
Characterization and Topology of the Membrane Domain Nqo10 Subunit of the
Proton-Translocating NADH-Quinone Oxidoreductase ofParacoccus denitrificans†

Mou-Chieh Kao, Salvatore Di Bernardo, Akemi Matsuno-Yagi, and Takao Yagi*

DiVision of Biochemistry, Department of Molecular and Experimental Medicine, The Scripps Research Institute,
10550 North Torrey Pines Road, La Jolla, California 92037

ReceiVed January 30, 2003; ReVised Manuscript ReceiVed March 3, 2003

ABSTRACT: The proton-translocating NADH-quinone oxidoreductase (NDH-1) ofParacoccus denitrificans
is composed of 14 different subunits (Nqo1-Nqo14). Of these, seven subunits (Nqo7, Nqo8, and Nqo10-
14) which are equivalent to the mitochondrial DNA-encoded subunits of complex I constitute the membrane
segment of the enzyme complex; the remaining subunits make up the peripheral part of the enzyme. We
report here on the biochemical characterization and heterologus expression of the Nqo10 subunit. The
Nqo10 subunit could not be extracted from theParacoccus membranes by NaI or alkaline treatment,
which is consistent with the presumed membrane localization. By using the maltose-binding protein (MBP)
fusion system, the Nqo10 subunit was overexpressed inEscherichia coli. The MBP-fused Nqo10 was
expressed in membrane fractions of the host cell and was extractable by Triton X-100. The extracted
fusion protein was then isolated by one-step affinity purification through an amylose column. By using
immunochemical methods in conjunction with cysteine-scanning mutagenesis and chemical modification
techniques, the topology of the Nqo10 subunit expressed inE. coli membranes was determined. The data
indicate that the Nqo10 subunit consists of five transmembrane segments with the N- and C-terminal
regions facing the periplasmic and cytoplasmic sides of the membrane, respectively. In addition, the data
also suggest that the proposed topology of the MBP-fused Nqo10 subunit expressed inE. coli membranes
is consistent with that of the Nqo10 subunit in the nativeParacoccusmembranes. From the experimentally
determined topology together with computer prediction programs, a topological model for the Nqo10
subunit is proposed.

A Gram-negative soil bacteriumParacoccus denitrificans
closely resembles the mammalian mitochondria when grown
in aerobic conditions and possesses a mitochondrial-type
respiratory chain (1). The proton-translocating NADH-
quinone oxidoreductase ofParacoccus(NDH-1),1 like the
mammalian enzyme (complex I), is a multiple subunit
enzyme complex that is responsible for electron transfer from
NADH to quinone with the coupled translocation of protons
across the membrane (2). Compared to mammalian complex
I, which is composed of at least 46 different subunits (3)

and recognized as the most intricate membrane-associated
enzyme complex, theParacoccusNDH-1 is relatively
simpler with only 14 different subunits (designated Nqo1-
14) (4, 5). However, in terms of cofactors, theParacoccus
enzyme is similar to the mammalian enzyme and bears one
noncovalently bound FMN and eight iron-sulfur clusters
(2). Therefore, it provides a useful model system for studying
the structure and function of the mitochondrial complex I.

Low resolution structures obtained from electron micro-
scopic analyses of complex I/NDH-1 ofNeurospora crassa
(6), E. coli (7), and bovine mitochondria (8) indicate that
this enzyme complex has an L-shaped assembly with one
arm in the membrane and the other in the matrix or
cytoplasm. Results based on membrane extraction studies
suggest that theParacoccusNDH-1 can also be divided into
two segments, the peripheral domain and the membrane
domain (9, 10). The peripheral domain in theParacoccus
NDH-1 protrudes into the cytoplasm and is composed of
seven subunits (Nqo1-6 and Nqo9 subunits) (9, 10). It
contains all the prosthetic groups involved in the NADH-
quinone oxidoreductase reaction (2, 11, 12). Among these
subunits, subunits Nqo1-5 appear to be solely in the
peripheral part. The Nqo6 and Nqo9 subunits, on the other
hand, have been experimentally demonstrated to be partly
present in the membrane, and are believed to act as a
connector between the peripheral segment and the membrane
segment (2, 9, 13). In addition, cross-linking experiments
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provided clear evidence that the Nqo6 subunit directly
interacts with the membrane domain Nqo7 subunit (14).

The membrane domain of theParacoccus NDH-1 appears
to consist of seven subunits (Nqo7, Nqo8, and Nqo10-14)
(15, 16), which are homologues of the mitochondrial DNA
(mtDNA)-encoded subunits of mammalian complex I (17,
18). Unlike the peripheral domain, no cofactor has been
identified in this membrane-bound segment. Other than the
primary structure deduced from nucleotide sequences, in-
formation on the membrane domain subunits is scarce. It is
apparent that the membrane segment is involved in proton
translocation and Q-binding (2, 19). Because the structure
and arrangement of the membrane domain subunits are
crucial to an understanding of the mechanism of proton
translocation, we have undertaken detailed studies on the
properties and characteristics of the individual subunits in
the membrane segment (2, 20, 21).

In this paper, we focused on theParacoccusNqo10
subunit (a counterpart of the ND6 subunit of complex I).
Recently, it has been recognized that the ND6 gene of
complex I is a hot spot for pathogenic mutations (22), and
numerous point mutations leading to amino acid changes in
this subunit have been found to be associated with known
mitochondrial diseases. We were able to overexpress the
ParacoccusNqo10 subunit in membrane fractions ofE. coli
by using the MBP fusion system. Characterization and the
topological studies of the Nqo10 subunit were carried out
and a possible relevance of the structure of this subunit to
mitochondrial diseases is discussed.

