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Abstract 

The year of 2019 was declared by UNESCO as the "International Year of the Periodic Table of 

Chemical Elements", commemorating the 150th anniversary of its creation by the Russian scientist 

Dmitry Mendeleev. This communication celebrates two chemical elements, whose involvement in 

biological systems is poorly recognised and largely disregarded: molybdenum and tungsten. To bring 

to light the biological relevance, biotechnological potential and human health implications of these two 

metallic elements, this communication will present an overview on the molybdenum- and tungsten-

containing enzymes. First, the enzymes catalytic features will be described (section 2), followed by an 

outline of selected biotechnological applications, related to environmental -nitrogen and carbon 

footprints- and energy issues (section 3), and an account on human health implications, several of 

which related with cardiovascular diseases and metabolic syndromes, which are main concerns of our 

western society (section 4). 

 

 

Sumário 

O ano de 2019 foi declarado pela UNESCO como o "Ano Internacional da Tabela Periódica dos 

Elementos Químicos", celebrando os 150 anos da sua criação pelo cientista russo Dmitry Mendeleev. 

Esta comunicação celebra dois elementos químicos cujo envolvimento em sistemas biológicos é pouco 

conhecido e, por isso, pouco valorizado: molibdénio e tungsténio. De modo a reconhecer o potencial 

biotecnológico e as implicações para a saúde humana destes dois elementos metálicos, esta 

comunicação apresentará uma visão geral sobre os enzimas contendo molibdénio e tungsténio. 

Primeiramente, serão apresentadas as propriedades catalíticas dos enzimas (secção 2), seguidas da 

descrição de algumas aplicações biotecnológicas relacionadas com problemas ambientais -pegada de 

azoto e de carbono- e de energia (secção 3) e implicações para a saúde humana, muitas das quais 

relacionadas com problemas cardiovasculares e síndromes metabólicos (secção 4). 
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1. Introduction 

Molybdenum and tungsten are heavy metallic elements, with atomic numbers 42 and 74 (Figure 1). 

They are present in the Universe and in Earth crustal rocks and oceans in very small amounts  

(Table 1). Yet, regardless of the environmental scarcity, molybdenum is essential to most organisms 

[1-3] from archaea and bacteria to higher plants and mammals, being found in the active site of 

enzymes that catalyse oxidation-reduction reactions involving carbon, nitrogen and sulfur atoms of 

key metabolites [4-11]. Presently, more than 50 molybdenum-containing enzymes are known, the 

great majority of which are prokaryotic, with eukaryotes holding only a restricted number of 

molybdoenzymes (mammals, for example, have only four). Tungsten, probably because of its limited 

bioavailability (Table 1), is far less used, being present only in prokaryotic organisms, most of which 

are thermopilic anaerobes [4,12-15]. As molybdenum, tungsten is involved in oxidation-reduction 

reactions, several of which constitute key steps in the global biogeochemical cycles of carbon, 

nitrogen and sulfur. 

 

[Figure 1 near here] 

 

 

Table 1. Abundances of molybdenum, tungsten and some other elements with biological relevance 

in different environments [16]  

Abundance  (ppb by atoms) 
Location 

Mo W Fe H C N O 

Universe 0.1 0.003 20x103 930x106 500x103 90x103 800x103 

Crustal rocks 230 120 23x106 31x106 3.1x103 29x103 600x106 

Oceans 0.64 0.004 0.33 662x106 14.4x103 220 331x106 

Human body 7 --- 6.7x103 620x106 120x106 12x106 240x106 

 

 

In biological systems, molybdenum and tungsten are mainly found associated with pyranopterin 

molecules (Figure 2), moieties that act as a metal scaffold in the same way as the haem ring 

coordinates the iron in haem proteins [4,5,9-11,15]. Noteworthy, molybdenum can also be found in a 

heteronuclear molybdenum/iron centre, present only in the nitrogenase enzyme (Figure 2) [17-26]. 

Keeping on with the comparison with haem proteins, in which different modifications of the basic 

haem ring (haem b, c and several other) and of the substrate binding pocket are combined to achieve 

different metabolic purposes using a single metal (iron), also in molybdo- and tungstoenzymes, 

different active site structures have evolved to create diverse chemical reactivities using the same 

metal. These different active site architectures are the basis for the classification of these 

metalloenzymes into five large families (parallel to haem types), denominated after one benchmark 

enzyme (Figure 2) [5,10]: sulfite oxidase (SO), xanthine oxidase (XO), dimethylsulfoxide reductase 

(DMSOR), nitrogenase (these four containing molybdenum) and tungstoenzymes families. 
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[Figure 2 near here] 

 

 

 

2. Molybdenum and Tungsten-Containing Enzymes Families 

2.1. Sulfite Oxidase Family 

The SO family enzymes are characterised by having an active site that holds a molybdenum ion 

coordinated, in a distorted square-pyramidal geometry, by an apical oxo group (Mo=O) and, in the 

equatorial plane, by the two sulfur atoms of the cis-dithiolene group (–S–C=C–S–) of one 

pyranopterin cofactor molecule, one oxo group (Mo=O) and one cysteine sulfur atom (Mo-S(Cys)) 

(Figure 2) [9-11,27,28]. This family comprises the prototype vertebrate liver SO (eq. 1) [29-33], 

diverse prokaryotic sulfite dehydrogenases [34-39], the eukaryotic assimilatory nitrate reductase 

(NaR; an enzyme involved in nitrate assimilation in plants, algae and fungi; eq. 2) [40-49], among 

several other enzymes [50-62].  

 

vertebrate sulfite oxidase (sulfite oxidation to sulfate): 

 SO2
20  +  H2O  +  2 cytochrome c (Fe3+)   →   OSO2

20  +  2 cytochrome c (Fe2+) +  2H+ (1) 

 

plant nitrate reductase (nitrate reduction to nitrite): 

 ONO2
0  +  NAD(P)H  +  H+   →   NO2

0  +  H2O.. +  NAD(P)
+  (2) 

 

The enzymes from this family typically catalyse oxo-transfer reactions, both the insertion and the 

abstraction of an oxygen atom, as is clearly exemplified by the SO-catalysed sulfite oxidation to 

sulfate (eq. 1) and by the NaR-catalysed nitrate reduction to nitrite (eq. 2), respectively. During the 

oxygen atom insertion catalysis -as exemplified by the SO catalysis [30,52,59,63-72]- is the oxidised 

Mo6+=Oequatorial centre that acts as the direct oxygen donor and oxidant (Figure 3-a). Conversely, 

during the oxygen atom abstraction catalysis -NaR catalysis [43,45,46,73-77]- is the reduced  

Mo4+ centre, whose equatorial oxo group was eliminated in the form of a water molecule, that acts as 

the direct oxygen acceptor and reducer (Figure 3-b). In both cases, the ultimate oxygen atom donor 

or acceptor is a water molecule (follow the red oxygen atoms in eq. 1 and 2 and in Figure 3-a,b) and 

the molybdenum ion is re-oxidised or re-reduced (respectively) via electron transfer from the 

physiological partner. 

 

[Figure 3 near here] 
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2.2. Xanthine Oxidase Family 

The XO family enzymes hold a molybdenum-containing active site that is closely related with the one 

of the SO family, but with the distinctive feature of not having the molybdenum directly coordinated to 

the protein (Figure 2) [9-11,78]. These enzymes, instead, harbour one equatorial, catalytically  

labile, -OH group plus one terminal sulfo (Mo=S) or seleno (Mo=Se) group. This family comprises the 

prototype mammalian XO (eq. 3) [47,78-94], mammalian aldehyde oxidase (AO) (eq. 4) [94-117], 

bacterial aldehyde oxidoreductase (eq. 5) [118-124] or hydroxybenzoyl-CoA reductase (eq. 6) [125-

128].  

 

mammalian xanthine oxidase (xanthine hydroxylation to urate): 
 

                     +  H2O  +  O2   →                         (H+)  +  nO2
•0  +  mH2O2 (3) 

 

 

mammalian aldehyde oxidase (aldehyde hydroxylation to carboxylate): 
 

                        +  H2O  +  O2   →                 (H+)  + +  nO2
•0  +  mH2O2    (4) 

 

bacterial aldehyde oxidoreductase (aldehyde hydroxylation to carboxylate): 
 

             +  H2O  +  Flavodoxinreduced   →                 (H+)  +  Flavodoxinoxidised   (5) 

 

bacterial hydroxybenzoyl-CoA reductase (hydroxybenzoyl-CoA dehydroxylation to benzoyl-CoA): 
 

 

             +  physiol. partnerreduced   →            +  H2O  +  physiol. partneroxidised  (6) 

 

 

The enzymes from this family typically catalyse the hydroxylation of a C-H bond in aromatic 

heterocyclic compounds (eq. 3) and aldehydes (eq. 4, 5), as well as, the reverse reaction of 

dehydroxylation (eq. 6). During the hydroxylation catalysis -as exemplified by the XO catalysis  

[47,79,80,82,83,86,88,91,129-136]- the terminal sulfo (or seleno) group of the oxidised molybdenum 

centre, Mo6+=Sequatorial (or Mo
6+=Seequatorial) is key to activate the C-H bond to be cleaved, acting as a 

hydride acceptor, while the equatorial labile oxygen acts as the direct oxygen donor (Figure 3-c).  

In the reverse dehydroxylation reaction (eq. 6), it is the reduced Mo4+-SHequatorial that acts as the direct 

hydride donor [127,128]. As described for the SO family, water is the ultimate source of the oxygen 

atom incorporated into the hydroxylated product (follow the red oxygen atoms in eq. 3 to 6 and in 

Figure 3-c) and the molybdenum ion is re-oxidised via electron transfer from the physiological partner. 

 

R C

O

O
–
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2.3. Dimethylsulfoxide Reductase Family 

The DMSOR family enzymes are characterised by having an active site that holds a molybdenum ion 

coordinated by four sulfur atoms of two pyranopterin cofactor molecules; the molybdenum 

coordination sphere is completed by oxygen and/or sulfur and/or selenium atoms in a diversity of 

combinations, in a trigonal prismatic geometry (Figure 2) [9-11,137]. Most often, the molybdenum ion 

is directly coordinated to the polypeptide chain, as the SO family enzymes. Yet, the DMSOR family 

enzymes display a remarkable diversity of coordinating residue side chains, including not only 

cysteine, but also selenocysteine, aspartate and serine residues. In addition, and similar to the 

enzymes of the XO and SO families, the active site of these enzymes can also have terminal sulfo and 

oxo groups. This family is the most diverse one of the molybdoenzymes, comprising only prokaryotic 

enzymes, such as the prototype DMSOR (eq. 7) [137-147], three different types of NaR enzymes 

(dissimilatory membrane-bound enzymes, dissimilatory periplasmatic enzymes and assimilatory 

cytoplasmatic enzymes) [148-160], arsenite oxidase (eq. 8) [161-164], formate dehydrogenases 

(FDH; eq. 9)) [165-192], polysulfide reductase (eq. 10) [193-197] and many other diverse enzymes 

[137,182,198-201].  

 

bacterial dimethylsulfoxide reductase (dimethylsulfoxide reduction to dimethylsulfide): 

 

   +  physiol. partnerreduced    →                +  H2O  +  physiol. partneroxidised  (7) 

 

 

bacterial arsenite oxidase (arsenite oxidation to arsenate): 

 AsO3
30  +  H2O  +  physiol. partneroxidised   →   OAsO3

30  +  physiol. partnerreduced (8) 

 

bacterial formate dehydrogenase (reversible formate oxidation to carbon dioxide): 

 HCOO0    CO2 +  H
0  (9) 

 

bacterial polysulfide reductase (polysulfide reduction to sulfide): 

 (Sn)
20  + physiol. partnerreduced   →   (2H+) S20  +  (Sn-1)

20  +  physiol. partneroxidised  (10) 

 

The enzymes from this family catalyse remarkably different reactions, including oxygen atom transfer, 

hydrogen atom transfer and sulfur atom transfer, as can be exemplified by the DMSOR-catalysed 

dimethylsulfoxide reduction to dimethylsulfide (eq. 7) or the NaR-catalysed nitrate reduction to nitrite 

and the arsenite oxidase (eq. 8) (for oxygen transfer), the FDH-catalysed reversible formate oxidation 

to carbon dioxide (eq. 9) (for hydrogen transfer) and the polysulfide reductase-catalysed polysulfide 

reduction to sulfide (eq. 10) (for sulfur transfer). This extraordinary diverse chemical reactivity is,  

as can be anticipated, matched by the diverse active site architecture displayed by these enzymes. 

