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Abstract The “mitochondrial amidoxime reducing com-
ponent” (mARC) is the most recently discovered molyb-
denum-containing enzyme in mammals. All mammalian
genomes studied to date contain two mARC genes: MARCI
and MARC?2. The proteins encoded by these genes are
mARC-1 and mARC-2 and represent the simplest form of
eukaryotic molybdenum enzymes, only binding the molyb-
denum cofactor. In the presence of NADH, mARC pro-
teins exert N-reductive activity together with the two elec-
tron transport proteins cytochrome bs type B and NADH
cytochrome by reductase. This enzyme system is capable
of reducing a great variety of N-hydroxylated substrates. It
plays a decisive role in the activation of prodrugs contain-
ing an amidoxime structure, and in detoxification pathways,
e.g., of N-hydroxylated purine and pyrimidine bases. It
belongs to a group of drug metabolism enzymes, in particu-
lar as a counterpart of P450 formed N-oxygenated metab-
olites. Its physiological relevance, on the other hand, is
largely unknown. The aim of this article is to summarize our
current knowledge of these proteins with a special focus on
the mammalian enzymes and their N-reductive activity.
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NO Nitric oxide

NOHA  N®-hydroxy-L-arginine

SO Sulfite oxidase

SNP Single-nucleotide polymorphism

XO Xanthine oxidase

Introduction

Molybdenum is an essential trace element in nearly all
organisms [1, 2]. Molybdenum-containing enzymes are
redox active and catalyze metabolic reactions in nitrogen,
sulfur, and carbon cycles [3]. Initially, only three molybde-
num enzymes, e.g., sulfite oxidase (SO), xanthine oxidore-
ductase, and aldehyde oxidase, were known in mammals
and other animals. Investigation of the aerobic reduction
of amidoxime structures led to the discovery of the fourth
mammalian molybdenum enzyme mitochondrial ami-
doxime reducing component (mARC) in our laboratory
[4]. mARC belongs to the SO family of molybdenum-con-
taining enzymes [5, 6]. It is part of an N-reductive enzyme
system consisting of mARC, cytochrome bs type B and
NADH cytochrome bs reductase [4, 7, 8] (Fig. 1).

Mitochondrial amidoxime reducing component proteins
represent the simplest mammalian molybdenum enzymes.
Heterologous human proteins expressed in Escherichia coli
are purified as monomers [9]. A recent study proposed that
human mARC-1 might reside in three main high oligomer
protein complexes of more than 350 kDa in size [10].

To our knowledge, no additional prosthetic groups or
cofactors besides molybdenum cofactor (Moco) are known
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Fig.1 mARC and its N-reductive enzyme system consisting of
mARC, cytochrome bs type B and NADH cytochrome by reductase.
This enzyme system is able to reduce a great variety of N-hydroxy-
lated substrates in the presence of NADH

‘ mARC

for both mARC proteins and no crystal structures of these
proteins are available. All mammalian genomes studied
to date contain two mARC genes: MARCI and MARC2.
In humans, they are organized in tandem arrangement on
chromosome 1 (1g41) with an interspace of only 5,044
base pairs and show an overall sequence identity/similarity
of 66/80 % [9]. Human MARCI (NM_022746.3) contains
a predicted open reading frame (ORF) of 1,011 base pairs
and encodes a mARC-1 protein consisting of 337 amino
acids. The predicted and verified ORF of human MARC2
(NM_017898.3) contains 1,005 base pairs and encodes a
mARC-2 protein consisting of 335 amino acids. Based on
computational analysis, both proteins contain an amino-ter-
minal mitochondrial signal sequence, a predicted p-barrel
domain and a MOSC domain near the carboxyl-terminus
[11]. The carboxyl-terminal domain of Moco-sulfurase was
the eponym of this superfamily: “MOSC” refers to “Moco-
sulfurase carboxy-terminal domain” [11]. The C-terminal
domain of the human Moco-sulfurase shows an overall
sequence identity/similarity of 25/47 % to human mARC-1
and 26/47 % to human mARC-2, respectively.

