reduce the 4Fe4$ clusters of ferredoxin in the presence of
native iron, uncovering an evolutionary precursor of flavin-based electron bifurcation and suggesting an origin of FeS-dependent
electron transfer in proteins. Traditionally discussed as catalysts in early evolution, the most common function of FeS clusters in
metabolism is one-electron transfer, also in radical SAM enzymes, a large and ancient enzyme family. The cofactors and active sites
in enzymes of the acetyl-CoA pathway uncover chemical antiquity in metabolism involving metals, methyl groups, methyl transfer
reactions, cobamides, pterins, GTP, S-adenosylmethionine, radical SAM enzymes, and carbon—metal bonds. The reaction sequence
from H, and CO, to pyruvate on naturally deposited native metals is maximally simple. It requires neither nitrogen, sulfur,
phosphorus, RNA, ion gradients, nor light. Solid-state metal catalysts tether the origin of metabolism to a H,-producing,
serpentinizing hydrothermal vent.
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Y.; Tiiystiz, H.; Moran, J.; Martin, W. F. A hydrogen-
dependent geochemical analogue of primordial carbon
and energy metabolism. Nat. Ecol. Evol. 2020, 4 (4),
534—542." Under simulated hydrothermal conditions, CO,
and H, with the minerals magnetite or awaruite as catalysts
yield methanol, formate, acetate, and pyruvate, correspond-
ing to a geochemical analogue of the first pathway of CO,
fixation, the acetyl-CoA pathway.

Wimmer, J. L. E.; Xavier, J. C.; Vieira, A. d. N.; Pereira,
D. P. H,; Leidner, J.; Sousa, F. L,; Kleinermanns, K;
Preiner, M.; Martin, W. F. Energy at origins: Favorable
thermodynamics of biosynthetic reactions in the last
universal common ancestor (LUCA). Front. Microbiol.
2021, 12, 793664.” This study provides estimates for the
free energy changes in the ancient network of ~400
reactions that gemerate amino acids, nucleobases, and
cofactors from CO,, H,, NH;, and H,S, showing they are
exergonic in hydrothermal conditions.

B INTRODUCTION

Life is an exergonic chemical reaction that branches out into
roughly 1000 catalyzed and interconnected partial reactions
(metabolism) and that, given sufficient reactants, produces a
functional copy of its catalyst set (a daughter cell).”
Understanding how life could have arisen involves forging
links between the chemical reactions of living cells and
chemical environments on the early Earth. The number of
chemical environments on the early Earth where the origin of
life was theoretically possible is vast. By contrast, the number
of chemical environments on the early Earth that directly
interface with the chemical reactions of living cells is limited.
The physiology of modern cells can provide constraints that
help to discriminate between the kinds of environmental
catalysts that could have accelerated the primordial chemical
reactions that gave rise to metabolism. Physiology can also help
to identify ancient lifestyles, ancient reactions and ancient
catalysts in metabolism.””” Because no one was around to
observe the origin of life 4 billion years ago, the
physicochemical environment of origins is debated. But
physiology adds needed constraints. For example, all cells,
without exception, have to satisfy their basic requirements for
carbon (CO, vs organics; autotrophy vs heterotrophy),
electron donors (inorganic vs organic; lithotrophy vs organo-
trophy) and energy (photons vs chemical reactions; photo-
trophy vs chemotrophy) in order to grow. Given what we
know about early Earth environments, which of these
combinations is ancient?

Carbon

All ecosystems today start from CO, with autotrophs providing
the reduced carbon compounds required by heterotrophs.
Carbon from space is too reduced and structurally too
heterogeneous to support fermentations,” and the Moon-
forming impact transformed all accreted carbon on the early
Earth into CO,.”'® That means that CO, was the starting
material for the first organic syntheses and the source of carbon
for primary producers (autotrophs) that fueled the first
ecosystems, the foundation of autotrophic theories for
origins."'~'* The Moon-forming impact generated a primor-
dial atmosphere rich in CO, that dissolved in the ocean,
generating a pH of roughly 6.5 from carbonic acid."> That
localizes primordial CO, to the Earth’s entire surface and
oceans, but provides no direct clues about the specific
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environment where the CO, reduction process might have
gotten started. The source of reductants narrows down the
possibilities.

Electrons

The list of possible reductants for the first organic synthesis
from CO, and the source of electrons for autotrophic pathways
is short. Among the environmentally available reductants on
the early Earth, only H, has a sufficiently negative midpoint
potential to reduce CO, directly, but it requires alkaline pH
and catalysts in order to do so. High pH (>8) pulls the
equilibrium in the reaction H, — 2H" + 2e” to the right by
removing protons, which shifts the midpoint potential of the
H, oxidation reaction from —414 mV under standard
physiological conditions (25 °C, 1 atm H,, pH 7) to —533
mV (25 °C, 1 atm H,) at pH 9, for example, using the Nernst
equation. The midpoint potential of CO, reduction to formate
is on the order of —430 mV." In the absence of catalysts, H, in
alkaline water will not react with dissolved CO, at significant
rates. But if the solid-state transition metals Fe®, Co® or Ni® or
their alloys are included as catalysts for the reaction, H, readily
chemisorbs onto the metal surface and quickly reduces CO, to
a modest spectrum of specific organic compounds.”'”~*° The
reducing power of H, links the site of organic synthesis to the
proximity of serpentinizing hydrothermal systems,”"** which
naturally generate alkaline effluent (pH 9—11) with concen-
trations of H, reaching 10 mM or more.”* The requirement for
a solid-state catalyst (and high pH) furthermore ties organic
synthesis rather specifically to the physical site of a
serpentinizing vent, because the reducing conditions of
serpentinizing systems actively deposit the native metals Fe’,
Co° Ni° and their alloys,24 thereby providing the diffusible
reductant (H,, an inorganic electron donor), the alkaline pH
needed to favor H, oxidation, and the native metal catalysts
that allow chemisorbed H, and CO, to react.

Energy

All cells have a main exergonic chemical reaction that allows
the cell to conserve energy. At origins, the first reactions to
synthesize organics also had to be exergonic, otherwise the
reactions would not have gone forward. Most autotrophs have
separate and independent pathways of carbon and energy
metabolism, with ATP from the latter energetically financing
the former.”> The search for ancient forms of energy
metabolism is relatively simple because there are only two
lineages of microbes that combine carbon and energy
metabolism, obtaining their ATP from the reduction of CO,
with H,. They are strict anaerobes and they both employ the
most ancient among CO, fixing pathways, the acetyl-CoA
pathway:'>'*?® acetogens and methanogens. In acetogen and
methanogen metabolism, the main intermediates and products
of the acetyl-CoA pathway are formate (an intermediate),
pyruvate (the main source of carbon for biosynthesis), acetate
and methane (the end products of acetogens and metha-
nogens, respectively).”””® The acetyl-CoA pathway is linear,
exergonic, the only CO,-fixing pathway that occurs in bacteria
and archaea''* and can simultaneously support CO, fixation
and ATP synthesis, and it is the only multistep biochemical
pathway that can be replaced entirely by single metals as
catalysts. The acetyl-CoA pathway requires a total of 127
enzymes—about 20 enzymes of the pathway itself (in
acetogens and methanogens) plus >100 enzymes for the
synthesis of required cofactors.'” That massive enzymatic
demand might not seem ancient at first sight. But solid-state
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Fe®, Co® or Ni° or their alloys—as sole catalysts—convert H,
and CO, to formate, acetate, pyruvate and methane overnight
in alkaline water at 25—100 °C>'772%** (Figure 1). The

Figure 1. Schematic showing synthesis of methane, formate, acetate,
pyruvate, and alanine on native metal catalysts deposited on mineral
surfaces in hydrothermal pores at the onset of metabolism. The
corresponding reactions (synthesis of formate, acetate and pyruvate
from H, and CO,, see text) including amino acid synthesis from 2-oxo
acids, NH; and H,,* symbolized here with alanine, take place in
laboratory experiments, whereby the exact nature of the metal-bound
intermediates is not known, although chemisorption of H, onto
transition metal surfaces and the subsequent diffusion of hydrogen
atoms on metal surfaces are well studied.’’ In the laboratory, Fe, Co,
Ni and their alloys are catalytically active, the metal surface sketched
represents generic transition metals. The scheme is based on the
mechanisms proposed by Varma et al.>® and Preiner et al.” and the
findings of Kaur et al.*°

reactions go forward because they are ex<ergonic.2’27’28 As a
source of energy and physiologically central carbon com-
pounds, the acetyl-CoA pathway is ancient. Its requirement for
enzymes and cofactors in cells does not preclude its antiquity,
because enzymes, once they arose in chemical evolution,
merely accelerate reactions that tend to occur anyway: The
exergonic chemical reactions catalyzed by ancient enzymes are
older than the enzymes themselves.

Catalysis

In order to harness carbon, energy and electrons for synthesis,
microbial metabolism requires enzymes as catalysts. The
scheme in Figure 1 depicts recently observed™'’~>%**3°
product formation in reactions of H, and CO, catalyzed by
native metal surfaces on an inorganic support, which could
represent a silicate support for a heterogeneous catalyst in the
laboratory'”***° or an environmental (host) rock in a
serpentinizing environment”' ~** with the inorganic catalysts
serving as precursors for similar reactions that later came to be
catalyzed by enzymes.” In practice, solid-state catalysis is not
as simple as sketched in Figure 1, as recent work by the team of
Harun Tiiysiiz underscores. They have performed many such
reactions, obtaining various amounts of formate, acetate,
pyruvate under a variety of conditions with characterization
of the surface of Fe, Co, Ni, and alloy catalysts post-
reaction.”'”"*° Across several independent studies, they
found no significant surface alteration in most cases in
particular when H, was used as reductant, but in the absence
of H, evidence of oxide or oxyhydroxide formation in some
cases, metal dissolution in some cases, and metal carbonate
formation in others could be observed.”'”*° The degree to
which the catalysts are altered can depend upon pH,
temperature, time, pressure, the presence of H,, the metals
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themselves, and whether different metals are alloyed or simply
mixed.

