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Summary

Summary

Most of the mitochondrial proteins in yeast are encoded in the nuclear genome, get synthesized
by cytosolic ribosomes and are imported via TOM and TIM23 into the matrix or other
subcompartments of mitochondria. The mitochondrial DNA in yeast however also encodes a
small set of 8 proteins from which most are hydrophobic membrane proteins and build core
components of the OXPHOS complexes. They get synthesized by mitochondrial ribosomes which
are descendants of bacterial ribosomes and still have some similarities to them. On the other
hand, mitochondrial ribosomes experienced various structural and functional changes during
evolution that specialized them for the synthesis of the mitochondrial encoded membrane
proteins. The mitoribosome contains mitochondria-specific ribosomal proteins and replaced the
bacterial 55 rRNA by mitochondria-specific proteins and rRNA extensions. Furthermore, the
mitoribosome is tethered to the inner mitochondrial membrane to facilitate a co-translational
insertion of newly synthesized proteins. Thus, also the assembly process of mitoribosomes
differs from that of bacteria and is to date not well understood.

Therefore, the biogenesis of mitochondrial ribosomes in yeast should be investigated. To this
end, a strain was generated in which the gene of the mitochondrial RNA-polymerase RPO41 is
under control of an inducible GALI0-promoter. Since the scaffold of ribosomes is built by
ribosomal RNAs, the depletion of the RNA-polymerase subsequently leads to a loss of
mitochondrial ribosomes. Reinduction of Rpo41 initiates the assembly of new mitoribosomes,
which makes this strain an attractive model to study mitoribosome biogenesis.

Initially, the effects of Rpo4l depletion on cellular and mitochondrial physiology was
investigated. Upon Rpo41 depletion, growth on respiratory glycerol medium was inhibited.
Furthermore, mitochondrial ribosomal 21S and 15S rRNA was diminished and mitochondrial
translation was almost completely absent. Also, mitochondrial DNA was strongly reduced due
to the fact that mtDNA replication requires RNA primers that get synthesized by Rpo41.

Next, the effect of reinduction of Rpo41 on mitochondria was tested. Time course experiments
showed that mitochondrial translation can partially recover from 48h Rpo41 depletion within a
timeframe of 4.5h. Sucrose gradient sedimentation experiments further showed that the
mitoribosomal constitution was comparable to wildtype control samples during the time course
of 4.5h of reinduction, suggesting that the ribosome assembly is not fundamentally altered in
Gal-Rpo41 mitochondria. In addition, the depletion time was found to be critical for recovery of
mitochondrial translation and mitochondrial RNA levels. It was observed that after 36h of Rpo41
depletion, the rRNA levels and mitochondrial translation recovered to almost 100%, but only
within a time course of 10h.

Finally, mitochondria from Gal-Rpo41 cells isolated after different timepoints of reinduction
were used to perform complexome profiling and the assembly of mitochondrial protein
complexes was investigated. First, the steady state conditions and the assembly process of
mitochondrial respiratory chain complexes were monitored. The individual respiratory chain
complexes and the super-complexes of complex Ill, complex IV and complex V were observed.
Furthermore, it was seen that they recovered from Rpo41 depletion within 4.5h of reinduction.
Complexome profiles of the mitoribosomal small and large subunit discovered subcomplexes of
mitoribosomal proteins that were assumed to form prior to their incorporation into assembly
intermediates. The complexome profiles after reinduction indeed showed the formation of
these subcomplexes before formation of the fully assembled subunit. In the mitochondrial LSU
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Summary

one subcomplex builds the membrane facing protuberance and a second subcomplex forms the
central protuberance. In contrast to the preassembled subcomplexes, proteins that were
involved in early assembly steps were exclusively found in the fully assembled subunit. Proteins
that assemble at the periphery of the mitoribosome during intermediate and late assembly steps
where found in soluble form suggesting a pool of unassembled proteins that supply assembly
intermediates with proteins.

Taken together, the findings of this thesis suggest a so far unknow building-block model for
mitoribosome assembly in which characteristic structures of the yeast mitochondrial ribosome
form preassembled subcomplexes prior to their incorporation into the mitoribosome.
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Zusammenfassung

Zusammenfassung

Die meisten mitochondrialen Proteine in Hefe werden im Kerngenom kodiert, von cytosolischen
Ribosomen synthetisiert und via TOM und TIM23 in die mitochondriale Matrix oder andere
mitochondriale Subkompartimente importiert. Die mitochondriale DNA in Hefe kodiert jedoch
ebenfalls flir 8 Proteine, wovon die meisten hydrophobe Membranproteine sind und
Kernkomponenten der OXPHOS-Komplexe bilden. Diese Proteine werden von mitochondrialen
Ribosomen synthetisiert, welche entfernte Nachfahren bakterieller Ribosomen sind und daher
noch einige Gemeinsamkeiten mit diesen aufweisen. Andererseits erfuhren die mitochondrialen
Ribosomen wahrend der Evolution zahlreiche strukturelle und funktionelle Veranderungen,
wodurch sie fiir die Synthese der mitochondrial kodierten Membranproteine spezialisiert
wurden. So enthalten die Mitoribosomen Mitochondrien-spezifische ribosomale Proteine und
die in bakteriellen Ribosomen vorhandene 5S rRNA wurde durch Mitochondrien-spezifische
Proteine und rRNA-Erweiterungen ersetzt. Aulerdem sind Mitoribosomen an die innere
Mitochondrienmembran gebunden um neu synthetisierte Proteine co-translational in die
Innenmembran einzufihren. Daher unterscheidet sich der Assemblierungsprozess
mitochondrialer Ribosomen von dem in Bakterien und ist bis heute nicht sehr gut verstanden.

In dieser Arbeit sollte die Biogenese mitochondrialer Ribosomen untersucht werden. Dazu
wurde ein Hefestamm generiert, bei dem das Gen der mitochondrialen RNA-Polymerase RPO41
mit dem induzierbaren GAL10-Promotor kontrolliert werden kann. Zuerst wurden die Effekte
einer Rpo41-Depletion auf die zelluldare und mitochondriale Physiologie getestet. Es wurde
gezeigt, dass das Zellwachstum auf respirativem Medium gehemmt ist, wenn Rpo41 depletiert
ist. AuRerdem war die mitochondriale ribosomale 21S und 15S rRNA stark verringert und auch
mitochondriale Translation war nur minimal nachweisbar. Zusatzlich war die mitochondriale
DNA stark reduziert was darauf zurlickzufihren ist, dass Rpo41 fiir die Replikation der mtDNA
benotigt wird.

Als Nachstes wurde untersucht, wie sich eine Wiederinduktion von Rpo41 auf Mitochondrien
auswirkt. In einem zeitlichen Verlauf von 4,5 Stunden wurde gezeigt, dass die mitochondriale
Translation teilweise wiederhergestellt werden kann, wenn Rpo41l vorher flir 48 Stunden
depletiert wurde. Sedimentationsexperimente mit Saccharose-Gradienten ergaben, dass die
Zusammensetzung der Mitoribosomen vergleichbar war mit Kontrollproben des Wildtyp.
Daraus lasst sich schlieRen, dass der Assemblierungsprozess der Ribosomen in Gal-Rpo41
Mitochondrien nicht fundamental verdndert ist. Zusatzlich wurde beobachtet, dass die
Depletionszeit entscheidend fiir eine Wiederherstellung der mitochondrialen Translation und
der mitochondrialen rRNA ist. Nach 36 Stunden Depletion konnte die mitochondriale rRNA und
Translation zu beinahe 100% wiederhergestellt werden, was allerdings einen zeitlichen Verlauf
von 10 Stunden erforderte.

SchlieRlich wurden Mitochondrien aus Gal-Rpo41-Zellen nach verschiedenen Zeitpunkten der
Wiederinduktion isoliert und Komplexom-Profile erstellt. Zuerst wurden der stationdre Zustand
sowie der Assemblierungsprozess der mitochondrialen Atmungskettenkomplexe analysiert. Es
konnten die einzelnen Komplexe der Atmungskette sowie die Superkomplexe von Komplex lll,
Komplex IV und Komplex V gezeigt werden. Des Weiteren konnte beobachtet werden, dass die
Komplexe nach Rpo41-Depletion innerhalb von 4,5 Stunden wiederhergestellt wurden.
Komplexom Profile der kleinen und groBen Untereinheit von Mitoribosomen zeigten
Uberraschenderweise Subkomplexe mitoribosomaler Proteine, die vermutlich zuerst gebildet
werden, bevor sie wahrend der Ribosomensynthese in Zwischenstufen der Ribosomen
11
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eingebaut werden. Tatsachlich zeigten die Komplexom-Profile der Proben nach
Wiederinduktion die Bildung genau dieser Unterkomplexe bevor die vollstiandig
zusammengebaute Untereinheit zu detektieren war. Einer dieser Unterkomplexe der grof3en
Untereinheit bildet die membranstédndige Erweiterung des Mitoribosoms und der zweite bildet
die zentrale Erweiterung des Mitoribosoms. Im Gegensatz zu den Unterkomplexen wurden die
Proteine, die an friithen Schritten der Ribosomensynthese beteiligt sind, nur in der vollstandig
zusammengesetzten Untereinheit detektiert. Proteine, die hingegen wahrend spaterer Schritte
der Assemblierung in die Ribosomen eingebaut werden und auf der Oberflache der Ribosomen
zu finden sind, wurden auch in I6slicher Form gefunden.

Zusammengefasst zeigen die Ergebnisse dieser Arbeit einen bisher unbekannten modularen
Weg der Ribosomenbiogenese, wobei charakteristische Strukturen der mitochondrialen
Ribosomen in Hefe vorgeformte Unterkomplexe bilden, bevor sie in die Mitoribosomen
eingebaut werden.

12



Introduction

1. Introduction

All organisms can be assigned to one of two different domains of life, the eukaryotes and the
prokaryotes. Membrane enclosed compartments, the so-called organelles, are a hallmark of
eukaryotic cells and represent therefore a major difference between eukaryotes and
prokaryotes. Furthermore, multicellular organisms like plants and animals are exclusively found
in the domain of eukaryotes 1.

1.1 Mitochondria

One of the essential organelles found in eukaryotic cells are mitochondria. The central role in
the energy metabolism of a cell led to the commonly known byname “powerhouse of the cell”.
Besides their role in energy metabolism, mitochondria are involved in several additional
processes such as iron sulfur cluster biogenesis ?, calcium homeostasis or apoptosis .

1.1.1 Mitochondrial morphology

Based on the well-established endosymbiotic theory, the origin of mitochondria is an alpha
proteobacterium that got engulfed by an archaebacterium. This process thus gave rise to a
double membrane system enclosing the mitochondria > ®.

The outer membrane faces the cytosol and encloses the organelle. The inner membrane
surrounds the matrix 7 and can be further subdivided into two subcompartments. First, the inner
boundary membrane which faces the outer membrane and thus forms the intermembrane
space of mitochondria. Second, invaginations of the inner membrane, the cristae, which largely
increase the surface of the inner membrane and harbor the respiratory chain complexes 8
(Figure 1). Cristae and intermembrane space are separated from each other by the
mitochondrial contact site and cristae organizing system (MICOS)°.

O ——Cytosol

Outer membrane
> ® +4—Intermembrane space
Inner membrane

——mtDNA
Cristae

& —t—Matrix

@

Q)

(O——+—Mitochondrial ribosome

00— Cytosolic ribosome

Figure 1: Schematic representation of the mitochondrial morphology

The matrix harbors the mitochondrial DNA (mtDNA). These so-called nucleoids are often
associated with the inner membrane cristae and at sites where mitochondrial fission takes place
1011 The nucleoids are tightly packed together with various proteins. The proteins associated
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with mitochondrial DNA are involved in DNA packaging (Abf2), DNA maintenance (DNA-
Polymerase Mipl) and transcription (RNA-Polymerase Rpo41) as well as factors controlling
mitochondrial biogenesis, metabolism and signaling pathways. Near the nucleoid, structures
called RNA granules were found. These structures consist of RNA transcripts encoded by the
mitochondrial DNA. Although RNA granules were only found and studied in human cell lines and
other mammalian model organisms their presence in non-mammalian organisms seems likely.
Especially in species where mitochondrial DNA architecture and replication are similar to those
of mammalian mitochondria the existence of RNA granules would not be surprising. Several
studies show that key processes of RNA processing take place at the RNA granules. These
processes involve RNA maturation from polycistronic RNA to mature mRNA, polyadenylation,
and posttranscriptional modification as well as RNA degradation thus leading to the hypothesis
that RNA granules build the center of RNA processing in mitochondria. Furthermore,
mitochondrial ribosomes are found to associate with RNA granules suggesting a role in
translation initiation by supplying the mRNA to the ribosome. The function of RNA granules is at
the moment not fully understood but the obvious involvement in transcription, translation and
probably DNA replication shows a key role in mitochondrial gene expression and is of great
interest in the field.

1.1.2 Mitochondrial DNA

The mitochondrial genome contains only a small set of genes. As a consequence of
endosymbiosis many of the genes encoded by the genome of the endosymbiotic alpha-
proteobacterium were lost during evolution or transferred to the nuclear genome 2. Thus, the
reduced mitochondrial genomes encode only special core components of the respiratory chain
complexes, which are highly hydrophobic membrane proteins and conserved among species.
Furthermore, mitochondrial tRNAs and mitochondrial rRNAs are encoded by the mtDNA
enabling the organelle to build its own translation machineries. To assemble the complexes of
the respiratory chain or oxidative phosphorylation system (OXPHOS) additional proteins are
necessary. These proteins are encoded by genes of the nuclear genome and need to be
expressed in tight coordination with the expression of mitochondrial genes to ensure a proper
assembly of the respiratory chain. In total the mitochondrial proteome consists of about 1000
different proteins.

In the model organism Saccharomyces cerevisiae or baker’s yeast the mitochondrial DNA
contains 35 genes. Eight genes encode proteins from which seven are essential membrane
proteins of the respiratory chain and one is a component of the small mitoribosomal subunit,
the soluble protein Varl 1 %, The remaining 27 genes encode for mitochondrial RNAs from
which 24 are mitochondrial tRNAs, two are mitochondrial ribosomal RNAs (rRNAs) and one gene
encodes the RNA component of the RNase P (RPM1) *°. Besides the mitochondrial encoded
RPM1, RNase P consists of the nuclear encoded protein Rpm2 which is synthesized in the cytosol
and gets imported into the matrix. Mitochondrial RNAs are expressed as polycistronic precursors
which need to be separated and processed. Mitochondrial encoded tRNAs for instance get
processed both on their 5'and 3’ends by RNase P and tRNase Z to gain mature single tRNA
molecules. Genetic inactivation of RNase P results in deleterious effects on mitoribosome
assembly also suggesting a role in rRNA processing 1 1°,

Although the number of mitochondrial encoded proteins represents less than 1% of the whole
mitochondrial proteome, it is assumed that over 200 mitochondrial proteins are needed to
maintain and express this small set of OXPHOS proteins. This fact raises the question why the
cell makes the huge effort to keep this small genome in mitochondria. One aspect is the
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properties of the encoded proteins. The proteins of the OXPHOS are highly hydrophobic
membrane proteins with several transmembrane domains and build the core centers of the
individual respiratory chain complexes. Expression of these proteins on cytosolic ribosomes and
importing them afterwards into mitochondria could be more challenging for the cell then
keeping a second genome. The proteins would need to be protected from misfolding,
aggregation and subsequent degradation as well as mislocalization to the endoplasmic reticulum
or other organelles if expressed in the cytosol. These difficulties can be avoided by expressing
especially the hydrophobic membrane proteins in the mitochondria. An additional advantage of
expressing key components of OXPHOS by ribosomes in mitochondria is of regulatory nature.
The assembly of respiratory chain complexes relies on the expression of the mitochondrial
encoded OXPHOS genes. If the redox state of mitochondria, which can be a measure of health
or fitness of mitochondria, is disturbed a fast response can be helpful. The downregulation of
mitochondrial encoded OXPHOS genes can be such a fast response resulting in less
mitochondrial respiration giving the cell the chance to find and solve the problem. Indeed, all
organisms that are able to respire contain mitochondria with their own genome and these
genomes contain a very similar set of genes of the OXPHOS system and the translation apparatus
of mitochondria.

1.2 Ribosomes

Ribosomes are the macromolecular machines that are needed in all living cells to synthesize
proteins. The genetic information encoded by messenger RNAs (mRNAs) get translated by
ribosomes into protein sequences, which then can fold into their native conformation and fulfill
multiple functions in a cell. The structures of ribosomes have first been discovered in the 1950s
by electron microscopy Y. In this time and due to their size ribosomes have been described in
Svedberg units. This sedimentation coefficient depends on the mass and shape of a particle and
its interaction with the medium in which it sediments.

Ribosomes consist of a large and small subunit, both composed of ribosomal RNA (rRNA) and
ribosomal proteins. The rRNA forms the internal scaffolding and reactive center of the ribosome
while the ribosomal proteins assemble around the RNA and help to keep the right folding,
orientation, and stability. A common feature of ribosomal proteins is a high content of positive
charged amino acids lysine and arginine which contribute to the interaction between negative
rRNA and protein.

During the process of protein synthesis, the large subunit (LSU) performs the peptidyl-
transferase activity where a new delivered amino acid gets covalently bound to the already
existing protein chain. The function of the small subunit (SSU) is mainly recognition and binding
of the mRNA.

1.2.1 Mechanism of protein synthesis

The mammalian cytosolic ribosome is an 80S particle. The LSU consists of three rRNAs with a
size of 28S, 5.8S and 5S. In addition, 49 proteins contribute to build a functional LSU which has
a final size of 60S. The SSU contains only one rRNA with the size of 18S and 33 ribosomal proteins
ending up in a 40S particle.

