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Abstract

We have identified and characterized novel types of ferredoxin and ferredoxin reductase from Arabidopsis. Among
a number of potential ferredoxin reductase genes in the Arabidopsis genome, AtMFDR was identified to encode
a homologue of mitochondrial ferredoxin reductase, and AtMFDX1 and AtMFDX2 were predicted to code for
proteins similar to mitochondrial ferredoxin. First, we isolated cDNAs for these proteins and expressed them in
heterologous systems of insect cells and Escherichia coli, respectively. The recombinant AtMFDX1 and AtMFDR
proteins exhibited spectral properties characteristic of ferredoxin and ferredoxin reductase, respectively, and a pair
of recombinant AtMFDX1 and AtMFDR proteins was sufficient to transfer electrons from NAD(P)H to cytochrome
c in vitro. Subcellular fractionation analyses suggested membrane association of AtMFDR protein, and protein-gel
blot analyses and transient expression studies of green fluorescence protein fusions indicated mitochondrial local-
ization of AtMFDX1 and AtMFDR. RNA-gel blot analyses revealed that the accumulation levels of AtMFDXs and
AtMFDR gene transcripts were specifically high in flowers, while protein-gel blot analysis demonstrated substantial
accumulation of AtMFDR protein in leaf, stem, and flower. Possible physiological roles of these mitochondrial
electron transfer components are discussed in relation to redox dependent metabolic pathways in plants.

Introduction

Mitochondrial ferredoxin and ferredoxin reductase are
involved in a variety of redox reactions in the cell
(Arakaki et al., 1997). Adrenodoxin (ADX) is a [2Fe-
2S]-type mitochondrial ferredoxin, mediating elec-
tron transfer from NADPH via adrenodoxin reductase
(ADR) to the terminal electron acceptor, cytochrome
P450 (P450) monooxygenases in mitochondria (Grin-
berg et al., 2000). In vertebrates, these mitochondrial
P450s catalyze the reactions of the cholesterol side
chain cleavage and the steroid hydroxylation in the
steroidogenic tissues (Vickery, 1997). Yeast mitochon-
drial proteins, Yah1p (Barros and Nobrega, 1999) and
Arh1p (Lacour et al., 1998; Manzella et al., 1998),
correspond to ADX and ADR homologues, respec-

tively. However, in yeast, no mitochondrial P450s are
present, but Yah1p (Lange et al., 2000) and Arh1p
(Li et al., 2001) have recently been characterized to
participate in the processes of Fe-S cluster maturation
and mitochondrial iron homeostasis. Prokaryotic mi-
croorganisms also synthesize Fe-S clusters (Takahashi
and Nakamura, 1999; Lill and Kispal, 2000) through
the functions of a series of proteins including [2Fe-2S]
ferredoxin. Furthermore, it has recently been reported
that mitochondrial ferredoxin was involved in heme A
synthesis in yeast (Barros et al., 2002).

In plants, multiple redox proteins have been stud-
ied as electron transfer components in microsomal
P450 monooxygenase systems (Urban et al., 1997;
Mizutani and Ohta, 1998; Fukuchi-Mizutani et al.,
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1999). On the other hand, neither mitochondrial
P450 nor electron transfer systems containing mi-
tochondrial ferredoxin and its reductase has been
characterized in plants. However, based on BLAST
searches with bovine ADX and ADR protein se-
quences at the Arabidopsis Information Resource
(http://www.arabidopsis.org/), we were able to iden-
tify two predicted genes potentially encoding proteins
AtMFDX1 and AtMFDX2 highly similar to ADX
and a putative gene coding for a protein AtMFDR
exhibiting homology to ADR. In this study, we clar-
ified whether or not these putative genes were actu-
ally transcribed and examined if the gene products
were functionally active in transferring electrons from
NAD(P)H to P450s in vitro. Thus, by isolating cDNAs
and producing recombinant proteins, we demonstrated
that a pair of AtMFDX1 and AtMFDR proteins was
capable of reducing cytochrome c (Cyt c) in the pres-
ence of NAD(P)H as the electron donor, and protein-
gel blot analyses and transient expression of signal
peptide-green fluorescence protein (GFP) fusions in-
dicated mitochondrial localization of these electron
transfer components. We discuss the possibilities of
mitochondrial P450-dependent monooxygenase sys-
tems and other unidentified redox pathways containing
AtMFDXs and AtMFDR in plants.

Materials and methods

Plant materials

Arabidopsis thaliana ecotype Columbia (Col-0)
seedlings (Lehle Seeds, Round Rock, TX) were grown
under conditions described previously (Mizutani and
Ohta, 1998).

Isolation of AtMFDX1 and AtMFDX2 cDNAs

A BLASTP search was done at the Arabidopsis
Information Resource with a bovine adrenocorti-
cal ferredoxin precursor protein sequence (GenBank
accession number AAA30358), and two putative
genes were found to encode ADX homologues in
Arabidopsis (AT4g05450 and AT4g21090). An ex-
pressed sequence tag (EST) entry (GenBank ac-
cession number AV559714) was identified to con-
tain a part of the coding sequence (CDS) of
AT4g05450. cDNA clones encoded by the puta-
tive CDS of AT4g05450 were isolated by PCR
with combinations of forward primers (X1F1, 5′-
CAGTGAACGATGATCGGTCATA-3′; X1F2, 5′-

ATGATCGGTCATAGGATCTCAAG-3′) and reverse
primers (X1R1, 5′-ACTAATGAGGTTTTGGAACA-
AAC-3′; X1R2, 5′-CTCCAATAGAAACATAATCA-
TC-3′). pBluescript II (Stratagene, La Jolla, CA)
phagemids were prepared from a λZapII cDNA library
constructed from 7-day old Arabidopsis seedlings
(Mizutani and Ohta, 1998) and were used as the
template for PCR. The 5′ region of AT4g05450 tran-
scripts was determined with a Marathon cDNA Am-
plification Kit (Clontech, Palo Alto, CA). On the
other hand, several EST sequences (GenBank acces-
sion numbers AV552737, AV544248, and AI998580)
were thought to have been derived from the gene an-
notation of AT4g21090. Sequence comparison with
other mitochondrial ferredoxins indicated that the
annotation of AT4g21090 is lacking its actual N-
terminal portion, and the open reading frame (ORF)
was corrected to encode a polypeptide of 198 amino
acids. A cDNA clone containing the full-length
ORF determined from AT4g21090 and AV552327
was synthesized by reverse transcription (RT)-PCR.
Total RNA from flowers was used for the RT re-
action with Superscript II (Invitrogen, Carlsbad,
CA) and oligo(dT)16 as the reverse primer. PCR
was done with a set of PCR primers, X2F1 (5′-
CGATTCTAGAATGGTCTTCCATAGGCTATC-3′)
and X2R1 (5′-CGTTTCTAGAGTGAGGTTTTGG-
AACAAAC-3′). PCR products were cloned into the
pGEM-T Easy vector system II (Promega, Madi-
son, WI) to obtain pAtMFDX1 for AT4g05450 and
pAtMFDX2 for AT4g21090. The GenBank/EMBL/
DDBJ accession numbers for AtMFDX1 and AtMFD-
X2 cDNAs encoding the Arabidopsis ADX homo-
logues were AB07538 and AB081937, respectively.

