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Summary

Summary

Mitochondria fulfill several key functions in cellular energy metabolism and signaling,
such as the generation of ATP by oxidative phosphorylation and life-death decisions.
Dysfunctional mitochondria pose a threat to cellular homeostasis and have to be
quickly removed by the cell. PINK1/Parkin-dependent mitophagy is an important
pathway for the mitochondrial quality control (MQC) mechanism to protect cells against
pathogenic accumulation of dysfunctional mitochondria. During the initiation of this
multistep process post-translational modifications (PTMs), such as phosphorylation by
the PINK1 kinase and ubiquitylation by the E3-ubiquitin ligase parkin, function together
on ubiquitin, the ubiquitin like (UBL) domain of parkin and outer mitochondrial
membrane (OMM) proteins. Quantitative proteomics has already been used to
investigate the crosstalk between PTMs during early stages of this process. However,
late stages of mitophagy that ultimately lead to the degradation of mitochondria remain
understudied.

To obtain a deeper insight into parkin-mediated mitochondrial degradation, | initially
established a subcellular fractionation workflow to analyze mitochondrial proteins as
well as their ubiquitylation and phosphorylation dynamics by quantitative proteomics
after induction of mitophagy in HelLa cells. To this end, | combined cytoplasmic,
membrane-bound and soluble nuclear protein fractions, which enabled analysis of
exclusive mitophagy-relevant fractions and met the requirements of high quantity input
material for subsequent phosphoproteome and ubiquitylome analyses. | then applied
different chemical labeling strategies, such as dimethyl labeling and tandem mass tags
in combination with high-resolution orbitrap mass spectrometry to study the regulation
of protein degradation, ubiquitylation and phosphorylation during early (2-6 h post
induction) and late stages (12-18 h post induction) of mitophagy in parkin wild-type and
ligase-dead HelLa cells, which were generated and treated with the protonophore
Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) in the group of Philipp Kahle.
Integration and extensive bioinformatic analysis of all three proteomic datasets
revealed that mitochondrial degradation proceeds stepwise and protein ubiquitylation
precedes protein degradation. Unexpectedly, protein phosphorylation revealed only a
minor effect during this process. In the presence of functional parkin, mitochondrial
proteins are ubiquitylated followed by degradation in an outside-in fashion on the

mitochondrion. This begins on the OMM and proceeds inwards to the inner
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mitochondrial membrane (IMM) and finally the mitochondrial matrix. Several OMM
proteins displayed a similar pattern of modification by ubiquitylation, with an overall
minor cross-talk between phosphorylation and ubiquitin-dependent protein
degradation.

Further analysis of the mechanisms underlying the stepwise degradation of
mitochondrial subcompartments revealed its strong dependency on lysosomal, as well
as on proteasomal activity. By application of quantitative proteomics techniques, |
could validate the biochemical experiments from the Kahle group that pointed to a
general dependency of mitochondrial protein degradation on proteasomal activity. In a
temporal study involving inhibition of the proteasome at various timepoints upon
induction of mitophagy and subsequent proteome measurements, | could confirm that
especially OMM proteins like TOM70 fail to be degraded.

In summary, this thesis provides new insights on the mechanisms involved in parkin-
dependent mitophagy and will serve as a resource for future work on this essential

cellular process.
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Zusammenfassung

Mitochondrien spielen eine wichtige Rolle fur die Aufrechterhaltung der zellularen
Homoostase, zum Beispiel durch die Generierung von ATP innerhalb der
Atmungskette oder deren Beteiligung an dem programmierten Zelltot.
Funktionsgestorte Mitochondrien stellen ein Sicherheitsrisiko fir die Zellhomdostase
dar, und missen darum schnellstméglich entfernt werden. Ein wichtiger
mitochondrialer Qualitatskontrollmechanismus ist der PINK1/Parkin-Signalweg, der
die Zelle vor einer Akkumulierung potentiell pathogener Mitochondrien schutzt.
Besonders zu Beginn dieses Prozesses spielen posttranslationale Modifikationen eine
wichtige Rolle. Diese werden durch die mitochondriale Proteinkinase PINK1 und die
cytosolische E3-Ligase Parkin katalysiert. Hier wird Ubiquitin und Parkin wahrend der
Initiationsphase der Mitophagie von PINK1 phosphoryliert. Diese Phosphorylierungen
aktivieren Parkin, das daraufhin mehrere Proteine der mitochondrialen &uf3eren
Membran ubiquityliert. Gerade in der Initiationsphase von Mitophagie haben sich
guantitative Proteomstudien als hochst effizient gezeigt um den Einfluss von PINK1
und parkin zu untersuchen. Allerdings existieren nur wenige Studien, die sich mit den
spateren Prozessesn der Mitophagie beschéftigen. Diese sind jedoch besonders fir
den Abbau der geschadigten Mitochondrien relevant.

Um hier ein detaillierteres Bild zu erhalten habe ich zuerst ein Protokoll zur
guantitativen Untersuchung entwickelt und optimiert. Dieses kombiniert die
subzellulare Fraktionierung und die Untersuchung von mitochondrialen Proteinen und
deren Ubiquitinierungs- und Phosphorylierungsdynamiken. Um ausschlief3lich fur die
Mitophagy bedeutsamen zellulare Fraktionen zu untersuchen, habe ich die mit
zytoplasmatischen, membrangebundenen und I6slichen, nuklearen Proteinen
angereichten relevanten Fraktionen kombiniert und weiter untersucht. Dieses Protokoll
erlaubte aufRerdem die anschlieende Analyse des Phosphoproteomes und
Ubiquitylomes, die beide ein hohes Mal3 an Proteineinsatz erfordern. Desweiteren
habe ich verschiedene chemische Peptidemarkierungsstrategien Dimethyl- oder mit
Landem mass tagging“ (TMT) angewendet. Hochauflosende Massenspektrometrie
schlie3lich erlaubte die Anaylse von Dynamiken in Proteinabbau, Ubiquitinierung, und
Phosphorylierung wahrend frihen (2-6 h post- Mitophagieinduktion) und spéaten
Phasen (12-18h post- Mitophagieinduktion) von Mitophagie in HelLa Zellen zu
untersuchen, die entweder Parkin Wildtyp oder eine Ligase-inaktive Version von

\%
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Parkin exprimieren. Die Generierung dieser Zellen, sowie deren Behandlung mit dem
Protonophor Carbonylcyanid-m-chlorphenylhydrazon (CCCP) wurden in der Gruppe
von Philipp Kahle durchgefinhrt.

Durch die Integration und weitreichende bioinformatische Analysen der verschiedenen
Datensatze zeigte sich, dass Mitophagie anders als bisher angenommen als
stufenweiser Prozess stattfindet, bei dem die Ubiquitinierung der Protein ihrem Abbau
vorrausgeht. Uberraschenderweise spielt die Phosphorylierung der Proteine und das
Zusammenwirken von Phosphorylierund und Ubiquitinierung nur eine untergeordnete
Rolle in diesem Prozess. Nur in Gegenwart von funktionsfahigen Parkins findet das
Zusammenspiel zwischen Protein Ubiquitinierung und Abbau statt und zwar in einem
Prozess von Aul3en nach Innen, bei dem zuerst Proteine der &uf3eren mitochondrialen
Membran, dann an der inneren Membran und schliel3lich in der mitochondriellen Matrix
abgebaut werden.

In einer Folgestudie wurden die Mechanismen untersucht, die zu diesem stufenweisen
Abbau von mitochondrialen Unterstrukturen fiihrt. Uberraschenderweise offenbarte
sich hierbei nicht nur die bereits bekannte Abhéngigkeit an lysosomaler, sondern auch
von proteasomaler Aktivitat. Mithilfe von Massenspektrometrie, konnte ich hier die
Befunde der biochemischen Experimente der Kahle Gruppe validieren. Grundsatzlich
findet Mitophagie nur in Abh&ngigkeit von funktionsfahigem Proteasom statt. Eine
zeitabhéngige Studie, die der in Kombination mit der Induzierung von Mitophagie nach
verschiedenen Zeitpunkten das Proteaosm inhibiert wurde ergab, dass besonders
auRere Membranproteine wie zum Beispiel TOM70 Uber den proteasomalen
Signalweg abgebaut werden.

Zusammengefasst er6ffnet diese Arbeit neue Erkenntnisse tUber die Mechanismen die
der Parkin-abhangigen Mitophagie unterliegen und fur weitere Studien an diesem

wichtigen zellularen Prozess hilfreich sein werden.
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1. Introduction

1.1. Mitochondrial biology

Mitochondria are considered as essential subcellular organelles. They are vital for
maintaining cellular homeostasis and viability by fulfilling many functions that exceed
their long believed exclusive role as energy producer?. However, their multiple
functions like aerobic respiration, biogenesis of iron-sulfur clusters or regulation of
cellular processes such as cell survival, evolved and were tuned throughout evolution
by re-modeling the traits of the mitochondrial progenitor. The evolution of present-day
mitochondria, resembling an epicenter of cellular signaling and energy metabolism was

only possible with a massive turnover of the original proto-mitochondrial proteomes.

1.1.1. Origin of mitochondria

A common feature of all eukaryotic cells is either the presence, secondary loss or
reductive  modification of mitochondria  (mitosomes/  hydrogenosomes)?.
Understanding the origin of mitochondria is an important basis in explaining
functionality and specializations of present-day mitochondria, as their biology is directly
linked to their function®. Furthermore, a deep understanding of the mitochondrial
proteome helps in explaining mitochondria-related diseases and development of
therapies®.

The origin of mitochondria goes back to the last eukaryotic common ancestor (LECA),
which existed one to two billion years ago’®. A common theory on how the
contemporary mitochondria developed is the endosymbiont theory. Here, mitochondria
are considered as remnants of an internalized, formally free-living bacterium into a host
cell!®. Many opposing hypotheses have been discussed on the identity of the
endosymbiont, the host cell and the internalization process of the endosymbiont
itself!.

Although there is a general agreement that the emergence of eukaryotic cells
(eukaryogenesis) is among the most important events that shaped life on earth, there
is much disagreement about the involvement of mitochondria in the evolution of this
domain of life'?13, One hypothesis describes the internalization into an a-mitochondrial
proto-eukaryotic host that was similar to modern eukaryotic cells equipped with e.g.
the endomembrane system4. However, phylogenomic findings support the hypothesis

that the mitochondrial progenitor first underwent symbiosis with a member of the
1
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simple organized asgard archaea group and only then developed into eukaryotic cells
as we know them today?®15-18,

Phylogenetic analysis of the mitochondrial DNA (mtDNA) clearly traced back the
mitochondrial origin to the gram-negative alphaproteobacterium class'®2°. Remnants
of the bacterial ancestry in contemporary mitochondria are, for example, the bacteria-
typical circular DNA, absence of DNA methylation as found in the eukaryotic nuclear
genome, and the bacterial derived lipid and protein composition of the outer
mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM)21-24,
However, the precise identity of the alphaproteobacterial lineage giving rise to
mitochondria is still not clear. Competing evidence of a mitochondrial origin from an
obligate intracellular bacterial parasite lineage like Rickettsiales or the free living
Rhodospirillales are still in disagreement?>-?7. Clarification of the mitochondrial
progenitor’s lifestyle will explain characteristics of the internalization process and the
resulting symbiotic lifestyle that gave rise to the present-day mitochondria-eukaryote
relationship.

Initially it was proposed that phagocytosis, the intake of organic material by
invagination of the host’'s plasma membrane, was the underlying mechanism of
mitochondrial internalization?®2°. However, the ability of phagocytosis was only
acquired after the endosymbiotic event took place?®-30. Predatory interaction
represents an alternative model, in which a protobacterial predator internalized into the
host cell and developed from an attenuated bacterial parasite to the mitochondrial
organelle3-33, Apart from solving the question on how, the question why an
alphaproteobacterium got internalized into the archaeal host remains challenging to
answer and is lively discussed34. The evolvement of a syntrophic relationship, in which
the viability of both partners depend on another was hypothesized to be forced by
increased oxygen (O2) levels on earth that made adaptations of the anaerobe archaeal
cell living in marine sediment inevitable!’3%, Teaming up with the proto-mitochondria
would have allowed the host protection against toxic oxygen and supplied the
endosymbiont with a proton acceptor in the last step of oxidative phosphorylation
(OXPHOS) of the energy metabolism process36:37. However, metabolic reconstruction
points towards a reverse flow model, in which syntrophic H2 exchange from the
archaeal host to the bacterial symbiont was the driving force behind the evolving

relationship32:3°,
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Although many mysteries on the evolvement of present-day mitochondria persist, it
ultimately led to the transformation from an independent bacterium to a fully integrated

and semi-autonomous organelle*°,

1.1.2. Role of mitochondria in eukaryogenesis

Throughout evolution, functional specialization of the mitochondrial progenitor was
prompted by adaptations in their compartmentalization*'. Mitochondria consist of two
membranes, the OMM and the IMM that are separated by the aqueous intermembrane
space (IMS), and the innermost matrix. Each of these highly specialized
subcompartments needed fine-tuned adaptations when the endosymbiont evolved into
a fully integrated organelle*?.

Only by symbiosis with the alphaproteobacterium did the first eukaryotic cell gain an
energy source sufficient to push forward the developments that enabled the present-
day features of eukaryotic cells. In fact, this enabled a ~ 5,000-fold increase in energy
consumption for protein biosynthesis in contrast to prokaryotic cells alone*344. This in
turn allowed for experimentation with new protein families, as it was declared that 1,421
novel proteins emerged relatively early during eukaryogenesis®. These newly
acquired proteins are related to intracellular trafficking, signal transduction, ubiquitin-
based protein degradation, but also to cytoskeletal and RNA-processing, facilitating
novel competences like phagocytosis*44°.

Endosymbiotic gene transfer (EGT), the transfer of originally mitochondrial genes to
the eukaryotic nucleus sealed the symbiotic relationship between endosymbiont and
host: neither can the mitochondrion act without nuclear encoded genes, nor can
nuclear genes be expressed without the mitochondrial power*®. In contrast, redundant
bacterial genes e.g. for lipopolysaccharide (LPS) biosynthesis were lost throughout
evolution*’. Although highly dependent on the eukaryotic organism, a small number of
genes remain in the mitochondrial matrix, ranging from three genes in Plasmodium
falciparum to 100 in Jakobidis Andalucia*®-°, Human mtDNA encodes for thirteen
genes that are members of the mitochondrial protein translation machinery and energy
metabolic respiratory chain®52. In contrast, 99% of mitochondrial proteins involved in
all kinds of mitochondrial function e.g. mitochondrial energy metabolism, protein import
or amino acid synthesis are now encoded by nDNA53. This transfer did not only make
the coordination with the nuclear gene transcription and the cytosolic translation

machinery necessary, but also the transport of mitochondrial proteins across the

3
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mitochondrial double membrane system and the sorting into the four main

mitochondrial subcompartments®’.

1.1.3. Import and sorting system of mitochondria

As most of the mitochondrial proteins are encoded by nuclear genes, the maintenance
of mitochondrial viability requires a dedicated import machinery of mitochondrial
proteins?. A complex network of import complexes, assembly machineries and
chaperons navigate the unfolded mitochondrial precursor proteins from their cytosolic
site of translation to their respective target localizations within mitochondria and
mediate their insertion and proper folding to gain functionality®*. Thereby, the import
route is defined by targeting sequences that direct proteins to the respective
submitochondrial localization?. So far, five major import pathways have been
described: 1) A cleavable presequence that targets proteins to their final or at least
transient localization at the matrix. In contrast, non-cleavable internal target signals are
2) Cys-rich sequences targeting proteins to the IMS; 3) a B-barrel motif that target
proteins to the OMM,; 4) internal hydrophobic targeting signals that localize carrier
proteins to the IMM or IMS; and 5) a-Helical carrying proteins that are targeted for
OMM localization®* (Figure 1).

p N
Cys-rich IMS Presequence Carrier
precursor PISCUISOIS precursors

Precursor of ‘2{ '12\ 2
a-helical 2 p-barrel

precursor

OM proteins
Cytosol

Matrix

mlto
ribosome

- 7

Figure 1: Main routes of the mitochondrial import system. Defined by their submitochondrial targeting sequence
proteins are delivered to the OMM, IMS; IMM, and matrix. Adapted from Becker at al 20188¢°

Most of the mitochondrial proteins (~60%) are directed to the matrix, but also IMS and
IMM localized proteins are imported via the presequence pathway®°. The presequence

4
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is located at the protein amino-terminus and consists of an amphipathic helix carrying
a positively charged and a hydrophobic surface. The presequence is recognized by
cytoplasmic protein chaperons (e.g. Hsp70, Hsp90) that preserve mitochondrial
precursor proteins in their import-competent state by protecting them from aggregation
and degradation®%%’, Although rather poorly conserved in their sequence,
presequences are highly preserved in length (10-60 amino acids) and
charge (+3 to +6)8,

