
The Involvement of Mitochondrial Amidoxime Reducing
Components 1 and 2 and Mitochondrial Cytochrome b5 in
N-Reductive Metabolism in Human Cells*

Received for publication, April 9, 2013, and in revised form, May 23, 2013 Published, JBC Papers in Press, May 23, 2013, DOI 10.1074/jbc.M113.474916

Birte Plitzko‡, Gudrun Ott‡, Debora Reichmann§, Colin J. Henderson¶, C. Roland Wolf¶, Ralf Mendel§,
Florian Bittner§, Bernd Clement‡, and Antje Havemeyer‡1

From the ‡Department of Pharmaceutical and Medicinal Chemistry, Pharmaceutical Institute, Christian-Albrechts-University of
Kiel, 24118 Kiel, Germany, the §Department of Plant Biology, Braunschweig University of Technology, 38023 Braunschweig,
Germany, and the ¶University of Dundee Medical Research Institute, Jacqui Wood Cancer Centre, Ninewells Hospital and Medical
School, Dundee DD1 9SY, Scotland, United Kingdom

Background: N-Reduction is catalyzed by a molybdenum-dependent three-component enzyme system.
Results: Essential components include mitochondrial but not microsomal cytochrome b5, and the mitochondrial amidoxime
reducing components 1/2.
Conclusion:CYB5heme is required for activity, and contribution of a particularmARC isoform toN-reduction is dependent on
its expression level.
Significance: These findings contribute to the understanding of N-reductive pathway in detoxication and drug metabolism.

Themitochondrial amidoxime reducing componentmARC is
a recently discoveredmolybdenumenzyme inmammals.mARC
is not active as a standalone protein, but together with the
electron transport proteins NADH-cytochrome b5 reductase
(CYB5R) and cytochrome b5 (CYB5), it catalyzes the reduction
of N-hydroxylated compounds such as amidoximes. The
mARC-containing enzyme system is therefore considered to be
responsible for the activation of amidoxime prodrugs. All hith-
erto analyzed mammalian genomes code for two mARC genes
(also referred to as MOSC1 and MOSC2), which share high
sequence similarities. By RNAi experiments in two different
human cell lines, we demonstrate for the first time that both
mARC proteins are capable of reducing N-hydroxylated sub-
strates in cell metabolism. The extent of involvement is highly
dependent on the expression level of the particular mARC pro-
tein. Furthermore, themitochondrial isoformof CYB5 (CYB5B)
is clearly identified as an essential component of the mARC-
containing N-reductase system in human cells. The participa-
tion of the microsomal isoform (CYB5A) in N-reduction could
be excluded by siRNA-mediated down-regulation in HEK-293
cells and knock-out in mice. Using heme-free apo-CYB5, the
contribution of mitochondrial CYB5 to N-reductive catalysis
was proven to strictly depend on heme. Finally, we created
recombinant CYB5B variants corresponding to four nonsyn-
onymous single nucleotide polymorphisms (SNPs). Investigated
mutations of the heme protein seemed to have no significant
impact on N-reductive activity of the reconstituted enzyme
system.

The mitochondrial amidoxime reducing component mARC,2
together with the electron transport proteins cytochrome b5
(CYB5) and NADH-cytochrome b5 reductase (CYB5R), is part
of the N-reductive enzyme system that is known to be respon-
sible for oxygen-insensitive reduction of several N-hydroxy-
lated compounds (1) (Fig. 1). In 2006, mARCwas isolated from
porcine liver mitochondria for the first time and was identified
as a so far unknown molybdenum-containing protein (2).
Beside sulfite oxidase, aldehyde oxidase and xanthine oxi-
doreductase, mARC is the fourth molybdenum-containing
enzyme found inmammals with all of them binding themolyb-
denum cofactor (Moco) (3). Mutations in the highly conserved
Moco biosynthetic pathway lead to the combined loss of activ-
ities of all molybdenum enzymes. Humans suffering from this
Moco deficiency exhibit severe neurological abnormalities,
ultimately resulting in the death of affected patients.
All analyzed mammalian genomes contain twomARC genes

(MOSC1 and MOSC2), which share a high degree of sequence
similarity to each other. Classification of the terms “mARC1”
and “mARC2” in different species are made on the basis of
sequence alignments to the human proteins.
It is well accepted that the N-reductive enzyme system plays

a major role in the activation ofN-hydroxylated prodrugs such
as amidoximes, N-hydroxy-guanidines, or sulfohydroxamic
acids (4–6). The mARC-containing enzyme system is the
counterpart of cytochrome P450 (P450) and flavin monooxy-
genase-catalyzed oxidations at nitrogen centers and can reduce
back allN-oxygenated structures. Although their physiological
substrates, and therefore their physiological functions, are as
yet unknown, mARC proteins are assumed to be involved in
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amines such as N-hydroxylated DNA base analogs (7). This
hypothesis is supported by a recent study that describes signif-
icantly down-regulated expression of human mARC2 in colon
tumors of human tissue samples (8). As the nitric oxide (NO)
precursor N4-hydroxy-L-arginine is described as another puta-
tive physiological substrate, it has been suggested that theN-re-
ductive enzyme system could also act as a regulator of L-argi-
nine-dependent biosynthesis of NO (9). Furthermore, mARC2
expression has been found to be up-regulated in diabetic kid-
neys and by glucose in renal cells (10).Moreover, an association
of mARC1 with lipid metabolism was recently postulated
(11–13).
In previous studies, we have shown that both human mARC

