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Abstract: Under aerobic conditions, mitochondrial oxidative phosphorylation (OXPHOS) converts
the energy released by nutrient oxidation into ATP, the currency of living organisms. The whole
biochemical machinery is hosted by the inner mitochondrial membrane (mtIM) where the protonmo-
tive force built by respiratory complexes, dynamically assembled as super-complexes, allows the
F1FO-ATP synthase to make ATP from ADP + Pi. Recently mitochondria emerged not only as cell
powerhouses, but also as signaling hubs by way of reactive oxygen species (ROS) production. How-
ever, when ROS removal systems and/or OXPHOS constituents are defective, the physiological ROS
generation can cause ROS imbalance and oxidative stress, which in turn damages cell components.
Moreover, the morphology of mitochondria rules cell fate and the formation of the mitochondrial
permeability transition pore in the mtIM, which, most likely with the F1FO-ATP synthase contribu-
tion, permeabilizes mitochondria and leads to cell death. As the multiple mitochondrial functions are
mutually interconnected, changes in protein composition by mutations or in supercomplex assembly
and/or in membrane structures often generate a dysfunctional cascade and lead to life-incompatible
diseases or severe syndromes. The known structural/functional changes in mitochondrial proteins
and structures, which impact mitochondrial bioenergetics because of an impaired or defective energy
transduction system, here reviewed, constitute the main biochemical damage in a variety of genetic
and age-related diseases.

Keywords: oxidative phosphorylation; respiratory supercomplexes; ROS; ATP synthase/hydrolase;
mitochondrial dysfunction; mitochondrial permeability transition pore; cristae; cellular signaling

1. Introduction: Functions of Mitochondria. The Oxidative Phosphorylation System

The advancement of molecular medicine has pinpointed the role of mitochondria in
the etiology and pathogenesis of most common chronic diseases [1–4], so much that the
term “Mitochondrial Medicine” has been proposed [5] and then widely used [6–9].

The early biochemical studies on mitochondria were centered on their role in energy
conservation. The energy-transducing membrane-bound enzyme complexes of inner mito-
chondrial membrane (mtIM) drive biochemical reactions involved in energy transformation
or bioenergetics. Oxidation of substrate by respiratory complex and ATP production by
ATP synthase are tightly coupled molecular mechanisms in the oxidative phosphorylation
(OXPHOS) system as explained by Mitchell’s chemiosmotic hypothesis [10].

Once the major aspects of the OXPHOS system were clarified, the interest in mito-
chondria somewhat decreased. However, in recent years it has been raised again due to a
series of novel findings assigning new roles to mitochondria in molecular and cell biology,
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such as mitochondrial DNA and mitochondrial genetics, the role of mitochondria in gener-
ation of reactive oxygen species (ROS) and in cell signaling, in cellular quality control and
apoptosis (programmed cell death). Nevertheless, these newly discovered functions are
strictly intertwined with the central role of electron transfer and ATP synthesis.

This review intends to outline the major structural and functional aspects of mitochon-
drial bioenergetics that are at the basis of changes leading to pathology; in particular, we
will deal with recent advances of the supramolecular structure of the respiratory chain com-
plexes and of F1FO-ATP synthase/hydrolase; for this reason, this review will not analyze
other important aspects in much detail such as the intimate mechanisms of electron transfer
and proton translocation on one hand, and the analysis of the individual pathologies on
the other.

2. The Respiratory Chain of Mitochondria

The major mechanism of energy conservation in eukaryotes is OXPHOS, performed
by a multi-enzyme system embedded in the mtIM and constituted by two portions: the
respiratory chain and the ATP synthase complex.

The membrane electron transfer system (membrane-ETS) is a series of enzymes that
collects electrons which stem from the oxidations of intermediary metabolism and drives
them downhill to oxygen molecules which are reduced. The free energy fall that accompa-
nies electron flux creates an electrochemical proton gradient (∆µH+) since H+ are pumped
from the mitochondrial the matrix, namely the compartment inside the mitochondrion,
to the intermembrane space (IMS) localized between the inner and outer mitochondrial
membranes [11]. The energy associated to the proton gradient is then largely used to
synthesize ATP from ADP and Pi by the ATP synthase complex. The ATP synthesized is
transferred to the cytoplasm in exchange with ADP by the ATP/ADP translocase, also
exploiting the H+ gradient.

As previously revised in [12], it was Hatefi et al. [13] who first isolated from mitochon-
dria four enzyme multi-subunit complexes that concur on the oxidation of NADH and
succinate, namely NADH-Coenzyme Q reductase (Complex I, CI), succinate-Coenzyme
Q reductase (Complex II, CII), ubiquinol-cytochrome c reductase (Complex III, CIII or
cytochrome bc1 Complex) and cytochrome c oxidase (Complex IV, CIV) [14].

The connection among these enzyme complexes is ensured by two mobile transporters
of electrons, i.e., Coenzyme Q (CoQ, ubiquinone) and cytochrome c (cyt. c) [14]. The former
is a lipophilic quinone incorporated in the lipid bilayer of the mtIM, while cyt. c is a
hydrophilic hemoprotein facing the mitochondrial IMS, in contact with the external surface
of the mtIM. The membrane-ETS operates through the following sequence of the respiratory
enzyme complexes: (Equations (1) and (2))

NADH→ CI→ CoQ→ CIII→ cyt. c→ CIV→ O2 (1)

or
succinate→ CII→ CoQ→ CIII→ cyt. c→ CIV→ O2 (2)

In addition, the membrane-ETS consists of other proteins having electron transfer
activity [12] that converge at the CoQ junction. Glycerol-3-phosphate dehydrogenase is
involved in a shuttle of reducing equivalents from cytosol to mitochondria [15], electron
transfer flavoprotein (ETF) dehydrogenase is involved in fatty acid oxidation [16], dihy-
droorotate dehydrogenase catalyzes a step of pyrimidine nucleotide biosynthesis [17],
choline dehydrogenase is important for the regulation of phospholipid metabolism [18],
and sulfide dehydrogenase is involved in the disposal of sulfide [19]. A schematic repre-
sentation of mammalian respiratory chain is found in Figure 1.
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Figure 1. A schematic drawing of the respiratory chain depicting the protein complexes and their substrates. Complex I, 
Complex III and Complex IV are shown in their free form (modified PDB ID: 6YJ4, 2YBB, 1V54). Blue, CI, NADH-ubiqui-
none oxidoreductase; yellow, CII, succinate-ubiquinone oxidoreductase (modified PDB ID: 1ZOY); red, CIII, ubiquinol-
cytochrome c oxidoreductase; green, CIV, cytochrome c oxidase; AOX, alternative oxidase; CoQ, Coenzyme Q (ubiqui-
none); Cytc, cytochrome c. Four enzymes that reduce CoQ are also shown together with an indication of their metabolic 
pathways: from the intermembrane space (IMS), glycerol-3.P dehydrogenase (green) and dihydroorotate dehydrogenase 
(blue); from the matrix, electron transfer flavoprotein (ETF) dehydrogenase (brown) and choline dehydrogenase (purple). 
(see text for details). 

2.1. Organization of the Respiratory Chain: Historical Outline 
The advancement of science is long and tortuous: it often happens that novel discov-

eries, rather than providing further clarifying information on the existing basic 
knowledge, bring doubts and contradictory issues. This happened for the discovery of the 
respiratory chain supercomplexes (SCs) and for the elucidation of their function. There-
fore, we perform a concise historical survey of the respiratory chain, since some early 
findings came out before the present knowledge, but their significance was not under-
stood. 

As we mentioned in the previous section, Hatefi et al. [13] accomplished the system-
atic resolution and reconstitution of four functional respiratory complexes from mitochon-
dria, and proposed that the overall electron transfer from substrates to oxygen results 
from both intra-complex and inter-complex redox reactions: intra-complex electron trans-
fer takes place in the “solid” state of redox components (e.g., flavins, FeS clusters, cyto-
chromes) having fixed steric relation, whereas inter-complex electron transfer operates by 
rapid diffusion of the mobile components acting as co-substrates, i.e., CoQ and cyt. c [14]. 
In the following years, this proposal was confirmed by the kinetic analysis of Kröger and 
Klingenberg [25,26], leading Hackenbrock et al. [27] to postulate the Random Collision 
Model of Electron Transfer: 

“Electron transport is a diffusion-coupled kinetic process; Electron transport is a mul-
ticollisional, obstructed, long-range diffusional process; The rates of diffusion of the redox 
components have a direct influence on the overall kinetic process of electron transport 
and can be rate limiting, as in diffusion control… It is concluded that mitochondrial elec-
tron transport is a diffusion-based random collision process, and that diffusion has an 
integral and controlling effect on electron transport.” 

The random collision model was accepted by most researchers in this field. Never-
theless, the accumulation of further experimental evidence obtained with newly devel-
oped techniques has led to the proposal of a different model of supramolecular organiza-
tion based upon specific interactions between individual respiratory complexes [28]. 

Indeed, a supramolecular assembly of respiratory components had been already pre-
sent in the pioneering studies of Chance and Williams [29], who described the respiratory 

Figure 1. A schematic drawing of the respiratory chain depicting the protein complexes and their substrates. Complex
I, Complex III and Complex IV are shown in their free form (modified PDB ID: 6YJ4, 2YBB, 1V54). Blue, CI, NADH-
ubiquinone oxidoreductase; yellow, CII, succinate-ubiquinone oxidoreductase (modified PDB ID: 1ZOY); red, CIII, ubiquinol-
cytochrome c oxidoreductase; green, CIV, cytochrome c oxidase; AOX, alternative oxidase; CoQ, Coenzyme Q (ubiquinone);
Cytc, cytochrome c. Four enzymes that reduce CoQ are also shown together with an indication of their metabolic path-
ways: from the intermembrane space (IMS), glycerol-3.P dehydrogenase (green) and dihydroorotate dehydrogenase
(blue); from the matrix, electron transfer flavoprotein (ETF) dehydrogenase (brown) and choline dehydrogenase (purple).
(see text for details).

For reviews see, e.g., Sousa et al. [20] and, for individual complexes: Parey et al. [21]
for CI, Bezawork-Geleta et al. [22] for CII, Xia et al. [23] for CIII, and Zong et al. [24]
for CIV.

2.1. Organization of the Respiratory Chain: Historical Outline

The advancement of science is long and tortuous: it often happens that novel discov-
eries, rather than providing further clarifying information on the existing basic knowledge,
bring doubts and contradictory issues. This happened for the discovery of the respiratory
chain supercomplexes (SCs) and for the elucidation of their function. Therefore, we per-
form a concise historical survey of the respiratory chain, since some early findings came
out before the present knowledge, but their significance was not understood.

As we mentioned in the previous section, Hatefi et al. [13] accomplished the systematic
resolution and reconstitution of four functional respiratory complexes from mitochondria,
and proposed that the overall electron transfer from substrates to oxygen results from both
intra-complex and inter-complex redox reactions: intra-complex electron transfer takes
place in the “solid” state of redox components (e.g., flavins, FeS clusters, cytochromes)
having fixed steric relation, whereas inter-complex electron transfer operates by rapid
diffusion of the mobile components acting as co-substrates, i.e., CoQ and cyt. c [14]. In
the following years, this proposal was confirmed by the kinetic analysis of Kröger and
Klingenberg [25,26], leading Hackenbrock et al. [27] to postulate the Random Collision Model
of Electron Transfer:

“Electron transport is a diffusion-coupled kinetic process; Electron transport is a
multicollisional, obstructed, long-range diffusional process; The rates of diffusion of the
redox components have a direct influence on the overall kinetic process of electron transport
and can be rate limiting, as in diffusion control . . . It is concluded that mitochondrial
electron transport is a diffusion-based random collision process, and that diffusion has an
integral and controlling effect on electron transport.”

The random collision model was accepted by most researchers in this field. Neverthe-
less, the accumulation of further experimental evidence obtained with newly developed
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techniques has led to the proposal of a different model of supramolecular organization
based upon specific interactions between individual respiratory complexes [28].

Indeed, a supramolecular assembly of respiratory components had been already
present in the pioneering studies of Chance and Williams [29], who described the respira-
tory chain as an aggregate of coenzymes (flavins and cytochromes) in solid-state, embedded
in a protein matrix.

Surprisingly, evidence for a non-random arrangement of respiratory complexes also
derived from the same early investigations of Hatefi’s group, reporting isolation of CI+CIII
units [30], suggesting that such units preferentially assemble in the native membrane. These
aggregates were considered physiological by their discoverers, indicating the existence of
supramolecular units of electron transfer. It is therefore clear that SCs, as well as the entire
NADH oxidase (known as the respirasome, see later) had been isolated and reconstituted.
The publication of the fluid mosaic model of biomembranes [31] was applied also to
mitochondrial membranes, thus favoring the random collision model of Hackenbrock.
Thus, Hatefi’s idea of specific associations among complexes was overlooked.

The idea of fixed associations, however, was never completely abandoned: in fact,
some authors reported the possible existence of specific associations between respiratory
complexes, either fixed [32] or dynamic [33].

At the turning of the century, Schägger and Pfeiffer [34] applied the technique of
Blue-Native Gel Electrophoresis (BN-PAGE) to digitonin-solubilized yeast and mammalian
mitochondria and found electrophoretic bands of high molecular weight indicating specific
associations among respiratory complexes. According to their discoverers, these associa-
tions represent the state of the respiratory chain under physiological conditions. The same
study also provided evidence for a dimeric ATP synthase complex.

The supramolecular arrangement of the respiratory complexes is well established [35,36],
although the functional role of respiratory SCs is still controversial and their relationship with
a random distribution of the individual complexes partially remains to be clarified [37–40].

2.2. Distribution and Composition of Respiratory Supercomplexes

All SCs exhibit highly ordered structures, thus they are not the result of artificial
protein–protein interaction due to the extraction and solubilization procedures [41].

In most studies, SCs appear to contain the three “core” respiratory complexes, i.e., CI,
CIII, and CIV, whereas the other respiratory enzymes may be randomly distributed in the
lipid bilayer [12]. These “core” complexes have the common feature of carrying out proton
translocation and of having subunits encoded by mitochondrial DNA.

Respiratory SCs have been described and characterized in the mitochondria of several
mammalian tissues and in many other organisms, also including plants, fungi and bacteria [42].

The supramolecular structural organization of the “core” respiratory complexes CI,
CIII, and CIV is conserved in all higher eukaryotes. The SC I1III2IV1–4 contains all three
complexes required for the complete oxidation of NADH by molecular oxygen, and for this
reason it was called “respirasome”. SCs containing only two components are also normally
found in large amounts, as the SC I1III2 in which CIV is not present, as well as SCs III2IV. In
bovine heart mitochondria, only a small aliquot of CI is present in free form in the presence
of digitonin [43]; thus, it is believed that all CI is bound to CIII in the native membrane.

A higher level of complexity in the organization state of SCs may be due to the
presence of additional protein components unrelated to electron transfer complexes (e.g.,
Shy1, SCAF1, Rcf2, HIGD2A) occasionally found by BN-PAGE [44].

Wang et al. [45] described a multifunctional mitochondrial fatty acid β-oxidation
(FAO) complex that is physically associated with SCs. Analysis of genetic defects in both
fatty acid oxidation and OXPHOS [46] revealed that some patients with primary FAO
deficiencies exhibit secondary OXPHOS defects. These metabolic interrelations support the
view that OXPHOS proteins and FAO are physically associated, and that these interactions
are critical for both functions.
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The other respiratory enzymes not comprising the “core” of the proton translocation
machinery appear not to be associated in SCs [47]. In most studies of BN-PAGE, CII was not
found associated with other complexes of the respiratory chain. In addition, mitochondrial
glycerol phosphate dehydrogenase is absent in the respirasome.

Fang et al. [48] observed that mitochondrial function is hampered by dihydroorotate
dehydrogenase deficiency; the enzyme was shown to physically interact with respiratory
complexes CII and CIII by immunoprecipitation and BN/SDS/PAGE analysis.

Sulfide-quinone oxidoreductase and sulfite oxidase, involved in sulfide oxidation,
which transfer electrons to the respiratory chain, were also described to be associated with
SCs containing CIV [49].

3. Supercomplexes May Provide a Kinetic Advantage to Electron Transfer

The discovery of SCs led to the proposal that these aggregates form to improve
substrate channeling or enhance catalysis in inter-complex electron transfer. Substrate
channeling is the direct transfer of an intermediate between the active sites of two enzymes
which catalyzes reactions which occur one after the other [50]; in the respiratory chain, this
means that electrons are directly transferred between two consecutive enzymes by alternate
reduction and re-oxidation of an intermediate which is not diffused in the medium. In such
a case, inter-complex electron transfer cannot be distinguished from intra-complex electron
transfer. Therefore, the mobile intermediates predicted to exhibit substrate-like behavior in
the random collision model, i.e., CoQ and cyt. c, would be buried in the interface between
two consecutive complexes within the SC.

In the CoQ region, the occurrence of electron transfer by channeling of CoQ between
adjacent CI and CIII contrasts with the so-called CoQ “pool behavior”, previously sustained
by the kinetic analysis of Kröger and Klingenberg [25]. To better understand the following
sections, we believe it necessary to briefly mention their kinetic analysis. These authors
showed that steady-state respiration can be described as a simple two-enzyme system,
where the first enzyme reduces ubiquinone (Vred) while the second one oxidizes ubiquinol
(Vox), kinetically behaving as a homogeneous pool. Thus, the total CoQ molecules must
randomly link any number of the dehydrogenase(s) with any number of the oxidase(s); the
overall steady-state activity (Vobs) is related to Vred and Vox as shown by the so-called pool
equation: (Equation (3))

Vobs = (Vred × Vox)/(Vred + Vox) (3)

It has been shown that cyt. c also exhibits “pool behavior ” [51].
In the following sections, the relations existing between the two models and the ensu-

ing controversial findings will be analyzed. The main challenge to study the physiological
role of SCs is to selectively disrupt respiratory SCs in the cell [40].

3.1. Structural Evidence Suggesting Channeling
3.1.1. Molecular Structure of Supercomplexes

If channeling occurs between CI and CIII by the common intermediate CoQ, the redox
groups involved in CoQ reduction by CI and CoQH2 re-oxidation in CIII must be in close
contact in order to form a driving pathway containing CoQ itself; similar reasoning applies
to cyt. c between CIII and CIV. An essential requirement for this condition is the availability
of a high-resolution map of the molecular structure of the SCs.

In the initial studies, purified SCs were analyzed by negative-stain electron microscopy
and single-particle cryogenic electron microscopy (cryo-EM) [52,53]. Pseudo-atomic models
of the respirasome (SC I1III2IV1) were produced by fitting the known X-ray structures of
the component complexes to the 3D maps of the respirasome. Evidence for channeling
in the respirasome stems from the observed distinct arrangement of the three component
complexes, in which the CoQ-binding sites in CI and in CIII face each other and are divided
by a gap within the SC membrane core, which most likely contains lipids. Althoff et al. [52]
proposed that CoQ may cover a trajectory through such a 13 nm-long gap.
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Further high-resolution studies by cryo-EM of mammalian mitochondrial SCs [54–57]
may be useful to predict the CoQ pathway between CI and CIII, as shown in Figure 2.
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Figure 2. Bovine mitochondrial supercomplex (SC) I1III2IV1. Fitted model by single particle cryo-EM. Side view (on the
left) and view from the IMS (on the right) showing two CL (cardiolipin) molecules (in space filling mode) in the cavity of
each monomer of CIII formed by cytochromes c1 and b. Image modified from Mileykovskaya and W. Dowhan [58]. The
enzyme subunits are drawn as ribbon representations obtained from modified PDB ID code: 2YBB. Blue, CI; red, CIII dimer;
green, CIV.

In theory, channeling within the SC may occur through either close docking of the
active sites with real tunneling of substrate among proteins, or covering relatively long
distances presumably by substrate-restricted diffusion (microdiffusion) within the space
between the two active sites; both alternatives share a channeling which necessarily occurs
between two fixed sites of the same SC. Microdiffusion is kinetically distinguished from
bulk diffusion (pool behavior), where the interaction of the substrate molecules stochas-
tically occurs by collisional encounters with a large number of possible sites in distinct
respiratory complexes attained by random diffusion.

Information on channeling within the SC molecular structure must be compatible with
the known CoQ reduction mechanisms by CI and its re-oxidation by CIII dimers. Ubiquinol
oxidation occurs via a cyclic mechanism known as the Q-cycle [59,60]. On considering
the functional asymmetry of the CIII dimer [61], it is suggestive to consider that in the
supercomplexed CIII dimer only one monomer is active for NADH-dependent respiration
and CoQ-channeling, since the CoQ reducing site I CI and the Qo site where ubiquinol is
reoxidized are close to each other. On the contrary, the other monomer, which lacks such
constrictions, might be easily available to interact with the CoQ pool at the (distal) Qi site.

The group of Kuhlbrandt [57] showed that the CoQ reduction site of CI in the SC is
11 nm far from the proximal CIII monomer, whereas the distal one is 18 nm away, thus
suggesting that the latter is functionally inactive. The linear CI arrangement with the active
CIII monomer and with CIV is strongly in favor of channeling for electron transfer between
complexes in the respirasome by substrate microdiffusion.

On the other hand, the respirasome structure reported by Letts et al. [54] indicates that
both CoQ interaction sites in CI and CIII are separated and easily accessible to the mem-
brane, and are likely to provide no limit to free CoQ diffusion in the inner mitochondrial
membrnae (IMM).

The SC structure, resolved at up to 3.8 Å in four distinct states, suggests that CoQ oxi-
dation may be rate limiting because of unequal access of CoQ to the active sites of CIII2 [62].
CI changes between “closed” and “open” conformations, while a key transmembrane helix
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rotates in a striking way. Moreover, the CI state influences the conformational flexibility
within CIII2, demonstrating crosstalk between the enzymes.

According to Letts et al. [62], under high turnover conditions, individual CIs may
overcome the capacity for CoQ pool balance, so that the local CoQH2 pool may attain
higher concentration than in the bulk membrane. By ensuring close association of CI and
CIII2 in SCs, but still allowing free CoQ exchange with the bulk, the SCs would prevent
any local accumulation of CoQH2, without limiting CI’s activity by making it entirely
dependent on the adjacent CIII2 for the CoQH2 re-oxidation.

The structural analysis of SCs allows analogous considerations for cyt. c between CIII
and CIV.

The structural evidence of purified SCs by cryo-EM adds structural reasons for the
looseness of CIII–CIV interactions in mammalian mitochondria. In ovine mitochondria,
Letts et al. [54] identified two distinct arrangements of SC I1III2IV1: a major “tight” form
and a minor “loose” form. In both structures, the density for CIV is weaker relative to
that for CI and CIII, indicating the greater conformational flexibility of CIV. In the tight
respirasome, CIV contacts both CI and CIII, whereas CIV in the loose respirasome has
defined contacts only with CI. Tight and loose architectures may represent independent
structures or may interconvert each other, according to distinct stages of assembly or
disassembly. The presence of two respirasome forms with distinct CIV linkages was also
detected by Sousa et al. [57] and ascribed to instability of the purified SC.

3.1.2. Supercomplexes Are Dynamic Structures: The Plasticity Model

Together with kinetic evidence by flux control analysis in favor of CoQ channeling
(See Section 3.2.2), we also postulated [63] that the SC I1III2 may be in equilibrium with
free CI and CIII. In fact, we found that NADH-cyt. c reductase activity in reconstituted
proteoliposomes can occur either by channeling or by random diffusion, depending on the
protein density in the lipid bilayer of the proteoliposomes.

Acín-Pérez et al. [64] in a study of purified SCs showed by BN-PAGE that other
types of associations exist besides the respirasome, such as CI+CIII or CIII+CIV. They
therefore suggested that a variety of associations between respiratory complexes is likely
co-exists in vivo with free complexes and proposed an integrated model, the plasticity
model, for the organization of the respiratory chain. According to their view, the previous
contrasting models, solid vs. fluid, are only the two extremes of a dynamic range of
molecular associations between respiratory complexes [64]. The plasticity model proposes
that both CoQ and cyt. c are sequestered into distinct sub-domains and are both trapped
into SCs and freely diffusible. This promiscuity can stem either from the dissociation of
SCs or from the escape of CoQ or cyt. c from the supramolecular assemblies [36,65].

The plasticity model and the dynamics and stability of mitochondrial SCs [37] are
still debated issues. The putative factors involved in association/dissociation of SCs,
such as membrane potential and post-translational changes, are reviewed by Genova and
Lenaz [42]. However, even if indirect evidence shoulders the SC dynamic assembly and
disassembly, up to now no direct demonstration exists that SCs physiologically form and
dissociate in vivo.

