FEBS
Letters

REVIEW ARTICLE

:c’ FEBSPRESS

© science publishing by scientists

Nitrite-dependent nitric oxide synthesis by molybdenum

enzymes

Daniel Bender"? and Guenter Schwarz'?3

1 Department of Chemistry, Institute for Biochemistry, University of Cologne, Germany
2 Center for Molecular Medicine Cologne (CMMC), University of Cologne, Germany
3 Cologne Cluster of Excellence in Cellular Stress Responses in Aging-associated Diseases (CECAD), University of Cologne, Germany

Correspondence

G. Schwarz, Department of Chemistry,
Institute for Biochemistry, University of
Cologne, Zuelpicher Stral3e 47, 50674
Cologne, Germany

Fax: +49 221 470 5092

Tel: +49 221 470 6440

E-mail: gschwarz@uni-koeln.de

(Received 27 April 2018, accepted 2 May
2018, available online 27 May 2018)

Nitric oxide (NO) is an important gasotransmitter involved in numerous
intra- and intercellular signaling events. In addition to the oxidative pathway
of NO generation, which includes three NO synthase (NOS) isoforms in
mammals, a reductive pathway contributes to NO generation. In this path-
way, nitrite is reduced to NO by various metal-containing proteins. Among
these, all members of the eukaryotic molybdenum (Mo)-dependent enzyme
family were found to be able to reduce nitrite to NO. This Review focuses on
the current state of research in the field of Mo-dependent nitrite reduction in
eukaryotes. An overview on the five eukaryotic Mo-enzymes is given, and
similarities as well as differences in their nitrite reduction mechanisms are
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presented and discussed in the context of physiological relevance.

mARC; molybdenum cofactor; nitrate

reductase; nitric oxide; nitrite; sulfite oxidase; xanthine oxidoreductase

Nitric oxide (NO) was the first gasotransmitter to be
identified in mammals in the context of blood vessel
relaxation [1] and macrophage activation [2,3]. Although
carbon monoxide and hydrogen sulfide (H,S) were later
found to extend the physiological repertoire of gaseous
signaling molecules in the human body, NO-related bio-
logical processes still dominate the field of gasotransmit-
ter research. From the early discoveries in the 80’s until
today, NO has become the most versatile and complex
second messenger involved in numerous cellular pro-
cesses. NO-dependent nitrosylation of proteins has been
recognized as an apparent post-translational modifica-
tion (PTM) of mainly cysteine thiols with tremendous
physiological importance [4]. Moreover, (setting NO
apart from other PTMs, NO’s unique feature is its ability
to bind to metal cofactors, which either leads to enzyme

Abbreviations

activation or inactivation [5,6]. Furthermore, INO not
only modulates protein function but it is also able to
modify a variety of different products of enzymatic reac-
tions, which increases the spectrum of available metabo-
lites [7]. In this respect, its potential to cross biological
membranes, its high diffusion coefficient [8] and its indo-
lent reaction with molecules [7] other than radicals and
metals allows NO to function as fundamental cell-to-cell
messenger within different tissues.

In pioneering efforts to identify the cellular source of
NO in animals, neuronal NO synthase (nNOS) was first
discovered [9] followed by the identification of endothe-
lial NOS (eNOS) [10] and inducible NOS (iNOS)
enzymes [11]. All three NOS isoforms use molecular oxy-
gen and a guanidine nitrogen of L-arginine to produce L-
citrulline and NO [12]. This is enabled by shuttling

AO, aldehyde oxidase; cGMP, cyclic guanosine monophosphate; cyt ¢, cytochrome ¢; eNOS, endothelial NOS; EPR, electron paramagnetic
resonance; FeS, iron sulfur cluster; H,S, hydrogen sulfide; INOS, inducible NOS; mARC, mitochondrial amidoxime reducing component; Mo,
molybdenum; Moco, molybdenum cofactor; NADH, nicotinamide adenine dinucleotide; nNOS, neuronal NO synthase; NO, nitric oxide; NOS,
nitric oxide synthase; NR, nitrate reductase; PTM, post-translational modification; SO, sulfite oxidase; XDH, xanthine dehydrogenase; XO,
xanthine oxidase; XOR, xanthine oxidoreductase.
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electrons from NAD(P)H at the C-terminal reductase
domain through FAD and FMN to the oxygenase
domain. Here, a tetrahydrobiopterin-dependent reduc-
tion of heme-bound molecular oxygen allows the oxy-
genation of L-arginine leading to NO release and
citrulline formation. Electron flux from the reductase to
oxygenase site is regulated via Ca®" /calmodulin binding
to a motif located between both domains. The iNOS
enzyme is different from the other two isoforms as it is
neither constitutively expressed nor calcium dependent
[11,13]. Bacterial lipopolysaccharides as well as endoge-
nous cytokines induce iNOS transcription [3.13,14].
Cytotoxic NO production from iNOS in macrophages is
one major principle of the innate immune response in the
clearance of pathogens and tumors [15]. nNOS is the pre-
dominant isoform in the brain and peripheral nervous
system, however, its transcription was also recognized in
skeletal muscle [16], kidney macula densa cells [17] and in
the vascular smooth muscle [18]. In the brain, nNOS fun-
damentally regulates synaptic transmission and modu-
lates learning, memory and neurogenesis [19-21]. Here,
one mode of action is based on the transient S-nitrosyla-
tion of synaptic proteins [22,23]. In endothelial cells,
eNOS acts as the master regulator of the cardiovascular
system. A key function of eNOS-derived NO is arterial
vasodilation via NO-dependent activation of heme-con-
taining soluble guanylate cyclase in smooth muscle cells.
In addition, eNOS-derived NO is important in inhibiting
leukocyte adhesion [24], platelet aggregation [25] and vas-
cular inflammation [26]. Furthermore, endothelial NO
controls smooth muscle proliferation and stimulates
angiogenesis [27].

