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Abstract: All eukaryotic molybdenum (Mo) enzymes contain in their active site a Mo Cofactor
(Moco), which is formed by a tricyclic pyranopterin with a dithiolene chelating the Mo atom. Here,
the eukaryotic Moco biosynthetic pathway and the eukaryotic Moco enzymes are overviewed,
including nitrate reductase (NR), sulfite oxidase, xanthine oxidoreductase, aldehyde oxidase,
and the last one discovered, the moonlighting enzyme mitochondrial Amidoxime Reducing
Component (mARC). The mARC enzymes catalyze the reduction of hydroxylated compounds,
mostly N-hydroxylated (NHC), but as well of nitrite to nitric oxide, a second messenger. mARC
shows a broad spectrum of NHC as substrates, some are prodrugs containing an amidoxime
structure, some are mutagens, such as 6-hydroxylaminepurine and some others, which most probably
will be discovered soon. Interestingly, all known mARC need the reducing power supplied by
different partners. For the NHC reduction, mARC uses cytochrome b5 and cytochrome b5 reductase,
however for the nitrite reduction, plant mARC uses NR. Despite the functional importance of mARC
enzymatic reactions, the structural mechanism of its Moco-mediated catalysis is starting to be revealed.
We propose and compare the mARC catalytic mechanism of nitrite versus NHC reduction. By using
the recently resolved structure of a prokaryotic MOSC enzyme, from the mARC protein family,
we have modeled an in silico three-dimensional structure of a eukaryotic homologue.

Keywords: molybdenum cofactor; mARC; moonlighting; nitrite; nitric oxide; cytochrome b5; nitrate
reductase; NOFNiR; MOSC

1. Biological Relevance of Molybdenum Cofactor

Among the transition metals of the fifth row of the periodic table, Mo is the only one that has been
reported as an essential element. In 1939, Arnon and Stout reported for the first time its importance
in biology using tomato plants growing in a defined nutrient solution [1]. Under Mo deficiency
conditions, these plants showed an aberrant development that disappeared when Mo was added to the
nutrient solution. Later on, Mo was found to be a cofactor for more than fifty enzymes in organisms
belonging to all kingdoms of life [2]. However, Mo is not biologically active by itself, but in form of a
pterin-derived cofactor: the Moco (Figure 1), constituted by a reduced pterin with a side chain making
a pyran ring containing a dithiolene and phosphate groups [2].

All eukaryotes, except for some unicellular eukaryotes, such as parasites and some yeasts, utilize
Mo [3]. In eukaryotes, Mo is present in the active center of five enzymes that are responsible
for important steps in nitrogen, sulphur, and carbon metabolism, such as nitrate reductase (NR),
sulphite oxidase (SO), aldehyde oxidase (AO), xanthine oxidoreductase/dehydrogenase (XOR/XD),
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and mitochondrial amidoxime reducing component (mARC) [4]. Mo-related deficiencies lead to the
pleiotropic loss of the activity of all Moco enzymes. It can be caused either by an insufficient Mo supply
or by a defect in Moco biosynthesis. In plants, Mo-deficiency leads to impaired plant development,
severely impacting the overall plant growth [5]. This phenotype is mainly caused by the loss of NR
and AO activities, and is responsible for nitrate reduction as a first step of nitrate assimilation and
the phyto-hormone abscisic acid (ABA) biosynthesis, respectively [6,7]. ABA has been reported as an
important player in plant development and stress adaptation [8]. In mammals, Moco-deficiency causes
a severe neurological disorder that leads to death shortly after birth, mainly due to the SO activity
deficiency, resulting in sulphite accumulation and subsequent brain damage [9]. However, problems
that are related to Mo-derived toxicity are very rare and have been described mainly in ruminants.
In these organisms, high Mo intake leads to molybdenosis, which is characterized by the formation of
tetrathiomolybdate that inhibits copper trafficking proteins, resulting in copper-deficiency in these
animals [10].
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Figure 1. Schematic representation of the Moco biosynthetic pathway. Metabolic steps involved in Moco
biosynthesis, together with the main intermediates are shown. Subcellular localization of each step is
shown on the right side. GTP, guanosine triphosphate; cPMP, cyclic pyranopterin monophosphate;
MTP, molybdopterin; MTP-AMP, adenylated molybdopterin.

2. The Molybdenum Cofactor Biosynthetic Pathway

In eukaryotes, Moco is synthesized by a highly-conserved metabolic pathway starting from
5’-GTP and comprising four biosynthetic steps that take place within the mitochondria and cytosol
(Figure 1). At least six genes are needed for Moco biosynthesis in eukaryotes. The nomenclature that is
used for these genes varies among the organisms; while human genes use the MOCS nomenclature
(MO Cofactor Synthesis), plants follow the CNX nomenclature (Cofactor for Nitrate reductase and
Xanthine dehydrogenase) [11]. In addition, Moco synthesis requires Mo supply into the cell in the
form of the oxyanion molybdate (MoO4

2−), being mediated by specific molybdate transporters [12].
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2.1. Molybdate Transport

In order to synthesize Moco, all known living organisms need to acquire Mo from the external
medium in form of molybdate. In eukaryotes, transporters mediating specific and high-affinity
molybdate transport belong to the MOT1 or MOT2 families [4,13]. The first eukaryotic transporter
identified as being involved in molybdate transport belongs to the MOT1 family (MOlybdate
Transporter type 1) and it was identified simultaneously in the green alga Chlamydomonas reinhardtii
and in the plant Arabidopsis thaliana [14,15]. Proteins showing high similarity to MOT1 are present in
bacteria, fungi, algae, and higher plants, and they share two sequence motifs that are likely involved
in molybdate transport [14]. In C. reinhardtii MOT1 (CrMOT1) seems to be related to Mo supply for
NR activity. CrMOT1 transcription and activity are regulated by the presence of nitrate as nitrogen
source, but are unaffected by Mo availability [14]. This effect may be explained by the requirement of
the coordination between nitrate assimilation and Mo homeostasis due to the Moco requirement for an
appropriate NR activity. In A. thaliana, two members of the MOT1 family (AtMOT1 and AtMOT2) have
been reported to be involved in Mo transport [15,16]. AtMOT1 is a high-affinity and specific molybdate
transporter that is crucial for efficient Mo uptake from the soil [15]; however, its physiological role
still needs to be clarified since it has been reported in two different subcellular localizations: plasma
membrane and mitochondria [15,17]. AtMOT2 is a vacuolar molybdate transporter that is most likely
involved in Mo storage and Mo homeostasis in the cytosol [16]. Members of the MOT1 family have also
an important role in Mo homeostasis in legume plants, particularly connected to symbiotic nitrogen
fixation (SNF) [18,19]. In fact, Mo is an essential metal for SNF and it is required for the activity of the
central enzyme of this process, nitrogenase [20]. In Medicago truncatula, MtMOT1.3 and MtMOT1.2
are responsible for Mo supply to the nitrogen-fixing tissues. While MtMOT1.2 mediates Mo that is
released by the vasculature to the organs where the nitrogen fixation takes places, the nodules [21];
MtMOT1.3 is responsible for Mo transport into nodule cells from the nodule apoplast [19].

A second family of eukaryotic specific molybdate transporters was identified in C. reinhardtii
(MOT2) [22]. CrMOT2 shares only about 12% identity with MOT1 proteins, and it is present not only
in algae and plants, but also in animals, including humans. Indeed, heterologous expression in yeast
suggested that human MOT2 also mediates molybdate transport, being the first human protein that
has been related to Mo homeostasis [22]. However, since the MOT2 proteins function as molybdate
transporter has only been verified in C. reinhardtii, more experiments are needed to confirm this role in
other eukaryotes.

2.2. Molybdopterin Synthesis

Moco biosynthesis starts with molybdopterin (MPT) synthesis, which in turn comprises two
different metabolic steps: cPMP and dithiolene synthesis (Figure 1). The first step entails the conversion
of 5’-GTP into cyclic pyranopterin monophosphate (cPMP) within the mitochondrial matrix [23].
cPMP consists in a sulfur-free pyranopterin containing an uncommon geminal diol group, being
the most stable intermediate within the Moco biosynthetic pathway [24,25]. In plants, this reaction
requires two gene products, CNX2 and CNX3; while in humans, it is carried out by MOCS1A and
the multidomain protein MOCS1B, both encoded by the MOCS1 gene as the result of several splice
variants [26,27]. Once cPMP is synthesized, it is exported to the cytosol in a process that is mediated
by the mitochondrial inner membrane transporter ATM3 [28]. In the cytosol, two sulfur atoms are
incorporated to the cPMP molecule, in the so-called dithiolene reaction step, to form MPT. This reaction
is mediated by the MTP synthase complex, which is formed by two monomers of CNX6/MOSC2B
(large subunit) and two monomers of CNX7/MOSC2A (small subunit) [29]. While in plants CNX6
and CNX7 are encoded by independent genes, in humans MOSC2A and MOSC2B are encoded by the
bicistronic gene MOSC2 [30]. After dithiolene reaction, MPT synthase requires resulfuration that is
mediated by the proteins CNX5 and MOSC3 in plants and humans, respectively [31].
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2.3. Molybdenum Insertion into Molybdopterin

The last step of Moco synthesis implies Mo insertion into MPT to yield the active cofactor.
However, this insertion cannot take place immediately after MPT synthesis, since this molecule
requires a prior activation consisting in the MPT adenylation. In plants, MTP adenylation is mediated
by CNX1, but in humans, it is Gephyrin. These proteins contain two domains (G and E domains),
that are involved not only in adenylation, but also in the final Mo insertion. Interestingly, A. thaliana
CNX1 and Gephyrin show an opposite domain orientation. In C. reinhardtii, the CNX1G and CNX1E
domains are encoded by independent genes and chimeric fusions containing these two domains
with different orientations are able to synthesize Moco [32]. The three-dimensional structure of A.
thaliana CNX1G revealed that the MPT adenylation reaction is Mg2+- and ATP-dependent and it
leads to MPT-AMP that is bound to CNX1G domain [33]. Subsequently, MPT-AMP is transferred to
the E-domain where the deadenylation reaction takes place in a Zn2+/Mn2+ dependent manner [34].
Molybdate also binds to the E-domain triggering the AMP hydrolysis and yielding the active Moco.
Arabidopsis CNX1 is able to bind to the cytoskeleton, where it interacts with other proteins that are
involved in Moco biosynthesis, pointing to CNX1 as anchor protein for this metabolic pathway [35,36].

2.4. Molybdenum Cofactor Insertion

Once eukaryotic Moco is synthesized, it can bind directly to SO, NR, or mARC apoenzymes,
or it can undertake a final sulfuration in order to bind to the apoenzymes AO or XOR/XD (Figure 2).
This sulfuration process is catalyzed by the Moco sulfurase enzyme, ABA3 in plants, and MCSU
in humans [37,38]. In A. thaliana ABA3, the N-terminal domain (NifS-like domain) mediates the
desulfuration of L-cysteine forming a persulfide intermediate on a conserved cysteine residue, which
is subsequently used by the C-terminal domain and it is responsible for Moco sulfuration [39,40].Molecules 2018, 23, x FOR PEER REVIEW  5 of 18 
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Figure 2. Eukaryotic Moco-containing enzymes. Domain structures of eukaryotic Mo-enzymes of the
xanthine oxidoreductase and sulfite oxidase families. Moco final maturation needed for its transference
to the corresponding Mo-enzyme family is shown. XOR/XD, xanthine oxidoreductase/xanthine
dehydrogenase; AO, aldehyde oxidase; NR, nitrate reductase; SO, sulfite oxidase; mARC, mitochondrial
amidoxime reducing component; Dim, dimerization domain.

