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NADH:ubiquinone oxidoreductase (complex I) is a major source of
reactive oxygen species in mitochondria and a significant contrib-
utor to cellular oxidative stress. Here, we describe the kinetic and
molecular mechanism of superoxide production by complex |
isolated from bovine heart mitochondria and confirm that it
produces predominantly superoxide, not hydrogen peroxide. Re-
dox titrations and electron paramagnetic resonance spectroscopy
exclude the iron-sulfur clusters and flavin radical as the source of
superoxide, and, in the absence of a proton motive force, super-
oxide formation is not enhanced during turnover. Therefore,
superoxide is formed by the transfer of one electron from fully
reduced flavin to O,. The resulting flavin radical is unstable, so the
remaining electron is probably redistributed to the iron-sulfur
centers. The rate of superoxide production is determined by a
bimolecular reaction between O, and reduced flavin in an empty
active site. The proportion of the flavin that is thus competent for
reaction is set by a preequilibrium, determined by the dissociation
constants of NADH and NAD*, and the reduction potentials of the
flavin and NAD*. Consequently, the ratio and concentrations of
NADH and NAD* determine the rate of superoxide formation. This
result clearly links our mechanism for the isolated enzyme to
studies on intact mitochondria, in which superoxide production is
enhanced when the NAD* pool is reduced. Therefore, our mech-
anism forms a foundation for formulating causative connections
between complex | defects and pathological effects.

flavin | iron-sulfur cluster | semiquinone | oxidative stress

he production of reactive oxygen species, such as superoxide

(O5"), by mitochondria is a major cause of cellular oxidative
stress. It contributes to many pathological conditions such as
Parkinson’s and other neurodegenerative diseases, ischemia
reperfusion injury, atherosclerosis, and aging (1-3). In mamma-
lian mitochondria, most of the superoxide originates from
NADH:ubiquinone oxidoreductase (complex I) and ubiquinol:
cytochrome ¢ oxidoreductase (complex III) of the electron
transport chain, but there is increasing evidence that superoxide
production by complex I, into the mitochondrial matrix, is
predominant (4, 5). Indeed, complex I deficiencies have been
identified across a wide spectrum of pathologies and linked to
enhanced superoxide production as well as to deficiencies in
energy production (6-10). Therefore, it is imperative to define
how, why, and when superoxide is produced by complex I to
formulate causative connections with pathological effects and
rational proposals for how defects may be addressed.

Many previous studies have addressed the question of how
superoxide is produced by complex I (11-18). Most of these
studies examined intact mitochondria or submitochondrial par-
ticles, in which it is difficult to correlate observations directly to
complex I, or to define and control the conditions precisely
(NADH, NADY, ubiquinone, and ubiquinol concentrations,
redox status, proton motive force, and pH). In addition, complex
I is a highly complicated, membrane-bound enzyme with (in the
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human and bovine enzymes) 46 different subunits (19) and 9
redox cofactors [a flavin mononucleotide (FMN) and 8 iron-
sulfur (FeS) clusters (20, 21)]. Consequently, despite recognition
of the importance of the relationship between complex I and
superoxide, no consensus on the mechanism, or the site in the
enzyme at which superoxide is produced, has been reached. The
strategy adopted here is to study pure complex I, isolated from
bovine heart mitochondria with catalytic activity equal to that of
the membrane-bound enzyme (22). Therefore, our system is
simple, and we exercise stringent control over all experimental
conditions. However, we are unable to impose a proton motive
force. Extensive control experiments were carried out to estab-
lish that the purified enzyme accurately reflects the membrane-
bound enzyme, to define the relative amounts of superoxide and
hydrogen peroxide (H,0O,) formed, and to avoid artifacts in their
quantification. Consequently, we propose a comprehensive ki-
netic and molecular mechanism for superoxide production by
complex I, compare our conclusions with known mechanisms for
O, reduction by related enzymes, and discuss how they are
relevant to understanding the behavior of complex I in intact
mitochondria.

