
 

 

 

Charles University in Prague 

First Faculty of Medicine 

Academic program: Biochemistry and Pathobiochemistry 

 

Mgr. Tereza Rákosníková (birth name Daňhelovská) 

Study of etiopathology of mitochondrial disorders 

Studium etiopatogeneze mitochondriálních onemocnění 

PhD Thesis 

Supervisor: Ing. Markéta Tesařová, PhD. 

Prague, 2022 



 

2 

 

PROHLÁŠENÍ 

Prohlašuji, že jsem závěrečnou práci zpracovala samostatně a že jsem řádně uvedla a 

citovala všechny použité prameny a literaturu. Současně prohlašuji, že práce nebyla využita 

k získání jiného nebo stejného titulu. 

Souhlasím s trvalým uložením elektronické verze mé práce v databázi systému 

meziuniverzitního projektu Theses.cz za účelem soustavné kontroly podobnosti 

kvalifikačních prací. 

V Praze dne 

Mgr. Tereza Rákosníková  

Podpis: 



 

3 

 

IDENTIFIKAČNÍ ZÁZNAM 

RÁKOSNÍKOVÁ, Tereza. Studium etiopatogeneze mitochondriálních onemocnění. 

[Study of etiopathology of mitochondrial disorders]. Praha, 2022. 138 stran. Disertační 

práce. Univerzita Karlova v Praze, 1. lékařská fakulta, Klinika pediatrie a dědičných poruch 

metabolismu. Vedoucí práce: Ing. Markéta Tesařová, Ph.D.  

IDENTIFICATION RECORD 

RÁKOSNÍKOVÁ, Tereza. Study of etiopathology of mitochondrial disorders. [Studium 

etiopatogeneze mitochondriálních onemocnění]. Prague, 2022. 138 pages. PhD thesis. 

Charles University in Prague, First Faculty of Medicine, Department of Paediatrics and 

Inherited Metabolic Disorders. Supervisor: Ing. Markéta Tesařová, Ph.D. 



 

4 

 

ACKNOWLEDGEMENTS 

This PhD thesis was completed during the author’s doctoral studies in biomedical 

sciences at the First Faculty of Medicine, Charles University, between 2016–2022. The 

studies involved in this thesis were elaborated within projects supported by the following 

grants: Charles University institutional programs GAUK 542217 and SVV260516. Specific 

support was provided by grants AZV 17-30965A and AZV NU22-07-00614 from the 

Ministry of Health of the Czech Republic.  

I would like to express my sincere gratitude to my supervisor Ing. Markéta Tesařová, 

Ph.D. for her intellectual support, motivation and guidance throughout my studies. 

I would like to express my great thanks to RNDr. Hana Hansíková, CSc. and Prof. MUDr. 

Jiří Zeman, DrSc. for the opportunity to participate in the research in the Laboratory for 

Study of Mitochondrial Disorders and for their valuable comments and suggestions to my 

research.  

I would like to thank my colleagues from the Laboratory for Study of Mitochondrial 

disorders for their feedback, cooperation and friendly atmosphere. 

Last but not least, I would like to thank Mgr. Marie Urbanová for the language 

proofreading of the thesis and to my family and friends for their constant support. 



 

5 

 

ABSTRACT 

Mitochondrial disorders are a clinically, biochemically and genetically heterogeneous 

group of inherited disorders with a prevalence of about 1:5 000 live births. A common sign 

of those disorders is disruption of mitochondrial energetic metabolism. To this day, more 

than 400 genes have been associated with mitochondrial disorders, but 45% of patients are 

still without a genetic diagnosis. Using next-generation sequencing, new candidate genes or 

variants are found. To confirm the causality of those newly found genes or variants, 

biochemical characterisation using a plethora of various methods is necessary.  

The first aim of this thesis was to study the function of ACBD3 protein on mitochondrial 

energetic metabolism in non-steroidogenic cells HEK293 and HeLa and to confirm the 

causality of the ACBD3 gene in a patient with combined oxidative phosphorylation 

(OXPHOS) deficit. The second aim was to confirm the causality of two novel variants in 

MT-ND1 and MT-ND5 genes, which encode structural subunits of complex I (CI) of the 

respiratory chain. The third aim of the thesis was to study the formation of supercomplexes 

(SCs) in patients with rare metabolic diseases.  

Using functional studies, we showed in this thesis that ACBD3 protein has no essential 

function in mitochondria but plays an important role in the maintenance of Golgi structure. 

Moreover, the causality of two novel variants in MT-ND1 and MT-ND5 genes was 

successfully confirmed and a hypothesis about the impact of the mutation in the MT-ND1 

gene on the mechanism of CI function was formulated. Furthermore, a cohort of Czech and 

Slovak patients with CI deficit caused by mutations in mitochondrial DNA-encoded 

structural subunits of CI was characterised. Last but not least, it was shown that in patients 

with congenital disorders of glycosylation the formation of SCs is increased. 

Keywords: mitochondria, mitochondrial disorders, ACBD3, MT-ND1, MT-ND5, 

supercomplexes 
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ABSTRAKT 

Mitochondriální onemocnění představují klinicky, biochemicky i geneticky heterogenní 

skupinu dědičných onemocnění, jež prevalence je přibližně 1:5 000 živě narozených dětí. 

Společným znakem těchto onemocnění je narušení mitochondriálního energetického 

metabolismu. V současné době je známo více než 400 genů asociovaných 

s mitochondriálním onemocněním, avšak 45 % pacientů s podezřením na mitochondriální 

onemocnění je stále bez potvrzené genetické příčiny. Pomocí sekvenování nové generace 

nacházíme nové kandidátní geny anebo varianty, které by mohly stát za příčinou 

onemocnění. Abychom mohli potvrdit kauzalitu těchto nově nalezených genů a variant, je 

třeba charakterizovat deficit pomocí řady biochemických metod. 

Cílem této práce bylo studovat funkci proteinu ACBD3 na úrovni mitochondriálního 

energetického metabolismu v ne-steroidních buňkách HEK293 a HeLa a potvrdit tak 

kauzalitu genu ACBD3 u pacientky s kombinovaným deficitem systému oxidativní 

fosforylace (OXPHOS). Druhým cílem bylo potvrdit kauzalitu dvou nových variant 

v genech MT-ND1 a MT-ND5, kódujících strukturní podjednotky komplexu I (KI) 

dýchacího řetězce. Třetím cílem práce bylo studovat tvorbu superkomplexů u pacientů se 

vzácnými dědičnými metabolickými poruchami. 

V předkládané dizertační práci se podařilo pomocí funkční studie proteinu ACBD3 

prokázat, že tento protein nemá významnou funkci v mitochondriích, nicméně je nezbytný 

pro udržení struktury Golgi. Dále se podařilo potvrdit kauzalitu dvou nových variant 

v genech MT-ND1 a MT-ND5 a byla vytvořena hypotéza dopadu mutace v genu MT-ND1 

na mechanismus funkce KI. Též byla charakterizována kohorta pacientů z České 

a Slovenské republiky s deficitem KI, způsobeným mutacemi v mitochondriálně 

kódovaných strukturních podjednotkách KI. V neposlední řadě bylo ukázáno, že u pacientů 

s dědičnými poruchami glykosylace dochází k zvýšené tvorbě superkomplexů.  

Klíčová slova: mitochondrie, mitochondriální onemocnění, ACBD3, MT-ND1, MT-

ND5, superkomplexy 
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1 INTRODUCTION 

1.1 Mitochondria 

Mitochondria are dynamic organelles with many functions. The hallmark of mitochondria 

is cellular energy generation via oxidative phosphorylation (OXPHOS), but mitochondria 

also play a role in calcium homeostasis, initiation of caspase-dependent apoptosis, cellular 

stress response, biosynthesis of haem and iron-sulphur clusters, non-shivering 

thermogenesis, amino acid metabolism, lipid metabolism, as well as in various other cellular 

metabolic pathways including fatty acid (FA) oxidation, tricarboxylic acid (TCA) cycle, urea 

cycle, gluconeogenesis and ketogenesis (J. Rahman and Rahman 2018; Gorman et al. 2016).  

According to the endosymbiotic theory proposed by Lynn Margulis in the 1960s, 

mitochondria were developed from bacteria (probably Rickettsiales) and therefore contain 

their DNA, called mitochondrial DNA (mtDNA). During evolution, most of the genes 

moved to the nucleus and nowadays, mtDNA consist of 37 genes, encoding 13 OXPHOS 

proteins and 22 tRNA and two rRNA. The approx. 1500 remaining proteins of the 

mitochondrial proteome are encoded in the nuclear genome and transferred to the 

mitochondria via a sophisticated import system (Rahman and Rahman 2018). MtDNA is 

circular double-strand DNA with 16,569 base pairs, polycistronic and without introns. 

Moreover, the mtDNA genetic code slightly differs from the standard genetic code. In a cell, 

the number of mtDNA molecules varies between 100 and 10,000 copies according to the 

energy demand of the specific tissue.  

Unlike the mutation in nuclear DNA (nDNA) where standard Mendelian inheritance 

occurs, the mtDNA mutations are maternally inherited. Moreover, due to multiple copies of 

mtDNA within a cell, these copies could all be identical in sequence and this condition is 

called homoplasmy. But, as a result of replication errors, inefficient DNA repair, oxidative 

stress, or inheritance of mutated copies, a percentage of copies could carry a mutation 

(heteroplasmy).  

Thanks to the endosymbiotic origin of mitochondria, the organelle is surrounded by two 

membranes – the outer (OMM) and the inner membrane (IMM). Between those membranes 

is the intermembrane space (IMS) and in the middle is the matrix. While the OMM is poor 

in protein, the IMM has a high protein to lipid ratio. The IMM forms a specific structure 

called cristae increasing the available surface for OXPHOS enzymes. The part of IMM 



INTRODUCTION 

14 

 

which does not form cristae is named the inner boundary membrane and the connection 

between the inner boundary membrane and cristae is called the cristae junction (Figure 1). 

 

Figure 1: Tomographic volume of mouse heart mitochondrion by Tobias Brandt. A) Three-dimensional 

volume of a mouse heart mitochondrion determined by electron cryo-tomography. B) Tomographic slice 

through the map volume. Adapted from (Kühlbrandt 2015).  

Mitochondria are dynamic organelles, they undergo fusion and fission and form 

a mitochondrial network according to cellular energy needs. Mitochondrial fusion facilitates 

mixing the contents (share metabolites, proteins and mtDNA) of partially damaged 

mitochondria as a mechanism of defence to enhance cell survival. While mitochondrial 

fission generates new mitochondria and also enables removal of damaged mitochondria, 

which is a quality control mechanism known as mitophagy. This process is often associated 

with mitochondrial dysfunction and cell death (Youle and van der Bliek 2012; Protasoni and 

Zeviani 2021). 

1.2 Oxidative phosphorylation 

The majority of ATP in a cell is generated by the OXPHOS system, which is conserved 

from bacteria to higher eukaryotes. The OXPHOS comprises five multiprotein enzymes 

(Complex I to V) and two mobile electron carriers (coenzyme Q10 (CoQ10) and 

cytochrome c. The OXPHOS system pumps protons across the IMM generating a proton 

gradient and this proton-motive force is used by F1Fo-ATP synthase (Complex V) to 

phosphorylate ADP to ATP. The OXPHOS complexes are not static entities in the IMM, 
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they are dynamic and are aggregated in different stoichiometric combinations to form 

supercomplexes (SCs, detailed in chapter 1.2.8 Organization of OXPHOS complexes).  

Due to the complexity of the OXPHOS enzymes structure (detailed below) and the dual 

genetic origin of the subunits, a plethora of assembly factors (AF) with distinct functions, 

such as regulation of transcription and translation, post-translation modifications, proteolysis 

or stabilization of assembly intermediates, are involved in the process. The specific role of 

some factors is still not clear. The highest number of known AFs is associated with CIV 

(almost 50), while a CI, even though it is the biggest enzyme in the electron-transport chain 

(ETC), has around 20 AFs. CIII and CV have eight and five AFs, respectively, and the 

smallest CII has four AFs (mutation in AFs leading to disease are summarized below in 

chapter 1.2.10 Genetics of mitochondrial disorders). The severity of the OXPHOS defects, 

caused by mutations in structural subunits and AFs, is highly variable and it depends greatly 

on where the protein is acting during the assembly process and on the nature of the mutation 

(Ghezzi and Zeviani 2018; Fernández-Vizarra, Tiranti, and Zeviani 2009). Understanding 

how OXPHOS complexes are assembled and regulated and how they function is necessary 

because minimal perturbations of the respiratory chain activity are linked to diseases.  

1.2.1 Complex I  

Complex I (NADH:ubiquinone oxidoreductase (CI)) is the biggest enzyme of the ETC, 

composed of 44 different subunits in mammals and a molecular weight of ~ 1000 kDa. CI 

has three structural domains: a membrane arm (proton pumping, P-module) and two 

peripheral domains – the N- and the Q-modules which are protruding in the matrix (also 

known as peripheral or hydrophilic arm). Binding and oxidation of NADH occur in the N-

module, donating two electrons to a flavin mononucleotide (FMN, inserted in NDUFV1 

subunits). The electrons are then passed through a chain of eight iron-sulphurs (Fe-S, 

localized in both the N- and the Q-module) to the oxidized form of coenzyme Q (ubiquinone, 

Q), leading to the uptakes of two protons from the reduced form of coenzyme Q (QH2, in 

the Q module). The matrix part of CI is composed of seven core subunits (NDUFV1, 

NDUFV2, NDUFS1, NDUFS2, NDUFS3, NDUFS7 and NDUFS8) and 10 accessory 

subunits, which stabilize the enzyme and protect it from reactive oxygen species (ROS) 

damage. The membrane arm contains both PP and PD modules which contain four antiporter-

like proton pumps for proton translocation. The PP module has five core (ND1, ND2, ND3, 

ND4L and ND6) and nine supernumerary subunits. The PD module has two core (ND4 and 
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ND5) and 12 supernumerary subunits. The membrane arm of CI also contains 18 

phospholipid molecules which participate in protein-protein interaction and make the 

membrane arm of CI more flexible to perform its proton translocation activity (Guo et al. 

2017). P-module contains seven mtDNA-encoded subunits: ND1 – ND6 and ND4L. The 

ND1 subunit forms the reduction site for ubiquinone, whereas ND2, ND4 and ND5 may be 

involved in proton pumping because they have been found to share a similar structure to 

sodium and potassium antiporters. 

Electrons from NADH accepted by FMN go through a chain of Fe-S clusters to the last 

cluster (N2) and to the acceptor – ubiquinone. Ubiquinone binds in a narrow tunnel at the 

interface between the membrane and the matrix part of the enzyme. The membrane arm 

composes of four separate proton pumps connected by a string of conserved charged residues 

along the middle of the arm forming the central hydrophilic axis. Next to the ubiquinone 

cavity is the E-channel (group of charged residues, mostly glutamates (E)) composed of 

ND1, ND3, ND6 and ND4L subunits, followed by three homologous antiporter-like subunits 

(ND2, ND4 and ND5) which are composed of two half-channels of five transmembrane 

helixes (TMH). Ubiquinol was predicted to bind to two broad sides – one deep in the cavity 

next to N2 (Qd) and one shallow (Qs) (Warnau et al. 2018; Haapanen, Djurabekova, and 

Sharma 2019). It was proposed, that the negative charge in the ubiquinone cavity initiates 

conformational changes in the E-channel which is further transferred through the central 

hydrophilic axis to the antiporters (Baradaran et al. 2013; Sazanov 2015) leading to pKa 

changes and proton translocation (Efremov and Sazanov 2011). From recent research, proton 

output into the IMS appears to occur only through the ND5 subunit (Vercellino and Sazanov 

2022; Kampjut and Sazanov 2020). The NDUFS4 subunit extensively interacts with almost 

all components of the matrix arm of CI. The NDUFB4, NDUFB9 and NDUFA11 

supernumerary subunits are involved in the CI-III interactions (Wu et al. 2016).  

Isolated or associated with SCs, CI has been observed in two states: closed and open 

conformations. The open conformation differs from the closed one by unfolding several 

loops – NDUFS2 β1- β2 loop, NDUFS7 loop and ND1 TMH5-6 loop (the ubiquinone cavity-

forming loops) and ND3 TMH2-3 loop and ND6 TMH3-4 loop (interface-forming loops) 

(Kampjut and Sazanov 2020). Conversion between open and closed conformation is also 

associated with a rotation of the C-terminal half of TMH3 ND6 and the appearance of the π-

bulge in the middle of the helix (Agip et al. 2018; Letts et al. 2019; Kampjut and Sazanov 
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2020). The open conformation has a larger angle between the membrane and matrix part of 

CI (~112°) while the angle in closed conformation is about 105° (Figure 2).  

A further important role in the transition between open and close conformation belongs 

to Cys39 in the ND3 subunit. Recent work (Burger et al. 2022) showed that catalytically 

active A-state (roughly equivalent to closed conformation) has Cys39 fully occluded while 

catalytically inactive D-state (roughly equivalent to open conformation) has Cys39 fully 

exposed. Catalytically inactive D-state of CI can reinitiate catalysis in the presence of 

NADH, but if Cys39 residue of the D-state of CI is modified by alkylating reagent (e.g. 

iodoacetamide), CI is permanently locked in the catalytically inactive state (Burger et al. 

2022). 

The open conformation corresponds to the inactive state, which is catalytically inactive 

in the absence of substrates and can be reversed by slow turnover but open conformation 

was also observed within active CI as a catalytic intermediate in which ubiquinone is not 

bounded (Figure 2).  

 

Figure 2: The proposed catalytic cycle of Complex I. A) Scheme of main catalytic steps in complex I. 

Reduction and diffusion of ubiquinone in and out of the ubiquinone cavity are coupled to movements of the 

ND6 loop (blue), NDUFS2 loop (yellow) and ND1 loop (green). 1. Ubiquinone bounding into complex I lead 
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to ordering the loops and closing the complex (green complex I). 2. Ubiquinone reaches the Qd site, and 

reduction of ubiquinone occurs, resulting in proton pumping. 3. Ubiquinol is moving out of the cavity and 

complex I is opening (blue complex I). 4. Releasing of ubiquinol leads to the uptake of protons, reduction of 

NADH and reorganisation of NDUFS2 and ND1 loops in extending conformation. In case there is ubiquinone 

available, the cycle restarts. 5. In the absence of substrates, complex I is slowly reverts into the inactive state. 

B) Open conformation of complex I has a large angle between the membrane part (MD) and matrix part (PA) 

of the enzyme (~112°), while closed complex I has this angle smaller (~105°) (Kampjut and Sazanov 2020). 

Mutations affecting CI stability or activity are responsible for a wide range of pathological 

phenotypes (Janssen et al. 2006). Missense mutations in the mtDNA-encoded subunits (ND 

subunits) have been associated with Leber’s hereditary optic neuropathy (LHON), 

mitochondrial encephalomyopathy, lactic acidosis and stroke-like syndrome (MELAS) and 

Leigh syndrome (http://www.mitomap.org, (Lott et al. 2013)). CI deficiency, caused by 

mutations in nDNA-encoded protein subunits has been associated with a plethora of distinct 

phenotypes e.g. Leigh syndrome, leukoencephalopathy, leukodystrophy, encephalopathy, 

cardiomyopathy and other neurological defects. Moreover, mutations in other players 

involved in CI assembly (AFs and chaperons) can also cause disorders. CI subunits and AFs 

associated with CI deficiency together with clinical phenotypes are well summarized in a 

recent review (Protasoni and Zeviani 2021). 

1.2.2 Complex II  

Complex II (succinate:CoQ oxidoreductase (CII) or succinate dehydrogenase) is 

a ~ 120 kDa enzyme not only in the ETC but in the TCA cycle as well. This is the only 

OXPHOS complex which does not pump protons across the IMM and has no mtDNA-

encoded subunit. CII has two domains – a hydrophilic head containing SDHA and SDHB 

subunits and a hydrophobic membrane domain composed of SDHC and SDHD. 

CII catalyzes oxidation of succinate to fumarate and reduces FAD to FADH2. The oxidation 

of succinate occurs in the hydrophilic head, FAD+ binds to SDHA and the electrons are 

transferred through SDHB which contains three Fe-S clusters ([2Fe-2S], [4Fe-4S] and [3Fe-

4S]) to the hydrophobic membrane domain, containing a haem b group and two ubiquinone 

binding sites. Ubiquinone is bounding and reduced at the interface between SDHB, SDHC 

and SDHD (Iverson 2013). The haem group has no catalytic function but is important for 

the assembly and stability of the membrane part of CII (Sun et al. 2005). 

The number of CII defects is less than 10% of OXPHOS deficiency cases (Arnold 

Munnich and Rustin 2001; Protasoni and Zeviani 2021) (The Human Gene Mutation 

http://www.mitomap.org/
https://www.hgmd.cf.ac.uk/ac/index.php
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Database, (Stenson et al. 2003)). Mutations of all four structural genes for CII and in two 

AFs (SDHAF1 and AF2) were described. Moreover, other genes involved in FAD and Fe-S 

cluster synthesis can impair CII activity and stability (Ghezzi and Zeviani 2018). 

CII deficiency is associated with encephalomyopathy, leukoencephalopathy, hereditary 

paraganglioma, pheochromocytoma, Leigh syndrome or neonatal dilated cardiomyopathy 

(Protasoni and Zeviani 2021). 

1.2.3 Complex III  

In mammals, complex III (ubiquinol:cytochrome c oxidoreductase (CIII) or 

cytochrome bc1) is composed of 11 subunits. One of them (cytochrome b) is encoded by 

mtDNA, the rest are encoded by nDNA. CIII is a tightly bound symmetrical dimer (CIII2) 

and each monomer (~ 240 kDa) is composed of three catalytic subunits (cytochrome b, 

cytochrome c1 and UQCRSF1/Rieske protein) and seven “supernumerary” subunits which 

are important for correct assembly and stability of the enzyme. The eleventh subunit, subunit 

9, is a 78-amino acid mitochondrial target sequence cleaved off from UQCRFS1 and remains 

temporarily bound between two core subunits UQCRC1 and UQCRC2. The catalytic 

subunits contain redox prosthetic groups: haem bH and bL (in subunit cytochrome b), haem 

c1 (in subunit cytochrome c1) and 2Fe-2S (in subunit UQCRSF1).  

1.2.3.1 Q cycle 

The mechanism of action of CIII2 is referred to as the Q cycle and it involves concerted 

action of both monomers (Trumpower 1990; Mitchell 1976). CIII2 receives the electrons 

from coenzyme Q and passes them to cytochrome c by a process known as the Q cycle. In 

the first step, one electron from QH2 passes through subunits UQCRFS1 (of both monomers) 

and cytochrome c1 (of the opposite monomer (Xia et al. 1997)) to the subunit cytochrome c. 

Cytochrome c can bind only one electron and when reduced, moves from CIII2 to 

complex IV. The second electron goes over the haem bL and bH in cytochrome b to the 

second Q in a different binding site of the enzyme, leading to a partial reduction of 

semiquinone (∙Q-). During the second step, the ∙Q- is reduced to QH2. Thus, during the 

Q cycle, one QH2 is recycled, two electrons are passed and four protons are released into the 

intermembrane space (oxidation of one QH2 leads to releasing of two protons).  