Interestingly, although a plant NOS enzyme was
proposed early on [28] up to now no plant homologue
to mammalian NOS was identified in any plant gen-
ome [29]. The best described enzymatic source of NO
in plants is the molybdenum (Mo)-dependent nitrate
reductase (NR), a cytosolic enzyme catalyzing the rate
limiting step in plant nitrogen assimilation by reducing
nitrate to nitrite [30]. The enzyme is restricted to auto-
trophs and cannot be found in animals. (Hence, for a
long time NOS enzymes have been recognized as the
only source of de novo synthesized NO in humans. In
contrast, the oxidation products of NO, nitrate and
nitrite, were considered as inert and no physiologic
function was assigned, although both molecules were
detected in serum and tissue [31-34].

Nitrite reduction complements NOS-
dependent NO release in mammals

In 1994, nitrite was first demonstrated to function as
physiological source of NO in the gastric lumen of

NO synthesis by molybdenum enzymes

humans. Here, the constant supply of nitrite was
shown to derive from commensal facultative anaerobic
bacteria in the oral cavity of the host that reduce
highly abundant nitrate to nitrite in saliva by NR-
dependent reduction of nitrate [35]. The swallowed
nitrite-containing saliva increased the NO concentra-
tion of expelled stomach air 100-fold in comparison to
expelled air from the oral cavity [36]. The pretreatment
with a proton-pump inhibitor reduced the amount of
NO in gastric air significantly, which suggested a low
pH in the stomach as indispensable for efficient nitrite
reduction. This high NO concentration in the gastric
lumen has been associated with a first organismic
defense mechanism against swallowed pathogens
[37,38].

In mammals, nitrate and nitrite circulate in the
blood and are abundant within different tissues,
although humans lack an NR enzyme. While serum
nitrite concentrations are in average around 0.3 uMm in
humans [31], the concentration of nitrate can reach up
to 40 um in serum [32,33]. In contrast, nitrite concen-
tration in tissue was found to be increased in compar-
ison to its serum concentration by approximately one
order of magnitude [34,39]. Responsible for that is the
high resorption capacity toward nitrite as shown by
intraperitoneal injection of nitrite into rats and the
organismic distribution of nitrite within 5 min postin-
jection into all rat organs [40]. The intrinsic nitrate—ni-
trite pools are fueled by two distinct mechanisms: (a)
dietary intake by the small intestine and the saliva
glands and (b) oxidation of endogenously produced
NO (Fig. 1) [41]. The latter involves the oxidation of
NO in the blood due to its reaction with oxyhe-
moglobin, which leads to the formation of nitrate and
methemoglobin [42]. A second enzyme which reacts
with NO is the multicopper enzyme ceruloplasmin,
which oxidizes NO to nitrite (Fig. 1) [43]. Circulating
nitrite derived from NO oxidation accounts for up to
70 % of total nitrite in the human vasculature [41].

First experimental evidence that nitrite may function
as endogenous source of NO was provided by the
application of isotopically labeled '’N-nitrite in
ischemic rat hearts [44]. The observed reduction of
nitrite to '"NO was proposed to derive from tissue aci-
dosis, which occurs during ischemia that leads to
nonenzymatic disproportionation of nitrite and release
of NO [45] similar to the effect of low pH on nitrite in
stomach. Underlining this, nitrite-dependent NO
release was simulated in an in vitro approach where
the nitrite-dependent dilatation of rat aortic sections
was strictly dependent on low buffer pH [46]. The
hypothesis of hypoxia-induced NO release from nitrite
as backup mechanism for NOS-derived NO is
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Fig. 1. Enzymes of eukaryotic NO homeostasis. Cellular NO
generation via the arginine-dependent oxidative route or via the
nitrate-nitrite-dependent  reductive route. O,-dependent NOS
enzymes produce NO from arginine. The produced NO can be
oxidized enzymatically via oxyhemoglobin (oxyHGB) to nitrate or via
ceruloplasmin to nitrite. Dietary intake supports the systemic
nitrate-nitrite pools. XO can reduce nitrate to nitrite. The latter can
be reduced to NO in the presence of protons via two groups of
metal-dependent enzymes/proteins. Mo-dependent XO, SO, AO
and mMARC constitute one group, while deoxyhemoglobin