3.1.3. The Role of Lipids: Cardiolipin in Supercomplexes

SCs have 2–5 nm gaps at the transmembrane interfaces of the individual complexes
(Figure 2) that are presumably filled with lipids. Wu et al. [56], in their high-resolution
structure of the purified SC I1III2IV1 from porcine heart, localized many phospholipid
molecules including cardiolipin (CL) involved in the protein–protein interactions [66]. Sub-
stantial progress was made by studying Barth syndrome, a genetic syndrome characterized
by severe cardiopathy, in which cardiolipin remodeling is altered due to the mutation of
the gene Tafazzin; in Barth syndrome patients SCs are unstable, leading to a functional
impairment characterizing the disease [67]. In immortalized lymphoblasts from Barth’s
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syndrome patients the amount of SCs is decreased, as well as the amount of individual CI
and CIV [68].

Direct involvement of CL in the formation of SC III–IV was demonstrated in genetically
manipulated strains of S. cerevisiae in which the CL content can be regulated in vivo. Yeast
mutants lacking CL have normal amounts of individual complexes, but lack the stable SC
III2IV2 as observed in the wild type parental strain [69]. Since S. cerevisiae lacks CI, these
studies could not provide information on SCs containing CI.

In contrast with CL depletion that destabilizes SCs, the loss of phosphatidylethano-
lamine (PE) favors the formation of larger SCs between CIII and CIV in S. cerevisiae mi-
tochondria. The reason why CL and PE, even if both associate in non-bilayers, act in an
opposite way on SC stability may depend on the different charge, since, at physiological
pHs CL is anionic and PE is zwitterionic. Using yeast mutants of PE and phosphatidyl-
choline (PC) biosynthesis, Baker et al. [70] showed a specific requirement for mitochondrial
PE, but not PC, in CIII and CIV activities, but not for their formation. Neither PE nor PC
were involved in respiratory SC formation, emphasizing the specific requirement of CL in
SC assembly.

Our laboratory has stressed the importance of CL in stabilizing CI-containing SCs.
Reconstitution of binary CI/CIII proteoliposomes from bovine heart mitochondria at
high lipid to protein ratio (30:1 w:w) prevents formation of SC I1III2 [71]. However,
SC I1III2 and related NADH-cyt. c reductase activity are maintained if these high-lipid
proteoliposomes are enriched with 20% CL (w:w), resembling the percent content of
CL in the mitochondrial membrane (M. Kopuz, Y. Birinci, S. Nesci, G. Lenaz and M.L.
Genova, unpublished data). Likewise, the dilution of native protein-bound CL in the
excess exogenous phospholipids prevents SC assembly, but the effect is reversed by in-
creasing the CL content of the liposomes, therefore shifting again the equilibrium to CL
binding to protein.

Addition of reactive oxygen species (ROS) to mitochondria affects the respiratory
activity due to cardiolipin peroxidation, since CL is required for the optimal activity of
respiratory complexes [72,73]. We showed by flux control analysis (cf. Section 3.2.2) that
the SC I1III2 in proteoliposomes disappears if lipid vesicles are peroxidized before protein
reconstitution [71]. Evidently, the distortion of the lipid bilayer induced by peroxidation
and the alteration of the phospholipid annulus originally present in the purified SC I1III2
determines its dissociation.

CL deficiency was reported to cause a defect in respiratory function and a decrease
in ATP synthesis [74], an indirect demonstration of CL role in the structure of the SCs.
Rieger et al. [75] investigated the effect of ALCAT1 overexpression. This enzyme catalyzes
the incorporation of polyunsaturated fatty acids into CL. The resulting CL species are
more susceptible to oxidative damage, leading to increased ROS production and mitochon-
drial dysfunction. Using galactose as sugar supply, cells must employ OXPHOS for ATP
synthesis, shown as a significant increase in basal- and ADP-linked respiration; ALCAT1
overexpression prevents the galactose-induced increase in respiration.

Likewise, a genetic defect of CL synthase induces loss of SC assembly and of respira-
tory activity as well as other mitochondrial defects [76].

3.2. Kinetic Evidence for Channeling in the Coenzyme Q Region
3.2.1. Rate Advantage Imposed by SCs

The overall rate in a diffusion-coupled pathway is always less than that of the rate-
limiting step and only approaches the latter when it is widely different (i.e., much slower)
compared to the rate of the other step(s) in the pathway [25]. On the contrary, the rate
is expected to be equal to the rate of the limiting step if channeling of the intermediate
substrate(s) occurs.

Ragan and Heron [77] investigated in detail the reconstitution of CI in the respiratory
chain; they showed that purified CI and CIII, when mixed as concentrated solutions,
reversibly associate in a 1:1 molar ratio to form an SC I+III endowed with NADH-cyt.
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c reductase activity. The study demonstrated a stoichiometric behavior for this activity,
revealing the existence of an active SC formed by CI and CIII: electron transfer is fast within
the SC and conversely very slow from the SC to free CIII via the CoQ pool.

On the other hand, prevailing CoQ-pool behavior could be induced and CI and
CIII could be made to operate independently of each other if the SCs were functionally
dissociated into “free” complexes, by raising the amount of phospholipid and ubiquinone
in the concentrated mixture. Under this condition, electron transfer from CI to CIII is still
ensured by CI+CIII2 units that however dissociate and reform at rates exceeding the rates
of electron transfer in the individual complexes.

According to Heron et al. [78], the mobility of CI and CIII in the membrane is lost and
the complexes are frozen in their SC assembly when phospholipids are not in excess with
respect to the content needed to form a lipid annulus around the protein. Such frozen state
favors a stable orientation of the site of CoQ reduction by CI with respect to the site of
oxidation by CIII. They also showed that protein-bound CoQ10 leaks out of the SC I+III
in the lipid bilayer when an extra phospholipid is present in the proteoliposomes; the
consequent decrease in activity could be reversed by adding additional quinone. As a
corollary, we may deduce that a large amount of ubiquinone found in the natural membrane
is needed to maintain the CoQ10 content in the SC unit when it is formed.

Our laboratory provided a direct evidence that the phospholipid amount affects the
choice of channeling with respect to CoQ-pool behavior [79]. A proteoliposome system
obtained by fusing a crude mitochondrial fraction enriched in CI and CIII with different
amounts of phospholipids and CoQ10 allowed us to discriminate between these two
mechanisms. The experimental NADH-cyt. c reductase activity was compared with
the theoretical values obtained from the pool equation of Kroger and Klingenberg [25],
showing overlapping results in the range from 1:10 to 1:40 (w/w) protein to lipid ratios.
However, pool behavior was not shown at low (1:1 w/w) lipid to protein ratio. Moreover,
the observed rates of NADH-cyt. c reductase were higher than the theoretical values;
this 1:1 ratio corresponds to the mean nearest distance between respiratory complexes
in mitochondria.

Several studies point out that SC disorganization by several causes is accompanied by
decreased electron transfer and energetic efficiency (cf. also Section 3.1.3).

Recently Garcia-Poyatos et al. [80] in Enriquez’s group investigated the physiological
role of SCs, generating two null allele zebrafish lines for supercomplex assembly factor
1 (SCAF1). The scaf1−/− fish showed altered OXPHOS activity due to the disrupted
interaction of C III and CIV.

Solsona-Vilarrasa et al. [81] studied the effects of increased cholesterol levels, as occur-
ring in vivo in alcoholic and non-alcoholic fatty liver, or by in vitro cholesterol enrichment
of mouse liver mitochondria. Cholesterol feeding caused oxidative stress and mitochon-
drial GSH (mGSH) depletion, which lead to liver steatosis and damage. The overload
of cholesterol in mitochondria disrupts mitochondrial functional performance and the
organization of respiratory SC assembly, thus potentially contributing to oxidative stress
and liver injury.

Tomkova et al. [82] showed that Tamoxifen-resistant cells show a significant decrease
in mitochondrial respiration accompanied by a decrease in mitochondrial respiratory SC
and significantly increased levels of mitochondrial superoxide (See Section 5).

Balsa et al. [83] showed that endoplasmic reticulum (ER) stress and glucose deprivation
stimulate mitochondrial OXPHOS and formation of respiratory SCs by action of protein
kinase R-like ER kinase (PERK). Accordingly, PERK genetic ablation or pharmacological
inhibition abolishes nutrient and ER stress-mediated increase in SC levels and reduce
OXPHOS-dependent ATP synthesis.

These studies suggest that electron transfer between CI and CIII in NAD-linked
respiration can take place either by CoQ channeling within the SC I1III2 or by a less efficient
random diffusion behavior, depending on the state of the membrane lipids: nevertheless, it
appears that channeling is preferred under physiological conditions.
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3.2.2. Metabolic Flux Control Analysis

Our laboratory first exploited flux control analysis [84] to establish the functional as-
sociation between individual respiratory complexes in beef heart mitochondria [63]. Using
specific inhibitors to establish the extent of metabolic control exerted by each individual
complex over the entire NADH-dependent respiration, we demonstrated that CI and CIII
are both rate-limiting, since they exhibit flux control coefficients (FCC) close to 1, thus
behaving as a single enzymatic unit (e.g., SC I1III2); we therefore concluded that electron
transfer through CoQ is accomplished by channeling between CI and CIII [63]. Using
the same method for succinate oxidation we found that CII, but not CIII, is rate-limiting,
confirming the notion that CII does not form SCs and that the oxidation of succinate follows
pool behavior.

A decade later, Blaza et al. [85], on the basis of flux control analysis, criticized the
evidence for channeling in the respiratory chain: accordingly, rotenone competes with CoQ
and, consequently the CI inhibition extent is affected by the additional quinone analog
used as substrate in the CI assay, but absent in the NADH aerobic oxidation assay. Indeed,
using rotenone and CoQ1 as substrate they find an FCC for CI exceeding 1 that is certainly
artefactual. However, in our study we used decyl-ubiquinone (DB) rather than CoQ1.
DB has much lower affinity than CoQ1 for CI [86], thus exerting lower competition with
rotenone and lower influence on the inhibition efficiency measured by us [63]. Moreover,
the FCC values found by Blaza et al. [85] using alternative inhibitors of CI (e.g., piericidin
and diphenyleneiodonium, not competitive with CoQ) are unrealistically low, indicating
the presence of a rate-limiting step downhill. Most likely, the limiting amount of cyt. c in
their sample would shift the main control of the chain to the cyt. c region. Significantly, in
Blaza’s study, addition of exogenous cyt. c to the mitochondrial samples enhanced the FCC
from 0.19 to 0.67.

Overall, we must emphasize that our major clue [36] to demonstrate association of CI
to CIII was not so much the high FCC of CI but the high FCC of CIII in NADH oxidation,
which is incompatible with a CoQ-pool model where CI and CIII independently float in
the membrane. Flux control of CIII was not performed in the study by Blaza et al. [85].
Such high FCC value of CIII over NADH-dependent respiration was measured by inhibitor
titration with mucidin, and is clearly not artefactual because the corresponding FCC of
CIII measured by using the same inhibitor in succinate oxidation is low (as expected
from the rate-limiting role of CII and the lack of SC II+III). It is evident that the FCC
of CIII is close to 1, indicating a rate-limiting step in CIII, only if the preceding COQ-
reductase is assembled with CIII in an SC, which is the case only for CI, but not for CII. In
addition, the high FCC that CIII shows over NADH-cyt. c reductase activity in reconstituted
proteoliposomes is strongly lowered when the SC I1III2 is dissociated [71] by reconstitution
in excess phospholipids or in peroxidized phospholipids.

The few other studies addressed to SCs using metabolic control analysis have con-
firmed the possibility that the respiratory chain is arranged as functionally relevant
supramolecular structures [87–89].

3.2.3. Coenzyme Q Compartmentalization

The possibility that the CoQ pool may not be homogeneous has been advanced long
time ago. Gutman and Silman [90] observed partial additivity and competition between
succinate oxidation and NADH oxidation. On the basis of their observations (and those
of others) [91], they proposed a compartmentalization of the CoQ pool, in which two
sub-domains partially interact through a spill-over diffusion-mediated mechanism.

Gutman [92] also investigated NADH and succinate oxidation in submitochondrial
particles (SMP), as well as the rates of energy-dependent reverse electron transfer from succinate
to NAD+ and of forward electron transfer from NADH to fumarate, concluding that:

“The electron flux from succinate dehydrogenase to oxygen (forward electron transfer
towards Complex III) or to NADH dehydrogenase (reverse electron transfer) employs the
same carrier and is controlled by the same reaction” whereas “the electron transfer from
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NADH to oxygen does not share the same pathway through which electrons flow in the
NADH-fumarate reductase”.

In other words, CI and CII (reverse electron transfer) are linked by a different pathway
with respect to CI and CIII (forward electron transfer), even if CoQ is a common interme-
diate for both pathways. We can clearly interpret this non-homogeneity of the CoQ pool
with respect to succinate and NADH oxidation as deriving from sequestration of CoQ in
the SC I+III in contrast with the free CoQ molecules that connect CII and CIII.

In past years, several other reports have suggested that the CoQ pool is not homoge-
neous and questioned its universal validity [93]. Similar observations were made by other
authors [94] who observed different functional CoQ pools in mitochondria.

Lapuente-Brun et al. [95] demonstrated that the physical association of CI and CIII
determines a preferential pathway for electrons mediated by a dedicated subset of CoQ
molecules. This compartmentalization would prevent significant cross talk and mixing
up between NADH oxidation (CI-dependent) and succinate oxidation (dependent on
CII) or other flavoenzyme-dependent oxidations. Moreover, the CIII units within the
SC I+III are exclusively dedicated to oxidation of NADH whereas free CIII is dedicated
to oxidation of other substrates using the free CoQ pool (e.g., fatty acids through ETF,
succinate, glycerol-3-phosphate and choline).

On the contrary, Blaza et al. [85] showed that the steady-state rates of aerobic NADH
and succinate oxidation were only partly additive in bovine heart submitochondrial parti-
cles SMP; moreover, cytochromes bH, bL, c and c1 in the same cyanide-inhibited particles
were reduced to a similar extent by either NADH or succinate or a mixture of the two
substrates. Blaza et al. [85] interpreted the results as a demonstration that a single homo-
geneous pool of CoQ molecules exists that receives electrons indifferently from CI and
CII. Note that these data were obtained on the whole pathway of electrons from ubiquinol
to oxygen and therefore also comprise the steps through cyt. c and CIV. It is therefore
not possible to discriminate whether the pool behavior is due to the homogeneity of the
CoQ-pool or of the cyt. c pool.

To overcome this uncertainty, we carried out experiments on succinate and NADH
oxidation by exogenous cyt. c in KCN-inhibited mitochondria, thus shortening the electron
route for both oxidation reactions by only including CoQ and CIII as redox partners [36].
Under such conditions, NADH and succinate oxidation by cyt. c was completely or almost
completely additive and close to the theoretical sum of the two individual reactions, thus
suggesting that two separate CoQ-compartments may exist.

Notably, we also obtained similar results (Tioli G, Falasca AI, Lenaz G and Genova
ML, data communicated at EBEC2016-Session P4) using proteoliposomes enriched in CI,
CII, and CIII. In these proteoliposomes, the additivity of NADH and succinate oxidation
decreased at increasing CIII inhibition by mucidin, thus substantiating the hypothesis that
the CoQ molecules in the SC I+III are in a dissociation equilibrium with the molecules in
the pool [96], cf. next section.

Fedor and Hirst [97] in another study incorporated an alternative quinol oxidase (AOX)
into mammalian heart mitochondrial membranes to have another competing pathway for
ubiquinol oxidation. Since AOX strongly increased the rate of aerobic NADH oxidation,
they concluded that the quinol generated in SCs by CI is more rapidly reoxidized in the
CoQ pool by AOX than by CIII inside the SC. Based on these results, Hirst [98] concludes
that quinone and quinol diffuse freely in and out of SC: no substrate channeling occurs,
since it is not required to support respiration.

In our opinion, this criticism is inconsistent for the same reasons discussed above for
concomitant NADH and succinate oxidation in presence of a CIII inhibitor, since Fedor
and Hirst used KCN to block electron transfer through CIV: under this condition electrons
from ubiquinol are forced to follow the alternative pathway by dissociation into the CoQ
pool (cf. Section 3.3.1). It is intuitive that channeling is largely predominant during high
turnover of the respiratory chain, whereas at low turnover, CoQ diffusion in the pool
would preferentially take place.
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Recently, our analysis was strongly supported by Szibor et al. [99] who expressed
AOX in mouse mitochondria and observed that electron input by succinate (CII), but not
by NADH (CI), almost completely reduces the Q pool (>90%) irrespective of the respiratory
state. AOX enhances the forward electron flux from CII and decreases reverse electron
transport. Interestingly, AOX does not act on CI substrates, except in the presence of a
respiratory inhibitor (as proven by Fedor and Hirst [97]).

Recently, Enriquez’s group [100] also presented results confirming that the SC of CI
and CIII allows the partial segregation the CoQ pool and allows substrate channeling.
Their results with different cellular models suggest that when CI is not superassembled,
as in CIII-KO cells, CoQ occurs in a unique pool, whereas CI superassembly triggers the
formation of two partially different CoQ pools.

3.3. If Electron Transfer Occurs via Channeling, What Is the Role of Coenzyme Q Pool?

Since a mobile pool of CoQ in the mtIM coexists with CoQ sequestered in SCs, we
may ask whether this pool is a mere reservoir of an excess of CoQ molecules without a
specific function or whether the CoQ pool is in any way required for physiological electron
transfer and/or for additional functions.

3.3.1. Dissociation Equilibrium of Bound Coenzyme Q

Compelling evidence that electron transfer from CI to CIII occurs physiologically
by channeling/restricted diffusion stems from the observation that CI is almost totally
associated in an SC with CIII. However, we reasoned that an excess of entrapped CoQ in the
pool is also required for channeling to occur [96]. In fact, the CoQ molecules bound in the
SC, that ensure electron transfer directly from CI to CIII are in dissociation equilibrium with
the CoQ pool. Therefore, the extent of CoQ binding to the SC depends on the equilibrium
with free CoQ in the pool and on the size of the pool itself. The existence of this equilibrium
is widely confirmed by a series of studies, such as the previously reported findings by
Heron et al. [77] on CI to CIII association, by the saturation kinetics for CoQ exhibited
by the integrated activity of CI and CIII (NADH-cyt. c oxidoreductase) [101] and by the
decrease in respiration in mitochondria fused with phospholipids causing subsequent
dilution of the CoQ pool [102].

In conclusion, besides acting as a diffusible substrate of several flavin reductases
not involved in SC organization (cf. next section), free CoQ molecules are a reservoir for
binding to the SC. Studies on respiration under pathological conditions [103,104] showed
that SC assembly is required for proper respiration, even if activity of the individual
complexes is normal. On the other hand, reconstitution in vitro as described in the previous
Section 3.2, suggests that respiration can occur in both modes (channeling and diffusion), if
CoQ is available. In a proteoliposome system where CI was reconstituted together with
an alternative oxidase (AOX) and CoQ10, and in absence of SC, Jones et al. [105] found
high rates of NADH oxidation through AOX, demonstrating that CI can deliver electrons
through the CoQ pool.

The dynamic character of CoQ bound within the SC, which is in dissociation equilib-
rium with the free pool of CoQ in the membrane, is the major point favoring controversy
concerning channeling. We propose that the CoQ molecules trapped in a lipid micro-
domain within the SC and are channeled from CI to CIII during electron transfer at steady
state, without significant exchange with the free pool; however, CoQ dissociation from
the SC to the pool becomes significant when electron transfer in the respiratory chain is
slow or blocked by an inhibitor. In this respect, the plasticity model would be a functional
rather than structural feature of the respiratory chain, a possibility taken into account by
Enriquez himself [37]. According to this idea, the SCs are stable structures that do not
readily dissociate under physiological conditions, while CoQ is said to behave in a highly
dynamic fashion: CoQ channeling and diffusion shall occur in proportions depending on
the turnover rates of the respiratory chain.
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3.3.2. Electron Transfer between Free Complexes

Several flavoenzymes reduce CoQ as outlined in Section 2. Among these, the most
widely investigated is CII. All evidence converges in the statement that electron transfer
from CII to CIII takes place only through the CoQ pool. Accordingly, succinate oxidation
kinetically follows pool behavior after extraction and reconstitution [101] and in intact
mitochondria [106] in accordance with the notion that CII does not participate in SC
formation (see previous sections). For the same reason, also energy-dependent reverse
electron transfer from succinate to NAD+, taking place through sequential activity of CII
and CI connected by CoQ, must take place by collisional interactions in the CoQ pool.
The hyperbolic relation experimentally found by Gutman [92] between the rate of reverse
electron transfer and succinate oxidase is in complete accordance with the pool equation.

Other CoQ reductases such as glycerol-3-phosphate dehydrogenase, ETF dehydroge-
nase, dihydroorotate dehydrogenase, choline dehydrogenase, sulfide dehydrogenase, that
are present in minor amounts, are probably inserted in the respiratory chain by interaction
through the CoQ pool [12], but kinetic evidence is poor.

Some knowledge exists for mitochondrial glycerol phosphate dehydrogenase (mt-
GPDH). A study [107] demonstrated that in brown adipose tissue (BAT) mitochondria
the inhibition curve of glycerol phosphate-cyt. c reductase is sigmoidal in the presence of
myxothiazol or antimycin A. Such type of inhibition suggests the occurrence of a homoge-
neous CoQ pool between mtGPDH and CIII [26]. CIII reduction by mtGPDH in human
neutrophil mitochondria was also shown to occur in absence of SC organization and of
NAD-linked respiration [103], providing further evidence that mtGPDH functions through
the CoQ pool. Preliminary studies by BN-PAGE (M.L. Genova, M. and H. Rauchova,
unpublished) showed that mtGPDH is not apparently linked to any of the respiratory com-
plexes. Mráček et al. [108] demonstrated that mtGPDH associates into homo-oligomers but
also in high molecular weight SCs of more than 1000 kDa whose composition is unknown,
but not associated with CI, III, or CIV as shown by BN-PAGE analysis. No association was
found between CI or other OXPHOS complexes and the electron transferring flavoprotein
(ETF) that participates in fatty acid oxidation.

Indirect evidence, however, suggests that fatty acyl CoA oxidation proceeds through
a separate CoQ pool with respect to NADH oxidation (cf. Section 3.5).

3.4. Electron Transfer through Cytochrome c: Is There Evidence for Channeling?

BN-PAGE clearly shows that a fraction of CIV, as well as CIII, participates in SC
assembly (cf. Section 2). However, metabolic flux control analysis [63] showed that CIII
has a high FCC, as well as CI, in NAD-linked respiration, whereas CIV has a low FCC;
this means that CI and CIII behave as a functional enzyme unit, whereas CIV seems to be
functionally independent.

These results cannot be easily explained [109]. It is true that most of CIV appears to be free
in the BN-gels (cf. Section 2), and one might consider that the cytochrome c oxidase activity
in the respirasome is masked by the large excess of active enzyme randomly distributed in
the membrane. On the other hand, this would mean that channeling is not a major feature
of electron transfer in the cyt. c region. The latter means that the free molecules of CIV are
involved in electron transfer from NADH and implies that the molecules of CIV assembled in
the respirasomes are not involved in the channeling of cyt. c [38,42], but do behave similarly to
the free CIV units in electron transfer by random diffusion.

The conclusion that the absence of channeling in the cyt. c region of mammalian mito-
chondria is a physiological feature, is supported by the observation that the respirasome
of potato tuber mitochondria is completely functional in cyt. c channeling, as detected by
the same flux control analysis in mammalian mitochondria [71]. This difference may be
ascribed to a tighter binding of cyt. c in the potato respirasome, as shown by BN-PAGE.

The structural evidence of purified SCs by cryo-EM adds structural reasons on the
looseness of CIII–CIV interactions in mammalian mitochondria. In ovine mitochondria,
Letts et al. [54] identified two distinct arrangements of SC I1III2IV1: a major “tight” form
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and a minor “loose” form (resolved at the resolution of 5.8 Å and 6.7 Å, respectively). In
both respirasome structures, CIV has a weaker density than the other complexes in the
respirasome, indicating the greater conformational flexibility of CIV. In the tight respira-
some, CIV contacts both CI and CIII, whereas CIV in the loose respirasome only interacts
with CI. Tight and loose architectures may represent independent structural entities or may
interconvert, indicating different stages of assembly or disassembly. The presence of two
forms of the respirasome having distinct CIV linkages was also detected by Sousa et al. [57]
and ascribed to instability of the purified SC.

