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A B S T R A C T

The respiratory complexes are organized in supramolecular assemblies called supercomplexes thought to opti-
mize cellular metabolism under physiological and pathological conditions. In this study, we used genetically and
biochemically well characterized cells bearing the pathogenic microdeletion m.15,649–15,666 (ΔI300-P305) in
MT-CYB gene, to investigate the effects of an assembly-hampered CIII on the re-organization of supercomplexes.
First, we found that this mutation also affects the stability of both CI and CIV, and evidences the occurrence of a
preferential structural interaction between CI and CIII2, yielding a small amount of active CI+CIII2 super-
complex. Indeed, a residual CI+CIII combined redox activity, and a low but detectable ATP synthesis driven by
CI substrates are detectable, suggesting that the assembly of CIII into the CI+CIII2 supercomplex mitigates the
detrimental effects ofMT-CYB deletion. Second, measurements of oxygen consumption and ATP synthesis driven
by NADH-linked and FADH2-linked substrates alone, or in combination, indicate a common ubiquinone pool for
the two respiratory pathways. Finally, we report that prolonged incubation with rotenone enhances the amount
of CI and CIII2, but reduces CIV assembly. Conversely, the antioxidant N-acetylcysteine increases CIII2 and CIV2

and partially restores respirasome formation. Accordingly, after NAC treatment, the rate of ATP synthesis in-
creases by two-fold compared with untreated cell, while the succinate level, which is enhanced by the homo-
plasmic mutation, markedly decreases. Overall, our findings show that fine-tuning the supercomplexes stability
improves the energetic efficiency of cells with the MT-CYB microdeletion.

1. Introduction

The respiratory electron transport in the mitochondrial inner
membrane occurs through four oligomeric enzyme complexes, referred
to as complexes I, II, III and IV (CI, CII, CIII and CIV), which are con-
nected by two mobile redox carriers, the lipophilic quinone (CoQ)
within the lipid bilayer, and the hydrophilic protein cytochrome c, as-
sociated with the outer surface of the inner membrane [1]. It is be-
coming increasingly clear that the respiratory complexes can coexist in
mitochondrial membrane as single functional entities CI, CII, dimer of
CIII (CIII2) and CIV, and also as supramolecular assemblies, called su-
percomplexes (SCs) (for recent reviews see [2,3]). In SCs, the three

proton pumping units of respiratory chain (CI, CIII2 and CIV) are as-
sociated with different composition and stoichiometry. In mammalian
mitochondria, CI could interact with CIII2 and one or more CIV
monomers to form the so-called respirasome (CI+CIII2+CIVn) that is
present together with other SCs containing CI+CIII2 or CIII2+CIV [2].

The structural and functional significance of SCs is still under in-
tense debate. In particular, the SCs role in regulating the overall activity
of the respiratory chain, in protecting against ROS production, and in
stabilizing the assembled respiratory complexes remains unsolved
[2–5]. Clearly, the structural architecture of SCs has important im-
plications in human mitochondrial diseases. The first extensive analysis
of the state of SCs in patients with isolated deficiency of single
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complexes revealed that mutations inducing CIII disassembly caused
the complete loss of the respirasome and CI instability [6]. Several lines
of evidence indicate that alterations of individual CIII or CIV assembly
also induce concomitant CI dysfunction, suggesting that the formation
of SCs is also important for the stability of CI [6–13]. In any event, it is
clear that the functional alterations of CI, induced by CIII deficiencies,
become clear only when CIII is partially or completely disassembled,
but not when it is assembled despite having reduced enzymatic activ-
ities [14]. It has been proposed that the amount of respirasome could be
regulated by the quinone pool redox state, i.e. the CoQH2/CoQ ratio in
the membrane. Guaras et al., reported that deficiencies in respiratory
complexes causing increased CoQH2/CoQ ratio could induce reverse
electron transport (RET) from CoQH2 to CI [15]. Consequently, CI-de-
pendent production of superoxide could be enhanced, causing the
oxidation of critical cysteine residues of CI, increasing its instability and
triggering its degradation. Accordingly, the CoQ redox state has been
proposed to act as a metabolic sensor, allowing cells to finely-tune the
amount of CI associated with the respirasomes versus the amounts of
free CIII2 or CIII2 + CIV to optimize the respiratory chain efficiency
[15].

The coexistence of both SCs and individual respiratory complexes in
the inner mitochondrial membrane suggested a dynamic array of
structural and functional associations between different complexes,
leading to the “plasticity model” that integrates the previously pro-
posed “solid” and “fluid” models [16,17]. Recently, in support to the
plasticity model of respiratory complexes organization, Lapuente-Brun
et al. provided evidence for the interplay between SCs assembly and
optimization of electron flux [18]. Accordingly, the SCs would define
two functional CoQ sub-populations in the inner mitochondrial mem-
brane, with a CoQNADH pool dedicated to reducing equivalents coming
from NADH through CI-containing SCs, and a second separate
CoQFADH2 pool originating from FADH2 through CII and other FAD-
dependent enzymes to individual CIII2 [18]. Consequently, the mi-
tochondrial respiratory chain would be able to differently adjust the
electron flow depending on whether SCs are present, or their assembly
is prevented. The concept that CoQ could be compartmentalized within
the mitochondrial membrane, and may have profound implications on
cell metabolic adaptation, has been suggested earlier [19]. However,
this issue is a matter of intense and controversial debate
[4,5,15,20–22]. The recent structures of the mammal respirasome
showed that the substrate-binding sites in CI and CIII are too far from
each other, and separated by lipids without proteins that could facil-
itate channeling between them [4,23–26]. Furthermore, kinetic ex-
periments on mitochondrial bovine particles demonstrated that CIII was
completely reduced by both CI and CII related substrates [21], and that
addition of an alternative oxidase competed with the NADH-linked
oxidative phosphorylation (OXPHOS), providing evidence that quinone
pool may not be compartmentalized [22].