proteins are capable of reducing N-hydroxylated substrates in
vitro when reconstituted with their electron transport proteins
CYB5 and CYB5R and that all three components are necessary
for N-reduction (2, 4–7, 9, 14). However, it is still unknown
whether both mARC proteins are involved in the N-reductive
metabolic pathway in vivo. The existence of twomARCgenes in
nearly all hitherto annotated genomes suggests the evolution-
ary need for the function of each isoform. In all investigated
mammals, at least one mARC protein was identified in mito-
chondria (2, 14–16). Besides this eponymous localization, pro-
teomic studies and immunofluorescence studies suggest an
alternative peroxisomal localization for mARC2 (17, 18). This
could be a hint at functions of mARC beyond the N-reductive
system. To explore differences in the functions of the two
mARC proteins and to clarify whether in cell metabolism both
or only one mARC homolog is involved in the N-reductive
pathway, siRNA-mediated knockdown studies of mARC in
human cells were performed in this work.
In addition, involvement of the heme protein CYB5 in N-re-

ductive metabolism was further characterized. Like the flavo-
protein CYB5R, CYB5 can be found as an integral membrane
protein in the endoplasmic reticulum and the outer mitochon-
drial membrane (OMM), as well as a soluble form in erythro-
cytes (19, 20). In contrast to CYB5R, two separate genes encode
the different isoforms of CYB5, with CYB5A encoding the
microsomal and soluble isoform and CYB5B encoding the
mitochondrial isoform. Because mARC was identified in
the OMM (2, 11, 16), it is likely that the mitochondrial isoform
ofCYB5 is the physiological partner ofmARC.However, reduc-
tion studies of a two-componentmicrosomal system consisting
of CYB5A and its reductase have been described (21–24). By
siRNA-mediated down-regulation of CYB5A or CYB5B in
HEK-293 and by analyzingCYB5A knock-outmice, we demon-
strate that only the mitochondrial heme protein is involved in
the N-reductive metabolic pathway. In a continuation of our

studies, we investigated the effects of known nonsynonymous
single nucleotide polymorphisms (SNPs) of the Single Nucleo-
tide PolymorphismDatabase (dbSNP) (www.ncbi.nlm.nih.gov/
snp) onN-reduction. For this purpose, the recombinantCYB5B
protein variants carrying the respective amino acid substitution
were expressed in Escherichia coli and reconstituted with
CYB5R and mARC.
CYB5 is considered to accept electrons from CYB5R and to

pass themvia its heme to theMoco ofmARC, thereby function-
ing as electron transport protein in theN-reductive system (1).
However, several P450-catalyzed reactions have been shown to
be stimulated by both CYB5 and apo-CYB5 (25–27). These
findings suggest that CYB5 does not function as an electron
donor in these reactions, but instead exerts an allosteric effect
facilitating productive electron transfer from P450 reductase to
P450. To explore themechanism by which CYB5B takes part in
the mARC-containing N-reductive system, we determined
whether theN-reductive system can also be reconstituted with
apo-CYB5, which lacks the heme and hence cannot participate
in electron transfer.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—HEK-293 human embryonic kid-
ney cells and ZR-75-1 human breast carcinoma cells were
purchased from Cell Lines Service (Eppelheim, Germany).
Opti-MEM, Minimum Essential Medium, RPMI 1640,
sodium pyruvate solution, sodium bicarbonate, minimum
Eagle’s medium nonessential amino acids, Lipofectamine�
RNAiMAX, Stealth Select RNAi� siRNA sets of each three oli-
gonucleotides targeting human CYB5A, human CYB5B, and
human MOSC1, and Stealth RNAi� siRNA negative controls
were obtained from Invitrogen. FBS, trypsin, L-glutamine, pen-
icillin/streptomycin, and PBS were purchased from PAA
Laboratories GmbH (Pasching, Austria). ON-TARGETplus
SMARTpool siRNA targeting human MOSC2 was purchased
from Thermo Scientific. Complete protease inhibitor mixture
was acquired from Roche Applied Science (Mannheim, Ger-
many). All other chemicals were purchased from Sigma-Al-
drich (Munich, Germany), Merck KGaA (Darmstadt, Ger-
many), or Roth (Karlsruhe, Germany). Methanol HPLC grade
was purchased from J.T. Baker (Deventer, Netherlands). Anti-
MOSC2, anti-CYB5B, and anti-GAPDH antibodies were
obtained from Sigma. Anti-MOSC1 antibody was purchased
from Abgent (San Diego, CA), anti-CYB5A was from Santa
Cruz Biotechnology (Santa Cruz, CA), and anti-calnexin was
from Acris Antibodies GmbH (Herford, Germany).
Cell Culture—HEK-293 cells were maintained in Minimum

