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ABSTRACT

The complexes of the oxidative phosphorylation (OXPHQOS) system in the inner mitochondrial
membrane are organised into structural and functional super-assemblies, so-called
supercomplexes. This type of organisation enables substrate channelling and hence improves the
overall OXPHOS efficiency. ATP synthase associates into dimers and higher oligomers. Within the
supercomplex of ATP synthasome, it interacts with ADP/ATP translocase (ANT), which exchanges
synthesised ATP for cytosolic ADP, and inorganic phosphate carrier (PiC), which imports
phosphate into the mitochondrial matrix. The existence of this supercomplex is generally
accepted. Experimental evidence is however still lacking.

In this thesis, structural interactions between ATP synthase, ANT and PiC were studied in detail.
In addition, the interdependence of their expression was examined either under physiological
conditions in rat tissues or using model cell lines with ATP synthase deficiencies of different origin.
Specifically, they included mutations in the nuclear genes ATP5E and TMEM?70 that code for
subunit € and the ancillary factor of ATP synthase biogenesis TMEM70, respectively, and a
microdeletion at the interface of genes MT-ATP6 and MT-COX3 that impairs the mitochondrial
translation of both subunit a of ATP synthase and subunit Cox3 of cytochrome c oxidase.

Functional and structural characterisation of the cell lines with ATP synthase defects revealed that
nuclear mutations in the genes TMEM70 and ATP5E (the first reported mutation in a nuclear gene
coding for a structural subunit of ATP synthase) lead to a reduced content of fully functional ATP
synthase. In contrast, a mutation in MT-ATP6 is accompanied by a normal amount of incomplete
ATP synthase that is non-functional due to the lack of subunit a. In this case, the pathological
phenotype manifests itself above 90 % heteroplasmy of mutated mtDNA. At all the studied
defects, a compensatory up-regulation of ANT and PiC was found, likely due to an adaptive
mechanism at the post-transcriptional level. Under physiological conditions, however, the
expression of ATP synthase, ANT and PiC appears to be co-regulated at the level of transcription.

Although structural analyses revealed the existence of ATP synthasome in rat heart mitochondria,
the majority of ATP synthase, ANT and PiC were found as separate entities. The functional
significance of ATP synthasome therefore still remains controversial. The analyses also detected
an association of ATP synthase with succinate dehydrogenase that had been previously reported
as the so-called mitochondrial ATP-sensitive K* channel.

KEYWORDS: Mitochondria; oxidative phosphorylation; ATP synthase; ADP/ATP translocase;
phosphate carrier; mitochondrial supercomplexes; mitochondrial disorders.



ABSTRAKT

Komplexy oxidativni fosforylace (OXPHOS) se ve vnitfni mitochondridlni membrané sdruzuji ve
vyssi strukturni a funkéni celky, tzv. superkomplexy. Jejich vyznam spociva v cileném smérovani
substratu z jednoho komplexu na druhy. V pfipadé ATP syntdzy byly popsany jeji dimery i vyssi
oligomery a také ATP syntazom, v rdmci néjz dochazi k seskupeni ATP syntazy s pfenasecem
adeninovych nukleotidd (ANT), zajistujicim vyménu syntetizovaného ATP za cytosolické ADP, a
fosfatovym prenase¢em (PiC), umoznujicim import fosfatu do matrix mitochondrie. | kdyz je
existence tohoto superkomplexu obecné prijimana, experimentalni dikazy nejsou dostatecné.

V ramci této prace byly detailné zkoumany strukturni interakce ATP syntdzy, ANT, a PiC. Jejich
vzajemné vztahy byly sledovany nejprve na Urovni exprese jednotlivych komponent ATP
syntazomu, at jiz za fyziologickych podminek v rldznych tkanich potkana, nebo na modelu
deficienci ATP syntazy v burikdch pacient s riznymi genetickymi defekty ATP syntazy. Konkrétné
se jednalo o mutace v jadernych genech ATP5E a TMEM?70, které koduji podjednotku €, respektive
pomocny faktor v biogenezi ATP syntazy TMEM70, a o mikrodeleci na rozhrani genli MT-ATP6 a
MT-COX3, ktera negativné ovliviiuje mitochondridlni translaci podjednotek a ATP syntdzy a Cox3
cytochrom c oxidazy.

Funkéni a strukturni charakterizace bunécénych linii s defekty ATP syntdzy ukazala, Ze jaderné
mutace v genech TMEM?70 a ATP5E (prvni jaderny gen kédujici podjednotku ATP syntazy, v némz
byla objevena mutace) maji za nasledek snizené mnozstvi jinak plné funkéni ATP syntdzy, kdezto
v pfipadé mitochondridlni mutace v MT-ATP6 je pfitomno normalni mnoZstvi neuplné ATP
syntazy, u niz chybéjici podjednotka a vede k jeji nefunkénosti. Patologicky fenotyp této mutace
se projevi aZ pri pfekroceni 90% heteroplazmie mutované mtDNA. U vSech zkoumanych defekt(
bylo pozorovano kompenzacni zvyseni prenasecli ANT a PiC, které je pravdépodobné zplsobeno
zatim nezndmym adaptivnim posttranskripénim mechanismem. Za fyziologickych podminek se
ovsem zd3, Ze ATP syntaza, ANT a PiC jsou spole¢né regulovany na urovni transkripce.

