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Summary

Summary

Mitochondria execute a multitude of functions in the cell. To maintain their form and
function, they need to form a complex membrane system composed of the
mitochondrial outer membrane and the mitochondrial inner membrane. Contact sites
between mitochondria and other organelles or between the inner mitochondrial
membrane (IM) and the outer mitochondrial membrane (OM) are crucial for biogenesis
and maintaining the mitochondrial membrane systems. These contacts sites are
protein complexes that facilitate the transport of phospholipids and metabolites from
other organelles to mitochondria and between mitochondrial membranes.
Phospholipids reached to the mitochondria will be further directed to the proper
submitochondrial localization, where they will be used for downstream processes.
Mco76 is a member of the UbiB protein family containing an ACDK-like kinase (ATPase)
domain. Interestingly, Mco76 is conserved throughout the evolution from yeast to
human. The study presented here describes a functional analysis of Mco76 by studying
its genetic interactions and biochemical interactions. In addition, it provides new

insights into the function of Mco76 in the transfer of lipids between the IM and the OM.

In this study, evidence was provided that Mco76 is present in the IM of mitochondria
while its C-terminus is located in the mitochondrial intermembrane space (IMS). An
immunoprecipitation assay was deployed to investigate biochemical interactions of
Mco76. For the first time, Porl, Om14, and Om45 from the OM were identified as the
protein interactors of Mco76. Hence, it was concluded that a novel contact site between
the mitochondrial inner and outer membranes was discovered, providing potential hints
into the function of Mco76. The genetic interactions of MCO76 were investigated to
understand the role of Mco76 and the contact site formed by its interactions. Deleting
of MCO76 from cells in which the CL pathway is impaired leads to a growth phenotype
indicating MCO76 plays a role in phospholipid homoeostasis. Although available
literature suggests that Mco76 is involved in the import of CoQ from mitochondria,
genetic interactions of MCO76 suggest that MCO76 and the contact site formed by its
interactions have broader functions in the cell. This idea was further supported by

showing that the deletion of MCO76 reduces phosphatidic acid (PA) in mitochondria.

In addition, it was shown that overexpression of MCO76 impairs mitochondrial
architecture and alters mitochondrial morphology. Therefore, it was concluded that the
defined levels of Mco76 are essential for mitochondrial architecture and morphology.
Furthermore, it was shown that deletion of MCP2 rescues the growth defect of cells

lacking Mco76 and Upsl. This further indicates that an equilibrium between the Mco76
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and Mcp2 is necessary when the mitochondrial phospholipid composition is disturbed.
This idea is consistent with the model proposed by Kemmerer that Mcp2 and Mco76

function reciprocally in importing and exporting CoQ from mitochondria.

Overall, the study here established that Mco76 forms a contact site between the
mitochondrial inner and outer membranes by interacting with Porl, om14, and Porl.
Based on these findings, a model was proposed in which Mco76 facilitates the transfer
of CoQ and phospholipids between the IM and the OM.
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Zusammenfassung

Mitochondrien erfillen eine Vielzahl von Funktionen in der Zelle. Um ihre Form und
Funktion aufrechtzuerhalten, miissen sie ein komplexes Membransystem bilden, das
aus der duBeren Mitochondrienmembran und der inneren Mitochondrienmembran
besteht. Kontaktstellen zwischen Mitochondrien und anderen Organellen oder zwischen
der inneren Mitochondrienmembran (IM) und der auBeren Mitochondrienmembran
(OM) sind entscheidend fiur die Biogenese und die Aufrechterhaltung der
mitochondrialen Membransysteme. Diese Kontaktstellen sind Proteinkomplexe, die den
Transport von Phospholipiden und Metaboliten von anderen Organellen zu den
Mitochondrien und zwischen den mitochondrialen Membranen erleichtern.
Phospholipide, die in die Mitochondrien gelangen, werden an die richtige
submitochondriale Lokalisation weitergeleitet, wo sie flir nachgeschaltete Prozesse
verwendet werden. Mco76 ist ein Mitglied der UbiB-Proteinfamilie, das eine ACDK-
ahnliche Kinasedomane (ATPase) enthdlt. Interessanterweise ist Mco76 in der
Evolution von der Hefe bis zum Menschen konserviert. Die hier vorgestellte Studie
beschreibt eine funktionelle Analyse von Mco76 durch Untersuchung seiner
genetischen und biochemischen Interaktionen. Darliber hinaus liefert sie neue
Erkenntnisse Uber die Funktion von Mco76 beim Transfer von Lipiden zwischen dem IM
und dem OM.

In dieser Studie wurde nachgewiesen, dass Mco76 im IM der Mitochondrien vorhanden
ist, wahrend sich sein C-Terminus im mitochondrialen Intermembranraum (IMS)
befindet. Ein Immunprazipitationstest wurde eingesetzt, um die biochemischen
Interaktionen von Mco76 zu untersuchen. Zum ersten Mal wurden Porl, Om14 und
Om45 aus dem OM als Proteininteraktoren von Mco76 identifiziert. Daraus wurde
geschlossen, dass eine neuartige Kontaktstelle zwischen der inneren und der duBBeren
Mitochondrienmembran entdeckt wurde, die potenzielle Hinweise auf die Funktion von
Mco76 liefert. Die genetischen Interaktionen von MCO76 wurden untersucht, um die
Rolle von Mco76 und die durch seine Interaktionen gebildete Kontaktstelle zu
verstehen. Die Deletion von MCO76 aus Zellen, in denen der CL-Weg gestort ist, flhrt
zu einem Wachstumsphanotyp, was darauf hindeutet, dass MCO76 eine Rolle bei der
Phospholipid-Homd&ostase spielt. Obwohl die verfliigbare Literatur darauf hindeutet,
dass MCO76 am Import von CoQ aus Mitochondrien beteiligt ist, deuten genetische
Interaktionen von MCO76 darauf hin, dass MCO76 und die durch seine Interaktionen

gebildete Kontaktstelle umfassendere Funktionen in der Zelle haben. Dieser Gedanke
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wurde weiter unterstitzt, indem gezeigt wurde, dass die Deletion von MCO76 die

Phosphatidsaure (PA) in den Mitochondrien reduziert.

Dariiber hinaus wurde gezeigt, dass eine Uberexpression von MCO76 die
mitochondriale Architektur beeintrachtigt und die mitochondriale Morphologie
verandert. Daraus wurde gefolgert, dass die definierten Mengen von Mco76 fir die
mitochondriale Architektur und Morphologie wesentlich sind. Dariiber hinaus wurde
gezeigt, dass die Deletion von MCP2 den Wachstumsdefekt von Zellen, denen Mco76
und Upsl fehlen, ausgleicht. Dies ist ein weiterer Hinweis darauf, dass ein
Gleichgewicht zwischen Mco76 und Mcp2 erforderlich ist, wenn die mitochondriale
Phospholipidzusammensetzung gestort ist. Dieser Gedanke steht im Einklang mit dem
von Kemmerer vorgeschlagenen Modell, wonach Mcp2 und Mco76 beim Import und

Export von CoQ aus den Mitochondrien wechselseitig funktionieren.

Insgesamt konnte in der vorliegenden Studie nachgewiesen werden, dass Mco76 durch
Interaktion mit Porl, om14 und Porl eine Kontaktstelle zwischen der inneren und der
auBeren Mitochondrienmembran bildet. Auf der Grundlage dieser Ergebnisse wurde ein
Modell vorgeschlagen, in dem Mco76 den Transfer von CoQ und Phospholipiden

zwischen dem IM und dem OM erleichtert.
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1. Introduction

1.1 Mitochondria

A distinct feature of eukaryotic cells is the compartmentalization of the cytoplasm into
an intricate system of intracellular compartments. Intracellular compartments, known
as organelles, allow cells to separate and enable processes with entirely distinct
biochemical requirements. Nucleus and mitochondria differ from the other organelles
since two bilayer membranes surround them. In 1927, Wallin explained the
mitochondrial envelope with its double membranes by the theory of endosymbiosis as
the origin of mitochondria (Wallin, 1927). According to this theory, mitochondria are
derived from an a-proteobacteria-related ancestor incorporated by the host cell. This
idea has been widely accepted only after the profound work of Lynn Margulis in 1971
(Margulis, 1971; Sagan, 1993). The presence of DNA and protein-synthesizing
machinery in mitochondria are the most substantial evidence supporting the theory of

endosymbiosis as the origin of mitochondria in eukaryotic cells (Martin, 2010).

Although mitochondria still harbor their genome, it is drastically smaller than the
former bacterial genome due to the loss of redundant genes and horizontal gene
transfer between endosymbiont and the host (Burger et al., 2003). The human
mitochondrial genome consists of 37 genes, of which 13 encode for proteins, 22 encode
for tRNAs, and 2 for rRNAs (Anderson et al., 1981). Whereas the mitochondrial genome
of the yeast S. cerevisiae only encodes for 8 proteins, 24 tRNAs, and 2 rRNAs (Foury
et al., 1998). Importantly, all mitochondrial encoded proteins are essential for the
respiratory function of mitochondria. However, the mitochondrial proteome is
composed of approximately 1000 proteins. Thus, the majority is encoded by the
nuclear genome. Therefore, they are synthesized in the cytosol, and they have to be

imported into mitochondria (Mokranjac and Neupert, 2009).

Since mitochondria show a complex structure made up of two bilayer membranes,
sophisticated import mechanisms had to be developed by the cell to import proteins
into mitochondria. There is intricate machinery located in the outer mitochondrial
membrane (OM) and the inner mitochondrial membrane (IM) responsible for the
import and sorting of mitochondrial proteins to their correct sub-mitochondrial
localization (Mokranjac and Neupert, 2009). Importantly, proper protein import is
essential for cell viability since mitochondria must perform their multitude of functions.

Mitochondria have been considered merely as the powerhouse of cells, and they
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retained the ATP production capacity of their ancestor (Gray, 1992). Nevertheless, this
point of view has been changed due to copious evidence showing mitochondria play
salient roles in different cellular processes, such as calcium homeostasis, programmed
cell death, and signal transduction (Chandel, 2014; McBride et al., 2006; Perrone et
al., 2020).

1.2 Mitochondrial dynamics

Historically, mitochondria have been viewed as rigid bean-shaped organelles until
recent studies have shed new light on how dynamic the mitochondrial network is.
Different studies indicate that mitochondria have distinct ultrastructure and
morphology in different cell types and tissues (Bereiter-Hahn and Véth, 1994). The
morphology of mitochondria is delicately controlled by two opposing events, fusion and
fission (Nunnari et al., 1997; Rapaport et al., 1998) (Figure 1.1). This concerted
interplay of fusion and fission is also called mitochondrial dynamics. Reduction of fusion
events leads to a highly fragmented mitochondrial network in the cell. Likewise,
mitochondria form a tremendously hyper-fused network with abundant branches when
fission is disturbed (Figure 1.1). Mitochondrial fusion and fission are pivotal in the
inheritance of mitochondrial DNA and mitochondrial quality control (Nunnari et al.,
1997). Mitochondrial inheritance relies on the division of mitochondrial fragments from
the network and delivering them to the daughter cell. However, the precise role of
mitochondrial division in terms of mitochondrial inheritance is not completely
understood so far. Besides, it has been proposed that fission and fusion of mitochondria
serve as the quality control assurance for separating damaged mitochondrial DNA from
undamaged ones by mitochondrial fission (Youle and van der Bliek, 2012). Last but
not least, mitochondrial fusion and fission are vital for mitochondrial ultrastructure
(Harner et al., 2016; Kojima et al., 2019).

Mitochondrial fusion and fission are complex processes since mitochondria are
surrounded by two membranes, the OM and the IM. Since the integrity of Inter
Membrane Space (IMS) and matrix space have to be guaranteed, fusion and fission
events have to be very well orchestrated. Very elaborate molecular machinery has
been evolved to control fusion and fission of the OM and the IM (Detmer and Chan,
2007; Hoppins et al., 2007; Mozdy et al., 2000; Rapaport et al., 1998).
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Figure 1.1 Mitochondrial morphology.

Fluorescence microscopy images of a S. cerevisiae wild-type strain, a DNM1 deletion mutant
and a FZO1 deletion mutant. Matrix-directed GFP is used as the fluorescent dye. Modified from
(Sesaki and Jensen, 1999). Scale bars 2um.

Fission machinery comprises four proteins that orchestrate the mitochondrial division
in yeast Dnm1, Fis1, Mdv1, and Caf4 (Hoppins et al., 2007; Labbé et al., 2014). Dnm1,
a Dynamin-related GTPase, is mainly located in the cytosol and forms punctate
structures at branch points of OM where the division events happen (Bleazard et al.,
1999; Otsuga et al., 1998). Evidence has been provided that Dnm1 is essential for
the division of the OM. First, deletion of DNM1 leads to a hyper-fused mitochondrial
network indicating that mitochondrial division is inhibited, but fusion still takes place
(Otsuga et al., 1998). Second, Dnm1 forms a moderately curved filament in the GDP-
bound state, the GTP-bound form of Dnm1 forms spiral structures (Ingerman et al.,
2005). Strikingly, the size of these spiral structures matches perfectly with the
diameter of mitochondria at sites of division. Additionally, it has been shown that
mutations in the GTPase domain of Dnm1 abolish its ability to self-assemble and
promote mitochondrial division (Ingerman et al., 2005). This indicates that the GTPase
activity of Dnm1 is essential for mitochondrial division (Ingerman et al., 2005; Naylor
et al., 2006). Fis1, another critical component of the fission machinery, is anchored in
the OM. It has been shown that mitochondrial recruitment of Dnm1, Mdv1, and Caf4
have been compromised drastically in yeast cells lacking Fisl. Thus, Fisl acts as the
OM antenna for the division machinery (Griffin et al., 2005; Mozdy et al., 2000; Tieu
and Nunnari, 2000). Significantly the process of mitochondrial fusion and fission
(dynamics), as well as the key proteins, are conserved throughout evolution. Dnm1
and Fis1 have been conserved from yeast to mammals through evolution (Zhao et al.,
2013). Dynamin-related protein 1 (DRP1), or dynamin-like protein 1 (DLP1), encoded
by DNMI1L, is the central molecular player that mediates mitochondrial fission in

humans (Smirnova et al., 2001).
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Mitochondrial fusion machinery is composed of several proteins. Fzol, Ugol, and
Mgm1 are the most crucial proteins involved in OM and IM fusions. The paramount
component of the mitochondrial fusion machinery is Fzol which has been identified
first in Drosophila melanogaster (Hales and Fuller, 1997). Fzol is crucial for
mitochondrial fusion events during cell growth and it is essential for long term
maintenance of mitochondrial DNA (Hermann et al., 1998; Rapaport et al., 1998). The
mammalian homologs of Fzo1l are called Mitofusin 1 and 2. Mitofusins are big GTPases
containing two transmembrane domains that are integral in the OM. It has been shown
that hydrolysis of GTP is essential for Fzol mediated membrane fission (Meeusen et
al., 2004). Mammalian mitofusin forms oligomers in a GTP-dependent manner, and
they can interact from opposing membranes (Ishihara et al., 2004; Koshiba et al.,
2004). In yeast, another protein is involved in OM fusion, Ugol (Sesaki and Jensen,
2001). Ugol directly interacts with both Fzol and Mgm1l, another component of
mitochondria fusion machinery (Sesaki et al., 2003). Mgm1l is a dynamin related
GTPase essential for the fusion of both mitochondrial membranes. It is present in two
isoforms, a long isoform (I-Mgm1) and a short isoform (s-Mgm1). I-Mgm1 is anchored
in the IM, while s-Mgm1 is a soluble IMS protein that is membrane associated (Herlan
et al., 2003). s-Mgm1 is generated by proteolytic cleavage of the transmembrane
domain by the rhomboid protease Pcpl (Herlan et al., 2003). Strikingly, the presence
of both I-Mgm1 and s-Mgm1 isoforms at a precise ratio is essential for mitochondrial
fusion (Zick et al., 2009). The Membrane potential of IM is also required for the fusion
of mitochondria (Meeusen et al., 2004). Therefore, an imbalance of s-Mgm1 and I-
Mgm1 is often observed in unhealthy and not wholly functional mitochondria. hFis1,
the functional orthologue of Fis1, interacts directly and indirectly with the mitochondrial

fusion protein Opal (Zhao et al., 2013).

Concisely, mitochondria dynamics are crucial for the maintenance of mitochondrial
form and function. Disruptions in these processes affect normal development, and they
have been implicated in neurodegenerative diseases, such as Charcot-Marie-Tooth
disease type 2A (CMT2A) and autosomal dominant optic atrophy (DOA). However,
fusion of mitochondria is not only important for the dynamic of mitochondria, but also

it is important for formation of mitochondrial ultrastructure (Harner et al., 2016).

1.3 Mitochondrial ultrastructure

Decades before studying mitochondrial morphology with fluorescence microscopes,
their tremendously complex ultrastructure has been observed in electron micrographs

(Palade, 1953; Rasmussen, 1995). Using electron microscopy, scientists observed that
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two membranes encompass mitochondria, unlike most of the other organelles, the OM
and IM (Palade, 1952). The IM consists of two functional compartments, the inner
boundary membrane (IBM) and the crista membranes (CM) (Figure 1.2). The IBM is
the area of the IM staying in close proximity to the OM. In contrast, cristae are
invaginations into the interior of mitochondria. Crista junctions are narrow ring shape
structures that connect cristae and the IBM. Another exciting characteristic of
mitochondria is permanent contact sites between OM and IM (Hackenbrock, 1966,
1968). By this complex membrane system, mitochondria are divided into aqueous
compartments (IMS), the intracristal space, and the matrix (Figure 1.2) (Daems and
Wisse, 1966; Frey et al., 2002; Mannella et al., 2001; Perkins et al., 1997).

A
oM
Matrix
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B
M -
CJ
Matrix

oM —
IcS ~ “

Figure 1.2 Architecture of mitochondria.

A. Schematic drawing of a wild type mitochondrion. OM, outer mitochondrial membrane; IM,
inner mitochondrial membrane; IBM, inner boundary membrane; CM, crista membrane;
CJ, crista junction; ICS, intracristae space; IMS, intermembrane space; different types of
contact sites were indicated by red and black bars. Red and black bars indicate contact
sites (CS).

B. Micrograph of mitochondrion from mouse epididymis. For abbreviations, see (A). From
(Fawcet, 1981).
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Although most mitochondria share these common features, electron microscopy
images revealed that mitochondria of different cell types show extraordinarily versatile
shapes in particular regarding the form of cristae. They can be tubular, lamellar, or
even triangular in astrocytes (Figure 1.3) (Fawcett 1981). Lamellar cristae are
predominantly present in tissue with high energy demand like skeletal muscle. Tubular
cristae are mainly present in steroidogenic tissue. The diverse forms of cristae in cells
with different functions indicate that mitochondria's structure and function are tightly
connected. Cristae differ not only in a cell type specific but also developmental specific
manner. For instance, in the adrenal cortex of fetal or neonatal rats, the form of cristae
changes from the lamellar type to the tubular type during differentiation (Voutilainen
and Kahri, 1979). In his groundbreaking paper of 1966, Charles Hackenbrock showed
that mitochondria change their structure in response to ADP depletion (Hackenbrock,
1966). Furthermore, it has been observed that induction of apoptosis leads to changes
in the IM shape, and matrix volume (Hackenbrock, 1966). Apparently, the
mitochondrial ultrastructure can be adapted according to physiological conditions.
These observations strengthen the hypothesis that IM and cristae are dynamic and

change according to the physiology of cells.

Figure 1.3 The versatility of mitochondrial architecture.

Electron microscopic images of mitochondria in (A) brown adipose cell from bat, (B) cell from
hamster adrenal cortex, (C) astrocyte of hamster brain, (D) rat adrenal cortex. Modified
from (Fawcet, 1981).
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Astoundingly, abounding evidence indicates that the CM is functionally distinct from
the IBM, and obviously, they have different protein compositions. Proteins needed for
oxidative phosphorylation, such as electron transport chain complex and the FiFo ATP-
synthase, are mainly located in cristae, and proteins of the import machinery TIM23
are mainly localized in the IBM (Gilkerson et al., 2003; Vogel et al., 2006). Further
studies on the precise differential localization of proteins and their dynamics between
IBM and the cristae membrane revealed that the TIM23 protein import machinery
localizes to 60% in the IBM and 40% in the cristae membrane. However, when import
machinery is activated by overexpression of GFP containing mitochondrial signal
sequence (MGFP), 70% of Tim23 proteins were detected in the IBM due to enhanced
import activity of mitochondria (Schiilke et al., 1997; Vogel et al., 2006; Wurm and
Jakobs, 2006). More recent evidence by single particle tracking (SPT) in living cells
has also confirmed that proteins of electron transport chain complexes diffuse mainly
in the cristae membrane and Tim23 protein diffuses predominantly in IBM (Appelhans
and Busch, 2017).

Various studies have identified proteins that are responsible for the maintenance and
generation of cristae. These are proteins essential for the dimerization of the FiFo ATP-
synthase, the MICOS complex, and the mitochondrial fusion machinery (Cipolat et al.,
2004; Davies et al., 2012; Harner et al., 2011; Jones and Fangman, 1992; Paumard
et al., 2002b; Rabl et al., 2009). The FiFo ATP-synthase is a protein complex that
consists of at least 17 different subunits and it catalyzes adenosine triphosphate
formation (Rubinstein et al., 2003; Velours and Arselin, 2000). Significantly, these
complexes form dimers with wedge-like arrangements involved in tthe formation of
membrane curvature (Arnold et al., 1998). In this respect, the subunits Su e and Su g
have to be emphasized since they are crucial for dimerization of the F1FoATP-synthase
(Arnold et al., 1998). Likewise, Su e was one of the first genes reported to be critical
for the ultrastructure of mitochondria. It has been observed that depletion of Su e
leads to defective oligomerization of F1Fo ATP- synthase and altered cristae morphology

with onion-like structures in yeast (Paumard et al., 2002a).

The MICOS complex, identified by different groups simultaneously, is composed of six
different subunits in yeast Mic10, Micl12, Micl9, Mic26, Mic27, and Mic60. Micl9 is a
soluble protein in the IMS, whereas all other MICOS subunits are integrated into the
IM. The most essential functions of the MICOS complex are the formation of contact
sites (CS) and the formation of cristae junctions (CJs) (Harner et al., 2011; Hoppins et

al., 2011; von der Malsburg et al., 2011). Deletion of core components of the MICOS
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complex, MIC60, and MIC10, lead to the formation of internal membrane vesicles and
the absence of Cls, suggesting their role in CJ formation (Alkhaja et al., 2012; Harner
et al., 2011; Hoppins et al., 2011; von der Malsburg et al., 2011). Bohnert et al.
observed that the oligomerization of Micl10 leads to the deformation of membranes.
So, they suggested that Mic10 serves as a scaffold for the MICOS formation and cristae
biogenesis. (Bohnert et al., 2015). Additionally, it has been observed that targeting
Mic60 to the plasma membrane of prokaryotes leads to the formation of cristae-like
invaginations. It indicates the possible role of Mic60 in the formation of cristae in
mitochondria (Tarasenko et al., 2017). In addition, MICOS forms CS between the OM
and the IM of mitochondria by interacting with proteins of the OM such as TOM complex
(Bohnert et al., 2012; von der Malsburg et al., 2011; Zerbes et al., 2012), TOB/SAM
(Bohnert et al., 2012; Darshi et al., 2011; Harner et al., 2011; Koérner et al., 2012),
Fzol-Ugol (Harner et al., 2011) and the GTPase Miro (Modi et al., 2019). This plethora
of interacting partners indicates additional functions of MICOS. In their seminal paper
published in2016, Alton et al. provided evidence indicating that the MICOS complex
plays a role in phospholipid homeostasis of mitochondria by forming contact sites. The
phosphatidylserine decarboxylase, Psdl, is present in the IM and is able to
decarboxylate PS not only in the IM but also on the OM. MICOS complex is essential in
putting the two membranes in close proximity (Aaltonen et al., 2016). There are some
indications that MICOS is involved in mitochondria protein import. Malsburg and co-
workers have observed defects in mitochondrial protein import in cells lacking Mic60
(von der Malsburg et al., 2011). Although the exact contribution of MICOS in the
mitochondrial protein import is not known so far, the interactions of Mic60 with several
essential proteins of mitochondrial import machinery such as Tob55, Tim23, and
Tom40 indicates that it might promote the import of proteins into mitochondria by

spatially locating of TIM, TOM and TOB complexes in close proximity.