CIII deficiencies are relatively rare, most common are mutations in the MT-CYB gene 

which are generally associated with myopathy and exercise intolerance (Ghezzi and Zeviani 

https://www.hgmd.cf.ac.uk/ac/index.php
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2018). Mutations in nDNA-encoded genes for CIII subunits are less frequent but have been 

found in several patients. The bulk of the pathological variants is found in the BCS1L gene 

(Baker et al. 2019) which encodes AF for the Rieske protein. Clinical phenotypes associated 

with mutations in CIII subunits are well summarized in a recent review (Protasoni and 

Zeviani 2021). 

1.2.4 Complex IV  

Complex IV (cytochrome c oxidase, CIV) is the last enzyme of ETC. CIV is a homodimer 

and in mammals, each monomer is composed of 14 subunits. Three of them are encoded by 

mtDNA (MTCO1, MTCO2 and MTCO3) and form the catalytic core of the enzyme. The 

MTCO1 subunit contains two haems (cytochrome a and a3) and one copper redox centre 

(CuB), the MTCO2 subunit contains one copper redox centre CuA and the MTCO3 subunit 

contains three tightly bound phospholipids which may have a function in the regulation of 

oxygen uptake and transfer of hydrophobic oxygen molecule to the active site (Shinzawa-

Itoh et al. 2007; Vercellino and Sazanov 2022). The remaining subunits (COX4, 5A, 5B, 6A, 

6B, 6C, 7A, 7B, 7C, 8A and NDUFA4) are thought to play a role in the structural 

stabilization of the complex. CIV receives an electron from cytochrome c, which is then 

transferred through CuA and haem a to the haem a3/CuB binuclear centre, which binds 

oxygen – the final acceptor of electrons. During the reaction, four protons are pumped into 

the IMM and two molecules of water are formed. 

In most crystal structures of CIV, the complex occurs as a dimer. In the monomeric form 

of CIV, the additional subunit, NDUFA4 which prevents dimer formation was identified. 

Albeit not all deposited monomeric structures of CIV contain NDUFA4 (Vercellino and 

Sazanov 2022). Due to this fact, NDUFA4 is sometimes counted as the 14th subunit, while 

in other papers, only 13 subunits are mentioned. 

CIV deficiency is the second most common OXPHOS defect associated with 

mitochondrial disease (Ghezzi and Zeviani 2018). Unlike the CI deficiency, the amount of 

mutation of structural subunits of CIV is very small, suggesting that the functional 

redundancy is extremely limited compared to CI (Brischigliaro and Zeviani 2021). The most 

common are mutations in AFs (e.g. SURF1, SCO1, SCO2 etc.). Genes associated with CIV 

deficiency and its clinical phenotypes are well summarized in a recent review (Protasoni and 

Zeviani 2021).   
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1.2.5 F1Fo-ATP synthase  

F1Fo-ATP synthase also called complex V (CV), uses the energy generated from the ETC 

for the synthesis of ATP from ADP and phosphate. F1Fo-ATP synthase (Figure 3) has two 

domains – membrane domain Fo and matrix domain F1. Together, CV has 18 subunits (α, β, 

γ, δ, ε, ATP6 (or a), b, c, d, e, f, g, ATP8 (or A6L), F6, OSCP, IF1, MLQ and DAPIT), two 

of them are mtDNA-encoded (subunits a and A6L). F1 catalytic domain is composed of α, 

β, γ, δ and ε with the stoichiometry 3:3:1:1:1. The α and β subunits constitute heterohexamer, 

interacting with the ADP and ATP molecules, while γ, δ and ε subunits form the central stalk 

of the complex. The Fo domain is composed of a single copy of each of the ATP6 (or a), b, 

e, f, g, and ATP8 (or A6L) subunits and a ring of c subunits (c-ring), where the stoichiometry 

varies between species. A human ATP synthase consists of eight c subunits. A mammalian 

CV contains additional supernumerary subunits MLQ and DAPIT, located in the membrane. 

The peripheral stalk is made of subunits OSCP, b, d and F6. The IF1 protein is often regarded 

as a subunit of CV, but this protein is rather an endogenous regulator (Faccenda and 

Campanella 2012). The IF1 interacts with the F1 domain to prevent hydrolysis of ATP at low 

pH (Lippe, Sorgato, and Harris 1988; Harris, Von Tscharner, and Radda 1979; Faccenda and 

Campanella 2012).  

The mechanism of CV is following: the proton-motive force powers the rotation of the c-

ring. Protons pass through two half-channels at the interface between a subunit and the c-

ring. Rotation of the c-ring is then transmitted through the central stalk to F1 part, driving 

conformational changes in heterohexamer and phosphorylation of ADP to ATP. 

F1Fo-ATP synthase forms dimers which are required for mitochondrial cristae formation. 

Important factors for dimerization are MLQ, DAPIT and IF1 (Spikes, Montgomery, and 

Walker 2020; Jiuya He et al. 2018; 2020; Cabezón et al. 2000; Gu et al. 2019).  

Complex V deficiencies are rare, only a few pathological mutations in CV subunits or 

AFs have been found. The most common are mutations in the MT-ATP6 gene, which is often 

associated with Neuropathy, ataxia and retinitis pigmentosa (NARP). In the Czech Republic, 

the most common cause of CV deficiency is a mutation in the TMEM70 gene, the AF of 

ATP synthase (Čížková et al. 2008). Genes, associated with CV deficiency and their clinical 

phenotypes are well summarized in a recent review (Protasoni and Zeviani 2021). 
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Figure 3: Structure of F1Fo-ATP synthase (taken over and modified (https://www.mrc-

mbu.cam.ac.uk/research-groups/walker-group/subunit-composition-atp-synthase, accessed on September 13th 

2022 ). 

1.2.6 Coenzyme Q  

Coenzyme Q is a mobile carrier receiving electrons from CI and CII (and other metabolic 

pathways that converge in the CoQ pool) and transferring them to CIII2. It is composed of 

a benzoquinone head and a polyisoprenoid tail, which in humans has 10 isoprene units 

(CoQ10). Biosynthesis of CoQ10 takes place in mitochondria by a set of at least 12 proteins, 

which form a multiprotein complex, but the exact composition of the complex is still unclear. 

In mammals, the precursor of the quinone ring is 4-hydroxybenzoate, which is derived from 

tyrosine through an uncharacterised set of reactions (Acosta et al. 2016). The polyisoprenoid 

tail is synthesized by the mevalonate pathway, which is common also in cholesterol 

biosynthesis (Bentinger, Tekle, and Dallner 2010). 

Mutations in CoQ biosynthesis genes cause primary CoQ10 deficiency which is clinically 

heterogeneous. Unlike other mitochondrial disorders, CoQ10 deficiency is relatively unique 

since effective treatment is available (Acosta et al. 2016). Supplementation by CoQ can be 

used to treat these conditions, although it is not an efficient therapy in all cases and diagnosis 

should be made early to avoid irreversible damage to the brain or kidneys (Alcázar-Fabra, 

Trevisson, and Brea-Calvo 2018; Fernandez-Vizarra and Zeviani 2021). Genes, associated 

with CoQ deficiency and their clinical phenotypes are well summarized in a recent review 

(Fernandez-Vizarra and Zeviani 2021). 

https://www.mrc-mbu.cam.ac.uk/research-groups/walker-group/subunit-composition-atp-synthase
https://www.mrc-mbu.cam.ac.uk/research-groups/walker-group/subunit-composition-atp-synthase
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1.2.7 Cytochrome c  

Cytochrome c has an essential role not only in aerobic respiration but also in 

cytochrome c-mediated apoptosis. In the OXPHOS system, the primary function of 

cytochrome c and c1 (subunit of CIII) is in transferring electrons. The key step in 

cytochrome c (and also c1) maturation is covalent attachment of haem, mediated by 

holocytochrome c synthase (HCCS) and cytochrome c without haem (apo-cytochrome c) is 

rapidly degraded. The HCCS gene is located in the X-chromosome and is associated with 

microphthalmia with linear skin defects (Prakash et al. 2002; Wimplinger et al. 2006).  

1.2.8 Organization of OXPHOS complexes 

The OXPHOS complexes are not static entities in the IMM. They are dynamic and are 

aggregated in different stoichiometric combinations to form SCs. Historically, two different 

models have been discussed: the “fluid model” and the “solid model”. The “fluid model” 

described the complexes as individual and independent units floating in the IMM and was 

the most accepted model during the 1980s. The “solid model” proposed the rigid higher-

order assemblies known as SCs. Currently, the most accepted model is the so-called 

“plasticity model” or “dynamic aggregate” where both organizations – SCs and free 

OXPHOS complexes coexist. This model proposes dynamic changes in the complexes 

between the “free” state and SCs formation in response to varying energetic demands and it 

is assumed that the isolated complexes are the preassembly state before their association into 

SCs (Protasoni and Zeviani 2021; Acin-Perez and Enriquez 2014; Acín-Pérez et al. 2008). 

The function of SCs is still not exactly clear and no consensus has been reached yet on 

its functional significance (Vercellino and Sazanov 2022). It is proposed that SCs may offer 

structural and functional advantages. Firstly, physical proximity increases electron transport 

efficiency and substrate channelling and decreases electron and proton leakage (Lenaz and 

Genova 2009; Mileykovskaya et al. 2012), but the substrate channelling function of SCs has 

been questioned recently (Letts et al. 2019; Vercellino and Sazanov 2021; Blaza et al. 2014; 

Fedor and Hirst 2018; Bundgaard et al. 2020; Molinié et al. 2022). Secondly, the formation 

of OXPHOS SCs may prevent/minimalize ROS production (Maranzana et al. 2013; Lopez-

Fabuel et al. 2016), but no consensus has been accomplished so far on their involvement in 

the protection against excessive ROS production (Vercellino and Sazanov 2022). In third 

place, the formation of SCs might be necessary for the assembly and/or stability of the single 

complexes (Protasoni and Zeviani 2021; Jha, Wang, and Auwerx 2016). 



INTRODUCTION 

24 

 

From recent publications, it seems that the assembly of SCs starts already from 

intermediates of the individual complexes, rather than only after the complete assembly of 

individual complexes (Moreno-Lastres et al. 2012; Lobo-Jarne et al. 2020; Protasoni et al. 

2020; Vercellino and Sazanov 2021; Fernández-Vizarra and Ugalde 2022; Fernández-

Vizarra et al. 2022). It is suggested that SCs play a crucial role in the regulation of cellular 

respiration through the dictation of the proportion of complexes in the isolated form even 

before they become catalytically active (Vercellino and Sazanov 2022). The current 

assembly model of respiratory complexes and SCs is summarized in Figure 4. 
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Figure 4: Assembly process of OXPHOS complexes and supercomplexes. A) Assembly of complexes I, II, III 

and IV. Assembly modules or individual subunits are indicated. B) Assembly of F1Fo-ATP synthase. C) 

Assembly of supercomplex I+III2+IV (respirasome) according to the current model (Vercellino and Sazanov 

2022). 
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CIII is always present in dimeric form (~500kDa), while the CI and CII complexes are 

monomers and CIV can appear either as a monomer or as a dimer (Cogliati, Cabrera-

Alarcón, and Enriquez 2021). The SCs, also called respirasomes, can be divided into two 

different groups – NADH-respirasome (N-respirasome) composed of I+III2+IV1-2, which 

may further be associated in a megacomplex (MC) I2+III2+IV2, and CoQ-respirasome (Q-

respirasome), which includes III2+IV and III2+IV2 (Figure 5) (Cogliati, Cabrera-Alarcón, 

and Enriquez 2021). Besides the dimers of CIII and CIV and the N- and Q-respirasomes, 

additional binary associations that form SCs I+III2, I+IV and I+IV2 with unclear functions 

exist (Calvo et al. 2020). The proportion of respiratory complexes appearing in free form or 

associated in SCs varies depending on the species, cell type and physiological situation. The 

CI is mainly found in SCs. In the bovine heart, approx. 15% of CI is in the free form and in 

human cell lines and human skeletal muscle the percentage of free CI is even lower (Greggio 

et al. 2017; Hermann Schägger and Pfeiffer 2001; Guerrero-Castillo et al. 2017). In the 

bovine heart, 40% of CIII was found as CIII2 while more than 80% of CIV was in a monomer 

(Hermann Schägger and Pfeiffer 2001). Mostly, CIV appears as a monomer with a small 

fraction as dimers or associated with SCs. Contrarily, in brown adipose tissue, a high level 

of III2+IV was observed (Moreno-Loshuertos and Fernández-Silva 2021). Until today, it is 

still not quite clear, if CII could interact with other respiratory complexes. In mammalian 

cells, CII is mainly found in the free form and in a blue native polyacrylamide gel 

electrophoresis (BN-PAGE), barely co-migrates with other respiratory complexes. The cryo-

electron microscopy and in silico analysis did not locate CII in the MC map, but they 

suggested a model containing all complexes of ETC components (MC I2+II2+III2+IV2), 

where CII could be inserted into the gap between CI and CIV, but the experimental evidence 

is lacking (Guo et al. 2017).  
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Figure 5: Respiratory complexes and supercomplexes composition. A) Expression of different subunit 

isoforms important for CIV dimerization (COX7A1, COX7A2, COX6A1 and COX6A2), the assembly factor 

SCAF1 (interaction between CIII and CIV), an inhibitor of CI and CIII assembly MCJ, and composition of 

IMM (cardiolipin (CL), phosphatidylethanolamine (PE) and plasmalogen (PG)) are key factors in different 

composition of complexes in the supercomplexes. B) Alternative ternary interactions of respirasome. N-

respirasome may contain a single copy of CIV2 (CIV-dimer) (I+III2+IV2) instead of CIV, or the megacomplex 

with stoichiometry 2I+III2+2IV is formed. C) BN-PAGE of 2h [35S]/methionine pulse labelled mtDNA-

encoded proteins wild-type mouse embryonic fibroblasts. Adapted from (Cogliati, Cabrera-Alarcón, and 

Enriquez 2021). 
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1.2.8.1 Assembly of SCs  

Previously, it was proposed that members of the hypoxia-induced gene 1 (HIG1) domain 

family, Rcf1 and Rcf2 proteins in yeast (Rcf1 has two orthologs in humans: HIGD1A and 

HIGD2A, while Rcf2 is specific in yeast), have a function in assembly between CIII and 

CIV (Y.-C. Chen et al. 2012; Vukotic et al. 2012; Stuart et al. 2012). Although recent studies 

demonstrated that they are not required for SCs assembly, but rather for stability, activity 

and assembly of CIV (Garlich et al. 2017; Strogolova et al. 2019; Vidoni et al. 2017; Hock 

et al. 2020). Thus, the only bonafide AF of SCs described today is super complex assembly 

factor 1 (SCAF1), also known as COX7A2L, due to its homology to the CIV subunit 

COX7A. The SCAF1 has a function in the assembly of SC III2+IV. The N-terminus of 

SCAF1 is inserted into the cavity formed by UQCRC1 and UQCRC2 subunits of CIII2 on 

the matrix side and the C-terminus of SCAF1 is in the position of the COX7A subunit of 

CIV. Although SCAF1 is necessary for the formation of III2+IV, there are other factors 

(COX7A2 and COX7A1) which allow the formation of respirasome (Vercellino and 

Sazanov 2021; Zong et al. 2018).  

The complexome analysis reveals two distinct N-respirasomes which differ in subunit 

composition of CIV (with SCAF1 or COX7A2). The N-respirasome with SCAF1 has 

structural attachment between III2+IV (tight N-respirasome), while the N-respirasome with 

COX7A2 does not have interaction between CIII a CIV (loose N-respirasome) (Figure 5) 

(Calvo et al. 2020; Letts, Fiedorczuk, and Sazanov 2016; Sousa et al. 2016). However, the 

available cryo-electron microscopy structure of the N-respirasome obtained from heart tissue 

lacks sufficient resolution to determine which subunit of the COX7A family is present in the 

structure (Letts, Fiedorczuk, and Sazanov 2016; Gu et al. 2016; Sousa et al. 2016; Wu et al. 

2016; Cogliati, Cabrera-Alarcón, and Enriquez 2021). In BN-PAGE, N-respirasomes 

migrate as a series of close bands which were previously interpreted as SCs containing one 

to four CIVs, but from recent findings, it seems that stoichiometry between complexes is 

constant in the form of I1+III2+IV1 with only a minor amount of I1+III2+IV2 and the reasons 

why they migrate differently remain unclear. It has been proposed, that the loose N-

respirasome migrates slightly faster than the tight N-respirasome suggesting that not only 

the mass but also the shape of structures contribute significantly to their migration in the 

native gels (Cogliati, Cabrera-Alarcón, and Enriquez 2021). Despite the proposed theory of 

the role of SCAF1 in the formation of tight N-respirasome, another study showed that 

SCAF1 is not required for the assembly of the respirasome in mammalians (Vercellino and 
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Sazanov 2021) and further investigations are required (Vercellino and Sazanov 2022). So 

far, no pathogenic variant in the COX7A2L gene, encoding SCAF1 protein, has been 

identified in humans and commonly used laboratory mouse C57B1/6 strains which naturally 

carry a deletion that inactivates SCAF1 do not show any mitochondrial disease phenotype 

(Lapuente-Brun et al. 2013; Mourier et al. 2014). 

1.2.8.2 The influence of metabolic conditions on SC formation 

The formation of SCs and the ratio between free complexes and SCs depends on 

metabolic and cell conditions. For example, the lipid composition of IMM, more specifically 

cardiolipin, determines the super assembly between CI and CIII (Pfeiffer et al. 2003; Zhang, 

Mileykovskaya, and Dowhan 2002; McKenzie et al. 2006; Mileykovskaya and Dowhan 

2014). Mutation in tafazzin which disrupts cardiolipin synthesis and causes Barth syndrome 

leads to the absence of CI-containing SCs (McKenzie et al. 2006; Kimura et al. 2019; Dudek 

et al. 2013). Further disturbances of cardiolipin content were found in cells with altered 

expression of prohibitin or stomatin (Osman et al. 2009; Christie et al. 2011), plus in 

stomatin-KO cells, disrupted formation of SCs was observed (Mitsopoulos et al. 2015). 

Besides a correct composition of the mitochondrial membrane, a well-defined cristae 

structure is also important (Cogliati et al. 2013). For instance, disruption of OPA1, a key 

component for proper cristae formation, leads to the loss of the SCs (Cogliati, Enriquez, and 

Scorrano 2016). Altered SCs formation was also observed in cells after induction of 

endoplasmic reticulum (ER) stress (Balsa et al. 2019). In U2OS cells under ER stress 

induced by glucose deprivation, increased formation of SCs and increased activities of CI, 

I+III and CIV were found. This shift in mitochondrial metabolism is mediated by protein 

kinase R-like ER kinase (PERK) which activates the PERK-elF2α-ATF4 pathway resulting 

in increased SCAF1 (Balsa et al. 2019). Interestingly, in human cybrid cells carrying 

a mutation in the mtDNA-encoded protein ND1 (m.3796A>G) or ND6 (m.14459G>A) 

treated with tunicamycin (inhibitor of N-linked glycosylation), BN-PAGE analysis revealed 

partial rescue of CI containing SCs. Similar results were also found in fibroblasts from 

ACAD9 (AF of CI) patients (Balsa et al. 2019). 

Different metabolic conditions could also alter the ratio between free complexes and SCs. 

Higher FADH2/NADH ratio reduced the amount of CI assembled into SCs and increased the 

fraction of CIII available for FAD-dependent enzymes to favour FAs oxidation (Guarás et 

al. 2016). Cultivation of mouse lung fibroblasts in three different carbon sources: galactose, 
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glucose and FAs (AlbuMAX) showed a higher proportion of CI in the free form versus in 

SCs when mitochondria oxidize pyruvate (galactose and glucose) than when they oxidize 

FAs.  

In the canine coronary microembolization-induced heart failure model of moderate 

severity, decreased amount of SCs together with decreased ADP-stimulated respiration but 

normal OXPHOS enzyme activities were found (M. G. Rosca et al. 2008). Those changes 

were later discussed as a consequence of the phosphorylation of specific CIV subunits which 

decreases OXPHOS either by limiting the incorporation of CIV into the SCs or by decreasing 

SCs stability (M. Rosca, Minkler, and Hoppel 2011). Targeting SCs formation could be a 

promising therapeutical approach for this pathology (Cogliati, Cabrera-Alarcón, and 

Enriquez 2021). Reduced SCs assembly was described in the muscle of type 2 diabetes 

mellitus patients and correlates with poor mitochondrial function, but the precise molecular 

links and whether the pathological condition can be improved if the loss of SCs is 

compensated for remains unclear (Antoun et al. 2015; Cogliati, Cabrera-Alarcón, and 

Enriquez 2021). Specific diet, for example, hydroxytyrosol, a component of olive oil, which 

bursts the formation of SCs in rat muscle, could be therapeutic (Casuso et al. 2019) or dietary 

FAs whose consumption modifies the composition of the IMM (Sullivan et al. 2017; 

Khairallah et al. 2012; Stanley, Khairallah, and Dabkowski 2012). Altered metabolism, 

genetic mutations, distorted cell cycle, uncontrolled immunomodulatory factors, and 

disorganized tissue architecture are typical for cancer cells. In the rearrangement during 

tumour progression, OXPHOS enzymes play a pivotal role. Tamoxifen resistance, a widely 

used modulator for treating breast cancer, has been connected to SCs formation. HER2high 

cells and tumours which are resistant to tamoxifen have more SCs and increased CI-driven 

respiration (Rohlenova et al. 2017). Moreover, the expression of SCAF1 was estimated as 

an unfavourable prognosis marker for liver cancer (The Human Protein Atlas) and was found 

overexpressed in clinical breast and endometrial cancer. Hence, the stabilization of SCs and 

the TCA cycle intermediates metabolism modulation making tumour cells more resistant to 

hypoxia (Ikeda et al. 2019). Although several studies showed that the formation of SCs is 

strictly related to the alteration of metabolism, more investigations are needed to understand 

the molecular mechanism and the metabolic adaptation in response to the modulation of SCs 

in tumour cells (Cogliati, Cabrera-Alarcón, and Enriquez 2021). 

  

https://www.proteinatlas.org/
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1.2.8.3 The pitfalls of the plasticity model 

Although the plasticity model has gained popularity owing to its simplicity, it is not 

consistently supported by mounting experimental data that instead support the “cooperative 

assembly model” (Fernández-Vizarra and Ugalde 2022). The plasticity model postulates the 

complete assembly of the individual complexes before their association in SCs and their 

posterior dissociation in a reversible dynamic fashion (Fernández-Vizarra and Ugalde 2022). 

But as was described above, there are several flaws: the role of SCs in the improvement of 

functional efficiency, their role in preventing ROS production and the assumption that SC 

assembly starts after the complete assembly of individual complexes. Moreover, the dynamic 

association and dissociation of the fully assembled active OXPHOS complexes in response 

to different metabolic settings have never been convincingly demonstrated because they 

have only been subject to steady-state observations (Fernández-Vizarra and Ugalde 2022). 

Based on the observation that precursors of CI, CIII2 and CIV are binding before the 

maturation of individual complexes (Vercellino and Sazanov 2021; Protasoni et al. 2020; 

Moreno-Lastres et al. 2012; Kovářová et al. 2016; Pérez-Pérez et al. 2016; Lobo-Jarne et al. 