EXPERIMENTAL PROCEDURES

Antibody Production. An oligopeptide, H-CELKDVK-
PGQGL-OH (Nqo10c), derived from the C-terminal region
of theParacoccusNqo10 subunit with an additional cysteine
incorporated for the purpose of conjugation was linked to
maleimide-activated bovine serum albumin as an immunogen
using Imject Activated Immunogen Conjugation kit. Anti-
bodies were raised in rabbits and were affinity-purified
according to published procedures (23-25).

Construction of the MBP-Fused Nqo10 Expression Vector.
The nqo10gene used for expression and mutagenesis was
constructed from pXT-2b plasmid (16) utilizing PCR. Two
oligonucleotides, 5′-TCTATGCCGAGGATCCCGAGGAAT-
GATG-3′ and 5′-CTATCGCGGTCAAGCTTGCCGCGTTC-
3′, were synthesized in which the underlined bases were
altered fromParacoccusDNA to generate aBamHI site and
aHindIII site near the initiation and stop codon, respectively,
of thenqo10gene. By using pXT-2b plasmid as a template

and the designed oligonucleotides as primers, PCR ampli-
fication of thenqo10gene was carried out in a thermocycler
as described previously (26). The amplified DNA was
subcloned into pCR-Script Amp SK(+), and its sequence
was confirmed by sequencing. The resulting plasmid was
designated pCR(Nqo10). The pCR(Nqo10) was digested with
BamHI/HindIII, and the DNA fragment containing the
desirednqo10 gene was then purified and ligated in the
BamHI/HindIII sites of the pMAL-p2G vector. The plasmid
thus obtained was named pMAL-p2G(Nqo10), which is a
fusion plasmid with the insertednqo10 gene located im-
mediately downstream from and in the same translational
reading frame as the vector’smalE gene.

Mutagenesis and Production of Monocysteine DeriVatiVes
of nqo10.Mutants for cysteine-scanning experiments were
constructed by using the GeneEditor in vitro site-directed
mutagenesis system (Promega) according to the manufac-
turer’s instructions. First, a plasmid, named pCR(Nqo10)-
(C14S), was constructed in which the sole endogenous
cysteine (Cys14) existing in Nqo10 was replaced with serine
to produce a cysteine-less mutant. By using this cysteine-
less background, a synthetic oligonucleotide listed in Table
1, which contained the desired codon change, could replace
a specific amino acid residue with a cysteine. All mutated
nqo10genes were verified by DNA sequencing before being
subcloned into the pMAL-p2G vector to allow expression
of the MBP-fused protein in the host cells for cysteine
labeling experiments.

Expression of the MBP-Fused Nqo10 Subunit. Competent
E. coli BLR(DE3)pLysS cells were transformed with deriva-
tives of plasmid pMAL-p2G carrying wild-typenqo10,
cysteine-lessnqo10, or variousnqo10mutations and spread
onto LB agar plate containing 100µg/mL ampicillin. Cells
were grown at 37°C basically as reported previously (21)
except that IPTG was added at 0.5 mM when the culture
reachedA600 of ∼2.0. The cells were then harvested by
centrifugation and stored at-80 °C, or immediately used
for preparation of membrane vesicles.

Purification of the MBP-Fused Nqo10 Subunit. The cell
pellet was suspended (1 g of cells/10 mL) in 20 mM Tris-
HCl (pH 8.0) containing 1 mM EDTA, 1 mM DTT, 0.3 M
NaCl, and 1 mM PMSF (buffer A). The cell suspension was
freeze-thawed twice, sonicated briefly before passing through
a French press at 1500 psi to thoroughly disrupt the cells.
After cell debris and insoluble materials were removed by
repeated centrifugations in a Sorvall SS34 rotor at 12 000
rpm for 10 min, the resulting cell lysate was ultracentrifuged
at 50 000 rpm for 30 min in a Beckman Spinco 60Ti rotor

Table 1: Oligonucleotide Primers Used for Site-Directed Mutagenesis in MBP-FusedParacoccusNqo10 Subunit

mutation mutagenic primer sequencea codon change

C14S 5′ GATCAGCGCCA*GCGTCGCCG 3′ TGC f AGC
M2C 5′ GGATCCCGAGGAATGT*G*C*ACCTTCGCTTTCTAC 3′ ATG f TGC
N25C 5′ GTGATCGGCCGCT*G*CCCGGTGCATTC 3′ AAC f TGC
A49C 5′ TCGTGCTGCAAGGCT*G*C*GAGTTCGTCGCCATG 3′ GCGf TGC
E50C 5′ TGCTGCAAGGCGCGT*G*C*TTCGTCGCCATGC 3′ GAG f TGC
G84c 5′ CCGAGCTGAAGT*GCGAACTGGCGC 3′ GGCf TGC
S114C 5′ GCTGGACGCCCTG*C*GACCAGGCCGAAAG 3′ TCG f TGC
R142C 5′ CGTGCTTTACGACT*GCTATGTGCTGATG 3′ CGCf TGC
H168C 5′ CTGACCATGCGCT*G*CCGCAAGGACGTC 3′ CAC f TGC
W182C 5′ GAACAGATGTGC*CGCGACCCGGC 3′ TGG f TGC

a Asterisks indicate mismatches.
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to separate soluble (cytosol) and membrane fractions. The
collected membrane fractions were resuspended to 5 mg/
mL protein in buffer A containing 1% (v/v) Triton X-100.
The suspension was placed in an ice-water bath and
sonicated with a Branson sonifier attached to a narrow tip
at an amplitude of 6 with 50% pulse for 5 min 3 times.
Following sonication, the sample was incubated on ice for
1 h and then subjected to ultracentrifugation at 50 000 rpm
for 1 h in a60Ti rotor. The supernatant fraction was collected
and loaded onto an amylose column (5 mL of bed volume)
equilibrated with buffer A plus 0.5% Triton X-100 (column
buffer). After washing with 20 column volumes of the
column buffer, the MBP-fusedParacoccusNqo10 was eluted
from the column with 10 mM maltose, concentrated in an
Amicon Centriprep-30 concentrator, and stored at-20 °C.