It has been observed that Mgm1, the fusion protein of IM, plays a vital role in cristae
formation in addition to dimeric FiFo ATP-synthase and MICOS (Cipolat et al., 2004;
Meeusen et al., 2006; Wong et al., 2000). Sesaki et al. showed that yeast cells lacking
Mgm1 had enlarged mitochondria with aberrant cristae morphology (Sesaki et al.,
2003; Song et al., 2009). However, deletion of MGM1 was not linked to loss of cristae
so far since it leads to loss of mitochondrial DNA and consequently loss of respiratory
chain complex and dimeric FiFo ATP-synthase. Based on recent evidence, Harner et al.
put forward a working model that might explain the role of Mgm1 in the process of
crista formation. They have proposed a model in which two different mechanisms are
responsible for the formation of lamellar cristae and tubular cristae (Harner et al.,

2016). According to this model, the formation of lamellar cristae depends on the
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mitochondrial IM fusion machinery. Mgm1 fuses two opposing membranes at sites
where it interacts with the OM. Upon membrane fusion of Mgm1, the nascent crista is
generated, and its high membrane curvature is stabilized by dimerization of FiFo ATP-
synthase. MICOS is in this process only necessary for the termination of lamellar crista
formation by stopping Mgm1 mediated fusion. However, the formation of tubular
cristae is independent of mitochondrial fusion and initiated by the assembly of MICOS.
The import of lipids and proteins is the driving force of tubular cristae formation. Like
lamellar cristae, dimerization of FiFo ATP-synthase stabilizes the formed membrane
curvature (Harner et al., 2016; Khosravi and Harner, 2020). In a more recent study,
Kojima et al. provided additional evidence supporting this model. The authors observed
that mitochondria lacking both Mgm1 and Mic60 do not show any IM structure,
indicating that Mgm1 and Mic60 work in parallel mechanisms (Kojima et al., 2019).
Surprisingly, depletion of Mgm1 and Mdm35, components of the mitochondrial lipid
transport system, led to a strikingly similar phenotype. This indicates that tubular
cristae formation depends not only on proteins and protein complexes but also on the

import of phospholipids plays an important role in this process (Kojima et al., 2019).

1.4 Membrane phospholipids

Biological membranes consist of membrane proteins and lipids. Although membrane
lipids contribute significantly to the function of organelles, they have not been studied
as detailed as the corresponding proteins. In fact, different biological membranes have
particular compositions of lipids. Biological membranes from yeast to humans are
mainly composed of glycerophospholipids and to a minor extend of sterols and
sphingolipids (in yeast ergosterol; in mammals cholesterol) (Zinser and Daum, 1995).
Phospholipids are well-known for their ability to provide a matrix for embedding
proteins and the other lipids exposing their polar head group to the surface and a polar
acyl chain group to the interior of the bilayer (Dowhan, 1997). The building block of
glycerophospholipids is phosphatidic acid (PA), composed of a glycerol backbone, two
fatty acids, and a phosphate group. The phosphate group of PA can be substituted with
various head groups, such as choline, ethanolamine, serine, inositol, or glycerol, to
form different phospholipid species (Figure 1.4) (van Meer et al., 2008). The most
abundant phospholipids in backer’s yeast are phosphatidylcholine (PC) (Mannella et
al., 2001) and phosphatidylethanolamine (PE) (Ejsing et al., 2009; Zinser and Daum,
1995). Cardiolipin (CL) is a distinct and unique phospholipid that can be found
exclusively in mitochondria. It is composed of two phosphatidic acids, which are bound

together with a glycerol backbone (Figure 1.4).
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Phospholipids are divided into two distinct groups according to their overall shape
structures depending on their head groups. The first group is made up of bilayer
forming phospholipids like PC, phosphatidylserine (PS), and phosphatidylserine (PI)
(Longtine et al., 1998; Mannella et al., 2001). They have an overall cylindrical shape
since the area of the head group to the acyl chain group has a similar diameter in cross
sections. The second group of phospholipids consists of non-bilayer forming
phospholipids like phosphatidylethanolamine (PE), Cardiolipin (CL), and phosphatidic
acid (PA). They have an overall canonical shape since in cross sections, the area of the
head group is smaller than the area of the acyl chain group (Basu Ball et al., 2018;

van den Brink-van der Laan et al., 2004).

Mitochondria of different cell types share four characteristics regarding their lipid
composition: (1) sterol, and sphingolipids are only found at a low amount, (2) they
have a low ratio of phospholipids to proteins (Longtine et al., 1998), (3) they have a
high CL content and (4) PC, and PE are the major phospholipids (Horvath and Daum,
2013). There are minor variations in the relative phospholipid abundance of
mitochondria that have been reported in different studies. Differences in growth
conditions and purity of mitochondrial fractions used to measure phospholipids
probably are the reason for observing slight variations in the relative phospholipid
abundance. In mitochondria, PE and PC comprise approximately 30-40% of total
phospholipids while CL and (PI) account for 10-15 % of phospholipids. PA and PS
comprise approximately 5% of the total phospholipids (Horvath and Daum, 2013;
Zinser and Daum, 1995). Intermediates of the CL biosynthesis pathway,
phosphatidylglycerol (PG), phosphatidylglycerol phosphate (PGP), and CDP-
Diacylglycerol (CDP-DAG) do not accumulate in wild type mitochondria under normal

conditions.

Additionally, to the unique overall lipid composition of mitochondria, the IM differs from
the OM. The mitochondrial IM has a lower phospholipid to proteins ratio than
mitochondrial OM. Furthermore, the distribution of CL between IM and OM is
asymmetrical. The majority of CL (75%) is present in the mitochondrial IM, while only
a smaller fraction, 25%, localizes in the OM (de Kroon et al., 1997; Gebert et al., 2009;
Zinser and Daum, 1995). This clearly indicates an important role of CL per se and
phospholipids in general regarding mitochondrial functionality. The tendency of CL and
PE to form negatively curved membranes makes them favorable for several
mitochondrial processes like protein import, fusion, fission, oxidative phosphorylation,
and maintaining the ultrastructure of mitochondria. In line with this, it has been
observed that CL and PE can stabilize respiratory supercomplexes and FiFo ATP-

synthase dimers, emphasizing their important role for oxidative phosphorylation
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(Acehan et al., 2011; Boéttinger et al., 2012). Furthermore it has been shown that CL
stabilizes mitochondria translocators like the TIM23 and TOM complexes (Gebert et al.,
2009; Malhotra et al., 2017). This also implies a role of CL in mitochondrial protein
import. Besides, PA plays a vital role in mitochondrial morphology by its ability to
stabilize curved membranes. It has been shown that Drpl, which is involved in
mitochondrial fission, binds to the head group of phosphatidic acids (Adachi et al.,
2016). This implies the critical role of PA in mitochondrial morphology. All these results
together emphasis how essential these non-bilayer forming phospholipids are for the

form and function of mitochondria.
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Figure 1.4 Phospholipids of mitochondria.

A)Structural elements of phospholipids. The main structural element of glycerophospholipids
is the glycerol back bone. Acyl chains with different lengths and saturation are attached
to the sn-1 and sn-2 hydroxyl groups. Versatile head groups with varying chemical
properties can be attached to the sn-3 position of the glycerol backbone and form different
classes of phospholipids.

B)CL is a unique phospholipid that consists of two PA moieties covalently linked to each other
by a glycerol bridge.
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C)Different shapes of bilayer and non-bilayer forming lipids. Non-bilayer forming lipids induce
membrane curvature. Figures modified from (Osman et al., 2011).

1.5 Inter-organellar and intra-mitochondrial transport of
phospholipids

Mitochondria cannot be made de novo, so mitochondria need to import and incorporate
the lipids for membrane biogenesis and homeostasis from other organelles. Therefore,
inter-organellar contact sites are essential for lipid transfer into mitochondria.
However, since mitochondria are the primary site of PE synthesis, inter-organellar
contact sites are equally crucial for transferring lipid out of mitochondria. So far, it has
been suggested that contact sites between mitochondria and the endoplasmic
reticulum (ER), the vacuole (in higher eukaryotes, the lysosomes), and lipid droplets
are involved in transferring lipids into and out of mitochondria (Tamura et al., 2020;
Zung and Schuldiner, 2020).

The ER-mitochondria encounter structure complex (ERMES) is the primary tethering
protein complex forming contact sites between mitochondria and ER in yeast
(Kornmann et al., 2009). The ERMES complex is composed of four subunits, i.e.,
Mmm1, Mdm12, Mdm10, Mdm34, and two regulatory proteins, i.e., Lam6 and Gem1
(Kornmann et al., 2009; Stroud et al., 2011; Zung and Schuldiner, 2020). ERMES has
a multitude of functions, such as regulation of mitochondria fission and transfer of
coenzyme Q precursors. Furthermore, evidence indicates that ERMES is directly
involved in lipid transport (Kojima et al., 2019; Tamura et al., 2019a; Tamura et al.,
2019b). For instance, deletion of MDM12 in yeast cells leads to delay in converting PS
to PE, as pulse-chase analyses have shown (Kornmann et al., 2009). It indicates that
disruption of ERMES impairs phospholipid exchange between ER and mitochondria.
Additionally, the crystal structure of Mdm12 has shown that it contains a hydrophobic
pocket that could accommodate a phospholipid (Kawano et al., 2018). More
importantly, it has been observed that the Mdm12-Mmm1 complex is able to transfer
phospholipids in vitro (Kawano et al., 2018). By in vitro assay using isolated yeast
membranes, Kojima et al. demonstrated that lack of the ERMES components impairs
the phosphatidylserine transport from the ER to mitochondria (Kojima et al., 2016).
These findings indicate that the ERMES complex has an essential role in inter-

organellar lipid transfer (Figure 1.5).

Mitochondria form two different contact sites with the vacuole, vCLAMPs, and Vps13-
Mcp11 contact sites. A vCLAMP is composed of a subunit of the HOPS complex, Vps39,
a Rab GTPase, Ypt7, and Tom40 in the OM. Deletion of ERMES subunits led to
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expansion of mitochondria-vacuole interface mediated by vCLAMP as GFP-Vps39
elucidated it(Elbaz-Alon et al., 2014; Gonzalez Montoro et al., 2018; Honscher et al.,
2014). This finding shows that the interaction of mitochondria with the vacuole or the
ER is tightly regulated. This conclusion is in line with the observation that simultaneous
deletion of VPS39 and a subunit of ERMES, like Mdm12, is lethal for the cell (Elbaz-
Alon et al., 2014). Vpsl13 is another protein that mediates contacts between the
vacuole and mitochondria through its interaction with Mcpl, a protein of the OM
(Gonzdlez Montoro et al., 2018). Overexpression of MCP1 partially rescues the growth
defect from an impaired ERMES complex (Tan et al., 2013). This indicates that the
interaction of Vps13 and Mcpl might have a redundant role with the ERMES complex
in phospholipid homeostasis of the mitochondria. Additionally, it has been suggested
that Lam6 might have a role in forming a contact site between the mitochondria and
the vacuole. Lam6 localized not only at mitochondria-ER contact sites but also at the
mitochondria-vacuole and ER-vacuole contact sites. It has GRAM and VASt domains
thought to mediate sterol transport at organellar contact sites (Elbaz-Alon et al., 2015;
Gatta et al., 2015; Murley et al., 2017).

Mitochondria need to transport lipids between the IM and the OM to maintain their
homeostasis. PS and PA are mainly produced in the ER, but as mentioned in the
previous section, they are precursors for synthesizing PE and CL. However, enzymes
that are involved in CL and PE biosynthesis are localized in the IM of mitochondria.
Therefore, PA and PS must be transported first from the ER to the OM and then the
OM to the IM. Upsl and Ups2 are proteins that are localized in the IMS (Sesaki et al.,
2006). It has been shown that the deletion of UPS1 and UPS2 leads to the reduction
of CL and PE respectively (Connerth et al., 2012; Tamura et al., 2009). Interestingly,
it has been observed that recombinantly purified Uspl1-Mdm35 and Ups2-Mdm35
complexes are able to transfer PA and PS in vitro, respectively (Miyata et al., 2016).
This indicates intra-mitochondrial transport of PA and PS from OM to IM through the
IMS is mainly accomplished by the Ups1/Ups2-Mdm35 protein complex (Figure 1.5).

Nevertheless, deletion of Uspl does not entirely halt CL synthesis in the cells. This
suggests that there must be some alternative pathways that transport PA from OM to
IM. Miyata et al. have reported that the formation of CL in the absence of Upsl is
almost completely inhibited by deletion of MDM31, MDM35, and FMP30 (Miyata et al.,
2017). This suggests that Mdm35, Fmp30 and Mdm31 are crucial for the formation of
CL independent of Upsl. Additionally, it has been shown that simultaneous deletion of
POR1 and PORZ2 reduces CL content of cells to 10%. Interestingly, Porl, a protein of
the OM, forms a CS between the OM and the IM by interacting with the mitochondrial
IM proteins, Mdm31 and Mdm35. So, it has been put forward that this CS might serve
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as a spot for transport of PA to the IM for CL biosynthesis (Miyata et al., 2018) (Fig
1.5). Although CL is synthesized in the mitochondrial IM, it is also present in the OM,
where it is essential for the function of the TOM complex. This indicates that CL has to
be transported across the IMS from the IM to the OM. However, it is still unknown how

CL is transported from the IM to the OM.
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Figure 1.5 Transport of PA and PS from ER to mitochondria in yeast.

A)Current model for transport of PA from the ER to mitochondria and from the OM to the IM.
Arrows with solid and dotted lines indicate phospholipid conversion and transport,
respectively. Red arrows indicate direct involvement in lipid transfer. The decreased PE
level (boxed area) might trigger the alternative CL synthetic pathway.

B)Current model for transport of PS from the ER to mitochondria and from the OM to the IM.
Psd1 localization in the ER is carbon source dependent (Friedman et al., 2018). Arrows
with solid and dotted lines indicate phospholipid conversion and transport, respectively.
Red arrows indicate direct involvement in lipid transfer.

Psd1 does not only synthesize PE in mitochondria but also the Kennedy pathway and
Psd2 in the ER contribute to PE synthesis in S. cerevisiae (Blrgermeister et al., 2004;
Gulshan et al., 2010; Iadarola et al., 2020; Trotter and Voelker, 1995). Nevertheless,
PE that Psdl synthesizes in the IM compromises the majority of cellular PE and the
excess of PE in the mitochondria will later be transferred to the ER (Achleitner et al.,
1995; Kodaki and Yamashita, 1987; Shiao et al., 1998). It has been recently revealed
that PS can be converted to PE on the IMS side of OM by Psdl, too (Figure 1.5)
(Aaltonen et al., 2016). Interestingly, this is mediated by Mic60 dependent contact
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sites between the IM and the OM, indicating the importance of inter-mitochondrial
contact sites in mitochondrial phospholipid homeostasis. Synthesis of PE in the
mitochondrial OM might facilitate the transport of PE from mitochondria to the ER via
bypassing an extra step of transport from the IM to the OM. However, it is not known
so far what mechanisms are precisely involved in this process. Surprisingly, it has been
recently reported that Psd1l has a dual localization. Psd1 localizes in mitochondria and
the ER in a metabolic dependent manner (Figure 1.5) (Friedman et al., 2018). ER
localized Psdl, and mitochondrial localized Psdl contribute to the synthesis of
functionally distinct pools of PE, which serve the cell differentially (Friedman et al.,
2018).

1.6 The UbiB protein family in yeast

Mcp2 proposed to have a role in mitochondrial lipid homeostasis, belongs to a protein
group called the UbiB protein family, which comprises one-quarter of microbial protein
kinase like super family (PKLs) (Kannan et al., 2007). The UbiB protein family members
are present in archaea, bacteria, and eukaryotes. In eukaryotes, they are exclusively
present in mitochondria and plastids (Kannan et al., 2007; Leonard et al., 1998). The
most prominent member of the UbiB protein family in Escherichia coli is UbiB, and
in Providencia stuartii, Aarf supports the biosynthesis of ubiquinone (Coenzyme
Q/CoQ). CoQ is a lipid-soluble electron carrier well known for its role in energy
metabolism, more specifically in the mitochondrial respiratory electron transport chain
(Mitchell, 1975; Poon et al., 2000).

The yeast genome contains three UbiB family genes, COQ8, MCP2, and MCO76. COQS8,
MCP2, and MCO76 are conserved in evolution from yeast to human, and their homolog
genes in humans are named ADCK3, ADCK1, and ADCK2, respectively. For the first
time, the similarity of Cog8 and UbiB with protein kinases was noted by Leonhard et
al. A more in-depth analysis of the UbiB protein family categorizes it as atypical kinases
(Leonard et al., 1998; Manning et al., 2002). Bioinformatic analysis indicated that the
UbiB protein family retains some of the motifs conserved in canonical protein kinases
such as PKL II, 1V, V, (Leonard et al., 1998; Stefely et al., 2015). However, there are
motifs in the UbiB protein family that distinguish them from other PKLs, such as an

alanine rich loop that replace the canonical glycine-rich loop.

Eleven yeast genes, COQ1-COQ11, are essential for the biosynthesis of CoQ, which is
a crucial lipid that plays a vital role in mitochondrial respiratory electron transport
(Awad et al., 2018). Cog8, the best studied member of the UbiB protein family in

S. cerevisiae, is critical for biosynthesis of CoQ and its depletion leads to respiration
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deficiency in non-fermentable carbon source (Do et al., 2001). Although there is no
evidence supporting the kinase activity of Cog8, it has been recently reported that
Cog8 possesses an ATPase activity that is activated by binding to membranes
containing cardiolipin (Reidenbach et al., 2018). Stafely et al. have provided valuable
evidence by solving the structure of ADCK3, the homolog of Cog8 in humans, showing
how ADCK3 binds to ATP. Furthermore, the crystal structure of ADCK3 showed that its
N-terminal extension occludes the cleft that binds peptide substrate. It indicates that
ADCK3 might not be able to use proteins as substrates for phosphorylation. ADCK3
also does not bind adenine nucleotides in a divalent cation-dependent manner, a
common feature of protein kinases. This also supports the idea that ADCK3 is not a

genuine protein kinase (Stefely et al., 2015; Tan et al., 2013).

MCP2, the other member of the UbiB protein family in S. cerevisiae, is the multi copy
suppressor of loss of function ERMES complex indicating its role in mitochondrial
phospholipid homeostasis (Tan et al., 2013). Although deletion of MCP2 does not affect
cell growth, immense overexpression of MCPZ2 is toxic for the cells. Additionally, it has
been shown that overexpression of MCP2 partially restores the alterations in
mitochondrial lipid composition of cells lacking Mdm10 (Tan et al., 2013). It
strengthens the idea that Mcp2 might be involved in the lipid metabolism of
mitochondria. Besides, it has been demonstrated that cells lacking TGL2 and MCP2
simultaneously have a tremendous growth defect and a lower amount of CL and PE
(Odendall et al., 2019). Tgl2 is a mitochondrial protein with the predicated lipase
domain (Grillitsch and Daum, 2011). Although the exact molecular function of Tgl2 is
not clear in the mitochondria, enriched Tgl2 has lipolytic activity toward diacylglycerol
(DAGs) and triacylglycerol (TAGs) (Ham et al., 2010). Odendall et al. have also
reported that three amino acid residues of Mcp2, located in an annotate kinase domain
of Mcp2, are crucial for restoring growth defect of loss of function ERMES (Odendall et
al., 2019). It indicates that the annotated kinase domain of Mcp2 is essential for its
function. Mco76 is the least studied protein in the ADCK like protein family, and it is

uncharacterized.
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1.7 The aim of the study

To fully understand different aspects of mitochondrial form and function, it is necessary
to elucidate the function of uncharacterized mitochondrial proteins. The UbiB protein
family has three members in S. cerevisiae, Cog8, Mcp2, and Mco76, all of which are
evolutionary conserved from yeast to humans. Mutations in the UbiB protein family
members have been linked to several human diseases. Therefore, it has potential
therapeutic advantages to better understand the molecular function of the UbiB protein
family. This study is focused on MCO76, which has been uncharacterized so far and

this thesis aimed to gain novel insight into the molecular function of Mco76.

First, it is necessary to determine the localization and topology of Mco76 in the
mitochondria. Second, it is crucial to discover the biochemical interacting partners of
Mco76 as well as its genetic interactions. To this end, after determining the topology
of Mco76 in mitochondria, its biochemical interactors were determined using
biochemical approaches. This allowed obtaining a deeper insight into the function of
Mco76 in mitochondria. Second, using cell biological approaches, genetic interactions
of MCO76 were determined. Genetic interactions of MCO76 also elucidated its function
more in detail. Last but not least, the effects of deletion and overexpression of MCO76
on mitochondrial structure and morphology were studied using cell biological

approaches.
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2. Materials and methods

2.1 Molecular biology methods

2.1.1 DNA isolation

2.1.1.1 Isolation of genomic DNA from yeast S. cerevisiae

Genomic DNA from yeast cells was isolated using Wizard Genomic DNA Purification kit
(Promega) according to the manufacturer’s instructions. First, yeast cells were
inoculated in 5 mL YPD medium and grown overnight at 30°C, shaking at 140 rpm.
Cells were harvested from 5 mL of culture by centrifugation at 3,000 x g, 5 mins at
RT. Cells were resuspended in 293 pyL of 50 mM EDTA, pH 8.0. Then 7.5 pL of 10
mg/mL of zymolyase was added to the resuspended cells, and incubated for 60 min at
30°C. Cells were centrifuged at 16,000 xg for 2 mins at RT, and the pellet was
resuspended in 300 uL of Nuclei Lysis Solution. This was followed by adding 100 L of
Protein Precipitation Solution and incubating on ice for 5 min. Proteins were pelleted
by centrifugation at 16,000 xg for 3 min at RT and supernatant was transferred to a
new microcentrifuge tube containing 300 uL isopropanol. Precipitated DNA was pelleted
by centrifugation at 16,000 xg, 2 mins at RT. The pellet containing DNA was washed
with ice cold 70% ethanol and centrifuged at 16,000 xg, 2 mins at RT. 50 uL of DNA
Rehydration Solution containing 100 pg/mL RNase was added to DNA pellet and
incubated at 37°C for 15 mins. DNA was rehydrated by incubation at 65°C for 1 hour

and stored at -20°C until use.
2.1.1.2 Isolation of plasmids DNA from E. coli

To isolate high copy number plasmid DNA from E. coli, 5-10 mL of LB media containing
1pg/mL of ampicillin were inoculated with a single colony and cultivated at 37°C
overnight. Cells from 1.5 mL of the culture were harvested by centrifugation at
10,000 xg for 1 min. The supernatant was discarded, and the pellet was resuspended
in 100 uL of buffer P1. Cell lysis was achieved by adding 200 uL of P2 buffer. Cell
suspension was mixed gently by inverting the tubes six times to prevent shearing the
genomic DNA into small fragments since these fragments would subsequently lead to
contamination of the plasmid DNA. Later 150 pL of ice-cold buffer P3 was added to the

lysates to neutralize the pH and precipitate proteins and genomic DNA. The precipitate
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was pelleted by centrifugation for 10 min at 20,000 xg and 4°C. The supernatant
containing plasmid DNA was transferred to a new reaction tube, and the same
centrifugation step was repeated. Precipitation of plasmid DNA was achieved by adding
600 pL of ice-cold isopropanol. The DNA was pelleted by centrifugation for 10 min at
20,000 xg and 4°C. The DNA pellet was washed with 600 uL of 70% ethanol at -20°C.
The DNA pellet was dried entirely and then resuspended in 30 puL of sterile Millipore
water. After determining the concentration, its concentration was adjusted to 1mg/ mL
and stored at -20 4°C.