The free Moco is highly sensitive to oxidation. In vitro, it exhibits a half-life of only a few
minutes [41]. Thus, eukaryotic cellular systems seem to have developed mechanisms for Moco
protection and storage that are achieved by means of Moco binding proteins (MCP) [41–43].
In C. reinhardtii, MCP is able to bind and protect Moco, increasing its half-life up to two days
and is also involved in the transference of this cofactor to apo-enzymes [41,44]. C. reinhardtii MCP
works as a homotetrameric protein being each monomer 16.5 kDa size. The MCP crystal structure
shows a Rossman fold that is present in each monomer and the putative Moco-binding site has been
proposed [42]. In addition, in silico docking studies together with a mutagenesis strategy suggested a



Molecules 2018, 23, 3287 5 of 19

putative Moco binding site. Mutations in conserved residues within this putative binding site result
in a reduced capacity to bind or protect Moco [42]. No MCP homologues have been found in higher
plant genomes; however, members of a family of lysine decarboxylase-like proteins (MoBP), sharing
structural similarity with MCP, are able to bind Moco or MPT in A. thaliana [43]. MoBPs are able to
interact with CNX1 and the Mo-containing enzyme, NR. Also, they promote CNX1-ABA3 interaction,
followed by ABA3-XOR/AO interaction, probably to insert the cofactor into the corresponding
apo-enzyme [36,43].

3. Eukaryotic Molybdenum Cofactor Enzymes

The biological activities of more than fifty enzymes rely on Mo. Among them, five are present
in eukaryotes, NR, SO, AO, XOR/XD, and mARC [4,45]. These eukaryotic enzymes mediate redox
reactions and they are classified into two groups, the SO family and the XOR family, according to the
ligands that bind the cofactor to the active center (Figure 2) [46]. The SO family comprises NR, SO
and mARC, these enzymes carry the cofactor with two oxido- and a cysteine ligands, while the XOR
includes the AO and XOR/XH enzymes with the cofactor containing a sulfido- and oxido-ligands [46].

Among the eukaryotic Mo-containing enzymes, NR is the only one that is not present in animals.
NR is functional as a homodimer, each monomer contains a FAD, Heme b557, and Moco together with
a NAD(P)H-binding and dimerization sites. This enzyme catalyzes the reduction of nitrate to nitrite
as a key step of the nitrate assimilation pathway [45]. Also, NR has been related to nitric oxide (NO)
homeostasis, since, using its diaphorase partial activity, it can either supply electrons to the mARC
enzyme to reduce nitrite to NO, or transfer these electrons to the Truncated Hemoglobin 1 (THB1) to
convert NO to nitrate [47,48].

The SO enzyme acts as homodimeric protein and participates in sulfur catabolism mediating the
two-electron oxidation of sulfite to sulfate [49]. In vertebrates, SO transfers the electrons to cytochrome
c, and each monomer contains a heme, Moco, and dimerization domain [50]. Furthermore, animal
SO is localized in the mitochondrial intermembrane space and it carries out sulfite oxidation as final
step of cysteine degradation [51]. In plants, SO seems to be involved in plant protection from sulfite
toxicity under SO2 rich atmosphere [52]. The plant enzyme uses O2 as electron acceptor producing
H2O2 as side product and it is localized in the peroxisome [53,54]. Furthermore, plant SO lacks the
heme domain that is present in animals [54], however the unicellular alga C. reinhardtii shows a SO
with cytochrome b5 similar to vertebrates [55].

XOR/XD enzymes are involved in purine degradation by mediating the oxidation of
hypoxanthine to xanthine and xanthine to uric acid. They contain 2Fe-2S, FAD, Moco, and
dimerization domains, resulting in a 150 kDa protein that undergoes dimerization to gain biological
activity [46]. These prosthetic groups participate in electron transfer from the substrate to NAD+ (due
to its dehydrogenase activity) or to O2 (due to its oxidase activity) to form NADH or superoxide
respectively [56]. In addition, plant XD shows a NADH oxidase activity yielding NAD+ and
superoxide [57]. It has been proposed that plant XD could participate in reactive oxygen species
metabolism by playing two parallel tasks, on one hand it can contribute to pathogen resistance by
H2O2 generation, and on the other hand this enzyme produces uric acid and removes H2O2 from
chloroplasts under oxidative stress [58].

AO proteins share a high similarity in sequence and structure with XOR/XD, since in eukaryotes
the AO gene was originated from a duplication of XDH gene [59]. They also have the same domains
for cofactor binding and share similar reaction mechanism [60]. In general, AO shows wide substrate
specificity, including aldehydes, purines, pteridines, and heterocycles with O2 as terminal electrons
acceptor and generating H2O2 [61]. In plants, AO is involved in ABA biosynthesis by abscisic aldehyde
oxidation [62]. ABA acts as phytohormone and it is connected to the signaling of biotic and abiotic
stress. The physiological role of animal AO is still unknown, although it could participate in oxidation
of a broad variety of endogenous substrates, such as vitamins of neurotransmitters [61].
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4. mARC More Than Just “One Enzyme”

The mARC is the last Moco enzyme discovered in eukaryotic organisms. The first evidence
for this finding was in bacteria, where it was observed that a defect in Moco biosynthesis led to a
hypersensitive phenotype to N-hydroxylated (NHC), the base analogue of 6-hydroxylaminopurine
(HAP), a powerful mutagen for bacteria and eukaryotic cells [63]. However, none of the Moco enzymes
that were known until then were responsible for this phenotype. The identity of the enzyme was
deciphered when studies on the reduction of amidoximes by liver mitochondria revealed a novel
Moco-dependent enzymatic activity, involved in the reduction of the NHC prodrug benzamidoxime
to its active form benzamidine [64]. Therefore, the name that was chosen for this new Moco enzyme
was mARC (mitochondrial Amidoxime Reducing Component). Since then, a great variety of other
substrates, apart from amidoximes, have been assigned to mARC.

The presence of genes encoding mARC seems to be a general feature in eukaryotic organisms.
Genomes from animals, fungi, plants, and algae were analyzed to determinate the number of mARC
homologs in different species and to build a phylogenetic tree. As shown in Figure 3, one or two
genes encoding for putative mARC were identified in eukaryotic genomes, with the exception of
M. truncatula, which contains three members. Within the animal branch, it is observed that all species
contain two mARC members, each one fitting into two different sub-branches. In contrast, within the
plant branch, mARCs from each plant species fit into a single sub-branch, except for A. thaliana. In the
green algae branch, where C. reinhardtii (Chlorophyta) and the closely related to the plant ancestor
Klebsormidium (Charophyta) are included, single mARC homologs were identified in each genome.

Two characteristics could be assigned to the eukaryotic mARC enzymes, the Zn2+ requirement
and the ability to interact with other proteins. The Zn2+ requirement was shown in C. reinhardtii where
the enzymatic activity needs Zn2+ [65], but also from a proteomic study where the Zn2+ deficiency
increases the cellular crARC content more than 30 times [66]. The recombinant expression of human
mARC proteins in E. coli revealed that these enzymes are mainly monomeric, in contrast to all other
eukaryotic Moco enzymes, which are homo- or hetero-dimers [67]. The mARC monomer is about
30 kDa and it belongs to the SO family, since an absolutely conserved cysteine has been identified as
the fifth Mo ligand [65]. However, the human mARC [68] and crARC [69] seem to form in certain
conditions a high molecular oligomeric complex of more than 350 kDa in size (10–12 monomers).
Generally, eukaryotic mARC enzymes contain two domains, a MOSC domain (MOS C-terminal
domain) that is present in the MOS (Moco sulfurases) enzymes and a β-barrel domain [70]. The MOS
enzymes are involved in the transference of a sulfide ligand to Moco, and the resulting sulfurated Moco
is essential for the activity of XOR/XD family enzymes [37]. The MOSC domain seems to be involved
in Moco binding [71]. The N-terminal β-barrel domain may have specific roles in the interaction with
the substrates of these enzymes and it is predicted to form a β-strand-rich fold-like structure [70,72].
The amino acids R276, C252, and F210 were found to be critical for Moco chelation in crARC, while
D182 was important for the crARC reduction activity [65,69].

A fascinating aspect about mARC enzymes is that they require protein partners providing
electrons from NADH to reduce the substrate. Therefore, the name ARCO (Amidoxime Reducing
Complex) has been proposed for the enzymatic complex formed between mARC and its partners.
Interestingly, the type of partner varies depending on which enzymatic activity will be developed.
According to this, mARC enzymes have been proposed to be moonlighting enzymes [73].
The moonlighting proteins form a special class of multifunctional enzymes that are able to perform
different physiological functions depending on the concentration of cellular ligands, substrates,
cofactors, tissue, cellular localization, oligomeric state, or post-translational modifications [74].
The β-barrel domain, which is predicted in mARC, has been found to be the most frequent fold
between moonlighting proteins [75]. In agreement with its moonlighting behavior, mARC has been
identified in different subcellular compartments. The human mARCs has been localized in the
mitochondrial membrane [76] with its C-terminus catalytic domain exposed to the cytosol [68], which
is consistent with the localization and the orientation of its partners, Cytb5 and Cytb5-R [77]. However,
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rat mARC2 is located in the peroxisomal membranes [78] and mouse mARCs proteins in the inner
mitochondria membrane [79]. Interestingly, Arabidopsis mARCs lack clear targeting signals for
organelle localization [11], and the Chlamydomonas crARC is located in the cytosol, as is consistent
with the localization of its partner [47]. According to its moonlighting behavior, mARC proteins
have been found to be involved in the reduction of a wide range of substrates in different metabolic
pathways, which will be analyzed in the following sections.
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Figure 3. Phylogenetic relationships of putative eukaryotic mARC enzymes. The tree was constructed
using the Maximum Likelihood method integrated in the software MEGA7 [80]. The alignment was
obtained using Clustal method, and the evolutionary distances were computed using the Poisson
correction method. Numbers in branches show bootstrap values (%). The distances are units of the
number of amino acid substitutions per site. Animal and plant members are named as (1) or (2)
corresponding to Homo sapiens and Arabidopsis thaliana mARC1 and mARC2 homologs, respectively.
NCBI proteins ID: (black star) C. reinhardtii: AEI61922.1; T. socialis: PNH06437.1; C. variabilis:
XP_005847212.1; G. pectorale: KXZ54122.1; V. carteri: XP_002954725.1; K. nitens: GAQ87885.1;
M. phaseolina: EKG10021.1; A. niger (1): CAK45930.1, (2): SPB51236.1; N. tabacum (1.1): XP_016495235.1,
(1.2): XP_016443939.1; C. sinensis (1.1) XP_006468577.1, (1.2) XP_006468578.1; M. truncatula: (1.1)
XP_003594861.1, (1.2): XP_003594859.2, (1.3): XP_003594858.1; Z. mays (2.1): NP_001148545.1, (2.2):
NP_001348577.1; G. max (1.1): XP_014617397.1, (1.2): XP_003533626.2; V. vinifera (1): XP_002273557.1;
C. canephora (1): CDP18170.1; O. branchyantha (2.1): XP_006660977.1; (2.2): XP_006661538.1; T. urartu
(2.1): EMS64933.1, (2.2): EMS64934.1. A. thaliana (1): NP_174376.1, (2): NP_199285.1; B. taurus (1):
XP_002694007.2, (2): NP_001069848.1; H. sapiens (1): NP_073583.3, (2): NP_060368.2; C. dromedarius (1):
XP_010991227.1, (2) XP_010991233.1; M. marmota (1): XP_015339107.1, (2): XP_015339108.1; C. lupus (1):
XP_005640886.2, (2): XP_005640884.1; F. catus (1): XP_023103250.1, (2): XP_023102999.1; M. musculus
(1): NP_001277202.1, (2): NP_598445.1; E. edwardii (1): XP_006894605.1, (2) XP_006894606.1; G. gorilla
(1): XP_018891553.1, (2): XP_018886259.1; D. leucas (1): XP_022434969.1, (2): XP_022434968.1; C. hircus
(1): XP_017915667.1, (2): XP_017915666.1; E. przewalskii (1): XP_008527451.1, (2): XP_008527452.1.
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5. The NHC Reduction Capacity of mARC

The NHC reduction activity that is mediated by eukaryotic mARC needs two additional protein
partners, Cytb5 and Cytb5-R [64]. However, in E. coli, the mARC homolog (YcbX) contains a ferredoxin
domain fused to its C-terminus domain [81] and needs only a protein partner, the CysJ protein that
is also a component of the sulfite reductase complex [82]. Briefly, the ARCO activity is the result of
an electron flux chain that provides the reducing power that is needed for NHC reduction. However,
bacterial ARCO is a two-component system where the electrons from NADH are funneled from CysJ
to YcbX. In contrast, eukaryotic ARCO is a three-component system where the electrons are funneled
from Cytb5-R and Cytb5 to mARC [65].