2020; Fang et al. 2021), the cooperative assembly model described distinct biogenetic 

pathways (previously suggested by several works (Moreno-Lastres et al. 2012; Lobo-Jarne 

et al. 2018; Timón-Gómez et al. 2020)) for the free complexes and SCs (Figure 6) where the 

existence of bona fide SC AF SCAF1 remains questioned (Fernández-Vizarra and Ugalde 

2022). The cooperative assembly model changes the view on AFs of SCs. The SCAF1 

protein is described as a structural subunit of III2+IV and HIGD1A and HIGD2A proteins 

are described as AFs of SC (Fernández-Vizarra and Ugalde 2022).  
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Figure 6: The cooperative assembly model. Assembly pathways of the individual complexes and 

supercomplexes (SCs) are distinct. The structural submodules of CI, CIII2 and CIV join together in SC 

assembly intermediates during the formation of the respirasome (I+III2+IV) and SCs I+III2 and III2+IV. 

Maturation of CIII2 and CIV can occur either as individual entities or in the context of SCs, while maturation 

of CI happens preferentially within SCs. The asterisk in the precursor of CIII2 (pre-CIII2) makes a distinction 

between these species containing COX7A2L (SCAF1) that gives rise to the III2+IV and the pre-CIII2 that 

precedes the formation of individual CIII2. The integration of UQCRFS1 into different CIII2 structures is 

mediated by two assembly factors: BCS1L and HIGD1A. BCS1L plays an important role in the maturation of 

individual CIII2, whereas HIGD1A mediates the preferential translocation of UQCRFS1 directly into the 

respirasome precursors. The integration of CIV into different structures depends on the canonical or atypical 

composition of the MT-CO3 module, and it is assisted by the HIGD2A, which is then released (Fernández-

Vizarra and Ugalde 2022).  
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1.2.9 Combined OXPHOS complex deficits 

Based on biochemical manifestation, mitochondrial disorders can be divided into two 

groups. In the case that only one OXPHOS enzyme is affected (typical for mutations in 

OXPHOS subunits or AFs) the deficit is called an isolated OXPHOS deficit and when more 

than one OXPHOS enzyme is affected, the deficit is combined. In patient’s samples, 

different combined defects can be found: CI+CIV, CI+CIII+CIV+CV, CI+CII+CIII, 

CI+III/CII+III, CIII+CIV or defect of all OXPHOS enzymes. The combined defects of the 

OXPHOS system can be divided into four different categories: mtDNA-related 

(mitochondrial replication, transcription, RNA processing and modification, translation, 

large deletions of mtDNA), cofactor-related (coenzyme Q, iron-sulphur clusters, 

haem/cytochromes, riboflavin), mitochondrial homeostasis-related (mitochondrial protein 

import, lipid metabolism, fission/fusion, mitophagy/quality control), and SC related 

(especially CIII defects).  

1.2.9.1 Combined defect of OXPHOS caused by mutations in mtDNA 

As was mentioned above, mtDNA encodes 13 proteins (seven subunits of CI, one subunit 

of CIII, three subunits of CIV and two subunits of CV), two rRNAs and 22 tRNAs. 

Combined defects of OXPHOS are often showed up as isolated defects in enzymatic 

measurements (Mayr et al. 2015). For example, mutation m.3243A>G in the MT-TL1 gene 

(tRNALeu) is usually associated with MELAS, a defect predominantly in CI, however, 

cytochrome c oxidase-deficient fibres can also be detected (Zierz, Joshi, and Zierz 2015). 

Other defects are detected mainly as CIV deficiency. An example is the mutation 

m.8344A>G in the MT-TK gene (tRNALys) associated with myoclonic epilepsy with ragged 

red fibers (MERRF) syndrome, showing ragged red muscle fibers which are CIV defective. 

But the analysis of the assembly of OXPHOS complexes by immunoblotting of BN-

PAGE revealed a combined deficit of CI+CIV+CV in the frontal cortex from a patient with 

m.3243A>G and a combined deficit of CI+CIV+CV in skeletal muscle from patients with 

m.8315G>A, m.8363G>A and m.8344A>G and m.8315A>C, respectively (Štufková et al. 

2022; Fornuskova et al. 2008), showing that not only the measurement of OXPHOS enzymes 

activities but also the analyses of the amount and assembly of OXPHOS enzymes are 

important in the characterisation of mitochondrial defects. 
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CI and CIV seem to be the most vulnerable enzymes. The explanation could be due to their 

larger number of mtDNA-encoded subunits, especially in the case of CI (seven subunits, 

2117 codons encoded in mtDNA) or CIV (three subunits, 1003 codons) versus CV (two 

subunits, 296 codons) and CIII (one subunit, 380 codons) (Anderson et al. 1981). The 

alternative explanation could be due to different codon distributions, the abundance of 

codons for tRNALeu(UUR) is much higher in ND3 (8.7 % of all codons) and in ND6 (9.1 % of 

all codons) of CI compared to other mtDNA-encoded proteins, which contain less than 3 % 

of codons for tRNALeu(UUR) (Mayr et al. 2015). Finally, differences in the in vitro assay 

conditions in OXPHOS enzymes activities measurement in different laboratories may be the 

reason for the large variation of results (Gellerich et al. 2004). 
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1.2.10 Genetics of mitochondrial disorders 

Mitochondrial disorders are OXPHOS dysfunction or other defects of mitochondrial 

structure and function. Their minimum birth prevalence is 1:5000 (Thorburn 2004; Gorman 

et al. 2015) and more than 400 genes have been reported to be associated with mitochondrial 

disorders (Stenton et al. 2021), which account for approximately 10% of disease-associated 

genes in the Online Mendelian Inheritance in Man (OMIM) database. These genes are not 

only for OXPHOS proteins and their AFs (Table 1), but also genes for mtDNA maintenance, 

mitochondrial gene expression, quality control, import, and dynamics or other processes, 

including the TCA cycle or pyruvate metabolism (Table 2). 

As was mentioned above, due to the contribution of two genomes (nuclear and mtDNA), 

mitochondrial disorders may be inherited by many different genetic mechanisms: maternal 

in the case of mtDNA mutations and autosomal recessive, dominant and X-linked in the case 

of nuclear gene mutations. Sporadic mtDNA mutations have been recognized for more than 

three decades, but recently, an increasing number of de novo nuclear gene variants have been 

linked to mitochondrial diseases, initially for DNM1L variants (S. Rahman 2020; Waterham 

et al. 2007). 

Mitochondrial diseases have a broad range of phenotypic and biochemical presentations 

which makes it challenging to diagnose them. Clinical presentations that could point to a 

mitochondrial disorder include stroke-like episodes, acquired ptosis and/or ophthalmoplegia, 

sideroblastic anaemia and epilepsia partialis continua. Mitochondrial disorders are 

frequently manifest as a combination of disease pathologies affecting multiple seemingly 

unrelated organs that trigger the clinical recognition of the mitochondrial disorder (A. 

Munnich et al. 1996; S. Rahman 2020). An initial diagnostic clue may be a biochemical 

abnormality such as elevation of blood or cerebrospinal fluid lactate, plasma alanine, urinary 

3-methylglutaconic acid or other mitochondrial disease biomarkers (Boenzi and Diodato 

2018).  

file:///C:/Users/TerezaD/Desktop/disertace/omim.org
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Table 1: Described genes responsible for disorders of oxidative phosphorylation (OXPHOS) 

complexes and their assembly factors (take over and modified (S. Rahman 2020; Protasoni 

and Zeviani 2021; Thompson et al. 2020; Stenton et al. 2021). Genes which were manifested 

in patients from the Laboratory for study of mitochondrial disorders are in bold. 

 

Genes for  

mtDNA-encoded 

subunits 

nDNA-encoded 

subunits 
AF 

CI 

maintenance 

Complex I 

MT-ND1, MT-ND2, 

MT-ND3, MT-ND4, 

MT-ND4L, MT-ND5, 

MT-ND6 

NDUFV1, 

NDUFV2, NDUFS1, 

NDUFS2, NDUFS3, 

NDUFS4, NDUFS6, 

NDUFS7, NDUFS8, 

NDUFA1, NDUFA2, 

NDUFA6, NDUFA8, 

NDUFA9, 

NDUFA10, 

NDUFA11, 

NDUFA12, 

NDUFA13, 

NDUFB3, NDUFB8, 

NDUFB9, 

NDUFB10, 

NDUFB11, 

NDUFC2 

ACAD9, 

FOXRED1, 

NDUFAF1, 

NDUFAF2, 

NDUFAF3, 

NDUFAF4, 

NDUFAF5, 

NDUFAF6, 

DNUFAF7, 

NDUFAF8, 

NUBPL, 

TIMMDC1, 

TMEM126B, 

COA7, ECSIT 

DNAJC30 

Complex II  
SDHA, SDHB, 

SDHC, SDHD 
SDHAF1, SDHAF2 

 

Complex III MT-CYB 

UQCRB,UQCRC2, 

CYC1, UQCRQ, 

UQCRFS1 

BCS1L, TTC19, 

LYRM7, UQCC2, 

UQCC3 

 

Complex IV 
MT-CO1, MT-CO2, 

MT-CO3 

COX4I1, COX4I2, 

COX5A, COX6A1, 

COX6A2, COX6B1, 

COX7A1, COX7B, 

COX8A, NDUFA4 

COA3, COA5, 

COA6, COA7, 

COA8, COX10, 

COX14, COX15, 

COX20, SURF1, 

PET100, PET117, 

SCO1, SCO2, 

FASTKD2, CEP89 

 

F1Fo- 

ATP synthase 
MT-ATP6, MT-ATP8 

ATP5F1A, 

ATP5F1D, 

ATP5F1E, ATP5MK 

a, ATP5MC3 b, 

ATP5PO c 

ATPAF2, TMEM70 

 

multiple 

OXPHOS 

complexes 

  OXA1L 

 

a (Barca et al. 2018), b (Neilson et al. 2022; Zech et al. 2022) and c (Zech et al. 2022) 

Abbreviations: AF: assembly factor, CI: complex I, mtDNA: mitochondrial DNA, nDNA: nuclear DNA  
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Table 2: Other genes responsible for mitochondrial disorders (take over and modified (S. 

Rahman 2020; Protasoni and Zeviani 2021; Thompson et al. 2020; Stenton et al. 2021). 

Genes which were manifested in patients from the Laboratory for study of mitochondrial 

disorders are in bold. (1/2) 

mtDNA maintenance 

nucleotide pool 

maintenance 
RRM2B, DGUOK, TK2, TYMP, ABAT, SAMHD1, MPV17 

replication 
POLG, POLG2, TWNK, DNA2, SSBP1, MGME1, RNASEH1, 

TOP3A, FBXL4 

mitochondrial gene expression 

mitochondrial tRNAs 

MT-TA, MT-TC, MT-TD, MT-TE, MT-TF, MT-TG, MT-TH, 

MT-TI, MT-TK, MT-TL1, MT-TL2, MT-TM, MT-TN, MT-TP, 

MT-TQ, MT-TR, MT-TS1, MT-TS2, MT-TT, MT-TV, MT-TW, 

MT-TY, MT-DEL 

mitochondrial AA-

tRNA synthetases 

AARS2, CARS2, DARS2, EARS2, FARS2, GARS, HARS2, 

IARS2, KARS, LARS2, MARS2, NARS2, PARS2, RARS2, 

SARS2, TARS2, VARS2, WARS2, YARS2, QRSL1, GATB, 

GATC, HSD17B10 

mitochondrial 

transcript processing 

and modification 

TFAM, POLRMT, MTFMT, TRIT1, TRMT5, TRMT10C, 

TRNT1, PNPT1, MTO1, TRMU, GTPB3, PUS1, THG1L, 

ELAC2, MTPAP, NSUN3, PDE12, NR2F1, FOXG1, GTPBP3, 

ELAC2 

mitoribosome 

MT-RNR1, MT-RNR2, MRPL3, MRPL12, MRPL44, MRPS2, 

MRPS7, MRPS14, MRPS16, MRPS22, MRPS23, MRPS25, 

MRPS28, MRPS34, PTCD3, MRM2, ERAL1, RMND1, C12orf65, 

GFM1, GUF1, LRPPRC, TACO1, TSFM, TUFM, GFM2, 

MRPL38, MRPL44 

mitochondrial membrane lipids, import, dynamics and quality control 

mitochondrial 

membrane 

phospholipids 

metabolism and 

protein import 

machinery 

TAZ, TIMM8A, AGK, CHKB, DNAJC19, GFER, PAM16, 

SERAC1, PLA2G6, TIMM22, TIMM50, TIMMDC1, HSPD1 

mitochondrial solute 

carriers 

SLC25A11, SLC25A24, SLC25A4, SLC25A1, SLC25A3, 

SLC25A10, SLC25A12, SLC25A13, SLC25A15, SLC25A19, 

SLC25A20, SLC25A21, SLC25A22, SLC25A26, SLC25A32, 

SLC25A38, SLC25A42, GOT2, MICU1, MICU2 

mitochondrial 

dynamics 

DNM1L, MFN2, OPA1, GDAP1, MSTO1, MFF, STAT2, 

TRAK1, MIEF2, NME3, SLC25A46, VPS13C 

intermembrane space 

and MICOS complex  
CHCHD10, CHCHD2, QIL1 

ER-mitochondrial 

tethering 
EMC1 

mitochondrial protein 

quality control 

CLPX, HSPE1, AFG3L2, ATAD3A, SPG7, HSPA9, HSOD1, 

HTRA2, PMPCA, PMPCB, MIPEP, XPNPEP3, CLPB, CLPP, 

LONP1, PITRM1, SACS, TRAP1, PRKN, PINK1, YME1L 

toxicity ETHE1, HIBCH, ECHS1, SQOR 

antioxidant defence TXN2, TXNIP 

other disorders of energy metabolism 

TCA cycle enzymes 
IDH2, DLST, FH, ACO2, IDH3A, IDH3B, MDH2, OGDH, 

SUCLA2, SUCLG1 
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(Continued 2/2)  

pyruvate metabolism 
PDHA1, DLAT, DLD, MPC1, PC, PDHB, PDHX, PDK3, PDP1, 

PDPR, D2HGDH, L2HDGH 

fatty acid metabolism CRAT, ETFA, ETFB, ETFDH, FA2H, PYCR1 

disorders of vitamin and cofactor metabolism 

coenzyme Q10 

metabolism 

PDSS1, PDSS2, COQ2, COQ4, COQ5, COQ6, COQ7, COQ8A, 

COQ8B, COQ9 

Fe-S cluster protein 

biosynthesis 

ABCB7, ISCA1, ISCA2, ISCU, FDXR, FDX2, FXN, LYRM4, 

NFS1, NFU1 

lipoic acid 

biosynthesis 
BOLA3, GLRX5, IBA57, LIAS, LIPT1, LIPT2, MECR 

cytochrome c 

synthesis 
CYCS 

biotin metabolism BTD, HLCS 

thiamin metabolism 

and transport 
TPK1, SLC19A2, SLC19A3 

riboflavin metabolism 

and transport 
SLC25A1, FLAD1, SLC52A2, SLC52A3 

nicotinamide 

metabolism 
NMNAT1, NADK2, NAXD, NAXE, NNT 

coenzyme A 

metabolism 
COASY, PANK2, PPCS 

heavy metal 

metabolism (copper, 

manganese) 

SLC33A1, CCS, SLC39A8 

selenocysteine 

metabolism 
SECISBP2, SEPSECS 

other cellular defects associated with mitochondrial dysfunction 

calcium homeostasis WTS1, ANO10, C19ORF70, CISD2, CYP24A1 

haem biosynthesis ALAS2, ABCB6, SFXN4, HCCS 

apoptosis defects AIFM1, DIABLO, APOPT1, PTRH2 

DNA repair APTX, XRCC4 

miscellaneous or 

unknown functions 

PNPLA4, CTBP1, FGF12, KIF5A, STXBP1, ALDH18A1, 

C19ORF12, DCC, DIAPH1, OPA3, CA5A, C1QBP, PNPLA8, 

POP1, PPA2, ROBO3, RTN4IP1, SPART, SPATA5, TANGO2, 

TMEM65, TMEM126A 

Previously, the traditional diagnostic approach (“biopsy first”) of the evaluation of the 

patient body fluids together with the analysis of the OXPHOS enzymes activities in muscle 

tissue, followed by Sanger sequencing of single candidate genes (“from function to gene”) 

was used. But, in the last years, next-generation sequencing (e.g. whole exome sequencing 

(WES) and whole genome sequencing) has become the first-line routine technology. Thus, 

invasive muscle biopsy is performed less often but still is indispensable in some cases 

(Wortmann et al. 2017). A multicentre collaborative effort (Stenton et al. 2021) analyzed 

over 2,000 patients suspected of mitochondrial disorders by WES in the last 11 years (2010 

– 2021). Molecular diagnosis was made in 55% of patients. Functional studies enabled 
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diagnostic uplift from 36% to 55% and the discovery of 62 novel disease genes (Stenton et 

al. 2021). For the characterisation of the candidate gene/variant, an invasive tissue biopsy 

(muscle or at least skin biopsy) followed by functional analysis must be performed. Methods 

used to confirm the pathogenicity of novel variants include western blotting (WB), 

biochemical assays (e.g. of mitochondrial translation, measurement of OXPHOS enzyme 

activities or oxygen consumption rate), mass spectrometric profiling of OXPHOS 

complexes, immunocytochemical assays (e.g. in disorders of mitochondrial dynamics) and 

functional complementation studies (e.g. lentiviral transduction with the wild-type (WT) 

gene of interest to rescue the biochemical defect) (S. Rahman 2020; Stenton et al. 2021). 

Genetic diagnosis is important for defect-specific treatments, prevention of the disease, 

genetic and reproductive counselling, and inclusion in ongoing clinical trials (Stenton et al. 

2021). The amount of newly discovered mitochondrial disorders-associated genes between 

1988 and 2021 is displayed in Figure 7. 

 

Figure 7: Discovery of mitochondrial disorders-associated genes between 1988 and 2021 (taken over and 

modified (Stenton et al. 2021)).   
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1.3 Interorganelle communication 

The organelles communicate with their environment by importing and exporting material 

through membrane transporters and exchanging the material with other organelles through 

vesicular transport, but mitochondria, peroxisomes and plastids are not connected to a major 

vesicular transport system. In addition to vesicular transport, organelles are interconnected 

and extensively communicate through membrane contacts (Petkovic, O’Brien, and Jan 2021) 

which are ubiquitous across all eukaryotic organisms, cell types and organelles (Gatta and 

Levine 2017). Moreover, interorganelle communication can be mediated also by monolayer 

organelles like lipid droplets (LDs) and non-membranous organelles like RNA granules 

(Liao et al. 2019) or stress granules (Lee et al. 2020). The exchange of material through the 

contact site is spatially segregated but mutually coordinated with vesicular transport. 

Transient dynamic contacts between distinct organelles could be caused as responses to cell 

physiological conditions. Interorganelle communication is important for the proper 

functioning of lipid metabolism and mitochondrial and endolysosomal functions (Petkovic, 

O’Brien, and Jan 2021). 

1.3.1 Contact sites involved in lipid metabolism 

Cholesterol is an essential component of cell membranes and a precursor for several 

signalling molecules. The source of cellular cholesterol is endogenous synthesis and diet. 

Dietary low-density lipoprotein (LDL)-derived cholesterol is endocytosed and transferred to 

the ER, a sensor for cholesterol level, which could down-regulate endogenous synthesis. In 

case of depletion, cholesterol is transported in opposite direction (from the endogenous 

synthesis in ER to endolysosomal compartments). The ER-endolysosomal contacts are 

essential for bidirectional non-vesicular cholesterol transport (Petkovic, O’Brien, and Jan 

2021). A major cholesterol transporter of late endosome/lysosomes – NPC1 (Niemann-Pick 

C1) mediates contact with ER through interaction with ORP5 (oxysterol-binding protein 

(OSBP)-related protein 5) (Du et al. 2011) and GRAMD1B (GRAM Domain Containing 

1B) (Höglinger et al. 2019). NPC1 together with NPC2 transfer cholesterol from the 

lysosomal lumen to the cytosolic leaflet (Winkler et al. 2019) and make cholesterol available 

for non-vesicular transport to the ER by lipid transfer proteins (Infante et al. 2008). Lipid 

transfer proteins bind monomeric lipids in a hydrophobic pocket and transfer them between 

the two membranes through an aqueous phase at the membrane contact sites (MCSs) 

(Petkovic, O’Brien, and Jan 2021). In cells lacking NPC1, the transport of cholesterol from 
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the lumen of lysosomes to the ER is blocked, but there is compensation by OSBP1-mediated 

cholesterol transfer which is elevated in NPC1 null cells (Lim et al. 2019). Similarly, another 

lipid transfer protein ORP1L mediates bidirectional cholesterol transfer between ER and 

endolysosomes through interaction with three different ER receptors: VAPA, VAPB and 

MOSPD2 (Rocha et al. 2009; Zhao and Ridgway 2017; Di Mattia et al. 2018; Zhao, Foster, 

and Ridgway 2020). The cellular response to the lysosomal cholesterol accumulation is 

STARD3 (StAR-related lipid transfer protein 3) mediated expansion of lysosome-

mitochondria MCSs (Höglinger et al. 2019). Accumulation of sterols in mitochondria is 

typical for NPC (Charman et al. 2010) but not for type A or B which is suggested to be a 

specific response to the disruption of ER-endolysosome contacts (Petkovic, O’Brien, and 

Jan 2021). The transport of cholesterol between other organelles is mediated by distinct 

contact sites (Eden et al. 2016; Wilhelm et al. 2017) and it remains to be determined how 

they are all coordinated in maintaining cholesterol homeostasis (Petkovic, O’Brien, and Jan 

2021). The abundance of FAs and cholesterol is stored in LDs in their esterified forms. LDs 

serve as an energy reservoir for the cell (Farese and Walther 2009). LDs-ER contacts are 

essential and enable de novo biogenesis and maturation of LDs.  

1.3.2 The importance of mitochondrial cholesterol 

Cholesterol is transported to the mitochondria through the lipid transfer proteins at the 

MCSs or by cytosolic, diffusible lipid transfer proteins. Although, the amount of cholesterol 

in the mitochondria is approx. 40 times lower compared to the plasma membrane (PM) 

(Horvath and Daum 2013), mitochondrial cholesterol is an important precursor for steroids, 

oxysterols, and hepatic bile acid and is also an essential part of the mitochondrial 

membranes. Disruption of mitochondrial cholesterol content has been described in a wide 

range of pathophysiological conditions. Increased mitochondrial cholesterol was found in 

several cancer models, steatohepatitis, cardiac ischemia, ageing, Alzheimer’s disease or 

NPC disease (Bosch et al. 2011; García-Ruiz et al. 2009; Marí et al. 2014; Montero et al. 

2010; Colell, Fernández, and Fernández-Checa 2009; Martin, Kennedy, and Karten 2016). 

Contrarily, abnormally low levels of mitochondrial cholesterol have been rarely reported 

(Elustondo, Martin, and Karten 2017). Mitochondrial cholesterol plays an important role in 

mtDNA maintenance and gene expression. Nucleoprotein structures containing mtDNA 

(nucleoids) are linked with membrane-associated replication platforms which are abundant 

in cholesterol (Gerhold et al. 2015). Disruption of cholesterol homeostasis, e.g. by altered 

expression of ATAD3 (ATPase family AAA domain-containing protein 3) gene, impairs 
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mtDNA topology and mitochondrial protein synthesis (Gerhold et al. 2015; J. He et al. 2012; 

Jiuya He et al. 2007; Peralta et al. 2018; Desai et al. 2017). 