Isolation of AtMFDR cDNA

A protein sequence of bovine NADPH:adrenodoxin
oxidoreductase (Nonaka et al., 1987) was used for a
BLASTP search, and the CDS for a putative NADPH-
ferredoxin oxidoreductase (AT4g32360) was identi-
fied. A full-length cDNA encoded by AT4g32360
was obtained by RT-PCR with total RNA from 4-
week old plants and a set of PCR primers, ANR-F1
(5′-ATGAGTAGATATCTAGCAAG-3′) and ANR-R2
(5′-CTAGTTGGCTGCTGCTGCTAA-3′). The PCR
product was cloned into a pGEMT-easy vector
(Promega) to obtain pAtMFDR. Sequence analy-
sis of pAtMFDR revealed that the gene annotation
of AT4g32360 was missing an additional exon be-
tween the predicted exons 4 and 5, and an ORF of
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AtMFDR transcript was thus determined to be 1452 bp
long. The GenBank/EMBL/DDBJ accession number
of AtMFDR cDNA is AB07540.

Heterologous expression of AtMFDR cDNA in insect
cells

Recombinant AtMFDR protein was produced by ex-
pressing the entire coding region of AtMFDR cDNA
with a baculovirus expression vector system as de-
scribed previously (Mizutani et al., 1997). Briefly,
AtMFDR cDNA was amplified by PCR with a primer
set of FNRBF (5′-TACGGGATCCATGGTGTCTA-
GATACTTCTCTTC-3′) and FNRBR (5′-CAGCC-
AAGCTTGTCAATGATGATGATGATGATGATGT-
CCGTTGGCTGCTGCTG-3′). FNRBF contained a
BamHI restriction site (underlined), and FNRBR con-
tained a HindIII restriction site (underlined) with the
oligonucleotide sequence (double-underlined) to add
a 6× His tag to the C-terminus of the protein. The
PCR product was double-digested with BamHI and
HindIII and inserted into the BamHI-HindIII site of
pFASTBAC plasmid (Invitrogen). Preparation of the
recombinant baculovirus DNA containing AtMFDR
cDNA and transfection of insect cells (Sf9, Invit-
rogen) were done according to the manufacturer’s
instructions. The infected Sf9 cells were sonicated
and centrifuged at 100 000 × g for 1 h. The pellet
was homogenized with buffer A containing 20 mM
potassium phosphate pH 7.25, 20% glycerol, 1 mM
dithiothreitol, and 10 µM FAD, and proteins were sol-
ubilized in buffer B containing the same constituents
as buffer A supplemented with 1% w/v Emulgen 913
(Kao Atlas, Tokyo, Japan). After centrifugation at
100 000 × g for 1 h, the solubilized recombinant
AtMFDR (rAtMFDR) was purified with the aid of the
C-terminal 6× His tag with NiNTA Agarose accord-
ing to the manufacturer’s instructions (Qiagen, Tokyo,
Japan). The purified rAtMFDR protein was used to
prepare rabbit anti-rAtMFDR antibodies.

Expression and purification of recombinant
AtMFDX1 protein

Expression and purification of rAtMFDX1 was done
with the pGEX-6P-1 vector system (Amersham Bio-
sciences, Buckinghamshire, UK). A cDNA frag-
ment encoding a mature form of AtMFDX1 (with-
out the N-terminal 70 amino acids) was amplified
by PCR with the full-length AtMFDX1 cDNA as
the template and a primer set of MFDXf2 (5′-

CCCTGGGATCCTCCTCTGAGAATGGTGATG-3′)
containing a BamHI site (underlined) and MFDXr (5′-
TATTGACCCGGGCTAATGAGGTTTTGGAAC-3′)
containing a SmaI site (underlined). The amplified
PCR product was double-digested with BamHI and
SmaI and cloned into a pGEX-6P-1 vector to ob-
tain an expression plasmid. An Escherichia coli
strain, BL21 (DE3), was transformed with the ex-
pression plasmid for the production of recombi-
nant AtMFDX1 (rAtMFDX1) as a fusion with a
glutathione S-transferase (GST) protein according
to the manufacturer’s instructions. The transformed
E. coli cells were homogenized with PBS (potassium-
buffered saline, Takara Shuzo, Kyoto, Japan) con-
taining a protease inhibitor cocktail comprising
4-(2-aminoethyl)benzenesulfonyl fluoride, pepstatin
A, bestatin, and Na-EDTA (Sigma Aldrich Japan,
Tokyo). The AtMFDX1-GST fusion protein was ob-
tained with Glutathione Sepharose 4B (Amersham
Biosciences), and a mature form of AtMFDX pro-
tein was purified after the cleavage with PreScission
Protease (Amersham Biosciences) according to the
manufacturer’s protocols.