Besides mARC-1 and mARC-2, the MOSC superfam-
ily comprises in eukaryotes solely the Moco-sulfurase
which is involved in molybdenum cofactor maturation [12]
and in prokaroytes among others the proteins YcbX and
YiiM [11]. The MOSC domain is further characterized by
an absolutely conserved “MOSC-cysteine” in positions
273 in case of human mARC-1 and 272 in case of human
mARC-2 [11, 12]. In addition to that, all investigated pro-
teins of the MOSC superfamily bind the Moco [9, 13, 14].

Molybdenum cofactor of mARC

With the exception of bacterial molybdenum nitrogenase,
all known molybdenum-dependent enzymes harbor a pterin-
based Moco in their active site. According to their fivefold
coordination around the molybdenum center eukaryotic
molybdenum enzymes are classified into two families: The
di-oxo molybdenum enzymes of the SO family contain a
cysteine-derived sulfur, while remaining molybdenum coor-
dination spheres are occupied by two oxygen atoms and
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two dithiolene sulfurs of the pterin. In contrast, the mono-
oxo molybdenum enzymes of xanthine oxidase (XO) fam-
ily do not display any protein-dependent molybdenum coor-
dination. In this family, the transition element coordinates
dithiolene sulfurs of the pterin moiety, two oxygen and the
so-called inorganic “terminal sulfur” [12]. The latter one is
essential for catalytic activity and is inserted enzymatically
by the aforementioned Moco-sulfurase [15].

Up to now, several approaches were taken to character-
ize the molybdenum center of mARC and the following
section shall provide a chronological report of the respec-
tive findings:

Initially, membership to the XO family could be
excluded for human mARC by biochemical methods.
A major feature of enzymes of the XO family is that the
terminal sulfur atom can easily be abstracted from the
molybdenum center by cyanide treatment, which leads to
inactivation of the respective enzyme [16, 17]. Yet, cya-
nide treatment of human mARC proteins neither released
sulfur (as thiocyanate) nor significantly affected the activi-
ties, indicating that mARC proteins either do not represent
members of the XO family or the terminal sulfur ligand is
bound to their molybdenum center in an extremely robust
and cyanide-insensitive manner [9]. By co-incubation of
mARC apoproteins with sulfur-free cofactor, however, the
latter alternative was undoubtedly excluded as the reduc-
tive activity of mARCs was readily reconstituted [9]. To
prove whether or not mARC enzymes rather belong to the
SO family of molybdenum enzymes, the same researchers
substituted each of the nine cysteines of human mARC-1
(and an additional one for human mARC-2) for serine and
looked for a possible aberration from the wild-type EPR
spectrum as has been found earlier for other SO family
enzymes [18]. Even though both mARC wild-type pro-
teins presented spectra very similar to those known from
SO family enzymes, the authors concluded that the Moco
inserted in mARC enzymes possesses a ligation sphere
markedly different from SO family enzymes due to the fact
that the spectra of all cysteine variants appeared to be indis-
tinguishable from the wild-type spectrum [9].

Only 1 year later, structural studies using pulsed EPR
spectroscopy and !’O-labeling were performed to deter-
mine the nature of the remaining ligands besides the dithi-
olene sulfurs of the pterin in the Mo(V) state of human
mARC-2 [19]. Besides an equatorial hydroxyl group and
an apical oxo ligand, the equatorial fifth ligand was pro-
posed to derive from the protein and to be represented most
likely by serine, cysteine or methionine. In accordance with
these findings, substitution of the absolutely conserved
“MOSC-cysteine” to alanine in the corresponding enzyme
of green alga abrogated the reductive activity completely,
suggesting that this cysteine is indeed part of the active
site [5]. In light of these observations, Wahl and coworkers
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reinvestigated the variant in which the “MOSC-cysteine”
of hmARC-1 has been changed to serine and whose EPR
spectrum did not differ from that of the wild-type protein.
In fact, sequencing of the plasmid DNA isolated from the
bacterial culture used for expressing this particular variant
demonstrated that bacteria of the “MOSC-cysteine” variant
were contaminated with bacteria carrying the DNA of one
of the wild-type-like variants, thus covering the true iden-
tity of the “MOSC-cysteine” variant (Wahl, Reichmann,
Mendel, Bittner, personal communication). When analyz-
ing the protein derived from a “clean” expression culture,
however, it became obvious that mutation of the MOSC-
typical cysteine residue indeed results in abrogation of the
enzymatic activity and significant perturbation of the EPR
spectrum (Reichmann, Hille, Niks, Mendel, and Bittner,
personal communication, and own observation; Erratum to
be submitted to J. Biol. Chem. soon). This indicates that a
sulfur derived from a proteinogenic cysteine, namely of the
“MOSC cysteine”, is indeed part of the molybdenum active
site in mARCs, most likely by coordinating the metal in
Moco. A recently performed X-ray absorption structure
analysis likewise indicates the presence of a dioxo Mo(VI)-
site with a sulfur representing an equatorial ligand of Mo,
as typical for SO family enzymes [20].