Essential Medium supplemented with 10% FBS, 2 mM L-gluta-
mine,0.1mMnonessential aminoacids,1mMsodiumpyruvate,1.5
g/liter sodium bicarbonate, and 1% penicillin/streptomycin.
ZR-75-1 cells were maintained in RPMI 1640 supplemented with
10%FBS, 2mM L-glutamine, and 1mM sodiumpyruvate. Cell lines
were incubated at 37 °C in 5% CO2.
siRNA Transfection and Design of Knockdown Experiments—

HEK-293 or ZR-75-1 cells were forward transfected according
to the manufacturer’s transfection protocol from Invitrogen.
Briefly, the cells were trypsinized, counted, and plated in anti-
biotic-free culture medium in 24-well plates 24 h before trans-

FIGURE 1. N-Reductive enzyme system in human cells.
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fection so that cells reached 30–50% confluence at the time of
transfection. For transfection, siRNA oligonucleotides were
diluted in Opti-MEM and incubated with transfection reagent
to form liposome-siRNA complexes, which were then added to
the cells. To ensure that all observed silencing was due to a
specific effect of siRNA on its target gene and not to off-target
effects, at least three different siRNA sequences to the target
gene were tested, and optimal concentrations of siRNA were
evaluated. The siRNA-mediated inhibition at protein level also
depends on the half-life of the protein. To optimize the time
required for highest knockdown, effects were examined on dif-
ferent days after transfection. Negative controls included a
nontargeting siRNA control (scrambled siRNA) and transfec-
tion reagents without siRNA. Down-regulation of protein
expression was verified by Western blot analysis.
Determination of N-Reductive Activity in Human Cell Lines—

N-Reductive activity in HEK-293 or ZR-75-1 was determined
bymeasuring reduction of themodel substrate benzamidoxime
to benzamidine. For N-reduction studies, culture medium was
removed, and cells were carefully washed and subsequently
preincubatedwith substrate-free incubation buffer (Hanks’ bal-
anced salt solution containing 10 mM HEPES, pH 7.4) at 37 °C
for 10 min. Then 250 �l of incubation buffer containing 5 mM

benzamidoxime was added to each well simultaneously, and
cells were incubated at 37 °C for 120 min. After the designated
time, incubation medium was carefully removed and centri-
fuged to eliminate cellular contaminants and debris. The super-
natantwas analyzed byHPLC. Sampleswere separated isocrati-
cally on a Phenomenex� Gemini (150 � 4.6 mm) 5-�m C18
columnwith a PhenomenexC18 4mm� 3.0-mmguard column
(Phenomenex, Aschaffenburg, Germany). The mobile phase
was composed of 50 mM ammonium acetate, pH 7.0, and 10%
(v/v) methanol. Flow rate was kept at 1 ml/min, and detection
was carried out at 229 nm. The retention times were 5.2 � 0.1
min (benzamidine) and 12.0 � 0.2 min (benzamidoxime).
Total Cellular Protein Extraction—To harvest cellular pro-

tein, the medium was removed, and cells were washed with
ice-cold PBS and collected by centrifugation. After removing
PBS, cells were resuspended in ice-cold lysis buffer (1% (v/v)
Nonidet P-40, 150 mM NaCl, 50 mM Tris, pH 8.0, protease
inhibitor mixture) and shaken for 60 min at 4 °C. Then cell
lysates were cleared by centrifugation. The supernatant con-
tained the total cellular protein extract.
Determination of Protein Concentrations—Protein concen-

trations were measured using the bicinchoninic acid (BCA)
protein assay kit from Pierce according to the manufacturer’s
instructions.
Western Blot Analysis—Samples were mixed with Laemmli

sample buffer (28) and incubated for 5 min at 100 °C. Same
amounts of protein for each sample of cell lysate or subcellular
fraction were loaded and separated by SDS-PAGE. After elec-
trophoresis, the proteins were transferred onto Hybond-P
PVDFmembranes (GEHealthcare, Chalfont St Giles, UK). The
membranes were then blocked in TBS containing Tween 20
(TBST) and 5% (m/v) milk powder, incubated with primary
antibodies, and washed with TBST. Additionally, they were
incubated with HRP-labeled goat anti-rabbit IgG (Jackson
ImmunoResearch Laboratories, Suffolk, UK) at 4 °C overnight.

