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Abstract

Abstract

Mitochondrial quality control is a critical component of cellular homeostasis. The serine/threonine

kinase PINK1 plays a pivotal role in maintaining a healthy pool of mitochondria. Under normal

conditions, PINK1 is imported into intact polarized mitochondria, where it is cleaved by the

inner mitochondrial rhomboid protease PARL and subsequently rapidly degraded via the pro-

teasome. However, under circumstances such as depolarized mitochondria, uncleaved PINK1

accumulates at the outer mitochondrial membrane, initiating PINK1-Parkin-mediated mitophagy

to remove the damaged organelle. Despite PINK1’s importance, many aspects regarding the

regulation of PARL activity, PINK1 cleavage and localization under physiological conditions re-

main unclear. A major challenge in investigating these processes is the reliance on depolarizing

agents or time-consuming PARL knockdowns or knockouts, which bear the risk of masking other

mitochondrial pathways and mechanisms. Specific PARL inhibitors, which would mitigate these

problems, are so far lacking.

In this thesis, I establish a novel PARL-targeted group of α-ketoamide-based inhibitors by

validating them using two PARL substrates, PGAM5 and PINK1, in human cell models. I demon-

strate that these inhibitors exhibit high potency, do not disrupt the mitochondrial membrane

potential, and are largely non-toxic at appropriate concentrations, making them well-suited for

future research applications. Furthermore, I show that PARL inhibition results in alternative

PINK1 cleavage fates and different submitochondrial localizations, leading also to PINK1 ac-

cumulation at the outer mitochondrial membrane and causing Parkin recruitment, a hallmark of

mitophagy. Notably, I reveal PARL inhibition as a novel trigger for OMA1-mediated cleavage of

PINK1 and uncover the interactions between PINK1 and the TOM and TIM23 import complexes

upon PARL inhibition.

Taken together, these inhibitors open up new investigative strategies for advancing PARL

research. My establishment and application of the novel PARL inhibitors has illuminated PINK1

processing and its downstream pathways, highlighting PARL as a dynamic regulator of mito-

chondrial homeostasis.
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Zusammenfassung

Zusammenfassung

Mitochondriale Qualitätskontrolle ist eine entscheidende Komponente der zellulären Homöosta-

se. Die Serin/Threonin-Kinase PINK1 spielt eine zentrale Rolle bei der Aufrechterhaltung der

angemessenen Anzahl gesunder Mitochondrien. Unter normalen Bedingungen wird PINK1 in

polarisierte, intakte Mitochondrien importiert, wo es durch die innere mitochondriale Rhomboid-

protease PARL gespalten und anschließend im Zytosol rasch durch das Proteasom abgebaut

wird. Bei depolarisierten Mitochondrien hingegen akkumuliert ungespaltenes PINK1 an der äu-

ßeren Mitochondrienmembran und initiiert PINK1-Parkin-Mitophagie, um die beschädigten Or-

ganellen zu entfernen. Trotz der Bedeutung von PINK1 sind viele Aspekte der Regulation von

PARL-Aktivität, PINK1-Spaltung und -Lokalisation unter physiologischen Bedingungen weiter-

hin unklar. Eine wesentliche Herausforderung bei der Untersuchung dieser Prozesse besteht in

der Abhängigkeit von depolarisierenden Substanzen oder zeitaufwändigen PARL-Knockdowns

oder -Knockouts, die das Risiko beinhalten, andere mitochondriale Signalwege und Mechanis-

men zu verdecken. Spezifische PARL-Inhibitoren, die diese Probleme beheben könnten, fehlen

bisher.

In dieser Arbeit stelle ich eine neue Gruppe von PARL-spezifischen, auf α-Ketoamid ba-

sierenden Inhibitoren vor, die ich mithilfe zweier PARL-Substrate, PGAM5 und PINK1, in hu-

manen Zellmodellen validiere. Ich weise nach, dass diese Inhibitoren eine hohe Wirksamkeit

besitzen, dass sie das mitochondriale Membranpotential nicht zerstören und dass sie bei ef-

fektiven Konzentrationen größtenteils nicht toxisch für die Zellen sind, was sie für zukünftige

Forschungsanwendungen ideal macht. Darüber hinaus zeige ich, dass die Inhibition von PARL

zu alternativen PINK1 Spaltungswegen und unterschiedlichen submitochondrialen Lokalisatio-

nen führt, einschließlich der Akkumulation von PINK1 an der äußeren Mitochondrienmembran,

was die Rekrutierung von Parkin – ein Kennzeichen der Mitophagie – auslöst. Insbesondere

identifiziere ich die PARL-Inhibition als neuartigen Auslöser für die OMA1-vermittelte Proteoly-

se von PINK1 und decke Interaktionen zwischen PINK1 und den Importkomplexen TOM und

TIM23 unter PARL-Inhibition auf.

Zusammenfassend eröffnen diese Inhibitoren neue Möglichkeiten für die PARL Forschung.

Meine Etablierung und Anwendung der neuartigen PARL-Inhibitoren beleuchtet die Wege der

PINK1-Prozessierung und deren nachgeschalteten Signalwege und hebt PARL als dynami-

schen Regulator der mitochondrialen Homöostase hervor.
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1 Introduction

1 Introduction

Colloquially, mitochondria are frequently referred to as the “powerhouses of the cell” due to their

major contribution to the cell’s energy metabolism. Of course, mitochondria are muchmore than

simple energy production centers; for example, they also play a role in providing calcium for dif-

ferent cellular functions and are a major checkpoint in apoptosis. This makes mitochondrial

functionality critical for cellular homeostasis, with defects in mitochondria-related processes be-

ing implicated in various human disorders. To ensure proper mitochondrial functionality, quality

control mechanisms have evolved that act on both the protein level via proteases and on the or-

ganelle level via fission, fusion and degradation of the mitochondrion itself to different degrees.

1.1 Maintenance of mitochondrial function is a crucial aspect of cellular homeo-
stasis

1.1.1 The complex mitochondrial architecture as the basis of mitochondrial functions

Mitochondria are unique among animal cell organelles due to their endosymbiontic origin from

prokaryotes taken up into proto-eukaryotes (Sagan, 1967; Bonen et al., 1977; Yang et al., 1985)

and the characteristics resulting from that origin. Mitochondria can be divided into several sub-

compartments. They have an outer and an inner mitochondrial membrane (OMM and IMM)

which enclose the intermembrane space (IMS). Both OMM and IMM contain translocases, re-

ferred to as TOM (translocase of the outer mitochondrial membrane) and TIM (translocase of the

inner mitochondrial membrane), respectively. The TOM and TIM complexes coordinate the pro-

tein import into mitochondria, as the vast majority of mitochondrial proteins are nuclear-encoded

(Section 1.2). Further, the OMM contains the voltage-dependent anion channel (VDAC). As

a porin, VDAC allows for passage of selective ions, including adenosine triphosphate (ATP)

as the universal cellular energy source, over the OMM (Shoshan-Barmatz and Gincel, 2003).

VDAC is also involved in interactions of mitochondria with the endoplasmic reticulum (ER) at

contact sites known as the mitochondria-associated ER membranes (MAMs, Section 1.1.3).

The IMM is folded into so-called cristae, which result in a surface area of the IMM several

times that of the OMM. This internal structure is supported by the IMM lipid cardiolipin, which

displays a high affinity for curved membranes and aids in cristae formation. This is facilitated

by its higher intrinsic curvature originating from its four fatty acid chains instead of two as is

the case in the other primary mitochondrial membrane lipids phosphatidylcholine and phos-
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phatidylethanolamine (Huang et al., 2006; Khalifat et al., 2008; Falabella et al., 2021). The

IMM, specifically the cristae, is the place where the proteins of the electron transport chain

and oxidative phosphorylation are localized (Section 1.1.2). The IMM encases the matrix, the

innermost mitochondrial compartment that contains the mitochondrial DNA (mtDNA) and mito-

chondrial ribosomes. These produce a limited set of proteins that are part of the respiratory

chain complexes.

The division by the IMM and OMM into these subcompartments allows the mitochondrion

to maintain an electrochemical proton gradient between IMS and matrix without influencing

or being influenced by the cytosol. This gradient, hereafter referred to as the mitochondrial

membrane potential (ΔΨm), is essential for the mitochondria’s role in energy production.

1.1.2 Energy conversion within mitochondria

Mitochondria produce energy in the form of ATP, generated from adenosine diphosphate (ADP).

Broadly speaking, the overall process known as cellular respiration involves oxidizing a glucose

molecule with the use of oxygen as an electron acceptor to carbon dioxide and water which

produces the equivalent of 30 ATP molecules per glucose molecule.

The citric acid cycle in the matrix produces one equivalent of ATP as well as further NADH

and FADH2 from the conversion of acetyl-CoA. Acetyl-CoA is converted from pyruvate, which

itself is the product of cytosolic glycolysis, which also produces ATP and NADH. Further acetyl-

CoA is produced from ketone bodies and via β-oxidation of fatty acids in the mitochondria, again

producing NADH and FADH2 in addition.

NADH as well as FADH2 are then used as electron donors for oxidation in the electron

transport chain at the cristae (Figure 1). The electrons first enter the electron transport chain

at the IMM-anchored complex I or complex II, both of which pass the electrons to ubiquinone, a

lipid-soluble electron carrier that can freely move within the membrane. Ubiquinone shuttles the

electrons to complex III, which itself passes the electrons onto the water-soluble cytochrome c.

Finally, the electrons are transferred to protons and oxygen which produces water molecules.

This electron transfer along the protein complexes of the electron transport chain results in free

energy which is used by the proton pumps (complex I, III and IV) to translocate protons from

the matrix into the IMS. This allows the creation of ΔΨm. The electrochemical gradient drives

the protons from the IMS back into the matrix through complex V, the F-ATP synthase, which

generates further ATP via phosphorylation. Thus, the whole process at the IMM is known as

oxidative phosphorylation.
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Figure 1: Oxidative phosphorylation and selected inhibitors. Schematic representation of the electron transport
chain complexes involved in oxidative phosphorylation. Indicated in red are three inhibitors / uncouplers that are used
within this study and their targets. For detailed explanation, see Section 1.1.2. Abbreviations: IMS = intermembrane
space, IMM = inner mitochondrial membrane. Created using BioRender.

The process of oxidative phosphorylation is, however, not without downsides. The electron

transfer risks generation of reactive oxygen species (ROS) when electrons prematurely reduce

oxygen. ROS, when too abundant, cause oxidative stress to the cell: ROS are highly reactive

with the potential to modify and damage nucleic acids (especially due to the close proximity

to mtDNA in the matrix), proteins and lipids (Cadenas and Davies, 2000). Thus, this pathway

is tightly regulated and has also been implicated in cell cycle functionality, as functional and

heightened oxidative phosphorylation is linked to cellular proliferation (Zacksenhaus et al., 2017;

Yao et al., 2019; Ghosh et al., 2020; Ren et al., 2023). Further, the folding of the IMM into

multiple separated cristae is useful for maintaining different ΔΨm sections, which may contribute

to keeping a mitochondrion as a whole healthy when only specific cristae suffer defects in the

electron transport chain (Wolf et al., 2019).

The oxidative phosphorylation can be modulated by inhibitors and so-called uncouplers

(Figure 1, in red). These compounds interfere by uncoupling the electron transport chain from

the F-ATP synthase by transporting protons through the IMM without involvement of the F-

ATP synthase and thus dissipate the proton gradient which causes depolarization of the mi-

tochondrion. A physiological uncoupler is the protein thermogenin which is expressed mostly

in brown fat tissue in the IMM. This proton channel allows the reflux of protons to the matrix,

thus producing heat instead of ATP (Fedorenko et al., 2012). A chemical uncoupler is carbonyl

cyanide 3-chlorophenylhydrazone (CCCP), which as an ionophore can bind protons at the IMS

side, transport them over the IMM and release the protons at the matrix side, dissipating the
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electrochemical gradient (Hopfer et al., 1968; LeBlanc Jr., 1971). Two inhibitors of oxidative

phosphorylation that will also be used in this study are Oligomycin and Antimycin A. Oligomy-

cin inhibits complex V by interfering with its proton channel, thus stopping ATP production and

exasperating ΔΨm by limiting proton reflux (Penefsky, 1985; Devenish et al., 2000; Symersky

et al., 2012). It has also been indicated to work as an uncoupler (Hearne et al., 2020). Anti-

mycin A inhibits complex III, stopping progression of the electron transport and disrupting the

formation of the proton gradient in the first place, causing ROS production and mitochondrial

depolarization (Brandt, 1996; Han et al., 2001; Kalbáčová et al., 2003; Hytti et al., 2019).

1.1.3 Calcium storage and interaction with the endoplasmic reticulum

While the ER is the main cellular storage for calcium ions (Ca2+), mitochondria serve as more

transient storage as well. MAMs as the interface of ER and mitochondria are important for

Ca2+ trafficking and signaling: The OMM at MAMs is enriched for VDAC and coupled with the

ER channel inositol 1,4,5-trisphosphate receptor, which allow Ca2+ transfer from the ER to the

mitochondria (Rapizzi et al., 2002; Szabadkai et al., 2006). The mitochondrial Ca2+ uniporter

complex located at the IMM then permits Ca2+ entry into the matrix (Baughman et al., 2011;

De Stefani et al., 2011). There, a sufficient supply of Ca2+ is necessary for the activation of

several dehydrogenases involved in the citric acid cycle (Denton, 2009) and pronounces the

essential role of mitochondrial Ca2+ for the cell’s energy metabolism. On the other hand, too

much Ca2+ uptake can trigger apoptosis (Rasola and Bernardi, 2011), which will be further

addressed in Section 1.1.5.

1.1.4 Preservation of healthy mitochondria via fission and fusion

Fission and fusion account for a large part of the mitochondrial homeostasis processes to pre-

serve a steady number of well-functioning mitochondria in the cell. Fission is involved in ap-

optosis by fragmenting the mitochondrial network, but also during cell division to ensure that

the appropriate number of mitochondria is available to each daughter cell. Fusion permits the

exchange of metabolites and genetic products between mitochondria and thus allows compens-

ation for deficient mitochondria that have not yet accumulated too much damage (for review,

see Youle and van der Bliek, 2012; Elgass et al., 2013; Adebayo et al., 2021).

The major actor in fission is the dynamin-related protein 1 (DRP1, Smirnova et al., 2001). It

is recruited from the cytosol to mitochondria by the mitochondrial dynamics proteins MID49/51

(Palmer et al., 2011; Zhao et al., 2011), and mitochondrial fission factor (Gandre-Babbe and
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van der Bliek, 2008; Otera et al., 2010). The recruitment of DRP1 often coincides with ER-

mitochondria contact sites that narrow the mitochondrion to a smaller diameter already before

arrival of DRP1 (Friedman et al., 2011). As the OMM is further constricted, the ER also releases

Ca2+ into the mitochondrion, which results in the early division of the IMM before the OMM

(Chakrabarti et al., 2018). The complete separation into two daughter mitochondria is then

driven by DRP1 oligomerizing into a ring around the ER constriction site. Tightening of this ring

upon guanosine triphosphate (GTP) hydrolysis (Smirnova et al., 2001), which is also stimulated

by DRP1’s interaction with cardiolipin (Bustillo-Zabalbeitia et al., 2014; Macdonald et al., 2014),

finally severs the mitochondrion.

The essential protein players in fusion are GTPases mitofusin 1 and 2 (MFN1 and MFN2,

Santel and Fuller, 2001; Rojo et al., 2002) and optic atrophy 1 mitochondrial dynamin-like GT-

Pase (OPA1, Chen et al., 2005; Cipolat et al., 2006). The mitofusins are localized at the OMM,

where they promote the docking of two mitochondria via oligomerization between opposite

OMMs. At the IMM, fusion after docking is further mediated by OPA1 by its interaction with

cardiolipin (Ban et al., 2017). OPA1 is cleaved by the IMM proteases OMA1 and by YME1L1

(see Section 1.2.2), resulting in multiple cleavage forms (Griparic et al., 2007; Song et al., 2007;

Ehses et al., 2009; Head et al., 2009). The precise roles of the different cleavage forms in mi-

tochondrial fusion are not yet fully elucidated; some publications favor a balance between short

and long forms of OPA1 being necessary for fusion (Song et al., 2007; Ge et al., 2020), others

emphasize the role of the long form (Ishihara et al., 2006; Anand et al., 2014). Nevertheless, it

appears that stress-triggered OMA1 activity towards OPA1 is a key element in ensuring that de-

polarized mitochondria do not fully fuse with other healthier mitochondria (Meeusen et al., 2006;

Head et al., 2009; Anand et al., 2014). Additionally, depolarized mitochondria can be prohibited

from fusion via ubiquitination and proteasomal degradation of the mitofusins, which may help

to prime the damaged mitochondria for mitophagy (Tanaka et al., 2010; Chen and Dorn, 2013),

the selective autophagy of mitochondria which will be detailed in the next Section 1.1.5.

1.1.5 Damage control: mitophagy, mitochondrial-derived vesicles and apoptosis

There are several hiercharchically acting pathways to avoid mitochondrial toxicity to the cell be-

sides fission and fusion. One of these is themitochondrial unfolded protein response (UPRmt) in

coordination with the the integrated stress response (ISR). Inner mitochondrial accumulation of

unfolded proteins (e.g. caused by ROS) causes proteotoxic stress and decreases mitochondrial

import. To help alleviate this stress, mitochondria can send signals to the nucleus to upregu-

late the transcription of proteases and chaperones. These then aid in removing the detrimental
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proteins from the mitochondria or promote their proper folding. In ISR, global translation is de-

creased to prevent further protein accumulation, and like UPRmt upregulates the expression of

specific proteins that help relieve the protein load (for review, see Ng et al., 2021).

When mitochondria accumulate enough damage to be deemed beyond saving, they are

removed from the cellular pool via mitophagy. This is done to maintain the health of the cell

as a whole: when damaged mitochondria are not removed in time, a consequence can be the

accumulation of toxic ROS, resulting in apoptosis (Redza-Dutordoir and Averill-Bates, 2016).

Mitophagy removes the mitochondria by enclosing them in the autophagosome and targeting

them towards lysosomal degradation, which allows the cell to reuse their molecular compon-

ents (Mizushima and Komatsu, 2011). To ensure that only specific mitochondria are removed,

various mitophagy receptors are needed for targeting to the lysosome, and mitophagy can be

divided into two pathways: receptor-mediated and PINK1-Parkin-mediated mitophagy.

Receptor-mediated mitophagy is involved in cellular maturation such as removal of mi-

tochondria during erythrocyte development (Schweers et al., 2007), and in protection of heart

tissue upon reperfusion injury (Zhang et al., 2016; Lampert et al., 2019). As the name implies,

this mitophagy type is mediated by a subgroup of the so-called mitophagy receptors that reside

constitutively at the OMM. Among those are BCL-2-like protein 13, FK506-binding protein 8,

prohibitin 2 (PHB2), FUN14 domain-containing protein 1 (FUNDC1), NIP3-like protein X and

BCL2 interacting protein 3. The receptors possess a microtubule-associated proteins 1A/1B

light chain 3 (LC3)-interacting region (LIR), and thus can interact with ATG8 family proteins

(LC3s and gamma-aminobutyric acid receptor-associated proteins; Novak et al., 2010; Hanna

et al., 2012; Liu et al., 2012; Bhujabal et al., 2017). As ATG8 proteins are linked to the auto-

phagosomal membrane via conjugation with phosphatidylethanolamine, receptor-mediated mi-

tophagy is believed to function by recruitment of preexisting autophagosomal membranes. On

the other hand, there is some evidence suggesting that it may also work by direct generation of

new autophagosomal membranes (see Uoselis et al., 2023), similar to the process in PINK1-

Parkin-mediated mitophagy, as detailed below.

PINK1-Parkin-mediatedmitophagymostly acts on impairedmitochondria (Narendra et al.,

2008), the damaged sections of which are selected via DRP1-mediated fission (Burman et al.,

2017). This mitophagy type depends on the serine/threonine PTEN-induced kinase 1 (PINK1)

and its downstream target Parkin, an E3 ubiquitin ligase (Greene et al., 2003; Clark et al.,

2006; Park et al., 2006; Narendra et al., 2008, Figure 2). Upon activation of this pathway,

PINK1, which is usually imported into mitochondria, cleaved and then degraded, is stabilized

on damaged mitochondria and undergoes activation of its kinase domain (see Section 1.3.3).
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PINK1 then phosphorylates ubiquitin that is already present at OMM proteins of the affected

mitochondria (Shiba-Fukushima et al., 2014; Okatsu et al., 2015). This causes recruitment of

Parkin to the mitochondrion (Geisler et al., 2010a; Matsuda et al., 2010; Narendra et al., 2010b),

where it interacts with the phosphorylated ubiquitin (pUb, Kane et al., 2014; Koyano et al., 2014;

Kazlauskaite et al., 2014) and is then itself phosphorylated by PINK1 (Kondapalli et al., 2012;

Shiba-Fukushima et al., 2012). This phosphorylation is necessary for activation of Parkin’s

E3 ubiquitin ligase activity; in concert with PINK1 phosphorylating ubiquitin, OMM proteins are

decorated with pUb chains (Geisler et al., 2010a), which recruit further Parkin resulting in a

feedforward loop. The pUb chains are recognized by various autophagy adapters which pos-

sess a ubiquitin-binding domain in addition to their LIR. The primary adapters in PINK1-Parkin-

mediated mitophagy are Nuclear domain 10 protein 52 (NDP52, Lazarou et al., 2015) and

optineurin (Wong and Holzbaur, 2014; Lazarou et al., 2015). Tax1-binding protein 1 (TAX1BP1,

Lazarou et al., 2015) has only a minor role, while Next to BRCA1 gene 1 protein (NBR1, Kirkin

et al., 2009; Chan et al., 2011) and sequestosome-1/p62 (Geisler et al., 2010a; Narendra et al.,

2010a) are dispensable for mitophagy, as demonstrated by Lazarou et al. (2015). A regulator

of autophagy adapters is the serine/threonine-protein kinase TBK1, which can phosphorylate

NDP52, optineurin, sequestosome-1 and TAX1BP1. At least for optineurin, phosphorylation

by TBK1 increases its binding to the pUb chains in PINK1-Parkin-mediated mitophagy (Richter

et al., 2016). NDP52 recruits the protein kinase complex ULK1/2 (Vargas et al., 2019), and

optineurin together with TBK1 recruits the lipid kinase complex PI3KC3 to the mitochondrion

(Nguyen et al., 2023). In turn, this results in the recruitment of ATG9 vesicles, which facilitate

the formation of autophagosomal membranes at themitochondrion (Itakura et al., 2012; Yamano

et al., 2020). Themembrane-linked ATG8 family proteins amplify this process by recruiting more

NDP52 and optineurin (Padman et al., 2019). Eventually, the organelle is engulfed by the auto-

phagosome and fuses with the lysosome, for which ATG8 proteins are essential (Nguyen et al.,

2016).

