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2. SUMMARY

Mitochondria are crucial for numerous cellular processes such as oxidative
phosphorylation and 3-oxidation of fatty acids. Therefore, they have to be monitored
by specialized mechanisms to maintain cell homeostasis. One of the pathways of
guality control of mitochondria is the PINK1-Parkin induced mitophagy. In depolarized
mitochondria, PINK1 integrates in the mitochondrial outer membrane (MOM) where it
phosphorylates various proteins including Parkin, which is then recruited to the
mitochondrial surface. Parkin, an E3 ligase, conjugates ubiquitin onto phosphorylated
substrates, which in turn are further phosphorylated by PINK1. This leads to the
generation of substrates with long ubiquitin chains and triggers mitophagy. Mutations
in PINK1 and Parkin abolish the induction of mitophagy and lead to the development
of Parkinson’s disease demonstrating the importance of the quality control of the

organelle.

While the PINK1-Parkin pathway has been well described, not much is known about
the initial events of PINK1 integration into the MOM. PINK1 is the first player to be
triggered in the pathway leading to the removal of malfunctional mitochondria. Thus,
the aim of my work was to understand how PINK1 import pathway is regulated at the

level of the TOM complex in depolarized mitochondria.

To address this aim, | established and validated an assay for the analysis of the
formation of PINK1-TOM complex. Subsequently, | studied the interactions between
PINK1 and the TOM70 and TOMZ20 receptors with peptide scan assay and in vitro pull
downs. | could show that TOM70 binds directly various sections in the N-terminal
region of PINKL1. | also showed that the MTS of PINK1 is dispensable for this
interaction. Next, | performed a series of in vitro import assays of radiolabeled PINK1
combined with isolated depolarized mitochondria depleted for TOM70, TOM20 or both
TOM70/TOM20. TOM70 KD significantly affected PINK1 association with the MOM
upon CCCP treatment, while TOM20 had a marginal role for PINK1 import. However,
double depletion of both receptors showed that TOM70 and TOM20 might have
exchangable roles in PINK1 recognition. Furthermore, | found that TOM7 KD impaired
the import of the TOM complex clients probably due to its negative effect on the
stability of the complex. PINK1 import into depolarized mitochondria isolated from

TOM7 KD cells was moderately affected. However, double depletion of both TOM70,
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the major recognition factor for PINK1 in the MOM, and TOM7, the TOM complex
stabilization factor, had a synthetic effect on PINK1 membrane integration. Next, |
studied the effect of TOM40 pore blockage on PINK1 MOM association. When TOM40
lumen was clogged with excess amounts of mitochondrial precursor protein and the
membrane potential was dissipated, PINK1 membrane association was dramatically
affected. Finally, | wanted to check whether PINK1 could trigger the mitophagy
cascade when stalled within the TOMA40 pore. Hence, | blocked the TOM40 barrel with
recombinant amounts of TcPINK1 and imported radiolabeled hPINK1 as well as
TOM40 molecules. The membrane integration of both proteins was reduced,
suggesting that PINK1 resides in the TOM40 lumen of depolarized mitochondria and

thus, hinders the import of other TOM clients.

Collectively, my results provide a new insight into PINK1 association with the TOM
complex upon mitochondrial membrane potential dissipation, suggesting the
indispensable role of the TOM complex in the proper positioning of PINK1 to initiate

the mitophagy cascade.



3. ZUSAMMENFASSUNG

Mitochondrien sind entscheidend fur zahlreiche zellulare Prozesse wie die oxidative
Phosphorylierung und die (B-Oxidation von Fettsauren. Daher mussen sie durch
spezielle  Mechanismen  Uberwacht werden, um die Zellhombostase
aufrechtzuerhalten. Einer der Wege der Qualitatskontrolle von Mitochondrien ist die
PINK1-Parkin-induzierte Mitophagie. In depolarisierten Mitochondrien integriert sich
PINK1 in die &uf3ere Mitochondrienmembran (MOM), wo es verschiedene Proteine
und auch Parkin, eine E3-Ligase, phosphoryliert, das dann an die
Mitochondrienoberflache  rekrutiert wird. Parkin, konjugiert Ubiquitin an
phosphorylierte Substrate, die ihrerseits von PINK1 weiter phosphoryliert werden.
Dies fuhrt zur Bildung von Substraten mit langen Ubiquitin-Ketten und I6st die
Mitophagie aus. Mutationen in PINK1 und Parkin heben die Induktion der Mitophagie
auf und fuhren zur Entwicklung der Parkinson-Krankheit, was zeigt, wie wichtig die

Qualitatskontrolle der Organelle ist.

Wahrend der PINK1-Parkin-Weg gut beschrieben ist, ist Gber die ersten Ereignisse
der PINK1-Integration in die MOM nicht viel bekannt. PINK1 ist der erste Akteur, der
in dem Weg, der zur Beseitigung von nicht funktionsfahigen Mitochondrien flhrt,
ausgelost wird. Ziel meiner Arbeit war es daher, zu verstehen, wie der PINK1-
Importweg auf der Ebene des TOM-Komplexes in depolarisierten Mitochondrien

reguliert wird.

Um dieses Ziel zu erreichen, habe ich einen Test zur Analyse der Bildung des PINK1-
TOM-Komplexes entwickelt und validiert. AnschlieBend untersuchte ich die
Wechselwirkungen zwischen PINK1 und den TOM70- und TOM20-Rezeptoren mittels
Peptid-Scan-Assay und in vitro Pull-Downs. Ich konnte zeigen, dass TOM70 direkt an
verschiedene Abschnitte im N-terminalen Bereich von PINK1 bindet. Ich konnte auch
zeigen, dass die MTS von PINK1 fur diese Interaktion entbehrlich ist. Als Nachstes
fuhrte ich eine Reihe von In-vitro-Importtests mit radioaktiv markiertem PINK1 in
Kombination mit isolierten depolarisierten Mitochondrien durch, die fur TOM70,
TOM20 oder beide TOM70/TOM20 abgereichert waren. TOM70 KD beeinflusste
signifikant die Assoziation von PINK1 mit dem MOM nach CCCP-Behandlung,
wéahrend TOM20 eine marginale Rolle fir den PINK1-Import spielte. Die doppelte
Deletion beider Rezeptoren zeigte jedoch, dass TOM70 und TOM20 bei der
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Erkennung von PINK1 eine austauschbare Rolle spielen konnten. Dariber hinaus
stellte ich fest, dass TOM7 KD den Import der TOM-Komplex-Kunden beeintrachtigte,
wahrscheinlich aufgrund seiner negativen Auswirkungen auf die Stabilitdt des
Komplexes. Der PINK1-Import in depolarisierte Mitochondrien, die aus TOM7-KD-
Zellen isoliert wurden, war méalfig beeintrachtigt. Die doppelte Deletion sowohl von
TOM70, dem wichtigsten Erkennungsfaktor fir PINK1 in der MOM, als auch von
TOM7, dem TOM-Komplex-Stabilisierungsfaktor, hatte jedoch eine synthetische
Wirkung auf die PINK1-Membranintegration. Als N&achstes untersuchte ich die
Wirkung der TOM40-Porenblockade auf die PINK1-MOM-Assoziation. Wenn das
TOMA40-Lumen mit Uberschissigen Mengen an mitochondrialem Vorlauferprotein
verstopft war und das Membranpotential abgeleitet wurde, war die PINK1-
Membranassoziation dramatisch beeintrachtigt. Schliel3lich wollte ich prifen, ob
PINK1 die Mitophagie-Kaskade ausldosen kann, wenn es in der TOM40-Pore blockiert
ist. Daher blockierte ich das TOM40-Barrel mit rekombinanten Mengen von TcPINK1
und importierte radioaktiv markierte hPINK1- sowie TOMA40-Molekile. Die
Membranintegration beider Proteine war reduziert, was darauf hindeutet, dass sich
PINK1 im TOM40-Lumen depolarisierter Mitochondrien aufh&lt und somit den Import
anderer TOM Interaktoren behindert.

