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Summary

Nearly all mitochondrial proteins are encoded in the nuclear genome, synthesized in the
cytosol, and imported into mitochondria. However, mitochondria are semi-autonomous and
possess their own genome, the mitochondrial DNA (mtDNA). In humans, mtDNA encodes 13
proteins, all of which are essential components of the oxidative phosphorylation system
(OXPHOS). Despite the limited number of genes on the mitochondrial genome, gene
expression and maintenance are of great importance, and dysfunction in these processes is
associated with diseases. All mitochondrial proteins responsible for mitochondrial genome
maintenance and expression, including mitochondrial ribosomes, are nuclear-encoded and
synthesized in the cytosol. Therefore, close coordination between the nuclei, cytosol, and
mitochondria is critical for proper synthesis of mitochondrial-encoded proteins and biogenesis
of OXPHOS complexes. In addition, each mitochondrion contains multiple copies of mtDNA,
resulting in heterogeneity among mitochondria in a single cell. How mitochondrial
heterogeneity affects protein synthesis and how mitochondrial gene expression is regulated in
response to cellular requirements is not fully understood.

In this project, we explored two questions. First, given the strong coordination between
mitochondrial gene expression and numerous nuclear-encoded proteins, we asked whether
mitochondria express their genome differently in regions spatially distant from the nucleus,
such as in the synaptic regions of neurons. To answer this question, we extended the use of a
fluorescence-based technique to label nascent protein synthesis in mitochondria. In this
method, an alkyne-containing amino acid was incorporated into the sequence of proteins
encoded by mitochondria and then reacted with an azide-containing fluorophore. This provided
visualization of nascent mitochondrial-encoded proteins using a fluorescence microscope
(mitochondrial-FUNCAT). The spatial resolution of this technique allowed us to detect
heterogeneous protein synthesis in mitochondria of different cell types and disease models.
Moreover, we applied this technique in primary hippocampal cultures and detected new protein
synthesis along axons and dendrites as well as in the pre- and postsynapse of hippocampal
neurons. Thus, we provided further evidence for local biogenesis of mitochondria at the
synapse. These results are presented in Chapter 2 as a published article.

Given the high specificity and ability of mitochondrial-FUNCAT to detect small changes in
mitochondrial protein synthesis, in the second part of the project we investigated whether it
could be used to screen novel factors and pathways in the regulation of mitochondrial gene

expression. To this end, we optimized mitochondrial FUNCAT in a high-throughput setup with



a low error. Labeling mitochondrial protein synthesis in a 96-well format opened a new
possibility to screen different factors and to find potential regulators of mitochondrial gene
expression.

Next, we combined high throughput mitochondrial-FUNCAT and transfection with an sSiRNA
library of human kinases to explore the potential cellular players of mitochondrial gene
expression. We introduced 65 kinases whose downregulation altered the level of mitochondrial
protein synthesis. Among them, several kinases were associated to mitochondria in different
databases with less-described functions. Preliminary investigation of these candidates opened
new possibilities for understanding the gene expression regulation in mitochondria and the
associated pathologies. These results are presented in Chapter 3 as a manuscript prepared for

submission.

Vi



Chapter 1: Introduction






Introduction

1.1. Mitochondria - a brief overview of the cell's powerhouse

Eukaryotic cells have their cellular space separated into different membrane-enclosed
compartments, each providing a distinct microenvironment and compartment-specific
functions (Diekmann et al., 2013). Mitochondria were the first organelles isolated and
characterized in the early 20th century (Chance et al., 1956). They have a unique structure
with two surrounding membranes, outer and inner mitochondrial membrane (OMM and
IMM) (Saccone et al., 2000). The membrane-enclosed space inside the IMM forms the
mitochondrial matrix and the space between the two membranes is termed intermembrane
space (IMS) (Figure 1). The two membranes are very different in terms of their lipid and
protein composition and characteristics (Giacomello et al., 2020). The OMM is permeable to
small molecules (2-6 kD) through protein pores while the IMM permeability is strictly
controlled (Vogel et al., 2006). The IMM forms invaginations called mitochondrial cristae that
increases its surface area and forms microdomains with specific protein content (Vogel et al.,
2006). Most functions of mitochondria are carried out by the proteins located in the IMM and
mitochondrial matrix.

Mitochondria fulfill many important metabolic functions in the cell (McBride et al., 2006;
Vakifahmetoglu-Norberg et al., 2017) (Figure 1). They are for example home to the enzymes
responsible for several metabolic pathways including the citric acid cycle (Kreb’s cycle), fatty
acid oxidation (18 oxidation), and urea cycle. Furthermore, the biosynthesis of the heme group,
cardiolipin (a special lipid component of IMM), and ubiquinol (coenzyme Q, CoQ) occurs
entirely or partially in mitochondria. Additionally, mitochondria synthesize Fe-S clusters
which are essential electron transport cofactors in many biological activities. Mitochondria
have Ca?* transporters and play a role in Ca?* buffering. Cytoplasmic Ca%* concentration
triggers many important signaling cascades and it is tightly regulated. The role of
mitochondria in Ca?* homeostasis alongside the endoplasmic reticulum (ER) has become
more prominent, especially by discovering that Ca?* concentration is locally elevated at the
microdomains of mitochondria-ER contact sites upon Ca?* release from the ER (K.-S. Lee et

al., 2018). This allows the efficient uptake of Ca?* by mitochondrial low-affinity transporters.
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Figure 1. Mitochondria structure, function, and protein biogenesis. Mitochondria are surrounded by two
membranes (OMM, outer mitochondrial membrane and IMM, inner mitochondrial membrane), which form
distinct suborganellar spaces (IMS, intermembrane space and mitochondrial matrix). Most mitochondrial
proteins are synthesized in the cytosol and imported into the mitochondria using transporters on the OMM and
IMM. One major function of mitochondria is oxidative phosphorylation (OXPHQOS) which is carried out by five
protein complexes of the IMM (complex I-V). Electron is transferred from the donors such as NADH and FADH,
along the OXPHOS complexes | to IV and a proton gradient is formed. Complex V uses the proton gradient to
produce ATP. Mitochondrial DNA (mtDNA) encodes several components of the OXPHOS complexes which are
transcribed as polycistronic RNAs, are translated on mitochondrial ribosomes, and assembled into the IMM.
TCA, tricarboxylic acid cycle. lllustrated by Anusha Valpadashi.

The foremost role of mitochondria is still considered energy production and they are often
referred to as powerhouses of the cell. They produce a large portion of the cellular ATP via
oxidative phosphorylation (OXPHOS) in which electrons are transported from the reduced
substrates such as NADH and FADH; to molecular oxygen as the final electron acceptor. Four
protein complexes (complex |, 1I, 1ll, and IV) of the OXPHOS system, located in the IMM,
facilitate the transport of the electrons. Consequently, a proton (H*) gradient is created across
the membrane. Finally, complex V of the OXPHQOS system, the ATP synthase, exploits the

electrochemical gradient across the IMM to produce ATP by transferring inorganic phosphate
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group to ADP. The obtained ATP can be transported from the mitochondrial matrix to the
cytosol.

Mitochondria are semi-autonomous, meaning that they are dependent on the cytosol for
their biogenesis and function. Nevertheless, mitochondria possess their own genome and

gene expression system.

1.2. Mitochondrial genome

The origin of mitochondria is commonly explained by the endosymbiotic theory. According
to this theory, mitochondria trace back to free-living alpha-proteobacteria that were
engulfed by ancestors of eukaryotic cells and were gradually developed into present-day
organelles. It is proposed that during endosymbiosis, the majority of the endosymbiont’s
genes were transferred to the host genome. However, mitochondria have retained a DNA
genome that exists in multiple copies inside each organelle (Taanman, 1999).

Mitochondrial DNA (mtDNA) is highly conserved among animals and is usually wrapped
around a set of proteins into a structure called nucleoid (Bogenhagen, 2012). In human,
mtDNA is a circular double-stranded DNA of around 16.5 kbp. It is a compact genome and
lacks intergenic sequences, introns, and 5’-untranslated regions (UTR) on the encoded-
MRNAs (Taanman, 1999). The mtDNA contains 37 genes including 2 rRNAs, 22 tRNAs, and 13
protein-coding genes. Most of them are located on one strand of the DNA which is called the
heavy strand (H-strand), due to a higher content of Guanine (G) + Adenine (A) bases. Only 8
tRNAs and one protein are encoded on the light strand (L-strand). All 13 proteins encoded by
mtDNA are core subunits of the OXPHOS complexes. Together with nuclear-encoded
subunits, they form the functional OXPHOS system. Genome replication, transcription and
translation take place inside mitochondria. However, mitochondria are not independent of
the nuclear genome. Approximately, 99 percent of the mitochondrial genome including the
gene maintenance and genome expression machineries are encoded on the nuclear DNA
(nDNA), synthesized in the cytosol, and transported into mitochondria (Dennerlein et al.,

2017; Grevel et al., 2019; K. G. Hansen et al., 2019; Wiedemann et al., 2017) (Figure 1).

1.3. Mitochondrial biogenesis

Mitochondria play important roles in sustaining the metabolic homeostasis of the cells.

Therefore, they must be maintained in sufficient levels in terms of mitochondrial mass and
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function. This is achieved via a fine balance between mitochondrial biogenesis and
degradation of the defective ones (mitophagy) (Popov, 2020). Mitochondrial biogenesis is the
process of increasing mitochondrial mass and number through the growth and fission of the
existing mitochondria. Mitochondria usually form an interconnected network within a cell.
The network can dynamically change via fission and fusion which partially regulate
mitochondrial metabolism and preserve their quality (Sebastian et al., 2018). For the
biogenesis of mitochondria, all components have to be synthesized and supplied to the new
organelle, including the outer and inner mitochondrial membranes, mitochondrial proteins
(both nuclear- and mitochondrial-encoded ones), and sufficient copy number of mtDNA
(Popov, 2020).

The main regulator of mitochondrial biogenesis is the peroxisome proliferator-activated
receptor-y coactivator-la (PGC-1a). Upon activation, PGC-1a increases the expression of
several transcription factors that results in the synthesis and import of mitochondrial proteins
including subunits of the OXPHOS complexes (Jornayvaz et al., 2010; Virbasius et al., 1994).
One of the main factors that is upregulated upon activation of PGC-1a is mitochondrial
transcription factor A (TFAM). TFAM is an important regulator of mtDNA replication and
transcription (Parisi et al., 1993). It is encoded on the nuclear DNA, synthesized in the cytosol,
and imported into the mitochondria. TFAM regulates mtDNA copy number, stability, and
expression (Falkenberg, 2018). In addition to TFAM, upregulation of several other
components of the mitochondrial gene expression system occurs in the process of
mitochondrial biogenesis (Puigserver et al., 1998; Wu et al., 1999).

Multiple cellular factors stimulate mitochondrial biogenesis through activation of PGC-1a and
TFAM. Low energy level of the cells depicted by high AMP/ATP or NAD*/NADH ratio activates
the mitochondrial biogenesis pathway either by increasing PGC-1a transcription or its post
translational modification. Moreover, high intracellular Ca%* induces expression of PGC-1a
and TFAM through different signaling cascades (Ojuka et al., 2003; Wright et al., 2007). The
pathways mediated by elevated AMP or Ca?* levels can result in phosphorylation of cAMP-
response element binding protein (CREB) that binds to the PGC-1a promoter and activates its
transcription (Handschin et al., 2003; Herzig et al., 2001). CREB is also known to localize to
mitochondria, bind to mtDNA and change the expression of mitochondrial-encoded proteins

(Cammarota et al., 2002; J. Lee et al., 2005; Marinov et al., 2014).
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Altogether, there seems to be a pivotal association between mitochondrial genome and gene

expression and the biogenesis of functional mitochondria.

1.3.1. Mitochondrial biogenesis in neurons

Neurons have a complex morphology that is specialized to transmit information in the
nervous system. They form long processes of the dendrites and axons extending from the cell
body where the nucleus is located (soma). The information is transmitted along the neurons
in the form of action potentials and passes to the next cell through special cellular junctions
termed synapses. In chemical synapses, action potential causes the release of
neurotransmitter from the synaptic vesicles into the synaptic cleft in order to act on the next
neuron or the effector cell (Jahn et al., 2012). Mitochondria are an essential part of the
majority of both pre- and postsynapses. Neuronal development and synaptic transmission
are highly energy demanding processes that rely on the ATP produced by mitochondria (Hall
et al., 2012; Pathak et al.,, 2015). In addition, Ca®* signaling plays a crucial role in the
excitability and neurotransmitter release at the synapse (KATZ et al., 1967; Sudhof, 2012).
Ca?* transporters located in the mitochondrial membrane together with the channels and
transporters of the endoplasmic reticulum and the plasma membrane cooperate to modulate
Ca?* level at the synapse (Gleichmann et al., 2011; K.-S. Lee et al., 2018).

Impaired mitochondrial biogenesis is associated with many neurodegenerative disorders such
as Huntington’s, Parkinson’s and Alzheimer’s diseases (L. Cui et al., 2006; Shin et al., 2011;
Uittenbogaard et al., 2014). A close coordination between the expression of nuclear-encoded
proteins and mitochondrial gene expression is required for the biogenesis of mitochondria.
How is mitochondrial biogenesis organized in neurons with long neural processes in which
mitochondria locate in far distances from the soma? Although the answer is not fully known,
two possible routes can maintain mitochondrial homeostasis away from the soma (Cardanho-
Ramos et al., 2021): Transport of mitochondria in both directions between the soma and the
terminal synapses (Sheng, 2014; Sheng et al., 2012) and local biogenesis of mitochondria at
the synapse (Figure 2).

It is assumed that mitochondrial biogenesis occurs mainly in the soma and mitochondria are
transported to the synapse to fulfill their function. Defected organelles can also be removed

from the synapse with retrograde transport to the soma. Although it is technically challenging
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to measure the speed of mitochondrial transport in neurons, many studies have estimated it

to be in the range of 0.1-2 um/s (Bros et al., 2015; MacAskill et al., 2010).

Aron

Sqmpse

Figure 2. Mitochondrial biogenesis in neurons. The main regulator of the mitochondrial biogenesis, PGC-1a,
activates several transcription factors in the nucleus, which leads to the activation of the mitochondrial
transcription factor A (TFAM), increases the synthesis of mitochondrial RNA and proteins. mtDNA is replicated
in both soma and along the axon. Fresh mitochondria and mitochondrial mRNAs are transported along the axon.
While unhealthy mitochondria are transported back toward the soma. Local synthesis of mitochondrial proteins
occurs both in the axon and at the synapse. Late endosomes (LE) act as a platform for protein synthesis in the
axon. Newly-synthesized proteins are imported into the mitochondria and are assembled into functional
complexes. Whether mitochondrial-encoded proteins are synthesized locally at the synapse was not shown
before the start of this project. Illustrated by Anusha Valpadashi.

This speed might not be efficient for supplying the new mitochondria especially to the long
motor neurons. Besides, only a small portion of mitochondria are mobile at a time and this
process decreases with age (Lewis et al., 2016; Misgeld et al., 2007). On the other hand,

synapses have been shown to contain many mRNA transcripts and protein synthesis
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machineries (Hafner et al., 2019). Local synthesis of proteins that are important for synaptic
function, has been detected at the synapse (Rosenberg et al., 2014; Truckenbrodt et al., 2018)
and mitochondria fuel this local translation (Rangaraju et al., 2019). Therefore, the biogenesis
of mitochondrial proteins can occur at the synapse. This hypothesis has been further
strengthened by several observations. mtDNA replication has been observed in the axon
(Amiri et al.,, 2008; van Laar et al.,, 2018). Moreover, mRNA transcripts encoding
mitochondrial proteins have been shown to move along the axon on endosomes (Cioni et al.,
2019) and being ultimately translated at the synapse (A. Aschrafi et al., 2008; Natera-Naranjo
et al., 2012). In transcriptome analysis of the axons of sympathetic neurons, more than 100
nuclear-encoded mitochondrial mMRNAs were enriched (Armaz Aschrafi et al., 2016; Cioni et
al., 2018). Quantitative mass spectrometry of the local protein synthesis in stimulated
synaptoneurosomes revealed numerous mitochondrial proteins (Kuzniewska et al., 2020).
These proteins were shown to be imported into the mitochondria and assembled into the
functional complexes. Likewise, mRNAs coding for mitochondrial proteins have been
detected in association with the poly-ribosomes at the synapse (Kuzniewska et al., 2020).
Together, these studies support the idea that mitochondrial biogenesis may take place, at
least partially, away from the soma. Whether local biogenesis of mitochondria at the synapse

includes the expression of the genes on the mtDNA is not known.

1.4. Gene expression in mitochondria

As mentioned, mtDNA codes for only 37 genes. Nevertheless, 20-25% of the mitochondrial
proteome is imported into the mitochondria to maintain the mtDNA and regulate the
expression of its 37 genes (Morgenstern et al.,, 2017; Richter-Dennerlein et al., 2015;
Sickmann et al., 2003). Therefore, it is essential to understand the mechanisms underlying

gene expression and regulation in mitochondria.

