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Oxidative phosphorylation is a common process to most organisms in which the main function is to generate an
electrochemical gradient across the inner mitochondrial membrane (IMM) and to make energy available to the
cell. However, plants, many fungi and some animals maintain non-energy conserving oxidases which serve as a
bypass to coupled respiration. Namely, the alternative NADH:ubiquinone oxidoreductase NDI1, present in the
complex I (CI)-lacking Saccharomyces cerevisiae, and the alternative oxidase, ubiquinol:oxygen oxidoreductase

AOX, present in many organisms across different kingdoms. In the last few years, these alternative oxidases have
been used to dissect previously indivisible processes in bioenergetics and have helped to discover, understand,
and corroborate important processes in mitochondria. Here, we review how the use of alternative oxidases have
contributed to the knowledge in CI stability, bioenergetics, redox biology, and the implications of their use in

current and future research.

1. Introduction

Mitochondria are the cellular organelles in charge of producing most
of the adenosine triphosphate (ATP) in the cell. In contrast to other
organelles, they are composed of two membranes, the outer mitochon-
drial membrane (OMM) and the inner mitochondrial membrane (IMM),
which allow the existence of several compartments in the mitochondria:
the gap between inner and outer membranes, the intermembrane space
(IMS), the space within the cristae (which is being increasingly recog-
nized as a functionally different compartment than the IMS), and the
interior of the organelle or mitochondrial matrix [1]. The IMM harbors
the necessary components to produce ATP, which all together form the
oxidative phosphorylation system (OXPHOS). The OXPHOS system is
composed of five protein complexes, four complexes (I to IV) comprising
the electron transport chain (ETC) and the complex V (CV) or H"-ATP
synthase. CI couples the oxidation of reduced nicotinamide adenine
dinucleotide (NADH) into NAD™, and the reduction of ubiquinone into
ubiquinol, with the ejection of four H" from the matrix to the IMS.
Complex II (CII) oxidizes succinate into fumarate and reduces ubiqui-
none into ubiquinol, without pumping H*. Complex III (CIII) oxidizes
ubiquinol into ubiquinone, reducing cyt ¢ and pumping two H per cyt ¢
reduced. Finally, CIV oxidizes two reduced cyt c molecules and donates

those electrons to reduce oxygen into water, using the released energy to
eject four H' to the IMS. The activity of the ETC promotes the formation
of aH™ gradient across the IMM, the so-called H"-motive force (j or p.m.
f.). p is composed by an electrical component, the mitochondrial mem-
brane potential (Aymt) accounting for around 80 % of the p, and a
chemical component, the difference in pH (ApHmt), which accounts for
the other 20 %.

Before the detailed description of the oxidative phosphorylation
system, the main hypothesis on the system producing cellular ATP
considered the existence of a macromolecular assembly, which physical
association allowed electron transfer between complexes in the IMM. It
was called the solid model [2]. Upon the discovery of the oxidative
phosphorylation and the isolation of the separate complex activities, it
became clear that the mitochondrial complexes were able to work
individually. It was also discovered that there are electron carriers,
ubiquinone and cyt ¢, which can diffuse along the IMM, allowing elec-
tron transfer between complexes. This enabled to put forward the hy-
pothesis of the fluid model, in which the components of the ETC
(including the mobile electron carriers) would act as individual lateral
diffusants which, in turn, would allow the lateral mobility of electrons
between individual complexes [3,4].

This hypothesis prevailed in the field until the development of blue-
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native polyacrylamide gel electrophoresis (BNGE) by Schagger and
Pfeiffer [5], which allowed the separation of complexes in their native
conformation and enabled the discovery of novel quaternary structures
formed through the interaction between complexes, the super-
complexes. CI, CIII; and CIV form a single structure named the N-res-
pirasome (as it consumes NADH) [6]. CII and CIV supercomplex
constituted the Q-respirasome (as it oxidizes ubiquinol) [7]. Also, other
structures were discovered, such as the supercomplex CI + CIII, and
several other forms of supercomplexes, including CIV and CV homo-
dimers and homo-oligomers. All these were found in co-existence with
individual CI, CII, CIII,, CIV and CV. Interestingly, CI was predominantly
found forming supercomplexes in mammals [5,7-9]. The BNGE obser-
vations questioned the fluid model and revived the solid one. After years
of debate considering the fluid and solid models antagonize, a new
model, the so-called plasticity model, propose that complexes and
supercomplexes co-exist in the IMM and its proportion is adjusted to the
cellular requirements [6,10-12]. Then the debate moves to answer new
questions, such as what are the functional consequences of super-
complexes? How are they regulated?

To investigate these questions, the ectopic expression of the alter-
native oxidase (AOX) in cells and animals has been revealing [13-15].
AOX is an enzyme capable to oxidize ubiquinol into ubiquinone while
reducing oxygen to water in a cyanide-insensitive reaction that does not
pump H™ across the mitochondrial inner membrane [16]. AOX are a
family of enzymes present in animals, plants, and fungi, but has been lost
in most of higher animals [16-21]. The reason for its disappearance in
metazoans is unknown, but it has been speculated that it may be related
to possible pathological effects in its presence. Other alternative oxi-
dases, such as Saccharomyces cerevisiae derived NDI1 which performs
NADH:ubiquinone oxidoreduction, have been ectopically express in
animal cells [14,22-27]. It has been used to discern mitochondrial ROS
pathways affecting physiological adaptations [28]. This review sum-
marizes how the alternative oxidases AOX and NDI1 have been used to
clarify the role of supercomplexes bioenergetics and in the stability of CI,
and the role of ROS in aging, hypoxic adaptation, and pathophysiology
[29].

2. The role of AOX in CI stability

An early puzzling observation in patients was the description of cases
of single CIII defects or combined defects in CI and CIII, associated with a
single genetic alteration of CIII [30-32]. Mutations in the CIII subunit
cytochrome b (Cyt b) in human and mouse that prevent the assembly of
CIII also promote the degradation of CI [29,33]. Interestingly, this was
not reproduced by pharmacological inhibition of CIII in wild type cells
[29].

It was later proposed that CIII may act as a platform for CI assembly.
This hypothesis was put forward as the absence of CIII would impede the
incorporation of the NADH-oxidizing module (N-module) in CI which, in
turn, would promote the destabilization of the rest of the complex
[34,35]. However, the cells/animals mutants for N-module subunits,
such as NDUFS4, NDUFS6 or NDUFAS5, cannot assemble the N-module
but maintain stable CI subassemblies, both alone or attached to CIII
[36-39]. In addition, this model does not explain why CIV or cyt c
depleted cells are unable to stabilize CI while having normal assembly of
CIII [40-42]. Finally, it does neither agree with the fact that expression
of AOX from Emericella nidulans in CIII, CIV and cyt c deficient cells
allowed the assembly of functional CI [7,34,43]. In fact, the mechanism
that promotes the degradation of CI in the three conditions (CIII, cyt c
and CIV depleted cells) is triggered by a high ubiquinol/ubiquinone
ratio that leads to a prominent over-oxidation of the CI N-module sub-
units by the occurrence of long lasting CI reverse electron transport
(RET) in mutant cells [43]. Thus, preventing the increase in the ubig-
uinol/ubiquinone ratio by the overexpression of AOX, severe long-term
hypoxia or prevent RET by the use of CI Q-site inhibitors (i.e. rotenone
or piericidin) allow the stable assembly of fully functional CI. This new