Insgesamt bieten meine Ergebnisse einen neuen Einblick in die Assoziation von
PINK1 mit dem TOM-Komplex beim Abbau des mitochondrialen Membranpotenzials
und deuten auf die unverzichtbare Rolle des TOM-Komplexes bei der richtigen

Positionierung von PINK1 zur Einleitung der Mitophagie-Kaskade hin.
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2. Maruszczak, K. K., Jung, M., Rasool, S., Trempe, J. F., & Rapaport, D. (2022). The
role of the individual TOM subunits in the association of PINK1 with depolarized
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To be able to study the biogenesis of PINK1 in depolarized mitochondria, | first
established the protocol for PINK1 analysis via BN-PAGE (Figures 1 and S1). To
identify the receptors responsible for PINK1 recognition by the TOM complex, |
performed peptide scan assays and in vitro pull-downs with radiolabeled PINK1-FL,
PINK1(1-120)-eGFP, PINK1(35-120)-eGFP and purified cytosolic domains of TOM70
and TOM20 (Figure S2). To validate the importance of both receptors, | carried out a
series of in vitro imports assays with radiolabeled PINK1 and polarized and
depolarized mitochondria isolated from TOM70 KD HelLa cells, TOM20 KD U20S cells
and TOM70/TOM20 KD Hela cells (Figures 2, 3, and 4). To investigate the importance
of TOM7 and both TOM7 and TOM70, | performed an in vitro import of radiolabeled
PINK1 into depolarized mitochondria isolated from either TOM7 KD U20S cells
(Figure 5) or TOM7/TOM70 KD Hela cells (Figure 6). To understand the relevance of
the TOMA40 pore to the association of PINK1 with the MOM upon CCCP treatment, |
blocked the import pore with purified chemical amounts of pSu9-DHFR and reimported
radiolabeled PINK1 as well as various control proteins (Figure 7). To study the
localization of PINK1 at the MOM upon dissipation of AWYm, | blocked the TOM40
lumen with excess amounts of purified TcPINK1 and imported radiolabeled versions
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of hPINK1 and a control protein (Figure 8). | prepared all the figures, wrote the first
draft of the manuscript, and participated in the writing of the final version.



6. INTRODUCTION

6.1 MITOCHONDRIAL BIOGENESIS AND QUALITY CONTROL

Mitochondria are versatile organelles that form tubular networks inside eukaryotic
cells. They are highly dynamic structures undergoing fission and fusion processes in
order to adjust to existing conditions and to maintain the cells in a healthy state (Youle
& van der Bliek, 2012). Two membranes confine mitochondria, the outer and inner
membrane, which define within the organelles two different aqueous compartments:
the intermembrane space (IMS) and the matrix, both providing different environmental
conditions for numerous mitochondrial processes. The cristae structures, the tubular
inner membrane invaginations, harbor enzymes that are crucial for oxidative
phosphorylation and ATP synthesis (Friedman & Nunnari, 2014). Various metabolic
pathways, such as the Krebs cycle and the B-oxidation of fatty acids also take place
in mitochondria (Chenette, 2011 & Houten et al., 2016). In addition, these organelles
are crucial for supplying the cells with various metabolites i.e. amino acids and steroids

and are the major site for iron-sulfur clusters synthesis (Osellame et al., 2012).

Mitochondria contain around 1500 various proteins in mammals and 1000 different
proteins in yeast (Nunnari & Suomalainen, 2012). Among them, the vast majority are
encoded by nuclear DNA and synthesized in the cytosol and only 13 proteins (in
human) are encoded by the mitochondrial genome. These latter ones are subunits of
the respiratory chain complexes as well as the FiFo-ATPase synthase. Hence, the
vast majority of the mitochondrial proteins have to be imported from the cytosol to
mitochondria via specialized import pathways. Various targeting and sorting signals
exist to direct precursor proteins to specific locations within the mitochondria (Figure
1) (Wiedemann & Pfanner, 2017). The presequence pathway, also termed the
classical pathway, comprises the import of proteins with presequence, which is located
at their N-terminus and functions as the mitochondrial targeting sequence (MTS)
(Schulz et al., 2015). These protein precursors are imported via the translocase of the
outer membrane (TOM) and subsequently via the translocase of the inner membrane
(TIM23). Protein translocation into matrix is driven by the presequence translocase-
associated motor (PAM) and subsequent cleavage of the presequence is carried out
by the mitochondrial processing peptidase (MPP).
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Figure 1. Biogenesis of mitochondrial proteins. Majority of mitochondrial
proteins are encoded in the nucleus and synthesized on cytosolic ribosomes (1).
Hence, they have to be translocated into mitochondria. Depending into which
mitochondrial compartment the protein will be imported, different pathways exist:
(2,3) presequence pathway, (2,4) assembly of inner membrane proteins via lateral
release from the TIM23 complex, (5) mitochondrial import and assembly (MIA)
machinery of the intermembrane space, (6) sorting and assembly machinery
(SAM) of the B-barrel proteins, (7) carrier pathway involving TIM22 complex, (8)
MOM-integration via Mim1 (S. cerevisiae), (9) proteins that are synthesized in
matrix are exported into the mitochondrial inner membrane by the oxidase
assembly (OXA) machinery. For the full description, refer to the chapter 6.1
Mitochondrial biogenesis and quality control. Adapted from “Mitochondrial protein
import: from proteomics to functional mechanisms” by O. Schmidt, N. Pfanner and
C. Meisinger, 2010, Nature Reviews Molecular Cell Biology, 11(9), 655—-667.
https://doi.org/10.1038/nrm2959

Matrix

However, the TOM complex is also capable of importing proteins containing non-
cleavable signal sequences. One of those is the carrier pathway that is crucial for
translocating multispan proteins of the inner membrane (Kurz et al., 1999). The latter
ones are imported by the TOM complex and the small TIM chaperones of the
intermembrane space and afterwards inserted into the inner membrane through the
carrier translocase of the inner membrane (TIM22). Another protein import route is
called the B-barrel pathway (Becker et al., 2008). The TOM complex serves as an
initial gate for the precursors of B-barrel proteins that should integrate into the
mitochondrial outer membrane (MOM). Subsequently, the small TIM chaperones help

to stabilize the B-barrel proteins before their integration into the MOM, which is
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facilitated by the sorting and assembly machinery (SAM) known also as topogenesis

of outer membrane (3-barrel proteins (TOB) complex.

Additional group of proteins are those that are destined to the mitochondrial IMS. A
common feature of a large portion of these proteins is the presence of characteristic
cysteine motifs (Stojanovski et al., 2012). These proteins are imported through the
TOM complex and afterwards via the mitochondrial import and assembly (MIA)
machinery of the intermembrane space. The next pathway applies to various outer
membrane proteins that have a-helical transmembrane segments. These proteins
utilize the mitochondrial import (MIM) complex of the outer membrane (Horvath et al.,
2015) in S. cerevisiae and other fungal species, however its mammalian homologue

remains to be discovered.

Being very crucial for cell homeostasis, mitochondria have to be continuously
monitored by different quality control proteins and mechanisms. The mitochondrial
unfolded protein stress response pathway (UPRmt) was characterized with the use of
Caenorhabditis elegans (Haynes et al., 2010). ATFS1, a transcription factor, is
continuously translocated in healthy organelles into the mitochondrial matrix, where it
undergoes degradation. Upon mitochondrial depolarization, the import efficiency of
ATFS1 decreases and this leads to enhanced import into the nucleus where it boosts
the transcription of mitochondrial chaperones and proteases. This in turn leads to
remodeling of metabolism resulting in less dependency on respiration. Similar
mechanism was suggested to occur in mammals where ATF5 is a transcription factor

regulating the UPRmt pathway (Fiorese et al., 2016).

Another quality control process deals with the destiny of the mitochondrial protein
OPAL. In healthy cells, OPAL is actively processed by the i-AAA protease YME1L
resulting in the generation of long transmembrane anchored and short soluble
isoforms that are necessary for mitochondrial fusion (Song et al., 2007). Upon
membrane potential attenuation, the long OPA1l isoforms are processed by the
metalloprotease OMA1 and that leads to mitochondrial fusion inhibition and therefore
shifting of the morphology balance towards mitochondrial fission. Such alterations may
result in mitophagy induction and/or cell death.

A different quality control pathway relies on the kinase PINK1 and the E3 Ub ligase
Parkin (Vincow et al., 2013). In healthy mitochondria, PINK1 is imported into the
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organelle where the protease PARL cleaves it within the transmembrane domain.
Such altered PINK1 is subsequently translocated into the cytosol and degraded by the
proteasome. Upon mitochondrial depolarization, PINK1 is accumulated in the MOM
where it phosphorylates ubiquitin conjugated to various MOM proteins. In addition,
PINK1 phosphorylates Parkin, which in turn ligates another ubiquitin molecule to the
previously phosphorylated ubiquitin. This process leads to the formation of long
ubiquitin chains and generation of positive feedback that result in mitophagy.
Mutations in PINK1 and Parkin have been associated with the occurrence of familial
Parkinson’s disease (PD). This observation indicates how crucial their function is.
PINK1 recognition by the TOM complex and its import into mitochondria remain
elusive. Therefore, it is relevant to elucidate these mechanisms specially since such

insights would help to better understand the PD pathological mechanism.
6.2 PINK1 DOMAIN STRUCTURE AND FUNCTION

PINK1 is a Ser/Thr mitochondrial kinase consisting of 581 amino acids and its
molecular weight is 64 kDa. PINK1 stands for a PTEN-induced putative kinase 1 since
it was originally found to be upregulated by PTEN (the tumor suppressor gene) in
cancer cells (Unoki & Nakamura, 2001). The protein is built from a mitochondrial
targeting sequence, transmembrane domain, kinase domain and the C-terminal tail
(Figure 2).

