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1. Summary

Mitochondria are known as organelles responsible for providing energy to the cell, to fuel all daily
activities. Mitochondrial inner membranes increase surface area by forming intricate folds, the so-called
cristae. Different protein distributions across cristae mark different membrane regions: oligomeric
F1F,-ATP synthase complexes at the tips, proteins of the electron transport chain along the sides, and
the mitochondrial contact site and cristae organising system (MICOS) at crista junctions that form a
transition zone between cristae and the inner boundary membrane. The MICOS complex is organised into
a MIC60- and MIC10-subcomplex harbouring MIC60, MIC19 and MIC25 as components of the
former, and MIC10, MIC26, MIC27 and QIL1 of the latter. MICOS is required to maintain the strong
negative membrane curvature at crista junctions and to form elaborate supercomplexes with proteins of
the outer mitochondrial membrane. Such networks of partner proteins implicate MICOS in vital
processes, like mitochondrial protein import and metabolite homeostasis.

As knowledge about the MICOS complex increases, questions about tissue-specific properties and its
adaptation to special energy quests are arising. Previous data from our research group indicated that the
MIC25 subunit of MICOS was explicitly upregulated in brain tissue samples of mice. This work makes
use of a human neuroblastoma cell line (SH-SY5Y) to gain insights into structural, and functional
changes of mitochondrial membrane shaping complexes during differentiation of SH-SYS5Y cells into
consecutive neuronal states. A major focus was the behaviour of the candidate protein MIC25, which
was studied in SH-SYS5Y as well as in human embryonic kidney cells (HEK293T) for comparison.
My data reveal significantly increased expression levels of MIC25 in SH-SYSY cells upon
differentiation in line with a role of MIC25 in mitochondrial adaptive responses during neuronal
development. Remarkably, changes in MIC25 expression were found to be independent of the levels of
other MICOS-subunits. Analysis of mitochondrial protein complexes by native electrophoresis and
immunoprecipitation disclosed, that MIC25 was increasingly incorporated into the mitochondrial
intermembrane space bridging (MIB) complex formed by MICOS and the SAM complex of the outer
membrane. Bioenergetic measurements revealed that differentiated SH-SYS5Y cells lacking MIC25
exhibit a reduced spare capacity for oxygen consumption, increased glycolytic activity and
hyperpolarisation of mitochondrial inner membranes. By contrast, MIC25-deficient HEK293T cells
showed no measurable differences in OXPHOS performance, but a moderate drop in membrane
potential.

In summary, my work sheds first light on the differential behaviour and specific features of MICOS,
specifically MIC25, in different cell types and tissues. It strengthens the idea that the MIC25 subunit
may have a specific role in neuronal cells and/or neuronal tissue development. Further experiments will
show, how loss of MIC25 affects specific cellular properties and responses during adaptive cellular

processes and what triggers the strong induction of MIC25 in early developmental phases.



Zusammenfassung

Mitochondrien sind als jene Zellorganellen bekannt, die Energie fiir nahezu alle zelluldren Prozesse
bereitstellen. Die innere Membran der Mitochondrien formt Einstiilpungen, die sogenannten Cristae,
welche die Oberflache vergroBern. Entlang dieser Cristae lassen sich verschiedene Proteinverteilungen
feststellen: oligomerische F{F,-ATP Synthasen befinden sich an den Spitzen, die Proteine der
Atmungskette entlang der Seiten, und der Mitochondrial Contact Site and Cristae Organising System
(MICOS)-Komplex im Bereich der Crista Junction, dem Ubergang zwischen Cristae und der inneren
Grenzmembran der Mitochondrien. Der MICOS-Komplex organisiert sich in einen MIC60- und
MIC10-Subkomplex. Wihrend zum MIC60-Subkomplex MIC60, MIC19 und MIC25 gezéhlt werden,
werden MIC10, MIC26, MIC27 und QIL1 zum MIC10-Subkomplex gerechnet. MICOS ist von
Bedeutung dafiir, die negative Kriimmung der inneren Mitochondrienmembran im Bereich der Crista
Junctions aufrechtzuerhalten, sowie gemeinsam mit Proteinen der dufleren Mitochondrienmembran
Superkomplexe zu bilden. Dariiber hinaus ist MICOS am Proteinimport sowie an der Regulation
ausgeglichener metabolischer Profile beteiligt.

Mit dem Wissenszuwachs iiber MICOS entwickeln sich neue Forschungsfragen zu gewebsspezifischen
Eigenschaften und der Anpassung an zellspezifische Energiebedarfe des Komplexes. Bereits erhobene
Daten aus unserer Forschungsgruppe weisen darauf hin, dass die MIC25-Untereinheit von MICOS
spezifisch in Gewebeproben von Mausgehimen verstirkt exprimiert wird. Dabei untersucht diese
Arbeit strukturelle und funktionelle Verdnderungen der Mitochondrienmembran-gestaltenden
Proteinkomplexe. Menschliche Neuroblastomzellen (SH-SY5Y) wurden hierfiir zu adulten Neuronen
differenziert. Dabei lag der Fokus auf dem Protein MIC25, dessen Eigenschaften in SH-SYS5Y und
Human Embryonic Kidney Cells (HEK293T) verglichen wurden.

Meine Arbeit zeigt eine signifikant erhohte Expression von MIC25 in differenzierten SH-SYS5Y-Zellen,
die auf eine Rolle von MIC25 bei der Anpassung von Mitochondrien an die Umgebung wihrend
neuronaler Entwicklungsprozesse hindeutet. Es ist bemerkenswert, dass die verstérkte Expression von
MIC25 unabhingig von den Expressionsniveaus der anderen Proteine des MICOS-Komplexes war. Die
Auswertung von mitochondrellen Proteinkomplexen mittels Elektrophorese und Immunoprizipitation
ergab, dass MIC25 verstérkt in den Mifochondrial Intermembrane Space Bridging (MIB)-Komplex
eingebaut wird, welcher durch MICOS und den sogenannten SAM-Komplex der &ufleren
Mitochondrienmembran gebildet wird. Bioenergetische Messungen ergaben, dass differenzierte SH-
SY5Y Zellen mit verminderter Expression von MIC25 eine reduzierte relative Reservekapazitit fiir den
Sauerstoffverbrauch, erhohte Glykolyseaktivitit und Hyperpolarisation des Membranpotenzials der
inneren Mitochondrienmembran haben. HEK293T-Zellen mit verminderter Expression von MIC25
zeigten keine Unterschiede in der Funktion der Atmungskette, allerdings eine Verminderung des
Membranpotenzials.

Zusammenfassend liefert diese Arbeit erste Einblicke in die zell- und gewebespezifischen



Eigenschaften des MICOS-Komplexes im Allgemeinen und von MIC25 im Speziellen. Sie bestirkt die
These, dass MIC25 eine individuelle Rolle in neuronalen Zellen und/oder deren Entwicklung spielt.
Das Ziel weiterer Forschung wird es sein zu zeigen, wie der Expressionsverlust von MIC25
verschiedene Zelleigenschaften und Anpassungsprozesse beeinflusst. Eine zentrale anschlieende
Frage lautet, welche Faktoren die starke Expressionszunahme von MIC25 in frithen

Entwicklungsstadien ausldsen.



2. Introduction

2.1. Mitochondria are structurally and functionally complex organelles

When people are asked what they associate with mitochondria, the most common answer will probably
be that they are the “powerhouses of the cell”. Even though energy provision is a major function of
mitochondria, they are also responsible for essential metabolic functions, like calcium homeostasis,
signalling cascades and initiation of apoptosis [36,49,174]. Their structural and functional diversity is
explained by the endosymbiont theory. It proposes that eukaryotic cells evolved from prokaryotic
archaea-like cells that engulfed bacteria and developed them into mitochondria (and chloroplasts) over
time [9,69,71,212]. Mitochondria possess their own circular DNA, they have their own ribosomes for
protein biosynthesis and can fuse and divide independently from their host cell [9,69,71,212]. Initial
phylogenetic reconstructions identified a-proteobacteria, presumably the order of Rickettsiales, as an
early origin [29,70,220]. Early symbionts probably possessed more than 630 distinct protein-coding
genes [50,61]. Most of these genes have been transferred from the mitochondrial DNA (mtDNA) to
nuclear chromosomes [50,61]. The current human mtDNA encodes 37 genes in total, of which 13
encode mRNA, and thus polypeptides [230]. 22 genes encode tRNAs and two rRNAs [230]. Amongst
the 13 protein-coding genes are the particularly hydrophobic core subunits of oxidative phosphorylation
complexes I, I1I, IV and V (F; F,-ATP synthase) [230]. All encoded tRNAs and rRNAs help to establish
a translational apparatus to manufacture these 13 peptides [230]. Hence, most mitochondrial proteins
are encoded by nuclear DNA. Their genes are transcribed in the nucleus, and upon maturation of the
encoded mRNA, the respective proteins are synthesised on free ribosomes in the cytosol [72]. For
targeting to and importing into different mitochondrial compartments, they contain specific sequence
information (see below).

Believed to be another relic of its procaryote origin, mitochondria are composed of two lipid bilayers
forming the outer and inner mitochondrial membrane (OMM and IMM) [144]. The OMM sheathes the
intermembrane space (IMS), the IMM sheathes the mitochondrial matrix [144]. Within the
mitochondrial matrix, circular mitochondrial DNA is organised into nucleoids [144]. As illustrated in
Figure 1, the IMM is further sub-divided into the inner boundary membrane (IBM), close to the OMM,
and crista membranes (CM), that create folds with a range of sizes and shapes into the matrix [159,168].
Crista junctions (CJs) are narrow tubular constructions connecting cristae to the IBM [168]. The IBM
interacts with the OMM in various ways, most notably through morphological contact sites — a
structural connection able to withstand mechanical forces such as osmotic shrinkage [168,207].
Functionally, IBM and OMM contacts facilitate transport of high energy metabolites via the adenine
nucleotide translocase (ANT), mitochondrial creatine kinase (mtCK) and voltage-dependent anionic
channel (VDAC or porin) [49,168]. Moreover, OMM-IBM contact sites are proposed to be required for
efficient remodelling of the OMM in yeast [59,168].
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Figure 1 Organisation of mitochondrial membranes in eukaryotic cells

The organisation of eukaryotic mitochondria represents a highly ordered construct enabling structural and
functional sub-compartmentalisation. The outer mitochondrial membrane (OMM) represents the outer
barrier of mitochondria towards the cytosol; the inner mitochondrial membrane (IMM) encases the
mitochondrial matrix at the centre of mitochondria. Both OMM and IMM enclose the intermembrane space
(IMS). The IMM is divided further into the inner boundary membrane (IBM), which is closest to the OMM,
and crista membranes (CM), that form invaginations into the matrix, called cristae. Crista junctions (CJ)
encompass narrow, tubular-like structures that form the transition between IBM and CM.

Figure I was created with BioRender.com.
Due to compartmentalisation of the IMM, its protein composition is not uniform [207,225]. As
explained above, the IBM contains proteins that are needed to facilitate preprotein transport into the
IMS and matrix. Conversely, crista membranes harbour proteins of the respiratory chain complexes and
F,F,-ATP synthase [203]. However, exchange of proteins between both IMM compartments is
possible, adapting mitochondrial needs to its surrounding metabolic conditions [203]. The integral IMM
protein insertase Oxal represents an interesting example, because in yeast cells its distribution between
IBM and CM depends on the growth conditions [195,203]. During fermentation, Oxal is mostly present
in the IBM, whereas during respiratory growth conditions it is largely found in the CM [195].
Not only protein composition differs between IBM and CM. Structurally, CMs make up the

overwhelming part of the IMM by forming deep invaginations that increase the surface area



[57,126,127]. The arrangement of CMs correlates with metabolic activity of the cell — increased surface
area leads to increased respiratory activity [190]. For example, in mouse mammary gland mitochondria,
the change from pregnancy to lactation is accompanied by an increase in density of mitochondria
reflecting IMM expansion [170]. Hence, CMs differ in packing density and/or structural composition
depending on the tissue of origin and metabolic state [190]. The most prevalent shape of CMs are leaf-
like extensions into the MM [190,207], but tubular (e.g., zona glomerulosa of rat adrenal cortex [216]),
lamellar (e.g., zona glomerulosa of ox [161]), circular (e.g., brown fat tissue in hibernating squirrels
[74]), or even triangular shapes (e.g., in bat muscle [169]) have been observed.

As mitochondria are structurally and functionally diverse, defective mitochondrial processes become
apparent in a variety of ways. Collectively termed as mitochondriopathies, those defects can manifest
at any age or in any tissue [231]. They can be the consequence of mutations of the nuclear genome or
mtDNA, and can be inherited maternally, autosomal dominantly, autosomal recessively, or X-
chromosomally [231]. Primary defects of mtDNA are inherited maternally, as mitochondria are
consistently inherited through the female line, or occur sporadically [231]. Secondary defects of
mtDNA arise due to mutations of the nuclear genome in genes that are essential for maintaining mtDNA
[231]. These are inherited autosomally or X-linked [231]. As the majority of mitochondrial proteins are
nuclear-encoded (see above), most mitochondriopathies result from mutations in the nuclear DNA
[231]. These mutations can affect oxidative phosphorylation complexes, their assembly factors,
mitochondrial protein synthesis and import, or phospholipid metabolism [231]. Typical
mitochondriopathies are e.g., MELAS (mitochondrial encephalopathy, lactic acidosis, stroke-like
episodes), LHON (Leber's hereditary optic neuropathy), KSS (Kearns—Sayre syndrome, affecting the
skeletal muscle, brain, heart, and eye) and LS (Leigh syndrome, affecting the brain, eye, skeletal
muscle, and peripheral nerves) [231]. Henceforth, mitochondriopathies show up with a wide range of
symptoms, often delaying diagnosis [68]. Even though next generation sequencing has provided

possibilities of genetic diagnosis, causative therapy remains an unsolved challenge [68].

2.2 Mitochondrial cristae exhibit sub-compartmentalisation
The extraordinary effectiveness of mitochondrial respiration is the result of the evolution of
mitochondrial shape and ultrastructure [36,120,135]. According to the endosymbiont theory,
intracytoplasmic membranes of a-proteobacteria, functionally responsible for harnessing energy,
became cristae of todays’ mitochondria [139]. Crista membranes (CMs) form small functional units
that enrich molecules [128], localise proton gradients [221] and hinder the unintended release of
signalling entities such as cytochrome c¢, which plays a major role during apoptosis [36]. Those
functional units are upheld by crista junctions (CJs) that form tubular neck-like structures [207,225].
ClJs separate the intermembrane space (IMS) encased by the outer mitochondrial membrane (OMM)

and inner boundary membrane (IBM) from the intracristal space limited by crista membranes [207,225].
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CMs harbour proteins of the respiratory chain complexes and F;F,-ATP synthase (see Figure 2),
however, their distribution is not uniform. Components of the electron transport chain, such as NADH-
ubiquinone oxidoreductase (NADH-dehydrogenase, complex I), succinate dehydrogenase (SDH,
complex II), cytochrome ¢ reductase (complex III) and cytochrome ¢ oxidase (complex 1V), are
preferentially located in the flat laminar parts of CMs [42]. F{F,-ATP synthases concentrate at cristae
rims and edges [42]. Respiratory chain complexes establish a proton gradient across the IMM by
oxidising reduced co-factors, like NADH or FADH, [205]. Movement of protons along this gradient
into the matrix drives ATP production by F;F,-ATP synthase, fuelling virtually all energy-dependent
cellular functions [205].

Through blue native-polyacrylamide gel electrophoresis (BN-PAGE) experiments Schigger et al.
discovered that respiratory chain complexes form supercomplexes [182]. Later, data from electron
microscopy [181] and electron cryo-tomography [44] led to the identification of stable assemblies
containing complexes I, III and IV. Henceforth, the existence of respiratory chain supercomplexes is
now broadly recognised, but controversies about their true benefit to cells persist. In Paracoccus
dentrificans, complex I is steadied by supercomplex formation of complex I, IIl and IV [197].
Therefore, co-location of free complexes and formation of supercomplexes seems to stabilise or even
assists complex assembly. Different studies describe a relationship between the amount of
supercomplexes present and changes of metabolic state (e.g., in heart mitochondria of mice [242]),
mitochondrial shape (e.g., in vivo in mice and in vitro in HEK293T cells [35]) or mitochondrial
dysfunction (e.g. in neonatal encephalomyopathy because of complex III deficiency resulting in
defective supercomplex assembly [54]). However, to what extend development of these diseases can
really be attributed to supercomplex assembly defects remains unclear. The hypothesis that respiratory
chain supercomplexes reduce the generation of reactive oxygen species (ROS) is supported by data
revealing that complex I is integrated into supercomplexes to a greater extent in neuronal cells than in
astrocytes [122]. Those neurons exhibit reduced levels of ROS [122]. Another interesting proposal has
been made by Blaza et al. [20]: Due to the high protein:lipid ratio in CMs, proteins are at risk of forming
strong and irreversible protein-protein interactions. To prevent aggregation and consecutively loss of
function, weak interactions between the single complexes might have evolved. This leads to the thought
that supercomplex formation is on the one hand a result of structural properties of CMs, and on the
other hand actively responsible for maintaining its structural and functional integrity.

As mentioned above, F; F,-ATP synthase complexes, located at cristae rims of mitochondria, contribute
to cristae membrane shaping. The F{F,-ATP synthase is highly conserved form bacteria to eukaryotic
cells, and all mammals harbour a common structure of the cytoplasmic F; “head” domain (9 subunits)
that is connected to a membrane-bound F, module [143,211]. F, consists of subunits termed a and c,
that ultimately transform the energy stored in the proton gradient to generate a chemical bond during

ATP synthesis [143,211]. Proton movement through the IMM transmits energy to a pivot (y, 6 and €
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subunits of F;) causing conformational changes in F; and ATP synthesis through ADP phosphorylation
[143]. Furthermore, the role of ATP synthase and shaping of mitochondrial membranes will be assessed

below.

2.3. Shaping inner mitochondrial membranes marries form with function
One of the best examples for alliance of structure and function are mitochondrial inner membranes.
Their architecture supports energy metabolism, transfer of molecules and conveys communication with
other organelles [157]. F1F,-ATP synthase does not only accumulate at rims of cristae (see Figure 2 or
chapter 2.2) but is actively shaping and maintaining its compartment by forming dimers and ribbons
that bend crista membranes [143]. ATP synthase dimer interfaces form conic-like shapes and induce
strong bending of membranes [78,133]. Quantitative analysis of molecular simulations indicates that
ribbon-formation of F;F,-ATP synthase dimers occurs spontaneously easing elastic tension of CMs
[10]. Yeast mutants lacking F;F,-ATP synthase dimer interface proteins, CMs form onion-like shapes
and growth rates are reduced significantly [43,154]. Additional functions of F;F,-ATP synthase such
as maintaining the mitochondrial membrane potential and proton trapping have been described

[24,41,43].
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Figure 2 Organisation of protein complexes within mitochondrial membranes

Protein complexes of mitochondrial membranes are found at characteristic locations. ATP synthase (green)
preferentially accumulates at cristae rims, complexes I (red), 11 (grey), III (turquoise) and IV (purple)
together with coenzyme Q (Q) and cytochrome ¢ (C) of the electron transport chain at crista membranes
(CM) of mitochondrial cristae. Chiefly, the mitochondrial contact site and cristae organising system
(MICOS, blue) is found at crista junctions (CJ). Protein complexes responsible for (pre-)protein import
into mitochondria, the translocase of the outer membrane (TOM, brown) and translocase of the inner
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membrane (TIM23, yellow), are respectively found in the outer mitochondrial membrane (OMM) and inner
mitochondrial membrane (IMM), more precisely the inner boundary membrane (IBM), passing (pre-)
proteins through the intermembrane space (IMS).

Figure 2 was created with BioRender.com.

