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A B S T R A C T

Nickel is a versatile element that plays critical roles in Earth’s geological and biological evolution, from the 
depths of the magmatic mantle to the complexity of prebiotic chemistry. While it is not considered the sole 
catalyst for the origin of life, recent research suggests that Ni may have had a more profound role than tradi
tionally recognized. This review synthesizes Ni isotope geochemistry, biology, and prebiotic chemistry, exploring 
how Ni isotope variations offer new insights into magmatic processes, hydrothermal systems, and the cycling of 
Ni through Earth’s lithosphere and hydrosphere. We summarize the pathways of Ni in oceanic environments, 
highlighting its influence on biogeochemical cycles and microbial metabolisms that shape global ecosystems. 
Furthermore, we examine the essential roles of Ni in biological systems, focusing on its function as a catalytic 
metal in enzymes crucial for nitrogen and carbon cycling. Extending to the prebiotic world, we evaluate Ni’s 
potential in catalyzing life’s earliest chemical reactions, including the polymerization of amino acids and the 
fixation of CO2, possibly driven by unique metal-ligand interactions. Our comprehensive review positions Ni as a 
pivotal element across geological timescales and environments, underscoring its relevance to both planetary and 
biochemical processes.
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1. Introduction

A simplistic view of life could describe it as a fixed set of instructions 
linked to a machinery. Today’s DNA code corresponds to the in
structions and these represent the development of life in coded form 
from its origin to the present. In his remarkable 1997 article, William 
argued that the code cannot be the source of evolution. This code is 
inherently conservative (Williams, 1997) and DNA damage, externally 
induced by physical and chemical stress, led to the evolutionary devel
opment we know. In essence, the conservatism of DNA resists these 
changes, regardless of the option that progress may be possible as a 
result. In this context, the availability of energy and material is a 
particular aspect that contributes to the ability of organisms to survive. 
One may paint a different initial picture, but the availability of chemical 
elements on the early Earth was a basic prerequisite for chemical and 
eventually biological evolution to become possible. Geochemical activ
ities led to environmental changes and influenced the viability of 
existing life forms. However, once large parts of the earth were colo
nized, these also had feedback effects on the geosphere and thus on the 
availability of resources (Fig. 1).

Discussion on the emergence of life from a geochemical environment 
as well as experiments on prebiotic chemistry put the metal Fe in 
particular focus, while Ni has been given a more marginal role. For many 
reasons, this bias is not entirely justified, considering the special cata
lytic and geometric properties of the metal and also its importance in 
central biochemical and metabolic processes. This is especially the case 
for anaerobic organisms and these are thought to have appeared early in 
evolution (Alfano & Cavazza). According to Ananakov and his reference 
to P. Sabatier: Nickel is The “Spirited Horse” of Transition Metal Catalysis 
(Ananikov, 2015; Sabatier, 1922) the importance of Ni is associated with 
its abundance on planet earth and its particular involvement in catalysis 

with gases such as H2 and CO. The metal is therefore a top candidate to 
be dealt with in the context of evolution and the emergence of life. Here, 
we wish to emphasize the unique importance of Ni for the appearance of 
life on Earth, its involvement in geo-biochemical cycles and its 
biochemistry. Finally, we try to place the role of this metal in the context 
of prebiotic chemistry and above all of biochemical systems embedded 
in an evolutionary context.

2. Nickel geochemistry

2.1. Origin on planet earth

Nickel with the atomic number 28 is the fifth most common element 
on earth. Along with a few other transition metals it is essential for most 
forms of life. Its name comes from a mischievous imp of German mining 
mythology called Ni, for Ni minerals were green as well as copper ores 
and were therefore called copper Ni because they did not yield copper. 
Five stable isotopes (58 Ni, 60Ni, 61Ni, 62 Ni and 64 Ni) of naturally 
occurring Ni are known with 58Ni being the most abundant one. The 
metal is formed through nucleosynthesis through fusion (up to 56Ni) and 
neutron capture (all isotopes heavier than 56Ni). Nucleosynthesis is a 
process which describes the creation of chemical elements by nuclear 
fusion or neutron capture within stars or dying stars (Clayton et al., 
1961; Clayton, 1983). In particular, it is thought that the higher-density 
ejecta of white dwarfs favours the synthesis of stable isotopes of Ni 
(Blondin 2022).

Around 95% of the Ni found in the bulk silicate Earth (BSE) is 
believed to have originated from late-stage planetary impacts, including 
the giant impact that formed the Moon and the Late Veneer event. These 
impacts played a crucial role in delivering significant amounts of Ni to 
the Earth’s interior. Interestingly, over 95% of meteorites are composed 

Fig. 1. The tight interplay and influence between the geosphere and biosphere with regard to the availability of chemical species including metals such as Ni.
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of Fe-Ni (FeNi) alloys, which contain between 5% and 30% Ni. This 
makes meteorites an exceptionally rich source of Ni, with concentrations 
far exceeding those found in nearly any terrestrial rock. Consequently, 
the elevated Ni content in meteorites has been key in shaping the Earth’s 
current Ni distribution, particularly through these impact events. Even 
though these impactors only contributed to 35% of Earths total mass, an 
overwhelming amount of the total Ni budget was delivered during these 
times and was distributed preferentially into mantle olivine (Wang et al. 
2021). However, stable Ni isotope analyses show that there is a differ
ence between the lighter (+0.10 ‰) average BSE and the heavier (+0.23 
‰) average chrondritic material, suggesting either an isotopic frac
tionation due to the earth’s differentiation or addition of another, non- 
chondritic Ni source. However, molecular dynamic simulations on the 
isotopic fractionation difference between Fe Ni sulfide and magnesium 
Ni silicate melt phases show a very small isotopic difference. Alternative 
hypotheses, such as the Moon-forming impact, evaporative loss, colli
sion erosion, and core-mantle chemical diffusion, have been ruled out 
through mass balance calculations (Wang et al., 2021; Klaver et al., 
2020). Instead, the observed discrepancy in isotopic composition is 
more plausibly explained by the impact and subsequent accretion of a 
sulfide-rich, highly reduced planetary body. This scenario suggests that 
a body with these specific characteristics contributed to the Earth’s 
unique isotopic signature, offering a more plausible explanation than 
previously considered processes. Since rocks with a high S/Si ratio have 
significantly lighter δ60Ni values (Gueguen et al., 2013, Hofmann et al. 
2014), a S-rich impactor may explain the discrepancies. This illustrates 
the strong affinities between Ni and S, which is evident also throughout 
the history of geochemistry and biology.

2.2. Geochemical occurrence

Nickel naturally occurs on Earth in the forms of Ni oxides, Ni sulfides, 
and Ni silicates (Galoisy, 1998). It is most abundant in the Earth’s core, 
where it makes up approximately 8% of the total composition, while in 
the crust, it is present in much smaller quantities, around 0.01%. These 
varying concentrations reflect the element’s distribution within the 
Earth, with a significant portion being concentrated in the deep interior. 
(Walsh and Orme-Johnson, 1987). Abundant Ni containing sulfide ores 
are pentlandite [(Ni,Fe)9S8], Ni magnetite [(Fe2+,Ni)Fe3+

2 O4], and some 
other Ni minerals such as millerite (NiS) as well as nickelite (NiAs) and 
nickeliferous pyrrhotite (Fe,Ni)9S8. Other sources are lateritic Ni ores, 
mainly from garnierite, a mixture of népouite (Ni3Si2O5(OH)) and wil
lemseite ((Ni,Mg)3Si4O10(OH)2). Approximately 70% of the world́s Ni 
resources are found in serpentinitic, lateriric soils, which are strongly 
fractionated due to preferential adsorption onto clays, Fe and manga
nese oxyhydroxides (Machado et al., 2023). In fact, more than 200 Ni- 
containing minerals are known today, and many of them were already 
present on the prebiotic earth (Hazen et al. 2008). During the prebiotic 
era, planetary accretion delivered a foundational suite of minerals, 
including metallic, sulfidic, phosphatic minerals. These initial mineral 
phases were gradually transformed and diversified through processes 
associated with crustal formation (4.55 to 2.5 Ga), leading to the 
emergence of the diverse set of magmatic, metamorphic and sedimen
tary minerals that we have today. Most of the Ni on Earth was indeed 
delivered during the early planetary accretion phase and became part of 
the core and mantle. The diversification of Ni-bearing minerals at the 
time of crustal formation include the formation of Fe-Ni sulfides and 
hydroxides formed through hydrothermal processes, volcanism and a 
dawning anaerobic biological world (Hazen et al. 2008, Mielke et al. 
2010, 2011). In a model for the origin of life, it is proposed that 
hydrogen sulfide anions interact with oceanic Fe, Ni, and cobalt to 
precipitate catalytic sulfide-bearing compounds crucial for the onset of 
life. These compounds, consisting of Ni-Fe sulfides, are believed to have 
formed in the early earth́s oceans with transition metals like Ni deriving 
from acidic hydrothermal fluids.

Nickel can adopt multiple oxidation states (− 1, 0, +1, +2, +3, +4), 

but in both geochemical and biological contexts the divalent form Ni(II) 
overwhelmingly dominates. This is because the electronic configuration 
of Ni (with a partially filled d-shell) lends itself to a stable divalent state 
that combines manageable electron-removal energy with favourable 
ligand-field interactions (Alfano and Cavazza, 2020; Siegbahn et al., 
2019). In contrast, iron more readily cycles between Fe(II) and Fe(III), 
which underpins much of its role in biological redox chemistry (Liu 
et al., 2024). In many aqueous or biological environments, oxidation of 
Ni(II) to Ni(III) is rarely accessible without specialised ligand scaffolds 
or oxidising conditions, because Ni binds its d electrons more tightly and 
lacks the facile one-electron redox transitions found in iron systems 
(Siegbahn et al., 2019). In enzymes such as urease and [NiFe]- 
hydrogenase, this coordination-based mode of catalysis is clearly 
observed, with nickel remaining in a stable divalent state rather than 
shifting into higher oxidation states (Alfano and Cavazza, 2020; Sieg
bahn et al., 2019).

The d orbitals in Ni are relatively close in energy, which allows 
redistribution of electrons and accommodates a variety of ligands in 
different coordination geometries (Alfano and Cavazza, 2020; Siegbahn 
et al., 2019). Ni(II) exhibits flexibility in adopting coordination numbers 
typically between four and six, often forming square-planar or octahe
dral complexes depending on the ligand field. By contrast, Fe, with its 
larger number of unpaired 3d electrons, tends to adopt specific coordi
nation geometries such as octahedral or tetrahedral to minimize electron 
repulsion (Liu et al., 2024). The type of ligands and the local chemical 
environment further influence the coordination geometry and reactivity 
of Ni complexes in biological systems (Alfano and Cavazza, 2020; 
Siegbahn et al., 2019).

2.3. Oceanic nickel

Dissolved Ni in oceanic environments exhibits a nutrient-like vertical 
distribution, with depleted concentrations in surface waters and 
increasing concentrations with depth (Sclater et al. 1976). This pattern 
is reinforced by correlations between Ni and phosphate in surface wa
ters, and between Ni and silica in deeper waters (Bruland 1980).

In the upper water column, a positive correlation between Ni, nitrate 
and phosphate reflects Ni’s involvement in biogeochemical cycling. 
Similar to phosphate and nitrate, Ni is assimilated by phytoplankton, 
cyanobacteria and diatoms near the surface, where biological uptake 
depletes these elements in shallow waters (Price & Morel 1991; Dupont 
et al. 2008a,b). As organic material containing Ni, nitrate and phosphate 
sinks and decomposes, these elements are released at subsurface levels, 
creating maxima at depth. Nickel’s association with organic material is 
due to its roles in various metabolic functions, including key enzymatic 
processes related to nitrogen and carbon cycling. Under surface oxida
tive conditions, Ni is stabilized as the divalent ion Ni2+, allowing it to be 
bioavailable for these biological processes. Thus, Ni depletion in surface 
waters reflects high biological activity, where nitrate, phosphate and Ni 
are utilized by organisms.

In deeper waters, Ni concentrations correlate more strongly with 
silica, showing a deep maximum aligned with peaks in silica from 
diatom dissolution (Bruland 1980). Diatoms, which incorporate silica 
into their frustules, eventually sink and decompose at depth, releasing 
both silica and Ni. Unlike phosphate, which is more readily recycled in 
surface waters, silica accumulates primarily in deep waters. This sug
gests that Ni regeneration is linked to silica through the decomposition 
of silica-bearing organisms.

Redox chemistry also plays a key role in Ni distribution at depth. In 
less-oxygenated regions, redox changes facilitate Ni release from 
decomposing organic-rich particles, further aligning Ni regeneration 
with nitrate, phosphate and silica cycles. Low oxygen levels can enhance 
the association of Ni with organic particles, releasing it during remi
neralization. Nickel adsorption onto Fe-Mn oxides is common in oxic 
conditions; however, in deeper, reduced environments, Fe and Mn ox
ides may dissolve, releasing adsorbed Ni back into the water column. 
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This dynamic uptake and release of Ni, via biological processes in the 
upper waters and from particulate matter under reduced conditions at 
depth, contributes to its deep maxima and its association with silica.

In oceanic regions, total dissolved Ni in the euphotic zone typically 
stays above 1.5–2 nM, posing a challenge to the theory of Ni–N co- 
limitation unless a substantial portion of Ni is unavailable in bioactive 
forms. Like many metals, Ni often forms complexes with organic ligands, 
reducing its bioavailability; estimates suggest 25% to 99.9% of Ni is 
organically bound (Cameron and Vance, 2014). Nickel has a residence 
time in the ocean estimated at 4–10 kyr (Gall et al., 2013; Sclater 1976), 
with rivers contributing the largest input (Cameron and Vance, 2014), 
and smaller sources from dust and hydrothermal fluids. Its primary 
removal mechanism is through scavenging by Fe–Mn oxides. Unlike 
some other metals, Ni concentrations are not strongly influenced by low- 
oxygen or euxinic conditions, as observed in the Black Sea where Ni is 
only slightly enriched. However, Ni is significantly enriched in non- 
sulphidic, upwelling areas, such as the Peru Margin, which suggests 
organic matter export as an important sedimentary sink for Ni.

