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Abstract

This short review provides an overview of the bioinorganic chemistry of molybdenum
and tungsten, offering insights into current research perspectives and fundamental con-
cepts in the field, as well as gaps in our knowledge. It is designed to highlight areas
where future research is needed to fully elucidate the mechanisms of molybdenum- and
tungsten-dependent enzymes and their broader significance in biochemistry and bioinor-
ganic chemistry. It also provides an accessible introduction for senior undergraduate
students and novice postgraduate researchers who are new to the field of bioinorganic
chemistry. Towards this end, illustrative examples are presented, showcasing the essen-
tial roles these metals play in biological systems, their coordination chemistry, and their
catalytic functions in metalloenzymes.

Keywords: bioinorganic chemistry; metals in biology; d-block metal ions; molybdenum;
tungsten; catalysis

1. Introduction

The latter elements of the first row of the d-block of the periodic table play a crucial
role in biological systems: manganese, iron, cobalt, nickel, copper, and zinc are all essential
elements, while vanadium plays a minor role [1]. Their absence has deleterious effects on
many life forms [1-11]. By contrast, elements from the second and third rows of the d-block
are far less common in biological systems; only molybdenum and tungsten are currently
known to be essential [12-16] although tungsten’s biological role appears to be restricted to
specific microorganisms. Nevertheless, molybdenum and tungsten feature prominently in
nature’s armoury of enzymes that process gases such as N, CO, and CO [17].

Molybdenum is found across many organisms, including animals, plants, bacteria,
and fungi. It constitutes an important component of several enzymes, including nitrate
reductase [18-20], which catalyses the first step, the reduction of nitrate to nitrite, in the
nitrogen assimilation pathway of plants, fungi, algae, and some bacteria, and xanthine
oxidase, found in a wide range of organisms, which is central to purine metabolism [21-25].
Molybdenum is also part of an iron-molybdenum cofactor in nitrogenase, found in bacteria
and archaea, and involved in nitrogen fixation [26-34]—thus critically important to the
global nitrogen cycle, and agricultural productivity [35], in which molybdenum plays a
more indirect role during the catalytic cycle. Redox active under physiological conditions,
molybdenum typically cycles between the +4 and +6 oxidation states [25,36].

It has been speculated that once the oceans became sufficiently oxygenated, the avail-
ability of molybdenum (as MO,2~) was a crucial factor in the evolution of life with the
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appearance of nitrogenase [37,38] and the ability of organisms to fix nitrogen. Molybdenum
on its own is biologically inactive [39].

Tungsten, by contrast, and as far as is known, is found only in prokaryotic enzymes [40]
and is essential for some extremophilic organisms, including several species of bacteria and
archaea that inhabit extreme environments, such as hydrothermal vents and hypersaline
lakes [13,41-47]. Tungsten-containing enzymes generally display greater thermal stability
than their molybdenum counterparts [48]. For instance, bacteria of the genus Moorella,
which are adapted to anaerobic and high-temperature environments, incorporate tungsten
into their enzymes, enabling catalytic activity under conditions that would be detrimental
to most life forms [49,50]. Tungsten is essential for enzymes such as aldehyde oxidoreduc-
tase, which is crucial for the oxidation of aldehydes to carboxylic acids [42,47,51,52]. With
accessible +4 and +6 oxidation states, tungsten can also substitute for molybdenum in sev-
eral enzymes under conditions of molybdenum scarcity, or where molybdenum-dependent
enzymes are unable to function effectively due to environmental extremes [42].

It has been suggested that tungsten biochemistry predates molybdenum biochemistry,
reflecting the more reduced atmosphere of the early Earth [53,54]. Tungsten may have
been more readily available and utilised by primitive life forms before the emergence of
molybdenum-dependent enzymes, which are more prevalent in contemporary organisms.
The transition from tungsten to molybdenum utilisation likely reflects broader shifts in
environmental conditions and elemental availability over geological timescales. This evolu-
tionary trajectory could have implications for astrobiology; the study of tungsten-utilising
organisms may provide insights into the potential for life in extraterrestrial environments
characterised by similar conditions [55].

Compounds of molybdenum, vanadium and tungsten exhibit a diverse range of
biomedical activities, including anti-diabetic properties, the normalisation of blood lipid
levels, anti-obesity effects, and the regulation of blood pressure [56-59]. Additionally,
several molybdenum compounds have demonstrable anti-neoplastic activity [59-61], as do
some tungsten compounds [61].

Among the second- and third-row d-block elements, only molybdenum and tungsten
are currently known to play significant biological roles. However, cadmium, usually
regarded as toxic, can substitute for zinc in carbonic anhydrase in certain marine diatoms,
catalysing the reversible hydration of CO; to facilitate inorganic carbon acquisition for
photosynthesis [62]. Although other heavier d-block elements are not biologically essential,
they have important medical applications. For instance, ®™Tc is widely used in diagnostic
imaging [63-65]; platinum compounds, such as cisplatin, carboplatin, and oxaliplatin,
act as anti-cancer agents [66,67]; and ruthenium complexes are being explored as less
toxic alternatives [68,69]. Ag™ possesses antimicrobial properties [70], while complexes
of gold [71,72], silver [73], palladium [74], osmium [75] and rhenium [76] also show anti-
cancer activity. Clearly, Mo and W have been chosen by nature to conduct rather specific
reactions, and reactions for which metal ions from the first row of the d block might not
be suitable.

The reasons underlying the preferential use of lighter d-block elements over their
heavier congeners in biological systems remain a matter of conjecture. The availability
of these elements during the early stages of life’s evolution was undoubtedly a critical
factor [77]. The heavier d-block elements are significantly less abundant in the Earth’s
crust—for example, in ppm: Fe 56.3 x 10%; Cu 60; Co 25; Zn 70; but Mo 1.2 and W 1.25 [78].
However, the form of molybdenum commonly available to organisms, the molybdate ion
(MoO427), is highly water soluble compared to many Fe?* and Fe** compounds [79] and is
the most abundant transition metal in seawater [80]. Early bioavailability, therefore, might
have played a role in shaping the trajectory of life.
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Additionally, ligand exchange rates generally decrease down a group in the d-
block [81]. Consequently, first-row transition metals tend to have faster ligand exchange
kinetics [82], an important feature in dynamic biological processes requiring rapid molecu-
lar interactions [83-85], but a property that is not desirable if there is to be tight control over
reaction intermediates. For these reasons, and undoubtedly others, the first-row elements
were preferentially incorporated into living systems during evolution; however, Mo and W
are also important.

Mo and W enzymes are oxidoreductases; they transfer an oxygen atom, derived
from or incorporated into water, to or from a substrate in a two-electron redox reaction
as the metal cycles between M** and M®* [86]. These enzymes are typically involved in
anaerobic and aerobic metabolism, and are especially important in carbon, nitrogen, and
sulfur cycling.

Mo (and W) is the active site in three broad enzyme families: the sulfite oxidase (SO)
family (Equation (1)), the dimethylsulfoxide reductase (DMSOR) family (Equation (2)),
and the xanthine oxidase (XO) family of enzymes (Equation (3)). The cycling of the metal
between its oxidation states is coordinated by a pyranopterin via two dithiolene sulfurs
(Figure 1). The ligand is electronically flexible and, by changing its redox or tautomeric
state, exerts control over the metal’s redox potential [87]. Other enzymes, for example,
aldehyde oxidase (Equation (4)), are considered to belong to one of these families (the XO
family in this case). The electron transfer is linked to proton transfer in these reactions,
examples of which are given in Equations (1)—(4).

Sulfite oxidase: SO32~ + H,O — SO42~ + 2H* + 2e (1)
DMSO reductase: MeyS = O + 2H™ + 2e — Me,S + H,O )
Aldehyde oxidase: RCHO + H,O — RCOOH + 2H* + 2e (3)

Xanthine oxidase:

Another important class of Mo-containing enzymes, the nitrogenases, catalyse the
reduction of Nj to NHy*, nature’s version of the Haber—Bosch process [88], but carry out
the process at ambient temperature and pressure. Mo is part of the FeMo cofactor, FeMoco
(Figure 1), where it plays a more indirect role during catalysis.