Several mARC proteins have been involved in the reduction of N-hydroxylated nucleobases
and nucleosides (N-hydroxycytosine, HAP, N-hydroxycytidine, and N-hydroxyadenosine), which are
potent mutagenic and toxic compounds [83]. Consistent with this, the RNAi mediated down-regulation
of human mARCs led to the decrease of N-reductive detoxification of HAP [84]. The plant [65] and
bacterial mARC [85] are involved in the detoxification of HAP to adenine. Some mARC enzymes
are also involved in the detoxification of hydroxylamines, like sulfamethoxazole hydroxylamine
(SMX-HA) [86]. All of these evidences together suggest that mARC has a strong role in the metabolic
detoxification. Therefore, one of the mARC physiological roles could be avoiding the accumulation of
mutagenic substances in the cell. Interestingly, in this sense, mARC has been found down-regulated in
colon tumors [87].

Some NHC prodrugs are also mARC substrates; prodrugs are compounds that after their
administration are metabolized to the pharmacological active drug [88]. Amidines are functional
groups in many drugs that are used for the treatment of several diseases [89]. However, amidines
have the inconveniences that are poorly absorbed by gastrointestinal tracts because they are easily
protonated due to their strong basicity [90]. This problem can be solved by using the prodrug strategy.
The amidoxime prodrug improves the bioavailability of the amidine moiety, since the electronegative
charges resulting from oxygenation prevent the protonation of these compounds. Until now, nearly
all of the amidoxime prodrugs tested have been activated by the human ARCO system [91]. In this
sense, some examples of NHC prodrugs converted to its active form by human ARCO system are:
Ximelagatran, an oral drug for direct thrombin inhibition [92,93], Mesupron, an urokinase inhibitor [94],
2,4,6-trimethylacetophenone oxime an anti-inflammatory agent, N-hydroxyamidinohydrazones
(guanoxabenz), and amitriptyline-N-oxide antidepressant agents [95].

Recently, hydroxamic acids have also been proposed as substrates of human and porcine
mARC [96]. Hydroxamic acids show a variety of pharmacological activities and are often used
as prodrugs. In comparison with other known substrates of mARC (e.g., amidoxime), the conversion
rates measured for the hydroxamic acids were slower, thereby reflecting the low metabolic stability
and oral bioavailability of distinct hydroxamic acids [96].

As previously commented, there are usually two mARC members per genome (mARC1 and
mARC2). Interestingly, some NHC are solely reduced by only one mARC member [95]. These data
indicate that there might be some key structural differences in the mARC catalytic centers that would
allow for each mARC member to participate in different metabolic reactions. That is the case of
trimethylamine N-oxide, a molecule derived from dietary products containing compounds, such as
betaine, L-carnitine, phosphatidylcholine, and choline. Where only mARC1 and not mARC2 reduces
trimethylamine N-oxide to trimethylamine [97]. Interestingly, elevated levels of trimethylamine
N-oxide in plasma correlate with an elevated cardiovascular disease risk [98]. These findings indicate
that mARC might contribute to the prevention of cardiovascular diseases [97].

6. The Nitrite Reduction Capacity of mARC

Nitric oxide (NO) is an important gasotransmitter that is considered as a ubiquitous signaling
molecule that is involved in many different biological processes from bacteria to humans [99].
Two pathways, the oxidative and the reductive, can be distinguished for NO production [100].
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The oxidative pathway, catalyzed by NO synthase enzyme, involves NO production from L-arginine,
in which N4-hydroxy-L-arginine (NOHA) is an intermediate. The human mARC enzymes have also
been related to NO oxidative pathways, since they are able to catalyze, at least in vitro, the reduction of
NOHA to arginine [101]. About the reductive NO production a variety of enzymes has been reported
to reduce nitrite to NO, such as cytoglobin, deoxyhemoglobin, myoglobin [102,103], neuroglobin [104],
cytochrome c [105], a plasma membrane-bound nitrite:NO reductase [106], the mitochondrial electron
transport chain [100], as well as several Moco enzymes, such as XOR, NR, AO, and SO [45,107,108].
However, a new actor in the NO reductive pathway involving the mARC enzyme has been recently
reported. In this sense, the human mARCs were the first one shown to catalyze the reduction of nitrite
to NO using Cytb5-1 and Cytb5-R as partners [109]. Interestingly, the composition of this mini electron
transport chain looks like the domain composition of plant NR enzyme. In this sense, the heme and the
reductase domains of NR [110] have a remarkable similarity to Cytb5-1 and Cytb5-R [80]. In relation
to this observation, plant mARC was able to synthesize NO from nitrite, but using NR as donor of the
NADH electrons instead of Cytb5-1 and Cytb5-R. This new plant NR-dependent mARC activity was
termed NO Forming Nitrite Reductase (NOFNiR) [80]. This NO synthesis occurs in the cytosol and
it is strictly dependent on the NR diaphorase activity but independent of the NR Moco domain [80].
This NOFNiR activity can catalyze NO production from nitrite, even in the presence of millimolar
concentrations of nitrate, which is known to strongly inhibit the NO production from NR [111].
These findings suggest that plant NRmARC form an efficient machinery to synthesize NO under
physiological conditions, aerobiosis, and in the presence of both nitrate and nitrite. In consequence,
it is proposed that NR-mARC should have a role in plant/algal biology by modulating the cellular
levels of NO [45].

The mARC Reduction Mechanism of NHC Versus Nitrite

As mentioned before, mARC can catalyze both NHC and nitrite reduction. However, the
mechanistic details for these reductions are largely unknown. Based on recent discoveries, hypothetical
mechanisms will be proposed and compared here. All known Moco enzymes are able to catalyze the
nitrite reduction to NO; therefore, the core chemistry behind this reaction should not be deeply affected
by the structural differences between the Mo center characteristics of each Moco enzyme. In this way,
the different amino acid residues that are present in the active site of each enzyme would just modulate
the nitrite binding and the catalytic efficiency. Thus, the mechanism that is proposed here for mARC
nitrite reduction would be also applicable to the rest of the Moco enzymes. The mARC oxidized
form possesses Mo (VI) coordinated by: one terminal oxo ligand, one hydroxyl group, a pyranopterin
dithiolene, and a cysteine of the protein (Figure 4, center). Moco enzymes are known to redox cycle
between Mo (VI) and a two-electron reduced Mo (IV). The nitrite reduction to NO should take place
in the mARC Mo center, because the mutation of the human mARC C273, which coordinates de Mo
center, creates an inactive trioxo Mo center that abolishes the NO formation [109]. The reduction of
nitrite to NO is a one-electron step. In bioinorganic catalysis, the one-electron catalytic mechanism is
widely known for first row transition metals but is poorly understood for pyranopterin Mo enzymes.
First, the Mo (VI) center is reduced by NADH to Mo (IV) (Figure 4, left). The nitrite binding should
occur after Mo reduction and through one of its oxygen atoms [112]. For the NO formation, the Mo
center must promote one NO bond cleavage, a step that is suggested to be triggered by a protonation
event because it is greatly accelerated under acidic conditions [109]. Therefore, it was proposed that
once the Mo(IV)ONO complex is formed, the reaction proceeds with the protonation of the nitrite
oxygen atom that is bound to the Mo, at the expense of a neighboring protonated residue (H+ donor in
Figure 4), forming a ternary complex [113]. However, the residues responsible for this protonation have
not been yet identified. The protonation step would produce the electron transfer from the reduced Mo
to the now protonated nitrite, causing the NOH bond homolysis, the subsequent NO, and one water
molecule release and the Mo (IV) oxidation to Mo (V). In agreement with that, oneelectron oxidized
paramagnetic Mo (V) has been detected when the mARC enzyme was exposed to nitrite by electron
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paramagnetic resonance (EPR) [114]. The EPR signal showed evidence that Mo (V) is a mono-oxo
species in which a single unpaired electron occupies a Mo redox orbital [114].Molecules 2018, 23, x FOR PEER REVIEW  10 of 18 
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Figure 4. The mechanism of nitrite and N-hydroxylated (NHC) reduction catalysed by mARC.
Shadowed in yellow the mechanism proposed for the nitrite reduction and shadowed in pink the
mechanism that was proposed for the NHC reduction. For simplicity the full Moco structure is
only represented in the first step, in the remaining steps the pyranopterin motif is mainly omitted
(pterin) and only the dithiolate moiety is shown. The Mo Redox states are shown in colored roman
numbers. Some atoms are shown in color to facilitate tracking their fate. In the NHC structure R means
any compound.

At this stage, one NO molecule is already formed. However, because the Mo center reduction is a
two-electrons process, another nitrite molecule could be reduced. This reaction is suggested to proceed
with the binding of another nitrite molecule. To generate a good leaving group, the consumption of
one more proton is proposed and another cycle releases one more NO molecule, leaving the Mo into
its original oxidation state (VI), prepared to start another catalytic cycle [113]. This mechanism might
be applied to all Mo enzymes, as long as the reduced Mo center had an appropriate and accessible
coordination position to bind nitrite.

The reduction of NHC is a two-electrons reduction (Figure 4, right). The two-electrons catalytic
transformation mediated by Moco enzymes are coupled to the transfer of oxygen from the substrate
to the reduced Mo center [115]. The NHC reduction should also take place in the mARC Mo
center, because the mutation of the crARC C252 abolishes Moco binding and NHC reduction [65].
Consequently, we propose that the first step of the NHC reduction, the Mo (VI) reduction by NADH to
Mo (IV), would be very similar to the nitrite reduction. However, once Mo (IV) is formed, a protonation
event would not be needed, since the NHC oxygen has already bound hydrogen, forming a binary
complex instead of ternary as in nitrite reduction. For the NOH bond homolysis, the hydroxyl group
would transfer a proton to nitrogen, leaving an oxo group that was bound to Mo. This will trigger
the break of the NOH bond, the transfer of the oxo group to the Mo center, and the N-compound
(NC) liberation. This would leave Mo oxidized to Mo (VI) without an intermediate Mo (V) as in
the nitrite reduction, and Mo (VI) coordinated to an oxo and a hydroxyl group that was ready to
start another catalytic cycle. Nevertheless, future experiments would be required to verify these
hypothetical mechanisms.
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7. Are There Other mARC Substrates or Partners Still Uncovered?