Hence, both arsenite oxidase and DMSOR reductase, enzymes that catalyse oxygen atom insertion 
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(eq. 8) and abstraction (eq. 7), respectively, hold one terminal oxo group. During arsenite  

oxidase-catalysed oxygen insertion, it is the labile oxo group of the oxidised centre, Mo6+=O, that acts 

as the direct oxygen donor [161-164] -similarly to the SO catalysis (Figure 3-a). Conversely,  

during DMSOR-catalysed oxygen abstraction, it is the reduced Mo4+ centre, whose catalytically labile 

oxo group was eliminated in the form of a water molecule, that acts as the direct oxygen acceptor 

[202-205] -in parallel to the NaR catalysis (Figure 3-b). As in SO and XO family enzymes, the ultimate 

oxygen atom donor or acceptor in these two DMSOR family enzymes is a water molecule and the 

molybdenum ion is re-oxidised or re-reduced (respectively) via electron transfer from the physiological 

partner. The mechanistic strategy proposed for the sulfur atom abstraction catalysed by the 

polysulfide reductase, an enzyme holding also a terminal oxo group, is comparable to the DMSOR one, 

with the reduced Mo4+ centre, whose catalytically labile oxo group was eliminated in the form of a 

water molecule, acting as the sulfur atom acceptor [193,194,197]. In contrast, FDH, that catalyses the 

reversible hydrogen atom transfer (eq. 9), holds one terminal sulfo group. During catalysis,  

it is the terminal sulfo group of the FDH oxidised molybdenum centre, Mo6+=S, that acts as hydride 

acceptor, while the reduced centre, Mo4+-SH, acts as hydride donor (Figures 3-d and 3-e)  

[185-192] -comparable to the XO family enzymes catalysis (Figure 3-c). 

 

 

 

2.4. Tungstoenzymes Family 

The active site of this enzymes family is similar to the one of the DMSOR family of molybdoenzymes.  

The tungstoenzymes harbour one tungsten ion, in the place of the molybdenum, coordinated by four 

sulfur atoms of two pyranopterin cofactor molecules, plus oxygen and/or sulfur and/or selenium 

atoms, in a diversity of arrangements, in a trigonal prismatic geometry or in a distorted octahedral 

coordination geometry (Figure 2) [4,10,206]. This family comprises prokaryotic enzymes of diverse 

functions, including benzoyl-CoA reductase (eq. 11) [207-211], aldehyde oxidoreductase  

(enzyme homologous to the one from the XO family (eq. 5)) [212-216], FDH (enzyme homologous to 

the one from the DMSOR family (eq. 9)) [14,217-233], among several other enzymes. Matching the 

active site structural similarity with the DMSOR family enzymes, the reaction mechanism of 

tungstoenzymes is, in general, believed to be similar to the ones of DMSOR family enzymes 

[207,210,234-239]. 

 

bacterial benzoyl-CoA reductase (benzoyl-CoA reduction to cyclohexa-1,5-diene-1-carboxyl-CoA) 
 

 

    +  physiol. partnerreduced   →                   +  physiol. partnerreduced  (11) 
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2.5. Nitrogenase Family 

This family only comprises the molybdenum/iron-dependent nitrogenase. (It should be noted that, 

besides the molybdenum/iron-dependent enzyme, there are also other similar nitrogenases that 

depend on vanadium/iron and only on iron; those enzymes, however, exhibit lower catalytic 

efficiencies and products stoichiometry [240-257]. The molybdenum-independent nitrogenases will 

not be herein discussed and the term "nitrogenase" will be used to refer only to the 

molybdenum/iron-dependent enzyme.) 

The nitrogenase active site holds a complex, high-nuclearity centre, comprising one molybdenum and 

seven iron ions (Figure 2) [10,17-26,258-269]. This unique centre, present only in the nitrogenase, 

can be viewed as two cubes, with a common corner made of a carbide ion (C40) ([Fe4S3Ccommon] and 

[MoFe3S3Ccommon]) and bridged by three additional sulfur ions; besides the three sulfur ions from the 

"cube", the molybdenum ion is further coordinated by one homocitrate ion (Figure 2). 

The nitrogenase enzymes are known for long, with the first mention to the biological dinitrogen 

fixation occurring in the middle of the nineteenth century [270]. These bacterial enzymes catalyse the 

remarkable reaction of dinitrogen reduction (fixation) to ammonium, with the cleavage of the 

exceptionally stable N≡N triple bond (eq. 12), a key step in the global biogeochemical cycle of 

nitrogen (Figure 4).  

 

bacterial nitrogenase (dinitrogen reduction to ammonium): 

 N≡N  +  8H+  +  8e-  +  16MgATP   →   2NH3  +  H2  +  16MgADP  +  16Pi  (12) 

 

Unravelling the mechanism by which the triple bond of dinitrogen is cleaved by nitrogenase has been 

a highly challenging task. While the structure of the nitrogenase proteins and of their metal centres is 

presently well known, there are still many uncertainties regarding the reaction mechanism. The most 

recent mechanistic proposals suggest that the activation and reduction of dinitrogen depends on the 

prior reductive elimination of iron-based hydrides, in the form of dihydrogen [256,271-275].  

This proposal is based on the fact that the formation of dihydrogen is obligatory for the dinitrogen 

reduction to occur (eq. 12) and this mechanistic strategy would allow the enzyme to store the 

necessary high reducing power to cleave the dinitrogen bond. The molybdenum ion, suggested to be 

present in an unprecedented 3+ oxidation state (Mo3+) [276,277], is thought to be essential to tune 

the centre electronic structure to modulate its reduction potential and/or to facilitate the substrate 

binding or protonation [278-280]. 
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3. Biotechnological Applications and Human Health Implications 

3.1. Carbon Footprint and Atmospheric Carbon Dioxide Utilization - Formate 

dehydrogenases  

The global energy demand and the present high dependence on fossil fuels have caused the increase 

in the atmospheric carbon dioxide concentration for the highest values since records began [281]. 

Due to its significant green-house effect, carbon dioxide rise is responsible for large and unpredictable 

impacts on the world climate, besides being responsible for ocean warming and acidification (its major 

sink) [282,283]. While some authors defend that these alterations are no longer reversible, the carbon 

dioxide emissions must be greatly decelerate. Future energy sources should be carbon-neutral and 

based on solar, wind and geothermal energy and new methods to store, transport and use "on 

demand" the energy from these sources must be developed.  

One solution to control the actual "carbon dioxide crisis" (alongside all other efforts to reduce 

emissions) would be the use of a renewable, low (or zero) carbon-dependent energy, to scavenge the 

atmospheric carbon dioxide and convert it back into fuels [284]. Certainly, the carbon dioxide 

abundance makes it an attractive source for the production of fuels and other synthetic added-value 

chemicals and there is a huge interest in the development of strategies to efficiently scavenge and 

activate the atmospheric carbon dioxide [281,285-288]. One of the major challenges is the 

thermodynamic and kinetic stability of the carbon dioxide molecule that makes its laboratory/industrial 

activation a very difficult task. Living organisms, on the contrary, has found several different 

strategies to activate and use carbon dioxide [289-292], applying different chemical approaches, with 

specific enzymes, to cleave the C-O bond (reduction to carbon monoxide) and form C-C (e.g., addition 

to ribulose 1,5-bisphosphate) and C-H bonds (reduction to formate) [288-294].  

Understanding the chemical strategies already tested and proved by Nature would certainly contribute 

to the development of new efficient biocatalysts for the atmospheric carbon dioxide utilization 

[281,288,295-301]. In this respect, the utilization of molybdenum- and tungsten-containing FDH 

enzymes (eq. 9; sections 2.3. and 2.4.) is most promising. FDH confers to the future biocatalyst 

specificity, selectivity and efficiency: only carbon dioxide is consumed, only one product, formate, is 

formed (no need for further purification procedures) and the reaction proceeds at actually mild 

conditions of temperature, pressure and pH (ambient temperature and pressure and neutral pH).  

The carbon dioxide reaction product, formate, is an interesting compound for several reasons: it is the 

first (and stable) intermediate in the reduction of carbon dioxide to methanol or methane; it is used as 

a chemical building block in industry; it is a viable energy source, easier to store and transport than 

dihydrogen (formate and dihydrogen are oxidised at similar potentials) and fuel cells that use formate 

are already being developed. All these positive outcomes make worthwhile the actual investigation 

aiming to develop more efficient (bio)catalysts to convert carbon dioxide into formate using FDH 

enzymes.  
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3.2. Environment and Food: A World Wide Problem 

3.2.1. Nitrate Bioremediation - Nitrate Reductases 

The exponential rise of the human population and the consequent demand of food have lead to a 

global increase in intensive agricultural practices, with the use of massive amounts of nitrogen-based 

fertilisers [302]. The overload of soils with nitrate and ammonium contaminates not only the land, but 

also the fresh surface and ground waters and marine waters, causing a cascade of environmental and 

human health problems. The highly soluble nitrate, e.g., can pollute the aquifers that supply drinking 

water and contaminate fish and shellfish cultures; together with phosphorous-containing fertilisers, 

can lead to the eutrophication of aquatic ecosystems, with its concomitant destruction [303,304]. 

Moreover, the long-range transport of these highly soluble nitrogen-based fertilisers expands the 

environmental and human health problems far from the original local borders.  

One solution to mitigate the actual nitrate contamination would be the introduction of key removal 

steps in waste water treatment plants. Regarding the nitrate removal, the utilisation of molybdenum-

dependent NaR enzymes (eq. 2), with their inherent specificity, selectivity and efficiency, would be 

ideal. The subsequent reduction of nitrite, that is toxic as nitrate, would be achieved by other specific 

enzymes.  

 

 

3.2.2. Nitrogen Fixation - Nitrogenase 

As highlighted above, the ever growing demand of food have lead to a global increase in intensive 

agricultural practices, with the use of massive amounts of nitrogen-based fertilisers. In our modern 

society, the factor that most frequently limits agricultural production is the nitrogen availability and 

nearly half of the existing human population could not be fed without the use of industrially produced 

nitrogen fertilisers [305].  

The ammonium production is achieved by the well known Haber-Bosch process, a heterogeneous 

catalytic process that operates at high temperatures and pressures to reduce dinitrogen to ammonium 

[306-308]. This industrial process, with its harsh conditions, is neither energetically efficient nor 

environmentally responsible. Understanding the biological dinitrogen reduction to ammonium  

(Figure 4, eq. 12, section 2.5) [48,309-312] could, thus, help us in the development of improved, 

"greener", environmentally friend, synthetic catalysts or of genetically modified organisms with the 

capacity to fix their own nitrogen. Undoubtedly, the dinitrogen abundance in the atmosphere  

(where it accounts for 78.1% of the entire volume) makes it an attractive source for the production of 

ammonium. In fact, prior to the invention of the Haber–Bosch process, the organisms that fixate 

dinitrogen (some free-living archea and bacteria, e.g., Azotobacter, and symbiotic bacteria,  

e.g., Rhizobium) were responsible for 95% of fixed bioavailable nitrogen [17,267,268,313-322].  

The nitrogenase enzymes are known for long, with the first mention to the biological dinitrogen 

fixation occurring in the middle of the nineteenth century [270]. Presently, due to the increasing 

awareness of the environmental issues behind the need to "feed the world", there is an intense 

research around nitrogenases and new developments are foreseen -and much needed- for the near 
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future. 

 

[Figure 4 near here] 

 

 

4. Human Health Implications 

Molybdenum plays several key roles in humans, even though we only hold four molybdenum-

containing enzymes, XO, AO (XO family), SO and the newly identified mitochondrial amidoxime 

reducing component (mARC) (SO family).  

One striking molybdenum role occurs in the purine metabolism, whose dependence on molybdenum is 

common to almost all forms of life, with only a very small number of organisms use other mechanisms 

to oxidise xanthine, e.g., some yeasts [1-3,323-326]). In humans, XO is involved in the sequential 

hydroxylation of hypoxanthine and xanthine into urate (section 2.2.) and due to this activity,  

XO is one of the targets for therapy of hyperuricaemia and gout [327,328]. In humans, urate is the  

end-product of purine catabolism (in some other animals, urate is further oxidised to allantoin,  

by uricase [329-331]) and a high blood urate concentration is a risk factor for gout [332], kidney 

diseases [333], endothelial dysfunction [334-337] and other diseases related to metabolic syndromes 

[338]. To control the urate concentration, clinicians use XO inhibitors (and/or drugs to increase urate 

secretion) [339]. The efficacy of XO inhibition as a strategy for prevention of gout attack is well 

established and the XO inhibitor allopurinol (an isomer of hypoxanthine) has been used to treat gout 

for more than 40 years. 

The human AO is key to handle aldehydes/carboxylates and heterocyclic compounds and has been 

suggested to participate in the metabolism of neurotransmitters and in the formation of retinoic acid, 

a metabolite of retinol (vitamin A) that is involved in growth and development [96-99,106,108-

110,114].  

