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A B S T R A C T   

Sulfide and transition metals often came together in Biology. The variety of possible structural combinations 
enabled living organisms to evolve an array of highly versatile metal-sulfide centers to fulfill different physio-
logical roles. The ubiquitous iron‑sulfur centers, with their structural, redox, and functional diversity, are 
certainly the best-known partners, but other metal-sulfide centers, involving copper, nickel, molybdenum or 
tungsten, are equally crucial for Life. This review provides a concise overview of the exclusive sulfide properties 
as a metal ligand, with emphasis on the structural aspects and biosynthesis. Sulfide as catalyst and as a substrate 
is discussed. Different enzymes are considered, including xanthine oxidase, formate dehydrogenases, nitroge-
nases and carbon monoxide dehydrogenases. The sulfide effect on the activity and function of iron‑sulfur, heme 
and zinc proteins is also addressed.   

1. Introduction 

Sulfide (S2− ) is a strong nucleophile [1] that can bind several tran-
sition metal ions, giving rise to a variety of metal-sulfide centers (M/S) 
of different compositions and structures, covering terminal, and 
bridging μ2-S, μ3-S and μ4-S arrangements. Living organisms learned to 
exploit this rich chemistry in a wide range of biochemical processes, 
from metal storage and regulation/sensing to electron transfer and 
catalysis [2–8]. Striking examples of the chemical versatility of M/S 
clusters are provided by nitrogenases (cleavage of N–N bonds) [9–11], 

nitrous oxide reductase (cleavage of N–O) [12,13], carbon monoxide 
dehydrogenases (CODH; cleavage of C–O) [14–17], xanthine oxidase 
(XO; cleavage of C–H coupled with C–O bond formation) [14,15], 
formate dehydrogenases (FDH; cleavage and formation of C–H) 
[18,19], and orange protein (ORP) [20,21]. The chemical repertoire of 
M/S includes also intramolecular and intermolecular electron transfer, 
as can be illustrated by numerous iron‑sulfur (Fe/S) center-containing 
proteins harboring [2Fe–2S], [3Fe–4S] and [4Fe-4S] centers 
[3,22–26]. These centers are also crucial building-block units of the 
more complex structures present in the active site of key enzymes such 
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as nitrogenases, nickel and iron-containing carbon monoxide dehydro-
genase (Ni,Fe-CODH) [16–17] and hybrid cluster-containing protein 
(HCP) [27–29]. 

This concise review aims to showcase the diversity and versatility of 
M/S-containing proteins, focusing on structural and catalytic aspects of 
sulfide as a ligand. XO, FDH, molybdenum and copper-containing CODH 
(Mo,Cu-CODH), Ni,Fe-CODH and Fe/S protein will be highlighted. The 
role of H2S as inhibitor or substrate in selected enzymes will be also 
described. 

2. Overview of sulfide as a ligand 

The simplest form of thiol is hydrogen sulfide (H2S). H2S is a color-
less gas and a weak acid that exists in aqueous solution in equilibrium 
with two anionic conjugated bases, hydrosulfide (HS− ) and sulfide 
(S2− ), according to pKa1 ~ 7.0 and pKa2 ~ 19.0, at 25 ◦C [30,31]. Under 
physiological conditions, pH ~ 7.4, H2S exists mainly as HS− rather than 
S2− ion. H2S is the lowest oxidation state (− 2) of sulfur that covers a 
wide variety of oxidation states such as: − 2 (H2S), 0 (S8), +2 (SO), +4 
(SO3

2− ) and + 6 (SO4
2− ). Therefore, H2S acts as a reducing species, 

showing a concerted two-electron reduction potential of − 0.23 V vs. 
NHE at pH ~ 7.0, for HS− /S0 redox couple [32,33]. The value is very 
close to the biologically relevant reduction potential value of gluta-
thione disulfide (E

◦

GSSG/GSH = − 0.24 V vs. NHE [34]), and cysteine 
(E

◦

cystine/cysteine = − 0.24 V [32,35,36]). Furthermore, H2S can be one- 
electron oxidized to yield the sulfide radical, showing a reduction po-
tential of +0.92 V vs. NHE at pH ~ 7 for E

◦

(S•, H+/HS− ) redox couple 
[33], which is also comparable with cysteine (E

◦

(RS•, H+/RSH) = +0.9 
V vs. NHE) [37]. The S–H bond dissociation energy of H2S is ~90 kcal/ 
mol [38], similar to the S–H bond dissociation energy of thiols (92.0 ±
1.0 kcal/mol [39]). Like thiolate (RS− ), HS− also acts as a strong 
nucleophile [40]. 

Sulfide can coordinate a wide range of metal ions to form different 
mononuclear to polynuclear M/S species, through a variety of terminal 
and μ2-S, μ3-S and μ4-S bridging binding modes (Fig. 1). The interaction 
between simple metal salts with H2S, in aqueous medium, produces M/ 
S, which are often highly insoluble compounds and difficult to charac-
terize, including MnS (Ksp = 7.0 × 10− 19), FeS (4.0 × 10− 19), NiS (3.0 ×
10− 21), ZnS (1.6 × 10− 23), CuS (8.0 × 10− 37), and Cu2S (1.2 × 10− 49) 
[41]. However, in biological media, the protein environment prevents 
the formation of insoluble M/S species and allows the build-up of a 
variety of M/S clusters. However, the strong M-S bonds can be cleaved 
by strong acids (what is called acid labile sulfide), yielding H2S gas and 
free metal ions. This phenomenon allows the Fe/S centers to be hydro-
lyzed from the respective proteins and to be, subsequently, self- 
assembled (or interconverted between different metals) from simple 
Fe2+ and S2− , as was comprehensively described [26,42,43]. 

3. Metal-sulfide-containing proteins 

M/S centers can be classified as mono-, homopoly- and heteropoly- 
nuclear sites, with sulfur binding to one, two, three or four metal ions, 
through terminal and/or bridged modes (Fig. 1). 

3.1. Mononuclear sites with a terminal S binding mode 

Compared to the widespread occurrence of Fe/S centers (described 

below), proteins harboring a metal-bound terminal sulfur are less 
common. Yet, the molybdenum and tungsten-containing enzymes pro-
vide several examples of this binding mode. These enzymes can be 
organized into two groups, in line with the metal present in the active 
site [15]: the molybdoenzymes [14,15] and the tungstoenzymes [44] 
(note that the molybdenum-containing nitrogenase belongs to a third group of 
these enzymes; nitrogenases are discussed in the section below). The 
molybdoenzymes are further classified into three large families [45], in 
accordance with the structure of their active site: XO family, sulfite 
oxidase family and dimethylsulfoxide reductase (DMSOR) family. The 
XO family is characterized by having an active site (in the oxidized form) 
with one molybdenum ion coordinated by the cis-dithiolene 
(–S–C=C–S–) group of one pyranopterin cofactor molecule, two oxido 
ligands (one axial, Mo6+ = O, and one equatorial, Mo6+-OH) and a 
terminal sulfido group (Mo6+ = S), in a square-pyramidal geometry 
(Fig. 2 A, exemplified with mammalian XO) [14,15,46]. This large 
family has members in all forms of life, from prokaryotes to higher 
plants and mammals, and comprises enzymes of diverse functions such 
as mammalian XO and aldehyde oxidase or bacterial hydroxybenzoyl- 
CoA redutase and quinoline 2-oxidoreductase. The DMSOR family, 
that comprises only prokaryotic enzymes, is characterized by having an 
active site with one molybdenum ion coordinated by the cis-dithiolene 
group of two pyranopterin cofactor molecules in a trigonal prismatic 
geometry completed by oxygen and/or sulfur and/or selenium atoms in 
diverse arrangements [14,15,47,48]. Some members of this family 
possess a terminal sulfido group. FDHs are the best characterized ones, 
with an active site (in the oxidized form) with a molybdenum ion co-
ordinated by two pyranopterin cofactor molecules, one cysteine or 
selenocysteine residue (Mo6+-S(Cys) or Mo6+-Se(Cys)) and a terminal 
sulfido group (Mo6+ = S) [18,19,49–51]. The tungsten family comprises 
similar FDH enzymes, with an active site identical to the molybdenum- 
dependent FDH one, but harboring a tungsten ion in the place of mo-
lybdenum (Fig. 2 B). 

3.2. Homopolynuclear sites 

In this class, the most common M/S clusters are Fe/S centers, which 
have structural diversity, including ferredoxins containing [2Fe–2S], 
Rieske-[2Fe–2S], [3Fe–4S], and [4Fe-4S] cores [22–26,53]. These 
structures have a very rich redox chemistry and may interconvert and/or 
accept an extra metal atom, but all these features are out of the scope of 
this review (readers are refereed to [26,43,54–56] and references 
therein). One sulfide ligand connects two or three iron ions by μ2-S or μ3- 
S binding modes to build up [2Fe-2S], [3Fe–4S] and [4Fe-4S] respec-
tively (Fig. 2 C and I; [3Fe–4S] not shown). 

An unprecedented copper‑sulfur (Cu/S) cluster is found in nitrous 
oxide reductase (N2OR) [12,13,57] where one sulfide ligand connects 
four copper ions through a μ4-S binding mode (Fig. 2 J), representing the 
highest sulfur binding mode so far found in Biology. 