Several studies have shown a close connection between mARC, lipogenesis, and diabetes.
The mARC mutation has a significant effect on the fatty acid composition [93] and impairs the lipid
synthesis in adipocytes [116]. The NHC reduction activity is high in the adipose tissue of rodents [117].
The phenotype of the mARC knockout mouse is characterized by a decreased fat level and increased
lean body mass [91]. In mice, another study has shown that the expression and activity of the mARC
system is affected by fasting and a high fat diet [95]. The mARC enzyme is induced under adipogenic
conditions, and its expression is up-regulated in type 2 diabetes [118]. A study has described that
certain structural variations of mARC might be related with diabetes [119].

These data indicate that mARC may be involved in lipogenesis and/or diabetes. However,
how mARC regulates these processes and which ones are its partners or substrates still remain
unsolved. In relation to this observation, we would like to propose two hypotheses. First, as mentioned,
mARC is involved in the NO synthesis, and interestingly it has been shown that NO can interact with
fatty acids to generate nitro-fatty acids, which have been identified as important signaling mediators
with anti-inflammatory and antioxidant properties in animal and plant systems [120]. Therefore,
we propose that mARC could be involved through its NO production capacity in regulating the levels
of nitro-fatty acids and indirectly the lipogenesis by controlling the amount of free fatty acids. Second,
Cytb5 plus Cytb5-R participates in several metabolic conversions, and interestingly, in coalition with a
desaturase enzyme as partners, in the elongation and desaturation of fatty acids and cholesterol [121].
As Cytb5 plus Cytb5-R are mARC partners, we propose that, in some way, by kidnapping the partners
or competing for the same substrate, mARC might regulate the lipogenesis. Future experiments are
needed to substantiate the viability of these two hypotheses.

8. The Structural Modeling of a Eukaryotic MOSC Protein

The mARC proteins belonging to the MOSC family in eukaryotes have an unknown structure.
However, in prokaryotes, it has recently been reported the first three-dimensional (3D) structure
of Escherichia coli YiiM (ecYiiM), a MOSC family member [122]. ecYiiM has been involved in the
reduction of the mutagenic HAP [81]. A eukaryotic enzyme that is closely related to ecYiiM is
Aspergillus oryzae YiiM (aoYiiM). The sequence conservation indicates that aoYiiM belongs to the
MOSC family, although its function has not been characterized yet (Figure 5a). The ecYiiM structure
folds into a triangular shape with ten β-strands and six α-helices, which can be divided into three
distinct structural domains: a β-barrel, an N-terminal α-helix bundle (N-α-bundle) and a C-terminal
α-helix 1 (C-α-bundle) (Figure 5b). The β-barrel domain is decorated with the N-α-bundle and
the C-α-bundle, each of which forms one vertex of the YiiM triangle. In the middle of its triangular
architecture, ecYiiM possesses a cavity. Interestingly, the surface of this cavity has a positive electrostatic
potential, presumably to hold a negatively charged molecule, such as Moco. The residues of this
cavity are highly conserved in MOSC proteins, suggesting a critical role of this cavity in the enzymatic
function of this family. This cavity holds the invariant cysteine residue (C120, in Figure 5b), which
is absolutely conserved in all MOSC proteins [70]. Therefore, MOSC proteins could employ this
invariant cysteine as a Moco-conjugating residue or a catalytic essential residue [122]. The Moco
electron density was not visible in ecYiiM three-dimensional (3D) structure. Interestingly, a phosphate
ion was otherwise found in the cavity near the invariant cysteine residue. Since Moco contains a
phosphate group at one end, by in silico docking studies, this phosphate ion was used as a guide to
locate the Moco molecule in the YiiM structure [122]. In Figure 5b, several aminoacid residues within
the proximity of Moco are highlighted and how the Moco molecule fills the ecYiiM cavity is shown.
This prediction shows that Moco fits in this cavity quite well and it is stabilized by multiple hydrogen
bonds with the side chains of cavity residues [122].
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Figure 5. The in silico structure prediction of a eukaryotic MOSC member. (a) Sequence alignment of
Escherichia coli YiiM (ecYiiM) (NP_418346) and Aspergillus oryzae YiiM (aoYiiM) (OAory_01080290).
The consensus sequences have been calculated with a threshold of 75% with the BioEdit v.7.0.9
program. Highly conserved amino acids are shown in black background and moderately conserved
amino acids in grey background. With blue arrowheads it is shown the invariant cysteine residue
(C120 in ecYiiM and C141 in aoYiiM); (b) The secondary structure of ecYiiM (PDB ID: 5YHI) and its
putative Moco binding site in its cavity are shown. The amino acid residues highlighted in red are
the ones described in [122] as interacting with the Moco structure. In the Moco structure, the colors
of the atoms are: C (green), N (Blue), O (Red), S (Yellow), P (Orange), and Mo (Black). The colors of
the amino acids side chain are: positive charges amino acids (blue), hydrophobic ones and cysteine
(pink) and polar amino acids (yellow); (c) Predicted in silico structure of aoYiiM. The protein used
as model was ecYiiM. The identity between both sequences is 29.8%. The six highlighted amino
acid residues are the ones marked in (a) with red arrowheads (K75, A76, N107, R137, Q138) and
blue arrowheads (C141). The aoYiiM structure was obtained with the Swiss-PdbViewer Program of
tertiary structures and three-dimensional alignments of already crystallized structures online version
http://spdbv.vital-it.ch/ Swiss-Model.

We have modeled the aoYiiM 3D structure based on ecYiiM. The aoYiiM structure that was
obtained looks very similar to ecYiiM (Figure 5c). It can be observed that six of the conserved amino
acids shown in Figure 5a (K75, A76, N107, R137, Q138, C141) are forming a cavity in the center of the
aoYiiM triangle. The side chain of the invariant cysteine residue (C141) faces this cavity. We propose
that this could be the place where Moco is bound. To verify the reliability of this model, more structural
studies of eukaryotic MOSC members will be required to reveal the exact Moco binding site, which is
essential to reveal its catalytic mechanism.

9. Notes Added in Proof

While this article was under review, the first crystal structure of a eukaryotic mARC was resolved,
the human mARC1 [123].

Funding: This work was funded by MINECO (Grant BFU2015-70649-P), the European FEDER program,
Junta de Andalucía (BIO-502), the Plan Propio de la Universidad de Córdoba, and the U.E.INTERREG VA
POCTEP-055_ALGARED_PLUS5_E.

Acknowledgments: We thank María Isabel Macías and Aitor Gómez for technical assistance. We also thanks
Neda Fakhimi for critical reading of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

http://spdbv.vital-it.ch/


Molecules 2018, 23, 3287 13 of 19

References

1. Arnon, D.I.; Stout, P.R. Molybdenum as an Essential Element for Higher Plants. Plant Physiol. 1939, 14,
599–602. [CrossRef] [PubMed]

2. Leimkuhler, S.; Wuebbens, M.M.; Rajagopalan, K.V. The History of the Discovery of the Molybdenum
Cofactor and Novel Aspects of its Biosynthesis in Bacteria. Coord. Chem. Rev. 2011, 255, 1129–1144.
[CrossRef] [PubMed]

3. Peng, T.; Xu, Y.; Zhang, Y. Comparative genomics of molybdenum utilization in prokaryotes and eukaryotes.
BMC Genom. 2018, 19, 691. [CrossRef] [PubMed]

4. Tejada-Jimenez, M.; Chamizo-Ampudia, A.; Galvan, A.; Fernandez, E.; Llamas, A. Molybdenum metabolism
in plants. Metallomics 2013, 5, 1191–1203. [CrossRef] [PubMed]

5. Kaiser, B.N.; Gridley, K.L.; Ngaire Brady, J.; Phillips, T.; Tyerman, S.D. The role of molybdenum in agricultural
plant production. Ann. Bot. 2005, 96, 745–754. [CrossRef] [PubMed]

6. Krapp, A. Plant nitrogen assimilation and its regulation: A complex puzzle with missing pieces. Curr. Opin.
Plant Biol. 2015, 25, 115–122. [CrossRef]

7. Mendel, R.R.; Hansch, R. Molybdoenzymes and molybdenum cofactor in plants. J. Exp. Bot. 2002, 53,
1689–1698. [CrossRef]

8. Verslues, P.E.; Zhu, J.K. Before and beyond ABA: Upstream sensing and internal signals that determine ABA
accumulation and response under abiotic stress. Biochem. Soc. Trans. 2005, 33 Pt 2, 375–379. [CrossRef]

9. Atwal, P.S.; Scaglia, F. Molybdenum cofactor deficiency. Mol. Genet. Metab. 2016, 117, 1–4. [CrossRef]
10. Alvarez, H.M.; Xue, Y.; Robinson, C.D.; Canalizo-Hernandez, M.A.; Marvin, R.G.; Kelly, R.A.; Mondragon, A.;

Penner-Hahn, J.E.; O’Halloran, T.V. Tetrathiomolybdate inhibits copper trafficking proteins through metal
cluster formation. Science 2010, 327, 331–334. [CrossRef]

11. Llamas, A.; Tejada-Jimenez, M.; Fernandez, E.; Galvan, A. Molybdenum metabolism in the alga
Chlamydomonas stands at the crossroad of those in Arabidopsis and humans. Metallomics 2011, 3, 578–590.
[CrossRef] [PubMed]

12. Mendel, R.R.; Leimkuhler, S. The biosynthesis of the molybdenum cofactors. J. Biol. Inorg. Chem. 2015, 20,
337–347. [CrossRef] [PubMed]

13. Bittner, F. Molybdenum metabolism in plants and crosstalk to iron. Front. Plant Sci. 2014, 5, 28. [CrossRef]
[PubMed]

14. Tejada-Jimenez, M.; Llamas, A.; Sanz-Luque, E.; Galvan, A.; Fernandez, E. A high-affinity molybdate
transporter in eukaryotes. Proc. Natl. Acad. Sci. USA 2007, 104, 20126–20130. [CrossRef] [PubMed]

15. Tomatsu, H.; Takano, J.; Takahashi, H.; Watanabe-Takahashi, A.; Shibagaki, N.; Fujiwara, T. An Arabidopsis
thaliana high-affinity molybdate transporter required for efficient uptake of molybdate from soil. Proc. Natl.
Acad. Sci. USA 2007, 104, 18807–18812. [CrossRef]

16. Gasber, A.; Klaumann, S.; Trentmann, O.; Trampczynska, A.; Clemens, S.; Schneider, S.; Sauer, N.; Feifer, I.;
Bittner, F.; Mendel, R.R.; et al. Identification of an Arabidopsis solute carrier critical for intracellular transport
and inter-organ allocation of molybdate. Plant Biol. 2011, 13, 710–718. [CrossRef]

17. Baxter, I.; Muthukumar, B.; Park, H.C.; Buchner, P.; Lahner, B.; Danku, J.; Zhao, K.; Lee, J.; Hawkesford, M.J.;
Guerinot, M.L.; et al. Variation in molybdenum content across broadly distributed populations of
Arabidopsis thaliana is controlled by a mitochondrial molybdenum transporter (MOT1). PLoS Genet.
2008, 4, e1000004. [CrossRef]

18. Duan, G.; Hakoyama, T.; Kamiya, T.; Miwa, H.; Lombardo, F.; Sato, S.; Tabata, S.; Chen, Z.; Watanabe, T.;
Shinano, T.; et al. LjMOT1, a high-affinity molybdate transporter from Lotus japonicus, is essential for
molybdate uptake, but not for the delivery to nodules. Plant J. 2017, 90, 1108–1119. [CrossRef]