The localization of mARC

All mammalian genomes encode two mARC proteins.
These molybdoproteins are widely expressed in different
tissues. Human mARC-1 shows highest mRNA expression
levels in adipocytes. Highest expression levels of human
mARC-2 are found in kidney, the thyroid gland, liver, and
small intestine [21, 22]. Immunoblotting with antibodies
directed to human mARC-1 and mARC-2 confirmed this
tissue distribution on the protein level in porcine mitochon-
dria, with high mARC-1 levels found in pancreas, liver and
kidney while high mARC-2 levels were found in kidney,
liver, and thyroid gland [23]. Interestingly, in most human
cell lines and tissues, only mARC-1 is highly abundant
[24].

Mitochondrial amidoxime reducing component proteins,
as indicated by their names, are localized in mitochon-
dria [9]. In mouse mitochondria of various tissues, either
mARC-2 [9, 25] or both isoforms [26, 27] were found.

Studies with porcine and murine tissue found high pro-
tein levels of mARC-1 in mitochondrial subcellular frac-
tions of liver, kidney, and pancreas; whereas mARC-2 was
abundant in liver, kidney, thyroid gland, lung, small intes-
tine, and pancreas which is in good agreement with high
N-reductive activity in mitochondrial fractions obtained
from these tissues. All tissues investigated so far showed

N-reductive activity and expression of at least one mARC
isoform [23].

The discovery of mARC was based on the isolation of
mARC-2 from the outer mitochondrial membrane of por-
cine liver [4] and by now both mARC proteins were identi-
fied in the outer mitochondrial membrane of rat and por-
cine liver [10, 28, 29]. A recent study with human cell lines
revealed that the mARC-1 protein is associated with the
mitochondrial membrane with an N, ~C,,, membrane
orientation. The catalytic domain is localized at the C-ter-
minus and exposed to the cytosol which is consistent with
localization and orientation of cytochrome bs type B and
NADH cytochrome bs reductase [30, 31]. This submito-
chondrial localization is in agreement with a maximum of
N-reductive activity detectable in the outer mitochondrial
membrane [29, 32, 33].

A dual localization in mitochondria and peroxisomes is
described for only one of the two mARC proteins (mARC-2
in mice and rats) [34, 35]. It is very likely that mARC is
a peroxisomal membrane protein. The peroxisomal target-
ing of matrix proteins depends on short sequences known
as peroxisomal targeting signal type 1 and type 2 [36].
The mechanisms responsible for targeting of peroxisomal
membrane proteins are still rather poorly understood. The
peroxisomal sorting information is not linked to a specific
amino acid sequence, but rather with physiochemical char-
acteristics of the peroxisomal membrane targeting signal
(mPTS) sequence [37]. It is assumed that mPTSs consist of
short stretches of basic amino acids associated with hydro-
phobic transmembrane domains [36]. It is remarkable that
the transmembrane domain of both mARC proteins is fol-
lowed by such a short stretch of arginine residues. How-
ever, although this may be a hint of a potential mPTS in
mARC, precise identification and analysis of peroxisomal
targeting signals are not possible with the current state of
research.

