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Abstract: Tungsten is the heaviest element used in biological systems. It occurs in the active sites of
several bacterial or archaeal enzymes and is ligated to an organic cofactor (metallopterin or metal
binding pterin; MPT) which is referred to as tungsten cofactor (Wco). Wco-containing enzymes are
found in the dimethyl sulfoxide reductase (DMSOR) and the aldehyde:ferredoxin oxidoreductase
(AOR) families of MPT-containing enzymes. Some depend on Wco, such as aldehyde oxidoreductases
(AORs), class II benzoyl-CoA reductases (BCRs) and acetylene hydratases (AHs), whereas others
may incorporate either Wco or molybdenum cofactor (Moco), such as formate dehydrogenases,
formylmethanofuran dehydrogenases or nitrate reductases. The obligately tungsten-dependent
enzymes catalyze rather unusual reactions such as ones with extremely low-potential electron
transfers (AOR, BCR) or an unusual hydration reaction (AH). In recent years, insights into the
structure and function of many tungstoenzymes have been obtained. Though specific and unspecific
ABC transporter uptake systems have been described for tungstate and molybdate, only little is
known about further discriminative steps in Moco and Wco biosynthesis. In bacteria producing Moco-
and Wco-containing enzymes simultaneously, paralogous isoforms of the metal insertase MoeA may
be specifically involved in the molybdenum- and tungsten-insertion into MPT, and in targeting Moco
or Wco to their respective apo-enzymes. Wco-containing enzymes are of emerging biotechnological
interest for a number of applications such as the biocatalytic reduction of CO,, carboxylic acids and
aromatic compounds, or the conversion of acetylene to acetaldehyde.

Keywords: tungsten enzymes; tungsten cofactor; aldehyde:ferredoxin oxidoreductase; benzoyl-CoA
reductase; acetylene hydratase; formate dehydrogenase

1. Introduction

Tungsten and molybdenum are transition metals of the sixth group and occur in nature
predominantly in form of their oxyanions—tungstate (WO,4%7) and molybdate (MoO427). While their
average abundance in the earth’s crust is highly similar, their bioavailability may differ in various
aqueous environments. Both metals are present in biological systems in ligation to the so-called
metallopterin (or metal binding pterin, MPT, initially introduced as molybdopterin), which occurs
as a three-ring pyranopterin compound in most known molybdo- or tungstoenzymes. The entire
metal cofactors are referred to as Moco or Wco, respectively [1-6]. There are many variants of
MPT-derived cofactors with regard to the metal inserted, the presence of additional ligands of the
metal, the number of pyranopterin molecules bound per metal (one or two), and the attachment of
additional nucleotides to the MPT core. According to this structural diversity and the underlying
amino acid sequence similarities, MPT-containing enzymes can be divided into four unrelated families:
(i) xanthine oxidase (XO), (ii) sulfite oxidase (SO), (iii) dimethyl sulfoxide reductase (DMSOR), and (iv)
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aldehyde oxidoreductase (AOR) families. Wco-containing enzymes belong to the DMSOR and AOR
families, whereas Moco is predominantly found in members of the XO, SO and DMSOR families. In the
AOR family, tungsten is always bound by two MPTs, referred to as W-bis-MPT; in DMSOR family
members, tungsten or molybdenum is coordinated by two MPT guanine dinucleotide (MGD) moieties,
referred to as W-/Mo-bis-MGD cofactor (Figure 1). All tungstoenzymes contain at least one Fe-S cluster
next to Wco, and especially the multi-subunit enzymes harbor a number of additional redox-active
cofactors such as Fe-S clusters, flavins or hemes.
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Figure 1. Tungsten cofactor (Wco) found in members of the dimethyl sulfoxide reductase (DMSOR)
and aldehyde oxidoreductase (AOR) enzyme families. The former contains either Mo-bis-MPT guanine
dinucleotide (MGD) or W-bis-MGD, the latter in most cases use W-bis-metallopterin (MPT) as the
active site cofactor.

The majority of Moco- or Wco-containing enzymes catalyze hydroxy- or oxo-transfer reactions
such as water-dependent hydroxylations or hydrations via water-, hydroxyl-, or oxo-intermediates
bound to the metal in the catalytic course. There are also examples of MPT-dependent enzymes
catalyzing hydride or hydrogen atom transfers (e.g., formate dehydrogenase or class II benzoyl-CoA
reductase) or sulfur atom transfer reactions (polysulfide reductase). With the exception of acetylene
hydratase, all Wco- and Moco-containing enzymes catalyze redox reactions (Figure 2). It is evident
that most naturally occurring tungstoenzymes are involved in low-potential (E°” < —400 mV) electron
transfer reactions. This finding can be rationalized by the generally lower redox potential of the
biologically relevant redox transitions of W(IV/V/VI) vs. Mo(IV/V/VI). Though acetylene hydratase
does not catalyze a redox reaction, the enzyme depends on a low-potential redox activation (see below).

Based on the highly similar physicochemical properties of molybdate and tungstate, the latter
was initially considered to act as a general inhibitor of Moco-dependent enzymes, which has been
observed in many cases if the replacement of molybdenum by tungsten is enforced by high tungstate
concentrations (for an excellent review on this aspect, see [7]). As an example, a recent study used
tungstate to inhibit Moco-dependent enzymes from facultatively anaerobic bacteria involved in gut
disorders [8]. In facultatively tungsten-dependent enzymes that occur with either of the two metals,
the bioavailability of tungstate or molybdate may govern which of the two metals is incorporated into
bis-MPT-containing enzymes.

