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ABSTRACT

Mitochondria are dynamic organelles crucial for eukaryotic life, renowned for
their role in energy generation via oxidative phosphorylation. At the heart of their
functionality, lies the mitochondrial DNA (mtDNA), which encodes key components
of the electron transport chain, while the rest are encoded by the nuclear genome,
reflecting their dual genetic origin.

The mtDNA is organized into a large nucleoprotein complex known as the mitochon-
drial nucleoid, that is, in turn, a part of a larger, highly-ordered expressosome-like
assembly called the MIOREX complex. The MIOREX complex houses the nu-
cleoid, along with a variety of factors involved in mitochondrial gene expression,
genome organization, protein biogenesis and the mitoribosome. Although recent
efforts have significantly elucidated the components and mechanisms of MIOREX
complexes, the complete MIOREX interactome remains elusive, with many of its
protein partners and associated molecular mechanisms yet to be identified.

This study attempts to characterize two such candidates, which have been previ-
ously identified to be present in the mtDNA interactome, and aims at studying their
interaction with the mitochondrial genome. The first candidate is the pyruvate
dehydrogenase complex (PDHc), that is well-known for its conserved role in glucose
metabolism. The findings in this research reveal an additional role for the PDHc in
promoting mitochondrial health, by contributing to mtDNA maintenance and asso-
ciating with the gene expression machinery, which is independent of the traditional
metabolic function of the PDHc, and involves interactions with mitochondrial RNA.
Moreover, the precise molecular interactions of this complex have been elucidated
through biochemical analyses, providing valuable insights into its identity as a
bifunctional enzyme.

The second candidate, Yme2, an inner mitochondrial membrane protein, has been
previously implicated in mitochondrial protein biogenesis, albeit its mechanism of
action remains unclear. Through a combination of bioinformatics and mutagen-
esis approaches, this research identifies that Yme2 contains an RNA recognition
motif (RRM) as well as a AAA+ domain. Moreover, the results demonstrate that
YME2 engages in genetic interactions with MDM38, MBA1, and OXA1, as well as
biochemical interactions with mitochondrial nucleoid-associated proteins, thereby
linking Yme2 to the mitochondrial protein biogenesis machinery. Collectively, by
examining the interaction dynamics of PDHc and conducting mutational character-
ization of Yme2, I aim to contribute new perspectives to the field of the mtDNA
interactome, thereby advancing research in this domain.

xiii





ZUSAMMENFASSUNG

Mitochondrien sind dynamische Organellen, die für das eukaryontische Leben von
entscheidender Bedeutung sind und für ihre Rolle bei der Energieerzeugung durch
oxidative Phosphorylierung bekannt sind. Das Herzstück ihrer Funktionalität ist
die mitochondriale DNA (mtDNA), die für Schlüsselkomponenten der Elektronen-
transportkette kodiert, während der Rest vom Kerngenom kodiert wird, was ihren
doppelten genetischen Ursprung widerspiegelt.

Die mtDNA ist in einem großen Nukleoproteinkomplex organisiert, der als mitochon-
driales Nukleoid bekannt ist. Dieser wiederum ist Teil einer größeren, hochgradig
geordneten expressosomenähnlichen Anordnung, die als MIOREX-Komplex be-
zeichnet wird. Der MIOREX-Komplex beherbergt die Nukleoide zusammen mit
einer Vielzahl von Faktoren, die an der mitochondrialen Genexpression, Genom-
organisation, Proteinbiogenese und dem Mitoribosom beteiligt sind. Obwohl die
Komponenten und Mechanismen der MIOREX-Komplexe in jüngster Zeit deutlich
aufgeklärt wurden, ist das vollständige MIOREX-Interaktom nach wie vor schwer
zu fassen, da viele seiner Proteinpartner und die damit verbundenen molekularen
Mechanismen noch nicht identifiziert wurden.

In dieser Studie wird versucht, zwei solcher Kandidaten zu charakterisieren, die
zuvor im mtDNA-Interaktom identifiziert worden sind, und ihre Interaktion mit
dem mitochondrialen Genom zu untersuchen. Der erste Kandidat ist der Pyruvat-
dehydrogenase-Komplex (PDHc), der für seine konservierte Rolle im Glukose-
stoffwechsel bekannt ist. Die Ergebnisse dieser Forschung zeigen eine zusätzliche
Rolle des PDHc bei der Förderung der mitochondrialen Gesundheit, indem er
zur Aufrechterhaltung der mtDNA beiträgt und mit der Genexpressionsmaschine-
rie assoziiert ist, was unabhängig von der traditionellen Stoffwechselfunktion des
PDHc ist und Interaktionen mit der mitochondrialen RNA beinhaltet. Darüber
hinaus wurden die genauen molekularen Interaktionen dieses Komplexes durch
biochemische Analysen aufgeklärt, was wertvolle Einblicke in seine Identität als
bifunktionales Enzym liefert.

Der zweite Kandidat, Yme2, ein inneres mitochondriales Membranprotein, wurde
bereits früher mit der mitochondrialen Proteinbiogenese in Verbindung gebracht,
obwohl sein Wirkmechanismus noch unklar ist. Durch eine Kombination von
Bioinformatik- und Mutagenese-Ansätzen wird in dieser Forschungsarbeit festge-
stellt, dass Yme2 ein RNA-Erkennungsmotiv (RRM) sowie eine AAA+-Domäne
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Zusammenfassung

enthält. Darüber hinaus zeigen die Ergebnisse, dass YME2 genetische Interak-
tionen mit MDM38, MBA1 und OXA1 sowie biochemische Interaktionen mit
mitochondrialen Nukleoid-assoziierten Proteinen eingeht, wodurch Yme2 mit der
mitochondrialen Proteinbiogenese-Maschinerie in Verbindung gebracht wird. Durch
die Untersuchung der Interaktionsdynamik von PDHc und die Durchführung der
Mutationscharakterisierung von Yme2 möchte ich neue Perspektiven auf dem Ge-
biet des mtDNA-Interaktoms eröffnen und damit die Forschung in diesem Bereich
voranbringen.
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1 Introduction

1.1 Mitochondria

The fitness of every cell, of every organism, relies on its ability to efficiently
uptake and assimilate the nutrients available in its environment, in a manner
that contributes to its meaningful subsistence. In order to sustain this existence,
eukaryotic cells harbor multitude of dedicated organelles that not only individually
perform specific functions in a so-called division of labor, but work together to
integrate those functions in life-sustaining harmony. One of the most important
and fundamental functions in the cells is the generation of energy in the form of
ATP, that further fuels virtually every other process that occurs within the cells.
A crucial role in energy generation by the eukaryotic cells is played by dynamic,
membrane-bound structures known as mitochondria.

Mitochondria are highly adaptable, tubular networks that extend throughout the
cell and have a crucial function in cellular metabolism. Popularly regarded as the
‘powerhouse’ or the ‘energy factories’ of the cell, the role of mitochondria in the cells
reaches far beyond bioenergetics. Not only do they carryout ATP production by
housing the respiratory chain complexes, they serve as sites for iron-sulfur cluster
biogenesis, fatty acid oxidation, calcium homeostasis, and generation of precursors
for macromolecules like lipids, proteins, DNA and RNA (McBride et al., 2006;
Spinelli and Haigis, 2018; Stehling et al., 2014; Suomalainen and Nunnari, 2024).
As the functions performed by mitochondria are absolutely vital for the cell, defects
within the mitochondria can manifest as aging and life-threatening conditions like
muscular and neurodegenerative diseases, myopathies, metabolic disorders and
cancer (Bratic and Larsson, 2013; Nunnari and Suomalainen, 2012; Vyas et al.,
2016).