Recently, we have characterized the effects of a novel pathogenic
microdeletion in the MT-CYB gene that encompasses nucleotide posi-
tions 15,649–15,666 [27]. This microdeletion is located in the trans-
membrane helix six of cytochrome b subunit of CIII and causes the loss
of six amino acids (Ile-Leu-Ala-Met-Ile-Pro; ΔI300-P305), leaving the
remaining sequence in frame (Fig. 1, shown in red). As expected, the
enzymatic activity of the mutated CIII was completely abolished in
cybrid clones bearing the mutation in homoplasmy (i.e., 100% mutant
mtDNA). Noticeably, immunoblotting analyses after SDS- or blue native
(BN)-gel electrophoresis revealed that the content of CIII2 was barely
detectable in these cells [27,28]. However, the combined CI plus CIII
enzymatic activity was not significantly different from control, whereas
the combined CII plus CIII enzymatic activity was significantly reduced
[27]. These findings prompted us to investigate in detail the possible
change(s) in the supramolecular organization of SCs in the presence of
this well-defined genetic alteration. Using the mutant mitochondria, we
aimed to correlate the changes in the respiratory chain activity and
OXPHOS with ensuing specific structural re-organizations of SCs. We

report that, in addition to CIII, the assembly of CI and even more that of
CIV was strongly impaired, even though a preferential structural in-
teraction between CI and CIII2 was preserved when CIII levels de-
creased. Moreover, we show that the stability of the individual com-
plexes and their assembly into SCs are differently modulated in the
mutant by inhibiting the electron transport through CI using rotenone,
or by providing an antioxidant environment via incubation of cells with
N-acetyl cysteine (NAC).

2. Materials and methods

2.1. Materials

ATP, ADP, malate, pyruvate, succinate, oligomycin, rotenone, P1-P5-
di(adenosine-5′) pentaphosphate pentasodium salt, digitonin, dode-
cylmaltoside (DDM), Serva Blue G, aminocaproic acid, Bis-Tris,
Ponceau S, glycerol, K-acetate, Hepes, phenylmethanesulfonyl fluoride
(PMSF), N-acetyl cysteine (NAC); carbonyl cyanide 4-(tri-
fluoromethoxy)phenylhydrazone (FCCP); Tris-Cl, NaCl, Na-deox-
ycholate, sodium dodecyl sulphate (SDS), 3-(4,5-dimethyl thiazol-2yl)-
2,5-diphenyl tetrazolium bromide (MTT), EDTA, HEPES, sucrose,
MgCl2, KH2PO4, KCl, bovine serum albumin (BSA), erytrosine and the
ATP monitoring kit were purchased from Sigma (Milan, Italy). ECL
Western blotting kit was from Amersham Bioscience, Buckinghamshire,
UK. Primary antibodies against CI (NDUFB6 and NDUFS3 subunits, cat.
Ab110244 and cat. Ab. 110246, respectively), CIII (Core2 and UQCRC2
subunits, cat. Ab14745 and cat. Ab14745, respectively), CIV (Cox5A
and Cox4 subunits, cat. Ab110262 and cat. Ab14744, respectively), CV
(α subunit, cat Ab14748), VDAC (cat. 154856) were from Abcam,
Cambridge, UK. Antibody against CII (SDHA subunit cat. 459200) was
from Life Technologies, Milan, Italy. Antibody against Tim23 was from
BD Biosciences, Milan, Italy. Antibody against peroxiredoxin 3 (PRX3)
cat. LF-PA0030 was from ABfrontiers, South Korea. Anti-catalase cat.
505 and anti-glyceraldehyde 3-P dehydrogenase (GAPDH) cat. G8795
antibodies were from Sigma-Aldrich, Milan, Italy, and anti-actin
cat.110246 antibody was from Protein Tech Manchester, UK.
Horseradish peroxidase-conjugated secondary antibodies were from
Jackson ImmunoResearch, West Grove, PA, USA.

2.2. Cell lines and culture conditions

The syngenic cybrid clones bearing the homoplasmic
m.15,649–15,666 (I300-P305) microdeletion of MT-CYB (100% mu-
tant, referred to as Δcytb 100%), the same deletion in heteroplasmy
(80% mutant, Δcytb 80%) and the wild type (WT) mtDNA were all
previously described [27]. In some experiments, two syngenic cybrid
clones bearing the homoplasmic m.15579A>G (p.278Y>C) mutation
of MT-CYB and its cognate WT mtDNA, were also used [29]. Cells were
grown in Dulbecco's modified Eagle medium high glucose (DMEM)
supplemented with 10% foetal calf serum (FBS), 2 mM L-glutamine,
100 U/mL penicillin, 100 μg/mL streptomycin (Life Technologies,
Milan, Italy), in an incubator with a humidified atmosphere of 5% CO2

at 37 °C. The growth medium of the Δcytb 100% mutant clones also
contained 50 μg/mL uridine. Where indicated, confluent cells were
incubated in DMEM in the presence of 1 μM FCCP for 24 h or 500 nM
rotenone for 48 h [15] or 10 mM NAC for 72 h [13]. During NAC
treatments, the medium was replaced after 48 h to avoid acidification.

2.3. One dimensional blue native-PAGE (1D BN-PAGE) and 2D BN/SDS-
PAGE

Native complexes and SCs were analyzed in mitochondria-enriched
fractions obtained from cell pellets (approximately 10 × 106 cells)
using digitonin (final concentration 50 μg/mL) as previously described
[29,30]. For native complexes, mitochondrial fractions were suspended
in mitochondrial buffer containing 750 mM aminocaproic acid, 50 mM
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Bis-Tris, pH 7.0, and solubilized by adding dodecylmaltoside (DDM) at
a DDM/protein ratio of 2.5 (g/g). The suspension was incubated on ice
for 10 min and then centrifuged at 13000g for 15 min [29,30]. The
supernatants were used for analysis of isolated complexes by Blue Na-
tive (BN)- or Clear Native (CN)-PAGE. About 80 μg of protein were
loaded onto a 4–12% gradient gel after addition of sample buffer (for
BN-PAGE: 5% Serva Blue G in 750 mM aminocaproic acid, 50 mM Bis-
Tris, 0.5 mM EDTA, pH 7; for CN-PAGE: 0,1% Ponceau S in 50% gly-
cerol). Samples were loaded in duplicate onto CN- and BN-PAGE as
described in Ghelli et al. and Wittig et al. [29,30]. After electrophoresis,
the CN-PAGE gels were utilized for determination of CI in-gel-activity
(CI-IGA) and the BN-PAGE gels were used for western blot analyses. The
CI-IGA was assessed by the NADH/MTT reductase activity, incubating
the gels with 5 mM Tris-Cl (pH 7.4), 0.15 mM NADH, and 2.5 mg/mL
MTT at room temperature. The reaction was stopped with 50% me-
thanol and 10% acetic acid, and the gel was analyzed with a Fluo-2
MAX multi-imager system (Bio-Rad) [31].