Buffer-P1 (stored at 4°C):

50 mM Tris-Base, 10 mM EDTA, 0.1 mg/ mL RNAse A

Buffer-P2 (stored 25°C):

0.2 M NaOH, 1% (w/v) SDS

Buffer-P3 (stored bei 4°C):

60 mL 3 M Kaliumacetat, 11.5 mL acetic acid, 28,5 mL H20

Low copy number plasmid DNA was isolated from E. coli by NeucleoSpin Plasmid
purification kit (Macherey-Nagel) according to the manufacturer’s instruction. Briefly,
a single bacterial colony was inoculated in 5 mL of LB medium containing 100 pug/mL
of ampicillin and grown overnight at 37°C. Cells were harvested by centrifugation at
11,000 xg, 10 min, RT. The cells were resuspended in ice-cold 500 uL Buffer Al. The
resuspended cells were lysed by addition of 500 pL Buffer A2, and the cell suspension
was inverted six times gently. After 5 min of incubation at RT, 600 pL of Buffer A3 was
added to neutralize the solution and precipitate proteins. Precipitated proteins were
pelleted by centrifugation at 11,000 xg for 10 min at RT. 750 pL of the cleared solution
was transferred to a NucleoSpin Plasmid column. The cleared solution was passed
through the silica membrane by centrifugation 10,000 xg, 1 min at RT. Silica
membrane wash with 600 pL of Buffer A4. Plasmid DNA was eluted from silica
membrane by addition 30 pL of Millipore water and centrifugation with 11,000 xg for

1 min. DNA concentration was measured and the solution was stored at -20°C.
2.1.2 Amplification of DNA fragments

The Polymerase Chain Reaction (PCR) is used to amplify of specific DNA sequences
over several reaction cycles. A cycle consists of the three steps of denaturing the
double-stranded (ds) DNA, annealing of complementary oligonucleotides (primers),

and synthesizing the DNA by thermostable DNA polymerase. Phusion-HF, a
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commercially available high fidelity DNA polymerase from NEB, made by fusing
Pyrococcus-like enzyme with a processivity enhancing domain, was used for PCR. Each
50 uL of PCR mixture contained 2 U polymerase, 10 pL of 5X Phusion-HF, 50 pmol of
forward primers and 50 pmol reverse primers, 100 uM of the four deoxyribonucleoside
triphosphates (dNTPs), 50 ng of genomic or 5 ng of plasmid DNA. The following PCR

program was used for amplifying DNA fragments, if not mentioned otherwise:

Nuclease inactivation + Denaturation of DNA 98°C, 5 min
DNA amplification cycle: 30-35 cycles

1. DNA denaturation 95°C, 30 s

2. Annealing of primers 55°C, 30 s

3. Extension of primers 72°C, 1 min/kbp
Final extension and completion of reaction 72°C, 10 min

Colony PCRs were performed on bacterial single colons by resuspending single colones
in 10 uL final PCR reaction Mix. Amplification of DNA fragments for site directed

mutagenesis has been achieved by using phosphorylated oligonucleotides.

2.1.3 Detection and analysis of DNA

2.1.3.1 Quantification of DNA

To estimate DNA concentration, the absorbance of 2 pyL of DNA sample at 260 nm was

measured by NanoDrop.
2.1.3.2 Agarose gel electrophoresis

Analysis of DNA fragments and PCR products were achieved by gel electrophoresis.
1% (w/v) agarose was boiled in TAE buffer in a microwave oven for approximately 1-
2 min until agarose entirely dissolved in the buffer. After cooling down the agarose
solution, ethidium bromide was added to the final concentration of 0.5 ug/mL. The
agarose mixture was solidified under the hood while a comb with a proper number of
wells was inserted in the agarose gel. DNA samples were pre-mixed with commercially
available Gel Loading Dye, Purple (6X) from NEB in 1:5 ratios and were loaded in the
wells of solidified agarose gels. Gels were run at constant voltage, 100-120 V,
depending on their size. Separated DNA fragments were visualized under UV light (366

nm).
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TAE buffer:

40 mM Tris-acetate, pH 7.5, 20 mM Na-acetate, 1 mM EDTA

2.1.3.3 DNA extraction from agarose gels

DNA was extracted from agarose gel by Wizard SV Gel and PCR clean-up system from
Promega. DNA band of interest was cut out by scalpel and transferred to a 1.5 mL
tube. Subsequently, 600 uL of Membrane binding solution was added to the tube and
incubated at 60°C for 10 min while shaking at 1,000 rpm. The dissolved gel was
transferred to SV minicolumn assembly and incubated for 1 min. The dissolved gel was
passed through the silica membrane by centrifugation at 16,000 xg for 1 min. Flow
through was discarded from the collecting tube and silica-membrane washed twice by
700 uL of Washing Buffer containing 80% ethanol. Silica membrane was air dried, and
subsequently, DNA was eluted from the silica membrane by adding 30 uL of water and

centrifugation at 16,000g for 1 min.
2.1.4 Cleaning of PCR products

DNA fragments were either cut out from agarose gels and extracted therefrom or,
directly after PCR reaction, were purified using mini-centrifugation columns. For this
purpose, a kit from Promega was used according to the manufacturer's instructions
(Wizard SV Gel and PCR Clean-Up System).

2.1.5 Manipulation of DNA with enzymes

2.1.5.1 Restriction Digestion

DNA sequence-specific digestion was carried out using appropriate endonucleases from
New England Biolabs (NEB). For preparation purposes, 10 micrograms of DNA were
digested with 20 U of appropriate endonucleases in the recommended buffer from the
manufacturer. 50 pL of the total reaction solution was incubated at 37° C for 2 hours,
and the reaction was stopped by incubation of solution at 67° C. For analytical
purposes, one microgram of DNA was digested with two units of appropriate
endonucleases in the recommended buffer. Later, digestion products were analyzed by
agarose gel electrophoresis, and in case of preparation purposes, digestion products

of interest were purified from agarose gel.
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2.1.5.2 Phosphorylation of oligonucleotides

T4 Polynucleotide Kinase (PNK) from NEB was used for phosphorylation of the 5’ end
of oligonucleotides. To do so, 750 pmol of oligonucleotides were incubated with 0.5
units of PNK in the presence of 1 mM ATP and appropriate PNK buffer recommended
by the manufacturer. The reaction solution was incubated for 1 hour at 37° C.
Deactivation of PNK enzyme was achieved by incubation of reaction solution at 65° C

for 20 mins. Phosphorylated oligonucleotides were used directly for PCR reaction.
2.1.5.3 Ligation

In case of site directed mutagenesis, 100 ng of purified PCR product (linear) was ligated
by 10 U of T4 DNA ligase (NEB) in T4 ligase buffer at 25°C for 4 h. 5 UL of ligation

mixture was used to transform 75 uL of competent E. coli cells.

T4 ligase buffer

(50 mM Tris-Cl, 10 mM MgCI2, 1 mM ATP, 10 mM DTT, pH 7.5)

2.1.5.4 Gibson cloning

Gibson cloning technique allows for successful assembly of multiple DNA fragments,
regardless of fragments length or end compatibility. Gibson assembly joins DNA
fragments in a single tube by an isothermal reaction. There are three enzymatic
activities that occur in a single tube during Gibson cloning. First, T5 exonuclease (NEB)
creates single-stranded 3’ overhangs that facilitate the annealing of DNA fragments
with sharing complementary strands at one end. Then Phusion DNA polymerase (NEB)
fills in gaps within each annealed fragment. In the end, Taqg DNA ligase (NEB) seals
nicks in the assembled DNA. Vectors were cut by proper endonucleases and DNA
fragments were produced by PCR amplification using primers which adds proper
homology sequence to the ends of DNA fragments. DNA fragments and cut vectors
were first purified by Wizard SV Gel and PCR clean-up system and DNA concentrations
were determined. Different DNA fragments and cut vectors were combined in
equimolar ratio to a final volume of 5 uL. This was added to 15 pL of Gibson Master
Mix and incubated at 50°C for one hour and 8 puL of final reaction was used for

transformation into E. coli.
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Gibson Assembly Master Mix

Reagents concentrations
PEG 8,000 10%

Tris-HCI, pH 7.5 200 mM

MgCl2 20 mM

DTT 20 mM

dNTP 0.4 mM

NAD 2 mM

Phusion DNA polymerase

0.033 unit/pL

Taqg DNA ligase

5.3 unit/pL

T5 exonuclease

0.005 unit/pL

2.1.6 Plasmid and cloning strategies

2.1.6.1 Overview of constructs used

Construct Vector reference
Prom-Mco76-Ter pRS316 This thesis
Prom-Mco76-3xHA pRS316 This thesis
Prom-Mco76-Ter(K275A) pRS316 This thesis
Prom-Mco76-Ter(D288A) pRS316 This thesis
Prom-Mco76-Ter(E330A) pRS316 This thesis
Mco76 pYES2 This thesis
Mco76 (D288A) pYES2 This thesis
Mco76 (E330A) pYES2 This thesis
Mco76 (L275E) pYES2 This thesis
pCO437 (Jakubke et al., 2021)
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2.1.6.2 Cloning strategies

2.1.6.3 MCO76 constructs under endogenous promoter

MCO76 with its endogenous promoter (800 base pair up stream of the start codon)
and endogenous terminator (300 base pairs downstream of the stop codon) was cloned
into pRS316 vector using Xhol and HindIII restriction sites by Gibson cloning strategy.
The DNA fragment was amplified from genomic DNA of wild type yeast cells by

following primers:

R Xhol YPL109c

5'-CTTACCGGGCCCCCCCTCGACGTACCGTTGCCTTATTGTTC-3'

F HindIII YPL109C (gib)

5'-GGTACCGGGCCCCCCCTCGAGGCTACCGTTGCCTTATTGTTC-3’

in order to delete the intron sequence from pRS316Mco76 construct, two DNA
fragments were amplified excluding intron and they were cloned in pRS316 vector
using Xhol and HindIII restriction sites by Gibson cloning strategy. A DNA fragment
was amplified from MCO76 promoter to the 5’ of intron and another DNA fragment was
amplified from 3’ of intron to the end of MCO76 terminator using the following four

primers.

R Xhol YPL109C

5'-CTTACCGGGCCCCCCCTCGACGTACCGTTGCCTTATTGTTC-3’

F HindIII YPL109C (gib)

5'-GGTACCGGGCCCCCCCTCGAGGCTACCGTTGCCTTATTGTTC-3’

R intron deletion

5'-CTTACCGGGCCCCCCCTCGACGTACCGTTGCCTTATTGTTC-3’

F intron deletion

5'-CCAAACTTGGACTTATTTGAAAGTTCGCTGCCTATATTACGTG-3'
2.1.6.3.1 Mco76-3xHA under the endogenous promoter

Mco76-3xHA was cloned under its endogenous promoter and ADH1 terminator in
pRS316 vector using Xhol and HindIII restriction sites by Gibson cloning. DNA
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fragment was amplified from yeast cells genome in which 3xHA tag was inserted
chromosomally in the C-terminus of MCO76 open reading frame. These two primers

were used to amplify the DNA fragments.

F HindIII YPL109C (gib)

5'-GCAGGAATTCGATATCAAGCTTGGTACTGGAAAGATCGCGTTC-3'

Gib(XhoI)ADH1terR1

5'-ACCGGGCCCCCCCTCGAGGTAGAGGTGTGGTCAATAAG-3'

To delete the intron sequence from pRS316Mco76-3xHA construct, the same strategy
has been deployed as it is described for the deletion of the intron from pRS316Mco76
construct. Two DNA fragments were amplified excluding the intron and they were
cloned in pRS316 vector using Xhol and HindIII restriction sites by Gibson cloning
strategy. A DNA fragment was amplified from the beginning of MCO76 promoter to the
5’ of the intron and another DNA fragment was amplified from 3’ of the intron to the

end of the ADH1 terminator using the following four primers.

F HindIII YPL109C (gib)

5'-GCAGGAATTCGATATCAAGCTTGGTACTGGAAAGATCGCGTTC-3'

Gib(XhoI)ADH1terR1

5'-ACCGGGCCCCCCCTCGAGGTAGAGGTGTGGTCAATAAG-3’

R intron deletion

5'-CACGTAATATAGGCAGCGAACTTTCAAATAAGTCCAAGTTTGG-3’

F intron deletion

5'-CCAAACTTGGACTTATTTGAAAGTTCGCTGCCTATATTACGTG-3’

2.1.6.3.2 Mco76(K275A), Mco76(D288A) and Mco76(E330A) under endogenous

promoter

Cloning of Mco76(K275A), Mco76(D288A), and Mco76(E330A) in pRS316 vector was
achieved by site directed mutagenesis of the pRS316Mco76 construct. Mutations were
added to the construct by amplification of pRS316Mco76 using two phosphorylated
primer pairs containing mismatched base pairs. Blinds of each PCR product was

annealed as it is described above and used for the transformation of E. coli.

YPL109C K275A for
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5'-GCGATCTTGCATCCAAATGTAAG-3’

YPL109C K275A rev

5'-GATGGCACACCAACGATTTC-3’

YPL109C D288A for

5'-GCTTTGAAAATAATGAAATTCTG-3’

YPL109C D288A rev

5'-TCTCCGGATCTGAGATCTTAC-3’

YPL109C E330A for

5'-GCGGCGTTAAACCTGGAAAG-3’

YPL109C E330A rev

5'-AATTCTTAGATCCAACTGAATA-3’

2.1.6.3.3 Mco76 under the GAL1 promoter

Overexpression of MCO76 was achieved by cloning of the MCO76 open reading frame

in the pYES2 vector under Gall promoter. In order to exclude intron sequence in the

final construct MCO76 sequence was amplified from genomic DNA of yeast wild type

strain in two different fragments. BamHI restriction site was used to delete the intron

and by using Sacl and Notl restriction sites, the open reading frame excluding the

intron was cloned into the pYES2 vector.

YPL109C(Sacl) s

5'-CCCGAGCTCATGTCATTTTTAAAGTTCGC-3’

YPL109C-int(EcoRI) as

5'-CCCGAATTCACGTAATATAGGCAGCGAACTTTCAAATAAGTCCAAG-3'

YPL109C-int(EcoRI) s

5'-CGTGAATTCGGGTTTAAGC-3'

YPL109C(NotI) as

5'-CCCGCGGCCGCTTAATAATTAGGACACAATTG-3'
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2.1.7 Transformation of E. coli with plasmid DNA

80 pL of competent E. coli XL1-Blue were thawed on ice. 5 yL of ligation mixture, 8 pyL

of Gibson final reaction, or 5 ug of purified plasmid were used per transformation. After

incubation of cells for 10 mins on ice, the cells were subjected to heat shock at 42°C

for 1 min. After 5 mins incubation of cells on ice, 1 mL of LB was added to the cell

suspension and incubated at 37°C for 1 hour while shaking. Finally, cells were

harvested by a centrifugation step at 11,0000 xg for 1 min and plated on LB agar

plates with appropriate selection markers. Plates were incubated at 37° C for 16 hours.

2.1.8 Yeast genetics methods

2.1.8.1 S. cerevisiae strains used

Strain name Genotype Reference
YPH499 (WT) MATa ade2-101 his3-A200 leu2- trp1-A63 (Sikorski
Amco76 YPH499, mco/6::HIS3 This study
Amcp2 YPH499, mcp2::HIS3 This study
Aups1 YPH499, ups1::KAN This study
Aups1 YPH499, upsl1::LEU2 This study
Acrd1 YPH499, crd::Leu2 This study
Apsdl YPH499, psdi::Leu2 This study
Agep4 YPH499, gep4::Leu2 This study
Aups2 YPH499, ups2::Leu2 This study
Amdm35 YPH499, mdm35::Lue2 This study
Ataz1 YPH499, tazl::Leu2 This study
Acld1 YPH499, cld1::Leu2 This study
Amco76Amcp?2 YPH499, mcp2::HIS3 mco76::Kanmx6 This study
AupsiAmco76 YPH499, mco76::HIS3 upsl::Leu2 This study
AupsiAmco/6 YPH499, mco76::HIS3 upsl1::KANMX6 This study
Amco76Amcp2 YPH499, mcp2::HIS3, mco76::KANMX6 This study
Acrd1Amco76 YPH499, mco76::HIS3, crd::LEU2 This study
Apsd1Amco76 YPH499, mco76::HIS3, psdl::LEU2 This study
Agep4Amco76 YPH499, mco76::HIS3, gep4::LEU2 This study
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Aups2Amco76 YPH499, mco76::HIS3, ups2::LEU2 This study
Amdm35Amco76 YPH499, mco76::HIS3, mdm35::LEU2 This study
Ataz1Amco76 YPH499, mco76::HIS3, tazl::LEU2 This study
Acld1Amco76 YPH499, mco76::HIS3, cld1::LEU2 This study
Aups1Amcp2 YPH499, upsl1::KANMX6, mcp2::HPHNT1 This study
Aupsi1Amcp2Amco76 YPH499, mcp2::HIS3, mco76::kanMX6, This study
Mco76-3xHA YPH499, mco76::MCO76-3xHA-HIS3 This study
Mco76-3xMyc YPH499, mco76::MCO76-3xMyc-TRP1 This study
Por1-3xHA YPH499, porl::POR1-3xHA-HIS3 This study
Om14-3xHA YPH499, om14::0M14-3xHA-HIS3 This study
Amic60 Om14-3xHA YPH499, mic60::HIS3, om14::0M14-3xHA- This study
TRP1
YPH499mKate YPH499, HO-PGKpr-su9-KATEZ2::KANMX This study
Amco76mKate YPH499, mco76::HIS3,HO-PGKpr-su9- This study
KATEZ2::KANMX
AupsimKate YPH499, upsi::Leu2,HO-PGKpr-su9- This study
KATEZ2::KANMX
Aups1Amco76mKate YPH499, ups1::Leu2,mco76::HIS3, HO-PGKpr- | This study
SU9-KATE2::KANMX
Mic10-3xHA YPH499, Mic10-3xHA::HIS3 (Harner et
Mic60-3xHA YPH499, Mic60-3xHA::KanMX (Harner et

2.1.8.2 Transformation of yeast cells

Required yeast cell strains were inoculated in 5 mL of YPD media overnight at 30°C,
140 RPM. The next day, 20 mL of YPD media were inoculated with overnight culture to
ODeoo =0.2 and incubated at 30°C for 4-5 hours. Cells from 1.5 mL of this culture were
harvested by centrifugation at 11,000 g for 1 min at RT. Cells were resuspended in
100 pL of 0.1 M lithium acetate and harvested by centrifugation at 11,000g for 1 min
at RT. Then 200 pL of 40% (w/v) PolyEthylene Glycol 6,000 (PEG), 32 uL of 1 M lithium
acetate were added and the mixture was vortex for 30-60 seconds. After adding 50 ug
of denatured salmon sperm DNA, cells were vortexed for 30 seconds. For
transformation of yeast cells with plasmid DNA, 1-2 ug of plasmid DNA and for

homologous recombination, 5 pL of PCR product were added to the cell suspension and
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vortexed for 30 seconds. After incubation for 40 min at 30 ° C with mild shaking, a
heat shock for 20 mins at 42 ° C followed. The transformed cells were then harvested
by centrifugation at 2,500 xg for 5 mins at RT. The cell pellet was resuspended in 1
mL of YPD medium and incubated for 1 hour at 30°C with shaking. Cells were harvested
by centrifugation at 2,500 xg for 5 mins at RT and resuspended again in 1 mL of sterile
water. After centrifugation of cells at 2,500 xg for 5 mins at RT, the pellet was finally
resuspended in 100 pL sterile water, spread out on a plate with the appropriate
selection marker, and incubated at 30°C.

2.1.9 Genetic manipulation of S. cerevisiae

2.1.9.1 Deletion of genes from genome

The deletion of genes was carried out via homologous recombination of the His3 or
Leu2 gene from Saccharomyces Pombe or insertion of geneticin resistance gene
(KanMx) in the corresponding loci (Janke et al., 2004; Longtine et al., 1998). The
deletion cassette was amplified using the PCR method. The plasmid pFA6a-His3MX6,
pIZzZA 73-LEU2, and pFA6a-kanMX6, served as templates. The primers used are
composed of the 45 nucleic acids upstream of the start codon or the 45 nucleic acids
after the stop codon of the respective open reading frames and a plasmid-specific
sequence. After purification, the amplified DNA fragment was transformed into the
YPH499 wild type strain. The selection was carried out using synthetic medium without

Histidine or Leucine or YPD plates supplemented with 200 uM of Geneticin (G418).
2.1.9.2 Overview of the primers used for the deletion of genes

YPL109c KO s

5" -AACCCTCACAGAATAGAGATAAAGAACATCAGAACCATCTGGGCACGGATCCCCGGGTT
AATTAA-3’

YPL109c KO as

5" -CACGTGGAAGTCGCAATTATAAAAGATGCATAAAAAGAAAGAATAATCGATGAATTCGAG
CTCG-3'

Primer PSD1-KO s

5-TTCTTGGTCGTTATTTTTTGAAGAAGAAGGAAAAGCAAAGCCAGCATGTCAATTCGGATCC
CCGGGTTAATT-3'

Primer PSD1-KO/His/HA as
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5 -TACTATATACAGCAAAATAAATGCTAACTTTACATATGATTGCTTATCGATGAATTCGAGC
TCG-3'

Primer CRD1-KO s

5" -ACAAGCAGGCCTGGTAGCATAGTTTGGTCCCTAATAATTTAGTCACGGATCCCCGGGTTA
ATTAA-3'

Primer CRD1-KO/His/HA as

5 -CAAAATGAAAAGTCAGGACCCTTTTCAAAAAGGATCGCAATTATAATCGATGAATTCGAG
CTCG-3'

TAM41 KO s

5 -TTGAATTAATAGGAGCTGCTTTTTACTTTGATATATCCTGAAGTTCGGATCCCCGGGTTAA
TTAA-3’

TAM41 KO as

5 -AAAACATTTTTGATAAAAGATAATGTGTAGATAACATTGGATACAATCGATGAATTCGAGC
TCG-3’

PGS1 KO s

5 -GCTTGTCCATAATTGCTAATAGCATACTCAGGATAACATATATTACGGATCCCCGGGTTA

ATTAA-3’

PGS1 KO as

5 -TTATTTTTCCATATTTACAGGCGACATACTATGATAGAATAGAATATCGATGAATTCGAGC
TCG-3’

GEP4 KO s

5 -AACTGAAAGGCGGCAGTTACATTACATCGTCTCCTCTACCTAGTCCGGATCCCCGGGTTA

ATTAA-3'

GEP4 KO as

5 -TATATAAAAAATTAAAATGTTTTACTTTTTATTAAAGTTGCCTAAATCGATGAATTCGAGCT
CG-3'
CLD1 KO_s

5 -AAGGTACACTAATACTTATACTGATTAATAAGGGTTAGCCTTTTACGGATCCCCGGGTTA
ATTAA-3'
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CLD1 KO as

5 -ATGTAAAAATTTCGTTATATAATGTAGATGCACAAGATTTCTTCAATCGATGAATTCGAGC
TCG-3'

MDM35 KO s

5 -TTTGTGTTTTAACTTGAATTACAATAACAATAATACCAGTTTTATCGGATCCCCGGGTTAA
TTAA-3’

MDM35 KO as

5 -TATTTACATGTTGAATAATGCACATTCTGTGCTAAAATATATACTAATCGATGAATTCGAG
CTCG-3'

MCP2 KO s

5 -GAGCAAGATTATAGTTGAATGTTTCTTATTCGGTGTTGATAGTAGCGGATCCCCGGGTTA
ATTAA-3'

MCP2 KO as

5 -TATAATTTTACGTATATATTTACAAGTAGAAAGAACGCTAACGATATCGATGAATTCGAGC
TCG-3'

2.1.9.3 Insertion of C-terminal tag into the chromosome

The insertions of chromosomal C-terminal protein tags were also carried out via
homologous recombination. The respective tag was amplified by PCR together with a
selection cassette. The plasmids pYM1 for 3xHA tags and pYM23 for 3xMyc tags were
used as templates(Janke et al., 2004). The sense primers used are composed of the
45 nucleic acids upstream of the stop codon of the respective open reading frame and
a plasmid-specific sequence. The corresponding deletion primers could be used as an
antisense primer. The amplified DNA fragment was transformed into the YPH499 wild
type strain. Transformed cells were plated on SCD-Trp plates or YPD plates
supplemented with 200 M of Geneticin (G418), and single colonies of transformed

strains were tested for expression of tagged proteins.