Furthermore, due to the XO and AO ability to generate reactive oxygen species (ROS) under normoxia 

(eq. 3 and 4), these enzymes have been implicated in signalling pathways and, most significantly,  

in some ROS-mediated diseases, when their ROS production becomes imbalanced; these include the 

well known ischaemia-reperfusion injury [340-345] and other cardiovascular and related diseases 

[84,87,112,113,116,117, 346-363], which are major health concerns of our western society.  

The recently identified ability to generate signalling nitric oxide under hypoxia, from nitrite (eq. 13), 

establishes further links between the XO and AO and human diseases, such as hypertension, 

endothelial dysfunction and other conditions associated with a reduced nitric oxide bioactivity 

[92,94,364-375]. 

 

 NO2
0  + physiol. partnerreduced   →   2 •NO  +  physiol. partneroxidised  (13) 

 

In addition, both XO and AO, together with mARC, are key players in the metabolism of xenobiotic 
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compounds. Besides the mentioned "classic" substrates (above and section 2.2), XO and AO catalyse 

the oxidation (mostly hydroxylation) of a wide variety of carbon centres of heterocyclic aromatic 

compounds, namely substituted pyrimidines, purines, pteridines, and related compounds, and of 

compounds containing aldehyde groups; XO and AO have also a broad range of reducing substrates, 

being able to catalyze the reduction of several S-oxides, N-oxides and other unrelated compounds 

[84,87,91,96-99,100,102,104,106-111,114,113,117,351,376-386]. The mARC enzyme, in its turn, is 

also able to catalyse the reduction of a wide variety of N-hydroxylated compounds [375,387-404]. 

This unusual substrate promiscuity makes these three enzymes relevant players in the metabolism of 

xenobiotic compounds, in parallel with the well known cytochrome P450-containing isoenzymes system 

[405-410]. Some examples of their toxicological and pharmacological importance can be found in the 

deleterious activation of azo dyes (used as colorants in food and cosmetics [411,412]), the beneficial 

activation of anti-neoplasic [413,414] and anti-hypertensive drugs [415] or the redundant drug 

deactivation [99,116,416-422]. The XO, AO and mARC promiscuity has, in fact, been a serious 

problem for drug development, since many drugs designed to resist other liver metabolising enzymes 

(namely the cytochrome P450-containing isoenzymes system) are often oxidised/reduced by one of 

these enzymes. The resulting reduced active drug bioavailability (consequence of the drug 

metabolism/inactivation by these enzymes) and consequent decreased/abolished therapeutic efficacy 

is, actually, causing many clinical trials to fail.  

The high impact of molybdoenzymes in human metabolism and in a wide range of human pathological 

conditions is clearly evident from the above discussion on the XO, AO and mARC roles. Yet, the most 

striking role of molybdenum in humans is certainly provided by SO, whose deficiency is an actual life 

threat [423-430]. Sulfite (derived not only from the catabolism of sulfur-containing amino acids, but 

also from sulfur-containing xenobiotic compounds) is toxic and its controlled oxidation to sulfate, by 

SO (eq. 1), is critical for survival. Confirming this vital role are the severe neonatal neurological 

problems, including attenuated brain growth, mental retardation, seizures and early death, caused by 

human SO deficiency. The SO deficiency, when caused by the inability to synthesise the pyranopterin 

cofactor that holds the molybdenum ion (Figure 2; and not by protein mutation (e.g. [431])),  

can be treated with the continuous administration of the cofactor produced synthetically [429,430]. 

 

 

 

5. Concluding Remarks 

In living organisms, molybdenum and tungsten are found in the active site of enzymes that catalyse 

redox reactions. Some of these reactions constitute key steps of the global biogeochemical cycles of 

nitrogen, carbon and sulfur. The molybdenum participation in the nitrogen cycle is of particular 

relevance: nitrogen fixation and photosynthesis are two of the most important processes for Life on 

Earth and the dinitrogen reduction is highly dependent on molybdenum. Remarkably, molybdenum 

has also a high impact in human metabolism, being involved in a wide range of human pathological 
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conditions. Moreover, the utilisation of molybdenum- and tungsten-containing enzymes is highly 

promising for solving some of the present humankind's problems in the fields of environment, 

agriculture and energy. 

 

 

 

Acknowledgement 

This work was supported by the Associate Laboratory for Green Chemistry- LAQV, which is financed 

by national funds from Fundacão para a Ciência e a Tecnologia, MCTES (FCT/MCTES; 

UID/QUI/50006/2019). LBM thanks to FCT/MCTES, for the CEEC-Individual 2017 Program Contract. 

 

 

 

References  

(1) Zhang, Y., Gladyshev, V.N., J. Mol. Biol. 2008, 379, 881. 

(2) Zhang, Y., Rump, S., Gladyshev, V. N., Coord. Chem. Rev. 2011, 255, 1206. 

(3) Gladyshev, V.N., Zhang, Y., Abundance, Ubiquity and Evolution of Molybdoenzymes. In Molybdenum and Tungsten 

Enzymes, Hille, R., Schulzke, C. and Kirk, M.L. Eds, Royal Society of Chemistry: Cambridge, 2017, Chapter 2, 81-99.  

(4) Johnson, M.K., Rees, D.C., Adams, M.W.W., Chem. Rev. 1996, 96, 2817. 

(5) Hille, R., Chem. Rev. 1996, 96, 2757. 

(6) Hille, R., Trends Biochem. Sci. 2002, 27, 360. 

(7) Hille, R., Mendel, R., Coord. Chem. Rev. 2011, 255, 991. 

(8) Hille, R., Dalton Trans. 2013, 42, 3029. 

(9) Hille, R., Hall, J., Basu, P., Chem. Rev. 2014, 114, 3963. 

(10) Maia, L., Moura, I., Moura, J.J.G., Molybdenum and Tungsten-Containing Enzymes: An Overview. In Molybdenum and 

Tungsten Enzymes, Hille, R., Schulzke, C. and Kirk, M.L. Eds, Royal Society of Chemistry: Cambridge, 2017, Chapter 

1, 1-80. 

(11) Maia, L., Moura, J.J.G., Reference Module in Chemistry, Molecular Sciences and Chemical Engineering, Elsevier, 2018, 1-

19. 

(12) Kletzin, A., Adams, M.W., FEMS Microbiol. Rev. 1996, 18, 5. 

(13) Anbar, A.D., Science 2008, 322, 1481. 

(14) Andreesen, J.R., Makdessi. M., Ann. N. Y. Acad. Sci., 2008, 1125, 215. 

(15) Hagen, W.R., Tungsten-Containing Enzymes. In Molybdenum and Tungsten Enzymes, Hille, R., Schulzke, C. and Kirk, M.L. 

Eds, Royal Society of Chemistry: Cambridge, 2017, Chapter 10, 313-342.  

(16) Source: http://www.webelements.com. 

(17) Wiig, J. A., Hu, Y., Lee, C. C., Ribbe, M. W., Science 2012, 337, 1672. 

(18) Hoffman, B. M., Lukoyanov, D., Dean, D. R., Seefeldt, L. C., Acc. Chem. Res. 2013, 46, 587. 

(19) Bjornsson, R., Lima, F.A., Spatzal, T., Weyhermueller, T., Glatzel, P., Einsle, O., Neese, F., DeBeer, S., Chem. Sci. 2014, 5, 

3096. 

(20) Spatzal, T., Perez, K.A., Einsle, O., Howard, J.B., Rees, D.C., Science 2014, 345, 1620. 

(21) Bjornsson, R., Neese, F., Schrock, R.R., Einsle, O., DeBeer, S., J. Biol. Inorg. Chem. 2015, 447. 

(22) Hu, Y., Ribbe, M.W., J. Biol. Inorg. Chem. 2015, 435. 

(23) Hu, Y., Ribbe, M.W., Angew Chem. Int. Ed. Engl. 2016, 55, 8216. 

(24) Sickerman, N.S., Rettberg, L.A., Lee, C.C., Hu, Y., Ribbe, M.W., Essays Biochem. 2017, 61, 271.  



 14 

(25) Seefeldt, L.C., Dean, D.R., Hoffman, B.M., Nitrogenase Mechanism. In Molybdenum and Tungsten Enzymes, Hille, R., 

Schulzke, C. and Kirk, M.L. Eds, Royal Society of Chemistry: Cambridge, 2017, Chapter 8, 274-296. 

(26) Seefeldt, L.C., Peters, J.W., Beratan, D.N., Bothner, B., Minteer, S.D., Raugei, S., Hoffman, B.M., Curr. Opin. Chem. Biol. 

2018, 47, 54. 

(27) Kuypers, M.M.M., Marchant, H.K., Kartal, B., Nat. Rev. Microbiol. 2018, 16, 263. 

(28) Kappler, U., Schwarz, G., The sulfite Oxidase Family of Molybdenum Enzymes. In Molybdenum and Tungsten Enzymes, 

Hille, R., Schulzke, C. and Kirk, M.L. Eds, Royal Society of Chemistry: Cambridge, 2017, Chapter 7, 240-273. 

(29) Griffith, O.W., Methods Enzymol. 1987, 143, 366. 

(30) Kisker, C., Schindelin, H., Pacheco, A., Wehbi, W. A., Garrett, R. M., Rajagopalan, K. V., Enemark, J. H., Rees, D. C., Cell 

1997, 91, 973. 

(31) Pacheco, A., Hazzard, J.T., Tollin, G., Enemark, J.H., J. Biol. Inorg. Chem. 1999, 4, 390. 

(32) Feng, C.J., Kedia, R.V., Hazzard, J.T., Hurley, J.K., Tollin, G., Enemark, J.H., Biochemistry 2002, 41, 5816. 

(33) Johnson-Winters, K., Nordstrom, A.R., Emesh, S., Astashkin, A.V., Rajapakshe, A., Berry, R.E., Tollin, G., Enemark, J.H., 

Biochemistry 2010, 49, 1290. 

(34) Myers, J.D., Kelly, D.J., Microbiology 2005, 151, 233. 

(35) Kappler, U., Bailey, S., J. Biol. Chem. 2005, 280, 24999. 

(36) D’Errico, G., Di Salle, A., La Cara, F., Rossi, M., Cannio, R., J. Bacteriol. 2006, 188, 694. 

(37) Denger, K., Weinitschke, S., Smits, T.H.M., Schleheck, D., Cook, A.M., Microbiology 2008, 154, 256. 

(38) Utesch, T., Mroginski, M.A., J. Phys. Chem. Lett. 2010, 1, 2159. 

(39) Kappler, U., Biochim. Biophys. Acta 2011, 1807, 1. 

(40) Lu, G. G., Campbell, W. H., Schneider, G., Lindqvist, Y., Structure 1994, 2, 809. 

(41) Crawford, N. M., Plant Cell 1995, 7, 859. 

(42) Huber, S. C., Bachmann, M., Huber, J. L., Trends Plant Sci. 1996, 1, 432. 

(43) Campbell, E. H., Annu. Rev. Plant Mol. Biol. 1999, 50, 277. 

(44) Stitt, M., Curr. Opin. Plant Biol. 1999, 2, 178. 

(45) Fischer, K., Barbier, G. G., Hecht, H. J., Mendel, R. R., Campbell, W. H., Schwarz, G., Plant Cell 2005, 17, 1167. 

(46) Solomonson, L. P., Barber, M. J., Annu. Rev. Plant Mol. Biol. 1990, 41, 225. 

(47) Hille, R., Nishino, T., Bittner, F., Coord. Chem. Rev. 2011, 255, 1179. 

(48) Maia, L.B., Moura, J.J.G., Chem. Rev. 2014, 114, 5273. 

(49) Moura, I., Maia, L., Pauleta, S. R., Moura, J.J.G., A Bird’s-Eye View of Denitrification in Relation to the Nitrogen Cycle. In 

Metalloenzymes in Denitrification: Applications and Environmental Impacts, Moura, I., Moura, J.J.G., Pauleta, S.R. and 

Maia, L., The Royal Society of Chemistry: Camb, 2017, Chapter 17, pp 1-10. 

(50) Loschi, L., Brokx, S.J., Hills, T.L., Zhang, G., Bertero, M.G., Lovering, A.L., Weiner, J.H., Strynadka, N.C.J., J. Biol. Chem. 

2004, 279, 50391. 

(51) Havemeyer, A., Bittner, F., Wollers, S., Mendel, R., Kunze, T., Clement, B., J. Biol. Chem. 2006, 281, 34796. 

(52) Feng, C., Tollin, G., Enemark, J.H., Biochim. Biophys. Acta 2007, 1774, 527.  

(53) Havemeyer, A., Grünewald, S., Wahl, B., Bittner, F., Mendel, R., Erdélyi, P., Fischer, J., Clement, B., Drug Metab. Dispos. 