BBA - Bioenergetics 1864 (2023) 148936

model of RET promoting CI instability successfully explains why CIV or
cyt c mutants are neither able to stabilize CI, even in the presence of CIII;
that CIII is not obligatorily required for CI assembly as cyt b mutant cells
are able to stabilize CI in the absence of CIII and the presence of AOX; it
may also explain why antimycin A (AA), a CIII inhibitor, fails to desta-
bilize CI since, though AA is able to increase the ubiquinol/ubiquinone
ratio [44], it is unable to produce CI RET as it completely depolarizes
mitochondria, being its primary mechanism of ROS production the
interference with the Q-cycle at CIII [6,45]. It is to mention that AA may
not completely block CllI-electron transfer from CoQH, to cyt c since
cells treated with this drug are still able to grow in the absence of uri-
dine. This is in contrast to cells simultaneously treated with myx-
othiazol, a CIII-Qo site inhibitor, and AA, which still maintain full CI
assembly and are uridine-dependent [29]. Again, this can be explained
by the fact that CIII blockade promotes mitochondrial depolarization,
which prevents RET and, thus, CI disassembly. This hypothesis supports
observations in other OXPHOS mutant cells (i.e., cyt X0 and Cox10%°
cells), which can maintain polarized mitochondria probably through the
reverse activity of CV [40,42,46], and are, thus, able to produce CI RET
and disassemble CI [43]. To note, CI disassembly only occurs under
long-lasting CI RET, as short bursts of ROS via RET are not even able to
oxidize CI N-module subunits [47]. This work, together with others in
parallel [28,48,49], posed the overexpression of AOX as a good meth-
odology to inhibit RET in cells and, thus, to study the involvement of
RET in a panoply of physiological and pathophysiological settings, such
as aging, ischemia-reperfusion, or macrophage activation.

It should be noticed that the stability of CI in the absence of com-
plexes III or IV is also dependent on its rate of synthesis and assembly
and its rate of degradation by the mitochondrial protease machinery
which, in turn, can also be modulated [50,51]. Particularly, human
muscle with CIII assembly defects showed a greater impact on the
amount of functional CI [29] than mouse muscle with CIV assembly
defects [42]. By the same token, mouse cultured cells with CIV assembly
defects [43] showed a more severe reduction in assembled CI than
human cells lacking CIV [52]. Moreover, cells defective in CIII assembly
may vary in its degree of CI degradation with time [29,43]. In any case,
the expression of AOX always favors the accumulation of functional CI
[34,43,52]. This indicates that the factors altering CI stability are
complex and that the expression of AOX in vivo may be used to study the
biochemical profile and phenotype of mouse models lacking CIII and/or
CIV. Most of the work performed with AOX in OXPHOS mutants has
been performed in cell lines expressing Emericella nidulans AOX. How-
ever, AOX from different species differ in relevant kinetic aspects, such
as the affinity for ubiquinol capacity to compete with CIII, the dimer-
ization capacity, etc. [20]. Therefore, the use of different sources of AOX
will be of great value to complement previous studies.

3. The alternative electron transport chain

The use of alternative oxidases has helped to deeply study mito-
chondrial and cellular bioenergetics deeply. Not only AOX, but also the
overexpression of the NADH:ubiquinone oxidoreductase NDI1 has been
used to substitute mitochondrial respiratory complexes in mammalian
cells [14,27].

Long-term treatment of animal cells with high amounts of ethidium
bromide results in the depletion of mitochondrial DNA (p cells; Fig. 1B)
[53], which may be repopulated through mitochondrial transference (p*
cells) [54]. However, an alternative way to reconstitute the flow of
electrons along the IMM, but without H* pumping, was to either over-
express AOX (p AOX; Fig. 1C) or both NDI1 and AOX (p NDI1/AOX;
Fig. 1D) [14]. p AOX mitochondria were only able to respire under
succinate, whereas p’NDI1/AOX were also able to respire under gluta-
mate and malate [14]. In addition, both cell lines were able to survive
and proliferate when the lactic acid fermentation was hindered by the
presence of dichloroacetate (i.e. pyruvate dehydrogenase kinase inhib-
itor) or by the absence of pyruvate, indicating that the alternative
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Fig. 1. Alternative oxidases enable the reconstruction of an alternative electron transport chain. (A) Scheme showing the ETC composition and function of a wild
type mitochondria harboring CI, CII, CIII, CIV and several supercomplexes, according to the plasticity model. (B) Scheme showing the effect of depleting mito-
chondrial DNA (mtDNA) in p° cells regarding ETC components. (C) Scheme showing the effect of overexpression of AOX in p° mitochondria. (D) Scheme showing the
effect of overexpression of NDI1 and AOX in p® mitochondria. Absent respiratory chain complexes I, Il and IV are indicated in gray colors.

electron transport chain was metabolically and bioenergetically
competent [14]. Very importantly, this concept of an alternative elec-
tron transport chain enables the splitting of several OXPHOS roles
initially thought to be indivisible, such as electron transport, H'
pumping, ATP synthesis, redox regulation, and mitochondrial ROS
production. Indeed, this concept has been used in the last few years to
elucidate the role of mitochondrial ROS in physiology and redox ho-
meostasis (see below).

4. The role of AOX in mitochondrial bioenergetics

The functional role of respiratory supercomplexes has been strongly
debated for years. A seminal paper on the role of supercomplexes used
flux control analysis to estimate the functional association between CI,
CIII and CIV in isolated mitochondria and submitochondrial particles
(SMPs) [55]. Flux control analysis is performed by titrating an inhibitor
on its specific enzymatic activity and, in parallel, on the whole metabolic
pathway to which the enzyme belongs. The ratio between both, at the
initial concentrations of inhibitor, will be far from unity if the metabolic
pathway is composed by several, independent enzymes; however, if such
enzymes are associated in a supercomplex, the metabolic pathway
would behave as a single unit and the inhibition of any of the enzymes
would reach a flux control value of nearly the unity. Using this rationale,
Lenaz and co-workers observed that both CI and CIII were highly rate-
controlling over NADH oxidation, in contrast to CIV. In addition, they
found that CII was the only rate-limiting step on succinate oxidation,
suggesting that CI and CIII are functionally associated, while CIV and CII
appear to be more independent [55].

A few years later, a genetic approach showed that this functional
association, not only at the level of CI and CIII, but also at the level of
CIV, was a consequence of the physical association mediated by super
assembly of the respiratory complexes into supercomplexes. Mouse