Results

NADH Oxidation Provides Electrons for the Reduction of Oxygen by
Complex 1. Fig. 14 displays the effects of the substrates and
products of NADH:decylubiquinone oxidoreductase activity on
superoxide production by complex I in aerobic buffer, detected
by the reduction of acetylated cytochrome ¢ (Cyt c¢). Addition of
NADH, but not decylubiquinol, leads to superoxide production.
The NADH-dependent activity is quickly stopped by excess
NAD™. Although superoxide production is not affected directly
by decylubiquinone, it is slowed, then stopped, upon its addition
because catalytic turnover consumes NADH and generates
NAD". Importantly, superoxide production is not stimulated
during turnover, indicating that, at least in the absence of a
proton motive force, it is not mediated by a short-lived catalytic
intermediate. Fig. 1B shows that addition of decylubiquinone in
the presence of NADH and inhibitors that block ubiquinone
reduction [rotenone, piericidin A, and capsaicin represent the
different classes of complex I Q-site inhibitor (23)] does not
affect superoxide production. The significance of these results
for complex I in mitochondria is described in Discussion.
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Fig. 1. Superoxide production by isolated complex | in the presence and
absence of catalytic substrates and products (A) and inhibitors (B). Superoxide
production was monitored via Cyt ¢ reduction [black traces, 0.02 absorption
units (AU) scale marker, 550-541 nm]. NADH oxidation was monitored directly
(gray traces, 0.2 AU scale marker, 340-541 nm). Complex | and phospholipids
(and inhibitors when added) were present at the start of each measurement.
For the inhibitor assays (B), the results were identical if the order of addition
was Q — inhibitor — NADH, showing that prior occupancy of the binding site
does not affect the results. Conditions were as follows: pH 7.5, 32°C, 30 uM
NADH, 300 uM NAD*, 50 uM Cyt ¢, 100 uM Q (decylubiquinone), 100 uM QH,
(decylubiquinol), 0.4 mg ml~" bovine heart polar phospholipids, 0.5 uM
piericidin A, 2.5 uM rotenone, and 300 uM capsaicin.

Stoichiometric Detection of Superoxide Produced by Reduced Com-
plex I and 0. Three independent measurements established that,
in the absence of additional electron acceptors, the electrons
from NADH oxidation are conserved predominantly in super-
oxide formation (Table 1). The decrease in NADH concentra-
tion was compared with the rates of O, and H,O, generation,
by using the Cyt c and Amplex Red assays (Fig. 2). The specificity
of the two detection systems was confirmed by using superoxide
dismutase (SOD) and catalase (CAT), and the stoichiometry of
1 NADH:2 O, or 1 NADH:1 H,O,; suggests that all of the
electrons from NADH oxidation are used to form O5 . However,
in competition assays (reaction of superoxide with Cyt ¢ vs.
dismutation; Fig. 3), a small amount of H>O5 (=~1.8 nmol min~!
mg~!; <10%) is not susceptible to Cyt c. Therefore, it is
produced either directly or by dismutation in the active site
before the superoxide becomes accessible to Cyt c.

Comparison of the rates of O, (=40 nmol e~ min~! mg~') and
decylubiquinone reduction (typically 4.2 wmol e~ min~! mg™!)
showed that, under our experimental conditions, ~1% of the
electrons are diverted from decylubiquinone to O,. However, the
observed percentage is strongly dependent on both the NADH
concentration and the O, concentration, which is much higher
(=250 uM) than under physiological conditions (24).

NADH
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Fig. 2. The generation, interconversion, and detection of superoxide and
hydrogen peroxide in complex | assays. Cl, complex I; HRP, horseradish per-
oxidase; CAT, catalase; SOD, superoxide dismutase.

Qualitatively, NADH oxidation and H,O, generation by iso-
lated complex I and mitochondrial membranes responded iden-
tically to catalytic substrates and inhibitors, provided that stig-
matellin was included in the membrane assays to inhibit
ubiquinol:cytochrome ¢ oxidoreductase (complex III). Superox-
ide could not be detected directly because of direct reduction of
Cyt ¢ by the respiratory enzymes. Table 2 compares the rates of
NADH oxidation and H,O, generation under a range of con-
ditions. In all cases, the specific activity of the membranes was
~17% that of isolated complex I, in agreement with reported
values for the ratio of complex I to the other respiratory
complexes in bovine heart mitochondrial membranes (20 = 4%
by mass) (25). Therefore, Table 2 confirms that the catalytic
properties of the isolated enzyme are representative of the
membrane-bound enzyme and indicates that it is a valid exper-
imental system for investigation of the mechanism of superoxide
production.

