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Abstract: Human diseases range from gene-associated to gene-non-associated disorders, including
age-related diseases, neurodegenerative, neuromuscular, cardiovascular, diabetic diseases, neurocog-
nitive disorders and cancer. Mitochondria participate to the cascades of pathogenic events leading
to the onset and progression of these diseases independently of their association to mutations of
genes encoding mitochondrial protein. Under physiological conditions, the mitochondrial ATP
synthase provides the most energy of the cell via the oxidative phosphorylation. Alterations of
oxidative phosphorylation mainly affect the tissues characterized by a high-energy metabolism, such
as nervous, cardiac and skeletal muscle tissues. In this review, we focus on human diseases caused
by altered expressions of ATP synthase genes of both mitochondrial and nuclear origin. Moreover,
we describe the contribution of ATP synthase to the pathophysiological mechanisms of other human
diseases such as cardiovascular, neurodegenerative diseases or neurocognitive disorders.
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1. Introduction

Mitochondria support aerobic respiration and produce the majority of cellular ATP
by oxidative phosphorylation (OXPHOS) [1]. Electrons derived from the oxidation of
fatty acids, carbohydrates and amino acids are shuttled to oxygen along the respiratory
chain complexes (I-IV) embedded in the inner mitochondrial membrane (IMM), producing
water and releasing the energy necessary to pump protons from the mitochondrial ma-
trix to the intermembrane space (IMS). This results in the formation of a transmembrane
electrochemical gradient across the IMM, which enables the ATP synthase to produce
ATP from ADP and inorganic phosphate [2]. A reverse catalytic process can occur under
anoxia, a condition in which ATP synthase couples ATP hydrolysis to the generation
of a transmembrane potential [3,4]. The mitochondrial OXPHOS is the only metabolic
pathway that is under dual genetic control. It is therefore possible to distinguish genetic
defects caused by (i) alterations in mitochondrial DNA (mtDNA), ~15%, e.g., Neuropathy,
Ataxia, Retinitis Pigmentosa (NARP), Maternally Inherited Leigh’s Syndrome (MILS) and
Leber’s Hereditary Optic Neuropathy (LHON) [5] and (ii) nuclear DNA (nDNA) mutations,
which are inherited as Mendelian disorders. A recent review provided an update on the
contribution of nuclear genes that impair mitochondrial respiration in patients and have
been characterized in yeast [6]. More than 150 distinct genetic mitochondrial dysfunction
syndromes characterized by a diminished OXPHQOS capacity have been described [5,7-11].
Typical clinical traits include visual/hearing defects, encephalopathies, cardiomyopathies,
myopathies, diabetes, liver and renal dysfunctions [12-14]. In other cases, mitochondria
participate to the cascades of pathogenic events leading to the onset of several diseases,
but they are not linked to their genetic origins. Mitochondria are damaged during the
reperfusion of ischemic heart, age-related diseases and all the major neurodegenerative
diseases—-Parkinson’s (PD), Alzheimer’s (AD) and motor neuron diseases such as Amy-
otrophic Lateral Sclerosis (ALS).
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In this scenario, ATP synthase has been shown to participate to the pathogenesis of
different human diseases. The mitochondrial enzyme occupies the IMM of the organelle
and forms dimers. Each monomeric unit (Figure 1), as shown in the latest dimeric mam-
malian enzyme by electron cryo-microscopy [15], is an assembly of 28 polypeptide chains
of 17 different subunits organized into a catalytic globular domain, which is attached to an
intrinsic membrane domain by a central stalk and a peripheral stalk [16]. This membrane-
bound enzyme is a rotary machine. The membrane-bound rotor consists of eight identical
¢ subunits (c- ring) in close association with a single a (or ATP6) subunit and is attached
to the asymmetrical central stalk (subunits vy, 6 and e) [17,18], which extends from the
membrane domain and penetrates into the extrinsic globular catalytic domain along its
central axis. As the central stalk rotates, it causes structural changes in the three catalytic
sites, found mainly in each of the three 3 subunits, which alternate with three « subunits
in the spherical extrinsic domain [16,19]. These structural changes lead to the enzyme’s
catalytic activity. The peripheral stalk, composed of the subunits oligomycin sensitivity
conferral protein (OSCP), b, d, F6 and the membrane extrinsic region of A6L (or ATPS),
links the external surface of the catalytic domain (F;) to the a subunit in the membrane
domain (F,) [20,21]. The subunits e, f, g, A6L and 6.8 proteolipid also contribute to the
membrane domain of the peripheral stalk [22-24], and in the dimeric complex, some of
them are involved in forming the interface between monomers [24]. Another subunit,
previously known as diabetes-associated protein in insulin sensitive-tissues (DAPIT) [23],
may be involved in the formation of links between dimer units in the rows of dimers [25].
In this review, we mainly focus on mutations in mitochondrial and nuclear genes encod-
ing ATP synthase subunits and factors important for their association to human diseases.
Moreover, we describe the contribution of this enzyme to the pathogenic mechanisms of
cardiovascular, neurodegenerative diseases and neurodevelopmental disorders. Due to
space constraints, the modulation and regulation of the ATP synthase in cancer has not
been addressed in this review; however, for details, see [26,27].

Figure 1. Subunit composition of the bovine ATP synthase monomer is mapped according to [15],
(Protein Data Bank (PDB): 6ZQM). In the upper part, the subunits x(3) and 3(3) of the catalytic
domain are red and yellow, respectively; the three central stalk subunits vy, 5 and ¢, are blue, indigo
and green. In the lower part, the membrane domain is composed of the c8-ring and the a subunit
(dark grey and light blue); the supernumerary subunits e, f, g, A6L, 6.8PL and DAPIT are khaki, straw
yellow, forest green, brick red, lime green and dark pink. On the right of the model, the peripheral
stalk subunits OSCP, b, d and F6 are teal, light pink, orange and magenta.
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2. Gene Mutations of ATP Synthase and Its Assembly Factors in Human Disease

Disorders caused by ATP synthase deficiencies can be classified depending on the
mitochondrial or nuclear genetic origin (Table 1). These diseases are often severe encephalo-
or cardiomyopathies and manifest shortly after birth. Interestingly, they are less frequent
than other OXPHOS-related diseases [28].

Table 1. Human pathogenic mutations occurring in ATP synthase subunits and assembly factors. The mutant subunits,

or the mutant assembly factors of the ATP synthase found in human diseases are listed. Their specific nucleotide and

amino acid substitutions and the related consequences on ATP synthase activity, assembly or mitochondrial morphology

are summarized (nd, not defined).

mitochondria (with
concentric, fragmented
or aggregated cristae)

ATP Synthase Subunit mtDNA or nDNA Protein
or Azsembly Factor Mutation Mutation ATP Synthase References
Activity Assembly Mitochondrial
morphology
m.8993T>G p-Leul56Arg decreased normal nd [29-33]
m.8993T>C p-Leul56Pro decreased nd nd [29-31]
m.9176T>G p-Leu217Arg decreased impaired altered cristae [28,34]
ATP6 m.9176T>C p-Leu217Pro decreased impaired altered cristae [28,35]
. m.9035T>C p-Leul70Pro decreased nd nd [36]
(a subunit) m.9185T>C p-Leu220Pro decreased nd nd [37-39]
m.9191T>C p-Leu222Pro decreased impaired (in the nd [37,39]
yeast model)
m.8969G>A p-Ser148Asn decreased nd nd [40-42]
distorted mitochondria,
m.8611_8612insC  p.Leu29Profs*36  decreased impaired aberrant cristae [43]
formation
a p.MetlThr +
ATP6 (a subunit) m.8528T>C A6L decreased impaired nd [44,45]
p-Trp55Arg
and ATP8 a p.Metllle +
(A6L subunit) m.8529G>A A 61; p.Trp55 * decreased impaired nd [46]
a p.Prol2Arg
m.8561C>G + A6L decreased impaired nd [47]
p-Pro66Ala
a p.Prol2Leu
m.8561C>T + A6L decreased impaired nd [48]
p-Pro66Ser
(?ngfiﬁ) ¢.35A>G p-Tyr12Cys decreased impaired nd [49]
ATP5F1A c.985C>T p-Arg329Cys decreased impaired nd [50]
(o subunit) c.962A>G p-Tyr321Cys decreased nd nd [51]
ATP5F1D c.245C>T p-Pro82Leu decreased impaired decreascezlfilsrtl;ember of [52]
(8 subunit) c317T>G p-Vall06Gly decreased impaired nd [52]
ATP5MK . . .
(DAPIT subunit) c.87+1G>C / decreased impaired altered cristae shape [53]
ATPAF2 c.280T>A p-Trp94Arg decreased Impaired normal [54,55]
different alterations
including swollen, giant
or small mitochondria;
TMEM70 ¢.3172A>G / decreased impaired or irregularly shaped [56-59]

Note. (*) indicates a STOP codon.

2.1. Mitochondrial Gene Mutations of ATP Synthase

The better characterized ATP synthase diseases are caused by mutations in the mtDNA
ATP6 and ATPS genes [28], encoding for the human a and A6L subunits, respectively.
The open reading frame of these two subunits overlap for 46 nucleotides; thus, changes
occurring in this region can affect the expression of both subunits [44-48]. The majority
mutations that cause defects of ATP synthase involve the ATP6 gene. We focused our
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attention here on ATP synthase mutations, at the level of the ATP6 gene, leading to
altered enzyme functions that have been characterized, while we refer to other detailed
reviews [11,28,60,61] and www.mitomap.org (accessed on 7 April 2021) for updated lists
for the other ATP6 mutations.

The most common of these mutations are the m.8993T>G/C (p.Leul56Arg/Pro)
and the m.9176T>G/C (p.Leu217Arg/Pro) substitutions, which cause different clinical
phenotypes varying from NARP to MILS, depending on mtDNA heteroplasmy [28]. These
four mutations compromise mitochondrial ATP production with different degrees of
severity and have also been modeled in yeast, in order to better clarify their role in the
ATP synthase activity and assembly [34,35,62,63]. Not surprisingly, mutations in the yeast
mitochondrial ATP6 gene impair the ATP synthase function, since the a subunit is involved
in the formation of the proton channel at the interface with the c-ring, which is formed in
the F, sector of the enzyme and is fundamental for the catalytic activity [15,64]. Another
common mutation is the m.9035T>C, reported in studies of large patient cohorts [36,65,66].
Although a high level of heteroplasmy in patients has been shown to be required to develop
a phenotype [36,66], the m.9035T>C mutation causes lower ATP levels, decreased ATP
hydrolysis and increased reactive oxygen species (ROS) in patient tissues [42].

As clearly reported, the mtDNA 8993T>G mutation is associated with a more severe
NARP/MILS clinical phenotype than the 8993T>C mutation [28]. Biochemical studies
aimed at elucidating the pathogenic mechanisms of the two mutations showed that, in
NARP/MILS patient cells harboring a high mutant load (>80%), the ATP synthase activity
was drastically reduced (about 70%) and only slightly affected (about 20%) compared to
the controls, when the mutations were the 8993T>G and 8993T>C, respectively [29-31].
Although, both mutations lead to cellular energy deficiency and increased ROS levels,
the latter was reported as a major contributor to the pathogenesis of the NARP/MILS
associated to the 8993T>C mutation [30]. In addition, a high percentage of 8993T>G
mutation did not significantly affect either the ATP hydrolytic activity or the ATP-driven
proton transport in mitochondria of patient cells, excluding that the mutation affects
the assembly of the ATP synthase complex [32,33]. However, biochemical analyses in
NARP/MILS lymphocytes revealed that the Leul56Arg mutant a subunit slightly affected
the proton translocation through the enzyme, suggesting that the coupling between proton
translocation through F, and ATP synthesis on F; was altered in the mutant ATP synthase
complex [29]. These studies also suggested a close relationship of biochemical defect and
tissue heteroplasmy. In addition, the clinical phenotype associated to mutations at both
8993 and 9176 nucleotides was found to be worsened by defects in respiratory complex
function and assembly [67]. These findings elucidate plausible factors that might contribute
to the difference in severity of the clinical phenotype associated with MILS and NARP,
which the alteration in ATP synthase alone was unable to explain. The rescue of the energy
deficiency that characterizes the cells of NARP and MILS patients has been positively
targeted by both genetic and biochemical approaches providing different tools for the
development of therapeutic strategies for patient treatment [68-70].

The m.9185T>C or m.9191T>C mutations of ATP6 are variants of the early described
NARP-MILS clinical spectrum. In both cases, leucine is changed into proline, at position 220
or 222 in humans, respectively, near the C-terminus of the protein. The first mutation was
reported in many patients with a mild clinical phenotype [37,38] and was associated with
decreased Mg?*-ATPase activity in isolated muscle mitochondria but normal respiratory
chain enzyme activity [37,38]. The second mutation was instead discovered in a two-year-
old patient who died presenting a severe clinical phenotype. This second mutation caused a
severe reduction in Mg?*-ATPase activity accompanied by a decrease in the mitochondrial
respiration rate, indicating a possible reduction also in ATP synthesis [53].

The Saccharomyces cerevisiae yeast equivalent of the m.9185T>C mutation (p.Ser250Pro,
corresponding to human p.Leu220Pro) partially impaired the yeast ATP synthase activity
with a 30% decrease in mitochondrial ATP production without any evidence of a proton
leak [39]. The equivalent of the human m.9191T>C mutation (p.Leu252Pro in S. cerevisiae)
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instead caused a more severe dysfunction in terms of a >95% decrease in the ATP synthesis
rate accompanied by a defective ATP synthase assembly. Subcomplexes of the ATP synthase
and free F; were detected by BN-PAGE analysis, suggesting that the mutant a subunit was
not stably incorporated in the enzyme complex and, therefore, degraded. Since the proline
amino acid is indeed a well-known «-helix breaker residue, a possible explanation of the
described impaired ATP synthase assembly might reside in the fact that this mutation
prevents the correctly folded structure of the a subunit and alters its proper interaction
with the c-ring [39].

