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FDH-H  E. coli formate dehydrogenase H, from 
the formate-hydrogen lyase system

FDH-N  E. coli formate dehydrogenase N, from 
the anaerobic nitrate–formate respiratory 
pathway

FDH-O  E. coli formate dehydrogenase O, from 
the aerobic respiratory pathways

Fe/S  Iron–sulfur centre
Mo-FDH  Molybdenum-dependent formate

 dehydrogenase
Mo/W-FDH  Formate dehydrogenase that incorporates 

either molybdenum or tungsten
Mo/NAD-FDH  Molybdenum-dependent/NAD-depend-

ent formate dehydrogenase
Mo/W-bis PGD  Molybdenum/tungsten-bis pyranopterin 

guanosine dinucleotide-containing 
enzymes

NAD-FDH  NAD-dependent formate dehydrogenase
NarGHI  Respiratory nitrate reductase, after the 

name of the encoding genes, narG, H, 
and I

PGD  Pyranopterin guanosine dinucleotide
 cofactor

W/NAD-FDH  Tungsten-dependent/NAD-dependent 
formate dehydrogenase

W-FDH  Tungsten-dependent formate
 dehydrogenase

Introduction and scope

This minireview focuses on prokaryotic formate dehy-
drogenase (FDH) enzymes, which catalyse the reversible 
2-electron oxidation of formate to carbon dioxide. FDHs 
are a group of heterogeneous proteins, harbouring diverse 

Abstract The prokaryotic formate metabolism is con-
siderably diversified. Prokaryotes use formate in the C1 
metabolism, but also evolved to exploit the low reduction 
potential of formate to derive energy, by coupling its oxi-
dation to the reduction of numerous electron acceptors. 
To fulfil these varied physiological roles, different types 
of formate dehydrogenase (FDH) enzymes have evolved 
to catalyse the reversible 2-electron oxidation of formate 
to carbon dioxide. This review will highlight our present 
knowledge about the diverse physiological roles of FDH 
in prokaryotes, their modular structural organisation and 
active site structures and the mechanistic strategies fol-
lowed to accomplish the formate oxidation. In addition, the 
ability of FDH to catalyse the reverse reaction of carbon 
dioxide reduction, a potentially relevant reaction for carbon 
dioxide sequestration, will also be addressed.

Keywords Molybdenum · Tungsten · Formate oxidation · 
Carbon dioxide reduction · Formate-dependent energy 
metabolism · Sulfur-shift
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or no redox centres and displaying different subunit com-
positions and quaternary structures. FDHs are involved in 
a multiplicity of pathways, in both biosynthetic and energy 
metabolism, where they participate in fermentation and res-
piratory chain pathways. Herein, we will describe some of 
the physiological roles of formate in prokaryotic metabo-
lism, including also a very brief picture of formate metabo-
lism in humans and plants. Subsequently, the basis for the 
FDH classification as metal-dependent and metal-inde-
pendent enzymes will be described and a brief account on 
the molybdo- and tungstoenzymes’ families will be given. 
The article will be focussed, then, on describing the molyb-
denum- and tungsten-dependent FDH modular structural 
organisation and their active site structures (the enzymatic 
“machinery”). At this point, Table 1 aims to be a “road-
map” of the minireview, providing a summary of the struc-
tural characteristics and cellular roles of some of the FDHs 
herein described. Finally, the molybdenum- and tungsten-
dependent FDH reaction mechanism to oxidise formate 
will be discussed and the catalytic properties towards the 
reverse reaction of carbon dioxide reduction of some FDHs 
will be reviewed.

Living with formate

Formate is the conjugated base of formic acid (methanoic 
acid, HCOOH). With a pKa of 3.77, it is present in cells as 
the formate anion. It is the simplest carboxylic acid and, 
as such, it is broadly used in C1 metabolism, in prokary-
otes and eukaryotes. In addition, the low redox potential of 
formate [Eº′ (CO2/HCOO− (pH 7, formate 1 molal activ-
ity, CO2 (g) 1 atm)] = −0.43 V [1]), enables prokary-
otes to also use it to derive energy, by coupling its oxida-
tion (Eq. 1) to the reduction of several terminal electron 
acceptors.

Formate is found in all forms of life, from bacteria to 
man. In humans, it has long been known that formate is 
involved in C1 metabolism, where it participates in the 
tetrahydrofolate-mediated metabolism of nucleic acids 
and serine [2–4]. Nevertheless, mammals do not possess 
FDH enzymes and formate oxidation to carbon dioxide 
(for its elimination) is catalysed by the combined actions 
of 10-formyltetrahydrofolate synthetase and 10-formyltet-
rahydrofolate dehydrogenase or by catalase [4–6].

In contrast, plants possess FDH (NAD+-dependent, 
metal-independent enzymes). Actually, FDH accounts for 
9 % of all mitochondrial proteins of potato non-photosyn-
thesising tissues [7]. In higher plants, formate, formed via 
ferredoxin-dependent carbon dioxide fixation or as a side 
product of photorespiration and some other pathways, 

(1)HCOO−
→ CO2 + 2e−

+ H+

is a precursor of carbon-containing compounds, being 
also involved in serine metabolism, as in mammals [8, 9]. 
Recently, several studies showed that the FDH expression 
is highly increased under unfavourable conditions, such as 
drought, deficiency of both light and iron, hypoxia, pres-
ence of pathogenic microorganisms or chemical agents 
[9–13]. Although the formate sources in plants under stress 
remain a matter of discussion [10], those studies suggest 
the involvement of FDH in cellular stress responses, further 
emphasising the key role of FDH in higher plants.

The prokaryotic formate metabolism is considerably 
more diversified. As in higher organisms, prokaryotes can 
use formate for biosynthetic purposes, as a carbon source, 
inserting the methyl residue directly or in tetrahydrofolate-
mediated reactions (formation of methyl purines, serine, 
methionine, thymine), or using it in biosynthetic redox 
reactions (ribonucleotides reduction to deoxyribonucleo-
tides) [14–16]. However, prokaryotes can use formate also 
for the energy metabolism, in fermentation and respiratory 
chain pathways [14, 17–23]. As such, formate, formed in 
the pyruvate:formate lyase reaction, is an end product of 
many bacterial fermentations, such as the mixed-acid fer-
mentations of enterobacteria. Formate is also an intermedi-
ate of the energy metabolism of acetogenic bacteria, where 
carbon dioxide is reduced to acetic acid. In addition, for-
mate is also the substrate (electron donor) for a variety of 
inducible respiratory chains that take advantage of the very 
low reduction potential of formate to couple its oxidation 
to the reduction of different terminal electron acceptors, 
including nitrate, sulfate, polysulfide, fumarate, carbon 
dioxide, iron (Fe3+), arsenate, or even dioxygen.

In the following paragraphs, the main prokaryotic path-
ways designed to derive energy from formate/FDH will be 
outlined (some included in the Table 1).

(a) Escherichia coli, for example, can differentially 
express three FDHs. E. coli can grow aerobically and 
anaerobically; the anaerobic growth can be sustained 
by anaerobic respiration in the presence of nitrate as 
electron acceptor or by mixed-acid fermentation of car-
bohydrates associated with the formate-hydrogen lyase 
system. Each condition/pathway requires the synthesis 
of a specific FDH.

(1) Cytoplasmatic FDH of the formate-hydrogen 
lyase system, denominated formate dehydroge-
nase H (FDH-H) [24]. The E. coli formate-hydro-
gen lyase is a membrane-bound system involved 
in formate oxidation and molecular hydrogen 
formation under fermentative growth conditions 
[25, 26]. The system comprises two enzymes, a 
cytoplasmatic molybdenum-containing FDH and 
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a membrane-bound, cytoplasmically oriented 
nickel/iron-containing hydrogenase (hydrogenase 
3 or 4, depending on growth conditions [25]), 
and, probably, also small electron-transfer pro-
teins. FDH oxidises formate to carbon dioxide 
and the resulting reducing equivalents are trans-
ferred, probably, through a ferredoxin-like pro-
tein, to the hydrogenase that reduces protons to 
molecular hydrogen (Eq. 1 → 2). The molecular 
hydrogen, thus formed in the cytoplasm, could be 
recycled (oxidised to protons) by the periplasmi-
cally oriented hydrogenases 1 and 2 and the elec-
trons introduced in the membrane quinone pool 
[27–29]; this would suggest a hypothetical pro-
ton-translocating function for this system, which 
must wait for experimental confirmation.

(2) Membrane-bound, periplasmically oriented FDH 
of the anaerobic nitrate–formate respiratory 
pathway, denominated formate dehydrogenase 
N (FDH-N). Under anaerobic conditions and in 
the presence of nitrate, E. coli co-expresses the 
FDH-N with the respiratory membrane-bound 
cytoplasmically oriented nitrate reductase Nar-
GHI (both molybdenum-dependent) to form a 
supermolecular formate:nitrate oxidoreductase 
system [30–33]. Through this system, the peri-
plasmatic FDH-N-catalysed formate oxidation 
is coupled to the cytoplasmatic nitrate reduc-
tion (Eq. 1→3), via the membrane menaquinone 
pool that mediates the electron transfer between 
the two enzymes. In this way, the FDH-mediated 
proton generation in the periplasm is coupled to 
the proton consumption in the cytoplasm (trans-
location of protons from cytoplasm to periplasm) 
and a proton motive force is generated [21, 32, 
34–36].

(3) In addition, under aerobiosis and in the presence 
of nitrate, E. coli is also able to express (although 
at low levels) a second membrane-bound peri-
plasmically oriented FDH, denominated for-
mate dehydrogenase O (FDH-O). This FDH 
is co-expressed with the nitrate reductase Nar-
ZWV and both enzymes participate in a nitrate–
formate respiratory pathway that is suggested to 
operate in a similar way to the anaerobic system 
described above [37–39]. However, contrary to 
the FDH-N/NarGHI system that is expressed only 
in anaerobiosis, this system is also expressed in 
the presence of dioxygen, because it is not under 
the regulation of the FNR and ArcA (which con-
trol the genes for cellular anaerobic and aerobic 
functions, respectively) [27, 39, 40]. This differ-
entiated regulation allows the bacterium to have 

some nitrate reductase activity under aerobic 
conditions, which facilitates the rapid adaptation 
during the transition from aerobic to anaerobic 
growth.

(b) Wolinella succinogenes constitutes a similar example, 
as it also expresses two membrane-bound periplasmi-
cally oriented FDH, but, in this case, the FDHs are sug-
gested to be involved in the periplasmatic dissimilatory 
nitrite reduction to ammonium (Eq. 1→4) catalysed by 
cytochrome c-containing nitrite reductase [41–47]. In 
W. succinogenes, are the electrons provided by FDH to 
the membrane quinone pool that contributes to the pro-
ton motive force generation [46].