1.4.1. Mitochondrial transcription

In mtDNA, most genes are located consecutively, including two genes, which even have
overlapping regions (Anderson et al., 1981). Therefore, it is not surprising that the genes are
transcribed as polycistronic RNAs. One transcription promoter region on the L-strand (LSP)
and two on the H-strand (HSP1 and HSP2) are the binding sites for the transcription factors
(TFAM and TFB2M). TFAM recruits mitochondrial RNA polymerase (POLRMT) and TFB2M
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mediates the rewinding of the mtDNA and opening of the promoter (Falkenberg et al., 2002).
The mitochondrial transcription elongation factor (TEFM) increases the processivity of the
POLRMT through facilitating the interaction with the DNA-RNA template (D’Souza et al.,
2018; Minczuk et al., 2011).

The products of the mitochondrial transcription are two polycistronic transcripts synthesized
from both strands of the mtDNA. In the transcript of the H-strand, most tRNAs are positioned
between the protein-coding and rRNA genes (Anderson et al., 1981; Montoya et al., 1981).
The polycistronic transcripts are processed by ribonuclease P (RNase P) and ribonuclease Z
(RNaseZ, also named ELAC2) cleaving the tRNAs on the 5’ and 3’ ends, respectively, and
releasing the individual transcripts (Bhatta et al., 2021). This model is known as “tRNA
punctuation model of RNA processing” (Ojala et al., 1981). However, not all of the mRNA
transcripts are flanked by tRNAs at both sides. A family of Fas-activated Serine/Threonine
kinases (FASTK) is proposed to be involved in the processing of these mRNA transcripts
(Boehm et al., 2017; Jourdain et al., 2017; Ohkubo et al., 2021). Overall, The processing of the
long mitochondrial transcripts, releases monocistronic mRNAs. Exceptions are the mRNAs of
MTATP8/MTATP6 and MTND4/MTNDA4-L that have overlapping open reading frames.

All mRNAs except for MTND6 (coded on the L-strand) are polyadenylated by mitochondrial
poly(A) polymerase (mtPAP). The stop codon on 7 of these mRNAs is formed after the
polyadenylation. Interestingly, polyadenylation changes the stability in a transcript-specific

manner (D’Souza et al., 2018).

1.4.2. Mitochondrial translation

Mitochondrial-encoded proteins are synthesized by the mitochondrial ribosome
(mitoribosome) which is significantly smaller than the cytosolic and the bacterial
counterparts (D’Souza et al., 2018). Furthermore, the RNA content is significantly less (30
percent comparing to 70 percent in bacteria) while the protein content is higher in
mitoribosomes, such that some RNA binding domains are absent and the space is filled with
proteins (Amunts et al., 2015; Greber et al., 2014, 2015; Kaushal et al., 2014).

Recognition of the start codon is not fully understood in mitochondrial mRNAs as they lack a
Shine-Dalgarno sequence or Kozak sequence. The binding of the f-Met-tRNAM®et and the

mitochondrial small subunit (mt-SSU) happens preferentially to the first AUG codon on the

10
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transcript (Christian et al., 2010). How an internal start codon is recognized in the bicistronic
MRNAs of MTATP8/MTATP6 and MTND4/MTNDA4-L is not well described.

Translation in mitochondria occurs in four stages: initiation, elongation, termination, and
recycling (reviewed in (Kummer et al., 2021; Mai et al., 2017)). The number of mitochondrial
translation factors is significantly less compared to the cytosolic or bacterial counterparts. It
is still not clear how translation is facilitated with the reduced number of factors involved. It
has been suggested that some of the conserved roles are taken over by other existing factors.
An example is the mitochondrial translation initiation factor 2 (mtIF2) with a conserved 37-
amino acid insertion that replaces the function of bacterial initiation factor 1 (IF1) (Gaur et
al., 2008).

Elongation is the most conserved step in mitochondrial translation. The first step is the new
tRNA-aminoacyl positioning and the peptide bond formation, followed by translocation
placing the new codon at the A-site. The membrane insertion of the nascent peptide chains
is proposed to occur co-translationally in mitochondria. The protein OXA1L and the
mitochondrial specific phospholipid (cardiolipin) play roles in the process (Itoh et al., 2021;
R. G. Lee et al., 2020; Stiburek et al., 2007; Thompson et al., 2018).

Termination occurs when a stop codon is positioned at the A-site. The binding of the release
factors and the hydrolysis of the ester bond releases the nascent peptide from the last tRNA.
Mitochondria have two unconventional stop codons (AGA and AGG). Whether these stop
codons are recognized by different release factors or -1 frameshifting causes the common
stop codon to be exposed is still controversial (Mai et al., 2017).

Unlike yeast, in which mRNAs have unique translation activators binding to the 5’ UTR, in
human, there is only one translation activator discovered so far (Dennerlein et al., 2017;
Herrmann et al., 2013). Translational activator of mitochondrially encoded cytochrome C
oxidase 1 (TACO1) is involved in the translation of MTCO1 and its mutant is linked to complex
IV deficiency and Leigh syndrome (Weraarpachai et al., 2009). How exactly TACO1 mediates
the translation of the MTCO1 mRNA is not well understood. Moreover, the synthesis of
proteins inside mitochondria is strongly linked to the assembly of the OXPHOS complexes.
Several assembly factors have been identified which their absence can affect the synthesis
of MTCO1 (Szklarczyk et al., 2012; Weraarpachai et al., 2012). Whether more translation
activators exist responsible for the translation of other mitochondrial-encoded proteins

requires further investigation.

11
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1.5. Regulation of mitochondrial gene expression

Gene expression in mitochondria is assumed to be regulated according to cellular demands
(Dennerlein et al., 2017). In reverse, mitochondrial malfunction induces stress response
pathways. In these stress situations, mitochondria communicate with the cytosol and the
nucleus in order to reduce the protein load into the mitochondria, increase the synthesis of
mitochondrial chaperones and proteases, and decrease the translation of mitochondrial-
encoded proteins (Aldridge et al., 2007; Martinus et al., 1996; Minch et al., 2016; Quirds et
al., 2016; Rainbolt et al., 2013). Certain stimuli such as fever or physical exercise increase
mitochondrial translation and trigger the biogenesis of mitochondria (Popov, 2020).
Moreover, mitochondrial translation is adapted to the availability of the nuclear-encoded
subunits (Richter-Dennerlein et al., 2015). For example, during the synthesis of
mitochondrial-encoded cytochrome c oxidase | (MTCO1), mitoribosome is stalled. It is only
released and completes the synthesis if the nuclear-encoded COX4 subunit is present
(Richter-Dennerlein et al., 2016). This model of translational plasticity allows the
coordination of subunits from two genetic origins in forming functional OXPHOS complexes.
Our knowledge about the mechanisms involved in the modulation of gene expression in
mitochondria are expanding. Every stage of the gene expression process can be regulated
including mtDNA stability and copy number, transcription, RNA modification and turnover,
ribosome assembly, and translation (Kummer et al., 2021). The proteins responsible for
modulating mitochondrial gene expression are encoded entirely in the nucleus, synthesized
in the cytosol and are imported into mitochondria.

Some of the regulatory proteins play their roles by binding to mRNA and modulating RNA
processing and stability (Jedynak-Slyvka et al., 2021). For example, leucine-rich PPR-motif-
containing protein (LRPPRC) in complex with steroid receptor RNA activator (SRA) stem-loop
interacting RNA-binding protein (SLIRP) act as a general chaperone for mRNAs (Sondheimer
et al., 2010). The LRPPRC-SLIRP complex stabilizes the mRNA transcripts and promotes their
polyadenylation (Ruzzenente et al., 2012). Moreover, it fosters the translation of the mRNAs,
supposedly by delivering them to the mitoribosomes (Sasarman et al., 2010).

Another family of mitochondrial RNA binding proteins is the FASTK family, originally found to
function in the nuclei and the cytosol (Tian et al., 1995). Members of this family play roles in

mitochondrial mMRNA maturation, stability, and translation. Their function is specific towards
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subsets of mRNAs and in some cases, they even show opposing effects. For example, while
FASTKD4 stabilizes the majority of mRNAs, FASTKD1 and FASTKD3 destabilize the mRNA
encoding MTND3, and FASTKD3 increases the translation of MTCO1, specifically (Jourdain et
al., 2017).

Another RNA-binding protein is mitochondrial transcription rescue factor 1 (MTRES1). Its
putative roles in both mitochondrial transcription and translation have been recently
described in different studies (Gopalakrishna et al., 2019; Kotrys et al., 2019). The exact
mechanism of action is not known. However, it has been shown to associate with POLRMT.
Moreover, knockout of MTRES1 is suggested to decrease the mitochondrial mRNA
association to the mitoribosome diminishing translation (Gopalakrishna et al., 2019).
Post-transcriptional modifications (PTM) have been detected in all types of mitochondrial
RNAs (Bohnsack et al., 2017). Methylation and pseudouridylation are the most prominent
modifications in all types of mt-RNAs. Modification of the rRNA changes its folding and
assembly into the mitoribosomes. mt-tRNA modifications modulate the recognition of
unconventional codons and the stability (Haag et al., 2016; Suzuki et al., 2020; Van Haute et
al., 2017). In addition to the poly-adenylation that affects the stability of the mt-mRNAs,
pseudouridylation is found in several nucleotides of mt-mRNAs. The exact role of these
modifications in the expression of the mt-mRNAs are not well understood, however, the
pattern seems to reflect environmental signals (Carlile et al., 2014).

Major RNA processing and maturation occur in distinct structures called mitochondrial RNA
granules (MRGs) (Antonicka et al., 2015). MRGs are close to the mitochondrial nucleoids and
many RNA modifying enzymes, mitoribosome assembly factors and subunits have been
detected there. Therefore, they are considered as regulation hubs for the gene expression in

mitochondria (Pearce et al., 2017).

1.5.1. Phosphorylation in regulation of mitochondrial gene expression

Phosphorylation plays a critical role in the regulation of many mitochondrial processes.
Phosphoproteomic data has shown that around 40 percent of the mitochondrial proteome is
phosphorylated (Giorgianni et al., 2014; Kruse et al., 2017) and an increasing number of
kinases are being described to either localize to mitochondria or to have mitochondrial
targets (Kotrasova et al., 2021; Lucero et al., 2019). Phosphorylation of proteins in the OMM

modulates mitochondrial fission/fusion and mitophagy (Cribbs et al., 2007; Kashatus et al.,
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2015; Toyama et al.,, 2016). Besides, phosphorylation of several components of the
translocase machineries in the OMM regulate import into mitochondria (O. Schmidt et al.,
2011; Walter et al., 2021). Important metabolic pathways inside mitochondria are controlled
via phosphorylation, as well (Kotrasova et al., 2021; Lushchak et al., 2014). An example is the
protein complex of pyruvate dehydrogenase (PDC) which links glycolysis in the cytosol to the
citric acid cycle and fatty acid synthesis in mitochondria. The activity of PDC is regulated by
multiple reversible phosphorylations (Haan et al., 2016; Linn et al., 1969; Rardin et al., 2009).
The OXPHOS system in mitochondria is also subject to phosphorylation as many of the
subunits from different complexes have been shown to be phosphorylated. These
modifications alter the mitochondrial respiration activity and ATP production in response to
different stimuli (Kotrasova et al., 2021).

In the process of genome maintenance and gene expression, several critical proteins have
been found phosphorylated in different organisms (Cho et al., 2001). TFAM has been shown
to have several potential phosphorylation sites in the positions that are in contact with
mtDNA (Rubio-Cosials et al., 2011). Phosphorylation of TFAM impairs its binding ability to the
mtDNA and decreases mitochondrial transcription (Lu et al., 2013). The activity of other
transcription and translation factors such as mitochondrial termination factor 1 (mTERF1) and
mitochondrial elongation factor Tu (mEF-Tu) is also modulated by phosphorylation.
Mitochondrial CREB, when phosphorylated through cAMP-mediated signal transduction
pathways, promotes the synthesis of mitochondrial-encoded proteins (Acin-Perez et al.,
2009; de Rasmo et al., 2009, 2010; J. Lee et al., 2005; Ryu et al., 2005).

Another potential aspect of regulation is the phosphorylation of the mitoribosome subunits
(Koc et al., 2012). Many phosphorylated ribosomal proteins have been identified upon in vitro
phosphorylation and also in steady state analysis with anti-phosphorylation immunoblotting
(J. L. Miller et al., 2009). Many of the detected subunits have phosphorylated homologs in
bacteria and most of them are located at the critical functional domains of the mitoribosome.
In vitro phosphorylation of the mitoribosome was shown to decrease its ability in protein
synthesis (J. L. Miller et al., 2009). With the new advancements of mass spectrometry in
detecting phosphorylated proteins, the knowledge on phosphoproteome of mitochondria is
rapidly expanding. Many questions are remained to be answered such as where the proteins

are phosphorylated, what are their functional roles, and which are the effective kinases.
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Altogether, phosphorylation serves as an important regulatory strategy that can adapt

mitochondrial gene expression and metabolism to the cellular context.

1.6. Diseases related to mitochondrial gene expression

Mitochondrial diseases are a group of genetically and clinically diverse disorders that lead to
malfunctions of the mitochondrial OXPHOS system (Gorman et al., 2016; Mai et al., 2017).
Mitochondrial diseases usually show a broad range of organ-specific clinical representations,
with severe phenotypes in heart, liver, skeletal muscle, and brain (Area-Gomez et al., 2019;
Dimauro, 2019). The incidence rate of mitochondrial diseases is estimated 1 in 5000
individuals (Gorman et al., 2015). A recent analysis of the human mitochondrial proteome
revealed that defects in about one third of mitochondrial proteins are associated with
diseases (Morgenstern et al., 2021). Many of these proteins are responsible for gene
expression in mitochondria.

The defects leading to impaired mitochondrial gene expression can originate from mutations
in the nuclear genes encoding mitochondrial proteins or in the mtDNA. It is estimated that 1
in 200 healthy persons carries a pathogenic mtDNA mutations that can potentially cause
mitochondrial diseases in the offspring of the female parents (Elliott et al., 2008).

Upon mutation in the mtDNA, the clinical manifestations of the disease depend on the level
of heteroplasmy. Heteroplasmy is the ratio of mutated to wildtype copies of mtDNA. The
threshold ratio for showing the disease phenotype can differ depending on the gene. Disease-
causing mutations have been observed in most mitochondrial protein-coding genes, besides
rRNAs and tRNAs (Russell et al., 2014). These mutations usually lead to malfunction of either
one or several OXPHOS complexes and the consequent defects in mitochondrial ATP

production (Gorman et al., 2016).

1.7. Methods for studying gene expression in mitochondria

Gene expression and the regulatory mechanisms have been studied extensively in the nuclear
genome using broadly available techniques. Technologies have been developed for
manipulating genes, RNAs, or proteins of interest to study the subsequent effects in cells or
in vivo. Many of the techniques are applicable to mitochondria. However, manipulating the
mitochondrial genome and gene expression is not as advanced as of the nuclear genome.

Improving the tools for analyzing the mitochondrial genome and gene expression is required
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for designing experiments that help to understand the mechanisms of mitochondrial gene

expression and regulation at different levels (Apostolopoulos et al., 2022).

1.7.1. Analyzing mtDNA

The human mitochondrial genome was the first complete genome sequence that was
documented and published in 1981 (Anderson et al., 1981). There is a huge polymorphism in
the sequence of mtDNA among different ethnic groups (Lott et al., 2013). For diagnosis
purposes, methods have been developed to detect common mtDNA point mutations and
large deletions using targeted PCR assays and southern blotting (He, 2002; Moraes et al.,
2003). Whole genome sequencing is the gold standard to detect any modifications in the
nucleotide composition of the mtDNA (Chen et al.,, 2021; Wang et al., 2011). However,
traditional Sanger sequencing has a limitation in detecting low-level heteroplasmic mutations
and distinguishing nuclear homologs of mitochondrial DNA (H. Cui et al., 2013). A more recent
technology is called massively parallel sequencing and it analyzes the whole mtDNA as a single
amplicon that is enriched with a long-range PCR approach (Zhang et al., 2012).

In addition to the sequence of mtDNA, its absolute copy number is another critical factor in
studying the mitochondrial genome as it is associated to aging processes and many disorders
such as mtDNA depletion syndromes, neurodegenerative diseases, and cancers (Filograna et
al., 2021). Various techniques are available to label and quantify mtDNA copy number that
are based on Southern blotting, real-time polymerase chain reaction (RT-PCR), fluorescent
labeling, and microscopy (Nicklas et al., 2004; Prole et al., 2020; Wheeler et al., 2019). While
Southern blotting with labeled probes is semi-quantitative and requires more DNA sample,
RT-PCR provides high sensitivity and can be adjusted in order to obtain the absolute copy
number of mtDNA. Fluorescence-based methods allow to study mtDNA in single-cell
resolution (Briser et al., 2021). Diverse probes with different properties are available and can
be used depending on the purpose of the study in live and fixed conditions such as DNA
binding dyes, fluorescent nucleotide analogues, fluorescently-tagged DNA binding proteins

and DNA antibodies (Boutorine et al., 2013).

1.7.2. Analyzing mitochondrial gene expression at transcription level

The number of mitochondrially encoded RNA species is limited, therefore, the conventional

complementary hybridization techniques such as Northern blot are feasible to analyze the
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steady state level of the individual RNAs (Heddi et al., 1993). Moreover, the copy number of
each RNA can be quantified using specific primer sets and RT-PCR (Mercer et al., 2011). While
Northern blotting is semi-quantitative and time-consuming, RT-PCR offers a more sensitive
high-scale quantification.

