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ABSTRAKT

Hlavni funkci mitochondrii je produkce energie prostfednictvim procesu oxidacni
fosforylace. ATP syntaza je makromolekuldrni rota¢ni stroj lokalizovany ve vnitini
mitochondrialni membran¢  katalyzujici  syntézu  adenosintrifosfatu  (ATP) z
adenosindifosfatu (ADP) a anorganického fosfatu (Pi).

Mitochondrialni poruchy ATP syntazy piedstavuji heterogenni skupinu onemocnéni
charakterizovanou riiznou zavaznosti klinického fenotypu s nastupem od narozeni nebo
v pozd¢jsich fazich zivota. Mutace v mitochondridlni nebo jaderné DNA mohou vést k
poruse ATP syntazy, a to bud’ izolovan¢, nebo v kombinaci s defekty dalSich komplexii
systému oxidacni fosforylace.

Cilem préce bylo charakterizovat protein TMEM70, asemblacni faktor ATP syntazy, a
studovat vliv novych variant vedoucich k deficitu ATP syntdzy v pacientskych vzorcich.

TMEMT70 je 21 kDa velky protein vnitini mitochondridlni membrany s orientaci obou
konct do mitochondrialni matrix, ktery tvoii v membrané vyssi oligomerni struktury. NasSe
vysledky ukazaly, ze absence proteinu TMEM70 vede ke vzniku izolovaného deficitu
komplexu V, s ptitomnosti adapta¢niho/kompenzac¢niho efektu komplexii dychaciho
fetézce. Ve svalovych mitochondriich byly pozorovany riizné stupné deficitu ATP syntazy
zpiisobené extrémné vzacnymi heteroplazmatickymi variantami v genu M7-ATP6. Zatimco
varianta m.8851T>C (p.Trpl09Arg) vede jen k mirnému snizeni mnozstvi holoenzymu
ATP syntazy, varianta m.8719G>A (p.Gly65*) ma za nasledek vyrazné snizeni hladiny
komplexu V s pfitomnosti nékolika asembla¢nich intermediati. Podobné t€zky dopad na
hladinu ATP syntdzy byl pozorovan i u novych variant v genech MTTK a PUSI, coz bylo

doprovazeno deficitem dalSich komplexi systému oxida¢ni fosforylace.

Klicova slova: mitochondrie, systém oxida¢ni fosforylace, ATP syntaza,
mitochondrialni poruchy, mitochondrialni DNA, MT-ATP6, MTTK, TMEM?70



ABSTRACT

Mitochondria's primary function is to produce energy through the process of oxidative
phosphorylation. ATP synthase is a macromolecular rotary machine located in the inner
mitochondrial membrane that catalyzes the synthesis of adenosine triphosphate (ATP)
from adenosine diphosphate (ADP) and inorganic phosphate (P1i).

The mitochondrial disorders due to ATP synthase deficiency represent a heterogeneous
group of diseases characterized by variable severity of the phenotype with onset at birth or
later in life till adulthood. Mutations in both, mitochondrial or nucelar DNA encoded
genes, may result in ATP synthase impairment, either isolated or combined with deficits of
other complexes of oxidative phosphorylation.

The aims of the thesis were to characterize TMEM70 protein, an ATP synthase
assembly factor, and to analyze the impact of novel disease variants leading to ATP
synthase deficiency in patients” derived samples.

TMEM?70 is a 21 kDa hairpin structure protein localized in the inner mitochondrial
membrane, with both termini oriented into the matrix, which forms higher oligomer
structures. Our results demonstrated that the absence of TMEM70 protein leads to an
isolated deficiency of complex V followed in some stage by adaptive/compensatory effect
of respiratory chain complexes. Different severities of ATP synthase deficiency were
observed in muscle mitochondria due to extremely rare heteroplasmic variants of MT7-
ATP6. While m.8851T>C (p.Trpl09Arg) variant lead only to mild reduction of ATP
synthase, m.8719G>A (p.Gly65*) variant resulted in diminished levels of ATP synthase
holoenzyme and the presence of assembly intermediates. Similarly, a profound impact on
ATP synthase was observed in the case of novel variants in M7T7TK and PUS! genes, which

was accompanied by deficiency of other oxidative phosphorylation system complexes.

Keywords: mitochondria, oxidative phosphorylation system, ATP synthase,
mitochondrial diseases, mitochondrial DNA, MT-ATP6, MTTK, TMEM?70



1. INTRODUCTION

1.1. Mitochondria and Oxidative phosphorylation system

Mitochondria are semiautonomic organelles with their own deoxyribonucleic acid
(mtDNA). They play a central role in energy generation in almost all eukaryotic cells. They
produce more than 95% of the cellular adenosinetriphosphate (ATP) from metabolic fuels
through the oxidative phosphorylation system (OXPHOS) (1, 2). In addition, mitochondria
are involved in the metabolisms of amino acids (AA), lipids and nucleotides, biosynthesis of
heme, in the maturation of cellular iron-sulfur clusters [Fe-S]. They are also the site of the
tricarboxylic acid cycle (TCA) and key steps of gluconeogenesis and the urea cycle.
Mitochondria serve as a calcium storage and play a key role in apoptosis and the production
of reactive oxygen species (ROS). Furthermore, mitochondria control proliferation, motility,
and redox status of the cell (3-6).

1.2. Complex V

Human mitochondrial ATP synthase (FF,-ATP synthase, complex V, CV) is a unique
macromolecular rotary machine of ~650 kDa located in the inner mitochondrial membrane. It
consists of 18 different protein subunits organized in membrane-extrinsic F; catalytic and
membrane-embedded F, domains, which are connected via peripheral and central stalk (7-71).
ATP synthase, adenine nucleotide translocator (ANT), and inorganic phosphate carrier PiC
form a structure of ATP synthasome, the mitochondrial ADP-phosphorylating apparatus (12,
13).

Complex V catalyzes the synthesis of ATP from ADP and inorganic phosphate (Pi) in the
F; domain during the final step of oxidative phosphorylation. While the main function of ATP
synthase is to synthesize ATP, it can also run in reverse to hydrolyze ATP under certain
physiological and pathological conditions. ATP synthase forms dimers and higher oligomers
(14-17) and thus contributes to the formation of the inner mitochondrial membrane. ATP
synthase is also implicated in the formation of the permeability transition pore (PTP), which
triggers cell death (78).

The formation of ATP synthase is a not fully understood modular process that requires
specific assembly factors and depends on the coordinated expression of the nuclear and
mitochondrial genomes. The biogenesis of human ATP synthase is a process featuring the
independent formation of several subcomplexes, aided by several assembly factors ATPAFI,
ATPAF2, TMEM70, FMC1 and TMEM?242 (19-22).

One of the human ATP synthase assembly factor TMEM70 was determined by integrative

genomics (23). Its homologs were found in higher eukaryotes but not in yeasts and fungi.



Expression level of TMEM70 is very low as typically for ancillary factors (22, 24). TMEM70
gene is located on chromosome 8 and encodes 260 AA. The protein precursor (29 kDa)
contains mitochondrial targeting N-terminal sequence. Processed TMEM70 is 21 kDa
transmembrane protein localized in the inner mitochondrial membrane (24). Mature TMEM70
protein consists of 179 AA (24), contains conserved DUF1301 domain and two
transmembrane regions with both termini facing the mitochondrial matrix (25, 26). TMEM70
forms dimers and higher oligomers and stable interaction with ATP synthase subunits were
not detected (25). But, recently thanks to new methodological approaches, several studies
have demonstrated the presence of TMEM70 and the subunit c¢ interaction (27-29). The
absence/defect of TMEM?70 protein results in reduced content/activity of ATP synthase but
not absolutely. Therefore, TMEM70 has been characterized as an accessory assembly factor
for ATP synthase but is not essential for its biogenesis. The role of the TMEM?70 protein has
been intensively studied in recent years. TMEM70 is localized restricted to cristae where it
assembles in large oligomers that interact specifically with subunit ¢ of ATP synthase and
provide a scaffold for the assembly of the c-ring before its incorporation into functional
complex (21, 27, 29). The study from 2020 proposed that TMEM?70 has a special role in the
stability of membrane-bound subassemblies or in the membrane recruitment of subunits into

the forming complex I (28).

1.3.  Mitochondrial disorders

Mitochondrial diseases are a clinically heterogeneous group of disorders with impaired
mitochondrial function and aberrant energy metabolism. Nowadays, more than 400 genes,
either in nDNA or mtDNA, mutations are known to cause mitochondrial disease (30). Clinical
symptoms arise in childhood or later in life, affect one organ in isolation or more (3/).
Mitochondrial disease prevalence in adults is 1: 8 000 and 1: 5 000 in childhood (32, 33)

Mitochondrial diseases of nuclear origin are caused by mutations in structural genes of
OXPHOS complexes as well as in their specific assembly factors (34, 35). Moreover, nuclear
origin defects have been demonstrated in upstream pathways generating substrates for
OXPHOS (pyruvate dehydrogenase complex, Krebs cycle, fatty acid beta-oxidation or
substrate import) or in genes encoding factors involved in mtDNA expression. The
mitochondrial proteosynthesis requires proteins involved in mtDNA maintenance,
transcription, RNA processing/maturation, translation and posttranslational modification.
Furthermore, all of these proteins need to be correctly targeted and imported into the
mitochondria. Thus, any defects in mitochondrial protein import or the structure, caused by
aberrant cristae formation or abnormal membrane lipid composition, as well as factors
affecting mitochondrial fission/fusion or quality control negatively impact the OXPHOS
complexes (35, 36).



Mutations in the maternally transmitted mtDNA occur in structural as well as mt-tRNA,
and mt-rRNA genes. More than 600 different pathogenetic variants in mtDNA are involved in
human diseases. An overview of all variants in mtDNA is published in the MITOMAP
compendium https://www.mitomap.org (37). Clinical and biochemical phenotypes of the
patients with mtDNA variants depend on the level of heteroplasmy. Heteroplasmic mutations
often have a variable threshold, the level to which the cell can tolerate defective mtDNA
molecules (38, 39). When the mutation load exceeds this threshold, metabolic dysfunction and

associated clinical symptoms occur.

The mitochondrial disorders impacting OXPHOS complexes in derived cells and tissues
can be isolated (defect in single complexes) or combined (impact on multiple complexes).
The combined defects of OXPHOS complexes are usually caused by aberrant molecular
mechanisms: mtDNA (replication, transcription, RNA processing, and modification,
translation, large mtDNA deletions), cofactor biosynthesis (coenzyme Q, [Fe-S] clusters,
heme/cytochromes, riboflavin), maintenance of mitochondrial homeostasis (mitochondrial
protein import, lipid metabolism, division/fusion, mitophagy/quality control) or supercomplex
formation (40).