conclusive, as NOS enzymes are strictly dependent on
molecular oxygen as cosubstrate. Nonetheless, the
question arose whether nitrite reduction predominantly
occurs nonenzymatically or if dedicated enzymes
reduce nitrite to NO under conditions of compromised
NOS activity. Indeed, evidence against a solely nonen-
zymatic nitrite reduction is the low pKa = 3.4 of
nitrite, which does not allow efficient disproportiona-
tion to occur even at an extended hypoxia-derived aci-
dosis [47-49].

Within the field of NO research, a variety of
enzymes have been reported to reduce nitrite to NO,
such as deoxyhemoglobin, cytoglobin, myoglobin
[50,51], as well as cytochrome ¢ (cyt ¢) [52] and neu-
roglobin in their penta-coordinate state [53,54]. The
physiologic potential of deoxyhemoglobin to reduce
nitrite to NO has been studied in detail and is gener-
ally widely accepted and the interested reader is
referred to another review [50,51]. In this review, we
will emphasize on the contribution of Mo-enzymes on
the reduction of nitrite to NO.

D. Bender and G. Schwarz

—
(O8]
=}

=

[55]. In
eukaryotes, two distinct variants of Moco were found
solely differing in their Mo coordination sphere. The
square pyramidal coordination of Mo and its sub-
stituents is composed of the enedithiolate of the pterin
and one oxo-ligand in the equatorial plane. One oxo-
ligand is axially coordinated and the fifth sulfur sub-
stituent differentiates both Moco variants in the equa-
torial plane. In case of the SO-family of Moco
enzymes the sulfur coordinates via a thioester derived
from a highly conserved protein-derived cysteine resi-
due (Fig. 2D), while in case of xanthine oxidase (XO)-
family members the sulfur is a terminal sulfido ligand
originated from an additional modification introduced
into Moco before it is inserted into enzymes (Fig. 4B)
[56].

[57,58]. NR belongs to the SO-family of Moco
enzymes coordinating Mo with a highly conserved cys-
teine-derived thiol (Fig. 2D) [57]. Besides Moco, NR
harbors two additional cofactors: a bs-type heme and
a FAD where NAD(P)H oxidation supplies electrons
for intramolecular tunneling toward Moco, the cat-
alytic site of nitrate reduction (Fig. 2E) [57]. A dedi-
cated C-terminal dimerization domain promotes the
assembly of NR as homodimer in solution. Together
with the catalytic Moco domain, both domains form a
structural core unit within one subunit while the bs
and FAD domains are connected by surface exposed
and flexible linker regions (Fig. 2A).

In plants, the catalytic reaction of NR ensures inor-
ganic nitrogen supply for plastidic nitrite reductase
and glutamine synthetases, which incorporate nitrate-
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Fig. 2. Eukaryotic members of the SO-family of Moco enzymes. (A) Ribbon representation of homodimeric Pichia angusta NR Moco- (blue)
and dimerization domain (grey). (B) Ribbon representation of homodimeric chicken SO. The N-terminal heme domain (red) is linked via a
partially disordered linker to the central Moco domain (blue) followed by the dimerization domain (grey). (C) Structural overlay of Moco- and
dimerization domain of P. angusta NR (green) and chicken SO (blue) in trace representation of the Ca atoms. (D) Left: Ball and stick
representation of the Moco highlighting the Mo atom (teal), the three Mo-coordinated sulfur atoms (yellow) and two Mo-coordinated oxygen
atoms (red). The amino acids shaping the active site in chicken SO (blue) and the corresponding P. angusta residues (green) are highlighted.
Right: The cysteine-derived thioester coordination of Mo defines the SO family of Mo-enzymes. (E) Primary sequence structure of plant NR
(upper) and vertebrate SO domain arrangement. Numbers indicate first/last residues of a domain and correspond to Arabidopsis thaliana NR
and human SO enzyme. Electron flux from NADH via FAD (yellow), the bs-type cytochrome (red) to the Moco domain (blue) is indicated for
NR. In SO the N-terminal mitochondrial targeting sequence (MTS) is followed by the bs-type heme domain (red) which is linked to the Moco
domain (blue) followed by the dimerization domain (grey). Nitrite reduction occurs with one electron at the fully reduced Moco active site of
both enzymes.

derived nitrogen as ammonium into glutamate [30].
Together with prokaryotic Mo-dependent nitrogenase,
both proteins provide the majority of biologically
available nitrogen, thus underlining the importance of
Mo in the global nitrogen cycle.