Another less frequent mutation is the ATP6 m.8969G>A transition, which leads to the
replacement of a highly conserved serine residue at position 148 of the human sequence
with asparagine. This mutation was found in a six-year old male with Mitochondrial
Myopathy, Lactic Acidosis and Sideroblastic Anemia (MLASA) [40], and in a 14-year old
female with a severe nephropathy, carrying a high mutation level (>89%) in the kidney [57].
Biochemical investigations of mutant yeast and human cells revealed a decreased basal and
oligomycin-sensitive respiration [40,41], indicating that the substitution of this serine into
an asparagine severely compromised the ATP synthase activity, with a block of the proton
transfer through the F, [41]. Later on, it was shown that these detrimental consequences
are caused by the amino acid substitution for asparagine. According to the authors, the
asparagine (Asnl175 in yeast), which replaces the serine of the normal sequence, binds
(with the hydrogen bond) and neutralizes the nearby glutamate (Glul72 in yeast), which is
critical for the proton flux in yeast ATP synthase [42].

A novel frameshift mutation (m.8611_8612insC) in the ATP6 gene was discovered in
2017 in a patient with ataxia and encephalopathy symptoms [43]. A biochemical analysis
revealed impaired assembly and accumulation of subcomplexes of ATP synthase, decrease
in the enzyme activity and altered mitochondrial ultrastructure with aberrant cristae
formation. All these features were attributed to an aberrant a subunit translation, with the
consequent formation of a truncated form [43].

Mutations in the ATPS gene are less common. The mutations that cause ATP synthase
deficiency are those occurring in the overlapping region of the ATP6 and ATP8 genes, thus
interfering with the synthesis of both subunits. Two different nucleotide substitutions,
m.8528T>C and m.8529G>A, both affecting the first amino acid residue in the human a
subunit, and the amino acid residue in position 55 of the human A6L subunit (m.8528T>C
(a subunit p.Met1Thr and A6L subunit p.Trp55Arg), m.8529G>A (a subunit p.Metllle
and A6L subunit p.Trp55*)), were identified in patients suffering from severe cardiomy-
opathies [44—46]. The other two mutations, occurring in the overlapping region in the
nucleotide m.8561 caused amino acid residue changes in position 12 and 66 of the human
a and A6L subunits, respectively (m.8561C>G (a subunit p.Pro12Arg and A6L subunit
p-Pro66Ala) and m.8561C>T (a subunit p.Prol2Arg and A6L subunit p.Pro66Ser)). These
mutations were detected in individuals who had also early-onset ataxia and severe neuro-
logical signs [47,48]. In all these reported cases, the ATP synthase deficiency was due to an
altered enzyme assembly that causes a consequent increase in the F; subcomplex [46—48]
and a decrease in ATP production [44—48].

2.2. Nuclear Gene Mutations of ATP Synthase and Its Assembly Factors

Mutations in the nDNA genes encoding for ATP synthase subunits are very rare. Only
a few different cases have been discovered over the years. The first mutation was reported
in the ATP5F1E gene, which encodes ¢ subunit in the central stalk of the enzyme [49]. More
recently, different mutations were found in the ATP5F1A (« subunit) [50,51], in the ATP5F1D
(6 subunit) [63] or in the ATP5MK (DAPIT subunit) [64] genes. These nDNA mutations cause
a similar and marked decrease in the content of fully assembled ATP synthase complexes,
with a consequent decrease in their activity [49-52] and are detailed below.

The first case, the mutation causing Tyr12Cys amino acid residue substitution in
the € subunit, was described in a 22-year old woman presenting a neonatal-onset lactic
acidosis, 3-methylglutaconic aciduria, mild mental retardation and developed peripheral
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neuropathy [49]. An analysis on patient fibroblasts with the homozygous missense muta-
tion c¢.35A>G showed a decrease in the mitochondrial ATP synthase activity (both in ATP
synthesis and hydrolysis) and assembly, caused by a reduction in the enzyme subunit level.
Unlike the expression of the other subunits, the ¢ subunit was found to accumulate and
aggregate in a detergent-insoluble form, an accumulation that was also described in other
disorders, such as Batten disease and fragile X syndrome, which will be discussed below.
Overall, these findings suggest that the ¢ subunit is important for proper biosynthesis
and assembly of the ATP synthase and for the proper incorporation of the ¢ subunit into
the rotor structure [49]. In line with these results, the downregulation of the & subunit
in HEK293 cells [71] or in yeast [72], caused a decrease in mitochondrial content and the
activity of ATP synthase, with an effect on ¢ subunit accumulation in HEK293 cells depleted
of the ¢ subunit [71].

One of the other mutations (c.985C>T) of the nuclear ATP5F1A gene encoding the o
subunit mentioned above was found in two different siblings who died in the first weeks
of life [50]. The severity of this phenotype depends on the fact that the wild-type allele of
the mother was not expressed in the siblings. Patient fibroblasts showed a reduction in the
oxygen consumption rate, possibly caused by impairment of ATP synthase assembly and
function. These cells displayed, in line with a decreased enzyme assembly, a decreased
content of the subunits «, 3, OSCP or d, which are important for the enzyme catalysis [50].
The authors showed that the expression of the wild-type gene encoding the o subunit
in patient fibroblasts rescued the ATP synthase complex content and activity [50]. The
possible explanation of the functional effects of the described mutation proposed by the
authors implies that the substitution of arginine 329 for cysteine abolishes the three x-3
interactions in the catalytic core of the enzyme, with the consequent loss of stability of the
entire ATP synthase complex [50]. Another case is the homozygous c.962A>G mutation in
the ATP5F1A gene that was described in two sisters born from consanguineous first-cousin
parents. They both died early after birth with microcephaly, pulmonary hypertension and
heart failure [51]. Patient muscle tissue showed OXPHOS deficiency and mtDNA depletion.
Additionally, in this case, the p.Tyr321Cys mutation involved a highly conserved residue.
The expression of the analogous yeast variant (ATP1: p.Tyr315Cys) in an ATP1 knockout
strain reflected the same severe phenotype with mtDNA loss, decrease of mitochondrial
membrane potential and petite phenotype [51]

Other examples of nuclear mutations known to cause a mitochondrial dysfunction
involved the 6 subunit and its ATP5F1D gene. Two different homozygous mutations,
¢.245C>T (p.Pro82Leu) and ¢.317T>G (p.Vall06Gly), were found in two unrelated indi-
viduals with a metabolic disorder [52]. Cultured skin fibroblasts from these individuals
showed an impaired ATP synthase assembly, as revealed through BN-PAGE, and decreased
enzyme activity. Moreover, in both subjects, the amount of the § subunit was unchanged
but not that of other subunits like «, f or OSCP, which were decreased in abundance.
Through in silico modeling, the authors found that each of the amino acid substitutions
induces changes in the predicted structure of the protein. According to these data, they
hypothesized that these changes can alter the ability of the 6 subunit to bind and interact
with the F; subunits and thus affect the proper assembly of the enzyme. The pathogenic-
ity of the two ATP5F1D variants was corroborated by studies performed in Drosophila.
Indeed, both the mutated proteins were unable to complement the phenotypic defects
caused by the 6 subunit depletion in Drosophila, whereas the human wild-type subunit
did [52]. Interestingly, and in line with the effect on the enzyme assembly, fibroblasts from
the patient with a ¢.245C>T mutation showed significant decrease in mitochondrial cristae
content [63], a fact consistent with the role of ATP synthase dimers in maintaining normal
mitochondrial cristae morphology [73,74].

Recently, a novel homozygous splice-site mutation (c.87+1G>C) in the ATP synthase
ATP5MK gene (encoding the DAPIT subunit) was described in three unrelated Ashkenazi
Jewish families. The mutation negatively affects enzyme dimerization and ATP synthesis
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rate. Rescue with wild-type ATP5MK cDNA in patient fibroblasts restored the DAPIT
protein levels, and enhanced ATP synthase dimers and their activity [53].

The biosynthesis of the eukaryotic ATP synthase is a highly organized process that
requires the action of specific assembly factors [56,75-79]. It was shown that mutations
in some of these “chaperone” proteins, named ATPA12 and transmembrane protein 70
(TMEMY0), can be responsible for secondary ATP synthase deficiencies [80], leading to
altered assembly and compromised activity of the enzyme.

The ATP12 protein is known to interact with the unassembled & subunit and is essential
for its incorporation into the ATP synthase complex [78]. In a genetic study, De Meitleir et al.
discovered a homozygous T>A missense mutation in exon 3 of the ATPAF2 gene in a
girl [54]. This mutation caused the amino acid substitution of a conserved tryptophan to
an arginine at position 94 (p.Trp94Arg), which decreased the solubility of the protein with
a tendency to aggregate [55]. The consequence is a severe decrease in the ATP synthase
complex assembly and activity [54], even if no alteration in the mitochondrial morphology
was observed in the fibroblasts derived from the patient carrying this mutation [55].

The other important regulatory protein in ATP synthase assembly is TMEM?70, lo-
calized in the inner mitochondrial membrane [77]. Different mutations have been found
over the years for TMEM70, with a broad spectrum of phenotypes and severity. The most
common features of the syndrome caused by TMEM70 mutations are a severe neonatal
lactic acidosis, 3-methlyglutaconinc aciduria, cardiomyopathy, facial dysmorphism and
mental retardation [7,81]. Early evidence for the role of TMEM70 in the enzyme assembly
came in 2008 [56] and was later confirmed when it was shown that TMEM70 promotes
the ATP synthase assembly by interacting with subunit c. This interaction facilitates the
incorporation of the ¢ subunit into the rotor structure of the enzyme within the inner
mitochondrial membrane [76,77]. The ¢.317-2A>G mutation, which was firstly reported at
the end of the second intron of the TMEM?70 gene, resulted in aberrant splicing and the loss
of the transcript. As a consequence, low ATP synthase activity and assembly were observed.
Fibroblast carrying this mutation were complemented with the wild-type TMEM?70, which
rescued structural and functional changes of ATP synthase, suggesting, for the first time,
the importance of TMEM70 in the enzyme assembly [56]. All patients affected by this
common mutation that were later diagnosed and exhibited ATP synthase deficiencies
similar to the aforementioned case [57-59]. Other, less-common mutations on the TMEM70
gene were found in many patients from different ethnic groups, with various phenotypes
ranging from the absence of TMEMY70 protein due to the premature stop codon, to the
synthesis of an incomplete truncated form of the factor, lacking functional or structural
domains [7,58,81-84]. As expected, a mitochondrial defect characterized by a decrease
in ATP synthase assembly and activity was described in these patients [58,83,84]. Mito-
chondrial ultrastructural analysis in some TMEM70 mutant samples showed a fragmented
mitochondrial network and impaired mitochondrial morphology, swollen mitochondria
or altered and concentric cristae [57-59,84] in line with the role of properly assembled
ATP synthase in cristae shaping [73,74]. However, it has been shown that the disrupted
mitochondrial cristae architecture in some patients also impairs the activity and localization
of other OXPHOS complexes, increasing the severity of the disease [57,58,84]. Importantly,
the mitochondrial effects caused by TMEM?70 mutations could be completely restored by
complementation with the wild-type gene [84].

3. ATP Synthase Dysfunctions in other Human Diseases

The ATP synthase dysfunctions involved in the pathogenic events, leading to cardio-
vascular, neurodegenerative and neurocognitive diseases are described below and shown
in Figure 2.
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Figure 2. Schematic representation of the ATP synthase modifications involved in the progression of
human diseases. Cardiovascular, Alzheimer’s, Amyotrophic Lateral Sclerosis (ALS), fragile X, Batten
and Parkinson’s diseases are shown with different colors in the external perimeter. Changes in ATP
synthase catalytic activity, assembly, subunit levels or subunit post-translational modifications and
their consequence on mitochondrial morphology are listed inside the circle in correspondence of
each related disease.

3.1. Cardiovascular Disease and Cardio-Protection

Myocardial cell death due to ischemia—reperfusion is a major cause of morbidity
and mortality in western nations. Rouslin has first demonstrated downregulation of the
mitochondrial ATP synthase activity in ischemic heart tissue from different animals [85,86].
Under ischemic condition, the ATP synthase works in reverse hydrolyzing ATP. Thus, inhi-
bition of the ATP synthase hydrolytic activity under these conditions conserves cellular ATP
levels. The membrane potential prevents uncontrolled influx of ATP into the mitochondrial
matrix via the electrogenic ATP/ADP translocator, thus limiting ATP hydrolysis. Further-
more, it is stated that during ischemia, the mitochondrial ATPase inhibitor protein (IF1)
binds to and inhibits the mitochondrial ATPase, thereby conserving ATP [85,87-89]. IF1
can also contribute to the myocardial ischemic preconditioning, reducing the mitochondria
damage during early reperfusion [90]. Cyclophilin D (CyPD), the permeability transition
pore modulator, which also inhibits the ATPase catalytic activity [91], may contribute in
preventing ATP dissipation as an additional mechanism of ATP synthase modulation.

The reintroduction of oxygen during reperfusion allows the generation of ATP, but
the damage to the electron transport chain results in increased mitochondrial generation of
ROS. The catalytic activity of ATP synthase has been shown to be regulated in the presence
of ROS in several cardiovascular studies, a fact which might be caused by oxidation of
specific enzyme residues [92]. Mitochondrial Ca* overload and increased ROS can result
in opening of the mitochondrial permeability transition pore, which further compromises
cellular energetics and induces cell death. Apart from permeability transition-directed
therapies [93], the cardioprotective strategy of ischemic preconditioning (PC), first de-
scribed in 1986, provided an indication of the magnitude of the possible cardioprotective
effect [94]. The rate of ATP consumption during ischemia is slower in PC hearts [95,96].
The full mechanism by which PC reduces ATP break down during ischemia remains still



Life 2021, 11, 325

90f19

unknown. Interestingly, cardiac-specific overexpression of the antiapoptotic protein Bcl-2,
overexpression of the cardioprotective PKC-¢ and adenosine pretreatment have all been
shown to slow the rate of ATP breakdown during ischemia [97-99]. Di Lisa et al. used the
fluorescent membrane potential-sensitive dye JC1 to measure mitochondrial A in anoxic
rat cardiomyocytes and showed a biphasic decline in A [100]. These authors showed that
glycolytically generated ATP was used to maintain A1, since Al was shown to decline
more rapidly during ischemia in the presence of oligomycin, an ATP synthase inhibitor.
Leyssens et al. obtained similar results using JC1 to measure Ay in rat cardiomyocytes
metabolically inhibited with cyanide and 2-deoxyglucose [101]. These data support the con-
clusion that ATP synthase is a major consumer of ATP during ischemia and/or metabolic
inhibition, and they further demonstrated that the consumption of glycolytic ATP is used
to maintain Ay [87].