1.3.1. Defects of ATP synthase

Mitochondrial disorders of ATP synthase are caused by mutations in mtDNA or nDNA.
ATP synthase disorders are divided into primary defects caused by a mutation in genes
encoding structural subunits or assembly factors and secondary defects caused by mutations
in genes related to mitochondrial replication, transcription, processing, modification, or

translation.

1.3.1.1.  Primary defects of ATP synthase due to mutation in mtDNA

Two structural subunits of ATP synthase, subunit a, encoded by M7T-4ATP6 gene, and
subunit A6L encoded by MT-ATPS gene, are encoded by mtDNA. Primary disorders of ATP
synthase by mitochondrial origin can be caused by mutations in both of them. However, the
mutations in the MT-ATP6 gene are much more frequent. Subunit a and subunit A6L are
synthesized from a bi-cistronic mRNA unit. The genes show an overlap of 46 nucleotides.
Mutations in this unit can therefore affect either subunit a or A6L, or both.

Currently, over 70 different variants in MT-ATP6, 10 various mutation in MT-ATPS8 and 8
in the overlapping region have been reported in MITOMAP compendium (37). The mtDNA
defects of ATP synthase typical clinically manifest as neuropathy, ataxia, retinitis pigmentosa
(NARP), Leigh syndrome (LS), maternally inherited Leigh’s syndrome (MILS), Leber
hereditary optic neuropathy (LHON) (47) or hypertrophic cardiomyopathy (42). The wide
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variability in clinical outcomes likely resides in the levels of heteroplasmy and different
distributions of mtDNA mutations in cells and tissues. In addition to; ATP deficiency, defects
in ATP synthase may have a number of secondary effects, such as increased production of
ROS and changes in upstream metabolic processes, which together unpredictably influence
the disease process.

Mutations in mtDNA genes encoding ATP synthase subunits can result in impaired Fo
proton channel function, complex stability or protein-protein interactions can be damaged
(43). Defects in MT-ATP6 often affected ATP production (41, 44-48). Steady-state ATP
synthase levels were reduced and/or incomplete forms of ATP synthase were present in
patient cells/tissues (49, 50). However, the absence of these subcomplexes has also been

reported (51, 52).
1.3.1.2.  Primary defects of ATP synthase due to mutation in nDNA

Primary ATP synthase defects caused by nuclear mutations belong to the most severe
metabolic diseases, usually manifesting as early-onset mitochondrial encephalo-
cardiomyopathies. Up to now, mutations in eight nuclear genes related to primary nuclear
defects of ATP synthase were found. Six of them, ATP5SFIA (53-56), ATPSFIE (56, 57),
ATPSFID (58), ATP5SMK (59), ATP5PO (56), and ATPSMC3 (56, 60) encode structural
subunits a, €, 0, DAPIT, OSCP, and c, while the other two ATPAF2(61) and TMEM?70 (22)
genes encode specific ancillary factors of biosynthesis of ATP synthase. However, differences
can be found in the frequency of mutations. While the first seven types of nuclear ATP
synthase defects are extremely rare, various mutations in the TMEM?70 gene are very frequent.

In a group of patients with isolated ATP synthase deficiency, severe neonatal lactic
acidosis, and encephalocardiomyopathy, the presence of a mutation in the TMEM70 gene was
identified as the cause of the disease (22). The homozygous splicing mutation c.317-2A>G
was found in the second intron preventing the synthesis of TMEM70 protein (22, 62). The
patient’s fibroblasts presented decreased ADP-stimulated respiration, decreased ATP synthase
activities and significantly reduced amount of ATP synthase. All defects in fibroblasts were
corrected after complementation with wild-type TMEM70.

Clinically, TMEM70 protein defect was manifested in patients mainly as hypertrophic
cardiomyopathy, 3-methylglutaconic aciduria, lactate acidosis, dysmorphism, hypotonia,
ataxia, and psychomotor retardation. Less common symptoms include oligohydramnios,
prematurity, low birth weight, intrauterine growth restriction, persistent pulmonary
hypertension, Wolff-Parkinson-White syndrome, and hyperuricemia. Since 2008, 27 different
mutations in the TMEM70 gene leading to the clinical phenotype have been described (63).
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The study performed on fibroblasts prom a patient carrying the prevalent homozygous
splicing mutation c¢.317-2A>G showed an increased level of complex III and complex IV.
Surprisingly, the increase in these enzyme complexes was detected only at the protein level,
while not at mRNA level. Thus, the compensatory increase in complex III and complex IV
proteins appears to be due to specific adaptive changes in mitochondrial biogenesis that occur
during posttranslational phase (64).

Mitochondrial ultrastructure is often impaired in TMEM?70 patient’s cells and tissues,
because ATP synthase plays important role in the formation of mitochondrial cristae (see
chapter 1.2.6.2). Defective morphological features have been observed in the skeletal muscle
mitochondria of patients with two different compound heterozygous mutations ¢.317-2A>G
and c.118 119insGT (p.Ser40Cysfs*11) (65); c.317-2A>G and c.783A>G (p.*261Trpext*17)
(66) and patients” fibroblast and myoblasts (26, 66-68). Several swollen and irregularly
shaped mitochondria with disruption of the central part and complete loss of cristac were
reported. Furthermore, some mitochondria were small with simplified cristaec. Reduction of
ATP synthase levels results in the absence of cristae and formation of an “onion-like”
mitochondrial ultrastructure characterized by concentric rings of the inner mitochondrial
membrane (66). A spectrum of mild to more severe pathological changes have been observed
in patients with the prevalent mutation, including giant mitochondria, subsarcolemmal
accumulation of mitochondria, globular inclusions, concentric cristae formation, cristae
fragmentation, and crystalloid inclusions (67). The ultrastructural morphology of affected
mitochondria is restored by complementation (26).

Increased fragmentation of the mitochondrial network, suggesting altered fission/fusion
dynamics was observed also in fibroblast patient with compound heterozygous mutation
c.317-2A>G; ¢.349_352del (p.lle117Alafs*36) and homozygous splicing ¢.317-2A>G (66).

12



2. AIMS OF STUDY

Mitochondrial diseases represent one of the most common groups of inherited metabolic
disorders affecting children and adults (37, 35). Due to the dual genetic control of
mitochondria, defects in mitochondrial processes can be caused by mutations in the mtDNA
or nDNA. Inheritance of mitochondrial disorders is either maternal (mtDNA), sporadic (de-
novo), autosomal recessive, autosomal dominant, or X-linked. Genetic defects affecting
mitochondrial functions have so far been identified in more than 400 genes (30, 35, 69).

The aim of this study was to characterize the protein TMEM70, an ATP synthase assembly
factor and specifically to characterize the impact of identified novel disease variants leading

to primary or secondary ATP synthase deficiency in patients” cell lines or tissues samples.

The specific aims:

A) To characterize TMEM70 protein, the assembly factor of human mitochondrial
F1F,-ATP synthase

B) To study the impact of prevalent splicing homozygous mutation ¢.317-2A>G in
TMEM?70 gene on OXPHOS complexes and mitochondrial ultrastructure

C) To study the impact of various MT-ATP6 variants on OXPHOS complexes and
energy metabolism

D) To study the molecular and biochemical aspects of selected mitochondrial

diseases with complex V deficiency

3. MATERIALS AND METHODS

Ad published results, see individual articles/manuscripts
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4. RESULTS AND DISCUSSION

4.1. Results and discussion related to the specific aim A) To_characterize TMEM?70

protein, the assembly factor of human mitochondrial F;F,-ATP synthase

Hejzlarova, K., Tesafovd, M., Vrbacka-Cizkova, A., Vrbacky, M., Hartmannové, H.,
Kaplanova, V., Noskova, L., Kratochvilova, H., Buzkovéd, J., Havlickova, V., Zeman, J.,
Kmoch, S., Housteék, J. (2011). Expression and processing of the TMEM?70 protein.
Biochimica et biophysica acta; 1807: 144-149. IF = 4.843, Quartile Score = Q1 (2011).

The TMEM70 gene encoding a mitochondrial membrane protein was first identified by
integrative genomics in 2006 (23). In 2008, the TMEM70 protein was determined as an
assembly factor of mammalian ATP synthase (22). In this study, we investigated the import,
localization, sublocalization, and processing of this factor in human cells using GFP- and
FLAG-tagged forms of TMEM?70 protein.

TMEM?70 was found to be synthesized as a 29 kDa precursor protein processed to a 21
kDa mature form. Mitochondrial localization was demonstrated by immunocytochemical
colocalization of TMEM70-FLAG, mitochondrial dye (MitoTracker Red), and ATP synthase
subunit B. Furthermore, TMEM70 was found only in isolated mitochondria from the cells
expressing the TMEM70-FLAG protein, while it was absent in the cytosolic fraction.
Moreover, we fractionated the isolated mitochondria by sonication and treated
the mitochondrial membranes with Na,CO;. TMEM70-FLAG was found only in the
sediment, indicating its localization in the mitochondrial membrane. The mass spectroscopy
analysis confirmed the mitochondrial location of TMEM70 and further indicated low cellular
content of the TMEM70 protein as well as ATP synthase assembly factors
ATPAF1 and ATPAF2 (8). Although the TMEM70 protein has been described as an ATP
synthase assembly factor, in this study we did not identify a direct interaction of TMEM70
with ATP synthase, but we did identify the presence of a dimeric form of the TMEM70
protein. In this study, we only tested the possible interaction of TMEM70 protein with the
subunit o/f and possible subassembly complexes in which these subunits are present (F;, F-
c). As later shown, the TMEM70 protein interacts with the subunit ¢ and helps in the

assembly of the c8 ring, which is present in the inner mitochondrial membrane (21, 27-29).
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https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cytosolic-fraction
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mitochondrial-membrane

Kratochvilova, H. *, Hejzlarova, K. *, Vrbacky, M., Mréacek, T., Karbanova, V., Tesafova,
M., Gombitova, A., Cmarko, D., Wittig, 1., Zeman, J., Housték, J. * Equal contribution,
(2014). Mitochondrial membrane assembly of TMEM?70 protein. Mitochondrion 15: 1-9.
IF = 3.249, Quartile Score = Q2 (2014).

In this study, we focused on description of TMEM?70 protein structure, to elucidate its
function. Therefore, we characterized the membrane topology of TMEM70 protein in the
inner mitochondrial membrane by several independent approaches using GFP, FLAG and
MYC-FLAG as the C-terminal tags of the protein.