19. Tejada-Jimenez, M.; Gil-Diez, P.; Leon-Mediavilla, J.; Wen, J.; Mysore, K.S.; Imperial, J.; Gonzalez-Guerrero, M.
Medicago truncatula Molybdate Transporter type 1 (MtMOT1.3) is a plasma membrane molybdenum
transporter required for nitrogenase activity in root nodules under molybdenum deficiency. New Phytol.
2017, 216, 1223–1235. [CrossRef]

20. Gonzalez-Guerrero, M.; Escudero, V.; Saez, A.; Tejada-Jimenez, M. Transition Metal Transport in Plants and
Associated Endosymbionts: Arbuscular Mycorrhizal Fungi and Rhizobia. Front. Plant Sci. 2016, 7. [CrossRef]

http://dx.doi.org/10.1104/pp.14.3.599
http://www.ncbi.nlm.nih.gov/pubmed/16653589
http://dx.doi.org/10.1016/j.ccr.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21528011
http://dx.doi.org/10.1186/s12864-018-5068-0
http://www.ncbi.nlm.nih.gov/pubmed/30231876
http://dx.doi.org/10.1039/c3mt00078h
http://www.ncbi.nlm.nih.gov/pubmed/23800757
http://dx.doi.org/10.1093/aob/mci226
http://www.ncbi.nlm.nih.gov/pubmed/16033776
http://dx.doi.org/10.1016/j.pbi.2015.05.010
http://dx.doi.org/10.1093/jxb/erf038
http://dx.doi.org/10.1042/BST0330375
http://dx.doi.org/10.1016/j.ymgme.2015.11.010
http://dx.doi.org/10.1126/science.1179907
http://dx.doi.org/10.1039/c1mt00032b
http://www.ncbi.nlm.nih.gov/pubmed/21623427
http://dx.doi.org/10.1007/s00775-014-1173-y
http://www.ncbi.nlm.nih.gov/pubmed/24980677
http://dx.doi.org/10.3389/fpls.2014.00028
http://www.ncbi.nlm.nih.gov/pubmed/24570679
http://dx.doi.org/10.1073/pnas.0704646104
http://www.ncbi.nlm.nih.gov/pubmed/18077439
http://dx.doi.org/10.1073/pnas.0706373104
http://dx.doi.org/10.1111/j.1438-8677.2011.00448.x
http://dx.doi.org/10.1371/journal.pgen.1000004
http://dx.doi.org/10.1111/tpj.13532
http://dx.doi.org/10.1111/nph.14739
http://dx.doi.org/10.3389/fpls.2016.01088


Molecules 2018, 23, 3287 14 of 19

21. Gil-Diez, P.; Tejada-Jimenez, M.; Leon-Mediavilla, J.; Wen, J.; Mysore, K.S.; Imperial, J.; Gonzalez-Guerrero, M.
MtMOT1.2 is responsible for molybdate supply to Medicago truncatula nodules. Plant Cell Environ. 2018.
[CrossRef] [PubMed]

22. Tejada-Jimenez, M.; Galvan, A.; Fernandez, E. Algae and humans share a molybdate transporter. Proc. Natl.
Acad. Sci. USA 2011, 108, 6420–6425. [CrossRef] [PubMed]

23. Teschner, J.; Lachmann, N.; Schulze, J.; Geisler, M.; Selbach, K.; Santamaria-Araujo, J.; Balk, J.; Mendel, R.R.;
Bittner, F. A novel role for Arabidopsis mitochondrial ABC transporter ATM3 in molybdenum cofactor
biosynthesis. Plant Cell 2010, 22, 468–480. [CrossRef] [PubMed]

24. Santamaria-Araujo, J.A.; Fischer, B.; Otte, T.; Nimtz, M.; Mendel, R.R.; Wray, V.; Schwarz, G.
The tetrahydropyranopterin structure of the sulfur-free and metal-free molybdenum cofactor precursor.
J. Biol. Chem. 2004, 279, 15994–15999. [CrossRef] [PubMed]

25. Santamaria-Araujo, J.A.; Wray, V.; Schwarz, G. Structure and stability of the molybdenum cofactor
intermediate cyclic pyranopterin monophosphate. J. Biol. Inorg. Chem. 2012, 17, 113–122. [CrossRef]

26. Hoff, T.; Schnorr, K.M.; Meyer, C.; Caboche, M. Isolation of two Arabidopsis cDNAs involved in early
steps of molybdenum cofactor biosynthesis by functional complementation of Escherichia coli mutants.
J. Biol. Chem. 1995, 270, 6100–6107. [CrossRef]

27. Reiss, J.; Cohen, N.; Dorche, C.; Mandel, H.; Mendel, R.R.; Stallmeyer, B.; Zabot, M.T.; Dierks, T. Mutations in
a polycistronic nuclear gene associated with molybdenum cofactor deficiency. Nat. Genet. 1998, 20, 51–53.
[CrossRef]

28. Kruse, I.; Maclean, A.E.; Hill, L.; Balk, J. Genetic dissection of cyclic pyranopterin monophosphate
biosynthesis in plant mitochondria. Biochem. J. 2018, 475, 495–509. [CrossRef]

29. Kaufholdt, D.; Gehl, C.; Geisler, M.; Jeske, O.; Voedisch, S.; Ratke, C.; Bollhoner, B.; Mendel, R.R.; Hansch, R.
Visualization and quantification of protein interactions in the biosynthetic pathway of molybdenum cofactor
in Arabidopsis thaliana. J. Exp. Bot. 2013, 64, 2005–2016. [CrossRef]

30. Stallmeyer, B.; Drugeon, G.; Reiss, J.; Haenni, A.L.; Mendel, R.R. Human molybdopterin synthase gene:
Identification of a bicistronic transcript with overlapping reading frames. Am. J. Hum. Genet. 1999, 64,
698–705. [CrossRef]

31. Matthies, A.; Rajagopalan, K.V.; Mendel, R.R.; Leimkuhler, S. Evidence for the physiological role of a
rhodanese-like protein for the biosynthesis of the molybdenum cofactor in humans. Proc. Natl. Acad.
Sci. USA 2004, 101, 5946–5951. [CrossRef] [PubMed]

32. Llamas, A.; Tejada-Jimenez, M.; Gonzalez-Ballester, D.; Higuera, J.J.; Schwarz, G.; Galvan, A.; Fernandez, E.
Chlamydomonas reinhardtii CNX1E reconstitutes molybdenum cofactor biosynthesis in Escherichia coli
mutants. Eukaryot. Cell 2007, 6, 1063–1067. [CrossRef] [PubMed]

33. Llamas, A.; Mendel, R.R.; Schwarz, G. Synthesis of adenylated molybdopterin: An essential step for
molybdenum insertion. J. Biol. Chem. 2004, 279, 55241–55246. [CrossRef]

34. Llamas, A.; Otte, T.; Multhaup, G.; Mendel, R.R.; Schwarz, G. The Mechanism of nucleotide-assisted
molybdenum insertion into molybdopterin. A novel route toward metal cofactor assembly. J. Biol. Chem.
2006, 281, 18343–18350. [CrossRef] [PubMed]

35. Schwarz, G.; Schulze, J.; Bittner, F.; Eilers, T.; Kuper, J.; Bollmann, G.; Nerlich, A.; Brinkmann, H.; Mendel, R.R.
The molybdenum cofactor biosynthetic protein Cnx1 complements molybdate-repairable mutants, transfers
molybdenum to the metal binding pterin, and is associated with the cytoskeleton. Plant Cell 2000, 12,
2455–2472. [CrossRef] [PubMed]

36. Kaufholdt, D.; Baillie, C.K.; Bikker, R.; Burkart, V.; Dudek, C.A.; von Pein, L.; Rothkegel, M.; Mendel, R.R.;
Hansch, R. The molybdenum cofactor biosynthesis complex interacts with actin filaments via molybdenum
insertase Cnx1 as anchor protein in Arabidopsis thaliana. Plant Sci. 2016, 244, 8–18. [CrossRef] [PubMed]

37. Bittner, F.; Oreb, M.; Mendel, R.R. ABA3 is a molybdenum cofactor sulfurase required for activation of
aldehyde oxidase and xanthine dehydrogenase in Arabidopsis thaliana. J. Biol. Chem. 2001, 276, 40381–40384.
[CrossRef]

38. Ichida, K.; Matsumura, T.; Sakuma, R.; Hosoya, T.; Nishino, T. Mutation of human molybdenum cofactor
sulfurase gene is responsible for classical xanthinuria type II. Biochem. Biophys. Res. Commun. 2001, 282,
1194–1200. [CrossRef]

http://dx.doi.org/10.1111/pce.13388
http://www.ncbi.nlm.nih.gov/pubmed/29940074
http://dx.doi.org/10.1073/pnas.1100700108
http://www.ncbi.nlm.nih.gov/pubmed/21464289
http://dx.doi.org/10.1105/tpc.109.068478
http://www.ncbi.nlm.nih.gov/pubmed/20164445
http://dx.doi.org/10.1074/jbc.M311815200
http://www.ncbi.nlm.nih.gov/pubmed/14761975
http://dx.doi.org/10.1007/s00775-011-0835-2
http://dx.doi.org/10.1074/jbc.270.11.6100
http://dx.doi.org/10.1038/1706
http://dx.doi.org/10.1042/BCJ20170559
http://dx.doi.org/10.1093/jxb/ert064
http://dx.doi.org/10.1086/302295
http://dx.doi.org/10.1073/pnas.0308191101
http://www.ncbi.nlm.nih.gov/pubmed/15073332
http://dx.doi.org/10.1128/EC.00072-07
http://www.ncbi.nlm.nih.gov/pubmed/17416894
http://dx.doi.org/10.1074/jbc.M409862200
http://dx.doi.org/10.1074/jbc.M601415200
http://www.ncbi.nlm.nih.gov/pubmed/16636046
http://dx.doi.org/10.1105/tpc.12.12.2455
http://www.ncbi.nlm.nih.gov/pubmed/11148290
http://dx.doi.org/10.1016/j.plantsci.2015.12.011
http://www.ncbi.nlm.nih.gov/pubmed/26810449
http://dx.doi.org/10.1074/jbc.C100472200
http://dx.doi.org/10.1006/bbrc.2001.4719


Molecules 2018, 23, 3287 15 of 19

39. Wollers, S.; Heidenreich, T.; Zarepour, M.; Zachmann, D.; Kraft, C.; Zhao, Y.; Mendel, R.R.; Bittner, F.
Binding of sulfurated molybdenum cofactor to the C-terminal domain of ABA3 from Arabidopsis thaliana
provides insight into the mechanism of molybdenum cofactor sulfuration. J. Biol. Chem. 2008, 283, 9642–9650.
[CrossRef]

40. Foresi, N.; Correa-Aragunde, N.; Parisi, G.; Calo, G.; Salerno, G.; Lamattina, L. Characterization of a nitric
oxide synthase from the plant kingdom: NO generation from the green alga Ostreococcus tauri is light
irradiance and growth phase dependent. Plant Cell 2010, 22, 3816–3830. [CrossRef]

41. Ataya, F.S.; Witte, C.P.; Galvan, A.; Igeno, M.I.; Fernandez, E. Mcp1 encodes the molybdenum cofactor carrier
protein in Chlamydomonas reinhardtii and participates in protection, binding, and storage functions of the
cofactor. J. Biol. Chem. 2003, 278, 10885–10890. [CrossRef] [PubMed]

42. Fischer, K.; Llamas, A.; Tejada-Jimenez, M.; Schrader, N.; Kuper, J.; Ataya, F.S.; Galvan, A.; Mendel, R.R.;
Fernandez, E.; Schwarz, G. Function and structure of the molybdenum cofactor carrier protein from
Chlamydomonas reinhardtii. J. Biol. Chem. 2006, 281, 30186–30194. [CrossRef] [PubMed]