3.3. Heteropolynuclear sites 

The molybdoenzymes, typically characterized as having a mono-
nuclear active site center (section 3.1.), include one (so far) exception, 
the Mo,Cu-CODH with its hetero-binuclear active site. The 
O. carboxidovorans CODH, although classified as a XO family member, 
has no terminal sulfido group. Instead, its molybdenum center is coor-
dinated to the polypeptide chain by one cysteine residue through a 
Mo–S–Cu–S(Cys) motif (Fig. 2 D; compare with Fig. 2 A) [58–61]. The 
classification of CODH as a XO family member is supported by the 
considerable sequence and structural homology with the bovine XO, as 
well as common reactivity and sensitivity to inhibition by cyanide 
[61–63]. 

A different heterometallic Mo,Cu/S center is found in ORP isolated 
from D. gigas [20,21], where a central copper ion is coordinated by two 
tetrathiomolydates (MoS4

2− ) units via two μ2-S, with two terminal 
Fig. 1. Sulfur terminal and μ2-S, μ3-S and μ4-S bridging binding modes in metal- 
sulfide centers. 
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sulfides (Fig. 2 E) [64]. Furthermore, a mixed molybdenum and 
iron‑sulfur (Mo,Fe/S center) cluster is also found in Mo–Fe protein 
(MorP) isolated from D. alaskensis, where a [2Fe2S] unit is coordinated 
by two MoOS3

2− units through μ2-S, with two terminal sulfides (Fig. 2 F) 
[52]. 

A [Mo-7Fe-9S-C] center forms the nitrogenase active site cofactor 
(FeMoco), a unique cluster responsible for the dinitrogen conversion 
into ammonia [6,9–11,65] (Fig. 2 G). The [Mo-7Fe-9S-C] cluster is 
formed from the combination of two cubane type subsites (with a μ3-S 
binding mode), [Fe-4S-3C] and [MoFe-3S-3C] through three μ2-S and 

one C ligand. It was proposed that one of the three μ2-S ligands must be 
displaced to allow the dinitrogen (substrate) coordination (see nitroge-
nase section) [65]. 

In the C-cluster of CODH isolated from C. hydrogenoformans 
(CODHCh), [Ni-4Fe-5S], a nickel ion binds two μ3-S ligands from the 
[3Fe–4S] subsite, and one μ2-S bridges to the distal iron [66]. Herein, 
sulfur binds metals in μ2-S and μ3-S fashion (Fig. 2 H). The bridged μ2- 
sulfide ion that connects the nickel to the distal iron (in 
C. hydrogenoformans) blocks the coordination of carbon monoxide 
(substrate) to the nickel site, thus acting as a reversible enzymatic in-
hibitor [66]. 

4. Metal-sulfide clusters biosynthesis 

4.1. Iron‑sulfur clusters 

Synthesis of Fe/S clusters in vivo is a complex process and requires 
an intricate biosynthetic machinery. The sulfide is the main constituent 
in these clusters that is generated endogenously from cysteine by three 
pyridoxal 5′-phosphate (PLP)-dependent cysteine desulfurase enzymes 
for the biosynthesis of Fe/S cluster [67]. Cysteine desulfurases are used 
not only for Fe/S clusters, but also for the synthesis of a variety of other 
sulfur-containing biomolecules, including the molybdenum center (as 
discussed below), thiolated tRNA, and thiamine [68–70]. 

The Fe/S clusters are ubiquitous and ancient protein cofactors in 
biology, essential for a wide range of biological functions, such as 
electron transfer and enzyme catalysis, including protein synthesis, ATP, 
oxidative stress defense, DNA repair, and maintenance of genome 
integrity [71–74]. In vitro, the Fe/S clusters are spontaneously assem-
bled in protein scaffolds upon addition of Fe2+ and S2− ions [42,43,75]. 
As both free Fe and S2− ions are highly toxic in vivo, the Fe–S cluster 
assembly is tightly regulated in biosynthetic pathways [23]. Despite the 
chemical simplicity of Fe/S clusters, the biosynthesis is rather compli-
cated [76–80]. Three distinct Fe/S cluster assemble machineries for 
biosynthesis of Fe/S cluster in Biology have been identified: Nif (nitro-
gen fixation), Isc (iron sulfur cluster), and the Suf system (sulfur for-
mation) [23,81–83]. All machineries (Nif, Isc and Suf) commonly use a 
key enzyme, cysteine desulfurases, NifS, IscS, and SufS, which catalyze 
the production of sulfur from L-cysteine for Fe/S cluster biosynthesis 
[23,81,83,84–86]. However, the NifS or NifS-like cysteine desulfurase 
enzymes are present in almost all living organisms and produce inor-
ganic sulfide for Fe/S cluster synthesis. 

Cysteine desulfurase is a PLP-dependent enzyme, which catalyzes the 
conversion of substrate L-cysteine to L-alanine and sulfane sulfur (S0) 
(Fig. 3) [68,87,88]. The formation of sulfane sulfur is transferred to 
catalytic cysteine residue in proteins to form a cysteine bound protein 
intermediate (Cys-SSH) that is the ultimate source of sulfide ions for Fe/ 
S cluster biogenesis [67,81,87,89]. The sulfide is produced from the 
persulfide intermediate by the reductive cleavage of the persulfide bond 
[67], and sulfide is subsequently delivered to target iron‑sulfur proteins 
such as scaffold proteins NifU and/or IscU for finally Fe/S clusters 
synthesis. 

The assembly of FeMoco or other mixed core structure of the cofactor 

mono-nuclear with terminal S

(A) (B)    

homo-   and   hetero-nuclear with 2-S

(C)   (D) 

heteronuclear with a terminal S and 2-S
(E)     (F)

heteronuclear with 2-S  and  3-S   

(G)     (H)

homonuclear with 3-S homonuclear with 4-S 
(I)      (J)

Fig. 2. Structures of representative M/S centers from selected enzymes. (A) 
Molybdenum center (oxidized) xanthine oxidase (bovine enzyme; structure 
from PDB file 1FO4); (B) tungsten center (oxidized) formate dehydrogenase 
(Desulfovibrio gigas; PDB file 1H0H); (C) [2Fe2S] ferredoxin (Spinacia oleracea; 
PDB file 1A70); (D) binuclear molybdenum and copper center of oxidized Mo, 
Cu-CODH (Oligotropha carboxidovorans; PDB file 1N5W); (E) molybdenum and 
copper center of orange protein (D. gigas; EXAFS structure [20]; (F) molybde-
num and iron center of Mo/Fe protein (MorP; Desulfovibrio alaskensis; EXAFS 
structure [52]; (G) molybdenum and iron center of nitrogenase active site 
(Azotobacter vinelandii (PDB file 1M1N); (H) nickel and iron center of Ni,Fe- 
CODH (Carboxydothermus hydrogenoformans; PDB file 1SU6); (I) [4Fe4S] 
ferredoxin (A. vinelandii; PDB file 2FD2); (J) Copper center of nitrous oxide 
reductase active site (Paracoccus denitrificans; PDB file 1FWX). 

Fig. 3. Sulfide formation by PLP-dependent cysteine desulfurase and its de-
livery to Fe/S scaffold proteins via a persulfide intermediate. 
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is synthesized by NifS and NifU machineries, which mobilize Fe and S for 
the formation of small Fe/S building blocks [90,91]. 

4.2. Molybdenum centers 

The biosynthesis of molybdenum cofactors shares three conserved 
steps in all organisms, involving the sequential conversion of 5’GTP into 
cyclic pyranopterin monophosphate (cPMP), pyranopterin dithiolene 
(PDT) and the final molybdenum insertion from molybdate to yield a 
molybdenum-coordinated pyranopterin mononucleotide (Mo-PMN) 
(Fig. 4, top) [92–102]. In prokaryotes, Mo-PMN is further modified by 
the addition of the nucleotides CMP or GMP to its terminal phosphate 
group, to form the pyranopterin cytidine dinucleotide (PCD) or pyr-
anopterin guanosine dinucleotide (PGD) found mainly in enzymes of the 
XO and DMSOR families [103–110]. In the DMSOR family enzymes that 
possess two PGD moieties, the insertion of the second PMN moiety 
precedes the addition of the GMP. 