Strukturni analyzy ukazaly pfitomnost ATP syntazomu v mitochondriich izolovanych ze srdce
potkana. VétSina ATP syntdzy, ANT a PiC ale vzdjemné neasociuje, coz jesté vice podtrhuje otazku
funkéniho vyznamu ATP syntazomu. Analyzy odhalily také interakci ATP syntdzy se sukcinat
dehydrogenazou. Seskupeni téchto dvou komplex(i uz dfive byla prfisouzena funkce tzv.
mitochondridlniho ATP-senzitivniho K* kanalu.

KLICOVA SLOVA: Mitochondrie; oxidativni fosforylace; ATP syntaza; pfenase¢ adeninovych
nukleotid(; fosfatovy prenasec; mitochondrialni superkomplexy; mitochondridlni onemocnéni.



INTRODUCTION

1. Mitochondrial ADP-phosphorylating apparatus

The electrochemical proton gradient generated by the respiratory chain (RC) enzyme complexes
is utilised by FiFo-ATP synthase in the key process of energy metabolism in the cell, i.e.
mitochondrial ATP synthesis (1, 2). ATP synthase catalyses the actual phosphorylation of ADP. To
fulfil this function, it requires supply of the substrates, ADP and inorganic phosphate, which is
mediated by two specialised carriers in the inner mitochondrial membrane (IMM). ADP/ATP
translocase (also referred to as adenine nucleotide translocator, ANT) transports ADP into the
mitochondrial matrix in exchange for newly synthesised ATP (3). Phosphate carrier (PiC) ensures
supply of phosphate from the cytosol, utilising symport with protons or antiport with hydroxyl
ions (4). Together, they form the mitochondrial ADP-phosphorylating apparatus.

1.1. FiFo-ATP synthase

The mammalian mitochondrial F1Fo-ATP synthase is a large multisubunit enzyme complex with a
molecular weight of ~650 kDa (Fig. 1). Two large subcomplexes can be distinguished —the globular
catalytic F1 domain and the proton-pumping membrane-embedded F, domain that are connected
via two stalks (2). The mammalian ATP synthase consists of about 30 of 18 different types (17
structural subunits—a, 8,y, 6,€,a, b, ¢, d, e, f, g, A6L, DAPIT, F6, MLQ, OSCP, and one regulatory
subunit — IF1) (5). Only two of them (A6L and a) are encoded in the mtDNA

The biogenesis of ATP synthase complex requires the assistance of several ancillary factors. ATP11
and ATP12 are conserved among eukaryotes (6-8). ATP10 and ATP23 are specific for yeast (9)
whereas TMEM70 is found only in higher eukaryotes (10, 11). Furthermore, the content of subunit
c seems to be indicative of the total content of ATP synthase complex in mammals. Brown adipose
tissue (BAT), a specialised thermogenic organ that utilises a high oxidative capacity to produce
heat instead of ATP, is characterised by a low content of ATP synthase (12), which correlates with
a down-regulated expression of subunit ¢ (13).

Fig. 1 Structure of mammalian F1F,-ATP synthase.

The upper part of the model contains the subunits (a, B, vy, 6, €) of the
Fi1 catalytic domain that protrudes into the mitochondrial matrix.
Subunit y is in contact with the F, membrane domain that contains
the c-ring and the associated subunit a. The number of ¢ subunits in
the c-ring differs between species. The F, domain contains a number
of supernumerary subunits with single transmembrane a-helices (e,
f, g, A6L, DAPIT, 6.8PL). The peripheral stalk is on the right (subunits
OSCP, b, d, and Fs). One of the three subunits a has been removed to
expose the elongated a-helical structure of subunit y. Adapted from
Walker et al. (2013) (2).




ATP synthase is able to perform both ATP synthesis and ATP hydrolysis. As a molecular motor, it
is composed of both a stator — the peripheral stalk, and a rotor — the central stalk associated with
the c-ring. Proton translocation in the direction of proton gradient generates rotation of the
central stalk, which, in turn, generates conformational changes of the heterohexamer az683 that
catalyses ATP synthesis (14). On the contrary, ATP hydrolysis triggers rotation of the central stalk
that drives proton pumping from the matrix to the intermembrane space against the proton
gradient.

Inherited isolated defects of ATP synthase belong to the most severe early-onset mitochondrial
diseases. They can be classified into two groups with different pathogenic mechanisms,
biochemical phenotypes and clinical presentations. On the one hand, qualitative defects are
characterised by normal levels of incomplete and non-functional ATP synthase and have been
described for mtDNA mutations. The pathogenesis of mtDNA mutations does not follow the rules
of Mendelian genetics. Instead, they are maternally inherited and the resulting phenotype
depends on the mutational load (the level of heteroplasmy) since mtDNA is usually present in
multiple copies (15). Quantitative defects, on the other hand, underlie mitochondrial disorders of
nuclear genetic origin and are characterised by a reduction in the content of fully assembled and
functional ATP synthase (16). In both cases, energy deprivation and reactive oxygen species (ROS)
production represent important factors in the pathogenesis (17).