Today, it has become evident that Wco is an essential cofactor of many archaeal and bacterial
enzymes that have been discussed in previous reviews with various focuses [7,9-12]. Here, we first
aim to provide a state-of-the-art overview of the occurrence and function of obligately and facultatively
tungsten-containing enzymes. We then discuss processes that may be involved in discriminating
between molybdenum and tungsten during uptake, Mo/W-MPT synthesis and the incorporation into
their respective apo-enzymes. This aspect is of particular importance for the emerging number of
organisms that simultaneously produce Wco- and Moco-dependent enzymes.
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Figure 2. Reactions catalyzed by obligately and facultatively tungsten-dependent enzymes.
Abbreviations: AOR: aldehyde oxidoreductase; BCR: class II benzoyl-CoA reductase; AH: acetylene
hydratase; FDH: formate dehydrogenase; FWD: tungsten-containing formylmethanofuran
dehydrogenase; TSR: thiosulfate reductase; DMSOR: dimethyl sulfoxide reductase; NAR:
membrane-bound nitrate reductase; NAP: periplasmic nitrate reductase.

2. Affiliation of Tungsten Enzymes in the AOR and DMSOR Enzyme Families

The presence of Wco is restricted to members of a few clades of the DMSOR and AOR enzyme
families. The biochemically characterized tungstoenzymes of the AOR family are affiliated to five
clades of AORs (AOR, FOR, GAPOR, GOR, and WOR5) and one clade of the active site subunit BamB
of class II benzoyl-CoA reductases (Figure 3A). In addition, the enzyme family contains one clade of
archaeal enzymes and two of bacterial enzymes, whose biological functions are yet unknown (WOR4,
YdhV and AOR1). Enzymes of the YdhV clade are unique in containing Moco instead of Wco, whereas
WORA4 has been identified as a Wco-containing protein. The metal content of the enzymes of the AOR1
clade is unknown, since these have been only identified from genome sequences and not on the protein
level. AORs of the XO family [13,14] are solely Moco-dependent and therefore not further discussed in
this review.

The DMSOR family is subdivided into three subfamilies and several additional clades, and the
tungstoenzymes of this family are affiliated to at least eight clades, which mostly contain either Moco-
or Wco-dependent members (in case of formate or formylmethanofuran dehydrogenases, and nitrate-,
DMSO-, or thiosulfate reductases [15]). Only the acetylene hydratase clade seems to be predominantly
W-dependent, but this is based on only a single biochemically characterized enzyme, and it is unknown
whether all these enzymes or closely related clades share the same metal preference (Figure 3B).
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Figure 3. Phylogenetic trees of the large subunits of selected enzymes of the AOR family (A) and
the DMSOR family (B). Clades or subclades containing tungsten enzymes are labeled in light-orange
(bacteria), dark-orange (archaea) or violet (enzymes working with either tungsten or molybdenum,
for better visualization additionally marked with a violet dot), and those containing molybdenum
enzymes are labeled in light- or dark-blue (bacterial and archaeal enzymes, respectively). Enzyme
clades of unknown metal content are not colored. Members of the DMSOR subfamilies 1-3 are
highlighted by the outer circle as indicated. Species epithets for unaffiliated AORs: Pa: Pyrobaculum
aerophilum; Dg: Desulfovibrio gigas; Cf: Clostridium formicoaceticum. Abbreviations: AOR, FOR, GAPOR,
WORS: archaeal aldehyde oxidoreductases of various specificities (for details see text); BamB: active
site subunit of class II benzoyl-CoA reductases; WOR4, YdhV, AOR1: archaeal or bacterial Mo- or
W-containing enzymes of unknown function; GOR: glyceraldehyde-3-phosphate oxidoreductases from
thermophilic bacteria; FDH: formate dehydrogenases; NAP/NAS: periplasmic and assimilatory nitrate
reductases; FMD/FWD: molybdenum- and tungsten-dependent formylmethanofuran dehydrogenases;
AHe-like: acetylene hydratases and similar hypothetical enzymes; TSR/PSR: thiosulfate/polysulfide
reductases; PAD: phenylacetyl-CoA dehydrogenases; ARR, ARS: arsenate reductases/arsenite oxidases;
DMSOR: dimethyl sulfoxide reductases; TMAOR: trimethylaminoxide reductases; NAR/anammox:
chemolithotrophic nitrite oxidoreductases and putative nitrate reductases from anammox bacteria;
NAR-6: nitrate reductases and similar clades; CLR/SER: chlorate/selenate reductases and dimethyl
sulfide dehydrogenases; EBDH: ethylbenzene dehydrogenases and related enzymes.

3. Obligately W-Containing Enzymes

3.1. Aldehyde Oxidoreductases

Most known clades of obligately tungsten-dependent enzymes show activities as aldehyde
oxidoreductases (Figure 2). Four of the five enzymes of the AOR family encoded in the genome
of the archaeon Pyrococcus furiosus have been characterized as hyperthermophilic and extremely
O,-sensitive aldehyde oxidoreductases of various specificities. Together with the tungsten-dependent
oxidoreductase WOR4, which was shown to contain Wco and a [3Fe-4S] cluster, but did not show any
detectable activity [16], these enzymes define five separate phylogenetic clades of the AOR enzyme
family (Figure 3A), namely the subfamilies of archaeal AOR, formaldehyde oxidoreductase (FOR),
glyceraldehyde-3-phosphate oxidoreductases (GAPOR), and tungsten-dependent oxidoreductases
(WOR4 and WORS5). Attempts to replace tungsten in some of these proteins with molybdenum or
vanadium led either to proteins lacking any metal or to molybdenum-containing, inactive variants,
proving the necessity of the Wco for their activities [17,18]. Additional members of the enzyme
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family emerged recently from obligately or facultatively anaerobic bacteria, namely bacterial AOR
and GAPOR (GOR), which represent sister clades of the archaeal AOR and GAPOR, respectively
(Figure 3A).