In partial contrast with the above considerations, Lapuente-Brun et al. [95] demon-
strated that at least part of CIV forms a functional SC with channeling of cyt. c, but the SC
formation depends on the availability of the SC assembly factor SCAF1. They showed that
when CIV participates in SCs due to the presence of SCAF1, a significant proportion of CIV
activity is not utilized in cell respiratory activity. They also identified three CIV populations,
one of which is dedicated exclusively to receive electrons from NADH oxidation (forming
SC I+III+IV), presumably by cyt. c. channeling. The second population receives electrons
from FAD-dependent enzymes (forming SC III+IV and presumably operating by cyt. c
channeling), whereas the third major one is in free form and receives electrons from both
NADH and FADH2 oxidization, presumably using the free cyt. c pool. On the contrary, if
CIV is maintained permanently detached from SCs by elimination of SCAF1, all CIV is in
free form and electron transfer takes place via diffusion of a single pool of cyt. c.

Functional evidence for cyt. c channeling was also found in S. cerevisiae [110] mitochon-
dria which are characterized by having all CIV bound to CIII in a supercomplex [111], thus
preventing electron transfer through free CIV units. The structural evidence by single particle
cryo-EM sustains channeling, since in the III2IV2 SC (there is no CI in this yeast species) the
distance between the binding sites of cyt. c, i.e., cytochrome c1 of CIII and the CuA-subunit
II of CIV, is considerably shorter than that in bovine mitochondria [112]. At odds with this
structural evidence, however, Trouillard et al. [113] showed that the time-resolved oxidation
of cyt. c by CIV in yeast mitochondria is a random-collision process.

Rydström Lundin et al. [114] studied the kinetics of aerobic quinol oxidation in
S. cerevisiae mitochondria as a function of the respiratory SC factors Rcf1 and Rcf2 that
mediate supramolecular interactions between CIII and CIV forming SCs III2IV1-2. They
demonstrated that Rcf1 promotes formation of a direct electron-transfer pathway from
CIII to CIV via a tightly bound cyt. c. Accordingly, in these mitochondria under steady-
state conditions in the presence of added homologous cyt. c, the direct electron transfer
through the bound cyt. c (i.e., cyt. c channeling), is faster than the equilibration of electrons
with the cyt. c pool. Interestingly, when using heterologous cyt. c (from horse heart),
electron transfer between CIII and CIV occurs only via the cyt. c pool. Realistic theoretical
assumptions indicate that electron transfer between CIII and CIV can become rate limiting.
Hence, there is a kinetic advantage of bringing CIII and CIV together in the membrane to
form SCs [115]. In a yeast mutant defective in SC formation, but containing fully functional
individual complexes, the diffusion of cyt. c between the separated complexes is delayed,
thus reducing electron transfer efficiency [116].

Moreover, other results indicate that in the absence of Rcf1, the interactions required
for stability of the SC III+IV are disrupted [117]. Consistently, Rydström Lundin et al. [114]
demonstrated that direct electron transfer does not take place in the absence of Rcf1 and
electrons are only transferred via the cyt. c pool in the Rcf1∆ strain.

In the next Section 3.5, we will discuss the possible physiological reasons why
there is no major channeling of cyt. c in mammalian mitochondria, contrary to yeast or
plant mitochondria.

3.5. Supercomplexes and Regulation of Metabolic Fluxes

Does CoQ channeling occur under physiological conditions? As discussed in the
previous Section 3.3, the presence of a bottleneck downhill CoQ might induce interaction of
the NADH pathway (via channeled CoQ in SC I1III2IVn) with the succinate pathway (CoQ
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pool behavior) by shifting the CoQ dissociation equilibrium. However, if a rate-limiting
step is situated upstream, i.e., in or before the dehydrogenases, the reducing pressure of
CoQ on its partner oxidases (particularly in the case of CIII assembled in the SC I1III2IVn)
may not be present and the two routes would take place independently. On the other hand,
in mammalian mitochondria, it appears that the two fluxes mix up in the cyt. c region
where most evidence excludes cyt. c channeling (Section 3.4).

The existence of two different functional CoQ compartments, one for NADH oxida-
tion an another one for oxidation of succinate and other FAD-linked substrates, has deep
implications for the metabolic adaptation to the feeding state. The flux of electrons in the
respiratory chain is conditioned by the orientation of metabolism to use different fuels. The
use of different fuel molecules generates different proportions of NADH and FADH2, that
require an optimal equilibrium between the corresponding routes of electron transfer in
the respiratory chain. In a well-fed individual, the oxidative metabolism largely follows
the glycolytic pathway and the Krebs cycle, so that the oxidation of NAD-linked substrates
exceeds succinate oxidation (ca. 5:1) and the electron flux proceeds mainly through SC
I1III2. On the other hand, metabolic adaptation of liver mitochondria to fasting forces fat
mobilization and FAO [118]. In fact, an increase in the FADH2-dependent respiration, as
in FAO, induces saturation of the CoQ pool reoxidation capacity and promotes reverse
electron transport from ubiquinol to CI [119]. The resulting local generation of superoxide
triggers protein degradation of CI subunits by oxidative damage, and consequent disin-
tegration of the complex, as well as lipid peroxidation, disassembly of SCs and further
instability of their enzyme components. Thus, we can infer that CoQ redox status acts
as a metabolic sensor that fine-tunes the configuration and supramolecular organization
of the respiratory chain in order to match the prevailing substrate profile [120]. In order
to avoid such saturation of the CoQ pool oxidation capacity, fasting conditions require
proper disassembly of SCs to achieve adjustment of respiratory SC proportions favoring
the FAD-linked route. Similar adaptations may occur when the increase in FAO results in
response to high-fat diet. Impairment of this adaptation may be relevant to pathological
processes associated to obesity.

As postulated by Lapuente-Brun et al. [95], at the metabolic level, the fast kinetic
adjustments of the mitochondrial respiration are followed by gene expression changes in
the level of individual respiratory complexes.

Why appreciable channeling may not exist at the level of cyt. c in mammalian mi-
tochondria? (cf. Section 3.4). Mammalian mitochondria have several dehydrogenases
directing electrons to CoQ, however they usually have only one oxidase (CIV) receiving
electrons from CIII via cyt. c. For this reason, it may be worth speculating that, whilst it
may be useful to separate the major NADH-dependent flux from CI from those departing
from succinate, fatty acid oxidation and other metabolic pathways by separating the CoQ
compartments, there is no such need for cyt. c that is by and large receiving electrons
univocally from CIII. This assumption is reinforced by the fact that, contrary to what is
found in mammalian mitochondria, CIII and CIV of plant mitochondria are functionally
operating as an SC and, at the same time, cyt. c is tightly bound in the SC, as revealed
by flux control analysis [63] and BN-PAGE [71]. Not surprisingly, plant mitochondria
are characterized by a high branching of the electron transfer pathways feeding electrons
directly to cyt. c [121], which requires adjustment of the different routes as a response to
physiological needs, as it happens in mammalian mitochondria at the CoQ level. In plant
mitochondria, segmentation might be achieved by regulating different compartments of
free and bound cyt. c.

4. Overview of the F1FO-ATP Synthase/Hydrolase and Its Supramolecular Structure

The mitochondrial respiratory chain and its arrangement in SCs, detailed in the
previous sections, has the main bioenergetic role to build the electrochemical gradient
which allows the F1FO-ATP synthase to build ATP, namely, to accomplish the so-called
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energy transduction, which converts a transmembrane proton movement into chemical
energy, which can be used for all the energy-consuming processes of the cell.

The rotary ATPase family, which embraces structurally similar membrane-bound
enzyme complexes working as energy transduction mechanisms, consists of three sub-
families, A-, V- and F-type ATPases, which originate from a common evolutionary ancestor.
A-type ATPases occur in Archaea and some bacteria, V-type ATPases are typical of eukary-
otic vacuoles, while F-type ATPases occur in eukaryotic mitochondria, tylakoid membranes
of chloroplasts and in bacterial cell membranes [122]. In mitochondria, the hydrophilic (F1)
and hydrophobic (FO) ATPase domains are joined laterally by a single stalk stator and in
the middle by a central stalk. The F-type ATPases can function as ATP synthesis or ion
pumps coupled to ATP hydrolysis, a bifunctional mechanism unique in nature [123,124].
The F1FO-ATPase has a mushroom shape, in which FO is membrane-embedded and F1 pro-
trudes outside the mtIM. The enzyme complex is universally known as the nano-machine
that produces ATP, the “molecular energy currency” under aerobic conditions [125,126].
The hydrophilic enzyme domain basically consists of a spherical extrinsic hexamer formed
by three catalytic β subunits alternated with three non-catalytic α subunits. The (αβ)3
hexamer contains in the core the asymmetrical central stalk (in turn composed by γ, δ, and
ε subunits). The central stalk is joined to the loop of each c subunit hairpin. The number of
c subunits is species dependent: these subunits are arranged as a cylindric palisade to form
the c-ring. This subunit assembly, namely the c-ring and the central stalk, makes up the ro-
tor. The membrane-embedded a subunit with unusual “horizontal” hairpin helices named
H5–H6 matches the concave barrel-like c-ring where the H+ sites lie and perfectly fits the
ring size in order to create the H+ translocation pathway. A static structure peripheral to
the rotor, which spans for the entire enzyme complex length, acts as a stator to prevent
the (αβ)3 rotation torque of the central stalk. The peripheral stalk is composed by various
subunits, namely the hydrophilic oligomycin sensitivity-conferring protein (OSCP), F6, b, d,
linked to F1-catalytic domain and embedded in the mtIM by the hydrophobic portion of b
and A6L subunits. The peripheral stalk is also associated to the supernumerary membrane
subunits (sms) e, f, g, and 6.8-kDa proteolipid (6.8PL). However, 6.8PL was erroneously
believed to be inserted in the central hole of the c-ring [127] and another supernumerary
subunit, diabetes-associated protein in insulin-sensitive tissue (DAPIT), in the tetrameric
F1FO-ATPase porcine model was misassigned, since recently it was reported as localized at
the furthest edge of FO domain [128] (Figure 3). So, the emerging advances in the enzyme
knowledge make researchers continuously re-consider and re-evaluate the F1FO-ATPase
structure and function.

In mammalian mitochondria, this astonishing enzyme complex has recently revealed
versatile roles, in addressing cells to life or death, in the maintenance of the mitochondrial
morphology and raised great expectations as a drug target [129,130]. Accordingly, the
modulation of the enzyme functions, often compromised by mitochondrial dysfunctions
associated with severe diseases, may contribute to innovative therapeutic strategies at the
molecular level.

4.1. The F1FO-ATP Synthase from the Energy Production to Mitochondrial Morphology

In the energy-transducing mtIM, the synthesis of ATP is based on the coupling of
the rotary mechanisms of the two main sectors, namely the hydrophobic FO and the
hydrophilic F1 [131,132]. The protonmotive force (∆p), built by substrate oxidation in
the respiratory chain, drives H+ translocation through FO domain by generating torque
and allowing conformational changes in F1 which leads to ADP phosphorylation to yield
ATP. In mitochondria, the bi-functional enzyme can also work in reverse when the ∆p
drops. In this case, ATP hydrolysis by the F1 domain fuels H+ pumping by FO which re-
energizes the mtIM [133]. This energy-dissipating mechanism has also been associated with
a variety of pathological conditions [134]. Both in the forward and in the reverse reaction,
H+ translocation across the mtIM is due to the reversible protonation/deprotonation of
carboxylic sites, which also converts H+ flux into FO rotation. The disconnection between
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these two matched activities, namely H+-translocation and catalysis, “uncouples” the
F-ATP synthase and often leads to mitochondrial dysfunctions. The enzyme sensitivity
to the antibiotic oligomycin, which by binding to the enzyme covers the H+ binding sites
and blocks the c-ring rotation and enzyme catalysis in either directions [135], is taken as a
parameter of the efficient coupling between the two domains.

This amazing rotary enzyme complex offers a good example of how molecular struc-
ture and function are tightly linked features [130], which cannot work without each other.
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4.2. Structural Basis of the Bioenergetic Mechanism

Among all F-ATPases, the mitochondrial enzyme complex has the most complex
subunit composition [136]. F1 protrudes in the mitochondrial matrix as an asymmetric
hexagonal globular assembly of α and β subunits, arranged as (αβ)3 around the γ subunit
of central stalk which connects FO to F1. The hexamer, in which α and β subunits alternate,
hosts three catalytic and three non-catalytic sites. The three catalytic β-sites can adopt
three conformations, namely “open”, “closed”, and “semi-closed”, defined as βE, which is
empty, βTP, which contains Mg-ATP or Mg-ADP and βDP, which hosts Mg-ADP. Each of
the three non-catalytic α subunits binds Mg-ATP [137] and also Mg-ADP [128]. According
to the binding change mechanism, the β conformations interconvert each other as the c-ring
rotates and transmits the rotation to central stalk [138], which when it meets the catalytic
sites, changes their conformation and affinity for nucleotides. So, during a complete
turn (360◦) each catalytic site undergoes (stepwise) all the three different conformations
leading to synthesize/hydrolyze three ATP molecules. Moreover, Mg-ATP bound to
the non-catalytic sites allows ADP release from the βDP site and removes the Mg-ADP-
driven enzyme inhibition during multiple ATP hydrolysis turnover [139]. Interestingly, the
mammalian γ subunit shows two isozymes, a “heart isoform” and a “liver isoform”, which
differ by a single amino acid, an additional aspartate at the C-terminus of the liver enzyme.
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The former is expressed in tissues with a high and variable energy demand such as heart,
muscle, diaphragm, while the latter is expressed in brain, thyroid, spleen, pancreas, kidney,
testis and liver, which, apart from brain, show a low ATP consumption and a steady energy
demand. Even if the C-terminus Asp in the liver γ-subunit may form salt linkages and
decrease the enzyme efficiency, no differences in enzyme kinetics were found, so the two γ
isoforms probably only have a regulatory function [140].

Other than by the γ subunit, the functional coupling of the two main sectors FO
and F1 in mammalian mitochondria is ensured by the peripheral stalk and especially
by OSCP [134].

The membrane-embedded FO domain, which allows H+ flow across the mtIM, hosts
the a subunit, which channels H+, and the cn-ring, namely the rotor, which consists of
a cylindrical palisade of n subunits. The number n varies in the range 8–15 among the
species, is constant in the same species and determines the ATP bioenergetic cost, which
is obtained from the ratio between the number of translocated H+ and the three ATP
molecules constantly produced in a complete (360◦) rotation of the rotor. Accordingly, the
number of transported H+ per complete rotation of the c-ring is related to the number of H+

binding site(s) on each c subunit. In general, an increase in the c-ring size and consequently
in the number of H+-binding c-subunits, implies an increase in the bioenergetic cost of
ATP, since more H+ should flow downhill across the mtIM to produce one ATP molecule.
Mammals which show a small c-ring (n = 8) are highly efficient by dissipating less H+ to
yield one ATP, namely they obtain ATP at a low bioenergetic cost [141]. So, the number
of c subunits, and of H+ binding sites, can be taken as a rotor efficiency parameter. In
the OXPHOS system the transmembrane driving force ∆p which links substrate oxidation
to ADP phosphorylation to yield ATP, consists of an electrical ∆Ψ (membrane potential
difference) and of a chemical component, ∆pH (pH gradient) between the positive and
negative side of the mtIM. During evolution, species have adapted the c-ring size to the
prevailing electrochemical parameter, ∆Ψ or ∆pH. Accordingly, when ∆Ψ prevails and
the pH gradient is low, the c-ring is small [142]. This is the case of mammals, generally
vertebrates and some invertebrates [143]. Conversely, a prevailing ∆pH is associated with
the large c-rings (n = 11–15), typical of chloroplasts and bacteria [144,145].

The H+ pathway within FO only recently has been elucidated. It is built step by step
within the a subunit by selected amino acid side chains, which form a quite unexpected
route along the mtIM allowing membrane crossing in a perpendicular way to the two
aqueous half-channels. The two half-channels are discontinuous and open one in the matrix
and the other in the lumen and both contain two horizontal highly conserved α-helices,
named H5 and H6, which lie along the mtIM and are juxtaposed to the c subunits, thus
providing access to the c-ring H+ binding sites [146]. This α-helix arrangement in the mtIM
features all rotary A-, F- and V-type ATPases [147]. Each c subunit is hairpin-shaped and
spans the mtIM. These gathered hairpins form a sort of hourglass, seen laterally from
the membrane side, whose concavity hosts the H+-binding sites on the outer C-terminal
α-helices of c subunits. Therefore, the horizontal α-helix arrangement perfectly fits the
rotor concavity [148].

The H+ transfer across the mtIM in either direction requires subsequent protona-
tion/deprotonation steps of H+ binding sites that consist of amino acid side chains that
interconvert between the protonated and deprotonated states. Interestingly, in mitochon-
dria at the edge of the cristae, the pH value is higher than that in the IMS opposing the
inner boundary membrane (IBM), as well as the cristae ∆Ψ generated by the respiratory
chain [149] is higher than in the IBM [150]. The H+ flow through FO for ATP synthesis
occurs from the lumen or intracrista space of the half-channel formed by the hydrophilic
cavity created by the end of H5 and H6 helices of a subunit, and H3 helixes of b and f
subunits. The H+ pathway starts from aHis-168 and aHis-172 on H5 helix and ends at
aGlu-203 on H6 helix of a subunit, which acts as intermediate H+-donor to cGlu-58 of the
c-ring [128,151]. The Glu-His interactions establish multiple H-bridges in the membrane
half-channel that, by changing the carboxylic group pKa, allow its protonation. On the



Life 2021, 11, 242 19 of 53

opposite half-channel on the luminal side viewed from the intracrista space, the aGlu-145
on H5 (matrix) helix acts as “de-protonator” which restores the original pKa of cGlu-58
allowing the H+ detachment. The half-channel arises where a conserved aPro-153 bends
the aH5 helix [151]. Then, the folding is enforced by DAPIT subunit and H4 helix of a
subunit in order to make the half-channel hydrophilic core conformationally adapt to the
c-ring shape (Figure 4).
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During the H+ translocation through the membrane-embedded FO domain, a puta-
tive participation of hydronium ion (H3O+) was also suggested [152]. Accordingly, in
prokaryotes and eukaryotes the bell-shaped pH profile of the F1FO-ATPase inhibition by
dicyclohexyl-carbodiimide (DCCD), which covalently binds to c-subunit carboxylates, is
not compatible with carboxylate protonation of H+ binding sites, but it may be explained
by H3O+ coordination [143,153]. Indeed, on considering the position of molecules able to
establish hydrogen bonds in the half-channels, whose core is hydrophilic, H+ translocation
may be coordinated by water molecules by the Grotthuss mechanism, namely by proton
jumping from covalent to H-bonds and vice versa [128,154]. During ion translocation, the
cGlu-58 adopts different conformations, namely the H+-unlocked anionic form (carboxy-
late) to face the aqueous environment of the half channels, and the H+-locked form of
the protonated carboxylic group to face the hydrophobic environment of the mtIM. In the
locally hydrated luminal half-channel, the cGlu-58 carboxylate is oriented in an outward-
facing (H+-unlocked) conformation before protonation and turns to an inward-facing
closed (H+-locked) conformation when protonated. On the opposite half-channel, which
faces the matrix, the cGlu-58 in the H+-locked conformation turns to the H+-unlocked
conformation after deprotonation. The c-ring key carboxylates embedded in the mtIM
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are always in the H+-locked conformation to enter the lipophilic mtIM [155] and make
the c-ring rotate due to Brownian motion [131]. The rotation direction when viewed from
FO toward F1 is clockwise during ATP synthesis and counterclockwise during ATP hy-
drolysis [133,156]. The low pH in the luminal half-channel favors cGlu-58 protonation
and the consequent locked conformation, pushed by ∆p that favors the entry to the mtIM.
When an almost entire rotor rotation is completed, the cGlu-58 reaches the half-channel
on the matrix side where the low H+ concentration as well as the negative charge of the
“H+-releasing site” on H5 helix of a subunit, favors its deprotonation associated with the
H+-unlocked carboxylate form. The positive charge of a crucial arginine, aArg-159, acts
as electrostatic barrier between the two half-channels, prevents H+ short circuiting and
attracts the negatively charged cGlu-58 carboxylates [157]. Moreover, aArg-159 helps the
cGlu-58 de-protonation during H+ translocation and prevents salt bridges between a and
c subunits which would block the rotation. Interestingly, aArg-159 and the H+-unlocked
cGlu-58 are too far (about 4.5 Å) and cannot interact [144], so the two half-channels for H+

entry and exit at the a/c-ring interface are spatially offset to allow the rotation direction
adjust to ∆p [135].

During ATP hydrolysis the transition between the three β conformations in F1 drives the
rotations of the γ subunits and of the c-ring and increases the ∆p by pushing H+ uphill [134].

The coupling of energy transduction and H+ translocation is allowed by conforma-
tional adaptations of the F1 and FO domains [158] that adapt to each other, helped by
flexible regions in the peripheral stalk. The latter undergoes torsion during catalysis, but
also the c-ring shows conformational fluctuations when it contacts the a subunit. Therefore,
coordinated conformational changes within the enzyme proteins produce and synchronize
the torsion.

4.3. The ATP Synthase Supramolecular Arrangement and the Mitochondrial Shape

The mitochondrial F1FO-ATPase functions are ensured by the enzyme supermolecular
arrangement. By self-assembling in dimers and tetramers, the F1FO-ATPase rules most
bioenergetic and structural functions in eukaryotic mitochondria [159]. Accordingly, the
occurrence of sms, which lack in bacteria and chloroplasts, in FO is linked to the sms involve-
ment in supercomplex arrangement and in the mtIM ultrastructure [130]. Consistently, no
F1FO-ATPase dimers were found in prokaryotes and chloroplasts, while some differences
between yeast and mammalian F1FO-ATPases occur in the building of contact sites. It
seems to have been ascertained that, while the basic subunits allow the overall functionality
of the enzyme complex, these sms are required to join the monomers and to bend the
membrane. The sms were differently named according to the taxa: A6L, e, f, g, and DAPIT,
which corresponds to the k subunit in yeasts, and mammalian 6.8PL, which corresponds
to the orthologue i/j in yeasts [128]. The membrane subunits are mainly encoded by nu-
clear genes, apart from a, A6L and c subunit (identified also as 6, 8 and 9 subunit) for
yeast F1FO-ATPase and only a and A6L in mammals which are encoded by the mitochon-
drial DNA. Notably, different sms structurally contribute to the F1FO-ATPase dimerization
in yeasts and in mammals [127,160]. Three different isoforms occur in the mammalian
c subunit.

F1FO-ATPase monomers form dimers arranged in long rows on the mtIM and MICOS
(mitochondrial contact site and cristae organizing system) complex at cristae junctions
cooperate to yield the cristae morphology in agreement with their opposing effects on
membrane curvature [161–163]. Moreover, recent work shows that the F1FO-ATPase dimer-
ization factor subunit e interacts with the MICOS component Mic10, which stabilizes the
enzyme oligomers and possibly temporal orchestration of cristae biogenesis. Moreover, the
F1FO-ATPase dimerization and the MICOS component Mic60 induce opposite membrane
curvature, namely the former promotes a negative curvature and the latter a positive
curvature (concave and convex as viewed from the matrix, respectively). Most likely, the
interaction between MICOS and dimeric F1FO-ATPase, which implies a high mobility of
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the enzyme monomers in the crista membrane, enables spatial and temporal coordination
during crista biogenesis and dynamics [164].

Interestingly, the dimerization interface in different species shows different subunit
composition with no apparent homology [136].

Four different types of F1FO-ATPase dimers were described in mitochondria. In
mammals (e.g., Bos taurus, Sus scrofa domesticus, and Ovis aries heart) and yeasts (Saccha-
romyces cerevisiae) V-shaped dimers, named type I dimers, are localized on the rim of the
cristae with an mtIM convexity of about 90◦ [137,149]. Type II, III and IV dimers, which
differ in the angle between monomers, were only found in algae, protozoa and small
invertebrates [148,159].

