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Reactive sulfur species (RSS) entail a diverse family of sulfur derivatives that have emerged as important effector
molecules in HyS-mediated biological events. RSS (including H»S) can exert their biological roles via widespread
interactions with metalloproteins. Metalloproteins are essential components along the metabolic route of oxygen
in the body, from the transport and storage of Oy, through cellular respiration, to the maintenance of redox
homeostasis by elimination of reactive oxygen species (ROS). Moreover, heme peroxidases contribute to immune
defense by killing pathogens using oxygen-derived HyO3 as a precursor for stronger oxidants. Coordination and
redox reactions with metal centers are primary means of RSS to alter fundamental cellular functions. In addition
to RSS-mediated metalloprotein functions, the reduction of high-valent metal centers by RSS results in radical
formation and opens the way for subsequent per- and polysulfide formation, which may have implications in
cellular protection against oxidative stress and in redox signaling. Furthermore, recent findings pointed out the
potential role of RSS as substrates for mitochondrial energy production and their cytoprotective capacity, with
the involvement of metalloproteins. The current review summarizes the interactions of RSS with protein metal
centers and their biological implications with special emphasis on mechanistic aspects, sulfide-mediated
signaling, and pathophysiological consequences. A deeper understanding of the biological actions of reactive
sulfur species on a molecular level is primordial in HyS-related drug development and the advancement of redox
medicine.

1. Introduction significance of HyS, in order to exploit its beneficial properties in ther-

apeutic interventions. Still, to date many questions remain unanswered

In the last two decades, hydrogen sulfide (HS) has been designated
as the third gaseous signaling molecule along with nitric oxide (*NO)
and carbon monoxide (CO) [1]. Ever since the discovery of its neuro-
modulatory effect [2], vast research marks its way from toxic gas to
endogenously produced biomolecule with multifaceted roles in health
and disease [3-5]. HaS has been associated with a variety of patho-
physiological conditions, including cardiovascular diseases [6],
inflammation [7], metabolic disorders such as diabetes or obesity [8,9],
as well as the initiation and progression of cancer [10]. Increasing efforts
have been invested into the detailed understanding of the biomedical
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regarding the molecular mechanisms governing H,S biology.

Most notably, due to the intimate equilibrium network that exists in
vivo among a diverse array of biological reactive sulfur species (RSS), it
is still not clear whether H»S is the actual effector species in most of its
reported (patho)physiological properties. This anomaly is due to the fact
that quantitative measurements of HaS and other sulfur species rely on
irreversible chemical derivatization, which can alter the dynamic
equilibrium network and thereby the speciation of RSS in biological
systems [11,12]. Early observations on these grounds introduced the
concept of biological sulfide pools, which were proposed to buffer the in
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vivo concentrations of HyS [13]. However, in many investigated bio-
logical systems it is still not clear whether sulfide-binding biomolecules
(RSS, e.g. persulfides) or sulfide itself is responsible for the observed
effects.

Interpretation of sulfide-mediated biological processes may be aided
by a brief overview of the biochemical properties of hydrogen sulfide.
More detailed characterization of the presented features is available in
previous literature [13]. Sulfide bioavailability relies on its fine-tuned
metabolic pathways and the dynamic interconversion equilibria of
RSS within the above-mentioned biological sulfide pool. Biogenesis of
H,S in the human body occurs via the non-canonical actions of two
transsulfuration enzymes, cystathionine p-synthase (CBS) and cys-
tathionine y-lyase (CSE). Furthermore, the consecutive work of aspar-
tate/cysteine aminotransferase (AAT/CAT) and 3-mercaptopyruvate
sulfurtransferase (3-MST) contribute to H)S generation via a
protein-cysteine persulfide intermediate species [14,15]. In addition,
sulfide is also produced by the reduction of different cysteine persulfide
species governed by the thioredoxin and glutathione systems [16,17].
The amino acid cysteine persulfide can be directly produced by CARS2
using cysteine or CBS and CSE using cystine (the disulfide) as substrates
and the persulfide moiety can be transferred on other thiols via trans-
persulfidation reactions [18,19]. Canonical sulfide catabolism takes
place in the mitochondria through the so-called sulfide oxidation
pathway. The oxidation of sulfide is mediated by an enzymatic system
including sulfide:quinone oxidoreductase (SQR), sulfite oxidase (SUOX),
persulfide dioxygenase (PDO) also known as ethylmalonic encephalop-
athy protein 1 (ETHE1), and thiosulfate sulfurtransferase (TST). Ulti-
mately, sulfide is excreted from the cells in the forms of sulfite, sulfate,
and thiosulfate [14,15,20,21]. As mentioned above, the bioavailability
of sulfide is not limited to its endogenous production and catabolism. In
fact, less than 1% of the total available sulfide is present as free sulfide in
the human body and the majority is stored in biomolecule-sulfide ad-
ducts or sulfide pools with large buffer capacities [22]. Nevertheless,
sulfide levels may be modulated exogenously by the introduction of
slow-releasing sulfide donor molecules [23].

As a bivalent Brgnsted acid, HpS may undergo two subsequent
deprotonation steps (egs. (1) and (2)), and the speciation between
hydrogen sulfide (H,S), hydrosulfide ion (HS™), and sulfide ion (Sz’) is
mainly governed by the pH of the environment and Le Chatelier’s rule of
dynamic equilibria.

H,S=HS™ +H" pK,, (37°C) = 6.8 )

HS =S> +H' pK,(37°C) < 14 (2
Hereinafter, the term "sulfide" refers to each protonation forms collec-
tively. Under physiological conditions (pH = 7.4, T = 37 °C), the
dominant form is hydrosulfide anion (HS™), acting as a ligand or redox
partner, depending on the reaction context.

Sulfide contains S(-II), the most reduced form of sulfur atom, which
may be oxidized all the way to sulfate (S(VD)), through a cascade of
enzymatic redox reactions in the body [24]. Sulfur is involved in one-
and two-electron redox reactions, via the formation of a multitude of
radical-type and closed shell intermediates [25].

Reactive sulfur species (RSS) is an umbrella term analogous to Reac-
tive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS),
showing the emerging significance of HS and its oxidized derivatives as
signaling molecules [26]. Primary representatives are the so-called
per/polysulfides (RSS,H), where n > 1 and the R group may denote
protein cysteine side chains or low molecular weight thiols such as
cysteine (Cys-SH) and glutathione (GSH). Protein per/polysulfidation is
now recognized as an important posttranslational modification of
cysteine residues, due to its relative abundance and described regulatory
function on enzymatic activities [16,18,27-29]. A common, yet not an
exclusive characteristic of RSS is the presence of sulfane sulfur (S(0)),
often responsible for increased reactivity [13,27]. While thiols/thiolates
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are generally assessed as nucleophiles, per/polysulfides show electro-
philic and nucleophilic traits depending on their reaction partners.
Persulfide groups have lower pK, than thiols, due to the alpha-effect,
making them more susceptible towards oxidation, alkylation, or other
electrophilic agents (such as metals) [30]. Thiols and sulfane
sulfur-containing species alike are prone to oxidation from S(-II) (thiols
or sulfides) to S(VI) (sulfate), the ultimate oxidation product. A number
of sulfuroxy (SxOy~) species are generated during these steps, each
belonging to the family of reactive sulfur species with their own distinct
functions and signaling potential. Sulfite (SO%7), for example, is a toxic
by-product of sulfide oxidation [31] and thiosulfate (SgO%’) is respon-
sible for cyanide detoxification, as substrate of the enzyme rhodanese or
thiosulfate sulfurtransferase [32]. These versatile redox and acid-base
characteristics substantially contribute to the importance of various
RSS in regulation and signaling and allow HsS to exert its biological
functions. To our current knowledge, two main platforms of sulfide
biology are persulfide formation on protein cysteine residues [27-29,
33-36] and the intricate cross-talk with NO signaling [26,37,38]. These
phenomena represent the bases of increasingly growing individual
research fields on their own, discussed extensively in recent literature.

The third important area where sulfide exhibits its biological effects
is via extensive interactions with metalloproteins [27,39,40]. Metal-
loproteins require one or more metal ions for the development of their
proper structure and functionality, and they account for 30-40% of the
human proteome [41,42]. Metal ions are ubiquitous in the human body
and play a vital role in normal physiology. They are involved in the
construction and operation of macromolecules, enzymes, organelles,
and tissues; maintenance of cellular homeostasis, cellular respiration,
metabolism, regulation, signaling, and immune mechanisms. In fact, an
individual research field called metallomics entails the study of metal
ions in biological systems, creating an interface between inorganic
chemistry and life sciences [43,44]. Metallomics utilizes the methods of
proteomics and bioinformatics in order to organize and describe the
large number of metalloproteins in living organisms [45]. 20 elements
are considered essential for humans, of which 10 are metals (Table 1). It
is noteworthy that essentiality is still a matter of debate in certain cases,
such as chromium or vanadium [46,47].

Metalloproteins perform a wide array of functions from oxygen
transport to immune defense, nucleic acid synthesis, or counteracting
oxidative stress. Table 2 shows a possible classification of trace metals
and related metalloproteins by their main function. Overlaps may occur
between the listed groups, i.e. multimetal enzymes like Cu/ZnSODs,
which contain active site and stabilizing metals as well. Also noted that
electron transport proteins are not fully independent of redox catalysts,
although their main function is the easy uptake and donation of
electrons.

Transition metal centers of borderline acid character according to
the hard and soft acids and bases principle (Fe(Il), Cu(Il), Zn(IL))
constitute the primary sites of sulfide-metal biochemistry via complex
formation and/or electron transfer reactions [39,40,55]. It is note-
worthy that due to the ease of sulfur — metal reactions, reactive sulfur
species alleviate heavy metal toxicity, as reported for methylmercury or
cadmium, among others [56,57]. Metal ions with variable oxidation
states play essential roles in oxygen-based life (Table 2), from the
transport and storage of oxygen, to the deep involvement of iron and
copper proteins in the mitochondrial electron transport chain as well as
the detoxification of reactive oxygen species. Furthermore, iron ions are
primordial for the immune system, as centers of heme peroxidases.
Sulfide and other reactive sulfur species may influence these funda-
mental events by altering the microenvironment of the metal center. A
detailed understanding of such interactions may shed further light on
the biological role of endogenous HyS. The present review is aimed to
give an overview of the current knowledge on the interactions of reac-
tive sulfur species with a selection of metalloproteins, with special
emphasis on mechanistic aspects of metalloprotein-related sulfide
signaling and pathophysiological implications.
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Table 1
Essential metal elements in humans [46,47].
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Metal  Mass” Main functions Deficiency symptoms
macro- Ca 1.7 kg bone and dental structure; enzyme cofactor; signal transduction anomalous skeletal growth
minerals K 140 g fluid homeostasis; electrolyte components; blood pressure regulation; nerve signaling [48] various (weakness, arrhythmia,
confusion, etc.)
Na 100 g various (nausea, seizures, muscle
cramps, etc.)
Mg 30g bone structure; enzyme cofactor — protein and nucleic acid synthesis; ATP hydrolysis; nerve muscle spasms
activity in muscles [49]
Fe 5¢g electron transfer; O, transport and storage; sulfur storage (iron-sulfur clusters, ISCs) anemia, immune disorders, chronic
fatigue
Zn 2g acid-base catalysis; structural (zinc fingers); antioxidant (superoxide dismutase 1, SOD1) [50] growth and immune disorders, skin
damage
trace Cu 100 electron transfer; antioxidant (superoxide dismutase 1, SOD1) muscle weakness, hair loss, liver disease
elements mg
Mn 16 mg mitochondrial superoxide dismutase 2 (SOD2) [51] infertility, skeletal growth disorders
Mo 5 mg Moco enzyme cofactor [52] MoCD is lethal at early age
Co 2mg B2 — methyl transfer [53] anemia
@ Average amounts in a reference person of 70 kg are indicated.
Table 2 a ~S=Cys c

Classification of trace metal and metalloprotein functions [54].

Function Metal Representative proteins
Transport and storage of Fe hemoglobin (Hb), myoglobin (Mb),
small molecules (mainly (heme) hemerythrin (marine worms),
0,) Fe (non- hemocyanin (molluscs, crustaceans,
heme) spiders)
Cu

Catalysis — Metalloenzymes

a) redox catalysis, electron Fe(I)/Fe catalase (CAT), superoxide dismutase
transfer (1) (SOD1), cytochrome c oxidase (CcO),
Cu(l)/Cu heme peroxidases: myeloperoxidase
(ID (MPO), lactoperoxidase (LPO),
(Mn, Co, eosinophil peroxidase (EPO), thyroid
Mo) peroxidase (TPO)
b) acid-base catalysis, Zn (Ca, carbonic anhydrase (CA),
hydrolytic reactions Mg, Mn) carboxypeptidase A (CPA)

Conformational stabilization of macromolecules
a) metalloenzymes, metal is Zn alcohol dehydrogenase (ADH5), (1 Zn
not in the active site at the active site and 1 structural),
superoxide dismutase (SOD1), prolyl
hydroxylase (PHD)

b) structural Zn zinc finger proteins
Transport and storage of trace ~ Fe ferritin, transferrin ceruloplasmin,
elements Cu metallothionein, respective transport

proteins of trace elements
Electron carriers

a) cytochromes Fe cytochrome c, cytochrome P450
(heme) (CYPs)

b) iron-sulfur clusters (ISCs) Fe (non- Ferredoxins, high potential iron-
heme) sulfur proteins (HiPIP)

¢) blue copper proteins Cu tyrosinase (human), hemocyanin (see

O, transport)

2. Sulfide storage - iron-sulfur clusters

Iron-sulfur clusters (ISCs) constitute a major group of non-heme iron
protein cofactors, abundant in all domains of life (archaea, bacteria, and
eukaryota) [58,59]. The prevalence of iron-sulfur clusters across various
life-forms implies their evolutionary involvement, and possibly their
role in adaptation to early sulfur-rich environments [60,61]. Proteins
containing ISCs are commonly called iron-sulfur proteins. Iron-sulfur
clusters are multi-metal Fe(II)/Fe(Ill) structures linked by sulfide
bridges in distorted tetrahedral or cubic arrangements, generally coor-
dinated to the protein backbone by cysteine ligands (Fig. 1a—c). Coor-
dinating amino acid ligands might entail aspartic acid (Asp), histidine
(His), serine (Ser), or amide-N besides Cys-SH [62]. The most frequent
stoichiometries are [2Fe-2S] (Fig. 1b) and [4Fe-4S] (Fig. 1¢) ratios [63],
although more complex arrangements occur, as well as single-iron
centers can directly bind to four cysteines (called rubredoxins; Fig. 1a)

Cys=S ~

7 K] S—Cys
Cys=$ N, :
—L S

S=Cys
Rubredoxin v
s @
. |
i
Cys S/}(' s ; &s Cys .l e
@ __®. @—G " o
7 N ' \S— ovs || €5 — s
Cys=S§ L

[2Fe-25] [4Fe-4S]

Fig. 1. Iron-sulfur clusters (ISCs) with different stoichiometries: a) rubredoxin;
b) [2Fe-2S] cluster; c) [4Fe-4S] cluster.