For the enzymes possessing a terminal sulfido group, its insertion is 
the last step in the centers maturation, with sulfuration occuring prior to 
the molybdenum center incorporation into the enzyme. In eukaryotic 

XO family enzymes, sulfuration is catalyzed by a homodimeric two- 
domain molybdenum sulfurase, whose N-terminal domain shares 
structural and functional homologies to bacterial L-cysteine desulfurases 
IscS (in humans, the human molybdenum cofactor sulfurase (HMCS) 
was identified; ABA3 was identified in Arabidopsis thaliana) [111–113]. 
Their N-terminal IscS-type domain abstracts the cysteine sulfur to form a 
persulfide‑sulfur in a conserved cysteine residue (Cys430 in ABA3), in a 
PLP-dependent reaction (Fig. 4, bottom) [114]. Subsequently, that sul-
fur is directly transferred to the molybdenum cofactor that is bound on 
the C-terminal domain of the molybdenum sulfurase (direct sulfur- 
transfer reaction) [111–118]. The now sulfurated molybdenum 
cofactor can then be incorporated into the enzyme. In prokaryotic XO 
family enzymes, a chaperon protein binds the molybdenum cofactor 
(Rhodobacter capsulatus XdhC is one of the best characterized ones); the 
chaperon then interacts with an L-cysteine desulfurase (R. capsulatus 
NifS4 [119]), which is responsible for the molybdenum sulfuration in a 
reaction similar to the one described above (abstraction of the cysteine 
sulfur and transient formation of a persulfide); after molybdenum sul-
furation, the desulfurase dissociates and the chaperon with the now 
sulfurated center bound inserts it into the enzyme [110,119–125]. The 
sulfuration of DMSOR family enzymes that harbor a terminal sulfido 
group is also dependent on specific chaperon proteins [126–128] and 
IscS desulfurases [126,128,129]. In E. coli, the chaperon responsible for 
FDH maturation, FdhD, was shown to interact with an IscS and its Cys121 
residue was suggested to be responsible for intermediating the sulfur 
transfer from IscS to the molybdenum, with its Cys124 promoting the 
release of the Cys121-bound sulfide for subsequent catalysis [126]. Yet, 
the sulfur transfer mechanism in DMSOR family enzymes is still not well 
understood. This is further complicated by some FdhD homologues that 
do not have the corresponding Cys121 and Cys124 conserved, or do not 
need those residues to synthesize an active FDH, as is the case of the 
R. capsulatus homologue (FdsC) [49,127,130]. 

Overall, the molybdenum sulfuration depends on a cysteine desul-
furase to provide sulfur and on a module to anchor the molybdenum 
cofactor. Eukaryotes evolved a single protein to carry out both functions. 
Prokaryotes use two individual proteins, where the specificity for the 
target enzyme is introduced by the chaperon protein; the cysteine 
desulfurase is used non-specifically for the sulfuration of a variety of 
sulfur-containing molecules, including the dithiolene moiety of PDT, as 
well as, the examples discussed above and many others. 

5. Sulfide as catalyst: hydrogen atom transfer reactions 

The metal-bound terminal sulfido present in some molybdo- and 
tungstoenzymes is crucial for the respective hydrogen atom transfer 
activity. The hallmark of this sulfide catalytic role is provided by the 
enzyme inhibition upon cyanide treatment, with release of thiocyanate, 
and subsequent activity restoration by incubation under reducing con-
ditions with an exogenous sulfide source (usually Na2S). The hydrogen 
atom transfer mechanism of two metal-bound sulfido-containing en-
zymes, XO and FDH, has been thoroughly probed by kinetic, spectro-
scopic, and structural methodologies and is presently well established. 
The current extraordinarily detailed picture of FDH and XO catalysis will 
be described in the next two sections. 

5.1. Formate dehydrogenase catalysis 

FDH are a heterogeneous and broadly distributed group of enzymes 
that catalyze the reversible two-electron interconversion of formate and 
CO2 (Eq. 1) [18,19,49–51,131,132]. Prokaryotes use these enzymes to 
fix (reduce) CO2 into formate, but also to derive energy, by coupling the 
formate oxidation to the reduction of several terminal electron accep-
tors; FDH are also broadly exploited in C1 metabolism by both pro-
karyotes and eukaryotes. 

CO2 +(2e-+H+)⇌HCOO- (1) 

Fig. 4. Top: Molybdenum center biosynthesis pathway. Only the relevant in-
termediates are shown. Bottom: Proposed mechanism for sulfur insertion in 
eukaryotic XO family enzymes. In prokaryotic XO and DMSOR families en-
zymes, two individual proteins, a desulfurase and a specific chaperon, interact 
to achieve sulfur insertion through a functionally similar mechanism. 

B.K. Maiti et al.                                                                                                                                                                                                                                 



Journal of Inorganic Biochemistry 227 (2022) 111687

5

There are two major classes of FDH: the metal-independent FDH (not 
relevant in the context of this review) [133–140] and the molybdenum 
and tungsten-dependent FDH (Mo-FDH and W-FDH) [141–178]. Note-
worthy, besides the molybdenum or tungsten center, FDH also harbor 
other redox-active centers, involved in intramolecular and intermolec-
ular electron transfer, such as Fe/S centers, hemes and flavins, organized 
in different subunit compositions and quaternary structures 
[18,19,49–51,131,132]. Despite this diversity, the active site of Mo-FDH 
and W-FDH is very well conserved and also similar to the one of mo-
lybdenum- and tungsten-containing N-formyl-methanofuran de-
hydrogenases (FMFDH), enzymes that catalyze the reduction of CO2 to 
formate as well [179–182]. In the oxidized form, the active site of FDH 
and FMFDH enzymes harbors one molybdenum or tungsten ion coor-
dinated by the cis-dithiolene (–S–C=C–S–) group of two pyranopterin 
cofactor molecules (Fig. 5 A) [18,19,49–51,131,132]. The metal first 
coordination sphere is completed by one terminal sulfido group (Mo6+/ 
W6+ = S) plus one sulfur or selenium atom from a cysteine or seleno-
cysteine residue (Mo6+/W6+-S(Cys) or Mo6+/W6+-Se(SeCys)) (abbrevi-
ated as Cys-Mo-FDH, Cys-W-FDH, SeCys-Mo-FDH and SeCys-W-FDH), in 
a distorted trigonal prismatic geometry. Noteworthy, there is no 
apparent relation (as far as is presently known) between the metal and 
the bound amino acid residue or the enzyme activity (with Cys-Mo-FDH, 

Cys-W-FDH, SeCys-Mo-FDH and SeCys-W-FDH being known for many 
years). The active site also comprises two other residues that are strictly 
conserved to all known FDH and FMFDH and are thought to be crucial to 
the catalytic cycle, one arginine and one histidine. 

In spite of the overall structural and metal/amino acid active site 
diversity, the reaction mechanism of CO2/formate interconversion is 
accepted to be similar in all (so far known) FDH and FMFDH enzymes. 
For simplicity, the reaction mechanism will be herein illustrated with a 
Mo-SeCys-FDH. 

As originally proposed by Niks et al. [183] for formate oxidation and 
shortly after also for CO2 reduction by Maia et al. [184], CO2/formate 
interconversion is presently recognized to occur through hydride 
transfer, with the sulfido group playing the central role of direct hydride 
acceptor and donor, Mo6+ = S and Mo4+-SH, respectively (follow the red 
hydrogen atoms in Fig. 5 A). This behavior, metal oxidized/hydride 
acceptor versus metal reduced/hydride donor (eq. 2), is supported by a 
remarkable characteristic of the Mo/W-ligands: the pKa values of the 
coordinated ligands change dramatically with the oxidation state of the 
metal and determine that the higher oxidation states should hold 
deprotonated ligands, that is Mo/W6+ = S, while the lower oxidation 
states should hold protonated ligands, that is Mo/W4+-SH [185–187]. 
This feature enables the metal-sulfido to act as a hydride acceptor/donor 
[14,185–187,271]. 

Mo
/

W6+ = S+(2e-+H+)⇌Mo
/

W4+-SH (2) 

In accordance, formate oxidation (Fig. 5 A, blue arrows) is initiated 
with formate binding to the oxidized active site, but not directly to the 
molybdenum ion; instead, the conserved active site arginine residue is 
proposed to be essential to anchor the formate molecule with its Cα 
hydrogen pointing towards the sulfido ligand, through hydrogen bond 
(s) with its oxygen atom(s) [183,184]. Formate oxidation, then, pro-
ceeds by straightforward hydride transfer from formate to the sulfido 
group of the oxidized molybdenum centre, Mo6+ = S, leading to the 
formation of Mo4+-SH and CO2. The re-oxidation of Mo4+ to Mo6+ (via 
intramolecular electron transfer to the enzyme other(s) redox-active 
centre(s) and, eventually, to the physiological partner) and the release 
of CO2 close the catalytic cycle. The pKa of the terminal sulfido group 
dictates that the now oxidized Mo6+ should favor its deprotonation and 
the initial oxidized molybdenum centre, Mo6+ = S, is regenerated. 

CO2 reduction is suggested to follow the reverse reaction mechanism 
(Fig. 5 A, green arrows) [184,188–190]. CO2 binds to the reduced active 
site, at the same site as formate, with the conserved arginine anchoring 
its oxygen atom(s) through hydrogen bond(s) and orienting its carbon 
atom towards the protonated sulfido ligand. Then, the reaction proceeds 
through straightforward hydride transfer from the protonated sulfido 
group of the reduced molybdenum centre, Mo4+-SH, to the CO2 carbon, 
whose LUMO has predominant C- π orbital character, prone to nucleo-
phile attack and reduction. This yields a formate moiety and Mo6+ = S. 
The subsequent re-reduction of Mo6+ to Mo4+ (via intramolecular 
electron transfer from the enzyme physiological partner, through its 
redox centre(s)) and formate release close the catalytic cycle. The now 
reduced Mo/W4+ favors the sulfido group protonation and the initial 
reduced centre, Mo4+-SH, is regenerated. 

