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ABSTRACT: The generation of reactive oxygen species by mitochondrial complex I (NADH:ubiquinone
oxidoreductase) is considered a significant cause of cellular oxidative stress, linked to neuromuscular
diseases and aging. Defining its mechanism is important for the formulation of causative connections
between complex I defects and pathological effects. Oxygen is probably reduced at two sites in complex
I, one associated with NADH oxidation in the mitochondrial matrix and the other associated with ubiquinone
reduction in the membrane. Here, we study complex I from Escherichia coli, exploiting similarities and
differences in the bacterial and mitochondrial enzymes to extend our knowledge of O2 reduction at the
active site for NADH oxidation. E. coli and bovine complex I reduce O2 at essentially the same rate, with
the same potential dependence (set by the NAD+/NADH ratio), showing that the rate-determining step is
conserved. The potential dependent rate of H2O2 production does not correlate to the potential of the
distal [2Fe-2S] cluster N1a in E. coli complex I, excluding it as the point of O2 reduction. Therefore, our
results confirm previous proposals that O2 reacts with the fully reduced flavin mononucleotide. Assays
for superoxide production by E. coli complex I were prone to artifacts, but dihydroethidium reduction
showed that, upon reducing O2, it produces approximately 20% superoxide and 80% H2O2. In contrast,
bovine complex I produces 95% superoxide. The results are consistent with (but do not prove) a specific
role for cluster N1a in determining the outcome of O2 reduction; possible reaction mechanisms are discussed.

Complex I (NADH:ubiquinone oxidoreductase) is the first
enzyme of the membrane-bound electron-transport chain in
many aerobically respiring organisms (1–3). It oxidizes
NADH, reduces ubiquinone, and conserves the potential
difference as a proton motive force (PMF)1 across the inner
mitochondrial or cytoplasmic membrane. The substrates and
cofactors of complex I have the lowest potentials in the
respiratory chain; therefore, it is not surprising that complex
I is increasingly recognized as a major contributor to reactive
oxygen species (ROS) formation in mitochondria (4–6).
ROS, such as the superoxide anion and hydrogen peroxide,
are a topic of intense current interest, because they are a
major cause of cellular oxidative stress and thought to contribute
to many pathological conditions including Parkinson’s and other
neurodegenerative diseases, ischemia reperfusion injury, ath-
erosclerosis, and the aging process (4, 6–9). Complex I
deficiencies have been identified in a wide range of such

pathologies and linked to both increased oxidative stress and
deficient energy production (see, for example, refs 10–13).
Consequently, it is important to define the mechanism of
ROS production by complex I, to understand the relationships
between enzyme activity and pathology, and to propose
rational strategies for how defects may be addressed. There
is considerable experimental support for two distinct (but
not mutually exclusive) mechanisms of ROS production by
mitochondrial complex I. First, studies on the isolated
enzyme proposed that superoxide is formed by the reduced
flavin mononucleotide (FMN) in the active site for NADH
oxidation, although the participation of the distal [2Fe-2S]
cluster in the 24 kDa subunit (N1a) could not be discounted
unambiguously (14, 15). In mitochondria, this mechanism
is supported by correlations between the NAD(P)+ potentials
and ROS generation (see below) (16–19). Second, superoxide
production by ubisemiquinone intermediates, which persist
only in the presence of a PMF (20), correlates to observations
of ubisemiquinone radicals by electron paramagnetic reso-
nance (EPR) (21). Here, we describe studies of ROS
production by complex I isolated from Escherichia coli and
compare the results to those reported previously for complex
I from bovine heart mitochondria (14). Because we study
only the isolated complexes, our experimental system is
simple and precise, but we are unable to impose a PMF and
therefore do not observe O2 reduction by any ubisemiquinone
intermediates.
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The mechanism of O2 reduction by mitochondrial complex
I determined previously (see ref 14) can be simplified by
considering it in two parts: rate and fate.

The rate of O2 reduction is determined by a slow, second-
order reaction between a reduced cofactor in the enzyme
(probably the fully reduced flavin) and O2, to produce super-
oxide. It depends linearly upon the O2 and enzyme concentra-
tions and on the fraction of the enzyme in which the cofactor
is reduced and available. The oxidation states of the cofactors
in complex I can be “poised” using NADH and NAD+; because
the reactions of complex I with NADH and NAD+ are much
faster than its reaction with O2, they are considered to be at
equilibrium. Thus, the dependence of the rate of superoxide
production on potential is equivalent to a redox titration of the
O2-reducing cofactor. In bovine complex I, the potential of the
cofactor was found to be close to reported potentials for the
flavin and [2Fe-2S] cluster N1a (see Table 1). Although further
evidence supported the fully reduced flavin in an unoccupied
active site as the reductant of O2, [2Fe-2S] cluster N1a could
not be discounted unambiguously. Here, we compare the rate
and potential dependence of O2 reduction by the bovine and E.
coli complexes I. We aim to determine whether the mechanism
of O2 reduction is conserved and to exploit the fact that
[2Fe-2S] cluster N1a has a higher potential in E. coli complex
I than in bovine complex I (see Table 1) to rule it out
unambiguously as the reductant of O2.