Next, the mitochondrial matrix targeted proteins are recognized by the main entry gate,
which for most mitochondrial proteins is the translocase of the outer membrane (TOM)
complex®®. The complex consists of ten membrane protein subunits: two TOM40 that
form a B-barrel twin pore across the membrane, three receptors (TOM70, TOM22,
TOM20) that face into the cytoplasm (cis-binding site) and are involved in precursor
recognition and three small a helical subunits that surround the pore to stabilize it
(TOM5, TOM6, TOM7)89.61 Although all three, TOM70 TOM22 and TOM20 partially
overlap in their preprotein recognition specificity, TOM70 prefers binding of
hydrophobic domains of internal targeting signals, while TOM20 preferentially interacts
with N-terminal presequences®’62-65. TOM22 stabilizes the whole TOM complex and
supports the precursor binding®’-6. After precursors are recognized, the unfolded or at
least semi-folded proteins are threaded through the TOM40 pore®. Thereby, the
TOMA40 channel interior acts as intramitochondrial sorting unit that interacts differently
with targeting sequences, and therefore guides them towards different exits of the pore
that face to the IMS (trans-binding site). Presequence-carrying proteins leave the pore
at the trans presequence-binding site, formed by TOM22, TOM7 and TOM40 that
hands over the preprotein to the translocase of the inner mitochondrial membrane
(TIM) complex®’. Proteins without this presequence exit the channel in proximity to
TOMS5 and the N-extension of TOM40 that ensures further navigation®’. Proteins with
presequence and destined for final, or at least transient, mitochondrial matrix location
are further navigated to the TIM23 translocase complex®. The TIM23 complex can be
divided into three functional domains: (i) receptor domain, (ii) channel and (iii) import
motor domain®8, First, the presequence of the precursor proteins are recognized by
TIM508°. Mediated by the proton gradient across the IMM, protein precursor carrying
the positively charged presequence are transported through the activated Tim23
channel into the negatively charged matrix®7°. The ATP-dependent matrix facing

presequence translocase-associated motor (PAM) complex is composed of the

5
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mtHSP70 and five additional co-chaperones®®. This complex pulls the precursor
protein into the matrix’t. Once the precursor protein entered the matrix, the pre-
sequence is cleaved off by matrix peptidases like the mitochondrial-processing
peptidase (MPP)’2, It then allows the matrix targeted proteins to fold into their
functional three-dimensional structure. Proteins targeted to the IMM can be laterally
sorted by the TIM23 complex gatekeeper MRG2 into the IMM (stop transfer) before
reaching the matrix®7374, In addition, IMM localized proteins, such as mtDNA encode
members of the ETC (electron transport chain) complexes, use the sorting oxidase
assembly (OXA) translocase machinery to be sorted into the IMM?®,

IMS proteins, such as TIM chaperons carry a characteristic cysteine motif’. After
transportation via the TOM complex into the IMS, the mitochondrial intermembrane
space assembly (MIA) oxidoreductase stabilizes the protein conformation by the
formation of disulfide bonds’" "8,

B-barrel proteins like the voltage-dependent anion-selective channel (VDAC) are
integral membrane proteins of the OMM that are characterized by several
transmembrane B-strands an a B-hairpin targeting signal’. After their cytosolic
synthesis, they are imported into the IMS by the TOM-complex and inserted into the
membrane by the OMM localized sorting and assembly machinery (SAM)2°,
Hydrophobic mitochondrial metabolite carriers of the IMM do not possess a cleavable
presequence, but several internal targeting sequences®*. The precursors of the IMM
carriers are transported through the TOM complex and interact on the IMS side with
TIM chaperons that present them to the carrier insertase TIM222.

a-helical OMM proteins are classified according to their integration into the OMM as
tail-anchored or polytopic (multispanning) proteins®*. Although a targeting signal for
polytropic OMM proteins is so far unknown, tail-anchored proteins carry an amino- or
carboxy-terminal a-helical transmembrane domain that are flanked by positively
charged amino acids?. Polytopic OMM proteins are first recognized by TOM70, before
they are inserted into the OMM by the mitochondrial import (MIM) complex localized at
the OMM, while signal-anchored proteins are directly inserted by the MIM complex®.
In contrast, tail-anchored OMM proteins are import into the OMM simply by integration
into the lipid composition of the membrane?®?,

The specialization of prokaryotic originating (SAM, OXA) or newly evolved (TOM,
TIM23-PAM) mitochondrial import machinery compartments during organellogenesis

allows mitochondria to preserve integrity even though the majority of the gene

6
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replication and expression system had been outsourced to the nucleus and

cytoplasm?*7:83-85,

1.1.4. Cross talk between mitochondria and cell

When the endosymbiont evolved into a fully integrated organelle, bacterial processes
like energy metabolism, signal transduction, and biogenesis had to become integrated
into the hosts infrastructure*’. For example, mitochondria cannot be assembled de
novo, but only increase their number by growth and division of already existing
mitochondria (mitochondria biogenesis)®’. The integration results in certain benefits for
the endosymbiont, for example energy conservation by genome simplification’.
However, since most mitochondrial proteins are encoded by the nucleus and
synthesized outside the organelle, a high level of organization between mitochondria
and their environment is needed to guarantee proper adaptation, for example in energy

metabolism, size and number according to cellular energy demands*’.

1.1.4.1. Biogenesis of mitochondria

Mitochondrial biogenesis is under control of the nuclear encoded peroxisome
proliferator-activated receptor gamma coactivator (PGC)-1a transcription factore.
PGC-1a first activates nuclear-encoded transcription factors such as the nuclear
respirator factor (NRF-1/2)8. Next, transcription factors for mitochondrial genes such
as transcription factor A (TFAM) and estrogen related receptor alpha (ESRRA) are
activated®®9%, Apart from induction by stress (e.g. cold) PGC-1a is activated at a
reduced cellular energy level, that is monitored by high levels of AMP8%:%. Under
conditions of glucose deprivation, starvation or exercise AMP-activated protein kinase
(AMPK) regulates PGC-1a activity, thereby promoting mitochondrial biogenesis and
ATP production®2°, Therefore, PGC-1a is considered to be the master regulator for
mitochondrial biosynthesis that coordinates adaptation to long- or short-term cell

demands and can even navigate tissue-specific energy demands®2.

1.1.4.2. Communication between mitochondria and other organelles
The communication between host cell and mitochondria is not only unidirectional from
the nucleus to the mitochondria in an anterograde way (anterograde cross-talk)%:°7. In

addition, mitochondria can signal via a retrograde mitochondria-to-nucleus signaling
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path to impact nuclear gene expression by mitochondrial dynamics (fission and fusion)
or cell proliferation by mitochondrial fitness signaling®8-101,

To uphold functionality and to expand the number and size of mitochondria, the lipid
content of the OMM and IMM have to be maintained. Lipids of the OMM and IMM are
synthesized by the mitochondria themselves or are derived by modified lipids of the
endoplasmic reticulum (ER)*7:1%2, The ER and mitochondria are physically linked by
the ER—mitochondria encounter structure (ERMES) complex, which plays an important
role in e.g. phospholipid biosynthesis'®1%4,  Phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) make up most of the lipid bilayer content of both the
OMM (~83%) and IMM (75%)%. One way of PC synthesis involves the ER, in which
the precursor phosphatidylserine (PS) is first synthesized before proteins of the IMM
transforms PS into PE, which is then re-shuttled to the ER to generate PC1%, In
addition, the mitochondria-ER contact is important for calcium homeostasis, mtDNA
replication and mitochondrial fusion and fission'%”,

Furthermore, mitochondria are hooked up to the cytoskeleton network*’. Notably, actin
filaments are involved in mediating mitochondrial dynamics (fusion and fission),
mitochondrial biogenesis and metabolism, distribution into daughter cells during
mitosis as well as trafficking!°8. Especially in elongated cells (e.g. neuronal cells), local
energy demands need to be covered by mitochondria trafficking'®®. Thereby,
mitochondria connect to motor proteins (actin-based myosins, or microtubule-based
kinesinl and dyneins) via OMM-localized Miro and adaptor proteins TRAKS (trafficking

kinesin-binding proteins) for mitochondrial repositioning*©.

1.1.4.3. Fitness signaling of mitochondria

Apart from direct physical contact with their environment, mitochondria can
communicate their fitness by the release of signaling molecules (Figure 2). These
strategies impact the gene expression, catabolic adaptation, response to inflammation,
cell fate, functional remodeling and cell death®®,

The tricarboxylic acid (TCA) cycle is connected to the ETC and also generates many
metabolic intermediates that act in both anabolic and metabolic reactions. Therefore,
metabolite levels of the TCA cycle can serve as a readout for overall mitochondrial
viability and cellular energy levels®®. Among others, TCA cycle intermediates e.g. a-
ketoglutarate or fumarate, acetyl-CoA represents the bona-fide example on how
intermediates of the TCA cycle modulate cell fate®. Acetyl-CoA is the starting point of

8
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the TCA cycle and thus vital to keep this metabolic hub running. It can be generated
from different sources like mitochondrial-localized oxidation of pyruvate, $-oxidation of
fatty acids or by the degradation of amino acids (leucine, isoleucine, tryptophan)®e.
Conversely, acetyl-CoA can be used as precursor to synthesize fatty acids, steroids,
or amino acids (glutamic acid, proline, arginine)!'!. Therefore, acetyl-CoA levels mirror
the availability of precursors and occupancy of the TCA cycle. At the nucleus, acetyl-
CoA can regulate gene expression by serving as substrate for histone acetylation!??,
Mitochondrial dysfunction can lead to a decrease in acetyl-CoA levels and low levels
of histone acetylation that ultimately results in the disregulation in gene expression*s,
On the other side, high levels of acetyl-CoA reflect a state of high energy that lead to
hyperacetylation of histones and the expression of genes involved in cell growth and

proliferation®.

~3 Cytochrome ¢ = , = Cell death
3 H202 » Gene expression
Protein thiol oxidation
P AMPK re— ) Catabolic switch
Mitochondrial dynamics
3 mtDNA  Inflammation

cGAS-STING/TLR9/NLRP3

. TCA cycle B . N %
e — mctabolitcs—‘_, s — Cell fate and function

Figure 2: Communication of mitochondrial fitness signaling. The mitochondrion informs the cellular and
extracellular environment on their functionality by the release of e.g. metabolic intermediates. Thereby mitochondria
can keep cellular homeostasis, activate repair mechanisms and even trigger cell death. Adapter from Martinez-
Reyes, and Chandel, 2020%

Reduction in the cellular ATP- and an increase in AMP-levels reflect an impairment of
the mitochondrial energy metabolism. High levels of AMP activate the cytosolic AMPK,
resulting in the phosphorylation of the OMM protein mitochondrial fission factor (MFF),
mediated by the mitochondrial fission initiator dynamin related protein 1 (DRP1)4,
Therefore, AMPK was shown to reprogram cellular energy metabolism by induction of
mitochondrial fission and degradation of dysfunctional mitochondria under conditions
of low cellular energy levels®*115,

The term reactive oxygen species (ROS) describes unstable molecules such as
hydrogen peroxide (H202), hydroxyl radical (OH"), singlet oxygen (*O2) and superoxide
(O27) that are byproducts of the OXPHOS energy synthesis system. They have a

9
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damaging effect on proteins, lipids or nucleic acids that can generate more ROS, and
also execute signaling activity®. ROS are mostly produced by mitochondria and can
therefore serve as a mitochondrial health status report for the cell*!”. For example, the
ROS H202 transmits signals by oxidizing thiol groups of proteins that alter nuclear gene
expression of e.g. heat shock proteins9.118,

Apart from its role as electron carrier during OXPHOS and antioxidant that protects
against damaging ROS, the release of cytochrome c from the IMS into the cytoplasm
is part of the intrinsic apoptosis pathway!'®. Apoptosis takes place in multicellular
organisms and is either activated by death receptor signaling (extrinsic pathway) or
mediated by mitochondrial signaling (intrinsic pathway). By unbalancing the sensitive
antagonistic interplay between pro- and anti-apoptotic members of the B-cell
lymphoma 2 (BCL-2) family, mitochondrial outer membrane permeabilization (MOMP)
becomes activated'?°. Once released into the cytosol, cytochrome ¢ binds to the
apoptotic protease activating factor-1 (APAF-1), that further oligomerizes into the
apoptosome. This activates the initiator caspase-9 that further triggers a caspase
signaling cascade leading to global protein cleavages and nucleus condensation!?®,
Upon losing the mitochondrial membrane potential, mitochondria themselves become
aberrant in their dynamics and fragment??°,

Mitochondria are also involved in the response to inflammation because of the
immunostimulatory activity of mtDNA. During bacterial or viral infection or apoptosis,
MtDNA is released into the cytosol where it activates the cyclic GMP-AMP synthase-
stimulator of interferon genes (cGAS-STING) signaling. Since the mtDNA still carries
some bacterial features derived from their ancestor, cytosolic localized mtDNA is
recognized as “foreign” and triggers response mechanisms against pathogenic
invasion e.g. interferon beta (IFN-B)*?1122, Furthermore, released mtDNA can be

transferred to neighboring cells, as a stimulus to activate cellular inflammation®?*.

1.2. Functions of mitochondria

Mitochondrial activity is highly complex since this organelle impacts almost all cell
processes ranging from traditional energy metabolism- a remnant of the original
endosymbiont- to cell fate decisions that has been acquired throughout evolution when
mitochondria became a fully integrated organelle. Other mitochondrial functions were
re-targeted, for example B-oxidation of long-chain fatty acids that can be performed by

both, mitochondria and peroxisomes'?3. Since 13-18% of the peroxisomal proteins
10
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show an alphaproteobacterial origin it was suggested that peroxisomes represent a

simplified mitochondrion, specialized for the B-oxidation pathway!?4.

1.2.1. Architecture and dynamics define mitochondrial function

Mitochondria consist of four subcompartments (OMM, IMS, IMM, Matrix) that allow for
compositional and functional specialization (Figure 3A). For example,
compartmentalization can benefit the metabolic efficiency due to an increased
concentration of metabolites, a reduced diffusional distance of substances and an
optimized milieu that supports chemical reactions within the compartment. In addition,
it offers protection from damaging intermediates (e.g. ROS) that are contained within
the compartment®. Furthermore, mitochondrial functionality is maintained by forming
a highly dynamic network that constantly undergoes fission and fusion events
(Figure 2B).

Crista Crista |IMM (IBM) ATPK*
junction % d\ el (MCU Basal condition
OMM, IMS ’ DU ATP
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O OPAL_ AN g ° Fission Fusion
e -o,- ‘“(jo° — —_—
O~\ Q 10 o & [Respiratory ¢ ° C °
Y Na ° > | chain 5 \ o »-Cat* °®
\\,\f :I % | comple: xes® oA / o
o o -
Mitofusin @ Metabolites/ J L»}
Matrix o IMS proteins

* Increased ATP production
* Exchange of matrix
content

O 3 & J & - * Clearance of damaged

mitochondria (mitophagy)
T Solute carriers/ * ROS production

MICOS L)md"om“ channels, * Mitochondrial distribution
metabolite
exchangers

Figure 3: Mitochondria architecture defines functionality. A) Mitochondria are subdivided in the four
compartments, outer mitochondrial membrane (OMM), inter membrane space (IMS), inner membrane (IMM) and
matrix. Cristea increase the IMM surface to extend the oxidative respiration capacity. B) Mitochondria undergo
constant fusion and fission. Thereby mitochondrial dynamic helps to determine the health status of individual
organelles and allow adaptation to changing environmental conditions (e.g. mow energy levels) and stress (ROS
production). Adapted from Giacomello et al. 2020125

1.2.1.1. Outer mitochondrial membrane (OMM)

The OMM serves not only as diffusion barrier for cytosolic or IMS molecules bigger
than 5 kDA, but also functions as organellar signaling hub that is involved in a multitude
of signaling pathways!?>. The bona fide example for OMM-mediated signaling is the
programmed cell death (apoptosis). Here, a multitude of signaling events at the OMM
such as the interplay between Bcl-2 family members, lipid composition or membrane
dynamics precede MOMP. The OMM additionally participates in organelle-organelle
communication by membrane contact sites (MCSs). These sites of close proximity

11
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(~30 nm) are best described by the mitochondria-ER contact e.g. to allow exchange of
phospholipidst®. Furthermore, MCSs with the plasma membrane or peroxisomes can
modulate cell fate, Ca?* homeostasis, or allow for metabolic exchange!?®>. The OMM
contains few channels with a broad spectrum to transport ions and small hydrophilic
metabolites. VDACs and the relatively newly discovered acyl-dihydroxyacetone
phosphate reductase (AYR1), and the two additional anion-selective channels (OMC7
and OMCS8) with so far undefined substrates mediate the selective transport across the
OMM?*?6, In addition, several B-barrel (TOM40, SAM50, MDM10) and one a-helical
(MIM1) protein transporter reside within the OMM, responsible for the translocation

and sorting of most mitochondrial proteins into their respective subcompartments!?”’.