The IMM hosts lipids of unique local distribution, as more than 50% of membrane lipids are cardiolipin
(CL) and phosphatidylethanolamine (PE) classifying as so called “non-bilayer” phospholipids [90].
They are believed to form cone-like shapes, thereby helping to maintain high degrees of membrane
curvature at minimal tension, as it is found in tips and rims of the highly folded IMM [90]. Accordingly,
CL and PE are enriched in the lipid monolayer of the IMM that is negatively curved [90].
Phosphatidylcholine (PC), phosphatidylinositol (PI) and phosphatidylserine (PS) rather segregate into
the positively curved monolayer [90]. This asymmetric lipid composition assists in forming stable
invaginations with high degrees of membrane curvature [90]. Experiments with CL-enriched giant
unilamellar vesicles acting as a model for the IMM have demonstrated, that CL-facilitated membrane
bending is supported by a pH gradient [109]. As a result of local pH changes, bending progressed,
halted, or regressed accordingly in this in-vitro study [109]. In vivo, the respiratory chain complexes
and F;Fo-ATP synthase are responsible for generating and consuming pH gradients [109]. Such
compartmentalisation leads to locally different pH gradients that support IMM bending [109]. Another
in-vitro study provided evidence, that negative IMM curvature and CL accumulation facilitate each
other [16]. CL likely attracts conic-shaped proteins to sites of membranes with high membrane
curvature [2,189]. Henceforth, bilateral influences of lipid-protein interactions seem to facilitate IMM
bending in a feed forward loop, respectively driving the stepwise formation of cristae.

OPAL1 (optic atrophy 1), a dynamin-like GTPase encoded by nuclear DNA, has been identified as
essential for IMM bending [124]. Assembled in the cytosol and shuttled to mitochondria via a N-
terminal target sequence, OPA1 exists in eight different splicing variants processed depending on
tissue-specific requirements [92,124]. Two metalloproteases, YMEIL and OMAI1, act as regulatory
knob for OPA1 by cleaving it into long- (I-) and soluble- (s-)OPAT1 forms [73,83,92]. Balance between
both forms is crucial for fusion and fission activity of mitochondria [124]. Mitochondrial fusion is the
process by which mitochondria merge with each other to e.g. facilitate exchange of mtDNA or adapt
their function to different metabolic states of the cell [210,232]. During mitochondrial fusion, 1-OPA1
merges the IMM either by interacting with more I-OPA1 or with cardiolipin [64]. Mitochondrial fission
is the process, where mitochondria divide into separate entities to increase their number [210,232].
Fission also fulfils an essential part in maintaining mitochondrial quality through removal of damaged
mitochondria [210,232]. Processing of OPA1 is the result of metabolic states: YMEIL increases
cleavage with elevated oxidative phosphorylation activity [134]. Cellular stress triggers OMA1 activity
leading to increased mitochondrial fission and fragmentation [52,83]. Either complete loss or excess
cleavage of OPA1 destabilises the IMM by directly promoting cytochrome ¢ release and apoptosis
[98,145,153]. Discovered in 2000, the gene of OPA1 was identified as mutational locus of autosomal
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dominant optic atrophy (ADOA) [4]. ADOA leads to degeneration of ganglion cells of the retina trailed
by atrophy of the optic nerve manifesting clinically as progressive vision loss and scotoma within the
first two decades of life [4]. Beyond affecting the retina, OPA1 mutations have also been linked to
myopathy, deafness, peripheral neuropathy, and Parkinson-like characteristics [27]. Emerging evidence
suggests a developmental role of OPA1. OPAl-deficient iPSCs (induced pluripotent stem cells)
differentiating into dopaminergic neurons revealed mitochondrial fragmentation and neuronal loss,
resembling patterns seen in neurodegeneration [101].

Different proteins, protein complexes and lipids (and their interactions!) are insurmountable for shaping
the IMM, adapting it to its metabolic needs. Thus, mitochondrial morphology represents a spectrum
from hyperfused, highly continuous structures to hypertubulated, fragmented structures as the result of
fusion and fission activities of the OMM and IMM respectively in response to metabolic conditions
[210]. Availability of nutrients, level of cellular stress and oxidative phosphorylation activity tip the

tide towards mitochondrial hyperfusion or fragmentation, depending on which conditions prevail [210].

2.4. MICOS and associated proteins remodel mitochondrial crista morphology

Next to mitochondrial crista membrane tips, crista junctions are areas of high membrane curvature
harbouring an evolutionary retained multi-protein complex termed mitochondrial contact site and
cristae organising system (MICOS, see Figure 3) [138]. The gene of mitofilin (IMMT in mammals),
later termed Mic60/MIC60, was cloned for the first time in 1994 [200]. Due to its high expression rates
in heart muscle, MIC60 was initially described as a hypothetical motor protein [200]. In 2005, MIC60
was first reported to play a crucial role in organizing the IMM, as cristae of HeLa cells lacking MIC60
formed dense stacks of membrane sheets rather than the typical tubular or vesicular morphology [99].
Six years later, proteins apart from Mic60 belonging to MICOS in yeast were identified independently
by three different approaches [80,87,208]. Using quantitative genetic interaction mapping of
mitochondria, Hoppins et al. [87] described five proteins besides Mic60 comprising MICOS. Harner et
al. [80] designed a fusion protein spanning both mitochondrial membranes to mark mitochondrial
contact sites. Membrane fractions were separated by density gradients and those localising with the
marker were exposed to quantitative mass spectrometry [80]. This revealed six co-localising MICOS
proteins at contact sites [80]. Lastly, von der Malsburg et al. [208] Protein-A-tagged Mic60, performed
differential isotope labelling followed by affinity purification and subjected the elution fractions to mass
spectrometry. This approach identified six MICOS proteins interacting with translocases of the outer
membrane [208]. Next to Mic60/MIC60, proteins discovered were later termed Micl0/MIC10,
Micl12/QIL1, Micl9/MIC19, Mic26/MIC26 and Mic27/MIC27 in yeast/mammals respectively
[80,87,158,208]. In mammals, thanks to MIC25, a paralog of MIC19, MICOS consists of at least seven
genuine subunits [89,158].
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Figure 3 Organisation of MICOS-, SAM-, and MIB-complex at mitochondrial crista junctions

The mitochondrial contact site and crista organising system (MICOS) is located at mitochondrial crista
junctions (CJ) of the inner mitochondrial membrane (IMM), connecting the inner boundary membrane
(IBM) with the crista membrane (CM) of the inner mitochondrial membrane (IMM). MICOS is comprised
of seven subunits in mammals, which organise in a hierarchical fashion: the core subunit MIC60 (green)
forms a subcomplex together with MIC19 (yellow) and MIC25 (orange), the core subunit MIC10 (light
blue) oligomerises at crista junctions and forms the second subcomplex together with MIC26 (purple),
MIC27 (red), and QIL1 (brown). The SAM-complex (dark blue), located in the outer mitochondrial
membrane (OMM), stably interacts with MICOS, thus bridging the intermembrane space (IMS) and
forming the mitochondrial intermembrane space bridging (MIB) complex.

Figure 3 was created with BioRender.com.

MICOS is composed of two subcomplexes, the MIC60- and the MIC10-subcomplex (see Figure 3)
[163,224]. MIC60 associates with MIC19 and MIC25 to form the MIC60-MIC19-MIC25 subcomplex
widely accepted as bridging the IMS and interacting with protein complexes of the OMM
[58,76,80,87,208,228]. MIC60 possesses an N-terminal sequence targeting it to mitochondria, which is
succeeded by a segment anchoring it in the IMM and its largest, hydrophilic domain exposed to the
IMS [162]. A coiled-coiled (CC) domain, lipid-binding sites, and a C-terminal domain (or mitofilin
domain) are found in the IMS region [84,162]. Recently, structural insight into domains of MIC60 has
been provided. MIC60 forms tetrameric arrangements, as one CC domain aligns with another CC
domain in an antiparallel manner [21]. Two of such elements form an elongated X-shape, putatively
spanning crista junctions [21]. Further towards the C-terminus, mitofilin domains dimerise at opposite
ends of the X forming convex shapes [21]. This complements the concave shape of the IMM surface at

cristae rims [21]. Furthermore, two lipid binding sites have been identified which are believed to

facilitate stabilisation and shaping of crista junctions via an amphipathic profile [84]. Functions of
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MIC60 in remodelling crista junctions apart from solely bridging the IMS have been described
explaining homogenous diameters of crista junctions with the (adjustable) extension of MIC60-
tetramers [21,84]. MIC19 likely supports tetramerisation of the CC domains and controls the dynamic
remodelling of crista junctions [21,84]. The C-terminal coiled-coil helix coiled-coil helix (CHCH)
domain of MIC19 binds to a region of the mitofilin domain of MIC60 further towards the N-terminus
[84]. The CHCH domain encases a hairpin region by two cysteine motifs forming intramolecular
disulfide bonds potentially regulating MICOS in a redox-dependent manner [177]. Now, the N-terminal
region of MIC19, together with parts of MIC60, is free to form extensions connecting OMM with IMM
[21]. Targets for interaction with the OMM are the general preprotein translocase of the outer membrane
(TOM) and sorting and assembly machinery (SAM) complexes essentially forming mitochondrial
contact sites [21,80,147,208]. Excitingly, not only OPA1 can be cleaved by OMAI, but also the N-
terminal region of MIC19 provides a cleavage site for this metalloprotease activated by metabolic stress
emphasising the importance of the MIC60-subcomplex in contact site formation [199].

Like MIC19, MIC25 belongs to a family of CHCH proteins, more specifically to the twin Cx9C
subfamily indicating their common ancestry, as both are orthologs to Micl9 in yeast [89]. Likely,
MIC19 and MIC25 are a product of whole genome duplication at the very essence of vertebrate life
[89]. Revealed by pulldown assays, MIC25 interacts with both MIC60 and MIC19, forming the MIC60-
MIC19-MIC25 subcomplex of MICOS [6]. As 36% of amino acids between MIC19 and MIC25 are
similar, the C-terminal CHCH domain in MIC25 has been identified as binding site for MIC60, like in
MIC19 [6]. Hence, MIC19 and MIC25 share characteristics, but are not identical in form and function.
Of note, MIC25 does not provide an N-terminal cleavage site for OMA1 [199], but MIC25 knockdown
reduces cellular ATP levels, which has not been observed for MIC19 knockdown cells in the same set
of experiments [6]. Knockdown of MIC25 does not reduce cellular MIC19 levels ruling out secondary
effects. Hence cellular functions must be influenced independently by MIC19 and MIC25 [6]. Crosstalk
with MIC60 appears to be depending on tissue specificities, as MIC25 knockdown downregulates
MIC60 in some cell types more than in others [6]. Similarly, the picture of whether and how crista
morphologies are influenced by loss of MIC25, is ambivalent. An et al. [6] and Ding et al. [47] observed
changes, like fewer crista junctions and lower cristae density, which are not observed by Ott et al. [148].
However, to obtain these results, different approaches were used. An et al. [6] and Ott et al. [148] both
knocked MIC25 down, the former in RKO and MCF7 cells, the latter in HeLa cells. Analysing
knockdown efficiency, An et al. [6] exhibited superior results. Similarly, Ding et al. [47] used HeLa
cells as target cells, but performed knockout assays with great success. Hence, comparability of these
studies seems to be limited. Clearly, the task of MIC25 in mitochondrial structure and function has not
been determined yet and provides hypothesises for the existence of tissue-specific profiles.

The MIC10 subcomplex is constituted of MIC10, MIC26, MIC27 and QIL1, and is associated with
membrane bending activity [163,224]. The MIC10 protein is characterised by the presence of two

transmembrane segments, each featuring glycine-rich sequence motifs [5]. A positively charged loop
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linking the adjacent transmembrane segments is responsible for topologically correct insertion into the
IMM [23,203]. The positively charged loop is ultimately localised in the matrix, whereas both C- and
N-terminal ends are exposed to the IMS [23,203]. Such motifs rich in glycine residues have previously
been associated with dimerisation and oligomerisation activity in lipid bilayers, like in Atp20 (subunit
g), a protein required for dimerisation of ATP synthase [176]. Thus, Harner et al. [80] proposed the
concept of homo-oligomerisation of MIC10 next to its integration into a larger hetero-proteinaceous
complex. An experimental approach exchanging the conserved glycine with alanine residues reported
altered cristae membrane architecture, whereas affinity purification of these Micl0 variants still
allowed detection of all MICOS subunits [23]. Hence, the lack of Mic10 glycine motifs does not abolish
interaction with other MICOS proteins [23]. Oligomerisation of Micl0 and induction of negative
membrane curvature were impaired leading to irregularly shaped and highly connected cristae [23]. On
top of this, MIC10 does not only play a crucial role in induction and maintenance of crista membrane
curvature at crista junctions as a core component of MICOS but plays a second role in interacting with
F1F,-ATP synthase independently of its oligomerisation abilities [166]. Thus, impairment of energy
metabolism and growth by cells lacking MIC10 is believed to be the result of two effects: Defects of
crista architecture and reduced stability of ATP synthase dimers leading to ineffective metabolic
adaptation [166].

Corresponding to MIC19 and MIC25, the paralogs MIC26 and MIC27 likely derived from duplication
of genes [89]. Both proteins regulate MIC10 oligomers in an antagonising manner, as MIC27 stabilises
and MIC26 destabilises them [164,238]. However, MIC27 is not essential for MIC10 oligomerisation,
as complete loss of MIC27 does not fully diminish MIC10 oligomers [238]. MIC10 oligomerisation is
possible with sole overexpression of MIC10 [23]. Both, MIC26 and MIC27 indicated interactions with
lipids and respiratory chain complexes/ F;F,-ATP synthase. Early on, MIC27 was identified as
cardiolipin-binding factor [213]. This proposes an interesting role of MIC27 and cardiolipin in
regulating MIC10 oligomerisation, as loss of both destabilised MIC10 oligomers to a higher extend
than loss of solely one of them [164]. Interestingly, double knockout of MIC26 and MIC27 resulted in
impaired stability of respiratory chain complexes, supercomplexes and F,F,-ATP synthase [8]. This
had influence on their stability possibly by altered cristae morphology and/or cardiolipin interactions
[8].

QIL1, ortholog of Mic12 in yeast [89], has been identified as “link” between the MIC60- and MIC10-
subcomplexes [76]. Overexpression of MIC10 in QILI-diminished cells could not reestablish
interaction with the independently stable MIC60-subcomplex [76]. A glycine-rich, N-terminal
transmembrane segment and a highly conserved tryptophan-asparagine- (WN-) motif were recently
identified as important interaction sites for both MIC60- and MIC10-subcomplexes [201]. The
devastating effects of loss-of-function mutations in QIL1 in mammals can be seen by their relationship
with early onset, fatal mitochondrial hepatopathy and encephalopathy [65,77,175,236].

Additionally, poorly understood MICOS-associated proteins like DNAJC11 [228] and SLC25A46
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[192] have been discovered. DNAJCI11 is defined by its highly conserved J-domain making it a
constituent of the J-protein family, also called Heat Shock Protein 40 (HSP40) family. This family of
co-chaperones to HSP70s supports ATP hydrolysis via its J-domain during protein folding and quality
control [91,104]. Intriguingly, interactions between MIC60, MIC19, MIC25 and DNJCI11 have
specifically been found by mass spectrometry in the cerebrum of mice [206]. This is postulated to be
the reason for crista abnormalities and ultimately motor neuron pathology in mice harbouring splicing
mutations in DNAJC11 [91,206]. SLC25A46 is a member of the mitochondrial solute carrier family
usually embedded in the IMM [152]. However, it has been identified as an integral protein of the OMM
in mitochondria acting in a pro-fission manner [1]. Depletion of SLC25A46 led to a decrease of MIC60,
almost complete loss of MIC19 and increased cleavage of OPA1 into short OPA1 forms [94]. This
resulted in loss of mitochondrial cristae architecture attributing SLC25A46 to an upstream support for
MICOS [94]. Clinical representations of missing SCL25A46 function are diverse, all having
neuropathological phenotypes in common: optic atrophy, axonal Charcot-Marie Tooth Syndrome,
cerebellar atrophy, and Leigh Syndrome have been identified [1,94]. Another protein that is believed
to interact with MICOS in yeast is Aim24 [81]. Depletion of Aim24 led to dissociation of Mic10 and
thus destabilisation of MICOS, but further functions in modelling cardiolipin have been proposed [81].
Hence, further work is needed to fully elucidate the role of MICOS-associated proteins, their functions
and interplay to gain further insight into regulatory processes of crista architecture.

In yeast, deletion of Mic60 and Mic10 resulted in a similar IMM phenotype, as the normal tubular and
vesicular structures are lost and lamellar sheets are formed that do not connect to the IBM (see above,
[80,87,208]). Loss of Mic12, Mic19 or Mic27 led to a phenotype of the IMM somewhere in between,
as both phenotypes are observed [208]. Recent experiments with knockout (KO) of MICOS proteins in
HeLa cells revealed, that virtually all mitochondria with loss of MIC60 presented distorted structures
of the IMM [193]. Knockout of MIC10, MIC19 or QILI1 led to aberrant cristae in three out of four cases
[193]. Loss of MIC25, MIC26 or MIC27 resulted in normal IMM morphology in three out of four cases
[193]. Interestingly, MIC10- and QIL1-KO cell lines mainly formed a large, single CM aligning with
the IBM [193]. Knockout of MIC60 or MIC19 rather presented multiple, stacked CMs in concentric
layers [193]. Distorted structures of the IMM recovered with re-expression of MIC60 or MIC10
respectively hinting towards MICOS as an essential player in building normal cristae morphology
[193]. In this context, cristae morphology of MIC10-KO cells could resemble an intermediate form on
the path towards higher structural organisation of cristae [193]. Provided by better spatial resolution
images of living cells, new evidence suggests, that CMs continuously undergo membrane remodelling
cycles dependent on MICOS [110]. Close apposition of cristae and subsequent fusion, as well as fission
events occurred in a balanced way [110]. The rate of fusion and fission events was significantly reduced
in HeLa cells lacking QIL1 [110]. Similar effects were observed for the crista junction itself: Immuno-
stained MIC60 and MIC10 localised at crista junctions uncovered numerous merging and splitting

events which occurred in a balanced manner and at similar rates for both visualised proteins [110].
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Upon knockout of QIL1, the layout of MIC60 within CMs stayed similarly arranged, but the rates of
merging and splitting events were drastically reduced [110]. Thus, a fully operational MICOS complex
seems to be required for successful remodelling of crista membranes and crista junctions [110].
Experiments with actively remodelling cristae revealed, that physical diffusion barriers at certain times
prevent mixing of CM proteins (here ATPS5I) of different compartments [110]. Again, these processes
were inhibited in QIL1-KO cells leading to the idea that MICOS might dynamically modulate protein
diffusion at CJs [110]. Mobility of F;Fo-ATP synthase between different CM compartments was
demonstrated by Busch et al. [178]. This was dependent on the energy metabolism of mitochondria, as
inhibition of glycolysis led to redistribution of a subpopulation of more mobile monomeric F;F,-ATP
synthase from cristae to the IBM [178]. Accompanied by a functional shift, monomeric and F{F,-ATP
synthase performed more ATP hydrolase than ATP synthase activity [178]. Hence, during cellular
stress and decreased glucose availability, spatially and temporally separated subpopulations of F;F,-
ATP synthase might exist providing metabolic adaptation capacity [178]. These findings underline the
critical role of MICOS complex in upholding the structural integrity and remodelling CMs and Cls,

which is essential for mitochondrial function and adaptation to metabolic stressors.