Mitochondria-derived vesicles (MDVs) are structures that section off parts of damaged

mitochondria and target them to the lysosome for degradation (Soubannier et al., 2012a). There-

by, MDVs can be regarded as an attempt to keep the mitochondrial network healthy without de-

grading whole mitochondria. PINK1/Parkin contribute to a subtype of MDVs that appear under

oxidative stress caused by e.g. Antimycin A treatment and are independent of the autophagy

core machinery (Soubannier et al., 2012b; McLelland et al., 2014; Sugiura et al., 2014). The

mechanism of MDV cargo selection, their creation and trafficking is still under investigation, es-

pecially with regards to when PINK1 and Parkin can be seen at MDVs, as they appear to only
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Figure 2: PINK1-Parkin-mediated mitophagy. PINK1 dimer stabilization at the outer mitochondrial membrane
causes autophosphorylation and phosphorylation of other membrane proteins. This recruits Parkin for phosphoryla-
tion via PINK1 and establishment of phosphorylated polyubiquitin chains. Autophagy adapters NDP52 and optineurin
are recruited and phosphorylated by TBK1. This recruits ULK1/2, PI3KC3 and ATG9 to the mitochondrion. Finally,
the autophagosomal membrane encapsulates the mitochondrion via ATG8 family proteins and targets it for lyso-
somal degradation. Created using BioRender.
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localize to a certain small subset of MDVs (McLelland et al., 2014; Ryan et al., 2020; König

et al., 2021; Roberts et al., 2021).

Apoptosis is the very last consequence of cellular dysfunction. ROS as well as Ca2+ over-

load are two kinds of stressors that may trigger cell death (Fleury et al., 2002; Orrenius et al.,

2015; Redza-Dutordoir and Averill-Bates, 2016). Mitochondria can contribute to apoptosis by

releasing pro-apoptotic factors into the cytosol. The release through the IMM is governed by

the mitochondrial permeability transition pore (MPTP). The composition of the MPTP is not yet

clear, though current results point to the direct involvement of the adenine nucleotide translo-

case and complex V subunits at the IMM. Other proteins, like cyclophilin D at the IMM, VDAC at

the OMMand the pro-apoptotic Bcl-2 family members Bak and Bax appear to module MPTP and

passage of molecules over the OMM (see Bernardi et al., 2023). Mitochondrial outer membrane

permeabilization and MPTP may work in concert, as the MPTP can result in swelling of mito-

chondria due to molecule influx into the matrix, and swelling can rupture the OMM. This causes

the release of pro-apoptotic molecules, among them cytochrome c, apoptosis inducing factor

mitochondria associated 1 (AIF), and second mitochondria-derived activator of caspases/direct

IAP-binding protein with low pI (Smac/Diablo, Redza-Dutordoir and Averill-Bates, 2016).

1.2 Mitochondrial protein trafficking, import and cleavage are tightly regulated

The mtDNA encodes for only 13 mitochondrial proteins, all of which are IMM-integral proteins

involved in oxidative phosphorylation (Anderson et al., 1981; Macreadie et al., 1983; Chomyn

et al., 1985, 1986). The vast majority of mitochondrial proteins, including additional ones of

the oxidative phosphorylation pathway, are nuclear-encoded and thus need to be imported into

mitochondria. Due to the mitochondria’s complex membrane architecture, this import is divided

into several pathways and precursor processing steps, depending on the final localization of the

imported precursor (Figure 3).

1.2.1 Mitochondrial import pathways

α-helical proteins and β-barrel proteins are imported into mitochondria for OMM insertion.

The mechanism underlying the import of α-helical proteins is still under investigation: In yeast,

the three α-helical subtypes signal-anchored, tail-anchored and polytopic proteins have all been

shown to be involved with the mitochondrial import machinery complex at the OMM, sometimes

in concert with the receptor TOM70 of the TOM import machinery (Becker et al., 2011; Papić

et al., 2011; Doan et al., 2020). For β-barrel proteins, the first step of import is also mediated by
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the TOM complex, where the protein’s targeting signal is recognized and the protein is trans-

ported towards the IMS (Krimmer et al., 2001). It is there recognized by small TIM proteins,

which aid in its shuttling towards the sorting and assembly machinery complex back at the

OMM. There, the β-barrel is properly assembled and inserted into the membrane (Wiedemann

et al., 2004; Qiu et al., 2013). The mitochondrial import machinery and the sorting and assembly

machinery complexes also cooperate in the assembly of TOM complex subunits (Doan et al.,

2020).

Cysteine-rich proteins destined for the IMS are imported first through TOM40, the import

pore of the TOM complex (Milenkovic et al., 2009; Gornicka et al., 2014), and then recognized

by the mitochondrial intermembrane space import and assembly machinery (Chacinska et al.,

2004; Peleh et al., 2016). This machinery also facilitates the formation of disulfide bonds within

the IMS protein, ensuring correct folding (Müller et al., 2008).

Carrier proteins are targeted towards the IMM. They contain internal targeting sequences

and are delivered to the mitochondria by the cytosolic heat shock proteins HSP70/90 (Young

et al., 2003). There they are recognized first by the TOM complex (Young et al., 2003) and

then by the small TIM proteins in the IMS and the TIM22 complex at the IMM (Koehler et al.,

1998; Sirrenberg et al., 1998; Endres et al., 1999). Also imported via this pathway are the TIM

proteins TIM17 and TIM23 (Káldi et al., 1998).

Presequence proteins can have their final destination in the IMM/IMS or matrix. The term

“presequence” refers to their positively charged N-terminal mitochondrial targeting signal (MTS)

in the form of an amphipathic α-helix that is first recognized by the TOM complex, specifically by

TOM20 and TOM22 (Bolliger et al., 1995). The protein is then handed over to the TIM23 com-

plex. New structural studies of the TIM23 complex in yeast show that TIM17 together with the

dynamically associated Mgr2, rather than TIM23 itself, mediate the actual protein translocation

over the IMM, with TIM23 serving more of a scaffolding function (Fielden et al., 2023; Sim et al.,

2023; Zhou et al., 2023; Maruszczak et al., 2024). TIM17 is also likely to bind the MTS via a

negatively charged area that is accessible from the IMS side. On the matrix side, the TIM23

complex interacts with the presequence activated motor (PAM) machinery, which pulls the pro-

tein towards thematrix via mitochondrial HSP70 (mtHSP70), using ATP hydrolysis as the driving

force (De Los Rios et al., 2006). In the matrix, the mitochondrial processing peptidase (MPP)

removes the precursor’s MTS (Hawlitschek et al., 1988; Ito, 1999; Taylor et al., 2001). Matrix-

destined presequence proteins are imported completely by the PAM machinery. If the protein

however contains an additional hydrophobic sorting signal known as stop-transfer sequence,

such as a transmembrane domain (TMD), it can be released laterally from the TIM23 complex
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Figure 3: Mitochondrial import pathways of cytosolic precursor proteins. For detailed explanation, see Sec-
tion 1.2.1. Abbreviations: OMM = outer mitochondrial membrane, IMS = intermembrane space, IMM = inner mi-
tochondrial membrane, MIM = mitochondrial import machinery, TOM = translocase of outer mitochondrial mem-
brane, SAM = sorting and assembly machinery, MIA = mitochondrial intermembrane space import and assembly
machinery, TIM = translocase of inner mitochondrial membrane, PAM = presequence activated motor. Adapted from
Wiedemann et al. (2009), Dudek et al. (2013) and Wiedemann and Pfanner (2017).

into the IMM. The switch between complete matrix release and IMM translocation appears to be

mediated by association of TIM21 to and disassociation of the PAM machinery from the TIM23

complex (Chacinska et al., 2005). The lateral release into the IMM is regulated by Mgr2 in yeast;

Mgr2 deletion promotes IMM integration of the imported protein and Mgr2 overexpression sup-

presses this integration (Ieva et al., 2014; Lee et al., 2020). The human orthologue reactive

oxygen species modulator 1 (ROMO1) has further been implicated to play a role in ROS pro-

duction, recruitment of TIM21 and import of the protease YME1L (Žárský and Doležal, 2016;

Richter et al., 2019). If the presequence IMM protein contains multiple membrane-spanning

sequences, its insertion into the IMM is further mediated by the oxidase assembly translocase

(Bohnert et al., 2010). Finally, some stop-transfer signal proteins are destined for the IMS and

are released from the IMM via cleavage by the inner membrane peptidase (IMP, Burri et al.,

2005; Gomes et al., 2017).

Both import of the carrier proteins via the TIM22 complex (Sirrenberg et al., 1998; Endres

et al., 1999) and of presequence proteins via the TIM23 complex needs an intact ΔΨm. For

TIM23-complex-mediated import, this also drives the import of the positively charged MTS to-

wards the negatively charged matrix (Martin et al., 1991).
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1.2.2 Proteolysis of mitochondrial proteins

Mitochondria have 18 proteases that are exclusively active in mitochondria (Deshwal et al.,

2020). Aside from the previously detailed presequence proteases MPP and IMP, I will here

focus on seven other proteases and some of their functions. Four of these (LONP1, CLPXP,

i-AAA and m-AAA) are ATP-dependent, which once again highlights the importance of properly

functioning energy metabolism for mitochondrial protein homeostasis.

LONP1 is a serine protease complex component resident in the matrix. LONP1 associates

with the TIM23 import complex and has a role as both a chaperone and protease of freshly im-

ported, unfolded proteins (Bezawork-Geleta et al., 2015; Matsushima et al., 2021). Additionally,

it is involved in maintaining mtDNA regulation by degrading a mitochondrial transcription factor

(Matsushima et al., 2010). LONP1 serves as a checkpoint for both UPRmt and ISR activation.

In the UPRmt pathway, LONP1 degrades the transcription factor ATFS-1 (mammalian homo-

log ATF5) upon its import; if it is not imported due to mitochondrial malfunctions and thus not

degraded, it initiates UPRmt (Nargund et al., 2012; Fiorese et al., 2016). LONP1 prevents ISR

activation by constitutively cleaving DELE1 upon its import (Sekine et al., 2023).

The CLPXP protease complex, consisting of CLPP and CLPX subunits, is also localized

in the matrix and there degrades aberrant proteins. The degradation fragments are then in-

volved in the translocation of transcription factors to the nucleus, where they launch the UPRmt

response (Haynes et al., 2007, 2010).

YME1L1 is a component of the IMM localized i-AAA complex which has its catalytic do-

mains residing in the IMS. There, it acts as a chaperone and protease for unfolded IMS(-facing)

proteins (Leonhard et al., 1999). It has been shown to have a reciprocal relationship with the

TIM23 complex component ROMO1, being reliant on ROMO1 for its import, but also cleaving

ROMO1 (Richter et al., 2019). YME1L1 is also involved in fusion, as it constitutively cleaves

OPA1 (Griparic et al., 2007; Song et al., 2007).

AFG3L2 is one of two proteins that constitute the IMM localized m-AAA complex, with its

catalytic domains reaching into the matrix. The complex associates with Prohibitin-1/-2, which

negatively regulate its cleavage activity (Steglich et al., 1999). The proteolysis is aimed at

various matrix(-facing) proteins, amongst them a regulator of Ca2+ import. Thus, AFG3L2 plays

a role in modulating MPTP opening and cell death (König et al., 2016).

The IMM protease OMA1 has its catalytically active site directed towards the IMS (Head

et al., 2009; Baker et al., 2014). It is hyper-activated under various stressors, though the exact

mechanism of activation regulation is being debated between auto-cleavage (Baker et al., 2014;

Zhang et al., 2014) or reciprocal degradation via YME1L1 (Rainbolt et al., 2016). Furthermore,
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OMA1-mediated cleavage of OPA1 is negatively regulated by AFG3L2 (Ehses et al., 2009;

Head et al., 2009). OMA1 plays a role in ISR signaling by cleaving DELE1, though contrary to

processing by LONP1, this cleaved form actively contributes to triggering ISR (Guo et al., 2020;

Fessler et al., 2020).

The IMS-localized protease HTRA2 is also involved in DELE1 processing; this cleavage

has been linked to Parkinson’s disease (Bi et al., 2024). Additionally, HTRA2 can contribute to

apoptosis (for review, see Vande Walle et al., 2008).

Last but not least, there is the IMM rhomboid protease PARL, which will be further intro-

duced in the next Section 1.3.

1.3 Intramembrane proteolysis

1.3.1 Structure and functions of rhomboid proteases

Rhomboid (serine) proteases are a subclass of intramembrane proteases. Study of the bacterial

rhomboid GlpG is the foundation of the vast majority of knowledge about rhomboid proteases’

structures and proteolysis mechanism. Like all intramembrane proteases, rhomboids have an

aqueous active site. This is composed of a serine-histidine catalytic dyad that is localized within

the lipid bilayer of a membrane and opens towards the luminal space contained by this mem-

brane, in the case of GlpG with the N- and C-termini oriented towards the cytosol (Wang et al.,

2006; Tichá et al., 2018, Figure 4). Rhomboids cleave TMDs of their substrates, which thus

need to move into this membrane-embedded active site and in some cases partially unfold to be

accessible for the nucleophilic attack by the serine (for more detail on the molecular cleavage

mechanism, see Strisovsky, 2017). Access to the active site is proposed to be blocked by a

lateral gate; involvement of the luminal loops L1 and L5 between the TMDs has been implied

(Wang et al., 2006; Zoll et al., 2014) as well as displacement of the TMD before L5 (Wu et al.,

2006; Baker et al., 2007; Bohg et al., 2023). Loop L1 also plays a role in binding of the substrate

via a tryptophan-arginine motif (Zoll et al., 2014). Substrate access to and cleavage at the act-

ive site may happen following the substrate docking to an exosite of the protease (Strisovsky

et al., 2009; Dickey et al., 2013; Tichá et al., 2018; Lysyk et al., 2020b).

In mammals, five active rhomboids are described. Four of them are rhomboid-like protein 1

to 4 (RHBDL1-4). RHBDL1 is located at the Golgi apparatus, though so far, no substrates have

been found and its functions remain unknown (Kühnle et al., 2019). RHBDL2 resides within the

plasma membrane and RHBDL3 in late endosomes, thus being likely responsible for molecule

secretion into the extracellular space (Kühnle et al., 2019). For RHBDL2, a wide range of sub-
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Figure 4: Scheme of GlpG’s and PARL’s topology. The catalytic dyad between the serine (S) and the histidine
(H) is indicated, as well as loops L1 and L5 between the transmembrane domains. The arrow indicates from where
the active site is likely accessible. Scheme adapted from Tichá et al. (2018).

strates has been identified, including the receptor for interleukin-6 and the epidermal growth

factor (Lohi et al., 2004; Pascall and Brown, 2004; Adrain et al., 2011; Noy et al., 2016; Johnson

et al., 2017); meanwhile, no substrates or cellular functions could be assigned to RHBDL3 so

far. RHBDL4 is located at the ER and targets proteins towards the ER-associated degradation

pathway (Fleig et al., 2012; Knopf et al., 2020; Bock et al., 2022). It has also been tied to pro-

tein secretion such as alternative amyloid precursor protein processing (Paschkowsky et al.,

2016), promoted trafficking of transforming growth factor-α to the golgi apparatus (Wunderle

et al., 2016) and immunity regulation via toll-like receptor 4 (Knopf et al., 2024).

The fifth mammalian rhomboid protease is PARL, localized at the IMM. PARL was originally

named presenilin-associated rhomboid-like protein, as it was identified in a yeast two-hybrid

system using presenilin-1/-2 as bait (Pellegrini et al., 2001). As functional interaction of PARL

with the presenilins could not be shown, PARL is also more aptly referred to as PINK1/PGAM5-

associated rhomboid-like protease after two of its substrates. PARL contains seven TMDs;

compared to GlpG, it has an additional N-terminal TMD with an MTS. This added TMD likely

positions PARL with its N-terminus reaching into the matrix and the C-terminus into the IMS

(Jeyaraju et al., 2006, Figure 4). As the catalytic dyad is located between TMD five and seven,

this would position it to be accessible from the matrix. PARL has been reported to undergo

several cleavage events: α-cleavage of theMTS to generate themature protein (Sík et al., 2004;

Jeyaraju et al., 2006); β-cleavage further upstream but before the first TMD (Sík et al., 2004;

Jeyaraju et al., 2006; Shi and McQuibban, 2017); and γ-cleavage after the first TMD, reducing

PARL to just six TMDs (Jeyaraju et al., 2011). However, the physiological consequences and

regulation of these various cleavage events are still a matter of debate (see Lysyk et al., 2020b).
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1.3.2 The mitochondrial rhomboid protease PARL and its substrates

PARL itself is a part of a larger protein complex residing in the IMM, named SPY complex after

its three components: stomatin-like protein 2 (SLP2), PARL and the i-AAA protease YME1L1.

It could be shown that while PARL is associated with the SPY complex, it is regulated by SLP2,

which also regulates OMA1 (Wai et al., 2016). So far, there are six PARL substrates known.

Smac/Diablo is released into the cytosol upon PARL cleavage where it binds a caspase

inhibitor, signaling apoptosis (Saita et al., 2017). PARL cleavage of tetratricopeptide repeat do-

main 19 (TTC19), a subunit complex III of the electron transport chain, ensures proper TTC19

presence and thus correct function of complex III (Ghezzi et al., 2011; Spinazzi et al., 2019).

StAR-related lipid transfer protein 7, mitochondrial (STARD7) is cleaved by PARL during its

import, producing cytosolic and IMS protein pools. When localized within the mitochondria,

STARD7 is involved in phosphatidylcholine accumulation in the IMM (Saita et al., 2018) and

ubiquinone synthesis, whereas cytosolic STARD7 mediates ubiquinone transport to the cell

membrane (Deshwal et al., 2023). The activity of the mitochondrial disaggregase CLPB is en-

hanced by PARL cleavage of an autoinhibitory sequence (Cupo and Shorter, 2020), and has

been implied in SPY complex regulation (Baker et al., 2024). Phosphoglycerate mutase family

member 5 (PGAM5), an IMM resident phosphatase, is targeted by PARL when ΔΨm is dis-

rupted. PGAM5’s phosphatase activity is important for FUNDC1-receptor-mediated mitophagy

(Chen et al., 2014), DRP1-mediated fission (Yu et al., 2020), MFN2-mediated fusion (Nag et al.,

2023) and has been implicated also in PINK1-Parkin-mediated mitophagy (Lu et al., 2014; Park

et al., 2018) together with prohibitin-2 (Yan et al., 2019). PINK1, best known for its involve-

ment in mitophagy as already detailed in Section 1.1.5, is cleaved upon mitochondrial import

by MPP and PARL (Jin et al., 2010; Deas et al., 2011; Meissner et al., 2011; Greene et al., 2012).

The shortened PINK1-55 is, comparable to Smac/Diablo and STARD7, retrotranslocated to the

cytosol and recognized at its N-terminal phenylalanine for rapid degradation via the N-end rule

ubiquitin ligase Ubr1/2/4 and the proteasome (Yamano and Youle, 2013).

1.3.3 PARL, PINK1 and PGAM5 in differentially energized mitochondria

PGAM5 and PINK1 are cleaved in an inversely correlated manner, depending on the state of

ΔΨm and the association of PARL in the SPY complex (Sekine et al., 2012; Wai et al., 2016).

In healthy mitochondria (Figure 5, left), PINK1 is imported into mitochondria via the TOM

and TIM23 complexes. This process is supported by PINK1’s MTS (Figure 6), the function of

which is dependent on ΔΨm (Jin et al., 2010). Deletion of this classical MTS however does
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Figure 5: Scheme of PINK1 and PGAM5 processing via PARL. PGAM5 and PINK1 are cleaved in an inversely
correlated manner by PARL. In healthy mitochondria (left half), PINK1 is cleaved by MPP and PARL. The shortened
PINK1 is targeted towards proteasomal degradation. In damaged mitochondria (right half, i.e. ΔΨm disruption by
CCCP), PGAM5 is preferentially cleaved by PARL. Full-length PINK1 accumulates at the OMM, autophosphorylates
and can then phosphorylate ubiquitin on ubiquitinated proteins. This causes Parkin to relocalize from the cytosol
to mitochondria where it is phosphorylated and activated by PINK1, further ubiquitinating OMM proteins. The poly-
ubiquitin chains at mitochondria then can trigger mitophagy. Scheme adapted from Siebert et al. (2022).

not prevent PINK1 from localizing to the mitochondria, which is additionally conferred by the

sequence downstream of the classical MTS: it has been identified to contain an internal MTS

(Bayne et al., 2023) and a OMM localization signal (OMS) which is dependent on the TOM

machinery (Okatsu et al., 2015; Sekine et al., 2019; Raimi et al., 2024). Further, the N-terminal

extension (NTE) upstream of the kinase domain has been shown to engage with the complex

subunits TOM7 (Sekine et al., 2019) and TOM20 (Eldeeb et al., 2024; Raimi et al., 2024). While

the stop-transfer sequence of its TMD prevents full translocation over the IMM (Becker et al.,

2012; Okatsu et al., 2015), the MTS reaching into the matrix is cleaved off by MPP (Greene

et al., 2012; Okatsu et al., 2015). A few amino acids downstream, PARL cleaves PINK1 in

its TMD between A103 and F104 (Jin et al., 2010; Deas et al., 2011; Meissner et al., 2011),

resulting in its proteasomal degradation via the N-end rule pathway.