It was proposed that PC promoted earlier binding of the IF1 to ATP synthase. How-
ever, studies by two different groups using submitochondrial particles found no evidence
supporting inhibition of the ATPase in PC hearts [102,103]. Other groups, on the other hand,
have reported that PC and diazoxide enhance the IF1 binding to ATP synthase [104-106]. A
previous study has also reported that pharmacological PC with adenosine results in increased
phosphorylation of the 3 subunit of the ATP synthase [107], although the functional effects of
phosphorylation on the ATPase activity were not addressed. Subsequent studies aimed at
generating different yeast mutants to better define the role of the 3 subunit phosphorylation,
demonstrated its impact on enzyme assembly/stability and catalytic activity [108].

Additionally, changes in the amount of ATP synthase subunits have been shown in
other cardiac patients. During an inflammatory cardiomyopathy occurring in patients
affected by chronic Chagas disease, the most characteristic histopathological lesions are con-
sistent with inflammation and a myocardial remodeling process such as T-cell/macrophage-
rich myocarditis, hypertrophy and fibrosis [109]. Protein analysis showed a 20% decrease
in the ATP synthase subunits « and 3 in the myocardium of chronic Chagas patients com-
pared to myocardial samples from individuals without cardiomyopathies [110]. Since the
analysis of the mRNA levels did not show significant differences [110], it seems plausible
that a modulation at the level of subunit turnover or enzyme assembly might occur in
chronic Chagas patients.

3.2. Neurodegenerative Diseases

The neurodegenerative diseases include AD, PD, ALS and Multiple Sclerosis (MS), injury
to the central nervous system (CNS) through chronic low-grade hypoxia, the rarer Hunting-
ton’s disease (HD), Wilson’s disease and Freidreich’s Ataxia. In all these diseases, impaired
ATP generation causes a failure of cellular homeostasis, with a number of consequences,
including the ionic imbalance, altered Ca®*-dependent transmission of information in the
CNS and ultimately, necrotic or apoptotic cell death, depending on ATP depletion.

The first study to implicate ATP synthase in AD etiology found decreased level of the
entire complex in the hippocampal tissue of AD patients through BN-PAGE analysis [111].
Whether the impaired complex stability in AD patients during detergent extraction also
reflects changes in the catalytic activity of ATP synthase is still debated in the literature.
An early study found no significant decrease in the ATP synthase catalytic activity in iso-
lated mitochondria from AD patient hippocampal tissue, motor cortex and platelets [112].
However, there is evidence of post-translational modifications occurring in AD with conse-
quences on the ATP synthase activity. In the hippocampus of AD patients, the & subunit was
shown to be excessively nitrated in comparison to age-matched control brains [113], a post-
translational modification that has been shown to inhibit the ATP synthase catalysis [92].
The o subunit can be subjected to glycosylation with O-linked 3-N-acetylglucosamine
(O-GlcNAcylated) on the Thr432 residue. This modification was reduced in brains of AD
patients, Tg AD mice and in A(-treated mammalian cell cultures—resulting in reduced ATP
levels [114]. Molecular modelling and co-IP experiments with deletion mutants of the &
and {3 subunits showed that A3 directly blocks the O-GlcNAcylation of this Thr432 residue.
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Interestingly, the O-GlcNAcylation of Thr432 that had been inhibited by A3 was rescued
by treatment with the O-GlcNAcase inhibitor. These findings are particularly noteworthy
as the authors demonstrated a chemical mechanism for the interaction of the A peptide
with mitochondrial ATP synthase, which could provide a potential therapeutic target for
AD [114]. Another post-translational modification was shown in the presence of a lipid
peroxidation product, 4-hydroxy-2-nonenal (4-HNE) [115]. This product was shown to
modify the « subunit of ATP synthase. It caused a 35%-decrease of ATP hydrolysis in the
hippocampal tissue of early stage AD individuals with mild cognitive impairment [116]
and a 30%-decreased ATP synthase activity in the entorhinal cortex [117], suggesting that
oxidative stress precedes the presence of A3 in the affected tissue.

Multiple studies have pointed to a decrease in the levels of ATP synthase subunits in
AD models. A decreased expression was observed in several of the nuclear ATP synthase
genes in the posterior cingulate cortex, hippocampal field CA1, middle temporal gyrus,
entorhinal cortex and posterior cingulate neurons [118]. A study using induced pluripotent
stem cell (iPSC) -derived hippocampal neuronal cells, with familial associated presenilin
1 (PS1) mutation M146, observed a decreased level of the ATP synthase complex while
PS1 expression was kept at physiological levels [119]. Neuroblastoma cells expressing the
ApoE4 allele of the ApoE gene, the major genetic risk factor for sporadic AD, showed a
reduction in the levels of all detected ATP synthase subunits [120]. A reduced expression
of the catalytic 3 subunit mRNA levels by over 50% was found in the mid-temporal cortex
of AD patient brains [121]. In another study linking A3 peptides with ATP synthase in AD,
rats receiving a bilateral intrahippocampal injection of A3 showed a significant decrease in
the levels of 3 subunit of ATP synthase [122]. Gene expression analysis of the entorhinal
cortex of AD patient brains showed reduced expression of v, §, ¢, and 3 subunit genes [123].
The subunits 3, d, e, and F6 were down-regulated in the early-onset AD, as revealed by
the iTRAQ quantitative mass spectrometric technique [124], whereas another proteomics
analysis of hippocampal subcellular fractions from a murine AD model showed a decreased
level of the peripheral stalk subunit d [125]. Interestingly, the d subunit gene was firstly
thought to be genetic risk factor for AD in a genome wide association study [126].

On the contrary, increased expression was found for the ATP synthase « subunit gene in
a Transgenic Swedish APP mouse (Tg2576) model for AD, with increased levels of amyloid
plaque formation in the brain [127]. Moreover, a transgenic mice line (J20 Tg) producing a
mutant form of APP, corresponding to the Swedish and Indiana familial forms of AD, showed
a 12.2-fold increase in the o subunit level in a whole brain homogenate [128]. One might
speculate that the increased subunit levels are due to an adaptive response only occurring
in the AD animal models. Yet, in 2004 a study in AD patients by Manczak et al. showed
increased mRNA levels for the mitochondrial ATP6 and ATPS genes in brains, while increased
levels of the  subunit in the frontal cortex by immunofluorescence analysis [129].

ATP synthase is further controlled by possible interactions with other proteins mod-
ulating its activity and influencing neurodegeneration. Selective loss of the peripheral
stalk subunit of ATP synthase, OSCP, was found in the brains of AD individuals and in
an AD mouse model [130]. OSCP loss and complex interactions with Af leads to reduced
ATP production, elevated oxidative stress and activated permeability transition [130]. The
authors suggested that the restoration of OSCP ameliorates A [3-mediated mouse and hu-
man neuronal mitochondrial impairments, including the effects on ATP synthesis and the
resultant synaptic injury [130]. This finding demonstrating the OSCP involvement in AD is
of particular interest, given that this subunit is the molecular-binding site for the CypD, the
matrix prolyl-cis-trans-isomerase, which has been shown to modulate ATP synthase cat-
alytic activity [91] and the ATP synthase transition to the permeability transition pore [131].
A previous study in an AD mouse model showed that neuronal and synaptic stress due to
the interaction of CypD with mitochondrial A are attenuated in CypD-deficient cortical
mitochondria. CypD deficiency protected neurons from Af3- and oxidative stress-induced
cell death, in a mechanism involving the permeability transition pore [132], which was
also confirmed in other AD transgenic mouse models [133]. Moreover, CypD levels, which
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increased in aging mice, have been shown to decrease ATP synthase activity and to promote
mitochondrial dysfunction [134]. Compared with non-synaptic mitochondria, the synaptic
mitochondria showed a greater degree of age-dependent accumulation of A3 and deficits in
mitochondrial function, as shown by increased mitochondrial permeability transition and
decline in respiration [135]. In an AD animal model (5XFAD mice) the genetic depletion
of CypD mitigates OSCP loss via ubiquitin-dependent OSCP degradation and attenuates
OSCP/Ap interaction preserving the ATP synthase function, mitochondrial bioenergetics
and improved mouse cognition [136]. The authors’ interpretation is that CypD is a critical
mediator that promotes OSCP deficits in AD-related conditions, providing a promising
therapeutic strategy to correct mitochondrial dysfunction for AD therapy.

The most frequent form of neurodegenerative disorder affecting movement, PD, is
caused by death of dopaminergic neurons in the mesencephalic region called substantia
nigra pars compacta. In astrocytes derived from PINKI-knockout mice, proliferation de-
fects were associated with a decrease in mitochondrial mass, membrane potential and ATP
production as well as an increase in cellular ROS. Treatment of wild-type astrocytes with
the ATP synthase inhibitor oligomycin was sufficient to mimic the proliferation phenotype
observed in PINKI-deficient murine cells [137]. Protein aggregation and mitochondrial
dysfunction are two central pathogenic processes in both familial and sporadic PD. How-
ever, the way in which these two processes converge to cause neurodegeneration was only
recently proposed. Protein aggregation causes x-synuclein to switch from its physiolog-
ical role to a pathological toxic gain of function form. Under physiological conditions,
monomeric «-synuclein improves ATP synthase efficiency [138]. On the other hand, ag-
gregation of a-synuclein monomers generates beta sheet-rich oligomers localized in the
mitochondria in close proximity to several mitochondrial proteins including ATP synthase.
Oligomers induce selective oxidation of the ATP synthase 3 subunit and mitochondrial
lipid peroxidation. These oxidation events are proposed to increase the probability of
permeability transition pore opening, triggering mitochondrial swelling and, ultimately,
cell death [139]. Moreover, the protein DJ-1, linked to early onset PD, if defective, binds the
ATP synthase (3 subunit. The interaction with the wild-type form of DJ-1 decreased the
mitochondrial uncoupling and enhanced ATP production, while mutations in PARK7 gene
encoding DJ-1 (or PARK7-knockout) increased mitochondrial uncoupling and depolarized
neuronal mitochondria [140]. The Authors suggested that this observation may depend on
the presence of a leak at the level of the c-ring of ATP synthase in the membrane, which
may be closed by pharmacological treatment [140].

ALS is an appalling neurodegenerative disease characterized by the loss of spinal
motor neurons, which is rapidly progressive and lethal [141]. The most common genetic
form of the disease is caused by GGGGCC repeat expansion in the CIORF72 gene. It was
found that poly(GR) preferentially binds to the ATP synthase « subunit and promotes its
degradation via the ubiquitin-proteasome pathway. Moreover, inducing the expression
of ATP5F1A gene in poly(GR)-expressing neurons or reducing the poly(GR) level in adult
mice after disease onset, rescued poly(GR)-induced neurotoxicity [142].

In a small subset of patients, the disease is caused by mutations in superoxide dismutase
1[143]. Transgenic mice producing the mutant protein display mitochondrial alterations,
including swelling, respiratory inhibition and an elevated generation of ROS [144,145].
Another form of ALS is caused by mutant forms of fused in sarcoma or translocated in
liposarcoma (FUS), which is a multifunctional DNA /RNA-binding protein associated with
neurodegeneration. In both cellular and animal models, the expression of wild-type or
an ALS-associated mutant (p.Pro525Leu) FUS disrupts the formation of the mitochondrial
ATP synthase supercomplexes and suppresses the activity of ATP synthase, resulting in
mitochondrial cristae loss followed by mitochondrial fragmentation. Expression of FUS
increases levels of the 3 subunit which is not properly assembled, and importantly, the
downregulation of this subunit by RNA interference partially rescues neurodegenerative
phenotypes [146]. In other studies, fibroblasts from patients affected by frontotemporal
dementia and ALS presented mitochondrial ultrastructural alterations and fragmentation of
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the mitochondrial network together with respiratory chain deficiency. A missense mutation
was identified (c.176C>T; p.Ser59Leu) in the CHCHD10 gene which encodes a mitochondrial
coiled-coil helix protein, whose function is unknown. Blue native-PAGE analysis of patient
muscles revealed altered ATP synthase assembly which might contribute to the described
abnormal organization of cristae morphology in these patients [147].