Subcellular fractionation and protein blot analysis

Chloroplasts and mitochondria were prepared basi-
cally according to the methods described by Kunst
(1998) and Klein et al. (1998), respectively. All pro-
cedures were done at 4 ◦C. Briefly, 10 g of leaf
tissue was homogenized with an extraction buffer
containing 0.45 M sorbitol, 20 mM Tricine-KOH
pH 8.4, 5 mM EDTA, 5 mM EGTA, 10 mM Na2CO3,
10 mM dithiothreitol (DTT), 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), a protease inhibitor cock-
tail containing 4-(2-aminoethyl)benzenesulfonyl flu-
oride, pepstatin A, bestatin, and Na-EDTA (Sigma
Aldrich), 0.2% w/v bovine serum albumin, and 0.6%
w/v polyvinylpyrrrolidone with a homogenizer (IKA
Works, S25 KR-25F, Wilmington, NC). Crude chloro-
plasts were precipitated from 100 × g supernatant by
centrifugation at 2000 × g for 2 min. The chloro-
plast pellet was re-suspended in a buffer containing
40% w/v Percoll (Amersham Biosciences), 0.45 M
sorbitol, 20 mM Tricine-KOH pH 7.6, 5 mM EDTA,
5 mM EGTA, 10 mM Na2CO3, 10 mM DTT, and
1 mM PMSF. The chloroplast suspension was then
loaded onto a 40%/50%/70% v/v Percoll step gradi-
ent in a buffer consisting of 0.45 M sorbitol, 20 mM
Tricine-KOH pH 7.6, 5 mM EDTA, 5 mM EGTA,
10 mM Na2CO3, 10 mM DTT, and 1 mM PMSF. After
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centrifugation at 6000 × g for 15 min, intact chloro-
plasts were collected at the 50%/70% interface and
washed by centrifugation at 2000 × g for 10 min in a
buffer containing 0.3 M sorbitol, 50 mM Tricine-KOH
pH 7.6, 10 mM NaCl, 2 mM EDTA, 1 mM MgCl2,
and 0.5 mM KH2PO4. Mitochondria were purified
from the 2000 × g supernatant obtained during the
chloroplast isolation process. The supernatant was
centrifuged at 6000 × g for 5 min, and the obtained
supernatant was further centrifuged at 16 000 × g

for 15 min to pellet the crude mitochondrial frac-
tion. Then, the mitochondrial pellet was re-suspended
in a buffer consisting of 0.45 M sorbitol, 20 mM
Tricine-KOH pH 7.6, 5 mM EDTA, 5 mM EGTA,
10 mM DTT, and 1 mM PMSF. The mitochondrial
suspension was layered onto a Percoll step gradient
of 18%/23%/40% v/v and centrifuged at 12 000 ×
g for 30 min. The mitochondria collected at the
23%/40% interface were suspended in a buffer con-
taining 0.35 M sorbitol, 50 mM Tricine-KOH pH 7.6,
2 mM EDTA, 2 mM EGTA, and 1 mM PMSF. The in-
tactness of chloroplasts and mitochondria was judged
from the oxygen evolution activity with ferricyanide
as the Hill oxidant (Walker, 1980) and the latency of
Cyt c oxidase (Neuberger et al., 1982; Krömer and
Heldt, 1991), respectively. Protein samples (20 µg)
were separated by SDS-PAGE (Laemmli, 1970) and
electroblotted onto a polyvinylidene difluoride mem-
brane (Immobilon P; Millipore, Bedford, MA). The
membrane was incubated with the anti-rAtMFDR an-
tibodies (1:3000 dilution), and immunoreactive pro-
teins were detected using the ECL western analysis
system (Amersham Biosciences). Rabbit anti-spinach
ribulose-bisphosphate carboxylase (Rubisco) antibod-
ies (a gift from A. Yokota, Nara Institute for Science
and Technology, Japan) at 1:6000, and rabbit anti-
citrate synthase antibodies (Koyama et al., 1999) at
1:2000 were also used for immunoblotting. For tissue
immunolabeling experiments, Arabidopsis leaf sec-
tions were embedded in LR-White resin (Oken-Shoji,
Tokyo, Japan) after the fixation in 50 mM potas-
sium phosphate buffer pH 7.4 containing 16% w/v
paraformaldehyde and 2% w/v glutaraldehyde. The
anti-AtMFDR antiserum and the rabbit anti-spinach
Rubisco antibodies were used as the primary antibod-
ies, and Cy3-labeled goat anti-rabbit IgG (Jackson
Immunoresearch Laboratories, Westgrove, PA) was
used for the detection of the primary antibodies. Im-
munofluorescent images were collected using a flu-
orescence microscope (Eclipse E600, Nikon, Tokyo,
Japan).

Transient expression and localization studies in onion
epidermal cells

Putative signal peptide sequences were PCR-amplified
from full-length cDNA clones of AtMFDXs and
AtMFDR with pairs of primers as follows: Met-1 to
Ile-93 of AtMFDX1, 5′-CAGTCGACATGATCGGT-
CATAGGATCTCAAG-3′ and 5′-GACCATGG-
GAATTTCCTCTCCGTCCTTATCAAC-3′; Met-1 to
Ile-93 of AtMFDX2, 5′-CAGTCGACATGGTCTTC-
CATAGGCTATCAAGA-3′ and 5′-GACCATGGGA-
ATTTCCTCTCCATCTTTATCAA-3′; Met-1 to Val-
40 of AtMFDR, 5′- CAGTCGACATGAGTAGATAT-
CTAGCAAG-3′ and 5′-GACCATGGGTACCTTGT-
CAGCAGTATAGAAAC-3′. The upstream primers
and the reverse primers contained SalI sites (under-
lined) and NcoI sites (double-underlined). The ampli-
fied fragments were cloned in-frame upstream of the
green fluorescent protein sGFP(S65T) reading frame
(Chiu et al., 1996) with a SalI-NcoI restriction site
to obtain AtMFDX/S-GFP and AtMFDR/S-GFP. For
transient expression in onion epidermal cells, 25 µl of
gold particles (1 µm diameter in 20% glycerol) were
mixed with 5 µg of plasmid DNA, 50 µl of 2.5 M
CaCl2, and 25 µl of 0.1 M spermidine. Aliquots of
gold were spotted on macrocarriers and used to trans-
form tissues at 7.6 MPa with a PDS 1000HE biolistic
device (BioRad, CA). MitoTracker Red staining was
done according to the protocol given by the manu-
facturer (Molecular Probes, Eugene, OR). Fluores-
cence of sGFP(S65T) and Mitotracker Red CMXRos
was visualized under an Olympus microscope IX71
(Olympus, Tokyo, Japan) equipped with filter sets
of U-MGFPHQ for sGFP and U-MWIG2 for Mito-
Tracker. Images were taken with the DP manager
software (Olympus).