A key feature of the biological chemistry of Mo and W is the availability of higher and
stable oxidation states, which is essential in enzymes that catalyse oxygen atom transfer,
hydroxylation, or nitrate reduction [14,36]. Cycling between the +6 and +4 oxidation states
(sometimes via the +5 oxidation state), Mo and W enzymes catalyse oxygen transferase
reactions coupled (for example, Equations (1)—(4)) with fast and reversible two-electron
redox chemistry [36]. The thermodynamically favourable profile for acquiring and losing
an oxygen atom makes them outstanding oxygen atom exchangers [14]. Mo and W are
better suited for this role than the lighter metals of the first row of the d block. High-valent
states are less accessible and more difficult to maintain for 3d metals than their heavier
congeners (see [89] and references therein). Consequently, natural systems—and synthetic
catalysts for that matter—rely on 4d and 5d metals (such as Mo and W) to achieve stable,
high-oxidation-state processes. Furthermore, complexes of first-row transition metals tend
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to undergo significant structural changes during redox events, which slow electron transfer
rates. By contrast, second- and third-row metals, and Mo and W in particular, exhibit more
controlled redox processes.

As will be shown in Sections 4 and 5, a key feature of the bioinorganic chemistry of
Mo and W is the occurrence of strong o and 7t bonding in M=O bonds, arising from d-p
overlap, creating stable multiple bonds essential for catalysis by their enzymes [90]. As
shown by Zhang et al. [91], because 3d orbitals are more contracted, metal ions from the
first row of the d block have less stable M—oxo species. This was probably an important
factor in nature’s choice of heavier metal ions to effect reactions such as those shown in
Equations (1)-(4). Moreover, redox cycling in 1st-row d block metal complexes often results
in large structural reorganisation, higher overpotentials, and deactivation, unlike in the
case of the 4d and 5d metal complexes [92].

The pyranopterin dithiolene ligands in Moco provide sulfur-rich coordination. Their
HOMO orbitals align closely with Mo/W d orbitals, stabilising multiple oxidation states
via covalent bonding [93]. There is spectroscopic evidence (EPR, resonance Raman, XAS)
of substantial Mo-S covalency; Mo®* in particular delocalises unpaired spin onto the
ligand sulfurs, confirming strong orbital mixing [94]. DFT calculations show that the
frontier molecular orbitals of the complex involve metal d and sulfur p orbitals, which
underscores the energy and symmetry matching of the metal and its ligands, essential for
redox catalysis [95]. The use of a pyranopterin ligand requires a 4d or 5d metal ion; the
more contracted 3d orbitals of the first row metals would result in poorer overlap with
ligand orbitals and consequently weaker bonding. This, in turn, would likely result in
reduced 7-backbonding and electron donation in catalytic intermediates. 3d metals in place
of Mo or W would diminish catalysis efficiency in molybdopterin-dependent enzymes.

Another important point to consider is that first-row transition metals, and especially
Fe and Cu [1], react readily with O, through redox processes that generate reactive oxygen
species (ROS, such as O;*~, HyO,, and OH®). Whilst reactive oxygen species such as
O,°*~ are important for increasing a cell’s tolerance to oxidative stress [96], for inter- and
intracellular signalling [97], and in defence against infections [98-101], they can cause
protein and DNA fragmentation [102,103] and damage to sensitive enzyme structures such
as Fe-S clusters [104]. By contrast, reduced Mo- and W-enzymes are rapidly reoxidised
by O, instead of generating ROS [105,106]. The two-electron cycling between the +4 and
+6 oxidation states in Mo and W enzymes militates against ROS formation.

The greater kinetic lability of the first row metal ions compared to their heavier
congeners may be deleterious in situations that require a tight control of the lifetimes of
reaction intermediates [83]. Factors such as difficulty in managing oxidation states due to
competing one- and two-electron processes, reduced ligand field stabilisation, and faster
ligand exchange, factors largely absent in 4d and 5d chemistry (see [107] are references
therein), mitigate against first row d block metal ions catalysing the sort of reactions
catalysed by Mo and W enzymes. The comparative electrochemistry in identical ligand
scaffolds shows clear trends; Fe, Co, Mn complexes have less favourable, more variable
redox potentials compared to their heavier congeners, indicating less controlled redox
behaviour [108].
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Figure 1. (a): The molybdenum cofactor, Moco, with the metal coordinated by a pyranopterin (also
referred to as molybdopterin (MPT) via two dithiolene sulfurs. If the metal was tungsten, the cofactor
would be referred to as tungstopterin, WPT. Alternatively, MPT has been used generically to refer
to a metal-binding pterin. There are three families of mononuclear molybdenum enzymes: the
xanthine oxidase family, the sulfite oxidase family, and the DMSO reductase family [109]. Shown
on the left is Mo®* in the xanthine oxidases; on the right, Mo®* in the sulfite oxidases. (b): Mo®*
bis-coordinated to the molybdenum pterin guanine dinucleotide cofactor (MGD) as found in the
DMSO reductases. The tungsten equivalent would be WDG. The sixth ligand, shown here as Ser,
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can be Ser, Cys, selecocysteine, or HyO/OH™. This variability in molybdopterin derivatives is one
way of fine-tuning enzyme function [110]. (c): Structure of the Mo centre in the xanthine oxidases,
the sulfite oxidases, and the DMSO reductases, respectively. (d): The [Fe;MoCSg] FeMo-cofactor
(FeMoco) of the nitrogenases. S2A, S3A and S5A are referred to as the “belt sulfurs”; they are labile
and S2A can be displaced by CO, and by Se [111].

2. Molybdenum in Biology: An Overview

Molybdenum enzymes are involved in biochemical processes related to nitrogen,
sulfur, and carbon metabolism. Except for the nitrogenase enzymes found in some
bacteria and archaea, critical for nitrogen fixation—the process that converts atmo-
spheric N, into NH;*, making it available to plants, and, consequently, to most life
forms [26-28,30,31]—molybdenum is primarily found as a molybdopterin complex, re-
ferred to as the molybdenum cofactor (Moco), or a molybdopterin guanine dinucleotide
(MGD), Figure 1 [112,113]. In nitrogenases, it is a constituent of the FeMoco factor (FeMoco,
Figure 1d). The term tungstopterin guanine dinucleotide (WGD) is often applied to the
equivalent tungsten complex.

FeMoco is the largest metallocluster in enzymology [114]. In its ground state, Eg, with
S =3/, [115], it features Mo®* [116] and (assuming a formal —2 charge for each sulfide and
a —4 charge on the central carbide), seven Fe ions with charges between +2 and +3, for an
overall charge of either —3 (i.e., (Mo3*5Fe?*2Fe3*) [117] or —1 (Mo®*3Fe?*4Fe®") [116]. DFT
calculations favour the latter (see [118] and references therein). Of course, the assignment
of oxidation states in clusters is a moot point, but there is evidence that Fel, Fe3 and Fe5
(numbering in Figure 1d) are more reduced than the other Fe ions in the cluster. TD-DFT cal-
culations show that the unpaired spin is predominantly on Mo®* (66-74%) and delocalised
on neighbouring Fe ions [116]. Mo>" is octahedrally coordinated by R-homocysteine, a
His residue, and three sulfides, while each Fe?* or Fe3* has an approximately tetrahedral
coordination geometry.

The molybdopterin ligand is clearly important in the biological chemistry of Mo and
W, given its prominence in their metalloenzymes. The ligand, with its dithiolene moiety,
coordinates the metal strongly. Electron delocalisation between the ligand and the metal
ion enables the +4 and +6 oxidation states of the metal to be attained, as required for
their reactions [119]. Moreover, the ability of the ligand to undergo chelate ring distor-
tions controls the metal-ligand covalency and fine tunes the reduction potential of these
metalloenzymes [94].

Many molybdenum enzymes are found in bacteria (nitrate reductase, DMSO reductase,
and formate dehydrogenase, among others). They are less common in eukaryotes but nev-
ertheless perform important functions. Humans have four Moco-dependent enzymes: alde-
hyde oxidase, sulfite oxidase, xanthine oxidase, and mitochondrial amidoxime-reducing
component (mARC) [10,120].