TMEMT70 protein structure was predicted to form a hairpin-like membrane assembly of the
protein. Based on the accessibility to membrane impermeable protease (trypsin) and to the
dye (Trypan blue) at differently permeabilized mitochondria we demonstrated that TMEM70
has a hairpin structure with the N- and C-termini oriented towards the mitochondrial matrix.
Such conformation is also consistent with previous computational predictions (26). Two-
dimensional electrophoresis and co-imunnoprecipitation analysis of different tagged forms
confirmed our previous findings that TMEM70 protein forms dimers and higher oligomer
structures (24). Nevertheless, no evidence of a specific association with the ATP synthase
complex or the F; subcomplexes was found. We have analyzed HEK293 cells expressing
either  TMEM70-GFP or TMEM70-FLAG alone or coexpressing both constructs
simultaneously. Mitochondria were solubilized with Triton X-100 immunoprecipitated with
anti-FLAG antibody. These experiments demonstrated that TMEM70 protein forms
oligomers.

A key question for understanding the biological function of the TMEMT70 protein,
however, is to reveal physiological interactions with the ATP synthase components, assembly
intermediates or other specific assembly factors. Neither immunoprecipitation nor electron
microscopy studies with immunogold labeling uncovers a direct interaction of TMEM70
protein with ATP synthase or its intermediates. And although we tested the interactions with
the subunit ¢ by immunocapture of an antibody against ATP synthase, no signal of TMEM70
protein was observed. However, as later shown, TMEM70 interacts with the subunit ¢ and
helps its, along with another assembly factor TMEM?242, to organize the subunits ¢ in the
inner mitochondrial membrane by assembling into larger oligomeric structures (21, 27). Our

work has thus provided the first steps towards unraveling the function of this protein.
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4.2. Results and discussion related to the specific aim B) To study the impact of
prevalent splicing homozygous mutation ¢.317-2A>G in TMEM70 gene on OXPHOS

complexes and mitochondrial ultrastructure
Stufkova, H., Hulkova, H., Stranecky, V., Smiskova, Z., Pavrovska, S., Wenchich, L.,
Hansikova, H., Honzik, T., Mracek, T., Housték, J., Zeman, J., Tesafovd, M. The impact of

prevalent homozygous splicing ¢.317-2A>G TMEM70 mutation on OXPHOS complexes,
mitochondrial reticulum, and ultrastructure in patient tissues, fibroblasts, and

myoblasts (manuscript prepared for submission).

This study represents a detailed analysis of the impact of the prevalent homozygous
splicing mutation ¢.317-2A>G in the TMEM70 gene on the amount, stability, and activity of
OXPHOS complexes and mitochondrial ultrastructure in predominantly affected tissues
(brain, muscle, heart, and liver), in myoblasts, and fibroblasts.

TMEM70 was found to be involved in the assembly of the c8-ring in the inner
mitochondrial membrane (27). In other studies (21, 28), the authors suggested that TMEM70
is not only involved in the assembly of complex V but also has a role in the stabilization and
assembly of complex I.

In a set of patient tissues (muscle, heart, liver, brain), steady-state level of individual
OXPHOS complexes in mitochondria were determined by BN-PAGE/WB. In all analyzed
tissues, a significant deficiency of complex V was detected. The decreased levels of complex
I were observed in all patient muscle samples. While, no specific pattern was observed in the
levels of other OXPHOS complexes. SDS-PAGE/WB analysis revealed significantly reduced
level of all ATP synthase subunits analysed, including subunit c.

In the case of fibroblasts, a compensatory effect was observed in all cases, but this
phenomenon was not apparent in all available tissues. In cardiomyocytes, an increase in
mitochondrial mass and increased OXPHOS activity was observed based on SDH, COX
staining. Increased levels and activities of OXPHOS complexes, associated with
compensatory effect, have been previously reported in several mitochondrial defects (57, 70).
The adaptive response is probably enabled by post-transcriptional events (64) in addition a
compensatory effect was also observed in the TMEM?70 knockout mouse model (29, 71).

The mitochondrial ultrastructure was analyzed in heart, fibroblasts and myoblasts.
Elongated mitochondria were predominant in control samples, whereas structural changes,
including unusually aberrant and sparse cristae, were common in patient samples. Moreover,
mitochondria with concentric cristae were also found. Dimerization of complex V plays a
pivotal role in cristae formation and thus in determining the morphology of the inner
mitochondrial membrane (77). The role of ATP synthase dimers in mitochondria cristae

formation was first described in yeast models, where a downregulation of ATP synthase
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(Lefebvre-Legendre et al. 2005) or altered formation of ATP synthase dimers due to
deficiency of the subunits e or g (Paumard et al. 2002) led to the absence of cristae and
formation of concentric (“onion-like”) membrane structures. Both in tissues from TMEM70
patients and in cultured cells, strongly altered mitochondrial cristae and "onion-like"
mitochondria were present. Our data confirmed previously published findings (27, 65-68, 72).
Similar changes in mitochondrial ultrastructure have also been demonstrated in TMEM70
deficient models (27, 71). However, deficiency of the mitophilin protein has also led to
aberrant mitochondrial morphology and the formation of concentric cristae (“onion-like*
morphology) in HeLa cells (73), thus this morphological feature is not exclusive to TMEM70
defects.

It was shown, that in the absence of TMEM70 protein, minimal ammounts of ATP
synthase are assembled and therefore the existence of an additional assembly factor was
assumed. The hypothesis of a second protein required for the c8-ring assembly was recently
confirmed by the Walker’s group (27). Carroll and coauthors showed that assembly of the c8-
ring requires not only TMEM70 but also a second protein TMEM242. TMEM?242 is directly
involved in the assembly of ATP synthase and both TMEM242 and TMEMT70 interact
specifically with subunit ¢ (27). TMEM70 and TMEM242 have similar overlapping functions,
but in addition, TMEM242 may influence the incorporation of subunits a, A6L, DAPIT, and
6.8PL (21). Finally, in our previous study, we obtained gene expression data in a set of 10
TMEMT70 patient fibroblasts (74). In this group, we analysed the mRNA expression level of
TMEM242. However, data does not show any specific trend in the expression levels of
TMEM242 in the patients.

Furthermore, TMEM70 and TMEM?242 interact with the subunit ¢ as well as with the
mitochondrial assembly intermediates of complex I (2, 28). Nevertheless, this functional
connection needs to be further studied as reduction of complex I is not a consistent feature
(29, 64) including this study. Across various types of patient tissues, a decreased of complex I
levels were rather individual and seem to be tissue specific. Moreover, no assembly

intermediates were observed.
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4.3. Results and discussion related to the specific aim C) To study the impact of various

MT-ATP6 variants on OXPHOS complexes and energy metabolism

Honzik, T., Tesatova, M., VinSova, K., Hansikova, H., Magner, M., Kratochvilova, H.,
Zamecnik, J., Zeman, J., and JesSina, P. (2013). Different laboratory and muscle biopsy
findings in a family with an m.8851T>C mutation in the mitochondrial MT-4ATP6 gene.
Mol Genet Metab 108, 102-105. IF = 2.827, Quartile Score = Q2 (2013).

In this study, we reported a very rare maternally inherited missense m.8851T>C
(p.Trp109Arg) mutation in the mitochondrial MT-ATP6 gene. In 2013 a second family with
this mtDNA variant was reported so far. Several additional patients have been reported (37,
75-77).

In our study, clinical symptoms such as a failure to thrive, microcephaly, psychomotor
retardation and hypotonia were present in a 3-year-old girl (proband) with a high mtDNA
mutational load (87-97%). LS findings on magnetic resonance imaging were documented.
Her 36-year-old mother (68% blood heteroplasmy) developed peripheral neuropathy and
muscle weakness at the age of 22 years.

We uncover pathological features in the proband’s muscle sample. Enzyme histochemical
analysis revealed focal subsarcolemmal accumulation of SDH reaction products in up to 5%
of muscle fibers. Typical COX-negative fibers were not observed. Electron microscopy
revealed a focal increase in subsarcolemmal mitochondria without altered morphology. The
energy-generating capacity of OXPHOS in the muscle sample, indicated diminished
OXPHOS activity due to disrupted complex V. Analysis of RC enzyme activities in a muscle
homogenate and isolated mitochondria showed normal or even increased activities of
complexes I, II, HI, I+II, II+II, and IV and CS compared to age-matched controls.
Muscle mitochondrial proteins were separated by BN-PAGE. There was a significant
decrease in steady-state levels of complex V and the accumulation of its subcomplexes.

In skin fibroblasts, BN-PAGE followed by WB and immunodetection revealed a slight
decrease (80% of controls) amount of complex V. However, no assembly subcomplexes were
observed. Decreased complex V holoenzyme and the presence of assembly subcomplexes
were common phenotypic features of the MT-ATP6 variant in patient tissues or fibroblasts
(48, 76, 78-81). However, studies have been reported where ATP synthase holoenzyme was
not reduced, despite high heteroplasty load (5/, 82). The inconsistency of complex V
assembly in individuals with the same genotype and similar levels of heteroplasmy points to
biochemical variability caused by pathogenic variants in MT-ATP6. Our result suggests that
the treshold effect varies according to the type of material analysed.

Our findings extend the clinical and laboratory phenotype associated with the m.8851T>C
(p.Trp109Arg) mutation in the MT-ATP6 gene. We classified this variant as pathogenic in
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2013. However, in 2018 this classification was changed to like pathogenetic (LP). Recently,
this variant was indicated as “Cfrm” in MITOMAP database (37), indicating that at least two
or more independent laboratories have published report on the pathogenicity of this particular
variant. However, this variant has also been reported as “Variant of Uncertain Significance”
(VUS), due to the high variability of clinical symptoms in patients with the same variant and a
similar level of heteroplasmy (75, 76). Recently, one individual was described who lived to
the 9th decade despite carrying 98% m.8851T>C levels, a mutant load. Although this variant
has been previously associated with severe pediatric phenotypes (52, 83). However, this may

be due to overall unique aspect of each patient and the different levels of heteroplasmy.

Stufkova, H., Kelifova, S., Kousal, B., Lokvencova, K., Hansikov4, H., Zameé¢nik, J.,
Vanéckova, M., Zeman, J., LiSkova, P., Honzik, T., Tesafovd, M. Clinical and laboratory
findings in a rare maternally inherited variant m.8719G>A in MT-ATP6 gene

(manuscript prepared for submission).

In the second study related to the third specific aim, we study the effect of the m.8719G>A
variant in MT-ATP6 (p.Gly65*) on the OXPHOS complexes, in particular on the complex V
assembly. This extremely rare variant was found in a 57-year-old patient with cataract,
pigmentary retinopathy, hearing loss, and leukoencephalopathy.

Tested tissues (blood, buccal swab, skin fibroblasts, skeletal muscle) showed a variable
heteroplasmy load from 9% in fibroblasts to 70% in muscle. Normal or elevated activities of
respiratory chain complexes were observed in muscle mitochondria. Analysis of the
mitochondrial energy-generating system indicated a complex V deficiency.