Preparation and analyses of RNA

Preparation and analysis of RNA were done as de-
scribed previously (Fujimori and Ohta, 1998). To-
tal RNA (10 µg) was analyzed by northern hy-
bridization using full-length cDNAs of AtMFDX1
and AtMFDR labeled with [α-32P]dCTP. Blots were
analyzed with a Bio Imaging Analyzer, FLA3000
(Fuji Photo Film, Tokyo). RT-PCR analyses were de-
signed for a detailed comparison of tissue-specific
expression of AtMFDX1 and AtMFDX2 genes. Thus,
first-strand cDNAs were synthesized with total RNA
(5.0 µg) from various tissues, Superscript II (Invit-
rogen), and oligo(dT)16 as a reverse primer. PCR
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Figure 1. Alignment of amino acid sequences of ferredoxin pro-
teins. The deduced amino acid sequences of AtMFDX1 and
AtMFDX2 proteins are aligned with other ferredoxin proteins;
BosADX1 (Bos taurus ADX1, AAA30357), ScYah1p (Saccha-
romyces cerevisiae Yah1p, NP−015071), AzotoFDX (Azotobacter
vinelandii Fdx, AAC24477), and EcoliFDX (Escherichia coli FDX,
NP−289082). The arrows above the sequences indicate the con-
served motifs containing the acidic amino acid residues (pointed
by a white upward arrowhead) proposed to be involved in the in-
teraction with the reductase and the conserved Cys residues for
the [Fe-S] cluster binding (indicated by asterisks) (Ziegler et al.,
1999; Grinberg et al., 2000; Ziegler and Schultz, 2000). The
back downward arrowhead indicates the position corresponding to
the N-terminus of the mature form of mammalian ADX proteins.
Dashes indicate gaps inserted to allow optimal sequence align-
ment. Conserved amino acid residues were shaded. The sequences
of AtMFDX1 and AtMFDX2 have been submitted to the Gen-
Bank/EMBL/DDBJ databases under accession numbers AB07538
and AB081937, respectively.

was done with rTaq DNA Polymerase (Toyobo, Os-
aka, Japan) and a combination of gene-specific
primer sets. The set for AtMFDX1 was Adx3′-FW
(5′-CCAACAGATGAAGAGAATGATATGC-3′) and
Adx1-3′-RV (5′-CGCTTGTTGTTCTGTTAGAAA-
CTC-3′), and a set of Adx3′-FW (5′-CCAACAGAT-
GAAGAGAATGATATGC-3′) and Adx2-3′-RV (5′-
CTGATCAGAACCAAGTCAGGC-3′) was for At-
MFDX2. The sequences of the forward primer
(Adx3′-FW) and the reverse primers (Adx1-3′-RV and
Adx2-3′-RV) were from exon 6 and the 3′ non-coding
region of the AtMFDX genes, respectively. Accord-

Figure 2. Phylogenetic tree for ferredoxin proteins. The clustalW
program was used for the analysis of AtMFDX1 (AB07538),
AtMFDX2 (AB081937), Arabidopsis ferredoxins (AtFDX-1,
AAD15602; AtFDX-2, AAB65481; AtFDX-3, BAB09421;
AtFDX-4, CAB10628; Q9SRR8, AAK62394), A. vinelandii Fdx
(AAC24477), B. taurus ADX1 (AAA30358), Chlamydomonas
reinhardtii FDX (AAC49171), Drosophila melanogaster Fdx
(AAF50293), Escherichia coli FDX (NP−289082), Homo sapi-
ens ADX(NP−004100), Mesembryanthemum crystallinum ferre-
doxin I precursor (AAB61593), Mus musculus ADX (NP−032022),
Oryza sativa RFDX (BAA19865), O. sativa FDX1 (AAB65699),
Rattus norvegicus ADX (P24483), Spinacia oleracea FDX1
(AAA34028), Pseudomonas putida PDX(BAA00414), S. cere-
visiae Yah1p (NP−015071), and Zea mays FDX1(AAA33460).
The GenBank/EMBL/DDBJ accession numbers for the proteins are
indicated in parenthesis. AtMFDX1 (AB07538) and AtMFDX2
(AB081937) are shown in bold type.

ingly, the amplification from genomic DNA should be
distinguished from RT-PCR products, if any, by check-
ing the presence of the additional intron sequence
located between exon 6 and exon 7. The Arabidopsis
actin gene (AAc1, Nairn et al., 1988) was amplified
by RT-PCR as an internal control with a primer pair
of Act-F (5′-ATGGCTGATGGTGAAGACATTC-3′)
and Act-R (5′-TCAGAAGCACTTCCTGTGAAC-3′).
PCR products were analyzed on a 1.0% agarose gel
and their identity to the original sequence was con-
firmed by DNA sequencing.

DNA sequence analysis

DNA sequences were determined from both strands
with CEQTM DTCA-Quick Start Kits (Beckman
Coulter, Fullerton, CA) and a DNA sequencer, CE-
QTM2000XL DNA Analysis System (Beckman Coul-
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ter). DNA and amino acid sequences were analyzed
with GENETYX software (Software Development,
Tokyo, Japan). Amino acid sequences were aligned
by the ClustalW program (Thompson et al., 1994),
and phylogenetic trees were constructed by with the
PHYLIP program, ver. 3.5c (Felsenstein, 1996).

Assay methods

The rAtMFDX1 content was determined from the
absorbance maximum (414 nm) with an extinction co-
efficient (ε = 9.8 mM−1 cm−1; Huang and Kimura,
1973). The concentration of rAtMFDR was deter-
mined from the absorbance maximum (450 nm) of
the oxidized form with an extinction coefficient (ε =
10.9 mM−1 cm−1; Chu and Kimura, 1973). Reactions
of Cyt c reduction/oxidation were done at 30 ◦C in
an assay mixture (1 ml) containing 50 mM potassium
phosphate buffer pH 7.4, 20 µM Cyt c, concentrations
of either NADH or NADPH, rAtMFDX1 protein, and
rAtMFDR protein. Reaction rates were determined
by following absorbance changes at 550 nm (ε =
19.1 mM−1 cm−1). The ferricyanide reduction rate
was calculated with ε = 1.012 mM−1 cm−1 (Huang
and Kimura, 1973) by monitoring the absorption de-
crease at 420 nm. The reaction was done at 30 ◦C
in an assay mixture (1 ml) containing 50 mM potas-
sium phosphate buffer pH 7.4, 200 µM potassium
ferricyanide, varied concentrations of either NADH or
NADPH, and rAtMFDR protein.