In some combinations of catalysts and conditions, the CO,-
reducing reactions go forward without the addition of
exogenous H, whereby the metal serves as reductant. For
example, using NizFe as catalyst, CO, reduction to organic
acids was observed'® without exogenous H,, though with
yields that were lower by an order of magnitude or more
compared to those obtained with the addition of H,. In the
absence of exogenous H,, the reactions can be accompanied by
dissolution of Fe as Fe?* from the Ni;Fe alloy, which is not
observed when H, is supplied as reductant.”'® Varma et al.*’
reported efficient CO, reduction in the absence of exogenous
H,, where Fe was serving as reductant, probably generating H,
from water on the catalyst surface especially at high pH."”
Reaction mechanisms on the surface of heterogeneous catalysts
are notoriously difficult to study, but Henriques Pereira et al.*”
were able to show using *H,0 (D,0) and 'H, gas with NAD*
as an electron acceptor that Ni’ acts as a true catalyst,
generating NAD'H, while Fe’ can generate NAD*H from D,0
in addition to NAD'H from 'H,. A complicating aspect is that
the standard midpoint potentials at pH 7 for H, formation
from water (—414 mV),'® CO, reduction to formate (—430
mV),'® and Fe?* reduction to Fe’ (=440 mV)'® are not only
very close to one another, but also vary with temperature,
pressure and in particular pH so as to overlap in some
conditions but not in others. A recent report”” stated that
several studies surveyed here provided no evidence for
catalysis, because the turnover numbers they calculated were
<1; however, they counted each atom of solid-state catalysts as
“catalytically” active,® regardless of particle size. For H,
activation, about 1% of the atoms on the surface of a typical
heterogeneous metal catalyst such as iron are active,34 and for
25 nm nanoparticles, only about 4% of the atoms are on the
surface (H. Tiiysiiz, Personal communication); accordingly,
the turnover numbers calculated®® were roughly 1000-fold too
low for the solid-state catalysts considered here when H, was
used as the reductant. The implementation of heterogeneous
catalysis for organic synthesis is still new in the origins field. It
opens up many new avenues of pursuit, and it can be
implemented using substrates, catalysts and products that align
well vgth chemistry observed at H,-producing hydrothermal
vents.™

B METALS INSTEAD OF FeS MINERALS

Conventional wisdom has it that early in biochemical
evolution, inorganic surfaces served as catalysts that preceded
cofactors and enzymes.”> Much modern thinking on early
biochemical evolution is centered around the idea that such
inorganic surfaces were environmentally formed FeS minerals
which served as ancient catalysts that preceded FeS clusters in
evolution. This idea stems from the discovery of ferredoxin,*
the first protein found to contain covalent Fe—S bonds®” and
FeS clusters. Ferredoxin is the strongest long-lived reductant in
the cytosol and the main soluble one-electron carrier in
anaerobes.'® For decades, ferredoxin was implicated in the
origin of metabolism as a link between the organic and
inorganic worlds.”*** However, the surfaces that functionally
predate the acetyl-CoA pathway (Figure 1) do not consist of
iron sulfides, they consist of pure metals and the reactions do
not require the presence of sulfur in any form.

The native transition metals that catalytically substitute for
the entire acetyl-CoA pathway are exactly the same ones that
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are coordinated in the active sites of the modern enzymes in
this ancient pathway: Fe, Co and Ni (Figure 2). Nickel is

Acetyl-CoA pathway

C Ni—C
|
Co Methylcobamide CODH
c Acetyl-CoA synthase c
I\Ii Ni
C
/
Ni
Hydrogenases
/C L
Fe—=C Cuy, Fe\\\
I
C\\\\\\FE\ /F &Ko) C C
d 7%

[Fe-Fe] Hydrogenase [Fe-Ni] Hydrogenase [Fe] Hydrogenase

Radical formation N, fixation

5C
5C [ Fe
| Fe >cZ
Co SN
Adenosylcobalamin  Radical SAM Nitrogenase M cluster

intermediate Q

Figure 2. Carbon—metal bonds in active sites of ancient enzymes.
The structures are from refs 39, 43, 44, 46—48, 51, and 52. The three
intermediates in the acetyl-CoA synthase reaction that have been
spectroscopically captured are from refs 41—43.

catalytically active in carbon monoxide dehydrogenase,’
acetyl-CoA synthase,**™* [FeNi] hydrogenase,” and the Ni-
containing tetrapyrrole F,;, used in the final methane-
synthesizing step of methanogenesis.*> Cobalt is used in the
methyl-transferring cobamide cofactor of the corrinoid iron—
sulfur protein CoFeS*® that donates methyl groups to acetyl-
CoA synthase. Tron is used in [FeFe] hydrogenase*” and [Fe]
hydrogenase.”® These ancient enzymes generate covalent
bonds between carbon and the active site transition metal
during the reaction mechanism, or harbor carbon—metal bonds
in active site ligands (Figure 2). While iron sulfur clusters are
common in proteins,”” carbon—metal bonds are generally rare
in biological reactions. Those involved in core carbon
metabolism in acetogens and methanogens are ancient’’
(Figure 2), relicts from a time when the onset of metabolism
(Figure 1) involved native metals as catalysts.

Of the structures shown in Figure 2, in addition to the metal
cluster prosthetic groups shown, corrins and S-adenosylme-
thionine (SAM), acting through the radical SAM intermediate
Q> are cofactors required by acetogens and methanogens.
Several of the structures have an additional ancient property in
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common in that radical SAM enzymes are involved in their
synthesis: the corrin backbone of cobalamin, the iron-guanylyl
pyridinol cofactor of [Fe] hydrogenase, the active site of
nitrogenase and of [Fe—Fe] hydrogenase all require radical
SAM enzymes for the synthesis of the active cofactor.”* >°
Radical SAM enzymes harbor a 4Fe4S cluster that coordinates
S-adenosylmethionine (SAM) via its amino and carboxyl
groups. The 4Fe4S cluster in the enzyme initiates radical
formation via the covalent intermediate Q,°" followed by
homolytic cleavage of the carbon—iron bond to yield a §'-
deoxyadenosyl radical (5'dAdoe) that typically abstracts He
from the substrate to initiate the reaction mechanism.

All radical SAM enzymes contain a 4Fe4S cluster. They are
reported as the largest enzyme family known®” and in all cases,
the function of the 4Fe4S cluster is one-electron transfer that
forms the $'dAdoe radical that initiates the radical reaction
mechanism with the substrate. This kind of radical-initiating,
one-electron transfer is a fundamentally different function from
the myriad catalytic and electrostatic surface-binding functions
initially envisioned for FeS minerals in the FeS world proposed
by Wichtershauser.”® The metal-catalyzed acetyl-CoA pathway
from H, and CO, to pyruvate (Figure 1) also departs sharply
from Wichtershauser’s iron—sulfur world proposal in that (i)
the reactions lack sulfur altogether, (ii) the primordial CO,
fixation pathway is the acetyl-CoA pathway, not a reverse TCA
cycle consisting of thioacids,” and (iii) the reductant is H,,
which was categorically excluded as the initial electron source
“since its reducing potential is not sufficient for reducing CO,”.>

The midpoint potential of H, is a crucial parameter in
biological H, utilization. How cells use H, as a reductant in the
acetyl-CoA pathway was a puzzle for several decades because
under standard conditions the midpoint potential of H, (—414
mV)'¢ does indeed require electrons to flow energetically
uphill to CO, (—430 mV),'® even more so to reduce
ferredoxin (=450 mV),'® which is the physiological donor
for CO, reduction in cells that use the acetyl-CoA pathway.*’
Yet modern cells readily use H, as a reductant for CO,,
whereby acetogens and methanogens even obtain energy from
CO, reduction with H,. Physiology always obeys the laws of
thermodynamics. To reduce CO, with electrons from H,, cells
employ an elegant thermodynamic mechanism called flavin-
based electron bifurcation, which splits the electron pair in H,,
sending one electron uphill to ferredoxin and the other
downhill to a high potential acceptor (like NAD* or CoM—S—
S—CoB) so that the overall reaction of H,-dependent CO,
reduction is exergonic.’’ Before the existence of enzymes,
electron bifurcation was not required, because H, readily
reduces CO, to formate, acetate and pyruvate in the presence
of native Fe, Co and Ni catalysts at alkaline pH (Figure 1). But
the acetyl-CoA pathway employs ferredoxin-dependent
enzymes.”” The electron donor for those enzymes is always
reduced ferredoxin with a midpoint potential of near —500
mV.'%°"%%%* How did metabolism generate reduced ferredoxin
before the origin of the complex protein machinery involved in
electron bifurcation? Again, native metals, which are naturally
deposited in hydrothermal vents,” can replace enzymes for
this ancient reaction. Brabender et al." recently showed that H,
can reduce Clostridium pasteurianum ferredoxin in the presence
of Fe’ as catalyst.

https://doi.org/10.1021/acs.accounts.4c00226
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Figure 3. Proposal for the role of ferredoxin in early evolution. A. Proposed schematic mechanism for ferredoxin reduction by H, over Fe’ in
alkaline (pH 8.5 to 10) conditions." Electrons indicated as small dots are solely for illustration purposes. Because iron conducts, the site of H,
oxidation and ferredoxin (Fd) reduction need not be identical. The figure makes no statement about physical position of H atoms on the metal
surface, distance between metal surface and Fd, or rates of electron transfer. B. A primordial role of ferredoxin could have been to transfer electrons
from hydride-bearing metal surfaces (solid-state hydrogenases) to the aqueous phase as 2 soluble electron carrier for enzymes requiring a strong
electron donor (see text). Though sometimes referred to as a catalyst in older literature,® ferredoxin is not a catalyst, it is an electron donor and
acceptor for enzymatlc reactions involving FeS clusters or cofactors’ (in particular flavins, which transduce one-electron and two-electron transfers

in metabolism).'®

B ELECTRON TRANSFER: THE PRIMORDIAL
FUNCTION OF FeS CLUSTERS

Although cells can encounter extremely strong reductants in
the environment, for example phosphite,*® ferredoxin is the
strongest reductant that is generated during metabolism of
anaerobic chemotrophic cells and it requires electron
bifurcation for synthesis.'***°° From the 4Fe4S clusters of
reduced low potential ferredoxin, electron transfer to all other
FeS clusters in metabolism is energetically downhill. As with
CO, reduction (Figure 1), the mechanism of ferredoxin
reduction by H, and Fe’ is not known, but one simple
possibility is outlined in Figure 3A, involving chemisorption of
H, onto the iron surface, H" removal by the alkaline aqueous
phase, and electron transfer to ferredoxin.

