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ABSTRAKT

Mitochondrialni onemocnéni ptedstavuji klinicky, biochemicky i geneticky heterogenni
skupinu dédicnych onemocnéni, jez prevalence je pfiblizn¢ 1:5 000 zivé narozenych déti.
Spolecnym znakem téchto onemocnéni je naruSeni mitochondridlniho energetického
metabolismu. V soucasné dob¢ je znamo vice nez 400 genti asociovanych s mitochondridlnim
onemocnénim, avsak 45 % pacientl s podezienim na mitochondridlni onemocnéni je stale bez
potvrzené genetické pfi¢iny. Pomoci sekvenovani nové generace nachazime nové kandidatni
geny anebo varianty, které by mohly stat za pfi¢inou onemocnéni. Abychom mohli potvrdit
kauzalitu téchto nové nalezenych gent a variant, je tfeba charakterizovat deficit pomoci fady

biochemickych metod.

Cilem této prace bylo studovat funkci proteinu ACBD3 na trovni mitochondridlniho
energetického metabolismu v ne-steroidnich buiikich HEK293 a Hela a potvrdit tak
kauzalitu genu ACBD3 u pacientky skombinovanym deficitem systému oxidativni
fosforylace (OXPHOS). Druhym cilem bylo potvrdit kauzalitu dvou novych variant v genech
MT-NDI a MT-ND35, kédujicich strukturni podjednotky komplexu I (KI) dychaciho fetézce.
Ttetim cilem prace bylo studovat tvorbu superkomplexil u pacientll se vzacnymi dédicnymi

metabolickymi poruchami.

V ptedkladané dizertacni praci se podafilo pomoci funkéni studie proteinu ACBD3 prokazat,
Ze tento protein nema vyznamnou funkci v mitochondriich, nicméné je nezbytny pro udrZeni
struktury Golgi. Déle se podafilo potvrdit kauzalitu dvou novych variant v genech MT-NDI a
MT-NDS a byla vytvotena hypotéza dopadu mutace v genu M7-NDI na mechanismus funkce
KI. Téz byla charakterizovana kohorta pacientii z Ceské a Slovenské republiky s deficitem K1,
zpusobenym mutacemi v mitochondrialné kodovanych strukturnich podjednotkach KI.
V neposledni fadé bylo ukazano, Ze u pacientli s dédicnymi poruchami glykosylace dochazi

k zvySené tvorbé superkomplexti.

Kli¢ova slova: mitochondrie, mitochondrialni onemocnéni, ACBD3, MT-NDI, MT-ND),

superkomplexy



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 HelLa 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 M7-
NDI and MT-NDS5 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 M7-NDI 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, MT7-NDI, MT-ND?5,

supercomplexes



1 INTRODUCTION

Mitochondria are dynamic organelles with many functions. The hallmark of mitochondria is
cellular energy generation via oxidative phosphorylation (OXPHOS). Mitochondria contain
their DNA (mtDNA), altogether mtDNA encodes 37 genes (13 OXPHOS proteins, 22tRNA
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 [1]. 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).

1.1 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; Cl to CV) and two mobile electron carriers (coenzyme Qio (CoQ1o) and cytochrome c.
The OXPHOS system pumps protons across the inner mitochondrial membrane (IMM)
generating a proton gradient and this proton-motive force is used by FiF,-ATP synthase (CV)
to phosphorylate ADP to ATP. The OXPHOS complexes are not static entities in the IMM,
they are dynamic and are aggregated in different stoichiometric combinations to form
supercomplexes (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 [2—4].

1.2 Mitochondrial disorders

Mitochondrial disorders are OXPHOS dysfunction or other defects of mitochondrial structure
and function. Their minimum birth prevalence is 1:5000 [5,6] and more than 400 genes have
been reported to be associated with mitochondrial disorders [7]. These genes are not only for
OXPHOS proteins and their assembly factors, but also genes for mtDNA maintenance,

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



including the tricarboxylic acid cycle or pyruvate metabolism. 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.
Mitochondrial diseases have a broad range of phenotypic and biochemical presentations
which makes it challenging to diagnose them. 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 [8]. Functional studies enabled diagnostic uplift from 36% to
55% [7]. 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.

