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ABSTRACT: NADH-ubiquinone oxidoreductase (complex I) is the first enzyme of the respiratory electron
transport chain in mitochondria. It conserves the energy from NADH oxidation, coupled to ubiquinone
reduction, as a proton motive force across the inner membrane. Complex I catalyzes NADPH oxidation,
NAD+ reduction, and hydride transfers from reduced to oxidized nicotinamide nucleotides also. Here, we
investigate the transhydrogenation reactions of complex I, using four different nucleotide pairs to encompass
a range of reaction rates. Our experimental data are described accurately by a ping-pong mechanism with
double substrate inhibition. Thus, we contend that complex I contains only one functional nucleotide
binding site, in agreement with recent structural information, but in disagreement with previous mechanistic
models which have suggested that two different binding sites are employed to catalyze the two half reactions.
We apply the Michaelis-Menten equation to describe the productive states formed when the nucleotide
and the active-site flavin mononucleotide have complementary oxidation states, and dissociation constants
to describe the nonproductive states formed when they have the same oxidation state. Consequently, we
derive kinetic and thermodynamic information about nucleotide binding and interconversion in complex
I, relevant to understanding the mechanisms of coupled NADH oxidation and NAD+ reduction, and to
understanding how superoxide formation by the reduced flavin is controlled. Finally, we discuss whether
NADPH oxidation and/or transhydrogenation by complex I are physiologically relevant processes.

NADH-ubiquinone oxidoreductase (complex I) is the first
enzyme of the electron transport chain in mitochondria (1-
4). The primary reaction catalyzed by complex I is NADH
oxidation, coupled to ubiquinone reduction and to the
translocation of protons across the inner mitochondrial
membrane (5). Consequently, complex I is crucial for
regenerating NAD+ in the mitochondrial matrix, producing
ubiquinol for the subsequent reactions of the electron
transport chain and for contributing to the proton motive
force (PMF1) which supports ATP synthesis and the transport
of metabolites. When the PMF is high, relative to the
potential difference between the NAD+ and ubiquinone
pools, complex I catalyzes in reverse: NAD+ is reduced by
ubiquinol, driven by the PMF (6, 7). Complex I is known to
catalyze NADPH oxidation also, albeit at a much smaller
rate than NADH oxidation (8). Finally, it is an important
source of reactive oxygen species in mitochondria (9);
superoxide is produced when O2 reacts with either the
reduced flavin mononucleotide (FMN) in the active site
where NADH is oxidized (10) or with an ubisemiquinone
radical which depends on the PMF (11).

As complex I is known to catalyze NADH and NADPH
oxidation and NAD+ reduction, it may catalyze transhydro-
genation reactions between NAD(P)H and NAD(P)+ also (eq

1). In mitochondria, transhydrogenation reactions are coupled
to the PMF and catalyzed by a specific enzyme, proton-
translocating transhydrogenase (12-14). Unrestrained tran-
shydrogenation reactions in the mitochondrial matrix, cata-
lyzed by complex I, would have obvious physiological
consequences, since they would tend to equilibrate the
distinct potentials of the NADP+ and NAD+ pools (15-19).

Singer and co-workers first described the transhydrogenase
activity of purified complex I (20, 21). They used a variety
of NAD+ analogues (including APAD+ and ThioNAD+) as
hydride acceptors and found that, relative to NADH, NADPH
is a very poor hydride donor. The rate of NADH-APAD+

transhydrogenation was approximately 5% of that of NADH-
ferricyanide oxidoreduction, and an estimated one-third of
the total NADH-APAD+ transhydrogenase activity of
bovine heart mitochondria was attributed to complex I.
Subsequently, Hatefi and co-workers studied submitochon-
drial particles and mitochondrial NADH dehydrogenase, to
specify which ‘physiological’ dehydrogenase and transhy-
drogenase reactions may be catalyzed by complex I (8, 22,
23). Complex I was found to catalyze NAD(P)H oxidation
and NAD(P)H-NAD+ transhydrogenation, but it displayed
little or no NAD(P)H-NADP+ activity. Reactions involving
NADH were significantly faster than those involving
NADPH, and it was noted that, in the mitochondrion,
transhydrogenation reactions involving NADP+ are energy
linked. Finally, Vinogradov and Zakharova have addressed
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the mechanism of NADH-APAD+ transhydrogenation in
complex I and proposed that the reaction involves two or
more nucleotide binding sites (24), that it occurs by two
different pathways (25), and that nucleotide binding is
ordered during formation of the ternary complex (26).

Here, we study the transhydrogenation reactions catalyzed
by purified complex I, using a variety of nucleotide substrates
which exhibit a wide range of reaction rates. In contrast to
the mechanistic models proposed previously, we contend that
the reaction occurs at a single nucleotide binding site, and
that it occurs with ping-pong reaction kinetics with double
substrate inhibition. We define kinetic and thermodynamic
constants individually for each nucleotide and for each
oxidation state of the active site flavin. Thus, we further aim
to determine new information about nucleotide binding to
the enzyme, as a prerequisite for understanding the energy
transducing NADH-ubiquinone oxidoreductase reaction and
particularly for understanding how the rate of superoxide
production by the reduced flavin is determined. Finally, we
discuss the possibility that complex I catalyzes NADPH
oxidation and/or non-energy-transducing transhydrogenation
reactions in the mitochondrion.