The transfer of electrons from the solid-state metal surface
to the 4Fe4S clusters of ferredoxin in solution' probably
involves similar mechanisms as occur between FeS clusters in
proteins: tunneling.’” This is schematically drawn in Figure 3A.
Though FeS clusters are traditionally discussed in the context
of catalysis in early evolution, in modern metabolism their
main function is electron transfer: in radical SAM enzymes and
in redox enzymes generally. A striking example is the enzyme
formylmethanofuran dehydrogenase, which contalns 46 4Fe4S
clusters in the structure of the active enzyme®® that serve as
electron conduits from reduced ferredoxin to the active site.

The ability of Fe® to catalyze the transfer of electrons from
H, to ferredoxin suggests the existence of an intermediate state
in early biochemical evolution in which ferredoxin became a
soluble and diffusible single electron donor for early redox-
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dependent processes (Figure 3B), including CO, reduction via
the acetyl-CoA pathway and N, reduction via nitrogenase, such
that reactions that were once physically tied to the Earth’s crust
by virtue of a solid-state catalyst' became soluble, hence
exportable from the site of life’s origin to life as a free-living
cell. Before the origin of free-living cells, other ancient proteins
with FeS clusters in addition to ferredoxin, such as enzymes of
the acetyl-CoA pathway,' could have interacted directly with
hydride-laden metal surfaces, in a similar manner as sketched
for ferredoxin in Figure 3A. If metabolism arose via redox
reactions catalyzed on surfaces of Fe’, Co® and Ni° (Figure 1),
the first main function of FeS proteins would not have been
catalysis, but the same as it is today: single electron transfer
(Figure 3A and B).

B THE BIOSYNTHETIC CORE OF 400 REACTIONS

In order for the first free-living cells to emerge, they had to be
able to synthesize all of the essential building blocks of life in
stoichiometrically useful amounts and more or less specific
form, meaning that the rates of the reactions that generate the
building blocks of life had to become similar by virtue of
catalysts.”” How many organic catalysts did that involve?
Starting from H,, CO,, NH;, H,S, P;, and water and salts, the
synthesis of the 20 canonical amino acids, the eight
nucleobases of DNA and RNA (excluding modifications),
and the 18 main cofactors used by modern cells involves about
400 reactions that are thermodynamically favorable under the
reducing conditions of serpentinizing hydrothermal vents.’
One can collectively de51gnate those reactions as the
autotrophic biosynthetic core.”” The biosynthetic core does
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not include synthesis of the ribosome,”" tRNA modifications’*
or nucleic acid handling, it just comprises synthesis of the
monomeric components.

The reverse citric acid cycle (rTCA) is a central hub of
primordial metabolism as it provides the carbon backbones for
amino acid synthesis, which in turn are the starting point for
cofactor and nucleobase biosynthesis. Almost all of the
reactions of the reverse citric acid cycle have been shown in
recent work by Joseph Moran’s group to operate in water using
only metals and metal ions as catalysts.”””>~’ Notably, the
amino group of amino acids is almost always added as the last
step in amino acid synthesis via reductive amination of the 2-
oxo moiety of the corresponding 2-oxo acid. That can occur
without enzymes using pyridoxal phosphate, by using metal
catalysts via transamination reactions’®’” or by using NH; and
H, in the presence of Ni’ as a solid-state catalyst in water at 25
°C, generating high yields and specific synthesis of 10 different
amino acids from their 2-oxo precursors.*’

We looked among the 400 reactions of the autotrophic core’
for ancient traits in the form of FeS clusters and radical
reactions. We identified 44 reactions catalyzed by FeS proteins
(Supplementary Table 1), which is a conservative number due
to database incompleteness and lack of characterization for all
proteins underlying the reactions. Notwithstanding, FeS
proteins were found to be involved in a wide range of core
metabolic pathways, spanning from H, oxidation to central
carbon metabolism including the acetyl-CoA pathway and the
reverse tricarboxylic acid cycle, to cofactor biosynthesis (in the
pathways for biotin, coenzyme B, cobalamin, coenzymes F,,,
and F,, MoCo, NAD, thiamine diphosphate and tetrahy-
dromethanopterin), amino acid and nucleobase biosynthesis.
In E. coli about 2—3% of all proteins have been described as
FeS proteins, the vast majority adopting a [4Fe4S]
geometry,zw’78 the estimate increasing to roughly 5% when
including candidate cases.” About 11% of reactions in the
autotrophic core involve enzymes with FeS clusters. Nonethe-
less, the overrepresentation is substantial and not unexpected,
as redox reactions are also overrepresented in the autotrophic
core,”” the reason being that carbon in CO, has to be reduced
to the state of alcohols, carbonyls, methenyl, methylene, and
methyl groups to make amino acids, cofactors and bases, while
peripheral metabolism predominantly involves polymerization
reactions of monomers, conjugations, acetal and hemiacetal
formations, water eliminations and the like, which are typically
redox neutral. Phosphorylations are also almost always redox
neutral in metabolism, with one recently characterized and
possibly very ancient exception involving ADP synthesis from
AMP and phosphite (HPO;*") using NAD" as the electron
acceptor.65

Enzymes containing FeS clusters typically require FeS
cluster assembly proteins—the Nif, Suf or Isc systems79—
which incorporate iron as Fe®* from the cytosol and S from
cysteine into enzymes typically via cysteine sulfthydryl ligands.
Enzymes of the Nif, Suf and Isc systems’* typically contain FeS
clusters, which are not counted here. For the synthesis of some
FeS clusters, such as those in the active site of [FeFe]
hydrogenase, additional FeS cluster-containing maturases are
involved,”* they are also not counted here. Among the 44
reactions involving FeS proteins, 10 of them were identified as
SAM-dependent (~23%), with the FeS cluster initiating a
radical reaction in almost all cases (Supplementary Table 1 and
Supplementary Table 2).
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B RADICAL REACTIONS

A closer look into the autotrophic core reaction network
reveals 14 reactions employing a radical mechanism (Supple-
mentary Table 2), a conservative estimate, as databases are not
complete and the properties of the enzymes are not known in
all cases. It is generally held that radical enzymes are employed
to catalyze demanding reactions to which there is no
mechanistic alternative.””*’ Radicals are highly reactive due
to their unpaired electron, and can wreak havoc among
molecules of the cell if not properly sequestered and
controlled. In enzymes, radicals are generated by homolytic
bond cleavage or one-electron transfer from metals and metal
clusters or other one-electron carriers.

Radical SAM (rSAM) enzymes are the most common radical
enzymes in the autotrophic core (Supplementary Table 2).
The generation of the 5'—deoxyadenosyl radical (5’dAdoe) is
initiated by one-electron transfer from a [4Fe4S] cluster to
SAM, with the cytosolic electron donor being ferredoxin or
flavodoxin.*® The radical can act directly on the substrate, or
induce a glycyl radical on the protein. Radical SAM enzymes
are ancient, dating back to LUCA,"" and possibly belonging to
the first enzyme families.”® It is therefore not surprising they
accept an electron from ferredoxin, which is also ancient”**
and can acquire electrons directly from metal surfaces under
H,' (Figure 3). In modern E. coli cells, tfSAM enzymes
comprise over 10% of all iron—sulfur proteins,*’ and new ones
are constantly being discovered. They are versatile and fulfill
diverse cellular functions; they are known to take part in
central pathways such as the biosynthesis of the [FeFe]
hydrogenase H-cluster, the nitrogenase active site, the
molybdopterin cofactor, thiamine diphosphate, biotin, modi-
fied tetrapyrroles, but also in RNA modification, DNA repair
and others.”® These pathways are essential to and had to exist
before the first free living cells emerged.””®" They are ancient.

The energetic barrier for one-electron transfer to SAM is
high. In enzymes this is compensated by coordination to the
FeS cluster, active site polarity and other solutions.” In a
prebiotic world it is possible that one-electron reductions of a
small organic molecule (SAM) were easier to achieve, with
iron-dependent mechanisms perhaps similar to that sketched
in Figure 3. Although there are striking similarities between the
B,, radical reactions and those catalyzed by radical SAM
enzymes,” "> B, is involved in only about 12 reaction classes
in all of known metabolism,” while the rSAM family catalyzes
over 100 different documented chemical reactions.”” In
adenosylcobalamin-dependent enzymes, the same 5'—deoxy-
adenosyl radical as the one derived from SAM is induced by
homolytic bond cleavage of a cobalt—carbon bond.*’ Radical
SAM reactions proceed through an organometallic intermedi-
ate called Q, with a covalent bond being formed between iron
of the [4Fe4S] cluster and SAM.* Homolytic cleavage of the
Fe—C bond liberates the radical, in a similar fashion as for B,,
narrowing the gap between the mechanism employed by rSAM
and B,, enzymes.”’

One radical reaction that is not formally part of the
biosynthetic core,” because it is not part of an amino acid, base
or cofactor biosynthetic pathway, is included in this analysis
nonetheless: methyl-CoM reductase (MCR). MCR catalyzes
the terminal step in the methanogenic pathway”® via a methyl
radical intermediate®’ formed at the active site by a Ni-
containing tetrapyrrole, F,;,. By generating methane, MCR
catalyzes a radical pulling reaction (AG® = —30 kJ-mol™")**
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Figure 4. A schematic representation of a noncellular LUCA,*' reproduced from ref 90, available under a Creative Commons CC BY 4.0 license
(http://creativecommons.org/licenses/by/4.0). Copyright 2018 Weiss et al.

for cobamide (a Co-tetrapyrrole)-dependent ion pumping at
the MtrA-H methyltransferase reaction (also AG* = —30 kJ-
mol™')*® that synthesizes methyl-CoM and conserves energy
as an ion gradient for ATP synthesis.”® From that perspective,
and looking at Figure 1, the involvement of metal-dependent
reactions involving methyl groups at the core of methanogen
energy metabolism makes sense: metabolic evolution has not
found catalytic alternatives to these metal-catalyzed reactions,
it has simply solubilized the metal-dependent methyl reactions
with the help of tetrapyrroles and enzymes.