After washingwith TBST, themembranes were developedwith
the ECL Plus Western blotting detection system (GE Health-
care). The protein levels of calnexin or GAPDH were used as
loading controls.
Preparation of Crude Subcellular Fractions of CYB5A Knock-

out and Wild Type Mouse Liver—Homozygous microsomal
cytochrome b5 complete knock-outmice (KO, CYB5A�/�) and
control (wild type, CYB5A�/�) mice were generated as
described previously (29).Mouse liver tissues were fractionated
into homogenate, mitochondria, and microsomes by differen-
tial centrifugation. Briefly, crude mitochondria were sedi-
mented by centrifugation at 6300 � g, and microsomes were
separated fromcytosol by centrifugation at 14,000� g. All steps
were performed in 10 mM phosphate buffer, pH 7.4, containing
0.25 M sucrose, 1 mM EDTA, 1mMDTT, and protease inhibitor
mixture at 4 °C.
Expression and Purification of Recombinant Human Proteins—

Expression and purification of mARC1 (reference sequence
NP_073583), mARC2 (reference sequence NP_060368), CYB5B
(reference sequence NP_085056), and CYB5R isoform 2 (refer-
ence sequenceNP_015565) were performed according toWahl
et al. (14). Recombinant CYB5A was purchased fromMoBiTec
(Göttingen, Germany).
ExpressionofCYB5BVariants—Variantsc.5C�T(rs117949766),

c.41A�G (rs79522540), c.46A�G (rs79729055), and c.64A�G
(rs77374917)ofCYB5BweregeneratedbyPCRmutagenesis using
primerscarrying thedesiredmutation.AccuracyofPCRmutagen-
esis was confirmed by DNA sequencing (GATC Biotech, Kon-
stanz,Germany).The fourprotein variants (S2F,D14G,K16E, and
T22A) of CYB5B were expressed in E. coli.
Determination of Cytochrome b5 Reductase FAD Content—

The FAD content of human recombinant CYB5R was deter-
mined by absorption at 450 nm as described before (9).
Determination of Cytochrome b5 Heme Content—The heme

content of CYB5 was estimated by recording the difference
spectrum of oxidized and NADH-reduced protein (30).
Determination of Molybdenum Content in mARC—The

molybdenum contents of human recombinant mARC proteins
were determined by inductively coupled mass Spectrometry as
described previously (9).
Preparation of Apo-Cytochrome b5—Apo-CYB5B was pre-

pared by heme cleavage on the basis of Teale’s methyl ethyl
ketone method (31). Human recombinant CYB5B was diluted
to �10 mg/ml protein with ice-cold distilled water. The
enzyme solution was kept on ice during the whole procedure
and adjusted to pH 2.5 by dropwise addition of 0.1 M HCl. An
equal volume of ice-cold 2-butanone was added. The mixture
was shaken for 30 s and allowed to stand at 0 °C for 1 min until
separation of the upper red colored heme containing butanone
phase and the colorless aqueous phase containing the apo-en-
zyme took place. The ketone phase was carefully removed. The
buffer of the remaining aqueous solution was exchanged by
ultrafiltration with Amicon Ultra-0.5 centrifugal filter devices
(Merck Millipore, Billerica, MA) to a storage buffer (10 mM

KH2PO4, 1 mM Na2EDTA, 0.1 mM DTT, 10% (m/v) glycerol).
Loss of heme was confirmed by determination of CYB5 heme
content.
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Heme Incorporation into Apo-Cytochrome b5—The prepara-
tion of hemin chloride solution and its incorporation into apo-
CYB5 were performed according to Mulrooney and Waskell
(32). Briefly, solutions of heme were prepared by adding hemin
chloride to a solution of 50% ethanol in water to give a final
concentration of 1mM.A small amount of 1MNaOHwas added
andmixed to dissolve the hemin. The solutionwas then allowed
to stand for 5 min so particles could settle. A 50-�l aliquot was
removed anddiluted into 950�l of 20mMTris, 1mMEDTA, pH
8.0, and the absorbance of the Tris-liganded heme was mea-
sured at 385 nm. The process was repeated until NaOH addi-
tion caused no further increase in absorbance at 385 nm. Apo-
CYB5 prepared as above was diluted with 20 mM Tris, pH 8.0,
containing 1mMEDTAand 0.4% (m/v) sodium cholate, to yield
a protein concentration of about 2 mg/ml. Aliquots of hemin
chloride solution were added into the apo-CYB5 sample, and
the reconstitution of apo-CYB5 with heme was monitored by
recording absorbance spectra from 350 to 500 nm. The reconsti-
tution was considered to be complete when the Soret peak at 413
nm of CYB5 turned into a plateau, caused by excess of free Tris-
liganded hemin. A red-colored protein was obtained, which also
indicated the binding of heme. The final heme content of the
reconstituted CYB5 was determined as described above.
InVitroN-ReductionAssays—N-Reductive activities of the in