If O2 reacts with the fully reduced flavin, then the fate of
the nascent superoxide is decided by its rate of dissociation
from the active site, relative to its rate of reduction by the
second electron from the flavin semiquinone, to produce
H2O2 (26–28). In bovine complex I, more than 90% of the
nascent superoxide escapes as superoxide (14). The recent
structure of the hydrophilic domain of complex I showed
that [2Fe-2S] cluster N1a is on the opposite (distal) side of
the flavin from the ubiquinone-binding site and has no
obvious role in energy transduction (29). It has been
suggested to minimize the lifetime of the flavin semiquinone
and thus O2 reduction by temporarily accepting the “second”
electron during turnover (3). Here, we ask whether E. coli
complex I produces predominantly superoxide or H2O2.
Consequently, we aim to exploit the different reduction
potentials of [2Fe-2S] cluster N1a in the E. coli and bovine
enzymes to question its possible role in determining the
outcome of O2 reduction.

EXPERIMENTAL PROCEDURES

Preparation of E. coli and BoVine Complex I and the NuoE
Subunit. Complex I was purified from E. coli strain BL21

as described previously (30), except that a DEAE-Sepharose
fast-flow column was used for the second ion-exchange
chromatography step and a Superose 6 10/300 GL column
(GE Healthcare Biosciences) was used for gel filtration.
Complex I from bovine mitochondria was purified as
described previously (31). Enzyme concentrations were
determined using the Pierce bicinchoninic acid assay or
from the FMN concentrations, determined fluorometrically
(32). The NuoE subunit from E. coli complex I (homologous
to the bovine 24 kDa subunit) was overexpressed and
prepared as described previously (24).

Measurement of the Rate of H2O2 Production Using
Amplex Red. Rates of H2O2 production were determined as
described previously (14) using a diode array UV–vis
spectrometer (Ocean Optics) or a plate reader (Molecular
Devices). Typical assays comprised 20 mM Tris-HCl (pH
7.5), 30 µM NADH (Sigma), 0.4 unit mL-1 horseradish
peroxidase (HRP, Amresco), 10 µM Amplex Red (Invitro-
gen), and 0-0.03 mg mL-1 complex I at 30 °C. The
oxidation of Amplex Red to resorufin was monitored at
557–620 nm (ε ) 51.6 mM-1 cm-1), and NADH oxidation
was quantified in separate assays for comparison (ε340–420 )
6.22 mM-1 cm-1). Superoxide dismutase (SOD, from bovine
erythrocytes, Sigma) and catalase (CAT, from bovine liver,
Sigma) were added to 10 units mL-1 and 1000 units mL-1,
respectively, when appropriate. Redox titrations were carried
out in 30 µM NADH, by varying the NAD+ concentration;
NADH samples were repurified anaerobically immediately
before use, as described previously (14).

Assays for the Detection of Superoxide. All assays were
carried out in 20 mM Tris-HCl (pH 7.5) and 30 µM NADH;
SOD was added to 10 units mL-1 when required. Assays
using 50 µM partially acetylated equine heart cytochrome c
(ac cyt c; ε550–541 ) 18.0 mM-1 cm-1, Sigma) were carried
out as described previously (14). WST-1 (water-soluble
tetrazolium salt-1, 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-H-
5-tetrazolio]-1,3-benzene disulfonate sodium salt, Sigma)
reduction to its formazan form was monitored spectroscopi-
cally (ε438 ) 37.0 mM-1 cm-1) at 30 °C, in 50 µM WST-1
and 0-0.05 mg mL-1 complex I (33). Luminol (5-amino-
2,3-dihydro-1,4-phthalazine-dione) chemiluminescence was
measured using a Berthold Autolumat Plus luminometer at
room temperature, using 0-0.05 mg mL-1 complex I and
luminol (Fluka) at 25-100 µM (34). Coelenterazine (8-
benzyl-2-(4-hydroxybenzyl)-6-(4-hydroxyphenyl)imidazo [1,2-
a]pyrazin-3(7H)-one, Calbiochem) chemiluminescence was
monitored similarly using 2 µM coelenterazine and 0-0.02
mg mL-1 complex I (35). The conversion of dihydroethidium