As NR catalyzes the reduction of nitrate to nitrite,
the reaction product nitrite fits the Moco active site.
In 1988, Dean and Harper were the first to report that
in crude protein extracts, soybean NR reduces nitrite

to NO with a Ky for nitrite one order of magnitude
below its Ky for nitrate [59]. The use of inhibitors and
different electron donors allowed the conclusion that
nitrite reduction takes place at the Moco active site of
NR. In vivo, several plant species were shown to pro-
duce NO. Interestingly, NO emission was dependent
on nitrate in the soil and was completely abolished in
all species, when plants were grown on ammonium-
containing soil, which strongly indicated a role for NR

FEBS Letters 592 (2018) 2126-2139 © 2018 Federation of European Biochemical Societies 2129
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[60]. Conclusively, isotopically labeled '’N-nitrate was
shown to be a major source of emitted '"NO [61].
Using different techniques for direct measurement of
NO, corn NR was shown to produce significant
amounts of NO not only in the presence of nitrite but
also by use of nitrate as an electron donor. This find-
ing suggested that NO can be formed from de novo
synthesized nitrite despite the presence of high concen-
trations of nitrate [62]. Finally, a double knockout of
both Arabidopsis thaliana NR loci (NIA1 and NIA2)
proved a significant contribution of the NR to nitrite-
dependent NO release in vivo [63].

Since plant NR is known to undergo post-transla-
tional regulation, different studies also addressed the
NR-dependent NO release in respect to the enzymes’
known post-translationally regulated states. NR activ-
ity is reduced in the dark via its phosphorylation and
subsequent 14-3-3 protein binding, which causes a
decay in intramolecular electron transfer rate [64]. In
line, NR-dependent NO release of leave extracts was
abolished under conditions of 14-3-3-dependent inhibi-
tion of phospho-NR in vitro [65]. Furthermore, the
degree of reduction in NO release in plants grown in
the dark mirrored the reduction in NR activity [65].
Besides these indirect evidences determined in crude
cell extracts, until today a detailed mechanistic and
biochemical understanding of NR-catalyzed nitrite
reduction is still missing. Nonetheless, the substantial
NR-dependent NO production in plants underlines the
role of Mo-dependent enzymes in nitrite reduction and
thus suggests that mammalian Mo-enzymes may play
an important role in NO homeostasis too. Therefore,
the closest relative to NR in mammals is SO and has
received attention for NO-based research in recent
years.

SO exhibits sulfite-dependent nitrite
reduction

Structural data of the Moco- and dimerization domain
of  Pichia angusta NR (Fig. 2A) [57], full-length
chicken SO (Fig. 2B) [66] and A. thaliana SO [67] pro-
vide strong evidence for a high degree of structural
conservation between NR and SO (Fig. 2C) [68,69].
The chicken SO enzyme serves as a structural blue-
print for all vertebrate SOs due to high degree of
sequence identity as well as spectroscopic and catalytic
similarities [66,70]. Similar to human and murine SO
[71], the chicken SO enzyme assembles as homodimer
with each subunit consisting of three distinct domains.
The N-terminal heme domain harboring a bs-type
cytochrome is connected via a flexible tether to the cat-
alytic Moco domain. The C-terminal domain shares

D. Bender and G. Schwarz

homology to a C2-type immunoglobulin fold and con-
fers dimerization of two SO subunits [66].

As evidenced by the X-ray crystal structures, the
catalytic Mo centers of NR and SO closely resemble
each other (Fig. 2D) which is underlined by electron
paramagnetic resonance (EPR) and X-ray absorption
spectroscopy studies [72-74]. In both enzymes, solely
the catalytically labile equatorial oxo-ligand of Mo
faces the active site channel entrance and is proposed
to embrace a major role in oxotransfer reactions cat-
alyzed by NR and SO enzymes [68]. In this respect it
is important to mention that three residues within the
active sites of NRs and SOs are completely conserved,
while three additional residues provide specificity in
the active site of both enzymes (Fig. 2D) [57,66]. Inter-
estingly, site-directed mutagenesis of two of these resi-
dues within SO enabled the enzyme to use nitrate as a
substrate with Ky values comparable to those of NR
[75] highlighting the evolutionary link between both
enzymes. Together with the established role of NR in
plant NO homeostasis, a proposal that SO represents
a potential vertebrate nitrite-dependent NO synthase is
highly conclusive.

In 2015, we reported that SO-catalyzed nitrite reduc-
tion contributes to vertebrate NO homeostasis in vitro
and in vivo [76]. By using purified mouse and human
SO, nitrite-dependent NO release was demonstrated
for sulfite- and dithionite-reduced enzymes. Similar to
NR, nitrite reduction occurred at the Moco domain of
SO. In case of the strict two-electron donor sulfite, the
Mo atom within SO is reduced from the resting state
Mo"! to Mo" upon oxidation of sulfite to sulfate. In
this study we showed that solely the sulfite-reduced
Mo enzyme intermediate is capable to reduce nitrite
to NO with a single electron. The resulting MoV spe-
cies was inert towards nitrite and could not react any
further as revealed by a stable Mo¥ EPR signal in a
nitrite-containing solution [76]. Thus, the SO-depen-
dent NO release appeared stoichiometric rather than
catalytic with a low ke of 0.0044 s™' and an apparent
Ky of 1.7 mm nitrite.