Separation of muscle mitochondria by BN-PAGE followed by WB and immunodetection
revealed reduced amounts of complex V (approx. 20% of controls) with accumulated
subcomplexes, V* (F;-part with c8-ring) and free F-part (Figure 12A). In addition, steady-
state levels of complex IV holoenzyme were also diminished in patient mitochondria (approx.
70% of control. A similar profile was found in a patient carrying 2 bp microdeletion
m.9205 9206delTA in mtDNA (84).

The maternally inherited missense variant m.8719G>A (p.Gly65*) has so far been reported
only once in a patient (without clinical and laboratory findings) from a cohort of more than
10,000 patients with suspected mitochondrial disease (85). Our findings thus provide for the
first time the clinical and biochemical phenotypes associated with this ultra rare pathogenic

mtDNA variant.

19



4.4. Results and discussion related to the specific aim D) To study the molecular and

biochemical aspects of selected mitochondrial diseases with complex V deficiency
Tesarfova, M., Vondrackova, A., gtufkové, H., Veprekova, L., Stranecky, V., Berankova, K.,
Hansikova, H., Magner, M., Géloova, N., Honzik, T., Vodi¢kova, E., Stary, J., Zeman, J.

(2019). Sideroblastic anemia associated with multisystem mitochondrial disorders.
Pediatr Blood Cancer 66, €27591. IF = 2.355, Quartile Score = Q2 (2019).

Sideroblastic anemia (SA) is a heterogeneous group of inherited or acquired diseases with
disrupted iron utilization in erythroblast, ineffective erythropoiesis, and variable systemic iron
overload (86). Inherited SA can be caused by mutations in various genes associated with
heme biosynthesis, [Fe-S] biosynthesis/transport with the thiamine-transport cluster, structural
subunits of the OXPHOS complexes or mutations in mtDNA (87-94).

In a cohort of 421 patients with multisystem mitochondrial diseases, SA was found in 8
individuals. Two patients developed SA with ring sideroblasts at the ages of three and six
years, respectively. Both had mitochondrial myopathy, lactic acidosis, and SA due to
homozygous 6-kb deletion of all of exon 4, a partial deletion of exon 5, and a 9-bp insertion
derived from intron 3 (c.896+2551 1061delinsATTTTACCA) resulting in a putative
truncation of the PUSI protein (p.Gly148ValfsX41). Large deletions represent a novel cause
of presumed PUS1 loss-of-function phenotype.

The PUSI protein is essential for proper postransriptional modification of tRNA
mitochndrial proteosynthesis (95). PUSI converts uridine into pseudouridine. Pseudouridine
may have a functional role in tRNAs and may assist in the peptidyl transfer reaction of
rRNAs. Mutations in the PUS! gene have been associated with mitochondrial myopathy and
SA (87, 96).

In our study, SA was also found in a child with heterozygous composed mutations
c.610A>G (p.Asn204Asp) and c.674C>T (p.Pro225Leu) in the COX10 gene that encodes the
COX10 protein, an assembly factor for complex IV. The insertion of heme A is a two-step
process performed by COX10 (97). Mutations in the assembly factors COX/0 have been
reported to cause variable severe phenotypes including lactic acidosis, Leigh syndrome,
hypertrophic cardiomyopathy and hypotonia (98).

In our study the activity of respiratory chain complexes III and IV in the muscles of PUS/
patients was significantly reduced. In addition, the activity of I + III was also reduced in one
of them. The patient with mutation in the COX10 gene showed low activities of complexes I +
IIT and IV in muscles. Reduced activities of complexes I + III and IV were also found in all
three analyzed patients with mtDNA deletion. All patients, except one with mtDNA deletion,
had very low COX/CS ratios.
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Protein analyses of the OXPHOS complexes revealed reduced levels of complex IV in
muscle and liver mitochondria in the patient with COXI0 variant. Steady-state levels of
complexes I, IV and V were markedly reduced in liver mitochondria of PUS! patients. The
combined deficiency of OXPHOS complexes was more profound in the muscle mitochondria
of these two patients, where reduced levels of complexes I, III, IV, and V were observed. In
addition, we also found an increased number of intermediates of complex V assembly in both
muscle and liver tissue of PUS/ patients.

Our results confirm that defects in complex V are primarily caused by defects in structural
subunits or ATP synthase assembly factors, but also in genes providing other mitochondrial
functions. In this case, we observe a combined defect in multiple OXPHOS complexes in
muscle and liver tissue in PUS! patients. While the defect in complex IV assembly factor
primarily disrupts complex IV biogenesis. Moreover, the presence of ATP synthase assembly
intermediates is also evident in liver and muscle. The combined defect was also observed in
other PUS1 patients (96).

Stufkova, H., Kolafova, H., Lokvencova, K., Honzik, T., Zeman, J., Hansikova, H., and
Tesatova, M. (2022). A Novel MTTK Gene Variant m.8315A>C as a Cause of MERRF
Syndrome. Genes (Basel) 13 (7) IF = 4.141, Quartile Score = Q2 (2021).

ATP synthase disorders can be caused by primary defects in structural subunits or
assembly factors, but also by secondary defects in genes important for other mitochondrial
functions. These include genes for mt-tRNA encoded by mtDNA. Which are essential for
mitochondrial proteosynthesis of all subunits of mitochondrially encoded OXPHOS
complexes. Damage to mt-tRNAs commonlly leads to combined defects in the OXPHOS
complexes (99).

In this study, we report a novel pathogenic variant in mtDNA in mt-tRNA gene for lysin.
Since first description in 1990, the number of pathogenic variants in mt-tRNA genes has
steadily increased (37, 99). Mt-tRNA-Lys is encoded by the MTTK gene, which is the second
most common site of pathogenic variants in mtDNA. To date, 28 pathogenic variants have
been described (37).

Our proband, a 39-year-old woman with myoclonus, epilepsy, muscle weakness, and
hearing impairment carried the heteroplasmic m.8315A>C variant in the MTTK gene with a
mutation load ranging from 71% to >96% in the tested tissues.

In the muscle sample, analysis of the capacity of the mitochondrial energy-generating
system showed impaired OXPHOS activity with reduced ADP stimulation. The activities of
respiratory chain enzymes in isolated muscle mitochondria showed significantly reduced

activities of complexes I + III and complex IV as well as the COX/CS ratio. Interestingly, the
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activities of RC complexes II and complexes II + III were slightly increased, suggesting a
compensatory effect.

Analysis of steady-state muscle mitochondrial protein levels using BN-PAGE followed by
WB and immunodetection revealed mildly reduced amounts of complex I and complex V
with accumulated sub-complexes, most likely V* (ATP synthase with several subunits ¢) and
F, domain. In addition, the steady-state level of complex IV holoenzyme was significantly
reduced. A similar effect of mutations in the M77K gene on OXPHOS complexes in muscle
mitochondria was observed in our previous study (700). Two patients with pathogenic MTTK
variants (m.8363G>A and m.8344A>G) showed the same pattern of combined OXPHOS
complexes deficiency (diminished CIV level, with a profound decrease in CI and CV, and
accumulated CV sub-complexes). Interestingly, even though the individual variants are
localized in different parts of the mt-tRNA the effect on OXPHOS remains the similar (700).

The variant m.8315A>C, is localized in the linker between the D-loop arm and the
anticodon stem, which has not been previously predicted as a mutation hotspot. Based on
MTTK sequence alignment, there is only a single purine nucleotide, either adenine or guanine,
found in this position among 40 species (101). Thus, the substitution of adenine for cytosine
at position m.8315 may disrupt interactions that stabilize the secondary structure of mt-tRNA-

Lys.
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5. CONCLUSIONS

The overall aim of the presented thesis was to study the biochemical and molecular genetic
aspects of primary and secondary ATP synthase deficiency and its impact on mitochondrial
energy metabolism. Furthermore, the study of the structural characteristics of the TMEM70
protein, whose defects are the most common cause of primary nuclear mitochondrial ATP
synthase disorders.

The core of the thesis is based on the five published articles by the author and coauthors,
extended by two manuscripts prepared for submission. Four specific aims of the thesis have
been proposed and each has been addressed in its corresponding section.

The first specific aim focused on the characterizationof the protein TMEM?70, an assembly
factor of human mitochondrial ATP synthase. It was found that the 21 kDa TMEM70 protein
localized in the inner mitochondrial membrane forms a higher oligomeric structure. TMEM70
has a hairpin structure with the N- and C-termini oriented into the mitochondrial matrix. Our
results contributed to the later discovery of the function of TMEM70 protein in the assembly
of ATP synthase.

Secondly, we were able to characterize the impact of the prevalent splicing homozygous
mutation ¢.317-2A>G in the TMEM?70 gene on OXPHOS complexes and mitochondrial
ultrastructure in board spectrum of tissues and cells. Our results demonstrate that prevalent
TMEM?70 mutation leads to a certain degree of adaptive/compensatory effect, which is
especially evident in fibroblasts, and affects mitochondrial reticulum and ultrastructure. The
absence of TMEM?70 protein always leads to an isolated deficiency of complex V, but only to
the inconsistent formation of a combined defect in OXPHOS complexes.

The third specific aim was to study the effect of various MT-ATP6 variants on OXPHOS
complexes and energy metabolism. Our results extend the clinical, biochemical, and
laboratory phenotype associated with two rare variants m.8851T>C (p.Trpl09Arg) and
m.8719G>A (p.Gly65*) in the MT-ATP6 gene. Our findings may contribute to further
diagnosis of maternally inherited ATP synthase disorders.

In the last section, we focus on the molecular and biochemical aspects of selected
mitochondrial diseases with combinated OXPHOS defects including complex V deficiency.
We observed combined defects of OXPHOS complexes in tissues of patients with PUSI and
MTTK. The novel results extend the knowledge of secondary ATP synthase defects in
combination with defects in other OXPHOS complexes.

In conclusion, the proposed aims of the Ph.D. Thesis were accomplished.
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6. SUMMARY

- TMEMT70 is a 21 kDa mitochondrial protein localised in the inner mitochondrial
membrane, has hairpin structure with the N- and C-termini oriented into the mitochondrial
matrix, and forms higher oligomer structures.

- The prevalent mutation of the 7TMEM70 gene leads to a some stage of
adaptive/compensatory effect, which is especially evident in fibroblasts; the absence of
TMEM?70 protein always leads to an isolated deficiency of complex V, but only to an
inconsistent combined defects of OXPHOS complexes.

- The findings extend the clinical and biochemical description of the phenotype associated
with two rare maternally inherited variants in M7T-ATP6 gene: m.8851T>C (p.Trpl109Arg)
and m.8§719G>A (p.Gly65%).

- Pathogenic mutations in PUSI and MTTK genes lead to a specific pattern of combined

OXPHOS complexes deficit in tissues ‘mitochondria.