Table 1: Reduction Potentials for [2Fe-2S] Cluster N1a and the Flavin in the Complexes I from E. coli and Bovine Mitochondria and Comparison to
Values from the Potential Dependence of the Rate of H2O2 Productiona

reduction potentials from the literature reduction potentials determined from variations in H2O2 production

EN1a (V) FMN EAV (V) FMN ∆E (V)
Em

(Figure 3A) (V)
FMN EAV

(Figure 3B) (V)
FMN ∆E

(Figure 3B) (V)

E. coli complex I -0.25b (22) nd nd -0.330 -0.314 -0.025
bovine complex I <-0.4c (-0.37) (23)

(-0.46) (24)
-0.365 (25) 0.09 (25) -0.360 (14) -0.357 (14) 0.080 (14)

a EAV ) (EF1 + EF2)/2, and ∆E ) EF2 - EF1 (see Figure 3B). b Value from intact E. coli complex I; a pH-independent value reported at pH 7. c The
reduction potential of [2Fe-2S] cluster N1a in bovine complex I is unclear. The EPR signal N1a is not observed in NADH-reduced bovine complex I
(14), suggesting that N1a has a potential below -0.4 V; the generally accepted value reported in the literature, -0.37 V (23), was derived from an EPR
signal with g values that do not match those of N1a. The [2Fe-2S] cluster in the over-expressed bovine 24 kDa subunit has a reduction potential that is
dependent on pH and ionic strength (-0.46 V at pH 7.5, 0.1 M NaCl) (24). However, this value may be modulated by the different protein
environment; the analogous value from the over-expressed E. coli NuoE subunit, -0.32 V, is lower than that exhibited by the cluster in the intact
enzyme.
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(Fluka) to ethidium, intercalated into DNA, was monitored
by fluorescence at 30 °C, using a Shimadzu RF 5301PC
spectrofluorometer and excitation and emission wavelengths
of 396 and 590 nm, respectively (36). Typical concentrations
were 50 µM dihydroethidium, 50 µg mL-1 DNA (from
salmon sperm, Sigma), and 0-0.03 mg mL-1 complex I.
Superoxide-dependent peroxynitrite formation (37) was
detected by the oxidation of dihydrorhodamine 123 (Sigma)
to rhodamine, monitored fluorometrically as above, using
excitation and emission wavelengths of 500 and 536 nm,
respectively (38). DETA-NONOate (3,3-bis(aminoethyl)-1-
hydroxy-2-oxo-1-triazene, Sigma) was added to 250 µM and
incubated in the assay buffer for 10 min before the reaction
was initiated, to generate NO. The assays used 50 µM
dihydrorhodamine 123 and 0-0.05 mg mL-1 complex I.

EPR Spectroscopy. Complex I samples were dialyzed
anaerobically against 20 mM Tris-HCl at pH 7.5 and 0.1
mM NADH for 1 h at 4 °C and then split into two aliquots.
One aliquot was reduced further by the addition of 5 mM
NADH and frozen immediately; the other aliquot was poised
at -0.3 V by the addition of 0.24 mM NADH and 4.76 mM
NAD+ (taking into account the NADH in the dialysis) and
also frozen immediately. The complex I concentration in both
samples was the same. EPR spectra were recorded on a
Bruker EMX X-band spectrometer using an ER 4119HS
high-sensitivity cavity maintained at low temperature by an
Oxford Instruments ESR900 continuous flow liquid helium
cryostat; the sample temperature was measured with a
calibrated Cernox resistor (Lake Shore Cryotronics, Inc.).

RESULTS AND DISCUSSION

Rate of H2O2 Production by E. coli Complex I and
Comparison to the BoVine Enzyme. The HRP-dependent
oxidation of Amplex Red to resorufin was used to quantify
H2O2 production by purified E. coli complex I in the presence
of NADH and O2 (see Figure 1). The assays detected the
H2O2 produced directly and by superoxide dismutation and
were carried out in 30 µM NADH, under atmospheric O2,
at pH 7.5 and 30 °C. These conditions were optimized
previously to assay H2O2 production by complex I from
bovine mitochondria (14); separate experiments confirmed
that E. coli complex I retained its NADH:ferricyanide
oxidoreductase activity over the course of the experiment
and that the apparent KM for NADH (in the NADH:O2

oxidoreductase reaction) was significantly lower than 30 µM
(the reaction between NADH and complex I is not rate-
limiting). Both the rates of resorufin formation and NADH
oxidation linearly depended upon the enzyme concentration
(between 0 and 0.03 mg mL-1), and a ratio of 1 NADH to
1 ( 0.1 H2O2 was observed at all concentrations. The
addition of catalase (CAT) essentially abolished H2O2

detection, confirming the specificity of the assay, and the
addition of superoxide dismutase (SOD) had little effect (see
Table 2). These results confirm that all of the electrons from
NADH oxidation are conserved in H2O2 formation. The rate
of H2O2 production was 24.2 ( 3.8 H2O2 min-1, comparable
to the equivalent value from bovine complex I (see
Table 2).