EXPERIMENTAL PROCEDURES

Preparation of Complex I from BoVine Heart Mitochon-
dria. Complex I was prepared using the method of Sharpley
and co-workers (27), with minor modifications as described
by Sherwood and Hirst (28). Samples were concentrated to
∼10 mg mL-1 (determined using the Pierce bicinchoninic
acid (BCA) assay) and frozen in liquid nitrogen for storage.

Kinetic Measurements by UV-Visible Spectroscopy.As-
says were carried out at 32°C in 20 mM Tris-HCl (pH 7.5),

either in cuvettes (1 mL) using a diode array spectrometer
(Ocean Optics) or in 96-well plates (200µL) using a
microtiter plate reader (Molecular Devices). The concentra-
tion of complex I was varied to give an appropriate rate for
each reaction. The nicotinamide nucleotides and hexaam-
mineruthenium III (HAR) were added from concentrated
stock solutions in the assay buffer, and reactions were
initiated by the addition of complex I. Initial rates were
calculated using linear regression (typically over 15 s), and
background rates were subtracted. The wavelengths at which
the reactions were monitored were chosen according to the
absorption maxima (Table 1) and concentrations of the
reduced nucleotides; examples are reported in the figure
legends.

Kinetic Measurements by HPLC Analysis of the Nucleotide
Composition.Nucleotides were quantified using a modified
version of the ion-pair reversed-phase HPLC method of
Stocchi and co-workers (35). A 20 µL amount of the test
solution was injected onto a Hichrom 5µm Nucleosil C18
column (250 mm× 3.2 mm internal diameter), protected
with the appropriate guard column. Buffer A contained 0.1
M potassium phosphate (pH 6) and 8 mM tetrabutylammo-
nium hydrogen sulfate (Fisher Scientific); buffer B contained
buffer A plus 30% methanol (Chromasolv, Sigma-Aldrich).
The column was pre-equilibrated in 20% buffer B, and then
the nucleotides were eluted at 0.5 mL min-1 using the
following program: 20 to 40% buffer B in 12 min, 40 to
100% buffer B in an additional 16 min, and 8 min in 100%
buffer B. Elution was monitored at 254 nm, and nucleotide
concentrations determined by reference to standard solutions.

Table 1: The Nicotinamide Nucleotides Used in This Study

a R is used to denote the ADP-ribose moiety; NADPH has an additional 2′-phophate group on its adenosine ribose group.
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All analyses were performed on an Agilent 1100 system,
with manual injector, column thermostat (set at 30°C), and
multiple wavelength detector, controlled by an Agilent
ChemStation.

Assays for HPLC analysis were conducted under the same
conditions as UV-visible assays but in the absence of O2

(see text). Using anaerobic solutions, inside a N2-containing
glovebox (Belle Technology), nucleotides were incubated in
the assay buffer for 2 min (to equilibrate the temperature),
the reaction was initiated with complex I, and the reaction
vessel was sealed. The solution was incubated for a further
3 min, the anaerobic seal was broken, and the mixture was
filtered quickly through a 0.22µm filter (Sartorius) and
injected onto the column. It was assumed that the reaction
was quenched upon injection, and the total time of incuba-
tion, including filtering and loading, was used for calculation
of the reaction rate.

Data Modeling Procedures.Modeled curves for data
fitting were calculated using either the Michaelis-Menten
equation or eq 2, and the quality of the fits from different
parameter combinations were assessed both by visual inspec-
tion and by calculation of least-squares error (LSQE) values
(the sum of the squares of the differences between calculated
and experimental data points). Fits were optimized math-
ematically by minimization of the LSQE values (using
programs coded in C) to investigate a wide range of possible
combinations of the different parameter values. When a
single unique fit could not be found, combinations of
parameter values which gave LSQE values below chosen
limits were used to define acceptable ranges.

RESULTS

Complex I Catalyzes Hydride Transfer from a Reduced
to an Oxidized Nucleotide.Figure 1 presents an overview
of the relative rates of the transhydrogenation reactions

catalyzed by complex I, using four different oxidized and
reduced nucleotide pairs (see Table 1) all present at a
concentration of 0.1 mM. All the measurements reported are
from the purified, detergent-solubilized enzyme (in the
absence of a PMF). It is immediately clear that significant
differences result from the nucleotide identities. When
NADH is the hydride donor, rapid reactions are observed
with both APAD+ and ThioNAD+, but hydride transfer from
NADH to NADP+ is very slow. APADH is an ineffective
hydride donor, but APAD+ is an efficient acceptor (it
has the most positive reduction potential, see Table 1).
ThioNADH and ThioNAD+ (with an intermediate reduction
potential) display reasonable reactivity in both the oxidizing
and reducing directions. These observations reflect the
relative thermodynamic driving forces of the reactions (see
Table 1). However, reactions in which NADPH is the hydride
donor are much slower than those with NADH, indicating
that kinetic factors dominate in this case (NAD+ and NADP+

have the same reduction potential). Table 1 shows that
NADH, APADH, and ThioNADH differ only in their
nicotinamide moieties, whereas NADPH has an additional
2′-phosphate group on the adenosine ribose moiety. Although
there is no bound nucleotide present in any structural model
of complex I so far, it is possible that the phosphate presents
a significant barrier for access of the nicotinamide moiety
to the active site, perhaps by disrupting stacking interactions
between the adenine ring and aromatic residues at the
entrance to the binding channel (36).