PARL
Ala Phe
MPP 103 104 S2928A
MTS OMS ‘ Q126P |
TMD | Kinase domain
1 34 74 94 110 156 509 581

Figure 2. Schematic representation of PINK1 domain structure. PINK1 is built
of N-terminally localized mitochondrial targeting sequence (MTS), outer
mitochondrial membrane localization signal (OMS), transmembrane domain
(TMD), kinase domain and C-terminal extension. Predicted MPP and PARL
cleavage sites are annotated. Two mutations used in the study are shown: Q126P
and S228A.
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6.2.1 MITOCHONDRIAL TARGETING SEQUENCE OF PINK1

The general feature of the MTS is the capability to form an amphipathic helix with one
hydrophobic face and one positively charged face (Sekine & Youle, 2018). Upon
aligning of the PINK1 orthologue sequences, it was found that the human PINK1 MTS
might stretch up to 100 amino acids (Sim et al., 2012). Hence, it was suggested that
PINK1 could be cleaved more than once by MPP, however the exact cutting sites
remain unknown (Greene et al., 2012). By knocking down various mitochondrial
proteases using different small interfering RNAs, two of them i.e. MPP comprising of
the MPPa and MPP subunits and, to a lesser extent, ClpP (matrix ATP-dependent
protease), were identified to be involved in the processing of PINK1 (Greene et al.,
2012). Comparison of known MPP cleavage site motifs found in different mitochondrial
proteins suggested that the conserved arginine residue is the one that is recognized
by MPP (Sim et al., 2012). Accordingly, two potential cleavage sites were mapped to
the 8-18 and 67-77 residues of human PINK1 (Sim et al., 2012). Both amino acid
stretches were found to contain a conserved arginine and hydrophobic amino acids,
which are necessary for the MPP processing. However, the aforementioned
predictions were never experimentally confirmed. Different studies focused on
determining the minimum sequence length of the MTS in order to be targeted to
mitochondria. Mugit et al. (2006) showed that fusing the first 34 amino acids of human
PINK1 with enhanced green fluorescent protein (eGFP) resulted in mitochondrial
targeting of the fusion protein. Another research revealed that the first 93 residues are
enough to translocate enhanced cyan fluorescent protein (eCFP) into mitochondria
(Silvestri et al., 2005).

6.2.2 THE TRANSMEMBRANE DOMAIN OF PINK1

Two different classes of transmembrane proteins can be distinguished: those
containing one or more a-helical transmembrane domains or those composed of -

strands forming B-barrels (Sharpe et al., 2010).

The putative transmembrane domain of human PINK1 is built of a single a-helix
containing 21 amino acids and encompassing residues 91-111 (Sim et al., 2012). The
transmembrane domain of PINK1 serves as a “stop transfer” signal for the protein

translocation and arrests it in the TIM23 complex. PINK1 undergoes a cleavage
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carried out by the PARL protease (which is described in details below) while being
captured within the inner membrane. This cleavage results in the formation of the 52

kDa mature form of the protein (Yamano et al., 2016).
6.2.3 THE KINASE DOMAIN OF PINK1

The kinase domain of PINK1 encompasses amino acid residues 156-509 and exhibits
a high degree of homology to the Ser/Thr kinase of the Ca?*/calmodulin-dependent
kinase family (Zhou et al., 2008). The kinase activity was confirmed by utilizing
recombinant PINK1 and its enzymatically inactive mutants i.e. K219A, D362A or
D384A. The mutated residues play a central role in orienting ATP within the enzyme
and transferring a phosphate group onto the acceptor residues of the substrates
(Okatsu et al., 2012). Apart from phosphorylating other proteins, PINK1 undergoes
autophosphorylation (Yamano et al., 2016). Phos-tag gel analysis revealed that upon
loss of mitochondrial inner membrane potential, PINK1 exhibits a mobility shift, which
is the result of its phosphorylation (Okatsu et al., 2012). Following the latter discovery,
Okatsu et al. (2012) found two residues, Ser228 and Ser402, that are relevant for the
PINK1 autophosphorylation, and therefore for its activation. Besides protein
phosphorylation and autophosphorylation, PINK1 can also undergo trans-
phosphorylation. Co-expressing PINK1 wild type and its kinase mutant (G409V), which
is not autophosphorylated when expressed on its own, led to the activation of the
kinase domain of the G409V mutant indicating the trans-phosphorylation event
(Okatsu et al., 2012). Furthermore, mutating both residues Ser228 and Ser402 to Ala
confirmed the specificity of the autophosphorylation sites, since the mutants did not

display any mobility shift upon phos-tag gel analysis (Okatsu et al., 2012).
6.2.4 THE C-TERMINUS REGION OF PINK1

The C-terminus of protein kinases often comprises various functional motifs
responsible for the regulation of the kinase activity (Nolen et al., 2001). In order to
investigate the functions of the C-terminal region of PINK1, Sim et al. (2012) performed
a sequence alignment search for protein domains similar to the carboxyl terminus of
PINK1. However, the aforementioned analysis failed to identify any similarities
between the C-terminal region of PINK1 and other proteins, hence it was concluded

that the C-terminus of PINK1 has a unique function. A secondary structure prediction
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suggested that the carboxyl terminus comprises three a-helices and three disordered
loops (Sim et al., 2012). Recent structural studies of PINK1 orthologs from Pediculus
humanus corporis (lice) and Tribolium castaneum (beetle) showed that the protein C-
terminus is built of helical bundle that piles on top of the C-lobe, overall called a C-
terminal extension (CTE) (Rasool et al., 2021). The evolutionary conservation of these
structural elements might indicate that the C-terminus of PINK1 has some importance
for its structure and function (Sim et al., 2012). Indeed, PINK1 structure resolved by
Rasool et al. (2021) shows that the N-terminal helix (NT) binds to the C-terminal
extension, which was proposed to play a role in stabilizing PINK1 on the TOM
complex. Along this line, NT-CTE interaction was speculated to facilitate the contacts
of PINK1 with helical TOM core subunits.

6.3 PINK1 IMPORT PATHWAY AND PROCESSING IN HEALTHY MITOCHONDRIA

PINK1 is encoded by nuclear DNA, synthesized on the cytosolic ribosomes and
subsequently imported into mitochondria via a classical pathway utilizing TOM
complex at the outer mitochondrial membrane (Sekine & Youle, 2018). PINK1
possesses the MTS at its N-terminus that is recognized by the TOM20 receptor
cooperating with TOM22 (Valente et al., 2004). Such precursors are afterwards
translocated via the translocation pore (TOM40) and handed over onto the TIM23
complex of the inner mitochondrial membrane (Neupert & Herrmann, 2007). Positively
charged MTS translocation into the matrix is dependent on the membrane potential
(AWm) across the inner membrane. The MTS of PINK1 was suggested to be cleaved
off by MPP in the matrix of mitochondria (Greene et al., 2012). It was shown that upon
PINK1 overexpression, a lower molecular weight band at 52 kDa was detected apart
from the full-length protein of around 64 kDa (Mugqit et al., 2006). A different study
revealed that when the mitochondrial import was hindered by the addition of an
uncoupler, the lower molecular band corresponding to 52 kDa disappeared. Hence, it
was concluded that the other form of PINK1 was generated by the import-associated
activity of an unknown protease (Silvestri et al., 2005). This protease was later
identified by a genetic study that used Drosophila melanogaster to be a Rhomboid-7
protease. Presenilin-associated rhomboid-like/PINK1/PGAM5-associated protease

(PARL) is its mammalian homologue (Whitworth et al., 2008). Indeed, the knockout
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(KO) of PARL in mouse embryonic fibroblasts induced the formation of 60 kDa PINK1,
which could be the MTS-cleaved form of the protein.

PARL resides in the mitochondrial inner membrane and belongs to the family of
rhomboid proteases (Jin et al., 2010). This rhomboid protease is capable of catalyzing
the cleavage within the transmembrane domains that have been arrested in the TIM23
complex. The cleavage by rhomboid proteases depends on several features (Ha et
al., 2013). One of them is the presence of helix-destabilizing amino acids such as
proline or glycine that create a kink in the helical structure. The second requirement is
the recognition of specific and among vertebrates conserved residues surrounding the
cleavage site inter alia alanine, glycine, cysteine and serine at the P1 position (before
the cleavage site). Edman degradation assay showed that PINK1 is cleaved by PARL
between Alal03 and Phel04 (Deas et al., 2011).