The pMAL-p2G vector includes a sequence coding for
the recognition site (PGAAHY) of Genenase I. To separate
the Nqo10 protein from MBP, the purified MBP-fused
ParacoccusNqo10 subunit was first adjusted to 0.5 mg/mL
in buffer A and then digested with Genenase I at 0.01 mg/
mL at room temperature for 24 h.

Preparation of ISO and RSO Membrane Vesicles of
Paracoccus and E. coli. ISO membrane vesicles were
prepared as described previously (20, 21) with some minor
modifications. Briefly, the cells were suspended at∼40 mg/
mL (wet weight) in a buffer containing 50 mM Tris-HCl,
pH 7.5, 5 mM MgCl2, 1 mM DTT, and 1 mM PMSF. The
cell suspension was then passed through a French press once
at 8000 psi. After unbroken cells and large cell debris were
removed by repeated centrifugations at 12 000 rpm for 10
min in a SS34 rotor, ISO membrane vesicles were collected
from the supernatant by centrifugation at 50 000 rpm for 30
min in a 60Ti rotor. The resulting pellet was resuspended in
50 mM Tris-HCl (pH 7.5) containing 5 mM MgCl2, 1 mM
PMSF, and 0.5 M sucrose. RSO membrane vesicles were
prepared according to an established method based on
lysozyme-EDTA treatment and osmotic lysis (27, 28). The
concentration of the total membrane proteins in ISO and RSO
membrane vesicles was determined by the BCA protein assay
kit (Pierce) according to manufacturer’s protocol after
solubilization of the membranes in 2% SDS.

Chemical Labeling and Blocking.ISO and RSO mem-
branes vesicles were collected by centrifugation, washed once
with labeling buffer (50 mM Tris-HCl (pH 7.5), 5 mM
MgCl2, 1 mM PMSF, and 0.5 M sucrose), and resuspended
in the same buffer to give a final protein concentration of
17 mg/mL. Approximately 5 mg of membrane protein was
used for the labeling reaction. Eight microliters of the freshly
prepared blocking reagent, AIAS (40 mM), or the same
volume of distilled water was added to the membrane
vesicles, followed by incubation at room temperature for 2
h in the dark. Subsequently, the reaction mixture was treated
with 3 µL of 1 mCi/mL [3H]NEM and incubated at room
temperature for 2 h. The reactions were quenched with 50
mM cysteine and incubation for 30 min. A stock solution of
1 M cysteine was prepared just prior to use in labeling buffer.
After quenching, the membrane vesicles were disrupted by
freeze-thawing twice, followed by the addition of Triton
X-100 in buffer A to a final concentration of 3% and
incubation for 2 h to solubilize the membranes. The Triton
X-100 extract was then recovered from centrifugation and
mixed with 120µL of amylose resin (preequilibrated with

buffer A). After overnight incubation at 4°C, the resin was
washed repeatedly with 1 mL of buffer A for 4 times. The
MBP-Nqo10 was then eluted with 10 mM maltose in 100
µL of elution buffer (80 mM Tris-HCl, pH 6.8, 6% SDS,
and 20% glycerol) for 2 h at room temperature. Each
collected sample was mixed with 5 mL of scintillation
cocktail and radioactivity was measured in the Beckman LS-
6000SC Liquid Scintillation System.

Preparation of Liposomes and Reconstitution of the MBP-
Fused Nqo10 Subunit. Detailed procedures for liposome
preparation and fusion protein reconstitution have been
described previously (20, 21). Briefly, liposomes were first
prepared by mixing a chloroform/methanol (2:1) solution of
phosphatidylcholine (type XVI-E) with 1-(4-trimethyl-
ammoniumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH) in
a molar ratio 200:1. The solvent was evaporated under argon
flux, and the lipid film was then hydrated in 10 mM Tris-
HCl (pH 8.0) to a phospholipid concentration of 10 mg/mL
with agitation. The resultant suspension was sonicated on
ice 8 times with 50% pulse mode for 5 min each, followed
by the addition of dodecyl maltoside until its turbidity
disappeared (approximately 2.25 mol of detergent/mol of
phospholipid). During the reconstitution process aliquots of
the purified MBP-fused Nqo10 subunit were added to the
equilibrated detergent-phospholipid suspension to give the
protein-to-lipid ratios of 0, 5, 10, 25, and 50% (w/w), and
the resultant mixture was incubated at room temperature for
1 h. To remove the detergent, the suspension was mixed with
SM2 Bio-Beads (10 mg/mg of phospholipid) according to
the batch procedure originally described by Holloway (29),
and incubated at room temperature with gently agitation for
2 h. The SM2 beads were then removed by centrifugation.
The collected liposome suspension was dialyzed against 10
mM Tris-HCl (pH 8.0) overnight with a Pierce Slide-A-Lyzer
10k Dialysis Cassette. The fluorescence anisotropy of the
reconstituted MBP-fused Nqo10 liposomes were carried out
at 25 °C according to refs30 and 31 in an SLM 8000
spectrofluorometer. The excitation and emission wavelengths
were 363 and 429 nm, respectively. For control experiments,
the MBP-fused Nqo10 subunit was replaced by MBP2*,
which is a derived, soluble protein that consists of maltose-
binding protein preceded by methionine and with the final
four amino acids replaced by 23 extra amino acid residues.

