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The flavoprotein rotenone-insensitive internal NADH-
ubiquinone (UQ) oxidoreductase (Ndi1) is a member of the res-
piratory chain in Saccharomyces cerevisiae. We reported previ-
ously that bound UQ in Ndi1 plays a key role in preventing the
generation of reactive oxygen species. Here, to elucidate this
mechanism,we investigated biochemical properties ofNdi1 and
its mutants in which highly conserved amino acid residues (pre-
sumably involved in NADH and/or UQ binding sites) were
replaced. We found that wild-type Ndi1 formed a stable charge
transfer (CT) complex (around 740 nm) with NADH, but not
with NADPH, under anaerobic conditions. The intensity of the
CT absorption band was significantly increased by the presence
of bound UQ or externally added n-decylbenzoquinone. Inter-
estingly, however, when Ndi1 was exposed to air, the CT band
transiently reached the same maximum level regardless of the
presence of UQ. This suggests that Ndi1 forms a ternary com-
plex with NADH and UQ, but the role of UQ in withdrawing an
electron can be substitutable with oxygen. Proteinase K diges-
tion analysis showed that NADH (but not NADPH) binding
induces conformational changes in Ndi1. The kinetic study of
wild-type and mutant Ndi1 indicated that there is no overlap
between NADH and UQ binding sites. Moreover, we found that
the bound UQ can reversibly dissociate from Ndi1 and is thus
replaceable with other quinones in the membrane. Taken
together, unlike other NAD(P)H-UQ oxidoreductases, the Ndi1
reaction proceeds through a ternary complex (not a ping-pong)
mechanism. The bound UQ keeps oxygen away from the
reduced flavin.

Alternative NADH dehydrogenases (NDH-2)4 catalyze elec-
tron transfer fromNADH to quinonewithout energy transduc-
tion. They are commonly found in the respiratory chain of bac-
teria, fungi, and plant mitochondria but not in mammalian
mitochondria (1, 2). TheNDH-2 enzyme is generally composed
of a single polypeptide and can be classified into three groups:
A, B, and C. Group A has two adenine dinucleotide (ADP)-
binding motifs and is involved in the non-covalent binding of
NAD(P)H and FAD. Group B has the same two ADP-binding
motifs and an additional conserved EF-hand. Group C has only
one conserved ADP-binding motif where flavin is covalently
bound (2). The yeast Ndi1 enzyme belongs to group A (2) and
catalyzes NADH oxidation on the matrix side of the mitochon-
drial inner membrane (3) like the energy-transducing NADH
dehydrogenase complex I (4).
The physiological electron acceptor of NDH-2 is quinone,

which is broadly classified into two types: naphthoquinone
(menaquinone) and benzoquinone (ubiquinone (UQ)). Ndi1
utilizes the latter as an electron acceptor (2). Both quinones
have a hydrophilic head group andhydrophobic isoprenoid side
chains and ensure electron transfer between several mem-
brane-bound respiratory enzymes. Ndi1 does not react with
oxygen in the presence of UQ. In the absence of quinone,
NADH-reduced Ndi1 reacts with oxygen and produces H2O2,
although intrinsic NADH oxidase activity is extremely low
(about 300-fold less) compared with NADH-UQ1 oxidoreduc-
tase activity (5). Our previous biochemical studies of Ndi1 sug-
gest that Ndi1 has enzyme-bound UQ (bound UQ), which is
distinct from the catalyticUQ (electron acceptor). Kinetic stud-
ies have indicated the physiological importance of boundUQ in
Ndi1.WhenNdi1 was incorporated into bovine heart submito-
chondrial particles, only the UQ-bound form established
NADH-linked respiratory activity and did not produce H2O2
(5). In other experiments, NDI1 (which encodes the Ndi1 pro-
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tein)-transduced cells did not produce detectable levels of reac-
tive oxygen species (ROS) (6, 7). Thus, it was postulated that the
presence of bound UQ in Ndi1 is physiologically important in
its enzymatic reaction and that Ndi1 bears at least two distinct
UQ binding sites: one for bound UQ and another for catalytic
UQ (5). However, the function of bound UQ in Ndi1 and the
general reaction mechanism of NDH-2 have yet to be eluci-
dated (2, 8–10).
In this study, we mutated highly conserved amino acid resi-

dues, which are presumably involved in NADH and/or UQ
binding sites based on the x-ray crystal structures of flavin
enzymes that have relatively high sequence homology with
Ndi1. Using these mutants and/or various inhibitors, we exam-
ined the reactionmechanism of Ndi1 and the role of boundUQ
in this reaction.

EXPERIMENTAL PROCEDURES

Materials—UQ1, UQ6, and UQ10 were purchased from
Sigma. Preparation of the reduced form of UQ1 (UQ1H2) was
done according to the method of Rieske (11). Dodecyl �-D-
maltoside (DM) was purchased from Anatrace. Materials for
PCR product purification, gel extraction, and plasmid prepara-
tion were purchased from Promega. Egg yolk lecithin (PL-
100M) was kindly provided by Q. P. Corp. All other chemicals
were of reagent grade and obtained from commercial sources.
Site-directedMutagenesis of Ndi1—Amino acid replacement

of Ndi1 was performed with the QuikChange II XL site-di-
rectedmutagenesis kit (Stratagene) using pET16b(NDI1-m) (5)
and synthetic oligonucleotide primers (supplemental Table S1).
Pro92, Leu93, Leu94, Thr239, Thr339, Asn341, and Thr392 were
replaced with Ala; Leu195 was replaced with Ala, Val, and Ile;
Glu242 was replaced with Ala, Gln, and Asp; and Asp383 was
replaced with Ala, Asn, Glu, and Gln. Each mutation was
confirmed through DNA sequencing (PRISM310, Applied
Biosystems).
Expression and Purification of Ndi1—Escherichia coli strain