Mammalian F1FO-ATPases can also form a H-shaped tetramer, which in turn con-
sists of two assembled type I dimers that lie antiparallel to each other. The dimers are
joined by two IF1 subunits, an endogenous protein inhibitor [127], evolutionary conserved
throughout eukaryotes, which only blocks ATP hydrolysis but not ATP synthesis. Most
likely, IF1 normally is not essential for cell survival, but can be crucial under pathological
or stress conditions [165], as suggested by its overexpression associated to the decrease in
OXPHOS in some cancer types [166]. However, IF1 not only prevents ATP dissipation by
ATP hydrolysis, but also contributes to mitochondrial morphology [127,167,168]. The IF1
dimer, which becomes active at acidic pHs in the matrix and stems from the dissociation of
the tetramer, inhibits ATP hydrolysis when ∆p collapses. In the tetramer, IF1 links two F1
domains of two opposite dimers; it binds to the catalytic interface between the αDP and
βDP subunits in loose binding conformation. Therefore, the two monomers of the laterally
opposite dimer are connected by the same IF1; these two IF1 proteins make the tetramer
steady and block ATP hydrolysis by a ratchet-like action on the rotor. The F1FO-ATPase
dimers are also maintained in rows by a long-range attractive force that stems from the
relief of the overall elastic strain of the mtIM [169]. Other than by interactions with IF1
dimers, the mammalian tetramer is maintained by e-e and g-g interactions between two
opposed and diagonally arranged monomers [170]. Moreover, the monomers are joined
side-by-side in a row through DAPIT interaction with a subunit at the matrix space and
with g subunit both at the matrix side and the intracrista space. The dimers are linked
by interactions of one monomer 6.8PL with f and e subunits of the other monomer, and
vice versa, at the matrix and intracrista space, respectively. In addition, the subunits a-a in
the middle of mtIM, the f -f at the matrix and e-e at the intracrista space establish multiple
contacts between each monomer pair [128].

Moreover, the association of two FO domains depends on e and g subunits and on
a putative conserved dimerization GxxxG motif in the transmembrane α-helices of both
subunits [171,172]. The substitution of a glycine residue by leucine into the e subunit
motif led to the loss of g subunit, destabilized the dimer and resulted in an onion-like
structure in the cristae [171]. The individual α-helix of e subunit and the H3 of g subunit
interact with their respective GxxxG motif and joined to H2 of b subunit form the triple
transmembrane helix bundle (TTMHB). The TTMHB tilt is driven by a U-turn structure
formed by H2 and H3 helices of b subunit. This subunit assembly creates a reminiscent
BAR-like domain that bends the mtIM [128,173] to form the apex of cristae, but e and g
subunits also keep the monomers together. Accordingly, disulfide cross-link experiments
showed the interactions between e-g or e-e/g-g increase the stability of F1FO-ATPase dimers
and oligomers, respectively, in mitochondrial digitonin extracts [172].

In mammals, subunit–subunit interactions produce the F1FO-ATPase supermolecular
arrangement, in which monomer pairs form dimers and dimer pairs form tetramers, which
in turn form long rows of oligomers. This structural arrangement produced by subunit–
subunit interactions, also forces the mtIM to be convex at the apex of the cristae. The
enzyme subunits involved in oligomerization, though not directly involved in catalysis,
contribute to the maintenance of cristae architecture, which is essential for an efficient
respiration by acting as proton sink. A mutation in subunit k/DAPIT results in aberrant
cristae formation, defective F1FO-ATPase dimerization and a mild Leigh syndrome phe-
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notype [164]. Cristae remodeling and F1FO-ATPase dimerization may be also involved in
cell differentiation [174].

Interestingly, in some forms of cancer, the overexpression of IF1, which leads to the
F1FO-ATPase dimerization and cristae formation, could contribute to neoplastic degenera-
tion and evasion of apoptosis. The absence of IF1 in Luft’s disease, a rare mitochondrial
disease, is associated with densely packed mitochondrial cristae [175]. Moreover, the acidic
phospholipid CL is critical for oligomerization of F1FO-ATPase multimeric complexes ei-
ther by direct interaction with the enzyme or by inducing the proper membrane curvature.
CL, acting like a non-bilayer forming phospholipids, interacts with the F1FO-ATP synthase
and may reduce the free energy of the extreme mtIM curvature to stabilize high-curvature
folds [164,176]. From these few examples it seems clear that any change in at least one
among the multiple factors which rule the mitochondrial morphology can easily lead to
pathology. The F1FO-ATPase can work in monomeric and dimeric form; however, the
loss of the supramolecular organization of the F1FO-ATPase causes aberrant membrane
morphology results in respiratory defects.

On these bases CL defects, as in Barth Syndrome (see Section 3.1.3) can affect the
supramolecular arrangement of the F1FO-ATPase, the mitochondrial shape and, as depicted
in the following section, the mitochondrial permeability transition.

During aging, the typical rim shape of the cristae disappears and the F1FO-ATPase
dimers dissociate into monomers. Consistently, the mitochondrial morphology changes,
showing a vesicular mtIM, leading to mitochondrial dysfunction and cell death [177]. Even
if most results come from in vitro studies on experimental models and should be deepened
and confirmed in vivo, recent advances suggest that mitochondrial changes are a driving
force, rather than a consequence, of the aging process and neurodegeneration [176]. The
connection among the F1FO-ATPase supramolecular arrangement, the mitochondrial shape
and some human diseases, as pointed out by these few examples, is also made clearer by
the enzyme involvement in the mitochondrial permeability transition pore (mPTP), the
topic of the following section.

4.4. How the ATP Synthase/Hydrolase Is Involved in the Mitochondrial Permeability
Transition Pore

In recent years, the F1FO-ATPase has been implicated in the mPTP, a large pore in the
mtIM, which permeabilizes the mtIM to ions and other solutes [178–180]. As the mem-
brane becomes permeable, the massive water influx in the matrix results in mitochondrial
swelling. For short full openings, the mPTP is reversible, but prolonged openings are
irreversible and trigger the release of cyt. c and other pre-apoptotic factors which drive the
cell to death [181]. The mPTP formation is stimulated by ROS and Ca2+ increase, by the
binding of the mitochondrial protein cyclophilin D (CyPD) in mitochondria and inhibited
by H+, Mg2+, adenine nucleotides, and cyclosporin A (CsA), which displaces CyPD and
desensitizes the mPTP to Ca2+ [182]. The mPTP activity mainly appeared as a property
of mammalian and yeast mitochondria, where it was intensively investigated. However
recently the mPTP was also reported in mussel [183], in sea urchin oocytes [184], in the
nematode Caenorhabditis elegans [185], in plathelminths [186] and insects [187,188], while it
is still controversial in crustaceans [189,190]. Indeed, it is not a “vertebrate invention” to
rule cell fate, as initially thought [191].

At present, the problem of the involvement of F1FO-ATPase in the mPTP and especially
its structural participation in the mechanism of mPTP formation and opening is near to
being solved [128]. This quite surprising task of the F1FO-ATPase, which has been supposed
by different research groups, points out the versatility of this intriguing enzyme complex,
which emerges as the playmaker of cell life and cell death. Two main F1FO-ATPase sites
have been involved in the mPTP formation: the c-ring [179,180] or the monomer–monomer
interface of the dimer [178].

The hydrolytic function of the F1FO-ATPase, namely ATP hydrolysis, can be sustained
by metal divalent cations different from the natural cofactor Mg2+, such as Ca2+, which is
unable to activate the enzyme complex in the opposite function of ATP synthesis [192–195].
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Interestingly, Ca2+ rise in the mitochondrial matrix initiates a cascade of events which lead
to cell death. So, in recent times Ca2+ binding to the F1FO-ATPase in replacement of Mg2+,
an event which can easily occur in the presence of relatively high Ca2+ concentrations in
mitochondria, since the enzyme affinity for Ca2+ is lower than that for Mg2+ [193,196], has
been associated with the mPTP opening [192,195,197–199].

Accordingly, the structure of mammalian F1FO-ATPase exposed to Ca2+ and revealed
by cryo-electron microscopy, shows unusual states, not identified when Mg2+ acts as co-
factor, which can be ascribed to mPTP opening. Indeed, in the new “bent-pull” model,
the Sazanov lab highlights the role of c-ring and of some sms in mPTP formation. Ac-
cordingly, when Ca2+ replaces Mg2+ in the catalytic binding site, the cation insertion in
the Ca2+-activated F1FO-ATPase, due to the higher steric hindrance, would promote con-
formational changes of F1 domain, in turn transmitted by the peripheral stalk [198] to
membrane subunits that form the mPTP [198]. Notably, when the Ca2+-activated F1FO-
ATPase activity is decreased by various inhibitors, the mPTP formation is delayed or
even prevented [196,197,200]. The c-ring contains two different phospholipids at the two
opposite sides of its cavity. At the matrix side, phosphatidyl serine is anchored by ionic
interactions to the positive charge of Arg-38 of c subunits, while at the intracrista side,
Lys-71 of e subunit coordinates a lyso-phosphatidylserine. Since the phosphatidylser-
ine double acyl-chain does not have enough space around the c-ring plug and is linked
to the c-ring, it rotates together with the rotor. Conversely, the monoacyl chain of lyso-
phosphatidylserine acts as “lubricated” lipid plug. The two lipids inside the c-ring are
separated by the conserved cVal-16 [128]. The F1FO-ATPase distortion and tilt induced
by Ca2+ trigger changes in the conformational states of the Ca2+-activated F1FO-ATPase
that open the mPTP. Most likely, the signal propagation from F1 to FO through the long
helix of b subunit modifies the TTMHB assembly and changes the position of e subunits,
which expel the lyso-phosphatidylserine from the central hole inside the c-ring and opens
the channel at the positive mtIM side [181]. Consequently, the curved crista ridges and
the F1FO-ATPase dimerization are lost [177,199,201]. According to Sazanov’s hypothesis,
the water molecules inside the c-ring destabilize the phosphatidylserine which pushes out
the lipid plug and creates a pore through the c-ring, while the consequent conformational
change detaches F1 from FO. Thus, structural/conformational F1FO-ATPase changes are
involved in the (ir)reversible mechanism of the mPTP, which opens and closes and rules
cell fate. The most recent data strongly sustain the hypothesis that these changes mainly
involve the c-ring, which emerges as the main character in mPTP formation (Figure 5).

However, this matter is still hot and some debate on this topic remains. The pos-
sibility that differently sized pores can be formed and coexist in the mtIM satisfactorily
combines the conclusions drawn from different experimental approaches. Accordingly,
the mtIM could be depolarized by any increase in conductance upon mitochondrial Ca2+

overload, due to transmembrane channels and/or transporters [202]. In this scenario, the
Ca2+-activated F1FOATPase would contribute to the membrane depolarization by induc-
ing the largest mPTP pore. It seems reasonable to think that smaller sub-conductance
activities, which contribute to the mPTP can be ascribed to many other mitochondrial
channels/transporters [203]. However, the mitochondrial F1FO-ATPase remains the most
likely candidate as main high-conductance major channel or mPTP by definition, proven
to be inhibited by CsA, but not by bongkrekate (BKA), which is known as inhibitor of the
adenine nucleotide translocase [202,204].

Moreover, the adenine nucleotide translocase isoforms could form a secondary low-
conductance mPTP inhibited by both CsA and BKA [205]. Notably, the mPTP activity
can be enhanced by Ca2+ and pharmacologically modulated by selective inhibitors of
F1 [196] and FO domain [206–208]. Newly, purified and functionally active F1FO-ATPase
monomers [209] and dimers [210] act as a voltage-gated ion channel endowed with mPTP-
like properties.
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Dysregulated mPTP opening is involved in mitochondrial dysfunctions which fea-
ture a variety of diseases such as neurological and cardiovascular disorders, type 1-
diabetes [211], cancer [212], inflammatory bone diseases [213] and diseases due to the
exposure to contaminants [214]. In general, pathological conditions associated with ox-
idative stress also involve mPTP dysregulation [182]. Notably, the mPTP has been also
involved in lifespan [215] and bone repair [216]. So, the discovery and design of mPTP
rulers is at present a great challenge in pharmacology [217–219]. Recently, the use of natural
products such as mPTP modulators raised a great interest in ethnomedicine [220].

5. SCs Association Protects from ROS Damage

The supramolecular organization of the respiratory chain has revealed a hitherto
unknown link between mitochondrial structure and generation of the so-called ROS. In
this section we will provide evidence that there is a biunivocal relation between ROS and
SC association, i.e., SC association protects mitochondrial structure from ROS damage, but
at the same time the SC association limits ROS generation from the respiratory chain.

ROS, in the past considered exclusively as major factors for cellular toxicity, are
recognized today to be important physiological factors involved in cell signaling, by
affecting the redox state of signaling proteins [221].

ROS is a collective term including oxygen derivatives, either radical or non-radical,
that are oxidizing agents and/or are easily converted into radicals. Transition metals such as
iron and copper, when in a free state, have a strong capacity to reduce O2. Stepwise addition
of an electron generates in sequence the superoxide radical anion O2

−, the peroxide ion
(which is a weaker acid and is protonated to hydrogen peroxide H2O2), and the hydroxyl
radical OH. The hydroxyl radical is extremely reactive with a half-life of less than 1 ns;
thus, it reacts close to its site of formation.

5.1. Mitochondrial Sources of ROS

In the cell environment, ROS can stem from exogenous and endogenous sources [222].
Exogenous sources of ROS include UV and visible light, ionizing radiation, drugs and
environmental toxins. On the other hand, endogenous sources of ROS embrace enzyme
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activities such as: xanthine oxidase, cytochrome P-450 enzymes in the endoplasmic retic-
ulum, peroxisomal flavin oxidases and plasma membrane NADPH oxidases. However,
the membrane-ETS in the mtIM is probably the major source of ROS. Other mitochondrial
enzyme systems can significantly contribute to ROS generation [223], as dihydrolipoamide
dehydrogenase (a subunit of the α-ketoglutarate and pyruvate dehydrogenase complexes),
monoamine oxidase, mitochondrial nitric oxide synthase and the adaptor protein p66Shc.
These systems are not relevant to this review and will not be considered here.

ROS from the Respiratory Chain

In mammalian mitochondria, and particularly in the respiratory chain and related en-
zymes, at least ten different sites of superoxide/H2O2 production have been identified [224].
The FMN and CoQ-binding sites of CI and the QO site (at the outer or positive side) of CIII
are considered as the most important sites for superoxide production. However, other sites
have also been defined (Figure 6).
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Figure 6. Major sites of superoxide production from the respiratory chain. The arrows represent the sources of su-
peroxide at different sites in relation to the inner mitochondrial membrane. Blue, CI, NADH-ubiquinone oxidoreduc-
tase; yellow, CII, succinate-ubiquinone oxidoreductase; red, CIII, ubiquinol-cytochrome c oxidoreductase; green, CIV,
cytochrome oxidase; NDi and NDe, internal and external alternative NAD(P)H dehydrogenases; AOX, alternative oxi-
dase; αGP, glycerol-3-phosphate; ETF, electron transfer flavoprotein; Q, Coenzyme Q (ubiquinone); Cyt C, cytochrome c;
(see text for details).

Most of superoxide is generated at the matrix side of the mtIM, as superoxide is detected
in SMP, which are inside-out vesicles, namely have an opposite orientation with respect to
mitochondria. However, a significant amount of superoxide is formed at the outer face of
the mtIM [225]. It is likely that CI releases ROS in the matrix, while CIII releases ROS mostly
in the IMS. The superoxide released at the IMS may be directly exported to the cytoplasm
through an anion channel related to the Voltage-Dependent Anion Channel, VDAC.

CI is a major source of superoxide production in different mitochondrial types. Several
prosthetic groups in CI were proposed to directly reduce oxygen, including FMN [226–228],
ubisemiquinone [229,230], and iron sulfur (FeS) cluster N2 [231–233].

Grivennikova and Vinogradov [234] observed both superoxide and hydrogen perox-
ide generation by CI and attributed superoxide formation to FeS cluster N2, an hydrogen
peroxide formation from 2-electron oxidation of fully reduced FMN. Rotenone, a spe-
cific inhibitor of CI, enhances ROS formation during forward electron transfer in the
respiratory chain [231].

The highest rate of ROS generation in isolated mitochondria occurs during oxidation
of succinate [235]. Since this ROS production is inhibited by rotenone [229,236,237], it is
commonly attributed to CI during the energy-dependent reverse electron transfer from suc-
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cinate to NAD+ through CoQ [238–240]. See also Section 3 for the role of the reduced CoQ
pool in reverse electron transfer and ROS-dependent CI destruction (cf. Guáras et al. [120]).

The formation of superoxide in CIII depends on its peculiar mechanism of electron
transfer, the so-called Q-cycle [241]. If the lifetime of the semiquinone (Q) at the outer QO
site, is prolonged, as in the controlled state when the electric potential is high, it reacts
with oxygen, thus forming superoxide [242,243]. This conclusion is also reached by the
superoxide increase induced by the specific CIII inhibitor, antimycin [244].

More recent studies, however, suggest that the oxygen reductant is the semiquinone
formed in the so-called semi-reverse reaction in which cytochrome bL reduces the fully
oxidized quinone [245,246]. Osyczka [247,248] proposes that a metastable radical state, non-
reactive with oxygen, safely holds electrons at a local energetic minimum during the oxida-
tion of ubiquinol. This intermediate state is formed by interaction of a radical with a metal
cofactor of a catalytic site, presumably the FeS cluster, under physiological conditions.

The other sites in the respiratory chain which may be a source of ROS (e.g., CII, glycerol
phosphate dehydrogenase, dihydroorotate dehydrogenase, ETF and ETF dehydrogenase)
are reviewed in [249].

5.2. Control of ROS Production

The steady-state concentration of ROS in a cell depends on many factors, including
the rate and site of production, their lifetimes and diffusion constants, the interconversions
between different ROS, and the removal rate by different antioxidant systems.

The ROS generation by isolated mitochondria accounts for 0.1–0.2% of oxygen con-
sumed, but the rate and extent vary among different tissues and substrates [250,251].

The mitochondrial ROS level is physiologically regulated, as expected for their role as
cellular signaling molecules (cf. Section 5.3).

Mitochondrial ROS production increases in State 4 (controlled non-phosphorylating
state) when the membrane potential is high and the electron transfer rate decreases [252].
In fact, under this condition the respiratory carriers capable of donating electrons to
oxygen are more reduced. For this reason, uncoupling may limit the production of ROS
by releasing excessive membrane proton potential. In rat hepatocytes, a futile cycle of
H+ pumping and proton leak may account for 20–25% of respiration [253] and even more
in perfused rat muscle. Uncoupling may be achieved by activating proton leak through
uncoupling proteins (UCP) [244] (for a different role postulated for uncoupling proteins, cf.
Wojtczak et al. [254]). In this way, although a tissue may dissipate a conspicuous part of the
energy conserved by its mitochondria, the mitochondrial respiratory chain is maintained
under more oxidized conditions, thus preventing the overproduction of damaging species.

UCP2 structure supports a fatty acid cycling mechanism for uncoupling [255]: UCP2
expels fatty acids in their anionic form from the negative matrix, while the protonated acids
flow back from the positive exterior by passive diffusion through the bilayer. The resulting
effect is H+ back diffusion to the matrix, so that ∆p dissipation decreases superoxide
formation. UCP-mediated antioxidant protection and its impairment are expected to play
a major role in cell physiology and pathology [256]. Mitochondrial uncoupling could be
exploited to treat human diseases, such as obesity, cardiovascular diseases, or neurological
disorders [257] (cf. Section 6).

Besides high membrane potential, other reasons may induce a decrease in the rate of
electron transfer in CI leading to overproduction of ROS: for example, subunit phospho-
rylation that inhibits CI activity, enhances its ROS generating capacity [258–260]. Hence,
endocrine alterations may affect ROS formation by changing the phosphorylation state of
the complex.

Kadenbach et al. [261] proposed a ROS-generating mechanism that depends on reg-
ulation of cytochrome c oxidase. The cAMP-dependent phosphorylation of subunit I of
the oxidase, by increasing its sensitivity to allosteric ATP inhibition, decreases H+ translo-
cation by the enzyme, with resulting decrease in mitochondrial membrane potential and,
consequently, in ROS generation by the respiratory chain. On the contrary, dephospho-
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rylation of CIV under stress conditions would induce increase in membrane potential
and a burst of ROS generation by mitochondria. The discovery of a mitochondrial cAMP
signalosome [262], modulating the allosteric inhibition of CIV by ATP, underlies a universal
mechanism for metabolic regulation in eukaryotes.

In addition, cyt. c is regulated by different mechanisms, including post-translational
modifications [263,264]. Specific cyt c residues may be phosphorylated in a tissue-specific
mode. These modifications adjust electron flux and membrane potential to minimize
ROS production under normal conditions. Conversely, under pathologic and acute stress
conditions, such as ischemia-reperfusion, the dephosphorylation leads to membrane hy-
perpolarization, excessive ROS generation, and cyt. c release.

Other protein modifications in the respiratory complexes can modulate ROS production [265].

5.3. ROS as Signals

It is now established that ROS can act as second messengers [265–274] by modulating
the expression of several genes involved in signal transduction. The effects related to ROS
signals are different and even opposite, depending on the concentration. ROS may be
oncogenic and promote proliferation, invasiveness, angiogenesis and metastasis [275,276],
and accordingly ROS generation increases in various cancers. Nevertheless, ROS can also
promote anti-tumorigenic signaling and trigger oxidative stress-induced tumor cell death.

Many of the ROS-mediated cellular signals paradoxically protect the cell against
oxidative stress, but above a given threshold ROS become harmful and induce oxidative
stress [268]. Not all ROS are equally suitable for signal transduction: the OH· radical is
too aggressive to participate in catalyzed reactions, whereas O2

− and H2O2 are known
as important signaling molecules. Moreover, other reactive species are involved in redox
signaling, such as nitric oxide, hydrogen sulfide and oxidized lipids [274].

Because some ROS such as H2O2 are oxidants, they modify the redox state of signaling
proteins by oxidizing specific sulfhydryl groups [274,277,278] in enzyme-catalyzed reactions.

Several transcription factors contain redox-sensitive cysteine residues at their DNA-
binding sites [279,280]. The ensuing formation of disulfide bonds acts as a redox switch to
transduce the response of the protein to redox signaling [271,281].

Following the oxidation of signaling proteins by ROS, other post-translational changes
(e.g., phosphorylation, acetylation, ubiquitination, and SUMOylation [270]) may occur in
the same protein and in other proteins of the signaling cascade.

Nrf2 is an important example of mitochondrial ROS signaling which leads to nuclear
gene expression changes [282]; in the presence of ROS, NRf2 is transferred from the
cytoplasm to the nucleus, where it binds the DNA antioxidant response element of genes
involved in the antioxidant response (e.g., heme oxygenase, NRF-1 and other inducers of
mitochondrial biogenesis) [283].

Signaling proteins modified by ROS include phosphoprotein phosphatases (PTPs),
Ras, large G-proteins, serine/threonine kinases of the MAPK families, transcription factors
as AP-1, NFκB, p53 and others. A different effect is exerted on these proteins: PTPs are
inhibited, while nuclear transcription factors are activated [284]. Different combinations of
activation or deactivation of these proteins may drive the cell to either survival or death.

Mitochondrial ROS production is involved in preconditioning, by which low doses of
a noxious stimulus promote a protective response against future injury [285–287]. Some
protective pathways converge on the inhibition of mPTP opening during reperfusion [287].

Mitochondrial ROS are also important signals which rule the inflammation by acti-
vating the inflammasome [288,289]; treatment with antioxidants could scavenge excessive
ROS and attenuate inflammatory responses by suppressing inflammasome activation [290].
ROS also regulate autophagic processes including mitophagy [291].

5.3.1. Regulation of Mitochondrial ROS in Cell Signaling

Mitochondrial ROS levels depend on the dynamic equilibrium between their rates of
production and removal.
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Studies on ROS generation under different substrate, inhibitor conditions and different
oxygen tensions in rat liver mitochondria lead to the conclusion that only CI may be a
significant source of ROS at physiological O2 concentration [292]. The factors directly
associated with respiratory activity (e.g., the redox potential of the NAD+/NADH couple
and the proton-motive force) regulate the reduction in oxygen [268]) but these factors are
in turn dependent on other parameters (cf. also Section 5.2).

Moreover, mitochondria enhance ROS generation in response to external stimuli, such
as TNFα [293], hypoxia ([294], cf. Section 5.3.2), serum deprivation [295] and oxidative
stress itself (ROS-induced ROS release, Zorov et al. [296]). Several proteins, such as p53,
p66Shc, the Bcl-2 family and Romo-1 [267] control mitochondrial ROS generation.

An interplay of mitochondria with non-mitochondrial ROS generating systems also
occurs, as with the NADPH oxidases (NOX) family [297–299].

On the other hand, control of ROS signaling may be operated by their removal by a
series of enzymatic systems [300], including various isoforms of superoxide dismutase,
catalyzing the dismutation of superoxide, whereas catalase, glutathione peroxidase and per-
oxiredoxins remove H2O2. In addition, an integrated set of thiol systems in mitochondria
prevents oxidative damage [271] and may transduce redox signals.