1.3.3 Mitochondrial cholesterol import 

Cholesterol import to the mitochondria has been studied over decades, predominantly in 

the context of steroidogenesis (Elustondo, Martin, and Karten 2017). The major route for 

cholesterol import to the mitochondria is from the ER and lysosomes through multiple 

mitochondrial MCSs (Figure 8). The ER-mitochondria contact sites (well-known as 

mitochondrial-associated membranes (MAMs)) are implicated in the transport of 

phospholipids and cholesterol (Fujimoto and Hayashi 2011). The mitofusin 2 (MFN2) 

protein and Sigma-1 receptor (σ-1 receptor) play important functions in cholesterol import 

into mitochondria. The MFN2 is mitochondrial GTPase tethering the ER with mitochondria 

and its depletion leads to decreased synthesis of progesterone (Duarte et al. 2012). Similarly, 

the knockdown of the σ-1 receptor, another protein tethering MAMs with function in 

multiple signalling pathways, reduces progesterone synthesis by 95% (Marriott et al. 2012). 

Nevertheless, the mechanism of cholesterol transport into mitochondria remains poorly 

understood (Andersen et al. 2020; Elustondo, Martin, and Karten 2017; Shi et al. 2022; 

Giordano 2018). 

1.3.3.1 The STARD1 (StAR) pathway of cholesterol transport into mitochondria 

Transport of cholesterol from LDs and from ER to the OMM mediates the STARD1 (also 

known as StAR (steroidogenic acute regulatory protein)). The STARD1 is rapidly 

synthesized in response to hormonal stimulation and mutations in the STARD1 gene are 

associated with congenital adrenal hyperplasia (Stocco 2002). After hormonal stimulation, 

STARD1 is translocated to the OMM where it is fully activated (phosphorylated) by PKA 

(protein kinase A). But the mechanism of STARD1-mediated cholesterol import is not yet 

exactly clear (Elustondo, Martin, and Karten 2017). Several proteins have been described as 

interacting partners of STARD1, forming a large complex for cholesterol transport across 

mitochondrial membranes (proposed pathways of cholesterol transport into mitochondria, 

regulated by STARD proteins are displayed in Figure 8), but the exact composition and 

mechanisms are still debated. A multiprotein complex (named transduceosome), consisting 

of the STARD1, VDAC1, TSPO, ACBD3, PKARIα (type I PKA), ATAD3 and CYP11A1 

(cytochrome P450), with a function in transporting cholesterol into mitochondria was 

described by a research group led by professor V. Papadopoulos (Liu, Rone, and 
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Papadopoulos 2006; Rone et al. 2012). ACBD3 (acyl-CoA binding domain containing 3 

protein) is an A-kinase anchoring protein for PKARIα (protein kinase A regulatory inhibitor 

alpha), so the transducesome would bring together components for activation of STARD1 

and positions STARD1 close to the contact sites (Rone, Fan, and Papadopoulos 2009; Liu, 

Rone, and Papadopoulos 2006). Close contact between OMM and IMM is mediated by the 

ATAD3 protein (Hubstenberger et al. 2010; Gilquin et al. 2010). The TSPO (translocator 

protein) contains a cholesterol recognition amino acid consensus motif, mediates cholesterol 

binding and oligomerizes to form a cholesterol-transporting channel upon hormone 

stimulation (Li et al. 2001; Jamin et al. 2005; Jacques Fantini et al. 2016; Culty et al. 1999; 

Delavoie et al. 2003; J. Fantini et al. 2016). But as was mentioned above, mitochondrial 

cholesterol import has been studied particularly in steroidogenic cells and not much research 

has been done in non-steroidogenic cells. 
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Figure 8: Potential pathways for cholesterol import to the mitochondria, mediated by STARD proteins. A) 

The membrane contact sites involved in mitochondrial cholesterol transport. Rectangles show the contact sites 

between OMM and IMM for cholesterol import (B), ER-mitochondria contact sites (C) and the contact site 

between lysosome and mitochondria (D). B) A multiprotein complex transporting cholesterol into 

mitochondria in steroidogenic cells (transduceosome) consisting of STARD1 (StAR), VDAC, TSPO, ACBD3, 

PKARIα, ATAD3 and CYP11A1. The AKAP121 (mitochondrial A-kinase anchoring protein 121) recruits 

PKA which phosphorylates and activates STARD1 (StAR). C) Proteins participating in mitochondrial 

cholesterol import at ER-mitochondria contact sites. Depletion of MFN2 (mitofusin-2) (Duarte et al. 2012) or 

σ1-R (Sigma1-receptor) (Marriott et al. 2012) leads to reduced progesterone synthesis. VDAC2 interact with 
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STARD1 (StAR) and TOM22 at the mitochondria-associated membranes. D) Proposed model for cholesterol 

transport from late endosomes to the mitochondria. When a high concentration of endosomal cholesterol 

occurs, STARD3 mediates the transport of cholesterol to the mitochondria (Charman et al. 2010; Kennedy, 

Charman, and Karten 2012). The transport of cholesterol from internal vesicles to the late endosomal perimeter 

membrane is mediated by NPC2 (Cheruku et al. 2006). Whether this pathway involves a similar protein 

complex as described in panel B is not known (Elustondo, Martin, and Karten 2017). A schematic picture was 

adapted from a review by Elustondo et al (Elustondo, Martin, and Karten 2017). 

1.3.3.2 The role of oxysterol-binding protein (OSBP)-related proteins in cholesterol 

transport 

The ORP5 and ORP8 transport phosphatidylserine (PS) from the ER to the PM and also 

from the ER to the mitochondria, but they also contain OSBP-related lipid-binding (ORD) 

domain (Raychaudhuri and Prinz 2010) which can bind sterols and have been thought for a 

long time to act as sterol sensor or transport proteins (Olkkonen and Li 2013), but the 

mechanism had been largely unknown (Giordano 2018). It was described that ORP5 and 

ORP8 interacted with PTPIP51 (protein tyrosine phosphatase-interacting protein 51) on the 

OMM and depletion of ORP5 or ORP8 protein caused defects in mitochondrial morphology 

and respiratory functions in HeLa downregulated cells (Galmes et al. 2016). But lately, it 

has been shown that ORP5 and ORP8 interacted with the MIB/MICOS complex components 

SAM50 and Mic60, rather than PTPIP51, and had a function in the transport of PS, but 

cholesterol transport was probably not affected (Monteiro-Cardoso et al. 2021). Moreover, 

another paper showed that PTPIP51 had a function in the transport of cardiolipin precursor 

into mitochondria and in PTIPIP51 downregulated HeLa cells, decreased level of 

mitochondrial cardiolipin occurred (Yeo et al. 2021). The lipid binding assay showed that 

PTPIP51 did not bind phosphatidylethanolamine (PE), phosphatidylcholine (PC), 

sphingomyelin (SM) or cholesterol (Yeo et al. 2021) and it was suggested that PTPIP51 

might not be involved in the PE and PC biosynthetic pathways. The PC is usually transferred 

from the ER to the mitochondria by STARD7 (Horibata and Sugimoto 2010; Horibata et al. 

2017). In conclusion, ORPs were thought to be mostly involved in sterol signalling and 

transport, but now, it seems that they specifically bind the PS, rather than sterols. 

1.3.3.3 The role of GRAMD proteins in cholesterol transport 

The GRAMD family of proteins (also known as Aster proteins) is highly conserved from 

yeast to humans, suggesting an important functional role. The GRAMD proteins are ER-

resident proteins that mediate non-vesicular sterol transport. They contain GRAM 
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(glucosyltransferases, Rab-like GTPase activators and myotubularins) and STARD-like 

VaSt (VAD1 analogue of the STARD-related) domains. GRAMD proteins are dynamically 

recruited to the ER-PM contacts in response to cholesterol (Sandhu et al. 2018).  

The GRAMD1A (Aster-A) interacts with the PM in a phosphatidylinositol phosphate-

independent manner (Besprozvannaya et al. 2018). It is possible that GRAMD1A has 

a proteinaceous PM partner and/or is targeted via another PM lipid, such as cholesterol. The 

GRAMD1A was found at ER-PM contacts in Cos7, HEK293, HeLa, and Arpe19 cell lines, 

but not in U2OS or HCT116 cells (Besprozvannaya et al. 2018). The cellular function of the 

GRAMD1A at ER-PM contact sites is unknown but due to the VaSt domain, it is suggested 

that it may mediate cholesterol transport. The regulation of sterol homeostasis has been 

described in GRAMD1A yeast homologs Ltc3/4 (Gatta et al. 2015; Murley et al. 2017).  

The GRAND1B (Aster-B) homologue in yeast, the Ltc1, was described as an ER-

mitochondria and ER-vacuole tether, interacting with the mitochondrial import receptors 

TOM70/71 and the vacuolar protein Vac8, respectively (Murley et al. 2015; Elbaz-Alon et 

al. 2015). The in vitro assay showed that Ltc1 selectively transports sterols between 

membranes, suggesting its function as a sterol transfer protein in vivo (Murley et al. 2015). 

The GRAMD1B protein is heavily expressed in the mouse testis, ovary and adrenal glands 

and mice lacking in GRAMD1B protein are deficient in both, steroidogenesis and adrenal 

cholesterol (Sandhu et al. 2018). Recently, the role of GRAMD1B in cholesterol transport 

into mitochondria in C2C12 mouse myoblasts has been revealed (Andersen et al. 2020). The 

GRAMD1B-KO cells showed impaired cholesterol transport from the ER to the 

mitochondria, together with significantly decreased mitochondrial cholesterol level and 

significantly impaired mitochondrial respiration (Andersen et al. 2020).  

A potential mitochondrial localisation sequence was found only in GRAMD1B but not in 

GRAMD1A and GRAMD1C (Aster-C) (Andersen et al. 2020). Moreover, in GRAMD1C-

KO, the level of 25-NBD-cholesterol uptake was not altered compared to controls, 

suggesting that GRAMD1B is specifically required for cholesterol uptake (Andersen et al. 

2020). GRAMD1A and GRAMD1C are involved in lipid transfer in the PM (Naito et al. 

2019; Ercan et al. 2021; Ikonen and Zhou 2021), but their localisation and function remain 

to be elucidated (Shi et al. 2022).  
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1.3.4 The ACBD3 protein 

The ACBD3 protein, also known as GCP60, GOLPH1 or PAP7, is one of seven highly 

conserved Acyl-CoA binding proteins (ACBD1 – ACBD7) expressed in humans. This 

family of proteins has an ACB domain, responsible for the binding of long-chain fatty Acyl-

CoA esters. ACBD3 is the largest protein of this family (528 amino acids) and apart from 

the ACB domain, contains also a charged amino acid region (CAR) domain and a glutamine-

rich (Q) domain in the middle of the sequence, and a Golgi dynamics (GOLD) domain on 

the C-terminal region. The linear domain structure of ACBD3 protein (The UniProt 

Consortium 2019), together with a coiled-coil region, a nuclear localisation signal (NLS), 

binding sites of PI4KB (Klima et al. 2016), TBC1D22A, TBC1D22B (A. L. Greninger et al. 

2013), giantin (Sohda et al. 2001), golgin-160 (Sbodio and Machamer 2007), golgin45 (Yue 

et al. 2017), KDELR (Yue et al. 2021), picornaviral 3A protein (Lei et al. 2017; Horova et 

al. 2019; Klima et al. 2017), Dextras (Cheah et al. 2006), and a site of homodimerization (A. 

L. Greninger et al. 2013) are summarized in Figure 9. 

 

Figure 9: Linear domain structure of human ACBD3 protein. Abbreviations: ACB – Acyl-CoA Binding 

domain, CAR – charged amino-acid region, NLS – nuclear localisation signal, Q – glutamine-rich domain, 

GOLD – Golgi dynamic domain. Numbers indicate amino-acid positions. A schematic picture was created 

according to published information by an author. 

A high expression level of ACBD3 protein (The Human Protein Atlas) was found in some 

organs of the digestive system, brain, prostate, placenta, and bone marrow; medium 

expression is characteristic for male and female reproductive tissues (for a complete 

summary, see Table 3). The antibody validation profile (The Human Protein Atlas) localised 

ACBD3 in Golgi and is a membrane-bound or membrane-associated protein. Inferring from 

sequence similarity, ACBD3 is probably also localized in mitochondria (Uhlen et al. 2015; 

The UniProt Consortium 2019; Binder et al. 2014). The MitoCarta predictions for ACBD 

proteins are summarized in Table 4.   

https://www.proteinatlas.org/
https://www.proteinatlas.org/
https://www.broadinstitute.org/mitocarta/mitocarta30-inventory-mammalian-mitochondrial-proteins-and-pathways
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Table 3: Level of expression of ACBD3 protein in different organs and tissues according to 

The Human Protein Atlas (accessed on July 25th 2022 at https://www.proteinatlas.org/, 

(Uhlen et al. 2015)). 

Level of 

Expression 
Organs/Tissues  

high 

digestive system 
duodenum, small intestine, colon, gallbladder, 

pancreas, and appendix 

brain cerebral cortex and hippocampus 

others prostate, placenta, and bone marrow 

medium 

male tissues testis, epididymis, and seminal vesicles 

female tissues 
vagina, fallopian tube, endometrium, cervix, and 

breast 

endocrine tissues thyroid and adrenal gland 

brain cerebellum and caudate 

digestive system salivary gland, esophagus, stomach, and rectum 

lung nasopharynx, bronchus, and lung 

others 
kidney and urinary bladder, hearth muscle, smooth 

muscle, skin, lymph node, and tonsil 

low others 
adipose and soft tissues, liver, ovary, skeletal 

muscle, spleen, and oral mucosa 

Table 4: Expression level of ACBDs proteins according to the MitoCarta 3.0 (accessed on 

July 25th 2022 at https://www.broadinstitute.org/mitocarta ( Rath et al. 2021)). 

 Training Dataset MSMS NUM TISSUES ** 

ACBD1 Possible mito * 12/14 

ACBD2 Mito 14/14 

ACBD3 Possible mito * 0 

ACBD4 Non mito 0 

ACBD5 Non mito 0 

ACBD6 Non mito  0 

ACBD7 Non mito 0 

* Indicating evidence based on NCBI GO mitochondrial annotation or MitoP2 database, but not in Tmito. ** 

Number 0–14 tissues where gene products were found by MS/MS. 

According to the published research, ACBD3 is localized in the ER, Golgi, mitochondria, 

PM, and cytosol (Figure 10) (Sohda et al. 2001; Li 2001; Liu, Rone, and Papadopoulos 2006; 

Yue et al. 2017; J. Liao et al. 2019; Shinoda et al. 2012; Sherpa et al. 2021). The GOLD 

domain of ACBD3 mediates multiple protein-protein interactions and may be used to 

stabilize peripheral membrane proteins at intracellular membranes (Anantharaman and 

Aravind 2002; Islinger et al. 2020; Mendes and Costa-Filho 2022). The ACBD3 protein 

https://www.proteinatlas.org/
https://www.broadinstitute.org/mitocarta/mitocarta30-inventory-mammalian-mitochondrial-proteins-and-pathways
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/peripheral-membrane-protein
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plays various roles in the cell: it is a Golgi-ER tether (Shinoda et al. 2012) or Golgi scaffold 

protein (Sohda et al. 2001; Yue et al. 2017), it has a function in vesicle trafficking 

(sphingolipid transport) (J. Liao et al. 2019), the import of cholesterol into 

mitochondria/steroid synthesis (Liu, Li, and Papadopoulos 2003; Liu, Rone, and 

Papadopoulos 2006), and the regulation of cellular iron uptake (Cheah et al. 2006; Okazaki 

et al. 2012). Furthermore, the ACBD3 protein participates in the replication of multiple 

members of the picornavirus family (Sasaki et al. 2012; A. Greninger et al. 2012; McPhail 

et al. 2017; Ishikawa-Sasaki et al. 2018). Multiple ACBD3-protein interactions and their 

functions are summarized in Table 5 and visualised in Figure 10. 

 

Figure 10: Schematic picture of diverse roles of ACBD3 and its interaction partners in various cellular 

compartments. “Created with BioRender.com.”  

  

https://biorender.com/


INTRODUCTION 

50 

 

Table 5: Association of ACBD3 in protein complexes (adapted from Islinger et al. 2020). 

Interactions which are not included in (Islinger et al. 2020) are highlighted. (1/2) 

ACBD3 protein 

interactions 
Function 

Localisation in 

the cell 
reference 

ACBD3-giantin 

Golgi structure 

maintenance, ER-Golgi 

transport 

Golgi (Sohda et al. 2001) 

GRASP55-Golgin45- 

ACBD3-TBC1D22 

Golgi structure 

maintenance and 

membrane trafficking 

Medial Golgi 

cisternae 
(Yue et al. 2017) 

ACBD3-Arl5b 
Recruitment of ACBD3 

to TGN 

Trans-Golgi 

network 

(Houghton et al. 

2022) 

ACBD3-FAPP2* 
Glycosphingolipid 

metabolism 

Trans-Golgi 

network 
(J. Liao et al. 2019) 

giantin- ACBD3-PPM1L-

VAPA-CERT 

Glycosphingolipid 

metabolism 

ER-Golgi contact 

sites 
(Shinoda et al. 2012) 

KDELR-ACBD3-PKACα Early secretory pathway Cis Golgi (Yue et al. 2021) 

ACBD3-golgin160* Regulation of apoptosis Golgi 

(Sbodio et al. 2006; 

Sbodio and 

Machamer 2007) 

PI4KB-ACBD3-giantin 

Phosphatidylinositol 

phosphorylation to 

control Golgi 

structure/function 

Golgi (Klima et al. 2016) 

ACBD3-SREBP1* 
Regulation of de novo 

fatty acid synthesis 
Golgi → nucleus (Y. Chen et al. 2012) 

ACBD3-PARP1 
Impact on cellular 

NAD+ 
Golgi? → nucleus (Y. Chen et al. 2015) 

ACBD3-Numb Cell fate determination Cytosol 

(Zhou et al. 2007; 

Haenfler, Kuang, 

and Lee 2012) 

TSPO-ACBD3-PKA-

AKAP95  

Cholesterol 

redistribution in the 

nucleus (Prosurvival 

response – NF-

κB)/mitochondrial 

retrograde response 

Mitochondria-

nucleus contact 

sites 

(Desai et al. 2020) 

STARD1-PKARIα-

ACBD3-TSPO-VDAC1 

Cholesterol uptake for 

steroidogenesis 
Mitochondria 

(Liu, Li, and 

Papadopoulos 2003; 

Liu, Rone, and 

Papadopoulos 2006) 

DMT1-ACBD3-Dextras Cellular iron uptake 

Plasma membrane 

and cytosol of 

neurons and brush 

border cells 

(Cheah et al. 2006; 

Okazaki et al. 2012) 

ACBD3-mtHtt-Rhes 
Cytotoxicity in 

Huntington’s disease 
Golgi (Sbodio et al. 2013) 

Picornavirus 3A protein-

ACBD3-PI4KB 

Viral genome 

replication 

Viral replication 

organelle 

(Sasaki et al. 2012; 

A. Greninger et al. 

2012) 
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continued (2/2) 

ACBD3 protein 

interactions 
Function 

Localisation in 

the cell 
reference 

Picornavirus 2B, 2BC, 2C, 

3A, 3AB proteins-

ACBD3-OSBP-SAC1-

VAPA/B 

Cholesterol transport 

from Golgi to viral 

replication organelle 

Golgi-Aichi virus 

replication at 

organelle contact 

sites 

(McPhail et al. 2017; 

Ishikawa-Sasaki et 

al. 2018) 

*Likely, the protein complex includes a further Golgi protein to anchor ACBD3 at the Golgi membrane 
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2 AIMS OF THE THESIS 

The next-generation sequencing is the first-line approach in the diagnosis of patients with 

suspected mitochondrial disorders. The use of WES and whole genome sequencing leads to 

the discovery of new candidate genes or new variants in known disease genes. To evaluate 

the role of the candidate gene/variant in the disease, extensive functional analyses are often 

necessary.  

The aims of the thesis were the functional characterisations of the candidate genes and 

variants to confirm their pathogenicity. Firstly, in a patient with suspected mitochondrial 

disorders, a rare variant in the ACBD3 gene was found by WES. Up to date, the ACBD3 gene 

has not been found to be associated with disease in men. To assess its possible pathogenicity, 

we decided to study the function of the ACBD3 protein in mitochondria using the ACBD3-

knockout (KO) cell lines. Secondly, using mtDNA sequencing, two novel mutations in the 

MT-ND1 and MT-ND5 genes were found. To confirm the pathogenicity of those variants, 

functional analyses in muscle and fibroblasts from the patients were necessary. Thirdly, the 

study of mitochondrial SCs helped us to further characterise other rare metabolic diseases. 

The specific aims of the thesis were: 

A. Study of the role of ACBD3 protein in mitochondria and Golgi in HEK293 and 

HeLa cells  

B. Description of the impact of novel variants in mtDNA-encoded genes on 

mitochondrial energetic metabolism 

C. Study of mitochondrial SCs in a patient with rare metabolic disorders 
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3 MATERIAL AND METHODS 

3.1 Materials 

3.1.1 Cell Cultures 

Human embryonic kidney cells (HEK293, ATCC® CRL-1573™), HeLa (ATCC® CCL-

2™) and control skin fibroblasts (ATCC® PCS-201-010™ and Lonza CC-2509) were 

purchased from the American Type Culture Collection (Rockville, Maryland, USA) or 

Lonza (Basel, Switzerland). Fibroblasts from patients and healthy controls were derived 

from skin biopsies after informed consent. Genetics characterisation (sequencing of 

candidate genes) and analysis of mtDNA level in MT-ND patients were performed as a part 

of routine diagnostics in the Laboratory for study of mitochondrial disorders and obtained 

results are summarized in Tables 6 and 7. 

Table 6: Molecular characterisation of MT-ND patients, input data. 

Patient Gene Mutation 
Age at 

onset 
Sex 

Tissue Heteroplasmy 

Muscle 
Fibro-

blasts 
Muscle  

Fibro-

blasts 

P1 

MT-ND1 
m.3697G>A 

1 week F   93% 81% 

P2 1 week M    79% 

P3 m.3946G>A 9 years F   53%  

P4 MT-ND3 m.10158T>C 4 months F   95% 85% 

P5 

MT-ND5 

m.12706T>C 17 years M   83% <10% 

P6 m.13042G>A 6 months F   96% 65% 

P7 m.13046T>C 12 years F   70% 43% 

P8 m.13091T>C 10 years F   61%  

P9 

m.13513G>A 

1 month M   67% 65% 

P10 6 years M   48% 40% 

P11 10 years F   97% 4% 

P12 10 years F     

P13 5 months F     

P14 MT-ND1 m.4135T>C 37 years M   93% 89% 

P15 MT-ND6 m.14487T>C 14 months F     

Abbreviations: F female, M male,  yes,  no 

https://en.wikipedia.org/wiki/Basel
https://en.wikipedia.org/wiki/Switzerland
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Table 7: Molecular characterisation of PMM2 patients, input data. 

