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A B S T R A C T   

Electron transfer between respiratory complexes is an essential step for the efficiency of the mitochondrial 
oxidative phosphorylation. Until recently, it was stablished that ubiquinone and cytochrome c formed homog-
enous single pools in the inner mitochondrial membrane which were not influenced by the presence of respi-
ratory supercomplexes. However, this idea was challenged by the fact that bottlenecks in electron transfer 
appeared after disruption of supercomplexes into their individual complexes. The postulation of the plasticity 
model embraced all these observations and concluded that complexes and supercomplexes co-exist and are 
dedicated to a spectrum of metabolic requirements. Here, we review the involvement of superassembly in 
complex I stability, the role of supercomplexes in ROS production and the segmentation of the CoQ and cyt c 
pools, together with their involvement in signaling and disease. Taking apparently conflicting literature we have 
built up a comprehensive model for the segmentation of CoQ and cyt c mediated by supercomplexes, discuss the 
current limitations and provide a prospect of the current knowledge in the field.   

1. Introduction 

All metazoans require oxygen to produce energy and this process is 
carried out by the oxidative phosphorylation system (OXPHOS). The 
first four OXPHOS protein complexes retrieve the energy provided by 
reducing equivalents (i.e. Nicotinamide adenine dinucleotide hydrogen 
(NADH) and flavin adenine dinucleotide dihydrogen (FADH2)) to couple 
electron transfer to H+ translocation across the inner mitochondrial 
membrane (IMM). H+ pumping creates an electrochemical gradient 
(negative inside) which forces the re-entrance of H+ from the inter-
membrane space to the mitochondrial matrix. This process is mainly 
carried out by the fifth complex of OXPHOS, the ATP synthase or 
complex V (CV), which couples it to the phosphorylation of adenosine 
diphosphate (ADP) to adenosine triphosphate (ATP). 

The first four complexes comprise the mitochondrial electron 
transport chain (mETC). They are complex I (CI: NADH-ubiquinone 
oxidoreductase), complex II (CII: succinate:ubiquinone oxidoreduc-
tase), complex III (CIII: ubiquinol-cytochrome c reductase) and complex 
IV (CIV: cytochrome c oxidase). CI and CII catalyze the electron transfer 
from NADH and succinate, respectively, to ubiquinone or CoQ, yielding 

ubiquinol. CIII oxidizes ubiquinol to reduce cytochrome c (cyt c) and CIV 
performs the final step of respiration, transferring electrons from cyt c to 
oxygen, producing water. CoQ and cyt c are mobile electron carriers 
linking electron transfer among different complexes in the mETC. CoQ is 
a very hydrophobic 1,4-benzoquinone which, in mammals, has between 
9 and 10 isoprenyl subunits, being CoQ-10 the most common form in 
humans and CoQ-9 predominant in rodents [1]. In mitochondria, CoQ 
can be reduced to form ubiquinol by CI that oxidize NADH generated in 
multiple redox reactions and pump protons, but also by a variety of 
non-proton pumping enzymes which deliver electrons to CoQ through 
FAD. The more representative of these enzymes is CII, which is required 
for the function of the TCA cycle; but they also include other relevant 
metabolic enzymes like the electron-transfer flavoprotein (ETF)-ubi-
quinone oxidoreductase, for β-oxidation; glycerol-3-phosphate dehy-
drogenase (mtGPDH), for the shuttling of reducing equivalents from the 
cytoplasm; dihydroorotate dehydrogenase, for pyrimidine synthesis; 
choline dehydrogenase, for glycine metabolism; sulphide CoQ reduc-
tase, for sulphur and seleno-amino acid metabolism; and proline dehy-
drogenase, for arginine and proline metabolism. Cyt c is a small, highly 
water soluble heme protein that becomes reduced by CIII and Erv1 in the 
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CHCHD4/Mia40 protein folding pathway. To note, the extremely 
different partition coefficients of CoQ and cyt c makes the unspecific 
electron transfer between both impossible. 

Whereas cyt c only comprises two redox states: ferric cyt c (oxidized) 
and ferrous cyt c (reduced); there are three redox states in ubiquinone: 
ubiquinone (fully oxidized), semiquinone (partially reduced) and ubiq-
uinol (fully reduced). Such feature of CoQ derives from its structure as 
its two ketone groups can undergo one electron reduction to hydroxyl 
groups. Thus, semiquinone is the result of one ketone group reduction 
and ubiquinol is the result of the reduction of the two ketone groups. 
This fact is relevant in mitochondrial physiology as all three redox states 
of ubiquinone occur in the electron transfer step catalysed by CIII, the 
so-called Q-cycle. In this, ubiquinol transfers subsequently two electrons 
to the Qo site of CIII. Once inside the complex, one is directed to reduce 
cyt c and the other is transferred to the CIII Qi site. Here, a ubiquinone 
molecule is partially reduced to semiquinone (Fig. 1A). Then, a molecule 
of ubiquinol again donates two electrons to the Qo site, one is yet again 
transferred to cyt c and the other one completes the reduction of the 
semiquinone bound to the Qi site, yielding ubiquinol (Fig. 1B). The 
radical nature of semiquinone makes it is very unstable and prone to 
react with oxygen to form superoxide anion; thus, the Q-cycle must be 
tightly coupled. 

Though the IMM phospholipid composition is not involved in CoQ 
diffusion across membranes [2], it is critical for the organisation and 
function of the mETC [3]. For instance, cardiolipin (CL) participates in 
the reaction catalysed by complex III [4] and complex IV [5], and 
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are crit-
ical for complex I function and stability [6]. IMM composition varies 
across tissues [7]; however, phosphatidylcholine (PC) is the most 
abundant phospholipid in all of them, being around 40% of the total 
phospholipid content of the IMM. Phosphatidylethanolamine (PE) 
comprises the 30%, whereas phosphatidylserine (PS) and phosphatidic 
acid (PA) only constitute a 5%. CL, a very specific phospholipid of the 
IMM, can be found up to 15% of total phospholipid content. Other lipids, 
such as sphingolipids and cholesterol, make up the rest of lipids in the 
IMM. Little is known about the lateral distribution of lipids in the IMM; 
however, it has been suggested that their differential lateral distribution 
may be possible in eukaryotes as it occurs in bacterial membranes [8]. 
This may be possible by recruiting non-bilayer forming phospholipids, 
such as PE and CL, into microdomains. In addition, transmembrane 
asymmetry of phospholipids is known from long ago, being PE and CL 
more abundant, and PC less abundant, in the inner than in the outer 
leaflet of the IMM [9]. These microdomains may be involved in pro-
cesses such as mitochondrial fusion and fission, or protein import and 

turnover. Notably, the differential chemo-physical properties of theses 
microdomains may also be implicated in kinetic processes related to 
membrane anchored proteins, such as cyt c [10], or hydrophobic, mobile 
molecules, such as CoQ. 

2. Respiratory supercomplexes 

As the individual complexes could be reconstituted independently 
[11] and the mobile electron carriers were shown to interconnect the 
electron transport between them, among other observations (for a his-
torical review see Ref. [12]). It was proposed that the mETC complexes 
were randomly distributed in the IMM and that electron transfer be-
tween them followed a model of random collision [13]. This model was 
widely accepted until Schägger and Pfeiffer developed the blue native 
gel electrophoresis (BN-PAGE) and discovered that yeast and mamma-
lian mitochondria harbour multi-complex units with fixed stoichiome-
tries, which they termed supercomplexes [14]. This work brought back 
the old hypothesis of a unique enzymatic structure capable of per-
forming all the steps in respiration, the solid model. 

The discovery of supercomplexes triggered a strong debate regarding 
their factual biological entity [12]. After years of intense research, the 
use of different detergent to solubilize them [15], the finding of proteins 
directly involved in the formation of the Q-respirasome [15] and their 
posterior purification and structure resolution confirmed that they are 
indeed true existing molecules in eukaryotic mitochondria ( [16–20]. 
Today, it is accepted that CI in mammalian mitochondria is mostly 
associated with other complexes, either attached with dimmer CIII (CI +
CIII2) or with dimmer of CIII and monomer or dimmer CIV (CI +
CIII2+CIV1-2 or N-respirasome). CIII is always found as a dimer (CIII2) 
and can interact with a monomer or dimmer CIV (CIII2+CIV1-2 or 
Q-respirasome). CIV mainly occurs as a monomer (CIV), though it can 
associate with CI [21,22], form dimers (CIV2) [21,23], or heavier 
structures (CIVm and CIVn) [21]. CV is normally sole (CV) and may form 
dimers (CV2) and multimers. The co-existence of free and different forms 
superassembled respiratory complexes lead to the proposal of the plas-
ticity model for the structural organization of the mitochondrial electron 
transport chain [24,25]. 

Yet, the roles ascribed to these super-structures are still under intense 
investigation and proposals range from structural to functional, or a 
combination of both. In the next sections we will summarize the current 
knowledge about the possible roles of supercomplexes in mammalian 
cells. 

Fig. 1. - Complex III Q cycle. Schematic repre-
sentation of the electron transfer pathway between 
ubiquinol, complex III and cyt c. A) two-electron 
transfer from ubiquinol to the Rieske iron-sulphur 
cluster which subsequently derives one electron to 
cytochrome c1 and the other one to cytochrome bL. 
Cytochrome c1 donates its electron to cytochrome c 
and cytochrome bL to cytochrome bH. Cytochrome 
bH transfers its electron to ubiquinone, forming 
semiquinone. B) Again, two-electron transfer from a 
new ubiquinol to the Rieske iron-sulphur triggers 
the same chain of events and in the last step cyto-
chrome bH now transfers its electron to the semi-
quinone, forming ubiquinol again.   
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3. ROS production 

One of the first hypothesis regarding the role of respiratory super-
complexes was their function as ROS modulators [14]. Treatment of 
either bovine heart mitochondria or liposome-reconstituted super-
complex I + III2 with dodecyl maltoside, a detergent capable of dis-
rupting supercomplex into their individual complexes, provided 
experimental support to the hypothesis of that the physical association 
between CI and CIII limited the production or ROS by CI at the molecular 
level [26]. A similar scenario was found in cultured cells [27] in which it 
was observed that ablation of RISP diminished supercomplex stability 
and that it associated with higher ROS levels. Later, other studies have 
also spotted the relationship between decreased supercomplex assembly 
and increased ROS levels in live cells and tissues [21,28–31]. Notably, 
all these studies altered the interaction between CI and CIII; therefore, 
CoQ most probably has a role in ROS production by supercomplexes 
which may be related to the vicinity of CI and CIII catalytic sites or IMM 
fluidity. 

It has been recently observed that Na+ modulates ROS production 
during acute hypoxia through the regulation of IMM fluidity [32]. Thus, 
Na+ is able to promote ROS production when combined CII + CIII ac-
tivity is enabled, independently of the sole CII or CIII activities. Inter-
estingly, this increase in ROS production was parallel to the reduction in 
combined CII + CIII enzymatic activity and respiratory capacity, 
whereas combined CI + CIII activity and respiration remained un-
changed. This observation reinforces the idea of that supercomplex 
formation, particularly in between CI and CIII, limits the production of 
ROS, in this case, promoted by Na+:phospholipid interaction. 

The effect of Na+ on IMM fluidity could be ablated by knocking out 
the gene encoding for the mitochondrial Na+/Ca2+ exchanger (NCLX) 
[32]. It has been also shown that NCLX knock-out promotes larger 
production of ROS during reperfusion [33]. As ROS during reperfusion 
are mainly produced by mitochondrial CI through reverse electron 
transport (RET) and with succinate as the electron source [34], it is 
possible that Na+ decreases CoQ transfer during reperfusion through its 
interaction with the IMM. This suggests an additional role of mito-
chondrial Na+ in lowering ROS in reperfusion through the decrease in 
IMM fluidity. 

