
ORIGINAL RESEARCH COMMUNICATION

Mitochondrial Respiratory Supercomplex Association Limits
Production of Reactive Oxygen Species from Complex I

Evelina Maranzana,1 Giovanna Barbero,1 Anna Ida Falasca,2 Giorgio Lenaz,1 and Maria Luisa Genova1

Abstract

Aims: The mitochondrial respiratory chain is recognized today to be arranged in supramolecular assemblies
(supercomplexes). Besides conferring a kinetic advantage (substrate channeling) and being required for the
assembly and stability of Complex I, indirect considerations support the view that supercomplexes may also
prevent excessive formation of reactive oxygen species (ROS) from the respiratory chain. In the present study,
we have directly addressed this issue by testing the ROS generation by Complex I in two experimental systems
in which the supramolecular organization of the respiratory assemblies is impaired by: (i) treatment either of
bovine heart mitochondria or liposome-reconstituted supercomplex I-III with dodecyl maltoside; (ii) reconsti-
tution of Complexes I and III at high phospholipids to protein ratio. Results: The results of our investigation
provide experimental evidence that the production of ROS is strongly increased in either model, supporting the
view that disruption or prevention of the association between Complex I and Complex III by different means
enhances the generation of superoxide from Complex I. Innovation: Dissociation of supercomplexes may link
oxidative stress and energy failure in a vicious circle. Conclusion: Our findings support a central role of mito-
chondrial supramolecular structure in the development of the aging process and in the etiology and patho-
genesis of most major chronic diseases. Antioxid. Redox Signal. 19, 1469–1480.

Introduction

Evidence accumulated in the last ten years has dem-
onstrated that a large proportion of the mitochondrial

respiratory chain complexes in a variety of organisms is
arranged in supramolecular assemblies called supercom-
plexes or respirasomes (48, 51, 66, 70). Supercomplex asso-
ciation is not just a mere structural feature but has deep
functional implications on the properties of the respiratory
chain.

First of all, supercomplex association confers a kinetic ad-
vantage by maximizing vicinity between consecutive com-
plexes and thus facilitating the electron transfer through
partner redox components (substrate channeling) more effi-
ciently than any process based on diffusion and random col-
lision of the acting partners (2, 8). Available evidence arguing
in favor or against substrate channeling has been critically
reviewed in previous articles by the authors (42, 45). In brief,
reconstitution studies (37) showed that electron transfer be-

Innovation

This is the first demonstration that dissociation of the
supercomplex I1III2 in the mitochondrial membrane is a
cause of oxidative stress from Complex I. We have previ-
ously demonstrated that lipid peroxidation can dissociate
the supramolecular assemblies (27); thus, here we confirm
our conclusion that primary causes of oxidative stress may
perpetuate reactive oxygen species (ROS) generation by a
vicious circle involving supercomplex dissociation as a
major determinant. It is easy to foresee the implications of
these findings in human diseases and in aging, where ox-
idative stress plays a major etiologic and pathogenic role.
Moreover, we can comment that the postulated dynamic
structure of supercomplexes (2) and the modulation of
their association may represent a physiological means to
control the production of ROS as redox signals from mi-
tochondria to the cell.
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tween Complexes I and III is possible by both diffusion of the
ubiquinone pool (cf. 41) and direct transfer (substrate chan-
neling) by contact of the complexes, depending on their su-
pramolecular organization as individual enzymes embedded
in the membrane or as supercomplex I-III, respectively. Most
evidence points out that substrate channeling takes place in
the ubiquinone region, that is the one we have explored in this
study, at least in State 3 or uncoupled conditions, whereas
random diffusion might be operative in State 4 mitochondrial
respiration (cf. 56). The few studies dealing with biological
systems also appear to indicate that disruption of respiratory
supercomplex association is accompanied by a pronounced
decrease of integrated electron transfer in spite of normal
activity of the individual complexes (cf. 64, 77). Three-
dimensional (3D) models of the structure of the mitochondrial
respirasome were determined by single particle electron mi-
croscopy and indicated the possible pathway along which the
small electron carriers ubiquinone (CoQ) and cytochrome c
travel to shuttle electrons through the supercomplex (3, 22).
However, particular uncertainty exists concerning cyto-
chrome c channeling because experimentation about the
functional role of supercomplexes is still scant. Kinetic evi-
dence in favor of Complex III and Complex IV forming a
functional supercomplex is mostly obtained in yeast, whereas
many conclusions for cytochrome c channeling in mammalian
mitochondria are based on assumptions driven by the ob-
servation that a fraction of molecules appears physically as-
sociated in the respirasome. On the contrary, some studies by
metabolic flux control (8) and time-resolved analysis of the
respiratory chain (76) have questioned the functional role of
mammalian supercomplexes in the transfer of electrons to
Complex IV and supported the model of random collisions of
free diffusing molecules of cytochrome c despite the presence
of Complex IV units bound in the respirasome.

In addition, several studies demonstrated that supercom-
plex association is required for the stability and assembly
of the individual complexes, in particular Complex I, as
shown mainly by the effect of mutations in Complex III and
Complex IV on the structure and activity of Complex I (1, 17,
21, 69, 74).