6.4 N-END RULE-DEPENDENT DEGRADATION OF PINK1

The 52 kDa PINK1 variant was found to be localized to the cytosol. This form is
considered as unstable as compared to the full-length protein since its accumulation
was only detected upon addition of the proteasomal inhibitor MG132 (Narendra et al.,
2010). The mechanism of PINKL1 retro-translocation into the cytosol and subsequent
degradation by the proteasome was explained by the N-end rule proteasome pathway
(Yamano & Youle, 2013). After being cleaved by PARL, PINK1 with the newly

generated N-terminus (Phel04) is retro-translocated back into the cytosol.

It was found that several amino acids at the amino terminus of proteins may promote
ubiquitination and are called degrons (Tasaki et al., 2005). Degrons can be divided
into basic ones or bulky hydrophobic, type 1 or type 2, respectively. The phenylalanine
at the N-terminus of the cleaved PINK1 falls into the category of type-2 N-degrons
(Tasaki et al., 2012). Therefore, after PINK1 retro-translocation into the cytosol, its
altered N-terminus is recognized by the E3 ubiquitin ligating enzymes i.e. UBR1, UBR2
and UBR4 and subsequently undergoes proteasomal degradation (Yamano & Youle,
2013).
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6.5 PINK1-PARKIN INDUCED MITOPHAGY

Upon depolarization of mitochondria, PINK1 accumulates at the MOM (the mechanism
is discussed later in this chapter). Activated PINK1 phosphorylates proteins, which as
a part of their turnover, were previously ubiquitinated by the E3 ligases Mull and
March5 that reside on the MOM (Yoo et al., 2015, Rojansky et al., 2016).
Subsequently, Parkin is translocated to the MOM where it is activated by binding to
phosphoubiquitin (Ordureau et al., 2014). Furthermore, Parkin is an E3 ligase
possessing ubiquitin-like domain that is phosphorylated at Ser65 residue by PINK1.
This phosphorylation leads to Parkin stabilization in an active state (Kondapalli et al.,
2012). Subsequently, Parkin ubiquitinates different mitochondrial proteins that are
localized at the MOM, forming poly-ubiquitin chains that are in turn phosphorylated by
PINK1 (Sarraf et al.,, 2013). The latter process results in a positive feedback
amplification cycle, which eventually leads to mitochondrial autophagy termed

mitophagy.

Abundant ubiquitination triggers p97 and the proteasome to be recruited to
mitochondria where proteins such as Mfnl and Mfn2, that play a role in mitochondrial
fusion, undergo proteasomal degradation (Tanaka et al., 2010). It is believed that fast
poly-ubiquitination of both mitofusins helps in segregating healthy mitochondria from
the damaged ones (Twig et al., 2008). p97 is a hexameric AAA+ ATPase that plays a
crucial role in ubiquitin-dependent proteolysis (Meyer et al., 2014). Npl4/Ufdl
heterodimer is a cofactor that binds to p97 and to some extent helps the degradation
of the MOM proteins during mitophagy (Kimura et al., 2013, Kim et al., 2013).
Additionally, the protein levels of Mirol, which is involved in the transport of
mitochondria along microtubules, were found to be decreased upon PINK1-Parkin
mitophagy induction (Chan et al., 2011). Wang et al. (2011) concluded that the rapid
degradation of Mirol leads to microtubule-dependent mitochondrial trafficking arrest,

which prevents the translocation of the damaged mitochondria.
6.6 MODIFIERS OF MITOCHONDRIAL QUALITY CONTROL

Several negative and positive regulators have been discovered to affect the PINK1-
Parkin induced mitophagy. Three enzymes are activated stepwise in order to

ubiquitinate a substrate, E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating
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enzyme) and the final E3 which transfers ubiquitin onto the lysine residue of a
substrate (Yamano et al., 2016). Some enzymes of the E2 family that are responsible
for the ubiquitin conjunction alter the activation and translocation of Parkin (Fiesel et
al., 2014). Two of them, UBE2D and UBEZ2L3, transfer the ubiquitin moiety directly
onto a Parkin catalytic center. In contrast, UBE2R1 regulates Parkin in a negative
manner. F-box only protein 7 (Fbxo7), which belongs to the E3 ubiquitin ligase
complex, associates with both PINK1 and Parkin and triggers Parkin recruitment to

the depolarized mitochondria (Burchell et al., 2013).

Another class of enzymes, namely deubiquitinating enzymes (DUBs), work
antagonistically to Parkin E3 ubiquitin ligases i.e. they remove the ubiquitin moiety
from the substrates and in this way regulate PINK1-Parkin mitophagy (Wu et al.,
2004). For instance, the overexpression of the MOM-tethered USP30 (which cleaves
K6 and K11-linked chains as well as K48 and K63-linked branched ubiquitin chains)
was proved to inhibit mitophagy and its sSiRNA-mediated knockdown triggers induction
of mitophagy (Bingol et al., 2014). Along the same line, overexpression of the cytosolic
USP15, which is also responsible for the reduction of K48- and K-63-linked ubiquitin
chains, was reported to attenuate mitophagy. Anti-apoptotic Bcl-2, Mcl-1 and Bcl-xL,
which are localized to the MOM, impede Parkin translocation leading to suppression
of mitophagy (Hollville et al., 2014). Beclinl is a pro-autophagic protein that was found
to interact with PINK1, and the latter interaction leads to the induction of an autophagy
response in neuronal cell (Michiorri et al., 2010). Finally, it was reported that some
microRNAs become more prominent under chronic mitophagy flux and act as
inhibitors of PINK1 expression indicating a negative feedback regulation (Kim et al.,
2016).

6.7 PINK1 MUTANTS LEAD TO THE DEVELOPMENT OF PARKINSON’S DISEASE

Parkinson’s disease is caused by a loss of dopaminergic neurons in the substantia
nigra pars compacta and accumulation of an intracellular protein, a-synuclein. Such
pathologies lead to the development of a chronic progressive neurodegenerative
disease with several characteristic symptoms i.e. bradykinesia, rigidity, tremor and
postural instability (Radhakrishnan & Goyal, 2018). Parkinsonism cases are mostly
sporadic, however 5-10% of them are of hereditary cause (Lesage & Brice, 2009).

Several genes have been identified as causative genes for familial Parkinson’s
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disease namely a-synuclein, Parkin, PINK1, leucine rich repeat kinase 2 and DJ-1.
Mutations in PINK1 cause an autosomal recessive young onset of Parkinson’s disease
(Hatano et al., 2009). Three mutations found in the MTS region of PINK1 i.e. G32R,
P52L and A78V were associated with PD (Sim et al.,, 2012). The first of the
aforementioned mutations, G32R was speculated to have an effect on the distribution
of the positive charges on the helix. On the other hand, the R68P mutation may result
in hindrance of PINKL1 translocation due to the reduction of positive charges on the
helix. The P52L mutation might lead to the loss of a “kink” or flexibility of the MTS that
might result in disordered structural integrity (Sim et al., 2012).

Two PD-associated mutations were found in the transmembrane domain of PINK1
namely R98F and 1111S. Both the arginine and isoleucine residues are evolutionary
conserved among vertebrates, hence most likely crucial for the maintenance of the
structural integrity of the transmembrane a-helix (Sim et al., 2012). Moreover, both
mutations could affect the PARL-mediated cleavage. For instance, the R98F mutation
interrupted the aforementioned processing and led to the increased levels of the non-
cleaved PINK1 in HelLa cells (Jin et al., 2010). Woodroof et al. (2011) found one
mutation, C125G, at the region between the TMD and kinase domain that resulted in
a decrease of PINK1 kinase activity by 40%. More than 50 mutations in the PINK1
kinase domain were discovered to be associated with PD, however the impact of most
of them has not been elucidated yet. Song et al. (2013) investigated several of the
mutants using mammalian cells and Drosophila model system. The two mutants,
human G309D and L347P corresponding to Drosophila G426D and L464P,
respectively, failed to trigger the translocation of Parkin to the mitochondrial outer
membrane. Other PD-related mutants, such as G386A and G409V significantly
inhibited PINK1 kinase activity (Woodroof et al., 2011). Two PD-associated mutations
were found in the C-terminus of PINK1 i.e. A537T and N542S and they were predicted
to abolish the regulatory function and/or the ability to maintain structural integrity of the

carboxyl terminus of the protein (Sim et al., 2012).
6.8 CROSSTALK OF PINK1-PARKIN WITH OTHER PARKINSON’S DISEASE GENES

Lately, several co-substrates of PINK1 and Parkin have been discovered indicating
the sophisticated mechanism that underlies the PINK1 and Parkin-mediated quality
control of mitochondria. Kamp et al. (2010) found that pronounced mitochondrial
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fragmentation caused by a-synuclein aggregation could be rescued by co-expressing
PINK1, Parkin, or DJ-1. In agreement, downregulation or deletion of either PINK1 or
Parkin triggered the development of mitochondrial pathologies and made the neurons
more susceptible to a-synuclein-induced neurotoxicity. Interestingly, Di Maio et al.
(2016) showed that a-synuclein directly binds to the Tom20 import receptor leading to
hindered mitochondrial import, which was believed to have a negative effect on PINK1-

Parkin pathway.