Patient Gene Mutation 
Age at 

onset 
Sex Tissue 

P1-PMM2 PMM2 c.395T>C/c.422G>A 3 months M fibroblasts 

P7-PMM2 PMM2 c.422G>A/c.691G>A 2 days M fibroblasts 

P8-PMM2 PMM2 c.338C>T/c.422G>A 3 months M fibroblasts 

Abbreviations: M male 

Cells were cultivated under standard conditions (37°C, 5% CO2 atmosphere) in high-

glucose DMEM (Dulbecco’s Modified Eagle Medium; P04-04510, PanBiotech, Aidenbach, 

Germany) supplemented with 10% (v/v) Fetal Bovine Serum (SV30160.03, GE Healthcare, 

Chicago, Illinois, USA) and Antibiotic-Antimycotic (XC-A4110/100, Biosera, Nuaille, 

France). 

3.1.2 Muscle tissue 

Muscle biopsies (m. tibialis anterior (P1, P3, P7, and control for P8); m. triceps surae 

(P4, P5, P6, P8, P9, P10, P11, and P14)) were obtained after informed consent. Control for 

P14 is skeletal muscle from adult control obtained during orthopaedic surgery.  

3.2 Methods 

3.2.1 Preparation of HEK293 and HeLa ACBD3-KO cell lines 

ACBD3-KO was introduced into HEK293 and HeLa cells by the CRISPR/CAS9 system 

(Clustered Regularly Interspaced Short Palindromic Repeats). For the preparation of 

ACBD3-KO cells, a commercial plasmid (404320; Santa Cruz Biotechnology, Dallas, 

Texas, USA) was used and cells were transfected using Lipofectamine 300 (Invitrogen, 

Waltham, Massachusetts, USA). 24 hours after transfection, cells were diluted into 

a concentration of 5 cells/ml. This suspension was aliquoted (100 µl) into 96-well plates. 

Wells containing single-cell colonies were identified and further cultivated. Confluent cells 

in 6-well plates were harvested and characterised by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE)/WB to confirm the complete absence of 

ACBD3 at the protein level. Cells with no protein levels were sequenced (Sanger 

sequencing) with the following primers (TGAGTACTTTCAACACTGCATGG, 

GCCAGACTCACAGTAAAGACAC, GTCAGTTTTCCCTGGGAGCTA and 

GTTCTGCAAGTGAACCCCCA) to identify nonsense mutations resulting in premature 

stop codons.  

https://www.google.com/search?rlz=1C1GCEA_enCZ754CZ754&sxsrf=ALeKk00JKScsm_8-KlW4iGo1dvQ-_G0BCA:1585143687384&q=Dallas&stick=H4sIAAAAAAAAAOPgE-LUz9U3SDPOTUpT4gAzjYoKtbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1jZXBJzchKLd7AyAgA6bbTQTwAAAA&sa=X&ved=2ahUKEwjn5p2z4LXoAhVRIMUKHfN4CAIQmxMoATASegQICRAD
https://www.google.com/search?rlz=1C1GCEA_enCZ754CZ754&sxsrf=ALeKk00JKScsm_8-KlW4iGo1dvQ-_G0BCA:1585143687384&q=Dallas&stick=H4sIAAAAAAAAAOPgE-LUz9U3SDPOTUpT4gAzjYoKtbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1jZXBJzchKLd7AyAgA6bbTQTwAAAA&sa=X&ved=2ahUKEwjn5p2z4LXoAhVRIMUKHfN4CAIQmxMoATASegQICRAD
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3.2.2 Isolation of mitochondria 

3.2.2.1 Isolation of mitochondria from cells (HEK293, HeLa and cultured skin fibroblasts) 

For BN-PAGE analysis, mitochondria were isolated by standard differential 

centrifugation as described previously (Stiburek et al. 2005). Briefly, the cell pellet was 

resuspended in an isotonic STE buffer (250mM sucrose, 10mM Tris-HCl (pH = 7.4), 1mM 

EDTA, 1% (v/v) protease inhibitor cocktail (Sigma) and disrupted by Dounce homogenizer. 

The homogenate was centrifuged at 600g, 4°C, 15 min to remove unbroken cells and nuclei. 

The post-nuclear supernatant was centrifuged at 10,000g, 4°C for 15 min. The resulting 

supernatant represented the cytosolic fraction, and the mitochondrial pellet was washed 

twice with STE buffer. For localisation of ACBD3 in the cells (Figure 12A) and for lipidomic 

analysis, mitochondria were isolated by the Mitochondria isolation kit (130-094-532; 

Miltenyi Biotec, Bergisch Gladbach, Germany). 

Mitochondrial subfractionation 

Mitochondrial subfractionation was performed as described previously (Tang et al. 2009). 

Approximately 150 µg of mitochondria (isolated by standard differential centrifugation) 

freshly isolated from HEK293 WT cells were resuspended in 100 µl of hypotonic medium 

(10mM KCl, 2mM HEPES, pH = 7.2) for 20 min at 4°C to swell mitochondria and break the 

OMM. The swollen mitochondria were subsequently centrifuged at 10,000g, 4°C for 20 min. 

Obtained supernatant contains the soluble IMS proteins and the pellet was resuspended in 

the same volume as the supernatant.  

3.2.2.2 Isolation of mitochondria from muscle 

Samples obtained by muscle biopsy were transported on ice (at 4°C) and mitochondria 

were isolated immediately according to standard differential centrifugation procedures 

(Makinen and Lee 1968) in a buffer containing 150 mM KCl, 50 mM Tris/HCl, 2 mM EDTA 

and 2 μg/ml aprotinin (pH = 7.5) at 4°C. The homogenate was centrifuged at 600 g, 4°C for 

10 min, the supernatant was filtered through a 100 μm nylon membrane, and mitochondria 

were obtained by centrifugation at 10,000 g, 4°C for 10 min. The mitochondrial pellet was 

washed and resuspended to a final protein concentration of 20–25 mg/ml (Jesina et al. 2004). 
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3.2.3 Electrophoresis and WB 

3.2.3.1 SDS-PAGE 

Tricine SDS-PAGE (or glycine SDS-PAGE for LAMP2 detection) was used for the 

separation of proteins according to their molecular weight under denaturing conditions (H. 

Schägger and von Jagow 1987). Cell pellets were resuspended in RIPA buffer (50mM Tris 

(pH = 7.4), 150mM NaCl, 1% (v/v) Triton X-100, 1% (w/v) sodium deoxycholate, 0.1% 

(w/v) SDS, 1mM EDTA, 1mM PMSF and 1% (v/v) protease inhibitor cocktail), sonicated 

and lysed for 20 min at 4°C. The supernatant obtained after lysis and centrifugation was 

resuspended in SDS-sample buffer (50mM Tris (pH = 6.8), 12% (v/v) glycerol, 4% (w/v) 

SDS, 0.01% (w/v) Bromethanol Blue and 2% (v/v) mercaptoethanol) to a final concentration 

2–5 µg/µl. 5–15 µg of total protein was loaded per lane and separated by 12% (w/v) 

polyacrylamide mini gels (MiniProtean® 3 System; Bio-Rad, Hercules, California, USA).  

3.2.3.2 BN-PAGE 

BN-PAGE separation (Hermann Schägger and von Jagow 1991) was used to analyse the 

steady-state levels of OXPHOS protein complexes or SCs. The mitochondrial fraction was 

solubilized with n-dodecyl β-d-maltoside (DDM) or with digitonin (DIG). Solubilization 

with DDM was performed at a final 4.8 mg (muscle mitochondria), 6 mg (fibroblasts 

mitochondria) or 16 mg (HEK293 and HeLa mitochondria) DDM/mg protein ratio in 

a buffer containing 1.5mM Aminocaproic acid, 0.05M Bis-Tris, 2mM EDTA (pH = 7.0) at 

4°C for 20 min. After DDM solubilisation, samples were centrifuged at 51,000g, 4°C for 

20 min and supernatants were used for downstream analysis. 10–25 µg of protein 

(determined by BCA assay, (Thermo Fisher Scientific, Waltham, Massachusetts, USA)) was 

loaded per lane and separated by 4–14%, 6–15% or 8–16% (w/v) polyacrylamide gradient 

gels (MiniProtean® 3 System; Bio-Rad). 

Solubilisation with DIG was performed at a final ratio of 7 mg DIG/mg protein in a buffer 

containing 1.5mM Aminocaproic acid; 0.05M Bis-Tris; 2mM EDTA (pH = 7.0) at 4°C for 

15 min. After DIG solubilisation, samples were centrifuged at 20,000g, 4°C for 20 min and 

supernatants were used for downstream analysis. 8–15 µg of protein (determined by BCA 

assay, (Thermo Fisher Scientific) was loaded per lane and separated by NativePAGE™ 3–

12% Bis-Tris Mini Protein gels (Thermo Fisher Scientific). 

https://en.wikipedia.org/wiki/Waltham,_Massachusetts
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3.2.3.3 Separation of BN-PAGE sample for VDAC1 detection 

To analyse the steady-state level of VDAC1 protein from DDM-solubilized 

mitochondria, 8 µg of protein was lysed in RIPA buffer and denatured for 30 min at 37°C in 

SDS-sample buffer. Samples were then separated by tricine SDS-PAGE using 12% (w/v) 

polyacrylamide mini gels (MiniProtean® 3 System; Bio-Rad). 

3.2.3.4 WB 

SDS-PAGE and BN-PAGE gels were transferred onto Immobilon-P PVDF Membrane 

(Millipore, Burlington, Massachusetts, USA) by semi-dry electroblotting using the Hoefer 

semi-dry transfer unit (Hoefer, Harvard Bioscience, Holliston, Massachusetts, USA) or 

Trans-Blot Turbo Transfer System (Bio-Rad). 

3.2.3.5 Immunodetection 

For immunodetection, membranes were incubated for 2 h in primary antibodies at room 

temperature (RT) or overnight at 4°C in 2% non-fat milk. Particular antibodies for individual 

experiments are summarized in Table 8. All membranes were detected with peroxidase-

conjugated secondary antibodies and SuperSignal™ West Femto Maximum Sensitivity 

Substrate or SuperSignal™ West Pico PLUS Chemiluminescent Substrate, respectively, 

(34096 or 34577; Thermo Fisher Scientific) using G:Box (Syngene, Cambridge, UK) and 

analysed by Quantity One software (Bio-Rad). 

https://www.google.com/search?biw=1440&bih=757&sxsrf=ALeKk02V8oM-4B_ck1M4qMpbfPE_bgvEbw:1607953734720&q=harvard+bioscience+holliston,+massachusetts,+usa&stick=H4sIAAAAAAAAAOPgE-LSz9U3MC4wskwvUOIAsUvijYy1tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWA0yEovKEotSFJIy84uTM1PzklMVMvJzcjKLS_LzdBRyE4uLE5MzSotTS0qKdRRKixN3sDICAAE4xcN6AAAA&sa=X&ved=2ahUKEwjO8rC5zs3tAhVFTBoKHe0SAGEQmxMoATAVegQIEhAD
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Table 8: Summary of antibodies used for immunodetection of SDS-PAGE and BN-PAGE 

membranes (1/2) 

Experiment Antibody Company 
Catalogue 

Number 
Dilution 

Characterisation of 

mitochondrial fraction 

in HEK293 and HeLa 

WT cells, SDS-PAGE 

ACBD3 Atlas Antibodies HPA015594 1:2000 

β-actin Cell Signalling Technology 4970 1:2000 

OPA1 
BD Transduction 

Laboratories 
612607 1:1000 

SERCA2 Abcam 2861 1:1000 

GM130 Sigma G7295 1:3000 

DDM-solubilized 

mitochondria, BN-

PAGE from ACBD3-

KO cells 

NDUFA9 Abcam 14713 1:1000 

SDHA Abcam 14715 1:10000 

UQCRC2 Abcam 14745 1:8000 

MTCO2 Abcam 110258 1:10000 

ATPB Abcam 14730 1:4000 

OXPHOS protein 

subunits in ACBD3-

KO cells, SDS-PAGE 

ACBD3 Atlas Antibodies HPA015594 1:2000 

NDUFA9 Abcam 14713 1:2500 

NDUFB6 Abcam 110244 1:4000 

SDHA Abcam 14715 1:20000 

SDHB Abcam 14714 1:1000 

UQCRC1 Abcam 110252 1:5000 

UQCRC2 Abcam 14745 1:20000 

MTCO1 Abcam 14705 1:4000 

MTCO 2 Abcam 110258 1:10000 

COX5a Abcam 110262 1:2000 

ATPB Abcam 14730 1:2000 

VDAC1 Abcam 14734 1:2000 

GAPDH Abcam 8245 1:13000 

α-tubulin Cell Signalling Technology 2125 1:2000 

Golgi assessment in 

ACBD3-KO cells, 

SDS-PAGE 

ACBD3 Atlas Antibodies HPA015594 1:2000 

GM130 Abcam 52649 1:5000 

GRASP65 Abcam 174834 1:1000 

GRASP55 ProteinTech 10598-1-AP 1:5000 

GAPDH Abcam 8245 1:13000 

β-actin Cell Signalling Technology 4970 1:2000 

Glycosylation pattern 

in ACBD3-KO cells, 

SDS-PAGE 

LAMP2 Santa Cruz Biotechnology 18822 1:500 
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Continued (2/2) 

Experiment Antibody Company 
Catalogue 

Number 
Dilution 

OXPHOS protein 

subunits in patients 

with MT-ND5 gene 

mutations, SDS-

PAGE, fibroblasts 

ND5 Abcam 138136 1:2000 

NDUFA9 Abcam 14713 1:4000 

NDUFB6 Abcam 110244 1:3000 

SDHA Abcam 14715 1:20000 

UQCRC1 Abcam 110252 1:2000 

UQCRC2 Abcam 14745 1:40000 

MTCO2 Abcam 110258 1:10000 

β-tubulin Sigma T4026 1:4000 

m.13091T>C DDM-

solubilized 

mitochondria, BN-

PAGE, muscle 

NDUFA9 Abcam 14713 1:2000 

SDHA Abcam 14715 1:6666 

UQCRC2 Abcam 14745 1:20000 

MTCO1 Abcam 14705 1:3000 

ATP5A Abcam 14748 1:2000 

m.4135T>C DDM-

solubilized 

mitochondria, BN-

PAGE, muscle 

NDUFB6 Abcam 110244 1:4000 

SDHA Abcam 14715 1:2000 

UQCRC2 Abcam 14745 1:10000 

MTCO2 Abcam 110258 1:10000 

ATPB Abcam 14730 1:4000 

m.4135T>C DDM-

solubilized 

mitochondria, BN-

PAGE, fibroblasts 

NDUFV1 Sigma WH0004723M1 1:500 

NDUFS3 MitoScience MS110 1:2000 

NDUFA9 Abcam 14713 1:2000 

SDHA Abcam 14715 1:4444 

MTCO2 Abcam 14745 1:20000 

ATPB Abcam 14730 1:5000 

m.4135T>C DIG-

solubilized 

mitochondria, BN-

PAGE, fibroblasts 

NDUFA9 Abcam 14713 1:2000 

SDHA Abcam 14715 1:10000 

UQCRC2 Abcam  14745 1:8000 

MTCO1 Abcam 14705 1:10000 

PMM2 patients DDM-

solubilized 

mitochondria, BN-

PAGE, fibroblasts 

NDUFA9 Abcam 14713 1:2000 

SDHA MitoScience MS204 1:10000 

SDHB Abcam 14714 1:10000 

UQCRC2 Abcam  14745 1:8000 

MTCO1 Abcam 14705 1:4000 

ATPB Abcam 14730 1:5000 

VDAC1 Abcam 14734 1:2000 

PMM2 patients DIG-

solubilized 

mitochondria, BN-

PAGE, fibroblasts 

NDUFA9 Abcam  14713 1:2000 

NDUFB6 Abcam 110244 1:2000 

SDHA Abcam 14715 1:10000 

UQCRC2 Abcam 14745 1:8000 

MTCO1 Abcam 14705 1:4000 
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3.2.4 High-Resolution Respirometry 

HEK293 and HeLa cells were cultivated to approximately 80% confluence, harvested by 

incubation (5 min, 37°C) with TE (Trypsin, 0.05% (w/V); EDTA (0.02%, w/V)), washed 

and resuspended in mitochondrial respiration medium MiRO5 kit (60101-01, Oroboros 

Instruments, Innsbruck, Austria) and centrifuged at 300 g, 24°C for 5 min. Cells were 

resuspended in approximately 500–800 µl MiRO5 and then counted by a Handheld 

Automated Cell Counter (Millipore). Two million cells were added in a 2 ml chamber with 

preheated (37°C) MiR05 medium and measured in the Oroboros O2k-FluoRespirometer. 

After cell addition, ROUTINE respiration was analysed which is physiological respiration 

controlled by cellular energy demand, energy turnover and the degree of coupling to 

phosphorylation. Next, an ATP synthase inhibitor, Oligomycin (25 nM), was added to 

inhibit mitochondrial respiration and investigate proton LEAK. This non-phosphorylating 

state is respiration maintained mainly to compensate for the proton leak at a high 

chemiosmotic potential. Afterwards, the FCCP uncoupler (1 µM titration steps, final 

concentration 7–10 µM) was added to obtain the maximal electron transfer capacity meaning 

oxygen consumption in the non-coupled state at optimum uncoupler concentration. In the 

electron transfer state, the mitochondrial membrane potential is almost fully collapsed and 

provides a reference state for flux control ratios. Finally, inhibitors of CI and CIII, 

Antimycin A (2.5 µM) and Rotenone (0.5 µM), respectively, were added to obtain residual 

oxygen consumption (ROX), which is due to oxidative side reactions remaining after the 

inhibition of the electron transfer pathway in cells. ROX state was used as a respiratory and 

methodological correction factor for other respiratory states. Flux control ratio (FCR) is the 

ratio of oxygen flux in respiratory control states, normalized for maximum flux in a common 

reference state, to obtain theoretical lower and upper limits of 0.0 and 1.0. FCR provides an 

internal normalization and expresses respiratory control independent of the mitochondrial 

amount and shows the quality of mitochondrial respiration (Gnaiger 2020). 

3.2.5 Analysis of mtDNA content 

The relative amount of mtDNA was analysed by real-time PCR as described previously 

(Pejznochova et al. 2010). Briefly, total DNA was isolated from cells using the QIAamp 

DNA Mini Kit (51306, QIAGEN, Hilden, Germany) according to the manufacturer’s 

instructions. To quantify the mtDNA content, the MT-RNR2 gene (encoding 16S rRNA) was 

used as a mitochondrial target and the GAPDH gene as a nuclear target. Primer sequences 

https://wiki.oroboros.at/index.php/Mt-membrane_potential
https://wiki.oroboros.at/index.php/Flux_control_ratio
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were published previously, PCR conditions were as follows: initial denaturation at 95°C for 

15 min, 42 cycles of 95°C for 15 s, annealing at 54°C for 20 s and elongation at 72°C for 

30 s and final elongation at 72°C for 7 min using StepOnePlusTM (Applied Biosystems, 

Foster City, California, USA). Tenfold serial dilutions of the genomic DNA (from 100 ng to 

10 ng) from control cell lines were included in each run to generate the calibration curve. 

The nuclear target was used to quantify nDNA to normalise the amount of mtDNA per cell. 

3.2.6 Flow cytometry measurement of dihydroethidium-stained cells 

Measurements of dihydroethidium (DHE)-stained cells by flow cytometry were 

performed as described previously (Ondruskova et al. 2020). In brief, 5x105 cells per sample 

were stained by 10 μM DHE (D23107, Invitrogen) for 30 min at 37°C and measured by BD 

FACS CANTO II flow cytometer (BD Biosciences, San Jose, California, USA) with the 

FACSDiva Version 6.1.3. software. As a positive control (increased ROS production), 

100 μM menadione (M5625, Sigma, St. Louis, Missouri, USA) was used. 

3.2.7 Confocal and transmission electron microscopy 

For confocal microscopy, where indicated, cells were stained by 200nM MitoTracker® 

Red CMXRos (M7512, Invitrogen) for 30 min at 37°C before fixation. The cells were fixed 

in 4% PFA, permeabilised by 0.1% Triton-X100, blocked in 10% iFBS (1 h, RT) and 

labelled overnight by specific antibodies (summarized in Table 9). Incubations with specific 

secondary antibodies were performed the next day. Mounted cells (P36931, Invitrogen) were 

captured by confocal microscope Leica SP8X, image acquisition using HC PL APO 

63x/1.40 OIL CS2 objective and HyD detectors with gating set to 0.3–6 ns (Leica 

Microsystems, Wetzlar, Germany). 

Table 9: Antibodies used for immunocytochemistry 

Experiment Antibody Company 
Catalogue  

Number 
Dilution 

Characterisation of 

HEK293 and HeLa WT 

cells 

ACBD3 Atlas Antibodies HPA015594 1:500 

Giantin Abcam 37266 1:200 

SERCA2 Abcam 2861 1:200 

Golgi assessment in 

ACBD3-KO cells 

GM130 Abcam 52649 1:250 

TGN46 Biorad AHP500G 1:250 

Measurements of the relative Golgi area were performed using ImageJ 1.48v (Wayne 

Rasband, National Institutes of Health, Bethesda, Maryland, USA) and correlation 

coefficients of GM130 and TGN46 signals were determined by the LAS X software (Leica 

https://www.google.com/search?sxsrf=ALeKk01ZdzjE74h4c9ZBQM4y-gYXYeqQkg:1615219605890&q=applied+biosystems+foster+city,+kalifornie,+usa&stick=H4sIAAAAAAAAAOPgE-LSz9U3MKoyzMkuUuIAsYtMi020tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWPUTCwpyMlNTFJIy84sri0tSc4sV0vKBdJFCcmZJpY5CdmJOZlp-UV5mqo5CaXHiDlZGADoErnR5AAAA&sa=X&ved=2ahUKEwjN9d72iaHvAhXCxoUKHZ0kDD4QmxMoATAkegQIJhAD
https://www.google.com/search?sa=X&biw=1680&bih=850&sxsrf=ALeKk01m9vFjK_mq2gyfNfkhErGWwnHfeA:1612794852151&q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYOYNL9BR88kszi3ewMgIA78eh6VIAAAA&ved=2ahUKEwj714eCwdruAhVsoosKHZKlCWMQmxMoATAPegQIEBAD&cshid=1612794902072057
https://www.google.com/search?sxsrf=ALeKk00EFB0arSxo0_G6sMK2f7EJU9i8EA:1612795057494&q=Wetzlar&stick=H4sIAAAAAAAAAOPgE-LSz9U3sExPMksvVuIEsQ0ts4yrtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1jZw1NLqnISi3awMgIA2xSWHVIAAAA&sa=X&ved=2ahUKEwjE6fzjwdruAhWWHXcKHYUfD7UQmxMoATAUegQIGRAD
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Microsystems). To assess statistical significance, a Mann-Whitney test was calculated by 

GraphPad Prism version 8.3.0 for Windows (GraphPad Software, San Diego, California, 

USA). 

For transmission electron microscopy (TEM) analysis, the cells were fixed using 

a modification of Luft’s method (Luft 1956). The cells were incubated in PBS containing 

2% KMnO4 for 15 min, washed with PBS, and dehydrated with an ethanol series. The cells 

were subsequently embedded in Durcupan Epon (Electron Microscopy Sciences, Hatfield, 

Pennsylvania, USA), sectioned on an Ultracut microtome (Reichert, Depew, New York, 

USA) to thicknesses ranging from 600 to 900 Å, and finally stained with lead citrate and 

uranyl acetate. A Jeol JEM 1400 Plus transmission electron microscope (JEOL, Tokyo, 

Japan) was used for image acquisition. 