fibroblasts with abnormal low expression of CIII, which virtually dis-
played it all in supercomplexes without a free form of dimer CIII, showed
lower CII + CIII enzymatic activity, but similar CI 4 CIII activity [56]. In
addition, a new role for a CIV subunit isoform was described, as it served
as an internal bridge between CIII and CIV inside to form super-
complexes, the supercomplex assembly factor-1 (SCAF1) also named
Cox7a2l. In the absence of functional SCAF1 in cell lines and liver
mitochondria, the super assembly between CIII and CIV is lost and the
supercomplexes I + III; + IV (N-respirasome) and III; + IV (Q-respira-
some) are lost [56-59]. In heart, the N-respirasome can be generated
either with SCAF1 or with Cox7a2 being structurally different in the way
that CIII and CIV interact and functionally different in the kinetic of
electron transfer from NADH to O, and the production of ROS [7]. Under
normal conditions, independent CI and ClI-based respiration are lower
than the respiration obtained if both substrates are added simulta-
neously [7,56]; however, in the absence of SCAF1 CII- based respiration
equal to CI + ClIlI-based respiration, meaning that in the presence of
CIII+CIV interaction CI and CllI-respiration are independent to some
extent and that if SCAF1 is removed, such partial independency disap-
pears [7,56,60]. Altogether, these data indicated the existence of sepa-
rated pools of both ubiquinone and cyt ¢, which would work partially
independent from the bulk ubiquinone/cyt ¢ within the rest of the IMM.
These results are in accordance with the proposed model of plasticity, as
they imply the partially independent function of supercomplexes (i.e.
substrate channeling) and free complexes in the same environment,
depending on the metabolic requirement of the cell, and are in contrast
to the fluid model. To note, the latter supports the existence of a single
ubiquinone/cyt ¢ pool, which necessarily follows the Loss of Memory
(LOM) principle [6,61]. This implies that when a very differentiated,
upstream metabolic pathway (NADH vs FADH, accumulation of elec-
trons) flow into an undifferentiated and unique pool of ubiquinone/cyt c
the information of the donor is lost.
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The existence of segmentation of the CoQ and cyt ¢ pools was
controversial [60,62]. An ingenious approach using AOX from Trypa-
nosoma brucei was designed to address the existence of ubiquinone
channeling in mammals [63]. The authors measure the oxidation of
NADH in a buffer containing sub mitochondrial particles (SMPs), after
CIV was inhibited with cyanide, recombinant AOX was added into the
reaction mixture. The authors showed that AOX elicited a more promi-
nent oxidation of NADH than the native SMPs. This was interpreted as
evidence that supercomplexes do not retain a partially differentiated
ubiquinone pool. However, several caveats may compromise this
interpretation: 1) AOX was not added under normal respiring condi-
tions, but only after inhibiting CIV; thus, AOX could not exert any
competence with CIII4+-CIV and competence for ubiquinone under flux
control could not be tested. 2) The specificity for CI-dependent NADH
oxidation was not tested (e.g., rotenone or piericidin A-dependent
NADH oxidation), which is extremely important given that there are
several NADH-oxidases in the IMM, besides CI. 3) Only NADH oxidation
was tested, not respiration; in other words, whether the increase in
NADH oxidation by AOX caused an increase in respiration or other forms
of oxygen consumption (e.g., ROS production) was not tested. 4) Given
that AOX was dropped into the reaction mixture, an appropriate incor-
poration into the membrane (e.g., to prevent AOX protein aggregation)
to yield proper function and activity could not be warranted; this, in
turn, could increase ROS production by unspecific interacting with the
ETC components, concomitantly increasing NADH oxidation in a
respiration-independent manner.

All these potential confounding factors have been recently solved
using a panoply of tools, all including the use of AOX from Emericella
nidulans. As mentioned above, cyt b mutant cells expressing AOX can
assemble functional CI (cyt b mutant+AOX). Equally cox10 KO cells
expressing AOX assemble CI, which mostly super assembles with to CIII
(cox10 KO + AOX). These cell lines allowed studying cells in which CI
was either alone or super assembled with CIII, neither of them capable of
doing CIV-dependent respiration. Intact mitochondria displaying
normal supercomplex pattern and cox10 KO + AOX were able to show
additive partial additive respiration when respiring under both CI and
CII substrates, in contrast to cyt b mutant + AOX which could not in-
crease oxygen consumption when both substrates were present (Fig. 2).
In addition, cyt b mutant + AOX decreased rotenone dependent NADH
oxidation in the presence of succinate, indicative of competition be-
tween both substrates. However, wild type cells expressing AOX, and

N-respirasome
A (Complex | + lll,+IV)

AOX O,

Complex Il

H,0
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CIV deficient cells expressing AOX, were able to maintain the rate of
NADH oxidation, even in the presence of succinate, further supporting
the notion of an independent ubiquinone pool when both CI and CIII are
super assembled. Importantly, neither respiration nor NADH oxidation
was fully inhibited upon CIV inhibition, suggesting the existence of a
CIV-insensitive NADH oxidation and respiration, due to the presence of
AOX. The results in wild type mitochondria from cultured cells were
confirmed in heart and skeletal muscle mitochondria from AOX-
overexpressing mice [7] (indicative of that ubiquinol from super-
complexes can be used, at some extent, by AOX in a non-competitive
manner). It is to mention that coxI0 KO + AOX and cyt b muta-
nt+AOX possess different nuclear DNA (nDNA) and mtDNA back-
ground, which could promote small differences in their bioenergetics,
Also, a possible factor influencing these results is the Aymt, which was
not measured, nor the flux control by AOX. However, these caveats were
overcome by a study using heart mitochondria from mice over-
expressing Ciona intestinalis AOX showed that coupled respiration under
CI substrates was only dependent on the native ETC, and not on AOX.
These experiments were carried out calculating the respiratory control
index (RCI) after titrating non-coupled mitochondria (+/— AOX) with
low amounts of ADP. If AOX was competing for ubiquinol with CIII, the
increase in respiration after coupling (i.e. RCI) in AOX-overexpressing
mitochondria would be lower; however, if AOX did not participate,
the peak in respiration would be the same. Indeed, the RCI was similar in
both types of mitochondria, indicating the existence of substrate chan-
neling between CI and CIII [64]. A difference between Emericella nidu-
lans AOX and Ciona intestinalis AOX results arose from the fact that
Szibor et al. [64] observed no changes in respiration after either CIII or
CIV inhibition, whereas Calvo et al. [7] showed partial inhibition of
respiration upon CIV inhibition. Given that both AOX can use the CoQ
from CII, especially when CIII or CIV are absent, it is possible that this
difference arises from the type of AOX used. In the absence of oxygen
wild type mitochondria CIII pool becomes fully reduced only in the
presence of both NADH and succinate, indicating that single CIII be-
comes less reduced by electrons coming from NADH, even in the absence
of functional CIV [60]. Thus, it is possible that AOX from Ciona intesti-
nalis and Trypanosoma brucei can interact with the CoQ in the super-
complex and that AOX from Emericella nidulans is not, as occurs with
single CIII in wild type mitochondria. This reveals a very important issue
in the study of mitochondrial bioenergetics with AOX, the species and
type of AOX used in each study. Thus, it is important to note that Fedor

Complex |

H,0

AOX O,

Complex Il

Fig. 2. AOX allows the study of the partial segmentation of the ubiquinone pools. (A) Scheme showing that AOX overexpression is unable to outcompete for
ubiquinol against the functioning CI-containing supercomplexes, but it can use the ubiquinol produced by CII. (B) Scheme showing that free CI, stabilized upon AOX

overexpression, provides ubiquinol to a common ubiquinone pool.
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et al. [63] used AOX from Trypanosoma brucei, whereas Calvo et al. [7]
used AOX from Emericella nidulans and Szibor et al. [64] used AOX from
Ciona intestinalis.

AOX from different species harbor different kinetic properties,
different ubiquinol affinities, different types of regulation and different
rates of oxygen consumption [16,21]. For instance, the AOX-dependent
respiration in Emericella nidulans is 21.2 %, whereas in Trypanosoma
brucei, it can reach up to 35 % [65,66]. Ciona intestinalis AOX is known to
form homo-oligomers when expressed in mammalian cells [64],
whereas they were not detected in Emericella nidulans AOX [43]. Fungal
AOX has a Km for ubiquinone-1 of 68.5 pM, whereas the AOX from
Trypanosoma brucei has a Km, also for ubiquinone-1 under similar re-
action conditions, of 338 pM. To note, the Km of CIII for ubiquinol-1 is
13 pM [67,68]. Trypanosoma brucei AOX is allosterically inhibited by
ATP [69]. All these features call for caution when interpreting and
comparing the results from the usage of different AOX, even in similar
cellular systems or reaction buffers. There is a need to compare the
bioenergetic properties with AOX from different species to rule out the
potential alterations introduced by AOX from different species. In
addition, this feature of different AOX having a spectrum of properties
opens a panoply of possibilities to study different parameters in mito-
chondrial function, bioenergetics and homeostasis.