2.5. MICOS mediates outer-inner mitochondrial membrane contacts and protein import

It has been established, that MICOS stabilises crista junctions and is hence critical for mitochondrial
architecture [22,208]. Mitochondrial protein import involves several specialised pathways, where
MICOS has been described to play a pivotal role in coordinating the process [22,208]. Most nuclear
encoded protein precursors destined for mitochondria are recognised at the OMM by the TOM complex,
where Tom40 serves as the central entry gate [11,79,187,229]. Preproteins with an N-terminal targeting
sequence are translocated through the hydrophilic channel provided by the TOM complex [79]. The N-
terminal targeting sequence recruits the translocase of the inner membrane (TIM) 23 complex to the
IMM [79]. This facilitates translocation of the preprotein into the IMS or matrix [79]. Even though
preprotein transport into the matrix is usually managed in cooperation of both complexes, preproteins
destined for the matrix can still be transported through TOM, even when transport through TIM is
halted [141]. This leads to the idea that TOM- and TIM complexes are not permanently linked to each
other, rather forming “dynamic translocation contact sites” [141]. TOM and TIM complexes form
transient supercomplexes, which have been identified localising specifically in proximity to crista
junctions [66]. MICOS, localised at crista junctions, helps to couple these complexes, enhancing protein
handover [26,47]. However, the precise mechanisms of the influence of MICOS on the presequence
import pathway remain unclear.

The carrier import pathway composes an alternative protein import pathway which consists of the
TIM22 complex of the IMM [79,136,215]. Small chaperons in the IMS mediate the transport of
preproteins from the TOM complex to the IMM [79,136,215]. This pathway is e.g. used by hydrophobic

metabolite carriers lacking an N-terminal presequence [67,115,165]. MICOS has been implicated in
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spatially organising the TOM-TIM22 interaction, ensuring efficient transport of these proteins [26].
Small proteins destined for the IMS are usually imported by the MIA pathway [13,14,131]. First, they
are translocated through the TOM complex in the OMM and are then relayed to CHCHD4 (Mia40 in
yeast) trapping them in the IMS via by oxidative folding [13,131,156,194]. For this purpose, they
display conserved cysteine-rich patterns which are recognised by CHCHD4 [14,131]. Interestingly,
hydrophobic interactions independent of the oxidoreductive activity of CHCHD4 have been proposed
to contribute to IMS trapping [156,214]. MICOS, particularly Mic60 has a hand in preprotein import
via the MIA pathway, as it was identified to transiently interact with Mia40 in yeast [204,208]. It
positions Mia40 near the TOM complex helping preprotein handover [204,208]. This proposes an
integral role of MICOS in spatiotemporal coupling of preprotein import into mitochondria.

B-Barrel proteins, like Tom 40, need both the TOM and the sorting and assembly machinery (SAM) for
insertion into the OMM [12,86,102,217]. Following translocation into the IMS by the TOM complex,
B-barrel proteins are transported via small chaperons to the SAM complex in the OMM [12,86,102].
MICOS sustains connections to both TOM and SAM complexes and deletion of MIC60 impairs 3-
barrel protein import and OMM membrane insertion [22]. A large hydrophilic N-terminal polypeptide
transport-associated (POTRA) domain of SAMS50 is required for MICOS-SAM interactions [22].
However, it remains unclear to what extend MIC60 contributes to TOM-SAM supercomplex formation,
or which connection alleviates B-barrel preprotein transfer.

Newer studies suggest direct connections of SAMS50 with MIC60, MIC19 and MIC25 forming the
mitochondrial intermembrane space bridging (MIB) supercomplex [40,47,180,199]. The CHCH
domain of MIC19 interacts with MIC60, and its N-myristoylation site interacts with SAMS50 [40]. As
OMAL1 cleaves MIC19 N-terminally, SAMS50-MIC19-MIC60 axis is disrupted leading to disassembly
of the MIB supercomplex, abnormal mitochondrial structure and deficiency of crista junctions [199].
The SAM50-MIC19-MIC60 axis was partially restored by overexpression of MIC25 in MIC19
knockout cells supporting evidence of similarities in structure and function to MIC19, as MIC25 forms
connections with SAMS50 and MIC60 just like MIC19 [199]. During MIC19 knockout the SAM
complex was destabilised, but levels of MIC60 and MIC25 were unchanged indicating a dominant role

of MIC19 in maintaining MIB supercomplex [199].

2.6. MICOS proteins exhibit tissue-specific mitochondrial expression levels
To meet distinct energy and metabolic demands, mitochondria are highly specialised across different
tissues. This becomes evident as they differ greatly in their mitochondrial protein composition,
including key components like the electron transport chain or ribosomes, which may influence their
specific function [38,88,100,150]. Morphological variations reflect this specialisation, as they are
shaped by intrinsic developmental factors and extrinsic environmental cues [202]. While these
differences are imminent, their functional implications remain poorly understood.

Hence, our research group has become interested in tissue-specific expression levels and/or different
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isoforms of MICOS and MICOS interacting proteins. Mitochondria from heart, brain, skeletal muscle,
liver, lung, and spleen of mice were isolated and analysed for expression levels of MICOS subunits and
some of its associated proteins (see Figure 4). Whereas for proteins of the MIC10-subcomplex and
SAMS0 detected antibody intensity signals between tissues remained stable, for components of the
MIC60-subcomplex, a change of isoform expression patterns of MIC60 between tissues was found.
MIC60 is predicted to exist in five splicing variants in mice and four in humans [243,244]. The isoform
expression levels seem to be similar in heart and skeletal muscle tissue, and similar in parenchymal
organs like liver, kidney, lung and spleen. Brain tissue shows its specific predominant isoform.
Moreover, an increased antibody intensity signal of MIC25 in brain tissue and to some degree in
kidneys was recognised. To my best knowledge, there is no published data about their functional
properties raising interesting research questions to be answered in the future. Even though MIC19 and
MIC25 are orthologs (see 2.4), their expression pattern across tissues varies tremendously. Quantities
of MIC25 are extensively upregulated in neuronal tissues indicating brain-specific properties of this
protein. Elucidating this observation will be the goal of this thesis. Can increased expression rates of
MIC25 be reproduced in human neuronal-like cells? How does presence and/or absence of MIC25
influence neuronal differentiation processes? Does this affect energy metabolism?

To assess tissue-specific roles of MIC25 in neuronal cells, a suitable human-derived neuronal cell
model was necessary. In the research of neurodegenerative diseases, this requirement became essential
early on. The SH-SYS5Y cell line has human heritage as was sampled from a bone marrow biopsy of a
four-year old girl diagnosed with metastatic neuroblastoma and is now widely used in research of
Parkinson’s disease [17,226]. With the help of all-trans retinoic acid (ATRA), they can be differentiated
into mature, neuron-like cells, which allows direct comparisons between proliferative and post-mitotic
states [113,151,172]. Prior to expression analysis of MIC25, finding a reliable marker to confirm
successful differentiation was necessary and thus a major goal of this thesis.

Further hints towards an important role of tissue-specific expression of MIC25 are provided by clinical
research approaches. Loss of MIC25 in heart muscle led to diminished contractility, reduced myosin
and actin levels and altered mitochondrial morphology [19]. This is likely a critical driver in hypoplastic
left heart syndrome, a congenital heart disease of probably oligogenic origin [19]. Likewise, knockout
of MIC25 in AMLI12 (alpha mouse liver 12) cells resulted in a shift from oxidative phosphorylation to
a glycolytic-reliant metabolism which might contribute to the progression of non-alcoholic fatty liver
disease (NAFLD) [30]. A newly published study experimenting with a mouse model for ulcerative
colitis, a chronic inflammatory disease of the bowel, discovered that upregulation of MIC25 during
metabolic stress promoted diversification of energy sources and resistance towards cellular apoptosis
[222]. Thus, tissue-specific MIC25 expression levels in heart, liver and bowel disease affect
mitochondrial morphology and energy metabolism. Gaining deeper understanding of how MIC25 is
regulated and what its effects are in different tissues could open new therapeutic options for conditions

where mitochondrial dysfunction is vital.
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Figure 4 Tissue-specific expression of MICOS proteins in mice

Heart, brain skeletal muscle, liver, kidney, lung, and spleen tissue of mice was extracted, and mitochondria
isolated. Of each tissue, 10ug isolated mitochondria were loaded, blotted on SDS-PAGE, and decorated with

antibodies against MICOS proteins and MICOS-associated proteins. In brain tissue, increased expression of
MIC25 and a shift in isoform patterns of MIC60 are depicted. Further neuronal specific adaptations of
MICOS-associated proteins, like in SLC25A46, DNAJC11 and CCDCI127 are detected. ATPSI acts as
control for all depicted proteins. Its unsteady expression pattern between tissues can be explained by
different degrees of ER-mitochondrial attachments leading to different degrees of purification, which needs

to be considered when interpreting this figure.
Experiments labelled as Figure 4 were conducted by Sybille Jungbluth and Karina von der Malsburg.

To conclude, mitochondrial specialisation across tissues is reflected by distinct expression patterns of
MICOS proteins. MIC25, as a part of MICOS, shows tissue-specific expression patterns in mice,
strikingly in brain tissue. This suggests a role in neuronal-specific mitochondrial function which needs

to be elucidated further and provides promising research perspectives for this thesis. Hence, it focuses

on investigating the expression and potential role of MIC25 in human neuronal-like SH-SYS5Y cells
aiming to understand its interplay of differentiation processes with mitochondrial structure and

function. This may help to gain a broader understanding of mitochondrial specialisation and its

implications for tissue-specific physiology and disease.
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3. Materials and Methods

3.1. Materials

3.1.1. Reagents and other crucial equipment

Table 1 Reagents and other crucial equipment

Reagents

Reagent Supplier
2-(N-morpholino)ethanesulfonic acid (MES) Carl Roth
3-(N-morpholino)propanesulfonic acid (MOPS) Carl Roth

3x FLAG peptide Sigma-Aldrich
5x LiveCell Imaging Buffer Abcam
6-Aminocaproic acid Sigma-Aldrich
Acetic acid Carl Roth

Acetone Thermo Fisher
Acrylamide Carl Roth
All-trans-retinoic acid (ATRA) Sigma-Aldrich
AllStars Neg. Control siRNA Qiagen
Ammonium persulfate (APS) Carl Roth

Ampuwa Irrigation solution

Fresenius Kabi

Anti-FLAG M2 affinity gel Sigma-Aldrich

B-27 Supplement Gibco/Thermo Fisher
Bambanker Serum-Free Cell Freezing Medium GC Lymphotec/Wako
Bis-Tris Carl Roth

BN-PAGE HMW native marker kit Cytiva

Bovine Serum Albumine (BSA) Sigma-Aldrich
Bromphenol blue Carl Roth

Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) Abcam

Coomassie brilliant blue G250 Serva

Coomassie brilliant blue R250 Carl Roth

Digitonin Calbiochem
Dimethyl Sulfoxide (DMSO) Carl Roth
Dithiothreitol (DTT) Carl Roth
Dulbecco’s Modified Eagle Medium (DMEM) Gibco/Thermo Fisher
Ethanol BCD Chemie
Ethylenediaminetetraacetic acid (EDTA) Carl Roth

Fetal Calf Serum (FCS) Gibco/Thermo Fisher
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FlexiTube siRNA Hs CHCHD6 4

Qiagen

FlexiTube siRNA Hs CHCHD®6 5

Qiagen

Fluoromount-G

Thermo Fisher

Formaldehyde 16%

Thermo Fisher

GlutaMAX Supplement Gibco/Thermo Fisher
Glycerol Sigma-Aldrich
Glycine Carl Roth

HEPES Carl Roth

Hoechst 33342 Thermo Fisher

Hydrochloric acid

Carl Roth

Isopropanol

Thermo Fisher

Lipofectamine RNAIMAX Transfection Reagent

Thermo Fisher

Mannitol Roquette Freres/Fagron
Methanol BCD Chemie

Milk powder (skimmed) Sucofin

MitoTracker Red CMXRos Thermo Fisher
N,N-Methylene bisacrylamide 2x analytical grade Serva

Neurobasal Medium (NB) Gibco/Thermo Fisher
Opti-MEM Serum Reduced Medium Gibco/Thermo Fisher

PAGERuler Prestained Protein Ladder

Thermo Fisher

Phenylmethylsulfonyl fluoride (PMSF) Carl Roth
Phosphate Buffered Saline (PBS, pH 7.2) Gibco/Thermo Fisher
Potassium hydroxide Carl Roth
Protease inhibitor cocktail tablets Roche
Protein Assay Standard I (Lyophilized bovine y-globulin) Bio-Rad
PVDF membranes Millipore
Rotiphorese Gel 30 (37.5:1) acrylamide solution Carl Roth
RotiQuant Bradford reagent Carl Roth
Seahorse XF Calibrant (pH 7.4) Agilent
Seahorse XF DMEM Medium (pH 7.4) Agilent
Seahorse XF Glucose Agilent
Seahorse XF L-Glutamine Agilent
Seahorse XF Pyruvate Agilent
Sodium chloride Carl Roth
Sodium dodecyl sulfate (SDS) Carl Roth
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Sucrose

MP Biomedicals

SuperSignal West Pico PLUS Chemiluminescent Substrate

Thermo Fisher

TEMED Carl Roth
TMRE-Mitochondrial Membrane Assay Kit Abcam
Trichloroacetic acid (TCA) Sigma-Aldrich
Tricine Carl Roth

Tris Carl Roth
Triton X-100 Sigma-Aldrich

Trypan Blue stain 0.4% Thermo Fisher
Trypsin-EDTA 0.25% Gibco/Thermo Fisher
Tween 20 Sigma-Aldrich
Uridine Sigma-Aldrich
B-Mercaptoethanol Carl Roth
Equipment

Equipment Supplier

Amersham Imager 600 GE Healthcare

Blotting chamber for semidry transfer (Owl-Hep1)

Thermo Fisher

Blotting chamber for wet transfer (Mini-Trans Blot cell)

Bio-Rad

Blue Native PAGE running apparatus (SE600X)

Hoefer

Cell culture microplate, 96 well, flat bottom, black

Greiner bio-one

Counting chamber BLAUBRAND® Neubauer improved, w/o clips Brand
double ruling

Leica DFC3000 G CCD camera and a 63x/1.40 objective Leica
Leica DMi8 fluorescent microscope Leica
Microplate reader (Spark 10M) Tecan
SDS-PAGE running apparatus (Mini-Protean system) Bio-Rad
Seahorse XF Cell Mito Stress Test Kit Agilent
Seahorse XF96 Cell Culture Microplates Agilent
Seahorse XF96 Extracellular Flux Assay Kit Agilent
Seahorse XFe96 Analyzer Agilent
Spin columns MoBiTec
Software

Software Supplier
Affinity Designer 1.10.1 Serif
Affinity Photo 1.10.1 Serif
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BioRender.com (web version)

BioRender

Excel

Microsoft

Fiji/lmagelJ 2.1.0

(Schindelin et al, 2012
[183])

Huygens Essential

Scientific Volume Imaging

[lustrator CC Adobe
Photoshop CC Adobe
Prism v8.0 GraphPad
Seahorse XF Imaging and Normalization System Agilent
SPSS statistics 28.0.1.1 IBM
Word Microsoft
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3.1.2. Antibodies

Table 2 Antibodies
Antibodies against human proteins
Target Identifier or cat. Source or Supplier Dilution
number
a-ATPSI ab122241 abcam 1:500
a-BiP Zimmermann laboratory 1:500
a-CCDC127 HPA045052 Sigma-Aldrich 1:500
a-DNAJCI1 ab183518 abcam 1:500
o-FLAG M2 F1804 Sigma-Aldrich 1:500
o-FLAG R F7425 Sigma-Aldrich 1:500
a-GAPDH 60004-1-Ig PTG 1:2000
o-HSPA9 ab227215 abcam 1:500
a-MFN1 ab57602 abcam 1:500
a-MFN2 11925 CST 1:500
o-MIC10 5032 Laboratory of Nikolaus Pfanner | 1:500
(University of Freiburg) &
Martin van der Laan
a-MIC19 HPA042935 Sigma-Aldrich 1:500
a-MIC25 HPA051975 Sigma-Aldrich 1:500
a-MIC26 HPAO003187 Sigma-Aldrich 1:500
a-MIC27 HPA000612 Sigma-Aldrich 1:500
a-MIC60 5041 Laboratory of Nikolaus Pfanner | 1:500
(University of Freiburg) &
Martin van der Laan
a-mtTFA ab276558 abcam 1:500
a-Neurofilament H 2836 CST 1:1000
a-OMALI sc-515788 Santa Cruz 1:500
a-OPA1 612607 BD Biosciences 1:500
a-PSD95 2507S CST 1:1000
a-QIL1 5033 Laboratory of Nikolaus Pfanner | 1:500
(University of Freiburg) &
Martin van der Laan
o-SAMS0 ab246987 abcam 1:750
a-SAP97 ab134156 abcam 1:1000
a-SLC25A46 ab237760 abcam 1:500
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a-Synaptophysin ab52636 abcam 1:500

a-Synaptophysin ab8049 abcam 1:500

o-TOM22 ab179826 abcam 1:500

a-TOM40 ab185543 abcam 1:500

total OXPHOS ab110413 abcam 1:1000

(a-ATPSA;

a-UQCRC2;

oa-MTCOL1;

a-SDHB;

a-NDUFBS)

a-Tubulin a ab7291 abcam 1:500

Secondary antibodies

Target Identifier or cat. Source or Supplier Dilution
number

Goat a-mouse IgG A-11029 Thermo Fisher 1:3000

(H+L) Highly Cross-

Absorbed Secondary

Antibody, Alexa Fluor

Plus 488

Goat a-mouse IgG DCO2L Merck 1:3000

antibody coupled to

peroxidase

Goat a-rabbit IgG AP132P Merck 1:5000

antibody coupled to

peroxidase
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3.1.3. Cell lines

Table 3 Mammalian cell lines

Cell line sgRNA or retroviral construct Source/created by
HEK?293T - Laboratory of Michael T.
Ryan, Melbourne,
Australia
(Stroud et al, 2016 [198])
HEK293T sgRNA: Laboratory of Michael T.
MIC25-12 5’-GGTGTCCTTCGGAGTGGACGCGG-3’ Ryan, Melbourne,
Australia
(Stroud et al, 2016 [198])
SH-SY5Y - Laboratory of Barbara
Niemeyer, CIPMM,
Saarland University,
Germany
SH-SYS5Y + SH-SYS5Y transduced with FFA6SSAMS50 (non- Alexander von der
FLAG-SAMS50 clonal population) Malsburg, Saarland

University, Germany
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3.2. Methods
3.2.1. Biochemical assays

3.2.1.1.  Isolation of mitochondria
SH-SYS5Y cells were grown on 145 mm cell culture dishes at 37 °C and 5% CO, and harvested. Thus,
cells were rinsed with PBS, trypsinised with 1 ml Gibco Trypsin-EDTA 0.25%, taken up in 37 °C
DMEM medium (see 3.2.2.1), pelleted at 500 x g for 5 min, resuspended in PBS (room temperature)
and centrifuged again at 500 x g for 5 min. Those cells were stored at -80 °C. On ice, cells were
resuspended in buffer A (83 mM Sucrose, 10 mM HEPES-KOH pH 7.2) and blended in a glass-teflon
dounce homogeniser. The same volume of Buffer B (250 mM Sucrose, 30 mM HEPES-KOH pH 7.2)
was added and the cell suspension was equally distributed into micro tubes which were subsequently
centrifuged at 1000 x g for 5 min at 4 °C. The supernatant was taken off and centrifuged 12000 x g, 2
min at 4 °C. Now the crude mitochondria pelleted down were resuspended in buffer C (320 mM
Sucrose, | mM EDTA pH 8, 10 mM Tris pH 7.4) and their protein concentration was determined using
a Bradford assay by adding 900 pl 1x Rotiquant to 2 pl mitochondria in 98 pl H,O and contrasting the
absorbance at 595 nm to an IgG standard curve. Makeshift mitochondria aliquots were preserved at

temperatures of -80 °C.