SCAF1 regulates the interaction between CIII and CIV [15,21,23,35] 
and it also mediates the interaction between CIII and CIV inside the 
N-respirasome [21]. Enriched N-respirasome fractions from C57BL/6 
mouse heart mitochondria, which lack the supercomplex assembly 
factor-1 (SCAF1), produce more ROS under the CIII substrate CoQ1H2 
than their wild type (i.e. SCAF1 back) counterparts [21]. Interestingly, 
however, N-respirasomes from different strains showed the same rate of 
ROS production under the CI substrate NADH. This can be interpreted as 
that CI limits the turnover of the respirasome, which then not only im-
pacts on the supercomplex enzymatic rate [17,21], but also on ROS 
production by downstream redox centres [21]. 

4. Superassembly and complex I stability 

Although the individual complexes can be reconstituted indepen-
dently and their isolated activity can be achieved in vitro, the stability of 
complex I depends on the presence of both CIII [36,37] and CIV [38–40]. 
This effect was initially proposed to be caused by a severely hampered 
stability [36]. However, it has been also suggested that, in addition, the 
absence of CIII prevent the incorporation of the N-module and stall the 
final step in CI assembly, leading to the hypothesis that CIII acts as a 
platform for the maturation of CI [41,42]. Importantly, human and 
mouse cells with defects in CI structural subunits (NDUFS4, NDUFS6 or 
NDUFA2) or the assembly factor NDUFAF2, showed an impaired 
N-module assembly while harbouring normal CIII and CIV. Therefore, 
only the assembly of CI at the level of N-module incorporation was 
affected and, in such cases, conspicuous incomplete free CI subcomplex 
(i.e. without N-module) is revealed more abundant than the same 

subcomplex attached to CIII, in the BN-PAGE [43–46]. If the normal 
assembly process of CI implied the interaction with CIII previous to 
N-module assembly, it would be expected that all CI in those mutants 
was attached to CIII, and this is not always the case. Moreover, this 
model does not explain why the absence of CIV and cyt c also decreases 
CI stability [38,40,47]. Finally, a systematic evaluation of the CI as-
sembly concluded that, in normal circumstances, CI is fully assembled 
before it is incorporated into supercomplexes [48]. Nevertheless, rele-
vant for this model are the accumulated evidence that indicate that the 
turnover of the CI N-module is independent and much faster than the 
rest of the complex [46,49,50]. Therefore, the fact that the N-module 
turnover is much more rapid than the rest of CI and the observation that 
the superassembly of CI with CIII stabilized individual CI in N-module 
lacking mutants [44] allows the reconciliation of all observations with 
the proposal of supercomplex being a platform for CI stability. It is 
plausible that the N-module is attached to both free and superassembled 
CI-subcomplex without the mandatory requirement of SC formation to 
finish the assembly CI. Then, since the CI subcomplex degrades more 
slowly than the N-module and that the interaction of partially assembled 
CI with CIII stabilizes it, CI degradation may be accelerated when CIII or 
CIV are not present (i.e. CI is not incorporated into the supercomplex). 
Interestingly, neither CIII or CIV inhibitors interfere with CI assembly 
[36,38,42,51]. 

In a remarkable observation, the overexpression of the alternative 
oxidase (AOX) from Emericella nidulans in CIII or CIV deficient cells 
promoted the stabilization of CI [21,42,51] as it did the growth of the 
cells in low oxygen or in the presence of CI inhibitors [51]. CIII mutants 
recovered CI in the form of the individual complex (CI in AOX expressing 
cells), whereas CIV mutants recovered the expression of CI in the form of 
both individual CI and supercomplex CI + CIII2, being CI + CIII2 the 
most abundant form (CI + CIII2 in AOX expressing cells [21,51]). Guarás 
et al. showed that due to the absence of CIII or CIV CoQH2/CoQ ratio 
increased dramatically and promoted the backflow of electrons from 
CoQH2 to CI by RET. RET produced the overoxidation of CI Cys residues 
at the level of the N-module which, in turn, triggered the degradation of 
the N-module in the short term followed by the degradation of the entire 
CI at later stages [51]. Notably, this could be reversed upon AOX 
overexpression, by inhibition of CI interaction with ubiquinol (by pier-
icidin A or rotenone) or by a drastic and long-term reduction in oxygen, 
all interventions that prevent RET. This interpretation has been recently 
questioned arguing that that Antimycin A (a CIII inhibitor) do not 
de-stabilize CI as much as the ablation of CIII. They reasoned that this 
inhibitor should be able to produce RET [42]. However, this reasoning is 
inaccurate. It is well stablished that Antimycin A does not induce RET as 
its primary mechanism of ROS production, instead it produces ROS at 
the Qo site in CIII due to the disturbance of the Q-cycle [52]. Thus, CIII 
take electrons from CoQH2 and form superoxide. In fact, by generating 
superoxide through CIII electrons are leaked preventing the growth of 
the QH2/Q ratio as much as it does if no CIII is present. Therefore, the 
probability of RET decrease. Nevertheless, it is still possible that this 
drug produced RET at some extent which may explain the partial 
decrease in CI caused by Antimycin A [51]. Strikingly, while human 
muscle lacking CIII showed a defect in amount and activity of CI [36,53, 
54], Cox10KO mouse muscle which is unable to assemble CIV neither 
shows any defect in CI assembly nor activity [55]. Therefore, CI stability 
becomes compromised in vivo in the absence of CIII and the impact of 
AOX, under these circumstances, remains to be proven. 

5. Segmentation of the CoQ and cyt c pools 

A fundamental question regarding the functionality of the super-
complexes is which would be the impact, if any, in the kinetic behaviour 
of the mETC in general and in the dynamics of the mobile electron 
carriers CoQ and cyt c in particular. Data from different laboratories 
contributed to the general acceptation of the fluid model supporting the 
concept that electron transport is a diffusion-coupled kinetic process and 
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all redox components (i.e. of the mETC) are independent lateral dif-
fusants [13]. In particular, it was proposed that CoQ freely diffuses along 
the IMM after measuring the fluorescence quenching of different CoQ 
fluorescent analogues of various lengths in lipid vesicles and submito-
chondrial particles (SMPs) [56,57]. These studies were designed to 
determine the mobility of external CoQ analogues across membrane 
bilayers and did not take into account the existence of supercomplexes 
(i.e. they had not been discovered). Therefore, though they provide a 
valuable information on the chemo-physical nature of the IMM, they 
lack the resolution to solve the problem of whether naturally occurring 
CoQ freely diffuses between the supercomplexes and the bulk IMM. 

The old solid model for the organization of the mtETC, on the con-
trary, supported the notion of that a physically associated, macromo-
lecular assembly of electron-transferring complexes was the functional 
respiratory unit in the IMM [58]. This idea was brought back by the 
discovery of supercomplexes by Schägger and Pfeiffer [14], which 
prompted to the belief of the respirasome to be the true respiratory 
entity and all the free complexes observed to be mere breakdown 
products. However, kinetic data regarding this functional aspect of the 
respirasome are lacking. 

An intermediate, satisfactory explanation for all these data is the 
plasticity model, which proposed that the mETC is organized bearing 
both functional individual complexes and supercomplexes [24,25]. The 
plasticity model takes into account the multifaceted metabolic needs of 
the cell and hypothesizes that all complexes and supercomplexes are 
active and dedicated to a panoply of metabolic requirements. Data in the 
literature are growing on behalf of this model. Mouse fibroblasts with 
constitutively abnormal low expression of CIII showed that all remain-
ing CIII was sequestered by CI. The functional consequence was a 
reduced CII + CIII activity and CII-based respiration, whereas CI + III 
activity and respiration remained normal. In addition, fasting of mice to 
promote fatty acid oxidation promoted a decrease in maximal CI and CI 
+ III activities, whereas CII and CII + CIII activities remained unchanged 
[15]. Balsa and co-workers described that as cells were grown in 
galactose and forced to rely on mitochondrial metabolism, respirasome 
levels increased through the expression of SCAF1, matching the content 
of supercomplexes to the metabolic needs of the cell [59]. Similarly, a 
recent paper by García-Poyatos and colleagues has provided evidence 
that the absence of the Q-respirasome through genetic deletion of SCAF1 
is sufficient to restrain zebra fish growth, diminish female fertility and 
promote abnormal fat deposition. As the phenotype was reversed by 
doubling food supply, but not by high fat diet, it is possible that specific 
metabolic pathways, determining nucleic acid or protein synthesis are 
affected by the sole deletion of the Q-respirasome [35]. As pointed by 

Moreno-Loshuertos and colleagues [15], the optimization of the use of 
available substrates through complexes and supercomplexes implies the 
definition of partially dedicated pools of mobile electron carriers. 

5.1. Segmentation of the CoQ pool 

One of the strongest arguments in support of this is that the existence 
of a pure single pool necessarily follows the Loss of Memory (LOM) 
principle. The LOM principle implies that very differentiated upstream 
metabolic pathways would flow into the unique pool of CoQ and the 
information on the identity of the donor should be lost (Fig. 2). 

Seminal kinetic and molecular data strongly indicated that the LOM 
principle does not occur [60]. It was also challenged by two articles 
which, however, raised opposite conclusions on the partition of the CoQ 
pool [61,62]. The first article [61] showed that both oxygen consump-
tion and cytochrome reduction by the mETC become complete only after 
addition of both CI and CII substrates, and that individual addition of 
any of the substrates yielded only fractional respiration/cytochrome 
reduction (see discussion in Ref. [12]). The second article used AOX 
from Trypanosoma brucei brucei to evaluate the possibility of having a 
dedicated CoQ pool into the N-respirasome by incorporating AOX re-
combinant protein in a reaction mixture with SMPs. This ingenious 
approach attempted to provide a competing pathway for CoQ oxidation 
and test for channelling. The authors showed that NADH oxidation 
increased upon AOX addition to the reaction mixture, only after CIV was 
inhibited [62]. Importantly, whether electrons are derived to AOX in 
normal respiring conditions was not tested. This approach, being clever, 
present some caveats: (1) AOX recombinant protein was added into the 
reaction mixture, together with the SMPs from bovine heart. Given the 
nature of AOX, an adequate incorporation into the membrane to prevent 
protein aggregation in the solvent and to yield proper function and ac-
tivity is necessary, and this could not be warranted. (2) The specificity of 
CI activity for NADH oxidation was not tested (e.g. rotenone-sensitive 
NADH oxidation); this is relevant since there are several NADH oxi-
dases in the IMM that can recapitulate the increase in NADH oxidation 
observed after AOX addition as they do not assemble into super-
complexes. (3) Only NADH was monitored and not oxygen consumption. 
Recently, a similar idea, solving most of the caveats, analysed the 
coupled and uncoupled respiratory rates in AOX-expressing mouse heart 
mitochondria (in this case AOX was derived from Ciona intestinalis). 
When respiring on CI substrates little-to-no engagement of AOX 
depending respiration could be recorded [63]. On the contrary, AOX 
was contributing to the overall oxygen consumption when respiring in 
CII substrates [63]. In these experiments the LOM principle was once 

Fig. 2. - Loss of Memory (LOM) principle adapted 
to the mETC. Schematic representation of the LOM 
principle showing that all metabolic pathways, 
including fatty acid oxidation, glucose metabolism, 
TCA cycle and redox homeostasis would derive elec-
trons to a common CoQ and cyt c sink. I: Complex I; 
CII: Complex I; III2: Complex III; IV: Complex IV; ETF: 
Electron-transferring flavoprotein; G3PDH: Glycerol- 
3-phosphate dehydrogenase; SC I + III2: super-
complex I + III2; Q-respirasome: supercomplex III2-

+IV; N-respirasome: supercomplex I + III2+IV.   
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more broken. AOX, which does not super-assemble neither with CI nor 
with CII, was able to discriminate whether the electrons reducing CoQ 
were provided by NADH or by succinate. This results fully discard the 
existence of a homogenous and unique CoQ single pool. Importantly, in 
agreement with Fedor et al. [62], AOX was only able to respire under CI 
substrates after pharmacological inhibition of CIII or CIV. However, 
Fedor and Szibor results provided important discrepancies. In one side 
Fedor reported that the NADH oxidation capacity provided by AOX after 
CIII-CIV inhibition was much higher than that of the non-inhibited 
mtETC [62]. On the other, Szibor et al. found that the CI dependent 
respiration after CIII-CIV inhibition was similar to that reached by CIV 
[63]. This discrepancy strongly suggests that a significant portion of the 
NADH oxidation in the experiment by Fedor et al. may be due to de-
hydrogenases other than complex I. 

