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Over the past twodecades, prominent importance ofmolybdenum-containing enzymes in prokaryotes has beenput
forward by studies originating from different fields. Proteomic or bioinformatic studies underpinned that the list of
molybdenum-containing enzymes is far from being complete with to date, more than fifty different enzymes
involved in the biogeochemical nitrogen, carbon and sulfur cycles. In particular, the vast majority of prokaryotic
molybdenum-containing enzymes belong to the so-called dimethylsulfoxide reductase family. Despite its extraordi-
nary diversity, this family is characterized by the presence of a Mo/W-bis(pyranopterin guanosine dinucleotide)
cofactor at the active site. This review highlights what has been learned about the properties of the catalytic site,
the modular variation of the structural organization of these enzymes, and their interplay with the isoprenoid qui-
nones. In the last part, this reviewprovides an integrated viewof how these enzymes contribute to the bioenergetics
of prokaryotes. This article is part of a Special Issue entitled: Metals in Bioenergetics and Biomimetics Systems.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Approximately one-third of all proteins contain metal ions or
metal-containing cofactors [1]. Molybdenum (Mo) and tungsten
(W) are the only known second- and third-row transition metals to
occur in biomolecules.Mo/Ware found in nearly all organisms (Saccharo-
myces is a prominent exception [2]), in all kingdoms of life. More than 50
different Mo/W enzymes have been described in nature so far (see
[2] for the most exhaustive census). This list is far to be complete
since the strict anaerobic bacterium isolated from contaminated
soil with tetrachloroethene in Japan, Desulfitobacterium hafniense
Y51 [3], for example, encodes more than 50 identified members
of the Mo/W-enzyme family [4]. The molybdoproteome moreover
might be even more diverse than previously recognized in prokaryotes
as suggested by the proteomic approach conducted by Cvetkovic et al.
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[5] revealing the existence of several Mo-binding proteins with unrelated
sequence homology to any known molybdoenzymes. Although present
only at 1 ppm in the Earth's crust, Mo is broadly distributed in biological
systems due to the high solubility, and therefore bioavailability, of the
molybdate anion (MoO4

2−). Despite the high similarity between the
chemical properties of Mo and W, W-containing enzymes are rare com-
pared toMo-containing enzymes. In particular, thermophilic prokaryotes
are known to contain W-enzymes [6,7]. This fact has often been
connected to the observed higher thermostability of the W-enzymes
compared to the Mo-enzymes [8]. Differential bioavailability in anoxic
environment [9] let some authors to propose that W prior to Mo has
been used as early as in the Archaean.

With the exceptions of the multinuclear MoFe7 cluster found in
nitrogenase [10] and the binuclear MoCu center found in CO dehy-
drogenase [11], Mo/W is found in active sites in a mononuclear
form coordinated by the organic cofactor pyranopterin (referred in
the literature as Moco/Wco; see for example the review of Hille
[12]). This pterin consists of a tricyclic pyranopterin moiety synthe-
sized through a conserved multiple steps pathway [13]. In eukary-
otes, the pyranopterin is found in the simple monophosphate form
whereas in prokaryotes it is conjugated to nucleosides, usually either
cytosine (pterin cytosine dinucleotide, PCD) or guanosine (pterin
guanosine dinucleotide, PGD). A large proportion of Mo/W-enzymes
encountered in prokaryotes and furthermore present in more than
90% of Mo/W-utilizing prokaryotic organisms [2,14] harbor in their
active site a Mo/W atom coordinated by two molecules of PGD
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(Fig. 1). These latter enzymes are diverse in terms of structure and/or
subunit composition (see below) but were named, referred to the first
representative that has been crystallized [15], as members of the
“DMSO reductase family”. The latter enzyme represents an exception
rather than the rule among this family (see Section 3.1) and this de-
nomination furthermore referred to a precise enzymatic activity. The
name Complex Iron–Sulfur Molybdoenzyme (CISM) superfamily has
been recently introduced for molybdoenzymes harboring such aMo-
or W-bisPGD cofactor [16]. Rothery et al. in fact describe the mem-
bers of this family, although with some exceptions, as heterotrimeric
enzymes containing both a FeS subunit harboring four FeS clusters (de-
noted FCP) and amembrane anchor protein (denotedMAP). As it can be
seen in Table 1, exceptions are today more frequent than the rule! We
therefore preferred the denomination “Mo/W-bisPGD enzymes”.

Many reviews have been published in the last decades even a recent
special issue dedicated exclusively to Mo/W enzymes (Coordination
Chemistry Reviews 2011, vol 255, issues 9–10). The Mo/W-enzyme
superfamily is so large that it is indeed impossible to exhaustively
address all together the structural, functional and biosynthetic aspects
(see [17–19] for recent reviews on separate aspects). The biosynthesis
of Moco and its assembly in Mo/W enzymes invokes a rather complex
pathway. A dedicated overview article on this question is presented in
this special issue. In the present review, we will focus on structural
and functional aspects and highlight salient features of these enzymes.
Since the Mo/W-bisPGD enzymes family illustrates in itself the
Fig. 1. Schematic description of the catalytic subunit of Mo/W-bisPGD enzymes family.
A. Structure of the molybdenum cofactor showing the bis-pyranopterindithiolene coor-
dination. The group R is guanosine (PGD) or cytosine (PCD). The Mo ligands X and Y
can be: X=O or S; Y=Ser, Cys, SeCys, Asp. B. Schematic representation of the
four-domain organization found in Mo/W-bisPGD enzymes. It is to note that these
four domains do not correspond to consecutives sequences in the protein. All
members of this family, except Ah, have an active site funnel along the red cone
situated between domains II and III. Ah is the only currently known case where the
funnel is situated at the intersection of domains I, II and III.
extraordinary variety of Mo/W-enzyme superfamily (Table 1), analyz-
ing their catalysis should allow us to set of principles common to Mo/
W catalysis. In an ultimate step, applying them to the design of
bio-mimetic constructs should contribute to improve the technology
as practiced today. In particular, the Mo/W-bisPGD enzymes are
involved in redox reactions, either with oxygen or sulfur atom
transfer reactions or oxidative hydroxylations. In these reactions,
the Mo or W undergoes two-electron oxidation/reduction between
the states Mo(IV)/W(IV) and Mo(VI)/W(VI) (see for recent overview
[20]). An exception to this rule is the tungsten–iron–sulfur enzyme
acetylene hydratase (Ah) from Pelobacter acetylenicus catalyzing a
non-redox reaction [21]. Although the pyrogallol:phloroglucinol
hydroxyltransferase (Th) of Pelobacter acidigallici [22] catalyzes
a net non-redox reaction as well, it involves a reductive
dehydroxylation and an oxidative hydroxylation as separate but
concomitant events. In contrast to the diversity (in term of chemical
nature and redoxpotential; Table 2) of the substrates and the chemical re-
actions they support, the Mo/W-bisPGD enzymes could appear as rela-
tively homogenous in term of catalytic site. The detailed examination of
the Mo/W ion coordination mode reveals however that here is probably
the determinant of the specific catalysis of each enzyme. Consequently,
we will present, in a first part, a detailed description of the catalytic site
relevant to its functioning (Section 2).

The Mo/W-bisPGD enzymes catalyze redox reactions that are key
steps in carbon, nitrogen and sulfur cycles. The Mo/W-bisPGD structural
module thus appears to have served multiple purposes for life, especially
in energy harvesting. To this aim, the large catalytic Mo/W containing-
subunit, present in all members of the family, is supplemented by a
variable number of additional subunits to generate the multitude of indi-
vidual subfamilies. This family is therefore a textbook example of the
construction kit model introduced by Baymann et al. [23] and actualized
by Schoepp-Cothenet et al. [24]. Recently, a detailed phylogenetic study
revealed that several members of the Mo/W-bisPGD enzymes family
have been present in LUCA [25]. The high solubility of MoS42− salts
supplied by alkaline hydrothermal vents [26,27] and their abundance in
the oceans likely contributed to the early adoption in evolution of Mo as
a redox cofactor [28]. The Mo/W-bisPGD enzyme structural module thus
seems to have been recruited right from the life origins. Whereas the
Mo/W coordination modulation likely represents the catalytic specificity
determinant of the enzyme, the variation in subunit and cofactor
composition together with the sub-cellular localization of the
enzyme rationalizes its bioenergetic integration. The Mo/W-bisPGD
enzymes have indeed been shown to contribute to the generation of
chemiosmotic potential by coupling electron transfers they support to
proton translocation. The published reviews focusing on this latter
aspect are mainly focusing on nitrogen cycle (see for example [29,30]).
The bioenergetic impact of the Mo/W-bisPGD enzymes are however of
great importance for life in all major geochemical cycles, letting one of
the author involved in the present review call the Mo/W-bisPGD
enzyme catalytic subunit “the catalytic workhorse of bioenergetics”
[24]. Consequently, we will have, in a second part, a description of the
enzymes in terms of subunit composition and sub-cellular localization
finally addressing the question of chemiosmotic potential genera-
tion by the enzymes (Section 3). We will especially discuss the con-
nection of the involved enzymes with the liposoluble hydrogen carriers,
i.e. isoprenoid quinones. Because the bioenergetic balance of a specific
enzyme cannot be dissociated from the chain in which this enzyme is
integrated, we will present, in a final part, an exhaustive overview of
metabolic chains where the Mo/W-bisPGD enzymes are known to be
involved (Section 4).

2. Structure and reactivity of the molybdenum/tungsten cofactor
in Mo/W-bisPGD enzymes

Molybdenum is a well known metal having a high affinity for
oxygen and sulfur, and its oxides and sulfides compounds are largely



Table 1
Actualizedmembers of theMo/W-bisPGD family. Catalytic subunits are denotedα, withα containing bothMo/W-bisPGDcofactor and [4Fe–4S] cluster,α′ containingMo/W-bisPGD cofactor but
no [4Fe–4S] cluster, andα″ containingMo/W-bisPGD cofactor and [4Fe–4S] and [2Fe–2S] clusters. Electron transfer subunits are denoted β, withβ folded as two ferredoxins containing three to
four [Fe–S] clusters,β′ folded as globular di-heme c cytochrome,β″ folded as a Rieske proteinwith a [2Fe–2S] cluster, andβ‴ containing FAD cofactor and zero or two [2Fe–2S] clusters. Electron
entry/exit subunits are denotedγ,withγ the 4 TMdihemic cytbI,γ′ the 5 TMdihemic cytbII,γ″ themonohemichydrophilic cytbIII, andγ‴ themembranousNrfD-typeunit devoid of any cofactor.
In addition to these subunits associatedwithmultiple complexes, three units have been proposed to be part of specific complexes such as the tetrahemic cytochromes c3 of Fdh inDesulfovibrio
desulfuricans or c554 of Pcr inDechloromonas species and, dihemic cytochrome cNarC of cNar in Thermus thermophilus. These elements are denoted δ. Formylmethanofuran dehydrogenases have
been barely characterized and will be no further structurally described in this review. “nd” in the fourth column denotes undetermined in isolated protein.

Enzymes Abb. Example organism Metal in active site Subunit composition

Nitrogen metabolism
Periplasmic nitrate reductase Nap Rhodobacter sphaeroides Mo αβ′

Desulfovibrio desulfuricans Mo α
Respiratory nitrate reductase nNar Escherichia coli Mo αβγ′

cNar Thermus thermophilus Mo αβγ′δ
pNar Haloferax mediterranei Mo αβγ″
pNar Pyrobaculum aerophilum Mo/W αβγ″

Nitrite oxidoreductase nNxr Nitrobacter hamburgensis Mo αβγ′
pNxr Candidatus Nitrospira defluvii nd αβ

Assimilatory nitrate reductase NarB Synechococcus Mo α
NasA Klebsiella pneumonia Mo α″β
NasC Bacillus subtillis Mo αβ‴

TMAO reductase Tor Shewanella massilia Mo α′

Sulfur metabolism
Polysulfide reductase Psr Thermus thermophilus Mo αβγ‴

Wolinella succinogenes Mo αβγ‴
Sulfur reductase Sre Aquifex aeolicus Mo αβγ‴
Tetrathionate reductase Ttr Salmonella typhimurium nd αβγ‴
Thiosulfate reductase Phs Salmonella typhimurium nd αβγ
DMSO reductase Dms Escherichia coli Mo αβγ‴

Dms Halobacterium sp. NRC-1 Mo αβγ‴
DMSO reductase Dor Rhodobacter sphaeroides Mo α′

Dimethylsulfide dehydrogenase Ddh Rhodovulum sulfidophilum Mo αβγ″

Carbon metabolism
Formate dehydrogenase Fdn Escherichia coli Mo αβγ

W-Fdh Desulfovibrio gigas W αβ
Fdh Desulfovibrio desulfuricans Mo αβδ

Formate dehydrogenase FdhF Escherichia coli Mo α
Formylmethanofuran dehydrogenase Fmd Methanobacterium thermoautotrophicum Mo αβ

Fwd Methanobacterium thermoautotrophicum W αβεγ

Diverse metabolisms
Biotin-d-sulfoxide reductase BisC Escherichia coli Mo α′

Selenate reductase Ser Thauera selenatis Mo αβγ″
Srd Bacillus selenatarsenatis nd αβγ‴

Perchlorate reductase Pcr Dechloromonas aromatica Mo αβδ
Chlorate reductase Clr Ideonella dechloratans Mo αβγ″
Arsenite oxidase Aio Alcaligenes faecalis Mo αβ″
Arsenate reductase Arr Shewanella ANA-3 Mo αβ

Wolinella succinogenes nd αβγ‴
Alternative arsenite oxidase Arx Alkalilimnicola ehrlichii nd αβ

Halorhodospira halophila nd αβγ‴
Ethylbenzene dehydrogenase Ebdh Azoarcus str. EbN1 Mo αβγ″
Acetylene hydratase Ah Pelobacter acetylenicus W α
Pyrogallol–phloroglucinol transhydroxylase Th Pelobacter acidigallici Mo αβ
Resorcinol hydroxylase Rh Azoarcus anaerobius nd αβ
C25dehydrogenase C25dh Sterolibacterium denitrificans Mo αβγ″
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used as heterogeneous catalysts in important industrial processes like
oxidative production of formaldehyde from methanol or methane,
hydrodesulfurization of petroleum fractions, and olefin metathesis
[31]. When metal oxides are deposited on porous support like silica,
molybdenum is progressively dispersed [32] and it has been shown
that the active sites where oxidative formaldehyde formation occurs
are monomeric species with pentahedral Mo(O)(OSi)4 or tetrahedral
Mo(O)2(OSi)2 structure. The Mo_O sites located in the lateral plane
are the most active and selective [33], in a way that is reminiscent of
the situation encountered for the Mo cofactor of enzymes of sulfite
oxidase family [12]. The redox states of Mo-oxides that are stable in
aqueous solutions are Mo(III), Mo(IV) and Mo(VI), but at pH>3
Mo(III) disproportionate and only Mo(IV) and Mo(VI) are thermody-
namically stable [34]. In contrast, when the metal is coordinated by
the dithiolene moiety of the pyranopterin within a protein matrix, the
Mo(V) state can be stabilized and the Moco is usually considered to
cycle between Mo(IV), (V) and (VI) redox states during enzyme turn-
over [12]. It is worth noting that the chemical environment provided
by the pterin cofactor and by the polypeptide chain strongly modulates
the redox properties of the Mo ion and then appears as a key factor to
finely tune the catalytic properties for a specific substrate. As a conse-
quence, a salient property of Mo/W-bisPGD enzymes is their ability to
ensure either two consecutive one electron transitions with a stable
Mo(V) state (see below) or a direct two electrons transition between
the Mo(IV) and Mo(VI) states. Such versatility of the redox processes
at the active site has broadened up the range of redox reactions cata-
lyzed by members of the Mo/W-bisPGD family as exemplified below
with the one electron reduction of nitrite to nitric oxide or their ability
to achieve uphill redox reactions.

Among the three main families of molybdoenzymes identified so
far [12], the Mo/W-bisPGD enzymes family is the most diverse in
terms of structural organization and used substrates. In this family,



Table 2
Principal redox couples considered in this review. Non-common substrates are indicated
both with chemical formula and names.

Redox couples Redox potential at pH
7 E0′ (mV)

References

Quinones
MMK/MMKH2 −220a [227]
MK/MKH2 −74a [463]
DMK/DMKH2 +36;−9a [464,465]
UQ/UQH2 +113a [466]

Environmental compounds
Methanofuran/formylmethanofuran
C34H37N4O14+CO2/C35H39N4O16

−497;−530 [12,427]

Carbon dioxide/formate CO2/HCOOH −430 [466]
2H+/H2 −410 [466]
Thiosulfate/sulfide+sulfite
S2O3

2−/HS−+HSO3
−

−400 [466]

Sulfur/sulfide S0/HS− −270 [466]
Pyrogallol/1,2,3,5-tetrahydroxybenzene −84 [431]
Resorcinol/hydroxyhydroquinone −33 [437]
Tetrathionate/thiosulfate S4O6

2−/S2O3
2− +24;+170 [466,467]

1-Phenylethanol/ethylbenzene +30 [440]
C25-hydroxycholesterol/cholesterol +30 [167]
Arsenate/arsenite HAsO4

2−/H3AsO3 +60;+139 [466,468]
TMAO/TMA +130 [65]
DMSO/DMS +160 [466]
Uranium trioxide/uranium dioxide UO3/UO2 +260;+410 [301]
Nitrate/nitrite NO3

−/NO2
− +433 [466]

Selenate/selenite SeO4
2−/HSeO3

− +475 [466]
Chlorate/chlorite ClO3

−/ClO2
− +708 [469]

Fe(III)-citrate/Fe(II)-citrate +385 [307]
Perchlorate/chlorate ClO4

−/ClO3
− +788 [469]

O2/H2O +820 [466]

a For quinones given redox potentials are Em′, rather than E0′, at pH 7. These values
represent average values between those of the Q/SQ and SQ/QH2 transitions.
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the metal ion bound to the bis(pyranopterin guanosine dinucleotide)
cofactor is coordinated by the four sulfur atoms of two dithiolene
groups (Fig. 1A). Depending on the enzyme and its redox state, the
coordination sphere of the Mo atom is completed by other ligands:
an amino acid side chain in fifth position, and oxygen from an oxo
group or a solvent molecule, or sulfur from a sulfido in sixth position.
The nature of the coordinating amino acid can be used to subdivide
this enzyme family in three groups: a first one where Mo is coordinat-
ed by Cys or SeCys, a second one where Mo is coordinated by Asp,
a third one where Mo is coordinated by Ser. It is to note that no
amino acid side chain coordinates the Mo ion in arsenite oxidase (Aio).
This subdivision corresponds, with several exceptions, to the I, II and III
classes introduced byWeiner and co-workers [35] based on coordination
Table 3
Metal coordination of crystallized members of the Mo/W-bisPGD enzymes family. “dth” in

Metal coordination Metal in active site Function

M(dth)2(O)(OSer) Mo DMSO reductase
DMSO reductase
TMAO reductase
Pyrogallol–phloroglucinol transhydr

M(dth)2(S)(SCys) Mo Nitrate reductase

Mo Polysulfide reductase
M(dth)2(S)(SeCys) Mo Formate dehydrogenase

W Formate dehydrogenase
W Acetylene hydratase

M(dth)2(O2CAsp) Mo Nitrate reductase
M(dth)2(O)(OAsp) Mo Nitrate reductase

Mo Ethylbenzene dehydrogenase
M(dth)2(O) Mo Arsenite oxidase
of FS0 iron–sulfur center (see below Section 3.1). Although Mo and W
share similar chemical characteristics, due to their different bioavailability
in oxic andmesophilic environments,Mo-enzymes are largely distributed
while W-enzymes are found in a limited range of mainly anaerobic and
thermophilic microorganisms. Also, the differences between their redox
properties make the reactions catalyzed byW-enzymes generally having
lower redox potentials than those catalyzed by Mo-enzymes [36].

Members of the Mo/W-bisPGD enzymes family are exclusively
found in prokaryotes and use a broad diversity of substrates includ-
ing oxides of nitrogen, sulfur, carbon, halogens, and metalloids in
redox reactions which can be considered for most of them as simple
oxygen atom transfer (OAT) between the substrate and the solvent.
This is the case for DMSO reductase (Dor, Dms), DMS dehydrogenase
(Ddh), biotin-d-sulfoxide reductase (BisC), nitrate reductases (Nars,
Nap, Nas), nitrite oxidoreductases (Nxrs), TMAO reductase (Tor),
alternative arsenite oxidase (Arx), selenate reductases (Ser and
Srd), perchlorate reductase (Pcr), chlorate reductase (Clr), arsenate
reductase (Arr), and formylmethanofuran dehydrogenase (Fmd, Fwd)
which obey the general scheme: R−O+2e−+2H+=R+H2O. In
these reactions, the electrons are transferred by other redox cofactors
in the enzyme. Similarly, sulfur atom transfer (SAT) reactions are cata-
lyzed by polysulfide reductase (Psr), sulfur reductase (Sre), thiosulfate
reductase (Phs), and tetrathionate reductase (Ttr) leading to the forma-
tion of H2S, except for Ttr. Other important catalyzed reactions are the
conversion of formate into CO2 by formate dehydrogenases (Fdh), and
the hydroxylation processes identifiedwith substrates such as ethylben-
zene for ethylbenzene dehydrogenase (Ebdh), resorcinol for resorcinol
hydroxylase (Rh) and very recently with cholesterol side chain for
C25dehydrogenase (C25dh), according to the scheme: R−H+H2O=
R−OH+2e−+2H+. In a less common way, some members of the
Mo/W-bisPGD enzymes family are able to catalyze overall non-redox
reactions such as the hydration of acetylene by acetylene hydratase
(Ah) and the transfer of OH group between phenols by pyrogallol–
phloroglucinol transhydroxylase (Th).

Thus, in spite of a limited range of coordination structure,members of
theMo/W-bisPGD enzymes family catalyze a verywide diversity of reac-
tions. Additionally, no correlation appears between the nature of the Mo
coordination and the catalyzed reactions (Table 3). This emphasizes the
crucial role played by the surrounding protein to modulate the Moco re-
activity and to date the structural factors that trigger substrate specificity,
enzyme directionality and catalytic efficiency remain to decipher. This
question was largely addressed during the last three decades and a
huge amount of spectroscopic data, mainly based on EPR and EXAFS,
was gained on various Mo-enzymes to investigate their catalytic mech-
anisms (see for instance [37]). Moreover, the increasing number of
X-ray structure determinations for about 15 years brought invaluable
the first column denotes the dithiolene moiety of the PGD molecules.

Abb. Organism Structure Ref.

Dor Rhodobacter sphaeroides 1EU1 [42]
Dor Rhodobacter capsulatus 3DMR [40]
Tor Shewanella massilia 1TMO [41]

oxylase Th Pelobacter acidigallici 1TI2 [22]
Nap Rhodobacter sphaeroides 1OGY [68]
Nap Desulfovibrio desulfuricans 2JIP [70]
Nap Escherichia coli 2NYA [69]
Nap Cupriavidus necator 3ML1 [71]
Psr Thermus thermophilus 2VPZ [88]
FdhF Escherichia coli 1FDO [91]
FdhF Escherichia coli 2IV2 [94]
Fdn Escherichia coli 1KQG [92]
W-Fdh Desulfovibrio gigas 1H0H [93]
Ah Pelobacter acetylenicus 2E7Z [104]
nNar Escherichia coli 1Q16 [114]
nNar Escherichia coli 1R27 [115]
Ebdh Aromateum aromaticum 2IVF [131]
Aio Alcaligenes faecalis 1G8K [169]

pdb:1EU1
pdb:3DMR
pdb:1TMO
pdb:1TI2
pdb:1OGY
pdb:2JIP
pdb:2NYA
pdb:3ML1
pdb:2VPZ
pdb:1FDO
pdb:2IV2
pdb:1KQG
pdb:1H0H
pdb:2E7Z
pdb:1Q16
pdb:1R27
pdb:2IVF
pdb:1G8K
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information on the Moco environment (see for instance [17]) which is
now currently used in combination with theoretical studies to model
Mo-enzyme reactivity (see for instance [38]). A conspicuous intrinsic
property of the Mo ion is however, the great versatility of its coordina-
tion sphere and its affinity to various anions that made very complicat-
ed the analysis of this wealth of data. In many cases, spectroscopy has
revealed that the Moco is present as a mixture of several species in a
given enzyme preparation, the relevance of these species for the cata-
lytic process being still largely debated. Moreover, such heterogeneities
were also observed in the three-dimensional structures of the enzymes
and due to the limitation of resolution, they led to controversial analysis
of the Mo ion environment in a number of cases (see below).