[64].

Iron-sulfur clusters have versatile biological functions, thoroughly
discussed previously [62-67]. Their primary function is electron trans-
fer, due to the variable oxidation state of the iron centers. Fe-S proteins
mediating electron transfer events are named ferredoxins. They usually
facilitate one-electron reactions, although two-electron transfer may be
realized by complex structures ([8Fe-7S]) found in bacterial nitrogenase
enzymes [62]. Other functions of Fe-S proteins entail Lewis acid-base
catalysis (citrate-isocitrate isomerization by aconitase in the tricarbox-
ylic acid cycle - TAC), regulation of iron metabolism by cytosolic aco-
nitase or otherwise called iron-responsive element binding protein
(IRP1), radical generation (the radical S-adenosyl methionine (SAM)
superfamily with diverse functions) [68], metal delivery for cofactor
synthesis [69], DNA repair, and many more. The mitochondrial electron
transport chain in humans heavily relies on ISCs. Complexes I-III contain
a number of Fe-S clusters contributing to the electron flow to cyto-
chrome c, and ultimately to molecular oxygen [65].

Iron-sulfur clusters play an integral part in sulfur biochemistry from
multiple points of view. They constitute a main fraction of the so-called
acid-labile sulfide pool [13,70]. Several large buffer systems mediate
circulating sulfide levels in a context-dependent manner, as discussed
above [22,27]. Acidification releases a large amount of sulfide from
iron-sulfur clusters, causing substantial overestimation of biological
sulfide levels in methods performed under acidic conditions, like the
methylene blue method [13,70]. Shen et al. showed that the acid-labile
sulfide content of human plasma lies in the low-micromolar range,
exceeding both free and sulfane sulfur-bound pools [70]. Measurements
from a variety of tissue samples and blood also suggested that sulfide
concentrations retained in the acid labile pool are much higher
compared to free sulfide levels [71]. It was reported that sulfide in ISCs
is mobilized below pH 5.4, raising questions regarding the physiological
relevance of the acid-labile pool [72]. However, it cannot be excluded
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that transient local pH drops might cause disruption of Fe-S clusters and
subsequent sulfide release, under uncommon circumstances. It should
be noted here that all the referred reports related to the acid-labile
sulfide levels used conceptionally different methods for HoS measure-
ments. To date, adequate determination of biological sulfide levels is
still a major challenge for the field.

Despite tremendous efforts to reconstitute the generation and
maturation of iron-sulfur clusters, the exact physiological mechanism is
still under scrutiny [59,67,73]. Nevertheless, it is well known that sulfur
transfer is a fundamental element for the de novo synthesis of iron-sulfur
clusters. In humans, the primary compartments of ISC formation are the
mitochondria, although dedicated assembly machineries operate in the
cytosol and Fe-S proteins occur in the nucleus as well [59,67]. The early
stage of mitochondrial ISC assembly includes similar events between
mammalian cells and bacteria [59,62,63,66,67]. The source of sulfur is
L-cysteine, converted to alanine (Ala) by a pyridoxal
phosphate-dependent cysteine desulfurase, creating a persulfide inter-
mediate on the enzyme [74]. This persulfide equivalent is then trans-
ferred to a scaffold protein, where the actual cluster formation takes
place from iron and sulfide. The release of sulfide (S?7) from the sulfane
sulfur (S°) containing persulfide moiety requires a reduction step and a
suitable electron donor. Iron delivery is a matter of debate, so far it is
likely that locally available free ferrous (Fe(II)) ions are used since no
dedicated donor protein was identified [59]. Frataxin (FXN) was
considered as an iron donor protein [66,75], however, this activity was
questioned and it has been shown that FXN rather has a rate enhance-
ment role in cluster biogenesis (see below) [73,76]. On the scaffold
protein, simpler [2Fe-2S] structures are assembled, which are trans-
ported from the mitochondria if necessary and delivered to target apo-
proteins by dedicated chaperones creating the Fe-S holoproteins or
undergo further maturation to generate [4Fe-4S] and more complex
clusters [63].

Faulty or disrupted ISC assembly is related to a number of mito-
chondrial diseases [59,67,77], often linked to iron accumulation or
increased sensitivity to oxidative stress. A characteristic example is
Friedrich’s ataxia (FRDA), an autosomal-recessive hereditary disorder,
which is associated with decreased expression of frataxin [77]. FRDA
symptoms include walking and speech impairment, heart conditions,
diabetes, and difficulties with eyesight or hearing. It is the most common
genetic ataxia, with a 1:50,000 occurrence [77,78]. No treatment is
currently available, therefore a detailed understanding of the functional
role of frataxin is primordial for future therapeutic developments.
Initially, it was postulated that FXN acts as an iron storage and delivery
protein in ISC assembly, however, more recent data revealed that it is
rather involved in sulfur transfer towards the scaffold protein and in-
creases sulfide production [73]. In humans, the general scheme
described above is represented by the NFS1/ISD11/ACP-ISCU (cysteine
desulfurase/iron-sulfur cluster assembly protein/acyl carrier pro-
tein—iron-sulfur cluster assembly enzyme assembly), shortly the NIU
complex. In the NIU complex NFS1 acts as cysteine desulfurase, ISD11,
and ACP are regulatory factors of the latter, while ISCU is the scaffold
protein where the initial assembly takes place [59,73]. Parent et al. used
a custom-developed mobility shift-based assay to reveal that FXN co-
ordinates to the NIU complex and accelerates sulfane sulfur transfer
from NFS1 to ISCU in a direct step and to low molecular weight thiols
like dithiothreitol (DTT), cysteine, and glutathione. They concluded that
the rate-limiting step of the system is the sulfide release from
NFS1-persulfide. It appeared that ISCU-SSH did not contribute to sulfide
production by physiological reductants like Cys-SH or GSH, therefore it
was postulated that a dedicated reductase system should be operative to
release sulfide for cluster production and that the sulfane sulfur transfer
to biological thiols might serve an alternative purpose, i.e. contribution
to cellular sulfur trafficking [76]. The same group later revealed that the
binding of zinc (Zn2+) ion to ISCU hindered iron binding in earlier
reconstitution attempts in vitro and reshuffled persulfide reduction to
NFS1-SSH. The replacement of zinc with iron better approximated
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physiological conditions and allowed ISCU persulfide reduction by
ferredoxin 2 (FDX2), an iron-sulfur protein itself, where the electron
donors are the coupled ferredoxin reductase (FDXR) and NADPH [73].
This report further corroborated that the role of FXN is the rate
enhancement of sulfur transfer from NFS1 to ISCU. The iron vs. zinc
mediated assemblies and the respective roles of frataxin are compara-
tively illustrated in [73].

It has been suggested that frataxin plays a role in the coping mech-
anisms against oxidative stress. A Drosophila model overexpressing fra-
taxin was found to exhibit elevated antioxidant protection and life
expectancy [79]. The above-described sulfur transfer promoting ca-
pacity of FXN might contribute to this protective effect by stimulation of
sulfur trafficking in the cells, and the increased generation of Cys-SSH,
GSSH, and HsS. These species are closely related to protein persulfida-
tion by dynamic equilibria and recent discoveries strongly support the
cytoprotective effects of low molecular weight and protein-bound per-
sulfides [18,30,80-82]. On the other hand, iron-sulfur clusters are
themselves extremely vulnerable to oxidative stress, iron accumulation
and elevated Fenton-type ROS production are often linked to oxidative
damage [66,83]. Typical intracellular antioxidant systems such as
glutathione and glutaredoxins are involved in the delivery and later
assembly of Fe-S clusters [83]. Therefore, it can be concluded that an
intricate balance connects the dedicated redox systems of the cells with
iron and sulfur homeostasis and the detailed characterization of the
underlying molecular mechanisms may allow their modulation, thus
getting us closer to more efficient treatments of redox diseases, perhaps
even cancer therapies [66,77,83,84].

3. Sulfide interactions with heme proteins

Growing evidence support that ligation and redox interactions be-
tween heme proteins and reactive sulfur species play a signaling and/or
regulatory role in the human body [85-91]. In the current review, we
present reported interactions of RSS with heme proteins concerning
their primary function, such as oxygen transport and storage, mito-
chondrial electron transport, and antioxidant capacity.

Heme proteins are among the most widely researched subfamilies of
metalloproteins. Their heme prosthetic group consists of a porphyrin
(Por) scaffold coordinated to an iron center, occupying four of six co-
ordination sites of the metal ion. In hexa-coordinated heme proteins, the
remaining two available sites of the iron are occupied by the side chains
of the respective protein. Meanwhile, in penta-coordinated proteins, the
polypeptide chain is attached to the metal center by occupying only its
fifth coordination site, typically through a histidine residue (proximal
ligand), leaving one unsaturated position (distal site) for ligand binding.
Under physiological conditions, a water molecule is coordinated to this
site [86]. Heme prosthetic groups are classified by the nature of the side
chains of the porphyrin ring (Fig. 2).

The redox activity of the heme prosthetic group relies on the various
oxidation states of the iron center between the ferrous (Fe(Il)), ferric (Fe
(II1)), and ferryl ((Fe(IV)) forms. From a mechanistic point of view,
redox reactions between sulfide and the heme group may occur via
outer-sphere or inner-sphere electron transfer. In the latter case sulfide
binding to the iron center precedes the electron transfer. Theoretically,
both ferric and ferrous forms can bind sulfide, although the affinity of
sulfide towards the ferrous heme is lower, due to its higher electron
density. Thus, the formation of Fe(III)-HyS/Fe(III)-HS™ complexes is
physiologically more relevant [87]. One-electron reduction by sulfide
results in the formation of HS® radical, opening the way for subsequent
redox reactions and the production of diverse oxidized sulfur and
reactive oxygen species [92]. This is consistent with the concept that
sulfide-related biological activity might be connected to associated de-
rivatives rather than sulfide directly. Another common interaction be-
tween sulfide and heme proteins is sulfheme formation, which
represents sulfur incorporation into one of the pyrrole rings of the
porphyrin frame (Fig. 3), and the formation of heme-chlorine-type
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Fig. 2. Structure of major biologically relevant heme prosthetic groups (examples of associated proteins are indicated): a) heme a (cytochrome ¢ oxidase) b) heme b

(hemoglobin, myoglobin, neuroglobin), and c) heme ¢ (cytochrome c).

N

Fig. 3. Pyrrol structure a) in heme proteins and b-d) in identified pyrrole
structures in sulfheme derivatives of myoglobin. Sulfur incorporation into the
porphyrin frame by the saturation of the Cs — Cg bond in one of the pyrrole ring
results in the formation of chlorin-type structures such as b) episulfide; c) ring
opened episulfide or d) thiochlorin isoforms [91].

structures.
This modification leads to altered protein function, which phenom-
enon was reviewed in detail by Rios-Gonzalez et al. [91]. The underlying

mechanism is still unclear, though presumably the involvement of
high-valent ferryl species, Compound II ([Fe(IV)—O0] or [Fe(IV)-OH]) is
pivotal [93,94]. Hydrogen peroxide is needed for the formation of these
ferryl species, thus oxidative stress may facilitate sulfheme develop-
ment. To date, two mechanisms have been proposed for sulfheme for-
mation (Fig. 4). Compound I ("*Por-Fe(IV)=0) is formed in the reaction
of the ferric heme with HpO, through a ferric hydroperoxide complex
(Fe(Il1)-OOH ") intermediate and subsequent one electron reduction
results in the production of Compound II. H,S may form an intermediate
complex with Fe(II)-OOH™ (Fig. 4, mechanism I) or Compound II
(Fig. 4, mechanism II) with the assistance of the histidine ligand in the
distal location of the heme pocket. The following reaction results in the
conversion of the heme center into Compound II or Fe(III) respectively,
accompanied by HyO elimination and HS® production. HS® has been
identified as the reactive agent, which readily attacks the generated

o
-0-0-H —> @*Por-Fe(IV)=0 —— Por-Fe(IV)=G}

Por- Por-
(Ferric heme) H,0, H69 (Compound 0) H,O0 (Compoundl) e (Compound Il)
H,S H,S
His \H,:SS\\
—— —
HN ® HN ®
HH-S-H H
Por-F=(111)-0-0-H Por-Fe(IV)=0'+* H-S-H
O]
H,0 H,0
*S-H *S-H

Por-Fe(IV):O) LI sulfPor-Fe*-L I<—L Por-

Mechanism |

Mechanism Il

Fig. 4. Proposed mechanisms of sulfheme (sulfPor-Fe*-L) formation. (Fe*: oxidation state of the iron center is variable in the sulfheme derivatives; L: ligand that

occupies the sixth coordination site of the iron center in sulfheme) [91].
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form of heme in each case.

