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ABSTRACT: A very potent and specific inhibitor of mitochondrial NADH:ubiquinone oxidoreductase
(complex I), a derivative of NADH (NADH-OH) has recently been discovered (Kotlyar, A. B., Karliner,
J. S., and Cecchini, G. (2005)FEBS Lett. 579, 4861-4866). Here we present a quantitative analysis of
the interaction of NADH-OH and other nucleotides with oxidized and reduced complex I in tightly coupled
submitochondrial particles. Both the rate of the NADH-OH binding and its affinity to complex I are
strongly decreased in the presence of succinate. The effect of succinate is completely reversed by rotenone,
antimycin A, and uncoupler. The relative affinity of ADP-ribose, a competitive inhibitor of NADH
oxidation, is also shown to be significantly affected by enzyme reduction (KD of 30 and 500µM for
oxidized and the succinate-reduced enzyme, respectively). Binding of NADH-OH is shown to abolish the
succinate-supported superoxide generation by complex I. Gradual inhibition of the rotenone-sensitive
uncoupled NADH oxidase and the reverse electron transfer activities by NADH-OH yield the same final
titration point (∼0.1 nmol/mg of protein). The titration of NADH oxidase appears as a straight line, whereas
the titration of the reverse reaction appears as a convex curve. Possible models to explain the different
titration patterns for the forward and reverse reactions are briefly discussed.

The mitochondrial proton-translocating NADH:ubiquinone
oxidoreductase (complex I) and its prokaryotic homologues
(NDH-1)1 catalyze oxidation of NADH coupled to reduction
of the membrane-located quinone. In aerobic organisms the
enzymes provide at least two vitally important functions.
First, they reoxidize NADH produced by multiple dehydro-
genases, thus maintaining and controlling general oxidative
metabolism. Second, they also serve as the energy-transduc-
ing devices accumulating free energy from the redox gap
between NADH/NAD+ and the quinol/quinone pair as the
proton-motive force (pmf) across the coupling membranes.
In view of the structural complexity of both prokaryotic and

particularly eukaryotic enzymes it seems likely that a number
of other physiologically important functions of NDH-1 (13-
15 different subunits) (1-3) and complex I (45 subunits)
(4) remain to be discovered.

There have been a number of speculative models proposed
for both the mechanism and structure of complex I. These
models have relied on a variety of biochemical and biophysi-
cal approaches such as studies on catalytic activity, low-
temperature EPR, and use of specific inhibitors and mu-
tagenesis. Different aspects of those studies have been
extensively reviewed (5-14). Recently, a breakthrough in
the field was achieved when the 3.3 Å structure of the eight-
subunit hydrophilic domain (peripheral arm) ofThermus
thermophilusNDH-1 was solved (15-17). All of the known
redox components except for bound quinone were visualized
in the structure. This structure shows an intramolecular
electron-transfer chain approximately 90 Å long. This chain
begins at FMN (presumably the primary electron acceptor
for NADH) and proceeds via a series of seven iron-sulfur
clusters termed N-3f N-1b f N-4 f N5 f N-6af N-6b
f N-2 all located at a distance of<14 Å, close enough for
rapid electron transfer (15, 16).

Although the partial resolution of theT. thermophilus
NDH-1 structure is quite informative, a number of important
mechanistic questions regarding the substrate(s)/product(s)
binding and the energy coupling mechanism remain to be
answered. For mechanistic models of the nucleotide substrate
(product) interaction with the enzyme active site(s), only
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limited steady-state kinetic (18-24) and recent electrochemi-
cal (25) data are available. A very potent and specific
inhibitor of the mitochondrial complex I, a derivative of
NADH (tentatively identified asâ-2,6-dihydroxydihydroni-
cotinamide adenine dinucleotide), has been recently discov-
ered (26). A selective competitive high-affinity inhibitor
acting on the substrate side of the flavin is potentially a very
useful tool for studies on the initial steps of NADH oxidation.
In this paper we report quantitative parameters for the
inhibitor and other nucleotide interactions with complex I
in tightly coupled submitochondrial particles. The central
finding reported here is that the nucleotide binding site(s)
dramatically change the affinity to the substrate/product and
to their redox-inactive analogues upon enzyme oxidoreduc-
tion.