5. Alternative oxidases in the study of ROS

The study of reactive oxygen species (ROS) is an extremely chal-
lenging field in Biochemistry, mostly because the short duration of their
different species, the panoply of mechanisms producing them and the
fact that the levels of ROS are governed both by production and
quenching of every species [70,71]. ROS are sequential one-electron
reduction products derived from oxygen. The first species formed,
after one electron donation to oxygen, is the superoxide anion. A sub-
sequent one-electron reduction of superoxide produces hydrogen
peroxide and, a further one-electron reduction generates hydroxyl
radical [45]. There are several mechanisms involved in the production
of ROS by the mitochondria and all of them involve the OXPHOS com-
plexes [44,45,72]. Under specific circumstances, such as succinate
accumulation, ubiquinol accumulates and, if mitochondria are suffi-
ciently polarized, CI can catalyze its reverse reaction, consuming Aymt,
carrying electrons backwards which react with oxygen producing su-
peroxide anion. Such mechanism, the so-called RET, can be inhibited by
ubiquinone-site inhibitors of CI (e.g. rotenone) and uncouplers (e.g.
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone, FCCP), and it is
one of the best characterized mechanism of ROS production by mito-
chondria which has been involved in a spectrum of physiological and
pathophysiological situations, such as macrophage maturation or
ischemia-reperfusion injury [28,48,49].

It has been described that mitochondrial ROS production increases
with age and that lack of detoxification is detrimental and shortens
lifespan in Drosophila. In the same study, overexpression of NDI1 pro-
moted the accumulation of ubiquinol which, in turn, was found to in-
crease mitochondrial ROS production through CI. Strikingly, the
increase in lifespan through NDI1 overexpression was reversed by
overexpression of AOX in the IMM or catalase (i.e. HpOz-removing
enzyme) in the mitochondrial matrix. Importantly, NDI1 mediated raise
in ROS levels could be decreased by treatment with rotenone or FCCP,
indicating that the mechanism implied was CI RET. To further study the
involvement of ROS, the authors knocked down the expression of either
the mitochondrial superoxide dismutase (SOD), SOD2, or the PTEN
Induced Kinase 1 (PINK1) and observed that both were deleterious for
the flies as it lowered CI and aconitase 2 activities, and dramatically
decreased lifespan. Strikingly, increase in RET-dependent ROS by
overexpression of NDI1 restored CI activity and lifespan in both models.
These results indicate that ubiquinol accumulation and ROS produced
via RET are necessary for homeostasis and that preventing ubiquinone
reduction is associated with deleterious phenotypes inducing aging and
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age-related phenotypes [28].

As mentioned above, CIV deficiency in cells promotes increased
production of ROS through RET which could be rescued by AOX over-
expression. This was further tested in CIV deficient-mouse over-
expressing Ciona intestinalis AOX. Notably, these mice rather decreased
their life-span in comparison to KO mice, which was explained by the
fact that ROS acted as a trigger for mitochondria biogenesis [73]. In
parallel, overexpression of Ciona intestinalis AOX in wild type mouse
confirmed the existence of separate ubiquinone pools (see above) and
allowed the investigation of its role in CI RET [64]. Non-
phosphorylating heart mitochondria respiring on succinate showed
large production of ROS due to RET. The presence of AOX did not in-
crease the respiratory rate under these conditions and ADP had the same
effect on wild type and AOX-overexpressing mitochondria. Interestingly,
succinate promoted the accumulation of ubiquinol independently of the
presence of ADP or AOX. In contrast, AOX overexpression led to a sub-
stantially lower production of ROS by RET in isolated mitochondria
[64]. Later, another study from the same group showed that isolated
mitochondria produced less ROS under succinate respiration both in
normal conditions and during reperfusion after a period of ischemia (20
or 30 min) [74]. However, the effect of AOX on ROS production in
isolated mitochondria did not correlate with the lack of effect of its
overexpression on ischemia-reperfusion injury, which has been shown
to rely on RET [48]. The authors discussed that mito-hormesis may lie
behind the lack of effect of AOX on ischemia-reperfusion injury. AOX
may lower the basal production of ROS in cells, which conform a
necessary signal towards proper cardiac remodeling [75]. Interestingly,
overexpression of NDI1 improved myocardial injury in rat models
[76,77]. Together with the results in Drosophila (see above), and despite
the fact that NDI1 increases RET-induced ROS, it is possible that AOX
lowers the hypoxic ROS signal as it may scavenge some of the ubiquinol
which would normally promote superoxide production at the level of
CIII during the first minutes of hypoxia [44,78,79]. In this way, as the
hypoxic ROS signal is necessary for the adaptation of tissues through the
stabilization of the hypoxia-inducible factors a-subunit (HIF1-o) and
HIF1-a activity is beneficial for myocardial ischemia-reperfusion injury
[80-82], decreasing the ROS signal during hypoxia may result detri-
mental for ischemia-reperfusion injury. On the contrary, overexpression
of NDI1, as it increases the levels of ubiquinol (Fig. 3), would boost the
ROS signal during hypoxia and promote larger HIF1-a activity during
hypoxia, protecting the tissue during reperfusion [28]. To note, the
comparison between hypoxia and ischemia models should be taken
carefully, as the hallmarks of ischemia are quantitatively lower in
hypoxic systems, making the latter a limited platform for the study of the
former [83]. It is to mention that as the ROS signal requires the activity
of the Nat/Ca®t exchanger (NCLX) and the buffers for experiments with
isolated mitochondria do not normally contain Ca%t (or sometimes Na™)
[44,84], hypoxic ROS are not generally detected in these type of ex-
periments; however, RET conditions are easily induced with isolated
mitochondria [85,86]. Thus, it is also conceivable that this hypothesis
has passed unnoticed since the hypoxic ROS signal cannot be detected
under normal experimental conditions with isolated mitochondria.

Alternative oxidases have been also used to study hypoxic redox
signaling and adaptation through HIFs. In this case the authors used a
similar approach as the alternative ETC. They stimulated the stable
expression of a dominant negative form of the mitochondrial DNA po-
lymerase (DN-POLG) in human cells which allowed the removal of the
mtDNA and, thus, the elimination of the whole OXPHOS machinery.
Overexpression of Ciona intestinalis AOX and NDI1 allowed the recon-
struction of a functional ETC without two of its otherwise indivisible
features, HY pumping and ROS production. By using these tools, the
authors showed that metabolite levels were maintained in NDI1/AOX
cells in comparison to DN-POLG. Also, acetylation marks, which had
disappeared in DN-POLG cells, were restored in NDI1/AOX cells, in
contrast to proliferation. But, in addition, the restoration of respiration
though a functional ETC, without H* pumping or ROS production, was
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Fig. 3. Alternative oxidases allow the manipulation of ubiquinone redox state and ROS production by mitochondria. (A) Scheme showing the oxidizing effect of AOX
on ubiquinol in the IMM. (B) Scheme showing the reducing effect of NDI1 on the ubiquinone pool in the IMM.

not able to restore the ability to stabilize HIF-1a in hypoxia [87]. The
latter is of critical importance as during the last few decades, the ROS
dependency vs independency of HIF-1a stabilization has been hardly
debated. Until the use of alternative oxidases [87], the only approach to
validate the dependency of HIF-1a stabilization with the ETC was using
p cells or ETC mutants [78,79,88]. Such approaches were counter-
argued by the fact that those mutants were unable to respire which
modifies the oxygen gradient, increasing the cellular oxygen content and
allowing the degradation of HIF-1a even at low oxygen tensions [89].
Thus, the use of alternative oxidases for the study of hypoxic redox
signaling has been of critical importance as they strongly support the
notion of that hypoxia adaptation, through the stabilization of HIF-1a
subunits, occurs in an ETC and a ROS-dependent process.