1.2.1.2. Inner mitochondrial membrane (IMM)

The second mitochondrial membrane (IMM) became highly specialized for energy
production throughout evolution by increasing the membrane surface and therefore
capacity for oxidative phosphorylation through invaginations (cristae)'%21%8, Negative
curvatures of the IMM are induced by the non-bilayer forming properties of the
phospholipid PE and Cardiolipin (CL), the latter exclusively found in the IMM?05.129,130,
Furthermore, cristae form different functional micro subcompartments: segments of the
inner boundary membrane (IBM) that are parallel to the OMM carry members of the
IMM import machinery. Cristae membranes which harbor members of the ETC system,
are separated by cristae junctions that prevent diffusion of ions and membrane
proteins'3l. Here, members of the mitochondrial contact site and cristae organizing
system (MICOS) complex are enriched playing important roles in mitochondria
architecture, phospholipid metabolism and protein import'32. Furthermore, the MICOS
complex connects the IMM with the OMM, by interacting with various members of the
OMM proteome (e.g. TOM complex). Since the ERMES complex was often found in
proximity to the MICOS complex, the mitochondria-ER contact might regulate

mitochondrial dynamics!31:133.134,

1.2.1.3. Inter membrane space (IMS)

Although being the smallest of the two mitochondrial aqueous subcompartments, the
IMS has important functions as an exchange platform of metabolites, lipids or
proteins'3®. Segregation by cristae of the IMM is mirrored in the IMS, that segregates

in the OMM/IMM enclosed part and the lumen within cristae (intercristae space). Local
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concentration of IMS proteins was suggested to aid protein import and to counteract
the oxidizing environment generated by the OXPHOS system’8135, This includes
chaperons (TIM9/TIM10), proteins with a dual protease/chaperon function (YME1) and
proteins involved in the retro-translocation of IMS proteins to the cytosol for protein

degradationt3>-137,

1.2.1.4. Mitochondrial matrix

Several vital carbon metabolism and protein biosynthesis reactions take place in the
mitochondrial matrix. Among these are the TCA cycle or B-oxidation of fatty acids.
Maintaining some parts of the mtDNA also preserves the DNA processing and protein
translation machinery. As a remnant of the bacterial origin, mtDNA together with
proteins involved in replication and transcription (e.g. mtDNA polymerase, transcription
factors) are organized in nucleoids that are tethered to the IMM!3, The micro-
organization of the nucleoid separates the central core with mtDNA and the DNA
replication system from the periphery with proteins that are part of the transcription and

translation machinery*3°,

1.2.1.5. Mitochondrial dynamic

In contrast to well-known textbook schematics of mitochondria, depicting them as
steady bean-like structures, mitochondria are highly plastic and form a dynamic
network that constantly undergoes fusion and fission (Figure 3B)'4°. To maintain
mitochondrial homeostasis and integrity, both processes are well balanced!*. During
mitochondrial fission initiation the cytosolic GTPase DRPL1 is activated and recruited to
the OMM localized MFF, or mitochondrial fission protein 1 (FIS1)*°. Next, DRP1 wraps
around a pre-defined constriction side of the OMM in an oligomeric ring-like form?142143,
Thereby, the constriction site selection is driven by ER-mediated actin filament
polymerization and bending of the membrane!4 A complete division of the
mitochondria is achieved by the action of dynamin-2 (DYN2)4°. In case of high energy
demands, mitochondria tend to undergo fission events, as it was hypothesized that this
increases membrane surface area and therefore enhances OXPHQOS activity46. While
mitochondrial fission results in small and round shaped mitochondria, mitochondrial
fusion generates a tubular and branched mitochondrial network with mixed matrix
content. During mitochondrial fusion, OMM- anchored GTPase mitofusin (MFN1/2) and
IMM localized optic atrophy protein 1 (OPA1), mediate the fusion of OMM and IMM

13
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respectively'4’148, Both events can be spatially coordinated at ER-mitochondria
contact sites that allow fast adaptations in stress situations4°. Mitochondrial fusion
helps in restoring mitochondrial function while the reverse process of mitochondrial
fission initiates the removal of damaged mitochondria that are beyond repair'4°.

1.2.2. Mitochondrial energy production

Mitochondria represent an important signaling organelle involved in all major cellular
pathways'>®., However, their major function lies in the production of ATP for cell
homeostasis?®. During highly complex biochemical reactions, pyruvate becomes
oxidized to CO2 by oxidative phosphorylation (OXPHOS) that is coupled to ATP
production Thereby, mitochondrial respiration covers 95% of the cellular ATP
generation flagging this organelle as the “powerhouse of the cell’’®. Mitochondrial
energy production involves 1) the mitochondrial matrix localized fatty acid oxidation
that feeds its products into 2) the TCA cycle. The reduced cofactors generated during
the TCA cycle fuel the 3) IMM localized ETC to utilize the chemiosmotic power of
protons to generate ATP51, Membrane localized ADP/ATP carriers ultimately export
the generated ATP into the cytosol where it is further transported to sites of local
energy demands (Figure 4)%52,

During catabolic fatty acid 3-oxidation, the beta carbon of the fatty acid is oxidized to
a carbonyl group, thereby breaking apart two carbon-long acetyl-CoA molecules and
generating NADH and FADH2'3. Acetyl-CoA serves as primary substrate in the TCA
cycle for enzymatic oxidation, while the co-factors NADH and FADH: feed their
electrons directly into the ECT!!L. Depending on the fatty acid length the B-oxidation
pathways is a series of four (for short and medium long fatty acids) or two for (long
fatty acids) enzymatic reaction that cleaves off acetyl-CoA from fatty acids®*. The
enzymatic generation of acetyl-CoA from very long fatty acids is localized at the IMM
and is mediated by the very long chain acyl-CoA dehydrogenase (VLCAD) and the
single trifunctional protein (TFP). In contrast, matrix localized 2-enoyl-CoA hydratase
(ECH), 3-hydroxyl-CoA dehydrogenase (HAD), and 3-ketothiolase (KT) together with
the acyl-CoA dehydrogenase (ACAD) catabolize short and medium long fatty acid
chains®®4,

The TCA cycle is an eight enzymatic reaction loop, which is considered to be one of
the most important metabolic hubs®®. Although present in the cytoplasm of the archaea

host, only mitochondria possess the TCA cycle in present-day eukaryotes33. One
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important hallmark of the TCA cycle is that it accepts multiple substrates at any point
of the circle to be replenished (anaplerosis)®1%°, In one round of the TCA cycle, one
acetyl-CoA is oxidized in two molecules of CO2thereby generating one ATP and three
NADH and one FADH: that are fed into the ETC complex | and complex II,
respectively®®.

All five members of the ETC, Complex | (NADH:ubiquinone oxidoreductase), Complex
Il (succinate dehydrogenase), Complex Il (coenzyme Q:cytochrome c reductase),
Complex IV (cytochrome c oxidase), and Complex V (ATP synthase) are integrated
into the IMM -although complex Il does not span the membrane. All complexes consist
of multiple subunits that are encoded by both, mtDNA and nDNA (complex I: 44mtDNA/
7 nDNA, Complex II: 4 mtDNA, Complex Ill: 11 mtDNA/ 1 nDNA, complex IV: 20
mtDNA/ 4 nDNA and complex V: 19 mtDNA/ 2 nDNA)®®. It was hypothesized, that
mitochondria exclusively kept the DNA to encode for these complexes, to be flexible
in local energy demands®®’. TCA and OXPHOS are inseparably coupled, as oxidized
NADH donates its electron pair to complex | and FADH2 donate electrons to
Complex 1158, From complex | and Il, electrons are transferred to ubiquinol (Q). The
now reduced ubiquinol (QH2) gives its electrons to Complex Il that re-targets them to
cytochrome c. Finally, cytochrome c gives the electrons to Complex IV that transfers
in total eight electrons and four protons from the IMS pool to molecular oxygen that
becomes reduced to two molecules of H20. The transfer of electrons results in
pumping of four protons each of Complex | and Ill. A total of eight protons minus two
that are used for the reduction of oxygen are pumped by Complex IV. This imbalance
by the electrochemical proton gradient results in the mitochondrial membrane potential
(AW). Finally, the protonmotive force, established by the potential gradient (~150-160
mV) and proton concentration (~0.5 pH units) is used to fuel one phosphate to ADP by
Complex V. The AW plays an additional important role in e.g. mediation of membrane
trafficking or initiation of mitophagy*°°. While proton pumps line the flat areas of cristae,
the complex V dimers (ATP synthase) settle at the edges to allow protons to “sink”
deeper towards the cristae edges and therefore increase ATP synthesis®®. Of note,
high-resolution imaging present different membrane potentials in the mitochondrial
cristae population, hinting at a safeguard level (if the membrane potential of one break
down, this does not ultimately affect total mitochondrial energy production) and/ or
assigning different functions to cristae (e.g. energy metabolism vs. ROS signaling)6*.
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ADP/ATP shuttling is one of the first and last steps during OXPHOS. Monomeric
ADP/ATP carrier (AAC1/2/3/4) transport the discharged ADP back to the site of
OXPHOS and export recharged ATP into the cytosol!®?.

ROS are generated as byproduct of the ETC through electron leakage (0.15 — 5%)
mainly from complex | and 111182, Electrons of complex Il escape into the IMS and the
matrix, while electrons of complex | exclusively leak into the mitochondrial matrix*63,
The toxicity of ROS is contained by the protective ROS-scavenging system?¢4,
Reaction of leaking electrons to Oz generates superoxide anions (Oz ") that can further
dismutate by the mitochondrial matrix localized manganese superoxide dismutase
(MnSOD) or IMS localized Cu/Zn SOD to hydrogen peroxide (H202)1%6165. These can
either diffuse through the OMM into the cytosol to act as second messenger in cell
signaling (e.g. muscle cell differentiation) or become neutralized by e.g. glutathione
(GSH) peroxidase to water'®3166, However, enzymatic anti-oxidation by ROS
guenching is not perfect. Therefore, ROS-induced damage can result in base

substitutions, missense mutations, and deletions within the mitochondrial genome?¢.
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Figure 4: Mitochondrial contributions to cellular metabolism. Mitochondria are the main producer of cellular
ATP that is generated by the cooperating actions of the 3-oxidation of fatty acids, the tricarboxylic acid (TCA) cycle
and the electron transport chain. The TCA cycle generates reduced co-factors that are needed to generate a proton
gradient across the IMM. Intermediates from different metabolic processes (e.g. Glycolysis, $-oxidation of fatty
acids), can be fueled into the TCA cycle. Adapted from Spinelli et al 2018168
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1.2.3. Biosynthesis pathways localized in mitochondria

Mitochondria are involved in a multitude of cellular processes like calcium
homeostasis, amino acid and nucleotide metabolism, fatty-acid catabolism, as well as
lipid, quinone and steroid biosynthesis- most of which are interlinked with each other?.
Mainly localized to the cytoplasm, mitochondria participate in the fatty acid synthesis
(MmtFAS) involving the key-mediator acyl-carrier protein (ACP)'%%. Apart from its
function in the reverse B-oxidation of fatty acids, ACP was found to play a vital role in
e.g. Fe/S cluster biogenesis and assembly of the ECT°,

In addition, mitochondria are the site of iron-sulfur (Fe-S) cluster assembly, an inherited
process from the bacterial progenitor. These cofactors are essential for electron
transport proteins of the ETC (complex I, Il and lll), enzymatic activity (e.g.
mitochondrial aconitase of the TCA cycle) or adaptation to oxidative stress (superoxide
response [SoxR] protein)’t. The mitochondrial Fe-S cluster assembly machinery
consists of 14 subunits that operate at the mitochondria matrix and provides precursors
for cytosolic/nuclear Fe-S cluster assembly. First, the cysteine desulfurase (NFS1)
generates persulfide ions that form together with iron ions a 2Fe-2S cluster at the
scaffold iron-sulfur protein (ISC). Next, the glutaredoxin chaperon mediates the
transfer to target proteins'’2. Alternatively, two 2Fe-2S cluster can be delivered to the
matrix-localized iron-sulfur assembly protein (ISA) complex to generate 4Fe-4S
clusters, an important cofactor for polymerase stability!’3.

Apart from the ER, mitochondria have the highest cellular Ca?* storage capacity’.
This buffering capacity (50-500 nM) protects the cell from Ca?* overload'’>. Ca?* is
transported across the OMM and IMM via VDACSs or by mitochondrial calcium uniporter
(MCU) into the matrix'’4. Furthermore, many mitochondrial functions such as
metabolism, dynamics, apoptosis signaling are regulated by Ca?* levels and were

found to be disturbed in diseases like cancer!s,

1.3. Mitochondrial quality control (MQC)

The constant exposure to various stresses, like ROS, or impaired mitochondrial import
makes mitochondria especially vulnerable for dysfunctionality!’”1’®, To preserve
mitochondrial functionality, they are monitored by stringent quality control
mechanisms. This involves several lines of damage recognition, repair mechanisms
like separation of damaged mitochondria by fission or content exchange by

mitochondria fusion, selective removal of damaged mitochondria (mitophagy) and the
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biogenesis of healthy new mitochondrial4¢. Failure of the MQC system is often

connected to the development of severe diseases®.

1.3.1. High copy number of mtDNA

In contrast to nDNA, mtDNA does not exist in only two but roughly 1000 copies per
cell, with 1-10 copies within a single nucleoid that undergoes cell-cycle independent
continuous replication with a half-life of seven to ten days'317° The high transcription
rate of mtDNA is reflected by a high level of mRNA produced. For example, in the
human heart ~30% of total MRNA is generated by mitochondria'®. As all of the thirteen
MtDNA encoded proteins give rise to members of the ETC or are involved in the
synthesis of these it is not surprising, that defects related to mtDNA replication and
gene expression can have severe outcomes!®l. In contrast to nDNA, mtDNA is not
protected by histones, making it especially vulnerable to point mutations, small- and
large-scale deletions or duplications!®?. Therefore, the proximity to the frequently
generated ROS increases the likelihood of mutations in mtDNA to 10-20-fold that of
better protected nDNA®’. An additional source of mutations in mtDNA is introduced by
e.g. replication errors!®, These mutations generate a pool of wild-type and mutated
mtDNA variants within a single cell (heteroplasmy)*’°. Depending on the severity of the
introduced mutation, mitochondrial function can endure threshold levels of about 60-
90% of aberrant mtDNA as long as some wild-type mtDNA remains to provide
functionally active proteins'’®184185 The selection of wild-type over mutated specific
mtDNA has been shown during early oogenesis in e.g. fly or mouse model®3186.187 The
success of this selection process is especially important, since mitochondria and
therefore mtDNA is subjected exclusively to maternal inheritance in most species'88189,
In a bottleneck effect, only fittest mitochondria and consequently the healthiest mtDNA
are selected for transmission to the next generation, while less efficiently ATP
producing mitochondria (with putative highly mutated mtDNA) are removed via

mitophagy?®e.

1.3.2. Dynamics of MQC

Early studies on mitochondrial fusion and fission events, showed that the knockout of

either fusion-mediating MFN1/2 and OPAL or fission-organizing DRP1 have severe or

even fatal impact!®®-192, Mitochondrial fusion events can buffer the negative effects of

damaged mtDNA by dilution with wild-type DNA between different organelles to
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preserve a minimal mitochondrial activity’®3. Mitochondrial Stomatin-like protein 2
(SLP2)-dependent hyperfusion following cytosolic protein translation stress was found
to increase mitochondrial ATP generation as a pro-survival adaptation'%4. Furthermore,
mitochondrial recycling by refreshing the pool with “healthy” mtDNA has been
suggested. For example, neuronal damaged mitochondria are transported from axons
to the cell body for repair as an alternative mechanism for mitochondrial
degradation®®.

Mitochondrial fission, lead to a high number of fragmented mitochondria. Thereby, the
membrane potentials of the fragmented mitochondria reflect their OXPHOS activity
levels that serves as a readout of mitochondrial health status'®®. Consequently, a low
membrane potential results in low OXPHOS efficiency and therefore flags putative
mutation prone mitochondria that are henceforth excluded from the mitochondrial
network and are degraded!*®. The decision between either mitochondrial biogenesis
or mitophagy is reached by the DRPL1 fission site. While fission at the mitochondrial
center promotes mitochondrial proliferation, fission towards the periphery segregates
damaged mitochondria for degradation'®’. The type and severity of the stress decides
between mitochondria fusion and fission to counteract mitochondrial damage and to
preserve cellular homeostasis®. Mitochondrial fission mediating DRP1 and fusion
mediating MFN1/2 even cooperate to mediate transient fusion events, e.g. to refurnish
stationary neuronal mitochondria at distinct cellular locations with fresh mtDNA from

motile mitochondria to maintain a pool of “healthy” mtDNA%,

1.3.3. Selective clearance of damaged mitochondria

Several layers of defense exist, to protect against the accumulation of defective
mitochondrial proteins and disrupted mitochondrial functionality. A complex network of
cytoplasmic control mechanisms involving chaperons and the ubiquitin-proteasome
system (UPS) detects and removes misfolded proteins that fail proper mitochondrial
import!’7:19_In addition, each mitochondrial subcompartment harbors chaperons (e.g.
mtHsp60, MtHSP70) and proteases (e.g. ATPase associated with various cellular
activities proteases [AAA proteases]) that aid proper folding and removal of
superfluous, mislocalized or damaged proteins?®,

During severe and irreversible damage of mitochondria, more extreme measures such
as the clearance of damaged mitochondria are used to protect overall cell homeostasis

(Figure 5). Further damage by dysfunctional mitochondria is prohibited for example by

19



Introduction Mitochondrial quality control (MQC)

clearing damaged mtDNA from the heterogeneity pool of all mtDNA that would
otherwise distribute between healthy and damaged mitochondria®’. Although being the
most extensively studied pathway, several other pathways exist for the selective
clearance of damaged mitochondria independent of PINK1/Parkin activity?°*. For
example, the receptor- or MTOR/AMPK-mediated pathway?°22%3, Both the
serine/threonine kinase PINK1 (phosphatase and tensin homologue-induced kinase 1)
and the E3 ligase Parkin are categorized as Autosomal Recessive Parkinson’s
Disease (ARPD) genes as they are frequently mutated in early onset PD?178204.205
Although impairment in PINK1/Parkin-mediated mitophagy is mostly connected to
Parkinson’s disease it also plays roles in cardiovascular or prion disease, and

cancer206-210,

o
(=4 ® Ay | ©) (=1
- P —_—
2 ®
Q mitochondrial [PINK1 accumulation|
damage
Parkin recruitment
@ and activation
LETTA Y S P
U P P
P N v g >
[ o Q o .
P ® @ @
e — — .
/ \ s ubiquitin - S — -
ub ® by |ohosphoryiation] &P &

autophagosome N
formation @

optineurin LC3
NDP52 .
P62 U g @ e
o —_— lysosomal
° o hydrolases
P
] o |fusion with lysosome| ’ ‘
w & by
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One of the most upstream events in PINK1/Parkin-dependent mitophagy is the
activation of PINK121L, Like most mitochondrial proteins, PINK1 is encoded by the
nucleus and needs to be imported into mitochondria after synthesis. An N-terminal
mitochondrial targeting sequence of PINK1 is recognized mainly by TOM70 of the
TOM-complex?*?, Driven by the mitochondrial membrane potential, PINK1 is
transported to the mitochondrial matrix. Here, the mitochondrial targeting signal is
cleaved by the MPP?13, The truncated PINK1 is further inserted into the matrix where
it is subsequently cleaved within its transmembrane domain by the PINK1/PGAMS5-
associated rhomboid-like (PARL) protease?4. Finally, PINK1 becomes retro-
transported to the cytosol for proteasomal degradation according to the N-end rule?1®.
Under stress conditions that disrupt the electrochemical potential across the
membrane or accumulation of protein aggregates within the matrix, PINK1 import is
arrested?'®. This leads to an accumulation of PINK1 at the OMM in dependency of the
TOM complex (TOM7-mediated OMM-tethering) or even within the TOMA40
channel?2217, Thereby, a negatively charged motif close to the transmembrane
domain strengthens PINK1 OMM localization?!’. Autophosphorylation on Ser228/S402
fully activates PINK1, now capable of phosphorylating ubiquitin, polyubiquitin and
Parkin2°4'218‘221.