(c) In Desulfovibrio species, periplasmatic FDHs are 
suggested to provide electrons not only to dissimila-
tory sulfate reduction (organisms grown on sulfate as 
energy source) [48–53], but also to dissimilatory nitrate 
reduction to ammonium (in those species able to grow 
on nitrate, D. desulfuricans and D. vulgaris) [33, 43], 
as well as to other alternative energy source pathways 
[54]. D. desulfuricans, in particular, in the presence of 
nitrate expresses a complex enzymatic system contain-
ing three different molybdenum-containing enzymes, 
a periplasmatic nitrate reductase, an aldehyde oxi-
doreductase and a FDH [44]. D. vulgaris, on the other 
hand, is also able to produce FDH-dependent formate 
when grown on molecular hydrogen and carbon diox-
ide, which allows the bacterium to reversibly store 
reducing power [53]. The electrons provided by Desul-
fovibrio FDH are transferred to a network of periplas-
matic c-type cytochromes, which, in turn, are used to 
feed (reduce) several alternative respiratory pathways 
[55]. Nevertheless, how these systems generate a proton 
motive force remains a matter of debate [56–58].

(d) FDHs are also involved in methane oxidation path-
ways. In methylotrophic bacteria, a NAD-dependent 
FDH (NAD-FDH) is employed as a terminal enzyme 
in the oxidative pathways that make use of C1 com-
pounds as sole sources of carbon and energy and, in 
obligate methanotrophs, NAD-FDH is also involved 
in NADH regeneration (Eq. 5→8) [59, 60]. In this 
way, FDHs are involved in the generation of reducing 
equivalents. Formate can also be used in other aerobic 
pathways. For example, the facultative chemoauto-
trophic, hydrogen-oxidising, Ralstonia eutropha can 
grow aerobically using formate as an alternative energy 

(2)2H+
+ 2e−

→ H2

(3)NO−

3 + 2H+
+ 2e−

→ NO−

2 + H2O

(4)NO−

2 + 8H+
+ 6e−

→ NH+

4 + 2H2O
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source [61, 62]. R. eutropha expresses two FDHs, a 
membrane-bound enzyme involved in a respiratory 
chain [61] and a cytoplasmatic NAD-FDH that couples 
the formate oxidation to the reduction of NAD+ [63].

(e) In turn, methanogenic organisms use a coenzyme 
F420-dependent FDH to oxidise formate; the reduced 
F420 is subsequently used in two steps of the pathway 
of carbon dioxide reduction to methane [18, 64, 65]. In 
these organisms, F420-dependent FDH and F420-reduc-
ing hydrogenase form a formate-hydrogen lyase sys-
tem. In addition, a protein system was identified in the 
hydrogenotrophic methanogen Methanococcus mari-
paludis that comprises heterodisulfide reductase, for-
mylmethanofuran dehydrogenase, F420-nonreducing 
hydrogenase and formate dehydrogenase [66, 67]. For-
mate can donate electrons to the heterodisulfide reduc-
tase via FDH (as can dihydrogen via F420-nonreducing 
hydrogenase). Thus, formate can be used as electron 
donor for methanogenesis, through heterodisulfide 
reductase, when hydrogen is limited.

(f) Acetogens use FDH in a carbon dioxide fixation met-
abolic pathway that forms acetate. In these anaerobic 
organisms, the first step of the energy metabolism is 
the FDH-catalysed carbon dioxide reduction to for-
mate, using often dihydrogen as ultimate physiological 
reductant [68–71]. This is the case, e.g. of Clostridium 
carboxidivorans that can grow autotrophically with 
carbon dioxide and dihydrogen as carbon and energy 
sources, using a NAD-FDH [72–75]. The Acetobac-
terium woodii constitutes another example [76]. This 
acetogenic bacterium was recently described to hold 
a hydrogen-dependent carbon dioxide reductase com-
plex that directly uses dihydrogen for the reduction of 
carbon dioxide to formate, without the intervention of 
NAD(P)H or an external electron-transfer protein. A. 
woodii, as well as other acetogens, lives close to the 
thermodynamic limit of life, depending on several ther-
modynamically unfavourable reactions, and the direct 
use of dihydrogen for carbon dioxide reduction would 
be beneficial for the organism [76, 77].

(g) In syntrophic cultures of acetogenic bacteria and 
hydrogenotrophic methanogenic archaea [78, 79], the 
dihydrogen and formate produced by acetogens are 

(5)
CH4 + NADH + O2 + H+

−→ CH3OH + NAD+
+ H2O

(6)CH3OH + Q −→ HCOH + QH2

(7)HCOH + NAD+
+ H2O −→ HCOO−

+ NADH + 2H+

HCOO 0 + NAD+  FDH → CO2 +  NADH  

(8)

consumed by the methanogens [80–84]. This interspe-
cies dihydrogen/formate transfer is crucial for aceto-
gens, that depend on methanogens to scavenge those 
metabolites, and for methanogens that use them in their 
own metabolism, in the conversion of biological poly-
mers to methane and carbon dioxide [85, 86]. Syntro-
phobacter fumaroxidans, e.g. can grow on propionate, 
oxidising it to acetate and using the reducing equiva-
lents to reduce protons to dihydrogen or carbon diox-
ide to formate. During syntrophic growth with Metha-
nospirillum hungatei, S. fumaroxidans optimises its 
metabolism by transferring formate and dihydrogen to 
the syntrophic partner that acts as a formate and dihy-
drogen scavenger [87, 88]. In this way, formate acts as 
a mediator of reducing equivalents between the two 
organisms, and both depend on FDH to reduce carbon 
dioxide (to yield formate) and oxidise formate.

(h) Formate oxidation can also be coupled to the dissimila-
tory reduction of Fe3+ or Mn4+ in, e.g. Geobacter or 
Shewanella [89, 90] or to the dissimilatory arsenate 
reduction in Desulfitobacterium [91].

Formate dehydrogenases

Classes of formate dehydrogenases

FDH can be divided into two major classes, based on their 
metal content/structure and consequent catalytic strategies. 
One class, the metal-independent FDH class, comprises 
the NAD+-dependent FDH belonging to the D-specific 
dehydrogenases of the 2-oxyacid family [92–94]. These 
enzymes are more widespread, being found in aerobic bac-
teria, yeasts, fungi and plants. Because these enzymes have 
no redox cofactors or metal ions, the formate oxidation to 
carbon dioxide has been suggested to involve the direct 
hydride transfer from formate to NAD+ (Eq. 9). The protein 
role would be to position formate and NAD+ in proximity 
to each other and making NAD+ acquiring a bipolar form 
during the reaction transition state; this conformational 
change would increase the NAD+ electrophilicity and facil-
itate the rate-limiting hydride transfer [95–102]. (Because 
this review is focused on the molybdenum- and tungsten-
containing FDH, these metal-independent enzymes will not 
be further discussed.)

The other class, the metal-containing FDH class, com-
prises only prokaryotic FDH belonging to the molybde-
num and tungsten-containing enzymes’ families and will 
be herein discussed in detail (unless where explicitly indi-
cated, the abbreviation “FDH” will henceforth only refer to 
metal-containing enzymes).

(9)HCOO−
+ NAD+

→ CO2 + NADH
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This class of FDH is composed by complex proteins, 
that hold different redox cofactors, and whose active 
site harbours one molybdenum or tungsten atom that 
mediates the formate oxidation. Accordingly, metal-
containing FDH can be sub-divided as molybdenum-
containing FDH (Mo-FDH) and tungsten-containing 
FDH (W-FDH). In contrast to the first class, in metal-
containing FDH, the transfer of protons and electrons 
(Eq. 1) is mediated by the active site (i.e. there is no 
direct proton/electrons transfer between formate and the 
physiological electron acceptor). Noteworthy, this class 
also comprises NAD+-dependent FDH (NAD-FDH). 
However, contrary to the metal-independent enzymes, 
these FDHs have a molybdenum or tungsten atom in 
their active site, where formate oxidation takes place 
and which mediates the proton/electrons transfer, and 
these enzymes use NAD+ only as the terminal electron 
acceptor (co-substrate).

Molybdenum and tungsten-containing enzymes’ families

Molybdenum is essential to most organisms, from bacteria 
to man, being part of the active site of enzymes that cata-
lyse important redox reactions of the metabolism of car-
bon, nitrogen, and sulfur, many of which constitute critical 
steps in the global biogeochemical cycles of those elements 
[103–108]. Tungsten, possibly because of its different and 
limited bioavailability [109], is, by far, less used by living 

organisms, being found in anaerobic prokaryotes, most of 
which are thermophiles [110–113].

With the exception of [MoFe7S9] cofactor of nitrogenase 
(see both Hu and Ribbe and Bjornsson, Neese, Schrock, Ein-
sle and DeBeer contributions in this JBIC issue), Mo–S–Cu 
cofactor of carbon monoxide dehydrogenase1 (see Hille et al. 
contribution in this issue) and a few other heteronuclear cen-
tres, whose physiological function is not yet fully understood 
[114–117], molybdenum is found in the active site in a mono-
nuclear form, hereafter designated only as molybdenum cen-
tre. In these centres, one molybdenum atom is coordinated by 
the cis-dithiolene group of one or two pyranopterin cofactor 
molecules (Fig. 1) and by oxygen, sulfur, or selenium atoms, 
in a diversity of arrangements that determinates the classifica-
tion of molybdoenzymes into three big families [103], xan-
thine oxidase, sulfite oxidase and dimethylsulfoxide reductase 
(DMSOR) families (Fig. 1). The DMSOR family is the larger 
and more diverse family, comprising prokaryotic enzymes of 
different functions and structures (subunit composition and 
nature and number of redox cofactors), such as DMSOR itself, 
Mo-FDH, dissimilatory and assimilatory nitrate reductases, 
among many others. The DMSOR family enzymes (in oxi-
dised form) hold a trigonal prismatic L2MoXY core, where L 

1 The Oligotropha carboxidovorans CO dehydrogenase with its 
unique binuclear copper–molybdenum cofactor is, however, presently 
classified under the xanthine oxidase family of mononuclear molyb-
doenzymes.

a
N

S Mo

S

P O

O

O

O
ON

N

NH2 N

O /W

R

pyranopterin cofactor

b
Mo

XS

S O

O

Hn

Mo
S

O

OS

S
(Cys)

Hn

X Y

Mo
S

S

S

S

YX

W
S

SS

S

xanthine oxidase sulfite oxidase dimethylsulfoxide reductase tungstoenzymes
family family family family

X= S, Se, O, S-Cu-S-Cys X, Y= O, Se, S
in variable coordinations

Mo/W-bis PGD super-family

Fig. 1  Active site structures of the molybdenum- and tungsten-con-
taining enzymes. a Structure of the pyranopterin cofactor. The cofac-
tor is a pyranopterin-dithiolate moiety, which forms a five-membered 
ene-1,2-dithiolate chelate ring with the molybdenum atom; in eukary-
otes, the cofactor is found in the simplest monophosphate form (R is 
an hydrogen atom), while in prokaryotes it is found esterificated with 

several nucleotides (R can be one cytidine monophosphate, guanosine 
monophosphate, or adenosine monophosphate). b Structures of the 
molybdenum centres of the three families of molybdoenzymes and of 
the tungsten centres of tungstoenzymes; for simplicity, only the dithi-
olate moiety of the pyranopterin cofactor is represented. The images 
were produced with Accelrys Draw 4.0 (Accelrys Software Inc.)
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stands for the pyranopterin cofactor and X and Y represent ter-
minal =O, –OH, =S, and –SH groups and/or oxygen, sulfur 
or selenium atoms from cysteine, selenocysteine, serine or 
aspartate residue side chains (Fig. 1) [118].