In parallel to Szibor, Calvo et al. [21] tested the potential partition of 
CoQ pools using AOX (AOX derived from Emericella nidulans). In this 
case: (1) AOX was ectopically expressed in the IMM of mouse heart, 
muscle and fibroblasts; (2) NADH oxidation and (3) respiration sensi-
tivity to both rotenone and piericidin A was measured. In addition, due 
to the effects of AOX on preserving CI stability in the absence of CIII or 
CIV [51], the influence of electron delivery from CI to AOX when 
superassembled or not superassembled into supercomplexes could be 
investigated. Thus, CIIIKO + AOX cells have all CI free of interactions 
with CIII and CIVKO + AOX cells allows CI expression mainly in the form 
of CI + CIII2. In parallel, the delivery of electrons from CII to AOX was 
monitored. In both contexts, CI was able to deliver electrons to AOX as 
there was oxygen consumption in both cases and both cell types could be 
grown in the absence of uridine. However, when not superassembled, CI 
+ AOX respiration rate was higher and there was competition between 
CI + AOX and CII + AOX respiration. In accordance, NADH oxidation 
was diminished when succinate was present. Contrarily, in the presence 
of CI + CIII2+AOX respiration rate was lower while CII-AOX was not 
affected. In fact, an additive effect of CI and CII substrates in oxygen 
consumption was revealed, while no detectable competition with suc-
cinate could be seen on NADH oxidation [21]. Interestingly, in agree-
ment with Szibor results [63], neither CI-AOX respiration nor NADH 
oxidation was detected when using wild-type cells expressing AOX un-
less CIII or CIV inhibitors are applied. However, in contrast with Szibor, 
AOX in Calvo et al. was only partially capable of using CI substrates after 
CIII or CIV inhibition, but never reached the level achieved without 
inhibitors [21]. This difference may be due to the use of AOX from 
different origin between the two groups. 

In summary, all the experiments from different laboratories allow to 
explain the apparently contradictory results in a working model which is 
now able to accommodate all of them (Fig. 3). Thus, under full blockage 
of the electron flux at CIII or CIV, and in agreement with the structural 
data showing that the CoQ binding sites of CI and CIII are not closed by 
protein barriers within the structure of the supercomplex [16,18–20], 
CoQ can diffuse out and be oxidized outside the supercomplex (Fig. 3B) 

[17,21,61–63]. However, under normal circumstances, the super-
assembly between CI and CIII generate a CoQ fraction within the SCs 
functionally dedicated NADH oxidation (Fig. 3A) [17,21,63]. What is 
fully in agreement with the seminal suggestions by Lenaz and 
co-workers [60]. By the same token, in the abnormal situation in which 
all CIII is superassembled with CI, the ubiquinol generated by CII or 
G3PDH can diffuse in and be oxidized by the N-respirasome and CI +
CIII2 [15]. However, under physiological conditions CIII fractions 
attached and non-attached to CI co-exist, and the ubiquinol generated by 
CII or G3PDH is mainly oxidized by the CIII non-attached to CI fraction 
[15]. 

Results by Protasoni et al., using AOX overexpression in human WT 
or CIIIKO cells, resembled those commented above by Calvo et al. but 
using human cells [21]. In 2019, the structure of supercomplex CI +
CIII2 was solved and a series of elegant experiments were carried out to 
test channelling [17]. The authors found that: (1) native CoQ10 is bound 
to the structure of the supercomplex; (2) the purified supercomplex CI +
CIII2 is able to perform the NADH-cyt c oxidoreductase activity without 
the addition of any external ubiquinone; thus, native CoQ10 inside the 
supercomplex is able to perform electron transfer between CI and CIII; 
(3) the purified supercomplex CI + CIII2 shows a ~10% of its total 
NADH oxidase activity which can be reached upon the addition of a CoQ 
analogue, irrespectively of its concentration, meaning that despite CoQ 
has no protein mediated physical barriers preventing its diffusion out of 
the SC, it cannot easily diffuse in and out of the supercomplex I + III2. To 
note, since purified CI + CIII2 was maintained in amphypols rather than 
in native membranes the physiological signification of this observation 
could not be established. In this respect, unpublished results from our 
group using enriched N-respirasome fractions and CI + CIII2 fractions in 
their native lipid environment showed their insensitiveness to the 
external addition of CoQ analogues. 

Moreover, it was recently demonstrated that Na+ can modulate IMM 
fluidity through its interaction with phospholipids [32]. The increase of 
Na+ in the mitochondrial matrix decrease membrane fluidity and 
diminish CoQ transfer between CII and CIII, but not between CI and CIII. 
This observation, performed in bovine aortic endothelial cells which 
have virtually all CI into supercomplexes, reveal that the CoQ respon-
sible for the delivery of electrons between CII + CIII diffuse through the 
membrane and therefore is sensitive to Na+. However, the CoQ involved 
in CI-CIII electron flux is not affected by alterations in membrane fluidity 
and therefore insensitive to Na+. This bivalency observed in vivo reveal 
the signification of the functional segmentation of the CoQ by the 
superassembly between CI and CIII. 

In summary, though the initial scepticism, structural, kinetic and 
regulatory evidence support the idea of that CoQ is partially and func-
tionally partitioned in the IMM and that supercomplexes use a dedicated 
pool for their catalysis. However, the question remains of how the 
functional segregation is achieved in the absence of physical barrier 
impeding CoQ exchange between these superstructures and the bulk 

Fig. 3. - N-respirasome functionally segment the 
CoQ pool from the bulk IMM CoQ pool, unless CIV 
becomes inhibited. A) Schematic representation of 
IMM overexpressing AOX. The N-respirasome, 
constituted by CI (grey), CIII (red) and CIV (ochre) 
does not provide reduced CoQ molecules to the bulk 
IMM CoQ pool (yellow) which is, however, reduced 
by CII (blue-grey) activity, among others. AOX oxi-
dizes only CoQ from the bulk IMM CoQ pool. B) As the 
N-respirasome becomes inhibited it is able to provide 
reduced CoQ to the bulk IMM CoQ pool which will be, 
in turn, oxidized by AOX. The extent to which the N- 
respirasome shares its CoQ pool varies among studies 
which probably depends on AOX origin (depicted by 
“+ or -?“). (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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IMM [16–20]. In one side, the vicinity of the catalytic sites of CI and CIII 
inside the supercomplex could promote a quick use of the CoQ juxta-
posed to the supercomplex structure, preventing their diffusion to the 
bulk IMM. It is also possible that the particular composition of phos-
pholipids around the supercomplex hinder CoQ diffusion to the rest of 
the IMM, as if the supercomplex was into a microdomain with a specific 
phospholipid composition. As mentioned above, IMM may be laterally 
compartmentalized in microdomains with functional roles [8]. Thus, 
mutations in Tafazzin, a phospholipid acyltransferase involved in 
maturation of cardiolipin, affects the stability of supercomplex I + III2 
and the N-respirasome [64]. In addition, reduction in mitochondrial PE 
through the deletion of PS decarboxylase (PSD) blunted the assembly of 
respiratory supercomplexes and decreased respiration [29]. Thus, if 
specific phospholipids are necessary for the stability of supercomplexes, 
it is plausible that the accumulation of certain specific phospholipids in 
the surroundings of the supercomplex impose a semi-diffusible barrier 
for the transit of CoQ to/from the bulk IMM. 

5.2. Segmentation of the cyt c pool 

Similarly, to CoQ, cyt c was proposed to be functionally segmented in 
mammalian mitochondria [15]. The experiments leading to this 
conclusion comprised the discovery of a bona fide supercomplex as-
sembly factor, SCAF1 which function is to assemble CIII and CIV into the 
Q-respirasome and to provide physical linkage between CIII and CIV 
inside the N-respirasome [21]. SCAF1 thus induces a structural seg-
mentation of CIV that organizes it into functionally separate sub-
populations, monomer free, dimer free, Q-respirasome and 
N-respirasome. Interestingly, the absence of functional SCAF1 does not 
cause major bioenergetic problems and animals lacking functional 
SCAF1 are fertile and healthy, although they have lost regulatory op-
tions for the fine-tuning of their bioenergetic performance [21,35]. 
Thus, when cells are grown in DMEM, total cell respiration (driven by 
glucose, pyruvate and glutamine) was significantly higher in cells 
lacking functional SCAF1, whereas CIV respiration driven by TMPD in 
intact cells was similar regardless of SCAF1 expression. Respiration and 
the rate of ATP production were normal, or even increased with either 
substrate (pyruvate/malate or succinate) in permeabilized cells with 
non-functional SCAF1; however, to achieve maximal respiration both 
substrates need to be added simultaneously in WT, something that does 
not occur in non-functional SCAF1 cells (98). Similar results were ob-
tained when comparing liver mitochondria from C57BL6/J (SCAF1 
deficient) mice with those purified from CD1 mice (SCAF1 functional). 
These observations indicate that LOM principle only applied to SCAF1 
deficient animals but, in this case, at the level of cyt c. These results 
allow to propose that superassembly define two subsets of cyt c and CIV 
molecules dedicated to receiving electrons coming from either NADH 
(N-respirasome) or FAD dependent enzymes (Q-respirasome), and a 

third CIV subpopulation able to receive electrons from both donors 
(Fig. 4). This third subpopulation of free CIV seems to be the most 
abundant form, and since it can receive electrons from both sources and 
requires free cyt c, its presence would explain the predominant inter-
pretation of a pool behavior for cyt c (163). Recently, SCAF1 ablation 
was found to impair both adaptation to highly demanding physical work 
in mice [21] and to food restriction in both mouse and Zebrafish [35], 
indicating the physiological relevance of superassembly between com-
plexes III and IV. 

The same question was addressed in Saccharomyces cerevisiae [65]. 
Contrarily to mammalian, yeast CIII and CIV are only found super-
assembled and cyt c can only be oxidized by the supercomplex. In 
addition, S. cerevisiae lacks CI and the analysis, therefore, relates only to 
assemblies containing CIII and CIV; thus, its mtETC has lost plasticity. In 
this study the authors defined two populations, 16% pre-bound to the 
supercomplex and the remaining not bound to it. In this context, 
Trouillard and co-workers designed a series of experiments aimed to 
determine if superassembly impacts on the kinetic of cyt c oxidation 
[65]. To do that, a method was stablished to assess the ability of CIV to 
oxidize the cyt c pool which required the presence of carbon monoxide 
(CO) in the gaseous phase. Photoactivation of CIV after one laser shot 
was performed under different oxygen concentrations; however, a low 
oxygen concentration was chosen to assess cyt c compartmentalization 
to make oxygen binding a poor competitor with CO binding. It was that 
cyt c oxidation could be achieved completely only after two or more 
flashes. Interestingly, they described two well defined kinetics: fast, 
ascribed to the bound cyt c, and slow, ascribed to the non-bound cyt c. 
The authors concluded that since CIV could be accessible to both frac-
tions of cyt c it was conclusive of cyt c not being compartmentalized into 
the IMM. Unfortunately, the study did not investigate the kinetics when 
CIII and CIV are dissociated but functional. However, their results pre-
dict that in these conditions the oxidation of cyt c would be significantly 
delayed although the physiological relevance of this needed to be 
stablished. 