2010, 38, 1917. 

(54) Havemeyer, A., Lang, J., Clement, B., Drug Metab. Rev. 2011, 43, 524. 

(55) Krompholz, N., Krischkowski, C., Reichmann, D., Garbe-Schönberg, D., Mendel, R. R., Bittner, F., Clement, B., Havemeyer, 

A., Chem. Res. Toxicol. 2012, 25, 2443. 

(56) Giles, L.J., Ruppelt, C., Yang, J., Mendel, R.R., Bittner, F., Kirk, M.L., Inorg. Chem. 2014, 53, 9460.  

(57) Jakobs, H.H., Danilo Froriep, D., Havemeyer, A., Mendel, R.R., Bittner, F., Clement, B., ChemMedChem 2014, 9, 2381. 

(58) Sparacino-Watkins, C.E., Tejero, J., Sun, B., Gauthier, M.C., Thomas, J., Ragireddy, V., Merchant, B.A., Wang, J., Azarov, 

I., Basu, P., Gladwin, M.T., J. Biol. Chem. 2014, 289, 10345. 

(59) Kappler, U., Enemark, J.H., J. Biol. Inorg. Chem. 2015, 20, 253. 

(60) Ott, G., Havemeyer, A., Clement, B., J. Biol. Inorg. Chem. 2015, 20, 265. 

(61) Tejada-Jimenez, M., Chamizo-Ampudia, A., Calatrava, V., Galvan, A., Fernandez, E., Llamas, A., Molecules 2018, 23-3287. 



 15 

(62) Kubitza, C., Bittner, F., Ginsel, C., Havemeyer, A., Clement, B., Scheidig, A.J., Proc. Natl. Acad. Sci. USA 2018, 115, 11958. 

(63) Hille, R., Biochim. Biophys. Acta 1994, 1184, 143.  

(64) Brody, M. S., Hille, R., Biochim. Biophys. Acta 1995, 1253, 133.  

(65) Pietsch, M. A., Hall, M. B., Inorg. Chem. 1996, 35, 1273. 

(66) McNaughton, R.L., Helton, M.E., Rubie, N., Kirk, M.L., Inorg. Chem. 2000, 39, 4386. 

(67) Thomson, L. M., Hall, M. B., J. Am. Chem. Soc. 2001, 123, 3995. 

(68) Peariso, K., McNaughton, R.L., Kirk, M.L., J. Am. Chem. Soc. 2002, 124, 9006. 

(69) Wilson, H.L., Rajagopalan, K.V., J. Biol. Chem. 2004, 279, 15105. 

(70) Kail, B. W., Perez, L. M., Zaric, S. D., Millar, A. J., Young, C. G., Hall, M. B., Basu, P., Chem. Eur. J. 2006, 12, 7501. 

(71) Peariso, K., Helton, M.E., Duesler, E.N., Shadle, S.E., Kirk, M.L., Inorg. Chem. 2007, 46, 1259. 

(72) Bailey, S., Rapson, T., Winters-Johnson, K., Astashkin, A.V., Enemark, J.H., Kappler, U., J. Biol. Chem. 2009, 284, 2053 

(73) Gutteridge, S., Bray, R. C., Notton, B. A., Fido, R. J., Hewitt, E. J., Biochem. J. 1983, 213, 137.  

(74) Cramer, S. P., Solomonson, L. P., Adams, M. W. W., Mortenson, L. E., J. Am. Chem. Soc. 1984, 106, 1467.  

(75) Solomonson, L. P., Barber, M. J., Howard, W. D., Johnson, J. L., Rajagopalan, K. V., J. Biol. Chem. 1984, 259, 849. 

(76) George, G. N., Mertens, J. A., Campbell, W. H., J. Am. Chem. Soc. 1999, 121, 9730. 

(77) Campbell, W. H., Cell. Mol. Life Sci. 2001, 58, 194. 

(78) Nishino, T., Okamoto, K., Leimkuhler, S., Enzymes of the Xanthino Oxidase Family. In Molybdenum and Tungsten 

Enzymes, Hille, R., Schulzke, C. and Kirk, M.L. Eds, Royal Society of Chemistry: Cambridge, 2017, Chapter 6, 192-239. 

(79) Hille, R., Nishino, T., FASEB J. 1995, 9, 995. 

(80) Enroth, C., Eger, B.T., Okamoto, K., Nishino, T., Nishino, T., Pai, E.F., Proc. Natl. Acad. Sci. USA 2000, 97, 10723. 

(81) Kuwabara, Y. Nishino, T., Okamoto, K., Matsumura, T., Eger, B.T., Pai, E.F., Nishino, T., Proc. Natl. Acad. Sci. USA 2003 

100, 8170. 

(82) Okamoto, K., Matsumoto, K., Hille, R., Eger, B.T., Pai, E.F., Nishino, T., Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 7931. 

(83) Hille, R., Arch. Biochem. Biophys. 2005, 433, 107. 

(84) Maia, L., Vala, A., Mira, L., Free Rad. Res. 2005, 39, 979. 

(85) Nishino, T., Okamoto, K., Kawaguchi, Y., Hori, H., Matsumura, T., Eger, B.T., Pai, E.F., Nishino, T., J. Biol. Chem. 2005, 

280, 24888. 

(86) Hille, R., Eur. J. Inorg. Chem. 2006, 1913. 

(87) Maia, L., Duarte, R.O., Ponces-Freire, A., Moura, J.J.G., Mira, L., J. Biol. Inorg. Chem. 2007, 12, 777.  

(88) Nishino, T., Okamoto, K., Eger, B. T., Pai, E. F., Nishino, T., FEBS J. 2008, 275, 3278. 

(89) Tsujii, A., Nishino, T., Nucleosides Nucleotides Nucleic Acids 2008, 27, 881. 

(90) Ishikita, H., Eger, B.T., Okamoto, K., Nishino, T., Pai, E.F., J. Am. Chem. Soc. 2012, 134, 999.  

(91) Okamoto, K., Kusano, T., Nishino, T., Curr. Pharm. Des. 2013, 19, 2606. 

(92) Maia, L., Pereira, V., Mira, L., Moura, J.J.G., Biochemistry 2015, 54, 685. 

(93) Nishino, T., Okamoto, K., Kawaguchi, Y., Matsumura, T., Eger, B.T., Pai, E.F., Nishino, T., FEBS J. 2015, 282, 3075. 

(94) Maia, L., Moura, J.J.G, Redox Biol. 2018, 19, 274.  

(95) Turner, N. A., Doyle, W. A., Ventom, A. M., Bray, R. C., Eur. J. Biochem., 1995, 232, 646. 

(96) Garattini, E., Fratelli, M., Terao, M., Cell Mol. Life Sci. 2008, 65, 1019. 

(97) Pryde, D.C., Dalvie, D., Hu, Q., Jones, P., Obach, R.S., Tran, T.D., J. Med. Chem. 2010, 53, 8441. 

(98) Swenson, T.L., Casida, J.E., Toxicol. Sci. 2013, 133, 22. 

(99) Garattini, E., Terao, M., Drug Metab. Rev. 2011, 43, 374. 

(100) Mahro, M., Coelho, C., Trincão, J., Rodrigues, D., Terao, M., Garattini, E., Saggu, M., Lendzian, F., Hildebrandt, P., 

Romão, M.J., Leimkühler, S., Drug Metab. Dispos. 2011, 39, 1939. 

(101) Coelho, C., Mahro, M., Trincão, J., Carvalho, A.T.P., Ramos, M.J., Terao, M., Garattini, E., Leimkühler, S., Romão, M.J., J. 

Biol. Chem. 2012, 287, 40690. 

(102) Garattini, E., Terao, M., Expert. Opin. Drug Metab. Toxicol. 2012, 8, 487. 

(103) Hartmann, T., Terao, M., Garattini, E., Teutloff, C., Alfaro, J.F., Jones, J.P., Leimkühler, S., Drug. Metab. Dispos. 2012, 

40, 856. 



 16 

(104) Garattini, E., Terao, M., Expert. Opin. Drug. Discov. 2013, 8, 641. 

(105) Kurosaki, M., Bolis, M., Fratelli, M., Barzago, M.M., Pattini, L., Perretta, G., Terao, M., Garattini, E., Cell. Mol. Life Sci. 

2013, 70, 1807. 

(106) Mu, P., Zheng, M., Xu, M., Zheng, Y., Tang, X., Wang, Y., Wu, K., Chen, Q., Wang, L., Deng, Y., Drug. Metab. Dispos. 

2014, 42, 511. 

(107) Cerqueira, N.M., Coelho, C., Brás, N.F., Fernandes, P.A., Garattini, E., Terao, M., Romão, M.J., Ramos, M.J.., J Biol Inorg 

Chem. 2015, 20, 209. 

(108) Coelho, C., Foti, A., Hartmann, T., Santos-Silva, T., Leimkühler, S., Romão, M.J.., Nat Chem Biol. 2015, 11, 779. 

(109) Terao, M., Barzago, M.M., Kurosaki, M., Fratelli, M., Bolis, M., Borsotti, A., Bigini, P., Micotti, E., Carli, M., Invernizzi, R.W., 

Bagnati, R., Passoni, A., Pastorelli, R., Brunelli, L., Toschi, I., Cesari, V., Sanoh, S., Garattini, E., Sci Rep. 2016, 

26,30343.  

(110) Terao, M., Romão, M.J., Leimkühler, S., Bolis, M., Fratelli, M., Coelho, C., Santos-Silva, T., Garattini E., Arch Toxicol. 

2016, 90, 753. 

(111) Paragas, E.M., Humphreys, S.C., Min, J., Joswig-Jones, C.A., Jones, J.P., Biochem. Pharmacol. 2017, 145, 210. 

(112) Foti, A., Dorendorf, F., Leimkühler, S., PLoS One. 2017, 12, e0182061. 

(113) Kücükgöze, G., Terao, M., Garattini, E., Leimkühler, S., Drug Metab. Dispos. 2017, 45, 947. 

(114) Romão, M.J., Coelho, C., Santos-Silva, T., Foti, A., Terao, M., Garattini, E., Leimkühler, S., Curr. Opin. Chem. Biol. 2017, 

37, 39. 

(115) Kücükgöze, G., Leimkühler, S., PLoS One 2018, 13, e0191819. 

(116) Mota, C., Coelho, C., Leimkühler, S., Garattini, E., Terao, M., Santos-Silva, T., Romão, M.J., Coord. Chem. Rev. 2018, 

368, 35. 

(117) Takaoka, N., Sanoh, S., Okuda, K., Kotake, Y., Sugahara, G., Yanagi, A., Ishida, Y., Tateno, C., Tayama, Y., Sugihara, K., 

Kitamura, S., Kurosaki, M., Terao, M., Garattini, E., Ohta, S., Biochem. Pharmacol. 2018, 154, 28. 

(118) Romão, M. J., Archer, M., Moura, I., Moura, J. J. G., LeGall, J., Engh, R., Schneider, M., Hof, P., Huber, R., Science 1995, 

270, 1170. 

(119) Huber, R., Hof, P., Duarte, R.O., Moura, J.J.G., Moura, I., Liu, M-Y., Legall, J., Hille, R., Archer, M., Romão, M.J., Proc. 

Natl. Acad. Sci. U.S.A. 1996, 93, 8846. 

(120) Rebelo, J., Macieira, S., Dias, J.M., Huber, R., Ascenso, C.S., Rusnak, F., Moura, J.J.G., Moura, I., Romão, M.J., J. Mol. 

Biol. 2000, 297, 135. 

(121) Rebelo, J.M., Dias, J.M., Huber, R., Moura, J.J.G., Romão, M.J., J. Biol. Inorg. Chem. 2001, 6, 791. 

(122) Krippahl, L., Palma, N., Moura, I., Moura, J.J.G., Eur. J. Inorg. Chem. 2006, 19, 3835. 

(123) Correia, H.D., Marangon, J., Brondino, C.D., Moura, J.J., Romão, M.J., González, P.J., Santos-Silva, T., J. Biol. Inorg. 

Chem. 2015, 20, 219. 

(124) Correia, M.A., Otrelo-Cardoso, A.R., Schwuchow, V., Sigfridsson, K.G., Haumann, M., Romão, M.J., Leimkühler, S., 

Santos-Silva, T., ACS Chem. Biol. 2016, 11, 2923. 

(125) Gibson, J., Dispensa, M., Harwood, C. S., J. Bacteriol. 1997, 179, 634. 

(126) Unciuleac, M., Warkentin, E., Page, C. C., Boll, M., Ermler, U., Structure 2004, 12, 2249. 

(127) Boll, M., Biochim. Biophys. Acta 2005, 1707, 34. 