Mitochondria of normal size and cristae formation were counted as ‘‘normal’’, and 

mitochondria with atypical ultrastructure were counted as ‘‘abnormal’’. Overall, more than 

300 mitochondria from 27 TEM pictures were categorized. Disputable mitochondria were 

excluded from the analysis. Significance was determined by the Mann-Whitney t-test, using 

GraphPad Prism. 

3.2.8 Lipidomics 

For the Lipidomics analysis, two types of input material were used – cells and 

mitochondria. The cellular material was obtained from a confluent 6-well plate (in triplicates 

for each ACBD3-KO clone), rinsed twice with PBS, scraped into 1 ml PBS and stored at –

80°C for downstream analysis. In the case of mitochondria, the organelles were isolated by 

the Mitochondrial Isolation kit (Miltenyi Biotec) from 107 cells. One sample for each 

ACBD3-KO clone was used. Overall, ACBD3-KO mitochondria were analysed in 

quadruplicate. For the quantification of absolute values from the MS analysis, the protein 

concentration of each sample was used (BCA assay).  

Samples were processed via LC−MS workflow LIMeX1 (LIpids, Metabolites and 

eXposome compounds) for the simultaneous extraction of complex lipids, polar metabolites, 

and exposome compounds that combines an LC−MS untargeted and targeted analysis. The 

                                                 

1 This analysis was performed at the Laboratory of Metabolism of Bioactive Lipids, Institute of Physiology, 

Academy of Science, Czech Republic 
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extraction of metabolites was carried out using a biphasic solvent system of cold methanol, 

methyl tert-butyl ether, and 10% methanol (Janovska et al. 2020; Paluchova, Oseeva, et al. 

2020; Paluchova, Vik, et al. 2020; Sistilli et al. 2021).  

Due to repeated measurements, linear mixed-effects models with interactions were used 

to analyse the data2. The subject of the patient was considered a random effect. P-values less 

than 5% were considered statistically significant. Analyses were conducted using the R 

statistical package version 3.6.3. (R Core Team (2020). Vienna, Austria). 

3.2.9 Measurement of sphingomyelin synthase activity 

The activity of SM synthase (SMS) was measured as described previously (Bilal et al. 

2017). In short, 1.5 x 106 cells were incubated with 2.5 μM C6-NBD-ceramide (144090, 

Abcam, Cambridge, UK) for 1 h at 37°C. Lipids were extracted by the Folch method and 

separated by thin-layer chromatography (TLC). The same amount of protein (determined by 

BCA assay) was used for individual spotted samples. Visualization of the fluorescence-

labelled sphingolipid species was performed by G:box (Syngene) and quantified by Quantity 

One software (Bio-Rad).  

3.2.10 Measurement of OXPHOS enzyme activities 

The activities of respiratory chain complexes3 (complex I − NADH:coenzyme Q 

oxidoreductase, CI, EC 1.6.5.3; complex I + III − NADH:cytochrome c oxidoreductase, 

CI + III; complex II − succinate:coenzyme Q oxidoreductase, CII, EC 1.3.5.1; complex 

II + III − succinate:cytochrome c oxidoreductase, CII + III; complex III − coenzyme 

Q:cytochrome c oxidoreductase, CIII, EC 7.1.1.8; complex IV − cytochrome c oxidase, 

CIV, EC 1.9.3.1) were measured according to (Rustin et al. 1994). The activity of citrate 

synthase (CS, EC 2.3.3.1), serving as the control enzyme to avoid assay variability, was 

measured according to (Srere 1969). Protein concentrations were measured by the Lowry 

method (Lowry et al. 1951). 

                                                 

2 Statistical analysis was performed in collaboration with Václav Čapek, PhD. 

3 Measurement was performed as a part of rutine diagnostics in Laboratory for study of mitochondrial disorders 

https://www.google.com/search?sxsrf=ALeKk02aotC5nD7W0sNeRIrp0R_3N6qU2g:1612795159294&q=Cambridge&stick=H4sIAAAAAAAAAOPgE-LSz9U3ME0ySC43VOIAsS3NLYq0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWDmdE3OTijJT0lN3sDICALVAxwFTAAAA&sa=X&ved=2ahUKEwi9nMKUwtruAhUFxYsKHd6VAbQQmxMoATARegQIGRAD


MATERIAL AND METHODS 

64 

 

3.2.11 Computational structural analyses4  

The visualisations of respiratory complexes and their components were rendered by 

PyMol software, using atomic coordinates of human CI (PDB ID: 5XTD) and coordinates 

of active and inactive forms of mouse CI (PDB ID: 6G2J and 6G72, respectively) (Guo et 

al. 2017) The effect of mutations on protein structure and stability was predicted using 

DynaMut software (Rodrigues, Pires, and Ascher 2018).  

Multiple sequence alignment was performed using the ConSurf server (Ashkenazy et al. 

2016). The resulting alignment contains 2000 unique sequences that in equal intervals 

sampled the representative homologous sequences, sharing identity between 50 and 95% 

with the human ND1. 

                                                 

4 Computational structural analyses was performed in collaboration with Assoc. Prof. Václav Martínek Ph.D., 

Department of Biochemistry, Faculty of Science, Charles University, Prague, Czech Republic. 
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4 RESULTS AND DISCUSSION 

4.1 Results and discussion related to the aim A)  

The role of ACBD3 protein in mitochondria and Golgi in HEK293 and HeLa cells  

I. Publication related to the aim A) 

1] Tereza Daňhelovská, Lucie Zdražilová, Hana Štufková, Marie Vanišová, 

Nikol Volfová, Jana Křížová, Ondřej Kuda, Jana Sládková, and Markéta 

Tesařová. 2021. “Knock-Out of ACBD3 Leads to Dispersed Golgi Structure, 

but Unaffected Mitochondrial Functions in HEK293 and HeLa Cells.” 

International Journal of Molecular Sciences 22 (14): 7270. 

https://doi.org/10.3390/ijms22147270. (IF = 5.924) 

Author’s contributions related to aim A: characterisation of HEK293 and HeLa WT 

cells; preparation of ACBD3-KO cell lines; characterisation of ACBD3-KO: analysis 

of OXPHOS protein complexes and subunits, ROS production, and statistical analysis 

from TEM; Golgi assessment (immunocytochemistry (ICC), SDS-PAGE/WB, 

statistical analysis), preparation cells for lipidomics analysis, TLC, and manuscript 

preparation. 

https://doi.org/10.3390/ijms22147270
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4.1.1 Localisation of ACBD3 protein in HEK293 and HeLa cell lines  

Previously, in our laboratory was shown that ACBD3 protein is localised in cytosol and 

mitochondria in HEK293 cells (Figure 11), but we were not able to repeat the experiment 

with the same results on the newly purchased HEK293 cell line. Cell lysates and 

mitochondria from HEK293 WT and HeLa WT, isolated by mitochondrial isolation kit, were 

separated and characterised using SDS-PAGE/WB (Figure 12A). In both cell lines, the 

mitochondrial fraction had only a faint signal of ACBD3. Even though we used the highly 

sensitive kit for mitochondrial isolation, those fractions contain a relatively strong signal of 

ER (detected by SERCA2 antibody) and a slight signal of Golgi (detected by GM130) was 

found as well. Due to those founding, we performed immunocytochemistry staining of 

ACBD3 together with markers against several compartments. The mitochondrial network 

was visualised by MTR, ER by SERCA2 antibody and Golgi by giantin antibody. In both, 

HEK293 and also HeLa, we found colocalisation of ACBD3 only together with giantin 

(Golgi) (Figure 12B). 

 

Figure 11: Mitochondrial and sub-mitochondrial localisation of ACBD3 protein in HEK293 wild-type cells. 

A) Similar anti-ACBD3 signals were observed in cell lysate, cytosol and mitochondria (isolated by differential 

centrifugation). OPA1 antibody was used as a mitochondrial marker and α-tubulin as a marker of cytosol. B) 

ACBD3 is associated with the outer mitochondrial membrane (OMM). OPA1 antibody was used as a marker 

of the inner mitochondrial membrane (IMM), porin antibody (VDAC1) was used as a marker of the OMM and 

cytochrome c (CYT C) antibody was used as a marker of the intermembrane space (IMS). For disruption of 

the OMM, isolated mitochondria were solubilised in a hypotonic medium and centrifuged. Mito represents the 

whole mitochondrial fraction from differential centrifugation, pellet represents proteins of the IMM and the 

mitochondrial matrix and supernatant represent proteins from the OMM and the IMS. Mitochondria were 

isolated by standard differential centrifugation. (Unpublished results from Laboratory for study of 

mitochondrial disorders). 
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Figure 12: A) Characterisation of mitochondrial fraction and whole cell lysate of HEK293 and HeLa wild-

type cells using SDS-PAGE/WB. β-actin was used as a cytosol marker, OPA1 as a mitochondrial marker, 

SERCA2 as ER marker and GM130 as a Golgi marker. 25, 50 and 100 indicate the loading dose of the 

protein. Mitochondria were isolated by the Mitochondria isolation kit. B) Immunocytochemistry staining 

of HEK293 and HeLa wild-type cells. ACBD3 signal colocalized only with giantin (Golgi marker). Scale 

bar 10 μm. 

We were unable to reliably answer the question of if ACBD3 is localized in mitochondria. 

According to the published theories, the transduceosome protein complex probably handles 

the ACBD3 protein as a tether between TSPO and PKARIα. The TSPO is a transmembrane 

protein of the OMM, but PKA type I is a cytosolic enzyme. Therefore, ACBD3 probably 

acts as a scaffold between those proteins close to the OMM, rather than inside the OMM. It 

is widely accepted that ACBD3 is primarily a Golgi protein, so its localisation in proximity 

to mitochondria could be transient only after cAMP stimulation. A similar pattern was 

described in the case of the ACBD2 protein which is preferentially localized in the 

peroxisome, but colocalisation with mitochondria was described only upon a cAMP 

stimulation by dibutyryl-cAMP (Fan et al. 2016).  
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4.1.2 Preparation of ACBD3 KO  

To create a cell line lacking the ACBD3 protein (ACBD3-KO), we used CRISPR/CAS9 

technology with a commercially available plasmid. After seven transfections and testing of 

more than 150 clones, we obtain five HEK293 (24, 46, 59, 87 and 92) and one HeLa (B3) 

clone with no ACBD3 signal on WB (Figure 13A and 13B). To characterise the quality of 

the anti-ACBD3 antibody used for ICC from Figure 12B, we performed ICC staining of 

ACBD3 in HeLa WT and ACBD3-KO cell line B3 (Figure 13C). The same ICC condition 

and same filter settings were applied during acquisition and post-adjustment. Rabbit 

polyclonal anti-ACBD3 (Atlas Antibodies HPA015594) was used for all experiments. 

According to The Human Protein Atlas, the antibody validation score for ICC is “supported” 

and for WB is “enhanced”. 

 

Figure 13: Characterisation of A) HeLa ACBD3-KO (B3) and B) HEK293 ACBD3-KO (24, 46, 59, 87 and 

92) with a specific antibody against ACBD3 in whole-cell lysate using SDS-PAGE/WB. As a loading control, 

antibodies against α-tubulin or β-actin were used. 25, 50 and 100 indicate the loading dose of protein. C) 

Immunofluorescence images of ACBD3 antibody in HeLa WT and ACBD3-KO (B3) cell lines. Scale bar 

10 μm.  

https://www.proteinatlas.org/
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Plasmids used for the transfection contain three different gRNA directed into exons 4 and 

5 of the ACBD3 gene. Clones which no ACBD3 signal on WB undergoes sequencing of 

a given area to characterise the resulting reconstruction. While in exon 5, the same deletion 

homozygous or heterozygous was found, genetic reconstruction in exon 4 differs among the 

individual clones (Table 10). In silico analysis of off-target effects revealed high specificity 

of all three gRNAs used for the ACBD3 gene. 

Three HEK293 ACBD3-KO cell lines (HEK293 ACBD3-KO 24, 59 and 87) and one 

HeLa cell line (HeLa ACBD3-KO B3) were used for downstream analysis. All four ACBD3-

KO clones showed consistent results across a broad range of analyses. 

Table 10: Molecular characterisation of ACBD3-KO clones  

Cell line clone Exon 4 Exon 5 

HEK293 

24-KO heterozygous 664_690del homozygous 798_839 del 

46-KO wild-type homozygous 798_839 del 

59-KO heterozygous 669_713del heterozygous 798_839 del 

87-KO wild-type homozygous 798_839 del 

92-KO heterozygous 664_728 del heterozygous 798_839 del 

HeLa B3-KO heterozygous 664_687 del homozygous 798_839 del 

4.1.3 Lipidomics analysis in ACBD3-KO cells  

To confirm our hypothesis that ACBD3 protein is participating in cholesterol transport 

into mitochondria and its absence will disrupt mitochondrial cholesterol level, lipidomics 

analysis in ACBD3-KO cells and isolated mitochondria was performed (Figure 14, statistic 

in Table 11). The level of cholesterol did not significantly differ in cells nor the isolated 

mitochondria, but a significantly altered amount of cholesteryl esters was measured. 

An interesting founding was the significantly diminished level of coenzyme Q9 (CoQ9), 

but normal CoQ10 in both whole cells and mitochondria. In humans, CoQ9 and CoQ10 are 

synthetized by the same PDSS1/2 heterotetramer (Saiki et al. 2005) in the first step of the 

mitochondrial part of the CoQ biosynthesis. The function of human CoQ9 and the regulation 

mechanism specifying if CoQ9 or CoQ10 will be synthesized remains unclear. From our 

results, it seems that ACBD3 might somehow assist in the regulation of the specificity of 

PDSS1/2 for chain length formation. The BioPlex 2.0 study of protein-protein interactions 

identified the ACAD9 protein as a PDSS1 and PDSS2 interacting partner (Huttlin et al. 
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2017), but the role of ACAD9 in CoQ biosynthesis is not yet known. ACAD9 is also an 

Acyl-CoA binding protein and seems to have a similar role in the replication of some 

picornaviruses as ACBD3 (A. L. Greninger et al. 2013). Hypothetically, ACAD9 and 

ACBD3 could have similar but yet unknown functions in the regulation of PDSS1/2. As was 

already mentioned above, both CoQ biosynthesis and the function of CoQ9 in humans still 

require much research to be carried out. 

Moreover, decreased level of SMs, but a normal level of ceramides and hexosylceramides 

in both cells and mitochondria was found (Figure 14, statistic in Table 11). Due to the 

decreased SMs, an in situ measurement of SMS and glucosylceramide synthase (GCS) 

activity was measured by quantifying the conversion of C6-NBD-ceramide, a fluorescent 

ceramide analogue, to C6-NBD-SM (SMS activity) and C6-NDB-GlcCer (GCS activity), 

respectively, followed by TLC detection (Bilal et al. 2017). The experiment did not reveal 

any significant changes in SMS and GCS activity across the ACBD3-KO cells (Figure 15A, 

quantification in Figure 15B). Altogether, this suggests that ceramide is not effectively 

transported to the Golgi as a substrate for SMS. Transport of ceramides from ER to the Golgi 

for the synthesis of SM is CERT (ceramide transfer protein)-dependent, but transport of 

ceramides for GlcCer synthesis CERT-independent or CERT does not play a major role 

(Kumagai and Hanada 2019; Yamaji and Hanada 2014). We hypothesize that decreased level 

of SM, together with a normal SMS activity in ACBD3-KO cells, could be caused by 

impaired transport of ceramides from ER to Golgi. This is in accordance with previously 

published data (Shinoda et al. 2012), indicating for the first time the role of ACBD3 in the 

recruitment of PPM1L (ER-resident transmembrane protein phosphatase) to the ER-Golgi 

MCSs, which seems to be indispensable for the activation of CERT. We supposed that the 

ACBD3 protein is fundamental in the activation of CERT via PPM1L. The mechanism of 

delivery of ceramides from ER to the site of GlcCer synthesis remains unknown (Kumagai 

and Hanada 2019), but according to our results, the transport is probably ACBD3-

independent. Recently, increased SM and GlcCer levels were observed in an ACBD3-

downregulated HeLa cell line (J. Liao et al. 2019). This distinction could be related to the 

amount of ACBD3 residual protein in the downregulated HeLa cell line, as discussed 

previously (Housden et al. 2017; Zimmer et al. 2019). 
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Figure 14: Lipidomics analysis of ACBD3-KO cells (whole cells and isolated mitochondria) displayed as a 

percentage of control value. Cells were measured in triplicate (duplicate in case of 87-KO), dots represent 

individual obtained values, bar charts represent the mean value of ACBD3-KOs, and the error bar represents 

SD. The significance of the difference between wild-type and KO is summarized in Table 11. Linear mixed-

effects models were used for statistical analysis.  
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Table 11: Statistical analysis of lipidomics data 

  Chol CE CoQ9 SM CER HexCer Hex2Cer Hex3Cer 

WT  

vs.  

KO 

cells NS ** ** *** NS NS NS NS 

mitochondria NS *** *** ** NS NS NS NS 

HeLa NS *** *** NS NS NS NS NS 

HEK293 NS NS *** *** NS NS NS NS 

overall NS *** *** *** NS NS NS NS 

p < 0.01 (**); p < 0.001 (***); NS: not significant. Abbreviations: CE: cholesteryl esters, CER: ceramides, 

Chol: cholesterol, CoQ9: coenzyme Q9, HexCer: hexosylceramides, Hex2Cer: dihexosylceramides, 

Hex3Cer: trihexosylceramides, KO: knock-out, SM: sphingomyelins, WT: wild-type. 

 

Figure 15: In situ analysis of sphingomyelin synthase (SMS) and glucosylceramide synthase (GCS) activities. 

A) Activities of SMS and GCS were analysed using fluorescent-labelled ceramide (C6-NBD-Cer) and are 

visualised as the number of synthesized products, sphingomyelin (C6-NBD-SM), and glucosylceramide (C6-

NBD-GlcCer), respectively. B) Quantification of TLC results. The relative signal intensity of GCS and SMS 

activity was normalized to the intensity of ceramide by densitometric analysis. Each dot represents a value for 

a particular ACBD3-KO. Values are displayed as a percentage of the control value. 
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4.1.4 Impact of ACBD3 protein absence on mitochondrial metabolism 

Mitochondrial ultrastructure was studied by TEM. Overall, the ultrastructure of 

mitochondria was not changed in ACBD3-KO cells (Figure 16). In most of the cells, the 

intact structure of mitochondria with normal cristae formation was observed. However, 

a significantly increased proportion of mitochondria with abnormal structure was found in 

87-KO (Figure 16A, quantification 16C). 

 

Figure 16: Transmission electron microscopy (TEM) of the ultrastructure of mitochondria (15,000x (scale bar 

1 μm) and 25,000x (scale bar 0.5 μm)) and the Golgi apparatus (25,000x) in A) HEK293 ACBD3-KO and B) 

HeLa ACBD3-KO cells. C) Quantification of the mitochondria with normal and abnormal ultrastructure in 

HEK293 wild-type and 87-KO. More than 300 mitochondria from 27 pictures per cell line were used to 

determine statistical significance by Mann-Whitney t-test. Error bar represents SEM, p < 0.001 (***). 
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The analysis of the steady-state level of OXPHOS protein complexes in isolated 

mitochondria from ACBD3-KO cell lines was performed by BN-PAGE/WB. Overall, the 

amount of OXPHOS protein complexes remains in the control range. Only a partial 

reduction in the CIII level in 59-KO (62% of control), a slightly decreased level of CI in 87-

KO (70% of control), and an elevated level of CIV in B3-KO (184% of control) were found 

(Figure 17).  

 

Figure 17: Steady-state level of OXPHOS protein complexes in isolated mitochondria from A) HEK293 and 

B) HeLa ACBD3-KO cells. 50 and 100 indicate the loading dose of protein. Relative signal density was 

normalized to the intensity of complex II by densitometric analysis. C) and D) Quantification of Western blots 

from A) and B). ‘‘n’’ represents the number of independent analyses per sample. Error bars represent SD.  

Abbreviations: CI – CV: complex I – complex V, KO: knock-out, WT: wild-type 

Subsequently to the analysis of OXPHOS protein complexes, the amount of selected 

OXPHOS protein subunits was analysed (Figure 18). The markedly changed volume of CIV 

subunits (both, mtDNA and nuclear-encoded) was found in 59-KO (MTCO1 (COX1) 

subunit at 160% of control and COX5a subunit at 134% of control) and B3-KO (MTCO2 

(COX2) subunit at 152% of control and COX5a at 250% of control). But those alterations 

had no impact on the assembly of CIV (Figure 17). Generally, only delicate alterations in 

the levels of several subunits were found, while overall, the amounts of OXPHOS protein 

subunits did not significantly change in ACBD3-KO cell lines.  
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In addition to OXPHOS protein subunits, we tried to study the impact of the ablation of 

ACBD3 on the other proteins of the transduceosome complex. Unfortunately, our approach 

did not allow us to uncover the steady-state level of all proteins across both cell types (used 

antibodies are summarized in Table 12). The level of VDAC1 protein was not changed in 

HEK293 and HeLa ACBD3-KO. The levels of TSPO and ACBD1 were successfully 

detected only in HeLa B3-KO when they were not altered compared to the control (data not 

shown). 

 

Figure 18: Steady-state level of selected OXPHOS protein subunits in A) HEK293 and B) HeLa ACBD3-KO. 

25, 50, 100 and 150 indicate loading dose of protein. The relative signal intensity of individual antibodies was 

normalized to the intensity of loading control (GAPDH and α-tubulin, respectively) by densitometric analysis. 

C) and D) Quantification of western blots from A) and B). Abbreviations: CI – CV: complex I – complex V, 

KO: knock-out, WT: wild-type 
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Table 12: Antibodies used for transduceosome characterisation in ACBD3-KO cells 

Antibody Company 
Catalogue 

Number 

Results from SDS-PAGE in 

HEK293/HeLa 

StAR Abcam 58013 ↓↓↓/↓↓↓ 

VDAC1 Abcam 14734 not changed/not changed 

TSPO Cell Signaling 9530 ↓↓↓/not changed 

ACBD1 
Atlas Antibodies HPA051428 ↓↓↓/↓↓↓ 

Abcam 16806 ↓↓↓/not changed 

ATAD3 Abcam 112572 ↓↓↓/NA 

Annotation: ↓↓↓ – low specificity of the antibody; NA – not analyzed. 

Mitochondrial respiration, analysed by high-resolution respirometry, in most ACBD3-

KO cell lines corresponded with controls in all states, except B3-KO, where the ROUTINE 

respiration, controlled by cellular energy demand and turnover, was elevated, indicating 

possible cellular stress (Figure 19). 

 

Figure 19: High-resolution respirometry in A) HEK293 and B) HeLa ACBD3-KO cells. ROUTINE respiration 

shows physiological respiration; LEAK shows proton leak after inhibition of F1Fo-ATP synthase by 

oligomycin. Residual oxygen consumption (ROX) and electron transfer capacity (ET capacity) represent 

minimal and maximal non-physiological values of respiration, which are set at 0.0 and 1.0 in FCR. ‘‘n’’ 

represents the number of independent measurements. Error bars represent SD. 