Overview of the primers used for the insertion of chromosomal C-terminal protein tags

YPL109cKO/his s

5'-CAAATATACGATCTTGTCAGGACTGATCAATTGTGTCCTAATTATCGTACGCTGCAGGTCG
AC-3’
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YPL109c KO as

5'-CACGTGGAAGTCGCAATTATAAAAGATGCATAAAAAGAAAGAATACGTACGCTGCAGGTC
GAC-3’

OM14 tagging F

5'-GACGGTATAATTTCAAAGAAATACTACTCCAGATACGACAAGAAAATCGATGAATTCGAG
CTCG-3’

OM14 tagging R

5'-TATAGAAACTTATCACTTGACCGATGAAGAGGAAAGCACGTTTCCATCGATGAATTCGAG
CTCG-3'

POR1 tagging F

5'-TCTGAACCTGTTCACAAGCTAGGTTGGTCTTTGTCCTTCGACGCTCGTACGCTGCAGGTC
GAC-3'

POR1 tagging R

5'-ACATATATGGTATATAGTGAACATATATATATTAGATATATACGTATCGATGAATTCGAGCT
CG-3'

2.1.9.4 Insertion of Kate2 fluorophore in HO locus.

In order to visualize mitochondria for fluorescent microscopy, sequence of KATE2
fluorophore was inserted in HO locus of genome by homologous recombination. First
10 pg of pCO450 plasmid was digested by NotlI restriction enzyme (NEB). Later, 5 pL

of whole digested mixture were used for transformation.

2.2 Cell biology methods

2.2.1 Bacterial culture and E. coli growth for plasmid isolation

E. coli was grown in LB medium 5 g/L yeast extract, 10 g/L bacto-tryptone, 10 g/L
NaCl supplemented with 100 pg/mL of ampicillin. LB medium was sterilized by
autoclaving and ampicillin was added freshly before use. 5 mL of LB media was

inoculated with single colony of E. coli and incubated at 30°C for 16 hours.
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2.2.2 Cultivation of S. cerevisiae in liquid cultures

YPD media was inoculated with a single colony of respected yeast cell strain, and cells
were grown overnight at 30°C with 160 RPM shaking. For Drop dilution assay on YPD
plates, cultures were diluted with fresh YPD media when it is needed so that cells
remained at exponential phase. In the case of drop dilution assay on plates with
synthetic media and preparation of whole cell lysate, cultures were diluted in fresh

SCD, and cells were kept at exponential phase for at least 24 hours in SCD media.

To isolate the crude mitochondria, 10 mL of YPD or SCD media was inoculated with a
single colony of a respective strain and incubated at 30°C overnight with 160 RPM. The
next day, cultures were diluted in 100 mL of YPG or SCG media. Cultures were diluted

constantly in fresh YPG or SCG to keep cells at the exponential phase.
2.2.3 Preparation of glycerol stocks from S. cerevisiae

For the preparation of stocks of S. cerevisiae, cells from solid medium plates were

mixed with 15% (v/v) glycerol in water and stored at -80°C.
2.2.4 Analysis of the growth phenotype of S. cerevisiae

To analyze the effects of genetic manipulations, the growth rates of the different
mutants were determined. The growth phenotype was examined on agar plates. For
this purpose, the strains of interest were cultivated in the liquid medium and kept in
the exponential phase by repeated dilution. The number of cells corresponding to 0.5
ODeoo were harvested, and the cell suspensions were diluted to the same cell density
with sterile water. Starting from these suspensions, dilution series were prepared
(1:10, 1: 100, 1: 1000, 1: 10,000). 7 L of each of the dilutions were dropped on YPD
plates or SCD plates. The growth of strains was evaluated after 2-3 days of incubation
at 24°C, 30°C or 37°C.

2.2.5 Chemical competent Escherichia coli cells

500 mL of LB-medium was inoculated with 5 ml overnight-culture of E. coli and
incubated at 37°C and 160 RPM to reach ODsoo of 0.4. The Culture was incubated on
ice for 15 mins and the bacteria were spun down at 2,000 xg for 15 mins at 4°C. The
pellet was resuspended in 40 mL of CaCl2-solution and after 30 mins on ice, the
bacteria were harvested by centrifugation at 2,000xg for 15 mins at 4°C. After

resuspending the pellet in 20 mL CaCl2-solution, 4 mL of 100% glycerol were added,
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and the bacteria were incubated on ice for 2 hours. 200 uL aliquots of the suspension

were snap-freeze in liquid nitrogen and subsequently stored at -80°C.
2.2.6 Preparation of whole cell lysate

An equivalent of 2.5 ODeoo of cells was collected by centrifuging yeast cultures at 2,500
xg for 5 mins at RT. Cells were resuspended in 0.5 mL of dH20 and transferred to a
1.5 mL tube. After harvesting cells by centrifuging at 2500 xg for 5 min at RT, they
were resuspended in 100 pyL of dH20. 100 pL of 0.2 M NaOH was added to cell
suspension and incubated at RT for 5 mins. Cells were harvested by centrifugation at
10,000 xg for 1 min at RT and were resuspended in 50 pyL of 2X Laemmli buffer
supplemented with 5% B-Mercaptoethanol. Cell suspensions were heated at 95°C for
5 min at 10,000 RPM.

2.2.7 Fast crude isolation of mitochondria

Adding a tag to a protein of interest might lead to instability of protein and
consequently its proteolytic degradation or it might lead to mislocalisation of the
tagged protein. Analyzing fast crude mitochondria of yeast cells allows testing
expression and mitochondrial localization of tagged proteins at the same time.
Therefore, fast crude mitochondria was analyzed to test expression and localization of
tagged proteins in yeast cells. The yeast strain of interest and wild type strain were
inoculated in 5 mL of YPD and incubated at 30°C overnight with 160 RPM. The day
after, cultures were diluted with fresh YPGal media for 24 hours to keep cells in the
logarithmic phase of their growth. An equivalent of 20 ODeoo of Cells was harvested
and washed with 1 mL of ice cold water. The cells were resuspended in 800 uL of SMK
buffer supplemented with 1 mM of PMSF. 200 uL of glass beads were measured with
PCR tubes and added to the cell suspension. Cells were lysed by vigorous vortexing of
samples for 30 seconds interrupted by incubation on ice for 30 seconds which was
repeated four times. Non-broken cells and cell debris were pelleted with centrifugation
of samples at 2,000 xg for 5 mins at 4°C. The supernatant was transferred to a new
1.5 mL tube and mitochondria were pelleted by a centrifugation step at 20,0009 for 10
min at 4°C. 200 pL of supernatant (cytosolic fraction) was transferred to a new tube
and subjected to TCA precipitation. TCA precipitation of proteins was carried out by
adding 50 uL of 72% trichloric acid (TCA) to 200 pL of supernatant and incubating at
-80°C for 30 mins. The precipitated proteins were pelleted by centrifuging at 21,000
xg for 15 mins at 4°C. Pellet was washed with 1 mL of ice cold acetone and centrifuged
at 21,000 xg for 15 min at 4°C. Pellet of crude mitochondria and cytosolic fraction

were resuspended in 50 pL of 2x Laemmli buffer supplemented with B-mercaptoethanol
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and incubated at 95°C for 10 mins. Cytosolic fraction and crude mitochondria fraction

were analyzed by SDS-PAGE and western blotting.
2.2.8 Isolation of crude mitochondria

For isolation of crude mitochondria, yeast cells were cultured in YPG or SCG to final
ODeoo of 1.0-1.4 if not mentioned otherwise and harvested by centrifugation for 5 min
at 2,000 xg at RT. Cells were resuspended in 20 mL of dH20 and harvested by
centrifugation at 2,500 xg for 5 mins at RT. The supernatant was discarded, and after
measuring the wet weight of cell pellets, they were resuspended in 20 mL of DTT buffer
and incubated at 30°C for 10 mins under mild agitation. Cells were reisolated by
centrifugation at 2,000 xg for 5 mins at RT and were resuspended in 10 mL of
Sphaeroplast buffer. Cells were reisolated by centrifugation at 2,500 xg for 5 min and
resuspended in 6.6 mL/g of Sphaeroplast buffer. The yeast cell wall was digested by
Zymolase treatment. To this end, 6 mg of Zymolase were added per gram of wet cells
weight and incubated for 30-45 mins at 30°C under mild agitation. Formation of
sphaeroplast can be controlled by measuring the reduction of ODeoo of diluted
sphaeroplast solution in sorbitol and comparing it to measurement of ODeoo of
sphaeroblast solution, which is diluted in dH20. Bursting of sphaeroplast in dH20 due
to osmotic pressure leads to reduction of ODsoo measurement by 80-90%.
Sphaeroplasts were harvested by centrifugation at 2,000g for 5 min at 4°C and washed
twice with 15mL of ice cold Lysis buffer. Sphaeroplast were lysed in 15 mL of ice cold
Lysis buffer by 30 times mild pipetting of samples with Pipetman P5000 (Gilson,
Middleton, USA) and 1 cm cut off P5000 tips. Sphaeroplasts were pelleted by
centrifugation at 2,000 xg at 4°C for 5 min and the supernatant was transferred to a
new cold 50 mL falcon tube. Harvested unbroken sphaeroplast were lysed one more
time exactly like previous step. 30 mL of pooled supernatant were subjected to
centrifugation at 2,000 xg at 4°C for 5 mins to pellet the cell debris. Mitochondria
were harvested by centrifugation of supernatant at 14,000 xg at 4°C for 10 mins.
Mitochondria were gently resuspended in 10 mL of ice cold SM buffer and subjected to
centrifugation at 14,000 xg at 4°C for 10 mins. The pelleted mitochondria were then
resuspended in 1 mL SM buffer and the concentration was determined by Bradford

Assay. They were stored in SM buffer in 500 ug aliquots at -20° until further use.

DTT Buffer:

10 mM Tris-HCI (pH not adjusted) and 10 mM DTT

Sphaeroplast buffer:
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20 mM Tris-HCI pH 7.4, 1 mM EDTA 1.2 M sorbitol

Lysis Buffer:

20 mM MOPS- KOH pH 7.2, 1 mM EDTA, 0.6 M sorbitol, 0.2 % (w/v) BSA, 1 mM PMSF

SM Buffer:

20 mM MOPS- KOH pH 7.2, 0.6 M sorbitol
2.2.9 Fractionation of mitochondria

A modified protocol by Pon L. et al (Pon et al., 1989) was used to generate and separate
vesicles consisting of pure the OM, the IM, and vesicles consisting of both membranes.
10 mg of Freshly Isolated mitochondria was resuspended in 1.6 mL of SM buffer.
Mitochondria were swollen by dropwise adding 16 mL of Swelling buffer under mild
stirring. Samples were incubated for 30 mins at 4°C under mild stirring. 5 mL of 2.5
M of sucrose were added to the samples to increase the sucrose concentration of
samples to 0.55 M. Samples were incubated for 15 min at 4°C under mild stirring.
Vesicles were generated by intermittent sonication at 10% amplitude for 30 seconds
and repeated four times. Each sonication cycle was intermitted by 30 seconds of breaks
while samples were kept cool on ice. The remaining intact mitochondria were separated
from generated vesicles by centrifugation of samples at 20,000 xg at 4°C for 20 mins.
The supernatant containing vesicles was transferred to a new tube and 0.3 mL of
2.5 M sucrose was loaded at the bottom of the tube. Vesicles were concentrated on a
2.5 M sucrose cushion at the bottom of the column by centrifugation at 118,000 xg at
4°C for 100 mins. Concentrated vesicles were harvested by discarding the top part
(2/3 of column length) of column, and disc shape concentrated vesicles were
transferred to an ice cold potter Dounce-homogeniser. The suspension was
homogenized by ten strokes in Teflon potter. Sucrose concentrations of samples were
measured by refractometer and were adjusted to 0.6 M. Samples were loaded on a
sucrose step gradient column (0.8 M, 0.96 M, 1.02 M, 1.13 M, 1.25 M sucrose in 20
mM MOPS-KOH pH7.4 and 0.5 mM EDTA). Different types of vesicles were separated
by centrifugation at 200,000 xg at 4°C for 12 hours. The gradient was divided into 17
fractions in which proteins were subjected twice to TCA precipitation. The fractions

were analyzed by SDS-PAGE, Western Blot, and immunodecoration.

SM-Buffer:

0,6 M Sorbitol, 20 mM MOPS pH 7,4
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2.2.10 Determination of the topology of mitochondrial proteins by protease

treatment (proteolytic susceptibility assay)

To determine topology of mitochondrial proteins, crude isolated mitochondria were
subjected to theProteinase K (PK) in; intact, burst and lysed form. Hence, 50 ug of
mitochondria were diluted 1:10 in ice-cold SM buffer, swelling buffer or lysis buffer and
incubated on ice for 20 mins. Resuspension of mitochondria in SM buffer preserves the
OM integrity of mitochondria due to lack of osmotic pressure. The osmotic shock caused
by the incubation of mitochondria with Swelling-buffer leads to a swelling of the matrix
space and therefore causes tearing of the outer membrane. Mitochondria with a
destroyed outer membrane are called mitoplasts. In mitoplasts, the intermembrane
space (IMS) is open and inner membrane proteins are accessible to proteinase K (PK).
Incubation in lysis buffer leads to the destruction of the mitochondrial membrane
envelope, which makes all mitochondrial proteins, including matrix proteins, accessible
for PK. 100 pg of PK was added to intact mitochondria, mitoplasts, and lysed
mitochondria. The proteolysis was completed after 30 mins incubation at 4°C, and it
was stopped by adding 1 mM PMSF and incubation of 10 more mins at 4°C. After
centrifugation for 20 min at 20,000 xg at 4°C, the pellet was resuspended in 500 pL
of ice cold SM buffer. In order to inactivate residual PK, the proteins were subjected to
TCA precipitation. The precipitates were resuspended in 2x Laemmli buffer and

analyzed by SDS-PAGE, Western blot, and immunodecoration.

SM-Buffer:

0,6 M Sorbitol, 20 mM MOPS pH 7,4

Swelling-Buffer:

20 mM MOPS pH 7,4

Lysis-Buffer:

0,1% (v/v) TritonX-100, 20 mM MOPS pH 7,4

2.2.11 Determination of the membrane association of mitochondrial

proteins by alkaline extraction

The association of proteins with the mitochondrial membranes was examined by the
alkaline extraction assay. For this purpose, 100 ug of isolated mitochondria were
diluted with SM buffer to a concentration of 1 mg/ml. The same volume of a 200 mM

sodium carbonate solution was added and the mixture was incubated on ice for 30 min.
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To separate the membrane proteins from the soluble proteins, the samples were
centrifuged for 30 min at 91,000 x g and 4°C. (TLA55 rotor; Beckman Optima MAX-
XP ultracentrifuge). The supernatant was transferred to a new 1.5 mL tube and the
proteins were subjected to TCA precipitation. The pellet of membrane proteins and the
precipitated soluble proteins were resuspended in 2x Laemmli buffer supplemented
with 5% B-Mercaptoethanol and incubated for 10 mins at 95 °C. Samples were

analyzed by means of SDS-PAGE, Western blot and immunodecoration.

SM Buffer:

20 mM MOPS-KOH pH7.4, 0.6 Molar Sorbitol.
2.2.12 Electron microscopy

To analyze the mitochondrial ultrastructure of the deletion mutants generated in this
work, cells of these strains were examined by electron microscopy. For electron
microscopy, cells were grown to logarithmic phase in SC-Gal media with proper
selection marker and prepared essentially as described previously (Bauer et al., 2001;
Unger et al., 2017). Very briefly, cells were fixed by 2% glutaraldehyde. Afterward,
the cell wall was digested by zymolyase. Lipid membrane were fixed and stained by
potassium Ferrocyanide-reduced osmium tetroxide. Then, yeast cells were embedded
in agarose and uranyl acetate was used to further enhance the contrast. The sample
was then dehydrated with a graded ethanol series and infiltrated with Epon using
propylene oxide as an intermediate solvent. Ultrathin 50nm sections were poststained
for 20min with 2% uranyl acetate and for 3min in lead citrate. Samples were examined
in a Zeiss CEM 902 (Carl Zeiss, Oberkochen, Germany) transmission electron
microscope operated at 80 kV. Micrographs were taken using a 1350 x 1050-pixel
Erlangshen ES500W CCD camera (Gatan, Peasanton, CA) and Digital Micrograph
software (version 1.70.16). Electron microscopy analysis was performed by Dr. Till

Klecker.
2.2.13 Fluorescent microscopy (Figure 15)

For visualizing mitochondria, mitochondrial presequence of subunit 9 of Fo-ATPase
from Neurospora crassa was fused to Kate2 fluorophore (mKate2). Nucleotide
sequence of Fusion mKate2 was inserted into HO locus of yeas genome. Yeast cells
were inoculated in YPD media and grown overnight at 30°C. Cell cultures were diluted
in SCD media the day after and were kept at the logarithmic phase for 24 hours. The
amount of cells corresponding to ODeoo Of 1 were harvested by centrifugation. Cells

were vortex for 1 min and then washed with 1mL of sterile 1x PBS. Cells were
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harvested again by centrifugation at 2500 xg for 3 mins. Cell pellets were resuspended
in 200 pL and immobilized on p-slide (ibidi). Beforehand, the bottom of chambers of
M-slide (ibidi) were coated with 1 mg/ml of Concanavalin A. After immobilizing cells in
chambers, cells were covered with 400 uL of SCD media. Microscopy was performed
at 30°C on a Nikon Ti2-Eclipse microscope equipped with a CFI Apochromat TIRF
100x/1.49 NA Qil Objective and a TwinCam LS dual camera splitter attached to two

Photometric Prime 95B 25 mm cameras.

2.3 Protein biochemistry methods

2.3.1 Protein detection and analysis

Bradford assay (Bradford, 1976) was performed to determine protein concentration in
the solution by using the Bio-Rad protein assay following the manufacturer's
instructions. The standard plot for Bradford assay with bovine IgG (Bio-Rad) was
created to determine the concentrations. Protein samples used for concentration
estimation were either used directly or were diluted 5-10 folds. 10 uL of sample (diluted
or undiluted) was added to 1 mL of 1:5 diluted Bradford reagent (Bio-Rad). Samples
were incubated at RT for 10 mins. Afterward, absorbance was measured at 595 nm

wavelength and concentration was determined by comparison with the standard curve.
2.3.2 Tricholoricacid (TCA) precipitation of proteins

TCA precipitation of proteins was performed to increase the concentration of proteins.
Proteins were precipitated by adding 72% (w/v) trichloroacetic acid (TCA) to a final
concentration of 12% (w/v). After subsequent 4-min incubation at —80 ° C., the
precipitated proteins were pelleted by centrifugation for 15 mins at 21,000 x g and
4°C. A washing step with 1 mL of ice-cold acetone followed to remove the lipids and
TCA. The precipitate was dried completely, resuspended in Laemmli buffer, and
incubated at 95 °© C. for 5-10 min.

2.3.3 SDS-polyacrylamide-electrophoresis

Analysis of protein samples based on their molecular weight was done by discontinuous
SDS-PAGE (Laemmli, 1970). Glass plates measuring 160 x 180 mm and spacer with
approximately 1 mm thickness were used to cast the gels. The space between glasses
on one side was sealed with sealing gel. Various acrylamide concentrations had been

used in the separating gel, depending on the required resolution, between 10% and
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18% and the concentration of bisacrylamide between 0.08% and 0.13%. Proteins were
dissolved in 2x Laemmli supplemented with 5% B-mercaptoethanol, heated up for 5
mins at 95°C, and applied on a SDS-gel. The electrophoresis was carried out at 35 mA

for 1-2 hour. The proteins were then transferred to a nitrocellulose membrane.

Sealing gel:

1% agarose in 25 mM Tris-HCI pH8.8

Resolving gel:

10-18% acrylamide, 0.08-0.13% bis-acrylamide, 375 mM Tris-HCI pH 8.8, 0.1% SDS,
0.1% APS, 0.03% TEMED

Stacking gel:

5% acrylamide, 0.03% bis-acrylamide, 60 mM Tris-HCl pH 6.8, 0.1% SDS, 0.05% APS,
0.1% TEMED

SDS running buffer:

50 mM Tris-HCI pH 8.3, 0.38 M glycine, 0.1% SDS

SDS sample buffer (Laemmli buffer):

60 mM Tris-HCI, 2% SDS, 5% B-mercaptoethanol, 10% glycerol, 0.02% bromophenol
blue, pH 6.8

2.3.4 Blue-native polyavrylamide-gelelectrophoresis (BN-PAGE)

BN-PAGE was performed to determine the size of protein complexes under native
conditions. To this end, 150 ug of isolated mitochondria was first pelleted by
centrifugation for 12 min at 17,000 xg and 4°C. The pellet was resuspended in 50 pyL
of Schagger's BN buffer supplemented with 3% digitonin and solubilized for 15 min at
4°C (Wittig et al., 2006). In order to remove large membrane fragments, a
centrifugation step was carried out for 15 min at 14,000 xg at 4°C. The sample
preparation and the run of the blue native polyacrylamide gel electrophoresis were
carried out according to the manufacturer's instructions (NativePAGE Novex Bis-Tris
Gel System, Invitrogen). After the electrophoresis, the proteins were transferred to a
PVDF membrane (Roth) by wet-Western Blot method (40V, 2 hours at 4°C.). The

protein complexes were analyzed using immunodecoration.

BN buffer (Schagger's BN buffer):
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50 mM NaCl, 50 mM imidazole-HCI, 2 mM 6-aminohexanoic acid, 1 mM EDTA, pH 7.0
(at 4°C)

2.3.5 Transfer of proteins to nitrocellulose membrane

Proteins separated by SDS-PAGE were transferred to nitrocellulose membranes by wet
western blot transfer method. Here a sponge soaked in transfer buffer was placed on
the anode side followed by a Whatman paper, a nitrocellulose membrane, SDS-PAGE
gel, another Whataman paper and another sponge at the top. Air bubbles between the
individual layers were removed with the aid of a roller. The protein transfer to the
membrane was carried out at 4°C for 1.5 hours at 380 mA. After the transfer, the
proteins were stained by Ponceau solution. Before starting the immunodecoration, the

membrane was completely destained with TBST.

Ponceau solution:

0.2% (w/v) Ponceau S, 3% (w/v) TCA, pH not adjusted
2.3.6 Transfer of protein to PVDF membrane

Protein complexes separated by BN-PAGE were transferred to PVDF membranes by
wet western blot transfer method. Before use, the PVDF membrane was activated for
1 min in 100% methanol and equilibrated for 5 min in 1x BN transfer buffer. In order
to make the epitopes more accessible for antibodies, the gel was incubated for 5 min
in SDS running buffer and then briefly washed in 1x BN transfer buffer. Whatman filter
papers were also soaked with 1x BN transfer buffer for 30 mins. One Whatman filter
paper was placed on three wet sponges on the anode electrode followed by the PVDF-
membrane, the BN-gel, two another Whatman filter papers and the cathode electrode
plate. Transfer was performed at 40 mA for 2 hours. All buffers and protein transfer
was performed at 4°C. After protein transfer to the membrane, the proteins were fixed
on the membrane for 15 mins with 8% acetic acid. The Coomassie-stained membrane
was completely destained with 100% methanol. BN transfer buffer before starting the

immunodecoration.

1x NUPAGE Transfer Buffer, Invitrogen
2.3.7 Chemical crosslinking

To study protein-protein interactions of Mco76 protein in intact mitochondria,

disuccinimidyl glutarate (DSG) and m-maleimidobenzoyl-N-hydroxysuccinimide ester
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(MBS) crosslinkers were used. To this end, isolated crude mitochondria were diluted in
SI buffer in 100 pL to the concentration of 1 mg/mL. DSG and MBS from stock solution
(40 mM in DMSO) were added to the samples to the final concentration of 400 uM and
incubated at 4°C for 30 mins. The reaction was stopped by addition of glycine (1M, pH
8.8) to final concentration of 100 mM and incubation at 4°C for 10 mins. Mitochondria
were reisolated by centrifugation at 17,000 xg for 10 mins. at 4°C. Supernatant was
discarded and the pellet was resuspenden in 2x Laemmli buffer supplemented with 5%

B-Mercaptoethanol and incubated at 95°C for 10 mins.