Point mutations in the mtDNA gene MT-ATP6 encoding subunit a are a predominant cause of
maternally inherited ATP synthase defects. The clinical phenotype manifests as NARP
(neuropathy, ataxia, retinitis pigmentosa) or the more severe MILS (maternally inherited Leigh’s
syndrome), depending on the level of heteroplasmy (18). In addition, two cases with a unique
microdeletion of two base pairs (m.9205delTA) at the interface of MT-ATP6 and MT-COX3 genes
in the polycistronic mitochondrial transcript MT-ATP8/MT-ATP6/MT-COX3 have been reported
(19, 20).

Mutations in four nuclear genes have been associated with an isolated deficiency of ATP synthase
so far. Two of them, ATP5A1 and ATP5E, code for the structural subunits o and g, respectively (21,
22). The other two, ATPAF2 and TMEM?70, encode ancillary factors that play specific roles in the
biogenesis of ATP synthase. Mutations in TMEM70 represent one of the most frequent causes of
ATP synthase deficiencies (23). Lactic acidosis and methyl glutaconic aciduria are major clues in
the diagnosis (24).

1.2. ADP/ATP translocase (ANT)

ANT is one of the most abundant mitochondrial proteins and represents up to 12 % of the total
mitochondrial protein mass (25-28). It belongs to the mitochondrial carrier family (MCF) encoded
by the SLC25 genes (29-31). The size (30—34 kDa) and structure of all SLC25 transporters are very
similar. Whether they function as monomers or dimers is still a matter of debate (32, 33). They
contain three tandem-repeated homologous domains, and each of these consists of two
transmembrane helices (29, 34). The members of SLC25 family are extremely hydrophobic



proteins with several tissue-specific isoforms. In mammals, each isoform is usually encoded by a
unique nuclear gene (35).

Specifically in rodents, three genes coding for tissue-specific ANT isoforms have been described
whereas four genes have been identified in humans (36) — SLC25A4 (ANT1, a heart-type isoform),
SLC25A5 (ANT2, a liver-type isoform, expressed ubiquitously), SLC25A6 (ANT3, expressed in highly
proliferative cells, present only as a pseudogene in rodents), and SLC25A31 (ANT4, a testes-
specific isoform) (37, 38). Each ANT isoform has a tissue-specific expression pattern that may be
related to specific energy requirements (39). Moreover, expression of the same isoform may be
regulated by different transcriptional mechanisms in different tissues (40).

1.3. Phosphate carrier (PiC)

PiC, as well as ANT, belongs to the SLC25 gene family (41), but unlike ANT, its two tissue-specific
isoforms, PiC-A (a heart-type isoform) and PiC-B (a liver-type isoform that is expressed
ubiquitously), originates from alternative splicing of a single gene transcript (SLC25A3) (29, 42).
Their catalytic Michaelis constants Km are different and most likely reflect energy demands of the
tissues that they are expressed in (42, 43).

2. Mitochondrial supercomplexes

The RC complexes associate into larger structures that are called RC supercomplexes
(respirasomes) (44). The existence of supercomplexes significantly reduces the distances between
the consecutive RC complexes that their substrates, i.e. coenzyme Q and cytochrome ¢, must
surpass using only diffusion. Consequently, the efficiency of the RC is increased due to substrate
channelling (45) and the formation of reactive oxygen species is attenuated (46, 47). Similarly, the
key OXPHOS component, ATP synthase, is also able to organise itself into more complex
structures, such as dimers and higher oligomers (48-50). Furthermore, substrate channelling was
suggested to favour the assembly of ATP synthase, ANT and PiC into a supercomplex called ATP
synthasome. Supercomplexes of ATP synthase with other mitochondrial proteins have been
reported to perform an array of mitochondrial functions, including mitochondrial permeability
transition (51, 52) or mitochondrial ATP-sensitive K* import (53).

2.1. Supramolecular structures within the respiratory chain

To describe the organisation of RC enzymes in the IMM, two models have been suggested — the
so-called solid state model (54) and fluid state model (55). The fluid state model is defined by free
movement of individual OXPHOS components in the IMM. It regards electron transport as a
diffusion-based random collision process. On the contrary, the solid state model suggests a stable,
at least for a limited period of time, organisation of RC complexes into higher molecular structures
that ensure substrate channelling from one complex to another. In reality, mutual co-existence
of isolated RC complexes and supercomplexes is expected with dynamic conversions between
each other in order to optimize OXPHOS performance (56). Therefore, the plasticity model has
been developed (57).



Supercomplexes are composed of the RC complexes |, lll, and IV. The RC complex Il (succinate
dehydrogenase) that represents an alternative input of electrons into the RC is believed not to be
involved in the formation of RC supercomplexes (58), possibly because of its concomitant
involvement in the tricarboxylic acid cycle (59).