1.3 The importance of mitochondrial cholesterol

Cholesterol is transported to the mitochondria through the lipid transfer proteins at the
mitochondrial contact sites (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) [9], 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 [10—-16]. 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 [17]. Disruption of cholesterol homeostasis, e.g. by altered expression
of the ATAD3 (ATPase family AAA domain-containing protein 3) gene, impairs mtDNA
topology and mitochondrial protein synthesis [17-21].

1.4 Mitochondrial cholesterol import

Cholesterol import to the mitochondria has been studied over decades, predominantly in the
context of steroidogenesis [16]. The major route for cholesterol import to the mitochondria is
from the endoplasmic reticulum (ER) and lysosomes through multiple mitochondrial MCSs.
The ER-mitochondria contact sites (well-known as mitochondrial-associated membranes

(MAMSs)) are implicated in the transport of phospholipids and cholesterol [22]. The



mitofusin 2 (MFN2) protein and Sigma-1 receptor (-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 [23].
Similarly, the knockdown of the 6-1 receptor, another protein tethering MAMs with function
in multiple signalling pathways, reduces progesterone synthesis by 95% [24]. Nevertheless,
the mechanism of cholesterol transport into mitochondria remains poorly understood [16,25—

27].

1.4.1 The STARDI1 (StAR) pathway of cholesterol transport into mitochondria

Transport of cholesterol from lipid droplets and from ER to the outer mitochondrial
membrane (OMM) mediates the STARDI1. The STARDI is rapidly synthesized in response to
hormonal stimulation and mutations in the STARDI gene are associated with congenital
adrenal hyperplasia [28]. After hormonal stimulation, STARDI is translocated to the OMM
where it is fully activated by PKA (protein kinase A). But the mechanism of STARDI-
mediated cholesterol import is not yet exactly clear [16]. Several proteins have been described
as interacting partners of STARDI, forming a large complex for cholesterol transport across
mitochondrial membranes but the exact composition and mechanisms are still debated. A
multiprotein complex (named transduceosome), consisting of the STARD1, VDACI, TSPO,
ACBD3, PKARIa (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 [29,30]. ACBD3 (acyl-CoA binding domain containing 3 protein)
is an A-kinase anchoring protein for PKARIa (protein kinase A regulatory inhibitor alpha), so
the transducesome would bring together components for activation of STARD1 and positions
STARDI close to the contact sites [29,31]. Close contact between OMM and IMM is
mediated by the ATAD3 protein [32,33]. 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 [34-39].
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.

1.5 The ACBD3 protein

Humans express seven highly conserved Acyl-CoA-binding proteins (ACBD1-ACBD7). A
common feature of this protein family is the ACB domain, responsible for the binding of
long-chain fatty Acyl-CoA esters. ACBD3 is the largest protein of this family, consisting,

apart from the ACB domain, of a coiled-coil domain in the middle and a Golgi dynamics
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(GOLD) domain on the C terminus. The GOLD domain is responsible for multiple protein
interactions and may be used to stabilize peripheral membrane proteins at intracellular

membranes [40-42]. A high expression level of ACBD3 protein (The Human Protein Atlas';

[43]) 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. 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,
ACBD?3 is probably also localized in mitochondria [43—45]. The MitoCarta predictions? [46],
mark ACBD3 as “possible mito”. According to published research, ACBD3 is localized in the
ER, Golgi, mitochondria, PM, and cytosol [29,47-52]. The ACBD3 protein plays various

roles in the cell: it is a Golgi-ER tether [51] or Golgi scaffold protein [47,49], it has a function
in vesicle trafficking (sphingolipid transport) [50], the import of cholesterol into
mitochondria/steroid synthesis [29,53], and the regulation of cellular iron uptake [54,55].
Furthermore, the ACBD3 protein participates in the replication of multiple members of the

picornavirus family [56—59]. Multiple ACBD3-protein interactions are visualised in Figure 1.
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Figure 1: Schematic picture of diverse roles of ACBD3 and its interaction partners in various
cellular compartments. “Created with_BioRender.com.”

accessed on July 25" 2022 at https://www.proteinatlas.org/
2 MitoCarta 3.0; accessed on July 25" 2022 at https://www.broadinstitute.org/mitocarta
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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-NDI 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

11



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.
Cells were cultivated as described previously [60].