The mechanism of protein synthesis on ribosomes is universal. All ribosomes contain three
binding sites for amino-acyl transfer RNA (tRNA) which are named regarding their role during
translation. The first binding site is the aminoacyl site or A-site, which is the place where a new,
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charged tRNA binds and brings the corresponding amino acid to the reaction. At the P-site or
peptidyl site a tRNA bound to the polypeptide chain is located. The E-site is the exit site where
the former P-site located tRNA exits the ribosome and gets recycled in the cytosol.

The reaction cycle starts with the selection of the right, charged tRNA corresponding to the
codon of the mRNA. The corresponding amino acid that is delivered by this tRNA gets bound to
the amino acid that is connected to the tRNA located at the P-site. This process is mediated by
the peptidyl-transferase activity of the LSU and subsequently brings the growing polypeptide
from the P-site tRNA to the A-site tRNA. Upon a conformational change, the P-site tRNA gets
moved to the E-site and exits the ribosome. The A-site tRNA loaded with the polypeptide moves
to the P-site and the growing protein chain proceeds through the polypeptide exit tunnel of the
LSU. At the end of the tunnel proteins like chaperones or targeting factors bind the nascent chain
and help to fold the protein or target it to its desired destination. The mRNA is also shifted by
this process leading to the exposure of a new triplet of bases. This starts the next round of the
translation cycle by choosing the right charged tRNA from the pool and locating it to the A-site.

1.3 Mitochondrial ribosomes

Although the process of translation is conserved among species mitoribosomes became
specialized during evolution. The proteins they synthesize are in most cases very hydrophobic
membrane proteins. This led to several structural and functional changes. Thus, the structure
and molecular composition of mitoribosomes differs a lot from bacterial and also from cytosolic
ribosomes 8 19 (Figure 2).

¥ie

Escherichia coli 70S Saccharomyces Saccharomyces Homo sapiens 80S
cerevisiae 74S cerevisiae 80S

Figure 2: Structural comparison of different ribosomes. Structures of the bacterial 70S ribosome, the
yeast mitochondrial 74S ribosome, the yeast cytosolic 80S ribosome and the mammalian cytosolic 80S
ribosome (taken from 18).

1.3.1 Structural changes

The yeast mitochondrial ribosome forms a particle of 74S with the large subunit of 54S and the
small subunit of 37S. With an overall molecular weight of 3MDa this is an increase of about 30%
compared to the bacterial ribosome . The LSU is composed of a mitochondrial encoded 21S
rRNA and additional 46 nuclear encoded proteins resulting in a molecular mass of 1.9MDa 2! 2,
The 21S rRNA consist of 3296 nucleotides and forms eleven additional expansion segments (ES)
compared to the bacterial ribosome. The number of nucleotides therefore increased compared
to bacteria resulting in 392 additional nucleotides. The sedimentation coefficient of 21S on the
other hand is lower than the 23S of the bacterial LSU rRNA. This suggests that although larger
than the bacterial LSU rRNA, the 21S rRNA in yeast mitoribosomes is packed tighter 2. This is
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supported by the finding that all mitoribosome-specific proteins except for mL44 and mL49 are
found to interact with rRNA expansions that where not present in bacteria.

The SSU contains the 155 rRNA and approximately 35 nuclear encoded proteins 2*. In addition,
the mitochondrial encoded ribosomal protein uS3, also known as Varl, is part of the small
subunit. This composition results in a molecular weight of 1.1MDa %*. The 155 rRNA contains 107
additional nucleotides in comparison to bacterial ribosomes. This also results in mitoribosome-
specific RNA-expansions and remodeling of the subunit’s architecture. For example, a
prominent protuberance is formed close to the mRNA exit by the proteins mS42 and mS43
(Rsm26+Mrp1).

In general, many mitoribosome-specific proteins gained expansions at either their N- or C-
terminus. These expansions are mainly formed by prolonged tails or additional loops. Many of
these extensions that where not present in bacteria where found to contact extensions of
neighboring proteins. This results in a total increase of protein-protein contacts especially in the
54S subunit compared to the bacterial ribosome. Each mitoribosomal protein has on average
4.5 neighbors compared to 1.5 neighboring proteins in bacteria. These new interactions might
be necessary to bridge different functional sites of the LSU, especially in regions where the
function of the 55 rRNA has been replaced. In addition, some of the extensions expose a high
basic charge probably interacting and neutralizing the negative charged backbone of the RNA.
This might play a role in folding and stabilizing the secondary structure of the rRNA.

Central protuberance

The 5S rRNA, which is normally located at the central protuberance (CP) of the large
mitoribosomal subunit is absent in yeast mitoribosomes 2. It is replaced by two RNA extensions
of the 21S rRNA (82-ES and 84-ES1) forming a remodeled central protuberance of the yeast
mitoribosome. Interestingly, the 5S rRNA in mammalian mitochondrial ribosomes is replaced by
a tRNA encoded by the mitochondrial genome, in particular by the tRNAY?' in human
mitoribosomes 2°. Furthermore, mitochondria-specific proteins locate at the central
protuberance of yeast mitoribosomes. This results in an increased size of the protuberance
compared to other mitoribosomes and a three-fold increase in size compared to the bacterial
CP. In addition, the yeast mitoribosomal CP lacks two 5S rRNA binding proteins that are found
in bacteria. These proteins got replaced by mitochondria-specific proteins mL38, mL40 and
mL46. Of note is that these proteins together with the RNA extension segments do not mimic
the 5S rRNA but instead occupy this space and build a new central protuberance structure in
yeast mitoribosomes. Still, the function of the CP is not fully understood but it is thought to
facilitate communication between the different functional sites of the mtLSU and mtSSU 26 %7,

Membrane facing protuberance

The membrane facing protuberance represents an additional expansion segment of the
mitoribosome compared to the bacterial large subunit. It is not present in the yeast cytosolic
ribosome. In line with the remodeling of the central protuberance the membrane facing
protuberance is enriched in mitochondria-specific proteins and RNA extensions. It is located
adjacent to the mouth of the polypeptide exit tunnel and, together with the inner membrane
protein Mbal, represents one of two binding sites of the mitoribosome to the membrane 2 %,
Structural studies suggest that the binding via Mbal aligns the exit tunnel in a way that the
growing polypeptide chain can directly interact with the mitochondrial inner membrane
insertase Oxal 3° enabling a co-translational insertion into the membrane 3. The mammalian
homologue Mrpl45 was found on the same position as Mbal but it is unclear if it fulfills the same
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function of anchoring the ribosome to the membrane. The second binding site of the
mitoribosome to the membrane was thought to be built by RNA-extensions 0-ES1 and 0-ES2 of
the membrane facing protuberance. Instead, it has been shown to be mediated by the 21S rRNA
extension 96-ES1 which is not part of the membrane facing protuberance #* .

Polypeptide exit tunnel

The exit tunnel of the mitochondrial ribosome has also undergone drastic structural changes.
While the exit tunnel in bacterial and cytosolic ribosomes is mainly formed by RNA, the
mitoribosomal exit tunnel is mostly built up by mitochondria-specific proteins. The exposed
surface of the proteins forming this tunnel is largely hydrophobic suggesting an adaptation to
the production of membrane proteins by mitoribosomes. Alignment of the bacterial ribosomal
exit tunnel path with the mitoribosome showed that this pathway is blocked by an extension of
the mitochondria-specific protein ulL23. Thus, the polypeptide exit tunnel in yeast
mitoribosomes follows a different route through the 54S subunit resulting in a tunnel exit ~35A
away from the original exit in bacterial ribosomes. While the tunnel path starting at the peptidyl
transferase center (PTC) and ending at the tunnel exit is about 100A in length in bacteria, the
mitoribosomal exit tunnel is also shortened to a length of approximately 60A.

The exit tunnel entrance in mitochondrial ribosomes also changed in structure. An additional
AU-base pair of the rRNA narrows the entrance by about 8A and is not found in bacteria. This
probably explains the resistance of mitoribosomes to macrolide antibiotics 32. Chemicals like
erythromycin are sterically unable to enter the PTC of the ribosome resulting in no sensitivity
for such compounds.

The tunnel exit of the yeast mitoribosome is wider than observed in bacteria. This additional
space might allow co-translational interaction with assembly factors necessary for proper
OXPHOS complex assembly 21 31 33, Furthermore, there is more space between the ribosome and
the membrane compared to a cytosolic ribosome bound to the translocase of the endoplasmic
reticulum. This could allow further factors to interact with the emerging polypeptide. These
factors might be involved in folding, insertion of the proteins into the membrane or maturation
of enzymatic active sites by incorporating prosthetic groups into the active center of these
proteins.

1.3.2 Mitochondrial rRNA

The mitochondrial RNA gets expressed as polycistronic precursor molecules which further get
processed to yield mature RNAs. In the case of the 21S rRNA, the precursor is a ~5.1kb transcript
which contains a 1.2kb intron (p1) as well as three mitochondrial tRNAs (tRNA™2, tRNA®s,
tRNAMS). The mature 21S rRNA of 3.1kb is formed by excision of the intron and removal of a 3°-
end extension of 900bp 3* 3°, This processing occurs with the help of Suv3, an RNA helicase that
forms the mitochondrial degradosome (mtEXO) together with Dss1 3¢. The mtEXO is the main
3’-5"-exoribonuclease in mitochondria and deletion of either subunit results in attenuated RNA
turnover and also affects 5-3"-processing of mitochondrial RNAs suggesting that both turnover
and processing are linked processes.

The 155 rRNA is also part of a precursor together with tRNA™™. However, the single transcript is
a 15.5S RNA which contains 80 additional nucleotides on the 5’-end *°. It is not clear how the
processing occurs, but it is tempting to speculate that the additional nucleotides are removed
by Pet127 since it is the only known protein in yeast mitochondria with 5°-3"exonuclease activity
and might process the 5’-end of the 155 rRNA precursor transcript 37 3,
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1.4 Mitochondrial ribosome biogenesis and assembly

The mitochondrial ribosome in yeast is composed of about 80 proteins of which all but one is
encoded on the nuclear genome. Thus, all these proteins need to be synthesized on cytosolic
ribosomes, get stabilized and targeted to their destination, get imported into the mitochondrial
matrix and finally assemble into a functional mitoribosome (Figure 3).
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Figure 3: Schematic biogenesis of mitochondrial ribosomes. A: Most of the mitoribosomal proteins get
synthesized in the cytosol with a N-terminal presequence guiding these preproteins to the import
machinery. B: After binding to the import receptor on the outer membrane the preprotein gets imported
into the matrix via the translocase of the outer membrane (TOM) and the translocase of the inner
membrane (TIM23) in a membrane potential dependent manner. During the import process the
mitochondrial processing peptidase (MPP) cleaves off the presequence. C: The imported MRPs assemble,
together with mitochondrial rRNA, close to the nucleoid or RNA granules at the inner membrane to
mature subunits. Finally, the subunits associate into the fully assembled mitoribosome and attach to the
inner membrane close to the integrase Oxal (O).

1.4.1 Synthesis, stabilization and targeting of mitoribosomal proteins in the cytosol

Most of the mitochondrial proteins get synthesized as preproteins or precursor proteins on
cytosolic ribosomes. To find their correct destination, the mitochondrial matrix, about 60% of
all mitochondrial proteins carry a mitochondrial targeting information at their N-terminus called
presequence or MTS (mitochondrial targeting sequence) 3° %°, This presequence is characterized
by several common features such as an amphipathic a-helical structure (positive charges on one
side hydrophobic amino acids on the other side of the helix), a length of approximately 15-80
amino acids %' and a predominant but not exclusive localization at the N-terminus of the
preprotein. A conserved pattern for presequences is not reported but the presence of rather
positive charges and hydrophobic amino acids and the absence of negative charges are well
established characteristics. Fusion of presequences of established matrix proteins to the N-
terminus of non-mitochondrial proteins efficiently targets these proteins to the matrix 2. This
allows e.g. targeting of the green fluorescent protein (GFP) to mitochondria for microscopy-
based localization studies.

Based on the common features of a presequence, computer algorithms such as TargetP have
been developed and trained to predict the presence and length of a presequence on
mitochondrial proteins or proteins that are assumed to be mitochondrial localized 3.
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After synthesis, the preproteins get stabilized and kept in an unfolded, import competent state
by chaperones of the Hsp70 and Hsp90 family *4. Additional factors like co-chaperones and other
factors might also be involved. The biochemical properties of the MTS help to localize the
preprotein to the mitochondrial outer membrane and to the translocase of the outer
mitochondrial membrane (TOM). This post-translational import process is well characterized by
in vivo and in vitro studies for many mitochondrial proteins. Still, the existence of a co-
translational import is under debate for many years and supported by studies showing the
presence of mMRNAs and cytosolic ribosomes on the surface of mitochondria #> 4°.

1.4.2 Import of preproteins into the mitochondrial matrix

The first hurdle to be overcome on the way to the matrix is the mitochondrial outer membrane.
The entry gate is the so-called translocase of the outer mitochondrial membrane (TOM). This
complex is composed of three import receptors (Tom70, Tom20 and Tom22), the pore forming
Tom40 ¥, and the small Tom proteins (Tom5, Tom6 Tom7) “8. The initial binding of the
preprotein to the TOM complex is mediated by Tom20 via interactions with the hydrophobic
surface of the presequence. The presequence is then handed over to Tom22, the central
receptor for presequences, which binds to the positive surface of the amphipathic helix. Binding
of the presequence stimulates channel activity of the B-barrel protein Tom40 guiding the
presequence through the TOM complex into the intermembrane space. The function of the
small Tom proteins is not entirely clear, but it is believed that they don’t actively contribute to
the import process but rather help during assembly and stabilization of the TOM complex. In the
intermembrane space, the IMS-facing receptor domain of Tom22 binds to the preprotein *. This
receptor thus provides not only a cytosolic binding site for preproteins but also has a second
binding domain in the IMS showing the central role of Tom22 during protein translocation into
mitochondria. Next, the translocase of the inner mitochondrial membrane (TIM23 complex)
helps to transfer the protein over the inner membrane into the matrix. During translocation of
a preprotein TOM and TIM could in principle act independent from each other but it was shown
that they form a presequence induced TOM-TIM23 super complex *° 5! . The receptor Tim50
binds to the presequence that gets handed over by Tom22. The channel through the inner
membrane built by Tim23 and Tim17 opens upon preprotein binding to Tim50 and the protein
can be transported through the TIM23 complex. The membrane potential AY generated by the
respiratory chain plays an important role during this translocation as its electrochemical
gradient provides one of the two driving forces for the import and activates the Tim23 channel
5233 The second energy source is provided by adenosine triphosphate (ATP). This energy drives
the presequence translocase associated motor (PAM) which is a crucial component of the import
machinery >* >, Coupled by Tim44 to the Tim23 complex, the mitochondrial chaperone Hsp70
(mtHsp70) binds in an ATP dependent manner to the presequence °® 3. The co-chaperones
Pam16 and Pam18 regulate the hydrolyzation of ATP to ADP resulting in a tight binding of
mtHsp70 to the preprotein. The nucleotide exchange factor Mgel promotes release of ADP >8
which initiates a new reaction cycle of mtHsp70. Based on the Brownian ratchet model the
preprotein gets pulled into the matrix by several rounds of mtHsp70 binding to the emerging
presequence *° %, An interaction of the TIM23-PAM translocation machinery with the
respiratory chain super complex IlI-IV was reported and provides an interesting import system
linking the energy dependent import of preproteins to OXPHOS activity and energy availability.
Once the presequence reaches the matrix it gets cleaved off by the matrix processing peptidase
(MPP) 8t which is a dimeric protease in the matrix. Some proteins get further processed by Icp55
or Oct1 which cleave off one or eight additional residues, respectively 2. Finally, soluble matrix
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proteins get folded with the help of mitochondrial chaperones  and the mitochondrial
chaperonin Hsp60 and Hsp10 ® and are released from the TIM-complex (Figure 4).

preprotein
cytosolic
chaperone

Figure 4: Overview of preprotein import into the mitochondrial matrix. Preproteins get stabilized by
cytosolic chaperones and targeted to mitochondria. Interactions with the components of the TOM
complex guide the preprotein through the import channel. Subsequently, components of the TIM23
complex bind the preprotein and translocate it into the matrix with the help of the PAM machinery. The
mitochondrial peptidase MPP cleaves off the presequence releasing the mature protein (modified from
Bohnert et al., 2007).

This import process of preproteins into the matrix is well characterized and understood to a
large extend. It has been studied for many mitochondrial proteins in detail but for only 3
mitoribosomal proteins the import has been analyzed and characterized.

One protein that was studied in detail is bL32m (Mrpl32) %. This protein gets imported via the
TOM-TIM23 super complex and is not matured by MPP in the matrix. Instead, the cysteines
present in Mrpl32 have to coordinate a metal ion before it can properly fold. Then the
membrane associated m-AAA protease removes the first 71 residues at the N-terminus. Mrpl32
proteins that are not properly folded get instead degraded by the m-AAA protease . The m-
AAA protease acts in this way as a quality control checkpoint for mitochondrial ribosome
biogenesis.

Another example of a well-studied mitoribosomal protein is mS37 (Mrp10). After translocation
through the TOM complex, Mrp10 interacts with the mitochondrial disulfide relay system and
gets oxidized. This step depends on the activity of the respiratory chain complexes. The oxidized
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Mrp10 is then imported into the matrix and can assemble into the mitochondrial ribosome ¢,
This import pathway links mitoribosome biogenesis to the activity of the respiratory chain and
can serve as another quality control mechanism for mitochondrial fitness and ribosome
biogenesis.

The last example of studied mitoribosomal protein import is bS6m (Mrp17). This protein lacks a
classical presequence but instead contains targeting information on the N-terminus, in an area
of amino acids 30-60. Its import strongly depends on the membrane potential, but weather Tom
receptors are necessary for import is not clear yet. An interaction with mtHsp70 also seems to
be absent or negligibly weak (unpublished data).