2.4. Nickel isotopes

Ni stable isotope data is expressed as δ60Ni, which is the per mil 
deviation of Ni60/Ni58 ratios relative to the standard NIST SRM 986. The 
first publication proposing the potential utilization of Ni isotopes as a 

biosignature dates back to 2009, when pronounced accumulation of 
light Ni (Δ60Nicells-starting medium as large as -1.41 ‰), in contrast to 
meteorites or basalts (+0.27 and +0.15 ‰, respectively), was shown 
based in laboratory experiments with methanogens (Cameron et al. 
2009) who highly depend on Ni (Fig. 2). Notably, other archaea (Pyro
baculum calidifontis) demonstrated a lesser affinity for light Ni accumu
lation (Δ60Nicells-starting medium=+0.11‰), implying the plausible use of 
Ni isotopes as a class specific indicator. Nevertheless, laboratory ex
periments with sulfate reducing bacteria have shown a similar strong 
fractionation effect as with the methanogens, and where the total frac
tionation between the growth medium and the solid Ni sulfides were as 
large as -1.99‰ (Parigi et al., 2022). Subsequent laboratory in
vestigations, however, have demonstrated that both Fe oxides (Wang 
and Wasylenki, 2017, Neubeck and Freund, 2020, Wasylenki et al. 
2015) and Mn oxides (Sorensen et al. 2020) accumulate light Ni (~0.4‰ 
and as large as -3.35‰, respectively), thereby complicating the viability 
of Ni-isotopes as a definitive biosignature, given the prevalence of these 
minerals in the geological rock record. Limited studies have successfully 
identified a biogenic Ni isotope signature in natural soils (Ratié et al., 
2019) but the biogenic influence on Ni isotopes is evident in the massive 
Fe oxyhydroxide deposits at ~5000 mbsf near the hydrothermal field of 
Lōihi Seamount (Hawaii), where the Fe and Mn-rich deposits show a 
considerable lighter isotopic composition of -1.06‰ (Gueguen et al., 
2021; Edwards et al., 2011). This is in contrast with hydrogenetic Fe-Mn 
nodules that range from +0.9‰ to +2.5‰ or bulk oceanic (Gueguen 
et al., 2021). The hydrogenetic Fe-Mn crusts are lighter in the Pacific 
(+0.37‰) than in the Atlantic Ocean (+1.05‰). Oceanic, Mn-rich, 
oceanic sediments have δ60Ni values around +0.26‰, whereas 
carbon-rich suboxic sediments show lighter values of -0.08‰ 
(Fleischmann et al., 2023).

The importance of Ni for biology is also visible in key enzymes in 
prokaryotic and eukaryotic organisms (Ragsdale, 2007, 2009) or in 
depth profiles of the seawater column, where Ni follows a nutrient-like 
distribution (Sclater et al. 1976; Bruland 1980; Mackey et al. 2002). The 
first Ni isotope analyses of seawater showed heavier isotopic values at 
greater depths (+1.4‰), in concordance with other trace metal isotope 
values (Vance et al., 2008; Cameron and Vance, 2014; Takano et al. 
2017; Wang et al. 2019a) and lighter values at the surface waters 
(+1.7‰). The main source of Ni to the oceans are riverine, continental 
crust weathering sources, dust, aerosols and hydrothermal vent fluids 
(Wang and Wasylenki, 2017; Gall et al., 2013; Cameron and Vance, 
2014; Spivak-Birndorf et al., 2018). However, there is a mass balance 
problem in the global Ni budget, where the ocean is isotopically heavier 
(+1.4‰) than the collective sources (+0.8 ‰) and sinks (Gueguen et al., 
2016, 2021; Gall et al., 2013). The primary output (sorption onto Fe–Mn 
oxides), exhibits a comparable isotopic composition to the dissolved 
phase (+0.9 to +2.4‰), whereas the input from rivers, (+0.80‰, 
Cameron and Vance, 2014) is relatively lighter than the dissolved ma
rine pool (+1.44 ± 0.15‰, Cameron and Vance, 2014; Gueguen et al., 
2016, 2021; Gall et al., 2013; Vance et al., 2016). Several studies have 
thereafter been performed in order to close this mass imbalance, by 
mapping the average continental crust (Ratié et al., 2019; Klaver et al. 
2020; Machado et al., 2023), euxinic sediments (+0.3‰) and black 
shales (-1 to +2.5‰). In the Black Sea, Ni concentrations in euxinic 
sediments are enriched despite similar levels in surface and deep waters 
(Vance et al., 2016). This phenomenon can be explained by a benthic Fe/ 
Mn redox shuttle that transports Ni from the shelf to the open basin via 
nano-particulate oxides. A fine particle layer enriched in Mn and trace 
metals, including Ni, forms through the reoxidation of sediment-derived 
reduced Mn and Fe. The isotope composition indicates that the overall 
input of Ni is lighter (~+1.0 to 1.3‰) than the water (~+1.35‰). The 
isotope compositions thus suggest that Ni inputs to the sediments, after 
fractionation into sulfidized species (~+0.7‰, Fuji et al. 2014), are 
consistent with observed values, indicating a complex interplay of 
sources and sinks.

The Ni isotopic composition of terrestrial rocks ranges from -1,04‰ 

Fig. 2. Box plot showing Ni isotope composition in ‰ of various natural and 
laboratory samples from the literature (Spivak-Birndorf et al., 2018, Gall et al 
2012, 2013, Gleeson 2004, Gueguen et al., 2013, 2021, Ratie et al. 2015, 
Ratnayake et al. 2021, Wang et al. 2021, Klaver et al. 2020, Li et al. 2020, 
Beunon et al. 2020, Wu et al. 2019, Chernonozhkin et al. 2015, Steele et al. 
2011, Chen et al. 2023, Cameron et al. 2009, Cameron and Vance, 2014, 
Lemaitre et al. 2022, Archer et al. 2020, Sorensen et al. 2020, Pašava et al. 
2016, Hein et al, 2013). The gray area represents the BSE δ60/58Ni value 
modified from Hiebert et al. 2020).
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to +2.5‰ (Spivak-Birndorf et al., 2018; Cameron, 2009; Gueguen et al., 
2013; Gall et al., 2013; Ratié et al., 2019; Estrade et al. 2015; Cameron 
and Vance, 2014; Porter et al. 2014; Vance et al., 2016). The lightest 
δ60Ni values are typically associated with sulfide-mineralized ultramafic 
magmas (komatiites) and black shales (-1,04 and -0,84‰, respectively), 
while the heaviest values are found in hydrous Ni-Mg silicates (Pašava 
et al. 2019; Gall et al., 2012, Gall et al., 2013; Ratié et al., 2019; Spivak- 
Birndorf et al., 2018). Ultramafic magmas rich in sulfide minerals 
display highly negative δ60Ni values with significant variability, likely 
resulting from magmatic processes such as sulfide liquid segregation 
from komatiitic lavas and subsequent fractional crystallization (Hiebert 
et al., 2022). Similarly, large δ60Ni variations are observed in conti
nental flood basalts from the Noril’sk region in the Siberian Trap large 
igneous province. These variations have been attributed to the immis
cibility of sulfide-silicate magmas, leading to the preferential association 
of light Ni isotopes with the sulfidic phase (Chen et al., 2009). Weath
ering of rocks is associated with relatively large variations of δ60Ni, 
where light Ni is preferentially incorporated into the solid precipitates, 
clays or oxides whereas the fluids are enriched in the heavy Ni isotope 
(Ratié et al., 2019, Wasylenki et al. 2015, Spivak-Birndorf et al., 2018, 
Neubeck and Freund, 2020) (Fig. 2).

2.5. Serpentinization

Serpentinization is an exothermic, alteration process occurring in 
ultramafic rocks under hydrous conditions, wherein the ferromagnesian 
minerals, notably olivine or pyroxene, react with aqueous fluids, 
yielding a suite of secondary minerals dominated by serpentine. The 
serpentinization reaction involve the hydration of olivine (or pyroxene) 
into serpentine minerals. Sometimes, at low silica activity (Frost & 
Beard, 2007) and strongly reducing conditions, H2(gas) can be formed as 
a byproduct through the splitting of water according to equation 1 
below.

Since Fe and Ni ions are released into the solution as part of the 
alteration process, H2 may further reduce both to native metals or their 
alloys such as Ni3Fe (awaruite, one of the most widespread Ni–Fe alloys 
found in hydrothermal vents) within the serpentine system (Dekov, 
2006, Pernet-Fischer et al. 2017, Sleep et al., 2004, Britten, 2017, Mével, 
2003, Klein and Bach, 2009, Plümperet al. 2017). Not only is the for
mation of H2 of great importance for the onset and maintenance of life as 
an electron donor for the most ancient and the only energy-releasing 
route of biological CO2 fixation, the reductive acetyl-CoA pathway, it 
may also act as a reducing power for the abiotic formation of reduced 
carbon species such as CH4, an important carbon source for microbial 
life (Horita & Berndt 1999, Preiner et al., 2018, Lamadrid 2017, Holm 
et al., 2015). The C=O double bond in CO2 has a relatively high disso
ciation energy (749 kJ/mol) and need to be cleaved in order to further 
react into organic compounds. The cleavage in question has been 
extensively reported to proceed on FeNi catalysts (Hudson et al., 2020; 
Lv et al. 2016; Varma et al., 2018; Preiner et al., 2020; Beyazay et al. 
2023), where Fe and Ni fulfill distinct catalytic functions. Iron exhibits a 
stronger affinity for oxygen species, whereas Ni facilitates carbon acti
vation (Moret et al., 2014). Furthermore, a charge transfer from Fe to Ni 
has been proposed, potentially increasing the electron density at the Ni 
site and thereby enhancing its catalytic activity relative to that of a pure 
Ni0 catalyst (Beyazay et al. 2023; Yadav and Kharkara, 1995). In a 
serpentinizing system, awaruite and/or Ni0 has the capacity to both split 
water and to catalyze the formation of formate, acetate and puryvate 
from CO2 (Beyazay et al. 2023, Jeoung et al. 2007). Further, in studies 
by Preiner et al. (2020), awaruite was tested for its capacity to convert 
CO2 into acetate (common substrate for methanogens) at relatively low 
temperature (100◦C) hydrothermal conditions with pH > 8, as an 
analogue to serpentinization environments and the results clearly 
showed a thermodynamically favourable (ΔG= -132 kJ/mol) formation 
of acetate. This is of interest because it demonstrates that serpentini
zation at relatively low temperatures can generate organic nutrients for 

microorganisms in an abiotic setting, such as the Lost City Hydrothermal 
Field, which is suggested to be driven entirely by serpentinization 
(Ludwig et al., 2011).

Hotter hydrothermal vents such as black smoker type vents, with 
temperatures between 200◦C and 400◦C, are driven primarily by prox
imity to a magma chamber and not serpentinization (Kelley et al., 2001, 
2005). Some serpentinization-hosted vents, however, are characterized 
by acidic pH values, high H2 and metal concentrations and generation of 
smaller hydrocarbons (C1-C5). At the vent chimney walls, consisting of 
precipitated sulfides (commonly FeS), the water-mineral interface can 
act as an electrocatalyst capable of catalytically reducing CO2 in slightly 
acidic pH regimes (Nakamura, et al. 2010). In another study by Yama
guchi et al. (2014) it was experimentally shown that electric currents 
flowing through the hydrothermal chimney walls (as an electrical 
gradient) through the interconnected micron- and submicron-crystalline 
particles of FeS, inefficiently converted CO2 into hydrocarbons. How
ever, with the substitution of Fe with Ni, the electrosynthesis of organic 
compounds increased drastically and the electrochemical gradient 
across the chimney wall was maintained by a constant generation of 
electrons through the oxidation of H2. These electrons are stored in the 
inner mineral precipitates via the dissociative insertion of H2. These 
findings shed light on how hydrothermal vent deposits conduct elec
trons and catalyze reactions, and their potential for storing energy to 
drive the synthesis of organic compounds before the emergence of early 
life forms. In a similar manner, this redox gradient can be found within a 
euxinic sediment (Algar et al., 2020). The pH gradients in a euxinic 
sediment may be large due to microbial sulfide oxidation and the 
concomitant formation of electrical currents, in so-called sediment mi
crobial fuel cells (SMFCs). Also, the Fe2+/Fe3+ redox couple may aid in 
the formation of a redox and/or pH gradient through the interconver
sion of ferrous ions and ferric ions in pore waters. Under reducing 
conditions, such as those found in anoxic sediment layers, electrons 
released during Fe2+ oxidation can participate in redox reactions and 
may contribute indirectly to H₂ formation in the presence of catalytic 
minerals. During the oxidation of ferrous ions, electrons are released and 
can reduce water into H2 gas. This reaction may be further facilitated by 
heterogeneous catalysts such as a Ni containing Fe sulfide, which is 
precipitated within the euxinic sediment column (Mansor et al. 2019).

Given that hydrothermal vents have existed on Earth for billions of 
years and considering that the emergence of life presumably requires a 
significant amount of time, this fulfills a critical criterion for the initi
ation of life: namely, that sufficient time has elapsed for life to begin. 
Although individual hydrothermal vents have limited lifespans, ranging 
from several years to a maximum of around 100,000 years (Früh-Green 
et al., 2003; Ludwig et al., 2011), prebiotic systems could have been 
transported between neighboring vents, allowing continuity for chemi
cal evolution.