(128) Johannes, J., Unciuleac, M., Friedrich, T., Warkentin, E., Ermler, U., Boll, M., Biochemistry 2008 47, 4964. 

(129) Murray, K. N., Watson, J. G., Chaykin, S., J. Biol. Chem. 1966, 241, 4798. 

(130) Hille, R., Sprecher, H., J. Biol. Chem. 1987, 262, 10914.  

(131) Pauff, J.M., Zhang, J., Bell, C.E., Hille, R., J. Biol. Chem. 2008, 283, 4818. 

(132) Cao, H., Hall, J., Hille, R., Biochemistry 2014, 53, 533. 

(133) Majumdar, A., Dalton Trans. 2014, 43, 8990. 

(134) Basu, P., Burgmayer, S.J.N., J. Biol. Inorg. Chem. 2015, 20, 373. 

(135) Hasenaka, Y., Okamura, T., Onitsuka, K., Dalton Trans. 2015, 44, 6260. 

(136) Stein, B.W., Kirk, M.L., J. Biol. Inorg. Chem. 2015, 20, 183. 

(137) Magalon, A., Ceccaldi, P., Schoepp-Cothenet, B., The Prokaryotic Mo/W-bisPGD Family. In Molybdenum and Tungsten 



 17 

Enzymes, Hille, R., Schulzke, C. and Kirk, M.L. Eds, Royal Society of Chemistry: Cambridge, 2017, Chapter 5, 143-191. 

(138) Sambasivarao, D., Scraba, D. G., Trieber, C., Weiner, J. H., J. Bacteriol. 1990, 172, 5938. 

(139) Bastian, N. R., Kay, C. J., Barber, M. J., Rajagopalan, K. V., J. Biol. Chem. 1991, 266, 45.  

(140) Weiner, J. H., Rothery, R. A., Sambasivarao, D., Trieber, C. A., Biochim. Biophys. Acta 1992, 1102, 1. 

(141) Weiner, J. H., Shaw, G., Turner, R. J., Trieber, C. A., J. Biol. Chem. 1993, 268, 3238. 

(142) Schindelin, H., Kisker, C., Hilton, J., Rajagopalan, K. V., Rees, D. C., Science 1996, 272, 1615.  

(143) Schneider, F., Lowe, J., Huber, R., Schindelin, H., Kisker, C., Knablein, J., J. Mol. Biol. 1996, 263, 53. 

(144) Li, H. K., Temple, C., Rajagopalan, K. V., Schindelin, H., J. Am. Chem. Soc. 2000, 122, 7673. 

(145) Rothery, R. A., Kalra, N., Turner, R. J., Weiner, J. H., J. Mol. Microbiol. Biotechnol. 2002, 4, 133. 

(146) Stanley, N. R., Sargent, F., Buchanan, G., Shi, J. R., Stewart, V., Palmer, T., Berks, B. C., Mol. Microbiol. 2002, 43, 1005. 

(147) Pacheco, J., Niks, D., Hille, R., J. Biol. Inorg. Chem. 2018, 23, 295.  

(148) Dias, J. M., Than, M. E., Humm, A., Huber, R., Bourenkov, G. P., Bartunik, H. D., Bursakov, S., Calvete, J., Caldeira, J., 

Carneiro, C., Moura, J. J. G., Moura, I., Romão, M. J., Structure 1999, 7, 65. 

(149) Arnoux, P., Sabaty, M., Alric, J., Frangioni, B., Guigliarelli, B., Adriano, J. M., Pignol, D., Nat. Struct. Biol. 2003, 10, 928. 

(150) Jormakka, M., Byrne, B., Iwata, S., Curr. Opin. Struct. Biol. 2003, 13, 418. 

(151) Jepson, B.J.N., Anderson, L.J., Rubio, L.M., Taylor, C.J., Butler, C.S., Flores, E., Herrero, A., Butt, J.N., Richardson, D.J., 

J. Biol. Chem. 2004, 279, 32212. 

(152) Jormakka, M., Richardson, D., Byrne, B., Iwata, S., Structure 2004, 12, 95. 

(153) Bertero, M. G., Rothery, R. A., Boroumand, N., Palak, M., Blasco, F., Ginet, N., Weiner, J. H., Strynadka, N. C. J., J. Biol. 

Chem. 2005, 280, 14836. 

(154) Coelho, C., Gonzalez, P.J., Trincão, J., Carvalho, A.L., Najmudin, S., Hettman, T., Dieckman, S., Moura, J.J.G., Moura, I., 

Romão, M.J., Acta Cryst. Sect. F 2007, 63, 516. 

(155) Jepson, B. J. N., Mohan, S., Clarke, T. A., Gates, A. J., Cole, J. A., Butler, C. S., Butt, J. N., Hemmings, A. M., Richardson, 

D. J., J. Biol. Chem. 2007, 282, 6425. 

(156) Najmudin, S., Gonzalez, P. J., Trincao, J., Coelho, C., Mukhopadhyay, A., Cerqueira, N., Romão, C. C., Moura, I., Moura, 

J. J. G., Brondino, C. D., Romão, M. J., J. Biol. Inorg. Chem. 2008, 13, 773. 

(157) Coelho, C., Gonzalez, P. J., Moura, J. J. G., Moura, I., Trincao, J., Romão, M. J., J. Mol. Biol. 2011, 408, 932. 

(158) Sparacino-Watkins, C., Stolzb, J.F., Basu, P., Chem. Soc. Rev. 2014, 43, 676. 

(159) Rendon, J., Biaso, F., Ceccaldi, P., Toci, R., Seduk, F., Magalon, A., Guigliarelli, B., Grimaldi, S., Inorg. Chem. 2017, 56, 

4422. 

(160) Mintmier, B., McGarry, J.M., Sparacino-Watkins, C., Sallmen, J., Fischer-Schrader, K., Magalon, A., McCormick, J.R., Stolz, 

J.F., Schwarz, G., Bain, D.J., Basu, P., FEMS Microbiol. Lett. 2018, 365, DOI: 10.1093/femsle/fny151. 

(161) Ellis, P.J., Conrads, T., Hille, R., Kuhn, P., Structure 2001, 9, 125. 

(162) Conrads, T., Hemann, C., George, G.N., Pickering, I.J., Prince, R.C., Hille, R., J. Am. Chem. Soc. 2002, 124, 11276. 

(163) Silver, S., Phung, L.T., Appl. Environ. Microbiol. 2005, 71, 599. 

(164) Warelow, T.P., Oke, M., Schoepp-Cothenet, B., Dahl, J.U., Bruselat, N., Sivalingam, G.N., Leimkuhler, S., Thalassinos, K., 

Kappler, U., Naismith, J.H., Santini, J.M., PLoS One, 2013, 8, e72535. 

(165) Zinoni, F., Birkmann, A., Stadtman, T.C., Böck, A., Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 4650. 

(166) Axley, M.J., Grahame, D.A., Stadtman, T.C., J. Biol. Chem. 1990, 265, 18213.  

(167) Friedebold, J., Bowien, B., J. Bacteriol. 1993, 175, 4719. 

(168) Friedebold, J., Mayer, F., Bill, E., Trautwein, A.X., Bowien, B., Biol. Chem. Hoppe Seyler 1995, 376, 561. 

(169) Berks, B.C., Mol. Microbiol. 1996, 22, 393. 

(170) Gladyshev, V.N., Boyington, J.C., Khangulov, S.V., Grahame, D.A., Stadtman, T.C., Sun, P.D., J. Biol. Chem. 1996, 271, 

8095. 

(171) Boyington, J. C., Gladyshev, V. N., Khangulov, S. V., Stadtman, T. C., Sun, P. D., Science 1997, 275, 1305. 

(172) Costa, C., Teixeira, M., LeGall, J., Moura, J.J.G., Moura, I., J. Biol. Inorg. Chem. 1997, 2, 198. 

(173) Oh, J. I., Bowien, B., J. Biol. Chem. 1998, 273, 26349. 

(174) Sargent, F., Bogsch, E.G., Stanley, N.R., Wexler, M., Robinson, C., Berks, B.C., Palmer, T., EMBO J. 1998, 17, 3640. 



 18 

(175) Sargent, F., Stanley, N.R., Berks, B.C., Palmer, T., J. Biol. Chem. 1999, 274, 36073. 

(176) Blasco, F., Guigliarelli, B., Magalon, A., Asso, M., Giordano, G., Rothery, R. A., Cell. Mol. Life Sci. 2001, 58, 179. 

(177) Jormakka, M., Tornroth, S., Abramson, J., Byrne, B., Iwata, S., Acta Crystallogr. D Biol. Crystallogr. 2002, 58, 160. 

(178) Jormakka, M., Tornroth, S., Byrne, B., Iwata, S., Science 2002, 295, 1863. 

(179) Raaijmakers, H. C. A., Romão, M. J., J. Biol. Inorg. Chem. 2006, 11, 849. 

(180) Rivas, M., Gonzalez, P., Brondino, C.D., Moura, J.J.G., Moura, I., J. Inorg. Biol. 2007, 101, 1617. 

(181) Thome, R., Gust, A., Toci, R., Mendel, R., Bittner, F., Magalon, A., Walburger, A., J. Biol. Chem. 2012, 287, 4671. 

(182) Grimaldi, S., Schoepp-Cothenet, B., Ceccaldi, P., Guigliarelli, B., Magalon, A., Biochim. Biophys. Acta 2013, 1827, 1048. 

(183) Hartmann, T., Leimkuhler, S., FEBS J. 2013, 280, 6083. 

(184) Hartmann, T., Schwanhold, N., Leimkühler, S., Biochim. Bipohys. Acta 2014, 1854, 1090. 

(185) Maia, L.B., Moura, J.J.G., Moura, I., J. Biol. Inorg. Chem. 2015, 20, 287. 

(186) Maia, L., Fonseca, L., Moura, I., Moura, J.J.G., J. Am. Chem. Soc. 2016, 138, 8834. 

(187) Niks, D., Duvvuru, J., Escalona, M., Hille, R., J. Biol. Chem. 2016, 291, 1162. 

(188) Maia, L., Moura, I., Moura, J.J.G., Inorg. Chim. Acta 2017, 455, 350. 

(189) Yu, X., Niks, D., Mulchandani, A., Hille, R., J. Biol. Chem. 2017, 292, 16872. 

(190) Dong, G., Ryde, U., J. Biol. Inorg. Chem. 2018, 23, 1243. 

(191) Niks, D., Hille, R., Methods Enzymol. 2018, 613, 277. 

(192) Niks, D., Hille, R., Protein Sci. 2019, 28, 111. 

(193) Hedderich, R., Klimmek, O., Kroger, A., Dirmeier, R., Keller, M., Stetter, K. O., FEMS Microbiol. Rev., 1998, 22, 353. 

(194) Dietrich, W., Klimmek, O., Eur. J. Biochem. 2002, 269, 1086. 

(195) Prisner, T., Lyubenova, S., Atabay, Y., MacMillan, F., Kroger, A., Klimmek, O., J. Biol. Inorg. Chem. 2003, 8, 419. 

(196) Nagarajan, K., Joshi, H. K., Chaudhury, P. K., Pal, K., Cooney, J. J. A., Enemark, J. H., Sarkar, S., Inorg. Chem. 2004, 43, 

4532. 

(197) Jormakka, M., Yokoyama, K., Yano, T., Tamakoshi, M., Akimoto, S., Shimamura, T., Curmi, P., Iwata, S., Nat. Struct. Mol. 

Biol. 2008, 15, 730. 

(198) Schink, B., Arch. Microbiol. 1985, 142, 295.  

(199) Messerschmidt, A., Niessen, H., Abt, D., Einsle, O., Schink, B., Kroneck, P.M., Proc. Natl. Acad. Sci. USA 2004, 101, 

11571.  

(200) Moura, J.J., Brondino, C.D., Trincao, J., Romão, M.J., J. Biol. Inorg. Chem. 2004, 9, 791.  

(201) Rothery, R.A., Workun, G.J., Weiner, J.H., Biochim. Biophys. Acta 2008, 1778, 1897. 

(202) Schultz, B. E., Hille, R., Holm, R. H., J. Am. Chem. Soc. 1995, 117, 827. 

(203) George, G. N., Hilton, J., Rajagopalan, K. V., J. Am. Chem. Soc. 1996, 118, 1113.  

(204) Garton, S. D., Hilton, J., Oku, H., Crouse, B. R., Rajagopalan, K. V., Johnson, M. K., J. Am. Chem. Soc. 1997, 119, 12906. 

(205) George, G. N., Hilton, J., Temple, C., Prince, R. C., Rajagopalan, K. V., J. Am. Chem. Soc. 1999, 121, 1256. 