Fbxol is another protein whose mutations were found to cause an early onset of
autosomal recessive PD, however, the underlying mechanism has not been yet
identified (Burchell et al., 2013). Proteins that contain an F-box domain were shown to
target substrates to SCF-type E3-ubiquitin ligase complexes (Skowyra et al., 1997).
Burchell et al. (2013) showed that Fbxo1 participates in mitochondrial maintenance by
interacting with PINK1 and Parkin. Furthermore, it was found that Fbxol depletion
negatively affects the translocation of Parkin onto mitochondria as well as
ubiquitination of Mitofusin 1 and finally mitophagy. Several other proteins, like Beclin-
1 and PARIS, were shown to interact with PINK1. Michiorri et al. (2010) showed that
full-length PINK1 interact with pro-autophagic Beclin-1, which leads to enhanced basal
and starvation-induced autophagy induction. Lee at al. (2017) demonstrated that
PINK1 phosphorylates PARIS, which leads to its ubiquitination and subsequent
clearance by Parkin. PARIS functions to repress PGC-1aq, a transcriptional coactivator
that has its crucial role in the cellular energy metabolism regulation (Shin et al., 2011).
Hence, dysfunction of PINK1 or Parkin results in PARIS accumulation and PGC-1a
repression which was claimed to have a central effect on dopamine neuron loss.
Therefore, PARIS was suggested to be one of the players in pathogenesis of PD (Lee
et al., 2017).

6.9 PINK1 IMPORT MECHANISM INTO DEPOLARIZED MITOCHONDRIA

The critical step in PINK1-Parkin mitophagy induction is PINK1 arrest at the outer
membrane of unfunctional mitochondria, hence it is important to understand the
mechanism of this process. The translocation of various proteins via the TIM23
complex is hindered upon mitochondrial depolarization, which results in cytosolic
retention of multiple protein precursors. Under such conditions, PINK1 instead of being

retro-translocated, is inserted into the mitochondrial outer membrane. There are three
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main published hypotheses regarding the precise location of PINK1 in the MOM of
depolarized organelles. The first suggests that PINK1 is laterally released from the
TOM complex into the bulk of the outer membrane (Nguyen et al., 2016). The second
argues that PINK1 is arrested in the TOM40 lumen from where it can trigger the
mitophagy cascade (Hasson et al., 2013), whereas the third proposes that the N-
terminal segment of PINK1 could undergo lateral release, but remains bound to the

TOM complex and is not released into the bulk of the membrane (Rasool et al., 2021).

In an effort to better understand the interaction of the TOM complex with newly
synthesized PINK1 molecules, several studies investigated the role of specific TOM
components. Two studies point towards the relevance of TOM7, an accessory protein
belonging to the TOM complex, as being a “side gate” for PINK1 membrane insertion
(Hasson et al., 2013, Sekine et al., 2019). This suggestion is based on the observation
that CCCP treatment of HeLa cells lacking TOM7 failed to induce PINK1 accumulation
in the MOM (Sekine et al., 2019). Another factor that was found to be relevant for
PINK1 retention in the MOM is the presence of the outer mitochondrial membrane
localization signal (OMS) (Okatsu et al., 2015). The OMS comprises a weak
hydrophobic segment localized N-terminally to the transmembrane domain of PINK1
and encompassing amino acid residues 70-95. Moreover, it was experimentally
proved that upon CCCP depolarization of mitochondria, PINK1(1-90) was still able to
insert into the MOM (Okatsu et al., 2015). Sekine et al. (2019) concluded that both
TOM7 and OMS are crucial in PINK1 retention, with TOM7 mediating the lateral

release of the protein from the TOM40 channel.

Lazarou et al. (2012) showed that PINK1 full-length accumulates in the MOM in the
form of high molecular weight (HMW) complexes with the TOM complex at an
apparent size of 720 kDa containing at least three TOM subunits: TOM40, TOMZ20,
and TOM22. Additionally, Okatsu et al. (2013) discovered that PINK1 forms dimers in
such HMW complexes and is found to be in the phosphorylated forms. Considering all
the aforementioned findings, a model was proposed where the TOM complex
facilitates accurate orientation of the dimeric PINK1 so that the intermolecular

phosphorylation and subsequent activation can occur (Okatsu et al., 2013).

Since PINK1 accumulation at the MOM is the first event that leads to the removal of

malfunctional mitochondria, it is of great importance to understand the exact
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mechanism of this process, namely the recognition of PINK1 at the MOM as well as

its further membrane-integration.
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/. RESEARCH OBJECTIVES

Considerable research has been done to understand the biogenesis of PINK1 in
healthy as well as damaged mitochondria. Nevertheless, the import pathway of the
protein into the malfunctional organelle remains elusive. Recently, a model was
proposed in which the TOM complex assures accurate orientation of the dimeric
PINK1 enabling its intermolecular phosphorylation which leads to its activation. The
latter step is necessary for the induction of mitophagy, which is stimulated by PINK1
and Parkin. Any disturbance in this organellar quality system leads to a failure in
removal of compromised mitochondria, which results in the development of
neurodegenerative diseases such as Parkinsonism. Hence, studying the import route
of PINK1 to the MOM can provide a new insight and potential therapeutic targets to
combat such disorders.

Currently, it is unresolved which receptor at the TOM complex is more important for
the recognition of PINK1: TOM70 or TOM20. Moreover, also TOM7 was found to play
an important role in PINK1 assembly into MOM, however the exact mechanism by
which TOM7 contributes to the membrane integration is yet to be discovered.
Collectively, there are three hypotheses regarding the precise location of PINK1 at the
MOM of non-polarized organelles: 1) PINK1 is laterally released from the TOM
complex into the lipid bulk of the MOM, 2) PINK1 is stalled in the lumen of TOM40
pore, and 3) the N-terminal segment of PINK1 undergoes lateral release, but remains

bound to the TOM complex.

The main goal of this study was to clarify the aforementioned uncertainties and answer

the following questions:

1) Which receptor at the MOM is playing the major role in recognition of PINK1?
2) What is the role of TOM7 in PINK1 association with the TOM complex?
3) Where does PINKL1 reside in the OMM?

These questions were addressed in the article “The role of the individual TOM subunits

in the association of PINK1 with depolarized mitochondria” (Maruszczak et al., 2022).
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8. SUMMARY OF THE RESULTS AND DISCUSSION

The role of the individual TOM subunits in the association of PINK1 with

depolarized mitochondria (Maruszczak et al., 2022)
8.1 SUMMARY OF THE RESULTS

PINK1 is a crucial protein in quality control of mitochondria and extensive research
was carried out to elucidate its function and biogenesis. The unique feature of the
protein is its two different fates depending on mitochondrial fithess. While PINK1
import is relatively well described in healthy organelles (for an extensive review see
Sekine & Youle, 2018), the understanding of the pathway that leads to its accumulation
at the outer membrane of depolarized organelles is limited. PINK1 arrest at the MOM
is essential for activation of mitophagy. Accordingly, the goal of this study was to

dissect the individual steps that lead to the correct integration of PINK1 in the MOM.

8.1.1 ASSOCIATION OF PINK1 WITH THE TOM COMPLEX IN DEPOLARIZED
MITOCHONDRIA

The first step in studying PINK1 arrest at the MOM was to establish an assay that
would allow differention between monomeric soluble PINK1 and membrane-
associated protein. Previous research show that upon CCCP treatment of
mitochondria, PINK1 co-migrates on BN-PAGE with the TOM complex, forming a
stable complex of 700 kDa (Lazarou et al., 2012). To verify this report, | performed an
in vitro import of radiolabeled PINK1 into CCCP-treated mitochondria isolated from
HelLa cells. After the import reaction, the organelles were solubilized with digitonin and
analyzed by BN-PAGE and autoradiography. | observed a built-up of a band at
approximately 700 kDa (Maruszczak et al., 2022, Fig. 1la). | used two methods to
confirm that this radioactive 700 kDa band indeed represents PINK1 associating with

the TOM complex: (i) immunodepletion and, (ii) antibody shift.

| could deplete the TOM complex containing PINK1 using TOM22 antibody coupled to
protein A beads (Maruszczak et al., 2022, Fig. 1a). To prove the specificity of the
assay, | also used antibodies against unrelated mitochondrial proteins, i.e.
Cytochrome C and VDAC1 (Maruszczak et al., 2022, S1a). As expected, they did not
deplete the PINK1-TOM complex. Furthermore, by incubating solubilized mitochondria
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with imported PINK1 with TOM22 antibody, | could detect a size shift on BN-PAGE of
the band representing the PINK1-TOM complex. As expected, when the same
experiment was performed using an antibody against the unrelated protein ATP5A,
the complex did not change its size (Maruszczak et al., 2022, S1b). To check whether
the mutations of PINK1 related to Parkinson disease would affect initial PINK1
association with the TOM complex, | imported radiolabeled PINK1 S228A, which is an
autohposhorylation site for PINK1, and N-terminally localized glutamine to proline
variant (Q126P) into depolarized mitochondria (Maruszczak et al., 2022, Fig. 1c,d).
Mutated PINK1 was imported as efficiently as the native protein, which is in line with
previous results (Okatsu et al., 2013; Rasool et al., 2021). Collectively, these
observations support the usage of an in vitro import assay followed by BN-PAGE as a

robust and reliable method to study the association of PINK1 with the MOM.