Recently, Berndtsson and colleagues addressed the same problem in 
a more comprehensive experimental set up [66]. After developing a 
high-resolution model of the yeast Q-respirasome structure the authors 
identified the key residues leading to critical contacts between CIII and 
CIV in the supercomplex. Mutations in such key residues in the 
CIII-subunit Cor1, both in wild type (WT) or strains devoid of cardiolipin 
synthase (ΔCRD1), showed impaired Q-respirasome assembly without 
relevant variations in neither CIII or CIV assembly. These novel cellular 
models allowed them to show that lack of supercomplex assembly delays 
the diffusion of cyt c between CIII and CIV [66]. As a consequence, Cor1 
mutant yeast strain had lowered coupled respiration on both NADH and 
succinate oxidation which, importantly, could be recovered by the 
addition of external cyt c. Of note, mitochondrial membrane potential 
and respiratory control ratio were maintained similar to WT levels, 

Fig. 4. - N- and Q-respirasomes do not share their 
functional cytochrome c pools under normal 
conditions. A) WT cells have the N-respirasome, 
constituted by CI (grey), CIII (red) and CIV (ochre) 
and the Q-respirasome, constituted by CIII (red) and 
CIV (ochre), which work with their own functionally 
segmented cytochrome c pools. Only SC I + III2 and 
free CIII reduce cytochrome c from the bulk IMM cy-
tochrome c pool (red) which is subsequently oxidized 
by free CIV molecules. B) ablation of SCAF1 promotes 
disassembly of the Q-respirasome and lack of physical 
bridge between CIII and CIV in the N-respirasome, 
providing a lower maximal speed and slower recovery 
from starvation in mice, and severe phenotypic 
changes in zebra fish. (For interpretation of the ref-
erences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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probably due to an enhancement of CIV activity in Cor1 mutant. Thus, 
this detailed study reveals that physical distance between CIII and CIV 
catalytic sites is a critical factor determining the efficiency of electron 
transfer between CIII and CIV. Indeed, recent cryo-electron microscopy 
structure and kinetics have revealed that electron transfer between CIII 
and CIV in yeast Q-respirome resemble substrate channeling [67]. Very 
importantly, the absence Q-respirasome becomes disadvantageous for 
yeast in a competitive environment due to the fact that more cyt c is 
needed to maintain electron transfer at the level of wild type cells. 

In summary, studies in mouse, zebrafish and yeast provide kinetic 
and structural evidence on the existence of functionally segmented cyt c 
pools in mitochondria, which may exist by bringing together CIII and 
CIV in close vicinity, and that its absence brings critical metabolic 
consequences for their fitness. Its relevance may by more complex in 
vertebrate mitochondria than in yeast since the latter have all CIV in a 
single form. Yet to be explained is whether inhibition of CIV in super-
complexes would promote cyt c oxidation by individual CIV molecules, 
as occurs with CoQ in AOX-expressing mitochondria. These studies 
reveal the critical role of functional supercomplexes and that the partial 
segmentation of cyt c has important consequences in physiology and 
disease. 

6. CoQ segmentation in signalling and disease 

Hypoxia is involved in many physiological and pathophysiological 
scenarios [68–70]. Paradoxically, it was observed long ago that hypoxia 
triggered the production of mitochondrial ROS [71–74] and, though 
their involvement in chronic adaptation to hypoxia is not yet clear [75], 
they have been clearly shown to be necessary for the acute pulmonary 
and carotid body oxygen sensing [76–80]. The mechanism by which 
ROS increase during hypoxia has been recently solved [32]. Mitochon-
drial CI undergoes the active/deactive (A/D) transition and this pro-
motes a slight acidification of the mitochondrial matrix, sufficient to 
partially dissolve the calcium phosphate precipitates in this compart-
ment. Ca2+ is released and activates the mitochondrial Na+/Ca2+

exchanger (NCLX) in the IMM, which extrudes Ca2+ and enters Na+. Na+

into the matrix interacts with phospholipids in the inner leaflet of the 
IMM, forming aggregates with the stoichiometry 3:1 (phospholipid:Na+) 
which decrease the IMM fluidity. CoQ transfer between CII, G3PD and 
CIII is decreased, but not between CI and CIII. Reduction in CII + III 
activity is accompanied by an increase in ROS production which, in turn, 
mediate hypoxic pulmonary vasoconstriction. Besides being an evidence 
of the existence different functional pools of CoQ, these results 
demonstrate that the existence of different CoQ pools allows redox sig-
nalling while maintaining sufficient respiration capacity, and that the 
supercomplexes and CoQ pools are involved in signalling in physiolog-
ical adaptation to hypoxia. 

As mentioned above, the composition of phospholipids in the IMM is 
critical for the stability of supercomplexes. Mutants of several key en-
zymes in phospholipid biogenesis are involved in disease. Tafazzin is 
involved in maturation of cardiolipin, a fundamental phospholipid in 
the IMM, and mutations in its coding sequence have been linked to Barth 
syndrome, an X-linked mitochondrial disease affecting cardiac and 
skeletal muscle, and neutrophils [81,82]. Defective Tafazzin and 
impaired cardiolipin conversion have been associated not only with 
impaired assembly of supercomplexes [28,64], but also with increased 
ROS production [28,83] and with decreased coupled respiration [28, 
84]. Defects in mitochondrial phospholipid composition or clustering 
have been also associated with prevalent diseases. In particular, changes 
in PE are associated with Alzheimer’s [85,86], Parkinson’s [85,87] and 
liver disease [88,89]. In agreement with human data, defects in mito-
chondrial PE content by PSD knock-out mice diminished respiratory 
capacity, increased ROS production and blunted the assembly of 
supercomplexes [29]. Stomatin-like protein-2 (SLP-2) associates with 
cardiolipin and is involved in IMM spatial organization [90]. Over-
expression of SLP-2 compensates the mitochondrial defects triggered by 

loss of Parkin, pointing to a role of SLP-2 in Parkinson’s [91]. SLP-2 
promotes the assembly of supercomplexes [92,93] and its knock-out 
has been shown to decrease respiration and raise mitochondrial ROS 
levels [31,92]. The same phenomenon occurs after decreasing the levels 
of SLP-2 homologous proteins, such as prohibitins [94,95], which have 
been also shown to interact with cardiolipin [96,97]. 

Given that supercomplex formation is associated with decreased 
production of ROS [21,26] and that Na+ can affect CoQ transfer between 
non-superassembled complexes and enhance ROS production [32], it is 
possible that reducing the stability of supercomplexes (e.g. Mutations in 
Tafazzin, SLP-2, etc.), disrupted the existence CoQ segmentation, 
particularly in supercomplexes, and this rendered CoQ transfer more 
susceptible to variations in IMM fluidity (e.g. by Na+), increasing ROS 
production and lowering the electron transport in the mETC. This is 
particularly important as the recovery of supercomplex assembly and 
CoQ pool segmentation act as modulators or respiratory capacity and 
ROS production and points them out as potential therapeutical targets in 
disease. 

7. Cyt c segmentation in signalling and disease 

The discovery of SCAF1 lead to the identification of functionally 
segmented cyt c pools in vertebrate mitochondria. However, another 
unexpected conclusion was that respirasome assembly at the level of 
CIII + CIV is not required for life in mice [15]. However, the phenotypic 
consequences of SCAF1 ablation and, therefore, lack of Q-respirasome 
assembly and interaction between CIII + CIV in the N-respirasome, have 
not been studied until recently. García-Poyatos et al. studied the role of 
SCAF1 in zebra fish and showed that SCAF1 knock-out individuals, 
which specifically lacked Q-respirasome, were smaller in size, showed 
abnormal fat deposition and decreased female fertility. Very interest-
ingly, doubling food supply rescued the phenotype of the mutant zebra 
fishes [35], pointing to a metabolic defect behind the phenotypic al-
terations. As high fat diet did not rescue the phenotype and respiration 
on CI substrates at the level of SCAF1 WT, it is possible that 
anabolism-related pathways, such as pyrimidine synthesis or folate 
pathway are affected by the specific loss of the Q-respirasome. Sup-
porting the role of the Q-respirasome in anabolism, it has been shown 
that specific downregulation of SCAF1 in pancreatic ductal adenocar-
cinoma (PDAC) dampened growing rate and oxidative mitochondrial 
metabolism in severely hypoxic cells [98]. 

In addition, SCAF1 has been also shown to perform physical inter-
action between CIII and CIV in the N-respirasome (Fig. 4) [21]. Mice 
without functional SCAF1 reached lower maximal speed in the tread-
mill, indicating a lower capacity of oxidizing CI respiratory substrates, as 
evidenced by a lower NADH oxidation rate of the N-respirasome without 
SCAF1. Importantly, it has been shown that exercise promote the in-
crease of N-respirasome in humans [99]. In addition, male mice with 
active SCAF1 exposed to periodic starvation were able to maintain, or 
even gain weight during the first days, in contrast to male mice without 
active SCAF1 which rapidly lost weight. In this line, cells subjected to 
glucose deprivation and endoplasmic reticulum (ER) stress stimulate the 
biogenesis of supercomplexes and enhanced respiration by increasing 
the expression of SCAF1. In fact, SCAF1 ablation is sufficient to decrease 
mitochondrial respiration, ATP levels, and impair proliferation in the 
absence of glucose [59]. 

As mentioned above, a mutant yeast strain with impaired Q-respi-
rasome assembly showed lowered respiration due to increase of distance 
in the catalytic sites of CIII and CIV [66]. This led to severely reduced 
competitive fitness which could be restored by overexpression of cyt c. 
This evidences that Q-respirasome formation allows a more efficient use 
of energy as cyt c levels do not need to be put in excess, which would also 
potentially impact on the signalling to apoptosis. In addition, in a 
competitive environment which can be found by yeasts by encountering 
other yeast and bacteria, the pathways using resources more efficiently 
would prevail and become selected. Therefore, the existence of the 
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Q-respirasome represents an evolutionary advantage by bringing closer 
CIII and CIV which allows the more efficient use of cyt c in the sur-
roundings of the supercomplex (i.e. functional segmentation). In this 
line, downregulation of SCAF1, and ablation of the Q-respirasome, in 
PDAC promoted a lower respiratory metabolism which led to decrease 
growing rate in severe hypoxia [98]. Indeed, cell growth rates after 
dihydroorotate dehydrogenase (DHODH) inhibition or in conditions of 
limited nucleotide availability, depend upon CIII and CIV superassembly 
[100]. All together, these results, reinforce the idea of that super-
complex assembly is required for an efficient use of oxygen and other 
respiratory substrates by the mETC. 

Besides its role in transferring electrons between complexes III and 
IV, cyt c interact with other mitochondrial and non-mitochondrial 
components exerting a variety of roles that are modulated by its redox 
status. All together those conform the redox interactome of cyt c [101]. 
Cyt c can act as prooxidant as well as an antioxidant. Thus, oxidized cyt c 
scavenge superoxide radical (O2

•− ) by removing unpaired electrons and 
thus regenerating O2 [102,103]. Cardiolipin and other phospholipids 
can interact preferentially with oxidized cyt c leading to lipid peroxi-
dation, an early stage in mitochondrial induced apoptosis [104]. The 
cytochrome b5/cytochrome b5 reductase system has a wide subcellular 
distribution including the outer mitochondrial membrane, facing the 
inter membrane space [105]. Cytochrome b5 reductase system catalyze 
a NADH:cyt c oxidoreductase activity that may be coupled to the inner 
membrane cyt c oxidase activity using intermembrane cyt c as an elec-
tron shuttle [106,107]. This reaction may stimulate an 
NADH-dependent production of superoxide [108]. Cyt c can also be 
reduced by the enzyme ALR, responsible for the reoxidation of Mia40 in 
the mitochondrial disulfide relay protein import pathway. Alternatively, 
ALR electrons may be passed directly onto molecular oxygen, yielding 
H2O2 [109]. When released to the cytoplasm reduced and oxidized cyt c 
interact with additional partners. 