The forces responsible for supercomplex association appear
to strongly depend on the lipid content and composition of
the inner mitochondrial membrane (45, 50, 54, 79); in partic-
ular previous studies from our laboratory have shown that
reconstitution of a binary Complex I/Complex III mitochon-
drial protein fraction at a high lipid to protein ratio prevents
formation of the supercomplex I1III2; moreover, peroxidation
of the lipids prior to reconstitution prevents the formation of
the supercomplex even under the optimal condition of low
lipid to protein ratio (27). This finding may have important
pathological implications (29), since in several disease con-
ditions characterized by oxidative stress the normal super-
complex association was found to be lost.

Different sources of reactive oxygen species (ROS) that may
be of importance in signal transduction and in pathological
conditions exist in the cell, and many evidences demonstrate
the relevance of the mitochondrial respiratory chain to the
production of ROS (40, 42, 60); the main redox components
responsible for univalent oxygen reduction to superoxide are
situated in Complex I and in Complex III. In particular, con-
ditions limiting the electron flow within Complex I induce
large excess of superoxide production. This may take place in

physiological conditions [Complex I dephosphorylated (59)]
or in pathological conditions in which Complex I is affected
[for example, in genetic diseases such as Leber Hereditary
Optic Neuropathy (44), in Parkinson’s disease (24), etc.] or as
a consequence of the action of selective Complex I inhibi-
tors (such as rotenone, 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine, etc.) (23). The site of electron escape to oxygen is
controversial and either FMNH2 or ubisemiquinone or iron
sulfur cluster N2 have been suggested as the possible sites (23,
26, 30, 52, 55).

Since dissociation of the supercomplex I1III2 limits electron
transfer between Complex I and III and in addition destabi-
lizes Complex I, a reasonable question is whether such con-
dition is also bound to enhance and/or modify the normal
ROS production from the Complex I.

Indirect circumstantial evidence suggests that super-
complex assembly may limit the extent of superoxide gener-
ation by the respiratory chain. Panov et al. (53) reason that
respirasome helps in maintaining redox components of the
complexes in the oxidized state through the facilitation of
electron flow by channeling, thus limiting ROS formation.
Similarly, Seelert et al. (72) also suggest that facilitation of
electron transfer by channeling may limit the detrimental
generation of ROS.

The controversial results on the site of electron escape to
oxygen to form superoxide obtained from different laboratories
working either on isolated Complex I or on mitochondrial
membranes (cf. above) generally indicate that N2 as a source of
ROS would be predominant in membrane particles (23, 30),
whereas FMN might become available after Complex I iso-
lation (26, 55). A reasonable hypothesis is that FMN becomes
exposed to oxygen only when Complex I is dissociated from
Complex III (48), which can be the case of both purified
Complex I and individual enzyme particles embedded in the
membrane as occurring in vitro or under specific in vivo con-
ditions due to supercomplex disassembling (2, 46).

Following this line of thought we have decided to directly
investigate ROS production by Complex I under conditions in
which the complex is arranged as a component of the super-
complex I1III2 or it is dissociated as an individual enzyme. The
study has been conducted both in bovine heart mitochondrial
membranes and in reconstituted proteoliposomes composed
of complexes I and III. The results of this investigation support
the view that disruption or prevention of the association be-
tween Complex I and Complex III by different means en-
hances the generation of ROS from Complex I.

Results

Effects of supercomplex dissociation
in mitochondrial membranes

It is known that detergent treatment with dodecyl-b-D-
maltoside (DDM) dissociates supercomplexes into individual
complexes (67). We have exploited DDM treatment in bovine
heart mitochondria (BHM) confirming the complete dissoci-
ation of Complex I from the other respiratory complexes (free
CI = 98%) (Fig. 1 and Table 1).

As shown in Figure 2A, Complex I activity was decreased
by 30% in the detergent-treated sample, indicating only a
marginal effect on the activity of the enzyme, whereas the
activity of NADH-cytochrome c reductase, comprising the
integrated function of complexes I and III, was decreased by
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70% indicating a less efficient electron transfer between the
two enzymes (Fig. 2B). The antimycin A-insensitive residual
rates of NADH-cytochrome c activity were < 10% of the total
rates shown in the figure. On the other hand, oxygen uptake
was almost completely lost after addition of DDM, probably
due to the removal of endogenous cytochrome c (not shown).

After DDM addition, the production of ROS detected by
the 2¢,7¢-dichlorofluorescein (DCF) assay is enhanced (Fig. 2C
and Table 1). Data were expressed against Complex I activity
to normalize the NADH-dependent leakage of electrons by
Complex I to the total number of electrons flowing through
the fraction of catalytically active molecules of the enzyme in
the control and in the detergent-treated mitochondria. The
assays were performed both in presence of 1.8 lM mucidin
plus 4 lM rotenone and of mucidin only; previous studies
from our laboratory had shown that under these conditions
ROS production by Complex III is prevented and the addition
of rotenone enhances generation of superoxide by Complex I
that represents the only source of ROS (cf. 23). Consequently,
we can consider that mucidin functionally isolates Complex I
from downstream segments of the respiratory chain. Thus,
samples pretreated only with 1.8 lM mucidin were used as
control for all assays (23, 30). However, it is worth mentioning
that in our DDM-treated samples rotenone had no further
effect over the conspicuous increase of ROS production above
the nontreated sample (Fig. 2C).