Interestingly, SO-mediated nitrite reduction was
found to be sensitive to pH changes. A decrease in pH
to 6.5 increased SO-dependent NO synthesis. Notewor-
thy, vertebrate SO localizes to the mitochondrial inter-
membrane space [71,77] where it is known to shuttle
sulfite-derived electrons toward cyt ¢ thus fueling the
respiratory chain [78]. The obligate proximity to cyt ¢
ensures a proton-rich environment for SO in vivo,
which would favor a SO-dependent nitrite reduction.

Further support for SO-dependent release of NO
was also provided in cellulo. In fibroblasts, which
either lacked functional SO or Moco, nitrite-dependent

2130 FEBS Letters 592 (2018) 2126-2139 © 2018 Federation of European Biochemical Societies
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NO-induced cyclic guanosine monophosphate (cGMP)
formation was significantly compromised. The cGMP
content of both mutant cell lines leveled to a similar
concentration, which indicated that at least in fibrob-
lasts, SO functions as major Mo-dependent nitrite
reductase. Future studies are required to develop a
better understanding on the underlying active site
chemistry that discloses the inert nature of the SO
MoV species toward nitrite. Furthermore, it remains to
be elucidated to which extend SO is able to close the
catalytic cycle in the simultaneous presence of sulfite,
nitrite and cyt c¢. Interestingly, models for the active
site chemistry of nitrite reduction and subsequent cat-
alytic cycles have been proposed for other Mo-
enzymes [79,80].

mARC enzymes have a broad
substrate specificity

The most recently identified Mo-enzyme is mARC,
which was discovered based on its ability to reduce a
wide range of hydroxylated amines [81]. The name-giv-
ing localization was later refined to the outer mito-
chondrial membrane, with the active site facing the
cytosol [82]. The mARC enzyme is found in all forms
of eukaryotes encoded in many species by two differ-
ent genetic loci translating into two mARC isoforms,
termed mARCI1 and mARC2 in humans. Interestingly,
mARC proteins share no sequence similarity to any of
the other four eukaryotic Moco-dependent enzymes
but rather resemble the C-terminal domain of Moco-
sulfurase, which functions in the transfer of the termi-
nal sulfido ligand of Moco in Mo-enzymes of the XO-
family (see below).

Both isoforms of mARC are 35 kDa in size and
thus comprise the smallest members of the Moco
enzyme family in eukaryotes carrying Moco as only
redox active center. While all other eukaryotic Moco
enzymes act as homodimers, mARC proteins catalyze
their reaction as monomers [83]. They act in concert
with FAD-binding NADH:cytochrome bs reductase
and cytochrome-bs forming an intermolecular electron
transport chain at the mitochondrial outer membrane
to reduce substrates at the mARC active site [83]
(Fig. 3A). This arrangement of prosthetic groups
resembles the electron transport via intramolecular
cofactor arrangement of NR. As yet, no physiological
substrate of mARCI or mARC2 was identified, how-
ever, a broad substrate specificity toward different N-
hydroxylated compounds has been reported. Likely
candidates for physiological substrates are N-hydroxy-
cytosine [84] and N-o-hydroxy-L-arginine [85], the lat-
ter being a well-known reaction intermediate of NOS

NO synthesis by molybdenum enzymes

enzymes, which places mARC into the focus of NO
research as potential negative regulator of NOS.

Recently, both mARC isoforms were investigated
with respect to their nitrite-reducing capacity. In com-
bination with NADH:cytochrome b5 reductase and
cytochrome-bs and NADH as electron donor, mARCI1
was able to reduce nitrite to NO in a steady-state reac-
tion with a ke of 0.1 s™' and a Ky for nitrite of
9.5 mm [79]. The reaction was shown to require the
Moco active site of mARC and, similarly to SO, was
revealed to gain higher efficacy at lower pH. However,
at mitochondria, the active site of mARC faces toward
the cytosol and thus, the subcellular localization of the
enzyme is outside of pH conditions that would favor
nitrite reduction in vivo at normal physiological condi-
tions.