Despite recent progress in the understanding of the molecular mechanisms of PINK1 reg-

ulation, there are various key open questions in this pathway. Whether PINK1 is completely

imported into the mitochondria, or if the majority of the kinase domain remains in the cytosol is
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still a matter of debate (see Trempe and Gehring, 2023; Narendra and Youle, 2024). Similarly,

the precise hierarchy of the opposing forces of the MTS and the OMS, specifically in polarized

mitochondria, is unclear. A role in PINK1 import has also been demonstrated for three negat-

ively charged amino acid residues located just C-terminally of the TMD (E112/113/117); their

mutation stabilizes PINK1 at the OMM already in polarized mitochondria and upon disruption of

ΔΨm, this PINK1 is then degraded by OMA1 (Sekine et al., 2019). How exactly these residues

may confer PINK1 import or OMM stabilization in intact mitochondria is not known. Lastly, to

which degree the TIM23 complex is involved in PINK1 import is questioned by ambiguous re-

ports (Filipuzzi et al., 2017; Hoshino et al., 2019; Sekine et al., 2019).

In damaged mitochondria (Figure 5, right) for example when ΔΨm is disrupted by the un-

coupler CCCP, PINK1’s MTS is unable to pass through the TIM23 complex at the IMM and

uncleaved PINK1 accumulates (Jin et al., 2010; Greene et al., 2012). As mentioned, PARL’s

cleavage activity instead shifts to PGAM5 accompanied by PGAM5’s dissociation from its mul-

timeric state (Sekine et al., 2012; Siebert et al., 2022). Full-length PINK1 stabilizes with the TOM

and TIM23 complex into a membrane-spanning supercomplex (Lazarou et al., 2012; Okatsu

et al., 2013; Fallaize et al., 2015; Akabane et al., 2023; Eldeeb et al., 2024). Whether PINK1

undergoes transfer, lateral or otherwise, out of the TOM40 pore or remains associated is still

being debated (Maruszczak et al., 2022; Rasool et al., 2022). The arrest at the TOM complex is

mediated by the three previously mentioned glutamic acid residues C-terminal of PINK1’s TMD

interacting with the TOM complex subunit TOM7, and the following activation of PINK1 kinase

activity needs and is promoted by TOM7 aswell as the internal MTS/OMS domain (Hasson et al.,

2013; Sekine et al., 2019). Folding of the PINK1 kinase and interaction with the TOM complex

is further conferred by PINK1’s NTE and C-terminal extension (CTE) (Eldeeb et al., 2024; Raimi

et al., 2024). Upon dimerization, PINK1 trans-autophosphorylates at S228 and subsequently

the dimer is destabilized; the phosphorylated PINK1 monomer can then phosphorylate ubiquitin

and start the mitophagic pathway as described in Section 1.1.5 (Okatsu et al., 2012; Koyano

et al., 2014; Gan et al., 2022; Rasool et al., 2022).

Figure 6: Scheme of PINK1’s structure and domains. PINK1 starts N-terminally with a classical mitochondrial
targeting signal (MTS) which is cleaved by MPP. It is followed by an internal MTS combined with an outer membrane
localization signal (OMS). The transmembrane domain (TMD) is cleaved by PARL. The kinase domain containing
the autophosphorylation site S228 (“P”) is flanked by an N-terminal and a C-terminal extension (NTE and CTE).
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Though it is widely accepted that PINK1 is stabilized and activated at the OMM upon ΔΨm

disruption, research on PINK1 substrates other than Parkin has further opened up the discus-

sion on whether active PINK1 may also be located elsewhere within the mitochondria. Multiple

studies have shown that PINK1 appears to phosphorylate inner membrane proteins such as

Mic60 (related to cristae remodelling, Tsai et al., 2018) and NdufA10 (a subunit of complex I

important for the electron transport chain, Morais et al., 2014). How exactly it is possible for

PINK1 to phosphorylate targets at the IMM if its kinase domain is only present at the OMM, and

how this interacts with PARL cleavage, remains an open question.

1.4 Consequences of PARL and PINK1 dysregulation

1.4.1 Phenotypes of PARL dysregulation

Aside from downstream defects caused by PARL cleavage regulation on its substrates, also

the consequences of PARL deficiency itself has been investigated. PARL knockout (KO) mice

develop normally in utero, but after birth soon show atrophy, male infertility and encephalomy-

elopathy resulting in premature death (Cipolat et al., 2006; Spinazzi et al., 2019; Radaelli et al.,

2023). Their mitochondria show dysregulated OPA1 cleavage and trafficking (Cipolat et al.,

2006), as well as problems in complex III activity and ubiquinone synthesis (Spinazzi et al.,

2019; Radaelli et al., 2023). They also present faster reactions to apoptotic stimuli, such as

cristae remodeling and release of cytochrome c (Cipolat et al., 2006).

PARL has also been speculated to be directly involved in Parkinson’s disease (PD), as a

mutation at its N-terminus which blocks β-cleavage had been identified in two patients, one with

familial PD and one without family history of PD (Shi et al., 2011). However, this mutation, or

other PARL mutations for that matter, is exceedingly rare and has not been found in other PD

patient data sets (Heinitz et al., 2011; Wüst et al., 2016).

1.4.2 Role of PINK1 in Parkinson’s disease

PD is a neurodegenerative disorder that is characterized by degeneration of dopaminergic neur-

ons in the substantia nigra. Patients present with symptoms such as tremors, dementia, postural

instability and behavioral changes. While the vast majority of PD cases are sporadic ones, there

are also subtypes, such as recessive early-onset PD, which are hereditary. PINK1 and Parkin

mutations have been linked to this subtype; Parkin was the first gene to be linked to familial PD

(Kitada et al., 1998; Valente et al., 2004; Park et al., 2006).

Mutations in PINK1’s kinase domain (such as H271Q, G309D, L347P) often correlate with
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destabilization of PINK1 as a whole and a reduced kinase activity, which then causes dysreg-

ulation of mitophagy and accumulation of cellular damage due to a lack of removal of malfunc-

tioning mitochondria (Valente et al., 2004; Beilina et al., 2005; Weihofen et al., 2008). It has

been shown that some PD-related PINK1 mutations that are located C-terminally of the TMD

(C125G, Q126P) cause PINK1 to not accumulate in its full-length form at the OMM under CCCP

treatment and do not cause Parkin recruitment (Geisler et al., 2010b; Sekine et al., 2019). Those

mutants are however cleaved by OMA1 and OMA1 suppression results in accumulation of full-

length PINK1 at the OMM (Sekine et al., 2019). Still, not all of these mutations (Q126P) are

then also able to successfully recruit Parkin to the mitochondria (Geisler et al., 2010b; Sekine

et al., 2019); the exact mechanisms remain to be elucidated.

Two mutations (R98W, I111S) at the TMD have been shown to be mostly resistant to PARL

processing while still being targeted to the IMM. For R98W, Parkin recruitment is present even

in absence of mitochondrial depolarization via CCCP, and it has been shown that this PINK1

mutant still interacts with PARL without being cleaved (Meissner et al., 2015). For I111S, there

seems to be a slight reduction of the normally CCCP-induced accumulation of full-length PINK1

and Parkin recruitment; an effect that is rescued with OMA1 knockout (Meissner et al., 2011,

2015; Sekine et al., 2019).

All in all, the effects that the over 60 PD-associated mutations of PINK1 (Vizziello et al.,

2021) have on its trafficking, processing and signaling are manifold and still under heavy in-

vestigation.
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1.5 Thesis objectives

In investigating PARL, its substrates and its regulation in a native environment, a great obstacle

results from the use of PARL KO and knockdown (KD). As any KO, PARL KO risks displaying

adaptive mechanisms that may mask the more subtle regulations, and PARL KD is experiment-

ally suboptimal due to PARL’s long half-life that necessitates a KD of around five days, making

it a very time-consuming set-up. The ideal solution thus would be to have potent, specific PARL

inhibitors available that do not cause secondary issues like effects on cellular health or mito-

chondrial membrane potential. Such inhibitors could even have therapeutic value if they are

successful in stabilizing and activating PINK1 at the OMM. As some PD-related PINK1 variants

present with reduced kinase activity, this artificial accumulation of PINK1 at the mitochondria

could lower the threshold of additionally required active PINK1 needed by the cells to initiate

mitophagy (Waters et al., 2023), resulting in a healthier mitochondrial population. In this work, I

showcase the successful development and validation of such inhibitors. Following their estab-

lishment, I use them to investigate non-PARL proteolysis and the resulting trafficking fates of

alternative PINK1 cleavage, including the influence on interaction with the TOM-TIM23 super-

complex in differentially energized mitochondria and on PINK1-Parkin-mediated mitophagy.
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2 Results

2.1 Development, establishment and potency determination of novel α-ketoamide-
based PARL inhibitors

In order to develop and establish potent PARL inhibitors, I collaborated with the group of Kvido

Stříšovský from the Institute of Organic Chemistry and Biochemistry, Prague, resulting in a

publication (Poláchová et al., 2022). The Stříšovský group has previously shown that peptidyl

α-ketoamides can be modified to specifically bind to the catalytically active serine of rhomboid

proteases in a covalent, reversible and non-competitive manner, as formation of a substrate-

protease complex is still possible likely due to the substrate then only interacting with the pro-

tease exosite (Tichá et al., 2017).

To design inhibitors specific for PARL, we fused the P5 to P1 sequence of its substrate

PINK1 (AVFLA, Deas et al., 2011) C-terminally to the acetyl group, followed by the warhead

α-ketoamide portion and the hydrophobic substituent (tail) phenylbutyl. The tail is presumed

to extend into the protease’s active site and the catalytic serine covalently binds to the ketone

carbonyl group of the α-ketoamide portion (Tichá et al., 2017, 2018). The resulting inhibitor was

termed compound 5 (for molecular structure, see Figure 7A). With the intention of increasing

solubility, we generated another inhibitor, termed compound 6, with two arginines N-terminally

of the consensus sequence (Figure 7B). Additionally, two more inhibitors were designed to

include branching of the hydrophobic tail, which was theorized to increase the compounds’

binding capability to PARL, thus increasing their potency (inhibitors 1258 and 1343, Figure 7C

and D). The Stříšovský group also tested inhibitor compounds 5 and 6 in their own assays (for

details, see Poláchová et al., 2022).

2.1.1 Novel first-generation α-ketoamide-based PARL inhibitors show high potency on

PGAM5 processing in HEK293T cells

I tested these four first-generation inhibitor compounds in the HEK293T cell-based system. I

opted for determining cleavage efficiency on PGAM5, since PGAM5 cleavage is easy to analyze

via its presence as either full-length protein or its singular cleavage product. I used CCCP as a

trigger to induce PGAM5 cleavage by PARL which would then be inhibited by the compounds.

The resulting western blots and IC50 curves for all four first-generation PARL inhibitors are

shown in Figure 7. While all compounds exhibit a reducing effect on CCCP-induced PGAM5

cleavage after three hours of treatment, compound 5 (Figure 7A) has the best resulting IC50

value of 0.18 ± 0.06 µM, while compound 6 is the worst 3.57 ± 2.24 µM (Figure 7B). Comparing
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Figure 7: First-generation α-ketoamide based PARL inhibitors show high potency on PGAM5 processing.
A-D) At the top, molecular structures of the inhibitor compounds are shown. HEK293T cells were transfected with
PGAM5-FLAG and treated for 3 h with DMSO, 10 µM CCCP or 10 µM CCCP + indicated inhibitor. β-actin was
used as loading control. For quantification, PARL-cleaved PGAM5 (white triangle) was measured as the percentage
of total PGAM5 and normalized to the DMSO condition as zero cleavage and to the CCCP condition as complete
cleavage. The resulting IC50 curve of the blot is shown as well as the mean IC50 value ± SEM from three or four
independent experiments.
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these results to the obtained values by the Stříšovský group via their suppression of PGAM5

cleavage by overexpressed PARL in HEK293 T-REx cells (Poláchová et al., 2022) reveals that

the IC50 value of compound 5 is decreased by factor 2.3 while the IC50 values of compound 6

are nearly identical. This difference is likely due to the employed endogenous PARL levels in my

setup. It appears like the N-terminal addition of the arginines did not improve inhibitor potency,

as compound 5 is more potent than compound 6, and 1258 is also more potent than 1343. The

novel compound 5 is thus the most potent inhibitor of the first-generation inhibitors and can be

used to further investigate proteolysis mechanisms of PARL.

2.1.2 Improvements to second-generation α-ketoamide-based PARL inhibitors show in-

creased potency on PGAM5 processing in HEK293T as well as HeLa cells

After the successful proof-of-concept for these first-generation α-ketoamide-based PARL inhib-

itors, the molecular designs were altered to hopefully further improve PARL inhibition of the two

resulting compounds. The first compound, called 1866, is identical to compound 5 except for

an altered peptide tail, where acetyl-alanine-valine are replaced by isovaleryl which mimics the

side chain of the valine in P4 (Figure 8A). The isovaleryl replacement should minimize the com-

pound size and its polarity while maintaining its binding region specificity for PARL, so that the

compound’s membrane permeability and therefore its potency are increased. The second com-

pound, called 1868, has the same altered peptide tail as compound 1866, but the phenylbutyl

tail is the same branched tail that also compound 1258 and 1343 possess (Figure 8B).

These compounds were again tested in the previously described PGAM5 cleavage assay.

Compound 1866 has an IC50 value of 0.031 ± 0.012 µM (Figure 8A) which is 5.8 times more

potent than compound 5. Compound 1868 shows an even higher PARL inhibition with an IC50

value of 0.008 ± 0.002 µM (Figure 8B), a potency increase over compound 5 by factor 22.5.

Compound 1868’s efficiency thus demonstrates that both the shortening of the peptide chain

and the branching of the hydrophobic tail have succeeded in improving the compound inhibition

capabilities.

After compound 1868 has been shown to be the most potent PARL inhibitor of the six tested

compounds, I checked how its capability to inhibit PARL is influenced by the used cell type and

turned to HeLa cells as another commonly used human cell model. HeLa cells with knocked-out

PARL (PARL-KO) transfected with PGAM5 were, as expected, lacking any PGAM5 cleavage

even under CCCP treatment (Figure 8C). Wildtype HeLa cells do present with PGAM5 cleav-

age pronounced by CCCP treatment that is prevented by compound 1868. Calculation of the

remaining PGAM5 cleavage with 0.5 µM 1868 reveals a mean cleavage value of 30.2 ± 7.1 %.
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In comparison, the same inhibitor concentration in HEK293T cells yields a mean cleavage value

of 40.2 ± 2.9 %, based on the calculated IC50 curve fits from three experiments. Thus, the inhib-

itor is even more potent in HeLa cells than in HEK293T cells regarding CCCP-induced PGAM5

cleavage.

Figure 8: Second-generation α-ketoamide based PARL inhibitors show improved potency on PGAM5 pro-
cessing. A, B) Molecular structures of the improved inhibitors are shown. HEK293T cells were transfected with
PGAM5-FLAG and treated for 3 h with DMSO, 10 µM CCCP or 10 µM CCCP + indicated inhibitor. β-actin was
used as loading control. For quantification, PARL-cleaved PGAM5 (white triangle) was measured as the percentage
of total PGAM5 and normalized to the DMSO condition as zero cleavage and to the CCCP condition as complete
cleavage. The resulting IC50 curve of the blot is shown as well as the mean IC50 value ± SEM from three independ-
ent experiments. C) HeLa wildtype or PARL-KO cells were transfected with PGAM5-FLAG and treated for 3 h with
DMSO, 10 µM CCCP or 10 µM CCCP + 0.5 µM compound 1868. β-actin was used as loading control. A represent-
ative blot of three independent experiments is shown.
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2.1.3 PARL inhibitors cause potent ablation of PARL-associated PINK1 cleavage and

reveal alternative PINK1 cleavage fates

After establishing the potency range of the inhibitor compounds via PGAM5, I switchedmy focus

to PINK1 as another PARL substrate. Here the advantage is that PINK1 is constitutively cleaved

by PARL, so no artificial trigger like CCCP treatment is necessary. However, since endogenous

PINK1 has a relatively low expression level (Waters et al., 2023) and is therefore difficult to

detect on an immunoblot level, I predominantly used an inducible PINK1 overexpression cell

line in HEK293 T-REx cells rather than wildtype HEK293T cells like before.

First, I wanted to verify if the inhibitor compounds show a clear dose response on PINK1

cleavage like they did on PGAM5 (Figure 9). Cells treated with DMSO as vehicle control show

full-length PINK1 (PINK1-66) and a lower but visible level of PARL-cleaved PINK1 (PINK1-55).

Upon disruption of ΔΨm by CCCP, PINK1-55 levels are reduced and PINK1-66 is stabilized, ac-

companied by a slight molecular weight shift upwards indicative of its phosphorylation. All PARL

inhibitors, both the four first-generation (Figure 9A) and the two second-generation compounds

(Figure 9B) show a clear stabilization of PINK1, most prominently of PINK1-66, and of various

cleavage fragments. In line with a concentration dependency, this stabilization increases with

higher inhibitor dosage, verifying that the PARL inhibitors are efficient on both PGAM5 and

PINK1. Of the PINK1 cleavage fragments that are observed with the inhibitors, one is caused

by cleavage of the MTS by MPP (Greene et al., 2012) and is here termed PINK1-62. The

origin of the additional cleavage fragment visible below PARL-cleaved PINK1-55, here termed

PINK-53, will be explored in Section 2.3.2. There also appears to be a fainter band that runs

slightly above PINK1-55 following PARL inhibition (mostly appreciable in Figure 9B, left panel),

but unlike PINK1-53 and PINK1-62, it is not stabilized in a concentration-dependent manner.

As phosphorylation is a known PINK1 post-translational modification resulting in a slight up-

wards shift on western blot level, this band could possibly represent a phosphorylated version

of PINK1-53. This additional fragment is not further highlighted in the PINK1 blots since it is

currently unclear what this PINK1 fragment is the result of and its band was difficult to properly

resolve, and thus investigate, in certain experimental approaches.
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Figure 9: PARL inhibition results in accumulation of unprocessed PINK1 and reveals alternative cleavage
events. A) HEK293 T-REx cells overexpressing PINK1 were treated for 3 h with 10 µM CCCP or 8 h with DMSO
or first-generation inhibitors as indicated. β-actin was used as a loading control. A representative blot of three
independent experiments is shown for compound 5. B) HEK293 T-REx cells overexpressing PINK1 were treated
for 3 h with 10 µM CCCP or 8 h with DMSO or second-generation inhibitors as indicated. β-actin was used as a
loading control. A representative blot of two independent experiments is shown.
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2.2 Physiological characterization of novel α-ketoamide-based PARL inhibitors

2.2.1 PARL inhibitors do not affect the mitochondrial membrane potential

Following the successful establishment of the PARL inhibitors in terms of PGAM5 and PINK1

cleavage, a major concern left to be addressed was whether the inhibitors influence ΔΨm.

The JC-1 dye is a commonly used method to detect changes in ΔΨm. In this assay, the

positively charged JC-1 dye is added to live cells where it accumulates within healthy mitochon-

dria and forms red fluorescent aggregates. Upon disruption of ΔΨm, the aggregates disperse

as monomers into the cytoplasm and fluorescent green (see Figure 10A). Therefore, the ratio

of red to green fluorescence can be used to measure changes in ΔΨm (Reers et al., 1991). Ana-

lysis of the PARL inhibitors on HEK293T cells via JC-1 assay shows that compound 5 does not

cause a significant change in ΔΨm , which is in clear contrast to CCCP as a depolarizing agent

(Figure 10B). As an additional positive control, Antimycin A was employed. Antimycin A shows

a high variance in this assay, potentially caused by even minor differences in treatment times

between experimental replicates, rendering it a less useful control than CCCP here. The three

other first-generation inhibitors were analyzed in duplicates only, as it was at this point clear that

they were inferior to compound 5 in terms of potency. Their preliminary data trends towards a

slight depolarization effect, which reinforced the focus on compound 5 from the first-generation

inhibitors.

When the second-generation inhibitors were tested, I opted to check the influence on ΔΨm

with a more straight-forward and high-throughput fluorescence-activated cell sorting (FACS)

assay using tetramethylrhodamine ethyl ester (TMRE) dye. TMRE accumulates only within

healthy mitochondria with a red fluorescence. As a proof-of-principle that TMRE signal reflects

intact ΔΨm, live cell imaging of PINK1 overexpressing HEK293 T-REx cells stained with Hoechst

and TMRE shows clear mitochondrial signal under DMSO or compound 5 treatment, but no

TMRE signal in CCCP treated cells (Figure 10C). I thus moved forwards with the FACS analysis

and tested compound 1868 as well. Indeed, TMRE signal in cells treated with compound 5 or

the newer compound 1868 does not differ significantly from signal under DMSO treatment, but

does so from signal under CCCP treatment (Figure 10D).