The Kinetic Mechanism of Superoxide Production. NADH oxidation
transfers two electrons to complex I. They may then reduce
ubiquinone, O,, or an artificial oxidant such as [Fe(CN)s]*~ or
[Ru(NH3)6]*" (26). In air-saturated solution [0, ~250 uM (24)],
complex I generates ~40 nmol O5 min~! mg~! (Table 1), so
reduction of O, is much slower than reduction of 1 mM
[Fe(CN)g]*~ (180,000 nmol min~!' mg~') or [Ru(NHj)e]**
(46,000 nmol min~! mg~!). Therefore, the reaction between
complex I and NADH, common to all of the assays, is >2,000
times faster than the reaction of reduced complex I with O,. Fig.
4 A and B show that the rate of O, production is directly
proportional to [complex I] and [O;], but only very low NADH
concentrations are required for the rate to become independent
of [NADH] (Fig. 4D). At >1 uM NADH, the rate-limiting step
is the bimolecular reaction between reduced complex I and O».

Superoxide generation by complex I is strongly inhibited by
NAD™ (Fig. 14), so the data in Fig. 4 4, B, and D were recorded
by using a regenerating system to maintain [NADH] and mini-
mize [NAD™]. Otherwise, NADH is converted to NAD* at ~0.2
uM min~!, leading to significant curvature in the assay traces,

Table 1. The rates of NADH oxidation, superoxide formation, and hydrogen peroxide

formation by complex | (hnmol min—" mg~")

Measurement NADH oxidation Cyt c reduction Resorufin formation
NADH only 20.9 = 0.8 42.1+28 21.1 2.7
NADH + SOD 22.7 £ 2.7 3.9+0.8 21.1 29
NADH + CAT 20515 39.9 £238 1.9£038

% of e~ detected (row 1) 100.0 + 3.6 100.6 + 3.6 100.5 + 9.3
Background (— complex I) 0.035 = 0.014 0.011 = 0.016 0.003 = 0.002

The electrons from NADH oxidation are detected quantitatively, and >90% of them are conserved in
superoxide formation. Rates were calculated using linear regression over 2 min, and background rates (nmol
min~—' ml~') were subtracted. Conditions were as follows: pH 7.5 and 32°C.

7608 | www.pnas.org/cgi/doi/10.1073/pnas.0510977103

Kussmaul and Hirst



Lo L

P

1\

=y

20
= T
g b
3 § 10
g
2 2 S +CAT
& g/ 0 @ +CAT® _JH,0, (direct)

||
001 1 10 100 1000

[eyt ] (AM)

Fig.3. Competition assay showing that most of the electrons are conserved
in superoxide formation, but that a small fraction of them form hydrogen
peroxide directly. In the absence of Cyt ¢, all of the electrons form H,0,. In 150
M Cyt c superoxide detection is stoichiometric (it outcompetes dismutation).
However, ~10% of the H,0; is not susceptible to Cyt c. Amplex Red oxidation
was measured at 557-620 nm (557 nm is an isosbestic point for Cyt ¢ reduc-
tion). The curve was calculated by using constant O3~ production and simple
bimolecular reactions and isillustrative only. CAT, catalase. Conditions were as
follows: pH 7.5 and 32°C.

particularly at low [NADH] (Fig. 4C). For O, production
Kmapp) for NADH is 0.05 uM. Importantly, NAD™ does not
exert its inhibitory effect by causing NADH oxidation by com-
plex I to become rate limiting. For example, 30 uM NAD™, which
decreases O3 formation by ~50%, does not affect the much
faster [Fe(CN)s]*~, [Ru(NH;)g]**, or decylubiquinone reduc-
tions. Our observations suggest strongly that a preequilibrium is
established between NADH, NAD™, and different states of
complex I (oxidized, reduced, nucleotide free, or nucleotide
bound), to determine how much of the complex is able to reduce
O; and to thus determine the rate of O, formation.

The Molecular Mechanism of Superoxide Formation. Superoxide
formation by purified complex I is not affected by decylubiqui-
none directly or amplified during catalysis (Fig. 1). Therefore,
the FMN or one of the FeS clusters is the cofactor that controls
O, reduction, cofactor X. If cofactor X is an FeS cluster, then
NAD™ acts, with NADH, to set its equilibrium level of reduction,
according to the Nernst equation. If cofactor X is the flavin, then
active site occupancy exerts an additional effect on the preequi-
librium and is likely to affect the rate of the bimolecular reaction
also, as bound nucleotide may preclude or hinder O, access.
Fig. 54 shows the effect of varying the [NADH]/[NAD *] ratio
on O production, plotted as a redox titration of cofactor X

(Eq. 1).