PINK1 phosphorylates ubiquitin on serine 65 (phosphoUb) and to a minor extend
threonine 66%22. PhosphoUb leads to both, gain-of and loss-of functions: only in the
phosphorylated state can ubiquitin function as allosteric activator of parkin?!9.223224 |n
contrast, phosphoUb inhibits the ubiquitin system, since many E2/E3 ligases (e.g.
Parkin) cannot utilize this modified version for poly-ubiquitin chain assembly and most
deubiquitinates (DUBSs) fail to hydrolyze phosphoUb-chains??L.

Parkin is a cytosolic E3 ligase that once activated transfers ubiquitin molecules from
an E2-conjungating enzyme like the ubiquitin-conjugating human enzyme 8 (UbcH8)
to a substrate localized to the OMM?2°, Apart from the ligase-mediating RING domains,
Parkin possesses an N-terminal ubiquitin-like domain (UBL) that regulates further
Parkin-activity??6. Same as for ubiquitin, catalyzes PINK1 phosphorylation of Parkin at
S65 within its UBL domain, that convert parkin from its autoinhibitory to the fully
activate form??’. After these two activating phosphorylation steps, Parkin is stabilized
in its open, activated form and together with phosphoUb and VDAC assembles in a
500 kDa complex at the OMM?28:222_ Once activated, Parkin generates a carpet of short

ubiquitin chains on OMM, such as VDAC1, without recognition of a defined sequence
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motif on these target proteins?3%:231, To prevent a refusion with healthy mitochondria,
MFNs are among early substrates of Parkin-mediated ubiquitylation?32. Parkin
generates mostly mono and short K63, K48, K11, K27 and K6 linked polyubiquitin
chains?33-235, Approximately 20% of ubiquitin attached to mitochondrial proteins are
phosphorylated by PINK1, mostly on mono-Ub or the distal Ub of polyubiquitin
chains??423%6, The ubiquitylation of MOM proteins recruits the autophagosome
assembly machinery that further delivers the damaged mitochondria for lysosomal
degradation. First p62/SQSTM1 (sequestosome-1) is recruited to damage
mitochondria by recognition of polyubiquitin chains?31237, p62/SQSTRM1 further
aggregates at the OMM, thereby attracting the microtubule-associated protein 1 light
chain 3 (LC3) of autophagosomes?38, Alternatively, are the OMM proteins BNIP3,
FUNDC1, PHB2 recognized LC3%%. The double membrane autophagosomes engulf
the mitochondria and ultimately fuse with lysosomes for final destruction of the
damaged mitochondria. However, not all mitochondrial proteins are degraded via the
lysosome. Instead, OMM proteins such as MFN 1/2 or Mirol are extracted from the
membrane and degraded via the AAA ATPase VCP/p97 that facilitates subsequent

proteasomal degradation?33,

1.3.4. Diseases related to mitochondria

Due to their important roles in metabolism, bioenergetics and involvement in many
different cellular pathways, it is not surprising that disturbances in mitochondrial
functions can result in a variety of different pathogenic phenotypes®. Mitochondrial
genes with human disease-related observation are mostly assigned to mitochondrial
metabolism (27%) and OXPHOS (21%), and mostly linked to diseases of the central
nervous system and metabolism diseases?*!. Damaged mitochondria are
characterized by high levels of ROS, low ATP:ADP ratios, decreased levels of oxidized
cofactors (e.g. NAD™), impaired mitochondrial biogenesis, dynamics and MQC, and
alteration in signaling such as correct life or death decisions?#2. Especially organs with
high energy demand (e.g. heart, neurons, skeletal muscles) are prone to mitochondria-
related diseases?*3. Mitochondrial diseases are classified into primary- mutation in
NDNA or mtDNA that lead to impaired mitochondrial function, and secondary diseases-
mitochondrial dysfunction, a down-stream effect that arises from mutations outside
mitochondrial action?*2. Therefore, mitochondria are an important target for the

development of novel therapeutic approaches. By now, more than 150 mitochondrial-
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related diseases have been described, most related to defects in the respiratory
chain?*. Therefore, tremendous efforts are put into development of therapies against
mitochondrial diseases, as of 2020 there are 49 registered clinical trials targeting
notably the reduction of ROS or CL?%,

1.3.4.1. Mitochondrial DNA diseases

Although very small in comparison to the nuclear encoded DNA, more than 300
deleterious mutations (point mutations, deletions or duplications) have been
associated to the 16 k base pairs mtDNA?*4, Two kind of mutations of mtDNA had been
described as source for mitochondrial disease: i) single-base changes and ii) large-
scale partial deletions'’®. A prominent example for a single-base exchange is the
A3243G or A8344G mutation in the gene of the mitochondrially encoded tRNA leucine
1 (MT-TL1)?8, Under healthy conditions, it functions as tRNA and transfers the amino
acid leucine to the newly synthesized polypeptide strand. Given that mitochondrial
expressed genes play key roles in vital pathway, this tRNA abnormality has serious
impact on cell viability and can ultimately result in the severe mitochondrial Myopathy,
Encephalopathy, Lactic Acidosis and Stroke-like episodes (MELAS) syndrome,
Maternally-Inherited Diabetes and Deafness (MIDD) or Myoclonic Epilepsy and
Ragged-Red Fiber disease (MERRF)?47:248,

Large-scale partial deletions of mtDNA can affect notably tRNA or COX activity, as
observed for the Chronic Progressive External Opthalmoplagia (CPEO) disorder and
Kearns Sayre Syndrome (KSS)?49-252_ Furthermore, mutations in the mitochondrial
replication system e.g. in the nuclear encoded polymerase y can lead to a severe loss

in mtDNA, associated with tumorgenesis?53.254,

1.3.4.2. Mitochondria disease accumulation during aging

Mitochondria related diseases accumulate throughout aging, caused by an increase of
dysfunctional mitochondria that are marked by e.g. a high content of mutated mtDNA
or reduced efficiency of the MQC system?#2255, Therefore, it was proposed that by
slowing down mitochondrial biogenesis (e.g. by blocking mitochondrial import
mechanisms) and the subsequent rewiring of mitochondrial pathways, can prolong an
organisms lifespan?®°. Mitochondrial biogenesis is an important target for therapies not
only in context of aging, but also in promoting metastasis. For example, the

transcription factor PGC-1a is abused by invasive breast cancer to increase

23



Introduction Discovery proteomics

mitochondrial biogenesis and therefore ATP production to promote metastasis?®®. In
addition, many neuronal diseases had been linked to an impaired mitochondrial
transport. Defects in the anterograde mitochondria transport (site of mitochondrial
biogenesis into axons), result into unanswered local energy demands. In contrast,
during impaired retrograde transport in which damaged mitochondria are no longer
transported back for degradation or repair'®>. There is a multitude of evidence, that
both events are vital for mitochondrial integrity and connection to pathologies?°7:2%8,

One bona fide example for mitochondrial disease during aging is the
neurodegenerative disorder Parkinson’s disease (PD)?°°. Dopaminergic neurons in the
substantia nigra are very sensitive to dysfunctional mitochondria and this ultimately
results in the PD-typical loss of these cells. Among other functions, PD is strongly
connected to disturbances in mitophagy since mutations in the genes of mitophagy
mediating PINK1 and PARK2 are well established marker proteins for Parkinson’s

disease?%0,

1.4. Discovery proteomics

Proteomics provides tools to assess all proteins present at a distinct time and under
defined conditions in a specific cell, tissue or organism?®!. Studying the proteome can
be challenging, as in comparison to the parental DNA counterparts (~20-25,000 genes
in human), the proteome is greatly increased in number of proteoforms (several
million)?62263_ Derived from a single gene, a protein is individualized by e.g. alternative
splice forms, single amino acid polymorphisms, or PTMs (proteoform)264-266  |nherent
challenges to investigate the proteome arise from the limited sample material, that
cannot be amplified like DNA; the dynamic range of protein expression that can vary
up to seven orders of magnitudes; and the enormous number of PTMs?61.267  Mass
spectrometry-based proteomics is an approach that takes up this challenge and
moreover enables for the large-scale analysis of complex suits of proteins and sub-
proteomes, such as the phosphoproteome or ubiquitylome?61268, Proteomics can be
classified into discovery and targeted proteomics. While discovery proteomics aims to
study the maximum number of peptides in a sample, targeted proteomics aims for the
focused analysis of a defined subset of analytes?6°.

To investigate the proteome, three basic strategies have been developed so far: i) top-
down ii) middle-down and (iii) bottom up proteomics?’°. In top-down analysis, intact

proteins or protein complexes can be analyzed by mass spectrometry. This allows
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conclusions on e.g. genetic variations, alternative RNA splicing and post-translational
modification on biological active molecules?’1272, However, challenges in protein
solubility, protein separation and ionization efficiency limit the broad application of this
strategy?’?. In contrast, in bottom-up proteomics also described as shotgun
proteomics, proteins are first digested into peptides by one or more proteases before
measurement?7%273, Here, higher order structures of extracted proteins are broken by
high concentrations of denaturizing agents such as urea. Furthermore, disulfide-bonds
between cysteine residues of the proteins are reduced and alkylated until the proteins
remain in their primary structure with an optimal protease accessibility?’4. Most
commonly, the endopeptidase trypsin is chosen for protein digestion, cleaving C-
terminal of the amino acids arginine and lysine?’>. Combinatorial or alternative
peptidases like Lys-C, Asp-N, Glu-C) are often applied?’®. The extra step in sample
preparation and the resulting complexity in data processing is compensated by more
profound data acquisition due to the smaller number of charges per peptide and
increased sample homogeneity as in comparison to top-down approaches?’’. To
compensate for the increased sample complexity that impacts ion suppression and
data quality, different protein/peptide separation techniques are applied such as one-
or two-dimensional gel electrophoresis, ion exchange or reversed phase

chromatography?78.279,

1.4.1. Post-translational modification of proteins

More than 400 PTMs have been described, which append a new level of diversity and
complexity to the regulation of protein activity, stability, localization, turnover, signaling,
interaction and many more?8%281  Protein modifications can occur during (co-
translational) or after translation (post-translational) at specific amino acid residues?.
PTMs are very beneficial for cells, since they can transmit internal and external signals
very fast (milliseconds as in contrast to minutes and hours for protein expression),
economize energy consumption (otherwise spent to generate new proteins), are
reversible and allow for PTM-dependent multitasking of protein function?82-284, PTMs
are classified as irreversible and reversible modification. An example for irreversible
PTM is the proteolytic cleavage during the maturation of insulin®5. Reversible
modifications are further classified according to the modification which can be (i) a
chemical group (e.g. phosphorylation, acetylation, methylation), (i) a complex

molecule (glycosylation, AMPylation) or (iii) a polypeptide (e.g. ubiquitylation,
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SUMOylation)?®4. In many cases, “writers” (e.g. ubiquitin ligase) add a PTM that is
recognized and further evaluated by “readers” (e.g. ubiquitin binding domains) before
removed by “erasers” (e.g. deubiquitinases)?®. PTMs are concentrated to specific
amino acids that can be targeted by several PTMs, with a maximum of 15 different
modifications described for the amino acid lysin?®’. Although PTMs can occur in theory
at any of the respective residues within the polypeptide chain, functionally active PTMs
show a bias towards intrinsically disordered structures and exposed amino acids?,
Interestingly, PTMs can be in cross-talk with each other on the same (intra-protein PTM
crosstalk) or between multiple proteins (inter-protein PTM crosstalk)?°. This cross-talk
involves the competition for the same amino acid reside (e.g. ubiquitylation and
acetylation on lysine), modification of a PTM (e.g. phosphorylation/acetylation of
ubiquitin) and the cross-reaction of PTMs within proximal (PTM hot-spots) or distal
modification sites?89:2%,

Since PTMs are able to change a proteins function, it is not surprising that they are
involved in many fundamental cellular processes (e.g. gene expression) and that
dysregulation can have severe impacts, ultimately leading to diseases such as cancer,

diabetes or neurodegenerative diseases?86:2°1,

1.4.1.1. Phosphorylation

Protein phosphorylation describes the reversible addition of a phosphoryl group
(POs7?) from e.g. the ubiquitous donor ATP to the functional hydroxyl group of serine,
threonine, tyrosine, or hydroxyproline (O-phosphomonoester), a nitrogen of histidine,
arginine or lysine (N-phosphoramidates), the thiol group of cysteine (S-
phosphothioesters) or the carboxyl group of aspartic acid (phosphoanhydrides)?9%-2%4,
In eukaryotes, the most prominent amino acids modified by phosphorylation are serine
(86%), threonine (11.8%), and tyrosine (1.8%) with phosphorylated serine, being the
most reported PTM type in general?80.283.295,

Phosphorylation adds a negative charge and thereby increases the hydrophilic
character of the modified protein. This facilitates its interaction, spatial orientation
within and between proteins, subcellular localization or the regulation of cellular
processes like cell cycle, growth factor stimulation or apoptosis (Figure 6)283292,296-298
Dynamic phosphorylation and dephosphorylation are catalyzed by protein kinases and
phosphatases, respectively and phosphate groups can function as “on” or “off’

switches for cellular processes®®®. This includes among others the cell cycle,
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metabolism and gene expressin3°301 Here, the cellular significance of kinases is
highlighted by the prominent representation in the human genome: 2% (530) of all
human genes encode for kinases®®?. Due to their important roles in for example
signaling cascades, kinases represent attractive targets for drug development with 71
approved drugs by the Food and Drug Administration- (FDA) in 202133, Protein
kinases are classified based on the residue they phosphorylate, such as bispecific like
serine/threonine kinases or tyrosine kinases. Kinases typically recognize a sequence
motive which consists of flanking amino acids surrounding the target phosphorylation
site. These motives can be highly specific for different kinases3°43%, In contrast, much
fewer phosphatases (~40) counteract kinase activity in humans?3°¢, Given, that 70% of
all human proteins become phosphorylated at any point of their life cycle, the overall
complexity of kinase/-phosphatase substrate network is very high3°7,
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Figure 6 Protein phosphorylation as dynamic switch for the regulation of cellular functions. Phosphorylation
and dephosphorylation are mediated by protein kinases and phosphatases (PP). The addition of the negatively
charged phosphoryl group impacts protein fate by modulating e.qg. its activity, localization or interaction. Adapted
from Humphrey et al. 20152%°

1.4.1.2. Ubiquitylation

The 76 amino-acid long ubiquitin represents the most prominent member of the
ubiquitin family, only existing in eukaryotes3®. In common with other members like
NEDD8 and SUMO, they possess a signature ubiquitin fold and a C-terminal Glycine-

Glycine (GG) residues that becomes attached to a target primary amino group, like ¢-
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amino group of lysine3%8, Due to the seven internal lysine residues (K6, K11, K27, K29,
K33, K48, and K63) and the modifiable protein N-terminus of methionine of ubiquitin,
proteins can not only be modified by a single ubiquitin (mono-), but also by branched
chains of ubiquitin molecules (polyubiquitin) (Figure 7). The resulting polyubiquitin
chains give rise to a tremendous level of variation by the different number of ubiquitin
molecules, the linkage type (homo-/heteroubiquitin chain) and the option for a
branched architecture3®®. Therefore, post-translational modification by ubiquitylation
allows for more specific fine tuning of biological processes as compared to for example
phosphorylation (switch “on”/"off")310,

The transfer of ubiquitin to a substrate is mediated by a three-step enzyme cascade
(E1-E3)30831L First, the C-terminal glycine of ubiquitin is activated in dependency of
ATP by the E1 (activating enzyme) and transferred to a cysteine of the E2 (conjugating
enzyme). The ubiquitin loaded E2 enzyme transfers ubiquitin to the complex of the E3
(ligase) and the substrate. The substrate specificity is thereby defined by the E3
protein, which is also reflected in the sheer number of different E3 ligases (> 600 in
human) in comparison to E2 (35 in human) and E1 (two in human)3!?-34 The
categorization of the E3 ligases into for example Homologous to E6AP Carboxy
Terminus (HECT) proteins, UFD2 homology (U-box) proteins, and Really Interesting
New Gene (RING) proteins distinguish the actual ubiquitin transfer mechanism?3'2.
During the last ligase step, the C-terminal glycine of ubiquitin is attached to the e-amino
group of lysine or the N-terminus®'®. For the formation of polyubiquitin chains, several
mechanisms had been reported that describe the one-by one and the “en-bloc”
addition of ubiquitin that is mediated by singly or multiple E2/E3 ligases3®.
Deubiquitinates (DUBSs) function as erasers of the ubiquitinylation signal, that in turn
are regulated via post-translational modifications3'’. They differ in their substrate and
polyubiquitin chain linkage specificity, and the number of cleaved ubiquitin (like
diubiquitin)3°. For example, most members of the ubiquitin proteasome system (USP)
system show a clear substrate but not ubiquitin linkage specificity3!8.