In the same line, Ciona intestinalis AOX has been used to study hyp-
oxic pulmonary vasoconstriction (HPV) in mouse pulmonary aortic
smooth muscle cells (PASMCs) [90]. Previously, it was proposed that
CIII was responsible for the production of ROS during hypoxia which, in
turn, were dependent on the particularly high expression of COX4I2 in
CIV in PASMCs, and responsible for the HPV [91,92]. COX4I2 reduces
the affinity of CIV for oxygen and has been shown to confer sensitivity to
slight reductions in oxygen tension in specialized tissues [93-96].
Overexpression of AOX in wild type mouse was able to prevent pro-
duction of superoxide anion and HPV in PASMGs, in this way bypassing
CIlI-dependent ROS production. In contrast, it was unable to prevent
HIF-1a stabilization. These results highlight two important aspects in
hypoxic redox signaling: 1) as mentioned above, AOX from Ciona
intestinalis diminishes the amount of ubiquinol, a key molecule in hyp-
oxic ROS production as it is the electron donor to oxygen to form su-
peroxide [44], and, as a consequence, expression of AOX drives the
levels of ubiquinol insufficient to promote a relevant amount of super-
oxide to trigger a redox signal [90]. 2) As mentioned above hypoxic ROS
production and HIF-1a stabilization is blunted in NDI1/AOX expressing
ETC-null cells after 4 h in 1 % oxygen (DN-POLG) [87]; in contrast, AOX
in wild type PASMCs was able to prevent ROS production, but not HIF-
la stabilization after 36 hin 1 % oxygen (PASMCs) [90]. This means that
either the exceptionally high levels of COX4I2 in PASMCs renders HIF-
la stabilization independent of ROS production (i.e. due to differential
metabolite profile or basal HIF-1a stabilization) or that simply shorter
hypoxic incubations (i.e. 4 h) render HIF-1a stabilization dependent on
ROS, in contrast to longer incubations (i.e. 36 h). In this line, it would be

interesting to test the effect of NDI1 in HPV and hypoxic ROS produc-
tion, given its effect on increasing ubiquinol levels [28] and, in addition,
the effect of COX4I2 removal in ROS production and HIF-1a stabilization
in non-specialized cells. Nevertheless, the use of AOX has been critical to
dissect the mechanism of oxygen sensing in HPV and the future use of
this and other alternative oxidases may help to further clarify the
mechanism of ROS production in specialized cells.

6. Alternative oxidases in future research

In this review we have summarized how the use of alternative oxi-
dases has helped to the understanding of mitochondrial physiology in
vitro and in vivo. Nevertheless, alternative oxidases can still be of much
help in elucidating and understanding critical mitochondrial processes.
It would be extremely helpful to perform the same kind of experiments
in human cells as: 1) In human cells free CI is less abundant than in
mouse being more prone to super assembly with CIII. 2) Equally to
mouse cells, CI stability is very dependent of the presence of CIII
[29,31]. 3) The recovery of CI assembly by AOX would provide a
completely lonely CI which can be compared to a fully super assembled
CI. 4) It would enable the study of the partially segmented ubiquinone
pools in human cells, though some experiments supporting their exis-
tence have already been published [34].

The expression of alternative oxidases in flies has been of extreme
utility to dissect the molecular mechanism leading to mitochondrial ROS
production in relation to lifespan. In this regard, the use of alternative
oxidases in mouse would enable the confirmation of the results seen in
flies and the contribution of the alternative oxidases and the reduction
status of ubiquinone to overall redox signals, such as during Na®-
dependent hypoxic signaling, reperfusion, or macrophage maturation,
among others.

Ubiquinone has been shown to be necessary for the function of many
proteins in mitochondria, from enzymes involved in cell proliferation
[97] to thermogenesis [98]. Thus, the modulation of ubiquinone redox
state by alternative oxidases may be helpful to elucidate relationships
between the ETC redox state and mitochondrial physiology. As NDI1 can
promote RET in flies, and this may also happen in mammals, it would be
interesting to study whether the consumption of Aymt by RET may
impact other critical processes in the mitochondria, such as mitochon-
drial Ca®" and Nat homeostasis, mitochondrial permeability transition



P. Hernansanz-Agustin and J.A. Enriquez

pore (mPTP) opening, ATP production by CV, protein import or
mitophagy.

In summary, alternative oxidases provide a powerful set of tools with
which important aspects of mitochondrial biology can be studied. These
molecules, which can separate indivisible processes in mitochondria,
conform the nucleus of a very attractive field which will most probably
help to close current debates and contribute to further discussions in
mitochondrial research.

Funding

This study was supported by MINECO: SAF2015-65633-R, RTI2018-
099357-B-100, HFSP (RGP0016,/2018) and CIBER (CB16,/10/00282) to
JAE. The CNIC is supported by the Instituto de Salud Carlos III (ISCIII),
the Ministerio de Ciencia, Innovacién y Universidades (MCNU) and the
Pro CNIC Foundation and is a Severo Ochoa Center of Excellence (SEV-
2015-0505). This research has been financed by Spanish Government
grants (ISCIII and AEI agencies, partially funded by the European Union
FEDER/ERDF). PH-A is recipient of a Juan de la Cierva fellowship
(1JC2020-042679-1).

CRediT authorship contribution statement

Conceptualization and writing P.H.-A. and J.A.E. All authors have
read and agreed to the published version of the manuscript.

Declaration of competing interest
The authors declare no conflict of interests.
Data availability

No data was used for the research described in the article.

Acknowledgements

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

References

[1] S. Cogliati, J.A. Enriquez, L. Scorrano, Mitochondrial cristae: where beauty meets
functionality, Trends Biochem. Sci. 41 (2016) 261-273.

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

[3] G. Lenaz, R. Fato, Is ubiquinone diffusion rate-limiting for electron transfer?

J. Bioenerg. Biomembr. 18 (1986) 369-401.

[4] 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 (1986) 331-368.

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

[6] P. Hernansanz-Agustin, J.A. Enriquez, Functional segmentation of CoQ and cyt ¢
pools by respiratory complex superassembly, Free Radic. Biol. Med. 167 (2021)
232-242.

[7] 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 (2020), eaba7509.

1. Wittig, H. Schagger, Supramolecular organization of ATP synthase and

respiratory chain in mitochondrial membranes, Biochim. Biophys. Acta 1787

(2009) 672-680.

[9] R. Acin-Perez, P. Fernandez-Silva, M.L. Peleato, A. Perez-Martos, J.A. Enriquez,

Respiratory active mitochondrial supercomplexes, Mol. Cell 32 (2008) 529-539.

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

[11]1 J.A. Enriquez, Supramolecular Organization of Respiratory Complexes, Annu. Rev.
Physiol. 78 (2016) 533-561.