Aldehyde oxidase [121-125], found in animals, birds, some reptiles, and some inverte-
brates, is involved in the detoxifying oxidation of aldehydes to carboxylic acids and in the
metabolism of some drugs and xenobiotics. In humans, the enzyme is found primarily in
the liver.

Sulfite oxidase [25,126-130], which catalyses the oxidation of sulfite to sulfate, a crucial
step in the metabolism of cysteine and methionine, is found in mammals, located in the
mitochondrial intermembrane space of liver and kidney cells. The enzyme has also been
identified in some bacteria and fungi [126,131], emphasising the important role it plays in
sulfur metabolism across a wide range of life forms.

Xanthine oxidase [21-25] is primarily found in mammals, particularly in the liver
and intestines, and is important for the breakdown of purines. It catalyses the oxidation
of hypoxanthine to xanthine and then from xanthine to uric acid; this is then excreted
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in the urine. An elevated level of xanthine oxidase activity is associated with conditions
such as gout, where excess uric acid crystallises in the joints, leading to inflammation and
pain [132]. Xanthine oxidase is also present in some species of fish and amphibians [133,134],
suggesting a conserved role in purine metabolism across different vertebrate lineages. The
mechanism of these reactions will be discussed below.

Other molybdenum-requiring enzymes, the mechanism of which will not be
discussed in this article, include the mitochondrial amidoxime reducing component
(mARC) [120,135,136] found in animals, including humans, and involved in detoxification
processes by reducing N-hydroxylated compounds; the DMSO reductase family of enzymes
found in bacteria and archaea and involved in reduction of dimethyl sulfoxide to dimethyl
sulfide [137]; formate dehydrogenase, found in bacteria, archaea and some eukaryotes,
which catalyses the oxidation of one-carbon compounds such as formate to CO,, and is
involved in energy production under anaerobic conditions [138,139]; prokaryotic nitrate
reductase [140-142], which catalyses the reduction of NOs~ to NO; ™ and is part of the
nitrogen cycle; eukaryotic nitrate reductase catalyses the same reaction [143,144]; and car-
bon monoxide dehydrogenase [17,145], found in bacteria and archaea, which catalyses the
oxidation to CO to CO,, part of the metabolic pathway in microorganisms that use CO as a
source of carbon.

The way molybdenum is taken up into cells, and how the cofactor is synthesised in na-
ture, is now well understood [39,146-151]. Prokaryotes absorb molybdate through specific
transport systems, including the high-affinity ATP-binding cassette (ABC) transporters,
such as Mod ABC, which enable efficient uptake even at low environmental concentrations.
Molybdenum enters plant roots primarily through phosphate transporters thanks to the
structural similarity of phosphate and molybdate. Active transport mechanisms are also
involved to ensure sufficient uptake. Animals obtain molybdenum indirectly by consum-
ing plants or other organisms. It is absorbed in the digestive tract, primarily in the small
intestine, in its soluble molybdate form. Once absorbed, molybdenum is transported in
plants through the xylem by transpiration; redistribution occurs through the phloem to
metabolically active tissues, and it accumulates in leaves and seeds. In animals, molybde-
num is distributed to the tissues via the bloodstream, bound to carrier proteins such as
blood serum albumin. The biosynthesis of Moco involves a multi-step pathway [152,153];
Moco is then incorporated into molybdoenzymes, enabling their catalytic activity.

Molybdenum is essential for human health. The daily requirement is small
(45 ng day’1 for adults [154]) and dietary sources include milk and milk products, dried
legumes, organ meats, cereals, and baked goods [155]. While very rare, molybdenum
deficiency, or genetic disorders that lead to molybdenum enzymes with impaired function,
can lead to conditions such as sulfite oxidase deficiency, which causes, for example, neuro-
logical damage [156], and xanthinuria [157-159], where low levels of xanthine oxidase lead
to the accumulation of xanthine. This is implicated in the development of kidney stones
and other effects of the compromised metabolism of purines.

Overconsumption of molybdenum leads to conditions such as gout, neurological
symptoms, and reduced copper absorption [160]. The inter-relationship between molyb-
denum and copper can be exploited for the treatment of Wilson’s disease, a congenital
inability to excrete copper, which results in its accumulation in the body [161,162]. Molyb-
denum compounds have also shown promise as antitumor, antibacterial, antiviral, and
antioxidant agents in medical applications [163,164].

3. Tungsten in Biology: An Overview

As mentioned in the Introduction, tungsten is a relatively rare element in biologi-
cal systems and plays a role in the metabolism of various microorganisms, particularly
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those that thrive in extreme environments, such as hyperthermophilic bacteria and ar-
chaea [13,165]. Tungsten is transported into some prokaryotes by very specific transport
proteins, such as the WO,>~ -specific ABC transporter TupABC in archaea and in Eubac-
terium acidaminophilum [166], and the transporter WtpA in the hyperthermophilic archaeon
Pyrococcus furiosus [167], facilitating its use in very particular biological processes [168-170].
The transporters bind it with a high affinity (Kp <1 nM) [168].

There is no established biological function for tungsten in higher organisms, and its
accumulation can be toxic, as it interferes with the activity of molybdenum-dependent
enzymes [171].

In tungsten-dependent enzymes, the metal typically (but not always) participates
in redox reactions. Notable examples include (i) formate dehydrogenase (FDH), which
plays a key role in the energy metabolism of various anaerobic microorganisms by oxidis-
ing formate to carbon dioxide [14,42,138,172]; (ii) aldehyde oxidoreductase (AOR), also
integral to anaerobic energy metabolism, which oxidises aldehydes to carboxylic acids
while reducing ferredoxin [14,42,173,174]; and (iii) formylmethanofuran dehydrogenase,
which catalyses the reversible conversion of CO, and methanofuran to formylmethanofu-
ran, contributing to the methanogenesis pathway and producing methane as a metabolic
byproduct [175-177]. In acetylene hydratase, which catalyses the hydration of acetylene to
acetaldehyde, a crucial step in the anaerobic degradation of acetylene, tungsten catalyses a
non-redox reaction [178-180]. The mechanism of some of these reactions will be discussed
later in this article.

Tungsten is typically coordinated by a metal-binding pterin in the tungsten-dependent
enzymes. The presence of tungsten in the active site, with its various oxidation states,
enables these enzymes to catalyse redox reactions, often under extreme environmental
conditions. Tungsten enzymes have a more negative redox potential (by —200 to —300 mV)
than molybdenum enzymes, which allows them to function efficiently in high-temperature,
reducing anaerobic environments [181].

Moreover, tungsten’s more temperature-sensitive redox potential compared to molyb-
denum likely provides an advantage for organisms operating in extreme environments
with fluctuating temperatures [40,182], as is their greater thermal stability [183,184]. As a
result, tungsten-dependent enzymes are of considerable interest in biotechnology for their
robustness and activity under harsh conditions, with potential applications in industrial
processes that require resilient catalysts, such as biofuel production and the biodegradation
of environmental pollutants [185-187].

4. Examples of Molybdenum-Dependent Enzymes
4.1. Nitrogenase

The nitrogenases are vital enzymes for life on Earth, as they catalyse the conversion
of atmospheric nitrogen into NH4 " [30,31,35,188-192]. This makes nitrogen, an essential
element, available to plants, and subsequently to animals that feed on the plants. The
nitrogenases are found primarily in bacteria and archaea (for example, Rhizobium in legumes
and Azotobacter in soils). There are a variety of nitrogenases, but all are from a common
evolutionary origin [193]. They include a molybdenum-dependent form, a vanadium-
dependent form (usually referred to as V-Nase) and an iron-only form [194].