SI buffer:

50 mM HEPES-KOH, 0.6 M Sorbitol, 75 mM KCI, 10 mM Mg(Ac)2, 2 mM KH2PO4, 2.5
mM EDTA, 2.5 mM MnCI2, pH 7.2

2.3.8 Affinity purification of Por1-Om14 complex.

To test interaction of Mco76 with Porl and Om14, Por1-Om14-Om45 complex has been
isolated via immunopurification of Po1-3xHA or Om14-3xHA by anti-HA agarose beads.
4 mg of crude isolated mitochondria were resuspended in 2 mL of IP buffer
supplemented with 1% digitonin and 1 mM PMSF. Solubilization of crude mitochondria
took place for 15 mins at 4°C while samples were rotating. Cleared lysates were
achieved by centrifugation of lysates for 10 mins at 12,000 xg at 4°C. 1-2.5 % of
cleared lysates were transferred to new 1.5 mL tubes and subjected to TCA
precipitation. The rest of cleared lysates were incubated with 100 puL (50% slurry) of
equilibrated anti-HA agarose beads (sigma) for 2 hours at 4°C while samples were
rotating. Anti-HA agarose beads were pelleted by centrifugation at 2,000 xg for 30
seconds at 4°C. 75 uL of supernatants were transferred to new 1.5 mL tubes and
subjected to TCA precipitation. Rest of the supernatant was discarded and agarose
beads were washed four times with 1mL of IP buffer supplemented with 0.1 %
digitonin. After the last washing step, bound proteins to the anti-HA agarose beads
were eluted with 30 pyL of 3x Laemmli buffer and incubated at 95°C for 10 min with
mild agitation. Precipitated proteins of clear lysate before and after incubation with
agarose beads were resuspended in 2x Laemmli buffer and incubated at 95°C for 10
min with mild agitation. Elutes were separated from anti-HA agarose beads and
transferred to new 1.5 mL tubes. B-Mercaptoethanol was added to all samples to the

final concentration of 5% (V/V) and incubated at 95°C for 10 mins.

Immunoprecipitation buffer:

50 mM Tris-HCI pH 7.4, 50 mM NacCl
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2.3.9 Affinity purification of Mco76-3xHA complex

1 mg of isolated crude mitochondria were resuspended in 1mL of IP buffer
supplemented with 1% digitonin and 1mM PMSF. Solubilization of crude mitochondria
took place for 15 mins at 4°C while samples were rotating. Cleared lysates were
achieved by centrifugation of lysate for 10 mins at 12,000 xg at 4°C. 50 pL of cleared
lysates were transferred to new 1.5 mL tubes and subjected to TCA precipitation (Total
fraction). The rest of cleared lysate was incubated with 40 uyL (50% slurry) of
equilibrated anti-HA agarose beads (sigma) for 2 hours at 4°C while sample where
rotating. Anti-HA agarose beads were pelleted by centrifugation at 2,000 xg for 30
seconds at 4°C. 50 pL of supernatants were transferred to new 1.5 mL tubes and
subjected to TCA precipitation (Unbound fraction). The remaining supernatants were
discarded and agarose beads were washed three times with 1mL of IP buffer
supplemented with 0.1 % digitonin. After the last washing step, bound proteins to the
anti-HA agarose beads were eluted with 30 pLof 3x Laemmli buffer supplemented with
5% B-Mercaptoethanol and incubated at 95°C for 10 min with mild agitation.
Precipitated proteins of clear lysate before and after incubation with anti-HA agarose
beads were resuspended in 2x Laemmli buffer 5% B-Mercaptoethanol and incubated

at 95 for 10 min with mild agitation.

Immunoprecipitation buffer:

50 mM Tris-HCI pH 7.4, 50 mM NacCl
2.3.10 Affinity purification of Mic60-3xHA and Mic10-3xHA

To test the interaction of Mco76 with Mic60 and Mic10, immunopurification of Mic60-
3xHA or Mic10-3xHA by anti-HA agarose beads were performed. 4 mg of crude isolated
mitochondria were resuspended in 2 mL of IP buffer supplemented with 1% digitonin
and 1 mM PMSF. Solubilization of crude mitochondria took place for 15 mins at 4°C
while samples were rotating. Cleared lysates were achieved by centrifugation of lysates
for 10 mins at 12,000 xg at 4°C. 2.5 % of cleared lysates were transferred to new 1.5
mL tubes and subjected to TCA precipitation. The rest of cleared lysates were incubated
with 75 uL (50% slurry) of equilibrated anti-HA agarose beads (sigma) for 2 hours at
4°C while samples were rotating. Anti-HA agarose beads were pelleted by
centrifugation at 2,000 xg for 30 seconds at 4°C. 75 pL of supernatants were
transferred to new 1.5 mL tubes and subjected to TCA precipitation. The rest of
supernatant was discarded and agarose beads were washed four times with 1mL of IP

buffer supplemented with 0.1 % digitonin. After the last washing step, bound proteins
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to the anti-HA agarose beads were eluted with 35 pL of 3x Laemmli buffer and
incubated at 95°C for 10 min with mild agitation. Precipitated proteins of clear lysate
before and after incubation with agarose beads were resuspended in 2x Laemmli buffer
and incubated at 95°C for 10 min with mild agitation. Elutes were separated from anti-
HA agarose beads and transferred to new 1.5 mL tubes. B-Mercaptoethanol was added

to all samples to final concentration of 5% (V/V) and incubated at 95°C for 10 mins.

Immunoprecipitation Buffer:

50 KPBS pH 8.0, 50 mM NaCl

2.4 Immunological methods

2.4.1 Affinity purification of antibodies

Specific antibody was extracted from antisera by affinity purification to improve
specificity and reduce unspecific binding of antibodies. For the affinity purification of
antibodies, the respective antigen which has an extra cysteine at one terminus, was
coupled to Sulfo-link Coupling Gel (Thermo Fisher Scientific). For this purpose, the first
1 mL of Sulfo-link Coupling Gel (Thermo Fisher Scientific) was packed in a column and
equilibrated with 6 mL of coupling buffer. At the same time respective antigen was
diluted in coupling buffer to the concentration of 1mg/mL. Diluted antibody was
incubated with equilibrated matrix in the column for 45 mins at RT with gentle
agitation. Afterward the column was held in a stand clamp to let the matrix sediment
by gravitation force for 30 mins. The column was washed with 3 mL of coupling buffer
to remove the unbound antigens. The column was incubated with blocking buffer for
45 mins at RT to block the free binding sites on the column. The flow through was
discarded and the column was washed with 16 mL of 1 M NaCl solution. The column

was washed with NaN3-buffer and then stored for future use at 4°C.

The antigen-coupled matrix was equilibrated by rinsing with 10 mL of wash bufferl for
antibody purification. Subsequently, to remove weakly bind antigen, the column was
washed with 10 mL of buffer 1, elution buffer 2, wash buffer 2, elution buffer 3 and
again with wash buffer 1. Then, 6 mL of the antiserum was mixed with 24 mL of
washing buffer 1 containing 1 mM PMSF, and 1x Roche Complete Protease Inhibitor
for antibody purification. The antiserum solution was added to the column using a
peristaltic pump and the flow through was incubated with column for the second time.
This was followed by two washing steps with 10 mL of washing buffer 1 and 10 mL of

washing buffer 3. Finally, the antibody was eluted by adding 10 mL of elution buffer 1,
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elution buffer 2 and at last elution buffer 3 sequentially. The eluate was collected in
1ml fractions in separate 1.5 mL tubes. The pH of each fraction was neutralized by
adding 100 pL of neutralization buffer 1 for elution buffer 1 and 2 or neutralization
buffer 2 for elution 3. The protein concentration of the individual fractions was
determined according to Bradford assay. The fractions with a high protein content were
examined for their antibody content by means of Western blot and immunodecoration.
The fractions with a high concentration of the desired antibody were stored at -20 ° C.
The column was then washed with 10 mL of washing buffer 1 and stored at 4°C. with

0.05% (w/v) sodium azide in 2 mL of the same buffer.

Coupling Buffer:

50mM Tris, 5mM EDTA; pH 8.5

Block Buffer:

50 mM cysteine, 50 mM Tris, 5 mM EDTA; pH 8.5

Wash Buffer 1:

10 mM Tris / HCI; pH 7.5

Wash Buffer 2:

10 mM Tris / base; pH 8.8

Wash Buffer 3:

500 mM NaCl, 10 mM Tris / HCI; pH 7.5

Elution Buffer 1:

100 mM sodium citrate; pH 4.0

Elution Buffer 2:

100 mM glycine / HCI; pH 2.5

Elution Buffer 3:

100mM Na3P0O4; pH 11.5

Neutralization Buffer 1:

1 M Tris / base; pH 8.8

Neutralization Buffer 2:
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1 M glycine / HCI; pH 2.5
2.4.2 Immunodecoration of proteins with specific antibodies

For antibodies obtained from rabbit plasma, the following protocol was typically used.
After the protein transfer to the nitrocellulose or PVDF membranes, the unspecific
binding sites that were still free were saturated by incubation in blocking solution for
1-2 h at RT. The proteins were then decorated with specific antisera or affinity-purified
antibodies for approximately 3 h at RT or overnight at 4°C. Depending on the affinity
of antibodies for the antigens, these were diluted between 1:250 and 1: 5,000 in
blocking solution. Three washing steps (10 min in TBST) was followed by incubation
for 1-2 hour at RT with a second antibody (Goat Anti Rabbit-IgG Horseradish
Peroxidase (Bio-Rad), Goat Anti Rabbit-IgG Alexa Fluor Plus 680 (invitrogen), Goat
Anti Rabbit-IgG Alexa Fluor Plus 800 (Invitrogen), Goat Anti Mouse-IgG Alexa Fluor
Plus 800 (Invitrogen)) which anti-immunoglobulin G from Rabbit was targeted. This
was diluted 1:10,000 in block solution. The membranes were then washed three times
as described above. The bound secondary antibodies were finally detected via a Licor
Odyssey imager or the peroxidase using chemiluminescence. The reaction taking place
for chemiluminescence was started by adding the solutions ECL1 and ECL2. The two
solutions were mixed in a ratio of 1:1 just before use. The signals were detected by

exposing the membranes to X-ray films (Fuji).

Blocking Buffer:

10 mM Tris-HCI; 150 mM sodium chloride; pH 7.5 with 5% (w/v) milk powder.

Washing Buffer:

10 mM Tris-HCI; 150 mM sodium chloride; pH 7.5
2.4.3 Immunodetection of proteins with purchased antibodies

Purchased antibodies were used to decorate triple HA tags and triple Myc tags (anti-
HA, Santacruz; anti-Myc, Santacruz). These antibodies were used according to the

manufacturer's instructions.

2.5 Lipid analysis

Lipidomics analyses were performed as described in (Papagiannidis et al., 2021).
Aliquots corresponding to 1500-2000 pmol total lipid were subjected to acidic Bligh
and Dyer extractions, except for CL and MLCL which were extracted using MTBE
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(Matyash et al., 2008). Acidic Bligh and Dyer extractions were performed in the
presence of internal lipid standards from a master mix containing 40 pmol d7-PC mix
(15:0/18:1-d7, Avanti Polar Lipids), 25 pmol PI (17:0/20:4, Avanti Polar Lipids), 25
pmol PE and 15 pmol PS (14:1/14:1, 20:1/20:1, 22:1/22:1, semi-synthesized as
described in Ozbalci et al, 2013), 20 pmol PA (PA 17:0/20:4, Avanti Polar Lipids) and
5 pmol PG (14:1/14:1, 20:1/20:1, 22:1/22:1, semi-synthesized as described in
Ozbalci et al (Ozbalci et al., 2013). Lipids recovered in the organic extraction phase
were evaporated by a gentle stream of nitrogen. Prior to measurements, lipid extracts
were dissolved in 10 mM ammonium acetate in methanol, diluted 1:10 and transferred
into Eppendorf twin.tec 96-well plates. Mass spectrometric measurements were
performed in positive ion mode on an AB SCIEX QTRAP 6500+ mass spectrometer
equipped with chip-based (HD-D ESI Chip, Advion Biosciences) nano-electrospray
infusion and ionization (Triversa Nanomate, Advion Biosciences) as described (Ozbalci
et al, 2013). The following precursor ion scanning (PREC) and neutral loss scanning
(NL) modes were used for the measurement of the various lipid classes: +PREC 184
(PC), +NL141 (PE), +NL185 (PS), +NL277 (PI), +NL189 (PG), +NL115 (PA). Mass
spectrometry settings: Resolution: unit, low mass configuration; data accumulation:
400 MCA; curtain gas: 20; Interface heater temperature: 60; CAD: medium. Data
evaluation was done using LipidView (Sciex) and ShinyLipids, a software developed in
house. For MS analysis of CL and MLCL, lipids were extracted by MTBE extraction as
described in (Matyash et al., 2008) and further processing of sampels was performed
as described in (Chowdhury et al., 2018). Lipid extracts were dried under a gentle
nitrogen stream. Dried lipids were re-dissolved in 40% UPLC solvent B (90% 2
propanol/10% acetonitrile /0.1% formic acid/ 10 mM NH4HCO?2) and transferred to
silanized glass inserts (Phenomenex) using Hamilton syringes. The glass inserts were
placed in Eppendorf tubes and centrifuged in an Eppendorf centrifuge at 9000 rpm for
1.5 minutes. Lipid samples were then subjected to UPLC-ESI-MS/MS analysis
performed on an Ultimate® 3000 LC system (Dionex, Thermo Fisher Scientific) coupled
to a Q Exactive Hybrid Quadrupole-Orbitrap instrument (Thermo Scientific). For LC
separations, a ACQITY UPLC CSH C18 1.7um, 1.0 x 150 mm column (Waters) was
used. The column oven temperature was set to 55°C, the temperature of the
autosampler was set to 20°C. The flow rate used was 100 pL/min. The solvent
composition used was as follows: 60% acetonitrile/40% H20/0.1% formic acid/10 mM
NH4HCO2 (solvent A), 90% 2 propanol/10% acetonitrile /0.1% formic acid/ 10 mM
NH4HCO2 (solvent B). The starting solvent composition was 40% solvent B/60%
solvent A. The conditions of the gradient were as follows: 3 min: 50% solvent B, 9
min: 54% solvent B, 9.1 min: 70% solvent B, 17-22 min: 90% solvent B and 22.5-30

min: 40% solvent B. The MS analyses were performed in the negative ion mode. The

51



Materials and methods

following ESI source parameters were used: sheath gas flow rate: 4 (a.u.), auxilliary
gas flow rate: 0, sweep gas flow rate: 0, spray voltage: 4 kV, capillary temperature:
320°C, S lens RF level: 50. Full-MS scans were recorded using the following
parameters: FWHM peaks: 15 s, resolution: 140,000 (at m/z 200) AGC-target: 1e6,
maximum IT: 200 ms, scan range: m/z 500-2000. Data evaluation was performed

using MassMap.

2.6 Media

2.6.1 E. coli Media

LB Media:

10g/L Bacto-Tryptone, 5g/L yeast extract, 10g/L sodium chloride

LB/AMP medium:

Autoclaved LB medium with 100ug/ml ampicillin

LB plates:

LB medium; 1.5% (w/v) agar For LBAmp plates, 100 pg / mL Ampicillin added

TBS buffer:

10 mM Tris / HCI; 150 mM sodium chloride; pH 7.5

TE bufer:

10 mM Tris/HCI 1 mM EDTA; pH 8,0

2.6.2 S. cerevisiae media

Synthetic medium (SC medium): 1.7 g/L Yeast Nitrogen Base without amino acids and
ammonium sulfate; 5 g/L ammonium sulfate; 2g/L Drop out mix with 2% (w/v) glucose
(SD) or 3% (w/v) glycerol (SCG) or 2% galactose (w/v).

Auxotrophic marker:

Adenine 20 mg/L; Uracil 20 mg/L; Histidine 30 mg/L; Leucine 30 mg/L; Lysine 30
mg/L; Methionine 30 mg/L; Tryptophan 30 mg/L.

Drop Out Mix (C):
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L-Alanine (2.5 mM), L-Arginine (2.5 mM), L-Asparagine (2.5 mM), L-Aspartic acid
(2.5mM), L-Cysteine (2.5 mM), L-Glutamine (2.5 mM), L-Glutamic acid (2.5 mM), L-
Glycine (2.5 mM), L-Methionine (2.5 mM), L-Isoleucine (2.5 mM), L-Phenylalanine (2.5
mM), L-Proline (2.5 mM), L-Serin (2.5 mM), L-Threonine (2.5 mM), L-Tyrosine (2.5
mM), L-Valin (2.5 mM), Myo-Inositol (2.5 mM), 4-Aminobenzoic acid (PABA) (2.5 mM)

YP medium: 1% (w/v) yeast extract; 2% (w/v) bacto-peptone; pH adjusted to 5.5 with
HCl_Glucose was autoclaved separately as 40% (w/v) concentrated stock solutions and
added to the autoclaved YP medium (YPD) or glycerol was autoclaved separately as

30% (w/v) concentrated stock solutions and added to autoclaved YP medium (YPG).

YPD-G418:

YPD medium with 500ug/ml Geneticin (G418).

2.7 Chemical reagents and equipments

2.7.1 Chemicals

All chemicals not listed in the chart below are provided by Merck, Darmstadt, GER

Manufacturers Chemicals

Agfa-Gevaert, Germany Developer, fixer for X-ray films

AMSBIO, England Zymolyase 20T

AppliChem, Germany Ampicillin, DTT, APS, H202, skimmed milk powder
Beckton Dickenson, Germany Bacto tryptone

Protein standard and reagents for protein
Bio-Rad Laboratories, Germany determination, horseradish peroxidase-coupled
Anti-rabbit and anti-mouse antibodies,

Hygromycin B- solution, Roti®-PVDF-Membrane,

Carl Roth, Germany Sucrose

Fuji, Germany Medical X-ray film Super RX 13 x 18 cm

Amarsham nitrocellulosese membrane, NHS-

GE Healthcare, Germany activated Sepharose 4 Fast Flow

53



Materials and methods

Greiner bio-one, Austria

15- and 50-mL reaction vessels, Reaction vessels,

Invitrogen, Germany

DH5a, Goat Anti Rabbit-IgG Alexa Fluor Plus 680,
Goat Anti Rabbit-IgG Alexa Fluor Plus 800, Goat
Anti Mouse-IgG Alexa Fluor Plus 800, NativePAGE
5% G-250 Sample Additive, NativePAGE Sample
Buffer, NativePAGE 4-16% Bis-Tris Gel,
NativePAGE 3-12% Bis-Tris Gel, NativePAGE
Cathode Buffer Additive (20x), NUPAGE Transfer
Buffer (20x),

Metabion, Germany

Oligonucleotides

Macherey-Nagel, Germany

Blotting paper, RNA, DNA, and protein purification
products

New England BiolLabs, USA

DNA ladder 1 kb, DNA ladder 100 bp, restriction
endonucleases and 10 x buffer for restriction
endonucleases, Taq DNA polymerase,
deoxynucleoside triphosphates (dNTPs), T4 DNA
ligase and associated 10 x buffer, Phusion High-
Fidelity DNA Polymeras

Promega, germany

Pure Yield Plasmid Mini Prep System

R&D Systems, UK

pYX242 vector

Roche Applied Sciences, Germany

Proteinase K, Protease Inhibitor Complete, EDTA-
free

Santa Cruze, USA

HA Probe (7-a) mouse monoclonal IgG, c-Myc
Mouse monoclonal IgG,

Serva, Germany

Acrylamid, Agar-Agar, Agarose, BSA Grade VIII
(fatty acid free), PMSF, Yeast extract, Ponceau S,
TEMED, HEPES,

Sigma, Germany

Amino Acids, Anti-HA agarose conjugate,
Ammonium nitrate, B-mercaptoethanol, DMSO ,
Ethanol, Glycerol, PEG 8,000, Spermidine (N-[3-
aminopropyl]-1,4-butanediamine), Triton X-100,
Tween20, Yeast Nitrogen Base

Thermo Fisher Scientific, USA

Page ruler plus prestained protein ladder,
Unstained protein MW marker, Sulfo-link Coupling
Gel
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2.7.2 equipment

Equipment

Manufacturers

Autoclave Systec DX-150, D1167

Systec GmbH, Wettenberg, GER

Table top centrifuge 5424 R

Eppendorf, Hamburg, GER

Table top centrifuge 5424

Eppendorf, Hamburg, GER

Centrifuge multifuge X3R

Thermo Fisher Scientific GmbH, Ulm, GER

Centrifuge Optima Max Ultracentrifuge

Beckman Instruments, Minchen, GER

Centrifuge Optima XPN-100 ultra

Beckman Instruments, Minchen, GER

Developer machine AGFA Gevamatic 60

Agfa-Gevaert, Munich, GER

Erlenmeyer flask

Carl Roth, Gremany

Freezer -20

Liebherr, Ochsenhausen, GER

Freezer -80 TSX series

Thermo Fisher Scientific GmbH, Ulm, GER

Gas burner Fireboy eco 50/60 Hz, 5 W

Integra Biosciences AG, Wallisellen, CH

Gelelectrophoresis chamber PEGLAB

PEQLAB Biotechnologie GmbH, Erlangen,
GER

Glass-teflon homogenizer

Workshop, Institute for Physiological
Chemistry, LMU Munich

Incubator innova 42

New Brunswick Scientific GmbH, Nirtingen,
Germany

Incubator innova 44

New Brunswick Scientific GmbH, Nirtingen,
Germany

Magnetic stirrer RCT basic

IKA-Werke GmbH, Stafen, Germany

Peristaltic pump P-1

Biochrom Ltd., Cambridge, GB

pH-Meter Five easy F20

Mettler Toledo, Giessen, Germany
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Photometer OF600

Implen GmbH, Schatzbogen, Minchen

Photometer biophotometer plus

Eppendorf, Hamburg, GER

Pipettes

Gilson, Inc., Middleton, WI, USA

Pipet tips

STARLAB GmbH, Hamburg, Germayn

Power supply EPS 600

Pharmecia biotech

Power supply PEGLAB

PEQLAB Biotechnologie GmbH, Erlangen,
GER

Pure water plant Milli-Q M

Merck, Darmstadt, GER.

Cuvettes semi-micro

Greiner Bio-One, Kremsminster, Austria

Reaction tubes

Greiner Bio-One, Kremsmunster, Austria

Rotor TX1000

Thermo Fisher Scientific GmbH, Ulm,

Rotor FA-45-24-11

Eppendorf, Hamburg, GER

Rotor SW41Ti

Beckman Instruments, Minchen, GER

Rotor TLS 55i

Beckman Instruments, Minchen, GER

blotting chamber

Workshop, Institute for Physiological
Chemistry, LMU Munich

Digital Sonifier W-250 D

Branson Ultrasonics, Brookfield, USA

Sterile Bench B Max Pro 190

Berner International GmbH, ElImshorn,
Germany

Table shaker Thermomix comfort

Eppendorf, Hamburg, GER

Thermo cycler S1000

Bio-Rad Laboratories, Feldkirchen, Germany

Vortex Mixer Genie 2

Scientific industries, New York, USA

Weighing machine UPL 7231

VWR International GmbH, Darmstadt,
Germany
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3. Results

3.1 Mco76 is present in the inner mitochondrial membrane.

YPL109C has been named MCO76 due to its predicted molecular weight and its
mitochondrial localization in S. cerevisiae (Morgenstern et al., 2017). MCO76 and its
human homolog ADCK2 are not well characterized so far. To fully understand the
topology of Mco76, it was necessary to find out how many transmembrane domains
Mco76 has. To predict hydrophobic regions of Mco76, a query has been made by the
amino acid sequence of Mco76 in DAS TM-segment prediction server

(https://tmdas.bioinfo.se/DAS/index.html). Analysis of Mco76 amino acid sequence by

DAS TM-segment prediction server showed that it contains two potential hydrophobic
regions, one close to its N-terminus (125aa-142aa) and the other one close to its C-
terminus (573 aa -582aa) (Figure 3.1A, B, C). Additionally, In silico analysis by
Mitofates, revealed that Mco76 has an potential N-terminal mitochondrial targeting
sequence (amino acid 1-7) with a mitochondrial protein peptidase (MPP) cleavage site
at amino acid 14(Figure 3.1 C) (Fukasawa et al., 2015).