BL21(DE3)pLysSwas transformedwithmutant pET16b(NDI1-
m). The expression and purification procedure of mutant Ndi1
enzyme was basically the same as those for the wild-type
enzyme (Triton X-100 (TX) enzyme) (5). Because some mu-
tant enzymes were purified as apoenzyme, 50 �M FAD was
added to all buffers after the membrane suspension step. This
improved FAD content in purified mutant Ndi1. Purification
was performed under aerobic conditions because the enzyme is
not sensitive to oxygen.
In addition to the preparation of UQ-freeNdi1 (TX enzyme),

UQ-bound Ndi1 (containing endogenous quinone; UQ8 if
overexpressed inE. coli) was also prepared by a procedure using
DM (5). To further increase the UQ content of purified Ndi1,
the ionic strength of the buffers was raised from 200 to 500mM.
We found that at low ionic strength purifiedNdi1 withDMwas
extremely unstable (formed aggregates) compared with the TX
enzyme. The enzyme eluted from the nickel-nitrilotriacetic
acid column was desalted with a buffer containing 50 mM

Mops-KOH (pH 7.0), 500 mM NaCl, 0.1 mM EDTA, 10% glyc-
erol, and 0.02% DM. We called this preparation DM enzyme.
Furthermore, to increase enzymepurity and recovery, 0.3%DM
was replaced with 0.17%DMplus 0.1% TX from themembrane

extraction step. Ndi1 purified by this modified method was
called the TX/DM enzyme. The TX/DM enzyme was also
unstable at low ionic strength.
Enzyme Assays—NADH-UQ1 oxidoreductase activity was

measured as described (5). The decrease in NADH absorption
(340 nm)wasmeasuredwith aHitachi U-3310 spectrophotom-
eter. Although Ndi1 has NADH oxidase activity, the experi-
ments were carried out under aerobic conditions because
NADH oxidase activity is much smaller than NADH-UQ1 oxi-
doreductase activity, and ROS were not detected in the pres-
ence of quinone (data not shown). The enzyme was preincu-
bated with UQ1 for 1 min, and the reaction was initiated by the
addition of NADH. For the NADH oxidase activity, UQ1 was
omitted.
Quantification of Bound Ubiquinones in Purified Ndi1—As

shown in Ref. 5, the UQ content in the purified Ndi1 enzyme
was determined using an ultraperformance liquid chromatog-
raphy system (LaChrome ULTRA, Hitachi). Inertsil ODS-3 (2
�m, 3.0� 50mm; GL Sciences) was used, and the flow rate was
changed to 0.8 ml/min at 40 °C. Elution was monitored by a
diode array detector (L-2455L, Hitachi), and the content (UQ8
and UQ10) was calculated from the peak area by comparison
with authentic UQ8 and UQ10. The efficiency of extraction
was also verified by the internal standard UQ6 in each
measurement.
Proteolytic Digestion—Proteolytic digestion of Ndi1 was car-

ried out in an anaerobic chamber (Plas Labs, Inc.) at room tem-
perature to avoid NAD(P)H oxidation by Ndi1 and oxygen.
Purified wild-type enzyme was diluted with a buffer containing
50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 mM CaCl2, 200 mM

NaCl ,and 10% glycerol to obtain a concentration of 1 mg of
protein/ml (total, 100�l). The enzymewas then incubated for 5
min with a substrate (1 mM NADH, 1 mM NADPH, or 100 �M

UQ1), 1mM dithionite, or 5% (v/v) EtOH. After incubationwith
the substrate, the enzyme was digested by 0.01 mg/ml (�0.3
units/ml) proteinase K from porcine pancreas (proteomics
grade, Sigma) for 1–3 h. The reaction was stopped by the addi-
tion of 2 mM PMSF. The resulting sample was denatured with
the same volume of 2� Laemmli sample loading buffer and
subjected to SDS-polyacrylamide gel (9%) electrophoresis. Pro-
teins were then transferred onto the PVDF membrane. The
digested peptide fragments were identified by N-terminal pro-
tein sequencing (492 Protein Sequencer, Applied Biosystems).
Fusion of UQ10-enriched Liposomes with E. coli Membrane—

Unilamellar UQ10-containing liposomes were prepared as
described in Ref. 12. Egg yolk lecithin (2.0 g) was mixed with
UQ10 (13.3 mg), and the mixture was dissolved in 6 ml of chlo-
roform (7.5 nmol ofUQ10/mgof egg yolk lecithin). The solution
was concentrated under nitrogen gas and then dried using a
centrifugal thickener (TOMY ST-10) for 1 h at 30 °C. A dried
lipid/UQ10 mixture was resuspended in 10 ml of a buffer con-
taining 50 mM Tris-Cl (pH 8.0), 200 mM NaCl, 0.1 mM EDTA,
and 10% glycerol. After 1 h of hydration, the lipid mixture was
sonicated with an ultrasonic cell disruptor (MicrosonTM) at 14
watts for five 10-min cycles at 4 °C.
Fusion of liposome andmembrane was performed by amod-

ified method used by Hackenbrock and co-workers (12, 13). 10
ml of liposomes were mixed with 20 ml of E. coli membrane
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overexpressing Ndi1 (28.9 mg of protein/ml), and the mixture
was incubated for 1 h at 30 °C. The mixture was then frozen in
liquid nitrogen, thawed, and sonicated at 14 watts for 1 min at
0 °C; this process was repeated five times to improve fusion
efficiency. The mixture of liposome and membrane was
brought up to 45 ml with the same buffer described above, and
the liposome-fused membrane was separated by ultracentrifu-
gation (260,000 � g for 1 h). The pellet (liposome-fused mem-
brane fraction) was suspended at a concentration of 10 mg of
protein/ml in 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 0.1 mM