It should be noted that, presently, there is no consensus if the sele-
nocysteine/cysteine residue remains bound to the metal in the reduced 
state, during catalysis (as discussed in [19]). Yet, although the mecha-
nism is suggested to operate with a permanent hexacoordinated metal 
centre, it can also occur in a penta-coordinated centre (with an unbound 
selenocysteine/cysteine), since the sixth ligand should not interfere with 
the hydride transfer. 

Overall, the FDH/FMFDH reaction is reversible and the equilibrium 
between formate oxidation versus CO2 reduction is determined by the 
availability of formate versus CO2 and the ability to maintain the active 
site oxidized versus reduced. The key feature responsible for the catal-
ysis of this reversible reaction is the metal-bound terminal sulfido, 

A

B

pyranopterin cofactor

M

A

B

pyranopterin cofactor

M

pyranopterin cofactor

MM

Fig. 5. Proposed reaction mechanism of (A) FDH and (B) XO. (A) Reversible 
mechanism of molybdenum- and tungsten-dependent FDH and FMFDH- 
catalyzed formate oxidation (blue arrows) and CO2 reduction (green arrows), 
as proposed by [183,184]. A similar hydride transfer mechanism can also take 
place with a penta-coordinated reduced metal centre, with a dissociated sele-
nocysteine/cysteine residue. For simplicity, the mechanism is represented only 
for a molybdenum, selenocysteine-containing enzyme, but it should be similar 
for tungsten and cysteine-containing enzymes. See text for details. In (B), R2C-H 
and R2C-O− represent xanthine and urate moieties, respectively. In both (A) and 
(B), for simplicity, only the dithiolene moiety of the pyranopterin cofactor is 
represented. Bottom right: The complete structure of the molybdenum cofactor, 
pyrano(green)-pterin(blue)-dithiolene(red)-methylphosphate(black) is shown 
at the bottom; M stands for metal, Mo or W. All so far characterized FDH and 
FMFDH active sites harbor two cofactor molecules, both with the R position 
esterified with a guanosine monophosphate nucleotide (Mo/W-bis-PGD); the 
eukaryotic XO active site holds one non-sterified cofactor molecule (R = H; Mo- 
PMN), while in the prokaryotic XO active site R is esterifed with a cytidine 
monophosphate nucleotide (Mo-PCD). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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whose protonation state is determined in a concerted and straightfor-
ward way by the enzyme active site oxidation state. 

5.2. Xanthine oxidase catalysis 

XO is responsible for the hydroxylation of hypoxanthine and 
xanthine to urate (eq. 3) in almost all forms of Life [14,15,46,191–194] 
(only a small number of organisms (some yeasts [195]) use different 
enzymes to catabolize these purines [196–198]). Besides xenobiotic 
metabolism (due to its broad substrate specificity), XO is also involved in 
the generation of signaling nitric oxide generation [199–211], reactive 
oxygen species and in a multitude of oxidative stress-mediated patho-
logical conditions [212–258].    

As in many other molybdoenzymes, besides the molybdenum center, 
mammalian XO also harbors other redox-active centers, in this case two 
[2Fe-2S] centers and one FAD, which are involved in intramolecular 
electron transfer to the physiological partner, molecular oxygen (XO 
form; eq. 3a) or NAD+ (xanthine dehydrogenase form; eq. 3b) 
[259–265]. In the oxidized form, the XO active site harbors one mo-
lybdenum ion coordinated by the cis-dithiolene (–S–C=C–S–) group of 
one pyranopterin cofactor molecule, plus one axial oxido group, an 
equatorial catalytically labile Mo6+-OH group and one equatorial ter-
minal sulfido group (Mo6+ = S), in a square-pyramidal geometry (Fig. 2 
A, Fig. 5 B). The XO active site comprises also a conserved glutamate 
residue, key to catalysis (Glu1261 in bovine XO). 

As is characteristic of most molybdoenzymes, XO catalyzes an oxy-
gen atom transfer reaction, transferring one oxygen atom from water to 
the substrate (follow the blue oxygen atoms in eq. 3 and Fig. 5 B) 
[14,15,46,191,192,194,259,261,266–271]. Yet, to accomplish the 
xanthine hydroxylation, a C–H bond must be hydrolyzed and a 
hydrogen atom acceptor must be present (red hydrogen atoms in eq. 3 
and Fig. 5 B). The metal-bound terminal sulfido group fulfills this role in 
a way similar to the one described above for formate oxidation. 

XO-catalyzed hydroxylation (as well as other XO family members; 
Fig. 5 B) is initiated with the activation of the molybdenum catalytically 
labile hydroxyl group (Mo-OH) by the conserved deprotonated gluta-
mate residue, to form a Mo6+-O− core (base-assisted catalysis) 
[14,15,46,191–194]. The subsequent nucleophilic attack of Mo6+-O− on 
the carbon atom to be hydroxylated, with the simultaneous hydride 
transfer from the substrate to the sulfido group (Mo6+ = S to Mo4+–SH), 
results in the formation of a covalent intermediate, Mo4+-O-C-R(-SH) 
(where R represents the remainder of the substrate molecule). Hydro-
lysis of the Mo–O bond releases the hydroxylated product and yields a 
Mo4+-OH(2)(-SH) core. The re-oxidation of Mo4+ to Mo6+ (via intra-
molecular electron transfer, through the [2Fe–2S] and FAD, to molec-
ular oxygen or NAD+) closes the catalytic cycle. The pKa of the terminal 
sulfido group dictates that the now oxidized Mo6+ should favor its 
deprotonation and the initial oxidized molybdenum centre, Mo6+ = S, is 
regenerated in a process similar to the one described for FDH/FMFDH. 

Overall, water is the ultimate source of the oxygen atom 

incorporated into the hydroxylated product, as is characteristic of many 
molybdoenzymes: the molybdenum labile hydroxyl group (Mo-OH) that 
ends up in the reaction product (urate) is regenerated from a solvent 
water molecule when the catalytic cycle is closed (blue oxygen atoms in 
Fig. 5 B). The key catalytic role of hydride acceptor is performed by the 
metal-bound terminal sulfido, whose “correct” protonation state is 
ensured by the enzyme active site oxidation state. 

6. Sulfide effects on catalysis 

6.1. Sulfide effect on Ni,Fe-CODH catalysis 

Ni,Fe-CODHs are found in anaerobic bacteria and archaea that 
catalyze the reversible oxidation of CO to CO2 [7,272]. The crystal 

structures of the active site of Ni-Fe-CODH from Carboxydothermus 
hydrogenoformans (CODHCh), Rhodospirillum rubrum (CODHRr), and 
Moorella thermoacetica (CODHMt) have been reported [66,273–275]. The 
Ni-, Fe-, and S-containing active center is called cluster C. Interestingly, 
two types of active site structures are identified from these organisms. 
CODHCh contains a bridged μ2-sulfide ion that covalently connects the 
Ni and the distal Fe (forming a [Ni-4Fe-5S] center) (Fig. 6 A) [66], 
whereas CODHRr and CODHMt lack this bridge ([Ni-4Fe-4S]) (Fig. 6 B) 
[273]. Dobbek et al. reported a strong positive corelation between sul-
fide and enzyme activity, suggesting a catalitic role for the bridged μ2- 
sulfide [276]. The inactivation of CODHCh is caused by the loss of 
bridging sulfide from [Ni-4Fe-5S] leading to a [Ni-4Fe-4S] cluster upon 
long incubation of CO in CODHCh, that suggests that sulfide is required 
for catalytic activity [276]. On the other way, Feng and Lindahl [277] 
reported a different result, where oxidation of CO is prevented by in-
cubation of sulfide in [Ni-4Fe-4S]Rr or [Ni-4Fe-4S]Mt, proposing the 
formation of a [Ni-4Fe-5S] cluster. The activity can be restored by the 
reduction with CO and dithionite, because sulfide can not bind to the 
reduced state (Cred2) of CODHCh, and a sulfide bridging Ni and the 
distal Fe in Cred1 was proposed. So, the [Ni-4Fe-5S] cluster is an inac-
tive site that is competent to bind CO [277]. A similar effect is observed 
upon addition of CN− to Cred1 and it is released in the presence of 
reductant, suggesting a common mode of action like sulfide [278]. These 
data conclude that substrate H2O can bind in the same mode of action 
like HS− and CN− . The crystal structure of reduced CODH-IICh reveals 
that HO− bridges Ni and distal Fe (Fig. 6 C) [279]. A proposed catalytic 
cycle of C-cluster in CODH is shown in Fig. 7, wherein C-cluster shows 
three redox states, namely, Cox, Cred1, and Cred2 [280]. Moreover, 
Wang et al. have reported that sulfide binds to the inactive Cox state of 
the C-cluster, inhibiting catalytic activity of CODH [281]. 