[12] E. Martin-Garcia, J.L. Cabrera, C. Benica, V.L. Cantarero, D. Herrero, F. Diaz,
J. Andilla, P. Loza-Alvarez, C. Moraes, F. Sdnchez-Cabo, V.R. Caiolfa, J.
A. Enriquez, Mitochondria Respiratory Complexes and Supercomplexes Co-exist

[8

—

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

BBA - Bioenergetics 1864 (2023) 148936

Simultaneously in Mammalian Cells, Preprint at Research Square, 2022, https://
doi.org/10.21203/rs.3.rs-1750907 /v1.

D.J. Fernandez-Ayala, A. Sanz, S. Vartiainen, K.K. Kemppainen, M. Babusiak,

E. Mustalahti, R. Costa, T. Tuomela, M. Zeviani, J. Chung, K.M. O'Dell, P. Rustin, H.
T. Jacobs, Expression of the Ciona intestinalis alternative oxidase (AOX) in
drosophila complements defects in mitochondrial oxidative phosphorylation, Cell
Metab. 9 (2009) 449-460.

E. Perales-Clemente, M.P. Bayona-Bafaluy, A. Perez-Martos, A. Barrientos,

P. Fernandez-Silva, J.A. Enriquez, Restoration of electron transport without proton
pumping in mammalian mitochondria, Proc. Natl. Acad. Sci. U. S. A. 105 (2008)
18735-18739.

G.A. Hakkaart, E.P. Dassa, H.T. Jacobs, P. Rustin, Allotopic expression of a
mitochondrial alternative oxidase confers cyanide resistance to human cell
respiration, EMBO Rep. 7 (2006) 341-345.

A.L. Moore, M.S. Albury, P.G. Crichton, C. Affourtit, Function of the alternative
oxidase: is it still a scavenger? Trends Plant Sci. 7 (2002) 478-481.

T. Shiba, D.K. Inaoka, G. Takahashi, C. Tsuge, Y. Kido, L. Young, S. Ueda, E.

O. Balogun, T. Nara, T. Honma, A. Tanaka, M. Inoue, H. Saimoto, S. Harada, A.
L. Moore, K. Kita, Insights into the ubiquinol/dioxygen binding and proton relay
pathways of the alternative oxidase, Biochim. Biophys. Acta Bioenerg. 2019 (1860)
375-382.

H.T. Jacobs, J.W.O. Ballard, What physiological role(s) does the alternative oxidase
perform in animals? Biochim. Biophys. Acta Bioenerg. 1863 (2022), 148556.

B. May, L. Young, A.L. Moore, Structural insights into the alternative oxidases: are
all oxidases made equal? Biochem. Soc. Trans. 45 (2017) 731-740.

L. Young, T. Shiba, S. Harada, K. Kita, M.S. Albury, A.L. Moore, The alternative
oxidases: simple oxidoreductase proteins with complex functions, Biochem. Soc.
Trans. 41 (2013) 1305-1311.

A.L. Moore, T. Shiba, L. Young, S. Harada, K. Kita, K. Ito, Unraveling the heater:
new insights into the structure of the alternative oxidase, Annu. Rev. Plant Biol. 64
(2013) 637-663.

A. Sanz, M. Soikkeli, M. Portero-Otin, A. Wilson, E. Kemppainen, G. Mcllroy,

S. Ellila, K.K. Kemppainen, T. Tuomela, M. Lakanmaa, E. Kiviranta, R. Stefanatos,
E. Dufour, B. Hutz, A. Naudi, M. Jove, A. Zeb, S. Vartiainen, A. Matsuno-Yagi,

T. Yagi, P. Rustin, R. Pamplona, H.T. Jacobs, Expression of the yeast NADH
dehydrogenase Ndil in drosophila confers increased lifespan independently of
dietary restriction, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 9105-9110.

B.B. Seo, E. Nakamaru-Ogiso, P. Cruz, T.R. Flotte, T. Yagi, A. Matsuno-Yagi,
Functional expression of the single subunit NADH dehydrogenase in mitochondria
in vivo: a potential therapy for complex I deficiencies, Hum. Gene Ther. 15 (2004)
887-895.

Y. Bai, P. Hajek, A. Chomyn, E. Chan, B.B. Seo, A. Matsuno-Yagi, T. Yagi,

G. Attardi, Lack of complex I activity in human cells carrying a mutation in
MtDNA-encoded ND4 subunit is corrected by the Saccharomyces cerevisiae NADH-
quinone oxidoreductase (NDI1) gene, J. Biol. Chem. 276 (2001) 38808-38813.
B.B. Seo, J. Wang, T.R. Flotte, T. Yagi, A. Matsuno-Yagi, Use of the NADH-quinone
oxidoreductase (NDI1) gene of Saccharomyces cerevisiae as a possible cure for
complex I defects in human cells, J. Biol. Chem. 275 (2000) 37774-37778.

B.B. Seo, A. Matsuno-Yagi, T. Yagi, Modulation of oxidative phosphorylation of
human kidney 293 cells by transfection with the internal rotenone-insensitive
NADH-quinone oxidoreductase (NDI1) gene of Saccharomyces cerevisiae, Biochim.
Biophys. Acta 1412 (1999) 56-65.

B.B. Seo, T. Kitajima-Ihara, E.K. Chan, L.E. Scheffler, A. Matsuno-Yagi, T. Yagi,
Molecular remedy of complex I defects: rotenone-insensitive internal NADH-
quinone oxidoreductase of Saccharomyces cerevisiae mitochondria restores the
NADH oxidase activity of complex I-deficient mammalian cells, Proc. Natl. Acad.
Sci. U. S. A. 95 (1998) 9167-9171.

F. Scialo, A. Sriram, D. Fernandez-Ayala, N. Gubina, M. Lohmus, G. Nelson,

A. Logan, H.M. Cooper, P. Navas, J.A. Enriquez, M.P. Murphy, A. Sanz,
Mitochondrial ROS produced via reverse electron transport extend animal lifespan,
Cell Metab. 23 (2016) 725-734.

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 (2004)
805-815.

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 (2003) 508-511.

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 I1I, Neuromuscul. Disord. 12 (2002)
49-52.

A.L. Andreu, M.G. Hanna, H. Reichmann, C. Bruno, A.S. Penn, K. Tanji, F. Pallotti,
S. Iwata, E. Bonilla, B. Lach, J. Morgan-Hughes, S. DiMauro, Exercise intolerance
due to mutations in the cytochrome b gene of mitochondrial DNA, N. Engl. J. Med.
341 (1999) 1037-1044.

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 (2004) 36349-36353.

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 (2020), e102817.



P. Hernansanz-Agustin and J.A. Enriquez

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]
[51]

[52]

[53]

[54]

[55]

[56]

[57]

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 Metab. 15 (2012) 324-335.

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 (2016) 123-126.

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 (2012)
115-120.

Z. Assouline, M. Jambou, M. Rio, C. Bole-Feysot, P. de Lonlay, C. Barnerias,

1. 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 2012 (1822)
1062-1069.

1. 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 (2005) 2784-2792.

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

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 (2007) 17557-17562.

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
(2006) 4872-4881.

A. Guaras, E. Perales-Clemente, E. Calvo, R. Acin-Perez, M. Loureiro-Lopez,

C. Pyjol, 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 (2016) 197-209.

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 (2020) 287-291.

P. Hernansanz-Agustin, J.A. Enriquez, Generation of reactive oxygen species by
mitochondria, Antioxidants (Basel) 10 (2021).

K. Buchet, C. Godinot, Functional F1-ATPase essential in maintaining growth and
membrane potential of human mitochondrial DNA-depleted rho degrees cells,

J. Biol. Chem. 273 (1998) 22983-22989.

A. Stepanova, S. Sosunov, Z. Niatsetskaya, C. Konrad, A.A. Starkov, G. Manfredi,
1. Wittig, V. Ten, A. Galkin, Redox-dependent loss of flavin by mitochondrial
complex I in brain Ischemia/Reperfusion injury, Antioxid. Redox Signal. 31 (2019)
608-622.