24



7. LIST OF ORIGINAL ARTICLES

Publications in extenso, that constitutes the basis of the PhD thesis:

Hejzlarova, K., Tesafova, M., Vrbacka-Cizkova, A., Vrbacky, M., Hartmannova, H., Kaplanova, V.,
Noskova, L., Kratochvilova, H., Buzkova, J., Havlickova, V., Zeman, J., Kmoch, S., Houstek, J.
(2011). Expression and processing of the TMEM70 protein. Biochimica et biophysica acta 1807,
144-149. IF = 4.843, Quartile Score = Q1 (2011).

Honzik, T., Tesatova, M., Vinsova, K., Hansikova, H., Magner, M., Kratochvilova, H., Zamecnik, J.,
Zeman, J., and JeSina, P. (2013). Different laboratory and muscle biopsy findings in a family with
an m.8851T>C mutation in the mitochondrial MT-ATP6 gene. Mol Genet Metab 108, 102-105. IF
=2.827, Quartile Score = Q2 (2013).

Kratochvilova, H. *, Hejzlarova, K. *, Vrbacky, M., Mracek, T., Karbanova, V., Tesafova, M.,
Gombitova, A., Cmarko, D., Wittig, 1., Zeman, J., Houstek, J. (2014). Mitochondrial membrane
assembly of TMEM?70 protein. Mitochondrion 15, 1-9. * Equal contribution, IF = 3.249, Quartile
Score = Q2 (2014).

Tesafova, M., Vondrackova, A., Stufkova, H., Veptekova, L., Stranecky, V., Berankova, K.,
Hansikova, H., Magner, M., Galoova, N., Honzik, T., Vodi¢kova, E., Stary, J., Zeman, J. (2019).
Sideroblastic anemia associated with multisystem mitochondrial disorders. Pediatr Blood Cancer
66. IF = 2.355, Quartile Score = Q2 (2019).

Stufkova, H., Kolafova, H., Lokvencova, K., Honzik, T., Zeman, J., Hansikova, H., and Tesafova, M.
(2022). A Novel MTTK Gene Variant m.8315A>C as a Cause of MERRF Syndrome. Genes
(Basel) 13 (7). 1245. IF = 4.141, Quartile Score = Q2 (2021).

Other publications in extenso:

Vondrackova, A., Vesela, K., Kratochvilova, H., Kucerova Vidrova, V., Vinsova, K., Stranecky, V.,
Honzik, T., Hansikova, H., Zeman, J., and Tesafova, M. (2014). Large copy number variations in
combination with point mutations in the TYMP and SCO2 genes found in two patients with
mitochondrial disorders. Eur ] Hum Genet 22, 431-434. IF = 4.349, Quartile Score = Q1 (2014).

Kratochvilova, H., Rodinova, M., Sladkova, J., Klempit, J., Liskova, 1., Motlik, J., Zeman, J.,
Hansikova, H., Tesarova, M. (2015). Acyl-CoA Binding Domain Containing 3 (ACBD3) Protein in
Huntington’s Disease Human Skin Fibroblasts. Cesk Slov Neurol N 78/111, (Suppl 2) 2S34-2S38.
IF = 0.209, Quartile Score = Q4 (2015).

Ng, Y.S., Alston, C.L., Diodato, D., Morris, A.A., Ulrick, N., Kmoch, S., Houstek, J., Martinelli, D.,
Haghighi, A., Atig, M., Gamero, M. A., Garcia-Martinez, E., Kratochvilova, H. ,Santra, S., Brown,
R. M., Brown, G. K., Ragge, N., Monavari, A., Pysden, K., Ravn, K., Casey, J. P., Khan, A.,
Chakrapani, A., Vassallo, G., Simons, C., McKeever, K., O'Sullivan, S., Childs, A. M., Ostergaard, E.,
Vanderver, A., Goldstein, A., Vogt, J.,, Taylor, R. W., McFarland, R (2016). The -clinical,
biochemical and genetic features associated with RMND1-related mitochondrial disease. ] Med
Genet 53, 768-775. IF = 5.451, Quartile Score = Q1 (2016).

Kiizova, J., Stuﬂ(ové, H., Rodinova, M., Macakova, M., Bohuslavova, B., Vidinska, D., Klima, J.,
Ellederova, Z., Pavlok, A., Howland, D.S., Zeman, J., Motlik, J., Hansikova, H. (2017).
Mitochondrial Metabolism in a Large-Animal Model of Huntington Disease: The Hunt for

25



Biomarkers in the Spermatozoa of Presymptomatic Minipigs. Neurodegener Dis 17, 213-226. IF =
2.785, Quartile Score = Q2 (2017).

Askeland, G., Rodinova, M., Stufkova, H., Dosoudilov4, Z., Baxa, M., Smatlikova, P., Bohuslavova,
B., Klempift, J., Nguyen, T.D., Ku$nierczyk, A., Bjaras, M., Klungland, A., Hansikova, H., Ellederova,
Z., Eide, L. (2018). A transgenic minipig model of Huntington's disease shows early signs of
behavioral and molecular pathologies. Dis Model Mech 11. IF = 4.028, Quartile Score = Q1 (2018).

Rodinovéa, M., K¥izova, J., Stufkova, H., Bohuslavova, B., Askeland, G., Dosoudilova, Z., Juhas, S.,
Juhasova, J., Ellederova, Z., Zeman, J., Eide, L., Motlik, J., Hansikova, H. (2019). Deterioration of
mitochondrial bioenergetics and ultrastructure impairment in skeletal muscle of a transgenic
minipig model in the early stages of Huntington's disease. Dis Model Mech 12. IF = 4.651, Quartile
Score = Q1 (2019).

Danhelovska, T., Zdrazilova, L., §tufk0vé, H., VaniSova, M., Volfova, N., Kfizova, J., Kuda, O.,
Sladkova, J., and Tesatova, M. (2021). Knock-Out of ACBD3 Leads to Dispersed Golgi Structure,
but Unaffected Mitochondrial Functions in HEK293 and HeLa Cells. Int J Mol Sci 22. IF = 6.208,
Quartile Score = Q1 (2021).

VaniSova, M., Stufkové, H., Kohoutova, M., Rakosnikova, T., Kfizova, J., Klempit, J., RySankova, L.,
Roth, J., Zeman, J., Hansikova, H. (2022). Mitochondrial organization and structure are
compromised in fibroblasts from patients with Huntington's disease. Ultrastruct Pathol. 1-14. IF=
1.385, Quartile Score = Q4 (2021).

26



8. REFERENCE

([1.) Henze, K., and Martin, W. (2003) Evolutionary biology: essence of mitochondria, Nature 426,
127-128.

([2.) Papa, S. (1996) Mitochondrial oxidative phosphorylation changes in the life span. Molecular
aspects and physiopathological implications, Biochim Biophys Acta 1276, 87-105.

([3.) Craig, E. A., Voisine, C., and Schilke, B. (1999) Mitochondrial iron metabolism in the yeast
Saccharomyces cerevisiae, Biol Chem 380, 1167-1173.

([4.) Lemasters, J. J., Theruvath, T. P., Zhong, Z., and Nieminen, A. L. (2009) Mitochondrial calcium
and the permeability transition in cell death, Biochimica et biophysica acta 1787, 1395-1401.

([5.) Weinberg, S. E., Sena, L. A., and Chandel, N. S. (2015) Mitochondria in the regulation of innate
and adaptive immunity, Immunity 42, 406-417.

([6.) Murphy, E., Ardehali, H., Balaban, R. S., DiLisa, F., Dorn, G. W., Kitsis, R. N., Otsu, K., Ping,
P., Rizzuto, R., Sack, M. N., Wallace, D., Youle, R. J., and American Heart Association
Council on Basic Cardiovascular Sciences, C. u. o. C. C., and Council on Functional
Genomics and Translational Biology. (2016) Mitochondrial Function, Biology, and Role in
Disease: A Scientific Statement From the American Heart Association, Circ Res 118, 1960-
1991.

([7.) Wittig, 1., and Schiagger, H. (2008) Structural organization of mitochondrial ATP synthase,
Biochimica et biophysica acta 1777, 592-598.

([8.) Ackerman, S. H., and Tzagoloff, A. (2005) Function, structure, and biogenesis of mitochondrial
ATP synthase, Prog Nucleic Acid Res Mol Biol 80, 95-133.

([9.) Walker, J. E. (2013) The ATP synthase: the understood, the uncertain and the unknown, Biochem
Soc Trans 41, 1-16.

([10.) Abrahams, J. P., Leslie, A. G., Lutter, R., and Walker, J. E. (1994) Structure at 2.8 A resolution
of F1-ATPase from bovine heart mitochondria, Nature 370, 621-628.

([11.) Pinke, G., Zhou, L., and Sazanov, L. A. (2020) Cryo-EM structure of the entire mammalian F-
type ATP synthase, Nat Struct Mol Biol 27, 1077-1085.

([12.) Bernardi, P., and Di Lisa, F. (2015) The mitochondrial permeability transition pore: molecular
nature and role as a target in cardioprotection, J Mol Cell Cardiol 78, 100-106.

([13.) Bernardi, P., Di Lisa, F., Fogolari, F., and Lippe, G. (2015) From ATP to PTP and Back: A Dual
Function for the Mitochondrial ATP Synthase, Circ Res 116, 1850-1862.

([14.) Armold, 1., Pfeiffer, K., Neupert, W., Stuart, R. A., and Schiagger, H. (1998) Yeast mitochondrial
F1F0-ATP synthase exists as a dimer: identification of three dimer-specific subunits, EMBO J
17,7170-7178.

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

([16.) Wittig, I, and Schigger, H. (2005) Advantages and limitations of clear-native PAGE,
Proteomics 5, 4338-4346.

([17.) Davies, K. M., Anselmi, C., Wittig, 1., Faraldo-Goémez, J. D., and Kiihlbrandt, W. (2012)
Structure of the yeast F1Fo-ATP synthase dimer and its role in shaping the mitochondrial
cristae, Proc Natl Acad Sci U S A 109, 13602-13607.

([18.) Giorgio, V., von Stockum, S., Antoniel, M., Fabbro, A., Fogolari, F., Forte, M., Glick, G. D.,
Petronilli, V., Zoratti, M., Szabd, 1., Lippe, G., and Bernardi, P. (2013) Dimers of
mitochondrial ATP synthase form the permeability transition pore, Proc Natl Acad Sci U S A
110, 5887-5892.

([19.) Wang, Z. G., White, P. S., and Ackerman, S. H. (2001) Atp11p and Atp12p are assembly factors
for the F(1)-ATPase in human mitochondria, J Biol Chem 276, 30773-30778.