(206) Hagen, W.R., Tungsten-Containing Enzymes. In Molybdenum and Tungsten Enzymes, Hille, R., Schulzke, C. and Kirk, 

M.L. Eds, Royal Society of Chemistry: Cambridge, 2017, Chapter 10, 313-342. 

(207) Kung, J.W., Löffler, C., Dörner, K., Heintz, D., Gallien, S., Dorsselaer, A.V., Friedrich, T., Boll, M., Proc. Natl. Acad. Sci. 

U.S.A. 2009, 106, 17687. 

(208) Kung, J.W., Baumann, S., von Bergen, M., Müller, M., Hagedoorn, P.L., Hagen, W.R., Boll, M., J. Am. Chem. Soc. 2010, 

132, 9850. 

(209) Boll, M., Löffler, C., Morris, B.E., Kung, J.W., Environ. Microbiol. 2014, 16, 612. 

(210) Weinert, T., Huwiler, S.G., Kung, J.W., Weidenweber, S., Hellwig, P., Stärk, H.J., Biskup, T., Weber, S., Cotelesage, 

J.J.H., George, G.N.m Ermler, U., Boll, M., Nat. Chem. Biol. 2015, 11, 586. 

(211) Huwiler, S.G., Löffler, C., Anselmann, S.E.L., Stärk, H.J., von Bergen, M., Flechsler, J., Rachel, R., Boll, M., Proc. Natl. 

Acad. Sci. USA, 2019, doi: 10.1073/pnas.1819636116.  

(212) Chan, M. K., Mukund, S., Kletzin, A., Adams, M. W. W., Rees, D. C., Science 1995, 267, 1463. 

(213) Hu, Y., Faham, S., Roy, R., Adams, M.W.W., Rees, D.C., J. Mol. Biol. 1999, 286, 899. 

(214) Roy, R., Mukund, S., Shut, G.J., Dunn, D.M., Weiss, R., Adams, M.W.W., J. Bacteriol. 1999, 181, 1171. 



 19 

(215) Bol, E., Bevers, L.E., Hagedoorn, P.L., Hagen, W.R., J. Biol. Inorg. Chem. 2006, 11, 999. 

(216) Arndt, F., Schmitt, G., Winiarska, A., Saft, M., Seubert, A., Kahnt, J., Heider, J., Front. Microbiol. 2019, 10, 71. 

(217) Andreesen, J.R., Ljungdahl, L.G., J. Bacteriol. 1973, 116, 867. 

(218) Andreesen, J.R., Ljungdahl, L.G., J. Bacteriol. 1975, 120, 6. 

(219) Leonhardt, U., Andreesen, J.R., Arch. Microbiol. 1977, 115, 277. 

(220) Ljungdahl, L. G., Andreesen, J. R., FEBS Lett. 1975, 54, 279. 

(221) Deaton, J.C., Solomon, E.I., Watt, G.D., Wetherbee, P.J., Durfor, C.N., Biochem. Biophys. Res. Commun. 1987, 149, 424. 

(222) Almendra, M.J., Brondino, C.D., Gavel, O., Pereira, A.S., Tavares, P., Bursakov, S., Duarte, R., Caldeira, J., Moura, J.J.G., 

Moura, I., Biochemistry 1999, 38, 16366. 

(223) Yamamoto, I., Saiki, T., Liu, S.-M., Ljungdahl, L. G., J. Biol. Chem. 1983, 258, 1826. 

(224) Raaijmakers, H., Teixeira, S., Dias, J.M., Almendra, M.J., Brondino, C.D., Moura, I., Moura, J.J.G., Romão, M.J., J. Biol. 

Inorg. Chem. 2001, 6, 398. 

(225) Raaijmakers, H., Macieira, S., Dias, J.M., Teixeira, S., Bursakov, S., Huber, R., Moura, J.J.G., Moura, I., Romão, M.J., 

Structure 2002, 10, 1261. 

(226) Laukel, M., Chistoserdova, L., Lidstrom, M.E., Vorholt, J.A., Eur. J. Biochem. 2003, 270, 325. 

(227) Brondino, C.D., Passeggi, M.C.G., Caldeira, J., Almendra, M.J., Feio, M.J., Moura, J.J.G., Moura, I., J. Biol. Inorg. Chem. 

2004, 9, 154. 

(228) Heidelberg, J.F., Seshadri, R., Haveman, S.A., Hemme, C.L., Paulsen, I.T., Kolonay, J.F., Eisen. J.A., Ward, N., Methe, B., 

Brinkac, L.M., Daugherty, S.C., Deboy, R.T., Dodson, R.J., Durkin. A.S., Madupu, R., Nelson, W.C., Sullivan, S.A., 

Fouts, D., Haft, D.H., Selengut, J., Peterson, J.D., Davidsen, T.M., Zafar, N., Zhou, L., Radune, D., Dimitrov, G., 

Hance, M., Tran, K., Khouri, H., Gill, J., Utterback, T.R., Feldblyum, T.V., Wall, J.D., Voordouw, G., Fraser, C.M., Nat. 

Biotechnol. 2004, 22, 554. 

(229) Chistoserdova, L., Crowther, G.J., Vorholt, J.A., Skovran, E., Portais, J.C., Lidstrom, M.E., J. Bacteriol. 2007, 189, 9076. 

(230) Mota, C.S., Valette, O., Gonzalez, P.J., Brondino, C.D., Moura, J.J.G., Moura, I., Dolla, A., Rivas, M.G., J. Bacteriol. 2011, 

193, 2917. 

(231) Silva, S.M., Pimentel, C., Valente, F.M.A., Rodrigues-Pousada, C., Pereira, I.A.C., J. Bacteriol. 2011, 193, 2909. 

(232) Alissandratos, A., Kim, H.K., Matthews, H., Hennessy, J.E., Philbrook, A., Easton, C.J., Appl. Environ. Microbiol. 2013, 79, 

741. 

(233) da Silva, S.M., Voordouw, J., Leita, C., Martins, M., Voordouw, G., Pereira, I.A.C., Microbiology 2013, 159, 1760. 

(234) Seiffert, G.N., Ullmann, G.M., Messerschmidt, A., Schink, B., Kroneck, P.M.H., Einsle, O., Proc. Natl. Acad. Sci. U.S.A. 

2007, 104, 3073. 

(235) Bol, E., Broers, N.J., Hagen, W.R., J. Biol. Inorg. Chem. 2008, 13, 75. 

(236) Liu, Y.F., Liao, R.Z., Ding,W.J., Yu, J.G., Liu, R.Z., J. Biol. Inorg. Chem. 2011, 16, 745. 

(237) Liao, R.Z., J. Biol. Inorg. Chem. 2013, 18, 175. 

(238) Brink, F., Met. Ions Life Sci. 2014, 14, 15. 

(239) Kroneck, P.M.H., J. Biol. Inorg. Chem. 2016, 21, 29. 

(240) Joerger, R. D., Bishop, P. E., Crit. Rev. Microbiol. 1988, 16, 1. 

(241) Eady, R. R., Chem. Rev. 1996, 96, 3013. 

(242) Kessler, P. S., Mclarnan, J., Leigh, J. A., J. Bacteriol. 1997, 179, 541. 

(243) Rehder, D., J. Inorg. Biochem. 2000, 80, 133. 

(244) Eady, R. R., Coord. Chem. Rev. 2003, 237, 23. 

(245) Rüttimann-Johnson, C., Rubio, L.M., Dean, D.R., Ludden, P.W., J. Bacteriol. 2003, 185, 2383. 

(246) Crans, D. C., Smee, J. J., Gaidamauskas, E., Yang, L., Chem. Rev. 2004, 104, 849. 

(247) Rees, D.C., Tezcan, A.F., Haynes, C.A., Walton, M.Y., Andrade, S., Einsle, O., Howard, J.B., Philos Trans A 2005, 363, 

971. 

(248) Fisher, K., Dilworth, M. J., Newton, W. E., Biochemistry 2006, 45, 4190. 

(249) Lee, C. C., Hu, Y., Ribbe, M. W., Holm, R. H., Proc. Natl. Acad. Sci. U.S.A. 2009, 106, 9209. 

(250) Lee, C. C., Hu, Y., Ribbe, M. W., Science 2010, 329, 642. 



 20 

(251) Dance, I., Dalton Trans. 2011, 40, 5516. 

(252) Lee, C. C., Hu, Y., Ribbe, M. W., Angew. Chem., Int. Ed. 2011, 50, 5545. 

(253) Hu, Y., Lee, C. C., Ribbe, M. W., Dalton Trans. 2012, 41, 1118. 

(254) Boyd, E.S., Peters, W.J., Front. Microbiol. 2013, 4, 201. 

(255) McGlynn, S. E., Boyd, E. S., Peters, J. W., Orphan, V. J., Front. Microbiol. 2013, 3, 419. 

(256) Hoffman, B.M., Lukoyanov, D., Yang, Z.Y., Dean, D.R., Seefeldt, L.C., Chem. Rev. 2014, 114, 4041. 

(257) Hu, Y., Ribbe, M.W., J. Biol. Inorg. Chem. 2015, 20, 435. 

(258) Shah, V. K., Brill, W. J., Proc. Natl. Acad. Sci. U.S.A. 1977, 74, 3249. 

(259) Burgess, B. K., Chem. Rev. 1990, 90, 1377. 

(260) Kim, J., Rees, D. C., Nature 1992, 360, 553. 

(261) Einsle, O., Tezcan, F. A., Andrade, S. L. A., Schmid, B., Yoshida, M., Howard, J. B., Rees, D. C., Science 2002, 297, 1696. 

(262) Lee, H.-I., Benton, P. M. C., Laryukhin, M., Igarashi, R. Y., Dean, D. R., Seefeldt, L. C., Hoffman, B. M., J. Am. Chem. 

Soc. 2003, 125, 5604. 

(263) Yang, T.-C., Maeser, N. K., Laryukhin, M., Lee, H.-I., Dean, D. R., Seefeldt, L. C., Hoffman, B. M., J. Am. Chem. Soc. 

2005, 127, 12804. 

(264) Lancaster, K. M., Roemelt, M., Ettenhuber, P., Hu, Y., Ribbe, M. W., Neese, F., Bergmann, B., DeBeer, S., Science 2011, 

334, 974. 

(265) Moret, M. E., Peters, J. C., J. Am. Chem. Soc. 2011, 133, 18118. 

(266) Spatzal, T., Aksoyoglu, M., Zhang, L., Andrade, S. L., Schleicher, E., Weber, S., Rees, D. C., Einsle, O., Science 2011, 334, 

940. 

(267) Lancaster, K.M., Hu, Y., Bergmann, U., Ribbe, M.W., DeBeer, S., J. Am Chem Soc. 2013, 135, 610. 

(268) Wiig, J. A., Lee, C. C., Hu, Y., Ribbe, M. W., J. Am. Chem. Soc. 2013, 135, 4982. 

(269) Rebelein, J.G., Hu, Y., Ribbe, M.W., Angew Chem Int Ed Engl. 2014, 53, 11543. 

(270) Jodin, C. C., R. Acad. Paris 1862, 55, 612. 

(271) Burgess, B. K., Chem. Rev. 1996, 96, 2983. 

(272) Hoffman, B. M., Lukoyanov, D., Dean, D. R., Seefeldt, L. C., Acc. Chem. Res. 2013, 46, 587. 

(273) Yang, Z.-Y., Khadka, N., Lukoyanov, D., Hoffman, B. M., Dean, D. R., Seefeldt, L. C., Proc. Natl. Acad. Sci. U.S.A. 2013, 

110, 16327. 

(274) Hu, Y., Ribbe, M.W., J. Biol. Inorg. Chem. 2014, 19, 731. 

(275) Lukoyanov, D., Yang, Z.Y., Khadka, N., Dean, D.R., Seefeldt, L.C., Hoffman, B., J. Am. Chem. Soc. 2015, 137, 3610. 

(276) Bjornsson, R., Lima, F.A., Spatzal, T., Weyhermueller, T., Glatzel, P., Einsle, O., Neese, F., DeBeer, S., Chem. Sci. 2014, 

5, 3096. 

(277) Bjornsson, R., Neese, F., Schrock, R.R., Einsle, O., DeBeer, S., J. Biol. Inorg. Chem. 2015, 20, 447. 

(278) Siemann, S., Schneider, K., Oley,M., Muller, A., Biochemistry 2003, 42, 3846. 

(279) Barney, B.M., Igarashi, R.Y., Dos Santos, P.C., Dean, D.R., Seefeldt, L.C., J. Biol. Chem. 2004, 279, 53621. 

(280) Sarma, R., Barney, B. M., Keable, S., Dean, D. R., Seefeldt, L. C., Peters, J. W., J. Inorg. Biochem. 2010, 104, 385. 