Table 2. Comparison of isolated and membrane-bound complex |

NADH oxidation (nmol min=' mg~")

Complex | Membranes Ratio (%)
NADH + Q 1796 = 193 308 + 31 17.1 £ 25
NADH + Q + NAD+ 1666 + 133 286 = 32 17.2 2.4
NADH + Q + piericidin A 28 + 29 3+2 (10.7 = 13.2)

Amplex Red (nmol min~" mg~")

Complex | Membranes Ratio (%)
NADH 257+ 1.9 4.1 = 0.1 15.9 £ 1.3
NADH + Q + piericidin A 246 = 1.7 43 +0.4 174 £ 1.3
NADH + Q + NAD* 3.6 £0.3 0.7 £ 0.0 179 £ 1.6

Stigmatellin (0.1 wM) was used to inhibit complex Ill in membrane assays
and piericidin A (0.5 M) to inhibit complex I. Conditions were as follows: 30
M NADH, 200 uM Q (decylubiquinone), 1 mM NAD™, 32°C, and pH 7.5.
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Fig.4. Therate of superoxide production by isolated complex | as a function
of complex I, O, and NADH concentration. The rate depends linearly on
complex | (A) and O, concentrations (B) (% saturated in air), 23°C. (C) Super-
oxide production in the presence of 300 nM NADH (average and standard
deviations of three experiments). In the presence of the NADH regenerating
system, [NADH] is maintained, and the assay is linear; in its absence, NADH is
rapidly oxidized, and the rate drops to zero (control). (D) Dependence of 05 ~
production on [NADH], maintained by the regenerating system: Kyapp) = 0.05
M, Vimax = 49.1 nmol O3~ min~"mg~" (Inset, data recorded at high [NADH]).
General conditions were as follows: pH 7.5 and 32°C.

RT [NADH
Eser = EpH7 “OF In

|

[NAD"] + (pH —17) lnlO} [1]
Fig. 54 shows that X is mainly reduced at Esgr < —0.4 V, and
mainly oxidized at Eggr > —0.3 V. Fig. 6 shows electron
paramagnetic resonance (EPR) spectra of complex I prepared at
these two potentials, normalized to the signal from the high
potential cluster N2 (27), to determine whether any of the FeS
clusters change their oxidation state over the same potential
range as cofactor X. The reduced clusters N2, N3, N4, N5, and
N1b are evident at both potentials (20). The signal intensities of
(N2), N3, N4, and N5 do not change, whereas the signal from
N1b (g = 2.03 at 40 K) is larger at —0.4 V (N1b is ~60% reduced
at —0.3 V). Therefore, none of these clusters is cofactor X.
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Fig.5. The rate and potential of superoxide production by isolated complex
I. (A) The rate of H,O; generation measured by using Amplex Red plotted
against the NADH:NAD™* potential (®). NADH was repurified anaerobically,
and the lowest potential points were checked by using the NADH-
regenerating system. The two curves are from Eq. 2 and the potentials from
EPR, shifted by + 18 mV. The sigmoidal curve describes the fully reduced flavin,
and the peak-shaped curve refers to the flavin radical. (B) pH dependence of
E1/2 measured by using Cyt c (#) and calculated from the pH dependence of the
individual flavin potentials (pKs = 8.1, pKg = 6.8, solid line; dashed line from
ref. 30). Assay conditions were as follows: pH 7.5, 32°C, 50 uM Cyt ¢, 10 uM
Amplex Red, and 2 units mI~" HRP.
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S

PNAS | May 16,2006 | vol. 103 | no.20 | 7609

BIOCHEMISTRY



Lo L

P

1\

=y

Nl1b
N4 N2 9K 40K
MN“N?,
¢¢ -03V
-04V
2.03 2.i)3
2.1 219 18 2.1 2 19 18
g-value g-value

Fig. 6. EPR spectra from complex | at high and low potential. The signals
from clusters N2, N3, and N4 are present at 9 K in equal intensities at both
potentials. Cluster N5 is observed in equal intensity but only at lower temper-
ature (data not shown). Only the signal from cluster N1b is increased at —0.4
V, and there is no evidence for the signal from cluster N1a [g, = 2.00 (28)]. The
difference signal at 9 K has not been assigned. Conditions were as follows:
Complex I (pH 7.5 (0°C), 10 mg ml~") was reduced with 1 mM NADH (~—0.4 V)
or with 1 mM NADH, 10 mM NAD* (=—0.3 V). The spectra were normalized by
using the signal from cluster N2 (27). Microwave frequency, 9.39 GHz; micro-
wave power, 1 mW; modulation amplitude, 5 G; time constant, 81.92 ms;
conversion time, 20.48 ms.

