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production of reactive oxygen species (ROS) by Complex I in isolated open
bovine heart submitochondrial membrane fragments during forward electron transfer in presence of
NADH, by means of the probe 2′,7′-Dichlorodihydrofluorescein diacetate. ROS production by Complex I is
strictly related to its inhibited state. Our results indicate that different Complex I inhibitors can be grouped
into two classes: Class A inhibitors (Rotenone, Piericidin A and Rolliniastatin 1 and 2) increase ROS
production; Class B inhibitors (Stigmatellin, Mucidin, Capsaicin and Coenzyme Q2) prevent ROS production
also in the presence of Class A inhibitors. Addition of the hydrophilic Coenzyme Q1 as an electron acceptor
potentiates the effect of Rotenone-like inhibitors in increasing ROS production, but has no effect in the
presence of Stigmatellin-like inhibitors; the effect is not shared by more hydrophobic quinones such as
decyl-ubiquinone. This behaviour relates the prooxidant CoQ1 activity to a hydrophilic electron escape site.
Moreover the two classes of Complex I inhibitors have an opposite effect on the increase of NADH–DCIP
reduction induced by short chain quinones: only Class B inhibitors allow this increase, indicating the
presence of a Rotenone-sensitive but Stigmatellin-insensitive semiquinone species in the active site of the
enzyme. The presence of this semiquinone was also suggested by preliminary EPR data. The results
suggest that electron transfer from the iron–sulphur clusters (N2) to Coenzyme Q occurs in two steps
gated by two different conformations, the former being sensitive to Rotenone and the latter to
Stigmatellin.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Complex I is a very large enzyme catalyzing at the entry point of
the mitochondrial electron transport chain [1–3]. The total number of
subunits in the bovine heart enzyme is 45 [4] for a molecular mass of
about 1000 KDa. Seven subunits are products of the mitochondrial
genome [5,6] that correspond to hydrophobic subunits named ND1–
ND6 and ND4 L. The molecular mechanism of catalysis of this enzyme
is not completely understood. The main reason is the lack of detailed
structural information of the membrane part of Complex I, although
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X-ray structure of the extramembrane part was determined recently
by Sazanov and Hinchliffe [7] utilizing Thermus thermophilus HB-8
enzyme. The minimal active form of Complex I is that found in
bacteria, composed of 14 subunits, all of which are homologous to
their mitochondrial counterparts. Based on this comparison, all other
subunits are called “accessory subunits” and their functional role in
the mitochondrial enzyme is not yet clear. The Complex I enzyme
oxidizes NADH transferring electrons to a lipid soluble electron carrier,
namely Ubiquinone or Coenzyme Q (CoQ). Based on the thermo-
dynamic profiles of redox active groups, the FMN is considered to be
the direct electron acceptor of NADH and subsequently electrons are
transferred to the iron–sulphur clusters. Bovine heart Complex I
contains 8 distinct iron–sulphur clusters (cluster N1a, N3, N1b, N4, N5,
N6a, N6b, N2). Clusters N3–N6 are considered to share the same
midpoint redox potential (Em) values (−250 mV), and are called the
isopotential group. Two clusters have different characteristics: N1a,
that is the [2Fe–2S] type cluster, and has the lowestmidpoint potential
(Em=−370 mV) and cluster N2, that is the [4Fe–4S] type cluster
which has the highest Em value (between −150 mV and −50 mV),
and is located close to the interface between the peripheral and the
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membrane arms [7]. Thus cluster N2 is considered to be the direct
electron donor to ubiquinone. In the tightly coupled bovine heart
SMP, initially three distinct EPR semiquinone (SQ) signals were
proposed as Complex I components [8], but subsequently revised to
two species of SQ signals [9]; one is uncoupler sensitive the other is
insensitive. In the presence of reduced cluster N2, the former SQ
species shows extremely fast spin relaxation (thus designated as
SQNf) while the latter shows much slower spin relaxation (designated
as SQNs). Direct spin–spin interaction between cluster N2 and SQNf

was demonstrated and their mutual distance was estimated to be
12 Å [10,11]. In uncoupled SMP only the slowly relaxing SQ species is
observed [8,9].

Complex I is inhibited by more than 60 different families of
compounds [12] starting from Rotenone, the prototype of this series,
to a number of synthetic insecticides/acaricides. These inhibitors
were grouped into three classes based on their effects on the kinetic
behaviour of the enzyme: Class I/A (the prototype of which is
Piericidin A), Class II/B (the prototype of which is Rotenone) and
Class C (the prototype of which is Capsaicin). Nevertheless, from
kinetic studies it has not been possible to assign different binding
sites for these three classes of inhibitors. Thus it is commonly
accepted that they share the same large hydrophobic pocket in the
enzyme [13].

Complex I is also involved in the formation of the trans-membrane
proton gradient with a stoichiometry of 4H+/2e−. The limited
knowledge about the 3D-structure and the function of the whole
Complex I makes it difficult to predict the proton pumpingmechanism
of Complex I across the inner mitochondrial membrane [9,14].