([20.) Li, Y., Jourdain, A. A., Calvo, S. E., Liu, J. S., and Mootha, V. K. (2017) CLIC, a tool for
expanding biological pathways based on co-expression across thousands of datasets, PLoS
Comput Biol 13, e¢1005653.

([21.) Carroll, J., He, J., Ding, S., Fearnley, I. M., and Walker, J. E. (2021) TMEM70 and TMEM242
help to assemble the rotor ring of human ATP synthase and interact with assembly factors for
complex I, Proc Natl Acad Sci US A 118.

27



([22.) Cizkova, A., Stranecky, V., Mayr, J. A., Tesarova, M., Havlickova, V., Paul, J., Ivanek, R.,
Kuss, A. W., Hansikova, H., Kaplanova, V., Vrbacky, M., Hartmannov4, H., Noskova, L.,
Honzik, T., Drahota, Z., Magner, M., Hejzlarova, K., Sperl, W., Zeman, J., Houstek, J., and
Kmoch, S. (2008) TMEM70 mutations cause isolated ATP synthase deficiency and neonatal
mitochondrial encephalocardiomyopathy, Nat Genet 40, 1288-1290.

([23.) Calvo, S., Jain, M., Xie, X., Sheth, S. A., Chang, B., Goldberger, O. A., Spinazzola, A., Zeviani,
M., Carr, S. A., and Mootha, V. K. (2006) Systematic identification of human mitochondrial
disease genes through integrative genomics, Nat Genet 38, 576-582.

([24.) Hejzlarova, K., Tesafova, M., Vrbacka-Cizkova, A., Vrbacky, M., Hartmannovéa, H.,
Kaplanova, V., Noskova, L., Kratochvilova, H., Buzkova, J., Havlickova, V., Zeman, J.,
Kmoch, S., and Houstek, J. (2011) Expression and processing of the TMEM70 protein,
Biochimica et biophysica acta 1807, 144-149.

([25.) Kratochvilova, H., Hejzlarova, K., Vrbacky, M., Mracek, T., Karbanova, V., Tesafova, M.,
Gombitova, A., Cmarko, D., Wittig, 1., Zeman, J., and Houstek, J. (2014) Mitochondrial
membrane assembly of TMEM?70 protein, Mitochondrion 15, 1-9.

([26.) Jonckheere, A. I., Huigsloot, M., Lammens, M., Jansen, J., van den Heuvel, L. P,
Spiekerkoetter, U., von Kleist-Retzow, J. C., Forkink, M., Koopman, W. J., Szklarczyk, R.,
Huynen, M. A., Fransen, J. A., Smeitink, J. A., and Rodenburg, R. J. (2011) Restoration of
complex V deficiency caused by a novel deletion in the human TMEM70 gene normalizes
mitochondrial morphology, Mitochondrion 11, 954-963.

([27.) Bahri, H., Buratto, J., Rojo, M., Dompierre, J. P., Salin, B., Blancard, C., Cuvellier, S., Rose,
M., Ben Ammar FElgaaied, A., Tetaud, E., di Rago, J. P., Devin, A., and Duvezin-Caubet, S.
(2021) TMEM70 forms oligomeric scaffolds within mitochondrial cristae promoting in situ
assembly of mammalian ATP synthase proton channel, Biochim Biophys Acta Mol Cell Res
1868, 118942,

([28.) Sanchez-Caballero, L., Elurbe, D. M., Baertling, F., Guerrero-Castillo, S., van den Brand, M.,
van Strien, J., van Dam, T. J. P., Rodenburg, R., Brandt, U., Huynen, M. A., and Nijtmans, L.
G. J. (2020) TMEM?70 functions in the assembly of complexes I and V, Biochim Biophys Acta
Bioenerg 1861, 148202.

([29.) Koval¢ikova, J., Vrbacky, M., Pecina, P., Tauchmannova, K., Niskova, H., Kaplanova, V.,
Brazdova, A., Alan, L., Elias, J., Cunatova, K., Kotinek, V., Sedlacek, R., Mragek, T., and
Houstek, J. (2019) TMEM70 facilitates biogenesis of mammalian ATP synthase by promoting
subunit ¢ incorporation into the rotor structure of the enzyme, FASEB J 33, 14103-14117.

([30.) Stenton, S., Masaru, S., Piekutowska-Abramczuk, D., Freisinger, P., Distelmaier, F., Mayr, J.
A., Makowski, C., Biichner, B., Alhaddad, B., Alston, C. L., Ardissone, A., Ban, R., Bari¢, 1.,
Berutti, R., Brunet, T., Ciara, E., Deen, D., Gagneur, J., Ghezzi, D., Gusic, M., Haack, T. B.,
Hempel, M., Husain, R. A., Karall, D., Kélker, S., Kotzaeridou, U., Klopstock, T., Kopajtich,
R., Konstantopoulou, V., Liez, S. t., Lenz, D., Lim, A. Z., Mandel, H., Miiller-Felber, W.,
Muiioz-Pujol, G., Ohtake, A., Okazaki, Y., Olsen, R., Pronicka, E., Pyle, A., Ribes, A.,
Rokicki, D., Santer, R., Schiff, M., Schuelke, M., Smirnov, D., Sperl, W., Strom, T., Tort, F.,
Tsygankova, P., and Coster, R. v. (2022) Diagnosing pediatric mitochondrial disease: lessons
from 2,000 exomes, Preprint. Genetic and Genomic Medicine.

([31.) Lightowlers, R. N., Taylor, R. W., and Turnbull, D. M. (2015) Mutations causing mitochondrial
disease: What is new and what challenges remain?, Science 349, 1494-1499.

([32.) Watson, E., Davis, R., and Sue, C. (2020) New diagnostic pathways for mitochondrial disease, J
Transl Genet Genom 4, 188-202.

([33.) Rahman, S. (2020) Mitochondrial disease in children, J Intern Med 287, 609-633.

([34.) Shoubridge, E. A. (2001) Nuclear genetic defects of oxidative phosphorylation, Hum Mol Genet
10,2277-2284.

([35.) Thompson, K., Collier, J. J., Glasgow, R. 1. C., Robertson, F. M., Pyle, A., Blakely, E. L.,
Alston, C. L., Olahova, M., McFarland, R., and Taylor, R. W. (2020) Recent advances in
understanding the molecular genetic basis of mitochondrial disease, J Inherit Metab Dis 43,
36-50.

([36.) Russell, O. M., Gorman, G. S., Lightowlers, R. N., and Turnbull, D. M. (2020) Mitochondrial
Diseases: Hope for the Future, Cell 181, 168-188.

28



([37.) Lott, M. T., Leipzig, J. N., Derbeneva, O., Xie, H. M., Chalkia, D., Sarmady, M., Procaccio, V.,
and Wallace, D. C. (2013) mtDNA Variation and Analysis Using Mitomap and Mitomaster,
Curr Protoc Bioinformatics 44, 1.23.21-26.

([38.) Stewart, J. B., and Chinnery, P. F. (2015) The dynamics of mitochondrial DNA heteroplasmy:
implications for human health and disease, Nat Rev Genet 16, 530-542.

([39.) Yang, Z., Slone, J., and Huang, T. (2022) Next-Generation Sequencing to Characterize
Mitochondrial Genomic DNA Heteroplasmy, Curr Protoc 2, €412,

([40.) Mayr, J. A., Haack, T. B., Freisinger, P., Karall, D., Makowski, C., Koch, J., Feichtinger, R. G.,
Zimmermann, F. A., Rolinski, B., Ahting, U., Meitinger, T., Prokisch, H., and Sperl, W.
(2015) Spectrum of combined respiratory chain defects, J Inherit Metab Dis 38, 629-640.

([41.) Baracca, A., Sgarbi, G., Mattiazzi, M., Casalena, G., Pagnotta, E., Valentino, M. L., Moggio,
M., Lenaz, G., Carelli, V., and Solaini, G. (2007) Biochemical phenotypes associated with the
mitochondrial ATP6 gene mutations at nt8993, Biochimica et biophysica acta 1767, 913-919.

([42.) Jonckheere, A. 1., Hogeveen, M., Nijtmans, L. G., van den Brand, M. A., Janssen, A. J.,
Diepstra, J. H., van den Brandt, F. C., van den Heuvel, L. P., Hol, F. A., Hofste, T. G.,
Kapusta, L., Dillmann, U., Shamdeen, M. G., Smeitink, J. A., and Rodenburg, R. J. (2008) A
novel mitochondrial ATP8 gene mutation in a patient with apical hypertrophic
cardiomyopathy and neuropathy, J Med Genet 45, 129-133.

([43.) Wittig, 1., Meyer, B., Heide, H., Steger, M., Bleier, L., Wumaier, Z., Karas, M., and Schégger,
H. (2010) Assembly and oligomerization of human ATP synthase lacking mitochondrial
subunits a and A6L, Biochim Biophys Acta 1797, 1004-1011.

([44.) Pallotti, F., Baracca, A., Hernandez-Rosa, E., Walker, W. F., Solaini, G., Lenaz, G., Melzi
D'Eril, G. V., Dimauro, S., Schon, E. A., and Davidson, M. M. (2004) Biochemical analysis of
respiratory function in cybrid cell lines harbouring mitochondrial DNA mutations, Biochem J
384,287-293.

([45.) Sgarbi, G., Baracca, A., Lenaz, G., Valentino, L. M., Carelli, V., and Solaini, G. (2006)
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 J 395, 493-500.

([46.) Sikorska, M., Sandhu, J. K., Simon, D. K., Pathiraja, V., Sodja, C., Li, Y., Ribecco-Lutkiewicz,
M., Lanthier, P., Borowy-Borowski, H., Upton, A., Raha, S., Pulst, S. M., and Tarnopolsky,
M. A. (2009) Identification of ataxia-associated mtDNA mutations (m.4052T>C and
m.9035T>C) and evaluation of their pathogenicity in transmitochondrial cybrids, Muscle
Nerve 40, 381-394.

([47.) Blanco-Grau, A., Bonaventura-Ibars, 1., Coll-Canti, J., Melia, M. J., Martinez, R., Martinez-
Gallo, M., Andreu, A. L., Pinds, T., and Garcia-Arumi, E. (2013) Identification and
biochemical characterization of the novel mutation m.8839G>C in the mitochondrial ATP6
gene associated with NARP syndrome, Genes Brain Behav 12, 812-820.

([48.) Dautant, A., Meier, T., Hahn, A., Tribouillard-Tanvier, D., di Rago, J. P., and Kucharczyk, R.
(2018) ATP Synthase Diseases of Mitochondrial Genetic Origin, Front Physiol 9, 329.

([49.) Nijtmans, L. G., Klement, P., Housték, J., and van den Bogert, C. (1995) Assembly of
mitochondrial ATP synthase in cultured human cells: implications for mitochondrial diseases,
Biochimica et biophysica acta 1272, 190-198.