43. Kruse, T.; Gehl, C.; Geisler, M.; Lehrke, M.; Ringel, P.; Hallier, S.; Hansch, R.; Mendel, R.R. Identification
and biochemical characterization of molybdenum cofactor-binding proteins from Arabidopsis thaliana.
J. Biol. Chem. 2010, 285, 6623–6635. [CrossRef] [PubMed]

44. Witte, C.P.; Igeno, M.I.; Mendel, R.; Schwarz, G.; Fernandez, E. The Chlamydomonas reinhardtii MoCo carrier
protein is multimeric and stabilizes molybdopterin cofactor in a molybdate charged form. FEBS Lett. 1998,
431, 205–209. [CrossRef]

45. Chamizo-Ampudia, A.; Sanz-Luque, E.; Llamas, A.; Galvan, A.; Fernandez, E. Nitrate Reductase Regulates
Plant Nitric Oxide Homeostasis. Trends Plant Sci. 2017, 22, 163–174. [CrossRef] [PubMed]

46. Hille, R. The Mononuclear Molybdenum Enzymes. Chem. Rev. 1996, 96, 2757–2816. [CrossRef] [PubMed]
47. Chamizo-Ampudia, A.; Sanz-Luque, E.; Llamas, Á.; Ocaña-Calahorro, F.; Mariscal, V.; Carreras, A.;

Barroso, J.B.; Galván, A.; Fernández, E. A dual system formed by the ARC and NR molybdoenzymes
mediates nitrite-dependent NO production in Chlamydomonas. Plant Cell Environ. 2016, 39, 2097–2107.
[CrossRef] [PubMed]

48. Sanz-Luque, E.; Ocana-Calahorro, F.; de Montaigu, A.; Chamizo-Ampudia, A.; Llamas, A.; Galvan, A.;
Fernandez, E. THB1, a truncated hemoglobin, modulates nitric oxide levels and nitrate reductase activity.
Plant J. 2015, 81, 467–479. [CrossRef]

49. Feng, C.; Tollin, G.; Enemark, J.H. Sulfite oxidizing enzymes. Biochim. Biophys. Acta 2007, 1774, 527–539.
[CrossRef]

50. Kisker, C.; Schindelin, H.; Rees, D.C. Molybdenum-cofactor-containing enzymes: Structure and mechanism.
Annu. Rev. Biochem. 1997, 66, 233–267. [CrossRef]

51. Cohen, H.J.; Fridovich, I.; Rajagopalan, K.V. Hepatic sulfite oxidase. A functional role for molybdenum.
J. Biol. Chem. 1971, 246, 374–382. [PubMed]

52. Randewig, D.; Hamisch, D.; Herschbach, C.; Eiblmeier, M.; Gehl, C.; Jurgeleit, J.; Skerra, J.; Mendel, R.R.;
Rennenberg, H.; Hansch, R. Sulfite oxidase controls sulfur metabolism under SO2 exposure in Arabidopsis
thaliana. Plant Cell Environ. 2012, 35, 100–115. [CrossRef] [PubMed]

53. Nowak, K.; Luniak, N.; Witt, C.; Wustefeld, Y.; Wachter, A.; Mendel, R.R.; Hansch, R. Peroxisomal localization
of sulfite oxidase separates it from chloroplast-based sulfur assimilation. Plant Cell Physiol. 2004, 45,
1889–1894. [CrossRef] [PubMed]

54. Eilers, T.; Schwarz, G.; Brinkmann, H.; Witt, C.; Richter, T.; Nieder, J.; Koch, B.; Hille, R.; Hansch, R.;
Mendel, R.R. Identification and biochemical characterization of Arabidopsis thaliana sulfite oxidase. A new
player in plant sulfur metabolism. J. Biol. Chem. 2001, 276, 46989–46994. [CrossRef] [PubMed]

55. Gerin, S.; Mathy, G.; Blomme, A.; Franck, F.; Sluse, F.E. Plasticity of the mitoproteome to nitrogen sources
(nitrate and ammonium) in Chlamydomonas reinhardtii: The logic of Aox1 gene localization. Biochim.
Biophys. Acta 2010, 1797, 994–1003. [CrossRef] [PubMed]

56. Yesbergenova, Z.; Yang, G.; Oron, E.; Soffer, D.; Fluhr, R.; Sagi, M. The plant Mo-hydroxylases aldehyde
oxidase and xanthine dehydrogenase have distinct reactive oxygen species signatures and are induced by
drought and abscisic acid. Plant J. 2005, 42, 862–876. [CrossRef] [PubMed]

57. Zarepour, M.; Kaspari, K.; Stagge, S.; Rethmeier, R.; Mendel, R.R.; Bittner, F. Xanthine dehydrogenase
AtXDH1 from Arabidopsis thaliana is a potent producer of superoxide anions via its NADH oxidase activity.
Plant Mol. Biol. 2010, 72, 301–310. [CrossRef]

http://dx.doi.org/10.1074/jbc.M708549200
http://dx.doi.org/10.1105/tpc.109.073510
http://dx.doi.org/10.1074/jbc.M211320200
http://www.ncbi.nlm.nih.gov/pubmed/12519777
http://dx.doi.org/10.1074/jbc.M603919200
http://www.ncbi.nlm.nih.gov/pubmed/16873364
http://dx.doi.org/10.1074/jbc.M109.060640
http://www.ncbi.nlm.nih.gov/pubmed/20040598
http://dx.doi.org/10.1016/S0014-5793(98)00756-X
http://dx.doi.org/10.1016/j.tplants.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/28065651
http://dx.doi.org/10.1021/cr950061t
http://www.ncbi.nlm.nih.gov/pubmed/11848841
http://dx.doi.org/10.1111/pce.12739
http://www.ncbi.nlm.nih.gov/pubmed/26992087
http://dx.doi.org/10.1111/tpj.12744
http://dx.doi.org/10.1016/j.bbapap.2007.03.006
http://dx.doi.org/10.1146/annurev.biochem.66.1.233
http://www.ncbi.nlm.nih.gov/pubmed/5100417
http://dx.doi.org/10.1111/j.1365-3040.2011.02420.x
http://www.ncbi.nlm.nih.gov/pubmed/21895698
http://dx.doi.org/10.1093/pcp/pch212
http://www.ncbi.nlm.nih.gov/pubmed/15653809
http://dx.doi.org/10.1074/jbc.M108078200
http://www.ncbi.nlm.nih.gov/pubmed/11598126
http://dx.doi.org/10.1016/j.bbabio.2010.02.034
http://www.ncbi.nlm.nih.gov/pubmed/20211595
http://dx.doi.org/10.1111/j.1365-313X.2005.02422.x
http://www.ncbi.nlm.nih.gov/pubmed/15941399
http://dx.doi.org/10.1007/s11103-009-9570-2


Molecules 2018, 23, 3287 16 of 19

58. Ma, X.; Wang, W.; Bittner, F.; Schmidt, N.; Berkey, R.; Zhang, L.; King, H.; Zhang, Y.; Feng, J.; Wen, Y.; et al.
Dual and Opposing Roles of Xanthine Dehydrogenase in Defense-Associated Reactive Oxygen Species
Metabolism in Arabidopsis. Plant Cell 2016, 28, 1108–1126. [CrossRef]

59. Rodriguez-Trelles, F.; Tarrio, R.; Ayala, F.J. Convergent neofunctionalization by positive Darwinian selection
after ancient recurrent duplications of the xanthine dehydrogenase gene. Proc. Natl. Acad. Sci. USA 2003,
100, 13413–13417. [CrossRef]

60. Coelho, C.; Mahro, M.; Trincao, J.; Carvalho, A.T.; Ramos, M.J.; Terao, M.; Garattini, E.; Leimkuhler, S.;
Romao, M.J. The first mammalian aldehyde oxidase crystal structure: Insights into substrate specificity.
J. Biol. Chem. 2012, 287, 40690–40702. [CrossRef]

61. Garattini, E.; Mendel, R.; Romao, M.J.; Wright, R.; Terao, M. Mammalian molybdo-flavoenzymes, an
expanding family of proteins: Structure, genetics, regulation, function and pathophysiology. Biochem. J. 2003,
372 Pt 1, 15–32. [CrossRef]

62. Seo, M.; Peeters, A.J.; Koiwai, H.; Oritani, T.; Marion-Poll, A.; Zeevaart, J.A.; Koornneef, M.; Kamiya, Y.;
Koshiba, T. The Arabidopsis aldehyde oxidase 3 (AAO3) gene product catalyzes the final step in abscisic
acid biosynthesis in leaves. Proc. Natl. Acad. Sci. USA 2000, 97, 12908–12913. [CrossRef] [PubMed]

63. Kozmin, S.G.; Pavlov, Y.I.; Dunn, R.L.; Schaaper, R.M. Hypersensitivity of Escherichia coli Delta(uvrB-bio)
mutants to 6-hydroxylaminopurine and other base analogs is due to a defect in molybdenum cofactor
biosynthesis. J. Bacteriol. 2000, 182, 3361–3367. [CrossRef]

64. Havemeyer, A.; Bittner, F.; Wollers, S.; Mendel, R.; Kunze, T.; Clement, B. Identification of the missing
component in the mitochondrial benzamidoxime prodrug-converting system as a novel molybdenum
enzyme. J. Biol. Chem. 2006, 281, 34796–34802. [CrossRef] [PubMed]

65. Chamizo-Ampudia, A.; Galvan, A.; Fernandez, E.; Llamas, A. The Chlamydomonas reinhardtii molybdenum
cofactor enzyme crARC has a Zn-dependent activity and protein partners similar to those of its human
homologue. Eukaryot. Cell 2011, 10, 1270–1282. [CrossRef] [PubMed]

66. Hsieh, S.I.; Castruita, M.; Malasarn, D.; Urzica, E.; Erde, J.; Page, M.D.; Yamasaki, H.; Casero, D.; Pellegrini, M.;
Merchant, S.S.; et al. The proteome of copper, iron, zinc, and manganese micronutrient deficiency in
Chlamydomonas reinhardtii. Mol. Cell. Proteom. 2013, 12, 65–86. [CrossRef] [PubMed]

67. Wahl, B.; Reichmann, D.; Niks, D.; Krompholz, N.; Havemeyer, A.; Clement, B.; Messerschmidt, T.;
Rothkegel, M.; Biester, H.; Hille, R.; et al. Biochemical and spectroscopic characterization of the human
mitochondrial amidoxime reducing components hmARC-1 and hmARC-2 suggests the existence of a new
molybdenum enzyme family in eukaryotes. J. Biol. Chem. 2010, 285, 37847–37859. [CrossRef]

68. Klein, J.M.; Busch, J.D.; Potting, C.; Baker, M.J.; Langer, T.; Schwarz, G. The mitochondrial
amidoxime-reducing component (mARC1) is a novel signal-anchored protein of the outer mitochondrial
membrane. J. Biol. Chem. 2012, 287, 42795–42803. [CrossRef]

69. Chamizo-Ampudia, A.; Galvan, A.; Fernandez, E.; Llamas, A. Study of Different Variants of Mo Enzyme
crARC and the Interaction with Its Partners crCytb5-R and crCytb5-1. Int. J. Mol. Sci. 2017, 18, 670. [CrossRef]

70. Anantharaman, V.; Aravind, L. MOSC domains: Ancient, predicted sulfur-carrier domains, present in diverse
metal-sulfur cluster biosynthesis proteins including Molybdenum cofactor sulfurases. FEMS Microbiol. Lett.
2002, 207, 55–61. [CrossRef]