For the analyses of SCs, mitochondria-enriched fractions obtained
by digitonin treatment were suspended in PBS and protein content was
determined. After centrifugation, the pellet was suspended in 150 mM
K-acetate, 30 mM HEPES, pH 7.4, 10% glycerol, 1 mM PMSF, 10 mg/
mL digitonin (digitonin/protein ratio of 2 g/g) and incubated on ice for
30 min [29,30]. Samples were centrifuged for 2 min at 600g, and su-
pernatants were used for BN-PAGE and BN/SDS-PAGE. About 20 μg of
proteins were loaded onto a 3–12% gradient gel (BN-PAGE) after ad-
dition of 5% Serva Blue G in 750 mM aminocaproic acid [29,30]. After
electrophoresis, gels were processed for CI-IGA [31] and western blot
analyses or second dimension SDS-PAGE (2D BN/SDS-PAGE). Strips
from the first dimension 3–12% gradient gel were excised and used for
2D BN/SDS-PAGE. Each strip was treated with the denaturing buffer
containing 1% SDS and 0.1% β-mercaptoethanol for 90 min and

separated using a 10% SDS-PAGE as described in Ghelli et al. and Wittig
et al. [29,30]. After electrophoresis, gels were used for western blot
analyses.

2.4. SDS-PAGE and western blot analyses

Mitochondria-enriched fractions were solubilized in RIPA buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 1% Na-deox-
ycholate, 1% SDS, 5 mM EDTA), and their protein content was mea-
sured. Proteins (40 μg) were separated using a 12% SDS-PAGE and
transferred onto a nitrocellulose membrane (Bio-Rad, Hertfordshire,
UK) for western blotting analyses. The nitrocellulose membranes were
incubated overnight at 4 °C with antibodies for CI (NDUFB6 or NDUFS3
subunits 1:1000), CII (SDHA subunit 1:10000), CIV (Cox5A or Cox4
subunit 1:1000), CIII (Core2 subunit 1:1000; UQCRC2 1:1000), VDAC
(1:10000), Tim23 (1:1000), PRX3 (1:2000), catalase (1:4000), GAPDH
(1:20000) and actin (1:5000). Primary antibodies bound to their cor-
responding antigens were visualized using horseradish peroxidase-
conjugated secondary antibodies (1:2000). The chemiluminescence
signals were revealed by an ECL western blotting kit and measured with
Gel Logic 1500 Imaging System (Kodak, Rochester, NY, USA).

2.5. In vivo labelling of mitochondrial translation products

The in vivo labelling of mitochondrial translation products was
performed essentially as described in Sasarman and Shoubridge [32].
Two days prior to the experiment, 2,5 × 105 cells per well were seeded
in 12-well plates. Just before labelling, the growth medium was re-
moved and cells were rinsed twice with fresh DMEM lacking methio-
nine and serum. Labelling medium (0.75 mL of methionine-free DMEM
supplemented with 10% FBS) was added, and cells were incubated for

Fig. 1. Location of cytochrome b microdeletion in human
CIII2 structure.
Depiction of the location of cytochrome b microdeletion using
the structure of human CIII2 (PDB ID: 5XTE). The six amino
acid long deletion (ΔI300-P305) is located on the transmem-
brane helix six of cytochrome b (blue and green subunits in
each monomer) subunits, and shown in red. (For interpreta-
tion of the references to color in this figure, the reader is re-
ferred to the web version of this article.)
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15 min at 37 °C. Then 200 μg/mL emetine and 100 μg/mL cyclohex-
imide were added, and incubation was extended for another 10 min.
Labelling was performed by incubating cells for 45 min at 37 °C after
the addition to each well of 300 μCi/mL of EasyTag™ L-[35S]-methio-
nine (PerkinElmer), followed by 10 min chase in 2 mL fresh complete
DMEM supplemented with 10% FBS. Cells were first washed three
times, resuspended in phosphate buffered saline (PBS) using 0.5%
trypsin, and washed two more times with PBS. Each pellet was lysed in
Laemmli buffer, and proteins were loaded on 15%–20% SDS-PAGE.
Dried gels were analyzed by phosphor imaging using Typhoon FLA
9500 and ImageQuant TL Software. The intensity of the bands obtained
with Coomassie blue-staining of proteins was used as loading control.
For quantification of the relative protein synthesis rate, the value of
intensity of each radioactive band of 80% and 100% mutants, was
normalized for Coomassie blue-staining (load control), and indicated as
mean ± SD. Values are expressed as a ratio on WT cells.

2.6. Oxygen consumption rate

The rate of oxygen consumption was measured in digitonin-per-
meabilized cells essentially as described in [33]. Briefly, about 5 × 106

cells were harvested and suspended at a concentration of 10 × 106/mL
in a buffer containing 20 mM HEPES pH 7.2, 250 mM sucrose, 10 mM
MgCl2. Cells were permeabilized with 50 μg/mL digitonin, incubated
for 1 min at room temperature, then diluted with 2.5 volume of buffer,
and permeabilization was monitored by erythrosine b staining. Cells
were centrifuged at 10000g for 1 min and suspended in the same buffer
at the concentration of 10 × 106/mL. The permeabilization protocol
was repeated until 90–100% of cells were positive to erythrosine b
staining. Permeabilized cells were then centrifuged at 10000g for 1 min
and suspended in 1.9 mL of the same buffer supplemented with 2 mM
KH2PO4 pH 7.2 and 1 mM ADP (respiration buffer), and the suspension
was introduced into the Clark electrode chamber at 37 °C. After about
1–2 min of base line recording, substrates were added as follows: 5 mM
malate plus 5 mM pyruvate (CI substrates); 5 mM succinate (CII sub-
strate) plus 2 μg/mL rotenone; 5 mM malate, 5 mM pyruvate plus 5 mM
succinate (CI + CII substrates). The rates of oxygen consumption were
normalized to protein content considering that citrate synthase activity,
an indicator of mitochondrial mass, was similar in all cell lines.