At the beginning of this work, whole cells lysates were prepared from yeast wild type
cells and deletion Amco76 strain cells which subjected to SDS-PAGE and
immunodecoration. Immunodecoration against the endogenous Mco76 revealed that
Mco76 has a molecular mass of approximately 60 kDa which is substantially smaller

than the predicted molecular mass of Mco76 (Figure 3.2 A).

Submitochondrial localization of a protein can provide a potential hint into its function.
To analyze submitochondrial localization of Mco76, mitochondria of yeast strain
expressing Mco76-3xHA were subjected to proteolytic susceptibility assay (Figure 3.2
B). Immunodecoration of untreated mitochondria using a specific antibody against the
HA-tag (a-HA) revealed a band with an apparent molecular mass of 63 KDa (Figure
3.2 B). First, intact mitochondria were treated with proteinase K which leads to
degradation of the OM proteins like Tom70. However, subjecting intact mitochondria
of cells expressing Mco76-3xHA to proteinase K indicates that Mco76 is not located in
the OM. Second, Mitochondria were treated with hypotonic buffer to disrupt the OM
and release of soluble proteins of IMS. Soluble proteins in IMS are not retained in
mitochondria after disruption of the OM and reisoloation by centrifugation. Presence of
Mco76-3xHA signal in the second lane (Figure 3.2 B) suggested that Mco76 is not a
soluble protein of IMS. Third, Proteins of the IM such as Tim50 can be degraded by
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proteinase K when the OM is disrupted. Finally, both membranes need to be lysed by
treatment of mitochondria with detergents such as TritonX-100 (TX) to degrade
proteins present in the matrix space. Immunodecoration against the HA-tag of Mco76-
3xHA revealed that it behaves similarly as Tim50 indicating that it is present in the IM
(Figure 3.2 B).
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Figure 3.1 Hydrophobic regions of Mco76.

A)Amino acid sequence of Mco76. Hydrophobic amino acids were highlighted in red. Black
boxes refer to predicted transmembrane domains by DAS prediction server.

B) Dense alignment surface (DAS) profile score of the amino acid sequence of Mco76. The
Dashed line representing loose cut off and the solid line represents the stringent cut-off.
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C)Schematic annotated domains of Mco76. The orange region of Mco76 shows the Aarf
domain containing kinase 2 like protein domain (ADCK2-Like/ATPase) (amino acid 200 to
538). Red boxes indicate hydrophobic regions of Mco76.

Proteolytic susceptibility assay revealed the submitochondrial localization of the protein
of Mco76. However, the result of proteolytic susceptibility assay cannot demonstrate
whether Mco76 is peripherally attached to the IM or it spans the IM. The alkaline
extraction assay was performed to examine whether Mco76 is a transmembrane
protein (Fujiki et al., 1982). In this method, membrane vesicles are converted into
membrane sheets uses alkaline pH. The soluble proteins inside vesicles and peripheral
proteins associated with membranes are released into the supernatant fraction. Only
integral transmembrane proteins remain associated with the membrane stay in the
pellet. Mco76-3xHA was present predominantly in the pellet fraction (P) of the alkaline
extraction assay, similarly to the transmembrane protein Tom70 and Tim50, while the
soluble matrix protein, Hep1, accumulates in the supernatant fraction (S) (Figure 3.2
C). These results strongly suggest that Mco76 is embedded in the IM with its C-

terminus is present in IMS (Figure 3.3 D).
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Figure 3.2 Mco76 is located in the inner membrane of mitochondria.
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A) Mco76 has an apparent molecular weight of 60 kDa. Whole cell lysate prepared from wild
type cells and deletion mutant Amco76 cells.

B) Topological analysis of Mco76 by proteolytic susceptibility assay. Crude mitochondria of
Mco76-3xHA expressing cells were isolated by differential centrifugation subjected to
proteolytic susceptibility assay. First, mitochondria were left untreated. Then
mitochondria were exposed to hypotonic media to disrupt the OM (SW). At last,
mitochondria were lysed using a buffer containing 0.1% TritonX-100 (TX). Proteinase K
(PK) was added as indicated. Samples were analyzed by SDS-PAGE and immunoblotting
using the indicated antibodies.

C)Mitochondria were subjected to alkaline extraction to separate soluble and membrane
proteins. After incubation in 100mM Na2CO03, membranes were spun down for 30 min at
145.000 xg. Proteins in the supernatant (S) were subjected to TCA precipitation and
afterward resuspended in SDS sample buffer. The pellet (P) was directly resuspended in
the SDS sample buffer. Samples were analyzed by SDS-PAGE and immunoblotting using
the indicated antibodies.

D) Schematic presentation of the topology of Mco76 in mitochondria.

3.2 Mco76 is enriched in contact site fractions

To analyze submitochondrial localization of Mco76 more in detail, I performed the
mitochondrial fractionation assay, a modified version of the assay that led to the
identification of MICOS complex (Harner et al., 2011). In brief, mitochondria were
isolated from a yeast strain expressing Mco76-3xHA. First, mitochondria were treated
with hypertonic buffer followed by hypotonic buffer to separate the IBM from the OM
(Figure 3.3). Afterward three different types of vesicles were generated by mild

sonification (Figure 3.3).

mitochondria condenced mitochondria
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Figure 3.3 Schematic presentation of the mitochondrial
fractionation assay.

The first type of vesicles consists of the OM, and the second type of vesicles consists
of IM. But the third type of vesicles consists of both the OM and the IM of mitochondria
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due to the presence of stable contact sites between the two membranes. As a result
of the tremendous difference in protein to lipid ratio of the OM and the IM, the
generated vesicles differ in their density. Hence, these different vesicles can be

separated by density gradient ultracentrifugation (Figure 3.3).

The gradient was harvested in seventeen fractions, and proteins present in the various
fractions were analyzed by SDS-PAGE and immunodecoration. To determine the
separation of the OM proteins, the IM proteins, and the CS proteins, the distribution of
the respective marker proteins Tom40 (OM), Tim17 (IM), and Mic27 (CS) were
analyzed in different fractions (Figure 3.4 A). In addition, the relative abundance of
Tom40, Tim17, Mic27, and Mco76-3xHA were calculated and plotted (Figure 3.4B).
Immunodecoration against Tom40 revealed that top fractions (fraction numbers 3 to
6) are composed of proteins of the OM. Proteins of the IM represented by Tim17 are
enriched at the bottom fraction (fraction numbers 17) and they are not present at top
fractions (fraction numbers 3 to 6). This indicates the successful separation of OM and
IM vesicles (Figure 3.4 B). Proteins in contact sites represented by Mic27 are enriched
at intermediate density fractions and the most bottom fractions (fraction numbers 10
to 15). They are also clearly distinguishable from IM proteins (fraction 17) (Figure 3.4
B). Mco76-3xHA is mainly present in the middle density fractions and the most bottom
fraction. Strikingly, this assay revealed that the distribution of Mco76-3xHA is similar
to the relative abundance of Mic27 (Figure 3.4 B). It indicates that Mco76-3xHA is
present at contact sites like Mic27, subunit of MICOS complex. Since Mco76 itself is

anchored in the IM these results suggest that it might interact with proteins of the OM.
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Figure 3.4 Mco76 is enriched in intermediate fractions.

A) Mitochondria of a Mco76-3xHA expressing strain were isolated, subjected to mitochondrial
fractionation. The sucrose gradient was fractionated, the proteins in the fractions were
subjected to TCA precipitation and analyzed by SDS-PAGE and immunoblotting using the
indicated antibodies.

B) The graph shows mean values of the distribution of Mco76-3xHA and the marker proteins
for the OM (Tom70), the IM (Tim17), CS (Mic27) of three independent experiments. To
calculate the relative abundance of each protein among the fractions, first, the highest
signal intensity of immunodecoration was determined for each protein. Then the signal
intensity of each fraction for each protein was divided by the highest signal intensity of
that specific protein. Error bars indicate standard deviation.
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3.3 Mco76 forms a high molecular weight complex

Fractionation of mitochondria revealed that Mco76 was present at contact sites
indicating it might form a high molecular weight protein complex like MICOS complex
. Formation of the Mco76 containing protein complex was analyzed by native gel
electrophoreses. Interestingly, BN-PAGE revealed that Mco76-3xHA is present in a
protein complex of approximately 440 kDa. However, a small yet reproducible fraction
is detectable at approximately 640 kDa (Figure 3.5 A). Since the composition of the
Mco76 containing protein complex is unknown, first, a homotypic interaction of Mco76
was tested. To this end, a yeast strain expressing a 3xHA-tagged and a 3xMyc-tagged
version of Mco76 simultaneously was generated. Isolated mitochondria of the
generated yeast strain was subjected to immunoprecipitation assay using anti-HA
agarose beads. Co-isolation of Mco76-3xMyc with Mco76-3xHA clearly shows that
Mco76 interacts in a homotypic manner (Figure 3.5 B). The finding that Mco76 interacts
with itself is interesting but the function of this homo-oligomer remains unclear so far.
Additionally, whether this homotypic interaction is responsible for its presence at CS is

still open.
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Figure 3.5 Mco76 forms a high molecular complex by homotypic
interaction.

A) Mitochondria isolated from wild type yeast cells and a yeast strain expressing Mco76-3xHA
were solubilized in a buffer containing 1% (w/v) digitonin. Cleared lysates were subjected
to BN-PAGE analysis. Mco76-3xHA containing complexes were detected by
immunoblotting with an anti-HA antibody.

B) Mitochondria of strains expressing Mco76-3xMyc in the presence of untagged or HA-tagged
Mco76 were isolated. Digitonin (1%, w/v) lysed mitochondria were subjected to
immunoprecipitation using anti HA affinity agarose. Bound proteins were eluted with SDS
sample buffer. Total lysate (T; 5%), unbound protein (UB; 5%), and bound protein (B;
100%) were analyzed by SDS-PAGE and immunodecoration using the indicated
antibodies. Asterisk indicates unspecific bands.
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3.4 Mco76 does not interact with Mic10 and Mic60

Presence of Mco67 in intermediate fractions suggests that it might interact with other
proteins that present in the intermediate fractions like subunits of MICOS complex such
as Micl0 and Mic60. To test this idea, immunoprecipitation of Mco76-3xHA was
performed. Therefore, crude isolated mitochondria of cells expressing Mco76-3xHA
was lysed by Digitonin 1%(W/V), and the lysate was subjected to immunopurification
using anti-HA agarose beads (Figure 3.5). Co-immunoprecipitations of Mic60 and
Mic10 with Mco76-3xHA were analyzed by immunodecoration against Mic10 and Mic60
in the elution fraction (Figure 3.6 A). Analysis of interactions of Mco76 with Mic60 and
Mic10 suggests that Mco76 does not interact with Mic10 and Mic60, indicating Mco76
is not a subunit of MICOS. However, it was still possible that interactions of Mco76 with
Mic10 and Mic60 were disturbed due to the presence of HA tag on the c-terminus of
Mco76.
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Figure 3.6 Mco76 does not interact with Mic10 and Mic60.

A)Mitochondria isolated from wild type yeast cells and a yeast strain expressing Mco76-3xHA
were solubilized in a buffer containing 1% (w/v) digitonin. Lysed mitochondria were
subjected to immunoprecipitation using anti HA affinity agarose. Bound proteins were
eluted with SDS sample buffer. Total lysate (T; 2.5%), unbound protein (UB; 2.5%), and
bound protein (B; 100%) were analyzed by SDS-PAGE and immunodecoration using the
indicated antibodies.

B)Immunoprecipitation of Mic10-3xHA and Mic60-3xHA. Analysis as in Figure 3.6 A)
Therefore, immunoprecipitation of Mic60-3xHA and Mic10-3xHA were performed to
investigate the co-precipitation of Mco76 with Mic60-3xHA and Mic60-3xHA. Crude
isolated mitochondria of cells expressing Mic60-3xHA or Mic60-3xHA were lysed by
Digitonin 1%(W/V), and lysate was subjected to immunopurification using anti HA-
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agarose beads. Immune decoration against Micl9, Micl10, and Mic60 of elution
fractions clearly showed that Mic60-3xHA and Mic60-3xHA were able to form
interactions with other subunits of MICOS complex. However, immunodecoration
against Mco76 of the elution fractions showed that Mco76 does not interact with
Mic60-3xHA and Mic60-3xHA. This clearly suggests that Mco76 is not the subunit of
the MICOS complex.

3.5 Mco76 interacts with additional proteins

Preceding results suggested that Mco76 forms a complex by homotypic interaction.
However, the presence of Mco76 in intermediate fractions implies its interaction with
OM proteins. Crosslinking experiments in intact mitochondria were performed to test
whether Mco76 interacts with other proteins than itself. Isolated mitochondria of
Mco76-3xHA expressing cells were subjected to cross-linker reagents, Di(N-
succinimidyl) glutarate (DSG), and m-maleimidobenzoyl-N-hydroxysuccinimide ester
(MBS). Chemical crosslinks containing Mco76 and unidentified proteins were analyzed

by SDS-PAGE and immunodecoration against HA tag (Figure 3.7).
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Figure 3.7 Mco76 interacts with several proteins.

Isolated mitochondria of a Mco76-3xHA expressing strain were exposed to DMSO only or the
chemical crosslinkers DSG and MBS at the indicated concentrations. The reaction was stopped
by the addition of an excess of glycine. Mitochondria were harvested and resuspended in the
SDS sample buffer. Samples were analyzed by SDS-PAGE and immunoblotting with an anti-
HA antibody. Arrows indicate to Mco76-3xHA containing crosslinks.

No Mco76 containing crosslinks were observable after incubation of mitochondria with
DSG. However, in the presence of MBS, Mco76-3xHA appeared in two crosslinked
species around 70 kD and 90 kD (Figure 3.7). These results indicated that Mco76

interacts with two proteins other than itself. Since Mco76 shows an apparent mass of
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about 60kDa the interaction partners should be approximately 15 kDa and 35 kDa in
size. Two abundant OM proteins with these approximate molecular masses are Porin
and Om14. The question of whether Mco76 forms a complex with Porin and OM14 will

be addressed in the following section.

3.6 Mco76 interacts with proteins of the OM, Om14 and Por1

The presence of Mco76 in intermediate fractions and interaction of Mco76 with small
proteins, around 15 and 35 KDa, led us to investigate Mco76 interaction with small and
abundant proteins of the OM. Om14 and Porl are candidates that meet these criteria.
To test this, co-immunoprecipitation of Om14-3xHA and Mco76 was performed.
Therefore, crude isolated mitochondria of cells expressing Om14-3xHA were lysed by
Digitonin 1%(W/V), and lysate were subjected to immunopurification using anti-HA
agarose beads. Strikingly, Mco76 was successfully co-precipitated with OM14-3xHA
(Figure 3.8 A). Evidently, the Mco76-Om14 complex forms a contact site between the
IM and the OM.

A B
?..
""fa\ ‘b&?_
'\N {\’
$ o & Q°
TUBB BUBT TUBB BUBT
- aHA -
_! aPor1
SR S=EmE=m )\co76 e
s = Por1 B e e oMco76
o — e aTom70 == == aOm45
_—— == == qTim23 —— == aMic10

IP: HA IP: HA

Figure 3.8 Mco76 forms a contact site by interacting with OM14 and
Por1.

A) Mitochondria of wild type yeast and the yeast strain expressing OM14-3xHA were isolated
and lysed in buffer containing 1% (w/v) digitonin. Lysed mitochondria were subjected to
immunoprecipitation using anti HA affinity agarose. Bound protein was eluted with SDS
sample buffer. Total lysate (T; 2.5%), unbound protein (UB; 2.5%), and bound protein
(B; 100%) were analyzed by SDS-PAGE and immunodecoration using the indicated
antibodies. Asterisk indicates unspecific bands.

B) Mitochondria of wild type yeast cells and a yeast strain expressing Porl-3xHA were
isolated and lysed in buffer containing 1% (w/v) digitonin. Lysed mitochondria were
subjected to immunoprecipitation using anti HA affinity agarose. Bound protein was
eluted with SDS sample buffer. Total lysate (T; 1%), unbound protein (UB; 1%), and
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bound protein (B; 100%) were analyzed by SDS-PAGE and immunodecoration using the
indicated antibodies. Asterisk indicates unspecific bands.

Lauffer et al. have shown that Porl, Omi14, and Om45 form a complex in the OM
(Lauffer et al., 2012). So, I asked the question whether Mco76 interacts with Porl. To
test this possibility a yeast strain expressing a 3xHA tagged version of Porl was
generated. Mitochondria were isolated from this strain, solubilized with Digitonin
1%(W/V), and subjected to immunopurification using anti-HA beads. Interestingly,
Mco76 was also co-immunoprecipitated with Porl (Figure 3.8 B). At last co-
immunoprecipitation of Om45-3xHA with Mco76 was analyzed since it has been shown
that Porl and Om24 interact with Om45 (not shown in this thesis). However, tagging
of Om45 with 3xHA led to degradation of Om45. Consequently, it was not possible to
immunoprecipitate Om45. In conclusion, a novel contacts site between IM and OM of
mitochondria composing of Mco76, Porl, Om45 and Om14 has been discovered in this

study.

3.7 The Mco76 containing contact site is independent of MICOS
complex

MICOS complex is essential for the formation of virtually all so far identified contact
sites between the IM and the OM (Bohnert et al., 2012; Darshi et al., 2011; Harner et
al., 2011; Modi et al., 2019; von der Malsburg et al., 2011; Xie et al., 2007; Zerbes et
al., 2012). Upon deletion of MIC60, the core subunit of MICOS complex, MICOS
complex dissociates, and CS which are formed by Mic60 are abolished. To investigate
the possibility that CS containing Mco76 is formed independent of CS mediated by
Mic60, I analyzed the interaction of Mco76 with Om14 in the absence of Mic60. To this
end, a yeast strain was generated that lacked Mic60 while it expresses Om14-3xHA.
Mitochondria from this strain were isolated, solubilized with digitonin and subjected to
immunopurification. Remarkably, Mco76 and Porl were co-immunoprecipitated with
Om14-3xHA independent of the presence of Mic60 (Figure 3.9). This indicates that
assembled MICOS is not necessary for forming of CS formed by Mco76, Porl, andOm14
complex. In conclusion, a novel contact site between the OM and the IM has been
identified, which is composed of Mco76, Porl, Om45, and Om14. Strikingly, the
formation of this CS is independent of the MICOS complex.
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Figure 3.9 Interaction of Mco76 with Om14 is independent of
Mic60 mediated contact sites.

Mitochondria of yeast strain WT, Om14-3xHA, and Amic60 Om14-3xHA strains were lysed
in buffer containing 1% (w/v) digitonin. Lysed mitochondria were subjected to
immunoprecipitation using anti-HA affinity agarose. Bound proteins were eluted with SDS
sample buffer. Total lysate (T; 1%), unbound protein (UB; 1%), and bound proteins (B;
100%) were analyzed by SDS-PAGE and immunodecoration using the indicated antibodies.
Asterisk indicates unspecific bands.

3.8 Overexpression but not deletion of MCO76 leads to defect in cell
growth.

The analysis of the topology of Mco76 and the identification of its biochemical
interactors revealed that Mco76 forms a CS between the IM and the OM. however, the
function of Mco76 is unknown so far. In order to gain initial information of Mco76
function, the effect of the deletion and the overexpression of MCO76 on cell growth
was analyzed by drop dilution assays. Hence, MCO76 was deleted by standard
methods. The drop dilution assay was performed on rich plates containing fermentable
or nonfermentable carbon sources to analyze the effect of depletion of Mco76.
Interestingly, yeast cells lacking Mco76 did not show any growth defect, neither on
fermentable nor on nonfermentable carbon sources, indicating that Mco76 is not

directly involved in essential functions of mitochondria (Figure 3.10).

An overexpression strain of MCO76 was generated by transforming the deletion strain
Amco76 with pYES2 plasmid bearing the MCO76 coding sequence under the control of
a Gall promoter. This allows the induction of gene expression through growth on

galactose containing medium whereas it is repressed through growth on glucose
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containing medium. Cell growth analysis of the MCO76 overexpression strain was
studied on synthetic medium containing glucose (SCD) or galactose (SCGal) in
compared to wild type cells and cells of an MCO76 deletion strain harboring the empty
plasmid. Surprisingly, drop dilution assay revealed that growth of MCO76
overexpression strain was impaired significantly in all tested temperatures (Figure
3.10). This indicates the high level of Mco76 in the mitochondria disturbs cell growth.

However, how overexpression of MCO76 affects the cell growth is not clear yet.

Amco76

Amco76
WT pYES2

Figure 3.10 Overexpression but not deletion of MCO76 leads to cell
growth defect.

pYES2 MCO76
WTpYES2[E

pYES2E
pYES2 MCO76

>
) &

SCGal-Ura

,
® 0
® @
(%)

Amco76 Amco76

Growth analysis of wild type, MCO76 deletion, and MCO76 overexpression strains by drop
dilution assay. Cells were grown On YPD media then the amount of cells corresponding to
ODesoo of 1 was harvested, washed, and resuspended in water. Cell suspensions were diluted
1:10 four times serially and spotted on indicated plates. To perform the drop dilution assay
on plates with synthetic media, cells were shifted to SCD media for dropping on agar plates
containing SCD and SCGal-Ura media for dropping on agar plates containing SCGal-Ura, 30
hours before harvesting.

3.9 Mitochondrial morphology and ultrastructure are altered in the
MCO76 overexpression strain.

Mic60, which forms CS between the OM and the IM, is critical for formation and
maintenance of mitochondrial ultrastructure (Rabl et al., 2009). Interestingly, deletion
and overexpression of MIC60 alters the structure of the IM (Rabl et al., 2009).
Interacting studies have shown that Mco76 forms a contact site between the IM and
the OM. Therefore, I tested whether deletion or overexpression of MCO76 alters

mitochondria morphology or ultrastructure. Visualization of mitochondria in the MCO76
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deletion and overexpression strains was achieved by using mtGFP. mtGFP is
transported into the mitochondrial matrix by the addition of the Sue9 mitochondrial
targeting sequence on its N-terminus. Fluorescence microscopy images of cells lacking
Mco76 clearly showed that deletion of MCO76 does not affect mitochondria morphology
(Figure 3.11 A). However, MCO76 overexpression leads to the formation of big
mitochondrial aggregates (Figure 3.11 A). Quantitative analysis revealed that about
60% of cells with an elevated level of Mco76 contained mitochondrial with abnormal
morphology (Figure 3.11 B). Since mitochondrial morphology and ultrastructure are
intimately linked, electron microscopy (EM) was used to study this level of
mitochondrial organization in cells lacking or overexpressing MCO76. Similar to
previous observation by fluorescent microscopy, no changes in the ultrastructure of
mitochondria have been observed in the deletion strain Amco76, cristae appeared
normal in mitochondria of the cells lacking Mco76 (Figure 3.11 C). Intriguingly, the
ultrastructure of mitochondria in cells overexpressing MCO76 was altered dramatically.
These cells harbored mitochondria that lacked cristae completely or had fewer number
of cristae compare to the wild type cells or cells of the deletion strain Amco76 (Figure
3.11 C). Furthermore, mitochondria appeared to be bigger in cells overexpressing
MCO76, and aggregates of mitochondria are observable too. Altogether, fluorescence
microscopy and electron microscopy results showed that both mitochondrial
morphology and ultrastructure are drastically affected by overexpression of MCO76
(Electron and fluorescence microscopy analysis were performed by Dr. Till Klecker and

coworkers, University of Bayreuth).
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Amco76 WT
pYES2 pYES2

Amco76
pYES2-MCO76

Figure 3.11 Mitochondrial ultrastructure is altered in the cells
overexpressing MCO76.

A)Overexpression of MCO76 disturbs the mitochondrial morphology. Mitochondria were
visualized using mitochondrially targeted GFP. Cells were grown to log phase in SCGal-
Ura and then examined by differential interference contrast and fluorescence microscopy.
Size bar, 5 um.