Additionally, high-throughput transcriptome methods, such as microarray libraries and RNA-
sequencing (RNA-seq), also cover mitochondrial RNAs (Crimi et al., 2005; Mercer et al., 2011).
A more recent approach for quantifying specific RNA transcripts is nanoString nCounter
Technology that is based on microarrays and hybridization of predesigned probes to the
target transcripts. Each probe is conjugated to a set of fluorophores and the unique order of
fluorophores functions as a color barcode on each probe. After hybridization, the probes are
fixed and aligned on an electric field and scan-imaged with a simple microscope. Analyzing
the barcode images provides a quantification for respective transcripts. Unlike RNA seq, an
amplification step is not required and the analysis is simpler in nanoString nCounter
Technology. The method has been extended for RNA transcripts quantification in a single-cell

resolution manner.

1.7.3. Analyzing mitochondrial gene expression at translation level

The steady state and the synthesis rate of mRNA transcripts provide a valuable overview on
the gene expression in mitochondria. However, many known and unknown factors break the
positive correlation between the level of transcripts and the respective synthesized proteins
(Pearce et al., 2017). Post-transcriptional modifications, secondary structure of the transcript,
the charge and the folding of the nascent peptide are some of the factors that can influence
the rate of ribosome activity and, subsequently, protein synthesis. Therefore, direct
approaches are required for monitoring gene expression at the ribosome and translation level
(Figure 3).

One useful method is ribosome profiling, in which the fragments of transcripts that are bound
to the ribosomes are analyzed at any given time (Ingolia et al., 2009, 2012). Ribosome binding
to the fragments protects them from RNase treatment. The protected transcript fragments
are applied to deep sequencing revealing the ribosome footprints. The more a transcript is
being synthesized, the more abundant is the fragment in the ribosome footprint. Moreover,

ribosome stalling at any step can change the binding profile. This method has been used to
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study the dynamic of the translation and the mechanism of ribosomes in mitochondria (Gao

et al., 2018; Rooijers et al., 2013).

A. Ribosome Profiling B. Mitoribosome Profiling C. pSILAC D. BONCAT-pSILAC E. Radioactive Labeling
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Figure 3. Methods to analyze gene expression at translation level in mitochondria. (A) Ribosome Profiling:
mMRNA fragments bound to the cytosolic and mitochondrial ribosomes are analyzed by deep sequencing. (B)
Mitoribosome Profiling: purification of the mitoribosomes by ultracentrifugation enriches the mitochondrial-
encoded mRNAs. (C) pSILAC: Newly synthesized proteins can be labeled in a pulse with a heavy isotope
contained amino acid and detected with mass spectrometry. (D) BONCAT-pSILAC: To enrich the low abundant
proteins such as mitochondrial-encoded ones in pSILAC approach, a parallel labeling with a click chemistry
compatible amino acid homolog (eg. L-Azidohomoalanine, AHA) can be used as an affinity tag, reacted to biotin-
DBCO through strain promoted cycloaddition and captured on streptavidin columns. (E) Radioactive labeling:
Newly synthesized mitochondrial-encoded proteins are labeled using [3*S]-methionine in the presence of an
inhibitor for cytosolic ribosomes. The labeled proteins are revealed by autoradiography. Radioautograph
adapted from Yousefi et al., 2021. lllustrated by Anusha Valpadashi.

A different strategy for measuring the level of protein synthesis is to label nascent peptides
that are actively elongated at the ribosomes (Apostolopoulos et al., 2022). This is achieved by
either incorporating amino acid analogs in the elongating nascent peptide in an approach that
is called metabolic labeling or placing a tag such as puromycin on the nascent peptide (Beynon
et al., 2005; E. K. Schmidt et al., 2009). Puromycin is a translation inhibitor that covalently
binds to the nascent peptide and releases it from the ribosome. Specific antibodies against

puromycin can detect the labeled nascent peptides. Alternatively, chemical modifications of
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puromycin are available that allow different detection strategies, such as biotinylated
puromycin that can be detected with streptavidin (Aviner, 2020). Despite its wide application
in labeling cytosolic translation products, mitochondrial-encoded peptides have not been
exclusively labeled and monitored with puromycin. However, metabolic labeling with
radioisotope amino acids has been extensively applied to label mitochondrial translation
products since the 90’s (Chomyn, 1996). In this approach, mainly [3*S]-methionine is added to
cultured cells or isolated mitochondria while cytosolic translation is inhibited. The
mitoribosomes incorporate the labeled methionine into the newly synthesized proteins which
are then separated on SDS page gels and visualized by autoradiography. This labeling method
is fast and reliable and with a good separation, all the proteins can be detected and their
synthesis level can be compared in different conditions.

A metabolic labeling approach can be combined with global mass spectrometry (MS)
proteomics in order to increase the yield and the sensitivity of the detection. One example is
the pulsed Stable Isotope Labeling of Amino acid in Cell culture (pSILAC) in which the newly
synthesized protein pool is labeled with heavy-isotope-contained arginine or lysine in a given
time and detected with MS alongside with the old non-labeled protein pool (Fierro-Monti et
al., 2013). Similar approaches have been used to study the turnover of mitochondrial proteins
in yeast and human (Bogenhagen et al., 2020; Saladi et al., 2020). However, due to the low
abundance and high hydrophobicity, the full coverage of all mitochondrial-encoded proteins
is difficult to achieve. Enriching labeled proteins by purifying mitochondria might help to
overcome the problem (Imami et al., 2021). Another potential enrichment technique is
combining the pSILAC approach with Bio-Orthogonal Non-canonical Amino acid Tagging
(BONCAT, (Bagert et al., 2014; Dieterich et al., 2006; Howden et al., 2013)). The main principle
of BONCAT is the specific reaction between an alkyne and an azide moiety via Cu(l)-catalysed
azide-alkyne cycloaddition (CuAAC). Amino acid analogs containing either an azide or an
alkyne group are incorporated into the elongating polypeptides at the ribosome and are
afterward reacted to the complementary alkyne or azide-conjugated probes. Fluorescent
variation of BONCAT has been used to detect newly synthesized proteins in the cytosol
(Dieterich et al., 2010). Fluorescent Non-canonical Amino acid Tagging (FUNCAT) uses azide-
or alkyne-fluorophores to detect the proteins under the microscope. This method was
specifically developed to detect local protein synthesis in the neurons and synapse (Dieterich

et al., 2010; Hafner et al., 2019; Kos et al., 2016).
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Altogether, progress has been made in the methodologies to detect newly synthesized
proteins. Specifically, non-canonical amino acids and CUAAC reactions have provided versatile
tools for studying instant protein translation. Nevertheless, most of the methods were
established for cytosolic translation or have limited applications for detecting the newly-
synthesized mitochondrial-encoded proteins. Additionally, most of the developed techniques
lack a spatial resolution to distinguish mitochondrial transcription and translation within a
cell. The latter is specifically essential when there are different pools of mitochondria in highly

specialized cells, such as neurons and cardiomyocytes.

1.8. Aim of this project

Mitochondria sustain the metabolic homeostasis of the cells and provide most of the energy
required for cellular functions. Mitochondrial biogenesis is dependent on the nuclear genome
and cytosolic protein synthesis and is modulated by the activation of several nuclear-encoded
proteins (Popov, 2020). Mitochondrial gene expression is tightly associated with the process
of mitochondrial biogenesis. In distal regions of neurons, replication of mtDNA and synthesis
of multiple mitochondrial proteins suggest that mitochondrial biogenesis can happen locally
(Cardanho-Ramos et al., 2021). Whether mitochondrial-encoded proteins are also
synthesized locally and how gene expression and mitochondrial biogenesis are coordinated
in the distal regions of neurons is not well understood.

Techniques are available to analyze mitochondrial gene expression both at the mRNA and
protein levels. However, current methods do not provide a spatial resolution in order to study
the heterogeneity of mitochondrial translation among different cells. Moreover, within a
single cell, different populations of mitochondria might express their genome distinctly. A
single cell resolution has been missing in studying mitochondrial gene expression. This
becomes particularly important in studying mitochondrial biogenesis in specialized cells such
as neurons.

Taking this into account, in the first part of this project, we aimed to develop a method to
label and visualize newly translated mitochondrial proteins in single cells. Besides the spatial
resolution, specificity and the sensitivity were of great importance. We were particularly
interested to apply this method in neurons, as highly polar and specialized cells in which
mitochondria are distributed far away from the nucleus. Moreover, mitochondrial biogenesis

and turnover could be addressed in the context of mitochondrial translation in the synaptic
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regions of the neurons. To this end, we focused on fluorescence-based labeling and
microscopy to have the desired cellular resolution in studying mitochondrial translation. In
the next chapter, | report the result of this project which was published as an original article
in EMBO Reports.

For the second part of this project, using the developed labeling strategy, we focused on
finding new factors which play roles in the regulation of gene expression in mitochondria with
the aim of introducing new pathways and proteins involved in this process. In order to achieve
this purpose, establishing a high throughput framework for screening the effect of different
factors in mitochondrial protein synthesis was necessary. Considering the importance of
reversible phosphorylation in modulating mitochondrial function and an emerging number of
kinases associated to mitochondria, we aimed to explore the role of cellular kinases in
mitochondrial gene expression. The result of this project is communicated in chapter 3 as a

manuscript prepared for submission.
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Abstract

Mitochondria possess a small genome that codes for core subunits
of the oxidative phosphorylation system and whose expression is
essential for energy production. Information on the regulation and
spatial organization of mitochondrial gene expression in the cellu-
lar context has been difficult to obtain. Here we devise an imaging
approach to analyze mitochondrial translation within the context
of single cells, by following the incorporation of clickable non-
canonical amino acids. We apply this method to multiple cell
types, including specialized cells such as cardiomyocytes and
neurons, and monitor with spatial resolution mitochondrial trans-
lation in axons and dendrites. We also show that translation imag-
ing allows to monitor mitochondrial protein expression in patient
fibroblasts. Approaching mitochondrial translation with click
chemistry opens new avenues to understand how mitochondrial
biogenesis is integrated into the cellular context and can be used
to assess mitochondrial gene expression in mitochondrial diseases.
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Introduction

Mitochondria support the metabolic and bioenergetic demands of
cells. The mitochondrial oxidative phosphorylation system
(OXPHOS) transforms energy from reducing equivalents into ATP.
During evolution, mitochondria retained a genome (mtDNA), which
encodes a small set of proteins (thirteen proteins in human), all of
which are core components of the OXPHOS system. All other

8,9,10

k**, Julio Montoya>®”, Stefan Jakobs ,

mitochondrial proteins are nuclear-encoded, synthesized on cytoso-
lic ribosomes, and transported into mitochondria (Wiedemann &
Pfanner, 2017; Dennerlein et al, 2017; Grevel et al, 2019; Hansen &
Herrmann, 2019). Accordingly, the OXPHOS system is formed from
subunits of dual genetic origin. The challenge of this compound
system is that cells need to adapt the availability of the nuclear- and
mitochondrial-encoded proteins to each other, in order to generate
membrane protein complexes of defined stoichiometry. Mitochon-
drial gene expression requires DNA replication, transcription, and
translation of the mtDNA. Approximately 25% of the mitochondrial
proteome participates in these processes (Sickmann et al, 2003;
Richter-Dennerlein et al, 2015; Morgenstern et al, 2017). Given the
importance of gene expression in mitochondria, it is not surprising
that dysfunction in any of these processes causes severe human
disorders, the so-called mitochondrial disorders, which frequently
affect the central nervous system, skeletal muscle and heart (Ghezzi
& Zeviani, 2018; Suomalainen & Battersby, 2018; Area-Gomez et al,
2019; DiMauro, 2019). However, tissue-specific pathologies of mito-
chondrial diseases are still not well understood, especially because
the local regulation of these mitochondria processes remains
unclear.

In addition, in highly differentiated cells such as cardiomyocytes
and neurons, different mitochondrial subpopulations appear to be
dedicated to fulfill certain functions within a single cell. These discrete
pools can differ in their morphology, proteome, stress response, and
can undergo different regulatory pathways (Palmer et al, 1977,
Pivovarova et al, 2004; Hollander et al, 2014; Graham et al, 2017).
Whether gene expression is heterogeneous within different mitochon-
dria cannot be answered with conventional biochemical approaches
as they lack the spatial resolution needed.

To address mitochondrial translation with spatial resolution, we
established an imaging technique that allows monitoring mitochon-
drial translation in the cellular context. Using this method, newly
synthesized mitochondrial peptides could be specifically labeled
even at short labeling times. Our analyses reveal that not all
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mitochondria translate to the same extent in different cell types.
Using neuronal cultures, we were able to monitor mitochondrial
translation in axonal and dendritic mitochondria as well as in pre-
and post-synaptic regions. Moreover, we show that the approach
could be utilized to detect even small changes in mitochondrial
translation and therefore to assess mitochondrial translation in
cellular disease models in a quantitative manner. Here, we show a
widely applicable labeling approach for imaging-based analysis of
mitochondrial protein synthesis with spatial resolution.

Results and Discussion
Visualizing mitochondrial translation in the cellular context

The standard procedure to analyze mitochondrial translation is radi-
olabeling of newly synthesized polypeptides in intact cells or in
purified mitochondria (Sasarman & Shoubridge, 2012; Pacheu-Grau
et al, 2013; Richter-Dennerlein et al, 2016; Nottia et al, 2020).
However, this approach does not allow an assessment of translation
in the context of the cellular anatomy, since it lacks spatial resolu-
tion. To monitor mitochondrial protein synthesis in the context of
an individual cell and to obtain quantitative information on the
translation process, we devised an imaging approach, based on the
fluorescent non-canonical amino acid tagging (FUNCAT) procedure
(Dieterich et al, 2010). For this, cytosolic translation was selectively
inhibited by treatment with the antibiotic Harringtonine (Fig 1A) or
other translation inhibitors (Fig EV1A and B), and cells were subse-
quently incubated with the alkyne-containing non-canonical amino
acid L-homopropargylglycine (HPG). Under these conditions, HPG
is specifically incorporated into mitochondrial translation products
instead of methionine and can be visualized by a subsequent
copper-catalyzed cycloaddition reaction (click) to azide-containing
fluorescent dyes (Fig 1A). Using this approach, we monitored mito-
chondrial protein synthesis in HeLa cells and obtained HPG-specific
fluorescent signals that colocalized well with mitochondria. As
expected for mitochondrial translation products, the fluorescent
signals were sensitive to the mitochondrial translation inhibitor
Chloramphenicol (Fig 1B). Similarly, when we monitored mitochon-
drial protein synthesis in cells lacking mtDNA (RhoO cells), HPG-
specific fluorescent signals were lost (Fig 1C), demonstrating that
HPG is specifically incorporated into mitochondrial translation prod-
ucts under these experimental conditions.

Figure 1. Visualizing mitochondrial translation in the cellular context.
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To test whether the translation products conform to the expected
nature of the OXPHOS subunits, we compared our results with the
classical method of pulse labeling with [*°S] methionine, followed
by SDS-PAGE and autoradiography (Fig 1D). HGP-labeled proteins
were detected with AF488-azide, and provided a similar pattern to
[355] methionine labeling, which was, as expected, sensitive to
Chloramphenicol (Fig 1D).

To confirm the identity of selected proteins, we first used a
mutant cell line with a defect in mitochondrial translation of COX1
(m.6930G > A). In these cells, the full-length COX1 protein is not
translated (Bruno et al, 1999; Richter-Dennerlein et al, 2016). This
was correctly recapitulated by the HPG-based analysis (Fig 1E, left
panel). In the absence of the thiol reductase COA6, COX2 stability
has been found to be strongly decreased, and thereby indirectly, the
abundance of COX1 and COX3 is affected (Stroud et al, 2015;
Pacheu-Grau et al, 2015, 2020; Soma et al, 2019). HPG-dependent
labeling of mitochondrial translation products in COA6 knockout
cells (COA6X®) resulted in the expected pattern of the loss of COX2,
COX1, and COX3 (Fig 1E, right panel).

In summary, these experiments validated the imaging strategy
to visualize mitochondrial translation in cells, which could be
applied to determine mitochondrial gene expression in distinct
cellular regions.

Differential levels of gene expression within mitochondria of a
single cell

Mitochondria are optimized to fulfill the specific metabolic demands
of different cell types. While it is becoming evident that the mito-
chondrial proteome is able to adapt to cell and tissue demands
(Mootha et al, 2003; Williams et al, 2018; Bartolomeo et al, 2020), it
is still unclear how mitochondrial gene expression is spatially coor-
dinated to respond to differential demands within separate areas of
single cells.

To compare mitochondrial translation within a single cell, we
reasoned that the labeling time could be critical, as longer pulses
might impede detection of small differences between individual
mitochondria. In addition, in highly differentiated cells such as
neurons, that display mitochondrial trafficking within a cell, shorter
labeling time would be required to address local mitochondrial
protein synthesis. Therefore, we assessed the minimum labeling
time to obtain robust signal of mitochondrial translation. In HeLa
cells, we observed a clear mitochondrial translation signal at 2 min

Schematic presentation of the approach. Cytosolic translation is inhibited with Harringtonine (Harr), while mitochondrial ribosomes are allowed to incorporate the

alkyne-containing methionine homolog (HPG, orange) into newly synthesized proteins. In fixed cells, HPG moieties are clicked to an azide-conjugated fluorophore
(star, magenta), through copper-catalyzed Huisgen cycloaddition (click), and can be visualized microscopically.