vitro reconstituted mARC-containing enzyme system with
recombinant enzymes or subcellular fractionswere determined
bymeasuring reduction of themodel substrate benzamidoxime
to benzamidine. Incubations were carried out as described pre-
viously with slight modifications (9). Incubation mixtures con-
tained 3 mM substrate, 1 mMNADH in a total volume of 150 �l
of 20 mM MES buffer, pH 6.0 (in the case of recombinant pro-
teins) or 100 mM phosphate buffer, pH 6.0 (in the case of sub-
cellular fractions). The recombinant enzymes were applied
according to their cofactors. Unless otherwise stated, the incu-
bation mix contained 15 pmol of FAD of CYB5R, 150 pmol of
heme of CYB5, and 150 pmol of Moco of mARC. Incubation
mixtures with subcellular fractions contained 0.05 mg of total
protein. Samples were analyzed by HPLC as described by Kot-
thaus et al. (9).
Data Analysis—Statistical analyses were carried out using

the SigmaPlot 11 software (Systat Software Inc.). The signifi-
cance of observed differences was evaluated by Student’s
unpaired t test or for multiple comparison by Bonferroni’s test.
A probability less than 5% was considered to be significant. All
experimental values are given as means � S.D.

RESULTS

Involvement of HumanmARC1 and mARC2 in N-Reduction—
As already shown in our previous in vitro reconstitution assays,
both recombinant humanmARCproteins are capable of reduc-
ingN-hydroxylated substrates (7, 14). To find out whether this
is also the case in living cells, siRNA-mediated mARC knock-
down studies were carried out in human cells. Efficiency of
protein down-regulation was verified by Western blot analysis
(Fig. 2). Loss of protein as compared with nontargeting siRNA
transfected cells or untransfected cells was shown in a dose-
and time-dependent manner. The knockdown of one homolog
did not affect the protein level of the other homolog, and max-

imal effect was seen between 3 and 5 days after transfection
(Fig. 2, time dependence data not shown). mARC1 protein
expression was almost completely recovered between days 8
and 11 after siRNA transfection. In HEK-293 cells, down-regu-
lation of mARC1 resulted in an enormous reduction of N-re-
ductive activity to about 35% (Fig. 2A). After recovery of
mARC1 protein, N-reductive capacity increased simultane-
ously (data not shown). In contrast, knockdown of mARC2 in
HEK-293 cells did not have any influence on N-reduction (Fig.
2B). However,mARC2 expression inHEK-293 cells seems to be
quite low because protein can hardly be detected by Western
blotting. To examine whether the missing effect of mARC2
knockdown on N-reductive activity is a result of low mARC2
expression or whether mARC2 is simply not involved in N-re-
duction in cell metabolism, ZR-75-1, a cell line with nearly
equal mARC1 and mARC2 expression (33), was additionally
tested. In our RNAi experiments, down-regulation of both
mARC1 and mARC2 in ZR-75-1 resulted in a moderate but
significant decrease of N-reductive activity. As a consequence,
simultaneous knockdown of both homologs revealed an addi-
tive reductive effect on activity (Fig. 2C).
Participation of Mitochondrial Cytochrome b5 in the N-Re-

ductive System—In vitro, the humanN-reductive system can be
reconstituted with both the microsomal and the mitochondrial
isoformofCYB5with nearly equal activity (data not shown). To
investigate whether both or only one isoform is involved in
N-reduction in cell metabolism, each CYB5 protein was down-
regulated individually in HEK-293 cells by siRNA transfection
in a dose- and time-dependent manner. Success of down-regu-
lation as compared with nontargeting siRNA transfected cells
or untransfected cells was shown byWestern blot analysis (Fig.
3). Knockdown of one isoform did not affect the protein level of
the other isoform, andmaximal effect was seen between 3 and 5
days after transfection (Fig. 3, time dependence data not
shown). Knockdown of microsomal CYB5A did not have any
significant inhibitory effect on N-reductive activity or even a
slightly stimulating effect with higher siRNA concentration
(Fig. 3A). In contrast, down-regulation of mitochondrial
CYB5B resulted in a tremendous decrease ofN-reductive activ-
ity to about 35% as compared with negative control (Fig. 3B). In
addition to our knockdown studies, subcellular fractions of
CYB5A knock-out mouse livers were examined regarding their
N-reductive activity. Western blot data confirmed the absence
of microsomal CYB5A protein in knock-out samples, whereas
expression of the mitochondrial isoform CYB5B was not
affected by the CYB5A knock-out (Fig. 4). Due to cross-con-
tamination, CYB5B was also detected in the crude microsomal
fraction of wild type and knock-out mice, and CYB5A was
detected in the crude mitochondrial fraction of wild type mice.
Reductase activity was enriched in the mitochondrial fraction
of wild type and knock-outmouse livers. Supporting the results
found inCYB5Aknockdown experiments, no significant differ-
ence in N-reductive activity was observed between wild type
and CYB5A knock-out samples (Fig. 4).
Functional Analysis of Cytochrome b5 Type B SNP Variants—