EDTA, and 10% glycerol; quickly frozen in liquid nitrogen; and
stored at �80 °C until use.
Other Analytical Procedures—Protein concentration was

determined with a protein assay bicinchoninate kit fromNaca-
lai Tesque. FAD content was determined as described in Refs.
14 and 15. SDS-polyacrylamide gel electrophoresis was per-
formed by a modified method used by Laemmli (16). UV and
visible absorption spectra were measured on an Olis DW2000
spectrophotometer, a Hitachi U-3310 spectrophotometer, or an
ND-1000 spectrophotometer (NanoDrop). Anaerobic experi-
ments were carried out in a controlled anaerobic chamber with a
palladium catalyst, which bonds trace oxygen to hydrogen in the
anaerobic gas mixture (90% argon and 10% hydrogen), forming
water vapor. Any variations from these procedures and other
details are described in the figure legends.

RESULTS

Purification of UQ-bound Ndi1—We have reported previ-
ously that UQ8 content of Ndi1 extracted by DMwas estimated
to be 0.17 mol of UQ8/mol of Ndi1 (5). By increasing the salt
concentration in buffers, the UQ content of purified Ndi1 (DM
enzyme) was increased to 0.54 mol/mol of enzyme (Fig. 1C).
However, the purity of the DM enzyme was considerably lower
than that of the TX enzyme (Fig. 1, A and B). The additional
absorption peak around 420 nm was found in DM enzyme
(shown in Fig. 1A), which showed typical characteristics of
hemoprotein (data not shown). In contrast, the purity of
TX/DM enzyme was almost the same as that of TX enzyme
(Fig. 1, A and B), but its UQ content was 0.32 mol/mol, which
was a significant amount (Fig. 1C). Therefore, we used TX/DM
enzyme as UQ-bound Ndi1 in subsequent experiments.
Redox Properties of Flavin and Bound UQ of Ndi1—To verify

whether the boundUQofNdi1 directly participates in the elec-
tron transfer reaction, the redox state of FAD of the purified
enzyme was examined spectrophotometrically. The experi-
ments were carried out under strict anaerobic conditions to
avoidNADHoxidation byNdi1 and oxygen. The absorptions of
oxidized FAD (peaks at 383 and 448 nm) in UQ-free and UQ6-
reconstituted Ndi1 were completely lost by the addition of
NADH (Fig. 2, A and B, solid lines). However, a small broad
band newly appeared around 740 nm when the enzymes were
reduced with NADH (Fig. 2, A and B, dotted lines). This band
was stable for at least 1 h under anaerobic conditions. This
broad absorption band can be regarded as charge transfer (CT)
complex because the formation of CT complex has been
reported for many flavoproteins (17, 18). Generally, a CT com-
plex is an electron donor-electron acceptor complex character-
ized by electronic transition to an excited state in which there is

a partial transfer of electronic charge from the donor to the
acceptor moiety and with optical absorption bands derived
from the formation of an electronic transition state. In flavo-
proteins, a CT complex is usually formed as a result of �-�
charge transfer interaction between the parallel stacked
isoalloxazine ring of the reduced flavin and the nicotinamide
ring of NAD(P) and has a broad absorption band in the long
wavelength region (19).
In Ndi1, the CT complex was not formed by the addition of

NADHalone under anaerobic conditions. In theUQ6-reconsti-
tuted Ndi1, the CT complex absorption band was increased
2.5-fold comparedwith that ofUQ-free enzyme (Fig. 2,A andB,
dotted lines). Moreover, the addition of excess n-decylbenzo-
quinone (DBQ) (relatively water-soluble quinone) resulted in
the same increase of the CT peak in both UQ-free and UQ6-
bound Ndi1 (Fig. 2, A and B, dashed-dotted lines). Then, when
the cuvette was exposed to air, the CT complex absorption
band progressively increased, reached equilibriumwithin 5min
(Fig. 2A, inset), and subsequently decreased. This was probably

FIGURE 1. Effect of detergents on purity and content of bound UQ of Ndi1.
A, the absorption spectra of Ndi1, which was purified using TX (5 �M; solid
line), TX/DM (5 �M; dotted line), and DM (5 �M; dashed line). The spectra were
measured on a Hitachi U-3310 spectrophotometer at 25 °C in a buffer con-
taining 50 mM Mops-KOH (pH 7.0), 0.1 mM EDTA, 10% glycerol, 1 M NaCl, and
0.02% TX (for TX enzyme) or 0.02% DM (for TX/DM and DM enzymes). B, each
sample (10 �g) was subjected to SDS-polyacrylamide gel (9%) electrophore-
sis. C, UQ8 content of each sample was calculated from the results of reverse-
phase HPLC. * denotes an undetectable level of UQ8. Each value and vertical
bar represent the mean � S.E.
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caused by the exhaustion of NADH. The maximum heights of
the CT complex absorption band in UQ-free and UQ6-recon-
stituted Ndi1 were basically the same (Fig. 2, A and B, dashed
lines). These results indicate that Ndi1 forms the CT complex
with NADH like other flavoproteins. Moreover, quinone (or
molecular oxygen) is required as an electron acceptor for the
formation of the CT complex. It is noteworthy that the CT
complex was not observed after addition of NADPH and that
the addition of DBQ or the exposure to air had no effect (sup-
plemental Fig. 1A). This suggests that NADH is specifically
required for the CT complex formation.
We also examined the influence of endogenous quinone on

