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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 (Pi).

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.

TMEMT70 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
1solated 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.8§719G>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 PUSI 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



ABSTRAKT

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

Mitochondrialni poruchy ATP syntazy pifedstavuji heterogenni skupinu onemocnéni
charakterizovanou rtiznou 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’ izolované, nebo v kombinaci s defekty dalSich komplext
systému oxidacni fosforylace.

Cilem prace bylo charakterizovat protein TMEM70, asembla¢ni 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
koncti do mitochondrialni matrix, ktery tvofi v membrané vyssi oligomerni struktury. Nase
vysledky ukazaly, ze absence proteinu TMEM70 vede ke vzniku izolovaného deficitu
komplexu V, s pfitomnosti adaptaéniho/kompenzacniho efektu komplext dychaciho
fetézce. Ve svalovych mitochondriich byly pozorovany riizné stupné deficitu ATP syntazy
zpusobené extrémné vzacnymi heteroplazmatickymi variantami v genu MT-ATP6. Zatimco
varianta m.8851T>C (p.Trpl09Arg) vede jen k mirnému sniZeni mnozstvi holoenzymu
ATP syntazy, varianta m.8719G>A (p.Gly65*) mé za nésledek vyrazné sniZeni hladiny
komplexu V s pfitomnosti nékolika asembla¢nich intermediati. Podobné tézky dopad na
hladinu ATP syntazy byl pozorovan i u novych variant v genech MT7TK a PUSI, coz bylo

doprovazeno deficitem dal§ich komplext systému oxidacni fosforylace.

Klicova slova: mitochondrie, systém oxida¢ni fosforylace, ATP syntaza,

mitochondrialni poruchy, mitochondrialni DNA, MT-ATP6, MTTK, TMEM?70
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ABBREVIATIONS

AA: Amino Acid

ADP: Adenosinediphosphate

ANT: Adenine Nucleotide Translocator

ATP: Adenosinetriphosphate

ATPAF1-2: ATP synthase mitochondrial F; complex Assembly Factor 1-2
bp: base pair

BN-PAGE: Blue Native Polyacrylamide Gel Electrophoresis
BSN: Bilateral Striatal Necrosis

Ca’": Calcium ion

c¢DNA: complementary Deoxyribonucleic Acid
CJ: Cristae Junction

CMT: Charcot-Marie-Tooth syndrome

CoQ: Ubiquinone-coenzyme Q

CO,: Carbon dioxide

COX: Cytochrome ¢ Oxidase

CS: Citrate Synthase

Cyt b: Cytochrome b

Cyt c: Cytochrome ¢

CI: Complex I

CII: Complex II

CIII: Complex I1I

CIV: Complex IV

CV: Complex V

DAPIT: Diabetes Associated Protein in Insulin sensitive Tissues
DMEM: Dulbecco’s Modified Eagle’s Medium
DNA: Deoxyribonucleic Acid

dNTP: deoxy Nucleoside Triphosphate
D-loop: Displacement loop

EC: Enzyme Commission number

EDTA: Ethylenediaminetetraacetic Acid
ELAC2: ElaC Ribonuclease Z 2

ER: Endoplasmic Reticulum

F: Female



FAD: Flavin Adenine Dinucleotide

FADH2: reduced form of Flavin Adenine Dinucleotide

FBS: Fetal Bovine Serum

[Fe-S]: Iron-Sulfur Cluster

FH: Fumarate Hydratase

FMN: Flavin Mononucleotide

FMC1: Formation Of Mitochondrial Complex V Assembly Factor 1 Homolog
GFP: Green Fluorescent Protein

H: Heavy Strand of Mitochondrial deoxyribonucleic Acid

H': Hydrogen ion

H,S: Hydrogen sulfide

HEK293: Human Embryonic Kidney 293 cells

HSP70: Heat Shock Protein 70

IF1: Inhibitory Factor 1

IMB: Inner Boundary Membrane

IMM: Inner Mitochondrial Membrane

IMS: Intermembrane Space

IP: Immunoprecipitates

kb: kilobase

kDa: kilodalton

KO: Knockout

L: Light Strand of Mitochondrial Deoxyribonucleic acid
LHON: Leber Hereditary Optic Neuropathy

LP: Like Pathogenic

LS: Leigh Syndrome

M: Mitochondria

M: Male

MAM: Mitochondria Associated Endoplasmic Reticulum Membrane
MGMET1: Mitochondrial Genome Maintenance Exonuclease 1
MIDD: Maternally Inherited Diabetes and Deafness syndrome
MILS: Maternally Inherited Leigh Syndrome

MLASA: Myopathy, Lactic Acidosis, and Sideroblastic Anemia
MOPS: N-morpholino-propanesulfonic acid

mRNA: messenger Ribonucleic Acid
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mt: mitochondrial
MT-ATP6: Mitochondrial gene for subunit a, encoded by mtDNA
MT-ATP8: Mitochondrial gene for subunit A6L, encoded by mtDNA
mtDNA: mitochondrial Deoxyribonucleic Acid
mt-mRNA: mitochondrial messenger Ribonucleic Acid
mt-PAP: mitochondrial Poly(A) Polymerase
mt-rRNA: mitochondrial ribosomal Ribonucleic Acid
mt-SSB: mitochondrial Single-Stranded DNA Binding protein
mt-tRNA: mitochondrial transfer Ribonucleic Acid
MTTC: mitochondrial gen, tRNA for cysteine
MTTK: mitochondrial gen, tRNA for lysine
MTTV: mitochondrial gen, tRNA for valine
MTTY: mitochondrial gen, tRNA for tyrosine
Mx: matrix
NADH: Reduced form of Nicotinamide Adenine Dinucleotide
NAD": Nicotinamide Adenine Dinucleotide
NARP: Neurogenic muscle weakness, Ataxia, and Retinitis Pigmentosa syndrome
ND1-6: NADH dehydrogenase subunit 1-6, mtDNA encoded
ND4L: NADH dehydrogenase subunit 4L, mtDNA encoded
nDNA: nuclear Deoxyribonucleic acid
NDUFABI1: NADH ubiquinone oxidoreductase subunit AB1
NDUFA4: mitochondrial complex associated, COXFA4
NQR: NADH: coenzyme Q reductase
NRF1-2: Nuclear Respiratory Factor 1-2
OH": Hydroxide ion
OMM: Outer Mitochondrial Membrane
OPA1: mitochondrial dynamin like GTPase
OSCP: Oligomycin-Sensitivity Conferring Protein
OXPHOS: Oxidative Phosphorylation System
0,: Oxygen
P: Patient
PBS: Phosphate Buffered Saline
PGC-10; B: Peroxisome proliferator-activated receptor Gamma Coactivator 1-a; B
Pi: Inorganic phosphate
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PiC: Inorganic Phosphate Carrier

PIC: Protease Inhibitor Cocktail

pmf: proton motive force

POLG: DNA Polymerase Subunit Gamma

POLRMT: monomeric mitochondrial RNA polymerase
PRC: PGC-1-related coactivator

PTP: Permeability Transition Pore

PUSI1: Pseudouridylate Synthase 1

PVDF: Polyvinylidene Difluoride

Q: Ubiquinone-coenzyme Q

QCR: Cytochrome ¢ Oxidoreductase

QH2: Ubiquinol

RC: Respiratory Chain

RIPA: Radioimmunoprecipitation Assay Buffer

RNA: Ribonucleic Acid

RNASeH1: Ribonuclease H1

ROS: Reactive Oxygen Species

rRNA: ribosomal Ribonucleic Acid

S: Svedberg unit

S: Solubilized proteins

SA: Sideroblastic anemia

SDH: Succinate Dehydrogenase

SDHA-D: Succinate Dehydrogenase complex flavoprotein subunit A-D
SDS: Sodium Dodecyl Sulfate

SDS-PAGE: Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis
STE: Sodium Chloride-Tris-EDTA pufr

TCA: Tricarboxylic Acid Cycle

TFB1-2M: Initiation Transcription Factor B 1-2, Mitochondrial
TEFM: Transcription Elongation Factor, Mitochondrial
TFAM: Transcription factor A, mitochondrial
TMEM242: Transmembrane Protein 242

TMEM?70: Transmembrane Protein 70
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1. LITERATURE REVIEW

1.1. Mitochondria

Mitochondria are semiautonomic organelles with their own deoxyribonucleic acid
(DNA). 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) (Henze and Martin 2003; Papa
1996). 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 (Craig et al. 1999;
Lemasters et al. 2009; Murphy et al. 2016; Weinberg et al. 2015).

According to the endosymbiotic theory, mitochondria are the direct descendent of a
eubacterial endosymbiont (Gray 2017; Margulis 1968). The protoeukaryotic host cell with
an anaerobic heterotrophic metabolism engulfed aerobic bacteria a-proteobacterium in the
process of endocytosis (Degli Esposti 2014; Gray et al. 1999). The major part of the
original bacterial genome was transferred to the nucleus thus bacteria became fully
dependent on the host cell. However, several proteins uniquely stay encoded by the

mitochondrial DNA (mtDNA).

1.1.1. Mitochondrial structure

Mitochondria are commonly depicted as bean-like structures, but they form highly
dynamic networks in the majority of cells where they constantly undergo fission and fusion
(Kleele et al. 2021; van der Bliek et al. 2013). The fusion/fission process controls
mitochondrial morphology and functions (Westermann 2012; Yu et al. 2020). Different
tissues contain various numbers and structures of mitochondria reflecting their variable
energetic demand (Benard et al. 2006; Garesse and Vallejo 2001).

The pleiotropic role of mitochondria in energy conversion, apoptosis, calcium
homeostasis, intermediary metabolism, and cell differentiation is consistent with their
morphological and ultrastructural complexity (Favaro et al. 2019; Pernas and Scorrano

2016).
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Mitochondria as double membrane organelles have a complex internal structure
consisting of several functionally distinct compartments: outer mitochondrial membrane,
inner mitochondrial membrane, intermembrane space, cristae, inner boundary membrane,
cristae junctions and matrix (Figure 1).

The outer mitochondrial membrane is a smooth and loosely permeable for molecules up
to 5 kDa. The metabolites flow by numerous integral proteins called porins, voltage
dependent anion-selective channels (VDAC). Large molecules can pass the outer
mitochondrial membrane by active transport through special transport proteins (calcium
uniporter, sodium/calcium exchanger, etc.) (Crompton et al. 1999; Rizzuto et al. 2009).
While transport of nuclear-encoded proteins with mitochondrial targeting signal is
facilitated and regulated by the translocase of the outer membrane complex (Neupert and
Herrmann 2007; Su et al. 2022; Tucker and Park 2019).

The outer mitochondrial membrane also contains enzymes linked with various
processes (transport of long chain fatty acids: carnitine palmitoyltransferase I, oxidation of
adrenaline: monoamine oxidase, etc). In addition, the outer mitochondrial membrane may
associate with the endoplasmic reticulum (ER) membrane in a structure called the
mitochondria associated ER-membrane (MAM). MAMs are essential for calcium
signalling between ER and mitochondria and are involved in lipid transport (Cartes-
Saavedra et al. 2021; Rieger et al. 2019; Rizzuto et al. 1998; Ruby et al. 1969).

The intermembrane space is the area between the inner mitochondrial membrane and
the outer mitochondrial membrane (Chipuk et al. 2006; Neupert and Herrmann 2007).
Only about 5% of the mitochondrial proteome is located in this region, yet it is endowed
with the greatest variability in protein import mechanisms (Edwards et al. 2021).

The inner mitochondrial membrane forms an impermeable barrier for all molecules
except oxygen, water, carbon dioxide (CO,), and hydrogen sulfide (H,S) (Fu et al. 2012;
Kohl et al. 2019). The inner mitochondrial membrane is the main compartment for the
conversion of cellular energy by the OXPHOS system, transport of metabolites e.g.
pyruvate, fatty acids, nucleotides, ions, and small molecules. The nuclear-encoded proteins
are passed through the membrane by translocase of the inner membrane protein complex
(Valpadashi et al. 2021; Wasilewski et al. 2017). The structure of the inner mitochondrial
membrane is specifically compartmentalized into the inner boundary membrane, cristae,
and cristae junctions (Cogliati et al. 2016). The inner boundary membrane exactly copies
the shape of outer mitochondrial membrane. The cristac are formed by the inner

mitochondrial membrane, which protrudes into the matrix, significantly increasing its
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surface area. The cristae and inner boundary membrane are connected by the cristae
junction, a specific microcompartment, with a difference in membrane composition,
especially in lipid, protein contents and pH value (Busch et al. 2013). Cristac membrane is
mainly enriched in the respiratory chain complexes, whereas ATP synthase appears to be
localized predominantly in the flexures of the cristac membrane. The ATP synthase dimers
play a role in the cristae membrane formation and hence in establishing the morphology of
the cristae (Davies et al. 2012; Klecker and Westermann 2021) (see chapter 1.2.6.2.). In
addition, the complex mitochondrial ultrastructure is a marker of mitochondrial quality.
The matrix is the space inside the mitochondria. It contains mainly enzymes/metabolites
of following pathways: oxidation of pyruvate and fatty acids, heme metabolism, TCA
cycle, and part of the urea cycle. The mitochondrial matrix contains components of
metabolic processes required for, mtDNA replication, repair, and mitochondrial

proteosynthesis.

Figure 1: A) Schematic structure of the mitochondria. The outer mitochondrial membrane (OMM), inner
mitochondrial membrane (IMM), inner boundary membrane (IBM), cristae junctions (CJ), intermembrane
space (IMS), cristae and mitochondrial matrix are indicated (Protasoni and Zeviani 2021). B) Mitochondria
in control cultivated fibroblast visualized by transmission electron microscopy, original magnification

44,000x (Brantova et al. 2006).

1.1.2. Mitochondrial genome

The mtDNA was discovered in 1963 (Nass and Nass 1963) and the complete sequence
was published in 1981 (Anderson et al. 1981). MtDNA is a circular double-stranded
molecule, consisting of 16 569 bp encoding 37 genes: 13 structural proteins, 2 rRNAs, and
22 tRNAs which fully ensure mitochondrial translation (Figure 2). The heavy (H) strand
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contains genes encoding 2 rRNAs, 14 tRNAs, and 12 proteins, the light (L) strand encodes
8 tRNAs and a single protein. The displacement loop (D-loop) ~1 kb represents regulatory
elements for replication and transcription of mtDNA (Falkenberg et al. 2007; Zhang et al.
2022).

Non-coding
D loop ‘

16S rRNA

- NADH hydrogenase subunits

Human - Cytochreme c oxidase subunits
|
M J miDNA ATPase subunits
ND5
16569 bp - Ribosomal subunits

noz " & B ctochrome b subunit

- /—N s ytochrome b subunits

c N N =
W Y ND4

coxi

cox

; /ﬁ |
COXN T xrpg  ATPS

Figure 2: The human mitochondrial genome is organized as double-stranded a light (L) (inner) and a heavy
(H) (outer) circular molecule containing 37 genes. 13 of these genes encode different OXPHOS complexes
subunits, 2 genes encoded mitochondrial ribosomal RNAs (mt-rRNAs) and 22 remainings are for
mitochondrial transfer RNAs (mt-tRNAs). The displacement loop (D-loop), non-coding control region,
contains sequences that are essential for the initiation of mtDNA replication and transcription. Adapted from

(Aldossary et al. 2022).