In conclusion, the PARL inhibitors do not affect ΔΨm under the treatment times of three

hours and concentrations of 10 µM (compound 5) or 0.5 µM (compound 1868) usually used

during this study, regardless of PINK1 expression levels, and therefore are well-suited to in-

vestigate the consequences of PARL inhibition in healthy polarized mitochondria.
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Figure 10: Evaluation of mitochondrial membrane potential reveals no effect of PARL inhibitors. A) Schem-
atic depiction of JC-1 assay. B) HEK293T cells were stained with Hoechst (blue), treated for 3 h with DMSO, 10 µM
CCCP, 30 µM Antimycin A or 5 µM of the inhibitors and then stained with JC-1 and taken for live-cell imaging.
Left side displays exemplary microscopy images as maximum intensity z-stack projections for DMSO, CCCP and
compound 5 (scale bars 20 μm). Right side shows the quantification of signal intensity ratios (*p ≤ 0.05, **p ≤ 0.01,
unpaired t-test; means ± SEM, n = 3 for N(DMSO) = 1584, N(Antimycin A) = 1385, N(CCCP) = 1500, N(compound
5) = 1358; n=2 for N(compound 6) = 997, N(1343) = 957, N(1345) = 996). C) HEK293 T-REx cells overexpressing
PINK1 were treated for 2 h with DMSO, 10 µM CCCP or 10 µM compound 5, stained with Hoechst (blue) and TMRE
(magenta) and taken for live-cell imaging (scale bars 10 µm). D) HEK293 T-REx cells overexpressing PINK1 were
treated for 3 h with DMSO, 10 µM CCCP, 10 µM compound 5 or 0.5 µM compound 1868 before being stained with
DAPI and TMRE and taken for FACS analysis. Left side shows a representative FACS result with the black bar
indicating the area of live TMRE-positive cells based on internal controls. The right graph shows the quantification
of median TMRE signals (*p ≤ 0.05, **p ≤ 0.01, unpaired t-test; means ± SEM, n = 3).
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2.2.2 PARL inhibitors are largely non-toxic at potent concentrations

With the inhibitors’ non-influence on ΔΨm proven, I investigated whether the two best inhibitors,

compound 5 and compound 1868, show toxicity by measuring cell proliferation upon longer

treatment times than the usual three to eight hours employed in previous experiments.

In wildtype HEK293T cells (Figure 11A), compound 5 does not affect cell proliferation much

even at higher concentrations of 30 µM over five days of treatment, and the same is true for

lower concentrations of compound 1868 (0.5 µM and 2.5 µM). However, compound 1868 has

a detrimental effect on the cells at 10 µM, with delayed attainment of full cellular confluency at

102 hours instead of 79 hours compared to DMSO treatment, and increasing its concentration

to 30 µM enhances this effect even further. In T-REx cells overexpressing PINK1 (Figure 11B)

the toxicity effect is more pronounced: compound 5 at 10 µM and 30 µM here slows down

the proliferation rate to a similar degree as 0.5 µM and 2.5 µM of compound 1868 do, but the

cells still manage to reach 100 % confluency at 102 hours. 10 µM of compound 1868 however

keep the cells from reaching full confluency over the course of the measured five days, and

30 µM of compound 1868 even result in complete arrest of cell proliferation from the beginning,

comparable to CCCP treatment. As seen from the western blots in Figure 9, the overexpression

of PINK1 combined with PARL inhibition causes a massive PINK1 stabilization. Upon prolonged

treatment like in this proliferation assay, the accumulation of PINK1 could result in enhanced

rates of mitophagy and the removal of otherwise healthy mitochondria, which would negatively

influence cellular health and therefore proliferation. Wildtype HEK293T cells would likely be

more resistant to this effect, since their level of PINK1 expression is much lower and levels of

mitophagy would presumably be so as well.

To verify whether the toxic effect is due to PARL inhibition itself or rather due to a different

off-target effect of the inhibitors, I repeated the proliferation assay comparing HeLa wildtype

and PARL-KO cells. It appears that HeLa cells (Figure 11C) are in general more sensitive to

the inhibitors influencing proliferation compared to HEK293(T) cells; even low concentrations

of compound 5 negatively impact proliferation, and this is enhanced at higher concentrations

and with compound 1868. As I have seen before that compound 1868 shows a higher po-

tency on HeLa as compared to HEK293T cells (see Figure 8C), also the negative effects could

be stronger in HeLa cells if they are due to PARL inhibition. Curiously, HeLa PARL-KO cells

(Figure 11D) seem to exhibit fewer of the detrimental proliferation effects of the inhibitors at

lower concentrations than wildtype HeLa cells while still showing complete proliferation arrest

at the higher inhibitor concentrations. A better cell proliferation in the PARL-KO cells indicates

that the adverse effect of the inhibitor compounds is indeed due to their PARL inhibition, which
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would be in line with heightened cell toxicity observed in PINK1 overexpressing T-REx cells

(see Figure 11B). However, the persisting toxicity at higher inhibitor concentrations, especially

for compound 1868, even in PARL-KO cells doesn’t quite fit into the picture, so it is probable

that additional off-target effects of the PARL inhibitors influence cell proliferation independent of

their PARL interaction.

It thus appears that optimization of the compound 5 structure that results in the higher po-

tency of compound 1868 also comes at the cost of having a more pronounced cell toxic effect.

To mitigate adverse cellular effects, I therefore kept to largely non-toxic yet potent inhibitor con-

centrations (10 µM for compound 5 and 0.5 µM for compound 1868) for the experiments shown

in this study.

Figure 11: PARL inhibitors show cell toxicity in the higher µM-ranges. A) HEK293T cells or B) HEK293 T-REx
cells overexpressing PINK1 were treated with DMSO, 10 µM CCCP or the indicated amounts of compound 5 or
1868 and imaged with the Axion BioSystems Omni in 6 h intervals for five days. C) HeLa wildtype cells or D) HeLa
PARL KO cells were treated with DMSO, 10 µM CCCP or the indicated amounts of compound 5 or 1868 and imaged
with the Incucyte S3 (Sartorius) in 6 h intervals for five days. Dots represent the mean of 1-3 imaged wells ± SEM;
missing values are due to condensation interfering with imaging.
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2.3 Characterization of PARL inhibition onPINK1 cleavage, trafficking and down-
stream pathways

As I observed multiple cleavage fragments of PINK1 under PARL inhibition (see Figure 9)

whose submitochondrial localizations were unclear, I now turned to take a closer look at where

these PINK1 species are trafficked to and what causes the cleavage fragment annotated as

PINK1-53.

2.3.1 PARL inhibitors result in PINK1 cleavage fragments being localized in specific

mitochondrial subcompartments

I started my investigation in HEK293T cells since there the inhibitors showed the least cell

toxicity (see Section 2.2.2) and since their endogenous expression system is closer to the

normal physiological state than the PINK1 overexpression system. Due to endogenous PINK1

being difficult to detect, I performed a sodium carbonate extraction of mitochondrial membranes

(Figure 12A). The stabilized full-length PINK1-66 is present in all first-generation inhibitors, but

most pronounced and significantly increased in compound 5. Also visible is the PINK1-62 form

(cleaved by MPP), mostly appreciable in compound 5 and compound 6. The lower PINK1

fragments observed in Figure 9 could not be detected in this approach.

After obtaining a new PINK1 antibody that is able to detect endogenous PINK1 with an

increased sensitivity, I applied another approach in HEK239T cells using a subcellular fraction-

ation, which leaves the mitochondrial subcompartments intact (Figure 12B). Here, the detect-

able endogenous PINK1 fragments mimic those previously observed in whole cell lysates of

PINK1-overexpressing T-REx cells (see Figure 9). DMSO treatment results in PINK1-66 and

PINK1-55 (PARL-cleaved PINK1) forms being present mostly in the cytosol, as PINK1 isn’t sta-

bilized at the mitochondria here. Still, a faint band of PINK1-62 is present in the mitochondrial

fraction, indicative of PINK1 being imported and cleaved by MPP but not yet cleaved by PARL

and retrotranslocated into the cytosol. With CCCP treatment, a great stabilization of PINK1-

66 (full-length and phosphorylated form based on the upwards shift) is present, mostly in the

mitochondrial fraction where it localizes to the OMM. Under inhibitor treatment, a stabilization

of PINK1-62 can be observed in the mitochondrial fraction, and for PINK1-66 also to a lesser

degree in the cytosol, accompanied by a similar stabilization of the yet-to-be-defined PINK1-53

fragment. A very similar image to this is revealed under inducible overexpression of PINK1

(Figure 12C). This similarity between endogenous and overexpressed PINK1 confirms that the

overexpression system can be used for further exploration of the inhibitor effects on PINK1.
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Following these results of the different PINK1 species mostly localizing to the mitochon-

dria under PARL inhibition, the question arised where each species is located within the mito-

chondria. To answer this, I used a proteinase K assay on the isolated mitochondrial fraction

(Figure 12D). Since proteinase K digests any peptide sequence accessible to it and the PINK1

antibody used here binds to the residues 175-250 within PINK1’s kinase domain, PINK1 local-

ized with its kinase domain towards the cytosol shows a lessened signal with more proteinase K

applied (CCCP lanes). With compound 5 treatment, proteinase K completely degrades PINK1-

66 as well as PINK1-55/-53, generating smaller cleavage fragments of 50/40/20 kDa. This

proteinase K accessibility shows that these PINK1 species are indeed localized at the OMM.

PINK1-62 is partially protected from proteinase K, showing only a slight signal reduction. There

are two possible explanations for this: PINK1-62 may exist as two pools, one protected at the

inside of the mitochondria below the OMM, and one located at the OMM, accessible to pro-

teinase K. Alternatively, and as an artifact of this experimental setup, proteinase K treatment

may slightly disrupt the OMM such that the IMS-localized AIF and some fraction of PINK1-62

(localized purely within the mitochondria) are also partially digested by proteinase K.

Notable in Figure 12B-D is the higher quantity of PINK1-62 over PINK1-66, whereas in

the whole lysate samples in Figure 9, there is clearly more of PINK1-66 than of PINK1-62.

This circumstance is indicative of PINK1 being present as a flexible import-intermediate form,

spanning all mitochondrial compartments and can be explained by residual protease activity

(namely MPP) targeting PINK1-66 over the duration of the fractionation protocol. This can be

seen in the gradual decrease of PINK1-66 and increase of PINK1-62 in the steps between

whole cell lysate, obtaining the mitochondrial fraction and subjecting the same fraction to the

proteinase K assay (Figure 12E).

Taken together, these results demonstrate that PINK1 import and submitochondrial traf-

ficking under PARL inhibition is a highly dynamic process. Especially interesting is the potential

dual-targeting of PINK1-62 at the OMM and within mitochondria, which will be further discussed

in Section 3.1.
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Figure 12: Different PINK1 cleavage fragments generated by PARL inhibition are localized to specific cellular
andmitochondrial subcompartments. A)HEK293T cells were treated for 8 h with DMSO, 10 µM CCCP or 5 μM of
the inhibitors before being subjected to a sodium carbonate fractionation. VDAC was used as fractionation control.
The mitochondrial membrane fraction samples are shown. The quantification below shows the relative PINK1-66
stabilization, compared to PINK1-66 levels in the CCCP condition, in DMSO, CCCP and compound 5 samples
(*p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001, unpaired t-test; means ± SEM, n = 3). B) HEK293T cells were treated for 3
h with DMSO, 10 µM CCCP or 0.5 µM 1868 before being subjected to a subcellular fractionation into mitochondrial
(mito) and cytosolic (cyto) fractions. β-actin and VDAC were used as fractionation controls. A representative blot
of two independent experiments is shown. C) HEK293 T-REx cells overexpressing PINK1 were treated for 3 h with
DMSO, 10 µM CCCP or 5 μM compound 5 before being subjected to a subcellular fractionation into mitochondrial
(mito) and cytosolic (cyto) fractions. β-actin and VDAC were used as fractionation controls. A representative blot of
two independent experiments is shown. Samples were prepared by Master student Simon Feldkamp. D) HEK293
T-REx cells overexpressing PINK1 were treated for 3 h with DMSO, 10 µM CCCP or 5 μM compound 5 before
being subjected to a proteinase K (PK) protection assay for 1 h. AIF and VDAC were used as fractionation controls.
A representative blot of three independent experiments is shown. E) HEK293 T-REx cells overexpressing PINK1
were treated for 6 h with 5 μM compound 5 before being either lysed directly (lysed), subjected to a subcellular
fractionation to isolate mitochondria (mito), or subjected to a PK protection assay for 30 min. AIF was used as
fractionation control. A representative blot of three independent experiments is shown.
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2.3.2 The cleavage activity of the mitochondrial protease OMA1 is targeted specifically

towards PINK1 under PARL inhibition

To investigate which protease is responsible for the cleavage fragment PINK1-53 under PARL

inhibition, I tested the effect of siRNA-mediated knockdown of the PINK1-cleaving protease

OMA1 (Sekine et al., 2019; Akabane et al., 2023). As shown in Figure 13A, the knockdown of

OMA1 results in a reduction of PINK1-53 and an increase of PINK1-62, indicating that OMA1

targets PINK1 under PARL inhibition. This finding is intriguing as thus far, there have only been

cases described where OMA1 cleaves PINK1 in depolarized mitochondria, upon certain PINK1

mutations and/or when TIM23 is downregulated (Sekine et al., 2019; Akabane et al., 2023),

none of which is true in this study. It would therefore suggest that PARL inhibition is a novel

trigger for OMA1 cleavage activity directed towards PINK1. To check whether OMA1 cleavage

is specifically directed towards PINK1 here, I looked at OPA1 cleavage as an established OMA1

substrate (Ehses et al., 2009) under PARL inhibition (Figure 13B). Thus, it is clear that while

CCCP treatment causes OPA1 cleavage, OPA1 is not cleaved under PARL inhibition with either

inhibitor compounds, so OMA1 cleavage activity appears to be specific towards PINK1 under

these circumstances.

Figure 13: The mitochondrial protease OMA1 cleaves specifically PINK1 under PARL inhibition, rather than
another of its substrates, OPA1. A) HEK293 T-REx cells overexpressing PINK1 were transfected with control
siRNA (siCtrl) or siRNA directed against OMA1 (siOMA1). Cells were treated for 8 h with DMSO or 10 μM com-
pound 5. β-actin was used as a loading control. A representative blot of four independent experiments is shown.
B) HEK293 T-REx cells overexpressing PINK1 were treated for 3 h with DMSO, 10 µM CCCP, 10 μM compound 5
or 0.5 µM 1868. β-actin was used as a loading control. A representative blot of two independent experiments is
shown.
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2.3.3 PARL inhibition stabilizes different PINK1 forms within the PINK1-TOM-TIM23 su-

percomplex

Following the discovery of themultiple differently cleaved and submitochondrially targeted PINK1

forms (for a summarized scheme, see Figure 18 in Section 3.1), I was then interested in the

processes of PINK1 stabilization. Typically under CCCP treatment, PINK1 stabilizes at the TOM

complex while maintaining interaction with the TIM23 complex (Akabane et al., 2023; Eldeeb

et al., 2024). I asked whether PARL inhibition results in the same PINK1-TOM-TIM23 super-

complex and if yes, which of the PINK1 species participate in the interaction.

To this end, I used a FLAG-immunoprecipitation approach on HEK293 T-REx cells inducibly

overexpressing PINK1 with a FLAG tag. Figure 14A and Figure 14C show that treatment with

both inhibitors (compound 5 and compound 1868) results in co-immunoprecipitation of PINK1

with TOM20 and TOM22, two TOM complex proteins. In order to judge the actual complex

interaction of PINK1 with the TOM complex, I applied the PINK1-FLAG immunoprecipitation

samples to a Blue Native PAGE (BN-PAGE) (Figure 14B and D). This corroborated that indeed,

PINK1, TOM20 and TOM22 reside in one complex at ~750 kDa in both CCCP and PARL inhibitor

treated cells. While the interaction of PINK1 with the TOM proteins is not as strong with PARL

inhibition as under CCCP treatment, it is much stronger than under DMSO control treatment.

This difference between CCCP and inhibitor treatment could be explained by not all PINK1 in

inhibitor-treated cells residing at the mitochondria in the first place, in contrast to CCCP-treated

cells where essentially all PINK1 localizes to mitochondria (see Figure 12C). In addition, even

the PINK1 fraction that does localize to the mitochondria exists as different species that may

not all interact stably with the TOM complex under PARL inhibition, such as the mostly inner

mitochondrially localized portion of PINK1-62 (see Figure 12D).

To address the question of which PINK1 species are present in the PINK1-TOM complex,

I used the BN-PAGE gel for a subsequent 2D-PAGE (Figure 14E). Interestingly, this shows

that under PARL inhibition, all previously observed PINK1 fragments can be found within the

PINK1-TOM complex band, even PINK1-62. However, it appears that PINK1-66 and PINK1-62

are the most prominent forms within the PINK1-TOM complex. PINK1-55 and PINK1-53, while

present, are less pronounced in the complex as compared to the total PINK1 protein loaded on

the left side of the gel.

Lastly, I asked if the PINK1 species under PARL inhibition also interact with TIM23 complex

proteins via another PINK1-FLAG immunoprecipitation. Figure 15A demonstrates that PINK1

co-immunoprecipitates with the TIM23 complex members TIM17A, TIM23 and TIM50 under

PARL inhibition. This interaction, again, is weaker than under dissipation of ΔΨm, here caused
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Figure 14: PARL inhibition results in stabilization of all PINK1 forms at the the PINK1-TOM supercomplex.
HEK293 T-REx cells overexpressing PINK1-FLAG were treated for 3 h with DMSO (“D”), 10 µM CCCP (“C”), 10 µM
compound 5 (“5”) or 0.5 μM 1868 (“8”) and subjected to a FLAG immunoprecipitation. A/C) SDS-PAGE showing
all immunoprecipitation fractions. VDAC was used as non-binding control. “-” indicates non-induced cells. In A),
the PINK1 blot exhibited sensitivity issues when imaging the input samples only. B/D) BN-PAGEs of the bound
immunoprecipitation fractions shown in A) and C) as “IP”. A) and B) show representative blots of two independent
experiments, C) and D) show representative blots of three independent experiments. E) The horizontally tilted tops
represent the BN-PAGE of the bound immunoprecipitation fraction that was loaded as a duplicate to the 2D SDS-
PAGE below. The 2D SDS-PAGEs are all adjusted for low and high brightness/contrast (“B&C”) individually to best
show the present PINK1 forms.
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by the combined treatment of Oligomycin and Antimycin A. There was no co-immunoprecipitation

of mtHSP70, an associated protein of the TIM23 complex, fitting to what has been published

(Akabane et al., 2023). The pulldown of TOM22mimics the results from Figure 14C; in addition,

it was possible to show association of PINK1 with another TOM complex protein, TOM40. See-

ing how the co-immunoprecipitation of the TIM23 complex proteins appeared weaker than that

of the TOM complex, crosslinking was applied prior to the co-immunoprecipitation procedure

Figure 15B). This greatly increased pulldown of TIM17A, TIM23 and TIM50 in inhibitor-treated

cells, indicating that the interaction of PINK1 with the TIM23 complex might be of a more tran-

sient nature as compared to interaction with the TOM complex.

Altogether, these results indicate that PARL inhibition results in various PINK1 species

interacting with and stabilizing at components of the TOM and TIM23 complex.

Figure 15: PARL inhibition results in stabilization of PINK1 forms within the PINK1-TOM-TIM23 supercom-
plex. HEK293 T-REx cells overexpressing PINK1-FLAG were treated for 3 h with DMSO (“D”), 10 µM Oligomycin
and Antimycin A (“AO”), or 0.5 μM 1868 (“8”) and subjected to a FLAG immunoprecipitation. “-” indicates use of
non-induced cells. AIF was used as non-binding control. A) SDS-PAGE showing all immunoprecipitation fractions.
Representative blots of two independent experiments are shown. B) SDS-PAGE showing all immunoprecipitation
fractions, with crosslinking applied prior to co-immunoprecipitation. Representative blots of two independent exper-
iments are shown. Experiments were conducted by Master student Simon Feldkamp.
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2.3.4 Exploration of downstream effects of PARL inhibition via (phospho-) proteomics

I could show that PARL inhibition results in stabilized PINK1 at the TOM-TIM23-supercomplex

similar to what can be observed under ΔΨm dissipation, which is the first step in PINK1 auto-

phosphorylation and activating its kinase function. Therefore, I was interested to see whether

PARL inhibition would allow screening for PINK1 kinase substrates or enrichment of proteins

involved in mitophagy overall. For this, I turned to a proteomics approach, including measure-

ments of the whole proteome and phosphoproteome in the mitochondrial fraction of wildtype

HEK293T cells, comparing DMSO treatment to inhibitor compound 1868.

In the whole proteome, even though my mitochondrial fraction samples were rather impure

with only 16 % of all recognized proteins being mitochondrially localized, I achieved a good

coverage of known mitochondrial proteins with 77 % (Figure 16A). As a consequence, very few

of the detected phosphoproteomic peptides were localized to mitochondria (3 %, Figure 16B).

This contamination of the mitochondrial fraction with non-mitochondrial proteins is likely due to

remaining association of the ER with the mitochondria via the MAMs. For future proteomics

approaches, the applied subcellular fractionation protocol should therefore be further improved,

for example with additional washing steps and differential centrifugation to separate MAMs from

purified mitochondria.

Due to the high amount of protein load that is required for phosphoproteomics, I pooled

technical replicates and included two biological replicates in a single proteomics run for a total

of four samples per condition. As a result of the drastic replicate pooling, variance within and

between the condition groups was a concern. Taking a look at the principal component analyses

of whole proteome (Figure S.1A) and phosphoproteome (Figure S.1B) confirms this concern.

In the whole proteome data set, the DMSO control values (blue) are quite spread-out when

compared to the inhibitor values (orange). Same can be said from the phosphoproteome data

set, where the DMSO control values show an even bigger spread (mind the different axis ranges

between Figure S.1A and B), while three of the inhibitor values cluster nicely. From the phos-

phoproteomics data, two samples could be considered as outliers (“PP_03” in the control group

and “PP_05” in the inhibitor group). However, due to the overall large variance also in the whole

proteome set, it was decided to include all samples in the analysis so as to not introduce sub-

jective biases by excluding samples that present as clear outliers in the phosphoproteome data

set but not in the whole proteome data set.