the formation of CT complex using UQ8-bound Ndi1 (TX/DM

enzyme) (supplemental Fig. 1, B and C) and found that endog-
enous UQ8 more efficiently formed CT complex compared
with exogenous quinone (UQ6) (Fig. 2). This result implies that
exogenously boundUQ6 is not bound to exactly the same site as
endogenously boundUQ8.Moreover, these results suggest that
Ndi1 forms a ternary complex with NADH and UQ in close
vicinity of FAD and that UQ can withdraw an electron from
reduced flavin, leading to the formation of the CT complex.We
thus speculate that quinone can prevent artificial electron
transfer from reduced flavin to molecular oxygen.
Conformational Change in Ndi1 by NADH Binding—We

reported previously that the bound UQ was dissociated from
the enzymewhenNdi1 was reduced withNADHunder aerobic
conditions, whereas the bound UQ remained attached when
Ndi1 was reducedwithNADHunder anaerobic conditions (see
Fig. 7 in Ref. 5). In contrast, the boundUQwas dissociated from
the enzyme when Ndi1 was reduced with NADPH under both
aerobic and anaerobic conditions (data not shown). These
observations suggest that NADHbindingmight induce confor-
mational change in Ndi1 to prevent the release of bound UQ
fromNdi1. Therefore, we examined the susceptibility to prote-
ase digestion of Ndi1 in the presence of different substrate ana-
logs to probe conformational changes induced by NADH.
Ndi1 was digested by proteinase K under anaerobic condi-

tions and analyzed using SDS-PAGE (Fig. 3A). Supplemental
Fig. 2 confirmed that the amount of loaded protein was the
same in all conditions. Ndi1 clearly exhibitedmuch higher sen-
sitivity to proteinase K in the presence of NADH compared
with the other substrate analogs (Fig. 3A). Larger peptide bands
1 and 3 were significantly decreased, whereas smaller peptide
bands 4 and 5 were significantly increased (Fig. 3B). The pres-
ence of NADPH or dithionite did not affect the protease sensi-
tivity of Ndi1 (Fig. 3, A and B). The peptide fragments were
identified by N-terminal amino acid sequence and the predic-
tion ofmolecularmass by SDS-PAGE (supplemental Fig. 3). All
of these peptide fragments except the sixth fragment were
found to contain a GXGXXG motif for NADH binding. In the
control experiment, the digestion pattern of bovine serumalbu-
min by proteinase K was not affected by the addition of NADH
(data not shown). These data indicate that the conformational
change inNdi1was caused by theNADHbinding but not by the
reduced state of FAD.
Site-directed Mutagenesis of Ndi1—Based on the results in

Fig. 2, we speculated that the binding site of “bound UQ” in
Ndi1 might be located near the isoalloxazine ring of FAD to
directly accept an electron from the reduced FAD. Indeed, the
NADH binding site of the group A family of NDH-2 enzymes
has been suggested to exist near the FAD binding site (2, 20). In
the case of NDH-2 from Yarrowia lipolytica, it was suggested
that NADH and the quinone head group interact with the same
binding pocket competitively (8). To obtain an understanding
of the structure of the binding sites of the substrates inNdi1, we
referred to the x-ray crystal structures of other flavin enzymes:
thioredoxin reductase of Drosophila melanogaster (DmTR)
(21) and lipoamide dehydrogenase of Pseudomonas putida
(PpLipDH) (22). Both enzymes have a similar sequence homol-
ogy (Protein Data Bank code 2NVK (amino acids 153–349;
identity, 25%; similarity, 39%; gap, 24%) and Protein Data Bank

FIGURE 2. Effect of bound UQ on formation of CT complex in Ndi1. The
absorption spectra of UQ-free (100 �M; A) and UQ6-reconstituted Ndi1 (about
1 mol of UQ6/mol of enzyme; 100 �M; B) were measured on an Olis DW2000
spectrophotometer at 25 °C in a buffer containing 50 mM Mops-KOH (pH 7.0),
0.1 mM EDTA, 10% glycerol, and 0.02% DM. The experiments were carried out
using an anaerobic chamber (Coy Laboratory Products Inc.) The method of
incorporation of UQ6 into the purified Ndi1 was described in Ref. 5. UQ-free
Ndi1 (A) and UQ6-reconstituted Ndi1 (B) were reduced by the addition of 1 mM

NADH (dotted line), and then 200 �M DBQ was added (dashed-dotted line).
After the addition of DBQ, the cuvette was opened under aerobic conditions.
The dashed line indicates the maximum height of the broad band. Inset,
change of broad band over time after the addition of NADH under aerobic
condition (in the absence of DBQ).
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code 1LVL (amino acids 165–325; identity, 26%; similarity,
43%; gap, 13%), respectively) with Ndi1 (NCBI accession num-
ber CAA89160) by using BLAST of the DNA Data Bank of
Japan (DDBJ) against the ProteinDataBank. Thenicotinamide-
ribosemoiety ofDmTR is far from the isoalloxazine ring of FAD
(Fig. 4A), implying that efficient electron transfer between both
molecules will not occur. However, it has been reported that
thioredoxin reductase from E. coli causes a conformational
change induced by the binding of NADH that moves the nico-
tinamide-ribosemoiety in proximity to the isoalloxazine ring of
FAD (17). To achieve efficient electron transfer to the electron
acceptor (thioredoxin for DmTR and NAD� for PpLipDH,
which correspond to UQ for Ndi1), these substrates should
actually be in closer proximity to FAD. Based on this structural

information (Fig. 4, A and B) and the sequence alignment data
of DmTR, PpLipDH, and Ndi1 (Fir. 4C), several residues
(Leu195, Thr239, Glu242, Glu246, Asn341, Asp383, and Thr392 of
Ndi1) that are predicted to be in the surroundings of FADwere
chosen for mutational analyses. Especially, Leu195, Thr239,
Glu242, andAsn383 were highly conserved in groupA ofNDH-2
(supplemental Fig. 4). In the three-dimensional modeling of
E. coli NDH-2, His51 is located at �5 Å from the isoalloxa-
zine ring and could be a potential hydrogen bond donator for
quinone. However, this residue is not conserved in the
NDH-2 family (2, 20), and in fact, this residue corresponds to
Pro95 in Ndi1. However, a hydrophobic cluster, Pro92-Leu93-
Leu94, adjacent to Pro95 is found to be highly conserved in
both groups A and B of the NDH-2 family (Fig. 4C and