2.6. Black shales

Black shales are one of the most important geological records for 
early signatures of life. They are dark-colored, fine-grained and organic 
and S rich sedimentary deposits that have been formed on earth for at 
least 3.2 billion years (Van Kranendonk, 2008; Jin et al. 2023). They 
form under oxygen depleted or anoxic conditions with incomplete 
degradation of organic matter, leading to excellent preservation condi
tions for ancient life but also of other geological events. Black shales 
commonly consist of four main components; organic matter, sulfides, 
siliciclasts and carbonates, where siliciclasts make up the major part of 
the rock (Oschmann 2011; Röhl et al. 2001). The sulfides and organic 
matter within a black shale is mainly thought to be derived from bac
terial Fe- and sulfate reduction, but studies have shown that also 
methanogens (Payne et al. 2023) as well as methane oxidizing archaea 
(Schouten et al. 2001) inhabit euxinic or ferruginous environments. 
Methanogens in euxinic environment are able to to reduce pyrites into 
available Fe2+ and HS- and approximately 5-8% of the total 
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methanogenic encoded proteins are expected to bind [Fe-S] clusters 
(Johnson et al. 2021). There is a higher reliance on [Fe-S] clusters in 
methanogen cells compared to other facultatively anaerobic or aerobic 
cells which may stem from the high bioavailability of Fe, S and other 
reduced metals, namely Ni under anoxic/euxinic conditions (Liu et al. 
2012) of the early Earth, where these organisms are believed to have 
diversified over 3.51 billion years ago. Euxinic environments are 
commonly rich in trace metals that reacts with the sulfides to form 
precipitates with limited solubility, but methanogens have been shown 
to catalyze the reductive dissolution of pyrite and nickelian pyrite 
(Payne et al. 2021, Spietz et al. 2023, respectively). Also, the availability 
of Ni2+ ions may be relatively high within euxinic environments, despite 
the lower solubility of Ni compared to other trace metal sulfides, leading 
to increased displacement of Ni into solution, making it more bioavail
able (Zanella 2011). The solubility product of NiS is low (Ksp= 4.0 10-20 

at 25◦C) and may thus decrease the bioavailability of Ni in euxinic, 
sulfide -rich environments. Despite the challenges posed by sulfide, 
certain organic ligands and complexes can enhance the bioavailability of 
Ni under euxinic conditions, such as cysteine (Cys), glutathione, 
histidine-rich peptides as well as humic and fulvic acids. These ligands 
are all relatively stable under euxinic conditions and may have main
tained sufficient bioavailability of Ni in sulfide-rich environments. Ni(II) 
forms stable binary and ternary complexes with adenine and L-amino 
acids, with Ni(II):Ade:L-Asn identified as the most stable (Türke, 2015). 
Such ligands may arise through abiotic synthesis or organic matter 
degradation, possibly catalyzed by mineral surfaces. These factors 
collectively suggest that such ligands played a significant role in making 
Ni and other metals bioavailable under early Earth conditions.

Nickel have been shown to follow the distribution of Mo in anoxic to 
oxic sediments, where the distribution decreases with increasing degree 
of oxidation (Zanin et al. 2017). Nickel and molybdenum are both 
transition metals, but they exhibit differences in solubility and oxidation 
state in natural systems due to their electronic configurations and 
chemical properties. Nickel typically exists in the oxidation state +2 in 
natural environments forming Ni sulfides (such as Ni monosulfide, NiS, 

Zanella 2011) or is incorporated into pyrites (Wu et al. 2023). Nickel 
sulfide solubility is more dependent on the choice of ligands than on the 
oxidation state. In contrast to Ni, molybdenum (Mo) is found in several 
oxidation states in nature, especially +2, +4, and +6. The oxidation 
state +6 is most common and are often found in oxyanions, such as 
MoO4

2-, which are highly soluble in water. However, under anoxic con
ditions, Mo can undergo complex transition between different oxidation 
states, including +6, +4, and +2. Molybdenum(IV) and molybdenum 
(VI) species are more common, with molybdate (MoO4

2) being the pre
dominant form under aerobic conditions. Molybdenum sulfides, espe
cially molybdenite, are often insoluble or mildly soluble under anoxic 
conditions and do precipitate. Thus, even though Ni and Mo follow each 
other in terms of environmental concentrations with shifting redox 
conditions, the underlying processes are different. Noteworthy, it is not 
entirely known of how Ni exactly travels through the environments. 
Molecular factors that influence the mobility of Ni and Ni-compounds 
are bond lengths (Liu et al. 2018), redox conditions and ligand com
plex binding (Zanella, 2011). Additionally, the amount of organic C and 
pyrite (Zanin et al. 2017), weathering (Ratié et al., 2019) and magmatic 
processes (Hiebert et al. 2022), are essential, just to mention a few 
factors. Despite these ambiguities, Ni is often strongly enriched in black 
shale deposits which constitute ideal environments for the preservation 
of Ni signatures (concentrations and isotopes) and biosignatures but also 
for large scale geological events such as greenhouse climates, periods of 
enhanced global volcanism, continental flooding and anoxia events.

The Ni isotopic composition of black shales varies considerably be
tween ~-1 to~+2.5‰, depending on the formation and deposition 
conditions of the black shales (Porter et al. 2014, Li et al., 2021, Pašava 
et al. 2019.). According to Porter et al. (2014), no correlation between 
total organic carbon and stable Ni isotopes could be detected, which was 
later confirmed by Pašava et al (2019).

Fig. 3. Simplified geological history of atmospheric oxygen and oceanic redox states including that of relevant S and Ni species (S species: Olson and Straub, 2008; 
Ni: Konhauser et al., 2009, 2015); pO2= atmospheric partial pressure of O2; PAL= present atmospheric level) (Fakhraee et al., 2019). The concentrations indicated by 
the lines are not scaled but give a semi-quantitative impression. In particuar sulfide concentrations are under debate (Lyon 2008 and Fakhraee et al., 2024).
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2.7. Mass extinctions

2.7.1. Great oxygen event (GOE)
One of the most dramatic extinction events on Earth is attributed to 

the fundamental change that made the planet habitable for today’s life 
forms, namely the dramatic increase in atmospheric oxygen. It marks the 
transition from the Archaean to the Proterozoic. This event is called the 
Great Oxygenation Event (GOE) and evidenced several concomitantly 
occurring dramatic shifts in Earth surface environments, such as the 
increase in atmospheric O2 and a shift towards a more felsic crustal 
composition (Keller & Schoene, 2012), increased subareal volcanism 
(Kump & Barley, 2007), drop in atmospheric methane (Catling et al. 
2001), increased weathering of felsic continental crust leading to a 
plunge in marine transition metal concentration (Wang et al. 2019; 
Konhauser et al., 2009; Konhauser et al., 2015) and increased weath
ering of sulfides (Wang et al. 2019) (Fig. 3). The suggested reason for 
this Ni decline is the secular cooling of the mantle and the followed 
decline in high-temperature lavas such as komatiites, which have been 
suggested to be one of the main Ni sources during the Archean (Liu et al. 
2021; Hall, 1987).

The marine Ni concentrations declined from ~400nM at 2.7 Ga to 
~200nM approximately 200 Ma later, which have been proposed as a 
major cause for the decline in methanogenic activity (and the concom
itant decline in atmospheric methane), paving the way for oxygenic 
microorganisms such as cyanobacteria. With an increasing concentra
tion of atmospheric oxygen comes the increased oxidation of reduced 
minerals such as the abundant sulfides into sulfates, which accumulated 
in the oceans. Increasing sulfate concentrations in marine environments, 
will concomitantly benefit sulfate reducing bacteria and a secular in
crease in shallow euxinic conditions. In turn, euxinic conditions and 
environments rich in sulfides will readily bind Ni and form insoluble Ni 
bearing Fe sulfides and pure Ni sulfides, such as pyrites, pyrrhotites, 
millerites and pentlandites. It has been shown that methanogens can use 
solid Ni sulfide minerals as a Ni source (Spietz et al. 2023).

a Current H2S concentration in the Baltic sea in relation to sea depth: 
0 μM @ 70 m, 9 μM @ 100 m and 16 μM @ 150 m (Bauer et al., 2017).

The decline in atmospheric methane may have resulted from 
increased competition between methanogens and sulfate reducers for 
ecological niches. An alternative hypothesis associates the Great 
Oxidation Event (GOE) with a decline in bioavailable Ni, inferred from 
the decreasing Ni/Fe ratios in banded Fe formations dated to around 2.7 
Ga. This trend is thought to result from diminished Ni contributions 
linked to the waning eruption of ultramafic rocks as the mantle cooled. 
Given methanogens’ reliance on Ni-containing enzymes—especially 
MCR, which constitutes ~10% of their cytoplasmic proteins—a Ni 
shortage could have led to their decline, allowing sulfate reducers and 
oxygenic phototrophs to thrive. Nickel isotopes help clarify the rela
tionship between Ni availability, methanogens, and the GOE. The notion 
that Ni flux to the oceans dropped as a consequence of the weathering of 
new, low-Ni upper continental crust (UCC) has been disputed by Wang 
et al. (2019) based on stable Ni isotope data. In their study, glacial 
Precambrian diamictites covering the GOE were analyzed. The 
geochemical weathering signatures preserved in the diamictites are 
interpreted as reflecting contributions from the upper continental crust 
(UCC), offering a more representative snapshot of the crustal composi
tion during their deposition. A progressive enrichment in heavier δ60Ni 
values, accompanied by a decline in Ni concentrations, is observed in 
these sediments approaching the time of GOE, suggesting a long-term 
shift in crustal Ni cycling.The suggested cause for this rise in δ60Ni 
was the onset of oxygenic weathering of crustal sulfides, leaving the 
diamictites lower in light Ni and lower in total S and Ni concentrations. 
Not only are sulfides the only major Ni containing rocks types that have 
distinct different isotopic values from silicates (Gueguen et al., 2013; 
Hofmann et al. 2014; Gall et al. 2016; Cameron et al. 2009; Cherno
nozhkin et al. 2015), sulfides are more strongly binding ligands for Ni 
than halides, hydroxide, sulfate, carbonate and carboxylates making 

them more stable during the anoxic conditions prevailing before the 
GOE. This makes Ni isotopes a suitable tool for targeting changed sulfide 
weathering patterns across time. Determining the dominant hypothesis 
in this field remains challenging, but it is evident that a decline in 
bioavailable Ni would have severely impacted methanogen populations. 
These archaea rely on Ni for essential enzymatic functions, particularly 
in methane production. Even today, Ni scarcity can limit methanogenic 
activity, highlighting the metal’s crucial role in their metabolism.

2.7.2. End-Perm
The end-Permian mass extinction (EPME), one of the largest in 

Earth’s history, occurred at the close of the Permian period. It is asso
ciated with the eruption of enormous amounts of basaltic magma, which 
formed the Siberian Traps Large Igneous Province (STLIP) (Hall, 1996). 
This massive continental flood basalt event is believed to have 
contributed to the extinction, which resulted in the loss of approxi
mately 90% of marine species and 75% of terrestrial species. The EPME 
marks a catastrophic disruption in the carbon cycle, evidenced by car
bon isotopes (Holser et al., 1989), charcoal-rich sediment, widespread 
anoxia and euxinic sediment layers (Shen et al., 2011). As for the 
transition from an anoxic to an aerobic world during the GOE, the EPME 
was also suggested to be triggered by Ni concentrations and methano
genesis. (Rothman et al., 2014). Prior to the EPME, there was an enor
mous rise in Ni concentrations in the atmosphere and oceans due to the 
emplacements of NiS ore-bearing intrusions in the STLIP (Le vaillant 
et al. 2017). The remarkable event of releasing Ni (for which no volatile 
Ni containing derivatives are known) into the atmosphere, resulting in a 
much broader spatial dispersal, has been modeled by Le Valliant et al. 
(2017). They demonstrated that the flotation of Ni sulfide liquid drop
lets, facilitated by attachment to gas bubbles, and the degassing of 
volatile sulfide-saturated volcanic gas led to a global dispersal of Ni. As 
Ni concentrations increased, the two-step acetate kinase (AckA)-phos
phoacetyl transferase (Pta) pathway emerged, alongside the acetoclastic 
methanogen Methanosarcina (Rothman et al., 2014; Fournier and 
Gogarten). This pathway marked a significant development in meth
anogenesis. It has been suggested that the Late Permian environments of 
low marine O2 and sulfate would be beneficial for extensive growth of 
Methanosarcina, leading to an explosive increase in atmospheric CH4 and 
enhanced anoxicity. Since Methanosarcina are cytochrome-bearing 
methanogens, the growth yield (and thus CH4 formation) is much 
larger than the capacity of non-cytochrome-bearing methanogens for 
CH4 formation. Thus, it is feasible to assume that explosive growth of 
Methanosarcina may have occurred. Additionally, Methanosarcina re
quires much more Ni for their growth, which may have been beneficial 
during the Late Permian with high Ni availability. However, the sensi
tivity of Methanosarcina to available Ni also makes them vulnerable to Ni 
decline, likely marking the end of the EPME. Nickel isotope analyses 
have been conducted on the black shales of the Siberian Traps (Li et al., 
2021) to investigate the putative impact of Ni on the mass extinction 
since both an increase in methanogenesis and increased diagenesis have 
been proposed as triggers (Froelich et al 1979). Nickel isotopes have 
been previously shown to be strongly fractionated by methanogens 
under laboratory conditions (Cameron et al. 2009), where the prefer
entially accumulate the lighter isotope, leaving the growth medium 
isotopically heavy. The Ni isotopic signature prior to EPME showed 
extremely light values, ranging from -0.89 to -1.09‰ and increases to 
approximately 0.34‰ at the extinction horizon, where the Ni concen
tration sharply drops from 142.8 to 36.4 ppm. This suggests that the 
increase in available Ni not only enhanced methanogenesis, potentially 
contributing to global anoxic events and associated mass extinctions, but 
also that the natural stable Ni isotope signatures are consistent with 
laboratory experiments demonstrating the significant isotopic fraction
ation imparted by methanogenic activity.
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3. Nickel biochemistry

3.1. Ni in metabolic pathways

3.1.1. CO2 fixation, the Wood-Ljungdahl (WL) pathway and prebiotic 
analogs

The Wood–Ljungdahl (WL) pathway represents a non-cyclic route of 
autotrophic carbon fixation, in which carbon dioxide is sequentially 
reduced and condensed to yield acetyl-CoA. This process is catalyzed by 
a tightly coupled enzyme complex composed of carbon monoxide de
hydrogenase (CODH) and acetyl-CoA synthase (ACS). These enzymes 
are rich in redox-active centers, notably [4Fe–4S] clusters and Ni-Fe 
catalytic sites. In CODH, a specialized [Ni–4Fe–4S] cluster mediates 
the reduction of CO₂ to CO. The resulting CO is channeled to ACS, where 
it combines with a methyl group—supplied by a cobalt-containing cor
rinoid Fe-S protein (CoFeSP)—to form an acetyl intermediate at a 
bimetallic Ni site bridged to a [4Fe–4S] cluster. This intermediate is then 
converted into acetyl-CoA through thioester exchange with coenzyme A. 
Nickel incorporation is essential for CODH activation and is coordinated 
by accessory proteins such as CooC, CooT, and the histidine-rich CooJ, 
which binds Ni(II) at two distinct sites (Evans, 2005; Drennan, 2004; 
Ragsdale et al., 1985; Drennan et al., 2001).