Results

Cloning of cDNAs for mitochondrial ferredoxin
homologues from Arabidopsis

We isolated AtMFDX1 and AtMFDX2 cDNAs cor-
responding to the predicted coding sequences of
AT4g05450 and AT4g21090, respectively (Figure 1).
The AtMFDX1 cDNA contained an ORF of 594 bp
encoding a polypeptide of 198 amino acids with a cal-
culated molecular mass of 21 830 Da. A full-length
AtMFDX2 cDNA was also isolated by RT-PCR using
total RNA from flowers, and the ORF was predicted
to encode a polypeptide with a molecular mass of
22 121 Da (Figure 1). The deduced primary structures
of AtMFDX1 and AtMFDX2 proteins were 76% iden-
tical and exhibited strong sequence similarity to ADX
proteins from other organisms. Namely, AtMFDX1
and AtMFDX2 protein sequences were 43% and 41%
identical to that of bovine ADX1 (Kagimoto et al.,

1988), respectively, and they were 52% and 43%
identical to yeast Yah1p protein (Barros and Nobrega,
1999), respectively. The bovine ADX1 precursor se-
quence (Figure 1) contains the mitochondrial transport
signal of 58 amino acids at its N-terminus (Grinberg
et al., 2000), and the N-terminal extension of yeast
Yah1p protein is involved in the mitochondrial matrix
localizat ion (Barros and Nobrega, 1999). Between
AtMFDX1 and AtMFDX2 proteins, no sequence sim-
ilarity was evident in the N-terminal 60 amino acids,
although they share 86% sequence identity when com-
pared without the N-terminal regions. Mitochondrial
localization of these ferredoxin isoforms from Ara-
bidopsis was predicted with high probabilities by the
PSORT program (http://psort.nibb.ac.jp/) and the Tar-
getP (http://www.cbs.dtu.dk/services/TargetP/). It is
possible that the N-terminal portions of AtMFDX1
and AtMFDX2 proteins may contain sequence infor-
mation to determine their subcellular localization. On
the other hand, the C-terminal regions of AtMFDX
proteins were highly homologous to those of yeast
Yah1p and mammalian ADX proteins (Figure 1) con-
taining the four conserved Cys residues in motif 1 and
motif 3 (Cys-118, Cys-124, Cys-127, and Cys-165)
involved in the binding of the [2Fe-2S] cluster (Ziegler
et al., 1999). The acidic amino acid residues (Asp-145,
Glu-146, Asp-149, and Asp-152) implicated in the in-
teraction with ferredoxin reductase protein (Grinberg
et al., 2000; Ziegler and Schultz, 2000) were found
in motif 2. Figure 2 shows a phylogenetic tree ob-
tained with mitochondrial ferredoxin sequences, vari-
ous plant-type ferredoxins, and ferredoxin sequences
from microorganisms. Mitochondrial-type ferredox-
ins formed a cluster, which was clearly distant from
that composed of plastidal ferredoxins. AtMFDXs and
yeast Yah1p were in the group of mitochondrial-type
ferredoxins.

A cDNA for a mitochondrial ferredoxin
oxidoreductase homologue from Arabidopsis

BLASTP searches with a bovine ADR protein se-
quence (Nonaka et al., 1987) led to the identification
of a putative gene, AT4g32360, potentially encod-
ing a protein similar to ferredoxin-NADP+ reductase.
A full-length cDNA (AtMFDR) isolated by RT-PCR
contained an ORF of 1452 bp for a polypeptide of
484 amino acids with a calculated molecular mass of
53 069 Da (Figure 3). The deduced primary structure
of AtMFDR protein was 40.5% identical to that of
bovine ADR, 40% identical to Drosphila ADR, and
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Figure 3. Alignment of amino acid sequences of ferredoxin reductase proteins. The predicted AtMFDR protein sequence is aligned with other
ferredoxin reductase sequences. BosADXR1 (B. taurus ADXR1, AAA30362), DmelADR (D. melanogaster ADR, AAD50819), MycoFNR
(Mycobacterium tuberculosis FNR, AAK47528), and ScArh1p (S. cerevisiae Arh1p, AAC49500) are included in the comparison. The arrows
above the sequences indicate the FAD binding site and NADP binding site conserved among ferredoxin reductase (Arakaki et al., 1997),
respectively. The positively charged amino acid residues involved in the interaction with ADX (Müller et al., 2001) are indicated by asterisks.
Dashes indicate gaps inserted to allow optimal sequence alignment. Conserved amino acid residues were shaded. The black arrowhead indicates
the N-terminus of the mature form of bovine ADR. The AtMFDR cDNA sequence has been deposited to the GenBank/EMBL/DDBJ databases
under the accession number AB07540.

32% to yeast Arh1p, while it was about 19% identical
to the plastidal NADPH-ferredoxin reductases from
A. thaliana, Spinacia oleracea, Oryza sativa, and Zea
mays. AtMFDR protein conserved two sequence mo-
tifs corresponding to the flavin binding domain and
the NADP binding domain (Figure 3), respectively
(Arakaki et al., 1997). The positively charged residues
involved in the interaction with ADX and mitochondr-
ial P450s (Müller et al., 2001) were also found as Lys-
42, Arg-227, Arg-258, and Arg-262. In a phylogenetic
tree (Figure 4), AtMFDR was grouped into a clus-
ter of ferredoxin reductases involved in the electron
transfer to mitochondrial P450s, while other plastidal
ferredoxin reductases were in a separate group.