The origin of mitochondria is thought to have occurred due to an endosymbiotic
event, as proposed by Lynn Margulis in 1967. The Endosymbiosis Theory, as
it is called, is regarded as the best explanation for the origin of mitochondria,
their structural and functional complexity, as well as the mitochondrial genome.
The endosymbiotic theory posits that mitochondria are direct descendants of a
prokaryotic precursor that highly resembles the modern-day alpha-proteobacteria,
Rickettsia (Andersson et al., 1998; Gray, 1989; Gray, 2014; Sagan, 1967). It is
important to note that the bacterially-derived mitochondrial genome has undergone
significant reductive evolution, marked by extensive gene loss and multiple rounds
of endosymbiotic gene transfer events to the nucleus (Andersson et al., 1998; Gray,
2015). This major turnover has diminished the alpha-proteobacterial fraction of
mitochondrial proteome to a mere 10-20% (Gabaldón and Huynen, 2007; Gray,
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2015). The majority of the mitochondrial proteome is believed to have arisen from
either diverse prokaryotic or archaeal ancestors, or specifically due to eukaryotic
divergence (Butenko et al., 2024; Karlberg et al., 2000; Kurland and Andersson,
2000). This has led to a variety in size and number of encoded genes among
mitochondrial genomes of different eukaryotes.

1.1.1 The Mitochondrial Ultrastructure

The remnants of the evolution of mitochondria from their bacterial ancestor are
apparent in their ultrastructure. Mitochondria are surrounded by two membranes,
which divide the organelle into four sub-compartments: the Outer Mitochondrial
Membrane (OMM), the Inter-Membrane Space (IMS), the Inner Mitochondrial
Membrane (IMM), and the matrix (fig. 1a). This compartmentalization is in-
strumental for mitochondria to perform their functions in generation of energy,
and maintenance of redox homeostasis (Iovine et al., 2021; Spinelli and Haigis,
2018). The IMM is further divided into the inner boundary membrane, which is in
proximity of the OMM, and cristae, which are the lamellar or tubular invaginations
of the IMM into the interior of the organelle (Frey and Mannella, 2000; Mannella,
2006). The inner boundary membrane and cristae meet at limited number of
discrete sites known as cristae junctions (Frey et al., 2002). Cristae are highly
dynamic protrusions of the IMM which house the respiratory chain complexes
that are required for oxidative phosphorylation (Cogliati et al., 2016; Gilkerson
et al., 2003). Furthermore, the large surface area provided by cristae allows for
large amount of chemical reactions to occur, making the IMM one of the most
protein-rich membranes known (Becker et al., 2009). Apart from the presence of
two membranes, another feature of mitochondria that is a relic of their bacterial
progenitor is the presence of their own, albeit, small genome, and protein synthesis
factories called the mitoribosomes (discussed in detail in section 1.3.1).

Even though the mitochondrial genome is small, the mitochondrial proteome con-
sists of about 1000 proteins in S. cerevisiae (1500 in humans), which are important
for their role in ATP production, metabolism, apoptosis, and mitochondrial quality
control (Reinders et al., 2006; Sickmann et al., 2003). 99% of these proteins
are nuclear-encoded and synthesized by cytosolic ribosomes, and then further
imported into mitochondria via a sophisticated network of membrane-embedded
multi-protein translocases (Hansen and Herrmann, 2019; Rehling et al., 2004). The
Translocases of Outer Membrane (TOM) and Translocases of Inner Membrane
(TIM) complexes are intricate machineries that sort the incoming proteins into
their destined compartments within mitochondria (Neupert, 2015; Wiedemann and
Pfanner, 2017). 1% of the mitochondrial proteome, however, is encoded by the
mitochondrial DNA (mtDNA) and synthesized by the dedicated ribosomes present
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in the mitochondria (Hällberg and Larsson, 2014; Larsson, 2010). Even though
the mtDNA codes for a small fraction of mitochondrial proteins, these proteins
form the core of the respiratory chain complexes and are required for oxidative
phosphorylation (fig. 1b). Therefore, the presence of the mtDNA is imperative for
cell survival and fitness in most eukaryotes (with yeast as an exception, as it can
perform fermentation to produce energy in the absence of mtDNA). The absence
or mutations of mtDNA can lead to deleterious consequences in the cell and can
result in various disorders in humans (Habbane et al., 2021; Taylor and Turnbull,
2005; Tuppen et al., 2010).
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Figure 1: The Mitochondrial Ultrastructure. (a) Transmission electron
microsocpy image of the longitudinal section of mitochondria from pancreas of the
bat, Myotis lucifugus. Image adapted and modified from Kieth Porter, 2011. (b) A
schematic showing the mtDNA map in yeast, S. cerevisiae. The different segments
are color coded as shown. The figure was adapted and modified from Osman et al.,
2015.

1.1.2 The Mitochondrial Nucleoid

The mtDNA is an extranuclear, circular molecule present in the mitochondrial
matrix, that has been subject to extensive reductive evolution and divergence since
it arose from its bacterial ancestor (Lane and Martin, 2010; Lang et al., 1999). In
yeast, the mtDNA is about 80kb in size and encodes for seven essential subunits of
the respiratory chain (13 in humans), one mitoribosomal protein Var1, two RNA
subunits of mitoribosome (21S rRNA and 15S rRNA), 24 tRNAs and the RNA
subunit of RNAse P (fig. 1b). The seven protein-coding genes that make up the
electron transport chain complexes, namely, Cytochrome B, Cox1, Cox2, Cox3,
Atp6, Atp8, Atp9, form the essential cores of their respective assembled complexes,
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making them indispensable to the respiratory function of mitochondria (Turk et al.,
2013).

Every cell harbours multiple (20-40 in S.cerevisiae; 500-100,000 in humans) copies
of mtDNA which are organized into highly ordered nucleoprotein complexes called
mitochondrial nucleoids (mtNucleoid), with each nucleoid containing mostly a
single molecule of mtDNA (X. Chen et al., 1995; Göke et al., 2020; Kukat et al.,
2011; Lipinski et al., 2010; Williamson, 2002). The mtNucleoids are distributed
throughout the mitochondrial network in a semi-regular manner, which spatially
links the mtDNA copies to their gene products, by creating a so-called ‘Sphere of
Influence’ (Busch et al., 2014; Jakubke et al., 2021; Osman et al., 2015). Further-
more, mtNucleoids have been observed to be anchored to the IMM via a number
of different tethers that anchor the mtNucleoid via the mitoribosome (Itoh et al.,
2021; Kehrein et al., 2015; Möller-Hergt et al., 2018; Ott et al., 2006).

Within the mtNucleoid, the mtDNA molecules in yeast are packaged by Abf2, a
high mobility-group (HMG) box protein that has the ability to bend the mtDNA,
but contrary to its mammalian homolog TFAM, does not additionally act as a
transcription factor (Brewer et al., 2003; Friddle et al., 2004; Kaufman et al., 2007;
Kukat et al., 2015; Newman et al., 1996; Shi et al., 2012). Apart from acting as
an mtDNA packaging factor, Abf2 can also maintain and influence mtDNA copy
number (Bonekamp et al., 2021; Ekstrand et al., 2004; Zelenaya-Troitskaya et al.,
1998). Furthermore, in addition to mtDNA and Abf2, mtNucleoids also contain
proteins required for replication, expression as well as maintenance of mtDNA
(Gerhold et al., 2015; He et al., 2012). This means that the complicated assembly
of mtNucleoids could spatially link all steps of mitochondrial gene expression,
namely transcription, translation as well as insertion into the IMM via presumably
facilitating transport of mitochondrial RNAs (mtRNAs), which has been already
proposed (Jourdain et al., 2016; Kehrein et al., 2015; Singh et al., 2020). However,
knowledge about the mobility of mtRNAs within the mtNucleoid still remains
elusive.