The nitrogenases have a [FegSy] P-cluster, and a [MFe;S,C] cluster (M = Mo, x =9 in
the molybdenum-dependent enzymes, Figure 2; M =V, x = 8 in the vanadium-dependent
nitrogenases, with CO32~ bridging two of the iron centres; and M = Fe, x = 9 in the iron-only
enzymes) [195]. They are reduced by a dinitrogenase reductase (NifH) with an [FesS4]
active site. The [FesS4] cluster of the reductase protein can access three oxidation states:
oxidised [Fe4S4]%" with S = 0, reduced [FesS4]*, an admixture of S = % and 3/, states, and
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the super-reduced, all ferrous state, [FesS4]° [196-198]. The reductase is itself reduced by
a ferredoxin or a flavodoxin. The [MFe;S,C] cluster has inspired a great deal of work on
synthetic clusters and an exploration of their chemistry [199].

Figure 2. (a): The active site [MoFe;S9C] cluster and the P-cluster of nitrogenase from Azotobacter
vinelandii (Protein Data Bank PDB IM1N [200]). (b): The [MoFe;S9C] cluster. Mo in light green, Fe in
red, S in yellow. (For side chains, C in green, O in red, N in blue, S in yellow).

The V-Nases are only expressed under molybdenum-deficient conditions; the iron-
only nitrogenases are less active than the Mo-Nases and V-Nases and are only expressed
under V and Mo-deficient conditions [201-204].

The fixation of N is a challenging problem. The Ny triple bond has a bond dissociation
enthalpy of —945 k] mol~!, so an overpotential of —1.6 V would be required to split

the bond, well outside nature’s “electrochemical window” (in an aqueous environment,
potentials between the oxidation of H,O with evolution of O, and the reduction of H* to
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produce Hy; under standard conditions at pH 7, this is +817 mV and —413 mV, respectively).
Nitrogenases perform this reaction, using ATP, under ambient conditions (Equation (5)).

N, + 8e + 10H* + 16ATP — 2 NH,* + H, + 16ADP + 16P; (5)

In addition, nitrogenases can reduce other substrates, including CO, CN™ and acety-
lene [196,205,206].

The mechanism of these enzymes is still a matter of conjecture despite many experi-
mental and computational investigations (see [32] and references therein); what is generally
accepted has been summarised recently [190], but many questions remain [30].

The reductase protein utilises the +1 | +2 couple to receive an electron from a ferredoxin
or a flavodoxin; it then binds 2 ATP and forms a complex with the catalytic enzyme, which
places its [Fe4S4] centre within outer sphere electron transfer distance of the P-cluster.
Hydrolysis of ATP leads to electron transfer from the reductase via the P-cluster to the
catalytic site (Figure 2) (see [195,207] and references therein). Whether [FesS4] is first
reduced by ATP hydrolysis or the P-cluster first passes an electron to the [MoFe;S,C]
cluster to initiate the electron transfer from the reductase is unclear [208,209]. It is the
hydrolysis of ATP that lowers the redox potential for the transfer of the electron from
the P-cluster to the cofactor. After the hydrolysis of ATP and the transfer of an electron,
the complex between the reductase and the nitrogenase dissociates with the release of
phosphate; this is the rate-limiting step of the reaction. The entire eight-electron reduction
process is slow and takes about 1 s. It involves eight intermediate steps (E( through E7),
the eight one-electron transfer steps from the reductase to the catalytic cycle.

Based upon extensive kinetic studies, Lowe and Thorneley introduced a model that
is still largely accepted [210]. The basic scheme is outlined in Figure 3 and involves eight
states, representing the successive electron transfer steps from the reductase protein. In
addition to the FeMoco active site, surrounding amino acids (a Gln, His, Val, Ser, Cys, Arg
and Tyr) and, connected to R-homocitrate, a hydrogen bonded network of water molecules,
which extend from the active site to the protein surface and that serves as the proton
supply chain to effect the required proton transfer on conversion of N, to NHj3 (see [32]
and references therein) are also important for enzyme turnover.

Ho Hy Hy

e H" e H*
E, L—E1(H) \ E,(2H) \ E.(3H) \ E,(4H)
NH; N2 N2 N N2
2 Ho
E,(2N,H) E,(2N,2H)
e H"

e H*

e H*
E.(N,2H) <—L Es(n,H) TT E;(2N,3H)
NH5 e H"

Figure 3. The Lowe-Thorneley mechanism of nitrogenase (adapted from [30,118,190]).
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Nitrogen binding occurs after three or four electron transfer steps and is accompanied
by the release of Hy. Ny undergoes a two-electron reduction to a diazene-type intermediate,
which then undergoes further reduction to produce NH4*. Unproductive loss of H; from
E4(4H), E3(3H) and E;(2H) sets the reaction back by two equivalents in each case.

The electrons transferred to the FeMo catalytic cluster are stored either by reducing
the iron atoms of the cluster, or as hydrides attached to the cluster [211-214]. If H™ is
indeed present, it will only be formed after two electrons are transferred, and each odd
E state would presumably feature a reduced cluster. The loss of H; leaves the FeMo
cofactor in a super-reduced state, which then acts as the reductant of N, to form a diazene-
type intermediate.

It is known from EPR and IR studies (see [190] and references therein) that FeMoco of
nitrogenase (Figure 1d) contains two sites that bind CO: in one, CO bridges two Fe ions
(the p-site), and in the other CO binds terminally to Fe (the t-site). A similar binding of
two equivalents of CO to the FeV cofactor of V-Nase has been crystallographically demon-
strated [215]. This then suggests a possible sequence for the binding of H*, its reduction
to H™, elimination of H; to form the super-reduced FeMoco, and the binding and reduc-
tion of N (Figure 4). (DFT calculations favour bridging hydrides over terminal hydrides,
however [214,216-218].) There is no experimental evidence in favour of, or against, the
accumulation of more than two hydrides by FeMoco. This remains an open question.

2H'2e  HS™ 2H" 2e

H H
\\\\ /// 1, / \ \\\\\\ ///’ ‘., / \ /\\\\\\\\
o /'Fe\ Feg Fe\\ 'Fe\

+ C +
H, H Hy H
N>
N
I i
N
N //// / WS
+ 7 , / AN o e oHel o LY
reduction to NH, " <€--------- “Fé  Fe '2 N\ /Fe\V vi€
/ NS \ H oH* \\H',' \
’ 2

\C, C

Figure 4. Possible sequence of events from the binding of H* as a hydride, to the reduction of N;
to ammonia at the FeMo cofactor of nitrogenase. Adapted from [215]. See [214,216-218] for DFT
structures showing the positions of the bridging hydrides in the FeMo cluster. The lability of the belt
sulfurs is important to allow for substrate binding [111,219].

Sequential transfer of H* and an electron through diazene (HNNH) and hydrazine
(H,NNH;) intermediates, with final release of NH4*, would be a feasible mechanism for
the remainder of the reaction [220,221].

While the outline of the Lowe-Thorneley mechanism is widely accepted, several more
detailed proposals have been put forward to describe the intimate mechanism of the reac-
tion. Many are based on DFT or QM /MM calculations (for example, [32,118,222-226]). Still,
the mechanism is yet to be resolved. For illustrative purposes, one of these proposals [222]
(somewhat simplified) is shown in Figure 5. The iron atoms involved are Fe3 and Fe?7,
and bridging sulfide S5A (see Figure 1d). The protonation of sulfides, as demonstated
by a spectroelectrochemical study [34], is important for catalytic function. Another very
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detailed proposed mechanism that is worthy of consideration and is based on extensive
DFT calculations using a >485 atom model, is given in [32].

H* e
HS  HN=—NH
\/
Fe Fe
c
H* e
NH;
H'. e Hs H NH;  Hs | . NH
~— \ AN N \ _NH H{’e " N|H
Fe /Fe Fe/ /\Fe \Fe/ \Fe
: c IV

Figure 5. A possible reaction mechanism for the reduction of N, to NH3 by FeMo nitrogenase [222].

The reader will appreciate that in the proposed mechanisms shown in Figures 4 and 5,
there is no direct interaction between N, and Mo®*—the substrate binds to the central Fe
ions (Fe2 and Fe6) of the FeMoco cluster [213,219]. What then is Mos’s function?