Analysis of the whole proteome (Figure 16C, for curated results table see Table S.1) yiel-

ded three significant hits that are downregulated in the inhibitor condition. Of greatest interest is

NBR1, one of the ubiquitin-binding autophagy adapters (Kirkin et al., 2009; Chan et al., 2011).
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However, NBR1 is dispensable in PINK1-Parkin-mediated mitophagy (Lazarou et al., 2015).

From the three adapters involved in PINK1-Parkin-mediated mitophagy (NDP52, optineurin

and TAX1BP1), only TAX1BP1 was detected and is downregulated in the inhibitor condition

(p-value = 0.12). The regulator TBK1 was also downregulated upon inhibitor treatment (p-

value = 0.21). Also noteworthy is the detection of STARD7 which did not reach the significance

cut-off q-value but is enriched in the inhibitor condition. STARD7’s enrichment as another PARL

substrate corroborates the mechanism of PARL inhibition. Lastly, cytochrome c (CYCS), which

is localized in the IMS and is released into the cytosol in apoptosis, was downregulated under

inhibitor treatment but barely did not reach the significance cut-off q-value ≤ 0.05.

The phosphoproteomics approach (Figure 16D, for curated results table see Table S.2)

resulted in each three significantly up- and downregulated hits upon inhibitor treatment. The

potentially most relevant one is the proto-oncogene serine/threonine-protein kinase RAF1, as it

can translocate to mitochondria to protect against apoptosis (Wang et al., 1996; Jin et al., 2005).

RAF1 is more phosphorylated at site S619 in the inhibitor condition.

Taken together, the lesser abundance of autophagy-involved proteins NBR1 and specific-

ally TAX1BP1 and TBK1 may indicate that PARL inhibition results in mitophagy and that the

employed 16 hours of compound 1868 treatment are enough to measure their decreased pro-

tein levels due to autolysosomal degradation.

Furthermore, the downregulation of cytochrome c in the inhibitor condition implies that re-

lease of cytochrome c into the cytosol has been triggered, as the cytosol has largely been

eliminated from the used mitochondrial sample fraction. This would then point towards the

beginning of apoptosis after 16 hours of PARL inhibition. PARL has been implicated in apop-

tosis regulation, either as pro-apoptotic via Smac/Diablo processing (Saita et al., 2017) or as

anti-apoptotic via cytochrome c release dependent on cristae remodelling by OPA1 (Cipolat

et al., 2006). Both studies have however observed increased or faster cytosolic release of

cytochrome c upon apoptotic stimuli in PARL KO systems, which could relate to my observed

reduction of mitochondrial cytochrome c upon prolonged PARL inhibition.

Contrary to this, the detected enhanced phosphorylation of RAF1 under PARL inhibition

may relate to anti-apoptotic regulations. When activated, RAF1 can relocate to mitochondria

and exert its anti-apoptotic function via Bcl-2 (Wang et al., 1996). This mechanism has been

associated with phosphorylation at S338/339 (Jin et al., 2005), whereas the detected phos-

phorylation site here is S619. Not much is known about this site, other than that it does activate

RAF1’s kinase function and is caused by protein kinase C (Carroll and May, 1994).

All in all, further investigations are needed to verify whether RAF1 may be directly or in-
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directly phosphorylated by PINK1 under PARL inhibition, and how regulation of apoptosis and

mitophagy are affected by the PARL inhibitor. To further substantiate my claim that PARL inhib-

ition can lead to mitophagy, I lastly turned to direct investigation of Parkin recruitment.

Figure 16: Analysis of whole proteome and phosphoproteins following PARL inhibition. A) Breakdown of
detected proteins in whole proteomics approach on the mitochondrial fraction of HEK293T cells treated for 16 h with
either DMSO or 0.5 µM inhibitor 1868. B) Breakdown of detected peptides in phosphoproteomics approach on the
mitochondrial fraction of HEK293T cells treated for 16 h with either DMSO or 0.5 µM inhibitor 1868. C) Volcano plot
for whole proteomics approach. D) Volcano plot for phosphoproteomics approach.

2.3.5 Inhibition of PARL results in Parkin recruitment

The proteomics data sets did not include detection of the PINK1 target Parkin, the E3 ubiquitin

ligase that is recruited to the mitochondria, activated by PINK1 and that is responsible for at-

taching ubiquitin chains to OMM proteins, targeting mitochondria towards mitophagy. However,

Parkin recruitment to the mitochondria is expected upon the PINK1 stabilization at the TOM-

TIM23 supercomplex upon ΔΨm dissipation, which is mimicked by PARL inhibition as shown

in Figure 14 and Figure 15. I thus decided to investigate possible Parkin recruitment to the
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mitochondria upon PARL inhibition by two more targeted assays.

I first tested for Parkin recruitment via its presence in the mitochondrial or the cytosolic

fraction after a subcellular fractionation (Figure 17A). The recruitment of Parkin to the mito-

chondrial fraction is observable especially in compound 5 and compound 1258. Included here

as an additional positive control is again Antimycin A, which also results in Parkin recruitment.

While quantification shows amuch less drastic Parkin recruitment in response to PARL inhibition

compared to Antimycin A or CCCP treatment, the difference between compound 5 treatment

and DMSO condition is still significant.

As an additional assay, I evaluated Parkin recruitment to mito-mCherry marked mitochon-

dria via confocal microscopy and quantified the number of cells that showed more than three

Parkin recruitment events to mitochondria (Figure 17B-D). In this assay, compound 5 yielded

a similar Parkin recruitment efficiency as Antimycin A and was again significantly different from

recruitment in the DMSO control condition.

Overall, PARL inhibition results in mild but evident Parkin recruitment to mitochondria,

which can be postulated as the next step towards mitophagy following PINK1 stabilization.

The reduced level of Parkin recruitment compared to the CCCP condition is also in line with

the slightly less prominent interaction of PINK1 with the TOM complex as observed in Fig-

ure 14A-D): a lower amount of TOM-stabilized PINK1 under PARL inhibition would result in

less autophosphorylated PINK1 and therefore reduced levels of Parkin recruitment following

PINK1 kinase activity.
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Figure 17: Parkin recruitment occurs as a result of PARL inhibition. A) HEK293 T-REx cells overexpressing
PINK1 were transfected with HA-Parkin-IRES-GFP and treated for 22 h with 5 μM inhibitors or DMSO or 3 h 30 µM
Antimycin A or 10 µM CCCP before being subjected to a subcellular fractionation (mito = mitochondrial fraction, cyto
= cytosolic fraction). The right side shows the quantification of Parkin recruited to the mitochondrial fraction as a
percentage of total detected Parkin in DMSO, Antimycin A, CCCP and compound 5 samples (*p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001, unpaired t-test; means ± SEM, n = 3). AIF and β-actin were used as fractionation
controls. B) HEK293 T-REx cells overexpressing PINK1 were transfected with mito-mCherry and Parkin-mEGFP
and treated for 3 h with DMSO, 30 µM Antimycin A, 10 µM CCCP or 5 μM compound 5 before being stained with
Hoechst (blue) and fixed. Representative fluorescence microscopy images are shown (scale bars 10 μm, insets
scale bars 1 μm). C) Corresponding pixel intensity plots for the white line in the merge inset image of B), showing
Parkin recruitment to the fluorescent mitochondria via overlaps in channel intensity values. D) Quantification of cells
from B) that show more than three Parkin recruitment events (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, unpaired t-test;
means ± SEM, n = 3, N(DMSO) = 86, N(Antimycin A) = 82, N(CCCP) = 96, N(compound 5) = 80).
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3 Discussion

In this work, I established a group of novel α-ketoamide-based PARL inhibitors and showed

their rapid effect on two PARL substrates, PGAM5 and PINK1. Recently, the Stříšovský group

has also been able to show that compound 5’s inhibitor capacity is specific towards PARL, and

not other rhomboid proteases like GlpG or RHBDL2 (Bach et al., 2024). I showed in tissue cul-

ture cells that these inhibitor compounds are effective at concentrations and treatment durations

that do not cause cell toxicity, and that they do not disrupt the mitochondrial membrane potential

under the employed conditions. This proved the inhibitor compounds to be excellent tools to

investigate non-PARL governed PINK1 proteolysis and the resulting trafficking fates of PINK1.

Under PARL inhibition, PINK1 exhibits pronounced stabilization as a full-length protein at the mi-

tochondria, as well as cleavage by the proteases MPP and OMA1. Interestingly, MPP-cleaved

PINK1 can localize fully within the mitochondria, where it may phosphorylate proposed putative

PINK1 substrates. While OMA1-mediated proteolysis of PINK1 is not unheard of, I herein show

that this cleavage is specific towards PINK1 and not OPA1, another OMA1 substrate, and hap-

pens in non-depolarized mitochondria, which is unprecedented. In addition, the various PINK1

forms all interact with the TOM-TIM23 import supercomplex, resulting in Parkin recruitment to

the mitochondria, indicating mitophagy. I propose a model in which PARL inhibition promotes

a PINK1 import intermediate that transiently interacts with the mitochondrial import complexes

and can be cleaved alternatively by OMA1, resulting in a more moderate activation of mito-

phagy than is the case in depolarized mitochondria. PARL inhibition may thus even open up

therapeutic avenues for directing mitochondria affected by PD-related activity-reduced PINK1

mutants towards a reduced threshold for mitophagic induction and thus aid in maintaining an

appropriate level of mitophagy.

3.1 PARL inhibition causes different PINK1 forms and mitochondrial localiza-
tions

In intact ΔΨm conditions, human cells usually show both full-length PINK1 and an additional

PARL-cleaved PINK1 form, the latter of which is rapidly degraded via the N-end rule pathway.

As PINK1 is first partially imported into mitochondria, there processed by MPP and PARL, and

then retrotranslocated into the cytosol again for proteasomal degradation, PINK1 is present in

both the cytosol and the mitochondria. When ΔΨm is disrupted in damaged mitochondria, full-

length PINK1 stabilizes as a mitochondrial membrane spanner and recruits Parkin. Upon PARL

inhibition, I observe that multiple PINK1 forms are present, summarized in Figure 18. Most
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prominent is the stabilization of full-length PINK1-66, mostly at the mitochondrial surface (Fig-

ure 12). In addition, I showed that OMA1 is responsible for cleaving longer PINK1 forms to gen-

erate PINK1-53 (Figure 13), which is readily accessible to proteinase K with its kinase domain

reaching into the cytosol and is also localized in a smaller quantity in the cytosol. Also clearly

visible is the MPP-cleaved form PINK1-62, which presence is emphasized when performing a

subcellular fractionation to enrich mitochondria. Intriguingly, I found that this PINK1-62 form

is mostly located within the mitochondria and not oriented with its C-terminal kinase towards

the cytosol, though a certain fraction of this PINK1-62 pool also exists within the PINK1-TOM-

TIM23 supercomplex (Figure 14E). Using sodium carbonate extraction for isolating mitochon-

drial membranes, I detected endogenous PINK1-62, in addition to PINK1-66 (Figure 12A); thus

it appears that at least these two PINK1 forms are stably bound to mitochondrial membranes

as integral membrane proteins.

A surprising finding was the mostly inner-mitochondrially localized pool of PINK1-62. How-

ever, PINK1 being present within the mitochondria isn’t without precedence. Previous work

from our laboratory and others showed PINK1-55 being partially protected within polarized mi-

tochondria (Jin et al., 2010; Meissner et al., 2011); additionally, Pridgeon et al. (2007) and

Fallaize et al. (2015) detected PINK1 presence at the IMM and IMS of intact mitochondria,

whereas Jin et al. (2010) found PINK1 only at the IMM. Of note are various reported accounts

of PINK1 potentially phosphorylating IMM or IMS proteins such as the cristae related protein

Mic60 (Tsai et al., 2018), the complex I subunit NdufA10 (Morais et al., 2014), the calcium and

potassium exchanger LETM1 (Huang et al., 2017), the HSP90-paralog TRAP1 (Pridgeon et al.,

2007; Fallaize et al., 2015) and the serine protease HTRA2 (Plun-Favreau et al., 2007).

How PINK1, which canonically has only been postulated as being autophosphorylated and

thus possessing its kinase activity after forming a supercomplex with the TOM complex at the

OMM (Hasson et al., 2013; Okatsu et al., 2015; Sekine et al., 2019; Maruszczak et al., 2022;

Rasool et al., 2022; Eldeeb et al., 2024; Raimi et al., 2024), would phosphorylate proteins that

are localized at the IMM/IMS has not been elucidated for any of those potential substrates.

However, the current PINK1-TOM-TIM23 stabilization models are primarily based on data ac-

quired from depolarized mitochondria where the TIM23 import machinery is impaired. In my

study conducted in mitochondria with intact ΔΨm, the stabilized PINK1-62 is mostly localized

within mitochondria, including its kinase domain, and would thus be in the right place to poten-

tially phosphorylate IMM/IMS targets. However, it is still undetermined whether the kinase of

this particular PINK1 form is actually active, how this PINK1 form is finally targeted to its inner

mitochondrial localization, and where exactly it is located (matrix, IMS or IMM).
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Figure 18: Model of PINK1 cleavage events and submitochondrial trafficking in healthy or depolarized mi-
tochondria or under PARL inhibition. In healthy, polarized mitochondria (left panel), PINK1 is partially imported
into the mitochondria via the TOM-TIM23 complex and is cleaved by MPP after its MTS and by PARL in its TMD.
The shortened PINK1-55 fragment is released into the cytosol and is degraded by the proteasome. In depolarized
mitochondria (such as via CCCP,middle panel), PINK1 cannot be fully imported into the mitochondria and remains
bound to the TOM-TIM23 complex, presumably without being accessible to PARL or MPP. The stabilized PINK1-66
autophosphorylates and initiates mitophagy. Under PARL inhibition (right panel), PINK1 can also be stabilized at
the TOM-TIM23 complex in various forms, causing mitophagy. PINK1-66 remains present in its full-length form, al-
though to a lesser degree than what is seen under CCCP treatment. It however also exists as an import intermediate
which can be cleaved by MPP to form PINK1-62. PINK1-62 is divided between two mitochondrial pools, one fraction
also with its kinase domain reaching towards the cytosol like PINK1-66, the other larger fraction located fully within
the mitochondria, possibly localized at the IMM bound to the TIM23 complex. Lastly, PINK1-66 and PINK1-62 can
be cleaved by OMA1 within the IMS, resulting in PINK1-53 present with its kinase domain towards the cytosol. Both
depolarization of mitochondria and inhibition of PARL thus result in PINK1 being stabilized at the TOM complex,
which is the first step towards mitophagy.
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3.2 PINK1 as a flexible import intermediate

As mentioned, PINK1 and its cleavage forms have been shown to localize to various mito-

chondrial subcompartments. I here observed low amounts of loosely OMM-attached PINK1-66

and PINK1-55 in untreated mitochondria, OMM-stabilized and phosphorylated PINK1-66 upon

dissipation of ΔΨm, and finally OMM-stabilized PINK1-66, PINK1-62 that localizes to both the

OMM and within mitochondria, and OMM-stabilized PINK1-53 upon PARL inhibition. How does

PINK1 exist in these distinct forms that are even differently localized within the mitochondria?

Based on previous publications on the fate of PINK1 import upon PARL KD (Meissner et al.,

2011, 2015) and my findings presented herein, I corroborate and extend a model of PINK1 ex-

isting as a flexible import-intermediate form, which spans both mitochondrial membranes until

it is properly processed by the various mitochondrial proteases and localizes to its final destin-

ations (Figure 18), assisted by interaction with the HSP90/CDC37 chaperone complex. This

import intermediate appears to be more stable upon PARL inhibition as indicated by first, the

concurrent presence of full-length PINK1-66 and MPP-cleaved PINK1-62 at mitochondria (Fig-

ure 12B-E), and second, the transient interaction with and existence of PINK1 in the TOM-TIM23

supercomplex upon PARL inhibition (Figure 14 and Figure 15).

Precedent for this import-intermediate state has previously been postulated, for example

by Lin and Kang (2010) and Meissner et al. (2011, 2015). More recently, PINK1 being able to

span the IMS, however without being imported towards the matrix in any capacity, has been

shown in Akabane et al. (2023) and Eldeeb et al. (2024). They showed that PINK1, stabilized

at the OMM due to depolarization, is still in contact with not only the TOM complex but also

the inner mitochondrial TIM23 complex. However, no actual import through the TIM23 complex

is taking place in the depolarization condition. Additionally, it has been shown that upon mito-

chondrial repolarization, PINK1 is rapidly being imported to the matrix and processed within the

mitochondria again in a span of only 2.5 minutes (Lazarou et al., 2012). Also, PINK1 relocation

from an IMM/matrix localization to the OMM/IMM does not depend on synthesis of new PINK1

(Fallaize et al., 2015). For both fast reimport and relocation an import-competent form that is

already bridging the IMS is highly convenient.

An import-intermediate form of PINK1with its kinase domain remaining largely in the cytosol

while its N-terminal segments are processed by various inner mitochondrial proteases is also

supported by the findings of Gaume et al. (1998). Their study found that bridging of the twomito-

chondrial membranes and access tomatrix proteins duringmitochondrial import of presequence-

containing proteins is possible already by 52, possibly less, amino acids. This would be enough

to allow PINK1’s kinase domain to remain in the cytosol even as it undergoes the N-terminal
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cleavages (compare Figure 6). Moreover, while the MTS is cleaved in the matrix, PINK1’s

TMD may be released laterally from the TIM17-Mgr2(ROMO1) translocation channel into the

IMM via its hydrophobic stop-transfer signal, allowing cleavage of already this import intermedi-

ate by PARL. PINK1 accessing PARL’s active site from the matrix side would position the NTE

domain as the IMS-bridging sequence. Conveniently, this would keep the NTE domain away

from interacting with the CTE domain located in the cytosol, preventing both correct folding of the

kinase and stabilization at the TOM complex for PINK1 activation (Sekine et al., 2019; Rasool

et al., 2022; Eldeeb et al., 2024; Raimi et al., 2024), as suggested also by (Trempe and Gehring,

2023). That would help to ensure that there is no premature activation of the kinase domain

while PINK1 is still interacting with PARL. Why would prevention of kinase domain activation

be needed, if PINK1 will be cleaved by PARL anyway and then degraded via the proteasome?

Rhomboid proteases exhibit a very slow substrate turnover rate compared to other proteases;

PARL processes only about a single substrate molecule per minute (Lysyk et al., 2020a), while

for example MPP is six times faster (Arretz et al., 1994). Therefore, delaying PINK1’s kinase

domain folding so that PARL has enough time to actually process PINK1 is a fitting mechanism

to prevent premature mitophagy induction on healthy mitochondria.

By inhibiting PARL, the PINK1 import-intermediate form is more stable. I also do observe

Parkin recruitment, which is indicative of PINK1’s kinase domain actually folding and being act-

ive under this circumstance. I suggest that this is possible by PINK1 only transiently interacting

with PARL at its exosite for substrate docking (Dickey et al., 2013). Under normal conditions,

PINK1’s TMD would then unfold to reach into PARL’s active site for cleavage (see Tichá et al.,

2018). However, because PARL’s active site is already occupied by the inhibitor, PINK1 even-

tually dissociates from PARL again. This frees up the NTE domain for cytosolic interaction with

the CTE domain and subsequently, activation of the kinase domain can take place.

How is this import-intermediate form facilitated? Various publications have provided puzzle

pieces that point to the cytosolic chaperone complex HSP90/CDC37 as a critical component in

PINK1’s stability, mitochondrial localization and therefore activity.

HSP90/CDC37 interaction is not strictly required for PINK1 import into mitochondria and

proteolytic processing by PARL (Lin and Kang, 2010; Ando et al., 2017). However, abolishing

HSP90/CDC37 interaction (by replacing PINK1’s kinase domain with GFP) removes all cytoso-

lic PINK1, instead targeting it all to the mitochondria, either to the inside (protected from pro-

teinase K treatment) or tethered to the OMM (Lin and Kang, 2010). This mitochondrial dual-

localization is likely due to a “tug of war” between the OMS, NTE and TMD conferring OMM

localization and import stop past the IMM, while the MTS draws PINK1 towards the matrix. This
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model is supported by the observation that deletion of just the OMS, NTE and TMD does re-

tain a cytosolic PINK1 pool, but all mitochondrial PINK1 is targeted to within the mitochondria

(Lin and Kang, 2010; Okatsu et al., 2015). HSP90/CDC37 interaction via PINK1’s kinase thus

maintains the cytosolic PINK1 pool. More specifically, Lin and Kang (2010) and Meissner et al.

(2015) have suggested that HSP90/CDC37 may act as a cytosolic anchor for PINK1 during mi-

tochondrial import, therefore contributing to PINK1’s import-intermediate state. Removing the

three N-terminal domains, namely the OMS, TMD and NTE, combined with inhibiting HSP90

interaction with the kinase domain then consequently targets all cellular PINK1 to an inner mito-

chondrial localization (Lin and Kang, 2010). It thus appears that HSP90/CDC37 in concert with

PINK1’s N-terminal domains act to maintain a cytosolic PINK1 pool and also tether a PINK1

import intermediate at the cytosolic side of the mitochondria. This prevents PINK1’s full mito-

chondrial import and also allows for its release after inner mitochondrial cleavage events.