Archaeal and bacterial AORs (sensu stricto) represent the most abundant and best-studied clades
exhibiting aldehyde oxidoreductase activity. Both contain a subunit of a similar size harboring the
W-bis-MPT cofactor with an additional Mg?* ion bridging the phosphate groups of the two cofactors,
as well as an additional [4Fe-4S] cluster [19-21] (Figure 4). The archaeal AORs, as well as some AORs
from strictly anaerobic bacteria, occur as homodimers with a bridging iron atom [20], and utilize
ferredoxin as a physiological electron acceptor. In contrast, AORs from Aromatoleum aromaticum
and other facultatively anaerobic denitrifying bacteria, as well as from the strictly anaerobic
Moorella thermoacetica, consist of three different subunits in an &, {3,y, composition. The additional
electron-transferring small subunit with four [4Fe-4S] clusters and the medium-size FAD-containing
subunit allows for the use of a broader electron acceptor range, including NAD™ [21]. All characterized
enzymes of the archaeal or bacterial AOR clades oxidize a variety of aldehydes to their respective
carboxylic acids. Their main physiological function was proposed to be the detoxification of aldehydes
that accumulate in different metabolic pathways. Though known for decades, there is still little
knowledge of the reaction mechanisms of AORs and the internal electron transfer events involved,
largely because of the difficult genetic accessibility of the respective host organisms. Remarkably, AORs
also catalyze the reverse reaction, namely the reduction of non-activated acids to the corresponding
aldehydes at E°” ~ =560 mV, albeit at a rate lower than 1% compared to those of aldehyde oxidation.
This property is reflected in the alternative name “carbonic acid reductase” (CAR) for the enzyme from
M. thermoacetica. By utilizing this property, the metabolism of fermentative archaea has been artificially
shifted from the production of acetic acid to ethanol. In spite of the very low observed reverse in vitro
activities of AORs, the reaction seems to work well in whole-cell systems [22]. A similar potential of
AORs in the biotechnologically interesting utilization of syngas as a substrate for acetogenic bacteria
has been suggested [22,23].

Figure 4. Structure of formaldehyde:ferredoxin oxidoreductase from P. furiosus, in complex with
glutarate (pdb 1B4N) at 2.4 A solution. Left panel: overall structure; right panel W-bis-MPT and
[4Fe-4S] cofactor. The tungsten atom is depicted in blue, Mg?* is shown in light green, and Ca* in
dark green.

FORs are known from various hyperthermophilic archaea and account together with AOR and
GAPOR for the most abundant tungstoenzymes in these organisms. Unlike other AORs, FORs show
only low specific activities with short chain aldehydes. They turn over formaldehyde with reasonable
rates but show very high Kp,-values for almost all substrates. A possible exception is glutardialdehyde
with the lowest Kiy-value of the tested substrates, but the data available do not allow to propose a
rational physiological function of FOR [24]. The X-ray structure of the FOR for P. furiosus confirms
its composition as a homotetramer without a bridging iron atom, as in AORs (Figure 4). Instead,
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FOR contains an additional Ca?* ion ligated to one of the MPT cofactors, which is attributed to a
structural function. The binding of W-bis-MPT and the [4Fe-4S] cluster is highly similar in AOR and
FOR, and the FOR structure with a bound glutarate as a substrate mimic led to the speculation that
diacid semialdehydes may serve as potential physiological substrates [25].

Two further clades comprise GAPOR from archaea and GOR from bacteria, which are involved
in glucose metabolism via a modified glycolytic pathway. They specifically couple the oxidation of
glyceraldehyde-3-phosphate to 3-phosphoglycerate without 1,3-bisphosphoglycerate as an intermediate
to the reduction of ferredoxin. GAPORs are monomeric enzymes containing Zn?" as an additional
metal [26,27].

Finally, two further clades of tungsten-containing AOR family members of unknown physiological
relevance are represented by WOR4 and WORS5 from P. furiosus. The former showed no
aldehyde-oxidizing activity with any substrate. Furthermore, it is the only enzyme of the family
containing a [3Fe-45] cluster, consistent with the loss of one of the cysteine ligands [16], the latter was
found to oxidize a similar aldehyde as AOR [28]. Orthologous genes putatively encoding AOR-like
enzymes are found in many hyperthermophilic archaea and anaerobic bacteria, and some of them
have been biochemically characterized, such as AORs and FORs from Thermococcus litoralis, AORs
from T. paralvinellae, Clostridium formicoaceticum, Eubacterium acidaminophilum, Desulfovibrio gigas,
Methanobacterium thermoautotrophicum, and GAPOR from Pyrobaculum aerophilum [7,29-31].

3.2. Class Il Benzoyl-CoA Reductases

Benzoyl-CoA-reductases (BCRs) are key enzymes for aromatic compound degradation in
anaerobic prokaryotes [32-35]. They catalyze the reduction of the central intermediate benzoyl-CoA
to cyclohexa-1,5-diene-1-carboxyl-CoA (dienoyl-CoA) at a redox potential of E’® = —622 mV [36].
Two phylogenetically unrelated classes of BCRs have been identified that both catalyze the same reaction.
Class I BCRs are present in facultative anaerobes such as the denitrifying bacterium Thauera aromatica [37].
They employ [4Fe-4S] clusters as the only cofactors and use reduced ferredoxin as an electron donor.
Class I BCRs couple the thermodynamically unfavorable reduction of benzoyl-CoA to the stoichiometric
hydrolysis of ATP. Obligately anaerobic bacteria employ an ATP-independent, Wco-containing one
megadalton class II BCR complex [38]. Class II BCRs have been purified from the Fe(Ill)-respiring
Geobacter metallireducens [39] and the sulfate-respiring Desulfosarcina cetonica [40], both are composed
of eight subunits (Bam[(BC),DEFGHI],, Bam = benzoic acid metabolism). With four W-bis-MPTs,
four Zn, >50 Fe-S clusters, four selenocysteines, and six FADs, class II BCRs represent one of the most
complex metalloenzyme machineries known (Figure 5). BamB harbors the Wco-binding active site
subunit and can be purified along with the electron transferring BamC subunit [41]. The remaining
BamDEFGHI subunits are proposed to be involved in the endergonic electron transfer to Wco, driven
by a flavin-based electron bifurcation [39]. In this process, the endergonic electron transfer from a
donor to a low-potential acceptor, here benzoyl-CoA, is driven by the exergonic reduction of a second
high-potential acceptor using the same donor [42]. The anticipated high-potential acceptor(s) of class II
BCRs are still unclear, but recent studies suggest that class II BCRs transfer electrons to menaquinone,
as evident from the membrane-association of the complex from G. metallireducens [39].
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Figure 5. Scheme of the class Il BCR-complex from G. metallireducens. The endergonic electron transfer
from reduced ferredoxin to benzoyl-CoA may be driven by an exergonic reduction of NAD" and/or
menaquinone (MQ).