Another mean shown to disrupt supercomplex association
is addition of chaotropic agents. Boumans et al. (10) found loss
of pool behavior for CoQ and cytochrome c in Saccharomyces
cerevisiae mitochondria treated with trichloroacetic acid
(TCA), suggesting dissociation of a supramolecular unit in
which succinate dehydrogenase and cytochrome c oxidase
physically interacted with the bc1 complex. In our studies, we
have also employed either 100 mM TCA (data not shown) or

FIG. 1. Supercomplex disassembling in bovine heart mitochondria (BHM). Respiratory supercomplexes and complexes
from (A) digitonin-solubilized BHM with a detergent to protein ratio (w:w) of 8 and from (B) DDM-solubilized BHM with a
detergent to protein ratio (w:w) of 2.6 were resolved by western blotting after 2D-BN/SDS-PAGE. Arrows point to mono-
meric Complex I. Monoclonal antibodies specific for single subunits of each OXPHOS complex are as follows: NDUFB8
(20 kDa) and NDUFA9 (39 kDa) of Complex I, SDHB (30 kDa) of Complex II, Core protein 2 (47 kDa) of Complex III, and
COX-I (57 kDa, apparent 35 kDa) of Complex IV and alfa subunit (53 kDa) of ATP synthase. The images shown in the picture
were obtained in camera by double overlaying exposures (not postproduction computer-graphic overlay) to the antibody
against the NDUFA9-subunit and, in sequence, to a mixture of the remaining antibodies listed above. DDM, dodecyl-b-D-
maltoside; OXPHOS, oxidative phosphorylation system.

Table 1. Production of Reactive Oxygen Species

by Mitochondrial Complex I in Different Situations

Where Supercomplexes Are Maintained

or Disassembled

ROS
production (%)

Relative amount
of Complex I

(free/total)

R4B 1:1 224 – 83a [6] 0.08 – 0.07 [3]
R4B 1:1 + DDM 4.3 g/g 672 – 257a** [3] 0.79 – 0.08* [3]
R4B 1:30 851 – 243a** [3] 0.76 – 0.03* [2]
SMP 223 – 56b [5] 0.23 [1]
SMP + 0.2 M KSCN 662 – 120bx [5] 0.39 [1]
BHM 121 – 20c [5] 0.13 – 0.07 [3]
BHM + DDM 2.6 g/g 223 – 86c## [5] 0.98 – 0.02# [3]

The samples were assayed in the presence of 1.8 lM mucidin and
4 lM rotenone as described in the section ‘‘Materials and Methods.’’
The production of ROS is expressed as the relative fluorescence
intensity of dichlorofluorescein normalized against Complex I
activity; data are shown as percentage values of the corresponding
reference sample (aR4B1:1; bSMP; and cBHM respectively assayed in
the presence of 1.8 lM mucidin only). The ratio of free Complex I
versus total Complex I was determined by densitometric analysis of
immunoblots obtained after 2D BN/SDS-PAGE as described in the
section ‘‘Materials and Methods.’’ Values in square brackets indicate
the number of independent samples. Numbers followed by asterisks
are significantly different from their respective control (*p < 0.001 and
**p < 0.005 vs. R4B 1:1; #p < 0.001 and ##p < 0.05 vs. BHM; xp < 0.001 vs.
SMP) according to the Student’s t-test.

KSCN, potassium thiocyanate; BHM, bovine heart mitochon-
dria; DDM, dodecyl-b-D-maltoside; ROS, reactive oxygen spe-
cies; R4B, mitochondrial fraction enriched in Complex I and
Complex III; SDS, sodium dodecyl sulphate; SMP, submitochon-
drial particles.
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0.2 M KSCN (Table 1) to weaken hydrophobic interactions
inside the supercomplex I-III-IV in submitochondrial particles
from BHM, but the treated samples showed incomplete dis-
assembling of the supercomplex and partial loss of Complex I
activity; therefore, the results were difficult to interpret;
nevertheless, under these experimental conditions we can
observe enhanced ROS generation (Table 1).

Effects of supercomplex dissociation
in the reconstituted supercomplex I1III2

A mitochondrial fraction enriched in Complex I and
Complex III (R4B) was reconstituted with different amounts
of phospholipids (PLs) and CoQ10. Our previous results (cf.
47, 43) demonstrated that the experimentally determined
NADH-cytochrome c oxidoreductase activity overlaps with
the values expected by theoretical calculation applying the
pool equation of Kröger and Klingenberg (41) at 1:30 (w:w) PL
dilution, whereas at 1:1 (w:w) ratio pool behavior was not
effective any more. The proteoliposomes were open vesicles
not retaining respiratory control and permeable to substrates
(NADH and cytochrome c). In fact, neither the addition of a
chemical uncoupler of oxidative phosphorylation (carbonyl
cyanide p-trifluoromethoxy-phenyl hydrazone [FCCP]) did
change the activity rates nor the addition of progressive
amounts of detergent (cholate and DDM) to the vesicles did
enhance NADH oxidation or cytochrome c reduction (data
not shown), indicating that we were observing the maximal
possible rates of the system in the absence of substrate com-
partmentalization constraints; a threshold additional deter-
gent started to inhibit activity. In the two experimental
models of reconstitution, kinetic testing according to the
metabolic flux control analysis validated the hypothesis of a
random organization in the 1:30-model and of a functional
association between Complex I and Complex III in the 1:1-
model (27).

Structural analysis performed in the present study by Blue-
Native polyacrylamide gel electrophoresis (BN-PAGE) con-
firms that the fraction having high protein to lipid ratio is
strongly enriched in the supercomplex I1III2, whereas the
relative amount of bound complexes compared to their free
form appears drastically diminished in the fraction having
high PL content (i.e., Complex I free/total = 0.08 vs. 0.76, re-
spectively in the 1:1 and 1:30 samples), as suggested by den-
sitometric results for selected paired spots in the gel patterns
(Fig. 3 and Table 1).