The similar rates of H2O2 production observed (under the
same conditions) suggest that bovine complex I has not
evolved additional mechanisms for minimizing O2 reduction
and that its many supernumerary subunits (39) do not hinder
the access of O2 to the active site. However, the physiological
rates of H2O2 production by the two enzymes respond to
the cellular conditions and thus may differ significantly.
Interestingly, complex I is considered an important contribu-
tor to ROS production in mitochondria (4–6), although the
low O2 concentration (40) and the high potential of the NAD+

pool both act to decrease its rate of O2 reduction (14). In
contrast, the intracellular O2 concentration in E. coli may
be much higher (41), but ROS production is dominated by
NADH dehydrogenase II (NDH-II), because it has a higher
rate of O2 reduction (∼140 min-1 under atmospheric O2)
(42) and a relatively high flavin potential (enabling it to
reduce O2 over a greater range of conditions).

The Mechanism of O2 Reduction Is ConserVed in the E.
coli and BoVine Complexes I. Figure 2 shows that the rate
of H2O2 formation by E. coli complex I strongly depends
upon the NAD+/NADH ratio, plotted using ESET, the Nernst
potential for the NAD+/NADH couple, defined using ENAD+

) -0.335 V at pH 7.5 (eq 1)

ESET )ENAD+ -
RT
2F

ln{[NADH]

[NAD+] } (1)

Similar results were observed previously for complex I from
bovine mitochondria (14) (see Figure 2 also). Together with
their similar rates of O2 reduction, these results suggest
strongly that O2 reduction by both enzymes is defined by
the same rate-determining step. The data from bovine
complex I were interpreted using “pre-equilibrium” models

FIGURE 1: Generation of superoxide and/or hydrogen peroxide by
complex I and their interconversion and detection. CI, complex I,
is reduced by NADH and oxidized by O2, to form either superoxide
or H2O2. The superoxide can be detected (using, for example, ac
cyt c or DHE) or dismutated to H2O2 (either spontaneously or by
SOD). The H2O2 can be detected by Amplex Red or dismutated
by CAT.

Table 2: Rates of NADH Oxidation and H2O2 Production by Complex I
from E. coli and Comparison to Data from the Bovine Enzymea

measurement (min-1)
E. coli

complex I
bovine

complex I (14)

CI plus NADH H2O2 formation 24.2 ( 3.6 21.1 ( 2.7
NADH oxidation 25.1 ( 3.8 20.9 ( 0.8

CI plus NADH
and SOD

H2O2 formation 23.6 ( 3.8 21.1 ( 2.9

CI plus NADH
and CAT

H2O2 formation 1.1 ( 1.0 1.9 ( 0.8

NADH only H2O2 formation <0.01 0.003 ( 0.002
a CI, complex I. Conditions: 20 mM Tris-HCl at pH 7.5 and 30 °C,

30 µM NADH, 0.4 unit mL-1 HRP, and 10 µM Amplex Red. SOD was
added to 10 units mL-1, and CAT was added to 1000 units mL-1, when
required. Values reported in the absence of complex I are in equivalent
units for comparison.
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that rely on the reactions between complex I and NADH or
NAD+ being much faster than the reaction with O2, so that
O2 reduction does not deplete the “active” species or perturb
the equilibrium with NADH and NAD+ significantly (see
ref 14). For E. coli complex I (as for bovine complex I),
rates of NADH oxidation observed using artificial electron
acceptors, such as ferricyanide and hexaammine ruthenium,
are more than 3 orders of magnitude faster than O2

reduction (22, 30, 43).
FlaVin and Not Cluster N1a Is the Source of Electrons

for O2 Reduction. The simplest pre-equilibrium model to
explain the data in Figure 2 (Figure 3A) proposes that the
reduction state of the cofactor, which controls the donation
of electrons to O2, is set by the potential of the NADH/NAD+

pool. In this model, the potential of the cofactor is at the
midpoint of the titration curve (see Figure 2). In E. coli
complex I, the apparent potential of the donating cofactor is
slightly higher than in the bovine enzyme (-0.33 V in E.
coli versus -0.36 V in the bovine enzyme). It is clear that
its potential does not match the potential of [2Fe-2S] cluster
N1a in E. coli complex I (see Table 1), and the EPR spectra
shown in Figure 4 support this conclusion. They are from
E. coli complex I poised at ∼ -0.4 V (NADH only) and