1.2 Metabolic Remodelling and Regulation of
mtDNA

In a study where mass spectrometry was performed on in organello formaldehyde-
crosslinked mitochondria, several unanticipated proteins were identified cross-linked
to the mtDNA (Kaufman et al., 2000). These included proteins like Hsp60 (a
chaperonin), Aco1 (aconitase, a TCA cycle enzyme), subunits of pyruvate dehy-
drogenase complex (Pda1, Pdb1, Lpd1), α-ketoglutarate dehydrogenase complex
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(Kgd2 and Lpd1), and Ilv5 (component of branched chain amino acid synthesis
pathway), among others (X. J. Chen et al., 2005; Kaufman et al., 2000). This subset
of identified proteins in complex with mtDNA was rather surprising, as their main
functions were metabolism-related and they had little to do with mtDNA in general.
Upon further research, a few of these proteins (Ilv5, Aco1, Hsp60, Kgd2) were then
classified as ‘bifunctional proteins’ (X. J. Chen et al., 2007; Kaufman et al., 2000;
Kaufman et al., 2007; Zelenaya-Troitskaya et al., 1995). The bifunctional proteins,
as the name suggests, have a ‘moonlighting’ function in mtDNA maintenance,
inheritance and stability apart from their already described roles in metabolism.

As aforementioned, the yeast HMG box protein Abf2, packages mtDNA within
a nucleoprotein-yielding structure called the mtNucleoid and contributes to its
stability, especially when cells are grown on fermentable media (Diffley and Stillman,
1991; Kaufman et al., 2007). It has been observed that in glucose-repressed
conditions, the mtNucleoids are more tightly packed by Abf2 with an increased
ratio of Abf2 to mtDNA (Brewer et al., 2003; Friddle et al., 2004; Kucej et al., 2008).
In contrast, when cells are grown on non-fermentable media like glycerol, the copy
number increase in mtDNA lowers the ratio of Abf2 to mtDNA, resulting in less
compact packaging (Kucej et al., 2008). This means that the packaging mechanism
of mtDNA is highly dynamic, and subject to remodelling upon changes in metabolic
cues like presence of fermentable or non-fermentable media. Furthermore, it was
observed that in mutants lacking Abf2, the mtDNA was less protected and displayed
increased sensitivity to nuclease attack and oxidative stress, which also becomes
true for less tightly bound mtNucleoids from cells grown on glycerol (Kucej et al.,
2008; Newman et al., 1996; O’Rourke et al., 2002). In these conditions, other
mtDNA-binding proteins (the bifunctional proteins, for instance) may partially
overtake the roles of mtDNA protection (X. J. Chen et al., 2005, 2007; Kucej et al.,
2008).

The support for the idea of partially overlapping functions of Abf2 and some
bifunctional proteins in mtDNA stability comes from their recruitment to the
mtNucleoids in conditions of glucose repression (Hsp60) and amino acid starvation
(Ilv5) (Kaufman et al., 2003; Kucej et al., 2008; Zelenaya-Troitskaya et al., 1995).
Additionally, it has been observed that Aco1 (both WT and catalytically inactive
forms), when constitutively expressed, can replace the mtDNA packaging function
of Abf2 to some extent, as well as potentially protect mtDNA from damage (X. J.
Chen et al., 2005, 2007; Shadel, 2005). These findings provide exciting insights on
how metabolic cues can remodel and regulate the stability of mtDNA.
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1.3 Mitochondrial Translation and Protein Biogen-
esis

A small subset of the mitochondrial proteome (8 proteins in yeast, 13 in humans)
is encoded for by the mtDNA, which gets translated on the mitoribosomes. The
mitoribosomes almost exclusively synthesize hydrophobic membrane proteins that
form the core of the respiratory chain complexes (Bieri et al., 2018). Similar
to bacteria, mitochondrial protein biogenesis obeys a co-translational insertion
and translocation of its encoded proteins (Gruschke et al., 2010; Ott and Her-
rmann, 2010). The presumable direct molecular crosstalk between transcription,
translation and membrane insertion of proteins is thought to be orchestrated in
large expressosome-like assemblies known as the ‘Mitochondrial Organization of
Gene Expression’ (MIOREX) complexes (Kehrein et al., 2015). The MIOREX
complexes are large clusters comprising mitochondrial ribosomes, along with the
proteins implicated in post-transcriptional mRNA metabolism, mRNA translation
and decay, effectively coupling gene expression processes from transcription to
translation (Kehrein et al., 2015). The MIOREX complexes are evenly distributed
throughout the mitochondrial network, where a fraction of them are present as
mtNucleoid-MIOREX complexes that amalgamate the entire spectrum of mito-
chondrial gene expression (Bogenhagen et al., 2014; Kehrein et al., 2015; Singh
et al., 2020) (fig. 2). Some important components of the MIOREX complex are
summarized below.

1.3.1 The Mitoribosome

The mitoribosome represents a modified and evolved bacterial ribosome with regard
to its structure and constituents. The mitoribosome (74S) has a molecular weight
of 3 MDa in yeast, and comprises a 54S large subunit (LSU) of 1.9 MDa and a
37S small subunit (SSU) of 1.1 MDa. The LSU is made up of 39 proteins, along
with expansion segments of mitoribosomal 21S rRNA. The SSU, on the other hand,
includes 34 proteins and a 15S rRNA (Amunts et al., 2014; Desai et al., 2017;
Greber and Ban, 2016; Kaushal et al., 2014). The assembly of the mitoribosome
takes place in the mitochondrial matrix, wherein individual mitoribosomal proteins
are imported after being synthesized in the cytosol, and the rRNA components are
processed and modified after being mitochondrially-encoded (Harper et al., 2023;
Kummer and Ban, 2021; Zeng et al., 2018). The fully functional mitoribosome is
assembled in a stepwise and concerted manner close to the mtNucleoid (Bogenhagen
et al., 2014; Kehrein et al., 2015).
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Figure 2: A schematic showing the composition of the MIOREX complex
in yeast S. cerevisiae . The MIOREX complex consists of mtDNA and proteins
required for mtDNA maintenance, the mitoribosome as well as factors involved in
mitochondrial gene expression, mtRNA maturation, processing, stability and decay.
The figure was created using BioRender.com and Affinity designer.