The human mtDNA encoded 13 proteins are parts of the OXPHOS complex I, complex
III, complex IV, and complex V. Complex II is encoded entirely by the nuclear genome.
The remaining mitochondrial proteins ~1200 are encoded by the nuclear genome,
synthesized in the cytosol, and imported into the mitochondria (Calvo and Mootha 2010;
Rath et al. 2021).

The cell contains hundreds of mitochondria, depending on the type, each possesses 2-10
molecules of mtDNA. A single cell contains from ten to several thousand copies of
mtDNA (Burger et al. 2003; Robin and Wong 1988). A single mtDNA molecule is
packaged into DNA-protein assemblies called “nucleoids” tethered to the inner
mitochondrial membrane, this clustering is thought to facilitate mtDNA segregation

(Bonekamp and Larsson 2018).
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Sequences of the individual mtDNA may be identical (homoplasmy) or distinct
(heteroplasmy) within a single cell, organ, or individual. The proportion of mutated
mtDNA affects the biochemical phenotype, with a threshold level of heteroplasmy specific
for each variant (DiMauro 2013; Parakatselaki and Ladoukakis 2021).

The mitochondrial genome differs from the nuclear genome in several ways. The
mtDNA is built of 16,569 bp, while the nuclear genome is made of 3.3 billion bp. The
mtDNA is very compact due to the lack of introns and the absence of significant 5" and 3~
untranslated regions (UTRs). Unlike the nuclear genome, the mitochondrial genome is
inherited exclusively in the maternal line, but there are also studies pointing to the
possibility of biparental transmission of mtDNA (Luo et al. 2018). The mitochondrial
genome is circular, whereas the nuclear genome is linear. One cell contains several
thousand copies of its mtDNA, but only one copy of its nDNA. MtDNA is not packaged
into chromatin, but is enveloped by specific proteins. The reduction of the mitochondrial
genome has led to overlapping genes (MT-ATP8/6, MT-ND4/4L and MTTY/MTTC).
Mitochondrial genes on both DNA strands are transcribed in a polycistronic manner: large
mitochondrial mRNAs contain the instructions to build many different proteins, which are
encoded one after the other along the mRNA. In contrast, nuclear genes are usually
transcribed one at a time from their mRNA (Lynch et al. 2006; Rackham and Filipovska
2022).

Mitochondrial replication, transcription, and translation take place in the matrix
(Antonicka and Shoubridge 2015; Bogenhagen et al. 2014; Rackham and Filipovska 2022).
All these processes are regulated by nuclear-encoded proteins imported into mitochondria.

The replication of mtDNA is different from that of the nuclear genome. Its mechanism
is still not fully understood. Mitochondrial replication is initiated from a small non-coding
region (D-loop), and unlike nDNA, it is not cell cycle dependent and proceeds
continuously (Bogenhagen and Clayton 1977). Mammalian mtDNA replicates by an
asynchronous shift mechanism involving two separate origins, with the synthesis of the
leading strand starting at a specific site and proceeding to approximately two-thirds of the
way around the molecule before the synthesis of the second DNA strand is initiated
(Ciesielski et al. 2016; Clayton 1982; Falkenberg and Gustafsson 2020).

There are two other proposed models describing the process of mitochondrial
replication. The second model is “ribonucleotide incorporation throughout the lagging
strand®, where processed RNA molecules produced by transcription hybridize with the

parent heavy chain. These, according to the results of metabolic labeling experiments, are
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not generated during replication, but pre-existing molecules have been used (Reyes et al.
2013).

In 2000, another replication model was suggested, the so called “strand-coupled®.
According to this model, replication starts from many origins in a broad region called the
ori zone and proceeds bidirectionally on both strands, continuously on the leading strand
and using Okazaki fragments on the lagging strand, as in the nucleus (Holt et al. 2000).

MtDNA replication depends on the cooperation of several specific factors: DNA
polymerase v (catalytic subunit is encoded by POLG gene), mitochondrial single-stranded
DNA binding protein (mtSSB), Twinkle mtDNA helicase, mitochondrial RNA polymerase
(RNAseH1), mitochondrial DNA ligase III, and mitochondrial genome maintenance
exonuclease 1 (MGMELI) (Young and Copeland 2016). Moreover, the pool of dNTP is
necessary for the replication process (Saada 2004).

MtDNA transcription results in the production of two long transcripts, one transcript
from each strand. The mitochondrial genome is transcribed by specialized machinery that
includes a monomeric mitochondrial RNA polymerase (POLRMT), the mitochondrial
transcription factor A (TFAM), one of the two mitochondrial initiation transcription factor
B paralogues (TFBIM or TFB2M), and mitochondrial transcription elongation factor
(TEFM) (D'Souza and Minczuk 2018; Shi et al. 2012).

Transcription mitochondrial products are processed to individual mRNAs, rRNAs, and
mt-tRNAs by a protein-RNase P complex (Holzmann et al. 2008) and Zinc
phosphodiesterase ELAC2 (Brzezniak et al. 2011). The resulting RNAs (except mRNA
for ND6) undergo post-transcriptional modifications. The maturation of pre-transcripts
includes methylation of rRNAs, adenylation of mRNAs catalyzed by mitochondrial
poly(A) polymerase (mtPAP) (Tomecki et al. 2004), and the addition of the CCA sequence
to the 3’end of tRNAs, and other tRNAs modification. Several proteins have been
described to be involved in these processes (Ali et al. 2019; Héllberg and Larsson 2014).

The modifications occur at different positions within mitochondrial tRNAs and have
different functions. Methylation, pseudouridylation or dihydrouridylation of residues in the
body of mt-tRNAs provides structural stability (Bohnsack and Sloan 2018). Mitochondrial
pseudouridylate synthase 1 (PUSI) converts uridine into pseudouridine in tRNA positions
and increases the efficiency of protein synthesis. Moreover, pseudouridine may have a
functional role in tRNAs, and may assist in the peptidyl transfer reaction of rRNAs (Sibert
and Patton 2012).
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The mitochondrial transcription is activated by many transcriptional activators and
coactivators (PGC-1a, PGC-1B, and PRC) associated with the targeting of specific
transcription factors (e.g. NRF-1, NRF-2, and ERRa) (Huertas et al. 2019; Jornayvaz and
Shulman 2010; Scarpulla 2012).

The mitochondrial translation system is similar to the translation system in prokaryotes.
The 13 mitochondrial genes encode highly hydrophobic transmembrane proteins that are
translated, and assembled into complexes I, III, IV, and V of OXPHOS. The mitochondrial
22 tRNAs encoded by mtDNA are essential for mitochondrial translation. The
mitochondrial protheosynthesis takes place on mitochondrial ribosomes. The mammalian
mitochondrial ribosome (55S) is composed of a small mitochondrial subunit (28S) and a
large subunit (39S). The small mitoribosomal subunit is composed of 12S rRNAs and over
28 mitoribosomal proteins, while large mitoribosomal subunit consists of 16S rRNAs and
more than 50 mitoribosomal proteins (Héllberg and Larsson 2014; Mai et al. 2017). The
mt-tRNA for valine (MTTV) is also present as a structural component of the mitoribosome
(Amunts et al. 2015).

Mitochondrial translation can be separated into several phases — initiation, elongation,
termination, peptide release and mitochondrial ribosome dissociation. For each phase are

required many ancillary specific factors (D'Souza and Minczuk 2018; Mai et al. 2017).

1.1.3. Mitochondrial proteome

As already mentioned, 13 mitochondrial genes for structural subunits of OXPHOS
complexes are encoded by mtDNA (Falkenberg et al. 2007). The remaining subunits and
all other mitochondrial proteins are encoded by nDNA and synthesized in the cytoplasm.
All the proteins targeting to the mitochondria are synthesized as precursors and imported
into the mitochondria by specialized transporters. Thus mitochondrial targeting signal,
located at the N-terminus of the polypeptide, is required (Wasilewski et al. 2017). In
addition, other supplementary signals that subsequently target protein to different regions
in the mitochondria such as inner mitochondrial membrane, intermembrane space, outer
mitochondrial membrane or mitochondrial matrix can occur.

Based on several methodical integrative approaches has been estimated that the
mammalian mitochondrial proteome consists of ~1200 individual proteins (Calvo and
Mootha 2010). The most common strategies for mitochondrial protein identification are
searching for mitochondrial targeting signals, mass spectrometry, microscopy, and analysis

of sequence homology. Nowadays, the mitochondrial protein catalog MitoCarta combining
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literature information and various experimental techniques is available. The original
database from 2008 includes 1013 human genes and 1098 mouse genes (Pagliarini et al.
2008). In 2015, the MitoCarta inventory was updated to MitoCarta 2.0 containing 1158
human genes and 1158 mouse genes encoding mitochondrial proteins (Calvo et al. 2016)
and then updated yet again to MitoCarta+ (1166 human mitochondrial proteins) (Floyd et
al. 2016). The latest update removed 100 human genes from the previous version and 78
genes were added. MitoCarta3.0 contains 1136 human genes, including 1058 genes that
were previously in MitoCarta2.0, and a very similar list of 1140 mouse genes (Rath et al.

2021).

1.2.  Oxidative phosphorylation system

The main role of mitochondria is energy provision by aerobic respiration and producing
the bulk of cellular ATP by oxidative phosphorylation system (OXPHOS) (Figure 3)
(Saraste 1999). Electrons provided by the oxidation of fatty acids and carbohydrates are
shuttled to oxygen along four respiratory chain (RC) complexes (CI-CIV) embedded in the
inner mitochondrial membrane, producing water and releasing the energy necessary to
pump protons from the mitochondrial matrix to the intermembrane space. This leads to the
formation of a transmembrane electrochemical ion gradient across the IMM, also called the
proton motive force (pmf) thus the outer side of the IMM is positively charged while the
inner side is negatively charged. The pmf enables the ATP synthase to produce ATP from
ADP and Pi (Boyer 1997). Human five OXPHOS complexes contain ~90 different types of
structural proteins (Table 1) (Pinke et al. 2020; Vercellino and Sazanov 2022).

The OXPHOS complexes and the mitoribosome are built through a series of
orchestrated steps that require the help of additional proteins that are not part of the mature
complex, called assembly factors. Not all assembly factors directly promote assembly, the
controlled coalescence of subunits into complexes through stabilization of assembly
intermediates, but many instead provide critical services in the form of maturation and
delivery of cofactors such as heme, copper and [Fe-S] clusters, post-translational
modification of subunits, and regulation of translation. Furthermore, transcription of
mtDNA, mitochondrial mRNA processing, mitochondrial tRNA maturation, mitoribosome
assembly, and translation all directly influence OXPHOS complex biogenesis and/or

function.
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Figure 3: Schematic representation of the OXPHOS system. Complex I (CI) oxidizes NADH to NAD+ to
reduce ubiquinone (Q) to ubiquinol (QH2). The electron transfer is coupled to the transport of protons from
the mitochondrial matrix to the inner membrane space (IMS). Complex II (CII) oxidizes succinate to
fumarate and reduces Q without proton translocation. The electrons are then transferred from QH2 to
cytochrome c via complex III (CIII) accompanied by the translocation of protons. Finally, cytochrome c is
used to reduce oxygen to water in complex IV (CIV) coupled to the transport protons. The electrochemical

proton gradient is dissipated by the complex V (CV) to generate ATP. Adapted from (Hock et al. 2020).

Table 1: Human OXPHOS complexes I-V: name, approximate molecular weight (kDa), the number of
different type subunits, subunits encoded by mtDNA, and prosthetic groups. Adapted from (Pinke et al. 2020,
Vercellino and Sazanov 2022).

Number of | Number of
Mass different mtDNA
Enzyme Prosthetics groups
(kDa) types encoded
subunits subunits
NADH dehydrogenase FMN,
Complex I ~1000 44 7
EC1.6.5.3 8 [Fe-S] clusters
Succinate dehydrogenase FAD, 3 [Fe-S]
Complex 11 ~140 4 0
EC135.1 clusters, heme b
Cytochrome c oxidoreductase heme b and cl,
Complex I1I ~240 11 1
EC1.10.2.2 2 [Fe-S]
Cytochrome c oxidase heme a and a3,
Complex IV ~200 14 3
EC1.93.1 Cud, CuB
ATP synthase
Complex V ~650 18 2 -
EC7.122
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1.2.1. Complex 1

Complex I (NADH dehydrogenase, NADH: ubiquinone oxidoreductase, CI, NQR)
represents the largest (~1 Mda) multi-subunits enzyme of the OXPHOS complexes. It
catalyzes the oxidation of NADH to NAD+ by a non-covalently bound flavin
mononucleotide (FMN) and passes the electrons to carrier ubiquinone-coenzyme Q (CoQ,
Q) over a distance of around 100 A by a chain of [Fe-S] clusters. By coupling the transfer
of two electrons with the translocation of four protons (H") across the inner mitochondrial
membrane, the enzyme contributes to the generation of the pmf that drives ATP synthase
(Brandt 2006; Sharma et al. 2009; van Belzen et al. 1997). Moreover, complex I has been
shown as a major source of mitochondrial reactive oxygen species (ROS) (Brand et al.
2004; Yin et al. 2021).

The L-shaped complex I consists of a hydrophobic membrane arm, that is linked to the
hydrophilic peripheral part protruding into the mitochondrial matrix by the stalk region.
The stalk represents part of the electron transfer pathway linking to the NADH binding site
in the hydrophilic arm with the ubiquinone binding site in the membrane domain
(Grigorieff 1998; Parey et al. 2020; Zhu et al. 2016).

In human, the complex I consists of 45 subunits (44 distinct subunits as one subunit,
NDUFABI is present in two locations within the complex) (Vinothkumar et al. 2014).
Seven subunits are encoded by the mitochondrial genome. Fourteen central subunits,
conserved from bacteria to humans, form the catalytic core of the enzyme. The core
subunits that are sufficient for the function are assigned to three functional modules: the N
module for NADH oxidation, the Q module for ubiquinone reduction, and the P module for
proton pumping (Kampjut and Sazanov 2020; Leif et al. 1993).

In addition, the enzyme complex comprises over 30 accessory subunits surrounding the
central subunits that are not directly associated with energy conservation (Lazarou et al.
2009; Wirth et al. 2016). They are thought to be involved in the assembly and stability of
the complex, or the protection from oxidative damage and ROS production (Guerrero-

Castillo et al. 2017; Hirst 2013; Stroud et al. 2016; Vogel et al. 2007; Wang et al. 2021).

1.2.2. Complex I1

Complex II (succinate dehydrogenase, succinate: ubiquinone oxidoreductase, CII,
SDH,) catalyzes the oxidation of succinate to fumarate with electron transfer via its iron

sulfur [Fe-S] clusters from FADH2 to ubiquinone-coenzyme Q (CoQ). In addition
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complex II is a component of the TCA cycle, making a functional link between these two
essential processes in mitochondria (Cecchini 2003; Lussey-Lepoutre et al. 2015).