(281) Appel, A.M., Bercaw, J.E., Bocarsly, A.B., Dobbek, H., DuBois, D.L., Dupuis, M., Ferry, J.G., Fujita, E., Hille, R., Kenis, J.J., 

Kerfeld, C.A., Morris, R.H., Peden, C.H., Portis, A.R., Ragsdale, S.W., Rauchfuss, T.B., Reek, J.N., Seefeldt, L.C., 

Thauer, R.K., Waldrop, G.L., Chem. Rev. 2013, 113, 6621. 

(282) Doney, S.C., Fabry, V.J., Feely, R.A., Kleypas, J.A., Annu. Rev. Mar. Sci. 2009, 1, 169. 

(283) Friedlingstein, P., Andrew, R.M., Rogelj, J., Peters, G.P., Canadell, J.G., Knutti, R., Luderer, G., Raupach, M.R., Schaeffer, 

M., van Vuuren, D.P., Le Quéré, C., Nat. Geosci. 2014, 7, 709. 

(284) Service, R.F., Science 2015, 349, 1158. 

(285) D’Alessandro, D.M., Smit, B., Long, J.R., Angew. Chem. Int. Ed. 2010, 49, 6058. 

(286) Langanke, J., Wolf, A., Hofmann, J., Bohm, K., Subhani, M.A., Muller, T.E., Leitner, W., Gurtler, C., Green Chem. 2014, 

16, 1865. 

(287) Saeidi, S., Amin, N.A.S., Rahimpour, M.R., J. CO2 Util. 2014, 5, 66. 

(288) Alissandratos, A., Easton, C.J., Beilstein J. Org. Chem. 2015, 11, 2370. 



 21 

(289) Berg, I.A., Kockelkorn, D., Ramos-Vera, W.H., Say, R.F., Zarzycki, J., Hugler, M., Alber, B.E., Fuchs, G., Nat. Rev. 

Microbiol. 2010, 8 447. 

(290) Berg, I.A., Appl. Environ. Microbiol. 2011, 77, 1925. 

(291) Fuchs, G., Annu. Rev. Microbiol. 2011, 65, 631. 

(292) Hugler, M., Sievert, S.M., Annu. Rev. Mar. Sci. 2011, 3, 261. 

(293) Glueck, S.M., Gumus, S., Fabian, W.M.F., Faber, K., Chem. Soc. Rev. 2009, 39, 313. 

(294) Li, H., Liao, J.C., Energy Environ. Sci. 2013, 6, 2892. 

(295) Saveant, J.M., Chem. Rev. 2008, 108, 2348. 

(296) Benson, E.E., Kubiak, C.P., Sathrum, A.J., Smieja, J.M., Chem. Soc. Rev. 2009, 38, 89. 

(297) Federsel, C., Jackstell, R., Beller, M., Angew. Chem. Int. Ed. 2010, 49, 6254. 

(298) Kumar, B., Llorente, M., Froehlich, J., Dang, T., Sathrum, A., Kubiak, C.P., Annu. Rev. Phys. Chem. 2012, 63, 541. 

(299) Costentin, C., Robert, M., Saveant, J.M., Chem. Soc. Rev. 2013, 42, 2423. 

(300) Ola, O., Maroto-Valer, M., Mackintosh, S., Energy Proc. 2013, 37, 6704. 

(301) Mondal, B., Song, J., Neese, F., Ye, S., Curr. Opin. Chem. Biol. 2015, 25, 103. 

(302) Galloway, J.N., Townsend, A.R., Nekunda, M., Cai, Z., Freney, J.R., Martinelli, L.A., Seitzinger, S.P., Sutton, M.A., Science 

2008, 320, 889. 

(303) Camrgo, J.A., Environ. Int. 2006, 32, 831. 

(304) Almeida, M.G., Serra, A.S., Silveira, C., Moura, J.J.G., Sensors 2010, 10, 11530. 

(305) Canfield, D.E., Glazer, A.N., Falkowski, P.G., Science 2010, 330, 192. 

(306) Haber, F., Naturwissenschaften 1922, 10, 1041. 

(307) Haber, F., Naturwissenschaften 1923, 11, 339. 

(308) Schlögl, R., Angew. Chem., Int. Ed. 2003, 42, 2004. 

(309) Fowler, D., Coyle, M., Skiba, U., Sutton, M.A., Cape, N., Reis, S., Sheppard, L.J., Jenkins, A., Grizzetti, B., Galloway, J.N., 

Vitousek, P., Leach, A., Bouwman, A.F., Butterbach-Bahl, K., Dentener, F., Stevenson, D., Amann, M., Voss, M., 

Philos. Trans. R. Soc. Lond. B Biol.Sci. 2013, 368, 20130164. 

(310) Moura, I., Maia, L., Pauleta, S. R., Moura, J.J.G., A Bird’s-Eye View of Denitrification in Relation to the Nitrogen Cycle. In 

Metalloenzymes in Denitrification: Applications and Environmental Impacts, Moura, I., Moura, J.J.G., Pauleta, S.R. and 

Maia, L., The Royal Society of Chemistry: Camb, 2017, Chapter 1, pp 1-10. 

(311) Lehnert, N., Dong, H.T., Harland, J.B., Hunt, A.P., White, C.J., Nat. Rev. Chem. 2018, 2, 278. 

(312) Kuypers, M.M.M., Marchant, H.K., Kartal, B., Nat. Rev. Microbiol. 2018, 16, 263. 

(313) Boal, A. K., Rosenzweig, A. C., Science 2012, 337, 1617. 

(314) Lukoyanov, D., Yang, Z. Y., Barney, B. M., Dean, D. R., Seefeldt, L. C., Hoffman, B. M., Proc. Natl. Acad. Sci. U.S.A. 2012, 

109, 5583. 

(315) Scheibel, M. G., Schneider, S., Angew. Chem., Int. Ed. 2012, 51, 4529. 

(316) Wiig, J. A., Hu, Y., Lee, C. C., Ribbe, M. W., Science 2012, 337, 1672. 

(317) Boyd, E. S., Peters, W. J., Front. Microbiol. 2013, 4, 201. 

(318) Hoffman, B. M., Lukoyanov, D., Dean, D. R., Seefeldt, L. C., Acc. Chem. Res. 2013, 46, 587. 

(319) Hu, Y., Ribbe, M. W., Biochim. Biophys. Acta 2013, 1827, 1112. 

(320) Hu, Y., Ribbe, M. W., J. Biol. Chem. 2013, 288, 13173. 

(321) Spatzal, T., Einsle, O., Andrade, S. L. Angew. Chem., Int. Ed. 2013, DOI: 10.1002/anie.201303000. 

(322) Zhang, L., Kaiser, J. T., Meloni, G., Yang, K. Y., Spatzal, T., Andrade, S. L., Einsle, O., Howard, J. B., Rees, D. C. Angew. 

Chem., Int. Ed. 2013, DOI: 10.1002/anie.201303877. 

(323) Montero-Moran, G. M., Li, M., Rendon-Huerta, E., Jourdan, F., Lowe, D. J., Stumpff-Kane, A. W., Feig, M., Scazzocchio, 

C., Hausinger, R. P., Biochemistry 2007, 46, 5293. 

(324) Zhang, Y., Gladyshev, V.N., J. Mol. Biol. 2008, 379, 881. 

(325) Zhang, Y., Gladyshev, V.N., J. Biol. Chem. 2010, 285, 3393. 

(326) Gladyshev, V.N., Zhang, Y., Abundance, Ubiquity and Evolution of Molybdoenzymes. In Molybdenum and Tungsten 

Enzymes, Hille, R., Schulzke, C. and Kirk, M.L. Eds, Royal Society of Chemistry: Cambridge, 2017, Chapter 2, 81-99. 



 22 

(327) Ichikawa, M., Nishino, T., Nishino, T., Ichikawa, A. J. Histochem. Cytochem. 1992, 40, 1097. 

(328) Nishino, T., Okamoto, K., J. Biol. Inorg. Chem. 2015, 20, 195. 

(329) Moriwaki, Y., Yamamoto, T., Higashino, K., Histol. Histopathol. 1999, 14, 1321. 

(330) Tajima, S., Nomura, M., Kouchi, H., Front. Biosci. 2004, 9, 1374 

(331) Angermüller, S., Islinger, M., Völkl, A., Histochem. Cell Biol. 2009, 131, 459. 

(332) Seegmiller, J.E., Arthritis Rheum. 1965, 8, 714. 

(333) Obermayr, R.P., Temml, C., Gutjahr, G., Knechtelsdorfer, M., Oberbauer, R., Klauser-Braun, R., J. Am. Soc. Nephrol. 

2008, 19. 2407. 

(334) Kanellis, J., Kang, D.H., Semin. Nephrol. 2005, 25, 39. 

(335) Grassi, D., Desideri, G., Ferri, C., Curr. Pharm. Des. 2014, 20, 6089. 

(336) Perticone, F., Maio, R., Tassone, J.E., Perticone, M., Pascale, A., Sciacqua, A., Sesti, G., Int. J. Cardiol. 2013, 167, 232. 

(337) Khosla, U.M., Zharikov, S., Finch, J.L., Nakagawa, T., Roncal, C., Mu, W., Krotova, K., Block, E.R., Prabhakar, S., Johnson, 

R.J., Kidney Int. 2005, 67, 1739. 

(338) Choi, H.K., Ford, E.S., Li, C., Curhan, G., Arthritis Rheum. 2007, 57, 109- 

(339) Khanna, D., Fitzgerald, J.D., Khanna, P.P., Bae, S., Singh, M.K., Neogi, T., Pillinger, M.H., Merill, J., Lee, S., Prakash, S., 

Kaldas, M., Gogia, M., Perez-Ruiz, F., Taylor, W., Lioté, F., Choi, H., Singh, J.A., Dalbeth, N., Kaplan, S., Niyyar, V., 

Jones, D., Yarows, S.A., Roessler, B., Kerr, G., King, C., Levy, G., Furst, D.E., Edwards, N.L., Mandell, B., 

Schumacher, H.R-, Robbins, M., Wenger, N., Terkeltaub, R., Rheumatology ACo Arthritis Care Res (Hoboken) 2012, 

64, 1431. 

(340) Granger, D. N., Rutili, G., McCord, J. M., Gastroenterology 1981, 81, 22. 

(341) McCord, J. M., N. Engl. J. Med. 1985, 312, 159. 

(342) Zweier, J. L., Kuppusamy, P., Lutty, G. A., Proc. Natl. Acad. Sci. U.S.A. 1988, 85, 4046. 

(343) Zweier, J. L., Broderick, R., Kuppusamy, P., Thompson-Gorman, S., Lutty, G. A., J. Biol. Chem. 1994, 269, 24156. 

(344) Nishino, T., Nakanishi, S., Okamoto, K., Mizushima, J., Hori,H., Iwasaki, T., Nishino, T., Ichimori, K., Nakazawa, H., 

Biochem. Soc. Trans. 1997, 25, 783. 

(345) Berry, C. E., Hare, J. M., J. Physiol. 2004, 555, 589. 

(346) Lieber, C. S., N. Engl. J. Med. 1988, 319, 1639. 

(347) Cederbaum, A. I., Free Radical Biol. Med. 1989, 7, 537. 

(348) Kato, S., Kawase, T., Alderman, J., Inatomi, N., Lieber, C., Gastroenterology 1990, 98, 203. 

(349) Omar, B., McCord, J., and Downey, J. (1991) in Oxidative Stress: Oxidants and Antioxidants (Sies, H., Ed.), pp. 493–527, 

Academic Press. 

(350) Nordmann, R., Ribière, C., Rouach, H., Free Radical Biol. Med. 1992, 12, 219. 

(351) Mira, L., Maia, L., Barreira, L., Manso, C. F., Arch. Biochem. Biophys. 1995, 318, 53. 

(352) Sahinoglu, T., Stevens, C. R., Bhatt, B., Blake, D. R., Methods 1996, 9, 628. 

(353) Harrison, R., Biochem. Soc. Trans. 1997, 25, 786. 

(354) Wright, R. M., Repine, J. E., Biochem. Soc. Trans. 1997, 25, 799. 

(355) Beckman, K. B., Ames, B. N., Physiol. Rev. 1998, 78, 547. 

(356) Suzuki, H., Delano, F. A., Parks, D. A., Jamshidi, N., Granger, D. N., Ishii, H., Suematsu, M., Zweifach, B. W., Schmid-

Schonbein, G. W., Proc. Natl. Acad. Sci. U.S.A. 1998, 95, 4754. 

(357) Wright, R. M., McManaman, J. L., Repine, J. E., Free Radical Biol. Med. 1999, 26, 348. 

(358) Harrison, R., Free Radical Biol. Med. 2002, 33, 774. 