8.1.2 IDENTIFICATION OF TOM70 AS A POTENTIAL RECEPTOR FOR PINK1 IMPORT
INTO MITOCHONDRIA

PINK1 is synthesized on cytosolic ribosomes and then has to be targeted to the
surface of mitochondria. PINK1 possesses N-terminal mitochondrial targeting
sequence and is imported via a presequence pathway into healthy mitochondria (Jin
et al.,, 2010). It is commonly accepted that whereas TOM20 recognizes mainly
precursor proteins bearing N-terminal presequences, TOM70 specializes in
processing precursors harboring internal hydrophobic segments as well as internal
MTSs (Yamano et al., 2008). Interestingly, Kato et al. (2013) showed that PINK1 is
recognized by TOM70 receptor in healthy mitochondria. To further investigate the
interaction between PINK1 and TOM70, | performed a peptide scan, in which peptides
encompassing the N-teminal 140 amino acids of PINK1 were synthsized onto a
nitrocellulose membrane (in collaboration with Dr. M. Jung, Homburg). These N-
terminal 140 amino acids residues are expected to contain all the targeting and sorting
information in PINK1. | excluded the kinase domain in that assay, as | did not expect
major import motifs in this part of the protein. The outcome of this assay indicated that
Tom70 binds the N-terminus of PINK1 in three segments: MTS, OMS and TMD,
indicating the ability of the receptor to recognize internal MTSs as well as hydrophobic
segments of PINK1 (Maruszczak et al., 2022, S2a,b).
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To further substantiate these interactions, | incubated the cytosolic domain of yeast
Tom70 with newly translated radiolabeled PINK1. In parallel, synthesized PINK1 was
also incubated with the cytosolic domain of yeast Tom20 as well as glutathione S-
transferase (GST), since both proteins were N-terminally tagged with GST. The results
showed that PINK1 directly interacts with Tom70, while Tom20 binding was rather
weak (Maruszczak et al., 2022, S2c¢). These findings further support the central role of
TOM70 in PINK1 recognition and subsequent import. Lastly, | checked whether the
MTS of PINKL1 is crucial for its direct interaction with Tom70, by generating a construct
of the protein without its presequence. Notably, PINK1 lacking its MTS bound the
receptor as efficiently as the one containing it (Maruszczak et al., 2022, S2d).

Interestingly, when | performed a peptide scan assay with purified cytosolic domain of
Tom20, | observed binding over the whole length of PINK1 N-terminus (Figure 3). This
observation is not surprising, since Sim et al. (2012) predicted that the MTS of PINK1
might encompass amino acids 1-100 of PINK1 as they were predicted to form an
amphipathic helix. The apparent discrepancy between the moderate binding of Tom20
as reflected in the peptide scan and the weak binding observed in the in vitro pull-
down assay might be due to the different experimental set-up. The peptides printed
onto the membrane in the peptide scan are available for binding, whereas the N-
terminus of PINK1 (as part of the whole protein) might be masked by other elements

of the structure.
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Figure 3. The cytosolic domain of Tom20 interacts with PINK1 in the peptide
scan assay. (a) Nitrocellulose membrane containing 15-mer peptides covering
amino acid residues 1-140 of PINK1 was incubated with recombinantly expressed
cytosolic domain of yeast Tom20. After incubation, the interaction was visualized
by immunodecoration using antibody against Tom20 (upper panel). The numbers
flanking the panel reflect the serial numbers of the peptides. (b) The intensity of
each dot was quantified and the average quantification of three independent
experiments were plotted. The dot with the strongest intensity was set as 100%.
The numbers on the X-axis reflect the central amino acid residue of each peptide.
A schematic representation of the N-terminal region of PINK1 is shown. MTS:
mitochondrial targeting signal; OMS: outer mitochondrial membrane localization
signal; TMD: transmembrane domain.

8.1.3 TOM70 PLAYS AN IMPORTANT ROLE IN PINK1 RECOGNITION AT THE SURFACE
OF MITOCHONDRIAL OUTER MEMBRANE, WHILE THE ROLE OF TOM20 IS MARGINAL

To validate the importance of TOM70 receptor, | performed in vitro imports of
radiolabeled PINK1 into mitochondria isolated from HelLa cells that were depleted of
TOMT70. Firstly, | incubated newly translated PINK1 with polarized mitochondria and
observed a significant reduction (30%) of the import of PINK1 into organelles depleted
from the receptor as compared to control organelles (Maruszczak et al., 2022, Fig.
2c,d). This observation is in agreement with previously published data (Kato et al.,
2013). The efficiency of the protein translocation was measured by the formation of 52
kDa band that corresponds to PARL-processed PINK1 (Jin et al., 2010). Furthermore,
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| carried out the same experiment with mitochondria depolarized with CCCP prior to
the import. PINK1 association with the TOM complex was reduced by 30% in
mitochondria depleted of TOM70 as compared to control (Maruszczak et al., 2022,
Fig. 2e,f).

Although TOM20 did not bind PINK1 as efficiently as TOM70, I could not fully exclude
the possibility that it contributes to PINK1 recognition at the MOM. Hence, | performed
in vitro imports of PINK1 into mitochondria depleted of TOM20. The formation of the
52 kDa PINK1 species was comparable in control and TOM20 KD organelles
(Maruszczak et al., 2022, Fig. 3c,d). Upon treatment of mitochondria with CCCP to
force PINK1 arrest at the MOM, | could observe 20% reduction of PINK1 association
with the TOM complex of TOM20 KD organelles as compared to control (Maruszczak
et al., 2022, Fig. 3e,f). These experiments suggest a rather marginal role of TOM20
receptor in the import of PINK1.

Since PINK1 was still imported into mitochondria depleted of either TOM70 or TOM20,
| wanted to check whether in the absence of one receptor, the other could take over
its role. Hence, | knocked down both proteins in HelLa cells, isolated mitochondria from
these cells and performed in vitro import into polarized as well as CCCP-treated
organelles. The processing of PINK1 by PARL decreased to 80% in TOM70/TOM20
KD, while association of PINK1 with the TOM complex dropped to 40% (Maruszczak
et al., 2022, Fig. 4c-f). The drastic reduction of the import, especially in depolarized
mitochondria indicates the exchangable roles of both receptors and may indicate that
both receptors have stabilizing roles in the association of PINK1 with the TOM

complex.

8.1.4 PINK1 ASSOCIATION WITH THE TOM COMPLEX IS REDUCED UPON KNOCK
DOWN OF TOM7

TOM7, a small accessory protein of the TOM complex, was found to play a role in the
association of PINK1 with the MOM upon depolarization of the organelles (Hasson et
al., 2013; Sekine et al., 2019). However, the mechanism by which TOM7 facilitates
this process remains unclear. To better understand this issue, | knocked down TOM7
in U20S cells and isolated mitochondria from these cells. Since | could not find a
functional antibody against TOM7, | validated the depletion in three different ways.

Firstly, it was previously reported that upon knock down of TOM7, the TOM complex
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loses its stability and migrates at apparently lower molecular mass (Kato & Mihara,
2008). Thus, | solubilized mitochondria isolated from control and TOM7 depleted cells
and analyzed them via BN-PAGE. Indeed, | could observe altered migration pattern of
the TOM complex in the TOM7 KD cells (Maruszczak et al., 2022, Fig. 5a). Secondly,
| used scrambled siRNA in parallel to siRNA against TOM7 to exclude any non-
specificity. | imported radiolabeled TOM40 into mitochondria isolated from the control
cells as well as the cells treated with the specific SIRNAs. Notably, TOM40 integrated
into the TOM complex in all three cases, however in the TOM7 KD mitochondria, the
TOM complex in which TOM40 integrated appeared to migrate lower, as it was seen
previously (Maruszczak et al., 2022, Fig. 5b). When the same membrane was
decorated with the anibody against TOM40, the endogenous complex also migrated
lower and appeared less stable. Thirdly, | performed RT-gPCR as the final validation
of the knock down and the results showed dramatically decreased levels of the TOM7
encoding mMRNA (data not shown). Taken together, the TOM7 KD presented an
expected and constant effect on the TOM complex, assuring that the depletion of the

protein was specific.