The described possible interactions are partially governed by
external factors such as pH, sulfide concentration, or specific structural
characteristics of the proteins, such as surface accessibility, polarity, and
local protein environment of the active site. Firstly, the intracellular pH
mainly affects the protonation equilibria of sulfide (egs. (1) and (2)) and
thus the relative accessibility of the interacting species. For example, the
reaction rate between ferric hemoglobin and sulfide increases with
decreasing pH and consequently with increasing H,S ratio [95]. Sec-
ondly, the significance of the H,S concentration is best demonstrated
through its interaction with cytochrome c¢ oxidase (CcO), the last
enzyme of the mitochondrial electron transport chain. At high levels,
sulfide irreversibly inhibits the activity of CcO and blocks cellular
respiration. At low concentrations, sulfide can donate an electron to CcO
and support mitochondrial energy production [40]. Thirdly, in
penta-coordinated heme proteins, the type of protein chain residues
surrounding the active site nearby the distal binding position has a
pivotal role. Non-polar or low-polarity active centers with amino acid
residues capable of forming hydrogen bonds favor the stabilization of a
heme-H5S complex. The presence of strong proton acceptor groups
promotes the deprotonation of the sulfide ligand [86,89,96]. The deci-
sive role of the existence and orientation of a distal His was proposed
based on the fact that many heme proteins with this residue form sulf-
heme derivatives (hemoglobin - Hb [97,98], myoglobin - Mb [98-101],
catalase - CAT [101], lactoperoxidase - LPO [102]). In addition, HbI
from Lucina pectinata possesses a distal glutamine (Gln) residue, which
did not form a sulfheme. But mutagenesis of the Gln residue to histidine
in HbI enabled sulfheme development [98]. However, the mere presence
of a His side chain is not sufficient for sulfheme formation. For instance,
myeloperoxidase with His in the distal location can catalyze sulfide
oxidation without the formation of a sulfheme [103]. In the case of
hexa-coordinated heme proteins, sulfide can compete for the sixth co-
ordination site of the iron center with the associated protein side chain.

Undoubtedly, the study of the interaction between heme proteins
and sulfide is a fascinating but challenging area, fraught with unan-
swered questions. Still, there are plenty of theories for the physiological
roles of these interactions based on experimental evidence. To date,
several proteins and protein complexes have been investigated in this
regard, with the findings presented below. Furthermore, numerous
studies focus on the investigation of heme model porphyrins [86], but
since the heme pocket environment significantly affects the outcome of
the sulfide — heme protein interactions, a detailed discussion of these
model systems is outside the scope of this review.

4. Sulfide in oxygen transport and storage

Hemoglobin (Hb), myoglobin (Mb), and neuroglobin (Ngb), repre-
sentatives of the five human globins, besides cytoglobin (Cygb) and
androglobin (Adgb), are primarily responsible for oxygen transport,
storage, and sensing in the body. The exact physiological function of the
recently discovered remaining two human globins, Cygb and Adgb, is
currently unclear [104]. Generally, the reduced, ferrous forms of Hb,
Mb, and Ngb are capable of reversible oxygen binding through their
heme group, which is the most abundant heme b type. However, their
oxidized, ferric (Fe(IlI)) forms, namely methemoglobin (metHb), met-
myoglobin (metMb), and metneuroglobin (metNgb) are unsuitable for
oxygen transport. The physiological functions of these globins primarily
rely on their diverse protein structure and active site environment.
Hemoglobin is the main oxygen supplier in almost all vertebrates and is
the most abundant protein present in red blood cells (RBCs), at about 5
mM concentration. It transports oxygen from the lungs to the tissues
through the vascular system and also carries a part of the respiratory
product carbon dioxide (CO3) back to the lungs. Regarding the structure
of Hb, it consists of four subunits, each containing a polypeptide chain
and connected heme groups. Its quaternary structure enables the
cooperative oxygen binding mechanism for optimal operation. Mb is
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located in the cardiac and skeletal muscle tissue and its fundamental
functions are oxygen storage and release during oxygen deprivation. Mb
is a single polypeptide chain associated with one heme group. It needs
no conformational change to bind Oy compared to Hb, and there is no
cooperative oxygen binding either. While Hb and Mb are
penta-coordinated heme proteins, neuroglobin, the globin of the brain,
is hexa-coordinated with proximal and distal His ligands. Therefore,
oxygen binding to the monomeric Ngb is accompanied by the dissocia-
tion of the distal His ligand from the heme center and consequent
conformational change. Although it possesses a higher oxygen affinity
than Hb, its biological function is not yet clarified. Current research
implies that the functions of Ngb are highly concentration-dependent.
Its oxygen transport and buffer roles seem to be relevant in specific
cell types where it is expressed in larger quantities (~100 pM), like in
the retinal cells and neurons in the hypothalamus. Signaling function
through its enzymatic activity is more likely to be dominant at low Ngb
levels (~1 pM) in other parts of the central nervous system [105-107].
Besides their canonical functions, growing evidence supports that all
three of these globins (Hb, Mb, Ngb) are involved in additional pro-
cesses, including sulfide biochemistry [85,104]. Nevertheless, the
interaction between sulfide and Cygb or Adgb may be an attractive area
for future research as well.

4.1. Hemoglobin

Hemoglobin is the predominant protein in RBCs as stated above.
Under basal conditions, it is present mostly in ferrous form (deoxyHb or
oxyHb) and 1-3% as methemoglobin (metHb), due to autoxidation
(Fig. 5) [108,109]. The oxygenation state is denoted by the “deoxy” and
“oxy” prefixes referring to the absence or presence of bound O to the Fe
(II) center, respectively. Cytochrome-b5 reductase is primarily respon-
sible for the maintenance of ferrous Hb levels, thus it is also called
methemoglobin reductase [110]. To the best of our knowledge, H,S does
not directly affect the transport of oxygen, as it does not interact with
oxyHb [111]. However, its interaction with metHD is in the focus of vast
research. MetHDb is historically considered as an inert or pathological
compound, given that it does not participate in oxygen transport, but its
elevated levels cause methemoglobinemia, a disease associated with
symptoms like headache, nausea, cyanosis, and even coma or death in
severe cases (metHb levels above 70%) [112,113]. Nowadays, vital
physiological roles have been attributed to metHb concerning sulfide
chemistry.

The first evidence for the formation of the metHb-HsS complex
originates from 1933 [114]. Based on multiple studies, H,S seems to be
the main reactant, although HS™ is the most abundant species under
physiological conditions (pH = 7.4, T = 37 °C) [55,115-117]. A global
mechanism was proposed for the coordination of HyS to the
penta-coordinated heme center, comprising the following steps:

dissociation of the bound water molecule from the distal position;
migration of the HoS molecule to the heme pocket;

reversible HpS binding and complex stabilization;

or possible deprotonation of the bound Hj,S and stabilization of the
Fe(II)-HS™ complex depending on the local protein environment
[86,90,118].

Hence, one of the potential functions of heme proteins is the storage
and transport of sulfide, which role is well documented in the case of the
extensively studied seashell Lucina pectinata [119-121]. It has been
demonstrated that one of its three hemoglobins, HbI, has an outstanding
affinity toward HyS and it is responsible for the transport of HyS to
endosymbiotic bacteria [115,116]. Experiments with purified human
protein showed rapid and reversible coordination of HjS to the ferric
iron center of human Hb, which indicated that metHb may contribute to
the HyS  distribution in the circulatory system by
concentration-dependent sulfide binding and release. Experimental data
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Fig. 5. Summarized scheme of the proposed possible interactions of sulfide with hemoglobin, myoglobin, and neuroglobin including 1) the autoxidation of ferrous
heme center to the ferric derivative; 2) suggested reversible binding of sulfide to the ferric center; and 3) reduction of the ferric center to the oxygen binding ferrous
form, followed by the formation of oxidized sulfide species through the two proposed mechanism: 3a) homolytic cleavage and 3b) iron center bound sulfide oxidation

pathways [108,122,126].

also suggest that the metHb-H,S intermediate is relatively stable, while
consecutive sulfide oxidation is a slow process, and only occurs after
prolonged (1-2 h) incubation [95,122]. In contrast, when intact human
RBCs are treated with sulfide, oxidized sulfide products were detectable
after a few minutes [111]. With all of this in mind, it is unlikely that
metHb plays a dominant role as an HjS transport protein, similarly to
Lucina pectinata HbI. It is more reasonable to assume that metHb prin-
cipally facilitates non-canonical catabolism of HsS in RBCs, which are
lacking mitochondria, the canonical sites of sulfide catabolism [108].
Thus, metHb may act as a line of defense against the accumulation of
Hj,S and the associated toxicity in the blood [108,111,123]. Structural
differences between HbI of Lucina pectinata and Hb of RBCs may explain
these functional variations. A flexible glutamine residue in the distal
position and a tight aromatic heme pocket in Hbl, provided by four
phenylalanine residues, ensure the stabilization of the sulfide ligand,
while in the distal pocket of human Hb, the histidine and the flexible side
chains of surrounding valine (Val) and leucine (Leu) residues create
appropriate conditions for sulfide oxidation pathways.

Significant evidence support that Hb-Fe(III)-HS™ is the first Hb
catalyzed sulfide oxidation intermediate [111,124]. However, the fate
of the Fe(III)-HS ™ complex is more intriguing. The hydrosulfide anion is
able to transfer an electron to the metal center resulting in the reduction
of the ferric iron to ferrous form and thiyl radical (HS®) formation. The
evolution of HS® opens the way to per- and polysulfide (RSSH and
RSS,H; n > 1) or thiosulfate (szo%*) production, although the mecha-
nism of this process is poorly established. On the one hand, combined
experimental and computational data demonstrated that interactions of
ferric porphyrin model compounds with sulfide induce the formation of

free HS® radicals [125]. According to this, the homolytic cleavage of Fe
(IID-HS™ may take place involving HS® release and consecutive reactions
leading to the final oxidized products (Fig. 5, pathway ‘a’) [87,111]. On
the other hand, it was suggested that the formation of these oxidized
sulfide derivatives occurs in a manner where the oxidation products
remain bound to the Fe center (Fig. 5, pathway ‘b’) [108,126].

Despite the identified Hb-Fe(III)-SH™ species [124], it was also raised
that Fe(IlI) reduction by HyS may take part in a bimolecular electron
transfer without the formation of Hb-Fe(IlI)-SHy complex (Fe(III)-OH,
+ H,S — Fe(Il) + Hy0 + H™ 4 HS®) [122]. Nevertheless, the produced
oxidized polysulfide derivatives can significantly increase the antioxi-
dant activity of RBCs and may take part in sulfide signaling through
additional protein persulfidation reactions [33,87,124]. In vitro studies
imply that iron-bound polysulfides are not released from the heme
prosthetic group into the solution, but are reduced by Cys-SH or GSH
during the formation of HyS and the corresponding protein persulfides,
Cys-SSH and GSSH, which are likely involved in protein persulfidation
via transpersulfidation reactions [124]. In another study, extra- and
intracellular polysulfide species were identified after sulfide treatment
of intact RBCs and the characteristic spectrum of metHb-HS™ complex
remained unchanged in the presence of reduced thiols such as cysteine
or glutathione [111]. Evidently, the exact mechanisms of Hb-mediated
polysulfide formation and release are not yet fully elucidated and the
controversial results need to be resolved.

From another perspective, HyS may possess cytochrome b5
reductase-like activity by supporting the maintenance of low metHb
levels and thus preserving the oxygen-carrying capacity of the RBCs
[111]. Additionally, possible cross-talk between H,S and nitric oxide
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(*°NO) in RBCs has also been proposed. Ferrous Hb is responsible for the
inactivation of endothelium-derived *NO and so for the regulation of
°*NO levels in the vascular system. The ferrous iron center of deoxyHb
reacts with *NO or NO3 (the autoxidation product of *NO) to ultimately
produce nitrate (NO3) while being converted to metHb [87]. In vivo
experiments showed that NayS treatment of rats increased nitrosyl-Hb
levels in the RBCs, indicating a link between HyS and °NO signaling
pathways. Early studies implied that this phenomenon may also provide
an opportunity to treat sulfide poisoning by nitrate-induced methemo-
globinemia (elevated metHb levels in the blood), which also alleviates
cytochrome c oxidase inhibition by HyS [37,127]. Moreover, under
physiological conditions, complex reactions between HyS and *NO may
lead to the formation of bioactive intermediates like nitrosopersulfide
(SSNO™) and probably unstable HSNO/ONS ™ species, polysulfides (Sﬁ_)
and so-called SULFI/NO (ON(NO)SO3). The cross-talk between the two
gasotransmitters is not limited to RBCs, but HyS may also promote or
hinder the endothelial nitric oxide synthase (eNOS) °NO
signaling-related activity [37,38].

Sulfhemoglobin (sulfHb) formation is another characteristic inter-
action between sulfide and hemoglobin, although sulfHb is practically
absent (less than 2%) in blood under normal physiological conditions.
The incorporation of sulfur into the porphyrin scaffold dramatically
reduces the oxygen-binding affinity of Hb [128]. Sulfhemoglobinemia, i.
e. higher levels of sulfHb in blood, is a potentially life-threatening
condition if sulfHb levels exceed 60% and cause cyanosis and organ
damage at lower levels. It is a relatively rare, typically drug-induced
pathological condition that usually co-occurs with methemoglobi-
nemia. Its diagnosis is hampered by the fact that the two pathophysio-
logical conditions have similar symptoms [129]. Unlike
methemoglobinemia, which can be treated with methylene blue ther-
apy, to date, no antidote is known for sulfhemoglobinemia. SulfHb
excretion from the body is driven by the lifespan of RBCs (100-120
days), thus blood transfusion is the only clinical means currently
available in the treatment of serious cases [130-133].

It has been shown by various groups that oxidized Hb derivatives
have diverse pathological effects that promote inflammation, calcifica-
tion, tissue remodeling and oxidative damage in the vasculature
[134-136]. In atherosclerosis, different forms of Hb (oxyHb, metHb, and
ferryl Hb) and fragmentation of globin were detected in atherosclerotic
plaques, especially complicated hemorrhagic lesions [136-138]. Both
metHb and ferryl Hb release heme moieties [135,139] provoking
heme-mediated vascular damage [140-142] and some of these detri-
mental effects arise from lipoprotein oxidation [141,143]. Suppression
of heme-mediated oxidation of low-density lipoprotein and subsequent
endothelial reactions by HoS was observed [144]. It was demonstrated
that hydrogen sulfide has protective effects in atherosclerosis as well as
vascular and heart valve calcification and some of these benefits were
attributed to its interactions with Hb [145-148]. It has been shown that
sulfide reduces the ferryl Hb species in vitro, ultimately generating
sulfHb [147]. HaS also inhibits the production of Hb oligomers and
polymers and prevents Hb-lipid interactions in atherosclerotic plaques
[147]. These reactions contribute to the attenuation of the production of
lipid peroxides and oxidative damage, thus subsequently reducing the
pathological endothelial functions and injury as well as macrophage
polarization by ferryl Hb species.