3.2.1.2.  SDS-PAGE and immunoblotting
Isolated mitochondria or cell lysates, depending on the experiment, were added to a SDS sample buffer
(Laemmli buffer, [116]) containing 2% [w/v] SDS, 10% [v/v] glycerol, 60 mM Tris pH 6.8, 1% [v/V]
B-mercaptoethanol and 0.01% [w/v] bromphenole blue. Samples were incubated at 95 °C for 5 min or
65 °C for 15 min to denature proteins and inactivate proteases. Bis-Tris SDS polyacrylamide gels were
cast using a 3x BisTris gel buffer (1 M BisTris-HCI pH 6.4), acrylamide (37.5:1), 10% APS and
TEMED and gels ran at a constant voltage of 120 V either using MES low-molecular weight running
buffer (50 mM MES, 50 M Tris, 1 mM EDTA, 0.1% [w/v] SDS) or MOPS high-molecular weight
running buffer (50 mM MOPS, 50 mM Tris, 1 mM EDTA, 0.1% [w/v] SDS). Next, proteins were
transferred to PVDF membranes either using a semidry blotting system with semidry transfer buffer
(20 mM Tris, 150 mM glycine, 0.02% [w/v] SDS, 10-20% [v/v] ethanol) at a constant current of 350
mA for 120-150 min or a wet blotting system with a wet blot transfer buffer (25 mM Tris pH 8.3, 192
mM glycine, 10% [v/v] ethanol) at a constant voltage of 100 V for 60 min. To appraise whether
proteins were loaded equally PVDF membranes were dyed with Coomassie brilliant blue R250 (0.2%
[w/v] in 40% [v/v] ethanol, 10% [v/v] acetic acid) and decolourised with destaining solution (40%
[v/v] ethanol, 10% [v/v] acetic acid) followed by taking pictures with a CCD camera system
(Amersham Imager 600). The PVDF membranes were marked and horizontally sectioned for immuno-
decoration with multiple antibodies, and destained with methanol to remove any excess Coomassie

brilliant blue. PVDF membrane snippets were washed with TBS-T (20 mM Tris-HCI1 pH 7.5, 125 mM
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NaCl, 0.1% [v/v] Tween 20) and blocked with TBS-T containing 5% [w/v] skimmed milk powder
(TBS-T-M) 30-60 min at room temperature or overnight at 4 °C. Subsequently, the membrane snippets
were incubated with primary antibodies diluted in TBS-T-M for at least 60 min or overnight at 4 °C,
washed 3x with TBS-T and incubated with peroxidase-coupled secondary antibodies for at least 45 min
and washed again with TBS-T. Ultimately detection was achieved by enhanced chemiluminescence by
incubating membrane snippets in SuperSignal West Pico PLUS Chemiluminescent Substrate for a few
seconds and capturing images using a CCD camera system (Amersham Imager 600). For better visual

representation tonal corrections were carried out using Affinity Photo.

3.2.1.3.  BN-PAGE [223]: Examination of mitochondrial protein complexes
Mitochondria were isolated, pelleted by centrifugation (10000-20000 x g for 10 min at 4 °C) and the
supernatant was discarded. Pelleted mitochondria were solubilised in BN-PAGE digitonin
solubilisation buffer (1% [w/v] digitonin, 20 mM Tris-HCI pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 10%
[v/v] glycerol, 1 mM PMSF) at a concentration of 1 pl/ug by gently pipetting up and down and
incubating on ice for 15 min. Afterwards, mitochondrial lysates were centrifuged (10000-20000 x g for
10 min at 4 °C) and 5 ul 10x BN-PAGE LoadingDye (5% [w/v]Coomassie brilliant blue G250, 500
mM 6-aminocaproic acid, 100 mM Bis-Tris HCI pH 7.0) was added to the supernatant. To sediment
any Coomassie brilliant blue G250 particles, samples were spun 10000-20000 x g for 0.5 min at 4 °C
and ultimately loaded on self-made BN-PAGE 4%-13% gradient gels where the gel buffer contained
66.7 mM 6-amiocaproic acid and 50 mM Bis-Tris HCI pH 7.0. Gels were run at 600 V, 25 mA in a
water-cooled (5 °C) Hoefer gel chamber with 4 litres of anode buffer (50 mM Bis-Tris HCI pH 7.0) and
cathode buffer blue (50 mM Tricine-HCI pH 7.0, 15 mM Bis-Tris HC1 pH 7.0, 0.02% [w/v] Coomassie
brilliant blue G250). When about 15 min later the samples entered the gel, the blue cathode buffer was
substituted by a dye-free cathode buffer (50 mM Tricine-HCI pH 7.0, 15 mM Bis-Tris HCI pH 7.0)
continuing the run until the blue front reached the end of the gel about 45 min later. The gel was
transferred into SDS running buffer (250 mM Tris, 1.91 M glycine and 10% [w/v] SDS) and incubated
for 10 min, then relocated into semidry transfer buffer (20 mM Tris, 150 mM glycine, 0.02% [w/v]
SDS, 10-20% [v/v] ethanol) and blotted at a constant current of 350 mA for 120-150 min to PVDF

membranes followed by antibody decoration as described in 3.2.1.2.

3.2.1.4.  FLAG immunoprecipitation
To facilitate detection, purification, and stoichiometric analysis of the MICOS complex, SAMS50 was
N-terminally tagged with a FLAG-epitope (F“4SSAMS50). This artificial peptide was fused to SAMS50
and thus expressed in SH-SY5Y cells. Mitochondria containing FX"AGSAMS50 were isolated as described
in 3.2.1.1. 500 pg mitochondria of each condition of interest were previously isolated, thawed and

pelleted at 20000 x g for 5 min at 4 °C. Removal of supernatant is required to resuspend pellets
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remaining in the micro tube in 500 pl 1% Digitonin SILAC solubilisation buffer (1% [w/v] digitonin,
20 mM Tris-HCI pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 10% [v/v] glycerol, 2 mM PMSF) and
incubating them on ice for 30 min. This step is necessary to extract mitochondrial proteins from their
membranes while preserving their functionality. To get rid of any debris, centrifuge 20000 x g for 5
min at 4 °C. Remove 50 pl supernatant (“total”, thus containing the whole scope of mitochondrial
proteins enabling to act as control), mix it with 50 pl 2x SDS sample buffer (see section 3.2.1.2) in a
fresh micro tube to denature proteins and inactivate proteases, and incubate at 65 °C for 10 min. TCA
precipitate “total”, if necessary (refer to standard protocols for TCA precipitation). To equilibrate
affinity gel, add 40 pl of anti-FLAG M2 affinity gel together with 250 pl 0.3% Digitonin SILAC
solubilization buffer (0.3% [w/v] digitonin, 20 mM Tris-HCI pH 7.4, 50 mM NacCl, 0.1 mM EDTA,
10% [v/v] glycerol, 2 mM PMSF) to MoBiTec spin columns, and centrifuge 100 x g at 4 °C for 2 min.
Then, transfer the remaining supernatant of extracted mitochondrial proteins to columns and incubate
with gentle rotation at 4 °C for 2 h (hours) to allow binding of F*AGSAMS50 to anti-FLAG affinity gel.
Eight washing steps were consecutively performed by adding 500 ul 0.3% Digitonin SILAC wash
buffer (0.3% [w/v] digitonin, 20 mM Tris-HCI pH 7.4, 60 mM NaCl, 0.5 mM EDTA, 10% [v/v]
glycerol) each time to the spin columns containing FLASSAMS50 bound to affinity gel. Each of the eight
washing steps is followed by spinning at 50 x g at 4 °C for 1 min, to allow removal of unbound proteins.
As a next step, proteins bound to affinity gel within the spin columns were eluted with 50 pl elution
buffer (0.3% Digitonin SILAC wash buffer containing 100 pg/ml 3XxFLAG peptide) by rotating them
at 100 x g at 4 °C for 5 min. After centrifuging at 100 x g 1 min, a second elution is performed by
adding 46 pl 0.3% Digitonin SILAC wash buffer containing 100 pg/ml 3xFLAG peptide. After
spinning again at 100 x g for 1 min, combine elutions from both elution steps. As a last step, add 32 pl
4x SDS sample buffer (see section 3.2.1.2) to the eluate now containing F“ASSAMS50 and all proteins it
forms a stable connection with. The eluate was denatured at 65 °C for 10 min and subsequently analysed

by SDS-PAGE and immunoblotting as described above.
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3.2.2. Generation and culture of human cell lines

3.2.2.1.  Tissue culturing
SH-SYS5Y WT, HEK293T WT and KO cells were cultivated in a humidified incubator at 37 °C and 5%
CO,. Culturing medium was Dulbecco’s modified eagle medium (DMEM) encompassing 4.5 g/l
glucose, L-glutamine and Pyruvate supplemented with 10% [v/v] FCS and 50 pg/ml uridine. Cells
were subcultured at 90% cell density by rinsing them with PBS at room temperature, trypsinising and
resuspending in DMEM at 37 °C into new cell culture dishes. To be able to store cells, cells were

harvested, pelleted at 500 x g 5 min, resuspended in Bambanker freezing medium and stored at -80 °C.

3.2.2.2.  Counting cells
After washing with PBS, trypsinising and resuspending in DMEM medium and transferring into a
falcon, cells were counted using Neubauer hemocytometry. 10 pl of each cell suspension were taken
off and diluted 1:2 with Trypan Blue stain 0.4%. The Neubauer chamber was humidified, the cover slip
placed and checked for Newton’s rings. Those should be visible after adding 10 pl suspension to top
and bottom counting area each. When now placed under a microscope using 10x objective, complete
corner squares should be visible. All four corner squares of the top and bottom counting area were
counted and the average cell number calculated and if numbers weren’t homogenous enough, counting
was repeated. The cell number per millilitre was calculated by multiplying the average cell number with
the dilution factor of Trypan Blue stain 0.4% (here factor 2) and 10*. The volume of cell suspension
needed for a specific cell number was calculated by the rule of proportion and thus plated in the

according dishes.

3.2.2.3.  Conditions for differentiation
SH-SYS5Y cells, undifferentiated neuroblast-like, can be differentiated into more mature human
sympathetic neurons using a variety of methods [188] resulting in a variety of phenotypes. Neurobasal
medium containing 2% [v/v] B-27 supplement, 1% [v/v] GlutaMAX Supplement, 50 pg/ml uridine,
and all-trans-retinoic acid (ATRA) in a final concentration of 10 uM were added to cells plated 24 h
prior in DMEM culturing medium to achieve differentiation into a chiefly cholinergic phenotype [113].
While replacing Neurobasal medium and ATRA (10 uM) after 48 h, cells grew for a total of five days

before being harvested.

3.2.2.4.  siRNA knockdown

Cells destined for transfection with siRNA were plated at least 24 h prior to transfection to reach 60-
80% confluency. For transfection of a single 6-well, 9 ul Lipofectamine RNAIMAX and 3 pl (30 pmol)
of 10 uM siRNA were each diluted in 150 pl Opti-MEM Medium containing HEPES, 2.4 g/l sodium
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bicarbonate and L-glutamine. Diluted siRNA was added to diluted Lipofectamine RNAIMAX in a ratio
of 1:1. After incubating at room temperature for 5 min, 250 pl siRNA-lipid complexes were added to a
single 6-well leading to a final of 25 pmol siRNA and 7,5 pl Lipofectamine RNAIMAX used. Cells

were incubated for at least 24 h before changing medium.
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3.2.3. Assays of mammalian cells

3.2.3.1.  Analysis of cell lysates
SH-SYS5Y cells were grown and harvested as described in 3.2.1.1. After centrifuging, PBS was
withdrawn and the cell pellet resuspended in lysis buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 1
mM DTT, 0.5% [v/v] Triton X-100, Roche protease inhibitor). The volume was adapted individually
according to the size of the pellet. After incubating 30 min on ice, the lysate was spun at 845 x g for 5
min to pellet the nucleuses and the supernatant was taken off to a new micro tube to determine the
protein concentration using a Bradford assay by adding 900 pl 1x Rotiquant to 2 ul cell lysate in 98 ul
H,0 and comparing the absorbance at 595 nm to an IgG standard curve. The supernatant was analysed

by SDS-PAGE and immunoblotting.

3.2.3.2.  Fluorescence microscopy analysis of mitochondrial morphology
Cells were grown on cover slips with a diameter of 18 milimeters. MitoTracker Red CMXRos was
diluted using DMSO to a stock concentration of 1 mM and added 1:20000 to DMEM medium which
was placed onto the cover slips after removing PBS and incubated for 10 min at 37 °C at 5% CO,. After
medium removal, cover slips were rinsed with PBS 3x and cells fixated using Paraformaldehyde (PFA)
(4% [v/v] Formaldehyde, 10% [v/v] 10x PBS). The incubation period was 20 min at room
temperature. Cells were washed, incubated with 0.1% Triton X-100 diluted in PBS for 10 min at room
temperature and washed again with PBS 3x. Cover slips were transferred on a droplet of 2% [w/v]
BSA diluted in PBS cells facing the solution. Following another washing step with PBS, cover slips
were transferred onto a droplet of primary antibody solution diluted in 2% [w/v] BSA in PBS,
incubated for an hour, washed again, and transferred onto secondary antibody solution and Hoechst
33342 (20 mM stock, 1:500 end concentration) diluted in 2% [w/v] BSA in PBS for another hour.
Cover slips were rinsed with PBS and plain water before relocating onto 8 ul Fluoromount-G mounting
medium placed on a glass slide. To congeal, glass slides were, shielded from light, incubated over night
at room temperature. Pictures of the cells were taken with a Leica DMi8 fluorescence microscope with
a Leica DFC3000 G CCD camera and a 63x/1.40 objective. Huygens Essential software made
deconvolution of Z-stacks possible and with Fiji/Image] images were projected by maximum intensity.

For better visual representation, contrast corrections were performed using Adobe photoshop.

3.2.3.3.  Membrane potential measurements
Cells were seeded into a black flat-bottom 96-well cell culture plate and let grown for at least 24 h. On
the day of the assay, medium was removed from all wells. Half of the seeded wells for each condition
need to be used as a control and thus were treated with 20 uM FCCP in DMEM without FCS. All the
other wells were treated solely with DMEM without FCS, and all together were incubated at 37 °C 5%
CO,, for 10 min. After removing media TMRE staining was conducted (500 nM TMRE, 2 uM Hoechst
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33342 in DMEM without FCS but with 20 uM FCCP for all control wells). Cells were incubated at 37
°C at 5% CO, for 20 min and washed with 100 ul PBS. 1x LiveCell Imaging Buffer was added and the
resulting fluorescence signal was measured by Tecan microplate reader (fluorescence
excitation/emission wavelengths 549/575 nm) for TMRE and Hoechst 33342 each. To determine

protein levels, cells were dissoluted in 1x Rotiquant and Bradford assay at 595 nm was performed.

3.2.3.4.  Measurement of mitochondrial metabolic function
Metabolic function of undifferentiated, differentiated and with siRNA transfected knockdown SH-
SYSY cells, as well as HEK239T WT and KO cells, was measured with the Seahorse XFe96 Analyzer.
The Extracellular Flux Analyser works by forming 7 pl micro-chambers with limited diffusion to
measure oxygen consumption rates (OCR) in pmol/min and extracellular acidification rates (ECAR) in
mpH/min with fluorescent sensors that are attached to a biocartridge that is placed over the cell culture
plate and lowered to 200 pm above the cells [55]. Each fluorescent sensor for every well is circled by
four injection ports where all types of agents can be delivered to the cells [55]. Here, oligomycin, FCCP
and rotenone/antimycin A, all interfering with oxidative phosphorylation, were used. OCR and ECAR
were measured every 3 minutes, and this allowed obtaining real-time data which was then normalised
to protein quantity by Bradford assay. This was necessary to minimise confounding because even
though the optimal seeding density for each condition was established at 20.000 cells (30.000 cells for
HEK?293T WT and KO), cells grew at different rates leading to a potentially uncontrollable variable.
One day prior to the assay, into the wells of the utility plate of the Extracellular Flux Assay Kit, 200 pl
of sterile water were added and the sensors of the sensor cartridge were submerged in the water and
placed in a non-CO, incubator at 37 °C. To prevent evaporation, the Extracellular Flux Assay Kit was
wrapped in plastic. On the day of the assay, Seahorse XF Assay Medium (1 M [v/v] Seahorse XF
Glucose, 100 mM [v/v] Seahorse XF Pyruvate, 200 mM [v/v] Seahorse XF L-Glutamine, Seahorse
XF DMEM Medium pH 7.4) was prepared and pre-warmed to 37 °C. Cells seeded at least 24 h prior
into Seahorse XF Cell Culture Microplate were washed with 100 ul XF Assay Medium and incubated
with 180 pl XF Assay Medium each well for 45-60 minutes in a non-CO, incubator at 37 °C. Water
was removed from the Extracellular Flux Assay Kit, the wells filled with 200 pl prewarmed XF
Calibrant and also incubated in a non-CO, incubator at 37 °C for 45-60 minutes. This time was used to
prepare inhibitors from Seahorse XF Cell Mito Stress Test Kit. Oligomycin, FCCP and
rotenone/antimycin A were solubilised in XF Assay Medium to create stock concentrations of 100 uM
oligomycin and FCCP and 50 uM rotenone/antimycin A. Final concentrations were 1,5 uM oligomycin,
1 uM FCCP and 0.5 uM rotenone/antimycin A each well. Working solutions were prepared shortly

before loading ports followed by running the assay.
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4. Results

4.1. SH-SY5Y cells act as a model for human neuronal cells

To evaluate the tissue-specific effects of MICOS proteins, specifically MIC25, a human neuronal-like
dopaminergic cell model primarily used in research of Parkinson's disease was used [226]. So-called
SH-SYS5Y cells were obtained in the early 1970s, after the SK-N-SH line was subcloned three times
[17]. They derived from neuroblastoma, the most prevalent solid tumour outside the skull in children
under the age of five [34]. It originates from neuronal crest cells and hence can develop anywhere in
the peripheral sympathetic nervous system; thus, clinical symptoms vary according to the location of
the tumour [34]. Therefore, it is unsurprising that SH-SYSY cells themselves can firstly be
differentiated and secondly display a catecholaminergic phenotype, as they exhibit tyrosine
hydroxylase activity and basal noradrenaline release in a differentiated state [151,172]. But those cells
are not purely catecholaminergic, as moderate activity of dopamine-p-hydroxylase was described
indicating a dopaminergic phenotype [18]. Originally, only marginal levels of acetylcholinesterase and
choline acetyltransferase were observed, usually indicating a cholinergic phenotype [18]. Alternate
differentiation protocols besides the most common one with 1% retinoic acid (RA), like the concomitant
use of RA and brain-derived neurotrophic factor (BDNF), reported increases in enzymes typical for
cholinergic properties [45]. This opened their use as neuronal-like cell model in other
neurodegenerative diseases like Alzheimer’s [45]. Typically, to enhance dopaminergic phenotype,
phorbol esters in combination with RA are added [160]. Thus, SH-SYS5Y cells do not exhibit just one
single phenotype but display mixed phenotypes with varying dominants depending on differentiation
method. For this thesis, differentiation was conducted solely with RA, as a specific phenotype
resembling some disease was not particularly necessary.

For my study it was greatly paramount, that SH-SYS5Y cells differentiate upon treatment with RA and
thus display a phenotype of mature neurons and a mature neuronal marker expression pattern
accordingly. Only then, expression levels of MIC25 can be compared between both states and
ultimately analysed for MIC25 function. Undifferentiated SH-SYS5Y cells, like cancerous cells,
proliferate indefinitely making them easily culturable [151]. Outgrowth of extensive, meticulous
neurites resembling axons and/or dendrites and triangular shaped cell bodies, as well as detection of
neuronal proteins including neuron specific enolase (NSE) define differentiated SH-SYSY cells [113].
Markers like MAP2, Synaptophysin and neuronal nuclei antigen (NeuN) were described to identify
differentiated SH-SYSY cells by SDS-PAGE [31,121], but in my experience the ones tested were not
suitable, as their detection levels were too low (data not shown). To be able to test the hypothesis of
increased MIC25 expression in differentiated SH-SYSY cells, identifying a neuronal marker reliably
recognising differentiated SH-SYSY cells was a priority of this thesis. Figure 5SA shows a titration
experiment where different concentrations of all-trans retinoic acid (ATRA) were added to different

cell culture dishes. The expression levels of Neurofilament H in undifferentiated and differentiated
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cells, as well as for 30 and 50 pg SH-SYS5Y lysate, were compared, and expression levels of Tubulin o
(control for cell expression) and ATP5i (control for mitochondrial expression) were considered. It is
evident that expression levels of Neurofilament H increase in differentiated SH-SYSY cells compared
to undifferentiated cells, but the effect of increased ATRA exposure seem to be negligeable. Regarding
the published norm of using concentrations of 10 uM ATRA for differentiating SH-SYS5Y cells
[45,113,188], it has been decided to apply to this in the future. Loading 30 ug SH-SYSY lysate is

sufficient to confirm differentiation.
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Figure 5 Differentiation of SH-SYSY cells and Neurofilament H (NFH) expression

A. SH-SYS5Y cells were treated with increasing amounts of all-trans retinoic acid (ATRA), lysed, loaded at
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30 and 50 pg and western blotted detecting NFH and controls. B. Quantification of NFH using Fiji/Image J
in undifferentiated and differentiated SH-SY5Y lysates (n=19) and isolated mitochondria (n=9). Error bars
indicate standard deviation (SD). A two-sided T-test assuming equal variances was performed to compare
NFH expression in differentiated SH-SYSY lysates with differentiated SH-SYSY isolated mitochondria.
The mean value of differentiated SH-SYSY lysates (M = 68.78, SD = 90.72) was not significantly different
from the mean value of differentiated SH-SY5Y isolated mitochondria (M = 74.84, SD = 93.37); t (26) = -
0.16,p =10.87.