3.3. The ¢ Subunit of ATP Synthase and Neurodevelopmental Disorders

Fragile X-related disorders are due to a dynamic mutation of the CGG repeat in the
FMR1 gene on chromosome X, encoding for the RNA-binding protein FMRP. In patients
these disorders are associated to mental retardation and neurocognitive deficits. In primary
human-derived fibroblasts, mitochondrial morphology is altered and displays “donut-
shaped” organelles [148]. The mouse model of fragile X syndrome, the knockout of FMR1,
resembled the human phenotype. Mouse brain mitochondria displayed a decreased ATP
synthesis, while showing higher activities of the isolated respiratory chain complexes
than in controls, suggesting a possible defect at the level of ATP synthase [149]. More
recently, Elizabeth Jonas and coworkers showed that fragile X-affected neurons from mouse
synthesized lower levels of cellular ATP [150]. These authors observed for the first time an
increased level of the ATP synthase (3 subunit, an accumulation of the ¢ subunit in insoluble
aggregates in brain mitochondria and the presence of a proton leak in the F, sector of the
enzyme [150]. This finding can explain the decreased ATP synthesis in spite of a fully
active respiratory chain shown in FMR1- knockout mouse [149]. The presence of ¢ subunit
aggregates was also revealed in the group of neuronal ceroid-lipofuscinoses diseases that
are linked by common clinical and pathological features falling under the description of
Batten disease. Although the ceroid-lipofuscinoses present pathologically as lysosomal
storage diseases, there is severe but selective neurodegeneration that leads to the clinical
signs of dementia, blindness, seizures, and premature death. It was the accumulation of
subunit ¢ of mitochondrial ATP synthase in lysosomes of ovine tissues that are models of
ceroidlipofuscinosis that first drew attention to the possible association of mitochondrial
dysfunction with the pathogenesis of these diseases. It was reasoned that accumulation
of storage bodies containing the ¢ subunit within lysosomes was the consequence of a
defect in its catabolic pathway [151]. This hypothesis was extended to include its initial
disassembly from the “F, complex domain” of ATP synthase in the inner mitochondrial
membrane [152]. This would be the initial step in the catabolic pathway and could depend
on enzymes such as phospholipases rather than a protease [152]. Ca?* causes a decrease
of ATPase activity in isolated liver mitochondria from the ovine model of the disease, in
comparison to controls displaying higher ATPase activity in the presence of Ca2* [152], a
fact that might be explained by proton leak but awaits further studies to be clarified.

4. Conclusions

The mitochondrial ATP synthase is a multi-subunit complex fundamental for the
mitochondrial function and ATP synthesis under physiological conditions. In this review,
we gave an update on the involvement of this mitochondrial enzyme in human diseases,
such as encephalo- and cardiomyopathies of mitochondrial or nuclear origin, cardiovascu-
lar, neurodegenerative diseases or neurocognitive disorders, ranging from those that are
caused by specific ATP synthase gene mutations to those that are instead initiated by other
factors but are promoted by dysfunctions in the enzyme assembly and catalytic activity.

We here analyzed altered expressions of ATP synthase genes, enzyme subunit compo-
sition, post-translational modifications and interactions as causes of altered ATP synthase
complex assembly and activity in human diseases, leading to mitochondrial morphology
alterations and cell death.

Author Contributions: Conceptualization, V.G., A.B. and C.G.; writing—original draft preparation,
V.G. and A.B.; writing—review and editing, V.G., A.B., C.G. and S.C. and funding acquisition, V.G.
All authors have read and agreed to the published version of the manuscript.



Life 2021, 11, 325 13 of 19

Funding: The research in the authors’ laboarory received funding from AIRC under the MFAG
2017-ID. 20316 and PRIN 2017-ID. 201789LFKB projects, P.I. Giorgio Valentina.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data or in the writing of the manuscript.

References

1.  Saraste, M. Oxidative Phosphorylation at the Fin de Siecle. Science 1999, 283, 1488-1493. [CrossRef] [PubMed]

2. Boyer, P.D. The Atp Synthase—A Splendid Molecular Machine. Annu. Rev. Biochem. 1997, 66, 717-749. [CrossRef] [PubMed]

3. Rees, D.M.; Montgomery, M.G.; Leslie, A.G.W.; Walker, ].E. Structural Evidence of a New Catalytic Intermediate in the Pathway
of ATP Hydrolysis by F1-ATPase from Bovine Heart Mitochondria. Proc. Natl. Acad. Sci. USA 2012, 109, 11139-11143. [CrossRef]
[PubMed]

4. Sgarbi, G.; Barbato, S.; Costanzini, A.; Solaini, G.; Baracca, A. The Role of the ATPase Inhibitor Factor 1 (IF1) in Cancer Cells
Adaptation to Hypoxia and Anoxia. Biochim. Biophys. Acta Bioenerg. 2018, 1859, 99-109. [CrossRef] [PubMed]

5. Wallace, D.C. Mitochondrial DNAMutations in Disease and Aging. Environ. Mol. Mutagen. 2010, 51, 440-450. [CrossRef]
[PubMed]

6.  Franco, L.V.R,; Bremner, L.; Barros, M.H. Human Mitochondrial Pathologies of the Respiratory Chain and ATP Synthase:
Contributions from Studies of Saccharomyces Cerevisiae. Life 2020, 10, 304. [CrossRef]

7.  Hejzlarova, K.; Mracek, T.; Vrbacky, M.; Kaplanova, V.; Karbanova, V.; Ntskova, H.; Pecina, P.; Housték, J. Nuclear Genetic
Defects of Mitochondrial ATP Synthase. Physiol. Res. 2014, 63, 57-71. [CrossRef] [PubMed]

8. Chinnery, P.F. Mitochondrial Disease in Adults: What’s Old and What's New? EMBO Mol. Med. 2015, 7, 1503-1512. [CrossRef]

9.  Ng, Y.S,; Turnbull, D.M. Mitochondrial Disease: Genetics and Management. J. Neurol. 2016, 263, 179-191. [CrossRef]

10. Stewart, ].B.; Chinnery, P.F. The Dynamics of Mitochondrial DNA Heteroplasmy: Implications for Human Health and Disease.
Nat. Rev. Genet. 2015, 16, 530-542. [CrossRef]

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

12. Dimauro, S.; Schon, E.A. Mitochondrial Respiratory-Chain Diseases. N. Engl. . Med. 2003, 348, 2656-2668. [CrossRef] [PubMed]

13. Zeviani, M.; Carelli, V. Mitochondrial Disorders. Curr. Opin. Neurol. 2007, 20, 564-571. [CrossRef] [PubMed]

14. Vafai, S.B.; Mootha, V.K. Mitochondrial Disorders as Windows into an Ancient Organelle. Nature 2012, 491, 374-383. [CrossRef]

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

16. Walker, J.E. The ATP Synthase: The Understood, the Uncertain and the Unknown. Biochem. Soc. Trans. 2013, 41, 1-16. [CrossRef]
[PubMed]

17.  Watt, LN.; Montgomery, M.G.; Runswick, M.].; Leslie, A.G.W.; Walker, ].E. Bioenergetic Cost of Making an Adenosine Triphosphate
Molecule in Animal Mitochondria. Proc. Natl. Acad. Sci. USA 2010, 107, 16823-16827. [CrossRef] [PubMed]

18.  Zhou, A.; Rohou, A ; Schep, D.G.; Bason, J.V.; Montgomery, M.G.; Walker, J.E.; Grigorieffniko, N.; Rubinstein, J.L. Structure and
Conformational States of the Bovine Mitochondrial ATP Synthase by Cryo-EM. Elife 2015, 4, 1-15. [CrossRef]

19. Walker, J.E. ATP Synthesis by Rotary Catalysis (Nobel Lecture). Angev. Chem. Int. Ed. 1998, 37, 2308-2319. [CrossRef]

20. Collinson, I.R.; van Raai], M.J.; Runswick, ].M.; Fearnley, . M.; Skehel, ] M.; Orriss, G.L.; Miroux, B.; Walker, J.E. ATP Synthase
from Bovine Heart Mitochondria: In Vitro Assembly of a Stalk Complex in the Presence of F1-ATPase and in Its Absence. J. Mol.
Biol. 1994, 242, 408-421. [CrossRef]

21. Dickson, V.K,; Silvester, J.A.; Fearnley, LM.; Leslie, A.G.W.; Walker, ].E. On the Structure of the Stator of the Mitochondrial ATP
Synthase. EMBO ]. 2006, 25, 2911-2918. [CrossRef]

22.  Collinson, LR.; Skehel, ].M.; Fearnley, L.M.; Runswick, M.].; Walker, ].E. The F1F0-ATPase Complex from Bovine Heart Mitochon-
dria: The Molar Ratio of the Subunits in the Stalk Region Linking the F1 and FO Domains. Biochemistry 1996, 35, 12640-12646.
[CrossRef]

23.  Chen, R.; Runswick, M.].; Carroll, J.; Fearnley, .M.; Walker, J.E. Association of Two Proteolipids of Unknown Function with ATP
Synthase from Bovine Heart Mitochondria. FEBS Lett. 2007, 581, 3145-3148. [CrossRef]

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

25. He,].; Ford, H.C,; Carroll, J.; Douglas, C.; Gonzales, E.; Ding, S.; Fearnley, L M.; Walker, J.E. Assembly of the Membrane Domain
of ATP Synthase in Human Mitochondria. Proc. Natl. Acad. Sci. USA 2018, 115, 2988-2993. [CrossRef] [PubMed]

26. Galber, C.; Acosta, M.].; Minervini, G.; Giorgio, V. The Role of Mitochondrial ATP Synthase in Cancer. Biol. Chem. 2020, 401,
1199-1214. [CrossRef] [PubMed]

27. Solaini, G.; Sgarbi, G.; Baracca, A. Oxidative Phosphorylation in Cancer Cells. Biochim. Biophys. Acta Bioenerg. 2011, 1807, 534-542.

[CrossRef] [PubMed]


http://doi.org/10.1126/science.283.5407.1488
http://www.ncbi.nlm.nih.gov/pubmed/10066163
http://doi.org/10.1146/annurev.biochem.66.1.717
http://www.ncbi.nlm.nih.gov/pubmed/9242922
http://doi.org/10.1073/pnas.1207587109
http://www.ncbi.nlm.nih.gov/pubmed/22733764
http://doi.org/10.1016/j.bbabio.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/29097244
http://doi.org/10.1002/em
http://www.ncbi.nlm.nih.gov/pubmed/20544884
http://doi.org/10.3390/life10110304
http://doi.org/10.33549/physiolres.932643
http://www.ncbi.nlm.nih.gov/pubmed/24564666
http://doi.org/10.15252/emmm.201505079
http://doi.org/10.1007/s00415-015-7884-3
http://doi.org/10.1038/nrg3966
http://doi.org/10.15698/mic2015.04.197
http://doi.org/10.1056/NEJMra022567
http://www.ncbi.nlm.nih.gov/pubmed/12826641
http://doi.org/10.1097/WCO.0b013e3282ef58cd
http://www.ncbi.nlm.nih.gov/pubmed/17885446
http://doi.org/10.1038/nature11707
http://doi.org/10.1073/pnas.2013998117
http://doi.org/10.1042/BST20110773
http://www.ncbi.nlm.nih.gov/pubmed/23356252
http://doi.org/10.1073/pnas.1011099107
http://www.ncbi.nlm.nih.gov/pubmed/20847295
http://doi.org/10.7554/eLife.10180
http://doi.org/10.1002/(SICI)1521-3773(19980918)37:17&lt;2308::AID-ANIE2308&gt;3.0.CO;2-W
http://doi.org/10.1016/S0022-2836(84)71591-9
http://doi.org/10.1038/sj.emboj.7601177
http://doi.org/10.1021/bi960969t
http://doi.org/10.1016/j.febslet.2007.05.079
http://doi.org/10.1126/science.aao4815
http://www.ncbi.nlm.nih.gov/pubmed/29074581
http://doi.org/10.1073/pnas.1722086115
http://www.ncbi.nlm.nih.gov/pubmed/29440398
http://doi.org/10.1515/hsz-2020-0157
http://www.ncbi.nlm.nih.gov/pubmed/32769215
http://doi.org/10.1016/j.bbabio.2010.09.003
http://www.ncbi.nlm.nih.gov/pubmed/20849810

Life 2021, 11, 325 14 of 19

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Dautant, A.; Meier, T.; Hahn, A.; Tribouillard-Tanvier, D.; di Rago, J.P.; Kucharczyk, R. ATP Synthase Diseases Of Mitochondrial
Genetic Origin. Front. Physiol. 2018, 9, 1-16. [CrossRef] [PubMed]

Sgarbi, G.; Baracca, A.; Lenaz, G.; Valentino, L.M.; Carelli, V.; Solaini, G. Inefficient Coupling between Proton Transport and ATP
Synthesis May Be the Pathogenic Mechanism for NARP and Leigh Syndrome Resulting from the T8993G Mutation in MtDNA.
Biochem. ]. 2006, 395, 493-500. [CrossRef] [PubMed]

Baracca, A.; Sgarbi, G.; Mattiazzi, M.; Casalena, G.; Pagnotta, E.; Valentino, M.L.; Moggio, M.; Lenaz, G.; Carelli, V.; Solaini, G.
Biochemical Phenotypes Associated with the Mitochondrial ATP6 Gene Mutations at Nt8993. Biochim. Biophys. Acta Bioenerg.
2007, 1767, 913-919. [CrossRef]

Solaini, G.; Harris, D.A.; Lenaz, G.; Sgarbi, G.; Baracca, A. The Study of the Pathogenic Mechanism of Mitochondrial Diseases
Provides Information on Basic Bioenergetics. Biochim. Biophys. Acta Bioenerg. 2008, 1777, 941-945. [CrossRef]

Baracca, A.; Barogi, S.; Carelli, V.; Lenaz, G.; Solaini, G. Catalytic Activities of Mitochondrial ATP Synthase in Patients with
Mitochondrial DNA T8993G Mutation in the ATPase 6 Gene Encoding Subunit A. J. Biol. Chem. 2000, 275, 4177-4182. [CrossRef]
Carelli, V,; Baracca, A.; Barogi, S.; Pallotti, F.; Valentino, M.L.; Montagna, P.; Zeviani, M.; Pini, A.; Lenaz, G.; Baruzzi, A.; et al.
Biochemical-Clinical Correlation in Patients with Different Loads of the Mitochondrial DNA T8993G Mutation. Arch. Neurol.
2002, 59, 264-270. [CrossRef] [PubMed]

Kucharczyk, R.; Salin, B.; Di Rago, J.P. Introducing the Human Leigh Syndrome Mutation T9176G into Saccharomyces Cerevisiae
Mitochondrial DNA Leads to Severe Defects in the Incorporation of Atp6p into the ATP Synthase and in the Mitochondrial
Morphology. Hum. Mol. Genet. 2009, 18, 2889-2898. [CrossRef] [PubMed]