71. Giles, L.J.; Ruppelt, C.; Yang, J.; Mendel, R.R.; Bittner, F.; Kirk, M.L. Molybdenum site structure of MOSC
family proteins. Inorg. Chem. 2014, 53, 9460–9462. [CrossRef] [PubMed]

72. Kubitza, C.; Ginsel, C.; Bittner, F.; Havemeyer, A.; Clement, B.; Scheidig, A.J. T4 lysozyme-facilitated
crystallization of the human molybdenum cofactor-dependent enzyme mARC. Acta Crystallogr. F Struct.
Biol. Commun. 2018, 74 Pt 6, 337–344. [CrossRef]

73. Llamas, A.; Chamizo-Ampudia, A.; Tejada-Jimenez, M.; Galvan, A.; Fernandez, E. The molybdenum cofactor
enzyme mARC: Moonlighting or promiscuous enzyme? Biofactors 2017, 43, 486–494. [CrossRef] [PubMed]

74. Jeffery, C.J. Moonlighting proteins. Trends Biochem. Sci. 1999, 24, 8–11. [CrossRef]
75. Franco-Serrano, L.; Hernández, S.; Calvo, A.; Severi, M.A.; Ferragut, G.; Pérez-Pons, J.; Piñol, J.;

Pich, Ò.; Mozo-Villarias, Á.; Amela, I.; et al. MultitaskProtDB-II: An update of a database of
multitasking/moonlighting proteins. Nucleic Acids Res. 2018, 46, D645–D648. [CrossRef] [PubMed]

76. Gruenewald, S.; Wahl, B.; Bittner, F.; Hungeling, H.; Kanzow, S.; Kotthaus, J.; Schwering, U.; Mendel, R.R.;
Clement, B. The fourth molybdenum containing enzyme mARC: Cloning and involvement in the activation
of N-hydroxylated prodrugs. J. Med. Chem. 2008, 51, 8173–8177. [CrossRef]

http://dx.doi.org/10.1105/tpc.15.00880
http://dx.doi.org/10.1073/pnas.1835646100
http://dx.doi.org/10.1074/jbc.M112.390419
http://dx.doi.org/10.1042/bj20030121
http://dx.doi.org/10.1073/pnas.220426197
http://www.ncbi.nlm.nih.gov/pubmed/11050171
http://dx.doi.org/10.1128/JB.182.12.3361-3367.2000
http://dx.doi.org/10.1074/jbc.M607697200
http://www.ncbi.nlm.nih.gov/pubmed/16973608
http://dx.doi.org/10.1128/EC.05096-11
http://www.ncbi.nlm.nih.gov/pubmed/21803866
http://dx.doi.org/10.1074/mcp.M112.021840
http://www.ncbi.nlm.nih.gov/pubmed/23065468
http://dx.doi.org/10.1074/jbc.M110.169532
http://dx.doi.org/10.1074/jbc.M112.419424
http://dx.doi.org/10.3390/ijms18030670
http://dx.doi.org/10.1016/S0378-1097(01)00515-8
http://dx.doi.org/10.1021/ic5015863
http://www.ncbi.nlm.nih.gov/pubmed/25166909
http://dx.doi.org/10.1107/S2053230X18006921
http://dx.doi.org/10.1002/biof.1362
http://www.ncbi.nlm.nih.gov/pubmed/28497908
http://dx.doi.org/10.1016/S0968-0004(98)01335-8
http://dx.doi.org/10.1093/nar/gkx1066
http://www.ncbi.nlm.nih.gov/pubmed/29136215
http://dx.doi.org/10.1021/jm8010417


Molecules 2018, 23, 3287 17 of 19

77. D’Arrigo, A.; Manera, E.; Longhi, R.; Borgese, N. The specific subcellular localization of two isoforms of
cytochrome b5 suggests novel targeting pathways. J. Biol. Chem. 1993, 268, 2802–2808. [PubMed]

78. Islinger, M.; Lüers, G.H.; Li, K.W.; Loos, M.; Völkl, A. Rat liver peroxisomes after fibrate treatment. A survey
using quantitative mass spectrometry. J. Biol. Chem. 2007, 282, 23055–23069. [CrossRef] [PubMed]

79. Da Cruz, S.; Xenarios, I.; Langridge, J.; Vilbois, F.; Parone, P.A.; Martinou, J.C. Proteomic analysis of the
mouse liver mitochondrial inner membrane. J. Biol. Chem. 2003, 278, 41566–41571. [CrossRef] [PubMed]

80. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger
Datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [CrossRef] [PubMed]

81. Kozmin, S.G.; Leroy, P.; Pavlov, Y.I.; Schaaper, R.M. YcbX and yiiM, two novel determinants for resistance of
Escherichia coli to N-hydroxylated base analogues. Mol. Microbiol. 2008, 68, 51–65. [CrossRef] [PubMed]

82. Kozmin, S.G.; Wang, J.; Schaaper, R.M. Role for CysJ flavin reductase in molybdenum cofactor-dependent
resistance of Escherichia coli to 6-N-hydroxylaminopurine. J. Bacteriol. 2010, 192, 2026–2033. [CrossRef]
[PubMed]

83. Krompholz, N.; Krischkowski, C.; Reichmann, D.; Garbe-Schönberg, D.; Mendel, R.R.; Bittner, F.; Clement, B.;
Havemeyer, A. The mitochondrial Amidoxime Reducing Component (mARC) is involved in detoxification
of N-hydroxylated base analogues. Chem. Res. Toxicol. 2012, 25, 2443–2450. [CrossRef] [PubMed]

84. Plitzko, B.; Havemeyer, A.; Kunze, T.; Clement, B. The pivotal role of the mitochondrial amidoxime reducing
component 2 in protecting human cells against apoptotic effects of the base analog N6-hydroxylaminopurine.
J. Biol. Chem. 2015, 290, 10126–10135. [CrossRef] [PubMed]

85. Kozmin, S.G.; Schaaper, R.M. Molybdenum cofactor-dependent resistance to N-hydroxylated base analogs
in Escherichia coli is independent of MobA function. Mutat. Res. 2007, 619, 9–15. [CrossRef] [PubMed]

86. Ott, G.; Plitzko, B.; Krischkowski, C.; Reichmann, D.; Bittner, F.; Mendel, R.R.; Kunze, T.; Clement, B.;
Havemeyer, A. Reduction of sulfamethoxazole hydroxylamine (SMX-HA) by the mitochondrial amidoxime
reducing component (mARC). Chem. Res. Toxicol. 2014, 27, 1687–1695. [CrossRef] [PubMed]

87. Mikula, M.; Rubel, T.; Karczmarski, J.; Goryca, K.; Dadlez, M.; Ostrowski, J. Integrating proteomic and
transcriptomic high-throughput surveys for search of new biomarkers of colon tumors. Funct. Integr. Genom.
2011, 11, 215–224. [CrossRef] [PubMed]

88. Havemeyer, A.; Lang, J.; Clement, B. The fourth mammalian molybdenum enzyme mARC: Current state of
research. Drug Metab. Rev. 2011, 43, 524–539. [CrossRef]

89. Abbenante, G.; Fairlie, D.P. Protease inhibitors in the clinic. Med. Chem. 2005, 1, 71–104. [CrossRef]
90. Peterlin-Masic, L.; Cesar, J.; Zega, A. Metabolism-directed optimisation of antithrombotics: The prodrug

principle. Curr. Pharm. Des. 2006, 12, 73–91. [CrossRef]
91. Ott, G.; Havemeyer, A.; Clement, B. The mammalian molybdenum enzymes of mARC. J. Biol. Inorg. Chem.

2015, 20, 265–275. [CrossRef] [PubMed]
92. Gustafsson, D.; Elg, M. The pharmacodynamics and pharmacokinetics of the oral direct thrombin inhibitor

ximelagatran and its active metabolite melagatran: A mini-review. Thromb. Res. 2003, 109 (Suppl. 1), S9–S15.
[CrossRef]

93. Neve, E.P.; Köfeler, H.; Hendriks, D.F.; Nordling, Å.; Gogvadze, V.; Mkrtchian, S.; Näslund, E.;
Ingelman-Sundberg, M. Expression and Function of mARC: Roles in Lipogenesis and Metabolic Activation
of Ximelagatran. PLoS ONE 2015, 10, e0138487. [CrossRef]

94. Froriep, D.; Clement, B.; Bittner, F.; Mendel, R.R.; Reichmann, D.; Schmalix, W.; Havemeyer, A. Activation of
the anti-cancer agent upamostat by the mARC enzyme system. Xenobiotica 2013, 43, 780–784. [CrossRef]

95. Jakobs, H.H.; Froriep, D.; Havemeyer, A.; Mendel, R.R.; Bittner, F.; Clement, B. The mitochondrial
amidoxime reducing component (mARC): Involvement in metabolic reduction of N-oxides, oximes and
N-hydroxyamidinohydrazones. ChemMedChem 2014, 9, 2381–2387. [CrossRef] [PubMed]

96. Ginsel, C.; Plitzko, B.; Froriep, D.; Stolfa, D.A.; Jung, M.; Kubitza, C.; Scheidig, A.J.; Havemeyer, A.;
Clement, B. The Involvement of the Mitochondrial Amidoxime Reducing Component (mARC) in the
Reductive Metabolism of Hydroxamic Acids. Drug Metab. Dispos. 2018, 46, 1396–1402. [CrossRef] [PubMed]

97. Schneider, J.; Girreser, U.; Havemeyer, A.; Bittner, F.; Clement, B. Detoxification of Trimethylamine N-Oxide
by the Mitochondrial Amidoxime Reducing Component mARC. Chem. Res. Toxicol. 2018, 31, 447–453.
[CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/8428954
http://dx.doi.org/10.1074/jbc.M610910200
http://www.ncbi.nlm.nih.gov/pubmed/17522052
http://dx.doi.org/10.1074/jbc.M304940200
http://www.ncbi.nlm.nih.gov/pubmed/12865426
http://dx.doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://dx.doi.org/10.1111/j.1365-2958.2008.06128.x
http://www.ncbi.nlm.nih.gov/pubmed/18312271
http://dx.doi.org/10.1128/JB.01438-09
http://www.ncbi.nlm.nih.gov/pubmed/20118259
http://dx.doi.org/10.1021/tx300298m
http://www.ncbi.nlm.nih.gov/pubmed/22924387
http://dx.doi.org/10.1074/jbc.M115.640052
http://www.ncbi.nlm.nih.gov/pubmed/25713076
http://dx.doi.org/10.1016/j.mrfmmm.2006.12.005
http://www.ncbi.nlm.nih.gov/pubmed/17349664
http://dx.doi.org/10.1021/tx500174u
http://www.ncbi.nlm.nih.gov/pubmed/25170804
http://dx.doi.org/10.1007/s10142-010-0200-5
http://www.ncbi.nlm.nih.gov/pubmed/21061036
http://dx.doi.org/10.3109/03602532.2011.608682
http://dx.doi.org/10.2174/1573406053402569
http://dx.doi.org/10.2174/138161206775193172
http://dx.doi.org/10.1007/s00775-014-1216-4
http://www.ncbi.nlm.nih.gov/pubmed/25425164
http://dx.doi.org/10.1016/S0049-3848(03)00249-4
http://dx.doi.org/10.1371/journal.pone.0138487
http://dx.doi.org/10.3109/00498254.2013.767481
http://dx.doi.org/10.1002/cmdc.201402127
http://www.ncbi.nlm.nih.gov/pubmed/25045021
http://dx.doi.org/10.1124/dmd.118.082453
http://www.ncbi.nlm.nih.gov/pubmed/30045842
http://dx.doi.org/10.1021/acs.chemrestox.7b00329
http://www.ncbi.nlm.nih.gov/pubmed/29856598