1.3.2 The Mitochondrial Protein Biogenesis Machinery

The mtDNA-encoded proteins are highly hydrophobic members of the OXPHOS
complexes and their co-translational insertion into the IMM is mediated via the
Oxa1 insertase (Gruschke et al., 2010; McDowell et al., 2021; Szyrach et al., 2003).
This is achieved by the docking and extensive interaction of the mitoribosome LSU
(54S) with the IMM, which additionally also reduces the probability of unproductive
protein aggregates during transport (Ott et al., 2016). Oxa1 has been observed to
cross-link to the peptide exit tunnel of the mitoribosome as well as the emerging
nascent chains (Gruschke et al., 2010; Hell et al., 2001; Jia et al., 2003), suggesting
that newly synthesized proteins might engage with the Oxa1 insertion machinery as
soon as they emerge from the mitoribosome (Ott and Herrmann, 2010). However,
this interaction of Oxa1 with the mitoribosome is co-ordinated with two acceptor
proteins of the mitochondrial protein biogenesis machinery, Mba1 and Mdm38,
which aid in anchoring the mitoribosome to the IMM (Frazier et al., 2006; Ott et al.,
2006; Pfeffer et al., 2015; Preuss et al., 2001). It needs to be considered, nonetheless,
that the tethering of the mitoribosome to the IMM in general is thought to be
mediated by a multitude of factors (proteins like Mba1 and Mdm38, as well as a
96-nucleotide expansion segment of the 21S mitochondrial rRNA), many of which
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still remain to be identified (Kehrein et al., 2015; Möller-Hergt et al., 2018; Pfeffer
et al., 2015).

The receptors of the mitochondrial protein biogenesis machinery, Mdm38 and
Mba1, display overlapping functions in regulating mitochondrial translation and
insertion (Bauerschmitt et al., 2010). Moreover, cryoelectron tomography and
subtomogram analysis of isolated yeast mitochondria have further revealed that
Mba1 may additionally align the bound mitoribosome with Oxa1 via its interaction
with the exit tunnel of the mitoribosome (Ott et al., 2006, 2016; Pfeffer et al., 2015).
Recently, additional novel tethers (for example, Mrx15) have been discovered upon
further characterizing the MIOREX complex that help to position and anchor
mitoribosome either constantly or dynamically (Möller-Hergt et al., 2018). It
remains exciting to further catalogue the yeast mitoribosome interactome and
document how different processes are organized in this space.

1.3.3 Factors Contributing To Mitochondrial Gene Expres-
sion

In addition to the mtNucleoid, the mitoribosome and the components of the
mitochondrial protein biogenesis machinery, the MIOREX complexes have ac-
cessory proteins and factors that contribute to all the processes that partake in
mitochondrial gene expression (fig. 2). These include proteins involved not just
in transcription and translation, but also RNA maturation, processing, stability
and decay. Furthermore, MIOREX complexes also contain factors responsible for
mtDNA maintenance, regulation and stability, among other proteins that exhibit a
‘bifunctional behaviour’ (X. J. Chen et al., 2005; Kehrein et al., 2015; Singh et al.,
2020; Woellhaf et al., 2016). This plethora of proteins make the presence of the
MIOREX complexes of paramount importance to the mitochondria, and defects in
these proteins can result in drastic phenotypes and diseases in humans (Boczonadi
and Horvath, 2014; F. Wang et al., 2021).

1.4 Energy Generation by Mitochondria

1.4.1 Glycolysis and TCA cycle

The conversion of energy through the production of ATP is inarguably one of the
most important functions performed by mitochondria. The mechanism of glucose
metabolism is a highly conserved process, which, in eukaryotes, takes place partly
in the cytosol and partly in mitochondria (fig. 3). After entering the cells, glucose is
first converted to pyruvate in a multi-step multi-enzymatic pathway called glycolysis
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which takes place in the cytosol. The end product of glycolysis, pyruvate, then
enters the mitochondria via dedicated Mitochondrial Pyruvate Carrier proteins
(MPC). There are three types of carrier proteins called Mpc1, Mpc2 and Mpc3,
which, along with the first enzyme of fermentation pathway, pyruvate decarboxylase
(PDC), decide whether the flux of pyruvate goes towards respiration or fermentation
in yeast (Bender et al., 2015; Timón-Gómez et al., 2013). Mpc1 and Mpc3 facilitate
entry of pyruvate in mitochondria, which is then metabolized for generation of
ATP, lipogenesis as well as synthesis of branched chain amino-acids (Bricker et al.,
2012; Herzig et al., 2012).

Once pyruvate enters the mitochondria, it is destined for respiration via the Krebs
cycle/TCA cycle. In order to enter the TCA cycle, pyruvate first gets converted to
acetyl CoA via a multi-subunit enzyme complex called the Pyruvate Dehydrogenase
Complex (PDHc) (discussed in detail in section 1.7.1). The PDHc serves as the
bridging link between glycolysis and tricarboxylic acid (TCA) cycle. Acetyl-CoA
then enters the multi-step TCA cycle, gets oxidized to carbon dioxide, thereby
generating NADH and FADH2 which feed electrons into the respiratory chain (or
Electron Transport Chain, ETC) for oxidative phosphorylation (OXPHOS) to take
place (Raimundo et al., 2011).

1.4.2 Oxidative Phosphorylation

The electrons generated via TCA cycle enter the ETC, which is composed of five
multisubunit complexes from a dual genetic origin. These complexes shuttle the
electrons across the IMM and couple it to proton pumping, which generates a
membrane potential. The membrane potential drives the activity of the ATP
synthase to generate ATP. The shuttling of electrons to generate ATP is termed
as OXPHOS. The synthesized ATP, which is commonly referred to as the energy
currency of the cell, in turn, fuels and energizes a plethora of chemical reactions in
the cell.

The assembly of the respiratory chain complexes is a sophisticated process constitut-
ing a large number of assembly factors as well as co-ordinated expression of nuclear
and mitochondrial genes (Smith et al., 2012; Song et al., 2018; Timón-Gómez
et al., 2018). There are a total of five complexes: NADH dehydrogenase (complex
I), succinate dehydrogenase (complex II), cytochrome bc1 complex (complex III),
cytochrome c oxidase (complex IV) and the ATP synthase (complex V), which
work in synergy to generate ATP. In yeast, however, the canonical complex I is
replaced by three alternative NADH dehydrogenases, namely Ndi1, Nde2 and Nde3
(fig. 3) (Barros and McStay, 2020; Matus-Ortega et al., 2015; Overkamp et al., 2000;
Priesnitz and Becker, 2018). Furthermore, catalytic enhancement and substrate
channeling in the process of OXPHOS in the IMM is achieved by the organization
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Figure 3: A schematic showing the pathway for energy generation in yeast
S.cerevisiae . Glucose uptake is followed by conversion into pyruvate (Glycolysis)
and entry of pyruvate into mitochondria via the Mitochondrial Pyruvate Carrier
Proteins (Mpc 1/3). Pyruvate is further converted to acetyl-CoA by PDHc, where
it enters the TCA cycle. The TCA cycle further contributes electrons to the
electron transport chain, where they shuttle between the different complexes, which
culminates into generation of energy in the form of ATP by the process of oxidative
phosphorylation. The figure was created by using BioRender.com as well as Affinity
designer.

of the ETC complexes into higher-order supercomplexes (Acín-Pérez et al., 2008;
Rathore et al., 2019; Schägger, 2001). Defects in efficient assembly of the OXPHOS
complexes has been linked to various neurodegenerative disorders and myopathies
(Fernandez-Vizarra and Zeviani, 2021; Smeitink et al., 2006).