B)Quantification of the strains depicted in A. The average percentages of three independent
experiments with at least 100 cells per experiment are shown. Error bars indicate
standard deviation.

C)Effect of overexpression and deletion of MCO76 on mitochondrial ultrastructure. Electron
micrographs of mitochondria of wild type cells, cells overexpressing MCO76, or lacking
Mco76. Cells were fixed with glutaraldehyde and sections contrasted with OsO4. Size bar,

100 nm. Electron and fluorescence microscopy analyses were performed in collaboration
with Dr. Till Klecker.

3.10 Formation of mitochondrial protein complexes is affected by
overexpression of MCO76

Mitochondrial proteincomplexes such as MICOS and FiFo-ATP synthase play essential
roles in formation and maintenance of mitochondrial ultrastructure. So, changes in
mitochondria ultrastructure in the cells overexpressing MCO76 led us to test whether

the formation of mitochondrial protein complexes like FiFo-ATP synthase complex and

71



Results

MICOS are affected by overexpression of MCO76. To do so, Blue native page (BN-
PAGE) using isolated mitochondria of wild type cells, cells lacking Mco76, and cells

overexpressing MCO76 was performed (Figure 3.12 A).

A

é\b 6\6 6\:6
9
& & ¢ & ¢
pYES2-MCO76 - - + pYES2-MCO76 - - + pYES2-MCO76 - - +
]MICOS
Dimer Ml + V2
Monomer 640- Iz + IV
Fi 440-
240-
aMic26
/\Q‘.‘i a\@
((‘GO @60
& O
pYES2-MCO76 - - + - -+

aMco76 ======aMic10
= aMgm! S qMiC27 ————QCOX2 = s w POk
—ae— aDNM1 S gMic26 = aCorl

b e == OF701  — TOMA40 === qQcr6

aCyt1

——— AMICE0 SS— 0 TOmM20

Figure 3.12 Formation of mitochondrial protein complexes is
disturbed in the MCO76 overexpression strain.

A)Assembly state of mitochondrial protein complexes. Yeast cells were grown in SCGal-Ura

media. Isolated mitochondria (50ug or 150 pg) of the indicated strains were lysed in
buffer containing digitonin (3% w/v), and cleared lysates were subjected to BN-PAGE.
Assembly of FiFo ATP-synthase, respiratory chain supercomplexes, and the MICOS
complex were analyzed by immunoblotting using antibodies against Atp2, Cytl, and

Mic26.

B) Effect of overexpression and deletion of MCO76 on steady state levels of mitochondrial

proteins. Wild type yeast cells and yeast cells in which MCO76 was deleted or
overexpressed were grown to log phase in the synthetic media containing galactose.
Whole-cell extracts were prepared and samples were analyzed by SDS-PAGE, and
immunodecoration using the indicated antibodies.
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Immunoblotting revealed that FiFo-ATP synthase and MICOS complex are considerably
reduced in MCO76 overexpression strains, but respiratory super complexes were not
affected by MCO76 deletion or overexpression (Figure 3.12 A). These data are in line
with the altered mitochondrial ultrastructure which was observed by EM. In addition,
steady state levels of various mitochondrial proteins were analyzed in order to test
whether reduction in the assembly of MICOS and FiFo-ATP synthase complexes were
due to changes in steady state level mitochondrial proteins. Strikingly, it was found
that steady state level of MICOS subunits such as Mic60, Mic27, Mic10 is not affected
by deletion or overexpression of MCO76 (Figure 3.12 B). Additionally, overexpression
and deletion of MCO76 do not affect the steady level of proteins that are involved in

fusion and fission, such as Mgm1, Fzol, and Dnm1 (Figure 3.12 B).

3.11 MCO76 has negative genetic interaction with UPST and CRD]1.

Mco76 belongs to the UbiB protein family. Cog8 and Mcp2 are the other members of
this protein family in S. cerevisiae. Cog8 is required for the maintenance of CoQ levels,
and Mcp2 has been proposed to be involved in the mitochondrial phospholipid
hemostasis. For instance, it has been shown that deletion of MCP2 alleviates the growth
phenotype of cells lacking Ups1(Odendall et al., 2019; Poon et al., 2000; Tan et al.,
2013). Due to the similarity of Mcp2 and Mco76, genetic interactions of MCO76 with
genes of proteins that are involved in phospholipid metabolism of mitochondria were
studied. The MCO76 open reading frame has been deleted in different deletion mutant
backgrounds such as UPS1, CRD1, CLD1, TAZ1 GEP4, UPS2, MDM35, PSD1, and TAM41
in order to produce double mutant strains. Drop Dilution assay has been performed to
analyze the growth of all mutant strains. Strikingly, growth analysis of double deletion
strains revealed that deletion of MCO76 from cells lacking Upsl decreases the cell
growth dramatically in synthetic media in all tested temperatures (Figure 3.13). Such
growth defect phenotype has not been observed for the same double deletion strain in
rich media. Additionally, it has been observed that the deletion of MCO76 from mutant
strain Acrd1 affects cell growth. However, this phenotype was only observed at higher
temperatures (Figure 3.13). No further growth defects have been observed among the
other double deletion mutant strains generated. Growth analysis of double deletion
mutant Amco76Aups1 and Amco76Acrd1 clearly shows that Mco76 is important for the
function of mitochondria when Crd1 or Ups1 are depleted from the cells. This indicates

that Mco76 might be involved in phospholipid homoeostasis of mitochondria like Mcp2.
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Figure 3.13 MCO76 shows negative genetic interactions with UPS7
and CRD1.

Growth analysis of yeast single and double deletion mutants. Yeast wild type cells, cells of
the indicated single deletion mutants, and respective double deletion mutants were grown
overnight on YPD at 30°C. Cells were shifted to the synthetic media containing glucose and
cultured for a further 30h while keeping them at the logarithmic phase. Cells were harvested
at the logarithmic phase and the growth was analyzed by drop dilution assay.

3.12 Conserved residue, Glutamic acid 330, in the predicted kinase
domain of Mco76 is crucial for the function of Mco76.

Bioinformatics analysis of the UbiB protein family revealed an ATPase like domain
(ADCK-like) (AA 230-AA590) (Leonard et al., 1998). Members of the UbiB protein
family retain some conserved domains of the PKL super family, such as PKL II, IV, and
V. However, the UbiB protein family contains some unique features that distinguish
them from the other PKLs. However, structural analysis of Coq8 and ADCK3 by Stefely
et al. showed that Cog8 and ADCK?2 do not retain kinase activity (Stefely et al., 2015).

Previous studies showed that three conserved residues of Mcp2 K210, D222, and E256
are vital for its function(Odendall et al., 2019). Protein sequence alignment of Mcp2
and Mco76 reveals the three corresponding residues in Mco76 are K275, D288, and
E330. These residues are present in the conserved motives of the ADCK-like (ATPase)

domain. In addition, these three residues are highly conserved in this protein family
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throughout evolution (Figure 3.14 A). Therefore residues, K275, D288, and E330 were
mutated to alanine to test whether they are essential for the function of Mco76. To
assess the importance of these residues for the function of Mco76, I analyzed the ability
of mutated versions of Mco76 to the restore growth defect of double deletion strain
Amco76Aupsl. To this end, cells lacking both Mco76 and Ups1 were transformed with
plasmids expressing wild type Mco76, Mco76 K275A, Mco76 D288A, and Mco76 E330A
under its endogenous promoter to have the protein expression close to wild type
proteins levels.
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Figure 3.14 Glutamic acid 330, a conserved residue in the annotated
kinase domain of Mco76 is crucial for its function.

A)Mco76 protein of S. cerevisiae was used as a query to search the available databases for
homologs. The alignment shows a fragment of Mco76 and its homologs in different
species. Mutated residues are squared and in red color.

B) Expression of wild type and mutant MCO76 were analyzed by immunoblotting against
Mco76.

C) Growth analysis of double deletion mutant Amco76Aupsl expressing Mco76 and its
mutated version. Asterisk indicates unspecific bands.
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Since the insertion of point mutations in MCO76 could lead to reduced protein
expression or stability, the steady state levels of Mco76 in the various strains were
analyzed. Therefore, crude mitochondria were isolated from cells expressing wild type
and mutant versions of Mco76 and subjected to SDS-PAGE and immunoblotting. These
analyses revealed that the steady state level of Mco76 D288A, as well as Mco76 K275A,
were drastically below the level of the wild type protein (Figure 3.14 B). This indicates
that residues D288 and K275 are essential for the stability of Mco76 in mitochondria.
However, Mco76 E330A was present at similar levels as of the endogenous Mco76
allowing the desired functional comparison (Figure 3.14 B). Functional analysis of
mutated versions of Mco76 has been achieved by testing the ability of mutated Mco76
in rescuing growth defect of double deletion Amco76Aups1 strain. Expression of wild
type MCO76 in double deletion mutant Amco76Aups1 is able to restore the growth
defect of double deletion Amco76Aups1 strain (Figure 3.14 C). However, Mco76 D330A
does not restore the growth defect indicating the importance of this residue for the
function of Mco76 (Figure 3.14 C).

3.13 Depletion of Ups1 and Mco76 leads to disturbed mitochondrial
function.

Negative genetic interactions of MCO76 with UPS1 and CRD1 led us to test whether
mitochondrial functions of double deletion mutant Amco76Aups1 are disturbed. It has
been previously reported that defects in mitochondrial function can cause accumulation
of Mdjl precursor in the cytosol. Besides, it has been observed that the ratio of s-
Mgm1l to I-Mgm1l isoforms is changed upon disruption of mitochondrial function
(Osman et al., 2009; Sesaki et al., 2006). For instance, deletion of PSD1 or CRD1 leads
to a change in the ratio of s-Mgm1 to I-Mgm1 isoforms by a dramatic reduction of PE
and CL, respectively (Sesaki et al., 2006). Therefore, analysis of the proteins can reveal
initial information on the shape of mitochondria. Thus, the accumulation of precursor
of Mdjl and ratio of s-Mgm1 to I-Mgm1 isoforms were analyzed by SDS-PAGE and
Immunoblotting in wild type, Amco76, Aupsl, and Amco76Aupsl «cells.
Immunodecoration by specific antibodies against Mdjl demonstrated that Mdjl
precursor accumulates in Aups1 cells (Figure 3.15 A). Remarkably, the accumulation
of Mdj1 precursor elevated significantly in Amco76Aups1 cells. It was shown previously
that deletion of UPS1 leads to a reduction in the ratio of Mgm1 short to long isoforms
when cells are grown in fermenting media(Sesaki et al., 2006). I also observed that
the ratio of Mgm1 short to long isoforms was decreased in Aups1 cells. Strikingly, the

reduction of Mgm1l short to long isoforms ratio is enhanced dramatically in
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Amco76Aups1i cells (Figure 3.15 B). These results indicate that mitochondrial function

has been compromised in the double deletion Amco76Aups1 strain.
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Figure 3.15 Deletion of MCO76 aggravates the ratio of s-Mgm1 to
I-Mgm1 isoforms and accumulation of precursor of Mdj1.

A)Changes in accumulation of Mdjl precursor are demonstrated as the ratio of the signal of
precursor to the total signal of mature and precursor of Mdjl (m/m+p). Whole cell lysate
was prepared from wild type cells and different mutant strains grown on SCD media. Cells
were harvested in their logarithmic growth phase. Immunodecoration was performed by
a specific antibody against Mdjl. Signal intensities were normalized to intensities of Pgk1l
signal in wild type cells. P. precursor, M. Mature.

B) Proteolytic processing of Mgm1 is demonstrated as the ratio of short form to long isoforms
of Mgm1. Immunodecoration was performed by specific antibody against Mgm1. Signal
intensities are normalized to the signal intensity of Pgkl in wild type cells. The signal
intensity of the short isoform of Mgm1 was divided by the signal intensity of the long
isoform of Mgm1l. Error bars indicate the standard deviation of three independent
experiments. Whole cell lysate was prepared similar to A.

3.14 Cells lacking Mco76 and Ups1 show altered mitochondria
morphology.

Mitochondrial morphology is an intricate network regulated by fusion and fission
machinery. It has been reported previously that deletion of UPS1 leads to altered
mitochondrial morphology (Osman et al., 2009; Sesaki et al., 2006). Based on the
growth analysis of double deletion mutant Amco76Aups1 and the altered ratio of s-
Mgm1 to I-Mgm1 isoforms, I hypothesized that the deletion of MCO76 from cells lacking
Ups1 affects the mitochondria morphology. To test this hypothesis, the morphology of
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mitochondria in double deletion Amco76Aupsl cells was studied by fluorescence
microscopy. Mitochondria were visualized by mKate2 fused to Su9(1-69), the
mitochondrial presequence of subunit 9 of the FiFo-ATPase of Neurospora Crassa,
under control of PGK1 promoter. Analysis of mitochondrial morphology by fluorescence
microscopy revealed that wild type and Amco76 show a tubular network of
mitochondria in approximately 90% of cells (Figure 3.16). Previously, Sesaki et al.
showed that deletion of UPS1 decreases the number of cells having a tubular
mitochondrial network (Sesaki et al., 2006). Consistently, I also observed that deletion
of UPS1 increases the percentage of cells harboring non-tubular network of
mitochondria up to 42%. Interestingly, disruption of mitochondria morphology was
enhanced when MCO76 was deleted from cells lacking Upsl. 95% cells of double
deletion mutant harbored non-tubular network of mitochondria (Figure 3.16). This
result evidently supports the idea that Mco76 affects the mitochondria morphology

while Upsl1 is absent in the cell.
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Figure 3.16 Deletion of MCO76 affects mitochondrial morphology
when Ups1 is depleted.

A)Mitochondria were visualized using mitochondria-targeted mKate (Su9-mKAte). Cells were
growing YPD and then shifted to synthetic media containing glucose. Cells were harvested
in their logarithmic growth phase and immobilized on slides covered with ConA.
Fluorescence images of cells expressing Sue9-mKate of the indicated strains. Scale bar
4u.

B)Quantification of the strains depicted in A. The percentages of non-tubular mitochondria
were counted from 100 cells for each strain.
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3.15 Deletion of MCPZ2 restores growth defect of double deletion
mutant Amco76 Aups].

Since Mcp2 and Mco76 belong to the UbiB protein family and in order to gain a better
insight of functions of Mco76, genetic interaction of MCO76 with MCP2 was tested by
growth analysis. Drop dilution assay revealed that deletion of MCO76 and MCP2
simultaneously does not affect cell growth. This indicates that MCO76 does not have

negative synthetic genetic interaction with MCP2 (Figure 3.17 A).

A
24°C 30°C 37°C

24°C 30°C

WT
Amco76
Amcp2
Amco76Amcp?2
WT
Amco76
Amcp2
Amco76Amcp2

SCD

Amco76Aupst
Amco76Aups1id
Amco76Amcp2 &
Amco76Aups1Amcp2 g
Amco76Aups1Amep2 &

SCD

Figure 3.17 Deletion of MCP2 restores the phenotypes of the double
deletion mutant Amco76Aups].

A)Growth analysis of Amco76Amcp2 double deletion mutant. Wild-type (WT), Amco76,
Amcp2, and Amo76Amcp2 cells were grown to logarithmic phase and spotted on either
YPD or YPG plates in a 1:10 dilution series.

B) Growth analysis of Amco76AupsiAmcp?2 triple deletion mutant. Yeast wild type cells and
cells of the indicated mutants were grown overnight on YPD. The cells were shifted to
synthetic media containing glucose and cultured for a further 30h. cells were grown to
logarithmic phase and spotted on either YPD or YPG plates in a 1:10 dilution series.
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However, it has been reported that deletion of MCP2 restores the growth phenotype of
cells lacking Upsl at high temperatures and in nonfermentable carbon sources
(Odendall et al., 2019). So, it was tested whether deletion of MCP2 from cells lacking
Ups1 has any effect on cell growth in fermentable carbon sources. Cells were harvested
in their logarithmic phase and serial dilution of cells were spotted on SCD plates.
Growth analysis of double deletion mutant Aups1Amcp2 demonstrates that deletion of

MCP2 in cells lacking Ups1 does not affect cell growth (Figure 3.17 B).

Next, I tested whether deletion of MCP2 in double deletion strain Amco76Aups1 affects
the cell growth. To do so, the growth of triple-deletion Aups1Amco76Amcp2 strain was
analyzed by drop dilution assay. Double deletion strain Amco76Aups1 showed a drastic
growth defect, as it was shown before. Interestingly, the deletion of MCP2 from double-
deletion strain Amco76Aups1 restores its growth defects (Figure 3.17 B). Evidently,
MCP2 and MCO76 have a genetic interaction when cell lack Ups1.

To test whether the rescuing of the growth defect in triple deletion mutant is due to
restoration of mitochondrial function, I analyzed the accumulation of Mdjl precursor
and ratio of s-Mgm1 to I-Mgm1 isoforms in triple deletion mutant (Figure 3.18 A).
Immunodecoration against Mdjl showed that accumulation of Mdjl precursor in the
triple deletion strain is restored significantly (Figure 3.18 A). It implies mitochondria
in triple deletion strain can import Mdjl precursor more efficiently in comparison to
mitochondria of double deletion mutant Amco76Aups1. Additionally, the ratio of Mgm1
short to long isoforms of Mgm1 is retrieved back to its ratio in single deletion mutant
Aups1 (Figure 3.18 B). It indicates that the deletion of MCP2 from double-deletion

mutant Amco76Aups1 helps mitochondria retain their function.
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Figure 3.18 Deletion of MCP2 reduces the accumulation of Mdj1
precursor and restores ratio of s-Mgm1 to I-Mgm1 isoforms.

A)Changes in accumulation of Mdjl precursor are demonstrated as the ratio of the signal of
precursor to the total signal of mature and precursor of Mdjl (m/m+p). Cell lysate
prepared according to the (Fig 3.13 A). Immunodecoration was performed by a specific
antibody against Mdjl. Signal intensities were normalized to intensities of Pgkl signal in
wild type cells. P. precursor, M. Mature.

B) Proteolytic processing of Mgm1 is demonstrated as the ratio of short to long isoform of
Mgm1. Immunodecoration was performed by a specific antibody against Mgm1. Signal
intensities are normalized to the signal intensity of Pgkl in wild type cells. Error bars
indicate the standard deviation of three independent experiments.

3.16 Phosphatidic acid is reduced in mitochondria lacking Mco76.

Both CRD1 and UPS1 genes are involved in the synthesis of CL, and deletion of CRD1
or UPS1 alters the phospholipid composition of mitochondria (Chang et al., 1998;
Tamura et al., 2009). In addition, the genetic interaction of MCO76 with UPS1 and
CRD1 led us to ask whether mitochondrial phospholipid composition of double deletion
strain Amco76Aups1 has been altered. This could provide a potential hint that MCO76
plays a role in mitochondrial phospholipid homeostasis. To address this question,
phospholipid species of enriched mitochondrial fraction were quantified by mass
spectrometry. To this end, crude isolated mitochondria from cells growing on SCG
media were purified by sucrose density gradient to omit the other cellular organelles

such as the nucleus, vacuole and, ER from mitochondrial fraction. The purity of
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mitochondrial fractions from different mutant strains was tested by representative
proteins of vacuolar and ER membranes. Immunodecoration against Vam3, vacuolar
protein, showed that mitochondrial fraction was almost depleted from the membranes

of the vacuole (Figure 3.19 A).
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Figure 3.19 PA accumulation is impaired in mitochondrial fraction
of cells lacking Mco76.

A)Purity of mitochondrial fractions were analyzed by crud mitochondrial fraction to pure
mitochondrial fraction. Mitochondrial fraction was obtained from cells of different strains
by succories gradient purification. Immunodecoration was achieved by using specific
antibodies against Vam3, Sec6l, and Tom40. C. crude mitochondria, P. pure
mitochondria.

B)Lipids were extracted from mitochondrial fractions of wild type cells and different mutants
then analyzed by mass spectrometry. The level of each phospholipid species is shown as
a % of total PL in each strain. Bars indicate standard deviation from four independent
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experiments (n=4). PC, phosphatidylcholine, PE, phosphatidylethanolamine, PS,
Phosphatidylserine, PI, phosphatidylinositol, CL, cardiolipin, PG, phosphatidylglycerol, PA,
phosphatidic acid, MLCL, monolysocardiolipin, Diacylglcerol (DAG), Threeacylglycerol
(TAG).

However, mitochondrial fractions still contain a considerable amount of ER membranes
as immunodecoration of Sec61, protein of ER, showed (Figure 3.19 B). Phospholipid
species were extracted and quantified according to the material and methods
(phospholipid extraction and mass spectrometry analysis were performed by Prof. Dr.
Britta Brigger and coworkers, University of Heidelberg). Reduction of CL and PA were
observed in deletion strain Aupsl as different groups have previously reported
it (Connerth etal., 2012; Osman et al., 2009; Sesaki et al., 2006; Tamura et al., 2009;
Tamura et al., 2012). Deletion of MCO76 does not significantly affect the relative
phospholipid amount of CL, PG, PE, PI, PC, PA, and MLCL (Figure 3.19 B). However,
PA has been reduced 20% in cells lacking Mco76 compared to wild type cells indicating
deletion of MCO76 affects the accumulation of PA independent of UPS1 in mitochondria.
Strikingly, Quantification of phospholipids by mass spectrometry showed no significant
changes in the phospholipid composition of mitochondria in double deletion mutant
Amco76Aups1 compared to the deletion strains Aups1 or Amco76. Of note, I did not
detect a significant change in Diacylglycerol/phospholipid (DAG/PL) ratio and
Triacylglycerol/phospholipid (TAG/PL) ratio (Figure 3.19 B).
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4. Discussion

At the center of this study is an important question: What is the molecular function of
the mitochondrial protein Mco76? To address this complex question, it was necessary
to identify the genetic and physical interactions of Mco76. In this dissertation, a
comprehensive study including biochemical, cell biological, and biophysical analyses

have been performed to identify the physical and genetic interaction of MCO76.

Mco76 belongs to UbiB Kinase like proteins present in archaea, bacteria, and
eukaryotes. The UbiB protein family belongs to the protein kinase like super family
(PKL) (Leonard et al., 1998). However, there is no evidence showing Coqg8, Mcp2, or
Mco76 have any kinase activity. Cog8 is the best studied member of the UbiB protein
family in S. cerevisiae. It has been shown that Cog8 is necessary for the biosynthesis
of CoQ in S. cerevisiae (Bousquet et al., 1991; Poon et al., 2000). Additionally, It has
been proposed that Mcp2 is involved in the phospholipid homeostasis of mitochondria
and has genetic interaction with Upsl (Odendall et al., 2019; Tan et al., 2013).
However, the exact molecular functions of Cog8, Mcp2, and Mco76 are not known so

far. In particular, regarding Mco76, our knowledge is minimal.

4.1 Mco76 forms a contact site between the outer and inner
mitochondrial membranes.

The open reading frame (ORF) of YPL109c encodes for a protein that has been
identified in high throughput studies as a mitochondrial protein (Morgenstern et al.,
2017; Sickmann et al., 2003). The Ypl109c protein has been predicted to exhibit a size
of 76 kD. Therefore, it has been named Mco76, which stands for Mitochondrial class
one protein of 76kD. Recently, Kemmerer et al. have provided evidence that Mco76 is
essential for the distribution of CoQ in the cell. They showed that the deletion of CQD1
(MCO76) increases the resistance of cells to oxidative stress. So, they concluded that
deletion of CQD1 (MCO76) elevates the extra mitochondrial CoQ level. Therefore, it
confers resistance to oxidative stress (Kemmerer et al., 2021). In addition, they
provided evidence that the deletion of MCO76 reduces the mitochondrial level of CoQ,
indicating the role of MCO76 in the CoQ biosynthesis and trafficking.