Tungsten is found in the active site of the enzymes also in 
a mononuclear form (herein denominated tungsten centre), 
where it is coordinated by the cis-dithiolene group of two 
molecules of the same pyranopterin cofactor found on molyb-
doenzymes (Fig. 1) [103–108]. The tungsten coordination 
sphere is completed with oxygen and/or sulfur atoms from 
terminal groups or from amino acid residue side chains, in 
the same trigonal prismatic geometry found in DMSOR fam-
ily members. The tungstoenzymes can be grouped in a single 
family that comprises all the tungsten-pyranopterin-contain-
ing enzymes, including the W-FDH and aldehyde:ferredoxin 
oxidoreductases [104, 110, 119]. Some authors classify the 
aldehyde:ferredoxin oxidoreductases separately, in a distinct 
family, and include the other tungsten-containing enzymes 
(also the W-FDH) in the DMSOR family. We suggest that a 
systematic organisation, based on the metal/cofactor struc-
ture, should be followed and all tungsten-pyranopterin-con-
taining enzymes should be grouped together. This tungstoen-
zymes’ family can be, subsequently, sub-divided to account 
for differences between members, as is presently done with 
the families of molybdoenzymes. When the aim is to high-
light the structural/functional similarities between tungstoen-
zymes and DMSOR family enzymes, as it is the case with the 
homologous W-FDH and Mo-FDH, both families could be 
gathered under a unique super-family denominated “molyb-
denum/tungsten-bis pyranopterin guanosine dinucleotide-
containing enzymes”, with the acronym Mo/W-bis PGD, as 
suggested by others (Fig. 1) [26].

In general, the enzymes of all families catalyse the trans-
fer of an oxygen atom from water to the product or from 
the substrate to water, in reactions that imply a net exchange 
of two electrons and in which the molybdenum or tungsten 
cycles between Mo6+ and Mo4+ or W6+ and W4+ [103–105, 
120–125]. It is based on this catalytic feature that these 
enzymes are commonly, but inaccurately, referred to as 
oxotransferases. One important exception is precisely the 
FDH-catalysed formate oxidation to carbon dioxide, which 
does not involve any oxygen atom transfer (Eq. 1). In par-
ticular, regarding the Mo/W-bis PGD super-family enzymes, 
they catalyse diverse reactions, including (1) proper trans-
fer of oxygen atom (e.g. nitrate reduction by nitrate reduc-
tases), (2) cleavage of C–H bonds (e.g. formate oxidation 
by Mo-FDH and W-FDH), (3) transfer of sulfur atom (e.g. 
inorganic sulfur reduction to sulfide by polysulfide reduc-
tase), (4) simultaneous oxidation and reduction (e.g. reduc-
tive dehydroxylation and concomitant oxidative hydroxyla-
tion by pyrogallol:phloroglucinol hydroxyltransferase) and 
(5) even hydration reactions (e.g. hydration of acetylene to 
acetaldehyde (a non-redox reaction) by acetylene hydratase) 

[36, 118, 126, 127]. The electrons derived from, or neces-
sary to carry out, these reactions are intramolecularly trans-
ferred to the electron acceptor, or from the electron donor, 
through different redox centres, such as iron–sulfur centres 
(Fe/S), haems and flavins.

Molybdenum and tungsten-containing formate 
dehydrogenases: enzymatic machineries

Prokaryotic FDHs are involved in different biochemical 
pathways (as described above) and each pathway requires a 
specific enzymatic “machinery” to accomplish the respec-
tive function. There are membrane-bound enzymes that 
must be “anchored” to the membrane and interact with 
membrane-associated electron acceptors; but there are also 
cytoplasmatic and periplasmatic enzymes that, instead, need 
an appropriate “interface” to use cytochromes, ferredoxins, 
NAD or coenzyme F420 (an obligate two-electron acceptor, 
flavin derivative) as electron acceptors. As a result, FDHs are 
a group of heterogeneous proteins, displaying diverse redox 
centres, subunit compositions and quaternary structures.

The FDH enzymatic “machineries” will be described 
here using some representative enzymes as models, giving 
particular emphasis to the enzymes whose 3D structure is 
known, but also describing, as much as possible, each of 
different “types” of enzyme. A summary is provided in 
Table 1.

E. coli formate dehydrogenase H (Mo-FDH)

E. coli FDH-H (product of the fdhF gene) is a monomeric 
molybdenum-containing enzyme (≈80 kDa), folded into 
four domains, that contains one [4Fe–4S] centre and one 
molybdenum centre (Fig. 2) [128–131]. The molybdenum 
centre is the active site, where formate is oxidised, and the 
Fe/S centre is responsible for the subsequent intramolecu-
lar electron transfer to the physiological acceptor, probably 
a ferredoxin protein. The Fe/S centre is bound by the N-ter-
minal domain, just below the protein surface and adjacent 
to the tetrahydropterin-like Q (proximal) pyranopterin of 
the molybdenum centre. The molybdenum centre, bound 
mainly through the other three domains, holds the molyb-
denum atom coordinated by the four sulfur atoms of two 
pyranopterin guanosine dinucleotide cofactor (PGD) mol-
ecules, characteristic of these Mo/W-bis PGD enzymes.

The molybdenum coordination sphere, in the oxidised 
state, was initially suggested to be completed by a con-
served essential selenocysteine residue, SeCys140, and a 
hydroxyl group, in a trigonal prismatic coordination geom-
etry (Fig. 2c) [131]. After FDH-H reduction with formate, 
the molybdenum centre was described to loose the sixth 
ligand and acquire an approximate square pyramidal geom-
etry, with the bis PGD sulfur atoms as the four equatorial 
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ligands and the SeCys140 selenium atom as the axial ligand 
(Fig. 2e) [131]. However, a subsequent reinterpretation 
[132], revealed that the sixth ligand would be a sulfur and 
not an oxygen atom. Moreover, although the global origi-
nal structure was corroborated, it was observed that the loop 
containing the SeCys140 was in a different conformation and, 
most important, shifted away (9 Å) from the molybdenum 
centre in the formate-reduced FDH. Accordingly, while this 
residue would be coordinated to the molybdenum in the 

oxidised state, it would be no longer bound after enzyme 
reduction. As a result, in the reduced state, the molybdenum 
centre is presently being thought as a square pyramid, with 
the bis PGD sulfur atoms as the four equatorial ligands and 
a terminal sulfur atom as the axial ligand (Fig. 2f) [132]. 
Notably, the recent identification of a sulfurtransferase, 
which would insert the sulfur atom into the FDH molybde-
num centre [133], supports that all FDH could have a termi-
nal sulfur atom. The active site comprises, in addition to the 

Table 1  Formate dehydrogenases

Enzyme Active site
Subunit composition

Sub-cellular localisation
Function

Refs.

FDH-H Mo, SeCys, S, bis PGD Cytoplasmatic [131, 132]

E. coli (fdhF gene)
PDB files 1FDI, 1FDO, 1AA6, 2IV2
 (Fig. 2)

α: Mo, [4Fe–4S] With Ni/Fe-containing hydrogenase in formate-
hydrogen lyase system → consumption of 
protons associated with mixed-acid fermenta-
tion

FDH-N Mo, SeCys, S, bis PGD Membrane-bound periplasm-faced [32]

E. coli (fdnGHI operon)
PDB file 1KQF
 (Fig. 3)

(αβγ)3
α: Mo, [4Fe–4S]
β: 4 [4Fe–4S]
γ: 2 b haems

With Mo-containing NarGHI in anaerobic 
nitrate–formate respiratory system → proton 
motive force generation

FDH-O Mo, SeCys, S, bis PGD Membrane-bound periplasm-faced [38, 141, 142]

E. coli
(fdoGHI operon)

(αβγ)3
α: Mo, [4Fe–4S]
β: 4 [4Fe–4S]
γ: 2 b haems

With Mo-containing NarZWV in nitrate–
formate respiratory system during aerobic to 
anaerobic transition → proton motive force 
generation

FDH W, SeCys, S, bis PGD Periplasmatic [145]

D. gigas (fdhA, fdhB genes)
PDB file 1H0H 
(Fig. 4)

αβ

α: W, [4Fe–4S]
β: 3 [4Fe–4S]

different respiratory pathways → reducing 
equivalents source

FDH Mo, SeCys, S?, bis PGD Periplasmatic [44, 146]

D. desulfuricans (fdhABC3 operon) αβγ

α: Mo, [4Fe–4S]
β: [4Fe–4S]
γ: 4 c haems

Different respiratory pathways → reducing 
equivalents source

FDH Mo, Cys, S?, bis PGD Cytoplasmatic [63, 154]

R. eutropha (fdsGBACD operon)
(Fig. 5)

αβγδ or αβγ ?
α: Mo, 2[2Fe–2S], 3[4Fe–4S]
β: [4Fe–4S], FMN
γ: 2 [2Fe–2S]
δ: maturation of Mo?

NAD+-dependent

FDH W, Cys, S?, bis PGD cytoplasmatic [164]

Methylobacterium extorquens (fdh1A and 
fdh1B genes)

αβ

α: W, ≥ 1 Fe/S
β: [4Fe–4S], FMN

NAD+ dependent

FDH Mo, Cys, S?, bis PGD Cytoplasmatic [165]

R. capsulatus (fdsGBACD operon) (αβγ)2
α: Mo, [2Fe–2S], 4 [4Fe–4S]
β: [4Fe–4S], FMN
γ: [2Fe–2S]

NAD+ dependent

FDH Mo, Cys, S?, bis PGD Cytoplasmatic [175–180]

M. formicicum (fdhCAB operon) αβ

FAD, several Fe/S, Zn
F420 dependent
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molybdenum centre, arginine (Arg333) and histidine (His141) 
residues that are strictly conserved (Fig. 2c–f). A deep crev-
ice constitutes the substrate-binding pocket; at its bottom, the 
Arg333 provides both a positive charge and a critical hydro-
gen bond for orienting and binding the substrate at the active 
site.