4.2. Myoglobin

Myoglobin (Mb) is located in cardiac and skeletal muscle tissues in
the ferrous (Fe(I)) form. Deoxy/oxyMb species are distinguished by the
absence/presence of bound oxygen similar to Hb. Normally the level of
its ferric counterpart, metmyoglobin (metMb), is not detectable in the
human body, in contrast to metHb [149]. Even though autoxidation of
Mb to metMb is spontaneous [150,151] and it has been proposed that
Mb may be involved in *NO homeostasis accompanied by metMb gen-
eration. Metmyoglobin reductase is responsible for its enzymatic
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recovery [152]. Considering the shared physiological role and active
center of Mb and Hb, it is reasonable to assume that metMb shows
similar activity to metHb with regard to sulfide biochemistry. To this
end, the interaction of sulfide (H,S/HS™) with holoprotein metMb and a
model compound, namely ferric bis-N-acetyl-microperoxidase 11
(NAcMP11-Fe(III)) has been compared [153]. It was concluded that the
association of HS™ to the heme center was favored over H,S coordina-
tion when the protein matrix was lacking. In contrast, metMb interac-
tion with HS™ was negligible. Presumably, hydrophobic migration
channels of the active center of the heme protein hinder the accessibility
of the active site for the charged HS™ anion. Thus, HyS ligand binding
and subsequent deprotonation are also proposed for metMb (Fig. 5). Not
surprisingly, experimental evidence supports the possibility of the
metMb mediated HyS oxidation route in muscle tissues [122,126].
However, the exact mechanism is still unclear. Based on extensive
spectroscopic and mass spectrometric experimental results, accompa-
nied by density functional theory calculations, Bostelaar et al. further
promoted the generation of a heme-bound oxidized sulfur compound
[126]. On the other hand, Jensen and Fago suggested the homolytic
cleavage mechanism assumed from spectrometric equilibrium and ki-
netic measurements similar to metHb [122]. The proof of the biological
relevance of metMb in HyS metabolism requires more investigation
considering its vanishingly low level under physiological conditions.
However, like Hb, Mb was also shown to form the sulfheme-containing
derivative sulfmyoglobin (sulfMb) in vitro. As sulfMb has three orders of
magnitude lower affinity to oxygen than Mb, its endogenous formation
may cause hypoxic conditions in muscle tissues [99,154].

It is a widely accepted concept today that inorganic (HS,SH, n > 1)
and protein (protein-S,SH, n > 1) per/polysulfide species, rather than
H,S itself, play the role of active agent in sulfide-mediated signaling and
regulatory processes [27]. To extend the understanding of the in-
teractions between heme proteins and hydropersulfides, the reaction of
metMb with in situ, enzymatically generated Cys-SSH has been studied.
Cysteine persulfide was generated from Cys-SH using cystathionine
y-lyase. MetMb reduction to Mb-Fe(II) and sulfmyoglobin (sulfMb) for-
mation were observed in the reaction, which cannot be unequivocally
assigned to the action of the persulfide species, given that CSE-mediated
cystine breakdown may also produce HS [18,126,155]. The interaction
of Mb in different oxidation states (Mb-Fe(III) or metMb, Mb-Fe(II)-O-
or oxyMb, Mb-Fe(IV) or ferryl Mb) with a novel hydropersulfide donor,
namely S-methoxycarbonyl penicillamine disulfide (MCPD) [156], has
been also investigated [155,157,158]. The uniqueness of the reactant
lies in the fact that it transforms to MCP-SSH (N-methoxycarbonyl
penicillamine persulfide) at physiological pH (7.4), meaning that it can
be used as an HyS-free hydropersulfide donor [156]. Under anaerobic
conditions, the reduction of metMb by MCP-SSH occurs with the
concomitant generation of deoxyMb (Mb-Fe(II)). It was pointed out that
human Hb reacts similarly under such conditions, but the experimental
results have not been published [155]. Under aerobic conditions,
MCP-SSH readily converts metMb to Mb-Fe(Il) in a one-electron
reduction step and subsequent ligation of O, leads to oxyMb (Mb-Fe
(I)-032) formation [155,157]. Important to note that analogous thiol
N-acetyl penicillamine does not show this kind of reaction with metMb
[158]. Furthermore, Alvarez et al. proposed that oxyMb reacts with
MCP-SSH in two possible ways [157]. On the one hand, O, reduction
and Mb-Fe(III) formation occur. It has been speculated that this reaction
may take place analogously to the well-known interaction of oxyMb
with ascorbate or hydroxylamine, accompanied by Hy05 or HyO for-
mation, respectively. On the other hand, the detection of sulfMb in the
reaction between oxyMb and MCP-SSH implies that hydropersulfides
can also induce sulfheme evolution. Both MCP-SSH and Cys-SSH were
found to be suitable for the reduction of ferryl Mb (Mb-Fe(IV)) to metMb
(Mb-Fe(IIl)) in a rapid, yet complex manner. Then metMb was slowly
transformed into oxyMb, the final product under aerobic conditions.
Furthermore, the sulfMb by-product has also been identified in accor-
dance with other studies [155]. It is worth mentioning that HsS is not
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capable of the reduction of ferryl Mb to Mb, only forms sulfMb [100] and
so the engagement of Cys-SSH in the reduction of hypervalent Mb-Fe(IV)
to the Mb-Fe(Il) form foreshadows the possible role of per/polysulfides
in sulfide mediated Mb regulation [155]. The biological relevance of
these results is currently unknown, but further strengthens the concept
of sulfide-mediated redox signaling and regulatory functions of per- and
polysulfides [157,158].

As it was previously mentioned, non-canonical oxidation of sulfide
by hemoglobin is important in RBCs that are lacking mitochondria
[108]. In other tissues, the impairment of mitochondrial sulfide oxida-
tion pathways due to ETHE1 deficiency leads to the elevation of tissue
sulfide concentration and the development of a disorder called ethyl-
malonic encephalopathy. Toxic sulfide levels induce severe cytochrome
c deficiency particularly in the brain and muscle tissue [159]. Bostelaar
and colleagues speculate that the damaged sulfide catabolic pathway
facilitates the interactions between sulfide and myoglobin. It is possible
that the binding and oxidation of sulfide by myoglobin negatively affects
cytochrome c activity and stability and hinders mitochondrial function
[126].

4.3. Neuroglobin

Neuroglobin has been identified in 2000 as the first representative of
the globin superfamily in the vertebrate nervous system [160]. The
discovery boosted plenty of researchers to reveal the biological activity
and functions of Ngb. Despite the increased attention and extensive re-
sults, the exact functions of Ngb are still unclear, but many theories have
emerged about its possible roles like its cytoprotective activity and the
related results have been regularly overviewed [105-107].

Oxygen binding and redox properties of human Ngb show similar-
ities to the previously discussed two globins, although to a lesser extent
as Hb and Mb relative to each other. Due to the hexa-coordinated nature
of the heme prosthetic group in Ngb, molecules have to compete for the
sixth coordination site of Fe(II) with the distal His(64), which results in a
significant difference in its ligand binding properties compared to the
penta-coordinated Hb and Mb. Reduction of the disulfide bridge be-
tween cysteine(46) and cysteine(55) of human Ngb diminishes the
dissociation rate of His(64). Thus, cellular redox conditions highly affect
its ligand binding affinity. Ferrous Ngb is capable of reversible oxygen
binding [161] and autoxidation of the Ngb-Fe(II)-O5 complex (oxyNgb)
readily occurs, leading to the formation of ferric metNgb. This presumes
the existence of a metNgb reductase enzyme in the nervous system
[162]. Interaction between HyS and neuroglobin has been investigated
since H»S is not only present at high levels in the brain, but it is also
considered as a neuromodulator by its involvement in N-methyl--
p-aspartate receptor activation in neurons [2,163-165]. Furthermore,
the possible formation of metNgb under physiological conditions en-
sures a place for H,S ligation to the ferric heme center. The study of the
interaction between HS and Ngb is challenging because, in the presence
of HyS, it is difficult to preserve the disulfide bridge in the Ngb structure
in vitro. The reaction conditions in recent studies assumed the existence
of the relevant Cys-SH residues in thiol form, stabilizing the
hexa-coordinated structure of Ngb, thus hindering its reactivity towards
exogenous HjS. Brittain et al. showed that human metNgb forms a stable
Ngb-Fe(III)-SH; complex both at alkaline (8.0) and acidic (5.5) pH and
no complex dissociation has been detected based on UV-VIS spectro-
scopic data [166]. The biphasic time course of HyS binding to Ngb has
been interpreted as a faster HoS concentration-dependent initial step and
a second, slower phase, independent of H,S concentration. Considering
the dependencies on H,S concentration and the fact that the dissociation
of the distal histidine ligand has been shown to be two orders of
magnitude faster than the slower reaction in question, it is most likely
that the initial time course, that is related to HaS binding, is followed by
structural change. Interestingly, low pH is favored for complex forma-
tion in contrast to the observations in the case of Mb and Hb. For neu-
roglobin, it has been proposed that small molecule ligation to the heme
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center is affected by the pH-dependent ionization properties of the distal
histidine residue. From a physiological perspective, it has been specu-
lated that the cytotoxic actions of stroke-induced elevated H,S levels
may be alleviated by the activity of metNgb on H3S sink in neurons and
retinal cells [166]. However, this observation could not be reproduced
in a recent study by Ruetz et al. [167]. The contradiction has been
explained by the different H,S donors (NaSH and Nay$) in the two in-
dependent studies, based on the work of Greiner et al. [168]. They
previously demonstrated that freshly made aqueous NaSH (used by
Brittain et al.) solution contains polysulfide impurities in large amounts.
Thus, it is conceivable that the actions attributed to H,S actually belong
to its oxidized derivatives [168,169]. The involvement of per- and/or
polysulfides in the concerned reaction is also supported by the similar
changes in the UV-VIS spectrum during the reaction of metNgb with
Cys-SSH observed by Ruetz et al. Based on extended spectroscopic and
mass spectrometric measurements, Ngb mediated HyS oxidation may
occur in vitro, though to a substantially lesser extent. From a mechanistic
point of view, it is more likely that an outer-sphere electron transfer
reaction arises in the heme pocket involving the Fe(IIl) center and ox-
ygen. This interaction mainly results in the limited formation of HSO®,
HSO4 and HS,03. The formation of a Ngb-Fe(III)-SHy complex has not
been completely ruled out, yet it is undoubtedly not dominant. The
interaction of metNgb and Cys-SSH leads to the accumulation of the
ferrous Ngb form under anaerobic conditions. Investigation of the
penta-coordinated metNgb His64Ala mutant revealed that the
hexa-coordinated character of the heme center in wild type metNgb is
responsible for the different reactivity towards HoS compared to Hb and
Mb [167]. It is difficult to predict the physiological significance of these
reactions, since intracellular redox conditions affect the redox state of
cysteine residues forming disulfide bridge, and thus the affinity of
metNgb towards small molecule ligands. However, MetNgb in the
dithiol form seems not to be relevant in H,S oxidation.

5. Effect of RSS on mitochondrial electron transport

Heme proteins are involved in oxygen metabolism as members of the
mitochondrial electron transport chain (ETC). ETC is composed of five
multi-subunit protein complexes, namely: NADH-ubiquinone oxidore-
ductase (Complex I), succinate dehydrogenase (Complex II), ubiquinone
- cytochrome c reductase (Complex III), cytochrome c oxidase (Complex
IV or CcO) and ATP synthase (Complex V), embedded within the inner
membrane of the mitochondria. Two additional mobile electron carriers
are associated with the ETC: ubiquinone (coenzyme Q, abbreviated as Q)
located in the inner membrane and a peripheral membrane protein,
cytochrome c (Cc). The electron and proton flow in the ETC are depicted
in Fig. 6. The citric acid cycle supplies 2 pairs of electrons to Complexes I
and II through NADH and FADH,, which are used to reduce Q to ubiq-
uinol (QH3). Complex III then re-oxidizes QH; and donates one electron
at a time to cytochrome c. The latter delivers the electrons to Complex IV
where molecular oxygen is reduced to water. The electron flow from
Complex I, III and IV results in the simultaneous pumping of 10 protons
through the inner membrane to create the proton gradient used by
Complex V in the production of ATP (Fig. 6).

Historically, hydrogen sulfide was long known as a toxic substance
that can ultimately cause respiratory failure by the inhibition of Com-
plex IV [170,171]. However, the complex biological role of H,S is best
demonstrated by the fact that the enzymes of the canonical sulfide
oxidation pathway also support the ETC by donating electrons to the
mobile electron carriers. Sulfide quinone oxidoreductase catalyzes the
two-electron oxidation of H,S and in return the reduction of Q to QH,
[172]. Moreover, the two-electron oxidation of sulfite (SO%’) to sulfate
(S027) by sulfite oxidase is accompanied by Ce-Fe(III) reduction to Ce-Fe
(II) [173]. The combined presence of sulfide catabolism and various
ETC-related heme centers in the mitochondria has prompted several
studies to investigate their possible interactions.
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Fig. 6. Mitochondrial electron transport chain. (1: cytosol; 2: outer membrane; 3: intermembrane space; 4: inner membrane; 5: mitochondrial matrix; ADP:
adenosine diphosphate; ATP: adenosine triphosphate; CAC: citric acid cycle; Cc: cytochrome ¢, where subscripts “ox” and “red” refer to the oxidation state of the
heme proteine’s iron center Fe(III) and Fe(Il), respectively; FADH,: dihydroflavine-adenine dinucleotide; NADH: nicotinamide adenine dinucleotide; Q: ubiquinone;
QH; ubiquinol. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

5.1. Cytochrome c

Cytochromes are redox active proteins in the ETC, classified into four
groups (a-d) based on the type of their heme cofactor. Cytochrome c (Cc)
contains heme ¢, which is covalently bound to the polypeptide chain via
a thioether bridge with a cysteine (Cys) residue. Histidine and methio-
nine (Met) residues are axially bound to the hexa-coordinated low-spin
Fe(IIl) center. The Fe(Ill)-Met bond is relatively weak and the substi-
tution of methionine with lysine (Lys) or histidine opens the way to
other functions. The His-Fe(IlI)-Met coordinated cytochrome c has a
redox potential of 0.25 V, which enables its electron carrier activity in
ETC. Cc also engages in the detoxification of reactive oxygen species
which are generated during the normal operation of ETC in healthy cells
[174]. Furthermore, it plays a key role in apoptosis through interaction
with cardiolipin, a phospholipid component of the mitochondrial
membrane [175].