Characterisation of supercomplexes relies on their solubilisation as an intact structure from the
IMM. The efficiency of solubilisation depends on the type of detergent used. To study
supercomplexes, digitonin and Triton X-100 are usually applied because they are mild enough not
to disrupt the non-covalent protein-protein interactions inside supercomplexes (60, 61). The
composition of solubilised supercomplexes can then be revealed by using a type of native
electrophoresis (60, 61), immunoprecipitation (62), or sucrose density ultracentrifugation (63).

2.2. Supramolecular organisation of ATP synthase

2.2.1. ATP synthasome

While the association of ATP synthase with a 29 kDa protein (likely ANT) in bovine heart was
already reported at the end of the 1970’s (64, 65), ATP synthasome, a putative supercomplex of
ATP synthase, ANT, and PiC (Fig. 2), was first described by Pedersen and his co-workers in 2003.
They detected co-localisation of its components in highly purified vesicles of mitochondrial cristae
membrane isolated from rat liver (66, 67). Since then, ATP synthasome has been reported in
digitonin-solubilised bovine heart mitochondria on clear native (68) or blue native gels (49) as well
as in the protozoan Leishmania (69). This would suggest that the ATP synthasome is an
evolutionarily conserved structure that would form a single catalytic unit responsible for
mitochondrial ATP production. However, a targeted search for ATP synthasome in a close relative
of Leishmania, Trypanosoma brucei, was unsuccessful (70). The results of complexome profiling,
a recently developed approach to detect novel mitochondrial supercomplexes, are also
heterogeneous (71, 72). The existence of this supercomplex therefore remains controversial.

Fig. 2 ATP synthasome.

ATP synthasome, a supercomplex composed of ATP synthase, ANT
(also known as ANC, adenine nucleotide carrier), and PiC
(inorganic phosphate carrier). Adapted from Timohhina et al.
(2009) (73).




2.2.2. Mitochondrial Kate channel

For many years, a mitochondrial ATP-sensitive K* (mitoKate) channel, especially its opening, has
been supposed to play an important role in cardioprotection and ischemic pre-conditioning,
without its precise molecular identity being known (74, 75). Among others, a large multiprotein
complex whose components included ATP synthasome, succinate dehydrogenase (RC complex )
and one of ABC transporters (mitochondrial ATP-binding cassette protein 1, mABC1) has been
proposed to confer the mitoKarp channel activity (53). However, it was never validated. The
pursuit of structural information on the mitoKarp channel, nevertheless, continues even though
its existence is still controversial (74-76).

2.2.3. Mitochondrial permeability transition pore

Mitochondrial permeability transition is defined as a non-selective increase in the permeability of
the IMM to solutes with molecular masses up to 1.5 kDa that is usually induced by
intramitochondrial Ca?* accumulation (51). However, the molecular nature of mitochondrial
permeability transition pore (mPTP) has been a mystery. As the channel-forming component of
mPTP, the ATP synthase complex was identified most recently (77). However, the molecular
identity of mPTP has not been completely elucidated.
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AIMS OF THE THESIS

The first objective of my thesis was to characterise structural-functional relationships
accompanying ATP synthase defects of a different genetic origin. The investigated cell lines were
used to achieve my second objective, i.e. to study the association of ATP synthase, ANT and PiC
into the ATP synthasome.

The specific aims of my thesis were:

e To examine in detail structural interactions in the putative supercomplex of ATP
synthasome in mammalian mitochondria

e To analyse the expression of ATP synthasome components in rat tissues and to test
whether their expression is affected by different genetic defects of ATP synthase in patient
cells

e To characterise molecular pathogenic mechanisms underlying the genetic defects of ATP
synthase due to mutations in the following genes:

—> ATP5E (coding for subunit €)
— MT-ATP6 (coding for subunit a)

— TMEM70 (coding for the ancillary factor of ATP synthase biogenesis
TMEM70)

11



SUMMARY OF THE RESULTS

My first-author publication focuses on the components of mitochondrial ADP-phosphorylating
apparatus, their expression and structural interactions (Article 1). We showed limited association
of ATP synthase not only with ANT and PiC (into a supercomplex called ATP synthasome) but also
with succinate dehydrogenase (Article 2). To study expression of ATP synthasome components
and their interdependence, we used several cell lines with different genetic defects of ATP
synthase resulting in a low content of the enzyme or an alteration of its structure. In the other
four articles, these model cell lines are characterised with regard to impacts of the defect they
harbour on mitochondrial functions. Specifically, we described structural and functional
consequences of genetic defect of subunit € in cells of a patient (Article 3) as well as in model cells
with down-regulated expression of this subunit (Article 4). Compared to defects in nuclear-
encoded subunits of ATP synthase, mutations in the mitochondrial gene MT-ATP6 coding for
subunit a are reported more regularly. We also characterised one mutation, specifically
m.9205delTA that does not only affect ATP synthase but also cytochrome c oxidase (Article 5). In
the last article, we investigated adaptive changes in the expression of mitochondrial proteins in
patients with a mutation in TMEM?70 coding for an ancillary factor of ATP synthase biogenesis
(Article 6).