The import pathways of Mrpl32, Mrp10 and Mrpl7 differ a lot from the classical presequence
carrying matrix proteins. Still it is unclear whether there were more special import mechanisms
present and which additional factors might be involved in the import of mitoribosomal proteins.
Future research will address these questions and probably discover more unconventional import
pathways in mitochondria.

1.4.3 Mitochondrial ribosome assembly

The step of assembling the imported preprotein together with the mitochondrial made rRNA
into a functional ribosome is still mysterious and subject of ongoing research. Important aspects
of mitoribosome assembly are the maturation and post transcriptional modifications of the
rRNA. Without these essential steps the ribosome formation would not be possible. The place
where these steps occur is assumed to be close to or in RNA granules in mitochondria ®. The
RNA granules are found near the nucleoids which contain the mitochondrial DNA and thus are
the source of mitochondrial rRNA. This proximity of mitochondrial nucleoids and mitochondrial
RNA granules together with imported mitoribosomal preproteins could form a mitochondrial
sub compartment for ribosome assembly near or at the inner mitochondrial membrane. Such a
sub compartment could indeed make a lot of sense since the place of RNA transcription,
maturation and assembly needs to be protected from RNA damage and degradation. Taking
these processes together in one place makes it easier for the cell to properly assemble
mitoribosomal proteins together with mitochondrial rRNA resulting in functional mitochondrial
ribosomes.

In yeast it has been shown that assembly of the small mitoribosomal subunit occurs near the
nucleoid. The GTPase Mtg3/Gep3 is found to be associated with the inner membrane near the
nucleoid. Mutant strains lacking Mtg3 are unable to mature the 15S rRNA and therefore cannot
assemble the SSU ®°. One reason that was hypothesized is fast delivery of fresh synthesized
MRNA to the small subunit. This could help to stabilize and protect the mRNA from degradation.
This hypothesis is supported by studies that identified additional mitoribosome assembly factors
especially those involved in biogenesis of the large subunit close to RNA granules. The
mammalian assembly factor DDX28 is involved in maturation of the rRNA by interacting with the
16S rRNA and thus contributes to LSU assembly 7°.

DEAD-box RNA-helicases are well known assembly factors of bacterial and cytosolic ribosomes.
The mitochondrial protein Mrh4 contains such a DEAD-box motive "* and is thus a good
candidate. Also, GTPases are well established factors involved in ribosome biogenesis. The
mitochondrial GTPase Mtg1 is found to be involved in late stage assembly of the LSU 7. Deletion
of either of the two proteins mentioned leads to the accumulation of assembly intermediates
that lack only few mitoribosomal proteins.
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In general, cells lacking functional mitoribosomes tend to lose their mitochondrial DNA and thus
the ability to build the respiratory chain complexes necessary for cellular respiration. This
phenotype is surprising since mitochondrial translation is not needed for mitochondrial DNA
stability and replication. On the other hand, cells that have defects in assembly of one subunit
are often still able to build the other subunit. This suggests that the assembly of each subunit
occurs independent of the other. When and how the small and large subunit assemble to a
functional ribosome and whether an mRNA is already associated to the small subunit is still not
clear.

The studies by Amunts et al. 2014 2! and Desai et al. 2017 2* that revealed the near atomic
structure of the yeast mitochondrial ribosome helped to better understand the exact
composition and architecture of the mitoribosome and the location of the different
mitoribosomal proteins to each other and to the remodeled ribosomal RNA in the mature
mitoribosome. This understanding was necessary to design new experimental studies to further
elucidate the steps of mitoribosome assembly.

1.5 Aim of this work

The mitochondrial ribosome is a conserved enzymatic machinery among eukaryotic cells. The
abundance of mitoribosomes compared to cytosolic ribosomes within a single cell is however
very low. Also, the contribution of the mitochondrial encoded and on mitoribosomes
synthesized proteins to the whole cell proteome is assumed to be less than 0,001% 73. Still, the
importance of mitoribosomes for cell homeostasis and energy metabolisms is obvious.
Furthermore, many age-related diseases are connected to mitochondrial dysfunctions which are
linked to translation defects and alterations in processes involved in mitochondrial protein
synthesis. Thus, learning more about the mitochondrial translation machinery can help to
understand the causes of diseases like leigh-syndrome and others.

The biosynthesis of mitochondrial ribosomes is thought to be a very complex process. For the
cytosolic ribosome, the assembly process has been described based on studies with in vitro
reconstitution experiments. For the mitochondrial ribosome such a system is not available, and
it is difficult to imagine that such a system could be established.

In this work, this problem will be addressed by using an inducible in vivo system in yeast. The
gene of the ribosomal RNA polymerase Rpo41 was put under an inducible promoter. With this
system it is possible to control the production of the ribosomal RNA and thus of the
mitoribosome biosynthesis. With the help of density gradient centrifugation and in vivo
translation experiments the effects of switching off and on the mitochondrial translation system
should be addressed. After establishing this tool in yeast, it should then be used in a mass
spectrometry based “complexome profile” experiment. The resulting data can provide further
insight into the process of ribosome biosynthesis, the composition of assembly intermediates
and help to identify new, so far unknown assembly factors of the mitochondrial ribosome in
yeast.
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2. Results

The biosynthesis of mitochondrial ribosomes is a complex process that is difficult to address. In
contrast to the cytosolic ribosome, an in vitro reconstitution system for investigation of the
assembly pathway is not available. This might be caused by the fact that the mitoribosome is
tethered to the inner membrane and already the initial assembly steps of involving rRNA and
early binding MRPs were shown to take place in a state bound to the inner mitochondrial
membrane.

Previous studies on mitoribosome biogenesis relied on mutant cells where different
mitoribosomal proteins were knocked out and the assembly process thus was halted at a certain
stage. Furthermore, biochemical approaches such as immunoblotting were applied to evaluate
the results which only detected a small number of proteins. These studies thus were limited in
several aspects and could not yield a full overview of the assembly process.

Therefore, the first step of the study was to establish an in vivo system in yeast where the
biosynthesis of mitochondrial ribosomes is controllable by an inducible promoter of a single
gene. A good candidate to choose for this system is the mitochondrial RNA polymerase Rpo41.
The rRNA represents the scaffold of the whole ribosome and the assembly is prevented once
Rpo41 and thusthe rRNA is absent. The promoter used in this study is the promoter of the GAL10
gene. The expression of GAL10 strongly depends on the presence of galactose and leads to a
fast and strong response of the promoter to galactose but is instead not expressed when glucose
or other carbon sources are present. The endogenous RPO41 promoter was replaced by
homologous recombination. Together with the GAL10 promoter, a HIS3 cassette was brought
into the yeast strain to select for the correct mutant cells (see Figure 5).
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Figure 5: Homologous recombination strategy. The endogenous RPO41 promoter was replaced by a HIS3-
GALI10-promoter cassette via homologous recombination. Positive transformants were selected on agar
plates lacking histidine.
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2.1 Rpo41 is essential for physiological functions of mitochondria

2.1.1 Depletion of Rpo41 leads to respiratory deficient cells

With the GAL10-promoter construct introduced into the yeast strain the effect on cell growth
was addressed. Yeast cells prefer growth on fermentable carbon sources like glucose where
respiration is dispensable. On glycerol, yeast cells depend on the TCA cycle and the respiratory
chain to metabolize this carbon source for energy production. Thus, cells from a culture with
galactose and therefore with functional mitoribosomes should be able to grow when spotted on
plates with glycerol as carbon source while cells from a culture with glucose should not. Indeed,
the mutant strain was only able to grow on glycerol plates when the preculture was grown in
galactose-containing medium, while the glucose preculture didn’t grow (Figure 6). On glucose
plates all strains grew irrespective of their preculture’s carbon source.
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Figure 6: Cellular respiration is inhibited upon Rpo41 depletion. WT and Gal-Rpo41 cells were grown
either in glucose or galactose medium for 48 h. 1 ODeoo cells from logarithmic growing culture was
harvested, washed with water and spotted on plates with glucose or glycerol as carbon source. Plates
were incubated at 30°C for 48 h.
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The results show that the downregulation of Rpo41 with the GAL10-promoter leads to a
respiratory deficient phenotype. This fits to the assumption that depletion of the RNA
polymerase leads to a depletion of all mitochondrial RNAs including mRNA and rRNA and thus
loss of mitochondrial ribosomes. Without mitoribosomes, the core components of the
respiratory chain cannot be synthesized and therefore the whole respiratory chain is defective.
This results in the inability to grow on respiratory medium.

2.1.2 Mitochondrial translation can be efficiently controlled in the GAL-RPO41 strain

To further address the effect of Rpo41 depletion on yeast cells, mitochondrial translation was
monitored. To this end, an in vivo labeling experiment was performed. While the cytosolic
protein biosynthesis was blocked by addition of cycloheximide, newly synthesized mitochondrial
encoded proteins where labeled with [3**S]methionine. Cell lysates were subsequently separated
by SDS-PAGE, transferred to a nitrocellulose membrane by Western blotting and visualized by
autoradiography. The wild-type strain gave the characteristic band pattern for the eight
mitochondrial encoded proteins in yeast on either glucose or galactose with only minor
differences in band intensities for Cox3 and Atp8/Atp9 (Figure 7 left half). In contrast, the mutant
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strain Gal-Rpo41 showed almost no translation products for the glucose culture. Only a few
weak bands where detected probably arising from little mitochondrial mRNA and mitochondrial
ribosomes left after Rpo4l depletion. The galactose culture instead showed the same
translation pattern as the wild type with all eight proteins synthesized to a similar level as the
wild type did on galactose (Figure 7 right half). This suggests that the expression of Rpo41 under
control of the GAL-promoter leads to functional mitochondrial ribosomes and that the level of
mitoribosomes seems to be comparable to the wild type situation as the protein synthesis is not
affected.
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Figure 7: Mitochondrial translation correlates with Rpo41 expression. Cells of WT and Gal-Rpo41 were
grown in glucose or galactose medium for 48 h. In logarithmic growth phase cytosolic translation was
blocked with cycloheximide and mitochondrial translation products were labeled by addition of
[®*S]methionine for 15 and 30 min. Samples were analyzed by SDS-PAGE followed by autoradiography.

To further investigate the effect of expressing Rpo41 under Gal-promoter on the levels of
mitochondrial ribosomes and the mitochondrial rRNA, quantitative real-time PCR (qRT-PCR) was
performed. The GAL-promoter is known for a strong expression of the respective gene when
galactose is present. One question was therefore how the expression level of Rpo41 on galactose
would be compared to the wild type on galactose which would serve as control conditions.
Furthermore, it was not clear how the mitochondrial rRNA levels would respond upon changes
in Rpo41 levels.

The transcription levels of Rpo41 were approximately 30-fold increased, compared to wild-type
levels on galactose (Figure 8a). This is in line with former observations of gene expression under
the GAL10-promoter where expression levels of 20 to 50-fold compared to the wildtype
situation were observed. On glucose, Rpo41 levels where significantly reduced to ~20 % of the
wild type. For the mitochondrial 21S and 15S rRNA no significant changes were observed in the
Gal-Rpo41 strain on galactose. Both rRNA levels were comparable to the wild-type conditions
with only a slight, not significant increase. On glucose, the effect of Rpo41 depletion on rRNA
levels was remarkably strong. Both mitochondrial rRNAs were decreased to levels below 10% of
the wild type (Figure 8b+c). This is in line with the results from the in vivo translation experiment
where very little translation was observed for the mutant strain on glucose (Figure 6). The levels
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of mitochondrial rRNA together with the translation defect suggest that the mitoribosomes are
nearly completely depleted and therefore the mitochondrial translation is absent.
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Figure 8: Mitochondrial rRNA levels are reduced upon depletion of Rpo41. Cells of WT and Gal-Rpo41
were grown in glucose or galactose medium for 48 h. Cells from mid-log phase culture were harvested,
RNA was isolated, and cDNA synthesized. Gene expression was measured by gqRT-PCR. The means and
standard deviations from n=3 independent biological replicates are shown.

Interestingly, a reduction of RPO41 mRNA and mitochondrial rRNA levels is also observed for
the wild-type strain on glucose. Lowered levels of Rpo41l expression would also lead to
decreased levels of mitochondrial rRNA. Furthermore, the glucose repression mechanism which
in response to glucose as a carbon source reduces mitochondrial gene expression and
biosynthesis and might contribute to the reduced levels of rRNA.

2.1.3 Rpo41l is essential for mitochondrial DNA-maintenance

The mitochondrial RNA-polymerase Rpo41 is not only needed to produce mitochondrial tRNAs
and rRNAs but in addition synthesizes small RNA-primer molecules for mtDNA replication 4. The
depletion of Rpo41 could therefore also lead to a loss of mitochondrial DNA. To test this, the
DNA of wild-type cells, Gal-Rpo41 cells and mtDNA-deficient cells (rho? cells) were stained with
4',6-Diamidin-2-phenylindol (DAPI) and observed in a fluorescence microscope (Figure 9).

WT rho0 Gal-Rpo41
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Figure 9: Rpo41l expression directly affects mtDNA levels. Cells were grown for 48 h in glucose or
galactose medium as indicated to log phase. DNA was stained with 4’,6-Diamidin-2-phenylindol (DAPI)
and cells were observed by fluorescence microscopy.
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The wild-type cells displayed an equal distribution of small DNA puncta which represent
mitochondrial DNA (highlighted with arrows). In contrast, the rhoO cells only contained one
prominent DNA structure which represents the nuclear genome while mtDNA was completely
absent. For the Gal-Rpo41 strain grown on glucose the pattern was comparable to the rho® cells.
Many of the observed cells also contained only the nuclear DNA structure while in a few cells
some mitochondrial DNA was still present (arrows). This confirms the assumption that depletion
of Rpo41 on glucose directly affects the DNA maintenance and leads to a loss of mitochondrial
genome. However, the observation that some cells still contained mitochondrial DNA suggest
that a recovery might be possible and that the levels of mtDNA upon Rpo41 depletion can be
restored. Cells of the Gal-Rpo41 strain grown on galactose displayed a pattern similar to the WT
with an equal distribution of mtDNA puncta in all observed cells. Taken together, the results
show a direct correlation of mtDNA maintenance with Rpo41 expression whereas increased
levels of Rpo41 have no effect on mtDNA abundance. The data further suggest a certain time
frame in which the processes of depletion and reinduction must take place since mitochondrial
DNA cannot be recovered once it is completely lost.

2.2 Control of mitochondrial ribosome biogenesis in Gal-Rpo41 cells

2.2.1 Mitochondrial translation can recover from ribosome depletion

The previous results showed that the initial idea of generating the Gal-Rpo41 strain enabling a
system to directly control mitochondrial ribosome biogenesis was successful. It was shown that
upon depletion of Rpo41 by growing cells on glucose the mitochondrial rRNAs were significantly
decreased and the mitochondrial translation machinery was efficiently depleted (Figure 7+8).
To study mitoribosome biogenesis it is essential that the system is not only capable of shutting
down the mitochondrial translation system but that the reverse can also take place. This would
mean that a culture initially grown on galactose, shifted for a certain time to glucose for
depletion of Rpo41 and loss of mitochondrial translation and then switched back to galactose
would re-induce Rpo41l expression and finally mitochondrial translation. To address this
hypothesis, a translation experiment was performed, and the mitochondrial translation was
monitored by incorporation of radiolabeled [**S]methionine followed by autoradiography. WT
and Gal-Rpo41 cells were inoculated in galactose medium, shifted for 48 h to glucose and then
brought back to galactose. Samples were taken after different timepoints of switch back to
galactose, mitochondria were isolated, and the mitochondrial translation was monitored using
an in organello translation approach (Figure 10).

For the wild-type strain, no major differences between different conditions and timepoints were
observed. Although the translation seems to be most efficient when permanently grown on
galactose, also the cells on glucose gave the characteristic 8 bands profile of mitochondrial
translation in yeast with only slightly decreased signal intensities for Atp8/Atp9 as seen before
(Figure 7). The samples of the time course after reinduction with galactose also showed a normal
translation pattern with some minor differences for Cox1 and Atp8/Atp9 translation products.
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Figure 10: Mitochondrial translation partially recovers after reinduction of Rpo41. WT and Gal-Rpo41
cells were grown in glucose medium for 48 h to log phase and shifted to galactose for the indicated
timepoints. Mitochondria were isolated from the respective cultures and mitochondrial translation
products were labeled by addition of [3*S]methionine for 15 min. Samples were analyzed by SDS-PAGE
followed by autoradiography.

The samples of the Gal-Rpo41 strain also confirmed some results observed before. The cells
permanently grown on galactose gave a translation pattern like the wild type situation whereas
the culture shifted for 48 h to glucose was unable to perform mitochondrial translation. The
samples taken at different timepoints after shift back to galactose thus also showed impaired
mitochondrial translation. After 30 minutes still no translation was visible. 1.5 h after
reinduction faint signals were visible that get stronger after 3 h and 4.5 h but the pattern differs
a lot from the normal translation products. Many smaller translation products can be observed
that don’t correspond to any of the 8 mitochondrial encoded proteins. The source for these
abnormal translation products could be not spliced or partially spliced transcription
intermediates that got produced upon Rpo41 expression. The shift from glucose to galactose
does not only lead to a reinduction of Rpo41 and therefore the mitochondrial ribosome but
rather changes the whole cellular energy metabolism leading to increased mitochondrial
biosynthesis and thus burdens the cell with many transcriptional and translational changes.
Therefore, it is likely that adaptations to changed carbon sources have a big impact on cellular
homeostasis which is best described during the diauxic shift of yeast cells when they change
metabolism from fermentation to respiration. A WT cell can tolerate the shift from glucose to
galactose and the metabolic changes associated with it, but in Gal-Rpo41 the recovery from
depleted mitoribosomes and reduced mtDNA abundance increases the challenge for the cell to
adapt to the new carbon source.