In this section, we attempt to give an overview of the current knowl-
edge on relationships between structural properties of theMo/Wcofactor
environment and its reactivity. We focus on systems for which available
experimental data and theoretical studies are sufficient to provide a
rational understanding of this challenging question. For sake of clarity,
enzyme systems are classified according to the amino acid ligand present
in the first coordination sphere of the metal ion.

2.1. Mo/W-bisPGD enzymes with serine ligand

2.1.1. The first coordination sphere of the Mo ion
The difficulties related to the heterogeneity of the Moco are well

exemplified by crystallographic studies of DMSO reductases (Dor)
from Rhodobacter species. Crystal structure determinations of Dor
from Rhodobacter species indicated an overall identical polypeptide
fold of the catalytic subunit core arranged in four domains (I–IV)
surrounding the Mo-bisPGD cofactor, with a substrate access funnel
defined by the two domain II, III interface (Fig. 1). However, significant
variations in the Moco coordination were observed in these studies. In
the oxidized Mo(VI) enzyme, a pentacoordinate Mo-ion was initially
observed in R. sphaeroides [39] with three sulfur atoms from the two
dithiolenes, one Mo_O and the Oγ of the serine ligand (Ser147). Con-
versely, the crystallographic studies of the R. capsulatus enzyme
reported a pentacoordination of the Mo(VI) ion with two oxo-ligands,
two sulfur atoms from one dithiolene and the Ser147 Oγ ligand [15].
Subsequently, a seven-coordinate Mo-ion was proposed in this latter
enzyme by including two additional sulfur atoms from the second
dithiolene group [40] and a similar structure was determined in the
closely related TMAO reductase (Tor) enzyme from Shewanella
massilia [41]. These crystallographic structures were largely debated
together with EXAFS data (see for details [37]), and the situation was
clarifiedwhen a high resolution structure of the R. sphaeroidesDor dem-
onstrated that the enzyme is present as a mixture of variable amounts
of pentacoordinate and hexacoordinate Mo-ion in crystals [42]. The
hexacoordinate structure of the Mo(VI) ion with four sulfur atoms
from the two dithiolenes, a single Mo_O group and the Ser Oγ ligand
was in agreement with EXAFS [43,44] and resonance Raman [45] data
and is now considered to correspond to the active oxidized enzyme
(Table 3). In contrast, the pentacoordinate one likely results from an
enzyme inactivation with the dissociation of one PGD from the Mo
and its replacement by a second oxo group, a phenomenon that seems
to be common among members of the Mo/W-bisPGD enzymes family
[46,47]. As the first crystal structures of reduced Dor have indicated
Scheme 1. Reaction mechan
the de-coordination of one dithiolene sulfur atom with respect to the
oxidized enzyme [39,40], a catalytic mechanismwas initially suggested
in which the oxo transfer would be assisted by the dissociation and
re-association of one PGD cofactor between the different redox states
of the Mo-ion [39]. However, a detailed analysis combining crystallog-
raphy and biochemical assays [48] clearly revealed that upon exposure
of the enzyme to Hepes buffer, a pair of thiolates dissociates leading to
enzyme inactivation, and that sulfur dissociation from the Mo-ion
observed in crystals was an artifact. Interestingly, the enzyme structure
obtained with the DMSO substrate bound to the active site showed that
the DMSO molecule is directly coordinated to the Mo-ion through its
oxygen atomwhich is hydrogen bound to the indole ring of Trp116 [49].

All these data led to a commonly accepted two-step mechanism in
which the Mo ion remains coordinated to the four sulfur atoms of the
two dithiolenes and to the Ser Oγ ligand during the whole catalytic
cycle (Scheme 1).

This leads to a pentacoordinated des-oxo Mo(IV) ion in the reduced
enzyme enabling the binding of DMSO via its oxygen atom to the Mo
through a first transition state. The intermediate Mo(VI) state with
bound DMSO then evolves through a second transition state and the
S\O bond cleavage to an hexacoordinate Mo(VI) with Mo_O group,
this second step being rate-limiting. This mechanism was supported
first by DFT calculations [50] and later by ab initio and DFT methods
[51,52] but the precise values of energy barriers (ranging from 14.6 to
19.2 kcal/mol) are still subject to discussion [38]. After DMS release,
the hexacoordinated Mo(VI) species return to the des-oxo Mo(IV)
species through the transfer of two electrons and two protons and the
departure of a H2O molecule.

In this mechanism, the reduction of the Mo(VI) species proceeds
through two successive one-electron reduction steps resulting in an
intermediate Mo(V) state which can be detected by spectroscopic tech-
niques. Detailed redox titrations of the enzymemonitored by UV–visible
spectroscopy indicate that the Moco is reduced by only two reducing
equivalents and that the two pyranopterin ligands are not redox active
[53]. A catalytic Mo(V) intermediate can be quantitatively isolated in
the course of this reductive process, reaching 100% of the Dor enzyme
when TMAO is used as an alternative substrate [53]. This Mo(V) species
is characterized by a rhombic “high g split” EPR signal [54,55] showingan
hyperfine couplingwith a single exchangeable proton. This couplingwas
attributed to an hydroxyl ligand bound to the Mo(V) ion on the basis of
ESEEM and HYSCORE studies of deuterium hyperfine coupling in a D2O
exchanged sample [56]. Similar Mo(V) EPR signals were observed in
various Mo-enzymes with Ser coordination, their g-values showing a
clear correlation when plotted as a function of the g-tensor anisotropy
(Fig. 2). This indicates that in these enzymes, the Mo(V) ion displays
the same coordination sphere, the g-tensor variations being due to
small structural modifications (angle or distance bonds) induced by
changes of the second coordination sphere of the metal or of its close
environment [57,58].

More recently, the g-tensor and the 95,98Mo hyperfine coupling anal-
ysis of the high g split signal, combined with computational study,
confirmed this Mo(V)–OH structure [59]. This study revealed a relaxed
geometry for this intermediate that lies between idealized octahedral
and trigonal prismatic and was used to model electronic and MCD spec-
tra. This energetically stabilized geometry explains why the Mo(V)–OH
ism of DMSO reductase.

image of Scheme�1


Fig. 2. Plots of the g-values of Mo(V) species against anisotropy for members of the
Mo/W-bisPGD enzymes family. A. Moco with Ser ligand. High g split signals from
R. sphaeroides Dor (1, 2) [44,56], BisC (3) [63], S. massilia Tor (4) [453]. B. Moco
with Cys or SeCys ligand. Close symbols, high g type signals: E. coli NapA high g resting
(5) [69], R. sphaeroides NapAB high g resting (6) [68] and NapA high g resting (7) [84],
P. pantotropha NapAB high g resting (8) [55], and high g nitrate (9) [75], S. gelidimarina
NapAB high g resting (10) [454], D. desulfuricans NapA high g nitrate (11) [74] and high g
turnover (12) [70],D. desulfuricans Fdh (13) [98], andW. succinogenes Psr treatedwith poly-
sulfide (14) [89]. Open symbols, very high g type signals:Methanobacterium formicicum Fdh
(15) [455], R. sphaeroidesNapAB (16) [68], P. pantotrophus NapAB (17) [75], Synechococcus
sp. NarB (18) [87], A. vinelandiiNas (19) [456], and very high g split fromW. succinogenes Psr
(20) [89]. C. Moco with Asp ligand. High-pH signals from E. coli NarGHI (21) [122],
(22) [120], (23) [119], high-pH (24) and high-pD (25) from M. hydrocarbonoclasticus
NarGH [127]. low-pH signals (26), nitrate (27), nitrite (28) [119], nitrate 1 (29), nitrate 2
(30), nitrite 1 (31), nitrite 2 (32), chloride (33), fluoride (34) from E. coli NarGHI [120].
low-pH signal (35), low-pD (36), nitrate (37), and nitrite (38) fromM. hydrocarbonoclasticus
NarGH [127]. Linear correlations between the available data sets within each family can be
extrapolated and are schematically indicated by straight or dotted lines to help the reader.
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to Mo(IV)+H2O reduction step is rate limiting when TMAO is used as
substrate. Indeed, the calculations indicate that, with this substrate, the
OAT event is activationless.

2.1.2. Role of the environment on the Moco reactivity
This oxygen atom transfer mechanism appears to be commonwithin

Ser coordinated Mo/W-bisPGD enzymes, which generally have a fairly
open substrate binding funnel and exhibit broad substrate specificity
towards S- and N-oxides [16]. Several mutagenesis studies were under-
taken to address the structural factors influencing this specificity. Several
residues (Thr148, Ala178, Arg217, Gly167, Gln179) predicted to form the
wall of the funnel leading to the Mo active-site in E. coli Dms were
mutated and found to affect substrate binding and/or specificity, while
not spatially clustered [60]. Two highly conserved aromatic residues
Tyr114 and Trp116 arranged around the Mo ion have attracted much
attention as potential candidates involved in catalysis and/or in substrate
specificity. In the structures of Dor from R. capsulatus, Trp116 hydrogen-
bonds to the labile oxo group of oxidized enzyme [15,40] and to the
oxygen of the DMSO in the structure with substrate bound at the
reduced active site [49]. Trp116 is conserved in Tor and in BisC.Whereas
substitution of this residue to phenylalanine in Dor caused a significant
reduction in kcat towardsDMSOandTMAO, theKm for DMSO is notmark-
edly affected and the Km for TMAO is slightly reduced [61]. This suggests
that Trp116 does not greatly influence substrate bindingwhile having an
important role in the catalytic cycle. Spectroscopic studies of the
as-isolated Trp116Phemutant indicate that it harbors a pentacoordinate
dioxoMo center inwhich one dithiolene group is outside theMo coordi-
nation sphere and replaced by a second Mo_O group [61,62], similarly
to the “Hepes-modified” inactive form of the enzyme [42,48]. As such,
Trp116 would prevent movement of the Mo-oxo unit away from the
coordinating dithiolene in the resting Mo(VI) enzyme. Redox cycling
the Trp116Phe mutant, however, regenerates transiently a wild-type
like enzymeDMSO reducing activity [62]. Similarmutations of the equiv-
alent residue (Trp90) in BisC exhibited alsomarkedly decreased catalytic
activities and drastic changes on theMo(V) EPR spectral properties, with
no significant alterations in either substrate affinity or specificity [63].
Thus, in agreement with mechanistic scheme presented above, by stabi-
lizing the mono-oxo Mo(VI) species by hydrogen bond, this Trp residue
could have a direct influence on the rate-limiting step of the catalysis and
would play an important role in controlling the catalytic efficiency in Dor
and BisC.

Tyr114 was found hydrogen-bound to the oxo ligand of the mono-
oxoMo(VI) in thefirst structure ofDor fromR. sphaeroides [39]. The pres-
ence of this oxo-group as Mo ligand was however reassessed and it was
proposed to be an artifact following an erroneous interpretation of the
electron density maps caused by discrete heterogeneity of the Mo posi-
tion in the crystals [42,48]. On the other hand, the tyrosine OH oxygen
is located at 3.3 Å from the sulfur of the DMSO in the structure of Dor
from R. capsulatus complexed with its substrate [49]. Interestingly, this
residue is conserved in BisC [63,64]. The unique but striking difference
in the arrangement of the residues directly surrounding the active center
at theMo ion in theDor and Tor structures is the absence of Tyr114 in the
latter [41]. While it is replaced by a threonine (Thr116) or a serine
depending on the organism, no other residue occupies the space left
empty by the missing aromatic side chain. This led to the hypothesis
that Tyr114 is critical for the control of substrate specificity in the
S-oxide/N-oxide reductases [41,65]. Substitution of this residue for a
phenylalanine (Tyr114Phe) in recombinant Dor from R. sphaeroides
expressed in E. coli [64], or in R. capsulatus [62,66] leads to a significant
alteration of the catalytic properties toward DMSO and TMAO, resulting
in an ~10 fold decreased efficiency of the enzyme toward DMSO and a
slightly less efficiency with TMAO. Noteworthy, the substitution does
not affect the Mo(V) EPR spectrum, indicating no interaction of the
residue with the Mo center in this redox state [62]. In addition, protein
film voltammetry measurements indicated that this residue is critical
for protonation steps at the active site [66]. Insertion of a Tyr into Tor
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in an equivalent position results in a decreased preference for TMAO
relative to DMSO [64]. Altogether, these studies indicate that Tyr114
would function in substrate recognition: it would be important for
correct positioning of the substrate in the Dor active site, most likely by
providing a hydrogen bond with DMSO.

2.2. Mo/W-bisPGD enzymes with cysteine or selenocysteine ligand

Investigations of the structure and mechanism of Mo/W-bisPGD
enzymeswith Cys or Se-Cys coordinationwere subjected to long contro-
versy due to uncertainties in the determination of the Mo ion ligands by
X-ray crystallography and to the plasticity of this coordination sphere as
shown by spectroscopy experiments. Moreover, by comparison with
several enzymes carrying a Ser coordinated Moco (Dor, Tor, BisC), all
those harboring a Cys or SeCys coordinated Moco contain at least one
additional FeS cluster in the catalytic subunit (see Section 3.1). This
makes spectroscopic approaches more complicated to address their
catalytic mechanism. In this section, the structure and mechanism of
several representative enzymes of this group, Nap, Psr, Fdh, Ah, which
catalyze a large diversity of reactions, are reported.

2.2.1. Periplasmic nitrate reductases

2.2.1.1. The first coordination sphere of the Mo ion. In the case of
periplasmic dissimilatory nitrate reductases (Nap), the first structure
obtained for the oxidized enzyme NapA from Desulfovibrio desulfuricans
has shown a Mo ion coordinated by the four sulfur atoms of the two
PGDdithiolenes and by afifth sulfur fromaCys residue [67]. An addition-
al sixth ligand being OH or OH2was determined, and the same coordina-
tion was proposed from crystallographic studies at lower resolution of
the enzymes NapAB from R. sphaeroides [68] and NapA from E. coli
[69]. Detailed investigations of subsequent crystallographic data
obtained with D. desulfuricans NapA, together with B factor analysis,
assigned however this sixth ligand to a sulfur atom partially bond
with the thiolate of the Cys ligand in the “as prepared” state of the
enzyme [70]. This six sulfur coordination of the Mo ion was also
confirmed by the recent high resolution structure (1.5 Å) of the NapAB
enzyme from Cupriavidus necator (formerly Ralstonia eutropha) [71].

According to the initial NapA structure, the first theoretical investiga-
tions of enzyme reaction proposed amechanism closely related to that of
Dor, the serinate ligand being replaced by a cysteinate one. In the first
step of this mechanism, nitrate binds through one oxygen atom to the
Mo(IV) ion. This is followed by the N\O bond breaking step, leading
to the release of nitrite and to the formation of aMo(VI)–O intermediate
[72,73]. However, by contrast with Ser coordinated Mo/W-bisPGD
enzymes, EPR studies of Naps revealed a number of substoichiometric
distinctMo(V) species whose catalytic relevancewas strongly discussed.
These species were classified in three main groups according to their g
values as high g, very high g, and low g species (Fig. 2B) [55,68,69,74].
Depending on enzyme preparations and treatments, the proportions of
these species vary greatly, the high g species being usually the most
abundant while the two others are considered as resulting from partial
degradation of theMoco [75]. Mo(V) high g-type signals show character-
istic hyperfine splittings attributed to the β-CH2 protons of the cysteine
ligand [76]. Depending on the enzyme, this signal can be observed in
different conditions: in “as prepared” enzymes (high g resting), in enzyme
under turnover with nitrate (high g nitrate or high g turnover), or in
reduced enzyme. Moreover, kinetic studies of Nap by protein film
voltammetry revealed that the enzyme activity decreases at very low
potential suggesting that nitrate can bind more efficiently to Mo(V)
than to Mo(IV) state [77,78]. The potential role of the Mo(V) state in
nitrate binding was also emphasized in the catalytic cycle model pro-
posed in line with the E. coli NapA structure determination [69]. Based
on the redox potential of Mo(V) high g species deduced from EPR study
of R. sphaeroides NapAB, a quantitative kinetic model was developed tak-
ing into account nitrate binding to both Mo(IV) and Mo(V) redox states
[79]. This model was further improved by considering the kinetics of
substrate binding and release, and protonation steps [80]. It enabled the
interpretation of catalytic voltammograms obtained with R. sphaeroides
NapAB in a broad range of substrate concentrations and pH. This led to
the conclusion that in this enzyme, substrate binding is irreversible on
the time scale of turnover, and that combined with protonation, it raises
the redox potential of the Mo(V/VI) couple, triggering the energetics of
intramolecular electron transfer with FeS within NapA [80].

The discovery of the sixth sulfur atom in the coordination sphere of
the Mo ion in Nap [70] has strongly stimulated the reinterpretation of
the structural models of the spectroscopically detected Mo species and
enzyme mechanisms. Thus, a recent DFT investigation of the magnetic
parameters (g and A(1H) tensors) of possible models for Mo(V) EPR
detected species concluded that the high g Mo(V) species corresponds
to a six sulfur coordination sphere in a pseudotrigonal prismatic geome-
try, with a partial disulfide bond between the sulfur ligand and the
thiolate of the Cys ligand [58]. The very high gMo(V) specieswould result
from the two electrons reduction of this disulfide bond, leading to sepa-
rated sulfido and thiolato ligands, but maintaining the six sulfur coordi-
nation of the Mo(V) ion. Moreover, the attribution of the low g species
to a Moco with only one coordinated pterin moiety was confirmed in
this study [58]. Interestingly, it is clear that independently of the bacterial
species or of the conditions used to produced the Mo(V) high g species,
all reported g values exhibit a strong correlation (Fig. 2B). This shows
that in these species the Mo ion has the same coordination sphere, the
g-tensor variations being due to more distant structural modifications.
The same trend is also observed for the very high g species (Fig. 2B). In
particular, this indicates that in the so-called high g nitrate or high g
turnover species, nitrate or nitrite ions if present are not directly bound
to Mo ion. These results emphasize the heterogeneity of the Moco in
the “as prepared” enzyme. The structure proposed for high g Mo(V)
from DFT calculations [58] is then very similar to that found in the
more recent crystallographic studies of oxidized D. desulfuricans NapA
[70] and C. necator NapAB [71]. However, the physiological relevance of
this species was recently questioned. By combining EPR spectroscopy
and protein film voltammetry of R. sphaeroides NapAB, it was shown
that the high gMo(V) species detected in “as prepared” enzyme cor-
responds to an inactivated form which needs to be reduced for
reactivation. Thus, the disappearance of the high g Mo(V) EPR signal
upon reduction is not a simple redox process but is accompanied by a
still unknown chemical transformation making this reduction not
reversible [47]. As such, this observation questions the significance of
the Moco redox potentials determined by EPR and their use in catalytic
models.

Taking into account the six sulfur coordination of the Moco, several
theoretical and computational investigations of the Nap mechanism
were performed [81–83]. As the disulfide bond between the sulfido
and Cys-thiolato ligands blocks the direct access of nitrate to the Mo
atom, various kinds of inner and outer coordination sphere mechanisms
were investigated, the Mo ion being in the Mo(VI) or Mo(V) state
(Scheme 2).

In outer sphere mechanisms, nitrate is guided through a narrow
funnel to the active site and interacts with the sulfido Moco ligand lead-
ing to a O2NO\S bond [81,83]. After release of nitrite, the remaining
O_S\ ligand of Mo must be reduced to restore the initial state of the
enzyme. In inner sphere mechanisms, the direct binding of nitrate to
the Mo ion requires a rearrangement of the active site in which the
Cys-thiolato disconnects from Mo but remains attached to Mo by the
terminal sulfur atom giving a Cys-S\S\ ligand. This rearrangement
would be stabilized by conserved methionines, Met141 adjacent to
the Cys140 ligand and Met308, and seems consistent with Moco struc-
tural changes observed in the crystal structure of dithionite reduced
C. necator NapAB [71]. In addition to the redox chemistry of the Mo ion,
both kinds of mechanisms involve also a sulfur-based redox chemistry.
Although the high energy barrier of the O2NO\S bond formation likely
excludes outer sphere mechanisms, the redox states of the Mo ion in



Scheme 2. One of the inner sphere reaction mechanisms proposed for Nap. The valence states of the Mo ion were not indicated since it was suggested that redox chemistry involves
sulfur ligands. Adapted from [81,83].
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themechanism and the subsequent reduction steps of the formed oxo li-
gand into water molecule remains discussed [38].

2.2.1.2. Role of the environment on the Moco reactivity. The analysis of
the D. desulfuricans NapA structure suggests that several conserved
and charged residues (Asp155, Glu156, Asp355, and Arg354) enable to
guide the nitrate ion from the solvent to the Moco [81]. In R. sphaeroides
NapAB, the role of Arg392 (homologous to Arg354 of D. desulfuricans
NapA) and of Met153, adjacent to the coordinating Cys152, have been
addressed by site-directed mutagenesis. These conserved residues
which lie at ~9 and 6 Å from the Mo ion, respectively, were substituted
by Ala, and the purified mutants where characterized in detail [84,85].
For both mutants, Met153Ala and Arg392Ala, the substitution affected
only the Km for nitrate (increased by 10 and 200-fold, respectively), but
not the kcat, indicating that these residues are not involved in the catalytic
reduction of nitrate but promote substrate binding [84]. These results
substantiate a previous study of mutants of the equivalent residues
(Arg421 and Met182) in NapAB from C. necator that revealed a drastic
(Arg421Lys) or a complete (Arg421Glu, Met182His) loss of enzymatic
activity monitored on periplasmic extracts [86]. In addition, a zinc inhib-
itory effect that seems specific to Nap was revealed [84]. Zn2+ binding
inside the substrate channel in the presence of nitrate was found to be
facilitated by the absence of the guanidiumgroup of Arg392 and requires
the Met153 side chain that likely coordinates this metal ion. It was then
proposed that Arg392 act as a filter in protecting the active site against
inhibition and direct reduction by small molecules [84].

Clearly, in spite of the numerous works done on the Nap enzymes,
further investigations are required to rationalize the data gained by
crystallography, spectroscopy, kinetics, and theoretical calculations.
Noteworthy, the relationships between the various Mo(V) species
identified by spectroscopy [58], those involved in the catalytic scheme
deduced from kinetic studies [80], the crystallographic structure of the
Moco [71], the potential catalytic intermediates [38] and inhibited
forms [47] are still to establish. Such investigations would be also
relevant for prokaryotic assimilatory nitrate reductases (Nas), which
have a coordinating Cys residue of Moco and exhibit Mo(V) EPR signals
similar to those given by Nap [87] but remain poorly characterized.

2.2.2. Polysulfide reductase
Polysulfide reductase (Psr) is another enzyme with Cys coordinated

Moco, but instead of the commonOAT, it catalyzes a sulfur atom transfer
(SAT) reaction, giving HS− as reaction product according to the equa-
tion: Sn2−+H++2e−=Sn−1

2− +HS− above pH 7. The structure of the
oxidized Thermus thermophilus enzyme has been determined at 2.4 Å
resolution and shows that, in addition to the four sulfur atoms from
the bis-PGD cofactor, the Mo ion is coordinated by the thiolate group of
Cys173 [88]. Moreover, a sixth ligand interpreted as an oxo group was
proposed. This coordination was considered to be consistent with the
first EPR analysis of Psr from Wolinella succinogenes which revealed
Mo(V) signals resembling the very high g signal of Nap [89]. However,
it is worth noting that the Mo(V) Psr signals obtained upon dithionite
reduction or with polysulfide substrate are rather related to high g
signals, while that produced after borohydride reduction correlates
with very high g signatures (Fig. 2). According to the structural interpre-
tation of these signals in Nap [58], they should correspond in both cases
to Moco species with six sulfur coordination, indicating that very likely,
the sixth ligand is sulfur as in Nap. These spectroscopic results have
also suggested that polysulfide substrate binds directly to Mo [89]
which was supported by a recent HYSCORE study of 33S isotope-
labeled polysulfide treated enzyme strongly indicating that the 33S is
indeed the sixth ligand of the Mo(V) center [90]. However, these
spectroscopic studies require further analysis for these structural conclu-
sions to be confirmed.