Kucharczyk, R.; Ezkurdia, N.; Couplan, E.; Procaccio, V.; Ackerman, S.H.; Blondel, M.; di Rago, J.P. Consequences of the
Pathogenic T9176C Mutation of Human Mitochondrial DNA on Yeast Mitochondrial ATP Synthase. Biochim. Biophys. Acta
Bioenerg. 2010, 1797, 1105-1112. [CrossRef] [PubMed]

Ganetzky, R.D.; Stendel, C.; McCormick, E.M.; Zolkipli-Cunningham, Z.; Goldstein, A.C.; Klopstock, T.; Falk, M.]. MT-ATP6
Mitochondrial Disease Variants: Phenotypic and Biochemical Features Analysis in 218 Published Cases and Cohort of 14 New
Cases. Hum. Mutat. 2019, 40, 499-515. [CrossRef] [PubMed]

Moslemi, A.R.; Darin, N.; Tulinius, M.; Oldfors, A.; Holme, E. Two New Mutations in the MTATP6 Gene Associated with Leigh
Syndrome. Neuropediatrics 2005, 36, 314-318. [CrossRef]

Castagna, A.E.; Addis, J.; McInnes, R.R.; Clarke, ].T.R.; Ashby, P,; Blaser, S.; Robinson, B.H. Late Onset Leigh Syndrome and
Ataxia Due to a T to C Mutation at Bp 9185 of Mitochondrial DNA. Am. J. Med. Genet. 2007, 143, 808-816. [CrossRef] [PubMed]
Kabala, A.M.; Lasserre, ].P.; Ackerman, S.H.; Di Rago, J.P.; Kucharczyk, R. Defining the Impact on Yeast ATP Synthase of Two
Pathogenic Human Mitochondrial DNA Mutations, T9185C and T9191C. Biochimie 2014, 100, 200-206. [CrossRef]

Burrage, L.C.; Tang, S.; Wang, J.; Donti, T.R.; Walkiewicz, M.; Luchak, ].M.; Chen, L.C.; Schmitt, E.S.; Niu, Z.; Erana, R.; et al.
Mitochondrial Myopathy, Lactic Acidosis, and Sideroblastic Anemia (MLASA) plus Associated with a Novel de Novo Mutation
(m.8969G>A) in the Mitochondrial Encoded ATP6 Gene. Mol. Genet. Metab. 2014, 113, 207-212. [CrossRef]

Wen, S.; Niedzwiecka, K.; Zhao, W.; Xu, S.; Liang, S.; Zhu, X,; Xie, H.; Tribouillard-Tanvier, D.; Giraud, M.E; Zeng, C.; et al.
Identification of G8969>A in Mitochondrial ATP6 Gene That Severely Compromises ATP Synthase Function in a Patient with IgA
Nephropathy. Sci. Rep. 2016, 6, 1-12. [CrossRef]

Skoczen, N.; Dautant, A.; Binko, K.; Godard, E,; Bouhier, M.; Su, X.; Lasserre, J.P.; Giraud, M.E,; Tribouillard-Tanvier, D.; Chen,
H.; et al. Molecular Basis of Diseases Caused by the MtDNA Mutation m.8969G>A in the Subunit a of ATP Synthase. Biochim.
Biophys. Acta Bioenerg. 2018, 1859, 602—611. [CrossRef] [PubMed]

Jackson, C.B.; Hahn, D.; Schréter, B.; Richter, U.; Battersby, B.].; Schmitt-Mechelke, T.; Marttinen, P.; Nuoffer, ].M.; Schaller, A. A
Novel Mitochondrial ATP6 Frameshift Mutation Causing Isolated Complex V Deficiency, Ataxia and Encephalomyopathy. Eur. J.
Med. Genet. 2017, 60, 345-351. [CrossRef] [PubMed]

Ware, S.M.; El-Hassan, N.; Kahler, S.G.; Zhang, Q.; Ma, YW.; Miller, E.; Wong, B.; Spicer, R.L.; Craigen, W.J.; Kozel, B.A; et al.
Infantile Cardiomyopathy Caused by a Mutation in the Overlapping Region of Mitochondrial ATPase 6 and 8 Genes. |. Med.
Genet. 2009, 46, 308-314. [CrossRef] [PubMed]

Imai, A; Fujita, S.; Kishita, Y.; Kohda, M.; Tokuzawa, Y.; Hirata, T.; Mizuno, Y.; Harashima, H.; Nakaya, A.; Sakata, Y.; et al.
Rapidly Progressive Infantile Cardiomyopathy with Mitochondrial Respiratory Chain Complex v Deficiency Due to Loss of
ATPase 6 and 8 Protein. Int. J. Cardiol. 2016, 207, 203-205. [CrossRef]

Jonckheere, A.L; Hogeveen, M.; Nijtmans, L.G.J.; van den Brand, M.A.M.; Janssen, A.].M.; Diepstra, ] H.S.; van den Brandt,
F.C.A.; van den Heuvel, L.P,; Hol, EA_; Hofste, T.G.J.; et al. A Novel Mitochondrial ATP8 Gene Mutation in a Patient with Apical
Hypertrophic Cardiomyopathy and Neuropathy. J. Med. Genet. 2008, 45, 129-133. [CrossRef]

Kytovuori, L.; Lipponen, J.; Rusanen, H.; Komulainen, T.; Martikainen, M.H.; Majamaa, K. A Novel Mutation m.8561C>G in
MT-ATP6/8 Causing a Mitochondrial Syndrome with Ataxia, Peripheral Neuropathy, Diabetes Mellitus, and Hypergonadotropic
Hypogonadism. J. Neurol. 2016, 263, 2188-2195. [CrossRef] [PubMed]

Fragaki, K.; Chaussenot, A.; Serre, V.; Acquaviva, C.; Bannwarth, S.; Rouzier, C.; Chabrol, B.; Paquis-Flucklinger, V. A Novel
Variant m.8561C>T in the Overlapping Region of MT-ATP6 and MT-ATPS in a Child with Early-Onset Severe Neurological Signs.
Mol. Genet. Metab. Rep. 2019, 21, 1-3. [CrossRef]


http://doi.org/10.3389/fphys.2018.00329
http://www.ncbi.nlm.nih.gov/pubmed/29670542
http://doi.org/10.1042/BJ20051748
http://www.ncbi.nlm.nih.gov/pubmed/16402916
http://doi.org/10.1016/j.bbabio.2007.05.005
http://doi.org/10.1016/j.bbabio.2008.04.034
http://doi.org/10.1074/jbc.275.6.4177
http://doi.org/10.1001/archneur.59.2.264
http://www.ncbi.nlm.nih.gov/pubmed/11843698
http://doi.org/10.1093/hmg/ddp226
http://www.ncbi.nlm.nih.gov/pubmed/19454486
http://doi.org/10.1016/j.bbabio.2009.12.022
http://www.ncbi.nlm.nih.gov/pubmed/20056103
http://doi.org/10.1002/humu.23723
http://www.ncbi.nlm.nih.gov/pubmed/30763462
http://doi.org/10.1055/s-2005-872845
http://doi.org/10.1002/ajmg.a.31637
http://www.ncbi.nlm.nih.gov/pubmed/17352390
http://doi.org/10.1016/j.biochi.2013.11.024
http://doi.org/10.1016/j.ymgme.2014.06.004
http://doi.org/10.1038/srep36313
http://doi.org/10.1016/j.bbabio.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/29778688
http://doi.org/10.1016/j.ejmg.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28412374
http://doi.org/10.1136/jmg.2008.063149
http://www.ncbi.nlm.nih.gov/pubmed/19188198
http://doi.org/10.1016/j.ijcard.2016.01.026
http://doi.org/10.1136/jmg.2007.052084
http://doi.org/10.1007/s00415-016-8249-2
http://www.ncbi.nlm.nih.gov/pubmed/27502083
http://doi.org/10.1016/j.ymgmr.2019.100543

Life 2021, 11, 325 15 of 19

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Mayr, J.A.; Havlickova, V.; Zimmermann, F.; Magler, I.; Kaplanova, V.; JeSina, P.; Pecinova, A.; Ntuskova, H.; Koch, J.; Sperl, W.;
et al. Mitochondrial ATP Synthase Deficiency Due to a Mutation in the ATP5E Gene for the F1 ¢ Subunit. Hum. Mol. Genet. 2010,
19, 3430-3439. [CrossRef] [PubMed]

Jonckheere, A.I; Herma Renkema, G.; Bras, M.; van den Heuvel, L.P.; Hoischen, A.; Gilissen, C.; Nabuurs, S.B.; Huynen, M.A; de
Vries, M.C.; Smeitink, ]. A.M.; et al. A Complex v ATP5A1 Defect Causes Fatal Neonatal Mitochondrial Encephalopathy. Brain
2013, 136, 1544-1554. [CrossRef]

Lieber, D.S.; Calvo, S.E.; Shanahan, K,; Slate, N.G.; Liu, S.; Hershman, S.G.; Gold, N.B.; Chapman, B.A.; Thorburn, D.R.; Berry,
G.T; et al. Targeted Exome Sequencing of Suspected Mitochondrial Disorders. Neurology 2013, 80, 1762-1770. [CrossRef]
Olahova, M.; Yoon, W.H.; Thompson, K.; Jangam, S.; Fernandez, L.; Davidson, ].M.; Kyle, ].E.; Grove, M.E.; Fisk, D.G.; Kohler,
J.N.; et al. Biallelic Mutations in ATP5F1D, Which Encodes a Subunit of ATP Synthase, Cause a Metabolic Disorder. Am. |. Hum.
Genet. 2018, 102, 494-504. [CrossRef] [PubMed]

Barca, E.; Ganetzky, R.D.; Potluri, P.,; Juanola-Falgarona, M.; Gai, X.; Li, D.; Jalas, C.; Hirsch, Y.; Emmanuele, V.; Tadesse, S.; et al.
USMGS5 Ashkenazi Jewish Founder Mutation Impairs Mitochondrial Complex V Dimerization and ATP Synthesis. Hum. Mol.
Genet. 2018, 27, 3305-3312. [CrossRef] [PubMed]

De Meirleir, L.; Seneca, S.; Lissens, W.; De Clercq, I.; Eyskens, F.; Gerlo, E.; Smet, ]J.; Van Coster, R. Respiratory Chain Complex V
Deficiency Due to a Mutation in the Assembly Gene ATP12. ]. Med. Genet. 2004, 41, 120-124. [CrossRef] [PubMed]

Meulemans, A.; Seneca, S.; Pribyl, T.; Smet, J.; Alderweirldt, V.; Waeytens, A.; Lissens, W.; van Coster, R.; De Meirleir, L.; Di Rago,
J.P; et al. Defining the Pathogenesis of the Human Atp12p W94R Mutation Using a Saccharomyces Cerevisiae Yeast Model. .
Biol. Chem. 2010, 285, 4099-4109. [CrossRef]

Cizkova, A.; Stranecky, V.; Mayr, J.A.; Tesafova, M.; Havlickovad, V.; Paul, J.; Ivanek, R.; Kuss, A.W.; Hansikova, H.; Kaplanova, V.;
et al. TMEM70 Mutations Cause Isolated ATP Synthase Deficiency and Neonatal Mitochondrial Encephalocardiomyopathy. Nat.
Genet. 2008, 40, 1288-1290. [CrossRef] [PubMed]

Cameron, ].M.; Levandovskiy, V.; MacKay, N.; Ackerley, C.; Chitayat, D.; Raiman, J.; Halliday, W.H.; Schulze, A.; Robinson, B.H.
Complex V TMEMY0 Deficiency Results in Mitochondrial Nucleoid Disorganization. Mitochondrion 2011, 11, 191-199. [CrossRef]
[PubMed]

Diodato, D.; Invernizzi, F.; Lamantea, E.; Fagiolari, G.; Parini, R.; Menni, E; Parenti, G.; Bollani, L.; Pasquini, E.; Donati, M.A.;
et al. Common and Novel TMEM70 Mutations in a Cohort of Italian Patients with Mitochondrial Encephalocardiomyopathy.
JIMD Rep. 2014, 4, 71-78. [CrossRef]

Braczynski, A.K.; Vlaho, S.; Miiller, K.; Wittig, L; Blank, A.E.; Tews, D.S.; Drott, U.; Kleinle, S.; Abicht, A.; Horvath, R.; et al.
ATP Synthase Deficiency Due to TMEM70 Mutation Leads to Ultrastructural Mitochondrial Degeneration and Is Amenable to
Treatment. Biomed Res. Int. 2015, 1-10. [CrossRef]

Kucharczyk, R.; Zick, M.; Bietenhader, M.; Rak, M.; Couplan, E.; Blondel, M.; Caubet, S.D.; di Rago, J.P. Mitochondrial ATP
Synthase Disorders: Molecular Mechanisms and the Quest for Curative Therapeutic Approaches. Biochim. Biophys. Acta Mol. Cell
Res. 2009, 1793, 186-199. [CrossRef]

Jonckheere, A.IL; Smeitink, ].A.M.; Rodenburg, R.J.T. Mitochondrial ATP Synthase: Architecture, Function and Pathology. J.
Inherit. Metab. Dis. 2012, 35, 211-225. [CrossRef] [PubMed]

Rak, M.; Tetaud, E.; Duvezin-Caubet, S.; Ezkurdia, N.; Bietenhader, M.; Rytka, J.; Di Rago, ].P. A Yeast Model of the Neurogenic
Ataxia Retinitis Pigmentosa (NARP) T8993G Mutation in the Mitochondrial ATP Synthase-6 Gene. . Biol. Chem. 2007, 282,
34039-34047. [CrossRef] [PubMed]

Kucharczyk, R.; Rak, M.; di Rago, ].P. Biochemical Consequences in Yeast of the Human Mitochondrial DNA 8993T > C Mutation
in the ATPase6 Gene Found in NARP/MILS Patients. Biochim. Biophys. Acta Mol. Cell Res. 2009, 1793, 817-824. [CrossRef]
[PubMed]