1.5 Mitochondrial Protein Quality control

The mitochondrial proteome consists of proteins encoded by both mitochondria and
nucleus, of which most of the proteins are synthesized in the cytosol and are imported
via a sophisticated network of translocases into their designated mitochondrial
compartment (Neupert, 2015; Wiedemann and Pfanner, 2017). On the other
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hand, mitochondrially-encoded proteins are sorted to their destined compartment
via the mitochondrial protein biogenesis machinery, wherein Oxa1 insertase co-
translationally inserts proteins into the IMM. It, however, is important that a toxic
accumulation of mislocalized or superfluous proteins is prevented, for mitochondrial
functions to ensue smoothly. For mitochondria to carryout respiration efficiently,
there exists a tight co-ordination between the expression of both genomes in order to
minimize buildup of unassembled respiratory chain subunits (Kotiadis et al., 2014;
Song et al., 2021; Wiese and Bannister, 2020; Woodson and Chory, 2008). Due to the
intricate process of mitochondrial biogenesis, mitochondrial proteins are particularly
susceptible to faulty ETC assembly, especially under conditions of cellular stress
(Böttinger and Becker, 2012; Tatsuta, 2009). A faulty complex assembly may
further lead to production of reactive oxygen species and have damaging effects on
mitochondrial integrity, causing various muscular and neurodegenerative disorders
in humans (Nunnari and Suomalainen, 2012). Therefore, a variety of protein
quality control mechanisms exist to ensure a well-regulated environment within the
mitochondria, not only by extracting and degrading defective proteins, but also by
initiating mitochondrial stress responses upon encountering suboptimal conditions
in the mitochondrial compartments (Song et al., 2021).

1.5.1 The role of AAA+ proteins in mitochondrial quality
control

Protein quality control within mitochondria involves a multitude of different path-
ways that carryout surveillance of proteins during import and assembly. A variety of
these mechanisms involve extraction of stalled or misfolded proteins from different
compartments of mitochondria, using a mechanical pulling force by a class of ATP-
dependent proteins called the AAA+ proteins (ATPases Associated with diverse
cellular Activities). For example, the mitochondrial protein translocation-associated
degradation (mitoTAD) pathway, that monitors the TOM translocase, removes the
arrested precursor proteins from the Tom40 channel with the help of AAA+ protein
Cdc48 (Mårtensson et al., 2019). Similarly, during the mitochondrial compromised
protein import response (mitoCPR), a AAA+ protein of the OMM, Msp1, promotes
removal of non-imported mitochondrial precursors (Basch et al., 2020; Weidberg
and Amon, 2018). Moreover, in the IMM, the i-AAA and the m-AAA proteases
are the two important AAA+ protein complexes that degrade faulty IMM proteins
(Arlt et al., 1996; Gerdes et al., 2012; Glynn, 2017; Leonhard et al., 1996; Levytskyy
et al., 2017). Other functions of proteins belonging to the AAA+ superfamily have
been linked to array of cellular processes like DNA replication, membrane fusion,
as well as macromolecular complex disassembly (Hanson and Whiteheart, 2005;
Song et al., 2021). Mutations in these AAA+ proteins from each compartment
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has been linked to various neurological disorders (Deshwal et al., 2020). Thus, the
presence of AAA+ proteins in the cell is imperative to safeguard the mitochondrial
proteome.

1.5.2 The domain architecture of AAA+ proteins allows
ATP binding and hydrolysis

AAA+ proteins are ‘molecular machines’ that may carry out ATP-driven extraction
and degradation of dysfunctional proteins (Gates and Martin, 2020; Miller and
Enemark, 2016; Steele and Glynn, 2019). These proteins belong to the P-loop
(Phosphate loop) superfamily of nucleoside triphosphates binding proteins, which
are characterized by a very conserved domain architecture (Snider et al., 2008).
Structurally, the proteins belonging to the P-loop superfamily have a distinct αβ
fold, that typically contains the Walker A and B motifs, which are the hallmarks
of this superfamily (Miller and Enemark, 2016; Walker et al., 1982). Within the
P-loop superfamily, the AAA+ proteins belong to the ASCE (Additional Strand
Catalytic “E”) subdivision, wherein the strands of the core β-sheet are arranged
in β5-β1-β4-β3-β2 arrangement (Erzberger and Berger, 2006; Iyer et al., 2004;
Puchades et al., 2020; Seraphim and Houry, 2020). The core β-sheet in AAA+
proteins is flanked on both sides by α helices to form a three-tier αβα sandwich
(Seraphim and Houry, 2020). In addition to the core, AAA+ proteins also contain a
C-terminal α helical bundle, which forms a lid-like structure over the ATP-binding
site (Miller and Enemark, 2016).

AAA+ proteins typically expand over 200-250 amino acids, and form homo- or
hetero-oligomeric complexes, that assemble into ring like structures (Gerdes et al.,
2012; Miller and Enemark, 2016; Opalińska and Jańska, 2018). AAA+ proteins
possess Walker A and B motifs, which are strongly conserved ATP binding and
hydrolysis motifs in these proteins (Walker et al., 1982). The Walker A motif,
which has the consensus sequence of G-X(4)-GK-[TS] (X- any amino acid), forms a
loop between β1 and α1 called the P-loop (phosphate loop). The Walker A motif
is intimately involved in ATP binding, as it co-ordinates the β and γ phosphates of
the nucleotide during ATP hydrolysis. The presence of an invariant lysine aids in
this function of the Walker A motif (Gates and Martin, 2020; Wendler et al., 2012).
The Walker B motif, on the other hand, has a consensus sequence of hhhhDE (h-
a hydrophobic amino acid), and is present in the β3 strand. It activates a water
molecule for nucleophilic attack, as well as co-ordinates magnesium ion with the
help of its acidic residues, glutamate and aspartate (Hanson and Whiteheart, 2005;
Wendler et al., 2012).

In addition to the Walker motifs, AAA+ proteins contain another feature called
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the Second Region of Homology (SRH), located C-terminal to the Walker B motifs.
The SRH comprises of two attributes, a Sensor I motif and an Arginine finger
(Gates and Martin, 2020; Puchades et al., 2020). The sensor I motif acts together
with the Walker B motif to orient the water molecule for nucleophilic attack on
the γ phosphate of ATP, and is typically an asparagine residue, but can also be
a serine, threonine or aspartate. The Arginine fingers, on the other hand, are
located at the inter-subunit interface, and extend into the ATP-binding pocket of
the neighbouring subunit of the AAA+ ring (Miller and Enemark, 2016; Snider
et al., 2008). The Arginine finger is important for oligomerization and is the only
‘trans-acting’ motif in the AAA+ fold. In general, the active sites of each AAA+
domain in the oligomer are present at the interface of two adjacent subunits, where
they promote efficient ATP hydrolysis and ‘translocation’ of the substrates via a
central channel in the ring-like assembly (Miller and Enemark, 2016; Puchades
et al., 2020).

By virtue of the aforementioned properties, the AAA+ proteins bring about
mechanical unfolding of proteins not only in quality control processes like protein
aggregation and precursor protein import arrest, but also act as key candidates in
routine pathways like DNA replication and macromolecular complex disassembly
(Hanson and Whiteheart, 2005; Opalińska and Jańska, 2018; Song et al., 2021).

1.6 Saccharomyces cerevisiae as the Model Or-
ganism

Mitochondrial functions are highly conserved from single-celled eukaryotes like the
baker’s yeast (Saccharomyces cerevisiae) to higher eukaryotes like humans. Much
of the current knowledge about mitochondrial function and dysfunction comes from
studies using yeast. Besides providing the classical advantages of ease of genetic
manipulation and biochemical handling in laboratories, yeast is an excellent model
organism to study mutations that cause defects in oxidative phosphorylation and
other mitochondrial processes, owing to its good fermentative capacity (Baile and
Claypool, 2013; Lasserre et al., 2015).