To our knowledge, there are no reports or indications
for a peroxisomal localization of cytochrome bs and its
reductase. It seems that mitochondrial cytochrome bs is
exclusively localized in theses cell organelles [38]. Since
specific knockdown of this mitochondrial heme protein
dramatically reduces N-reductive activity [8, 28], one may
speculate that the N-reductive enzyme system is exclu-
sively localized in mitochondria. Thus, it is probable that
a peroxisomal localized mARC has a different function
than N-reductive activity. In peroxisomes, mARC seems to
be involved in so far unknown redox reactions either as a
stand-alone protein or with other electron transport proteins
different from cytochrome bs and its reductase. Due to the
general function of peroxisomes, it is possible that mARC
is involved in the cell response to oxidative stress [22] or in
lipid metabolism [36].
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mARC and its N-reductive enzyme system

Characterization of the heterologously expressed human
mARC proteins and RNAi studies demonstrated that
N-reductive activity depends on the presence of cytochrome
bs type B (CYB5B, NM_030579.2), NADH cytochrome b
reductase (CYB5R3, NM_007326.4) and NADH under aer-
obic conditions [8, 28, 29, 39]. In addition to that, results
of further studies demonstrated that the prosthetic groups
Moco and heme are essential for N-reductive activity [8, 9].

N-reductive activity can be achieved by reconstitution
assays using either mARC-1 or mARC-2 as molybdenum
enzyme with high overlapping substrate specifities [7,
9, 23, 29, 39] using different classes of N-hydroxylated
substrates (N-hydroxylated amidinohydrazones, sulfhy-
droxamic acids, hydroxylamines, E-/Z-isomers of oximes).
So far, only N-oxides are exclusively reduced by mARC-1
[40].

Cytochrome bs; and NADH cytochrome bs reduc-
tase are important electron transport proteins involved in
many physiological processes. The flavoenzyme NADH
cytochrome bs reductase is able to transfer electrons from
NADH to the heme-containing cytochrome bs [41-43].

Two isoforms of cytochrome bs, type A and type B,
are encoded by different genes [30]. Type A is localized
as a membrane-bound form in microsomes and as a solu-
ble form in erythrocytes [30, 44]. Type B is localized at
the outer mitochondrial membrane [31, 45, 46]. Although
N-reductive activity can be achieved in an in vitro recon-
stitution assay with both cytochrome bs isoforms [47],
recently performed knockout and knockdown studies
showed that only the mitochondrial isoform is involved in
the N-reductive pathway [8, 28].

This composition of the N-reductive enzyme is identical
with the domain structure of another eukaryotic molybde-
num enzyme: nitrate reductase consists of a cytochrome
bs-, a NADH cytochrome bs reductase-, and a Moco-bind-
ing domain [48], but there are no sequence similarities
between mARC and nitrate reductase. Therefore, it should
be kept in mind that the mitochondrial N-reductive complex
with its mARC protein represents the first case of a eukary-
otic molybdenum enzyme consisting of separate proteins.

It is generally accepted that the mARC-containing
enzyme system plays a major role in the reduction of
N-hydroxylated substrates [7]. These substrates can be
either part of the activation of N-hydroxylated prodrugs
[39, 49, 50] of detoxification pathways [23] or in general
as the reducing counterpart of N-oxygenated metabolites
formed by P450 enzymes (Fig. 2).

It is supposed that N-hydroxylated substrates might be
reduced at the molybdenum cofactor by cleavage of the
N-O bond, in accordance with the described mechanism of
nitrate reduction [51] and that molybdenum cycles between
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Fig. 2 N-oxygenation by P450 enzymes and reduction by mARC
(bioreversible reaction). Examples of N-oxygenated structures see
Fig. 3

Mo(IV) and Mo(VI) oxidation state. Reducing equivalents
are transferred from NADH via FAD (NADH cytochrome
bs reductase) to heme (cytochrome bs) and regenerate the
catalytically competent Mo(IV) state.

mARC and the amidoxime prodrug strategy

Amidines are known as functional groups in drugs. They
are used for the treatment of several different diseases and
belong to the classes of trypsin-like serine protease inhibi-
tors like factor Xa inhibitors, thrombin inhibitors [52], fac-
tor VIIa inhibitors [53], and urokinase-type plasminogen
activators [54]. They are also used as anti-parasitic, anti-
bacterial, and anti-malarial agents [55-58], or antiplatelet
GPIIb/IIIa-receptor antagonists [59].