6.2. Sulfide effect on nitrogenase catalysis 

Nitrogenase, a complex metalloprotein containing a heterometallic- 
cofactor, catalyzes the reduction of dinitrogen (N2) to ammonium 
(NH4

+) [9–11]. There are three types of nitrogenases, each harboring a 
different set of metals at its active site: the FeMoco, [Mo-7Fe-9S-C], the 
iron and vanadium-containing cofactor (FeVco), [V-7Fe-8S-C]) and the 
iron only-containing cofactor (Feco) [9–11] (Fig. 8). Unexpectedly, 
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FeVco lacks one bridged sulfide ion (S3A) compared to FeMoco, which is 
replaced by a bridging ligand, a μ2-1,3‑carbonate (Fig. 8 B). The well 
characterized resting state of MoFeco does not bind N2, but it is believed 
that Fe2 and Fe6 are involved in the binding of N2 [6]. In 2014, Rees 
et al. have reported a crystal structure of CO bound MoMo-co where CO 
binds at bridging sulfide (S2B) site of Fe2 and Fe6 by replacing it (Fig. 8 
C) [282]. This is also supported by the CO binding VFeco, in which S2B 
dissociate from cluster Fe2-Fe6 upon binding of CO (Fig. 8 D) [65]. 
These results suggest that bridging S2B ligand is labile and dissociate 
reversibly during N2 binding. In 2018, Sippel et al., have reported a 
crystal structure of N bound V‑nitrogenase, in which S2B is protonated 
and dissociated from the V-Feco, but it is stored inside protein nearby 
Gln176 [65], indicating it can bind back easily to rebuild the cluster 
(Fig. 8 F). This result interprets that the S2B dissociates from the FeMo 
cluster upon N2 binding. According to Lowe–Thorneley model, N2 can 
bind to FeMoco until E4 state, designated as [Fe2–H–Fe6] (accumula-
tion of 4e- and 4H+ on FeMo-cofactor) [283]. Recently, theoretical 
model of E4 state is designated as two hydrides bridging Fe2 and Fe6 
with a terminal -SH group on either Fe2 or Fe6 [284] (Fig. 8 E). 

6.3. Sulfide effect on the catalysis of particular nitrate reductases 

Living organisms evolved different nitrate reductase (NaR) enzymes, 
all molybdenum-dependent, to reduce nitrate to nitrite [14,15,285]. 
Plants (and other eukaryotes) use an enzyme belonging to the sulfite 
oxidase family (eukNaR; Fig. 9 A) in the first and rate-limiting step of 

nitrate assimilation [286–292]. Prokaryotes are more versatile and use 
nitrate for assimilatory and dissimilatory processes and, for these pur-
poses, these organisms hold three distinct NaR enzymes located in 
different subcellular spaces, all belonging to the DMSOR family 
[293–308]: (i) cytoplasmatic assimilatory NaR, involved in nitrogen 
assimilation (Fig. 9 B); (ii) respiratory NaR (Fig. 9 C), a membrane- 
bound cytoplasm-faced complex protein involved in the generation of 
a proton motive force across the cytoplasmatic membrane; (iii) peri-
plasmatic NaR (Fig. 9 D and E) acting as an electron sink to eliminate 
excess of reducing equivalents or associated with the generation of a 
proton motive force. 

To accomplish those diverse biological roles in different subcellular 
locations, these four enzymes have different subunit organizations and 
redox-active cofactor compositions, forming a group of heterogeneous 
proteins [14,15,285,303,304]. In addition, their molybdenum centers 
also present some subtle differences, as highlighted in Fig. 9 A to E. 
However, the feature that stands out in this group is the presence of a 
metal-bound terminal sulfido in some prokaryotic periplasmatic en-
zymes (Cupriavidus necator and Desulfovibrio desulfuricans) (Fig. 9 E). 

Nitrate conversion into nitrite is a two-electron reduction, involving 
an oxygen atom abstraction reaction (follow the blue oxygen atoms in 
eq. 4).

Several molybdoenzymes-catalyzed reactions involve the transfer of 
an oxygen atom from water to substrate (e.g., eq. 3) or from substrate to 
water (like this one, eq. 4), with the molybdenum ion cycling between 
the +6 and + 4 oxidation states [14,15]. Common to all these reactions 
is a molybdenum center with a free or labile coordination position (e.g., 
the XO equatorial labile Mo6+-OH; Fig. 5 B). NaR enzymes, with a few 
exceptions (detailed below), follow this general mechanism. In eukNaR 
(Fig. 9 F) [286,287,309–313], catalysis is initiated with the enzyme 
reduction, to form a reduced molybdenum center with its equatorial 
labile oxido group protonated (Mo6+ = O → Mo4+-OH2). Nitrate binding 
to the molybdenum, displacing the labile group, results in the formation 
of a covalent intermediate Mo4+-O-NO2. The subsequent O–N bond 
cleavage releases the product (nitrite) and regenerates the Mo6+ = O 
core with a “fresh” labile oxido group. 

A parallel mechanism is suggested to operate on prokaryotic en-
zymes, with their labile oxido group being converted into a water 
molecule, displaced and substituted by a nitrate molecule (Fig. 9G) 
[14,15,285,303,304,314,315]. Nitrite formation should proceed also in 
a similar way, regardless the nature of the amino acid bound to the metal 
(cysteine or aspartate) or the molybdenum center being di-oxo- 
pentacoordinated (Fig. 9 F) or mono-oxo-hexacoordinated (Fig. 9G). 

A B C 

Fig. 6. Structures of (A) [Ni-3Fe-5S], (B) [Ni-3Fe-4S] and (C) [Ni-3Fe-4S-O]. In (B), the absent sulfide is indicated by the dotted blue circle. Structures shown are, 
respectively, from CODHCh (PDB file 1SU6), CODHRr (PDB file 1JQK) and CODH-IICh (PDB file 3B53). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 7. Proposed catalytic mechanism of CODH and its reversible inhibition by 
sulfide. DT, dithionite. 
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The active site of periplasmatic NaR from D. desulfuricans and 
C. necator, however, is described as holding a complete, six sulfur-based 
coordination, with a metal-bound terminal sulfido ligand (Fig. 9 E) 
[316–319]. Lacking a free coordination position or a labile ligand, these 
enzymes do not fulfill the “oxo-transfer criteria” necessary to catalyze 
oxygen atom transfer. To explain the observed enzymes nitrate reduc-
tion activity, a theoretical calculations-based proposal was introduced, 
in which the as-isolated inactive NaR is first activated by displacement 
of the coordinated cysteine residue to form persulfide with the terminal 
sulfido group, Mo-S-S(Cys) (Fig. 9 H) [320]. This structural alteration, 
named as “sulfur-shift”, creates a vacant coordination position in the 
molybdenum center. Catalysis can, then, proceed with nitrate binding 

and eventual nitrite formation and release, leaving a mono-oxo- 
hexacoordinated center. Hence, after the initial activating sulfur- 
shifting to remove the terminal sulfido, nitrate reduction by these 
particular enzymes can proceed as described for the other homologue 
enzymes. 

Although the physiological relevance of the two alternating molyb-
denum coordinations remains to be established, as well as, the confir-
mation of different catalytic intermediates, these two particular NaR 
enzymes (D. desulfuricans and C. necator) provide a further example of 
the sulfide effects on catalysis. 

Fig. 8. Structure of (A) FeMoco [Mo-7Fe-9S-C], (B) FeVco, [V-7Fe-8S-C], (C) CO bound [Mo-7Fe-9S-C], (D) CO bound [V-7Fe-8S-C]. It is also represented (E) the 
proposed structure of the E4 state of FeMoco and (F) FeVco with a bound intermediate, interpreted as a μ2-bridging, protonated nitrogen that implies the site and 
mode of substrate binding to the cofactor [65,284]. Structures shown are from Azotobacter vinelandii and based on PDB files 3U7Q (A), 5N6Y (B), 4TKV (C), 7ADR (D) 
and 6FEA (F). 
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6.4. Protonation of sulfide in the redox process of 3Fe–4S cluster in 
proteins 

Many active sites containing Fe/S clusters have pH-dependent 
reduction potential values, despite the variable protein environment, 
suggesting, in general, the protonation at the vicinity of cluster 
[321,322]. However, the redox potential of two most common clusters, 
[2Fe–2S] and [4Fe-4S], usually shows little dependence on pH, indi-
cating no protonation involvement in the redox process [323]. By 
contrast, the redox chemistry of [3Fe-4S] clusters is strikingly different, 
with an intrinsic ability for protonation [324]. This protonation chem-
istry has been observed in all [3Fe–4S]-containing proteins, including 
the [3Fe–4S] ferredoxins from Desulfovibrio gigas (Fd II) [325], Pyro-
coccus furiosus [326], and beef heart aconitase [327], and [7Fe-8S] 
([3Fe–4S] and [4Fe-4S]) ferredoxins from Azotobacter Vinelandii (Fd 
I) [328], Desulfovibrio africanus (Fd III) [329,330], and Sulfolobus acid-
ocaldarius [324]. Interestingly, the structure of [3Fe-4S] cluster is an 
open-faced crown-like with three μ2-S atoms that have effective sites for 
protonation [321]. This chemistry also indicates that [3Fe–4S] cluster 
shows Lewis basicity by coordinating a metal ion at open-faced, which is 
a flourished chemistry and found in many proteins, such as mitochon-
drial aconitase [331], D. gigas Fd II [325,332,333], D. africanus Fd III 
[330,334,335], P. furiosus Fd [336–338]. [3Fe–4S]1+ cluster exhibit 
multiple electron-proton transfer agent, which can capture 1-, 2- and 3- 
e/H+ to yield reduced [3Fe-4S]0, [3Fe–4S]1− , and [3Fe-4S]2− states 
respectively [324–328,339–341]. Three μ2-S atoms at the “vacant 
corner” of the [3Fe–4S] cluster can capture H+, possibility 3-H+

forming a bond with three μ2-S atoms [321]. 