The role Mo plays during enzyme turnover is indirect yet essential, as it undoubtedly
contributes to the structural configuration of the active site, thereby facilitating N, capture
and its proton-coupled reduction between Fe2 and Fe6 [32,227], a process enabled by
the protonation and lability of the belt sulfurs [111]. Upon substrate binding, the Mo-
hydroxy bond to homocitrate is elongated from 2.2 A to 2.7 A [219], effectively altering
the coordination of homocitrate from bidentate to monodentate, a coordination that is
subsequently restored following turnover [219]. This transient change in coordination
may promote proton transfer from the proton delivery pathway during N, reduction [219].
The presence of homocitrate is critical for catalytic activity; in a nifV mutant of Klebsiella
pneumoniae, where homocitrate is replaced by citrate, nitrogenase activity is reduced to only
7% of that observed in the wild-type enzyme [228].

Nitrogenases are sensitive to, and inhibited by, O;, and nitrogen-fixing microbes have
developed strategies to shield themselves from O, [10,229-234]. Indeed, it is speculated
that this sensitivity may have been one of the reasons for the relatively slow evolution
of land-based life forms after the onset of oxygenic photosynthesis (perhaps as early as
3.5 b.y.a. [235]) and the Great Oxidation Event (2.4 to 2.1 b.y.a.) that heralded early life,
the Proterozoic eon. Recent cryo-EM reports [236-238] show that in Azotobacter vinelandii a
small protein, FeSllI, is oxidised and forms a protective complex with two MoFe nitrogenases
when O; levels increase. This can grow into extended filaments. The nitrogenase is inactive
under these conditions. Once O, levels drop, FeSIlI is reduced, the complex dissociates, and
nitrogenase activity is restored.
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4.2. Xanthine Oxidoreductase

Xanthine oxidoreductase (XO, also referred to as xanthine oxidase) is widespread in
nature, as all organisms must metabolise purines [239-241]. This is an ancient enzyme that
has been traced back to the Last Universal Common Ancestor (LUCA) [242]. The enzyme
features in the later stages of purine catabolism and catalyses the oxidation of hypoxanthine
to xanthine, and then xanthine to uric acid (Equation (4)). For a fascinating account of the
history of research into xanthine oxidase, see [24].

Elevated levels of uric acid can lead to conditions such as gout, inflammatory arthritis
characterised by sudden and severe pain, redness, and swelling in the joints. Inhibiting XO
using compounds such as allopurinol and febuxostat can be beneficial in treating hyper-
uricemia and its associated disorders [243,244]. Whilst an essential enzyme, elevated XO
activity is associated with a variety of conditions, including liver pathologies, hepatocellu-
lar carcinoma [25,245], and, due to its involvement in oxidative stress pathways, various
cardiovascular diseases, such as hypertension and atherosclerosis [246-248]. Therefore,
targeting this enzyme has therapeutic implications beyond gout management.

There are two forms of the enzyme (refer to Equation (4)): the dehydrogenase uses
NAD™ as the electron acceptor and does not generate superoxide, O,°~; the oxidase uses
O; as the electron acceptor and generates O,°~ in the process. The crystal structure of
homodimeric bovine xanthine oxidase is shown in Figure 6, as are the redox-active centres—
a flavin adenine dinucleotide (FAD), two [Fe,S,] centres, and Moco.

As mentioned before, whilst reactive oxygen species such as O,*~ can have deleterious
effects through protein and DNA fragmentation [102,103], they are important for defence
against infections [98-101], in increasing a cell’s tolerance to oxidative stress [96], and in
inter- and intracellular signalling [97].

It is known that a Glu residue and an Arg residue near the Moco site are im-
portant for catalytic activity [245]. At least three possible mechanisms have been pro-
posed [245,249,250]. That by Cerqueira et al. [250], based on QM /MM methods, is shown
in Figure 7. In this mechanism, Glu and Arg, as well as a water molecule near the Moco
site, are involved in the reaction, which occurs in four steps. In the first step, a Gly residue
deprotonates the hydroxyl ligand of Mo®" and the activated hydroxyl group initiates
a nucleophilic attack on xanthine. A hydride is transferred to the Moco sulfur, in the
process reducing Mo®* to Mo**. This is the rate-determining step of the reaction (with
AG?* = 70.7 k] mol~!; experimentally, 65.7 k] mol~! [245]). In the third step, proton transfer
from Arg, via a water molecule, produces uric acid. Two one-electron transfers to [Fe;Ss]
oxidise Mo** to Mo®*, and the cycle is completed by the reaction of H,O with Moco.

Figure 6. Cont.
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Figure 6. (a): Bovine xanthine oxidase (PDB 3AX7 [251]). The enzyme is a homodimer. (b): The
redox-active sites of one of the monomers and the flow of electrons to the oxidants (the orientation is
preserved; FAD in the top picture is labelled).
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Figure 7. A possible mechanism of the reaction catalysed by xanthine oxidase (adapted and modified
from [250]).

4.3. Aldehyde Oxidase

Aldehyde oxidase (AO) is found in a range of organisms, particularly in animals,
but also in plants, some invertebrates and some bacteria [121,252]. It is involved in the
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metabolic pathway of many drugs [253,254]. The enzyme is a homodimer homologous
to xanthine oxidase, with a similar primary amino acid sequence and the same cofactors.
The enzyme is capable of catalysing both oxidation and reduction reactions (examples are
shown in Figure 8). O, acts as the electron acceptor in the oxidation of a wide range of
substances containing, for example, an aldehyde or an N-heterocyclic group.

O O

NH,* NHa
OH I,, —_—
0
0

Figure 8. Examples of (a), oxidation reactions and (b), reduction reactions catalysed by alde-
hyde oxidase.

The mechanism of the oxidation of phthalazine, a N-heterocyclic compound, to
phthalazine-1(2H)-one by AO has been studied by QM /MM methods [255] and is similar
to the mechanism of oxidations catalysed by xanthine oxidase. See also [256]. An outline is
shown in Figure 9. A Glu and a Lys residue near Moco play a crucial role in the reaction.

The first step is protonation of the substrate by the Lys residue. This increases the
carbocation character at the adjacent carbon, rendering it susceptible to nucleophilic attack.
The transfer of a proton from Moco—-OH to Glu enables Moco-O~ to attack the (formally)
cationic carbon of the substrate. The third and rate-limiting step (AG¥ ~ 60 k] mol~!) is a
hydride shift from the substrate carbon to the sulfur ligand of the Moco, reducing Mo®* to
Mo**. The availability of these two oxidation states of the metal assists in overcoming this
energy barrier. Mo** is then oxidised back to Mo®* by two one-electron transfer steps via
the iron—sulfur clusters (see Figure 9a) to the FAD cofactor, regenerating the catalyst. The
critical steps are the protonation of the substrate by a Lys residue and the deprotonation of
the hydroxyl ligand on Mo®*, which generates the nucleophile that attacks the substrate.
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Figure 9. Top (a): The cofactors of mouse liver AO (PDB 4UHX [257]). Bottom (b): The oxidation of
an N-heterocycle by AO (from [255], simplified).

4.4. Sulfite Oxidase

Sulfite oxidase (SOX) catalyses the final stage in the oxidative degradation of sulfur-
containing amino acids and lipids. SOX is widespread in nature and is found in animals,
plants, and many microorganisms [126,258]. It is crucial for human health [25,259], and
SOX deficiency leads to severe neurological damage and early childhood death [260,261].

The enzyme is found in the intermembrane space of mitochondria and transfers the
electrons from sulfite oxidation (Equation (6)) to cytochrome c.

SO52~ + H,O — SO42~ + 2H* + 2e (6)

One of the pathways of cysteine metabolism that generates SO32~ is shown in
Figure 10 [262].

In vertebrates, the mechanism of SOX involves two one-electron transfer steps from
Moco to a bs-type haem and, thence, to cytochrome ¢ [263]; in plants, the electron transfer
is directly to O, [264]. The Moco and haem from the crystal structure of the sulfite oxidase
from chicken liver (PDB 1SOX [265]) is shown in Figure 11. The oxidation changes that
occur at the Mo and Fe centres of vertebrate SOX turnover during the oxidation, together
with the reduction of cyt ¢, are shown in Figure 12 [264].
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Figure 10. Pathway of the metabolism of Cys that leads to formation of sulfite.