The ubiquitin code on proteins determines the biological readout of this PTM3%°, Thus,
protein ubiquitylation is virtually involved in any biological process like regulation of cell
cycle, cell death and signaling®2°-322, Monoubiquitinylation on for example histones is
mostly associated with DNA transcription and repair, that was often found to be
misregulated in cancer3?3, Protein ubiquitylation can occur at any stage of the target

proteins life time. However, the K48 and to a minor extend K63 polyubiquitin chain
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linkage signal for proteasomal degradation and are therefore attached during the end
of a proteins lifetime3?4. In addition, K63 polyubiquitin chain linkage was also found to
play an important role in DNA damage repair3?°. Less abundant polyubiquitin chains
fulfill additional vital biological roles, for example, K6-linked polyubiquitin chains are

involved in DNA-damage repair and MTC318:326,
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Figure 7 Ubiquitylation mediates cellular functions. In a three-step enzymatic cascade, ubiquitin is transferred
to a target protein (Lysine or N-terminal amino group). Due to the seven internal lysine residues, polyubiquitin chains
can be build up. Depending on the polyubiquitin chain linkage type and branching architecture (not shown) the
biological readout differs from proteasomal degradation e.g. K48 poly ubiquitin chain linkage) to signaling (N-
terminal methionine linear chain linkage). Deubiquitinateses (DUBs) serve as erase of the ubiquitin signaling.
Adapted from Fulda et al. 2012327

1.4.2. Mitochondrial proteome

Due to its ancestry, the mitochondrial proteome is considered as a mosaic of different
origins. It was suggested to categorize the mitochondrial proteome into a-
proteobacterial, general prokaryotic, general eukaryotic and organism specific
proteins®?®. Therefore, it is estimated that out of the ~1,500 mitochondrial annotated
proteins only 116-138 (~10%) have an alphaproteobacterial origin32°.

MS has evolved to become one of the most powerful method in defining the complete
set of the mitochondrial proteome. Using human placenta, initial studies assigned 46
proteins to mitochondria33°, Almost 20 years after the initial report and with further
developments of this technique, 1,158 proteins were annotated for mitochondrial
localization using samples from 14 mouse tissues33!. This study highlighted that the
mitochondrial proteome gains in complexity when considering the diverse
specifications of mitochondrial function in different tissues. Adapted to the organellar

function, mitochondria overrepresent specific functions like fatty acid oxidation in
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skeletal muscle?#4332, Across 14 mouse tissues, only 63%—-88% of the mitochondrial
proteome are shared across different organels’4. These studies evolved further into
the MitoCarta3.0 compendium331:333, This freely available database contains 1,136
reviewed human mitochondrial genes with submitochondrial specification and
categorization into the seven most prominent mitochondrial functions. In 2021, using
human cell culture, 1,134 proteins were identified with high confidence as localized to
the mitochondria, with 91 proteins newly assigned to this organelle?*!. This revealed
that the mitochondria proteome accounts for up to ~10% of the total human
proteome!®, However, while initial studies put an emphasis on mining the
mitochondrial proteome, there are still numerous mitochondrial proteins without clear
function.

One way to predict a proteins function relay on the definition of its protein-protein
interactions (PPIs). For example, biotin proximity labeling approaches assign protein
functions by identifying proteins that are in close contact with putative known
functions®34. In 2020, a proximity-dependent biotinylation assay (BiolD) assigned the
interactome of 100 mitochondrial proteins33®. Here, marker proteins of multiple
submitochondrial localizations were used as baits to define their functional module for
example as dual localized proteins, mapping of OMM contact site forming proteins,
and defining cross-talk between different functional matrix assemblies®®. Protein-
protein interaction have also been analyzed by copurification (for example by affinity
tag-purification) of individual target proteins, or by complexome analysis, in which
complexes are purified by for example blue native followed by MS-based identification
of the individual assembled proteins?4..

In 2022, 200 clustered regularly interspaced short palindromic repeats (CRISPR)-
mediated knockout cell lines for orphan mitochondrial proteins that lack a clear
functional annotation were profiled to study effects on their proteome, lipidome and
metabolome3. This showed the great complexity of mitochondrial protein function to
impact many omics-layers and helped explaining the diverse clinical phenotypes
observed for mitochondrial gene dysfunction.

Interestingly, quantitative proteomics can even be applied to assign differences in
mitochondrial protein import when mitochondrial membrane potential was disrupted.
Import of proteins related to mitochondrial translation, TCA cycle and ETC are mostly
affected by disrupted membrane potential, while others with no clear biological function

show unchanged import33,
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One limitation of MS approaches to uncover the mitochondrial proteome is the precise
localization of the proteins to the submitochondrial compartment, as experimentally
separating the highly interconnected four mitochondrial compartments can be
challenging and is affected by high background noise33®. Therefore, in silico prediction
tools have been applied. Initial strategies employed the presence of a mitochondrial
targeting sequence to assig mitochondrial localization33%340, Further developments
such as deep learning approaches can be applied to predict the submitochondrial
localization like DeepMito, iDeppSubMito341:342,

1.5. Mass spectromtry-based proteomics

Tandem mass spectrometry coupled with liquid chromatography (LC-MS/MS)
represents a powerful tool to assess a variety of proteomic applications like protein
identification/ quantification, large/small scale discovery/targeted approaches343.
Various applications utilize this method, for example the detection of profiling of
proteins and PTMs from a variety of different sources (from cell lines to tissues, and
body fluids) in various fields (e.g. biomedicine)343-345,

1.5.1. High performance liquid chromatography (HPLC)

High performance liquid chromatography (HPLC) has evolved a powerful peptide
separation method, which in combination with MS (LC-MS) allows for the most
complete coverage of the proteome across a broad dynamic range3+6. Most proteomic
approaches apply reversed phase (RP) LC. Here, the stationary phase is nonpolar (for
example C4-, C8-, or C18-alkyl chains) and the mobile phase consist of a polar solvent
(water and water-organic solvent such as acetonitrile or methanol)3*’. The peptide
mixture is separated based on the solubility in the first aqueous mobile phase along its
transition into a stronger organic phase in a mostly linear gradient34®, Based on the
different strength of hydrophobic peptide stationary phase interactions, peptide
retention on the column differs during elution until the non-polar elution solution
matches the peptides hydrophobicity3*°. A high content of uncharged amino acids
increases the hydrophobicity of a peptide, resulting in a delayed retention time and
thereby later elution from RP columns. In addition, an acid like TFA or FA are added
to the mobile phase as proton donor for subsequent peptide ionization3*°. Depending
on the application, peptides are separated in a nano- (nl/min) or micro- (ul/min) flow

rate. Nano-flow LC-MS (nLC-MS) allows peptides to elute in a more concentrated
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fashion with sharper elution peaks, which supports an increased detection
sensitivity3®!., However, in contrast to micro-flow (ULC-MS), the risk of sample
overloading, which results in a poor peak shape and diminished data quality is much
highers®2,

The retention time provides further information on the hydrophobic properties of a
peptide and can therefore add an additional layer of confidence in peptide
identification?’8, Based on the amino acid sequence of a peptide, dedicated models
predict the retention time and can compensate retention time shifts in case of post-
translationally modified peptides353:354,

LC-MS can be performed in an offline or online mode3>°. During offline HPLC, peptide
fractions are collected separately and injected one by one into the ion source of the
MS35. In contrast during online LC, the chromatography interface is coupled to the
MS. Once the analyte is released form the column, it is directly transferred to the mass
spectrometer. To increase the depth of peptide identification by decreasing sample
complexity, consecutive and orthogonal separation techniques are applied that
separate molecules based on different molecular properties (multidimensional
chromatography)3°6:357, Orthogonal to peptide separation at a low pH, separation
techniques like high pH RP LC increases the depth of for example phosphopeptide

identification3%8,

1.5.2. The mass spectrometer

Mass spectrometry provides a technique to identify and quantify the mass of ionized
molecules (e.g. peptide ions) by measuring their mass-to charge (m/z) ratio. A mass
spectrometer consists of the three characteristic compartments: i) ion source, ii) the
mass analyzer and iii) the detector3®®. Hybrid MS instruments additionally contain a
fragmentation chamber, in which peptide fragment ions are generated for subsequent
peptide sequencing. In standard proteomics measurements, all peptides co-eluting at
a specific retention time are recorded in a MS1 spectrum. Next, only a subset of
peptides (typically one peptide species) is isolated in the mass analyzer by its specific
m/z ratio and fragmented before recording the fragment ions (MS/MS or MS2)
(Figure 8A).

32



Introduction Mass spectromtry-based proteomics

MS1 Spectra

Sample MS2 Spectra

Fragmentation ‘ ||| | | |

MS1 MS2
Collector C-trap ExitLens  C-Trap Entrance Lens Segmented
| HCD Collision Cell I C-Trap I Splitlens Quad Exit Lens Quadrupole TK Lens Bent Flatapole
| N
T | T T ]
‘i | J
( e — |
\/ Transfer Multipole
—
_— ’ -— Inter-flatapole Lens
Zlens
_ Injection Flatapole
— lon Funnel Lens 'E‘
R- Electrodynamic lon Funnel tB
\ High Capacity Transfer Tube I
.— +— Ultra High Field —\#
U\ J Orbitrap Mass Analyzer
APl Source

¥

Figure 8 Principle of tandem mass spectrometry (MS1 and MS2/ MS/MS). A) An ionization source transfers the
peptides into gas phase (red box). Next mass analyzers (purple, green boxes) separate ions based on their m/z
ratios. Finally, a detector measures the ion signal intensities (blue box). Dependent on the instrument setting,
additional compartments are added e.g. additional analyzer for tandem mass spectrometry and fragmentation
chambers. Adapted from Thermo Fisher Overview of Mass Spectrometry for Protein Analysis
(https:/iwww.thermofisher.com/de/de/home/life-science/protein-biology/protein-biology-learning-center/protein-
biology-resource-library/pierce-protein-methods/overview-mass-spectrometry.html) B) Schematic of the Q-
Exactive HF-X mass spectrometer. The hybrid quadrupole-Orbitrap mass spectrometer possesses an ion-optics
system the guides the ion to the segmented quadrupole, and a collision chamber (HCD collision cell) for peptide
fragmentation. Adapted from Kelstrup et al. 20183¢°

1.5.2.1. lonization of peptides

One major challenge is the transition from peptides in liquid or solid phase to the
ionized gas phase without fragmentation of the fragile molecules. Therefore, different
peptide ionization strategies have been developed that can be distinguished based on
the ionization technique and properties: the site of ionization (in vacuo) in the MS
vacuum chamber or API at atmospheric pressure, the ionization energy (soft/harsh
ionization) or the matrix of the analyte (solid, liquid)361-363,

Electrospray ionization (ESI) is the standard ionization technique for LC-MS
proteomics, as it is a soft ionization method that transfers peptides from the liquid into
the gas phase3%3. Peptides elute from the emitter tip of the analytical column form a
Taylor cone at high voltages (2- kV) that segue in a jet dispersing in a plume of charged
droplets3643%5, These shrink further and the ionized peptides enter the gas phase. The
droplet charge originates from the proton donor like H*, Na* NHa4*-ions in the acidic
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HPLC solvent366:367 Usually, tryptic peptides carry a charge state of +2, due to the
protonation of N-terminal ammonia and C-terminal basic residues (arginine, lysine) in
an acidic buffer?74:368,

Another technique is matrix-assisted laser desorption and ionization (MALDI). This
represents likewise a soft ionization technique in vacuo or atmospheric pressure (AM-
MALDI), restricted to ionization of molecules embedded in a solid matrix3%°, Several
hundred laser pulses are shot on the matrix embedded analyte, heating up the matrix
and the acidified analytes, thus transferring the peptides into the gas phase as mostly

singly charged ions3%.

1.5.2.2. Mass analyzer and detectors

The generated ions are then transferred from the ion source via a strong
electromagnetic field (2-6 kV) into the mass analyzer. Afterwards the ions are
separated according to their m/z ratio in the mass analyzer®’°, The mass analyzers
differ in their resolution, accuracy, ion transmission, dynamic and mass range, and
speed of data acquisition3®’. The ability to distinguish between two ion spectral peaks
(resolution) can be described by the full width at half maximum (FWHM) (M/FWHM
with M = m/z)®’t. A mass analyzers accuracy is a measure of the accurate
measurement of m/z. Deviations between the actual and measured m/z values of
molecule ions can be described in Da or in parts per million (ppm). lons can be
analyzed only within a mass analyzers specific mass range (m/z)%72. The scan speed
or scan rate, describes the time an analyzer requires to scan a defined m/z range.
Commonly used mass analyzers are quadrupoles that separate ions according to their
m/z stability, ion-trap, orbitrap, Fourier Transform lon Cyclotron Resonance (FTICR)
analyzers that utilize ion m/z resonance frequency for separation, or time-of-flight
(TOF) analyzers that measure the ion flight time357373 In the final step, ions reach a
detector. Here, ion currents are recorded, and amplified to determine the abundance
of the ions with a currency of 1.6 x 1078 A, equal to 10 ions per second3%°.
Quadrupole mass analyzer or quadrupole mass filter (QMF) consist of four, parallel
rods that apply a radio frequency (RF) voltage between opposing rods®"2. Depending
on the voltage applied, only ions with a specific m/z value are able to oscillate through
the quadrupole®®. In contrast, ions with non-matching m/z value follow an unstable

trajectory and ultimately collide with the rods.
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Orbitrap mass analyzers consist of three electrodes: two outer cup-shaped electrodes
and a central, spindle like electrode. A radial electric field together with the canonical
shape allows for an axial oscillating trajectory of the ions®’4. These oscillating patterns
are recorded by the outer electrodes and are Fourier transformed into a m/z
spectrum374. Orbitrap mass analyzers offer robust data acquisition with high resolution
and mass accuracy. State-of-the-art mass spectrometers (Thermo Fisher Exploris480/
Orbitrap Ascend Tribrid Mass Spectrometer) offer resolutions up to 480,000 and mass
error <3 ppm37°,

TOF analyzers utilize a high voltage to accelerate ions within a flight tube. Thereby,
the flight time before the ion hits a detector is defined by the m/z value of the analyte37®.
The main advantage of the TOF analyzer in comparison to others is the basically
unlimited m/z detection range®7®.

In tandem MS, two or more mass analyzers are sequentially aligned (tandem in space
or time)361.377. Possible combinations include multiple detectors of the same type, like
triple quadrupole or combinations of different analyzers like linear ion trap (LTQ)-
Orbitrap hybrid mass spectrometers (Figure 8B)3%°378_ A tandem mass spectrometer
can utilize the first mass analyzer (e.g. quadrupole) as a mass filter, only allowing a
specific type of ions with defined m/z to pass, become fragmented and the resulting
fragment ions being further analyzed by a second mass analyzer (e.g. orbitrap)2°.
During peptide fragmentation the parental/precursor ion breaks into daughter/fragment
ions that carry the information on the peptide sequence. Thereby, fragmentation takes
place in dedicated compartment (fragmentation cells), in which energy is transferred
to the selected ions, for example by collision with an inter gas like helium, nitrogen, or
argon®”’. Depending on the breakage point within the amino acid sequence a-, b-, or
c-ions with their respective counterpart ions x-, y-, z- are generated?’4. Most commonly,
the amide bond between to amino acids breaks, giving rise to b-ions (charge is retained
by the peptide N-terminus) and y-ions (charge is retained by the peptides C-
terminus)?74. Those fragment ions are recorded in a second MS scan (MS/MS or MS2).

1.5.2.3. Data acquisition modes

In discovery proteomics, proteins are analyzed by the identification and quantification
of the corresponding peptides in a data dependent acquisition (DDA) or data
independent acquisition (DIA). DDA is a semi-stochastic data acquisition method and

often used in high throughput proteomics®7®. For example, in the most commonly used
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top-N method only the N most intense ions are selected from full (MS1) scan for
fragmentation3®. To improve the sequencing of ions with low intensities, the repetitive
acquisition of high intense ions can be prohibited by a dynamic exclusion or dedicated
retention time alignment algorithms38t, However, DDA suffers from the missing-value
problem that arises from low reproducibility of selecting especially low abundant ions
between runs32,

In contrast, during DIA spectra acquisition a scan of the parental ions is omitted.
Instead, MS/MS spectra of all co-eluting peptides within a pre-defined m/z isolation
window, are co-analyzed independent of their intensity3®3. DIA acquisition requires a
highly stable chromatographic system to avoid retention time shifts®®*. The gain in
reproducibly recording a broader dynamic range comes at the cost of a drastically
increased spectra complexity. Dedicated software tools (e.g.OpenSWATH,
Spectronaut™, Skyline) help with the identification and quantification of protein, mostly
by the aid of in-depth spectral libraries that have been recorded by previous DDA
acquisition methods and which have high correlation to their peptide retention
time385— 387_

Peptide identity is determined by matching the acquired MS1/MS2 spectra against a
target database3®. This database is generated by the in silico digestion of all
hypothetical proteins of the sample resource (e.g. mouse, human). Thereby the
digestion mode equals the experimental procedure in terms of the enzyme used for
proteolytic digestion, mass spectrometer settings such as ion fragmentation mode (e.g.
HCD, ETD) and others. To match the m/z spectrum of a measured peptide, it is
compared to all in silico generated peptide spectra. The accuracy of a peptide-
spectrum match (PSM) is shown by the PSM score3®, Several data analysis platforms
for PSMs are available such as MaxQuant with the integrated search engine
andromeda, Mascot or SEQUEST?3%0-392, Tg estimate the false discovery rate of the

peptide/protein identification, spectra are also searched against a decoy database38,

1.5.3. Proteomics for PTM analysis

Bottom-up mass spectrometry proved to be a powerful tool in studying PTMs like
phosphorylation or ubiquitylation. However, several challenges have to be overcome
to ensure accurate detection and correct biological interpretation of PTMs3%, In
comparison to simple protein identification, which usually provides multiple peptides,

investigation of PTMs require the measurement of modified peptides, which are often
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present with low stoichiometry®®*. Usually, dedicated enrichment strategies are
required to concentrate low abundant modified peptides. In addition, the stability of
PTMs during sample preparation and data acquisition requires adjustments. Especially
labile modifications are instable under certain experimental conditions such as,
phospho-histidine that becomes hydrolyzed under acidic conditions3®. Furthermore,
labile modifications (e.g. phosphorylation, sulfonation) are prone to cleave during
peptide fragmentation in a tandem MS/MS scan without generating a detailed peptide
fragment spectrum, thereby limiting peptide sequencing and modification site
localization3%4.