2.7. Mitochondrial ATP synthesis

The rate of mitochondrial ATP synthesis was measured in digitonin-
permeabilized cells by using the luciferin/luciferase assay, as pre-
viously described [34]. Briefly, after trypsinization, cells (10 × 106/
mL) were suspended in a buffer containing 150 mM KCl, 25 mM Tris-
HCl, 2 mM EDTA, 0.1% bovine serum albumin, 10 mM KH2PO4,
0.1 mM MgCl2, pH 7.4, kept at room temperature for 15 min, then
incubated with 50 μg/mL digitonin until 90–100% of cells were positive
to erythrosine b staining. Aliquots of 3 × 105 permeabilized cells were
incubated in the same buffer in presence of the adenylate kinase in-
hibitor P1,P5-di(adenosine-5′) pentaphosphate (0.1 mM). Substrate
concentrations were as follows: 1 mM malate plus 1 mM pyruvate (CI
substrates); 5 mM succinate (CII substrates) plus 2 μg/mL rotenone;
1 mM malate, 1 mM pyruvate and 5 mM succinate (CI + CII sub-
strates). After addition of 0.1 mM ADP, chemiluminescence was de-
termined as a function of time with a luminometer. The chemilumi-
nescence signal was calibrated using an internal ATP standard after
addition of 10 μM oligomycin. The rates of ATP synthesis were nor-
malized to protein content considering that citrate synthase activity
was similar in all cell lines.

2.8. Dicarboxylic acids determination by LC-MS/MS

The measurements were carried out essentially as previously de-
scribed [28,35]. Approximately 107 cells were washed with ice-cold

PBS, centrifuged and suspended in 1 mL PBS. An aliquot was kept for
protein determination. The subsequent procedures were carried out at
4 °C. After centrifugation at 600g, the supernatant was removed and
1 mL cold methanol/acetonitrile (1:1) was added. The pellet was
carefully mixed, and then centrifuged at 13000g for 5 min. The super-
natant was evaporated under a nitrogen stream, and the dry extracts
were used for LC-MS/MS analysis, as previously described [35].

2.9. Statistics analysis

Data are presented as means ± standard deviation (SD). Statistical
analysis was performed using the One sample or Two samples t-test
with p < 0.05 as the level of significance. Number of biological re-
plicates in independent experiments is detailed in each figure legend.

3. Results

3.1. Mutation-load related strong reduction of CI, CIII and CIV

In order to shed light on effects of the MT-CYB microdeletion on the
structural organization of the OXPHOS system, we first analyzed the
assembly status of the OXPHOS complexes in the syngenic clones
bearing the microdeletion in homoplasmic (100% of mutated mtDNA,
Δcytb 100%) and heteroplasmic (80% of mutated mtDNA, Δcytb 80%)
states. BN-PAGE of samples of the three cybrid clones solubilized with
DDM was utilized (Fig. 2A). The CI-In-Gel Activity (CI-IGA) was barely
detectable in Δcytb 100% clone compared to WT and Δcytb 80% clones.
Western blot analysis confirmed that the CI band intensity (i.e.,
NDUFB6-CI panel) significantly decreased with increasing mutation
load, being very faint in the homoplasmic mutant clone (Fig. 2A;
quantification in panel C). Similar results were obtained with the band
intensity of the individual CIII2 (i.e., UQCRC2-CIII), being rather weak
in Δcytb 100% cells. Noticeably, the signal of CIII2+CIV SC was barely
visible in Δcytb 80% and virtually absent in Δcytb 100% clones. Ac-
cordingly, the CIV (i.e., COX5A-CIV) also exhibited a similar pattern,
being almost undetectable in Δcytb 100% cells (Fig. 2A and C). Con-
versely, the levels of assembled CII and CV were only weakly affected
(Fig. 2A, i.e., SDHA-CII and subunit α-CV).

In parallel, we examined the supramolecular organization of the
OXPHOS complexes in the same samples of the three cybrid clones,
after solubilization with the mild detergent digitonin (2 g/g protein)
instead of DDM (Fig. 2B). In the CI-IGA panel, the SCs containing active
CI were detected in all clones, although remarkably less in the Δcytb
100%. This behavior was mirrored by western blot analysis, as reported
in Fig. 2B and quantified in panel D. Intriguingly, the Δcytb 100% and
especially the Δcytb 80% mutant clone also exhibited an unusually high
molecular weight SC (called super-SC, SSC), which seemed to be barely
detectable, if at all, in the WT cells. Although the basis of the occur-
rence of SSC is unclear, its presence in cells carrying the MT-CYB mi-
crodeletion either alone (Δcytb 100%), or in the presence of wild-type
cytochrome b (Δcytb 80%), suggested that the mutant form of CIII2
interfered with the formation of SCs, leading to SSC accumulation. In-
terestingly, in the mutants, the CIII2 was present in the SCs only, being
more abundant in the Δcytb 80% and scarce in the Δcytb 100% clone
(Fig. 2B and D), primarily preserving its interaction with CI. In agree-
ment with the results of Fig. 2A, CIV was almost absent in the Δcytb
100% cells, whereas the amount of individual CIV as well as that as-
sociated to the SSC slightly increased in the Δcytb 80% cells (Fig. 2B
and D). Finally, CV was present in two bands, corresponding to the
dimer (CV2) and the monomer. The amount of CV2 slightly decreased in
the mutants, whereas that of the CV monomer somewhat increased. The
levels of CV therefore, do not appear to be significantly influenced by
the MTCYB microdeletion, in agreement with the in vitro translation
results (see below).

These findings were also confirmed by the 2D BN/SDS-PAGE (BN-
PAGE followed by SDS-PAGE) analysis, and detection of representative

C.V. Tropeano, et al. BBA - Bioenergetics 1861 (2020) 148133

4



subunits of respiratory complexes by immunoblotting (Fig. 2E). The SCs
containing CI, CIII and CIV were indeed present in WT and Δcytb 80%,
but not in Δcytb 100% clone where only the CI+CIII2 SC was clearly
detectable. In addition, in agreement with the panel 2B results, the SSC

was especially present in the Δcytb 80% mutant (Fig. 2E). Moreover,
the spots corresponding to CIII2 and to the CIII2+CIV SC were reduced
in the Δcytb 80%, and almost absent in the Δcytb 100% clone. The
detection of a spot attributed to CIV in the 2D BN/SDS-PAGE blots, and

(caption on next page)
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the lack of CIV seen in Fig. 2B, is ascribed to the fact that these datasets
were acquired at different exposure times (i.e., longer in the 2D ex-
periments), revealing the trace amounts of CIV not detected in Fig. 2B.