Besides its well known redox role in the electron transport chain,
Complex I is also considered to be one of the main sites of reactive
oxygen species (ROS) production; electrons leaked at Complex I can
reduce oxygen and give rise to superoxide anion [15]. The mechanism
of superoxide production by Complex I is not yet clear probably
because of the lack of knowledge on the exact sequence of the electron
carriers and how electron transfer is coupled to proton translocation.
The sites of ROS production in the mitochondrial electron transport
chain have been localized in Complex I and Complex III [16]. Whereas
the site of electron escape in Complex III has been identified in the so
called center “o”, the direct oxygen reductant site in Complex I has not
been established yet.

Recently, using different Complex I inhibitors to functionally
dissect the enzyme, it was suggested that iron–sulphur cluster N2
could be the site of the electron leak [17], but N2–SQNf region [18],
ubisemiquinone (SQNf) [19], FMN [15,20,21] and iron–sulphur cluster
N1a [22] have also been proposed as electron donors to oxygen. In
addition, it was found that defective Complex I produces more
reactive oxygen species (ROS) [16], suggesting that structural modi-
fications of the enzyme may play a crucial role in the ROS production
process.

The superoxide production by Complex I is much higher during the
reverse electron transport from succinate to NAD+ [19,23], than
during the forward electron transport. The reasons of this discrepancy
are still not understood.

An understanding of the detailed mechanism of reaction of
Complex I is required not only for advancement in basic knowledge
but also in biomedical research. In fact, a number of devastating
neurodegenerative disorders are associatedwith Complex I deficiency,
resulting in a decline of energy production by the respiratory chain
and in increased production of reactive oxygen species (ROS) (for
reviews see [24–28]).

Based upon the latter observations we have studied the effect of
different Complex I inhibitors on the ROS production to elucidate the
mechanism by which Complex I transfers electrons to molecular
oxygen, with the additional aim to exploit superoxide generation to
shed light on the mechanism of electron transfer to the natural
acceptor, Coenzyme Q10.
2. Materials and methods

2.1. Materials

2′,7′-Dichlorodihydrofluorescein diacetate (DCFDA) was purchased
fromMolecular probes, Invitrogen, Milano Italy. Mucidin (Strobilurin A)
was a kind gift from Dr. F. Nerud of the Academy of Sciences in Prague,
Czech Republic. Rolliniastatin-1 and -2 were gifts from Dr E. Estornell of
the University of Valencia, Spain. Piericidin A and Stigmatellin were
purchased from Fluka, Sigma-Aldrich, Milano, Italy. All other chemicals
were purchased from Sigma-Aldrich, Milano, Italy.

2.2. Preparations

Submitochondrial particles (SMP) were prepared from bovine
heart mitochondria (BHM) by sonic irradiation of the frozen and
thawed BHM [29]; the particles were essentially broken membrane
fragments [30]. Proteinwas evaluated by the Biuret method of Gornall
et al. [31] with addition of 10% sodium deoxycholate and using bovine
serum albumin (BSA) as the standard.

2.2.1. Measure of hydrogen peroxide production
The method used to measure H2O2 production in submitochon-

drial particles (SMP) is based on the fluorogenic probe 2′,7′-
Dichlorodihydrofluorescein diacetate (DCFDA or H2DCFDA) which
emits an intense green fluorescence only after deacylation and
subsequent oxidation [32,33]. The advantage to use this probe is
that it does not inhibit the activity of Complex I [34]. Alternatively
H2O2 productionwas measured using Amplex Red. ROS production by
SMP was measured in a fluorescence plate reader using a 96-well
microtiter plate. In eachwell were present 0.5mg/ml SMP (pretreated
with 1.8 μMMucidin) and 5 μMDCFDA or 10 μM Amplex Red to a final
volume of 0.2 ml with KCl, 10 mM TRIS, 1 mM EDTA buffer, pH 7.5,
25 °C. The reaction was started by the addition of 150 μM NADH, in
presence and in absence of different respiratory inhibitors and/or
quinone acceptors.

2.2.2. Enzyme assays
NADH–CoQ reductase was assayed essentially as described by Yagi

[35] and modified by Degli Esposti et al. [36] in the presence of 2 mM
KCN and 2 μM Antimycin A to block Complexes IV and III, respectively.
Determination of the kinetic constants was accomplished at saturat-
ing concentration of NADH (150 μM) and 150 μM of CoQ1 following
the decrease in absorbance at 340 minus 380 nm, in a Jasco V550
spectrophotometer equipped with dual wavelength device, using an
extinction coefficient of 3.5 mM−1 cm−1.

NADH–O2 reductase activity was assayed essentially in the same
conditions avoiding only KCN and Antimycin A in the assaymixture. To
compare the inhibition effect of different Complex I inhibitors with
ROS production, we performed the NADH–CoQ1 reductase assays with
high protein concentration (0.25 mg/ml of SMP).