Another major advantage for studying yeast for mitochondrial biology, due to its
ability to carry out fermentation, is its tolerance to loss or mutations of mtDNA, so
long as a fermentable carbon source (like glucose) is available, a feature that is named
as ‘petite-positivity’. This petite-positive nature can be explained by formation of
small (petite) colonies by respiratory-deficient yeast, when concentration of glucose
in the environment is limiting. The first characterized respiratory-deficient yeast
mutant revealed that respiration is regulated in yeast by the ρ (rho) factor, which
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was later discovered to be a genetic element located in the mtDNA (Mounolou
et al., 1966). Today, we still use the ‘ρ’ or ‘rho’ notation in yeast for presence
of fully functional mtDNA (ρ+ or rho+), respiratory-insufficient mtDNA with
mutations or deletions (ρ- or rho-), or total absence of mtDNA (ρ0 or rho0).
Owing to this potential, several yeast species have been instrumental in studying
molecular mechanisms surrounding mtDNA and its related disease manifestations
at a fundamental level (Rinaldi et al., 2010; Shadel, 1999).

For the duration of this study, the yeast Saccharomyces cerevisiae has been employed
in order to gain insights about the mutational and biochemical basis of the functions
of the mitochondrial proteins that are explored in the stipulated thesis.

1.7 The mtNucleoid-binding candidates character-
ized in this study

The mtNucleoid has been a focus of extensive research over the past decade, yet
the full scope of proteins and molecular entities within its environment remains
only partially understood. Known factors within the mtNucleoid interactome are
essential for its maintenance, gene expression, replication, and structural integrity,
but many unknown elements persist, leaving this intricate network largely enigmatic.
My research aims to delve into this interactome, applying a biochemical perspective
to characterize both the established pyruvate dehydrogenase complex (PDHc) and
the relatively underexplored protein Yme2, shedding light on their roles within the
mtNucleoid.

1.7.1 The Pyruvate Dehydrogenase Complex

The pyruvate dehydrogenase complex (PDHc) is an evolutionarily-conserved, multi-
subunit enzyme complex located in the mitochondrial matrix that links glycolysis
to aerobic respiration. It catalyzes the oxidation of pyruvate (the end product of
glycolysis) to form acetyl-CoA, which acts as a key substrate for TCA cycle, fueling
the next step in the process of energy generation. Therefore, PDHc plays a vital
role in prompting respiratory energy generation in both prokaryotes and eukaryotes.
In humans, defects or deficiencies in the PDHc are linked to diseases like lactic
acidosis and progressive neuromuscular degeneration (Gray, 2014; Imbard et al.,
2011; K. P. Patel et al., 2012).

As PDHc acts as a gatekeeper of irreversible consumption of carbohydrates, its
activity is tightly regulated in mitochondria by reversible phosphorylation by a
co-ordinated activity of kinases and phosphatases (M. S. Patel and Korotchkina,
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2006; Reed, 1981). The regulation by dedicated kinases and phosphatases takes
place on Pda1, the E1α subunit of the PDHc (James et al., 1995). Different
organisms have different number of Pda1 phosphorylation sites (M. S. Patel and
Korotchkina, 2006). In yeast, only one site has been identified so far (S313), in
contrast to mammals (3 phosphorylation sites on Pda1) (Uhlinger et al., 1986).
The kinases (Pkp1 and Pkp2) have a complementary activity in inactivation by
phosphorylation of the PDHc. On the other hand, the phosphatases (Ppp1 and
Ppp2) lead to restoration of the activity by dephosphorylation of PDHc (Gey
et al., 2008; Krause-Buchholz et al., 2006). Furthermore, it was recently shown
that modulation of PDHc activity can also occur due to the flexible nature of
PDHc, as it can dissociate into sub-megadalton individual components in an ionic
strength-dependent manner, making it a salt-labile complex (Lee et al., 2020).

Structure and Metabolic Function of PDHc

PDHc in prokaryotes and in eukaryotes is composed of multiple copies of three
enzymatic centers (E1, E2 and E3), which help in catalysis of the three-step
reaction of using NAD+ and CoA-SH to convert pyruvate to acetyl-CoA, NADH,
H+ and CO2 (fig. 4a). The first step of the reaction is catalyzed by the enzymatic
center E1 (pyruvate dehydrogenase). The active site of E1 is bound by a cofactor
TPP (thiamine pyrrophosphate), which gets transferred onto pyruvate, causing its
decarboxylation to release CO2. This is the rate-limiting step of the overall reaction
and its end product, hydroxy-ethyl TPP is the substrate for the E2 (dihydrolipoyl
transacetylase) enzyme center, which has an oxidised lipoyllysine group attached
on a ‘swinging arm’. The hydroxyethyl group is then oxidised to acetate by E2,
and further on esterified to one of the lipoyl groups of E2, resulting in reduction
of the lipoyl group (-S-S-) to form two thiol (-SH) groups. The acetyl moiety
attached to the lipoyl group then gets transesterified to CoA to form acetyl-CoA,
which is the main end product of the overall reaction. The remaining steps of
the reaction are electron transfers carried out by enzyme center E3 (dihydrolipoyl
dehydrogenase) necessary to regenerate the oxidized lipoyl group of E2 for the
next round of catalysis. In the last step, E3 promotes transfer of two hydrogen
atoms from E2 lipoyl groups to its prosthetic group, FAD, generating FADH2.
The FADH2, in the final step, transfers a hydride ion to NAD+, forming NADH.
With this reaction, the entire complex is ready for the next round of catalysis and
oxidation of pyruvate to acetyl-CoA (DL Nelson, AL Lehninger, MM Cox, 2008;
Harris et al., 2002).

The PDHc is one of the largest known protein complexes to mankind, with peculiar
and rarely seen structural features. The exact subunit composition of the fully
assembled PDHc is variable among species, but the common architectural principle
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Figure 4: The structure of PDHc along with its enzymatic reaction. (a)
A schematic showing the reaction catalyzed by the PDHc, depicting the three
enzymatic centers as different colors. (b) The cut-away model of the fully assembled
eukaryotic PDHc on its 3-fold axis (3D reconstructed using the deduced bovine
kidney PDHc atomic structure). The colors depict the three enzymatic centers: E1,
E2 and E3. The figure was adapted from Zhou, McCarthy, et al., 2001.

of the complex is conserved. The complex features an oligomeric E2 core, which
serves as the structural scaffold, with multiple copies of E3 arranged at its periphery
and E1 forming the outermost shell (M. S. Patel et al., 2014). Within the assembled
complex, efficient shuttling of the reaction intermediates between the enzyme centers
E1, E2 and E3 is carried out via the C-terminal ‘swinging arm’ domain of E2
core, which exists as long, flexible linkers that establish the physical link between
the three enzymatic centers (Reed, 1974; Škerlová et al., 2021). In addition to
making the complex structure highly dynamic, the E2 core also acts as a scaffold
on which the pentagonal dodecahedron structure of the enzyme is built, resulting
in the formation of a ‘breathing core’. The breathability confers thermally-driven
structural flexibility to the PDHc (Gu et al., 2003; Zhou, Liao, et al., 2001; Zhou,
McCarthy, et al., 2001).