Characterization of recombinant AtMFDR protein

Full-length cDNA for AtMFDR was expressed in in-
sect cells using a baculovirus expression vector sys-

tem. SDS-PAGE analysis (Figure 5A) showed that a
new intense band of about 55 kDa appeared in the in-
sect cells infected with the recombinant virus contain-
ing the AtMFDR cDNA (Figure 5A, lanes 3 and 4).
The apparent molecular mass of the expressed protein
was in good agreement with the one calculated from
the primary structure of AtMFDR protein (53 069 Da).
The rAtMFDR protein recovered in the membrane
fraction (Figure 5A, lane 4, the 100 000×g pellet) was
purified to apparent homogeneity using a metal chelat-
ing affinity column with the aid of the C-terminal
His-tag (Figure 5A, lane 5). The rAtMFDR protein
exhibited an absolute absorption spectra characteris-
tic of flavoproteins (Figure 5B). The oxidized form
showed prominent peaks at around 463 and 380 nm,
typical of a flavoprotein. The 463 nm peak almost
disappeared when reduced by adding the excess of
NADPH and was completely abolished by the addition
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Figure 4. Phylogenetic tree for ferredoxin reductase proteins.
The clustalW program was used for the analysis of AtMFDR
protein sequence with the sequences of A. thaliana ferre-
doxin reductases (AtFNR1, AAF79911; AtFNR2, CAB52472;
AtFNR3, CAB81081; AtFNR4, NP−174339), A. vinelandii FNR
(AAA83029), B. taurus ADR1 (AAA30362), C. reinhardtii FNR
(AAA79131), D. melanogaster ADR (AAD50819), E. coli FNR
(CAA66094), H. sapiens ADR1 (AAB59497), M. musculus ADR
(BAA08659), M. tuberculosis FNR (AAK47528), N. tabacum
FNR (CAA74359), O. sativa FNR (BAA90642), O. sativa RFNR
(BAA07479), P. putida PNR (BAA00413), R. norvegicus ADR
(BAA23759), S. oleracea FNR (AAA34029), Synechocystis sp.
PCC 6803 (NP−441779), S. cerevisiae Arh1p (AAC49500), Z.
mays FNR (BAA88236), and Z. mays RFNR (AAB40034). The
GenBank/EMBL/DDBJ accession numbers for the proteins are
indicated in parenthesis. AtMFDR protein is indicated in bold type.

of sodium hydrosulfite (Figure 5B). The apparent Km
values for NADPH and NADH were determined to be
11.3 µM and 123 µM, respectively, using potassium
ferricyanide as the electron acceptor. These Km val-
ues were relatively higher than those of ADR proteins
from other organisms, while the preference of NADPH
over NADH was consistent with the reported proper-
ties (Grinberg et al., 2000). These results indicated
that the AtMFDR cDNA encoded a functionally active
NAD(P)H-dependent oxidoreductase in Arabidopsis.
The rAtMFDR protein was used as the antigen to pre-
pare polyclonal antibodies for subcellular localization
studies, and specificity of anti-rAtMFDR antibodies
was examined using the crude extract from the insect
cells expressing rAtMFDR. The anti-rAtMFDR anti-
bodies were specific towards rAtMFDR, while some
degradation products were also detected (Figure 5A,
lane 7).

Electron transfer activity of AtMFDX and AtMFDR

A mature form of AtMFDX1 protein (rAtMFDX)
was expressed as a fusion protein with a GST (Fig-
ure 6A). After protease treatment, rAtMFDX protein
(ca. 20 kDa) was further purified with Glutathione
Sepharose 4B (Figure 6A, lane 4). The UV-visible
spectra of rAtMFDX1 exhibited the absorption max-
ima at 276, 322, 414, and 456 nm, which are character-
istic of [2Fe-2S] type ADXs (Figure 6B). The spectral
properties were closely similar to those reported for
a human mitochondrial ferredoxin recombinantly pro-
duced in an E. coli system (Xia et al., 1996), and a pair
of rAtMFDX1 and rAtMFDR proteins was sufficient
to reduce Cyt c in vitro in the presence of NADPH.
The observed Cyt c reduction was absolutely depen-
dent on the presence of rAtMFDX1 and rAtMFDR
proteins. The Cyt c reduction could also be detected
with NADH but the rate was considerably low when
compared with that obtained with NADPH. This ob-
servation was consistent with the higher Km value of
AtMFDR for NADH (123 µM) compared with that for
NADPH (11.3 µM).

Subcellular localization

The PSORT program and the TargetP analyses
suggested mitochondrial targeting of AtMFDR and
AtMFDX proteins, and the N-terminal portions of
these proteins seemed to include the properties of mi-
tochondrial transport signal sequences (Glaser et al.,
1998). The 100 000 × g pellet from leaf extracts con-
tained a polypeptide immuno-reactive with the anti-
rAtMFDR antibodies (Figure 5), indicating membrane
association of AtMFDR protein (Figure 7A, lane 6).
Mitochondrial localization of AtMFDR was suggested
from a subcellular fractionation study (Figure 7B).
The anti-rAtMFDR antibodies reacted with a protein
of 55 kDa in mitochondrial fractions from Arabidop-
sis, Brassica pekinensis, and B. oleracea (Figure 7B).
The mitochondrial samples used in this study con-
tained significant contamination from chloroplasts as
indicated by the immuno-detection of the Rubisco
large subunit (Figure 7B, RBCL lanes 3, 4, and 5).
However, no immunoreactive protein was seen in the
chloroplast fraction when the blot was probed with the
anti-rAtMFDR antibodies (Figure 7B, AtMFDR lane
6). These results suggested that AtMFDR protein was
primarily localized to the mitochondria.

Figure 7C (right) shows the localization of
AtMFDR protein in Arabidopsis leaf cells. The Cy3-
derived fluorescence observed with the anti-rAtMFDR
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Figure 5. Heterologous expression of the recombinant AtMFDR protein in insect cells. A. SDS-PAGE was done with a 16% w/v polyacrylamide
slab gel, and proteins were visualized by staining with Coomassie Brilliant Blue R-250. Lane 1, 100 000 × g supernatant from mock-infected
Sf9 cells; lane 2, 100 000× g pellet from mock-infected Sf9 cells; lane 3, 100 000×g supernatant from Sf9 cells infected with the recombinant
virus containing the full-length AtMFDR cDNA; lane 4, 100 000 × g pellet from Sf9 cells infected with the recombinant virus containing
the full-length AtMFDR cDNA; lane 5, purified recombinant AtMFDR; lane 6, protein-gel blot analysis of the crude cell extract from the
mock-infected Sf9 cells; lane 7, protein-gel blot analysis of the Sf9 cells expressing AtMFDR. Polyclonal antibodies raised against the purified
rAtMFDR were used for the immuno-detection at 1:3000 dilution (lanes 6 and 7). The positions of molecular mass markers are shown at the
left. B. The absolute absorption spectra of the purified recombinant AtMFDR. Solid line, oxidized form; dashed line, reduced by addition of
100 µM NADH; dotted line, fully reduced state by adding Na2S2O4.