As discussed above, Cc-Fe(Ill) is reduced to Cc-Fe(II) by Complex IIT
and carries electrons to Complex IV. Sulfide and inorganic polysulfides
are also capable of the reduction of Cc-Fe(III) to Cc-Fe(Il) in vitro, under
both anaerobic and aerobic conditions [171,176,177]. However, the
reaction mechanism is far from clear. Considering the redox potentials of
S*~, 2H"/H,S (E> = +0.92 V) and Cc-Fe(III)/Cc-Fe(II) (E> = + 0.25 V)
couples, the outer-sphere reduction of the heme center is thermody-
namically not favorable [108,177]. Inner-sphere reduction could be
possible, while sulfide coordination to the heme center could shift the
redox potentials and thereby allow the electron transfer [177].
Notwithstanding, the Cc-Fe(IlI)-HS™ complex has not been identified
with Cryogenic electrospray ionization - mass spectrometry (Cryo-ESI
MS) [176], which method was successfully used to capture heme-Fe
(IID-HS™ intermediate in the case of myoglobin [126]. So, it is not
clarified yet, if the outer- or the inner sphere reduction occurs in Cc the
case of Cc reduction by sulfide.

Kinetic measurements on Cc-Fe(III) reduction by sub-stochiometric
and stochiometric NayS revealed an initial lag phase in the process,
which may indicate a slow reaction step e.g. ligand exchange between
His to H,S. But it was also demonstrated that Cc-Fe(III) reduction is
faster with NayS; than with NayS, and the initial lag phase is also
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missing. To explain the acceleration of the process in the reaction of Cc-
Fe(II) with NayS, another theory has been also discussed. The thermo-
dynamically unfavored outer-sphere electron transfer, accompanied by
S*~/HS® formation was proposed, followed by various reactive sulfur
species formation. Three possibilities have been discussed concerning
the accelerating reactive sulfur species formation: 1) reactive HS3 for-
mation through the dimerization of the accumulated (S*~/HS® radicals;
2) S*”/HS® reaction with O, may lead to the production of SO~ a strong
reducing agent; and 3) S*~/HS"® reaction with HS™ may lead to the for-
mation of HyS5 (E> (HS3, H/H,S37) = - 1.13 V). But neither theory
explains the measured results unequivocally. The accumulation of
S°”/HS® is unlikely. The outer-sphere electron transfer between HS; and
the heme center is not probable either, based on the redox potential of
the S5, H'/HS3 couple (E> = + 0.27 V). However, biphasic oxygen
consumption during the reaction of Cc-Fe(IlI) with excess sulfide was
observed, followed by the accumulation of sulfite (HSO3), sulfite radical
(SO37), sulfate (HSO3) and thiosulfate (S203). These results support the
idea that electron transfer occurs between SO3~ and Cc-Fe(III) resulting
in SO and Cc-Fe(Il) formation. And the subsequent oxidation of the
produced SO, (in the presence of sulfur donor) could be responsible for
the production of the detected derivatives (HSO3, SO3~, HSOz, S»03).
But the extent of Cc-Fe(III) reduction was found to be independent of the
presence of oxygen [176]. In the case of excess sulfide, the reaction rate
was 6 times higher under anaerobic than under aerobic conditions,
which suggests that oxygen is not essential for sulfide-mediated Cc-Fe
(III) reduction. The lower reaction rate under aerobic conditions has
been explained by the possibility of parallel, oxygen-dependent, sulfi-
de-consuming reactions [177]. It can be concluded that further experi-
ments are required to explore the mechanism of sulfide-mediated Cc-Fe
(III) reduction.

The Cc-Fe(Ill) reducing ability of glutathione (GSH) and glutathione
persulfide (GSSH) has also been compared to that of sulfide, using NasS
as a sulfide donor. GSSH showed a 20-fold faster reduction rate than
GSH, and a 5-fold higher reaction rate compared to sulfide. It has been
pointed out that GSSH was formed in the reaction of oxidized gluta-
thione (GSSG) with NayS. Then the GSSH level in the reducing reagent
was determined as 30% of the total GSH after 15 min reaction time.
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However, the reducing effect attributed to GSSH could also result from
the activity of other species, considering the complex equilibrium in
such systems [178]. Further studies are required to confirm the Cc-Fe
(I11) reducing ability of protein persulfides.

As mentioned above, the generation of S*~/HS® opens the way for
protein persulfidation [103]. In this regard, Cc-Fe(III) induced protein
persulfidation has been investigated in vitro [176]. The Cc-Fe(III)/HzS
system was proved to be suitable for inducing Cys persulfidation on
human serum albumin (HSA) as a model protein, ETHE1 and adeno-
syltransferase (ATR), which are mitochondrial proteins. Furthermore,
recombinant murine procaspase 9, which triggers a protease cascade
after activation by apoptotic protease factors in the apoptosome, was
also found persulfidated in the presence of Cc. In vitro studies have
revealed the possibility that in biological systems, in case of the
dysfunction of the canonical sulfide oxidation pathway, Cc may
contribute to HyS removal from the mitochondria and HyS may donate
electrons to the ETC through the reduction of Cc-Fe(IIl). Moreover, the
Cc-mediated sulfide oxidation pathway may be a possible source of
various other reactive sulfur species which can be responsible for protein
persulfidation in mitochondria and thereby exert protective, regulatory,
or signaling effects.

5.2. Cytochrome c oxidase

Cytochrome c oxidase (CcO) or Complex IV belongs to the terminal
heme-copper oxidases superfamily. Terminal oxidases are the last
members of the electron transfer chain, they catalyze Oy reduction to
water, while "heme-copper" refers to the active center of the protein. As
described above, CcO catalyzes the reduction of oxygen in the mito-
chondria as the final electron transporter of the ETC. CcO is a protein
complex and shows extremely high diversity across various organisms,
including the number of subunits or the type of its heme group. How-
ever, the catalytic core, which is involved in oxidative phosphorylation,
consists of the three largest subunits (I-III), regardless of the CcO origin.
In mammals, additional ten subunits are tightly bound to the core and
play a regulatory role. CcO contains three redox-active metal centers. A
binuclear Cup (2Cuy) and a hexa-coordinated low spin heme a (Fe,) are
located in Subunit II, whose primary function is the transport of elec-
trons to the catalytic center. The third redox active metal center is a
hetero binuclear center (BNC) consisting of Cup and a penta-coordinated
high spin heme a3 (Cup/Feg3), located in Subunit I. BNC and a tyrosine
(Tyr) residue represent the catalytic center of CcO, while subunit III is
responsible for proton pumping. Mammalian cytochrome c oxidase is
often called cytochrome aa3, indicating the related types of heme cen-
ters. Redox active centers allow the development of diverse net CcO
oxidation states, from the fully oxidized (2Cua(II) Fe,(III) Fegy3(IID)
Cug(ID) to the fully reduced (2Cua(I) Fe,(II) Feg3(II) Cug(1)) forms [174,
179]. As discussed by Moody, the nomenclature of the CcO redox forms
is not harmonized in the literature, so here we place special emphasis on
consistent wording [180].

More than 95% of the oxygen consumption in mammals is associated
with CcO activity and related ATP production. The mechanism of oxy-
gen reduction by CcO has been widely studied, yet the exact process and
the nature of the generated intermediates still remain elusive. CcO-
mediated Oy reduction is briefly outlined here, in accordance with
previous detailed reviews [180-184]. Initially, an oxygen molecule
binds to the fully reduced hetero binuclear center (BNC) and
Cup(I)/Feg3(I1)-0, is generated. Electron donation from the reduced
metal centers and the tyrosine side chain to the oxygen molecule leads to
the splitting of the O-O double bond. Subsequent electron transfer from
the ETC through 2Cup and heme a to the site of oxygen reduction is
accompanied by the protonation of the bound oxygen atoms. This pro-
cess leads to water formation and release from the active center. In turn,
recovery of the Tyr-OH side chain and binding of another oxygen
molecule to the reduced Cug(I)/Fey3(Il) center occur. During the cata-
lytic cycle, intermediates with partially and fully oxidized Cup/Fe,s
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centers are involved, in which the Fe,3 center exists in ferrous (Feg3(II),
ferric (Feqs(Ill)), or in ferryl (Feq3(IV)) state and Cup in a cuprous
(Cup(1)) or cupric (Cug(Il)) state.

It should be noted here that studying of isolated CcO is not a
straightforward exercise. It is complicated by the fact that during
isolation and purification completely oxidized CcO (2Cua(II) Fey(III)
Fegs(III) Cup(ID)) can be obtained, which shows heterogeneity. In terms
of reactivity, “slow” and “fast” forms of fully oxidized CcO can be
distinguished. The slow form is not part of the catalytic cycle of CcO
turnover and it possesses different spectral and ligand-binding proper-
ties than the catalytically active fast species. Presumably, the slow form
develops during enzyme purification and storage, i.e. it has no physio-
logical role. The fast form is the catalytically active intermediate which
is part of the catalytic cycle of CcO turnover. It reacts fast with in-
hibitors, but it is metastable and spontaneously transforms to the slow
form in vitro [180,185]. Based on the fast and slow form ratio in the
isolate, the terms “resting” and “pulsed” characterize the CcO prepara-
tions. Resting CcO mainly contains the slow form, while pulsed CcO
consists of mostly the fast form. To investigate the catalytic activity of
CcO, the resting enzyme (“slow form™) should be converted to the pulsed
enzyme (“fast form”) in reduction — re-oxidation cycles. In addition,
oxygenated or oxygen-pulsed CcO sample is also distinguished, which
contains partially reduced CcO beside the fully oxidized fast form.
Oxygenated CcO can be also obtained from the resting enzyme in
reduction - re-oxidation cycles, if the catalytic cycle of CcO is activated
and catalytic intermediates are generated during the process [180].

Owing to the known inhibitory effect of HoS on CcO activity and
thereby on mitochondrial respiration, its interaction with isolated CcO
has been intensively studied in vitro since the 1970s, principally by UV-
VIS spectroscopy [171,186-190] and electron paramagnetic resonance
(EPR) [185,186,191-193]. Important to note that it has been poorly
studied whether HyS or HS™ is the reactive species in the case of CcO
inhibition, thus HS or sulfide will be used to denote the differently
protonated forms in this section. These studies revealed pieces of evi-
dence regarding the characteristic interactions between redox active
metal centers (2Cup, Fe,, Fegs, Cug) of CcO and HjS. Fegs(1II) heme
center of CcO shows high affinity towards HS as expected in the case of
penta-coordinated heme proteins. Experimental studies support the
possibility of HsS ligation to the Fey3(IIl) center and electron transfer to
Feq3(IlI) from HoS accompanied by the postulated formation of a
Fey3(11)-HS® intermediate [185,187,188]. To the best of our knowledge,
no data has been reported on HS (or other ligands) binding to the other,
hexa-coordinated Fe, center, presumably due to the fully occupied na-
ture of this heme center [185,191]. Sulfheme formation has not been
observed in the case of CcO [187,188]. Importantly, in the binuclear
active center, Cug is also capable of H,S binding besides Fe,3 and it has
been also demonstrated that both redox active metal centers can be
reduced by H,S. Based on these findings, HyS appears to be a potent
reductant and binding ligand for the enzyme. Considering the HsS
oxidation activity of CcO, its direct involvement in HyS metabolism is
conceivable. One-electron oxidation of sulfide by CcO can be assumed to
be associated with the formation of HS® or related sulfide oxidation
products such as elemental sulfur, per-, and polysulfides. Moreover,
taking into account the oxygen consumption during sulfide oxidation by
CcO, the formation of reactive oxygen species is also an alternative
[171]. Still, the detailed characterization of these compounds remains a
challenge to date. Investigating the underlying mechanism of the in-
teractions between H,S and CcO is highly demanding, due to the
complexity of CcO, the heterogeneity of the isolated enzyme, and the
marked dependence on the concentration of HyS - considering the toxic
threshold.

In 1984, Hill et al. presented experimental evidence on sulfide-
inhibited CcO, where the Cup center was shown to exist in previously
reduced form and to bind a hydrosulfide anion (" SH-Cug(I)) [186]. This
observation overwrote the previously proposed CcO inhibition mecha-
nisms. They suggested a CcO reduction and inhibition mechanism by
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high levels of H,S, considering the recent literature and their pioneering
experimental results [170,171,187,191,192]. Complex experiments on
the interaction of excess sulfide and isolated bovine heart CcO in fully
oxidized (2Cua(II) Fey(III) Fey3(III) Cug(Il)) state under aerobic condi-
tions revealed that sulfide initially reduces the Fey(IIl), Cup and Cup
centers. Presumably, Fe,(IlI) and Cup reduction take place at the ca-
nonical cytochrome c reductive site of CcO and HjS is capable of the
direct reduction of Cug(Il) center. Complete inhibition of CcO requires 3
mol of HyS per mole of enzyme. It is noteworthy that the enzyme
eventually oxidizes all the excess sulfide, which confirms the heteroge-
neity of isolated CcO and indicates the existence of at least one CcO
species with a conformational state that possess different reactivity to-
wards sulfide. The suggested fundamental mechanism of inhibition is
shown in Fig. 7a. The first molecule of sulfide reduces Cug(II) to Cug(I)
and then a second sulfide equivalent coordinates to this reduced Cug(I)
center. The reactivity of the formed intermediate is not known, but a
third sulfide molecule is needed for its complete inhibition, which binds
to the Fey3(III) center [186].

However, this proposed inhibition mechanism has been nuanced in
2013 by Nicholls and coworkers based on their results [194] and
comprehensive evaluation of the relevant data available in the literature
[170,171,186-190,195] (Fig. 7b). In addition, they extended the
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mechanism with the possible transfer of the coordinated sulfide between
the two metal centers of the mixed valence BNC (Fey3(III)-Cug(I)). On
the other hand, they have proposed another possible route in which the
first sulfide molecule ligates to the oxidized Cup(II) center and then is
transferred to the Feg3(IlI). The consequent reduction of Cug(I) by sul-
fide leads to the formation of the mixed valence BNC and inhibition
occurs via the coordination of the third sulfide molecule to Cug(I) (or
Feq3(I1D) if ligand transfer occurs between the metal centers before the
binding of the third sulfide). It is noteworthy that all mechanisms as-
sume that sulfide initially interacts with Cug(Il) in the case of the BNC.
From a kinetic point of view, Petersen et al. showed that HyS is a
non-competitive inhibitor towards oxygen and cytochrome ¢ with an
inhibition constant of 0.2 pM [195].