Cluster Nla, the [2Fe-2S] cluster adjacent to the FMN (21), is
not cofactor X either, because there is no signal from reduced
Nla in either sample (see Table 3, which is published as
supporting information on the PNAS web site), consistent with
its low potential (28). Two further clusters are present in bovine
complex I, in subunit TYKY (19-21), but they have not been
observed by EPR, perhaps because their potentials are outside
the accessible range, they have higher spin states, or because of
spin-spin interactions. It is possible that the additional signal in
the 9 K difference spectrum results partially from one of these
clusters, because N1b is not expected to be observed at low
temperature. In any case, Fig. 6 does not exclude the two TYKY
clusters from being cofactor X. However, they are excluded by
the flavoprotein (Fp) subcomplex of complex I, which contains
only the 51 and 24 kDa subunits (the FMN and clusters N1a and
N3) and not subunit TYKY (29) and produces H,O, at approx-
imately the same rate as intact complex I (211 = 33 nmol min™!
mg~! = 16.1 £ 2.6 min~! in 30 uM NADH; O, production
cannot be measured because Fp reduces Cyt ¢ directly). We
conclude that, in isolated complex I, superoxide is produced by
the flavin, because it is not produced by any of the FeS clusters.

Fig. 54 shows that E;., the midpoint potential of cofactor X,
is —0.359 £ 0.005 V (n = 22), close to the reported two-electron
potential of the flavin in complex I (—0.38 V at pH 7.5) (30).
Previously, Kushnareva et al. (16) measured H,O, generation as
a function of the NAD*/NADH ratio in intact mitochondria and
reported E;» = —0.39 V (pH 7.4), close to our value. Here, redox
titrations measuring both O5  and H,O; production, and using
a range of NADH concentrations (30-200 uM), all showed the
same sigmoidal curve. Therefore, the O3 :H,O; ratio does not
vary with potential, indicating that the mechanism of O
production is conserved over all potentials. In contrast, the
flavin in fumarate reductase switches from mainly O, to mainly
H,0, as the potential is decreased, because of reduction of the
proximal [2Fe—2S] cluster (31). Finally, although E;, measure-
ments varied very little, the “n-value” of the titration curve,
defining the number of electrons transferred, was difficult to
define unambiguously, and so is not considered further.

7610 | www.pnas.org/cgi/doi/10.1073/pnas.0510977103

Superoxide may be produced by either the fully reduced
flavin, FMNH~/FMNHo, or by the semireduced flavin, FMN~/
FMNH"; the two species are distinguished by their potential
dependence (see Eq. 2, where Eqys is the reduction potential for
converting oxidized and semireduced flavin and Eggr is the
reduction potential for converting semireduced and reduced
flavin) (32).

RT [semi] RT [red]
Eser = Eos = ¢ In lox] | Esr = ?ln [semi] 2]

The fully reduced state is formed progressively as the potential
decreases, but the semireduced state is present only at interme-
diate potentials, with a maximum at Eov (average of Egjs and
Egr). Fig. 54 shows that the fully reduced flavin is the source of
superoxide by comparing our data with the calculated potential
dependencies of the two states. The calculated lines use Eg/s and
Egr as determined by EPR (30), with only a slight adjustment
(+18 mV) to both potentials.

Fig. 5B compares experimental and calculated values for E;
over a range of pH. Superoxide production could be measured
quantitatively by using 50 uM Cyt ¢ between pHs 6 and 10, because
the rates of Cyt ¢ reduction and NADH oxidation were equivalent,
and so Ey/ could be determined accurately. Below pH 6, dismu-
tation outcompetes Cyt ¢ reduction (24) (and the extinction coef-
ficient of Amplex Red becomes too small), and spontaneous
NADH degradation is significant; above pH 10, catalysis slows
significantly, challenging our preequilibrium model. In Fig. 5B,
calculated E;), values are the potential at which 50% of the flavin
is fully reduced (Eq. 2). Values for Eoss and Egr were calculated
from their pH dependencies (32): The semireduced flavin may exist
as FMN™ or FMNH" (pKs), whereas the fully reduced flavin may
exist as FMNH™ or FMNH, (pKg). Only minor changes to the
published pK, values and potentials were required to optimize the
fit: sz = 8.1, pKR = 68, at pH 7 Eo/s = —0.363 V, and ES/R =
—0.286 V [values from EPR: 7.7, 7.1, —0.383, and —0.304, respec-
tively (30)]. Therefore, the pH dependence of E;j is further
confirmation for the participation of the fully reduced flavin
in superoxide production. Finally, the pH dependence of the rate
of superoxide generation (NADH only) defines the pH dependence
of the rate-limiting step (assuming that active site occupancy does
not vary significantly). The rate increases from ~40 nmol min~!
mg~! at pH 6-7 to ~90 nmol min~! mg~! at pH 10, and there is
no evidence (no pK, value) for the participation of an active site
protonatable residue in superoxide formation.