Peroxiredoxins (Prxs) are small dithiol proteins constituting a major family of per-
oxidases (six isoforms in mammals). Due to their high sensitivity to oxidation by H2O2,
Prxs are sensors and transducers of H2O2 signaling [301] by transferring their oxidation
state to effector proteins. The mitochondrial matrix contains large amounts of Thioredoxin-
2 [302,303] and Prx3 [304].

The appropriate mitochondrial redox environment is greatly ascribed to glutathione [305–307]
which is abundant and versatile to counteract hydrogen peroxide and lipid hydroperoxides,
being a cofactor of glutathione peroxidase or glutathione-S-transferase. The mitochon-
drial GSH:GSSG ratio generally exceeds 100 and is widely used as an indicator of the
redox status [308].

Protein glutathionylation is a regulatory mechanism that occurs through thiol disul-
fide exchange by protein disulfide isomerase [309,310]; the primary sistem catalyzing
de-glutathionylation of protein-mixed disulfides with glutathione is glutaredoxin [311].
Mitochondrial proteins are highly susceptible to reversible S-glutathionylation, a post-
translational modification which is favored by the unique physico-chemical properties of
the mitochondrion [312], which contains a variety of S-glutathionylation targets playing
important physiological roles: if these reactions are defective, pathological consequences
are expected to occur.

5.3.2. Hypoxia and ROS Production

Among the many signaling functions, ROS appear as hypoxic signaling molecules. It
seems paradoxical that a decrease in the level of the required substrate, O2, would result in
an increase in ROS production. However, there is large evidence of its occurring [313–315].

Indeed, ROS appear to activate the hypoxia-inducible factor HIF-1α. Rho0 cells, which
lack mtDNA and thus electron transport, do not show the HIF-1 DNA-binding activity
following hypoxia [316]. Therefore, mitochondrial respiration is required for propagation
of the hypoxic signal. Exogenous or endogenous H2O2 stabilize HIF-1α, thus inducing its
activation during normoxia [316], suggesting that HIF stabilization and activation may be
induced by ROS.

Many studies demonstrate activation of HIF-1α by ROS [317,318], that are supposed to
act by inhibiting the prolyl-4-hydroxylase that addresses the factor to proteolytic digestion.
Once stabilized, HIF-1α binds to hypoxia-responsive elements in the DNA and stimulates
the expression of a large array of genes [319].

The oxidized cyt c level in the IMS seems to be essential to control mitochondrially-
derived ROS [320,321]; accordingly, cyt. c in the IMS oxidizes superoxide produced by CIII
to O2, thus preventing H2O2 production [321,322].
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Inhibition of cytochrome c oxidase by hypoxia [323] enhances ROS formation by the
respiratory chain; most likely because of the increased membrane potential [324] or by
inducing a more reduced state of cyt. c.

The ROS produced by mitochondrial CIII seem to be critical for hypoxia
signaling [294,325–328]. Hernansanz-Augustin et al. [329], however, showed that CI is
involved in the superoxide burst under acute hypoxia in endothelial cells.

In addition, it should be pointed out that the plasma membrane NADPH
oxidase [313,330] also seems to be involved in the enhanced ROS production during hypoxia.

5.4. ROS and Mitochondrial Quality Control

A major device for physiological control of the cells is the removal of damaged molecules;
in particular, oxidized proteins are ubiquitinated and directed to the proteasome, a member
of the ATP-dependent AAA+ proteases, where they are completely digested [331,332].

Mitochondrial proteins may particularly suffer from oxidative damage since they are
close to the main sites of their generation, so that they must be removed in order to maintain
mitochondrial integrity [333,334]. Internal mitochondrial proteins are translocated to the
outer mitochondrial membrane, where they are ubiquitinated and then presented to the
proteasome for degradation.

Mitochondrial dysfunction due to loss of cellular protein homeostasis (proteostasis) is
a hallmark of aging and aging-related degeneration disorders [335], such as Alzheimer’s
disease and Parkinson’s disease. Thus, mitochondrial proteins should be finely tuned.
Although mitochondria form a proteasome-exclusive compartment [336], it is the cy-
tosolic ubiquitin–proteasome system that plays a major role in the quality control of
mitochondrial proteins.

The ATP-stimulated Lon protease in the mitochondrial matrix is devoted to the
selective degradation of oxidized proteins, as for example the selective degradation of
the Cox 4-1 subunit during hypoxia [337,338]. Defects in protein degradation have been
involved in the age-related accumulation of oxidized proteins [339,340].

Also, entire cellular organelles undergo turnover and are finally directed to autophagy
by digestion in the lysosome compartment [341–343].

Non-selective autophagy as well as selective mitophagy are triggered by ROS in
response to several stressing signals [291,344,345]. Damaged mitochondria promote
ROS generation, and excessive ROS can trigger mitophagy so as to remove impaired
mitochondria and reduce ROS levels. Therefore, mitophagy helps to maintain cellular
homeostasis under oxidative stress. Low ROS levels can trigger mitophagy in a mito-
chondrial fission-dependent way, if these levels are insufficient to trigger non-selective
autophagy [346]. Therefore, a very specific and selective signaling cascade initiated by ROS
has been suggested.

5.5. Supercomplexes Protect Complex I from ROS Damage and Limit ROS Generation

Our group first suggested that SC arrangement represents the missing link between
oxidative stress and energy deficiency [96]. We speculated that oxidative stress dissociates
the SCs, with loss of electron channeling and causing electron transfer to depend only
upon the diffusion-coupled collisional encounters of the free ubiquinone molecules with
the partner complexes.

5.5.1. Supercomplex Association Protects from ROS Damage

As predicted by Lenaz and Genova [96], SC dissociation also induces disassembly of CI
and CIII and consequent loss of their catalytic activity. Therefore, the alteration of electron
transfer may stimulate ROS generation. Here we briefly summarize the experimental
evidence supporting this hypothesis.

Analysis of the SCs in patients with an isolated deficiency of single complexes [347]
and in cultured cell models harboring cytochrome b mutations [348–350] showed that SCs
enhance the stability of CI. Genetic mutations causing loss of CIII prevent SC formation
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and determine a secondary loss of CI, and consequently primary CIII assembly deficiencies
appear as joint CIII/I defects. On the other hand, however, the absence of CI does not
affect CIII stability.

It was recently suggested that the absence of CIII blocks CI biogenesis by preventing
the incorporation of the NADH module rather than decreasing its stability [351].

Most evidence, however, is in line with the idea that misassembly of CIII affects CI
stability because of their physical interaction within the SC. Misassembled CIII would
prevent SC formation, and a lack of SC would induce an enhanced ROS generation from
CI (see Section 5.5.2), with consequent damage to CI itself [350,352] which is vulnerable to
oxidative stress both directly and through the lipid peroxidation, particularly of CL [353].
According to Guaras et al. [120], saturation of CoQ oxidation capacity keeps a highly
reduced state of CoQ itself and induces reverse electron transport from reduced CoQ to
CI; the resulting local superoxide generation oxidizes specific CI proteins, triggering their
degradation and the disintegration of the complex.

An ischemia/reperfusion injury enhances ROS generation in mitochondria which
promotes the opening of the nonselective mPTP [354]. The mPTP opening further com-
promises cellular bioenergetics and increases mtROS, resulting in SC disintegration and
ultimately leading to cell death.

A reconstitution study [71] showed that lipid peroxidation before formation of CI-
CIII proteoliposomes abolishes the SC formation, as determined by flux control analysis.
It is likely that the distortion of the lipid bilayer induced by peroxidation provokes the
dissociation of the SC.

Mitochondrial ROS also affect CI and CIV activity through CL peroxidation in beef
heart SMP [353,355]. CL liposomes exogenously added to mitochondria from aged rats
almost completely restored the activity of these enzyme complexes to the values of young
control animals [356,357]. Other phospholipid classes, as well as peroxidized CL, could not
mimic the CL effect.

5.5.2. Supercomplex Association Limits ROS Generation

Indirect considerations are compatible with the possibility that loss of SC organization
may enhance ROS generation by the respiratory chain [12,96,358]. There are two possible
reasons to support this hypothesis: a tight assembly of the respiratory complexes within
SCs may screen auto-oxidizable groups hindering their reaction with oxygen (cf. [55]),
and/or enhanced electron flow from NADH in the chain because of channeling would
keep the prosthetic groups in a more oxidized form, thus preventing their interaction with
oxygen [250]. On the other hand, on succinate oxidation, the reverse electron flow through
CI keeps its centers more reduced favoring production of superoxide.

The molecular structure of the individual complexes and of the SCs does not provide
structural evidence of such screening, since the prosthetic groups of CI in the matrix arm do
not seem to be in close contact with CIII [359,360]. However, the SC I1III2IV1 from bovine
heart has a different CI conformation with respect to the free complex, that appears to be
bent in such way as to be closer to CIII [359]. This observation agrees with the notion that
CI may undergo important conformational changes [361].

A different kind of indirect evidence on the protection exerted by SC organization
against ROS generation comes from the observation that high mitochondrial membrane
potential supports ROS generation, while uncoupling decreases ROS production [243,249].
Although these effects may have different explanations, they are compatible with the
suggestion [87] that high membrane potential induces SC dissociation.

A direct demonstration that loss of SC organization enhances ROS production by
CI was obtained in our laboratory [362] using a model system of reconstituted CI/CIII
proteoliposomes at high lipid-to-protein ratio (30:1), where formation of the SC I1III2 is
prevented. In this system, the generation of superoxide was much higher than in a similar
system reconstituted at a 1:1 ratio, which is rich in SCs. In addition, we also dissociated
the reconstituted proteoliposomes by mild detergent treatment using dodecyl maltoside
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and observed that the dissociation of CI was accompanied by a three/four-fold increase
in ROS generation. An increase in ROS also occurs in mitochondrial membranes after
detergent treatment.

A significant finding supporting our in vitro conclusions comes from a study of mito-
chondrial CI supramolecular structure in neurons and astrocytes. Lopez-Fabuel et al. [363]
observed that CI is largely assembled into SCs in neuronal mitochondria, whereas astro-
cytes have higher content of free CI. The presence of free CI in astrocytes correlates with the
severalfold higher ROS production by astrocytes compared with neurons. Thus, regulation
of ROS generation by CI assembly into SCs may contribute to the bioenergetic differences
between neurons and astrocytes. Nevertheless, ROS levels were found to be controlled by
an efficient antioxidant system in astrocytes, to regulate redox signaling [364]. By exerting
this control in ROS levels, metabolic functions are finely tuned in both neural cells.

A study of CI activity in the basidiomycete Ustilago maydis [365] suggested that the
contacts between CI, CIII2 and CIV in the respirasome increase the catalytic efficiency of CI
and regulate its activity to prevent ROS production.

The results of our proteoliposome study [362] are supported by many observations in
cellular and animal models showing that SC dissociation is concomitant with enhanced
ROS production.

Diaz et al. [352] showed enhanced ROS generation in mouse lung fibroblasts lacking
the Rieske FeS protein of CIII and hence devoid of the SCs containing CI.

Mouse fibroblasts expressing the activated form of the k-ras oncogene and having low
levels of high molecular weight SCs also produce higher ROS in comparison with wild
type fibroblasts [366]. Hyperglycemia prevents SC formation, while increasing ROS levels
in liver mitochondria of streptozotocin-diabetic rats. On the other hand, physical exercise
was found to induce the chronic assembly of CIs into SCs in skeletal muscle [367], thus
protecting mitochondria against oxidative damage.

Other studies in yeast mutants lacking the SC assembly factor Rcf1 and thus devoid of
SCs CIII-CIV [117,368,369], showed enhanced ROS generation. Since the yeast S. cerevisiae
lacks CI, in this case we may consider the origin of the extra ROS being presumably CIII.
Thus, a major function of SC assembly appears to be this limitation of ROS production [370]:
in the above case the decreased ROS generation by the Rcf1-stabilized SC III2-IV2 may be
due to the more efficient electron transfer between CIII and CIV by cyt. c.

Several compounds including phospholipids, proteins, and certain chemicals are
known to promote or stabilize mitochondrial SCs directly or indirectly [371], thus hindering
ROS generation. Overexpression of the CL conversion enzyme ALCAT1 reduced SC
formation and promoted ROS production, while preventing upregulation of coupled
respiration [75]. These data suggest that the amount of ALCAT1 is critical for coupling
mitochondrial respiration and metabolic plasticity.

The CL defect in Barth syndrome, a cardio-skeletal myopathy with neutropenia char-
acterized by respiratory chain dysfunction, results in destabilization of the SCs, with
higher levels of superoxide production in lymphoblasts from patients, compared to
control cells [67,68]. Analogous results were obtained un studies on CL-lacking yeast
mutants [372,373]. Moreover, Chen et al. [368] observed that yeast mutants, which cannot
synthesize CL, exhibit increased protein carbonylation, an indicator of ROS.

Stein et al. [374] described a highly conserved 56-amino-acid microprotein named
mitoregulin (Mtln). Mtln localizes to the mtIM where it binds CL and influences protein
complex assembly. In cultured cells, Mtln overexpression increases mitochondrial SCs and
mitochondrial activity while decreasing mitochondrial ROS.

The subunit composition of CI is crucial for SC formation and control of ROS pro-
duction. Hou et al. [375] demonstrated that CI subunit AB1 (NDUFAB1), also known as
mitochondrial acyl carrier protein, coordinates the assembly of respiratory CI, CII, and CIII,
and SCs and is a crucial regulator of mitochondrial energy and ROS metabolism.

Jang and Javadov [376] observed that the pharmacological inhibition of CI and CII
stimulated disruption of the respirasome accompanied by reduced ATP formation and
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increased ROS production. Overall, these studies provide biochemical evidence that the
CI activity, and the NDUFA11 subunit are important for assembly and stability of the
respirasome. The SDHC subunit of CII is not involved in the respirasome however the
complex may play a regulatory role in respirasome formation.

Ramirez-Camacho et al. [377] found that mitochondria from reperfused hearts treated
with N-acetyl-cysteine reduced oxidative stress and maintained SCs assemblies containing
CI, CIII, CIV and the adapter protein SCAF1. The associations of the mitochondrial respi-
ratory chain components into SCs could have pathophysiological relevance in metabolic
diseases, as supramolecular arrangements, by sustaining a high electron transport rate,
might prevent ROS generation [378].

6. Physiological and Pathological Implications

As we have pointed out in the Introduction, mitochondria are deeply involved in
pathological processes. Mitochondrial dysfunction is often present in pathological states:
at the end of this review, we intend to demonstrate that mitochondrial dysfunction is
causative in the pathogenesis of most systemic diseases.

What are the signs showing mitochondrial dysfunction? There are many of them
that are more or less specific. Among these we have changes of electron transfer, such as
uncoupling, i.e., the occurrence of electron transfer not accompanied by ATP synthesis,
changes of mitochondrial shape and number, alterations in quality control, changes in
supramolecular structure (SCs) accompanied by decreased respiration and enhanced ROS
generation, and finally opening of the mPTP and cell death.

We first briefly examine OXPHOS uncoupling. As for ROS generation cf. Section 5,
for quality control see Section 5.4, and for the nature and role of the mPTP cf. Section 4.4. A
possible role of SC disassembly as the initial pathogenetic event in many complex diseases
will be described in Section 6.3.

6.1. Uncoupling: When Proton Movement and ATP Synthesis Are Disjointed

The term uncoupling in bioenergetics indicates that the H+ pumping activity of
respiratory complexes which forms the ∆p is not exploited to synthesize ATP from ADP
and Pi by F1FO-ATPase. Uncoupling is often associated with another term, mitochondrial
dysfunction, which suggests that mitochondria do not work properly and are unable
to fully perform their bioenergetic task. Uncoupling can have variable extent. We can
distinguish between mitochondrial uncoupling, due to the downhill H+ flux through
pathways outside the F1FO-ATPase, and intrinsic F-ATPase uncoupling, which means that
the enzyme complex itself cannot match ATP synthesis to H+ channeling, due to molecular
defects. While the mitochondrial uncoupling has a recognized physiological role, even if
many mechanisms remain to be clarified [257], as far as we are aware the F1FO-ATPase
uncoupling only represents a basic biochemical symptom of pathologies [379].

6.1.1. Mitochondrial Uncoupling Due to Dissipative Pathways

The mitochondrial uncoupling can be defined as the detachment of H+ movement
across the mtIM from the F1FO-ATPase activity [134]. Accordingly, the mitochondrial
membrane potential generation is not used to build ATP. Even if it seems surprising,
normally OXPHOS is not completely coupled, and the coupling extent depends on multiple
factors. The mitochondrial uncoupling can be detected directly as a decrease in ∆p or
indirectly as a decrease in the phosphorylation efficiency, namely in the ADP/O ratio
and or in the respiratory control ratio (RCR), which corresponds to the ratios of State
3 (ADP-stimulated) and State 4 (basal) respiratory activities. State 4 respiration, after
subtraction of the non-mitochondrial oxygen consumption detected upon respiratory chain
inhibition, mirrors the oxygen consumption of the so-called proton leak. The latter consists
in the futile cycle of H+ that from the IMS flow downhill in the mitochondrial matrix
through pathways independent of the F1FO-ATPase [380]. The proton leak extent can be
modified by protein complexes, exogenous compounds or permeability changes due to
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changes in the mtIM composition. Even if, at first, the mitochondrial uncoupling was
only associated with mitochondrial dysfunction, at present, it emerges as key ruler of
biological processes, as suggested by the occurrence of endogenous natural uncouplers,
even if they can also have pathological meaning [257]. Accordingly, dissipative pathways
normally occur in variable amounts in different cell types. In mammals, the most known
physiological uncoupling occurs in the brown adipose tissue, where an integral membrane-
bound protein (UCP-1) channels H+ and dissipates the electrochemical gradient resulting
in thermogenesis. Other uncoupling proteins (UCP-2 and UCP-3) rule insulin secretion
in pancreatic β cells and fatty acid metabolism in muscle, brown adipose tissue and
heart, respectively [381]. Additionally, the four-membered family of adenine nucleotide
translocators (ANTs), which catalyzes the ATP/ADP exchange across the mitochondrial
membrane, possesses uncoupling properties [382].

Lastly, mitochondrial uncoupling can be also produced by exogenous chemicals,
protonophores, namely lipophilic weak acids which can cross the mtIM, or non-protonophores,
able to activate latent proton leaks.

A severe mitochondrial uncoupling leads to ATP depletion and eventually cell death,
while mild mitochondrial uncoupling can have positive effects. Mitochondrial uncoupling
can play opposite roles: it can promote cell death but also helps to protect cells against
cell death, according to the cell type, the uncoupler and the uncoupling extent [257].
Uncoupling should prevent an excessive ∆Ψ rise which would block electron transfer
along the respiratory chain. The decrease in ∆Ψ and consequently in ∆p also decreases
ROS generation and vice versa, an increased ROS generation is known to decrease proton
leak. On the other hand, the ATP synthase inhibition leads to electron accumulation
in the respiratory complexes and ROS overproduction, which leads to oxidative stress
and mitochondrial dysfunction. Endogenous mitochondrial uncoupling could prevent
excessive ROS production. Accordingly, mitochondrial uncouplers have been tried to treat
diseases featured by oxidative stress such as diabetes, obesity, cardiovascular diseases,
neurodegenerative and aging-related diseases [134].

6.1.2. Intrinsic ATP Synthase Uncoupling Due by Amino Acid Changes in the a Subunit

The term F-ATPsynthase/ase uncoupling refers to any condition that inhibits the
coupling between the catalytic activity carried out by the hydrophilic portion and H+

translocation by the transmembrane portion FO [383]. Frequently, it stems from struc-
tural changes that modify the H+ pathway of the F1FO-ATPase across the mtIM. The tight
relationship between structure and function of mitochondrial complexes, described in
the previous sections, means that any change in the primary sequence, due even to a
mutation which changes a single amino acid can dramatically modify the protein prop-
erties, especially when amino acid substitutions involve crucial enzyme domains such as
those in the a subunit where some amino acids are essential to build the H+ route. The
mitochondrial F1FO-ATPase is a good example of how point mutations in some protein
sectors result in severe diseases. Mutations in the nuclear genes that encode F1FO-ATPase
subunits are rare and associated with severe diseases nearly incompatible with life. The
most known mutations, associated with diseases whose severity is related to mitochon-
drial heteroplasmy [384], are localized in the mtDNA, which encodes a and A6L sub-
units of the FO domain. In mammals, the mtDNA shows a higher mutational rate than
nuclear DNA [385].

The most frequent mutations in the F1FO-ATPase associated with human pathologies
occur in the mitochondrial ATP6 gene, which encodes the a subunit. The structural ar-
rangement of this subunit which, by positioning specific amino acids and exploiting the
chemical properties of their side chains, forms the half-channels for H+ flow within the
mtIM, remained enigmatic for years, thus making it difficult to envisage the link between
altered molecular function and pathology. However, recent studies, which highlighted
the H+ route, provided a satisfactory explanation on how point mutations are associated
with mitochondrial dysfunctions and depicted a link between the bioenergetic defect and
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the syndrome. Up to now, several point mutations have been described [379]. The most
severe mutation is the m.T8993>G transversion, namely the substitution of thymine by
guanine, which results in the replacement of the hydrophobic leucine by the positively
charged arginine, namely a missense mutation (aLeu156Arg) [386]. This molecular change
is related to pathologies known as Neuropathy, Ataxia and Retinitis Pigmentosa (NARP) or
Maternally Inherited Leigh Syndrome (MILS). These diseases are both associated with the
same molecular defect, but exhibit various degrees of severity and are differently classified
depending on the heteroplasmy degree [384]. The different chemical nature of the two
amino acid side chains can satisfactorily explain the bioenergetic defect: since the inserted
arginine is close to the crucial electrostatic barrier of aArg-159, the two positive guanidine
groups are close to each other to hamper both the H+ flux across the mtIM and ATP synthe-
sis [140]. The consequence is a severe bioenergetic failure. Accordingly, the F1FO-ATPase
becomes unable to pump H+ in the IMS and re-energize the mtIM, even if the two sectors F1
and FO are still structurally and functionally joined, as proven by the observation that the
enzyme complex remains sensitive to the selective inhibitor oligomycin, a clear evidence
of the coupling of the two domains [387]. Similarly, the m.T9176>G transversion in the
mitochondrial ATP6 gene that changes a conserved leucine into arginine (aLeu220Arg) on
position 220 of a subunit [379] is associated with NARP and MILS diseases. In addition,
in this case, as the aLeu-220 is close to the essential aArg-159, this transversion changes
the situation and makes two Arg residues occur in close positions, thus destabilizing the a
subunit due to steric hindrance and electrostatic repulsions. Accordingly, the two vicinal
Arg would act as a positively charged barrier, which prevents H+ translocation across the
mtIM and decreases ATP synthesis and CIV respiration. Moreover, since ATP hydrolysis
becomes uncoupled to H+ transport, as proven by the oligomycin insensitivity, the mem-
brane potential cannot be restored by the F1FO-ATPase which cannot pump H+ [388]. Since
these two transversions, which cause substitution of the hydrophobic side chain of Leu by
a basic and positively charged chain of Arg, deeply alter the protein microenvironment
and the H+ pathway, they cause the bioenergetic failure which constitute the biochemical
basis of these severe diseases.

The m.T8993>C transition, which yields aLeu156Pro substitution [389], results in a less
severe disease, as a result of an increased ROS production. In this case, the functionality is
somehow preserved, since the c-ring can still slowly rotate, allowing the coupling of H+

flux to a low ATP synthesis [390]. It is most likely that the insertion of Pro which replaces
Leu modifies the protein secondary structure. Accordingly, the Pro five-membered ring
may cause a kink in the helices [391] which could slow down H+ transfer.

The de novo transition (m.G8969>A) in mtDNA which encodes the ATP6 gene [392]
has been recently associated with a rare mitochondriopathy, defined Myopathy, Lactic
Acidosis, and Sideroblastic Anemia (MLASA) [392]. The consequent missense mutation
Ser148Asn in a subunit [393] is localized at one helix turn from the aGlu-145 which acts
as “H+ transfer group” in the half-channel which opens in the mitochondrial matrix [151].
The aAsn-145 bears a positive charge which makes ionic bond with aGlu-145, thus blocking
H+ translocation which requires the –COOH deprotonation of cGlu-59 [393].

To sum up, the mutations in a subunit, which stepwise addresses H+ and allow
H+ movement, block or hamper the torque generation in FO, which is essential for ATP
synthesis by F1.

As far as we are aware, mutations in A6L subunit leading to pathologies are much
less frequent than those in a subunit.