In contrast, at low sulfide levels, CcO is not initially inhibited.
Instead, the intermediate evolution of the catalytic oxygen reduction
cycle of CcO implies that HoS donates electrons to CcO (Fig. 7c). Thus,
H,S is possibly involved in mitochondrial respiration through direct
reaction with redox active metal centers of CcO. It has been proposed
that at low sulfide levels two molecules of sulfide bind to the fully
oxidized BNC and the reduction of both metal centers leads to the for-
mation of oxygen binding CcO intermediate with fully reduced BNC
[194].
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Fig. 7. Concentration-dependent interaction of sulfide with the binuclear active center (BNC; Fe,3 — Cup) of cytochrome c¢ oxidase (CcO). At high sulfide levels: a)
inhibition mechanism [186]; b) nuanced supplemented inhibition mechanism [194]. Low sulfide levels: direct electron donation to the electron transport chain
through the BNC of CcO [194]. The exact products of one-electron sulfide oxidation by CcO remained unclear so far, thus HS® evolution indicates not identified

sulfide oxidation products (possibly HS® itself).
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In conclusion, the toxicity of HoS at high levels mainly relies on its
inhibitory effect on CcO, by coordinatively blocking the binuclear (Fe,s-
Cup) active center. However, at low levels, HsS is theoretically able to
donate electrons to the electron transport chain in three ways: i) through
the canonical sulfide oxidation pathway; ii) as a substrate, via direct
reduction of the redox active metal centers of CcO and iii) by direct
reduction of Cc, the physiological substrate of CcO (Fig. 8.)

5.3. Cellular aspects

Investigation of potential sulfide-related interactions with members
of ETC in the cellular milieu is rather challenging, but the effort invested
in this field has yielded substantial results. Based on these experiments
two main phenomena have been attributed to the joint effect of Cc and
sulfide: 1) affecting the global persulfidation level [17,176] and 2)
anti-apoptotic effect [175,176,196,197]. Furthermore, results of ex-
periments conducted in cellular environments support the idea, that
sulfide affects mitochondrial respiration (characterized by the oxygen
consumption rate) [176]. Finally, the potential protective effect of
exogenous sulfide under hypoxic conditions has been demonstrated in
animal models [198,199].

The effect of Cc activity on global protein persulfidation has been
studied in cells. Wedmann et al. revealed, that a) under normoxic con-
ditions, slightly less endogenous protein persulfide has been detected in
Cc silenced HeLa cells compared to the wild-type cells (WT), using the
Cy3-CN-based tag switch method; b) the mitochondria-targeted HsS
donor, AP39 induced protein persulfidation has been significantly
decreased after silencing Cc; and c) under hypoxic conditions, increased
endogenous sulfide levels caused elevated protein persulfidation, which
was also diminished by Cc silencing [17]. These data suggest Cc-assisted
protein persulfidation in the cellular environment, which was also
studied in Complex III and/or Complex IV inhibited yet functional yeast
(S. cerevisiae) mitochondria. Inhibition of Complex III resulted in
increased protein persulfidation, which is consistent with the hypothesis
that suppression of the HyS oxidation pathway by the inhibition of
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Complex III leads to HyS accumulation and increased persulfidation,
presumably induced by Cc. In Complex IV inhibited mitochondria the
formation of protein persulfides decreased due to the absence of the
re-oxidation path of Cc-Fe(II) by Complex IV [176].

Moreover, the anti-apoptotic effect of sulfide has been linked to Cc-
mediated persulfidation. As mentioned above, Cc release to the cytosol
activates apoptosis. Cc and deoxyadenosine triphosphate (dATP) bind-
ing to the apoptotic protease activating factor-1 enables the formation of
the apoptosome, a protein oligomer constructed from seven Apaf-1
monomers. Apoptosome binds and cleaves procaspase-9 and generates
active caspase-9. This activation triggers the enzymatic cascade through
the subsequent activation of caspase-3 and caspase-7. This process ul-
timately leads to cell death [175,196]. In this regard, the joint anti-
apoptotic action of sulfide and Cc has been investigated. Caspase 9
activity has been increased after Cc addition to HeLa cell lysate, but the
simultaneous addition of Cc and HsS suppressed the action of Cc [176].
Inhibition of Complex III in HeLa cells with antimycin A treatment also
induced apoptosis by blocking mitochondrial respiration. 16 h of anti-
mycin A treatment induced caspase-3 activation, which has been
partially suppressed by 2 h of preincubation of the cells with the
slow-releasing HyS donor, GYY4137. Additionally, procaspase-9 per-
sulfidation has been also investigated in cells. HeLa cells were treated
with GYY4137 before or 2 h after staurosporine-induced apoptosis and
the relative amount of procaspase-9 persulfides has been determined
after 6 h. Complex experiments showed that procaspase-9 persulfidation
increased in the case of joint GYY4137 and staurosporine treatment
[176]. In intact Jurkat cells, staurosporine-induced Cc release from the
mitochondria [197] and consequent activation of caspase-9 have been
partly or completely diminished in 6 h upon fast-releasing (ammonium
tetrathiomolybdate) or a slow-releasing HyS donor (GYY4137) treat-
ment, respectively. Based on these evidence, it has been speculated that
the antiapoptotic effect of HyS originates from Cc-mediated various
reactive other sulfur species generation and subsequent protein persul-
fidation [176].

The effect of sulfide on mitochondrial respiration has also been
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Fig. 8. Possible electron donation to the electron transport chain by H,S. Notation: Cc: cytochrome c, where subscripts “ox” and “red” refer to the oxidation state of
the heme proteine’s iron center Fe(III) and Fe(II), respectively; CcO: cytochrome c oxidase; ETHE1: ethylmalonic encephalopathy 1 protein; GSH: glutathione; GSSH:
glutathione persulfide; Q: ubiquinon; QH,: ubiquinol; SQR: sulfide quinone oxidoreductase; SUOX: sulfite oxidase. (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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studied in cellular environments. The interactions of sulfide with Com-
plex IIT inhibited HepG2 and HT29 cells have been also investigated.
Complex III inhibition by antimycin A resulted in an almost complete
reduction of oxygen consumption rate (OCR) in both cell types (to 2.5%
and 5% respectively). While the addition of a moderate amount of HyS
increased OCR by 30% (HepG2) and 95% (HT29) in comparison to
Complex III inhibited cells. It has been speculated that the complete
reduction of OCR by Complex IV inhibition with KCN in Complex III
inhibited cells, supports the concept that the increment of OCR induced
by exogenous H,S is linked to mitochondrial respiration [176].
Although, based on the experimental design and the discussions, it ap-
pears that Complex IV inhibition was implemented without the addition
of exogenous HyS, which was responsible for the OCR increase. Thus, the
linkage between sulfide-induced oxygen consumption and mitochon-
drial respiration in these experiments remains questionable.

As it was mentioned above, exogenously given hydrogen sulfide in-
teracts with Complex IV and cytochrome c, possibly altering cellular
respiration and the metabolic rate [171]. The physiological relevance of
these reactions apart from toxicity has been demonstrated by Blackstone
and colleagues. Exposure to 80 ppm hydrogen sulfide induced a sus-
pended animation-like state in mice. The metabolic rate and the core
body temperature of the animals dropped by 90% after the 6h exposure.
These effects were completely reversible without any short, or long-term
health complications or changes in function or behavior. It was impli-
cated that lowering the metabolic demand in case of trauma can be used
to reduce physiological damage [198]. Further investigation revealed
that exposure to 150 ppm sulfide induced a suspended animation-like
state in 20 min without lasting physiological damage and protected
mice from subsequent exposure to severe hypoxia (5% O3). It was also
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speculated however that inhibition of cyclooxygenase by sulfide plays a
major part in these protective actions [198,199].

6. Interactions of sulfide with heme peroxidases

Heme peroxidases represent a large group of heme proteins respon-
sible for the oxidation of several biological substrates using endoge-
nously generated HyO5 as an oxidant. Heme peroxidases, as their names
imply, contain a heme prosthetic group in their active site. Their active
ferric form contains penta-coordinated Fe(Il) ions. The sixth coordi-
nation site of the metal center is occupied by a water molecule at the
distal position (similarly to Hb or Mb), which is replaced by H2O5 upon
peroxidase activation [200]. A novel classification of heme peroxidases
was recently suggested based on structural and functional similarities,
rather than their phylogenetic origin [201]. This gave place for the
definition of the peroxidase-cyclooxygenase superfamily of proteins,
comprising myeloperoxidase (MPO), eosinophil peroxidase (EPO), lac-
toperoxidase (LPO), and thyroid peroxidase (TPO), among others, pre-
viously termed mammalian peroxidases [202]. Other sources may refer
to this group as XPO or haloperoxidase enzymes. Although, the main
characteristic of the prosthetic group in heme peroxidases is very
similar, an important structural difference is that in the case of LPO,
EPO, and TPO two ester bonds attach the heme group to the protein. By
contrast, in the MPO structure, an additional thioether sulfonium bond
also exists between the heme group and the protein frame. This phe-
nomenon may also contribute to differences in reactivity. In general,
these proteins catalyze either one- or two-electron oxidation reactions,
in the peroxidase cycle and halogenation cycle respectively, as illus-
trated in Fig. 9. In both cycles, native peroxidase (Por-Fe(III)) reduces
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Fig. 9. General and sulfide related reaction mechanism of peroxidases. Proposed general mechanism of the peroxidase cycle (reactions (1), (2a), (3); green dotted
arrows); Proposed general mechanism of the halogenation cycle (reactions (1), (4); grey dashed arrows). Alternative turnover mechanisms of myeloperoxidase (MPO)
by H,S (facilitated by superoxide dismutase (SOD) or ascorbate) suggested by Garai et al. [103] (reaction (1), (2b), (5), (6), (7) and reaction (8), (9), (6), (7); orange
dash-dotted arrows); Reaction of lactoperoxidase-Compound II (LPO-Compound II) and H,S (reactions (10 ...); purple dash dot arrows) [209].) AH, and *AH denote
organic substrates and their radical-type oxidation products and X~ refers to halides and pseudohalides (C1~, Br—, I, SCN "), all naturally occurring in humans. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

14



A. Domdan et al.

H20;, and Compound I is formed during water elimination. In the per-
oxidative cycle, firstly, Compound I oxidizes an appropriate substrate
molecule (AH) accompanied by radical (*|AH) release and Compound II
formation. In a second one-electron oxidation reaction, Compound II
oxidizes another substrate molecule while the native form of the enzyme
is restored. In the halogenation cycle, Compound I oxidizes an appro-
priate halogenic ion (X™) while hypohalous acid (HOX) is formed and
the native enzyme is reconstituted. Generally speaking, Compound I and
Compound II forms of the peroxidases are involved in their catalytic
turnover in the peroxidase and the halogenation cycle [200,202-206].
Important to note that alternative turnover pathways may also occur in
the case of all peroxidases (MPO, LPO, EPO, TPO), involving their
characteristic and/or alternative substrates, their ferrous form and/or
the Compound I, Compound II and Compound III intermediates of the
enzymes. Moreover, interconversion between the Compound II and III
forms of the peroxidases is also possible (not shown in Fig. 9.) [207,
208].

The generated radical species (*AH) and hypohalous acids (HOX) are
strong oxidants effectively used by mammalian organisms to kill path-
ogens, therefore these peroxidases are vital contributors to the immune
system. The substrate specificity and redox characteristics of mamma-
lian heme peroxidases, and their significance in health and disease has
been previously reviewed [200,202,203,205,206,210]. Actually, metHb
and metMb also possess peroxidase activity, but this has primarily
pathological relevance. In their cellular environment, the abundance of
metHb is relatively low and metMb is negligible, due to their enzy-
matically controlled recovery to the active ferrous form. However, in the
case of pathological conditions, where Hb or Mb are released from their
cellular milieu, they can cause serious damage as a result of their
peroxidase activity [211]. Moreover, as mentioned before, the peroxi-
dase activity of Cc plays a key role in apoptosis [175]. These latter en-
zymes have been defined as pseudo-peroxidases, while their primer
function does not rely on their peroxidase activity [200].

6.1. Myeloperoxidase

Myeloperoxidase (MPO) is a unique member of the peroxidase-
cyclooxygenase superfamily, the most abundant enzyme of neutrophil
granulocytes located in the primary granules [103,212,213]. One of the
main enzymatic functions of MPO is the halogenation reaction (Fig. 9),
that mainly yields hypochlorous acid from chloride ions. The production
of hypochlorous acid mainly happens in the phagosome for the elimi-
nation of bacteria and other pathogens. In the peroxidase cycle of the
enzyme various biological substrates are turned over, including tyrosine
to generate tyrosyl radicals and thus contributing to protein
cross-linking [214,215]. It was demonstrated that hydrogen sulfide
showed anti-inflammatory properties in various conditions, such as
rheumatoid arthritis [216], reperfusion injury [217] or atherosclerosis
[146]. The detrimental effect of MPO in these particular conditions have
also been confirmed [218-220], therefore our group hypothesized that
the observed protective effects of H,S may be attributed to its local in-
teractions with MPO [213].

Spectroscopic evidence revealed that under anaerobic conditions in
the absence of H,0», sulfide coordinates to ferric MPO-Fe(III) to form a
low-spin MPO-Fe(Ill)-hydrosulfido complex that is then slowly reduced
to the MPO-Fe(II)-HsS complex (Fig. 9). In case of Compound I and II
forms of MPO the detailed kinetic analysis by conventional and
sequential stopped-flow spectroscopy and peroxidase assays showed
that both intermediates rapidly oxidize hydrogen sulfide ultimately
yielding ferrous MPO-Fe(Il) and the MPO-Fe(II)-HsS complex, which
was also generated in the absence of peroxide (Fig. 9). The high second-
order rate constants with Compound I and II imply that sulfide may act
as a substrate of MPO and sulfide radicals including thiyl radicals might
be generated. The coordination of hydrogen sulfide to MPO effectively
inhibits the peroxidase activity with an LCsq value of ~1 pM, in both
steady-state enzyme kinetic experiments and in biological samples (rat
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tissue and human neutrophil homogenates). This inhibitory effect was
fully reversible with a dilution step in our experimental settings, how-
ever, under physiological conditions, the sulfide radicals generated by
Compound I and II could damage the protein structure thus a loss of
activity occurs [213].