Contemporary origin-of-life models often emphasize chemoautotro
phic scenarios in which carbon dioxide served as the primary carbon 
source for early biosynthetic processes. Such carbon fixation must have 
emerged prior to the divergence of the Last Universal Common Ancestor 
(LUCA), the inferred progenitor of all cellular life. Among the proposed 
carbon fixation mechanisms, two stand out for their prebiotic plausi
bility: the reductive acetyl-CoA pathway (also known as the Wood
–Ljungdahl, or WL, pathway, Ragsdale and Pierce, 2008; Ragsdale, 
2008) and the reverse tricarboxylic acid (rTCA) cycle, including its 
simplified forms. This review places particular emphasis on the WL 
pathway due to its linear reaction sequence, which culminates in the 
formation of acetyl-CoA—a metabolite of central biochemical relevance 
(see Fig. 4). Transition metals, especially Ni, play a key catalytic role in 
this pathway, alongside Fe, cobalt, and molybdenum. The WL pathway 
is often favored over the rTCA cycle in prebiotic contexts because of its 
linearity. This structural feature addresses a core concern articulated by 
Orgel (2008), who argued that low reaction yields in abiotic systems 
pose serious limitations for autocatalytic cycles, since each step is 
contingent upon the successful completion of the previous one. This 
casts doubt on the enthusiasm of chemists to mimic metabolic cycles 
such as the rTCA cycle with prebiotic chemistry. Secondly, a bio
informatic analysis by Martin and coworkers (Weiss et al., 2016) 

Fig. 4. The role of Ni in C1 fixation: The reductive acetyl-CoA pathway (Wood-Ljungdahl pathway) relies on Ni- Fe-S clusters and on molybdenum and co
balt cofactors.
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suggests that LUCÁs metabolism was based on the linear WL pathway. 
Other theoretical considerations on the evolutional role of coenzymes, in 
particular pyridoxal phosphate and thiamine pyrophosphate, do not 
support the idea that the rTCA cycle could have been the first metabolic 
system for C1 fixation (Kirschning, 2024). In line with these theories, 
contemporary organisms that utilize the WL pathway thrive in 

primordial environments abundant in inorganic gases like CO2, H2, and 
H2S, as well as reduced metals such as Fe and Ni. The uniqueness of the 
WL pathway provoked to mimick it under plausible prebiotic conditions. 
The different experimental approaches commonly rely on Ni, in several 
cases acompanied by Fe. Pioneers in this field are Huber and 
Wächtershäuser, the latter being the first to formulate the so-called Fe-S 

Fig. 5. Prebiotic chemistry mimicking the WL-pathway using Ni and attempts to mimick the rTCA cycle under prebiotic conditions.

Fig. 6. Fe/S and Fe/Ni/S cluster in hydrogenases and a di-Ni hydrogenase model with a truncated peptide template.
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hypothesis (or iron-sulfur world) on the origin of life (Wächtershäuser, 
1988 & 1990). The hypothesis claims that Life on Earth originated on 
the surface of Fe-S minerals such as pyrite. Deposits of Fe sulfide min
erals near deep-sea hydrothermal vents that originated of from reduced 
fluids (van Dover, 2009) are capable of providing the environment and 
energy to catalyze complex reaction sequences from simple precursors 
such as CO and CO2, HCN and H2S. They demonstratedthat meth
anethiol (CH3-SH) and carbon oxysulfide (COS) are formed from CO2 
and FeS/H2S, or from CO and H2 in the presence of NiS (Fig. 5-I) (Heinen 
and Lauwers, 1996). The formation of several other S-containing organic 
molecules were detected in simulated laboratory experiments. Unusu
ally high concentrations of carbon monoxide (350 mM), hydrogen sul
fide, and methanethiol (8 mM) (Reeves et al., 2014) in the presence of Ni 
sulfide and Fe sulfide led to the formation of S-methyl ethanethioate 
(CH3-CO-SCH3), a simple analog of acetyl-CoA (Kitadai et al., 2021; 
Kitadai et al., 2024).

It was also demonstrated that natural Ni3Fe (awaruite) is excep
tionally efficient in aiding the abiotic synthesis of formate, acetate, py
ruvate, and methane under mild (< 100 ◦C), hydrothermal conditions 
(Preiner et al., 2018; Martin, 2020) (Fig. 5-II). The carbonyl branch of 
the WL pathway is initiated by CO2 reduction and formation of formate. 
Hudson and Sojo (Hudson & Soho, 2020) experimentally showed the 
reduction of CO2 with H2 at room temperature under moderate pressures 
(1.5 bar). The reduction supposedly is driven by microfluidic pH gra
dients across Fe(Ni)S precipitates and yielded formate. Deuterium la
beling indicated that electron transfer to CO2 does not occur via direct 
hydrogenation with H2 but instead, freshly deposited Fe(Ni)S pre
cipitates appear to facilitate electron transfer in an electrochemical-cell 
mechanism with two distinct half-reactions. Finally, Ni-Fe nitride 
(Ni2Fe2N) was shown to form formamide and formate from CO2 and H2O 
in the absence of hydrogen and nitrogen (Fig. 5-III). Here, water acts as 
hydrogen source and the nitride as nitrogen source (Beyazay et al., 
2023b).

Although Orgel expressed skepticism regarding the feasibility of the 
reverse tricarboxylic acid (rTCA) cycle under prebiotic conditions, a 
number of experimental efforts have nonetheless sought to reconstruct 
this pathway using plausible early Earth chemistry. These studies 
frequently employ molecular hydrogen, elemental S, or sulfide com
pounds as electron donors or reductants. Notably, the group of Moran 
(Rauscher et al. 2022 and Muchowska et al., 2019) and others (Keller 
et al., 2017 and Kitadai et al. 2019) investigated the potential role of H₂ 
in driving a geochemically mediated analog of the rTCA cycle, proposing 
that such processes could have supported the assembly of primitive 
metabolic networks during the earliest stages of biochemical evolution. 
So far, it was demonstrated that three consecutive steps (oxaloaceta
te→malate→fumarate→succinate) of the reverse tricarboxylate (TCA) 
cycle, can be driven in one-pot by H2 using fairly large catalytic amounts 
of a synthetic Ni source (10–20 mol%) (Fig. 5-IV). However, the next 

step in the cycle has to be regarded a key hurdle to provide α-ketoglu
tarate (Kirschning, 2022b; Schoenmakers et al., 2024). It remains to be 
seen whether the cycle can be closed under prebiotically plausible 
conditions, and even if this were the case, Orgel’s critical doubts about 
prebiotic cycles would still have to be taken into account.

In this context, several studies on prebiotic chemistry have linked Ni 
as both a catalytic promoter and in hydrogen transfer chemistry with 
modern coenzymes. It has been found that nickel(II) can efficiently 
catalyze the transamination of amino acids and keto acids, thereby 
mimicking the coenzyme pyridoxal phosphate (PLP) (Mayer et al., 2021; 
Kaur et al., 2024). In the presence of PLP, an acceleration of this process 
was found (Dherbassy et al., 2023). Furthermore, it has been shown that 
nickel is capable of reducing nicotinamide (NAD+→NADH) in the 
presence of H2 (Pereira et al., 2022).

3.1.2. H2 fixation
Hydrogenases are metalloenzymes that catalyze the reversible 

interconversion of protons and electrons with molecular hydrogen (H₂). 
These enzymes play essential roles in energy metabolism, particularly in 
anaerobic microorganisms such as sulfate-reducing bacteria of the genus 
Desulfovibrio (see Fig. 6). Among the most extensively studied classes are 
the [NiFe] and [FeFe] hydrogenases, distinguished by their character
istic metal cluster architectures. Both classes occur widely in bacterial 
species, while [NiFe] hydrogenases are also found in archaeal lineages. 
Interestingly, [FeFe] hydrogenases have been identified in select 
eukaryotic organisms as well (Lubitz et al., 2014; Vignais et al., 2007). 
These enzymes typically feature dinuclear metal centers, either Ni-Fe or 
Fe-Fe, associated with [4Fe–4S] clusters, which mediate electron 
transfer. A third group, known as [Fe]-only hydrogenases, possesses a 
mononuclear Fe center coordinated through a single cysteine residue. 
Hydrogenases are frequently implicated in reductive processes, 
including the regeneration of redox-active cofactors and coenzymes 
such as NAD(P)+, ferricytochrome c₃, ferredoxins, coenzyme F₄₂₀, qui
nones, and tetrahydromethanopterins. Anaerobes that use hydrogenases 
live in sediments, hot springs hydrothermal vents and other environ
ments. They are able to transfer electrons onto sulphate or nitrogen 
dioxide. The use of hydrogen as an electron donor coupled with the 
ability to synthesize organic matter, through the reductive assimilation 
of CO2, characterize the hydrogen-oxidizing bacteria. Hydrogen is also 
produced in N2-fixing organisms: at least one mol of H2 is formed for 
every molecule of N2 reduced. In such organisms hydrogenase functions 
to recapture the energy-rich reducing equivalents.

The active site of [NiFe]-hydrogenases in E. coli requires at least 
seven enzymes and cysteine plays a crucial role for cyanide formation 
and transfer (Cammack et al., 2001, Vignais & Colbeau 2004). Cyanide 
is generated by the action of HypE and HypF with carbamoylphosphate 
serving as starting point for thiocyanate bound to cysteine in HypE, 
which then serves as cyanide donor in a complex formed between the 

Fig. 7. Nickel-based cofactor F430 (left) and key step in methanogenesis (right) (Gln= glutamine).
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maturation proteins HypC and HypD (Blokesch et al., 2004; Reissmann 
et al., 2003). The cyanide moiety on HypE is transferred to the Fe 
coordinating HypD/HypC complex, which is then transferred to the 
large subunit of the structural hydrogenase protein. The source of CO is 
unknown. The HypA and HypB proteins are responsible for delivering 
and incorporating Ni.

Recently, a simplified model of a hydrogenase composed of only 13 
amino acid was reported (Timm et al., 2023) (Fig. 6, right). The peptide 
is able to bind two Ni ions. It was shown, that the di-Ni cluster formed is 
capable to produce molecular hydrogen from protons. Structurally it 
shows some analogy of a Ni-Fe cluster in [NiFe] hydrogenase and the Ni- 
Ni cluster. The authors suggest that despite their enormous complexity, 
hydrogenases are much older in that they evolved from simple peptide 
precursors. It is also worth mentioning that [NiFe]-hydrogenases are 
regarded to be more ancient from a phylogenetic perspective than 
[FeFe]-hydrogenases (Peters et al., 2015).

Hydrogenation catalysts are long known in the field of heteroge
neous catalysis. Raney Ni is an old and famous example, an alloy that is 
mainly composed of aluminum and Ni which is able to activate 
hydrogen for hydrogenation of organic molecules. The same applies for 
the recently reported Ni silicide nanoparticle (Ryabchuk et al., 2018) 
and Ni catalysts that are composed of Ni/SiO2 which are able to reduce 
CO to methane (Dias et al. 2021).

3.1.3. Methane formation
Less than 1% of all current methane is abiotically produced and a 

majority of the biogenic methane is formed by methanogens, with the 
help of the enzyme methyl-coenzyme M reductase (MCR). The MCR 
catalyzes the final step of the methane formation process, and methane 
formation is exclusively formed by archaea (Evans et al., 2019). It 
reductively forms a disulfide from methyl coenzyme M, a methyl thio
ether, with the thiol coenzyme B by which methane is liberated (Fig. 7). 
As a by-product the corresponding heterodisulfide is formed. Catalysis is 
promoted by the cofactor F430, first discovered in Methanobacterium 
thermoauto-trophicum. It represents the most reduced tetrapyrrole pre
sent in the enzyme methyl coenzyme M reductase in methanogenesis 
(Thauer, 1998; Miyazaki et al., 2022). Theoretical and experimental 
data come to the conclusion of two principally different reaction 
mechanisms, one involving an organometallic methyl-Ni(III) species the 
second favouring a transient methyl radical species. The ligand sphere of 
the octahedral Ni environment is governed by the planar tetrapyrrole 
system with two axial sites that are occupied by Gln and during the 
biotransformation by coenzyme M.