Complex II represents a parallel electron transport pathway to complex I, but unlike
complex I, no protons are transported to the intermembrane space in this pathway.
Therefore, the pathway through complex II contributes less energy to the overall electron
transport chain process (Rutter et al. 2010).

Complex II is the smallest (~140 kDa) enzyme of the OXPHOS complexes. It is
composed of two domains, the hydrophilic head protruding to the matrix, and the
hydrophobic tail anchoring enzyme complex to the membrane (Rutter et al. 2010). It
consists of four subunits encoded by nuclear DNA and five prosthetic groups. The catalytic
core of the enzyme represents two subunits SDHA and SDHB, which form the heterodimer
localized on the matrix side of the inner mitochondrial membrane, prosthetic group FAD,
and three [Fe—S] clusters. Moreover, the catalytic core comprised the binding site for
succinate. The other two subunits, SDHC and SDHD serve as anchors of the catalytic core

to the inner mitochondrial membrane (Sun et al. 2005).

1.2.3. Complex II1

Mitochondrial complex III (Cytochrome ¢ oxidoreductase, ubiquinol: cytochrome ¢
oxidoreductase, CIII, QCR) transfers the electrons from coenzyme Q to cytochrome c (cyt
¢). Human complex III (~240 kDa) localized in the inner mitochondrial membrane is a
tightly bound symmetrical dimer (~480 kDa) with 11 subunits per monomer, only one of
which is encoded by mtDNA (cytochrome b) (Guo et al. 2017; Iwata et al. 1998; Schigger
et al. 1986).

The catalytically active core consists of mitochondrially encoded cytochrome b, which
contains two hemes (bL and bH), cytochrome c1 subunit, and iron sulfur clusters [Fe—S]
wrapped by an iron-sulphur protein (Rieske protein) (Yang and Trumpower 1986). There
are two CoQ binding sites at either end of cytochrome b that are embedded in the inner
mitochondrial membrane, one of which is the ubiquinol (QH2) oxidation site located on
the cytoplasmic side that is related to the low potential cytochrome bL. The other is the
matrix-side Q reduction site, which is related to the high potential cytochrome bH (Gao et
al. 2003; Xia et al. 2013).

The core subunits (subunit 1 and 2) are homologous to the matrix processing peptidase
(MPP) subunits. MPP is a metalloprotease responsible for removing leader sequences of

imported proteins. In plants, the core proteins are the MPP enzyme. In vertebrates and in
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yeast there are separate genes encoding core proteins and MPP (Berry et al. 2013; Xia et al.
2013). Function of the core proteins in non-plant species is not fully understood but they
could be involved in mitochondrial import protein processing (Deng et al. 2001). In
addition, transmembrane subunits 10 and 11 control the contact of cytochrome c1 with the

Rieske protein (Iwata et al. 1998).

1.2.4. Complex IV

Complex IV (cytochrome ¢ oxidase, CIV, COX) is a copper-heme A terminal enzyme
complex embedded in the mitochondrial inner membrane (Soto et al. 2012). It catalyzes
the electron transfer from reduced cytochrome ¢ to molecular oxygen in a process coupled
to the transfer of protons across the inner membrane, thus contributing to the generation of
the proton gradient that is used by complex V to drive ATP synthesis (Ludwig et al. 2001).

Mammalian complex IV (~200 kDa) is a multimeric enzyme consisting of 14 subunits
of dual genetic origin. The three subunits forming the catalytic core of the enzyme (COX1,
COX2, and COX3) are encoded by the mtDNA. The core structure of the subunits is
conserved from o-proteobacteria to humans. COX1 and COX3 are highly hydrophobic,
integral membrane proteins with no substantial extramembrane domains. COX2, on the
other hand, consists of a  barrel extramembrane domain anchored by two transmembrane
helices that bind to COX1, opposite from the side of COX1 that binds COX3. Subunits
COX1 and COX2 contain the redox metal active centers of the enzyme. The
extramembrane domain of COX2 extends into IMS to bind soluble cytochrome c. A di-
copper center termed CuA accepts the electrons from soluble cytochrome c. The CuA
center is located in the loop region at the bottom of the extramembrane domain of COX2,
at the interface of COX1 and COX2. Electrons flow from CuA to heme and in COXI,
which transfers the electrons to the binuclear heme a3-CuB center, where O, is reduced to
water (Soto et al. 2012).

Up to eleven smaller subunits (in mammals) have been added to the catalytic core. This
has presumably allowed coping with evolving energetic requirements of eukaryotic cells
over time, to adapting to oxygen-rich environments, and to regulate complex IV activity to
coordinate energy production with timely cellular needs (Pierron et al. 2012). The last
subunit of the mammalian complex to be identified was NDUFA4 (Balsa et al. 2012;
Pitceathly and Taanman 2018; Vercellino and Sazanov 2022). NDUFA4 was absent from
the crystal structures (Tsukihara et al. 1996) and had been mistakenly assigned as a subunit

of complex 1. The mammalian cytochrome ¢ oxidase has multiple tissue-specific isoforms
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of nuclear encoded subunits, indicating a key regulatory role complex IV on OXPHOS

(Hiittemann et al. 2003; Kadenbach 2017; Pierron et al. 2012; Sinkler et al. 2017).

1.2.5. Organization of respiratory chain complexes

The respiratory chain complexes interact to form higher order structures, known as the
supercomplex or respirasome. Defined associations of complexes I, III, and IV are found
when mitochondrial membrane extracts are solubilized with mild detergent digitonin and
separated through Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) (Acin-
Pérez et al. 2008; Schiagger 2002). Thus, according to their molecular size and subunit
composition, the main supercomplexes have been assigned the following stoichiometries:
CIIL-CIV, CI-CIlIlI,, CI-CIII,-CIV, and CI,-CIII,-CIV_;. Supercomplex CI-CIII,-CIV is
termed the “respirasome” and supercomplex CIL-CIII,-CIV, has been named “respiratory
megacomplex” (Guo et al. 2017; Lobo-Jarne et al. 2020; Vercellino and Sazanov 2021,
2022).

Several roles of the supercomplexes have been proposed, ranging from regulators of
ROS production (Lopez-Fabuel et al. 2016; Maranzana et al. 2013), to regulators of the
OXPHOS system efficiency through turnover rates (Moe et al. 2021), and in particular as
major players in the putative substrate channeling (Calvo et al. 2020; Lapuente-Brun et al.

2013).

1.2.6. ComplexV

1.2.6.1.  Structure of complex V

Human mitochondrial ATP synthase (F;F,-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 (a3, B3, v, d, €, a, b, ¢8, d, e, f, g, F6, A6L,
OSCP, IF1, 6.8 kDa proteolipid, and DAPIT) (Figure 4) organized in membrane-extrinsic
F, catalytic and membrane-embedded F, domains, which are connected via peripheral and
central stalk (Abrahams et al. 1994; Ackerman and Tzagoloff 2005; Pinke et al. 2020;
Walker 2013; Wittig and Schigger 2008).

A central stalk composed of 9, €, and y subunits connects the c-subunits ring (8 in
humans) to the catalytic wunit F;, which consists of a hexamer of
alternating o and  subunits, where ATP synthesis and hydrolysis takes place. Finally,

peripheral stalk containing the subunits b, d, and F6 and the oligomycin-sensitivity
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conferring protein (OSCP) connects the lateral portion of F, to the top of the F; domain
(Walker 2013).

Other specific subunits e and g induce either directly or indirectly the formation of ATP
synthase dimers that self-assemble in longer ribbons important for cristae formation
(Davies et al. 2012; Hahn et al. 2016; Parsons 1963; Strauss et al. 2008). Accessory
subunits, DAPIT (diabetes associated protein in insulin sensitive tissues) and 6.8PL (6.8
kDa proteolipid) were identified in the membrane-embedded F, domain (Chen et al. 2007;
Meyer et al. 2007; Ohsakaya et al. 2011). One regulatory subunit IF1 (inhibitory factor 1)
binds to the F; domain at low pH to prevent hydrolysis of ATP. Two ATP synthase
subunits (a and A6L) are encoded by mtDNA (Fearnley and Walker 1986).

Figure 4: Organization of subunits in monomeric ATP synthase in mammalian mitochondria. Black
horizontal lines represent the inner mitochondrial membrane (IMS). The peripheral stalk consists of subunits
OSCP, F6, b, and d. The membrane domain of subunit b is associated with mitochondrially encoded subunits
a (ATP6) and A6L (ATPS). Subunit b interacts directly or indirectly with subunits e, f, g, DAPIT, and 6.8PL.
The ATP6 contacts c8-ring. The central stalk contains subunits y, d, and € and form with o33 F; domain.

Adapted from (He et al. 2018).

ATP synthase requires a supply of the substrates (ADP and P1) for its function, which is
mediated by two specialized transporters. Adenine nucleotide translocator (ANT)
transports ADP into the mitochondrial matrix (Itoh et al. 2004). The inorganic phosphate
carrier (PiC) catalyzes the transport of Pi into the mitochondrial matrix. This transport is
electroneutral and occures either in symport with H™ or by exchange for OH ™ (Seifert et al.
2015). ATP synthase, ANT, and PiC form a structure of ATP synthasome, the
mitochondrial ADP-phosphorylating apparatus (Bernardi and Di Lisa 2015; Bernardi et al.
2015).
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1.2.6.2.  Function of complex V

Complex V catalyzes the synthesis of ATP from ADP and 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.

The synthesis is made possible by the energy derived from the gradient of protons that
cross the inner mitochondrial membrane from the inter membrane space into the
mitochondrial matrix through the F,domain of ATP synthase. The proton gradient
establishes a pmf, that has two components: the pH differential and the electrical
membrane potential (Aym) (Campanella et al. 2009). The energy released causes the
rotation of two rotary motors: the ring of ¢ subunits in F, (relative to subunit a), along with
subunits v, §, and ¢ in the F; domain, to which it is attached (Cox et al. 1984).

The protons pass the inner mitochondrial membrane and drive the c-oligomer rotation,
which is transmitted by the central stalk to the catalytic F; domain which cyclically
changes the conformation of the a3p3 hexamer (Cox et al. 1984; Walker 2013; Wittig and
Schiagger 2008). This is called “rotary catalysis” (Devenish et al. 2008) and can be
explained by the “binding-change” mechanism, first proposed by Boyer (Boyer 1975). For
uncovering the mechanisms of ATP synthesis by complex V, Paul D. Boyer and John E.
Walker were awarded the Nobel Prize in chemistry in 1997. The mechanism of proton
translocation coupled to ADP phosphorylation has been extensively studied and was
recently visualized using high-resolution cryo-EM structures of various intact ATP
synthase (Pinke et al. 2020; Spikes et al. 2020).

Briefly, the pmf powers the rotation of the membrane-embedded c-ring. Passing through
the two half-channels formed at the interface between subunit a and the c-ring, protons
reach the conserved glutamate in the middle of the c-ring and subsequently leave on the
opposite side of the membrane. Crucial for the unidirectional transfer of protons to and
from the glutamate of the c-ring and to prevent leakage in the opposite direction is a
conserved arginine residue of subunit a, sitting at the convergence of the two oblique
hydrophilic half-channels, essentially formed by subunit a, with contributions from
subunits b, ¢ and f (Pinke et al. 2020; Spikes et al. 2020). The central stalk transmits the
rotation to Fy, held in place by the peripheral stalk, driving the conformational changes in

the of subunits that perform ADP phosphorylation.

28



This mechanism describes ATP synthesis and ATP hydrolysis at the catalytic sites,
located in each of the three B subunits at the interface with an adjacent a subunit. In the
case of ATP synthesis, each site cooperatively switches through conformations in which
ADP and Pibind, ATP is formed, and then released. ATP hydrolysis uses the same
pathway, but in reversible manner (Adachi et al. 2007). These transitions are caused by
rotation of the y subunit. The o33 hexamer must remain fixed relative to subunit a during
catalysis; this occurs via a peripheral stalk. Thus, complex V can be mechanically divided
into “rotor” (c-ring, v, 9, €) and “stator” (a3pB3, a, b, d, F6, OSCP) parts (Devenish et al.
2008).

ATP synthase forms dimers and higher oligomers (Arnold et al. 1998; Davies et al.
2012; Schigger and Pfeiffer 2000; Wittig and Schiagger 2005) and thus contributes to the
formation of the inner mitochondrial membrane. The interaction between the two
monomers of ATP synthase is mainly through the F, sector by subunits a and accessory
subunits (e, g, b, and A6L) stabilize the monomer-monomer interface (Bisetto et al. 2008;
Wagner et al. 2010; Wittig and Schéagger 2008). Subunits DAPIT and 6,8PL also play an
important role in ATP synthase dimerization (Wittig and Schégger 2008). Another protein
that plays a role in the stabilization of di- and oligomers is IF1. IF1 links two ATP
synthases via the F; sector (Devenish et al. 2008). Mature IF1 is only bound to di- and
oligomeric ATP synthase in mammals (Wittig et al. 2010).

Dimerization provides stabilization of ATP synthase and facilitates ATP synthesis. ATP
synthase appears to be localized predominantly in the flexures of the cristae membrane.
The clustering of ATP synthase dimers at the apex of the cristae creates a strong local
positive curvature that generates a proton trap. The role of ATP synthase dimers in
mitochondria cristae formation was first described in yeast models where downregulation
of ATP synthase (Lefebvre-Legendre et al. 2005) or altered ATP synthase dimer formation
due to deficiency of the subunits e or g (Paumard et al. 2002) led to the absence of cristae
and the appearance of mitochondria as “onion-like” structures.

ATP synthase is also implicated in the formation of the permeability transition pore
(PTP), which triggers cell death (Giorgio et al. 2013). Mitochondrial PTP is a large
conductance channel in the inner mitochondrial membrane. Prolonged opening of PTP
collapses mitochondrial membrane potential (A¥Ym) and ultimately leads to cell death

(Bernardi et al. 2015; Giorgio et al. 2013; He et al. 2017b).
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1.2.6.3.  Biogenesis of complex V

ATP synthase formation is a not fully understood modular process that requires specific
assembly factors and depends on the coordinated expression of the nuclear and
mitochondrial genomes. Description of ATP synthase biogenesis is mainly based on the
yeast model (Ackerman and Tzagoloff 2005; Rak et al. 2011; Riihle and Leister 2015). But
the assembly of complex V has been also studied in eukaryotic cells using subunit
incorporation dynamics (Nijtmans et al. 1995), analysis of mtDNA-deficient cell lines
(Carrozzo et al. 2006; Wittig et al. 2010), and more recently by creating knock-out
eukaryotic cell lines for specific ATP synthase subunits (He et al. 2017a; He et al. 2017b;
He et al. 2018). Findings in patient cells and tissues deficient/defective in some subunit of
complex V or assembly factors are also helpful in revealing the process of the ATP
synthase assembly.