In the presence of molecular oxygen, we gathered further knowledge
of the mechanism governing the MPO/H302/sulfide/Oy system and
corroborated the potential implications of these interactions in sulfide-
mediated redox signaling as well as antioxidant protection [103]. Our
data showed that the reaction of ferric MPO with H,S under aerobic
conditions brings about the formation of an MPO redox state with a
distinct absorption peak at 625 nm (thereby named "the 625 nm spe-
cies"). A detailed discussion is given in [103] whether this species could
be assigned as a sulfheme intermediate or the Compound III enzyme
form. On the other hand, MPO did not exhibit the typical characteristics
of a sulfheme intermediate when reacted with sulfide. The most
compelling argument to support this notion was that the 625 nm species
(and the corresponding UV-vis band) appeared even in the absence of
sulfide when MPO was reacted with hydralazine with similar kinetic and
spectroscopic features. Several lines of evidence confirmed that the 625
nm species is indeed Compound III, which is a resonance form of
oxygenated ferrous MPO (MPO-Fe(II)-O3) and ferric-superoxide-like
complex (MPO-Fe(II)-03 ).

The formation of Compound III in the presence of HyS is a key
phenomenon that distinguishes MPO from related heme peroxidases.
According to our findings, the generation of Compound III gives rise to
the superoxide dismutase (SOD) or ascorbate-facilitated turnover of
MPO and subsequent oxidation of sulfide, in the absence of initial HyO».
SOD and ascorbate produce ferric MPO and H205 by dismutation and
reduction, respectively, thus initiating the normal peroxidase cycle and
processing sulfide, as described above. We showed that this sulfide
oxidation leads to the slow release of sulfane sulfur species (HS®) from
the cycle promoting protein persulfidation [103]. We believe that this
discovery may have important implications in persulfide-mediated
regulation of redox signaling events [27] as well as in the protection
against oxidative stress. The cytoprotective capacity of protein persul-
fides based on their increased nucleophilicity has been hypothesized
earlier [30,168,221] and we recently reported detailed experimental
evidence supporting this concept [80], as discussed above.

Unlike other related peroxidases, MPO has unique structural features
that prevent the formation of sulfheme and ultimately the irreversible
inactivation of the enzyme. The main reason is illustrated in [103],
namely that related peroxidases covalently bind the heme cofactor to the
protein backbone via 2 ester groups with aspartate and glutamate resi-
dues (which makes the structure more rigid than in globins), whilst MPO
has an additional sulfonium ion (R;RyR3-S™) linkage to the respective
heme by its methionine residue 243 [202]. Consequently, the heme
pocket of MPO is distorted into a bow-shaped conformation and dis-
places the iron center out-of-plane towards the proximal histidine,
significantly changing the catalytic properties of the enzyme. The single
mutation of methionine residue 243 to valine (Met243Val mutant)
corroborated the significance of this sulfonium linkage. Compound III
formation was prevented in Met243Val mutant, which hindered SOD or
ascorbate-facilitated enzyme turnover and the inhibition by sulfide was
complete and irreversible.

The effect of hydrogen sulfide treatment on MPO activity in vivo has
been extensively studied in various conditions. In mouse model of burn
injury and porcine model of myocardial ischemia/reperfusion injury,
MPO treatment with hydrogen sulfide significantly lowered MPO ac-
tivity in the affected tissues. These results suggest that inhibition of MPO
could be an important part of the anti-inflammatory functions of sulfide
[222,223].

6.2. Lactoperoxidase

Lactoperoxidase (LPO) is present in mucosal surfaces, in exocrine
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secretions such as milk, tears, and saliva, as well as in nasal and lung
airway fluids. The two main physiological substrates of the LPO halo-
genation cycle (Fig. 9) are iodide and thiocyanate. Due to the signifi-
cantly lower occurrence of iodide in the body compared to thiocyanate,
LPO catalyzed formation of HOSCN and its antimicrobial effect is
dominant [200,224]. The interactions of LPO and sulfide have been
investigated by Nakamura et al. [209]. Their primary motivation was to
thoroughly study the proposed inhibitory effect of an antithyroid drug,
2-mercapto-1-methylimidazole (MMI) on LPO activity. They investi-
gated the interactions of LPO-Compound II (LPO-Fe(IV)—0) with MMI
and with sulfhydryl model substances, namely NasS, cysteine (Cys), and
DTT, to reveal the role of the thiol functional group in the inhibition
mechanism. It has been concluded that each sulfhydryl compounds react
with LPO-Fe(IV)—O along two parallel reaction pathways with a
different probability. HyS preferably forms ferrous sulfheme species
(sulfLPO(Fell)) which is slowly oxidized to its ferric sulfLPO-Fe(III)
form. Cys and sulfide show similar properties in this regard, however,
the ferric cysteine LPO adduct was not observed. MMI and DTT are both
capable of ferrous and ferric adduct formation, although, they prefer-
ably participate in one-electron reduction of LPO-Fe(IV)=O to its native
LPO-Fe(III) form. Interestingly, in the case of excess sulfide, the char-
acteristic spectrum of LPO-Fe(IV)=—O0 transformed into a native LPO-Fe
(I11) like spectrum accompanied by recovered LPO activity [209]. These
results indicate the possible biological relevance of LPO interactions
with endogenous sulfide.

6.3. Thyroid peroxidase

Thyroid peroxidase (TPO) is a membrane-bound enzyme found in the
thyroid follicle cells. As a peroxidase, TPO mainly reacts with iodide
resulting in HOI formation. Moreover, TPO is essential in the synthesis of
thyroid gland hormones [200,225]. Regarding sulfide biochemistry,
Zhao et al. showed that HyS plays important role in the protection of
thyroid functions. Among others, they demonstrated that NaSH treat-
ment of human primary thyrocytes enhances the expression of mole-
cules that are essential for thyroid hormone synthesis and secretion.
Moreover, TPO displayed increased activity upon NaSH treatment, but
the exact mechanism is unknown [226]. TPO inactivation by MMI has
been also proposed similarly to the case of LPO. The formation of
TPO-MMI adduct likely occurs with the involvement of the
TPO-Compound II intermediate [227]. The TPO-MMI adduct shows
similar spectral properties that the LPO-sulfhydryl adducts and sulf-
myoglobin [225]. In light of these findings, interactions of TPO with
sulfide or other sulfhydryl compounds are probable and could be a
fascinating research area in the future.

6.4. Eosinophil peroxidase

Eosinophil peroxidase (EPO or EPX) is an enzyme of the innate im-
mune cells of humans and mammals and it is concentrated in the
secretory granules of eosinophils. Under normal conditions, its main
action is the catalysis of bromide and thiocyanide oxidation to HOBr and
HOSCN, respectively [200,228]. However, interactions of EPO with
sulfide or polysulfides have not been studied yet, but it has been shown
that EPO is capable of catalyzing SOZ~ oxidation to SO§~ radicals in the
presence of Hy05 in the peroxidative cycle. Subsequent reaction of SO3™
with oxygen leads to the formation of “03SO0°® which can generate SO3~
radicals in the presence of SO3. These radicals are involved in protein
oxidation and may cause oxidative damage [229]. It is important to note
that sulfite interaction with heme peroxidases and heme globins is a
known phenomenon, but its detailed discussion is out of the scope of the
current review. Maiti et al. currently provided an up-to-date summary
on this topic [230]. Due to the close structural and functional similarities
of MPO, LPO, TPO, and EPO, the biological relevance of interactions
between EPO and sulfide or related compounds cannot be ruled out.
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7. Interactions of reactive sulfur species with antioxidant
metalloproteins

In the previous sections we discussed how sulfide and other reactive
sulfur species affect fundamental redox-related life events, such as the
delivery of O, cellular respiration, and immune defense by strong
oxidizing agents. The accumulation of oxidizing power may lead to a
state called oxidative stress, defined as impaired redox balance in favor
of oxidants, negatively affecting redox signaling and causing molecular
damage [231]. Oxidative stress has been associated with a large number
of pathological conditions including aging, neurodegenerative pro-
cesses, diabetes, cancer, brain damage, and infarction [232-234],
therefore counteracting its harmful effects and the maintenance of redox
homeostasis is crucial to our health.

The initial cause of oxidative stress is an elevated level of ROS,
especially superoxide (0%~) and hydrogen peroxide (H205). Superoxide
is endogenously generated by several sources including electron leakage
from the mitochondrial ETC, the activities of NADPH oxidase (NOX) and
dual oxidase (DUOX) enzyme clusters or autoxidation of hemoglobin,
and may arise from external factors such as radiation or drugs [235,
236]. HyO3 is produced by superoxide dismutases (SODs) in eq. (3).
Certain NADPH oxidases are capable of further reduction of superoxide
to hydrogen peroxide by donation of a second electron [232].

205 +2H" > H0;, + O, 3)

Superoxide and hydrogen peroxide do not pose an immediate threat
to living cells, given the kinetic constraint of their direct reactions with
biomolecules [236]. Moreover, HyO, is widely recognized today as a
signaling molecule, playing a substantial role in redox regulation, i.e.
the modulation of thiol enzymes by posttranslational modifications
[233,237-239]. However, secondary radicals and more potent oxidants
are derived from O3~ and HyO3 which can inflict serious damage on
cells. Transition metal ions catalyze the formation of harsh oxidants,
such as hydroxyl radicals (*OH) in Fenton-type reactions (eq. (4)). It was
also shown in bacterial systems, that superoxide further supports this
type of chemistry by disruption of iron-sulfur clusters and subsequent
iron release [235].

H,0, + Fe’* — OH™ + Fe** + *OH 4)

The hydroxyl radical is a universal oxidant reacting with all bio-
logical macromolecules, leading to alkoxyl radicals (RO®), peroxyl rad-
icals (ROO®), organic hydroperoxides (ROOH) and corresponding
nucleic acid, protein and lipid oxidation [232,236]. Furthermore,
hydrogen peroxide and/or superoxide promote the formation of other
reactive species, such as peroxynitrite (ONOO ) (eq. (5)) and related
RNS, peroxynitrous acid (ONOOH) and nitrogen dioxide (*°NOy), strong
and unspecific oxidants themselves [232,240].

05"+ *NO — ONOO™ (5)

As discussed above, the halogenation cycles of mammalian heme
peroxidases produce hypohalogenic acids (HOX) (Fig. 9), creating a
harsh oxidizing environment to destroy pathogens. Although highly
useful for immune defense, the accumulation of these species is harmful
to healthy tissue as well. These examples well demonstrate how and why
elevated levels of Hy05 and O3~ may lead to serious oxidative stress and
become a dangerous biological risk.

It is noteworthy that extracellular hemoglobin can also be a signifi-
cant source of oxidative stress. Hb may appear in the extracellular ma-
trix by the destruction of RBCs or exogenous infusion of hemoglobin-
based oxygen carriers (HBOCs). Inside healthy RBCs, Hb oxidation
state is under strict enzymatic control and ROS are neutralized by
effective antioxidant systems (see below). However, as the extracellular
space lacks these machineries, Hb-Fe(II) may induce oxidative stress in
several ways. Its autoxidation to Hb-Fe(III) produces O3~ as shown in
Fig. 5. Oxidation of ferrous Hb by Hy0, may result in a Fenton-type
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reaction (eq. (4)) or in the formation of an unstable ferryl Hb (Hb-Fe
(IV)=O0) species. The latter subsequently decomposes into heme
degradation products and free iron ions, accompanied by further ROS
generation. Finally, the reaction of H2O» or lipid peroxidases with Hb-Fe
(III) may generate ferryl Hb and/or highly reactive oxyferryl Hb radical
(*Hb-Fe(IV)=O0). However, haptoglobin (Hp) and hemopexin (Hpx) are
proteins responsible for the binding of extracellular Hb and free heme,
respectively, counteracting their deleterious effects. These Hb-related
phenomena can be associated with many pathophysiological condi-
tions, if the elevated levels of Hb and free heme exceed the binding
capacities of Hp and Hpx [134,241,242]. As discussed above, sulfide
exerts a protective effect against such pathological events through its
interactions with Hb derivatives [145-148].

In humans, numerous enzymatic and non-enzymatic systems operate
to overcome excess oxidation and/or eliminate detrimental oxidants.
Metalloproteins are widely represented in antioxidant protection. Su-
peroxide is processed by 3 isoforms of superoxide dismutases in humans,
all three contain transition metal centers [243]. HoO3 arising from the
dismutation reaction (eq. (3)) is captured by three groups of proteins,
peroxiredoxins (Prxs), catalase (CAT), and glutathione peroxidases
(Gpxs), of which catalase belongs to the heme protein family [236].
Reported interactions between SODs and catalase with reactive sulfur
species are discussed in more detail below. It should be noted that the
term "antioxidant proteins" is not a strictly defined group. In a broader
sense, the discussed heme peroxidases (MPO, LPO, EPO, and TPO) can
be considered antioxidant proteins as well, since HyO; is consumed in
their catalytic cycle [233].

7.1. Superoxide dismutase

Superoxide (03 ) is an abundant reactive oxygen species and a major
player in oxidative stress. Superoxide dismutases (SODs) are a group of
crucial antioxidant systems that provide cellular defense by catalyzing
eq. (3) [244,245].

Mammals have three isoforms of SODs: cytoplasmic SOD1, mito-
chondrial SOD2, and extracellular SOD3, allowing compartmentalized
redox signaling [246]. SOD1 and 3 contain copper and zinc, while SOD2
is a manganese protein. Cu/ZnSODs are composed of a 32 kDa homo-
dimer of two identical subunits, consisting of a Greek key beta-barrel
composed of eight antiparallel p-strands [247]. The Cu and Zn ions
are positioned in the active site channel of the protein, which is formed
by two other major external loops outside of the beta-barrel. Cu plays a
catalytic role and is bound by four histidines, His46, 48, 63, and 120, in
a distorted tetrahedral geometry. The zinc ion, which is bound by His63,
71, 80 and Asp83 provides structural stability. His63 bridges the two
metal centers [248]. This scaffold supports dimer or tetramer formation,
as well as electrostatic guidance and electron transfer at the catalytic
site.