MATERIALS AND METHODS

Bovine heart submitochondrial particles (SMPs) were
prepared as described (27), and their NADH oxidase was
activated by aerobic incubation with NADPH (28). After
activation the SMPs were precipitated by centrifugation,
suspended in a mixture comprised of 0.25 M sucrose, 50
mM Tris-HCl, 0.1 mM potassium malonate, and 0.2 mM
EDTA (pH 8.0), and stored in liquid nitrogen.

NADH oxidase was assayed photometrically (ε340 ) 6.22
mM-1 cm-1) in a standard mixture comprised of 0.1 mM
NADH, 0.25 M sucrose, 50 mM Tris-HCl, 0.2 mM EDTA,
and 0.05µg/mL gramicidin D (pH 8.0). NADH:hexaam-
mineruthenium(III) (HAR) reductase (21) was measured in
the same mixture supplemented with 5µM rotenone and 0.5
mM HAR. The reverse electron transfer (aerobic succinate-
supported NAD+ reduction) was assayed in the standard
reaction mixture (gramicidin D was excluded) supplemented
with 2.5 mM potassium succinate and 1 mM NAD+.
Superoxide generation was measured as the rate of super-
oxide dismutase-sensitive acetylated cytochromec reduction
in a mixture containing 0.25 M sucrose, 50 mM Tris-HCl,
0.1 M potassium phosphate, and 0.2 mM EDTA (pH 8.0)
supplemented with either 50µM NADH or 5 mM potassium
succinate (29).

All enzymatic assays were conducted at 25°C. The
experimental details are described in the captions to the
figures and footnotes to the tables.

NADH-OH was prepared essentially as described (26), and
its 60µM solution in distilled water was aliquoted into small
vials and stored in liquid nitrogen until use. The concentration
of NADH-OH was determined photometrically (ε335 ) 25
mM-1 cm-1) at pH 12.0 (26). All fine chemicals were from
Sigma.

The protein content was determined by the buret assay
using bovine serum albumin as the standard.

RESULTS

Previous studies showed that NADH-OH is a tight-binding
inhibitor of complex I with aKi of about 10-8 M estimated
from the steady-state kinetics (26). During the catalytic cycle,
the enzyme is reduced by NADH and oxidized by ubiquino-
ne, thus existing in reduced and oxidized states. The ratio
between these states depends on the particular kinetic
mechanism the enzyme undergoes (i.e., random, ordered,
ping-pong) and on the rate constants for the individual steps.

Under ordinary steady-state assay conditions both binding
of low concentrations of a tight inhibitor and its dissociation
from the active site are slow. This creates problems in
determining kinetic constants as has been discussed in a
general form (30) and more specifically for complex II
(succinate:quinone oxidoreductase) interaction with oxalo-
acetate (31). On the other hand, tight specific binding of an
inhibitor provides a unique opportunity to obtain quantitative
parameters for enzyme-ligand interaction using simple
conventional steady-state kinetic approaches as described
below. To follow the rate of the enzyme-inhibitor interac-
tion, the following conditions should be fulfilled: (i) the
concentrations of both enzyme and inhibitor need to be
adjusted so that the manipulations can be followed in a
reasonable time frame; (ii) the concentration of the inhibitor
should be significantly higher thanKi to analyze the process
as an irreversible reaction; (iii) the concentration of the
inhibitor should be significantly higher than that of the
enzyme, so that inhibition will proceed as the first-order time
course. After a number of pilot experiments the following
conditions were used to fulfill the above criteria. The enzyme
concentration used was approximately 0.5 nM (based on the
complex I content in SMPs), and the lowest inhibitor
concentration used was 6 nM. This ratio of inhibitor to
enzyme resulted in more than 90% inhibition of the oxidized
enzyme at infinite time (equilibrium). The highest inhibitor
concentration used was 24 nM, which provided practically
complete inhibition of the oxidized enzyme and about 80%
inhibition of the reduced enzyme at infinite time (see the
equilibrium constants in Table 2, below). It should also be
pointed out that to keep complex I in the oxidized or reduced
state in the absence of turnover the following conditions were
applied. The oxidized form of the enzyme was maintained
by incubating the enzyme in the absence of nucleotide
substrates. The reduced form of complex I was achieved by
the pmf-dependent succinate-supported reduction in the
absence of NAD+, a condition which also prevents turnover
of the reduced enzyme.