In the context of this account the question of how Ni is chosen and 
incorporated into the sirohydrochlorin, the precursor of F430, is of in
terest (Moore et al., 2017; Zheng et al., 2016), particularly in the context 
of its enzymatic insertion via CfbA. Proteins that are able to select metal 
cations such as Fe(II), Co(II) and Ni(II) for naturally occuring tetrapyr
roles are called chelatases. Several of these enzymes are characterized by 
a histidine-rich region. In the present case, the class II chelatase CfbA 
catalyzes Ni2+ insertion and the ligand sphere of Ni is composed of two 

histidine (His) and one glutamate (Glu) residue and seems not to be 
linked with the histidine-rich region. CfbA is considered a significant 
ancestor of class II chelatases, acting not only as a Ni-chelatase but also 
as a cobalt-chelatase in vitro. Studies using X-ray crystallography indi
cate that the insertion of Ni2+ into sirohydrochlorin is facilitated by an 
acetate side chain within the ligand system (Fujishiro and Ogawa, 
2021). These findings support the idea that the CfbA-mediated pathway 
in coenzyme F430 biosynthesis represents a crucial branching point, 
directing sirohydrochlorin toward the formation of both Ni- and Co- 
complexes. From an evolutionary point of view, the cofactor F430 is 
special because, despite its presumably ancient existence, the metal 
coordinates to nitrogen and is not bound to S like the other examples 
described so far. Biosynthetically, however, the four nitrogen atoms are 
recruited from the simplest and probably most abundant amino acid 
glycine in the abiotic and early biotic worlds (Kirschning, 2022b).

3.2. Nickel and O2 handling

3.2.1. Ni-SOD
Superoxide is a byproduct of cellular respiration in aerobic organ

isms and can be the cause of severe damage to the cell (Pelmenschikov, 
2006). The hexameric Ni superoxide dismutase (Ni-SOD) is a metal
loenzyme that belongs to the superoxide dismutase family and serves as 
naturés defense mechanism towards superoxide. As such it catalyzes the 
disproportionation of the superoxide radical to H2O2 and O2. Besides 
streptomyces it was also found in cyanobacteria and several other 
aquatic microbes (Zamble and Li, 2009).

The disproportionation mechanism involves a reduction-oxidation 
cycle where a single electron transfer is catalyzed by Ni, switching be
tween Ni2+ and Ni3+ (Pelmenschikov, 2006; Shearer, 2014). The Ni 
complex is embedded in the protein being complexed by three histidine 
and two cysteine ligands (oxidized form shown in Fig. 8). One of the 
cystidines acts as a bidental ligand with the amide nitrogen atom also 
bound to the metal. Mechanistically, the proton source as well as the 
transfer mechanism are still being debated (Sheng et al., 2014). Inter
estingly, in the reduced form, the His ligand swings away, leaving a 
square-planar geometry.

The presence of ROS to early life, especially during the GOEmust 
have induced an enormous evolutionary challenge. Today, superoxide 
processing enzymes are widely distributed, both in the aerobic and the 
anaerobic living worlds and the Ni-SOD have the advantage of with
standing high ROS concentrations without damaging the enzyme, 
making it competitive in an aerobic world.

3.2.2. Acireductone
When molecular oxygen levels rapidly raised on earth about 2.5 

billion years ago metalloenzymes with Ni as cofactor began to emerge 
that were able to deal with dioxygen and thus were able to promote 
oxidations instead of being involved in reductions. New ligand spheres 
and architectures appeared on the scene that were devoid of oxidation 
sensitive S or cysteine. One example is acireductone dioxygenase (ARD) 
that utilizes dioxygen as co-substrate. It is involved in the methionine 
salvage pathway (MSP) and either may contain Fe(II) or (Ni(II) as metal 
cofactor. The Fe complex utilizes 2-dihydroxy-3-keto-5-methylthiopent- 
1-ene (acireductone) as substrate which is oxidatively degraded by O2 to 
2-keto-4-methylthiobutyrate and formate. The Ni(II) isozyme uses the 
same substrate but promotes an off-pathway shunt to yield methyl
thiopropionate, carbon monoxide, and formate (Deshpande et al., 2017) 
(Fig. 9.I). It was found that not only Ni(II) but also divalent Mn(II) or Co 
(II) are able to promote this type of reaction. The two metal-dependent 
pathways catalyzed by ARD were initially identified in the bacterium 
Klebsiella oxytoca, but ARD enzymes have also been found in mammals, 
though not in archaea. In ARD, Ni is coordinated within a complex 
consisting of one glutamate and three histidine residues, while two po
sitions in the octahedral environment, blocked by water, act as binding 
sites for the substrate acireductone. Nickel(II) is not directly involved in 

( )

Fig. 8. Principal reaction that SOD catalyzes and ligand environment around 
Ni in Ni superoxide dismutase (Ni-SOD).
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the oxidation process; instead, the proposed mechanism suggests that 
the metals (either Fe or Ni) facilitate the formation of enolates. These 
metal-enolate intermediates then enable the addition of O2 through a 
one-electron transfer process.

A second example is quercetinase (QDO) that belongs to the cupin 
superfamily of enzymes.It is involved in the first step of aerobic break
down of plant-derived flavonols by fungi and some bacteria. QDO is a 
Ni-dependent 2,4-dioxygenase that promotes the dioxygenolytic cleav
age of the flavonol quercetin in which O2 serves as oxidant. It has to be 
noted that the exact mechanism of this Ni supported catalysis and O2 
activation is a matter of debated up today (Wang et al., 2018) (Fig. 9.II).

However, the ligand spheres around the Ni found in ARD and QDO 
are very similar in that four sites of the octahedron are occupied by 
glutamic acid and three histidines via one of the nitrogen atoms in the 
histidine ring.

The composition of the ligand sphere in Fe-dependent dioxygenases 
is similar to that of Ni-dependent dioxygenases in that it is governed by 
histidine. Of particular interest in this context are the cysteine dioxy
genases, where the Fe center uses O2 to oxidize the substrate cysteine to 
form L-cysteine sulfinic acid. This is clear evidence that S, and in this 
case the thiol group, tends to oxidize when the oxygen is activated by Fe 
(Gao et al., 2024, Simmons et a. 2005, Ye et al., 2007).

3.3. Ni as Lewis acid

3.3.1. Glyoxalase I
Glyoxalase I (Glo1) is a Ni-dependent enzyme, absent in archaea, 

that is involved in the cellular detoxification of α-ketoaldehydes, spe
cifically the metabolic by-product methylglyoxal (Suttisansanee, U., and 
Honek, J. F. (2019)). It utilizes intracellular thiols such as glutathione 
and these are added to α-ketoaldehydes. The intermediate O,S-hemiac
etal supposedly undergoes an enolization, re-enolization process which 
provides the corresponding lactic acid thioester. In concert with glyox
alase II (Glo2) hydrolysis yields D-lactic acid. GLo1 is a metal-dependent 
enzyme with Zn2+ as cofactor (Thornalley, 1993) (Fig. 10). However, 
GLo1 of Escherichia coli (E. coli) depends on Ni2+ (Clugston et al., 1998) 
and seems to by typically accociated with microorganisms as well as 
plants (Suttisansanee, U., and Honek, J. F. (2019)). The coordination 
sphere to Ni in Glo1 is composed of two histidine and two glutamate 
residues and the other two sites are occupied by water. In this respect, 
while it is structural similar to Ni-dependent dioxygenases, the role of Ni 
in Glo1 is not a redox one but is clearly associated with the generation of 
the enolate intermediate.

3.3.2. Ni-pincer
Recently, a new cofactor called Ni–pincer nucleotide cofactor (NPN) 

Fig. 9. Ni-based dioxygenases (ARD & QDO) and oxidations they are involved in.

Fig. 10. Ligand sphere of Ni-dependent glyoxalase I and biotransformation it promotes.
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was found in Lactobacillus plantarum which was shown to catalyze ra
cemizations of α-hydroxycarboxylates such as lactate. The reaction is 
driven by NPNs ability to function as a transient hydride acceptor 
although the hydride transfer does not dierectly occur on Ni but as in 
nicotinamide NAD(P)/NAD(P)H, the biosynthetic precursor, on the 
heterocycle (Desguin et al., 2015 and 2016, Rankin, 2018). The cofactor 
is structurally unique as Ni is flanked by two S atoms that are part of a 
modified pyridinium ring (Fig. 11, left). Remarkably, NPN contains a 
carbon-Ni bond. Bioinformatics studies suggest that these newly found 
NPN are widely distributed in microorganisms. It will be interesting to 
see how large the biochemical potential of NPN actually is (Chatterjee 
et al., 2022). LarC is the Ni-insertase that catalyzes the insertion of Ni in 
the final biosynthetic step of NPN biosynthesis (Turmo, 2022). Struc
tural data on the ligand sphere around Ni, however, are so far missing. 
From an evolutionary perspective this Ni cofactor must have appeared 
late on the stage, as its biosynthesis requires the presence of several 
coenzymes and cofactors, including Fe S clusters and particularly nico
tinamide which provides all atoms of the pyridine ring (Kirschning, 
2022a).

3.3.3. Urease
Urease, classified as a Ni(II) enzyme, provides a crucial process in 

nitrogen recycling. It is a Ni-containing metalloenzyme that catalyzes 
the hydrolysis of urea into ammonia (NH3) and carbamate (H₂N-CO- 
OH), which then further decomposes spontaneously to NH3 and carbon 
dioxide (CO2) (Kappaun et al., 2018a, Callahan et al., 2005). Recycled 
urea comes from the breakdown of arginine and possibly purines and 
ureides. It occurs in bacteria, archaea, plants, fungi, algae, and in
vertebrates, but not in mammals. (Krajewska, 2009; Maroney and Ciurli, 
2014). While predominantly produced by bacteria, fungi, and plants, 
(Kappaun et al., 2018b) certain archaea particularly hyperthermophilic 
and halophilic archaea also exhibit urease activity (Mizuki et al., 2004; 
Miraula et al., 2015). Sequence analyses show that the known ureases 
across different living species, including their catalytic domains, are 
highly conserved.

The enzyme’s comprehensive description dates back to 1926 when 
James B. Sumner provided a detailed account. However, its catalytic 
activity had been recognized as early as 1876 by the French chemist 
Frédéric Alphonse Musculus, who explored urea breakdown in the 
absence of microorganisms but in the presence of the active enzyme, 

coining the term "urease."(Musculus, 1876). Although Ni plays crucial 
roles in many organisms (Boer et al., 2014), the first protein with a 
functionally significant Ni, jack bean urease, was discovered in 1975 
(Walsh and Orme-Johnson, 1987). Interestingly, although urease’s 
enzymatic activity was known for approximately 50 years before this 
discovery, it was only in 1975 that the Ni centers within the enzyme 
were identified. Jack bean urease is characterized by two Ni ions per 
subunit. In bacterial urease, these diatomic Ni ions are bridged by a 
carboxylated lysine, maintaining a Ni-Ni distance of approximately 3.26 
Å (Wang et al., 1994; Carter et al., 2009). The function of the different Ni 
atoms have been investigated (Dixon et al., 1980). In fact, here Ni is not 
involved in redox chemistry, but acts as a Lewis acid. It is hypothesised 
that one Ni atom activates the carbonyl group in urea, whereas the other 
Ni atom serves to increase the nucleophilicity of water, facilitating the 
hydrolysis of urea by protein side chains. Support for this suggestion was 
recently collected from the solved structure of the elusive urease–urea 
complex (Mazzei et al., 2019) (Fig. 11, right).

Two main types of urease are known, one eukaryotic which is 
composed of a few molecules of a single polypeptide subunit and the 
second one found in prokaryotes composed of two or three heteroge
neous subunits. Ureases from different sources share a high percentage 
of homology (~ 55%) between their amino acid sequences, suggesting 
divergence from a common ancestor (Kappaun et al. 2018). Bacterial, 
archaeal, plant and fungal ureases are made up of different types and/or 
numbers of subunits (Krajewska, 2009). Bacterial and archaeal ureases 
are made up of three distinct subunits (α, β and γ), commonly forming 
trimers (αβγ)3, except those of Helicobacter species, which are made up of 
two subunits (α & β) and were shown to form a dodecameric complex 
((αβ)3)4. In contrast, plant and fungal ureases consist of identical α 
subunits, typically forming homotrimers (three α subunits, "α₃") or 
homohexamers (six α subunits, "α₆"). These α subunits result from the 
fusion of the corresponding α, β, and γ subunits found in bacterial ure
ases (Mazzei et al., 2020). Despite still being under debate, the ancestral 
state for ureases have been implied to be the three-chained organization 
according to a study by Ligabue-Braun et al. in 2013 (Ligabue-Braun 
et al., 2013), suggesting the prokaryotic form of the enzyme to be the 
primitive one in relation to the eukaryotic form.

Ureases perform an array of functions, and apart from being a key 
component of the global nitrogen cycle (Alfano & Cavassa, 2020), as 
well as being the main virulence factor in a variety of human pathogenic 

Fig. 11. Structures of Ni-pincer nucleotide (NPN) and di-Ni complex with urea bound found in ureases as well as biotransformations they promote.