The BamB subunit belongs to the AOR enzyme family and contains Wco, Zn?>* and a [4Fe-4S]
cluster as cofactors. Bioinformatic analyses suggest that all strictly anaerobic bacteria employ a
tungsten-containing BamB for benzoyl-CoA reductions during growth with aromatic substrates [34].
Initial studies with Desulfococcus multivorans [43] and G. metallireducens [38] indicated that growth
with aromatics depends on molybdenum and selenium, however, the isolated Bam(BC), contained
stoichiometric amounts of tungsten, whereas molybdenum was virtually absent [41]. This finding
suggests that traces of tungstate in the molybdate stock solution were sufficient to produce an active,
Wco-containing class II BCR. A TupABC transporter is induced during growth with aromatics that
guarantees selective tungstate uptake from the medium [44].

The 1.9 A resolution X-ray structure of Bam(BC); crystals revealed that Wco is accommodated in a
highly hydrophobic pocket where it is coordinated by four dithiolene sulfurs of W-bis-MPT, a thiolate
of a conserved cysteine (Cys322) and a sixth non-proteinogenic ligand [45] (Figure 6). Its identity could
so far not be resolved unambiguously by spectroscopic methods, whereas computational studies favor
a water ligand [46,47]. Neither the substrate nor the product are directly bound to tungsten. The spatial
separation of the potential proton donor His260 and the W-atom with the aromatic ring positioned
in-between provides the molecular basis for the anticipated biological Birch reduction of aromatic
rings [48]. Continuum electrostatic and quantum-mechanical/molecular mechanics calculations suggest
that benzoyl-CoA reductions are initiated by a hydrogen atom transfer from a W(IV) species via bound
water yielding a W(V)-(OH™) species and a substrate radical intermediate [46,47]. These studies also
suggested that the second electron derives from the pyranopterin cofactor, rather than from W(V).
Proton transfers from an invariant histidine (His260) likely assist this step. A BamB catalysis is one of
the rare examples of an MPT-dependent enzyme that does not involve an oxo- or hydroxyl-transfer.
The unusual properties of class Il BCRs among MPT-enzymes may be explained by the extremely low
redox potential of the substrate/product couple that affords a radical biochemistry.
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Figure 6. Structure of the BamBC components of class II benzoyl-CoA reductase from G. metallireducens
(pdb 4Z3W-Z). Left panel: overall structure; the catalytic BamB subunit depicted in red contains
the W-bis-MPT cofactor, BamC (light green) contains 3 [4Fe-4S] clusters. Right panel: W-bis-MPT,
[4Fe-4S] cluster and the substrate benzoyl-CoA. Tungsten (blue) is coordinated by five thiols (four from
the dithiolenes and one from Cys322), and by an inorganic ligand (magenta). A Mg?* bridging the
phosphate groups of the two MPTs is shown in green.

The Birch reduction of aromatic rings is widely used in synthetic chemistry for many
applications [49]. Due to its negative attributes, such as its dependence on alkali metals, and ammonia
and cryogenic reaction conditions, alternative procedures are being studied such as the use of photo- [50]
and electrocatalytic [51] methodologies. In this light, biocatalytic BCRs may be attractive for future
Birch reduction applications under mild and environmentally friendly conditions.

3.3. Acetylene Hydratases

Anaerobic acetylene degradation by Pelobacter acetylenicus [52] is initiated by the hydration and
tautomerization to acetaldehyde, catalyzed by acetylene hydratase (AH). So far, only the enzyme
from P. acetylenicus has been isolated and studied, and a high resolution crystal structure is available
(Figure 7) [53-56]. The oxygen-sensitive enzyme belongs to the DMSOR enzyme family and contains
a W-bis-MGD and a [4Fe-45] cluster [53]. When AH was isolated from P. acetylenicus grown under
tungsten-depletion (2 nm) and a 1000-fold excess of molybdate, a molybdenum-containing variant
of AH was identified (45-50% metal occupation) that converted acetylene at 10% of the rate of
the Wco-containing enzyme [57]. Because of these highly unphysiological expression conditions,
we consider AH here as an obligately tungsten-containing enzyme, but further research on the viability
of Mo-containing AH variants and their occurrence is required. Almost all studies were carried out
with Wco-containing AH.