([50.) Carrozzo, R., Wittig, 1., Santorelli, F. M., Bertini, E., Hofmann, S., Brandt, U., and Schiagger, H.
(2006) Subcomplexes of human ATP synthase mark mitochondrial biosynthesis disorders,
Ann Neurol 59, 265-275.

([51.) Verny, C., Guegen, N., Desquiret, V., Chevrollier, A., Prundean, A., Dubas, F., Cassereau, J.,
Ferre, M., Amati-Bonneau, P., Bonneau, D., Reynier, P., and Procaccio, V. (2011) Hereditary
spastic paraplegia-like disorder due to a mitochondrial ATP6 gene point mutation,
Mitochondrion 11, 70-75.

([52.) Honzik, T., Tesarova, M., Vinsova, K., Hansikova, H., Magner, M., Kratochvilova, H.,
Zamecnik, J., Zeman, J., and Jesina, P. (2013) Different laboratory and muscle biopsy findings
in a family with an m.8851T>C mutation in the mitochondrial MTATP6 gene, Mol Genet
Metab 108, 102-105.

29



([53.) Jonckheere, A. 1., Renkema, G. H., Bras, M., van den Heuvel, L. P., Hoischen, A., Gilissen, C.,
Nabuurs, S. B., Huynen, M. A., de Vries, M. C., Smeitink, J. A., and Rodenburg, R. J. (2013)
A complex V ATP5A1 defect causes fatal neonatal mitochondrial encephalopathy, Brain 136,
1544-1554.

([54.) Lines, M. A., Cuillerier, A., Chakraborty, P., Naas, T., Duque Lasio, M. L., Michaud, J., Pileggi,
C., Harper, M. E., Burelle, Y., Toler, T. L., Sondheimer, N., Crawford, H. P., Millan, F., and
Geraghty, M. T. (2021) A recurrent de novo ATPSF1A substitution associated with neonatal
complex V deficiency, Eur J Hum Genet 29, 1719-1724.

([55.) 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., Schmahmann, J. D., Borowsky, M. L.,
Mueller, D. M., Sims, K. B., and Mootha, V. K. (2013) Targeted exome sequencing of
suspected mitochondrial disorders, Neurology 80, 1762-1770.

([56.) Zech, M., Kopajtich, R., Steinbriicker, K., Bris, C., Gueguen, N., Feichtinger, R. G., Achleitner,
M. T., Duzkale, N., Périvier, M., Koch, J., Engelhardt, H., Freisinger, P., Wagner, M., Brunet,
T., Berutti, R., Smirnov, D., Navaratnarajah, T., Rodenburg, R. J. T., Pais, L. S., Austin-Tse,
C., O'Leary, M., Boesch, S., Jech, R., Bakhtiari, S., Jin, S. C., Wilbert, F., Kruer, M. C,,
Wortmann, S. B., Eckenweiler, M., Mayr, J. A., Distelmaier, F., Steinfeld, R., Winkelmann,
J., and Prokisch, H. (2022) Variants in Mitochondrial ATP Synthase Cause Variable
Neurologic Phenotypes, Ann Neurol 91, 225-237.

([57.) Mayr, J. A., Havlickova, V., Zimmermann, F., Magler, 1., Kaplanova, V., Jesina, P., Pecinova,
A., Nuskova, H., Koch, J., Sperl, W., and Houstek, J. (2010) Mitochondrial ATP synthase
deficiency due to a mutation in the ATP5E gene for the F1 epsilon subunit, Hum Mol Genet
19, 3430-3439.

([58.) Olahova, M., Yoon, W. H., Thompson, K., Jangam, S., Fernandez, L., Davidson, J. M., Kyle, J.
E., Grove, M. E., Fisk, D. G., Kohler, J. N., Holmes, M., Dries, A. M., Huang, Y., Zhao, C.,
Contrepois, K., Zappala, Z., Frésard, L., Waggott, D., Zink, E. M., Kim, Y. M., Heyman, H.
M., Stratton, K. G., Webb-Robertson, B. M., Snyder, M., Merker, J. D., Montgomery, S. B.,
Fisher, P. G., Feichtinger, R. G., Mayr, J. A., Hall, J., Barbosa, I. A., Simpson, M. A.,
Deshpande, C., Waters, K. M., Koeller, D. M., Metz, T. O., Morris, A. A., Schelley, S.,
Cowan, T., Friederich, M. W., McFarland, R., Van Hove, J. L. K., Enns, G. M., Yamamoto,
S., Ashley, E. A., Wangler, M. F., Taylor, R. W., Bellen, H. J., Bernstein, J. A., Wheeler, M.
T., and Network, U. D. (2018) Biallelic Mutations in ATP5F1D, which Encodes a Subunit of
ATP Synthase, Cause a Metabolic Disorder, Am J Hum Genet 102, 494-504.

([59.) Barca, E., Ganetzky, R. D., Potluri, P., Juanola-Falgarona, M., Gai, X., Li, D., Jalas, C., Hirsch,
Y., Emmanuele, V., Tadesse, S., Ziosi, M., Akman, H. O., Chung, W. K., Tanji, K.,
McCormick, E. M., Place, E., Consugar, M., Pierce, E. A., Hakonarson, H., Wallace, D. C.,
Hirano, M., and Falk, M. J. (2018) USMGS5 Ashkenazi Jewish founder mutation impairs
mitochondrial complex V dimerization and ATP synthesis, Hum Mol Genet 27, 3305-3312.

([60.) Neilson, D. E., Zech, M., Hufnagel, R. B., Slone, J., Wang, X., Homan, S., Gutzwiller, L. M.,
Leslie, E. J., Leslie, N. D., Xiao, J., Hedera, P., LeDoux, M. S., Gebelein, B., Wilbert, F.,
Eckenweiler, M., Winkelmann, J., Gilbert, D. L., and Huang, T. (2022) A Novel Variant of
ATP5SMC3 Associated with Both Dystonia and Spastic Paraplegia, Mov Disord 37, 375-383.

([61.) De Meirleir, L., Seneca, S., Lissens, W., De Clercq, L., Eyskens, F., Gerlo, E., Smet, J., and Van
Coster, R. (2004) Respiratory chain complex V deficiency due to a mutation in the assembly
gene ATP12, J Med Genet 41, 120-124.

([62.) Houstek, J., Kmoch, S., and Zeman, J. (2009) TMEM70 protein - a novel ancillary factor of
mammalian ATP synthase, Biochimica et biophysica acta 1787, 529-532.

([63.) Stenson, P. D., Ball, E. V., Mort, M., Phillips, A. D., Shiel, J. A., Thomas, N. S., Abeysinghe,
S., Krawczak, M., and Cooper, D. N. (2003) Human Gene Mutation Database (HGMD): 2003
update, Hum Mutat 21, 577-581.

([64.) Havlickova Karbanova, V., Cizkova Vrbacka, A., Hejzlarova, K., Nuskova, H., Stranecky, V.,
Potocka, A., Kmoch, S., and Houstek, J. (2012) Compensatory upregulation of respiratory
chain complexes III and IV in isolated deficiency of ATP synthase due to TMEM70 mutation,
Biochim Biophys Acta 1817, 1037-1043.

30



([65.) Cameron, J. M., Levandovskiy, V., Mackay, N., Ackerley, C., Chitayat, D., Raiman, J.,
Halliday, W. H., Schulze, A., and Robinson, B. H. (2011) Complex V TMEM?70 deficiency
results in mitochondrial nucleoid disorganization, Mitochondrion 11, 191-199.

([66.) Diodato, D., Invernizzi, F., Lamantea, E., Fagiolari, G., Parini, R., Menni, F., Parenti, G.,
Bollani, L., Pasquini, E., Donati, M. A., Cassandrini, D., Santorelli, F. M., Haack, T. B.,
Prokisch, H., Ghezzi, D., Lamperti, C., and Zeviani, M. (2014) Common and Novel TMEM70
Mutations in a Cohort of Italian Patients with Mitochondrial Encephalocardiomyopathy, JIMD
Rep.

([67.) Braczynski, A. K., Vlaho, S., Miiller, K., Wittig, L., Blank, A. E., Tews, D. S., Drott, U., Kleinle,
S., Abicht, A., Horvath, R., Plate, K. H., Stenzel, W., Goebel, H. H., Schulze, A., Harter, P.
N., Kieslich, M., and Mittelbronn, M. (2015) ATP synthase deficiency due to TMEM70
mutation leads to ultrastructural mitochondrial degeneration and is amenable to treatment,
Biomed Res Int 2015, 462592.

([68.) Sladkova, J., Spagilova, J., Capek, M., Tesafova, M., Hansikova, H., Honzik, T., Martinek, J.,
Zamecnik, J., Kostkovd, O., and Zeman, J. (2015) Analysis of Mitochondrial Network
Morphology in Cultured Myoblasts from Patients with Mitochondrial Disorders, Ultrastruct
Pathol 39, 340-350.

([69.) Frazier, A. E., Thorburn, D. R., and Compton, A. G. (2019) Mitochondrial energy generation
disorders: genes, mechanisms, and clues to pathology, J Biol Chem 294, 5386-5395.

([70.) Kovarova, N., Cizkova Vrbacka, A., Pecina, P., Stranecky, V., Pronicka, E., Kmoch, S., and
Houstek, J. (2012) Adaptation of respiratory chain biogenesis to cytochrome c oxidase
deficiency caused by SURF1 gene mutations, Biochimica et biophysica acta 1822, 1114-1124.

([71.) Vrbacky, M., Kovalc¢ikova, J., Chawengsaksophak, K., Beck, I. M., Mracek, T., Nuskova, H.,
Sedmera, D., Papousek, F., Kolaf, F., Sobol, M., Hozak, P., Sedlacek, R., and Houstek, J.
(2016) Knockout of Tmem?70 alters biogenesis of ATP synthase and leads to embryonal
lethality in mice, Hum Mol Genet 25, 4674-4685.

([72.) Holme, E., Greter, J., Jacobson, C. E., Larsson, N. G., Lindstedt, S., Nilsson, K. O., Oldfors, A.,
and Tulinius, M. (1992) Mitochondrial ATP-synthase deficiency in a child with 3-
methylglutaconic aciduria, Pediatr Res 32, 731-735.

([73.) John, G. B., Shang, Y., Li, L., Renken, C., Mannella, C. A., Selker, J. M., Rangell, L., Bennett,
M. J., and Zha, J. (2005) The mitochondrial inner membrane protein mitofilin controls cristae
morphology, Mol Biol Cell 16, 1543-1554.