E. coli formate dehydrogenase N (Mo-FDH)

E. coli FDH-N (product of the fdnGHI operon) is a com-
plex trimer of trimers, (αβγ)3 (≈510 kDa) that harbours 
two b haems, five [4Fe–4S] centres and one molybdenum 
centre (Fig. 3) [32, 134]. Notably, the overall organisation 

Fig. 2  E coli formate dehydro-
genase H. a Three-dimensional 
structure view. b Arrangement 
of the two redox centres shown 
in the same orientation (but 
not same scale) as in (a). c 
Molybdenum catalytic centre of 
oxidised enzyme as described in 
[131]. d Molybdenum catalytic 
centre of oxidised enzyme 
complexed with the inhibitor 
nitrite as described in [131]. e 
Molybdenum catalytic centre of 
reduced enzyme as described in 
[131]. f Molybdenum catalytic 
centre of reduced enzyme as 
described in [132]. The struc-
tures shown are based on the 
PDB files 1FDI (a, b, d), 1FDO 
(c), 1AA6 (e) and 2IV2 (f). α 
helices and β sheets are shown 
in red and cyan, respectively 
(a); pyranopterin cofactor c–f 
is represented in dark red. The 
images were produced with 
Accelrys DS Visualizer, Accel-
rys Software Inc.
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of the αβγ unit is similar to the one of respiratory nitrate 
reductase NarGHI,2 although the two enzymes have the 
catalytic subunits on opposite sides of membrane (NarGHI 
is a cytoplasmically oriented and FDH-N periplasmically 
oriented enzyme [31, 32, 138–140]). The FDH-N αβγ unit 
is constituted by (Fig. 3a–c) [32]: (1) a periplasmatic for-
mate-oxidising α subunit (product of fdnG gene, 
≈115 kDa), that holds one molybdenum centre and one 
[4Fe–4S] centre (labelled FS0); this subunit is folded into 
five domains and, notably, the four domains involved in the 
Fe/S and molybdenum centres binding are structurally sim-
ilar to the FDH-H monomer; (2) a periplasmatic electron-
transfer β subunit (product of fdnH, ≈35 kDa) that 

2 Respiratory nitrate reductases are membrane-bound cytoplasm-
faced molybdoenzymes and, as the name indicates, are used by the 
organisms to generate a proton motive force across the cytoplasmatic 
membrane [135–137]. They are also called NarGHI, because they are 
the product of the narG, H, and I genes. These enzymes, belonging to 
the DMSOR family, are heterotrimers, comprising: (i) a cytoplasmatic 
nitrate-reducing NarG subunit (≈125 kDa) that holds one molybde-
num centre and one [4Fe–4S] centre; the molybdenum atom is coor-
dinated by four sulfur atoms (from the two pyranopterin cofactor mol-
ecules) and two oxygen atoms (both from an aspartate residue or one 
from a terminal oxo group plus another one from an aspartate residue 
[136]); (ii) an electron-transfer NarH subunit (≈60 kDa) that holds 
one [3Fe–4S] and three [4Fe–4S] centres; and (iii) a membrane-bound 
quinol-oxidising NarI subunit (≈22 kDa) that holds two b-type haems.
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harbours four [4Fe–4S] centres (labelled FS1 to FS4); (3) 
and a membrane-bound menaquinone-reducing γ subunit 
(product of fdnI, ≈20 kDa) that holds two b-type bis-his-
tidinyl-coordinated haems (named bP and bC, for haem 
closer to the periplasm side and haem closer to the cyto-
plasm side, respectively). The trimer of αβγ units, (αβγ)3, 
is very tightly packed and a cardiolipin molecule is main-
tained at the trimer interface, thus suggesting that this com-
plex arrangement is physiologically meaningful.

As expected the molybdenum centre is the active site 
where formate is oxidised. The Fe/S centres and haems 
form a “wire” that facilitates the fast and effective electron 
transfer from the active site to the physiological electron 
acceptor, menaquinone, against the membrane potential and 
across a ≈90 Å distance (from the α to the γ subunit). In 
detail, the electrons transferred to the molybdenum centre 
during formate oxidation are, subsequently, transferred to 
the β subunit though the α subunit FS0. In the β subunit, the 
electrons flow through FS1 → FS4 → FS2 → FS3 and are 
eventually transferred to the bP haem in the γ subunit and, 
then, across the membrane to bC haem. Finally, menaqui-
none binds to the bC haem histidine ligand, Hisγ169, from 
which it can directly accept electrons.

The active site holds the molybdenum atom coordinated 
by the four sulfur atoms of two PGD molecules and one 
selenium atom from the SeCysα196. A sixth ligand, initially 
modelled as a hydroxyl group [32], but presently believed 
to be a sulfur atom (as described above for FDH-H [133] 
), completes the molybdenum coordination sphere, in trig-
onal prismatic geometry (Fig. 3d). In addition, the active 
site harbours also the conserved arginine (Argα446) and his-
tidine (Hisα197) residues. The FDH-N Hisα197 was found 
to be in an orientation, with its Nδ1 pointing towards the 
substrate-binding site, that supports its direct involvement 
in the abstraction of the formate Cα proton, during cataly-
sis [32]. Overall, the FDH-N active site is suggested to be 
rather similar to the FDH-H one.

E. coli formate dehydrogenase O (Mo-FDH)

The E. coli FDH-O (product of the fdoGHI operon) 3D 
structure is not known, but this enzyme is believed to be 
similar to the “anaerobic” homologous FDH-N. FDH-O is 
also a membrane-bound heterotrimer constituted by two 
periplasmatic subunits (αβ, 107, 34 kDa), associated with 
a third integral membrane subunit (γ, 22 kDa) [38, 141]. 
Genome analysis revealed a remarkable 75 % sequence 
identity in the α subunit, including the conserved active 
site residues (selenocysteine, histidine and arginine); 76 % 
sequence identity in the β subunit, where the iron–sulfur 
binding region signature was found to be 100 % identical; 
and a more modest 45 % sequence identity in the γ subunit 
[142].

D. gigas formate dehydrogenase (W-FDH)

D. gigas FDH (product of fdhA and fdhB genes) is a peri-
plasmatic, heterodimeric (αβ; ≈135 kDa) tungsten-con-
taining enzyme that harbours four [4Fe–4S] centres and 
one tungsten centre (Fig. 4) [143–145]. The tungsten cen-
tre is the active site, as anticipated, and the Fe/S centres 
are responsible for the subsequent intramolecular electron 
transfer to the physiological acceptor, periplasmatic c-type 
cytochromes. The β subunit (≈24 kDa), located opposite 
from the cleft leading to the active site, is wrapped by the 
N-terminal residues of the α subunit, which contributes to 
the stability of the dimer (Fig. 4a). This subunit is folded 
into two domains, one containing one Fe/S and the other 
two Fe/S centres (total of three). Interestingly, a simi-
lar arrangement is found the FDH-N β subunit, although 
in FDH-N both domains contain two Fe/S centres each 
(total of four). The α subunit (≈110 kDa), folded into four 
domains, is homologous to the E. coli FDH-H and contains 
one Fe/S centre (bound by the N-terminal domain) and 
the tungsten centre (bound mainly through the other three 
domains).

The tungsten centre, buried at the interior of the pro-
tein, holds the tungsten atom coordinated by the four sul-
fur atoms of two PGD molecules and one selenium atom 
of SeCysα158 and by one sulfur atom, in distorted octahe-
dral geometry (Fig. 4d). The conserved histidine and argi-
nine residues (Hisα159 and Argα407) complete the active site 
pocket. The active site is accessible through a positively 
charged tunnel, with the arginine residue at its bottom, as in 
FDH-H. Carbon dioxide release may be facilitated through 
a hydrophobic channel.

Noteworthy, D. gigas FDH displays one disulfide 
bridge, Cysα817–Cysα844 (Fig. 4a, b). This disulfide 
bridge is located close to one of the PGD molecules, on 
the surface of the protein (thus, accessible to reducers/
oxidisers). Its reduction would allow wider opening and 
movement of the formate entry cleft and would alter the 
position of residues 818–848. The segment 818–843 is 

of the αβγ unit is similar to the one of respiratory nitrate 
reductase NarGHI,2 although the two enzymes have the 
catalytic subunits on opposite sides of membrane (NarGHI 
is a cytoplasmically oriented and FDH-N periplasmically 
oriented enzyme [31, 32, 138–140]). The FDH-N αβγ unit 
is constituted by (Fig. 3a–c) [32]: (1) a periplasmatic for-
mate-oxidising α subunit (product of fdnG gene, 
≈115 kDa), that holds one molybdenum centre and one 
[4Fe–4S] centre (labelled FS0); this subunit is folded into 
five domains and, notably, the four domains involved in the 
Fe/S and molybdenum centres binding are structurally sim-
ilar to the FDH-H monomer; (2) a periplasmatic electron-
transfer β subunit (product of fdnH, ≈35 kDa) that 

2 Respiratory nitrate reductases are membrane-bound cytoplasm-
faced molybdoenzymes and, as the name indicates, are used by the 
organisms to generate a proton motive force across the cytoplasmatic 
membrane [135–137]. They are also called NarGHI, because they are 
the product of the narG, H, and I genes. These enzymes, belonging to 
the DMSOR family, are heterotrimers, comprising: (i) a cytoplasmatic 
nitrate-reducing NarG subunit (≈125 kDa) that holds one molybde-
num centre and one [4Fe–4S] centre; the molybdenum atom is coor-
dinated by four sulfur atoms (from the two pyranopterin cofactor mol-
ecules) and two oxygen atoms (both from an aspartate residue or one 
from a terminal oxo group plus another one from an aspartate residue 
[136]); (ii) an electron-transfer NarH subunit (≈60 kDa) that holds 
one [3Fe–4S] and three [4Fe–4S] centres; and (iii) a membrane-bound 
quinol-oxidising NarI subunit (≈22 kDa) that holds two b-type haems.
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absent in FDH-H, but topologically, those two cysteine 
residues would correspond to the FDH-H Asp567 and 
Leu569. Because the D. gigas FDH was described to be 
activated by 2-mercaptoethanol, it was suggested that it 
is this disulfide bridge reduction that is needed to activate 
the enzyme [145]. Furthermore, it was hypothesised that 
the disulfide bridge could have evolved as a regulatory 
strategy to tune the FDH activity under mildly oxidised 
environments, in contrast to FDH-H that is permanently 
inactivated by oxygen.