One problem of amidines concerning their use as
approved drugs is their strong basicity. They are easily pro-
tonated at the sp® hybridized nitrogen and form resonance-
stabilized cations. Unfortunately, this protonation occurs
under physiological conditions. Thus, amidines are poorly
absorbed by diffusion from the gastrointestinal tract and
show an insufficient oral absorption and an unacceptable
bioavailability [60, 61].

This problem can be solved by the use of prodrugs, an
established tool for improving oral bioavailability. Prod-
rugs are bioreversible derivatives of drug molecules that
are converted enzymatically and/or chemically in vivo to
release the active form of the parent drug [62]. The most
promising approach for an improved bioavailability of
the amidine moiety is the amidoxime prodrug strategy.
Because of the electronegativity of the oxygenation these
compounds are no longer protonated under physiological
conditions as the basicity is extremely low. Thus, amidoxi-
mes (N-hydroxyamidines) exhibit good oral availability
and are rapidly reduced to the pharmacologically active
amidines by mARC.

The principle “amidoximes instead of amidines” was
first developed for the aromatic diamidine pentamidine
[63, 64], a drug with trypanocidal activity and efficacy
towards pneumonia caused by Pneumocystis jirovecii [65].
Both amidine groups were replaced by amidoximes and the
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resulting prodrug showed a significant increase of oral bio-
availability. Data obtained from several studies showed that
the amidoxime prodrug is efficiently converted to its active
amidine metabolite via a two-step reduction [64, 66].

This strategy was applied to many other anti-parasitic
and anti-bacterial diamidine-type compounds, whose ami-
doxime prodrugs are converted to their active forms after
oral administration [67-69]. A great field of application for
amidoxime prodrugs is antithrombotics [61], some of them
are tested in clinical trials. It is also possible to modify the
amidoxime prodrug principle, e.g., by methylation [70-73]
or esterification [73, 74].

A prominent example for a “double prodrug” (or pro-
prodrug) is ximelagatran (Astra Zeneca), the first approved
drug of an oral direct thrombin inhibitor [75]. This pharma-
cological inactive molecule is transformed in vivo by ester-
ases and the mARC-containing N-reductive enzyme system
to its active form melagatran [76]. Unfortunately, during
clinical studies of long-term treatment elevated levels of
a transaminase enzyme occurred in about 7-8 % of the
patients [77]. No evidence was found for additional metab-
olism pathways or the formation of active metabolites [78].
A pharmacogenetic study suggested a possible immunoge-
netic pathogenesis of this adverse reaction and no connec-
tion to the prodrug principle [79].

A recent study characterized the kinetic parameters for
the activation of the model substrate benzamidoxime by
protein variants encoded by single-nucleotide polymor-
phisms (SNPs). SNPs are one kind of short variations of
DNA sequence. If they fall within coding sequences of
genes they are able to change the amino acid sequence of
the encoded protein (nonsynonymous SNPs) which can
result in an altered function of the protein. SNPs are known
for both human mARC genes. Currently, nonsynonymous
SNPs are registered for 39 positions in MARCI and for 26
positions in MARC2 [80]. Kinetic parameters of six protein
variants of mARC-1 and two variants of mARC-2 were
investigated by in vitro biotransformation studies. Statis-
tically significant decreases of kinetic parameters were
only detectable in variants of mARC-2. But genotyping of
genetic variants in the mARC genes showed that these two
variants of MARC2 were of low frequency in a cohort of
334 healthy Caucasians, carriers of the homozygous vari-
ant were not detectable. Inducing a loss of function in the
mARC-1 protein was only possible after replacement of
more than two amino acids. Because of their rareness these
variants might not have any clinical relevance [81]. The
same result provided a study analyzing four protein vari-
ants of cytochrome bs type B [8].

The mARC-containing N-reductive enzyme system is
responsible for activating all amidoxime prodrugs tested so
far [39, 49, 50] (Fig. 3). Recently, the amidoxime prodrug
strategy was applied to another serine protease inhibitor.

Mesupron® (WX-671) is the orally available prodrug of
the urokinase inhibitor WX-UKI1 and is converted to its
active form by the mARC-containing N-reductive enzyme
system [50, 54]. It has successfully passed clinical phase II
trials. Furthermore, participation of the mARC-containing
N-reductive enzyme system in the reduction of N-oxides
(amitriptyline-N-oxide, nicotinamide-N-oxide), oximes
(2,4,6-trimethylacetophenone oxime) and N-hydroxyami-
dinohydrazones (guanoxabenz) is proven. Interestingly,
N-oxides are solely reduced by mARC-1 [40].