FIGURE 3. Effect of NADH binding on Ndi1 structure. A, Ndi1 (1 mg of protein/ml) was incubated with 1 mM NADH, 1 mM NAD�, 1 mM dithionite, 100 �M UQ1,
or 5% EtOH in a buffer containing 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 mM CaCl2, 200 mM NaCl, and 10% glycerol and digested by proteinase K for 1–3 h under
strict anaerobic conditions. The reaction was stopped by the addition of 2 mM PMSF. Then the samples were subjected to SDS-polyacrylamide gel (9%)
electrophoresis. B, the intensities of each digested peptide band of non-treated (non) protein were compared with those of proteins that were treated under
different conditions. The intensities of each peptide band were determined by NIH Image. The band numbers correspond to the number of digested peptides
in A. *, p � 0.05; **, p � 0.01 compared with untreated protein. The p value was calculated by unpaired Student’s t test. Each value and vertical bar represent the
mean � S.E. (n � 3).
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supplemental Fig. 4). We also mutated these amino acid res-
idues in this study.
FAD Contents and NADH Oxidase Activities of Mutant

Enzymes—Mutations near the FAD binding site affected the
stability of Ndi1 enzyme and resulted in the reduction of FAD
contents in purified enzyme. FAD contents of wild-type and
mutants P92A, L93A, L195I, L195V, D383E, and D383Q were
1.07, 0.41, 0.38, 0.96, 1.07, 0.61, and 0.77 mol of FAD/mol of
Ndi1 protein, respectively. These values agreed fairly well with
FAD contents calculated from the spectra of mutant enzymes
(supplemental Fig. 5). The 383 and 448 nm peaks derived from
the oxidized FAD of wild-type enzyme did not shift in mutant
Ndi1 enzymes (supplemental Fig. 5). Other mutants showed
values similar to the wild-type level except mutants L195A,
D383A, and D383N for which expression levels were too low to
obtain enough materials for FAD estimation. These data sug-
gest that residues Pro92 and Leu93 are located in close proximity
to FAD.
NADH oxidase activities of purified Ndi1 were largely unaf-

fected by mutations (within a 2-fold difference) except for

T239A when enzyme activities were normalized by the FAD
content in mutant enzymes. For instance, the NADH oxidase
activities of L93A andD383Ewere 0.58 and 2.94�mol/min/mg,
respectively (Table 1). Because FAD contents of L93A and
D383E mutants contained only 0.38 and 0.61 mol/mol of pro-
tein, the NADH oxidase activities should be equivalent to 1.53
and 4.81 �mol/min/mg of holoenzyme, respectively. On the
other hand, theNADH-UQ1 oxidoreductase activities varied to
a greater extent depending on the mutations (Table 1). These
results indicate thatNADHoxidase activity ofNdi1 is not influ-
enced by changes in theNADHandUQbinding sites but rather
is controlled by other unknown factors.
Kinetic Analyses of Mutant Ndi1 Enzymes—The kinetic

parameters of wild-type and mutant enzymes for both NADH
and UQ1 were measured at fixed concentrations of 60 �M UQ1
and 100�MNADH, respectively (Table 1). TheKm value ofUQ1
was 21 �M in the wild type and moderately increased in L93A,
L195A, L195V, and L195I by 2.0–2.5-fold and greatly increased
in E242D, D383A, D383N, and D383Q by 3.3–7.7-fold. The
Vmax values decreased from 1120 �mol/min/mg (wild type) to

FIGURE 4. Predicted UQ binding site of Ndi1. A, FAD (yellow and green) and nicotinamide-ribose (NADP�, blue; NAD�, white) of DmTR and PpLipDH are
displayed as a stick model. B, the amino acid residues of DmTR and PpLipDH (in parentheses) surrounding FAD are displayed as a stick model colored in blue and
white, respectively. C, amino acid sequence alignment from the group A family of NDH-2, DmTR, and PpLipDH. The GXGXXG consensus motifs are shown with
a gray background. Residues marked with an asterisk indicate conserved residues among the NDH-2 enzymes, and those in bold are mutated residues in this
study. ScNDI1, S. cerevisiae Ndi1 (NCBI accession number CAA89160); Ec, E. coli (NCBI accession number CAA23586.1); Av, Azotobacter vinelandii (NCBI accession
number AAK19737.1); Tb, Trypanosoma brucei (NCBI accession number AAM95239).
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less than 10% inL195A, E242A, E242Q,D383A,D383N,D383E,
andD383Q.Amino acid residues Leu195, Glu242, andAsp383 are
expected to participate in UQ binding sites (Fig. 4). The kinetic
parameters of these mutants were especially varied depending
on the property of substituted amino acids. In Leu195, the Km
value was almost the same in all mutants, but the Vmax value of
the Ala mutant was drastically lower than that of Val and Ile
mutants, suggesting that the hydrophobicity of Leu195 is essen-
tial for NADH-UQ oxidoreductase activity. In Asp383, the Km
value of the Glumutant was 2–5 times smaller than that of Ala,
Asn, and Gln mutants, and the Vmax value was at least 20-fold
higher, suggesting that the carboxyl group of Asp383 is essential
for UQ binding and NADH-UQ oxidoreductase activity. Both
Km and Vmax values of the Asp mutant in Glu242 were higher
than that of Ala and Gln mutants, suggesting that the carboxyl
group of Glu242 is essential for NADH-UQ oxidoreductase
activity and that the carboxyl group is located in close vicinity of
the UQ binding site. These results indicate that these highly
conserved residues (Leu93, Leu195, Glu242, and Asp383) are
important for UQ binding compared with the non-conserved
residues (Glu246, Asn341, and Thr392) in group A of NDH-2
(supplemental Fig. 4). UQ contents of L93A, L195V, E242D,
andD383Qmutants extracted by TX/DMwere 0.19, 0.19, 0.29,
and 0.20 mol of UQ8/mol of Ndi1 protein, respectively. It is
noteworthy that UQ contents of thesemutants were lower than
that of wild-type enzyme (0.32 mol of UQ8/mol of enzyme).
In contrast to the Km values for UQ1, the Km values for