Figure 1A shows the time course of inactivation of NADH
oxidase activity by NADH-OH. As expected, a 12-fold (or
more) excess of NADH-OH over the enzyme concentration
caused slow inactivation of complex I following the pseudo-
first-order time dependence (Figure 1B) and the first-order
dependence on the inhibitor concentration (Figure 1B, inset).
When complex I was reduced by succinate under energized
conditions (pmf-dependent reverse electron transfer), the
second-order rate constant for the enzyme inactivation
decreased approximately 10-fold. The significant decrease
in reactivity of NADH-OH toward its binding site in the
presence of succinate could result from reduction of complex
I and/or from a conformational change induced by membrane
energization. As depicted in Table 1, rotenone, a potent
inhibitor of reverse electron transfer, antimycin A, which
inhibits succinate oxidation, and an uncoupler (gramicidin
D) all brought the reactivity of NADH-OH back to the level
observed for oxidized complex I.

Next, the rate constants for dissociation of the complex
I-NADH-OH complex were determined. Because of ex-
tremely high affinity of NADH-OH to the enzyme (see
below), it was virtually impossible to activate the inhibited
oxidized complex I by dilution, and thus, a system was
designed for irreversible decomposition of free inhibitor as
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shown in Figure 2. It has been shown previously that NADH-
OH rapidly reacts with the oxidants ferricyanide and 2,6-
dichlorophenolindophenol (26). Figure 2 shows that this is
also true for HAR, the most efficient electron acceptor for
complex I (21, 22). Brief preincubation of NADH-OH with
0.5 mM HAR (the concentration used for the assay of the
NADH dehydrogenase activity of complex I) completely
abolished the inhibitory effect (Figure 2, curves 1 and 2).
On the other hand, no activity was seen if the enzyme-
inhibitor complex was incubated in the presence of HAR or
HAR plus NADH (curves 3 and 4). The results obtained
show that free NADH-OH is rapidly destroyed by HAR
whereas the enzyme-bound inhibitor is not sensitive to the
oxidant. These findings made it possible to determine the
first-order rate constant for dissociation of the oxidized
enzyme-inhibitor rate complex as shown in Figure 3. The
dilution of the mixture in the absence of HAR would result
in almost complete dissociation of the enzyme-inhibitor
complex only if its concentration is much less than the value
of KD (0.3 nM for oxidized enzyme; see Table 2). The use
of such a low enzyme concentration makes accurate mea-
surement of the rate of NADH oxidation quite challenging.

However, addition of HAR to the assay makes the inhibitor
dissociation irreversible and enables one to measure the

FIGURE 1: Inhibition of the NADH oxidase activity by NADH-OH. (A) SMPs (5µg of protein/mL, about 0.5 nM complex I) were incubated
with 6 (9), 12 (O), and 24 (b, 0) nM NADH-OH for the time indicated on the abscissa in the standard reaction mixture (0.25 M sucrose,
50 mM Tris/Cl-, 0.2 mM EDTA, pH 8.0). The residual NADH oxidase activity was initiated by the addition of 0.1 mM NADH and
gramicidin D (0.05µg/mL). Potassium succinate (2.5 mM) was present during incubation with NADH-OH in the sample marked as0
(reduced complex I), and 2.5 mM potassium malonate was present in the NADH oxidase assay. The continuous lines are the computer-
generated curves for the simple bimolecular irreversible enzyme-inhibitor interaction with the second-order rate constant of 1.6× 108 (b,
O, 9) and 1.5× 107 (0, reduced complex I) M-1 min-1. (B) Pseudo-first-order rate logarithmic anamorphosis of the data shown in (A).
The inset shows the linear dependence of the apparent first-order rate constant on the concentration of NADH-OH.