SOD-catalyzed dismutation takes place in two steps. The first half-
reaction begins with the substrate binding to Cu(Il), which is then
reduced to Cu(l), while O3 is oxidized to molecular oxygen (eq. (6)):

©

This results in the cleavage of the bond, bridging the Cu ion to His63,
leaving this histidine residue protonated. In the second half reaction, a
proton from His63 and an electron from Cu(I) are donated to another
superoxide equivalent, resulting in the formation of hydrogen peroxide,
whereas Cu(l) is oxidized to Cu(Il) (eq. (7)). The copper bound to the
bridging histidine is then restored [249]:

Cu*"-SOD + 03— Cu*-SOD + 0O,

Cu™-SOD + 05+ 2H" — Cu**-SOD + H,0, )

MnSOD or SOD2 is composed of a 96 kDa homotetramer and is
localized in the mitochondrial matrix [250]. Its Mn(III) ion at the active
site catalyzes the disproportionation of superoxide to oxygen and
hydrogen peroxide in two half-reactions (egs. (8) and (9)), in a similar
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fashion as Cu/ZnSODs [251]:

Mn>*-SOD + 035" = Mn?*-SOD + 0, )

Mn?*-SOD + 0%~ + 2H" — Mn**-SOD + H,0, 9)

Since 90% of cellular ROS are generated in the mitochondria and
mitochondrial DNA is particularly susceptible to oxidative damage, this
catalytic activity is critically required for antioxidant protection.

Early studies by Searcy et al. indicated that the combination of sul-
fide and bovine erythrocyte Cu/ZnSOD resulted in a two-fold increase of
the superoxide scavenging activity [252]. Their spectral and EPR ob-
servations suggested that the effector species is HS™, which directly
interacts with the catalytic site. Stoichiometric studies suggested that
the hydrosulfide anion is a substrate for SOD, it can rapidly and tightly
bind to Cu(Il), forming a Cu(II)-HS™ complex before the appearance of
superoxide, as shown by optical and EPR spectra.

The products formed during the enzymatic turnover were HoO5 and
sulfane sulfur, such as elemental sulfur or polysulfide. This suggests that
sulfide detoxification is a second possible role of SOD in addition to O3~
scavenging via the proposed reaction (eq. (10)):

SOD

0, +HS™ +2H —————H,0, + %HSSH (10)

Sulfide was also found to increase the activities of Cu/Zn and
MnSODs in cardiomyocytes under ischemia/reperfusion conditions
[253]. Further studies indicated that the enhanced activity of MnSOD is
aresult of its upregulated expression, but Cu/ZnSOD expression was not
affected by hydrogen sulfide. The direct interaction between Cu/ZnSOD
and H,S was proposed and confirmed by isothermal titration calorim-
etry (ITC) assays, where heat was released upon the interaction of
Cu/ZnSOD with H,S, suggesting that sulfide can bind to the enzyme and
allosterically activate it.

The production of various reactive sulfur species by SOD through the
metabolism of hydrogen sulfide was also demonstrated by Olson et al.
[254]. However, they obtained different results during the investigation
of the interaction between Cu/ZnSOD and MnSOD with H,S. According
to their findings, aerobic addition of Cu/ZnSOD to H,S resulted in rapid
sulfide consumption, which was proportional to the concentration of the
enzyme. Using the polysulfide-specific fluorescent probe SSP4, they
corroborated the formation of polysulfides by SOD-mediated meta-
bolism of HyS. This polysulfide production was also found to be
dependent on SOD concentration over a range of HyS concentrations,
while hypoxic studies indicated that molecular oxygen is also required
for this process. Although Searcy et al. proposed increased SOD activity
in the presence of sulfide, Olson et al. demonstrated the inhibitory effect
of HyS on SOD oxidation above 750 pM, which was found to be complete
at 1.75 mM [252,254]. They also obtained different results during the
experiments performed to determine whether HyS or HS™ was the
preferred substrate for SOD. Based on their findings, they not only
suggested that the enzyme preferentially reacts with dissolved HjS
rather than the hydrosulfide anion, but paradoxically, HS™ was found to
directly inhibit SOD oxidation of HjS.

Regarding the nature of the polysulfides produced, persulfide (H2S2)
was the major species detected but longer-chain polysulfides (H2S3 and
H,Ss) were also identified, which could have been the result of persul-
fide recombination during the detection protocol [11]. These processes
appeared to be dependent on both SOD and O concentrations; however,
the longer-chain polysulfides produced were not further metabolized by
the enzyme. It is clearly stated that additional studies are required to
identify the mechanisms involved but the following steps were proposed
to explain the observations (eq. (11)-(15)):

Cu*"-SOD + H,S — HS*Cu'-SOD + H* 1)
HS*Cu™-SOD — HS® + Cu "-SOD 12)
2 HS. —)HzSz (13)
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Cu™-SOD + 0, —» Cu*"-SOD + 03~ 14

2 Cu*"-SOD + 2 05 + 2 H' - Cu®**-SOD + 0, + H,0, (15)

Experiments performed with MnSOD suggested similar sulfide/sul-
fur metabolism to that of Cu/ZnSOD, which might be especially critical
in dealing with mitochondrial hydrogen sulfide. Further experiments
indicated that polysulfide production by SOD oxidation of H,S is not
only regulated by H,S itself but also by its metabolites, suggesting that
their target is not the reactive Cu/Zn motif, but rather SOD cysteines.

Although the biological relevance of HpS metabolism by SOD re-
mains to be clarified, numerous studies have suggested that sulfide ex-
erts a protective role by enhancing the activity of antioxidant enzymes,
which results in decreased ROS levels. Both activation and inhibition
appear to be considerable, since impaired SOD activity was found to be
directly linked to neurodegenerative diseases, such as familial amyo-
trophic lateral sclerosis, a lethal neurodegenerative disorder [255].
Furthermore, an in vivo study demonstrated the fundamental mito-
chondrial function of MnSOD, as the lack of the enzyme lead to the
accumulation of hepatic lipids, mitochondrial defects, dilated cardio-
myopathy as well as early neonatal death [256,257].

These results not only highlight the importance of adequate SOD
functions in biological systems but also suggest that SOD and its mi-
metics may have therapeutic potential in combating oxidative stress and
associated diseases.

7.2. Catalase

Catalase is one of the most ancient and well-studied antioxidant
enzymes, responsible for the breakdown of H;O; in eq. (16). Techni-
cally, eq. (16) is also a disproportionation or otherwise called dis-
mutation reaction, yet the term "dismutation" is traditionally used for
SOD activity (eq. (3)) in biochemical literature.

2 H,O, - 2 H,O + O, (16)

Catalases are present in most aerobic cells and possess the highest
turnover rate for HyO, among antioxidant enzymes. Human and
mammalian catalases belong to the group of monofunctional heme
catalases or so-called “'true catalases". Additionally, two other types of
catalases are distinguished based on their functions: catalase-
peroxidases which are heme proteins, and non-heme catalases, which
have manganese in their active center. The current review focuses on the
first group and the term catalases (CATs) will be used to denote mono-
functional heme catalases. Typically, CATs are tetrameric proteins and
each identical subunit contains a heme prosthetic group. The iron center
of the native enzyme is in the ferric form of the native enzyme. In its
catalytic cycle, CAT-Fe(Ill) reacts with a HyO5 molecule in a two-
electron oxidation reaction, resulting in Compound I and water forma-
tion. Recovery of the native enzyme occurs in a two-electron reduction
reaction between Compound I and Hy0Oy accompanied by water and
oxygen release (Fig. 10) [243].

In contrast to heme peroxidases, Compound II is not a part of the
catalytic cycle of CAT. Although at low H2O concentrations, CAT may
be trapped in Compound I form and in the presence of electron donors, it
can be reduced to Compound II in a one-electron reaction. It is a
temporarily inactive state of the enzyme which can be further reduced to
the native form only in slow reactions [258].

H,0+0, H,0,

-

Por-
(native form)

[} - \
= ®*por-Fe(IV)=0}

(Compound |)

H,0, H,0

Fig. 10. Canonical catalytic cycle of monofunctional heme catalases.
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Early studies suggested the inhibition of catalase by sulfide. It has
been proposed that inhibition occurs in at least two possible ways [259].
On the one hand, reversible H,S ligation to the Fe(III) center of CAT
results in activity loss. On the other hand, the formation of sulfcatalase
(sulfCAT) may also occur, which is a catalytically inactive form of the
enzyme. SulfCAT seems to be less stable than other sulfheme proteins
and can be regenerated by oxidizing agents e.g. by oxygen [101]. CAT
inactivation by biologically relevant thiol compounds (RSHs), namely
cysteine (Cys-SH), homocysteine (HCys-SH), and glutathione (GSH) has
also been observed in vitro. Although the ICsy values significantly
exceeded normal physiological levels of these thiols. Interestingly, under
mimicked pathological conditions (in the presence of iron), physiolog-
ical concentrations of Cys-SH and GSH led to reversible Compound II
formation, while HCys induced sulfCAT generation, in the absence of
sulfide. In the proposed mechanism of HCys mediated sulfCAT forma-
tion, an initial S-oxygenation occurs by direct oxygen transfer from
Compound II (Por-Fe(IV)—O0) to HCys-SH. In further steps, the inter-
action of HCys-SOH with the ferric heme center (Por-Fe(III)) results in
the incorporation of the sulfur atom to one of the pyrrol rings of the
porphyrin frame accompanied by stable sulfonium ion formation. The
stable sulfCAT-Fe(III) species is generated in following reactions.

Interestingly, ICso has been dropped into the physiological/patho-
logical range of these RSHs in the presence of iron in the reaction
mixture. While perturbation of transition metal (e.g. iron) homeostasis is
characteristic of various forms of cancer and neurodegenerative dis-
eases, it was suggested that RSH and transition metal ions may mediate
catalase inhibition under these conditions.

As mentioned above, catalase is an ancient enzyme dating back to
when sulfur prevailed over oxygen in the atmosphere. A detailed study
was carried out by Olson et al. based on the premise that RSS predate
ROS, therefore catalase might be able to metabolize the former to some
extent [260]. Indeed, it was found that catalase could use sulfur species
as substrates in an oxygen-dependent manner. In the presence of oxygen,
catalase removed mixed polysulfides and HyS from buffered solution.
The ultimate products remain to be identified. On the other hand, in
hypoxia, catalase could release HyS from various sulfur-containing
molecules, DTT, garlic oil, diallyl-trisulfide, and thioredoxin. NADPH
promoted sulfide cleavage from thioredoxin (Trx), which is a major
antioxidant protein, so this reaction may have important implications in
redox regulation. The authors argue that increased H,S production by
catalase under hypoxia may be beneficial to the kidneys in case of
ischemia-reperfusion injury. The exact mechanisms of sulfide oxidation
or release by catalase are not discussed in the study, although it is shown
that CO inhibits the reductase function, therefore the heme iron is
involved in the process. It is also concluded that H,S may be the
preferred substrate over HS™ anion, and the latter may inhibit sulfide
metabolism by catalase. The paper mentions the inhibitory effect of HyS
on catalase activity, in a non-canonical oxidase reaction (the oxidation
of dichlorofluorescein). According to Olson et al., their findings describe
the first known reductase function of catalase, which may shift its notion
from classical antioxidant towards a redox-regulatory enzyme, intri-
cately involved in hypoxia response.

It has been previously suggested that H,S is directly involved in
antioxidant protection by chemically reducing the above-mentioned
oxidizing species. However, kinetic considerations raised doubts about
the physiological relevance of this pathway, as we discussed in [80].
First, the dedicated peroxidases and catalase are highly abundant pro-
teins and react with H,O5 with rate constants of ~10” M~!s™! order of
magnitude [236]. On the other hand, the concentration of free sulfide
falls in the nanomolar range, quite low compared to other biological
reductants, such as Cys-SH or GSH. Finally, the rate constants of the
reactions of HyS with the oxidants discussed above (05~, HyO5, perox-
ynitrite etc.) do not justify the importance of their direct elimination by
sulfide. Consequently, the reported protective effects of HyS should be
implemented by indirect means. The interactions of H2S and other RSS
with metalloproteins presented in the current review may contribute to
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the protection against oxidative stress in multiple ways. From a pro-
tective point of view, the effect of the inhibition of MPO and potentially
other heme peroxidases is twofold. The production of the harsh
oxidizing agent, hypochlorite and the highly reactive ferryl in-
termediates is diminished by sulfide and the H,0, independent turnover
of sulfide releases sulfane sulfur in the process, aiding protein persulfi-
dation. We and others recently demonstrated the cytoprotective capac-
ity of protein persulfidation [30,80,82]. A persulfide group may act as a
temporary switch under elevated oxidative conditions, which are
reverted to the reduced form by the NADPH-dependent Trx and GSH
disulfide reductase systems when the stress is over [16,80,261].
Furthermore, increased SOD activity induced by HjS is a contributing
factor to antioxidant protection, due to diminished ROS production
[252,253]. Although catalase inhibition by sulfCAT formation might
counteract the canonical antioxidant capacity of the enzyme,
catalase-mediated various RSS production under hypoxia is an
intriguing aspect of alleviating ischemia reperfusion-related insults
[260]. Altogether, the presented findings support the beneficial effects
of reactive sulfur species on cellular health. Future endeavors in
hydrogen sulfide-based drug development aim to exploit the cytopro-
tective potential of sulfide and derivatives in therapeutics of redox
diseases.

8. Future directions

The family of reactive sulfur species is widely recognized as impor-
tant regulatory and signaling molecules in human physiology. Part of
their bioactivity may be manifested via interactions with metal-
loproteins, with significant implications in health and disease. Metal-
loproteins and metalloenzymes are essential pillars of oxygen-based life,
therefore modulation of their activities by RSS influences vital physio-
logical functions, such as respiration or immune defense. The interplay
between bioinorganic chemistry and hydrogen sulfide research is a
dynamically growing area of redox biology, yet there are plenty of ob-
stacles to overcome. First, the mere number and variety of metal-
loproteins pose a challenge, given that one-third of the human proteome
contains one or more metal centers. A helpful approach may be the
classification of proteins and investigation of the effect of RSS on
frequent motifs, as was done here with heme groups. Reactive sulfur
species also compose a diverse and not tightly defined family with
versatile biochemical properties, thus it is important to keep a meticu-
lous and chemically accurate viewpoint in order to identify actual re-
action partners and mechanistic details. The examination of
metalloproteins requires a combination of analytical, spectroscopical,
and biomedical techniques, with potential applications of theoretical
and computational means. With harmonized efforts of interdisciplinary
nature, targeting metal sites and the exploitation of reactive sulfur
species-mediated signaling pathways is a viable approach to consider in
hydrogen sulfide-based drug development.
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