The corresponding protein variants (S2F, D14G, K16E, and
T22A) of published SNPs in dbSNP build 132 were successfully
expressed in E. coli. Expression levels and heme contents of
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FIGURE 2. mARC1 and mARC2 knockdown in human cells. A, mARC1 knockdown in HEK-293. B, mARC2 knockdown in HEK-293. C, mARC1 and mARC2
knockdown in ZR-75-1. For HEK-293, cells were transfected with various amounts of mARC1, mARC2, or nontargeting (NC) siRNA. For ZR-75-1, cells were
transfected with 20 nM of NC, mARC1, or mARC1 siRNA. For simultaneous knockdown, 10 nM mARC1 and 10 nM mARC2 siRNA were transfected. N-Reductive
activities in cells were determined as described under “Experimental Procedures” on day 5 (for HEK-293) or day 6 (for ZR-75-1) after transfection. Results are
presented as means � S.D. (n � 3). **, p � 0.01, ***, p � 0.001. The siRNA-mediated down-regulations of the proteins of interest were verified by Western blot
using anti-mARC1, anti-mARC2, or anti-calnexin (loading control) antibody.
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CYB5B variants were comparable with those of wild type (data
not shown). N-Reductive activities of variants and wild type
were determined in incubations that contained different con-
centrations of heme (30–210 pmol). In the incubationmixture,
when CYB5B proteins were used in excess over CYB5R, maxi-
mal activities were always achieved by all variants. Moreover,
after reconstituting the enzyme systemwith the various CYB5B
variants, N-reductive activities of each complete system were
found to lie in the activity range of wild type CYB5B (Fig. 5).
Involvement of Cytochrome b5 Heme in the N-Reductive

System—To explore the mechanism by which CYB5 takes part
in theN-reductive system, we examinedN-reductive activity of
the reconstituted three-component enzyme system completed
with either holo-CYB5B or apo-CYB5B. For this purpose, we
prepared apo-CYB5 from recombinantly expressed holo-CYB5
by heme removal with the 2-butanone method (see “Experi-
mental Procedures”). To prove the functionality of apo-CYB5
after butanone treatment, we afterward reconstituted the pro-
tein by heme incorporation. Heme saturation of apo-, holo-,
and heme-reincorporated CYB5 was measured to ensure the
loss and the regain ofCYB5heme (Fig. 6A). Subsequently, activ-
ities of theN-reductive system reconstitutedwith either formof
CYB5 (holo-, apo-, and reconstituted CYB5) were determined.
As shown in Fig. 6B, N-reductive activity was obtained with
holo-CYB5 but was almost totally lost with apo-CYB5. The
remaining activity can be attributed to a small fraction of heme-

FIGURE 3. CYB5A and CYB5B knockdown in HEK-293 cells. A, CYB5A knockdown. B, CYB5B knockdown. Cells were transfected with various amounts of
CYB5A, CYB5B, or nontargeting (NC) siRNA. N-Reductive activities in HEK-293 cells were determined as described under “Experimental Procedures” on day 5
after transfection. Results are presented as means � S.D. (n � 3). *, p � 0.05, ***, p � 0.001. The siRNA-mediated down-regulations of the proteins of interest
were verified by Western blot using anti-CYB5A, anti-CYB5B, or anti-GAPDH (loading control) antibody.

FIGURE 4. N-Reductive activities of subcellular liver fractions of CYB5A
knock-out mice. N-Reductive activities of subcellular fractions of wild type
and CYB5A knock-out mouse livers were determined as described under
“Experimental Procedures.” Assays were performed on a pool of two liver
preparations and one individual liver sample of wild type or knock-out mice
(n � 3). Incubations were performed in duplicates. Results are presented as
means � S.D. The absence of CYB5A protein in the individual knock-out sam-
ples was verified by Western blot analysis using anti-CYB5A antibody.
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loaded CYB5 left in the apo-CYB5 preparation. By reinsertion
of heme into CYB5, activity could be recovered, supporting the
necessity of CYB5-bound heme for N-reductive activity.

DISCUSSION

The mARC-containing three-component enzyme system is
responsible for reduction of several N-hydroxylated com-
pounds and therefore plays a major role in N-reductive drug
metabolism (1). In previous in vitro assays, we have shown that
both human mARC proteins are capable of reducing N-hy-
droxylated substrates when reconstituted with the electron
transport proteins CYB5 and CYB5R (6, 9, 14). Omitting one
component in the incubation mixture leads to a nearly com-
plete loss of activity (6, 9, 14). In vitro, both mARC proteins act
on the same N-hydroxylated substrates (1). Nevertheless, for
some substrates, differences in specific activities can be seen.
The fact that all mammalian genomes analyzed up to now har-
bor two mARC genes suggests the evolutionary need of each
protein. However, it still remains to be shown whether differ-
ences exist between mARC1 and mARC2 in vivo, for instance
with respect to tissue-specific localizations, subcellular local-
ization, or substrate specificity, respectively. Besides its mito-
chondrial localization, a peroxisomal co-localization for
mARC2 has been suggested (17, 18). Thus, functions of mARC
outside the described mitochondrial N-reductive system are
also conceivable. To examine whether both or only one mARC
protein is involved in N-reductive pathway in vivo, RNAi stud-
ies with human cell lines were performed. Our investigations
demonstrate that in HEK-293, hardly any mARC2 protein can
be detected, whereas mARC1 protein expression is consider-
ably higher. In support of this, database researches (33) indicate
that this trend is reflected in mRNA levels in almost all human
cell lines and tissues listed in BioGPS (gene numbers 64757 and
54996). In accordance with the observed expression levels of
each mARC protein, siRNA-mediated knockdown of mARC1
in HEK-293 cells lowers N-reductive activity tremendously,
whereas knockdown of mARC2 does not affect N-reduction
(Fig. 2). In contrast to HEK-293 cells, protein expression levels
of mARC1 andmARC2 in ZR-75-1 cells are nearly the same. In
fact, in this human cell line,N-reductive activity is decreased by