Taken together overall results indicated that in cells bearing theMT-
CYB microdeletion, SCs undergo re-organization, partly preserving CI
and CIII interactions while forming a very high molecular weight ag-
gregate (SSC) at the expense of the almost complete disassembly of
other CIII and CI involving complexes. Furthermore, the quasi-absence
of CIV suggested that the MT-CYB microdeletion strongly affected CIV
levels and the interactions between CIII2 and CIV more severely than
those between CI and CIII2 during SC formation. This observation is in
agreement with the presence of only trace amount of CI+CIII2 and
CIII2+CIV SCs, and lack of detection of the CI+CIII2+CIV respira-
some, in the Δcytb 100% clones (Fig. 2B).

To evaluate the mechanism involved in the dramatic perturbation of
respiratory complexes assembly and organization, we performed in vivo
labelling of mitochondrial polypeptides by incubating cells with 35S-
methionine in the presence of cycloheximide and emetine [32]. As
shown in Fig. 3A, the overall patterns of the translation products from
mutation-carrying cybrids were qualitatively identical to WT in terms
of their electrophoretic mobility. Quantification of bands intensity re-
vealed that in the Δcytb 80% cells, the rate of synthesis of the CI and
CIII mtDNA-encoded subunits was increased, in particular that of cy-
tochrome b, in line with a possible compensatory effect (Fig. 3B).
Conversely, in the Δcytb 100% cells, a significant reduction in the
synthesis rate was observed for CI, CIV subunits and cytochrome b,
whereas the synthesis of the subunits of CV was not affected (Fig. 3B).
These findings suggest that the presence of the homoplasmic MT-CYB
microdeletion significantly affects the mitochondrial biosynthesis and
consequently contributes to the reduction of their amounts (Fig. 2).

3.2. Rates of electron flux through CI and CII

Considering the ongoing debate on whether the ubiquinone pool is
partitioned between distinct respiratory pathways, we thought that our
MT-CYB microdeletion clones with their well-defined genetic alteration
leading to defective CIII assembly and SCs re-organization, might pro-
vide additional insights. Namely, the possible co-existence of two dis-
tinct routes, corresponding to one from NADH through the respirasome
and one from FADH2 to free CIII and CIV, were examined [18]. Using
digitonin-permeabilized cells, we measured the rate of oxygen con-
sumption and ATP synthesis driven by NADH-linked (i.e., pyruvate/
malate) or the FADH2-linked (i.e., succinate) substrates or both, in the
presence of saturating concentration of ADP (state 3). Fig. 4A shows
that the rates of oxygen consumption driven by CI (i.e., pyruvate
+malate) or CII (i.e., succinate) were similar in WT and Δcytb 80%. In
the presence of both pyruvate/malate and succinate, the rates in WT
cells increased, but were not additive; conversely, no increase was seen
in Δcytb 80% clone (Fig. 4A). Similarly, the rates of CI (i.e., pyruvate
+malate) or CII (i.e., succinate) driven ATP synthesis were comparable

between the WT and Δcytb 80% clones. Moreover, no additivity in the
ATP synthesis was observed by simultaneous addition of CI and CII
substrates (i.e., pyruvate+malate+succinate) in both WT and Δcytb
80% clones (Fig. 4B), similar to oxygen consumption rates (Fig. 4A). In
the Δcytb 100% clone, no CI- or CII-driven oxygen consumption rate
was detected, likely due to the very low amount of CIII and CIV that
hampers the electron transport through the respiratory chain (Fig. 4A).
However, we note that in the Δcytb 100% clone, although the CI-driven
ATP synthesis was extremely reduced as compared with WT, it was still
detectable using a highly sensitive bioluminescence based assay.
Probably, the low CI, CIII and CIV residual activities were able to
produce enough proton gradient for ATP synthesis, as previously re-
ported [27]. Conversely, the CII-driven ATP synthesis was undetectable
(Fig. 4B). Note that when the CI and CII substrates were simultaneously
added, ATP synthesis was completely abolished, suggesting that ATP
synthesis driven by malate+pyruvate is inhibited by the presence of
succinate, possibly leading to more CoQH2 generation via CII (Fig. 4B).

Taken together, these results indicate that, within the error bars,
there is no difference in oxygen consumption and ATP synthesis rates
between the WT and 80% mutant and no additivity when both sub-
strates are added, suggesting that the NADH and FADH2 oxidation
routes compete for the same Q-pool, which is not compartmentalized.

In order to shed further light to the electron flux through CI and CII,
we used another cybrid cell line bearing the homoplasmic p.278Y>C
missense mutation in the MT-CYB gene [29]. Earlier we had shown that
this mutation strongly reduces CIII enzymatic activity, without chan-
ging substantially the CI or CIII assembly. These cells exhibited de-
creased amounts of CIII2 and CIII2+CIV SC, but preserved the CI
+CIII2+CIVn SCs [29]. As reported in Fig. 4C and D, cells carryingMT-
CYB p.278Y>C missense mutation showed significant but similar de-
creases of oxygen consumption and ATP synthesis driven by CI and CII
substrates as compared with WT cells. This finding indicated that the
CIII that was preferentially included into the CI+III2+IVn SCs re-
mained active to oxidize reduced CoQ2 generated by both CI and CII
activities [29]. We note that the rates of oxygen consumption and ATP
synthesis increased in WT, but not in mutant cell lines upon simulta-
neous addition of the CI and CII substrates (i.e., pyruvate+malate
+succinate). This result is consistent with the occurrence of a mutual
inhibition between NADH:O2 (CI-dependent) and succinate:O2 (CII-
dependent) pathways when CIII activity becomes limiting, which might
indicate the presence of common and not partitioned Q pool [21,22], as
above.

3.3. Reverse electron transfer is not involved in SCs stabilization

Recently, Guaras et al. proposed that respiratory complex defects
causing increased CoQH2/CoQ ratio induce CI degradation, triggered
by superoxide overproduction generated by RET. In particular, it has
been shown that the CI inhibitor rotenone stabilizes CI assembly pos-
sibly through reducing RET [15]. We reasoned that Δcytb 100% cybrids