The rich and complex cyt c interactome make also unlikely the ex-
istence of a unique pool. A single cyt c pool may cause that competing 
reactions requiring cyt c could enter in conflict. In this regard, the N- and 
Q-respirasomes bound cyt c may define its preferential utilization to 
shuttle electrons between complexes III and IV, which can eventually be 
released to participate in other functions included the pool of cyt c 
released to induce apoptosis. The regulation of the proportion of 
oxidized/reduced cyt c may play a role in apoptosis. Thus, by controlling 
the oxidoreduction of a cyt c pool, segmentation could prevent the 
accumulation of excessive amounts of oxidized cyt c and, potentially, the 

induction of apoptosis. Indeed, cells exposed to galactose showed lower 
apoptosis when SCAF1 was present [110]. 

All together, these results evidence the importance of SCAF1, the 
interaction of CIII and CIV and, in particular of the cyt c pool functional 
segmentation under stress conditions through the more efficient use of 
respiratory substrates. 

8. Conclusions and future perspectives 

The functional segmentation of the CoQ and cyt c pools and the 
functional relevance of supercomplexes have been challenged for years. 
Recent structural, kinetic and regulatory evidence demonstrate the ex-
istence of these pools in yeast and vertebrate mitochondria. The exis-
tence of supercomplexes allows the more efficient use of substrates by 
mitochondria, particularly under stress conditions, following the prin-
ciples of the plasticity model (Fig. 5), while they are not strictly neces-
sary for CI stability. In addition, superassembly between CI and CIII, and 
also between CIII and CIV, are necessary to maintain normal levels of 
ROS. 

As suggested by some studies, it is possible that specific super-
complexes are dedicated to particular pathways. In this regard, de-
ficiencies in supercomplex assembly could potentially lead to defects in 
signalling and development of diseases after breaking the functional 
segmentation of the CoQ and cyt c pools, which can lead to the LOM 
principle at the level of the mETC, potentially leading to upstream 
metabolic alterations and phenotypic alterations, as evidenced by the 
absence of SCAF1. Now, the identification of factor(s) regulating the 
superassembly of I + III2 is demanding, as it would allow the study of the 
metabolic and phenotypic consequences of ablating the functional seg-
mentation of the CoQ pools. 

In summary, the functional segmentation of mobile electron carriers 
is the very consequence of the existence of supercomplexes as the cat-
alytic sites between individual complexes are brought together. Yet, the 
exploration of their role in signalling and disease, together with the 
consequences of their modulation, is still in its dawn. 

Funding 

This study was supported by MINECO: SAF2015-65633-R, RTI2018- 
099357-B-I00, HFSP (RGP0016/2018) and CIBER (CB16/10/00282). 
The CNIC is supported by the Instituto de Salud Carlos III (ISCIII), the 
Ministerio de Ciencia, Innovación y Universidades (MCNU) and the Pro 

Fig. 5. - Schematic representation of the plasticity model. The plasticity model showing the partial functional segmentation of the CoQ and cytochrome c pools in 
the IMM. Functional segmentation of the mobile electron carriers allows the mitochondria to fine-tune the transfer of electrons in the respiratory chain to the specific 
metabolic needs of the cell. 

P. Hernansanz-Agustín and J.A. Enríquez                                                                                                                                                                                                 



Free Radical Biology and Medicine 167 (2021) 232–242

240

CNIC Foundation and is a Severo Ochoa Center of Excellence (SEV-2015- 
0505). his research has been financed by Spanish Government grants 
(ISCIII and AEI agencies, partially funded by the European Union 
FEDER/ERDF). 

Declaration of competing interest 

The authors declare no competing interest 

Acknowledges 

The authors thank the whole GENOXPHOS group for suggestions and 
discussions. Figures created with BioRender.com. 

References 

[1] T. Matsura, K. Yamada, T. Kawasaki, Difference in antioxidant activity between 
reduced coenzyme Q9 and reduced coenzyme Q10 in the cell: studies with 
isolated rat and Guinea pig hepatocytes treated with a water-soluble radical 
initiator, Biochim. Biophys. Acta 1123 (3) (1992) 309–315. 

[2] M.H. Teixeira, G.M. Arantes, Effects of lipid composition on membrane 
distribution and permeability of natural quinones, RSC Adv. 9 (29) (2019) 
16892–16899. 

[3] M. Zhang, E. Mileykovskaya, W. Dowhan, Gluing the respiratory chain together. 
Cardiolipin is required for supercomplex formation in the inner mitochondrial 
membrane, J. Biol. Chem. 277 (46) (2002) 43553–43556. 

[4] R. Hielscher, T. Wenz, C. Hunte, P. Hellwig, Monitoring the redox and 
protonation dependent contributions of cardiolipin in electrochemically induced 
FTIR difference spectra of the cytochrome bc(1) complex from yeast, Biochim. 
Biophys. Acta 1787 (6) (2009) 617–625. 

[5] A. Musatov, N.C. Robinson, Bound cardiolipin is essential for cytochrome c 
oxidase proton translocation, Biochimie 105 (2014) 159–164. 

[6] M.S. Sharpley, R.J. Shannon, F. Draghi, J. Hirst, Interactions between 
phospholipids and NADH:ubiquinone oxidoreductase (complex I) from bovine 
mitochondria, Biochemistry 45 (1) (2006) 241–248. 

[7] T.D. Heden, P.D. Neufer, K. Funai, Looking beyond structure: membrane 
phospholipids of skeletal muscle mitochondria, Trends Endocrinol. Metabol. 27 
(8) (2016) 553–562. 

[8] C. Osman, D.R. Voelker, T. Langer, Making heads or tails of phospholipids in 
mitochondria, J. Cell Biol. 192 (1) (2011) 7–16. 

[9] J.J. Krebs, H. Hauser, E. Carafoli, Asymmetric distribution of phospholipids in the 
inner membrane of beef heart mitochondria, J. Biol. Chem. 254 (12) (1979) 
5308–5316. 

[10] B.S. Rajagopal, G.G. Silkstone, P. Nicholls, M.T. Wilson, J.A. Worrall, An 
investigation into a cardiolipin acyl chain insertion site in cytochrome c, Biochim. 
Biophys. Acta 1817 (5) (2012) 780–791. 

[11] Y. Hatefi, A.G. Haavik, L.R. Fowler, D.E. Griffiths, Studies on the electron transfer 
system. XLII. Reconstitution of the electron transfer system, J. Biol. Chem. 237 
(1962) 2661–2669. 

[12] J.A. Enriquez, Supramolecular organization of respiratory complexes, Annu. Rev. 
Physiol. 78 (2016) 533–561. 

[13] C.R. Hackenbrock, B. Chazotte, S.S. Gupte, The random collision model and a 
critical assessment of diffusion and collision in mitochondrial electron transport, 
J. Bioenerg. Biomembr. 18 (5) (1986) 331–368. 

[14] H. Schagger, K. Pfeiffer, Supercomplexes in the respiratory chains of yeast and 
mammalian mitochondria, EMBO J. 19 (8) (2000) 1777–1783. 

[15] E. Lapuente-Brun, R. Moreno-Loshuertos, R. Acin-Perez, A. Latorre-Pellicer, 
C. Colas, E. Balsa, E. Perales-Clemente, P.M. Quiros, E. Calvo, M.A. Rodriguez- 
Hernandez, P. Navas, R. Cruz, A. Carracedo, C. Lopez-Otin, A. Perez-Martos, 
P. Fernandez-Silva, E. Fernandez-Vizarra, J.A. Enriquez, Supercomplex assembly 
determines electron flux in the mitochondrial electron transport chain, Science 
340 (6140) (2013) 1567–1570. 

[16] J. Gu, M. Wu, R. Guo, K. Yan, J. Lei, N. Gao, M. Yang, The architecture of the 
mammalian respirasome, Nature 537 (7622) (2016) 639–643. 

[17] J.A. Letts, K. Fiedorczuk, G. Degliesposti, M. Skehel, L.A. Sazanov, Structures of 
respiratory supercomplex I+III2 reveal functional and conformational crosstalk, 
Mol. Cell 75 (6) (2019) 1131–1146 e6. 

[18] J.A. Letts, K. Fiedorczuk, L.A. Sazanov, The architecture of respiratory 
supercomplexes, Nature 537 (7622) (2016) 644–648. 

[19] J.S. Sousa, D.J. Mills, J. Vonck, W. Kuhlbrandt, Functional asymmetry and 
electron flow in the bovine respirasome, Elife 5 (2016). 

[20] M. Wu, J. Gu, R. Guo, Y. Huang, M. Yang, Structure of mammalian respiratory 
supercomplex I1III2IV1, Cell 167 (6) (2016) 1598–1609 e10. 

[21] E. Calvo, S. Cogliati, P. Hernansanz-Agustin, M. Loureiro-Lopez, A. Guaras, R. 
A. Casuso, F. Garcia-Marques, R. Acin-Perez, Y. Marti-Mateos, J.C. Silla-Castro, 
M. Carro-Alvarellos, J.R. Huertas, J. Vazquez, J.A. Enriquez, Functional role of 
respiratory supercomplexes in mice: SCAF1 relevance and segmentation of the 
Qpool, Sci. Adv. 6 (26) (2020), eaba7509. 

[22] C.S. Muller, W. Bildl, A. Haupt, L. Ellenrieder, T. Becker, C. Hunte, B. Fakler, 
U. Schulte, Cryo-slicing blue native-mass spectrometry (csBN-MS), a novel 

technology for high resolution complexome profiling, Mol. Cell. Proteomics 15 
(2) (2016) 669–681. 

[23] S. Cogliati, E. Calvo, M. Loureiro, A.M. Guaras, R. Nieto-Arellano, C. Garcia- 
Poyatos, I. Ezkurdia, N. Mercader, J. Vazquez, J.A. Enriquez, Mechanism of 
super-assembly of respiratory complexes III and IV, Nature 539 (7630) (2016) 
579–582. 

[24] R. Acin-Perez, J.A. Enriquez, The function of the respiratory supercomplexes: the 
plasticity model, Biochim. Biophys. Acta 1837 (4) (2014) 444–450. 

[25] R. Acin-Perez, P. Fernandez-Silva, M.L. Peleato, A. Perez-Martos, J.A. Enriquez, 
Respiratory active mitochondrial supercomplexes, Mol. Cell 32 (4) (2008) 
529–539. 

[26] E. Maranzana, G. Barbero, A.I. Falasca, G. Lenaz, M.L. Genova, Mitochondrial 
respiratory supercomplex association limits production of reactive oxygen species 
from complex I, Antioxidants Redox Signal. 19 (13) (2013) 1469–1480. 

[27] F. Diaz, J.A. Enriquez, C.T. Moraes, Cells lacking Rieske iron-sulfur protein have a 
reactive oxygen species-associated decrease in respiratory complexes I and IV, 
Mol. Cell Biol. 32 (2) (2012) 415–429. 

[28] J. Dudek, I.F. Cheng, M. Balleininger, F.M. Vaz, K. Streckfuss-Bomeke, 
D. Hubscher, M. Vukotic, R.J. Wanders, P. Rehling, K. Guan, Cardiolipin 
deficiency affects respiratory chain function and organization in an induced 
pluripotent stem cell model of Barth syndrome, Stem Cell Res. 11 (2) (2013) 
806–819. 