Sequence Analysis.The GCG software package was used
to analyze the DNA and amino acid sequences (32). The
BESTFIT, PILEUP, and PRETTYBOX programs were used
to conduct the sequence alignment and comparison. Homol-
ogy search was carried out using the BLAST server at the
National Center for Biotechnology Information (33). Topo-
logical prediction of membrane proteins was performed on
web servers for TMHMM (34), HMMTOP (35), MEMSAT
(36), TopPred2 (37), TMpred (38), and PHD (39). All
prediction methods were used in their single-sequence mode
with all user-adjustable parameters left at their default values.

Other Analytical Procedures. Protein concentration was
determined by the BCA protein assay kit (Pierce) according
to the manufacturer’s protocol. SDS-PAGE was performed
using the discontinuous system of Laemmli (40). Instead of
boiling, protein samples were incubated at room temperature
for 1 h before being loaded onto the gel. Immunoprecipitation
with anti-Nqo10c serum was conducted according to a
protocol previously described (41, 42). Any variations from
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the procedures and other details are described in the figure
legends.

Materials. The pCR-Script Amp Cloning kit was from
Stratagene (La Jolla, CA). The GeneEditor in vitro Site-
Directed Mutagenesis system was purchased from Promega
(Madison, WI). Materials for PCR product purification,
plasmid preparation, and gel extraction were obtained from
Qiagen (Valencia, CA). Amylose resin, anti-MBP antiserum,
MBP2*, expression vector pMAL-p2G, and Genenase I were
from New England Biolabs (Beverly, MA). Protein A
Sepharose CL-4B gel was purchased from Amersham
Pharmacia Biotech (Arlington Heights, IL). SM2 Bio-Beads
were from Bio-Rad (Hercules, CA). IPTG and PMSF were
from Sigma (St. Louis, MO). BCA protein assay kit, GelCode
Blue stain reagent, SuperSignal West Pico chemiluminescent
substrate, and Imject Activated Immunogen Conjugation kit
were from Pierce (Rockford, IL).N-Ethyl-[1,2-3H]maleimide
was from NEN (Boston, MA). 4-Acetamido-4′-[(iodoacetyl)-
amino]stilbene-2,2′-disulfonic acid sodium salt was from
Molecular Probes (Eugene, OR). All other materials were
reagent grade and obtained from commercial sources.

RESULTS

Production of Antibodies against the Paracoccus Nqo10
Subunit. Because of their hydrophobic nature, membrane
subunits in complex I are difficult to purify and usually
provide limited immunogenicity. However, peptide anti-
bodies have been successfully raised against some of the
membrane domain subunits in human complex I (17, 43) as
well as inParacoccusNDH-1 (20, 21). Thus, we attempted
to raise antibodies to theParacoccusNqo10 subunit using
synthetic oligopeptides corresponding to the C- or N-terminal
regions. Unfortunately, oligopeptides derived from the N-
terminal region were too hydrophobic to synthesize and
purify. In contrast, antibody against the C-terminal 11 amino
acid residues of the Nqo10 subunit (designated anti-Nqo10c)
was successfully produced. The antibody, when tested against
theParacoccusmembranes, clearly recognized a single band
of a Mr ∼21 kDa, which coincides with the MW) 21 947
of the Nqo10 subunit deduced from its amino acid sequence
(Figure 1A). The anti-Paracoccus-Nqo10c antibody also
recognized a band with a similar Mr in the Rhodobacter
capsulatusmembranes (The Nqo10 homologue has a MW
) 21 733 calculated from the deduced amino acid sequence).
The same antibody did not react withThermus thermophilus
HB-8 membranes,E. coli membranes, or bovine heart SMP.
These results are not unexpected because the selected
C-terminal region of theParacoccusNqo10 subunit exhibits
82% sequence identity to the Nqo10 homologue ofR.
capsulatusbut are significantly different in other organisms
tested (Figure 1A). Furthermore, the anti-Nqo10c antibody
was able to immunoprecipitate a protein with the same mass
from the cholate-treatedParacoccusmembranes (Figure 1B).

Localization of the Nqo10 Subunit in the Paracoccus
NDH-1. Our previous experiments demonstrated that the
peripheral subunits of theParacoccusNDH-1 (Nqo1-6 and
9) can be extracted from the membranes by a chaotropic
agent such as NaI or by incubation at high pH, whereas the
membrane subunits Nqo7 and Nqo11 remain in the mem-
brane after these treatments (9, 10, 21). With the antibody
to the Nqo10 subunit available, we were able to conduct the

same extraction experiments for this subunit. As seen in
Figure 2, the peripheral subunit Nqo1 (the NADH-binding
subunit) was partially extracted from the membranes by

FIGURE 1: Reactivity of anti-ParacoccusNqo10c antibody. The
antibody was raised against the C-terminal 11 amino acids of the
ParacoccusNqo10 subunit and affinity-purified as detailed in the
Experimental Procedures. (A) Cross-immunoreactivity with the
Paracoccusmembranes (Pd), R. capsulatuschromatophores (Rc),
T. thermophilusHB-8 membranes (Tt), bovine heart SMP (Bt), and
E. coli membranes (Ec). Gel electrophoresis and electronic transfer
were carried out using 10µg each of the samples as described
previously (23-25). Immunoblotting was performed with the
SuperSignal West Pico system (Pierce). The C-terminal amino acid
sequences from the species are given for comparison. (B) Immuno-
precipitation of the Nqo10 subunit from theParacoccusmembranes
(Pd-Nqo10) and from Genenase I-treated, purified MBP-fused
Nqo10 (Cec-Nqo10) by using anti-Nqo10c serum. In the control
sample,Paracoccusmembranes were treated with preimmune
serum instead of anti-Nqo10c serum. The secondary antibody used
for detection was goat anti-rabbit IgG, Fc fragment specific,
horseradish peroxidase conjugate (Pierce). The numbers on the left
side indicate the molecular mass (kDa) of marker proteins.