Fig. 2. Expression level and assembly of OXPHOS complexes and SCs.
A) Aliquots of DDM-solubilized mitoplasts isolated from WT, Δcytb 80% and Δcytb 100% cybrids, were separated by BN-PAGE. For each experiment, three different
gels were loaded with the same samples. One gel was used for the CI in-gel-activity (CI-IGA), as described in Materials and Methods. The other gels were transferred
into nitrocellulose membrane for western blot analysis, using antibodies against the indicated subunits of OXPHOS complexes. Blots are representative of at least
three biological replicates in independent experiments; images of membranes were acquired after ~60s of exposition. Where indicated, SDS-PAGE and western blot
analysis of the same samples was carried out using the indicated antibodies.
B) Aliquots of digitonin-solubilized (2 g/g protein) mitoplasts isolated from WT, Δcytb 80% and Δcytb 100% cybrids, were separated by BN-PAGE, and treated
exactly as described in A). Blots are representative of at least three independent experiments; images of membranes were acquired after ~60s exposition. The signals
of different complexes in DDM- (C) and of complexes/SCs in digitonin-solubilized (D) mitochondria were quantified by densitometry, after normalization by CII, and
indicated as mean ± SD. Values are expressed as a ratio on WT cells. Statistical analysis was performed using the One sample t-test; * indicates p < 0.05 as the level
of significance.
E) 2D BN/SDS-PAGE analysis of respiratory SCs was carried out in aliquots of digitonin-solubilized mitochondria separated by BN-PAGE. Strips excised from the gels
were resolved by second dimension SDS-PAGE. Spots were detected with antibodies against the indicated subunits of CI, CII, CIII and CIV. Blots are representative of
three biological replicates in independent experiments; images of membranes were acquired after ~60s of exposition for WT and Δcytb 80% and 120 s for Δcytb100%
cybrids.
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might represent a good cell model to further probe this finding, as a
severe defect of CIII enzymatic activity is thought to yield an increased
CoQH2/CoQ ratio, which in turn could enhance oxidative stress by RET.
Indeed, we have reported that such cells do not present any perturba-
tion in reduced (GSH) and oxidized (GSSG) glutathione contents, and in

the GSSG/GSH ratio. However, they exhibit increased levels of cytosolic
(catalase) and mitochondrial (peroxiredoxin 3, PRX3) antioxidant en-
zymes compared to control cells, suggesting that they undergo oxida-
tive unbalance [28]. More recently, the occurrence of oxidative stress in
these cells has been directly demonstrated through the use of novel
time-resolved chronoamperometric measurements, revealing enhanced
H2O2 production in digitonin-permeabilized Δcytb 100% cybrids com-
pared with controls [28,36].

Given that RET is inhibited by uncouplers such as FCCP, or by CI
inhibitors like rotenone, we tested the effect of these compounds on the
levels of these antioxidant enzymes in Δcytb 100% cell line. Pre-in-
cubation with 1 μM FCCP (24 h) or 500 nM rotenone (48 h) had no
significant effect on catalase and PRX3 expression (Fig. 5A–C). These
results suggested that in our cell model, oxidative stress is not RET
dependent, as neither FCCP nor rotenone was effective on reducing the
expression of either cytosolic or mitochondrial antioxidant enzymes.
We then tested whether the assembly of CI could be modified by the
presence of FCCP, by measuring the CI-IGA after clear native (CN)-
PAGE of DDM-solubilized mitochondria, as shown in Fig. 5D. The weak
CI-IGA of Δcytb 100% cybrids was further reduced by incubation with
FCCP, and no significant effect was apparent in WT and Δcytb 80%
cells. Moreover, FCCP had no effect on the CI-containing SCs isolated in
digitonin-solubilized mitochondria, as evidenced by CI-IGA (Fig. 5E).

3.4. Fine-tuning of the organization of respiratory SCs and increased
energetic efficiency in the presence of NAC

Next, we tested the effect of rotenone on the DDM-isolated OXPHOS
complexes of the Δcytb 100% cybrids, showing that this inhibitor sig-
nificantly increased the amount of CI and, much less of CIII2, whereas
that of CIV was almost undetectable (Fig. 6A; quantification in panel C).
We previously reported that prolonged incubation with NAC sig-
nificantly reduces PRX3 expression levels in Δcytb 100% cybrids [28].
Thus, we also measured the effect of 72 h incubation of Δcytb 100%
cybrids with 10 mM NAC, which evidenced a weak increase in the band
intensity of isolated CI, CIII2, whereas the levels of CIV were similar to
control cells (Fig. 6A and C). Then, we analyzed whether these two
treatments could also influence the organization of the SCs. Fig. 6B,D
shows that the SCs content, evaluated by CI-IGA and CIII (i.e., UQCRC2-
CIII), was not significantly enhanced by the two treatments, whereas
NAC significantly increased the SCs CIV content, suggesting the oc-
currence of partial re-assembly of the respirasome. Moreover, both
compounds increased the amount of CIII2 (approximately 1.5- and 2-
fold increase with rotenone and NAC, respectively, Fig. 6B, D). Con-
versely, incubation with rotenone decreased while NAC increased the
CIV2 content (Fig. 6B, D). We note that the presence of CIV signals in
the Δcytb 100% cybrids could be detected (Fig. 6) as the blots signals
were acquired at longer times in this case than in Fig. 2 (60 and 120 s,
respectively). We add that both treatments induced a similar increase in
CI and CIII2 also in WT and Δcytb 80% cybrids (results not shown),
suggesting that this is a general effect, although further studies are
required to evaluate the mechanism involved.

Given that in Δcytb 100% cells the CI-driven ATP synthesis was not
completely abolished but reduced to about 10% of that seen with WT
cells (Fig. 4B), we decided to investigate whether NAC could also
ameliorate the energetic efficiency of these cells. After treatment with
NAC, the ATP synthesis rate driven by pyruvate + malate was in-
creased>2-fold compared with untreated cell (Fig. 6E), likely as a
consequence of partial re-assembly of the respirasome as well as of CIII2
and CIV2. Previously, we reported a significant accumulation of succi-
nate (8-fold increase over WT cells) in the Δcytb 100% cell line, likely
due to the blockage of electron flux at the CIII level [28]. Fig. 6F reports
the levels of succinate together with fumarate and malate after 72 h
incubation with NAC, showing a markedly decrease in the succinate
levels, strongly supporting the notion that the partial re-assembly of the
respirasome can improve re-oxidation of CoQH2 leading to succinate

Fig. 3. De novo synthesis of mtDNA-encoded polypeptides.
A) Pattern of the radiolabelled mitochondrial translation products on gradient
polyacrylamide-SDS gel from WT, Δcytb 80% and Δcytb 100% cybrids. In the
upper part, the corresponding Coomassie blue-stained gel is shown as a control
for loading. B) Quantitative analysis of the rates of synthesis of the mt-DNA-
encoded subunits in Δcytb 80% and Δcytb 100% cybrids, relative to WT, de-
termined as described in the Materials and Methods section. Data are
means ± SD of five biological replicates in independent experiments. Statis-
tical analysis was performed using the One sample t-test; * indicates p < 0.05
as the level of significance.
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consumption.