In contrast to other eukaryotic Mo-enzymes, a
structure of mARC is currently lacking. Conflicting
findings about the active site architecture point to a
cysteine residue important for enzymatic activity and a
proposed coordination of Mo [68,86]. Underlining this,
the Mo" EPR signal of mARC isoforms exhibits

A s T 3
uﬁ e (" nitrte
NO

‘-\_1 o e e

mARCt vt (@
N ! ad

e NAD*  NADH

MoV! MoV MoV

‘NO

o]
it i‘V‘Io i
H

Fig. 3. Domain structure of the eukaryotic mMARC complex and the
proposed reaction mechanism of nitrite reduction by an SO-
type Moco active site. (A) Domain structure of human mARCT.
The mitochondrial targeting sequence (MTS) is followed by the
Moco domain. Electron flux from NADH to FAD-binding
NADH:cytochrome bs reductase (yellow) and cytochrome-bs (red)
to MARC is indicated. Reduction in nitrite to NO requires the Mo'’
state of fully reduced mARC. (B) Proposed reaction mechanism of
nitrite reduction by an SO-type Mo center according to Yang et al.
[80]. Upon two-electron reduction of Mo"' to MoV nitrite replaced
H,O in the active site giving rise to a Mo-nitrito complex, with a
release of NO upon enzyme-assisted protonation of the equatorial
oxo ligand of Mo (modified from [80]).
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characteristics comparable to those observed for NR
and SO proteins, which require a cysteine coordination
of Mo [83]. As observed for fully reduced Mo'¥ SO,
the presence of nitrite evoked a stable Mo" EPR signal
in mARC indicating that only Mo'¥ but not Mo" can
reduce nitrite to NO [80]. The proposed similarities of
the Mo center in mARC to NR and SO were used for
molecular dynamics simulations predicting a reaction
mechanism of nitrite reduction, which involves a cys-
teine-coordinated Mo. By using mARC as a model, an
inner sphere electron transfer was suggested, which
depends on a nitrite coordination to Mo and protona-
tion of the proximal Mo-coordinated oxygen in silico
(Fig. 3B). In contrast, when this nitrite-derived oxygen
atom is deprotonated, a modest reaction barrier was
calculated. As a result, the protonation weakens the
O-N bond proximal to Mo and thus enables bond
fission and NO release. (These findings suggest a pH
dependence of Mo-catalyzed nitrite reduction, which is
in line with empirical observations of increased nitrite
reduction efficacy by various Mo-enzymes with
decreasing pH [76,79,87,88].

Xanthine oxidoreductase

The mammalian genome encodes for two different
types of Moco enzymes, which belong to the XO-
family (Fig. 4). The XOR, a key enzyme in purine cat-
abolism, catalyzes the oxidation of hypoxanthine to
xanthine and xanthine to uric acid [89]. XOR is a
homodimer with a molecular mass of around
300 kDa. Each subunit hosts four different redox
active centers (Fig. 4C,D). Substrate oxidation takes
place at the Moco active site while two [2Fe-2S] clus-
ters mediate the electron transfer to FAD where
NAD ™" serves as electron acceptor (Fig. 4D) [89]. The
protein is expressed as xanthine dehydrogenase
(XDH), however, reversible or irreversible PTMs may
convert XDH into XO [90]. Both isomers catalyze the
same oxidation reaction, however, upon conversion to
XO, the enzyme becomes highly susceptible to molecu-
lar oxygen as terminal electron acceptor thus produc-
ing superoxide instead of reducing NAD " to NADH
[91]. The underlying molecular switch mechanism
involves reorientation of a loop region within the
NAD *-binding domain thus blocking the access of
NAD+ to FAD [92]. (The resulting reactivity of the
FAD site toward molecular oxygen renders XO as one
major source of reactive oxygen species (ROS) produc-
tion thus contributing to ischemia/reperfusion injury.
Therefore, XO is one of the most pharmacologically
targeted enzymes to limit enzymatic ROS formation
[93.94]. Interestingly, along with endogenous cytokines,
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Fig. 4. The XO-type family members of Moco enzymes. (A)
Structural overlay of the Ca atoms of XO and AO in ribbon
representation. N-terminal FeS cluster domains are colored in
orange, FAD-binding domain in yellow and the Moco domain in
blue. (B) Ball and stick representation of the Moco highlighting the
Mo atom (teal), the three Mo-coordinated sulfur atoms (yellow) and
two Mo-coordinated oxygen atoms (red). The terminal sulfido-
ligand of Mo defines the XO-family of Mo-enzymes. (C) Primary
sequence structure depicts domain arrangement within AO and
XO. Numbers indicate first/last residues of a domain and
correspond to human AO and bovine XO enzymes. (D) Cofactor
arrangement within AO and XO enzymes exemplified for XO.
Anterograde electron transport (left) from xanthine oxidation at
Moco via FeSl, FeSll and FAD to NAD* or O,, serving as electron
acceptors in XDH and XO, thereby producing NADH or superoxide,
respectively. Retrograde electron transport (right) from NADH via
the FAD site and the FeS clusters to Moco leads to nitrite
reduction at the Moco active site. Alternatively, xanthine can serve
as electron donor for nitrite reduction at the Moco active site.

also hypoxia is known to upregulate XDH transcrip-
tion and activity in vivo [95,96]. The vicious circle,
which follows XO upregulation and equates XO-
derived ROS formation, was considered as molecular
hallmark underlying ischemia/reperfusion injury. How-
ever, this concept needs to be re-evaluated as XO'is
likely to capture in addition a beneficial role as physio-
logic nitrite reductase.