AH is unique among all Moco/Wco enzymes in terms of catalyzing a non-redox reaction, and
it is the only known enzyme that acts on acetylene as a physiological substrate. Notably, acetylene
inhibits many key enzymes of anaerobic metabolism, with the exception of nitrogenase, which reduces
acetylene to ethylene [58,59]. AH itself is inhibited by acetylene analogues such as cyanide, carbon
monoxide, nitrous oxide or substituted acetylenes [53,54]. Though the reaction catalyzed by AH
is redox neutral, AH requires a strong reductant like titanium(IIl)-citrate or sodium dithionite to
be catalytically active in vitro [53,56]. The mandatory reductive activation of AH is assigned to the
reduction of Wco to the W(IV) state, though the exact redox potential of the Wco is unknown [53,55].
An intact [4Fe-4S] cluster appears to be dispensable for catalysis [56] as supported by the observation
that degradation to a [3Fe-4S] cluster did not affect AH activity [53].
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Figure 7. Structure of acetylene hydratase from P. acetylenicus (pdb 2E7Z) at 1.26 A resolution. Left panel:
overall structure. Right panel: W-bis-MGD and [4Fe-4S] cofactors. Tungsten is coordinated by five
thiols (four from the dithiolenes and one from Cys141), and by a water molecule. The tungsten atom is
depicted in blue.

The mechanism of AH has been subject to many discussions, and two types of mechanistic scenarios
were suggested with different roles for the catalytically active W(IV): (i) a first-shell mechanism,
where tungsten coordinates acetylene and primes the substrate for a nucleophilic attack by water
(or hydroxide), and (ii) a second-shell mechanism that relies on the polarization of tungsten-bound water,
followed by an electrophilic attack on the C=C bond of acetylene [55]. The second-shell mechanism
was favored by density-functional theory calculations based on a high resolution crystal structure,
but no spectroscopic evidence was obtained to corroborate this mechanism [55]. Based on calculations
for the active site mimics of AH, another study concluded that the direct coordination of acetylene by
tungsten was favored over the binding of water [60]. It was reported that an inorganic model complex
(NEt):[WVO(mnt),], where mnt = malonitrile, was able to catalyze the same reaction as AH, whereas
the W(VI) analogue failed [61]. While these results could not be reproduced, recent developments and
thorough characterizations of other biomimetic tungsten complexes strongly support a mechanism
of acetylene binding directly to tungsten (first-shell mechanism) [62,63]. Such a metal-acetylene
coordination is known from other organometallic molybdenum-/tungsten-complexes [64].

Acetaldehyde is an important building block for many chemicals and pharmaceuticals.
Its industrial production from acetylene is typically achieved in the presence of a mercury
catalyst-containing mercuric chloride that exhibits adverse effects on human health and the
environment [65]. Thus, enzymatic solutions for this industrial process are of potential interest.

4. Enzymes Containing Either Tungsten or Molybdenum

A number of isofunctional enzymes of the DMSOR family exist in nature that may contain
either Moco or Wco. This apparent promiscuity may be explained by an adaptation to molybdate or
tungstate enriched/depleted environments rather than to substantial differences in enzyme function.
In some organisms, sets of genes exist that specifically code either for Moco- and/or for Wco-dependent
variants of MPT-dependent enzymes. The induction of the individual gene clusters in response to
varying molybdate/tungstate concentrations has been described in some cases. The molybdenum-
or tungsten-containing variants may differ in their activity or affinity to the individual substrates.
Owing to the lower redox potential of the biologically relevant W(IV/V/VI) vs. Mo(IV/V/VI) states,
Wco-containing variants appear to be catalytically more efficient for reactions occurring at low redox
potentials and Moco for those at more positive redox potentials.
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4.1. Formate Dehydrogenases

The widely abundant tungsten- or molybdenum-dependent FDHs catalyze the reversible
conversion of formate to CO, at E°” = —430 mV with various electron donors/acceptors [66-70].
Metal-dependent FDHs are involved in formate-dependent respiration, syntrophy and methanogenesis,
acetogenesis, methylotrophy or in fermentations as components of formate hydrogen lyase complexes.
Unlike most other Moco/Wco enzymes, an FDH catalysis does not involve an oxygen atom transfer
reaction. Though the reaction mechanism of FDHs is still under debate, a hydride transfer from formate
to a sulfido-ligand at Mo(VI)/W(VI) appears to be the most plausible as it circumvents the difficult
deprotonation of the C proton of formate [68,71-73]. Here, we briefly summarize the occurrence and
function of Wco-dependent FDHs and refer to recent in-depth reviews of the diversity, structure and
function of metal-containing FDHs [66—68].

Many FDHs depend on molybdenum, and elevated tungstate concentrations in the medium yield
inactive Mo-dependent variants as reported for FDHs from E. coli [74] or Methanobacterium formicium [75].
On the other side, a number of FDHs have been isolated with a clear preference for tungsten
over molybdenum, whereas only a few FDHs appear to be active with either of the two metals.
Wco-containing FDHs are affiliated to two enzyme clades, the membrane-bound FDH-N-like enzymes
and the soluble or membrane-associated FDH-H-like enzymes, whose active sites are oriented
towards the periplasm or the cytoplasm, respectively. Cytoplasmic Wco-containing FDHs have
initially been described in a number of acetogenic clostridia such as Moorella thermoaceticum [76],
Clostridium formicoaceticum [77] or C. carboxidivorans [78], where they catalyze the NAD(P)H-
dependent reduction of CO;. A tungsten-containing FDH of Peptoclostridium (formerly Eubacterium)
acidaminophilum serves either as an electron donor system for amino acid fermentations or as
component of a formate hydrogen lyase complex [79]. A tungsten-dependent FDH of this clade
is also involved in the oxidation of reduced C1 compounds to CO, with dioxygen as an electron
acceptor in the aerobic methylotrophic Methylobacterium extorquens [80]. This finding indicates that
the use of Wco is not restricted to anaerobic organisms. Two tungsten-specific FDHs, an FDH-H
and a FDH-N type enzyme, were reported from Syntrophobacter fumaroxidans during syntrophic
propionate fermentations, where they play a role in electron transfers to the methanogenic partner [81].
Further Wco-containing FDHs of the FDH-N clade are known from Desulfovibrio species and other
sulfate reducing bacteria [82-85]. One of these species, D. alaskensis, is known to incorporate either
Moco or Wco into the same FDH, depending on the tungstate and molybdate concentrations in the
medium [83,85]. In contrast, D. vulgaris Hildenborough produces a specific Moco-dependent FDH
during growth with molybdate and an FDH active with either metal during growth with tungstate [84].
A similar case of an active FDH-N type enzyme with either Moco or Wco in differently grown cells
was reported for Campylobacter jejuni [86], which contains only one set of FDH encoding genes.