D. desulfuricans formate dehydrogenase (Mo-FDH)

D. desulfuricans FDH (product of fdhABC3 operon) 
is also a periplasmatic enzyme, but its composition is 
quite different from the D. gigas protein. D. desulfuri-
cans FDH is a heterotrimeric (αβγ; ≈135 kDa) molyb-
denum-containing enzyme, containing four c haems, two 
[4Fe–4S] centres and one molybdenum centre [44, 146]. 
The α subunit (≈90 kDa) harbours the molybdenum 
centre and one Fe/S centre, while the β (≈30 kDa) and 
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Fig. 3  E. coli formate dehydrogenase N. a, b Three-dimensional 
structure view of the αβγ unit coloured according to structural motifs 
(α helices and β sheets are shown in red and cyan, respectively) and 
subunits. (α, green, β, violet, γ, dark blue). c Arrangement of the 
redox centres shown in the same orientation (but not same scale) as 

in (a) and (b) (see text for details). d Molybdenum catalytic centre 
(pyranopterin cofactor is represented in dark red). The structures 
shown are based on the PDB file 1KQF [32]. The images were pro-
duced with Accelrys DS Visualizer, Accelrys Software Inc.
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γ (≈15 kDa) subunits hold one Fe/S centres and four c 
haems, respectively.

D. alaskensis formate dehydrogenases (Mo/W-FDH, 
W-FDH)

Genome analysis of the D. alaskensis bacterium revealed 
the presence of three FDHs [147]. Two of them were charac-
terised and one was found to be a W-FDH (product of W-fdh 
genes), while the second was shown to incorporate either 
molybdenum or tungsten (Mo/W-FDH; product of Mo/W-
fdh genes), thus being the first FDH known to be active with 
both metals [147, 148]. The Mo/W-FDH enzyme, in spite 
of incorporating tungsten, should preferentially harbour 
molybdenum, as is suggested by the slight upregulation of 
the Mo/W-fdh genes, when the bacterium is grown under 
molybdenum supplementation, and strong downregulation 
under tungsten supplementation [147]. The W-FDH is a 

dimer of heterodimers [(αβ)2; ≈110 and 30 kDa], while the 
Mo/W-FDH was purified as an heterodimer (αβ; ≈110 and 
30 kDa); both enzymes have the characteristic PGD cofac-
tor and several Fe/S centres [147, 148].

D. vulgaris formate dehydrogenases (Mo/W-FDH, 
Mo-FDH)

D. vulgaris genome analysis also suggested the presence of 
three periplasmatic FDHs [149]. The characterised D. vul-
garis FDH is a heterotrimeric molybdoenzyme (≈84, 27 and 
14 kDa) homologous to the D. desulfuricans molybdoenzyme 
[43, 150]. Notably, D. vulgaris also expresses a dimeric FDH 
that can incorporate both molybdenum and tungsten [151].

In D. desulfuricans and D. vulgaris enzymes, formate 
oxidation occurs at the molybdenum/tungsten centre and 
the other redox centres are involved in the electron trans-
fer to the physiological acceptor, mono-haemic c-type 
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Fig. 4  D. gigas formate dehydrogenase. a, b Three-dimensional 
structure view of the heterodimeric enzyme (αβ) coloured accord-
ing to structural motifs (α helices and β sheets are shown in red and 
cyan, respectively) and subunits (α, green, β, violet); the Cysα817 
and Cysα844 are represented by grey spheres (see text for details). c 

Arrangement of the redox centres shown in the same orientation (but 
not same scale) as in a and b. d Tungsten catalytic centre (pyranop-
terin cofactor is represented in dark red). The structures shown are 
based on the PDB file 1H0H [145]. The images were produced with 
Accelrys DS Visualizer, Accelrys Software Inc.
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cytochromes [43, 44, 50, 152]. For none of these three Des-
ulfovibrio enzymes is the 3D structure known.

Ralstonia eutropha NAD+-dependent formate 
dehydrogenase (Mo-FDH)

The R. eutropha NAD-FDH (product of the fdsGBACD 
operon) 3D structure is presently not known. This NAD-
dependent enzyme is a cytoplasmatic heteromultimeric 
(αβγδ or αβγ) molybdenum-containing enzyme that har-
bours one FMN, seven Fe/S centres and one molybdenum 
centre [63, 153, 154]. As anticipated from the presence of 
molybdenum, the α subunit (≈105 kDa) has no similar-
ity with the metal-independent NAD+-dependent FDH. 
Instead, it shows ≈55 % sequence similarity with the α 
(formate oxidising) subunits of NAD+-independent Mo-
FDH and W-FDH, indicating that this subunit would cata-
lyse the formate oxidation [154]. The chemical identifica-
tion of PGD and inhibition by cyanide [63] further suggest 
that the molybdenum atom would be coordinated by the 
two characteristic PGD cofactor molecules and by a termi-
nal sulfur atom. Although the possible conserved histidine 
and arginine residues (His379 and Arg579) were identified, 
the position corresponding to the conserved selenocysteine 
was occupied by a cysteine residue (Cys378) in R. eutropha, 
which was suggested to contribute to the air stability 
of this molybdenum centre [154]. The N-terminal seg-
ment of this subunit, absent in NAD+-independent FDH, 
exhibits considerable similarity with NuoG of the E. coli 
NADH:ubiquinone oxidoreductase, as well as to NAD(P)+-
reducing hydrogenases and iron-containing hydrogenases, 
suggesting that it probably harbours one [2Fe–2S] and 
three [4Fe–4S] centres. The overall identified conserved 
cysteine and histidine residues suggest that the α subunit 
would contain a total of two [2Fe–2S] and three [4Fe–4S] 
centres, besides the molybdenum centre [154]. The β subu-
nit (≈55 kDa) displayed no significant sequence similarity 
to other FDH subunits. However, it shows ≈40 % identity 
to the NAD+-reducing (α) subunit of hydrogenase and to 
the E. coli NuoF, both of which have NADH dehydroge-
nase activity and contain a NAD+ binding site, one FMN 
and one [4Fe–4S] centre [154]. This similarity suggests 
that the R. eutropha FDH β subunit is involved in NAD+ 
reduction and that it may contain a fourth [4Fe–4S] centre 
and one FMN. The γ-subunit (≈20 kDa) is closely related 
(≈30 % sequence identity) to E. coli NuoE, and was sug-
gested to harbour a third [2Fe–2S] centre [154]. Concern-
ing the δ subunit (≈15 kDa; product of FdsD), no signifi-
cant similarity to any known protein was described. Since 
it is, apparently, devoid of redox cofactors, this subunit 
would not participate in the intramolecular electron trans-
fer. Instead, it was suggested that it may play a role in 

maintaining the FDH quaternary structure [154], or, most 
probably, be involved in the FDH maturation.

Similar to the other FDH, the NAD-FDH molybde-
num centre should be the active site responsible for for-
mate oxidation, with the Fe/S centres forming a “wire” 
that transfers the electrons to FMN, and, ultimately to 
NAD+, probably through α → γ → β subunits [154] The 
β and γ subunits, together with the N-terminal extension 
of the α subunit, form a functional NADH dehydrogenase 
entity, parallel to the one of the respiratory chain complex 
I (NADH:ubiquinone oxidoreductase) or the NAD(P)-
dependent hydrogenases [155]. Based on the sequence sim-
ilarities described, Hille et al. proposed the 3D structural 
model for R. eutropha schematised in Fig. 5 [118, 156, 
157].

Other NAD+-dependent formate dehydrogenases (Mo-FDH 
and W-FDH)

The utilisation of molybdenum in a FDH dependent on 
NAD by an organism that can grow aerobically, may seem 
like an exception, but several of these stable oxygen-toler-
ant enzymes have been identified.

The molybdenum-containing/NAD-dependent FDH 
(Mo/NAD-FDH) from the obligate methanotroph Methy-
losinus trichosporium was found to be a complex heter-
omultimer, (αβγδ)2 (≈400 kDa), containing FMN, several 
Fe/S centres (at least one [2Fe–2S] and four [4Fe–4S]) and 
a molybdenum centre [156]. Facultative methylotrophic 
bacteria, Pseudomonas sp. 101 [158], Mycobacterium vac-
cae [159], Methylobacterium sp. RXM [160, 161], as well 
as Cupriavidus oxalaticus (Pseudomonas oxalaticus) [162–
164] were also suggested to hold complex multimeric Mo/
NAD-FDH, containing several Fe/S centres and flavin.

The Mo/NAD-FDH from Rhodobacter capsulatus, in 
particular, was recently characterised [165]. This enzyme 
(product of the fdsGBACD operon) is a cytoplasmatic dimer 
of heterotrimers, (αβγ)2 (≈345 kDa), holding a molybde-
num centre, one [2Fe–2S] and four [4Fe–4S] centres in the 
α subunit (≈105 kDa); a second [2Fe–2S] centre is bound 
by the γ subunit (≈15 kDa), and a fifth [4Fe–4S] centre 
and one FMN are harboured by the β subunit (≈50 kDa). 
The products of the FdsC and FdsD genes are not subu-
nits of the mature enzyme. Instead, they are suggested to 
be involved in molybdenum centre maturation and insertion 
into FDH (with FdsC protein being probably a sulfurtrans-
ferase similar to the E. coli one). The molybdenum centre, 
responsible for formate oxidation, holds the molybdenum 
atom coordinated by two PGD cofactor molecules and a 
cysteine ligand. The β and γ subunits display reversible 
NADH dehydrogenase activity (both NAD+ reduction and 
NADH oxidation).
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Notably, there are also tungsten-containing/NAD(P)-
dependent FDHs (W/NAD-FDH). This is the case not only 
of the acetogenic Moorella thermoacetica (Clostridium 
thermoaceticum) [166, 167], C. formicoaceticum [168, 
169] or C. carboxidivorans [170], but also of the methylo-
trophic Methylobacterium extorquens enzymes [164]. One 
of the FDHs of the aerobic M. extorquens [172] is an het-
erodimeric (αβ) W/NAD-FDH (product of the fdh1A and 
fdh1B genes) [164]. The α subunit (≈110 kDa) displays 
≈35 % identity with E.coli FDH-H and was suggested to 
harbour at least one Fe/S centre and one tungsten centre, 
coordinated by two PGD molecules and a cysteine residue. 
The β subunit (≈60 kDa) contains the putative binding 
motifs for an Fe/S centre and FMN. The NADP-dependent 
W-FDH from M. thermoacetica is a dimer of a heterodi-
mer, (αβ)2 (≈95 and 75 kDa), containing, besides the tung-
sten centre with a selenocysteine ligand, several Fe/S cen-
tres (at least two [2Fe–2Fe] and two [4Fe–4S]) [166, 167]. 
In fact, M. thermoacetica FDH was the first enzyme shown 
to have tungsten [173, 174]. The presence of W-FDH in 
strictly aerobic bacteria may indicate that tungstoenzymes 
are not restricted to anaerobic organisms and are probably 
more widespread than previously thought.