FIGURE 5. Reduction of benzamidoxime using cytochrome b5 type B wild type and variants. A, assay carried out with mARC1. B, assay carried out with
mARC2. 120 pmol of molybdenum (mARC), 30 –210 pmol of heme (CYB5B), and 6 pmol of FAD (CYB5R) were incubated with 3 mM benzamidoxime in 20 mM

MES, pH 6.0, for 15 min under aerobic conditions. Data are means � S.D. of one batch (CYB5B variants) or of four batches (CYB5B WT) each incubated in
duplicates and measured twice by HPLC.

FIGURE 6. Involvement of cytochrome b5 heme in N-reduction. Recombi-
nant CYB5 (holo-CYB5) was gained as described under “Experimental Proce-
dures.” Apo-CYB5 was prepared from holo-CYB5 by heme cleavage, and after-
ward the same batch was reconstituted by heme incorporation. The human
recombinant N-reductive enzyme system was then reconstituted with mARC1,
CYB5R, and either form of CYB5. N-Reductive activities were measured with ben-
zamidoxime as a model substrate. A, heme saturations of holo-CYB5, apo-CYB5,
and reconstituted CYB5 were determined to confirm the success of heme cleav-
age and heme incorporation. B, N-reductive activities of holo-CYB5, apo-CYB5,
and reconstituted CYB5 were determined as described under “Experimental Pro-
cedures.” The incubation mix contained 75 pmol of mARC, 7.5 pmol of CYB5R,
and 75 pmol of CYB5 in the case of holo and reconstituted CYB5 or the same
amount of protein as holo-CYB5 in the case of apo-CYB5. Incubations were per-
formed in duplicates. Results are presented as means � S.D.
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both mARC1 and mARC2 knockdown, with the lowest activity
being seenwhen knocking down both isoforms simultaneously.
These results prove for the first time that not only in vitro but
also in cell metabolism mARC1 and mARC2 have the capacity
to reduceN-hydroxylated substrates with the extent of involve-
ment inN-reduction being highly dependent on the expression
level of the particularmARC isoform. In contrast to the present
study, other siRNA-mediated knockdown studies in murine
cells could only prove the involvement of mARC2 in N-reduc-
tion (11). This discrepancy is likely to be attributed to the vari-
ance of examined species. In contrast to human cells and tis-
sues, for almost all murine cell lines, including the examined
cell line of Neve et al. (11), high gene expression levels for
mARC2 and extremely low gene expression levels for mARC1
are described (33). Therefore, the missing influence of mARC1
onN-reductive activity in murine cells is supposedly due to the
small protein expression ofmARC1 as compared withmARC2.
These observations indicate that depending on the species, usu-
ally only one isoform, either mARC1 or mARC2, is predomi-
nantly expressed. Consequently, the mARC protein that is pre-
dominantly responsible for the N-reductive pathway varies
from species to species. This hypothesis is supported by the
finding that independent from the investigated species, N-re-
ductive activity is consistently found to be enriched in the
OMM (2, 9, 11, 34), but up to now, either mARC1 or mARC2
protein and never both proteins could be attributed to the
OMM. For instance, in pig and ratmARC2, but nomARC1was
found in the OMM (2, 11), whereas human OMMwas demon-
strated to contain mARC1 rather than mARC2 (16). The phys-
iological reasons for the existence of two mARC proteins and
why one mARC protein seems to be subordinated to the other
remains to be shown. However, mARC2 was reported to be
down-regulated in human colon tumors (8) and up-regulated
by glucose treatment in human cells (10). Furthermore,
ZR-75-1, a human breast cancer cell line, is an exceptional
example for a human cell line with equal mARC1 and mARC2
protein expression levels. It thus appears to be conceivable that
the expression of the subordinated mARC protein is regulated
by special circumstances, whereas expression of the respective
other isoform remains constant, eventually to fulfill housekeep-
ing functions.
By various enzyme purification studies and reconstitution