The Mechanism of the NADH-APAD+ Transhydrogena-
tion Reaction.Figure 1 shows that the NADH-APAD+

reaction has the highest rate, so it was chosen as the primary
subject for our mechanistic studies. Scheme 1 defines the
‘ping-pong’ mechanism (with double substrate inhibition)
for the transhydrogenation reactions catalyzed by complex
I. Crucially, it is a single site mechanism; all the nucleotides
bind to the same active site, and the close match between
the substrate (see Table 1) and active site flavin potentials
(-0.38 V at pH 7.5 (37)) enables the same flavin to catalyze
both the oxidative and reductive half reactions. Each nucle-
otide may bind to both oxidation states of the flavin, and
the binding constants depend on the oxidation state. Oxidized

FIGURE 1: Comparison of the rates of the transhydrogenation
reactions catalyzed by complex I. Initial rates (s-1, moles of
nucleotide converted per mole of complex I per second) were
calculated by linear regression, and background rates were sub-
tracted. Rates for the NADPH-NAD+ and NADH-NADP+

reactions were measured by HPLC analysis (see text). Solid bars
refer to the ordinate scale shown; for the open bars, the values have
been multiplied by ten and the bars shifted upward for clarity.
Conditions: 32°C, 20 mM Tris-HCl pH 7.5, 0.1 mM nucleotide
concentration. Reactions monitored as follows: NAD(P)H-APAD+,
ε400-500 ) 3.16 mM-1 cm-1; NAD(P)H-ThioNAD+, ε420-500 )
8.23 mM-1 cm-1; APADH-NAD(P)+, ε400-500 ) 3.16 mM-1 cm-1;
APADH-ThioNAD+, ε440-500 ) 2.38 mM-1 cm-1; ThioNADH-
NAD(P)+, ε440-500 ) 2.38 mM-1 cm-1; ThioNADH-APAD+,
ε440-500 ) 2.38 mM-1 cm-1.

Scheme 1: ‘Ping-Pong’ Mechanism with Double Substrate
Inhibition Describing the Transhydrogenation Reactionsa

a FlOx/Red, oxidized or reduced state of the flavin; [ ], enzyme bound
species;kcat, first-order rate constant for hydride transfer and product
dissociation;KM, Michaelis-Menten constant; KOx/Red, dissociation
constant, referring to the oxidized or reduced state of the flavin. The
model is shown for the NADH-APAD+ reaction but is applied to all
reactions studied.
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nucleotides binding to the oxidized flavin, and reduced
nucleotides binding to the reduced flavin, produce nonreac-
tive states and are competitive inhibitors characterized by
dissociation constants. Our model assumes that inhibitory
nucleotide binding is fast and reversible. A reduced nucle-
otide binding to the oxidized flavin (and vice versa) produces
a reactive state and is characterized here using the Michae-
lis-Menten equation and the parametersKM andkcat. Thus,
our model assumes that all steps following the production
of the Michaelis-Menten complex can be considered as one,
and that the catalytic interconversions are irreversible (in
initial rate measurements ‘back-reactions’ of the products
need not be included). Finally, for simplicity, we assume
that nucleotide binding and interconversion are not affected
by the oxidation states of the iron-sulfur (FeS) clusters in
the enzyme. Equation 2 is derived from Scheme 1 by
applying the steady-state approximation to each enzyme
intermediate (38), for a total complex I concentration of
[E]TOT.

where

and

Figure 2 shows how the initial rate of the NADH-APAD+

reaction varies according to the concentrations of both
nucleotides. The APAD+ concentration dependencies are
hyperbolic and dominated by the Michaelis-Menten com-
ponent, whereas the NADH concentration dependencies
indicate thatkcat is achieved at much lower NADH concen-
tration and that, at higher concentrations, NADH becomes a
competitive inhibitor, binding to the [FlRed] state. Figure 2
shows also a fit to the data obtained using eq 2, demonstrat-
ing clearly that the data can be explained and modeled
accurately by the single-site mechanism in Scheme 1.