B ANCIENT METHYL GROUPS PULL COFACTORS
DEEP

The corrins required by acetogens and methanogens in the
acetyl-CoA pathway are a set of diverse cobamides which differ
in lower ligand®*** structure, whereby the corrin in the CoFeS
protein initially isolated by Ragsdale and team®® from
Clostridium thermoaceticum had no lower ligand in the
methyl-Co(III) or in the Co(II) or Co(I) forms, identifying
‘base-off’ corrins in proteins. Cobamides are required for
methyl transfer reactions in which the methyl groups are
bound by the free (upper) coordination site of the CoFeS Co
atom®** and transferred to a Ni atom in the active site of
acetyl-CoA synthase, a rare metal-to-metal methyl transfer
reaction.”® The acetyl-CoA pathway, both in nonenzymatic
(Figure 1) and enzymatic form,'*%* is a pathway of methyl
synthesis and methyl transfer: to a hydrogen atom in
methanogenesis*® and to CO in the acetyl-CoA pathway."
Methyl groups are ancient. There are eight SAM-dependent
methylation steps involved in the synthesis of the corrin ring,
suggesting that SAM is older than corrins. Methyl groups are
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also essential for the genetic code to work, with RNA
methylations bein§ essential for translation.”"”>*"

GTP is ancient.”” The genetic code requires the operation of
the ribosome, whereby the ribosome is ancient, more ancient
than any protein coding gene, as all protein coding genes are
translated on ribosomes. GTP was the energy currency at the
origin of translation®” and it is the aromatic substrate for pterin
synthesis (the GTP cyclohydrolase reaction). Pterins are
ancient as they are the methyl carriers in the acetyl-CoA
pathway of acetogens and methanogens, respectively, tetrahy-
dromethanopterin differing from tetrahydrofolate by the C6
substituent and by additional methyl groups on the pterin
ring.88

If we accept the robust inference that the acetyl-CoA
pathway to pyruvate'* of acetogens and methanogens is
ancient, given its complete replacement by native forms of the
metals (Figure 1) that serve in its enzymes and cofactors,*® it
follows that the following cofactors are also ancient: iron,
nickel, cobalt, cobamides, SAM, MoCo, NAD(P)+ and flavins,
coenzymes A, B and M, ATP and GTP, TPP, ferredoxin,
methanofuran, tetrahydrofolate and tetrahydromethanopterin,
F,0 and F,3. They are required for the pathway to operate
using proteins instead of solid-state metals as catalysts.

Otherwise extremely rare in biology, nickel is very common
in ancient metabolism, not only in the acetyl-CoA pathway
(Figure 2). The last step of methanogenesis entails the Ni-
containing tetrapyrrole F,; in the MCR radical mechanism.*
Yet Ni° alone catalyzes methane formation from H, and CO,
in water'® (4H, + CO, — CH, + 2 H,0, AG® = —131 kJ-
mol™"), condensing the entire methanogenic pathway, which
methanogens use in a stepwise manner to generate carbon
backbones for biosynthesis and ion pumping for ATP
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synthesis,” into a single reaction. Why use a multistep pathway
when a single catalyst can perform the reaction? As metabolism
evolved from solid—state catalysts to proteins with complex
cofactors, highly exergonic single step reactions were split into
series of linked reactions, each requiring more sophisticated
catalysts that could introduce specificity and rate control.*”

Perhaps unsurprisingly, the acetyl-CoA pathway pulls almost
all universal cofactors into LUCA (Figure 4) except pyridoxal
phosphate (transaminations) and biotin (carboxylations). The
latter two are however essential for biosynthesis of amino
acids’” and bases. Heme and siroheme, which are essential for
cytochrome-dependent electron transfers, are not present in
the biosynthetic core and are not universal cofactors as they
are not required either by hydrogenotrophic acetogens”’ or by
hydrogenotrophic methanogens.”

Bl CONCLUSION

The list of cofactors and catalysts that the acetyl-CoA pathway
draws down into ancient biochemical evolution is almost
identical to the list of cofactors identified in an earlier,
phylogeny-based approach to the physiology of the last
universal common ancestor LUCA.*" A difference is that we
now know that the overall reaction sequence of the acetyl-CoA
pathway unfolds from H, and CO, overnight in the laboratory
over transition metals in water under the alkaline conditions of
serpentinizing hydrothermal vents,”’ "> and that several
examples of acetogens and methanogens that grow in
serpentinizing hydrothermal systems have been discov-
ered.”' ™" These developments converge on one pathway,
the acetyl-CoA pathway, and one kind of H,-producing
environment with native metal catalysts’ at the origin of
metabolism, helping to close the gaps between early Earth and
early life.*

What do we not see in ancient metabolism? We do not see
cyanide or nitrile-dependent” reactions in primary metabo-
lism, ancient or otherwise. The CN and CO ligands of [FeFe]
hydrogenase (Figure 2) are derived from the aliphatic moiety
of tyrosine in a specific hydrogenase maturation process’'
although they can also be derived from glycine.”® Cyanide is
never observed in natural environments, not even in volcanic
gases,”” but abiotic glycine is produced by serpentinizing
hydrothermal vents in amounts sufficient to support microbial
growth.”* Or6 reported cyanide-dependent purine synthesis in
1960.°° In the 60 years since, the gap between cyanide
chemistry and life chemistry has widened, while the gap
between the chemistry of hydrothermal vents and metabolism
has narrowed. We also do not see RNA bases performing
catalytic functions in core metabolism. The bases of RNA do
not themselves catalyze any reactions in the acetyl-CoA
pathway or in the biosynthetic core, although they do play an
essential role in the peptidyl transferase reaction at the
ribosome” and newer findings mechanistically implicate the
modifications of tRNA in primordial peptide synthesis
reactions.'”” GTP serves as a precursor for pterin synthesis
(cyclohydrolase) and for DNA synthesis.'”" RNA bases are
often attached to cofactors, and even though every radical
SAM reaction requires bound adenosyl, the base plays no role,
the active moiety of the reaction is the 5’ — CH,® of ribose.””
FeS clusters are mainly cofactors of electron transfer (Figure
3), but also serve to coordinate Ni, which exerts catalytic
function in reactions central to the acetyl-CoA pathway."

Native Fe, Co, or Ni can replace the entire acetyl-CoA
pathway without the help of nitrogen, sulfur or phosphorus.
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For the bedrock-level origin of metabolism, reactions of H, and
CO, in water on metal surfaces at alkaline pH (conditions of
serpentinizing systems) are sufficient.”'”~>%*° While meteor-
ites can also deliver native metals as catalysts,'* serpentinizing
hydrothermal vents also provide a continuous stream of H, as
reductant™ in addition to microcompartments™> and temper-
ature gradients that can concentrate products of synthesis for
further reaction.'”” Though the ion gradients of serpentinizing
systems could have powered primitive ATP sgfnthases prior to
the origin of biological ion pumping,*****"* we see no
requirement for ion gradients'”" at the origin of the
biosynthetic core, with metabolism emerging from reactions
of aqueous H, and CO, interfacing with solid-state catalysts
(Figure 1). The first organic compounds in this view were
organic acids, including 2-oxoacids,”* with the incorporation of
N taking place exactly as in metabolism, but with H, as
reductant and Ni as catalyst.”® The incorporation of § is
facile.”” The incorporation of phosphate, however, is still not
resolved. Using metabolism as a guide, it might have entailed
reactions of phosphate with reactive carbonyl moieties™® or it
might have involved reactions of phosphite, as suggested by
phosphite-dependent substrate phosphorylations recently
discovered in organisms that use the acetyl-CoA pathway.”
That Ni, Co, and Fe served as catalysts in the enzymatic
reactions of the acetyl-CoA pathway,*” and that these reactions
are amcient,12 was evident 40 years ago. Since that time,
serpentinizing hydrothermal vents'®® have conjoined the
metals in their native catalytic form (i) with the source of
reductant (H,) that acetogens and methanogens still use today
and (ii) with specific products of the acetyl-CoA pathway,
marking chemical antiquity in metabolism that connects life to
Earth.

B ASSOCIATED CONTENT
® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.accounts.4c00226.

Supplementary Table 1 with a list of reactions of the
autotrophic core’ catalyzed by FeS proteins, Supple-
mentary Table 2 with a list of reactions of the
autotrophic core’ catalyzed by radical enzymes, and
supplementary references (PDF)

B AUTHOR INFORMATION
Corresponding Author

Natalia Mrnjavac — Institute of Molecular Evolution, Faculty
of Mathematics and Natural Sciences, Heinrich Heine
University Diisseldorf, 40225 Diisseldorf, Germany;

orcid.org/0009-0009-2849-6304; Email: N.Mrnjavac@
hhu.de

Authors

Loraine Schwander — Institute of Molecular Evolution,
Faculty of Mathematics and Natural Sciences, Heinrich Heine
University Diisseldorf, 40225 Diisseldorf, Germany

Max Brabender — Institute of Molecular Evolution, Faculty of
Mathematics and Natural Sciences, Heinrich Heine
University Diisseldorf, 40225 Dusseldorf, Germany

William F. Martin — Institute of Molecular Evolution, Faculty
of Mathematics and Natural Sciences, Heinrich Heine
University Diisseldorf, 40225 Diisseldorf, Germany

https://doi.org/10.1021/acs.accounts.4c00226
Acc. Chem. Res. 2024, 57, 2267—2278


https://pubs.acs.org/doi/10.1021/acs.accounts.4c00226?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.accounts.4c00226/suppl_file/ar4c00226_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natalia+Mrnjavac"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0009-2849-6304
https://orcid.org/0009-0009-2849-6304
mailto:N.Mrnjavac@hhu.de
mailto:N.Mrnjavac@hhu.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Loraine+Schwander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Max+Brabender"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+F.+Martin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.4c00226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.accounts.4c00226

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes

The authors declare no competing financial interest.
Biographies

Natalia Mrnjavac studied Molecular Biology and obtained her MSc in
computational biophysics at the University of Zagreb. She is working
on her PhD thesis at the Institute for Molecular Evolution in
Diisseldorf on chemical evolution and the metabolism of the last
universal common ancestor LUCA.