Table 1: Effect of Succinate on the Interaction of Complex I with
NADH-OH

second-order rate constantkon ×
10-8 (M-1 min-1)

- succinate + succinate (5 mM)

1.7( 0.4a 0.15( 0.02a

1.5( 0.4b

+ rotenone (5µM) 1.5 ( 0.2c

+ antimycin A (1µg/mL) 1.3( 0.2d

+ gramicidin D (0.05µg/mL) 1.3( 0.2d

first-order rate constantkoff

(min-1)
0.05d 0.09d

a Determined as in Figure 1.b Determined as in Figure 1, except
that residual NADH:HAR reductase activity was assayed in the presence
of 100 µM NADH, 0.5 mM HAR, and 5µM rotenone.c Determined
as in Figure 1; the inhibitors were present at the concentration indicated.
d Determined as in Figure 4.

FIGURE 2: Rapid irreversible decomposition of NADH-OH by HAR
and the resistance of the enzyme-bound inhibitor to the electron
acceptor. Actual tracings of the NADH:HAR reductase activities
after preincubation with NADH-OH and HAR are shown. (Curve
1) SMPs (25µg/mL) were incubated for 1 min in the standard
reaction mixture containing 0.5 mM HAR, and the reaction was
initiated by the addition of 100µM NADH and 5µM rotenone as
indicated. (Curve 2) NADH-OH (28 nM) was preincubated in the
standard mixture containing 0.5 mM HAR for 1 min, 25µg/mL of
SMPs were then added following 1 min of incubation, and the
reaction was initiated by the addition of NADH and rotenone.
(Curve 3) SMPs (25µg/mL) were incubated for 1 min with 28 nM
NADH-OH, 0.5 mM HAR was added following 1 min of incuba-
tion, and the reaction was initiated by the addition of NADH and
rotenone. (Curve 4) Same as curve 3. The reaction was initiated
by simultaneous addition of NADH, HAR, and rotenone.
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kinetics of the inhibitor dissociation at much higher con-
centration of the enzyme than that in the absence of HAR.
The affinity of the reduced enzyme is significantly lower
(KD ) 7 nM, Table 2) than that of the oxidized form, and
dilution of the complex is sufficient to completely remove
the inhibitor from the reduced enzyme. Thus, the rate of
dissociation was followed after simple dilution of the
enzyme-inhibitor complex in the medium containing suc-
cinate (to reduce the enzyme) and NADH (to occupy the
binding site after dissociation of NADH-OH). As is seen in

Figure 3, the presence of succinate (reduction of complex I)
affected (increased) the dissociation rate,koff, although not
as dramatically as thekon value.

The results presented above showed that the affinity of
the active site-directed inhibitor is redox dependent. It was
of obvious interest to find out whether the binding affinities
for the natural nucleotide substrates NADH and NAD+ and
the competitive inhibitor of NADH oxidation ADP-ribose
(32) are also redox dependent. In contrast to NADH-OH the
nucleotide substrates NAD+ and NADH and ADP-ribose
have a relatively low affinity to the active site and are rapidly
(in milliseconds or faster) equilibrated with the enzyme. The
approach used above for estimation of NADH-OH affinity
to the enzyme thus cannot be applied to the interaction of
the rapidly equilibrating ligands. To estimate the affinity of
these compounds, the following approach was used. Consider
the system where a high-affinity inhibitor (NADH-OH (I),
(KD determined as thekoff/kon ratio is equal to 3× 10-10 and
7 × 10-9 M for the oxidized (Eox) and reduced (Ered) enzyme,
respectively; see Table 2) slowly and completely inhibits
complex I in the pseudo-first-order reaction (see Figure 1)
in the presence of a rapidly equilibrating competitive ligand
(L), e.g., ADP-ribose (32):

The apparent first-order rate constant (kobs) determined
from the time-dependent loss of enzyme activity as shown