In order to compare the constitution of mitoribosomes in WT and Gal-Rpo41 cells upon
reinduction by shift from glucose to galactose, density gradient centrifugation was applied and
the migration pattern of mitoribosomal proteins of WT and mutant mitochondria was analyzed.
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Mitochondrial lysates were loaded on continuous sucrose gradients, centrifuged in an ultra-
centrifuge, split into equal fractions and finally analyzed by western blot (Figure 11).

Fracions 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

o

8

=
&)

-
o

3.0
4.5
[h] switch to Gal @ @ -
B Gal-Rpo41
S

N
w
£
[$)]
(2]
~
o
©
S

Fractions 1 1 12 13 14 15 16

o

8

w o> o
o ) )

»
)

[h] switch to Gal o-Mrpl40

Figure 11: Mitoribosomal constitution is not altered in Rpo41 cells. Sucrose gradient sedimentation
analyses of mitochondrial extracts prepared from WT and Gal-Rpo41 cells grown for 48 h in glucose
medium and shifted to galactose for the indicated timepoints. Mitochondria were solubilized under low
salt conditions, loaded on a linear 10-34% sucrose gradient and centrifuged for 4.5 h at 33,000 rpm in a
Beckmann SW41 rotor. Fractions were TCA-precipitated and analyzed by Westernblot using a-Mrpl40
antibody.
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Probed for uL24/Mrpl40 which is a protein of the large subunit, the migration pattern of the 545
subunit and the 74S mitoribosome were observed. The wild-type samples displayed an equal
distribution pattern from fraction 6 to fraction 12 in all conditions, with the most prominent
signal in fractions 8 to 10. The applied experimental conditions with low salt concentration
promote a stable association of the small and large ribosomal subunits. Therefore, the migration
pattern suggests that fractions 7 and 8 contain the free, soluble 54S subunits while fractions 9
and 10 contain the assembled 74S mitoribosome. The samples from Gal-Rpo41 mitochondria
instead displayed results in line with the findings mentioned before. As seen in the translation
time course experiment (Figure 10) samples taken from the strain grown on glucose were
severely affected by the Rpo41 depletion displaying only very weak signals for the fractions that
contain ribosomal subunits and assembled ribosomes in the WT. Instead, the soluble fractions
1 and 2 contained most of the probed protein indicating impaired mitoribosome assembly. The
migration pattern of the sample continuously grown on galactose was comparable to the WT
situation with signal peaks at fractions 8 to 10, speaking for normal ribosome constitution.
However, signal intensity was much stronger and distributed over the entire gradient. This
indicates problems in ribosome assembly which results in soluble mitoribosomal proteins in the
fractions of lowest density, as well as aggregated forms of assembly intermediates found in
fractions of high density. Upon reinduction with galactose for 0.5 h and 1.5 h, the signal was still
very weak, in line with the poor translation observed in Figure 10. After 4.5 h the signal
distribution and intensity recovered to a level comparable to the WT, but again signal was also
observed for the fractions of lowest and highest density as seen in the continuously in galactose
grown cells. These results support the hypothesis that ribosome assembly is affected.

2.2.2 Time of depletion is critical for recovery of the mitochondrial translation machinery

The previous results demonstrated that depletion of Rpo41 upon growth on glucose for 48 h
efficiently eliminates mitochondrial translation and almost completely removes functional
mitoribosomes. The reinduction of Rpo41 with galactose for 4.5 h recovered mitochondrial
translation, but the ribosome assembly seemed to be partially defective, resulting in aggregated
MRPs. Therefore, the question arose if the time of depletion is critical for the cells to recover.
To address this question, a time course experiment was performed. Cells were shifted to glucose
and the mitochondrial translation was monitored after different timepoints (Figure 12A). The
wild-type strain was unaffected by the shift to glucose resulting in a normal translation pattern
for all timepoints tested. The mutant strain was able to perform mitochondrial translation within
the first 24h with no difference to the WT but then lost the ability to translate mitochondrial
encoded proteins at timepoints 42 h and 48 h. A shift back to galactose after the 48 h timepoint
resulted again in a partial recovery of the translation pattern within 4h of reinduction.
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Figure 12: Period of Rpo41 depletion is critical. A: Cells were grown in glucose medium for the indicated
timepoints or shifted after 48 h to galactose and further grown for the indicated timepoints. Cytosolic
translation was blocked with cycloheximide and mitochondrial translation products were labeled by
addition of [¥*S]methionine for 15 min. Samples were analyzed by SDS-PAGE followed by autoradiography.
B: Cells from mid-log phase culture were harvested, DNA and RNA were isolated and gene expression was
measured by qRT-PCR.

In line with the loss of mitochondrial translation the mitochondrial 21S and 15S rRNAs and the
mitochondrial COX2 mRNA were significantly reduced within the time course (Figure 12B+C).
The mitochondrial DNA monitored by the Cox2 gene decreased slower than the RNA but was
also lost over time resulting in a rho® like situation as observed with microscopy (Figure 9). Taken
together these results suggest a defined timeframe for Rpo41 depletion where mtDNA is still
present and the mitochondrial translation machinery can recover from the depletion.
Furthermore, the time frame for full recovery seems to be longer than 4 h and needs to be
extended for further experiments.
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Figure 13: Defined depletion time ensures full recovery of mitochondrial translation and rRNA levels. A:
Cells were grown in glucose medium for the indicated timepoints or shifted after 36 h to galactose and
further grown for the indicated timepoints. Cytosolic translation was blocked with cycloheximide and
mitochondrial translation products were labeled by addition of [**S]methionine for 15 min. Samples were
analyzed by SDS-PAGE followed by autoradiography. B: Mid-log phase culture grown for 36 h in glucose
and shifted for the indicated timepoints to galactose were harvested, DNA and RNA were isolated and
gene expression was measured by qRT-PCR.

Based on these findings, 36 h was chosen as the timepoint for Rpo41 depletion and the
reinduction time was increased to a timeframe of 10 h. These parameters were tested by in vivo
translation and gRT-PCR experiments. Under these conditions, the mitochondrial translation
was strongly reduced upon Rpo41 depletion but recovered during the 10 h time course of
reinduction to wild-type levels (Figure 13A). The mitochondrial rRNA was also significantly
reduced but recovered during the timeframe to ~80% of WT (Figure 13B).
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2.3 Complexome profiling reveals a building-block model for mitoribosome
assembly

2.3.1 Establishing complexome profiling as a method to determine complex composition
and assembly in mitochondria

With the previous results, it was shown that the Gal-Rpo41 strain established a powerful tool to
manipulate the mitochondrial protein biosynthesis machinery. Depletion of Rpo41 efficiently
decreased mitochondrial rRNA levels and impaired mitochondrial translation. Moreover, a
recovery of the mitochondrial translation machinery and therefore of mitochondrial translation
upon reinduction with galactose was observed. This strain was thus assumed as an appropriate
tool to further study the mitoribosome biogenesis.

As mentioned in the beginning, former studies on mitoribosome biogenesis were limited in
several experimental aspects such as immunoblotting and detection of only a small set of MRPs
to collect their data. Therefore, Gal-Rpo41 mitochondria were used to generate complexome
profiles in collaboration with the group of Prof. Ulrich Brandt in Nijmegen, Netherlands. This
powerful technique monitors the abundance of proteins in a blue native gel by mass
spectrometry. The gel is therefore cut into equal slices, in the following case into 60 individual
slices, and proteins are measured by mass spectrometry for each slice separately. Plotting the
abundances in a heat map followed by hierarchical clustering of protein groups based on similar
migration patterns gives information about the composition and association of individual
protein complexes found in these mitochondria (Figure 14). This technique thus delivers an
overview over all known components of certain protein complexes and enables to search for
new, unknown components.
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Figure 14: Schematic illustration of the workflow for complexome profiling. Protein complexes were
separated via blue-native PAGE according to their size. The gel is cut into slices of even size and each slice
is processed separately by in-gel tryptic digestion followed by mass spectrometry. Migration patterns can
be reconstructed by combining the identified relative protein abundance from each individual MS
analysis.
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Gal-Rpo41 mitochondria isolated from a culture continuously grown on galactose were used as
control samples and a complexome profile was generated. The profiles of the OXPHOS
complexes Il, Ill, IV and V were observed (Figure 15) to check if the applied experimental
approach is suited to investigate protein complex formation in mitochondria.
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Figure 15: Complexome profiling heatmap of OXPHOS complexes Il, lll, IV and V under steady state

conditions. The migration profiles of components of OXPHOS complexes were assembled manually and
color coded by normalizing the relative abundance for each protein separately.
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Complex Il is composed of the 4 nuclear encoded proteins Sdh1-4 and was identified as a
complex with a mass of approximately 135 kDa in line with the calculated molecular weight of
142 kDa. Components of complex Il were found in two high abundance peaks reflecting the
complex lll dimer (lll;) of 490 kDa and the complex lll/complex IV super complexes with either a
I11,/1V1 or l1y/IV; stoichiometry of 695 kDa or 900 kDa, respectively. The complex Ill monomer
was only weak detected with signal for some proteins like Corl and Qcr2 indicating that the
majority of complex Il assembles either into a homodimer or a super complex with complex IV.
Complex IV components thus displayed a similar migration pattern like complex Il resulting in
the complex Ill/complex IV super complexes IlI,/IV1 or lll,/IV,. In addition, a stable complex IV
monomer of ~205 kDa was detected and several components of complex IV namely Cox4,
Cox5A/B, Cox6, Cox8, Cox9 and Cox13 were also found as soluble proteins in the low molecular
weight range. Components of complex V were detected in both monomeric (600 kDa) and
dimeric form (1200 kDa) with an equal distribution of approximately 1 to 1 ratio under these
conditions. Former studies on complex V also describe the presence of both monomeric and
dimeric forms and even oligomeric forms of complex V have been shown. However, the dimeric
form has been described as the predominant form and the monomer was shown to be less
abundant. This is in contrast with the finding of a 1 to 1 ratio in the complexome profiling and
might have several reasons. However, the overall composition of the OXPHOS complexes is not
altered and the samples thus can build the basis for further experiments. In summary, these
observations reflect the steady state conditions of the Gal-Rpo41 strain grown on galactose and,
concluded from the results shown before, assumed as a wild-type like situation.

Next, a time course experiment with Rpo41 depletion for 48 h followed by reinduction for 4.5 h
was performed and complexome profiles for OXPHOS complexes were generated (Figure 16).
Before reinduction (0 h) only complex Il and partially complex V were present while complex Il
and IV were completely absent.

Oh 0.5h 1.5h 3.0h 4.5h oo

Complex Il
i Complex Ill
I
' Complex VI
|
| Complex V
|
| 1 16% 4%

—_—
relative abundance BN-PAGE

Figure 16: Complexome profiling heatmaps of OXPHOS complexes I, Ill, IV and V in a time course of 4.5
h of Rpo41 induction. The migration profiles of components of OXPHOS complexes were assembled
manually and color coded by normalizing the relative abundance over control and all timepoints for each
protein separately.

37



Results

At timepoint 0.5 h no changes were observed compared to the 0 h sample. Complex Il recovered
upon reinduction within the 4.5 h timeframe with weak signals detectable already after 1.5 h.
Complex IV was also reconstituted within the time course but to a lower level than complex IlI
which is seen by very faint signals after 1.5 h and also still weak signals after 3.0 h of galactose
induction. After 4.5 h, all complexes/super complexes are present, but the overall abundance is
lower compared to the control condition (denoted with o). Complex V was already present
before reinduction (0 h) as both monomer and dimer although with extremely low abundance.
During the induction time the abundance increased comparable to complex Il and IV. Taken
together the complexome data of the respiratory chain complexes showed that Gal-Rpo41 cells
grown on galactose medium exhibit normal OXPHOS composition with all known complexes and
super complexes. Depletion of Rpo41 significantly diminished levels of complex V and complex
Il and IV were entirely absent. Upon reinduction of Rpo41 all respiratory chain complexes
recovered to a similar extend but within the 4.5 h timeframe not to the steady state levels of
the control sample. Complex Il levels were also reduced upon glucose mediated depletion of
Rpo41 but in contrast to complexes lll, IV and V, complex Il was still clearly present at timepoint
0 h. This fits to the circumstance that complex Il is exclusively composed of proteins encoded by
the nuclear genome. Complexes lll, IV and V though contain core components encoded by
mtDNA and thus are strongly affected by depletion of Rpo41. Therefore, it can be concluded
that complexome profiling is an appropriate method to monitor complex formation in Gal-
Rpo41 regulated mitochondria.

2.3.2 A stable subcomplex assembles during 37S biogenesis

Observation of the respiratory chain complexes in complexome profiles nicely showed the
response of mitochondrial protein complex formation upon Rpo41 depletion and reinduction.
Furthermore, the results showed that generating complexome profiles is a well-suited technique
to monitor complex formation in a time course approach which is a prerequisite to study
mitoribosome biogenesis. Therefore, the complexome profiles of mitoribosomal proteins were
extracted from the dataset to assess the complex composition of mitochondrial ribosomes after
Rpo41 depletion and reinduction. The steady state control conditions from the galactose culture
were used and the MRPs of the 37S subunit were plotted (Figure 17). The peak of highest protein
abundance represents the fully assembled small ribosomal subunit with a molecular weight of
~1.5 MDa. This is 400 kDa more than reported for the 37S subunit but might reflect the
experimental inaccuracy of mass estimation from a BN-PAGE. Many 37S MRPs were also found
with high abundance in low molecular mass fractions, indicating a pool of soluble, unassembled
mitoribosomal proteins. Furthermore, a group of 9 proteins (Mrp2, Mrps9, Rsm7, Rsm10,
Rsm23, Rsm24, Rsm27, Sws2 and Varl) was exclusively found at the 1.5 kDa peak of the fully
assembled 37S. This might suggest a different role for these proteins during complex formation
compared to the protein group that is also found in a potential soluble pool. However, an
unexpected second peak of high protein abundance for a cluster of 6 proteins with a mass of
~200 kDa was found. This subcomplex of the 37S subunit is composed of Mrp1, Mrp4, Mrp51,
Rsm18, Rsm25 and Rsm26, and is hereafter referred to as SCy00 (subcomplex of 200 kDa).
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Figure 17: Complexome profiling heatmap of mitoribosomal proteins forming the 37S subunit under
steady state conditions. The migration profiles of 37S MRPs were assembled manually and color coded
by normalizing the relative abundance for each protein separately.

The finding of differently migrating protein groups and the SCy0 under steady state conditions
was an interesting observation and was further addressed. To this end, the data of the time
course experiment with Rpo41 depletion for 48 h followed by reinduction for 4.5 h (shown for
OXPHOS in Figure 16) were used to generate complexome profiles for the 37S MRPs (Figure 18).
Upon Rpo41 depletion at timepoint 0 h the abundance of nearly all 37S MRPs was strongly
reduced and the 37S peak as well as the 200 kDa subcomplex were entirely absent. After 0.5 h
and 1.5 h of reinduction, only slight increases of abundances for the group that is found as
soluble proteins and highlighted in red were observed. At 3 h, the signal for this group further
increased and in addition, the SCoo0 appeared (proteins marked in yellow). After 4.5 h, also the
peak for the fully assembled 37S subunit starts to emerge but is mainly seen for the protein
group highlighted in green. This is a strength of the complexome profiling technique since the
detection of some proteins of the 37S subunit at the 1.5 MDa peak indicates that all other 37S
MRPs are also assembled into a mature 37S particle.
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Figure 18: Complexome profiling heatmaps of mitoribosomal proteins forming the 37S subunit in a time
course of 4.5 h of induction. The migration profiles of 37S MRPs were assembled manually and color
coded by normalizing the relative abundance over control and all timepoints for each protein separately.
Proteins were grouped based on their migration profile and colored regarding their respective group.

Otherwise the detected proteins would not migrate at the molecular weight of the assembled
small subunit. The SCyoo signal increases further at 4.5 h indicating that the involved MRPs
predominantly assemble into the subcomplex rather than directly associating with a 37S
assembly intermediate (Figure 19). All this together shows that the small mitoribosomal subunit
is efficiently depleted upon glucose repression of Rpo41 and that reinduction leads to a partial
recovery as suggested by translation experiments before. Furthermore, the MRPs that
incorporate into the 37S subunit were classified into three different protein groups based on
their migration pattern. In addition, a stable subcomplex was identified which is composed of
proteins belonging to one of the classified groups and is also present under control conditions
suggesting a direct function during 37S subunit assembly.
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Figure 19: SCz00 forms faster than the fully assembled 37S subunit during reinduction. The relative
abundances of proteins from the soluble group, the SCa0 forming group and the full assembled 37S
subunit were summed to a mean value and plotted for every timepoint of reinduction. Please note that
the y-axes is displayed discontinuously and highlighted by a dashed line.
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The finding of the 200 kDa subcomplex was unexpected and not reported in former studies yet.
Thus, it was interesting to see the exact localization of the proteins contributing to SCaq in the
37S subunit. To this end, the structure of the 37S subunit was modelled based on the structure
published by Desai et al. 2017 using the UCSF Chimera software. The three protein groups
identified in the complexome profiles were color-coded in yellow, green and red as shown in
Figure 17. Indeed, the proteins forming the potential subcomplex, displayed as yellow spheres,
are located in a cluster with broad protein-protein contacts among each other and additional
protein-rRNA contacts. (Figure 20). Also, the proteins found exclusively in the assembled 37S
subunit (green spheres) cluster together in the ribosome structure and seem to build a specific
element of the small subunit. The proteins that were found either assembled in the 37S subunit
or soluble in a free pool were depicted as red ribbons. These proteins are distributed all over
the structure of the small subunit and display interactions among each other as well as to
proteins of the other groups and to the 15S rRNA.

Figure 20: Structure of the 37S subunit. Protein groups assigned from complexome data were depicted
as green and yellow spheres or red ribbons and the 15S rRNA is represented as grey ribbon (modified
from Desai et al. 2017).