Afterwards, the production of ROS was measured to determine oxidative stress. ROS 

production remains in the control range in all ACBD3-KO clones except 59-KO in which 

a small amount of ROS-positive cells was found (Figure 20 and Figure 21). 
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Figure 20: Production of reactive oxygen species (ROS). Histogram plots show the fluorescent signal 

distribution in DHE-stained cells. A) a positive control (treated with 100 μM menadione), B) HEK293 wild-

type 1, C) HEK293 wild-type 2, D) ACBD3-KO 24, E) ACBD3-KO 59 and F) ACBD3-KO 87. x-axis: 

fluorescence intensity; y-axis: cell count. Blue populations represent cells without ROS-positive signals in 

controls; medians are figured in each plot. A modest increase in ROS production was observed in ACBD3-

KO 59 (median 10,561). In the other two ACBD3-KO cell lines (24 and 87) remains ROS production in the 

control range.  

 

Figure 21: Production of reactive oxygen species (ROS). Histogram plots show the fluorescent signal 

distribution in DHE-stained cells. A) a positive control (treated with 100 μM menadione), B) HeLa wild-type 1, 

C) HeLa wild-type 2, D) ACBD3-KO B3. x-axis: fluorescence intensity; y-axis: cell count. Blue populations 

represent cells without ROS-positive signals in controls; medians are figured in each plot. In HeLa ACBD3-

KO (B3), ROS production remains comparable to control. 
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The analysis of mtDNA content did not reveal any alteration across ACBD3-KO clones 

(Graph 1). Based on our results, neither mitochondrial ultrastructure, OXPHOS, nor the 

mtDNA amount, seem significantly altered in ACBD3-KO HEK293 and HeLa cells. 

 

Graph 1: A comparison of relative mtDNA levels in ACBD3-KO cell lines (HEK293 ACBD3-KO 24, 59, 87; 

and HeLa ACBD3-KO B3) and control cell lines (HEK293 wild-type and HeLa wild-type). ‘‘n’’ represents 

the number of independently analyzed samples per each group. Error bars represent SD. 

To our knowledge, this study is the first research focused on the role of ACBD3 in 

mitochondrial functions. Based on our results from a wide range of analyses (representation 

of OXPHOS protein complexes and subunits, mitochondrial respiration, ROS production, 

mitochondrial ultrastructure, and mtDNA relative quantification) in ACBD3-KO HEK293 

and HeLa cells, the ACBD3 protein is dispensable for the proper function of the OXPHOS 

and its absence has no notable effect on the level of cholesterol (both mitochondrial and 

cellular). We supposed that there is an alternative pathway of cholesterol transport into 

mitochondria. Along with ACBD3, ACBD1 (also known as DBI) and ACBD2 (also known 

as ECI2) are also mitochondrial proteins (Rath et al. 2021). ACBD1 was discussed 

previously as a part of the multiprotein complex transporting cholesterol into mitochondria 

(Miller 2013; Midzak et al. 2011; Desai and Campanella 2019; Midzak and Papadopoulos 

2016), but unlike ACBD3, its role was not described in detail. An ACBD1-dependent 

formation of mitochondrial pregnenolone was described in C6-2B glioma cells (V. 

Papadopoulos et al. 1992) and the depletion of ACBD1 in MA-10 and R2C Leydig cells 

caused reduced human chorion gonadotropin-stimulated steroidogenesis and decreased 

progesterone production, respectively (Boujrad, Hudson, and Papadopoulos 1993; Garnier 

et al. 1994). Equivalently to ACBD3, ACBD1 also binds TSPO at the OMM and IMM 
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contact sites and stimulates the transport of cholesterol into mitochondria. In mitochondria, 

ACBD1 directly promotes the loading of cholesterol on the CYP11A1 enzyme (Vassilios 

Papadopoulos and Brown 1995). Similarly, ACBD2 protein might participate in cholesterol 

transport into mitochondria. The ectopic expression of the ACBD2 isoform A led to 

increased basal and hormone-stimulated steroid formation in MA-10 Leydig cells (Fan et al. 

2016). Albeit most of the research focusing on cholesterol transport into mitochondria has 

been carried out in the context of steroidogenesis, a new mechanism of cholesterol transport 

into mitochondria in non-steroidogenic cells has been described (Andersen et al. 2020). 

Recently, a new protein GRAMD1B (also known as Aster-B) (containing a STARD1-related 

transfer domain and a mitochondrial target sequence) together with the Arf1 GTPase were 

described as proteins indispensable for cholesterol transport from ER to mitochondria in 

C2C12 mouse myoblast cell line. Their depletion led to a significant decrease in 

mitochondrial cholesterol content, resulting in mitochondrial dysfunction (Andersen et al. 

2020). 

4.1.5 Impact of ACBD3 protein absence on Golgi  

Due to the primary localisation of ACBD3 in Golgi, the structure of this organelle was 

examined. In ACBD3-KO cells, no characteristic ribbon-like Golgi structure and stacked 

cisternae were observed and a significantly increased amount of vesicles in the Golgi area 

was found by TEM (Figure 16A, 16B and detain in Figure 22A). Next, immunofluorescence 

staining of cis- and trans-Golgi markers (GM130 and TGN46, respectively) was performed. 

The ACBD3-KO cells exhibit an extremely fragmented and disorganized structure of the 

Golgi (Figure 22B). The relative Golgi area was markedly enlarged (Figure 22C) and the 

cis- and trans-Golgi signals did not co-localize (Figure 22D). Due to the significantly altered 

Golgi structure, the glycosylation pattern of the LAMP2 glycoprotein was examined using 

the mobility shift assay but found the pattern comparable with control samples (Figures 22E 

and 22F). Finally, the level of selected Golgi proteins involved in the maintenance of Golgi 

structure (GM130, GRASP65 and GRASP55) was analyzed. Nevertheless, the amount of 

those proteins remained in the control range, but interestingly, the level of β-actin was altered 

across ACBD3-KO cells (Figures 22G and 22H).  
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Figure 22: Golgi assessment in ACBD3-KO cells. A) Golgi structure in detail. Arrows point to normal Golgi 

structure in HEK293 wild-type and HeLa wild-type. In ACBD3-KO cells, normal Golgi structures with stacked 

cisternae and ribbon-like structures were barely found but multiplied vesicles in the Golgi area were detected. 

Scale bar 0.5 μm. B) Immunofluorescence staining of cis- and trans-Golgi markers in HeLa wild-type and 

ACBD3-KO B3. In ACBD3-KO, the Golgi structure is extremely fragmented, whereas a compact structure, 

typical for Golgi, was found in control cells. Scale bar 10 μm. C) Measurement of relative Golgi area in HeLa 

wild-type and ACBD3-KO from more than 60 cells was performed using ImageJ. Error bars represent SEM. 

A Mann-Whitney test was used to determine statistical significance, p < 0.0001 (****). D) Pearson’s 

correlation coefficient was applied to quantify GM130 and TGN46 colocalisation using LAS X software 

(Leica, Wetzlar, Germany). Error bars represent SEM. A Mann-Whitney test was performed to determine 

statistical significance, p < 0.05 (*). The mobility assay of LAMP2 glycoprotein did not reveal any alteration 

in E) HeLa and F) HEK293 ACBD3-KO. The numbers 25, 50 and 100 demonstrate the loading dose of protein. 

The steady-state level of selected Golgi proteins, participating in Golgi maintenance, determined in G) HeLa 

and H) HEK293 ACBD3-KO and control cells by SDS-PAGE/WB. The numbers 25, 50 and 100 demonstrate 

the loading dose of protein. Relative signal intensity was normalized to the intensity of loading control 

(GAPDH) by densitometric analysis. None of the analyzed Golgi proteins showed any significant change in 

protein amount but the level of β-actin was altered in ACBD3-KO cells.  

Predominantly, ACBD3 is associated with Golgi and interactions with several distinct 

proteins in different parts of Golgi have been described (Sohda et al. 2001; Yue et al. 2017; 

J. Liao et al. 2019; Shinoda et al. 2012; Sbodio et al. 2006; Klima et al. 2016; Y. Chen et al. 

2012). Similarly to others, we showed the localisation of ACBD3 in Golgi. The functions of 

ACBD3-containing protein complexes range from maintenance of the Golgi structure, 

membrane trafficking, and glycosphingolipid metabolism to regulation of de novo FA 

synthesis or apoptosis (Islinger et al. 2020). ACBD3 was described as a part of a multiprotein 

cisternal adhesion complex (ACBD3-TBC1D22-GRASP55-golgin45), where the exact role 

of ACBD3 in Golgi stacking remains unclear (Yue et al. 2017). Our results pointed to the 

fact, that absence of ACBD3 significantly affects the structure of the Golgi complex. We 

observed no ribbon-like or stacked structure; instead, we saw an uncommonly increased 

amount of vesicles and an enlarged Golgi area in HEK293- and HeLa-derived ACBD3-KO 

cell lines. Those results confirm previously published data on an ACBD3-downregulated 

HeLa cell line (J. Liao et al. 2019). Altogether, the data demonstrate the indispensability of 

the ACBD3 protein in Golgi stacking. Contrary to a double KO of GRASP55 and GRASP65 

(Golgi ReAssembly Stacking Proteins) (Bekier et al. 2017), the disruption of the Golgi 

structure in ACBD3-KO cells did not affect the level of Golgi proteins (GRASP55, 

GRASP65, and GM130), participating in the assembly of the apparatus, nor the 

glycosylation pattern of the LAMP2 glycoprotein and the level of hexosylceramides. Albeit 
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we demonstrated that ACBD3-deprivation mediated defect of Golgi maintenance did not 

affect the glycosylation pattern of LAMP2 glycoprotein, another study recently described 

a disruption of the glycosphingolipid metabolism in an ACBD3-downregulated HeLa cell 

line (J. Liao et al. 2019). Thus, it remains obscure whether and to what extent the absence of 

ACBD3 affects the functions of the Golgi.  
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4.2 Results and discussion related to the aim B)  

Description of the impact of novel variants in mtDNA-encoded genes on 

mitochondrial energetic metabolism 

I. Publication related to the aim B) 

2] Tereza Danhelovska, Hana Kolarova, Jiri Zeman, Hana Hansikova, Manuela 

Vaneckova, Lukas Lambert, Vendula Kucerova-Vidrova, Kamila Berankova, 

Tomas Honzik, and Marketa Tesarova. “Multisystem Mitochondrial Diseases 

Due to Mutations in MtDNA-Encoded Subunits of Complex I.” BMC 

Pediatrics 20, no. 1 (January 29, 2020): 41. https://doi.org/10.1186/s12887-

020-1912-x. (IF = 2.765) 

II. Manuscript related to the aim B) 

3] Rákosníková Tereza, Kelifová Silvie, Štufková Hana, Lišková Petra, Kousal 

Bohdan, Martínek Václav, Honzík Tomáš, Hansíková Hana, Tesařová 

Markéta. “A rare variant m.4135T>C in the MT-ND1 gene leads to LHON and 

altered OXPHOS supercomplexes.” (manuscript prepared for submission) 

Author’s contributions related to the aim B: SDS-PAGE (2) and BN-PAGE (2 and 

3) and manuscript preparation (2 and 3). Analysis of mitochondrial energy-generating 

capacity (MEGS) was performed by the author during her Master’s degree (2). 

https://doi.org/10.1186/s12887-020-1912-x
https://doi.org/10.1186/s12887-020-1912-x
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4.2.1 Characterisation of mitochondrial disorders caused by a mutation in MT-ND 

genes including two novel variants 

Mitochondrial disorders caused by mtDNA mutation in genes for structural subunits of 

CI were diagnosed in 15 patients from 14 families (P1 and P2 were cousins, and their 

mothers are sisters), representing 11–13% of families with reported mtDNA mutations in the 

Czech Republic. Altogether, 10 different heteroplasmic mtDNA mutations in the MT-ND1, 

MT-ND3, MT-ND5 and MT-ND6 genes were found, including two novel variants: 

m.4135T>C (p.Tyr277His) in MT-ND1 and m.13091T>C (p.Met252Thr) in MT-ND5. The 

mutations, the heteroplasmy levels and clinical data are summarized in Table 13. The same 

mtDNA mutations as in patients were also found in seven mothers (of P1, P4, P5, P8, P10, 

P11 and P15), in two sisters (of P4 and P10) and one brother (of P14) at least in one of the 

examined tissues (blood, urinary sediment, buccal smear or hair follicles). All were 

asymptomatic, except the mother of P8 who had repeated attacks of migraine. No mutations 

were detected in the other six mothers; mothers of P2 and P14 were not analysed.  

The MT-ND5 gene appears to be a hotspot for disease-causing mutations (Liolitsa et al. 

2003), and the m.13513G>A is one of the most common mutations (Shanske et al. 2008). 

Even though the MT-ND5 gene is the largest of the MT-ND genes, this alone does not explain 

the increased number of mutations in this gene compared with other mitochondrial genes 

(Blok et al. 2007). Nevertheless, it correlates with our cohort of patients, because 60% of 

them have a mutation in the MT-ND5 gene. Similarly to other reports (Shanske et al. 2008; 

Sudo et al. 2004; Chol 2003), the most frequent mutation in the MT-ND5 gene in our group 

of patients was m.13513G>A. Most of our patients manifested during childhood or 

adolescence, with Leigh or MELAS syndrome. Less frequent was the onset of optic 

neuropathy followed by multisystem symptoms resulting in LHON/MELAS overlap 

syndrome.  

4.2.1.1 Clinical symptoms in patients with novel variants 

Two novel variants m.4135T>C in MT-ND1 (P14) and m.13091T>C in MT-ND5 genes 

(P8) were found. Patient 14 is a 40 years old man who was asymptomatic until the age of 

37 years when decreasing visual acuity bilaterally occurring only during physical exercise 

started. Patient 8 is a 35 years old woman whose first symptoms appeared at the age of 

10 years when a frequent attack of migraine started. At the age of 26, she developed 

myopathy, optic neuropathy and secondary epilepsy. This is compatible with our observation 
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that any symptom from the broad phenotypic spectrum of MELAS syndrome may come first 

and stay isolated for a long period (Dvorakova et al. 2016). 
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Table 13: Clinical and laboratory data in 15 patients with complex I deficiency (1/3) 

Patient 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

mtDNA gene MT-ND1 
MT-

ND3 
MT-ND5 

MT-

ND1 
MT-ND6 

mutation  m.3697G>A 

m. 

3946 

G>A 

m. 

10158

T>C 

m. 

12706 

T>C 

m. 

13042

G>A 

m. 

13046

T>C 

m. 

13091 

T>C 

m.13513G>A 

m. 

4135 

T>C 

m. 

14487T>

C 

m
tD

N
A

 h
et

er
o

p
la

sm
y

 [
%

] 

muscle 93 np 53 95 83 96 70 61 67 48 97 np np 93 np 

fibroblasts 81 79 np 85 <10 65 43 np 65 40 4 np np 89 np 

blood 93 96 np 90 3 96 27 4 58 44 35 21 64 90 np 

hair 

follicles 
93 np np 94 np 90 44 12 np 66 86 9 4 np 98 

urinary 

sediment 
96 np np np 47 89 71 52 np 81 92 74 80 np 94 

buccal 

smear 
93 np np 92 np 93 34 30 np 55 68 5 71 np 95 

age at onset 

(week, months, 

years) 

1 w 1 w 9 y 4 m 17 y 6 m 12 y 10 y 1 m 6 y 10 y 10 y 5 m 37 y  14 m 

first symptom 
hypo-

tony 

hypo-

tony 

stroke-

like 

episode 

hypo-

tony 

Wernicke 

aphasia 

hypo-

tony 

optic 

neuro-

pathy 

migraine 
hypo-

tony 

optic 

neuro-

pathy 

stroke-

like 

episode 

hearing 

loss 

 nys-

tagmus 

decreas-

ing 

visual 

acuity  

hypotony 

failure to thrive + - + + - - - - + - - + - - + 

initial 

hypotony/later 

spasticity 
+/+ +/+ +/+ +/+ -/- +/+ -/- -/- +/+ -/- -/- +/- +/- - +/+ 
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Continued 2/3 

Patient 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

mtDNA gene MT-ND1 
MT-

ND3 
MT-ND5 

MT-

ND1 
MT-ND6 

mutation  m.3697G>A 

m. 

3946 

G>A 

m. 

10158 

T>C 

m. 

12706 

T>C 

m. 

13042 

G>A 

m. 

13046 

T>C 

m. 

13091 

T>C 

m.13513G>A 

m. 

4135 

T>C 

m. 

14487 

T>C 

delayed motor 

development 
+ + + + - + - - +   -   - - + 

cerebellar 

symptoms 
+ - + + + + - - + + + + - - + 

strabismus + + + + - + -     + - + + - - 

epilepsy + - + + + - - + + + + + - - + 

migraine -     - + - + + - + + + - - - 

optic atrophy -     - - + + + - + + + -  + - 

ptosis -     - - + - - + + + + + - - 

CPEO -   + - - + - - - + - + + - - 

visual 

impairment 
+ +   -   +   +/- + + - + + +   

hearing loss +   + + + - + - + + + + - - - 

peripheral 

neuropathy 
-     +     - - - - +   - - - 

mental 

insufficiency 
+ + + +   - - - + + - + - - + 

psychiatric 

disturbances 
    +   + - + -   + +   - -   

present age 

(died at years) 

died 

at 7 

died 

at 1.8 
31 

died 

at 1.3 

died at 

42 
6.5 17 31 

died 

at 3.3 
20.5 25 22 6.5 40 3.5 
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Continued 3/3 

Patient 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

mtDNA gene MT-ND1 
MT-

ND3 
MT-ND5 

MT-

ND1 
MT-ND6 

mutation  m.3697G>A 

m. 

3946 

G>A 

m. 

10158 

T>C 

m. 

12706 

T>C 

m. 

13042 

G>A 

m. 

13046 

T>C 

m. 

13091 

T>C 

m.13513G>A 

m. 

4135 

T>C 

m. 

14487 

T>C 

creatine kinase 

[controls <2.5 

ukat/l] 

1–2.4 0.8 1 0.66 2–3.8 np 1–190 1–1.7 0.6 np 0.6–2 1.5–14 2–10 1.3 2.82 

blood-lactate 

[controls <2.3 

mmol/l] 

2–6 3–6 2.7–4.4 3–7 3–8 2.8–5 1.5–13 1.2–2.6 2–3.4 8.6 2–5 2–5 2.4–4 np 2.65–3.62 

CSF-lactate 

[controls <2.1 

mmol/l] 

3 4 7 5.6 4.5 3.9 4.3 4.2 3.6 14 6.2 np 4.3 np np 

age at MRI 

(months, years) 
2 y 7 m 14 y 6 m 36 y 20 m 17 y 32 y 34 m 9 y 25 y 18 y 3 y np 1.5 y 

MRI – bilateral 

deep grey 

matter lesions* 

+ + + + - + + - + + - + +   + 

MRI –stroke-

like lesions** 
+ - + - + - + + - - + + -   - 

MRI –

periventricular 

atrophy 

++ + ++ - ++ - - + + - + + -   - 

*Compatible with Leigh syndrome; **compatible with MELAS syndrome  

Abbreviations: CPEO: chronic progressive external ophthalmoplegia, CSF: cerebrospinal fluid (CSF lactate in P10 analysed at stroke-like episode), m: months, np: not 

performed, PM: psychomotor, w: weeks, y: year 
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4.2.1.2 Characterisation of patients with MT-ND genes mutation by several biochemical 

methods  

Results from spectrophotometric measurements of OXPHOS enzyme activities in muscle 

tissues are summarized in Table 14. In isolated muscle mitochondria, the activity of CI 

normalized to the activity of CS (CI/CS) was decreased or borderline low in 9/11 analysed 

patients (82%), and the activity of the respiratory chain CI+III/CS was reduced in 10/11 

patients (91%). Compensatory increased activities of CII+III/CS and CIII/CS were found in 

4/11 patients (36%), while CIV/CS activity was decreased in 4/11 patients (36%). No 

significant correlation between enzymatic activities and the heteroplasmy of mtDNA 

mutations was observed. We showed, that CI+III activity in muscle normalized to the 

activity of CS (serving as a control enzyme) is a good biochemical indicator for CI deficiency 

caused by a mutation in MT-ND genes. This fact may be due to the CI assay measuring only 

the redox activity of the enzyme, which takes place within the peripheral arm, while 

mutations in the membrane arm subunits may theoretically result in ostensibly normal 

enzymatic activity. CII+III activity was increased in 4/11 patients, probably as a 

compensatory effect of CI deficiency. A similar effect was described in patients with 

multiple system atrophy with altered biosynthesis of the electron carrier CoQ10 as a 

consequence of a mutation in the COQ2 gene (Malfatti et al. 2007). The elevated CI activity 

was observed in response to downstream decreased CII+III activity in cerebellar and 

occipital white matter (Malfatti et al. 2007). 

In parallel to the measurement of the activity of OXPHOS enzymes in muscle, 

measurements in cultivated skin fibroblasts were done, if available. But in most of our 

patients, the results were less predictive (data not shown). Moreover, no correlation between 

the activities of CI and CI+III in the muscle biopsies or cultivated skin fibroblasts, and the 

levels of heteroplasmy was found, similar to several other reports (Shanske et al. 2008; Blok 

et al. 2007; Sudo et al. 2004; Kirby et al. 2003). On the other hand, a correlation between 

the heteroplasmy level and the level of residual CI activity was described in cybrids derived 

from a patient with mutation m.3481G>A (MT-ND1), m.10158T>C and m.10191T>C (MT-

ND3), and m.13063G>A (MT-ND5) (Malfatti et al. 2007; McFarland et al. 2004). The 

variable expression may be caused by different nuclear backgrounds, mtDNA haplotypes, 

environmental factors or ageing (Brautbar et al. 2008). In cybrids cells harbouring different 

percentages of m.3243A>G mutation in the MT-TL1 gene (encoding tRNALeu) in the same 

nuclear background, changes in nuclear gene expression via histone modification, modulated 
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by mitochondrial metabolites acetyl-CoA and α-ketoglutarate, were found (Kopinski et al. 

2019). Authors also showed that mtDNA heteroplasmy affects mitochondrial NAD+/NADH 

ratio which correlates with nuclear histone acetylation, while nuclear NAD+/NADH ratio 

correlates with changes in nDNA and mtDNA transcription. Thus, a mutation in mtDNA 

generates particular metabolites and epigenetic changes at different heteroplasmy levels, 

which could explain the phenotypic variability of mitochondrial disorders (Kopinski et al. 