Kiihlbrandt, W.; Davies, K.M. Rotary ATPases: A New Twist to an Ancient Machine. Trends Biochem. Sci. 2016, 41, 106-116.
[CrossRef] [PubMed]

Stendel, C.; Neuhofer, C.; Floride, E.; Yuging, S.; Ganetzky, R.D.; Park, J.; Freisinger, P.; Kornblum, C.; Kleinle, S.; Schols, L.; et al.
Delineating MT-ATP6 -Associated Disease: From Isolated Neuropathy to Early Onset Neurodegeneration. Neurol. Genet. 2020, 6,
€395-e406. [CrossRef]

Ng, Y.S.; Martikainen, M.H.; Gorman, G.S.; Blain, A.; Bugiardini, E.; Bunting, A.; Schaefer, A.M.; Alston, C.L.; Blakely, E.L.;
Sharma, S.; et al. Pathogenic Variants in MT-ATP6: A United Kingdom-Based Mitochondrial Disease Cohort Study. Ann. Neurol.
2019, 86, 310-315. [CrossRef]

D’Aurelio, M.; Vives-Bauza, C.; Davidson, M.M.; Manfredi, G. Mitochondrial DNA Background Modifies the Bioenergetics of
NARP/MILS ATP6 Mutant Cells. Hum. Mol. Genet. 2010, 19, 374-386. [CrossRef] [PubMed]

Manfredi, G.; Fu, J.; Ojaimi, J.; Sadlock, J.E.; Kwong, ].Q.; Guy, J.; Schon, E.A. Rescue of a Deficiency in ATP Synthesis by Transfer
of MTATP6, a Mitochondrial DNA-Encoded Gene, to the Nucleus. Nat. Genet. 2002, 30, 394-399. [CrossRef] [PubMed]
Alexeyev, M.E; Venediktova, N.; Pastukh, V.; Shokolenko, I.; Bonilla, G.; Wilson, G.L. Selective Elimination of Mutant Mito-
chondrial Genomes as Therapeutic Strategy for the Treatment of NARP and MILS Syndromes. Gene Ther. 2008, 15, 516-523.
[CrossRef]

Sgarbi, G.; Casalena, G.A.; Baracca, A.; Lenaz, G.; DiMauro, S.; Solaini, G. Human NARP Mitochondrial Mutation Metabolism
Corrected with a-Ketoglutarate/ Aspartate. Arch. Neurol. 2009, 66, 951-957. [CrossRef] [PubMed]


http://doi.org/10.1093/hmg/ddq254
http://www.ncbi.nlm.nih.gov/pubmed/20566710
http://doi.org/10.1093/brain/awt086
http://doi.org/10.1212/WNL.0b013e3182918c40
http://doi.org/10.1016/j.ajhg.2018.01.020
http://www.ncbi.nlm.nih.gov/pubmed/29478781
http://doi.org/10.1093/hmg/ddy231
http://www.ncbi.nlm.nih.gov/pubmed/29917077
http://doi.org/10.1136/jmg.2003.012047
http://www.ncbi.nlm.nih.gov/pubmed/14757859
http://doi.org/10.1074/jbc.M109.046920
http://doi.org/10.1038/ng.246
http://www.ncbi.nlm.nih.gov/pubmed/18953340
http://doi.org/10.1016/j.mito.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20920610
http://doi.org/10.1007/8904
http://doi.org/10.1155/2015/462592
http://doi.org/10.1016/j.bbamcr.2008.06.012
http://doi.org/10.1007/s10545-011-9382-9
http://www.ncbi.nlm.nih.gov/pubmed/21874297
http://doi.org/10.1074/jbc.M703053200
http://www.ncbi.nlm.nih.gov/pubmed/17855363
http://doi.org/10.1016/j.bbamcr.2009.02.011
http://www.ncbi.nlm.nih.gov/pubmed/19269308
http://doi.org/10.1016/j.tibs.2015.10.006
http://www.ncbi.nlm.nih.gov/pubmed/26671611
http://doi.org/10.1212/NXG.0000000000000393
http://doi.org/10.1002/ana.25525
http://doi.org/10.1093/hmg/ddp503
http://www.ncbi.nlm.nih.gov/pubmed/19875463
http://doi.org/10.1038/ng851
http://www.ncbi.nlm.nih.gov/pubmed/11925565
http://doi.org/10.1038/gt.2008.11
http://doi.org/10.1001/archneurol.2009.134
http://www.ncbi.nlm.nih.gov/pubmed/19667215

Life 2021, 11, 325 16 of 19

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

HavliCkova, V.; Kaplanova, V,; NUskova, H.; Drahota, Z.; Houstek, J. Knockdown of F1 Epsilon Subunit Decreases Mitochondrial
Content of ATP Synthase and Leads to Accumulation of Subunit C. Biochim. Biophys. Acta Bioenerg. 2010, 1797, 1124-1129.
[CrossRef] [PubMed]

Tetaud, E.; Godard, F; Giraud, M.F,; Ackerman, S.H.; Di Rago, J.P. The Depletion of F1 Subunit ¢ in Yeast Leads to an Uncoupled
Respiratory Phenotype That Is Rescued by Mutations in the Proton-Translocating Subunits of FO. Mol. Biol. Cell 2014, 25, 791-799.
[CrossRef] [PubMed]

Strauss, M.; Hofhaus, G.; Schroder, R.R.; Kithlbrandt, W. Dimer Ribbons of ATP Synthase Shape the Inner Mitochondrial
Membrane. EMBO J. 2008, 27, 1154-1160. [CrossRef] [PubMed]

Davies, K.M.; Strauss, M.; Daum, B.; Kief, ].H.; Osiewacz, H.D.; Rycovska, A.; Zickermann, V.; Kiihlbrandt, W. Macromolecular
Organization of ATP Synthase and Complex I in Whole Mitochondria. Proc. Natl. Acad. Sci. USA 2011, 108, 14121-14126.
[CrossRef] [PubMed]

Ackerman, S.H.; Tzagoloff, A. Identification of Two Nuclear Genes (ATPJ1, ATP12) Required for Assembly of the Yeast F1-ATPase.
Proc. Natl. Acad. Sci. USA 1990, 87, 4986—4990. [CrossRef] [PubMed]

Koval¢ikovd, J.; Vibacky, M.; Pecina, P.; Tauchmannova, K.; Ntiskova, H.; Kaplanova, V.; Brazdova, A.; Aldn, L.; Elids, J.; Cunatova,
K.; et al. TMEMY0 Facilitates Biogenesis of Mammalian ATP Synthase by Promoting Subunit ¢ Incorporation into the Rotor
Structure of the Enzyme. FASEB J. 2019, 33, 14103-14117. [CrossRef]

Bahri, H.; Buratto, J.; Rojo, M.; Dompierre, J.P; Salin, B.; Blancard, C.; Cuvellier, S.; Rose, M.; Elgaaied, A.B.A.; Tetaud, E.; et al.
TMEM?70 Promotes ATP Synthase Assembly within Cristae via Transient Interactions with Subunit C. bioRxiv Cell Biol. 2020.
[CrossRef]

Wang, Z.G.; White, P.S.; Ackerman, S.H. Atpl1lp and Atp12p Are Assembly Factors for the F1-ATPase in Human Mitochondria. J.
Biol. Chem. 2001, 276, 30773-30778. [CrossRef]

Vrbacky, M.; Koval¢ikova, J.; Chawengsaksophak, K.; Beck, I.M.; Mracek, T.; Niiskova, H.; Sedmera, D.; Papousek, F.; Kolaf, F.;
Sobol, M.; et al. Knockout of Tmem?70 Alters Biogenesis of ATP Synthase and Leads to Embryonal Lethality in Mice. Hum. Mol.
Genet. 2016, 25, 4674-4685. [CrossRef]

Ghezzi, D.; Zeviani, M. Human Diseases Associated with Defects in Assembly of OXPHOS Complexes. Essays Biochem. 2018, 62,
271-286. [CrossRef] [PubMed]

Magner, M.; Dvorakova, V.; Tesarova, M.; Mazurova, S.; Hansikova, H.; Zahorec, M.; Brennerova, K.; Bzduch, V.; Spiegel, R.;
Horovitz, Y.; et al. TMEMY70 Deficiency: Long-Term Outcome of 48 Patients. J. Inherit. Metab. Dis. 2015, 38, 417-426. [CrossRef]
[PubMed]

Honzik, T.; Tesafova, M.; Mayr, J.A.; Hansikova, H.; JeSina, P.; Bodamer, O.; Koch, J.; Magner, M.; Freisinger, P.; Huemer, M.; et al.
Mitochondrial Encephalocardio-Myopathy with Early Neonatal Onset Due to TMEM70 Mutation. Arch. Dis. Child. 2010, 95,
296-301. [CrossRef] [PubMed]

Spiegel, R.; Khayat, M.; Shalev, S.A.; Horovitz, Y.; Mandel, H.; Hershkovitz, E.; Barghuti, F; Shaag, A.; Saada, A.; Korman, S.H.;
et al. TMEM70 Mutations Are a Common Cause of Nuclear Encoded ATP Synthase Assembly Defect: Further Delineation of a
New Syndrome. J. Med. Genet. 2011, 48, 177-182. [CrossRef] [PubMed]

Jonckheere, A.I; Huigsloot, M.; Lammens, M.; Jansen, J.; van den Heuvel, L.P.; Spiekerkoetter, U.; von Kleist-Retzow, ].C.; Forkink,
M.; Koopman, W.J.H.; Szklarczyk, R.; et al. Restoration of Complex V Deficiency Caused by a Novel Deletion in the Human
TMEM?70 Gene Normalizes Mitochondrial Morphology. Mitochondrion 2011, 11, 954-963. [CrossRef] [PubMed]

Rouslin, W. Protonic Inhibition of the Mitochondrial Oligomycin-Sensitive Adenosine 5-Triphosphatase in Ischemic and
Autolyzing Cardiac Muscle. |. Biol. Chem. 1983, 258, 9657-9661. [CrossRef]

Rouslin, W. The Mitochondrial Adenosine 5-Triphosphatase in Slow and Fast Heart Rate Hearts. Am. J. Physiol. 1987, 252,
H622-H627. [CrossRef]

Solaini, G.; Harris, D.A. Biochemical Dysfunction in Heart Mitochondria Exposed to Ischaemia and Reperfusion. Biochem. |. 2005,
390, 377-394. [CrossRef]

Rouslin, W.; Erickson, J.L.; Solaro, R.J. Effects of Oligomycin and Acidosis on Rates of ATP Depletion in Ischemic Heart Muscle.
Am. ]. Physiol. Hear. Circ. Physiol. 1986, 250, H503-H508. [CrossRef]

Rouslin, W.; Broge, C.W. IF1 Function in Situ in Uncoupler-Challenged Ischemic Rabbit, Rat, and Pigeon Hearts. J. Biol. Chem.
1996, 271, 23638-23641. [CrossRef] [PubMed]

Bosetti, F.; Baracca, A.; Lenaz, G.; Solaini, G. Increased State 4 Mitochondrial Respiration and Swelling in Early Post-Ischemic
Reperfusion of Rat Heart. FEBS Lett. 2004, 563, 161-164. [CrossRef]

Giorgio, V.; Bisetto, E.; Soriano, ML.E.; Dabbeni-Sala, F.; Basso, E.; Petronilli, V.; Forte, M.A.; Bernardi, P.; Lippe, G. Cyclophilin
D Modulates Mitochondrial FOF1-ATP Synthase by Interacting with the Lateral Stalk of the Complex. J. Biol. Chem. 2009, 284,
33982-33988. [CrossRef]

Kaludercic, N.; Giorgio, V. The Dual Function of Reactive Oxygen/Nitrogen Species in Bioenergetics and Cell Death: The Role of
ATP Synthase. Oxidative Med. Cell. Longev. 2016, 2016, 1-17. [CrossRef]

Di Lisa, E; Carpi, A.; Giorgio, V.; Bernardi, P. The Mitochondrial Permeability Transition Pore and Cyclophilin D in Cardioprotec-
tion. Biochim. Biophys. Acta 2011, 1813, 1316-1322. [CrossRef] [PubMed]

Murry, C.E.; Jennings, R.B.; Reimer, K.A. Preconditioning with Ischemia: A Delay of Lethal Cell Injury in Ischemic Myocardium.
Circulation 1986, 74, 1124-1136. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bbabio.2009.12.009
http://www.ncbi.nlm.nih.gov/pubmed/20026007
http://doi.org/10.1091/mbc.e13-02-0112
http://www.ncbi.nlm.nih.gov/pubmed/24451261
http://doi.org/10.1038/emboj.2008.35
http://www.ncbi.nlm.nih.gov/pubmed/18323778
http://doi.org/10.1073/pnas.1103621108
http://www.ncbi.nlm.nih.gov/pubmed/21836051
http://doi.org/10.1073/pnas.87.13.4986
http://www.ncbi.nlm.nih.gov/pubmed/2142305
http://doi.org/10.1096/fj.201900685RR
http://doi.org/10.1101/2020.04.03.023861
http://doi.org/10.1074/jbc.M104133200
http://doi.org/10.1093/hmg/ddw295
http://doi.org/10.1042/EBC20170099
http://www.ncbi.nlm.nih.gov/pubmed/30030362
http://doi.org/10.1007/s10545-014-9774-8
http://www.ncbi.nlm.nih.gov/pubmed/25326274
http://doi.org/10.1136/adc.2009.168096
http://www.ncbi.nlm.nih.gov/pubmed/20335238
http://doi.org/10.1136/jmg.2010.084608
http://www.ncbi.nlm.nih.gov/pubmed/21147908
http://doi.org/10.1016/j.mito.2011.08.012
http://www.ncbi.nlm.nih.gov/pubmed/21945727
http://doi.org/10.1016/S0021-9258(17)44547-9
http://doi.org/10.1152/ajpheart.1987.252.3.H622
http://doi.org/10.1042/BJ20042006
http://doi.org/10.1152/ajpheart.1986.250.3.H503
http://doi.org/10.1074/jbc.271.39.23638
http://www.ncbi.nlm.nih.gov/pubmed/8798581
http://doi.org/10.1016/S0014-5793(04)00294-7
http://doi.org/10.1074/jbc.M109.020115
http://doi.org/10.1155/2016/3869610
http://doi.org/10.1016/j.bbamcr.2011.01.031
http://www.ncbi.nlm.nih.gov/pubmed/21295622
http://doi.org/10.1161/01.CIR.74.5.1124
http://www.ncbi.nlm.nih.gov/pubmed/3769170

Life 2021, 11, 325 17 of 19

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

117.