The biogenesis of human ATP synthase is a process (Figure 5) in which subcomplexes
are formed independently, required presence of several assembly factors ATPAFI,
ATPAF2, TMEM70, FMC1 and TMEM242 (Carroll et al. 2021; Cizkova et al. 2008b; Li
et al. 2017; Wang et al. 2001). The assembly of human ATP synthase occurs through
several modules corresponding to the F; particle, c8-ring, and peripheral stalk. However,
recent studies in knockout models of individual subunits demonstrated that it can proceed
via alternative pathways to form subcomplexes whose composition is incompatible with
the strictly linear assembly scheme (He et al. 2017a; He et al. 2017b; He et al. 2018;
Vercellino and Sazanov 2022).

De novo biogenesis (Figure 5) of complex V starts the formation of the soluble F;
domain together with the central stalk (a3, B3, v, 6 and €). Three assembly factors are
involved in this process. ATPAF1 (ATP synthase mitochondrial F; complex assembly
factor 1) and ATPAF2 (ATP synthase mitochondrial F; complex assembly factor 2) bind
specifically to the a and B subunits to prevent the subunits from forming unproductive
homooligomers during enzyme assembly (Wang et al. 2001). Human FMCI is also
required for the assembly of human ATP synthase and interacts with ATPAF2 (Li et al.
2017).

The assembly of the c8-ring of human ATP synthase is influenced by TMEM70 (Bahri
et al. 2021), which is located in the inner mitochondrial membrane, but is not a component
of the ATP synthase itself; and a second inner mitochondrial membrane protein,

TMEM?242 (Carroll et al. 2021).
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A subcomplex containing subunits of the peripheral stalk is also pre-formed. After
joining the c8-ring and the F; subcomplex, the peripheral stalk is incorporated in two steps,
subunits (b, d, F6, and OSCP) are added, followed by (e, f, g) (Fujikawa et al. 2015; He et
al. 2018). The peripheral stalk can also join the F; subcomplex in absence of the c8-ring
(He et al. 2017b).

During the initial steps, the inhibitory protein IF1 binds to the intermediates and is
released with the insertion of two mtDNA-encoded subunits (He et al. 2018). In cases
where the mitochondrially encoded a (MT-ATP6) and A6L (MT-ATPS) subunits are
missing, the previous assembly intermediate readily accumulates (He et al. 2017b;
Nijtmans et al. 1995; Wittig et al. 2010). The interaction of mitochondrial subunits is
stabilized by the addition of 6.8PL and DAPIT subunits (Fujikawa et al. 2015). The
assembly factor TMEM242 appears to be required for these last two steps (Carroll et al.
2021).

One of the human ATP synthase assembly factor TMEM70 was determined by
integrative genomics (Calvo et al. 2006). Its homologs were found in higher eukaryotes but
not in yeasts and fungi. Expression level of TMEM?70 is very low as typically for ancillary
factors (Cizkova et al. 2008b; Hejzlarova et al. 2011). TMEM?70 gene is located on
chromosome 8 and encodes 260 AA. The protein precursor (29 kDa) contains
mitochondrial targeting N-terminal sequence. Processed TMEM70 is a 21 kDa
transmembrane protein localized in the inner mitochondrial membrane (Hejzlarova et al.
2011). Mature TMEM70 protein consists of 179 AA (Hejzlarova et al. 2011), contains
conserved DUF1301 domain and two transmembrane regions with both termini facing the
mitochondrial matrix (Jonckheere et al. 2011; Kratochvilova et al. 2014).

TMEM70 forms dimers and higher oligomers and a stable interaction with ATP
synthase subunits has not been detected (Kratochvilova et al. 2014). Recently, however,
thanks to new methodological approaches, several studies have demonstrated the presence
of an interaction between TMEM?70 and the subunit ¢ (Bahri et al. 2021; Kovalc¢ikova et al.
2019; Sanchez-Caballero et al. 2020).

The absence/defect of TMEM70 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
TMEMT70 protein has been intensively studied in recent years. TMEM70 is localized
restrictedly in cristae where it assembles into large oligomers that interact specifically with

the subunit ¢ of ATP synthase and provide a scaffold for c-ring assembly prior to its
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incorporation into the functional complex (Bahri et al. 2021; Carroll et al. 2021;
Kovalc¢ikova et al. 2019). Interestingly, the model cell line shows an improvement in the
impact of the TMEM?70 defect on ATP synthase levels when the subunit ¢ is overexpressed
(Kovalcikova et al. 2019). Another assembly factor described in 2021, TMEM242, is also
involved in the c8-ring assembly. TMEM70 and TMEM?242 have similar overlapping
functions in the c8-ring assembly, but TMEM242 may additionally influence the
incorporation of the a, A6L, DAPIT, and 6.8PL subunits (Carroll et al. 2021).

The study from 2020 delineates the function of TMEM70, using a combination of
proximity-dependent  biotin  identification process, complexome profiling and
coevolutionary analyses. Furthermore, TMEM70 interacts with subunit ¢ and as well as
mitochondrial assembly complex I intermediates (Sanchez-Caballero et al. 2020). They
proposed that TMEM?70 interacts with complex I and V and for both complexes, loss of
TMEMY70 leads to accumulation of an assembly intermediate followed by reduction of the
next assembly intermediate in the biogenesis pathway. This indicates that TMEM70 has a
specific role in the stability of membrane-bound subassemblies or in the membrane
recruitment of subunits into the forming complex I (Sanchez-Caballero et al. 2020).

Recently, the TMEM70 gene was shown to be hypermethylated and its mRNA
downregulated in the liver of rats treated with hepatocarcinogen thiocetamid for 28 days. It
determined that aberrant epigenetic regulation of TMEM70 gene leads to the shift of
metabolism from oxidative phosphorylation to glycolysis. This may indicate that this gene
is involved in tumorigenesis (Mizukami et al. 2017). These findings are consistent with the
previously described downregulation of ATP synthase in many types of carcinomas
(Isidoro et al. 2004).

Recently, two animal models of TMEM70 deficiency were developed. The first is an
inducible knockout of TMEM70 in mice, that exhibit a progressive onset of phenotype and
predominantly liver associated pathology, which serve as a good patient model during
metabolic crisis. The second is a model of spontaneously hypertensive rats with a targeted
TMEM70 gene (SHR-Tmem70ko/ko) with heart associated pathology, which is
representative for patients at the onset of disease. In a recent study, complementation of the
gene using a transgenic rescue approach led to efficient complementation of ATP synthase
deficiency and thus in successful genetic treatment of an otherwise fatal mitochondrial

disorder (Markovi¢ et al. 2022; Vrbacky et al. 2016).
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Figure 5: The human ATP synthase assembly model. Adapted from (Vercellino and Sazanov 2022). The off heterooligomer assembles with the central stalk followed by
two possible pathways: either the c-ring or the full peripheral stalk, with subunits f, g and e. The last assembly step involves the addition of the two mtDNA encoded
subunits a and A6L and the module made of accessory subunits 6.8PL and DAPIT. Different intermediates contain subunits b, g and e attach to subunit f, then they attach
other assembly intermediates with OSCP and subunit F6, and finally, the peripheral stalk is completed with subunit d. Finally, pathway 2 was further elaborated,

describing the sequential addition of subunits g and e and then subunit f after the OSCP module.
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1.3. Mitochondrial disorders

Mitochondrial disease is a summary term for a clinically heterogeneous group of
disorders whose common feature is impaired mitochondrial functions and aberrant energy
metabolism. Nowadays, more than 400 genes, either in nDNA or mtDNA, mutations are
known to cause mitochondrial disease (Stenton et al. 2022). Due to dual genetic origin,
mitochondrial disorders can be inherited with any inheritance pattern: sporadic (de-novo),
maternal (mtDNA), autosomal dominant, autosomal recessive or X-linked.

Mitochondria are the largest producer of energy in the cell, so their dysfunctions mainly
affect tissues and organs with high energy demand (heart, brain, liver, eyes, and skeletal
muscle). Mitochondrial diseases cause a wide range of health problems, including fatigue,
weakness, metabolic strokes, seizures, arrhythmias, cardiomyopathy, developmental or
cognitive delay, impairment of hearing, vision, growth, liver, gastrointestinal, or kidney
function, and more. Clinical symptoms arise in childhood or later in life, affect one organ
or multiple organs (Lightowlers et al. 2015). The prevalence of mitochondrial disease in
adults is 1: 8 000 and 1: 5 000 in childhood (Rahman 2020; Watson et al. 2020)

Mitochondrial diseases of nuclear origin are caused by mutations in structural genes of
OXPHOS complexes as well as in their specific assembly factors (Shoubridge 2001;
Thompson et al. 2020). 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. Mitochondrial proteosynthesis requires proteins involved
in mtDNA maintenance, transcription, RNA processing/maturation, translation and
posttranslational modification. Furthermore, all of these proteins must be correctly targeted
and imported into the mitochondria. Thus, any defects in mitochondrial protein import or
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 (Russell et al. 2020; Thompson et al. 2020).

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 (Lott et al. 2013). 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
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the cell can tolerate defective mtDNA molecules (Stewart and Chinnery 2015; Yang et al.
2022). When the mutation load exceeds this threshold, metabolic dysfunction and
associated clinical symptoms occur.

The heterogeneous nature of mitochondrial diseases, their individual rarity, genotypic
and phenotypic variability and overlapping presentations with other genetic disorders,
make diagnosis very challenging. However, whole exome sequencing approaches have
markedly improved diagnostic yield, highlighted the genetic variability of diseases,
facilitated the diagnosis of mitochondrial disorders and advanced understanding of
mitochondrial biology/metabolism, opening potential therapeutic avenues (Legati et al.
2016; McCormick et al. 2018; Schoonen et al. 2019; Theunissen et al. 2018; Thompson et
al. 2020). Biochemical/histological investigation and approaches are reserved for the
identification of tissue-specific variants and functional validation of novel variants.

The mitochondrial disorders affecting OXPHOS complexes in patient 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 (Mayr et al. 2015).

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.

Primary defects of ATP synthase represent the most severe metabolic diseases, usually
manifested by encephalo-cardiomyopathies, and predominantly affect the pediatric
population. Interestingly, mitochondrial disorders caused by a mutation in ATP synthase
structural subunits or assembly factors are less frequent than other OXPHOS-related
diseases (Dautant et al. 2018). Secondary ATP synthase defects in the cells/tissues
manifest as combined defects of multiple OXPHOS complexes (Mayr et al. 2015).

35



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

Two structural subunits of ATP synthase, subunit a, encoded by MT-ATP6 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-ATP8 and
8 in the overlapping region have been reported in MITOMAP compendium (Lott et al.
2013). In this database, a "confirmed" (Cfrm) status indicates that at least two or more
independent laboratories have published report on the pathogenicity of a particular variant.
These variants are generally accepted by the mitochondrial research community as being
pathogenic (Table 2). "Reported" status indicates that one or more publications have
considered the mutation as possibly pathogenic.

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) (Baracca et al. 2007) or
hypertrophic cardiomyopathy (Jonckheere et al. 2008). The wide 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 F,
proton channel function, complex stability or protein-protein interactions can be damaged
(Wittig et al. 2010). Defects in MT-ATP6 often affected ATP production (Baracca et al.
2007; Blanco-Grau et al. 2013; Dautant et al. 2018; Pallotti et al. 2004; Sgarbi et al. 2006;
Sikorska et al. 2009). Steady-state ATP synthase levels were reduced and/or incomplete
forms of ATP synthase were present in patient cells/tissues (Carrozzo et al. 2006; Nijtmans
et al. 1995). However, the absence of these subcomplexes has also been reported (Honzik

et al. 2013; Verny et al. 2011).
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Table 2: Confirmed pathogenic variants

in MT-ATPS and MT-ATP6 genes and associated
disease(s)/syndrome(s), modified by MITOMAP https://www.mitomap.org/MITOMAP (Lott et al. 2013).

Gene Variant AA change Disease/syndrome
MT-ATPS:p.Trp55Arg Infantile cardiomyopathy /
b LESPESE MT-ATP6:p.Metl1 Thr hyperammonemia
MT-ATP6 m.8851T>C p.Trpl09Arg BSN /LS
MT-ATP6 m.8969G>A p-Ser148Asn MLASA /1gG nephropathy
MT-ATP6 m.8993T>C p.Leul56Pro NARP /LS / MILS / other
MT-ATP6 m.8§993T>G p-Leul56Arg NARP /LS / MILS / other
MT-ATP6 m.9035T>C p.Leul70Pro Ataxia syndromes
MT-ATP6 m.9155A>G p-GIn210Arg MIDD / renal insufficiency
LS / Spastic Paraplegia /
MT-ATP6 m.9176T>G p-Leu217Arg Spinocerebellar Ataxia
MT-ATP6 m.9176T>C p.Leu217Pro SRS oSl
Ataxia
LS / Ataxia syndromes / NARP-
MT-ATP6 m.9185T>C p-Leu220Pro like disease / Episodic weakness
and CMT
MT-ATP6 m.9191T>C p.-Leu222Pro LS
MT-ATP6 | m.9205 9206del Ter-Met Encephalopathy / Seizures / LA

BSN: Bilateral Striatal Necrosis, CMT: Charcot-Marie-Tooth syndrome, LA: Lactic Acidosis, LS: Leigh
Syndrome, MIDD: Maternally Inherited Diabetes and Deafness syndrome, MILS: Maternally Inherited Leigh
Syndrome MLASA: Mitochondrial myopathy, lactic acidosis and sideroblastic anemia, NARP: Neurogenic

muscle weakness, Ataxia, and Retinitis Pigmentosa syndrome.
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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. Mitochondrial disorders caused by mutations in nDNA present as an
isolated deficit of ATP synthase with often fatal consequences (Houstek et al. 2006).
Deficiency of complex V causes insufficient ATP production, a significant decrease in the
content of fully assembled enzyme complex, and an increase in ROS (Baracca et al. 2007;
Cizkova et al. 2008b). Energy deprivation together with oxidative stress represents key
factors in the pathogenesis of isolated deficit of ATP synthase (Mracek et al. 2006). It
results in damage to tissues with high energy demands (heart, skeletal muscles, brain, etc.)
(Houstek et al. 2004; Mracek et al. 2006). The most common phenotypes of these disorders
are lactate acidosis, 3-methylglutaconic aciduria, hypertrophic cardiomyopathy and central
nervous system disorder (Galber et al. 2021; Magner et al. 2014; Sperl et al. 2006).

Up to now, mutations in eight nuclear genes related to primary nuclear defects of ATP
synthase were found. Six of them, ATP5F1A4, ATP5FIE, ATP5FI1D, ATPSMK, ATP5PO,
and ATP5MC3 encode structural subunits a, €, 6, DAPIT, OSCP, and c, while the other
two ATPAF2 and TMEM?70 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.