FIGURE 2: Effects of chaotropic reagents and alkaline buffer on
extraction of the Nqo1, Nqo6, and Nqo10 subunits from cholate-
treated P. denitrificans membranes. One hundred and twenty
microliters of cholate-treated membranes (1.0 mg/mL) were
incubated for 10 min at 30°C either in the presence of 1.5 M NaI
or 2.0 M NaCl (chaotrope treatment) or in a buffer, pH 12,
containing 100 mM 2-(N-cyclohexylamino)-ethanesulfonic acid
(alkaline treatment). The membrane suspension was then freeze-
thawed twice using liquid nitrogen and a water bath at 30°C
followed by centrifugation in an Airfuge at 30 psi for 10 min. Ninety
microliters of the supernatant was carefully transferred into micro-
tubes. The resulting supernatant (S) and membrane suspensions (M)
were mixed with equal volumes of 2× Laemmli’s sample buffer.
Ten microliters of each sample was loaded on Laemmli SDS-13%
polyacrylamide gels. Immunoblotting was carried out with affinity-
purified antibodies against Nqo1, Nqo6, and Nqo10c as described
in Figure 1.
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NaCl, but completely removed by NaI or at pH12. Similarly,
another peripheral subunit Nqo6 (the connector subunit)
could be extracted from the membranes except that this
subunit resisted the NaCl treatment. In contrast, the Nqo10
subunit remained in the membranes under any conditions
used. These data further confirmed that the Nqo10 subunit
is one of the intrinsic hydrophobic proteins that make up
the membrane segment of theParacoccusNDH-1.

Expression of the Nqo10 Subunit in E. coli. For further
characterization of theParacoccusNqo10 subunit, we
attempted overexpression of this protein in a native form in
E. coli membranes. For this purpose, we employed the
secretable maltose-binding protein (MBP) fusion system. The
MBP system has been successfully used for heterologous
expression of foreign proteins in the bacterial system which
would otherwise be difficult (21). Another advantage is that
the MBP moiety attached to the N-terminus of a target
protein provides useful information about the orientation of
this end of the protein (44, 45). As shown in Figure 3A, the
MBP-fused Nqo10 subunit was expressed in membrane
fractions of the hostE. coli cell. Furthermore, the expressed
protein could be extracted almost completely from the
membrane fractions with 5% Triton X-100, indicating that

the MBP-fused Nqo10 subunit may possess a correct folding
in the membranes of the host cell (Figure 3B). In contrast,
when the nonsecretable MBP system was used, the fusion
protein was also located in the membrane fractions but was
not extractable with Triton X-100 (data not shown). The
MBP-fused Nqo10 subunit was then purified from the Triton
X-100 extract to homogeneity by a one-step procedure using
amylose affinity chromatography (Figure 4). The molecular
weight estimated from SDS-PAGE of the MBP-fused
Nqo10 subunit was 63.0 kDa, which agreed reasonably with
the molecular size of the fusion protein (64.6 kDa) deduced
from its amino acid sequence.

The purified MBP-fused Nqo10 subunit was then treated
with Genenase I which cleaves the MBP protein. The
cleavage of the MBP-fused Nqo10 subunit was partial. None
of the attempts to improve the cleavage efficiency, including
changing buffers and salt conditions, increasing reaction
temperature, adding detergents, prolonging incubation and/
or increasing Genenase I concentrations, was successful. It
might be that three-dimensional conformation of the fusion
protein hinders the accessibility of Genenase I to the cleavage
site. As seen in Figure 5, the Genenase I treatment released
two new cleavage products with molecular weights corre-
sponding to 21 and 42 kDa. The molecular size and the
immunoblotting results clearly identified the 21 kDa and the
42 kDa bands to be the Nqo10 subunit and the MBP,
respectively. It should be noted that the 21 kDa band
appeared diffuse and was poorly stained with the GelCode
blue stain, which is indicative of a hydrophobic protein. In
addition, the Genenase I-treated, MBP-fused Nqo10 subunit
could be immunoprecipitated using the anti-Nqo10c antibody,
further confirming the identity of the Nqo10 subunit (Figure
1B, right lane). These results suggest that the MBP-fused
ParacoccusNqo10 subunit was correctly expressed in the
E. coli membranes.

It is expected that the MBP-fused Nqo10 subunit consists
of a soluble, globular MBP domain and a hydrophobic,
membrane-embedded Nqo10 domain. To confirm this point,
we measured the effect of the MBP-fused Nqo10 subunit

FIGURE 3: Expression of the MBP-fused Nqo10 subunit inE. coli
membranes. TheParacoccusNqo10 subunit was expressed inE.
coli using the secretable MBP fusion system (pMAL-p2G). (A)
Immunoblotting of the membrane fraction (Mem) and the cytosolic
fraction (Cyt) prepared from the hostE. coli cells bearing the
pMAL-p2G(Nqo10) expression vector. Left panel, anti-MBP serum;
right panel, affinity-purified anti-Nqo10c antibody. Ten micrograms
of protein samples were applied to each lane of a 13% Laemmli
gel. The electrophoresis and electronic transfer were carried out as
described in Figure 1. (B) Triton extraction of the MBP-fused
Nqo10 subunit fromE. coli membranes. The membrane fraction
(3.0 mg/mL) prepared from host cells was incubated in the presence
or absence of 5% Triton X-100 for 1 h onice. The supernatant (S)
and the membrane suspensions (M) were prepared as given in
Figure 2 and the samples were subjected to SDS-PAGE (13%
polyacrylamide gel). Immunoblotting was conducted with affinity-
purified anti-Nqo10c antibody. The numbers on the left side indicate
the molecular mass (kDa) of marker proteins.