118.

Murry, C.E,; Richard, V.J.; Reimer, K.A ; Jennings, R.B. Ischemic Preconditioning Slows Energy Metabolism and Delays Ultrastruc-
tural Damage during a Sustained Ischemic Episode. Circ. Res. 1990, 66, 913-931. [CrossRef] [PubMed]

Steenbergen, C.; Perlman, M.E.; London, R.E.; Murphy, E. Mechanism of Preconditioning: Ionic Alterations. Circ. Res. 1993, 72,
112-125. [CrossRef]

Cross, H.R.; Murphy, E.; Bolli, R.; Ping, P.; Steenbergen, C. Expression of Activated PKC Epsilon (PKCe) Protects the Ischemic
Heart, without Attenuating Ischemic H+ Production. J. Mol. Cell. Cardiol. 2002, 34, 361-367. [CrossRef] [PubMed]

Fralix, T.A.; Murphy, E.; London, R.E.; Steenbergen, C. Protective Effects of Adenosine in the Perfused Rat Heart: Changes in
Metabolism and Intracellular Ion Homeostasis. Am. J. Physiol. Cell Physiol. 1993, 264, 986-994. [CrossRef] [PubMed]

Imahashi, K.; Schneider, M.D.; Steenbergen, C.; Murphy, E. Transgenic Expression of Bcl-2 Modulates Energy Metabolism,
Prevents Cytosolic Acidification during Ischemia, and Reduces Ischemia/Reperfusion Injury. Circ. Res. 2004, 95, 734-741.
[CrossRef] [PubMed]

Di Lisa, F,; Blank, P.S.; Colonna, R.; Gambassi, G.; Silverman, H.S.; Stern, M.D.; Hansford, R.G. Mitochondrial Membrane Potential
in Single Living Adult Rat Cardiac Myocytes Exposed to Anoxia or Metabolic Inhibition. J. Physiol. 1995, 486, 1-13. [CrossRef]
Leyssens, A.; Nowicky, A.V,; Patterson, L.; Crompton, M.; Duchen, M.R. The Relationship between Mitochondrial State, ATP
Hydrolysis, [Mg2+]i and [Ca2+]i Studied in Isolated Rat Cardiomyocytes. J. Physiol. 1996, 496, 111-128. [CrossRef] [PubMed]
Green, D.W.; Murray, H.N.; Sleph, P.G.; Wang, FL.; Baird, A.J.; Rogers, W.L.; Grover, G.J. Preconditioning in Rat Hearts Is
Independent of Mitochondrial F1F0 ATPase Inhibition. Am. |. Physiol. Hear. Circ. Physiol. 1998, 274, 90-97. [CrossRef] [PubMed]
Heide, R.S.V,; Hill, M.L.; Reimer, K.A; Jennings, R.B. Effect of Reversible Ischemia on the Activity of the Mitochondrial ATPase:
Relationship to Ischemic Preconditioning. J. Mol. Cell. Cardiol. 1996, 28, 103—-112. [CrossRef] [PubMed]

Ala-Rémi, A.; Ylitalo, K.V.; Hassinen, LE. Ischaemic Preconditioning and a Mitochondrial KATP Channel Opener Both Produce
Cardioprotection Accompanied by F1F0-ATPase Inhibition in Early Ischaemia. Basic Res. Cardiol. 2003, 98, 250-258. [CrossRef]
[PubMed]

Contessi, S.; Metelli, G.; Mavelli, I; Lippe, G. Diazoxide Affects the IF1 Inhibitor Protein Binding to F 1 Sector of Beef Heart
FOF1ATPsynthase. Biochem. Pharmacol. 2004, 67, 1843-1851. [CrossRef] [PubMed]

Comelli, M.; Metelli, G.; Mavelli, I. Downmodulation of Mitochondrial FOF1 ATP Synthase by Diazoxide in Cardiac Myoblasts: A
Dual Effect of the Drug. Am. . Physiol. Hear. Circ. Physiol. 2007, 292, 820-829. [CrossRef]

Arrell, D.K; Elliott, S.T.; Kane, L.A.; Guo, Y.; Ko, Y.H.; Pedersen, P.L.; Robinson, J.; Murata, M.; Murphy, A.M.; Marban, E.; et al.
Proteomic Analysis of Pharmacological Preconditioning: Novel Protein Targets Converge to Mitochondrial Metabolism Pathways.
Circ. Res. 2006, 99, 706-714. [CrossRef] [PubMed]

Kane, L.A; Youngman, M.].; Jensen, R.E.; Jennifer, E.; Van, E. Phosphorylation of the F1Fo ATP Synthase (3 Subunit: Functional
and Structural Consequences Assessed in a Model System. Circ. Res. 2011, 106, 504-513. [CrossRef] [PubMed]

Higuchi, M.D.L.; De Morais, F.C.; Pereira Barreto, A.C.; Lopes, E.A_; Stolf, N.; Bellotti, G.; Pileggi, F. The Role of Active Myocarditis
in the Development of Heart Failure in Chronic Chagas’ Disease: A Study Based on Endomyocardial Biopsies. Clin. Cardiol. 1987,
10, 665-670. [CrossRef]

Teixeira, P.C.; Santos, R.H.B.; Fiorelli, A.IL; Bilate, A.M.B.; Benvenuti, L.A.; Stolf, N.A.; Kalil, J.; Cunha-Neto, E. Selective Decrease
of Components of the Creatine Kinase System and ATP Synthase Complex in Chronic Chagas Disease Cardiomyopathy. PLoS
Negl. Trop. Dis. 2011, 5, 1-9. [CrossRef]

Schédgger, H.; Ohm, T.G. Human Diseases with Defects in Oxidative Phosphorylation. Eur. ]. Biochem. 2008, 227, 916-921.
[CrossRef]

Bosetti, F; Brizzi, F.; Barogi, S.; Mancuso, M.; Siciliano, G.; Tendi, E.A.; Murri, L.; Rapoport, S.I.; Solaini, G. Cytochrome c
Oxidase and Mitochondrial F1F0-ATPase (ATP Synthase) Activities in Platelets and Brain from Patients with Alzheimer’s Disease.
Neurobiol. Aging 2002, 23, 371-376. [CrossRef]

Sultana, R.; Poon, H.E; Cai, J.; Pierce, W.M.; Merchant, M.; Klein, ]J.B.; Markesbery, W.R.; Butterfield, D.A. Identification of
Nitrated Proteins in Alzheimer’s Disease Brain Using a Redox Proteomics Approach. Neurobiol. Dis. 2006, 22, 76-87. [CrossRef]
[PubMed]

Cha, M.Y,; Cho, H.J.; Kim, C.; Jung, Y.O.; Kang, M.].; Murray, M.E.; Hong, H.S.; Choi, YJ.; Choi, H.; Kim, D.K; et al. Mitochondrial
ATP Synthase Activity Is Impaired by Suppressed O-GlcNAcylation in Alzheimer’s Disease. Hum. Mol. Genet. 2015, 24, 6492-6504.
[CrossRef] [PubMed]

Reed, T.T. Lipid Peroxidation and Neurodegenerative Disease. Free Radic. Biol. Med. 2011, 51, 1302-1319. [CrossRef] [PubMed]
Reed, T.; Perluigi, M.; Sultana, R.; Pierce, W.M.; Klein, ].B.; Turner, D.M.; Coccia, R.; Markesbery, W.R.; Butterfield, D.A. Redox
Proteomic Identification of 4-Hydroxy-2-Nonenal-Modified Brain Proteins in Amnestic Mild Cognitive Impairment: Insight into
the Role of Lipid Peroxidation in the Progression and Pathogenesis of Alzheimer’s Disease. Neurobiol. Dis. 2008, 30, 107-120.
[CrossRef] [PubMed]

Terni, B.; Boada, J.; Portero-Otin, M.; Pamplona, R.; Ferrer, I. Mitochondrial ATP-Synthase in the Entorhinal Cortex Is a Target of
Oxidative Stress at Stages 1/1I of Alzheimer’s Disease Pathology. Brain Pathol. 2010, 20, 222-233. [CrossRef]

Liang, W.S.; Reiman, E.M.; Valla, J.; Dunckley, T.; Beach, T.G.; Grover, A.; Niedzielko, T.L.; Schneider, L.E.; Mastroeni, D.; Caselli,
R.; et al. Alzheimer’s Disease Is Associated with Reduced Expression of Energy Metabolism Genes in Posterior Cingulate
Neurons. Proc. Natl. Acad. Sci. USA 2008, 105, 4441-4446. [CrossRef] [PubMed]


http://doi.org/10.1161/01.RES.66.4.913
http://www.ncbi.nlm.nih.gov/pubmed/2317895
http://doi.org/10.1161/01.RES.72.1.112
http://doi.org/10.1006/jmcc.2001.1518
http://www.ncbi.nlm.nih.gov/pubmed/11945027
http://doi.org/10.1152/ajpcell.1993.264.4.C986
http://www.ncbi.nlm.nih.gov/pubmed/8476025
http://doi.org/10.1161/01.RES.0000143898.67182.4c
http://www.ncbi.nlm.nih.gov/pubmed/15345651
http://doi.org/10.1113/jphysiol.1995.sp020786
http://doi.org/10.1113/jphysiol.1996.sp021669
http://www.ncbi.nlm.nih.gov/pubmed/8910200
http://doi.org/10.1152/ajpheart.1998.274.1.H90
http://www.ncbi.nlm.nih.gov/pubmed/9458856
http://doi.org/10.1006/jmcc.1996.0010
http://www.ncbi.nlm.nih.gov/pubmed/8745218
http://doi.org/10.1007/s00395-003-0413-z
http://www.ncbi.nlm.nih.gov/pubmed/12835954
http://doi.org/10.1016/j.bcp.2004.02.001
http://www.ncbi.nlm.nih.gov/pubmed/15130761
http://doi.org/10.1152/ajpheart.00366.2006
http://doi.org/10.1161/01.RES.0000243995.74395.f8
http://www.ncbi.nlm.nih.gov/pubmed/16946135
http://doi.org/10.1161/CIRCRESAHA.109.214155
http://www.ncbi.nlm.nih.gov/pubmed/20035080
http://doi.org/10.1002/clc.4960101113
http://doi.org/10.1371/journal.pntd.0001205
http://doi.org/10.1111/j.1432-1033.1995.0916p.x
http://doi.org/10.1016/S0197-4580(01)00314-1
http://doi.org/10.1016/j.nbd.2005.10.004
http://www.ncbi.nlm.nih.gov/pubmed/16378731
http://doi.org/10.1093/hmg/ddv358
http://www.ncbi.nlm.nih.gov/pubmed/26358770
http://doi.org/10.1016/j.freeradbiomed.2011.06.027
http://www.ncbi.nlm.nih.gov/pubmed/21782935
http://doi.org/10.1016/j.nbd.2007.12.007
http://www.ncbi.nlm.nih.gov/pubmed/18325775
http://doi.org/10.1111/j.1750-3639.2009.00266.x
http://doi.org/10.1073/pnas.0709259105
http://www.ncbi.nlm.nih.gov/pubmed/18332434

Life 2021, 11, 325 18 of 19

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Martin-Maestro, P.; Sproul, A.; Martinez, H.; Paquet, D.; Gerges, M.; Noggle, S.; Starkov, A.A. Autophagy Induction by Bexarotene
Promotes Mitophagy in Presenilin 1 Familial Alzheimer’s Disease IPSC-Derived Neural Stem Cells. Mol. Neurobiol. 2019, 56,
8220-8236. [CrossRef] [PubMed]

Orr, A.L; Kim, C.; Jimenez-Morales, D.; Newton, B.W.; Johnson, J.R.; Krogan, N.J.; Swaney, D.L.; Mahley, R.W. Neuronal
Apolipoprotein E4 Expression Results in Proteome-Wide Alterations and Compromises Bioenergetic Capacity by Disrupting
Mitochondrial Function. J. Alzheimer’s Dis. 2019, 68, 991-1011. [CrossRef]

Chandrasekaran, K.; Hatanpad, K.; Rapoport, S.I.; Brady, D.R. Decreased Expression of Nuclear and Mitochondrial DNA-Encoded
Genes of Oxidative Phosphorylation in Association Neocortex in Alzheimer Disease. Mol. Brain Res. 1997, 44, 99-104. [CrossRef]
Shi, X.; Lu, X,; Zhan, L.; Liu, L.; Sun, M.Z.; Gong, X.; Sui, H.; Niu, X; Liu, S.; Zheng, L.; et al. Rat Hippocampal Proteomic
Alterations Following Intrahippocampal Injection of Amyloid Beta Peptide (1-40). Neurosci. Lett. 2011, 500, 87-91. [CrossRef]
[PubMed]

Ding, B.; Xi, Y.; Gao, M; Li, Z.; Xu, C.; Fan, S.; He, W. Gene Expression Profiles of Entorhinal Cortex in Alzheimer’s Disease. Am.
J. Alzheimers. Dis. Other Demen. 2014, 29, 526-532. [CrossRef] [PubMed]

Adav, S.S.; Park, J.E.; Sze, S.K. Quantitative Profiling Brain Proteomes Revealed Mitochondrial Dysfunction in Alzheimer’s
Disease. Mol. Brain 2019, 12, 1-12. [CrossRef] [PubMed]