As XO is one of the longest studied enzymes ever
[97], it was also the first Moco-dependent enzyme ana-
lyzed in respect to nitrite-dependent NO formation
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in vitro) [98]. Here, bovine XO was incubated with
NADH and nitrite under hypoxic conditions while
released NO was determined in the gas phase. The use
of inhibitors supported the hypothesis of nitrite reduc-
tion at the Moco active site rather than at the FAD or
FeS cluster sites [98]. In addition to NADH as electron
donor (Fig. 4D), xanthine was also revealed to serve
as reliable electron source for steady-state nitrite-
dependent NO release by XO under hypoxia. How-
ever, by use of xanthine, XO-produced NO lead to
inactivation of the enzyme by replacement of the sul-
fido-moiety of Mo with a third-terminal Mo-oxo0
ligand [88]. Moreover, a xanthine concentration-depen-
dent inhibition of NO production was detected show-
ing that nitrite and xanthine compete for the same
binding site at the Mo-active site. In a defined in vitro
set-up it was possible to reliably determine enzymatic
parameters for nitrite-dependent NO release of XO
with a high Ky for nitrite of 35.7 mm [88] or 22.8 mm
[99] when using NADH as electron source. By measur-
ing urate formation from xanthine, an apparent Ky
for nitrite of 149 mm was determined being in line
with the competition of xanthine and nitrite for the
Moco active site [100]. In contrast, Li et al. [101]
determined different kinetic parameters by either using
xanthine or NADH as electron donors with Ky, values
of 2.5 and 2.6 mwm, respectively. Surprisingly, no com-
petitive effect of xanthine was reported in this study.
Noteworthy, similar as seen for mARC and SO, the
preferential XO-dependent nitrite reduction was opti-
mal in a pH range between 6 and 7 with k., values of
0.13 s™' with NADH as electron donor and 2.9 s™'
with xanthine [88]. Contrary, Millar et al. [99] deter-
mined with NADH as electron donor a much higher
kear of 9.14 s In conclusion, although differences in
the kinetic behavior of XO toward nitrite reduction
were reported by different studies, the conclusive out-
come of those investigation showed a XO-dependent
reduction of nitrite to NO at the Mo site of the
enzyme in the absence of molecular oxygen.

Although similar to SO and mARC, the in vitro
determined Ky, values of XO seem to exclude efficient
nitrite reduction within a physiological environment.
Nonetheless, in vivo evidence supports a function of
XO as NO synthase. Alef et al. [102] demonstrated a
significant role of XO-derived NO in the protection
from intima hyperplesia within rats. Moreover, intra-
venous nitrite injection showed a strikingly protective
effect in a rat model for lung injury upon high-pres-
sure ventilation during anesthesia. The mortality of
rats subjected to high-pressure ventilation decreased
from 48% to 0% with prior injection of 2.5 umol
nitrite/kg body weight. Application of either an NO

NO synthesis by molybdenum enzymes

scavenger or the potent XO inhibitor allopurinol
strongly compromised the pharmacological benefit of
nitrite injection [103]. In hypoxia-induced rat models
of pulmonary arterial hypertension, nitrite-derived NO
was revealed to be strongly counteracting vascular
smooth muscle proliferation, which was dependent —
at least in part — on the nitrite-reducing activity of XO
[104]. Similarly, a nitrite-induced protection from
ischemia/reperfusion injury was proposed for kidney
[105], theart [106] and liver [107,108]: @Il (studies
proposing a critical role for XO as endogenous source
for protective NO formation.

In addition to nitrite, XO was shown to encompass
a function as mammalian NR. In vitro, Li et al. pro-
vided evidence of XO-dependent nitrate reduction to
nitrite in the presence of either NADH or xanthine as
reductants. Furthermore, by use of the XO inhibitor
oxypurinol it was shown that '"N-labled nitrate reduc-
tion in different tissues was dependent on XO activity
[101]. In vivo, this finding was evidenced by use of
germ-free rats, which lack symbiont-derived NR. In
these rats, administration of nitrate led to significantly
increased tissue and serum nitrite levels which could
be reversed by the XO inhibitor allopurinol [109]. Evi-
dently, the germ-free living condition alone was suffi-
cient to significantly increase XO protein abundance.
Taken together, until today XO has become the most
accepted Mo-dependent enzyme involved in mam-
malian nitrate-nitrite-NO homeostasis. However, it has
to be noted that the [trict'dependence on'low pH; high
nitrite and hypoxia for efficient NO release collectively
provides an ongoing challenge for the assessment of
XO in the overall nitrate-to-nitrite-to-NO pathway.
Moreover, lack of XO”" mice and the dependence on
XO inhibition might lead to off-target effects on pur-
ine metabolism [110]. Along this line, for allopurinol/
oxypurinol, effective radical scavenging activities were
reported which in turn challenges the differentiation
between its intrinsic antioxidant nature and its func-
tion as inhibitor of XO [110,111].