We also confirmed that the Complex I activity was the same
at both PL dilutions, whereas the integrated activity of NADH
cytochrome c reductase was about half in the 1:30 sample with
respect to the 1:1 sample (Fig. 3). The production of ROS was
evaluated both by the superoxide dismutase (SOD)-sensitive
reduction of acetylated cytochrome c for the detection of su-
peroxide and by the DCF assay; both assays showed a dra-
matic increase of ROS production in the R4B 1:30 with respect
to the R4B 1:1 sample (Fig. 4 and Table 1). The fraction of SOD-
insensitive NADH-acetylated cytochrome c reductase activity
that may possibly due to direct, not superoxide-mediated
reduction of acetylated cytochrome c in the R4B 1:30 sample is
low (< 12%), showing unchanged absolute values compared
to the SOD-insensitive activity in the 1:1 proteoliposomes
(1.7 – 1.0 and 1.9 – 1.7 nmol$min - 1$mg protein - 1, respec-
tively in the 1:30 vs. 1:1 samples).

FIG. 2. Functional analysis of supercomplex I1III2 and
Complex I in detergent-solubilized BHM. Detergent de-
pendence of (A) NADH-ubiquinone oxidoreductase activity
and (B) NADH-cytochrome c oxidoreductase activity. Ac-
tivity rates are expressed in lmoles of NADH$min - 1$mg
protein - 1. (C) The production of hydrogen peroxide was
measured in the presence of 1.8 lM mucidin (dashed bars) and
1.8 lM mucidin plus 4 lM Rotenone (solid bars). Values are
expressed as relative fluorescence units (RFU) by DCF
normalized against Complex I activity and shown as per-
centage values of the reference sample (i.e., control BHM in
the presence of mucidin only). The corresponding percentage
values of RFU$mg protein - 1 in the presence of mucidin plus
rotenone are 121 – 20 and 158 – 61, respectively in control and
in DDM-treated samples. DDM sample treated with 2.6 g
dodecylmaltoside/g of protein; n indicates the number of
independent samples. Data are given as mean – S.D. p-values
were calculated using the Student’s t-test. DCF, 2¢,7¢-
dichlorofluorescein.
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A further proof of our interpretation of the higher values of
ROS production due to dissociation of the supercomplex I1III2

was given by the effect of the DDM treatment in the R4B 1:1
sample (Fig. 5A and Table 1). The ratio of free to total Com-
plex I increased to 0.79 after detergent addition, compared to a
reference value of 0.08 in the control; conversely, the inte-
grated NADH-cytochrome c reductase activity dramatically
decreased to less than 15% of the control, while Complex I
activity was not altered (Fig. 5C, B). Again, ROS production
was increased more than threefold when the 1:1 proteolipo-
somes were treated with DDM (Fig. 5D and Table 1).

Discussion

Disassembling of respiratory supercomplexes has several
functional consequences on mitochondrial respiration. The
most striking and obvious consequence is loss of enzymatic
channeling. We have shown this effect in the CoQ region
by demonstrating that the integrated activity of NADH-
cytochrome c oxidoreductase is decreased when Complex I
and Complex III are present as individual enzymatic entities;
in that case the kinetics approaches the values predicted by
CoQ pool behavior (7, 41), that is, according to the random
collision model (34). The decreased overall activity is not
merely the result of enzyme damage, since the individual
activities of Complex I and Complex III can be not affected or
only marginally decreased (cf. 7).

Another functional consequence previously described from
disruption of the supercomplex (SC) core structure I1III2 is

loss of stability of Complex I, as appeared from dissociation of
Complex I under the conditions of BN-PAGE and loss of
NADH-ubiquinone oxidoreductase activity in cell models
lacking the respiratory supercomplexes (1, 17, 21, 69, 74).
However, this was not observed in our present study, since
the activity of Complex I does not appear to be dramatically
decreased upon SC dissociation, and free Complex I stably
appears in the BN-gels. Indeed, Complex I upon isolation and
purification was shown to be sufficiently stable to allow
high turnover number (35). Nevertheless, in this free form it
becomes more susceptible to free radical attack and loses
stability (20).

The possibility that SC assembly prevents excessive ROS
generation from Complex I has been advanced on theoretical
grounds (49, 53, 72) but no direct experimental study has been
yet addressed to this issue. Indeed, in a complex biological
system it is difficult to ascertain a clear relationship of cause-
effect between SC alteration and ROS production since the
two phenomena may influence each other. On the contrary, in
this study we induce a primary condition in the samples by
means able to enhance free Complex I with respect to SC-
bound Complex I, and we obtain the first direct demon-
stration that loss of supercomplex organization causes an
enhancement of ROS generation by Complex I itself. This
demonstration is clearly evident (Fig. 6) both in reconstituted
proteoliposomes, where the dissociation of Complex I from
the respirasome is accompanied by a three/four-fold increase
of ROS generation, and in mitochondrial membranes. In the
latter case, the existence of endogenous systems operating to