3.1.2 Muscle tissue

Muscle biopsies (m. tibialis anterior (P1, P3, P7, and control for P8); m. triceps surae (P4,
PS5, 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 HeLLa ACBD3-KO cell lines

ACBD3-KO was introduced into HEK293 and HeLa cells by the CRISPR/CAS9 system
(Clustered Regularly Interspaced Short Palindromic Repeats) as described previously [60].

3.2.2 Isolation of mitochondria

Isolations of mitochondria from cells and muscle were performed as described previously [60]

and [61], respectively.

3.2.3 Electrophoresis and WB

The steady-state level of OXPHOS protein complexes was studied by blue native
polyacrylamide gel electrophoresis (BN-PAGE) and the steady-state level of OXPHOS
protein subunits was studied by sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE), as described previously [60]. To study the steady-state level of SCs,
solubilisation with digitonin (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
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and supernatants were used for downstream analysis. 8—15 pg 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). To analyse the steady-state level
of VDACI protein from n-dodecyl B-d-maltoside (DDM)-solubilized mitochondria, 8 ug of
protein were 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).

3.2.4 High-Resolution Respirometry

High-Resolution Respirometry was performed as described previously [60].
3.2.5 Analysis of mtDNA content

Analysis of mtDNA content was performed as described previously [60].
3.2.6 Flow cytometry measurement of dihydroethidium-stained cells
Analysis of ROS production was performed as described previously [60].
3.2.7 Confocal and transmission electron microscopy

Microscopic analyses were performed as described previously [60].

3.2.8 Lipidomics®

Lipidomics analysis was performed as described previously [60].

3.2.9 Measurement of sphingomyelin synthase activity

Analysis of sphingomyelin synthase (SMS) activity was performed as described previously
[60].

3.2.10 Measurement of OXPHOS enzyme activities

The activities of respiratory chain complexes* were measured as described previously [61].

3 This analysis was performed at the Laboratory of Metabolism of Bioactive Lipids, Institute of Physiology,
Academy of Science, Czech Republic
4 Measurement was performed as a part of rutine diagnostics in Laboratory for study of mitochondrial disorders
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3.2.11 Computational structural analyses®

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) [62] The effect of

mutations on protein structure and stability was predicted using DynaMut software [63].

Multiple sequence alignment was performed using the ConSurf server [64]. 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.

> Computational structural analyses was performed in collaboration with Assoc. Prof. Vaclav Martinek 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

Tereza Dainhelovska, Lucie Zdrazilova, Hana Stufkové, Marie VaniSova, Nikol Volfova, Jana KifZova, Ondrej
Kuda, Jana Sladkové, and Markéta Tesarova. 2021. “Knock-Out of ACBD3 Leads to Dispersed Golgi Structure,
but Unaffected Mitochondrial Functions in HEK293 and HelLa Cells.” International Journal of Molecular
Sciences 22 (14): 7270. https://doi.org/10.3390/ijms22147270. (IF = 5.924)