6.2. Supercomplexes and ROS Signaling

The role of mitochondrial ROS in cell signaling has been the subject of excellent
reviews (cf. [272,274,394–396]). Here we deal with a possible role of the supramolecular
organization of the respiratory chain on ROS signaling.

With ROS being involved in cell signaling, it is expected that their generation is
subjected to tight control.
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The control of mitochondrial ROS levels depends upon the balance between their
rate of generation and of removal, as already considered in Section 5. The steady-state
concentrations of the redox species responsible for electron leaking and ROS production
are governed by a series of nuclear-encoded protein factors [267] and by the forces directly
associated with respiratory activity, which are the redox potential of the NAD+/NADH
couple and the ∆p [268]. Hoffman and Brookes [292] have investigated the ROS generation
by rat liver mitochondria under different substrate and inhibitor conditions and different
oxygen tensions, in order to determine the O2 affinity of the different O2-reacting sites:
from such data, the apparent Km for O2 was lowest for CI during forward flow, followed
by CI backflow, CIII QO site, and highest for ETF dehydrogenase. They conclude that at
physiological O2 concentration, only CI may be a significant source of ROS.

We first speculated [96] and then obtained experimental demonstration [71] that
dissociation of SC I1III2 occurs upon ROS addition. Therefore, the facilitated electron
channeling in the CoQ region is lost. This condition makes electron-transfer necessarily
dependent upon random diffusion of the free ubiquinone molecules and collisions with
the partner complexes and may elicit further ROS generation.

In fact, SC disorganization eventually leads to destabilization of CI, decreases NAD-
linked respiration and ATP synthesis and increases superoxide production by CI (cf. also
Section 5 for experimental evidence).

The study of Guaras et al. [120] pinpoints another aspect of SCs in relation to ROS
formation. Hyper-reduction of the CoQ pool by ETFH2 oxidation during extensive fatty
acid β-oxidation induces reverse electron transfer with a rise in ROS production by CI.
Thus, shifting metabolic fuels from NADH-dependent to FADH2-dependent substrates may
adjust ROS generation by way of the specific supramolecular assembly of the respiratory
complexes involved [119,397].

6.3. Supercomplexes in Pathology and Aging

In order to understand the mechanism by which a mitochondrial dysfunction can
lead to failure of physiological functions, it is paradigmatic to discuss the mechanisms
responsible for aging of cells and organisms. The mitochondrial theory of aging [398–400]
is based on a series of assumptions linked by a causal relationship [401]: (a) mitochon-
drial ROS generation is the major cause of aging. (b) Mitochondrial ROS damage mito-
chondrial biomolecules, especially inducing mtDNA somatic mutations, mainly affecting
post-mitotic tissues. (c) The mtDNA mutations alter the structure of mtDNA-encoded
proteins: since these are subunits of the major OXPHOS complexes, they imply a decreased
oxidative phosphorylation, which leads to bioenergetic failure, metabolic derangement and
cell death.

A further consequence of the decreased electron transfer during aging is further ROS
generation, so that mtDNA damage and ROS production become involved in a vicious
circle [398,399], not considered by the original theory.

Even if each of these assertions is sustained by experimental evidence, there are
still several controversies and the cause–effect relationships among these events are still
partially obscure. The complexity of biochemical, genetic, and regulatory systems and
their inter-relationships are still not fully understood and often a single linear cause to
effect relationship cannot be established [402]. Barja [403] however proposes that aging
is the result of several effectors, i.e., mtROS production, lipid unsaturation, autophagy,
mitochondrial DNA repair and putative other events such as apoptosis, proteostasis, or
telomere shortening, already considered by different classic theories of aging. The aging
regulating system gathers the theories of aging, previously considered as independent and
assembles them into a single unified theory.

Wallace [1] hypothesized that mitochondrial dysfunction plays a central role in a wide
range of age-related disorders and cancer types. He proposes that the delayed-onset and
gradual onset of the age-related diseases is due to the accumulation of somatic mutations
in the mtDNAs of post-mitotic tissues. The tissue-specific pathological phenotype may
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depend on the different roles and energy requirements of the various tissues. The individual
varied predisposition to degenerative and cancer diseases may result from the interaction
of present environment (dietary caloric intake) and ancient genetic factors (mitochondrial
genetic polymorphisms). On these bases, the mitochondria make a direct connection
between our environment and our genes.

Inherited and/or epigenomic variation of the mitochondrial genome determines our
initial energetic capacity, but the age-related accumulation of somatic mtDNA mutations
decreases the energetic capacity leading to disease [4], thus providing a unified pathophys-
iological and genetic mechanism for neurodegenerative diseases such as Alzheimer and
Parkinson disease, metabolic diseases such as diabetes and obesity, autoimmune diseases,
aging, and cancer.

Such an integrated model for the genetics and pathophysiology of complex diseases,
aging, and cancer [4] is summarized in Figure 7.
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Nuclear DNA variations including epigenetic changes, mtDNA variations, including
ancient polymorphisms, and environmental influences including diet and calories, all
impact the mitochondrial OXPHOS system. The primary defect is the reduction in energy
conservation by OXPHOS, that in turn perturbs the mitochondrial biogenesis and enhances
ROS production. ROS induce the progressive increase in mtDNA somatic mutations, so
that the alteration of proteins in the OXPHOS complexes cause further decline of the
mitochondrial function. If the mitochondrial energy production decreases below a specific
tissue threshold, the bioenergetic failure can trigger cascade events which lead to cell
death by apoptosis or necrosis. The clinical phenotype would result from the reduced
energy storage in the tissues that require the most energy, such as brain, heart, muscle,
and kidney. The symptom number and severity in these organs mirror the extent and
type of the mitochondrial defect. The altered functions in mitochondria are also crucial to
determine cancer initiation, promotion, and metastasis [404].
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We first proposed SC disassembly as the missing link between oxidative stress and
energy failure [96,405]. We proposed that an initial oxidative stress, not necessarily orig-
inating from mitochondria, and due to different possible reasons, causes dissociation of
SCs. The bioenergetic consequence is the loss of electron channeling leading to random
diffusion of ubiquinone, which is less efficient. A further consequence of SC disassembly
would be CI dissociation with loss of electron transfer and/or proton translocation; the
consequently altered electron transfer may result in further ROS generation. The possible
severe metabolic and physiological consequences of SC dissociation are reported in the
scheme in Figure 8 [223].
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the vicious circle. In a dose-dependent way, ROS can also operate as molecular signals from mitochondria to the nucleus.
See text for explanations.

This model poses SC dissociation and ROS generation in a biunivocal situation. On
the one hand, ROS cause dissociation of SCs, but on the other hand, SC dissociation
enhances ROS generation. Clearly, these events must be tightly controlled, otherwise they
might trigger a vicious circle of ROS generation. We have discussed above the hypothetic
vicious circle of ROS generation and mitochondrial failure at the basis of aging and aging-
related diseases. The original mitochondrial theory of aging did not imply the existence
of a vicious circle [398], nevertheless the evidence that ROS generation increases in aging
is overwhelming [403].

Alterations (dissociation) of the SCs often accompany pathological changes, however
no direct proof exists that SC dissociation is the direct cause of the pathology.

Even so, circumstantial evidence points to a vicious circle (cf. Genova et al. [405]
for review).

The major mitochondrial alterations accompanying aging and several pathologies
occur at the level of CI [406,407], in line with the knowledge that this enzyme exerts the
main control on respiration. Flux control analysis of respiration in coupled liver mitochon-
dria [408] showed that the control exerted by CI is low in young rats, and becomes very
high in the old ones, suggesting that aging induces CI structural changes that eventually
affect the whole OXPHOS.

Analysis of the occurrence of respiratory SCs (cf. Section 3.1) in relation to age
suggested that the SC destabilization plays a key role in the development of the aging-
phenotype [409,410]. In mitochondria of rat cortex, a striking age-associated decline (−40%)
in the CI-containing SCs, especially the SC I1III2 (−58%) was reported by Frenzel et al. [411].
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The so-called mutator mice are a remarkable model of premature aging [407]; they
have a defect of the proof-reading function of mtDNA polymerase-γ and hence exhibit
multiple mtDNA mutations that result in decreased respiration and altered assembly of
respiratory complexes [412]. In these mice, the steady-state level and activity of CI is
strongly lowered, possibly as a secondary effect of a decreased assembly of CIV on the
stability of CI, which disrupts the SC organization [349].

The observations collected in this review locate SC assembly/disassembly in a physio-
logical signaling network that can easily undergo alterations, leading to dramatic conditions
if ROS generation becomes out of control.

We may envisage SC association/dissociation as a physiological phenomenon, as
depicted by the plasticity model [64], modulated by a variety of stimuli such as the mito-
chondrial membrane potential and protein post-translational changes in the respiratory
complexes; thus, changes in ROS production modulate the signaling pathways started by
ROS. These changes are reversible and must be tightly controlled.

We propose that the primary event responsible for aging and age-related pathologies
is the structural damage induced by ROS in mitochondria, as originally stated by the
so-called mitochondrial theory of aging [398].

Distinct events may constitute a consecutive series which leads to pathological changes.
Progressive ROS-induced damage to the mitochondrial membrane lipids and proteins was
found; mtDNA mutations, although present, may not necessarily be an early phenomenon
of aging development.

The ROS level may be ruled by the nutrition state and the activity of the mTOR and
insulin/IGF pathways. ROS may alter mitochondrial protein structure either directly or
by means of peroxidation of CL, whose damage prevents SC association [71]; in turn
SC dissociation would lead to further increase in ROS generation. If maintained at low
levels, ROS may induce retrograde signals which promote the induction of compensatory
mechanisms that try to counteract ROS generation and the consequent damage risk (see
Section 5). However, high ROS levels may cause further damage and make the signaling
pathways lose their coordination (see Section 5.3). At a later stage, mtDNA mutations
would make the whole process irreversible and determine the final aging phenotype.
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Mammalian Mitochondrial Glycerol-3-Phosphate Dehydrogenase. Biochim. Biophys. Acta 2014, 1837, 98–111. [CrossRef] [PubMed]

109. Nesci, S.; Lenaz, G. The Mitochondrial Energy Conversion Involves Cytochrome c Diffusion into the Respiratory Supercomplexes.
Biochim. Biophys. Acta Bioenergy 2021, 1862, 148394. [CrossRef] [PubMed]

110. Boumans, H.; Grivell, L.A.; Berden, J.A. The Respiratory Chain in Yeast Behaves as a Single Functional Unit. J. Biol. Chem. 1998,
273, 4872–4877. [CrossRef]

111. Heinemeyer, J.; Braun, H.-P.; Boekema, E.J.; Kouril, R. A Structural Model of the Cytochrome C Reductase/Oxidase Supercomplex
from Yeast Mitochondria. J. Biol. Chem. 2007, 282, 12240–12248. [CrossRef] [PubMed]

112. Mileykovskaya, E.; Penczek, P.A.; Fang, J.; Mallampalli, V.K.P.S.; Sparagna, G.C.; Dowhan, W. Arrangement of the Respiratory
Chain Complexes in Saccharomyces Cerevisiae Supercomplex III2IV2 Revealed by Single Particle Cryo-Electron Microscopy. J.
Biol. Chem. 2012, 287, 23095–23103. [CrossRef] [PubMed]

113. Trouillard, M.; Meunier, B.; Rappaport, F. Questioning the Functional Relevance of Mitochondrial Supercomplexes by Time-
Resolved Analysis of the Respiratory Chain. Proc. Natl. Acad. Sci. USA 2011, 108, E1027–E1034. [CrossRef] [PubMed]

114. Rydström Lundin, C.; von Ballmoos, C.; Ott, M.; Ädelroth, P.; Brzezinski, P. Regulatory Role of the Respiratory Supercomplex
Factors in Saccharomyces Cerevisiae. Proc. Natl. Acad. Sci. USA 2016, 113, E4476–E4485. [CrossRef]

115. Stuchebrukhov, A.; Schäfer, J.; Berg, J.; Brzezinski, P. Kinetic Advantage of Forming Respiratory Supercomplexes. Biochim. Biophys.
Acta Bioenergy 2020, 1861, 148193. [CrossRef] [PubMed]

116. Berndtsson, J.; Aufschnaiter, A.; Rathore, S.; Marin-Buera, L.; Dawitz, H.; Diessl, J.; Kohler, V.; Barrientos, A.; Büttner, S.; Fontanesi,
F.; et al. Respiratory Supercomplexes Enhance Electron Transport by Decreasing Cytochrome c Diffusion Distance. EMBO Rep.
2020, e51015. [CrossRef]

117. Vukotic, M.; Oeljeklaus, S.; Wiese, S.; Vögtle, F.N.; Meisinger, C.; Meyer, H.E.; Zieseniss, A.; Katschinski, D.M.; Jans, D.C.; Jakobs,
S.; et al. Rcf1 Mediates Cytochrome Oxidase Assembly and Respirasome Formation, Revealing Heterogeneity of the Enzyme
Complex. Cell Metab. 2012, 15, 336–347. [CrossRef]

118. Moreno-Loshuertos, R.; Enríquez, J.A. Respiratory Supercomplexes and the Functional Segmentation of the CoQ Pool. Free Radic.
Biol. Med. 2016, 100, 5–13. [CrossRef] [PubMed]

119. Speijer, D. Oxygen Radicals Shaping Evolution: Why Fatty Acid Catabolism Leads to Peroxisomes While Neurons Do without
It: FADH2/NADH Flux Ratios Determining Mitochondrial Radical Formation Were Crucial for the Eukaryotic Invention of
Peroxisomes and Catabolic Tissue Differentiation. Bioessays 2011, 33, 88–94. [CrossRef]

http://doi.org/10.1152/ajpcell.00263.2006
http://doi.org/10.1016/j.cmet.2018.05.024
http://doi.org/10.1186/s12915-018-0577-5
http://doi.org/10.1016/j.bbabio.2019.148137
http://doi.org/10.1126/sciadv.aba7509
http://doi.org/10.1016/0014-5793(92)81378-Y
http://doi.org/10.1016/S0021-9258(18)33893-6
http://doi.org/10.1093/cvr/cvn184
http://doi.org/10.1371/journal.pone.0002013
http://doi.org/10.1002/anie.201507332
http://www.ncbi.nlm.nih.gov/pubmed/26592861
http://doi.org/10.1007/BF00743044
http://www.ncbi.nlm.nih.gov/pubmed/6100296
http://doi.org/10.1006/abbi.1997.0150
http://doi.org/10.1016/j.bbabio.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/23999537
http://doi.org/10.1016/j.bbabio.2021.148394
http://www.ncbi.nlm.nih.gov/pubmed/33631178
http://doi.org/10.1074/jbc.273.9.4872
http://doi.org/10.1074/jbc.M610545200
http://www.ncbi.nlm.nih.gov/pubmed/17322303
http://doi.org/10.1074/jbc.M112.367888
http://www.ncbi.nlm.nih.gov/pubmed/22573332
http://doi.org/10.1073/pnas.1109510108
http://www.ncbi.nlm.nih.gov/pubmed/22011573
http://doi.org/10.1073/pnas.1601196113
http://doi.org/10.1016/j.bbabio.2020.148193
http://www.ncbi.nlm.nih.gov/pubmed/32201307
http://doi.org/10.15252/embr.202051015
http://doi.org/10.1016/j.cmet.2012.01.016
http://doi.org/10.1016/j.freeradbiomed.2016.04.018
http://www.ncbi.nlm.nih.gov/pubmed/27105951
http://doi.org/10.1002/bies.201000097


Life 2021, 11, 242 43 of 53

120. Guarás, A.; Perales-Clemente, E.; Calvo, E.; Acín-Pérez, R.; Loureiro-Lopez, M.; Pujol, C.; Martínez-Carrascoso, I.; Nuñez, E.;
García-Marqués, F.; Rodríguez-Hernández, M.A.; et al. The CoQH2/CoQ Ratio Serves as a Sensor of Respiratory Chain Efficiency.
Cell Rep. 2016, 15, 197–209. [CrossRef] [PubMed]

121. Schertl, P.; Braun, H.-P. Respiratory Electron Transfer Pathways in Plant Mitochondria. Front. Plant Sci. 2014, 5, 163. [CrossRef]
122. Muench, S.P.; Trinick, J.; Harrison, M.A. Structural Divergence of the Rotary ATPases. Q. Rev. Biophys. 2011, 44,

311–356. [CrossRef]
123. Okuno, D.; Iino, R.; Noji, H. Rotation and Structure of FoF1-ATP Synthase. J. Biochem. 2011, 149, 655–664. [CrossRef]
124. Nesci, S.; Trombetti, F.; Ventrella, V.; Pagliarani, A. The a Subunit Asymmetry Dictates the Two Opposite Rotation Directions in

the Synthesis and Hydrolysis of ATP by the Mitochondrial ATP Synthase. Med. Hypotheses 2015, 84, 53–57. [CrossRef]
125. Boyer, P.D. The ATP Synthase—A Splendid Molecular Machine. Annu. Rev. Biochem. 1997, 66, 717–749. [CrossRef]
126. Yoshida, M.; Muneyuki, E.; Hisabori, T. ATP Synthase—A Marvellous Rotary Engine of the Cell. Nat. Rev. Mol. Cell Biol. 2001, 2,

669–677. [CrossRef] [PubMed]
127. Gu, J.; Zhang, L.; Zong, S.; Guo, R.; Liu, T.; Yi, J.; Wang, P.; Zhuo, W.; Yang, M. Cryo-EM Structure of the Mammalian ATP

Synthase Tetramer Bound with Inhibitory Protein IF1. Science 2019, 364, 1068–1075. [CrossRef]
128. Pinke, G.; Zhou, L.; Sazanov, L.A. Cryo-EM Structure of the Entire Mammalian F-Type ATP Synthase. Nat. Struct. Mol. Biol. 2020,

27, 1077–1085. [CrossRef]
129. Nesci, S.; Trombetti, F.; Algieri, C.; Pagliarani, A. A Therapeutic Role for the F1FO-ATP Synthase. SLAS Discov. 2019, 24, 893–903.

[CrossRef] [PubMed]
130. Nesci, S.; Pagliarani, A.; Algieri, C.; Trombetti, F. Mitochondrial F-Type ATP Synthase: Multiple Enzyme Functions Revealed by

the Membrane-Embedded FO Structure. Crit. Rev. Biochem. Mol. Biol. 2020, 1–13. [CrossRef]
131. Junge, W.; Lill, H.; Engelbrecht, S. ATP Synthase: An Electrochemical Transducer with Rotatory Mechanics. Trends Biochem. Sci.

1997, 22, 420–423. [CrossRef]
132. Junge, W.; Sielaff, H.; Engelbrecht, S. Torque Generation and Elastic Power Transmission in the Rotary F(O)F(1)-ATPase. Nature

2009, 459, 364–370. [CrossRef] [PubMed]
133. Nesci, S.; Trombetti, F.; Ventrella, V.; Pagliarani, A. Opposite Rotation Directions in the Synthesis and Hydrolysis of ATP by the

ATP Synthase: Hints from a Subunit Asymmetry. J. Membr. Biol. 2015, 248, 163–169. [CrossRef]
134. Lippe, G.; Coluccino, G.; Zancani, M.; Baratta, W.; Crusiz, P. Mitochondrial F-ATP Synthase and Its Transition into an Energy-

Dissipating Molecular Machine. Oxid. Med. Cell Longev. 2019, 2019, 8743257. [CrossRef] [PubMed]
135. Symersky, J.; Osowski, D.; Walters, D.E.; Mueller, D.M. Oligomycin Frames a Common Drug-Binding Site in the ATP Synthase.

Proc. Natl. Acad. Sci. USA 2012, 109, 13961–13965. [CrossRef] [PubMed]
136. Kühlbrandt, W. Structure and Mechanisms of F-Type ATP Synthases. Annu. Rev. Biochem. 2019, 88, 515–549. [CrossRef]
137. Hahn, A.; Parey, K.; Bublitz, M.; Mills, D.J.; Zickermann, V.; Vonck, J.; Kühlbrandt, W.; Meier, T. Structure of a Complete ATP Syn-

thase Dimer Reveals the Molecular Basis of Inner Mitochondrial Membrane Morphology. Mol. Cell 2016, 63, 445–456. [CrossRef]
138. Boyer, P.D. Catalytic Site Occupancy during ATP Synthase Catalysis. FEBS Lett. 2002, 512, 29–32. [CrossRef]
139. Murataliev, M.B.; Boyer, P.D. The Mechanism of Stimulation of MgATPase Activity of Chloroplast F1-ATPase by Non-Catalytic

Adenine-Nucleotide Binding. Acceleration of the ATP-Dependent Release of Inhibitory ADP from a Catalytic Site. Eur. J. Biochem.
1992, 209, 681–687. [CrossRef] [PubMed]

140. Xu, T.; Pagadala, V.; Mueller, D.M. Understanding Structure, Function, and Mutations in the Mitochondrial ATP Synthase. Microb.
Cell 2015, 2, 105–125. [CrossRef] [PubMed]

141. Pogoryelov, D.; Klyszejko, A.L.; Krasnoselska, G.O.; Heller, E.-M.; Leone, V.; Langer, J.D.; Vonck, J.; Müller, D.J.; Faraldo-Gómez,
J.D.; Meier, T. Engineering Rotor Ring Stoichiometries in the ATP Synthase. Proc. Natl. Acad. Sci. USA 2012, 109, E1599–E1608.
[CrossRef] [PubMed]

142. Von Ballmoos, C.; Cook, G.M.; Dimroth, P. Unique Rotary ATP Synthase and Its Biological Diversity. Annu. Rev. Biophys. 2008, 37,
43–64. [CrossRef] [PubMed]

143. Nesci, S.; Ventrella, V.; Trombetti, F.; Pirini, M.; Pagliarani, A. Mussel and Mammalian ATP Synthase Share the Same Bioenergetic
Cost of ATP. J. Bioenergy Biomembr. 2013, 45, 289–300. [CrossRef]

144. Hahn, A.; Vonck, J.; Mills, D.J.; Meier, T.; Kühlbrandt, W. Structure, Mechanism, and Regulation of the Chloroplast ATP Synthase.
Science 2018, 360, eaat4318. [CrossRef] [PubMed]

145. Guo, H.; Suzuki, T.; Rubinstein, J.L. Structure of a Bacterial ATP Synthase. eLife 2019, 8. [CrossRef]
146. Allegretti, M.; Klusch, N.; Mills, D.J.; Vonck, J.; Kühlbrandt, W.; Davies, K.M. Horizontal Membrane-Intrinsic α-Helices in the

Stator a-Subunit of an F-Type ATP Synthase. Nature 2015, 521, 237–240. [CrossRef]
147. Kühlbrandt, W.; Davies, K.M. Rotary ATPases: A New Twist to an Ancient Machine. Trends Biochem. Sci. 2016, 41, 106–116.