FIG. 3. Supramolecular organization of respiratory Complex I and Complex III in R4B 1:1 and R4B 1:30 proteolipo-
somes. (A) R4B 1:1 and (B) R4B 1:30 samples were separated by 2D BN/SDS-PAGE after solubilization with digitonin at a
detergent to protein ratio of 8 (w:w) and resolved by western blotting followed by immunodetection using monoclonal
antibodies specific for single respiratory subunits. The images shown in the picture were obtained in camera by double
overlaying exposures (not postproduction computer-graphic overlay) to the antibody against the NDUFA9 (39 kDa) subunit
of Complex I and, in sequence, to the antibody against the Rieske protein (22 kDa) of Complex III. Arrows point to monomeric
Complex I. The upper panel of the figures schematically shows the position of supercomplex I1III2 (SC), Complex I (CI) and
dimeric Complex III (CIII) in the 1D BN-gel prior to second dimension electrophoresis (2D SDS-PAGE). NADH-cytochrome c
and NADH-ubiquinone oxidoreductase activities are expressed in nmoles of NADH$min - 1$mg protein - 1. n indicates the
number of independent samples. Data are given as mean – S.D. Numbers followed by asterisks are significantly different
according to the Student’s t-test (*p < 0.05). R4B, mitochondrial fraction enriched in Complex I and Complex III.
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reduce ROS levels in the mitochondrial sample (i.e., mito-
chondrial gluthatione peroxidase, Mn-SOD, and nonenzy-
matic endogenous antioxidants) might have counteracted the
dramatic effects of the complete dissociation of Complex I,
thus leading only to a two-fold increase of the measured ROS
production.

The ROS increase does not appear to be the mere result of
Complex I damage by the treatment of the samples in the
presence of detergent, since the NADH-ubiquinone redox
activity is slightly depressed, though Complex I is mostly in

its free form, whereas the integrated respiration is dramati-
cally decreased. Other means, such as chaotropic agents, were
previously found to dissociate the SC in yeast mitochondria
(10). However, we found that SCN - was only partially ef-
fective in bovine mitochondrial membranes and induced
some damage to Complex I; nevertheless, we have seen that
the increase in the amount of free Complex I is accompanied
by enhanced levels of ROS (Fig. 6).

A further demonstration of the enhanced ROS generation
due to SC disruption was obtained in a model system of re-
constituted binary Complex I/Complex III at high lipid to
protein ratio (30:1) where formation of the supercomplex I1III2

is prevented; likewise, the generation of superoxide is several
fold higher than in a R4B system reconstituted at a 1:1 ratio,
which is rich in SC. In agreement with this finding, dissocia-
tion with DDM of the SC present in R4B 1:1 induces a strong
enhancement of ROS generation (Fig. 6). Further results from
our laboratory suggest that a similar increase of ROS pro-
duction in R4B 1:1 can be also observed when SC dissociation
is induced by treatment with the chaotropic agent SCN - (data
not shown).

In conclusion, as we summarize in Table 1 and in Figure 6,
our results emphasize that when we induce the dissociation
of the respiratory supercomplexes, no matter how, we ob-
serve enhanced ROS production by Complex I. However,
the hypothetical reasoning that facilitation of electron flow
by substrate channeling within the respirasome helps
maintaining the redox components of the complexes in the
oxidized state, thus limiting ROS formation, cannot be the
only explanation. In fact, in the experiments reported in this
study, ROS production is investigated in the presence of
inhibitors (mucidin and rotenone) that prevent electron
transfer to any possible acceptor, so that we can guess that
the redox centers in Complex I are maximally reduced both
in the situations where supercomplexes are maintained and
in the situations where Complex I is free. Two potential sites
for oxygen reduction exist in Complex I, represented by
FMN and iron-sulfur cluster N2, which might distinctly
prevail in generating ROS under different conditions. N2
would be a predominant source of ROS in membrane par-
ticles containing super-assembled Complex I whereas FMN
would become exposed to oxygen only when Complex I is
dissociated from Complex III (23, 38, 48). Although the
molecular structure of the individual complexes does not
allow to envisage a close apposition of the matrix arm of
Complex I, where FMN is localized, with either Complex III
or IV, the actual shape of the I1III2IV1 supercomplex from
bovine heart (65) suggests a slightly different conformation
of Complex I in the supercomplex, showing a smaller angle
of the matrix arm with the membrane arm and a higher
bending toward the membrane (and presumably Complex
III). Moreover, the observed destabilization of Complex I in
the absence of supercomplex may render the 51 kDa subunit
containing the FMN more ‘‘loose’’ allowing it to interact
with oxygen (cf. 58).

It is true that this is an in vitro study, but it is supported by
several observations in cellular and animal models linking
together supercomplex dissociation and enhanced ROS pro-
duction. It is noteworthy that our results are compatible with
very recent observations by Diaz et al. (20) showing that di-
minished stability of SC and Complex I is associated with
increased levels of ROS in mouse lung fibroblasts lacking the