Since the stability of the TOM complex is compromised in mitochondria from TOM7
KD cells, | tested whether any client protein of this complex will be affected by such
hindrance. Hence, | imported radiolabeled matrix-destined pSu9-DHFR into
mitochondria isolated from the control and the cells depleted of TOM7. The correct
import of pSu9-DHFR was monitored by its processing by MPP. The import of this
protein dropped by 20-30% upon TOM7 KD as compared to control (Maruszczak et
al., 2022, Fig. 5c,d). The association of PINK1 with the TOM complex in mitochondria
depleted of TOM7 showed similar results. (Maruszczak et al., 2022, Fig. 5e,f). To
exclude general import deficiency in TOM7 KD cells and prove that the effect is specific
to the TOM complex, | imported into the isolated organelles PBR (TSPO), which does
not rely on the main translocase for its import into mitochondria (Otera et al., 2007).
As expected, the import of PBR did not alter upon TOM7 depletion (Maruszczak et al.,
2022, Fig. 5g,h). Hence, it appears that TOM7 KD does not specifically affect PINK1

association, but also other proteins that rely on a stable TOM complex for their import.

Next, | wanted to check whether the double KD of both TOM7 and TOM70 would have
a synthetic effect on PINK1 association with the MOM. To this end, | knocked down

both proteins in HelLa cells and isolated mitochondria from these cells. | imported
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PINK1 into depolarized mitochondria and observed more than 60% reduction of PINK1
association with the TOM complex as compared to control (Maruszczak et al., 2022,
Fig. 6b,c). Such drastic effect might be due to the combined effect of both depletions;
the absence of the main receptor of PINK1 import into mitochondria and destabilization
of the TOM complex in the absence of TOM7.

8.1.5 THE LUMEN OF THE TOM PORE IS CRUCIAL FOR PINK1 ASSOCIATION WITH THE
MITOCHONDRIAL OUTER MEMBRANE

The precise PINK1 localization in the TOM complex of depolarized mitochondria
remains an open question in the field. There are three hypotheses in the literature on
this matter: 1) PINKL1 is laterally released from the TOM complex into the bulk of the
MOM (Nguyen et al., 2016), 2) PINK1 gets arrested in the TOM40 channel from where
it can induce the mitophagy cascade (Hasson et al., 2013) and 3) PINK1 N-terminal
segment undergoes lateral release, however remains bound to the TOM complex and
is not released into the bulk of MOM (Rasool et al., 2021). TOM40 appears to play a
central role in all three situations, hence my aim was to study PINK1 dependence on
the TOMA40 pore in depolarized mitochondria. To avoid secondary effects of TOM40
KD, as it could result in general disruption of protein import into mitochondria, | used
another system that relies on clogging the TOM complex with excess amounts of
pSu9-DFHR. The fusion protein consists of the presequence of subunit 9 of Fo-
ATPase fused to dihydrofolate reductase (DHFR). If excess of purified pSu9-DHFR is
added to isolated mitochondria in the presence of methotrexate (DHFR ligand), then
the presequence segment of the protein will translocate into the matrix, however the
tightly folded DHFR domain will prevent the import of the DHFR moiety via the TOM
complex. In such a situation, the entire presequence import pathway becomes
clogged.

Firsty, | imported radiolabeled PINK1 and F1p into polarized mitochondria that were
incubated with excess amounts of pSu9-DHFR prior to the import. As expected, since
both proteins rely on the TOM and TIM23 complexes for their import, their
translocation was acutely affected (Maruszczak et al., 2022, Fig. 7a,b). Furthermore,
| also imported radiolabeled TOM40 and observed 40% reduction in its MOM
association in mitochondria preincubated with pSu9-DHFR (Maruszczak et al., 2022,
Fig. 7c,d). The reduction observed for TOM40 was not as severe as for the
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presequence proteins because the biogenesis of TOM40 does not require TIM23 and
depends on the TOM and SAM complexes that are more abundant than the
TOM/TIM23 supra-complexes. | used PBR as a negative control, since its import
should not be affected by the TOM complex blockage. As expected, PBR was
imported to the same efficiency in both control and blocked mitochondria (Maruszczak
et al., 2022, Fig. 7e,f). Lastly, | imported radiolabeled PINK1 into blocked and CCCP-
depolarized mitochondria and observed a drastic reduction of PINK1 association with
the TOM complex to less than 40% as compared to control (Maruszczak et al., 2022,
Fig. 7g,h). These experiments show that PINK1 uses the lumen of TOMA40 for its stable
association with the TOM complex.

8.1.6 TCPINK1 APPARENTLY BLOCKS THE TOM PORE IN DEPOLARIZED MITOCHONDRIA

Finally, | aimed to study where in the MOM PINKL1 resides upon depolarization of
mitochondria. Specifically, | was interested whether it gets released into the bulk of the
MOM, arrested in the TOM40 lumen, or remains bound to the TOM complex, however
outside the TOM40 barrel. To address this aim, | obtained from the group of Dr. J.F.
Trempe the corresponding plasmids and purified recombinant TcPINK1, which was
previously used in studies on structure-function relationships of PINK1 (Kumar et al.,
2017; Rasool et al., 2018; Okatsu et al., 2018; Rasool et al., 2021). TcPINK1 is more
stable than hPINK1, hence it was more suitable to use in my experimental system.
Firstly, | checked whether TcPINK1, similarly to hPINK1, associates with the TOM
complex upon depolarization. Indeed, radiolabeled TcPINK1 co-migrated with the
TOM complex at around 700 kDa (Maruszczak et al., 2022, Fig. 8a). Subsequently, |
carried out reciprocal experiments to the ones described above by testing whether
TcPINKL1 can clog the TOM complex and therefore, inhibit the import of other clients
of the TOM complex. To this end, | incubated isolated mitochondria with CCCP and
recombinant TcPINK1, and afterwards, reimported TOM40 or hPINK1. Integration of
both proteins into the MOM was compromised upon clogging the complex with
TcPINK1 (Maruszczak et al., 2022, Fig. 8b-e). Notably, the reduction of the TOM40
membrane integration in mitochondria blocked with pSu9-DHFR and TcPINK1 was
similar. This can be expained by either the fact that the kinase domain of PINK1
hinders the access of other substrates to the TOM complex or that PINK1 similarly to
pSu9-DHFR occupies the pore of the TOM40 in depolarized mitochondria.
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8.2 DISCUSSION

8.2.1 DIFFERENTIAL ROLES OF THE IMPORT RECEPTORS TOM70 AND TOM20

Recent publications enriched our knowledge regarding the spectrum of functions of
TOM70. It was known that TOM70 contains a tetratricopeptide structure that along
with Hsp70 and Hsp90 chaperones functions in recruitment and recognition of protein
clients to mitochondria (Young et al., 2003; Fan et al., 2011; Hoseini et al., 2016).
Additional findings showed that the mature parts of mitochondrial precursors might
contribute to the efficiency of the protein import into the organelle (Yamamoto et al.,
2009; Schendzielorz et al., 2016). Finally, Backes et al. (2018) found that besides the
cleavable N-terminal presequence, there are other MTS-like features that can be
present in the mature protein parts. These specific protein segments were described
as internal MTS-like signals (iIMTS-Ls) and were found to specifically interact with
TOM70 (Backes et al., 2018). It was found that, similarly to canonical MTS, these
IMTS-Ls have low frequencies of glutamate and aspartate and high occurence of
hydroxylated or positively-charged amino acids (lysine and arginine). These specific
protein segments had low hydrophobicity score and were additionally described as
being predominantly helical and of amphipathic nature. Analysis of the primary
sequence of PINK1 (in collaboration with Prof. J. Herrmann, TU Kaiserslautern)
revealed that the protein contains iIMTS-Ls within its N-terminus. A specific tool was
used (Schneider et al., 2021; http://hyperweb.bio.uni-kl.de/) and PINK1 segment

between amino acids 40-80 was identified with a high score (Figure 4). Since these
IMTS-Ls are supposed to interact with TOM70, this prediction fits nicely the results of
the peptide scan with Tom70.