Interaction of PINK1 with HSP90/CDC37 protects PINK1 from premature degradation via

the proteasome (Lin and Kang, 2008; Moriwaki et al., 2008;Weihofen et al., 2008). That ensures

that PINK1 is readily available for signaling mitophagy upon mitochondrial depolarization, which

is abolished in certain Parkinson’s disease mutations that lack HSP90/CDC37 interaction (for

example I368N, Ando et al., 2017). The proteasome-protective effect of HSP90/CDC37 on

PINK1 and yet the known proteasomal degradation of PARL-cleaved PINK1-55 necessitates

that at some stage of PINK1’s life cycle, HSP90/CDC37 has to dissociate from PINK1.

An attractive model for this removal of HSP90 from PINK1 is via the import force that is

exerted upon PINK1 under all conditions, including depolarization. Meissner et al. (2015) have

demonstrated that the import of PINK1 is an important factor for PINK1 activation: A fusion con-

struct of PINK1’s kinase domain to TOM20, thus lacking any way to access the normal PINK1

import route, did show PINK1 activation, though less pronounced than with wildtype PINK1 un-

der CCCP treatment. Meissner et al. (2015) therefore postulated that by PINK1 inserting into

the TOM40 channel as an import intermediate, HSP90 is stripped off, which allows optimal ac-

tivation of PINK1. A possibly involved TOM protein in this removal may be TOM70. TOM70,

a receptor subunit of the TOM complex, has been identified as the TOM complex protein re-

sponsible for HSP90 interaction (Young et al., 2003). TOM70 mostly recognizes internal tar-

geting sequences, whereas the canonical N-terminal MTS is commonly recognized by TOM20

and TOM22 (Söllner et al., 1989, 1990; Brix et al., 1997), though TOM20 and TOM70 share

some overlap in their recognized substrates (Ramage et al., 1993). Interestingly, PINK1 has

been shown to be imported into mitochondria as well as activated on depolarized mitochondria

also in the absence of its canonical MTS (Okatsu et al., 2015; Sekine et al., 2019). Maruszczak
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et al. (2022) have found that TOM70 binds to PINK1 even when PINK1 is lacking the MTS, that

TOM70 is also capable of binding to its N-terminal regions such as the MTS, OMS and TMD,

and that TOM70 KD has a more pronounced decreasing effect on PINK1 import than TOM20

KD. Recently, Raimi et al. (2024) have found an internal sequence in the OMS including three

conserved arginines (R83/R88/R98, labeled TOM70-interacting region or TIR) which are im-

portant for the interaction between PINK1 and TOM70. They also described that TOM70, in

addition to TOM20, is necessary for PINK1’s mitochondrial import as well as an optimal stabiliz-

ation and activation of PINK1 at the OMM. Thus, TOM70’s pronounced engagement with PINK1

and HSP90 would play well into a suggested role of eventually removing HSP90 from PINK1,

priming PINK1 for either proteasomal degradation or stabilization and activation at the OMM.

Whether PINK1’s interaction with HSP90 is changed in the more pronounced presence of the

import-intermediate form upon PARL inhibition and if HSP90 is present at the various observed

PINK1 species remains to be seen by future studies.

3.3 Influence of PARL inhibition on PINK1 cleavage events

In the context of protein quality control, it is not uncommon that one substrate is processed

by multiple different, even unrelated proteases. Reasons for that can be differing functional

forms produced by separate cleavages, or purposeful redundancy to safeguard the organism

against malfunctioning of one of the responsible proteases. In this thesis, I perceived two distinct

PINK1 cleavage forms upon PARL inhibition and was able to show that they are caused by MPP,

producing PINK1-62 (see Greene et al., 2012), and by OMA1, which cleaves both PINK1-66

and PINK1-62 to PINK1-53 (Figure 13).

When comparing my data on PARL inhibition with what is known about PINK1 cleavage in

PARL KO or PARL KD conditions, some similarities emerge. PARL KD and KO result in stabil-

ization of full-length PINK1 (Jin et al., 2010; Deas et al., 2011; Meissner et al., 2011; Greene

et al., 2012) as well as MPP-mediated cleavage (Jin et al., 2010; Deas et al., 2011; Greene

et al., 2012) into the slightly smaller form PINK1-62. Greene et al. (2012) also observed a

cleavage form appearing just below the PARL-mediated PINK1 fragment upon PARL KD. Sim-

ilarly, Deas et al. (2011) noted that in PARL KO cells, the PARL-cleaved form is replaced by two

bands, one of slightly higher and one of slightly lower molecular mass, similar to what I have

observed (compare Figure 9). Sekine et al. (2019) have demonstrated that OMA1 produces a

proteasome-degradable PINK1 cleavage fragment of around that size under conditions of TOM7

KO or in a PINK1 mutant of E112/113/117, both only under CCCP treatment. However, they

could not distinguish the specific band size. In my data, the OMA1-mediated PINK1-53 form
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corresponds to the smaller form published by Deas et al. (2011). A direct proof by comparing

PINK1 forms under PARL KD, KO and inhibition with and without OMA1 KD and depolarization

is, however, still needed. A combination of these factors is likely necessary to delineate the pre-

cise circumstances under which OMA1 targets PINK1, as no stabilization of PINK1 has been

observed by simple KD of OMA1 in otherwise normal cells with polarized mitochondria (Greene

et al., 2012).

Akabane et al. (2023) concluded that OMA1 and AFG3L2 can target PINK1 in depolar-

ized mitochondria, as a KD of either stabilizes full-length PINK1. They also demonstrated that

this cleavage is enhanced upon TIM23 KD, indicating that TIM23 protects against OMA1 and

AFG3L2 cleavage, likely facilitated by PINK1’s interaction with the TIM23 complex under depol-

arization. Further, OMA1 and AFG3L2 can act in concert via an unknown mechanism to cleave

PINK1 also in polarized mitochondria; a KD of both proteins at the same time is necessary to

stabilize uncleaved PINK1. In my work, I could now showcase an additional condition - that of

PARL inhibition - in which KD of OMA1 alone is sufficient to stabilize PINK1-66 and PINK1-62

in polarized cells.

Even though OMA1’s cleavage site of PINK1 is not known, it stands to reason that, due

to OMA1’s predicted catalytic site pointing towards the IMS (Head et al., 2009; Baker et al.,

2014), PINK1 is cleaved such that it no longer has any connection with the TIM23 complex at

the IMM. PINK1 would thus be localized at the TOM complex or general OMM with its kinase

reaching into the cytosol as found in Figure 12D. Intriguingly though, Figure 14E implies that

also this PINK1 form is present within the TOM-TIM23 supercomplex; an issue that remains

to be investigated. Based on the molecular mass of OMA1-generated PINK1-53, which runs

slightly below PINK1-55 generated by PARL, it is likely that OMA1 acts in the vicinity of PARL’s

cleavage site. Assuming an actual difference of 2 kDa between PARL- and OMA1-cleaved

PINK1, this corresponds to approximately 18 amino acid residues and places the putative OMA1

cleavage site at around residue V122. Consequently, I predict that PINK1 processing by OMA1

removes its N-terminal domains MTS, OMS, TMD and parts of the NTE (see Figure 6). This

would prime the remaining C-terminal kinase for eventual proteasomal degradation after its

retrotranslocation to the cytosol, similar to the fate of PARL-cleaved PINK1-55.

Altogether, this further expands the view of how PINK1 can be cleaved by OMA1. As

OMA1 has already been known to process PGAM5 in depolarized mitochondria, though more

marginally than PARL does (Sekine et al., 2012; Wai et al., 2016), this positions OMA1’s function

even closer to PARL. One could envision OMA1 acting as a fail-safe system in case of PARL

processing defects, such as PARL inhibition. Precisely how OMA1 is regulated under PARL
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inhibition remains to be seen; especially interesting is the demonstrated lack of activity towards

its substrate OPA1, which implies that further regulators are at play to restrain OMA1 activity to

PINK1 specifically.

3.4 Interaction of PINK1 with the TOM-TIM23 supercomplex under PARL inhibi-
tion

My work establishes that under PARL inhibition, PINK1 interacts with the TOM complex proteins

TOM20, TOM22 and TOM40 (Figure 14), as well as with the TIM23 complex proteins TIM17A,

TIM23 and TIM50 (Figure 15). These findings are summarized in Figure 19 and mimic the

state in the membrane depolarization condition, though with an overall reduced co-precipitated

amount of TOM-TIM23 complex proteins. The interaction of PINK1 with the TIM23 complex

proteins appears to be more transient than that with the TOM complex proteins, as evidenced

by improved protein pulldown upon crosslinking. Further, I demonstrated via BN- and 2D-PAGE

that all PINK1 forms present under PARL inhibition exist in this TOM-TIM23 supercomplex.

The presence of the various PINK1 forms in the TOM-TIM23 supercomplex again strengthens

the previously detailed hypothesis that MPP-cleaved PINK1-62 can exist as two pools, one

tethered at the OMM and another residing completely within the mitochondria, as evidenced

by protection from proteinase K proteolysis (Figure 12D). Nevertheless, additional immuno-

precipitations of TOM-TIM23 supercomplex proteins would be necessary to elucidate complex

associations and precise submitochondrial localizations of the individual PINK1 forms. With

those approaches it will also be possible to clarify the positioning of OMA1-cleaved PINK1-53.

Moreover, I showed that under PARL inhibition, PINK1 stabilization at the TOM-TIM23 su-

percomplex is sufficient to recruit Parkin to the mitochondria, albeit again at lower levels than

under membrane depolarization (Figure 17). Similarly, Meissner et al. (2015) showed that

a PARL KD also causes slightly reduced Parkin recruitment and autophagosome formation

compared to CCCP treatment. The reason appears to be twofold. For one, as mentioned in

Section 3.2, the chaperone complex HSP90/CDC37 may support the flexible PINK1 import in-

termediate, which causes the NTE domain to be imported. Therefore, the NTE domain is not

available for interactions with the CTE domain and the TOM complex, which would stabilize and

activate PINK1. Second, a possibility is that while HSP90/CDC37 is needed to protect PINK1

from premature cytosolic degradation, its removal is equally necessary to ensure full PINK1

kinase activity upon stabilization at the OMM (Meissner et al., 2015). A key in the removal

of HSP90/CDC37, and thus PINK1 activation, may be a prolonged stable interaction of PINK1

with the TOM-TIM23 supercomplex, such as after mitochondrial depolarization. There, PINK1’s
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Figure 19: Model of PINK1 import intermediate interactions with TOM and TIM23 complex proteins under
PARL inhibition. Yellow stars indicate interactions between PINK1 and the respective protein found via the co-
immunoprecipitations in this work. TOM and TIM proteins, abbreviated to their numeration, were modeled after the
available proteins from PDB entry 8W3J (TOM5/6/7/22/40) and PDB entry 8E1M (TIM17/23/44), and supplemented
with information from Sim et al. (2023) and Busch et al. (2023). For clarity, the pairwise proteins around the TOM40
dimer were omitted. Additional PINK1 interactions that have been published, e.g. with TOM7 (Hasson et al., 2013;
Sekine et al., 2019; Raimi et al., 2024) or TOM70 (Lazarou et al., 2012; Raimi et al., 2024), are likely also present
under PARL inhibition, but have not been evaluated in this work and are therefore not highlighted. Created using
BioRender.
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MTS is not being continuously pulled into the matrix by the PAM machinery, but simply remains

stuck in the TIM23 complex due to the dissipated ΔΨm, as evidenced by a lack of MPP cleavage.

On the other hand, PINK1’s interaction with the TOM-TIM23 supercomplex is more transient in

PARL inhibitor-treated cells, as PINK1 is still being imported. Since, again, the NTE domain

cannot stabilize PINK1 at the TOM complex when it is being imported, the less stable PINK1-

TOM-TIM23 supercomplex may then result in inadequate removal of HSP90/CDC37. This fits

to the likewise lower levels of Parkin recruitment as compared to depolarizing treatments. This

suggests that a more stable PINK1-TOM-TIM23 supercomplex formation is likely necessary to

allow equally high amounts of stabilized PINK1 dimer formation, subsequent PINK1 autophos-

phorylation and Parkin recruitment.

Regarding PINK1 import, the recent advancements on the mechanisms of TIM23-complex-

mediated import pronounces a role of TIM17 rather than TIM23, and identified Mgr2/ROMO1

as a regulator of lateral protein release into the IMM (Fielden et al., 2023; Sim et al., 2023; Zhou

et al., 2023; Maruszczak et al., 2024). The role of Mgr2/ROMO1 is especially interesting in the

context of PINK1 cleavage by PARL. A lateral release of the TMD of an import-intermediate

PINK1 in mitochondria with an intact ΔΨm would allow access of PARL to the TMD and permit

cleavage, fitting to my proposed model in Section 3.2. A current preprint by Lorriman et al.

(2024) even finds that PINK1 in combination with TIM17 associates with either ROMO1 or PARL

to form the translocation channel, with the former resulting in further PINK1 import and the latter

resulting in PINK1 cleavage. How this exclusive association with either ROMO1 or PARL may

be regulated is currently unclear; however, the prospect of this interaction is exciting news as a

further pointer towards PARL as a dynamic regulator of PINK1-Parkin-mediated mitophagy.

3.5 PINK1 proteolysis by PARL as the common denominator of PINK1-mediated
mitophagy regulation

For much of the time in PINK1 research, it has been mostly viewed as a simple ΔΨm sensor,

with depolarizing agents such as CCCP used as the primary model conditions for investigating

PINK1 processing and PINK1-Parkin-mediated mitophagy (Vives-Bauza et al., 2010; Geisler

et al., 2010a; Matsuda et al., 2010; Narendra et al., 2010b). However, as mentioned throughout

this work, there are by now various stressors, genetic manipulations like KOs/KDs and specific

protein mutations that have all been found to influence the ability of PINK1 to, on the one hand,

accumulate at the OMM and induce mitophagy, or on the other hand, to be partially imported

into mitochondria where it is cleaved by PARL at the IMM, priming it for retrotranslocation into

the cytosol and proteasomal degradation. As PARL is the primary mitochondrial protease that
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3 Discussion

acts on PINK1 under physiological conditions, the question arises whether PARL could be seen

as the major regulator for integrating various types of mitochondrial defects, rather than just

ΔΨm issues, by determining PINK1 fate and thus mediating mitophagy.

One of those alternative defects is the deactivation of mitochondrial protein import, inde-

pendent of any mitochondrial depolarization. Michaelis et al. (2022) showed that a general

inhibition of mitochondrial protein import is the underlying cause for PINK1 stabilization and mi-

tophagy in reaction to proteotoxic matrix stress promoted by e.g. KD of LONP1, the matrix pro-

tease involved in mitochondrial protein import and UPRmt regulation (Matsushima et al., 2010,

2021). Yet another trigger for proteotoxic matrix stress that causes PINK1-Parkin-mediated mi-

tophagy likely by affecting mitochondrial protein import is the accumulation of unfolded proteins

via ΔOTC expression (Jin and Youle, 2013).

A second example are certain PINK1mutations that have been found to exhibit no cleavage

by PARL, yet are still imported into the mitochondria where they also interact with PARL, and

which can cause Parkin recruitment even in polarized mitochondria (e.g. R98W, a PD-related

mutation, Meissner et al., 2011, 2015).

Last but not least, I have demonstrated in this work that a simple lack of PARL-mediated

cleavage by PARL inhibition can result in stabilized PINK1 and Parkin recruitment already in

polarized mitochondria, and the same holds true for PARL KD (Meissner et al., 2015).

All of these defects or stressors ultimately have in common that PINK1 is not cleaved by

PARL, causing mitophagy. I showed that even when mitochondrial import is permitted as usual

and PARL thus has access to PINK1, PARL inhibition is sufficient to initiate the first steps of mi-

tophagy. This would position the lack of PINK1 cleavage by PARL as the most upstream trigger

for mitophagy. PARL’s access to PINK1 may thus place it in a key role as the common denom-

inator to various PINK1 fates. In this position, PARL and PINK1 may delegate the appropriate

reaction to different stressors, including but not limited to a disruption of ΔΨm, via differences in

PINK1 proteolysis and trafficking, thus integrating inner mitochondrial “status reports” into the

cellular network by regulating mitochondrial health.
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4 Future perspectives

4 Future perspectives

Within this study, I successfully established the novel PARL inhibitors and employed them to

find: inhibition of PARL stabilizes the substrates PGAM5 (under CCCP treatment) and PINK1

(resulting in Parkin recruitment); PINK1 exists as an import-intermediate form in polarized mi-

tochondria upon PARL inhibition and is readily cleaved by other proteases; PARL inhibition

results in an additional inner mitochondrial localized PINK1-62 pool; PARL inhibition is a novel

condition for causing OMA1-mediated PINK1 cleavage; transient interactions of PINK1 with the

TOM-TIM23 supercomplex are present under PARL inhibition. Building upon those findings,

several interesting questions remain to be investigated.

In Section 2.1.3, I briefly discussed a PINK1 cleavage fragment stabilized upon PARL

inhibition, with a molecular weight just above the usual PINK1-55 form. Though I suggest that

this fragment may be a phosphorylated form of PINK1-53, its origin has not yet been identified.

In a similar vein, the cleavage site of PINK1 recognized by OMA1 is not known. Determining this

site would specifically be interesting in regards to deciphering the nature of the PINK1 import

intermediate, as it would allow further deductions on how far PINK1 is reaching into the IMS

under PARL inhibition and where its domains are localized.

This ties into the need for further investigation into the precise submitochondrial localiza-

tions of specifically PINK1-62; it is currently not known if the proteinase K protected pool resides

in the IMS, IMM or even the matrix. A more sophisticated separation of the crude isolated mi-

tochondria into their subcompartments would answer this question and give further hints on

if this PINK1 form may be localized fittingly to phosphorylate postulated inner mitochondrial

PINK1 substrates as mentioned in Section 3.1. Those substrates could then be investigated

for changes in their phosphorylation status upon PARL inhibition.

Following stabilization of PINK1 at the TOM-TIM23 supercomplex, I observed Parkin re-

cruitment under PARL inhibition. Parkin recruitment is a necessity for PINK1-caused mitophagy,

but determining the actual quantity and rate of mitophagy caused by the PARL inhibitors would

be even more enticing. Therefore, additional mitophagy tools should be employed such as

recruitment of autophagy adapters or measurements via sensors like mito-Keima. This could

then be further used to examine whether PARL inhibition, via priming of the PINK1 threshold

needed to activate mitophagy, has a beneficial effect on mitochondrial health in organisms that

suffer from PD-related PINK1 mutations that present with a reduced kinase activity. In addition,

a first foray into exploration of other downstream effects upon PARL inhibition was performed

via proteomics as detailed in Section 2.3.4 and yielded the kinase RAF1 as a potential target
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of PINK1 phosphorylation activity. However, the sample analysis suffered from contamination

with non-mitochondrial proteins and non-ideal variances; therefore, technical improvements are

in order to repeat this assay. This includes a higher overall protein load, a better purification of

mitochondria, and larger replicate numbers.

A topic that is currently gaining renewed traction in the PINK1 research community is that of

PARL/PINK1 interactors and PINK1 mitochondrial import. As I have discussed in Section 3.2,

the role of HSP90/CDC37 is not fully elucidated and has not been thoroughly investigated after

few initial studies when the PINK1 field was still rather young. It would be of special interest

to see which PINK1 forms under PARL inhibition show interaction with HSP90/CDC37. Addi-

tionally, as discussed in Section 3.4, further investigation on which PINK1 forms interact with

which TOM or TIM23 complex proteins under PARL inhibition is needed. Furthermore, the

role of ROMO1 in PINK1 import and cleavage deserves a brighter spotlight, as the regulation

of PINK1’s lateral release into the IMM is important for delineating how PARL recognizes and

cleaves PINK1. Related to this, it may be interesting to also be on the lookout for changes in

association of the SPY complex as a possible regulatory response due to PARL inhibition. I

detected OMA1 activity towards PINK1, and OMA1 as well as PARL can be regulated by SLP2

of the SPY complex (Wai et al., 2016); additionally, YME1L1 of the SPY complex can degrade

ROMO1 (Richter et al., 2019) and may thus be involved in PINK1’s lateral IMM release regula-

tion.