Loraine Schwander studied Bioinformatics and Computational
Biology and obtained her MSc with a thesis on laser desorption
mass spectrometry at the University of Bern. She is working on her
PhD thesis at the Institute for Molecular Evolution in Diisseldorf on
transition metal catalysts in the chemical origin of the last universal
common ancestor LUCA.

Max Brabender studied Chemical Biology at the Technische
Universitit Dortmund and obtained his MSc on the supramolecular
ligands and protein—protein interactions at the Universitit Duisburg-
Essen. He is working on his PhD thesis at the Institute for Molecular
Evolution in Diisseldorf on transition metal catalysts.

William F. (Bill) Martin studied Biology at the Technische
Universitit Hannover and received his PhD at the Max-Planck-
Institut fir Ziichtungsforschung in Cologne with Heinz Saedler. After
postdoctoral research at the Technische Universitit Braunschweig he
joined the faculty of the Heinrich-Heine-Universitat Diisseldorf as full
professor in 1999. His research focus is the origin and early evolution
of life.

B ACKNOWLEDGMENTS

We thank the Europen Research Council (101018894 to
W.F.M.), the Volkswagen Foundation (96742 to W.F.M.), and
the Deutsche Forschungsgemeinschaft (MA 1426/21-1 to
W.E.M.) for funding.

B REFERENCES

(1) Brabender, M.; Henriques Pereira, D. P.; Mrnjavac, N,;
Schlikker, M. L.; Kimura, Z.-I; Sucharitakul, J.; Kleinermanns, K;
Tiiystiz, H.; Buckel, W.; Preiner, M.; Martin, W. F. Ferredoxin
reduction by hydrogen with iron functions as an evolutionary
precursor of flavin-based electron bifurcation. Proc. Natl. Acad. Sci.
US.A. 2024, 121 (13), No. €2318969121.

(2) Preiner, M.; Igarashi, K.; Muchowska, K. B.; Yu, M.; Varma, S. J.;
Kleinermanns, K.; Nobu, M. K.; Kamagata, Y.; Tiiystiz, H.; Moran, J.;
Martin, W. F. A hydrogen-dependent geochemical analogue of
primordial carbon and energy metabolism. Nat. Ecol. Evol. 2020, 4
(4), 534—542.

(3) Wimmer, J. L. E.; Xavier, J. C.; Vieira, A. d. N.; Pereira, D. P. H.;
Leidner, J.; Sousa, F. L.; Kleinermanns, K.; Preiner, M.; Martin, W. F.
Energy at origins: Favorable thermodynamics of biosynthetic
reactions in the last universal common ancestor (LUCA). Front.
Microbiol. 2021, 12, 793664.

(4) Sousa, F. L.; Thiergart, T.; Landan, G.; Nelson-Sathi, S.; Pereira,
1. A. C; Allen, J. F; Lane, N.; Martin, W. F. Early bioenergetic
evolution. Philos. Trans. R. Soc. B: Biol. Sci. 2013, 368 (1622),
No. 20130088.

2275

(5) Lipmann, F. Projecting backward from the present stage of
evolution of biosynthesis. In The Origins of Prebiological Systems and of
Their Molecular Matrices; Fox, S.., Ed.; Academic Press: New York,
USA, 1965; pp 259—-280. DOI: 10.1016/C2013-0-12108-3.

(6) Eck, R. V.; Dayhoff, M. O. Evolution of the structure of
ferredoxin based on living relics of primitive amino acid sequences.
Science 1966, 152 (3720), 363—366.

(7) Decker, K; Jungermann, K.; Thauer, R. K. Energy production in
anaerobic organisms. Angew. Chem., Int. Ed. 1970, 9 (2), 138—158.

(8) Schonheit, P.; Buckel, W.; Martin, W. F. On the origin of
heterotrophy. Trends Microbiol. 2016, 24 (1), 12—25.

(9) Sossi, P. A,; Burnham, A. D.; Badro, J.; Lanzirotti, A.; Newville,
M.,; O'Neill, H. St. C. Redox state of Earth’s magma ocean and its
Venus-like early atmosphere. Sci. Adv. 2020, 6 (48), No. eabd1387.

(10) Mrnjavac, N.; Wimmer, J. L. E.; Brabender, M.; Schwander, L.;
Martin, W. F. The Moon-forming impact and the autotrophic origin
of life. ChemPlusChem. 2023, 88 (11), No. e202300270.

(11) Mereschkowsky, K. Theorie der zwei Plasmaarten als
Grundlage der Symbiogenesis, einer neuen Lehre von der Entstehung
der Organismen. Biol. Centralbl. 1910, 30, 278—288. English
translation in Kowallik, K. V.; Martin, W. F. The origin of
symbiogenesis: An annotated English translation of Mereschkowsky’s
1910 paper on the theory of two plasma lineages. BioSystems 2021,
199, 104281.

(12) Fuchs, G.; Stupperich, E. Evolution of autotrophic CO,
fixation. In Evolution of Prokaryotes, FEMS Symposium no. 29;
Schleifer, K. H., Stackebrandt, E., Eds.; Academic Press: London,
198S; pp 235-251.

(13) Wichtershiuser, G. Evolution of the first metabolic cycles. Proc.
Natl. Acad. Sci. U.S.A. 1990, 87 (1), 200—204.

(14) Fuchs, G. Alternative pathways of carbon dioxide fixation:
Insights into the early evolution of life? Annu. Rev. Microbiol. 2011, 68,
631—658.

(15) Krissansen-Totton, J.; Arney, G. N,; Catling, D. C.
Constraining the climate and ocean pH of the early Earth with a
geological carbon cycle model. Proc. Natl. Acad. Sci. U.S.A. 2018, 115
(16), 4105—4110.

(16) Buckel, W.; Thauer, R. K. Energy conservation via electron
bifurcating ferredoxin reduction and proton/Na® translocating
ferredoxin oxidation. Biochim. Biophys. Acta - Bioenergetics 2013,
1827 (2), 94—113.

(17) Belthle, K. S.; Beyazay, T.; Ochoa-Herndndez, C.; Miyazaki, R;;
Foppa, L; Martin, W. F.; Tiiysiiz, H. Effects of silica modification
(Mg, Al, Ca, Ti, and Zr) on supported cobalt catalysts for H,-
dependent CO, reduction to metabolic intermediates. J. Am. Chem.
Soc. 2022, 144 (46), 21232—21243.

(18) Beyazay, T.; Ochoa-Hernandez, C.; Song, Y.; Belthle, K. S;
Martin, W. F.; Tiysiiz, H. Influence of composition of nickel-iron
nanoparticles for abiotic CO, conversion to early prebiotic organics.
Angew. Chem., Int. Ed. 2023, 62 (22), No. €202218189.

(19) Beyazay, T.; Belthle, K. S.; Farés, C.; Preiner, M.; Moran, J;
Martin, W. F,; Tiiysiiz, H. Ambient temperature CO, fixation to
pyruvate and subsequently to citramalate over iron and nickel
nanoparticles. Nat. Comms. 2023, 14 (1), 570.

(20) Belthle, K. S.; Martin, W. F.; Tiiysiiz, H. Synergistic effects of
silica-supported iron—cobalt catalysts for CO, reduction to prebiotic
organics. ChemCatChem. 2024, 16, No. €202301218.

(21) Sleep, N. H,; Bird, D. K.; Pope, E. C. Serpentinite and the dawn
of life. Philos. Trans. R. Soc. B: Biol. Sci. 2011, 366 (1580), 2857—
2869.

(22) Tamblyn, R;; Hermann, J. Geological evidence for high H,
production from komatiites in the Archaean. Nat. Geosci. 2023, 16
(12), 1194—1199.

(23) Schwander, L.; Brabender, M.; Mrnjavac, N.; Wimmer, J. L. E.;
Preiner, M.; Martin, W. F. Serpentinization as the source of energy,
electrons, organics, catalysts, nutrients and pH gradients for the origin
of LUCA and life. Front. Microbiol. 2023, 14, 1257597.

https://doi.org/10.1021/acs.accounts.4c00226
Acc. Chem. Res. 2024, 57, 2267—2278


https://pubs.acs.org/doi/10.1021/acs.accounts.4c00226?ref=pdf
https://doi.org/10.1073/pnas.2318969121
https://doi.org/10.1073/pnas.2318969121
https://doi.org/10.1073/pnas.2318969121
https://doi.org/10.1038/s41559-020-1125-6
https://doi.org/10.1038/s41559-020-1125-6
https://doi.org/10.3389/fmicb.2021.793664
https://doi.org/10.3389/fmicb.2021.793664
https://doi.org/10.1098/rstb.2013.0088
https://doi.org/10.1098/rstb.2013.0088
https://doi.org/10.1016/C2013-0-12108-3
https://doi.org/10.1016/C2013-0-12108-3
https://doi.org/10.1016/C2013-0-12108-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.152.3720.363
https://doi.org/10.1126/science.152.3720.363
https://doi.org/10.1002/anie.197001381
https://doi.org/10.1002/anie.197001381
https://doi.org/10.1016/j.tim.2015.10.003
https://doi.org/10.1016/j.tim.2015.10.003
https://doi.org/10.1126/sciadv.abd1387
https://doi.org/10.1126/sciadv.abd1387
https://doi.org/10.1002/cplu.202300270
https://doi.org/10.1002/cplu.202300270
https://doi.org/10.1016/j.biosystems.2020.104281
https://doi.org/10.1016/j.biosystems.2020.104281
https://doi.org/10.1016/j.biosystems.2020.104281
https://doi.org/10.1073/pnas.87.1.200
https://doi.org/10.1146/annurev-micro-090110-102801
https://doi.org/10.1146/annurev-micro-090110-102801
https://doi.org/10.1073/pnas.1721296115
https://doi.org/10.1073/pnas.1721296115
https://doi.org/10.1016/j.bbabio.2012.07.002
https://doi.org/10.1016/j.bbabio.2012.07.002
https://doi.org/10.1016/j.bbabio.2012.07.002
https://doi.org/10.1021/jacs.2c08845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202218189
https://doi.org/10.1002/anie.202218189
https://doi.org/10.1038/s41467-023-36088-w
https://doi.org/10.1038/s41467-023-36088-w
https://doi.org/10.1038/s41467-023-36088-w
https://doi.org/10.1002/cctc.202301218
https://doi.org/10.1002/cctc.202301218
https://doi.org/10.1002/cctc.202301218
https://doi.org/10.1098/rstb.2011.0129
https://doi.org/10.1098/rstb.2011.0129
https://doi.org/10.1038/s41561-023-01316-x
https://doi.org/10.1038/s41561-023-01316-x
https://doi.org/10.3389/fmicb.2023.1257597
https://doi.org/10.3389/fmicb.2023.1257597
https://doi.org/10.3389/fmicb.2023.1257597
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.4c00226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

(24) Chamberlain, J. A.; McLeod, C. R; Traill, R. J.; Lachance, G. R.
Native metals in the Muskox intrusion. Can. J. Earth Sci. 1965, 2 (3),
188-21S.