Figure 5B demonstrates a dramatic increase of NFH levels in differentiated SH-SYSY cells quantified
via Fiji/lmage] from Western blots. Using undifferentiated SH-SYSY cells as baseline (1x), NFH
expression rises 69-fold in differentiated cell lysates and 75-fold in differentiated isolated mitochondria.
There is no significant difference between NFH increase in differentiated lysates and mitochondria
(p=0.87). This identifies NFH as a robust marker of neuronal differentiation. It suggests that separate
lysate validation may be unnecessary when examining protein expression in isolated mitochondria
despite NFs being cytoplasmic proteins [235].

Interestingly, the lack of NFH depletion specifically during mitochondrial isolation suggests that a
subpopulation of mitochondria may specifically associate with neurofilaments. Neurofilaments (NFs)
— neuron-specific intermediate filaments (IFs) - support asymmetrical structure and conduction of
electric signals in neurons [235]. Phosphorylation and dephosphorylation mediate aggregation, turnover
and disintegration of complex networks, usually held in a parallel array [235]. Perpendicular extending
side-arms keep a minimum distance from the individual NFs making axonal radial growth possible
[235]. NFs are heteropolymers composed of different subunits, Neurofilament H (NFH) is known as
the heavy polypeptide chain [234]. When NFH knockout mice are compared to wild-type controls,
conduction velocity of electric signals and outward rectification is significantly decreased [114].

In conclusion, SH-SYS5Y cells were chosen as neuronal cell model, as they proliferate indefinitely and
are hence easily culturable [151]. They are human-like, thus expressing markers and exhibiting
properties not easily found in a non-human model making them my choice for assessing the rate of
MIC25 expression, its biochemical consequences on MICOS and MIB complex, its morphological
consequences on neuronal mitochondria and ultimately its functional implications regarding membrane
potential and shifts in energy metabolism. NFH acts as a reliable differentiation marker in SH-SYS5Y
cells, its increased expression in differentiated lysates and isolated mitochondria compared to
undifferentiated samples is stable. Moreover, NFH detection is sufficient at loading quantities of 30 g
and expression is stable at different ATRA concentrations (here, 10 uM ATRA are the concentration

of choice), making the differentiation protocol less susceptible to error.
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4.2. SH-SY5Y cells show increased MIC25 expression when differentiated

It is poorly understood how tissue-specific expression levels of mitochondrial proteins facilitate brain-
specific morphology and function. The mitochondrial contact site and cristae organising system
(MICOS), among other protein complexes, supports formation, sustainment, and adaptation of the inner
mitochondrial membrane (IMM) to the cell's need [137]. MIC25, a protein belonging to the MIC60-
subcomplex of MICOS [163], shows increased expression rates in isolated brain tissue of mice
compared to other organ samples (see Figure 4). To be able to test the hypothesis of increased MIC25
expression in differentiated neuronal tissue, SH-SY5Y neuroblastoma cells act as a model for
morphology, function, and processes during neurogenesis (see chapter 4.1.). Cell culture conditions
allow for dividing or differentiation as necessary whereas limitations such as impossible further
propagation of primary neurons as soon as they are fully differentiated do not apply [113].

To investigate the effects of differentiation on MICOS and MICOS-related proteins, Figure 6A shows
Western blot images of SH-SYSY cell lysates and isolated mitochondria, 30 pg each. All displayed
proteins belonging to the MIC60- and MIC10-subcomplex, except for MIC25, show stable expression
levels when comparing undifferentiated and differentiated samples in lysates and mitochondria
separately. The same applies to SAMS50 and TOM22 as MICOS-related proteins. When differentiated,
solely MIC25 shows persistent increase in protein detection, both in lysates and isolated mitochondria,
hence indicating an enlargement of the MIC25 protein pool exclusively in mitochondria. Enriched
protein detection of ATPS5i, but depleted protein detection of Tubulin « and GAP-DH in isolated
mitochondria compared to lysates gives a hint that the isolation protocol decreases the number of
cytosolic proteins present while NFH detection in differentiated cells remains sufficient to provide

evidence for successful differentiation.
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Figure 6 Differentiation of SH-SY5Y cells and MIC25 expression

A. Expression rates of MICOS and MICOS-related proteins were compared on a western blot of
undifferentiated and differentiated SH-SY5Y lysates on the one hand and undifferentiated and differentiated
SH-SYSY isolated mitochondria on the other hand. B. Quantification of MIC25 using Fiji/Image J in
undifferentiated and differentiated SH-SYSY lysates (n=16) and isolated mitochondria (n=14). Error bars
indicate standard deviation (SD). A two-sided T-test assuming unequal variances was performed to compare
MIC25 expression in differentiated SH-SYSY lysates with differentiated SH-SYSY isolated mitochondria.
The mean value of differentiated SH-SYSY lysates (M = 4.11, SD = 2.42) was not significantly different
from the mean value of differentiated SH-SY5Y isolated mitochondria (M = 5.65, SD = 6.30); t (16.17) = -
0.86, p =0.40.

To show the impact of differentiation on MIC25 expression in SH-SY5Y WT, immunoblots were
quantified using Fiji/ImagelJ (Figure 6B). When using MIC25 protein detection in undifferentiated SH-
SYS5Y WT in lysate and mitochondria as a reference and setting it 1, MIC25 protein detection in
differentiated lysate increases 4.1, in differentiated mitochondria 5.7 times. There is no significant
difference between MIC25 protein levels in lysates and mitochondria (p=0.4) supporting the claim of
increased MIC25 expression within the mitochondrial pool of proteins.

To sum up, tissue specific expression patterns of MIC25 are not restricted to isolated mouse brain
samples but can be reproduced using SH-SY5Y cells. When comparing undifferentiated SH-SYS5Y
lysates and isolated mitochondria to differentiated samples, there is a persistent increase in MIC25
expression rates, but not for other MICOS and MICOS related proteins. This directs toward tissue
specific functions of MIC25, possibly for adult neurons or during differentiation processes themselves.
What is going to happen to MICOS and MICOS-related proteins when MIC25 is downregulated? The

next chapter is going to assess this question.
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4.3. siRNA knockdown of MIC25 in differentiated SH-SY5Y cells leads to stable
expression of other MICOS proteins
As the previous chapter states, there is an increase of MIC25 expression in differentiated SH-SYS5Y
cells, in lysates and isolated mitochondria, when compared to undifferentiated SH-SY5Y cells, whereas
the expression rates of other MICOS and MICOS-related proteins remain constant. This chapter
explores the consequences of siRNA knockdown of MIC25 on expression rates of MICOS and MICOS -
related proteins. Previously it has been observed that knockdown of single MICOS proteins influences
other MICOS components, the effects depending on the importance of the protein for the complex
[147]. Depletion of MIC60 in HeLa cells leads to loss of MIC19, MIC25, MIC10, MIC26, MIC27 as
well as SAMS0; depletion of MIC19 reduced the levels of MIC60, MIC10, MIC26, MIC27 and
SAMS50, whereas MIC25 is unaffected [148]. One study reported that the knockdown of MIC25 leaves
other MICOS components or SAM50 untouched [148]. MIC25 siRNA knockdowns were conducted to
test whether knockdown in neuronal-like SH-SY5Y cells shows tissue specific effects on MICOS
components. Knockdowns were performed as described in 3.2.2.4. Two different types of MIC25
siRNA (siRNA MIC25-4, siRNA MIC25-5), apart from siRNA control having no silencing capacity
working as negative control and checking for any adverse effects of the transfection agents, were
introduced, both showed excellent knockdown efficiency estimated for about 90% (Figure 7). This is
remarkable regarding the fact that a full differentiation cycle of 5 days with no additional transfection
was conducted afterwards. Looking at cell lysates, Figure 7 compares MICOS components in
undifferentiated, differentiated (siRNA control) and differentiated knockdown (MIC25-4 and MIC25-
5 siRNA) samples. As described in chapter 4.2, MIC25 expression increases when comparing
differentiated with undifferentiated samples. Samples containing MIC25 siRNA are depleted of MIC25,
but not depleted of either MIC60, MIC19, MIC10, or MIC26. Mitochondrial transcription factor A
(mtTFA) plays a vital part in the regulation machinery of replication of mitochondrial DNA (mtDNA)
and is as such proportional to its levels [33,239]. This makes up the perfect control for the expression
rates of mitochondrial proteins and as depicted in Figure 7, stays constant across all samples. On top of
this, mtTFA, together with Tubulin a, acts as control for NFH, which confirms differentiation by
increased display in all differentiated probes in comparison to the undifferentiated probe. Notably, there
is a slight increase in detection levels of NFH when MIC25 is knocked down in comparison to

differentiated WT cells (see chapter 5.1).
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Figure 7 Expression of MICOS proteins in MIC25 knockdown SH-SYSY lysates

Expression of MICOS proteins in undifferentiated SH-SYS5Y lysates were compared to expression in
differentiated siRNA control, siRNA MIC25-4 and siRNA MIC25-5 lysates by being loaded at 30 ug on a
SDS gel subjected to western blotting.

To conclude, siRNA knockdown of MIC25 does not have any consequences on expression levels of
other MICOS proteins in different SH-SYS5Y lysates. Even though both siRNAs show excellent
knockdown efficiency, in the following experiments knockdowns will be performed using MIC25-5
siRNA, as only using one siRNA provides the more time- and money efficient approach. Chapter 4.4
is going to examine the role of MIC25 not only on the level of the single protein and its effect on other

MICOS proteins, but also its role within multiprotein complexes, the MICOS and MIB complex.
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4.4. In SH-SY5Y cells, MIC25 is part of the MIB complex and within increasingly

detected when differentiated
Strong data supports that MICOS proteins are organised into a MIC60- (MIC60, MIC19, MIC25) and
MIC10- (MIC10, MIC26, MIC27, QIL1) subcomplex [58,76,148,238]. To uphold cristac membrane
architecture, the MIC60-MIC19-SAMS50-axis is indispensable, whereas the accessory subunits are not
essentially necessary [148]. Though, Tang et al. [199] describes direct interactions of MIC25 with
MIC60 and SAMS50; when investigating MIC19 knockout in HeLa cells, MIC25 is partially able to
preserve the functionality of mitochondrial intermembrane space bridging complex (MIB). When
introducing MIC25FLAG into HeLa WT and MIC19 knockout cells, MIC25 or MIC25FLAG g
incorporated into MICOS and MIB complexes to a greater extend [199]. As MIC25 is stronger
expressed in differentiated SH-SYSY cells than in undifferentiated SH-SYSY cells, Figure 8 assesses
the effects of differentiation of SH-SYS5Y cells on MICOS and MIB complex behaviour. It was
anticipated that increased MIC25 expression in mitochondria of differentiated SH-SYSY cells would
lead to a size shift of the MICOS complex due to its supposedly higher molecular weight, which should
be detectable via BN-PAGE. Surprisingly, no shift in detection of MIC60, MIC19, MIC25, MIC10 or
QIL1 in mitochondria of differentiated SH-SY5Y cells occurred (Figure 8), only detection of MIC25
was consistently stronger. This is emphasised by TOM40, acting as control for loading equal amounts
of mitochondria, which rather falters in mitochondria of differentiated SH-SYSY cells. The idea that
simply all MICOS proteins are increasing is not supported, as only MIC25 shows increased protein
detection. Since none of the other MICOS proteins show reduced levels, it is unlikely that one of them
has been exchanged (by MIC25), even though decreased incorporation of MIC19 into MICOS and MIB

complexes when MIC25FLAG

was overexpressed has been described [199]. Interestingly, when using
the SAMS50 antibody, two complexes are detected. On the one hand (according to literature [147]) the
SAM complex at approximately 250 kDa, on the other hand the MIB complex well above 700 kDa.
Within the bands of the MIB complex, SAMS50 exhibits a constantly increased presence in differentiated

1solated SH-SYS5Y mitochondria.

45



mitochondria [50 pg]

3 - b1 ) = - o] b
S 151 8 5 8 o = 5 S 15 ] o .S o
+~ -~ ~— ~ ~ ~— ~ - +~ +~ +~ ~ — -~
E B E & E 5 S 5 E 5 E 5 E 5
5 & - - - - 5 o 5 &
£ 5 £ 5 s 3 3 E 3 E 3 £ 5
= G = = = = S=
kDa B & e & e & e & = 2 £ ==
=) e = b= = o) = = = = = o | = o]
‘ r —
ML | MIB
‘ \ ‘ |
-~
- B = MICOS
669 - % k| L
Ll
440 - M || sam
232 - i
140 -
69 -

a-MIC60 a-MIC19 a-MIC25 a-MIC10 a-QIL1 a-TOM40  a-SAMS50

Figure 8 Behaviour of MICOS proteins and SAMS0 on blue native-PAGE

BN-PAGE analysis of 50 ug undifferentiated and differentiated isolated SH-SYSY mitochondria using
antibodies against MICOS subunits, TOM40 and SAMS50. Different complexes were colour-labelled: MIB-
complex in red, MICOS complex in blue and SAMS50 complex in pink. * Membrane slip of TOM40 antibody
was redecorated with SAMS50 antibody so the original TOM40 bands are still visible.

To further assess the possible connection between MIC25 and the MIB complex, SAMS50 was N-
terminally tagged with a FLAG-peptide (F'ASAMS50) and co-expressed together with endogenous
SAMS50 within SH-SYSY cells to be able to perform FLAG-immunoprecipitations. Figure 9 compares
SDS-PAGE bands of isolated mitochondria of SH-SY5Y WT and FLAGSAMSO0 cells, both
undifferentiated and differentiated. The antibody against SAMS0 detects a double band in both
undifferentiated and differentiated F*ASSAMS50 mitochondria, even though detection of the endogenous
SAMS50 in FFAGSAMS0 cells is reduced. This indicates that both endogenous and FLAG-tagged SAM50
are expressed and detectable. This is further proven by FLAG protein detection in the row below for
mitochondria of undifferentiated and differentiated "*A6SAMS50 cells (Figure 9). Outer membrane
protein TOM22 serves as loading control. Furthermore, successful differentiation was confirmed by the
detected increase in NFH expression. Again, Tubulin o acts as cytosolic loading control, detection

being depleted as when comparing to lysate samples (see Figure 7).
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Figure 9 Introduction of SH-SY5Y FAASSAMS0 cell line

N-terminally FLAG-tagged SAMS50 was introduced into the SH-SYS5Y cell line and co-expressed with
endogenous SAMS50. Undifferentiated and differentiated SH-SY5Y WT and FXASS AM50 mitochondria were
isolated and analysed by SDS-PAGE and western blot.

Acting as a mild detergent, digitonin was added to isolated mitochondria of WT and FXASSAMS50 SH-
SY5Y cells at a final concentration of 1%. FLAG-tagged proteins were bound to anti-FLAG-beads,
excess proteins were washed off, and samples were subjected to two consecutive elution steps using
triple FLAG peptide. Total and eluate samples of both WT and ''ASSAMS50 mitochondria, each
undifferentiated and differentiated, were loaded on SDS-PAGE. When assessing the lanes that represent
WT eluates, it becomes clear that no bands are visible since no FLAG construct entered those cells and
consequently no FLAG elution was possible (Figure 10A). The opposite is true for FLASSAMS50 eluates:
Bands are present for all MICOS proteins and, except for MIC25, to similar extents, concluding that
the complex did not fall apart during the purification process. SAMS50 and FLAG protein detection
provide evidence for the presence of F*46SAMS50 in FFAGSAMS0 eluates. Small amounts TOM22 can
be immunoprecipitated together with MICOS, thus ATP5i acts as negative control in all lanes where
eluates were loaded. MIC25, as expected, shows in all differentiated total lanes increased protein levels.
Additionally, when immunoprecipitating F*ASSAMS50, there is more MIC25 protein eluted when

comparing differentiated to undifferentiated mitochondria.
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A. Immunoprecipitations of isolated WT and FFASSAM50 mitochondria were performed, in undifferentiated
and differentiated conditions each. Next to totals, eluates, were digitonin acted as mild detergent at a final
concentration of 1%, were loaded on SDS gels, and subjected to immunoblotting. B. Bands of
undifferentiated and differentiated eluates of MIC25, MIC60 and SAMS50 were quantified using Fiji/Image
J and values of SAMS50 taken as reference for relative changes of MIC25 and MIC60 pulldown between
undifferentiated and differentiated eluates. Error bars indicate standard deviation (SD). A one-way ANOVA
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was performed to compare the effect of differentiation on MIC25 and MIC60 elution quantity in F'AGSAMS0
SH-SYSY cells. There was a statistically significant difference in elution quantity between at least two
groups (F (3, 8) =17.28, p =0.001). Post-hoc Bonferroni correction for multiple comparisons found that the
mean value of relative elution quantity was significantly different between undifferentiated MIC25 eluate
and differentiated MIC25 eluate (p = 0.001, 95% C.I. = -0.88, -0.28). There was no statistically significant
difference between undifferentiated MIC60 eluate and differentiated MIC60 eluate (p = 0.359, 95% C.I. = -
0.49,0.11).

Figure 10B illustrates quantification data of three F*ASSAMS50 immunoprecipitations such as shown in
Figure 10A. Eluate protein levels of MIC25, MIC60 and SAMS0 were quantified, using SAMS50 as a
reference to determine relative changes in MIC25 or MIC60 pulldown. Thus, SAMS50
immunoprecipitation rates were in mitochondria of undifferentiated and differentiated cell eluates set
as 1. Depicted pulldown quantity of MIC25 was significantly higher in mitochondria of differentiated
than in undifferentiated F*AGSAMS50 cells (p=0.001) whereas pulldown quantity of MIC60 between
mitochondria of differentiated and undifferentiated FXASSAMSO0 cells was not statistically significant
(p=0.359). This correlates with the results shown in Figure 8, where only the presence of MIC25 within
the MICOS complex is increased.