4. Discussion

In this study, we investigated in detail the re-organization of SCs
when CIII assembly is hampered by a MT-CYB gene microdeletion
causing the loss of 6-amino acids in the structural subunit cytochrome b
[27], and the functional consequences of this re-organization on the
respiratory and OXPHOS functions. First, we confirm that, although
most of CI, CIII and CIV are not present, a preferential structural in-
teraction between CI and CIII2 is seen (see the model proposed in
Fig. 7A), as reported earlier [18]. This allows a residual CI+CIII com-
bined redox activity, and an associated low but detectable ATP synth-
esis driven by CI substrates only (Carossa et al. [27] and this work).
This result supports our previous hypothesis that the assembly of CIII2
into the CI + CIII2 SC could mitigate the detrimental effect of MT-CYB
mutations [29,37]. This observation nicely corroborates the assumption
that the evolutionarily conserved CI+CIII2 core complexes might play
an important role in respiratory electron transfer and respiratory
complexes stability [4,5,23,38]. We also noticed the occurrence of a
very large molecular weight SC (SSC) containing CI, CIII and CIV that is
clearly visible in the Δcytb 80% mutant cells. The composition, relative
stoichiometry and activity of the respiratory complexes present in the
SSC need to be defined in future studies, which however, are beyond
the scope of the current work.

Another unexpected observation that emerged during this work is
that in cells with the homoplasmic microdeletion, differently from those
harboring other MT-CYB mutations [9,39], the CIV level decreased
even more markedly than the CIII itself. Indeed, a strong reduction of
both CI and CIV assembly was reported in mouse fibroblasts lacking
Rieske iron-sulfur protein, which was associated with the occurrence of
an oxidative stress [13]. Note that an oxidative unbalance was de-
monstrated also in Δcytb 100% cybrids [28,36], which might thus
contribute to increased CI and CIV instability. In addition, the experi-
ments of mitochondrial de novo protein synthesis indicate that the MT-
CYB microdeletion significantly affects the rate of CI and CIV subunits
biosynthesis, and consequently, the expression levels of these com-
plexes. Indeed, alterations in mitochondrial transcription efficiency
induced by mtDNA point mutations or microdeletions have already

been reported [40]. However, the finding that the mtDNA encoded CV
subunits biosynthesis is not affected by the MT-CYB deletion is not in
concordance with this hypothesis, suggesting that further studies are
needed to define the underlying mechanism(s). Therefore, we can only
speculate that the combined effects of decreased expression levels of
mtDNA encoded proteins, supplemented with the increased ROS pro-
duction could rationalize the observed pronounced reduction of the CI
and CIV levels. Finally, we cannot rule out that the mitochondrial
perturbations associated with the MT-CYB microdeletion might induce
changes in the levels of SCs assembly factors, such as HIGD2A or
COX7A2L/SCAF1, loosening the interactions of CIV within the re-
spirasome [39,41]. This topic clearly deserves further studies.

The second finding of this work provides evidence that quinone pool
may not be compartmentalized, in contrast with previous reports by
Lapuente-Brun et al. [18], who showed that a 70% reduction of CIII still
maintained the CI+CIII2+CIVn SC assembly and CI+CIII activity, but
strongly reduced CII+CIII activity. In disagreement with those results,
we show that in cells with Δcytb 80% mutation load, despite the pre-
ferential association of CI and CIII and the quasi-absence of CIII2+CIV
SC, the electron flow and ATP synthesis through CI and CII were si-
milar. Furthermore, in the presence of both CI and CII substrates, the
rates of oxygen consumption and ATP synthesis in WT and mutant cells
were lower than the sum of the rates measured when the NADH:O2 and
succinate:O2 pathways operate independently. In our opinion, the
functional evidence here reported is consistent with the presence of a
free Q-pool, although these results do not provide any definitive evi-
dence, leaving this issue unsolved for the time being [4,5].

The third important finding of this study concerns the effect of ei-
ther rotenone or NAC, showing that although both stabilize the as-
sembly of single CI and CIII2, they probably affect CIV differently, and
subsequently, they act on the SCs organization via different mechan-
isms. In fact, only NAC, and not rotenone, was able to promote partial
re-assembly of the respirasome, significantly ameliorating the energetic
function, whereas rotenone was ineffective (see Fig. 7B and C). Thus,
we suggest that rather than inhibiting RET, rotenone might recruit and
stabilize the inactive Q and Pp modules of CI in the early stages of its
assembly by interacting with the ND1, NDUFS2, NDUFS7 and NDUFS8
subunits predicted to form the quinone binding pocket [42–46]. In
support of this hypothesis, recent photoaffinity labelling studies

Fig. 4. Oxygen consumption and ATP synthesis
rates.
A, C) Oxygen consumption rates driven by malate
+pyruvate (CI substrates) or succinate (CII sub-
strate) or both were measured in digitonin-permea-
bilized cybrids (see Materials and Methods) by using
a Clark electrode at 37 °C. B, D) Rates of ATP
synthesis driven by malate+pyruvate (CI substrates)
or succinate (CII substrate) or both were determined
in digitonin-permeabilized cells, as detailed in Ma-
terial and Methods. Data are means ± SD of at least
six independent experiments. Statistical analysis was
performed using the Two samples t-test. Asterisks
denote values significantly different from WT cells
*p < 0.05 and **p < 0.01.
A, B) Cybrids bearing WT mtDNA and isogenic Δcytb
80% or Δcytb 100% cybrids were used; C, D) cybrids
bearing WT mtDNA and the isogenic clone with the
homoplasmic MT-CYB p.Y278C missense mutation
were used.
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Fig. 5. Effect of FCCP and rotenone on the
antioxidant enzymes and CI-IGA.
A) Δcytb 100% cybrids were untreated
(none) or incubated for 24 h with 1 μM
FCCP or 48 h with 500 nM Rotenone.
Western blot analysis was carried out in
cellular lysates, by using antibodies against
catalase, peroxiredoxin 3 (PRX3), glycer-
aldehyde 3-P dehydrogenase (GAPDH) and
actin. The blots are representative of three
biological replicates in independent experi-
ments; images of membranes were obtained
after ~ 60 s of exposition. Densitometric
analysis of catalase (B) and PRX3 (C) bands
intensity was determined as a ratio over
GAPDH; values (mean ± SD of three in-
dependent experiments) are expressed as
ratio on untreated cells. D) WT, Δcytb 80%
and Δcytb 100% cybrids were incubated for
24 h in the absence (none) or presence of
1 μM FCCP. The CI-IGA was determined in
DDM-solubilized mitochondrial fractions or
E) in digitonin-solubilized mitochondrial
fractions, after separation by CN-PAGE, as
described in Methods. Gels are re-
presentative of three independent experi-
ments. The bar indicates that one lane was
removed from the gel.
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indicate that several CI inhibitors that act at the quinone binding pocket
(i.e., amilorides, acetogenins, quinazoniles, etc.) also interact with
these subunits distributed around the predicted quinone channel [47].
However, we cannot rule out that, in addition to a structural stabili-
zation effect, rotenone treatment might also induce increased CI and
CIII content through additional mechanisms. In this regard, rotenone
was previously reported to induce ER stress [48,49], which has recently
been shown to promote through the PERK/SCAF1 axis, the assembly of
the respiratory complexes and increase OXPHOS [50]. Whether this
occurs also in Δcytb 100% mutant cells treated with rotenone remains
to be investigated.