(25) Martin, W.; Russell, M. J. On the origin of biochemistry at an
alkaline hydrothermal vent. Philos. Trans. R. Soc. B: Biol. Sci. 2007,
362, 1887—1926.

(26) Martin, W. F. Older than genes: The acetyl CoA pathway and
origins. Front. Microbiol. 2020, 11, 817.

(27) Schuchmann, K.; Miiller, V. Autotrophy at the thermodynamic
limit of life: A model for energy conservation in acetogenic bacteria.
Nat. Rev. Microbiol. 2014, 12 (12), 809—821.

(28) Thauer, R. K; Kaster, A-K; Seedorf, H.; Buckel, W.;
Hedderich, R. Methanogenic archaea: Ecologically relevant differ-
ences in energy conservation. Nat. Rev. Microbiol. 2008, 6 (8), 579—
591

(29) Varma, S. J.; Muchowska, K. B.; Chatelain, P.; Moran, J. Native
iron reduces CO, to intermediates and end-products of the acetyl-
CoA pathway. Nat. Ecol. Evol. 2018, 2 (6), 1019—1024.

(30) Kaur, H.; Rauscher, S. A.; Werner, E.; Song, Y.; Yi, J.; Kazéne,
W.,; Martin, W. F.; Tiystiz, H,; Moran, J. A prebiotic Krebs cycle
analog generates amino acids with H, and NH; over nickel. CHEM
2024, 10 (5), 1528—1540.

(31) Pisarev, A. A. Hydrogen adsorption on the surface of metals. In
Gaseous Hydrogen Embrittlement of Materials in Energy Technologies;
Gangloff, R. P., Somerday, B. P., Eds.; Woodhead Publishing Limited:
Cambridge, UK, 2012; Vol. I, pp 3—26.

(32) Henriques Pereira, D. P.; Leethaus, J; Beyazay, T.; do
Nascimento Vieira, A.; Kleinermanns, K.; Tiysiiz, H.; Martin, W. F,;
Preiner, M. Role of geochemical protoenzymes (geozymes) in
primordial metabolism: Specific abiotic hydride transfer by metals
to the biological redox cofactor NAD+. FEBS J. 2022, 289 (11),
3148-3162.

(33) de Graaf, R;; De Decker, Y.; Sojo, V.; Hudson, R. Quantifying
catalysis at the origin of life. Chem.—Eur. ]. 2023, 29 (53),
No. €202301447.

(34) Sinfelt, J. H.; Yates, D. J. C. Studies of ethane hydrogenolysis
over group VIII metals: Supported osmium and iron. J. Catal. 1968,
10 (4), 362-367.

(35) Eakin, R. E. An approach to the evolution of metabolism. Proc.
Natl. Acad. Sci. US.A. 1963, 49 (3), 360—366.

(36) Mortenson, L. E.; Valentine, R. C.; Carnahan, J. E. An electron
transport factor from Clostridium pasteurianum. Biochem. Biophys. Res.
Commun. 1962, 7 (6), 448—452.

(37) Lovenberg, W.; Buchanan, B. B.; Rabinowitz, J. C. Studies on
the chemical nature of clostridial ferredoxin. J. Biol. Chem. 1963, 238
(12), 3899—3913.

(38) Hall, D. O.; Cammack, R;; Rao, K. K. Role for ferredoxins in
the origin of life and biological evolution. Nature 1971, 233 (5315),
136—138.

(39) Dobbek, H.; Svetlitchnyi, V.; Gremer, L.; Huber, R.; Meyer, O.
Crystal structure of a carbon monoxide dehydrogenase reveals a [Ni-
4Fe-5S] cluster. Science 2001, 293 (5533), 1281—1285.

(40) Ragsdale, S. W.,; Wood, H. G. Acetate biosynthesis by
acetogenic bacteria. Evidence that carbon monoxide dehydrogenase
is the condensing enzyme that catalyzes the final steps of the
synthesis. J. Biol. Chem. 1985, 260 (7), 3970—3977.

(41) Can, M; Giles, L. J; Ragsdale, S. W.; Sarangi, R. X-ray
absorption spectroscopy reveals an organometallic Ni-C bond in the
CO-treated form of acetyl-CoA synthase. Biochemistry 2017, 56 (9),
1248—-1260.

(42) Cohen, S. E.; Can, M.; Wittenborn, E. C.; Hendrickson, R. A.;
Ragsdale, S. W.; Drennan, C. L. Crystallographic characterization of
the carbonylated A-cluster in carbon monoxide dehydrogenase/
acetyl-CoA Synthase. ACS Catal. 2020, 10 (17), 9741—9746.

(43) Can, M.; Abernathy, M. J.; Wiley, S.; Griffith, C.; James, C. D.;
Xiong, J; Guo, Y.; Hoffman, B. M.; Ragsdale, S. W.; Sarangi, R.
Characterization of methyl- and acetyl-Ni intermediates in acetyl CoA
synthase formed during anaerobic CO, and CO fixation. J. Am. Chem.
Soc. 2023, 145 (25), 13696—13708.

2276

(44) Volbeda, A,; Charon, M.-H,; Piras, C.; Hatchikian, E. C.; Frey,
M,; Fontecilla-Camps, J. C. Crystal structure of the nickel—iron
hydrogenase from Desulfovibrio gigas. Nature 1995, 373 (6515), S80—
587.

(45) Wongnate, T.; Sliwa, D.; Ginovska, B.; Smith, D.; Wolf, M. W,;
Lehnert, N.; Raugei, S.; Ragsdale, S. W. The radical mechanism of
biological methane synthesis by methyl-coenzyme M reductase.
Science 2016, 352 (6288), 953—958.

(46) Svetlitchnaia, T.; Svetlitchnyi, V.; Meyer, O.; Dobbek, H.
Structural insights into methyltransfer reactions of a corrinoid iron-
sulfur protein involved in acetyl-CoA synthesis. Proc. Natl. Acad. Sci.
US.A. 2006, 103 (39), 14331—14336.

(47) Peters, J. W.; Lanzilotta, W. N.; Lemon, B. J.; Seefeldt, L. C. X-
Ray Crystal structure of the Fe-only hydrogenase (Cpl) from
Clostridium pasteurianum to 1.8 angstrom resolution. Science 1998,
282 (5395), 1853—1858.

(48) Shima, S.; Pilak, O.; Vogt, S.; Schick, M.; Stagni, M. S.; Meyer-
Klaucke, W.; Warkentin, E.; Thauer, R. K; Ermler, U. The crystal
structure of [Fe]-hydrogenase reveals the geometry of the active site.
Science 2008, 321 (5888), 572—575.

(49) Fontecave, M. iron-sulfur clusters: Ever-expanding roles. Nat.
Chem. Biol. 2006, 2 (4), 171—174.

(50) Martin, W. F. Carbon-metal bonds: Rare and primordial in
metabolism. Trends Biochem. Sci. 2019, 44 (9), 807—818.

(51) Hu, Y.; Ribbe, M. W. Nitrogenases—A tale of carbon atom(s).
Angew. Chem., Int. Ed. 2016, 55 (29), 8216—8226.

(52) Byer, A. S.; Yang, H.; McDaniel, E. C.; Kathiresan, V.; Impano,
S.; Pagnier, A; Watts, H; Denler, C,; Vagstad, A. L.; Piel, J;
Duschene, K. S.; Shepard, E. M,; Shields, T. P.; Scott, L. G.; Lilla, E.
A.; Yokoyama, K.; Broderick, W. E.; Hoffman, B. M.; Broderick, J. B.
Paradigm shift for radical S-adenosyl-l-methionine reactions: The
organometallic intermediate € is central to catalysis. J. Am. Chem. Soc.
2018, 140 (28), 8634—8638.

(53) Broderick, J. B.; Duffus, B. R.; Duschene, K. S.; Shepard, E. M.
Radical S-adenosylmethionine enzymes. Chem. Rev. 2014, 114 (8),
4229—4317.

(54) Pagnier, A,; Martin, L.; Zeppieri, L.; Nicolet, Y.; Fontecilla-
Camps, J. C. CO and CN-— syntheses by [FeFe]-hydrogenase
maturase HydG are catalytically differentiated events. Proc. Natl. Acad.
Sci. US.A. 2016, 113 (1), 104—109.

(55) Arriaza-Gallardo, F. J.; Schaupp, S.; Zheng, Y.-C.; Abdul-Halim,
M. F,; Pan, H.-J.; Kahnt, J.; Angelidou, G.; Paczia, N.; Hu, X,; Costa,
K.; Shima, S. The function of two radical-SAM enzymes, HcgA and
HcgG, in the biosynthesis of the [Fe]-hydrogenase cofactor. Angew.
Chem., Int. Ed. 2022, 61 (50), €202213239—202213239.

(56) Nicolet, Y.; Cherrier, M. V.; Amara, P. Radical SAM enzymes
and metallocofactor assembly: A structural point of view. ACS Biol.
Med. Chem. 2022, 2 (1), 36—52.

(57) Broderick, J. B.; Broderick, W. E.; Hoffman, B. M. Radical SAM
enzymes: Nature’s choice for radical reactions. FEBS Lett. 2023, 597
(1), 92—101.

(58) Wichtershiuser, G. Groundworks for an evolutionary
biochemistry: The iron-sulphur World. Prog. Biophys. Mol. Biol.
1992, 58 (2), 85—201.

(59) Wichtershiuser, G. Before enzymes and templates: Theory of
surface metabolism. Microbiol. Rev. 1988, 52 (4), 452—484.