Equation 2 contains six independent parameters, and it was
quickly found that it is not possible to define one unique set
to fit the data in Figure 2. Therefore, to constrain the number
of possible combinations,KM andkcat values for NADH were
estimated by studying its oxidation by complex I, in
conjunction with the artificial electron acceptor hexaam-
mineruthenium (III) (HAR). Experiments were performed
using high HAR concentration, so that the rate is determined
as much as possible by NADH oxidation, the step common
to both the oxidation and transhydrogenase reactions. Data
for the NADH-HAR oxidoreductase reaction are shown in
Figure 3A and were fit using the Michaelis-Menten equa-
tion; several independent experiments gave the range of
values reported in Table 2. Consequently, the data shown in
Figure 2 were fit usingKM

NADH ) 0.094 mM andkcat
NADH )

2700 s-1, by allowing the other four parameters to vary and

by minimizing the LSQE. AllowingKM
NADH and kcat

NADH to
vary also decreased the LSQE by approximately half (giving
KM

NADH ) 0.038 mM andkcat
NADH ) 500 s-1), but visual

inspection did not reveal any significant improvement in the
fit quality. In addition, the quality of the fit depends most
strongly on (kcat

NADH/KM
NADH); the individual values cannot be

determined with any confidence. Consequently, we chose
the pragmatic approach of using the NADH-HAR oxi-
doreductase values forKM

NADH and kcat
NADH, to anchor our

parameter search and to avoid unrealistic parameter combi-
nations which may, in responding to imperfections in the
data, give the lowest LSQE values. Finally, LSQE minimiza-

rate) kcat
NADH[FlOx - NADH] )

kcat
NADH

KM
NADH

[E]TOT[NADH]

(Γ + Φ
[NADH]

[APAD+]

kcat
NADH

KM
NADH

KM
APAD+

kcat
APAD+)

(2)

Γ ) 1 + KOx
APAD+

[APAD+] +
[NADH]

KM
NADH

Φ ) 1 + KRed
NADH[NADH] +

[APAD+]

KM
APAD+

FIGURE 2: Dependence of the rate of the NADH-APAD+

transhydrogenation reaction, catalyzed by complex I, on substrate
nucleotide concentration. Initial rates (s-1, moles of APADH
produced per mole of complex I per second) were calculated by
linear regression usingε400-500 ) 3.16 mM-1 cm-1, and background
rates were subtracted. Conditions: 32°C, 20 mM Tris-HCl pH 7.5.
[, experimental data points; solid lines, fit to the data using
KM

NADH ) 0.094 mM, kcat
NADH ) 2700 s-1, KRed

NADH ) 0.16 mM,
KM

APAD+ ) 0.32 mM,kcat
APAD+ ) 340 s-1, KOx

APAD+ ) 5.0 M.

FIGURE 3: Dependence of the rate of the NADH-HAR and
NADPH-HAR oxidoreductase reactions, catalyzed by complex I,
on substrate nucleotide concentration at 3.5 mM HAR. Initial rates
(s-1, moles of NADH or NADPH consumed per mole of complex
I per second) were calculated by linear regression and background
rates were subtracted. NADH oxidation:ε360-400 ) 4.32 mM-1

cm-1; NADPH oxidation: ε370-400 ) 2.75 mM-1 cm-1 or ε390-400
) 0.5 mM-1 cm-1. [, experimental data points; solid lines, fits to
the Michaelis-Menten equation usingkcat

NADH ) 2500 s-1, KM
NADH

) 0.089 mM,kcat
NADPH ) 18 s-1 andKM

NADPH ) 3.7 mM.], the data
for NADPH are shown in A) for comparison.
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tion can always find one ‘best’ fit (whereas for the data
presented in Figure 2 a variety of parameter combinations
give very similar fits), and it is biased toward fitting high
values at the expense of low values (whereas different criteria
identify alternative best fits). Therefore, we determined
parameter ranges from Figure 2, by identifying combinations
which gave LSQE values below a ‘satisfactory’ threshold,
set by visual inspection. The parameter ranges determined
from Figure 2 wereKRed

NADH ) 0.086-0.26 mM,KM
APAD+ )

0.19-0.54 mM, kcat
APAD+ ) 290-460 s-1, and KOx

APAD+
>

0.69 mM.
Transhydrogenation Reactions with Different Nucleotide

Combinations.Three further transhydrogenation reactions
were characterized in detail (see Figure 4). The NADH-
ThioNAD+ reaction is relatively fast, and, because NADH
is the hydride donor in both this and the NADH-APAD+

reaction, the same values ofKM
NADH, kcat

NADH, andKRed
NADH must

apply. Figures 4A,B show that (as for the NADH-APAD+

reaction) the ThioNAD+ dependence is hyperbolic, whereas
inhibition is observed at high NADH concentrations. The
data were modeled using eq 2 withKM

NADH ) 0.094 mM,
kcat

NADH ) 2700 s-1, andKRed
NADH ) 0.086-0.26 mM, and with

the ThioNAD+ parameters allowed to take any value. The
satisfactory fitting approach narrowed the range forKRed