A. Neubeck and A. Kirschning                                                                                                                                                                                                               Earth-Science Reviews 272 (2026) 105324 

13 



bacteria (Maroney and Ciurli, 2014), also show insecticidal and fungi
toxic effects in plants (Kappaun et al. 2018). Another important function 
of ureases in nature is the promotion of calcium carbonate (CaCO3) 
formation (Krajewska, 2009). First theorized by Campbell and Speeg in 
1969 (Campbell and Speeg, 1969) for biocalcifying invertebrates and 
plant systems, the process occurs when ammonia (NH3), generated from 
urea hydrolysis by urease, neutralizes the protons generated from the 
reaction of carbonic anhydrase (CA), an enzyme that catalyzes the 
reversible hydration of carbon dioxide (CO2) into bicarbonate (HCO3

- ) 
and a proton (H+)(Le Roy et al., 2014). Bicarbonate (HCO3

- ) then further 
dissociates into CO3

2- and forms calcium carbonate (CaCO3) in the 
presence of calcium ions (Ca2+) facilitated by the increase in pH due to 
the ureolysis reaction (Krajewska, 2017). The increase in pH is a crucial 
factor that influences the carbonate saturation index, as well as the 
availability of a nucleation template (Li et al., 2015). Urease plays a key 
role in biologically induced mineralization (BIM), where biological ac
tivity triggers physicochemical changes in the environment, promoting 
mineral nucleation and growth (Bindschedler et al., 2016). This type of 
biomineralization is very common and mainly reported in urease- 
positive microbial organisms, especially prokaryotes (Chen et al., 
2009, Dhami et al., 2014, Ferrer et al., 2020, Ma et al., 2020, Görgen 
et al. 2020, Liu et al. 2021). However, there has been a few studies 
indicating that urease-induced biomineralization also occurs in other 
urease-positive organisms, like some invertebrates, such as the 
gastropod mollusk Aplysia californica (Pedroso et al. 1997) where it was 
shown to be crucial for the formation of statoconia (calcium carbonate 
granules in the gravity-sensing organ), as well as the coral Acropora 
acuminata, where urease was shown to stimulate calcification in the tips 
(Crossland and Barnes, 1974), and in the land snail Helix pomatia L (the 
Roman snail), where urease appeared to be involved in the process of 
calcium deposition and crystal formation within the shell-repair mem
brane of the snail (Abolinš-Krogis, 1986). Other urease-positive organ
isms involved in biologically induced biomineralization are some fungi, 
such as Neurospora crassa, which was found to precipitate metal car
bonates when incubated in urea-amended medium (Li et al., 2014), as 
well as Pestalotiopsis sp. and Myrothecium gramineum, which exhibited 
significant CaCO3-producing abilities when grown in urea-modified 
media (Li et al., 2015). It has even been suggested that similar mecha
nisms have evolved in higher vertebrates, like hens, to enable biological 
CaCO3 deposition during egg-laying by way of an increased production 
of ammonium ions (NH4

+) (Laumer et al., 2019). The oldest nitrogen 
cycle (Canfield et al., 2010; Stüeken et al. 2016) where nitrogen is fixed 
is however not the urea cycle but instead the use of nitrogenase. This 
cycle does not include Ni but instead V and Mo where the Mo 

nitrogenase is the more common and efficient type. It is not entirely 
known why the nitrogenase enzyme would use V and Mo as cofactors in 
a world where Ni is far more common. One suggestion is that the FeMo- 
cofactor of nitrogenase may be less common, but much more stable and 
efficient, making it favourable in the selection process (Grunenberg, 
2017; Rucker & Kaçar 2024). Grunenberg (2017) used quantum- 
mechanical calculations to demonstrate that the interstitial carbon in 
both the FeMo and FeV cofactors of nitrogenase is bound more tightly 
than previously recognized. However, MoFe nitrogenase exhibits 
greater strength, as the presence of molybdenum enables the formation 
of more stable and efficient catalytic bonds with nitrogen. This results in 
faster nitrogen fixation and lower energy requirements compared to 
other types of nitrogenases.

3.4. Other Ni-dependent proteins

3.4.1. Ni-transport
For Ni-bearing enzymes to fulfill their biological functions, Ni must 

be transported into the cell, a process facilitated by permeases such as 
HoxN, NixA, NikA, B, C, E, HupE, UreJ, and NiaX (Eitinger et al., 1997; 
Wolfram and Bauerfeind, 2002). There are two types of Ni transporter 
systems and those can be divided into primary and secondary active 
systems, where the Nik transporters (ABCDE, MNQO and KLMQO) 
belong to the former and NiCoT, UreH, HupE/UreJ and TBDT belongs to 
the latter (Eitinger, 2013). The two major high affinity transport systems 
for transferring Ni across the membrane, the Nik system (Fig. 12) and 
the HoxN system and both of these systems commonly involve histidine 
as the major binder for Ni.

Mutagenesis studies investigating the extent of Ni uptake reveal that 
histidine overwhelmingly dominates the overall function of the 
permease (Eitinger et al., 1997; Wolfram and Bauerfeind, 2002). The 
transport of Ni in Helicobacter pylori, for example, is facilitated by the 
permease NixA, part of a larger family of Ni-Co transporters (Wolfram 
and Bauerfeind, 2002). However, it is not entirely known in detail how 
Ni is carried across the cell membrane to the inner parts of the cells 
where it may be incorporated into the urease. Wolfram and Bauerfeind 
(2002) identified the amino acids histidine, aspartate and cysteine as the 
best in vivo Ni binders (but low capacity) of all amino acids and are 
playing a crucial role in NixA. Interestingly, some other crucial amino 
acids for NixA are low affinity binders (phenylalanine, serine, aspara
gine, and threonine) of Ni but have a high capacity to transport Ni, 
which was shown to be of crucial importance for the function of urease. 
One may speculate that both functions are important so that binding, 
transport and release is part of the complete functionality of a trans
porter permease.

Other mutagenesis studies on the Ni transport system HoxN revealed 
that histidine is among the best ligands of Ni to the cell (Eitinger et al., 
1997). Interestingly, unlike for histidine, replacement of cysteine with 
alanine, did not critically influence the Ni2+ uptake function of the HoxN 
permease. Other transporter systems for other divalent cations such as 
Co2+ have additionally revealed that despite amino acid sequences 
similarities between Co2+ and Ni2+ uptake permeases, the ion selectivity 
is relatively accurate. It is still unknown what constitutes the selectivity 
mechanism in detail. In a study carried out by Degen and Eitinger 
(2002), demonstrated that the exchange of valine for phenylalanine in 
HoxN, increases the Ni2+ uptake capacity considerably. Furthermore, 
this mutation opened the door for Co2+ transport too, which may be 
indicative of how specificities of the amino acids work. Thus, the bal
ance between capacity and specificity, represented by the different 
amino acids, are thus be the crucial separator that determine what 
cations are entering the cells.

3.4.2. Methanogenesis
Methanogens are particularly noteworthy from a Ni perspective as 

they utilize the highest amount of Ni among organisms and that they, 
because of that characteristic, was one of the earliest organisms on earth. 

Fig. 12. Nickel trafficking in Klebsiella pneumoniae. Ni 2+ is sequestered by L- 
histidine then passes through the outer membrane (unknown protein) into the 
periplasm. This is bound by NikA and transported into the cytoplasm via the 
NikBCDE ABC-type transporter and taken up to generate the urease system.
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The ancient origins of methanogens are supported by both phylogenetic 
and geochemical evidence (Nitschke et al. 2006, Battistuzzi et al. 2004, 
Ueno et al. 2006). Methanogens occupy a basal position in the tree of 
life, suggesting that their metabolic pathways are ancient and may have 
been critical to early life forms, potentially even before LUCA. Nitschke 
et al. (2006) highlight that Ni-bearing enzymes, such as certain types of 
hydrogenases (described in section 3.1.2) and enzymes involved in 
denitrification (3.1.1), are deeply rooted in the phylogenetic tree. This 
suggests that these enzymes, and the metabolic pathways they support, 
were likely present in pre-LUCA organisms. Ueno et al. (2006) provide 
isotopic evidence of methane production as early as 3.5 billion years 
ago, found in ancient rock formations. The carbon isotopic signatures 
indicate that biologically mediated methanogenesis was already occur
ring, suggesting that methanogens and their metabolic machinery were 
well-established at this time, which is in line with the work by Nitschke 
et al. 2006, suggesting that important parts of the metabolic pathways in 
methanogenesis/methanotrophs predated LUCA. The reliance on Ni as a 
cofactor in key methanogenic enzymes also aligns with the geochemical 
conditions of early Earth, where Ni was abundant due to processes like 
serpentinization, which released H2 and other reduced gases conducive 
to methanogenic activity. Nitschke et al. (2006) also point to Ni’s role in 
early denitrification processes. While denitrification is less central to 
methanogens, it is a significant aspect of early anaerobic respiration. 
The presence of Ni-dependent enzymes in these pathways suggests that 
life before LUCA may have had a diverse metabolic toolkit, enabling it to 
exploit a range of redox reactions.

Phylogenetically older methanogens, lacking cytochromes, can 
reduce CO2 into CH4 under significantly lower H2 partial pressure 
compared to cytochrome-bearing methanogens (Neubeck et al., 2016). 
This characteristic may be advantageous for methanogens in deep sub
surface biospheres where H2 is limited, and high H2 pressure is ther
modynamically unfavorable for the conversion of organic acids. Another 
advantage of cytochrome-lacking methanogens is their ability to switch 
hydrogenase under Ni limitation to a pure [Fe] hydrogenase, rendering 
them less susceptible to Ni scarcity compared to methanogens with cy
tochromes (Neubeck et al., 2016). This aspect holds significance when 
considering the "Ni famine hypothesis" (Konhauser et al., 2009, 2015, 
see section 2.7.1), which postulates a severe limitation of Ni in the 
oceans during the GOE, potentially starving methanogens and conse
quently reducing the global atmospheric CH4 concentration. However, 
limitations in both Ni and Fe may have adverse effects on methanogen 
growth and CH4 formation.

4. Prebiotic nickel

4.1. General considerations

Despite being a trace element in Earth’s crust, Ni has played a crucial 
role in the origin and subsequent evolution of life. Maybe one of its most 
determining factors for microbial life was, and still is, the catalytic role it 
plays in the W–L pathway, which is generally considered the most 
ancient CO2 fixation process. The pathway’s product, acetyl-CoA, syn
thesized by ACS, provides a link between a primordial energy source, 
H2, and the Krebs cycle, the hub of metabolism. In fact, the two central 
proteins in primordial bioenergy generation are Ni enzymes: hydroge
nase and CODH. Before the invention of photosynthesis, energy could 
only be obtained locally and, thanks to volcanism and serpentinization, 
both H2 and CO would have been relatively abundant sources of 
reducing power. Methanogens, which use parts of the W–L pathway for 
methanogenesis, add MCR, a fourth essential Ni enzyme, to their cata
lytic repertoire. But why Ni? When Ni is embedded in Fe sulfides one 
finds a dramatic increase of the CO2 conversion rate.

The potential origin of life on mineral surfaces is often linked to the 
catalytic activity of (FeNi)S, which mimics several key biochemical re
actions (see section 3.1.1, Russell and Martin). However, the presence of 
Ni is not unique to enzymes like Ni-containing CODH and [NiFe] 

hydrogenase. For instance, there are CODHs with [MoCu] active sites 
and Ni-free [FeFe] hydrogenases. The use of Mo and Cu in CODH can be 
attributed to its origin in aerobic bacteria that evolved post-GOE, when 
these metals became more bioavailable. The situation with [FeFe] hy
drogenase, found in anaerobic organisms, is more complex. Its catalytic 
site appears more "mineral-like" than the [NiFe] counterpart, suggesting 
that the evolutionary choice of Ni may have been contingent. Thus, life 
may have originated in a geochemical niche, such as dry-wet cycles near 
volcanic or hydrothermal environments, where a local atmosphere rich 
in CO, H2, H2S, and (FeNi)S minerals, possibly including meteoritic 
schreibersite, prevailed. In this environment, these early catalysts would 
have been involved in CO2 fixation, organic phosphorylations and po
lymerizations, creating the first proto-metabolic pathways and net
works. The exchange of catalysts and cofactors, as well as the 
combination of these and other metabolic pathways arising from various 
mineral substrates, could have led to a global autocatalytic unit and a 
first manifestation for an early form of life (Kirschning, 2021; Kirschn
ing, 2022b). Later, the appearance of the first encoded peptides would 
have initiated the involvement of proteins in catalysis and biocatalysis, 
partly associated with metals.

4.2. Nickel and schreibersite

Schreibersite, a Fe-Ni-phosphide (Fe₂NiP) mineral, is frequently 
found in meteorites and was first described by the Swedish chemist Jöns 
Jacob Berzelius in 1833. This mineral has gained significant attention in 
the field of prebiotic chemistry due to its potential role in the origin of 
life. Researchers such as Pasek and Lauretta (2005) and Bryant and Kee 
(2006) have proposed that schreibersite could have served as a critical 
source of reactive phosphorus on early Earth, facilitating the formation 
of phosphorylated biomolecules, which are essential for biological 
processes like energy transfer and signaling. Owing to their involvement 
in essential biochemical processes across all domains of life, these mo
lecular entities were likely important to the development of prebiotic 
chemistry and the eventual emergence of life on early Earth. In aqueous 
environments, schreibersite has been proposed as a plausible 
geochemical source of reduced phosphorus species, such as phosphite, 
which may have played a more pivotal role in prebiotic synthesis than 
the thermodynamically more stable orthophosphate compounds. 
Importantly, the release of phosphite from schreibersite does not require 
elevated temperatures, increasing its relevance in origin-of-life scenarios 
under mild geochemical conditions.

Recent investigations, such as those by Pantaleone et al. (2022), have 
explored the catalytic behavior of schreibersite using quantum me
chanical models, with a particular focus on the distinct interactions of Ni 
and Fe Fe with water. While Fe generally exhibits a higher positive 
charge, which would typically favor stronger water adsorption, these 
studies have revealed a counterintuitive result: the Ni-H2O complex 
demonstrates greater stability than the analogous Fe-H2O interaction. 
This observation is attributed to the unique 3d electron configuration of 
Ni, which allows more effective orbital overlap and bonding with the 
oxygen atom of water molecules, thereby stabilizing the complex. 
Moreover, the adsorption of water onto Ni sites induces slight modifi
cations in coordination geometry and alters the surface charge distri
bution of schreibersite, potentially influencing its catalytic reactivity 
under prebiotic conditions.