The autosomal recessively inherited c.985C>T (p.Arg329Cys) mutation was found in
the ATP5F1A4 gene, encoding the structural subunit a, in two siblings with severe neonatal
encephalopathy, who died in the first week of life (Jonckheere et al. 2013). The mother
expressed only the wild-type variant while the asymptomatic father was a heterozygous
carrier for the mutation. The severity of this phenotype was due to the fact that the
maternal wild-type allele was not expressed. The only polymorphism found was c.-
49+418C>T variant in the ATP5F 1A gene but there was no evidence that it could affect the
gene expression/regulation. Probands fibroblasts showed a reduction in the oxygen
consumption rate. There was significantly reduced level of fully assembled ATP synthase
without accumulation of F; subcomplexes, as well as decreased levels of individual ATP
synthase subunits. Complementation with wild-type variant restored ATP synthase deficit
in the patient’s fibroblasts, confirming the pathogenicity of the defect (Jonckheere et al.
2013).
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The homozygous mutation ¢.962A>G (p.Tyr321Cys) in the ATP5SFIA gene was
described in two siblings born from a consanguineous relationship. Both patients with
microcephaly, pulmonary hypertension, failure to thrive, hypotonia, encephalopathy, and
heart failure died 15 months/3 months after birth. Deficiency of OXPHOS complexes and
mtDNA depletion were described in muscle. Moreover, mutation affected a highly
conserved residue. Expression of an analogous yeast variant in the ATP1 knockout strain
led to an equally severe phenotype with a loss of mtDNA, and a decrease in mitochondrial
membrane potential (Lieber et al. 2013).

A novel heterozygous for a recurrent de novo substitution, ¢.620G>A (p.Arg207His) in
ATP5F1A, was described in three neonates with failure to thrive, hyperammonemia,
development delay and lactate acidosis. Probands fibroblasts exhibited multiple deficits in
complex V function and expression (Lines et al. 2021). The autors modelled the potential
structural consequences of the recurrent p.Arg207His substitution. In the model, the
sidechain of residue 207 resides at the a-f subunit interface, opposite the nearby
subunit’s active site. At matrix pH, replacement of Arg207 with a histidine is a
nonconservative substitution predicted to create a negatively-charged patch at the o—f3
interaction surface. The possibility that ATP5FI1A (p.Arg207His) is dominant-negative
with respect to the assembly, stability, or function of complex V remains to be tested in a
suitable animal model (Lines et al. 2021).

Using whole-exome sequencing in cohorts of patients with suspected mitochondrial
disease, three individuals were found with three different de novo heterozygous missense
variants in ATP5F1A gene. The same mutation as in the previous study (Lines et al. 2021)
was found in a 14-year-old proband, who presented during the first few months of life with
developmental delay, failure to thrive, and lactic acidosis; subsequently, she recovered and
had no persistent neurologic phenotype. Enzymatic analysis of OXPHOS complexes and
citrate synthase in muscle tissue shows a decrease in ATP synthase activity (Zech et al.
2022). The second individual, a 17-year-old boy, harbored a c.545G>A (p.Argl82Gln)
variant, presented with psychomotor delay, intellectual disability, ataxia, spastic
paraparesis, and dystonia. The last patient from this study, a 12-year-old girl, heterozygous
for ¢.1037C>T (p.Ser346Phe), had psychomotor retardation, spastic tetraparesis,
generalized dystonia, absent speech, swallowing problems, and increased blood lactate
concentrations (Zech et al. 2022).

In 2010 homozygous missense mutation ¢.35A>G (p.Tyr12Cys) in ATP5FIE gene
encoded ATP synthase structural subunit € was found in the 22-years-old proband (Mayr et
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al. 2010). The pathogenic variant led to early-onset lactate acidosis, 3-methylglutaconic
aciduria, but no cardiac involvement, followed by mild mental retardation, exercise
intolerance, and peripheral neuropathy. Analysis of the patient’s fibroblast showed
decreased oligomycin-sensitive ATP synthase activity and reduction of ATP synthesis. The
amount of fully assembled ATP synthase, containing the mutated subunit €, was reduced,
as well as the level of individual ATP synthase subunits, with exception of subunit c,
which accumulated (Mayr et al. 2010). Analysis of knock-down Human Embryonic
Kidney 293 cells (HEK293) indicated reduced activity and content of ATP synthase as
well as accumulation of subunit ¢ (Havlickova et al. 2010). These results revealed that
subunit ¢ is essential for the assembly and/or stability of the F; part of ATP synthase.

The same homozygous ¢.35A>G (p.Tyr12Cys) mutation in A7P5F1E was described in
2022 in two other patients from two unrelated families. A 16-month-old infant presented
after birth with vomiting, severe respiratory distress, seizures, and impaired consciousness
associated with lactate acidisis, developing generalized dystonia, and visual and hearing
deficits. A 13-year-old girl manifested lactate acidosis with transient respiratory failure,
developmental delay, and episodes of generalized tonic-clonic seizures, gait ataxia, and
peripheral neuropathy. Reduced ATP synthase levels have been confirmed by
immunocytochemistry (Neilson et al. 2022).

Two different homozygous missense mutations, ¢.245C>T (p.Pro82Leu) and ¢c.317T>G
(p.-Vall06Gly) in ATP5FID gene encoded subunit 6, were found in two unrelated
individuals manifest with episodic lethargy, metabolic acidosis, 3-methylglutaconic
aciduria and hyperammonemia (Oldhova et al. 2018). Analysis of cultured skin fibroblasts
revealed impaired ATP synthase assembly and subsequently reduced activity. Western blot
and immunodetection in fibroblasts showed that steady-state levels of the 6 subunit were
unaffected. While the other ATP synthase subunits a, , and OSCP were strongly reduced.
In contrast, other OXPHOS complexes showed normal levels in both patients. A
significant disruption of mitochondrial ultrastructure was also revealed in both patients
(Olahova et al. 2018). Results obtained from fibroblast analysis were confirmed in skeletal
muscle. The steady-state levels of RC native complexes and subunits were not affected,
whereas the amounts of ATP synthase subunit a and fully assembled complex V were
markedly decreased. Authors hypothesize that the missense mutations present in both
individuals did not alter the amount of subunit d but instead led to an inability of subunit o
to properly bind to the other F; subunits, and thus reducing amount of ATP synthase
(Olahova et al. 2018).

40



In 2018 group of authors reported four individuals from three unrelated families carried
a homozygous splicing mutation ¢.87+1G>C in ATPSMK gene encoded DAPIT subunit
(Barca et al. 2018). All patients clinically manifest with Leigh syndrome. Interestingly, the
mutation negatively affects enzyme dimerization and ATP synthesis rate. Furthermore, an
altered shape of mitochondrial cristae with increased mitochondrial volume was found in
the muscles (Barca et al. 2018). The complementation in patient fibroblast enhanced ATP
synthase dimers and ATP production rate (Barca et al. 2018). Knock-down of DAPIT
subunit in HeLA cells leads to reduced level and activity of ATP synthase (Ohsakaya et al.
2011). In addition, DAPIT protein plays role in ATP synthase dimerization (He et al. 2018;
Meyer et al. 2007). ATP synthase dimers are linked back-to-face by DAPIT to form long
oligomers along the edges of the cristae and thus helping to form mitochondrial
ultrastructure (see chapter 1.2.6.2.).

Recently, a rare homozygous splice variant (c.87+3A>G) in the ATP5PO gene,
encoding a subunit OSCP, was described in three individuals from two unrelated families
with clinically suspected mitochondrial disorders. These individuals had a similar, severe
infantile and often fatal multisystem disorder that included hypotonia, delayed
development, hypertrophic cardiomyopathy, progressive epileptic encephalopathy,
progressive cerebral atrophy, lactic acidosis, and white matter abnormalities on the brain
consistent with Leigh syndrome (Ganapathi et al. 2022). Fibroblasts from the affected
individuals demonstrated reduced OSCP protein, altered ATP synthase assembly with
significantly reduced peripheral stalk subunits, and reduced ATP synthase hydrolytic
activity (Ganapathi et al. 2022).

In 2022, compound heterozygous variants ¢.34C>T and ¢.329-20A>G (p.GIn12*/-) in
ATP5PO were described in one individual. The girl presented during the neonatal period
with fever-induced partial seizures, hypotonia, and elevated cerebrospinal fluid lactate
concentrations; examination at 2 years of age revealed acquired microcephaly, global
developmental delay, and dystonia. Magnetic resonance imaging (MRI) studies
documented progressive brain atrophy. Following a period of initial stabilization, she
developed seizure deterioration and died after several episodes with super-refractory status
epilepticus at the age of 6 years. Using RNA-seq, proteomics and immunoblotting on the
patient's fibroblasts, were demonstrated that these are loss-of-function variants that lead to
a reduction in ATP synthase levels (Zech et al. 2022).

Three different heterozygous de novo variants in the ATP5MC3 gene, encoding the

subunit ¢, were identified in 3 individuals. The first proband, heterozygous for ¢.318C>G
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(p.-Asn79Lys), was a 12-year-old boy, who presented with isolated upper limb dystonia
(Neilson et al. 2022; Zech et al. 2022). Fibroblast showed impaired ATP generation, and
oxygen consumption. Drosophila model carrying orthologous mutations also exhibited
impaired mitochondrial function and displayed reduced mobility (Neilson et al., 2022;
Zech et al., 2022). The second individual, heterozygous for c.319C>G (p.Prol07Ala)
variant, 15-year-old girl had delayed milestone development, pyramidal symptoms and
general dystonia with marked upper body involvement (Zech et al. 2022). A third
individual with de novo heterozygous variant c.236G>T (p.Gly79Val), 6-year-old boy
manifested with delayed psychomotor development, lower limb spasticity and elevated
blood lactate levels. Reduced ATP synthase activity and levels were found in the patient's
fibroblasts without accumulation of the assembly subcomplex (Zech et al. 2022).

The homozygous missense mutation c.280T>A (p.Trp94Arg) in the ATPAF2 gene for
assembly factor ATPAF2, was found in the patient with severe neonatal encephalopathy
(De Meirleir et al. 2004). Both parents (consanguineous) and unaffected siblings were
heterozygous carriers of the variant, resulting in altered dynamic properties of the
assembly factor (Meulemans et al. 2010). The patient presented dysmorphic features,
cortical-subcortical brain atrophy followed by basal ganglia atrophy, 3-methylglutaconic
aciduria, and lactate acidosis, and died at the age of 14 months (De Meirleir et al. 2004).
The activity and level of native complex V, without accumulation of the F; part, were
strongly reduced in liver more than in skeletal muscle. The reduced levels of individual
ATP synthase subunits suggest that the assembly of the F; part may have been
disorganized at an early stage, and thus the unassembled subunits were rapidly degraded
(De Meirleir et al. 2004). In a yeast model, this variant has been shown to affects the
solubility of the ATPAF2 protein (Meulemans et al. 2010).

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 (Cizkova et al. 2008b). The homozygous splicing
mutation ¢.317-2A>G was found in the second intron preventing the synthesis of
TMEM70 protein (Cizkova et al. 2008b; Houstek et al. 2009). 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 TMEM?70. TMEM?70 protein was determined as a
specific assembly factor of human ATP synthase (Cizkova et al. 2008b; Houstek et al.
2009). Within the last 14 years, numerous patients with mutations in the TMEM70 gene,
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either homozygous or compound heterozygous, have been described with a wide range of
clinical manifestations (Galber et al. 2021; Hejzlarova et al. 2014).

The prevalent homozygous splicing mutation ¢.317-2A>G, which leads to multiple
unstable and incomplete transcripts to prevent protein synthesis, has been described in
more than 50 patients. Clinically, TMEM70 protein deficiency 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.

The severity of the disease is very vast, a high percentage of individuals dying within
the first few years and mostly in the first few months of life. On contrary, some patients
can survive significantly longer. In 2010 Honzik et al. suggested in a retrospective clinical
study, that if the patient survive the critical early postnatal period of the first weeks and
months of life, metabolic imbalance and cardiac disorders might improve (Honzik et al.
2010).

The majority of the patients with prevalent homozygous c.317-2A>G mutation have
been of Roma origin (Baban et al. 2020; Braczynski et al. 2015; Catteruccia et al. 2014;
Diodato et al. 2014; Honzik et al. 2010; Magner et al. 2014; Stojanovi¢ and Doronjski
2013; Torraco et al. 2012; Wortmann et al. 2009), but it is not the norm (Catteruccia et al.
2014; Diodato et al. 2014; Sarajlija et al. 2017).

The predominant mutation ¢.317-2A>G was found in combination with other variants in
the TMEM70 gene. The ¢.317-2A>G and c.118 119insGT (p.SerCfsX11) lead to a
formation of premature stop codon and a presumed 40 AA short protein (Cameron et al.
2011; Cizkova et al. 2008b; Honzik et al. 2010; Magner et al. 2014).

Several patients have a combination of prevalent homozygous splicing mutation c.317-
2A>G and a missense mutations ¢.494G>A (p.Glyl165Asp) (Shchelochkov et al. 2010) or
¢.628A>C (p.T210Pro) (Catteruccia et al. 2014; Magner et al. 2014; Torraco et al. 2012).
The combination of mutations ¢.317-2A>G and ¢.494G>A was found in patient presenting
other symptoms with mild Reye-like syndrome (Shchelochkov et al. 2010). The compound
heterozygote patients c.317-2A>G and ¢.628 A>G (p.Thr210Pro) were severely affected by
metabolic acidosis and cardiomyopathy, pulmonary arterial hypertension and Wolf-
Parkinson-White preexcitation syndrome (Catteruccia et al. 2014; Magner et al. 2014;
Torraco et al. 2012).
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The ¢.317-2A>G variant was also found in combination with ¢.349 352del
(p.lle117Alafs*36) and c.783A>G (p.*261Trpext*17) in two probands with similar
phenotypes: intrauterine growth retardation, lactate acidosis, psychomotor retardation,
hypertrophic cardiomyopathy and dysmorphism (Diodato et al. 2014).

Different type of homozygous splicing mutation ¢.316+1G>T was detected in two
siblings of consanguineous parents presented with typical manifestation of isolated deficit
of ATP synthase but without 3-methylglutaconic aciduria (Magner et al. 2014; Spiegel et
al. 2011). The translated abnormal protein is lacking 34 AA. Mutated protein has defective
membrane assembly and/or import into mitochondria.

Splice site variant ¢.316+1G>A and deletion variant c.141delG (p.Pro48Argfs*2), were
described in an individual who had metabolic acidosis, hyperalaninemia, developmental
delay, undescended testicle, lactate acidosis, 3-methylglutaconic acidicuria and left
ventricular noncompaction (Hirono et al. 2019).

Several different homozygous frameshift mutations creating premature stop codon,
leading to the synthesis of potentially incompleted TMEM70 protein were reported. Two
siblings of consanguineous parents were positive for c.578 579delCA (p.Asnl198%*)
deletion, which results in synthesis of a 197 AA long protein missing almost two third of
mature protein (Magner et al. 2014; Spiegel et al. 2011).