NADH–DCIP reductase activity was assayed as above, following the
reduction of DCIP absorbance at 748 nm using an extinction
coefficient of 0.8 mM−1 cm−1 with 40 μg/ml of SMP. Activity was
recorded in the presence and absence of Complex I inhibitors and
CoQ1 (25 μM) or DB (25 μM).

2.2.3. EPR sample preparation
EPR samples were prepared as follows. Submitochondrial particles

were suspended in the reaction buffer (Sucrose 0.25 M, TRIS 10 mM,
EDTA 1 mM) to be 30 mg/mL. The suspension in a glass test tube was
kept on ice. Antimycin A 5 μM, Carboxin 100 μM and Mucidin 1.8 μM
were added and the mixtures were incubated on ice for at least 5 min.

SMP samples were treated with different Complex I inhibitors to
completely block the enzyme: 10 μM Rotenone and 80 μM Stigma-
tellin. The reaction was initiated by adding 150 μM NADH.



Fig. 2. ROS production in SMP (0.5 mg/ml) treated with 1.8 μM Mucidin, 10 μM DPI,
75 μM CoQ1, 1 μM Rotenone, 1 μM Rotenone plus 75 μM CoQ1 and 1 μM Rotenone plus
50 μM DB. ROS production was detected following the fluorescence variations in
presence of 5 μM DCFDA. Each value was detected after 2400 s from 150 μM NADH
addition and is expressed as percent of fluorescence change with respect to the control.
Data are the mean of at least four different determinations.
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These treated SMP were rapidly transferred into EPR tubes and
immediately frozen in dry ice/ethanol mixture, typically within 10 s
after adding the substrate and were stored in liquid nitrogen until
analysis.

2.2.4. EPR measurements
EPR experiments were performed at the Department of Chemical

Sciences, University of Padova, Italy, with a Bruker ER 200D spectro-
meter operating at X-band (9.4 GHz), equipped with a rectangular
cavity ER4102ST, and a variable-temperature controller Bruker ER 4111
VT; the microwave frequency was measured by a frequency counter
(model HP 5342A).

All spectra were obtained using the following parameters:
microwave power 0.66 mW; modulation amplitude 0.5 mT; modula-
tion frequency 100 kHz; time constant 41 ms; conversion time 82 ms;
scan width 10 mT; 1024 points; temperature 180 K; sample volume
300 μl. All spectra have an average of 9 scans and have been corrected
by subtraction of the oxidized SMP background.

3. Results

3.1. Suitability of fluorescent probes to investigate ROS production in SMP

Fluorescent probes are widely used for ROS detection in biological
systems; at present several such probes are available: dihydro-
compounds such as 2′,7′-Dichlorodihydrofluorescein diacetate
(DCFH–DA), dihydroethidium (HE) and 10-acetyl-3,7-dihydroxyphe-
noxazine (AmplexRed) are mostly used. DCFH and Amplex Red are
suggested as specific probes for H2O2, while dihydroethidium seems
to be more suitable for O2

U− detection. Anyway all fluorescent probes
for ROS detection suffer a lack of selectivity and it is generally thought
that they react with various types of ROS [22,23,27], although they are
generally used for detecting total oxidative activity in living cells or
tissues.

DCFDA is routinely used in intact cells, being taken up and
deacetylated by endogenous hydrolases to a form (DCFH) that is then
oxidized by peroxides (including H2O2) to fluorescent 2′,7′-Dichloro-
fluorescein (DCF). It has been shown [34] that mitochondria and sub-
mitochondrial particles can deacetylate the probe and oxidize it by ROS.
Fig. 1. Suitability of DCFDA probe (5 μM) for H2O2 determination in presence of SMP
(0.5 mg/ml) supplemented with 150 μMNADH (CTRL) and treated with 1 μMRotenone
(Rotenone). The amount of the deacetylated probe by SMP is largely exceeding that one
oxidized by respiratory substrates as indicated by high fluorescence achieved with 5 μM
of H2O2. Fluorescence intensity was detected after 2400 s from NADH addition. No
fluorescence was detected by addition of 5 μM hydrogen peroxide in absence of SMP.
Data are the mean of at least five different determinations±standard deviation.
Using DCFDA or Amplex Red for reliable superoxide detection in
SMP, it is required that deacetylation of DCFDA probe and conversion
of superoxide to hydrogen peroxide proceed at a rate that is not rate-
limiting with respect to superoxide production.

Fig. 1 shows that addition of hydrogen peroxide enhances the
probe fluorescence to an extent largely exceeding that one obtained
with respiratory substrates, suggesting that the non-reactive acetyl
ester is cleaved at a rate higher than that of natural H2O2 production.

Considering DCFH more specific for peroxide than for superoxide
we have evaluated the effect of SOD on the fluorescence levels
detected. The conversion of superoxide anion to hydrogen peroxide
catalyzed by SOD induces a modest fluorescence increase both in
control and in Complex I inhibited particles (i.e. +30% in presence of
Rotenone plus SOD vs Rotenone alone, data not shown) without
substantial alterations of their relative ratio. This feature suggests that
our system is suitable for ROS detection even in the absence of SOD.