WT Hela cells were incubated with HPG for 30 min in the presence or absence of Harr and/or Chloramphenicol (Chl). After fixation, AF647-azide (magenta) was used

for click reaction (see A), and cells were immunostained for TOM20 as mitochondrial marker (green). Representative epifluorescent microscopy images are shown.
Magenta images shown in the presence of only Chl and in the absence of both inhibitors (none) are presented at lower brightness level than the other panels, duo to
their very strong intensities. An inset of Harr panel is zoomed in the panel below for better visualization. Met, methionine. Scale bars, 50 and 10 um for the zoom

panel.

Mitochondrial translation products in osteosarcoma 143B control and RhoO cell lines as described in A. Scale bars, 25 um.
Comparison of mitochondrial translation labeling in control HEK cells using radioactive [**S]Met or HPG followed by click reaction with AF488-azide, in purified

mitochondria. Samples were analyzed by SDS-PAGE and either digital autoradiography or fluorescent gel imaging.

E Similar experiments, performed by click reaction in 143B COX1 mutant cells (m.6930G > A), derived from a patient, or in COA

respective controls.
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of labeling time which further increased upon extended labeling
time up to 30 min (Fig 2A).

To determine the sensitivity of the technique in detecting changes
in mitochondrial translation, we defined a labeling time during which
the HPG incorporation remained linear (10-20 min). Next, we
analyzed HPG signals in cells in 2-min time intervals. Using 25
random cells, we observed a linear increase of the detected label over
time. By increasing the number of analyzed cells to 150, we detected
ten percent differences between each consecutive point (Fig 2B).
Accordingly, the sensitivity of the method is sufficient to detect dif-
ferences of ten percent when adequate numbers of cells are assessed.

Next, we addressed if mitochondrial translation products could
be identified in different cell types: human fibroblasts, human
iPSCs-derived cardiomyocytes, and rat hippocampal neurons. In all
three cases, mitochondrial translation products were readily detect-
able with only small variations among each cell type (Figs 2C and
EV2A). Interestingly, the correlation analysis of newly synthesized
translation products with the mitochondrial marker TOM20 identi-
fied regions of high and low mitochondrial translation, reflecting
compartment specific mitochondrial translation in the cellular
context of the different cell types (Figs 2C and EV2B and C). This
observation was most striking in neurons, where profound dif-
ferences could be noted between the spatial pattern of the mitochon-
dria and the translation products (Fig 2C, bottom panel).

Accordingly, this labeling method allowed us to visualize
actively translating mitochondria in different cell types even after
short pulse times. Moreover, the spatial resolution of the technique
revealed heterogeneous patterns of gene expression between mito-
chondria of a single cell in all the cell types.

Imaging mitochondrial translation with high
resolution microscopy

Mitochondrial diseases present with many clinical manifestations
affecting different tissues and organs. Defects in mitochondrial gene
expression caused either by mutations in mtDNA or in nuclear-
encoded factors may lead to pathologic conditions (Smits et al, 2010;
Antonicka et al, 2010; Boczonadi & Horvath, 2014; Haute et al, 2015).
Therefore, implementing new techniques to rapidly monitor mito-
chondrial protein synthesis in living cells derived from different
tissues will be helpful for the evaluation and diagnosis of mitochon-
drial diseases. To address the potential of our approach as a diagnostic
tool for mitochondrial disorders, we labeled mitochondrial translation
products in primary fibroblast cultures from a healthy control and a
patient with a mutation in the mitochondrial translation elongation

Figure 2. Different levels of gene expression in mitochondria of a single cell.
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factor Ts (TSFM) (Fig 3A). Interestingly, quantification of the incorpo-
rated HPG revealed an almost 60 percent decrease of mitochondrial
translation in the patient cells, which correlated with the mitochon-
drial protein synthesis defect measured using [*°S] methionine radio-
labeling (Fig 3A) and that had been reported previously (Emperador
et al, 2017). In a similar fashion, mitochondrial translation products
were labeled with both HPG and [*°S] methionine in control and
COAGX® cells (Fig 3B). The knockout cells showed a modest but
significant decrease of mitochondrial translation, with both
approaches. Accordingly, the labeling method represents a potential
tool for screening defects in protein synthesis within mitochondria in
a pathologic context.

To further assess the suitability of our approach to address
biological questions related to the spatial organization of mitochon-
drial protein synthesis, we asked whether the synthesis of new
proteins inside mitochondria could be localized at the suborganelle
level. For that purpose, hippocampal neurons were labeled for their
mitochondrial protein synthesis and further clicked with a high
resolution STED compatible azide fluorophore (ATTO 590-azide)
and immunostained for TOM20 to detect mitochondria (Fig 3C).
The representative deconvolved STED image resolves the localiza-
tion of the newly synthesized mitochondrial peptides within the
chain of connected mitochondria. This confirms the potential appli-
cation of the technique to study spatial localization of the mitochon-
drial synthesis products in a highly resolved manner.

Mitochondrial translation can be tracked compartmentally
in neurons

Mitochondria provide more than 90% of the ATP that is required for
neuronal activity and are thus essential for synaptic transmission
(Harris et al, 2012). Moreover, the presence of mitochondria at synap-
tic boutons has been suggested to regulate the size of the synapse and
the number of vesicles (Smith et al, 2016), and these mitochondria
also appear to present a distinct proteome, specialized for energy
supply (Volgyi et al, 2015). This finding indicates that mitochondria
may undergo function-specific proteostasis in order to adapt to
distinct subcellular processes. Different studies have addressed local
protein synthesis at synaptic terminals and its relevance for proteome
remodeling and plasticity in neurons (Richter & Klann, 2009; Hafner
et al, 2019; Cioni et al, 2019). Previous studies revealed translation of
mRNAs for nuclear-encoded mitochondrial proteins in pre-synaptic
nerve terminals (Gioio et al, 2001; Kaplan et al, 2009). Moreover,
mitochondrial proteins represent an important portion of locally
synthesized proteins in synaptoneurosomes. Interestingly, many of

A Mitochondrial translation products were labeled in WT HelLa cells for indicated time lengths (heat map) and cells immunostained for TOM20 (gray). Representative
confocal images are shown for each time point. The same 5-min image was used in both rows with different brightness as a reference for intensity comparison of the
other time points in the row. Scale bars, 10 um. Mitochondrial protein synthesis was quantified over time. Thirty cells from N = 3 independent experiments were
analyzed for each time point (average of the HPG intensity in the mitochondrial area was calculated and the baseline was set to zero by subtracting the value of
time point O from all the values. Error bars, + SEM). A hyperbolic graph was fitted to the data. R?> = 0.97.

B Asin A mitochondrial translation products were labeled for increasing time (10 and 20 min) in Hela cells. The number of analyzed cells was increased in the plots
from 25 to 300 per time point. 150 or 300 random cells from N = 3 independent experiments were analyzed. Kruskal-Wallis followed by Fisher’s test. ****P < 0.0001.

Error bars, £ SEM.

C Mitochondrial translation products were labeled for 30 min and clicked with AF647 (magenta) and cells immunostained for TOM20 (green) in fibroblasts, iPSCs-
derived cardiomyocytes, and hippocampal neurons. Representative epifluorescent microscopy images are shown. The correlation of HPG and TOM20 channels is
represented in fire lookup table, after calculating the Pearson correlation values over each pixel of the images. Scale bars, 25 pm.
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Figure 3. Utilizing HPG labeling in a disease context and mapping mitochondrial translation with super resolution microscopy.

A

Mitochondrial translation products were labeled using HPG and [**S]Met in control and TSFM patient fibroblasts. Representative epifluorescent microscopy and the

autoradiography images are shown. Scale bars, 50 um. Changes in mitochondrial protein synthesis were quantified for both approaches. For microscopy image
analysis, > 300 cells from N = 3 independent experiments were analyzed for each cell type. Mann—-Whitney U-test, ****P < 0.0001. For radiolabeling analyses, N = 3
independent samples were quantified for each cell type. Student t-test, **P < 0.01. Error bars, + SEM.

As in A using control and COA6*°

calculated. Error bars, &= SEM.

A representative deconvolved STED microscopy image is shown. Scale bars, 1 pum.

these proteins are components of the OXPHOS system, which need to
be locally imported and integrated into functional enzyme complexes
(Kuzniewska et al, 2020). These findings indicate that biogenesis of
mitochondrial proteins occurs locally and distant from the soma.
However, it has not been addressed whether mitochondrial-encoded
proteins are locally expressed in different neuronal compartments,
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HEK cells. Scale bars, 25 pm. For microscopy image analysis, ****P < 0.0001, and for radiolabeling experiments, *P < 0.05 were

Mitochondrial protein synthesis was monitored in hippocampal neurons, using HPG clicked to ATTO 590-azide (magenta) and cells immunostained for TOM20 (green).

distant from the soma. To answer this question, we labeled mitochon-
drial translation products in hippocampal neurons and immunos-
tained the samples for ANK-G, a protein located in the axon initial
segment. The plasma membrane of the neurons was stained using a
lipophilic dye DiO. When used in low concentration, DiO sparsely
labels cells in the sample by unselectively incorporating into the

© 2021 The Authors



First Manuscript

Roya Yousefi et al EMBO reports

B
Dendrite +Chl
Axon +Chl
VGLUTH1
Figure 4.
© 2021 The Authors EMBO reports 22: 5163512021 7 of 12

32



<

EMBO reports

Figure 4. Mitochondrial translation in neurons.
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A Mitochondrial translation products were labeled with HPG in hippocampal neurons, immunostained for ANK-G (initial axon segment), and plasma membrane was
stained with DiO. Representative epifluorescent images and zoomed insets of neural branches are shown. In both axon (ANK-G positive, arrow) and dendrite (star),
HPG incorporation revealing mitochondrial protein synthesis was detected. Scale bars, 20 pm.

B Representative confocal images of a dendrite (top) and an axon (bottom) in which mitochondrial translation products were labeled with HPG (magenta). HOMER1
and VGLUT1 were used as post- and pre-synapse markers, respectively (green) and DiO-stained randomly neurites (gray). In each neurite, an exemplary region was
selected and the DiO was outlined to mark the outer edge of the region. As a control, cells were treated with Chloramphenicol (Chl) to inhibit mitochondrial

translation. Scale bars, 5 pm.

membrane and spreading across the plasma membrane of single cells.
This allows for staining of neurons (or neurites) in a random manner.
This approach enabled us to differentiate between axons and
dendrites, as neurites containing ANK-G, or devoid of it and to visual-
ize single neurites in the culture. Mitochondrial translation products
were found in both axons and dendrites (Fig 4A, the arrow and the
star mark the axon and the dendrite, respectively).

We then analyzed pre- and post-synaptic regions for mitochondrial
translation using HPG labeling. As a marker for pre-synaptic sites, we
labeled synaptic vesicles with an antibody against vesicular glutamate
transporter 1 (VGLUT1). In a separate set of experiments, HOMER1
antibody was used to visualize post-synaptic regions. The membrane
of neurites was stained with DiO. We then imaged DiO-stained
dendrites and axons by confocal microscopy. Mitochondrial transla-
tion was readily detected along both axons and dendrites. Using Chlo-
ramphenicol, we validated the specificity of the detected mitochondrial
translation signal. For a closer look at the synaptic regions, we outlined
the DiO staining to define outer edge of the branch. To this end, we
detected the HPG signal present at both pre- and post-synaptic regions
(Figs 4B and EV3). Accordingly, mitochondrial translation appears to
occur at pre- and post-synaptic regions of neurites.

In summary, our work provides a first view of mitochondrial
translation in neurons, demonstrating that this process can be
detected in axons and dendrites and in functionally distinct
compartments of the pre- and post-synapse.

Conclusion

Here, we have implemented a new imaging approach that specifi-
cally allows to label mitochondrial translation products for fluores-
cent microscopic imaging. The strategy can be applied in a timely
resolved manner with different labeling time and in a variety of dif-
ferent cell types. In addition, the labeling technique can be
combined with super resolution microscopy to address questions
regarding the spatial organization of mitochondrial protein synthe-
sis. To this end, labeling of mitochondrial translation with HPG and
subsequently click chemistry represents a powerful approach that
could be applied in diagnostics of mitochondrial diseases and that
opens new opportunities to study mitochondrial biogenesis in
specialized cells such as neurons with spatial resolution.

Material and Methods

Cell lines and cell culture

All non-primary cell lines and primary human fibroblasts were
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Thermo
Fischer) and were supplemented with 10% (V/V) heat-inactivated fetal
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bovine serum (Biochrom, Berlin, Germany), 2 mM r-glutamine, 1 mM
sodium pyruvate, and 50 pg/ml uridine. They were incubated at 37°C
with 5% CO, and passaged on a regular basis. HeLa was purchased
from the DSMZ collection at the Leibnitz institute. HEK293T Flp-In"™ T-
REX™ was purchased from Invitrogen. WT fibroblasts, COA6X?
HEK293T, WT, and Rho0-143B cell lines were previously reported
(King & Attardi, 1989; Gémez-Duran et al, 2010; Pacheu-Grau et al,
2018, 2020). The G6930A 143B cell line was a gift from G. Manfredi
and J. Montoya (Bruno et al, 1999; Richter-Dennerlein et al, 2016).
TFSM mutant patient fibroblasts were previously reported (Emperador
et al, 2017). For imaging purposes, the cells were seeded on PLL-coated
glass coverslips (0.1 mg/ml) 1 day before the start of the experiments.

The use of human iPSC lines was approved by the Ethics
Committee of University Medical Center Gottingen (approval
number: 10/9/15) and was carried out in accordance with the
approved guidelines. Written informed consent was obtained from
all participants prior to the participation in the study.

Human iPSC lines from a healthy donor (isWT11.8/UMGil30-
A) were used in this study. Human iPSCs were maintained on
Matrigel-coated plates (growth factor reduced, BD Biosciences),
passaged every 4-6 days with Versene solution (Thermo Fisher
Scientific), and cultured in StemMACS iPS-Brew XF medium (Mil-
tenyi Biotec) supplemented with 2 pM Thiazovivin (Merck Milli-
pore), for 24 h after passaging with daily medium change.
Directed differentiation of human iPSCs into iPSC-cardiomyocytes
was performed via WNT signaling modulation and subsequent
metabolic selection, as previously described (Cyganek et al,
2018). Differentiated iPSC-cardiomyocytes were cultured for
2 months and were subjected to molecular and functional analy-
ses. Cell cultures were incubated in a humidified incubator with
5% CO, at 37°C.

Neuronal hippocampal cultures were obtained from dissociated
hippocampi of new-born rats, as previously published (Banker &
Cowan, 1977; Kaech & Banker, 2006; Truckenbrodt et al, 2018). For
imaging purposes, the cells were plated at a concentration of
~30,000/cm?* on coverslips coated with 1mg/ml PLL, after being
treated as previously described (Truckenbrodt et al, 2018). Follow-
ing dissection and plating, the cells were left to adhere for 14 h at
37°C in a cell incubator, with 5% CO,. After adhesion, the medium
was replaced to Neurobasal-A medium (Gibco, Life Technologies,
Carlsbad, CA, USA), containing 1:50 B27 supplement (Gibco) and
1:100 GlutaMAX (Gibco). Neurons were kept in culture at 5% CO,
and 37°C, for 14-21 days before use.

In vivo labeling of newly synthesized mitochondrial-encoded
peptides with HPG

To label newly synthesized mitochondrial-encoded peptides, a
click chemistry-based approach was adapted (Estell et al, 2017).

© 2021 The Authors
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Briefly, cells were transferred to methionine-free medium. In
neurons, the labeling was done in warm Hank’s Balanced Salt
Solution (HBSS, Thermo Fisher). Cytosolic translation was
stopped using Harringtonine (200uM, Carbosynth) for 20 min.
Emetine (100 pg/ml, Merck) and Cycloheximide (Chx, 50 ug/ml,
Roth) were used in a similar fashion. For control experiments
blocking mitochondrial translation, 150 ug/ml Chloramphenicol
was added 50 min before the start of the labeling. 500 uM of
t-Homopropargylglycine (HPG, Thermo Fisher) was then added
for 30 min (unless mentioned otherwise). Cells were then trans-
ferred to buffer A containing 10 mM HEPES, 10 mM NaCl, 5 mM
KCl, 300 mM sucrose, and 0.015% digitonin, for 2 min on ice,
followed by 15 s in buffer A without digitonin. Coverslips were
fixed using 4% PFA in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,4, 2 mM KH,PO,) at pH 7.5 for 30 min at room tempera-
ture and were then further processed for click chemistry and
immunostaining.

Click chemistry and immunostaining of fixed cells

After formaldehyde fixation, coverslips were washed for 5 min with
PBS quenched for 15 min with 100 mM NH,CI in PBS. Blocking and
permeabilization were performed in staining solution (PBS + 5%
BSA + 5% tryptone peptone + 0.1% Triton X-100), using 3 solution
exchanges, each for 5 min. After a brief wash with 3% BSA in PBS,
coverslips were clicked for 20 min using a commercial kit (Click-iT
Cell Reaction Buffer Kit; Thermo Fisher), with 3 uM AlexaFluor 647-
azide (Thermo Fisher) or 5 uM ATTO 590-azide (ATTO-TEC). After
another quick wash with 3% BSA in PBS, primary and secondary
antibodies were diluted in the staining solution and were applied
sequentially for 1 h. Three 5-min washing steps with staining solu-
tion were performed between the primary and secondary antibody
incubations. Three 5-min sequential washes with blocking solution
(PBS + 5% BSA + 5% tryptone peptone), high-salt PBS (PBS + 500
mM NaCl), and PBS were performed at the end of the staining
procedure, to remove thoroughly any unspecific binding of the anti-
bodies. The coverslips were then embedded in Mowiol (Calbiochem,
Billerica, MA, USA) and were allowed to dry overnight at room
temperature, before imaging.