FIGURE 3: Dissociation rates of the enzyme-inhibitor complex. (A) (Lines 1 and 2 (controls,b, 9)) SMPs (25µg/mL) were incubated in
the standard reaction mixture containing either 0.5 mM HAR (9) or 5 mM succinate and 150µM NADH (b) for the time indicated on the
abscissa, and NADH oxidation was initiated by the addition of 100µM NADH and 5 µM rotenone (9) or 5 mM potassium malonate and
gramicidin D (0.05µg/mL) (b). (Curve 3 (O)) SMPs (1 mg/mL) preincubated with 100 nM NADH-OH for 15 min at room temperature
were added at zero time to the reaction mixture (final concentration of 25µg/mL) and incubated and assayed as described for line 1 (b).
(Curve 4 (0)) SMPs (1 mg/mL) preincubated with 100 nM NADH-OH for 15 min at room temperature were added at zero time to the
reaction mixture (final concentration of 25µg/mL) and incubated and assayed as described for line 2 (9). (B) Logarithmic anamorphosis
of curves 3 and 4. The activities shown in (A, lines 1 and 2) were taken asV∞ to construct lines 3 and 4, corresponding to the first-order
rate constants of 0.05 min-1 (oxidized enzyme) and 0.09 min-1 (succinate-reduced enzyme). Activity of 100% in (A) corresponds to the
specific activities of 0.8 (µmol/min)/mg (b) and 2.4 (µmol/min)/mg (9).

Table 2: Quantitative Parameters of Complex I-Nucleotide
Interactions (pH 8.0, 25°C)

KD, M

NADH-OHa ADP-riboseb NAD+ c NADHd

Eox 3 × 10-10 2.5× 10-5 8 × 10-4

Ered
f 7 × 10-9 4 × 10-4 2 × 10-5

a Calculated askoff/kon from the data presented in Figure 1 and Table
1. b Determined as depicted in Figure 4.c Determined from the data
on protection of the enzyme by NADH against “irreversible” inhibition
by NADH-OH as depicted in Figure 4.d SMPs (5 µg/mL) were
incubated in the standard reaction mixture containing 2.5 mM potassium
succinate and different concentrations of NADH (0-120µM). NADH-
OH (28 nM) was added, and after 1 min of incubation the residual
NADH oxidase was measured following the rate of NADH oxidation
(final concentration of 120µM) in the presence of 2.5 mM potassium
malonate and gramicidin D (0.05µg/mL). The decrease of NADH
concentration during aerobic incubation in the presence of succinate
did not exceed 1µM. TheKD value was determined from the secondary
plot as depicted in Figure 4.f Ered refers to complex I reduced by
succinate (energy-dependent reverse electron transfer). It should be
noted that although the iron-sulfur centers N-2 and N-3 have been
shown to be reduced almost completely under these conditions (28,
38), the degree of FMN reduction is not known. It seems likely that
complete reduction of FMN may cause even a stronger change of
NADH-OH and ADP-ribose affinities to the enzyme than those reported
here.
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in Figure 1 for the oxidized enzyme (in the absence of
succinate, lower part of eq 1, is

Rearrangement of eq 2 gives

andKD,ox can thus be determined from the linear graph of
1/kobsversusL as the intercept on the abscissa (-KD,ox). The
same dependence of 1/kobson the ligand concentration holds
for the upper part of eq 1 in the presence of reductant (Ered,
in the presence of succinate).

Figure 4 depicts an example of the experimental data on
the protective effect of a ligand (ADP-ribose) against
inactivation of oxidized complex I by NADH-OH fitted to
eqs 2 and 3 in panels A and B, respectively.