According to the Psr crystal structure, substrate selectivity of Psr
would be related to the narrow funnel connecting the active site to
enzyme surface, with basic residues limiting its entrance. As for Nap,
an Arg residue (Arg332) is located in close vicinity ofMoco and is hydro-
gen bound to two water molecules. This residue was proposed to
stabilize the polysulfide substrate [88], but at this time, details on the
catalytic mechanism remain to decipher.

2.2.3. Formate dehydrogenase
Formate dehydrogenases (Fdh) possess a Moco which shares com-

mon structural propertieswithNap but catalyze a very different reaction,
namely the conversion of formate into CO2 that can be considered as a
formal hydrogen atom transfer: HCOO−=CO2+2e−+H+.

Three crystal structures of Fdh have been reported, the two Mo-
enzymes FdhF [91] and FdnGHI [92] from E. coli, and the W-containing
FdhAB enzyme from Desulfovibrio gigas [93]. In the oxidized enzyme,
all of them show a metal ion coordinated by the four sulfur atoms of a
bis-PGD cofactor, and by the selenium atom of a SeCys. As for Nap, the
nature of a sixth ligand was largely debated. First modeled as a long
Mo\O bond in E. coli FdhF [91], this sixth ligand was attributed to a
sulfur atom in D. gigas FdhAB [93]. Moreover, the initial crystal structure
determination of formate reduced E. coli FdhF has suggested that the
sixth ligandwas lost upon reduction, but the re-analysis of data indicated
that SeCys is no longer bound to Mo which becomes pentacoordinated
with a sulfur atom as axial ligand in the reduced state [94]. This refined
structure is in agreement with previous EXAFS studies of the enzyme
[95] and with recent biochemical results showing that the sulfuration
of the E. coli FdhF enzyme is essential for its catalytic activity [96].

Surprisingly, EPR studies of formate reduced E. coli FdhF revealed a
nearly axial highly anisotropic Mo(V) signal (g=2.094, 2.001, 1.990),
which exhibits a strong hyperfine coupling with 77Se in 77Se-enriched
enzyme [97]. This coupling reflects a direct coordination of SeCys to
theMo ion in the EPR active species, in contradiction with crystal struc-
ture of formate reduced enzyme, suggesting that theMo(V) species has
no relation with the crystallographically detected state, or that the
enzyme was altered by X-ray in crystallographic studies [37]. Alterna-
tively, EPR studies performed on D. desulfuricans Fdh suggest that these
variations could be due to the influence of some enzyme inhibitors
(azide, cyanide) [98]. In the absence of these inhibitors, the Mo(V) EPR
signal obtained becomes much less anisotropic. Its g-values are then
reminiscent of the high g Mo(V) signal found in Nap enzymes (Fig. 2),
but with a stronger anisotropy which is consistent with replacement of
a sulfur ligand from Cys by a selenium as observed for other enzymes
such as NiFe hydrogenases [99] and can be explained by the increased
covalence effects of selenium.

Based on structural homology between Fdhs, the conserved SeCys140
ligand of Mo and the proximal His141 and Arg333 (numbering of E. coli
FdhF) are considered as essential residues for catalysis. The replacement
of SeCys140 for Cys by site-directedmutagenesis in E. coli FdhF decreases
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the enzyme activity by two orders of magnitude [100]. Moreover, Arg333
is homologous of Arg392 of R. sphaeroides NapA which was shown to be
involved in nitrate binding [84]. In the X-ray structure of the oxidized
E. coli FdhF, the side chain of Arg333 points towards the active site in a
position to interact and orient the formate molecule, whereas in the
formate-reduced enzyme, Arg333 is in contact with the free selenol
from Se-Cys [94].

According to the initial E. coli FdhF structure, thefirst proposedmech-
anism resembles that of DMSO reductasewith the replacement of theOH
ligand by a formate ion coordinated through an oxygen atom to the
Mo(VI) ion. In a second step, the formate C\H bond is cleaved with
concomitant binding of hydrogen to Se, transfer of two electrons to the
Mo, and release of CO2 [97]. This leads to a pentacoordinated Mo(IV)
ion with a protonated SeCys ligand which is subsequently oxidized to
Mo(V) with the transfer of the proton from SeCys to the proximal
His141. The catalytic cycle is then completed with the oxidation of
Mo(V) to Mo(VI), the transfer of the proton to the solvent and the bind-
ing of a hydroxide to theMo(VI) ion. After thefinding of a sulfur ligand in
the coordination sphere of the reduced E. coli FdhF Moco, this mecha-
nism was adapted by replacing the OH ligand by SH and was addressed
by theoretical calculations [101]. An alternative mechanism was also
proposed in which the SH ligand remains bound to Mo in the whole
catalytic cycle, while the Mo(VI) SeCys ligand is released to enable
formate binding [94]. In thismechanism, the unbound SeCys is stabilized
by interaction with proximal Arg333, and enables hydrogen atom
abstraction from bound formate. Calculations of activation energy for
C\H bond cleavage showed that the proton abstraction is much more
favored with unbound SeCys (19 kcal/mol compared to 36 kcal/mol)
[101]. This study did not consider, however, the role of the proximal
His141 and Arg333 residues, and in a more recent DFT study, Mota et
al. [102] have investigated the entire catalytic cycle by taking into
account the influence of these residues. Their proposed mechanism is
reminiscent of the inner sphere mechanism determined by Cerqueira
et al. [81] for Nap (Scheme 3).

Starting from a hexacoordinated Mo(VI) structure with SeCys and
sulfido ligands partly boundby a seleno-sulfide bond, the catalyticmech-
anism involves decoordination of SeCyswith the transient formation of a
Cys-Se\S Mo ligand to enable formate binding. The Se\S bond is then
broken, allowing the formed selenide to abstract the hydrogen atom
from formate. This leads to a cyclic intermediate with the CO2 molecule
bound toMo(IV) ion by one oxygen and to the sulfur ligand by its carbon
atom. After CO2 release, Mo(IV) oxidation and proton transfer, the
Scheme 3. Reaction mechanism proposed for FdhF wit
Adapted from [102].
catalytic site is restored. As no Mo(V) state is involved in this mecha-
nism, this questions the relevance of the EPR-detected Mo(V) species
as for Nap. These DFT calculations indicate that Arg333 has indeed a
key role in driving the formate ion toward the sulfur ligand through
two strong hydrogen bonds, and promoting its binding to the metal
ion by a single bond. A role of the positively charged side chain of
Arg333 in driving the product release was also proposed. In addition,
it was found that His141 lowers the activation energy for the dissocia-
tion of SeCys from the molybdenum by forming a hydrogen bond
with the selenide anion, then allowing proton abstraction from the
substrate to the SeCys. In this model, His141 is not directly involved in
the removal of the formate α-proton. However, the role of His141 in
catalysis, together with that of possible H acceptors in the active site,
has beenquestioned by recent theoretical calculations [103]. The results
favor a mechanism in which the metal center mediates H transfer from
substrate to the SeCys by forming a transient Mo\H intermediate.
Considering the existence of thiolate-coordinated Mo hydride com-
pounds, these authors then conclude that a hydride transfer could
be operating in FdhF catalysis. Thus, the exact role of His141 in the
peculiar hydrogen atom transfer that is specific of FdhF still needs
to be established.

2.2.4. Acetylene hydratase
By contrast with other enzymes with Cys or Secys Mo ligand, acety-

lene hydratase (Ah) catalyzes a non-redox reaction, the hydration of
acetylene to acetaldehyde. This tungsto-enzyme from P. acetylenicus
was crystallized in anaerobic conditions in the reduced most active
state. The high resolution structure (1.26 Å) revealed that the W atom
is coordinated by a Cys residue and by a water molecule hydrogen-
bound to a close aspartate residue (Asp13) [104]. One striking difference
with other Mo/W-bisPGD enzymes is a major rearrangement of the
region between domain II and III leading to a completely different funnel
accessing the active site in AH. This substrate access funnel is located at
the intersection of domains I, II and III, giving access to a new face of the
protein surface (Fig. 1). It leads to a different portion of the metal coordi-
nation sphere and was considered as a key factor for substrate specificity
and reactivity. In the proposed mechanism, the W(IV)-bound water
molecule would be activated by the Asp13 residue thanks to a pKa shift
induced by the proximal FeS cluster [104]. Although acetylene hydration
reaction is not a redox process, it is striking that the lysine residue that is
considered as essential for electron transfer between the FeS cluster and
the Moco in Mo/W-bisPGD enzymes is also conserved in Ah (Lys48). It
h the activation step based on sulfur-shift process.
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is proposed that in Ah, the rearrangement of a loop region between the
two metal cofactors in Ah might be responsible for a strong increase in
Asp13 pKa induced by the proximal FeS cluster [104]. In the following
step, the activated water would attack the triple bond of acetylene
through an electrophilic addition mechanism. The critical role played by
the carboxylic group of Asp13was confirmed by site-directedmutagene-
sis experiments: enzyme activity is almost suppressed by Asp13Ala
mutation while it is nearly unchanged in Asp13Glu variant [105]. More-
over, the presence of a hydrophobic cavity enabling substrate accommo-
dation at the active site is supported by the strong decrease of activity
when Ile142, which belongs to this cavity, is mutated into Ala.

Alternative mechanism involving a nucleophilic attack of water
on a W-bound acetylene was also suggested [106], but DFT calcula-
tions indicated that these two mechanisms have very high energy bar-
riers (~40 kcal/mol) and proposed that reaction proceeds through a
W_C_CH2 vinylidene intermediate [107]. Several other mechanistic
schemes have been investigated by DFT methods on large active site
models [108]. These authors concluded that themost energetically favor-
able mechanism involves the η2 binding of acetylene on the W(IV) ion
with the displacement of the water molecule ligand. This molecule is
subsequently deprotonated by the carboxylate group of Asp13 and
performs a nucleophilic attack on the bound acetylene, giving a vinyl
anion stabilized by binding to W ion. Shuttled by Asp13, a proton is
then transferred to this anion leading to a vinyl alcohol intermediate,
which gives acetaldehyde after tautomerization. This first shell mecha-
nism was recently supported by theoretical calculations performed on
a biomimetic W(IV)O(S4) tungsten complex but with the participation
of the W(IV)–OH ligand to deprotonate the water molecule [109].

2.3. Mo/W-bisPGD enzymes with Aspartate ligand

Enzymes where Moco is coordinated by Asp generally present a tri-
meric organization (Table 1) and contain several other redox cofactors,
FeS clusters and hemes, giving a large diversity of spectroscopic signa-
tures. The coordination of the Moco by Asp was demonstrated by crys-
tallography in only two enzymes, nNar and Ebdh whose properties are
described in this section.

2.3.1. Respiratory nitrate reductase
Themost representative enzymeof this class is themembrane-bound

respiratory nitrate reductase from E. coli NarGHI (i.e. nNar) that was
spectroscopically investigated by Bray and coworkers more than thirty
five years ago [110]. The ability to produce the enzyme either in a
membrane-bound form NarGHI or in a soluble form NarGH was a great
advantage to address the thermodynamic and structural properties of
the various metal centers [111–113]. This was also used to determine
the crystal structure of the oxidized enzyme in the two forms NarGHI
[114] and NarGH [115] and to demonstrate the presence of an aspartate
ligand to the Mo ion (Asp222). By comparison with Ser coordinated
Moco enzymes, the catalytic subunit NarG has important sequence
insertions that define an additional fifth domain in the structure. This
domain V delineates a much narrow substrate binding funnel in NarG,
and could play a role in modulating its substrate specificity towards
nitrate and the small number of oxyanions identified as substrates
[116,117]. In both structures, theMo ion is coordinated by the four sulfur
atoms of the two PGD cofactors, but surprisingly, the aspartate coordina-
tion is different in the two systems. InNarGHI, the Asp ligand is bidentate
with the two oxygen atoms from the carboxylate group bound to Mo. In
addition, one PGD cofactor was shown to be bicyclic with an open pyran
ring [114]. In contrast, in NarGH structure, the two PGD cofactors are
in the usual tricyclic pyranopterin state, and the aspartate ligand is
monodentate, the sixth coordination position of the Mo being occupied
by an oxo group at 1.8 Å [115]. However, these structures show highly
distortedMo coordinationswith short distances between the oxo ligand,
one of the dithiolene sulfur and the coordinating aspartate oxygenwhich
could results fromaveraged structural heterogeneities arising fromX-ray
photoreduction [37]. These structural variations between enzymes led to
suggest that the flexibility of the aspartate coordination and the pyran
ring opening and closing could play a role in catalysis, especially for the
proton transfer [115,118].

Early spectroscopic studies performed on E. coli nNar have reported
two characteristic pH-dependent Mo(V) EPR signals, the low-pH and
high-pH signals [119], both signals showing hyperfine coupling with a
solvent exchangeable proton. This coupling is stronger for the low-pH
signal which was shown to be sensitive to the presence of anions like
nitrate, nitrite, chloride and fluoride [120]. The hyperfine coupling
observed with 19F showed that this anion was located close to the
Mo(V) ion, but no such coupling was found with 17O enriched nitrate
indicating that these anions were not directly bound to the metal
[121]. By comparing the pKa of interconversion between high and low
pH species (pKa~8.3) with enzyme activity profile, it was proposed
that only the low pH species is catalytically active [119]. However, this
pKa value was determined in the presence of chloride and it was subse-
quently shown that anion binding modifies the high pH/low pH signal
transition pKa [120,121]. Later, a pH dependence study of Mo(V) species
redox potentials performed in absence of contaminating anions has
suggested that both species could be involved in the catalytic cycle
[122]. Moreover, this study showed that the replacement of the His49
ligand of the proximal FS0 cluster by Cys also affects the pKa of the tran-
sition, while the structural organization of the Moco and the FS0 centers
is not modified [123], indicating that this pKa value is dependent on the
H-bond network around the Moco. These Mo(V) EPR signals were
detected in several other respiratory nNars from Paracoccus denitrificans
[124] and Marinobacter hydrocarbonoclasticus [125]. In all cases these
Mo(V) EPR active species were substoichiometric, revealing structural
heterogeneities of the Moco in enzyme preparations and questioning
their relationships with the structure determined by crystallography or
EXAFS [121]. Interestingly, the binding of nitrate, nitrite or other anions
changes only weakly theMo(V) EPR signatures which remain correlated
to the low- and high-pH signals (Fig. 2). This shows that the binding of
these anions does not occur in the first coordination sphere of Mo(V)
ion which remains likely unchanged in these different species. The
more realistic interpretation of thisMo(V) coordination is that the aspar-
tate ligand is monodentate and that the sixth position is occupied by an
OH group. In the NarGH crystal structure, the monodendate molybde-
num ligand Asp222 is hydrogen-bound to the Nε of the conserved
His546 residue [115], whereas this H-bond is lost in the bidendate
NarGHI structure [114]. This led to the hypothesis that this His may be
the ionisable residue with pKa~8 that defines the transition between
thehighand the low-pHMo(V) forms evidencedbyEPR. The interconver-
sionbetweenhigh- and low-pH species could bedue to theprotonationof
this nearby residue, leading to a reorientation of the Mo(V)–OH ligand
and to a change of the proton hyperfine coupling [125,126].

In spite of the long standing studies on nNar, it is striking that its
reaction mechanism and the catalytic relevance of the Mo(V) species is
still a matter of controversy. Notably, the ability of these enzymes to
reduce various oxides of nitrogen, halogens [127] and metalloids [117],
and to be a potential NO production enzyme [128–130] will be required
to understand more deeply the interactions between the Moco, its
surroundings and these substrates.

2.3.2. Ethylbenzene dehydrogenase
Amonodentate aspartate ligand of Moco, Asp223, was also observed

in the crystal structure of the ethylbenzene dehydrogenase (Ebdh) from
Aromateum aromaticum [131], an enzyme closely related to Nar. In this
case, one of the PGD has an open pyran ring. The sixth ligand of Mo is
an oxygen atom from an acetate ion, the metal ion being considered to
be in the reducedMo(IV) state due to crystallization conditions. Interest-
ingly, the second oxygen from the Asp223 carboxylate side chain is
hydrogen bound to a Lys450-Nζ, and the same Asp–Lys pair is conserved
in otherMo-enzymes of this group, selenate reductase (Ser) and chlorate
reductase (Clr) [131].
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By contrast with most enzymes with Mo/W-bisPGD cofactor which
perform an OAT, Ebdh catalyzes the oxygen-independent hydroxylation
of hydrocarbons, a process known to require the activation of C\Hbond.
Because of the high diversity of this enzyme in hydroxylating various
alkylaromatic and heterocyclic compounds [132], the determination of
its catalytic mechanism has attracted much attention. Different mecha-
nisms considering that the C\H activation proceeds through homolytic
or heterolytic cleavage were investigated by DFT computations [133].
In these calculations, theMo(VI) ion of the oxidized enzymewas consid-
ered to be coordinated by a monodentate Asp223 ligand and by an oxo
group, and the role of His192 lying near the Moco in protonation
processes was also investigated. In this model, one of the pyran rings is
taken open but the influence of the ring closure on the catalysis was
not addressed. The results of calculations indicate that the lower energy
barrier mechanism involves a radical formation with two one electron
transfer steps: i) the homolytic activation of the C\H bond leading to a
radical intermediate and the formation of Mo(V)–OH; and ii) a second
electron transfer coupled to OH-rebound on the carbon atom. Models
with His192 protonated or not give plausible reaction pathways and
this mechanism led to calculated kinetic isotope effect in qualitative
agreement with those measured experimentally [133]. More recently,
this two step mechanism involving a substrate-derived radical and
carbocation intermediateswas shown to be consistentwith kinetic prop-
erties of a broad range of substrate analogs [132].

2.4. Conclusion

At the present time, it is clear that it is not possible to reveal a unique
principle which triggers the reactivity of Mo/W-bisPGD enzymes. Exam-
ination of the wealth of structural, spectroscopic, kinetic and computa-
tional data emphasizes the extraordinary high catalytic plasticity of
these enzymes that is responsible for their evolutionary success and
spreading in prokaryotes. Theoretical calculations have shown that cata-
lytic pathways are extremely sensitive to proton and electron transfer
processes. H-bond networks around the Moco and their variations in
the catalytic cycle are strongly involved in the fine tuning of the cofactor
reactivity and substrate selectivity. In spite of the spectacular progresses
made by crystallographic approaches, the knowledge on these networks
remains hardly accessible. Going further in this understanding will need
to establish relationships between the Moco structures identified by
crystallography and the spectroscopically detected species, and to deci-
pher the structural basis of Moco heterogeneities. Going beyond the
very close vicinity of Moco in these analyses will be also required as
illustrated by inhibition processes of Nap which likely occur in a
more distant surroundings [47,84]. In this respect, using Mo(V) species
as magnetic probe to monitor long range structural changes of the
enzyme or intercenter medium variations will be a powerful approach
as shown in other Mo-enzyme families [134–136]. Moreover, it will
also be essential to progress in trapping and characterizing catalytic
intermediates and to make assignments to hypothetic species involved
in kinetics models. This is specially required for enzymes with Cys
(SeCys) or Asp Moco ligand that catalyze the most diverse reactions
and for which mechanisms at play are still uncertain. Finally, beyond
the Mo ion, the role of pyranopterins of Moco remains poorly
addressed. Although it is well established that pterins can have a redox
activity [118], as demonstrated for tetrahydrobiopterin cofactor in NO
synthases [137,138], no evidence for the involvement of pyranopterins
as redox cofactors was given. Instead, a recent extensive structural anal-
ysis of pyranopterins in Mo-enzymes suggests that changing the redox
state of these cofactors could be a way to modify their conformation
and to modulate the tuning of the Moco redox chemistry [139].

3. Molecular variation of the Mo/W-bisPGD enzymes

TheMo/W-bisPGD enzymes family shows an extraordinary variety of
molecular organization and the unique common subunit is the catalytic
one. The enzymes of this family can be monomeric, dimeric (with an
additional subunit playing the role of electron transfermodule, containing
hemes, or FeS clusters and/or FAD cofactor), and trimeric (with
an additional subunit playing — often but not always — the role of con-
nection to the membranous quinone pool) (Fig. 3). We will briefly pres-
ent all types of elementwith the aim of highlighting structural variability
but first of all common functional features. An important pitfall when
giving a Mo/W-bisPGD enzyme denomination from the first description
is that it takes into account, inmost cases, the enzymatic activity and not
the phylogenetic affiliation. Actual viewof thediversity and relationships
within the Mo/W-bisPGD enzymes family should lead to reconsider
earlier enzyme denomination thus facilitating a better description of
their function. Readers are encouraged to read the review from Rothery
et al. for an evolutionary point of view [16].

3.1. The catalytic subunit α

In the vast majority of enzymes from the Mo/W-bisPGD enzymes
family the catalytic subunit, denoted α in Table 1, is named A referring
to the genes' order in the operons where the gene encoding the catalytic
subunit is located, in the vast majority, before all other genes encoding
for structural proteins. In the case of the aio (formerly aox) operon,
homogenization to the global Mo/W-bisPGD enzymes nomenclature
has been recently obtained [140] and the gene coding for the catalytic
subunit (formerly aoxB [141]) is now denoted aioA, whereas the gene
encoding for the electron transfer subunit (formerly aoxA) is nowdenot-
ed aioB. Some recalcitrant cases to the homogenization do still exist since
in the nar operons (there are two Nar complexes in E. coli), the genes
encoding for the catalytic subunits are denoted narG and narZ [142]
and the genes encoding for the catalytic subunits of assimilatory nitrate
reductase are denoted narB in Cyanobacteria or nasC in Bacillus subtilis
(see [143] for recent review).

Although of highly variable size (from 710 residues for NasC to 1200
residues for NarG), all the available structures show a similar scaffold
defining four different conserveddomains (I–IV) in the catalytic subunit
(Fig. 1B). The remarkable feature is the non-contiguous locationof these
domains within the primary protein sequence. This is the result of a
long evolutionary history from the origins of life that provided a great
divergence of sequences despite a high folding conservation. Whereas
the catalytic subunit shows great divergence in term of amino acid
sequences (less than 8% identity between catalytic subunits from Aio
and Nar for themost divergent representatives of the family) structures
can be easily superimposed (see the work of Schoepp-Cothenet et al.
[25]). The four domains (I–IV) (related by an internal pseudo-two-
fold axis; see Fig. 1B) bury the cofactors deep inside the protein. Access
to this site is consequently provided via a funnel-like entrance whose
position (but not the detailed architecture, that defines the enzymatic
specificity), between Domains II and III, is almost conserved in the
family. The Ah (ID: 2E7Z) [104] is the only presently known exception
in the family showing a completely different access, at the intersection
of Domains I, II, and III (see Fig. 1B). Much of the sequence that does
not align structurally in between all the catalytic subunits is located
within a fifth domain denoted Domain V. This domain, variable in size
(eventually even absent) is proposed to play an essential role in defin-
ing the substrate binding cavity [116,117,144].