The probes used in this study are as follows: TOM20 (rabbit,
Proteintech), ANK-G (mouse, Antibodies incorporated), HOMER1
(mouse, Synaptic Systems), VGLUT1 nanobody conjugated to STAR
580 (Nanotag), goat anti-rabbit Alexa Fluor Plus 488 (Thermo
Fisher), donkey anti-mouse conjugated to Cy3 (Dianova), goat anti-
rabbit STAR 580 (Abberior), goat anti-rabbit ATTO 647N (ATTO-
TEC), and goat anti-guinea pig Alexa Fluor 546 (Thermo Fisher).

Labeling of mitochondrial-encoded peptides with
[2°s] methionine

Radioactive labeling of mitochondrial translation products was
performed according to a previously published protocol (Chomyn,
1996) with minor modifications. Cytosolic translation was inhibited
with Harringtonine (200 uM) for 20 min. Then, 200 pCi/ml [*°S]
methionine was added to the cells and was incubated at 37°C for
1 h. The cell lysate was loaded on a 10-18% Tris-Tricine gradient
gel, and the radioactive signal was detected using Phosphor Screens
and a Typhoon scanner (GE Healthcare).

© 2021 The Authors
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Quantification of the autoradiography images in Fig 3A and B
was performed with ImageJ as follows: First, a manual threshold
was determined to separate the background from the regions of
interest. Then, in each lane, the integrated density (sum of values)
of the pixels over the threshold was obtained.

Click chemistry on extracted mitochondria

Cells were incubated in methionine-free medium with 200 uM
Harringtonine for 20 min, and 500 uM HPG was added to the cells
for 4 h. After harvesting the cells, mitochondria were isolated by dif-
ferential centrifugation, as previously described (Lazarou et al,
2009). Briefly, cells were dissolved in isolation buffer (300 mM
trehalose, 10 mM KCl, 10 mM HEPES pH 7.4, 2 mg/ml BSA and
2mM PMSF). Cells were subsequently homogenized on ice using a
Potter S homogenizer. After a first centrifugation step at 400 xg for
10 min at 4°C and a second one at 800 xg for 7 min at 4°C to
remove cell debris, mitochondria were collected by centrifugation at
10,000 xg for 10 min at 4°C. Freshly isolated mitochondria were
washed in isolation buffer lacking BSA, and protein concentrations
were subsequently determined by Bradford assay. 100 pg of mito-
chondria proteins was pelleted and dissolved in 25 ul 50 mM Tris
(pH 8.8) containing 1 mM PMSF and 1% SDS. A click reaction was
performed on ice using a commercial kit (Click-iT Cell Reaction Buf-
fer Kit; Thermo Fisher), with 80 pM Alexa Fluor 488-azide (Sigma).
According to the manufacturer’s protocol, proteins were purified
from the mixture using a MeOH/chloroform approach, after the end
of the click reaction. The extracted pellet was completely dried by
heating up to 50°C and was then dissolved in loading buffer contain-
ing 8 M Urea, 100 mM Dithiothreitol (DTT), and 1% benzonase. It
was then incubated at 37°C for 20 min and was then loaded on a
10-18% Tris-Tricine gradient gel. Fluorescent signals in the gels
were analyzed using a FLA-9000 Starion image scanner (Fujifilm).

Membrane staining with DiO for visualizing neurites

The cell’s membrane was stained with the carbocyanine dye, DiO
(3,3/-dioctadecyloxacarbocyanine perchlorate, Molecular Probes).
The DiO staining procedure results in sparse labeling if used in low
concentration. This dye is poorly soluble in water and is only
soluble in membranes. Neurons on which DiO crystals land will be
abundantly labeled, with all of their neurites becoming fluorescent,
because DiO dissolves and spreads in their membranes. Neighboring
neurons, which did not receive DiO crystals, remain invisible in the
DiO (green) channel. For the staining, the DiO crystals were
dissolved in dimethylformamide (DMF) to a stock concentration of
2 mg/ml, by mixing for 10 min at 50°C. The stock was kept at 4°C,
in the dark, until use. A working concentration of 1 pg/ml was
prepared in PBS and was thoroughly mixed and sonicated. It was
applied to the coverslips for 20 min at 37°C. The coverslips were
washed with PBS briefly and were left overnight in PBS at room
temperature. The next day, the coverslips were embedded in
Mowiol, as above, and were dried overnight before imaging.

Image acquisition

Epifluorescent images were taken with an inverted Nikon Ti epifluo-
rescence microscope (Nikon Corporation, Chiyoda, Tokyo, Japan)
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equipped with a Plan Apochromat 60x, 1.4 NA oil immersion objec-
tive, an HBO-100W Lamp, and an IXON X3897 Andor (Belfast,
Northern Ireland, UK) camera, operated via the NIS-Elements AR
software (version 4.20; Nikon).

Confocal images were taken using an Abberior microscope oper-
ated with Imspector imaging software (Abberior Instruments,
Gottingen, Germany). This setup was built on an Olympus I1X83
base, equipped with a UPlanSApo 100x oil immersion objective
(Olympus Corporation, Shinjuku, Tokyo, Japan) and an EMCCD
iXon Ultra camera (Andor, Belfast, Northern Ireland, UK). Pulsed
561-nm and 640-nm lasers were used for excitation of ATTO 590
and STAR 580 and Alexa Fluor 647, respectively. For stimulated
depletion, lasers emitting at 595 and 775 nm were employed. Where
mentioned, images were deconvolved using Huygens software (Sci-
entific Volume Imaging, WWW.svi.nl).

Image analysis

To analyze the mitochondrial translation signal, we used a self-
written script in Matlab. First, the area of single cells was sepa-
rated. Then, in each cell, mitochondria were identified by applying
an empirically determined threshold in the TOM20 channel. The
HPG signal was then averaged inside the mitochondrial area. Dif-
ferent statistical tests were used and mentioned in the respective
figure legends. A P-value of < 0.05 was considered statistically
significant.

To make the correlation maps in Figs 2C and EV2B, we calcu-
lated the Pearson correlation coefficient for the respective images.
This procedure calculates for each pixel, identified by coordinates i
and j, the following value:

Valuei,j= (Ai,j—a) x (Bi,j— ) + (\/Z(Ai,jf x)? x \/Z(Bi,jfﬁ)z)

where A and B are the two original images (meaning intensity
matrices), and a and g are the average intensities of the two
images, respectively.

The value obtained at a particular pixel is high when the original
pixel intensities in the A and B images correlate (if they are both
higher than the respective averages, or both lower). In contrast, if
the intensity at the respective pixel is low in one of the original
images and is high in the other, then the correlation value will be
low (negative). This calculation provides an optimal view of the
correlation between the channels, and indicates, pixel by pixel, the
regions of low or high correlation.

Data availability

This study includes no data deposited in external repositories. All
Matlab analysis routines are available upon request from SOR (sriz-
zol@gwdg.de).

Expanded View for this article is available online.
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Expanded View Figures
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HPG
HPG

TOM20
TOM20

Figure EV1. Visualizing mitochondrial translation in the cellular context.

A Mitochondrial translation was labeled in WT Hela cells for 30 min using indicated antibiotics for inhibiting cytosolic translation (magenta). Cells were then
immunostained for TOM20 (green). Using Emetine and Cycloheximide (Chx) revealed no difference to Harringtonine (Harr).

B HPG labeling of Hela cells in the presence of mitochondrial translation inhibitor Chloramphenicol (Chl) and the absence of all antibiotics (none). The brightness is
scaled to the level of panels in A. Scale bars, 50 pm.

Figure EV2. Different levels of gene expression in mitochondria of a single cell.

A Mitochondrial translation products were labeled with HPG in different cell types and 25 random cells, from N = 3 independent experiments, were analyzed and
plotted for each cell type. Coefficients of variations (CV) are indicated on each graph. Error bars show mean + SEM.

B Representative epifluorescent images of HEK and Hela cells labeled for mitochondrial translation products with HPG and TOM20. Correlation of HPG and TOM20
channels is represented in fire lookup table, after calculating the Pearson correlation values over each pixel of the images. Scale bars, 25 pm.

C Representative images of different cell types, in which the ratio of HPG to TOM20 is calculated in each pixel and scaled in the fire lookup table. The same cells are
shown as in Fig 2C and in B, where a correlation map between the two channels is plotted. The background color (blue or magenta) represents the baseline. Brighter
pixels (yellow/orange/white) indicate high HPG to TOM20 ratios, while darker pixels (dark blue/black) indicate low ratios. Scale bars, 25 um.
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Dendrite

+Chl

Axon +Chl

Figure EV3. Mitochondrial translation in neurons.

Representative confocal images of a dendrite (top) and an axon (bottom) in which mitochondrial translation products were labeled with HPG (magenta). HOMER1 and
VGLUT1 were used as post- and pre-synapse markers, respectively (green) and DiO-stained randomly neurites (gray). In each neurite, the DiO was outlined to mark the outer
edge of the region. As a control, cells were treated with Chloramphenicol (Chl) to inhibit mitochondrial translation. Scale bars, 5 um.
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3.1. Introduction

Mitochondria supply the majority of cellular ATP via oxidative phosphorylation (OXPHOS). In
humans, almost all protein complexes of the OXPHOS system are composed of subunits of
dual genetic origin. The majority of proteins are synthesized by cytosolic ribosomes and then
imported into mitochondria. Only a small fraction of the OXPHOS subunits (13 proteins) are
encoded on mitochondrial DNA (mtDNA) along with 2 rRNAs and 22 tRNAs (Anderson et al.,
1981; Ojala et al., 1981). mtDNA-encoded mRNAs are translated by mitochondrial ribosomes
(mitoribosomes), and the synthesized polypeptides are co-translationally inserted to the
inner mitochondrial membrane (Dennerlein et al., 2017; Grevel et al., 2019; Itoh et al., 2021;
Wiedemann et al., 2017). Nuclear- and mitochondrial-encoded subunits assemble to form
functional OXPHOS complexes in a precise stoichiometry. Many assembly factors are
necessary to assist in this process (Dennerlein et al., 2021; Weraarpachai et al., 2012). In
addition, translational plasticity maintains the balance between the synthesis of
mitochondrial-encoded proteins and the availability of imported subunits in different
organisms (Couvillion et al., 2016; Richter-Dennerlein et al., 2015, 2016). Considering the
importance of the OXPHOS complexes, malfunctions in the mitochondrial gene expression
system are associated with several diseases (Area-Gomez et al., 2019; Brischigliaro et al.,
2021; Dimauro, 2019; Gorman et al., 2016). Mitochondrial gene expression is integrated into
the cellular context and is modulated in response to various cellular stimuli. For example,
mitochondrial protein synthesis is decreased in response to cellular stress pathways such as
integrated stress response (ISR) and mitochondrial unfolded protein response (mtUPR) (Mick
et al., 2020; Minch et al.,, 2016; G. Zhang et al., 2021). However, many of the cellular
regulatory mechanisms that modulate mitochondrial protein synthesis are not well
understood.

Reversible phosphorylation is one of the important mechanisms regulating protein
interaction, stability, and function. Recent advances in proteomics have provided new insights
into the phosphorylation status of mitochondrial proteins (Kotrasova et al., 2021; Lucero et
al., 2019). Approximately 40 percent of the mitochondrial proteome is phosphorylated
(Giorgianni et al., 2014; Kruse et al., 2017; Padrdo et al., 2013). Phosphorylation has been
reported to play a role in modulating various processes in mitochondria (Kotrasova et al.,

2021; Lucero et al., 2019). Phosphorylation of proteins at the outer mitochondrial membrane

44



Second Manuscript

modulates protein import, mitochondrial fission/fusion, and mitophagy (Kotrasova et al.,
2021; Tsushima et al., 2018; Walter et al., 2021). The activity of individual OXPHOS complexes
changes as a result of phosphorylation (Pan et al., 2009). Phosphorylation is found on proteins
involved in the various steps of mitochondrial gene expression. DNA binding of mitochondrial
transcription factor A (TFAM) is decreased by phosphorylation and consequently,
mitochondrial transcription is increased (Lu et al., 2013; Wang et al., 2014). Mitochondrial
transcription termination factor (mTERF) is active only when phosphorylated (Prieto-Martin
et al., 2004). Mitochondrial translation elongation factor (mtEF-Tu) is phosphorylated in
rabbit ischemic myocardium (He et al., 2001). In addition, phosphorylation has been detected
in nearly one third of mitoribosomal proteins, and in vitro phosphorylation reduces the
translational activity of mitoribosomes (Miller et al., 2009). Overall, the importance of
phosphorylation as a regulatory mechanism in mitochondrial gene expression has become
clearer. However, neither the protein kinases responsible for phosphorylation of
mitochondrial proteins nor the enzymes regulating other cellular processes that could have
an impact on mitochondrial gene expression have been precisely described. Although the
number of known kinases that are either localized to mitochondria (permanently or
transiently) or have mitochondrial substrates is increasing, the precise functions of many of
these kinases need to be determined (Kotrasova et al., 2021).

Here, we introduced a high-throughput screening approach to identify new factors regulating
mitochondrial gene expression in human cells. We used labeling of nascent protein synthesis
in mitochondria with fluorescent non-canonical amino acid tagging (FUNCAT) and microscopy
(Dieterich et al., 2010; Yousefi et al., 2021; Zorkau et al., 2021) for screening a siRNA library
of human kinases. Using this technique, we identified novel factors involved in the regulation
of mitochondrial gene expression. Interestingly, we recovered kinases that both down- and
upregulated mitochondrial gene expression. Thus, these findings have not only broadened
the spectrum of mitochondrial gene expression regulation but also identified potential

candidates to be incorporated into therapeutical strategies for mitochondrial disorders.
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3.2. Results

3.2.1. Depletion of cellular kinases affects mitochondrial translation.

To investigate cellular kinases that modulate gene expression in mitochondria, we developed
a high-throughput method to monitor mitochondrial translation. For that purpose, we
established a screening approach in a 96-well plate format, based on our previously described
method which uses FUNCAT and fluorescence microscopy (Yousefi et al., 2021). Hela cells
were first transfected with the Silencer™ Human Kinase siRNA Library (Ambion) in a 96-well
plate. After 72 hours of transfection, the newly synthesized mitochondrial-encoded proteins
were specifically labeled with homopropargylglycine (HPG) and coupled to an azide-
containing fluorophore. Plates were then imaged with an automated fluorescence
microscope. HPG incorporation (measured from the fluorescence signal) was determined as
a measure of mitochondrial translation (Fig. 1-A).

To determine the specificity and sensitivity of the high-throughput setup, we analyzed the
HPG incorporation when Hela cells were plated for 72 hours without further treatment and
we found an error of 4.2 percent (Fig. S1-A). To verify that the HPG incorporation signal was
specific for mitochondrial protein synthesis, we treated the cells with chloramphenicol, a
mitochondrial translation inhibitor, before the addition of HPG. The signal was sensitive to
chloramphenicol and localized exclusively to mitochondria (Fig. 1-B and C). Previous studies
have shown that disruption of the mitochondrial membrane potential is followed by a
reduction in translation (Richter et al., 2015). Therefore, in order to further validate the ability
of our method to address changes in mitochondrial translation upon cell distress, we
measured HPG incorporation after addition of the proton gradient uncoupler, carbonyl
cyanide-m-chlorophenylhydrazone (CCCP) and as expected, HPG incorporation responded in
a dose-dependent manner to CCCP (Fig. S1-B and C). Then, in order to address if
downregulating the expression of a mitochondrial translation related gene for 72 hours was
rendering a detectable decrease in HPG incorporation using our approach, we used an siRNA
against DHX30 (DExH-box helicase 30), a mitochondrial ATP-dependent RNA helicase,
required for proper levels of mitochondrial translation (Antonicka et al., 2015; Cruz-Zaragoza
et al.,, 2021). As expected, we found depletion of DHX30 resulted in decreased HPG
incorporation (Fig. 1-D and E) to a similar extent that was observed using [3°S]-methionine

labeling (Fig. S1-D).
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Figure 1. Depletion of cellular kinases affects mitochondrial translation. (A) Schematic representation of the
screening approach in which Hela cells are transfected with the siRNAs from the human kinase library in a 96-
well plate for 72 hours, followed by mitochondrial-FUNCAT. HPG is incorporated into the encoded peptides after
inhibition of cytosolic ribosomes. Fixed cells are coupled to an azide- fluorophore via copper-catalyzed alkyne-
azide cycloaddition (CUAAC). Mitochondria and nuclei were stained and plates were imaged with an automated
microscope. The level of translation in mitochondria (HPG incorporation) was measured by automated image
analysis. (B) Representative fluorescent images of mitochondrial-FUNCAT in control and chloramphenicol
treated cells (CAP). HPG incorporation is shown in the fire lookup table. Hoechst and TOM20 in gray show nuclei
and mitochondria, respectively. Scale bar, 40 um. (C) Quantitative analysis of HPG incorporation in
chloramphenicol treated (CAP) and control cells. For each replicate, approximately 2000 cells were analyzed in
20 images. Error bars show SEM. (D) Representative fluorescent images of cells transfected with siDHX30 and
the non-targeting control siRNA (siNT) followed by mitochondrial-FUNCAT. Scale bar, 40um. (E) Quantitative
analysis of HPG incorporation in cells transfected with siNT and siDHX30. In each replicate, approximately 2000
cells were analyzed in 20 images. Error bars show SEM. (F) Representative fluorescent images of cells transfected
with siNT and siAURKAIP1 followed by mitochondrial-FUNCAT. Scale bar, 100 um. (G) gRT-PCR analysis of mRNA
levels for AURKAIP1 and two mitochondrial ribosomal subunits (MRPS12 and MRPS16) after siRNA-mediated
knockdown of AURKAIP1. RPL28 was used as an internal control mRNA to normalize CT values. N = 3 independent
replicates. Error bars show SEM. (H) Western blotting analysis of the cells transfected with either siAURKAIP1 or
siNT with antibodies against AURKAIP1 and SDHA (a component of the OXPHOS complex |, loading control). (1)
HPG incorporation is plotted against TOM20 values for all human kinase library siRNAs transfected and labeled
according to the protocol in A (see Methods).
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We then proceeded with the screening of the human kinase siRNA library. We analyzed the
changes in HPG incorporation for the 2127 siRNAs targeting all 709 known human kinase
genes (3 siRNA per gene contained in the library). The decreased of HPG incorporation
observed when we downregulated aurora kinase A-interacting protein 1 (AURKAIP1) was
presented as a representative example for candidates identified with this screening strategy
(Fig. 1-F). AURKAIP1 (also known as mS38) was detected as a component of the mitoribosome
(Koc et al., 2013). The efficiency of knockdown of AURKAIP1 was confirmed at both mRNA
and protein levels (Fig. 1-G and H). The data obtained for all siRNAs from the library are shown
in Fig. 1-I. For each siRNA, HPG incorporation is plotted against TOM20 level. HPG
incorporation showed only a low to moderate correlation with TOM20 staining (Pearson
correlation coefficient, PCC=0.39). Interestingly, 25 percent of the siRNAs showed a change
in mitochondrial translation greater than 25 percent of control: 13 percent increased and 12
percent decreased the mitochondrial translation. Overall, after validating the strength of the
method for high-throughput analysis, we obtained a comprehensive view of the effect of

various kinase knockdowns on mitochondrial translation.