FIG. 4. ROS production mediated by Complex I in R4B
1:1 and R4B 1:30 proteoliposomes. (A) The rate of super-
oxide formation is determined as the superoxide dismutase
(SOD)-sensitive rate of acetylated cytochrome c reduction in
the presence of 1.8 lM mucidin and 4 lM rotenone. The
corresponding rates of SOD-insensitive activity are: 1.9 – 1.7
and 1.7 – 1.0 nmol$min - 1$mg protein - 1, respectively in the
1:1 versus 1:30 samples. (B) The production of hydrogen
peroxide was measured in the presence of 1.8 lM mucidin
(dashed bars) and 1.8 lM mucidin plus 4 lM Rotenone (solid
bars). Values are expressed as relative fluorescence units
(RFU) by DCF normalized against Complex I activity and
shown as percentage values of the reference sample (i.e., R4B
1:1 in the presence of mucidin only). n indicates the number
of independent samples. Data are given as mean – S.D.
p-values were calculated using the Student’s t-test. ROS, re-
active oxygen species.
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Rieske iron-sulfur protein of Complex III and hence devoid of
the supercomplexes containing Complex I. Also in mouse fi-
broblasts expressing the activated form of the k-ras oncogene
we had previously observed a strong decrease of high mo-
lecular weight supercomplexes correlating with higher ROS
generation in comparison with wild-type fibroblasts (6, 43).
Moreover, enhanced ROS generation and oxidative stress
were found in yeast mutants lacking the supercomplex as-
sembly factor Rcf1 and thus devoid of supercomplexes III-IV
(15, 75, 78); since the yeast S. cerevisiae lacks Complex I (CI), in
this case we may consider the origin of the extra ROS being
presumably Complex III (CIII). Numerous pathological states
are accompanied by enhanced generation of ROS (13) and
both mitochondria and other systems, such as plasma mem-
brane NADPH oxidase, have been implicated as the sources
of ROS. In an experimental model of heart failure, the de-

crease of oxidative phosphorylation has been associated with
a decrease of respiratory supercomplexes (62, 63, 64). Lym-
phoblasts from patients affected by Barth Syndrome, due to
genetic loss of tafazzin, an enzyme involved in cardiolipin
remodeling, have altered mitochondrial supercomplexes (50);
likewise, in a yeast experimental model of tafazzin mutation,
Chen et al. (14) observed an increased oxidative stress in re-
sponse to ethanol. Aging is also accompanied by a decline of
supercomplex association (25, 32); despite some uncertainties
and challenges, aging is generally associated with increased
ROS and oxidative damage (for a recent review cf. 16). Gomez
and Hagen (31) reason that age-associated destabilization of
respiratory supercomplexes may be important for the devel-
opment of the mitochondrial aging phenotype by means of
impaired bioenergetics and enhanced ROS production; in
addition Frenzel et al. (25) on the basis of the 3D-structures of

FIG. 5. Disassembling of supercomplex I1III2 in R4B1:1 proteoliposomes after detergent solubilization. (A) Respiratory
complexes were separated by 2D BN/SDS-PAGE after solubilization with DDM with a detergent to protein ratio (w:w) of 4.3
and resolved by western blotting using monoclonal antibodies specific for single respiratory subunits. The images shown in
the picture were obtained in camera by double overlaying exposures (not postproduction computer-graphic overlay) to the
antibody against the NDUFA9 (39 kDa) subunit of Complex I and, in sequence, to the antibody against the Rieske protein
(22 kDa) of Complex III. The arrow points to monomeric Complex I. The upper panel of the figure schematically shows the
position of supercomplex I1III2 (SC), Complex I (CI), and dimeric Complex III (CIII) in the 1D BN-gel prior to second
dimension electrophoresis (2D SDS-PAGE). The detergent dependence of (B) NADH-ubiquinone oxidoreductase and (C)
NADH-cytochrome c oxidoreductase activities in the DDM-treated samples was estimated by comparison to the corre-
sponding values in R4B 1:1 samples without DDM (control). (D) The production of hydrogen peroxide was measured in the
presence of 1.8 lM mucidin (dashed bars) and 1.8 lM mucidin plus 4 lM Rotenone (solid bars). Values are expressed as relative
fluorescence units (RFU) by DCF normalized against Complex I activity and shown as percentage values of the refer-
ence sample (i.e., control R4B 1:1 in the presence of mucidin only). DDM sample treated with 4.3 g dodecylmaltoside/g
of protein. NADH-ubiquinone oxidoreductase and NADH-cytochrome c oxidoreductase activities are expressed in lmoles of
NADH$min - 1$mg protein - 1. n shows the number of independent samples. Data are given as mean – S.D. p-values were
calculated using the Student’s t-test.
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supercomplexes and the close spatial arrangement of the re-
spective electron carrier binding sites (65) conclude that less
superoxide radical formation is expected to occur in super-
complexes than in randomly distributed individual com-
plexes. These latter studies, however, fail to show which is the
causing event (i.e., supercomplex dissociation causing ROS
increase or, alternatively, ROS increase causing supercomplex
dissociation) or even if they are independent phenomena. In
this perspective our findings contribute to a better under-
standing of the observations made in cellular and animal
systems and represent a starting point to further elucidate the
intricate relationship between the supramolecular organiza-
tion of the respiratory chain and the production of ROS, which
can modulate some signaling pathways from mitochondria to
the cell and also act as damaging agents, depending on the
amounts produced (4, 39, 61).

Materials and Methods

2¢,7¢-dichlorodihydrofluorescein diacetate (DCFDA) was
purchased from Molecular Probes Invitrogen (product code n.
D-399). Stock solutions were prepared 5 mM in dimethyl
sulfoxide; and stored at - 20�C for no longer than 3 months.

Mucidin was a kind gift from Dr. F. Nerud of the Academy of
Sciences in Prague, Czech Republic. All other chemicals were
purchased from Sigma-Aldrich unless specifically indicated.

Preparation of mitochondria and proteoliposomes

Bos taurus heart mitochondria (BHM) were prepared by a
large scale procedure as described elsewhere (73). The BHM
were opened membranes devoid of substrate permeability
barriers due to three cycles of ultrasound irradiation at 10-s
periods with 50-s intervals at high power in a sonifier (Lab-
sonic U2000, B. Braun Biotech International GmbBH) under a
nitrogen flux in an ice-water bath.