The finding that mARC is predominantly involved in
activation of N-hydroxylated prodrugs can be used for
prodrug feasibility studies: Simple in vitro pilot studies
using mitochondria or isolated enzymes can be performed
to ensure prodrug activation before extensive in vivo stud-
ies are started. By doing so, time and costs during devel-
opment of prodrugs can be reduced. For drug metabolism
studies mitochondria should also be used to get a complete
picture of nitrogen metabolism.

First indications for putatively physiological functions
of mARC

Although there is no doubt about the N-reductive activity
of mARC, the physiological function of mARC is not fully
understood. In particular, it has to be questioned whether
functions of mMARC-1 and mARC-2 are either overlapping
or distinct. In the following section, the current knowledge
of possible physiological and pathophysiological roles of
mARC is summarized.

Involvement in the NO pathway

A putative physiological substrate could be the NO precur-
sor N”-hydroxy-L-arginine, which can be reduced under
aerobic conditions in vitro by mitochondrial fractions
of different tissues and by the heterologously expressed
enzyme system containing mARC-1 or mARC-2 [29].
Therefore, it might be possible that the N-reductive enzyme
system acts as one key enzyme in the L-arginine-dependent
biosynthesis of NO (Fig. 4). Recently, another study dem-
onstrated that NO formation can also be catalyzed by the
reduction of nitrite by the mARC-containing N-reductive
enzyme system under anaerobic conditions [82].

Metabolic detoxification

Both human mARC proteins are involved in the reduction
of N-hydroxylated nucleobases and nucleosides. Reduction
of N-hydroxycytosine, N-hydroxyadenine, cytidine and
adenine was investigated (Fig. 3) [9, 23]. In addition, two
other Moco-binding MOSC proteins in prokaryotes have
been found to participate in this detoxification pathway of
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mutagenic DNA bases as well [13, 83, 84]. This hypoth-
esis of a mARC-mediated role in detoxification reactions
is also supported by a study which describes a significant
and progressively changed down-regulated expression of
human mARC-2 in colon tumors in samples of human tis-
sue [85]. Therefore, it appears likely that one of the physi-
ological functions of mammalian mARC proteins could be
the prevention of accumulation of mutagenic substances in
the cell.

Furthermore, the mitochondrial enzyme system is
involved in detoxification of hydroxylamines (Fig. 3) like
sulfamethoxazole hydroxylamine. The sulfonamide sul-
famethoxazole is metabolized by P450 to the toxic hydrox-
ylamine metabolite [86]. This is the first step of a toxifi-
cation pathway which is responsible for hypersensitivity
reactions of this anti-infective drug [87]. Thus, mARC is
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the counterpart of P450 catalyzed N-oxygenation and the
reducing partner in the metabolic cycle of N-oxygenation
and N-reduction. RNAi studies in a human cell line con-
firmed that both mARC proteins were capable of reducing
the toxic sulfamethoxazole metabolite in cell metabolism
[88].

Diabetes mellitus

Expression of mARC-2 is up-regulated in diabetic kid-
neys of Goto-Kakizaki rats, a prototype for the study of
non-overweight type 2 diabetes, and by glucose in human
and rat renal cells [22, 89]. Therefore, it might be possi-
ble that there is a connection between only one specific
mARC form and diabetes mellitus. This is supported by a
further study describing that certain structural variations of
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Fig. 4 Overview of the influence of the mARC-containing N-reduc-
tive enzyme system on NO biosynthesis according to [29] and [82].
In the arginine-to-NO pathway L-arginine is oxidized to L-citrulline
and NO. This pathway is catalyzed by NOS via the NO precursor
N®-hydroxy-L-arginine (NOHA). On the one hand, the intermediate
NOHA acts as an inhibitor of arginase leading to an enlarged sub-
strate pool for NOS and therefore leading to an enhanced NO forma-

DNA (copy number variations) in human MARC?2 might be
related with type 1 and type 2 diabetes [90].