Last but not least, I validated the PARL inhibitors using two knownPARL substrates, PGAM5

and PINK1. How PARL inhibition affects the processing of its other substrates Smac/Diablo,

TTC19, STARD7 and CLPB remains to be seen, and could contribute to the growing know-

ledge surrounding PARL as an important mitochondrial protease with diverse, critical functions.
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5 Materials

5.1 Equipment

Table 1: Equipment / software and their manufacturer

Equipment / software Manufacturer

Amersham ImageQuant 800 Cytiva

BD FACS Canto II BD Biosciences

ImageQuant LAS 4000 GE Healthcare

Incubator HERA Cell Vios 160i Thermo Scientific

Incucyte S3 live cell imaging system Sartorius

Microscope LSM 780 Zeiss

Microscope Leica TCS SP5 Leica

Microscope Primovert Zeiss

Mini gel chamber BioRad

Multiple gel caster Amersham Biosciences

NanoDrop One Thermo Scientific

Omni live cell imaging system Axion BioSystems

pH meter Mettler Toledo

photometer TriStar2 Multimode Reader LB 942 Berthold Technologies

Pipettes (2/10/20/100/200/1000 µl) Gilson

Sterile bench HERA SAFE 2025 Thermo Scientific

Tabletop centrifuges 5417R, 5415R Eppendorf

Tabletop centrifuge Universal320 Hettich Zentrifugen

Thermomixer compact, comfort Eppendorf

Ultracentrifuge Sorvall Discovery M120SE Thermo Scientific

Ultracentrigue rotors S120AT2, S100AT3 Beckman Coulter

Ultrasonic processor VibraCell 75115 Bioblock Scientific

XCell SureLock MiniCell gel running tank Invitrogen

BioRender BioRender

ChemDoodle 2D Sketcher Demo iChemLabs

Excel 2016 Microsoft

FlowJo BD Biosciences
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ImageJ Schneider et al. (2012)

LAS AF3 Leica

Prism 6, 10 GraphPad

ZEN 2010 Zeiss

5.2 Consumables

Table 2: Consumables and their manufacturer

Consumable Manufacturer

1 ml syringes BD Plastipak

5 ml polystyrene round bottom tube Corning

27-gauge needle Henke Sass Wolf

Cell culture plates (6-/12-/24-/96-well) Corning / Sarstedt

Cell culture dishes (10 cm) Corning

Cell culture dishes (15 cm) Sarstedt

Cell scraper Sarstedt

Cover slips #1.5 Avantor

Cryotubes Thermo Scientific

Falcon tubes (15/50 ml) Cellstar

GE alumina plates Cytiva

Glass plates Glas Hlawatsch

ibiTreat µ-Slide 8 well Ibidi

Microscope slides Heinz Herenz Hamburg

Micro tubes (0.5/1.5/2/5 ml) Sarstedt

NativePAGE 4-16 % Bis-Tris gel Invitrogen

Pipet tips (10/20 µl) Starlab

Pipet tips (200/1000 µl) Sarstedt

Pipet tips filtered (10/20/200/1000 µl) Starlab

Polycarbonate ultracentrifuge tubes Beckman Instruments

PVDF membrane Immobilon-P Sigma-Aldrich

Whatman 3MM CHR Cytiva
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5.3 Chemicals

Table 3: Reagents and their manufacturer

Reagent Manufacturer

Acetic acid VWR

Acetone VWR

Acrylamide Rotiphorese Gel 30 Roth

6-Aminohexanoic acid Sigma-Aldrich

Antimycin A Sigma-Aldrich

Ammonium Peroxodisulfate (APS) AppliChem

β-Mercaptoethanol Sigma-Aldrich

Bis-Tris AppliChem

Blasticidin Gibco

Bromophenol blue Chroma Waldeck

Bovine serum albumin (BSA) Roth

Chloroacetamide (CAA) Proteomics Core Facility Cologne

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) Sigma-Aldrich

Coomassie G-250 Serva

4′,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich

D-Glucose Merck

D-Sucrose AppliChem

Digitonin Merck

Dulbecco’s Modified Eagle Medium (DMEM) Gibco

Dimethyl sulfoxide (DMSO) Sigma-Aldrich / AppliChem

Doxycyline AppliChem

Dithiobis[succinimidylpropionate] (DSP) Thermo Scientific

Dithiothreitol (DTT) Proteomics Core Facility Cologne

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich

Ethylene glycol-bis (β-aminoethyl ether) - N,N,N′,N′-

tetraacetic acid (EGTA)

AppliChem

Fetal bovine serum (FBS) Thermo Fisher / Gibco

anti-FLAG M2 affinity gel Sigma-Aldrich

FLAG peptide Sigma-Aldrich

FluoroBrite DMEM Gibco
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Fluoromount-G Southern Biotech

16 % Formaldehyde Thermo Scientific

GlutaMax Gibco

Glycerol Promega

Glycine AppliChem

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid

(HEPES)

AppliChem

Hoechst-33342 Sigma-Aldrich

Hygromycin B Invitrogen

Inhibitor compounds 5, 6, 1258, 1343, 1866, 1868 Stříšovský group, Institute of Or-

ganic Chemistry and Biochemistry,

Prague

KCl Merck

KH2PO4 AppliChem

KOAc AppliChem

KOH Grüssing

Lipofectamine RNAiMAX Thermo Fisher

Oligomycin Cayman Chemical

OptiMEM Gibco

Mg(OAc)2 AppliChem

MgCl2 AppliChem

NaCl Fisher Chemical

Na2CO3 AppliChem

NaH2PO4 AppliChem

NaN3 Sigma-Aldrich

NativeMark unstained Protein Standard Invitrogen (LC0725)

NHS-activated Sepharose 4 Fast Flow Cytiva

Nonfat dried milk powder AppliChem

Opti-MEM Gibco

PageRules Plus Prestained Protein ladder Thermo Scientific (26619)

25-kDa linear polyethylenimine (PEI) Polysciences

Pen Strep Gibco

PhosSTOP Roche
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c0mplete, EDTA-free protease inhibitor cocktail (PI),

50x

Roche

Phenylmethylsulfonyl fluoride (PMSF) AppliChem

Poly-l-lysine solution Sigma-Aldrich

Proteinase K Merck

Sodium dodecyl sulfate (SDS) Sigma-Aldrich

Sodium pyruvate Gibco

Tetraethylammonium bromide (TEAB) Proteomics Core Facility Cologne

Tetramethylethylenediamine (TEMED) AppliChem

Trichloracetic acid (TCA) VWR

Tris Sigma-Aldrich

Trypsin Proteomics Core Facility Cologne

Trypsin-EDTA, 0.05 % Gibco

Tween 20 AppliChem

5.4 Commercial kits

Table 4: Kits and their manufacturer

Kit Manufacturer

NucleoBond Xtra Midi Kit Macherey-Nagel (740410.100)

JC-1 mitochondrial staining kit Sigma-Aldrich (CS0390)

NativePAGE Running Buffer kit invitrogen (BN2007)

Pierce BCA protein assay kit Thermo Scientific (23227)

TMRE mitochondrial membrane potential assay kit abcam (ab113852)

WesternBright enhanced chemiluminescence (ECL) Advansta (K-12045)
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5.5 Buffers and media

Table 5: Compositions of buffer and medium

Buffer / medium Content

2D-PAGE sample buffer 125 mM Tris pH 6.8

20 % (v/v) Glycerol

4 % (w/v) SDS

0.01 % (w/v) Bromophenol blue

2 % (v/v) β-mercaptoethanol

Blocking solution 5 % (w/v) nonfat dried milk powder

TBS-T

BN sample buffer (40x) 500 mM 6-Aminohexanoic acid

100 mM Bis-Tris pH 7.0

5 % (w/v) Coomassie G-250

BN fixation solution 40 % (v/v) Methanol

10 % Acetic acid

4 % Formaldehyde 16 % Formaldehyde

PBS pH 7.4

Harsh stripping buffer 62.5 mM Tris pH 7.4

2 % (v/v) SDS

0.7 % (v/v) β-Mercaptoethanol

HEK293T medium DMEM

10 % (v/v) FBS

HeLa medium DMEM

10 % (v/v) FBS

2 % (v/v) GlutaMax

626262



5 Materials

HEK293 T-REx medium DMEM

10 % (v/v) FBS

1 % (v/v) GlutaMax

1 % (v/v) Sodium pyruvate

125 µg/ml Hygromycin

10 µg/ml Blasticidin

Hypotonic buffer 10 mM HEPES pH 7.4

1.5 mM MgCl2
10 mM KOAc

0.5 mM DTT

2.5 mM PMSF

1x PI

Isolation buffer 250 mM D-Sucrose

10 mM Tris pH 7.4

10 mM HEPES pH 7.4

0.1 mM EGTA

1x PI

Laemmli SDS-PAGE running buffer 25 mM Tris-Base

192 mM Glycine

0.1 % (v/v) SDS

Laemmli SDS-PAGE sample buffer 50 mM Tris pH 6.8

10 mM EDTA

4 % (v/v) Glycerol

2 % (w/v) SDS

0.01 % (w/v) Bromophenol blue

5 % (v/v) β-Mercaptoethanol

Live cell imaging medium FluoroBrite DMEM

10 % (v/v) FBS
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Mild glycine stripping buffer pH 2.2 100 mM Glycine

30 mM Mg(OAc)2
50 mM KCl

1 % (v/v) Tween-20

0.1 % (v/v) SDS

Phosphate-buffered saline (PBS) pH 7.4 10 mM NaH2PO4

1.4 mM KH2PO4

2.7 mM KCl

140 mM NaCl

PBS-EDTA PBS pH 7.4

1 mM EDTA

0.2 g/l D-Glucose

Pulse-chase solution buffer 50 mM HEPES pH 7.4

150 mM NaCl

2 mM Mg(OAc)2
10 % (v/v) Glycerol

1 mM EGTA

1 mM PMSF

1x PI

Semi-dry blotting buffer 48 mM Tris pH 7.5

39 mM Glycine

20 % (v/v) Methanol

Sucrose cushion 100 mM Na2CO3

250 mM D-Sucrose

Tris-buffered saline (TBS) 10 mM Tris pH 7.4

150 mM NaCl

TBS-T TBS

646464



5 Materials

0.1 % (v/v) Tween-20

(+) Transfection medium DMEM

1 % (v/v) PS

(++) Transfection medium DMEM

10 % (v/v) FBS

1 % (v/v) PS

Urea buffer 8 M Urea

50 mM TEAB

1x PI

1x PhosSTOP

Wet blotting buffer 25 mM Tris

192 mM Glycine

20 % (v/v) Methanol

5.6 Plasmids and siRNA

Empty plasmid (pcDNA3.1+) was aquired from Invitrogen. The used plasmid constructs have

been described previously: pcDNA3.1/PGAM5-FLAG (Sekine et al., 2012), pCDH/HA-Parkin-

IRES-GFP (Weihofen et al., 2008), pEGFP-C1/Parkin-mEGFP (Meissner et al., 2015) and mito-

mCherry (Lorenz et al., 2006). siRNA-oligonucleotides for OMA1 (4392420, ID s41776 in the

main text or additionally s41777 in the uncropped blot section) and nontargeting control siRNA

(4390843) were purchased from Ambion.
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5.7 Antibodies

Table 6: Used antibodies

Antibody Dilution Source Identifier

Anti-AIF Mouse mAb 1:500 Santa Cruz Biotechnology sc-13116

Anti-β-Actin Mouse mAb 1:2000 Sigma-Aldrich A1978

Anti-FLAG M2 Mouse mAb 1:1000-1:2000 Sigma-Aldrich F1804

Anti-HA.11 Mouse mAb 1:1000 BioLegend 901502

Anti-mtHSP70 Mouse mAb 1:2000 Abcam ab2799

Anti-OPA1 Mouse mAb 1:1000 BD Biosciences 612606

Anti-PINK1 Rabbit pAb 1:1000 Novus biologicals BC100-494

Anti-PINK1 Rabbit mAb 1:1000 Cell Signaling Technology 6946

Anti-TOM20 Mouse mAb 1:1000 Santa Cruz Biotechnology sc-17764

Anti-TOM22 Rabbit mAb 1:1000 Abcam ab179826

Anti-TOM40 Rabbit pAb 1:2000 Proteintech 18409-1-AP

Anti-TIM17A Rabbit pAb 1:2000 Proteintech 11189-1-AP

Anti-TIM23 Rabbit pAb 1:1000 Proteintech 11123-1-AP

Anti-TIM50 Rabbit pAb 1:1000 Proteintech 22229-1-AP

Anti-VDAC Rabbit pAb 1:1000 Invitrogen PA1-954A

Anti-Mouse IgG (H+L)

Donkey-HRP

1:20,000 Dianova 715-035-150

Anti-Rabbit IgG (H+L)

Donkey-HRP

1:20,000 Dianova 711-035-152
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6.1 Cell Biology Methods

6.1.1 Used cell lines

HEK293T and Flp-In HEK293 T-REx cells were grown in their respective medium at 37 °C

in 5 % (v/v) CO2. Inducible stable Flp-In HEK293 T-REx cells expressing PINK1 were de-

scribed previously (Meissner et al., 2015). Inducible stable Flp-In HEK293 T-REx cells express-

ing PINK1-FLAG were generated by previous lab member Cathrin Meissner; the PINK1-FLAG

segment was generated from PINK1 subcloned into pFLAG-N1 (Meissner et al., 2011, 2015).

Flp-In HEK293 T-REx cells were induced with 0.3 µg/ml doxycycline for 24 hours before further

processing. HeLa wildtype and HeLa PARL-KO cells were a gift from Thomas Langer (MPI

AGE, Cologne).

6.1.2 Transient transfection

Transient plasmid transfections were performed using PEI. 100 ng plasmid encoding HA-Parkin-

IRES-GFP, mito-mCherry or Parkin-mEGFP, or 500 ng plasmid encoding PGAM5-FLAG were

used per 6-well, total transfected DNA was 2 µg/6-well, held constant via addition of empty

plasmid. Plasmid DNA was mixed with 250 µl (+) transfection medium and incubated for 5 min.

5 µl of PEI were added, the mixture was vortexed and incubated for another 10 min, before

adding 375 µl each of (+) and (++) transfection medium. After vortexing, the cell medium was

replaced with the transfection mixture. After 4 h, the transfection mixture was removed and fresh

(++) transfection medium added. Amounts were scaled down accordingly for use in smaller well

formats. Cells were analysed 27 hours post-transfection.

6.1.3 siRNA knockdown

For siRNA transfection, 2×105 cells were seeded per 6-well and transfected on the next day.

20 nM siRNA-oligonucleotide were mixed with 250 µl Opti-MEM and incubated for 5 min. An-

other 250 µl Opti-MEM were mixed with 3 µl lipofectamine RNAiMAX and also incubated for

5 min. Both mixtures were combined, incubated for 15 min and added onto the cells within their

medium. On the next day, the medium was replaced with (++) transfection medium. Cells were

analysed five days post-siRNA-transfection.
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6.2 Biochemical Methods

6.2.1 Preparation of total cell lysates

Cells were washed with PBS and directly lysed with Laemmli SDS-PAGE sample buffer and

heated for 15 min at 65 °C.

6.2.2 Subcellular fractionation

Unless mentioned otherwise, all steps were performed at 4 °C. For subcellular fractionation to

separate cellular content into cytosolic andmitochondrial fractions, cells were washed with PBS,

harvested in PBS-EDTA and centrifuged at 500×g for 5 min. The pellet was reconstituted in isol-

ation buffer and incubated for 10 min. Cells were lysed by passing through a 27-gauge needle

six times, then centrifuged at 200×g for 5 min. The supernatant was centrifuged at 10,000×g for

10 min. The resulting supernatant (cytosolic fraction) was subjected to a 10 % TCA precipita-

tion, then an acetone wash at room temperature and was finally resuspended in Laemmli SDS-

PAGE sample buffer. The resulting pellet (mitochondrial fraction) was washed twice with isol-

ation buffer via centrifugation at 10,000×g for 10 min. The pellet was resuspended in Laemmli

SDS-PAGE sample buffer. All samples were heated for 15 min at 65 °C.

6.2.3 Proteinase K protection assay

Unless mentioned otherwise, all steps were performed at 4 °C. For protease protection assay,

cells were washed with PBS, harvested in PBS-EDTA and centrifuged at 500×g for 5 min. The

pellet was reconstituted in EGTA-less isolation buffer and incubated for 10 min. Cells were

lysed by passing through a 27-gauge needle six times, then centrifuged at 200×g for 5 min. The

supernatant was centrifuged at 10,000×g for 10 min. The resulting pellet (mitochondrial fraction)

was resuspended in EGTA-less isolation buffer without PI, then proteinase K was added and

the suspension was incubated for 30 min or 1 h. To stop the reaction, 2.5 mM PMSF was added

and incubated for 15 min. Samples were mixed with 4× Laemmli SDS-PAGE sample buffer and

heated for 15 min at 65 °C.

6.2.4 Sodium carbonate extraction

Unless mentioned otherwise, all steps were performed at 4 °C. For sodium carbonate fraction-

ation to detect endogenous PINK1 signals at enriched mitochondrial membranes, cells were

washed and harvested with PBS and centrifuged at 500×g for 5 min. The pellet was reconsti-
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tuted in hypotonic buffer and incubated for 10 min. The suspension was centrifuged at 500×g

for 10 min and the pellet was resuspended in hypotonic buffer. Cells were lysed by passing

through a 27-gauge needle six times, then centrifuged at 1,000×g for 10 min. The supernatant

was centrifuged at 100,000×g for 15 min. The resulting pellet (mitochondrial membrane frac-

tion) was resuspended in hypotonic buffer, then an equal amount of 200 mM Na2CO3 (pH 11.3)

was added and resuspended. The suspension was incubated for 30 min and then overlaid on a

sucrose cushion and centrifuged at 130,000×g for 15 min. The pellet (membrane fraction) was

resuspended in Laemmli SDS-PAGE sample buffer. The supernatant (membrane-contained

soluble proteins and peripheral membrane proteins) was subjected to a 10 % TCA precipitation,

then an acetone wash at room temperature and was finally resuspended in Laemmli SDS-PAGE

sample buffer. All samples were heated for 15 min at 65 °C.

6.2.5 Crosslinking

For crosslinking, cells were washed with PBS and then incubated with 1 mM DSP in PBS,

including relevant treatments, for 30 min with gentle agitation. 1 M Tris pH 7.4 was added to

a final concentration of 12 mM and incubated for 15 min to quench the reaction. Cells were

further processed by co-immunoprecipitation.

6.2.6 Co-immunoprecipitation

Unless mentioned otherwise, all steps were performed at 4 °C. For co-immunoprecipitation of

FLAG-tagged PINK1, cells were washed with PBS, harvested in PBS-EDTA and centrifuged at

500×g for 5 min. The pellet was reconstituted in pulse-chase solution buffer + 1 % digitonin

and incubated for 1 h. The lysate was centrifuged at 20,000×g for 5 min. An input sample was

taken from the supernatant. The supernatant was added to 30 µl BSA-coupled agarose beads

(made by coworker Martina Costa from NHS-activated Sepharose 4 Fast Flow beads and BSA)

and incubated rotating for 1 h to remove unspecific binding. The lysate-BSA-bead mix was

centrifuged at 1,500×g for 2 min, the supernatant was added to 60 µl anti-FLAG M2 affinity

gel and incubated rotating over night. The lysate-FLAG gel mix was centrifuged at 1,500×g

for 2 min. An unbound sample was taken from the supernatant. The pellet was washed twice

with pulse-chase solution buffer + 0.1 % digitonin via 5 min rotating and centrifugation at 500×g

for 2 min. The bound proteins were eluted by shaking incubation for 30 min with pulse-chase

solution buffer + 0.1 % digitonin + 0.5 mg/ml FLAG peptides. Following a last centrifugation at

1,500×g for 2 min, the supernatant (bound/immunoprecipitated sample) was collected. Only if
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samples were further resolved via SDS-PAGE were they mixed with 4× Laemmli SDS-PAGE

sample buffer and heated for 15 min at 65 °C.

6.2.7 SDS-PAGE

Proteins were resolved by tris-glycine SDS-PAGE according to Laemmli (1970). Gels were run

first at a constant 60 V for 30 min, followed by constant 20 mA/gel until the bromophenol blue

front had run past the bottom of the gel, followed by western blotting procedure (Section 6.2.10).

6.2.8 BN-PAGE

For resolving of protein complexes, a BN-PAGE approach was used (Schägger and von Jagow,

1991). Protein samples resulting from a co-immunoprecipitation were mixed with 1/40th BN

sample buffer and resolved via a NativePAGE 4-16 % Bis-Tris gel and the NativePAGE Running

Buffer kit at a constant 150 V for 2.5 h at 4 °C. The gel was incubated for 15 min in wet blotting

buffer prior to wet blotting onto a PVDF membrane at constant 85 mA for 70 min at 4 °C. The

membrane was incubated in BN fixation solution in order to mark the unstained protein ladder

bands, destained in methanol and washed in water before continuing with the blocking step of

the western blotting procedure (Section 6.2.10).

6.2.9 2D-PAGE

To resolve protein complexes captured via BN-PAGE, the according sample lane was cut from

the BN-PAGE gel and incubated for 10 min in 2D-PAGE sample buffer before a brief boiling

step. The cooled down gel lane was loaded horizontally onto a SDS-PAGE gel and overlayed

with 2D-PAGE sample buffer. The SDS-PAGE was run as described above.

6.2.10 Western Blotting and protein detection

SDS-PAGE gels were blotted onto a PVDF membrane via semi-dry blotting, incubated with

blocking solution and then incubated with primary antibody in blocking solution over night at

4 °C. Membranes were washed with TBS-T, and incubated with the respective secondary HRP-

coupled antibody. Membranes were washed again with TBS-T before imaging via ECL. For

stripping and reprobing, membranes were incubated for 30 min in either harsh stripping buffer

at 50 °C, or in mild glycine stripping buffer at room temperature. Stripped membranes were

washed in TBS-T before continuing with the blocking step as above.
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6.2.11 Parkin recruitment via fluorescence microscopy

Cells were seeded on poly-l-lysine coated cover slips. Hoechst staining (1 µg/ml) was done

immediately before adding treatment to the cells. For fixation, cells were incubated for 15 min

with 4 % formaldehyde and washed in PBS. The cover slips were mounted with Fluoromount-G

on microscope slides.

6.2.12 JC-1 assay

Cells were seeded on poly-l-lysine coated µ-slides. Hoechst staining (1 µg/ml) was done imme-

diately before adding treatment to the cells. Staining of cells for determination of mitochondrial

membrane potential was carried out with the JC-1 mitochondrial staining kit according to the

kit’s instructions and in live cell imaging medium; stained cells were immediately taken to live

cell imaging.

6.2.13 TMRE assay

For microscopy, cells were seeded on poly-l-lysine coated µ-slides. Hoechst staining (1 µg/ml)

was done together with the TMRE staining according to the TMRE mitochondrial membrane

potential assay kit’s instructions and in live cell imagingmedium. Stained cells were immediately

taken to live cell imaging.

For FACS analysis, cells were stained with TMRE according to the TMRE mitochondrial

membrane potential assay kit’s instructions, then handled at 4 °C. Cells were washed twice

with PBS, then harvested in PBS-EDTA. The cells were centrifuged at 300×g for 3 mins and

resuspended in PBS + 5 % FBS. Cells were then stained with DAPI (0.1 µg/ml) to label dead

cells for later exclusion from analysis. Cells were again centrifuged at 300×g for 3 mins, washed

twice with PBS and again resuspended in PBS + 5 % FBS and subjected to a cell strainer. Cells

were immediately taken for FACS analysis according to the TMRE mitochondrial membrane

potential assay kit’s instructions.