6.5. Transportation of sulfide in biotin synthase 

Biotin (also known as vitamin B7), an essential micro-nutrient for all 

domains of life, is a key prosthetic group required for carboxylation, 
decarboxylation, gluconeogenesis, and amino acid metabolism 
[342,343]. This prosthetic group is synthesized only by microbes and 
plants, in a reaction catalyzed by biotin synthase (BioB). The BioB, an 
iron‑sulfur enzyme, catalyzes the conversion of dethiobiotin (DTB) to 
biotin by insertion of a sulfur atom into the DTB in the final step of biotin 
biosynthesis (Fig. 10) [344,345]. BioB is a member of the radical S- 
adenosyl-L-methionine (SAM or AdoMet) superfamily [346–348], and 
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Fig. 9. (A) - (E) Active site molybdenum centers, in the oxidized state, of different nitrate reductase enzymes. (F), (G) Proposed reaction mechanism of eukNaR and 
prokaryotic NaR. (H) “Sulfur-shift” mechanism to activate prokaryotic periplasmatic from D. desulfuricans and C. necator. See text for details. 

Fig. 10. (A) Structure of the biotin synthase active site containing AdoMet 
bound [4Fe-4S], dethiobiotine and [2Fe-2S] (PDB file 1R30). (B) [4Fe–4S] 
facilitates the formation of Ado• radical. (C) [2Fe–2S] cluster-derived sulfur 
atom insertion into dethiobiotin. Modified from [345]. 
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its active site is composed of two Fe/S clusters - SAM binding [4Fe–4S] 
cluster, and an auxiliary [2Fe-2S] cluster, each with a key role in 
catalysis [347,349–352]. SAM-[4Fe–4S] cluster promotes reductive 
cleavage of the sulfonium C–S bond of SAM to generate a 5-deoxyade-
nosyl radical (5-dAdo), which abstracts hydrogen atoms from the C9 

methyl group of DTB, resulting in the formation of a dethiobiotinyl 
methylene carbon radical [353], which is finally quenched by a sulfur 
atom and yields biotin. Interestingly, this sulfur source is not from PLP- 
dependent cysteine desulfurase, rather from auxiliary [2Fe-2S]2+ cluster 
wherein μ2-S is a true sulfur source. The [2Fe–2S]2+ cluster is close to 
DTB (~4.6 Å) (Fig. 10 A), suggesting transportation of μ2-S to DTB 
(Fig. 10) [345,354]. So, in biothin synthesis, [4Fe–4S]2+ cluster in-
volves in electron transfer to SAM, while the [2Fe–2S]2+ cluster in-
volves in the sulfur insertion in DTB. During a single turnover of 
catalysis, a combined UV/visible and EPR results concludes that 
[4Fe–4S]2+ cluster is conserved, while the auxiliary [2Fe-2S]2+ cluster 
is lost, indicating oxidative loss of sulfur atom [345,355]. In addition, 
EPR spectroscopic studies identified an intermediate species that linked 
between [2Fe–2S] cluster and DTB through C–S bond [354]. 

7. Sulfide as substrate: heme and zinc-containing enzymes 

Sulfide is formed endogenously, by desulfuration of amino acids 
(cysteine, and methionine), acid dissociation of Fe/S clusters in proteins 
(acid labile sulfide), or reduction of polysulfides. Cysteine desulfuration 
is achieved by three distinct enzymes, cystathionine β-synthase (CBS), 
γ-cystathionase (CSE), and mercaptopyruvate sulfurtransferase (MST) 
[356–359]. Prokaryotes such as the purple and green sulfur bacteria live 
in sulfide rich environments by extracting energy from the oxidation of 
sulfide, which however is a potent toxin for other organism at elevated 
concentration [365–359]. Therefore, cellular H2S in humans is detoxi-
fied by canonical (mitochondria) [360] and non-canonical (red blood 
cell) sulfide oxidation pathways [361–365], by transforming it into 
thiosulfate and sulfate. However, sulfide acts as an inhibitor of cyto-
chrome c oxidase (CcO) in mitochondria [1]. 

7.1. Cytochrome c oxidase 

Mitochondrial cytochrome c oxidase (CcO) catalyzes the reduction of 
O2 to H2O in the final step of aereobic “respiration” [366–368]. The CcO 
comprises two heme iron centers (heme a and heme a3), and two copper 
centers (CuA and CuB); the catalytic center of CcO consists of heme a3, 
CuB, and a tyrosine residue. H2S is generated in mitrochondria, and 
induces the modification of heme and Cu centers, inhibiting the enzyme 
activity reversibly [369–370]. In 1929, Keilin first observed that the 
activity of CcO was reduced by H2S gas [371]. After that, Nicholls and 
others reported that H2S inhibits CcO activity and also acts as a sub-
strate/electron donor depending on H2S concentration (Fig. 11) 
[372–375]. At low concentrations (stoichiometric ratio of CcO:H2S =

1:1), H2S binds and reduces the FeIII-heme a3 center to yield FeII-heme 
a3-•SH intermediate, which further reacts with O2 or another HS−

molecule to release HOOS• or H2S2
•, and FeII-heme a3, suggesting that 

H2S acts as a substrate rather than an inhibitor [375,376]. At moderate 
concentrations (CcO:H2S = 1:2 stoichiometry), H2S also binds and re-
duces the CuIIB center to yield a stable CuIB-SH complex. The FeII-heme 
a3 may also reduce the CuIIB center to yield CuIB-FeIII-heme a3 complex, 
which binds HS− to yield stable HS-CuIB-FeIII-heme-a3 intermediate. It is 
assumed that heme a3-CuB-SH complex undergoes a conformational 
change, which may be unable to bind O2. At higher H2S concentrations 
(CcO:H2S = 1:3 stoichiometry), both CuIB and FeIII-heme a3 strongly 
bind HS− , resulting full inhibition of CcO activity [1]. 

7.2. Heme-proteins 

In sulfide-rich environments, the interaction between sulfide and 
heme-proteins has a relevant role. Sulfide homeostasis, in humans, is 
facilitated by heme proteins, removing sulfide as thiosulfate and sulfate, 
through non-canonical sulfide oxidation pathways [32,356]. Red blood 
cells can synthesize H2S, but cannot discard the toxic H2S through the 
mitochondrial sulfide oxidation pathway due to the lack of mitochon-
dria. Therefore, sulfide can bind to hemeproteins such as hemoglobin 
(Hb) and myoglobin (Mb) [377], undergoing two distinct chemical re-
actions: (1) sulfur atom incorporation in the pyrrole ring of heme, and 
(2) catalytic oxidation of sulfide [378,379]. In 1863, Hoppe-Seyler first 
observed that Hb-O2 can react with H2S to yield green product, sug-
gesting the formation of sulfhemoglobin [380–382]. The sulfhemoglo-
bin derivative is a covalent addition of sulfur to one of the heme pyrrole 
rings [383,384], but sulfide does not occupy the distal site of the heme 
iron. Michel et al. also showed that the analogous compound, sulf-
myoglobin, is generated by the reaction of Mb-O2 with H2S [382,385]. 
The crystal structure of cyanomet-sulfmyoglobin C from horse heart has 
been reported and reveals that sulfur can covalently modify the pyrrole 
ring (Fig. 12 A) [383]. The sulfheme derivative has lower O2 affinity 
[386], and increased levels of sulfhemoglobin cause a rare blood dis-
ease, sulfhemoglobinemia [387,388]. The proposed mechanism of 
sulfhemoglobin formation is that Hb (or Mb) interacts with H2O2 to yield 
ferryl Compound-I, (FeIV––O Por•+) and ferryl Compound-II (FeIV––O 
Por) [389], which may react with H2S to produce the sulfheme deriva-
tive (Fig. 12 B) [390,391]. In addition, the distal His residue plays a key 
role in the formation of sulfheme formation. The intermediate His- 
ferryl-heme interacts with H2S to yield a His-ferryl-heme ternary 

Fig. 11. Effect of different concentration of H2S on CcO function. The figure is 
modified from [1]. 

Fig. 12. (A) Structure of cyanomet-sulfmyoglobin and (B) proposed mechanism 
for the formation of sulfmyoglobin. Structure shown is from horse heart (PDB 
file 1YMC); S and Fe are represented by yellow and red spheres, respectively. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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complex, which triggers the sulfheme formation [377,392]. Therefore, 
the formation of sulfheme at moderate levels and destruction of H2S by 
red blood cells is considered a possible detoxification pathway of H2S in 
humans [393]. 