F420-dependent formate dehydrogenases (Mo-FDH 
and W-FDH)

F420-dependent FDHs are by far less well characterised. 
Methanobacterium formicicum F420-dependent FDH 
(product of the fdhCAB operon) is a dimeric (αβ; ≈85 and 
55 kDa) molybdenum-containing enzyme that harbours 
FAD and several Fe/S centres; the enzyme was described 
to contain also zinc [175–180]. The molybdenum centre 
is coordinated by two PGD molecules, a sulfur atom (as 
suggested by cyanide inhibition), but no selenocysteine 
ligand. The anaerobe Methanococcus vannielii holds two 
F420-dependent FDH, a 105 kDa iron–molybdoenzyme, 
with no selenocysteine, and a high molecular mass iron–
molybdo/tungstoenzyme, with a selenocysteine in which 
replacement of molybdenum with tungsten appears to 
occur [181, 182].

Hydrogen-dependent carbon dioxide reductase (Mo-FDH)

The acetogenic bacterium Acetobacterium woodii was 
recently described to hold a new type of FDH, a hydro-
gen-dependent carbon dioxide reductase complex, that 

Fig. 5  A model for the 
structure of the R. eutropha 
FDH, as described by Hille 
et al. [171]. The model was 
obtained by superimposing 
of the FS0 [4Fe–4S] centre of 
E. coli FDH-H (PDB 1AA6) 
with the N7 [4Fe–4S] centre 
of the T. thermophilus NADH 
dehydrogenase Nqo3 subunit 
(PDB 3IAM), with the Nqo1 
and Nqo2 subunits (which have 
strong homologies to FdsB and 
G, respectively) included in the 
model. See [171] for details. 
a Three-dimensional structure 
view of the model. b Arrange-
ment of the redox centres in the 
model, with the approximate 
position of the additional R. 
eutropha Fe/S centre indicated 
by the orange ball. Red arrow 
indicates the direction of elec-
tron transfer in the R. eutropha 
FDH; blue arrow indicates the 
direction of electron transfer in 
NADH dehydrogenase. Repro-
duced with permission from 
reference 175. Copyright 2014 
American Chemical Society
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catalyses the reduction of carbon dioxide to formate with 
the simultaneous and direct oxidation of dihydrogen 
[76]. The reductase complex (product of the gene cluster 
Awo_c08190-08260) is a tetramer (≈169 kDa) compris-
ing one selenium-containing Mo-FDH (FdhF2), an iron–
iron hydrogenase (HydA2) and two small electron-transfer 
subunits (HycB2 and HycB3) (Fig. 6). The reductase com-
plex was described to contain also zinc and a total of eleven 
[4Fe–4S] centres [76]. Besides the hydrogen-dependent 
activity, the reductase complex also catalyses the reduction 
of carbon dioxide using reduced ferredoxin instead of dihy-
drogen as electron donor (Fig. 6).

Molybdenum and tungsten-containing formate 
dehydrogenases: spectroscopic properties

Several spectroscopic methods, namely X-ray absorption 
fine structure (EXAFS), resonance Raman, electron nuclear 
double resonance (ENDOR) and electron paramagnetic 
resonance (EPR) spectroscopies, have been widely used to 
probe the metal redox centres of metalloproteins, providing 
valuable information regarding the structures and reactiv-
ity of those centres. FDHs have been particularly explored 
using XAS and EPR spectroscopy.

Initial molybdenum K-edge X-ray absorption spectro-
scopic studies on oxidised E. coli FDH-H pointed towards 
a molybdenum centre with a hydroxyl group and a seleno-
cysteine coordinated with the molybdenum atom, as found 
by X-ray crystallography (Fig. 2c) [183], and similar results 
were obtained with the D. desulfuricans enzyme [184]. But 
selenium K-edge data obtained with dithionite-reduced 
FDH-H suggested the presence of an unexpected Se–S 
bond (2.2 Å), which is very interesting for the FDH reac-
tion mechanism (as will be discussed below; Fig. 8b) [183]. 
The molybdenum centre structure of the formate-reduced 
E. coli FDH-H was also probed by EPR spectroscopy. EPR 

studies revealed an anisotropic, nearly axial Mo5+ signal, 
with a high gz value of 2.094, suggesting a nearly square–
pyramidal geometry for that reduced molybdenum spe-
cies (gy and gx of 2.001 and 1.990, respectively) [130, 185, 
186]. Simultaneously, the high hyperfine coupling constant 
observed with 77Se-labelled enzyme (Az, Ay and Ax of 4.4, 
25 and 80 × 10−4cm−1, respectively) suggested the direct 
selenocysteine coordination to the molybdenum atom 
[186]. Together, those EPR data suggested a global coor-
dination, once more, similar to that initially determined by 
X-ray crystallography [131] (Fig. 2e), with an apical sele-
nium atom (from the selenocysteine) and the four sulfur 
atoms of the two PGD molecules at the pyramid bottom.

EPR spectroscopy was also employed to probe the FDH 
reaction mechanism. Assays with 2H-labelled formate 
revealed that the hyperfine structure of the E. coli FDH-H 
molybdenum signal is due to the coupling with a solvent 
exchangeable proton derived from formate (Az, Ay and Ax 
of 2.5, 6.3 and 7.0 × 10−4cm−1, respectively) [186]. To 
convert formate into carbon dioxide, the formate Cα hydro-
gen has to be transferred to a proton acceptor in the enzyme 
active site (as will be discussed below). The hyperfine 
interaction observed demonstrated that the proton accep-
tor is located within magnetic contact to the molybdenum 
centre, but additional photolysis assays suggested that the 
selenium atom is not the proton acceptor.

Recent EPR studies with the D. desulfuricans FDH, 
however, demonstrated that the nearly axial signal, with 
the gz of 2.094, only arises in the presence of azide, a 
strong FDH inhibitor (which was employed as a protective 
additive during the E. coli FDH-H purifications) (Fig. 7) 
[146]. In the absence of inhibitors, formate-reduced D. 
desulfuricans FDH develops a rhombic, with small ani-
sotropy, Mo5+ signal (gz, gy and gx of 2.012, 1.996 and 
1.985, respectively). The D. desulfuricans Mo5+ signal 
showed the molybdenum hyperfine interaction with two 

Fig. 6  A model for the hydrogen-dependent carbon dioxide reduc-
tase complex from A. woodii [76]. The reductase complex catalyses 
the carbon dioxide reduction at the FdhF2 subunit. The necessary 
electrons are provided by the hydrogenase subunit (HydA2), where 
dihydrogen oxidation takes place, and are delivered via the electron-
transferring subunits HycB2 and HycB3. Alternatively, the electrons 

may be provided by reduced ferredoxin (Fd); ferredoxin can be 
reduced using, e.g. carbon monoxide and carbon monoxide dehydro-
genase, also present in A. woodii. The eleven [4Fe–4S] centres are 
represented. Adapted from Ref. [76]. Reprinted with permission from 
AAAS
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protons, one not solvent exchangeable (with an Amax of 
11.7 × 10−4 cm−1 and Amid and Amin non-detectable) and 
another solvent exchangeable (Amax, Amid and Amin of 7.7, 
10 and 9.3 × 10−4 cm−1, respectively) (Fig. 7) [146]. These 
protons were assigned to the selenocysteine Cβ hydrogen 
atoms and to the molybdenum sulfhydryl (or hydroxyl) 
ligand, respectively.

The EPR species detected in FDH, as well as in many 
other enzymes, probably do not arise from a true interme-
diate state of the catalytic cycle, but, instead, are “side-
products” that accumulate under non-turnover conditions 
(as in the absence of external electron acceptors). Never-
theless, the information provided is extremely relevant for 
our knowledge about the structure of the redox centres of 
the enzyme, their reactivity and interaction. EPR spec-
troscopy has been often and successfully employed to 

determine which redox centre is closer to another and was 
also used to assign the proximal Fe/S centre to the PGD 
molecule in FDH from sulfate-reducing bacteria [148]. 
Moreover, and most importantly, EPR spectroscopy was 
essential to demonstrate the incorporation of either molyb-
denum or tungsten in D. alaskensis FDH [148], one of the 
few examples of an enzyme of the large Mo/W-bis PGD 
family that can incorporate both metal atoms and retain the 
activity.

Molybdenum and tungsten-containing formate 
dehydrogenases: mechanistic strategies for formate 
handling

FDH-catalysed formate oxidation occurs at the enzyme’s 
molybdenum or tungsten centre (Eq. 10). However this 

3400      3425      3450     3475      3500      3525
Magnetic field (gauss)

(f)

(g)

(a)

(b)

(c)

(d)

(e)

g=2.012 g=1.985
g=1.996

g=2.092
g=2.000

g=1.989

3300            3400             3500            3600
Magnetic field (gauss)

Fig. 7  Mo5+ EPR signals of D. desulfuricans FDH. Left panel exper-
imental, acquired at 100 K (black lines), and simulated (grey lines) 
spectra. a Spectrum of as-prepared enzyme after 30 min reduction 
with formate. b The same as a, but with the enzyme exchanged into 
2H-labelled buffer. c Azide-inhibited enzyme reduced with formate 
for ≈5 s. d The same as c, but reduced with 2H-labelled formate. 
e Simulation of the axial EPR signal obtained with E. coli FDH-H 
(gz = 2.094). Spectra were simulated with the following parameters 
(A values in ×10−4 cm−1; AH1 and AH2 represent the non-solvent 
and solvent exchangeable protons, respectively; g values position 
indicated by arrows): a gmax = 2.012, gmid = 1.996, gmin = 1.985, 

AH1
max = 11.7, AH2

max = 7.7, AH2
mid = 10.0, AH2

min = 9.3; b gmax = 2.012, 
gmid = 1.996, gmin = 1.984, AH1

max = 11.7; c gmax = 2.092, 
gmid = 2.000, gmin = 1.989, Amax = n.d, Amid = Amin = 7.0; 
d gmax = 2.092, gmid = 2.000, gmin = 1.988; e gmax = 2.094, 
gmid = 2.000, gmin = 1.989, Amax = 2.5, Amid = 6.3, AH2

min = 7.0. Right 
panel experimental spectra, acquired at 100 K, of f FDH exchanged 
into 2H-labelled buffer reduced with formate and g as-prepared FDH 
reduced with 2H-labelled formate. Spectra given in black and grey 
lines correspond to ≈5 s and 15 min of incubation time, respectively. 
Adapted (with permission from Elsevier) from [146]
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reaction is not an oxygen atom transfer reaction, as is 
characteristic of many Mo/W-bis PGD family enzymes: 
the reaction product is carbon dioxide and not hydrogen 
carbonate (Eq. 10 versus 11) [187]. In fact, oxidation of 
13C-labelled formate in 18O-enriched water demonstrated 
clearly the formation of 13CO2 gas with no 18O atoms [186].