Crude mitochondrial fractions enriched in Complex I and
Complex III (R4B) were prepared from BHM as described by
Hatefi and Rieske (36).

Complex I and Complex III proteoliposomes preparations
were obtained as follows.

PL vesicles were prepared according to a modified version
of Degli Esposti et al. (19). In brief, dry soybean phosphati-
dylcholine (Sigma-Aldrich P5638) was suspended in petro-
leum ether at 0.3 g$ml - 1 and mixed with Coenzyme Q10

(Sigma-Aldrich C9538) in absolute ethanol at 30 nmol$mg - 1

PL. The suspension was evaporated to dryness under nitro-
gen stream. Multilamellar vesicles form spontaneously when
the dry PL-ubiquinone film swells in excess aqueous buffer
(50 mM KCl, 10 mM Tris, and 1 mM EDTA, pH 7.4) at 30 mg
PL$ml - 1 under vigorous mixing. To produce small uni-
lamellar vesicles, the mixture was subjected to 30-s periods
with 30-s intervals of ultrasonic irradiation for 10 min at high
power in a sonifier (Labsonic U2000; B. Braun Biotech Inter-
national GmbH). To prevent overheating and lipid perox-
idation, sonication was performed under a nitrogen flux in an
ice-water bath.

The vesicles were stored at 4�C and used within 2 days
from preparation. R4B and PL-Coenzyme Q10 vesicles were
mixed at protein:PL ratios of 1:1 or 1:30 w/w in the presence
of 1.5% v/v final concentration of 1.7 M n-octyl-D-glucopir-
anoside (Fluka 75083). After 10 min of incubation at 0�C, the
samples were diluted 40-fold with buffer solution (cf. above)
to induce proteoliposome formation according to the deter-
gent-mediated and dilution method of Racker et al. (57).

Protein content in the samples was determined by the biuret
method (33) after treatment with 10% Na-deoxycholate.

Dissociation of supercomplex with dodecylmaltoside

When indicated, the samples (BHM or R4B 1:1) were sup-
plemented with 10% w/v solution of n-DDM (Sigma-Aldrich
D5172) to adjust variable detergent:protein ratios, as shown in
the legend of the figures, and incubated in ice-cold bath for
10 min before assay (70).

Enzymatic assays

All the kinetic measurements employed protein samples
diluted in buffer solution (BHM, 40 lg$ml - 1 and R4B pro-
teoliposomes, 14 lg$ml - 1). The catalytic activities were mea-
sured at 30�C using a dual wavelength spectrophotometer
(V550 extended model; Jasco Europe) according to (28). In
brief, NADH-ubiquinone oxidoreductase activity were mea-
sured under saturating substrate conditions by the rotenone-
sensitive oxidation of 75 lM NADH (Sigma-Aldrich N8129)
respectively in the absence and presence of 2 lM Antimycin
and 60 lM decylubiquinone (DB) (Sigma-Aldrich D7911) as
electron acceptor. The reaction was monitored at k = 340
minus 380 nm. NADH-cytochrome c oxidoreductase activity

FIG. 6. Production of ROS by mitochondrial Complex I in
different situations where supercomplexes are maintained
or disassembled. The percent value of ROS production
measured in all the samples listed in Table 1 is plotted in the
graph against the corresponding ratio of free Complex I
versus total Complex I. The statistical analysis of the data
using the Pearson’s parametric test indicates a positive cor-
relation (r = 0.884, p < 0.05) between ROS generation and
relative amount of free Complex I in the R4B and in the SMP
samples (black symbols). The BHM samples (gray symbols)
were not included in the correlation analysis because the
existence of endogenous antioxidant systems operating to
reduce ROS levels in the mitochondria might have counter-
acted the dramatic effects of the complete dissociation of
Complex I, thus leading to a two-fold only increase of the
measured ROS production. SMP, submitochondrial particles.
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was assayed by the reduction of 50 lM equine heart cyto-
chrome c (Sigma-Aldrich C7752), using 75 lM NADH as
electron donor in the presence of 1 mM KCN, the reaction was
monitored at k = 550 minus 540 nm. Residual rates of anti-
mycin-insensitive activity were < 10% of the total rates shown
in the figures. The rates of the enzymatic activities are given as
mean – S.D. of at least three independent determinations.

Assay of hydrogen peroxide and superoxide
production by Complex I

Hydrogen peroxide production was measured in a fluo-
rescence 96-well plate reader (Wallac Victor2 1420 Multilabel
counter; PerkinElmer) at an excitation/emission wavelength
of 485/535 nm at 25�C using 5 lM DCFDA and 0.5 mg$ml - 1

of BHM or R4B proteoliposomes in the presence of 1.8 lM
mucidin and 4 lM rotenone when indicated. The reaction was
started with the addition of a large excess of electron donor
(150 lM NADH) aimed to guarantee not to consume all the
substrate during the 45 min of the assays (18, 23).

The fluorescence change was followed at different times,
and the results are calculated as the difference of fluorescence
units at 45 min minus zero time and given as mean – S.D. of at
least three independent determinations. Interference of
NADH, rotenone, mucidin, and DDM with the background
fluorescence of DCF was evaluated in blank samples. Pre-
liminary laboratory tests included the direct effect of en-
hancing the fluorescence of the probe by added H2O2

(5–50 lM) to exclude the possibility that the fluorescence
signal produced by the samples was underestimated by a lack
of DCF (data not shown).