The molecular mass of the fully assembled complex can range from 1.5 MDa
in prokaryotes to around 10 MDa in eukaryotes. Unlike bacteria, eukaryotic
PDHc is constituted by five subunits: E1α (Pda1), E1β (Pdb1), E2 (Lat1), E3
(Lpd1) and E3-binding protein or E3BP (Pdx1). In general, there are multiple
models on how these subunits are arranged into the pentagonal dodecahedron
structure of eukaryotic PDHc (fig. 4b) (Stoops et al., 1992, 1997; Zdanowicz et al.,
2024; Zhou, Liao, et al., 2001; Zhou, McCarthy, et al., 2001). According to the
‘addition model’, 20 E2 trimers are arranged at the 20 vertices of the pentagonal
dodecahedron, forming the core, with 12 E3 and E3BP molecules at the 12 faces of
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the dodecahedron (Jiang et al., 2018; Kyrilis et al., 2021). In another model called
the ‘substitution model’, this ratio is 48 E2:12 E3 and E3BP (Hezaveh et al., 2017;
Hiromasa et al., 2004). Additionally, according to both models, each E2 trimer is
linked to an E1 tetramer made of two subunits each of E1α and E1β, which forms
the outer shell of the PDHc (Ciszak et al., 2003; Gu et al., 2003; Miran et al., 1993;
Stoops et al., 1997; C. Wang et al., 2024; Zhou, Liao, et al., 2001; Zhou, McCarthy,
et al., 2001).

The PDHc bypass

In glucose-abundant conditions, the predominant energy generation pathway in
yeast is fermentation, wherein pyruvate is preferentially converted in the cytosol
to acetaldehyde and further to ethanol, and this phenomenon is referred to as the
Crabtree effect (de Deken, 1966). It is somewhat surprising that fermentation is
the preferred metabolic mode for yeast even though the yield of generated ATP
from respiration is higher. However, in glucose-limited, aerobic conditions (where
respiration is preferred), pyruvate catabolism takes place intramitochondrially,
where PDHc converts pyruvate to acetyl-CoA, a reaction that lies at the interface
of glycolysis and TCA cycle (Boubekeur et al., 1999; Pronk et al., 1996). Intramito-
chondrial acetyl-CoA is exclusively responsible for at least two metabolic processes
apart from respiration, namely the synthesis of lipoic acid as well as the amino
acids arginine and leucine (Flikweert et al., 1996; van Rossum et al., 2016).

In the absence of PDHc, rerouting of the respiratory pyruvate metabolism takes
place, which is known as the PDHc bypass. This can occur by yeast carrying out
multiple proxy reactions both in cytosol and mitochondria, that fulfil the role of
PDHc, albeit imperfectly (Boubekeur et al., 1999; Pronk et al., 1994; van Rossum
et al., 2016). In the absence of PDHc, instead of generating ethanol, pyruvate
gets sequentially converted in cytosol to acetaldehyde, acetate and ultimately to
acetyl-CoA, by the enzymes pyruvate decarboxylase, acetaldehyde dehydrogenase,
and acetyl-CoA synthetase, respectively. This acetyl-CoA can act as a precursor
for synthesis of lipids, sterols, lysine and as an acetyl donor for protein acetylation
(Takahashi et al., 2006; van Rossum et al., 2016).

In yeast mitochondria, however, the deficiency of acetyl-CoA is partially fulfilled
by an enzyme called Ach1 (acetyl-CoA hydrolase), which converts succinyl-CoA (a
reaction intermediate of TCA cycle) to acetyl-CoA (Buu et al., 2003; Y. Chen et al.,
2015; Fleck and Brock, 2009). The acetyl-CoA is further used for arginine, leucine
and lipoate biosynthesis, but does not meet the entire demand for running TCA
cycle and oxidative phosphorylation (van Rossum et al., 2016). As a substitution
for insufficient TCA cycle flux, intermediates like citrate and α-ketoglutarate get
additionally shuttled into the mitochondria and directly get fed into the TCA cycle.
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These alternative pathways are commonly called anaplerotic reactions (Arnold and
Finley, 2023; Xiberras et al., 2020). Therefore, the combined presence of both
PDHc and Ach1 ensure robust generation of acetyl-CoA to meet mitochondrial
needs (Boubekeur et al., 1999; van Rossum et al., 2016).

PDHc as a bifunctional enzyme

The main function of PDHc lies in metabolism where it acts as a frontier to
respiration in mitochondria. However, as mentioned in section 1.2, the protein
subunits Pda1, Pdb1 and Lpd1 were identified as a possible bifunctional proteins
in yeast due to their presence close to the mtDNA in formaldehyde-crosslinked
mitochondria (X. J. Chen et al., 2005; Kaufman et al., 2000). Furthermore, it was
observed that these subunits were required for mtDNA stability in the cells (X. J.
Chen et al., 2005). Apart from yeast, the components of PDHc have been identified
in close proximity to mtDNA in various other eukaryotic as well as prokaryotic
organisms. Among prokaryotes, the E2 subunit has been observed to bind to and
regulate gene expression (Stein and Firshein, 2000; T. Walter and Aronson, 1999).
In Chlamydomonas reinhardtii, the dihydrolipoamide acetyltransferase DLA2 (the
E2 subunit) has been observed to exhibit moonlighting activity in chloroplast gene
expression, by binding to mRNA in mixotrophic growth conditions (Bohne et al.,
2013; Neusius et al., 2022). Similarly, in Xenopus oocyte mitochondria, the E2
subunit was found to associate with mtDNA upon metrizamide gradient analysis
as well as immunoprecipitation studies, albeit without E1 and E3 subunits, which
is rather surprising, as it suggests the independent functioning of E2 subunit in
mtDNA assoication (Bogenhagen et al., 2003). Furthermore, the E2 subunit has
also been co-purified with mtNucleoids in mammalian cells (Rajala et al., 2015).
Nevertheless, the exact reason for the role of the PDHc in nucleic acid binding
remains to be determined, and is open to investigation.

Therefore, this study aims at exploring the function of the PDHc as an mtDNA-
binding enzyme in yeast, with an attempt to pinpoint the nature of its interaction
at the molecular level.

1.7.2 Yme2

The endosymbiotic theory about the origin of mitochondria proposes that mito-
chondria arose as a result of a symbiotic relationship between ‘proto-mitochondrion’
and ‘proto-eukaryote’(Gray, 1989; Sagan, 1967; Shafer et al., 1999). Eventually,
over the course of evolution, the endosymbiont transferred parts of its DNA to the
nucleus (Andersson et al., 1998). Meanwhile, this uptake of mtDNA by the nucleus
has been well-documented for a number of eukaryotes, but questions involving
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mechanisms of how this uptake happens and what role it plays in the metabolism
and mitochondrial function, remain to be answered.

YME2 (Yeast Mitochondrial Escape protein 2) was first identified in a genetic
screen, wherein its mutational inactivation led to escape of mtDNA from mitochon-
dria to the nucleus (Hanekamp and Thorsness, 1996; Thorsness and Fox, 1993). It
was one of the six nuclear-encoded genes discovered in this screen (YME1-YME6 ),
the deletions of which accelerate the rate of mtDNA escape. Yme2 is an integral
protein of the IMM that contains a putative single-spanning transmembrane do-
main, and exposes its N- and C-termini to the matrix and intermembrane space,
respectively (Hanekamp and Thorsness, 1996; Leonhard et al., 2000). It has been
previously observed that the deletion of Yme2 confers no collateral phenotype in
yeast (Hanekamp and Thorsness, 1996; Thorsness and Fox, 1993). More recently,
Yme2 was found to co-localize with mtDNA nucleoids and Yme2-GFP was used
to visualize mitochondrial nucleoids (Hanekamp and Thorsness, 1996, 1999; Mur-
ley et al., 2013; Park et al., 2006). Furthermore, Yme2 was also observed to be
associated to the MIOREX complex (see section 1.3), presumably playing a role
in the spatial environment of these large expressosome-like assemblies involved in
mitochondrial gene expression (Kehrein et al., 2015). Although there is evidence
about the topology and location of YME2 in the mitochondria, insight about its
exact function in the mtNucleoids is largely unknown. This study, therefore, sheds
light on the function of Yme2, based on a thorough mutational analysis of its
sequence and putative structure.
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2 Aim of this Study
The mtNucleoid is an mtDNA-containing complex essential for mitochondrial
maintenance, gene expression, replication, and stability. However, its full composi-
tion remains elusive, with numerous associated factors and their roles still largely
speculative. This research aims to investigate the mtDNA interactome from a
biochemical perspective, focusing on two key candidates to uncover their specific
roles within the context of the mtNucleoid.