To form carbon dioxide (Eq. 10), FDH has to abstract 
one proton and two electrons from formate. To accomplish 
this, different reaction mechanisms have been proposed. 
Overall, the formate oxidation mechanism is believed to be 
similar in Mo-FDH and W-FDH. Molybdenum and tung-
sten have similar chemical properties and the Mo/W-FDH 
of Desulfovibrio alaskensis [147, 148] and of D. vulgaris 
[151], were shown to be active with either molybdenum or 
tungsten.

The first mechanism proposed was based on the struc-
ture initially described for E. coli FDH-H [131], where 
the molybdenum atom was assumed to be coordinated by 
a hydroxyl group, instead of a terminal sulfur atom (se 
above; Fig. 2c). The subsequent identification of a termi-
nal sulfo group in the molybdenum coordination sphere 
and the observation that the loop containing the SeCys140 
was shifted away (9 Å) from the molybdenum centre in 
the formate-reduced FDH (as described above; Fig. 2f) 
[132], led to a reformulation of that mechanism. Assum-
ing that the sulfo ligand would have to remain bound to the 
molybdenum throughout the catalytic cycle (i.e. that it can 
not be released, as a hydroxyl group can), it was proposed 
that the selenocysteine ligand would be unbound to create a 
vacant position for formate to bind to molybdenum [132]. 
Accordingly, it was suggested that, when formate enters in 
the active site, it triggers the SeCys140 movement (Fig. 8a). 
After formate binding, through an oxygen atom, the now 
uncoordinated SeCys140, stabilised by interaction with 
the positively charged Arg333, would abstract the formate 
Cα hydrogen. The two electrons are transferred to molyb-
denum (Mo6+ → Mo4+) and the proton is subsequently 
transferred to His141. After carbon dioxide release, the 
molybdenum would end up in a penta-coordinated form, 
with the sulfo group as the fifth axial ligand, in accordance 
with the X-ray data. The catalytic cycle would be closed 
with the oxidation of Mo4+ to Mo6+, via intramolecular 
electron transfer to the Fe/S centre, and re-binding of the 
selenocysteine to the molybdenum centre. Theoretical cal-
culations of the activation energy for C–H bond cleavage 
showed that the proton abstraction is much more favoured 

bis-PGD
HCOO0  Mo or W → CO2 + 2e- + H+

Eº' (CO2/HCOO0 (pH 7)) = -0.43 V
(10)

HCOO0 + H2O  → HOCOO0 + 2e- + 2H+ (11)

with an unbound selenocysteine (19 kcal/mol compared 
to 36 kcal/mol for bounded selenocysteine), thus support-
ing the suggested selenocysteine dissociation [188]. In this 
mechanistic proposal, the conserved histidine and arginine 
roles would be to facilitate the formate binding and the his-
tidine residue would also act as the final proton acceptor; 
the molybdenum terminal sulfo ligand, on the contrary, 
would have no active role in formate oxidation.

More recently, a second mechanism was proposed based 
on theoretical calculations involving also the selenocyst-
eine dissociation from the molybdenum, but, in this case, 
through a sulfur-shift [189, 190]. In this mechanism, it is 
proposed that the oxidised molybdenum, hexa-coordi-
nated by the two PGD molecules plus the selenocysteine 
and the terminal sulfo group, is an inactive form (Fig. 8b). 
The enzyme would be activated only after formate reaches 
the active site. When formate enters in the active site, ori-
ented by the positively charged arginine residue, the repul-
sive environment generated would trigger the insertion of 
the sulfur atom into the Mo–SeCys bond, to yield a Mo–
S–SeCys moiety—that is, it would trigger a sulfur-shift. In 
this process, the molybdenum is formally reduced to Mo4+ 
and a new binding position is created that can, now, coor-
dinate the formate molecule. Subsequently, the S–SeCys 
bond is cleaved and the formed selenol anion is stabilised 
by a hydrogen bond with the histidine residue. The selenol 
anion is, then, in position to abstract the formate Cα proton, 
to yield a “carbon dioxide moiety” coordinated in a biden-
tate mode to molybdenum, via the formate oxygen (Mo–
O–Ccarbon dioxide) and molybdenum sulfur (Mo–S–Ccarbon diox-

ide) atoms (Fig. 8b). Carbon dioxide is eventually released, 
leaving a Mo4+=S centre. The catalytic cycle would be 
closed with the oxidation of Mo4+ to Mo6+, via intramolec-
ular electron transfer to the Fe/S centre, and deprotonation 
of the selenocysteine residue. The molybdenum centre can, 
now, bind a new formate molecule and start a new catalytic 
cycle. Theoretical calculations showed that the catalysis of 
the second, and following, formate molecules would have a 
lower activation energy than the first activation cycle [189]. 
In the absence of formate, the selenocysteine-containing 
loop is reoriented, the Mo–S–SeCys bond reformed and the 
enzyme returns to the inactive form.

In this model, the conserved positively charged argi-
nine is suggested to have a key role in driving the for-
mate anion into the active site and subsequent binding 
to the molybdenum in the correct position; it would also 
have a role in product releasing. The conserved histidine 
would lower the activation energy for the selenocysteine 
dissociation, through the formation of a hydrogen bond 
with the selenol anion; this would facilitate the formate 
proton abstraction by the selenocysteine. Accordingly, 
in this mechanistic proposal, the histidine is not directly 
involved in the proton abstraction, a role that is suggested 

Author's personal copy



303J Biol Inorg Chem (2015) 20:287–309 

1 3

to be played by the selenocysteine residue. This proposal 
is in agreement with the selenocysteine side chain pKa 
value (≈5.2), which allows the existence of a selenol 
anion at physiological pH values (7.0). The much higher 
pKa value of a cysteine side chain (≈8.2) would prevent 
a cysteine residue having such a function. The pKa values 
of both amino acids have been evoked to explain why the 
replacement of the SeCys140 by a cysteine resulted in an 
activity decrease of ≈300 times in E. coli FDH-H [191]. 
In addition, the high activation energy calculated for 
the proton transfer from formate to selenol is in agree-
ment with the isotopic effect studies that showed that the 

formate C–H bond cleavage is the rate-limiting step of 
the catalytic cycle [189]. The terminal sulfur role is still a 
matter of debate.

The sulfur-shift-based mechanism to oxidise formate, 
described above, has also been evoked to explain the nitrate 
reduction catalysed by periplasmatic nitrate reductases 
[190]. The similarity of the overall 3D structure of the cat-
alytic subunits of periplasmic nitrate reductases and FDH 
is noteworthy [192]. Moreover, both molybdenum active 
sites are surprisingly superimposable (Fig. 9b) [192]. Peri-
plasmatic nitrate reductase active site (Fig. 9a) harbours a 
molybdenum atom coordinated by the two characteristic 
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PGD molecules, one terminal sulfo group and a cysteine 
sulfur atom (replaced by a selenocysteine selenium, in 
D.gigas and E.coli FDH; Fig. 9c); in addition, the nitrate 
reductase active site also comprises conserved arginine and 
methionine residues (arginine and histidine, in FDH). In 
the oxidised active site of both enzymes, the molybdenum 
or tungsten atom is hexa-coordinated (Fig. 9b) and a sulfur-
shift is needed to displace the selenocysteine or cysteine 
residue to create a vacant position for substrate (formate or 
nitrate) binding [190]. This mechanism is similar to the car-
boxylate-shift observed in zinc-dependent enzymes [193, 
194], which was recently detected by experimental means, 
suggesting that this type of ligand-shift could be more com-
mon in nature than initially thought.

The FDH comparison with periplasmatic nitrate reduc-
tase can be taken further to highlight the key role of the FDH 
active site in oxidising formate to carbon dioxide. Nitrate 
reductase and FDH catalyse different types of reaction, 
oxygen atom transfer (Eq. 3) and hydrogen atom abstrac-
tion (Eq 1), respectively, and their reactivity and substrate 

specificity must be tuned by the small but significant dif-
ferences found between their active sites (Fig. 9a, c). Nota-
bly, in both enzymes, the molybdenum centre and the key 
amino acid residues occupy roughly the same position, but 
the FDH histidine is replaced by the conserved nitrate reduc-
tase methionine (Fig. 9b) [192]. This replacement supports 
the mechanism described above, that suggests that a histi-
dine residue would be essential to stabilise the selenol anion 
formed (to facilitate the subsequent abstraction of a proton 
from formate by the selenocysteine). This function could not 
be carried out by a methionine residue, but the nitrate reduc-
tion does not need the generation of such an anionic species 
and nitrate reductases do not seem to harbour a histidine in 
the active site [192]. A similar reasoning has been employed 
to explain the presence of a cysteine in nitrate reductases and 
of a selenocysteine in D. gigas FDH. As described above, 
a selenocysteine, in the form of a selenol anion, would be 
crucial to abstract the formate Cα hydrogen, but the oxygen 
atom transfer reaction of nitrate reductase does not need it 
and nitrate reductases harbour, instead a cysteine.

a b c
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Arg407
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SeCys158
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Gly173

nitrate reductases nitrate reductase
and

formate dehydrogenase

formate dehydrogenases

Fig. 9  Comparison of the FDH and periplasmatic nitrate reductases 
active sites. Comparison of the active site of a D. desulfuricans (col-
our coded) and R. sphaeroides (blue) nitrate reductases (D. desul-
furicans enzyme numbering), and of c E. coli FDH-H (red), E.coli 
FDH-N (gold) and D. gigas W-FDH (colour coded; D. gigas enzyme 
numbering). b Comparison of D. gigas W-FDH (blue) and D. desul-

furicans nitrate reductase (light blue). The structures shown are based 
on the PDB files 2NAP (D. desulfuricans nitrate reductase), 1OGY 
(R. sphaeroides nitrate reductase), 1FDO (E. coli FDH-H), 1KQF (E. 
coli FDH-N) and 1H0H (D. gigas FDH). The images were produced 
with Accelrys DS Visualizer, Accelrys Software Inc. Adapted (with 
permission) from [192]
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In accord with this suggested mechanism (and to the com-
parison between FDH and periplasmatic nitrate reductases), 
the presence of a selenocysteine residue in the active site 
would be mandatory for a FDH enzyme to be able to cata-
lyse the formate oxidation to carbon dioxide. Nevertheless, 
there are Mo-FDH and W-FDH that display formate oxida-
tion activity in spite of having a cysteine, and not a seleno-
cysteine, in the active site (Table 1). This is the case, e.g. of 
the R. capsulatus Mo-FDH [165]. R. capsulatus FDH, with 
a cysteine at the active site, is ≈10 times faster (≈90 s−1 for 
fully active enzyme [165]) than the SeCys140Cys-mutated E. 
coli FDH-H (9 s−1 [191]); yet it is considerably slower than 
the native E. coli enzyme (2,800 s−1 [191]). In comparison 
to other FDH, the R. capsulatus FDH kcat value is consist-
ent with the one determined for P. oxalaticus FDH and ≈3 
times lower than the one described for R. eutropha FDH, 
another enzyme with a cysteine ligand in the active site. In 
this context, it is possible that the high R. capsulatus FDH 
activity pH optimum of 9 [165] is a consequence of having a 
cysteine (pKa ≈ 8.2) instead of a selenocysteine in the active 
site. Overall, it is likely that the formate oxidation proceeds 
in a similar way in both R. capsulatus and E. coli FDH-H 
[165], in spite of the fact that the less covalent Mo–S–Cys 
bond may alter the chemical reaction mechanism [186]. 
Future mechanistic work will determine if this is the case.