[29] T.D. Heden, J.M. Johnson, P.J. Ferrara, H. Eshima, A.R.P. Verkerke, E. 
J. Wentzler, P. Siripoksup, T.M. Narowski, C.B. Coleman, C.T. Lin, T.E. Ryan, P. 
T. Reidy, L.E. de Castro Bras, C.M. Karner, C.F. Burant, J.A. Maschek, J.E. Cox, D. 
G. Mashek, G. Kardon, S. Boudina, T.N. Zeczycki, J. Rutter, S.R. Shaikh, J. 
E. Vance, M.J. Drummond, P.D. Neufer, K. Funai, Mitochondrial PE potentiates 
respiratory enzymes to amplify skeletal muscle aerobic capacity, Sci. Adv. 5 (9) 
(2019), eaax8352. 

[30] I. Lopez-Fabuel, J. Le Douce, A. Logan, A.M. James, G. Bonvento, M.P. Murphy, 
A. Almeida, J.P. Bolanos, Complex I assembly into supercomplexes determines 
differential mitochondrial ROS production in neurons and astrocytes, Proc. Natl. 
Acad. Sci. U. S. A. 113 (46) (2016) 13063–13068. 

[31] P. Mitsopoulos, Y.H. Chang, T. Wai, T. Konig, S.D. Dunn, T. Langer, J. Madrenas, 
Stomatin-like protein 2 is required for in vivo mitochondrial respiratory chain 
supercomplex formation and optimal cell function, Mol. Cell Biol. 35 (10) (2015) 
1838–1847. 

[32] P. Hernansanz-Agustin, C. Choya-Foces, S. Carregal-Romero, E. Ramos, T. Oliva, 
T. Villa-Pina, L. Moreno, A. Izquierdo-Alvarez, J.D. Cabrera-Garcia, A. Cortes, A. 
V. Lechuga-Vieco, P. Jadiya, E. Navarro, E. Parada, A. Palomino-Antolin, D. Tello, 
R. Acin-Perez, J.C. Rodriguez-Aguilera, P. Navas, A. Cogolludo, I. Lopez-Montero, 
A. Martinez-Del-Pozo, J. Egea, M.G. Lopez, J.W. Elrod, J. Ruiz-Cabello, 
A. Bogdanova, J.A. Enriquez, A. Martinez-Ruiz, Na(+) controls hypoxic signalling 
by the mitochondrial respiratory chain, Nature 586 (7828) (2020) 287–291. 

[33] T.S. Luongo, J.P. Lambert, P. Gross, M. Nwokedi, A.A. Lombardi, 
S. Shanmughapriya, A.C. Carpenter, D. Kolmetzky, E. Gao, J.H. van Berlo, E. 
J. Tsai, J.D. Molkentin, X. Chen, M. Madesh, S.R. Houser, J.W. Elrod, The 
mitochondrial Na(+)/Ca(2+) exchanger is essential for Ca(2+) homeostasis and 
viability, Nature 545 (7652) (2017) 93–97. 

[34] E.T. Chouchani, V.R. Pell, E. Gaude, D. Aksentijevic, S.Y. Sundier, E.L. Robb, 
A. Logan, S.M. Nadtochiy, E.N.J. Ord, A.C. Smith, F. Eyassu, R. Shirley, C.H. Hu, 
A.J. Dare, A.M. James, S. Rogatti, R.C. Hartley, S. Eaton, A.S.H. Costa, P. 
S. Brookes, S.M. Davidson, M.R. Duchen, K. Saeb-Parsy, M.J. Shattock, A. 
J. Robinson, L.M. Work, C. Frezza, T. Krieg, M.P. Murphy, Ischaemic 
accumulation of succinate controls reperfusion injury through mitochondrial 
ROS, Nature 515 (7527) (2014) 431–435. 

[35] C. Garcia-Poyatos, S. Cogliati, E. Calvo, P. Hernansanz-Agustin, S. Lagarrigue, 
R. Magni, M. Botos, X. Langa, F. Amati, J. Vazquez, N. Mercader, J.A. Enriquez, 
Scaf1 promotes respiratory supercomplexes and metabolic efficiency in zebrafish, 
EMBO Rep. 21 (7) (2020), e50287. 

[36] R. Acin-Perez, M.P. Bayona-Bafaluy, P. Fernandez-Silva, R. Moreno-Loshuertos, 
A. Perez-Martos, C. Bruno, C.T. Moraes, J.A. Enriquez, Respiratory complex III is 
required to maintain complex I in mammalian mitochondria, Mol. Cell 13 (6) 
(2004) 805–815. 

[37] H. Schagger, R. de Coo, M.F. Bauer, S. Hofmann, C. Godinot, U. Brandt, 
Significance of respirasomes for the assembly/stability of human respiratory 
chain complex I, J. Biol. Chem. 279 (35) (2004) 36349–36353. 

[38] F. Diaz, H. Fukui, S. Garcia, C.T. Moraes, Cytochrome c oxidase is required for the 
assembly/stability of respiratory complex I in mouse fibroblasts, Mol. Cell Biol. 
26 (13) (2006) 4872–4881. 

[39] H.T. Hornig-Do, T. Tatsuta, A. Buckermann, M. Bust, G. Kollberg, A. Rotig, 
M. Hellmich, L. Nijtmans, R.J. Wiesner, Nonsense mutations in the COX1 subunit 
impair the stability of respiratory chain complexes rather than their assembly, 
EMBO J. 31 (5) (2012) 1293–1307. 

[40] Y. Li, M. D’Aurelio, J.H. Deng, J.S. Park, G. Manfredi, P. Hu, J. Lu, Y. Bai, An 
assembled complex IV maintains the stability and activity of complex I in 
mammalian mitochondria, J. Biol. Chem. 282 (24) (2007) 17557–17562. 

[41] D. Moreno-Lastres, F. Fontanesi, I. Garcia-Consuegra, M.A. Martin, J. Arenas, 
A. Barrientos, C. Ugalde, Mitochondrial complex I plays an essential role in 
human respirasome assembly, Cell Metabol. 15 (3) (2012) 324–335. 

[42] M. Protasoni, R. Perez-Perez, T. Lobo-Jarne, M.E. Harbour, S. Ding, A. Penas, 
F. Diaz, C.T. Moraes, I.M. Fearnley, M. Zeviani, C. Ugalde, E. Fernandez-Vizarra, 
Respiratory supercomplexes act as a platform for complex III-mediated 
maturation of human mitochondrial complexes I and IV, EMBO J. 39 (3) (2020), 
e102817. 

P. Hernansanz-Agustín and J.A. Enríquez                                                                                                                                                                                                 

http://BioRender.com
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref1
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref1
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref1
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref1
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref2
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref2
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref2
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref3
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref3
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref3
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref4
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref4
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref4
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref4
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref5
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref5
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref6
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref6
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref6
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref7
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref7
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref7
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref8
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref8
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref9
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref9
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref9
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref10
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref10
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref10
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref11
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref11
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref11
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref12
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref12
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref13
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref13
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref13
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref14
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref14
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref15
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref15
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref15
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref15
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref15
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref15
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref16
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref16
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref17
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref17
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref17
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref18
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref18
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref19
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref19
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref20
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref20
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref21
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref21
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref21
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref21
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref21
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref22
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref22
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref22
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref22
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref23
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref23
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref23
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref23
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref24
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref24
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref25
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref25
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref25
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref26
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref26
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref26
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref27
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref27
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref27
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref28
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref28
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref28
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref28
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref28
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref29
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref29
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref29
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref29
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref29
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref29
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref29
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref30
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref30
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref30
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref30
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref31
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref31
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref31
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref31
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref32
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref32
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref32
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref32
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref32
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref32
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref32
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref33
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref33
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref33
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref33
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref33
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref34
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref34
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref34
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref34
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref34
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref34
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref34
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref35
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref35
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref35
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref35
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref36
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref36
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref36
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref36
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref37
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref37
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref37
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref38
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref38
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref38
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref39
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref39
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref39
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref39
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref40
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref40
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref40
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref41
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref41
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref41
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref42
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref42
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref42
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref42
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref42


Free Radical Biology and Medicine 167 (2021) 232–242

241

[43] Z. Assouline, M. Jambou, M. Rio, C. Bole-Feysot, P. de Lonlay, C. Barnerias, 
I. Desguerre, C. Bonnemains, C. Guillermet, J. Steffann, A. Munnich, J. 
P. Bonnefont, A. Rotig, A.S. Lebre, A constant and similar assembly defect of 
mitochondrial respiratory chain complex I allows rapid identification of NDUFS4 
mutations in patients with Leigh syndrome, Biochim. Biophys. Acta 1822 (6) 
(2012) 1062–1069. 

[44] M.A. Calvaruso, P. Willems, M. van den Brand, F. Valsecchi, S. Kruse, R. Palmiter, 
J. Smeitink, L. Nijtmans, Mitochondrial complex III stabilizes complex I in the 
absence of NDUFS4 to provide partial activity, Hum. Mol. Genet. 21 (1) (2012) 
115–120. 

[45] I. Ogilvie, N.G. Kennaway, E.A. Shoubridge, A molecular chaperone for 
mitochondrial complex I assembly is mutated in a progressive encephalopathy, 
J. Clin. Invest. 115 (10) (2005) 2784–2792. 

[46] D.A. Stroud, E.E. Surgenor, L.E. Formosa, B. Reljic, A.E. Frazier, M.G. Dibley, L. 
D. Osellame, T. Stait, T.H. Beilharz, D.R. Thorburn, A. Salim, M.T. Ryan, 
Accessory subunits are integral for assembly and function of human 
mitochondrial complex I, Nature 538 (7623) (2016) 123–126. 

[47] U.D. Vempati, X. Han, C.T. Moraes, Lack of cytochrome c in mouse fibroblasts 
disrupts assembly/stability of respiratory complexes I and IV, J. Biol. Chem. 284 
(7) (2009) 4383–4391. 

[48] S. Guerrero-Castillo, F. Baertling, D. Kownatzki, H.J. Wessels, S. Arnold, 
U. Brandt, L. Nijtmans, The assembly pathway of mitochondrial respiratory chain 
complex I, Cell Metabol. 25 (1) (2017) 128–139. 

[49] K. Szczepanowska, K. Senft, J. Heidler, M. Herholz, A. Kukat, M.N. Hohne, 
E. Hofsetz, C. Becker, S. Kaspar, H. Giese, K. Zwicker, S. Guerrero-Castillo, 
L. Baumann, J. Kauppila, A. Rumyantseva, S. Muller, C.K. Frese, U. Brandt, 
J. Riemer, I. Wittig, A. Trifunovic, A salvage pathway maintains highly functional 
respiratory complex I, Nat. Commun. 11 (1) (2020) 1643. 

[50] M. Lazarou, M. McKenzie, A. Ohtake, D.R. Thorburn, M.T. Ryan, Analysis of the 
assembly profiles for mitochondrial- and nuclear-DNA-encoded subunits into 
complex I, Mol. Cell Biol. 27 (12) (2007) 4228–4237. 

[51] A. Guaras, E. Perales-Clemente, E. Calvo, R. Acin-Perez, M. Loureiro-Lopez, 
C. Pujol, I. Martinez-Carrascoso, E. Nunez, F. Garcia-Marques, M.A. Rodriguez- 
Hernandez, A. Cortes, F. Diaz, A. Perez-Martos, C.T. Moraes, P. Fernandez-Silva, 
A. Trifunovic, P. Navas, J. Vazquez, J.A. Enriquez, The CoQH2/CoQ ratio serves 
as a sensor of respiratory chain efficiency, Cell Rep. 15 (1) (2016) 197–209. 