Figure 6. Heterologous expression of Arabidopsis AtMFDX1 cDNA in E. coli. A. Expression and purification of recombinant AtMFDX1
(rAtMFDX1) protein. SDS-PAGE was done with 5–20% w/v polyacrylamide gradient gel, and proteins were visualized by staining with
Coomassie Brilliant Blue R-250. Proteins (10 µg) from untransformed cells were analyzed in lane 1. Crude extract (10 µg protein) from the
E. coli expressing rAtMFDX1-GST fusion protein was in lane 2. AtMFDX1-GST fusion protein was purified with Glutathione Sepharose 4B
(lane 3), and a mature form of rAtMFDX1 protein (lane 4) was obtained after the cleavage using PreScission Protease (Amersham Biosciences)
according to the manufacturer’s protocol. GST protein after the protease treatment is shown in lane 5. B. Absolute absorption spectra of the
mature form of rAtMFDX1.
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Figure 7. Subcellular localization of AtMFDR. A. Crude leaf extract (lane 1) was centrifuged at 100 000×g. Proteins (10 µg) of the supernatant
(lane 2) and the pellet (lane 3) were separated on 16% (w/v) SDS-PAGE and electroblotted onto a nitrocellulose membrane. The blot was
analyzed by immunodetection with the anti-rAtMFDR antibodies at 1:3000 dilution. Lane 4 (the crude extract) and lane 6 (the pellet) contained
an immuno-reactive band of about 55 kDa, which was not seen in lane 5 (the supernatant). In this experiment, leaf tissues were homogenized
with 50 mM Tris-HCl buffer pH 7.8 containing a protease inhibitor cocktail comprised of 4-(2-aminoethyl)benzenesulfonyl fluoride, pepstatin
A, bestatin, and Na-EDTA (Sigma Aldrich). The positions of molecular weight markers are shown at the left. B.. Subcellular fractionation.
Lane 1, crude extract from sf9 cells; lane 2, crude extract from Sf9 cells expressing rAtMFDR; lane 3, mitochondrial fraction from Arabidopsis
leaves; lane 4, mitochondrial fraction from B. pekinensis; lane 5, mitochondrial fraction from B. oleracea; lane 6, chloroplasts from Arabidopsis
leaves. Proteins (15 µg) were separated by SDS-PAGE and transferred onto a polyvinylidene difluoride membrane for immunodetection with
the anti-rAtMFDR antibodies, anti-citrate synthase antibodies (Koyama et al., 1999), and anti-spinach Rubisco antibodies (Prof. A. Yokota of
Nara Institute of Science and Technology, Japan). The positions of molecular weight markers are shown at the right. C. Tissue immunolabeling
experiment. Arabidopsis leaf sections were embedded in LR-White resin after the fixation in 50 mM potassium phosphate buffer pH 7.4
containing 16% w/v paraformaldehyde and 2% w/v glutaraldehyde. The anti-AtMFDR and the anti-spinach Rubisco antibodies were used as
the primary antibodies, and Cy3-labeled goat anti-rabbit IgG (Jackson Immunoresearch Laboratories) was used for the detection of the primary
antibodies. Immunofluorescent images were obtained using a fluorescence microscope (Eclipse E600, Nikon). Some choloroplasts are indicated
by white arrows (left, Rubisco). Different subcellular images are observed with the anti-AtMFDR antibodies (right, AtMFDR).

antibodies seemed to be localized to a specific struc-
ture, which was clearly different from the localization
of Rubisco protein (Figure 7C, left). To provide fur-
ther evidence that these electron transfer components
are localized to mitochondria, we analyzed transient
expression of fusion proteins of AtMFDXs/S-GFP and
AtMFDR/S-GFP in onion epidermal cells. As shown
in Figure 8, fluorescence from the AtMFDX1/S-GFP
and the AtMFDR/S-GFP fusions was seen with the
organelles which the Mitotracker fluorescence con-
firmed as mitochondria. Similar images were observed
with the expression of AtMFDX2/S-GFP fusion (not
shown). These results indicated that the N-terminal
peptides (Met-1 to Ile-93 of AtMFDX1) of AtMFDX
and AtMFDR (Met-1 to Val-40) were functional and
sufficient to transport proteins to mitochondria.

Tissue distribution of AtMFDR and AtMFDXs gene
transcripts

Figure 9A shows that the accumulation levels of
AtMFDR and AtMFDX transcripts were specifically
high in flowers, while other tissues contained only
lower levels. On the other hand, RT-PCR experi-
ments substantiated the expression of both AtMFDX
and AtMFDR genes in leaf tissues (data not shown).
A protein-gel blot analysis revealed significant accu-
mulation of AtMFDR protein in leaf, stem, and flower
(Figure 9B). RT-PCR analyses using total RNA from
flowers and gene specific primers (Figure 9, C and
D) suggested that the expression level of AtMFDX2
was higher than that of AtMFDX1. These results in-
dicated that these electron transfer components were
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Figure 8. Transient expression of the AtMFDX1/S-GFP and the AtMFDR/S-GFP fusion proteins in onion epidermal cells. Expression of the
fusion proteins was under control of the cauliflower mosaic virus 35S promoter and the nopaline synthase terminator. A. Onion epidermal
cells transformed with sGFP(S65T). B. AtMFDX1/S-GFP. C. AtMFDR/S-GFP fusion proteins. AtMFDX1/S-GFP-expressing cells (D) were
treated with the mitochondria-specific dye MitoTracker Red cmXRos (E). F. Image obtained by merging the GFP fluorescence (D) and the
MitoTracker Red fluorescence (E). AtMFDR/S-GFP-expressing cells (G) were also treated with Mitotracker, and the Red fluorescence image
(H) was merged (I) with GFP fluorescence (G). Fluorescence of GFP and Mitotracker Red visualized with an Olympus microscope IX71
(Olympus, Tokyo, Japan) and the following filter sets of U-MGFPHQ for GFP and U-MWIG2 for MitoTracker. Images were taken with the DP
manager software (Olympus).

functioning not only in flowers but also in every tissue
throughout development.

Discussion

Ferredoxins and ferredoxin reductases are widely dis-
tributed in organisms across kingdoms and are in-
volved in a variety of metabolic processes (Arakaki
et al., 1997). In photosynthetic organisms, these elec-
tron transfer components participate in the generation
of NADPH during the linear photosynthetic electron
transport. On the other hand, plant plastidal ferre-
doxin and ferredoxin reductase in non-photosynthetic
tissues play crucial roles in nitrogen assimilation. In
mammals, ADX and ADR constitute the mitochon-
drial electron transfer system for the P450-dependent
steroid hydroxylation (Vickery, 1997). However, no

mitochondrial ferredoxins and ferredoxin reductases
from plants have so far been elucidated.