6.2.14 Sample preparation for proteomics

Unless mentioned otherwise, all steps were performed at 4 °C. For proteomics, samples were

collected from 15 cm dishes and subjected to a subcellular fractionation with the addition of

PhosSTOP to the buffer. Only the mitochondrial fraction was kept. Instead of adding Laemmli

SDS-PAGE sample buffer to the pellet, it was resuspended in 8 M urea buffer and sonicated

twice for five seconds at 30 % amplitude. The sample was centrifuged at 20,000×g for 15 min,
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the supernatant was kept and frozen until all biological replicates were collected. All samples’

protein concentrations were measured according to the Pierce BCA protein assay kit’s instruc-

tions. Then, technical replicates were pooled such that in the end there were a total of four

technical replicates of 650 µg protein each distributed among two biological replicates. In order

to reduce disulfide bonds, DTT was added to the samples to a final concentration of 5 mM and

incubated shaking at 25 °C for 1 h. To alkylate thiol groups, CAA was added to a final concen-

tration of 40 mM and incubated for 30 min in the dark at room temperature. The samples were

diluted with 50 mM TEAB to achieve a final urea concentration < 2 M. Trypsin was added at

an enzyme:substrate ratio of 1:75 and incubated shaking at 25 °C over night. Further sample

processing, including Stage-Tip purification and enrichment of phosphopeptides with titanium

dioxide beads, mass spectrometry measurements as well as data preparation were performed

by the Proteomics Core Facility Cologne.

6.3 Data processing and analysis

Image processing and analysis was performed using ImageJ (Schneider et al., 2012). Quantific-

ations and data presentations were performed with Excel and Prism. FACS data was analyzed

with FlowJo.

Parkin recruitment event analysis was carried out in a blinded fashion using the ImageJ

plug-in “Blind Analysis Tools”, developed by Jaiswal and Lorenz. Parkin recruitment events to

mitochondria were counted by hand throughout each z-stack and cell. The percentage of cells

that displayed more than three recruitment events was calculated.

JC-1 images were handled as summed intensity z-stack projections, subjected to flatfield

correction and subtraction of background before measuring the fluorescence levels normalized

to the number of cell nuclei. The fluorescence intensity ratio between red and green signal was

calculated and compared to DMSO as a ratio of 1.
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8 Supplemental material

8.1 Supplementary figures

Figure S.1: Principal component analyses of whole proteome and phosphoproteins following PARL inhibi-
tion. A) Principal component analysis of samples in whole proteomics approach (DMSO samples in blue, inhibitor
samples 1868 in orange). B) Principal component analysis of samples in phosphoproteomics approach (DMSO
samples in blue, inhibitor samples 1868 in orange). Subfigures were generated by the CECAD Proteomics Facility.
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8.2 Supplementary tables

Table S.1: Results of whole proteomics with a p-value equal or below -log(1.3) = 0.05

gene names -Log Student’s T-

test p-value

Student’s T-test

q-value

Student’s T-test

Difference (in-

hibitor - control)

MitoCarta3.0

Localiza-

tion

TIPIN 3.467 0.031 -1.940

NBR1 2.521 0.021 -2.194 IMS

BROX 2.092 0.062 -9.443

B3GNT2 1.856 0.016 -5.477

CYCS 3.759 0.066 -0.995 IMS

RPL26 3.460 1.000 0.308

NUDC 3.210 0.829 0.125

UBA2 2.866 1.000 -0.339

CMTM4 2.845 0.497 -0.565

LETMD1 2.640 0.834 0.117 Membrane

ADO 2.638 1.000 -0.245

EMILIN3 2.557 0.694 -0.478

PARD6G 2.546 1.000 -0.317

MYL6 2.479 0.906 0.177

IMPDH1 2.434 0.540 -0.548

CTSO 2.432 0.079 -1.536

HERPUD1 2.424 1.000 -0.241

TSN 2.396 0.836 -0.136

PPP1R21 2.387 1.000 -0.221

MYH10 2.385 0.840 0.156

CTSA 2.314 0.847 0.103

TNIK 2.294 0.829 0.130

DCAF8 2.276 0.551 -0.650

STARD7 2.254 0.785 0.484 IMS

TRUB2 2.243 1.000 0.247 Matrix

METAP2 2.243 1.000 -0.294

RPS6KA3 2.228 0.828 -0.126

103103103



8 Supplemental material

RNF185 2.211 1.000 -0.247

ATP6V1C1 2.200 0.846 0.162

ERC1 2.196 1.000 -0.324

SPECC1L 2.194 0.907 0.180

CHMP1B 2.193 1.000 -0.360

DIMT1 2.179 1.000 -0.302

WDR13 2.177 0.933 -0.193

SRPK2 2.164 1.000 -0.215

ASAP1 2.144 1.000 -0.246

BOLA2 2.117 0.953 -0.061

LIG1 2.104 0.089 -1.606

HAUS8 2.102 1.000 -0.367

PXMP2 2.097 1.000 0.322 MIM

PLXNA2 2.075 0.984 0.208

PPP1R13L 2.066 1.000 -0.300

SLC44A1 2.057 0.831 0.136

TPM3 2.045 0.833 0.155

SLC20A2 2.023 1.000 -0.257

MTHFD2 2.022 0.914 0.190 Matrix

PGP 2.001 0.832 -0.118

MDFIC 1.996 0.569 -0.720

RPS25 1.988 0.931 0.196

ARFGAP1 1.971 0.866 -0.175

PKN2 1.965 0.862 0.100

XPO7 1.963 1.000 -0.321

TMEM115 1.938 1.000 -0.402

BANF1 1.922 0.877 -0.093

ACTN1 1.922 0.991 0.215

FKBP5 1.866 1.000 -0.265

HCFC2 1.863 0.506 -0.736

PEX10 1.852 0.828 -0.150

TOR2A 1.830 1.000 -0.324

PLCL2 1.828 0.832 0.157
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GLCE 1.802 0.900 0.080

AAMP 1.797 0.922 -0.072

DAXX 1.789 1.000 -0.456

RPL10A 1.785 0.941 -0.067

LRRFIP2 1.765 1.000 0.230

PPP4R1 1.761 0.781 -0.541

SPPL2A 1.756 1.000 0.263

VTI1A 1.748 0.891 0.085

TRMU 1.745 0.842 0.115 Matrix

DICER1 1.743 1.000 -0.316

ZDHHC8 1.735 0.922 -0.198

WDR20 1.733 0.828 -0.127

ATL1 1.732 0.987 -0.219

IST1 1.732 0.831 -0.135

PRDX4 1.723 0.827 0.157 IMS

CDC42EP1 1.712 0.884 0.091

NANS 1.711 0.848 -0.170

TLE3 1.707 0.540 -0.717

GOLGA5 1.706 0.859 0.102

TCAF1 1.706 1.000 -0.361

GOLGB1 1.705 0.843 0.116

GEMIN2 1.702 1.000 -0.347

KAT6A 1.698 0.614 -0.638

ACTN4 1.696 0.903 0.188

SNX12 1.686 0.925 0.071

CMTM6 1.682 0.607 -0.638

ATP9A 1.678 0.832 0.160

PNP 1.673 0.829 0.139

C3orf33 1.670 1.000 -0.256 Matrix

EIF4B 1.669 0.846 0.106

LYAR 1.664 1.000 -0.283

GLG1 1.659 0.831 0.121

AP3M2 1.656 1.000 -0.368
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YTHDC2 1.646 0.904 -0.079

CES2 1.645 0.551 -0.741

TM9SF4 1.645 0.933 0.069

GCC2 1.638 0.846 0.170

PIAS2 1.637 0.099 -1.952

IPO9 1.632 0.983 -0.222

ENY2 1.632 0.856 -0.529

RPS7 1.626 0.867 0.099

ANKRD50 1.621 0.908 -0.192

CTSD 1.614 0.826 0.157

PDLIM1 1.598 1.000 0.247

CSGALNACT2 1.598 1.000 -0.338

ATP1B3 1.595 0.891 0.085

ACSL1 1.587 0.835 0.120 MOM

ANKRD17 1.586 0.829 -0.135

OTUD3 1.585 0.586 -0.657

AARSD1 1.584 0.841 -0.167

TBCA 1.582 0.915 0.075

TM9SF3 1.582 0.847 0.172

UBL4A 1.579 0.844 -0.108

EIF4H 1.578 0.830 0.132

EZR 1.575 0.925 0.072

NDE1 1.574 0.834 -0.163

MAD1L1 1.566 0.856 -0.540

GNS 1.565 0.898 0.190

MSN 1.559 0.830 0.137

DUSP3 1.553 1.000 -0.282

NPC2 1.548 0.828 0.134

PITPNB 1.533 0.911 0.198

PLBD2 1.533 1.000 0.298

AP1B1 1.530 0.829 0.135

DHX57 1.529 0.884 0.090

TMF1 1.528 0.836 0.120
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HECTD4 1.527 1.000 -0.485

WDR91 1.525 0.908 0.077

ALDOA 1.520 1.000 0.272

ATAD2B 1.519 0.497 -0.768

ARRB2 1.517 0.830 -0.137

HS2ST1 1.516 0.831 0.138

KRT18 1.512 1.000 -0.318

GOLGA4 1.506 0.826 0.129

DMTN 1.506 1.000 -0.263

ARFGAP3 1.500 0.836 -0.167

PDE6D 1.499 0.832 -0.142

NAP1L1 1.498 0.834 0.123

VAC14 1.496 0.834 -0.124

ARL6IP4 1.494 0.523 -0.831

POC1A 1.492 0.923 -0.205

QSOX2 1.491 0.912 0.200

SFT2D3 1.488 0.841 -0.119

MLF2 1.486 1.000 -0.249

MAP1LC3B2;

MAP1LC3B

1.486 1.000 -0.258

GDPD1 1.486 0.890 -0.087

INO80 1.484 0.555 -0.727

DECR2 1.484 0.940 0.211

GOLGA2 1.481 0.843 0.111

EMC3 1.479 0.894 0.085

MLLT1 1.479 1.000 -0.447

CEP41 1.477 0.859 -0.180

YBEY 1.474 1.000 -0.234 Matrix

H1FX 1.473 1.000 -0.394

TANC1 1.470 0.833 -0.165

DPY19L1 1.466 0.966 0.055

YWHAH 1.465 0.888 0.089

ASAP2 1.460 0.566 -0.823
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TTI1 1.460 0.843 -0.119

CLN5 1.459 1.000 0.497

CRABP2 1.458 0.857 -0.559

TSNAX 1.454 0.855 -0.106

TUBGCP6 1.453 1.000 -0.281

GTPBP10 1.453 0.835 0.125 Matrix

INPP4A 1.452 1.000 -0.510

HSPG2 1.452 0.865 -0.183

CDK2AP1 1.451 0.092 -3.470

SIPA1 1.450 0.928 0.071

TUB 1.442 1.000 -0.306

EFHD1 1.440 1.000 -0.401 MIM

PPME1 1.439 0.830 -0.141

MRPL13 1.436 0.863 0.103 Matrix

ZEB1 1.435 0.494 -0.815

PRDM2 1.435 0.695 -0.658

EPHX1 1.434 1.000 0.288

SPTBN4 1.434 1.000 -0.244

COG3 1.430 1.000 -0.282

ADCK2 1.430 1.000 -0.436 MIM

GSR 1.423 1.000 0.384 Matrix

CSNK1G3 1.422 0.939 0.069

RYBP 1.421 0.235 -1.482

HOXA5 1.421 0.595 -0.716

HSP90AA1 1.418 0.956 0.060

ZNF146 1.416 0.079 -3.056

PI4K2A 1.416 0.872 0.097

VPS54 1.412 1.000 0.248

SLC29A2 1.409 0.848 -0.577

GIGYF2 1.404 0.882 0.094

CD81 1.403 0.832 0.146

HMG20B 1.403 0.732 -0.652

CCNT1 1.402 0.811 -0.614
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PDCD5 1.398 0.848 0.109

ZRANB2 1.397 1.000 -0.334

COPB1 1.396 0.952 0.062

LGALS3BP 1.393 1.000 0.246

FAM50A 1.390 1.000 -0.321

SDF4 1.386 0.824 0.160

AGAP1 1.386 0.844 -0.174

SH3KBP1 1.384 0.950 -0.217

CCNH 1.382 1.000 -0.481

IGBP1 1.380 0.998 -0.233

KIFC1 1.375 0.852 -0.592

ANP32B 1.374 0.869 -0.187

PEA15 1.374 1.000 -0.240

SLC2A13 1.372 1.000 -0.423

ACAA1 1.370 0.842 0.174 unknown

FSCN1 1.369 0.832 -0.167

FLII 1.367 0.891 0.087

MED23 1.366 1.000 -0.535

PCDH7 1.365 0.898 0.084

TIMM50 1.361 0.902 0.081 MIM

CAMSAP3 1.358 0.841 -0.172

COMMD3 1.358 0.826 0.131

MAPT 1.352 1.000 -0.314

VPS35 1.352 0.858 0.184

HOMEZ 1.351 1.000 -0.504

BMP2K 1.348 0.881 0.095

FAM8A1 1.345 0.964 -0.056

ARIH2 1.337 0.857 -0.182

TRMT5 1.335 0.832 0.128 Matrix

SAMD1 1.333 0.554 -0.834

DNAJB1 1.332 0.965 -0.224

DIP2C 1.330 0.863 -0.104

NME4 1.329 0.872 0.099 MIM

109109109



8 Supplemental material

PPP2R5C 1.325 1.000 -0.327

FHOD1 1.325 0.840 0.118

APOL2 1.321 0.829 -0.136

MARK1 1.321 1.000 -0.527

PRMT5 1.321 0.904 0.080

CNOT7 1.319 0.833 -0.153

RAD51AP1 1.318 0.545 -0.823

EXOSC3 1.317 0.961 -0.562

ANO5 1.316 1.000 -0.315

GMDS 1.316 0.897 -0.083

ELP3 1.315 0.830 -0.136

ELMO1 1.315 1.000 -0.431

VEZF1 1.312 0.082 -5.130

ITFG1 1.312 0.865 0.187

RPS19 1.307 0.832 0.124

MRPL30 1.303 0.852 0.108 Matrix

TDP1 1.303 1.000 -0.320

RIOK1 1.300 0.540 -0.849
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Table S.2: Results of phosphoproteomics with a p-value equal or below -log(1.3) = 0.05. None of the hits could be
mapped to a mitochondrial localization according to MitoCarta3.0.

gene names -Log Stu-

dent’s

T-test

p-value

Student’s

T-test

q-value

Student’s

T-test

Difference

(inhibitor -

control)

Whole

Proteome

Student’s

T-test

q-value

Whole

Proteome

Student’s

T-test

Difference

(inhibitor -

control)

PTM

Site

TANC2 5.873 0 4.722 0.991 -0.043 S 404

CLASP1 5.212 0 6.092 0.869 -0.13 S 636

TADA3 5.128 0 -5.032 0.849 -0.238 S 298

PSD3 4.315 0.011 -6.08 0.86 -0.137 S 1009

RAF1 4.107 0.014 7.373 0.84 -0.132 S 619

GIGYF2 4.02 0.018 -4.537 0.882 0.094 S 199

GTF3C2 2.734 0.057 3.247 0.832 -0.241 Y 762

CHAMP1 2.464 0.396 -1 0.938 -0.366 S 416

OSBPL5 2.287 0.126 -2.877 0.983 0.047 S 82

NSUN5P2 2.205 0.18 -2.529 NaN NaN S 260

TUT4 2.096 0.208 2.384 NaN NaN S 104

SLC20A1 1.997 0.19 2.665 0.993 -0.041 Y 421

ZC3H13 1.962 0.667 -0.774 1 -0.533 S 643

KHDRBS1 1.93 0.296 -1.859 0.885 -0.357 S 20

SMO 1.902 1 0.443 NaN NaN S 771

FRMD4B 1.838 0.201 3.712 NaN NaN S 675

RPTOR 1.837 0.297 -2.539 0.951 -0.083 S 863

KIF14 1.832 1 0.308 0.998 0.009 S 272

LAMTOR1 1.801 0.943 0.506 0.942 0.075 S 56

AHNAK 1.748 1 0.314 0.98 0.039 S 5731

SRRM2 1.747 0.556 -1.051 1 -0.345 S 1124

LBR 1.745 0.655 -0.847 0.842 -0.191 S 3

PPHLN1 1.727 0.323 -1.698 0.908 -0.389 S 205

RNF19A 1.696 0.498 1.224 NaN NaN S 631
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RALGAPB 1.654 0.306 2.192 0.902 -0.11 S 357

KIAA0754 1.652 0.287 -2.564 0.983 -0.047 S 668

APC 1.645 0.277 2.493 0.998 0.027 S 1362

NCOA6 1.642 0.245 -3.063 0.842 -0.306 S 2018

HNRNPM 1.635 0.986 -0.129 0.96 -0.376 S 575

HNRNPM 1.635 0.987 -0.129 0.96 -0.376 S 588

CHTF18 1.611 0.28 -3.423 0.983 -0.054 S 64

RAPH1 1.608 0.189 5.731 0.827 -0.143 S 965

SEC16A 1.607 0.24 3.213 0.899 -0.097 S 1368

TJP1 1.605 0.752 0.726 1 -0.018 T 1167

SPEN 1.587 0.321 2.227 0.837 -0.317 S 1206

NDRG1 1.58 0.291 3.842 0.838 -0.118 T 366

DOCK7 1.577 0.3 3.996 0.972 0.05 T 2124

DYNC1LI1 1.576 0.26 -3.635 0.955 -0.095 S 510

NUMA1 1.562 0.303 -2.47 1 -0.415 S 1757

LMNA 1.558 0.546 1.238 0.845 -0.316 S 458

NFX1 1.557 0.761 0.744 NaN NaN S 95

WWP2 1.557 0.286 -3.985 0.898 -0.091 S 211

XPC 1.547 0.673 0.98 1 -0.412 T 358

C7orf50 1.539 0.365 -1.965 0.987 -0.044 S 175

MAP3K1 1.512 0.614 1.063 NaN NaN S 275

GIGYF2 1.509 0.907 0.594 0.882 0.094 T 382

RBMX2 1.503 0.277 -3.206 0.956 -0.363 S 188

STX18 1.5 0.271 4.565 0.991 0.03 S 189

PALM3 1.493 0.372 2.061 0.825 -0.182 S 126

SRRM2 1.491 0.764 -0.773 1 -0.345 T 1492

CELSR1 1.48 0.744 -0.809 0.868 -0.136 S 2871

PIP5K1A 1.479 0.648 0.99 0.991 0.04 S 458

KHDRBS1 1.478 0.248 4.867 0.885 -0.357 S 18

DSN1 1.476 0.296 -3.787 1 -0.333 S 58

SPECC1 1.472 0.345 2.303 0.965 -0.062 T 65

SPAG9 1.466 0.307 -3.028 0.991 0.029 S 251

DCBLD1 1.455 0.312 2.648 0.99 -0.036 Y 652
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AP1AR 1.453 0.464 1.761 NaN NaN T 228

NCL 1.448 0.532 -1.257 0.828 -0.172 T 99

SLC6A15 1.438 0.388 2.168 0.966 0.066 S 675

FBXO42 1.436 1 0.511 NaN NaN S 488

KLRG2 1.43 0.314 3.082 0.999 -0.014 S 177

FYN 1.415 0.722 0.878 0.999 -0.015 S 25

SRRM1 1.395 0.287 -4.611 1 -0.311 S 696

TJP1 1.389 0.4 -2.206 1 -0.018 Y 132

ABL1 1.387 0.313 3.012 NaN NaN S 718

PTPN2 1.384 0.495 1.772 0.911 -0.1 S 293

WDR6 1.383 0.697 0.934 0.847 0.13 T 555

JAG2 1.374 0.775 0.775 NaN NaN S 1208

NOC2L 1.368 0.595 1.24 0.833 -0.332 T 678

EPN2 1.363 0.316 3.465 1 -0.002 S 327

ZNF638 1.352 0.536 -1.4 0.835 -0.253 S 510

ZNF638 1.352 0.542 -1.4 0.835 -0.253 S 508

DMXL1 1.341 0.491 1.744 NaN NaN S 324

AGPS 1.341 0.999 0.548 0.843 0.14 S 65

CDC42EP1 1.333 1 0.356 0.884 0.091 S 350

EPB41L2 1.332 0.486 -1.919 0.999 0.013 S 683

SEPTIN9 1.33 1 0.384 0.992 0.035 S 85

ABI1 1.33 0.47 2.074 0.998 0.01 T 229

RBM23 1.326 1 -0.21 NaN NaN S 149

KIF23 1.321 1 0.308 0.969 -0.056 S 902

UBAP2L 1.312 0.315 4.555 0.984 0.042 S 454

APC 1.312 0.373 3.11 0.998 0.027 Y 986

SRGAP2 1.311 0.34 3.471 0.888 -0.106 S 908
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8.3 Uncropped western blots

Figure S.2: Uncropped blots of Figure 7
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Figure S.3: Uncropped blots of Figure 8
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Figure S.4: Uncropped blots of Figure 9
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Figure S.5: Uncropped blots of Figure 12 subfigures A, B and C
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Figure S.6: Uncropped blots of Figure 12 subfigures D and E
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Figure S.7: Uncropped blots of Figure 13
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Figure S.8: Uncropped blots of Figure 14 subfigures A and B

121121121



8 Supplemental material

Figure S.9: Uncropped blots of Figure 14 subfigures C and D
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Figure S.10: Uncropped blots of Figure 14 subfigure E
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Figure S.11: Uncropped blots of Figure 15 subfigure A
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Figure S.12: Uncropped blots of Figure 15 subfigure B
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Figure S.13: Uncropped blots of Figure 17
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