[52] M.P. Murphy, How mitochondria produce reactive oxygen species, Biochem. J. 
417 (1) (2009) 1–13. 

[53] C. Bruno, F.M. Santorelli, S. Assereto, E. Tonoli, A. Tessa, M. Traverso, 
S. Scapolan, M. Bado, S. Tedeschi, C. Minetti, Progressive exercise intolerance 
associated with a new muscle-restricted nonsense mutation (G142X) in the 
mitochondrial cytochrome b gene, Muscle Nerve 28 (4) (2003) 508–511. 

[54] E. Lamantea, F. Carrara, C. Mariotti, L. Morandi, V. Tiranti, M. Zeviani, A novel 
nonsense mutation (Q352X) in the mitochondrial cytochrome b gene associated 
with a combined deficiency of complexes I and III, Neuromuscul. Disord. 12 (1) 
(2002) 49–52. 

[55] F. Diaz, C.K. Thomas, S. Garcia, D. Hernandez, C.T. Moraes, Mice lacking COX10 
in skeletal muscle recapitulate the phenotype of progressive mitochondrial 
myopathies associated with cytochrome c oxidase deficiency, Hum. Mol. Genet. 
14 (18) (2005) 2737–2748. 

[56] S. Gupte, E.S. Wu, L. Hoechli, M. Hoechli, K. Jacobson, A.E. Sowers, C. 
R. Hackenbrock, Relationship between lateral diffusion, collision frequency, and 
electron transfer of mitochondrial inner membrane oxidation-reduction 
components, Proc. Natl. Acad. Sci. U. S. A. 81 (9) (1984) 2606–2610. 

[57] G. Lenaz, R. Fato, Is ubiquinone diffusion rate-limiting for electron transfer? 
J. Bioenerg. Biomembr. 18 (5) (1986) 369–401. 

[58] B. Chance, R.W. Estabrook, C.P. Lee, Electron transport in the oxysome, Science 
140 (3565) (1963) 379–380. 

[59] E. Balsa, M.S. Soustek, A. Thomas, S. Cogliati, C. Garcia-Poyatos, E. Martin- 
Garcia, M. Jedrychowski, S.P. Gygi, J.A. Enriquez, P. Puigserver, ER and nutrient 
stress promote assembly of respiratory chain supercomplexes through the PERK- 
eIF2alpha Axis, Mol. Cell 74 (5) (2019) 877–890 e6. 

[60] C. Bianchi, M.L. Genova, G. Parenti Castelli, G. Lenaz, The mitochondrial 
respiratory chain is partially organized in a supercomplex assembly: kinetic 
evidence using flux control analysis, J. Biol. Chem. 279 (35) (2004) 
36562–36569. 

[61] J.N. Blaza, R. Serreli, A.J. Jones, K. Mohammed, J. Hirst, Kinetic evidence against 
partitioning of the ubiquinone pool and the catalytic relevance of respiratory- 
chain supercomplexes, Proc. Natl. Acad. Sci. U. S. A. 111 (44) (2014) 
15735–15740. 

[62] J.G. Fedor, J. Hirst, Mitochondrial supercomplexes do not enhance catalysis by 
quinone channeling, Cell Metabol. 28 (3) (2018) 525–531 e4. 

[63] M. Szibor, T. Gainutdinov, E. Fernandez-Vizarra, E. Dufour, Z. Gizatullina, 
G. Debska-Vielhaber, J. Heidler, I. Wittig, C. Viscomi, F. Gellerich, A.L. Moore, 
Bioenergetic consequences from xenotopic expression of a tunicate AOX in mouse 
mitochondria: switch from RET and ROS to FET, Biochim. Biophys. Acta 
Bioenerg. 1861 (2) (2020) 148137. 

[64] M. McKenzie, M. Lazarou, D.R. Thorburn, M.T. Ryan, Mitochondrial respiratory 
chain supercomplexes are destabilized in Barth Syndrome patients, J. Mol. Biol. 
361 (3) (2006) 462–469. 

[65] M. Trouillard, B. Meunier, F. Rappaport, Questioning the functional relevance of 
mitochondrial supercomplexes by time-resolved analysis of the respiratory chain, 
Proc. Natl. Acad. Sci. U. S. A. 108 (45) (2011) E1027–E1034. 

[66] J. Berndtsson, A. Aufschnaiter, S. Rathore, L. Marin-Buera, H. Dawitz, J. Diessl, 
V. Kohler, A. Barrientos, S. Buttner, F. Fontanesi, M. Ott, Respiratory 

supercomplexes enhance electron transport by decreasing cytochrome c diffusion 
distance, EMBO Rep. (2020), e51015. 

[67] Agnes Moe, Justin Di Trani, John L. Rubinstein, Peter Brzezinski, Cryo-EM 
structure and kinetics reveal electron transfer by 2D diffusion of cytochrome c in 
the yeast III-IV respiratory supercomplex, Proc. Natl. Acad. Sci. U. S. A. 118 
(2021), https://doi.org/10.1073/pnas.2021157118 e2021157118. 

[68] R.B. Hamanaka, N.S. Chandel, Mitochondrial reactive oxygen species regulate 
hypoxic signaling, Curr. Opin. Cell Biol. 21 (6) (2009) 894–899. 

[69] G.L. Semenza, Hypoxia-inducible factors in physiology and medicine, Cell 148 (3) 
(2012) 399–408. 

[70] E.K. Weir, J. Lopez-Barneo, K.J. Buckler, S.L. Archer, Acute oxygen-sensing 
mechanisms, N. Engl. J. Med. 353 (19) (2005) 2042–2055. 

[71] J.K. Brunelle, E.L. Bell, N.M. Quesada, K. Vercauteren, V. Tiranti, M. Zeviani, R. 
C. Scarpulla, N.S. Chandel, Oxygen sensing requires mitochondrial ROS but not 
oxidative phosphorylation, Cell Metabol. 1 (6) (2005) 409–414. 

[72] N.S. Chandel, E. Maltepe, E. Goldwasser, C.E. Mathieu, M.C. Simon, P. 
T. Schumacker, Mitochondrial reactive oxygen species trigger hypoxia-induced 
transcription, Proc. Natl. Acad. Sci. U. S. A. 95 (20) (1998) 11715–11720. 

[73] R.D. Guzy, B. Hoyos, E. Robin, H. Chen, L. Liu, K.D. Mansfield, M.C. Simon, 
U. Hammerling, P.T. Schumacker, Mitochondrial complex III is required for 
hypoxia-induced ROS production and cellular oxygen sensing, Cell Metabol. 1 (6) 
(2005) 401–408. 

[74] K.D. Mansfield, R.D. Guzy, Y. Pan, R.M. Young, T.P. Cash, P.T. Schumacker, M. 
C. Simon, Mitochondrial dysfunction resulting from loss of cytochrome c impairs 
cellular oxygen sensing and hypoxic HIF-alpha activation, Cell Metabol. 1 (6) 
(2005) 393–399. 

[75] W.G. Kaelin Jr., P.J. Ratcliffe, Oxygen sensing by metazoans: the central role of 
the HIF hydroxylase pathway, Mol. Cell 30 (4) (2008) 393–402. 

[76] M.C. Fernandez-Aguera, L. Gao, P. Gonzalez-Rodriguez, C.O. Pintado, I. Arias- 
Mayenco, P. Garcia-Flores, A. Garcia-Perganeda, A. Pascual, P. Ortega-Saenz, 
J. Lopez-Barneo, Oxygen sensing by arterial chemoreceptors depends on 
mitochondrial complex I signaling, Cell Metabol. 22 (5) (2015) 825–837. 

[77] L. Gao, P. Gonzalez-Rodriguez, P. Ortega-Saenz, J. Lopez-Barneo, Redox signaling 
in acute oxygen sensing, Redox Biol. 12 (2017) 908–915. 

[78] O. Pak, S. Scheibe, A. Esfandiary, M. Gierhardt, A. Sydykov, A. Logan, 
A. Fysikopoulos, F. Veit, M. Hecker, F. Kroschel, K. Quanz, A. Erb, K. Schafer, 
M. Fassbinder, N. Alebrahimdehkordi, H.A. Ghofrani, R.T. Schermuly, R. 
P. Brandes, W. Seeger, M.P. Murphy, N. Weissmann, N. Sommer, Impact of the 
mitochondria-targeted antioxidant MitoQ on hypoxia-induced pulmonary 
hypertension, Eur. Respir. J. 5 (3) (2018). 

[79] K.A. Smith, P.T. Schumacker, Sensors and signals: the role of reactive oxygen 
species in hypoxic pulmonary vasoconstriction, J. Physiol. 597 (4) (2019) 
1033–1043. 

[80] G.B. Waypa, J.D. Marks, M.M. Mack, C. Boriboun, P.T. Mungai, P.T. Schumacker, 
Mitochondrial reactive oxygen species trigger calcium increases during hypoxia 
in pulmonary arterial myocytes, Circ. Res. 91 (8) (2002) 719–726. 

[81] P.G. Barth, H.R. Scholte, J.A. Berden, J.M. Van der Klei-Van Moorsel, I.E. Luyt- 
Houwen, E.T. Van ’t Veer-Korthof, J.J. Van der Harten, M.A. Sobotka-Plojhar, An 
X-linked mitochondrial disease affecting cardiac muscle, skeletal muscle and 
neutrophil leucocytes, J. Neurol. Sci. 62 (1–3) (1983) 327–355. 

[82] S. Bione, P. D’Adamo, E. Maestrini, A.K. Gedeon, P.A. Bolhuis, D. Toniolo, 
A novel X-linked gene, G4.5. is responsible for Barth syndrome, Nat. Genet. 12 (4) 
(1996) 385–389. 

[83] S. Chen, Q. He, M.L. Greenberg, Loss of tafazzin in yeast leads to increased 
oxidative stress during respiratory growth, Mol. Microbiol. 68 (4) (2008) 
1061–1072. 

[84] B. Rieger, A. Krajcova, P. Duwe, K.B. Busch, ALCAT1 overexpression affects 
supercomplex formation and increases ROS in respiring mitochondria, Oxid. Med. 
Cell Longev. (2019) 9186469. 

[85] E. Calzada, O. Onguka, S.M. Claypool, Phosphatidylethanolamine metabolism in 
health and disease, Int. Rev. Cell Mol. Biol. 321 (2016) 29–88. 

[86] I. Nesic, F.X. Guix, K. Vennekens, V. Michaki, P.P. Van Veldhoven, F. Feiguin, 
B. De Strooper, C.G. Dotti, T. Wahle, Alterations in phosphatidylethanolamine 
levels affect the generation of Abeta, Aging Cell 11 (1) (2012) 63–72. 

[87] S. Wang, S. Zhang, L.C. Liou, Q. Ren, Z. Zhang, G.A. Caldwell, K.A. Caldwell, S. 
N. Witt, Phosphatidylethanolamine deficiency disrupts alpha-synuclein 
homeostasis in yeast and worm models of Parkinson disease, Proc. Natl. Acad. Sci. 
U. S. A. 111 (38) (2014) E3976–E3985. 

[88] B.M. Arendt, D.W. Ma, B. Simons, S.A. Noureldin, G. Therapondos, M. Guindi, 
M. Sherman, J.P. Allard, Nonalcoholic fatty liver disease is associated with lower 
hepatic and erythrocyte ratios of phosphatidylcholine to 
phosphatidylethanolamine, Appl. Physiol. Nutr. Metabol. 38 (3) (2013) 334–340. 