NADH of mutants were basically similar (0.2–1.3-fold) except
forT239A forwhich theKm value forNADH increased 1.7-fold.

Thr239 is possibly involved in NADH binding because Tyr181 of
PpLipDH interacts with NAD� by hydrogen bonding; Tyr181
locates in the same position as Pro238 in Ndi1 (Fig. 4A) (the
neighbor residue of the conservedThr239) (18). This result indi-
cates that the amino acids contributing to UQ binding, such as
Leu93, Leu195, Glu242, and Asp383, are not involved in NADH
binding.
Inhibition Mode of Ubiquinol and Reactive Blue-2—Various

compounds were screened in the search for potent inhibitors
against DT-diaphorase (NAD(P)H-quinone oxidoreductase 1
(NQO1)). NQO1 is a soluble flavoprotein that catalyzes nico-
tinamide nucleotide-dependent reductions of quinones, cyclo-
hexa-3,5-diene-1,2-diylidenediamine (quinoneimines), azo dyes,
and nitro group (23, 24). Studies of NQO1 structure and func-
tion have shown that the NAD(P)H and the quinone binding
sites of enzymes have a significant overlap (25), and the enzy-
matic mechanism is a typical ping-pong reaction. In this study,
two coumarin derivatives (warfarin and 6,7-dihydroxycou-
marin) (26, 27), dicoumarol (28), and the reactive dye Cibacron
Blue (Reactive Blue-2 (RB-2)) (29, 30), which compete with
NAD(P)H for binding to NQO1, were tested to see whether
these compounds inhibit Ndi1. The structures of these inhibi-
tors are shown in Fig. 5A.
The IC50 values against Ndi1 for these inhibitors, including

the most potent competitive inhibitor for NQO1, dicoumarol
(Ki of 1–10 nM) (28), were higher than 10 �M, suggesting that
the substrate binding site of NQO1 and Ndi1 are different. In
contrast, the IC50 of RB-2 against Ndi1 was relatively low, 45
nM, and the inhibition curve was biphasic (Fig. 5B). The inhibi-

TABLE 1
Kinetic parameters of wild type and mutant Ndi1

1 Apparent Km and Vmax values of wild type and mutant enzymes for both NADH and UQ1 were determined from double reciprocal plots at fixed concentration of UQ1 (60
�M) and NADH (100 �M), respectively.

2 N.D., not detected.
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tion mode of RB-2 against NADH was competitive (Ki � 145
nM) (Fig. 6A) at high concentrations ([RB-2] � 2 nM), similar to
the result of NQO1 (31). In contrast, RB-2 behaved as a non-
competitive inhibitor with respect to UQ1 (Ki � 61 nM) (Fig.
6B). The non-competitive inhibition with NADH at low RB-2
concentrations (Fig. 6A) is likely due to nonspecific binding of
this agent to the enzyme because non-competitive inhibition
constituted less than 15% of the total inhibition (Fig. 5B). Taken
together, these results indicate that RB-2 is competitive against
NADH but non-competitive against UQ1 with respect to inhi-
bition ofNdi1. It is noteworthy that we could not determine the
inhibition mode of NAD� against both NADH and UQ1
because NAD� inhibition was extremely weak; less than 10% of
total activity was inhibited at 20 mM. This result is consistent
with the previous observation that NAD� did not inhibit Ndi1
(9).
On the other hand, the IC50 for ubiquinol (UQ1H2) against

NADH-UQ1 oxidoreductase activity was 120 �M. Ubiquinol
clearly showed competitive inhibition with respect to UQ1

(Ki � 52 �M; Fig. 6D) but non-competitive inhibition with
respect to NADH (Ki � 115 �M; Fig. 6C). These data strongly
suggest that NADH and UQ1 do not bind to the same binding
pocket and that both ubiquinol and NADH can coincidentally
bind to the enzyme, pointing to the existence of the ternary
complex, which conflicts with the ping-pong mechanism.
Behavior of Bound UQ in Ndi1 in Membrane—It is not yet