Figure 11. (a): The crystal structure of homodimeric SOX from chicken liver (PDB 1SOX [265]).
(b): The Moco and haem prosthetic groups from one of the dimers of SOX.
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Figure 12. Changes in the oxidation state of Mo in Moco and Fe in the bs-type haem in SOX during
enzyme turnover on the oxidation of sulfite [263,264].

The resting state of the enzyme contains Fe3* in the bs-type haem and a Mo®*=0
species. The Mo centre oxidises SO32~ to SO42~, and Mo®* is reduced to Mo**. There is
an intramolecular electron transfer from Mo** to haem Fe3*, producing a Fe?* | Mo’* state.
(A 4d! Mo®* centre has been observed by EPR ([266] and references therein)). The bs Fe?*
transfers an electron to the physiological electron acceptor, Fe** cytochrome ¢, forming the
Fe* |Mo°* state. This then undergoes a second intramolecular electron transfer, followed
by the transfer of the electron to Fe>* cytochrome c, regenerating the resting enzyme.

4.5. Nitrate Reductase

Nitrate reductase is an important enzyme in the global nitrogen cycle, reducing NO3; ™~
to NO,~ (Equation (7)) [18-20].

NO;3; ™ +2H" +2e -+ NO,~ + H,O (7)

Assimilatory nitrate reductases (NAS) are found in plants, fungi, and bacteria, where
they play a crucial role in incorporating (assimilating) nitrogen into biomass. The enzyme in
plants and fungi is a soluble, monomeric protein with three domains, whereas in bacteria, it
exists as a multi-subunit complex bound to the cytoplasmic membrane [144,267]. Dissimila-
tory nitrate reductases are enzymes used by bacteria and archaea for anaerobic respiration.
Respiratory nitrate reductases (NAR), which are membrane-bound, and periplasmic nitrate
reductases (NAP), located in the periplasm, are essential for energy production. These
enzymes contribute to denitrification and other nitrogen cycling processes [268-273].

In NAS, electrons are typically supplied by NADH or NADPH, which serve as essential
cofactors in reductive biosynthetic reactions, including the reduction of nitrate to nitrite
by assimilatory nitrate reductases [274-277]. By contrast, electron donors for NAR and
NAP vary considerably among different prokaryotic organisms and are often dependent
on environmental conditions and the organism’s metabolic capabilities [270,277,278].

In many facultative anaerobic bacteria, NADH-derived electrons are channelled
through components of an electron transport chain to drive nitrate reduction. For in-
stance, in Paracoccus denitrificans, electrons from NADH enter the respiratory chain via
NADH dehydrogenase and are passed through cytochrome complexes to the membrane-
bound NAR system [279]. In Escherichia coli, formate frequently serves as the primary
electron donor under anaerobic conditions, with formate dehydrogenase transferring
electrons to the menaquinone pool, which subsequently donates them to NAR or NAP
reductases [277]. In addition, a wide range of inorganic compounds can serve as electron
donors in specific taxa. Hj is used by some hydrogenotrophic bacteria and archaea; their
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hydrogenases couple H, oxidation to nitrate reduction [280-282]. Fe?* acts as an electron
donor in some chemolithoautotrophic bacteria, such as Acidithiobacillus ferrooxidans, where
electrons derived from its oxidation can be channelled into nitrate reduction pathways [283].
H,S and S,0;2 are used by some sulfur-oxidising bacteria; in species such as Beggiatoa
and Thiobacillus denitrificans, these reduced sulfur species are oxidised to sulfate while
concomitantly reducing nitrate to nitrite or further to gaseous nitrogen compounds [284].

Nitrate is a major source of nitrogen in soils. In plants, nitrate reductase is essential for
converting nitrate into forms that can be used for the synthesis of amino acids, proteins, and
nucleotides, which are vital for plant growth and development [285]. Some bacteria, such
as Rhizobium species, use nitrate reductase as a component of the denitrification process,
converting nitrate into Ny or other nitrogen-containing compounds. Treatment of water
streams for nitrate pollution can be achieved by encouraging the growth of denitrifying
bacteria, such as Paracoccus denitrificans and Thiobacillus denitrificans [140,286,287]. Nitrate
reductase is also involved in gut microbiota function and affects nitrate metabolism in
humans and other animals [288].

The bacterial nitrate reductase from E.coli will be used as an example [289]. The
structure of the Mo-bis(MGD) group, and a chain of iron—sulfur clusters linking it to two
haem b moieties, as determined by crystallographic methods [290], is shown in Figure 13.
It is likely that one or more H,O (perhaps OH™) or sulfido ligands and/or a Cys, are
coordinated to Mo®" in the resting state of the enzyme.

Figure 13. The Moco active site, and the chain of iron—sulfur clusters linking it to two haem groups,
in the nitrate reductase from E. coli [290].

Electrons are transferred from the quinol pool (menaquinol) through the two haem
groups and the iron-sulfur cluster chain to Moco, reducing Mo®* to Mo**, releasing the
H,0 (OH™) or sulfide ligands and creating a substrate-binding site for NO3 ™. This binds to
Mo** (or possibly to Mo®*, followed by a further one electron reduction [267,291]). NO, ™
is released from the Mo**~ONO, ~ complex, leaving a Mo®*=0 complex. Protonation of
the oxo ligand releases HyO, regenerating the resting enzyme. There is an alternative
mechanism, based on DFT modelling, that envisages NO3 ™ initially binding to a sulfide
ligand on Mo®*, displacing the sulfide, which is relocated to form a Mo®*-S-S(Cys) complex.
NO, ™ departs, leaving a O=Mo®*-S-S(Cys) intermediate, which then undergoes two one-
electron reductions with the uptake of two protons, releasing H,O [292].
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5. Examples of Tungsten-Dependent Enzymes
5.1. Formate Dehydrogenase

Formate dehydrogenase enzymes (FDHs) oxidise formate to CO, using, for example,
NAD™* (Equation (8)) [293-296]. Formate is important for the growth of many bacteria
and archaea. The CO, produced is fixed in the Calvin-Benson cycle in many autotrophic
organisms. Other electron acceptors or mediators include ferrodoxins, coenzyme Fuy,

quinols and haems.
HCO,™ + NAD" = CO, + NADH (8)

There are both metal-dependent and metal-independent enzymes [293]. Hence, a metal
ion is not absolutely essential to catalyse this reaction. The metal-dependent FDH's, found
in bacteria and archaea, contain either molybdenum or tungsten in the active site [297].
Mo®* or W* is bis-coordinated by pterins (Figure 1b), a sulfide ligand, and the sixth ligand
is provided by a protein cysteine or selenocysteine; there is usually one (or multiple) [FesSy]
cluster near the active site, and there are also additional cofactors (iron—sulfur clusters,
FMN, haems [298]) either in the same or in a neighbouring subunit. For a useful schematic
representation, see [17].

Under a variety of physiological conditions, the enzymes will catalyse the reverse
reaction, serving as CO, reductases. This has potential industrial application since formic
acid is a promising source of hydrogen energy [299], and there is an ever-increasing need
for CO, remediation [300]

Because (i) Mo and W have similar chemical properties; (ii) the Mo- and W-containing
enzymes have a very similar active site; and (iii) W can replace Mo in some enzymes,
it is generally accepted that the Mo- and W-enzymes have a common reaction mecha-
nism [172,294]. However, the W4 enzymes are more reducing than the Mo** enzymes [301]
and are, therefore, preferentially used for the conversion of CO, to formate [302]. W
is usually preferred to Mo in low-potential redox catalysis (for example, —430 mV in
FDHs and —560 to —610 mV in the aldehyde ferredoxin oxidoreductase (AOR) fami-
lies [36,168,303,304]).

In effect, W centres in enzymes are better electron acceptors and exhibit lower redox
potentials than Mo centres, probably a consequence of relativistic effects that become impor-
tant in the heavier transition metals [305]. DFT and sulfur K-edge X-ray absorption studies
of W>*=0 vs. Mo®*=0 in bis(dithiolene) complexes show that relativistic effects destabilise
the redox-active d(x?~y?) orbital of W, lowering its reduction potential and accelerating
oxygen-atom transfer rates [306,307]. DFT calculations comparing the ionisation potentials
of Mo** Mo>* and W** | W>* complexes show a c. 160 mV difference. The radial expan-
sion of the 5d orbitals of W and the contraction of its s and p orbitals due to relativistic
effects bring the 5d and 6s orbital energies closer together, enhancing the stability of higher
oxidation states when compared to Mo [306,308].