The addition of a phosphoryl group to a protein (phosphorylation) changes its
hydrophilic character that persists on the respective phosphorylated peptide?°23%, Like
for other PTMs phosphopeptides can be low abundant in a pool of unmodified peptides
and a dedicated enrichment method needs to be applied to boost the number of ions
ultimately used for data acquisition and localization to a specific amino acid3%4.
Common techniques are for example metal oxide affinity chromatography (MOAC) or
immobilized metal affinity chromatography (IMAC), as well as antibody-based affinity
purification?®?, Most enrichment protocols consist of the three main steps binding,
washing and elution. In IMAC and MOAC, the negative charge of the phosphate group
binds to the positive charge of the metal ion (e.g. iron or titanium). The low pH of the
enrichment buffer (2-3), ensures the deprotonation of the phosphate group and the
protonation of negatively charged amino acids (e.g. glutamic and aspartic acid) that
would otherwise bind to the metal ion, t003%’. Next, unmodified peptides are washed
out. By changing the pH to basic conditions, the phosphate group becomes
protonation, thereby dissociating from IMAC or MOAC matrices3%.

In bottom-up proteomics that applies trypsin digestion, the ubiquitin sequence itself is
cleaved, leaving only the N-terminal GG-remnant of ubiquitin attached to lysine side
chains (KGG). Dedicated antibodies recognize this remnant di-Gly motif and allow for
the enrichment of respectively modified peptides3®®. A more unambiguous ubiquitin
enrichment method, that is less prone for the enrichment of ubiquitin-like proteins
applies for the UbiSite antibody, that recognizes thirteen C-terminal amino acids of
ubiquitin1®, Importantly, during sample preparation of GlyGly modified tryptic peptides,
alkylation of reduced disulfide bonds has to be considered. The addition of two
molecules of the standard alkylating agent iodacetamide (IAA), result in an identical

mass shift as a GlyGly remnant on a peptide and should therefore be replaced by other
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alkylating agents (e.g. chloracetamide)3®°. Furthermore, information on polyubiquitin
chain architecture usually gets lost after tryptic digestion. However, specialized
proteases (e.g. LbP™x) only partially digest ubiquitin within a poly-ubiquitin chain and
leaves a truncated version, which still carries chain linkage information (UbClipping)?3®.
To correctly assign a PTM (e.g. phosphorylation or GG) to a specific amino acid, proper
peptide fragmentation and completeness of the resulting b- and y-ion spectrum are
required3®*. During standard collision induced dissociation (CID) fragmentation, the
most labile chemical bond such as the phosphoesterbond breaks first. Consequently
MS/MS spectra of phosphopeptides can be dominated by the peptide backbone after
neutral loss of the phosphate group*®. To better identify modification sites, dedicated
fragmentation methods like multi stage activation (MSA), in which hybrid MS-MS
spectra derived from the original peptide fragmentation and the fragmentation of the
neutral loss precursor can be applied*®t. Alternatively, electron transfer dissociation
(ETD) that only fragments peptide backbones, generate complete b-any y-ion fragment
ion series, which allow better site localization assignment*®2, MS/MS spectra of
ubiquitin modified peptides can be more complex, since they contain not only b- and y
ions of the peptide backbone, but also of the remnant amino acids after protein
digestion (i.e. GG)*%3,

1.5.4. Quantitative proteomics

Quantitative proteomics extends the field from the mere identification of proteins
towards the accurate and reliable quantification of thousands of proteins within and
between samples*®. Therefore, conclusions can be drawn for example on the absolute
or relative expression levels, the regulation of proteins or protein modifications
between experimental conditions. Several labeling techniques have been developed
that are tailored for distinctive biological questions and integrability to the sample
preparation workflow (Figure 9A)405.

Quantitative bottom-up proteomic approaches can be classified based on the absolute
or relative information acquired. In absolute quantification (AQUA) isotopic-labeled
synthetic peptides of known concentration are spiked into the sample to be
analyzed®. A prior knowledge of, for example, m/z-ratio or charge states of the
peptide of interest is indispensable to introduce a physiochemical identical reference
peptide. Comparison of signal intensities between the peptide of interest and the

reference peptide give information on the stoichiometry of protein complexes or the
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concentration of a protein within a sample4°74%, Major drawbacks of this method are
the restricted number of peptides that can be quantified at once and the higher costs
that are connected to the synthesis of labeled peptides.

Relative quantification methods are based on abundance ratios of peptides or proteins
that are determined by label-free or label-based approaches. Although less accurate
in comparison to for example AQUA, label-free quantification (LFQ) methods such as
intensity based absolute quantification (iBAQ) overcome this limitation. iBAQ values
can be calculated by dividing the summed intensity of measured peptides by the
theoretical number of all peptides of this protein4°®419, Unlike most labeling methods,
LFQ allows for protein quantification of an unlimited number of samples without
extending sample preparation by time and costs. However, because of the semi-
stochastic nature of the mostly applied DDA, many LFQ data suffer from missing
values for especially low abundant peptides between samples*1?.

Labeled amino acids or labeled tags carrying stable heavy isotopes for example 13C,
5N, 80, or ?H can be metabolically, chemically or enzymatically introduced into
peptide sequences or proteins. Stabile isotope labeling by amino acids in cell culture
(SILAC) established as a reliable and most common used metabolic labeling
approach#!?, Here, essential, stabile isotope labeled amino acids such as arginine and
lysine are introduced during the active metabolic phase of the organism*!2. Therefore,
differently labeled samples can be combined at an early stage in the workflow, thereby
greatly reducing variations during downstream sample preparation. Choosing trypsin
for protein digestion ensures, that all peptides harbor a label and can be used for
quantification (i.e. light- or heavy-labeled arginine or lysine). Stable isotopes of an
element are, except for their mass, chemically indistinguishable and labeled peptides
reveal an identical behavior during sample preparation and LC separation. Only during
MS1 data acquisition, peaks of SILAC pairs can be identified by the specific mass shift.
As for all MS1 based quantification techniques, SILAC is limited in the number of
labeling channels that otherwise increases dramatically spectra complexity. Typically,
three labeling channels are used for SILAC (Light, Medium, Heavy) although even five
have been reported?®4, In addition, full labeling can only be guaranteed for
organisms auxotrophic for the respective amino acids. Without the genetical
manipulation or careful workflow adaptations, prototrophic organisms like bacteria or
plants are mostly excluded from the application of SILAC#15416_ Although it had been

shown for fly and mouse, the application of SILAC for higher organisms is limited, due
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to higher economical costs and long preparation times for fully labeled organisms417:418,
The in vivo labeling flexibility of SILAC allows for further applications like the dynamic
SILAC approach. Here, one label is substituted by another, leading to a shift in the
incorporation of isotopic labels into newly synthesized proteins while the experiment is
performed. Therefore, dynamic SILAC remains the method of choice for studying
protein turnover?4-419,

Furthermore, a label can be introduced, on the protein or peptide level by enzymatical
or chemical reactions#?%421, Because the label is introduced only relatively late during
sample preparation, this quantification strategy can be applied to basically all kind of
samples (e.g. cell culture, tissues, biofluids). Same as for SILAC labeling, the addition
of a label induces a pre-defined mass shift, that allows for relative quantification on the
MS1 (e.g. dimethyl labeling) or the MS2 level (e.g. Tandem-mass tag [TMT]). During
dimethyl labeling, primary amino groups (N-terminus and €-amino group of lysine) are
modified with light, medium or heavy isotopologues of formaldehyde and
cyanoborohydride (Figure 9B)#22:423,

All isobaric labels consist of i) a peptide reactive group, ii) an isotopic reporter group
and iii) a balancer group (Figure 9C)*?4, During labeling, the reactive group is attached
to a specific site in the peptide sequence. Most isobaric labeling strategies (e.g. TMT,
ITRAQ) follow a N-hydroxysuccinimide (NHS) chemistry reaction targeting primary
amino groups (N-terminus, e-group of lysine residues). The isotopic reporter group
serves for the actual quantification and is unique for each labeling channel. Finally, a
balancer group normalizes the respective isotopic reported group, to equalize the total
mass of each labeling channel. Same as for dimethyl labeling, pH plays an important
role during TMT peptide labeling. Preferred is a slight basic pH (8.0-8.5) to avoid the
protonation of the amino group and complete hydrolyzation of the NHS ester4?.
Furthermore, the mass spectrometer needs to meet the requirements of an accurate
quantification for example by increased resolution in the low m/z range*?®. Labeled
peptides derived from different experimental conditions, have an identical mass that is
not distinguishable in the MS1 scan. Only after isolation, fragmentation and for the
MS2 or if applicable MS3 scan, the reporter groups break off and can be detected. The
resulting fragment ion spectrum contains fragment ions that lead to the identification
of the peptide sequence and the isotopic reporter ions in the lower m/z range that carry
the quantitative information. State-of the art TMT-approaches allow for multiplexing of

up to 18 labeling channels in one MS run#?’,
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Figure 9: A) Comparison of quantitative proteomic workflow. Depending on the labeling strategy, samples can
be combined early (metabolic labeling) or only during the last step in the experimental procedure (label free).
Adapted from Bantscheff et al, 20124%% B) Principle of the dimethyl labeling reaction on primary amines. The
combination of (deuterated) formaldehyde and Cyanoborohydride/-deuteride generates a mass increases of 28, 32
or 36 Da. Adapted from Boersema et al, 2009422 C) Principle of TMT labeling approach. TMT label reagents are
composed of an amine-reactive group that interacts with the primary amino group of amino acids, a mass
normalized and a mass reporter. Combination of heavy isotopes (*3C, °N) allow for duplex and 6-, 10- 11-, 16-, 18-
multiplex. Adapted from Bachor et al; 2019428,
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2. Aims and Objectives

Mitophagy represents a fundamental mechanism for cells to dispose of dysfunctional
and putative pathogenic mitochondria. The initiation of this process, involving the
activity of PINK1 kinase and the E3-ligase parkin, has been studied in great detail.
However, little is known on the involvement of ubiquitylation and phosphorylation on
mitochondrial protein degradation during late stages of this process. Therefore, the
overall aim of my thesis was to utilize the analytical power of quantitative proteomic
tools to study the impact of post-translational modifications on protein dynamics during
early and late stages of parkin-dependent mitophagy. An additional aim was the
elucidation of pathways involved in mitochondria degradation during late stages of
parkin-dependent mitophagy. This involved the establishment of dedicated protocols
for sample preparation as well as the integration of the proteome, ubiquitylome and
phosphoproteome results during data analysis. In detail, the aims and objectives were:

1.) Temporal analysis of protein ubiquitylation and phosphorylation during parkin-
dependent mitophagy

a. Exploring the best cell fractionation protocol for in-depth studies of the
mitophagy-relevant proteome, ubiquitylome and phosphoproteome

b. Quantifying dynamics of significantly regulated proteins in parkin wild-
type and ligase-dead expressing HelLa cells

c. Quantifying dynamics of significantly regulated ubiquitylation events in
dependency of parkin during early and late stages of mitophagy

d. Quantifying dynamics of significantly regulated phosphorylation events
in the progression of parkin-dependent mitophagy with focus on proteins
which are doubly modified by ubiquitylation and phosphorylation

2.) Parkin-dependent mitophagy occurs via proteasome-dependent steps

sequentially targeting separate mitochondrial sub-compartments for autophagy

a. Establishment of a quantitative proteomics approach to study
proteasomal dependent steps during mitophagy

b. Application of proteomic techniques to investigate mitochondrial

subcompartment degradation on proteasomal activity.
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Temporal Analysis of Protein Ubiquitylation and Phosphorylation
During Parkin-Dependent Mitophagy (published)

Mol Cell Proteomics. 2022 Feb;21(2):100191. doi: 10.1016/j.mcpro.2021.100191.
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me. After cell treatment and harvest by Anna Lechado-Terradas and Sven Geisler,
subsequent sample preparation for LC-MS/MS analysis was performed at the
Proteome Center Tuebingen, University of Tuebingen. All Western Blot and
microscopy analysis were performed by Anna Lechado-Terradas. Subcellular
fractionation, sample preparation for quantitative proteomics, phosphoproteomics and
ubiquitylome as well as data analysis was performed by me with supervision from
Nicolas Nalpas and Boris Macek. Input for the interpretation came from the MOMbrane
consortium (Doron Rapaport) In summary, | am responsible for Figure 1 B/C, Figure 2
A-C, Figure 3 A-C, Figure 4 as well as Supplementary figure 1 B,C,D, Supplementary
figure 2, A-C, Supplementary figure 3 A-E, Supplementary figure 4 A-D.
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Temporal Analysis of Protein Ubiquitylation and
Phosphorylation During Parkin-Dependent

Mitophagy

Katharina . Zittlau'**, Anna Lechado-Terradas®®

Philipp J. Kahle®® ®, and Boris Macek'"

Mitophagy, the selective degradation of mitochondria by
autophagy, affects defective mitochondria following
damage or stress. At the onset of mitophagy, parkin
ubiquitylates proteins on the mitochondrial outer mem-
brane. While the role of parkin at the onset of mitophagy is
well understood, less is known about its activity during
later stages in the process. Here, we used HelLa cells
expressing catalytically active or inactive parkin to
perform temporal analysis of the proteome, ubiquitylome,
and phosphoproteome during 18 h after induction of
mitophagy by mitochondrial uncoupler carbonyl cyanide
m-chlorophenyl hydrazine. Abundance profiles of proteins
downregulated in parkin-dependent manner revealed a
stepwise and “outside-in” directed degradation of mito-
chondrial subcompartments. While ubiquitylation of mito-
chondrial outer membrane proteins was enriched among
early parkin-dependent targets, numerous mitochondrial
inner membrane, matrix, and cytosolic proteins were also
found ubiquitylated at later stages of mitophagy. Phos-
phoproteome analysis revealed a possible crosstalk be-
tween phosphorylation and ubiquitylation during
mitophagy on key parkin targets, such as voltage-
dependent anion channel 2.

Mitochondria are involved in many cellular processes, such
as apoptosis, lipid transfer, and cellular energy production.
Under stress conditions that compromise their multifaceted
functions (1, 2), selective autophagic elimination of mito-
chondria (mitophagy) is activated. One of the most studied
mitophagy pathways is regulated by the serine/threonine-
protein kinase phosphatase and tensin homolog-induced
kinase 1 (PINK1) and the E3-ubiquitin ligase parkin. Muta-
tions in these proteins have been directly linked with
autosomal-recessive familial forms of Parkinson's disease

t

, Nicolas Nalpas'®, Sven Geisler?,

(3, 4). Under basal conditions, PINK1 is constantly imported
and degraded within mitochondria (5-7). Once the mitochon-
drial membrane potential is compromised, PINK1 accumu-
lates at the mitochondrial outer membrane (MOM), where it
becomes fully active upon autophosphorylation (8, 9). PINK1
phosphorylates parkin within its highly conserved ubiquitin-
like domain at S65, inducing a conformational change on
the E3-ligase enzyme that allows parkin to reach its complete
active state (9, 10). Upon translocation to the MOM, parkin
starts ubiquitylating several MOM proteins. The ubiquitin
molecules added by parkin serve as a phosphorylation sub-
strate to PINK1 and vice versa. This promotes a feed-forward
signaling loop that amplifies the mitochondrial ubiquitylation
signal (11).

Parkin is known to build different polyubiquitin chains but
has different preferences for chain-linkage types, K63 and K48
being the most abundant chain types on MOM proteins (11).
Other linkage chains, such as K27, K29, and K33, are known
to be parkin dependent but are found to be less abundant on
MOM proteins (11, 12). During the course of mitophagy, some
MOM proteins are known to be eliminated at early stages (i.e.,
mitofusins 1/2 [MFN1/2], mitochondrial GTPase miro1/2 [Ras
homolog family member T1/2 [RHOT1/2], and translocase of
outer mitochondrial membrane protein 70 [TOM70]), whereas
some mitochondrial proteins remain ubiquitylated after inter-
mediate depolarization times on damaged mitochondria (i.e.,
voltage-dependent anion channel 1/2 [VDAC1/2], TOM20)
(12-14). After extensive parkin-dependent ubiquitylation
events, ubiquitin-binding autophagy receptor proteins are
recruited, which trigger the engulfment of damaged mito-
chondria by the autophagosome. This eventually promotes
mitochondrial degradation after the autophagosome fused
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with lysosomes (1, 15-18). Even though it is well accepted that
damaged mitochondria are engulfed as a single whole entity
(19, 20), an alternative hypothesis suggests a sequential
subcompartment degradation. In this context, Yoshii et al. (21)
demonstrated that autophagosomes engulf complete mito-
chondria after 6 h of depolarization, but MOM-ruptured and
mitochondrial inner membrane (MIM)-ruptured mitochondria
are engulfed after extensive depolarization times (12 h
carbonyl cyanide m-chlorophenyl hydrazine [CCCP]). Recent
advances in the field of quantitative proteomics and investi-
gation of low-abundant ubiquitylation have allowed an in-
depth analysis of parkin-dependent mitophagy (11). Howev-
er, our understanding of molecular processes during later
stages of mitophagy as well as the interplay between parkin-
dependent ubiquitylation and phosphorylation is limited.