Because of ¢.336T>A (p.Tyr112*) variant is synthetized 112 AA premature TMEM70
protein (Magner et al. 2014; Spiegel et al. 2011), while ¢.211-450 317-568del (2290bp
deletion) mutation deleting the whole exon 2 (Tort et al. 2011) thus produces a protein only
71 AA long. Patients carrying these variants presented with hypertrophic cardiomyopathy,
metabolic acidosis, mental retardation and facial dysmorphism (Magner et al. 2014;
Spiegel et al. 2011; Tort et al. 2011). The frameshift mutation ¢.238C>T (p. Arg80%*) in the
second exon led to formation of an incomplete 80 AA long protein. This variant
manifested in the severe phenotype characterized by with encephalopathy, hypotonia,
metabolic acidosis, intrauterine growth retardation, early onset hypotonia, laclate acidosis,
elevated level of 3-methylglutaconic acid, hyperamonnemia, hypertrophic cardiomyopathy,
multiorgan failure and dysmorphism (Diodato et al. 2014; Magner et al. 2014; Spiegel et
al. 2011).

Another type of TMEM?70 homozygous mutation g.2436-3789 (1353bp deletion)
resulting in transcript lacking of the second exon was described in proband of

consanguineous parents (Jonckheere et al. 2011).
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The homozygous frameshift c.105dupT (p.Val36Cysfs*52) variant was reported in 2019
(Staretz-Chacham et al. 2019). The mutation resides within the first exon and results in
loss-of-function of the encoded protein (via nonsense-mediated decay). Two siblings of
consanguineous parents presented mitochondrial encephalo-cardiomyopathy, accompanied
by elevated lactate and hyperammonemia, dysmorphic features, hypotonia, developmental
delay and brain anomalies, congenital heart defects and mild cardiac hypertrophy and
antenatal intrauterine growth restriction. Hypercitrullinemia during decompensation has
been described as a novel finding in this condition. Elevated citrulline has been reported
previously in different inborn errors of metabolism (Haviv et al. 2014; Rabier et al. 1998),
while uncommonly associated with TMEM?7() mutations.

The homozygous missense mutation ¢.535C>T (p.Tyr179His) has been described in
patient presenting with neonatal lactic acidemia, severe hypotonia and hypertrophic
cardiomyopathy, mild mental retardation and intrauterine growth retardation dysmorphism,
bilateral cataract and hyperammonemia (Atay et al. 2013; Magner et al. 2014). Cataract
and neonatal mitochondrial encephalo-cardiomyopthy also occurred in a patient with the
same mutation (Kars et al. 2021).

The homozygous missense point mutation ¢.701A>C (p.His234Pro) manifests in patient
of non-consanguinity parents in early onset of elevated 3-methylglutaconic acid level,
hyperammonemia, lactic acidosis, psychomotor retardation, intrauterine growth
retardation, dysmorphism, leukoencephalopathy, hypotonia, hypertrophic cardiomyopathy
and pulmonary arterial hypertension (Catteruccia et al. 2014; Diodato et al. 2014).

Magner and colleagues reported, among others, one homozygous ¢.359delC (p.
Thr120Asnfs*34) mutations and two heterozygous varaints (c.317-2A>G/c.251delC
(p-Thr84Serfs*11) and ¢.317-2A>G/c.470T>A) (p.Vall157Glu), which had not been found
previously. The clinical course of probands with these mutations was not significantly
different from other TMEM?70 patients (Magner et al. 2014).

In a study from 2021, fibroblasts from a cardiomyopathy patient carrying a homozygous
frameshift mutation ¢.497 498del (p.Tyr166Cysfs*7) in the TMEM70 gene were used.
This variant results in a truncated protein downstream of its second transmembrane
segment (Bahri et al. 2021).

In recent years, thanks to whole-exome sequencing, new homozygous mutations
c.479A>C (p.His160Pro) in the TMEM70 gene have been found in large cohorts of patients
of pediatric cardiomyopathy patients (Al-Hassnan et al. 2020). The same mutation was also

found in three siblings in a family with consanguineous parents. The proband described in
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this study presented with developmental delay, high ammonia, and metabolic acidosis
(AlFaris et al. 2021).

Another homozygous mutation was found by whole-exome sequencing in a cohort of
adults with neurological symptoms with a high degree of consanguinity rate. The
homozygous ¢.289A>C (p.Thr97Pro) missense variant in TMEM?70 results in splice site
changes. The mutation manifested with  mitochondrial encephalocardiomyopathy,
development delay, intellectual disability failure to thrive, hyperammonemia, lactic
acidosis, short stature, renal anomalies and hypotonia (Mu et al. 2019).

The study performed on fibroblasts prom a patient carrying the prevalent homozygous
splicing mutation ¢.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 (Havlickova Karbanova et al. 2012).

Mitochondrial ultrastructure is often impaired in TMEM70 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) (Cameron et al. 2011); ¢.317-2A>G
and c.783A>G (p.*261Trpext*17) (Diodato et al. 2014) and patients” fibroblast and
myoblasts (Braczynski et al. 2015; Diodato et al. 2014; Jonckheere et al. 2011; Sladkova et
al. 2015). Several swollen and irregularly shaped mitochondria with disruption of the
central part and complete loss of cristae were reported. Furthermore, some mitochondria
were small with simplified cristae. 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 (Diodato et al. 2014). 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 (Braczynski et al. 2015). The ultrastructural morphology of affected
mitochondria is restored by complementation (Jonckheere et al. 2011).

Increased fragmentation of the mitochondrial network, suggesting altered fission/fusion

dynamic,s was observed also in fibroblast patient with compound heterozygous mutation
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c.317-2A>G; ¢.349 352del (p.Illel17Alafs*36) and homozygous splicing ¢.317-2A>G
(Diodato et al. 2014).

Light microscopy analysis did not reveal any ragged-red or COX-deficient fibers, usual
for mitochondrial disease in muscle (Braczynski et al. 2015; Diodato et al. 2014; Magner et
al. 2014). Interestingly, muscle biopsy from a non-Roma patient with compound
heterozygous TMEM?7(0 mutations (¢.317-2A>G and ¢.494G>A) demonstrated the presence
of ragged-red fibers (Shchelochkov et al. 2010).

In the Human Gene Mutation Database (HGMD), other variants in assembly factors or
structural subunits of ATP synthase are listed. However, there was no evidence of causality

associated with patients” phenotype (Stenson et al. 2003).
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2. AIMS OF STUDY

Mitochondrial diseases represent one of the most common groups of inherited metabolic
disorders affecting children and adults (Lightowlers et al. 2015; Thompson et al. 2020).
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 (Frazier et al. 2019; Stenton et al. 2022; Thompson et al. 2020).

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 F,1F,-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
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3. MATERIAL AND METHODS

I. Ad published results, see individual articles/manuscripts in the Supplement

II. Material and methods related to my participation on articles/manuscripts

3.1. Material
A summary of the patient materials I used for my experiments is shown in Table 3. The

model cell lines that I prepared and analysed are summarized in Table 4.

3.2.  Tissues and cell cultures

Fibroblast cultures were established from skin biopsy/autopsy. Cells were grown in
high-glucose (4.5 g/1) Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% (v/v) fetal bovine serum (FBS) (Sigma-Aldrich), penicillin (100 U/mL) and
streptomycin (100 pg/mL) at 37°C in 5% CO, in air. Skin fibroblasts were grown to 80% -
90% confluence and harvested using 0.05% (w/v) trypsin and 0.02% (w/v) EDTA.
Detached cells were diluted with an ice-cold culture medium, sedimented by centrifugation
(600 g and 4°C for 15 min) and washed twice in Phosphate Buffered Saline (PBS) (Sigma-
Aldrich, 8 g/L NaCl, 0.2 g/L KCl, 1.15 g/L Na;HPO4, 0.20 g/L KH,;POy).

HEK293 cells (CRL-1573, ATCC) were grown in high-glucose (4.5 g/1) DMEM
medium supplemented with 10% (v/v) FBS (Sigma-Aldrich), penicillin (100 U/mL) and
streptomycin (100 pg/mL) at 37 °C in 5% CO, atmosphere. HEK293 cells (~1x107) were
harvested by trypsinization 0.05% (w/v) and washed twice in PBS.

3.3. Expression vectors and transfections

TMEM70-FLAG cDNA expression vector the full-length human TMEM70 coding
sequence was amplified from the IMAGE clone 3631570 and inserted into the C-FLAG
fusion mammalian expression pIRESpuro3 (Clontech). The fidelity of the constructs was
confirmed by sequencing.

Plasmids were transfected into the HEK293 cell lines (2 pg of DNA/5x10° cells) by
Nucleofector device and nucleofection Kit V (Amaxa/Lonza) following standard protocols.
TMEM70-GFP ¢cDNA expression vector (Calvo et al. 2006) was provided by Prof. V.K.
Mootha. TMEM70-GFP cDNA expression vector were transiently transfected into the
HEK?293 expressed stabile TMEM70-FLAG fussion protein by Express-In Transfection
Reagent (Open Biosystems).
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Table 3: Patients” material related to my participation on articles/manuscripts

age of onset | geneder | gene mutation AA change tissue and derivated cells, (A: autopsy; B: biopsy)
patient | <1 week M TMEM70 |c.[317-2A>G];[317-2A>G] Splicing muscle (A); heart (A); liver (A); brain* (A); fibroblasts (A)
patient | <1 week F TMEM70 |c.[317-2A>G];[317-2A>G] Splicing muscle (B); heart (A); liver (A); brain* (A); fibroblasts (B)
patient | <1 week M TMEM70 |c.[317-2A>G];[317-2A>G] Splicing muscle (A); heart (A); liver (A); fibroblasts (A)
patient | <1 week M TMEM70 |c.[317-2A>G];[317-2A>G] Splicing muscle (B); heart (A); brain* (A)
patient | <1 week M TMEM70 |c.[317-2A>G];[317-2A>G] Splicing muscle (A); heart (A); liver (A); brain* (A)
patient | <1 week M TMEM70 |c.[317-2A>G];[317-2A>G] Splicing muscle (B); heart (A); fibroblasts (B)
patient | <1 week M TMEM70 |c.[317-2A>G];[317-2A>G] Splicing muscle (A); heart (B); fibroblasts (A)
patient | <1 week F TMEM70 |c.[317-2A>G];[317-2A>G] Splicing myoblasts (A); fibroblasts (A)
patient | 8 months F MT-ATP6 | m.8851T>C p.-Trpl109Arg muscle (B); fibroblasts (B)
patient | 57 years M MT-ATP6 | m.8719G>A p-Gly65* muscle (B)
patient | 39 years F MTTK m.8§315A>C - muscle (B)
c.[896+2551 1061delinsATTTTACCA]; | p.Glyl148ValfsX41/
patient | <1 week F PUSI [896+2551 1061delinsATTTTACCA] |p.Glyl48ValfsX41 | muscle (B); liver (A)
c.[896+2551 1061delinsATTTTACCA]; | p.Glyl148ValfsX41/
patient | 5 years M PUSI [896+2551 1061delinsATTTTACCA] |p.Glyl48ValfsX41 |muscle (B); liver (A)
p-Asn204Asp/
patient | <1 week F COX10 |c.[610A>G]; [674C>T] p-Pro225Leu muscle (B); liver (A)
*frontal cortex
Table 4: Model cell lines related to my participation on articles/manuscripts
cell lines fussion protein transfetion expression
HEK293 TMEM70-FLAG nucleofection stabile
HEK293 TMEM?70-FLAG-GFP lipofection transient
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3.4. Isolation of mitochondria

Mitochondria were isolated from cultured skin fibroblast and HEK293 cells. Cells
were harvested by trypsinization, washed three times with PBS, re-suspended in an
isotonic Sodium Chloride-Tris-EDTA (STE) buffer (250 mM sucrose, 10 mM Tris—HCl
(pH 7.4), 1 mM EDTA, 1% (v/v) Protease Inhibitor Cocktail (PIC, Sigma-Aldrich) and
disrupted on ice using a Dounce homogenizer. The unbroken cells and nuclei, the
homogenate was centrifuged at 600 g and 4°C for 15 min. The post-nuclear supernatant
was centrifuged at 10 000 g and 4°C for 25 min. The resulting mitochondrial pellet was
twice washed with STE buffer. Protein concentration were determined with the Bio-Rad
Protein Assay Kit (Bio-Rad Laboratories). The isolated mitochondria were stored at

-80°C.

3.5. Trypsinization of the endogenous or C-terminal tagged TMEM?70 protein
in cells and mitochondria

To analyze the effect of trypsin on isolated organelle, mitochondria isolated from
HEK293 cells stabile expressing TMEM70-FLAG fusion protein were exposed to
hypotonic shock (Tang et al. 2009). Briefly, 150 pg of mitochondrial protein were
resuspended in 100 pl of 5 mM MOPS-KOH, pH 7.2, and incubated for 20 min at 4°C on
a rotator. Swollen mitochondria with disrupted outer membrane were treated with trypsin
(4 ng/100 pg of protein) for 20 min at 4°C on a rotator in the presence or absence of 1%
Triton X-100. Digestion was stopped with 100 pg/mL of soybean trypsin inhibitor and
1% (v/v) PIC (Sigma-Aldrich). Samples were analyzed by 12% Sodium Dodecyl Sulfate—
Polyacrylamide Gel Electrophoresis (SDS-PAGE) and western blot (WB) analysis.

3.6. Immunoprecipitation

For TMEM70-FLAG immunoprecipitation, 1.3 mg protein of freshly isolated
mitochondria from cultured cells were lysed with 0.35 ml buffer containing 0.5% Triton
X-100, 150 mM NaCl and 50mM Tris—HCI (pH 7.4) and 1% PIC for 30 min at 4°C on a
rotator and centrifuged at 12 000 g for 10 min. The lysate (0.32 ml) was incubated
overnight at 4°C with previously washed 40 pl of an EZ View ANTI-FLAG M2 affinity
agarose resin (Sigma-Aldrich). Subsequently the resin was washed three times with buffer
containing 150 mM NaCl and 50 mM Tris—HCI (pH 7.4). The bound protein was eluted
by competition with 3XFLAG peptide (Sigma-Aldrich). The eluted immunoprecipitate
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was combined with Sodium Dodecyl Sulfate (SDS) sample buffer and analyzed by 12%
SDS-PAGE and WB.

3.7. Electrophoresis, Western blot and Immunoblot Analysis

SDS-PAGE was carried out under standard conditions (Schigger et al. 1986)
performed on 10% or 12% polyacrylamide minigels using Mini-Protean system (Bio-
Rad). Mitochondria or tissue/cell homogenates were incubated for 20 min on ice with
radioimmunoprecipitation assay buffer (RIPA) (50 mM Tris/HCl (pH 7.4), 150 mM
NaCl, I mM PMSF, 1 mM EDTA, 1% Triton X-100 and 0,1% SDS (v/v), 1% (v/v) PIC)
and centrifuged at 51 000 g for 25 min, 4°C. Samples were dissociated in 50 mM
Tris/HCI (pH 6.8), 12% (v/v) glycerol, 4% SDS, 2% (v/v) 2-mercaptoethanol, and 0.01%
(w/v) Bromphenol Blue for 30 min at 37°C. 2,5-20 ng of protein was loaded in each lane.
Serial dilutions of control sample (25-100%) were loaded on the same gels.
Electrophoresis was performed at 50 V for 30 min and then at 90 V.