Taken together, MIC25 reveals increased expression levels within MICOS complex on blue native-
PAGE when examining mitochondria of differentiated SH-SYSY cells. All other MICOS proteins are
expressed at stable rates. Among the components of the MIB complex, only SAMS50 exhibits enhanced
protein detection. When performing FfASSAMS50 immunoprecipitations, MIC25 reveals itself as part of
MIB complex. Quantitative data indicates that MIC25 pulldown increases, when analysing
differentiated SH-SYS5Y mitochondria compared to undifferentiated ones. MIC25 appears to play a
dynamic, differentiation-dependent role in mitochondrial architecture, specifically in differentiated SH-
SYS5Y cells. Its increased incorporation into both MICOS and MIB complexes suggests that MIC25
may act as regulatory linker between the complexes, contributing to neuronal remodelling during
differentiation. However, excess of MIC25 could still be explained by other roles than by its role within
MICOS complex, as metabolic data indicates (chapters 4.6 and 4.7), and chapter 5.3 discusses. How
differentiation processes and presence/absence of MIC25 influence mitochondrial networks of SH-

SYS5Y cells, the next chapter will elaborate.
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4.5. Immunofluorescence reveals structural changes of mitochondrial networks when
differentiating SH-SYS5Y cells
When SH-SYSY cells differentiate, their features change: Clustering, non-polarised cell bodies mature
into cells with long extensions resembling features of primary neurons [113]. How do mitochondrial
structural networks relate to pyramid-shaped cell bodies and neurite outgrowth? For example, high
levels of mitochondrial fission in a post-mitotic phase of neuronal stem cells promote the path towards
adult neurons, whereas fusion activity destines towards preserved self-renewal capacity [93]. As MIC25
reveals itself as part of the MIB complex, this chapter analyses the mitochondrial networks of
undifferentiated, differentiated and MIC25 knockdown SH-SY5Y by immunofluorescence microscopy.
For this purpose, as described in 3.2.3.2, Mitotracker dye was added to DMEM culture medium, to
allow accumulation dependent on membrane potential in energised mitochondria. Thus, Mitotracker
dye stains mitochondria in Figure 11B-E red. Staining for Tubulin a (green) and nucleoli
(Hoechst33342, blue) were conducted after fixation. Additionally, all staining was merged into one
image depicted in the colourful picture on the right. This staining was conducted for four different
conditions: undifferentiated SH-SY5Y WT (Figure 11B), differentiated SH-SYS5Y WT (Figure 11C),
undifferentiated SH-SY5Y MIC25 siRNA knockdown (Figure 11D) and differentiated SH-SY5Y
MIC25 siRNA knockdown (Figure 11E). For each condition cells were lysed and analysed via Western
blot to confirm successful differentiation by NFH increase in differentiated samples and MIC25
knockdown in samples treated with MIC25-5 siRNA (Figure 11A). Hence, Tubulin « acts as control

for cytosolic expression rates and ATP5i as control for expression rates of mitochondrial proteins.
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Figure 11 Analysing SH-SY5Y mitochondrial networks using immunofluorescence
A. Lysates of undifferentiated and differentiated SH-SYS5Y WT and MIC25-5 siRNA knockdown cells

were analysed by a western blot to confirm differentiation and depletion of MIC25 for B-E. B-E.
Representative immunofluorescence images of undifferentiated and differentiated WT cells, as well as
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undifferentiated and differentiated MIC25-5 siRNA knockdown cells. Mitochondrial morphology was
analysed using an antibody against Tubulin a (left, green), mitotracker accumulating within negatively
charged mitochondria (middle left, red), and Hoechst33342 to stain nucleoli (middle right, blue). All
staining was merged in one picture (right). Pictures were taken with a Leica DFC3000 G CCD camera
and a 63x/1.40 objective. Scale bar is 20um each. F. From three independent experiments as depicted
representatively in B-E, at least 100 cells each were counted and categorised into mainly “fragmented”,
“mixed”, or “filamentous” mitochondrial networks. G. The number of cells with filamentous
mitochondrial networks/visual field (1296 x 966 px; 3.75 um x 3.75 um pixel size) were analysed
statistically. Error bars indicate standard deviation (SD). A nonparametric Kruskal-Wallis Test was
conducted to examine the differences in filamentous cells numbers in WT and MIC25-5 siRNA
knockdown cells according to differentiation status. Significant differences (Chi square = 71.09, p =
0.000, df = 3) were found among the four compared categories. Post-hoc Bonferroni correction for
multiple comparisons found that the mean number of cells with filamentous mitochondrial networks
was significantly different between undifferentiated WT and differentiated WT cells (p < 0.001). There
also was a statistically significant difference between undifferentiated MIC25 siRNA knockdown and
differentiated MIC25 siRNA knockdown cells (p < 0.001).

To analyse the structure of mitochondrial networks, at least 100 cells of each condition for each of the
three independent experiments were counted and categorised into mainly “fragmented”, “mixed,” or
“filamentous” mitochondrial network morphologies. As Figure 11F illustrates, mitochondrial networks
in undifferentiated WT and MIC25 siRNA knockdown cells formed predominantly spherical shapes,
whereas networks in differentiated WT and MIC25 siRNA knockdown cells preferred filamentous
structures. Out of 319 counted undifferentiated WT and 313 counted undifferentiated MIC25 siRNA
knockdown cells, only 23 and respectively 28 cells showed predominantly filamentous mitochondrial
structures. Out of 326 differentiated WT and 318 differentiated MIC25 siRNA knockdown cells, 255
and respectively 245 exhibited predominantly filamentous mitochondrial networks.

Thus, the difference in cells with filamentous mitochondrial networks per visual field between
undifferentiated and differentiated SH-SYS5Y WT cells on the one hand and undifferentiated and
differentiated SH-SYS5Y MIC25 siRNA knockdown cells on the other hand is statistically significant
(both p<0.001, Figure 11G). Filamentous mitochondrial networks seem to be a preferred feature of
differentiated SH-SYS5Y cells, no matter whether WT or MIC25 siRNA knockdown. This leads to the
assumption that depletion of MIC25 does not influence the arrangement of mitochondrial networks
greatly in SH-SYS5Y cells, no matter whether undifferentiated or differentiated.

In summary, mitochondrial networks seem to behave differently in undifferentiated and differentiated
SH-SYS5Y cells. In undifferentiated cells, mitochondria rather form fragmented arrays which are only
scarcely found in differentiated cells. There, filamentous networks are predominantly present. This
distribution is not substantially different when MIC25 is knocked down using siRNA. Mitochondrial
networks thus seem to adapt to changes in neuronal maturation processes. Even though MIC25 is part
of MICOS and MIB complex and shows increased expression when differentiating SH-SYSY cells, its

absence does not seem to drastically influence mitochondrial network formation and adaptation. As this
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observation is limited by the resolving capacity of immunofluorescence microscopy, the role of MIC25
in MICOS-SAM contacts stays unresolved. This work will now focus on the metabolic status of SH-

SYSY cells while undifferentiated and differentiated, as well as the presence or absence of MIC25.
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4.6. Differentiation status and presence of MIC25 influence metabolic states of SH-SY5Y
cells

For mature neurons, mitochondria are highly important organelles to meet their bioenergetic demands,
whereas swiftly dividing cells, especially stem cells and cancer cells, rely on glycolysis as their primary
energy source [125]. It is important for neurons to perform oxidative phosphorylation and ATP
production at a rate sufficient to fulfil their bioenergetic needs, but to have an additional spare capacity
to ramp up energy production under stress conditions [32]. Knockouts of MIC26 and MIC27 as proteins
of the MIC10-subcomplex in HeLa cells indicate reduced basal respiratory capacity and FCCP could
only increase maximal respiration rates marginally compared to control cells [111]. As a study with
human colorectal cancer (RKO) cells presents, MIC25 knockdown severely reduces total, glycolytic
and mitochondrial ATP production, as well as oxygen consumption rates (OCR) [6]. This raises
questions about OCRs in undifferentiated and differentiated SH-SYSY cells regarding their MIC25
expression status.
In Figure 12A OCR was measured by Seahorse XFe96 Analyzer as described in 3.2.3.4 and graphed
for four conditions: undifferentiated WT (red), undifferentiated MIC25-5 siRNA (yellow),
differentiated WT (green) and differentiated MIC25-5 siRNA (blue). Basal respiratory rates, the OCR
of cells in untreated conditions, was highest for undifferentiated WT cells and is substantially lower for
differentiated WT cells. This gap cannot be seen for undifferentiated and differentiated MIC25 siRNA
knockdown cells (Figure 12B).
To study how OCRs change, inhibitors of the electron transport chain and ATP synthase were added
sequentially. First, for each condition oligomycin was added at a final concentration of 1.5 uM.
Oligomycin blocks the proton channel of ATP synthase which massively reduces the flow of electrons
through the electron transport chain [97]. As a result, any change in OCR after adding oligomycin
directly reflects the oxygen used for ATP production by ATP synthase. After oligomycin treatment,
oxygen consumption levels in all four conditions at similar rates. This indicates that ATP production
capacity by ATP synthase is highest in undifferentiated WT cells, lower in differentiated WT, and
similarly reduced in both undifferentiated and differentiated MIC25 siRNA knockdown cells (see
Figure 12C). The difference between the initial (basal) respiratory rate and the OCR after oligomycin
represents the proton leak, which is independent of the activity of ATP synthase.
To measure maximal respiratory capacity, FCCP at final concentrations of 1 pM was added to each
condition. FCCP acts as uncoupler, thus channelling protons through the inner mitochondrial membrane
following their concentration gradient which has previously been created by complex I-IV of the
electron transport chain before they can be used by oxidative phosphorylation to supply energy in form
of ATP [62]. Subtracting basal respiration from maximal respiration yields spare respiratory capacity,
reflecting the cells’ vigour and ability to respond to environmental stressors [75]. In absolute numbers,

spare respiratory capacity is highest in undifferentiated WT cells, followed by differentiated WT and
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differentiated SH-SYS5Y MIC25 siRNA knockdown cells. Undifferentiated MIC25 siRNA knockdown
cells show no significant spare respiratory capacity (p<0.001; Figure 12D). When analysing Figure
12E, which divides maximal respiration by basal respiration and multiplies it by 100, the picture shifts:
While undifferentiated WT cells were able to increase their basal respiratory rate by 266%,
differentiated WT cells could do this by 399%. Differentiated MIC25 siRNA knockdown cells
increased their basal respiratory rate by 274%, while for undifferentiated MIC25 siRNA knockdown
cell, basal respiratory rate could not be upheld by FCCP addition (94%). Therefore, undifferentiated
WT cells show highest basal and maximal respiration rates but differentiated WT cells were able to
achieve the highest relative increase in spare capacity. For both MIC25 knockdown variants, relative
spare respiratory capacity was reduced when comparing it to its WT counterpart, but for
undifferentiated MIC25 siRNA knockdown cells, the effect was most devastating.

Atlast, 0.5 uM rotenone/antimycin A, inhibitors of complex I and complex III of the electron transport
chain [171], were added to each condition. This enables shutting down the electron transport chain
completely unveiling rates of non-mitochondrial oxygen consumption [171]. Thus, all measurements

level out at minimal OCRs (Figure 12A).
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Figure 12 Influence of differentiation status and MIC25 presence on oxygen consumption of SH-
SYSY cells

A. Oxygen consumption rates of SH-SYSY cells were measured by Seahorse XFe96 Analyzer and Mito
Stress Test Kit over time in four different conditions: undifferentiated WT (red), undifferentiated MIC25-5
siRNA (yellow), differentiated WT (green) and differentiated MIC25-5 siRNA (blue). Obtained data was
normalised for protein quantity (y-axis pmol/min/ug protein). Error bars indicate two standard deviations.
B-E. Basal oxygen consumption rate, ATP production, absolute respiratory capacity and relative respiratory
capacity were graphed for the same experiment and the same conditions as depicted in A. Undifferentiated
WT in red, undifferentiated MIC25-5 siRNA in yellow, differentiated WT in green and differentiated
MIC25-5 siRNA in blue. Error bars indicate two standard deviations (SD). A nonparametric Kruskal-
Wallis Test was conducted for measurements of spare respiratory capacity (D). Significant differences
(Chi square = 29.575, p < 0.001, df = 3) were found among the four compared categories. Post-hoc
Bonferroni correction for multiple comparisons found that the spare respiratory capacity of cells was
significantly different between undifferentiated WT and undifferentiated MIC25-5 siRNA cells (p <
0.001).

To maintain steady intracellular pH levels, cells translocate protons out of their cell bodies into the
extracellular space which can be indirectly correlated to the intracellular emergence of protons [48].
While converting glucose to ATP, the cell produces acidic by-products: lactate by glycolysis (1
proton/ATP) or bicarbonate (0.18 protons/ATP) by oxidative phosphorylation [48]. Lactate production
by glycolysis and acidification of the extracellular space not only correlate under basal conditions, but
also when glycolytic activity is enhanced by e.g. hypoxia or ceases with e.g. impaired glucose uptake
of the cell [48].

The Seahorse XFe96 Analyzer can measure extracellular acidification rates (ECAR) correlating to the
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cellular lactate production by glycolysis. Again, four conditions were assessed, each at basal rates and
following the introduction of oligomycin, FCCP and rotenone/antimycin A. The difference between
ECAR when oligomycin is added and basal ECAR can be referred to as spare glycolytic capacity.

In Figure 13 A, undifferentiated WT cells show spare glycolytic capacity enabling them to switch from
oxidative phosphorylation to increased glycolysis as soon as oligomycin inhibits the ATP synthase.
MIC25 siRNA knockdown cell lines only show spare glycolytic capacity marginally whereas
differentiated WT cells do not seem to switch to glycolytic activity at all. Interestingly, their basal
ECAR is lowest throughout the experiment indicating that those cells heavily bank on oxidative
phosphorylation to meet their energy demands. Conversely, undifferentiated WT cells seem to be more
adaptable for example to glucose scarcity enabling them to keep proliferating even in dire conditions.
As MIC25 siRNA knockdown measurements both show similar curves, the basal ECAR is already
higher than in undifferentiated WT cells. From the beginning, those cells rely more on glycolysis.
Henceforth, they cannot largely increase their glycolytic activity when oligomycin makes ATP
synthesis via oxidative phosphorylation impossible. These findings suggest that knockdown of MIC25

might reduce metabolic adaptivity in both undifferentiated and differentiated cells.
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Figure 13 Influence of differentiation status and MIC25 presence on extracellular acidification of
SH-SYSY cells

A. Extracellular acidification rates of SH-SYSY cells were measured by Seahorse XFe96 Analyzer and Mito
Stress Test Kit over time in four different conditions: undifferentiated WT (red), undifferentiated MIC25-5
siRNA (yellow), differentiated WT (green) and differentiated MIC25-5 siRNA (blue). Obtained data was
normalised for protein quantity (y-axis mpH/min/pg protein). Error bars indicate two standard deviations.
B. Undifferentiated and differentiated SH-SYS5Y lysates of WT and MIC25-5 siRNA knockdown cells were
analysed by a western blot to confirm differentiation and depletion of MIC25 for Figure 12A-E and Figure
13A.

To confirm differentiation and MIC25 knockdown, cell lysates were loaded on a SDS gel and blotted
(Figure 13B). High intensity antibody detection for NFH in lanes with differentiated cells and faint
bands for undifferentiated cells confirms differentiation, even though loss of MIC25 in undifferentiated

SH-SYS5Y cells leads to increased detection of NFH when compared to undifferentiated WT cells (see
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chapter 5.1). Tubulin a acts as control for cytoplasmic expression and its bands are similar across all
conditions. Undifferentiated and differentiated samples treated with MIC25 siRNA only show marginal
MIC25 detection, confirming efficient knockdown. Here, ATP5i is the control of choice for expression

of mitochondrial proteins, the band detection density is similar across all four conditions as well.
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Figure 14 MIC25 presence and oxygen consumption of HEK293T cells

A. Oxygen consumption rates of HEK293T WT (orange) and AMIC25-12 (purple) were measured by
Seahorse XFe96 Analyzer and Mito Stress Test Kit over time. Obtained data was normalised for protein
quantity (y-axis pmol/min/ug protein). Error bars indicate two standard deviations. B-E. Basal oxygen
consumption rate, ATP production, absolute respiratory capacity and relative respiratory capacity were
graphed for the same experiment and the same conditions as depicted in A. HEK293T WT in orange,
HEK293T AMIC25-12 in purple. Error bars indicate two standard deviations (SD).

Experiments labelled as Figure 14 A-E were conducted by Sybille Jungbluth and Karina von der Malsburg.

Human embryonic kidney (HEK) cells, as they resemble progenitor kidney cells, do not show any
neuronal features such as the capacity to grow axons or dendrites. Henceforth, measurements of oxygen
consumption rates for HEK293T WT and HEK293T MIC25-12 knockout (KO) cells were carried out
to inquire effects of MIC25 presence/absence outside the neuronal prerequisite (Figure 14A). After
sequentially adding oligomycin, FCCP and rotenone/antimycin A, basal respiratory rate, ATP
production rate and absolute and relative spare capacity (Figure 14B-E) were not substantially different
when MIC25 was knocked out compared to its HEK293T WT. This is particularly interesting when
reconciling that MIC25 expression seems to increase selectively in brain tissue of mice (see Figure 4)
leading to the assumption that MIC25 might be needed in neurons selectively to accommodate to
metabolic needs of the undifferentiated and differentiated cell.

Concluding this chapter, MIC25 expression rates seem to be linked to tissue specific metabolic needs.
Whereas in HEK293T cells, MIC25 knockout does not greatly influence oxygen consumption rate at
any given condition, the picture shifts for SH-SYSY cells. Firstly, differentiation processes lead to
lower basal respiration, maximal respiration, and ATP production rates, but those cells can increase
their relative spare respiratory capacities most efficiently. Secondly, MIC25 knockdown in
undifferentiated and differentiated cells leads to similar rates of basal respiration and ATP production,
both lower than in undifferentiated WT, but higher than in differentiated WT. Whereas differentiated
MIC25 knockdown cells do still show increases in absolute and relative spare capacity, even though
lower than differentiated WT, undifferentiated MIC25 knockdown depletes both completely. Thirdly,
only undifferentiated WT cells can increase glycolytic activity when ATP production by ATP synthase
is not possible. Thus, MIC25 seems to be indispensable for on the one hand tissue specific metabolic
adaptation, on the other hand the ability to respond to stress. Here, another factor will be discussed in

the following chapter: The mitochondrial membrane potential as driving force of ATP production [37].
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4.7.The absence of MIC25 in differentiated SH-SY5Y cells reveals hyperpolarisation of
mitochondrial membrane potential
The mitochondrial membrane potential Ay, is the result of the ability of the complexes of the electron
transport chain to pump protons [37]. This leads to a net alkaline and negatively charged mitochondrial
matrix of -180 mV and is thus the main driver for oxidative phosphorylation by ATP synthase [37].
Maintaining the mitochondrial membrane potential at a healthy medium level is crucial for minimising
generation of reactive oxygen species (ROS) and ultimately for the cells’ survival [103]. In this
approach, TMRE, which is highly positively charged, accumulates in areas with net negative charges
in a linear manner. Thus, mitochondria with rather depolarised membrane potentials accumulate less
TMRE than mitochondria with hyperpolarised membrane potentials. Figure 15A shows the
accumulation of TMRE within mitochondria of living SH-SYS5Y cells normalised for protein quantity
for four conditions: Undifferentiated WT, differentiated WT, undifferentiated MIC25 siRNA and
differentiated MIC25 siRNA. For each condition, TMRE fluorescence signal was measured in two
different states: with and without adding 20 uM FCCP. As FCCP acts as uncoupling protein, protons
pass from the intermembrane space of mitochondria into the mitochondrial matrix. This reduces the net
negative charge across mitochondrial membranes disrupting the electrochemical gradient which is
needed to accumulate TMRE. Thus, cells where FCCP was added, act as negative control. Henceforth,
all measurements are relative values displayed as the multiple of 1, as the measurements where FCCP
was added were averaged and used as reference point (and thus are 1 for each condition). This
methodology allows comparison of net increased accumulation of TMRE and thus increased
mitochondrial membrane potential with a FCCP-induced baseline of nearly maximally depolarised
mitochondria. Firstly, and not surprisingly, all cells show higher membrane potentials without FCCP
present which is resembled by columns bigger than 1. When comparing undifferentiated and
differentiated WT mitochondrial membrane potentials as well as undifferentiated and differentiated
MIC25 siRNA mitochondrial membrane potentials, there is no significant difference (p > 0.05).
Moreover, between undifferentiated WT and undifferentiated MIC25 siRNA mitochondrial membrane
potentials, no significant difference is detectable (p > 0.05). Though, there is a statistically significant
difference between differentiated WT and MIC25 siRNA cells (p = 0.001). Thus, when MIC25 is absent
due to siRNA knockdown in differentiated cells, mitochondrial membrane potential increases. This
indicates that the electrochemical gradient between the mitochondrial intermembrane space and matrix
becomes steeper, possibly due to maximal proton pumping activity of the electron transport chain as
the result of a response to cellular and mitochondrial stress that could lead to impaired mitochondrial

function and ultimately cellular demise.
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Figure 15 Influence of differentiation status and MIC25 presence on mitochondrial membrane
potential of SH-SYSY cells

A. Mitochondrial membrane potential was analysed by accumulation of TMRE (highly positively charged)
in the mitochondrial matrix (usually negatively charged) and its fluorescence signal measured. Each
condition was measured with and without the addition of FCCP which acts as negative control as the
membrane potential collapses and sequestering TMRE becomes impossible. Therefore, each condition is
depicted as relative value to the multiple of 1, where the average of measurements where FCCP was added
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acts as reference point (and is hence 1 for each condition). Error bars indicate one standard deviation (SD).
A nonparametric Kruskal-Wallis Test was conducted to examine the differences in mitochondrial membrane
potential in WT and MIC25-5 siRNA knockdown cells according to differentiation status. Significant
differences (Chi square = 16.85, p = 0.000, df = 3) were found among the four compared categories. Post-
hoc Bonferroni correction for multiple comparisons found that the mean mitochondrial membrane potential
was significantly different between differentiated WT and differentiated MIC25-5 siRNA cells (p = 0.001).
There was no statistically significant difference between undifferentiated WT and undifferentiated MIC25
siRNA cells (p > 0.05). B. Undifferentiated and differentiated SH-SYS5Y lysates of WT and MIC25-5 siRNA
knockdown cells were analysed by a western blot to confirm differentiation and depletion of MIC25.