In contrast with Fe, where the adsorption is driven by electrostatic 
complementarity and charge transfer, the Ni-H2O adsorption affects the 
coordination geometry more than it does the electronic structure 
directly. The metal-O bond on the surface is also shorter for Ni than Fe, 
making Ni-O bond more stable than the Fe-O bond in a water loaded 
schreibersite surface. The stronger adsorption of water to Ni will affect 
also the adsorption characteristics of the neighboring Fe, showing that if 
three water molecules approach the schreibersite surface, only one 
molecule will bind to the water and the rest will attach to each other 
with H-bonds rather than adsorb to the Fe. These differences may 
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provide explanations to why Fe and Ni have such different behaviours as 
catalysts and pinpoints the geometrical flexibility of Ni. These charac
teristics of Ni with and without Fe is likely also influencing prebiotic 
chemistry, such as the polymerization of amino acids with schreibersite 
as a catalyst, due to the water binding properties and putatively an effect 
of stabilizing intermediates. Together with the readily released phos
phite, Schreibersite may have played a crucial role in prebiotic chem
istry. Phosphorylation reactions, driven by reactive phosphorus, are key 
steps in the prebiotic synthesis of biomolecules and these reactions could 
potentially aid in the activation of amino acids or other intermediates, 
facilitating their polymerization.

4.3. Nickel and amino acids and other privileged ligands

We chose to subdivide this review article according to the 
biochemical functions of Ni-dependent enzymes, starting with C1 fixa
tion and the Wood-Ljungdahl pathway. An analysis of the ligand sphere 
around the central Ni reveals a change of preferred ligands over time. In 
an oxygen-free environment, S is the preferred atom for the formation of 
complexes with Ni. Later in time a transition to complexes with nitrogen 
bearing ligands occurred, with the amino acid histidine taking on a 
predominant role.

4.3.1. Ni and Cysteine
Cysteine shows a strong affinity to Ni and is fundamental in the 

suggested pre-LUCA enzymes CODH, ACS, urease and (Ni,Fe)-hydrog
enase (Alfano & Cavassa 2020). Similar to histidine (see section 4.3.2) 
cysteine is equally difficlt to synthesize abiotically and numerous at
tempts have been pursued (Shalayel et al. 2020, Khare & Sagan 1971). 
Since cysteine is readily decomposed under alkaline conditions, sug
gested to be one of the more plausible environments for the origin of life 
(Gan et al. 2023), the formation rate must either be faster that the 
decomposition rate, the environment is not alkaline or the synthesis of 
cysteine is combined with some stabilizing compound. The Strecker 
synthesis, which is commonly referred to as one of the most prevalent 
and common pathways for forming amino acids (Bada et al. 2011) is 
seemingly not a feasible pathway for the abiotic synthesis of cysteine 
under plausible prebiotic conditions. However, cysteine is thought to 
have been a crucial component in prebiotic chemistry since it is the 
primary organic source of sulfide and an essential ligand in ancient Fe-S 
proteins. More recent attempts to synthesize cysteine have suggested 
that it may indeed have been present under prebiotic conditions and part 
of an origin of life scenario, as a secondary product of the abiotic syn
thesis of serine nitrile with glycolaldehyde as the cysteine precursor 
(Foden et al. 2020). This would thus allow for a prebiotic chemistry 
plausible for early, abiotic synthesis of Ni-bearing enzymatic systems 
such as precursor or parts of the Ni-transport system or hydrogenases 
etc.

4.3.2. Ni and Histidine
Histidine stands out among the 20 encoded amino acids. Despite 

several efforts (Maurel and Ninio, 1987; Oró et al., 1984; Shen et al., 
1987; Shen et al., 1990a, 1990b, 1990c; White and Erickson, 1980) a 
critical analysis raises some doubts as to whether the selected reaction 
conditions for the abiotic synthesis of this amino acid are appropriate. 
Secondly, histidine has not yet been detected in carbonaceous chon
drites. Only the presence of purines with an imidazole ring in meteorites 
has been established. Thus it very likely did not play a role during the 
transition from a prebiotic to an early biotic world (Kirschning, 2022b). 
However, histidine was most frequently discussed in the context of the 
evolutionary selection of the twenty encoded amino acids and the origin 
of the genetic code. In this context, the rationale was linked with the hisA 
and hisF genes. These provide some evidence for the correctness of the 
“retrograde” hypothesis. (Horowitz, 1945). The biosynthesis of histidine 
differs from all other coded amino acids in that it is the only one whose 
biosynthesis is based on a nucleotide (ATP) (Fani et al., 1995). And 

despite the fact that the biosynthesis is quite long and consists of ten 
linear steps all histidine-synthesizing organisms use the same un
branched pathway consisting of eight distinct proteins, encoded by eight 
genes (Yanai et al., 2002). The suggested evolutionary appearance of 
histidine synthesis pathway have been described in Fani et al. (2007) in 
which they show that the hisA and hisF genes have undergone a series of 
elongation events followed by duplication and they suggest that these 
events may be very ancient. The structure of hisA and hisF genes remains 
consistent across different organisms, suggesting an origins even pre
dating LUCA. This ancient structure hints at their role as potentially 
ancestral proteins and comparisons of the HisA protein structure provide 
insights into the evolutionary history of these genes. Fusions involving 
his genes are rare in Archaea, except for hisIE in some Euryarchaeota, 
likely due to horizontal gene transfer (HGT) from bacteria (Fani et al., 
1995; Fani et al., 2007). However, their sample sizes is still relatively 
small especially for the Archaea and an increased Archaeal dataset may 
thus change this interpretation. In enzymatic systems, the imidazole 
moiety of histidine frequently serves as a central component in general 
acid-base catalysis, typically within evolutionarily conserved catalytic 
triads. Its interactions with neighboring amino acid residues and coor
dinated metal cations are intrinsically linked to the aromaticity and 
basicity of the imidazole ring, facilitating a range of catalytic and 
structural functions.

Various in vitro studies assessing the binding strengths of amino 
acids and Ni have demonstrated the robust affinity of histidine to Ni 
(Chivers et al., 2024). This binding capability is harnessed in protein 
purification methodologies, particularly the "His-tag" purification 
chromatography method (Hochuli et al., 1988). This method leverages 
the strong Ni affinity of histidine by attaching histidine residues to the 
target protein and separating it using Ni-containing beads. The binding 
site in histidine, specifically the nitrogen in the imidazole group, makes 
solutions with pure imidazoles even stronger binders to Ni than the 
histidine residues in the His-tag, rendering them excellent as eluents for 
releasing target proteins from the beads. Histidine not only exhibits 
strong binding affinity to Ni but also to several other cations including 
Cu, Co, and Zn. Amino acid sequence similarities between Co2+ and Ni2+

transporter systems suggest accurate ion selectivity, but the detailed 
selectivity mechanism remains unknown. Substituting valine with 
phenylalanine in HoxN enhances Ni2+ uptake and enables Co2+ trans
port, indicating the crucial role of amino acid specificity in determining 
cation entry into cells.

4.3.3. Ni and tetrapyrroles
Tetrapyrroles are present in several metal bearing porphyrin and 

corrin cofactors. Important examples are siroheme, heme, vtamin B12 as 
well as in coenzyme F430. Chelatases are enzymes that metalate these 
macrocyclic ligands because metal incorporation into these ligand sys
tems is kinetically extremely slow. Nickel insertion into a sirohydro
chlorin is also governed by a chelatase as part of the biosynthesis of 
cofactor F430 (Moore et al., 2017) and chelatases use histidne residues to 
bind and direct Ni to the tertrapyrrole moiety.

The biosynthesis of the tetrapyrroles moiety is thought to be a very 
ancient process and the relative appearance of cofactor F430 has been 
analysed by listing the coenzymes and cofactors needed to biosynthesize 
other members of tetrapyrrole bearing cofactors (Kirschning 22a). 
Uroporphyrinogen III and precorrin II the closest precursor to F430 are 
supposedly the first macrocyclic ligands of that kind that appeared 
during evolution. The fact that macrocylcic tetrapyrroles are very 
ancient ligand systems for metals including Ni is further supported by 
the fact that a facile synthesis under plausible prebiotic conditions was 
reported by Callot (Callot and Ocampo, 2000) and Lindsey 
(Chandrashaker et al., 2016; Lindsey et al., 2009, 2011; Soares et al., 
2012; Soares et al., 2013a, 2013b) so that Ni and other metal ions could 
have seen complexation well before the emergence of biologically 
derived porphyrin systems being available for catalysts in a chemically 
driven prebiotic world.
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5. How nickel can be incorporated into an evolutionary scenario

In the previous sections, evolutionary references were repeatedly 
included in the coverage on the biological significance of Ni. This mainly 
concerned the chemistry of Ni and prebiotically relevant reactions with 
this metal. In the following, we try to draw a coherent picture of the role 
of Ni in the framework of chemical and biological evolution. We pay 
particular attention to Ni complexes and the evolutionary development 
of the various ligand systems based on sulphur and nitrogen.

5.1. Chemical evolution and metals

Metals, whether as dissolved cations or solids, have played a key role 
in the geochemical and chemical evolution towards an organic and 
biological world (Belmonte and Mansy, 2016; Kitadai et al., 2019a, 
2019b). Within the “metallome“ Mn, Fe, Co, Ni, stand out and likely also 
Zn, and Mo (or W) were among the previliged metals. Nickel, being one 
of the most abundant metals on early earth, it likely had a profound 
effect on prebiotic reactions due to its strong catalytic role. While ser
pentinisation alone generates H₂ abiotically through the oxidation of 

Fe2+, Ni (especially in combination with Fe) may have promoted pre
biotic redox reactions by activating H₂ through binding to Ni, thereby 
significantly facilitating the prebiotic synthesis of organic molecules, 
much like established in the Wood-Ljungdahl pathway. The availability 
of H2 would have provided a crucial reducing power for prebiotic 
chemistry and could have driven the formation of carbon-containing 
molecules, such as methane, formate, acetate and puryvate, which are 
all important building blocks for larger organic molecules. It is estab
lished that Ni, Co and W are of outstanding importance for first anaer
obic prokaryotes and Ni (as well as W) did lose this fundamental role to 
some degree as more complex organisms emerged. During biological 
evolution Ni bearing metalloproteins appeared on the scene in which the 
preferred role of S was to serve as ligand atom in part of Ni complexes. 
Later histidine took over as preferred ligand which was accompanied 
with the reversal of its chemical role. These new complexes either 
showed reversed redox capacity or Ni started to serve as redoxneutral 
Lewis acid.

This development was fostered by the GOE and the rise of molecular 
oxygen concentration throughout many environments on planet earth. 
As an element primarily involved in the group transfer of hydride, 

Fig. 13. The evolution of Fe and Ni catalysts from the abiotic to the biotic world with a focus on Fe/Ni-S species and the (potential) ligands histidine, cysteine, short 
RNAs and tetrapyrroles. The evolution of the biosynthesis of coenzymes and cofactors such as tetrapyrroles has recently been discussed (Kirschning, 2022a).
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carbon monoxide and methyl, its assigned roles in aerobes and organ
isms with greater morphological complexity extended to dioxygen and 
thus to oxidation chemistry. Noteworthy, Ni-dependent enzymes have 
not been identified in mammals so far, which suggests that in the latest 
part of biological evolution Ni was „less considered“ for the devlopment 
of new biological functions. Thus, a story on the evolution of Ni would 
have to start with Ni-S (geo)chemistry and the enzymology associated 
with Ni complexes, especially found in aerobic organisms. From there, 
the nitrogen-based ligand systems and Ni will have time to come into 
play.

5.2. On the evolution of iron-sulfur and iron-nickel-sulfur clusters

Although we foremost cover the element Ni and its importance for 
key processes of life here, the question of evolution and the possible role 
of Ni in the transition from an abiotic to a biotic world cannot 
completely ignore the dominant metal Fe. Particularly remarkable is the 
evolutionary development from inorganic Fe-S clusters to complex core 
structures in fundamental and elementary processes for life. Several 
modified Fe-S clusters contain Ni at sites where Fe was present in (likely) 
predecessors. Principal catalytic mechanisms encompass the activation 
of molecular hydrogen as a reductant (Lubitz et al., 2014; Vignais and 
Billoud, 2017), alongside the coordination and stepwise reduction of 
carbon dioxide within the Wood–Ljungdahl pathway (Ragsdale and 
Pierce, 2008; Ragsdale, 2008). Only in nitrogen fixation (Burgess and 
Lowe, 1996; Hu et al., 2012; Raymond et al., 2004; Gruber and 
Galloway, 2008), the third important process for the transition from an 
abiotic to a prebiotic organic world, Ni has not found use. Without these 
processes, the development of life on Earth would have been incon
ceivable. The evolution of Fe and Ni catalysts and the expansion of the 
(bio)chemical synthetic repertoire of FeS clusters was accompanied by 
the development of new architectures. It is not clear whether Fe S 
clusters preceded mixed Fe metal clusters, especially those based on 
molybdenum, vanadium or Ni or whether these appeared on the stage of 
chemical evolution parallel. Wächtershäuser supported the former the
ory and called them the first "mutation" in the arena of an Fe-S world 
(Böchl & Wächterhäuser et al. 1992). Here, the appearance of [FeNi]- 
hydrogenases are of key importance (Vignais, & Billoud, 2007). This 
kind of ambiguity also holds for the dimerization and heterodimeriza
tion of such clusters.

The appearance of [FeNi]-hydrogenases has been linked to a 
different context, specifically the development of modern nitrogen- 
fixing molybdenum nitrogenases. Assuming that the Archean ocean 
contained only low concentrations of molybdenum, it can be hypothe
sized that instead of Mo, vanadium or Fe first played the role of mo
lybdenum in Fe-S cluster architectures of nitrogenases (Fig. 12).

These alternative representatives, however, require considerable 
amounts of energy in the form of hydrogen gas to compensate for the 
increased requirement of moles of ATP (8 for V-nitrogenases and 32 for 
Fe- per catalytic cycle. Some of the released hydrogen could have been 
recycled by Ni-Fe hydrogenases. With the decrease in marine dissolved 
Ni concentrations (Konhauser et al., 2009), this energy regeneration 
would have been impaired. Did these geochemical changes therefore 
exert an evolutionary impulse on the nitrogenase system, which led to 
the modern, more efficient Mo nitrogenases (Fig. 13)?