The data presented above are strong evidence for superoxide
production by the fully reduced flavin, but simple interconversion
of the flavin’s oxidation states cannot be considered separately
from nucleotide binding. Our data do not define whether O, can
access the reduced flavin when nucleotide is bound, but all relevant
structural models in the RCSB Protein Data Bank show a common
configuration, with the nicotinamide moiety obscuring the isoallox-
azine ring Re face. The structure of the hydrophilic domain of
complex I from Thermus thermophilus does not contain bound
nucleotide but suggests a similar configuration (21). Therefore, it is
likely that only reduced flavin in an empty active site reacts with O».
Fig. 7, and Eq. 3 derived from it (32), show how NAD* and NADH
determine the equilibrium concentration of the free reduced flavin,
via the flavin and NAD™ reduction potentials [AE = (Epmn —
Enap+)] and four binding constants, one for each oxidation state
of nucleotide and flavin.

1 {2RAE}[NAD+]
exp

[NADH]

[NAD™]
|1+ KNAD +

[FMNH | RT

[NADH]
KgADH

[NAD"]

1 + —~ap

[NADH]
KINADH [3 ]
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Fig. 7. The preequilibrium of species that determines the rate of formation
of superoxide by the reduced flavin. KgNAPH and K¢NAP+ are dissociation
constants, and KNAPH and KNAP+ are inhibition constants. The catalytically
productive states interconvert by hydride transfer (Ky-). Species enclosed by
braces are enzyme bound, and the boxed species is that which produces O3 ™.
For simplicity, the flavin radical and the FeS clusters are not considered.

Enap+ is well established [—0.335 V, pH 7.5 (32)]. Epmn has
been measured by EPR (—0.375, pH 7.5) (30), but the values
have not been revalidated. We found two reports for the four
binding constants, both measured by varying the concentration
of an artificial electron acceptor (NADH oxidation, assuming
the flavin is reduced in steady state) or by reverse electron
transport (NAD™ reduction, assuming the flavin is oxidized in
steady state). Although the Kj values are similar [K{NAPH = 80
1M (33) or 40 uM (34); KiNAP+ = 1600 uM (33) or 2000 uM
(34)], the K4 values are very different [KqN4PH = 0.17 uM (33)
or 40 uM (34); KgNAP*+ =~ 25 uM (33) or 0.9 uM (34)], and so
calculated values of Ky— are also very different (3.2 X 1074 (33)
or 2.1 (34), from the thermodynamic cycle in Fig. 7). Although
predicted values of Ey; for superoxide production (by using Eq.
3) are —0.44 V (33) and —0.38 V (34), close to the observed value
of —0.36 V, the strong disagreement between the two sets of
values prevents any meaningful interpretation. Consequently,
accurately defining the binding constants and flavin potentials is
an important, but challenging, future objective that is required
for a quantitative understanding of the mechanism of superoxide
production by isolated complex I.

Discussion

No consensus has yet been reached on the site of superoxide
production in mitochondrial complex I. Proposals have included
the flavin (11-13, 35), bound reduced nucleotide (14), FeS
clusters N2 (15) and Nla (16), and a semiquinone radical (17,
18). Here, we demonstrate that fully reduced flavin, on the
matrix side of the inner membrane, is a significant source of
superoxide in isolated complex I. In comparison with other
flavoenzymes that produce superoxide adventitiously, complex I
(=40 O5 min~') is unremarkable. For example, glutathione
reductase, succinate dehydrogenase, and fumarate reductase
produce 0.8, 13, and 1,600 O, min~!, respectively (36).