In a largemajority, Mo/W-bisPGD enzymes catalytic subunit contains
not only the Mo/W cofactor but also a [4Fe–4S] cluster known as FS0.
In these Mo/W-bisPGD enzymes, with the exception of Ah, this FS0
represents the electron transfer relay between the catalytic site and the
electron transfer subunit. Referring to this FS0, Trieber et al. have intro-
duced a classification among the Mo/W-bisPGD enzymes family [35].
Dor (ID: 1EU1) [15,39], Tor (ID: 1TMO) [41,145], BisC [146] and Th (ID:
1TI2) [22] being the only currently known Mo/W-bisPGD enzymes not
containing any FeS cluster in the catalytic subunit are grouped in a
Class III of this classification. Sequence homologies suggest the Resorcin-
ol hydroxylase (Rh) to belong to this group. Phylogenetic analyses



Fig. 3. Composition and localization diversity of Mo/W-bisPGD enzymes. As detailed in the text, the Mo/W-bisPGD enzymes are text book examples of the “redox construction kit”
principle described by Nitschke and co-workers [23,24]. The Mo/W-bisPGD catalytic module is the single conserved α unit of all the members. It can contain Mo/W-bisPGD only or
Mo/W-bisPGD and FeS clusters. This catalytic unit can be complemented by variable β units and even more diverse γ units. These additional subunits vary not only in terms of pro-
tein folding (see Fig. 3) but also in terms of cofactor composition. The β subunit can be FAD/FeS, FeS only or hemes containing proteins whereas γ subunit contains hemes or is
devoid of any cofactor. In addition to composition diversity, these enzymes present all possible localization in the cell: soluble or membrane-bound; periplasmic or cytoplasmic.
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suggest that the loss of the FS0 and the related binding domain is a
relatively late event and that the common ancestor of the whole
Mo/W-bisPGDenzymes family almost certainly contained the FeS cluster
[16,25]. In enzymes belonging to this Class III, Ser serves as a common
protein ligand to the Mo ion. However there is no strict correlation
between absence of FS0 and Ser as ligand sinceDMSO reductaseDmsABC
from E. coli does present a Ser as Mo ligand and also harbor FS0.

The two other groups of this classification, Class I and Class II, were
denoted referring to the FS0 ligands motif. Domain I of the catalytic
subunit holds the N-terminal Cys group that provides coordination to
this [4Fe–4S] cluster. Four Cys are found in the Class I enzymes. It is to
note that this FS0 binding motif is observed in all the enzymes present-
ing a Seleno-Cys/Cys coordination of theMo/W that are, in largemajor-
ity, enzymes harboring a β subunit with four [4Fe–4S] clusters (see
Section 3.2.1): Nap (ID: 1OGY, 3ML1, 2NYA and 2NAP) [67–69,71],
Fdh, Fdn (ID: 1KQG, 1H0H and 1FDO) [91–93], Psr (ID: 2VPZ) [88] and
Ah (ID: 2E7Z) [104]. Due to their close sequence homologies with Psr
and Nap, arsenate reductase (Arr) [147], tetrathionate reductase (Ttr)
[148], sulfur reductase (Sre) [149], thiosulfate reductase (Phs) [150]
and assimilatory nitrate reductases NasA and NarB are supposed to
belong to this Class I group. The assimilatory nitrate reductases are
however highly variable in structure [151] and the catalytic subunit,
as the archetypal Class I NarB from Cyanobacteria or NasA from
B. subtillis, can contain a Mo-bisPGD cofactor and one [4Fe–4S] center
[87,152]. But the enzyme, as in the case of NasA from K. pneumoniae
[153] or NasC from P. denitrificans [154], can also contain an additional
C-terminal region that may bind a [2Fe–2S] cluster through Cys-rich
motifs.
In NarG (ID: 1Q16 and 1R27) [114], the first residue ligating FS0 has
been revealed to be a His (moreover spaced by three residues from the
second Cys rather than two) giving rise to very special properties (high
spin ground state in the reduced form) of the FS0 cluster [155,156].
This FS0 binding motif has subsequently been established in Ebdh (ID:
2IVF) [131], and proposed in Ser [157], dimethyl sulfide dehydrogenase
(Ddh) [158], and Clr [159]. Whereas precise properties of FS0 have
only been established for Nar, unusual properties of the FS0 cluster in
Ser, Ddh [160–162] could also be related to the same FS0 binding
motif. In the trimeric Dms from E. coli, again unusual properties of FS0
have been revealed linked again to the spacing, between the two first
Cys residues, by three residues rather than two [163]. Such a FS0 binding
motif (H/CX3C) spaced by three residues) was originally proposed as
being characteristic of the Class II group [35]. Based on their sequence,
Ddh [160], E. coli and Halobacterium salinarum NRC-1 Dms [163,164],
Ser [161], proteobacterial nitrite oxidoreductases (nNxr), Clr, or Pcr
[165], archaeal nitrate reductases (pNar) [166] have also been proposed
to belong to this Class II group. Recently however new binding motifs of
“Class II” enzymes have been revealed in C25dehydrogenase (C25dh)
and nitrite oxidoreductases (pNxr) [165,167]. Today the FS0 binding
motif of “Class II” enzymes is considered to be H/CX3–4C/D. The crystal-
lized enzymes carrying such a FS0 binding motif, Nar [114] and Ebdh
[131], have revealed an Asp as Mo ligand and a [3Fe–4S] cluster instead
of [4Fe–4S] cluster in place of the FS4 cluster in β subunit (see
Section 3.2). Based on primary sequences, other members of the Class
II have been proposed to share these properties.

McDevitt et al. [158] have proposed that the “Class I/II/III” subdivision
does also correspond to phylogenic relationships since the members of
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Fig. 4. Structural modularity cascade of the Mo/W-bisPGD enzymes. Several, but not all
types of Mo/W-bisPGD enzymes have been crystallized (see Table 3). The available struc-
tures give a picture of a modularity in cascade among this family from the monomeric
cases to the heterotrimeric cases. Indeed whereas several monomeric cases with only the
α subunit have been resolved in structure, only three types of β subunits potentially asso-
ciated with an α subunit are available in data bases: the Rieske-type from Aio, the
ferredoxin-type from Nar and the cytochrome from NapAB. Among these β subunits, only
one, i.e. the bacterial ferredoxin-type, have been observed associated with a γ subunit.
This γ subunit is highly variable in structure as exemplied by the cytbI from Fdn, cytbII

from Nar, the cytbIII from Ebdh and the PsrC from Psr.
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these different classes group together into separate monophyletic clades
in the phylogenetic tree of the Mo/W-bisPGD enzymes family. Recent
publications are however against this idea [25,165,168]. The “Class III”
enzymes all cluster together in a branch but with Dms enzymes, consid-
ered to be “Class II” enzymes. “Class II” enzymes also cluster together
with the exception of the latter enzyme. The “Class I” enzymes represent
today the vast majority of knownMo/W-bisPGD enzymes and clearly do
not cluster together on a single branch. It appears to us more rigorous to
classify the enzymes based on the Mo/W ligand: Ser-group, Asp-group
and Cys-group, replacing III, II and I classes, respectively. This is probably
more functionally relevant. The Aio [169] is atypical in theMo/W-bisPGD
enzymes family and does not belong to any of these Classes or ligand-
group: its FS0 is a high redox potential [3Fe–4S] cluster coordinated by
only three Cys andMo does not have any protein ligand. The new classi-
fication would therefore allow to create a new group: None-group.

One important feature of the catalytic subunit is the relationship
between the presence of a twin arginine translocation peptide signal
(tat leader sequence) at the N-terminus of the immature protein and
the final sub-cellular location of the mature complex. This sequence
can be the archetypal RRXFLK but more often is slightly modified
to RRXFIK, RRXFLR, RRXLLK, RRXWLK, RRXFLQ, RRXFLS, or RRXLMQ.
When present in the catalytic subunit of αβγ enzymes, the tat leader
sequence targets the heterodimer αβ to the periplasmic compartment
where it associates with its eventual γ subunit. The Ttr is a special case
since both the catalytic and the electron transfer subunits can, in some
organisms, harbor a tat leader sequence [170,171]. In the case of dimeric
NapAB enzymes, the tat leader sequence targets theα subunit to the
periplasmic compartment where it associates with the cytochrome
β subunit exported via the sec system [172]. In the case of Nars,
whereas bacterial enzymes are found attached to the cytoplasmic
membrane facing the cytoplasm, archaeal enzymes have been
shown to be facing the periplasm. This localization seems to well
correlate with the presence of a predicted tat leader sequence at
the N-terminus of the immature pNarG (see [166] for review).
Fine examination of all the available bacterial narG genes revealed
a vestigial leader sequence uncleaved in the mature NarG protein
[173,174]. A similar vestigial non-functional and uncleaved leader
sequence also exists in the mature cytoplasmic and soluble BisC enzyme
[174]. Aio represents an exception in the Mo/W-bisPGD enzymes
family since the tat leader sequence (Aio is indeed periplasmic) is
harbored by the electron transfer subunit rather than the catalytic
one [175,176].

3.2. The electron transfer subunit β

3.2.1. Archetypal β subunit
Most of theMo/W-bisPGD enzymes contain amultiple FeS-harboring

protein as β subunit (Fig. 4), from which several structures have been
resolved (ID: 1TI2, 2IVF, 1H0H, 1KQG, 2VPZ, 1Q16 and 1R27). Despite
this common feature, the size, ranging from 191 residues in the case of
theWolinella succinogenes Psr to 512 residues for nNar, is highly variable.
The harbored FeS are four [4Fe–4S] clusters in the Fdn (ID: 1KQG) [92] or
the Psr (ID: 2VPZ) [88]. The FS1–FS4 (with increasing distance from the
FS0) clusters are coordinated by typical CAXXCBX2–11CCX3CD motifs.
From sequence analysis, the β subunits encountered in Ttr [148],
Sre [149], Srd [177] and Arr [178] are supposed to harbor also four
[4Fe–4S] clusters. Three [4Fe–4S] and one [3Fe–4S] can also be carried
by the β subunit as in nNar (ID: 1Q16,1Y4Z) [114] and Ebdh (ID: 2IVF)
[131], or only three [4Fe–4S] in Th (ID: 1TI2) [22] and the W-
containing Fdh (ID: 1H0H) [93]. Ddh [160], Dms [163], Ser [161],
Clr, or Pcr have also been proposed to carry three [4Fe–4S] and
one [3Fe–4S]. Based on sequence analysis, Phs has been proposed
to carry three [4Fe–4S] and one [3Fe–4S] on its β subunit [150].
The sequence of PhsB however carries the same four FeS binding motifs
than PsrB demonstrated to harbor four [4Fe–4S]. This is in line with its
closer phylogenetic relationship with Psr [147] than to Nar. Together
with the FS0 when exists, these FS1–FS4 clusters are arranged in a W
shape. As in the case of the catalytic subunit, domains can be delimited
in this type of β subunit. Domains I and II are ferredoxin-like domains
harboring two FeS clusters each sandwiched between two helices on
one side and a β-sheet on the other, with the exception of Th in which
Domain II only holds one cluster [22]. Although not superimposable,
structural Domains I and II are observed in nNar, Fdh, Ebdh, and also in
Th where an additional third domain is folded in β-barrels [22]. In addi-
tion to these relatively well characterized systems, publications reported
that the pNxr [165] and C25dh [167] would possess such FeS subunit.

3.2.2. “Exotic” β subunits
Mo/W-bisPGD enzymes carrying a β subunit distinct from the

multiple-FeS protein are rare. We presently know four other types of β
subunits present each in one specific system: a di-heme cytochrome
(c-type) in the NapAB heterodimers [68,69], a Rieske type protein in
the AioAB heterodimer [169], and two different FAD/[2Fe–2S] proteins
in the dimeric Nas [152,179]. Only the first two proteins have been
resolved in structure.

NapAB are all soluble and periplasmic enzymes. Whereas NapAB of
α-proteobacteria, such as R. sphaeroides purifies as a tight heterodimeric
complex [68], the γ-proteobacterial E. coliNapA and NapB proteins puri-
fy independently due to weaker interactions but form together the func-
tional complex. In R. sphaeroides NapB (ID: 1OGY) two extended arms
fold away from the core structure to embrace the NapA subunit [68]. In
NapAB, heme II is located into the vicinity of FS0 whereas heme I is
exposed to the solvent, arguing for this latter heme to be the electron
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acceptor from the physiological partner NapC. Thismembranous partner
is responsible for the connection of the enzyme to the membranous
quinol pool (see below Section 3.3.3).

The AioB Rieske protein (ID: 1G8K), by its [2Fe–2S] cluster and its
protein fold, is homologous to the well characterized subunit of the
Rieske/cytb complex (also known as complex III in mitochondria, bc1
complex in proteobacteria and b6f complex in plants and cyanobacteria)
[169,180]. A characteristic Cys-X-His-Xn-Cys-X2-His sequence motif,
observed in other Rieske proteins, binds the [2Fe–2S] cluster. In the
A. faecalis Aio structure, two loops containing each a Cys/His couple are
held together by a disulfide bridge which is strictly conserved in the
Rieske/cytb complexes and considered to be crucial for properties of
the cluster in this latter complex. This bridge is not fully conserved in
the Aio, where the properties of the enzyme do not seem to depend on
it [181,182]. The [2Fe–2S] cluster, exposed to the solvent, is the electron
donor to the partner, which in proteobacterial systems (the only charac-
terized) are soluble c-type cytochromes (see [183] for a review). All Aio
are periplasmic but only some of them have been observed attached to
the cytoplasmic membrane. It is not clear at present whether the tat
signal peptide, harbored by AioB and which would then remain
uncleaved, could be responsible for the membrane association in
a same manner as observed in the Rieske/cytb complex [183].

Data on the assimilatory nitrate reductases other than genetic are
very scarce. Among them, the NasBC from B. subtilis [152] and the
NasAC from K. pneumonia [179] or from R. capsulatus [184] are the only
heterodimeric enzymes characterized in some extent. NasB in B. subtilis
and NasC in K. pneumonia or R. capsulatus are both responsible for the
electron transfer from NAD(P)H to the catalytic subunit in cytoplasm.
The two proteins are however highly divergent, not only at a global
sequence level, but also at a structural and cofactor composition levels.
The NasB-type subunit is 771 residues long and therefore larger than
the catalytic one whereas the NasC-type protein is 396 residues long.
Sequence and biochemical analyses suggest that NasB and NasC both
harbor a FAD cofactor but NasB presents in addition clear motifs for the
coordination of two [2Fe–2S] clusters.

3.3. The electron entry/exit γ subunit

This component is the most variable element of the Mo/W-bisPGD
enzymes but each type of γ subunit is encountered in several representa-
tives of the Mo/W-bisPGD enzymes family. The cytc3 characterized with
Desulfovibrio species Fdh [185,186], the tetrahemic c554-type cytochrome
characterized in the Dechloromonas Pcr [187] and the dihemic cyto-
chrome characterized in the T. thermophilus cNar [188–190], have been
observed each in a single system. With or without cofactors, integrated
or not into the membrane, this γ subunit is of primordial importance
for the mode of enzyme connection to the whole bioenergetic chain in
which it is involved. In the greatmajority of cases, this third subunit is re-
sponsible of the reaction with the membranous isoprenoid quinones
(see Section 3.4).

3.3.1. CytbI, bII and bIII γ subunits
Two types of transmembrane diheme cytochrome b and one type

of hydrophilic monoheme cytochrome b, which have all been re-
solved in structure (Fig. 4), are present as γ subunit in members of
the Mo/W-bisPGD enzymes family. All represent typical “redox kit
units” as already discussed and form different enzymatic systems
even out of the Mo/W-bisPGD enzymes family [23,24]. The first
cytochrome cytbI (ID: 1KQG) usually contains 4 trans-membrane
helices (TM) and the two hemes are ligated by histidine residues
on TM1 (1 His), TM2 (1 His) and TM4 (2 His). CytbII (ID: 1Q16)
features 5 TM and the heme ligands are located on TM2 (2 His)
and TM5 (2 His). CytbI, takes part to the FdhN [92]. Due to its global
sequence homology (although containing a fifth TM) to the FdhN γ
subunit, PhsC is proposed to be also a cytbI cytochrome [16]. CytbII is
exemplified by the γ subunit of the bacterial nNar enzyme [114] and
has been proposed as third subunit in nNxr and cNar [29]. The function
of such units is to connect the related enzymes to the membranous
quinol pool. Why there are two structurally distinct membrane-integral
b-type cytochromes for this purpose remains unknown. The idea that
cytbI could serve as quinone-reducing, and cytbII as quinol-oxidizing
element, does not match with the function of PhsC in oxidizing MK to
reduce thiosulfate.

A third cytochrome b is a hydrophilic antiparallel β-sheetmonohemic
one: cytbIII. This subunit is encountered as γ subunit of Ebdh fromwhich
3D-structure is available (ID: 2IVF) [131]. Based on sequence homologies
and/or spectroscopy, archaeal pNar [166,191,192], Ser [157,161,193], Ddh
[158,162], Clr [194] and C25dh [167] have furthermore been proposed to
contain such a subunit. This unit doesn't connect the enzymes directly to
the quinol pool but one of them (named Orf7 or NarM) could however
bind its related complex, archaeal pNar, to the cytoplasmic mem-
brane by two α helices in both N- and C-termini [166,192]. Although
observed associated with the cytoplasmic membrane, the C25dh does
not present a C25dhC unit predicted to harbor a TM. In this case the
association could be mediated by a currently unknown protein
[167]. All these cytochromes b have in common unusual Met and
Lys residues as axial heme ligands. The wire function of this protein
is achieved by exposing two distinct heme edges at the protein
surface.

3.3.2. The NrfD-type γ subunit
The “NrfD-type” unit (named from the first representative of the

group, characterized in periplasmic nitrite reductase [195]) is a
membrane-integrated protein devoid of any cofactor but still responsible
of injecting or extracting electrons to or from quinones/quinols. Se-
quence homologies indicate that this protein takes part in several diverse
enzymes in the Mo/W-bisPGD enzymes family, such as Psr [196], Ttr
[148], Sre [149] and Dms [197]. Arsenate reductase-type enzymes
(Arr/Arx) are special cases where this subunit exists only in some
of them [147]. Although clearly related together, these units have
a variable number of TM: 8 in the case of PsrC, Arr and DmsC, and
9 in the case of TtrC. The crystal structure of T. thermophilus PsrC
provided the single 3D picture of this element (Fig. 4). Crystal containing
MK (ID: 2VPW) allowed to precisely visualize the quinone binding site in
this complex (Fig. 7). Scarce if not no information does exist however on
the other NrfD-containing systems of theMo/W-bisPGD enzymes family,
and it is too early to try listing conserved features on these sites (see
Section 3.4).

3.3.3. c-Type cytochromes as additional subunits
In D. vulgaris [186] and D. desulfuricans [185], very special Fdh,

FdhABC3, have been purified and characterized which contain, in addi-
tion to the catalytic subunit and the ferredoxin β subunit, a 16 kDa
cytochrome. This last subunit is homologous to the typical soluble cyto-
chrome c3 (TpIc3) that plays the role of redox partner for periplasmic
hydrogenases from which 3D-structure is available (ID: 2BQ4) [198].
TpIc3 are small (13–15 kDa) globular cytochromes containing four
covalently bound hemes all with bis-histidinyl axial coordination (see
[199] for review) having negative redox potentials. The close proximity
of the hemes results in redox cooperativity giving rise to special redox
properties of these cytochromes. All these characteristics are also
encountered in the C3 subunit of the FdhABC3 [185,186]. Similarly to
the cytbIII of Ebdh this c3 does not bind FdhABC3 to the membrane.

The pcr operon of two Dechloromonas species [187], revealed a pcrC
gene coding for a protein product similar to the soluble tetrahemic
cytochrome c554 from Nitrosomonas europaea (ID: 1FT5) [200]. As its
homolog, PcrC would not be membranous and therefore would not
link the Pcr enzyme to the membrane and would play the role of addi-
tional electron wire for the enzyme, similar to the c3 subunit depicted
above. Recently, Nilsson et al. [194] proposed that this element could
be a partner rather than a true subunit of the enzyme. Since no further
characterization has been performed, this question remains open.



Fig. 5. Schematic illustration of internal electron transfer pathway in Mo/W-bisPGD
enzymes. The redoxpotentials of the cofactors are presented in order of their spatial situation
in the enzyme (α-subunit, β-subunit and γ-subunit). Note that, in physiological redox reac-
tion, a reductionor anoxidation can takeplace in theMo/Wcofactor, changing thus the sense
of global electron transfer in the enzyme. As such, reductases are red colored and oxidases or
dehydrogenases are green colored. In the left column called “Subs”, lie the natural organic or
inorganic substrates listed in Table 2. In the right column called “co-Subs”, lie co-substrates as
diverse as proteins (cytochromes, azurin) or quinols/quinones. Panel A includes enzymes
with small uphill step(s) while panel B includes enzymes with much larger uphill step(s).
Data for A. faecalis Aio come from [181,457,458], with a redox potential of a two electrons
Mo(VI/IV) transition. The data for R. sulfidophilum Ddh come from [160,459], data for E. coli
nNar come from [155,156], data for E. coli Dms come from [460], data for T. selenatis Ebdh
come from [461], data for Rhodobacter Dor come from [54,210], data for R. sphaeroides Nap
come from [68,207], data for Desulfovibrio Fdh come from [185,462]. For DorC, the redox
potential of the heme lying in the C-terminal part, thought to be the direct electron donor
to DorA, is used. For soluble c3, the heme receiving electrons from Fdh is unknown and the
lower redox potential is used. The question marks denote “undetermined”.
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In addition to its ability to physically interact with cNarI, cNarC is
required for correct assembly of an active NarGH complex [189,190].
This subunit, a dihemic c-type cytochrome, is therefore considered as
true subunit of the Nar complex from T. thermophilus and would
therefore constitute the fourth subunit of this complex. Sequence
analysis revealed that the two c-type hemes are bound to the hydrophilic
domain at the N-terminus part of the protein facing the periplasm and
that a single TM at the C-terminus part of the protein anchors the cyto-
chrome into the cytoplasmic membrane. Such a di-hemic cytochrome c
has been proposed, based on genome sequencing, as a partner subunit
in nNxr [201,202].

For these three c-type cytochromes and also for the cytbIII units, we
canwonderwhat their role is in their respective system.When the catal-
ysis is for sure to be attributed to theα subunit and the electron transfer
function to theβ subunit, cytbIII, c3, PcrC and cNarC appear as functionally
redundant. The first three units are additional electron transfer relays
without linking the enzyme to the quinone pool whereas cNarC is an
additional membrane anchor for a complex already bound to the
membrane and linked to the quinone pool by cNarI. Further functional
studies of these enzymes are required to answer to this question.

3.3.4. Extra-complex units connecting soluble enzymes to the quinone
pool

Bioenergetic electron transfer chains involving soluble enzymes
require connecting electron transfer in the soluble compartments to
redox reactions of the liposoluble hydrogen carriers. This task is usually
fulfilled by a Rieske/cytb complex (or an Alternative Complex III as pro-
posed recently [203]). But over the last 10 years, a family ofmembrane-
anchored c-type cytochromes, the NrfH/NapC/NirT family, has been
recognized as the major cytochrome Rieske/cytb complex-independent
pathway for electron transfer between the quinol pool and water-
soluble periplasmic oxidoreductases. These cytochromes contain
multiple hemes c that do not take strictly part in the complex but
are the obligate partners. The structural archetype (the only one
available) of this family is the tetrahemic c-type NrfH cytochrome
involved in nitrite reduction to ammonium donating electron to the
pentahemic NrfA [204]. NrfH-type cytochromes demonstrated to func-
tion with Mo/W-bisPGD enzymes are numerous. TorC is the partner of
the TorA enzyme [205], DorC is the partner of DorA protein [206],
NapC is the partner of the NapAB complex [207], whereas CymA in
Shewanella species has been demonstrated to serve multiple enzymes
among them, ArrAB [208]. Such a cytochrome has also been proposed
to serve the Pcr and Clr enzymes [194]. Predicted structure derived
from DNA sequences suggests that the common feature of the
NrfH/NapC/NirT-type cytochromes is the presence of an N-terminal
transmembrane α-helical anchor that binds a tetra-heme globular do-
main to the periplasmic face of the plasma membrane (as exemplified
by the NrfH itself). Some members of the family such as TorC [209] and
DorC [210] have an additional C-terminal extension that binds a fifth
heme.

In addition to NapC described above, Nap system can contain
additional proteins predicted to be FeS proteins, NapG and NapH, dem-
onstrated together to form stable complexes and to be involved in quinol
oxidation [211,212]. NapH is a membrane protein containing four TM
but containing also a hydrophilic domain facing the cytoplasm and har-
boring two [4Fe–4S] clusters. The NapG element is a hydrophilic one,
containing four [4Fe–4S] clusters and situated in the periplasm, bound
to the membrane via its interaction with NapH. This sub-complex
could appear, as already evoked for the c3, PcrC, cNapC and cytbIII, as an
additional redundant element of the Nap system. Several works thus
have been conducted to elucidate the respective role of NapC and
NapGH. Since the common function of these two elements is to get elec-
trons from the quinol pool their possible respective role are discussed in
Section 3.4.2.