Energy metabolism

High N-reductive activity was found in adipose tissue of
rodents [32]. Expression of mARC-2 and N-reductive
activity are significantly increased during differentiation
of murine cells into mature adipocytes expression [28, 91],
indicating that the enzyme is regulated under lipogenic con-
ditions. Furthermore, down-regulation of murine mARC-2
caused impaired lipid synthesis [28]. In this context, it also
has to be mentioned that genome-wide association stud-
ies suggested a possible association of one SNP in human
MARCI with plasma lipid traits [92] and altered lipid
response to fenofibrate [93]. Another study demonstrated
that expression and activity of the N-reductive enzyme sys-
tem are affected by fasting and high-fat-diet in mice [94].

Other possible functions

As mentioned before, MARCI and MARC2 have been the
subject of some genome-wide association studies, per-
formed to search for genetic susceptibility to disease. Up
to now, a causal link between the mARC genes and the
investigated disease was not detected. However, three stud-
ies detected intronic SNPs in MARCI and MARC2, which
are located in the non-coding regions of the genes, and

anaerobic conditions

tion. On the other hand, the mARC-containing N-reductive enzyme
system might have a putative physiological function in reducing
NOHA to r-arginine and therefore lowering the endogenous NOHA
and NO concentrations under aerobic conditions. In the inorganic
nitrate—nitrite—-NO pathway the mARC-containing N-reductive
enzyme system can generate NO from nitrite under anaerobic condi-
tions

suggested a possible association with methamphetamine
dependence in a Japanese and a Taiwan cohort [95] and
with extrapyramidal side effects in samples of schizophre-
nia patients with antipsychotic medication [96].

Consequences of mARC deficiency

Knockout mice are used as animal models for studying the
role of genes and for drawing conclusions about the prob-
able function of the encoded protein. Interestingly, the
mouse genome informatics (MGI) database reports about a
MARC?2 knockout mouse [97]. Male and female mice car-
rying the homozygous genotype are alive. The phenotype
of the male mice is characterized by an increased startle
reflex in their behavior, a decreased total body fat amount,
and an increased lean body mass. The latter symptoms of
the knockout mice seem to match to the recently observed
finding that fasting affects mARC protein expression and
N-reductive activity in wild-type mice [94]. Moreover,
exaggerated startle reactions were described in a newborn
with molybdenum cofactor deficiency as well [98]. The
female mice exhibit an increased leukocyte cell number
and an increased circulating glucose level. This observa-
tion is in good agreement with previous findings that there
might be a link between mARC and diabetes [22, 89].

In humans, a heterozygous knockdown of MARCI and
MARC?2 is only reported in connection with the 1g41q42
microdeletion syndrome. Children are alive and their
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phenotype is characterized by midline defects (cleft palate,
diaphragmatic hernia), seizures, and mental retardation or
developmental delay. Dysmorphic features are present in
all patients at varying degrees. Of course, these observa-
tions are not solely attributed to the deletion of MARCI and
MARC?2. Several other genes within the region, in which
deletion of all patients is overlapping, possibly play a more
important role on the phenotype [99-101].

In contrast, the deficiency in the biosynthesis of the
Moco mentioned above results in the pleiotropic loss of
all molybdenum-dependent enzymes (SO, xanthine oxi-
doreductase, aldehyde oxidase, and mARC) in human.
The severe phenotype of Moco-deficient patients is char-
acterized by progressive neurological damage leading
in most cases to early childhood death, mainly caused
by the deficiency of SO that protects the organism, in
particular the brain, from elevated levels of toxic sulfite
[102, 103].

Differences between mARC-1 and mARC-2

Up to now, all tested N-hydroxylated substrates were
converted by mARC in reconstituted enzyme assays
with cytochrome bs and its reductase. Both recombinant
mARCs catalyze the reduction of many substrates like
benzamidoxime with similar efficiency and RNAi studies
confirmed that both molybdoproteins are capable of reduc-
ing N-hydroxylated substrates in cell metabolism [8, 88].
It should be noted that some substrates like N*-hydroxy-
cytosine were clearly more efficiently reduced by human
mARC-1 [23], whereas, e.g., sulfamethoxazole hydroxy-
lamine was more efficiently converted by human mARC-2
[88]. Taken together, it is likely that although both mARCs
act on the same substrates, each isoform has its own set
of preferred substrates. Recently, it was reported that the
N-oxides amitriptyline-N-oxide and nicotinamide-N-oxide
are exclusively reduced by human mARC-1 [40]. These
findings indicate structural differences in the catalytic
centers of the two molybdoproteins, which would allow
mARC-1 and mARC-2 to participate in different metabolic
reactions.