NADH

(to 0.16-0.26 mM) and definedKM
ThioNAD+ ) 0.15-0.32

mM, kcat
ThioNAD+ ) 180-230 s-1, and KOx

ThioNAD+ ) 0.27-
0.45 mM. For the ThioNADH-APAD+ and NADPH-
APAD+ reactions (Figures 4C,D and 4E,F), the APAD+

parameters must agree with those determined above, even
though the reaction rates differ significantly. In both these
cases inhibition is observed at high APAD+ concentrations,
as APAD+ is able to compete with ThioNADH and NADPH
for the oxidized flavin site but not with NADH (see Figure
2). The ThioNADH-HAR and NADPH-HAR (Figure 3B)
reactions provided estimates ofKM

ThioNADH ) 0.045-0.12
mM, kcat

ThioNADH ) 63-86 s-1, KM
NADPH ) 2.0-4.6 mM, and

kcat
NADPH ) 13-22 s-1. These ranges were not modified,

except that it was necessary to decreasekcat
ThioNADH by

approximately 50% (to 29-46 s-1) and to increaseKM
ThioNADH

slightly (to 0.055-0.15 mM) to achieve a satisfactory fit to
Figures 4C,D.KRed

ThioNADH andKRed
NADPH were allowed to take

any value and were found to be 0.018-0.2 mM and>0.09
mM, respectively. The ranges forKM

APAD+ andkcat
APAD+ were

unchanged, but that forKOx
APAD+ was narrowed to 2.8-12.5

mM.
The NADH-NADP+ and NADPH-NAD+ Transhydroge-

nation Reactions Studied by HPLC Analysis.Transhydro-

genation reactions between NAD(H) and NADP(H) are
spectroscopically invisible because the UV-visible spectra
of NADH and NADPH are the same (30). However, all the

Table 2: Summary of All the Parameter Ranges Derived from Modeling the Transhydrogenation Reactions

KM (mM) kcat(s-1) kcat/KM (s-1 M-1) KOx (mM) KRed(mM)

NADH [0.094( 0.01]a [2700( 200]a [2.9 × 107]a - 0.16-0.26
NAD+ >0.020b >1.6b (5.0-80)× 103 .0.11c -
NADPH [2.0-4.6]a [13-22]a [(3.0-6.5)× 103]a - .0.090c

NADP+ >0.14b >0.24b (0.50-1.7)× 103 .0.015c -
APADH [0.15( 0.02]a [150 ( 20]a [1.00× 106]a - -
APAD+ 0.19-0.54 290-460 (0.78-1.7)× 106 2.8-12.5 -
ThioNADH 0.055-0.15 29-46 (1.2-5.2)× 106 - 0.018-0.20
ThioNAD+ 0.15-0.32 180-230 (0.7-1.3)× 106 0.27-0.45 -

a Square brackets denote values from the HAR reactions, which were consistent with the modeling of the transhydrogenase reactions; the values
for APADH are presented for comparison.b Only a minimum value could be established (>). c The true value is likely to be much larger than the
established minimum (.).

FIGURE 4: Dependence of the rate of various transhydrogenation
reactions, catalyzed by complex I, on substrate nucleotide concen-
tration. Initial rates (s-1, moles of ThioNADH produced (A and B,
ε420-500 ) 8.23 mM-1 cm-1), ThioNADH consumed (C and D,
ε440-500 ) 2.38 mM-1 cm-1), or APADH produced (E and F,
ε400-500 ) 3.16 mM-1 cm-1), per mole of complex I per second)
were calculated by linear regression, and background rates were
subtracted. Conditions: 32°C, 20 mM Tris-HCl pH 7.5.[,
experimental data points; solid lines, fit to the data using:KM

NADH

) 0.094 mM,kcat
NADH ) 2700 s-1, KRed

NADH ) 0.25 mM,KM
ThioNAD+ )

0.22 mM,kcat
ThioNAD+ ) 200 s-1, KOx

ThioNAD+ ) 0.33 mM (A and B);
KM

ThioNADH ) 0.095 mM,kcat
ThioNADH ) 34 s-1, KRed

ThioNADH ) 0.055
mM, KM

APAD+ ) 0.31 mM,kcat
APAD+ ) 400 s-1, KOx

APAD+ ) 4.2 mM
(C and D);KM

NADPH ) 2.3 mM, kcat
NADPH ) 18 s-1, KRed

NADPH ) 1.0
mM, KM

APAD+ ) 0.33 mM,kcat
APAD+ ) 350 s-1, KOx

APAD+ ) 3.0 mM
(E and F). In E and F, the additional data points (0) are from
equivalent measurements by HPLC analysis (see text).
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reactions of NADPH and NADP+ are slow (see Figure 1),
so that HPLC analysis, at a fixed time point, can be used to
determine their rates.