(60) Buckel, W.; Thauer, R. K. Flavin-based electron bifurcation,
ferredoxin, flavodoxin, and anaerobic respiration with protons (Ech)
or NAD+ (Rnf) as electron acceptors: A historical review. Front.
Microbiol. 2018, 9, 401.

(61) Buckel, W.; Thauer, R. K. Flavin-based electron bifurcation, a
new mechanism of biological energy coupling. Chem. Rev. 2018, 118
(7), 3862—3886.

(62) Ragsdale, S. W. Enzymology of the Wood—Ljungdahl pathway
of acetogenesis. Ann. N.Y. Acad. Sci. 2008, 1125, 129—136.

(63) Ragsdale, S. W. Pyruvate ferredoxin oxidoreductase and its
radical intermediate. Chem. Rev. 2003, 103 (6), 2333—2346.

https://doi.org/10.1021/acs.accounts.4c00226
Acc. Chem. Res. 2024, 57, 2267—2278


https://doi.org/10.1139/e65-017
https://doi.org/10.1098/rstb.2006.1881
https://doi.org/10.1098/rstb.2006.1881
https://doi.org/10.3389/fmicb.2020.00817
https://doi.org/10.3389/fmicb.2020.00817
https://doi.org/10.1038/nrmicro3365
https://doi.org/10.1038/nrmicro3365
https://doi.org/10.1038/nrmicro1931
https://doi.org/10.1038/nrmicro1931
https://doi.org/10.1038/s41559-018-0542-2
https://doi.org/10.1038/s41559-018-0542-2
https://doi.org/10.1038/s41559-018-0542-2
https://doi.org/10.1016/j.chempr.2024.02.001
https://doi.org/10.1016/j.chempr.2024.02.001
https://doi.org/10.1111/febs.16329
https://doi.org/10.1111/febs.16329
https://doi.org/10.1111/febs.16329
https://doi.org/10.1002/chem.202301447
https://doi.org/10.1002/chem.202301447
https://doi.org/10.1016/0021-9517(68)90151-6
https://doi.org/10.1016/0021-9517(68)90151-6
https://doi.org/10.1073/pnas.49.3.360
https://doi.org/10.1016/0006-291X(62)90333-9
https://doi.org/10.1016/0006-291X(62)90333-9
https://doi.org/10.1016/S0021-9258(18)51805-6
https://doi.org/10.1016/S0021-9258(18)51805-6
https://doi.org/10.1038/233136a0
https://doi.org/10.1038/233136a0
https://doi.org/10.1126/science.1061500
https://doi.org/10.1126/science.1061500
https://doi.org/10.1016/S0021-9258(18)89217-1
https://doi.org/10.1016/S0021-9258(18)89217-1
https://doi.org/10.1016/S0021-9258(18)89217-1
https://doi.org/10.1016/S0021-9258(18)89217-1
https://doi.org/10.1021/acs.biochem.6b00983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.6b00983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.6b00983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c03033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c03033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c03033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c01772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c01772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/373580a0
https://doi.org/10.1038/373580a0
https://doi.org/10.1126/science.aaf0616
https://doi.org/10.1126/science.aaf0616
https://doi.org/10.1073/pnas.0601420103
https://doi.org/10.1073/pnas.0601420103
https://doi.org/10.1126/science.282.5395.1853
https://doi.org/10.1126/science.282.5395.1853
https://doi.org/10.1126/science.282.5395.1853
https://doi.org/10.1126/science.1158978
https://doi.org/10.1126/science.1158978
https://doi.org/10.1038/nchembio0406-171
https://doi.org/10.1016/j.tibs.2019.04.010
https://doi.org/10.1016/j.tibs.2019.04.010
https://doi.org/10.1002/anie.201600010
https://doi.org/10.1021/jacs.8b04061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b04061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr4004709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1515842113
https://doi.org/10.1073/pnas.1515842113
https://doi.org/10.1002/anie.202213239
https://doi.org/10.1002/anie.202213239
https://doi.org/10.1021/acsbiomedchemau.1c00044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomedchemau.1c00044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/1873-3468.14519
https://doi.org/10.1002/1873-3468.14519
https://doi.org/10.1016/0079-6107(92)90022-X
https://doi.org/10.1016/0079-6107(92)90022-X
https://doi.org/10.1128/mr.52.4.452-484.1988
https://doi.org/10.1128/mr.52.4.452-484.1988
https://doi.org/10.3389/fmicb.2018.00401
https://doi.org/10.3389/fmicb.2018.00401
https://doi.org/10.3389/fmicb.2018.00401
https://doi.org/10.1021/acs.chemrev.7b00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1196/annals.1419.015
https://doi.org/10.1196/annals.1419.015
https://doi.org/10.1021/cr020423e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020423e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.4c00226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

(64) Miiller, V.; Chowdhury, N. P.; Basen, M. Electron bifurcation:
A long-hidden energy-coupling mechanism. Annu. Rev. Microbiol.
2018, 72, 331-353.

(65) Mao, Z.; Fleming, J. R; Mayans, O.; Frey, J.; Schleheck, D.;
Schink, B.; Miiller, N. AMP-dependent phosphite dehydrogenase, a
phosphorylating enzyme in dissimilatory phosphite oxidation. Proc.
Natl. Acad. Sci. U.S.A. 2023, 120 (45), €2309743120—e2309743120.

(66) Boyd, E. S.; Amenabar, M. J,; Poudel, S.; Templeton, A. S.
Bioenergetic constraints on the origin of autotrophic metabolism.
Philos. Trans. R. Soc. A 2020, 378 (2165), 20190151.

(67) Page, C. C.; Moser, C. C.; Chen, X.; Dutton, P. L. Natural
engineering principles of electron tunnelling in biological oxidation—
reduction. Nature 1999, 402 (6757), 47—52.

(68) Wagner, T.; Ermler, U; Shima, S. The methanogenic CO,
reducing-and-fixing enzyme is bifunctional and contains 46 [4Fe-4S]
clusters. Science 2016, 354 (6308), 114—117.

(69) Wolfenden, R. Benchmark reaction rates, the stability of
biological molecules in water, and the evolution of catalytic power in
enzymes. Annu. Rev. Biochem. 2011, 80, 645—667.

(70) Wimmer, J. L. E.; Vieira, A. do N.; Xavier, J. C.; Kleinermanns,
K,; Martin, W. E; Preiner, M. The autotrophic core: An ancient
network of 404 reactions converts H,, CO,, and NH; into amino
acids, bases, and cofactors. Microorganisms 2021, 9 (2), 458.

(71) Bowman, J. C.; Petrov, A. S.; Frenkel-Pinter, M.; Penev, P. L;
Williams, L. D. Root of the tree: The significance, evolution, and
origins of the ribosome. Chem. Rev. 2020, 120 (11), 4848—4878.

(72) Miiller, F.; Escobar, L; Xu, F.; Wegrzyn, E.; Nainyte, M,;
Amatov, T.; Chan, C.-Y.,; Pichler, A; Carell, T. A prebiotically
plausible scenario of an RNA—peptide world. Nature 2022, 605
(7909), 279—-284.

(73) Muchowska, K. B; Varma, S. J; Chevallot-Beroux, E.;
Lethuillier-Karl, L.; Li, G.; Moran, J. Metals promote sequences of
the reverse Krebs cycle. Nat. Ecol. Evol. 2017, 1 (11), 1716—1721.

(74) Muchowska, K. B,; Varma, S. J; Moran, J. Synthesis and
breakdown of universal metabolic precursors promoted by iron.
Nature 2019, 569 (7754), 104—107.

(75) Rauscher, S. A.; Moran, J. Hydrogen drives part of the reverse
Krebs cycle under metal or meteorite catalysis. Angew. Chem., Int. Ed.
2022, 61 (51), €202212932—e202212932.

(76) Mayer, R. J.; Kaur, H.; Rauscher, S. A.; Moran, J. Mechanistic
insight into metal ion-catalyzed transamination. J. Am. Chem. Soc.
2021, 143 (45), 19099—19111.

(77) Dherbassy, Q.; Mayer, R. J.; Muchowska, K. B.; Moran, J.
Metal-pyridoxal cooperativity in nonenzymatic transamination. J. Am.
Chem. Soc. 2023, 145 (24), 13357—13370.

(78) Py, B.; Barras, F. Building Fe—S proteins: Bacterial strategies.
Nat. Rev. Microbiol. 2010, 8 (6), 436—446.

(79) Liu, Y.; Sieprawska-Lupa, M.; Whitman, W. B.; White, R. H.
Cysteine is not the sulfur source for iron-sulfur cluster and methionine
biosynthesis in the methanogenic Archaeon Methanococcus maripalu-
dis. J. Biol. Chem. 2010, 285 (42), 31923—31929.

(80) Buckel, W.; Golding, B. T. Radical enzymes in anaerobes. Annu.
Rev. Microbiol. 2006, 60, 27—49.

(81) Weiss, M. C.; Sousa, F. L.; Mrnjavac, N.; Neukirchen, S.;
Roettger, M.; Nelson-Sathi, S.; Martin, W. F. The physiology and
habitat of the last universal common ancestor. Nat. Microbiol. 2016, 1
(9), No. 16116.

(82) Frey, P. A. Radical mechanisms of enzymatic catalysis. Annu.
Rev. Biochem. 2001, 70, 121—148.

(83) Horitani, M.; Shisler, K.; Broderick, W. E.; Hutcheson, R. U.;
Duschene, K. S,; Marts, A. R;; Hoffman, B. M.; Broderick, J. B.
Radical SAM catalysis via an organometallic intermediate with an Fe-
[5’-C]-deoxyadenosyl bond. Science 2016, 352 (6287), 822—825.

(84) Stupperich, E.; Eisinger, H. J.; Kriutler, B. Diversity of
corrinoids in acetogenic bacteria. P-cresolylcobamide from Sporomusa
ovata, S-methoxy-6-methylbenzimidazolylcobamide from Clostridium
formicoaceticum and vitamin By, from Acetobacterium woodii. Eur. J.
Biochem. 1988, 172 (2), 459—464.

2277

(85) Stupperich, E.; Kriutler, B. Pseudo vitamin B,, or §-
hydroxybenzimidazolyl-cobamide are the corrinoids found in
methanogenic bacteria. Arch. Microbiol. 1988, 149 (3), 268—271.