Taken together, these results suggest the existence of a so far undescribed subcomplex that is
directly involved in the 37S subunit biogenesis, stably assembles under steady state conditions
and forms initially during mitoribosome biogenesis before incorporation of the whole
subcomplex into the assembling small subunit.
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2.3.3 Characteristic structures of the 54S subunit are built by preassembled

subcomplexes

The assembly of the large ribosomal subunit in yeast was recently described in a publication as
a hierarchical incorporation of protein clusters and modules. Thus, it was of special interest to
investigate the assembly pathway of the 54S subunit. To this end, complexome profiles were
generated for the steady state control conditions from galactose culture and proteins of the
large ribosomal subunit were plotted in a heatmap (Figure 21). As seen for the small subunit, a
peak of high protein abundance was found representing the assembled 54S subunit with a mass
of ~2.4 MDa. This molecular weight is approximately 500 kDa more than expected from
literature but as already seen for the 37S subunit might reflect the experimental inaccuracy of
mass estimation from a BN-PAGE. Another possibility would be the association of additional, so
far unidentified proteins of the LSU that cause the increase in mass, although this case seems
rather unlikely. Furthermore, many proteins of the 54S subunit were found in a second peak of
high abundance with low molecular masses in a range of 15-30 kDa. This fits to the size of most
of the yeast MRPs and suggests that these proteins are found in a soluble unassembled pool, in
addition to their assembled state in the mature 54S subunit. A group of six proteins, Mrpl3,
Mrpl15, Mrpl20, Mrpl23, Mrpld9 and Mrpl51 had no or only little abundance in the low
molecular range and were mostly found in the 2.4 MDa complex. Of note was the migration
pattern of Mrpl4, Mrpl27, Mrpl40 and Mrp20. In addition to their assembled state in the 54S
peak they were found in a potential subcomplex of 124 kDa (SCi24) which matches the summed
calculated molecular weight of these MRPs. A second potential subcomplex was built by Mrpl7,
Mrpl11, Mrpl17, Mrpl28 and Mnp1 adding up to a molecular weight of around 130 kDa (SCi3o).

42



Results

MRPL15
MRPL3
MRPL51
MRPL23
MRPL20
MRPL4S
MRPL4
MRP20
MRPL27
MRPL40
MRPL13
YML6
MRPL22
MRP4S
IMG2
MRPL1
MRPL33
MRPLS
MRPL24
MRPL10
RML2
MHR1
MRPL16
MRPL37
MRPL8
MRP7
MRPL32
MRPL3S
YDR115W
MRPL31
IMG1
MRPL38
MRPL50
MRPL36
MRPL6
MRPL44
MRPL1S
MRPL35
MRPL25
MRPL11
MNP1
MRPL7
MRPL17
MRPL28

BN-PAGE

relative abundance

Figure 21: Complexome profiling heatmap of mitoribosomal proteins forming the 54S subunit under
steady state conditions. The migration profiles of 54S MRPs were assembled manually and color coded
by normalizing the relative abundance for each protein separately.

To follow the temporal assembly of the large subunit, the time course data were used to
generate complexome profiles (Figure 22). At timepoint Oh the abundance of all plotted MRPs
was strongly decreased and the peak for the assembled 54S subunit as well as the peak for the
potential 124 kDa subcomplex was absent. The signal of the 130 kDa subcomplex was also
significantly decreased, however it was still present to a minimal extend. Within 1.5 h of
reinduction only slight increases of abundances were observed, most prominently for the group
that is found as soluble proteins and highlighted in red. At 3 h the signal for this group further
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increased and in addition the 124 kDa and 130 kDa subcomplexes slightly appeared (proteins
marked in purple and green, respectively). At timepoint 4.5 h abundances of the protein groups
red, purple and green further increased and also slight signals for the yellow group became
visible indicating the presence of full assembled 54S subunits as the proteins of the yellow group
were exclusively found in the 2.4 MDa peak of the assembled LSU.
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Figure 22: Complexome profiling heatmaps of mitoribosomal proteins forming the 54S subunit in a time
course of 4.5 h of induction. The migration profiles of 54S MRPs were assembled manually and color
coded by normalizing the relative abundance over control and all timepoints for each protein separately.
Proteins were grouped based on their migration profile and colored regarding their respective group.

In summary, the data show that the 54S subunit is efficiently depleted upon Rpo41-repression
and partially recovers at 4.5 h of reinduction. Furthermore, the MRPs of the 54S subunit were
classified into 4 major groups based on the migration pattern observed in complexome profiles.
Two of these groups seem to build stable subcomplexes, SCi24 and SCi30, which both appear to
assemble prior to their incorporation into 54S assembly intermediates (Figure 23).
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Figure 23: SC124 and SCi3o form before the fully assembled 54S subunit emerges during reinduction. The
relative abundances of proteins from the soluble group, the SCi24 and SCi3o forming groups and the full
assembled 54S subunit were summed to a mean value and plotted for every timepoint of reinduction.
Please note that the y-axes is displayed discontinuously and highlighted by a dashed line.

Zeng et al. described the assembly pathway of the large mitoribosomal subunit as a hierarchical
process in which protein clusters were assembled prior to their incorporation into the 54S
subunit 7. The protein clusters found in the complexome profiles of the large subunit fit well to
the proposed model and contain mainly the same proteins as suggested by the authors. Still, the
role of these clusters in the structure of the ribosome and a potential function was not entirely
clear. To address this question, the structure of the 54S subunit was modelled based on the
structure published by Desai et al. 2017 * using the UCSF Chimera software and the localization
of the protein clusters in the overall structure was analyzed. To this end, the respective proteins
were highlighted in colors of their corresponding groups assigned to in complexome profiles
(Figure 24). The proteins of the yellow, purple and green groups were displayed as spheres and
all clustered together, each group in a different position on the 54S structure. The yellow group
proteins, which are the ones predominantly found in the assembled state, represent the
membrane facing protuberance of the mitoribosome which is involved in anchoring the subunit
to the inner mitochondrial membrane. The proteins of the purple group, giving rise to the 124
kDa subcomplex, are found at the position where the protein exit tunnel of the ribosome is
located. Finally, the proteins of the 130 kDa subcomplex (green group) most likely form the
central protuberance of the LSU which is thought to be important for interactions between small
and large subunit. The proteins that were found either assembled in the 54S subunit or soluble
in a free pool were depicted as red ribbons. These proteins are distributed all over the structure
of the large subunit and display interactions among each other as well as to proteins of the other
groups and to the 21S rRNA.
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Figure 24: Subcomplexes SCi24 and SCi30 form characteristic structures of the 54S subunit. Protein groups
assigned from complexome data were depicted as purple, green and yellow spheres or red ribbons and
the 21S rRNA is represented as grey ribbon (modified from http://www.rcsb.org/structure/5MRC).

In summary, the presented results suggest the existence of two stable subcomplexes, each
forming a characteristic structure of the large subunit, stably associating under control
conditions, and forming initially prior to the assembly into the LSU. Furthermore, proteins
forming the membrane facing protuberance were found almost exclusively in the assembled
state suggesting a special role of this group during ribosome biogenesis.
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3. Discussion

The aim of my thesis was to study the mitochondrial ribosome in yeast and in particular the
process of mitoribosome biogenesis. To unravel this to date unclear process, | engineered a
genetically modified yeast strain in which the mitochondrial RNA polymerase Rpo41 is under
control of an inducible GAL10 promoter. Reversible depletion of the RNA polymerase directly
affects mitoribosome biogenesis since the mitochondrial rRNA builds the scaffold for ribosome
assembly. | investigated the impact of Rpo4l depletion on the cellular and especially on
mitochondrial physiology. Furthermore, | tested the response of cells in which Rpo41 was
depleted for a certain time and then reinduced for different timepoints. Finally, | used the Gal-
Rpo41l strain in a time course experiment of depletion and reinduction and analyzed the
formation of mitochondrial ribosomes with a mass spectrometry based complexome profiling
approach.

3.1 RNA processing and modification in mitochondria

The mitochondrial DNA in yeast encodes the RNA component of the RNase P (RPM1). Besides
the mitochondrial encoded RPM1, RNase P consists of the nuclear encoded protein Rpm2 which
is synthesized in the cytosol and gets imported into the matrix "édss. Thus, active RNase P is both
dependent on cytosolic protein biosynthesis as well as the polymerase activity of Rpo4l.
Depletion of Rpo41 thus leads to multiple impaired processes in mitochondria which lead to
much more complex impacts than simply a depletion of the mitochondrial ribosome. For
example, impaired tRNA maturation caused by defective RNase P subsequently affects
mitochondrial translation which results in impaired mitochondrial protein synthesis and thus
defects in respiratory chain complexes.

In human patients several mutations in the mitochondrial tRNA gene MT-TV encoding for tRNA"?!
have been found causing mitochondrial disorders 7”. Nucleotide variants like G1606A affecting
the acceptor stem of the tRNA, T1658C leading to changes in the T-loop structure of the tRNA
or C1623T affecting a base pair in the dihydrouridine loop results in severe mitochondrial
diseases. Clinical manifestations of mutations on mitochondrial tRNAY? include adult onset
complex neurologic syndrome such as hearing loss, ataxia and dementia, multiple neonatal
deaths and, in surviving children, Leigh syndrome or MELAS (mitochondrial myopathy,
encephalopathy, lactic acidosis, and strokelike episodes) 78 7°. In many of the patients suffering
from tRNAV?' mutations respiratory chain deficiency was observed indicating the direct effect of
impaired mitochondrial translation on OXPHOS and subsequently, on a global view, the health
of a patient.

The assembly process of mitochondrial ribosomes observed in Gal-Rpo41 with complexome
profiling showed that it takes more than 4.5h to recover from Rpo41l depletion and reach
mitoribosome levels comparable to steady state conditions. Upon reinduction of the RNA
polymerase, the mtDNA gets transcribed from 11 distinct promoters 8, giving rise to the
polycistronic RNA precursors as mentioned before. Thus, not only mitochondrial rRNA gets
transcribed but also all the other RNAs needed for proper mitochondrial protein biosynthesis.
This might be one reason why the recovery time is much longer than expected.

Ribosome formation in bacteria was shown to occur within minutes 8 # and a comparable

timeframe was assumed to be sufficient for mitoribosome assembly. However, the recovery
from Rpo41 depletion challenges the mitochondrial ribosome synthesis on several aspects and
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thus seems to take much longer than the generation of ribosomes in bacteria like E. coli.
Furthermore, rRNA processing and mitoribosome assembly might occur simultaneously and
thus, components involved in both processes might compete with each other. In addition to the
RNA processing, mitochondrial rRNA undergoes post-transcriptional modifications to form
mature rRNA. In contrast to the cytosolic ribosomal RNA, the yeast mitochondrial rRNA is
scarcely modified. For the 155 rRNA there is one pseudouridylation site 8 known and for the 215
rRNA there are three modification sites shown to be present 3 8. These modification sites are
located at the peptidyl transferase center (PTC) of the ribosome in a highly conserved region
among human, mouse and gram-negative bacteria. This site has a functionally important role
during peptide bond formation and indicates the importance of post-transcriptional
modifications on mitochondrial rRNA. In contrast to the yeast 155 rRNA, the human 12S rRNA
contains five methylations. Two methylated adenines (A936 and 937) locate at the 3’end of the
RNA which is a region conserved in all domains of life. This region builds the mRNA decoding
center and binding site for the LSU suggesting an important function for translational regulation.
Knock out of the human methylase TFB1M which mediates these modifications leads to
embryonic lethality as well as impaired ribosome assembly and consequently impaired
translation in mitochondria . These deleterious effects further indicate the necessity of correct
maturation of the ribosomal RNA in mitochondria including post-transcriptional modification
and processing. Spatial limitations could restrict access for modifying enzymes and assembly
factors to the rRNA and therefore further increase assembly time.

In addition to the afore mentioned processes that influence the assembly time of
mitoribosomes, the presence of the VAR1 gene on the mitochondrial DNA encoding the small
subunit protein Varl might have an impact on the assembly time. Mitoribosomes can therefore
be denoted as autocatalytic, since functional mitoribosomes are necessary to produce new
functional mitoribosomes by synthesizing the mitoribosomal Var1 protein. A strong depletion of
mitoribosomes like seen in the Gal-Rpo41 samples would thus lead to a long “lag phase” where
only few mitoribosomes can be fully assembled. After some time, when more fully assembled
mitoribosomes accumulate, the biosynthesis would be able to occur in a rapid “log phase”
yielding higher levels of mitoribosomes. Thus, it is difficult to estimate the correct timeframe in
which mitoribosomes assemble. Assuming that the assembly process is still comparable to the
process in bacteria and considering that the mitoribosome is more complex than the bacterial
ribosome, a time frame of minutes would still be likely to be sufficient for mature mitoribosome
formation.

In Gal-Rpo41 yeast cells it is not surprising that depletion of the RNA polymerase has a direct
impact on cellular growth and diminishes mitochondrial translation. However, it is astonishing
that the cells can tolerate the time of depletion quite well without taking severe damage and
recover after some time of reinduction, finally displaying a partially wild type like phenotype.
The levels of mitochondrial DNA are comparable to the wild type in Gal-Rpo41 cells grown on
Galactose as shown in Figure 9. However, cultures grown in glucose displayed a rho®like
phenotype with almost complete loss of mtDNA. Reinduction of the Gal-promoter and therefore
of Rpo41 enables the synthesis of mtDNA and could finally rescue the phenotype in these cells.
Together with the observation that mitochondrial rRNA levels are also stable upon Rpo4l
overexpression several possible mechanisms can be imagined. One possibility is that the levels
of mtDNA and rRNA are balanced by degradation of excess copies of mtDNA and rRNA that are
produced by elevated levels of Rpo41. The mitochondrial degradosome mtEXO as the main 3’-
5’-exoribonuclease in mitochondria is responsible for RNA turnover and might rapidly degrade
RNA molecules that are synthesized in excess by Rpo4l. Another possibility would be that
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elevated levels of RNA primer synthesized by increased Rpo41 levels might not necessarily
increase DNA replication since other factors like the DNA polymerase might be limiting. Also
possible is that RNA synthesis and DNA replication are controlled by additional co-factors of the
respective polymerase such as Mtfl which is known as a mitochondrial transcription factor
interacting with the polymerase Rpo41 and mtDNA.

3.2 Being at the right place at the right time: Spatial distribution of mitoribosome
assembly

A hallmark of ribosome biogenesis is the compartmentalization of this process. Biogenesis of
cytosolic ribosomes starts in the nucleus where the rRNA initially gets transcribed. The assembly
then proceeds in the nucleolus where ribosomal proteins and assembly factors, that initially got
synthesized in the cytosol and then translocate to the nucleolus, assemble onto the pre-rRNAs
to form pre-particles of the small and large subunit. Upon nuclear export, cytoplasmic
maturation finally yields the mature 40S and 60S subunits which subsequently associate into
translation competent 80S particles &.

A breakthrough in understanding mitoribosome assembly was the identification of distinct foci
in mitochondria where assembly takes places. The available data suggests that the nucleoid and
the RNA granules are the hotspots where mitoribosomes are assembled. The nucleoid is a
complex structure containing mitochondrial DNA and proteins involved in DNA maintenance,
replication, and transcription 28 %91 Furthermore, mitochondrial RNA processing enzymes like
RNase P and mitoribosomal proteins associate with nucleoids or foci close to nucleoids to initiate
RNA processing and mitoribosome assembly 1. RNA granules are found in close proximity to the
nucleoid 2 most likely representing the foci where RNA processing enzymes and MRPs are also
found %. RNA granules accumulate mitochondrial RNAs for processing, storage, sorting and
translation °* % . The overlapping pool of proteins associated with either mitochondrial
nucleoids or RNA granules reflects their proximity, the lack of membranous boundaries sealing
these compartments and their connection during mitoribosome assembly. Labeling experiments
of newly transcribed RNAs showed that many RNA granules co-localize with mitochondrial DNA
within a short pulse time but after longer chase periods the stained foci become distributed
randomly. Thus, assembly of mitochondrial ribosomes might initially start at or close to
nucleoids possibly in a co-transcriptional process like in bacteria. Protein complexes like the fatty
acid synthase (FAS) or the aminoacyl-tRNA synthetase have been shown to assemble in a co-
translational process potentially due to high misfolding propensities of some subunits %. The co-
transcriptional assembly initiation of mitoribosomes might reflect this problem for rRNA, that is
prone to misfolding and degradation and thus gets stabilized by the initial binding MRPs to
ensure correct folding. The assembly then proceeds in RNA granules where ribosome formation
is completed. The sub-compartmentalization of this process in the matrix is thus reminiscent of
cytosolic ribosome biogenesis and the RNA granules have therefore been proposed to be termed

“the mitochondriolus” since they exhibit equivalent features of the nucleolus 7° %7,

In the complexome profile of the time course experiment (Figure 18), assembly of the SSU
seemed to occur faster and abundances of SSU MRPs seemed to recover stronger than observed
for the LSU. Upon Rpo41 depletion, all mitochondrial RNAs are strongly reduced or even absent
as seen with qRT-PCR analysis (Figures 8 and 12). Thus, also RNA granules are likely to be
decreased or absent and need to be formed de novo upon reinduction of Rpo41. If assembly of
the SSU proceeds further in nucleoids than the LSU, the dependence on RNA granules for mature
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subunit assembly might be less compared to the LSU. A possible explanation for this interesting
observation could be, that the RNA granules are absent upon depletion of Rpo41 which leads to
a slower recovery rate of the LSU within the timeframe observed in the complexome profile
compared to the SSU. In line with this proposed assembly process, taking place at the nucleoid
and subsequently at RNA granules, proteomic studies found MRPs from both LSU and SSU to be
present at nucleoids and RNA granules 1. Primary assembly steps of LSU and SSU where shown
to take place at the nucleoid and the assembly intermediate is then transferred to RNA granules.
However, mitoribosomal proteins of the small subunit are more abundant in nucleoids than
MRPs of the large subunit. This suggests that assembly of the SSU might progress further in
nucleoids compared to the LSU assembly before intermediates get transferred to RNA granules.
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Figure 25: Schematic comparison of cytosolic and mitochondrial ribosome assembly. Cytosolic ribosome
biogenesis starts at the nucleolus with formation of ribosomal pre-particles which are subsequently
transported to the cytosol where assembly is completed. In mitochondria, mitoribosome assembly starts
at the nucleoid and is finalized at or close to RNA granules.