[89] Z. Li, L.B. Agellon, T.M. Allen, M. Umeda, L. Jewell, A. Mason, D.E. Vance, The 
ratio of phosphatidylcholine to phosphatidylethanolamine influences membrane 
integrity and steatohepatitis, Cell Metabol. 3 (5) (2006) 321–331. 

[90] T. Wai, S. Saita, H. Nolte, S. Muller, T. Konig, R. Richter-Dennerlein, H. 
G. Sprenger, J. Madrenas, M. Muhlmeister, U. Brandt, M. Kruger, T. Langer, The 
membrane scaffold SLP2 anchors a proteolytic hub in mitochondria containing 
PARL and the i-AAA protease YME1L, EMBO Rep. 17 (12) (2016) 1844–1856. 

[91] A. Zanon, S. Kalvakuri, A. Rakovic, L. Foco, M. Guida, C. Schwienbacher, 
A. Serafin, F. Rudolph, M. Trilck, A. Grunewald, N. Stanslowsky, F. Wegner, 
V. Giorgio, A.A. Lavdas, R. Bodmer, P.P. Pramstaller, C. Klein, A.A. Hicks, 
I. Pichler, P. Seibler, SLP-2 interacts with Parkin in mitochondria and prevents 
mitochondrial dysfunction in Parkin-deficient human iPSC-derived neurons and 
Drosophila, Hum. Mol. Genet. 26 (13) (2017) 2412–2425. 

P. Hernansanz-Agustín and J.A. Enríquez                                                                                                                                                                                                 

http://refhub.elsevier.com/S0891-5849(21)00162-3/sref43
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref43
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref43
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref43
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref43
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref43
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref44
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref44
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref44
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref44
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref45
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref45
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref45
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref46
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref46
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref46
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref46
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref47
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref47
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref47
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref48
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref48
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref48
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref49
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref49
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref49
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref49
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref49
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref50
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref50
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref50
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref51
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref51
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref51
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref51
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref51
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref52
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref52
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref53
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref53
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref53
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref53
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref54
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref54
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref54
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref54
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref55
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref55
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref55
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref55
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref56
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref56
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref56
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref56
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref57
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref57
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref58
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref58
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref59
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref59
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref59
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref59
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref60
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref60
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref60
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref60
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref61
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref61
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref61
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref61
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref62
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref62
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref63
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref63
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref63
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref63
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref63
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref64
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref64
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref64
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref65
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref65
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref65
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref66
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref66
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref66
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref66
https://doi.org/10.1073/pnas.2021157118
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref77
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref77
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref78
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref78
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref79
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref79
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref80
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref80
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref80
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref81
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref81
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref81
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref82
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref82
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref82
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref82
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref83
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref83
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref83
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref83
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref84
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref84
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref85
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref85
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref85
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref85
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref86
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref86
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref87
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref87
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref87
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref87
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref87
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref87
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref88
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref88
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref88
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref89
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref89
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref89
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref90
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref90
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref90
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref90
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref91
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref91
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref91
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref92
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref92
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref92
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref93
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref93
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref93
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref94
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref94
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref95
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref95
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref95
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref96
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref96
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref96
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref96
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref97
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref97
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref97
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref97
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref98
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref98
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref98
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref99
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref99
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref99
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref99
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref100
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref100
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref100
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref100
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref100
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref100


Free Radical Biology and Medicine 167 (2021) 232–242

242

[92] P. Mitsopoulos, O. Lapohos, W. Weraarpachai, H. Antonicka, Y.H. Chang, 
J. Madrenas, Stomatin-like protein 2 deficiency results in impaired mitochondrial 
translation, PloS One 12 (6) (2017), e0179967. 

[93] J.L. Raven, M.B. Robson, P.L. Walker, P. Barkhan, Improved method for 
measuring vitamin B12 in serum using intrinsic factor, 57CoB12, and coated 
charcoal, J. Clin. Pathol. 22 (2) (1969) 205–211. 

[94] M. Schleicher, B.R. Shepherd, Y. Suarez, C. Fernandez-Hernando, J. Yu, Y. Pan, L. 
M. Acevedo, G.S. Shadel, W.C. Sessa, Prohibitin-1 maintains the angiogenic 
capacity of endothelial cells by regulating mitochondrial function and 
senescence, J. Cell Biol. 180 (1) (2008) 101–112. 

[95] H. Zhou, H. Wang, M. Yu, R.C. Schugar, W. Qian, F. Tang, W. Liu, H. Yang, R. 
E. McDowell, J. Zhao, J. Gao, A. Dongre, J.A. Carman, M. Yin, J.A. Drazba, 
R. Dent, C. Hine, Y.R. Chen, J.D. Smith, P.L. Fox, J.M. Brown, X. Li, IL-1 induces 
mitochondrial translocation of IRAK2 to suppress oxidative metabolism in 
adipocytes, Nat. Immunol. 21 (10) (2020) 1219–1231. 

[96] S.R. Sripathi, W. He, C.L. Atkinson, J.J. Smith, Z. Liu, B.M. Elledge, W.J. Jahng, 
Mitochondrial-nuclear communication by prohibitin shuttling under oxidative 
stress, Biochemistry 50 (39) (2011) 8342–8351. 

[97] R.A. van Gestel, P.J. Rijken, S. Surinova, M. O’Flaherty, A.J. Heck, J.A. Killian, A. 
I. de Kroon, M. Slijper, The influence of the acyl chain composition of cardiolipin 
on the stability of mitochondrial complexes; an unexpected effect of cardiolipin in 
alpha-ketoglutarate dehydrogenase and prohibitin complexes, J. Proteomics 73 
(4) (2010) 806–814. 

[98] K.E.R. Hollinshead, S.J. Parker, V.V. Eapen, J. Encarnacion-Rosado, A. Sohn, 
T. Oncu, M. Cammer, J.D. Mancias, A.C. Kimmelman, Respiratory 
supercomplexes promote mitochondrial efficiency and growth in severely 
hypoxic pancreatic cancer, Cell Rep. 33 (1) (2020) 108231. 

[99] C. Greggio, P. Jha, S.S. Kulkarni, S. Lagarrigue, N.T. Broskey, M. Boutant, 
X. Wang, S. Conde Alonso, E. Ofori, J. Auwerx, C. Canto, F. Amati, Enhanced 
respiratory chain supercomplex formation in response to exercise in human 
skeletal muscle, Cell Metabol. 25 (2) (2017) 301–311. 

[100] Christopher F. Bennett, Katherine E. O’Malley, Elizabeth A. Perry, Eduardo Balsa, 
Pedro Latorre-Muro, Christopher L. Riley, Chi Luo, Mark Jedrychowski, Steven 

P. Gygi, Pere Puigserver, Peroxisomal-derived ether phospholipids link 
nucleotides to respirasome assembly, Nat. Chem. Biol. (2021), https://doi.org/ 
10.1038/s41589-021-00772-z. 

[101] C. Lagoa, C. Gutierrez-Merino, Cytochrome C reducing agents and antiapoptotic 
action of antioxidants, in: N. Arias (Ed.), Cytochrome C: Roles and Therapeutic 
Implications, Nova Science Publishers, New York, 2019, pp. 1–49. 

[102] A. Azzi, C. Montecucco, C. Richter, The use of acetylated ferricytochrome c for the 
detection of superoxide radicals produced in biological membranes, Biochem. 
Biophys. Res. Commun. 65 (2) (1975) 597–603. 

[103] M.O. Pereverzev, T.V. Vygodina, A.A. Konstantinov, V.P. Skulachev, Cytochrome 
c, an ideal antioxidant, Biochem. Soc. Trans. 31 (Pt 6) (2003) 1312–1315. 

[104] V.E. Kagan, V.A. Tyurin, J. Jiang, Y.Y. Tyurina, V.B. Ritov, A.A. Amoscato, A. 
N. Osipov, N.A. Belikova, A.A. Kapralov, V. Kini,  Vlasova II, Q. Zhao, M. Zou, 
P. Di, D.A. Svistunenko, I.V. Kurnikov, G.G. Borisenko, Cytochrome c acts as a 
cardiolipin oxygenase required for release of proapoptotic factors, Nat. Chem. 
Biol. 1 (4) (2005) 223–232. 

[105] A. Ito, Cytochrome b5-like hemoprotein of outer mitochondrial membrane: OM 
cytochrome b. II. Contribution of OM cytochrome b to rotenone-insensitive 
NADH-cytochrome c reductase activity, J. Biochem. 87 (1) (1980) 73–80. 

[106] I. Diaz-Moreno, J.M. Garcia-Heredia, A. Diaz-Quintana, M.A. De la Rosa, 
Cytochrome c signalosome in mitochondria, Eur. Biophys. J. 40 (12) (2011) 
1301–1315. 

[107] O.V. Markova, A.G. Evstafieva, S.E. Mansurova, S.S. Moussine, L.A. Palamarchuk, 
M.O. Pereverzev, A.B. Vartapetian, V.P. Skulachev, Cytochrome c is transformed 
from anti- to pro-oxidant when interacting with truncated oncoprotein 
prothymosin alpha, Biochim. Biophys. Acta 1557 (1–3) (2003) 109–117. 

[108] A.K. Samhan-Arias, S. Fortalezas, C.M. Cordas, I. Moura, J.J.G. Moura, 
C. Gutierrez-Merino, Cytochrome b5 reductase is the component from neuronal 
synaptic plasma membrane vesicles that generates superoxide anion upon 
stimulation by cytochrome c, Redox Biol. 15 (2018) 109–114. 

[109] A.J. Erdogan, J. Riemer, Mitochondrial disulfide relay and its substrates: 
mechanisms in health and disease, Cell Tissue Res. 367 (1) (2017) 59–72. 

[110] INVALID CITATION !!! {Balsa, 2019. #69}). 

P. Hernansanz-Agustín and J.A. Enríquez                                                                                                                                                                                                 

http://refhub.elsevier.com/S0891-5849(21)00162-3/sref101
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref101
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref101
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref102
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref102
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref102
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref103
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref103
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref103
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref103
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref104
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref104
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref104
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref104
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref104
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref105
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref105
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref105
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref106
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref106
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref106
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref106
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref106
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref107
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref107
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref107
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref107
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref108
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref108
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref108
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref108
https://doi.org/10.1038/s41589-021-00772-z
https://doi.org/10.1038/s41589-021-00772-z
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref67
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref67
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref67
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref68
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref68
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref68
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref69
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref69
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref70
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref70
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref70
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref70
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref70
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref71
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref71
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref71
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref72
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref72
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref72
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref73
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref73
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref73
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref73
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref74
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref74
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref74
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref74
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref75
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref75
http://refhub.elsevier.com/S0891-5849(21)00162-3/sref76

	Functional segmentation of CoQ and cyt c pools by respiratory complex superassembly
	1 Introduction
	2 Respiratory supercomplexes
	3 ROS production
	4 Superassembly and complex I stability
	5 Segmentation of the CoQ and cyt c pools
	5.1 Segmentation of the CoQ pool
	5.2 Segmentation of the cyt c pool

	6 CoQ segmentation in signalling and disease
	7 Cyt c segmentation in signalling and disease
	8 Conclusions and future perspectives
	Funding
	Declaration of competing interest
	Acknowledges
	References