[CrossRef] [PubMed]
148. Klusch, N.; Murphy, B.J.; Mills, D.J.; Yildiz, Ö.; Kühlbrandt, W. Structural Basis of Proton Translocation and Force Generation in

Mitochondrial ATP Synthase. eLife 2017, 6, e33274. [CrossRef] [PubMed]
149. Strauss, M.; Hofhaus, G.; Schröder, R.R.; Kühlbrandt, W. Dimer Ribbons of ATP Synthase Shape the Inner Mitochondrial

Membrane. EMBO J. 2008, 27, 1154–1160. [CrossRef]

http://doi.org/10.1016/j.celrep.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27052170
http://doi.org/10.3389/fpls.2014.00163
http://doi.org/10.1017/S0033583510000338
http://doi.org/10.1093/jb/mvr049
http://doi.org/10.1016/j.mehy.2014.11.015
http://doi.org/10.1146/annurev.biochem.66.1.717
http://doi.org/10.1038/35089509
http://www.ncbi.nlm.nih.gov/pubmed/11533724
http://doi.org/10.1126/science.aaw4852
http://doi.org/10.1038/s41594-020-0503-8
http://doi.org/10.1177/2472555219860448
http://www.ncbi.nlm.nih.gov/pubmed/31266411
http://doi.org/10.1080/10409238.2020.1784084
http://doi.org/10.1016/S0968-0004(97)01129-8
http://doi.org/10.1038/nature08145
http://www.ncbi.nlm.nih.gov/pubmed/19458712
http://doi.org/10.1007/s00232-014-9760-y
http://doi.org/10.1155/2019/8743257
http://www.ncbi.nlm.nih.gov/pubmed/31178976
http://doi.org/10.1073/pnas.1207912109
http://www.ncbi.nlm.nih.gov/pubmed/22869738
http://doi.org/10.1146/annurev-biochem-013118-110903
http://doi.org/10.1016/j.molcel.2016.05.037
http://doi.org/10.1016/S0014-5793(02)02293-7
http://doi.org/10.1111/j.1432-1033.1992.tb17336.x
http://www.ncbi.nlm.nih.gov/pubmed/1425675
http://doi.org/10.15698/mic2015.04.197
http://www.ncbi.nlm.nih.gov/pubmed/25938092
http://doi.org/10.1073/pnas.1120027109
http://www.ncbi.nlm.nih.gov/pubmed/22628564
http://doi.org/10.1146/annurev.biophys.37.032807.130018
http://www.ncbi.nlm.nih.gov/pubmed/18573072
http://doi.org/10.1007/s10863-013-9504-1
http://doi.org/10.1126/science.aat4318
http://www.ncbi.nlm.nih.gov/pubmed/29748256
http://doi.org/10.7554/eLife.43128
http://doi.org/10.1038/nature14185
http://doi.org/10.1016/j.tibs.2015.10.006
http://www.ncbi.nlm.nih.gov/pubmed/26671611
http://doi.org/10.7554/eLife.33274
http://www.ncbi.nlm.nih.gov/pubmed/29210357
http://doi.org/10.1038/emboj.2008.35


Life 2021, 11, 242 44 of 53

150. Wolf, D.M.; Segawa, M.; Kondadi, A.K.; Anand, R.; Bailey, S.T.; Reichert, A.S.; van der Bliek, A.M.; Shackelford, D.B.; Liesa, M.;
Shirihai, O.S. Individual Cristae within the Same Mitochondrion Display Different Membrane Potentials and Are Functionally
Independent. EMBO J. 2019, 38, e101056. [CrossRef]

151. Srivastava, A.P.; Luo, M.; Zhou, W.; Symersky, J.; Bai, D.; Chambers, M.G.; Faraldo-Gómez, J.D.; Liao, M.; Mueller, D.M. High-
Resolution Cryo-EM Analysis of the Yeast ATP Synthase in a Lipid Membrane. Science 2018, 360, eaas9699. [CrossRef] [PubMed]

152. Boyer, P.D. Bioenergetic Coupling to Protonmotive Force: Should We Be Considering Hydronium Ion Coordination and Not
Group Protonation? Trends Biochem. Sci. 1988, 13, 5–7. [CrossRef]

153. Von Ballmoos, C.; Dimroth, P. Two Distinct Proton Binding Sites in the ATP Synthase Family. Biochemistry 2007, 46, 11800–11809.
[CrossRef] [PubMed]

154. Spikes, T.E.; Montgomery, M.G.; Walker, J.E. Structure of the Dimeric ATP Synthase from Bovine Mitochondria. Proc. Natl. Acad.
Sci. USA 2020, 117, 23519–23526. [CrossRef] [PubMed]

155. Pogoryelov, D.; Krah, A.; Langer, J.D.; Yildiz, Ö.; Faraldo-Gómez, J.D.; Meier, T. Microscopic Rotary Mechanism of Ion Transloca-
tion in the F(o) Complex of ATP Synthases. Nat. Chem. Biol. 2010, 6, 891–899. [CrossRef] [PubMed]

156. Vinogradov, A.D. New Perspective on the Reversibility of ATP Synthesis and Hydrolysis by Fo·F1-ATP Synthase (Hydrolase).
Biochem. Moscow 2019, 84, 1247–1255. [CrossRef]

157. Mitome, N.; Ono, S.; Sato, H.; Suzuki, T.; Sone, N.; Yoshida, M. Essential Arginine Residue of the F(o)-a Subunit in F(o)F(1)-ATP
Synthase Has a Role to Prevent the Proton Shortcut without c-Ring Rotation in the F(o) Proton Channel. Biochem. J. 2010, 430,
171–177. [CrossRef] [PubMed]

158. Murphy, B.J.; Klusch, N.; Langer, J.; Mills, D.J.; Yildiz, Ö.; Kühlbrandt, W. Rotary Substates of Mitochondrial ATP Synthase Reveal
the Basis of Flexible F1-Fo Coupling. Science 2019, 364. [CrossRef]

159. Blum, T.B.; Hahn, A.; Meier, T.; Davies, K.M.; Kühlbrandt, W. Dimers of Mitochondrial ATP Synthase Induce Membrane
Curvature and Self-Assemble into Rows. Proc. Natl. Acad. Sci. USA 2019. [CrossRef]

160. Arnold, I.; Pfeiffer, K.; Neupert, W.; Stuart, R.A.; Schägger, H. Yeast Mitochondrial F1F0-ATP Synthase Exists as a Dimer:
Identification of Three Dimer-Specific Subunits. EMBO J. 1998, 17, 7170–7178. [CrossRef]

161. Davies, K.M.; Anselmi, C.; Wittig, I.; Faraldo-Gómez, J.D.; Kühlbrandt, W. Structure of the Yeast F1Fo-ATP Synthase Dimer and
Its Role in Shaping the Mitochondrial Cristae. Proc. Natl. Acad. Sci. USA 2012, 109, 13602–13607. [CrossRef] [PubMed]

162. Eydt, K.; Davies, K.M.; Behrendt, C.; Wittig, I.; Reichert, A.S. Cristae Architecture Is Determined by an Interplay of the MICOS
Complex and the F1FO ATP Synthase via Mic27 and Mic10. Microb. Cell 2017, 4, 259–272. [CrossRef] [PubMed]

163. Rampelt, H.; van der Laan, M. The Yin & Yang of Mitochondrial Architecture—Interplay of MICOS and F1Fo-ATP Synthase in
Cristae Formation. Microb. Cell 2017, 4, 236–239. [CrossRef]

164. Colina-Tenorio, L.; Horten, P.; Pfanner, N.; Rampelt, H. Shaping the Mitochondrial Inner Membrane in Health and Disease. J.
Intern. Med. 2020, 287, 645–664. [CrossRef]

165. Faccenda, D.; Tan, C.H.; Seraphim, A.; Duchen, M.R.; Campanella, M. IF1 Limits the Apoptotic-Signalling Cascade by Preventing
Mitochondrial Remodelling. Cell Death Differ. 2013, 20, 686–697. [CrossRef]

166. Esparza-Moltó, P.B.; Cuezva, J.M. The Role of Mitochondrial H+-ATP Synthase in Cancer. Front. Oncol. 2018, 8, 53.
[CrossRef] [PubMed]

167. García, J.J.; Morales-Ríos, E.; Cortés-Hernandez, P.; Rodríguez-Zavala, J.S. The Inhibitor Protein (IF1) Promotes Dimerization of
the Mitochondrial F1F0-ATP Synthase. Biochemistry 2006, 45, 12695–12703. [CrossRef]

168. Nakamura, J.; Fujikawa, M.; Yoshida, M. IF1, a Natural Inhibitor of Mitochondrial ATP Synthase, Is Not Essential for the Normal
Growth and Breeding of Mice. Biosci. Rep. 2013, 33. [CrossRef] [PubMed]

169. Anselmi, C.; Davies, K.M.; Faraldo-Gómez, J.D. Mitochondrial ATP Synthase Dimers Spontaneously Associate Due to a Long-
Range Membrane-Induced Force. J. Gen. Physiol. 2018, 150, 763–770. [CrossRef] [PubMed]

170. Nesci, S.; Pagliarani, A. Emerging Roles for the Mitochondrial ATP Synthase Supercomplexes. Trends Biochem. Sci. 2019, 44,
821–823. [CrossRef]

171. Arselin, G.; Giraud, M.-F.; Dautant, A.; Vaillier, J.; Brèthes, D.; Coulary-Salin, B.; Schaeffer, J.; Velours, J. The GxxxG Motif of the
Transmembrane Domain of Subunit e Is Involved in the Dimerization/Oligomerization of the Yeast ATP Synthase Complex in
the Mitochondrial Membrane. Eur. J. Biochem. 2003, 270, 1875–1884. [CrossRef]

172. Bustos, D.M.; Velours, J. The Modification of the Conserved GXXXG Motif of the Membrane-Spanning Segment of Subunit g
Destabilizes the Supramolecular Species of Yeast ATP Synthase. J. Biol. Chem. 2005, 280, 29004–29010. [CrossRef]

173. Guo, H.; Bueler, S.A.; Rubinstein, J.L. Atomic Model for the Dimeric FO Region of Mitochondrial ATP Synthase. Science 2017, 358,
936–940. [CrossRef] [PubMed]

174. Teixeira, F.K.; Sanchez, C.G.; Hurd, T.R.; Seifert, J.R.K.; Czech, B.; Preall, J.B.; Hannon, G.J.; Lehmann, R. ATP Synthase Promotes
Germ Cell Differentiation Independent of Oxidative Phosphorylation. Nat. Cell. Biol. 2015, 17, 689–696. [CrossRef]

175. Faccenda, D.; Campanella, M. Molecular Regulation of the Mitochondrial F(1)F(o)-ATPsynthase: Physiological and Pathological
Significance of the Inhibitory Factor 1 (IF(1)). Int. J. Cell. Biol. 2012, 2012, 367934. [CrossRef]

176. Mnatsakanyan, N.; Jonas, E.A. The New Role of F1Fo ATP Synthase in Mitochondria-Mediated Neurodegeneration and
Neuroprotection. Exp. Neurol. 2020, 332, 113400. [CrossRef] [PubMed]

177. Daum, B.; Walter, A.; Horst, A.; Osiewacz, H.D.; Kühlbrandt, W. Age-Dependent Dissociation of ATP Synthase Dimers and Loss
of Inner-Membrane Cristae in Mitochondria. Proc. Natl. Acad. Sci. USA 2013, 110, 15301–15306. [CrossRef]

http://doi.org/10.15252/embj.2018101056
http://doi.org/10.1126/science.aas9699
http://www.ncbi.nlm.nih.gov/pubmed/29650704
http://doi.org/10.1016/0968-0004(88)90005-9
http://doi.org/10.1021/bi701083v
http://www.ncbi.nlm.nih.gov/pubmed/17910472
http://doi.org/10.1073/pnas.2013998117
http://www.ncbi.nlm.nih.gov/pubmed/32900941
http://doi.org/10.1038/nchembio.457
http://www.ncbi.nlm.nih.gov/pubmed/20972431
http://doi.org/10.1134/S0006297919110038
http://doi.org/10.1042/BJ20100621
http://www.ncbi.nlm.nih.gov/pubmed/20518749
http://doi.org/10.1126/science.aaw9128
http://doi.org/10.1073/pnas.1816556116
http://doi.org/10.1093/emboj/17.24.7170
http://doi.org/10.1073/pnas.1204593109
http://www.ncbi.nlm.nih.gov/pubmed/22864911
http://doi.org/10.15698/mic2017.08.585
http://www.ncbi.nlm.nih.gov/pubmed/28845423
http://doi.org/10.15698/mic2017.08.583
http://doi.org/10.1111/joim.13031
http://doi.org/10.1038/cdd.2012.163
http://doi.org/10.3389/fonc.2018.00053
http://www.ncbi.nlm.nih.gov/pubmed/29564224
http://doi.org/10.1021/bi060339j
http://doi.org/10.1042/BSR20130078
http://www.ncbi.nlm.nih.gov/pubmed/23889209
http://doi.org/10.1085/jgp.201812033
http://www.ncbi.nlm.nih.gov/pubmed/29643173
http://doi.org/10.1016/j.tibs.2019.07.002
http://doi.org/10.1046/j.1432-1033.2003.03557.x
http://doi.org/10.1074/jbc.M502140200
http://doi.org/10.1126/science.aao4815
http://www.ncbi.nlm.nih.gov/pubmed/29074581
http://doi.org/10.1038/ncb3165
http://doi.org/10.1155/2012/367934
http://doi.org/10.1016/j.expneurol.2020.113400
http://www.ncbi.nlm.nih.gov/pubmed/32653453
http://doi.org/10.1073/pnas.1305462110


Life 2021, 11, 242 45 of 53

178. Giorgio, V.; von Stockum, S.; Antoniel, M.; Fabbro, A.; Fogolari, F.; Forte, M.; Glick, G.D.; Petronilli, V.; Zoratti, M.; Szabó, I.; et al.
Dimers of Mitochondrial ATP Synthase Form the Permeability Transition Pore. Proc. Natl. Acad. Sci. USA 2013, 110, 5887–5892.
[CrossRef] [PubMed]

179. Bonora, M.; Bononi, A.; De Marchi, E.; Giorgi, C.; Lebiedzinska, M.; Marchi, S.; Patergnani, S.; Rimessi, A.; Suski, J.M.;
Wojtala, A.; et al. Role of the c Subunit of the FO ATP Synthase in Mitochondrial Permeability Transition. Cell Cycle 2013, 12,
674–683. [CrossRef]

180. Alavian, K.N.; Beutner, G.; Lazrove, E.; Sacchetti, S.; Park, H.-A.; Licznerski, P.; Li, H.; Nabili, P.; Hockensmith, K.; Graham, M.;
et al. An Uncoupling Channel within the C-Subunit Ring of the F1FO ATP Synthase Is the Mitochondrial Permeability Transition
Pore. Proc. Natl. Acad. Sci. USA 2014, 111, 10580–10585. [CrossRef]

181. Mnatsakanyan, N.; Jonas, E.A. ATP Synthase C-Subunit Ring as the Channel of Mitochondrial Permeability Transition: Regulator
of Metabolism in Development and Degeneration. J. Mol. Cell. Cardiol. 2020, 144, 109–118. [CrossRef]

182. Bernardi, P.; Rasola, A.; Forte, M.; Lippe, G. The Mitochondrial Permeability Transition Pore: Channel Formation by F-ATP
Synthase, Integration in Signal Transduction, and Role in Pathophysiology. Physiol. Rev. 2015, 95, 1111–1155. [CrossRef] [PubMed]

183. Algieri, C.; Nesci, S.; Trombetti, F.; Fabbri, M.; Ventrella, V.; Pagliarani, A. Mitochondrial F1FO-ATPase and Permeability
Transition Pore Response to Sulfide in the Midgut Gland of Mytilus Galloprovincialis. Biochimie 2021, 180, 222–228. [CrossRef]

184. Torrezan-Nitao, E.; Figueiredo, R.C.B.Q.; Marques-Santos, L.F. Mitochondrial Permeability Transition Pore in Sea Urchin Female
Gametes. Mech. Dev. 2018, 154, 208–218. [CrossRef]

185. Liu, Y.; Zhi, D.; Li, M.; Liu, D.; Wang, X.; Wu, Z.; Zhang, Z.; Fei, D.; Li, Y.; Zhu, H.; et al. Shengmai Formula Suppressed
Over-Activated Ras/MAPK Pathway in C. Elegans by Opening Mitochondrial Permeability Transition Pore via Regulating
Cyclophilin D. Sci. Rep. 2016, 6, 38934. [CrossRef] [PubMed]

186. Yuan, Z.; Zhang, J.; Tu, C.; Wang, Z.; Xin, W. The Protective Effect of Blueberry Anthocyanins against Perfluorooctanoic
Acid-Induced Disturbance in Planarian (Dugesia Japonica). Ecotoxicol. Environ. Saf. 2016, 127, 170–174. [CrossRef]

187. Ren, X.; Zhang, L.; Zhang, Y.; Mao, L.; Jiang, H. Mitochondria Response to Camptothecin and Hydroxycamptothecine-Induced
Apoptosis in Spodoptera Exigua Cells. Pestic. Biochem. Physiol. 2017, 140, 97–104. [CrossRef] [PubMed]

188. Pan, C.; Hu, Y.-F.; Song, J.; Yi, H.-S.; Wang, L.; Yang, Y.-Y.; Wang, Y.-P.; Zhang, M.; Pan, M.-H.; Lu, C. Effects of 10-
Hydroxycamptothecin on Intrinsic Mitochondrial Pathway in Silkworm BmN-SWU1 Cells. Pestic. Biochem. Physiol. 2016, 127,
15–20. [CrossRef]

189. Konràd, C.; Kiss, G.; Töröcsik, B.; Lábár, J.L.; Gerencser, A.A.; Mándi, M.; Adam-Vizi, V.; Chinopoulos, C. A Distinct Sequence in
the Adenine Nucleotide Translocase from Artemia Franciscana Embryos Is Associated with Insensitivity to Bongkrekate and
Atypical Effects of Adenine Nucleotides on Ca2+ Uptake and Sequestration. FEBS J. 2011, 278, 822–836. [CrossRef]

190. Konrad, C.; Kiss, G.; Torocsik, B.; Adam-Vizi, V.; Chinopoulos, C. Absence of Ca2+-Induced Mitochondrial Permeability
Transition but Presence of Bongkrekate-Sensitive Nucleotide Exchange in C. Crangon and P. Serratus. PLoS ONE 2012, 7, e39839.
[CrossRef] [PubMed]

191. Menze, M.A.; Fortner, G.; Nag, S.; Hand, S.C. Mechanisms of Apoptosis in Crustacea: What Conditions Induce versus Suppress
Cell Death? Apoptosis 2010, 15, 293–312. [CrossRef]

192. Nesci, S.; Pagliarani, A. Incoming News on the F-Type ATPase Structure and Functions in Mammalian Mitochondria. BBA Adv.
2021, 1, 100001. [CrossRef]

193. Nesci, S.; Trombetti, F.; Ventrella, V.; Pirini, M.; Pagliarani, A. Kinetic Properties of the Mitochondrial F1FO-ATPase Activity
Elicited by Ca(2+) in Replacement of Mg(2+). Biochimie 2017, 140, 73–81. [CrossRef] [PubMed]

194. Papageorgiou, S.; Melandri, A.B.; Solaini, G. Relevance of Divalent Cations to ATP-Driven Proton Pumping in Beef Heart
Mitochondrial F0F1-ATPase. J. Bioenergy Biomembr. 1998, 30, 533–541. [CrossRef] [PubMed]

195. Nesci, S.; Pagliarani, A. Ca2+ as Cofactor of the Mitochondrial H+ -Translocating F1 FO -ATP(Hydrol)Ase. Proteins
2020. [CrossRef]

196. Algieri, C.; Trombetti, F.; Pagliarani, A.; Ventrella, V.; Bernardini, C.; Fabbri, M.; Forni, M.; Nesci, S. Mitochondrial Ca2+-
Activated F1 FO -ATPase Hydrolyzes ATP and Promotes the Permeability Transition Pore. Ann. N. Y. Acad. Sci. 2019, 1457,
142–157. [CrossRef]

197. Algieri, V.; Algieri, C.; Maiuolo, L.; De Nino, A.; Pagliarani, A.; Tallarida, M.A.; Trombetti, F.; Nesci, S. 1,5-Disubstituted-1,2,3-
Triazoles as Inhibitors of the Mitochondrial Ca2+ -Activated F1 FO -ATP(Hydrol)Ase and the Permeability Transition Pore. Ann.
N. Y. Acad. Sci. 2020. [CrossRef]

198. Giorgio, V.; Burchell, V.; Schiavone, M.; Bassot, C.; Minervini, G.; Petronilli, V.; Argenton, F.; Forte, M.; Tosatto, S.; Lippe, G.; et al.
Ca(2+) Binding to F-ATP Synthase β Subunit Triggers the Mitochondrial Permeability Transition. EMBO Rep. 2017, 18, 1065–1076.
[CrossRef] [PubMed]

199. Nesci, S. Mitochondrial Permeability Transition, F1FO-ATPase and Calcium: An Enigmatic Triangle. EMBO Rep. 2017, 18,
1265–1267. [CrossRef] [PubMed]

200. Nesci, S.; Algieri, C.; Trombetti, F.; Ventrella, V.; Fabbri, M.; Pagliarani, A. Sulfide Affects the Mitochondrial Respiration, the Ca2+-
Activated F1FO-ATPase Activity and the Permeability Transition Pore but Does Not Change the Mg2+-Activated F1FO-ATPase
Activity in Swine Heart Mitochondria. Pharmacol. Res. 2021, 166, 105495. [CrossRef] [PubMed]

201. Ader, N.R.; Hoffmann, P.C.; Ganeva, I.; Borgeaud, A.C.; Wang, C.; Youle, R.J.; Kukulski, W. Molecular and Topological
Reorganizations in Mitochondrial Architecture Interplay during Bax-Mediated Steps of Apoptosis. eLife 2019, 8. [CrossRef]

http://doi.org/10.1073/pnas.1217823110
http://www.ncbi.nlm.nih.gov/pubmed/23530243
http://doi.org/10.4161/cc.23599
http://doi.org/10.1073/pnas.1401591111
http://doi.org/10.1016/j.yjmcc.2020.05.013
http://doi.org/10.1152/physrev.00001.2015
http://www.ncbi.nlm.nih.gov/pubmed/26269524
http://doi.org/10.1016/j.biochi.2020.11.012
http://doi.org/10.1016/j.mod.2018.07.008
http://doi.org/10.1038/srep38934
http://www.ncbi.nlm.nih.gov/pubmed/27982058
http://doi.org/10.1016/j.ecoenv.2016.01.019
http://doi.org/10.1016/j.pestbp.2017.07.003
http://www.ncbi.nlm.nih.gov/pubmed/28755702
http://doi.org/10.1016/j.pestbp.2015.09.001
http://doi.org/10.1111/j.1742-4658.2010.08001.x
http://doi.org/10.1371/journal.pone.0039839
http://www.ncbi.nlm.nih.gov/pubmed/22768139
http://doi.org/10.1007/s10495-009-0443-6
http://doi.org/10.1016/j.bbadva.2020.100001
http://doi.org/10.1016/j.biochi.2017.06.013
http://www.ncbi.nlm.nih.gov/pubmed/28652018
http://doi.org/10.1023/A:1020528432609
http://www.ncbi.nlm.nih.gov/pubmed/10206473
http://doi.org/10.1002/prot.26040
http://doi.org/10.1111/nyas.14218
http://doi.org/10.1111/nyas.14474
http://doi.org/10.15252/embr.201643354
http://www.ncbi.nlm.nih.gov/pubmed/28507163
http://doi.org/10.15252/embr.201744570
http://www.ncbi.nlm.nih.gov/pubmed/28743710
http://doi.org/10.1016/j.phrs.2021.105495
http://www.ncbi.nlm.nih.gov/pubmed/33600941
http://doi.org/10.7554/eLife.40712


Life 2021, 11, 242 46 of 53

202. Carraro, M.; Carrer, A.; Urbani, A.; Bernardi, P. Molecular Nature and Regulation of the Mitochondrial Permeability Transition
Pore(s), Drug Target(s) in Cardioprotection. J. Mol. Cell. Cardiol. 2020, 144, 76–86. [CrossRef] [PubMed]

203. Szabo, I.; Zoratti, M. Mitochondrial Channels: Ion Fluxes and More. Physiol. Rev. 2014, 94, 519–608. [CrossRef] [PubMed]
204. Neginskaya, M.A.; Solesio, M.E.; Berezhnaya, E.V.; Amodeo, G.F.; Mnatsakanyan, N.; Jonas, E.A.; Pavlov, E.V. ATP Synthase

C-Subunit-Deficient Mitochondria Have a Small Cyclosporine A-Sensitive Channel, but Lack the Permeability Transition Pore.
Cell Rep. 2019, 26, 11–17.e2. [CrossRef] [PubMed]

205. Karch, J.; Bround, M.J.; Khalil, H.; Sargent, M.A.; Latchman, N.; Terada, N.; Peixoto, P.M.; Molkentin, J.D. Inhibition of
Mitochondrial Permeability Transition by Deletion of the ANT Family and CypD. Sci. Adv. 2019, 5, eaaw4597. [CrossRef]

206. Bonora, M.; Morganti, C.; Morciano, G.; Pedriali, G.; Lebiedzinska-Arciszewska, M.; Aquila, G.; Giorgi, C.; Rizzo, P.; Campo,
G.; Ferrari, R.; et al. Mitochondrial Permeability Transition Involves Dissociation of F1FO ATP Synthase Dimers and C-Ring
Conformation. EMBO Rep. 2017, 18, 1077–1089. [CrossRef]

207. Morciano, G.; Preti, D.; Pedriali, G.; Aquila, G.; Missiroli, S.; Fantinati, A.; Caroccia, N.; Pacifico, S.; Bonora, M.; Talarico, A.;
et al. Discovery of Novel 1,3,8-Triazaspiro[4.5]Decane Derivatives That Target the c Subunit of F1/FO-Adenosine Triphos-
phate (ATP) Synthase for the Treatment of Reperfusion Damage in Myocardial Infarction. J. Med. Chem. 2018, 61, 7131–7143.
[CrossRef] [PubMed]