(86) Ragsdale, S. W.; Lindahl, P. A; Miinck, E. Méssbauer, EPR,
and optical studies of the corrinoid/iron-sulfur protein involved in the
synthesis of acetyl coenzyme A by Clostridium thermoaceticum. J. Biol.
Chem. 1987, 262 (29), 14289—14297.

(87) Mrnjavac, N,; Martin, W. F. GTP before ATP: The energy
currency at the origin of genes. arXiv 2024, No. 2403.08744.

(88) Sousa, F. L.; Martin, W. F. Biochemical fossils of the ancient
transition from geoenergetics to bioenergetics in prokaryotic one
carbon compound metabolism. Biochim. Biophys. Acta - Bioenergetics
2014, 1837 (7), 964—981.

(89) Martin, W. F,; Kleinermanns, K. The Geochemical Origin of
Microbes; Taylor and Francis: Boca Raton, Florida, USA, 2024.

(90) Weiss, M. C.; Preiner, M.; Xavier, J. C.; Zimorski, V.; Martin,
W. F. The last universal common ancestor between ancient Earth
chemistry and the onset of genetics. PLOS Genet. 2018, 14 (8),
No. e1007518.

(91) Suzuki, S.; Ishii, S.; Chadwick, G. L.; Tanaka, Y.; Kouzuma, A.;
Watanabe, K,; Inagaki, F.; Albertsen, M.; Nielsen, P. H.; Nealson, K.
H. A non-methanogenic archaeon within the order Methanocellales.
Nat. Comms. 2024, 15 (1), 4858.

(92) Lang, S. Q; Brazelton, W. J. Habitability of the marine
serpentinite subsurface: A case study of the Lost City hydrothermal
field. Philos. Trans. R. Soc. A 2020, 378 (2165), No. 20180429.

(93) Colman, D. R; Kraus, E. A; Thieringer, P. H.; Rempfert, K;
Templeton, A. S.; Spear, J. R; Boyd, E. S. Deep-branching acetogens
in serpentinized subsurface fluids of Oman. Proc. Natl. Acad. Sci.
US.A. 2022, 119 (42), e2206845119.

(94) Nobu, M. K; Nakai, R;; Tamazawa, S.; Mori, H.; Toyoda, A;
Tjiri, A.; Suzuki, S.; Kurokawa, K.; Kamagata, Y.; Tamaki, H. Unique
H,-utilizing lithotrophy in serpentinite-hosted systems. ISME J. 2023,
17 (1), 95—104.

(95) Patel, B. H; Percivalle, C.; Ritson, D. J; Duffy, C. D
Sutherland, ]J. D. Common origins of RNA, protein and lipid
precursors in a cyanosulfidic protometabolism. Nat. Chem. 2015, 7
(4), 301-307.

(96) Kriek, M.; Martins, F.; Leonardi, R.; Fairhurst, S. A.; Lowe, D.
J.; Roach, P. L. Thiazole synthase from Escherichia coli. ]. Biol. Chem.
2007, 282 (24), 17413—17423.

(97) Rose, W. L; Millard, G. A.; Mather, T. A,; Hunton, D. E;
Anderson, B.; Oppenheimer, C.; Thornton, B. F.; Gerlach, T. M,;
Viggiano, A. A,; Kondo, Y,; Miller, T. M, Ballenthin, J. O.
Atmospheric chemistry of a 33—34 h old volcanic cloud from Hekla
volcano (Iceland): Insights from direct sampling and the application
of chemical box modeling. J. Geophys. Res. Atmosph. 2006, 111 (D20),
D20206.

(98) Or¢, J. Synthesis of adenine from ammonium cyanide. Biochem.
Biophys. Res. Commun. 1960, 2 (6), 407—412.

(99) Bashan, A.; Agmon, L; Zarivach, R.; Schluenzen, F.; Harms, J.;
Berisio, R.; Bartels, H.; Franceschi, F.; Auerbach, T.; Hansen, H. A. S,;
Kossoy, E.; Kessler, M.; Yonath, A. Structural basis of the ribosomal
machinery for peptide bond formation, translocation, and nascent
chain progression. Mol. Cell 2003, 11 (1), 91—102.

(100) Miiller, F.; Escobar, L.; Xu, F.; Wegrzyn, E.; Nainyté, M,;
Amatov, T.; Chan, C.-Y.; Pichler, A; Carell, T. A prebiotically
plausible scenario of an RNA—peptide world. Nature 2022, 60S
(7909), 279—284.

(101) Teichert, J. S; Kruse, F. M.; Trapp, O. Direct prebiotic
pathway to DNA nucleosides. Angew. Chem., Int. Ed. 2019, S8 (29),
9944—9947.

(102) Peters, S.; Semenov, D. A, Hochleitner, R; Trapp, O.
Synthesis of prebiotic organics from CO, by catalysis with meteoritic
and volcanic particles. Sci. Rep. 2023, 13 (1), 6843.

(103) Matreux, T.; Aikkila, P.; Scheu, B.; Braun, D.; Mast, C. B.
Heat flows enrich prebiotic building blocks and enhance their
reactivity. Nature 2024, 628 (8006), 110—116.

https://doi.org/10.1021/acs.accounts.4c00226
Acc. Chem. Res. 2024, 57, 2267—2278


https://doi.org/10.1146/annurev-micro-090816-093440
https://doi.org/10.1146/annurev-micro-090816-093440
https://doi.org/10.1073/pnas.2309743120
https://doi.org/10.1073/pnas.2309743120
https://doi.org/10.1098/rsta.2019.0151
https://doi.org/10.1038/46972
https://doi.org/10.1038/46972
https://doi.org/10.1038/46972
https://doi.org/10.1126/science.aaf9284
https://doi.org/10.1126/science.aaf9284
https://doi.org/10.1126/science.aaf9284
https://doi.org/10.1146/annurev-biochem-060409-093051
https://doi.org/10.1146/annurev-biochem-060409-093051
https://doi.org/10.1146/annurev-biochem-060409-093051
https://doi.org/10.3390/microorganisms9020458
https://doi.org/10.3390/microorganisms9020458
https://doi.org/10.3390/microorganisms9020458
https://doi.org/10.1021/acs.chemrev.9b00742?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00742?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-022-04676-3
https://doi.org/10.1038/s41586-022-04676-3
https://doi.org/10.1038/s41559-017-0311-7
https://doi.org/10.1038/s41559-017-0311-7
https://doi.org/10.1038/s41586-019-1151-1
https://doi.org/10.1038/s41586-019-1151-1
https://doi.org/10.1002/anie.202212932
https://doi.org/10.1002/anie.202212932
https://doi.org/10.1021/jacs.1c08535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c08535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c03542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrmicro2356
https://doi.org/10.1074/jbc.M110.152447
https://doi.org/10.1074/jbc.M110.152447
https://doi.org/10.1074/jbc.M110.152447
https://doi.org/10.1146/annurev.micro.60.080805.142216
https://doi.org/10.1038/nmicrobiol.2016.116
https://doi.org/10.1038/nmicrobiol.2016.116
https://doi.org/10.1146/annurev.biochem.70.1.121
https://doi.org/10.1126/science.aaf5327
https://doi.org/10.1126/science.aaf5327
https://doi.org/10.1111/j.1432-1033.1988.tb13910.x
https://doi.org/10.1111/j.1432-1033.1988.tb13910.x
https://doi.org/10.1111/j.1432-1033.1988.tb13910.x
https://doi.org/10.1111/j.1432-1033.1988.tb13910.x
https://doi.org/10.1007/BF00422016
https://doi.org/10.1007/BF00422016
https://doi.org/10.1007/BF00422016
https://doi.org/10.1016/S0021-9258(18)47936-7
https://doi.org/10.1016/S0021-9258(18)47936-7
https://doi.org/10.1016/S0021-9258(18)47936-7
https://doi.org/10.48550/arXiv.2403.08744
https://doi.org/10.48550/arXiv.2403.08744
https://doi.org/10.1016/j.bbabio.2014.02.001
https://doi.org/10.1016/j.bbabio.2014.02.001
https://doi.org/10.1016/j.bbabio.2014.02.001
https://doi.org/10.1371/journal.pgen.1007518
https://doi.org/10.1371/journal.pgen.1007518
https://doi.org/10.1038/s41467-024-48185-5
https://doi.org/10.1098/rsta.2018.0429
https://doi.org/10.1098/rsta.2018.0429
https://doi.org/10.1098/rsta.2018.0429
https://doi.org/10.1073/pnas.2206845119
https://doi.org/10.1073/pnas.2206845119
https://doi.org/10.1038/s41396-022-01197-9
https://doi.org/10.1038/s41396-022-01197-9
https://doi.org/10.1038/nchem.2202
https://doi.org/10.1038/nchem.2202
https://doi.org/10.1074/jbc.M700782200
https://doi.org/10.1029/2005JD006872
https://doi.org/10.1029/2005JD006872
https://doi.org/10.1029/2005JD006872
https://doi.org/10.1016/0006-291X(60)90138-8
https://doi.org/10.1016/S1097-2765(03)00009-1
https://doi.org/10.1016/S1097-2765(03)00009-1
https://doi.org/10.1016/S1097-2765(03)00009-1
https://doi.org/10.1038/s41586-022-04676-3
https://doi.org/10.1038/s41586-022-04676-3
https://doi.org/10.1002/anie.201903400
https://doi.org/10.1002/anie.201903400
https://doi.org/10.1038/s41598-023-33741-8
https://doi.org/10.1038/s41598-023-33741-8
https://doi.org/10.1038/s41586-024-07193-7
https://doi.org/10.1038/s41586-024-07193-7
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.4c00226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

(104) Harrison, S. A,; Rammu, H.; Liu, F.; Halpern, A.; Palmeira, R.
N.; Lane, N. Life as a guide to its own origins. Annu. Rev. Ecol. Evol.
Sys. 2023, 54 (1), 327—350.

(105) Baross, J. A. The rocky road to biomolecules. Nature 2018,
564, 42—43.

2278

https://doi.org/10.1021/acs.accounts.4c00226
Acc. Chem. Res. 2024, 57, 2267-2278


https://doi.org/10.1146/annurev-ecolsys-110421-101509
https://doi.org/10.1038/d41586-018-07262-8
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.4c00226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