Due to their great variation in composition, the Mo/W-bisPGD
enzymes present highly variable cofactor content. We can consequently
wonder inwhich extent the variable electron pathway therebymanaged,
correlates to the substrates' redox properties. Compared to biochemical
and genetic data, redox data on Mo/W-bisPGD enzymes are rare. Fig. 5
illustrates the variations in redox potentials along the electron transport
chain of enzymes for which data are available, with indication of related
cofactor's situation in the global architecture of the enzyme. In all the
resolved structures, distances between adjacent cofactors have all been
revealed compatible with electron transfer suggesting that all the cofac-
tors must be involved in electron transfer pathway. Redox potentials of
initial electron donor and final electron acceptor, “subs” and “co-subs”,
are also indicated when available. The Mo/W-bisPGD enzymes
family support conversions of substrates in a redox potential range
approaching 1 V (Table 2). In the case of photosynthetic Reaction
Centers and Rieske/cytb complex, correlations between the redox poten-
tial of the substrate (isoprenoid quinones) and the one of all the cofactors
in the enzymes have been observed (see for instance, [213,214]).
Conversely, in the case of the herein consideredMo/W-bisPGD enzymes,
there is no straightforward correlation between the redox potential of
the substrate and those of thewhole cofactor's chain. In the vastmajority
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Fig. 6. Structure of isoprenoid quinones and of some quinone analogs discussed in this re-
view. NQ, naphthoquinone; menaquinone (MK-n) corresponds to [R2=CH3, R5=R8=H],
demethylmenaquinone (DMK-n) to [R2=R5=R8=H], and methylmenaquinone (MMK-n)
is found with [R2=CH3, R5=CH3, R8=H] or [R2=CH3, R5=H, R8=CH3]; UQ-n, ubiqui-
none (UQ-n); HQNO, 2-heptyl-4-hydroxyquinolineN-oxide; and PCP, pentachlorophenol.
n is the number of isoprenoid units.

1063S. Grimaldi et al. / Biochimica et Biophysica Acta 1827 (2013) 1048–1085
of cases, the thermodynamics of the overall enzyme reaction appears to
only be driven by the physiological substrate's and redox partner's
(co-substrate) redox potentials. Hence, in the cases of reductases, the
redox potential of the co-substrate is lower than that of the substrate
(e.g. Dms, with DMSO and MK) thermodynamically favoring the global
reaction. The reciprocal is true with dehydrogenases and oxidases for
which the redox potential of the co-substrate is higher than that of the
substrate (e.g. Aio, with As(III) and cytochrome c552). Noteworthy, one
or several steps of the global exergonic reaction can be uphill defining
twogroups of enzymes. In thefirst group, shown in panel A and exempli-
fiedbyAio, Dor, Napor Fdh, the uphill step(s) do(es) not exceed 200 mV.
In the second group, shown in panel B and exemplified by Ddh, nNar,
Dms and Ebdh, the uphill step(s) can largely exceed 300 mV such as
the electron transfer steps to or from the FS2 cluster in the archetypal
β subunits. However, this shared property does not necessarily have a
functional signification since it does not represent any convergence.
All the enzymes of this latter group are indeed of the Class II (see
Section 3.1) and are phylogenetically related. Published data addressing
the question of the necessity of such a step are scarce. For instance,
shifting the low potential of the nNar's FS2 to higher redox potential by
site-directed mutagenesis has no dramatic functional impact suggesting
that this uphill step is not absolutely required [113].

3.4. Role of quinones in Mo/W-bisPGD enzymes bioenergetics

Numerous Mo/W-bisPGD enzymes are known to directly interact
with isoprenoid quinones/quinols either through their membrane
subunit that contains two b-type hemes (cytbI and bII subunits) or that
do not bind any cofactor (NrfD-type γ subunit), or via extra-complex
components that transiently bind to the enzyme and contain multiple
c-type hemes or FeS clusters. Thus, understanding the reactivity of such
quinone-utilizingmolybdoenzymes towards thesemolecules constitutes
an essential step for delineating their individual mechanism and eluci-
dating their bioenergetic role. In this context, the work on respiratory
Mo/W-bisPGD enzymes reviewed hereafter greatly contributed to the
advancement of our knowledge on transverse questioning, namely
(i) the determination at atomic resolution of quinone binding mode
within protein complexes, (ii) the specificity of quinone utilization
by a given complex in those organisms containing several types of
quinones differing in their structure and properties, in line with
energy conservation, catalytic directionality and defining the role of the
protein environment, and finally (iii) the impact of the orientation (peri-
plasmic or cytoplasmic) of a quinone binding site within the membrane
subunit on its bioenergetic efficiency.

3.4.1. Structures and properties of relevant quinones
Isoprenoid quinones are amphiphilic molecules found in nearly all

living organisms [24,215]. They are composed of a polar head group
and a hydrophobic side chain. The apolar isoprenoid side chain gives
themolecules a lipid-soluble character and allows them to freely diffuse
in biologicalmembranes. The quinone head group has a ringmoietywith
two oxygen atoms at positions 1 and 4 and is directly involved in redox
reactions (Fig. 6). Indeed, quinones can oscillate between three different
oxidation states. The oxidized quinone (Q) state has two keto groups.
The addition of one electron results in the formation of an anionic
semiquinone intermediate (SQ•−), and with the uptake of one proton,
a neutral semiquinone intermediate (SQH•) is formed. The addition of
a second electron and proton generates the fully reduced quinol (QH2).
Therefore, quinones couple electron transfer reactions to proton binding
and release, a property that is crucial to transmembrane proton trans-
port. In prokaryotic bioenergetic processes involving molybdoenzymes,
quinones serve mainly as redox mediators between dehydrogenases
and terminal reductases, donating or accepting two electrons to or
from theMo active site through a one-electron transfer chain containing
FeS clusters and eventually hemes. Thus, quinones act as “gates”
between one and two-electron processes. This involves the obligatory
transient formation of highly reactive semiquinone catalytic intermedi-
ates during enzyme turnover. E. coli NarGHI is the sole molybdoenzyme
in which such an intermediate has been specifically studied (see
Section 3.4.3) [216–221].

Although quinones are considered to be highly mobile in the lipid
bilayer of the membrane, reactivity of enzymatic complexes towards
quinones occurs at specific well-structured protein sites named Q sites.
Their accurate description is currently a major challenge for a detailed
understanding of the function of Mo/W-bisPGD enzymes. For instance,
previous studies on photosynthetic or alternative respiratory proteins
to Mo/W-bisPGD enzymes demonstrated that the protein environment
can dramatically modulate the quinone redox chemistry to an extent
that a quinone can have very different functional properties when asso-
ciated with different sites. Indeed, while the quinone redox potential in
a bacterialmembrane is expected to be close to thatmeasured in organ-
ic solution [222], the midpoint redox potentials of the two one-electron
processes Q/SQ and SQ/QH2 can drastically change upon binding to a
protein Q site, considering in particular the associated proton transfer
chemistry. In addition, conformational flexibility during quinone turn-
over may take place.

The great majority of biological isoprenoid quinones belong to
naphthoquinones (NQ) or benzoquinones. Their hydrophobic side chain
can vary not only in the length but also in the degree of saturation, as
well as in the presence of additional groups. Menaquinone (MK-n) is
the most widespread microbial respiratory quinone (Fig. 6). It contains
2-methyl-1,4-naphthoquinone ring as a head group. Its side chain is
most frequently composed of n=6–10 prenyl units. In someprokaryotes,
compounds with different modifications of the head group are found.
Among them, demethylmenaquinones (DMK) andmethylmenaquinones
(MMK) are often used by proteobacteria and gram-positive bacteria
[215,223–226]. In contrast, ubiquinones (UQ-n, also named coenzymes
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Q) are found only in α-, β- and γ-proteobacteria and consequently in
mitochondria. They are 2,3-dimethoxy-5-methyl-1,4-benzoquinone
with an isoprenyl tail containing a variable number n of isoprenoid
units, ranging mostly between n=8–10 in bacteria.

Another important parameter distinguishing the different kinds of
quinones is their midpoint redox potential Em′ (Q/QH2) (Table 2). MK
and DMK (and MMK as proposed in [227]) are low-potential electron
carriers with negative redox potential values whereas the high-
potential UQ has an Em′-value of about +100 mV. The distribution of
MK and UQ on the phylogenetic tree of species strongly indicates that
MK are the most ancient type of isoprenoid quinones [24,213]. In addi-
tion, high-potential quinones such as UQ have only appeared in species
permanently or periodically exposed to high concentration of oxygen,
suggesting that highO2 tensions and/or concomitant increase in ambient
redox potential are evolutionary unfavorable for organisms using MK-
based energy-converting systems. The reduced menaquinones (MKH2,
menaquinols) indeed becomes rapidly and non-catalytically oxidized in
the presence of oxygen, therefore these compounds cannot efficiently
operate in atmosphere containing oxygen [213].

3.4.2. Specificity of quinone utilization by Mo/W-bisPGD enzymes
Many prokaryotes can synthesize more than one type of quinones

(see for reviews, [215,228]).Moreover, the quinone contents are regulat-
ed by a yet unknown mechanism in response to the type of electron
acceptor present in the medium, the growth phase, and the available
carbon source [229–232]. Altogether, this contributes to the high meta-
bolic flexibility and complexity of these organisms that can rapidly
adapt to environmental changes [233]. Thus, the question of the specific-
ity of quinone utilization by Mo/W-bisPGD enzymes was raised. This is
difficult to study in classical enzyme assays either due to the insolubility
of the native substrates or due to the inability of native substrate to be
removed from the enzymewithout altering enzyme structure. Therefore,
this issue has been addressed using mutant strains lacking genes
involved at specific stages of the quinone biosynthetic pathways in
which the quinone content has been chemically analyzed. This approach
has been combined with growth assays using different electron donors
or acceptors or with in vitro assays, both eventually complemented
with the use of different quinones or analogs (for reviews, see
[234–236]).

The facultatively anaerobic proteobacterium E. coli is the most stud-
ied organism in this context. UQ-8, MK-8 and DMK-8 are the major
quinones but smaller amounts of UQ-1 to UQ-7, MK-6 to MK-9 and
DMK-7 have also been reported [215]. Using E. coli strains deficient in
the synthesis of UQ, (MK+DMK) or of (MK+UQ), it has been shown
that not all molybdoenzymes are able to use all three types of quinones.
Our current knowledge of the specificity of quinone utilization by
molybdoenzymes in prokaryotes allows distinguishing two groups of
enzymes:

(i) in group 1 enzymes, the specificity observed can be explained
simply on the basis of the redox potentials of the quinones and
of the acceptors. Typical examples include E. coli DmsABC and
TorAC. In anaerobic respiration with DMSO (E0′ (DMSO/DMS)=
+160 mV) and TMAO (E0′ (TMAO/TMA)=+130 mV), the
naphthoquinones (MK+DMK) are required and cannot be
replaced by UQ (Table 2) [235,237–240]. Further, whereas
E. coli TorAC and DmsABC cannot use UQ, both are able to
oxidize MK and DMK as well [239]. In contrast, mutants
of Shewanella oneidensis (formerly S. putrefaciens MR-1 or
Alteromonas putrefaciens) deficient in MK and MMK, but
which have wild-type levels of UQ, retain the ability to use
TMAO as an electron acceptor [241]. Whereas the specificity of
Ttr has been much less investigated, available data suggest
that UQ are not involved in electron transport to tetrathionate
(E0′ (S4O6

2−/S2O3
2−)=+24 mV to +170 mV, Table 2) in

S. typhimurium or in Citrobacter freundii [242,243].
Some Arr and Arx are predicted to contain a membrane
integral subunit Arr/ArxC that might serve as anchor to the
Arr/ArxAB complex and which is proposed to promote
electron transfer between the quinone pool and the enzyme.
The structural homology between PsrC and ArrC suggests a
similar function for both enzymes. In the case of Arr, the elec-
trons would be transferred from liposoluble MKH2 to the cat-
alytic molybdenum subunit and then onto As(V) [147]. This
would be consistent with the substantial driving force provided
by the low-potential MK given the midpoint potential of the
arsenate/arsenite couple (E0′ (HAsO4

2−/H3AsO3)~+60 to
+139 mV, Table 2). In line with this reasoning, a recent ge-
nomic survey searching for quinone biosynthetic pathway
genes indicates that only the group of Arr-containing bacteria
presents species synthesizing MK alone whereas only the
group of bacteria containing Arx presents a species synthe-
sizing only UQ [182]. This led the authors to stipulate that all
Arr-harboring strains oxidize MKH2 via an As(V) reduction
process whereas the Arx-harboring strains reduce UQ via an
As(III) oxidation process. While this hypothesis still needs
to be tested by detailed kinetic studies on both enzymes, it
is similar to the behavior of quinol-fumarate reductase in
E. coli, which uses MK for reduction of fumarate and UQ for
oxidation of succinate [244]. Overall, this example illustrates
the possible role of the electrochemical potential of the quinone
in determining the enzymes' directionality.
Whereas the ε-proteobacterium W. succinogenes contains
MK-6 and 2-,[5,8]-dimethyl-3-hexaprenyl-1,4-naphthoquinone
(MMK-6) in its cytoplasmicmembrane [224], activities of polysul-
fide respiration measured in nearly-inactive proteoliposomes
containing purified Psr and either hydrogenase or formate as
primary dehydrogenases was restored upon addition of MMK-6
but was maintained at a basal level upon addition of MK6 [196].
This indicates that MMK-6 is specifically involved in polysulfide
respiration and cannot be substituted by MK-6. While the redox
potential of the substrate is not known, it is assumed to be close
to that of the S0/HS− couple i.e. ~−270 mV (Table 2). On the
other hand, MMK-6 might have a much lower redox potential
(~−220 mV) [227] than that initially predicted [196]. However,
to our knowledge, no detailed study has been published yet that
supports this value. If it is correct, the reduction of polysulfide
by MMKH2 is likely to be slightly endergonic and the specificity
of W. succinogenes Psr towards MMK-6 is probably due to differ-
ences in the redox potential of the two naphthoquinone species.
A common feature of the above mentioned enzymes is that the
substrate redox potential lies in the range of that covered by the
different quinones, or at least close to it. This is not the case for
S. enterica PhsABC that belongs to group 1 enzymes. Whereas
this bacterium can synthesize UQ,MK andDMK, thiosulfate respi-
ration in this organism is blocked in strains that cannot synthesize
NQ [237,245]. Further, the very low rates of thiosulfate reduction
exhibited in the ubiE mutant deficient in UQ and MK synthesis
imply that DMKH2 is a poor substrate for PhsABC and that conse-
quently MKH2 is virtually the sole electron donor to the enzyme
[246]. A remarkable aspect of thiosulfate reduction in S. enterica
is that under standard conditions, the overall reaction of thiosul-
fate reduction (E0′(S2O3

2−/HS−+HSO3
−)=−400 mV) by MKH2

is highly endergonic, unless less than with the other quinols
[235]. This results in an unfavorable ΔE0′ of ~−330 mV for the
reaction. Based on the sequence similarity between the FdnGHI
subunits of E. coli formate dehydrogenase and the PhsABC
subunits of S. enterica thiosulfate reductase, a structural model
of PhsABC has been proposed, suggesting that this enzyme uses
a reverse redox-loop mechanism that consumes the pmf (Fig. 8),
in consistency with its strong inhibition by agents that degrade
the pmf [246]. In addition, this would become thermodynamically
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possible as the value ΔE0′ of ~−330 mV would be attenuated by
themore physiologically reasonable concentrations of thiosulfate,
sulfite and sulfide in the cell, and possibly by the redox state of the
MK pool. Interestingly, the reaction is reversible under physiolog-
ical conditions, and is then pmf-independent. It can function with
DMK as electron acceptor, while the physiological forward reac-
tion cannot utilize it. It was thus suggested that the inability of
DMKH2 to support thiosulfate reduction is due to the unfavorable
redox potential of DMKH2 relative to MKH2 rather than discrimi-
nation between the two types of naphthoquinols by the quinol
oxidizing site of thiosulfate reductase [246]. Thus, the quinone
specificity of the group 1 enzymes listed above does not appear
to be based on quinone discrimination by the Q site, but rather
to be related to the quinone redox potentials that drive enzyme
reactivity.

(ii) in group 2 enzymes, the observed quinone specificity cannot be
explained on the basis of the redox potentials of quinones and
acceptors. Prominent examples are given by bacterial nitrate
reductases. Considering the nitrate/nitrite redox potential of
+420 mV, basically, low and high-redox potential quinones can
serve as electron donors. Using E. colimutants of quinone biosyn-
thetic pathways, it has been shown that eitherMKH2 or UQH2 can
transfer electrons to Nap in E. coli, but not DMKH2 which is how-
ever intermediate in redox potential [247]. However, Nap couples
more effectively toMKH2 oxidation than to UQH2 oxidation [248].
NapC was shown to be essential for electron transfer from both
UQH2 and MKH2 to NapAB. In contrast, NapG and NapH were
found to be essential for periplasmic nitrate respiration in cells
that only contained UQH2 [248,249]. Thus, it was concluded that
NapGandNapH forma specializedUQH2dehydrogenase required
to transfer electrons via NapC to the NapAB complex [211,248]. A
working model for electron transfer within the NapABCGH
complex was proposed, that mainly includes two, partially
independent, electron transfer pathways to the Nap complex
depending on the nature of the quinol used. 2-Methyl-1,4-
naphthoquinone (Menadiol, E0′ (menadiol/menadione ~−1 mV),
a closer structural analog of MKH2 than UQH2, was used as exog-
enous electron donor and was shown to be able to support
NapGH-dependent electron transfer via NapC to the NapAB
complex, in contrast to the apparently poor electron donor
UQ-0 (Em′ (UQH2-0/UQ-0~+162 mV) [211]. This illustrates the
difficulty to extrapolate results obtained from experiments that
rely on quinone analogs to the function of the system with
its natural endogenous quinone substrates. Interestingly, in
the ε-proteobacterium W. succinogenes, nitrate respiration
is independent of a NapC-type protein [250]. Rather, the
NapGH module mediates electron transport from MKH2 to
the periplasmic NapAB complex, thereby substituting the
function conventionally carried out by NapC [251]. The qui-
none specificity of this enzyme towards the two endogenous
redox carriers MK-6 and MMK-6, the role and the number of Q
sites are still to be evaluated [212].
Synthesis of the membrane-bound nitrate reductase nNarGHI is
optimally induced under anaerobic conditions and high nitrate
concentrations. Under these conditions, whereas all three
quinones are found in high concentrations with DMK as the
major species, nNarGHI functions with UQ and MK, but for
unknown reasons, not with DMK, similar to the Nap system
[238,239,248,252,253]. In contrast to Nap, bacterial growth
assays of mutant strains synthesizing only UQ or NQ using
nitrate as electron acceptor indicate that NarGHI oxidizes UQH2

and MKH2 with similar efficiency [238].

The selectivity of group 2 enzymes is likely to be due to the structur-
al properties of the quinones (Fig. 6). It should also be mentioned that
the redox potential of the bound quinone may differ from that of the
freely diffusing molecule. In both cases, the protein environment
could drive this specificity by tuning the quinone binding and/or
redox properties. Thus, describing the atomic details of the quinone
binding mode to Mo-bisPGD enzymes is an essential step for under-
standing the reactivity and specificity of these systems.

3.4.3. Resolving quinone binding in Mo/W-bisPGD enzymes
Deep understanding of the reactivity of a quinol-utilizing enzyme

requires detailed structural information on the quinone binding
mode in different redox states of the enzyme. This is challenging
given the location within the membrane and the high molecular
weight of the complexes involved, the quinone lability, and the tran-
sient character of quinone/protein interactions.

To date, there is no evidence for the presence of quinones that
function as tightly bound (i.e. non-exchangeable) cofactors in quinone
processing Mo/W-bisPGD enzymes, as found in the QA site of the photo-
synthetic reaction center [254] or in the QH site of cytochrome bo3
[255–257]. Therefore, whereas the presence of multiple Q sites has
been discussed in the past for some cases, the more recent experimental
evidence indicates that Mo/W-bisPGD enzymes harbor a single Q site.
Using protein-film electrochemistry, it has been recently proposed that
MK-7 may function not just as a substrate but also as a tightly bound
cofactor in CymA from Shewanella [258,259]. Indeed, catalytic signals in
cyclic voltammetry are observed when MK-0 or UQ-10 is supplied to
CymA films for which the tightly bound MK-7 has not been removed
whereas these signals are absent in n-dodecyl β-D-maltoside-washed
CymA films devoid of MK-7 [259].

Only a limited number of high-resolution three dimensional struc-
tures of quinone-interacting Mo-bisPGD enzymes are available. A
three-dimensional structure of PsrABC from T. thermophilus, an obligate
aerobe thermophilic bacterium that containsMK-8 andMK-7 as its sole
isoprenoid quinones [215], has been solved at 1.9 Å resolution in com-
plex with MK-7 [88] (Fig. 7A). MK-7 binds in a mainly hydrophobic
pocket situated in the heme-lacking PsrC subunit, on the periplasmic
side of the membrane and in close proximity to the proximal [4Fe–4S]
of the electron-transfer subunit PsrB. In addition, the resolution of the
PsrABC crystal structures co-crystallized with either UQ-1 or with the
inhibitor pentachlorophenol (PCP) (Fig. 7B) indicated that all three
compounds bind in the same pocket, suggesting that this site is the
physiological Q site. Slight variations with respect to the hydrogen-
bonding of the substrate are resolved, that may be relevant for
understanding enzyme reactivity and specificity towards quinols. The
available structural data cannot be further discussed with regard to
the specificity of quinone utilization by this enzyme. In particular, in
vitro measurements of UQH2 or MKH2:polysulfide oxidoreductase
activity of T. thermophilus PsrABC have never been reported. In contrast,
no high-resolution structural information on the quinone bindingmode
inW. succinogenes PsrABC is available that could provide useful molec-
ular details to understand its high specificity towards MMK-6.

High-resolution crystal structures of two other quinone pro-
cessing molybdoenzymes have been obtained in the presence of
bound inhibitors, namely E. coli FdnGHI in complex with 2-heptyl
4-hydroxyquinoline N oxide (HQNO) [92] and nitrate reductase
NarGHI from the same organism with PCP bound to it [260], at 2.8
and 1.9 Å resolution, respectively. A histidine ligand (FdnI His169,
NarI His66) of the heme (bC in FdnI, bD in NarI) that forms part of
the inhibitor binding pocket is hydrogen bonded to the N-oxide
group of HQNO or to the hydroxyl group of PCP. An additional hydro-
gen bond is formed between the PCP and one of the heme bD propio-
nate group. The ligand for the OH group of HQNO (equivalent to the
MK O1) is less clear and the involvement of a water molecule
(w1990) or of the Nε atom of Asn110 has been discussed. Moreover,
it has been recently shown that the presence of an anionic cardiolipin
tightly associated to NarGHI is required for quinol binding to the
enzyme [218] and a similar situation has been proposed to occur in
FdnGHI [261].