The KD,ox value determined by this approach (25µM)
corresponds well withKi for competitive inhibition of NADH
oxidation by ADP-ribose (26µM) derived from conventional
steady-state kinetics (32). Using this approach, the affinity
of NAD+ to oxidized enzyme and that of NADH to the
succinate-reduced enzyme were determined (Table 2). Obvi-
ously, the binding affinity of NAD+ to reduced complex I
and NADH to the oxidized enzyme cannot be determined
using this approach because of oxidation and reduction of
the enzyme caused by NAD+ and NADH, respectively. The
data summarized in Table 2 show that the affinity of the
redox-inactive ADP-ribose is strongly affected by the reduc-
tion of some enzyme component (most likely FMN). In other
words, the binding of the nucleotide per se results in a
decrease of the midpoint redox potential of the enzyme-
bound FMN.

Next we measured the effect of NADH-OH on the “side”
reactions catalyzed by complex I, i.e., NADH- and succinate-
supported superoxide generation (Figure 5). In view of the
data reported above, it could be expected that a decrease of
the FMN redox potential upon NADH-OH binding would
increase autoxidation of the flavin, at least in the succinate-
supported reaction. An opposite effect was evident: NADH-
OH strongly inhibited both NADH- and succinate-supported
superoxide generation.

An extremely high affinity of NADH-OH to complex I
(KD of 3 × 10-10 M for the oxidized enzyme) provides a

FIGURE 4: Effect of ADP-ribose on irreversible inhibition of complex I by NADH-OH. (A) SMPs (25µg/mL) were incubated for 1 min
in the standard reaction mixture containing 28 nM NADH-OH and ADP-ribose (concentrations are indicated on the abscissa). The residual
NADH oxidase activities (100µM NADH and 0.05µg/mL gramicidin D) were determined. The pseudo-first-order rate constants for NADH-
OH-induced inhibition were calculated askobs ) ln(V0/Vt) and plotted as a function of ADP-ribose concentration.V0 corresponds to the rate
of NADH oxidation in the absence of NADH-OH, andVt is the residual activity after 1 min of incubation with NADH-OH. (B) Secondary
plot of 1/kobs versus ADP-ribose concentration used to determineKD for ADP-ribose.

kobs) kon

IKD,ox

L + KD,ox
(2)

1
kobs

) 1
konI

+ L
konIKD,ox

(3)

FIGURE 5: Inhibition of the complex I-mediated superoxide
generation by tightly coupled submitochondrial particles. Superoxide
generation (superoxide dismutase-sensitive acetylated cytochrome
c reduction) was measured as described in the Materials and
Methods. SMPs (1 mg/mL) were preincubated in the standard
mixture for 15 min with or without 100 nM NADH-OH (I), and
the rates of succinate-supported or NADH (50µM)-supported
superoxide (in the presence of 5µM rotenone) generation were
measured in the standard assay mixture containing 0.1 M potassium
phosphate (pH 8.0) and 20µM acetylated cytochromec.
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unique possibility to titrate the contents of the complex I
active site(s) in any particular enzyme preparation. Figure 6
shows that, under conditions where the enzyme concentration
is significantly larger thanKD, the titration of NADH oxidase
by NADH-OH, as expected (30, 33), appeared as a straight
line. Because the precise chemical structure of NADH-OH
is not definitely established and the inhibitor is not very
stable, only an approximate content for the nucleotide binding
active site(s) of complex I (0.09 nmol/mg of protein) can be
derived from the titration. This value is, however, comparable
with that of the piericidin titer (0.1 nmol/mg of protein)
determined with the same SMP preparation (33).

When the initial rates of the succinate-supported reverse
electron transfer activity were determined in the same sample,
a convex (parabolic) titration curve was evident (Figure 6).
This indicates that within some low concentration range the
reverse electron transfer is much less sensitive to inhibition
than the NADH oxidase activity. These results were cor-
roborated by experiments on direct observation of the steady-
state level of NADH/NAD+ reached during coupled succinate
oxidation. The addition of small concentrations of NADH-
OH to the system where the steady-state level of NAD+

reduction has been reached caused anincreaseof the NADH
concentration (not shown), similar to the effects of other
specific inhibitors of complex I, rotenone (34, 35) and ADP-
ribose (32), previously reported.