Amplex Red is a non-fluorescent molecule that originates
resorufin, a highly fluorescent product when oxidized by H2O2

[37,38]. As an advantage over DCFH, Amplex Red presents low
background fluorescence as well as stability and high fluorescence
power on oxidation. Furthermore, its excitation and emission
maximum wavelengths subsist in a spectral zone that has little
susceptibility to interference from autofluorescence in assays where
biological samples are used [37,38].

Amplex Red is normally used in associationwith HRP (horse radish
peroxidase). In our system, oxidation of the probe is achieved even
without HRP addition.

Addition of KCN completely prevents Amplex Red oxidation
suggesting that in mitochondrial membranes are present enzymes
with KCN sensitive peroxidase activity. In fact cyanide has beenwidely
used as an inhibitor of many peroxidases and oxidases [39].

Nevertheless, it must be taken into account that in biological
systems NADH may interfere with Amplex Red/peroxidase assay
system resulting in a decreased fluorescence [40].

Dihydroethidium has been used as a fluorescent probe for
detecting O2

U− [41–44]. Indeed, when HE is oxidized by superoxide,
it originates ethidium (E+), a fluorescent compound [45].

Even this probe shows some limitations: cytochrome c is able to
oxidize HE and the superoxide detection might not be quantitative by
this method because HE increases the superoxide/hydrogen peroxide
dismutation rate [42,46].

In addition E+ fluorescence is enhanced in presence of DNA. For
this reason HE is not suitable for our DNA-free system.

Because of the different limitations showed by these probes we
have carried out experiments using all three probes, with super-
imposable results. Nevertheless, the systematic studies reported were
performed mainly using DCFDA.



Table 1
Effect of different Complex I inhibitors on ROS production in SMP supplemented with
150 μM NADH

Inhibitor DCFDA Amplex Red

Rotenone (2 μM) +53%±23 +62%±3
Piericidin A (1 μM) +101%±30 +53%±5
Rolliniastatin 1 (30 μM) +17%±4
Rolliniastatin 2 (30 μM) +17%±9
Stigmatellin (60 μM) −11%±5 −34%±3
Mucidin (80 μM) −7%±6 −8%±3
Capsaicin (50 μM) −49%±3
CoQ2 (20 μM) −39%±23

The results are expressed as percent of fluorescence variationwith respect to the control
treated with 1.8 μM Mucidin. Fluorescence intensity was collected after 2400 s from
NADH addition. Each value is the mean of at least 10 different determinations.
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3.2. ROS production by Complex I in presence of reducing and oxidizing
substrates

To study ROS production by Complex I in situ, we have used
mitochondrial membrane fragments (SMP) derived by ultrasonic
Fig. 3. Panel A: Representative experiment of ROS detection in SMP (0.5mg/ml) inhibitedwit
were treated with 1.8 μMMucidin (to block electron transfer and to avoid ROS production by
concentration (1.5 mg/ml) and Mucidin concentration: 5.4 μM. Inserts show the full time c
irradiation of Bovine Heart Mitochondria (BHM). SMP used in this
study have been shown to be broken membrane fragments devoid of
permeability barriers and of membrane potential [30]. For this reason
they are not coupled and are incapable of reverse electron transfer
from succinate to NAD+. Since the latter reaction is considered to be a
major source of ROS, these particles represent an ideal system to
investigate direct electron transfer in Complex I from NADH to CoQ
without interference by the reverse reaction.

Mucidin is an inhibitor of Complex III at center “o” (or P) that
completely prevents ROS formation by this complex [17] even in
presence of Antimycin A.

Addition of NADH to SMP inhibited with 1.8 μM Mucidin, that
completely inhibits electron transfer in Complex III, does not induce
electron escape from Complex I tomolecular oxygen, suggesting that a
fully reduced state of Complex I is necessary but not sufficient for ROS
production.

For this reason Mucidin can functionally isolate Complex I from
further segments of the respiratory chain and we used 1.8 μM
Mucidin-treated SMP as control in all experiments.

Addition of oxidized CoenzymeQ1, or decylubiquinone (DB) to such
Mucidin-inhibited particles is not able to stimulate ROS production.
h Class A (i.e. 2 μMRotenone) and Class B (i.e. 60 μMStigmatellin) inhibitors. All samples
Complex III) and supplemented with 150 μMNADH. Panel B: As panel A except for SMP
ourse of the experiments.
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On the other hand Complex I inhibition with Rotenone induces a
strong increase in ROS generation. Moreover addition of CoQ1 to the
Rotenone-inhibited enzyme stimulates ROSproduction,while addition
of decylubiquinone has no effect or even induces a slight decrease of
ROS production (Fig. 2). Because both CoQ1 and DB are good oxidizing
substrates for Complex I activity, this difference is very puzzling and
needs an explanation. The reason for this different behaviour may be
due to the higher water solubility of CoQ1 with respect to DB [47],
suggesting that the prooxidant activity of oxidized quinones is due to
their interaction with an hydrophilic site for electron escape.