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 (2014)
431-435.

E.L. Mills, B. Kelly, A. Logan, A.S.H. Costa, M. Varma, C.E. Bryant, P. Tourlomousis,
J.H.M. Dabritz, E. Gottlieb, 1. Latorre, S.C. Corr, G. McManus, D. Ryan, H.T. Jacobs,
M. Szibor, R.J. Xavier, T. Braun, C. Frezza, M.P. Murphy, L.A. O'Neill, Succinate
dehydrogenase supports metabolic repurposing of mitochondria to drive
inflammatory macrophages, Cell 167 (2016) 457-470, e413.

K. Szczepanowska, A. Trifunovic, Mitochondrial matrix proteases: quality control
and beyond, FEBS J. 15964 (2021) 1-19.

K. Szczepanowska, A. Trifunovic, Tune instead of destroy: how proteolysis keeps
OXPHOS in shape, Biochim. Biophys. Acta Bioenerg. 1862 (2021), 148365.

E. Balsa, R. Marco, E. Perales-Clemente, R. Szklarczyk, E. Calvo, M.O. Landazuri, J.
A. Enriquez, NDUFA4 is a subunit of complex IV of the mammalian electron
transport chain, Cell Metab. 16 (2012) 378-386.

R. Morais, P. Desjardins, C. Turmel, K. Zinkewich-Peotti, Development and
characterization of continuous avian cell lines depleted of mitochondrial DNA, In
Vitro Cell. Dev. Biol. 24 (1988) 649-658.

M.P. King, G. Attardi, Human cells lacking mtDNA: repopulation with exogenous
mitochondria by complementation, Science 246 (1989) 500-503.

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 (2004) 36562-36569.

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
(2013) 1567-1570.

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 (2016) 579-582.

[58]

[59]

[60]

[61]
[62]
[63]

[64]

[65]

[66]

671

[68]

[69]

[70]
[71]
[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

BBA - Bioenergetics 1864 (2023) 148936

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,
Scafl promotes respiratory supercomplexes and metabolic efficiency in zebrafish,
EMBO Rep. 21 (2020), e50287.

E.G. Williams, Y. Wu, P. Jha, S. Dubuis, P. Blattmann, C.A. Argmann, S.M. Houten,
T. Amariuta, W. Wolski, N. Zamboni, R. Aebersold, J. Auwerx, Systems proteomics
of liver mitochondria function, Science 352 (2016), aad0189.

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 (2014) 15735-15740.

R. Moreno-Loshuertos, J.A. Enriquez, Respiratory supercomplexes and the
functional segmentation of the CoQ pool, Free Radic. Biol. Med. 100 (2016) 5-13.
G. Lenaz, G. Tioli, A.I. Falasca, M.L. Genova, Complex I function in mitochondrial
supercomplexes, Biochim. Biophys. Acta 2016 (1857) 991-1000.

J.G. Fedor, J. Hirst, Mitochondrial supercomplexes do not enhance catalysis by
quinone channeling, Cell Metab. 28 (2018) 525-531, e524.

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 (2020), 148137.

A.P. Molnar, Z. Nemeth, E. Fekete, M. Flipphi, N.P. Keller, L. Karaffa, Analysis of
the relationship between alternative respiration and sterigmatocystin formation in
aspergillus nidulans, Toxins (Basel) 10 (2018).

R. Walker Jr., L. Saha, G.C. Hill, M. Chaudhuri, The effect of over-expression of the
alternative oxidase in the procyclic forms of trypanosoma brucei, Mol. Biochem.
Parasitol. 139 (2005) 153-162.

M.R.O. Barsottini, A. Copsey, L. Young, R.M. Baroni, A.T. Cordeiro, G.A.G. Pereira,
A.L. Moore, Biochemical characterization and inhibition of the alternative oxidase
enzyme from the fungal phytopathogen moniliophthora perniciosa, Commun. Biol.
3 (2020) 263.

Y. Kido, K. Sakamoto, K. Nakamura, M. Harada, T. Suzuki, Y. Yabu, H. Saimoto,
F. Yamakura, D. Ohmori, A. Moore, S. Harada, K. Kita, Purification and kinetic
characterization of recombinant alternative oxidase from trypanosoma brucei
brucei, Biochim. Biophys. Acta 1797 (2010) 443-450.

L.A. Luevano-Martinez, R. Girard, M.B. Alencar, A.M. Silber, ATP regulates the
activity of an alternative oxidase in trypanosoma brucei, FEBS Lett. 594 (2020)
2150-2158.

H. Sies, Oxidative eustress: on constant alert for redox homeostasis, Redox Biol. 41
(2021), 101867.

H. Sies, D.P. Jones, Reactive oxygen species (ROS) as pleiotropic physiological
signalling agents, Nat. Rev. Mol. Cell Biol. 21 (2020) 363-383.

M.P. Murphy, How mitochondria produce reactive oxygen species, Biochem. J. 417
(2009) 1-13.

S.A. Dogan, R. Cerutti, C. Beninca, G. Brea-Calvo, H.T. Jacobs, M. Zeviani,

M. Szibor, C. Viscomi, Perturbed redox signaling exacerbates a mitochondrial
myopathy, Cell Metab. 28 (2018) 764-775, e765.

M. Szibor, R. Schreckenberg, Z. Gizatullina, E. Dufour, M. Wiesnet, P.

K. Dhandapani, G. Debska-Vielhaber, J. Heidler, 1. Wittig, T.A. Nyman, U. Gartner,
AR. Hall, V. Pell, C. Viscomi, T. Krieg, M.P. Murphy, T. Braun, F.N. Gellerich, K.
D. Schluter, H.T. Jacobs, Respiratory chain signalling is essential for adaptive
remodelling following cardiac ischaemia, J. Cell. Mol. Med. 24 (2020) 3534-3548.
S. Antonucci, J.F. Mulvey, N. Burger, M. Di Sante, A.R. Hall, E.C. Hinchy, S.

T. Caldwell, A.V. Gruszczyk, S. Deshwal, R.C. Hartley, N. Kaludercic, M.P. Murphy,
F. Di Lisa, T. Krieg, Selective mitochondrial superoxide generation in vivo is
cardioprotective through hormesis, Free Radic. Biol. Med. 134 (2019) 678-687.
C.N. Perry, C. Huang, W. Liu, N. Magee, R.S. Carreira, R.A. Gottlieb,
Xenotransplantation of mitochondrial electron transfer enzyme, Ndil, in
myocardial reperfusion injury, PLoS One 6 (2011), e16288.

R.M. Mentzer Jr., J. Wider, C.N. Perry, R.A. Gottlieb, Reduction of infarct size by
the therapeutic protein TAT-Ndil in vivo, J. Cardiovasc. Pharmacol. Ther. 19
(2014) 315-320.

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 Metab. 1 (2005)
401-408.

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 Metab. 1 (2005) 409-414.

N. Zhu, J. Li, Y. Li, Y. Zhang, Q. Du, P. Hao, J. Li, X. Cao, L. Li, Berberine protects
against simulated Ischemia/Reperfusion injury-induced H9C2 cardiomyocytes
apoptosis in vitro and myocardial Ischemia/Reperfusion-induced apoptosis in vivo
by regulating the mitophagy-mediated HIF-1alpha/BNIP3 pathway, Front.
Pharmacol. 11 (2020) 367.