1. Mitochondrial ATP synthasome: expression and structural interaction of its components
Nuskova, H., Mracek, T., Mikulova, T., Vrbacky, M., Kovéarova, N., Kovalcikova, J., Pecina,
P., Housték, J. (2015). Biochem Biophys Res Commun. doi: 10.1016/j.bbrc.2015.07.034
IF 2.297 (2014)

To characterise the relationships in the expression of ATP synthase, ANT, and PiC in mammalian
cells, we used two models of isolated ATP synthase deficiency — rat brown adipose tissue with a
physiological down-regulation of ATP synthase, and fibroblast cultures of patients with different
types of ATP synthase deficiency. In rat tissues, both transcript and protein levels of ANT and PiC
correlate with the content of ATP synthase. Therefore, ANT and PiC levels appear to be
transcriptionally controlled in accordance with the biogenesis of ATP synthase. In contrast, the
content of ANT and PiC is increased in the ATP synthase deficient patient fibroblasts compared to
control cells. Since there is no significant change in the transcript levels of ANT and PiC, the
observed adaptive responses are likely regulated post-transcriptionally, possibly at the level of
protein synthesis or stability.

To describe further the structural interactions of ANT, PiC, and ATP synthase, we analysed rat
heart mitochondria solubilised with different mild non-ionic detergents. We characterised the
association of ATP synthasome components by immunoprecipitation, blue native and SDS
polyacrylamide gel electrophoresis combined with immunodetection and MS analysis. Our results
indicate that both carriers can be found attached to monomeric and dimeric forms of ATP
synthase. However, the majority of immunodetected PiC and especially ANT did not associate
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with the ATP synthase, suggesting that while ATP synthasome is present in heart mitochondria,
most of the PiC, ANT, and also ATP synthase probably exist as separate entities.

2. High molecular weight forms of mammalian respiratory chain complex II.
Kovarova, N., Mracek, T., Nuskova, H., Holzerova, E., Vrbacky, M., Pecina, P., Hejzlarova,
K., KI'u¢kova, K., Rohlena, J., Neuzil, J., Housték, J. (2013). PLoS One 8, e71869.
IF 3.534

While studying the association of ATP synthase, ANT and PiC, we uncovered an unexpected
connection between ATP synthase and succinate dehydrogenase (RC complex II).

In this publication, we reported the existence of structures of high molecular weight that
contained complex Il (Cllnmw) and were preserved only under specific conditions, i.e. under the
combination of solubilisation by digitonin and resolution by clear native electrophoresis (CNE).
We showed that Cllnmw structures are enzymatically active and differ in the electrophoretic
mobility between rat tissues (500-1,000 kDa) and cultured human cells (400-670 kDa).
Furthermore, they are destabilised in mtDNA-depleted rho® cells whereas their formation is
unaffected by isolated defects in the other OXPHOS complexes. Electrophoretic studies and
immunoprecipitation experiments of Cllnmw did not reveal any specific interactions with the RC
complexes I, Il or IV or enzymes of the tricarboxylic acid cycle. However, they suggest a specific
interaction between complex Il and ATP synthase. Their association has been previously reported
in a supercomplex that was suggested to confer the activity of mitochondrial ATP-sensitive K*
channel (53).

3. Mitochondrial ATP synthase deficiency due to a mutation in the ATP5E gene for the F1
epsilon subunit.

Mayr, J.A., Havlickova, V., Zimmermann, F., Magler, |., Kaplanova, V., JeSina, P., Pecinova,
A., Nuskova, H., Koch, J., Sperl, W., Housték, J. (2010). Hum Mol Genet 19, 3430-3439.
IF 8.058

This publication was a result of our collaboration with the Paediatric Department of Prof.
Wolfgang Sperl at the Paracelsus Medical University in Salzburg, Austria. Similarly to the next
publication, it demonstrates the importance of subunit € for the biogenesis of ATP synthase.

In 2008, a common mutation in the gene TMEM?70 coding for an ancillary factor of ATP synthase
biogenesis was identified in a group of patients with an isolated ATP synthase defect (10).
However, there was a single patient with a distinct clinical phenotype and no detected mutation
in TMEM?70. In this publication, we reported that the underlying genetic cause of ATP synthase
defect in this patient was a homozygous mutation ¢.35A>G in the nuclear gene ATP5E coding for
subunit €. The identified mutation was the first mutation reported in a nuclear encoded structural
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subunit of ATP synthase. It leads to an amino acid substitution (p.Tyr12Cys) that affects a tyrosine
residue at the N-terminus highly conserved among eukaryotes.

Biochemical analysis of the patient fibroblasts showed a reduction of both oligomycin-sensitive
ATP-hydrolytic and ATP-synthesising activity to ~30% when compared to controls. The
mitochondrial content of fully assembled ATP synthase was equally reduced. However, its
molecular weight is unchanged due to incorporation of the mutated subunit € and its catalytic
activity seems to be preserved. The insufficient capacity of ATP synthase then leads to a decrease
in respiration and to an increase in mitochondrial membrane potential under ADP stimulation,
compared to control cells. Similarly to the down-regulation of subunit € in the HEK293 cells, a
detailed protein analysis revealed a decrease in the content of both F1 and Fo, subunits of ATP
synthase with the only exception of subunit c that was accumulated in a detergent-insoluble form.
Furthermore, the content of RC complexes |, II, lll, and IV were unchanged or slightly increased
compared to controls.