DISCUSSION

Using a new highly specific inhibitor of complex I, we
were able to demonstrate for the first time that the binding
affinity of nucleotides, catalytically inactive NADH ana-
logues, to the active site is significantly (at least 10-fold)
decreased upon reduction of the enzyme (Table 2). Because
FMN almost certainly serves as the primary electron acceptor
for enzyme-bound NADH, it seems likely that oxidoreduction

of the flavin is coupled with a conformational change of the
protein. This proposal is supported by studies showing that
conformational changes of complex I occur upon nucleotide
binding (36) and that the three-subunit FP fragment of
complex I more readily loses its flavin upon reduction of
the enzyme (37). The use of ADP-ribose, a competitive
inhibitor of NADH oxidation (32), was particularly beneficial
for demonstration of the redox-dependent binding change
since this nucleotide analogue contains no redox-active
component (nicotinamide). The Nqo1 subunit ofT. thermo-
philus is highly homologous with the mammalian complex
I 51 kDa subunit. If the X-ray structure of Nqo1 is used as
a model (16), the solvent-accessible positively charged area
at the entrance to the FMN binding pocket is a region which
may undergo this redox-dependent rearrangement. It should
be noted that the actual redox dependency of the affinity
during NADH oxidation turnover may be significantly larger
than that experimentally observed in this study (10-fold
difference). The FMN reduction level reached during pmf-
dependent reverse electron transfer may be lower than that
during coupled oxidation of NADH at state 4. Indeed, the
rate of the succinate-supported superoxide production, which
is presumably directly proportional to FMN reduction, plotted
as a function of the respiratory control ratio for different
preparations of SMPs, appears as a straight line and never
reaches saturation (our unpublished observation). A redox-
dependent change of the protein structure is of great interest
for elucidation of complex I-catalyzed proton translocation.
The H+/e stoichiometry determined for mammalian complex
I (38-40) and theParacoccus denitrificansenzyme (41)
is equal to 4, a value which cannot be accounted for by a
single proton-translocating loop mechanism (42). One cou-
pling “subsite” is likely associated with ubiquinone reduction
by the iron-sulfur center N-2 in the hydrophobic membra-
nous phase, and different mechanisms for this coupling
subsite have been proposed (43-45). Since the FMN is
located almost 90 Å from the membrane plane (16), it is
virtually impossible to construct any FMN-catalyzed proton-
translocating loop mechanism. The alternative might be that
redox-dependent conformational coupling (13, 45-48) is
operating together with a direct ubiquinone reduction-
associated loop mechanism which may result in the observed
overall H+/e stoichiometry of 4. The redox-dependent
nucleotide binding change as reported here may be a part of
such a conformational coupling. A number of findings
reported in the literature are in line with a significant redox-
dependent conformational change of the complex I structure
(17, 36, 37, 49-51). Changing of the affinity to dinucleotides
upon enzyme reduction might also be due to different
electronic structures of the oxidized and reduced forms of
the flavin (17). It has been demonstrated that the presence
of nucleotide in the active site of the enzyme affects the
reduction potential of the flavin (25), consistent with the close
interaction of the isoalloxazine ring and nicotinamide moiety.

We have shown previously that the substrate (NADH) and
product (NAD+) nucleotides inhibit the succinate-supported
complex I-mediated superoxide generation in tightly coupled
SMPs (29). In the current study it is shown that NADH-
OH, the nucleotide binding site directed inhibitor, strongly
suppresses the succinate-supported superoxide generation
(Figure 5) during reverse electron transfer. A number of
possibilities for the mechanism(s) of inhibition of succinate-