Finally, a distinct third mechanistic model was pro-
posed, in which the formate oxidation would occur through 
an initial hydride transfer from formate to the molybdenum 
atom, with the formation of a Mo–H intermediate, followed 
by proton transfer from molybdenum to the selenocysteine 
(the final proton acceptor) [195]. Hence, in this proposal, 
the molybdenum centre would have the unprecedented role 
of mediating the proton transfer from formate to the seleno-
cysteine (contrary to other proposals, where proton trans-
fer occurs directly between formate and selenocysteine). 
Nonetheless, the selenocysteine is also suggested to be an 
essential residue, because it would be involved in shuttling 
protons from the molybdenum atom.

Future work will certainly shed light on the mechanistic 
details that are still poorly understood. Particularly relevant 
is the suggested selenocysteine-containing loop move-
ment. High-resolution structures would be needed to con-
firm the existence of the two alternating conformations of 
the molybdenum centre. Can this protein loop really exist 
in two different conformations? How is the conformational 
change triggered? Is it part of the catalytic cycle? Or, on the 
contrary, has only one of the two conformations catalytic 
activity? Is the conformational change just an experimental 
artefact, resulting from an aerobic purification procedure? 
Or is it an in vivo regulatory strategy to control the enzyme 
activity (mechanism “on/off” to respond to cellular needs)?

Also decisive would be the evaluation of the role of the 
terminal sulfo group. Why can a hydroxyl group not do the 

job? Moreover, why should a selenocysteine be incorpo-
rated if a “suflo-cysteine” seems to be able to assist formate 
oxidation? Although several theoretical works can describe 
the formate oxidation, only once the conformational and 
other issues have been resolved, will it be possible to evalu-
ate the different mechanistic proposals critically.

Also very interesting is the question of why a few 
enzymes, as the Mo/W-FDH from D. alaskensis and D. 
vulgaris (or the R. capsulatus DMSOR [65] and E. coli 
trimethylamine N-oxide reductase [196] ), can be active 
with molybdenum and tungsten, while many others, of dif-
ferent functions, including other FDH, are active with only 
one of the two metals. The chemical similarities between 
molybdenum and tungsten and the fact that both metals 
are coordinated by the same pyranopterin cofactor seem 
to suggest that the enzymes should be catalytically active 
with either metal. However, as far as is presently known, 
this is an exception, rather than the rule. In fact, the growth 
of different organisms in the presence of tungstate leads 
to the formation of either metal-free inactive (molybdo)
enzymes or tungsten-substituted (molybdo)enzymes with 
insignificant or no activity [110, 111]. The opposite is also 
true and, e.g. the molybdenum-substituted Pyrococcus 
furiosus aldehyde:ferredoxin oxidoreductase (a tungsto-
enzyme) is inactive [113, 197]. In this scenario of “metal 
selectivity”, why some enzymes display activity with both 
metals? The easiest answer is to suggest that it would be 
an advantage to incorporate both metals. This could be par-
ticularly relevant in sulfate-reducing bacteria, for which the 
molybdenum bioavailability can be decreased as a result of 
sulfide accumulation. But, if this is the case, why are the 
other molybdo- and tungstoenzymes from these organisms 
active with only one of the two metals? D. gigas, e.g. holds 
a W-FDH and a molybdenum-containing aldehyde oxidore-
ductase, both active only with the respective metal. Clearly, 
the incorporation of both or of only one of the two metals 
in active enzymes is far from being elucidated.

Formate dehydrogenase-catalysed carbon dioxide 
reduction

FDH-catalysed formate oxidation is, theoretically, a revers-
ible reaction and several FDHs are, in fact, able to catalyse 
the carbon dioxide reduction, either in vivo or in vitro. In 
vivo, the most obvious example is provided by the aceto-
gens that fix carbon dioxide, using a FDH to reduce it to 
formate and eventually form acetate (see Sect. 2); in vitro, 
the list of enzymes that are able to catalyse the carbon 
dioxide reduction, under appropriate conditions, is more 
extensive and some examples will be described below.

Carbon dioxide is a thermodynamically and kinetically 
stable molecule and, consequently, it is difficult to acti-
vate and reduce it. As a result, some of the studies aimed 

Author's personal copy



306 J Biol Inorg Chem (2015) 20:287–309

1 3

to characterise the FDH-catalysed carbon dioxide reduc-
tion employed enzymes that are known to be involved in 
carbon dioxide reduction in vivo. The two W-FDHs of the 
anaerobic syntrophic S. fumaroxidans, e.g. were shown to 
interconvert formate and carbon dioxide. FDH1 was dem-
onstrated to be an efficient carbon dioxide reductase, with 
a higher rate for carbon dioxide reduction (≈2.5 × 103 s−1) 
than for formate oxidation (≈1.9 × 103 s−1; values reported 
as 900 and 700 Umg−1, respectively) [88]; FDH2, on the 
other hand, is a preferential formate dehydrogenase, with 
a formate oxidation rate (≈5.6 × 103 s−1) 30 times higher 
than that of carbon dioxide reduction (≈0.2 × 103 s−1; 
values reported as 2,700 and 90 Umg−1, respectively) 
[88]. The S. fumaroxidans FDH1 was also used to dem-
onstrate the feasibility of interconverting carbon dioxide 
and formate electrochemically [198]. In that work, FDH1, 
adsorbed to an electrode surface, was shown to efficiently 
(≈0.5 × 103 s−1) catalyse the electrochemical reduction 
of carbon dioxide to formate (the only product formed), 
under thoroughly mild conditions and application of small 
overpotentials. Nonetheless, carbon dioxide reduction was, 
in this study, found to be more than five times slower than 
formate oxidation (≈0.5 × 103 versus ≈3 × 103s−1) [198].

In addition, also the acetogenic M. thermoacetica [166] 
and C. carboxidivorans [170] W-FDHs were shown to 
have carbon dioxide reductase activity, but, in these cases, 
dependent on NAD(P)H and with the C. carboxidivorans 
enzyme displaying a kcat of only 0.08 s−1 [170]. Notably, 
the reduction of carbon dioxide with NAD(P)H (either by 
W-FDH or Mo-FDH) is thermodynamically quite unfa-
vourable, with reduction potentials of −0.43 and −0.32 V, 
respectively. This thermodynamic constraint highlights the 
key role played by these enzymes in overcoming the reac-
tion energy barrier, allowing those organisms to effectively 
reduce carbon dioxide to formate. Other acetogens, as the 
A. woodii, developed a specific and remarkable hydrogen-
dependent carbon dioxide reductase complex that couples 
the carbon dioxide reduction directly with the dihydrogen 
oxidation (see Sects. 2, 3.3.) [76]. This notable reductase 
complex allows the carbon dioxide reduction by dihydro-
gen with a kcat of 28 s−1 (reported as a turnover frequency 
of 101,600 h−1 [76]). Even though, the reverse reaction 
(formate oxidation and dihydrogen formation) is 1.4 times 
faster (reported as 10 versus 14 U/mg [76]).

Although the W-FDHs are suggested to be more efficient 
at reducing carbon dioxide than the Mo-FDH counterparts, 
because of the lower reduction potential of W4+ compared 
to Mo4+ [110, 111, 199], different molybdenum-dependent 
carbon dioxide reductases were already described. The Mo/
NAD-FDH of Cupriavidus oxalaticus, e.g. is long known 
to be able to reduce carbon dioxide, although in a reaction 
≈30 times slower than the formate oxidation [162, 200]. 
Also the R. capsulatus Mo-FDH is able to catalyse both 

formate oxidation and carbon dioxide reduction in solu-
tion, but, once more, carbon dioxide reduction reaction is 
≈20 times slower than the formate oxidation (1.5 versus 
36.5 s−1) [165].

Undoubtedly, carbon dioxide activation, for its fixation 
and utilisation by living organism, is a “difficult task”. 
The same problem is also experienced by d-ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBbisCO), 
with its promiscuous (CO2 versus O2, energy wasting) and 
slow (<10 s−1 [201]) catalytic performance. This common 
catalytic “inefficiency” places the FDH carbon dioxide 
reductase activity in another perspective, suggesting that 
its alleged “poor” efficiency might be quite good instead. 
This is particularly relevant in S. fumaroxidans FDH1 (with 
its odd carbon dioxide reduction rate of ≈2.5 × 103 s−1), 
which seems to suggest a remarkable selective pressure in 
this anaerobic syntrophic organism.

Outlook

Mo-FDH and W-FDH are a group of heterogeneous 
enzymes that catalyse the reversible 2-electron formate 
oxidation to carbon dioxide. They are involved in prokary-
otic energy metabolism in numerous pathways, where they 
catalyse the electron transfer to/from different electron 
acceptors/donors. Besides the clear biological and bio-
chemical interest in FDH, the enzyme’s ability to reduce 
carbon dioxide is of great interest for the sequestration of 
carbon dioxide and for the production of formic acid as a 
“stabilised” and “safe” form of hydrogen fuel [33, 69, 70, 
76, 77, 202–209]. As a result, there is an increasing bio-
technological interest in FDH. These enzymes have the 
advantage over chemical catalysts of being specific, yield-
ing only one product (formate), and of working as homo-
geneous catalysts. The FDH dioxygen sensitivity is cer-
tainly the major bottleneck for the biotechnological use 
of FDH. In addition, the issue of long-term stability of the 
enzyme and the slow reaction rates would also have to be 
addressed in future work aimed to apply FDH in practical 
uses [210–212].
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