clear whether bound UQ of Ndi1 is firmly attached or can
reversibly dissociate from the enzyme in the membrane. To
investigate this point, UQ10-enriched liposomes were fused
with the Ndi1-overexpressing E. coli membrane containing
endogenousUQ8. It was expected that if boundUQofNdi1 can
reversibly dissociate from the enzyme in the membrane then
bound endogenous UQ8 of Ndi1 will be partly replaced by
UQ10. After the fusion, UQ8 and UQ10 contents of UQ10-fused
membrane were determined to be 9.71 and 7.15 nmol/mg of
protein, respectively (Table 2), whereas NADH oxidase activity
was the same as before the fusion. However, when Ndi1 was
purified from the UQ10-fused membrane with TX/DM, it con-
tained exogenous UQ10 (0.144 � 0.002 mol/mol of enzyme) in
addition to endogenous UQ8 (0.189 � 0.002 mol/mol of
enzyme) (Fig. 7). The ratio of UQ10 per total UQ in the purified
enzyme (0.43) was nearly identical to that in UQ10-fused mem-
brane (0.42). This result suggests that the bound UQ in Ndi1
reversibly dissociates from the enzyme and equilibrates with
the quinone pool unlike other quinone-binding enzymes, such
as E. coli membrane-bound glucose dehydrogenase (32) and
cytochrome bo-type quinol oxidase (33).

DISCUSSION

In this study, we uncovered the catalytic mechanism of
Ndi1 and the function of bound UQ against ROS production.
Contrary to our previous assumption, our current data
strongly suggest that the Ndi1 reaction proceeds through a
ternary complex mechanism under physiological conditions.
This was an unexpected result because it is generally
accepted that NDH-2, including Ndi1, operates by a ping-
pong mechanism (8–10).
Quinones can be a one- or two-electron acceptor. In general,

flavin-dependent quinone reductases, includingNDH-2, afford
the strict two-electron reduction of the quinone to its hydro-
quinone form and avoid the generation of the semiquinone
anion,which is prone to reactwithmolecular oxygen, leading to
the generation of ROS (34). However, it is not yet clear how
NDH-2 interacts with their hydrophobic substrate quinones.
To be more precise, in Ndi1, the bound UQ seems to play a key
role in the prevention of ROS generation (5), but the mecha-
nism underlying ROS suppression by the bound UQ has not
been disclosed.
We found that Ndi1 forms a stable CT complex with NADH

and UQ under anaerobic conditions, displaying a fairly broad
absorbance band between 500 and 900 nm with a peak at
around 740 nm. The formation of the CT complex itself is com-
mon amongmany flavin enzymes. It is known that the pyridine
nucleotide-disulfide oxidoreductase family, such as DmTR and
PpLipDH, forms the CT complex under aerobic conditions (35,
36). Recently, it was reported that the mitochondrial flavopro-
tein apoptosis-inducing factor, which shares relatively high

FIGURE 5. Inhibitory effects of Reactive Blue-2 and ubiquinol on NADH-
UQ

1
reductase activity of Ndi1. A, structures of UQ1, UQ1H2, and several

inhibitors for NQO1. B, NADH-UQ1 reductase activities were measured in the
presence of increasing concentrations of RB-2 (closed circle). The NADH-UQ1
reductase activity was corrected for nonspecific inhibition using the value in
the presence of 1 nM RB-2 as 100% activity (open circle). 100% activity was 900
�mol of NADH oxidized/min/mg of Ndi1. Each value and vertical bar repre-
sent the mean � S.E.
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sequence homology with Ndi1, also produces air-stable
FADH2-NAD(P) CT complexes (37). The CT complex of apo-
ptosis-inducing factor was similar to that of Ndi1, showing an
absorption maximum at 770 nm, which is much longer than
that usually observed in the CT complex of other flavin
enzymes. The greater the interaction between the reactingmol-
ecules, the longer thewavelength of theCTcomplex absorption
band (19), suggesting that the interaction among NADH, FAD,
and UQ in Ndi1 is very strong.
Bound UQ accepts an electron from reduced FAD in the CT

complex of Ndi1. Therefore, the formation of the CT complex
might result in the formation of a semiquinone radical. The
semiquinone radical does not react with molecular oxygen
because the oxygen molecule may not enter the catalytic site of
Ndi1 when the ternary complex, in which the substrate binding
sites are completely occupied with NADH and UQ, is formed.

This is supported by the previous observation that hydrogen
peroxide was not produced during the catalysis when
UQ-bound Ndi1, but not UQ-free Ndi1, was incorporated into
bovine heart submitochondrial particles (see Fig. 8 in Ref. 5). In
addition, NDI1-transfected cells, in which Ndi1 harboring
endogenously bound UQ is overexpressed, did not produce
reactive oxygen species as control non-transfected cells (6, 7).
Furthermore, the electron transfer from flavin radical to UQ
radical may occur on a millisecond time scale based on the
report that in E. colimembrane-bound glucose dehydrogenase
the electron transfer rate between two semiquinone radicals of
pyrroloquinoline quinone (which corresponds to FAD inNdi1)
and UQ was 1.2 � 103 s�1 (38). Thus, it is highly likely that a
semiquinone radical formed in the ternary complex will be
immediately converted into a fully reduced form before react-
ing with molecular oxygen.

FIGURE 6. Inhibition mode of RB-2 and UQ1HinfMACROS BELOW ARE FOR THE VISUAL2. Inhibition kinetics for NADH (A and C; 60 �M UQ1) and UQ1 (B and
D; 100 �M NADH) were measured in the presence of RB-2 (A and B) and UQ1H2 (C and D). The concentrations of RB-2 and UQ1H2 are as indicated in the figure.