4.1.1 The role of ACBD3 protein on mitochondrial metabolism

To study the role of ACBD3 protein on mitochondrial metabolism, three HEK293 and one
HeLa ACBD3-KO clones were prepared. Using a wide range of analyses (representation of
OXPHOS protein complexes and subunits, mitochondrial respiration, ROS production,
mitochondrial ultrastructure, mtDNA relative quantification, and lipidomics analysis) in
ACBD3-KO cells, it was shown that 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). To our knowledge, this study is the first research focused
on the role of ACBD3 in mitochondrial functions. It is supposed that there is an alternative
pathway of cholesterol transport into mitochondria. Along with ACBD3, ACBDI and
ACBD?2 are also mitochondrial proteins [46]. ACBD1 was discussed previously as a part of
the multiprotein complex transporting cholesterol into mitochondria [65-68], but unlike
ACBD3, its role was not described in detail. An ACBDI-dependent formation of
mitochondrial pregnenolone was described in C6-2B glioma cells [69] and the depletion of
ACBDI in MA-10 and R2C Leydig cells caused reduced human chorion gonadotropin-
stimulated steroidogenesis and decreased progesterone production, respectively [70,71].
Equivalently to ACBD3, ACBDI1 also binds TSPO at the OMM and IMM contact sites and
stimulates the transport of cholesterol into mitochondria. In mitochondria, ACBD1 directly
promotes the loading of cholesterol on the CYP11A1 enzyme [72]. Similarly, ACBD2 protein
might participate in cholesterol transport into mitochondria. The ectopic expression of the
ACBD?2 isoform A led to increased basal and hormone-stimulated steroid formation in MA-
10 Leydig cells [73]. 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 [25].
Recently, a new protein GRAMDIB together with the Arfl GTPase were described as

proteins indispensable for cholesterol transport from ER to mitochondria in the C2C12 mouse
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myoblast cell line. Their depletion led to a significant decrease in mitochondrial cholesterol

content, resulting in mitochondrial dysfunction [25].

4.1.2 The role of ACBD3 protein in Golgi

Due to the primary localisation of ACBD3 in Golgi, the structure of this organelle was
examined. In ACBD3-KO cells, Golgi was extremely fragmented and disorganized and no
characteristic ribbon-like structure and stacked cisternae were observed. But the significantly
altered Golgi structure did not affect the glycosylation pattern of the LAMP2 glycoprotein nor
the level of selected Golgi proteins involved in the maintenance of Golgi structure (GM130,
GRASP65 and GRASPS55). Those results confirm previously published data on an ACBD3-
downregulated HeLa cell line [50]. Altogether, the data demonstrate the indispensability of
the ACBD3 protein in Golgi stacking. Contrary to a double KO of GRASP55 and GRASP65
[74], 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 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
[50]. Thus, it remains obscure whether and to what extent the absence of ACBD3 affects the

functions of the Golgi.

An interesting founding was the significantly diminished level of coenzyme Q¢ (CoQy), but
normal CoQio in both whole cells and mitochondria in ACBD3-KO cells. In humans, CoQo
and CoQ1o are synthesized by the same PDSS1/2 heterotetramer [75] in the first step of the
mitochondrial part of the CoQ biosynthesis. The function of human CoQy and the regulation
mechanism specifying if CoQo or CoQio 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 [76], but the role of
ACADDO in CoQ biosynthesis is not yet known. ACADO is also an Acyl-CoA binding protein
and seems to have a similar role in the replication of some picornaviruses as ACBD3 [77].
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 CoQy in humans still require much research to be carried out.
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Moreover, decreased level of sphingomyelins (SMs), but a normal level of ceramides and
hexosylceramides in both, ACBD3-KO cells and mitochondria, was found. But the in situ
activities of SMS and glucosylceramide synthase (GCS) remain comparable with controls.
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 [78,79]. 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 [51], indicating for the first time the role of ACBD3 in the
recruitment of PPMI1L (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 [78], 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 [50]. This
distinction could be related to the amount of ACBD3 residual protein in the downregulated

HelLa cell line, as discussed previously [80,81].