Biocatalysts that sequester CO, are of increasing general interest. In this light, FDHs that
reduce CO, to formate as a viable energy source are of a potential biotechnological use. A tungsten-
containing FDH has been adsorbed to an electrode and successfully used for electrocatalytical CO,
reduction [87]. Furthermore, an enzyme complex of FDH and hydrogenase (formate hydrogen lyase)
reversibly interconverts H, + CO, to formate demonstrating that formate may be used as an energy
storage/transport compound [88,89]. Finally, the solar-driven CO, reduction by FDHs in combination
with artificial and/or biological photosystems has been demonstrated [90,91].

4.2. Formylmethanofuran Dehydrogenases

Formylmethanofuran dehydrogenase catalyzes the first step of methanogenesis that is related to
the reaction catalyzed by FDHs: the reduction of CO; yielding formate is bound in an activated form
at the methanofuran cofactor [69]. Methanogens have been found to contain isoenzymes being either
specific for tungsten or molybdenum [92,93]. The genome of Methanososarcina acetivorans encodes four
putative formylmethanofuran dehydrogenases. Two of these are proposed to be specific for tungsten
or molybdenum, respectively, with one of the tungsten-dependent isoenzymes being specifically
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required for growth with carbon monoxide [94]. The crystal structure of the tungsten-containing
formylmethanofuran dehydrogenase from Methanothermobacter wolfei revealed that the enzyme harbors
two active sites being separated by a 43 A tunnel which allows the directed diffusion of the formate from
the first active site (the Wco center) to the second one, the formylmethanofuran forming center [95].

4.3. Respiratory Nitrate Reductases

Two versions of respiratory nitrate reductases belong to the DMSOR enzyme family: the membrane
bound enzymes (NarGHI) and the periplasmic ones (NAP). The active site subunit of the former, NarG,
is largely conserved among all nitrate-respiring bacteria and archaea and usually contains Moco in
the active site subunit. Tungstate usually acts as an inhibitor of the assembly of Moco into NarG,
NAP or other respiratory Moco-containing enzymes [8,74]. However, Paracoccus pantotrophus is able to
grow under denitrifying conditions in the presence of 100 um tungstate, and indirect evidence was
obtained that tungsten was incorporated into its periplasmic nitrate reductase NAP [96]. Furthermore,
the nitrate-respiring, hyperthermophilic archaea Pyrobaculum aerophilum and Aeropyrum pernix grow
at temperatures and environments where tungstate is enriched and molybdate is depleted. Under
these special growth conditions, a tungsten-containing NarGHI-type enzyme was isolated from of
P. aerophilum with a two-fold lower turnover number than the Mo-containing enzyme [97].

4.4. Dimethyl Sulfoxide and Trimethylamine N-Oxide Reductases

DMSOR and trimethylaminoxide reductase (TMAOR) are both required to use DMSO or TMAO
as terminal electron acceptors in oxygen-independent respiratory chains. In the DMSOR from
Rhodobacter capsulatus and R. sphaeroides, the Mo bound to the bis-Mo-MGD cofactor was substituted
with tungsten, and the resulting Wco-containing enzyme reduced DMSO even at a higher rate, but was
inactive in terms of catalyzing the reverse dimethyl sulfide oxidation [15,98]. This finding is rationalized
by the generally lower redox potential of Wco in comparison to Moco [99]. Likewise, TMAOR from
E. coli was also active when molybdenum was substituted by tungsten even with a slightly increased
catalytic efficiency [100].

4.5. Thiosulfate Reductases

A recent report shows that a thiosulfate reductase (TSR) of the DMSOR family is involved in
thiosulfate respiration in the archaeon P. aerophilum. The enzyme was recombinantly produced
in P. furiosus and contained either Mo or W, dependent on the growth conditions [101].
The molybdenum-containing enzyme showed a ten-fold higher conversion rate and a twice as
high affinity to thiosulfate than the tungsten-containing one. This study represents the first case of
producing an active Moco- or Wco-containing enzyme in P. furiosus.

5. Tungsten Uptake and Assembly of the Wco

5.1. Tungsten Uptake

Tungsten is taken up by prokaryotes in form of the tungstate oxyanion (WO,4>") by three
high-affinity ATP-binding cassette (ABC)-type systems: the highly tungstate-specific TupABC system,
and the ModABC/WtpABC systems that transport either tungstate or molybdate [102]. They all
consist of a periplasmic binding protein (component A), a transmembrane channel (component B),
and an ATPase subunit (component C). The Mod ABC system with similar affinities to molybdate and
tungstate in the low to high nM range is highly abundant in bacteria and archaea and allows for the
specific transport of molybdate and tungstate even in the presence of high concentrations of similar
other oxyanions (e.g., 28 mm sulfate in marine environments). The WtpABC transporter is present in
archaea that lack TupABC or ModABC systems, such as P. furiosus, and is rather distantly related to
these uptake systems. The binding protein WtpA shows by far the highest affinity for tungstate with
Kgq =19 pm [103]. The TupABC system has originally been studied in P. acidaminophilum [104,105],
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and later in C. jejuni [106,107] and D. alaskensis [108,109]. The encoding TupABC genes are widely
abundant in bacterial and archaeal genomes [110]. The structural basis by which TupA discriminates
between tungstate and molybdate, considering their highly similar atomic radii, is still unknown.