3.2.2. Ablation of kinases affects mitochondrial function and ATP levels.

In order to determine which candidates have significant effects on mitochondrial translation,
we focused on genes for which more than two of their siRNAs produced a change of at least
20 percent (either increase or decrease) in the first screening. A total of 225 siRNAs were
selected and tested in three biological replicates for more thorough analysis (Fig. 2-A, Table
S1). Nearly 50 percent of siRNAs showed a significant change compared to the non-targeting
control (p-value < 0.05), whereas TOM20 level remained unchanged under most knockdown
conditions and showed little correlation with HPG incorporation signal (Pears. 0.29, Fig. S2-
A). However, a drastically low TOM20 level was often associated with a sharp decrease in HPG
incorporation. For example, when Polo like kinase 1 (PLK1) was knocked down, both TOM20
and HPG incorporation signals were decreased and the cells appeared to be very unhealthy
(Fig. 2A). These points were excluded from further analysis. We then focused on the siRNAs
that showed significant effects on mitochondrial translation (a p-value of less than 0.05) for
further investigation. With this filter, 90 siRNAs targeting 65 cellular kinases were selected.
To start dissecting the possible modulating roles of these kinases on mitochondrial

translation, we analyzed the location of these proteins among the different cellular
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compartments. Subcellular localizations were extracted from data available in UniProt, the
Human Protein Atlas (HPA) (Thul et al., 2018)), Mitocarta 3.0 (Rath et al., 2021), and the
Kinome Atlas (H. Zhang et al., 2021). While most kinases were assigned to cytosolic, nuclear,
and plasma membrane localizations, 9 kinases in this list were assigned to a mitochondrial
localization/association in at least one database (Fig. 2-B and Table S2). Some of them were
metabolic kinases with well-described functions such as hexokinase 1 (HK1), glucokinase
(GCK), and mitochondrial creatine kinase 2 (CKMT2) (Table S2). In all three cases, translation
in mitochondria was decreased after knockdown. Another protein shown to be associated to
the mitochondrial outer membrane is FKBP12-rapamycin-associated protein 1 (FRAP1, also
known as mTOR). The role of FRAP1 in regulating the expression of various nuclear-encoded
mitochondrial proteins, mitochondrial function, and ATP production has been investigated in
several studies (Cunningham et al., 2007; de la Cruz Lépez et al., 2019). Here, we observed
decreased mitochondrial translation after its silencing.

Mitochondrial translation products are essential components of the OXPHOS complexes
which produce ATP in mitochondria via oxidative phosphorylation. In order to analyze how
defects in the synthesis of OXPHOS subunits are associated with mitochondrial energy
production, we measured cellular ATP levels and oxygen consumption rate (OCR) after
downregulation of selected kinases. The cellular ATP level was significantly decreased in 30
percent of the cases (Fig. 2-C) and showed a moderate correlation with the level of
mitochondrial translation (Fig. S2-C). Interestingly, we did not detect an increase in cellular
ATP level in the cases with increased mitochondrial translation, therefore showing a low
correlation between ATP content and mitochondrial translation (Fig. 2-C and Fig. S2-C). A
larger number of siRNAs (60 percent) caused a significant decrease in oxygen consumption
rates (OCR), whereas only two of them slightly increased OCR. Therefore, we could find a
moderate/high correlation between mitochondrial translation and OCR level that was higher
than cellular ATP. (Fig 2-D and Fig. S2-D).

In conclusion, we evaluated the effects of 90 siRNAs targeting 65 cellular kinases on
mitochondrial translation. Cellular ATP and OCR partially correlate with the level of

mitochondrial translation under these knockdown conditions.
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3.2.3. Downregulation of selected kinases show changes in energetic state
and mitoribosome integrity.
From the 65 kinases with a significant effect on mitochondrial translation we selected 8
kinases with less described functions to perform a deeper characterization: The aarF domain
containing kinase 2 (ADCK2), Dual Specificity Tyrosine Phosphorylation Regulated Kinase 4
(DYRK4), Uridine-Cytidine Kinase 2 (UCK2), TANK Binding Kinase 1 (TBK1), AURKAIP1,
Fructosamine 3 Kinase (FN3K), MOK Protein Kinase (MOK), and mitogen-activated protein
kinase 11 (MAPK11, also known as p38). With the exception of MAPK11, knockdown of these
kinases resulted in a decreased HPG incorporation. In order to verify the specificity of the
effect of these factors on mitochondrial translation, we measured the knockdown efficiency
at both mRNA and protein levels and observed a prominent decrease of both mRNA and
protein levels (Fig. S3-B and C).
We then further investigated the association of altered mitochondrial translation on the
energetic function of the organelle in the selected candidates. For that, we plotted and
analyzed individually the values obtained for cellular ATP and OCR levels (Fig. 3-A). In some
cases, low cellular ATP level was associated with lower OCR (UCK2, TBK1, AURKAIP1, FN3K,
MOK), suggesting a possible impairment of mitochondrial OXPHOS function. In other cases
(ADCK2 and DYRK4), siRNA knockdown did not alter ATP level or OCR compared to the non-
targeting control. Interestingly, knockdown of MAPK11 showed a slight insignificant increase
in the OCR (Fig. 3-A).
The two major cellular sources of ATP production are glycolysis in the cytosol and OXPHOS in
the mitochondria. To examine how downregulation of selected kinases influences ATP
production from the two sources, we performed a real time ATP production rate assay that
guantifies the rate of ATP produced by glycolysis and mitochondrial OXPHOS. Consistent with
cellular ATP and OCR measurements, siADCK2 had no effect on ATP production rate. In the
case of siDYRK4, ATP production from OXPHOS appeared to have a minor defect that was
compensated by the increase in glycolytic ATP. In siUCK2 and siTBK1, ATP production from
both sources was decreased. ATP production by OXPHOS was significantly impaired in
siAURKAIP1 and siFN3K, whereas the rate of glycolytic ATP was unchanged. Upon siRNA
knockdown against MOK, the ATP production rate showed no significant change, although

cellular ATP and OCR were slightly but significantly reduced. Surprisingly, ATP production rate
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was slightly lower in the case of MAPK11 knockdown, whereas cellular ATP and OCR were

comparable to the non-targeting control.
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Figure 3. Downregulation of selected kinases changes the cellular energetic state and mitoribosome integrity.
(A) Cellular ATP and OCR values were extracted for selected siRNAs from the data in Fig. 2-C and D, respectively.
(B) Glycolysis and mitochondrial ATP production rates were calculated after knockdown with selected siRNAs.
N=3 independent replicates. (C) The steady state level of ATP5B, MRPL53, MRPL1, and MRPS25 was analyzed by
Western blotting in the cells after knockdown with respective siRNAs. (D) Quantitative analysis of the steady-
state level of ATP5B, MRPL53, MRPL1, and MRPS25 was performed after knockdown of each kinase in 3
independent experiments. Error bars show SEM. Student t-test, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001,
**k%%P<0.00001.

Any changes in mitochondrial ribosome assembly and function could change the protein
synthesis. Therefore, we assessed whether the observed changes in mitochondrial translation
were related to the steady-state level of mitoribosomal subunits after silencing of selected
candidate kinases. The steady-state level of MRPL53 from the large subunit and MRPS25 from

the small subunit was reduced in most of the knockdown conditions, whereas the level of
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MRPL1 was unchanged or only slightly reduced. Interestingly, downregulation of MAPK11
with an increased mitochondrial translation phenotype, differently affected the
mitoribosome subunits, decreasing the components of the large subunit and increasing the
component of the small subunit. Overall, downregulation of the kinases with a reduced
mitochondrial translation phenotype, showed a general reduction in the mitoribosome

subunits.

3.2.4. Effect of downregulation of selected kinases on individual proteins

Labeling mitochondrial translation with FUNCAT does not provide resolution to individual
peptides. To test whether the observed changes in translation were due to specific or general
effects, we labeled mitochondrial translation products with radioactive [3°S]-methionine after
knockdown of the selected kinases (Fig. 4-A).

Consistent with FUNCAT labeling, siMAPK11 increased total mitochondrial translation and the
other selected siRNAs decreased it (Fig. 4-A and B). Accordingly, the radioactive signal was
analyzed for each band representing a specific mitochondrial-encoded protein (Fig. 4-C).
Exceptions were COX2/COX3 and ATP8/NDA4L, for which the bands were difficult to resolve.
Overall, the observed change on mitochondrial translation was rather a general effect and
not due to the change of mitochondrial polypeptide belonging to a specific OXPHOS complex.
However, in some cases specific mt-encoded proteins are more affected than others. For
example, ND2, COX1, and CYTB were most prominently affected by knockdown of TBK1.
Downregulation of FN3K, UCK2, and MOK affected ND3 and ND6 more than the other
proteins. Knockdown of MAPK11, increased the synthesis of CYTB, COX2, COX3, and to some
extent COX1, whereas the other proteins were or slightly lower than in the control.

In conclusion, we studied the changes in mitochondrial translation after silencing 8 selected
candidate kinases using [3°S]-methionine labeling. Using this approach, we could not only
confirm the most interesting results of the screening but also analyze the synthesis of each
individual mitochondrial peptide. Interestingly, changes in mitochondrial translation were not
due to the increased or decreased synthesis of the same polypeptides in all studied kinases,

but showed rather a differential pattern for each kinase.
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Figure 4. Effect of downregulation of selected kinases on individual mitochondrial proteins. (A) Radiolabeling
of mitochondrial translation in cells with [33S]-methionine after knockdown of selected kinases. Western blotting
with b-tubulin antibody served as loading control. (B) Quantitative analysis of total mitochondrial translation
labeled with [3°S]-methionine after downregulation of the respective kinases. (C) Quantitative analysis of
individual proteins labeled with [3>S]-methionine. N = 3 independent replicates. Error bars show SEM. Student
t-test, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, *****P<0.00001.

3.3. Discussion

Recent structural analysis of mitochondrial RNA polymerase (POLRMT) and mitoribosomes
have provided insights into the mechanisms of gene expression in mitochondria (Amunts et
al., 2015; Hillen et al.,

2017; Kummer et al., 2018, 2021). Several molecular mechanisms for

modulating gene expression in mitochondria at the level of RNA stability and RNA turnover
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have been described (Jedynak-Slyvka et al., 2021; Jourdain et al., 2017; Ruzzenente et al.,
2012). In addition, phosphorylation of various transcription and translation factors as well as
components of mitoribosomes has been demonstrated in vitro and in the native state in cells
(He et al., 2001; Lu et al., 2013; Wang et al., 2014). At the same time, the number of kinases
discovered in association with mitochondria or having mitochondrial targets is growing. Some
of the kinases transiently enter mitochondria, while others phosphorylate their target
proteins in the cytosol before translocating to mitochondria (Kotrasova et al., 2021). How
phosphorylation alters protein activity and modulates translation in mitochondria is not well
understood. Therefore, we aimed to screen cellular kinases to elucidate their putative role in
mitochondrial translation. This would allow us to identify new players and potential pathways
in regulating mitochondrial gene expression. FUNCAT provided the tool for developing a high
throughput approach to measure mitochondrial translation. We have shown that the method
is robust and accurate enough to detect even small changes in mitochondrial translation (Fig.
1 and Fig. S1). This setup can be used to test various treatments, substrates, and inhibitors
for their effect on mitochondrial translation.

By combining the FUNCAT method with siRNA-mediated knockdown, we screened the siRNA
library containing all 709 human kinases. Of these, knockdown of 65 kinases affected
mitochondrial translation (Fig. 2 and Table S1). Among them were 9 kinases whose
mitochondrial localization has been described in various databases. In that way, the strategy
that we designed is validated by the identification of known mitochondrial kinases with
functions that could possibly modify mitochondrial gene expression.

Impaired mitochondrial translation may lead to decreased concentration and activity of
OXPHOS complexes and therefore energy production (Bhatti et al., 2017). On the other hand,
the decrease in mitochondrial translation may be an indirect effect triggered by alteration of
another cellular mechanism and activation of mechanisms such as the integrated stress
response (G. Zhang et al., 2021). Decreased cellular ATP was observed in 45 percent of cases
with decreased mitochondrial translation. In addition, the effects on oxygen consumption
rate (OCR) were more pronounced (82 percent of cases). However, in several cases decreased
mitochondrial translation did not correlate with cellular ATP and OCR levels, suggesting that
either different mechanisms compensate for decreased mitochondrial translation or OXPHOS

malfunction and decrease of mitochondrial translation are not directly associated.

55



Second Manuscript

Among all identified kinases modulating mitochondrial translation, we selected 8 of them
focusing on putative mitochondrial localizations and less-described functions. ADCK2 was
found with high confidence in proteomic data of human mitochondria (Morgenstern et al.,
2021). Its deficiency was shown to be associated with impaired fatty acid oxidation in
mitochondria resulted from reduced biosynthesis of coenzyme Q (CoQ) (Vazquez-Fonseca et
al., 2019). Here, we found a general decrease in synthesis of all mitochondrial-encoded
proteins and a reduction in the steady-state levels the mitoribosome subunits upon deletion
of ADCK2, whereas no effect was observed in the OXPHOS, and glycolysis ATP production.
Whether impaired biosynthesis of CoQ is responsible for reduced mitochondrial protein
synthesis or vice versa requires further investigation.

DYRK4 is assigned to cytosolic and vesicular localizations in several databases, but its function
has not yet been described. Previous studies with other kinases in its protein family have
shown that DYRK1A phosphorylates the mitochondrial import receptor TOM70 and
modulates translocation of the protein into mitochondria (Walter et al., 2021). Despite the
significant reduction in mitochondrial translation and OXPHOS activity, the increase in
glycolysis appeared to compensate for this reduction. Interestingly, a decreased on the
steady-state levels of components of the mitoribosome was found upon DYRK4 silencing,
probably explaining the downregulation of mitochondrial translation.

UCK2 is the rate-limiting enzyme in the salvage pathway of pyrimidine synthesis. Therefore,
it may have a direct effect on nucleic acid synthesis. Its upregulation has been found in many
cancers (Cai et al.,, 2020; Malami et al., 2019). Its depletion resulted in decreased
mitochondrial translation, lowered mitochondrial and glycolytic ATP production, and
decreased MRPL53 level. Surprisingly, synthesis of ND3 and ND6 was more affected than
other mitochondrial-encoded proteins. Whether this effect is due to altered RNA synthesis
remains to be elucidated.

Microscopy studies have postulated FN3K to be localized inside mitochondria, but to date no
mitochondria-related function has been described for this protein. FN3K phosphorylates the
glycan moiety on glycated proteins and therefore reverses the deleterious effects of
spontaneous glycation by destabilizing the proteins (Szwergold et al., 2001). Interestingly,
silencing of this factor decreased mitochondrial translation (with a differential pattern for

each polypeptide), decreased levels of mitoribosome components and also OXPHOS function.
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A similar phenotype was observed after the depletion of MOK protein kinase. Interestingly,
MOK was recently found to be localized in the intermembrane space of mitochondria and its
CRISPR-mediated knockout altered mitochondrial length and cristae morphology (H. Zhang et
al., 2021).