Y.H. Zhou, Q.F. Han, L.H. Wang, T. Liu, X.Y. Meng, L. Wu, T. Li, Y.R. Jiao, H.

C. Yao, D.Y. Zhang, High mobility group box 1 protein attenuates myocardial
ischemia reperfusion injury via inhibition of the p38 mitogen-activated protein
kinase signaling pathway, Exp. Ther. Med. 14 (2017) 1582-1588.

S. Matsushima, J. Kuroda, T. Ago, P. Zhai, Y. Ikeda, S. Oka, G.H. Fong, R. Tian,
J. Sadoshima, Broad suppression of NADPH oxidase activity exacerbates ischemia/
reperfusion injury through inadvertent downregulation of hypoxia-inducible
factor-lalpha and upregulation of peroxisome proliferator-activated receptor-
alpha, Circ. Res. 112 (2013) 1135-1149.

A.V. Gruszczyk, A.M. Casey, A.M. James, H.A. Prag, N. Burger, G.R. Bates, A.

R. Hall, F.M. Allen, T. Krieg, K. Saeb-Parsy, M.P. Murphy, Mitochondrial
metabolism and bioenergetic function in an anoxic isolated adult mouse



P. Hernansanz-Agustin and J.A. Enriquez

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

cardiomyocyte model of in vivo cardiac ischemia-reperfusion injury, Redox Biol.
54 (2022), 102368.

P. Hernansanz-Agustin, E. Ramos, E. Navarro, E. Parada, N. Sanchez-Lopez,

L. Pelaez-Aguado, J.D. Cabrera-Garcia, D. Tello, I. Buendia, A. Marina, J. Egea, M.
G. Lopez, A. Bogdanova, A. Martinez-Ruiz, Mitochondrial complex I deactivation is
related to superoxide production in acute hypoxia, Redox Biol. 12 (2017)
1040-1051.

D.L. Hoffman, J.D. Salter, P.S. Brookes, Response of mitochondrial reactive oxygen
species generation to steady-state oxygen tension: implications for hypoxic cell
signaling, Am. J. Physiol. Heart Circ. Physiol. 292 (2007) H101-H108.

D.L. Hoffman, P.S. Brookes, Oxygen sensitivity of mitochondrial reactive oxygen
species generation depends on metabolic conditions, J. Biol. Chem. 284 (2009)
16236-16245.

1. Martinez-Reyes, L.P. Diebold, H. Kong, M. Schieber, H. Huang, C.T. Hensley, M.
M. Mehta, T. Wang, J.H. Santos, R. Woychik, E. Dufour, J.N. Spelbrink, S.

E. Weinberg, Y. Zhao, R.J. DeBerardinis, N.S. Chandel, TCA cycle and
mitochondrial membrane potential are necessary for diverse biological functions,
Mol. Cell 61 (2016) 199-209.

P. Hernansanz-Agustin, A. Izquierdo-Alvarez, F.J. Sanchez-Gomez, E. Ramos,

T. Villa-Pina, S. Lamas, A. Bogdanova, A. Martinez-Ruiz, Acute hypoxia produces a
superoxide burst in cells, Free Radic. Biol. Med. 71 (2014) 146-156.

T. Hagen, C.T. Taylor, F. Lam, S. Moncada, Redistribution of intracellular oxygen
in hypoxia by nitric oxide: effect on HIFlalpha, Science 302 (2003) 1975-1978.
N. Sommer, N. Alebrahimdehkordi, O. Pak, F. Knoepp, 1. Strielkov, S. Scheibe,

E. Dufour, A. Andjelkovic, A. Sydykov, A. Saraji, A. Petrovic, K. Quanz, M. Hecker,
M. Kumar, J. Wahl, S. Kraut, W. Seeger, R.T. Schermuly, H.A. Ghofrani, K. Ramser,
T. Braun, H.T. Jacobs, N. Weissmann, M. Szibor, Bypassing mitochondrial complex
III using alternative oxidase inhibits acute pulmonary oxygen sensing, Sci. Adv. 6
(2020), eaba0694.

G.B. Waypa, N.S. Chandel, P.T. Schumacker, Model for hypoxic pulmonary
vasoconstriction involving mitochondrial oxygen sensing, Circ. Res. 88 (2001)
1259-1266.

[92]

[93]

[94]

[95]

[96]

971

[98]

BBA - Bioenergetics 1864 (2023) 148936

N. Sommer, O. Pak, S. Schorner, T. Derfuss, A. Krug, E. Gnaiger, H.A. Ghofrani, R.
T. Schermuly, C. Huckstorf, W. Seeger, F. Grimminger, N. Weissmann,
Mitochondrial cytochrome redox states and respiration in acute pulmonary oxygen
sensing, Eur. Respir. J. 36 (2010) 1056-1066.

R. Fukuda, H. Zhang, J.W. Kim, L. Shimoda, C.V. Dang, G.L. Semenza, HIF-1
regulates cytochrome oxidase subunits to optimize efficiency of respiration in
hypoxic cells, Cell 129 (2007) 111-122.

M. Huttemann, I. Lee, X. Gao, P. Pecina, A. Pecinova, J. Liu, S. Aras, N. Sommer, T.
H. Sanderson, M. Tost, F. Neff, J.A. Aguilar-Pimentel, L. Becker, B. Naton,

B. Rathkolb, J. Rozman, J. Favor, W. Hans, C. Prehn, O. Puk, A. Schrewe, M. Sun,
H. Hofler, J. Adamski, R. Bekeredjian, J. Graw, T. Adler, D.H. Busch,

M. Klingenspor, T. Klopstock, M. Ollert, E. Wolf, H. Fuchs, V. Gailus-Durner,

M. Hrabe de Angelis, N. Weissmann, J.W. Doan, D.J. Bassett, L.I. Grossman,
Cytochrome c oxidase subunit 4 isoform 2-knockout mice show reduced enzyme
activity, airway hyporeactivity, and lung pathology, FASEB J. 26 (2012)
3916-3930.

A. Moreno-Dominguez, P. Ortega-Saenz, L. Gao, O. Colinas, P. Garcia-Flores,

V. Bonilla-Henao, J. Aragones, M. Huttemann, L.I. Grossman, N. Weissmann,

N. Sommer, J. Lopez-Barneo, Acute O2 sensing through HIF2alpha-dependent
expression of atypical cytochrome oxidase subunits in arterial chemoreceptors, Sci.
Signal. 13 (2020).

N. Sommer, M. Huttemann, O. Pak, S. Scheibe, F. Knoepp, C. Sinkler, M. Malczyk,
M. Gierhardt, A. Esfandiary, S. Kraut, F. Jonas, C. Veith, S. Aras, A. Sydykov,

N. Alebrahimdehkordi, K. Giehl, M. Hecker, R.P. Brandes, W. Seeger,

F. Grimminger, H.A. Ghofrani, R.T. Schermuly, L.I. Grossman, N. Weissmann,
Mitochondrial complex IV subunit 4 isoform 2 is essential for acute pulmonary
oxygen sensing, Circ. Res. 121 (2017) 424-438.

J.T. Madak, A. Bankhead III, C.R. Cuthbertson, H.D. Showalter, N. Neamati,
Revisiting the role of dihydroorotate dehydrogenase as a therapeutic target for
cancer, Pharmacol. Ther. 195 (2019) 111-131.

K.S. Echtay, E. Winkler, M. Klingenberg, Coenzyme Q is an obligatory cofactor for
uncoupling protein function, Nature 408 (2000) 609-613.