Fully reduced flavin is a low potential electron donor capable
of O, reduction, it is in a hydrophilic domain (O5 is anionic),
and, in the substrate binding site, it is accessible to O, [whereas
the FeS clusters are buried beneath the solvent accessible surface
(21)]. However, formation of O from O, [E?” = —0.33 V, 1 atm
(1atm = 101.3 kPa) O, (24)] is less favorable thermodynamically
than formation of HyO, [E”” = +0.28 V, pH 7 (24)], questioning
why a fully reduced flavin should produce O . Typically, fully
reduced flavins in dehydrogenases produce a mixture of O, and
H,0; (37), consistent with the small amount of H,O, observed
from complex I. Reduction of O, to H,O, by reduced flavin is
a sequential process (37); in complex I, further reduction of the
nascent O5 does not compete effectively with its escape from
the active site. In contrast, enzymes such as glucose oxidase
produce only H,O; (37). They stabilize O5  electrostatically (38)
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and may discriminate even against N (39), whereas O, and O}
probably bind only weakly and nonspecifically in complex I. In
addition, one of the steps preceding the second reduction may be
slow [intersystem crossing (40) or protonation of O | or steri-
cally hindered [formation of the flavin hydroperoxide adduct
(37)]. The properties of the flavin radical are also crucial: The
electron may be retained and donated to a second O, [for
example, flavodoxin has a stable flavin radical and produces only
05 (37)] or redistributed to another center. Electron redistri-
bution is thought to control the O5 /H,O, ratio in xanthine
oxidase (41, 42) and fumarate reductase, in which the proximal
[2Fe—2S] cluster oxidizes the flavin radical (31). In complex I,
the flavin radical is thermodynamically unstable (30), supporting
redistribution, but it is not possible to identify a single FeS cluster
to oxidize (or re-reduce) it. It is tempting to propose a specific
role for cluster Nla, because it is close to the flavin yet has no
obvious role in energy transduction (21). However, Nla is
unlikely to be important during catalysis, when electrons are
flowing from flavin to ubiquinone, and its potential is too low
[—0.45V (28)] for it to compete effectively with the flavin [—0.42
V (30)] for the extra electron. Finally, our results show clearly
that the rate-limiting step in superoxide production by isolated
complex I is a bimolecular reaction between “competent” en-
zyme and O,. The first electron transfer is rate limiting in H,O,
production by glucose oxidase (38), suggesting that it may also
determine the bimolecular rate constant in complex I. Conse-
quently, the rate increases with pH because the flavin potential
decreases, increasing the thermodynamic driving force for elec-
tron transfer [“normal” Marcus behavior (43)].

Finally, how does the mechanism of superoxide production by
isolated complex I relate to the enzyme under physiological
conditions? Three observations have proved crucial in develop-
ing an understanding of superoxide production from complex I
in intact mitochondria (13, 16, 17, 35, 44, 45). () Under “normal”
conditions (respiration supported by malate/pyruvate), super-
oxide production is very low (<0.05 nmol min~! mg~'). (i) On
addition of a complex I inhibitor (typically rotenone), the rate
increases significantly (0.2-0.5 nmol min~! mg™~'). (i) During
reverse electron transport supported by succinate, the rate is
high, although a wide range of values [0.3 (16)-2.7 (17) nmol
min~! mg~!) have been reported. Our mechanism for superox-
ide production by the reduced flavin in complex I, defining how
it depends on Exap+, is qualitatively consistent with all three
observations: Under normal conditions Exap+ is high ([NAD™]
> [NADHY]); when complex I is inhibited, NADH builds up and
Enap+ decreases; during reverse catalysis, complex I reduces
NAD* to NADH, and Enap- is again low. Furthermore, studies
which explicitly considered the influence of the NAD*/NADH
ratio on superoxide production in intact mitochondria found a
close correlation, in agreement with our observations (13, 16, 35,
46). Importantly, however, our experiments are unable to ad-
dress the effects of the proton motive force, which may exert an
indirect influence on Exap+, but which may also exert distinct
and separate effects. In the presence of a proton motive force,
reactive intermediates, formed only transiently in our experi-
ments, may build up to significant levels. Such intermediates,
most likely formed during quinone reduction, have been pro-
posed to provide an additional source of electrons for superoxide
production by complex I (17). Our mechanism for superoxide
production by the fully reduced flavin provides a basis for the
design and interpretation of future experiments to address the
role of proton motive force and possible further sites of pro-
duction, and so complete our understanding of superoxide
production by mitochondrial complex I.