4. Knockdown of F; epsilon subunit decreases mitochondrial content of ATP synthase and
leads to accumulation of subunit c.
Havlickova, V., Kaplanova, V., Naskova, H., Drahota, Z., and Housték, J. (2010). Biochim
Biophys Acta 1797, 1124-1129.
IF5.132

Subunit € is the smallest and functionally least characterised subunit of the F1 domain of
mammalian ATP synthase. It lacks the N-terminal targeting sequence and there are no known
homologues in bacteria and chloroplasts (14).

To characterise the function of mammalian subunit €, we knocked down the expression of the
respective nuclear gene ATP5E in the HEK293 cell line, using the technique of RNA interference.
As a consequence, the content and activity of ATP synthase dropped to ~40 % of controls, which
was accompanied by a decrease in the ADP-stimulated respiration and by an increase in the
mitochondrial membrane potential.

A more detailed investigation of changes at the protein level revealed that the decrease in subunit
€ was followed by a decrease in other ATP synthase subunits, except subunit c. The accumulated
subunit ¢ was incorporated into the fully assembled ATP synthase and also into other
subcomplexes with the molecular weight of 200-400 kDa that contained neither F1 subunits (a,
8) nor F, subunits (a, b, d). Subunit € seems to play an important role in the biosynthesis and
assembly of the F1 domain of ATP synthase and to be involved in the incorporation of hydrophobic
subunit c to the rotor structure (F1-c-ring) of the mammalian enzyme.
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5. Alteration of structure and function of ATP synthase and cytochrome c oxidase by lack
of Fo-a and Cox3 subunits caused by mitochondrial DNA 9205delTA mutation.
Hejzlarova, K., Kaplanova, V., NGskova, H., Kovarova, N., Jesina, P., Drahota, Z., Mracek,
T., Seneca, S., Housték, J. (2015). Biochem J 466, 601-611.

IF 4.396 (2014)

Severe mitochondrial disorders are frequently caused by mutations in the MT-ATP6 gene coding
for subunit a of ATP synthase. The majority of them are missense mutations (23). In this
publication, we studied a unique microdeletion (m.9205delTA) in the polycistronic mitochondrial
transcript MT-ATP8/MT-ATP6/MT-COX3. This microdeletion removes the stop codon in the MT-
ATP6 gene, which interferes with the processing of this mMRNA and negatively affects the cleavage
site between MT-ATP6 and MT-COX3 and as a result also the translation of both subunit a of ATP
synthase and subunit Cox3 of cytochrome ¢ oxidase (COX) (20).

So far, this rare mutation has been found in two unrelated patients whose clinical phenotypes
differed strikingly. While the first patient was characterised by mild transient lactic acidosis (19),
the other one suffered from fatal encephalopathy (20). Nevertheless, both patients were
reported as homoplasmic. Therefore, we set to compare the cells of both patients to search for
another factor that could modulate the outcome of the m.9205delTA microdeletion. In the
fibroblasts obtained from the first patient with a milder phenotype, a heteroplasmy of this
mutation was revealed after a prolonged time of cultivation, most likely due to negative
segregation of the mutation. To gain more insight into the effect of m.9205delTA heteroplasmy,
we prepared transmitochondrial cybrids with a varying mutation load (52-99 %). All parameters
that were determined, i.e. the content of subunits a and Cox3, ADP-stimulated respiration,
mitochondrial ATP production, and COX activity, were found to be strongly dependent on the
mutation load with a heteroplasmy threshold at ~90 % mutation. Therefore, the distinct
phenotypes of the two reported patients most likely resulted from a different mutation load with
a critical threshold for the severity of disease manifestation at a very high heteroplasmy level.

While comparing the control and m.9205delTA homoplasmic cybrid lines, we found that a lack of
subunit g alters the structure but not the content of ATP synthase, which assembles into a labile
~60 kDa smaller complex retaining the ATP-hydrolytic but not ATP-synthesising activity. On the
contrary, a lack of Cox3 limits the biosynthesis of COX but does not alter the structure of the
enzyme. The reduced content of COX leads to a decrease in the respiratory rates and the total H*-
pumping activity of the RC as evidenced by a reduced mitochondrial membrane potential.

15



6. Compensatory upregulation of respiratory chain complexes Ill and IV in isolated
deficiency of ATP synthase due to TMEM70 mutation.
Havli¢kova Karbanova, V., Cizkova Vrbacka, A., Hejzlarova, K., Niiskova, H., Stranecky, V.,
Potocka, A., Kmoch, S., Housték, J. (2012). Biochim Biophys Acta 1817, 1037-1043.
IF 4.624

Mutations in TMEM?70 that codes for an ancillary factor of ATP synthase biogenesis are the most
frequent genetic cause of isolated ATP synthase deficiencies. Medical symptoms usually fall into
the category of early-onset mitochondrial encephalo-cardiomyopathies. As a consequence of
decreased content of functional ATP synthase, patient cells are characterised by a lower ATP
production and an elevated mitochondrial membrane potential (10) that often leads to an
increase in ROS production. To investigate adaptive mechanisms of patient cells under such
metabolic imbalance, we analysed the expression of OXPHOS complexes and intramitochondrial
proteases that are involved in their turnover.