The spatial distribution of assembly taking place at two subcompartments in the matrix might in
addition prolong the assembly process. The transfer from nucleoid to RNA granule is so far not
well understood % and it is not clear if this is an active, probably energy-driven process or
passively occurs during assembly and which factors mediate this transfer. However, in contrast
to the nuclear/cytosolic localization of the 80S ribosome assembly, the two subcompartments
in the matrix are not separated by a membrane which makes it easier for assembly
intermediates to diffuse/get transferred from one to the other assembly spot. Still, it is not clear
how this transfer occurs, and it will be exciting to study the nucleoid/RNA granule assembly
network in more detail in the future.

3.3 Temporal hierarchy and building block model for mitoribosome biogenesis

In yeast mitoribosomes, 26 of the 38 mtSSU proteins and 30 of the 46 mtLSU proteins are
homologous to E. coli proteins. The remaining 28 proteins are mitochondria-specific MRPs found
in yeast and higher eukaryotes. The 74S mitoribosome has a significantly decreased RNA to
protein ratio (approximately 1:1) compared to bacterial ribosomes (~2:1). RNA such as the 5S
rRNA has been replaced by mitochondria-specific MRPs mL38, mL40 and mL46, and structures
like the central protuberance (CP) where extensively remodeled in the yeast mitochondrial
ribosome, resulting in the triple volume of the bacterial CP. Furthermore, the polypeptide exit
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tunnel is rerouted compared to the bacterial and cytosolic ribosome orienting the exit towards
Oxal, the insertase of the inner membrane, to facilitate co-translational insertion of the
mitochondrial encoded proteins into the inner membrane. In addition, a membrane-facing
protuberance composed of mitochondria-specific ribosomal proteins and rRNA extensions is
formed tethering the mitoribosome to the inner membrane.

In the complexome data for yeast LSU formation, a group of proteins exclusively found in the
assembled state was observed (Figure 22). This group is composed of the proteins uL13, bL21,
mL43, mL44, mL57 and mL58 (group highlighted in yellow containing proteins Mrpl23, Mrpl49,
Mrpl51, Mrpl3, Mrpl15 and Mrpl20). Except for bL21/Mrpl49 all proteins of this group are shown
to be involved in forming the membrane facing protuberance binding the mitoribosome to the
inner membrane (see structure model in Figure 28).

In vitro reconstitution of E. coli LSU assembly *° indicated that the ribosomal proteins L4, L13,
L20, L22 and L24 locate at the 5’end of the 23S rRNA and are essential for the formation of a
first assembly intermediate from which the ribosome formation proceeds % 1%, Studies on yeast
54S mtLSU assembly show that mitochondria-specific proteins mL43, mL44, mL50, mL57 and
mL58 bind early on the 5’end of the 21S rRNA probably in a co-transcriptional manner and were
shown to stabilize a mitochondria- specific expansion segment of the 21S rRNA. Mutant strains
lacking either of the five proteins were further shown to lack 21S rRNA indicating a role in early
assembly and stabilization of the rRNA. The proteins uL13, bL21, ulL22, ulL23 and ul24 bind
immediately after the initial five proteins to a domain in the 5’end of the 21S rRNA suggesting
being also involved in early assembly steps. The early binding mitospecific proteins mL43, mL44,
mL50, mL57 and mL58 form the membrane-facing protuberance tethering the ribosome to the
inner membrane, which is a hallmark of mitochondrial ribosomes in yeast. The formation of this
characteristic structure of the yeast mitoribosome is followed by assembly of proteins similar to
those that initiate ribosome formation in bacteria. This shows that the assembly process in yeast
is extended compared to bacterial ribosomes and is caused by the remodeling of the yeast
mitoribosome. After formation of this extended ribosome structure, the assembly pathway
aligns with the bacterial assembly pathway .

These findings suggest that the early binding proteins, initiating the assembly process (yellow
group in Figure 22), are only stable when bound to the 21S rRNA. If no assembly intermediate
can be formed, these proteins are likely to be degraded by mitochondrial proteases as suggested
by studies using mammalian cells. The authors showed that MRPs are synthesized and imported
in excess and can be unstable and most likely will be degraded if not assembled into
mitoribosomes. This might be part of a control mechanism in mitochondria to ensure proper
ribosome formation. If the rRNA is depleted like in Gal-Rpo41 mitochondria, the initial binding
proteins might get destabilized and degraded to avoid the formation of defective ribosome
intermediates that would never mature into functional 74S particles but instead could cause
proteotoxic stress due to misfolding and aggregation %2,

The proteins uL23/Mrp20, ul24/Mrpl40 are found in the complexome data together with
ulL29/Mrpl4 and mL41/Mrpl27 forming a subcomplex of 124kDa (purple group in Figure 22).
These proteins form the polypeptide exit tunnel and are also shown to assemble in early steps
of assembly. In contrast to the five initially binding proteins, which are exclusively found in the
assembled state, these proteins seem to form a stable subcomplex prior to the incorporation
into the LSU. This hypothesis is supported by the time course complexome data, where the
formation of this subcomplex can be observed after 3h and 4.5h, whereas the mature 54S
subunit is hardly detected at these timepoints. The presence of an rRNA independent protein
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cluster composed of proteins forming the exit tunnel was also shown in cells lacking the mtDNA
103 supporting the idea of a building block model in which preassembled protein clusters
assemble during ribosome formation.
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Figure 26: Building block model for ribosome assembly in yeast mitochondria. Schematic representation
of proposed building block-based assembly pathway of yeast mitochondrial ribosome LSU. Asterisks
indicate assembly steps based on Zeng et al. 2017.

A second building block of preassembled MRPs is built by the proteins uL5, uL10, mL40, mL46
and bL12 (Mrpl7, Mrpll11, Mrpl28, Mrpll7 and Mnp1l; green group in Figure 22) forming a
subcomplex of 130kDa. These proteins form the central protuberance of the mitoribosome and
occupy the space where the 55 rRNA in bacterial is located. In contrast to the subcomplex of
124kDa, these proteins are also stable when the rRNA is depleted as seen in the complexome
profile of Gal-Rpo41 mitochondria depleted for 48h (Figure 22 timepoint Oh). Stable clusters of
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these proteins where also found in IP experiments and the cluster was only unstable in knock
out mutants directly affecting proteins of the subcomplex 1. Furthermore, it was shown that
the proteins of the central protuberance assemble at later stages of mitoribosome assembly.
The central protuberance resembles a functional site of mitoribosomes being involved in
communication between small and large subunit. Thus, the assembly of this functional site at
late stages keeps the area where the CP locates in an unstructured and nonfunctional state. Only
after correct assembly of the CP cluster, the LSU can mature into a functional 54S particle. This
prevents incompletely assembled subunits from translation activity and thus ensures that only
mature 74S ribosomes facilitate protein synthesis in mitochondria. One of the very last
functional elements to mature during assembly of “modern ribosomes” is the PTC. This late
maturation of the PTC has also been observed in bacteria like B. subtilis 1®>. Thus, the late
maturation of this highly conserved region in ribosomes throughout the different domains of
life represents a common feature of ribosome biogenesis. In addition to the late incorporation
of the CP subcomplex seen in yeast mitoribosome assembly this process might protect the cell
from incompletely assembled and unmatured ribosomes and further ensure that only fully
functional ribosomes participate in protein synthesis.

The incorporation of preassembled protein clusters into assembling complexes seems to be a
feature that occurs frequently in mitochondria. Guerrero-Castillo et al. 1% showed that complex
| assembly is facilitated by incorporation of subassemblies that mirror the modular architecture
of complex |. Although the respiratory chain complexes do not contain RNA molecules that build
the scaffold of the complex, they contain mitochondrial encoded core protein subunits that are
essential for the formation, stability, and function of the complex. Therefore, parallels to the
assembly of the mitoribosome can be drawn. The fact that the modular assembly process is
found in both complex | and the mitoribosome suggests that it is beneficial for the cell to build
these big protein complexes in a building block-based event.

Formation of these building-blocks prior to their incorporation into the ribosome might have
several beneficial and important functions. First, the MRPs involved in building these
subcomplexes might be unstable if unassembled and present as soluble single proteins in the
matrix, as suggested for the initially binding proteins. It is also shown that protein complexes
are less vulnerable to proteotoxic stress 1%7. Once the proteins are assembled in subcomplexes
prior to their incorporation into assembly intermediates they get more resistant to unfolding
and degradation caused for example by heat stress. Formation of a preassembled subcomplex
and interaction with the binding partners early after import into the matrix could therefore
stabilize the proteins and protect them from degradation. Furthermore, the subcomplex would
ensure the presence of a larger set of proteins necessary at a certain timepoint during assembly.
This could therefore lead to faster assembly than it would be possible if the proteins would
attach to the assembly intermediate independently one after the other. Also, during stress
situations when stress responses lead to reduced cytosolic and mitochondrial translation % the
building-block based assembly of the mitoribosome would allow a faster recovery by quickly
building up new mitoribosomes once the cell has overcome the stress situation. A second
function of the proposed building-blocks could be the folding of the rRNA. By assembling a
number of MRPs at one step the rRNA can fold at a larger area than with a single protein binding
to it. The folding of the rRNA is thought to occur in a 5’-3 direction during early assembly steps
but subsequent assembly steps may not follow the 5’-3"transcription direction and proceed in a
more disorganized way. Thus, parts of the rRNA may be exposed to damage causing molecules
like reactive oxygen species (ROS) or degrading enzymes for a certain time during transcription.
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The assembly of a subcomplex could therefore protect and subsequently fold these stretches of
RNA and by this ensure functional mitoribosome formation.

The remaining proteins of the LSU found in the complexome profile in the group of either soluble
or assembled proteins (Figure 22 group red) are distributed all over the structure of the 54S
subunit. They assemble at different stages of the assembly process and locate predominantly
on the surface of the large subunit. This supports the idea that MRPs of both the small and large
subunit are present in a soluble pool in the matrix and that this pool supplies ribosome assembly
intermediates with unassembled mitoribosomal proteins. Knock-out strains of many of these
proteins were shown to retain partial or complete translation capacity indicating that they are
dispensable for functional mitoribosomes. What could be their role then? It is tempting to
speculate that these proteins might perform other functions on mitoribosomes such as
regulatory functions. It is reported that mitochondrial translation is supported by translational
activators specific for each mitochondrial encoded gene. Thus, peripheral proteins might serve
as binding partners for the translational activators ensuring delivery of the appropriate mRNA
to the mitoribosome. This hypothesis is supported by findings of uncharacterized densities in
cryo EM studies on mitochondrial ribosomes ¥ that could represent these translational
activators. The peripheral MRPs could furthermore contribute to translational accuracy or
structural stability by stabilizing the ribosome structure.

In a study on bacterial ribosome assembly the authors observed parallel pathways of ribosome
biogenesis when depleting an early binding ribosomal protein of the large subunit bL17 1. The
authors hypothesize that the different pathways of assembly might occur in parallel in a cell and
might ensure that blockage of a particular pathway for example by temporal limitation of a
ribosomal protein or misfolding of the rRNA can be compensated by alternative pathways until
the bottleneck can be relieved. For yeast mitoribosomes such a flexible assembly pathway has
so far not been described. The work by Zeng et al.”> admittedly used MRP deletion strains to
dissect the LSU assembly. But in contrast to the work in bacteria they didn’t apply cryo-EM to
elucidate the structures of the intermediates that they generated by knocking out individual
MRPs. Instead, they used proteomic approaches to identify the composition of the incomplete
assembled subunits. Clustering of their data lead to a model of assembly in which steps of early,
intermediate, and late assembling proteins were assigned. Still it is possible that such alternative
or parallel assembly pathways exists. The import of MRPs into the matrix and supplying them in
a sufficient amount during mitoribosome biogenesis is a challenge for the cell and could easily
cause stalled or prolonged assembly once this balance is disturbed. Thus, especially for
mitoribosome formation such parallel assembly pathways would be greatly beneficial for the
cell and might be conserved from bacteria to eukaryotes. It was further shown that some
components of the LSU in bacteria depended on bL17 incorporation, including some MRPs and
rRNA interactions and that they must form or incorporate downstream of bL17. This fact implies
that the assembly is still hierarchical in some regards and might not be completely flexible. This
is most likely caused by key points during assembly like folding or modification of highly
conserved rRNA domains and can not be circumvented at some point.

Unfortunately, the approach of depleting and re-inducing Rpo4l to follow mitoribosome
formation by complexome profiling used in my study is also limited in resolving these potentially
existing parallel and flexible assembly pathways. The presented building block-based assembly
model might also compete in parts with the parallel assembly hypothesis since the
subcomplexes already bear several MRPs that would assemble simultaneously and thus restrict
the flexibility of assembling the MRPs involved in building the subcomplexes. Still, the assembly
of the very early binding MRPs of the yellow group as well as the later and peripherally binding
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proteins of the red group would be candidates for flexible assembly steps. The initial binding
proteins are thought to be essential to stabilize the rRNA in a co-transcriptional manner and
generate a first stable assembly intermediate. Using several parallel pathways could therefore
ensure the proper formation of this first intermediate. The assembly of the peripherally located
MRPs might have less importance for functional ribosome formation as suggested by remaining
translation competence of knock out strains of these proteins. Thus, a flexible assembly of the
MRPs during late assembly steps would also be beneficial for the cell and for final maturation of
the mitoribosome.

The knock-out of ribosome assembly factors in bacteria has often little or no effect, thus
indicating that they are nonessential. Still they participate in maturation of the essential
ribosome. The parallel assembly pathways might explain this finding, indicating that they are
partially redundant and assembly steps can be shifted to alternative pathways. This would also
suggest that the nonessential co-factors are most likely involved in steps that are comprised of
efficient folding and assembly processes. However, essential assembly factors would then be
involved in the key points of ribosome formation that represent complicated and error prone
folding kinetics, explaining why they are not dispensable. In yeast, also many assembly factors
are nonessential as knock-out strains are still viable but lose the ability to respire. Thus, the so
far identified co-factors might predominantly be involved in key points of mitoribosome
formation that cannot be accomplished by parallel pathways. An interesting question therefore
is if in yeast mitochondria additional assembly factors participate in mitoribosome formation,
probably also during the hypothesized parallel pathways or weather these processes can be
conducted without the help of such co-factors.

Taken together the findings presented in the complexome data not only confirmed the
knowledge about the initial assembly steps but extended the available information of later
assembly steps by showing the presence of preassembled building blocks that form prior to their
incorporation into the assembling mitoribosome. These building blocks form characteristic
structures of the yeast mitochondrial ribosome that are not found in bacteria and might
demonstrate how the mitoribosome diverged from its bacterial ancestor during evolution.

3.4 Import of the exceptionally large protein Rpo41

The mitochondrial RNA polymerase Rpo41 is a nuclear encoded single subunit enzyme with a
molecular mass of 153 kDa. The N-terminus carries a mitochondrial targeting sequence of
approximately 30 amino acids and gets imported most likely via the TOM-TIM23 pathway. Based
on studies by Morgenstern et al. 1 the protein abundance is ~60 copies per cell what renders
Rpo41 a rather rare protein in the cell . Nevertheless, it still fulfills a very important function in
mitochondria 7. Thus, a proper and efficient import of Rpo41 into the mitochondrial matrix is
crucial for the cell to maintain mitochondrial homeostasis. Furthermore, upon re-induction of
Rpo41l in the Gal-Rpo41 strain, a proper import and functional polymerase activity of Rpo41 is
the basis of healthy mitoribosome assembly and subsequently of many of the experiments
conducted with this strain. Thus, it is interesting to understand the underlying import
mechanisms and consider possible problems occurring when expressing Rpo41.

The TargetP based analysis tool iMLP (iMTS-L predictor service) provides information about
potential import signals within the amino acid sequence of a protein!!! 112, Backes et al. 13
showed that mitochondrial proteins exhibit internal mitochondrial targeting sequence-like
structures (iMTS-L) in addition to their N-terminal presequence which are recognized by
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Tom70/71 and increase the import efficiency. The model protein Atp1, which is a subunit of the
ATP synthase or complex V, displays three iMTS-L structures at position 160, 315 and 400.
Deletion of these stretches strongly decreased the import of Atpl. When applying the iMTS-L
predictor tool on the amino acid sequence of Rpo41, only one considerable iMTS-L peak at
amino acid 570 can be found (Figure 25). Rpo41 consists of 1351 amino acids which is almost 3-
fold the size of Atp1. Still, Rpo41 contains only one iMTS-L structure that might increase import
efficiency with the help of Tom70/71 while Atp1 contains three.
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Figure 27: iMTS-L structures in Atpl and Rpo41. TargetP profiles of Atpl and Rpo41 were shown as raw
TargetP scores and smoothed graphs.