3.2.1. Effect of Complex I inhibitors on ROS production
Complex I activity is very sensitive to a large spectra of compounds

(cf. [12] for a review), among which we can find short chain quinones
(i.e. CoQ2) and Complex III center “o” inhibitors (i.e. Stigmatellin). For
this reason we have undertaken a deep analysis on the effect of
different Complex I inhibitors on ROS production. The results depicted
in Table 1 and Fig. 3 allow a distinction of inhibitors into two classes:
Piericidin A and Rolliniastatin-1 and -2 behave like Rotenone, whereas
Stigmatellin, Capsaicin, Mucidin and Coenzyme Q2 (CoQ2) prevent the
oxidation of the probe and rather decrease it below control levels. The
effect of an inhibitor of the former class to stimulate ROS production is
abolished by the combined presence of an inhibitor of the latter class.

Analyzing the compounds listed in these two classes we can
observe that the distinction between ROS-inducing and ROS-
preventing inhibitors resembles the classic Complex I inhibitors
distinction based on their antagonistic effect with respect to quinone
or quinol.

The response of the probe to the ROS detection is not linear and is
weak in the first 15 min using 0.5 mg/ml protein as described in
Materials andMethods (Fig. 3A). For this reasonwe have chosen a time
Fig. 4. Correlation between percentage of DCFDA fluorescence variation and percentage of
Correlation between ROS production and Complex I inhibition by Rotenone. Panel B) Correl
prepared as follows: SMPwere incubatedwith increasing amounts of Rotenone or Piericidin A
of increasing amounts of Stigmatellin on ROS produced by 100% Rotenone inhibited Comp
Piericidin A inhibited Complex I. Samples were prepared as follows: SMP completely inhi
Stigmatellin and ROS production was detected. The percentage of inhibition of NADH–CoQ
experiment. Each value is the mean of at least ten different determinations.
of 40 min as standard time for our measurements. In parallel
experiments (Fig. 3B), using higher amount of protein (1.5 mg/ml),
we show that the ratio between inhibited and control samples is
retained both at 10 and at 40 min, suggesting that the fluorescence
increase is representative of the amountof ROSproduced in our system.

ROS production is a typical chain reaction, described by a non
linear fluorescence increase of the probes. This behaviour does not
allow a quantitative measure of ROS production rate, however the
fluorescence value depends on the total amount of ROS produced and
remains proportional throughout the time course of the experiment.

Complex I activity can be also affected by compounds acting on the
FMN site such as DPI and pHMB (para-hydroxymercuribenzoate).
Both these inhibitors block the electron input to the redox centers
inside Complex I, also preventing electron delivery to molecular
oxygen. Moreover, addition of CoQ1 to a SMP sample inhibited by DPI
in presence of NADH has no effect on ROS production, suggesting that
the site involved in the CoQ1 prooxidant effect is located downstream
the DPI inhibition site (data not shown).

The ability of Complex I to produce ROS is strictly related to the
percent of inhibition exerted by Rotenone-like inhibitors as well as the
decrease of ROS generation by Stigmatellin is strictly related to the
extent of Stigmatellin inhibition of NADH–CoQ1 reductase activity
(Fig. 4A, B, C, D).

Inspection of panels A and B shows that Class A inhibitors
Rotenone and Piericidin A at concentrations inducing low extents of
inhibition fail to induce ROS generation; moreover, Rotenone and
Piericidin A exhibit a different behaviour, with a much more
pronounced lag in presence of the latter inhibitor.

Some experimental factors like low probe sensitivity or NADH
interference with the fluorescent probe may partially explain the lack
of ROS production in presence of low inhibition levels.
NADH–CoQ1 activity inhibition in presence of different Complex I inhibitors: Panel A)
ation between ROS production and Complex I inhibition by Piericidin A. Samples were
. For each samplewemeasured NADH:CoQ1 activity and ROS production. Panel C) Effect
lex I. Panel D) Effect of increasing amount of Stigmatellin on ROS produced by 100%
bited with 2 μM of Rotenone or Piericidin A were treated with increasing amounts of
1 activity exerted by the same amounts of Stigmatellin was determined in a parallel



Fig. 6. NADH–DCIP reductase activity related to the physiological quinone reducing site.
Data were obtained subtracting the DPI insensitive activity from the total DCIP
reductase activity. The stimulation effect of 20 μMDB on NADH–DCIP reductase activity
is maintained in presence of Stigmatellin but is abolished by Rotenone. Each value is the
mean of at least 5 different determinations. ⁎ pb0.005.
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In fact in a control experiment using AAPH as radical source we
have detected a lower DCF fluorescence intensity in presence of NADH
150 μM.

Nevertheless Piericidin A requires a higher extent of Complex I
inhibition to start ROS production in comparison with Rotenone (60–
70% for Piericidin A vs 20–30% for Rotenone).