Yu, H.; Lin, X;; Wang, D.; Zhang, Z.; Guo, Y.; Ren, X.; Xu, B,; Yuan, J.; Liu, J.; Spencer, PS.; et al. Mitochondrial Molecular
Abnormalities Revealed by Proteomic Analysis of Hippocampal Organelles of Mice Triple Transgenic for Alzheimer Disease.
Front. Mol. Neurosci. 2018, 11, 1-13. [CrossRef] [PubMed]

Boada, M.; Anttnez, C.; Ramirez-Lorca, R.; Destefano, A.L.; Gonzalez-Pérez, A.; Gayan, J.; Lopez-Arrieta, J.; Ikram, M.A.;
Hernandez, I.; Marin, J.; et al. ATP5H/KCTD2 Locus Is Associated with Alzheimer’s Disease Risk. Mol. Psychiatry 2014, 19,
682-687. [CrossRef]

Carrette, O.; Burgess, ].A.; Burkhard, PR.; Lang, C.; Cote, M.; Rodrigo, N.; Hochstrasser, D.F.; Sanchez, J.C. Changes of the Cortex
Proteome and Apolipoprotein E in Transgenic Mouse Models of Alzheimer’s Disease. J. Chromatogr. B 2006, 840, 1-9. [CrossRef]
[PubMed]

Robinson, R.A.S.; Lange, M.B.; Sultana, R.; Galvan, V.; Fombonne, J.; Gorostiza, O.; Zhang, J.; Warrier, G.; Cai, J.; Pierce, WM.;
et al. Differential Expression and Redox Proteomics Analyses of an Alzheimer Disease Transgenic Mouse Model: Effects of the
Amyloid-p Peptide of Amyloid Precursor Protein. Neuroscience 2011, 177, 207-222. [CrossRef] [PubMed]

Manczak, M.; Park, B.S.; Jung, Y.; Reddy, P.H. Differential Expression of Oxidative Phosphorylation Genes in Patients with
Alzheimer’s Disease. NeuroMolecular Med. 2004, 5, 147-162. [CrossRef]

Beck, S.J.; Guo, L.; Phensy, A.; Tian, J.; Wang, L.; Tandon, N.; Gauba, E.; Lu, L.; Pascual, ].M.; Kroener, S.; et al. Deregulation of
Mitochondrial FIFO-ATP Synthase via OSCP in Alzheimer’s Disease. Nat. Commun. 2016, 7, 1-16. [CrossRef] [PubMed]
Giorgio, V.; von Stockum, S.; Antoniel, M.; Fabbro, A.; Fogolari, E; Forte, M.; Glick, G.D.; Petronilli, V.; Zoratti, M.; Szabo, L; et al.
Dimers of Mitochondrial ATP Synthase Form the Permeability Transition Pore. Proc. Natl. Acad. Sci. USA 2013, 110, 5887-5892.
[CrossRef] [PubMed]

Du, H.; Guo, L.; Fang, F.; Chen, D.; Sosunov, A.A.; Mckhann, G.M.; Yan, Y.; Wang, C.; Zhang, H.; Molkentin, ].D.; et al. Cyclophilin
D Deficiency Attenuates Mitochondrial and Neuronal Perturbation and Ameliorates Learning and Memory in Alzheimer’s
Disease. Nat. Med. 2009, 14, 1097-1105. [CrossRef] [PubMed]

Du, H.; Guo, L.; Zhang, W.; Rydzewska, M.; Yana, S. Cyclophilin D Deficiency Improves Mitochondrial Function and Learn-
ing/Memory in Aging Alzheimer Disease Mouse Mode. Neurobiol. Aging 2011, 32, 398-406. [CrossRef] [PubMed]

Gauba, E.; Guo, L.; Du, H. Cyclophilin D Promotes Brain Mitochondrial FIFO ATP Synthase Dysfunction in Aging Mice. J.
Alzheimer’s Dis. 2017, 55, 1351-1362. [CrossRef]

Du, H.; Guo, L.; Yan, S.; Sosunov, A.A.; Mckhann, G.M.; Shidu Yan, S. Early Deficits in Synaptic Mitochondria in an Alzheimer " s
Disease Mouse Model. Proc. Natl. Acad. Sci. USA 2010, 107, 18670-18675. [CrossRef] [PubMed]

Gauba, E.; Chen, H.; Guo, L.; Du, H. Cyclophilin D Deficiency Attenuates Mitochondrial F1Fo ATP Synthase Dysfunction via
OSCP in Alzheimer’s Disease. Neurobiol. Dis. 2019, 121, 138-147. [CrossRef]

Choi, L; Kim, J.; Jeong, HK.; Kim, B.; Jou, I.; Park, M.; Chen, L.; Kang, U.J.; Zhuang, X.; Joe, E.-h. PINK1 Deficiency Atten-
uates Astrocyte Proliferation through Mitochondrial Dysfunction, Reduced AKT and Increased P38 MAPK Activation, and
Downregulation of EGFR. Glia 2013, 61, 800-812. [CrossRef] [PubMed]

Ludtmann, M.H.R.; Angelova, P.R.; Ninkina, N.N.; Gandhi, S.; Buchman, V.L.; Abramov, A.Y. Monomeric Alpha-Synuclein Exerts
a Physiological Role on Brain ATP Synthase. |. Neurosci. 2016, 36, 10510-10521. [CrossRef] [PubMed]

Ludtmann, M.H.R.; Angelova, P.R.; Horrocks, M.H.; Choi, M.L.; Rodrigues, M.; Baev, A.Y.; Berezhnov, A.V.; Yao, Z,; Little, D.;
Banushi, B.; et al. «-Synuclein Oligomers Interact with ATP Synthase and Open the Permeability Transition Pore in Parkinson’s
Disease. Nat. Commun. 2018, 9, 2293. [CrossRef] [PubMed]

Chen, R.; Park, H.; Mnatsakanyan, N.; Niu, Y.; Licznerski, P.; Wu, J.; Miranda, P.; Graham, M.; Tang, J.; Boon, A.JW.; et al.
Parkinson’s Disease Protein DJ-1 Regulates ATP Synthase Protein Components to Increase Neuronal Process Outgrowth. Cell
Death Dis. 2019, 10, 1-12. [CrossRef] [PubMed]

Pasinelli, P.; Brown, R.H. Molecular Biology of Amyotrophic Lateral Sclerosis: Insights from Genetics. Nat. Rev. Neurosci. 2006, 7,
710-723. [CrossRef] [PubMed]


http://doi.org/10.1007/s12035-019-01665-y
http://www.ncbi.nlm.nih.gov/pubmed/31203573
http://doi.org/10.3233/JAD-181184
http://doi.org/10.1016/S0169-328X(96)00191-X
http://doi.org/10.1016/j.neulet.2011.06.009
http://www.ncbi.nlm.nih.gov/pubmed/21699958
http://doi.org/10.1177/1533317514523487
http://www.ncbi.nlm.nih.gov/pubmed/24558171
http://doi.org/10.1186/s13041-019-0430-y
http://www.ncbi.nlm.nih.gov/pubmed/30691479
http://doi.org/10.3389/fnmol.2018.00074
http://www.ncbi.nlm.nih.gov/pubmed/29593495
http://doi.org/10.1038/mp.2013.86
http://doi.org/10.1016/j.jchromb.2006.05.019
http://www.ncbi.nlm.nih.gov/pubmed/16781898
http://doi.org/10.1016/j.neuroscience.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21223993
http://doi.org/10.1385/NMM:5:2:147
http://doi.org/10.1038/ncomms11483
http://www.ncbi.nlm.nih.gov/pubmed/27151236
http://doi.org/10.1073/pnas.1217823110
http://www.ncbi.nlm.nih.gov/pubmed/23530243
http://doi.org/10.1038/nm.1868
http://www.ncbi.nlm.nih.gov/pubmed/18806802
http://doi.org/10.1016/j.neurobiolaging.2009.03.003
http://www.ncbi.nlm.nih.gov/pubmed/19362755
http://doi.org/10.3233/JAD-160822
http://doi.org/10.1073/pnas.1006586107
http://www.ncbi.nlm.nih.gov/pubmed/20937894
http://doi.org/10.1016/j.nbd.2018.09.020
http://doi.org/10.1002/glia.22475
http://www.ncbi.nlm.nih.gov/pubmed/23440919
http://doi.org/10.1523/JNEUROSCI.1659-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27733604
http://doi.org/10.1038/s41467-018-04422-2
http://www.ncbi.nlm.nih.gov/pubmed/29895861
http://doi.org/10.1038/s41419-019-1679-x
http://www.ncbi.nlm.nih.gov/pubmed/31197129
http://doi.org/10.1038/nrn1971
http://www.ncbi.nlm.nih.gov/pubmed/16924260

Life 2021, 11, 325 19 of 19

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Choi, S.Y.; Lopez-Gonzalez, R.; Krishnan, G.; Phillips, H.L.; Li, A.N.; Seeley, WW.; Yao, W.D.; Almeida, S.; Gao, F.B. COORF72-
ALS/FTD-Associated Poly(GR) Binds Atp5al and Compromises Mitochondrial Function in Vivo. Nat. Neurosci. 2019, 22, 851-862.
[CrossRef] [PubMed]

Boillée, S.; Vande Velde, C.; Cleveland, D.W.W. ALS: A Disease of Motor Neurons and Their Nonneuronal Neighbors. Neuron
2006, 52, 39-59. [CrossRef] [PubMed]

Grosskreutz, J.; Van Den Bosch, L.; Keller, B.U. Calcium Dysregulation in Amyotrophic Lateral Sclerosis. Cell Calcium 2010, 47,
165-174. [CrossRef]

Kawamata, H.; Manfredi, G. Mitochondrial Dysfunction and Intracellular Calcium Dysregulation in ALS. Mech. Ageing Dev. 2010,
131, 517-526. [CrossRef] [PubMed]

Deng, J.; Wang, P.; Chen, X.; Cheng, H.; Liu, J.; Fushimi, K.; Zhu, L.; Wu, J.Y. FUS Interacts with ATP Synthase Beta Subunit
and Induces Mitochondrial Unfolded Protein Response in Cellular and Animal Models. Proc. Natl. Acad. Sci. USA 2018, 115,
E9678-E9686. [CrossRef] [PubMed]

Bannwarth, S.; Ait-El-Mkadem, S.; Chaussenot, A.; Genin, E.C.; Lacas-Gervais, S.; Fragaki, K.; Berg-Alonso, L.; Kageyama, Y.;
Serre, V.; Moore, D.G.; et al. A Mitochondrial Origin for Frontotemporal Dementia and Amyotrophic Lateral Sclerosis through
CHCHD10 Involvement. Brain 2014, 137, 2329-2345. [CrossRef] [PubMed]

Nobile, V.; Palumbo, E; Lanni, S.; Ghisio, V.; Vitali, A.; Castagnola, M.; Marzano, V.; Maulucci, G.; De Angelis, C.; De Spirito, M.;
et al. Altered Mitochondrial Function in Cells Carrying a Premutation or Unmethylated Full Mutation of the FMR1 Gene. Hum.
Genet. 2020, 139, 227-245. [CrossRef]

D’Antoni, S.; De Bari, L.; Valenti, D.; Borro, M.; Bonaccorso, C.M.; Simmaco, M.; Vacca, R.A.; Catania, M.V. Aberrant Mitochondrial
Bioenergetics in the Cerebral Cortex of the Fmr1l Knockout Mouse Model of Fragile X Syndrome. Biol. Chem. 2019, 401, 497-503.
[CrossRef]

Licznerski, P; Park, H.A.; Rolyan, H.; Chen, R.; Mnatsakanyan, N.; Miranda, P.; Graham, M.; Wu, J.; Cruz-Reyes, N.; Mehta, N.;
et al. ATP Synthase C-Subunit Leak Causes Aberrant Cellular Metabolism in Fragile X Syndrome. Cell 2020, 182, 1170-1185.
[CrossRef]

Fearnley, I.M.; Walker, J.E.; Martinus, R.D.; Jolly, R.D.; Kirkland, K.B.; Shaw, G.J.; Palmer, D.N. The Sequence of the Major
Protein Stored in Ovine Ceroid Lipofuscinosis Is Identical with That of the Dicyclohexylcarbodi-Imide-Reactive Proteolipid of
Mitochondrial ATP Synthase. Biochem. J. 1990, 268, 751-758. [CrossRef] [PubMed]

Jolly, R.D.; Brown, S.; Das, A.M.; Walkley, S.U. Mitochondrial Dysfunction in the Neuronal Ceroid-Lipofuscinoses (Batten Disease).
Neurochem. Int. 2002, 40, 565-571. [CrossRef]


http://doi.org/10.1038/s41593-019-0397-0
http://www.ncbi.nlm.nih.gov/pubmed/31086314
http://doi.org/10.1016/j.neuron.2006.09.018
http://www.ncbi.nlm.nih.gov/pubmed/17015226
http://doi.org/10.1016/j.ceca.2009.12.002
http://doi.org/10.1016/j.mad.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20493207
http://doi.org/10.1073/pnas.1806655115
http://www.ncbi.nlm.nih.gov/pubmed/30249657
http://doi.org/10.1093/brain/awu138
http://www.ncbi.nlm.nih.gov/pubmed/24934289
http://doi.org/10.1007/s00439-019-02104-7
http://doi.org/10.1515/hsz-2019-0221
http://doi.org/10.1016/j.cell.2020.07.008
http://doi.org/10.1042/bj2680751
http://www.ncbi.nlm.nih.gov/pubmed/2141977
http://doi.org/10.1016/S0197-0186(01)00128-0

	Introduction 
	Gene Mutations of ATP Synthase and Its Assembly Factors in Human Disease 
	Mitochondrial Gene Mutations of ATP Synthase 
	Nuclear Gene Mutations of ATP Synthase and Its Assembly Factors 

	ATP Synthase Dysfunctions in other Human Diseases 
	Cardiovascular Disease and Cardio-Protection 
	Neurodegenerative Diseases 
	The c Subunit of ATP Synthase and Neurodevelopmental Disorders 

	Conclusions 
	References