Since AURKAIP1 has been described as a component of the mitoribosome small subunit (Koc
et al., 2013), the observed decrease in mitochondrial translation and OXPHOS activity was
expected. Interestingly, no significant change in the steady-state levels of large mitoribosomal
subunits of MRPL53 and MRPL1 was observed, however, MRPS25 was decreased upon
AURKAIP1 knockdown. In the study by Koc et al., where they characterized AURKAIP1 and
several other proteins as components of the mitoribosomes, they reported no significant
change in the steady state levels of two other proteins of large and small subunits upon
downregulation of AURKAIP1 (Koc et al., 2013).

MAPK11 has been reported to be involved in several signaling pathways related to
mitochondrial biogenesis and mitochondria-mediated apoptosis (Grab et al., 2019; Gui et al.,
2020). We observed an increase in mitochondrial translation after knockdown of MAPK11
(Fig. S3-A and Table S1). Interestingly, we could identify some polypeptides whose synthesis
was increased to higher extent than the others (COX1, COX2, and COX3 from complex IV, and
CYTB versus ND3, ND3, and ND6 from complex 1) although no changes in ATP levels or OCR
was observed. In that way, either a different time frame is required for such an extra effect
or it may be that OXPHOS capacity adapts to the maximum cell demand and it remains
independent of mitochondrial translation levels until a higher energy production is required.
In conclusion, the screening provided unprecedented information on potential factors
involved in the regulation of mitochondrial translation. Although, a first characterization of
these factors has been performed in this study in terms of OXPHOS capacity after silencing,
further studies are needed to decipher the mechanism behind the mitochondrial translation

modulation phenotype.

3.4. Material and Methods

3.4.1. Cell line and cell culture

Hela cells were purchased from the DSMZ collection at the Leibnitz institute and were

cultured in Dulbecco's modified Eagle's medium (DMEM, ThermoFischer), supplemented with
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10% (V/V) fetal bovine serum (FBS, Biochrom), 1 mM sodium pyruvate, 2 mM L-glutamine,
and 50 pg/ml uridine. Cells were cultured at 37°C in the incubator with 5% CO; and passaged
regularly. For imaging purposes, glass coverslips or glass-bottom Sensoplates (Greiner) were
coated with poly L-lysine (PLL, 0.1 mg/ml) for one hour and washed thoroughly before the

start of the experiments.

3.4.2. Transfection of HelLa cells with Human Kinase siRNA library

Silencer™ Human Kinase siRNA Library was purchased from ThermoFischer. Nuclease-free
water was added to the original plates to make a concentration of 2 uM. Running plates of
166 nM were prepared in 96-well PCR plates and were used for transfection. Reverse
transfection was performed according to the manufacturer’s protocol with slight
modifications. Briefly, for each well of 96-well Sensoplate, 0.2 pl of Lipofectamine® RNAIMAX
(Invitrogen) was diluted in 20 pl of OptiMEM (Gibco), mixed and incubated for 5 min. From
the siRNA running plate, 5 pl was added to the OptiMEM-Lipofectmaine mixture and
incubated for 20 minutes. Meanwhile, 4000 cells per well were counted in 100 ul of media
and were added to the plate after the incubation. For respirometry analysis, the transfection
was performed in Seahorse 96-well microplates (Agilent) with 2500 cells. The plates were
then incubated for 72 hours in the incubator, wrapped in humid tissues to minimize

evaporation.

3.4.3. HPG-labeling of mitochondrial translation in 96-well plate

To label mitochondrial translation in 96-well plate, we adapted a click-chemistry based
method that was previously introduced by us and the others (Estell et al., 2017; Yousefi et al.,
2021; Zorkau et al., 2021). Cells were incubated with methionine-free DMEM medium
containing the antibiotic harringtonine (200 uM, Carbosynth) for 10 minutes. The medium
was changed to methionine-free DMEM containing harringtonine and 500 uM of L-
Homopropargylglycine (HPG, ThermoFisher). The labeling was done for 1 hour and then the
medium was exchanged with an ice-cold permeabilizing buffer containing 10mM HEPES,
10mM NaCl, 5mM KCl, 300 mM sucrose, and 0.015% digitonin, for 2 minutes. A quick wash
with the same buffer, only without digitonin was performed for 15 seconds. The buffer was
removed and 4% PFA solution (pH 7.5, in PBS) was added to fix the cells for 30 minutes at

room temperature. In negative control samples, 150 pg/ml chloramphenicol, freshly
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prepared in ethanol, was used 50 minutes before the labeling to stop mitochondrial
translation. To maintain the timing and the solution volumes precise in all the wells, an

automated pipetting system was used (Biomek FXP).

3.4.4. Click-chemistry and immunostaining of fixed cells

After PFA fixation, cells were washed for 5 minutes with PBS and quenched for 15 minutes
with 100 mM NH4Cl in PBS. Cells were blocked and permeabilized with the staining solution
(PBS + 5% BSA + 5% tryptone peptone + 0.1% Triton X-100) 3 x 5 minutes. After a brief wash
with 3% BSA in PBS, cells were clicked with 1.5 uM AlexaFluor 647-azide (ThermoFisher) for
40 minutes using Click-iT Cell Reaction Buffer Kit (ThermoFisher). Cells were quickly washed
with 3% BSA in PBS again and then primary and secondary antibodies were applied
sequentially for 1 hour. Between antibody incubations, cells were washed with staining
solution 3 x 5 minutes. Same number of washes with blocking solution (PBS + 5% BSA + 5%
tryptone peptone), high-salt PBS (PBS + 500 mM NacCl), and normal PBS were performed after
the secondary antibody, to thoroughly remove unspecific staining of the antibodies. For cells
on coverslips, embedding was performed in Mowiol (Calbiochem, Billerica, MA, USA) and the
coverslips were allowed to dry overnight at room temperature before imaging. For the library
screening experiments, the nuclei were stained with Hoechst (Thermo Fisher) diluted 1:10000
in PBS for 5 minutes and the glass-bottom Sensoplates were washed once more with PBS,
kept at 4°C in dark and were imaged within 24 hours.

The antibodies used for fluorescent microscopy are as follows: TOM20 (1:800, Proteintech,

11802-1-AP), goat anti-rabbit Alexa Fluor Plus 488 (1:800, ThermoFisher, A32731).

3.4.5. Image acquisition and analysis

For the library screening, the 96-well Sensoplates were imaged using a Cytation 5™ Cell
Imaging Multi-Mode Reader BioTek (Winooski, VT, USA) equipped with a Sony CCD 16-bit
grayscale camera. At least 20 images were acquired per well with a 20x, 0.45 NA objective.
We used a custom macro written in MATLAB (The Mathworks, Inc., Natick, MA, USA) to
analyze the images. The nuclei staining was used to spot the cells by applying a threshold. The
selected regions of the nuclei were dilated to cover the whole cell area. HPG and TOM20
signals were measured for each cell area. The signals from all the cells were then averaged

and normalized to the signal from the controls. The script is available upon request.
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3.4.6. Radioactive-labeling of mitochondrial translation products

Mitochondrial translation products were labeled with radioactive [3°S]-methionine according
to a previously published protocol (Chomyn, 1996) with minor modifications. Briefly, the
medium of the cells was changed twice with the methionine-free DMEM deprived of FBS,
each time incubated at 37°C for 10 minutes. The methionine-free DMEM, supplemented with
10% FBS and containing antibiotic emetine (100 pug/ml, Merck) was added to the cells for 10
minutes. Then, the cells were treated with 200 puCi/ml [3°S]-methionine and were incubated
at 37°C for 1 hour. After the incubation, the cells were lysed and equal amounts were loaded
on a 10-18% Tris-Tricin gradient gel. The proteins were transferred to PVDF membranes and
exposed to Phosphor Screens for digital radiography. The radioactive signal was detected on
a Typhoon scanner (GE Healthcare). Quantification of the autoradiography images in Figure 4
was performed using FlJI software as follows: First, a manual threshold was determined to
separate the background from the regions of interest. The values of background pixels were
set to zero. Then, for the individual band or the total lane, the sum of the values over the

threshold (integrated density) was obtained.

3.4.7. Steady-state analysis of protein level with western blotting

The cells were harvested and lysed. Whole cell lysates were loaded on NuPage Bis-Tris 4-10%
SDS gels and the proteins were transferred on PVDF membranes. Western blotting was
performed according to the standard protocols. Primary antibodies were incubated overnight
and were as follows: ATP5B (custom-made raised in rabbit); SDHA (Thermo, 459200); MRPL1
(Proteintech, 16254-1-AP); MRPL53 (Proteintech, 16142-1-AP); MRPS25 (Proteintech, 67903-
1-1g); b-tubulin (abcam, AB6046). Secondary antibodies were goat anti-Rabbit and anti-mouse

conjugated to horse-raddish peroxidase (Dianova).

3.4.8. RNA extraction, cDNA synthesis and qRT-PCR

RNA was extracted from cells using RNA Clean&Concentrator kit (Zymo Reseach, R1091)
according to the manufacturer’s protocol with minor changes. Adequate amount of TRIzol
(Invitrogen) was added to the cells, incubated for 5 minutes at 24°C. Chloroform was added
one fifth of the TRIzol volume to the cells, then vigorously vortexed for 15 seconds. After a 3-
minute incubation at 24°C, samples were pelleted down at 4°C, 12000xg for 15 minutes. The

aqueous upper phase was separated and mixed with 1:1 volume of pure ethanol, mixed well
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and loaded to the columns. From here, the manufacture’s protocol was precisely followed
and RNA was eluted in RNAse/DNase free water and the concentration was measured with
Nanodrop (Thermo). The samples were stored at -80 until use. cDNA was synthesized from 1
ug of RNA, using the First Strand cDNA Synthesis kit (Thermo Scientific, K1612) and random
hexamer primers. The qRT-PCR was performed using the SensiMix™ SYBR Low-Rox Obe Step
kit (Bioline, QT625-02), in a QuantStudio 6 flex cycler (Applied Biosystems). The sequence of

the primers is available upon request.

3.4.9. Real-time respirometry

Real-time respirometry for oxygen consumption rate (OCR) was performed with a XF96
Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA, USA) as previously described
(Pacheu-Grau et al., 2020). Briefly, cell media was changed to Seahorse assay media and was
calibrated at 37°C for 1 hour in an incubator without CO». The sensors were calibrated and
the cell plate was placed into the analyzer. Three periodic measurements of oxygen level were
captured before and after addition of different inhibitors/uncouplers and the OCR was
calculated from the slope of oxygen level change over the course of time. The
inhibitors/uncouplers were added in this order: 3 uM oligomycin, 1.6 uM FCCP, and 1 uM
antimycin A plus 1 uM rotenone.

In order to measure the real-time ATP production rate from mitochondrial respiration and
glycolysis, similar approach was performed with a slightly different order of inhibitors: 3 uM
oligomycin followed by 1 uM antimycin A plus 1 UM rotenone. Extracellular acidification rate
(ECAR) and OCR measurements were used using the Agilent Seahorse analytics software

(WAVE) to calculate the ATP production rate.

3.4.10. Cellular ATP detection assay

The cellular ATP was measured using Luminescent ATP Detection Assay Kit (abcam,
ab113849) according to the manufacturer’s protocol. Briefly, cells were lysed using the kit
detergent and then, the substrate was added. The luminescent light was detected using a
plate reader (Agilent BioTek). The values were normalized to the number of cells measured

by parallel CyQuant cell proliferation assay (Thermo, C7026).
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3.7. Supplementary information

3.7.1. Supplementary figures
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Figure S1. (A) HPG incorporation values of cells in each well of a 96-well plate labeled with mitochondrial-
FUNCAT. The standard error of the mean between wells was calculated to be 4.2%. (B) Representative
fluorescent images of untreated and 20uM CCCP treated cells followed by mitochondrial-FUNCAT. Scale bar, 40
pum. (C) Quantitative analysis of HPG incorporation in cells treated with different concentrations of CCCP.
Approximately 2000 cells were analyzed in 20 frames in each replicate. N = 3 independent replicates. Error bars
show SEM. (D) Radiolabeling of mitochondrial translation in cells transfected with siNT and siDHX30. Western
blotting analysis of b-tubulin served as loading control.
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Figure S3. (A) Representative fluorescent images of HPG incorporation and TOM20 immunostaining after
knockdown of the selected kinases (images were analyzed as part of the data in Fig. 2A). (B) gRT-PCR analysis of
the kinase transcripts after knockdown with the respective siRNAs. RPL28 was used as an internal control mRNA
to normalize CT values. N = 3 independent replicates. Error bars show SEM. (C) The steady state level of the
kinases after knockdown with the respective siRNA and non-targeting (siNT) was detected by Western blotting.
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3.7.2. Supplementary tables

Table S1. Related to Figure 2A
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Table S2. Related to Figure 2-B and C
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Discussion

4.1. Mitochondrial-FUNCAT as a versatile tool in studying
mitochondrial gene expression with spatial resolution

In the first part of this project, we developed a metabolic labeling technique based on FUNCAT
to detect nascent protein synthesis in mitochondria (mitochondrial-FUNCAT). In this method,
upon inhibition of cytosolic translation, an amino acid homolog (in this case, HPG) was
incorporated to the mitochondrial-encoded proteins during their synthesis at the
mitoribosomes. HPG-containing proteins were bound to an azide-fluorophore in fixed cells.
We showed that this method is compatible with the gel-based separation systems (Chapter
2, Figure 1) and can replace the use of radioactive labeling. Fluorescent probes allow imaging
with different fluorescence microscopy techniques and thus provide spatial resolution within
a cell. Zorkau et al. published a similar approach in parallel with ours and studied the
suborganellar localization of protein synthesis in mitochondria (Zorkau et al., 2021). Using
high-resolution nanoscopy, they showed that mitochondrial translation occurs close to the
cristae  membrane and outside the mitochondrial RNA granules. Moreover, strong
colocalization was observed between the HPG incorporation signal and mitoribosomal
proteins and TACO1, the only translational activator found to date in human mitochondria.
This further provided evidence that protein synthesis occurs near the membrane and that
newly synthesized mitochondrial proteins do not diffuse away from the ribosome, along with
their co-translational insertion into the membrane.

Mitochondrial-FUNCAT was shown to be robust, specific, and quantitative in cells even after
a brief pulse. However, whether the newly synthesized proteins labeled with mitochondrial-
FUNCAT are assembled into the OXPHOS complexes was not answered in neither of our
studies. Nonetheless, Zorkau et al. showed that the majority of the proteins were rapidly
degraded within 6 hours after the pulse and nearly 20% remained stable throughout the
entire 36-hour chase. Excess synthesis and rapid degradation of the unassembled
mitochondrial proteins were recently suggested using a pulse-chase SILAC approach
(Bogenhagen et al., 2020). However, further experiments are needed to decipher whether

HPG-labeled proteins form complexes and whether they are functional.
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Discussion

4.2. Mitochondrial-FUNCAT for studying the heterogeneity of
mitochondria

The development of techniques with spatial resolution is particularly important because of
intrinsic heterogeneity between mitochondria in a single cell (intracellular) or between cells
(intercellular). Similar to us, Zorkau et al. observed heterogeneity in protein synthesis within
mitochondria of a single cell (Chapter 2, Figure 1). Regardless of the duration of labeling,
about 50% of the mitochondrial network was translationally active, with a higher proportion
in mitochondria around the nuclei than in peripheral mitochondria. What causes
heterogeneous protein synthesis within mitochondria of a single cell remains to be
elucidated.

Mitochondria are responsible for some of the diversity seen among genetically identical cells
(das Neves et al., 2010; Johnston et al., 2012). Because each mitochondrion contains multiple
mtDNA molecules, differences in copy number and sequence of mtDNA result in genetic
variation within individual cells. In addition, nongenetic heterogeneity of mitochondria may
arise from subcellular location, morphology, enzymatic activity, protein content, and many
other sources (Szabadkai et al., 2019). Highly specialized cells such as cardiomyocytes and
neurons even have subpopulations of mitochondria within individual cells.

In cardiomyocytes and muscle cells, subpopulations of mitochondria localized in different
subcellular regions have been extensively studied for their distinct properties. Using
microscopy techniques and biochemical separation of the different populations, it has been
shown that subsarcolemmal and interfibrillar subpopulations of mitochondria within a single
cardiomyocyte vary in their morphology, cristae structure, and metabolic activity (Hollander
et al., 2014; Lukyanenko et al., 2009; Palmer et al., 1986; Riva et al., 2005). For example,
isolated mitochondria from mouse hearts fed with 2H,0 for up to 60 days showed a lower
rate of protein synthesis in the interfibrillar mitochondria (Kasumov et al., 2013; Sheng et al.,
2012), but this includes both mitochondrial- and nuclear-encoded proteins. To monitor the
differences in mitochondrial-encoded proteins, the labeling approach established in this

project can be applied in future studies.

4.2.1. Heterogeneity of mitochondria in neurons

Applying mitochondrial-FUNCAT to hippocampal neuron culture, we found a high degree of

heterogeneity in protein synthesis between mitochondria of a single neuron. Translationally
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active mitochondria were distributed in both the axon and dendrite, and we detected new
protein synthesis in both pre- and postsynaptic mitochondria (Chapter 2, Figure 4). Neurons
have a highly polar morphology and different regions within them are specialized for different
functions. Consequently, mitochondria located in these regions may have distinctive features.
Characterization of mitochondrial subpopulations as synaptic and non-synaptic has been the
focus of many studies for several decades (Hill et al., 2018; Lai et al., 1977; Ly et al., 2006).
Various protocols based on density gradient ultracentrifugation have been developed to
separate mitochondrial populations located in the synapse (synaptic) from somatic
mitochondria (nonsynaptic) (Baranov et al., 2018; Clark et al., 1970; Lai et al., 1976). Two
factors could affect the plausibility of studies on synaptic mitochondria. First, the biochemical
isolation of synaptic mitochondria could affect their properties. Second, the purity of
mitochondria isolated from synaptosomes is controversial. Purification with antibody
columns has isolated and characterized purer synaptosomes and synaptic mitochondria
(Biesemann et al., 2014; Hafner et al., 2019; Hubbard et al., 2019). Furthermore, microscopic
techniques are essential for the study of neuronal organization and function as they allow
visualization of neurons and synapses in their natural location.