-0.3 V (using a ratio of NADH and NAD+ set by the Nernst
equation), corresponding to set potentials of high and low
H2O2 production (see Figure 2). Signal N1a is clearly
apparent in both cases, with comparable intensity, showing
unambiguously that [2Fe-2S] cluster N1a is not the reduc-
tant of O2 in E. coli complex I. Consequently, it can be
dismissed as the reductant of O2 in bovine complex I also.
None of the EPR detectable FeS clusters in bovine complex
I (EPR signals N1b, N3, N4, N5, and N2) have redox states
that correlate to the titration curve for H2O2 production;
therefore, they were ruled out previously as cofactors that
react with O2 (14). In addition, the bovine Fp subcomplex
(containing only the flavin and the clusters with EPR signals
N1a and N3) displays a very similar titration curve to the
intact enzyme (Em ) -0.325 ( 0.02 V, data not shown).
As discussed earlier, the titration curves in Figure 2 are
sigmoidal and not peak-shaped, corresponding to the fully
reduced flavin and not the semiquinone radical (14). We
conclude that the fully reduced flavin cofactor in complex I
is the cofactor that reduces O2.

Interpreting the Dependence of H2O2 Production on
Reduction Potential. The scheme in Figure 3B shows how
the rate of O2 reduction is proportional to the concentration
of the fully reduced flavin, FMNH- (or FMNH2), and eq 2
defines how the concentration of the fully reduced flavin
depends upon the set potential, ESET (see eq 1). Figure 2
shows that the data for both E. coli and bovine complex I
(14) can be modeled accurately using Figure 3B and eq 2.

ESET )EF1 -
RT
F

ln{[FMN-]
[FMN] })EF2 -

RT
F

ln{[FMNH-]

[FMN-] }
(2)

FIGURE 2: Comparison of H2O2 production by the complexes I from
E. coli and bovine mitochondria, as a function of the Nernst
potential set by the NAD+/NADH ratio. H2O2 production was
measured by the HRP/Amplex Red assay, in the presence of 30
µM NADH and varying concentrations of NAD+ (up to 40 mM).
The set potential (ESET) was calculated from the NAD+/NADH ratio
using eq 1 and ENAD+ ) –0.335 V. Rates are expressed as a
percentage of the rate in NADH only (see Table 2) and were
modeled using eq 2 (see Table 1 for parameter values). Data for
the bovine enzyme are from Kussmaul and Hirst (14). Data points
for the E. coli enzyme are the average values from four independent
experiments (error bars, ( standard deviation). Conditions: 20 mM
Tris-HCl at pH 7.5 and 30 °C.

FIGURE 3: Rate of reduction of O2 is determined by an equilibrium
distribution of reactive and nonreactive states and a slow bimo-
lecular reaction. (A) Simple equilibrium between the oxidized and
reduced forms of species A [determined by the reduction potential
of A (Em) and the set potential, eq 1] determines the rate of O2
reduction. Species in equilibrium are marked with the horizontal
bracket. (B) Equilibrium comprises three oxidation states for the
flavin cofactor (bracketed) and is determined by the two flavin
potentials (eq 2) and the set potential (eq 1).

FIGURE 4: EPR spectra showing that the [2Fe-2S] cluster in the NuoE
subunit of E. coli complex I is essentially reduced fully at –0.3 V.
(Bottom) E. coli complex I (∼10 µM) reduced anaerobically in 5 mM
NADH to ca. –0.4 V. (Middle) E. coli complex I (at the same
concentration) reduced anaerobically in 0.24 mM NADH and 4.76
mM NAD+ to –0.3 V. (Top) the overexpressed NuoE subunit, reduced
with sodium dithionite, for comparison (24). The intensity of the N1a
signal, from the [2Fe-2S] cluster in NuoE, is increased by only 14%
in the –0.4 V sample, showing that the cluster is essentially fully
reduced at –0.3 V. Signal N1b, from the [2Fe-2S] cluster in the NuoG
subunit, is present in the complex I spectra also, and it is increased by
40% in the –0.4 V sample. Conditions: microwave power, 1 mW;
conversion time, 81.92 ms; time constant, 20.48 ms; modulation
amplitude, 10 G; microwave frequency, ∼9.38 MHz.
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The data are characterized by EAV, the average of the two
one-electron FMN potentials (EAV ) (EF1 + EF2)/2), and ∆E,
the separation between them (∆E ) EF2 - EF1) (see Table
1). EAV and ∆E define the two-electron reduction potential
of the flavin and the thermodynamic stability of the flavin
semiquinone. The two-electron potential of the flavin in E.
coli complex I from Figure 2 is -0.314 V, slightly higher
than the equivalent value reported previously for bovine
complex I (-0.357 V) (14). The value from bovine complex
I matches independent data from EPR very well (see Table
1), but there is currently no complementary data available
for the E. coli enzyme. It is possible that E. coli complex I
binds the oxidized flavin less selectively than the bovine
enzyme does (25). Figure 2 also shows that the data curve
for E. coli complex I is broader (∆E ) -0.025 V) than that
for the bovine enzyme (∆E ) 0.08 V), indicating that the
flavin semiquinone is more thermodynamically stable in E.
coli complex I. Finally, it is likely that O2 only reacts with
the reduced flavin in the absence of bound nucleotide. To
define accurately how the level of fully reduced and available
flavin is determined in each enzyme, it will be necessary to
define dissociation constants for both NADH and NAD+ for
each oxidation state of the flavin, the equilibrium constant
for hydride transfer, and the two one-electron flavin potentials
(14). Little is known about the values of most of these
thermodynamic constants, particularly for the E. coli enzyme.