Figure 5 shows a typical HPLC trace, quantifying the
different nucleotides in a mixture. Analysis of standard
solutions (0 to 1 mM) confirmed that the elution peak areas
varied linearly with concentration, and that concentrations
down to 2µM could be determined. First, our methodology
was established using the NADPH-APAD+ reaction, and
Figure 4F includes data points from both HPLC and UV-
visible assays, confirming their close agreement. In all cases,
preliminary experiments were used to confirm that the 3 min
time point used was within the linear phase of the reaction,
enabling the initial rate to be determined. All the reactions
were carried out under anaerobic conditions, because their
turnover rates are so slow that O2 competes efficiently for
the reduced flavin (10), leading to nonstoichiometric changes
in nucleotide concentration. In preliminary experiments, all
four nucleotide concentrations were quantified, but only the
two products were used in routine analysis, since the high
reactant concentrations gave very small percentage changes
and thus higher errors. Finally, the NADH-NADP+ and
NADPH-NAD+ reactions are extremely slow, so that
relatively large amounts of enzyme are required, limiting the
number of assays that could be carried out.

Figures 6A,B show data for the NADPH-NAD+ tran-
shydrogenase reaction. Consistent with a high value for
KM

NADPH, the dependence on NADPH concentration is hy-
perbolic, whereas mild inhibition is observed at the highest
NAD+ concentration. The data were modeled usingKM

NADPH

) 2.0-4.6 mM, kcat
NADPH ) 13-22 s-1, andKRed

NADPH > 0.09
mM (see above), and the NAD+ parameters were allowed
to take any value. Because of the limited datasets available,
the NADPH parameters were not refined further, and
screening for satisfactory values ofKM

NAD+, kcat
NAD+, and

Kox
NAD+ resulted in wide ranges, for which only minimum

values could be established.KOx
NAD+ > 0.11 mM could adopt

values as high as 1 M without compromising the fit.
Similarly, KM

NAD+ > 0.02 mM andkcat
NAD+ > 1.6 s-1 could be

far higher than their minimum values (for example, 100 mM
and 600 s-1 respectively). However, a relationship was

observed betweenKM
NAD+ and kcat

NAD+, and, using the satis-
factory fitting approach, a range for(kcat

NAD+/KM
NAD+) was

obtained(kcat
NAD+/KM

NAD+ ) (5-80) × 103 s-1 M-1). For the
NADH-NADP+ reaction (Figures 6C,D), the expected
inhibition from NADH is observed, while the dependence
on NADP+ concentration is hyperbolic. The data were
modeled usingKM

NADH ) 0.094 mM,kcat
NADH ) 2700 s-1, and

KRed
NADH ) 0.16-0.26 mM (determined above), with the

NADP+ parameters allowed to take any value. Again, many
different parameter combinations gave satisfactory fits,
consistent with the linear dependence on NADP+ concentra-
tion and the lack of NADP+ inhibition. The true value for
KOx

NADP+ is anticipated to be significantly above its estab-
lished minimum, 0.015 mM. Only minimum values could
be established forKM

NADP+ andkcat
NADP+ (KM

NADP+ > 0.14 mM,
kcat

NADP+ > 0.24 s-1), and a relationship betweenKM
NADP+ and

kcat
NADP+ was again observed, as both parameters could go to

much higher values (for example, 100 mM and 50 s-1)
without affecting the LSQE value. The range established for
(kcat

NADP+/KM
NADP+), of (0.5-1.7)× 103 s-1 M-1, was lower in

magnitude than the corresponding range for NAD+.

DISCUSSION

The Mechanism of Transhydrogenation by Complex I.All
the transhydrogenation reactions catalyzed by complex I were
modeled successfully using the single-site ping-pong mech-
anism with double substrate inhibition, and reactions with
common substrates were modeled with common parameter
sets (final parameter ranges are summarized in Table 2).

FIGURE 5: HPLC analysis of a nucleotide mixture. The nucleotides
were all present at 50µM. The small extra peak observed at 14
min was an undefined impurity present in APADH. Conditions: 5
µm Nucleosil C18 column (250 mm× 3.2 mm), injection volume
20 µL, elution at 0.5 mL min-1 in 0.1 M potassium phosphate (pH
6) containing 8 mM tetrabutylammonium hydrogen sulfate with a
gradient of 6-30% methanol (see Experimental Procedures). FIGURE 6: Dependence of the rate of the NADPH-NAD+ and

NADH-NADP+ transhydrogenation reactions, catalyzed by com-
plex I, on substrate nucleotide concentration. Initial rates (s-1, moles
of each product produced per mole of complex I per second) were
calculated from HPLC analysis of the nucleotide concentrations as
described in the text. Conditions: 32°C, 20 mM Tris-HCl pH 7.5.
[, experimental data points; solid lines, fit to the data using
KM