Fig. 7. Quinone binding site in T. thermophilus Psr. Bindingmode of (A)MK-7 and (B) PCP in
T. thermophilus PsrC as inferred from X-ray crystallographic studies [88]. Whereas the
side-chain of Tyr130 is a direct ligand to the O1 MK-7 and to the equivalent hydroxyl
group of PCP, the His21 Nε provides an additional hydrogen bond to the same oxygen of
PCP. TheMK-7O4 carbonyl is uncoordinated. Only the two first carbon atoms of its isopren-
oid side-chain could bemodeled in the electrondensitymap. The PsrB and PsrC subunits are
orange and green, respectively.
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A major progress in the determination of the quinone binding
mode in NarI has been achieved by taking advantage of the ability
of the enzyme to highly stabilize an endogenous menasemiquinone
intermediate within its quinol oxidation site hereafter referred to as
MSQD in reference to its close proximity to heme bD [216,219]. Whereas
the unusually high menasemiquinone stability Ks~70 (the highest
measured so far for a quinone processing respiratory complex) allows
this protein-associated quinone to function as an efficient converter
between n=1 and n=2 electron transfer steps, it raises the question
of its consequence for enzyme functioning. Taking advantage of the
high stability of the paramagnetic menasemiquinone intermediate,
intensive spectroscopic characterization of its bindingmodeby advanced
EPR spectroscopy has been performed. Remarkably, EPR experiments on
NarGHI have been carried out in its physiological membrane environ-
ment, without having to resort to detergent-solubilised purified protein,
and using the natural endogenous semiquinones as spectroscopic
targets. Using the unpaired electron delocalized over the MSQD ring as
a magnetic probe of its nuclear environment, high resolution pulsed
EPR methods provided direct evidence for nitrogen-ligation to this
radical. Amultifrequency 14N and 15NHYSCORE study allowed its assign-
ment to a Nδ imidazole nitrogen of a hydrogen-bonded histidine residue
[220]. The latter was attributed to the heme bD axial ligand His66, the
only His residue present in the NarGHI QD site, in consistency with
the crystallographic studies. Further, the use of 1H HYSCORE and 2H
ENDOR spectroscopies in combinationwith 1H2O/2H2O exchange exper-
iments demonstrated a strongly asymmetric binding mode of MSQD via
the formation of a single short in-plane hydrogen bond to the His66
residue [217]. This atypical binding mode is proposed to strongly con-
tribute to the unusually high redox stability of MSQD.

Further EPR andHYSCORE experiments have revealed that an endog-
enous ubisemiquinone (USQ) radical can be formed inNarGHI and that it
binds to the same residue as MSQD does, demonstrating unambiguously
that a single Q site of NarGHI accommodates the two types of substrates
[221]. These conclusions contrast with the interpretation of several
biochemical studies relying on the use of quinol analogs and/or inhibi-
tors [262–264] which have to be reevaluated. In addition, the relation-
ship between NarGHI activity and phospholipids has been investigated
by combining biochemical and biophysical methods [218]. It has been
shown that an anionic cardiolipin is tightly associated to the enzyme
and is essential for its functionality. The reinterpretation of X-ray diffrac-
tion data has enabled to identify a specific binding site of cardiolipin
in close proximity of heme bD. The results indicate that one of the
cardiolipin acyl chain is responsible for structural adjustments of the
heme bD and of the adjacent quinol substrate binding site, allowing reac-
tivity towards quinol. Overall, these studies provide the first molecular
basis to understand the interplay of quinone, heme and phospholipid
in the activation of a bacterial respiratory complex [218,261].

Attempts toward the identification of putative quinone reactive sites
can often only be achieved on the basis of indirect biochemical studies
combining site directed mutagenesis and the use of quinol analogs or
inhibitors. A typical example is provided by the membrane subunit
DmsC of E. coli DmsABC whose three-dimensional structure has not
been solved yet. As previously mentioned DmsC does not contain any
metal prosthetic groups but is essential for MKH2 binding and oxidation.
The use of fluorescence titration and stopped-flowmethods revealed the
presence of a single high-affinity HQNO binding site located in the DmsC
subunit. In addition, mutation of His65 to Arg in DmsC blocks quinol
activity and eliminatesHQNObinding [265,266], suggesting that this res-
idue could be important for quinol binding. Substitution of DmsC-Glu87
into Lys results in the inability of the enzyme to support anaerobic
growth on glycerol/DMSO minimal media, to oxidize lapachol and to
bind HQNO, indicating that this residue is probably important for
MKH2 binding and oxidation [267]. In addition, it could act as pro-
ton acceptor in the menaquinol binding site (see Section 2.4.4).
Although the PsrC residues equivalent to DmsC-His65 and Glu87
are located within the same region as that of the crystallographical-
ly identified PsrC Q site, these residues are however located in
different helices from those directly involved in substrate or analog
binding (Fig. 7). This suggests a different substrate binding mode in
DmsC and PsrC.

While no high resolution structural data of a member of the cy-
tochrome c quinol dehydrogenases family that connect soluble
molybdoenzymes to the quinone pool has been determined, a crys-
tal structure of the archetype of this family (that includes NapC,
CymA, TorC and DorC, see Section 3.3.3), namely the MKH2-interacting
D. vulgaris cytochrome cnitrite reductaseNrfHA, has been solved in com-
plex with HQNO [204,268]. This provides a structural model for MKH2

binding to members of the family. The HQNO binding site is located at
the membrane–periplasm interface. The polar head of HQNO forms H
bonds to NrfH-Asp89, a residue that occupies the heme distal ligand
position, via its hydroxyl group, and to NrfH-Lys82 and Asn67 via its
N-oxide (equivalent to MKH2 O4). Lys82 is strictly conserved among
the family, whereas Asp89 may be replaced by a His or a Glu [204].
Mutation of Lys91 (equivalent to Lys82 of D. vulgaris NrfH or to Lys103
in E. coli NapC) into a Gln in the tetraheme c-type cytochrome CymA in
Shewanella sp. ANA-3 reduces enzyme activity with the quinol analog
2,3-dimethoxy-1,4-naphthoquinol (MKH2-0) as electron donor and
nearly abolishes HQNO binding [269]. In vivo, in contrast with the
wild-type, themutated CymA is unable to support growthwith arsenate
as electron acceptor [208].

While histidines are involved in the coordination of the ubi- and
menasemiquinones in NarGHI [219–221], HQNO in FdnGHI [92] and
possibly MK-7 in PsrABC [88] or HQNO in DmsC [266], this is not a

image of Fig.�7


1067S. Grimaldi et al. / Biochimica et Biophysica Acta 1827 (2013) 1048–1085
general trend for quinone binding and no common pattern for qui-
none binding has yet emerged, in spite of a previous tentative [270].

3.4.4. Quinones as hydrogen carriers
In addition to their role in electron transfer processes, quinones have

the ability to exchange protons by being either mono- or biprotonated.
During catalytic turnover, two protons can thus be either released at
quinol oxidation sites, or can be picked up at quinone reducing sites.
Therefore, given that biological membranes are not permeable to
protons, the orientation of a Q site on either the cytoplasmic or the
periplasmic side of the membrane is an essential factor in determining
the coupling efficiency of a given enzyme. This can be illustrated by the
NarGHI complex. The overall topology of the complex ensures that the
free energy in theQH2/NO3

− redox couple is conserved as pmf via an elec-
trogenic redox half loop mechanism (Fig. 8). During quinol oxidation at
the periplasmically oriented QD site within the b-cytochrome NarI, elec-
trons are transferred one at a time to the hemes giving rise to the
transient formation of a semiquinone intermediate [216,217,220,221].
Electrons are subsequently transferred through an ~9 nm electron wire
of eight metal centers and ultimately reduce nitrate at the N side of the
cytoplasmic membrane. The two protons issued from quinol oxidation
are released on the P side of the membrane while nitrate reduction on
the N side consumes two protons (Fig. 8). This charge separation
makes the nNar enzyme electrogenic (or proton motive) in that a net
Fig. 8. Illustration of topological variations at the quinone reacting sites of selected Mo/W-
(H+/e−=0.5 or 1), electroneutral (H+/e−=0) or pmf-dissipating (H+/e−=−1) overall re
of two positive charges is translocated across the cytoplasmicmembrane
during transfer of two electrons to nitrate (H+/e−=1).

When no high resolution structural data are available, the Q-site
orientation may be predicted from the knowledge of the ratio (H+/e−)
of translocated protons per electron transferred to or from the substrate
during enzyme functioning which can be experimentally measured, or
from structural models based on sequence similarities with enzymes of
known structures. Combining site-directed mutagenesis, enzymatic
assays using quinol analogs and/or inhibitors, potentiometric redox titra-
tion monitored by EPR spectroscopy and HQNO fluorescence quench
titrations, the Q site of DmsC was predicted to be located close to the
periplasmic side of the cell membrane [265–267,271] (Fig. 8). This
suggests that there is a direct transfer of electrons from the Q site to
the proximal FeS cluster located in the DmsB subunit. DmsB Tyr104
was discovered to play a major role for communication between both
sites [271].

The H+/e− ratio accounts for (i) proton translocation by quinone/
quinol turnover, (ii) pmf generation by susbstrate turnover and
(iii) possibly direct proton pumping. Prokaryotic Mo-bisPGD enzymes
can be differentiated on the basis of (i) the location of the active sites
for the electron donor or electron acceptor on the positive (P) or negative
(N) sides of the membrane, (ii) the location of the quinone/quinol
binding site on the P or the N sides and the direction of electron transfer
(P to N or N to P), and (iii) the number of protons involved in substrate
bisPGD enzymes. Quinone-dependent substrate turnover results in either electrogenic
actions. For simplicity, only monomeric enzyme forms are shown.
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conversion. The different localizations of the electron donor/acceptor
and quinone/quinol centers allows for electrogenic i.e. proton motive
(e.g. Fdn, nNar, Psr and Ttr), electroneutral i.e. non-proton motive
(e.g. Dms) or even energy-dissipating reactions (e.g. Phs and Arr)
(Fig. 8). Finally, it has been proposed that a protonmotive Q-cycle
could operate in the NapGH complex of W. succinogenes or in some
periplasmically-oriented “Archaeal”membrane-bound nitrate reductases
[166,212].

The relative order of (de)protonation and electron transfer events is
generally very speculative. Proton transfer from or to the Q site out of
the membrane must be facilitated by a combination of either (de)
protonable/polar residues, water molecules and eventually heme propio-
nate groups that are present in the Q site. In the cytoplasmically-oriented
HQNO binding site of FdnI, the water molecule (w1990) that seems to be
a direct ligand of the inhibitor appears connected to the cytoplasm
through a water chain maintained by hydrogen bonds to polar residues
and a heme bC propionate. This chain appears to be a proton pathway
to the MK binding site allowing quinone protonation during enzyme
turnover [92]. Quite similarly, a chain ofwatermolecules located between
the propionate of heme bD and the bulk solvent has been resolved in the
PCP binding site of E. colinNarGHI. This “protonwire” could be involved in
proton shuttling from the quinol toward the periplasm [260]. Molecular
modeling of the physiological substrates UQH2 and MKH2 based on the
PCP position suggested the involvement of the NarI-Lys86 residue, locat-
ed at one end of the PCP binding pocket at the protein surface, in quinol
binding anddeprotonation. Interestingly, substitution of this residue into
Ala drastically reduces or even abolishes quinol oxidase activity of the
enzyme towards various quinol analogs and prevents semiquinone
formation and HQNO binding [219,260]. In addition, HYSCORE experi-
ments exclude a direct H-bond between the semiquinone and Lys86
[217,220]. Rather, a through-space interaction has been detected
between MSQD and the Nξ of Lys86 using 15N selective labeling [272].
A redox-dependent binding mode of the quinone at the QD site has
been recently proposed that involves Lys86 as a direct hydrogen bond
donor to the reduced quinol [217].

To conclude,more biochemical and structural information is required
to draw a more conclusive picture of the structure and function of the
quinone-reactive molybdoenzymes, including those discussed here. In
those cases where the quinone/quinol-reactive modules do not tightly
associate with the terminal oxidoreductase (Fig. 3), purification and
characterization is often more difficult owing to lack of convenient
assays. These systems represent particular challenges for the future.

4. Metabolic chains involving Mo/W-bisPGD enzymes

As outlined above, members of the Mo/W-bisPGD family are exclu-
sively found in bacteria and archaea, and often sustain catalytic reactions
which involve oscillation of the redox state of the Mo or W atom at the
active site. Electrons are transferred to or from the active site by a num-
ber of variousmetal centers (FeS clusters, heme b or c) present in associ-
ated subunits or by interacting partners. These enzymes with a complex
overall architecture are also diverse in terms of cellular localization
(Fig. 3). Although this review focuses on bioenergetic contribution of
the Mo/W-bisPGD family members, it appeared interesting to us to
present those members which do not contribute to the pmf generation.
These rare enzymes highlight by themselves the primordial role of this
family for the cellular energy conservation in prokaryotes.

4.1. Nitrogen cycle

Molybdoenzymes of the Mo/W-bisPGD family are well-known to
participate to the nitrogen cycle through the conversion of nitrate to
nitrite by the so-called nitrate reductases (see for review [29]). In
contrast to the eukaryotic nitrate reductase which contains a Mo-PPT
cofactor, the prokaryotic ones share in common a Mo/W-bisPGD-
containing catalytic subunit where the reduction of nitrate to nitrite
occurs. Nitrate reductases have been classified by taking into consider-
ation, (i) localization of the enzyme in the cell, (ii) molecular properties
of the catalytic center, (iii) structural organization and (iv) func-
tion. Thereof, at least three different types of nitrate reductases,
each of which providing a different physiological role, can be found in
prokaryotes (Fig. 3). The three types are the soluble, assimilatory
nitrate reductases (Nas) located in the cytoplasm; membrane-
associated “respiratory” nitrate reductases (Nar); and the soluble,
“respiratory” nitrate reductases (Nap) located in the periplasm. It
has to be mentioned that Nar and Nas can be found in both archaea
and bacteria whereas Nap are only found in a sub-group of bacteria.
Basically, each nitrate reductase falls clearly into the assimilatory or
respiratory class. On the basis of their cellular location and structur-
al organization, the respiratory Nar enzymes again fall into three
subgroups. The nNar and cNar enzymes are firmly attached to the
cytoplasmic side of the inner membrane while it remains unclear
whether periplasmic pNar enzymes are connected to the membrane
(see Section 4.1.2). A fourth distinct category can be illustrated by
Mo-bisPGD enzymes catalyzing the nitrate reduction in the reverse
direction i.e. nitrite oxidation and named Nxr. A prominent partici-
pation of Nxr in nitrite oxidation can be taken with the nitrification
process and the anammox process producing N2 from nitrite and
ammonium. All categories will be developed in the following with
a specific emphasis on the participation of nNars to the bioenerget-
ics of the cells (Fig. 9).

4.1.1. Nas and nitrogen assimilation
The first reduction step in nitrate assimilation, the two-electron

reduction of nitrate to nitrite catalyzed by Nas, is followed by the
six-electron reduction of nitrite to ammonium. The ammonium so
formed is then predominantly incorporated into either glutamine or
glutamate. The assimilatory reduction of nitrate to ammonium is an
energetically expensive process since it requires eight electrons and
complex prosthetic groups for the nitrate and nitrite reductase enzymes,
in addition to the high affinity active nitrate transport system. As such,
the nitrate assimilation pathway functions as an electron sink. In order
to avoid this energetic cost under unnecessary environmental condi-
tions, archaea and bacteria have evolved a similar strict control of the
expression of the assimilatory pathway. Thus expression of the nas
genes is subjected to dual control based on ammonium repression by a
general nitrogen-regulatory system, and specific nitrate or nitrite induc-
tion [273–276].

Genetic and biochemical characterization of assimilatory nitrate-
reducing systems has been focused mainly on cyanobacteria [277–281].
For instance, the overwhelming majority of Synechococcus sp. can utilize
nitrate or nitrite as sole nitrogen sources in oceanic surface waters even
in presence of ammonium which indicates that a different regulation is
at play and exploited under those nitrogen-limited environments [282].
In comparison, only few physiological, genetic and biochemical
studies have been conducted on heterotrophic bacteria such as Klebsiella
oxytoca [179,283], Azotobacter vinelandii [284], P. denitrificans [154],
the photoheterotroph R. capsulatus [285], the Gram-positive B. subtilis
[152] ormore recently on Actinomycetes [286,287]. Bioinformatic analy-
ses have revealed that nas genes are present in many archaea [288] but,
to date, physiological, genetic and biochemical characterization of nitrate
assimilation have only been performed on Haloferax mediterranei
[276,289–292].

Although nitrate assimilation pathways are dependent on cytoplas-
mic nitrate and nitrite reductases, a high degree of flexibility is observed
regarding the nature of the physiological electron donor to these en-
zymes which has immediate consequences in terms of integration with-
in the cell metabolism. In cyanobacteria, a [2Fe–2S] ferredoxin reduced
by Photosystem I constitutes the electron donor to both the nitrate and
nitrite reductases NarB and NirA, respectively, thus linking functionally
nitrate assimilation to photosynthetic processes [275]. On the contrary,
a Rieske-type [2Fe–2S] ferredoxin, NasG, was shown to be essential for



Fig. 9. Schematic representation of the bioenergetic chains involving nNar in prokaryotes. A. nNar linked to the denitrification pathway in P. denitrificans allowing sequential con-
version of nitrate to dinitrogen. Electrons are provided by complex I (colored in gray) ensuring quinone reduction while both nNar and the bc1 complex catalyze quinol oxidation.
The Nir, Nor and Nos enzymes are reduced thanks to various soluble c-type cytochromes reduced by the bc1 complex. B. Respiratory nitrate ammonification involving two
Mo-bisPGD enzymes, formate dehydrogenase FdnGHI as quinone reductase and nitrate reductase NarGHI as quinol oxidase. The third complex colored in gray is the nitrite reduc-
tase NrfABCD (for example in E. coli). C. nNar linked to sulfur oxidation involving a periplasmic sulfide:quinone oxidoreductase (colored in gray) attached peripherically to the inner
membrane and nNar (for example in T. denitrificans). D. nNar linked to arsenite oxidation involving two Mo-bisPGD enzymes, a periplasmic facing arsenite oxidase Arx ensuring
quinone reduction at a yet undefined site within the membrane anchor subunit and the nNar (for example in A. ehrlichii). Owing to the various postulated mechanisms used by
neutrophilic anaerobic nitrate-dependent iron-oxidizing bacteria, the reader has to refer to the following reference for their extensive description [310].
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coupling of the physiological electron donor, NADH, to both the nitrate
and nitrite reductases NasC and NasB, respectively in P. denitrificans
[154]. NasG, encoded by the nasG gene (also named nirD, nasD or
nasE), is conserved in several bacterial nas gene clusters. Nitrate assimi-
lation is thus linked to the redox status of the NADH pool. In haloarchaea
such as H. volcanii or H. mediterranei, the physiological electron donor to
the assimilatory nitrate is proposed to be [2Fe–2S] ferredoxin and not
NADH [289].

4.1.2. Nar and denitrification or nitrate respiration
A prominent example of the participation of molybdoenzymes of the

Mo/W-bisPGD family to the nitrogen cycle can be taken with denitrifica-
tion, a key process that contributes to the nitrogen cycle on Earth through
the biological production of NO, N2O and N2 gasses from nitrate under
anoxic conditions (Fig. 9A). The ability to use nitrate as a terminal electron
acceptor in energy metabolism is found in most prokaryotes, many
of them being able to perform the entire denitrification process. For
instance, Enterobacteriaceae are not able to denitrify nitrate or nitrite to
N2. Instead, reduction of nitrate via nitrite to ammonia occurs during
anaerobic growth. In recent years, the denitrification pathway has been
implicated in the virulence of several bacterial species, including Brucella,
Pseudomonas or the obligate human pathogensNeisseria gonorrhoeae and
Neisseria meningitidis [293–295]. Conversely this process has only been
partially described genetically or biochemically in some Haloarchaea
species.

The first step of the bacterial denitrification pathway, catalyzed by
the cytoplasmically-oriented membrane-bound NarGHI-type nitrate
reductase (i.e. nNar), is directly coupled to the generation of a pmf to
sustain cell growth. The nNar is largely conserved among all nitrate
respiring bacteria. The enzyme has been extensively studied in
mesophilic nitrate reducing bacteria such as the ammonifier E. coli
and the denitrifiers Paracoccus and Pseudomonas species. The E. coli
NarGHI enzyme has been crystallized and serves as the prototype in
our understanding of the structure and function of respiratory nitrate
reductases in other bacteria [114,115]. The overall topology of the
NarGHI complex ensures that the free energy in the QH2/NO3

− redox
couple is conserved as pmf via an electrogenic redox half loop mecha-
nism. Considering the nitrate/nitrite redox potential of +420 mV,
quinones of low and high-potential can serve as electron donors (see
Section 3.4). Accordingly, the reduction of nitrate can be coupled to a
wide range of electron donors, including NADH, formate, lactate,
glycerol-3-phosphate, hydrogen or succinate yielding electron transfer
chains with various H+/e− ratio. In E. coli, formate is the preferred
electron donor to NarGHI thanks to a similar transcriptional pattern.
By contrast to NarGHI, the formate dehydrogenase FdnGHI is inversely
oriented with the Mo catalytic site in the periplasm [92]. These two
membrane-bound enzyme complexes from E. coli form together the
paradigmatic Fdn-Nar full redox loop [296] (Fig. 9B). Both enzymes con-
tribute to the pmf and cycle quinone/quinol between them with an
overall coupling stoichiometry of 4H+/2e− and a ΔE0′ approaching
0.8 V. In the denitrifier Pseudomonas species containing only UQ,
NADH or formate can also serve as electron donor to nNar through
either one of the three different NADH:quinone oxidoreductases or
the typical FdnGHI, respectively [297]. In the chemolithoautotrophic
facultative anaerobe proteobacterium Thiobacillus denitrificans, it has
long been reported that sulfur oxidation to elemental sulfur can be
performed using nitrate as terminal electron acceptor [298]. In addition
to aerobic metabolism capability, T. denitrificans can perform the whole
denitrification pathway but also sulfur-compound oxidation coupled
with energy conservation. The recent availability of the complete
genome sequence together with transcriptional analyses revealed that
genes encoding the nNar complex are part of a transcriptional regulon
up-regulated under denitrifying conditions which also includes genes
encoding sulfide:quinone oxidoreductases (Sqr) [299,300]. Under
anaerobic conditions, sulfur-compounds oxidation ensured by Sqr on
the P side of the membrane may be electrogenically linked to the
nNar, catalyzing the first denitrification step (Fig. 9C). More recently,
anaerobic nitrate-dependent U(IV) oxidation, a novel and potentially
counteracting metabolic process involving nNar has been described in
T. denitrificans. Considering the redox potential of the UO3/UO2(s)
couple of +410 mV or +260 mV for crystalline or amorphous UO2,
respectively [301] (Table 2), strong thermodynamic constraints are
imposed for nitrate-dependent UO2 oxidation. Such a situation would
require participation of the whole denitrification process involving
reactions with much higher E0′ than with nNar only. Beller et al.
reported that two putativelymembrane-associated c-type cytochromes
play a major role in this metabolic process in T. denitrificans [302]. Such
observation satisfies the condition that electron carriers with sufficient-
ly high redox potentials are required to accept electrons from UO2.
However, the exact delineation of the electron transfer chain cou-
pling UO2 oxidation with nitrate reduction remains enigmatic. In
T. denitrificans, nNar can also participate to anaerobic oxidation of
a number of electron donors with high redox potentials such as
Fe(II) [303] or pyrite (FeS2) with dinitrogen being the final end
product [304]. Another example of hownNar can be electronically linked
with various electron donors in bacteria can be takenwith the facultative
chemoautotrophic γ-proteobacterium Alkalilimnicola ehrlichii which
couples arsenite oxidation to nitrate reduction (Fig. 9D) [305]. Finally,
it has long been reported that a phylogenetically diverse group of
bacteria sustains anaerobic iron oxidation coupledwith nitrate reduction
by a nNar enzyme [303,306]. However, iron oxidation only proceeds in
presence of an additional electron donor such as acetate. While in acidic
environments, iron oxidation is systematically coupledwith O2 as termi-
nal electron acceptor due to the high E0′ of the Fe(II)/Fe(III) couple at low
pH as exemplified in the best-studied case Acidithiobacillus ferrooxidans,
in neutrophilic environments, Fe(II) can be used as electron donor in
anoxic environments to awider range of substrates (O2, nitrate, chlorate)
owing to its lower redox couple (Table 2) [307,308]. Only recently,
experimental proof of an energy benefit from this metabolism has
been provided in the neutrophilic β-proteobacterium Strain 2002
[306] or in the bacterium Acidovorax sp. Strain 2AN [309]. To date,
Fe(II) takes place likely outside the cell but the nature of the compo-
nents connecting iron oxidation to quinol oxidation by nNar remains
elusive. Accordingly, several alternative mechanisms have been pro-
posed (refer to [310] for their extensive description) and remain to be
experimentally tested.