FIGURE 4: SDS-PAGE gel patterns of the MBP-fusedParacoccus
Nqo10 subunit expressed inE. coli. Lane 1, cell lysate ofE. coli
expressing the MBP-fusedParacoccusNqo10 subunit; lane 2,
membrane fraction; lane 3, soluble fraction (cytoplasm); lane 4,
MBP-fused Nqo10 subunit isolated by amylose affinity column
chromatography. Ten micrograms (lanes 1-3) or 5µg (lane 4) of
sample proteins were loaded on a 13% Laemmli SDS gel. The
protein was visualized with GelCode blue. The numbers on the
left side indicate the molecular mass (kDa) of marker proteins.
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on the fluorescence anisotropy of TMA-DPH in phospholipid
vesicles. It is shown in Figure 6 that the anisotropy was
increased by elevating the protein-to-lipid ratio. In contrast,
the water-soluble protein MBP2* had no effects on the
anisotropy. These results imply that the hydrophobic Nqo10
domain of the MBP-fused Nqo10 subunit interacted with the
phospholipid vesicles and altered the microenvironment of
TMA-DPH in the membrane. It is therefore likely that the
MBP domain and the Nqo10 domain of the MBP-fused
Nqo10 subunit behave independently.

Topological Studies of the Nqo10 Subunit. To carry out
topological studies, the inside-out (ISO) and the right-side-
out (RSO) membrane vesicles were prepared fromPara-
coccusand the host cellE. coli BLR(DE3)pLysS according
to the methods outlined in Experimental Procedures. On the
basis of our previous findings (20, 21), the Nqo1 (NADH-
binding) subunit and the C-terminal region of the Nqo7
subunit (Nqo7c) of theParacoccusNDH-1 were selected
as markers for the cytoplasmic and periplasmic sides of the
membranes, respectively. The results of immuno-dot-blottng
using theParacoccusmembranes indicate that the anti-Nqo1

antibody recognized the ISO vesicles but did not recognize
the RSO vesicles (Figure 7A). In contrast, the anti-Nqo7c
antibody reacted with the RSO, but not ISO, membrane
vesicles. These results confirm that theParacoccusmem-
brane vesicles were correctly prepared in terms of sidedness
and reasonably low in contamination by the vesicles of
opposite orientation. As seen in Figure 7A, the anti-Nqo10c
antibody reacted with the ISO membrane vesicles but not
with the RSO membrane vesicles, suggesting that the
C-terminus of the Nqo10 subunit is exposed to the cyto-
plasmic side of the nativeParacoccusmembranes.

Using the same approach, we then examined the topology
of the MBP-fused Nqo10 subunit expressed in the mem-
branes ofE. coli cells. As shown in Figure 7B, the antibody
to theE. coli homologue of the Nqo1 subunit reacted with
the ISO, but not RSO,E. coli membrane vesicles, which
ensures the correct orientation and the quality of the prepared
membrane vesicles. Antibody against MBP recognized the
RSO, but not ISO, vesicles, confirming that the MBP domain
of the fusion protein is present on the periplasmic side of
theE. coli membranes. In contrast, the anti-Nqo10c antibody
reacted with the ISO vesicles but not with the RSO vesicles.
This result indicates that the C-terminus of the expressed

FIGURE 5: Identification of the cleaved fragments derived from
the Genenase I-treated MBP-fused Nqo10 subunit by use of anti-
Nqo10c antibody and anti-MBP serum. The purified MBP-fused
Nqo10 protein was digested with Genenase I at room temperature
for 24 h and the products were analyzed by electrophoresis and
immunoblotting as described in Figure 1. Left panel, SDS gel
pattern with GelCode blue staining; center panel, immunoblotting
with affinity-purified anti-Nqo10c antibody; right panel, immuno-
blotting with anti-MBP serum. Ten micrograms (protein staining)
and 2.5µg (immunoblotting) of the sample protein were loaded
per lane.

FIGURE 6: Effect of the MBP-fusedParacoccusNqo10 subunit
on the fluorescence anisotropy of phospholipid vesicles. The
reconstituted phospholipid vesicles contained either MBP-fused
ParacoccusNqo10 subunit ([) or MBP2* (O). Fluorescence
anisotropy of TMA-DPH intercalated into the phospholipid vesicles
was measured in a spectrofluorometer with the excitation and
emission wavelengths at 363 and 429 nm, respectively.

FIGURE 7: Localization of the C-terminal region of the Nqo10
subunit using oppositely oriented membrane vesicles. The right-
side-out (RSO) and the inside-out (ISO) membrane vesicles were
prepared fromParacoccusand E. coli cells as detailed in the
Experimental Procedures. The membrane vesicles were bound
directly to nitrocellulose membranes in a DOT Blot apparatus for
1 h at room temperature. After washing 3 times with TES buffer
and incubation with 2% skim milk in PBS buffer for 1 h toblock
nonspecific binding sites, the nitrocellulose membranes were again
thoroughly washed and incubated with the affinity-purified primary
antibodies followed by detecting antibodies as described previously
(9, 10). The primary antibodies employed included antibodies
directed against the Nqo1 protein and itsE. coli homologue (positive
control for ISO membrane vesicles), the Nqo7c protein (positive
control for RSO membrane vesicles), the Nqo10 protein, and MBP.
(A) Paracoccusmembranes. (B)E. coli membranes expressing the
MBP-fused Nqo10 subunit.
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MBP-fused Nqo10 subunit faces the cytoplasm of the host
E. coli cells. The concordance of the location of the
C-terminus of the Nqo10 subunit in theParacoccusmem-
branes and that of the MBP-fused Nqo10 subunit in theE.
coli membranes strongly suggests that the Nqo10 protein
expressed inE. coli retains the native orientation.