Recent advances in probe development have enabled spatial analysis of different
subpopulations of mitochondria in vivo and in vitro (Brown et al., 2006; Hill et al., 2018).
Accordingly, several differences have been described between the two subpopulations of
synaptic and nonsynaptic mitochondria (Hafner et al., 2019; Lai et al., 1977; Smit-Rigter et al.,
2016). Synaptic mitochondria are more susceptible to Ca®* overload and more vulnerable to
traumatic brain injury (Brown et al., 2006; Hill et al., 2018; Stauch et al., 2014). The proteome
of synaptic and nonsynaptic mitochondria from mouse brains differs significantly in proteins
involved in pathways of calcium transport, mitochondrial fission/fusion, oxidative
phosphorylation, and mtDNA replication and maintenance (Stauch et al., 2014). These studies
suggest that synaptic mitochondria undergo some adaptations to perform specific functions
at the synapse. It is controversial whether synaptic mitochondria retain the ability to locally
renew at least part of their proteome after these adaptations. Several findings have
supported this idea. Local synthesis of mitochondrial proteins in the synapse is now well
documented and translation of several nuclear-encoded mitochondrial mRNAs has been
demonstrated in the synapse (A. Aschrafi et al., 2008; Gioio et al., 2001; Hafner et al., 2019;

Natera-Naranjo et al., 2012). In radioactive labeling of translation in mitochondria isolated
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from synaptosomes, two of the protein bands were sensitive to chloramphenicol, depicting
mitochondrial-encoded proteins (Gioio et al., 2001). In isolated synaptoneurosomes from
mouse brains, polyribosomes were detected in association with mitochondrial mRNAs
(Kuzniewska et al., 2020). The instant synthesis of many mitochondrial proteins after
stimulation of synaptoneurosomes confirmed that mitochondrial protein biogenesis occurs
locally (Kuzniewska et al., 2020). Moreover, mtDNA replication was detected in the distal
regions of axons and dendrites, even increasing when mitochondrial OXPHOS function was
defected (van Laar et al., 2018). In this project, we have provided further evidence for local
biogenesis of the mitochondrial proteome in the synapse by demonstrating novel protein
synthesis in synaptic mitochondria.

One limitation of mitochondrial-FUNCAT in neurons is labeling time. In neurons, we
performed a 30-minute treatment with HPG to obtain a reliable labeling signal. Mitochondria
move along neurites at a speed of 0.1-2 um/s. Considering this, mitochondria can be
translocated in a 30-minute labeling pulse. However, mitochondria in axons and dendrites are
transported in a very controlled manner depending on local needs (MacAskill et al., 2010;
Sheng et al., 2012). In addition, several studies have shown that only a small fraction of
mitochondria (15-40%) are motile. In vivo, this number is smaller and even more
mitochondria become stationary and remain at the synapse over time (Faits et al., 2016; Lewis
et al., 2016; Misgeld et al., 2017; Smit-Rigter et al., 2016). Thus, the probability that the signal
for protein synthesis in mitochondria at the synapse originates from mitochondria
transported from the soma is low. Furthermore, in a preliminary experiment (data not
shown), we pharmacologically blocked microtubule polymerization and thus the anterograde
movement of mitochondria and observed no change in the distribution of mitochondrial
protein synthesis signal along neurites. Shortening the labeling time to 5 minutes also did not
change the distribution of translating mitochondria in the neurites. These findings propose
that the mitochondrial protein synthesis to happen locally at the synapse.

One question is raised by the demonstration of protein synthesis in synaptic mitochondria:
what is the significance of local mitochondrial protein synthesis for synaptic function? Two
main tasks have been described for mitochondria at the synapse: ATP production and Ca?*
buffering. Because mitochondria are not the only organelles that perform these functions at
the synapse, the extent to which the role of mitochondria is critical is still highly controversial.

Previously, it was assumed that the role of mitochondria in buffering Ca?* at the synapse was
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limited to prolonged synaptic activity because of the relatively low affinity of the
mitochondrial Ca?* uniporter (MCU) (Ly et al., 2006). With recent advances in Ca?* biosensors,
the importance of mitochondria in neurotransmitter release and Ca?* clearance has become
clearer (Gazit et al., 2016; Kwon et al., 2016). The other described role of mitochondria at the
synapse is ATP production. ATP drives important molecular processes at the synapse such as
maintenance of membrane potential, mobilization of synaptic vesicles, exocytosis and
endocytosis, vesicle recycling, and re-acidification. Synaptic activity depends on ATP synthesis
from both glycolysis and OXPHQOS, and blocking either process affects synaptic transmission
in stimulated neurons (Pathak et al., 2015; Rangaraju et al., 2014). Mitochondria-derived ATP
is thought to be particularly important during intense stimulation and is thought to drive
mobilization of the reserved pool of synaptic vesicles (Verstreken et al., 2005). Several studies
have found that approximately 40-50% of synaptic boutons do not contain mitochondria
(Kang et al., 2008; Pathak et al., 2015; Shepherd et al., 1998). However, ATP levels and
synaptic transmission have been shown to be similar in boutons with and without
mitochondria. ATP produced by mitochondria in neighboring boutons is thought to diffuse to
the neighboring boutons (Pathak et al., 2015). Moreover, the energy required for local protein
synthesis during synaptic plasticity in dendritic spines is driven by mitochondria (Rangaraju et
al., 2019). Considering that mitochondrial translation products are components of the
OXPHOS system, whether their local synthesis is required to sustain mitochondrial ATP
production and to what extent it correlates with the molecular processes of synaptic

transmission is an open question that needs to be answered in the future.

4.3. Mitochondrial-FUNCAT as a tool for diagnosis of
mitochondrial pathologies

We used mitochondrial-FUNCAT to label mitochondrial protein synthesis in several cellular
models, such as iPSC-derived cardiomyocytes, and primary cultures such as hippocampal
neurons, hepatocytes (data not shown), and fibroblasts. The compatibility of the technique
for labeling mitochondrial protein synthesis in different cell types extends its application not
only to study the dynamics and mechanistic of mitochondrial translation in different models
but also to assess the changes in protein synthesis in disease models. Using mitochondrial-
FUNCAT, we confirmed the described decreased on mitochondrial protein synthesis rate in

the fibroblasts of a patient carrying a missense mutation in TSFM (a mitochondrial
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translational elongation factor). This patient suffers from ataxia and hypertrophic
cardiomyopathy, and molecular analysis had revealed a deficiency in the activity of several
OXPHOS complexes. Other missense mutations in the TSFM gene have been characterized in
patients causing a variety of symptoms affecting multiple organs and varying in age of onset
and lifespan (Ahola et al., 2014; Smeitink et al., 2006). Complexity increases even further
when the same mutation causes a different spectrum of symptoms, suggesting the
contribution of other disease determinants (Emperador et al., 2016). This type of complexity
is very common in mitochondrial diseases and complicates the diagnosis. However, the
development of fast and robust techniques to measure common mitochondrial parameters
that could evidence the nature of the molecular defect present, will help the diagnostic
process.

Nearly a quarter of the mitochondrial proteome is responsible to maintain, regulate, and
express the mitochondrial genome. Of the 213 proteins detected in the human high
confidence mitochondrial proteome in the gene expression category, 85 proteins (~40%)
have already been associated with mitochondrial pathologies. Moreover, several mutations
in mitochondrial tRNAs and rRNAs (which play a critical role in mitochondrial translation) have
been shown to cause diseases (Elson et al., 2015; Liu et al., 2014; Prezant et al., 1993; Smith
et al.,, 2014; Yarham et al.,, 2010). In addition to mitochondrial diseases, impaired
mitochondrial function and alteration of factors regulating mitochondrial gene expression
have been found in several tumors, and targeting mitochondrial gene expression has been
proposed as a potential therapeutic agent against several cancers (Criscuolo et al., 2021; de
la Cruz Lopez et al., 2019; Heerma Van Voss et al., 2018; Hu et al.,, 2019). Therefore,
monitoring mitochondrial protein synthesis may serve to assess mitochondrial dysfunction in
such diseases. Mitochondrial-FUNCAT is particularly advantageous in this regard as the
number of cells required for reliable measurement is much smaller than biochemical
approaches. In addition, the method provides single-cell resolution that allows monitoring of
heterogeneity within cells of different tissues.

The process of cell extraction from the tissues and culturing the cells can affect cellular
processes including mitochondrial gene expression. Therefore, the optimal approach is to
label mitochondrial protein synthesis in tissue sections prepared from the affected organs.
FUNCAT for labeling cytosolic translation has already been shown to be effective in

hippocampal slices (Dieck et al., 2012). Transferring this technique to labeling mitochondrial

98



Discussion

protein synthesis is very useful for both research and diagnostic applications. Successful
translation of mitochondrial-FUNCAT to tissue sections requires overcoming several
challenges: 1) Because the proteins encoded in mitochondria are less abundant, the
sensitivity of the technique may need to be increased by optimizing the concentration of
reagents and labeling time. 2) Penetration of cytosolic translation inhibitor is more limited in
tissue sections due to higher concentration of extracellular matrix. 3) Unincorporated HPG
needs to be completely removed from the tissue sections to minimize background noise,

which might be more difficult in multilayer tissue sections than in a single-layer cell culture.

4.4. A high throughput mitochondrial-FUNCAT approach

In the second part of this project, we extended the application of mitochondrial-FUNCAT by
optimizing the approach in a 96-well plate format. More than one plate (we tested up to
three) was transfected and labeled in parallel, further increasing the readout capacity of the
method. Processing the same number of samples using conventional approaches such as
radiolabeling or even FUNCAT in coverslips dramatically increases the workload and requires
much more time. In addition, the much smaller number of cells that it requires, makes this
method suitable for primary cells such as neurons and cardiomyocytes. When performed
correctly, the error of labeling is very small, allowing detection of small changes in
mitochondrial protein synthesis. However, at least 3 biological replicates are required to
statistically confirm the results.

Several steps in the labeling protocol are more susceptible to increase noise: 1) the
concentration of HPG, 2) the pulse duration, 3) the duration of digitonin permeabilization,
and 4) the concentration of fluorophore. By increasing the solution volumes and optimizing
the pipetting speed using an automated pipetting system, we were able to minimize the error
to ~4%.

Using this approach, we can implement high throughput strategies by testing many
compound libraries for their effects on mitochondrial protein synthesis in different cell types.
In this project, we combined the labeling approach with gene knockdown by siRNA. There are
several certified siRNA libraries for specific organisms that target specific categories of mRNAs
such as transcription factors, cancer genes, apoptosis, etc. In addition, custom libraries can
be designed and their effect on mitochondrial protein synthesis tested using the established

approach to answer specific questions.
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4.5. Introducing kinases with potential roles in regulation of
mitochondrial gene expression

We focused on human kinase genes with the aim of exploring the proteins and pathways that
modulate mitochondrial gene expression by reversible phosphorylation. In several studies,
examination of the mitochondrial phosphoproteome has shown that phosphorylation in
mitochondrial proteins is not only highly abundant (40-50 percent of the proteome) but also
highly variable from tissue to tissue (F. M. Hansen et al., 2022; Kotrasova et al., 2021; Kruse
et al., 2017). This suggests an important role for phosphorylation in modulating the tissue-
specific functions of mitochondria.

We have identified several kinases whose downregulation significantly altered mitochondrial
protein synthesis in a range of 80% decrease to 40% increase compared with the non-
targeting control (Manuscript 2, Figure 2 and Table S1). Several identified kinases are involved
in general signaling pathways for cell growth and survival, such as the PI3K-AKT and MAPK
signaling cascades. In these general signaling pathways, it is particularly difficult to assess
whether the effect on mitochondrial protein synthesis is a direct regulatory mechanism, for
example, through modification of the transcription factor CREB and subsequent alteration of
mitochondrial biogenesis, or whether it is due to a change in the metabolic state of the cells.
However, downregulation of many factors identified in these pathways, including PDGFRB,
CAMK2D, PIK3C3, CALM1, CAMK2A, ARAF, MET, and MAPK11, resulted in a marked increase
in mitochondrial protein synthesis. This may indicate a regulatory effect on mitochondrial
protein synthesis that is perturbed by downregulation of these kinases. Further experiments
are needed to unravel the underlying relationship by analyzing the upstream and downstream
factors and the metabolic state of the cells.

Mitochondrial OXPHOS is an important source of ATP production in cells. However, as we
found by measuring cellular ATP, reduced mitochondrial translation does not necessarily
correlate with low ATP levels. Of 49 kinases whose downregulation reduced mitochondrial
translation, cellular ATP levels were significantly decreased in 22 cases. Under conditions of
impaired mitochondrial function, cells may compensate for reduced ATP production by
switching to more glycolysis when glycolytic substrates are available. This may explain the
knockdown conditions in which cellular ATP remained unchanged despite the reduced

mitochondrial translational phenotype (17 Kinases). OCR is a more direct measure of
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mitochondrial respiratory function than cellular ATP. Accordingly, in 40 of 49 knockdown
conditions, reduction in mitochondrial translation was associated with a significant decrease
in OCR. However, if the defect in mitochondrial protein synthesis is below a threshold, it is
possible that the corresponding OXPHOS complexes are not affected and no change is
reflected in cellular ATP or OCR levels (Bai et al., 2000; ROSSIGNOL et al., 2003). Moreover,
cells might compensate for the reduced synthesis by increasing the stability of the proteins
present. Whether the steady-state level of OXPHOS components is affected under these
knockdown conditions requires further testing.

Overall, knockdown of the siRNA library in combination with high-throughput mitochondrial-
FUNCAT served as an initial screening step to identify cellular kinases whose downregulation
alters mitochondrial protein synthesis. Other siRNA libraries such as transcription factors and
phosphatases can be screened and combined in a similar approach to perform a thorough

analysis of signaling pathways associated with mitochondrial protein synthesis.

4.6. Future perspectives

In the first part of this project, we optimized a quantitative approach with single-cell
resolution for labeling mitochondrial protein synthesis in cells. Using this approach,
heterogeneity in mitochondrial protein synthesis was observed in populations of cells and in
mitochondria within a single cell. What causes this heterogeneity and how it relates to various
mitochondrial functions are open questions that require further investigation. For example,
mitochondrial membrane potential, Ca®*-buffering capacity, and mitochondrial ATP are
factors for which single-cell resolution assays are available. In addition, the steady-state level
of mitochondrial-encoded proteins in single cells can be labeled by immunofluorescence
staining. Moreover, fluorescent labels are available to determine the copy number of mtDNA
and various mt-mRNA transcripts. The combination of these assays with the established
mitochondrial-FUNCAT approach allows the heterogeneity of mitochondrial populations to
be investigated. In this context, the importance of local mitochondrial protein synthesis in the
synaptic regions of neurons also needs to be deciphered. Several fluorescence-based assays
exist to measure activity in individual synaptic boutons (Bilz et al., 2020; Riemann et al., 2018).
Combining these assays with mitochondrial-FUNCAT in different functional states of neurons,
such as basal activity, stimulated, or inhibited, may help to understand whether local

mitochondrial protein synthesis is important for synaptic function.
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In the second part, we introduced several candidates from the cellular kinases which are
potentially associated with mitochondrial gene expression. We started exploring the
mitochondrial translation phenotype in a few selected candidates by evaluating the
mitochondrial OXPHOS function, steady state level of mitoribosomal components, and
checking the synthesis of individual mitochondrial-encoded proteins. Overall, we observed
diverse effects resulting from silencing the individual kinases. To determine what step of gene
expression is affected, measuring the mtDNA content and individual mt-mRNA transcripts are
of the highest importance for the future. Defining the subcellular localization, the
phosphorylation targets, and the interacting partners of each candidate will allow speculating
the functions more precisely. Accordingly, more individual experiments can be designed to
decipher the molecular function of the kinases.

In conclusion, gene expression in mitochondria, as a unique system with a high association to
numerous diseases, has been extensively studied in the cellular context. Thanks to novel
methodologies such as mass spectrometry, next generation sequencing and cryo-EM analysis,
several transcriptional and translational factors have been identified, many factors involved
in RNA stability, modification, and turnover have been described, 3D structures of the
mitochondrial transcription and translation machineries have been determined, and models
have been proposed for the assembly of different components into the OXPHOS complexes.
Simultaneously, more unanswered questions have been raised particularly in the regulatory
processes of mitochondrial gene expression. For example, little is known about the
coordination of the mitochondrial and cytosolic translation and how mitochondria modulate
their protein synthesis in response to cellular stress. Additionally, the difference in the
modulation of gene expression in mitochondria of different tissues is completely neglected.
With recent gene editing technologies that have been developed for manipulating mtDNA
and mRNA transcripts (Cruz-Zaragoza et al., 2021; J. C. Miller et al., 2011; Mok et al., 2020)
and with combining these methods with the novel labeling approaches, new possibilities are

open in deciphering the regulatory aspects of mitochondrial gene expression.
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