Molecules 2018, 23, 3287 18 of 19

98. Wang, Z.; Klipfell, E.; Bennett, B.J.; Koeth, R.; Levison, B.S.; Dugar, B.; Feldstein, A.E.; Britt, E.B.; Fu, X.;
Chung, Y.M.; et al. Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature
2011, 472, 57–63. [CrossRef]

99. Feelisch, M.; Martin, J.F. The early role of nitric oxide in evolution. Trends Ecol. Evol. 1995, 10, 496–499.
[CrossRef]

100. Lamattina, L.; García-Mata, C.; Graziano, M.; Pagnussat, G. Nitric oxide: The versatility of an extensive
signal molecule. Annu. Rev. Plant Biol. 2003, 54, 109–136. [CrossRef]

101. Kotthaus, J.; Wahl, B.; Havemeyer, A.; Schade, D.; Garbe-Schönberg, D.; Mendel, R.; Bittner, F.; Clement, B.
Reduction of N(ω)-hydroxy-L-arginine by the mitochondrial amidoxime reducing component (mARC).
Biochem. J. 2011, 433, 383–391. [CrossRef] [PubMed]

102. Cosby, K.; Partovi, K.S.; Crawford, J.H.; Patel, R.P.; Reiter, C.D.; Martyr, S.; Yang, B.K.; Waclawiw, M.A.;
Zalos, G.; Xu, X.; et al. Nitrite reduction to nitric oxide by deoxyhemoglobin vasodilates the human
circulation. Nat. Med. 2003, 9, 1498–1505. [CrossRef] [PubMed]

103. Tejero, J.; Gladwin, M.T. The globin superfamily: Functions in nitric oxide formation and decay. Biol. Chem.
2014, 395, 631–639. [CrossRef] [PubMed]

104. Tiso, M.; Tejero, J.; Basu, S.; Azarov, I.; Wang, X.; Simplaceanu, V.; Frizzell, S.; Jayaraman, T.; Geary, L.;
Shapiro, C.; et al. Human neuroglobin functions as a redox-regulated nitrite reductase. J. Biol. Chem. 2011,
286, 18277–18289. [CrossRef] [PubMed]

105. Basu, S.; Azarova, N.A.; Font, M.D.; King, S.B.; Hogg, N.; Gladwin, M.T.; Shiva, S.; Kim-Shapiro, D.B. Nitrite
reductase activity of cytochrome c. J. Biol. Chem. 2008, 283, 32590–32597. [CrossRef] [PubMed]

106. Stöhr, C.; Strube, F.; Marx, G.; Ullrich, W.R.; Rockel, P. A plasma membrane-bound enzyme of tobacco roots
catalyses the formation of nitric oxide from nitrite. Planta 2001, 212, 835–841. [CrossRef] [PubMed]

107. Bender, D.; Schwarz, G. Nitrite-dependent nitric oxide synthesis by molybdenum enzymes. FEBS Lett. 2018.
[CrossRef]

108. Mur, L.A.; Mandon, J.; Persijn, S.; Cristescu, S.M.; Moshkov, I.E.; Novikova, G.V.; Hall, M.A.; Harren, F.J.;
Hebelstrup, K.H.; Gupta, K.J. Nitric oxide in plants: An assessment of the current state of knowledge.
AoB PLANTS 2013, 5, pls052. [CrossRef]

109. Sparacino-Watkins, C.E.; Tejero, J.; Sun, B.; Gauthier, M.C.; Thomas, J.; Ragireddy, V.; Merchant, B.A.;
Wang, J.; Azarov, I.; Basu, P.; et al. Nitrite reductase and nitric-oxide synthase activity of the mitochondrial
molybdopterin enzymes mARC1 and mARC2. J. Biol. Chem. 2014, 289, 10345–10358. [CrossRef]

110. Campbell, W.H. Structure and function of eukaryotic NAD(P)H:nitrate reductase. Cell. Mol. Life Sci. 2001, 58,
194–204. [CrossRef]

111. Rockel, P.; Strube, F.; Rockel, A.; Wildt, J.; Kaiser, W.M. Regulation of nitric oxide (NO) production by plant
nitrate reductase in vivo and in vitro. J. Exp. Bot. 2002, 53, 103–110. [CrossRef] [PubMed]

112. Maia, L.B.; Moura, J.J. Nitrite reduction by xanthine oxidase family enzymes: A new class of nitrite reductases.
J. Biol. Inorg. Chem. 2011, 16, 443–460. [CrossRef] [PubMed]

113. Maia, L.B.; Moura, J.J. Nitrite reduction by molybdoenzymes: A new class of nitric oxide-forming nitrite
reductases. J. Biol. Inorg. Chem. 2015, 20, 403–433. [CrossRef] [PubMed]

114. Yang, J.; Giles, L.J.; Ruppelt, C.; Mendel, R.R.; Bittner, F.; Kirk, M.L. Oxyl and hydroxyl radical transfer in
mitochondrial amidoxime reducing component-catalyzed nitrite reduction. J. Am. Chem. Soc. 2015, 137,
5276–5279. [CrossRef] [PubMed]

115. Mendel, R.R.; Bittner, F. Cell biology of molybdenum. Biochim. Biophys. Acta 2006, 1763, 621–635. [CrossRef]
[PubMed]

116. Neve, E.P.; Nordling, A.; Andersson, T.B.; Hellman, U.; Diczfalusy, U.; Johansson, I.; Ingelman-Sundberg, M.
Amidoxime reductase system containing cytochrome b5 type B (CYB5B) and MOSC2 is of importance for
lipid synthesis in adipocyte mitochondria. J. Biol. Chem. 2012, 287, 6307–6317. [CrossRef] [PubMed]

117. Andersson, S.; Hofmann, Y.; Nordling, A.; Li, X.Q.; Nivelius, S.; Andersson, T.B.; Ingelman-Sundberg, M.;
Johansson, I. Characterization and partial purification of the rat and human enzyme systems active in the
reduction of N-hydroxymelagatran and benzamidoxime. Drug Metab. Dispos. 2005, 33, 570–578. [CrossRef]
[PubMed]

118. Malik, A.N.; Rossios, C.; Al-Kafaji, G.; Shah, A.; Page, R.A. Glucose regulation of CDK7, a putative thiol
related gene, in experimental diabetic nephropathy. Biochem. Biophys. Res. Commun. 2007, 357, 237–244.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature09922
http://dx.doi.org/10.1016/S0169-5347(00)89206-X
http://dx.doi.org/10.1146/annurev.arplant.54.031902.134752
http://dx.doi.org/10.1042/BJ20100960
http://www.ncbi.nlm.nih.gov/pubmed/21029045
http://dx.doi.org/10.1038/nm954
http://www.ncbi.nlm.nih.gov/pubmed/14595407
http://dx.doi.org/10.1515/hsz-2013-0289
http://www.ncbi.nlm.nih.gov/pubmed/24477516
http://dx.doi.org/10.1074/jbc.M110.159541
http://www.ncbi.nlm.nih.gov/pubmed/21296891
http://dx.doi.org/10.1074/jbc.M806934200
http://www.ncbi.nlm.nih.gov/pubmed/18820338
http://dx.doi.org/10.1007/s004250000447
http://www.ncbi.nlm.nih.gov/pubmed/11346959
http://dx.doi.org/10.1002/1873-3468.13089
http://dx.doi.org/10.1093/aobpla/pls052
http://dx.doi.org/10.1074/jbc.M114.555177
http://dx.doi.org/10.1007/PL00000847
http://dx.doi.org/10.1093/jexbot/53.366.103
http://www.ncbi.nlm.nih.gov/pubmed/11741046
http://dx.doi.org/10.1007/s00775-010-0741-z
http://www.ncbi.nlm.nih.gov/pubmed/21170563
http://dx.doi.org/10.1007/s00775-014-1234-2
http://www.ncbi.nlm.nih.gov/pubmed/25589250
http://dx.doi.org/10.1021/jacs.5b01112
http://www.ncbi.nlm.nih.gov/pubmed/25897643
http://dx.doi.org/10.1016/j.bbamcr.2006.03.013
http://www.ncbi.nlm.nih.gov/pubmed/16784786
http://dx.doi.org/10.1074/jbc.M111.328237
http://www.ncbi.nlm.nih.gov/pubmed/22203676
http://dx.doi.org/10.1124/dmd.104.002972
http://www.ncbi.nlm.nih.gov/pubmed/15640373
http://dx.doi.org/10.1016/j.bbrc.2007.03.132
http://www.ncbi.nlm.nih.gov/pubmed/17416350


Molecules 2018, 23, 3287 19 of 19

119. Chen, X.; Li, X.; Wang, P.; Liu, Y.; Zhang, Z.; Zhao, G.; Xu, H.; Zhu, J.; Qin, X.; Chen, S.; et al. Novel
association strategy with copy number variation for identifying new risk Loci of human diseases. PLoS ONE
2010, 5, e12185. [CrossRef]

120. Mata-Pérez, C.; Sánchez-Calvo, B.; Padilla, M.N.; Begara-Morales, J.C.; Valderrama, R.; Corpas, F.J.;
Barroso, J.B. Nitro-fatty acids in plant signaling: New key mediators of nitric oxide metabolism. Redox Biol.
2017, 11, 554–561. [CrossRef]

121. Martin-Montalvo, A.; Sun, Y.; Diaz-Ruiz, A.; Ali, A.; Gutierrez, V.; Palacios, H.H.; Curtis, J.; Siendones, E.;
Ariza, J.; Abulwerdi, G.A.; et al. Cytochrome. NPJ Aging Mech. Dis. 2016, 2, 16006. [CrossRef] [PubMed]

122. Namgung, B.; Kim, J.H.; Song, W.S.; Yoon, S.I. Crystal structure of the hydroxylaminopurine resistance
protein, YiiM, and its putative molybdenum cofactor-binding catalytic site. Sci. Rep. 2018, 8, 3304. [CrossRef]
[PubMed]

123. Kubitza, C.; Bittner, F.; Ginsel, C.; Havemeyer, A.; Clement, B.; Scheidig, A.J. Crystal structure of human
mARC1 reveals its exceptional position among eukaryotic molybdenum enzymes. Proc. Natl. Acad. Sci. USA
2018, 115, 11958–11963. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0012185
http://dx.doi.org/10.1016/j.redox.2017.01.002
http://dx.doi.org/10.1038/npjamd.2016.6
http://www.ncbi.nlm.nih.gov/pubmed/28721264
http://dx.doi.org/10.1038/s41598-018-21660-y
http://www.ncbi.nlm.nih.gov/pubmed/29459651
http://dx.doi.org/10.1073/pnas.1808576115
http://www.ncbi.nlm.nih.gov/pubmed/30397129
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Biological Relevance of Molybdenum Cofactor 
	The Molybdenum Cofactor Biosynthetic Pathway 
	Molybdate Transport 
	Molybdopterin Synthesis 
	Molybdenum Insertion into Molybdopterin 
	Molybdenum Cofactor Insertion 

	Eukaryotic Molybdenum Cofactor Enzymes 
	mARC More Than Just “One Enzyme” 
	The NHC Reduction Capacity of mARC 
	The Nitrite Reduction Capacity of mARC 
	Are There Other mARC Substrates or Partners Still Uncovered? 
	The Structural Modeling of a Eukaryotic MOSC Protein 
	Notes Added in Proof 
	References