([74.) Cizkova, A., Stranecky, V., Ivanek, R., Hartmannova, H., Noskova, L., Piherova, L., Tesarova,
M., Hansikova, H., Honzik, T., Zeman, J., Divina, P., Potocka, A., Paul, J., Sperl, W., Mayr, J.
A., Seneca, S., Housték, J., and Kmoch, S. (2008) Development of a human mitochondrial
oligonucleotide microarray (h-MitoArray) and gene expression analysis of fibroblast cell lines
from 13 patients with isolated F1Fo ATP synthase deficiency, BMC Genomics 9, 38.

([75.) Wong, L. C., Chen, T., Schmitt, E. S., Wang, J., Tang, S., Landsverk, M., Li, F., Zhang, S.,
Wang, Y., Zhang, V. W., and Craigen, W. J. (2020) Clinical and laboratory interpretation of
mitochondrial mRNA variants, Hum Mutat 41, 1783-1796.

([76.) Ganetzky, R. D., Stendel, C., McCormick, E. M., Zolkipli-Cunningham, Z., Goldstein, A. C.,
Klopstock, T., and Falk, M. J. (2019) MT-ATP6 mitochondrial disease variants: Phenotypic
and biochemical features analysis in 218 published cases and cohort of 14 new cases, Hum
Mutat 40, 499-515.

([77.) Poole, O. V., Pizzamiglio, C., Murphy, D., Falabella, M., Macken, W. L., Bugiardini, E.,
Woodward, C. E., Labrum, R., Efthymiou, S., Salpietro, V., Chelban, V., Kaiyrzhanov, R.,
Maroofian, R., Amato, A. A., Gregory, A., Hayflick, S. J., Jonvik, H., Wood, N., Houlden, H.,
Vandrovcova, J., Hanna, M. G., Pittman, A., Pitceathly, R. D. S., Group, S. S., and Genomics,
Q. S. (2021) Mitochondrial DNA Analysis from Exome Sequencing Data Improves
Diagnostic Yield in Neurological Diseases, Ann Neurol 89, 1240-1247.

([78.) Castagna, A. E., Addis, J., Mclnnes, R. R., Clarke, J. T., Ashby, P., Blaser, S., and Robinson, B.
H. (2007) Late onset Leigh syndrome and ataxia due to a T to C mutation at bp 9,185 of
mitochondrial DNA, Am J Med Genet A 1434, 808-816.

31



([79.) Hao, X., Liu, S., Wu, X., Hao, Y., and Chen, Y. (2015) Infantile mitochondrial disorder
associated with subclinical hypothyroidism is caused by a rare mitochondrial DNA 8691A>G
mutation: a case report, Neuroreport 26, 588-592.

([80.) Lopez-Gallardo, E., Solano, A., Herrero-Martin, M. D., Martinez-Romero, I., Castafio-Pérez, M.
D., Andreu, A. L., Herrera, A., Lopez-Pérez, M. J., Ruiz-Pesini, E., and Montoya, J. (2009)
NARP syndrome in a patient harbouring an insertion in the MT-ATP6 gene that results in a
truncated protein, J Med Genet 46, 64-67.

([81.) Pitceathly, R. D. S., and Taanman, J. W. (2018) NDUFA4 (Renamed COXFA4) Is a
Cytochrome-c Oxidase Subunit, Trends Endocrinol Metab 29, 452-454.

([82.) Garcia, J. J., Ogilvie, 1., Robinson, B. H., and Capaldi, R. A. (2000) Structure, functioning, and
assembly of the ATP synthase in cells from patients with the T8993G mitochondrial DNA
mutation. Comparison with the enzyme in Rho(0) cells completely lacking mtdna, J Biol
Chem 275,11075-11081.

([83.) De Meirleir, L., Seneca, S., Lissens, W., Schoentjes, E., and Desprechins, B. (1995) Bilateral
striatal necrosis with a novel point mutation in the mitochondrial ATPase 6 gene, Pediatr
Neurol 13, 242-246.

([84.) Jesina, P., Tesarova, M., Fornuskova, D., Vojtiskova, A., Pecina, P., Kaplanova, V., Hansikova,
H., Zeman, J., and Houstek, J. (2004) Diminished synthesis of subunit a (ATP6) and altered
function of ATP synthase and cytochrome c oxidase due to the mtDNA 2 bp microdeletion of
TA at positions 9205 and 9206, Biochem. J. 383, 561-571.

([85.) Tang, S., Wang, J., Zhang, V. W., Li, F. Y., Landsverk, M., Cui, H., Truong, C. K., Wang, G.,
Chen, L. C., Graham, B., Scaglia, F., Schmitt, E. S., Craigen, W. J., and Wong, L. J. (2013)
Transition to next generation analysis of the whole mitochondrial genome: a summary of
molecular defects, Hum Mutat 34, 882-893.

([86.) Bottomley, S. S., and Fleming, M. D. (2014) Sideroblastic anemia: diagnosis and management,
Hematol Oncol Clin North Am 28, 653-670, v.

([87.) Bykhovskaya, Y., Casas, K., Mengesha, E., Inbal, A., and Fischel-Ghodsian, N. (2004)
Missense mutation in pseudouridine synthase 1 (PUS1) causes mitochondrial myopathy and
sideroblastic anemia (MLASA), Am J Hum Genet 74, 1303-1308.

([88.) Wiseman, D. H., May, A., Jolles, S., Connor, P., Powell, C., Heeney, M. M., Giardina, P. J.,
Klaassen, R. J., Chakraborty, P., Geraghty, M. T., Major-Cook, N., Kannengiesser, C., Thuret,
I., Thompson, A. A., Marques, L., Hughes, S., Bonney, D. K., Bottomley, S. S., Fleming, M.
D., and Wynn, R. F. (2013) A novel syndrome of congenital sideroblastic anemia, B-cell
immunodeficiency, periodic fevers, and developmental delay (SIFD), Blood 122, 112-123.

([89.) Riley, L. G., Cooper, S., Hickey, P., Rudinger-Thirion, J., McKenzie, M., Compton, A., Lim, S.
C., Thorburn, D., Ryan, M. T., Gieg¢, R., Bahlo, M., and Christodoulou, J. (2010) Mutation of
the mitochondrial tyrosyl-tRNA synthetase gene, YARS2, causes myopathy, lactic acidosis,
and sideroblastic anemia--MLASA syndrome, Am J Hum Genet 87, 52-59.

([90.) Bergmann, A. K., Campagna, D. R., McLoughlin, E. M., Agarwal, S., Fleming, M. D.,
Bottomley, S. S., and Neufeld, E. J. (2010) Systematic molecular genetic analysis of
congenital sideroblastic anemia: evidence for genetic heterogeneity and identification of novel
mutations, Pediatr Blood Cancer 54, 273-278.

([91.) Diaz, G. A., Banikazemi, M., Oishi, K., Desnick, R. J., and Gelb, B. D. (1999) Mutations in a
new gene encoding a thiamine transporter cause thiamine-responsive megaloblastic anaemia
syndrome, Nat Genet 22, 309-312.

([92.) Riley, L. G., Rudinger-Thirion, J., Schmitz-Abe, K., Thorburn, D. R., Davis, R. L., Teo, J.,
Arbuckle, S., Cooper, S. T., Campagna, D. R., Frugier, M., Markianos, K., Sue, C. M.,
Fleming, M. D., and Christodoulou, J. (2016) LARS2 Variants Associated with Hydrops,
Lactic Acidosis, Sideroblastic Anemia, and Multisystem Failure, JIMD Rep 28, 49-57.

([93.) Schmitz-Abe, K., Ciesielski, S. J., Schmidt, P. J., Campagna, D. R., Rahimov, F., Schilke, B. A.,
Cuijpers, M., Rieneck, K., Lausen, B., Linenberger, M. L., Sendamarai, A. K., Guo, C.,
Hofmann, 1., Newburger, P. E., Matthews, D., Shimamura, A., Snijders, P. J., Towne, M. C.,
Niemeyer, C. M., Watson, H. G., Dziegiel, M. H., Heeney, M. M., May, A., Bottomley, S. S.,
Swinkels, D. W., Markianos, K., Craig, E. A., and Fleming, M. D. (2015) Congenital

32



sideroblastic anemia due to mutations in the mitochondrial HSP70 homologue HSPA9, Blood
126,2734-2738.

([94.) Lichtenstein, D. A., Crispin, A. W., Sendamarai, A. K., Campagna, D. R., Schmitz-Abe, K.,
Sousa, C. M., Kafina, M. D., Schmidt, P. J., Niemeyer, C. M., Porter, J., May, A., Patnaik, M.
M., Heeney, M. M., Kimmelman, A., Bottomley, S. S., Paw, B. H., Markianos, K., and
Fleming, M. D. (2016) A recurring mutation in the respiratory complex 1 protein NDUFB11
is responsible for a novel form of X-linked sideroblastic anemia, Blood 128, 1913-1917.

([95.) Chen, J., and Patton, J. R. (1999) Cloning and characterization of a mammalian pseudouridine
synthase, RNA 5, 409-419.

([96.) Fernandez-Vizarra, E., Berardinelli, A., Valente, L., Tiranti, V., and Zeviani, M. (2009)
Nonsense mutation in pseudouridylate synthase 1 (PUS1) in two brothers affected by
myopathy, lactic acidosis and sideroblastic anaemia (MLASA), BMJ Case Rep 2009.

([97.) Valnot, L., von Kleist-Retzow, J. C., Barrientos, A., Gorbatyuk, M., Taanman, J. W., Mehaye,
B., Rustin, P., Tzagoloff, A., Munnich, A., and Rétig, A. (2000) A mutation in the human
heme A:farnesyltransferase gene (COX10 ) causes cytochrome c oxidase deficiency, Hum Mol
Genet 9, 1245-1249.

([98.) Antonicka, H., Leary, S. C., Guercin, G. H., Agar, J. N., Horvath, R., Kennaway, N. G.,
Harding, C. O., Jaksch, M., and Shoubridge, E. A. (2003) Mutations in COX10 result in a
defect in mitochondrial heme A biosynthesis and account for multiple, early-onset clinical
phenotypes associated with isolated COX deficiency, Hum Mol Genet 12, 2693-2702.

([99.) Richter, U., McFarland, R., Taylor, R. W., and Pickett, S. J. (2021) The molecular pathology of
pathogenic mitochondrial tRNA variants, FEBS Lett 595, 1003-1024.

([100.) Fornuskova, D., Brantova, O., Tesarova, M., Stiburek, L., Honzik, T., Wenchich, L.,
Tietzeova, E., Hansikova, H., and Zeman, J. (2008) The impact of mitochondrial tRNA
mutations on the amount of ATP synthase differs in the brain compared to other tissues,
Biochim Biophys Acta 1782, 317-325.

([101.) Piitz, J., Dupuis, B., Sissler, M., and Florentz, C. (2007) Mamit-tRNA, a database of
mammalian mitochondrial tRNA primary and secondary structures, RNA 13, 1184-1190.

33