Aldehyde oxidase

Aldehyde oxidase represents the second mammalian
XO-type Moco enzyme (Fig. 4). Although the X-ray
crystal structure of human AO became recently avail-
able [112], little is known about the function of this
enzyme in mammalian metabolism. Similar to XDH,
AO harbors two N-terminal [2Fe-2S] clusters, a central
FAD domain and a C-terminal Moco domain and acts
as a homodimer of approximately 300 kDa size
(Fig. 4). Until today, no primary physiological sub-
strate could be assigned to AO. Instead, the broad
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substrate specificity challenges the assessment of such
a substrate as AO is capable of oxidizing not only
aldehydes but also aromatic N-heterocycles. Moreover,
AO-mediated reduction in different functional moieties
like S-oxides, N-oxides and nitro groups was also
reported [113,114]. Nonetheless, its hepatic localization
[115] and the capacity to metabolize exogenous com-
pounds including the activation of prodrugs places AO
into the focus of numerous pharmacological investiga-
tions [116]. While mice express four AO isoforms, in
humans one AO enzyme seems to fulfill all AO-specific
functions.

Purified AO was investigated in an NO analyzer in
the presence and absence of specific inhibitors. Simi-
larly to SO, mARC and XO, a pH dependence was
reported and revealed highest nitrite reduction at low
pH [87]. Interestingly, although an artificial electron
donor as well as the physiologic electron donor
NADH were used to analyze nitrite-reductive capacity
of AO, no steady-state reaction of NO release was
observed. Instead, the NO release appeared stoichio-
metric with a maximum release velocity of 0.15 s~
and a Ky for nitrite of approximately 3 mm [87].
Despite the striking sequence identity of 86% between
AO and XO in humans, the difference in their nitrite
reduction behavior remains enigmatic.

Concluding remarks

Tissue nitrite reduction was recognized in various
organs including aorta, heart and liver, the latter hav-
ing by far the highest capacity to reduce nitrite to NO
[117,118]. Interestingly, in liver, Mo-dependent
enzymes such as XO, AO, SO and mARC?2 are highly
abundant. Latest findings concerning the mARCI
expression profile indicate that the enzyme is rather
localized in adipose tissue, mammary tissue and thy-
roid while liver expression was found to be low [119].
However, the propensity of these organs to reduce
nitrite was not investigated yet. Most NO release of
liver tissue homogenate was strictly dependent on the
absence of allopurinol and molecular oxygen [117].
Although considered as specific XO inhibitor, allopuri-
nol is metabolized to oxypurinol by AO via the same
tautomerization reaction, which inhibits AO in the
same way as XO [120]. In this respect, it is interesting
to note that within human liver, AO transcripts are
one order of magnitude higher than XO transcripts
[119]. In liver this might indicate a much higher contri-
bution of AO in nitrite-dependent NO release as ini-
tially expected. As cytosolic proteins, AO and XO not
only depend on pathologically low pH for effective
nitrite reduction, they also require hypoxia. In this
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respect, the finding that following nitrite infusion or
dietary nitrite supplementation a decrease in systemic
blood pressure in normoxic humans can be detected,
suggests that AO and XO are not the sole Moco-
dependent NO synthases within humans [121]. Here,
SO needs to be considered as a significant contributor
among the Moco-dependent enzymes in the reduction
of nitrite to NO.

Sulfite oxidase was shown to reduce nitrite to NO
and previous studies revealed human SO as unable to
use molecular oxygen as electron acceptor [122] sug-
gesting that SO-dependent nitrite reduction is indepen-
dent of oxygen tension. SO is compartmentally
confined in the mitochondrial intermembrane space
and this physiological proton-rich environment makes
SO the only Mo-enzyme for which nitrite reduction is
conceivable also under less hypoxic conditions. How-
ever, whether nitrite transporters exist in higher
eukaryotes which distribute nitrite among cellular
compartments such as the mitochondrion is not clear
yet. Nonetheless, two striking arguments hint toward
the existence of highly effective transporters. First, the
rapid (5 min) redistribution of nitrite among various
rat organs upon intraperitoneal nitrite injection and
second, the fact that anionic nitrite is the predominant
endogenous form which needs active transport rather
than passive diffusion along the lipid bilayers. Interest-
ingly, mitochondria were already revealed to be an
intracellular target for nitrite flux in vivo [123-125]. In
this respect, a linear correlation (R* = 0.99) of nitrite-
reducing capacity within different organs and the mito-
chondrial surface area in cells of these organs reveals
mitochondria as crucial and indispensable determi-
nants for efficient nitrite reduction [118]. It is already
well accepted that [mitochondria are physiological far=
gets of NO, which fundamentally regulates respiration,
ROS production and cellular signaling [93,126-129]. In
this concept, a nitrite reductase activity of SO in close
proximity to the respiratory chain complexes is
expected to vastly impact a whole variety of mitochon-
dria-induced cellular signaling events and might serve
as one missing regulatory link between the tightly con-
nected NO and H,S signaling pathways.
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