We investigated primary fibroblasts derived from skin biopsies of 10 patients with the common
homozygous mutation ¢.317-2A>G in TMEM?70. In patient fibroblasts, the content of fully
assembled ATP synthase was reduced to 11 % of controls on average. On the other hand, we
found anincrease in the content of complex Il and IV to 153 % and 184 % of controls, respectively.
The absolute content of individual OXPHOS subunits that was analysed under denaturing
conditions followed this pattern. The reduced content of fully assembled ATP synthase that was
accompanied by a decrease in the content of individual ATP synthase subunits indicated that the
synthesised but not assembled ATP synthase subunits are subject to degradation. Therefore, we
analysed the protein levels of mitochondrial proteases Lon, paraplegin, and prohibitin 1 and 2, in
which we did not find any significant change.

Whole-genome expression profiling revealed generalized up-regulation of transcriptional activity
in patient fibroblasts but did not show any consistent changes in mRNA levels of structural
subunits or specific assembly factors of OXPHOS complexes that would correspond to the protein
data. Therefore, the reported compensatory increase in the RC complexes Ill and IV (as well as
ANT and PiC as reported in Article 1) in response to the ATP synthase deficiency is most likely a
result of an adaptive mechanism at the post-transcriptional level.

MY CONTRIBUTION TO THESE PUBLICATIONS:

The presented data resulted from a team effort of all co-authors detailed in the above mentioned
publications. Here, my experimental involvement in the individual publications is summarised:

1. Characterisation of structural interactions of ATP synthase, ANT, and PiC using blue-
native and multidimensional electrophoreses and immunoprecipitation; quantitative
analysis of ATP synthasome components at the protein level using Western blots;
preparation of samples for MS analysis; isolation of mitochondria from rat tissues and
patient fibroblasts; cell cultivation
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4. +5.

Detection of structural interactions between ATP synthase and succinate
dehydrogenase by means of immunoprecipitation; isolation of mitochondria from rat
tissues

Evaluation of mitochondrial functions, specifically cell respiration (oxygraph
measurements)

Evaluation of mitochondrial functions, specifically mitochondrial membrane potential
(TPP*-selective electrode)

Quantitative analysis of the protein content of OXPHOS components using the
combination of SDS-PAGE and immunodetection on Western blots; cell cultivation

17



DISCUSSION

Cell lines obtained from ATP synthase-deficient patients represent a valuable model to study the
biogenesis, function and regulation of ATP synthase as well as of the whole ADP-phosphorylating
apparatus. Specifically, we studied nuclear mutations in ATP5E (Article 3 and 4) and TMEM70
(Article 6) that affect subunit € of ATP synthase and the ancillary factor of its biogenesis TMEM70,
respectively. These genetic defects of ATP synthase result in a markedly reduced content of fully
assembled and functional ATP synthase. On the other hand, a normal amount of incomplete and
non-functional ATP synthase complex lacking subunit a is a result of the unique mitochondrial
microdeletion m.9205delTA that impairs the translation of both subunit a of ATP synthase and
subunit Cox3 of cytochrome c oxidase (Article 5). Unlike the nuclear mutations, the pathological
outcome of this mutation depends on the level of heteroplasmy (mutational load).

When we described a pathogenic homozygous mutation in the ATP5E gene in 2010 (Article 3), it
was the very first reported patient with a mutation in a nuclear encoded structural subunit of ATP
synthase (21). Three years later, a mutation in ATP5A1 coding for subunit o was reported in two
siblings (22). Currently, no other mutations in the nuclear genes encoding ATP synthase subunits
have been described. The two cases that were published indicate that pathogenic nuclear
mutations are usually recessive and likely very rare. As a consequence, the frequency of ATP
synthase defects of this kind is extremely low. Furthermore, the functional outcomes of mutations
in the structural subunits of ATP synthase may be so severe that they are embryonically lethal for
their homozygous carriers, which would also contribute to the fact that more cases are not
recorded. Therefore, the prevalence of all pathogenic mutations in mitochondrial components
may be significantly underestimated (4).

The yeast subunit € is required for the functional coupling of proton translocation and ATP
synthesis (78). We have shown in the patient with a mutation in ATP5E (Article 3) (21) and also in
our model of ATP5E knock-down (Article 4) (79) that the mammalian and yeast ATP synthase
differs in this regard. Whereas a reduction in the content of subunit € results in uncoupling of
proton translocation from ATP synthesis in yeast, it leads to a decrease in the total amount of ATP
synthase that is otherwise fully functional and coupled in humans. As a consequence, the
mitochondrial membrane potential is partially depleted in yeast but increased in humans due to
a decreased capacity of ATP synthase to consume it. The pathogenic mutation p.Tyr12Cys in
ATP5E that we had reported was later studied in detail in Saccharomyces cerevisiae (80). A yeast
equivalent of the reported mutation did not affect the assembly or stability of ATP synthase
complex, as opposed to the patient, which suggests that the biogenesis of ATP synthase differs
substantially between humans and yeast.