Materials and Methods

Enzyme Preparations. Mitochondrial membranes were prepared
from bovine hearts, and then complex I was purified by using
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asolectin and quantified by its FMN content (the properties of
this preparation have been described in detail in ref. 22). The
flavoprotein subcomplex was resolved by using sodium perchlor-
ate (29) and purified chromatographically. Protein concentra-
tions were determined by using the Pierce bicinchoninic acid
(BCA) assay.

Kinetic Measurements. Kinetic measurements were carried out at
32°C in 1-ml cuvettes [diode array spectrometer (Ocean Optics,
Dunedin, FL) or the cuvette port of a microtiter plate reader
(Molecular Devices)] or in 96-well plates (200 ul). The assay buffer
comprised 20 mM Tris*Cl (pH 7.5) and 30 uM NADH (Sigma); at
different pHs a mixed buffer system of 10 mM sodium acetate,
Mes, Hepes, and N-[Tris(hydroxymethyl)methyl]-3-amino pro-
panesulfonic acid (TAPS) was used. Complex I was added to 10 ug
ml~! from a 5 mg ml~! stock in 20 mM Tris‘Cl (pH 7.4 at 4°C), 150
mM NaCl, 10% glycerol, 1 mM EDTA, and 0.02% DDM
(Anatrace, Maumee, OH). When required, bovine heart polar
phospholipids (Avanti Polar Lipids) were added to 0.4 mg ml~!
from a 10 mg ml~! stock solution (prepared anaerobically) in 20
mM TrisCl (pH 7.5), 2% wt/vol CHAPS {3-[(3-cholamidoproyl)
dimethylammonio]-1-propane-sulfonate, Sigma}, and the enzyme
and phospholipids were preincubated for 2 min in the assay buffer
(22). Catalytic rates are reported in nmol min~! mg~! (1 nmol
min~! mg~! ~ 1 min~!, as the Mg for complex I is 0.98 MDa).
NADH oxidation (¢ = 6.22 mM~! cm™!) was followed at
340-420 nm or at 340-541 nm in the presence of Cyt c¢. To
measure the NADH:decylubiquinone oxidoreductase activity,
decylubiquinone (Sigma) was added to 200 uM (10 mM stock
solution in ethanol), and exapy = 6.81 mM ! cm~! was used to
account for the decylubiquinone absorbance. The NADH re-
generating system (see Fig. 8, which is published as supporting
information on the PNAS web site) comprised 2 mM fructose
bisphosphate, 1 mM sodium arsenate, and 1 unit ml~! of
aldolase, triose isomerase, and glyceraldehyde 3-phosphate de-
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hydrogenase (BDH). Piericidin A, rotenone, capsaicin, and
stigmatellin were from Sigma.

Superoxide formation was quantified stoichiometrically by the
reduction of 50 uM oxidized Cyt ¢ (47, 48) (partially acetylated
equine heart Cyt ¢; ess0_s41 = 18.00 = 0.6 mM~! cm™!; Sigma).
When required, superoxide dismutase (SOD) (Cu-Zn-SOD
from bovine erythrocytes; Sigma) was added to 10 units ml~'.
H,0; was quantified by using the horseradish peroxidase (2 units
ml~!; MP Biomedicals, Aurora, OH) dependent oxidation of
Amplex Red (10 uM; Invitrogen) to resorufin (ess7-620 = 51.6 =
2.5 mM~ ! em™! at pH 7.5; Sigma) (16, 48). Note that [NADH]
>30 uM interferes with the Amplex Red assay. When required,
catalase (bovine liver; Sigma) was added to 1000 units ml~1.

Redox Titrations Using NADH and NAD+. NADH was repurified in
a glovebox (O, < 2 ppm) by anion exchange chromatography
(5-ml HiTrap Q-Sepharose column; Amersham Pharmacia Bio-
sciences) (49) to remove contaminating NAD™". After experi-
mentation, the integrity of the NADH stock solution was re-
evaluated (0.08 = 0.04% NAD™ formed in 6 h). Typically, redox
potentials were set by using 30 uM NADH and a varying amount
of NAD™" (Sigma), and the low potential limit was checked by
using the NADH regenerating system.

EPR. Complex I (10 mg ml~!) was reduced anaerobically by 1 mM
purified NADH or by dialysis against purified NADH (=—0.4 V)
or to =~—0.3 V by using 1 mM NADH and 10 mM NAD™, and
frozen immediately. Spectra were recorded on a Bruker EMX
X-band spectrometer by using an ER 4119HS high-sensitivity
cavity and a ESR900 continuous-flow liquid helium cryostat
(Oxford Instruments, Oxford, U.K.).
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