Here, we performed an in-depth temporal analysis of the
proteome, ubiquitylome, and phosphoproteome during early
and late stages of mitophagy. We identify novel parkin and
downstream-acting substrates under mitophagy conditions;
suggest that parkin-dependent mitochondrial degradation is
tightly regulated in space and time; and indicate a potential
crosstalk between ubiquitylation and phosphorylation able to
influence specific protein degradation during PINK1/parkin-
dependent mitophagy. Furthermore, we suggest an outside—
in degradation of mitochondria, initiated by parkin activity
during mitophagy.

EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale

In this study, we used Hela cells in all experiments. This cell line
was chosen because of the absence of endogenous parkin and the
possibility to study late mitochondria-depleted stages of mitophagy
(22) (supplemental Fig. S1A). To increase the level of mitophagy-
related low-abundant proteins from different organelles, cells were
first fractionated using a subcellular protein fractionation kit and
pooled to remove highly abundant nuclear and cytoskeletal proteins.
All Western blot analyses were performed at least twice for endoge-
nous proteins and up to five times for transient overexpressed pro-
teins (.e., VDAC2). All microscopy analyses were petrformed in
duplicates. For in-depth proteome and phosphoproteome analysis,
we chose a triple dimethyl labeling approach that covers all five
treatment conditions in two sets sharing the untreated control. Both
proteomic analyses were performed in two biological replicates. To
study dynamics in the ubiquitylome, we adapted the recently pre-
sented Tandem Mass Tag 10-plex (TMT10-plex) approach by Udeshi
et al. (23). In total, three replicates were performed to stabilize the
quality of the quantified ubiquitylation sites. Only proteins identified in
both replicates were further analyzed to investigate parkin-related
dynamics on the proteome level. For phosphoproteome and ubig-
uitylome analysis, sites identified in at least one replicate were further
processed. Mitochondrial proteins were annotated based on Mito-
Carta3.0 (24). Significantly regulated proteins (ANOVA p < 0.1 followed
by post hoc test false discovery rate [FDR] <0.1) were subjected to
hierarchical clustering. To identify parkin-dependent ubiquitylation
sites, only strongly regulated ubiquitylation sites (z-scored fold change
outside -2 and 2) were used for hierarchical clustering. This ratio-
metric approach was chosen based on the work from Hung et al. (25)

because of varying identification rates of replicates that would have
reduced the number of significant hits. To investigate dynamics on the
phosphoproteome level, significantly regulated sites were determined
(ANOVA p < 0.1 followed by post hoc test FDR < 0.1).

Cell Culture, Transfection, and Treatments

HelLa cells expressing stable 3xFlag-parkin WT or ligase-dead
C431A parkin were generated as mentioned by Geisler et al. (13).
Cells were cultured in Dulbecco's modified Eagle's medium sup-
plemented with 10% (v/v) fetal bovine serum (FBS) at 37 °C with 5%
CO,. Cells were transfected with Fugene (Promega) with the indi-
cated plasmids for at least 24 h. Mitochondrial depolarization was
achieved by adding 10 pM of CCCP in the cell media. Upon harvest,
cells were washed once with Dulbecco's PBS and stored until frac-
tionation at -80 °C.

Expression Constructs

Full-length VDAC2 complementary DNA was amplified from HelLa
3xFlag-parkin stable cells. VDAC2 was cloned in pCMV-6xHIS vector
using Sall and EcoRl fast digestion enzymes (Thermo Fisher Scienti-
fic), yielding an N-terminal tagged pCMV-6xHIS-VDAC2 construct.
Phosphomimic and phosphodead point mutations were introduced in
6xHIS-VDAC?2 using a two-step point-directed mutagenesis protocol.
All complementary DNA sequences were verified by Sanger
sequencing.

Western Blotting and Nickel-Nitrilotriacetic Acid Purification

Cells were washed with PBS and further pelleted at 972 g for
1 min at 4 °C. Cell pellets were resuspended in urea lysis buffer
(10 mM Tris, pH 8.0, 100 mM NaH.PQ,4, and 8 M urea), passed five
times through a 26-gauge needle, and pelleted at 3151 g for
15 min at 4 °C to obtain whole cell lysate fractions. Total protein
measurement was performed using Bradford Protein Assay Kit
(Bio-Rad). Samples were separated on 4 to 20% polyacrylamide
gradient gels (TruPAGE precast gels; Merck) and run for 1 h at
100 V in Mops buffer. Proteins were transferred to poly(vinylidene
fluoride) membranes (Immobilon-P; Merck) and blocked with 5%
bovine serum albumin or nonfat dried milk in Tris-buffered saline
with 0.1% Tween-20. Membranes were incubated overmight at
4 °C with the following primary antibodies: TOM70, 1:1000, Pro-
teinTech (#14528-1-AP); TOM20, 1:6000, Santa Cruz (#sc-11415);
VDAC1, 1:30000, Millipore (#AB10527); VDAC2, 1:50000, Pro-
teinTech (#1663-1-AP); cytochrome c oxidase polypeptide IV
(COX4), 1:1000, Cell Signaling (#4850); citrate synthase (CS),
1:6000, GeneTex (#GTX110624); SSBP1, 1:1000, R&D Systems
(#AF6588); Vinculin, 1:6000, Sigma Aldrich (#V9131); Mfn1,
1:10000, Abnova (#H00055669-M04); 6HIS, 1:10000, Invitrogen
(#HIS.H8); K27-ubiquitin, 1:50000, Abcam (#ab181537); Total
Ubiquitin, 1:30000, Millipore (#MAB1510); pS65-ubiquitin, 1:1000,
Millipore (#ABS1513); Parkin, 1:50000, Cell Signaling (#4211S);
Flag, 1:10000, Sigma Aldrich (#F1804); pS757-ULK1, 1:1000, Cell
signaling (#6888); PINK1, 1:1000, Cell Signaling (#6946S); and
B-Actin, 1:5000, Sigma Aldrich (#A5441). Secondary antibody in-
cubation were performed at room temperature (RT) for 1 h in 5%
nonfat dried milk with the following antibodies: Goat anti-mouse
HRP, Amersham Pharmacia (#115-035-003); Goat anti-rabbit HRP,
Amersham Pharmacia (#111-035-003); and Goat anti-sheep HRP,
Amersham Pharmacia (#718-035-147). Horseradish peroxidase
chemiluminescent reaction was achieved using Western
chemiluminescent-horseradish peroxidase substrate (Millipore) on
Ultracruz  autoradiography films (Santacruz). For nickel—
nitrilotriacetic acid (Ni-NTA) pulldown, cell pellets were resus-
pended in urea lysis buffer at pH 8.0. At least 350 pg of total
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protein supplemented with 10 mM imidazole was incubated with
30 pl of Ni-NTA beads for 21 h at 4 °C. Incubated lysates were
shortly pelleted at 972 g for 1 min at 4 °C and washed three times
with urea lysis buffer at pH 6.0 containing 20 mM of imidazole.
Proteins were eluted with 50 pl of 2x Laemmli buffer for 15 min at
95 °C. One-fifth of the total eluate was subjected to Western blot
analysis.

Immunostaining and Microscopy

Cells were seeded on precoated coverslips and treated with CCCP
for the indicated time points. Cells were fixed with 4% para-
formaldehyde in PBS for 20 min at RT and further permeabilized with
1% Triton X-100 for 5 min at RT. After three additional washing steps
with PBS, cells were blocked with 10% of FBS in PBS for 1 h at RT.
Cells were then incubated with the primary antibodies diluted in 5%
FBS for 2 h at RT, and after three times washing with PBS, secondary
antibodies diluted with 10% FBS were incubated for 1 h at RT in the
dark. After two washing steps, cell nuclei were stained with 2 pg/ml
Hoechst 33342 (Molecular Probes) in PBS for 5 min at RT. Cells were
mounted onto coverslips using Fluorescent Mounting Medium (Dako).
Imaging was performed using an Axiolmager microscope equipped
with an ApoTome imaging system using 63x objective (Carl Zeiss).
The images were processed with AxioVision 4.9.1 software (Carl
Zeiss). Primary and secondary antibodies used were the following:
SSBP1, 1:1000, R&D Systems (#AF6588); K63-Ubiquitin, 1:1000,
Millipore (#05-1308); Parkin, 1:1000, Cell Signaling (#4211S); TOMZ20,
1:1000, Santa Cruz (#sc-17764); Total Ubiquitin, 1:1000, Millipore
(#MAB1510); COX4, 1:1000, Cell Signaling (#4850); p62/SQSTM,
1:1000, BD Biosciences (#610832); 6HIS, 1:1000, Invitrogen
(#HIS.HB); CS, 1:1000, GeneTex (#HGTX110624); Alexa Fluor 647
donkey anti-sheep, Invitrogen (A-21448); Alexa Fluor 488 donkey anti-
mouse, Invitrogen (A-21202); Alexa Fluor 488 donkey anti-rabbit,
Invitrogen (A-21206); Alexa Fluor donkey anti-mouse, Invitrogen
(A-10037); and Alexa Fluor donkey anti-rabbit, Invitrogen (A-10042).

Subcellular Protein Fractionation

Mitochondrial proteins were enriched using subcellular protein
fractionation kit for cultured cells (kit no.: 78840; Thermo Fisher Sci-
entific) (supplemental Fig. S1B and supplemental Table S7). Cells were
washed once with PBS, scraped in PBS, and further pelleted at 2188 g
for 5 min at 4 °C. All steps were performed according to the vendor
with around 1 x 107 cells per sample. Cytoplasmic extraction buffer,
membrane extraction buffer, nuclear extraction buffer (NEB), and
pellet extraction buffer were supplemented with Halt Protease Inhibitor
Cocktail (1:100) immediately before use. Frozen cell pellets were
resuspended in cytoplasmic extraction buffer and incubated for
10 min at 4 °C. After centrifugation at 500g for 10 min at 4 °C, the
supernatants were stored as “cytoplasmic extract.” The pellet was
resuspended in membrane extraction buffer and incubated for 10 min
at 4 °C. The superatant was taken as “membrane extract” after
centrifugation at 3000g for 10 min at 4 °C. “Soluble nuclear extract”
was collected after incubation with NEB for 30 min at 4 °C and
centrifugation at 5000g at 4 °C. “Chromatin-bound nuclear extract”
was obtained after incubation with NEB supplemented with CaCl, and
micrococcal nuclease for 15 min at RT and centrifugation at 16,0009
for 5 min. For preparation of “cytoskeletal extract,” pellets were
incubated with phosphoenolpyruvate for 10 min at RT followed by
centrifugation at 16,000g for 5 min. All namings are according to the
vendor.

In a pilot experiment, the extracted cytoplasmic, membrane, soluble
nuclear, chromatin-bound nuclear, and cytoskeletal fractions of the
3XFLAG-parkin clones and control cells were subjected to proteome
analysis (supplemental Fig. S1, C and D). The principal component
analysis revealed high similarity between fractions, independent of the

expression of parkin WT or C431A and replicates (supplemental
Fig. $1C). The first component explains 82% of the variance and al-
lows discrimination of cytoplasmic, membrane, and soluble nuclear
fractions (F1-F3) versus chromatin-bound and cytoskeletal fractions
(F4-F5), whereas the second dimension (explaining 6% of the vari-
ance) differentiates fraction 4 from 5. Gene Ontology analysis of
subcellular localization of detected proteins agreed with the vendor-
defined naming of fractions, albeit with minor contamination in adja-
cent fractions (supplemental Fig. S1D). Therefore, all further analyses
were performed on the pooled “cytoplasmic,” “membrane,” and
“soluble nuclear” fractions that enabled the optimal recovery of
mitochondrial and cytosolic proteins, while depleting the heavily post-
translationally-modified cytoskeletal and chromatin-bound nuclear
proteins.

Sample Preparation for Mass Spectrometry Analysis

Potentially present detergents in protein extracts were removed by
acetone-methanol (acetone: eight volumes and methanol: one vol-
ume) precipitation overnight at —20 °C. Proteins were pelleted by
centrifugation at 2500g for 20 min, and the remaining methanol was
washed out with 80% of ice-cold acetone. Pellets were resuspended
in denaturation buffer (6 M urea, 2 M thiourea, 10 mM Tris, pH 8), and
the protein concentration was determined by Bradford assay. Within
each experimental condition, the cytoplasmic, membrane, and nuclear
extracts were mixed 1:1:1. Disulfide bonds were reduced with 10 mM
DTT for 1 h, before alkylation for 1 h with either 55 mM iodoacetamide
(phosphoproteome) or 55 mM chloracetamide (ubiquitylome). Predi-
gestion was performed with Lys-C (Lysyl endopeptidase; Wako
Chemicals) in a peptidase—protein ratio of 1:100 for 3 h at RT. For full
overnight digestion, the fourfold volume of 50 mM ammonium bicar-
bonate was added before trypsin (Promega Corporation) in a
peptidase-protein ratio of 1:100. Digestion was stopped by adding
1% TFA. Peptides were purified on Sep-Pak C18 Cartridges (Waters).
For ubiquitylome analysis, peptides were eluted with 80% acetonitrile
(ACN) and lyophilized for 24 h. Peptides were stored at —-80 °C until
GlyGly-peptide enrichment.

Sample Preparation for Quantitative Phosphorylation and
Ubiquitylation Analysis

Peptides of the phosphoproteome samples were dimethyl-labeled
on Sep-Pak C18 Cartridges. Except for 0 h CCCP-treated samples
(2 mg), 1 mg of peptide per sample were labeled as previously
described (26). Early and late triple dimethyl sets were mixed in a
peptide ratio of 1:1:1 per labeling channel with 0 h light as a common
time point. Successful label efficiency and label channel mixing were
checked in pilot LC-MS/MS runs.

Each sample from GlyGly proteome (15 pg) was loaded on C18
StageTips and flushed once with Hepes buffer at pH 8. TMT10-plex
labeling reagent was adjusted to RT and constituted in 40 ul ACN.
Six microliters of TMT reagent was added to each sample and pushed
through the C18 material to fully cover loaded peptides. After 1 h,
labeled peptides were eluted with 80% ACN, and labeling reaction
was quenched for 15 min with 5% hydroxylamine in 80% ACN.
Peptides were concentrated prior to label efficiency check in pilot LC—
MS/MS run.

High pH Reverse-Phase Chromatography

An off-line Ultimate 3000 HPLC System (Dionex, Thermo Fisher
Scientific) equipped with xBridge BEH130 C4g 130 A, 3.5 pm, 4.6 x
250 mm column (Waters) was used to fractionate 3 mg per triple
dimethyl (phosphoproteome set under basic conditions, as previously
described (27)). In total, 66 fractions were collected every minute in an
80 min gradient at a flow rate of 1 ml/min by compositing buffer A
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(5 mM NH4OH) and B (5 mM NH4OH in 90% ACN). From minute 0 to
45, buffer B composition was increased from 5 to 25%. For 10 min,
the gradient was maintained at 40% B followed by 70% B for 5 min.
For column re-equilibration, the gradient was reduced to 5% B over
5 min and held for further 10 min. Fractions were concentrated into 33
pools and dried by vacuum centrifugation overmnight. After reconsti-
tution in 80% ACN, 10 pg per fraction were concentrated and used for
proteome analysis by LC-MS/MS measurement.

The Pierce High pH Reversed-Phase Peptide Fractionation Kit (kit
no.: 84868; Thermo Fisher Scientific) was used to fractionate 50 ug of
TMT10-plex-labeled and mixed proteome. Spin columns were
conditioned twice with ACN and 0.1% TFA according to the vendor.
Acidified peptides were loaded on columns and washed once with
water. Peptides were eluted stepwise with 5%, 7.5%, 10%, 12.5%,
13.3%, 15%, 17.5%, 20%, and final 50% ACN/ammonia. Fractions
were acidified to pH 2 to 3 and desalted on C18 StageTips prior to
LC-MS/MS measurement.

Phosphopeptide Enrichment

Phosphopeptides were enriched using MagReSyn Ti-IMAC (tita-
nium-immobilized metal affinity chromatography; ReSyn Bioscience)
in two consecutive rounds of enrichment. About 15 pl of magnetic
bead suspension per fraction and enrichment round was equilibrated
first for 5 min with 70% ethanol, followed by washing twice for 10 min
with 1% NH;OH. Beads were washed further three times in 1-min
intervals with loading buffer (1 M glycolic acid and 5% TFA in 80%
ACN). Reconstituted peptides were mixed 1:1 with loading buffer and
transferred to the equilibrated beads. The mixture was incubated for
20 min, and the flow-through was applied for a second round of
enrichment. Nonspecifically bound peptides were removed by
washing twice for 2 min with 1% TFA in 80% ACN and twice with
0.2% TFA in 10% ACN. Phosphopeptides were eluted three times
with 1% NH4OH for 20 min, and the pH was immediately adjusted with
formic acid (FA) to 2 to 3. Both eluates of the same fraction were
pooled and desalted on C18 StageTips prior to LC-MS/MS
measurement.