The sulfide ligand likely acts as a hydride acceptor from formate when this is oxi-
dised [309]. Two possible mechanisms for the reaction are shown in Figure 14, although
details are still not clear and clearly merit further investigation. For a comprehensive
discussion, see [17]. Many FDHs are inactivated by O,, probably by substitution of the
sulfide ligand by an oxo ligand [310], which will not act as a hydride acceptor.
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Figure 14. Outline of two possible mechanisms of the oxidation of formate to CO, by the FDHs.
M = Mo or W. (a) [311]; (b) [312]. Seleocysteine is a better nucleophile than Cys, rationalising why
enzymes with this amino acid exhibit increased catalytic activity [313]. This would tend to favour
(but not prove) mechanisms such as that shown in (a), which involve the (Se)Cys ligand and hydride
transfer from formate [314]. Another proposed mechanism, involving the initial displacement of Cys
by a solvent-derived hydroxide, which then acts as a nucleophile to attack the substrate resulting in
the formation of a bicarbonate attached to the metal [315], has been discounted [314].

The [FesS4] cluster, cycling between 2+ | 1+, within 6 A of the pterin in the Mo or W
active site is likely to be the entry point for electron transfer needed for formate oxidation
or CO; reduction. The bis-WGD cofactors are non-innocent and participate in the electron
transfer process [316,317].

5.2. Aldehyde Oxidoreductase

The aldehyde oxidoreductases (AORs) catalyse the oxidation of aldehydes to car-
boxylic acids (Equation (9)) with the reduction of an electron acceptor, such as an oxi-
dised ferredoxin.

RCHO + H,0 + Fdgx — RCOOH + Fd oy (9)

The enzymes are involved in the pathway for the degradation of glucose [318] (and
perhaps in the oxidation of the aldehyde side products from amino acid metabolism [319])
and found in hyperthermophillic archaea, such as Pyrococcus furiosus, which functions
at elevated temperatures (80-100 °C) and optimally at pH 8-9 [320,321]. Some strains of
Thermococcus, for example, use amino acids as their source of carbon and use AORs to
metabolise them [303]. Tungsten AORs are also found in some bacteria [322-324]. The use
of tungsten-dependent oxidoreductase to detoxify aldehydes by the human gut microbiome
is perhaps an underappreciated aspect of human health [52,325]. Replacement of tungsten
by molybdenum in AORs results in an inactive enzyme [326].

An AOR from the mesophilic bacterium Aromatoleum aromaticum has been immobilised
on a glassy carbon working electrode and used to oxidise a wide range of aliphatic and
aromatic aldehydes using benzyl viologen, methylene blue or dichlorophenol as electron
transfer mediator [327], opening up the possibility of an energy-efficient catalytic system.
This enzyme is also capable of reducing organic acids to aldehydes with Hj as an electron
donor [328]. Using AORs for the microbially catalysed production of alcohols from organic
acids is potentially another useful industrial process [173,329].
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The active site consists of W coordinated by two MPTs in a distorted square pyra-
midal fashion and a [FesS4] cluster 10 A from the active site (PDB 1AOR [330], Figure 15).
No protein residues are coordinated to W®* but two water molecules, or oxo ligands (not
resolved in the structure shown in Figure 15), are coordinated to it, resulting in an overall
trigonal prismatic arrangement. A recent cryo-EM structure of the AOR from Aromatoleum
aromaticum shows that the two oxygen atoms coordinated to tungsten are probably oxo
ligands [322].

Figure 15. The active site of P. furiosus aldehyde ferredoxin oxidoreductase PDB 1AOR [330].

The AOR from A. aromaticum has a similar active site [W(MTP),(O),] but is more com-
plex (Figure 16) (see [331] and PDB 8CO0Z for the structure determined by cryo-EM [322]). It
uses NAD" as an electron acceptor for the oxidation of a wide variety of aldehydes. The
site of substrate oxidation is some 55 A from a FAD moiety near which NAD* binds. A
mechanism for the reaction has been proposed (Figure 17) [322].

5.3. Acetylene Hydratase

Acetylene hydratase, a member of the DMSOR family of enzymes, is a hydrolase
that catalyses the oxidation of acetylene to acetaldehyde (Equation (10)) [178-180,332] in
anaerobic bacteria such as Pelobacter acetylenicus [178]. 1t is the only known enzyme to

catalyse this reaction.
C,H, + H,O — CH3CHO (10)

Acetylene is very water soluble (0.12 g mL~! [333]) and is, therefore, a suitable sub-
strate for many microorganisms [334]. While the concentration of acetylene on Earth from
non-anthropogenic sources is low (0.02-0.08 ppbv [335]), it is speculated that Earth’s pri-
mordial atmosphere may have been much richer in acetylene and that it could have served
as a source of carbon and energy [336,337]. The acetaldehyde produced is converted into
acetate and ethanol in the fermentation pathway of anaerobes such P. acetylenicus. Sulfate-
reducing bacteria further oxidise acetate and ethanol to CO; [337]. The only other known
enzymatic reaction involving acetylene is its reduction to ethylene by nitrogenase [335,338].

This is an example of a W enzyme in which the metal is not redox active. W** is
bound by two pyranopterins (WDG), a Cys residue and a water molecule as seen in a
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high-resolution crystal structure (PDB ref. 2E7Z)—Figure 18 [339]. The presence of a [Fe4S4]
cluster near the active site of a non-redox enzyme is surprising. Perhaps the primordial
ancestor of the enzyme was a redox-active metalloenzyme that underwent a mutation that
converted it into its present form. Indeed, as has been noted [180,339], access from the
surface of the protein towards the active site is unusual, and the substrate migrates there in
a unique manner when compared to other enzymes of the DMSOR family. There is a small
pocket formed by six hydrophobic residues at the end of the access tunnel, another notable
difference to the other members of the DMSOR family [339,340]. An Asp residue near the
active site is essential for catalytic activity. W** can be replaced by Mo** to yield a much
less active enzyme (1.9 vs. 14.8 pmol min~! mg_l) [338].

Figure 16. The structure of AOR from A. aromaticum (PDB 8CO0Z [322]), top left. Top right: the two
tungsten active sites and the chain of iron—sulfur clusters, with the orientation of the top left structure
preserved. Bottom: Details of one of the active sites.
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Figure 17. Proposed mechanism for the oxidation of an aldehyde by an AOR [322]. The spontaneous
addition of H,O to the aldehyde produces a gem-diol. Glu, His and Tyr bond the gem-diol, positioning
it to hydrogen bond to an oxo ligand on W®*. Hydride abstraction and proton transfer to Glu produce
the carboxylic acid. W4t then passes electrons to an electron acceptor, such as Fdoy, in two one-
electron transfer steps via a [Fe4S4] cluster.

Figure 18. Active site of acetylene hydratase from P. acetylenicus [339]. One of the WDG ligands is
disordered and was refined over two positions. W in light blue, S in yellow, O in red.