The first step to elucidate the function of Mco76 was to determine its topology in
mitochondria. This study showed that Mco76 localizes to the IM while its C-terminus

is present in the IMS (Figure 3.2). In silico, analysis of the amino acid sequence of
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Mco76 showed that there are two hydrophobic regions in it (AA123-137 and AA574-
582). To determine the correct topology of Mco76 in mitochondria, it is necessary to
find out whether Mcoo76 spans the IM once or twice. Only the hydrophobic region close
to the N-terminus of Mco76 is long enough (14 AA) to span the membrane (Figure
3.1). Hence, it is inferred that Mco76 spans the IM once by its hydrophobic region
(AA123-137). Furthermore, mitochondria fractionation assay of cells expressing
Mco76-3xHA supports the proposed topology for Mco76. My results are in line with the
previous results showing Mcp2 and Cog8 are present in the IM. However, to analyze
the precise localization of the N-terminus of Mco76, an N-terminally tagged version of
Mco76 would be necessary. According to my experiments (not shown in this thesis),
all N-terminally tagged versions of Mco76 generated were unstable, and my attempts
failed to detect it by immunodecoration. This indicates that the N-terminus of Mco76

might have a critical role in its stability.

Mco76 behaves similar to subunits of MICOS complex in the fractionation assay (Figure
3.4). The presence of Mco76 in the intermediate density fractions indicates that it
interacts with proteins present in the OM or Mco76, itself interacts peripherally with
the OM. However, in this study, it was shown that Mco76 interacts with proteins of the
OM. Therefore, it was concluded that interactions of Mco76 with proteins of the OM is

the main reason for its presence in intermediate density fractions.

In addition, it has been shown that Mco76 forms protein complexes around 120 KDa,
440 KDa, and 640 KDa (Figure 3.5). Co-precipitation of Mco76-3xMyc with Mco76-
3xHA showed that Mco76 can form homotypic interaction (Figure 3.5). Hence, these
complexes are probably formed by the self-interaction of Mco76. Whether the
homotypic interaction of Mco76 is essential for the function of Mco76 is not known so
far, and would require further investigation. In order to get further hints for the
molecular function of Mco76, I concentrated on the identification of the OM interaction

partners.

The presence of Mco76 in fractions of intermediate density led us to speculate that the
interacting partners of Mco76 are possibly located in the OM. Two highly abundant
proteins meet these criteria, Om14 and Porl. Strikingly, the co-immunoprecipitation
assay showed that Mco76 physically interacts with Om14 and Porl (Figure 3.8). For
the first time, a novel contact site between the IM and the OM was discovered in this
study (Figure 3.8). Interestingly, the interactions of Porl and Om14 with Mco76 were
observed only when Porl-3xHA was immunoprecipitated (Figure 3.6).
Immunoprecipitation of Mco76-3xHA did not lead to co-precipitation of Porl. The

stoichiometry of Mco76 with Porl and Om14 might explain this phenomenon. This is
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plausible when several molecules of Mco76 (homo-oligomers of Mco76) interact with
only one molecule of Porl. The other explanation could be that Porl was not co-
precipitated with Mco76-3xHA because the HA epitope disturbed this interaction. It is
not unusual that tags interfere with protein-protein interactions. Importantly, Mco76-
3xHA was clearly present in fractions of intermediate density, indicating that the
tagged protein can still interact with its partners in the OM. The prime reason for this
discrepancy might be the different conditions between the fractionation assay and the
immunoprecipitation assay. Three HA tags in combination with conditions applied for
immunoprecipitation, particularly detergent solubilization, might lead to loss of
physical interaction in immunoprecipitation assays. However, no detergent was used
in the fractionation assay. This could preserve the physical interactions of Mco76 in
this assay. Apart from this minor inconsistency, my results strongly suggest that the
presence of Mco76 in intermediate fractions is due to its interactions with Om14 and
Porl.

In the last decade, several contact sites have been identified between the IM and the
OM. The most prominent contact sites are formed by Mic60, which interacts with
various OM proteins and complexes such as the TOB/SAM complex(Bohnert et al.,
2012; Darshi et al., 2011; Harner et al., 2011), and the TOM complex (von der
Malsburg et al., 2011). Since Mco76 is present in fractions of intermediate density like
subunits of the MICOS complex, I hypothesized that the interaction of Mco76 is
dependent on the presence of the MICOS. To test this idea, I analyzed the interaction
of Om14 with Mco76 in the absence of Mic60 (and consequently disassociated MICOS)
(Figure 3.6). Contrary to my initial hypothesis, my results showed that deletion of
MIC60 does not disturb the interaction of Mco76 with Om14. This means that the
interaction of Mco76 with Om14 is independent of MICOS complex formation.
Therefore, it was concluded that the novel contact site composed of Mco76, Porl,

Om14 forms independent of the MICOS complex.

Proteins forming contact sites between the IM and the OM such as Mgm1 and Mic60
play essential roles in mitochondrial form and functions. Since Mco76 is a contact site
forming protein, it was investigated if Mco76 affects the formation or maintenance of
the ultrastructure of mitochondria. Depleting Mco76 did not affect mitochondria
morphology and the formation of protein complexes which are essential for the
formation and maintenance of the mitochondria ultrastructure. This indicates that
Mco76 is not essential for maintaining and formation of mitochondrial ultrastructure
(Figure 3.10, Figure 3.11). In contrast, electron microscopy analysis of cells
overexpressing MCO76 showed that the ultrastructure of mitochondria is severely

altered (Figure 3.11). In addition, evidence was obtained that overexpression of
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MCO76 affects the mitochondrial morphology. In line with this result, it was observed
that the formation or stability of the MICOS complex and FiFo ATP-synthase were
significantly affected when MCO76 was overexpressed (Figure 3.12). These results
suggest that alteration of mitochondrial ultrastructure might be due to disruption of
the MICOS complex and FiFo ATP-synthase. More precisely, it was shown that defined

levels of Mco76 are essential for mitochondrial architecture and morphology.

My co-immunoprecipitation assays suggest that Mco76 is not a subunit of the MICOS
complex (Figure 3.6). In addition, no changes were observed in the steady state level
of the MICOS subunits upon overexpression of MCO76. Therefore, I conclude that
disruption of the MICOS complex and FiFo ATP-synthase are a secondary effect of
overexpression of MCO76. How overexpression of MCO76 leads to this phenotype is
not clear. However, there are some indications that Mco76 is involved in lipid
metabolism (Chapter 4.2). Therefore, I speculate that massive overexpression of
MCO76 leads to significant changes in the phospholipid composition of the IM. In
consequence, the lipid environment for the formation of the MICOS complex and the
ATP synthase is disturbed, and consequently, this leads to the alteration of

mitochondrial ultrastructure.

Taken together, a Novel contact site between the IM and the OM was discovered in
this study. Porl, OM14, Om45 from the OM, and Mco76 integrated into the IM, form a
protein complex to shape this contact site. Strikingly, it has been reported that poring
proteins are involved in the phospholipid metabolism of mitochondria (Miyata et al.,
2018). So this data opens the possibility that the identified CS composing of Mco76,
Porl, Om14, and Om45 is also involved in lipid metabolism. Therefore, the role of

MCO76 in lipid metabolism was investigated more in detail.

4.2 Mco76 and lipid homeostasis of mitochondria.

Genetic interactions of MCO76 were investigated to unravel the function of the contact
site composed of Mco76, Porl, Om45, and Om14 in mitochondria. Growth analysis of
double deletion mutants showed that deletion of MCO76 simultaneously with UPS1 or
CRD1 reduces the growth of double deletion mutants (Figure 3.13). This was
concomitant with the impairment of mitochondrial morphology, the accumulation of
Mdj1 precursor, and the changes in the ratio of s-Mgm1 to I-Mgm1 isoforms. Based on
the genetic interactions of MCO76, I hypothesized that the function of Mco76 is related
to phospholipid homeostasis. Observed phenotypes of AupsiAcells are common
phenotypes in deletion strains in which biosynthesis of CL and PE are disturbed. For
instance, It has been shown that deletion of genes such as CRD1, PSD1, and UPS1
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leads to accumulation of Mdjl precursor and changes in the ratio of s-Mgm1 to I-Mgm1
isoforms (Osman et al., 2009; Sesaki et al., 2006; Tamura et al., 2009). In addition,
it has been suggested that Porl which is also present with Mco76 in the newly identified
contact site is involved in the biogenesis of CL (Miyata et al., 2018). These results

support the hypothesis that MCO76 is involved in the lipid homeostasis of mitochondria.

Since it has been shown that simultaneous reduction of PE and CL in the cells affects
cell growth, I hypothesized that deletion of MCO76 might reduce the levels of CL or PE
(Gohil et al., 2005). We measured the relative abundance of phospholipids using mass
spectrometry to test this hypothesis. Mass spectrometry is a powerful technique to
measure phospholipids quantitatively. The results of this analysis did not support my
initial hypothesis since no statistically significant changes in PE levels of mitochondria
of Amco76Aups1 cells were observed. However, surprisingly, the level of PA was
reduced by 20% in Amco76 mutant strain compared to wild type. For the first time,
we showed that the deletion of MCO76 leads to reducing the PA level in the
mitochondria. This result strengthens the hypothesis that Mco76 plays a role in
mitochondria lipid homeostasis. The reduction of PA in the Amco76 deletion mutant
could indicate that Mco76 plays a role in the phosphorylation of DAG and the synthesis
of PA in mitochondria. Assuming this role for Mco76, it would be expected that the
level of DAG is elevated in the mitochondria of Amco76 cells. However, no changes

were observed in the relative abundance of DAG in the Amco76 single deletion mutant.

Although no significant changes in the phospholipid composition of the double deletion
mutant were observed, I cannot rule out that the contamination of ER membranes in
the enriched mitochondrial fraction led to this observation. ER membrane has a very
different phospholipid compositing than mitochondria, so the ER membrane's
contamination in the samples can mask the slight difference of relative phospholipid
amounts among different samples. Besides, this might explain the relatively high
standard deviation in the quantitative phospholipid analyses that preventing us from

detecting statistically significant differences among the samples.

The double deletion mutants of MCO76 with UPS1 or CRD1 grow slower on fermentable
carbon sources implying that mitochondria’s loss of respiration capacity is not the
primary reason for the slow growth of double deletion mutants. However, elevated
accumulation of precursor of Mdjl in the Aups1Amco76 cells indicates that the import
of mitochondrial proteins is compromised. Therefore, I conjectured that the
mitochondrial membrane potential (Aw) which is necessary for the protein import is
reduced in double deletion mutants. This is in line with previous reports that the

deletion of UPS1 leads to reducing the membrane potential and the protein import.
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Therefore, I conclude that the additional reduction of membrane potential (Ay) and
the impaired protein import in AupsiAmco76 cells lead to the observed growth
phenotype. However, more detailed studies are necessary to elucidate how deletion of
MCO76 from cells lacking Upsl might reduce mitochondrial membrane potential. I
speculate that the deletion of MCO76 and UPS1 simultaneously affects the
mitochondrial membranes’ integrity to an extend that disturbs vital mitochondrial
functions such as protein imports. Interestingly, Kemmerer et al. recently proposed
that Cqd1 (Mco76) and Cqd2 (Mcp2) regulate the level of CoQ in the IM (Kemmerer et
al., 2021). Besides, they provided evidence that the level of CoQ in the IM is reduced
when CQD1 (MCO76) is deleted from the cells. Therefore, it is tempting to speculate
that due to the CoQ reduction in the IM, protein complexes of the mitochondrial
electron transport chain cannot produce gradient proton across the IM. Hence, the

membrane potential is additionally reduced in the cell cells lacking Ups1l and Mco76.

In this study, it was observed that MCP2 has genetic interaction with MCO76 while
UPS1 is deleted (Figure 3.17). It suggests that MCP2 and MCO76 function in opposing
manners in mitochondria. In line with this, it was shown that deletion of MCP2 from
Amco76Aups1 cells recovers the changes in the ratio of s-Mgm1 to I-Mgm1 isoforms
and the accumulation of precursor of Mdjl (Figure 3.17). These results are consistent
with the reports showed that extra mitochondrial CoQ levels are elevated
when MCO76 is deleted (Kemmerer et al., 2021). On contrary they observed that the
level of extra mitochondrial CoQ is reduced upon deletion of MCP2. Considering all
these observations, it is tempting to conclude that a concerted equilibrium between
Mcp2 and Mco76 is essential in cells. Disruption of mitochondria morphology and
ultrastructure, which is observed upon overexpression of MCO76, might occur due to
the changes in equilibrium of MCO76 and MCP2.

Here, biochemical study of Mco76 strengthens the idea that the ADCK-like (ATPase)
domain of Mco76 is essential for its function. This study revealed that the E330 amino
acid residue of Mco76, which is present in the ADCK-like domain (ATPase) of Mco76
and homologs residue of Glu256 in Mcp2, is necessary for restoring the growth defect
of Amco76Aupsl double deletion strain (Figure 3.14). This is consistent with the
observation that three amino acids (Lys210, Asp223, and Glu256) of Mcp2 are crucial
for its function (Odendall et al., 2019). Cog8, Mcp2, and Mco76 belong to the PKL super
family, and it has been predicted that they possess ADCK-like (ATPase) domain. It has
been shown previously that introducing mutations in ADCK-like (ATPase) domain of
Cog8 and Mcp2 disturb their function. However, there is no evidence showing kinase
activity of members of the UbiB protein family in S. cerevisiae. Glu330 of Mco76 is a

highly conserved residue from yeast to humans and is present in ADCK2, the closest
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homolog of Mco76 in humans (Figure 3.14). This also indicates the importance of this

residue for the function of Mco76.

4.3 Model

Based on data available in literature and evidence provided in this study, I propose a
model of function for the Mco76 forming a novel contact site composed of Porl, Om14,
and Om15. Mco76, with the help of its interacting partners, facilitates the transport of
lipids between the IM and the OM (Figure 4.1). Mco76 is most likely involved in the
transport of lipids from the OM to the IM. Kemmerer et al. has shown that deletion of
CQD1 (MCO76) increases the level of extra mitochondrial CoQ while its deletion
reduces the level of mitochondrial CoQ (Kemmerer et al., 2021). Therefore, it is
tempting to conclude that Mco76 is involved in transporting extra mitochondrial CoQ
from the OM to the IM. Concrete evidence provided by Kemmerer et al. implicating
that Mco76 involved in the transport of CoQ. However, the genetic interactions of
MCO76 and MCP2 with genes that are involved in the phospholipid metabolism indicate
that Mco76 and Mcp2 influence lipid transport and homeostasis more broadly (Odendall
et al., 2019).

Two scenarios are possible for the function Mco76. First possible scenario is that Mco76
extracts its cargo alone from the OM. Then it transfers the cargo from the OM to the
IM. In the first scenario, Porl, Om14, and Om45 interact with Mco76, and they provide
an anchor solely for Mco76 to facilitate the extraction of the cargo from the OM by
Mco76. The second scenario is that Porl, Om14, and Om45 extract the cargo from the
OM and hand it over to the Mco76 and then Mco76 transfers it to the IM. Although
there is no structural data available for Mco76, due to its similarity with Cog8 it is
tempting to speculate that Mco76 extracts the phospholipid from the lipid membranes
by hydrolyzing ATP like Cog8 (Reidenbach et al., 2018; Stefely et al., 2015). If Mco76
mechanistically functions similar to Coq8, it is possible that Mco76 extracts its cargo
(possibly CoQ and phospholipid) without the help of Porl, Om14, and Om45.

Although no interacting protein has been reported for Mcp2, due to similarities between
Mcp2 and Mco76, Mcp2 might form a contact site between the IM and the OM.
Regarding evidence provided by Kemmerer et al., it is possible that Mcp2 functions in
a similar mode, Like Mco76, but transporting lipids in the opposite direction from the
IM to the OM. However, further investigation is needed to provide evidence of how
Mcp2 transfers the lipids between the IM and OM.
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At first, this model seems to contradict the phospholipid analysis of different mutant
strains in this study. Since no significant changes were observed in the relative
abundance of phospholipids of mitochondria among different mutant strains. However,
this is only true if Mco76 transports precursor lipids necessary for the biogenesis of
other phospholipids, such as CL and PE. Consequently, it would be logical to assume
that deletion of MCO76 leads to a reduction or accumulation of one or other
phospholipid due to lack of a precursor for biogenesis of that phospholipid. If Mco76
transports lipids between the IM and the OM, which are not used as a precursor for the
biogenesis of other phospholipids, in that case, deletion of MCO76 does not change the
phospholipid composition of mitochondria. For instance, Mco76 might transport CL, PE,
between the IM and the OM, and as a consequence, its deletion would not alter the
whole phospholipid composition of mitochondria. So, deletion of Mco76 only affects the
phospholipid composition of the IM and the OM without altering the phospholipid
composition of whole mitochondria.
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Figure 4.1 schematic model for transport of lipids between the OM
and the IM by Mco76.

A)In the First scenario, Mco76 extract the cargo (CoQ and Phospholipids) from the OM and
transfer it to the IM. Hydrolyzing ATP provide the energy for the extraction of the lipids
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from the OM. the interactions of Mco76 with Por, Om14, and Om45 solely provide the
correct position for the Mco76.

B) In the Second scenario, Mco76 receives the cargo (CoQ and Phospholipids) from the
complex composed of Porl, Om14, and Om45. Then Mco76 transfers the cargo to the IM
by hydrolyzing the ATP.

CoQ is present in all biological membranes, but it is preliminarily synthesized in
mitochondria (Hatefi et al., 1962; Jones, 1980). It is interesting to understand how
CoQ is transported from mitochondria to other organelles. CoQ is not able to diffuse
freely to other organelles since CoQ is not water-soluble. Hence, the cell should deploy
different mechanisms to control the transport of CoQ from mitochondria to other
organelles. One of the most promising candidates that might facilitate the transport of
CoQ from the OM to the ER is the ERMES complex. Consistent with this idea, it has
been reported that mitochondrial CoQ domains localize adjacent to the ER-
mitochondria contact sites (Subramanian et al., 2019). However, it has been claimed
that disruption of Mdm34, a subunit of the ERMES complex, did not affect the oxidative
stress resistance of cells lacking Mco76 (Kemmerer et al., 2021). This means that
ERMES complex might not be involved in the transport of CoQ from mitochondria to
the ER. However, it is important to investigate if the other subunits of ERMES complex,
such as Mmm1, Mdm12, and Mdm10, are involved in the transfer of CoQ from

mitochondria to the ER.

The other promising candidate is Porl since it has been reported that Porl interacts
with Mmm1 and Spfl that is present in the ER too (Kornmann et al., 2011). Therefore,
Porl might be a promising candidate for the transport of CoQ between ER and
mitochondria. Investigating the role of Porl and Om14 in the transport of CoQ and
phospholipids between the mitochondria and the ER will shed new light on the

mechanisms that cells use to control CoQ distribution among different organelles.

Mutations in the genes encoding CoQ biosynthesis proteins, such COQ8A/B cause CoQ
deficiency. CoQ deficiency is linked to many human diseases disrupting many organs
system in humans. CoQ deficiency commonly affects the brain (encephalopathy) heart,
and kidney. Understanding the function of proteins involved in CoQ biosynthesis and
distribution will have a tremendous potential to enhance the treatment of numerous
human diseases. Overall, this study revealed a new molecular mechanism of Mco76,
which is involved in the transport of CoQ. In addition, the results of this study can
provide potential hints of how Mcp2 and other proteins, such as Porl and Om14, are

involved in the transport of CoQ and the other phospholipids.
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5. Conclusions and future perspectives

My work demonstrates that Mco76 resides in the IM of mitochondria. Furthermore, I
provided evidence that deletion of MCO76 reduces the relative abundance of PA in
mitochondria. I discovered that MCO76 is a negative genetic interactor of UPS1 and
CRD1. The hallmark of this study is discovering a novel contact site formed by the
interaction of Mco76 with Porl, Om45 and Om14 proteins. Based on this evidence and
the recent report on the function of Mco76, I proposed that Mco76 is involved in the
homeostasis of phospholipid and CoQ by transporting these lipids between the IM and
the OM.

In spite of these new findings, several questions remain to be answered. Among them,
does Mco76 interact with phospholipids or CoQ directly? Answering this question could
support my model that Mco76 transports phospholipid and/or CoQ between the IM and
the OM. To address this question, it is necessary to purify recombinant Mco76. Then it
is possible to study Mco76 interaction with different lipids using approaches such as a
liposome co-floatation assay. Besides, my efforts to purify Mco76 recombinantly, did
not lead to purification of Mco76 (results are not shown in this study). In addition,
Kemmerer et al. has also reported that Mco76 is recalcitrant to recombinant protein
purification (Kemmerer et al., 2020). However, new techniques such as cell-free
protein synthesis and the use of soluble nanoscale lipid bilayers might be a promising

approach to tackle this problem.

Another important question is how deletion of MCO76 changes the relative phospholipid
composition between the IM and the OM? In other words, Mco76 is involved in the
transfer of what type of phospholipid? Answering this question can provide concrete
evidence showing that Mco76 is directly involved in the transport of phospholipids. To
tackle this question, purification of the OM membrane with minimum contamination
from ER and the IM is necessary. One possible solution to minimize the ER
contamination is the assay suggested by Forner et al. for the purification of
mitochondria. In this method, Crude isolated mitochondria are treated with trypsin
under mild proteolysis conditions (Forner et al., 2006). In Consequence, all potential
contact sites between mitochondria and the ER are degraded which lowers the ER
contamination in mitochondrial fraction. Purification of the OM makes it possible to
analyze the phospholipid composition of the OM quantitatively by MS. Therefore, it is

possible to investigate the specific changes of phospholipids in cells lacking Mco76.
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Conclusions and future perspectives

It will be interesting to investigate how Porl and Om14 are involved in the transport
of CoQ to mitochondria. It has been shown that deletion of MCO76 in cells lacking
Gpx1, Gpx2, and Gpx3 makes the cells more resistant to oxidative stress (Kemmerer
et al., 2021). A compelling question would be whether deletion of POR1 also increases
the resistance of AGPX1AGPX2AGPX3 cells to oxidative stress indicating an increase in
the level of extra mitochondrial CoQ. Answering this question would help determine

whether Porl affects the export of CoQ from mitochondria.

It is also not clear how Mcp2 is involved in the process of transporting CoQ. Finding
proteins interacting with Mcp2 elucidates the precise function of Mcp2 in transporting
lipid inside the mitochondria. Finally, it aids us in understanding how cells distribute

CoQ and phospholipids among different organelles.
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6. Abbreviations

AAC - ATP-ADP carrier

APS - ammonium peroxide disulphate

ADP - adenosine diphosphate

ATP - adenosine triphosphate

BN-PAGE - blue native polyacrylamide gel electrophoresis
BSA - bovine serum albumin

CDP - Cytidine diphosphate

Da - Dalton

DMSO - dimethyl sulfoxide

DAG - diacylglycerol

DNA - desoxyribonucleic acid

DTT - dithiothreitol

E. coli - Escherichia coli

ECL - electrochemical luminescence

EDTA - ethylenedinitrilotetraacetic acid (also Triplex III)
F1B8 - B-subunit of ATP synthase

GTP - guanosine triphosphate

His - histidine

HEPES - 2-[4-(2-hydroxyethyl) piperazin-1-yl] ethanesulfonic acid

HRP - horseradish peroxidase

IM - Inner mitochondrial membrae
IMS - intermembrane space

kDa - kilo Dalton

LB - Luria-Bertani

LMU - Ludwig-Maximilians-Universitat Minchen

MIA - mitochondrial intermembrane space import and assembly (machinery)
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min — minute

mRNA - messenger ribonucleic acid
mtDNA - mitochondrial desoxyribonucleic acid
MS - mass spectrometry

NTP - nucleoside triphosphate

OM - outer mitochondrial membrane

PA - Phosphatidic acids

PAGE - polyacrylamide gel electrophoresis
PE - phosphatidylethanolamines

PG - phosphatidylglycerol

PGP - phosphatidylglycerolphosphate

pH - potential of hydrogen

PMSF - phenylmethylsulfonylfluoride
PVDF - polyvinylidene fluoride

RNA - ribonucleic acid

RNase - ribonuclease

RT - room temperature

SAM - sorting and assembly machinery

SDS - sodiumdodecylsulfate

SDS-PAGE - sodiumdodecylsulfate polyacrylamide gel electrophoresis

Su9 - subunit 9 of Fo-ATPase from Neurospora crassa

TAG -

TBS - Tris buffered saline

TCA - trichloracetic acid

TEMED - N, N, N“, N“-Tetramethylethylendiamine

TIM - translocase of the inner (mitochondrial) membrane
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