Measuring the Ratio of Superoxide and H2O2 Produced
by E. coli Complex I. The H2O2 produced by E. coli complex
I and detected using Amplex Red comprises the H2O2

produced directly and the H2O2 produced by dismutation (see
Figure 1). Six different methods of superoxide detection were
tested, to differentiate the two pathways (44–46). Only one,
dihydroethidium oxidation, provided satisfactory results.

The reduction of ac cyt c was used successfully to quantify
superoxide production from bovine complex I (14), but the
E. coli enzyme was found to catalyze NADH:ac cyt c
oxidoreduction directly. In addition, ac cyt c decreased the
rates of NADH:ferricyanide oxidoreduction and O2 reduction
(determined as the sum of Amplex Red oxidation and ac
cyt c reduction). It is likely that ac cyt c blocks the E. coli
complex I active site, precluding superoxide quantification.
As an alternative oxidant for superoxide, a water-soluble
tetrazolium salt, WST-1, was tested (33). However, it was
reduced rapidly and directly, even by bovine complex I in
the absence of O2; similar observations have been described
previously (44).

In preliminary experiments using bovine complex I,
luminol (34) displayed apparent rates of superoxide detection
that increased spontaneously during the assays and nonlin-
early depended upon complex I concentration; its autocata-
lytic behavior has been described previously (46). For bovine
complex I, superoxide detection by coelenterazine (35)
linearly depended upon the enzyme concentration, was SOD-
sensitive, and displayed negligible background rates. How-
ever, it could not be used to quantify superoxide production
by E. coli complex I because the apparent rate of superoxide
production exponentially depended upon the enzyme con-
centration, detection was only partially SOD-sensitive, and
rates were at least an order of magnitude higher than for the
bovine enzyme (despite their similar overall H2O2 produc-
tion). Neither SOD, desferroxamine, or the absence of
NADH, decreased the high background rates observed,

although they were not exhibited by “adjacent” protein
fractions from the purification or by the enzyme buffer. The
reason for this different behavior is not understood at present.

Dihydroethidium (DHE) is oxidized by superoxide, in two
one-electron steps, to ethidium, which can be intercalated
into DNA and detected by fluorescence (36). Initial experi-
ments using 0.02 mg mL-1 bovine complex I, 30 µM NADH,
and DHE concentrations up to 100 µM, provided linear
reaction rates that did not strongly depend upon the DHE
concentration. NADH did not affect detection until concen-
trations as high as 300 µM were tested. Therefore, the
standard assay conditions were 30 µM NADH and 50 µM
DHE. Detection was SOD-sensitive; the NADH oxidation
activities of both the bovine and E. coli enzymes were
unaffected by the DHE detection system (their rates of
NADH:hexaammine ruthenium oxidoreduction were un-
changed); and complex I did not interfere with the detection
of superoxide produced by the xanthine/xanthine oxidase
system. Unfortunately, superoxide and H2O2 could not be
detected in the same experiment, because DHE interferes
with the Amplex Red detection system (even in control
experiments using known aliquots of H2O2).