This behaviour may be due to the presence of two different
partially overlapping binding sites for Piericidin A, one with high
affinity and the other with low affinity and shared by Rotenone [48].
Piericidin A at low concentration is able to block electron transfer
without inducing ROS formation, whereas at high concentration it
behaves like Rotenone, both blocking electron transfer and inducing
ROS production.

In this scenario Piericidin A needs to occupy the Rotenone binding
site to trigger ROS production. Moreover titration of ROS production
induced by Rotenone in SMP partially pre-inhibited with Piericidin A
shows loss of the lag phase, suggesting an additive effect between
these two inhibitors (Fig. 5).

The overlapping between different inhibition sites inside Complex I
is also consistentwith the inhibition of ROS production observedwhen
Stigmatellin is added in presence of either Rotenone or Piericidin A.
(Fig. 4C, D). In the first case we observe a linear correlation (Fig. 4C)
between Complex I inhibition and decrease of ROS production, in the
second case this correlation follows a sigmoidal behaviour (Fig. 4D)
suggesting that Piericidin A binding sites may partially overlap with
both Rotenone and Stigmatellin binding sites. Evidences about the
different effects onROSproduction and electron transport in Complex I
related to different sites of inhibition for acetogenin derivatives were
recently described by Miyoshi and coworkers [61].

3.3. Kinetic analysis of Complex I inhibitors on electron transfer to DCIP

DCIP is a hydrophilic electron acceptorwidely used to test Complex
I reductase activity; only 20–30% of this activity is sensitive to
Rotenone, while the remaining is both Rotenone and DPI insensitive.
This suggests the presence of at least two sites for DCIP reduction: one
independent of the DPI inhibition site, the second corresponding to
the physiological ubiquinone reducing site.

Short chain ubiquinone analogues like CoQ1 and DB increase
NADH–DCIP reductase activity in a Rotenone sensitive way, whereas
they do not increase activity in presence of DPI.

The stimulation of NADH–DCIP reductase activity by CoQ1 or DB
offers a new tool to investigate the electron transfer mechanism inside
the active site.

The two classes of Complex I inhibitors affect the stimulation of
DCIP reduction by short chain quinones in a different way. The results
listed in Fig. 6 show that Rotenone-like inhibitors prevent this
stimulation, while Stigmatellin-like inhibitors allow it.
Fig. 5. Correlation between ROS production (indicated as percentage of DCFDA
fluorescence variation) and percentage of NADH–CoQ1 inhibition by Rotenone in SMP
pretreated with 20 pmol/mg of Piericidin A. Addition of 20 pmol/mg of Piericidin A to
SMP results in 30% of inhibition of NADH–CoQ1 activity without triggering massive ROS
production.
Since both classes of inhibitors prevent the reduction of quinones
to quinols, the extra DCIP reduction in presence of CoQ1 or DB might
be due to the presence of an intermediate species between the fully
oxidized and the fully reduced one: thus it must be the semiquinone
form of CoQ1 or DB generated inside the active site of Complex I. The
new finding resulting from this observation allows us to hypothesize
the presence of a semiquinone in the enzyme active site insensitive to
the Stigmatellin-like inhibitors. To test this hypothesis we started to
study semiquinone EPR spectra in SMP treated with Rotenone-like or
Stigmatellin-like inhibitors.

3.4. Preliminary semiquinone EPR data

It is known from the literature that Rotenone and Piericidin A
strongly reduce the semiquinone EPR signal intensity from Complex I
[8], while there are no data on the effect of Stigmatellin and
Stigmatellin-like inhibitors. We recorded EPR spectra of uncoupled
SMP treated with Rotenone, Stigmatellin, or both. Results are reported
in Fig. 7: our spectra show a Rotenone-sensitive signal centered at
g=2.005, identifying it as a semiquinone radical [11]. The spectra
confirm a strong signal reduction in the presence of Rotenone while
the signal intensity is only slightly reduced in samples treated with
Stigmatellin (Fig. 7, left); in the presence of both inhibitors, the signal
intensity is equal to that detected when only Stigmatellin is present
(Fig. 7, right).

4. Discussion

Complex I is the most debated enzyme of the mitochondrial
respiratory chain, due to its high structural complexity and many
redox centers involved in the electron transfer from NADH to
ubiquinone. From the analysis of the midpoint redox potentials of
the enzyme prosthetic groups, FMN is the entry point of electrons
from NADH, while N2 iron–sulphur center is considered to be the
direct electron donor to endogenous ubiquinone.

A large number of compounds inhibit Complex I: Rotenone, as well
as other classic Complex I inhibitors (Piericidin A, Rolliniastatin-1 and
-2, Capsaicin, etc.), block electron transfer from iron–sulphur clusters
to the ubiquinone pool. Despite the different chemical structure of
Complex I inhibitors it has not been possible to identify different
binding sites in the enzyme, and it is commonly accepted that these



Fig. 7. EPR signals of the semiquinone radical in Complex I at 180 K. The systems contained 30 mg/ml of SMP in 300 μl, 150 μM CoQ1. The ubisemiquinone formation was initiated by
the addition of 150 μM NADH. Spectra were obtained at a microwave frequency of 9.4121 GHz, obtaining a value of g=2.005 for the semiquinone radical.
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inhibitors share a rather large hydrophobic pocket with partially
overlapping binding sites [13].