In Arabidopsis, we identified and characterized
the genes encoding mitochondrial types of ferredox-
ins (AtMFDX1 and AtMFDX2) and ferredoxin re-
ductase (AtMFDR). cDNA cloning and recombinant
protein studies demonstrated that these genes encode
functionally active proteins. Subcellular localization
studies and the transient expression of GFP fusions
indicated that these electron transfer components are
localized to mitochondria, suggesting that AtMFDXs
and AtMFDR could be physiologically related re-
dox proteins in plant mitochondria. Considering the
mammalian ADX and ADR functions, it is possi-
ble that AtMFDX and AtMFDR may be involved in
the P450 monooxygenase reactions in plants. In fact,
AtMFDX and AtMFDR proteins conserved the amino
acid residues (Figures 1 and 3) implicated in the in-
teraction with mitochondrial P450s (Grinberg et al.,
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Figure 9. Tissue distribution of the gene transcripts. A. Total RNA
was isolated from roots and leaves of 3-week old plants, and
from inflorescence stems and flowers of 5-week old plants. To-
tal RNA (10 µg) was probed with either the full-length cDNA
of AtMFDX1 or AtMFDR. B. Accumulation levels of AtMFDR
protein in stem, leaf, and flower. Tissues were homogenized with
50 mM Tris-HCl buffer pH 7.8 containing a protease inhibitor cock-
tail (Sigma Aldrich). Proteins (10 µg) were separated on 16% w/v
SDS-PAGE and electroblotted onto a PVDF membrane. The blot
was analyzed by immunodetection using the anti-rAtMFDR anti-
bodies and the ECL detection system (Amersham Biosciences). C.
RT-PCR analysis was done to examine the accumulation levels of
AtMFDX1 and AtMFDX2 gene transcripts. The Arabidopsis actin
gene (AAc1; Nairn et al., 1988) was amplified by RT-PCR as the
internal control. D. Schematic diagrams to illustrate RT-PCR ampli-
fication. The forward primer and the reverse primers were derived
from exon 6 and the 3′-untranslated region, respectively, thereby
ensuring the identification of the PCR fragment amplified from the
first-strand cDNA as the template. The exons are indicated by the
open boxes.

2000). However, we were not successful in reconsti-
tuting in vitro the monooxygenase reaction of a bovine
adrenal P450 (CYP11B2, Nonaka et al., 1998) using
rAtMFDX1 and rAtMFDR proteins. No P450 protein
has so far been identified in the mitochondrial pro-
teome (Kruft et al., 2001; Millar et al., 2001), and
mitochondrial P450 systems in plants still remain to
be clarified.

Millar et al. (2001), have identified an adreno-
doxin/mitochondrial ferredoxin homologue (TrEMBL
accession number Q9SRR8 encoded by AT3g07480)
in the Arabidopsis mitochondrial proteome. In the
phylogenetic tree (Figure 2), this ADX homologue
(Q9SRR8 protein) was not in the mitochondrial ferre-
doxin group but very close to putidaredoxin involved
in the P450cam reaction of Pseudomonas putida (Shi-
mada et al., 2001). A sequence comparison revealed
that Q9SRR8 protein is missing one of the four
Cys residues involved in the [2Fe-2S] cluster binding
(Arakaki et al., 1997; Grinberg et al., 2000). Since the
ORF for Q9SRR8 protein consists of a single exon, the
annotation of AT3g07480 should not have had an error
by overlooking additional exons for the missing Cys
residue. In addition, this protein sequence does not
include the acidic amino acid residues involved in the
interaction with ferredoxin reductase (Grinberg et al.,
2000). These observations indicated that this ADX ho-
mologue could not function in the mitochondrial P450
monooxygenase reactions but instead plays a part in
different metabolic processes.

In prokaryotic microorganisms (Lill and Kispal,
2000), the assembly of the Fe-S cluster is mediated
by the functions of a series of proteins including a
[2Fe-2S] ferredoxin encoded by the isc operon. A
process similar to that mediated by the prokaryotic isc-
encoded proteins including NifU is also operating in
mitochondria of eukaryotic cells (Lange et al., 2000;
Mühlenhoff and Lill, 2000). Thus, Yah1p (Lange
et al., 2000) and Arh1p (Li et al., 2001) are the ho-
mologues of ADX and ADR in yeast, respectively,
and participate in the Fe-S cluster maturation and mi-
tochondrial iron homeostasis. It has been reported
that mitochondria of human cells contains an analo-
gous system for Fe-S cluster maturation (Tong and
Rouault, 2000). It has recently been reported that
the STARIK gene in Arabidopsis encodes a half-type
ABC transporter, a functional homologue of yeast
Atm1p involved in the export of mature Fe-S clus-
ters from mitochondria (Kushnir et al., 2001). The
Arabidopsis genome contains putative genes for pro-
teins homologous to those involved in the microbial
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Fe-S cluster maturation processes (Lill and Kispal,
2000). For example, AT5g65720 is thought to en-
code a cysteine desulphrase (NifS-like) involved in
the initial step of the Fe-S cluster biosynthesis. Kush-
nir et al. (2001) reported that this NifS-like protein
was targeted to mitochondria. In addition, Arabidopsis
genes (AT4g22220, AT4g04080, and AT3g01020) are
predicted to encode NifU-like protein, a component
for the Fe-S maturation process. It is therefore pos-
sible that AtMFDXs and AtMFDR may be involved
in the process of Fe-S maturation process as found
in other organisms. On the other hand, it has been
reported that another NifS-like cysteine desulfhydrase
(AtNFS2, At1g08490) in Arabidopsis was targeted to
plastids (Léon et al., 2002), indicating that the Fe-S
biosynthesis in plants is not as simple as that found in
yeast.

The current results indicate that AtMFDX and
AtMFDR are localized to mitochondria, and physio-
logical redox partners functioning with AtMFDX and
AtMFDR should also be present at the same subcel-
lular localization. Extensive mitochondrial proteomics
studies or protein interaction studies together with the
elucidation of submitochondrial localization of these
electron transfer components will provide essential in-
formation to understand the physiological functions of
AtMFDXs and AtMFDR with terminal electron ac-
ceptor proteins.
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