FIGURE 6: Titration curves for inhibition of uncoupled NADH
oxidation and succinate-supported aerobic reverse electron transfer
by NADH-OH. SMPs were preincubated in the standard reaction
mixture with the indicated concentrations of NADH-OH for 15 min.
The residual NADH oxidase (b, 100µM NADH and 0.05µg/mL
gramicidin D) and reverse electron transfer (9, 1 mM NAD+ and
5 mM potassium succinate) activities were determined. The final
concentration of SMPs in the assay mixture was 25µg/mL. The
SMP content in the preincubation mixture was 2 mg/mL. An activity
of 100% corresponds to the specific activity (initial rate) of 0.8
and 0.1 (µmol/min)/mg of protein for NADH oxidase and reverse
electron transfer, respectively. Longer preincubation of SMPs with
NADH-OH did not change the titration curves.
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supported superoxide generation by NADH-OH can be
considered. We have shown that NADH-OH binds much
stronger to the oxidized form of the enzyme compared to
the reduced one (Table 2). In other words the binding of
NADH-OH results in a decrease of the midpoint redox
potential of the protein-bound flavin. Data have been
presented suggesting that the most probable candidate for
superoxide generation from complex I is the reduced flavin
moiety (29, 52). If the midpoint potential of the FMNH2/
FMN couple is decreased upon NADH-OH binding in close
vicinity to the flavin, this could be a reason for the
suppression of succinate-supported superoxide generation in
the presence of the inhibitor, which stabilizes the oxidized
form. Another possibility is evident from the atomic structure
of the T. thermophilusNDH1 (16, 17), which shows that
accessibility of the flavin for oxygen might be provided by
a solvent-accessible cavity. The inhibition of superoxide
production in the presence of NADH-OH and other nucle-
otides might be due to steric hindrance for flavin-oxygen
interaction as suggested by Sazanov (17). However, it should
be pointed out that oxygen is a small, lipid-soluble molecule
that does not necessarily reach the flavin from a solvent-
accessible cavity. Figure 5 shows that the rate of superoxide
production in the presence of succinate, when the cavity is
presumably filled by water, is slightly less than that in the
presence of 50µM NADH (a concentration which is about
10 times higher than the apparentKm), i.e., under the
conditions where the cavity is substantially occupied by the
nucleotide. A likely explanation for the inhibitory effect of
NADH-OH on the succinate-supported superoxide generation
is that tight binding of the inhibitor results in a gross
conformational change of a peripheral arm of complex I,
which decreases the accessibility of flavin for oxygen.

The binding affinity of NADH-OH for both oxidized and
reduced (by succinate) complex I is so high (3× 10-10 and
7 × 10-9 M, respectively, Table 2) that the compound is an
excellent tool for quantitative determination of the enzyme
content in any particular preparation containing complex I.
This is demonstrated in Figure 6, where a straight-line
titration, as expected for practically irreversible inhibition
(33, 35), is evident. At present we are not in a position to
compare these data with a number of previously published
results on titration of complex I activity by the ubiquinone
junction-site-directed inhibitors, such as rotenone, piericidin,
and pyridaben (33, 35, 53-55), until the exact structure of
NADH-OH is established and the inhibitor is available in
100% pure form. However, the first approximation corre-
sponds to a 1:1 ratio of NADH-OH to piericidin titers.

Strong deviation from the straight-line-type titration was
evident for the reverse electron transfer activity (Figure 6).
Several reasons for this type of a titration curve merit
consideration. It is conceivable that the potential activity of
complex I in the reverse reaction (NAD+ reduction) greatly
exceeds the pmf-generating capacity of succinate oxidase.
This model if considered as two homogeneous enzymes, QH2

(and pmf)-producingandQH2 (and pmf)-utilizing systems,
which would result in the convex titration curve as seen in
Figure 6. Another possible explanation of the observed
titration behavior is that complex I in the native coupled
membranes functions as a dimer. A dimeric functional model
of complex I was proposed many years ago (56, 57);
however, there is scant evidence that complex I functions

as a dimer. The recent demonstration of the atomic structure
of the hydrophilic domain ofT. thermophilusNDH1 (16)
clearly shows that the two-site model cannot be applied for
the functioning of the bacterial enzyme. It is possible,
however, that the mechanism of operation and the structure
of the mammalian and bacterial enzymes are different. It
has been noted that the 39 kDa subunit, not found in bacterial
homologues, contains a nucleotide binding motif in addition
to that found in the 51 kDa subunit (7). Further detailed
studies on the structure and nucleotide binding properties of
the mammalian complex I are evidently needed to sort out
this complexity.
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