This is remarkable since it was shown that many mitochondrial and also non-mitochondrial
proteins contain iMTS-L structures which the cell might have made use of by “inventing” the
Tom70/71 receptor that recognizes these structures and increases import efficiency. Especially
large proteins might have a higher tendency to premature folding of specific domains which can
stall import inside the translocase 1 108 115 Thys, such a large protein like Rpo41 would be a
wonderful candidate to exhibit several iMTS-L structures to ensure proper mitochondrial import.
However, there is only one potential structure in Rpo41 that could facilitate iMTS-L function and
it would need further investigation to clarify if the import efficiency is actually increased by the
iMTS-L structure and the help of Tom70/71 or whether it is dispensable for proper import. If the
import is independent of Tom70/71 and iMTS-L structures, it would be interesting to investigate
if the cell uses other mechanisms to ensure a proper Rpo41 import. Furthermore, there is a
general tendency of mitochondrial proteins to be rather small in comparison to cytosolic ones
(Figure 26 A). Thus, it is very likely that the cell has different mechanisms for large proteins to
ensure proper import.
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Figure 28: Large mitochondrial proteins display heterogeneous occurrence of iMTS-L structures. A:
Boxplot of the molecular weights of the mitochondrial proteome (modified from Morgenstern et al. 2017)
shows the tendency of mitochondrial proteins to be rather small (median 37kDa). B-D: TargetP profiles of
the unusual large mitochondrial proteins Mip1l, Rom2 and Pim1. TargetP profiles were shown as raw
TargetP scores and smoothed graphs.

Other examples for large mitochondrial proteins are Mipl, Rom2 and Piml. Mipl is the
mitochondrial DNA-polymerase, Rpm2 represents the protein component of RNaseP and Pim1
is @ mitochondrial protease involved in degradation of misfolded mitochondrial proteins. These
proteins however exhibit considerable different patterns of iMTS-L structures (Figure 26 B-D).
While Mip1 displays three internal peaks of high TargetP score, Rom2 has only one defined peak
with a score of 0.6 which might be considered as an iMTS-L. In contrast, Pim1 has also only one
iIMTS-L structure but the range of high TargetP scores is much broader than in the other two
examples probably indicating a stronger influence of this internal signal on the import of Pim1.
When considering the protein abundance per cell (based on 11°) Rpm2 is present with ~70 copies
while Pim1 is reported with more than 3000 copies per cell. This could in combination with the
weak iMTS-L signals indeed suggest the hypothesis, that highly abundant and large proteins
might get imported via Tom70/71 interaction with iMTS-L structures whereas low abundant
large proteins like Rpo41 and Rpm2 are imported independently of this pathway. Tsuboi et al.
116 suggested that the probability of a co-translational import increases the longer a protein
needs to be translated. In case of large proteins, the translation consequently takes longer than
for small proteins. Thus, a possibility to ensure proper import of these large proteins might be
co-translational import. Since the copy number of the proteins Rom2 and Rpo41 is anyways very

57



Discussion

low, this might be an easy way for the cell to overcome possible problems occurring during
import.

The catalytic core of Rpo4l is similar to that of bacteriophage T7 and T3 rendering the
polymerase a very ancient molecule!?’. The specificity factor Mtfl binds to Rpo41 forming a
holoenzyme prior to DNA binding. Mtf1 mediates recognition of the promoter region on the
DNA and is released from Rpo41 after transcription initiation once a transcript of 13 nucleotides
is formed!8, Mtf1 exhibits a size of 40 kDa and is found with approximately 800 copies per cell.
This is more than ten-fold the Rpo41 abundance and raises the question why it is present in such
an excess compared to the polymerase. One possibility that could explain the high copy number
would be the formation of multimer complexes of Mtf1 binding to Rpo41 and the mitochondrial
DNA.

3.5 Mitoribosomes in human diseases

Several severe human diseases are caused by defects in mitochondria and in particular by
defective mitochondrial translation. Biochemical characteristics of these diseases are alterations
in OXPHOS enzymes which contain mitochondrial encoded subunits. These alterations lead to
multisystemic diseases like Leigh syndrome, encephalomyopathy and hypertrophic
cardiomyopathy and are often caused by mutations in mitochondrial encoded tRNA genes and
nuclear genes encoding mitoribosomal proteins and assembly factors 119 120 121 Egpecially MRPs
involved in early assembly steps are implicated in serious mitochondrial disorders including
mitochondria-specific and conserved proteins of both SSU and LSU. A lack of early binding
proteins may be more likely to disrupt the mitoribosomal structure and subsequently assembly
intermediates. For example, mL44 was found mutated in human patients suffering from
multisystem disease with childhood-onset hypertrophic cardiomyopathy. Fibroblasts with
mutated mL44 were shown to have lower assembled LSU and 16S rRNA levels. mL44/Mrpl3 was
found in the complexome profile exclusively migrating in the assembled fraction of the LSU. As
discussed earlier, this group most likely forms an initial assembly intermediate by interacting
with the 5’end of the 21S rRNA in a co-transcriptional manner. Mutations in proteins of this
group would severely affect the LSU assembly by altering or even disturbing the formation of
the initial starting point of 54S assembly, thus leading to reduced levels of mitoribosomal
subunits and therefore reduced mitochondrial translation. This example shows that information
gained through studies in yeast mitochondria can be transferred to mammalian systems and
especially on human cells. In particular, the analysis of conserved features regarding
mitochondria-specific proteins and conserved regions like the peptidyl transferase center (PTC)
can help in understanding processes causing severe diseases in human patients.
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4. Outlook and concluding remarks

The assembly of the mitochondrial ribosome is a complex process involving the coordinated
expression of nuclear genes encoding for mitoribosomal proteins and assembly factors together
with transcription of mitoribosomal RNA encoded by the mitochondrial DNA. The elucidation of
mitoribosomal structures was a difficult task due to their size but recent advances in cryo-
electron tomography allowed to solve the structure of the mitoribosome in yeast and human
with high resolution. The results shown in this thesis allowed, based on the structural
information available, the identification of a building-block based assembly process of
mitoribosomes in yeast comparable to the one reported for the bacterial large ribosomal
subunit. The temporal resolution of these experiments although didn’t resolve the assembly of
the full assembled mitoribosome. Thus, an extension of the applied timepoints would yield more
information of later assembly steps and extend the knowledge of mitoribosome assembly.

Only a small number of assembly factors that are involved in this process are to date
characterized. Still, it is tempting to speculate that many more factors are involved during
mitoribosome assembly as seen for bacterial ribosomes. Thus, the identification of new
assembly factors is one of the main goals in the mitoribosome field. A combination of
quantitative mass spectrometry and cryo-EM reconstruction of mitoribosomal assembly
intermediates could facilitate the identification of mitoribosome subcomplexes and associated
assembly factors involved at different stages of mitoribosome biogenesis. Especially cryo-EM
tomography of lamella milled from whole cells in collaboration with Stefan Pfeffer is a promising
way to get insights into the on route assembly process in an intact surrounding without the
danger of creating artifacts during isolation of mitochondria or purification of single ribosome
particles like done in the past.

Interestingly, it seems to be more challenging to solve the structure of the small subunit than
the structure of the large subunit, since in all cases the large subunit structure has been resolved
first. Also, the assembly process of the large subunit is known in more detail than information
for the small subunit is available. Thus, especially the assembly process of the small subunit is of
interest and will be investigated in the future.

Former studies on the mitoribosomal assembly have been performed in different mutant
strains. Thus, potential artifacts caused by fragmentation of subassemblies cannot be excluded.
Although the experiments presented in this study have also been performed in a mutant strain,
the conditions applied are assumed to be close to a wildtype situation. However, studies under
“real” wildtype conditions are required to confirm the results of former studies on mitoribosome
assembly and to clarify whether the identified subcomplexes are true intermediates involved in
the assembly pathway of mitochondrial ribosomes in yeast.
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5. Material & Methods

5.1 Molecular biology methods

Plasmid DNA isolation from E. coli

For isolation of plasmid DNA from E. coli 150 up to 200 ml selective LB-media was inoculated
with bacteria. The cells were cultured overnight and the whole culture was used for plasmid
isolation. Here, PureYieldTM Plasmid Midiprep System (Promega) was used as described by the
manufacturer.

Determination of DNA concentration

To determine the concentration and purity of DNA the NanoDropTM 1000 Spectrophotometer
(Thermo Fisher Scientific) was used. The machine was first calibrated and then 1 pl of DNA was
used for the measurement. The absorbance was measured at 280, 260 or 230 nm. The ratios of
280/230 and 260/230 are a measure of contamination by proteins, RNA and organic compounds.
A ratio around 2 for low amounts of contaminations was aimed for.

Polymerase chain reaction for DNA amplification

To amplify DNA for homologous recombination, polymerase chain reaction (PCR) was used. One
reaction had volume of 50 pl containing 100 ng template DNA, 40 pmol of each primer, 0.2 mM
dNTPs, 1 U polymerase and 1x reaction buffer. For the amplification of DNA used for
homologous recombination the Phusion-HF polymerase and the according HF-buffer was used.
The PCR program can be found in Table 1.

Denaturing temperatures was determined by the polymerase used (Phusion: 98°C). The
elongation time was determined by the length of the amplified gene and the polymerase used
(Phusion: 1 kbp/15 sec).

Table 1: Program used in the thermocycler to amplify DNA in PCR.

Temperature Time Cycles Reaction
98°C 1 min Initial denaturing of DNA
98°C 30 sec 35x DNA denaturation
50-67°C 1 min 35x Primer annealing
72°C 15-30 s/kb 35x Elongation
72°C 10 min Final elongation
4°C oo Cooling

Colony PCR was used for verification of successful homologous recombination. Therefore, one
colony of yeast was solved in 30 pl of 0.2 % SDS and boiled for 10 min at 99°C. Afterwards, cell
debris and intact cells were pelleted using a small table-top centrifuge for 30 sec. 1 pl of the
supernatant was used as template DNA in above described reaction. All chemicals and enzymes
used were purchased either from Thermo Science or New England Biolabs (NEB).

Table 2: Name and sequence of the different primers used in this study are listed.

Number | Name Sequence (5°-3")
SH14 5’ Rpo41- GCAGATCTCCTGTTCATATACCATTTGTATTCTGCTTCTTTAC
HIS3 ATCTCTTGGCCTCCTCTAGT
SH15 3'Rpo41-GAL | TAACAGGGATGTTTTCACGAGCGATTTATAGGCCGGTCTCA
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GCATCGAATTCCTTGAATTTTCAAA
SH32 5" Rpo41l-ver | CAAAAGCAGA TCTCCT
his/kan
SH33 3’Rpodl-ver | GTTACAAGGGGGTCT
his/kan
SH118 | Rpo41 fwd CTTTCG CTGTCAACCCTGTTAATGCA AG
SH119 | Rpo4l rev CACCACATTCATAGTGTCTATATCAGATGC
SH120 | 21SrRNA GTTTGC AGATAGCTGG TTTTCTATGA AATATATG
fwd
SH121 | 21SrRNArev | GGAACTTTATATCTTAATCTGGGCTGTTTCC
SH124 | 15S rRNA GTTAATCATAATGGTTTAAAGGATCCGTAGAATG
fwd
SH125 | 15SrRNA rev | GGTATCGAATCCGTTTCGCTACTCTAG
SH126 | Coxll fwd GTGATGAAGTT ATTTCACCAGCTATAACTATTAAAG
SH127 | Coxll rev CGAATCTAATATGTGTATCTACAGGTACAAC
Cox2 ORF GGATGTTAGATTTATTAAGATTACAATTAAC
For
Cox2 ORF GGTTATTGTTCATTTAATCATTCC
Rev

Agarose gel electrophoresis

Agarose gel electrophoresis was used for isolation of DNA fragments. DNA is negatively charged
and in an electric field therefore migrates to the anode. Agarose is a polysaccharide and the
polymerization leads to a network of fibers creating a matrix in which DNA fragments are
separated by size. Small fragments migrate faster through the gel than large fragments.

To cast the agarose gel, 1% (w/v) agarose was dissolved in 1x TAE buffer (40 mM Tris, 1.14%
acetic acid, 10 mM EDTA pH 8.0) by heating in a microwave. The gel was casted into the slide
and 0.5 pg/ml ethidium bromide was added to visualize DNA under ultraviolet (UV) light.
Samples were supplemented with 6x loading dye (60 mM Tris/HCl pH 7.5, 30 mM sodium
acetate, 12 mM EDTA, 60% (v/v) glycerol, 0.36% (w/v) orange G) and loaded onto the gel. The
electrophoresis was performed in 1x TAE buffer and at 10 V/cm. The gels were analyzed using
UV light. In a preparative electrophoresis, the corresponding DNA fragments were cut out of the
gel using a scalpel and purified with the NucleoSpin® Gel Clean-up kit (Macherey-Nagel)
according to the instructions of the manufacturer.

Transformation of chemo competent Escherichia coli cells

Chemo competent Escherichia coli (E. coli) were transformed for the amplification of plasmid
DNA. Therefore, the cells were thawed slowly on ice and 1 pl plasmid DNA was added. The
mixture was incubated 30 min on ice followed by a 90 s heat shock at 42°C. Afterwards, 1 ml LB-
media was added and the suspension was incubated further 45 min at 37°C. Cells were pelleted
for 30 s at 17,000 xg and the supernatant was discarded. The cells were resuspended in the

residual media and plated onto selective media or inoculated in liquid media for plasmid DNA
isolation.

Transformation of S. cerevisiae cells

For homologous recombination to genomically integrate a DNA cassette, 1.5 ml yeast culture in
exponential phase were harvested (30 s at 17, 000 x g at RT) and the cell pellet was washed with
1 ml sterile ddH20. The cells were resuspended in 1 ml of 0.1 M lithium acetate and incubated
for 10 min at 30°C. After centrifugation (30 s at 17, 000 x g at RT), the cell pellet was resuspended
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in 34 ul ddH20, 5 pl salmon sperm DNA (denatured at 96°C for 10 min and cooled down), 45 ul
DNA, 36 ul 1 M lithium acetate (final concentration 0.1 M) and 240 pl 50% (w/v) polyethylene
glycol (PEG) 3350. The mixture was vortexed for 1 min and incubated 30 min at 30°C followed
by a heat shock for 25 min at 42°C. Afterwards, the cells were pelleted (1 min at 17, 000 x g at
RT) and resuspended in 100 pl sterile water. The suspension was plated on selective media.

RNA extraction and cDNA synthesis

For isolation of whole cell RNA, 4 ODgo of an exponential growing culture were collected by
centrifugation (17000 x g, 3 min, 2 °C) and washed with water. For further processing the RNeasy
Mini Kit (Qiagen) with on-column removal of DNA was used as described by the manufacturer.

cDNA was prepared from 500ng total RNA using the gScript cDNA Synthesis Kit (Quanta bio) as
described by the manufacturer. RNA and cDNA quality and concentration were assessed using a
NanoDrop Fluorometer.

Quantitative real-time PCR

gPCR reactions were performed using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad)
in technical triplicates. DNA was PCR-amplified under the following conditions: 3 min at 95 °C
followed by 44 cycles of 10 s at 95 °C, 30 s at 62 °C and 30 s at 60 °C. For all PCR assays, iQ SYBR
Green Supermix (Bio-Rad) was used in the reaction. For normalization, TFC1 was selected as
housekeeping gene based on the stability of published observations. Primers used for qPCR are
listed in Table 2. Standard curves for primer efficiency were generated via the serial dilution of
pooled cDNA. Only primer pairs with efficiency values between 90% and 110% were used.

The 2-AACt method was used for data analyses, normalizing the gene expression values to the
geometric mean of the transcript levels of the housekeeping genes and to the wild-type empty
vector control as the reference condition. Statistical significance was assessed using paired one-
tailed Student’s t-test.

5.2 Cell biology methods

Media for E. coli cultivation

Bacteria could be cultivated in liquid culture or on agar plates. LB medium (1% bacto-tryptone,
0.5% yeast extract, 1% sodium chloride, pH was adjusted to 7.5 with NaOH) was used for liquid
culture and could be supplemented with 100 pg/ml ampicillin for plasmid selection. For agar
plates, LB medium was solved together with 2% bacto-agar (w/v) and autoclaved. After cooling
of the agar solution, ampicillin or chloramphenicol could be added prior pouring the plates.

Media for S. cerevisiae cultivation

Yeast could be cultured in full YP-media (1% yeast extract, 2% peptone, pH was adjusted to 5.5
with HCI) supplemented with 2% sugar as carbon source (D, glucose; Gal, galactose; G, glycerol).
For YP-plates, 2% agar, 1% yeast extract, 2% peptone, pH was adjusted to 5.5 with HCl were
autoclaved and afterwards supplemented with 2% of sugar and if needed 100 pg/ml G418 or
clonNAT. The mixture was poured into petri dishes.

To select for plasmids, yeast cells were cultured in selective media containing of S medium (1.7
g /| yeast nitrogen base, 5 g/l ammonium sulfate, dropout mix without auxotrophic marker, 2%
sugar). In Table 6 the composition of the 20x dropout mix can be found. SLac media contained
1.7 g /| yeast nitrogen base, 5 g/l ammonium sulfate, dropout mix without auxotrophic marker,
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2.2% lactic acid (90%(v/v)) and could be supplemented with 0.5% of galactose to induce protein
expression from a GAL-promotor.

For plates, 2% (w/v) agar was solved in half the volume of water and autoclaved. The solution
was supplemented with S-medium and poured into petri dishes.

Cultures were inoculated from plates and cultivated shaking at 160 rpm and 30°C. Strains could
be taken from glycerol stocks and plated onto agar plates. If not other mentioned, the plates
were incubated at 30°C.

Table 3: Composition of the dropout mix. For selection the corresponding amino acids were left
out.

Amino acids/Nucleobase 20x (mg/1)
L-adenine hemisulfate salt 400
L-arginine 400
L-histidine HCl monohydrate 400
L-isoleucine 600
L-leucine 2000
L-lysine HCI 600
L-methionine 400
L-phenylalanine 1000
L-threonine 400
L-tryptophan 400
L-tyrosine 400
L-uracil 400
L-valine 3000

Growth assays

Yeast strains were grown either in full or selective media and cells were harvested in their
exponential phase and washed with sterile water. For growth tests on respiratory media
precultures contained galactose as a carbon source.