PINK1 lacking its first 35 amino acid residues and hence the MTS, was still found to
associate with mitochondria, however was retained mainly at the MOM (Okatsu et al.,
2015). Hence, it is tempting to speculate that since PINK1 can be imported into both
the matrix and stalled within the MOM, it is mainly dependent on TOM70 in depolarized
mitochondria. This assumption is supported by three arguments: 1) TOM70 generally
recognizes iMTS-Ls, 2) PINK1 contains a putative internal MTS at residues 40-80, and
3) PINK1 variant lacking the first 34 residues is mainly arrested in the MOM. Indeed,
my results showed that PINK1 import into depolarized mitochondria depleted of
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TOM70 was significantly affected, while TOM20 depletion had lower impact on the
association of PINK1 with the MOM.

s if\VRQALGRGLQLGRALLLRFTGKPGRAYG LGRPGPAAGCVRGERPGWAAGPGAEPRRVG
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Predicted iMTS-L propensity profile:
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Index of AminoAcid

Figure 4. PINK1(1-140) contains iMTS-Ls. PINK1(1-140) amino acid sequence
was used for the iIMTS-Ls prediction. The probability scores of iIMTS-Ls are
presented as a coloured heatmap (upper panel). A graphic representation of the
smoothed probability for formation of iIMTS-L (lower panel).

Recent study by Backes et al. (2021) emphasized the importance of TOM70 ability to
tether cytosolic chaperones over its receptor function. Hence, | cannot exclude the
possibility that the interaction of PINK1 and TOM70 receptor is due to the recruitment
of chaperone-bound PINK1 from the cytosol. However, since TOM70 specifically
bound the internal MTS of PINK1 in the peptide scan, | conclude that both assigned
roles of TOM70 are important in the initial recruitment of the protein to the surface of

the mitochondria as well as the further import into the organelle.
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8.2.2 TOM7 ROLE IN PINK1 ASSOCIATION WITH THE MITOCHONDRIAL OUTER
MEMBRANE

Recent research postulated an important role of TOM7 in PINK1 stabilization in the
MOM (Hasson et al., 2013; Sekine et al., 2019; Rasool et al., 2021). Hasson et al.
(2013) reported that in TOM7 knockout (KO) cells, YFP-Parkin failed to translocate to
depolarized mitochondria and that mitophagy downstream of Parkin recruitment was
acutely affected. Moreover, TOM7 KD in induced pluripotent stem cell (iPS cell)
derived neurons resulted in reduced accumulation of endogenous PINK1 as a
response to depolarization. Overall the authors concluded that TOM7 stabilizes PINK1
in the MOM, and therefore enables the recruitment of Parkin. When | imported PINK1
into mitochondria depleted from TOM7, | observed only moderate reduction in PINK1
association with mitochondria. The difference between both studies is that Hasson et
al. (2013) used cells in which TOM7 was knockout, while in my system | depleted the
protein with siRNA. Indeed, in the iPS experiments where TOM7 was knocked down,
PINK1 was still accumulating in the MOM, however not to the degree in which it
happens in control cells (Hasson et al., 2013). Thus, the presence of small amounts
of TOM7 might still be efficient for PINK1 stabilization at the MOM, however in case of
complete KO, the arrest is hindered. Hasson et al. (2013) did not observe any
difference between the import of Su9-DHFR presursor into control and TOM7 KO
mitochondria. In contrast, pSu9-DHFR import was affected in my in vitro import
system. This reduction might indicate general import problem due to destabilization of
the TOM complex in mitochondria isolated from TOM7 KD cells.

The symmetry-driven docking model by Rasool et al. (2021) suggests that N-terminally
located NT helix of PINK1 faces TOM7, which causes the PINK1 TM helix to be placed
outside the TOM40 pore. Hence, these authors concluded that the N-terminus must
be released from the TOM40 via a lateral opening. However, lateral release of
substrates from the TOM complex is questionable, since according to the recently
published atomic structure of the TOM complex, the B-barrels forming TOM40 appear
to be tightly closed (Wang et al., 2020; Guan et al., 2021).

Such modeled interactions of PINK1 with the TOM complex indicate that indeed TOM7
is necesarry for proper positioning of PINK1 in the TOM40 pore. Nevertheless, my
results are not in contrast to the ones presented by Rasool et al. (2021), since my
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experiments focus on initial biogenesis of PINK1 in the MOM. It was shown that Parkin
is not recruited unless PINK1 is properly positioned within the TOM complex, which
happens downstream of the events that | investigated. It might be that this specific
displacement of PINK1 N-terminus happens only after PINK1 dimer
transphosphorylation, which would lead to their activation and hence Parkin

recruitment.

8.2.3 PINK1 NEEDS THE LUMEN OF TOMA40 FOR ITS ASSOCIATION WITH THE
MITOCHONDRIAL OUTER MEMBRANE

The blockage of TOM40 pore with excess substrate in depolarized mitochondria
resulted in dramatic reduction in the capacity of PINK1 to form a complex with TOM.
This outcome suggests that the lumen of TOMA40 is crucial for PINK1 biogenesis at
the MOM. To test the hypothesis that PINK1 arrests in the TOM40 pore, | incubated
depolarized mitochondria with excess amounts of TcPINK1 and then imported TOM40
and hPINK1 into such treated organelles. The reduction in the membrane integration
of both substrate proteins suggests that PINK1 might reside in the TOM40 lumen and
block the import pore for other TOM complex substrates. Several additional
observations suport this hypothesis: 1) the interaction between PINK1 and TOM
complex is strong enough to withstand the solubilization process of mitochondria. Of
note, only the core components of the translocase can sustain these conditions, i.e.
TOM40, TOM22 and the three small subunits TOM5, TOM6 and TOM7, 2) Blockage
of the TOM complex by PINK1 prevents the import of other proteins into mitochondria
marked for degradation, and 3) PINK1 re-import after recovery of the mitochondrial
membrane potential is rather fast (Lazarou et al., 2012), hence it could indicate that it
is already localized in the TOM40 pore. Re-translocation from the lipid core of the
MOM would require additional steps such as extraction from the membrane and

putative re-entering pathway into the TOM complex.

In summary, this research aimed to dissect the individual steps of PINK1 integration
into the MOM. To that end, | applied a wide variety of in vitro and in organello
biochemical assays to study the interaction of PINK1 with the TOM complex upon
mitochondrial depolarization. My findings emphasize the role of the individual

components of the TOM complex in the correct positioning of PINK1, which is a critical
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step in mitophagy induction. Overall, the results generated in this study can expand
our understanding of the complex mechanism of PINK1 integration into the MOM.
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Human Dopaminergic Neurons Lacking PINK1 Exhibit Disrupted Dopamine
Metabolism Related to Vitamin B6 Co-Factors (Bus et al., 2020)

8.3 SUMMARY OF THE RESULTS AND DISCUSSION

Loss of function mutations in PINK1 and Parkin are well known to cause an autosomal
recessive and early onset of Parkinson disease (PD) (Ge et al., 2020). Both proteins
function in the signalling pathway that leads to the removal of damaged mitochondria,
hence any hindrance in the process results in the abolition of cell homeostasis (Quinn
et al., 2020). The goal of this study was to elucidate the neuronal-specific functions of

PINK1 and their implications on the pathomechanism of PD.

Differentiated human midbrain-specific dopaminergic neurons (hDANs) knockout for
PINK1 were used as a model system to understand the role of the protein in brain
function. Firsty, it was shown by other co-authors that treatment with the potassium
ionophore Valinomycin of both control and PINK1 KO hDANSs, led to the same
accumulation of the autophagy marker, LC3-Il. Hence, these findings suggest PINK1
is non-essential for the general autophagy. | measured the import ability of
mitochondria isolated from either control or hDANs devoid of PINK1. To that end, |
incubated radiolabeled protein precursors of pSu9-DHFR and Fisl with purified
organelles and analyzed their import into isolated mitochondria by SDS-PAGE
followed by autoradiography. The import efficiency was not altered in organelles
isolated from PINK1 KO hDANSs (Bus et al., Fig S3b).

Dopamine release was previously reported to be altered in PINK1 KO mouse striatum
(Kitada et al., 2007). Here, via investigating various metabolic pathways, it was found
that deficiency of dopamine might be an effect of changed metabolism. The study
showed that 3,4-Dihydroxyphenylacetic acid (DOPAC) and dopamine levels were
reduced in PINK1 KO hDANs. Dopamine synthesis relies on the active form of vitamin
B6, namely pyridoxal phosphate, which is recycled from degraded B6 enzymes in a
salvage pathway with the help of Pyridoxine 5'-phosphate oxidase (PNPO) enzyme.
This study proposes the anaplerotic aid to the TCA cycle and supporting anabolism
via acetyl-CoA that is provided by the precursors of dopamine. Hence, metabolic
adaptation to altered environment happens at the cost of lower dopamine synthesis,

which is one of the hallmarks of Parkinson disease.
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