We have exploited the ability of Complex I to transfer electrons
directly to molecular oxygen with the aim of elucidating not only the
site of electron escape but also the electron transfer pathway. The
results depicted in this work allow us to divide Complex I inhibitors
into two distinct classes depending on their effect on ROS production:

1. Class A inhibitors: inducing strong increase in ROS production.
2. Class B inhibitors: preventing ROS production.

Class A inhibitors include Rotenone, Piericidin A, Rolliniastatin-1
and -2, while Class B includes Stigmatellin, Capsaicin, Mucidin and
Coenzyme Q2.

Most of Class B compounds are also classical Complex III inhibitors,
acting at the so called center “o”, where they block electron transfer
from ubiquinol to the Rieske iron–sulphur protein, while CoQ2 is
known to be a poor electron acceptor from Complex I, on which it
exerts an inhibitory effect ascribed to the quinol form [47].

Class A inhibitors are thought to prevent access of physiological
CoQ10 to its reduction site [49], allowing the release of one electron to
molecular oxygen. On the other hand, Class B inhibitors appear to
directly prevent oxygen reduction presumably acting on the electron
escape site [12].

This behaviour raises the question of the identification of the direct
reductant of molecular oxygen.

One of the possible candidates is the ubisemiquinone species [19];
EPR data reported by the Ohnishi group [8] showed that Complex I
inhibitors such as Rotenone and Piericidin A turn off the EPR signals
from semiquinone species.

From our results on the ROS production it appears that inhibitors
shutting down the semiquinone signals are also most efficient in the
direct transfer of electrons to molecular oxygen. These results would
suggest that the endogenous semiquinone formed during the redox
cycle of the enzyme is not involved in ROS production. This conclusion
is in line with a previous report showing that in CoQ-depleted
mitochondria, Complex I is able to produce oxygen radicals at a rate
comparable with the enzyme in non-extracted mitochondria [17].

A secondmajor candidate as the electron donor to oxygen has been
proposed to be FMN [15,20,21]; recently Brandt and his coworkers
showed that ROS production was still present in a mutant Complex I
from Yarrowia lipolytica lacking iron–sulphur cluster N2, concluding a
direct involvement of FMN in this activity [50]. On the other hand
Ohnishi and coworkers showed that DPI inhibits ROS production in
the forward electron transfer, while enhanced it in the reverse
electron transfer [18]. The loss of ROS detection in the presence of DPI
seems to exclude any involvement of FMN in favor of a direct
involvement of iron–sulphur clusters. In fact DPI inhibits the reduction
of iron–sulphur clusters while the reduced state of protein-bound
FMN is stabilized [51]. The FMN involvement in ROS production
remains an open question and the discrepancy found in literature
should be ascribed to the difficulty encountered in achieving a
complete inhibition in the NADH–O2 activity, moreover the NAD+/
NADH ratio seems to be crucial for electron escape from FMN [52].

Nevertheless the results reported in this work allow us to
distinguish Complex I inhibitors, both acting downstream the FMN
moiety, in two classes with opposite effect on ROS production. For this
reason it is reasonable to conclude that FMN is not directly involved in
electron escape to oxygen in our experimental conditions of forward
electron transfer in intact membranes. Previous investigations
demonstrating FMN as the electron donor to oxygen in forward
electron transfer were mainly performed in isolated Complex I or
subfragments thereof; a recent study by Ohnishi et al. [53] showed
that ROS were generated at the FMN site in isolated Complex I only in
absence of CoQ acceptors.

Another major candidate as direct oxygen reductant is the iron–
sulphur cluster N2 because of its highest midpoint potential. The
electron transfer from NADH to the ubiquinone in Complex I requires
the presence of at least eight iron–sulphur clusters, seven of which are
well protected from reacting with oxygenwith the exception of the N2
center. From structural and functional studies the iron–sulphur cluster
N2 seems to be localized in a region that should be accessible to
protein bound ubisemiquinone, to H+ ions and to water, hence this
region should be also accessible to molecular oxygen [54,55]. More-
over the mid point potential of cluster N2 is around−0.15 to−0.05 V
[56] and therefore it is compatible with the reduction of oxygen to
superoxide anion (mid point potential for the couple superoxide/
oxygen is −0.14 V) [57,58].