(359) Stirpe, F., Ravaioli, M., Battelli, M. G., Musiani, S., Grazi, G. L., Am. J. Gastroenterol. 2002, 97, 2079. 

(360) Wu, D., Cederbaum, A. I., Alcohol Res. Health 2003, 27, 277. 

(361) Small, D. M., Coombes, J. S., Bennett, N., Johnson, D. W., Gobe, G. C., Nephrology 2012, 17, 311. 

(362) Bachschmid, M. M., Schildknecht, S., Matsui, R., Zee, R., Haeussler, D., Cohen, R. A., Pimental, D., Loo, B., Ann. Med. 

2013, 45, 17. 

(363) Madamanchi, N. R., Runge, M. S., Free Radical Biol. Med. 2013, 61, 473. 

(364) Maia, L., Moura, J.J.G., J. Biol. Inorg. Chem 2011, 16, 443. 



 23 

(365) Maia, L., Moura, J.J.G., J. Biol. Inorg. Chem 2015, 20, 403. 

(366) Millar, T. M., Stevens, C. R., Benjamin, N., Eisenthal, R., Harrison, R., Blake, D. R., FEBS Lett. 1998, 427, 225. 

(367) Zhang, Z., Naughton, D., Winyard, P. G., Benjamin, N., Blake, D. R., Symons, M. C., Biochem. Biophys. Res. Commun. 

1998, 249, 767. 

(368) Godber, H. L. J., Doel, J. J., Sapkota, G. P., Blake, D. R., Stevens, C. R., Eisenthal, R., Harrison, R., J. Biol. Chem. 2000, 

275, 7757. 

(369) Li, H., Samouilov, A., Liu, X., Zweier, J. L., J. Biol. Chem. 2001, 276, 24482. 

(370) Li, H., Samouilov, A., Liu, X., Zweier, J. L., Biochemistry 2003, 42, 1150. 

(371) Li, H., Samouilov, A., Liu, X., Zweier, J. L., J. Biol. Chem. 2004, 279, 16939. 

(372) Li, H., Cui, H., Kundu, T. K., Alzawahra, W., Zweier, J. L., J. Biol. Chem. 2008, 283, 17855. 

(373) Li, H., Kundu, T. K., Zweier, J. L., J. Biol. Chem. 2009, 284, 33850. 

(374) Wang, J., Krizowski, S., Fischer-Schrader, K., Niks, D., Tejero, J., Sparacino-Watkins, C., Wang, L., Ragireddy, V., Frizzell, 

S., Kelley, E.E., Zhang, Y., Basu, P., Hille, R., Schwarz, G., Gladwin, M.T., Antioxid. Redox Signal. 2015, 23, 283. 

(375) Sparacino-Watkins, C.E., Tejero, J., Sun, B., Gauthier, M.C., Thomas, J., Ragireddy, V., Merchant, B.A., Wang, J., Azarov, 

I., Basu, P., Gladwin, M.T., J. Biol. Chem., 2014, 289, 10345. 

(376) Dixon, M., Thurlow, S., Biochem. J. 1924, 18, 989. 

(377) Fridovich, I., Handler, P., J. Biol. Chem. 1957, 228, 67. 

(378) Fridovich, I., Handler, P., J. Biol. Chem. 1962, 237, 916. 

(379) Murray, K. N., Chaykin, S., J. Biol. Chem. 1966, 241, 3468. 

(380) Landon, E. J., Myles, M., Biochim. Biophys. Acta 1967, 143, 429. 

(381) Massey, V., Brumby, P. E., Komai, H., Palmer, G., J. Biol. Chem. 1969, 244, 1682. 

(382) Krenitsky, T. A., Neil, S. M., Elion, G. B., Hitchings, G. H., Arch. Biochem. Biophys. 1972, 150, 585. 

(383) Sergeev, N. S., Ananiadi, L. I., L’Vov, N. P., Kretovich, W. L., J. Appl. Biochem. 1985, 86. 

(384) Hall, W. W., Krenitsky, T. A., Arch. Biochem. Biophys. 1986, 251, 36. 

(385) Huang, D. Y., Furukawa, A., Ichikawa, Y., Arch. Biochem. Biophys. 1999, 364, 264. 

(386) Kundu, T. K., Velayutham, M., Zweier, J. L., Biochemistry 2012, 51, 2930. 

(387) Havemeyer, A., Bittner, F., Wollers, S., Mendel, R., Kunze, T., Clement, B., J. Biol. Chem. 2006, 281, 34796. 

(388) Gruenewald, S., Wahl, B., Bittner, F., Hungeling, H., Kanzow, S., Kotthaus, J., Schwering, U., Mendel, R. R., Clement, B., 

J. Med. Chem. 2008, 51, 8173. 

(389) Havemeyer, A., Grünewald, S., Wahl, B., Bittner, F., Mendel, R., Erdélyi, P., Fischer, J., Clement, B., Drug Metab. Dispos. 

2010, 38, 1917. 

(390) Wahl, B., Reichmann, D., Niks, D., Krompholz, N., Havemeyer, A., Clement, B., Messerschmidt, T., Rothkegel, M., Biester, 

H., Hille, R., Mendel, R. R., Bittner, F., J. Biol. Chem. 2010, 285, 37847. 

(391) Havemeyer, A., Lang, J., Clement, B., Drug Metab. Rev. 2011, 43, 524. 

(392) Kotthaus, J., Wahl, B., Havemeyer, A., Kotthaus, J., Schade, D., Garbe-Schönberg, D., Mendel, R., Bittner, F., Clement, 

B., Biochem. J. 2011, 433, 383. 

(393) Mikula, M., Rubel, T., Karczmarski, J., Goryca, K., Dadlez, M., Ostrowski, J., Funct. Integr. Genomics 2011, 11, 215. 

(394) Rajapakshe, A., Astashkin, A. V., Klein, E. L., Reichmann, D.,Mendel, R. R., Bittner, F., Enemark, J. H., Biochemistry 2011, 

50, 8813. 

(395) Klein, J. M., Busch, J. D., Potting, C., Baker, M. J., Langer, T., Schwarz, G., J. Bio. Chem. 2012, 287, 42795. 

(396) Krompholz, N., Krischkowski, C., Reichmann, D., Garbe-Schönberg, D., Mendel, R. R., Bittner, F., Clement, B., 

Havemeyer, A., Chem. Res. Toxicol. 2012, 25, 2443. 

(397) Neve, E. P. A., Nordling, A., Andersson, T. B., Hellman, U., Diczfalusy, U., Johansson, I., Ingelman-Sundberg, M., J. Biol. 

Chem. 2012, 287, 6307. 

(398) Froriep, D., Clement, B., Bittner, F., Mendel, R. R., Reichmann, D., Schmalix, W., Havemeyer, A., Xenobiotica 2013, 43, 

780. 

(399) Plitzko, B., Ott, G., Reichmann, D., Henderson, C.J., Wolf, E., Mendel, R., Bittner, F., Clement, B., Havemeyer, A., J. Biol. 

Chem. 2013, 288, 20228. 



 24 

(400) Jakobs, H.H., Danilo Froriep, D., Havemeyer, A., Mendel, R.R., Bittner, F., Clement, B., ChemMedChem 2014, 9, 2381. 

(401) Kalimuthu, P., Havemeyer, A., Clement, B., Kubitza, C., Scheidig, A.J., Bernhardt, P.V., Electrochem. Commun. 2017, 84, 

90. 

(402) Llamas, A., Chamizo-Ampudia, A., Tejada-Jimenez, M., Galvan, A., Fernandez, E., BioFactors 2017, 43, 486. 

(403) Schneider, J., Girreser, U., Havemeyer, A., Bittner, F., Clement, B., Chem. Res. Toxicol. 2018, 31, 447. 

(404) Kubitza, C., Bittner, F., Ginsel, C., Havemeyer, A., Clement, B., Scheidig, A.J., Proc. Natl. Acad. Sci. USA 2018, 115, 

11958. 

(405) Krenitsky, T. A., Biochem. Pharmacol. 1978, 27, 2763. 

(406) Duyvis, M. G., Wassink, H., Haaker, H., FEBS Lett. 1996, 380, 233. 

(407) Angove, H. C., Yoo, S. J., Münck, E., Burgess, B. K., J. Biol. Chem. 1998, 273, 26330. 

(408) Danyal, K., Dean, D. R., Hoffman, B. M., Seefeldt, L. C., Biochemistry 2011, 50, 9255. 

(409) Roth, L. E., Tezcan, F. A., ChemCatChem 2011, 3, 1549. 

(410) Lukoyanov, D., Yang, Z.Y., Barney, B.M., Dean, D.R., Seefeldt, L.C., Hoffman, B.M., Proc. Natl. Acad. Sci. USA 2012, 109, 

5583. 

(411) Stoddart, A. M., Levine, W. G., Biochem. Pharmacol. 1992, 43, 2227. 

(412) Mayweather, D., Danyal, K., Dean, D. R., Seefeldt, L. C., Hoffman, B. M., Biochemistry 2012, 51, 8391. 

(413) Fabre, G., Seither, R., and Goldman, D., Biochem. Pharmacol. 1986, 35, 1325. 

(414) Yee, S. B., Pritsos, C. A., Arch. Biochem. Biophys. 1997, 347, 235. 

(415) Dambrova, M., Uhlen, S., Welch, C. J., and Wikberg, J. E. S., Eur. J. Biochem. 1998, 257, 178. 

(416) Beedham, C., Pharm. World Sci. 1997, 19, 255. 

(417) Dittrich, C., Greim, G., Borner, M., Weigang-Köhler, K., Huisman, H., Amelsberg, A., Ehret, A., Wanders, J., Hanauske, A., 

Fumoleau, P., Eur. J. Cancer 2002, 38, 1072. 

(418) Diamond, S., Boer, J., Maduskuie, T.P., Falahatpisheh, N., Li, Y., Yeleswaram, S., Drug Metab. Dispos. 2010, 38 1277–

1285. 

(418) Pryde, D.C., Dalvie, D., Hu, Q., Jones, P., Obach, R.S., Tran, T.D., J. Med. Chem. 2010, 53, 8441. 

(419) Akabane, T., Tanaka, K., Irie, M., Terashita, S., Teramura, T., Xenobiotica 2011, 41, 372. 

(420) Zhang, X., Liu, H.H., Weller, P., Zheng, M., Tao, W., Wang, J., Liao, G., Monshouwer, M., Peltz, G., Pharmacogenomics J. 

2011, 11, 15. 

(421) Sanoh, S., Tayama, Y. Sugihara, K., Kitamura, S., Ohta, S., Drug Metab. Pharmacokinet. 2015, 30, 52. 

(422) Kumar, R., Joshi, G., Kler, H., Kalra, S., Kaur, M., Arya, R., Med. Res. Rev. 2018, 38, 1073. 

(423) Vijayakumar, K., Gunny, R., Grunewald, S., Carr, L., Chong, K.W., DeVile, C., Robinson, R., McSweeney, N., Prabhakar, 

P., Pediatr. Neurol. 2001, 45, 246. 

(424) Johnson, J.L., Prenat. Diagn. 2003, 23, 6. 

(425) Sass, J.O., Gunduz, A., Funayama, C.A.R., Korkmaz, B., Pinto, K.G.D., Tuysuz, B., Santos, L.Y., Taskiran, E., Turcato, 

M.F., Lam, C.W., Reiss, J., Walter, M., Yalcinkaya, C., Camelo, J.S., Brain Dev. 2010, 32, 544. 

(426) Carmi-Nawi, N., Malinger, G., Mandel, H., Ichida, K., Lerman-Sagie, T., Lev, D., J. Child Neurol. 2011, 26, 460. 

(427) Schwarz, G., Belaidi, A., Met. Ions Life Sci. 2013, 13, 415. 

(428) Kappler, U., Enemark, J.H, J. Biol. Inorg. Chem. 2015, 20, 253. 

(429) Schwahn, B.C., Van Spronsen, F.J., Belaidi, A.A., Bowhay, S., Christodoulou, J., Derks, T.G., Hennermann, J.B., Jameson, 

E., König, K., McGregor, T.L., Font-Montgomery, E., Santamaria-Araujo, J.A., Santra, S., Vaidya, M., Vierzig, A., 

Wassmer, E., Weis, I., Wong, F.Y., Veldman, A., Schwarz, G., Lancet 2015, 386, 1955. 

(430) Schwarz, G., Curr. Opin. Chem. Biol. 2016, 31, 179. 

(431) Hsiao, J.C., McGrath, A.P., Kielmann, L., Kalimuthu, P., Darain, F., Bernhardt, P.V., Harmer, J., Lee, M., Meyers, K., 

Maher, M.J., Kappler, U., Biochem. Biophys. Acta 2018, 1859, 19. 

 