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

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 1.” BMC Pediatrics 20, no.
1 (January 29, 2020): 41. https://doi.org/10.1186/s12887-020-1912-x. (IF = 2.765)

Rakosnikova Tereza, Kelifova Silvie, Stufkova Hana, Liskova Petra, Kousal Bohdan, Martinek Vaclav, Honzik
Tomas, Hansikova Hana, Tesafova Markéta. “A rare variant m.4135T>C in the MT-ND1 gene leads to LHON
and altered OXPHOS supercomplexes.” (manuscript prepared for submission)

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 (P1-P15) from 14 families. 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 (P14) and
m.13091T>C (p.Met252Thr) in MT-ND5 (P8). Similarly to other reports [82—84], the most
frequent mutation in the M7-NDJ5 gene in our group of patients was m.13513G>A. Most of

our patients manifested during childhood or adolescence, with Leigh or mitochondrial
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encephalomyopathy, lactic acidosis and stroke-like (MELAS) syndrome. Less frequent was
the onset of optic neuropathy followed by multisystem symptoms resulting in Leber’s

hereditary optic neuropathy (LHON)/MELAS overlap syndrome.
4.2.1.1 Clinical symptoms in patients with novel variants

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 that any
symptom from the broad phenotypic spectrum of MELAS syndrome may come first and stay
isolated for a long period [85].

4.2.1.2 Characterisation of patients with MT-ND genes mutation by several biochemical
methods

In isolated muscle mitochondria, the activity of CI normalized to the activity of citrate
synthase (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 CI+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.

4.2.1.3 Functional characterisation of the novel variants m.4135T>C in MT-ND1 and
m.13091T>C in MT-ND35 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. The activity of CI+III was decreased to 54% and
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38%, respectively. The activities of CII+III and CIII were increased in both patients (probably

as the compensatory impact of CI deficiency).

Analysis of DDM-solubilised mitochondria from skeletal muscle reveals the decreased level
of CI holoenzyme to approx. 74% in P8, while in P14 only a slightly decreased level of CI
(approx. 80%) was found. 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 and no accumulations of
CI assembly intermediates were found, analysis of DIG-solubilised mitochondria reveals a
decreased level of Cl-containing SCs and increased CIII-dimer in fibroblasts. Due to the

limited amount of obtained tissue, analysis of SCs from muscle was not performed.

The amount of other OXPHOS complexes remains unchanged in the P8 muscle except FiFo-
ATP synthase, where a mild increased amount of free F; part was observed. In P14, a slightly
decreased level of CIV and a mildly elevated level of CV without accumulation of CV

subcomplexes were found.

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 M7-NDI gene [86] or in L929dt mouse fibroblasts carrying two
homoplasmic mutations in MT-ND2 gene [87]. While ClII-dimer remains stable in case of
decreased formation of Cl-containing SC, the steady-state level of CIV was reduced, probably
due to diminished stability in the absence of SCs formation [86], similar founding was
observed in fibroblasts from P14. Recently, a novel m.3955G>A variant in the M7T-NDI gene
was found in two patients with Leigh syndrome [88]. 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. Cl-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 [88]. The activity of CI
was significantly reduced, but CII, CII+III, CIII, and CIV activities remain comparable to
controls [88].

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
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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. Human NDI has eight transmembrane helices
(TMH) and Tyr277 is located at the matrix end of TMH7. Tyr277 is highly conserved across
mammals, but in a larger group of organisms (including prokaryotes), position 277 is
conserved for hydrophobic residues. Using the Mitlmpact [89], 11 out of 16 pathogenicity

predictors evaluate the m.4135T>C variant as pathogenic.

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 [63]. 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 using the cryo-electron microscopy structure of the
mouse mitochondrial CI in the active state (PDB:6G2J) [90]. Interestingly the mouse
mitochondrial CI in the inactive state (PDB:6G72) is predicted to be slightly stabilized 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. 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,
Cl-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 Cl-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.
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In our study [61], we also showed that mitochondrial energy-generating capacity (MEGS)
analysis may serve as a good indicator for CI deficiency and may help to advance the
diagnosis. Moreover, in fibroblasts carrying a mutation in the M7-ND gene, MEGS seems to
be more sensitive compared to spectrophotometry [61]. As was demonstrated above,
combining several biochemical methods may improve our understanding of the impact of
individual mutations of M7-ND genes on mitochondrial bioenergetics and helps us to confirm

the pathogenicity of novel variants.