Metal S clusters served as key players in organisms that belong to the 
first living species in an anaerobic world. This changed as oxygen spe
cies, including O2, convert exposed Fe-S clusters into unstable forms that 
decompose rapidly (Imlay, 2006). The GOE consequently had an enor
mous impact on these catalytic systems and thus on the life that had 
evolved up to that point. Iron, Ni and S clusters based on these two 
metals are molecular showcases of evolution (Figs. 4, 6 and 13) 
(Camprubi et al., 2017). Wächtershäuser placed Fe sulfide (FeS2) and 
later also Ni sulfides at the center of his theory (Wächtershäuser, 1988 & 
1990). It attempted to explain how simple organic molecules such as the 
methyl thioester of acetic acid could have arisen in an inorganic world 

(Wächtershäuser et al. 2016). The next level of complexity of defined Fe 
catalysts are Fe-S [(FeS)n] clusters. They are known as purely inorganic 
species and are also part of the thiospinel lattice of greigite displaying 
the cubic [4Fe4S]. These likely played a vital role as redox systems in 
protometabolism before LUCA (Garcia et al., 2022). Two successful at
tempts to create FeS cluster under plausible prebiotic conditions have 
been reported so far (Jordan et al., 2021; Bonfio et al., 2017). In the 
following, these clusters became important cofactors of many essential 
biological processes, initially as pure [FeS] clusters in many electron 
transfer processes and as donators of S e.g. for the incorporation of S in 
the biosynthesis of the Ni-pincer nucleotide (Hausinger et al., 2018; 
Chatterjee et al., 2022).

5.3. On the evolution of N-based ligand systems for nickel

A second line of discussion deals with ancient ligand systems based 
on nitrogen, namely histidine and tetrapyrroles, specifically early forms 
of prophyrins. As mentioned above, the prebiotic availability of histi
dine, unlike for some other proteinogenic α-amino acids (e. g. methio
nine, tyrosine and tryptophane) has not convincingly been proven yet 
(Kirschning, 2022b). It may very well be, however, that a synthetic route 
that leads to sensible amounts of histidine under plausible prebiotic 
conditions will be found in the future which would pave the way to 
ancient Ni-protein complexes that e.g. act as early chelatases. But in case 
that histidine is the result of biochemical evolution during the devel
opment of the genetic code from a two letter via a three letter to the final 
four letter code system, one would have to consider other N-ligands than 
histidine. As such nucleobases or short ancient RNA fragments could 
have seved as early candidates to bind Ni via nitrogen. This hypothesis 
would bring the RNA world theory into play. It puts paramount 
importance to the issue of catalysis, since RNAs, specifically ribozymes 
can show catalytic properties and thus allow to interfer into metabolism 
and expanding it. In addition metals and the emergence of metal co
factors have to be included in the evolution of catalysis (Kirschning, 
2021). The RNA world theory also suggests that metals may have played 
a catalytic role by either covalently bound to RNA or through weaker 
interactions such as those found today in riboswitches (McCown et al., 
2017; Sherwood and Henkin, 2016; Serganov and Patel, 2012), which 
gave rise to "co-ribozymes.Vestiges of such RNA conjugates that bind 
either metals or coenzymes are riboswitches that today have been given 
the role of regulation. Riboswitches are mRNAs composed of short, 
simple sequences. They are capable of binding metabolites and metal 
cations, which to chenges in the the secondary RNA structure. As such 
the activation and or of deactivating gene expression is affected. One 
known bacterial riboswitch can selectively bind Ni2+ and Co2+ in the 
low micromolar range (Furukawa et al., 2015), and evidence was also 
found that these can bind Fe (Sung and Nesbitt, 2020). Structural bio
logical studies of the Co2+/RNA complex revealed that a network of 
interactions exists around three out of four cations. The cation prefer
entially coordinates with the guanine nitrogen atom (N7) and a similar 
behaviour can be assumed for Ni. Noteworthy, the N-affinity is in 
contrast to the pronounced affinity of metals such as Mg2+ for oxygen- 
carrying ligands. These kind of selectivities may be regarded to have 
been of importance during chemical evolution and the transition phase 
to first forms of Life.

The assumption that various N-heterocycles must have existed on 
early Earth that potentially served as ligands was not only proven by 
prebiotic chemistry, but also by chemical analysis of one of the best- 
known extraplanetary objects, the Murchison meteorite. In addition to 
more than 80 different amino acids, various purines (e. g. xanthine), 
pyrimidines (e. g. uracil) and alkylated imidazoles were detected (Oba 
et al., 2019; Callahan et al., 2011; Naraoka et al., 2017).

The presence of urease in archaea and bacteria and the fact that the 
protein sequence of known ureases is very conserved suggest that this 
Ni-dependent enzyme must be ancient. It has been suggested that the 
urea cycle was one of the important metabolic pathways that formed 
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through an evolutionary pressure driven by a changing environment 
when terrestrial life forms evolved (Stüeken et al., 2016). The key 
feature was the water-preserving capacity of uric acid, which may have 
formed as a metabolic pathway during arid conditions, providing an 
evolutionary advantage. Due to the occurrence of urease in archaea and 
its unique role in the global nitrogen cycle, the origin of this Ni- 
dependent enzyme can be placed well before the GOE. It can be 
considered one of the first metalloenzymes to utilize histidine as a 
ligand. Wooldridge (2008) proposed that the pH-dependent inactivation 
of urease, coupled with atmospheric CO2 partial pressure (pCO2) and 
calcium carbonate deposition, may have been fundamental for at least 
four of the five largest mass extinctions over the past ~600 million 
years.

The arrival of the two Ni-dependent enzymes superoxide dismutase 
and dioxygenase can be clearly localized around or shortly after the 
major oxygen event due to their role in handling different oxygen spe
cies. In the case of dismutase, however, it can be speculated that this 
class of enzymes first learned to deal with other heteroatom radicals, e.g. 
those derived from S, and could therefore be much older (Neubeck and 
Freund, 2020).

The Ni-dependent glyoxalase I and the Ni pincer (NPN) cofactor 
cannot be precisely classified in terms of their arrival. This is also 
attributable to the fact that, as in the case of NPN, little is known about 
the full spectrum of its biochemical role. Considering their metabolic 
role in general, one would expect them to have appeared on the bio
logical scene at a later stage.

6. Concluding remarks

This report emphasises the special significance of Ni in the early days 
of the development of life on planet Earth. The metal has commonly 
played a minor role in considerations on chemical and biological evo
lution alongside the very dominant Fe. However, it is obviously undis
puted that it is essential for a number of very ancient anaerobic 
organisms living under extreme conditions, because it exerts a special 
ability to bind and process gases such as H2 and CO. Hydrogenases as 
well as the orchestration of the Wood-Ljungdahl pathway are key field 
where Ni is essential. This ability appears to be related to the ligand 
atom sulphur, whose role in the dramatic changes that took place in the 
atmosphere during the GOE was challenged by the now oxidative con
ditions and histidine progressively stepped in as a ligand for Ni as for 
other transition metals. Now Ni-based enzymes became involved in 
oxygen-dependent processes or the Ni acted as a Lewis acid.

With this report, we hope to have brought the special role of Ni in 
evolution more into the spotlight and inspire thoughts on the origin of 
life.
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Fani, R., Liò, P., Lazcano, A., 1995. Molecular evolution of the histidine biosynthetic 
pathway. J. Mol. Evol. 41, 760–774. https://doi.org/10.1007/BF00173156.

Fani, F., Brilli, M., Fondi, M., Lió, P., 2007. The role of gene fusions in the evolution of 
metabolic pathways: the histidine biosynthesis case. BMC Evol.Biol. 7 (Suppl. 2), S4. 
https://doi.org/10.1186/1471-2148-7-S2-S4.

Ferrer, F.M., Hobart, K., Bailey, J.V., 2020. Field detection of urease and carbonic 
anhydrase activity using rapid and economical tests to assess microbially induced 
carbonate precipitation. Microb. Biotechnol. 13, 1877–1888. https://doi.org/ 
10.1111/1751-7915.13630.

Fleischmann, S., Du, J., Chatterjee, A., McManus, J., Iyer, S.D., Amonkar, A., Vance, D., 
2023. The nickel output to abyssal pelagic manganese oxides: a balanced elemental 
and isotope budget for the oceans. Earth Planet. Sci. Lett. 619, 118301. https://doi. 
org/10.1016/j.epsl.2023.118301.

Foden, Callum S., et al., 2020. Prebiotic synthesis of cysteine peptides that catalyze 
peptide ligation in neutral water. Science 370, 865–869. https://doi.org/10.1126/ 
science.abd5680.

Früh-Green, G.L., Kelley, D.S., Bernasconi, S.M., Karson, J.A., Ludwig, K.A., 
Butterfield, D.A., Boschi, C., Proskurowski, G., 2003. 30,000 years of hydrothermal 
activity at the lost city vent field. Science (New York, N.Y.) 301 (5632), 495–498. 
https://doi.org/10.1126/science.1085582.

Fujishiro, T., Ogawa, S., 2021. The nickel-sirohydrochlorin formation mechanism of the 
ancestral class II chelatase CfbA in coenzyme F430 biosynthesis. Chem. Sci. 12, 
2172–2180. https://doi.org/10.1039/D0SC05439A.

Furukawa, K., Ramesh Zhou, Z., Weinberg, Z., Vallery, T., Winkler, W.C., Breaker, R.R., 
2015. Bacterial riboswitches cooperatively bind Ni2+ or Co2+ ions and control 
expression of heavy metal transporters. Molecular Cell 57, 1088–1098. https://doi. 
org/10.1016/j.molcel.2015.02.009.

Gall, L., Williams, H., Siebert, C., Halliday, A., 2012. Determination of mass-dependent 
variations in nickel isotope compositions using double spiking and MC-ICPMSJ. 
Anal. At. Spectrom. 27 (1), 137–145.

Gall, L., Williams, H.M., Siebert, C., Halliday, A.N., Herrington, R.J., Hein, J.R., 2013. 
Nickel isotopic compositions of ferromanganese crusts and the constancy of deep 
ocean inputs and continental weathering effects over the cenozoic. Earth Planet. Sci. 
Lett. 375 ??. https://doi.org/10.1016/j.epsl.2013.05.019.

Galoisy, L., 1998. Nickel. In: Geochemistry. Encyclopedia of Earth Science. Springer, 
Dordrecht. https://doi.org/10.1007/1-4020-4496-8_211.

Gao, Y., Zhu, Y., Awakawa, T., Abe, I., 2024. Unusual cysteine modifications in natural 
product biosynthesis. RSC Chem Biol. 5. https://doi.org/10.1039/d4cb00020j, 293- 
231. 

Garcia, P.S., D’Angelo, F., Ollagnier-de Choudens, S., Dussouchaud, M., Bouveret, E., 
Gribaldo, S., Barras, F., 2022. An early origin of Iron-Sulfur cluster biosynthesis 
machineries before Earth oxygenation. Nat. Ecol. Evol. 6, 1564–1572. https://doi. 
org/10.1038/s41559-022-01857-1.

Gruber, N., Galloway, J.N., 2008. An Earth-system perspective of the global nitrogen 
cycle. Nature 451, 293–296. https://doi.org/10.1038/nature06592.

Grunenberg, J., 2017. The interstitial carbon of the nitrogenase FeMo cofactor is far 
better stabilized than previously assumed. Angew. Chem. Int. Ed. 56, 7288–7291. 
https://doi.org/10.1002/anie.201701790.

Gueguen, B., Rouxel, O., Ponzevera, E., Bekker, A., Fouquet, Y., 2013. Nickel isotope 
variations in terrestrial silicate rocks and geological reference materials measured by 
MC-ICP-MS. Geostand. Geoanalyt. Res. 37, 297–317. https://doi.org/10.1111/ 
j.1751-908X.2013.00209.x.

Gueguen, Bleuenn, Rouxel, Olivier, Rouget, Marie-Laure, Bollinger, Claire, 
Ponzevera, Emmanuel, Germain, Yoan, Fouquet, Yves, 2016. Comparative 
geochemistry of four ferromanganese crusts from the pacific ocean and significance 
for the use of Ni isotopes as paleoceanographic tracers. Geochim. Cosmochim. Acta 
189, 214–235. https://doi.org/10.1016/j.gca.2016.06.005.

Gueguen, B., Rouxel, O., Fouquet, Y., 2021. Nickel isotopes and rare earth elements 
systematics in marine hydrogenetic and hydrothermal ferromanganese deposits. 
Chem. Geol. 560, 119999. https://doi.org/10.1016/j.chemgeo.2020.119999.

Hall, A., 1987. Igneous Petrology. Igneous Petrology. Longman Scientific & Technical, 
Harlow. 

Hausinger, R.P., Desguin, B., Fellner, M., Rankin, J.A., Hu, J., 2018. Nickel–pincer 
nucleotide cofactor. Curr. Opin. Chem. Biol. 47, 18–23. https://doi.org/10.1074/ 
jbc.RA118.003741.

Hazen, Robert M., Papineau, Dominic, Bleeker, Wouter, Downs, Robert T., Ferry, John 
M., McCoy, Timothy J., Sverjensky, Dimitri A., Yang, Hexiong, 2008. Review Paper. 
Mineral evolution. American Mineralogist 93 (11-12), 1693–1720. https://doi.org/ 
10.2138/am.2008.2955.

Heinen, W., Lauwers, A.M., 1996. Organic sulfur compounds resulting from the 
interaction of iron sulfide, hydrogen sulfide and carbon dioxide in an anaerobic 
aqueous environment. Orig. Life Evol. Biosph. 26, 131–150. https://doi.org/ 
10.1007/BF01809852.
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