Figure 15B confirms differentiation by depicting NFH expression in differentiated WT and MIC25-5
siRNA knockdown cells. Notably, NFH expression slightly increases, and undifferentiated MIC25-5
siRNA knockdown cells compared to WT cells (see chapter 5.1). Tubulin o antibody, which shows
similar expression in all lanes, acts as cellular control. Similarly, stable expression of ATP5i in all
samples acts as control for expression of mitochondrial proteins. Therefore, missing MIC25 antibody
detection in both undifferentiated and differentiated MIC25-5 siRNA knockdown cells seems to be an
effect of siRNA knockdown and hence did not happen by chance.
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Figure 16 Influence of MIC2S5 presence on mitochondrial membrane potential of HEK293T

cells

Mitochondrial membrane potential was analysed by accumulation of TMRE (highly positively charged) in
the mitochondrial matrix (usually negatively charged) and its fluorescence signal measured. Each condition
was measured with and without the addition of FCCP which acts as negative control as the membrane
potential collapses and sequestering TMRE becomes impossible. Therefore, HEK293T WT and HEK293T
MIC25-12 KO are depicted as relative values to the multiple of 1, where the average of measurements where
FCCP was added acts as reference point (and is hence 1 for each condition). Error bars indicate standard
deviation (SD). A two-sided T-test assuming unequal variances was performed to examine the differences
in mitochondrial membrane potential in HEK293T WT and MIC25-12 KO cells. The mean value of
HEK293T WT (M =3.59, SD = 1.70) was significantly different from the mean value of HEK293T MIC25-
12 KO (M =2.09, SD =1.06); t (93.36) = 5.80, p < 0.001.
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Like in chapter 4.6, results of mitochondrial membrane potential measurements in undifferentiated and
differentiated SH-SY5Y cells with or without MIC25 were compared with data from HEK293T WT
and HEK293T MIC25-12 KO (Figure 16). Again, mitochondrial membrane potential was measured
once with the addition of 20 uM FCCP and once without. By collapsing the mitochondrial membrane
potential, its uncoupling effect prevents TMRE accumulation, establishing a baseline for minimal
membrane potential. Wielded as negative control, measurements with FCCP are averaged and used as
reference point with the value 1 for describing all measurements without FCCP for each condition as
the multiple of 1. This identical approach makes Figure 15A and Figure 16 comparable in relative terms.
Astonishingly, significant differences were observed between both conditions. Mitochondrial
membrane potentials in HEK293T MIC25-12 KO are significantly lower than in WT cells (p < 0.001).
While for undifferentiated and differentiated SH-SYSY cells lacking MIC25, membrane potentials are
on average about 5 times/4 times as high as the baseline, the membrane potential in HEK293T cells
lacking MIC25 only increases by two-fold indicating different cellular responses to removal of MIC25.
Taking this together, differentiation status of SH-SYSY cells does not have a significant impact on the
mitochondrial membrane potential. But loss of MIC25 due to siRNA knockdown in differentiated SH-
SYSY cells significantly increases mitochondrial membrane potential. Loss of MIC25 in differentiated
SH-SYS5Y cells could be an explanation for induction of cellular stress responses leading to maximal
activity of the electron transport chain. Though, cell type and differentiation status in combination with
lack of MIC25 greatly influences mitochondrial membrane potential in unexpected ways. While in
HEK293T cells without MIC25, the membrane potential significantly decreases, in undifferentiated
SH-SYS5Y cells lacking MIC25, no significant effect was observed, and in differentiated SH-SY5Y
cells lacking MIC25, significant hyperpolarisation is observed. This pinpoints highly versatile effects
of MIC25 depending on tissue and cellular state which will be further discussed in chapter 5.3.
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5. Discussion

5.1. As part of the MIB complex, MIC25 expression increases in differentiated SH-SY5Y
cells

Aim of this thesis was to gain better insight into tissue specific effects of MIC25 as a MICOS protein
at mitochondrial cristae junctions. Previous data from our research group has indicated that MIC25 is
upregulated in isolated adult brain tissue of mice (see Figure 4). To be able to perform biochemical
analysis of MIC25 in relation to the differentiation status in neuronal tissue, two requirements had to
be met: (1) finding a suitable cell model for human neuronal cells and (2) establishing reliable neuronal
differentiation markers. Of course, the best model to study the effects of MIC25 would be to culture
primary human neurons. However, inaccessibility and lack of proliferation makes this technically
difficult. Inaccessibility can be overcome by using primary neurons of rodents, but their lack of
proliferation stands. For this thesis, SH-SY5Y cells were used as a human-like neuronal cell model as
they were retrieved from a four-year old with metastatic neuroblastoma by bone marrow biopsy [17].
Their cancerous origin lets them replicate in cell culture whereas their origin from the sympathetic
nervous system allows differentiation processes to take place [113] making comparisons of MIC25
presence or absence between undifferentiated and differentiated cellular states possible. Many other
neuronal-like cells that are easy to cultivate, such as PC12 and Neuro-2a, are generated form non-human
species [226].

It has been reported that differentiation of SH-SY5Y cells leads to identification of several neuronal
markers, like MAP2, Synaptophysin, neuronal nuclei antigen (NeuN) and others [31,121]. The
challenge was to find a marker that provided reliable detectability on SDS-PAGE with low loading
quantities and validity not only for lysed cells, but also for isolated mitochondria. Neurofilament H
(NFH) provided all those requirements (Figure 5A, Figure 5B, Figure 6A). Even though NFH has
mostly been used as target for immunofluorescence to confirm axonal outgrowth during differentiation
[25,53], there is evidence that NFH has previously been used to corroborate differentiation [82] in a
successful manner. Numerous pieces of evidence point towards interaction of mitochondria and NFs
[85,117,118]. Overly et al. [149] observed the motility of dendritic and axonal mitochondria:
Mitochondria located in dendrites preferably stayed stationary and when moving, where shipped shorter
distances compared to mitochondria in axons which correlated to increased metabolic activity in
dendrites but decreased metabolic activity in axons. Additionally, in vitro data suggests, that highly
phosphorylated NFH side-arms preferentially bind mitochondria with high membrane potential [209].
This indicates a role of NFs in controlling localisation and state of mobility of mitochondria [209], that
may help to explain the slight NFH increase upon MIC25 knockdown (see Figure 7, Figure 13 and
Figure 15), as loss of MIC25 is associated with increased mitochondrial membrane potential (see

chapter 4.7 and chapter 5.3).
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As cell model and differentiation marker are decided on, providing evidence for increased MIC25
expression in differentiated SH-SYS5Y cells was the next step (Figure 6A). Quantitative analysis of
MIC25 expression in SH-SYSY cells (Figure 6B) demonstrates that the increased MIC25 levels
observed upon differentiation are not only observed in whole-cell lysates but also in isolated
mitochondria. Moreover, the extent of this increase is similar when comparing MIC25 levels in
differentiated and undifferentiated cells in both lysate and mitochondria. This leads to the conclusion
that MIC25 is increasing in its mitochondrial compartment, and the same protein pool can be detected
when cells are lysed. To answer questions about MIC25 behaviour in its natural environment, the
MICOS and MIB complex, biochemical approaches were used. Blotting for other MICOS and MICOS-
related proteins on SDS-PAGE in differentiated SH-SYSY cells does not reveal any increased or
decreased protein detection apart from increased MIC25 itself when comparing to undifferentiated SH-
SYS5Y cells. An et al. [6] explored the effects of exogenously expressed HA-S-tagged MIC25
(CHCHD6/CHCMI) next to endogenous MIC25 in RKO colon cancer cells. This model of MIC25
overexpression revealed increased protein abundance of endogenously expressed MIC60 (mitofilin)
postulating tight regulation and crosstalk of MIC25 and MIC60 [6]. As increased MIC25 expression in
differentiated SH-SYS5Y cells does not lead to increased MIC60 levels as in RKO cells, this clearly
demonstrates how tissue specific the effects of MIC25 levels can be. This finding is subject to
limitations, as MIC25 in differentiated SH-SYSY cells is endogenously overexpressed, thus not
genetically modified and introduced externally reducing exogenous errors.

The organisation of MICOS proteins into two subcomplexes has been clearly illustrated in previous
studies, as downregulation of one protein can lead to instability of other components of the respective
protein (sub-)complex depending on how crucial that protein is for the overall stability
[7,76,110,119,147,148,199]. In HAP1 cells, depletion of MIC60 leads to loss of MIC19 and MIC25, as
well as loss of all proteins of the MIC10-subcomplex, MIC10, MIC26, MIC27 and QIL1 [110].
Knockout of MIC10 primarily leads to loss of QIL1, MIC26 and MIC27, an effect of selective
destabilisation of the MIC10-subcomplex [110]. Loss of MIC25 or MIC26 in HeLa cells did not affect
expression levels of other MICOS components [148]. This alludes to the observation that MIC25
siRNA knockdown in undifferentiated and differentiated SH-SYS5Y lysates does not influence other
MICOS and MICOS-related proteins (Figure 7). As attempts to produce SH-SY5Y MIC25 knockout
cells failed, knockdowns using siRNA were chosen to achieve MIC25 depletion. Thus, effects of
MIC25 depletion in isolated mitochondria of undifferentiated and differentiated SH-SYSY cells,
instead of crude lysates, were not retrievable due to the large number of transfected cells that would
have been needed to isolate enough mitochondria. Hence, this observation is limited to the compartment
of a whole cell, even though discussed data from one paragraph above (or see Figure 6B) does not
indicate a second pool of MIC25 outside of mitochondria.

A recent study overexpressed MIC25 by introducing MIC25F46 to HeLa cells and observed increased

affiliation of endogenous MIC25 or exogenous MIC25FLAG into MICOS and MIB complexes on BN-
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PAGE [199]. Similar results can be observed for SH-SYS5Y cells, as increased MIC25 expression in
differentiated mitochondria compared to undifferentiated mitochondria can be seen as a form of
endogenous MIC25 overexpression. The protein detection of MIC25 in differentiated isolated
mitochondria within MICOS complex is increased compared to undifferentiated isolated mitochondria
(Figure 8). MIC25 thus seems to be increasingly incorporated into the MICOS complex. This does not
seem to be true for other MICOS proteins, as their detection levels remains stable. Conversely, Tang et
al. [199] reports a decrease of endogenous MIC19 in MICOS complex when overexpressing
MIC25FLAG i HeLa cells. In MIC19 KO cells, overexpression of MIC25FLAC restored other MICOS
proteins, normal mitochondrial shape was preserved, and MIC25 increasingly incorporated into the
MICOS complex [199]. This led to the conclusion that MIC25 acts as partial alternative for MIC19 in
building and maintaining MIC60-MIC19-SAMS50 axis which is crucial in forming contacts between
outer and inner mitochondrial membrane constructing and controlling mitochondrial ultrastructure
[199]. Structurally, MIC25 and MIC19 have great similarities, as they are disclosed as twin CXqC
proteins, are similar in size and exhibit 36% sequence identity [237]. Experimental approaches have
provided evidence for binding of MIC19 to MIC60 via its CHCH domain and to SAMS50 via its N-
terminus in a myristylation-dependent manner [39,47]. Similarly, MIC25 directly interacts with MIC60
via its C-terminus (including its CHCH domain) and with SAMS50 via its N-terminus [6,47].
Additionally, direct interactions between MIC60 and SAM50 have been reported [47]. However,
MIC25 seems to be dispensable for a stable connection of MICOS and SAM [47,199], whereas MIC19
proves to be vital in this connection [39,199]. To what extent this holds true for neuronal-like cells or
what other purpose increased MIC25 incorporation into MICOS might serve still needs to be elucidated
by further inquiries. It is arguable, that BN page itself (like in Figure 8) is not the optimal method for
detection of increased MIC25 incorporation into MICOS complex in differentiated SH-SYS5Y cells, as
a) there are sensitivity and detection limits of size shifts of the protein complexes, b) MIC25 could be
incorporated sub-stoichiometrically, or ¢) MIC25 might incorporate into alternate assemblies possibly
with MIC19 and/or SAMS0.

To follow these thoughts, co-immunoprecipitations of F“ASSAMS50 in mitochondria of undifferentiated
and differentiated SH-SYS5Y cells were performed. MIC25 was eluted in both conditions, but to an
increased extend in differentiated "*ACSAMS50 eluates (Figure 10). This adds evidence that increased
MIC25 detection in differentiated SH-SYS5Y cells is not restricted to MICOS itself but is also
discernible in MIB complex. Interestingly, in differentiated isolated SH-SY5Y mitochondria, SAMS50
detection within MIB complex on BN-PAGE increases, but not within SAM complex itself, which is
detectable at a lower molecular weight (Figure 8). It has been observed that co-expression of
FLAGSAMS50 together with endogenous SAMS50 reduces the amount of endogenous SAMS50 detectable
(see Figure 9). At first sight, this does not seem to be inherently coherent, but hypothetically the total
amount of SAMS50 within a cell could be limited. This could be explained by the predicament that

certain proteins do need to assemble with other proteins for their long-term stability, as increased
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stability of proteins due to heteromeric complex assembly is well documented [179,184,199]. Thus,
increased presence of MIC25 could supposedly increase the limit of the SAMS50 protein pool in a cell.
Henceforth, MIC25 might play, together with SAMS50, a neuronal-specific role in stabilisation and
maintenance of the contact of the outer and inner mitochondrial membrane. To further test this, co-
immunoprecipitation assays of FLASSAMS50 in MIC60-depleted mitochondria of undifferentiated and
differentiated SH-SYS5Y cells could be performed in the future. Would the increase in detection rates
of MIC25 in differentiated conditions persist?

Evidence suggests that reduction of SAMS50 in HeLa cells leads to loss of cristae architecture on top of
a distorted, rather spherical mitochondrial structure [147]. Its function in maintaining mitochondrial
ultrastructure is independent of sorting and assembly of B-barrel proteins crediting its role as part of the
MIB complex, next to MIC60, MIC19 and MIC25, working as gantry to maintain cristae architecture
[147,199]. However, differences in distribution patterns of SAMS50 across cell types were found. In
fibroblasts, SAMS50 is described as evenly distributed across the mitochondrial surface [96], whereas
in astrocytes, SAMS0 seemed to form networks unevenly distributed across the intermembrane space,
only overlapping partially with crista junctions [180]. When overlapping distribution patterns of
SAMS50 with those of MIC19, other sites of association apart from exclusively the crista junctions were
proposed [180]. Whether there might be contacts of MIC25 and SAMS50 on other sites than the crista

junction in neuronal-like cells remains highly speculative but provides further research perspectives.
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5.2. Mitochondrial networks of SH-SY5Y cells adapt according to their differentiation
status

First and foremost, neurons are cells. As every cell, they match their structure to their function by
growing long and delicate extensions from their large cell bodies in forms of axons and dendrites to
make transferral of information in form of electric signals and neurotransmitters via synapses from cell
to cell possible. Due to this exceptional structure, neurons face challenges to metabolically supporting
their needs. Therefore, finding differences of mitochondrial networks before and after differentiation
of SH-SY5Y cells is reasonable. While undifferentiated SH-SYS5Y cells show fragmented
mitochondrial formations, differentiated SH-SY5Y possess dominantly filamentous mitochondrial
arrays. SH-SYSY cells, like neurons, adapt their structure to their function while differentiating, their
retracted, scattered cell bodies outgrow elongated processes making connections to neighbouring cells
forming clustered arrays [188]. Thus, filamentous mitochondrial networks seem to support metabolic
demands of differentiated SH-SYSY cells better than spherical ones.

Changes of mitochondrial shape have been well described as the effect of two antagonistic systems:
fusion and fission [63,233]. Fusion and fission activities are the effects of GTP hydrolysis by high-
molecular weight GTPases: Mitofusin 1 and 2 (MFN1, MFN2) of the outer mitochondrial membrane
assist outer mitochondrial membrane fusion and OPA1 as protein of the inner mitochondrial membrane
expedites IMM fusion; dynamin-related protein 1 (DRP1) is a cytoplasmic protein that is mobilised to
the outer mitochondrial membrane to promote mitochondrial fission [106,146]. Additionally,
dispersion of mitochondria in the cell is the result of bidirectional transport along microtubules and
their associated motor proteins kinesin and dynamin [28]. Interestingly, fusion and fission dynamics
influence axonal transport, as both, extreme fusion (hyperfusion) and extreme fission (fragmentation)
can hamper with mitochondrial axonal trafficking [51,56,186]. Neither hyperfusion nor fragmentation
is found when knocking down MIC25 and repeating mitochondrial network analysis in undifferentiated
and differentiated SH-SYSY cells. Lacking MIC25, SH-SYS5Y cells seem to behave like
undifferentiated and differentiated SH-SYSY WT cells in terms of their mitochondrial network
structure leading to the conclusion that differentiation status plays a greater role than presence or
absence of MIC25 in forming adept networking structures. Whether shifts from fragmented to
filamentous arrays happen later or are more prolonged when MIC25 is absent would need further
evaluation by repeating this experimental approach at different steps of differentiation. It is thinkable,
that the sub-cellular location of mitochondrial networks in SH-SY5Y cells shifts regarding to MIC25
expression levels. For example, filamentous structures of differentiated SH-SYSY cells could be
concentrated around the nucleus or dispersed into axon-like protrusion. To answer this question, further
immunofluorescence assays with an alternative evaluation focus could be a next step. Further
limitations arise due to the inability to evaluate the effect of MIC25 at sub-mitochondrial structures. In

which way mitochondrial inner boundary membrane, crista junction and cristae tubules might
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structurally be affected can only be revealed by higher resolution microscopy such as electron
transmission microscopy. Published data draws an ambivalent picture: Ott et al. [148] observed no
altered cristae morphology when HeLa cells lacked MIC25 but Ding et al. [47] noted lesser cristae
junctions and reduced cristae density, and An et al. [6] described clearly altered mitochondrial cristae
structure when eliminating MIC25 in RKO, MCF-7 and A375 cells raising further data to support the
stance of cell-type specific effects of MIC25.