BN-PAGE was performed on 8-15% or 6-15% polyacrylamide minigels (Schagger
and von Jagow 1991). Isolated mitochondria were solubilized with DDM (1 g/g of
protein) or digitonin (2 g/g of protein) for 15 min on ice in 1.5 M aminohexanoic acid, 2
mM EDTA and 50 mM Bis-Tris, pH 7.0. The samples were centrifuged for 20 min at 4
°C and 30,000 g and Coomassie Brilliant Blue G-250 dye (Serva, 0.1 g/g of detergent)
and 5% (v/v) glycerol were added to supernatants before electrophoresis. 2-30 pg of
protein prepared was loaded in each lane. Serial dilutions of control mitochondrial sample
(10%-100%) were loaded on the same gels. Electrophoresis was performed at 50 V for 30
min and then at 90 V.

For two-dimensional BN/SDS-PAGE, strips of the first dimensions gels were
incubated in a 2-diomensional buffer containing 1% 2-mercaptoethanol and 1% SDS and
then resolved in the second dimension on SDS-PAGE.

WB analysis using semidry electrotransfer of proteins was performed by standard
protocols (Jesina et al. 2004b; Stiburek et al. 2005). Proteins were electroblotted from the
gels on to Immobilon™-PVDF Membranes (Merck-Millipore) using semi-dry transfer for
1 h at a constant current of 0.6 mA/cm”. Membranes were air-dried overnight, rinsed with
100% methanol (v/v) and blocked in TBS (Tris-buffer saline) with 5% non-fat dried milk
for 2 hours.

For immunodetection we used specific antibodies to FLAG (Sigma-Aldrich), OPA1
(BD Biosciences), fumarate hydratase (FH), GFP (Santa Cruz Biotechnology), TMEM70
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(Proteintech Group), NDUFB6 (Abcam), NDUFA9 (Abcam), SDH70 (Abcam), SDH30
(Abcam), CORE2 (Abcam), COX1 (Abcam), COX2 (Abcam), COX5a (Abcam), Fi-a
(Abcam), F;-f (Abcam), Fo-c Abcam, Fo-a (Abcam), OSCP (Abcam), IF1 (Abcam), F6
(Abcam), Fo-d (Abcam), MtHSP70 (Alexis Biochemicals), a-Tubulin (Cell Signaling),
VDACI (Abcam). The immunoblots were detected with peroxidase conjugated secondary
antibodies and SuperSignalWest Femto Maximum Sensitivity Substrate (Thermo

Scientific Pierce) using VersaDoc 4000 Imaging System (Bio-Rad) or G:Box system
(Syngene).

53



4. RESULTS AND DISCUSSION

4.1. Results and discussion related to the specific aim A) To characterize TMEM70

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

1. Publications related to the specific aim A):

1)

2)

Hejzlarova, K., Tesatova, 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
TMEM?70 protein. Biochimica et biophysica acta 1807, 144-149. IF = 4.843,
Quartile Score = Q1 (2011).

Supplement 1)

Kratochvilova, H. *, Hejzlarova, K. *, Vrbacky, M., Mrécek, T., Karbanova, V.,
Tesafova, M., Gombitova, A., Cmarko, D., Wittig, 1., Zeman, J., Houstek, J.
(2014). Mitochondrial membrane assembly of TMEM70 protein. Mitochondrion
15, 1-9. * Equal contribution, IF = 3.249, Quartile Score = Q2 (2014).

Supplement 2)

Author’s contribution: plasmid cloning (1, 2), transfection of transient and stable
cell lines (1, 2), analysis of protein localization (1) and orientation (2),
immunoprecipitation  (2),  co-immunoprecipitation (2), two-dimensional

electrophoretic analysis and manuscript preparation (2).
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Hejzlarova, K., Tesatfova, M., Vrbacka-Cizkova, A., Vrbacky, M., Hartmannova, H.,
Kaplanova, V., Noskova, L., Kratochvilova, H., Buzkova, J., Havlickova, V., Zeman, J.,
Kmoch, S., Housték, 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 TMEM?70 gene encoding a mitochondrial membrane protein was first identified by
integrative genomics in 2006 (Calvo et al. 2006). In 2008, the TMEM70 protein was
determined as an assembly factor of mammalian ATP synthase (Cizkova et al. 2008b). In
this study, we investigated the import, localization, sublocalization, and processing of this
factor in human cells using GFP- and FLAG-tagged forms of TMEM70 protein.

TMEM70 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 3. Furthermore, TMEM70 was found only in isolated mitochondria from
the cells expressing the TMEM70-FLAG protein, while it was absent in the cytosolic
fraction (Figure 6A). Moreover, we fractionated the isolated mitochondria by sonication
and treated the mitochondrial membranes with Na,COs. Pellet and supernatant after
centrifugation (100,000g) were analyzed by SDS-PAGE and WB (Figure 6B). TMEM70-
FLAG was found only in the sediment, similar to the cytochrome c oxidase subunit
(COX1), indicating its localization in the mitochondrial membrane. The efficacy of the
treatment was verified by heat shock protein 70 (HSP70) protein (matrix) that was
recovered in the supernatant fractions.

The mass spectroscopy analysis confirmed the mitochondrial location of TMEM70
and further indicated low cellular content of the TMEMT70 protein as well as ATP
synthase assembly factors ATPAF1 and ATPAF2 (Ackerman and Tzagoloff 2005).
Although the TMEM?70 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 a/f and possible subassembly complexes in which these subunits are present (Fj,
Fi-c). As later shown, the TMEM70 protein interacts with the subunit ¢ and helps in the
assembly of the ¢8 ring, which is present in the inner mitochondrial membrane (Bahri et

al. 2021; Carroll et al. 2021; Koval¢ikova et al. 2019; Sanchez-Caballero et al. 2020).
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Figure 6: A) TMEM70 is a membrane mitochondrial protein. HEK293 cells expressed TMEM70-
FLAG and cell homogenate, isolated mitochondria and cytosolic fractions were analyzed. TMEM70-FLAG
signal was found in the mitochondrial fraction while it was absent in the cytosol. B) Isolated mitochondria
were sonicated and extracted with Na,CO; and 100,000g pellet and supernatant were prepared. WB was

performed with indicated antibodies (Hejzlarova et al. 2011).
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Kratochvilova, H. *, Hejzlarova, K. *, Vrbacky, M., Mracek, T., Karbanova, V.,
Tesatfova, M., Gombitova, A., Cmarko, D., Wittig, 1., Zeman, J., Housték, J. * Equal
contribution, (2014). Mitochondrial membrane assembly of TMEM70 protein.
Mitochondrion 15: 1-9. IF = 3.249, Quartile Score = Q2 (2014).

In this study, we focused on description of TMEMT70 protein structure, to elucidate its
function. Therefore, we characterized the membrane topology of TMEM?70 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 sequence contains two highly conserved transmembrane domains
spanning 21 AA each, separated by a short sequence of 18 mostly hydrophilic AA. This
structure is predicted to form a hairpin-like membrane assembly of the protein. Based on
the accessibility to membrane impermeable protease (trypsin) (Figure 7A) 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 (Figure 7B). Such conformation is also consistent with previous computational

predictions (Jonckheere et al. 2011).
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Figure 7: Accessibility of the C-terminal FLAG to protease in mitochondria from HEK293 cells expressing
TMEM?70-FLAG. The outer membrane of isolated mitochondria was disrupted by hypotonic shock and
mitochondria were treated with 4 pg of trypsin/100 pg of protein in the presence or absence of 1% Triton
X-100 (TX-100) as indicated. Samples were separated by SDS-PAGE and probed with antibodies to FLAG,
OPALI (representative of intermembrane space proteins), fumarate hydratase (FH, representative of matrix
proteins) and Ndufb6 (inner membrane protein protected from protease digestion). B) The schematic
orientation of TMEM70 protein in mitochondria, IMS: intermembrane space, IMM: inner mitochondrial

membrane, Mx: matrix. Adapted from (Kratochvilova et al. 2014).
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Two-dimensional electrophoresis and co-imunnoprecipitation analysis of different
tagged forms confirmed our previous findings that TMEM?70 protein forms dimers and
higher oligomer structures (Hejzlarova et al. 2011). Nevertheless, no evidence of a
specific association with the ATP synthase complex or the F; subcomplexes was found.

To confirm that TMEM70 forms oligomers, the tagged forms of TMEM70 were used.
We have analyzed HEK293 cells expressing either TMEM70-GFP or TMEM70-FLAG
alone or coexpressing both constructs simultaneously (TMEM70-FLAG + TMEM70-
GFP) (Figure 8). Mitochondria from these cells were solubilized with Triton X-100 (TX-
100) immunoprecipitated with anti-FLAG antibody. Immunoprecipitate from cells
coexpressing both tagged forms, the FLAG- and the GFP-tagged TMEM70 was detected
(Figure 8). These experiments demonstrated that TMEM70 protein forms oligomers.
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Figure 8: Detection of TMEM?70 oligomers by immunoprecipitation. Isolated mitochondria from wilde type
HEK?293 cells (WT), cells expressing TMEM70-FLAG, TMEM70-GFP, cells expressing both TMEM?70-
FLAG and TMEM70-GFP, as well as cells transfected with empty vector were solubilized with 0.5% Triton
X-100 and for immunoprecipitation antibody to FLAG was used. Original mitochondria (M) solubilized
proteins (S) and the immunoprecipitates (IP) were separated by SDS-PAGE and Western blot detection
using antibodies to TMEM70 or GFP (Kratochvilova et al. 2014).
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A key question for understanding the biological function of the TMEM?70 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 TMEM?70 protein was observed.

However, as later shown, TMEM70 interacts with the subunit ¢ and helps its, along
with another assembly factor TMEM242, to organize the subunits ¢ in the inner
mitochondrial membrane by assembling into larger oligomeric structures (Bahri et al.
2021; Carroll et al. 2021). 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

L Manuscript (prepared for submission) related to the specific aim B):
1) Stufkova, H., Hilkova, H., Stranecky, V., Smiskova, Z., Pavrovska, S.,
Wenchich, L., Hansikova, H., Honzik, T., Mracek, T., Housték, J., Zeman, J.,
Tesatovd, M. The impact of prevalent homozygous splicing c.317-2A>G
TMEM?70 mutation on OXPHOS complexes, mitochondrial reticulum, and

ultrastructure in patient tissues, fibroblasts and myoblasts.

Supplement 3)

Author’s contribution: biochemical analyses of steady-state level of OXPHOS

complexes (1) and manuscript preparation (1).
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Stufkova, H., Hulkova, H., Stranecky, V., Smiskova, Z., Pavrovska, S., Wenchich, L.,
Hansikova, H., Honzik, T., Mracek, T., Houstek, J., Zeman, J., Tesafova, M. The impact
of prevalent homozygous splicing ¢.317-2A>G TMEM?70 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. In other studies (Carroll et al. 2021; Sanchez-Caballero et al.
2020), the authors suggested that TMEM?70 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 (Figure 9A-D).
In all analyzed tissues, a significant deficiency of complex V was detected. Accumulation
of the F, part was detected in only a few of them. 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
(Kovéarova et al. 2012; Mayr et al. 2010). The adaptive response is probably enabled by
post-transcriptional events (Havlickova Karbanova et al. 2012) in addition a
compensatory effect was also observed in the TMEM70 KO mouse model (Koval¢ikova

et al. 2019; Vrbacky et al. 2016).
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Figure 9: Steady-state levels of OXPHOS complexes in muscle, heart, liver and brain mitochondria: Mitochondrial

fraction (2-20 pg) from the muscle (A), heart (B), liver (C) and brain (D) from patients carrying ¢.317-2A>G

homozygous splicing TMEM?70 mutation were resolved using 6-15% BN-PAGE, electroblotted and probed with
specific antibodies (CI: NDUFB6, CII: SDH70, CIII: CORE2, CIV: COX1, CV: F1-a).

The mitochondrial ultrastructure was analyzed in, among others, patient myoblasts
(P12) (Figure 10). Elongated mitochondria were predominant in control myoblasts,
whereas structural changes, including unusually aberrant and sparse cristae, were
common in patient myoblasts. Moreover, mitochondria with concentric cristae were also
found in the myoblasts of patient P12. Dimerization of complex V plays a pivotal role in
cristae formation and thus in determining the morphology of the inner mitochondrial
membrane (Davies et al. 2012). The role of ATP synthase dimers in mitochondria cristae
formation was first described in yeast models, where a downregulation of ATP synthase
(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
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formation of concentric (“onion-like”) membrane structures. Both in tissues from
TMEMT70 patients and in cultured cells, strongly altered mitochondrial cristae and
"onion-like" mitochondria were present. Our data confirmed previously published
findings (Bahri et al. 2021; Braczynski et al. 2015; Cameron et al. 2011; Diodato et al.
2014; Holme et al. 1992; Sladkova et al. 2015). Similar changes in mitochondrial
ultrastructure have also been demonstrated in TMEM70 deficient models (Bahri et al.
2021; Vrbacky et al. 2016). 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 (John et al. 2005), thus this morphological feature is not
exclusive to TMEM?70 defects.

Figure 10: Mitochondrial ultrastructure in myoblast in TMEM?70 deficient patients: The normal mitochondria with
number of cristae were observed in the control cell (A, B). In patient P12 (C, D) enlarged sphere mitochondria with the

concentric shape of cristae were observed. Scale bars represent 250 nm.
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It was shown, that in the absence of TMEM?70 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 (Carroll et al. 2021). Carroll and coauthors
showed that assembly of the c8-ring requires not only TMEM?70 but also a second protein
TMEM242. TMEM?242 is directly involved in the assembly of ATP synthase and both
TMEM242 and TMEM?70 interact specifically with subunit ¢ (Carroll et al. 2021).
TMEM70 and TMEM242 have similar overlapping functions, but in addition, TMEM?242
may influence the incorporation of subunits a, A6L, DAPIT, and 6.8PL (Carroll et al.
2021). Finally, in our previous study, we obtained gene expression data in a set of 10
TMEM70 patient fibroblasts (Cizkova et al. 2008a). 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 TMEM242 interact with the subunit ¢ as well as with the
mitochondrial assembly intermediates of complex I (Carroll et al. 2021; Sanchez-
Caballero et al. 2020). Nevertheless, this functional connection needs to be further studied
as reduction of complex I is not a consistent feature (Havlickova Karbanova et al. 2012;
Kovaléikova et al. 2019) 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

1. Publication related to the specific aim C):

1) Honzik, T., Tesafova, 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).

Supplement 4)

1l. Manuscript (prepared for submission) related to the specific aim C):
2) Stufkova, H., Kelifova, S., Kousal, B., Lokvencova, K., Hansikova, H., Zame¢nik,
J., Vanéckova, M., Zeman, J., LiSkova, P., Honzik, T., Tesafova, M. Clinical and
laboratory findings in a rare maternally inherited variant m.8719G>A in MT-ATP6

gene.

Supplement 5)

Author’s contribution.: biochemical analyses of the steady-state level of OXPHOS

complexes (1, 2) and manuscript preparation (2).
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Honzik, T., Tesafova, 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).