4.3 Results and discussion related to the aim C) Study of SCs in patients with rare

metabolic disorders

Rakosnikova Tereza, Kelifova Silvie, Stufkova Hana, Liskova Petra, Kousal Bohdan, Martinek Vaclav, Honzik
Tomas, Hansikova Hana, Tesafova 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 M7-ND genes
including two novel variants

Zdrazilova Lucie, Rakosnikova Tereza, Ondruskova Nina, Pasak Michael, VaniSova Marie, Volfova Nikol,
Honzik Tomas, Thiel Christian, Hansikovad Hana. ,,Metabolic adaptation of human skin fibroblasts to ER stress
caused by glycosylation defect in PMM2-CDG.* (manuscript prepared for submission)

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
PMM?2 (phosphomannomutase 2) gene, a study of the representation of SCs in fibroblasts was
performed. In all three analysed patients, an increased level of Cl-containing SCs together
with a decreased level of free CI was found. Moreover, compared to controls, in P7-PMM?2
and P8-PMM?2, analysis of CII showed a decreased level of free SDHA subunit and
SDHA+SDHB subcomplexes, demonstrating the tendency of CII to undergo more efficient or
faster assembly. 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 (CDQG) 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 U20S human bone osteosarcoma epithelial cells, ER
stress induced by glucose deprivation leads to increased formation of SCs [91]. Since ER is a
key compartment of glycosylation and ER stress occurs in CDG patients [92], we decided to
study SCs formation in PMM2 patients.
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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), resulting in ER stress. During
the ER stress, activation of the PERK-elF20-ATF4 pathway occurs, leading to increased
expression of SCAF1 and increased formation of SCs [91]. We showed that ER stress coupled
with the PERK-elF2a-ATF4 pathway activation occurs in PMM2-CDG patients and results in
increased formation of Cl-containing SCs. Moreover, significantly increased activities of CI
and CII were found in PMM?2 patients (unpublished results — Zdrazilova et al®) together with a
decreased level of o-ketoglutarate in the culture medium. Decreased amount of a-
ketoglutarate and increased activities of CII lead to an altered ratio of NAD"/NADH+H" and
FAD/FADHo, 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 — ZdraZilova et al®). 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.

6 7drazilova Lucie, Rakosnikova Tereza, Ondruskova Nina, Pasak Michael, VaniSova Marie, Volfova Nikol,
Honzik Tomas, Thiel Christian, Hansikova Hana. ,,Metabolic adaptation of human skin fibroblasts to ER stress
caused by glycosylation defect in PMM2-CDG.“manuscript in preparation
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5

CONCLUSIONS

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: a study of the role of ACBD3 protein in mitochondria and Golgi in
HEK?293 and HeLa cells

three ACBD3-KO clones in HEK293 cell line and one ACBD3-KO clone in HeLa cell
line were constructed

ACBD?3 has no essential function in mitochondria in HEK293 and HeLa cells

the pathogenicity of the variant in the ACBD3 gene in our patient was not confirmed
ACBD3 protein absence leads to altered Golgi structure but the glycosylation pattern of
LAMP2 glycoprotein remains unchanged as well as the amount of selected Golgi
proteins participating in Golgi structure maintenance

ACBD3 protein absence leads to a decreased level of CoQo, but the mechanism of how
ACBD?3 protein may affect the level of CoQy remains unclear

ACBD3 protein has a role in ceramide transport from ER to Golgi as a substrate for

SMS, but not for GCS

The second aim: description of the impact of novel variants in mtDNA-encoded genes on

mitochondrial energetic metabolism

two novel variants m.4135T>C (p.Tyr277His) in MT-NDI and m.13091T>C
(p-Met252Thr) in the MT-NDS5 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

on a clinical and biochemical level, a cohort of Czech and Slovak patients with CI

deficiency caused by mutations in the mtDNA-encoded structural subunit for CI was

described
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The third aim: study of SCs in patients with rare metabolic disorders

In P14 with mutation m.4135T>C (p.Tyr277His) in MT-NDI 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 in the inactive form of
CL

In the PMM2 patients, an increased formation of Cl-containing 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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