We favor the hypothesis indicating the cluster N2 as the direct
reductant of the molecular oxygen. To allow electron escape from
Complex I to oxygen the reduced state of the enzyme is not sufficient,
as indicated by the lack of ROS production in the presence of 1.8 μM
Mucidin. In this condition and in the presence of saturating
concentration of NADH, Complex III is completely inhibited while
Complex I is fully reduced [59]. ROS production by Complex I requires
the presence of a Class A inhibitor besides the reduced state of the



Fig. 8. Proposed two step mechanism for electron transfer from NADH to quinone in
Complex I (A), in presence of Class A inhibitors (B) and in presence of Class B inhibitors
(C). The role of hydrophilic (CoQ1) and hydrophobic (DB) quinones is highlighted. CoQ1

can react with the physiological ubiquinone reducing site and, because of its higherwater
solubility, it can also reactwith the electronescape site, increasing superoxide production.
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enzyme. On the other hand, using Mucidin at high concentration
(80 μM) we achieve full inhibition of both NADH–CoQ1 activity and
ROS production even in presence of Class A inhibitors.

It might be guessed that Class A inhibitors induce an enzyme
conformational change, making the electron escape site more
accessible to molecular oxygen, whereas Class B inhibitors would
either directly block this site, or make it less accessible by way of a
conformational change.

In this scenario the different behaviour of Coenzyme Q1 can be
explained referring to its higher water solubility with respect to the
physiological CoQ10 or the more hydrophobic analogue Decyl-
ubiquinone. It may be postulated that CoQ1, when added to a non-
inhibited enzyme, is transformed to the antioxidant quinol form in the
physiological quinone reducing site, thus explaining its lack of
promotion of ROS generation. However, in the presence of a Class A
inhibitor, CoQ1 cannot reach the physiological Q-binding site. In this
condition the enzyme is completely reduced and CoQ1 can react with a
hydrophilic site located upstream the physiological one. This reaction
results in a thermodynamically unstable CoQ1 semiquinone radical,
able to readily react with molecular oxygen in the presence of protons
[60].This behaviour would explain the prooxidant role of CoQ1, not
shared by other more hydrophobic analogues such as DB.

CoQ1 and DB increase NADH–DCIP reductase activity in a way
sensitive to Class A inhibitors, suggesting that this effect is mediated
by the physiological site. On the other hand this increased activity is
insensitive to Class B inhibitors. Since both classes of inhibitors
completely prevent quinol formation, the increase of NADH–DCIP
activity observed even in the presence of Class B inhibitors must be
ascribed to the presence of a semiquinone form in the active site.

Preliminary results obtained by EPR analysis of submitochondrial
particles treated with Class A and Class B inhibitors confirm the
decrease of the semiquinone signal in presence of Class A inhibitors
but clearly show the presence of semiquinone in samples treated with
Class B inhibitors either alone or in presence of Class A inhibitors. This
behaviour is completely in line with the results obtained with DCIP.

5. Conclusions

The results of this investigation allow us to draw conclusions on
the mechanism of electron transfer from the iron–sulphur clusters to
ubiquinone. It is generally believed that center N2 is the direct
electron donor to CoQ10 in a two steps mechanism by which two
electrons are consecutively delivered to quinone to achieve its fully
reduced form. This hypothesis is supported by recent findings
published by Sazanov and coworkers, describing a linear disposition
for Fe–S clusters inside Complex I [7]. In a simple linear scheme
considering N2 center as the only direct electron donor to quinone,
our results suggest that Class B inhibitors would act upstream, while
Class A inhibitors would block electron flow downstream N2 center.
However, this scheme is incompatible with a series of observations.

1) Class B inhibitors, normally considered quinol antagonists, cannot
act upstream the quinone reducing site [12].

2) Class B inhibitors, while blocking quinol formation, do not prevent
semiquinone formation (our observations).

To explain our results we would need a mechanism of bifurcated
electron transfer, in which an iron–sulphur cluster located upstream
N2 center would act as a “switch” for electron delivery in such a way
that one-electron quinone reduction to semiquinone and semiqui-
none reduction to quinol would be accomplished by two different
electron donors. Since it is highly unlikely that quinone can reach
iron–sulphur clusters other than N2, that is the only center not deeply
buried in the protein, the delivery of both electrons by N2 requires
that the switch between the two gated states is represented by a
suitable conformational change.
The presence of oxidized CoQ10 in the Q-pocket induces an enzyme
conformation, allowing electron delivery to reduce CoQ10 to semi-
quinone. The semiquinone formation induces a conformational
change now allowing the delivery of the second electron to the
semiquinone to produce the fully reduced form. This mechanism is
schematically represented in Fig. 8A.

Class A inhibitors (Fig. 8B), not allowing access of the quinone to
the active site, would block the enzyme in a conformation that does
not allow quinone reduction but only permits electron delivery from
N2 to oxygen; on the other hand, Class B inhibitors (Fig. 8C) would
block the enzyme in a conformation allowing the first electron
delivery to form the semiquinone, but the incapability to further
reduction to quinol; such conformation would not allow reaction of
N2 with oxygen.

This working hypothesis requires further experiments and EPR
characterization of the redox state of all prosthetic groups in the
enzyme to clarify the mechanism of quinone reduction by Complex I.
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