However, other hemoglobins from other organisms that live in sul-
fide rich environments, such as clam Lucina pectinata, lack a distal His 
and this results in no formation of sulfheme as in human Hb/Mb 
[378,389]. This organism has three peculiar hemoglobins, with HbI 
binding and transporting H2S, while HbII and HbIII are O2 reactive 
proteins [378]. It is noticeable that in the presence of H2O2 and H2S, HbI 
forms ferryl compound without formation of sulfheme [389]. The H2S 
binds at the distal site and reduces heme-FeIII-H2S to heme-FeII-HS•

radical, which can further react with excess HS− or O2 to yield poly-
sulfides or thiosulfate (Fig. 13). The crystal structure of sulfide bound Hb 
in L. pectinata has been reported (Fig. 13). The affinity of Hb1 for sulfide 
is higher compared to human Hb, due to the presence of a glutamine 
(Gln) residue at the distal site, over equivalent histidine (His) [394,395] 
(Fig. 13). L. pectinata HbI transports H2S to symbiotic bacteria, which 
assimilate it and provide the host with a source of organic sulfur. 

The binding of hydrogen sulfide to human Hb and Mb and formation 
of polysulfides or thiosulfate have been also reported, suggesting alter-
native pathways for detoxification of sulfide [365,396]. The crystal 
structure reveals that the sulfide ligand binds to the distal site of the 
heme iron. Interestingly, a second sulfide is located at the protein sur-
face near the Phe/Pro path, and is proposed as an entry/exit channel for 
iron ligands/substrates (Fig. 13) [397]. The Hb-FeIII-SH adduct may 
exchange the electron between Fe and S and exists in equilibrium with 
[FeII-HS•], which can react with another molecule of HS− to yield 
H2S2

•− . Coordinated H2S2
− complex further reacts with HS− and O2 to 

yield the final compound thiosulfate (Fig. 14). 

7.3. Zinc-containing enzymes 

The interactions between H2S and redox inactive Zn-proteins are 
relatively poorly studied compared to hemeproteins [1]. Zn-containing 
proteins, particularly the Zn-finger (ZF) motif, coordinated by His and 
Cys residues, play a key role in eukaryotic cells as transcription factors, 
which regulate gene transcription [398]. For instance, H2S represses 
androgen receptor (AR) transactivation, by modulating the zinc-finger 
site [399]. AR contains two Zn-finger sites, which regulate the AR in 
the recognition of androgen-responsive elements [400], resulting in the 
development of prostate cancer [399]. In all catalytic Zn-sites in pro-
teins, the Zn is coordinated to at least one H2O molecule and three or 
four protein derived amino acid residues, a combination of histidine, 
cysteine, glutamate, and aspartate [401,402]. The Zn-bound H2O 
molecule is a key component for catalysis because it can be either 
ionized (as in carbonic anhydrase) or polarized (as in carboxypeptidase 

A) by a base, or displaced by the substrate (as in alkaline phosphatase) 
[403,404]. In a similar way to the direct interaction with heme iron in 
heme-proteins, H2S can also bind directly to the Zn-site by replacing the 
Zn-bound H2O molecule, inhibiting the enzyme activity, as is observed 
in the angiotensin-converting enzyme [405]. Furthermore, H2S may also 
interact with thiols in proteins to yield perthiols [406]. The thiol-to- 
perthiol conversion can significantly change the enzyme’s function, as 
illustrated by the post-translational modification of the androgen re-
ceptor active site cysteine residue (Zn-Cys) upon S-sulfhydration by H2S 
[407]. One proposed mechanism suggests that H2S does not directly 
coordinate to the Zn center but facilitates S-sulfhydration at the Zn-Cys 
site in the Zn-finger [399,408]. Although Zn is redox inactive, it is 
thought to facilitate the S-sulfhydration by lowering the redox potential 
of Cys. In addition, phosphodiesterase 5 is a ZnII-enzyme, which is 
inhibited by nanomolar concentrations of H2S [409]. So, ZnII-enzymes 
play a catalytic role in biology and might be inhibited by H2S, such as 
angiotensin converting enzyme (ACE), carbonic anhydrase, and matrix 
protein [410,411]. It has been recently reported that H2S may halt 
SARS-CoV-2 entry into the host cells by interfering with angiotensin 
converting enzyme 2 (ACE2) [412]. H2S also regulates the function of 
metallothioneins (MTs), which are Cys-rich proteins that bind the ZnII 

ion and detoxify heavy metals [413]. It has been noticed that H2S in-
hibits CdII mediated toxicity by stabilizing the Zn-MT-1 isoform [414]. 
Zn-proteins may also transport H2S. Indeed, a sulfide-adapted organism, 
tubeworm Riftia pachyptila, lives in a symbiotic relationship with sulfide- 
oxidizing bacteria, which use a uncommon ZnII-containing hemoglobin 
to capture and transport H2S through the bloodstream [415,416]. 

8. Summary and outlook 

Sulfur has been shown to be a versatile ligand towards transition 
metals. The wide range of coordination modes leads to different archi-
tectures from mononuclear to polynuclear (homo and hetero) met-
al‑sulfur clusters due to the variety of binding modes, including terminal 
μ2-S, μ3-S and μ4-S. In addition, the different protonation and redox 
states that can be attained increase the dimension of possibilities. In a 
biological medium, the traditional insoluble metal sulfides are incor-
porated in a quasi-spontaneous self-assembly process, and both simple 
and complex clusters, invoking sulfur and metals, are organized. The 
chemistry is so fascinating that an assembly of simple and complex 
clusters can be obtain in vivo and in vitro, and the structures are so 
versatile that rearrangements and interconversions (addition and 
removal of metals) can occur to yield an extraordinary insight for cluster 
assembly and a meaning for the biological roles where they are engaged. 
The aim of this mini review is to highlight the description of structures 
containing sulfur and transition metals that have been described in the 
literature. Emphasis is given to the variety of clusters that can occur, and 
the role of sulfur in catalysis. Sulfur is far from being an “innocent 
ligand”, and it actively participates in atom transfer and as a regulator/ 
inhibitor of biochemical processes that may occur in high concentrations 
of H2S. 

Fig. 13. Structure of sulfide adduct of (A) human myoglobin and (B) Lucina 
pectinata hemoglobin I. Structures shown are from PDB files 5UCU and 1MOH, 
respectively; S and Fe are represented by yellow and red spheres, respectively. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 14. Proposed mechanism for the conversion of H2S to thiosulfate and 
heme iron-bound polysulfides by Hb. This is modified from [365]. 
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[30] E. Cuevasanta, M.N. Möller, B. Alvarez, Biological chemistry of hydrogen sulfide 
and persulfides, Arch. Biochem. Biophys. 617 (2017) 9–25. 

[31] M.N. Hughes, M.N. Centelles, K.P. Moore, Making and working with hydrogen 
sulfide: the chemistry and generation of hydrogen sulfide in vitro and its 
measurement in vivo: a review, free Radic, Biol. Med. 47 (2009) 1346–1353. 

[32] Q. Li, J.R. Lancaster Jr., Chemical foundations of hydrogen sulfide biology, Nitric 
Oxide 35 (2013) 21–34. 

[33] W.H. Koppenol, P.L. Bounds, Signaling by sulfur-containing molecules. 
Quantitative aspects, Arch. Biochem. Biophys. 617 (2017) 3–8. 

[34] J. Rost, S. Rapoport, Reduction-potential of glutathione, Nature 201 (1964) 185. 
[35] D. Voet, J.G. Voet, Introduction to metabolism, in: D. Harris, P. Fitzgerald (Eds.), 

Biochemistry, John Wiley & Sons, Inc, Hoboken, NJ, 2004, p. 573. 
[36] T.V. Mishanina, M. Libiad, R. Banerjee, Biogenesis of reactive sulfur species for 

signaling by hydrogen sulfide oxidation pathways, Nat. Chem. Biol. 11 (2015) 
457–464. 

[37] T.N. Das, R.E. Huie, P. Neta, S. Padmaja, Reduction potential of the sulfhydryl 
radical: pulse radiolysis and laser flash photolysis studies of the formation and 
reactions of •SH and HSSH•- in aqueous solutions, J. Phys. Chem. A 103 (1999) 
5221–5226. 

[38] J.M. Fukuto, S.J. Carrington, D.J. Tantillo, J.G. Harrison, L.J. Ignarro, B. 
A. Freeman, A. Chen, D.A. Wink, Small molecule signaling agents: the integrated 
chemistry and biochemistry of nitrogen oxides, oxides of carbon, dioxygen, 
hydrogen sulfide, and their derived species, Chem. Res. Toxicol. 25 (2012) 
769–793. 

[39] S.W. Benson, Thermochemistry and kinetics of sulfur-containing molecules and 
radicals, Chem. Rev. 78 (1978) 23–35. 

[40] D.C. Dittmer, Hydrogen Sulfide, Encyclopedia of Reagents for Organic Synthesis, 
Wiley, New York, 2010. 

[41] A.K. SenGupta, Ion Exchange in Environmental Processes: Fundamentals, 
Applications and Sustainable Technology, John Wiley & Sons, Inc, New Jersey, 
USA, 2017. 

[42] S.C. Lee, W. Lo, R.H. Holm, Developments in the biomimetic chemistry of cubane- 
type and higher nuclearity iron–sulfur clusters, Chem. Rev. 114 (2014) 
3579–3600. 

[43] I. Moura, J.J.G. Moura, E. Munck, V. Papaefthymiou, J. LeGall, Evidence for the 
formation of a cobalt-iron-sulfur (CoFe3S4) cluster in Desulfovibrio gigas 
ferredoxin II, J. Am. Chem. Soc. 108 (1986) 349–351. 