While the nNar enzyme is associated with anaerobic metabo-
lism, it appears that this enzyme is also present in a number of
bacteria considered as obligate aerobes such as B. subtilis [311,312] or
in the pathogen Mycobacteria sp. [313]. In fact, anaerobic nitrate reduc-
tion was shown to be coupled to energy generation in B. subtilis since
cells grow anaerobically in minimal medium using glycerol as a
nonfermentable carbon source only if nitrate is present [314]. Genomic
analysis of B. subtilis strikingly revealed that this organismonly possesses
a limited set of primary electron-donating dehydrogenases among
which several putative non-proton pumping NADH dehydroge-
nases (Ndh, YumB and YutJ), a glycerol-3-phosphate dehydrogenase
(GlpD) and a succinate:quinone oxidoreductase (SdhABC) [315]. If the
exact nature of the electron-donating enzyme to the MK pool remains
unclear under anaerobic conditions, B. subtilis transfers the electrons
exclusively to the nNar enzyme. Moreover, the corresponding electron
transfer chains will only be energy-coupled at the nitrate reductase
level which can explain the low growth yield attained under these con-
ditions. If the significance of nitrate reduction in the physiology of the
above-mentioned organisms is partly understood to date, expression of
an active nNar complex in Mycobacteria is essential in protecting the
hypoxic cells from environmental stresses [316] and in contributing
to their virulence under hypoxic conditions by allowing cell prolif-
eration [317,318]. Under hypoxic conditions, mild acidic conditions
promote the dissipation of the pmf, rapid ATP depletion and cell
death. It was shown that the presence of nitrate was associated
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with ATP synthesis, maintenance of a membrane potential and thus
was sufficient to restore cell survival under hypoxic acidic
conditions [316]. On the other hand, produced nitrite is actively
secreted to avoid toxicity.

Several archaeal denitrifiers possess a Nar complexwhich shows two
main differences as compared to the cytoplasmic version found in most
bacteria: a periplasmic location thanks to the presence of an intact Tat
signal sequence in NarG (i.e. pNar) and the presence of a monohemic
cytbIII subunit named Orf7. Such situation has been reported in several
Haloarchaea such as H. mediterranei, Haloferax denitrificans, H. volcanii
or Haloarcula marismortui [319–322]. As mentioned before, presence of
two putative transmembrane helices at both N and C termini of the
monohemic cytbIII subunit may serve as membrane anchor of the
NarGH complex. At present, it is not known how electrons move from
the Q-pool to pNar and whether energy conservation is ensured during
nitrate reduction in archaea due to its periplasmic location. Analysis of
the genes of the pnar cluster has allowed many authors to speculate on
theoverall structural organization of this enzyme [166,321,323]. Proteins
encoded within the same operon as narGH genes include a transmem-
brane diheme cytochrome b (NarC) sharing similarities with the
cytochrome b of cytochrome bc1 complexes [323], a Rieske-type FeS
subunit (NarB), two other potentialmembrane proteins and the dedicat-
ed chaperone NarJ. Interestingly enough, one may notice the absence
within the operon of a gene encoding for a homolog of cytochromes c
or f supporting at least the existence of a Rieske/cytb complex [324].
Accordingly, a supercomplex made up of NarGH and Rieske/cytb com-
plex has been hypothesizedwhichwould display quinol:nitrate oxidore-
ductase activity coupled with an effective generation of pmf through
an electrogenic Q-cycle-type mechanism [166], instead of the typical
redox-loop mechanism. The absence of a c-type cytochrome ensuring
electron transferwould be compensating by the hydrophilicmonohemic
cytbIII subunit. Apart the Haloarchaea, pNar with either Mo or W ion is
also encountered in the hyperthermophilic denitrifier and facultative
anaerobe crenarchaeon Pyrobaculum aerophilum able to perform dissim-
ilatory nitrate reduction using H2, thiosulfate or organic compounds as
substrates [325]. Indeed, NarGH has been copurified with a monoheme
cytbIII subunit (NarM) from the membrane fraction [191], that corre-
sponds to the above-mentioned Orf7. In fact, pNar from all Pyrobaculum
species contains a hydrophilic monohemic cytbIII [192]. Interestingly, a
very different genetic context for the pnar cluster is observed in
Pyrobaculum sp. as compared with Haloarchaea with the absence
of additional genes encoding a Rieske/cytb complex. However,
anaerobically grown cells with nitrate produced two membranous
c-type cytochromes proposed to be part of nitrite reductase and of
a Rieske/cytb complex retrieved elsewhere in the genome [326]. This
chain, although with a pNar, would therefore resemble that of a
Paracoccus-type denitrification chain, with complex I, Rieske/cytb com-
plex, cd1-nitrite reductase and qNor (Fig. 9A). Recently, transcriptomic
analysis of P. aerophilum revealed that the pNar enzyme is
expressed independent of the terminal acceptor (oxygen, nitrate,
arsenate or ferrous iron) [327]. At this stage, energy-coupling en-
sured by pNar in archaea remains an open question and only scarce
information are available concerning how pNar are integrated in the
cell metabolism.

Variations of the nNar organization have been observed in the hyper-
thermophilic bacterium T. thermophilus HB8 which encodes an atypical
NarCGHI complex (i.e. cNar) and a NADH dehydrogenase (Nrc) by a
self-transposable element allowing anaerobic growth with nitrate as
terminal electron acceptor [328,329]. Both enzymes are considered to
form a supercomplex ensuring electron transfer from NADH to nitrate
using MK-8 as electron carrier based on the observed interaction
between their respective transmembrane subunits NrcE and NarI [188].
The unique difference with nNar is the participation of a fourth subunit,
NarC, a periplasmic di-heme c-type cytochrome. Furthermore, integrity
of the NarCGHI complex is required for electron transport towards the
Nir, the Nor or the Nos reductases in denitrifying T. thermophilus strains
[330]. Together with the diheme cytochrome b NarI, NarC cytochrome
c component of the cNar enzyme is used as a branching point to deviate
electrons towards enzymes of the denitrification pathway. Finally, cNar
from the obligatory anaerobic Geobacter metallireducens has recently
been proposed to be involved in degradation of aromatic compounds
[331].When grownwith benzoate, cells showed higher nitrate reductase
activity and upregulation at the transcriptional level of the correspond-
ing genes. Similar to the nNar from T. denitrificans, G. metallireducens
was reported to perform anaerobic nitrate-dependent U(IV) oxidation
[332]. However, clear understanding of the participation of cNar to
both metabolic processes in G. metallireducens awaits further studies.

Aside from the nitrate reductase activity displayed by nNar enzymes,
several studies have reported the ability of nNar from E. coli [128] or
S. typhimurium [129] to catalyze nitrite reduction, a one-electron step
ending to nitric oxide (NO), a highly reactive and toxic gas that can freely
diffuse into cells and attack DNA molecules or the redox centers of
proteins [333,334]. Recently, it has been reported that endogenous
S-nitrosylation of proteins is a prominent feature of anaerobic respiration
on nitrate in E. coli, thanks to the nitrite reductase activity of nNar [335].
While the importance of such activity in bioenergetic terms remains
elusive, Rowley et al. reported that up to 20% of catabolized nitrate is
converted into NO in S. typhimurium [130]. Such NO-producing activity
has now to be reconciled with the participation of nNar to the virulence
of a number of microbial pathogens or to the reported inflammation-
induced nitrate respiration [336–338].

4.1.3. Nap and anaerobic respiration or dissipation of excess reductant
An alternative to the membrane-bound nitrate reductases are

the periplasmic ones (also called Nap) found almost exclusively
in Proteobacteria and which fulfill different physiological roles
depending on the organisms [29,339–341]. As described above,
membrane-bound nitrate reductases but also Nap enzymes catalyze
the first step of the denitrification processwhich is regarded as an anoxic
or micro-oxic process [342,343]. To date, no strictly aerobic denitrifier
has ever been isolated which indicate that organisms have to choose
between oxygen and nitrate if both are available. Themost often oxygen
preference is due to the fact that more energy is gained from oxygen
respiration than from nitrate respiration. However, nitrate reduction by
Nap enzymes can alternatively be used for other purposes than respira-
tion, i.e. redox homeostasis under oxic conditions. This is typically the
case during chemoheterotrophic or photoheterotrophic growth in the
presence of highly-reduced carbon substrates [344–349]. The generated
excess of reducing equivalents can then be dissipated by Nap enzymes
which are directly uncoupled from energy conservation. Indeed, in
bioenergetic terms, quinols which serve as electron donors for Nap are
oxidized on the periplasmic side of the cytoplasmic membrane by two
distinct membrane-bound quinol-oxidizing systems (NapC or NapGH)
depending on the organism and the electrons flow towards the peri-
plasmwhere they ultimately reduce nitrate to nitrite. Thus, as compared
to nNar, the free energy of theQH2/NO3

− redox couple is not conserved as
pmf. However, how Nap can contribute to the anaerobic respiration
metabolism? Studies performed on E. coli cells have clearly shown that
Nap can support anaerobic respiratory growth under nitrate-limiting
conditions using glycerol as non-fermentable carbon source owing to a
higher nitrate affinity as compared to nNar [350,351]. Based on such
observation, it has been considered that Nap would be required to scav-
enge nitrate present in low levels in themicro-oxic environment of some
pathogenic bacteria as Haemophilus influenzae [340] or Campylobacter
jejuni [352,353]. Owing to the periplasmic location of the Nap enzyme,
the non-utilization of the nitrate uptake system (NarK/NarU) which
also functions as nitrate/H+ symport [354–356] and as such being
energetically disadvantageous may provide an explanation. Inter-
estingly, during anaerobic growth by glucose fermentation, E. coli
Nap fulfils a redox-balancing role rather than an energy-conservation
role reinforcing the idea that Nap may serve different functions
within the same organism depending on growth conditions [211]. In
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ε-proteobacteria, respiratory nitrate reduction sustained by Nap exclu-
sively results in the production of either ammonium (ammonifica-
tion) or dinitrogen gas (denitrification) (see for review [353]). For
instance, the ε-proteobacterium W. succinogenes grows by respiratory
nitrate ammonification using formate or H2 as electron donor, energy
conservation being made at the electron input level only [357]. To
date, there is some controversy whether the food-borne pathogen
ε-proteobacterium C. jejuni is able to grow anaerobically on nitrate
through a Nap enzyme despite the use of formate or H2 as electron
donors [358,359]. If respiratory nitrate ammonification sustained in
C. jejuni by Nap and Nrf enzymes plays an important role in host
invasion and colonization in micro-oxic environments such as the
intestinal tract [352,359], the exact role of Nap either in redox-
balancing or in anaerobic respiration remains to be defined. Respira-
tory nitrate ammonification was also demonstrated in S. oneidensis
MR-1 using Nap instead of nNar in Enterobacteriaceae [360]. In this
particular case, CymA, an analog of NapC, serves as electron donor
to Nap. Noteworthy, CymA is also the electron donor to the soluble
and periplasmic cytochrome c nitrite reductase Nrf catalyzing the
subsequent step in the ammonification process [361]. An atypical
situation is encountered in Nap of the δ-proteobacteriumD. desulfuricans
with two main differences: the absence of the NapB subunit and the ad-
ditional presence of NapM, a soluble and periplasmic tetrahemic c-type
cytochrome [362]. How electrons flow towards NapA thus remains
unclear with several putative routes including quinol-dependent ones
involving some of the NapC, G, and H proteins and quinol-independent
one involving NapM (Fig. 3).

However, asmentioned above, Nap is also associatedwith other func-
tions such as dissipating excess reductant, a process that is not systemat-
ically linked to anaerobic respiration metabolism [340,341]. A typical
example can be taken with the denitrifier Paracoccus pantotrophus in
which aerobic nitrate reduction by Nap only occurs using butyrate or
caproate (highly reduced carbon sources) and not with succinate or
malate (more oxidized substrates) [345,348]. Moreover, under anaerobic
denitrifying conditions, Nap is not expressed in P. pantotrophus [348] thus
confining Nap to aerobic growth conditions, a situation also encountered
in C. necator [363]. Recently, it has been shown that magnetite biominer-
alization in Magnetospirillum gryphiswaldense MSR-1 is closely linked to
nitrate reduction catalyzed byNap [364]. As observed in other organisms,
the authors postulate thatNap is involved in redoxbalancing using nitrate
as oxidant to dissipate excess reductant thus facilitatingmagnetite forma-
tion. Finally, Nap enzymes can also function as electron sinks, e.g. during
photosynthesis in R. sphaeroides [172,365].

4.1.4. Nxr and nitrification or anammox
Nitrification is the microbially catalyzed sequential oxidation of

ammonia to nitrate via nitrite as reaction intermediate and constitutes
per se a key process in the biogeochemical nitrogen cycle in both aquatic
and terrestrial ecosystems. While the first step i.e. ammonia oxidation is
performed by both aerobic ammonia-oxidizing bacteria (AOB) or
archaea (AOA), the second step of the nitrification process is exclusively
sustained by chemolithoautotrophic nitrite-oxidizing bacteria (NOB)
which gain energy from the oxidation of nitrite to nitrate [366,367].
Under oxic conditions, nitrite oxidation by NOB is the principal source
of nitrate, which constitutes the major fraction of the fixed nitrogen in
the oceans but also the predominant inorganic nitrogen form in aerated
soils. Nitrite oxidation is catalyzed by a Mo-bisPGD enzyme, nitrite
oxidoreductase (nNxr), amembrane-bound enzyme found inNitrobacter
species which shows high sequence similarity with nNar [368] while
showing a similar structural organization to cNar (Section 3.3.3). The
enzyme can catalyze in vivo reaction in both directions, nitrate reduction
being part of the dissimilatory nitrate reduction pathway using organic
compounds as electron donors [369–371]. In this latter case, nNxr are
supposed to have quinol oxidizing activity through the membrane
anchor subunit nNxrI. Whether quinone reduction is associated with
nitrite oxidation remains to be defined. Interestingly enough, the nNxr
of Nitrobacter and Nitrococcus is oriented towards the cytoplasm while
genomic analyses revealed that Nxr in Nitrospira is phylogenetically dis-
tant and oriented on the periplasmic side of the membrane (i.e. pNxr)
[165,168]. As such, NOB are phylogenetically diverse (α, γ, β
proteobacteria, nitrospirae or chloroflexi) and occur in a wide variety
of aquatic and terrestrial environments [165,168,201,202,366,372].
Biochemical studies performed on nNxr from Nitrobacter winogradskyi
have shown that electrons issued from the strongly endergonic nitrite
oxidation reaction by cytoplasmically-oriented Nxr are transferred to a
terminal cytochrome c oxidase via a cytochrome c550 [373]. Genomic
analyses of the chloroflexi Nitrolancetus hollandicus let some authors to
propose a similar electron transport chain [168]. However, physiological
and biochemical information are scarce which limits our understanding
of how nNxr are connected to the electron transfer chains.

An alternative pathway involving pNxr is the anammox process
i.e. anaerobic ammonium oxidation that produces N2 by reducing nitrite
and oxidizing ammonium, a unique bacterial trait performed by autotro-
phic anoxic ammonia-oxidizing bacteria (AnAOB) (see for review [374]).
During this anoxic process, nitrite can also be oxidized to nitratewith the
released electrons being used for carbon dioxide reduction by the
acetyl-coenzyme A pathway [375,376]. More interestingly, anammox
bacteria such as Kuenenia stuttgartiensis and Scalindua sp. have been
shown to perform dissimilatory nitrate reduction using organic electron
donors such as formate, propionate or acetate [377,378]. As such, the
reduction of nitrate to nitrite and to ammonia serves as a source of
substrates for N2 formation by the anammox process. Such metabolic
connection may explain the presence of anammox bacteria in marine
environment and their ability to out-compete other organisms in
ammonium-limited conditions. Complete genome sequence of Kuenenia
stuttgartiensis revealed the presence of a single operon encoding NarGH
subunits of an Nxr-type [375]. In the exergonic nitrate reduction reac-
tion, electrons are issued from oxidation of organic compounds using
MK as electron carrier. However it has to be pointed out that, in the
reverse strongly endergonic nitrite oxidation reaction, no biochemical
information is available. The presence of a canonical Rieske/cytb complex
and of genes encoding cytochromes and clustered with narGH in K.
stuttgartiensis constitute elements of a hitherto uncharacterized electron
transport chain which may function in a similar manner to NOB
[375,379]. Finally, the anammox pathway is spatially confined to a com-
partment named anammoxosome bound by a single bilayer membrane
[374]. It is thus considered that Nxr in K. stuttgartiensis is oriented
towards the anammoxosome thus participating in either nitrite oxida-
tion or nitrate reduction [376]. The question of the exact location of the
electron donor enzymes such as formate dehydrogenase in the dissimila-
tory nitrate reduction pathway is thus open.

4.1.5. Trimethylamine N-oxide, a source of organic nitrogen
Me3NO (TMAO) is an abundant nitrogen storage compound in fish

and other marine organisms but detectable levels of TMAO are also
present in seawater. It constitutes an alternative substrate for the
DMSO reductases (both Dms and Dor, see below) but also the specific
substrate of the TMAO reductases TorA [205]. Closely homologous to
DorA, TorA studied only in E. coli and Shewanella species, is a periplas-
mic soluble enzyme reducing its substrate with electrons delivered by
a membrane-bound pentahemic cytochrome [205,380] from MK and
DMK [239], or from UQ pool [241], respectively. This system therefore
presents a net balance that does not contribute to the proton gradient
formation by itself. The pmf generated by this chain [381] thus prob-
ably comes from an involved NADH dehydrogenase [382].
4.2. Sulfur cycle

Molybdoenzymes of theMo-bisPGD family have long been reported to
participate to the sulfur cycle in prokaryotes which can utilize among
electron acceptors, sulfur compounds (elemental sulfur, thiosulfate,
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tetrathionate and polysulfide). It is worth mentioning that elemental
sulfur is probably the most widespread sulfur species in sediments and
geochemical deposits. In fact, the ability to reduce sulfur compounds
using H2 or organic substrates as electron donors is widespread among
bacteria and archaea, the latter being mostly hyperthermophilic (see for
reviews, [383–386]). Such anaerobic chemolithoautotrophic H2 oxidation
with sulfur reduction can be exemplified with the best-characterized
ε-proteobacterium W. succinogenes and involves a short electron trans-
port chain composed of two periplasmically-facing membrane-bound
enzymes, a [NiFe] hydrogenase and a sulfur reductase also named PsrABC
[387–389]. More importantly, dissimilatory reduction of elemental sulfur
to hydrogen sulfide is linked with energy conservation as evidenced by
growth on H2 and S0. Formate can also serve as electron donor to sulfur
reduction in W. succinogenes yielding similar growth rates [390,391]. A
similar situation has been reported in the deep-sea ε-proteobacterium
Sulforovum sp. NBC37-1 with chemolithoautrophic H2 oxidation with S0

reduction catalyzed by an enzymatic complex denoted PsrABC [392]. An
identical electron transport chain has been reported in the acidophilic
crenarchaeon Acidianus ambivalens grown under anaerobic conditions
where both enzymes copurified strongly suggesting the existence of a
supercomplex [393,394]. The observed decrease of the electron transport
activity of a chain using formate orH2 as electron donor and S0 as electron
acceptor in proteoliposomes ofW. succinogenes as a function of the degree
of dilution by adding phospholipids [395] can also be interpreted as the
consequence of a loss of supercomplex stability [396]. Physical association
of the hydrogenase and the sulfur reductase denoted SreABCmay consti-
tute a common trait as such a supercomplex has been purified and
characterized in the hyperthermophilic and microaerophilic bacterium
A. aeolicus [149]. Most interestingly, the sulfur reductase faces the cyto-
plasmic side of the membrane owing to the absence of a TAT signal
peptide either on SreA and SreB giving rise to opposite locations of the
catalytic sites within the supercomplex. However, it remains open what
is the exact substrate in vivo (despite that tetrathionate is the best sub-
strate in vitro and thiosulfate is not) andwhether such electron transport
pathway is energy-conservative [149,386]. To date, the overall yield of the
H2:S0 oxidoreductase pathway is far from being efficient according to the
overall topology of the components. Therefore, generation of an electro-
chemical gradientwould require opposite location of the quinone binding
site on each membrane-bound complex as observed in the paradigmatic
formate:nitrate respiratory chain in E. coli [30]. Quinone reduction at the
cytoplasmic side of the innermembrane in the hydrogenase unit coupled
with a quinol oxidation step at a periplasmically oriented site in the Psr
would allow net translocation of protons across the membrane.
Indirect measurement of the H+/e− ratio using polysulfide as electron
acceptor in W. succinogenes indicates a value of 0.5 (Fig. 8) [196,383]
which is half that obtained using fumarate respiration. In 2008, Jormakka
et al. reported the crystal structure of a putative (based on sequence sim-
ilarity with PsrABC from W. succinogenes) Psr from T. thermophilus [88].
Owing to the aerobic growth conditions employed to purify the enzyme
complex [397] and the absence of report on polysulfide reduction in
T. thermophilus, the actual activity of the purified enzyme remains to be
determined. However, the crystal structure of this putative PsrABC
complex revealed the existence of a quinone binding site at the periplas-
mic side of the membrane anchor PsrC subunit avoiding charge separa-
tion during enzymatic reaction (Fig. 7) [88]. Owing to the low basic pH
at which the sulfur reduction occurs in the periplasmically-oriented
catalytic dimer PsrAB, such topological organization is in accordance
with the H+/e− ratio of 0.5 without the need to consider a putative
proton-translocation machinery as proposed by Jormakka et al. [88].

The facultative anaerobe γ-proteobacterium S. oneidensis MR-1 is
able to respire anaerobically inorganic sulfur compounds as terminal
electron acceptors such as S0, SO3

2−, S2O3
2− and S4O6

2− using lactate or
formate as electron donor [398]. A thiosulfate reductase encoded by an
operon denoted psrABC but highly homologous to the phsABC operon
of the enteric γ-proteobacterium S. enterica, is responsible for anaerobic
respiration of S0 and S2O3

2− but not S4O6
2− [399]. However, while the
molecular basis of thiosulfate respiration has been long reported and
described in S. enterica [150], the exact functioning of the Phs complex
remains enigmatic considering the very low redox potential of the accep-
tor couple [S2O3

2−/HS−+SO3
2−] of −400 mV (Table 2). As expected,

only low potential quinones such as MK were shown to be required for
thiosulfate reduction in S. typhimurium [242]. To reconcile the observed
thiosulfate respiratory capacity of a number of bacteria (mostly
sulfate-reducing bacteria) and reported structural organization of
PhsABC with the highly endergonic reaction, Stoffels et al. recently
showed that the reaction requires the pmf suggesting the existence of a
reverse redox-loopwithMKH2 oxidation at the cytoplasmic side coupled
with thiosulfate reduction in the periplasm of S. enterica (Fig. 8) [246]. A
similar observation was made with the Psr of W. succinogenes showing
pmf-dependent activitywithMMKH2 as electron donor [196] supporting
a similar functional trait of these sulfur reductases (PsrABC or PhsABC).
Finally, growth on S0 or S2O3

2− is only permitted with fermentable
carbon sources in S. enterica [400] withminor contribution to the overall
yield of ATP production [150] suggesting a role for sulfur reduction in
redox-balancing of the quinone pool as in the case of Nap (see
Section 4.1.3). Accordingly, Stoffels et al. reported that formate oxidation
with thiosulfate reduction occurs mainly via the fermentative pathway
in S. enterica and the participation of hydrogenases [246].While evidence
for chemolithoautotrophic H2 oxidation with sulfur reduction by hyper-
thermophilic archaea has long been reported [401], evidence for the
existence of a thiosulfate/polysulfide reductase in the hyperthermophilic
crenarchaeon Pyrobaculum islandicum supporting anaerobic respiration
of S0 or S2O3

2− has only been provided recently [402]. Transcriptional
analyses revealed, under the absence of terminal electron acceptor, the
up-regulation of an operon encoding a putative thiosulfate reductase in
P. aerophilum [327], in accordance with the reported growth on thiosul-
fate [325]. In this context, the availability of complete genome sequences
of several hyperthemophilic crenarchaeon will allow in the near future
getting a better understanding on their respiratory capabilities and iden-
tification of the involved enzymes [403,404].