5.2. Metallopterin Cofactor Synthesis

Most knowledge of MPT biosynthesis derives from research on Moco (for initial and recent reviews
on Moco synthesis see [4,5,111-113]). As almost all genes required for Moco synthesis are present in
the genomes of prokaryotes that synthesize Wco-dependent enzymes, it is generally accepted that MPT
synthesis is catalyzed by similar enzymes and identical intermediates [114]. In contrast, very little is
known about the steps that discriminate between molybdenum and tungsten during the insertion of
the metals into MPT. Here, we first briefly summarize knowledge of Moco synthesis in the prokaryotic
model organism E. coli, followed by the presentation of initial insights and hypotheses about Wco
synthesis. There, we will address the special challenges of simultaneously synthesizing Moco- and
Weco-dependent enzymes.

Moco biosynthesis proceeds via a four-step process: (i) conversion of guanosine-5’'-triphosphate
(GTP) to the four-ringed cyclic intermediate pyranopterin monophosphate (cPMP), (ii) introduction
of the two thiols of the dithiolene group, (iii) adenylation to MPT-adenosine monophosphate (AMP),
and (iv) metal insertion and release of AMP; the latter two steps are often merged as a single one
(Figure 8) [4,5,111,113]. The formation of cPMP (or “precursor Z”) from GTP occurs in two steps
involving complex molecule rearrangements. The radical S-adenosylmethionine (SAM) enzyme MoaA
catalyzes an initial remodeling of the carbon backbone of GTP and afterwards, MoaC completes
the synthesis of cPMP with the concomitant release of the pyrophosphate moiety of the original
GTP [115,116].

In the second step, two sulfur atoms are inserted into cPMP at the C1’ and C2’ position, resulting
in MPT formation. This step is catalyzed by MoaD and MoaE, which form a heterotetrameric complex,
also referred to as MPT synthase. Two MoaEs bind one cPMP each, while MoaD transfers one
sulfur atom at a time from a thiocarboxylate group on its conserved C-terminal glycine residue,
producing a hemisulfurated intermediate in the process [117-120]. MoaD itself receives its thiogylcyl
modification by the sulfurylase MoeB. MoaD forms a complex with MoeB, which catalyses the Mg?*-
and ATP-dependent adenylation of the C-terminal glycine residue of MoaD. This activated MoaD is
then sulfurated by the cysteine desulfurase IscS [121,122].

In the third step, MPT is adenylated in an ATP-dependent reaction by MogA (in bacteria) or MoaB
(in archaea), yielding MPT-AMP. This activated intermediate is transferred to MoeA, where molybdate
is bound to the dithiolene sulfurs of MPT, accompanied by hydrolysis and the release of the AMP
moiety [114,123,124]. The product is referred to as Mo-MPT, which represents the Moco found in SO
family members, and which serves as a building block for the cofactors of the three other families
of MPT-containing enzymes. To generate the cofactor for the XO-family enzymes, MocA catalyzes
the cytidylation of MPT with CTP while releasing pyrophosphate. The generated MPT cytosine
dinucleotide cofactor is then further modified by the addition of an equatorial sulfido-ligand in the
active site of the enzymes [13,125]. Ligation of a molybdenum and a second MPT yields Mo-bis-MPT,
which is found in the AOR family member YdhV [126]. The Mo-bis-MGD cofactor of the DMSOR
family enzymes is synthesized by the attachment of two GMP moieties from GTP [127,128].

Woco synthesis is considered to involve similar or even the same enzymes for the steps up to metal
insertion. So far, the adenylation of MPT by MoaB in the course of Wco synthesis was shown in the
hyperthermophilic P. furiosus [114]. No other enzyme specifically involved in Wco synthesis has been
studied so far.
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Figure 8. Moco biosynthesis in E. coli. In prokaryotes, the steps from GTP to MPT-adenosine
monophosphate (AMP) are catalyzed by similar enzymes for Moco and Wco synthesis. YdhV from
E. coli is the only characterized molybdenum-containing AOR family member [126].
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5.3. Strategies for the Selective Insertion of Molybdenum/Tungsten into Target Proteins

The highly similar physicochemical properties of molybdate and tungstate immediately lead
to the question regarding which mechanism guarantees the correct transfer of both oxyanions into
their target proteins. In particular, organisms producing enzymes that are only active with either of
the two metals depend on a highly selective metal insertion system. We distinguish here between
three different scenarios: (i) organisms that exclusively produce either Wco- or Moco-dependent
enzymes, (ii) organisms that contain genes for both type of enzymes, but only produce either Moco- or
Weco-enzymes under certain conditions, and (iii) organisms that produce Moco- and Wco-dependent
enzymes simultaneously. In principle, selectivity may be achieved during molybdate/tungstate uptake,
Mo-MPT/W-MPT formation, or the insertion of the mature W-bis-MPT/bis-Mo-MPT into the respective
target proteins.

In the first scenario, the selective uptake of either molybdate or tungstate would already be
sufficient to guarantee selectivity. Specific tungstate uptake may be achieved by the periplasmic
binding protein TupA from the TupABC transporter [105], or WtpA from P. furiosus, which show
much higher affinities for tungstate vs. molybdate [103]. However, no transporter system exhibiting
a comparable selectivity for molybdate over tungstate has been described so far, which explains the
frequently observed antagonistic effect of tungstate for Moco-dependent enzymatic processes.

In the second scenario, the selective uptake may also play a role but would require at least two
selective uptake systems for either of the two metal oxyanions, which may be induced under certain
conditions. In addition, MoeAs have been proposed earlier as selectivity generating enzymes that
may be specific for either molybdate or tungstate during metal insertion into MPT-AMP [12,85,114].
This proposal was based on the finding that at least two versions of MoeA encoding genes were
identified in genomes of archaea [12] or in D. alaskensis [85]. The latter produces either Moco or Wco
containing versions of the same FDH, depending on the molybdate/tungsten concentrations in the
medium. In D. vulgaris Hildenborough, the production of Wco- or Moco-containing FDH isoenzymes
is regulated by the molybdate/tungstate availability at the transcriptional level [84]. These results
are in line with a metal-dependent induction of either tungsten- or molybdenum-specific pairs of
MoeA/apo-FDH paralogues.