NADPH ) 2.4 mM,kcat
NADPH ) 18 s-1, KRed

NADPH ) 0.54 mM,KM
NAD+

) 0.95 mM, kcat
NAD+ ) 10 s-1, KOx

NAD+ ) 0.16 mM (A and B);
KM

NADH ) 0.094 mM, kcat
NADH ) 2700 s-1, KRed

NADH ) 0.18 mM,
KM

NADP+ ) 0.48 mM, kcat
NADP+ ) 0.47 s-1, KOx

NADP+ ) 1.0 mM (C
and D).
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Clearly, comparing data from different nucleotide combina-
tions provides more robust parameter sets, and a more
stringent test of our reaction mechanism, than only a single
combination. We conclude that the single-site mechanism
of Scheme 1 is a simple and sufficient model for the
transhydrogenation reaction, and it is not necessary to
propose the existence of multiple nucleotide binding sites
in complex I. Although it combines hydride transfer and
nucleotide dissociation into a single irreversible step (so is
not completely comprehensive), it has allowed the determi-
nation of parameter ranges for future refinement and further
investigations. Finally, our mechanism is clearly distinct from
that of transhydrogenase itself (13, 14). Transhydrogenase
does not require an additional cofactor, such as the complex
I flavin, to shuttle the hydride moiety. Instead, direct hydride
transfer between the two nicotinamide rings occurs in a
ternary complex, and conformational changes link hydride
transfer to the PMF to prevent the enzyme ‘free wheeling’.

Previous studies by Vinogradov and Zakharova concluded
that, in complex I, NADH-APAD+ transhydrogenation
requires two distinct nucleotide binding sites (24-26).
Clearly, their dual-site model is incompatible with the single-
site model presented here. It is possible that the disagreement
arises because the previous studies relied on double-
reciprocal plot analysis. Here, we chose the more intuitive
direct analysis, because the double-reciprocal form of eq 2
is nonlinear (unless limiting approximations are taken),
confounding the interpretation of double-reciprocal plots and
providing no analytical advantage. Indeed, it was reported
that double-reciprocal plots in regions ‘where the substrate
inhibition could be neglected’ were either curvilinear, or they
intersected in different quadrants depending on substrate
concentration (24, 25). Although such observations were
taken to suggest complex kinetics and more than one binding
site, they are consistent with the double-reciprocal form of
eq 2. Furthermore, using the mechanism from Scheme 1 and
the parameters from Table 2, we were able to generate
modeled data showing excellent qualitative agreement with
the previously reported experimental data (24, 25).

Knowledge of the number of substrate binding sites is a
prerequisite for understanding the mechanism of an enzyme.
A single nucleotide binding site was identified in the Nqo1
subunit in the structure of the hydrophilic domain of complex
I from T. thermophilus(36), consistent with earlier labeling
studies which showed that the bovine 51 kDa subunit
contains an NADH binding site (39). Although NADPH
binds to the 39 kDa subunit in bovine andYarrowia lipolytica
complex I (40, 41), the 39 kDa subunit is supernumerary
(42) so the bound NADPH is probably spatially and
functionally separate from the redox machinery. Indeed, no
catalytic function has been identified for it, and in a form of
Y. lipolyticacomplex I that lacks the 51 and 24 kDa subunits
(but retains the 39 kDa subunit) the iron-sulfur (FeS) clusters
were not reduced by NADH or NADPH (43). We note that
further evidence to support more than one catalytic nucleotide
binding site in complex I has been presented. It includes
different FeS cluster reduction patterns upon the treatment
of complex I with NADPH or NADH (44). However, similar
data has been explained by the slow NADPH dehydroge-
nation rate and enzyme autoxidation (45), and when the
positions of the clusters were defined (36), it became clear
that electrons should pass easily between them, precluding

the reduction of different subsets by different nucleotides.
It also includes observations of nucleotides, acting as either
inhibitors or substrates, displaying different affinities in
‘forward’ or ‘reverse’ electron-transfer reactions (46, 47).
However, we propose a simpler and more robust explanation,
that the oxidation state of the active site flavin differs
according to the ‘direction’ of the reaction, and that this
defines the nucleotide affinities.

Nucleotide Binding and Kinetic Constants.Scheme 1 and
Table 2 show that very different reaction rates are produced
by competition for the nucleotide binding site, tempered by
its specificity, the ‘productive’KM and kcat versus the
‘inhibitory’ KOx/Red.

(i) For the reduced nucleotides,kcat
NADH > (kcat

APADH,
kcat

ThioNADH) > kcat
NADPH (see Table 2), indicating that, espe-

cially for NADPH, either hydride transfer or product
dissociation is slow. Within the active site, steric interactions
may hinder the stacking of the nicotinamide and isoalloxazine
rings required for hydride transfer. In transhydrogenase,
subtle effects on the conformational changes which produce
the ground state for hydride transfer have recently been
revealed in studies of thionicotinamide nucleotide analogues
(48). For NADPH, the additional phosphate may disrupt
interactions between the adenine rings and aromatic residues
at the entrance to the NADH-binding cavity (36), preventing
the nicotinamide headgroup attaining the correct position.

(ii) BecauseKM ) (koff + kcat)/kon (where kon and koff

describe the reactant nucleotide binding and dissociating),
the magnitude ofkcat affectsKM. However, NADPH has the
smallestkcat and the largestKM of any reduced nucleotide,
indicating that the rate of nucleotide binding is a second key
determinant of the turnover rate. Furthermore, the specificity
constant(kcat/KM) for NADH is 4 orders of magnitude higher
than for NADPH, and one order higher than for APADH
and ThioNADH (Table 2): an encounter between the
oxidized enzyme and NADH is much more likely to produce
a reactive complex than an encounter with NADPH. In fact,
(kcat

NADH/KM
NADH) is close to the diffusion controlled limit and

comparable to the values of acetyl cholinesterase (1.6× 108

M-1 s-1), carbonic anhydrase (1.5-8.3× 107 M-1 s-1), and
catalase (4× 107 M-1 s-1) (49).