The rate of ethidium production linearly depended upon
the concentrations of both bovine and E. coli complex I at
low concentrations and then started to plateau at higher
concentrations. In Figure 5, ethidium production is plotted
against H2O2 production, measured using Amplex Red. To
determine the rate of superoxide production by E. coli
complex I, we used the bovine enzyme as a standard and
determined the factor by which the E. coli abscissa needed
to be divided, to map the E. coli data set onto the bovine
data set. The highest correlation was observed using factors
from 6-9. A factor of 8 was obtained from comparing the
gradients from linear regression at low complex I concentra-
tions. Of the total H2O2 produced by bovine complex I,
approximately 90% is from superoxide dismutation and only
10% is produced directly. At an equivalent rate of total H2O2

production, E. coli complex I produces 6-9 times less

FIGURE 5: Determination of the relative rates of superoxide
production by bovine and E. coli complexes I using DHE.
Measurements of the relative fluorescence intensity of the ethidium
product of dihydroethidium oxidation (intercalated into DNA) are
shown as a function of H2O2 production, measured using the
Amplex Red assay; enzyme concentrations varied between ap-
proximately 0 and 0.03 mg mL-1. [, bovine complex I; 9, E. coli
complex I; 0, E. coli complex I data set mapped onto the bovine
data set (abscissa divided by 7). Dashed lines: linear regression
for the data with low superoxide production (the bracketed data
point was excluded). Conditions: 20 mM Tris-HCl (pH 7.5), 30
µM NADH, 50 µM dihydroethidium, and 50 µg mL-1 DNA at 30
°C.
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superoxide. Therefore, only 10-15% of the H2O2 produced
by E. coli complex I is from superoxide dismutation (see
Table 3).

Finally, dihydrorhodamine 123 (DHR) reacts with peroxy-
nitrite but not with NO (46). Thus, we aimed to use NO,
generated in situ by DETA-NONOate, to trap the superoxide
(37), and DHR, to detect the peroxynitrite (38). Two
problems were encountered: the signal decreased significantly
as the NADH concentration was increased, and the results
were not consistent from day to day. By assaying both
enzymes on the same day, we obtained a ratio of 7-8
between the relative rate amounts of superoxide produced.
Although these results appear to support those from DHE,
we do not have confidence in them as a stand alone data
set.

In summary, the quantification of superoxide production
from E. coli complex I was very prone to artifacts. Only
one of six methods proved satisfactory, and even this method
did not behave ideally; it did not linearly depend upon the
enzyme concentration over a large range and could not be
used in combination with Amplex Red. Interestingly, ac cyt
c and coelenterazine worked well with bovine complex I but
not with E. coli complex I, perhaps because the supernumer-
ary subunits shield the core of the mitochondrial enzyme or
alter the charge distribution on its surface.

Different Outcomes of O2 Reduction in the BoVine and E.
coli Complexes I. Although the rate-determining reaction,
the bimolecular reaction between the reduced flavin and
molecular O2, is conserved in both the E. coli and bovine
complexes I, the fate of the nascent superoxide varies
significantly (see Table 3). In bovine complex I, it has more
than a 95% chance of escaping the active site without being
reduced to H2O2, but in E. coli complex I, it has only a ∼25%
chance. There are several possible explanations. Small
differences in the environment of the flavin in the E. coli
enzyme, relative to the bovine enzyme, may stabilize the
nascent superoxide in the active site, slowing its escape;
protons may be less available in the active site of the bovine
enzyme; or subtle electronic effects may slow the spin
transition, required because of the triplet state of O2 (26–28).
At present, there is insufficient information about the active-
site structure to evaluate these possibilities. Alternatively,
in the bovine enzyme especially, the electron on the flavin
semiquinone may be transferred rapidly away from the active
site, making it unavailable for further reduction of the
superoxide. Similar mechanisms have been proposed previ-
ously, for xanthine oxidase, fumarate reductase, and succinate
dehydrogenase (47, 48). This possibility is discussed below,
with particular attention to the possible role of the [2Fe-2S]
cluster N1a (3).

It is perhaps most likely that the different outcomes of O2

reduction in the two enzymes are the result of accident and
not design. Otherwise, one must ask why bovine complex I

has evolved to produce superoxide and not H2O2 directly.
Reduction only to superoxide avoids the loss of a second
electron from the respiratory chain, and, given the efficiency
of SOD in converting superoxide to H2O2 anyway, perhaps
this is reason enough. Alternatively, a mechanism that rapidly
oxidizes the flavin semiquinone during O2 reduction may
operate also during the stepwise reduction of ubiquinone,
so that the lifetime of the flavin semiquinone is minimized
during normal turnover. One may tentatively suggest that
this is important for energy transduction or propose that
minimizing the lifetime of the flavin semiquinone helps to
prevent O2 reduction (3), but there is little evidence to support
these theories at present.