Another example of this difference is the importance of TMEM70, an ancillary factor of ATP
synthase biogenesis in mammals, whose homologue has not been found in yeast. We found a
compensatory up-regulation of Colll and ColV in patient fibroblasts (Article 6) (81) and the same
was later observed also by (82). A similar adaptive response was found in tissues (83) and
fibroblasts of the ATP5E patient (Article 3) (21). However, these changes obviously cannot
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compensate for the energetic dysfunction originating from the lack of functional ATP synthase.
The same applies for the compensatory increase in the content of other components of
mitochondrial phosphorylation apparatus, ANT and PiC, that we observed in TMEM?70, ATP5E,
and MT-ATP6 patients (Article 1) (84). A compensatory up-regulation in the total mitochondrial
content, another adaptive mechanism reported in mice lacking PiC (85) and also in hearts of
patients lacking PiC-A (86), was not associated with any of the studied mutations. Since the
transcript levels of up-regulated proteins were not changed, a post-transcriptional adaptive
mechanism is likely involved. Under physiological conditions in rat tissues, in contrast, the protein
content of ATP synthase, ANT, and PiC appears to be co-regulated at the level of transcription.

The supercomplex of ATP synthasome is generally accepted although the interaction of its
components has not been studied as thoroughly as other mitochondrial higher molecular
structures. Two key publications from Pedersen’s laboratory that established ATP synthasome as
a mitochondrial supercomplex are based on the fact that all its components co-localized in
vesicles of enriched mitochondrial cristae membrane from rat liver (66, 67). The evidence for its
existence is, therefore, lacking and the functional advantages that it would provide for ADP
phosphorylation are also questionable. We were able to detect this supercomplex in rat heart
mitochondria by BNE and immunoprecipitation experiments but its prevalence was strikingly low
(Article 1) (84). Reasons for this observation may be found in the recent plasticity model of protein
organisation in the IMM (57). The ratio between ATP synthasome and its separate components
may be indeed very low. ATP synthasome could also represent an intermolecular association that
is extremely short-lived and thus difficult to capture by biochemical methods. Nevertheless, its
functional significance still remains elusive.

While we were studying the putative supercomplex of ATP synthasome, we found an association
of ATP synthase with another mitochondrial protein — succinate dehydrogenase (Article 2) (87).
The interaction of the entire ATP synthasome with succinate dehydrogenase had been reported
and assigned the function of mitoKare channel (see chapter 3.2.4.). Despite all controversies,
strong evidence links the functional properties of mitoKarp channel with succinate dehydrogenase
(76). Diazoxide, an inhibitor of succinate dehydrogenase, has been used by many as an opener of
mitoKare channel, which is proposed to mediate its cardioprotective effects (74). Taking into
account recently published findings (88), the cardioprotective effect might result not from the
mitoKate channel opening but from a reduction of ROS production in the ischemic heart. After
reperfusion, rapid oxidation of succinate accumulated under hypoxia saturates the RC with
electrons, which leads to reverse electron flow to complex I. ROS production by this enzyme is
then responsible for the ischemia/reperfusion injury. The complex Il inhibitors might therefore
protect the heart from oxidative damage without any involvement of mitoKare channel.

In conclusion, my thesis shows that studying the phenotype of patients and molecular and
biochemical processes in their cells can not only shed light on the pathogenic mechanism of their
disease but also contribute to elucidating the function of the affected gene and its protein
product. In a broader picture, we can learn more about associations of the affected protein with
other partners and the interdependence of their regulation.
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CONSLUSIONS

Structural analyses indicate presence of ATP synthasome in rat heart mitochondria.
However, the majority of PiC, ANT, and ATP synthase exist as separate entities. In addition,
ATP synthase was found to interact with succinate dehydrogenase. This association had

been suggested to confer the activity of mitochondrial ATP-sensitive K* channel.

In rat tissues, levels of ATP synthase correlate with those of ANT and PiC. On the other
hand, human ATP synthase deficiencies lead to a compensatory increase in the content of
ANT and PiC, likely due to a post-transcriptional adaptive mechanism. Similarly, complex

[l and IV are also up-regulated in the patients harbouring a mutation in TMEM?70.

The ATP5E gene was identified as the first nuclear gene coding for a structural subunit of
ATP synthase responsible for deficiency of this enzyme in human patients. The respective
subunit € is required for assembly and/or stability of the Fi catalytic domain of the
mammalian ATP synthase and plays a role in the incorporation of the hydrophobic subunit

c into the F1-c oligomer during the process of ATP synthase assembly.

The unique microdeletion m.9205delTA in the mitochondrial gene MT-ATP6, affecting the
function of both ATP synthase and cytochrome c oxidase, only leads to a mitochondrial
disease phenotype when heteroplasmy is over 90 %. The lack of subunit a does not affect
the amount of ATP synthase. The incomplete enzyme is, however, unstable and unable to

produce ATP.
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