(iii) The KM values in Table 2 do not provide direct
information about the substrate dissociation constants, be-
causeKM f KD only if koff . kcat, and thekcat values are too
high. However,KM defines the upper limit ofKD. Thus,
NADH binds more tightly when the flavin is oxidized (KD

< 0.094 mM) than when it is reduced (KRed ) 0.16 to 0.26
mM), whereas APAD+ binds more tightly when it is reduced
(KD < 0.19 to 0.54 mM versusKOx ) 2.8 to 12.5 mM). The
oxidation-state-dependent binding of APAD+ may reflect the
behavior of NAD+ (for which only very limited information
is available), but we note that the four binding constants for
ThioNAD+ and ThioNADH do not vary significantly.

There is little published data for comparison with the data
in Table 2. By considering complex I catalyzed NADH-
WB oxidoreduction (WB, Wurster’s Blue,N,N,N′,N′-tetram-
ethyl-p-phenylenediamine), Avraam and Kotlyar used the
limit of KM f KD as Vmax f 0 (determined by the WB
concentration) and reported thatKD

NADH ) 0.17 µM (50).
Inhibition by NAD+ gave KI

NAD+ ) 1.6 mM (we expect
KI

NAD+ ≈ KOx
NAD+). They further determinedKM

NAD+ ) 25
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µM andKI
NADH ) 80 µM (≈ KRed

NADH) during ATP-dependent
reverse electron transport in submitochondrial particles, and
proposed thatkcat is slow so thatKM

NAD+ ≈ KD
NAD+. Simi-

larly, but using HAR as the electron acceptor, Sled and
Vinogradov reportedKD

NADH ) 40 µM and KI
NAD+ ) 2.0

mM (51), and by studying ATP-dependent reverse electron
transport,KD

NAD+ ) 0.9 µM and KI
NADH ) 40 µM (47).

Although it is obvious that the twoKD
NADH and KD

NAD+

values differ significantly, the data in Table 2 are consistent
with both sets of values, and good agreement is observed
between values forKRed

NADH (160-260 µM, Table 2) and
KI

NADH (40 and 80µM, see above). Finally, we note that
using reverse electron transport, driven by the PMF, to study
the kinetics of NAD+ reduction, is a significant challenge,
both experimentally and theoretically. Though not a focus
of the current work, NAD+ reduction driven by transhydro-
genation may provide an alternative, simpler, approach.

Does Complex I Catalyze Transhydrogenation Reactions
in Mitochondria ?In mitochondria, the NAD+ and NADP+

potentials are held at different values; the NAD+ pool is
predominantly oxidized, whereas the NADP+ pool is pre-
dominantly reduced (12, 15-19). Because transhydrogena-
tion by complex I is not energy transducing and so not
controlled by the PMF, complex I could, in principle,
catalyze ‘downhill’ hydride transfer from NADPH to NAD+,
to collapse the NADP+ potential. Consequently, re-establish-
ing the NADP+ potential, most obviously by the transhy-
drogenase enzyme using the PMF to drive the reverse
reaction, would complete an energetically wasteful, futile
cycle (12). Mitochondrial NADPH is important in, for
example, maintaining the glutathione pool potential to
minimize oxidative damage, fatty acid and steroid synthesis,
and as a substrate for enzymes such as glutamate dehydro-
genase (12, 52, 53).

On the basis of estimated potentials and concentrations
for NAD(H) and NADP(H) in the mitochondrial matrix (12,
15-19), we consider transhydrogenation by complex I in
the presence of 0.3 mM NADH, 3 mM NAD+, 3 mM
NADPH, and 0.03 mM NADP+. The parameters in Table 2
indicate that NADH heavily out-competes NADPH for the
complex I active site, with less that 0.2% of the dehydro-
genation reactions attributed to NADPH. Once the flavin is
reduced, NAD+ (and NADP+) compete with ubiquinone for
the electron pair, and with NADH (and NADPH) for the
active site. Transhydrogenation will only occur if NAD+

binds to complex I and is reduced, since NADP+ reduction
would re-form NADPH, and the reduction of ubiquinone (or
the binding of NADH to the reduced flavin, blocking the
active site until ubiquinone is reduced) would result in one
turnover of NADPH-ubiquinone oxidoreduction. Thus, our
results suggest that the strong specificity of complex I for
NADH (rather than NADPH) is the predominant way in
which significant transhydrogenation is prevented, aided by
the minimization of NAD+ (or NADP+) reduction, by NADH
binding to the reduced flavin and by ubiquinone reduction.
It is likely that a small amount of NADPH-ubiquinone
oxidoreduction occurs physiologically and is tolerated or
compensated for.
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