TABLE 2
Comparison of UQ contents and NADH oxidase activities in control membrane and UQ10-fused membrane

UQ8
a UQ10

a UQ10/UQtotal NADH oxidaseb (�KCN)c

Control membraned 9.35 � 0.01 NDe 6.02 (0.11)
UQ10-fused membraned 9.71 � 0.02 7.15 � 0.03 0.42 6.06 (0.14)

a nmol of UQ/mg of protein.
b�mol of NADH/min/mg of protein.
c Activities were measured in the presence of 20 mM KCN.
d Each membrane was prepared from Ndi1-overexpressing cells.
e Not detected.
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We strongly believe that our data shown in this study are all
important circumstantial evidence to support a ternary com-
plex mechanism for the Ndi1 reaction, which cannot be
explained by a ping-pong mechanism. First, Ndi1 forms a CT
complex with only NADH (Fig. 2). The specificity to NADH
was also evident by the proteolytic digestion experiment (Fig.
3). Under anaerobic conditions, the bound UQ remained
attached when Ndi1 was reduced with NADH but not with
NADPH (see Fig. 7 in Ref. 5). Second, the kinetic study with
inhibitors (RB-2 and UQ1H2) clearly indicated there is no over-
lap between NADH and UQ binding sites (Fig. 6). Especially,
the inhibitionmode of ubiquinol clearly showed a non-compet-
itive inhibition with respect to NADH (Fig. 6 C), allowing the
formation of the ternary complex with NADH and ubiquinol.
This piece of information itself is against a ping-pong mecha-
nism. Third, in the oxidized state of Ndi1, the bound UQ can
reversibly dissociate and be replacedwith other quinones in the
membrane (Fig. 7). Fourth, our proteolytic digestion analysis
supports the conformational change induced byNADH (Fig. 3),
which is essential for the formation of the ternary complex.
Consequently, a question immediately arises. Why was it

concluded that the reaction of Ndi1 with NADH and UQwas a
ping-pong mechanism in our previous study? This was partly
because we did not consider the reaction environment of puri-
fied Ndi1. Our previous data showed a typical ping-pong reac-
tion in the hydrophilic artificial reaction environment where
Ndi1 is simply surrounded by detergent micelle and UQ1 mol-
ecules in a disorganized way. This is completely different from
the physiological, hydrophobic membrane environment where
Ndi1 provides an ordered and limited entrance for quinone to
access the catalytic pocket. UQ1 is much more hydrophilic and
smaller thanphysiologicalUQ6 and can easily enter through the
entry port for NADH. In this case, NADH and UQ1 compete
and enter alternately. Therefore, even though NADH and UQ
binding sites inNdi1 are different, apparent bisubstrate kinetics
could give consistent results that support a ping-pong reaction.
The same behavior of UQ1 was also reported recently in mito-
chondrial complex I (39, 40). Hydrophilic quinines, such as
UQ1, can be reduced by the flavin mononucleotide cofactor in
the active site for NADH oxidation of complex I through a

non-energy-transducing pathway (which is insensitive to qui-
none binding site inhibitors, such as rotenone and piericidinA).
This inhibitor-insensitive UQ reduction occurs by a ping-pong
type mechanism (39, 40). In addition, we have further experi-
mental evidence that the reaction environment could drasti-
cally affect the Ndi1 catalytic properties and mode of action.
The apparent rate constant for the release of bound UQ (UQ6)
from the purified Ndi1 in the aqueous solution was extremely
slow (�0.14 s�1) compared with the turnover rate of the
NADH oxidase reaction of Ndi1 incorporated into submito-
chondrial particles, which contain endogenous UQ10 (�8.3
s�1) (5). A possible explanation is that the dissociation of UQ6

from the purified enzyme becomes very slow in an aqueous
environment because UQ6 cannot freely diffuse into the hydro-
philic solvent due to its hydrophobicity. This can lead to under-
estimation of the rate constant of the release of boundUQ6.The
reaction environment is extremely important and should not be
undermined for the mechanistic study of membrane-bound
respiratory enzymes that involves quinone.
We previously postulated that Ndi1 bears two different UQ

(boundUQand catalyticUQ) binding sites (5). This speculation
was made based on the ping-pong mechanism of Ndi1 (5) in
which the binding of substrate UQ to the catalytic site occurs
only after a sequence of events related to NADH binding and
subsequent NAD� release. However, because the reaction
mechanismofNdi1 is now considered a ternary complexmech-
anism (described above), it became unnecessary to assume two
different sites for bound UQ and catalytic UQ. In fact, all of our
results from previous and current studies favor only one UQ
binding site in Ndi1. (i) The bound UQ is freely replaced with
other quinones available in the membrane and also during the
turnover. (ii) The kinetic data with competitive inhibitors
(RB-2 and UQ1H2) clearly indicated that there is no additional
UQ binding site in Ndi1. (iii) In fact, the C-terminal 26 amino
acids (Gly374–Glu399) containingAsp383 was identified recently
as the sole UQ binding site by a photoaffinity labeling experi-
ment (41). All of these data lead us to themore realistic conclu-
sion that the bound UQ site in Ndi1 is identical to the catalytic
UQ site (41).
In summary, our current study revealed that Ndi1 exists as a

UQ-bound form in the membrane. The UQ-bound form pre-
vents oxygen from accessing the FAD site in Ndi1. At the same
time, the bound UQ facilitates the formation of a ternary com-
plex with NADH and safely accepts two electrons from the
NADH-reduced FAD. After the resulting ubiquinol leaves
Ndi1, the UQ binding site is immediately occupied with UQ
from the quinone pool. This whole reaction mechanism con-
tributes to the suppression of ROS generation from Ndi1.
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FIGURE 7. Elution profiles of quinones extracted from Ndi1 purified using
TX/DM from control membrane (TX/DM-1) and UQ10-fused membrane
(TX/DM-2) on reverse-phase HPLC. Both samples contained UQ6 as an inter-
nal standard. Authentic UQ6, UQ8, and UQ10 were used for the standard (STD).
mAU, milliabsorbance units.
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