According to (9), the fluorescence emission is due to the
reaction of hydrogen peroxide with the deacetylated probe
(dichlorofluorescein). It was previously demonstrated that
DCFDA is spontaneously deacetylated in mitochondria
preparations (18). On the contrary, our R4B 1:1 and R4B 1:30
samples required chemical hydrolysis of DCFDA prior to
assay. In detail, 10 ll of DCFDA stock solution were mixed
with 40 ll of 0.01 N NaOH for 30 min in the dark at room
temperature (12). The mixture was neutralized with 200 ll of
10 mM KCl, 25 mM Tris, and 1 mM EDTA, pH 7.4, kept on ice
in the dark and immediately used.

Superoxide production in the R4B proteoliposomes was
measured at 30�C in a dual wavelength spectrophotometer
(V550 extended model; Jasco Europe) by monitoring the re-
duction of 50 lM acetylated cytochrome c (Sigma-Aldrich
C4186) at k = 550 minus 540 nm and using 75 lM NADH as
electron donor; all samples were diluted in buffer solution
(50 mM KCl, 10 mM Tris, and 1 mM EDTA, pH 7.4) to the final
concentration of 14 lg protein/ml in the presence of 1.8 lM
mucidin and 4 lM rotenone. Conforming to the method (5,
11), data are shown as the rate of SOD–sensitive and–insen-
sitive reduction of acetylated cytochrome c [2.7 I.U. SOD(-
CuZn)/ml] and given as mean – S.D.

Electrophoretic analysis

Separation of supercomplexes and single respiratory
complexes was achieved by 2D BN/SDS-PAGE according to
(68, 71).

Protein solubilization of BHM and R4B samples was ob-
tained by resuspension in 50 mM NaCl, 50 mM imidazole, and

5 mM 6-aminohexanoic acid, pH 7.0 in the presence of digi-
tonin or DDM when indicated.

1D-electrophoresis was made using precast 3%–12% T
gradient gels (Native-PAGE Bis-Tris gel system; Invitrogen).
After 2D-electrophoresis, the gels (precast 4%–12% T, Nu-
PAGE Bis-Tris gel system; Invitrogen) were blotted onto ni-
trocellulose membranes (GE-Healthcare) and exposed to
monoclonal antibodies (MitoSciences, Inc., Eugene, OR) spe-
cific for single subunits of each respiratory complex: a first
exposure of the membrane to the MS-111 antibody directed
against the NDUFA9 (39 kDa) subunit of Complex I was fol-
lowed by double overlaid exposure to a cocktail of antibodies
(MS-604) against subunits of complexes I, II, III, IV, and V or
to the MS-305 antibody against the Rieske protein (22 kDa) of
Complex III, respectively as indicated in the legend of the
figures. Detection of primary antibodies was achieved using a
goat anti-mouse IgGH + L secondary antibody labeled with
horseradish peroxidase (Molecular Probes, Invitrogen) with a
chemiluminescent technique (Amersham ECL Western Blot-
ting Reagent Pack; GE Healthcare). Digital images were cap-
tured in a Fluor-S Max MultiImager (Bio-Rad Laboratories)
after 60–120 s exposition and were processed by densitometric
analysis of the spots of interest according to the manufactur-
er’s indications (Quantity-One Analysis Software, Bio-Rad
Laboratories). Closely spaced or overlapped spots were re-
solved using the 3D-viewer tool in the software application
that renders the original 2D-spots as 3D-peaks. The profile of
the basal area of selected peak-volumes was determined as-
suming that the distribution of the clustered pixels in the 3D-
objects was conform to a Gaussian model.
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A, and Enriquez JA. Respiratory active mitocondrial super-
complexes. Mol Cell 32: 529–539, 2008.

3. Althoff T, Mills DJ, Popot JL, and Kühlbrandt W. Arrange-
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Meyer HE, Zieseniss A, Katschinski DM, Jans DC, Jakobs S,
Warscheid B, Rehling P, and Deckers M. Rcf1 mediates
cytochrome oxidase assembly and respirasome formation,
revealing heterogeneity of the enzyme complex. Cell Metab
15: 336–347, 2012.

79. Wenz T, Hielscher R, Hellwig P, Schägger H, Richers S, and
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Abbreviations Used

BHM¼Bos taurus heart mitochondria
BN-PAGE¼ blue-native polyacrylamide gel

electrophoresis
CI¼Complex I, NADH-ubiquinone

oxidoreductase
CIII¼dimeric Complex III, ubiquinol-cytochrome

c oxidoreductase
CIV¼Complex IV, cytochrome c oxidase

CoQ¼ coenzyme Q, ubiquinone
DB¼decylubiquinone

DCF¼ 2¢,7¢-dichlorofluorescein
DCFDA¼ 2¢,7¢-dichlorodihydrofluorescein diacetate

DDM¼dodecyl-b-D-maltoside
FCCP¼ carbonyl cyanide p-trifluoromethoxy-

phenyl hydrazone
OXPHOS¼ oxidative phosphorylation system

PL¼phospholipid
R4B¼mitochondrial fraction enriched

in Complex I and Complex III
RFU¼ relative fluorescence unit
ROS¼ reactive oxygen species

SC¼ supercomplex I1III2

SDS¼ sodium dodecyl sulphate
SMP¼ submitochondrial particles
SOD¼ superoxide dismutase
TCA¼ trichloroacetic acid

1480 MARANZANA ET AL.