More interesting is the finding that the antioxidant NAC increased
not only the amount of CI and CIII2, but also that of CIV, leading to
partial re-assembly of respirasome (Fig. 7C). This effect is mirrored by a
small but significant recovery of OXPHOS capacity, and by a clear re-
duction of succinate levels, supporting the notion that some electron
transport function was re-established. We note that the beneficial ef-
fects of NAC may not rely only on its antioxidant activity, but also on its
ability to keep reduced the intracellular environment [51]. In this re-
gard, it is known that after oxidative damage or after hypoxia and re-
oxygenation, specific cysteine residues in several subunits of CI and CIII
were shown to be oxidized, suggesting important structural roles for
these thiol groups on maintaining the stability of the respiratory com-
plexes [15,52]. Our hypothesis is that NAC provides optimal redox
conditions for respiratory complexes assembly and respirasome re-

organization by promoting the reduction of specific cysteine residues
that are structurally critical. In agreement with this finding, NAC has
been recently described to preserve the energetic efficiency and SCs
assembly in post-ischemic hearts after ischemia and reperfusion [53].

The effect of NAC is also in line with reports showing that SOD2
overexpression, or the presence of a SOD mimetic, improves SC stability
in mitochondria from mouse lung fibroblasts that lack the Rieske iron-
sulfur protein, highlighting the role of ROS on the modulation of SC
remodeling [13]. Stabilization of high molecular weight SCs has re-
cently been confirmed in distinct brain regions of the neuron-specific
Rieske iron-sulfur KO mice after treatment with mitochondrial targeted
antioxidant mitoTEMPO [54]. It is noteworthy that in these Rieske KO
cells, pre-incubation with NAC was ineffective. Although the basis of
this difference is unknown, it might be due to the insertion or stability
of the Fe-S cluster cofactor of the Rieske protein, which uses cysteines
as cofactor ligands. In any event, the mechanisms involved in the redox
perturbation associated with the lack of the Rieske protein may be
different from those acting in the Δcytb 100% cybrids. Importantly, this
study correlated mechanistically the partial respirasome re-assembly
induced by NAC with the weak but significant improvement of the
energetic function, in term of both electron flux and ATP synthesis rate.

In conclusion, our study describes in detail how the respiratory
complexes supramolecular organization can adapt to a severe CIII pa-
thogenic dysfunction, maintaining preferential structural CI and CIII
interaction, despite a marked decrease of CI, CIII and CIV levels.

Fig. 6. Effect of rotenone and NAC on complexes content, SCs organization and bioenergetics.
Δcytb 100% cybrids were untreated (none) or incubated for 48 h with 500 nM rotenone or 72 h with 10 mM NAC, as described in Material and Methods. A) DDM-
solubilized mitochondria-enriched fractions were separated by BN-PAGE; CI-IGA and western blot analysis were performed as described in Fig. 2A. Immunodetection
of CII and CIII was simultaneously performed in the same membrane. Representative blots of three biological replicates in independent experiments are shown;
images of membranes were obtained after ~120 s of exposition.
B) Digitonin-solubilized mitoplasts were separated by BN-PAGE, and treated exactly as described in A). Representative blots from at least three biological replicates in
independent experiments are shown. The signals of the bands of indicated complexes in DDM- (C) or complexes/SCs in digitonin-solubilized (D) mitochondria were
quantified by densitometry after normalization to CII, and indicated as mean ± SD. Values are expressed as a ratio of untreated cells. Statistical analysis was
performed using the One sample t-test; * indicates p < 0.05 as the level of significance.
E) Δcytb 100% cybrids were untreated (none) or treated for 72 h with 10 mM NAC and the rate of ATP synthesis driven by malate+pyruvate was measured as
described in Fig. 4B, in digitonin-permeabilized cells. Data are means ± SD of at least five independent experiments, and were normalized for citrate synthase
activity. Statistical analysis was performed using the Two samples t-test; * denotes values significantly different from untreated cells: p < 0.05. F) The cellular
content of malate, succinate and fumarate was determined by LC-ESI-MS/MS, as described in Methods. The data are mean ± SD of three independent experiments.
Statistical analysis was performed using the Two samples t-test; * denotes values significantly different from untreated cells: p < 0.01.

Fig. 7. Different tuning of respiratory complexes
organization by rotenone and NAC.
A) In cells bearing the homoplasmic MT-CYB dele-
tion, the CI, CIII2 and CIV content is strongly reduced
although some CI+CIII2 SC is still present (in gray).
B) Pre-incubation with rotenone, stabilizes isolated
CI (light blue) and CIII2 (purple), but not CIV,
without increasing the amount of CI+CIII2 SC
(gray).
C) NAC treatment stabilizes CI (light blue), CIII2
(purple) and CIV (dark blue), partially re-assembling
the respirasome. (For interpretation of the references
to color in this figure legend, the reader is referred to
the web version of this article.)
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Furthermore, rotenone treatment stabilizes both isolated CI and CIII,
but is unable to increase the amount of assembled CI+CIII SC. Finally,
we identify NAC as a compound able to stabilize CI, CIII and CIV pro-
moting a limited re-assembly of the respirasome. Therefore, by tuning
the SCs organization NAC can improve the energetic efficiency, sug-
gesting potential strategies that may be used to palliate multisystem
symptoms associated with CIII dysfunctions.
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