During embryonic neurogenesis, morphological changes of mitochondria have been observed to play a
crucial role in determining the fate of neuronal stem cells. Mils et al. [132] observed neurogenesis in
the spinal cord of mice and chicken. Mitochondria in mitotic cells were small and round, in the
interphase they were short and thick [132]. In differentiating neurons, mitochondrial length increased
accompanied by increased complexity of mitochondrial networks enabling those cells to become a more
efficient energy provider to fulfil changing energetic demands of differentiating neurons [132]. Changes
of mitochondrial networks have therefore been shown to not accompany, but direct metabolic changes
from glycolysis to oxidative phosphorylation as well as stem cell fate [107,108]. Due to mild, acute
mitochondrial fragmentation, neuronal stem cells appear to become committed progenitors at the
expense of their ability to self-renew by retrograde mitochondrial-to-nuclear signalling activating
transcription genes and silencing self-renewal genes [107]. However, like observed in many
neurodegenerative diseases, a shift of mitochondrial networks toward chronic states of fragmentation,
diminishes neuronal ability to self-renew and reduces the stem cell pool [107]. Henceforth, differences
in mitochondrial networks of undifferentiated and differentiated SH-SYSY cells could play an
important role in guiding and accompanying the physiological process of neurogenesis and facilitate

shifts in energy provision at different developmental stages.

72



5.3. MIC25 has tissue specific effects on membrane potential and metabolism of SH-SY5Y
cells

As chapter 5.1 discusses MIC25 on a protein-focused level using biochemical approaches, this chapter
will broaden the horizon and elaborate on MIC25 in context of cellular and mitochondrial metabolism.
It has been demonstrated that MIC25 expression increases in differentiated SH-SYSY cells within its
multiprotein complexes MICOS and MIB, thus hypothesising how those structural differences might
correlate to functional dissimilarities is not farfetched. In the following, results of extracellular flux
assays and membrane potential measurements will be discussed along three major bullet points:
Differences between undifferentiated and differentiated SH-SY5Y cells, differences between MIC25
presence and absence, and differences in SH-SYSY cells compared to other cell types.
Mounting evidence suggests that differentiation processes of neuronal stem cells into adult neurons are
accompanied by a metabolic shift towards increased mitochondrial activity, alongside a corresponding
decrease in glycolysis and fatty acid oxidation [3,15,196,241]. For example, proteins associated with
glycolysis such as hexokinase 2 (HK2) and lactate dehydrogenase isoform A (LDHA), are
downregulated during differentiation [241]. These changes are reflected in Figure 13A, where
differentiated SH-SYSY cells exhibit limited glycolytic activity. Only in undifferentiated cells,
inhibition of ATP synthase leads to increased glycolytic activity. This reflects their higher basal
glycolytic activity and greater capacity for upregulation, which in turn points towards their metabolic
reliance on glycolysis. In contrast, when looking at oxygen consumption rates, differentiated SH-SY5Y
cells have lower basal respiratory activity, maximal respiratory activity and ATP production rates
compared to undifferentiated SH-SYS5Y cells (Figure 12A-E), despite mitochondrial membrane
potentials being about the same (Figure 15A). An explanation could be that undifferentiated SH-SY5Y
cells are more proliferative, whereas differentiated SH-SY5Y cells tend to exit the cell cycle [227].
Moreover, differentiated SH-SYSY cells exhibit enhanced spare respiratory capacity, highlighting an
improved ability to adjust mitochondrial ATP production to cellular demands and thus use
mitochondrial energy more efficiently. In contrast, undifferentiated SH-SYS5Y cells rely heavily on
glycolysis to meet their energy demands. This shift suggests metabolic adaptation of differentiated SH-
SYSY cells allowing them to provide sustained energy production in basal conditions and increase it
when necessary, e.g. due to changing conditions. The relative contribution of glycolysis versus
alternative substrates like acetyl-CoA to oxygen consumption remains unclear; further experiments
using 2-deoxyglucose that blocks glycolysis could provide insight [105,191]. All-trans retinoic acid
(ATRA), which triggers differentiation and inhibits the cell-cycle, is primarily responsible for
metabolic changes brought upon SH-SYS5Y cells during and after differentiation [130]. By inducing
differentiation, ATRA indirectly promotes the metabolic shift from glycolysis towards oxidative
phosphorylation, as reflected in differentiated SH-SYS5Y cells [130]. This remodelling in a broader

sense includes shifts in signalling pathways, structural adaptations and enhanced mitochondrial
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proliferation [130]. Notably, ATRA is currently being used clinically to treat cancers such as acute
promyelocyte leukaemia and paediatric neuroblastoma [95,142].

Loss of MIC25 points towards altered mitochondrial metabolism and function. Hyperpolarised
mitochondrial membrane potentials in differentiated SH-SYS5Y MIC25 knockdown cells are a sign of
increased creation of reactive oxygen species (ROS) and thus cellular stress [103]. Experimental studies
have demonstrated that a mitochondrial membrane potential surpassing 140 mV prompts an exponential
increase in ROS production [112,173] making tight governance of the membrane potential vital to keep
it in physiological ranges of approximately 80 to 140 mV [103]. To further test this, ROS production
could be measured in undifferentiated and differentiated SH-SYS5Y cells with normal and depleted
MIC25 levels. Commonly used methods include fluorescent probes sensitive to different oxidants that
can be analysed by plate-based fluorescent assays, fluorescent microscopy or flow cytometry, and
electron paramagnetic (spin) resonance (EPR/ESR) allowing straightforward identification of free
radicals [60,140]. In SH-SYS5Y cells with depleted MIC25 levels, findings of higher basal glycolytic
activity and trouble to further increase it under oligomycin stress support that MIC25 is essential for
metabolic adaptability under compromised mitochondrial activity (Figure 13). In line with previous
studies [6,185], knocking down MIC25 in undifferentiated SH-SYSY cells reduces their oxygen
consumption rates and, as a result, lowers their spare respiratory capacity compared to its WT
counterpart. A similar, but less pronounced effect is seen in differentiated SH-SYSY cells lacking
MIC25. Their spare respiratory capacity is reduced in comparison to differentiated SH-SYS5Y WT cells,
but their basal respiration and ATP production remain mainly unchanged. This is surprising given that
MIC25 expression naturally increases during differentiation, suggesting it plays a more critical role in
mature neurons. One would expect not only impaired spare respiratory capacity but also basal
bioenergetic parameters (see chapter 4.1 and 5.1 for reference). Hypothetically, there could be a shift
in the role of MIC25. In differentiated cells, influence of MIC25 on mitochondrial bioenergetics could
become secondary to other tasks. A recent paper proposes a connection between MIC25, and a protein
closely related to Alzheimer’s disease (AD), the B-amyloid precursor protein (APP) [185]. One of the
key features of Alzheimer’s pathology is the accumulation of plaques in the brain consisting of -
amyloid (Ap) protein aggregates [240]. The transmembrane protein APP can be cleaved by different
secretases: - and y-secretases sequentially cleave APP which generates AB among other products
(amyloidogenic processing) [240]. a-Secretases cleave APP molecules within the AB domain which
impedes AP formation (non-amyloidogenic processing) [240]. Following conventional knowledge, the
plasma membrane is a major processing site of APP [218]. It is lesser known, that the endoplasmic
reticulum (ER), the trans-Golgi apparatus and endosomes also have been identified as APP processing
sites, especially for the amyloidogenic processing pathway [218]. On top of that, mitochondria and
mitochondria-associated membranes have been demonstrated as localisation and processing sites of
APP [46,155,219]. Shang et al. [185] proposes a model, where MIC25 and APP stabilise each other in

the mitochondrial membranes. As soon as this balance is disrupted by the pathological increase of APP,
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MIC25 expression is transcriptionally downregulated leading to less MIC25-APP-links [185].
Consecutively, APP in the mitochondrial outer membrane is increasingly processed into A, which in
turn further suppresses MIC25 transcription [185]. This feedback loop propagates APP processing and
AP accumulation fuelling pathological plaque formation [185]. Furthermore, Wilkins et al. [219]
describes an inverse relationship between APP co-localisation to mitochondrial membranes and A
secretion, depending on the mitochondrial membrane potential. Depolarisation observes more APP in
the mitochondrial outer membranes while AP secretion stalls, hyperpolarisation diminishes APP in
mitochondrial outer membranes while AP secretion increases [219]. Differentiated SH-SYSY cells
lacking MIC25, compared to their WT respectively, display a significantly higher membrane potential
(Figure 15). According to Wilkins et al. [219], this would lead to reduced APP levels in the outer
mitochondrial membrane and mitochondria-associated membranes, while Ap secretion into the
extracellular space would increase. As reported by Shang et al. [185], this would further reduce MIC25
transcription rates. Hence, inherently increased MIC25 expression levels in differentiated SH-SYSY
cells could hypothetically provide an intrinsic buffer from pathological APP build up and Ap plaque
formation after cleavage by - and y-secretases.

Regarding data depicting selective MIC25 increase in isolated brain tissue of mice (see Figure 4 and
chapter 2.6), but not in other mouse tissues (heart, skeletal muscle, liver, kidney, lung, and spleen)
comparing metabolic data of neuronal-like SH-SY5Y cells with data of human embryonic kidney cells
(HEK293T) was particularly interesting. When examining oxygen consumption and ATP production
in HEK293T WT and MIC25 KO cells, there is virtually no difference across conditions (see Figure
14). This is not the case for SH-SY5Y cells lacking MIC25, supporting the idea that MIC25 has tissue-
specific metabolic functions. The effect is especially strong in the undifferentiated state, were both
oxygen consumption rate and ATP production are massively reduced (see Figure 12). Similarly,
significant reductions are seen in RKO colorectal cancer cells with MIC25 knocked out [6]. This leaves
room for debate of how changes in MIC25 expression relate to its specific roles in other tissues than
the brain. Even in HEK293T cells, naturally expressing lower MIC25 rates than differentiated neuronal
tissues (see Figure 4 and 2.6), loss of MIC25 is not entirely without effect: mitochondrial membrane
potentials decrease significantly when compared to WT (Figure 16). The permeability transition pore
(PTP) is a protein megacomplex that forms a channel spanning all mitochondrial membranes [123].
Ablation of the mitochondrial membrane potential has been associated with increased PTP permeability
which is proposed to trigger apoptosis [123]. PTP opening is regulated by the mitochondrial membrane
potential and matrix pH, as lower membrane potentials increase opening probability, while matrix
acidification decreases it [123]. Short, transient PTP openings release ROS and calcium, which act as
signalling molecules that either inhibit PTP or promote mitochondrial biogenesis [174]. This ultimately
protects against apoptosis, and the membrane potential is quickly restored [174]. Only full, sustained
opening of PTP leads to membrane potential collapse and halts oxidative phosphorylation by disrupting
the proton gradient [174]. Hence, reduced membrane potentials in HEK293T MIC25 KO cells lower
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thresholds and could bring the cells on the brink of apoptosis. However, this conclusion is not supported
by measurements of oxygen consumption, ATP production or glycolysis rates, which remain stable.
Hypothetically, reduction of membrane potential is significant, but not immediately functionally
relevant, as the cell is able to vindicate normal cellular function. But it is thinkable, that reduction of
MIC25 makes HEK293T cells more susceptible to mitochondrial dysfunction, mitophagy and
apoptosis. Thus, an approach could be to induce apoptosis in both HEK293T WT and MIC25 KO cells
and measure the release of cytochrome ¢ and/or changed expression of regulatory proteins or caspases
by western blotting [129] at frequent time intervals. With such a method, great temporal resolution
could be achieved, as simultaneous activation of pro- and anti-apoptotic factors can be identified at an
early stage, but processes cannot be observed for a single cell overt time, as cell integrity is destroyed
in the course [129]. Moreover, loss of the mitochondrial membrane potential in HEK293T MIC25 KO
cells is diametral to the tendency of differentiated SH-SYS5Y cells lacking MIC25 to hyperpolarise. At
present, I can only bring this to reason in a context of highly specialised, tissue-specific functions of
MIC25, where in neuronal tissues, energy metabolic effects become inferior to maintaining poorly
understood proteinaceous interactions like in the context of Alzheimer’s disease [185]. To fathom these,
affinity chromatography could be performed. It is highly sensitive and thus could show interactions we
do not anticipate yet, and all sample proteins could in turn be tested equally [167]. However, high
sensitivity always produces false positives, hence cross-referencing with immunoprecipitations and
consecutive western blots are helpful, as previously anticipated interactions can be verified with the
appropriate antibody [167].

To summarise, this chapter explores the intricate relationships between MIC25 and SH-SYSY cell
differentiation status, its tissue specificity, cellular energy metabolism, mitochondrial membrane
potential and its potential role in neurodegenerative diseases such as Alzheimer’s. Induction of SH-
SYSY cell differentiation with the help of ATRA leads to lower oxygen consumption rates and
glycolytic activity possibly which may reflect a shift from cellular proliferation to cellular maintenance.
At the same time, relative spare respiratory capacity increases, suggesting improved metabolic
adaptability to changing conditions. Knockdown of MIC25 leads to changes in oxygen consumption
rates, spare respiratory capacity, and mitochondrial membrane potentials partially consistent and
partially inconsistent with existing literature [6,185] emphasising the need to interpret the role of
MIC2S5 in a tissue-specific manner. This is underlined by comparisons with effects in HEK293T cells,
where oxygen consumption and ATP production remain stable when MIC25 is taken away, but
membrane potentials significantly decrease, where in differentiated SH-SYSY cells, it hyperpolarises.
To fully understand increased MIC25 levels in differentiated neuronal cells, aspects apart from
metabolic effects need to be considered, as interplay with the amyloid precursor protein of Alzheimer’s
disease in mitochondrial membranes has been discovered [185]. However, tissue-specific function of
MIC25 warrants further investigation, as this protein and its neuronal interactions remain poorly

understood.
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5.4. Conclusion
The outcomes of this research project have provided insight into biochemical, structural and metabolic
implications of MIC25, a subunit of MICOS. The MICOS complex shapes crista junctions and builds
intricate connections to the outer mitochondrial membrane (see chapters 2.4 and 2.5). Discovery of
tissue-specific expression levels of MIC25 upon the extraction of different mouse tissues (see chapter
2.6) led to the hypothesis that this might correlate to tissue-specific function and might provide
unexpected insight into the characterisation of crista junctions. Hence, SH-SY5Y cells were utilised as
human neuronal-like cell model due to their abilities to replicate indefinitely in culture but differentiate
when needed.
Increased expression levels of MIC25 in neuronal tissue upon successful neuronal differentiation could
only be verified and reproduced upon employment of Neurofilament H acting as reliable differentiation
marker. However, biochemical analysis of other MICOS and MICOS-related proteins did not reveal
any changes upon (natural) upregulation or downregulation (via knockdown) of MIC25 in
differentiated SH-SYSY cells. Nonetheless, MIC25 was increasingly incorporated into MICOS and
MIB complex when SH-SYSY cells were differentiated providing evidence for a role in stabilisation of
the outer and inner mitochondrial membrane with the help of SAM complex. Are there neuronal-
specific MIC25-SAM interactions? How do they influence mitochondrial ultrastructure and
differentiation processes? Further research might provide answers.
Further inquiries into mitochondrial ultrastructure via immunofluorescence microscopy disclosed that
differentiation status of SH-SYS5Y cells was dominant to the presence or absence of MIC25 for the
formation of adept mitochondrial networks. Due to low resolution, impacts on crista ultrastructure could
not be determined, but as preexisting data draws an ambivalent picture (see [6,47,148]), further
investigation across varying tissues seems like a promising approach. However, primary effects of
differentiation status on mitochondrial network formation can also be interpreted inversely, as
mitochondrial networks might coordinate processes of neuronal differentiation. How does the timeline
for those changes look like? Which mitochondrial effectors are involved and how is upstream regulation
organised? We do not know the solutions to those questions.
To further fathom the role of increased MIC25 expression in neuronal tissue, analysis of the cell’s
energy metabolism needed to be conducted and compared with its effects on other tissues. Lack of
MIC?25 in differentiated SH-SYSY cells leads to reduced relative spare respiratory capacity, increased
glycolytic activity and hyperpolarisation of mitochondrial membranes indicating reduced ability to
adapt to changing environments and increased ROS production. Nevertheless, in HEK293T cells loss
of MIC25 surprisingly reduces the mitochondrial membrane potential hinting towards decreased
thresholds for apoptosis, as all other parameters stay on similar levels. These findings point toward
tissue-specific roles of MIC25 expression that may go beyond a straightforward involvement in energy

metabolism, given the complexity and occasional inconsistency of the data. Newest research associates
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MIC25 directly with the amyloid precursor protein described in the pathology of Alzheimer’s disease,
as they stabilise each other and form regulatory feedback loops (see 5.3 and [185]). Therefore, in
differentiated neuronal cells, an increased presence of MIC25 could provide an intrinsic buffer
protecting from amyloid accumulation in the brain. However, further work is needed to fully understand
tissue-specific expression patterns of mitochondrial proteins in the context of neurogenerative diseases

and to explore how this knowledge could translate into innovative treatment options.
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Ay, mitochondrial membrane potential

Fq F, fraction of the mitochondrial ATP synthase
Fo ooligomycin-sensitive fraction the the mitochondrial ATP synthase
ng microgram

ul microliters
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a.u. arbitrary units

AD Alzheimer’s disease

ADOA autosomal dominant optic atrophy

ADP adenosine diphosphate

AMLI12 alpha mouse liver 12

ANT adenine nucleotide translocase
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AP B-amyloid

BDNF brain-derived neurotrophic factor
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CC coiled-coil domain

CCDC127 coiled-coil domain containing 127

CHCH coiled-coil helix coiled-coil helix domain

cJ crista junction

CL cardiolipin

cM crista membrane

Cx9C coiled-coil helix coiled-coil helix domain
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DMEM Dulbecco's Modified Eagle Medium
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DNAJCI11 DnaJ Heat Shock Protein Family Member C11
DRPI Dynamin-related protein 1

DUF domain of unknown function

e.g. exempli gratia
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kDa
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LHON
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MAP2
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Mgml
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min
mM
MM
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endoplasmic reticulum

electron spin resonance

carbonyl cyanide-p-trifluoromethoxy phenylhydrazone
octapeptide (DYKDDDDK) protein tag for affinity purification
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heat shock protein

inner boundary membrane
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Mitofusin

mitochondrial genome maintenance protein 1

mitochondrial intermembrane space import and assembly pathway

mitochondrial intermembrane space bridging complex
mitochondrial contact site and cristae organising system
subunit of the MICOS complex, x = molecular weight in kDa
minutes

millimoles per liter

mitochondrial matrix

milipotential/-power of hydrogen
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mV
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nm
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OMM
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Oxal
OXPHOS
p value
PBS

PC

PE

pH

PI

PKM
pmol
POTRA
Protein A

PS
PTP
pX
RA
RKO
RNA
ROS

messenger ribonucleic acid
mitochondrial creatine kinase
mitochondrial DNA

mitochondrial transcription factor A
millivolt

Nicotinamide adenine dinucleotide
non-alcoholic fatty liver disease
neuronal nuclear antigen
Neurofilament

Neurofilament H

Nerve growth factor

nanometres

neuron-specific enolase

oxygen consumption rate
overlapping activity with m-AAA protease 1
outer mitochondrial membrane
optic atrophy 1 protein

oxidase assembly protein 1
oxidative phosphorylation
probability value

phosphate buffer saline
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potential/power of hydrogen
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pyruvate kinase muscle

picomoles

polypeptide transport-associated domain

C-terminal protein tag for affinity purifications, also contains TEV cleavage
site and hepta-histidine tag
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pixel
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rRNA
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SD

SDH
SDS-PAGE
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siRNA
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TCA cycle
TIM
TMRE
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tRNA

v

viv

VDAC
w/v

WT

Xg
YMEIL

revolutions per minute

ribosomal ribonucleic acid

sorting and assembly machinery
standard deviation

Succinyl dehydrogenase

sodium dodecyl sulphate polyacrylamide gel electrophoresis
single guide ribonucleic acid
small interfering ribonucleic acid
Solute Carrier Family 25 Member 46
Tris-buffered saline

tricarboxylic acid cycle
translocase of the inner membrane
Tetramethylrhodamine
translocase of the outer membrane
transfer ribonucleic acid

Volt

volume per volume
voltage-dependent anion channel
weight per volume

wildtype

unit of relative centrifugal force

yeast mitochondrial escape 1-like ATPase
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