For drop dilution assays an ODggo 0.5 was harvested, washed and a serial 1:10 dilution was done.
From each dilution 3 pul were dropped on the respective media. The growth was documented
after different days.

Preparation of mitochondria

For the isolation of mitochondria cells were grown in full media (1% yeast extract, 2% peptone,
pH 5.5) containing 2% galactose as a carbon source and at 30°C. Cells were harvested (4,000
rpm, JA10 Beckmann rotor, 5 min, RT) in the exponential phase. After a washing step, cells were
treated 10 min with 2 ml per g wet weight MP1 buffer (10 mM Tris pH unadjusted and 100 mM
DTT) at 30°C. After washing with 1.2 M sorbitol, yeast cells were resuspended in 6.7 ml per g
wet weight MP2 buffer (20 mM KPi buffer pH 7.4, 1.2 M sorbitol, 3 mg per g wet weight
zymolyase from Seikagaku Biobusiness) and incubated for 1 h at 30°C. Spheroblasts were
collected via centrifugation at 4°C and resuspended in ice cold homogenization buffer (13.4 ml/g
wet weight) (10 mM Tris pH 7.4, 1 mM EDTA pH 8, 0.2% fatty acids free bovine serum albumin
(BSA), 1 mM PMSF, 0.6 M sorbitol). Spheroblasts were disrupted by 10 strokes with a cooled
glass potter. Cell debris was removed via centrifugation at 3300 rpm in a JA10 Beckmann rotor.
The supernatant was centrifuged for 12 min at 10,000 rpm to collect mitochondria.
Mitochondria were resuspended in 10 ml of ice cold SH-buffer (0.6 M sorbitol, 20 mM Hepes pH
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7.4) and centrifuged again at 4,000 rpm in a JA25.50 Beckmann rotor to remove residual cell
debris. To harvest the mitochondria the supernatant was again centrifuged for 12 min at 12,000
rpm. The amount of mitochondria was determined by Bradford assay.

Radioactive in vivo labelling of translation products

2 ODgoo cells were collected, washed and resuspended in medium lacking methionine. To
investigate mitochondrial translation, cycloheximide (150 pg ml—-1) was added to stop cytosolic
translation. **S-methionine (2 ul of a 22 puCi solution) was added to the cell suspension. Aliquots
of 1.0 ODego of cells were withdrawn after 15 and 30 min incubation at 30 °C, and incorporation
of radioactive methionine was quenched by the addition of 8 mM cold methionine. Reactions
were stopped on ice with 200 uM puromycin, and cells were lysed with 0.3 M NaOH, 1% B-
mercaptoethanol and 3 mM PMSF. Proteins were precipitated with 12% trichloroacetic acid and
analyzed by SDS—PAGE and autoradiography.

Radioactive in organello labelling of translation products

Isolated mitochondria (100 pg) were incubated in translation buffer (20 mM Hepes/KOH pH 7.4,
15 mM KPi, 0.6 M Sorbitol, 150 mM KCl, 12.66 mM MgS0,, 12.13pug/ml Amino acid mix, 66.66uM
Cys, 12.13 pg/ml Tyrosine, 7.5 mM Phosphoenolpyruvate, 6 mM ATP, 0.75 mM GTP, 5 mM a.-
Ketoglutarate, 10 pg/ml Pyruvat-Kinase) together with 1pul 3°S-methionine (of a 22 uCi solution)
and incubated at 30°C for 10 min shaking at 600 rpm. Incorporation of radioactive methionine
was quenched by the addition of 8 mM cold methionine and the reaction was stopped by the
addition of 1 ml ice cold SH buffer (0.6 M Sorbitol, 20 mM Hepes). Mitochondria were pelleted
by centrifugation (20000 x g, 10 min, 4 °C), resuspended in loading buffer and analyzed by SDS-
PAGE and autoradiography.

DAPI staining of yeast cells and fluorescens microscopy

Cells were grown to exponential phase (“ODeggo 0.5) in synthetic full medium followed by an
incubation with 2.5 pug/ml DAPI (4',6-Diamidin-2-phenylindol) for 30 more min. 1 ODggo cells
were subsequently harvested by centrifugation, washed with 1 ml PBS-buffer (137 mM NaCl, 2.7
mM KCl, 2 mM KH,PO4, 10 mM Na;HPQ,) and finally resuspended in 500 ul PBS-buffer. 3-5 pl of
the cell suspension were observed using a fully automated Zeiss inverted microscope
(AxioObserver Z1) equipped with a MS-2000 stage (Applied Scientific Instrumentation, USA), the
CSU-X1 spinning disk confocal head (Yokogawa, Herrsching), LaserStack Launch with selectable
laser lines (Intelligent Imaging Innovations, USA) and an X-CITE Fluorescent lllumination System.
Images were captured using a CoolSnap HQ camera (Roper Scientific, Canada) under the control
of the Slidebook software (Intelligent Imaging Innovations, USA). The fluorescence signal was
imaged with a 63x oil objective by using a 473 nm or 561 nm laser.

5.3 Protein biochemistry methods

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

In this study, self-made large casting systems and small bought casting system from BioRad were
used. For the self-made gel system, glass plates with a size of 160 x 180 mm and spacers with 1
mm thickness were sealed using a base gel. The BioRad system seals the plates by sponge rubber
pads. For both systems, first a running gel was casted, and isopropanol was added to straighten
the gel. After the polymerization of the gel, the isopropanol was removed, and the stacking gel
was added on top. The composition of the different gels is shown in Table 7.
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Prior loading, samples were resuspended in reducing (50 mM) sample (Laemmli) buffer (50 mM
Tris-HCl pH 6.8, 10% glycerine, 2% SDS, 0.01% bromophenol blue). To determine the protein size
the unstained marker from peQlab and PageRuler™ Prestained Protein Ladder from
ThermoFisher Scientific were used. The electrophoresis was conducted at 21-35 mA for 40 min
up to 4 h and in SDS running buffer (25 mM Tris-HCI pH 8.3, 190 mM glycine, 0.1% SDS).

Table 4: Composition of the running, stacking and base gel.

Gel Composition
16% acrylamide
0.11% bisacrylamide
Running Gel 375 mM Tris-HCl pH 8.8
0.1% SDS
0.1% ammonium persulfate (APS)
0.03% N,N,N',N'-Tetramethylethylenediamine
(TEMED)
5% acrylamide
0.03% bisacrylamide
Stacking Gel 60 mM Tris-HCl pH 6.8
0.1% SDS
0.05% APS
0.1% TEMED
20% acrylamide
0.13% bisacrylamide
Base Gel 375 mM Tris-HCl pH 8.8
0.1% SDS
0.05% APS
0.1% TEMED

Western blot to transfer proteins on a nitrocellulose membrane

Proteins separated in SDS-PAGE could be transferred onto a cellulose membrane, here, the
semidry method was used. Therefore, two Whatman paper (17 cm x 12 cm) were shortly
incubated in blotting buffer (20 mM Tris, 150 mM glycine, 0.08% SDS, 20% methanol) and placed
in the blotting chamber. The nitrocellulose membrane (15 cm x 10 cm) and the SDS-gel were
also incubated in the blotting buffer. The cellulose membrane was placed on top of the
Whatman paper followed by the gel avoiding bubbles. Lastly, an additional Whatman paper was
placed on top and the chamber was closed and weighted to press everything together. The
anode is placed on the bottom and the cathode (lid) on top. The proteins were transferred for
90 min at 1.3 mA/cm2. To visualize the transferred proteins, the membrane was stained with
Ponceau S solution (0.2% (w/v) Ponceau S, 3% (w/v) acetic acid) for 2 — 5 min.

Autoradiography

Radioactive proteins can be detected by autoradiography. Therefore, on top of the dried
cellulose membrane was a radio-sensitive film placed (Fuji Medical X-Ray Film Super RX or Kodak
BioMax MR Film). After the desired exposure time the film could be developed using the
developing machine Optimax TR (MS Laborgeréate). Alternatively, the membrane was exposed
to an imaging plate (Fujifilm) for phospho-imaging with the Typhoon FLA 7000 from GE
Healthcare.

Trichloroacetic acid precipitation of proteins
Trichloroacetic acid (TCA) was used for protein precipitation. Samples were supplemented with
72% (w/v) TCA to a final concentration of 12% TCA. The samples were incubated at -80°C for 2
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h or at -20°C overnight. Afterwards they were thawed slowly at RT (room temperature) and the
precipitated proteins pelleted for 30 min at 30000 x g and 4°C. The protein pellet was washed
with 1 ml of ice-cold Acetone 100%. After a second centrifugation (30 min at 30000 x g and 4°C)
the pellet was dried at 30°C and resuspended in reducing sample buffer.

Immune decoration of cellulose membranes

Proteins could be detected by antibodies. Therefore, the cellulose membrane, still stained with
Ponceau S, was cut in pieces to decorate against several antibodies at once. The membrane was
incubated reeling for 30 min in 5% milk in 1x TBS buffer (10 mM Tris/HCl pH 7.5, 150 mM NacCl)
to block unspecific binding of the antibody. Afterwards, the membranes were incubated with
the primary antibody (1:1000 in 5% milk in TBS) overnight reeling at 4°C. The membrane was
washed three times for 5 min with TBS buffer. Afterwards, the membranes were incubated for
at least 60 min reeling at RT with the secondary antibody (1:5000 or 1:10,000 in 5% milk in TBS)
on which the horse reddish peroxidase is coupled and washed again thrice for 5 min. ECL1 and
ECL2 solutions (ECL 1: 100 mM Tris/HCI pH 8.5, 0.044% (w/v) luminol, 0.0066% p-coumaric acid;
ECL 2: 100 mM Tris/HCI pH 8.5, 0.03% H202) were mixed 1:1 and poured onto the membrane
to start the reaction, in which chemo luminescence is produced by the peroxidase. This
luminescence was detected on Super RX Medical X-Ray Films (Fuji) using the Optimax Type TR-
developer (MS Laborgerate).

Antibodies were raised in rabbits using recombinant purified proteins. The secondary antibody
was ordered from BioRad (Goat Anti-Rabbit I1gG (H+L))-HRP Conjugate, #172-1019.

Sucrose gradient sedimentation

Isolated mitochondria (3 mg) were incubated with translation buffer (20 mM Hepes/KOH pH 7.4,
15 mM KPi, 0.6 M Sorbitol, 150 mM KCl, 12.66 mM MgS0,, 12.13ug/ml Amino acid mix, 66.66uM
Cys, 12.13 pug/ml Tyrosine, 7.5 mM Phosphoenolpyruvate, 6 mM ATP, 0.75 mM GTP, 5 mM o
Ketoglutarate, 10 ug/ml Pyruvat-Kinase) for 10 min at 30°C. Translation was stopped by addition
of 10 pg/ml chloramphenicol. Mitochondria were pelleted, resuspended in 250 pl solubilization
buffer (1% Triton X-100, 50 mM NH4CI, 5 mM MgS04, 1x complete protease inhibitor (Roche,
Basel, Switzerland), and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH
7.4) and incubated on ice for 10 min. After a clarifying spin for 10 min at 25,000 x g, 4°C, the
lysate was loaded onto a linear sucrose gradient (12 ml; 10—34% sucrose, 0.1% Triton X-100, 50
mM NH4Cl, 5 mM MgS0,, 1x complete protease inhibitor (Roche), 20 mM HEPES, pH 7.4) and
centrifuged in an SW41 rotor (Beckman, Brea, CA) at 33,000 rpm for 5.5 h at 4°C. The gradient
was fractionated, the containing proteins were precipitated with trichloroacetic acid and
analyzed by SDS-PAGE and immune detection.

Blue Native Gel Electrophoresis

Protein concentrations were determined using the microBCA protein kit (Thermo Scientific).
Mitochondria were solubilized with 6 g digitonin (Sigma) per gram of protein in 50 mM NacCl, 5
mM 6-aminohexanoic acid, 2 mM EDTA, and 50 mM imidazole/HCl (pH 7.0). Blue native
electrophoresis was performed as described in Wittig et al. (2006).

In-Gel tryptic digestion

The in-gel digestions were performed essentially as previously described (Heide et al., 2012). In
brief, the 1D blue native gel was incubated in fixing solution (50% methanol, 10% acetic acid,
100 mM ammonium acetate) for 30 min and stained with Coomassie blue. After two washing
steps with ultrapure water for 30 min, the gel lanes were cut into 60 even slices of about 2 mm.
Every gel slice was additionally diced into smaller pieces and then transferred to a 96-well filter
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microplate containing 150 ml of 50% methanol, 50 mM ammonium hydrogen carbonate (pH
unadjusted). The gel pieces were washed in destaining solution three times for 30 min at room
temperature under gentle agitation to remove the Coomassie dye. Excess solution was removed
by centrifugation (600 3 g, 3 min at room temperature). In the next step, gel pieces were
incubated with 120 ml of 5 mM DTT for 60 min. After removal of excess solution (600 3 g, 3 min,
room temperature), 120 ml of 15 mM chloroacetamide was added to each well and removed
after 45 min. Gel pieces were then allowed to dry at room temperature for 45 min. The dried
gel pieces were swollen in 20 ml of 5 ng/ml trypsin in 50 mM ammonium hydrogen carbonate
and 1 mM CaCl2 (pH unadjusted) for 30 min at 4°C. Then, 150 ml of 50 mM ammonium hydrogen
carbonate was added to cover the gel pieces, followed by an overnight incubation at 37°C to
digest the proteins. The peptide-containing supernatants were collected by centrifugation (600
3 g, 3 min, room temperature) into a 96-well plate. The gel pieces in the filter plate were washed
once with 30% acetonitrile, 3% formic acid for 20 min to elute the remaining peptides. The
combined eluates were then dried in a Concentrator Plus (Eppendorf). Prior to mass
spectrometry, peptides were resuspended in 20 ml of 5% acetonitrile/0.5% formic acid.

Mass spectrometry

Peptides were separated by liquid chromatography and analyzed by online tandem mass
spectrometry (LC-MS/MS) in a Q-Exactive mass spectrometer equipped with an Easy nLC1000
nano-flow ultra-high-pressure liquid chromatography system (Thermo Fisher Scientific) at the
front end. Peptides were separated using a 100 mm ID 3 15 cm length PicoTip emitter column
(New Objective) filled with ReproSil-Pur C18-AQ reverse-phase beads of 3 mm particle size and
120 A ° pore size (Dr. Maisch GmbH) using linear gradients of 5%—35% acetonitrile/0.1% formic
acid at a flow rate of 300 nl/min. The mass spectrometer operated in positive ion mode switching
automatically between MS and data-dependent MS/MS of the top 20 most abundant precursor
ions. Full-scan MS mode (400-1,400 m/z) was set at a resolution of 70,000 m/Dm with an
automatic gain control target of 1 3 106 ions and a maximum injection time of 20 ms. Selected
ions for MS/MS were analyzed using the following parameters: resolution 17,500 m/Dm,
automatic gain control target 1 3 105; maximum injection time 50 ms; precursor isolation
window 4.0 Th. Only precursor ions of charge z = 2 and z = 3 were selected for collision- induced
dissociation. Normalized collision energy was set to 30% at a dynamic exclusion window of 60 s.
A lock mass ion (m/z = 445.12) was used for internal calibration (Olsen et al., 2005).

Label-Free LC/MS-based protein quantification and hierarchical clustering

Intensity based absolute quantification (iBAQ) values derived from the MaxQuant analysis were
corrected for loading variation between different samples using the average peak values of 13
nuclear-encoded proteins, which were not affected by CAP treatment. For each protein, gel
migration profiles were created and normalized to the maximum abundance across all samples
analyzed. Then the migration patterns of the identified proteins were hierarchically clustered by
an average linkage algorithm with uncentered Pearson correlation distance measures using
Cluster 3.0 software (de Hoon et al., 2004). Heatmaps of the resulting complexome profiles
consisting of a list of proteins grouped according to the similarity of their migration profiles in
blue native gel electrophoresis were generated by representing the normalized abundance in
each gel slice by a three-color gradient (black/yellow/red). Microsoft Excel and NOVA v0.5
software (Giese et al., 2015) were used for visualization and analysis.

Mitoribosome structures
Structural information was taken from Desai et a
Chimera.

. % and structures were generated using UCFS
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Abbreviations

A Angstrom = 0.1 nm

°C Grade Celsius

35 Radioactive sulfur isotope

pCi Microcurie

Ug Microgram

pl Microliter

UM Micromolar

Amp Ampicillin

APS Ammonium persulfate

A-site Aminoacyl site of the ribosome
BN-PAGE Blue native- Polyacrylamide Gel Electrophoresis
cm Centimeter

DHFR Dihydrofolate reductase
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

dNTP Deoxyribonucleoside triphosphate
DTT Dithiothreitol

Ay Membrane potential

ECL Enhanced chemiluminescence
E. coli Escherichia coli

EDTA Ethylene diamine tetraacetate
ER Endoplasmic reticulum

g Gravity of earth

GTP Guanosine triphosphate

h Hours

HEPES N-2 hydroxyl piperazine-N"-2-ethane sulphonic acid
IM Inner membrane

IMS Intermembrane space

kDa Kilodalton

LB Luria Bertani media
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Abbreviations

mA

mg
Mia40
Min

ml

mM
mMRNA
MTS
Nm
NADH
NADPH
ODeoo
OXPHOS
P-site
RNA
rRNA
SDS

tRNA

Molarity
Milliampere
Milligram

Mitochondrial intermembrane space import and assembly

Minute
Milliliter
Millimolar

Messenger RNA

Matrix targeting signal

Nanometer

Nicotine amide adenine dinucleotide
Nicotine amide adenine dinucleotide phosphate
Optical density at 600 nm

Oxidative phosphorylation system
Ribosomal peptidyl site

Ribonucleic acid

Ribosomal RNA

Sodium dodecyl sulfate

Transfer RNA
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