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 (Ganetzky et al. 2019; Lott et al. 2013; Poole et al. 2021; Wong et al. 2020).

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, III, I+III, II+III, 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 (Figure 11A).

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 (Figure 11B), similar to that observed in the patient’s fibroblasts with the
prevalent variant m.8993T>G (p.Leul56Arg) in the MT-ATP6 gene, with a high level of
heteroplasmy (97%). Unfortunately, the level of heteroplasmy in the proband’s fibroblasts
was not analysed and therefore cannot be determined whether the absence of ATP
synthase subcomplexes is due to a low levels of heteroplasmy or to the effect of the

mutation in the fibroblasts.
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Decreased complex V holoenzyme and the presence of assembly subcomplexes were
common phenotypic features of the MT-ATP6 variant in patient tissues or fibroblasts
(Castagna et al. 2007; Dautant et al. 2018; Ganetzky et al. 2019; Hao et al. 2015; Lopez-
Gallardo et al. 2009; Pitceathly and Taanman 2018). However, studies have been reported
where ATP synthase holoenzyme was not reduced, despite high heteroplasty load (Garcia
et al. 2000; Verny et al. 2011). 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 M7-ATP6. Our result suggests that the

treshold effect varies according to the type of material analysed.

. .CIV

- Cill

Figure 11: Steady-state level of OXPHOS complexes in muscle and fibroblasts. A) BN-PAGE in muscle
mitochondria revealed a marked decrease of the steady-state level of complex V (CV) and the accumulation
of its subcomplex (*). Levels of complex I (CI), complex III (CIII) and complex IV (CIV) showed identical
pattern in patient and control samples. The migration of molecular mass standards is indicated on the left
side B) BN-PAGE, WB and immunodetection with a monoclonal antibody showed a mild decrease level
(80% of control) of complex V (CV) in fibroblasts. Free F,-part and/or other subcomplexes were not
detected. Complex III (CIII) was normal content in the patient and control. No change in the level of
complex V and complex III was observed in the patient m. 8993T>G (p.Leul56Arg). The series of the
dilution control sample is indicated, (CV-F;- a, CIII-CORE2) (Honzik et al. 2013).

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
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pathogenic in 2013. However, in 2018 this classification was changed to like pathogenetic
(LP). Recently, this variant was indicated as “Cfrm” in MITOMAP database (Lott et al.
2013), 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
(Ganetzky et al. 2019; Wong et al. 2020). 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 (De Meirleir
et al. 1995; Honzik et al. 2013). However, this may be due to overall unique aspect of
each patient and the different levels of heteroplasmy.

Furthermore, studies with a yeast model have revealed that m.8851T>C (p.Trp109Arg)
variant leads to major drops (95%) in mitochondrial ATP synthesis due to a block in Fo-
mediated proton transfer (Kucharczyk et al. 2013).
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Stufkova, H., Kelifova, S., Kousal, B., Lokvencova, K., Hansikova, H., Zame¢nik, J.,
Vanéckova, M., Zeman, J., Liskova, P., Honzik, T., Tesafova, 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, Figure 12A).

Compositional analysis of assembly/stability subcomplexes is performed by 2D
electrophoresis (Figure 12B). The approximately 390 kDa subcomplex containing the
subunit B presumably the Fi-part of ATP synthase, a larger 460 kDa subcomplex
containing the subunit  and the subunit ¢ were found in muscle mitochondria.
Additionally, another complex containing only the subunit ¢ was observed with a
molecular mass of approximately 120 kDa, which likely represents the c8-ring itself. In
addition, the presence of lower oligomers of the subunit ¢ was detected. However, none
of the above complexes showed detectable presence of subunit a or subunit d. A similar
profile was found in a patient carrying 2 bp microdeletion m.9205 9206delTA in mtDNA
(Jesina et al. 2004a).

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 (Tang et al. 2013). Our
findings thus provide for the first time the clinical and biochemical phenotypes associated

with this ultra rare pathogenic mtDNA variant.
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Figure 12: A) Steady-state levels of OXPHOS complexes in muscle mitochondria in M7T-ATP6 m.8719G>A
patient and control. The mitochondrial fractions (5-10 pg) were resolved using 6-15% BN-PAGE,
electroblotted, and probed with specific antibodies (CI-NDUFA9, CII-SDH70, CII-CORE2, CIV-COX1,
CV-F;-B). Two aliquots of control mitochondria corresponding to the indicated dilutions of control samples
were loaded on the same gels. B) and C) 2D electrophoretic analysis and immunodetection of selected ATP
synthase subunits in control (B) and patient (C) (MT-ATP6 m.8719G>A) muscle mitochondria.
Mitochondrial muscle fractions (10 pg) were separated in the first dimension by BN-PAGE and in the
second dimension by SDS-PAGE. Final gels were electroblotted and probed with specific antibodies
against the ATP synthase B (F;-B), subunit a (F,-a), subunit d (F,-d) and subunit ¢ (F,-c).
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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

1. Publication related to the specific aim D):
1) Tesatova, M., Vondrackova, A., Stufkova, H., Vepiekova, L., Stranecky, V.,
Berankova, K., Hansikova, H., Magner, M., Galoova, N., Honzik, T., Vodic¢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).
Supplement 6)

2) 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. IF = 4.141, Quartile Score = Q2
(2021).

Supplement 7)

Author’s contribution: biochemical analyses of steady-state level of OXPHOS

complexes (1, 2) and manuscript preparation (2).
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Tesafova, M., Vondrackova, A., Stufkova, H., Vepiekova, L., Stranecky, V., Berankova,
K., Hansikova, H., Magner, M., Galoova, N., Honzik, T., Vodic¢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 (Bottomley and Fleming 2014). 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 (Bergmann et al. 2010; Bykhovskaya et al.
2004; Diaz et al. 1999; Lichtenstein et al. 2016; Riley et al. 2010; Riley et al. 2016;
Schmitz-Abe et al. 2015; Wiseman et al. 2013).

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 (Chen and Patton 1999). PUS1 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 (Bykhovskaya et al. 2004; Fernandez-Vizarra et al.
2009).

In our study, SA was also found in a child with heterozygous composed mutations
c.610A>G (p.Asn204Asp) and ¢.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 (Valnot et al. 2000). Mutations in the assembly factors
COX10 have been reported to cause variable severe phenotypes including lactic acidosis,

Leigh syndrome, hypertrophic cardiomyopathy and hypotonia (Antonicka et al. 2003).
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In our study the activity of respiratory chain complexes IIl and IV in the muscles of
PUSI patients was significantly reduced. In addition, the activity of I + III was also
reduced in one of them. The patient with mutation in the COXI0 gene showed low
activities of complexes I + III 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.

Protein analyses of the OXPHOS complexes revealed reduced levels of complex IV in
muscle and liver mitochondria in the patient with COX10 variant (P8) (Figure 13 A, B).
Steady-state levels of complexes I, IV and V were markedly reduced in liver
mitochondria of PUSI patients (P1, P2). 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 (Figure 13 A, B). In addition,
we also found an increased number of intermediates of complex V assembly in both

muscle and liver tissue of PUS/ patients (P1, P2).
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Figure 13: Steady-state levels of OXPHOS complexes in liver (A) and muscle (B) mitochondria of patients

1, 2 (PUSI) and patient 8 (COX10) separated by BN-PAGE followed by immunoblotting. In both tissues
patients 1 and 2, a profound, combined OXPHOS complex deficiency (complexes I, III, IV, and V) was
found with an accumulation of assembly intermediates of complex V (F-part of the complex and F,-c,
which is F;-part associated with the c-subunits). Patient 8 mitochondria revealed an isolated deficiency of

complex IV in liver and muscle as well (Tesarova et al. 2019).
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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 PUSI 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 PUS/ patients (Fernandez-Vizarra et al. 2009).
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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) 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 (Richter et al. 2021).

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 (Lott et al. 2013; Richter et al. 2021). 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 (Lott et al.
2013).

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 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
c) and F; domain. In addition, the steady-state level of complex IV holoenzyme was
significantly reduced (Figure 14A). A similar effect of mutations in the MTTK gene on
OXPHOS complexes in muscle mitochondria was observed in our previous study
(Fornuskova et al. 2008) (Figure 14B). Two patients with pathogenic M7TTK variants
(m.8363G>A and m.8344A>G) showed the same pattern of combined OXPHOS
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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
(Fornuskova et al. 2008). The pattern is distinct from m.3243A>G in MT-TLI gen for mt-
tRNA-Leu in muscle mitochondria (Fornuskova et al. 2008)

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 (Piitz et al. 2007). 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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Figure 14: Analysis of the assembly of OXPHOS complexes by immunoblotting of BN-PAGE in muscle
mitochondria patient with (m.8315A>C (A), m.8363G>A m.8344A>G variant in MTTK and 3243A>G in
MT-TL1 gene (B)). BN-PAGE of lauryl maltoside-solubilized mitochondria was electroblotted onto PVDF
membranes and probed with monoclonal antibodies that detect the native forms of the OXPHOS
complexes. Two/three aliquots of control mitochondria corresponding to the indicated dilutions of control
samples were loaded on the same gels. [-——complex I; [I—complex II; [ll—complex IIT; IV—complex 1V;
V—complex V; V*¥*—complex V subcomplex composed of F{-ATP synthase with several c-subunits; F;—
F|-ATP synthase; *-expected migration of complex V subcomplexes. The migration of holoenzymes (I-V)
and molecular mass standards (kDa) are indicated; the actual position of sub-complex Vs and/or F; of
complex V (x) in muscle mitochondria is directly below complex III (around 370-470 kDa) (Fornuskova et

al. 2008; Stufkova et al. 2022).

76



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

(see chapters 4.1.- 4.4.).

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. TMEM?70 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 TMEM70 gene on OXPHOS complexes and
mitochondrial ultrastructure in board spectrum of tissues and cells. Our results
demonstrate that prevalent TMEM70 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 TMEM70 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.Trp109Arg) and m.8§719G>A (p.Gly65*) in the MT-ATP6 gene. Our findings may

contribute to further diagnosis of maternally inherited ATP synthase disorders.
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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 TMEM70 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 MT-ATP6 gene:

m.8851T>C (p.Trpl09Arg) and m.8719G>A (p.Gly65*).

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

combined OXPHOS complexes deficit in tissues ‘mitochondria.
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7. SHRNUTI

- TMEMT70 je mitochondridlni protein o velikosti 21 kDa lokalizovany ve vnitini
mitochondrialni membrané, se strukturou vlasenky a obéma konci orientovany do

mitochondridkIni matrix, tvofici vyssi oligomerni struktury.

- Prevalentni mutace v genu TMEM70 vede k urcittmu stupni
adaptacniho/kompenzacniho efektu, ktery je patrny zejména u fibroblastii; absence
proteinu TMEM70 vzdy vede k izolovanému deficitu komplexu V, ale pouze
v nékterych piipadech ke vzniku kombinovaného deficitu komplexti systému

OXPHOS.

- Vysledky rozsitfuji klinicky a biochemicky popis fenotypu spojeného se dvéma
vzacnymi materndlné¢ dédi€nymi variantami mtDNA v genu MT-ATP6:

m.8851T>C (p.Trpl09Arg) a m.8719G>A (p.Gly65*).

- Patogenni mutace v genech PUSI a MTTK maji za nasledek vznik specifického
kombinovaného deficitu komplexi systému OXPHOS v pacientskych tkanich.
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TMEM70 protein represents a novel ancillary factor of mammalian ATP synthase. We have investigated
import and processing of this factor in human cells using GFP- and FLAG-tagged forms of TMEM?70 and specific
antibodies. TMEM70 is synthesized as a 29 kDa precursor protein that is processed to a 21 kDa mature form.
Immunocytochemical detection of TMEM70 showed mitochondrial colocalization with MitoTracker Red and
ATP synthase. Western blot of subcellular fractions revealed the highest signal of TMEM70 in isolated
mitochondria and mitochondrial location was confirmed by mass spectrometry analysis. Based on analysis of
submitochondrial fractions, TMEM70 appears to be located in the inner mitochondrial membrane, in
accordance with predicated transmembrane regions in the central part of the TMEM70 sequence. Two-
dimensional electrophoretic analysis did not show direct interaction of TMEM70 with assembled ATP
synthase but indicated the presence of dimeric form of TMEM70. No TMEM70 protein could be found in cells
and isolated mitochondria from patients with ATP synthase deficiency due to TMEM70 c¢.317-2A>G mutation
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thus confirming that TMEM70 biosynthesis is prevented in these patients.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Biogenesis of eukaryotic ATP synthase is a stepwise process, in
which 16 different subunits assemble the structure of the enzyme
consisting of the F; catalytic part and the membranous F, part
connected together by two stalks [1,2]. The biosynthesis of individual
subunits and formation of the ATP synthase holoenzyme depend on
several specific helper proteins that are partly common to, and partly
unique to, higher and lower eukaryotes. Several yeast-specific factors
(NCA1-3, NAM1, AEP1-3 ATP22 and ATP25) are involved in mRNA
stability, translation and processing of mtDNA encoded subunits ATP6
and ATP9 [1,3-5] or their assembly (ATP10, ATP22). Additional factor
ATP23 [5,6], the metalloprotease with chaperone activity is implicated
in processing of ATP6 and its association with ATP9 oligomer. There
exists mammalian ortholog of ATP23 which contains a HEXXH motif
of the protease active site, but its function is unknown. The only two
yeast factors that are found in mammals [1,7,8], having identical
function are the F; chaperones, ATPAF1 and ATPAF2, interacting with

Abbreviations: DDM, dodecyl maltoside; F;, catalytic part of ATP synthase; F,,
membrane embedded part of ATP synthase; PDH, pyruvate dehydrogenase
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F; subunits 3 and o. Both are absolutely essential for assembly of the
functional oisp3 heterooligomer. The FMC1, the third factor involved
in F; assembly in yeast at high temperature [9] is again specific for
yeast. Till now, only one essential ancillary factor, the TMEM?70
protein, has been found in mammals being absent in yeast and fungi
[10,11]. The mutations in TMEM70 gene were found to be responsible
for isolated deficiency of ATP synthase leading to a severe mitochon-
drial disease [10,12]. The enzyme defect was rescued by the
wtTMEM70. The TMEM70 protein was identified as a putative
mitochondrial protein that fulfils the criteria of MITOCARTA [13,14].
The biological roles, as well as biogenesis of this protein remain
unknown. In this study we attempted to use tagged forms of TMEM70
and specific antibodies for characterization of expression, processing
and localization of this factor.

2. Materials and methods
2.1. Cell cultures

Human embryonic kidney cells (HEK293, CRL-1573, ATCC) were
grown in high-glucose DMEM medium (PAA) supplemented with 10%
(v/v) fetal calf serum (PAA) at 37 °C in 5% CO, in air. Fibroblasts were
grown in DMEM medium (Sigma) containing 10% fetal calf serum
(Sigma), penicillin (100 U/mL) and streptomycin (100 ug/mL), at
37 °Cin 5% CO; in air. Confluent cells were harvested by trypsinization