208. Algieri, C.; Trombetti, F.; Pagliarani, A.; Ventrella, V.; Nesci, S. Phenylglyoxal Inhibition of the Mitochondrial F1FO-ATPase
Activated by Mg2+ or by Ca2+ Provides Clues on the Mitochondrial Permeability Transition Pore. Arch. Biochem. Biophys. 2020,
681, 108258. [CrossRef] [PubMed]

209. Mnatsakanyan, N.; Llaguno, M.C.; Yang, Y.; Yan, Y.; Weber, J.; Sigworth, F.J.; Jonas, E.A. A Mitochondrial Megachannel Resides in
Monomeric F1FO ATP Synthase. Nat. Commun. 2019, 10, 5823. [CrossRef]

210. Urbani, A.; Giorgio, V.; Carrer, A.; Franchin, C.; Arrigoni, G.; Jiko, C.; Abe, K.; Maeda, S.; Shinzawa-Itoh, K.; Bogers, J.F.M.;
et al. Purified F-ATP Synthase Forms a Ca2+-Dependent High-Conductance Channel Matching the Mitochondrial Permeability
Transition Pore. Nat. Commun. 2019, 10, 4341. [CrossRef] [PubMed]

211. Papu John, A.S.; Kundu, S.; Pushpakumar, S.; Amin, M.; Tyagi, S.C.; Sen, U. Hydrogen Sulfide Inhibits Ca2+-Induced Mito-
chondrial Permeability Transition Pore Opening in Type-1 Diabetes. Am. J. Physiol. Endocrinol. Metab. 2019, 317, E269–E283.
[CrossRef] [PubMed]

212. Bonora, M.; Pinton, P. The Mitochondrial Permeability Transition Pore and Cancer: Molecular Mechanisms Involved in Cell
Death. Front. Oncol. 2014, 4, 302. [CrossRef] [PubMed]

213. Gan, X.; Zhang, L.; Liu, B.; Zhu, Z.; He, Y.; Chen, J.; Zhu, J.; Yu, H. CypD-MPTP Axis Regulates Mitochondrial Functions
Contributing to Osteogenic Dysfunction of MC3T3-E1 Cells in Inflammation. J. Physiol. Biochem. 2018, 74, 395–402. [CrossRef]

214. Visalli, G.; Facciolà, A.; Currò, M.; Laganà, P.; La Fauci, V.; Iannazzo, D.; Pistone, A.; Di Pietro, A. Mitochondrial Impairment
Induced by Sub-Chronic Exposure to Multi-Walled Carbon Nanotubes. Int. J. Environ. Res. Public Health 2019, 16, 792.
[CrossRef] [PubMed]

215. Zhou, B.; Kreuzer, J.; Kumsta, C.; Wu, L.; Kamer, K.J.; Cedillo, L.; Zhang, Y.; Li, S.; Kacergis, M.C.; Webster, C.M.; et al.
Mitochondrial Permeability Uncouples Elevated Autophagy and Lifespan Extension. Cell 2019, 177, 299–314.e16. [CrossRef]

216. Shares, B.H.; Smith, C.O.; Sheu, T.-J.; Sautchuk, R.; Schilling, K.; Shum, L.C.; Paine, A.; Huber, A.; Gira, E.; Brown, E.; et al.
Inhibition of the Mitochondrial Permeability Transition Improves Bone Fracture Repair. Bone 2020, 137, 115391. [CrossRef]

217. Nesci, S. The Mitochondrial Permeability Transition Pore in Cell Death: A Promising Drug Binding Bioarchitecture. Med. Res.
Rev. 2020, 40, 811–817. [CrossRef]

218. Briston, T.; Selwood, D.L.; Szabadkai, G.; Duchen, M.R. Mitochondrial Permeability Transition: A Molecular Lesion with Multiple
Drug Targets. Trends Pharmacol. Sci. 2019, 40, 50–70. [CrossRef]

219. Cui, Y.; Pan, M.; Ma, J.; Song, X.; Cao, W.; Zhang, P. Recent Progress in the Use of Mitochondrial Membrane Permeability
Transition Pore in Mitochondrial Dysfunction-Related Disease Therapies. Mol. Cell Biochem. 2020. [CrossRef]

220. Li, Y.; Sun, J.; Wu, R.; Bai, J.; Hou, Y.; Zeng, Y.; Zhang, Y.; Wang, X.; Wang, Z.; Meng, X. Mitochondrial MPTP: A Novel Target of
Ethnomedicine for Stroke Treatment by Apoptosis Inhibition. Front. Pharmacol. 2020, 11, 352. [CrossRef] [PubMed]

221. Halliwell, B.; Gutteridge, J.M.C. Free Radicals in Biology and Medicine; Oxford University Press: Oxford, UK, 2015,
ISBN 978-0-19-180213-3.

222. Lenaz, G. Mitochondria and Reactive Oxygen Species. Which Role in Physiology and Pathology? Adv. Exp. Med. Biol. 2012, 942,
93–136. [CrossRef]

223. Lenaz, G.; Strocchi, P. Reactive Oxygen Species in the Induction of Toxicity. In General, Applied and Systems Toxicology; American
Cancer Society: Atlanta, GA, USA, 2011, ISBN 978-0-470-74430-7.

224. Quinlan, C.L.; Perevoshchikova, I.V.; Hey-Mogensen, M.; Orr, A.L.; Brand, M.D. Sites of Reactive Oxygen Species Generation by
Mitochondria Oxidizing Different Substrates. Redox Biol. 2013, 1, 304–312. [CrossRef]

225. St-Pierre, J.; Buckingham, J.A.; Roebuck, S.J.; Brand, M.D. Topology of Superoxide Production from Different Sites in the
Mitochondrial Electron Transport Chain. J. Biol. Chem. 2002, 277, 44784–44790. [CrossRef]

226. Galkin, A.; Brandt, U. Superoxide Radical Formation by Pure Complex I (NADH:Ubiquinone Oxidoreductase) from Yarrowia
Lipolytica. J. Biol. Chem. 2005, 280, 30129–30135. [CrossRef] [PubMed]

227. Kussmaul, L.; Hirst, J. The Mechanism of Superoxide Production by NADH:Ubiquinone Oxidoreductase (Complex I) from
Bovine Heart Mitochondria. Proc. Natl. Acad. Sci. USA 2006, 103, 7607–7612. [CrossRef]

http://doi.org/10.1016/j.yjmcc.2020.05.014
http://www.ncbi.nlm.nih.gov/pubmed/32454060
http://doi.org/10.1152/physrev.00021.2013
http://www.ncbi.nlm.nih.gov/pubmed/24692355
http://doi.org/10.1016/j.celrep.2018.12.033
http://www.ncbi.nlm.nih.gov/pubmed/30605668
http://doi.org/10.1126/sciadv.aaw4597
http://doi.org/10.15252/embr.201643602
http://doi.org/10.1021/acs.jmedchem.8b00278
http://www.ncbi.nlm.nih.gov/pubmed/30060655
http://doi.org/10.1016/j.abb.2020.108258
http://www.ncbi.nlm.nih.gov/pubmed/31917961
http://doi.org/10.1038/s41467-019-13766-2
http://doi.org/10.1038/s41467-019-12331-1
http://www.ncbi.nlm.nih.gov/pubmed/31554800
http://doi.org/10.1152/ajpendo.00251.2018
http://www.ncbi.nlm.nih.gov/pubmed/31039005
http://doi.org/10.3389/fonc.2014.00302
http://www.ncbi.nlm.nih.gov/pubmed/25478322
http://doi.org/10.1007/s13105-018-0627-z
http://doi.org/10.3390/ijerph16050792
http://www.ncbi.nlm.nih.gov/pubmed/30841488
http://doi.org/10.1016/j.cell.2019.02.013
http://doi.org/10.1016/j.bone.2020.115391
http://doi.org/10.1002/med.21635
http://doi.org/10.1016/j.tips.2018.11.004
http://doi.org/10.1007/s11010-020-03926-0
http://doi.org/10.3389/fphar.2020.00352
http://www.ncbi.nlm.nih.gov/pubmed/32269527
http://doi.org/10.1007/978-94-007-2869-1_5
http://doi.org/10.1016/j.redox.2013.04.005
http://doi.org/10.1074/jbc.M207217200
http://doi.org/10.1074/jbc.M504709200
http://www.ncbi.nlm.nih.gov/pubmed/15985426
http://doi.org/10.1073/pnas.0510977103


Life 2021, 11, 242 47 of 53

228. Esterházy, D.; King, M.S.; Yakovlev, G.; Hirst, J. Production of Reactive Oxygen Species by Complex I (NADH:Ubiquinone Oxidore-
ductase) from Escherichia Coli and Comparison to the Enzyme from Mitochondria. Biochemistry 2008, 47, 3964–3971. [CrossRef]

229. Lambert, A.J.; Brand, M.D. Inhibitors of the Quinone-Binding Site Allow Rapid Superoxide Production from Mitochondrial
NADH:Ubiquinone Oxidoreductase (Complex I). J. Biol. Chem. 2004, 279, 39414–39420. [CrossRef]

230. Lambert, A.J.; Buckingham, J.A.; Boysen, H.M.; Brand, M.D. Diphenyleneiodonium Acutely Inhibits Reactive Oxygen Species
Production by Mitochondrial Complex I during Reverse, but Not Forward Electron Transport. Biochim. Biophys. Acta 2008, 1777,
397–403. [CrossRef]

231. Genova, M.L.; Ventura, B.; Giuliano, G.; Bovina, C.; Formiggini, G.; Parenti Castelli, G.; Lenaz, G. The Site of Production of
Superoxide Radical in Mitochondrial Complex I Is Not a Bound Ubisemiquinone but Presumably Iron-Sulfur Cluster N2. FEBS
Lett. 2001, 505, 364–368. [CrossRef]

232. Fato, R.; Bergamini, C.; Bortolus, M.; Maniero, A.L.; Leoni, S.; Ohnishi, T.; Lenaz, G. Differential Effects of Mitochondrial Complex
I Inhibitors on Production of Reactive Oxygen Species. Biochim. Biophys. Acta 2009, 1787, 384–392. [CrossRef] [PubMed]

233. Lenaz, G.; Fato, R.; Genova, M.L.; Bergamini, C.; Bianchi, C.; Biondi, A. Mitochondrial Complex I: Structural and Functional
Aspects. Biochim. Biophys. Acta 2006, 1757, 1406–1420. [CrossRef]

234. Grivennikova, V.G.; Vinogradov, A.D. Mitochondrial Production of Reactive Oxygen Species. Biochem. Mosc. 2013, 78,
1490–1511. [CrossRef]

235. Ralph, S.J.; Moreno-Sánchez, R.; Neuzil, J.; Rodríguez-Enríquez, S. Inhibitors of Succinate: Quinone Reductase/Complex II
Regulate Production of Mitochondrial Reactive Oxygen Species and Protect Normal Cells from Ischemic Damage but Induce
Specific Cancer Cell Death. Pharm. Res. 2011, 28, 2695–2730. [CrossRef]

236. Vinogradov, A.D.; Grivennikova, V.G. Generation of Superoxide-Radical by the NADH:Ubiquinone Oxidoreductase of Heart
Mitochondria. Biochemistry 2005, 70, 120–127. [CrossRef]

237. Ohnishi, S.T.; Ohnishi, T.; Muranaka, S.; Fujita, H.; Kimura, H.; Uemura, K.; Yoshida, K.; Utsumi, K. A Possible Site of Superoxide
Generation in the Complex I Segment of Rat Heart Mitochondria. J. Bioenergy Biomembr. 2005, 37, 1–15. [CrossRef] [PubMed]

238. Korshunov, S.S.; Skulachev, V.P.; Starkov, A.A. High Protonic Potential Actuates a Mechanism of Production of Reactive Oxygen
Species in Mitochondria. FEBS Lett. 1997, 416, 15–18. [CrossRef]

239. Kushnareva, Y.; Murphy, A.N.; Andreyev, A. Complex I-Mediated Reactive Oxygen Species Generation: Modulation by
Cytochrome c and NAD(P)+ Oxidation-Reduction State. Biochem. J. 2002, 368, 545–553. [CrossRef] [PubMed]

240. Starkov, A.A.; Fiskum, G. Regulation of Brain Mitochondrial H2O2 Production by Membrane Potential and NAD(P)H Redox
State. J. Neurochem. 2003, 86, 1101–1107. [CrossRef] [PubMed]

241. Crofts, A.R. The Cytochrome Bc1 Complex: Function in the Context of Structure. Annu. Rev. Physiol. 2004, 66, 689–733. [CrossRef]
242. Muller, F.L.; Roberts, A.G.; Bowman, M.K.; Kramer, D.M. Architecture of the Qo Site of the Cytochrome Bc1 Complex Probed by

Superoxide Production. Biochemistry 2003, 42, 6493–6499. [CrossRef]
243. Jezek, P.; Hlavatá, L. Mitochondria in Homeostasis of Reactive Oxygen Species in Cell, Tissues, and Organism. Int. J. Biochem.

Cell. Biol. 2005, 37, 2478–2503. [CrossRef]
244. Casteilla, L.; Rigoulet, M.; Pénicaud, L. Mitochondrial ROS Metabolism: Modulation by Uncoupling Proteins. IUBMB Life 2001,

52, 181–188. [CrossRef] [PubMed]
245. Dröse, S.; Brandt, U. The Mechanism of Mitochondrial Superoxide Production by the Cytochrome Bc1 Complex. J. Biol. Chem.

2008, 283, 21649–21654. [CrossRef]
246. Sarewicz, M.; Borek, A.; Cieluch, E.; Swierczek, M.; Osyczka, A. Discrimination between Two Possible Reaction Sequences That

Create Potential Risk of Generation of Deleterious Radicals by Cytochrome Bc1. Implications for the Mechanism of Superoxide
Production. Biochim. Biophys. Acta 2010, 1797, 1820–1827. [CrossRef] [PubMed]

247. Sarewicz, M.; Bujnowicz, Ł.; Bhaduri, S.; Singh, S.K.; Cramer, W.A.; Osyczka, A. Metastable Radical State, Nonreactive with
Oxygen, Is Inherent to Catalysis by Respiratory and Photosynthetic Cytochromes Bc1/B6f. Proc. Natl. Acad. Sci. USA 2017, 114,
1323–1328. [CrossRef] [PubMed]

248. Bujnowicz, Ł.; Borek, A.; Kuleta, P.; Sarewicz, M.; Osyczka, A. Suppression of Superoxide Production by a Spin-Spin Coupling
between Semiquinone and the Rieske Cluster in Cytochrome Bc1. FEBS Lett. 2019, 593, 3–12. [CrossRef] [PubMed]

249. Lenaz, G. Role of Mitochondria in the Generation of Reactive Oxygen Species. In Handbook on Reactive Oxygen Species (ROS);
Suzuki, M., Yamamoto, S., Eds.; Nova Biomedical: Waltham, MA, USA, 2014.

250. Panov, A.; Dikalov, S.; Shalbuyeva, N.; Hemendinger, R.; Greenamyre, J.T.; Rosenfeld, J. Species- and Tissue-Specific Relationships
between Mitochondrial Permeability Transition and Generation of ROS in Brain and Liver Mitochondria of Rats and Mice. Am. J.
Physiol. Cell Physiol. 2007, 292, C708–C718. [CrossRef] [PubMed]

251. Tahara, E.B.; Navarete, F.D.T.; Kowaltowski, A.J. Tissue-, Substrate-, and Site-Specific Characteristics of Mitochondrial Reactive
Oxygen Species Generation. Free Radic. Biol. Med. 2009, 46, 1283–1297. [CrossRef] [PubMed]

252. Skulachev, V.P. Role of Uncoupled and Non-Coupled Oxidations in Maintenance of Safely Low Levels of Oxygen and Its
One-Electron Reductants. Q. Rev. Biophys. 1996, 29, 169–202. [CrossRef]

253. Brand, M.D. Uncoupling to Survive? The Role of Mitochondrial Inefficiency in Ageing. Exp. Gerontol. 2000, 35, 811–820. [CrossRef]
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393. Skoczeń, N.; Dautant, A.; Binko, K.; Godard, F.; Bouhier, M.; Su, X.; Lasserre, J.-P.; Giraud, M.-F.; Tribouillard-Tanvier, D.; Chen,
H.; et al. Molecular Basis of Diseases Caused by the MtDNA Mutation m.8969G>A in the Subunit a of ATP Synthase. Biochim.
Biophys. Acta 2018, 1859, 602–611. [CrossRef] [PubMed]

394. Shadel, G.S.; Horvath, T.L. Mitochondrial ROS Signaling in Organismal Homeostasis. Cell 2015, 163, 560–569. [CrossRef] [PubMed]
395. Brand, M.D. Mitochondrial Generation of Superoxide and Hydrogen Peroxide as the Source of Mitochondrial Redox Signaling.

Free Radic. Biol. Med. 2016, 100, 14–31. [CrossRef] [PubMed]
396. Angelova, P.R.; Abramov, A.Y. Role of Mitochondrial ROS in the Brain: From Physiology to Neurodegeneration. FEBS Lett. 2018,

592, 692–702. [CrossRef]
397. Speijer, D. Being Right on Q: Shaping Eukaryotic Evolution. Biochem. J. 2016, 473, 4103–4127. [CrossRef]
398. Miquel, J.; Economos, A.C.; Fleming, J.; Johnson, J.E. Mitochondrial Role in Cell Aging. Exp. Gerontol. 1980, 15,

575–591. [CrossRef]
399. Linnane, A.W.; Marzuki, S.; Ozawa, T.; Tanaka, M. Mitochondrial DNA Mutations as an Important Contributor to Ageing and

Degenerative Diseases. Lancet 1989, 1, 642–645. [CrossRef]
400. Barja, G. Updating the Mitochondrial Free Radical Theory of Aging: An Integrated View, Key Aspects, and Confounding

Concepts. Antioxid. Redox Signal. 2013, 19, 1420–1445. [CrossRef]
401. Lenaz, G. Role of Mitochondria in Oxidative Stress and Ageing. Biochim. Biophys. Acta 1998, 1366, 53–67. [CrossRef]
402. Webb, M.; Sideris, D.P. Intimate Relations-Mitochondria and Ageing. Int. J. Mol. Sci. 2020, 21, 7580. [CrossRef]
403. Barja, G. Towards a Unified Mechanistic Theory of Aging. Exp. Gerontol. 2019, 124, 110627. [CrossRef]
404. Wallace, D.C. Mitochondria and Cancer. Nat. Rev. Cancer 2012, 12, 685–698. [CrossRef]
405. Genova, M.L.; Lenaz, G. The Interplay Between Respiratory Supercomplexes and ROS in Aging. Antioxid. Redox Signal. 2015, 23,

208–238. [CrossRef]
406. Barrientos, A.; Moraes, C.T. Titrating the Effects of Mitochondrial Complex I Impairment in the Cell Physiology. J. Biol. Chem.

1999, 274, 16188–16197. [CrossRef]
407. Lenaz, G.; D’Aurelio, M.; Merlo Pich, M.; Genova, M.L.; Ventura, B.; Bovina, C.; Formiggini, G.; Parenti Castelli, G. Mitochondrial

Bioenergetics in Aging. Biochim. Biophys. Acta 2000, 1459, 397–404. [CrossRef]
408. Ventura, B.; Genova, M.L.; Bovina, C.; Formiggini, G.; Lenaz, G. Control of Oxidative Phosphorylation by Complex I in Rat Liver

Mitochondria: Implications for Aging. Biochim. Biophys. Acta 2002, 1553, 249–260. [CrossRef]
409. Gómez, L.A.; Monette, J.S.; Chavez, J.D.; Maier, C.S.; Hagen, T.M. Supercomplexes of the Mitochondrial Electron Transport Chain

Decline in the Aging Rat Heart. Arch. Biochem. Biophys. 2009, 490, 30–35. [CrossRef] [PubMed]
410. Gómez, L.A.; Hagen, T.M. Age-Related Decline in Mitochondrial Bioenergetics: Does Supercomplex Destabilization Determine

Lower Oxidative Capacity and Higher Superoxide Production? Semin. Cell Dev. Biol. 2012, 23, 758–767. [CrossRef]
411. Frenzel, M.; Rommelspacher, H.; Sugawa, M.D.; Dencher, N.A. Ageing Alters the Supramolecular Architecture of OxPhos

Complexes in Rat Brain Cortex. Exp. Gerontol. 2010, 45, 563–572. [CrossRef] [PubMed]
412. Edgar, D.; Shabalina, I.; Camara, Y.; Wredenberg, A.; Calvaruso, M.A.; Nijtmans, L.; Nedergaard, J.; Cannon, B.; Larsson, N.-G.;

Trifunovic, A. Random Point Mutations with Major Effects on Protein-Coding Genes Are the Driving Force behind Premature
Aging in MtDNA Mutator Mice. Cell Metab. 2009, 10, 131–138. [CrossRef] [PubMed]

http://doi.org/10.1038/srep29809
http://www.ncbi.nlm.nih.gov/pubmed/27436065
http://doi.org/10.1016/j.ymgme.2014.06.004
http://www.ncbi.nlm.nih.gov/pubmed/25037980
http://doi.org/10.1016/j.bbabio.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/29778688
http://doi.org/10.1016/j.cell.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26496603
http://doi.org/10.1016/j.freeradbiomed.2016.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27085844
http://doi.org/10.1002/1873-3468.12964
http://doi.org/10.1042/BCJ20160647
http://doi.org/10.1016/0531-5565(80)90010-8
http://doi.org/10.1016/S0140-6736(89)92145-4
http://doi.org/10.1089/ars.2012.5148
http://doi.org/10.1016/S0005-2728(98)00120-0
http://doi.org/10.3390/ijms21207580
http://doi.org/10.1016/j.exger.2019.05.016
http://doi.org/10.1038/nrc3365
http://doi.org/10.1089/ars.2014.6214
http://doi.org/10.1074/jbc.274.23.16188
http://doi.org/10.1016/S0005-2728(00)00177-8
http://doi.org/10.1016/S0005-2728(01)00246-8
http://doi.org/10.1016/j.abb.2009.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19679098
http://doi.org/10.1016/j.semcdb.2012.04.002
http://doi.org/10.1016/j.exger.2010.02.003
http://www.ncbi.nlm.nih.gov/pubmed/20159033
http://doi.org/10.1016/j.cmet.2009.06.010
http://www.ncbi.nlm.nih.gov/pubmed/19656491

	Introduction: Functions of Mitochondria. The Oxidative Phosphorylation System 
	The Respiratory Chain of Mitochondria 
	Organization of the Respiratory Chain: Historical Outline 
	Distribution and Composition of Respiratory Supercomplexes 

	Supercomplexes May Provide a Kinetic Advantage to Electron Transfer 
	Structural Evidence Suggesting Channeling 
	Molecular Structure of Supercomplexes 
	Supercomplexes Are Dynamic Structures: The Plasticity Model 
	The Role of Lipids: Cardiolipin in Supercomplexes 

	Kinetic Evidence for Channeling in the Coenzyme Q Region 
	Rate Advantage Imposed by SCs 
	Metabolic Flux Control Analysis 
	Coenzyme Q Compartmentalization 

	If Electron Transfer Occurs via Channeling, What Is the Role of Coenzyme Q Pool? 
	Dissociation Equilibrium of Bound Coenzyme Q 
	Electron Transfer between Free Complexes 

	Electron Transfer through Cytochrome c: Is There Evidence for Channeling? 
	Supercomplexes and Regulation of Metabolic Fluxes 

	Overview of the F1FO-ATP Synthase/Hydrolase and Its Supramolecular Structure 
	The F1FO-ATP Synthase from the Energy Production to Mitochondrial Morphology 
	Structural Basis of the Bioenergetic Mechanism 
	The ATP Synthase Supramolecular Arrangement and the Mitochondrial Shape 
	How the ATP Synthase/Hydrolase Is Involved in the Mitochondrial Permeability Transition Pore 

	SCs Association Protects from ROS Damage 
	Mitochondrial Sources of ROS 
	Control of ROS Production 
	ROS as Signals 
	Regulation of Mitochondrial ROS in Cell Signaling 
	Hypoxia and ROS Production 

	ROS and Mitochondrial Quality Control 
	Supercomplexes Protect Complex I from ROS Damage and Limit ROS Generation 
	Supercomplex Association Protects from ROS Damage 
	Supercomplex Association Limits ROS Generation 


	Physiological and Pathological Implications 
	Uncoupling: When Proton Movement and ATP Synthesis Are Disjointed 
	Mitochondrial Uncoupling Due to Dissipative Pathways 
	Intrinsic ATP Synthase Uncoupling Due by Amino Acid Changes in the a Subunit 

	Supercomplexes and ROS Signaling 
	Supercomplexes in Pathology and Aging 

	References