The first objective of this study is to unravel the dual role of PDHc in mitochondria
beyond its established metabolic functions. By characterizing its interaction with
the mitochondrial genome, the study aims to elucidate its contribution to mtDNA
maintenance and overall mitochondrial health.

The second objective is to characterize Yme2, a relatively understudied compo-
nent of the mtNucleoid interactome. Using mutational analysis and structural
characterization, this research will investigate Yme2’s functional roles, its genetic
interactions with mitochondrial protein biogenesis machinery, and its implications
in mitochondrial genome stability.

By integrating these investigations, this work aims to enhance our understanding of
the molecular dynamics and multifaceted roles of the mtDNA interactome, shedding
light on the complex network underlying mitochondrial function.
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3 Results

The mtNucleoid, replete with its interactome, has been long known to play a critical
role in maintaining mitochondrial function. The research surrounding the role and
dynamics of mtNucleoid is only beginning to prosper, owing to the advancements in
scientific technology and imaging, as well as high throughput data generation. The
mtNucleoid interactome, however, remains largely unexplored, with only limited
research shedding light on its complex network. What we do know is, that it has a
plethora of interacting factors that contribute together to efficient functioning of
mtNucleoid as well as the mitochondria. The factors participating in mtNucleoid
interactome have only been partly identified, with the presence of some of them
being only a speculation. This study explores two such candidates, which have
been previously identified to be a part of the mtNucleoid interactome, but their
nature of interaction remains to be characterized.

In the first section, a well-known and characterized protein complex, the pyruvate
dehydrogenase complex, is examined and its specificity of interaction with the
mtDNA within the mtNucleoid is explored. The second part delves into a relatively
lesser known, mtNucleoid-interacting protein called Yme2, and majorly focuses on
its mutational characterization.

3.1 The Pyruvate Dehydrogenase Complex (PDHc)

The PDHc in yeast is a multi-subunit multi-enzyme complex that is composed
of five subunits in yeast, which together assemble into three enzymatic centers,
namely E1 (Pda1 and Pdb1), E2 (Lat1) and E3 (Lpd1 and Pdx1) (see section 1.7.1).
PDHc forms an essential metabolic link between glycolysis and Krebs cycle, thereby
driving mitochondrial respiration. It resides in the mitochondrial matrix, where
it converts the incoming pyruvate (the end product of glycolysis) to acetyl-CoA,
which further gets fed into TCA cycle. Recently, there has been evidence that
the PDHc could potentially act as a bifunctional enzyme as it is observed to be
associated to mtDNA (X. J. Chen et al., 2005; Kaufman et al., 2000; Rajala et al.,
2015) (see section 1.7.1). However, the reason for this spatial proximity between
PDHc and mtDNA remains largely elusive. This section explores and attempts to
characterize the nature of association of PDHc to the mtDNA.
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3.1.1 PDHc subunits contribute to overall mitochondrial
health and integrity

Given the observed proximity of PDHc to mtDNA, an investigation into the effects
of PDHc on mitochondrial health was initiated. Consequently, deletion strains
for each subunit of the PDHc were subjected to growth analysis (fig. 5a). On
fermentable medium (YPD), none of the deletion strains displayed a growth defect
at 30°C, and only a weak growth phenotype at 37°C. On non fermentable medium
(YPG), however, ∆pda1, ∆pdb1, ∆lat1 and ∆pdx1, exhibited a minor growth
defect at 30°C, which worsened at thermally stressful temperature of 37°C. ∆lpd1,
however, was virtually dead on YPG, owing to its pleiotropic effects on the cells,
due to the involvement of Lpd1 in multiple 2-oxo-acid dehydrogenase complexes,
namely, α-ketoglutarate dehydrogenase complex (KGDHc), branched-chain keto
acid dehydrogenase complex (BCKDc) and glycine decarboxylase complex (GDC).
Considering that PDHc is a metabolic gatekeeper for aerobic respiration, these
phenotypes were not entirely surprising.

It was next investigated whether the lack of strong growth defects of the single
subunit deletions were due to acetyl-CoA being produced in alternative ways,
that is, by Ach1, which converts succinyl-CoA to acetyl-CoA. In order to test
this, a growth analysis was performed with double deletions of individual PDHc
subunits and ACH1 (fig. 5b). While ∆ach1 itself had no obvious growth defects on
fermentable and non-fermentable media, co-deletions of ACH1 with PDHc subunits
led to phenotypes that were more severe as compared to the single deletions, both
on YPD and more so, on YPG media. The presence of a weak phenotype even
on fermentable media points towards the fact that the double deletions of PDHc
subunits and Ach1 exhibit growth defects that lie beyond mere respiratory growth.

It is known that PDHc is essential for cellular metabolism as it promotes efficient
respiration, but whether it affects the overall mitochondrial health, remains to be
answered. In this regard, petite analysis was carried out with the single deletion
subunits of PDHc. Upon 8h of growth at 30°C, the petite frequencies of the single
deletion subunits showed an expected WT-like level (mean WT petite frequency
= 7.3%), but ∆pda1 and ∆pdb1 displayed a slightly higher petite frequency of
13.4% and 10.4%, respectively (fig. S1a). However, after 11h of growth at 37°C, the
observed trends were considerably different. ∆pda1 and ∆pdb1 had a respective
petite frequency of 77.2% and 79.2% (P-values = <0.001), whereas ∆lat1 had a
petite frequency of 61.3% (P-value = 0.005) in comparison to WT (38.4%) (fig. 5c).
∆pdx1 however, had a WT-like petite frequency at both 30°C and 37°C. ∆lpd1, on
the other hand, was excluded from the analysis as this strain is petite by nature.
Taken together, this indicated that ∆pda1, ∆pdb1 and ∆lat1 had a higher tendency
to form respiratory-deficient colonies as compared to WT, especially at higher
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temperatures, which could be a consequence of mtDNA loss or instability, mtDNA
mutations, metabolic inflexibility or due to overall debilitation of mitochondrial
fitness.
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Figure 5: Mitochondrial health is influenced by PDHc subunits. (a,b)
Growth test analysis showing the indicated strains spotted on fermentable YPD
medium and non-fermentable YPG medium and at 30°C and 37°C and allowed to
grow for 2 days. (c) Petite analysis of the indicated strains after growth at 37°C
for 11 h. The strains were analyzed after 4 days of growth. (d) Quantitative PCR
analysis after growth of indicated strains at 37°C for 11 h followed by calculation
of mtDNA copy number for the indicated strains (The qPCR was performed by
Johannes Hagen). (P-values: p < 0.005: ***, p < 0.05: **, p < 0.5: *).
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