The mechanism of the reaction involves the conserved Asp residue near the active site,
and both an outer shell and an inner shell mechanism have been proposed (Figure 19) [341].
The outer shell mechanism sees the substrate accommodated within a hydrophobic pocket
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above the active site. Hydrogen bonding of coordinated H,O to the Asp residue confers on
it some electrophilic character, which enables its reaction with C,H;

0] o]
N >\Asp H
H H -
\O/ 9)

/ 5 Asp
R
Cys\ \/\' Cys \

< SII/,, 4+\\\\\S> C SII:,\ 4\\\\S>

Figure 19. Two possible modes of the binding of the substrate to the active site of acetylene hydratase
the inner shell mode (left) and the outer shell mode (right)

Computational studies favour an inner shell mechanism where 1~ complexation
of C;H, with W#* forms a vinyl anion, which is then attacked by the displaced H,O

molecule [179,342,343]. Such a mechanism is outlined in Figure 20 (adapted from [179])
For other possible mechanisms, see the summary in [332]
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Figure 20. Oxidation of acetylene to acetaldehyde on n? complexation by W** [179]
5.4. Formylmethanofuran Dehydrogenase

Formylmethanofuran dehydrogenase (FMD) is an important oxygen-sensitive en-
zyme in methanogenic archaea and is responsible for the reversible reduction of CO; to
formylmethanofuran (formyl-MFR) (Equation (11), Figure 21) [297]. The methanogenesis
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pathway is used to generate energy, particularly in anaerobic environments, such as wet-
lands, deep-sea sediments, and the guts of ruminants. The reaction fixes CO,, enabling its
eventual conversion to methane. CO, rather than HCO3 ™ is the active species utilised by
the enzyme [344].

MFR" + CO, + 2[H] = formyl-MFR + H,O + H* (11)

The enzyme is notable for containing either Mo or W within its active site, with the
specific metal variant often depending on the organism and environmental conditions. Part
of the interest in this system is the possibility of mimicking its chemistry to fix CO, and
create one-unit carbon feedstocks for the chemical industry [345,346].

Figure 21. The structure of methanofurans. The furfurylamine (in blue) acts as the formyl-

accepting group.

The crystal structure of the enzyme from Methanothermobacter wolfei (PDB 5Y5M [345])
shows that the enzyme is composed of several subunits that are bound together. There is
an electron transport unit comprising a chain of iron-sulfur clusters that delivers electrons
from, for example, reduced ferredoxin or NADH [347], to the tungsten bispterin CO;-
reducing module, with CO; delivered through a hydrophobic channel to the site; the
formate produced is delivered through a hydrophilic channel to a binuclear [Zn,Zn] centre.
This catalyses the condensation of formate and the amino moiety of a methanofuran,
generating H,O and formyl-MFR. The chain of iron-sulfur groups leading to the tungsten—
bispterin complex of M. wolfei is shown in Figure 22.

Since the condensation of formate and MFR is thermodynamically unfavourable
(AG = 21 k] mol~!) it has been suggested [345] that the accumulation of formate in the
hydrophilic channel provides the driving force for the condensation reaction. This accumu-
lation is driven by the enzyme structure, which reduces the E° of the CO, | formate couple
from its standard value of —400 mV to —530 mV.

There is still uncertainty about the actual mechanism of the reduction of CO, to
formate at the tungsten centre. Either the Cys and/or S?>~ ligands are displaced by CO,
and the reduction occurs through an inner-sphere mechanism, or CO, reduction occurs in
the second coordination sphere of the metal by an outer-sphere electron transfer (see, for
example [106,317,348]). Clearly this merits further investigation.
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Figure 22. The iron-sulfur clusters leading to the tungsten-bispterin site in the FMD from M. wolfei
(PDB 5Y5M [345]). W is also coordinated by S%~ (orHS™) and a Cys residue.

6. Concluding Remarks

Given their relatively low geological abundance and typical kinetic inertness, it may
seem surprising that second- and third-row d-block metal ions play any role in biology.
As far as is known at present, only molybdenum and tungsten do so. While cadmium is
generally toxic to living systems, it is found in a cadmium-containing carbonic anhydrase
(CdCA) in the phytoplankton Thalassiosira weissflogii, where it replaces the usual metal,
Zn?*, in zinc-scarce marine environments [349-351]. Relative kinetic inertness is probably
an advantage when tight control of intermediates—as in the reduction of N, to NH3 by
nitrogenase—is important.

Though the biological roles of Mo and W are limited, they are crucial. They are not
mere substitutes for more abundant metals but serve as essential catalysts for specific, often
challenging reactions that no other elements can perform as effectively. Both metals form
complexes with a pyranopterin cofactor, a ligand capable of fine-tuning redox properties,
enabling their participation in diverse oxygen transfer and redox reactions [36].

Mo and W are incorporated into enzymes because their unique redox flexibility,
bonding characteristics, and stability under physiological conditions allow them to catalyse
demanding redox and oxygen atom transfer reactions. First-row transition metals lack the
required redox stability, orbital size compatibility, and ligand binding properties, making
them less suitable for these enzymatic functions

Molybdenum is indispensable for processes such as nitrogen fixation and nitrate
reduction, key steps in the global nitrogen cycle. Nitrogenases catalyse the conversion
of atmospheric N, into NH4* in diverse diazotrophic prokaryotes, including free-living,
symbiotic, and associative bacteria. Free-living Azospirillum species, such as Azotobacter, not
only fix Nj but also produce extracellular polysaccharides that enhance soil structure and
moisture retention, as well as phytohormones, such as indole-3-acetic acid and gibberellins,
which promote plant growth [352,353].

Symbiotic nitrogen-fixing bacteria, such as Rhizobium species, establish relationships
with leguminous plants, forming root nodules where nitrogen fixation occurs. In exchange
for this fixed nitrogen, host plants supply the bacteria with carbon sources [354].

Nitrogenase is highly O,-sensitive, and organisms have devised various strategies to
shield this crucial enzyme. Filamentous cyanobacteria, such as Anabaena and Nostoc, play a
similar role in aquatic and terrestrial environments. They possess specialised heterocysts,
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differentiated cells that create the low-oxygen conditions required for nitrogenase activ-
ity [355]. These cyanobacteria contribute significantly to nitrogen inputs in rice paddies,
wetlands, and marine ecosystems [354]. The role of nitrogen-fixing bacteria is crucial,
therefore, in sustainable agriculture [352,353].

Beyond nitrogen fixation, Mo functions as a cofactor in enzymes such as sulfite oxidase,
xanthine oxidase, and aldehyde oxidase. These enzymes facilitate key biochemical reactions,
including the oxidation of sulfite to sulfate, the degradation of xanthine to uric acid, and
the detoxification of aldehydes. Mo also influences the metabolism of sulfur-containing
amino acids and plays a regulatory role in protein synthesis, as well as in the metabolism
of trace elements, such as phosphorus and copper, underscoring its broader metabolic
significance [356,357].

Tungsten, though less common than molybdenum in biology, substitutes for Mo in cer-
tain enzymes, particularly in bacteria and archaea adapted to extreme environments [358].
This highlights the versatility of these metals, as tungstopterin-containing enzymes resem-
ble their Mo-dependent counterparts but function more effectively at high temperatures
or under strongly reducing conditions. Tungsten’s lower and more temperature-sensitive
redox potential compared to Mo, a consequence of relativistic effects, particularly in the
+4 = +5 and +5 = +6 transitions, is likely advantageous to organisms operating in fluctu-
ating thermal environments [40,182].

The ability of Mo and W to adopt high oxidation states (+4 and +6), which are generally
inaccessible to first-row d-block metals under normal environmental conditions, is likely
a key factor in their biological incorporation. Additionally, their capacity to coordinate a
wide range of ligands with S-, N-, and O-donors makes them particularly well suited for
catalytic roles [146]. Unlike many iron- and copper-based enzymes, which pose oxidative
risks due to the formation of reactive oxygen species (ROS) in side reactions, Mo- and
W-containing enzymes operate within tightly controlled redox environments with minimal
ROS generation.

Extensive experimental and (more recently) computational investigations have re-
vealed much about the chemistry of the Mo and W enzymes. But much remains to be
learned. The mechanisms, for example, of nitrogenase, formate dehydrogenase, and
formylmethanofuran dehydrogenase are by no means settled. The transient nature of the
intermediates makes direct experimental observations challenging. Perhaps time-resolved
cryo-electron microscopy [359] will, in the not-too-distant future, provide greater insights.

The structural similarities between Mo and W enzymes, such as the shared pyra-
nopterin cofactor, suggest a common evolutionary origin. However, their functional diver-
sity is testament to nature’s ability to adapt to specific metabolic needs and environmental
conditions. Their roles in nitrogen fixation, metabolic redox reactions, and survival in
extreme environments underscore the adaptability of life and the selective pressures that
have shaped metal utilisation in biological systems.
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