Does [2Fe-2S] Cluster N1a Minimize the Lifetime of the
FlaVin Semiquinone? [2Fe-2S] cluster N1a has a higher
potential in E. coli complex I than in bovine complex I (see
Table 1), so that it is reduced rather than oxidized in NADH.
Consequently, when O2 is reduced by E. coli complex I,
cluster N1a cannot accept the electron from the flavin
semiquinone and the chance of the electron being transferred
to the nascent superoxide is higher: the different properties
of [2Fe-2S] cluster N1a correlate with the different out-
comes of O2 reduction. However, suggesting that the electron
from the semiquinone is transferred transiently to cluster N1a
in bovine complex I raises the question of how it is recovered
to free the cluster for the next turnover. In Figure 6, we
consider the kinetic and thermodynamic boundaries on a
cluster N1a-based mechanism, which minimizes the forma-
tion of H2O2.

Figure 6 depicts the simplest possible system, comprising
only a flavin and a single cluster, representing the flavin and
[2Fe-2S] cluster N1a in bovine complex I. The NADH-
reduced enzyme, species 2 (denoted {2}), reacts with O2 to
form O2

- and a flavin semiquinone, {3}. The electron is
rapidly sequestered, and O2

- dissociates ({4} and {5}). At
least 95% of the O2 is reduced only to O2

-; therefore, the
reduction potential of the cluster (coupled to O2

- dissocia-
tion) is probably at least 80 mV above that of the flavin (EF1).
Beyond these initial steps, the mechanism becomes more
complex. The system may return to {2} by reacting with O2

(via {6} to {8}) or be reduced by NADH to {9}. After the
reduction of O2 by {9}, a second decision point occurs at
{10}. The nascent O2

- may simply dissociate and return the
system to {2} via {11}, but this route suggests that a control
mechanism is not required at all or that it may be reduced
to H2O2 ({12}). Otherwise, the formation of {13} would
result in either O2

- or H2O2 production through {14}. Clearly,
an additional feature is required at {10} to prevent H2O2

formation. One possibility is that electron transfer from the
cluster to the flavin semiquinone actually expels the super-
oxide anion, because the negatively charged, fully reduced
flavin cannot coexist with it in the active site (bypassing {13}
and returning to {2}). In this case, the reduction potential

Table 3: Comparison of the Rates of Superoxide Formation, H2O2 Formation, and O2 Reduction by Bovine and E. coli Complex I

complex I
rate of direct H2O2

formation (min-1)
rate of superoxide
formation (min-1)

rate of O2 reduction
(min-1)

fraction of total H2O2

formed by superoxide
dismutation

fraction of O2 reduced
only to superoxide

E. coli 20.4–21.6 4.8–7.2 26.4-27.6 0.1–0.15 0.18–0.26
bovine (14) 2.1 37.8 39.9 0.9 0.95
a Calculations used 24 H2O2 min-1 for E. coli complex I and 21 H2O2 min-1 for bovine complex I (Table 2).
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of the cluster must be lower than that of the flavin
semiquinone (EF2), coupled to O2

- dissociation. The “binding
energy” of O2

- is unknown, but the emerging picture is that
the two flavin potentials must be crossed significantly (EF1

< EF2) with the cluster potential between them.
In bovine complex I, the potentials of the flavin are crossed

by ∼90 mV but the potential of [2Fe-2S] cluster N1a is
considerably more negative than their average potential (see
Table 1). Interestingly, Figure 6 suggests that, if cluster N1a
does sequester the electron of semiquinone, it should be
∼50% reduced during turnover with O2 and NADH, but EPR
signal N1a has not been observed in NADH-reduced bovine
complex I. The idea that cluster N1a, having no apparent
role in energy transduction, has an alternative role in
minimizing the lifetime of the flavin semiquinone is obvi-
ously attractive, and the fate of the nascent superoxide does
correlate with its potential. However, evidence to support a
causative relationship is lacking thus far. The [2Fe-2S]
cluster in the 75 kDa subunit, for example, has a potential
suited to the mechanism in Figure 6, or the clusters may act
as an ensemble. It is known that the electrons distribute
differently between the clusters in the NADH-reduced bovine
and E. coli complexes I (49), so that the individual cluster
potentials, intercluster interactions, and two flavin potentials
probably all contribute to the relative thermodynamic stability
of the flavin semiquinone in the E. coli enzyme. Note that
the fully reduced flavin in fumarate reductase produces either
H2O2 or superoxide also, depending upon the oxidation state
of the proximal [2Fe-2S] cluster (48); this cluster is involved
directly in catalysis, lending no support to the idea that a
specific cluster is required. In summary, our evidence is
broadly consistent with a mechanism in which [2Fe-2S]
cluster N1a minimizes the lifetime of the semiquinone
radical, but it does not prove the operation of such a
mechanism. It is also possible that cluster N1a plays no

specific role in the function of complex I but that it
contributes to the stability or structure of the enzyme or was
simply included as a “bystander” during the modular
construction of the contemporary enzyme.
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