[44] W.R. Hagen, Tungsten-containing enzymes, in: R. Hille, C. Schulzke, M.L. Kirk 
(Eds.), Molybdenum and Tungsten Enzymes: Biochemistry, RSC Metallobiology 
Series No. 5 vol. Chap 10, The Royal Society of Chemistry, Cambridge, 2017, 
pp. 313–342. 

[45] R. Hille, The mononuclear molybdenum enzymes, Chem. Rev. 96 (1996) 
2757–2816. 

[46] T. Nishino, K. Okamoto, S. Leimkuhler, Enzymes of the xanthine oxidase family, 
in: R. Hille, C. Schulzke, M.L. Kirk (Eds.), Molybdenum and Tungsten Enzymes: 
Biochemistry, RSC Metallobiology Series No. 5 vol. Chap 6, The Royal Society of 
Chemistry, Cambridge, 2017, pp. 192–239. 

[47] S. Grimaldi, B. Schoepp-Cothenet, P. Ceccaldi, B. Guigliarelli, A. Magalon, The 
prokaryotic Mo/W-bisPGD enzymes family: a catalytic workhorse in bioenergetic, 
Biochim. Biophys. Acta 1827 (2013) 1048–1085. 

[48] A. Magalon, P. Ceccaldi, B. Schoepp-Cothenet, The prokaryotic Mo/W-bisPGD 
enzymes family, in: R. Hille, C. Schulzke, M.L. Kirk (Eds.), Molybdenum and 
Tungsten Enzymes: Biochemistry, RSC Metallobiology Series No. 5 vol. Chap 5, 
The Royal Society of Chemistry, Cambridge, 2017, pp. 143–191. 

[49] T. Hartmann, N. Schwanhold, S. Leimkühler, Assembly and catalysis of 
molybdenum or tungsten-containing formate dehydrogenases from bacteria, 
Biochim. Biophys. Acta 2015 (1854) 1090–1100. 

[50] L.B. Maia, I. Moura, J.J.G. Moura, Molybdenum and tungsten-containing formate 
dehydrogenases: aiming to inspire a catalyst for carbon dioxide utilization, Inorg. 
Chim. Acta 455 (2017) 350–363. 

[51] D. Niks, R. Hille, Reductive activation of CO2 by formate dehydrogenases, 
Methods Enzymol. 613 (2018) 277–295. 

[52] M.G. Rivas, M.S.P. Carepo, C.S. Mota, M. Korbas, M.-C. Durand, A.T. Lopes, C. 
D. Brondino, A.S. Pereira, G.N. George, A. Dolla, J.J.G. Moura, I. Moura, 
Molybdenum induces the expression of a protein containing a new heterometallic 
Mo-Fe cluster in Desulfovibrio alaskensis, Biochemistry 48 (2009) 873–882. 

B.K. Maiti et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0005
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0005
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0010
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0010
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0010
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0015
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0015
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0020
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0025
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0025
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0030
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0030
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0030
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0035
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0035
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0035
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0040
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0040
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0040
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0045
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0045
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0050
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0050
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0050
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0055
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0055
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0060
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0060
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0060
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0065
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0065
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0065
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0070
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0070
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0075
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0075
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0075
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0075
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0080
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0080
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0080
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0080
https://doi.org/10.1007/s00775-021-01878-4
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0090
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0090
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0090
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0095
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0095
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0095
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0100
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0100
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0100
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0105
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0105
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0105
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0105
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0110
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0110
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0115
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0115
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0115
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0120
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0120
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0120
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0125
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0125
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0130
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0130
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0130
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0135
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0135
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0135
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0140
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0140
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0140
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0140
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0140
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0140
https://doi.org/10.1111/febs.16062
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0150
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0150
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0155
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0155
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0155
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0160
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0160
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0165
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0165
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0170
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0175
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0175
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0180
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0180
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0180
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0185
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0185
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0185
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0185
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0190
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0190
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0190
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0190
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0190
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0195
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0195
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0200
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0200
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0205
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0205
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0205
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0210
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0210
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0210
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0215
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0215
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0215
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0220
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0220
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0220
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0220
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0225
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0225
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0230
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0230
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0230
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0230
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0235
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0235
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0235
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0240
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0240
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0240
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0240
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0245
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0245
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0245
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0250
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0250
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0250
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0255
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0255
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0260
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0260
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0260
http://refhub.elsevier.com/S0162-0134(21)00334-2/rf0260


Journal of Inorganic Biochemistry 227 (2022) 111687

13

[53] P. Zanello, The competition between chemistry and biology in assembling 
iron–sulfur derivatives. Molecular structures and electrochemistry. Part III. 
{[Fe2S2](Cys)3(X)} (X = asp, Arg, his) and {[Fe2S2](Cys)2(his)2} proteins, 
Coord. Chem. Rev. 306 (2016) 420–442. 

[54] J.N. Butt, S.E.J. Fawcett, J. Breton, A.J. Thomson, F.A. Armstrong, 
Electrochemical potential and pH dependences of [3Fe-4S] ↔ [M3Fe-4S] cluster 
transformations (M = Fe, Zn, co, and cd) in ferredoxin III from desulfovibrio 
africanus and detection of a cluster with M = Pb, J. Am. Chem. Soc. 119 (1997) 
9729–9737. 

[55] R.C. Conover, J.B. Park, M.W.W. Adams, M.K. Johnson, Formation and properties 
of an iron-nickel sulfide (NiFe3S4) cluster in Pyrococcus furiosus ferredoxin, 
J. Am. Chem. Soc. 112 (1990) 4562–4564. 

[56] K.K. Surerus, E. Munck, I. Moura, J.J.G. Moura, J. LeGall, Evidence for the 
formation of a ZnFe3S4 cluster in Desulfovibrio gigas ferredoxin II, J. Am. Chem. 
Soc. 109 (1987) 3805–3807. 

[57] K. Brown, K. Djinovic-Carugo, T. Haltia, I. Cabrito, M. Saraste, J.J. Moura, 
I. Moura, M. Tegoni, C. Cambillau, Revisiting the catalytic CuZ cluster of nitrous 
oxide (N2O) reductase, J. Biol. Chem. 275 (2000) 41133–41136. 

[58] P. Hanzelmann, H. Dobbek, L. Gremer, R. Huber, O. Meyer, The effect of 
intracellular molybdenum in Hydrogenophaga pseudoflava on the 
crystallographic structure of the seleno-molybdo-iron-sulfur flavoenzyme carbon 
monoxide dehydrogenase, J. Mol. Biol. 301 (2000) 1221–1235. 

[59] H. Dobbek, L. Gremer, R. Kiefersauer, R. Huber, O. Meyer, Catalysis at a dinuclear 
[CuSMo(==O)OH] cluster in a CO dehydrogenase resolved at 1.1-a resolution, 
Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 15971–15976. 

[60] M. Shanmugam, J. Wilcoxen, D. Habel-Rodriguez, G.E. Cutsail 3rd, M.L. Kirk, B. 
M. Hoffman, R. Hille, (13)C and (63,65)cu ENDOR studies of CO dehydrogenase 
from Oligotropha carboxidovorans. Experimental evidence in support of a 
copper-carbonyl intermediate, J. Am. Chem. Soc. 135 (2013) 17775–17782. 

[61] R. Hille, S. Dingwall, J. Wilcoxen, The aerobic CO dehydrogenase from 
Oligotropha carboxidovorans, J. Biol. Inorg. Chem. 20 (2015) 243–251. 

[62] M. Resch, H. Dobbek, O. Meyer, Structural and functional reconstruction in situ of 
the [CuSMoO2] active site of carbon monoxide dehydrogenase from the carbon 
monoxide oxidizing eubacterium Oligotropha carboxidovorans, J. Biol. Inorg. 
Chem. 10 (2005) 518–528. 

[63] B.W. Stein, M.L. Kirk, Orbital contributions to CO oxidation in Mo-cu carbon 
monoxide dehydrogenase, Chem. Commun. 50 (2014) 1104–1106. 

[64] B.K. Maiti, J.J.G. Moura, Diverse biological roles of the tetrathiomolybdate anion, 
Coord. Chem. Rev. 429 (2021), 213635. 

[65] D. Sippel, M. Rohde, J. Netzer, C. Trncik, J. Gies, K. Grunau, I. Djurdjevic, 
L. Decamps, S.L.A. Andrade, O. Einsle, A bound reaction intermediate sheds light 
on the mechanism of nitrogenase, Science 359 (2018) 1484–1489. 

[66] H. Dobbek, V. Svetlitchnyi, L. Gremer, R. Huber, O. Meyer, Crystal structure of a 
carbon monoxide dehydrogenase reveals a [Ni-4Fe-5S] cluster, Science 293 
(2001) 1281–1285. 

[67] B. Srour, S. Gervason, B. Monfort, B. D’Autréaux, Mechanism of iron–sulfur 
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Ballester, J. López-Garriga, Structural determinants for the formation of 
sulfhemeprotein complexes, Biochem. Biophys. Res. Commun. 400 (2010) 
489–492. 

[393] B.L. Predmore, D.J. Lefer, G. Gojon, Hydrogen sulfide in biochemistry and 
medicine, Antioxid. Redox Signal. 17 (2012) 119–140. 
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