The third sulfur reductase having respiratory function is the Ttr,
another Mo-bisPGD enzyme extensively studied in S. typhimurium
[148]. Here, formate, H2 or non-fermentable carbon substrates are used
as electron donors for tetrathionate reduction into thiosulfate in accor-
dancewith themore positive redox potential of the S4O6

2−/S2O3
2− couple

between+24 and+170 mV [148] (Table 2). If tetrathionate respiration
was reported until now in bacteria taking benefit from this abundant
substrate in marine or soil sediments [242], anaerobic tetrathionate
respiration of S. typhimurium was shown to provide a significant
growth advantage over bacteria using fermentation [405]. Moreover,
tetrathionatewas shown to be produced in the lumen during gut inflam-
mation. Interestingly, Ttr, Phs and Psr from S. enterica display strong
specificities towards the sulfur compound substrates. The Ttr is able to
alternatively use S3O6

2− but not S2O3
2− whereas the Phs can use S0 and

S2O3
2− but not S4O6

2−using eitherH2 or formate as electron donors [400].
In addition to the inorganic sulfur compounds described above,

several organosulfur compounds are metabolized by members of the
Mo/W-bisPGD family. The first one dimethylsulfide (Me2S; DMS) con-
tributes about 50% of the global biogenic sulfur input to the atmosphere
from marine environments and it is recognized that biological activities
have a major influence on its level in marine systems. DMS is indeed a
substrate of the unique Ddh enzyme characterized so far that catalyzes
its oxidation allowing Rhodovulum sulfidophilum to grow photoautotro-
phically with DMS as sole electron donor [406]. In this electron transfer
chain, theDdhoxidizes theDMS in the periplasm, consequently reducing
a soluble cytochrome c2, electron donor to the photosynthetic reaction
center [158]. This chain is therefore complementary to the classical cyclic
photosynthetic electron transfer chain involving the bc1 complex, liber-
ating protons in the periplasm and therefore contributing to the genera-
tion of the pmf.

The reaction catalyzed by the Ddh is formally the reverse of the
reaction catalyzed by the more widespread dimethyl sulfoxide
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(Me2SO; DMSO) reductases (see [25] for phylogenetic distribution).
These enzymes are anaerobic terminal reductases frequently en-
countered in bacteria. In the case of heterotrimeric DmsABC, typified
by the membrane-bound DMSO reductase from E. coli [407], the reduc-
tion of DMSO is achieved using electrons delivered by DmsC from the
MK and DMK pool [239]. In the case of the monomeric soluble DorA
DMSO reductase encountered in R. capsulatus and R. sphaeroides, the
electrons reducing the DMSO are delivered by the membrane-bound
pentahemic cytochrome DorC [206] from the UQ pool [210] in the ab-
sence of light or during photosynthetic growth. In the case of S. oneidensis
Dor system, the electrons reducing the DMSO are delivered by the
multifunctional tetraheme CymA from the MK pool [408]. DMSO reduc-
tases were also reported inHaloarchaea such asHalobacterium salinarum
(formerly Halobacterium sp. NRC-1 [409]) where a heterotrimeric
DmsABC complex is responsible for both anaerobic DMSO and
TMAO respiration using organic substrates as electron donors
[164,410]. All the DMSO reduction systems display reaction balances
that do not contribute to the proton gradient formation by themselves.
The pmf generated by these chains comes from the involvedNADHdehy-
drogenase [411].

4.3. Carbon cycle

Two types of Mo/W-bisPGD enzymes are known to participate to the
carbon cycle through oxidoreduction of C1 compounds. Formate dehy-
drogenase (Fdh) catalyzes the reversible conversion of formate to CO2

while the much less studied formylmethanofuran dehydrogenase
(Fmd) catalyzes the covalent attachment of CO2 to methanofuran, both
being either Mo or W enzymes.

Formate can either be the end product of much bacterial fermenta-
tion such as themixed-acid fermentation of enterobacteria or the inter-
mediate of energy metabolism of acetogenic bacteria during the
reduction of CO2 to acetic acid. Thanks to the very low redox potential
of formate, its oxidation is coupled to the reduction of a number of
terminal electron acceptors ranging from sulfur compounds, to nitrate,
fumarate, As(V), Fe(III), Mn(IV) or oxygen. In E. coli, three formate
dehydrogenases are present, two being involved in respiration (FdnGHI
and FdoGHI), the third one (FdhF) being a component of the formate
hydrogenlyase (FHL) complex involved in anaerobic fermentation.
Basically, FdnGHI or its isoenzyme FdoGHI transfers electrons to the
quinone pool which ultimately reduces a number of alternative termi-
nal electron acceptors. As an example, the electron transport chain in-
volving the FdnGHI and NarGHI complexes forms the paradigmatic full
proton motive redox loop with a H+/e− ratio of 2 based on charge sepa-
ration at both complexes [296] (Figs. 8 and 9B). These periplasmically-
oriented formatedehydrogenasesmay also be involved in theperiplasmic
nitrate ammonification pathway of enteric bacteria or W. succinogenes
that couple quinol oxidation to nitrate reduction by Nap producing nitrite
further reduced to ammonium [357]. In this case, the electron transport
chain relies on pmf generation at the level of electron input into the
quinone pool by the Fdh enzyme. On the opposite, H2 issued from
formate oxidation by the FHL complex in the cytoplasm is recycled
by the periplasmically-oriented hydrogenases 1 and 2 and electrons
reintroduced in the quinone pool [412]. A slightly different situation
is encountered in respiratory nitrite ammonification, a strictly peri-
plasmic process [29,357]. Formate oxidation by a membrane-bound
formate dehydrogenase (FdhABC) is coupled to nitrite reduction by
a cytochrome c nitrite reductase (NrfAH) in the ε-proteobacterium
W. succinogenes [357] while in the δ-proteobacteria D. desulfuricans
and D. vulgaris, formate oxidation is catalyzed by a periplasmic and
soluble formate dehydrogenase (FdhABC3) [185,186]. Recently, bio-
chemical studies have allowed a better understanding of how elec-
trons issued from formate oxidation by the periplasmic FdhABC3 of
D. desulfuricans are ultimately transferred to alternative pathways
through a cytochrome c network [413]. Formate dehydrogenase ap-
pears to be able to reduce several periplasmic cytochrome c feeding
electrons to alternative terminal electron acceptors such as oxygen,
nitrate, nitrite or sulfate. How formate oxidation coupled with nitrite
reduction can yield an overall H+/e− ratio of 1 remains to be explained
[414,415]. Similarly, how electrons issued form formate oxidation
ended up to Nap in D. desulfuricans remains open. As discussed in
Section 4.1.1, the soluble and periplasmic tetrahemic c-type cyto-
chrome NapM [362] may provide a rationale for transferring electrons
without connection with the quinone pool.

Dissimilatory reduction of Fe(III) or Mn(IV) appears to be major
respiratory processes in aquatic environments and is found both in
bacteria and archaea. Prominent examples of organisms supporting
such respiratory pathway using formate as electron donor are the
δ-proteobacteria Geobacter sp. or the γ-proteobacterium S. putrefaciens
(see for review, [416,417]). It was reported that Fe(III) or Mn(IV)
reduction involves the multiheme c-type cytochrome CymA connecting
the quinone pool to the final reductases present in the outer
membrane [418,419]. Dissimilatory arsenate reduction coupled with
formate oxidation, an energy-conserving process, was reported in the
firmicutes Desulfitobacterium sp. where formate is not only the electron
donor but also the sole carbon source [420]. Bioinformatic analyses of
the D. hafniense Y51 genome revealed the existence of an operon
encoding a periplasmically-oriented formate dehydrogenase (FdoGHI)
[4]. Despite the uncertainty about how quinols are oxidized at the ArrC
membrane anchor subunit of the Arr complex, energy conservation is
ensured through formate oxidation coupled with As(V) reduction at
both enzymes level.

More interestingly, formate dehydrogenases have recently been
involved in energy conservation during methanogenesis, a path-
way allowing reduction of CO2 to methane using H2 as reductant.
A multiprotein complex composed of heterodisulfide reductase,
F420-nonreducing hydrogenase, formate dehydrogenase, and
formylmethanofuran dehydrogenase was isolated and characterized in
the methanogenic euryarchaeon Methanococcus maripaludis [421].
Importantly, when H2 is limiting, formate can now be used as electron
donor for methanogenesis, electrons being transferred to the
heterodisulfide reductase. Two molybdoenzymes, namely the for-
mate dehydrogenase and the formylmethanofuran dehydrogenase
are thus involved. In contrast to Fdh, much less information is
available concerning the latter. The enzyme has been purified
from a number of methanogens such as Methanothermobacter
marburgensis or Methanosarcina barkeri giving rise to the isolation
of a multimeric complex of varying number of subunits (ranging
from 3 to 6) with Mo or W and a high number of [Fe–S] clusters
[422–427].

4.4. Diverse or “exotic” metabolisms

In this last section are listed Mo/W-bisPGD enzymes which partic-
ipate in so-called “exotic” metabolisms but, in most cases, without
contributing by themselves to the pmf.

As a first example, E. coli BisC, that shares significant homology with
the DMSO and TMAO reductases, is a cytoplasmic enzyme which is not
involved in a respiratory chain [146]. Rather, BisC is involved in recycling
biotin sulfoxide or methionine sulfoxide [428] for use by cells, accepting
electrons from NADH [429] and could thus play a role in protecting cells
from oxidative damage [430].

On the other hand, several hydrocarbon compounds, among
them, acetylene, pyrogallol, resorcinol, ethylbenzene and cholester-
ol are substrates of Mo/W-bisPGD enzymes, entering thereby into
the carbon cycle. Acetylene is hydrated to acetaldehyde by Ah as
part of a strict anaerobic degradation pathway of unsaturated hydrocar-
bon [21]. This reaction, actually known only in P. acetylenicus, does not
involve any electron transfer and is not bioenergetic at all. All the other
listed substrates are aromatic hydrocarbons. Aerobic metabolism, via
oxygenases, is often in charge of the degradation of such compounds
using reactive molecular oxygen as co-substrate. Prokaryotes have
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however recruitedmultipleMo/W-bisPGD enzymes, catalyzing degrada-
tion of such compounds under anaerobic conditions. For instance, the
δ-proteobacterium P. acidigallici ferments pyrogallol producing its
isomer phloroglucinol in the cytoplasm using the enzyme Th [431].
This enzyme is known only in the latter species but BLAST searches
revealed that Th is probably encoded by the Clostridium sp. SY8519 and
Holophaga faetida DSM 6591 genomes (YP_004707640/YP_004707641
and ZP_09576407/ZP_09576408, respectively). It is proposed that
the reaction consists on a hydroxyl group transfer from 1,2,3,5-
tetrahydroxybenzene to pyrogallol producing again 1,2,3,5-tetra-
hydroxybenzene concomitant to phloroglucinol. This reaction
is therefore a net non-redox reaction although the pyrogallol
molecule is oxidized to 1,2,3,5-tetrahydroxybenzene and 1,2,3,5-tetra-
hydroxybenzene is reduced to phloroglucinol. This reaction furthermore
does not contribute to the energy conservation. The Th is closely related
to another Mo/W-bisPGD enzyme contributing to energy generation:
resorcinol hydroxylase (Rh) [432].

Resorcinol (1,3-dihydroxybenzene) is produced and utilized in large
amounts by the timber, adhesives, and oil industries and enters freshwa-
ter environments through the release of effluents. Resorcinol is also an
intermediate product of several other hydrocarbon compounds. There
have been several reports of bacteria able to utilize resorcinol as carbon
and energy sources in the presence or absence of oxygen by different
biochemical strategies. Anaerobic metabolisms of resorcinol are found
in sulfate-reducing bacteria [433], fermenting bacteria [434], and denitri-
fiers [434–436]. In the nitrate reducing bacterium Azoarcus anaerobius,
resorcinol is hydroxylated by Rh at position 4 of the aromatic ring to
form hydroxyhydroquinone (HHQ). HHQ is subsequently oxidized with
nitrate to 2-hydroxy-1,4-benzoquinone (HBQ). Based on thermody-
namic considerations, the electrons from resorcinol and HHQ
oxidation can enter the denitrification process and may allow energy
conservation by proton translocation as observed in A. anaerobius
[437]. The question remains howall thewhole chain is organized.Where-
as sequence of Rh (αβ-type enzyme, Table 1) suggests this enzyme to
be soluble in cytoplasm, the activity is detected exclusively in cytoplasmic
membrane. The first question is thus the membrane-association mode
of the enzyme and if the enzyme is connected to the quinol pool.
The second question is the connection way to the nitrate reduction pro-
posed in this metabolism. Although only characterized in A. anaerobius,
closely homologous enzymes are revealed by BLAST searches in
Sinorhizobium fredii HH103 (YP_005191078/YP_005191077), Rhizobium
mesoamericanum STM3625 (ZP_11265595/ZP_11265594) and numer-
ous Burkholderia.

Ethylbenzene, a pollutant resulting from surface spills of gasoline or
leaking underground storage tanks, is a third aromatic hydrocarbon
compound to be degraded by prokaryotes. The total mineralization of
ethylbenzene to CO2 provides not only carbon source but also energy
[438]. Three bacteria are known to date capable to use this substrate,
all belonging to the genus Azoarcus. In these species, the Ebdh is respon-
sible of the anaerobic oxidation of ethylbenzene to (S)-1-phenylethanol
in the periplasm [439].Whereas in itself the oxidation of ethylbenzene in
periplasmdoes not generate pmf, its coupling (theway ofwhich remains
unknown) to denitrification [438] or O2 respiration [440] has been
shown energetic. No data is available today on the precise chain involved
in these metabolisms but periplasmic cytochrome c has been proposed
as natural electron acceptor [440]. This would suggest that instead of
nitrate reductase, it would be NO-genic nitrite reductase which could
be directly connected to ethylbenzene oxidation under denitrification.

Finally, a last Mo/W-bisPGD enzyme, closely related to the Ebdh, has
been recently revealed to catalyze one of the initial steps of anaerobic
metabolism of cholesterol in the proteobacterial Sterolibacterium
denitrificans [167]. The ability of prokaryotes to grow aerobically on
cholesterol was well documented, but the steroid C25 dehydrogenase
(C25dh) is the first enzyme shown to contribute to a prokaryotic anaer-
obic growth on cholesterol. In this cholesterol degradation pathway, the
membrane-associated C25dh is responsible for the hydroxylation of the
tertiary C25 atom of the side chain of cholesta-1,4-dien-3-one at the
membrane bilayer surface. C25dh is capable to perform the same reac-
tion in presence of oxygen or nitrate. Commercial cytochrome c has
been shown to be able to receive electrons from C25dh [167], the
connection with terminal O2 reductases is therefore straightforward
rationalizing an eventual energy production under oxic conditions. As
described above for Ebdh, the direct link between cholesterol degrada-
tion and denitrification is probably the NO-genic nitrite reductase again
via cytochrome c.

Beside compounds containing nitrogen, sulfur or and/or carbon,
metabolized also by eukaryotes, numerous compounds considered
as toxic for the latter are source of energy for prokaryotes. There are
at least eight Mo/W-bisPGD enzymes known today to be involved in
toxic metabolisms such as arsenics, selenium or oxochlorates.

The use of oxochlorates, i.e. chlorate and perchlorate, as respiratory
substrates by prokaryotes has been revealed already in 1925 but these
reactions have been resolved in molecular level only recently (see [194]
for recent review). Chlorate is well known as toxic for plants being thus
used as herbicide and defoliant whereas perchlorate, widely used as
oxidizer in solid rocket propellant, is well known as a public health's
hazard. In prokaryotes, the two Mo/W-bisPGD enzymes responsible for
their metabolism are Clr and Pcr, only identified in few organisms [194].
Whereas Pcr is able to reduce both chlorate and perchlorate, Clr is only
able to reduce chlorate. Neither of them contributes to the pmf formation
by themselves. Studies on Ideonella dechloratans showed, however, that
the Clr is connected to the membranous quinol pool via a soluble
cytochrome and a cytochrome bc1 complex. The soluble cytochrome has
been moreover shown to be able to serve as electron donor to a cbb3
terminal oxidase [441]. Whereas Clr consumes proton in the periplasm,
both bc1 complex and cbb3 activities contribute to the proton gradient
formation, rending this chain globally bioenergetic. Similarly, it has been
proposed that in Dechloromonas species, whereas the Pcr consumes
protons in the periplasm, a connected multihemic cytochrome
(NrfH/NapC-type), by its quinol dehydrogenase activity, contrib-
utes to the pmf formation. The involvement of a cbb3 oxidase,
connected to the Pcr by the PcrC would moreover enhance the
energetic efficiency of the chain [194].

Whereas selenium is an essential element used for the synthesis
of selenocysteine contained in selenoproteins, high concentration of se-
lenium oxyanions can have detrimental effects on wildlife [442]. Seleni-
um oxyanions have however been shown to be a bioenergetic substrate
for numerous bacteria. Several systems have been identified as selenate
reductases. The first system, characterized in E. coli [443] is the YgfKMN
one, where YgfN is amolybdoprotein proposed to belong to the xanthine
oxidase family and therefore not from the Mo/W-bisPGD family. The
second one, characterized in Enterobacter cloacae strain SLD1a-1 [444],
is a membrane-bound periplasmic heterotrimeric enzyme allowing the
latter strain to reduce selenate aerobically. Protein sequences remain
unknown, but biochemical characterization suggests the selenate reduc-
tase from E. cloacae to be a Mo-enzyme with a monohemic membrane-
bound cytb as γ subunit. It is presently not known if this enzyme is a
Mo/W-bisPGD enzyme. A YgfKMN cluster has however been revealed
(YP_003942324-7) in the E. cloacae strain SCF1 and it is not presently
known if these two enzymes represent a single and same entity.Whatev-
er the nature of this enzyme, it cannot support anaerobic growth on
non-fermentable carbon substrates and seems to have a role only in
selenate detoxification [444]. The third one, Ser, characterized in Thauera
selenatis, is a soluble, periplasmic heterotrimeric Mo/W-bisPGD enzyme,
harboring a cytbIII as γ subunit [193]. This system allows T. selenatis to
reduce selenate in an anaerobic respiration. Connected to the quinol
pool by a soluble c4 cytochrome and a cytochrome bc1 complex, the
Ser contributes to the generation of the pmf using selenate as the
sole terminal electron acceptor. The fourth system, Srd, characterized
in Bacillus selenatarsenatis [177], is a membrane-bound heterotrimeric
Mo/W-bisPGD enzyme facing the periplasm. Whereas Ser belongs to
the Asp-group of the family, Srd, highly homologous to Ttr from
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S. enterica belongs to the Cys-group of the family. Whereas no study has
been performed today, the localization of the Srd and the thermodynam-
ics of the MK:selenate oxidoreductase activity allows a possible role of
the enzyme in the pmf generation if the quinol oxidation site is at the
periplasmic side.

Although at low concentrations, arsenic commonly occurs naturally
as local geological constituent and has been adopted as bioenergetic
substrate by numerous prokaryotes. To the contrary to the preceding
metabolisms, the arsenic bioenergetic metabolisms appear to be any-
thing but exotic considering the recent burst in discovered arsenite
oxidizing and arsenate respiring microbes (see [182] for recent review).
Prokaryotes have been demonstrated to use both As(V) as electron
acceptor for respiration, via Arr, or As(III) as electron donor, via Aio or
Arx, for energy conservation. Arr funnels reducing equivalents from
organic matter (pyruvate, lactate, succinate…) to the terminal acceptor
As(V) in an anaerobic respiration involving directly the quinol pool.
This metabolism has been discovered as early as 1994 [445] but only
ten years later were the genes responsible for this metabolism
sequenced [178]. In these respiratory chains, Arr, a membrane-bound
heterotrimeric enzyme facing the periplasm, consumes protons in the
periplasm when reducing arsenate. Only the quinol dehydrogenase
activity of Arr and the proton translocation activity of Complex I make
the balance of proton positive.

Most of the characterized As(III) oxidizers are proteobacterial
mesophilic aerobes. In these cases, Aio transfers electrons arising from
the oxidation of As(III) towards a periplasmic soluble cytochrome
ultimately reducing O2 [176]. There are furthermore several bacterial
strains containing aio geneswhich oxidize As(III) under anaerobic condi-
tions. A link between Aio activity and chlorate reduction has also been
established in Dechloromonas and Azospira strains [446]. Although not
established it is conceivable that in such a chain, the soluble cytochrome,
reduced by Aio, reduces the Clr. Secondly, genomic surveys revealed
three photosynthetic bacteria, among them two strict anaerobic photo-
synthetic Chlorobium species, containing aio genes. This finding suggests
a link between Aio and photosynthesis [147]. The reduction in the peri-
plasm of the photosynthetic reaction center by the electron carrier,
reduced itself by Aio, would be pmf generating. The single bioenergetic
anaerobic photosynthetic oxidation of As(III) established today involves
Arx in Ectothiorhodospiraceae [447]. Nothing is presently known on the
latter enzyme's functioning but biochemical and genomic characteriza-
tion of Arx [182,448] revealed that this enzyme is very close to Arr. The
reversion of Arr's directionality would suggest that Arx transfers
electrons arising from the oxidation of As(III) towards the quinone
pool. In a similar manner as sulfur compounds, arsenite, from its oxida-
tion, would allow the formation of reductant, NADH, by a reverse elec-
tron flow, concomitant to the cyclic electron transfer managed by
cytochrome bc1 and photosynthetic reaction center [182,447] generating
pmf. A link between arsenite oxidation and denitrification has been
moreover established. For example, two proteobacteria are known to
use Aio to oxidize As(III) coupled to nitrate (NO3

−) reduction [449,450].
The fact that Aio reduces periplasmic soluble electron carriers makes
the link with nitrate reduction not straightforward and further studies
are needed to understand such a chain. To the contrary, a chain involving
Arx and Nar allowing Alkalilimnicola ehrlichii [305] to produce nitrate
from the oxidation of As(III) is easy to imagine (Fig. 9D). The two
enzymes would form a redox loop similar to thewell known constituted
by Fdh and Nar in E. coli [182]. Finally, it has been suggested that Arx
functioning could be linked to selenate reduction [451] but such a
chain remains unknown.

5. Concluding remarks

As presented in Section 4 of the present review, the metabolic
diversity of Mo/W-bisPGD enzyme-dependent bioenergetic chains
in prokaryotes revealed by studies of the last two decades seems to
have no limits. As exemplified by the case of ethylbenzene, a pollutant
from recent petroleum industry, the time taken by microorganisms to
adapt to new substrates is very short. In the vast majority of metabo-
lisms, the involvement of a Mo/W-bisPGD enzyme is established reveal-
ing this structural motif as the workhorse of prokaryotic catalysis. As
exposed in Section 2, prokaryotes can thus be regarded as extraordinary
efficient catalyst engineering laboratories. Nevertheless, the associated
catalytic mechanisms are presently only partly understood. Notably, it
is clear that it is not possible to reveal a unique principle that triggers
the reactivity ofMo/W-bisPGDenzymes. By the same token, the question
of the link between the Mo/W ligand and the reaction specificity is still
open. Examination of the wealth of structural, spectroscopic, kinetics
and computational data emphasizes the extraordinary high catalytic
plasticity of these enzymes that is responsible for their evolutionary
success and spreading in prokaryotes. A number of research directions
have been proposed in the actual review and will not be listed herein.

Bacteria and Archaea are using all compounds available on earth,
even the more toxic of them, e.g. arsenic, for energetic purposes, and
have for this aim recruitedMo/W-bisPGD enzymes. However, as detailed
in Sections 3.4 and 4, the special organization and even the composition
of the whole chains giving rise to energy are often still putative. As
discussed in Section 3, in the vast majority of cases, the thermodynamics
of the overall enzyme reaction appears to only be driven by the redox
potential of the physiological substrates. The general rule of energy
generation has been announced as early as 1966 by Peter Mitchell
under the “chemiosmotic theory”: coupling of local chemical reactions
through a delocalized, cumulative physicochemical entity, the pmf [452].
The molecular details of this theory are however often still un-
known and, one of the central question remains the elucidation of
quinols/quinones oxido-reduction mechanisms.

In conclusion, despite the progress made, the current knowledge
on catalysis of Mo/W-bisPGD enzymes and their implications in the
bioenergetics in prokaryotes is still very limited, providing ample
opportunities for future research.
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