2019).  
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Table 14: The activities of respiratory chain complexes in isolated muscle mitochondria 

The reference ranges for individual patients according to the age of patients are displayed in the next column. Controls are constituted into three major groups (0 – 2 years old; 

3 – 18 years old and adults). Alterations in the patient’s complex activities are shown in bold. Abbreviations: CI: complex I, NADH:coenzyme Q reductase; CI+III: complex 

I+III, NADH:cytochrome c reductase; CII: complex II, succinate-coenzyme Q reductase; CII+III: complex II+IIIsuccinate:cytochrome c oxidoreductase; CIII: complex III, 

coenzyme Q:cytochrome c oxidoreductase; CIV: complex IV, cytochrome c oxidase; CS: citrate synthase; P: patient  

Patient Individual respiratory chain complexes activities in isolated muscle mitochondria 

 

gene mutation 

CI/CS CI+III/CS CII/CS CII+III/CS CIII/ CS CIV/CS 

 

P 

age-

related 

control 

range 

P 

age-

related 

control 

range 

P 

age-

related 

control 

range 

P 

age-

related 

control 

range 

P 

age-

related 

control 

range 

P 

age-

related 

control 

range 

1 
MT-ND1 

m.3697G>A 0.50 0.45–1.05 0.18 0.17–0.31 0.09 0.07–0.27 0.33 0.17–0.47 0.43 0.27–0.85 1.59 1.1–2.22 

3 m.3946G>A 0.13 0.18–0.38 0.08 0.18–0.37 0.04 0.05–0.11 0.24 0.17–0.32 0.67 0.46–0.88 1.21 0.66–2.25 

4 MT-ND3 m.10158T>C 0.24 0.45–1.05 0.06 0.17–0.31 0.09 0.07–0.27 0.34 0.17–0.47 0.95 0.27–0.85 0.97 1.1–2.22 

5 

MT-ND5 

m.12706T>C 0.11 0.15–0.41 0.01 0.13–0.25 0.05 0.05–0.11 0.23 0.15–0.27 0.72 0.3–0.56 1.5 0.66–2.25 

6 m.13042G>A 0.06 0.45–1.05 0.08 0.17–0.31 0.07 0.07–0.27 0.26 0.17–0.47 0.72 0.27–0.85 1.12 1.1–2.22 

7 m.13046T>C 0.08 0.18–0.38 0.06 0.18–0.37 0.07 0.05–0.11 0.38 0.17–0.32 0.74 0.46–0.88 1.11 1.16–2.13 

8 m.13091T>C 0.16 0.15–0.41 0.05 0.13–0.25 0.06 0.05–0.11 0.44 0.15–0.27 1.07 0.3–0.56 1.12 0.66–2.25 

9 

m.13513G>A 

0.28 0.18–0.38 0.03 0.18–0.37 0.09 0.05–0.11 0.38 0.17–0.32 0.66 0.46–0.88 1.27 1.16–2.13 

10 0.11 0.18–0.38 0.08 0.18–0.37 0.05 0.05–0.11 0.30 0.17–0.32 0.57 0.46–0.88 1.07 1.16–2.13 

11 0.07 0.18–0.38 0.03 0.18–0.37 0.04 0.05–0.11 0.19 0.17–0.32 0.52 0.46–0.88 0.96 1.16–2.13 

14 MT-ND1 m.4135T>C 0.05 0.15–0.41 0.07 0.13–0.25 0.22 0.05–0.11 0.38 0.17–0.32 0.67 0.3–0.56 1.92 0.66–2.25 
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In patients with a mutation in the MT-ND5 gene, SDS-PAGE/WB analysis of selected 

OXPHOS protein subunits was analysed in cultured skin fibroblasts, if available. In 3/5 

patients (60%), a slightly increased level of ND5 subunits was found (Figure 23A, 

Quantification in 23B). Mild alterations in the level of a part of analysed proteins in 

comparison to age-related controls were found, but they were not uniform across the group 

of patients (Figure 23A, Quantification in 23B). 

 

Figure 23: Protein analysis in five patients with heteroplasmic mutations in the MT-ND5 gene. A) Steady-state 

levels of selected OXPHOS proteins in P5, P6, P7, P9 and P10 in cultured skin fibroblasts using SDS-

PAGE/WB. 50 and 100 demonstrate the loading dose of the protein. As a control, the ATCC® PCS-201-010™ 

cell line was used. B) Quantification of the results from A) by densitometric analysis. Relative signal intensity 

was normalized to the intensity of loading control (β-tubulin). CI – CIV: complex I – complex IV

4.2.1.3 Functional characterisation of the novel variants m.4135T>C in MT-ND1 and 

m.13091T>C in MT-ND5 genes 

In the case of novel variants, analyses of muscle biopsies were necessary to confirm the 

pathogenicity of those variants. Histochemistry in the skeletal muscle biopsy revealed focal 

subsarcolemmal accumulation of the SDH (succinate dehydrogenase) reaction product in 

approx. 5% and 3% of muscle fibres in P14 and P8, respectively. The activity of CI was 

decreased to 33% of the lower limit of the reference range in the muscle of P14, while P8 

remain at the lower limit of the control (Table 14). Activities of CI+III were decreased to 

54% and 38%, respectively. The activities of CII+III and CIII were increased (Table 14) in 

both patients (probably as the compensatory impact of CI deficiency). 
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Analysis of DDM-solubilised mitochondria from skeletal muscle reveals the decreased 

level of CI holoenzyme to approx. 74% in P8 (Figure 24A, Quantification in 24B), while in 

P14 only a slightly decreased level of CI (approx. 80%) was found (Figure 25A, 

Quantification in 25D). Due to the ambiguous results from spectrophotometry and BN-

PAGE in muscle tissue from P14, a more detailed analysis of OXPHOS complexes in 

mitochondria from available tissue – cultured skin fibroblasts was performed. While in 

DDM-solubilized mitochondria, only a minimal reduction of the CI level (90% of the control 

values; detected by three different antibodies (NDUFA9 (Q-module), NDUFV1 (N-module) 

and NDUFS3 (Q-module)) and no accumulations of CI assembly intermediates were found, 

analysis of DIG-solubilised mitochondria reveals a decreased level of CI-containing SCs and 

increased CIII-dimer in fibroblasts (Figure 25C). Due to the limited amount of obtained 

tissue, analysis of SCs from muscle was not performed.  

 

Figure 24: Protein analysis in a patient with novel heteroplasmic mutation m.13091T>C in the MT-ND5 gene. 

A) Steady-state levels of OXPHOS complexes in isolated mitochondria from the muscle of P8 (solubilised by 

n-dodecyl β-d-maltoside) and analysed by BN-PAGE/WB. 25, 50 and 100 demonstrate the loading dose of the 

protein. As a control, m. tibialis anterior from age-related “non-mitochondrial patient” was used. 

B) Quantification of the results from A) by densitometric analysis. CI – CV: complex I – complex V, F1: F1 

part of F1Fo-ATP synthase 
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Figure 25: Analysis of OXPHOS complexes in P14 with a novel mutation in the MT-ND1 gene. The steady-

state level of OXPHOS complexes in isolated mitochondria from A) muscle and B) cultured skin fibroblasts 

(solubilised by n-dodecyl β-d-maltoside) and analyzed by BN-PAGE/WB. C) Steady-state level of OXPHOS 

protein complexes and supercomplexes in isolated mitochondria from cultured skin fibroblasts (solubilized by 

digitonin) and analyzed by BN-PAGE/WB. D) Quantification of the results from A) and E) from B). Relative 

signal density was normalized to the intensity of complex II by densitometric analysis. As controls, muscle and 

cultured skin fibroblasts from age-related control were used. C: control, CI – CV: complex I – complex V, P: 

patient SC: supercomplex 
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The amount of other OXPHOS complexes remains unchanged in the P8 muscle except 

F1Fo-ATP synthase, where a mild increased amount of free F1 part was observed. In P14, a 

slightly decreased level of CIV (79% and 83% in muscle and fibroblasts, respectively) and 

a mildly elevated level of CV (140% and 124% in muscle and fibroblasts, respectively) 

without accumulation of CV subcomplexes were found (Figure 25A, Quantification in 25D). 

The increased level of CIII-dimer, together with elevated CII, CII+III, CIII and CS 

enzyme activities were also reported in 143B cybrids carrying a homoplasmic m.3571dupC 

(p.Leu89fsPro*13) in MT-ND1 gene (S. C. Lim et al. 2016) or in L929dt mouse fibroblasts 

carrying two homoplasmic mutations in MT-ND2 gene (Marco-Brualla et al. 2019). While 

CIII-dimer remains stable in case of decreased formation of CI-containing SC, the steady-

state level of CIV was reduced, probably due to diminished stability in the absence of SCs 

formation (S. C. Lim et al. 2016), similar founding was observed in fibroblasts from P14. 

Recently, a novel m.3955G>A variant in the MT-ND1 gene was found in two patients with 

Leigh syndrome (Xu et al. 2022). Analysis of cybrids cells with mutation loads of 87% and 

98%, respectively, showed a decreased level of ND1 protein subunit and a significantly 

reduced level of mature CI. CI-containing SCs were significantly decreased in both cybrids 

cell lines when detected by NDUFS2, but in UQCRC2 or COXIV detections, similar signals 

across WT and mutant cybrids cell lines were found (Xu et al. 2022). The activity of CI was 

significantly reduced, but CII, CII+III, CIII, and CIV activities remain comparable to 

controls (Xu et al. 2022). 

While in the case of P8, the pathogenicity of the variant m.13091T>C in the MT-ND5 

gene was confirmed by spectrophotometric measurement of OXPHOS enzyme activities and 

BN-PAGE/WB analysis from the patient’s muscle, in the case of P14 the results from BN-

PAGE were not entirely convincing. Due to that, we focused more deeply on the position of 

the mutation in the CI structure. The affected ND1 subunit is localised in the membrane part 

of the CI close to the matrix part of the enzyme (Figure 26A). Human ND1 has eight 

transmembrane helices (TMH) and Tyr277 is located at the matrix end of TMH7 (Figure 

26B). Tyr277 is highly conserved across mammals, but in a larger group of organisms 

(including prokaryotes), position 277 is conserved for hydrophobic residues (Figure 26D). 

Using the MitImpact (Castellana et al. 2021), 11 out of 16 pathogenicity predictors evaluate 

the m.4135T>C variant as pathogenic. 
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Figure 26: A) Human respiratory Complex I. Individual protein molecules in the cartoon representation are 

shown in various colours. Subunit ND1 is shown in pink and atoms of tyrosin residue 277 (Tyr277) are 

rendered as red spheres. B) Structure of the ND1 subunit is composed of eight transmembrane helices (TMHs), 

individual helices in the cartoon representation are shown in rainbow colour (blue in the N-terminus and red 

in the C-terminus). Tyr277 is located at the end of TMH7 (dark orange). C) Difference in histidine position 

and interactions in ND1Tyr277His mutant. The mutated active form is shown in a greyscale and inactive state in 

colour (ND1 in pink, NDUFS2 in green and NDUFS8 in blue). In the inactive form, His277 forms H-bond 

with a side chain of Asn232 of the NDUFS2 subunit (mouse model). D) Conservation of the human ND1 

protein. Position 277 is conserved for tyrosine across mammals, but across a large group of organisms 
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(including prokaryotes), position 277 is semi-conserved, meaning that position is conserved for hydrophobic 

residue. 

To predict the effect of the missense variant m.4135T>C (p.Tyr277His) in the MT-ND1 

gene on the structure and function of CI, DynaMut software was used (Rodrigues, Pires, and 

Ascher 2018). DynaMut integrates their graph-based signatures along with normal mode 

dynamics to generate a consensus prediction of the impact of a variant on protein stability, 

thus allowing prediction of both stabilizing and destabilizing effects of the missense variant 

on the protein. Tyr277His mutation is predicted to be destabilizing 

(ΔΔG = − 0.226 kcal/mol) using the cryo-electron microscopy structure of the mouse 

mitochondrial CI in the active state (PDB:6G2J) (Agip et al. 2018). Interestingly the mouse 

mitochondrial CI in the inactive state (PDB:6G72) is predicted to be slightly stabilized 

(ΔΔG = 0.046 kcal/mol) by the Tyr277His mutation. The inactive form stabilisation effect 

of the mutation could be explained by forming the new inter-subunit H-bond between His277 

(subunit ND1) with Asn232 of the subunit NDUFS2 (Figure 26C). The mouse Asn232 of 

the NDUFS2 protein corresponded to the Asn265 in the human NDUFS2 subunit. 

We hypothesised that the MT-ND1 p.Tyr277His missense variant stabilizes the inactive 

form of CI. Substitution of hydrophobic Tyr to hydrophilic His at position 277 may alter CI 

structure and therefore formation of SCs is disrupted. The reduction of ubiquinone still 

occurs, since the CI+III activity is only partially disturbed. Due to decreased ability to form 

SCs, cells preferred alternative electrons to flow through CII (elevated CII and CII+III 

activities) and probably also through other pathways which we did not study (e.g. sulfide 

quinone oxidoreductase (SQOR)). Secondly, because of stabilizing effect of the variant on 

the inactive form of CI, where ubiquinone does not bind to the ubiquinone binding cavity of 

CI, CI-containing SC is not assembled. Instead, other pathways with a source of electrons 

for ubiquinone (CII, SQOR) are boosted and activities of remaining respiratory chain 

complexes are elevated. Thirdly, the mutation could destabilize the natural equilibrium 

between mentioned CI-containing SC states, by increasing the population of the inactive 

conformation and perhaps altering the natural mechanism of allosteric regulation of the 

respiration chain activity. 

In our study (Danhelovska et al. 2020), we also showed that MEGS analysis may serve 

as a good indicator for CI deficiency and may help to advance the diagnosis. Moreover, in 
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fibroblasts carrying a mutation in the MT-ND gene, MEGS seems to be more sensitive 

compared to spectrophotometry (Danhelovska et al. 2020).  

As was demonstrated above, combining several biochemical methods may improve our 

understanding of the impact of individual mutations of MT-ND genes on mitochondrial 

bioenergetics and helps us to confirm the pathogenicity of novel variants.  
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4.3 Results and discussion related to the aim C)  

Study of SCs in patients with rare metabolic disorders 

III. List of manuscripts related to the aim C) 

3] Rákosníková Tereza, Kelifová Silvie, Štufková Hana, Lišková Petra, Kousal 

Bohdan, Martínek Václav, Honzík Tomáš, Hansíková Hana, Tesařová 

Markéta. “A rare variant m.4135T>C in the MT-ND1 gene leads to LHON and 

altered OXPHOS supercomplexes.” (manuscript prepared for submission) 

As discussed in chapter 4.2.1 Characterisation of mitochondrial disorders 

caused by a mutation in MT-ND genes including two novel variants 

4] Zdražilová Lucie, Rákosníková Tereza, Ondrušková Nina, Pasák Michael, 

Vanišová Marie, Volfová Nikol, Honzík Tomáš, Thiel Christian, Hansíková 

Hana. „Metabolic adaptation of human skin fibroblasts to ER stress caused by 

glycosylation defect in PMM2-CDG.“ (manuscript prepared for submission) 

Author’s contributions related to the aim C: Study of OXPHOS protein complexes 

and SC (3 and 4), manuscript preparation (3). 
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4.3.1 Study of SCs in patients with congenital disorders of glycosylation caused by a 

mutation in the PMM2 gene 

In three patients (P1-PMM2, P7-PMM2 and P8-PMM2) carrying different mutations in 

the PMM2 (phosphomannomutase 2) gene, a study of the representation of SCs in fibroblasts 

was performed. Those patients carry different compound heterozygous mutations, which are 

summarized in Table 7.  

In all three analysed patients, an increased level of CI-containing SCs together with a 

decreased level of free CI was found (Figures 27A and 27B). Moreover, compared to 

controls (Figure 26B), in P7-PMM2 and P8-PMM2, analysis of CII (detection by SDHA 

antibody) showed a decreased level of free SDHA subunit and SDHA+SDHB 

subcomplexes, demonstrating the tendency of CII to undergo more efficient or faster 

assembly. Analysis of OXPHOS complexes in DDM-solubilised mitochondria revealed a 

slightly lower lever of CIV (approx. 80% of controls) in P1-PMM2 (Figure 27C, 

quantification in 27D), but these findings were not confirmed in DIG-solubilized 

mitochondria, where the level of CIV remains in normal (Figure 27A). In P7-PMM2, a 

slightly decreased level of CIII (approx. 70% of controls) was found in DDM-solubilised 

mitochondria (Figure 27E, quantification in 27F). In P8-PMM2, a slightly increased level of 

CI (approx. 130% of controls) in DDM-solubilised mitochondria was found (Figure 27E, 

quantification in 27F), which was consistent with the findings in DIG-solubilised 

mitochondria (Figure 27B). Due to the altered amount of CII in DDM-solubilized 

mitochondria of P7-PMM2 and P8-PMM2, analysis of VDAC1 in the same sample by SDS-

PAGE/WB was performed and the relative signal intensity of VDAC1 protein was used for 

quantification of the results from Figure 27E. 

The study of the formation of SCs is primarily performed on cells derived from 

mitochondrial patients or model cells or organisms, but not much research has been done on 

other metabolic diseases. Congenital disorders of glycosylation (CDG) are a rare group of 

disorders caused by defective glycosylation of proteins and/or lipids. The most common type 

of CDG is a disorder caused by a mutation in the enzyme PMM2. This enzyme catalyses the 

conversion of mannose-6-phosphate to mannose-1-phosphate which activates saccharide to 

downstream glycosylation processes. In U2OS human bone osteosarcoma epithelial cells, 

ER stress induced by glucose deprivation leads to increased formation of SCs (Balsa et al. 

2019). Since ER is a key compartment of glycosylation and ER stress occurs in CDG patients 

(Yuste-Checa et al. 2017), we decided to study SCs formation in PMM2 patients. 
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As was already mentioned in the introduction (chapter 1.2.8 Organization of OXPHOS 

complexes), the exact function of SCs is still debated, but it is assumed that the formation of 

SCs should lead to higher effectivity of OXPHOS functions. In PMM2 patients, an increased 

CI-containing SCs formation shows the tendency of the OXPHOS system to form and prefer 

higher structures, probably to generate more efficient systems. 

It is well known that cells can quickly switch between glycolysis and OXPHOS in 

response to the lack of nutrients. In PMM2 patients, it is hypothesised that glucose is 

probably mainly used for conversion to the mannose-6-phosphate rather than as a substrate 

for glycolysis. Moreover, nutrient deprivation and disruption of glycosylation could lead to 

the accumulation of unfolded or misfolded proteins in the ER (activation of the unfolded 

protein response (UPR)), resulting in ER stress. During the ER stress, activation of the 

PERK-elF2α-ATF4 pathway occurs, leading to increased expression of SCAF1 and 

increased formation of SCs (Balsa et al. 2019). We showed that ER stress coupled with the 

PERK-elF2α-ATF4 pathway activation occurs in PMM2-CDG patients and results in 

increased formation of CI-containing SCs. Moreover, significantly increased activities of CI 

and CII were found in PMM2 patients (unpublished results – Zdražilová et al5) together with 

a decreased level of α-ketoglutarate in the culture medium. Decreased amount of α-

ketoglutarate and increased activities of CII lead to an altered ratio of NAD+/NADH+H+ and 

FAD/FADH2, respectively. Besides, other metabolic pathways upstream of OXPHOS, were 

modified in PMM2-deficient fibroblasts (decreased glycolysis, decreased level of pyruvate 

in culture medium, and decreased activity of pyruvate dehydrogenase and CS) (unpublished 

results – Zdražilová et al5). Those metabolic changes could lead to a shifting of OXPHOS 

from the isolated complex toward the SCs to create a more efficient system that can 

compensate for the lack of ATP. 

                                                 

5 Zdražilová Lucie, Rákosníková Tereza, Ondrušková Nina, Pasák Michael, Vanišová Marie, Volfová 

Nikol, Honzík Tomáš, Thiel Christian, Hansíková Hana. „Metabolic adaptation of human skin fibroblasts to 

ER stress caused by glycosylation defect in PMM2-CDG.“manuscript in preparation 
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Figure 27: Study of supercomplexes in fibroblasts from a patient with congenital disorders of glycosylation due to mutations in the phosphomannomutase 2 (PMM2) gene. 

Analysis of digitonin-solubilised mitochondria from A) P1-PMM2 and B) P7-PMM2 and P8-PMM2. The ATCC® PCS-201-010™ cell line was used as a control. 50% and 

100% demonstrate the loading dose of the protein. C) Analysis of n-dodecyl β-d-maltoside (DDM)-solubilised mitochondria from P1-PMM2 (quantification in D) and E) 

analysis of DDM-solubilised mitochondria from P7-PMM2 and P8-PMM2 (quantification in F). 25, 50 and 100 demonstrate loading dose of the protein. In the case of P8-

PMM2 and P7-PMM2 E), relative signal intensity was normalised to the intensity of VDAC1. C: control, CI – CV: complex I – complex V, P: patient, SC: supercomplex 
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5 CONCLUSION 

Molecular diagnosis of patients with suspicion of mitochondrial disorders can be realized 

for many cases through next-generation sequencing of blood DNA, but the use of patient tissues 

and an integrated, multidisciplinary approach is pivotal for the diagnosis of more challenging 

cases. Furthermore, an analysis of clinically relevant tissues from affected individuals remains 

crucial for understanding the molecular mechanisms underlying mitochondrial pathology. For 

the thesis, three specific aims were defined to confirm the pathogenicity of newly found variants 

or genes in our cohort of patients and to characterise their pathology mechanism. 

The first aim was a study of the role of ACBD3 protein in mitochondria and Golgi in 

HEK293 and HeLa cells. To achieve this, three ACBD3-KO clones in HEK293 cell line and 

one ACBD3-KO clone in HeLa cell line were constructed. In these cells, the impact of ACBD3 

protein on mitochondrial metabolism was studied with the help of several methods and it was 

found that ACBD3 has no essential function in mitochondria in HEK293 and HeLa cells. 

Unfortunately, our results did not confirm the pathogenicity of the variant in our patient and 

whole genome sequencing is necessary as the next step of the diagnosis of this patient. Due to 

the fact, that the main localisation of ACBD3 protein is in Golgi in HEK293 and Hela cells, the 

structure and function of this organelle were studied. In the ACBD3-KO cells, dispersed Golgi 

without typical ribbon-like structures and with no stacked cisternae were discovered. Instead, 

an increased number of vesicles and enlarged Golgi area were found in both HEK293- and 

HeLa-derived ACBD3-KO cell lines. Although the structure of Golgi was altered significantly 

in ACBD3-KO cells, the glycosylation pattern of LAMP2 glycoprotein remains unchanged as 

well as the amount of selected Golgi proteins participating in Golgi structure maintenance. 

Interestingly, lipidomics analysis reveals a significantly decreased level of CoQ9, but the 

mechanism of how ACBD3 protein may affect the level of CoQ9 remains unclear. Moreover, 

lipidomics analysis showed a decreased level of SMs, but the activities of SMS and GCS remain 

unchanged. These results confirmed the role of ACBD3 protein in ceramide transport from ER 

to Golgi as a substrate for SMS, but not for GCS.  

The second aim was to describe the impact of novel variants in mtDNA-encoded genes on 

mitochondrial metabolism. Two novel variants m.4135T>C (p.Tyr277His) in MT-ND1 and 

m.13091T>C (p.Met252Thr) in the MT-ND5 gene were characterised and pathogenic 

mechanism on CI was proposed. In both patients, the pathogenicity of the variants was 

successfully confirmed and partially supported by experimental data. Moreover, on a clinical 
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and biochemical level, we described a cohort of Czech and Slovak patients with CI deficiency 

caused by mutations in the mtDNA-encoded structural subunit for CI.  

The third aim was to study the assembly of SCs in a patient with a mutation in the ND1 

protein subunit and in three patients suffering from a defect in glycosylation. In the MT-ND1 

patient, it was shown that albeit the CI is successfully assembled, the activity of CI and CI+III 

and the ability to form SCs is decreased, probably due to the stabilisation role of the mutation 

m.4135T>C (p.Tyr277His) in the inactive form of CI. In the PMM2 patients, an increased 

formation of SCs and a tendency of CII to undergo more efficient or faster assembly were 

shown. These results helped to a better understanding of bioenergetics status in PMM2 patients. 
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