assays (2, 14, 35–37), the heme protein CYB5 is known to be
part of the N-reductive metabolic pathway. There are two
membrane-bound isoforms of CYB5, themicrosomal (CYB5A)
and the mitochondrial (CYB5B) isoform, which both derive
from two different genes (19, 20). CYB5A and CYB5B show
high sequence and structural similarities (20, 38). Therefore, it
is not surprising that in vitro, both recombinant proteins are
able to complete the reconstituted three-component enzyme
system. To investigate which isoform is involved in N-reduc-
tion in vivo, RNAi experiments were carried out. Our
siRNA-mediated knockdown studies in human cells show that
only the mitochondrial isoform is part of the N-reductive sys-
tem in cell metabolism (Fig. 3) because knockdown of the
microsomal isoform does not affectN-reduction. These results
are in accordance with the results of RNAi studies in murine
cells obtained by Neve et al. (11). In addition, subcellular frac-

tions of livers fromCYB5A knock-outmouse livers were exam-
ined regarding their N-reductive activity. Supporting the
results found with CYB5A knockdown, no significant differ-
ence in activity is seen between wild type fractions and CYB5A
knock-out fractions (Fig. 4). These results undoubtedly demon-
strate that only themitochondrial, but not themicrosomal, iso-
form of CYB5 is required forN-reduction. Therefore, themito-
chondrial isoform represents the physiological part of the
mARC-containing enzyme system. As CYB5B is exclusively
associated with the OMM (11, 39) and N-reductive activity is
found to be enriched in this compartment (2, 9, 16, 34, 40), a
microsomal N-reductive system (21–24) is highly unlikely.
In continuation of our studies, we examined whether non-

synonymous SNPs of CYB5B have a functional effect on N-re-
ductive activity. At the beginning of our studies, allele frequen-
cies of nonsynonymous SNPs were reviewed in dbSNP. The
dbSNP (build 132) published four nonsynonymous SNPs in
CYB5B. The corresponding recombinant protein variants (S2F,
D14G, K16E, and T22A) were successfully expressed in E. coli,
and each variant was able to complete the N-reductive enzyme
system. Our results suggest that the tested amino acid substitu-
tions do not affect the function of CYB5B in the N-reductive
pathway. However, a recent release of dbSNP (build 137) pub-
lished three additional nonsynonymous SNPs, which in princi-
ple cannot be excluded to affect N-reduction (www.ncbi.nlm.
nih.gov/snp). However, the protein variant encoded by the SNP
with the highest frequency of the variant allele (c.5C�T) was
already included in our investigation. These findings therefore
suggest that SNPs in CYB5B are allowed to establish in popula-
tions as long as they do not affect important enzymatic or struc-
tural properties.
In vitro reconstitution studies with human apo-mARCs con-

firmed that N-reductive activity is clearly dependent on Moco
(14). Likewise, we examined the reductase activity of the human
enzyme system reconstituted with either holo-CYB5B or apo-
CYB5B (Fig. 6). The removal of heme with the 2-butanone
method results in a nearly total loss of N-reductive activity. To
prove functionality of apo-CYB5 after butanone treatment, we
afterward reconstituted the protein by heme reincorporation.
By reinsertion of heme, the recovered holo-CYB5B is able
to complete N-reductive activity of the mARC-containing
enzyme system. Based on these results, it is reasonable to state
that the heme of CYB5B is necessary for catalysis, and there-
fore, heme of CYB5B is likely to be involved in electron transfer
within the N-reductive system.
Characterization of the involvement of CYB5R, the third

component of the N-reductive system, remains the subject of
further investigations. As for mARC and CYB5B, RNAi exper-
iments and studies on cofactor involvement should be per-
formed analogously for a more detailed understanding of the
functional andmechanistic properties of this proteinwithin the
N-reductive three-component system.
In this study, we demonstrate that the mARC-containing

enzyme system is responsible for theN-reduction of amidoximes
in whole cell metabolism. mARC1 and/or mARC2 and CYB5B
could be identified as essential components of the N-reductive
system in cells. These results confirm that theN-reductive sys-
tem plays a major role in prodrug activation. Amidines and
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guanidines are very often elements of new drug candidates as
the cations formed after protonation interact with carboxylates
of the target protein. However, these functional groups have
negative pharmacokinetic properties. Replacements of ami-
dines and guanidines usually result in a high loss of affinity.
Using the prodrug principle amidoximes instead of amidines
allows the maintenance of the amidine function and oral bio-
availability at the same time. The prodrug activation is not
dependent on P450 enzymes. Thus, P450-dependent interac-
tions are avoided. Additionally, the rapid reduction of N-oxy-
genated compounds, which often have toxic properties, to the
corresponding nitrogen functions by the N-reductive system
provides an effective way of detoxication. Accordingly, a
detailed understanding of themARC-mediated prodrug activa-
tion and detoxication of N-oxygenated compounds is of high
relevance for further prodrug developments and for the under-
standing of detoxication pathways.
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