Taking advantage of the possibility to generate mutants,
we next examined the topology of membrane spanning
segments of the MBP-fused Nqo10 subunit in theE. coli
membranes using the substituted cysteine scanning analyses.
Because theParacoccusNqo10 subunit contains one en-
dogenous cysteine (Cys14), this residue was first replaced
with a serine to prevent its possible interference. Because
MBP has no naturally occurring cysteine, the cysteine-less
MBP-fused Nqo10 subunit could be used directly to generate
a series of Nqo10 subunit mutants, in each of which a single
unique cysteine was introduced. On the basis of hydropathy
plots of the ParacoccusNqo10 subunit (see below), we
selected nine cysteine residues in the positions corresponding
to potential loops as well as the N- and the C-termini. The
nine Nqo10 monocysteine mutants, M2C, N25C, A49C,
E50C, G84C, S114C, R142C, H168C, and W182C, were
generated and expressed inE. coli. All E. coli cells

expressing the mutant proteins grew normally. The expres-
sion level and the subcellular distribution of each mutated
MBP-fused Nqo10 subunit showed no substantial difference
from those of the wide type.

The surface accessibility of the cysteine residue was
assessed using the ISO and RSOE. coli membrane vesicles
prepared from the host cells expressing the individual
mutated Nqo10 subunits. These membrane vesicles were first
incubated in the presence or absence of a membrane
impermeable sulfhydryl reagent, AIAS, and then reacted with
a membrane-permeable [3H]NEM. The radiolabeled MBP-
fused Nqo10 subunit was affinity-purified from the mem-
branes using amylose resin and was subjected to radioactive
analyses. Because MBP itself has no intrinsic cysteine, all
radioactivity is presumed to derive from the labeling of the
mutated Nqo10 subunit. The results of the radiolabeling
experiments are summarized in Table 2. To assess the
accessibility of the introduced cysteine residues, we calcu-
lated the ratio between the samples that were not treated with
AIAS and those that were treated with AIAS. The values
for the cysteine-less MBP-fused Nqo10 subunit were used
as control for both the ISO and RSO vesicles. For example,
in mutant M2C, the ratio obtained for the RSO vesicles was

Table 2: Effect of the Membrane-Impermeable SH Modifier AIAS on [3H]NEM-Labeling in the MBP-FusedParacoccusNqo10 Mutants

right-side-out vesicle inside-out vesicle

mutation + AIAS (cpm)a - AIAS (cpm)a Rb + AIAS (cpm)a - AIAS (cpm)a Rb locationc

C14S (Cys-less) 270 362 1.3 298 369 1.2 -
M2C 451 971 2.2 438 631 1.4 P
N25C 297 391 1.3 468 1369 2.9 C
A49C 869 1266 1.5 723 1185 1.6 -
E50C 799 1319 1.7 822 1174 1.4 -
G84C 227 328 1.4 342 856 2.5 C
S114C 620 1494 2.4 854 983 1.2 P
R142C 1078 2931 2.7 689 1250 1.8 P
H168C 299 419 1.4 225 698 3.1 C
W182C 361 642 1.8 315 1603 5.1 C
a Values are the labeling collected from3H radioactivity counting.b R values are calculated by dividing the3H radioactivity counting from the

samples without AIAS preincubation by the corresponding value from the samples with AIAS preincubation.c P, periplasm; C, cytoplasm;-, no
location assigned.

FIGURE 8: Proposed membrane topology of theParacoccusNqo10 subunit. Five putative transmembrane segments of theParacoccus
Nqo10 subunit from the N-terminus to the C-terminus are numbered with ascending Arabic numerals. The N-terminus and C-terminus are
exposed to the periplasmic and cytoplasmic side of the membrane, respectively. The cysteine-less mutation is indicated by a black square.
Residues replaced by a cysteine are shown as black diamonds with numbers representing the positions. Conserved residues among the
homologues of theParacoccusNqo10 subunit are shown in gray squares. The topology plot presented here was generated by using the
TEXtopo package (52).
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significantly greater than the ratio for the ISO vesicles. This
result, in good agreement with the topological data obtained
with anti-MBP serum, indicates that the N-terminus of the
MBP-fused Nqo10 subunit is orientated toward the peri-
plasmic phase. Similarly, mutants S114C and R142C were
preferentially labeled in the RSO vesicles, implying that S114
and R142 face the periplasmic phase. In contrast, mutants
N25C and G84C were labeled to a greater extent in the ISO
vesicles, suggesting that N25 and G84 are exposed to the
cytoplasmic space. Mutants H168C and W182C also gave
rise to the values in favor of the cytoplasmic orientation.
This latter result agrees well with that of immunochemical
studies using anti-Nqo10c antibodies, and signifies that the
C-terminal region of the Nqo10 subunit is directed to the
cytoplasmic space. Unexpectedly, the results from labeling
of mutants A49C and E50C were ambiguous, precluding
definitive conclusion as to the sidedness of these cysteine
residues. It could be that this area may be poorly accessible
to a large reagent such as AIAS. On the basis of available
data, a topological model for theParacoccusNqo10 was
constructed as depicted in Figure 8.