Such a mechanism is not feasible when Moco- and Wco-depending enzymes have to be produced
in parallel (scenario iii). In recent years, a number of bacteria were identified that simultaneously
produce obligately Wco- and Moco-dependent enzymes, and they all contain at least two moeA
copies (Figure 9). C. jejuni produces a tungsten-containing FDH under certain growth conditions
that may be coupled with molybdenum-dependent nitrate reductase in a menaquinone-dependent
respiratory chain [86]. In A. aromaticum, a tungsten-dependent AOR and two molybdenum-dependent
enzymes, phenylacetyl-CoA dehydrogenase and nitrate reductase, are produced during growth with
phenylalanine under denitrifying conditions [21]. When G. metallireducens grows with p-cresol
or 4-hydroxybenzoate under ammonifying conditions, it produces one strictly Wco-dependent
class II benzoyl-CoA reductase [38,41], and two Moco-containing enzymes from different families:
the 4-hydroxybenzoyl-CoA reductase of the XO family [129,130] and nitrate reductase of the DMSOR
family [44]. While C. jejuni contains two paralogous moeA genes [106], even three paralogues are
found in the genomes of A. aromatoleum and G. metallireducens. In the latter bacterium, the genetic
context of the three moeA genes indicates the specificity for molybdenum or tungsten (Figure 9).
In particular, moeA-1 is located adjacent to the genes encoding the tungstate-dependent TupABC
transporter, and moeA-3 is adjacent to paralogues of the bamBC genes, which putatively code for an
isoenzyme of tungsten-dependent class II benzoyl-CoA reductase. Thus, it is tempting to speculate
that moeA-1 and moeA-3 encode a tungstate-specific metal insertase. In contrast, moeA-2 is located in a
gene cluster together with genes encoding molybdenum-dependent NarGHI-type nitrate reductase.
Thus, moeA-2 likely encodes a molybdenum-specific enzyme. These findings support the idea that
the simultaneous production of Moco- and Wco-dependent enzymes is accomplished by MoeA
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isoenzymes that are selective for either molybdate or tungstate. Though this assumption appears
plausible, any experimental evidence for it is lacking.

C. jejuni
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Figure 9. Genomic location of moeA paralogues in bacteria that produce Wco- and Moco-containing
enzymes simultaneously.

Finally, the question rises as to how the Mo-MPT/W-MPT cofactors formed by specific MoeAs
are specifically processed and targeted into the individual apo-enzymes. Specific targeting excludes
that Mo-MPT/W-MPT formed are released from individual MoeAs because the modifying enzymes
that bind the Mo-MPT/W-MPT in the next step will hardly distinguish between the molybdenum- or
tungsten-containing versions. In tungstoenzymes, the metal is always bound to two pyranopterins
(bis-MPT), which affords the conversion of MoeA-bound W-MPT to W-bis-MPT in a similar manner
as the MobA-catalyzed process known for molybdenum enzymes of the DMSOR family [128]. Thus,
the reported complex formation between MoeA and MobA [131] appears to be essential for maintaining
the selectivity of the individual bis-MPT intermediates formed. It is conceivable that individual
MoeA/MobA complexes specifically interact with the respective apo-enzymes either before or after the
GTP-dependent W-bis-MGD formation, including further modifying enzymes such as FdhD. The latter
is involved in sulfuration of the Mo-/W-bis-MPT of FDHs and in its insertion into apo-FDHs [132-134].
MoeAs, specific for either tungsten or molybdenum, may enable or disable such additional interactions.
Finally, the formation of supercomplexes between all the components involved in the conversion of the
last common MPT-AMP intermediate to the mature cofactors inserted in individual target proteins
could substantially facilitate selective Moco/Wco targeting.



Inorganics 2020, 8, 44 16 of 23

6. Conclusions

Recent research has revealed a higher abundance and catalytic diversity of tungstoenzymes
than previously anticipated. While tungsten was originally mostly associated with AORs from
hyperthermophilic archaea and some clostridial FDHs, a number of tungstoenzymes with novel
functions have been discovered in a large variety of microorganisms comprising fermenting,
sulfate-reducing, metal oxide-reducing, denitrifying, aerobic and pathogenic bacteria. Tungstoenzymes
are of emerging biotechnological interest due to their involvement in the low-potential reduction
processes of CO,, carboxylic acids or aromatic rings, or in the industrially important conversion of
acetylene to acetaldehyde. Thus, tungsten appears to be the bio-metal of choice for a number of
challenging enzymatic reactions. While knowledge of the structure and function of tungstoenzymes
has continuously been increasing over the past two decades, there is still a high research demand
concerning the biosynthesis and incorporation of Wco. In particular, the mechanisms that discriminate
between tungstate- and molybdate-insertion, and the selective targeting of Mo- or W-bis-MPTs to
the individual apo-proteins, are still unknown. Considering the high similarities of molybdate and
tungstate, the observed high selectivity for either of the two metals affords sophisticated molecular
solutions. Insights into the molecular basis of this selectivity will help to explain how enzymes
that strictly rely on tungsten are specifically loaded with this cofactor even in the presence of high
molybdate concentrations in the medium. They will also provide a rationale as to why whole-cells
may be inhibited by tungstate due to the antagonistic effects of tungstate and molybdate. Bacteria that
simultaneously produce tungsto- and molybdoenzymes will serve as valuable model organisms to
address the question of selectivity for tungstate vs. molybdate in the future.
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