Besides N-reductive metabolism, it is striking that in
many cases the abundance/expression of either mARC-1 or
mARC-2 correlates with the investigated traits, as describes
above. In addition, only one mARC form could be detected
in peroxisomes and it is very likely that this subcellular
fraction shows no N-reductive activity. Thus, mARC might
be an example for an “echoform” designation for a dually
localized protein with totally different functions in each
of the compartments—in contrast to the term “isoform”,
which describes proteins with the same activity but differ-
ent amino acid sequences [104].

@ Springer

In this context, it should be noted that classification of
the terms “mARC-1" and “mARC-2” in different species
is made on the basis of sequence alignments to the human
proteins. However, one should be careful by using “form-
1”’/“form-2” assignment when results of different species
are compared. It could be speculated that, e.g., the func-
tion of human mARC-1 is equated with the function of
mARC-2 and vice versa in another species.

Conclusions

Investigation of the aerobic reduction of amidoxime struc-
tures led to the discovery of the molybdenum enzyme
mARC. All mammalian genomes studied to date contain
two mARC genes (MARCI and MARC2) which encode
the two proteins mARC-1 and mARC-2. Both mARC pro-
teins show similar biochemical characteristics and are able
to reduce several N-hydroxylated substrates together with
mitochondrial cytochrome by and NADH cytochrome b
reductase in the presence of NADH.

At present, there is convincing evidence to support the
following key ideas: (i) The mitochondrial enzyme system
is involved in N-reductive pathways in particular detoxifi-
cation of toxic hydroxylamines. Besides, also activation of
amidoxime prodrugs is catalyzed. (ii) The mARC-contain-
ing enzyme system is involved in the NO pathway by aero-
bic reduction of the NO-precursor NOHA and an aerobic
nitrite reduction. (iii) There are noticeable differences in
subcellular localization of the two molybdenum enzymes
which indicates that the function of mARC is not neces-
sarily associated with the N-reductive enzyme system in
mitochondria. (iv) Expression of at least one mARC pro-
tein is affected by glucose. (v) mARC is linked to lipid
metabolism.

Despite the established involvement of both mitochon-
drial localized mARC proteins in N-reductive metabo-
lism, there are still some unanswered questions: Has the
observed in vitro reduction of, e.g., DNA base analogs
actually an impact on the cell viability and apoptosis? Is
this protection mechanism mediated by both or only one
mARC protein?

It was shown in vitro that NOHA is a possible endog-
enous substrate of the mARC-containing enzyme system.
Has the reduction of this NO precursor an effect on cellular
NO production?

The fact that only one mARC protein has a dual locali-
zation in mitochondria and peroxisomes is an interest-
ing biological problem for investigation: Why is only one
mARC protein directed to peroxisomes and which are the
physiochemical characteristics of its mPTS sequence?
What is the catalytic function of peroxisomal mARC and
is mARC linked to other redox proteins in this organelle? Is



J Biol Inorg Chem (2015) 20:265-275

273

there a link to the proposed connection of mARC with lipid
metabolism and its peroxisomal localization?

A major goal is the creation of the missing mARC
knockout mice (mARC-17~ and mARC-1"7/mARC-
27~double knockout) and long-term phenotypic charac-
terization of all kinds of knockout. Are the double knock-
out mice viable? Do these animal models develop cancer
and diabetic mellitus or do they have an unbalanced lipid
metabolism or cardiovascular diseases? Can differences
between mARC-1 and mARC-2 knockout be observed?
The elucidation of the three-dimensional structure of the
mARC proteins is also a big challenge for the future.

Analyses of these topics are the major challenge of
future research and will help us to elucidate the physiologi-
cal function of mARC-1 and mARC-2.
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