DISCUSSION

To date, very little information is available for the
membrane domain of NDH-1/complex I. It is obviously
important to understand the structure and functional role of
this segment to elucidate the overall mechanism of the entire
enzyme complex. We have previously characterized the Nqo7

subunit (20) and the Nqo11 subunit (21) of Paracoccus
NDH-1 and, in the present study, explored the Nqo10
subunit. By using the secretable MBP fusion system, the
ParacoccusNqo10 subunit could be natively expressed as a
fusion protein inE. coli membranes. The proper orientation
of the expressed protein in theE. coli membranes was
deduced from the location of the MBP moiety and the
C-terminus. With the aid of oppositely oriented membrane
vesicles expressing the Nqo10 subunit together with the
cysteine-scanning method, we were able to determine the
membrane topology of this subunit. Our topological model
proposed for theParacoccusNqo10 subunit has five trans-
membrane spans (TMs), which agrees with the five stretches
of hydrophobic residues originally revealed by the hydrop-
athy profile. Our model also indicates that the N- and
C-terminal regions face the periplasmic and the cytoplasmic
side, respectively. These topological data were compared
with predictions offered by a variety of computer programs
developed for analysis of transmembrane regions and
orientation, and some representative results are shown in
Figure 9. All analyses [TMHMM (34), HMMTOP (35),
MEMSAT (36), TopPred2 (37), TMpred (38), and PHD (39)]
predicted five transmembrane segments with the N-terminus
on the outside (periplasmic side). There were slight discrep-
ancies among the algorithms with regard to the position of
the five transmembrane segments. Therefore, the actual
boundary of each segment must be determined experimen-
tally.

FIGURE 9: Topological characterization of theParacoccusNqo10 subunit based on predictions offered by a variety of computer programs.
The hydropathy profile was obtained according to Kyte and Doolittle (53). Topological prediction was performed using web servers for
TMHMM ( 34), TMpred (38), HMMTOP2 (35), and TopPred2 (37). All algorithms predicted five membrane spanning sections with the
N-terminus on the outside (O) and the C-terminus on the inside (I). The residues replaced with a cysteine in this study are marked with bars
and the residue numbers.

FIGURE 10: Comparison of the deduced primary sequence of theParacoccusNqo10 subunit with its homologues from various organisms.
The region containing the first three membrane segments (TM1, TM2, and TM3) predicted in our model are shown. The alignment was
conducted with the PILEUP program and conserved residues were highlighted with the PRETTYBOX program of the GCG package (32).
The amino acid residues reported for pathogenic point mutations in the human mitochondrial ND6 subunit are marked by arrows. Sequence
sources and their Swiss-Prot accession numbers are (from top to bottom):P. denitrificans[P29922] (16), E. coli K-12 [P33605] (54),
Thermus thermophilusHB-8 [Q56225] (26), yeastYarrowia lipolytica[Q9B6E9] (55), Xenopus laeVis [P03927] (56), chickenGallus gallus
[P18941] (57), andHomo sapiens[P03923] (58).
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The Nqo10/ND6 subunit is one of the less phylogenetically
conserved NDH-1/complex I subunits (46). The primary
structure of the N-terminal half which accommodates the
first three TMs is somewhat better conserved than that of
the C-terminal half. Figure 10 shows the amino acid sequence
alignment of the region encompassing the three TMs from
various organisms including mammals, fungi, and bacteria.
There are only four residues well conserved in this region,
all in the TM3 (Y60, G62, V66, and F68 inParacoccus
numbering). Among them, Y60 may be of particular interest
because of the capability of participating in protonation and
thus its potential involvement in proton translocation. Ac-
cording to the proposed topology of theParacoccusNqo10
subunit, Y60 is located in the middle of TM3. In addition,
this residue is almost perfectly conserved among all homo-
logues of Nqo10 currently available in sequence databases.
Whether or not this tyrosine residue actually participates in
proton translocation of NDH-1 remains to be seen.

Despite the poor conservation of primary structure among
species, the gene encoding Nqo10/ND6 has recently been
identified as a “hot spot” for pathogenic point mutations in
mitochondrial DNA (22). Nine mutations leading to eight
amino acid changes in seven different positions of this
subunit have been found so far to be associated with human
diseases. Functional defects of complex I have been reported
in some of these mutations (47-50). Examination of the TMs
predicted in our proposed Nqo10 model reveals that all of
the mutations reported for the human ND6 gene occur within
or near the hydrophobic stretch containing the TM2 and TM3
(Figure 8). It is probably unlikely that a single amino acid
substitution causes a drastic change in the structure of Nqo10/
ND6 leading to a failure in assembly of the entire complex
(22). Instead, it can be speculated that mutations on TM2 or
TM3 may influence the packing of these putative membrane
spanning helices. Consequences of mutations on the function
of the human enzyme complex could be tested using the
bacterial system. One such attempt was made by Finel’s
group (51) in which site-directed mutagenesis was conducted
on the Nqo8/ND1 subunit in theParacoccusNDH-1 target-
ing the residue that mimics the human mitochondria mutation
ND1/3460 and several highly conserved amino acids in its
immediate surroundings. The results suggested that the Nqo8/
ND1 subunit plays an important role in the binding and
reduction of Q. It is anticipated that site-directed mutation
studies on theParacoccusNqo10 subunit involving the
residues related to human diseases as well as conserved
amino acids in the TM2 and TM3 regions should help to
clarify the possible role of this subunit on the activity of
NDH-1 and on the structural organization of the membrane
segment of the enzyme.
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6. Guénebaut, V., Vincentelli, R., Mills, D., Weiss, H., and Leonard,
K. R. (1997) Three-dimensional structure of NADH-dehydro-
genase fromNeurospora crassaby electron microscopy and
conical tilt reconstruction.J. Mol. Biol. 265, 409-418.
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