GlyGly-Peptide Enrichment and On-Bead TMT Labeling

GlyGly-modified peptides were enriched using PTM-Scan ubiquitin
remnant motif (K-¢-GG) kit (kit no.: 5562; Cell Signaling Technology) as
described previously (23). Dimethyl pimelimidate crosslinked anti-
bodies were washed twice with ice-cold immunoaffinity purification
(IAP) buffer (60 mM Mops, pH 7.2, 10 mM sodium phosphate, and
50 mM NaCl). Lyophilized peptides were reconditioned in IAP buffer
for 5 min, and insoluble material was removed by centrifugation at
50009 for 5 min at 4 °C. Supematants (pH ~7) were transferred to the
beads and incubated at 4 °C for 2 to 3 h with end-over-end rotation.
Unbound peptides were removed by washing twice with ice-cold IAP
buffer and once with PBS. For TMT labeling, beads were resuspended
in Hepes buffer (pH 8.0-8.5) and incubated with 10 pul TMT for 15 min.
The labeling reaction was quenched with 0.05% hydroxylamine for
5 min. Before elution, beads were washed twice with IAP and once
with PBS. About 0.15% TFA was used for elution in two consecutive
rounds for 5 min. TMT-labeled peptides were desalted on C18
StageTips prior to LC-MS/MS measurement.

LC-MS Analysis

All phosphoproteome and TMT-labeled samples were analyzed on
an Q Exactive HF mass spectrometer (Thermo Fisher Scientific), and
all proteome samples were analyzed on an Q Exactive HF-X mass
spectrometer (Thermo Fisher Scientific). An online-coupled Easy-
nLC 1200 UHPLC (Thermo Fisher Scientific) was used to separate
peptides on a 20 cm analytical column (75 pm ID PicoTip fused silica

emitter [New Objective]) in-house packed with ReproSil-Pur C18-AQ
1.9 pm resin (Dr Maisch GmbH Ltd). Gradient was generated by
solvent A (0.1% FA) and solvent B (0.1% FA in 80% ACN), at 40 °C
and a 200 nl/min flow rate. Phosphopeptides were eluted using
90 min, GlyGly peptides in a 130 min gradient. Dimethyl-labeled
proteome samples were eluted in a 36 min gradient and TMT-
labeled proteome fractions in a fraction-specific segmented linear
90 min gradient. Eluted peptides were ionized on an electrospray
ionization source. Both mass spectrometers were operated in a
positive ion and data-dependent acquisition mode. All full mass
spectrometry (MS) were acquired in a scan range of 300 to 1750 m/z
at a resolution of 60,000. For proteome samples, the 20 most intense
multiple-charged ions were selected for higher-energy collisional
dissociation fragmentation at a resolution of 15,000. For phospho-
proteome and all TMT samples, top seven most intense peptides
were picked with maximum injection time set to 220 ms for phospho
and 110 ms set for TMT samples at MS2 resolution of 60,000. In
addition, all TMT samples were measured with isolation window set
to 0.7 m/z and normalized collision energy set to 35.

MS Data Analysis and Statistical Analysis

Raw data files were processed with the MaxQuant software suite
(version 1.6.14.0) (28). MS/MS data were searched against UniProt
Homo sapiens database (released December 11, 2019; 96,818 entries)
containing PARK2 C431A mutant sequence and commonly observed
contaminants. The mass tolerance for precursor ions was set to
4.5 ppm and for fragment ions to 20 pm. All search parameters were
kept to default values except for the following. Dimethylation for light
(28.03 Da), intermediate (32.06 Da), and heavy (36.08 Da) labels was
allowed on lysine residues and peptide N termini for phosphopro-
teome data. Isobaric labeling and quantification on MS2 was enabled
on lysine residues and peptide N termini with the TMT lot specific
correction factors for ubiquitylome analysis. For all phospho raw files,
phosphorylation on STY was defined as variable modification. GlyGly
modification on K was configured to not create a new terminus and
allowed for all GlyGly samples. Furthermore, oxidation of methionine
and protein N-terminal acetylation were set as variable modifications.
Carbamidomethylation of cysteine residues was allowed as fixed
modification. All searches were performed in trypsin/P-specific
digestion mode. Except for the analysis of GlyGly samples,
maximum two missed cleavages were allowed. For GlyGly samples,
the number of maximum missed cleavages was set to 4. Requantify
and match-between runs and intensity-based absolute quantification
options were enabled.

For the data analysis, only noncontaminant protein groups with at
least two unique peptides were included. For subsequent proteome
analysis, only protein groups were kept if quantified in two out of two
replicates. For phosphoproteome and ubiquitylome analysis, identifi-
cation in one replicate out of two or three was accepted after vali-
dation of high correlation between replicates. All data analyses were
performed using Perseus software (version 1.6.7.0) (29). The density of
data points with mitochondrial annotation or total between replicates
was estimated by using default settings. For phosphoproteome and
ubiquitylome analysis, the identified sites were normalized to the
protein group prior to log2 transformation. Proteins were functionally
annotated with GO cellular compartments as well as MitoCarta3.0. To
investigate significantly changing protein abundances, two-way
ANOVA test was performed to examine the influence of the cell line
and treatment durations. Significantly regulated proteins (-log10 p > 1)
were further analyzed by post hoc test (FDR: 0.1). Only proteins were
kept that showed significant change between WT-parkin 0 h and
longer treatment durations. The protein groups of WT-parkin samples
were then hierarchically clustered (Euclidean distance followed by
clustering on average). K-means was used to obtain 14 cluster groups
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for proteome. Similar significant testing was performed for phospho-
proteome analysis.

For ubiquitylome analysis, we used the average of all replicates and
filtered for ubiquitylation events present in at least 50% in all condi-
tions. Highly regulated ubiquitylation sites (z-score outside -2 and 2)
of at least one condition of WT- or C431A-parkin samples across all
treatment durations were used for hierarchical clustering. We identi-
fied 13 row clusters, based on k-means. For temporal treatment dy-
namics analysis, the profiles of each clusters were averaged. For
overrepresentation analysis within clusters, Fisher exact test (Benja-
mini-Hochberg FDR <0.1) for relative enrichment to majority protein
groups was applied. For graphical display, R environment was
applied. For phosphoproteome analysis, only sites identified under all
experimental conditions in at least one replicate were considered for
subsequent analysis, whereas 75% identification in at least one
replicate was required for ubiquitylome analysis. For generation of
Venn diagrams, the online tool https://www.stefanjol.nl/venny was
used.

Western-blot based statistical analysis for degradation of mito-
chondrial subcompartment proteins and the analysis of the site-
directed mutagenesis of VDAC2 effect were performed using one-way
ANOVA and Fisher's least significant difference analysis as a post hoc
test. All data were from at least three independent experiments. Sig-
nificance is indicated by asterisks: *p < 0.05, **p < 0.01, and **p <
0.001.

RESULTS

We applied a quantitative proteomics approach to perform
temporal analysis of protein abundance, ubiquitylation, and
phosphorylation during early (0-6 h) and late stages (12-18 h)
of parkin-dependent mitophagy. As a cellular system, we
generated Hela cell lines stably expressing WT- or ligase-
dead (C431A) 3xFLAG-parkin at comparable levels. We
chose Hela cells as they are devoid of endogenous parkin
activity (supplemental Fig. S1A). We treated these cells with
the mitochondrial uncoupler CCCP to induce mitophagy and
harvested them after 0, 2, 6, 12, and 18 h. After harvesting,
we performed rough subcellular protein fractionation to
reduce the levels of nuclear and cytoskeletal proteins
(supplemental Fig. S1, B-D). The pooled “cytoplasmic,”
“membrane,” and “soluble nuclear” extracts that enabled the
optimal recovery of mitochondrial and cytosolic proteins
were further investigated (see the Experimental Procedures
section). We integrated the datasets on the temporal anal-
ysis of protein abundances, ubiguitylation, and phosphory-
lation during parkin-dependent mitophagy. In total, we
identified 8359 proteins (supplemental Table S1), 1717
ubiquitylation sites (supplemental Table S2), and 20,464
phosphorylation sites (supplemental Table S3) with an FDR of
1% at the peptide and protein level.

Parkin-Dependent Proteome Dynamics During Mitophagy

Fluorescence microscopy confirmed FLAG-parkin recruit-
ment to depolarized mitochondria within 2 h of CCCP treat-
ment and the subsequent elimination of mitochondria in cells
expressing WT- but not C431A-parkin (Fig. 1A). For temporal
profiling of mitophagy-related changes in the proteome and
phosphoproteome analyses, we used dimethyl labeling of
tryptic peptides. To cover all five time points, we integrated
two triple-dimethyl measurements using the 0 h CCCP treat-
ment as the common time point of early (0, 2, and 6 h) and late
(0, 12, and 18 h) stages of mitophagy for each cell line
(Fig. 1B). In total, we identified 8359 proteins, of which 903 are
annotated as mitochondrial. Furthermore, 83 of those are
annotated as localized to the MOM, validating that our
experimental design enriched for mitochondrial proteins. The
reproducibility between biological replicates was high
(supplemental Table S4). Next, we validated overall mito-
chondrial protein degradation by observing the density shift of
data points related to mitochondrial proteins between cells
expressing WT-parkin or C431A-parkin during prolonged
CCCP treatment (Fig. 1C). In the presence of WT-parkin, we
observed a downregulation of mitochondrial proteins after 6 h
of mitophagy induction, and this trend continued until 18 h
postdepolarization. In contrast, cells expressing C431A-parkin
showed a mild shift of highly dense mitochondrial data points
after 12 h of CCCP treatment. In addition, we validated
mitochondrial protein degradation by Western blot analysis of
established marker proteins (supplemental Fig. S1E). As
expected, MOM proteins were degraded within 2 to 4 h of
mitophagy induction only in cells expressing WT-parkin. To
further validate that the observed mitochondrial degradation is
a result of the activated PINK1/-parkin-dependent mitophagy
pathway, we investigated additional hallmarks of mitophagy.
First, we validated PINK1 accumulation after 2 h of CCCP
treatment in WT-parkin—expressing cells. As PINK1 accumu-
lated, the depolarized mitochondria were not eliminated in
C431A-parkin cells (supplemental Fig. S1E). At later stages
(8-18 h of mitochondrial depolarization), the dephosphoryla-
tion of S757 on ULK1 was observed in both WT-parkin and
C431A-parkin cell lines, which revealed activation of general
autophagy (supplemental Fig. S1E). Overall, we could validate
successful execution of mitophagy in WT-parkin-expressing
cells and also correct initiation in C431A-parkin-expressing
cells. Late protein degradation in C431A-parkin cells may be
associated with parkin-independent mitophagy and/or general
autophagy induction.

between replicates after log, transformation of protein ratios. Common light dimethyl labeling channel (0 h postdepolarization) allows
comparison between “early” and “late” triple dimethyl-labeling sets per cell line. Parkin-dependent degradation of mitochondrial proteins
reflected by shifting data points (density colored points) from “unregulated” toward “downregulated” in WT-parkin expressing cells in
comparison to total proteome (gray points). Number of valid pairs per condition and Spearman rank correlation (in brackets) indicated for total

(T) and mitochondrial annotated proteins (M).
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“Outside-In" Degradation of Mitochondrial
Subcompartments

During prolonged mitophagy induction, the temporal pro-
files of 5453 proteins identified in both replicates were
obtained in both WT-parkin and C431A-parkin-expressing
cells. Of these, 704 were mitochondrial, including 58 MOM
annotated proteins (Fig. 2, A and B). Among proteins signif-
icantly downregulated upon CCCP treatment in WT-parkin-
expressing cells (ANOVA FDR <0.1), more than 80% (269
proteins) were annotated as mitochondrial (Fig. 2A). For all
mitochondrial subcompartments, we detected a clear
downregulation of protein levels during prolonged CCCP
treatment in WT-parkin cells (Fig. 2B). Only a minor decrease
on the level of mitochondrial proteins was seen in C431A-
parkin cells, which are likely because of parkin-independent
mitophagy pathways or due to the impaired mitochondrial
import machinery.

To assess the dynamics of parkin-dependent mitochondrial
protein degradation of early and late substrates, we performed
unsupervised hierarchical clustering of significantly down-
regulated proteins in  WT-parkin-expressing cells after
mitophagy induction (supplemental Fig. S2A). Of the 14
identified protein profile clusters, six did not contain mito-
chondrial proteins and were not considered for downstream
analyses (supplemental Fig. S2B). To identify a time line of
mitochondrial protein degradation, we averaged the protein
profiles within each cluster. By overrepresentation analysis of
mitochondrial subcompartments, we could connect cluster
profiles of early (0-2 h), intermediate (2-6 h), and late (12-18 h)
downregulated proteins to specific mitochondrial sub-
compartments (Fig. 2C and supplemental Fig. S2C). Interest-
ingly, proteins annotated for MOM localization were
downregulated already after 2 h upon depolarization. Down-
regulated proteins at intermediate time points (2-6 h) were
predominantly annotated for MOM, inner mitochondrial space,
and MIM localization. During late stages of CCCP treatment
(6-12 h), downregulated proteins were annotated based on
MIM or matrix localization. These findings were further sup-
ported by analyzing protein levels of representative proteins of
each mitochondrial compartment via Western blot as well as
the relative quantification of the corresponding Western blot
(Fig. 2D and supplemental Fig. S2D). MOM proteins such as
TOM70 or VDAC1 were degraded after 8 h of CCCP, whereas
MIM and matrix proteins represented by COX4 and CS
remained present even after prolonged mitochondrial
depolarization times. In addition, we observed differential
time-dependent degradation between early and late MOM
substrates: TOM70 degradation was obvious after 2 h of
CCCP induction, whereas VDAC1 or TOM20 was not
completely degraded after 8 h of mitochondrial depolarization
(Fig. 2D). These results point to an “outside-in” directed
sequential degradation of mitochondria subcompartments
during  parkin-dependent  mitophagy. MOM  protein

degradation took place mainly within 2 to 6 h of CCCP
treatment, whereas MIM and matrix protein degradation was
delayed until 12 to 18 h of mitophagy induction.

Protein Ubiquitylation Analysis Supports “Outside-In”
Degradation Of Mitochondrial Subcompartments

To link the observed mitochondrial subcompartment pro-
tein degradation to parkin-dependent ubiquitylation, we
further investigated the effect of parkin activity on site-
specific ubiquitylome changes during early and late stages
of mitophagy. Here, we applied the workflow of Udeshi et al.
(23), which is based on the TMT labeling of GlyGly-modified
peptides before elution from the ubiguitin remnant motif
(K-e-GG) antibody beads (supplemental Fig. S3A). In total, we
identified 1717 ubiquitylation sites on 920 proteins. Of these,
245 sites were identified on 108 mitochondrial proteins
(supplemental Fig. S3B). Although less ubiquitylated pep-
tides were detected in two replicates, correlation of quanti-
fied GlyGly sites and proteins was high, and thus, all
identified sites were considered in subsequent analyses
(supplemental Table S5). Next, we compared levels of
GlyGly-modified ubiquitin across time points and parkin cell
lines (supplemental Fig. S3C). In both cell lines, we found
high levels of GlyGly-modified ubiquitin on K48 during late
stages of mitophagy (12-18 h). We also found a trend of
increased levels of K6 and K63 GlyGly-modified ubiquitin
after 2 h of depolarization in WT-parkin, whereas in C431A-
parkin cells, these sites did not appear regulated.

Unsupervised hierarchical clustering identified 13 profile
clusters containing regulated ubiquitylation sites (z-scored
fold change outside -2 and 2) (Fig. 3A and supplemental
Fig. S3D). We used overrepresentation analysis to connect
specific ubiquitylation profile clusters with mitochondrial
subcompartments (Fig. 3B). We further averaged four profile
clusters with a parkin-dependent upregulation of ubig-
uitylation sites, either after 2, 6, 12, or 18 h of mitophagy in-
duction (Fig. 3C). This revealed that MOM-annotated proteins
showed an increase in ubiquitylation starting from 2 h of
CCCP treatment and continued until 6 h. We found that MIM-
annotated proteins predominantly ubiquitylated after 12 h of
CCCP treatment, in addition to increased ubiquitylation after 6
and 18 h. In contrast, matrix-annotated proteins peaked after
18 h of mitochondrial depolarization. Interestingly, we identi-
fied ubiquitylation on parkin K48 among the late regulated
ubiquitylation sites of cluster 13 (data not shown). This
seguential pattern of ubiguitylation was almost exclusively
found in WT-parkin but not C431A-parkin expressing cells.

We integrated the temporal dynamics of ubiquitylation
events with significantly changing protein levels, based
on their mitochondrial subcompartment localization
(supplemental Fig. S3E). We identified 10 MOM annotated
proteins with an early upregulated ubiquitylation site (2 h),
which were degraded within 6 h of mitophagy induction.
Among these, there were several validated parkin targets (e.g.,
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MFN1/2, RHOT2, or TOM70A). In contrast, 12 MIM (e.g., PHB)
and 3 matrix (e.g., HSPD1) proteins showed protein degra-
dation after 6 to 18 h with additional ubiquitylation during late
stages (12-18 h). Ubiquitylation of MOM proteins was vali-
dated by Western blot analysis, which also revealed a time-
dependent difference between early and late MOM parkin
substrates (Fig. 3D). Proteins like MFN1 or TOM70 were
rapidly ubiquitylated and degraded within 2 h of CCCP treat-
ment. In contrast, other MOM proteins like TOM20 or VDAC2
became ubiquitylated shortly after incubation with CCCP and
remained longer modified for up to 4 h. As expected, ubig-
uitylation changes were only detected in WT-parkin but not in
C431A-parkin expressing cells (Fig. 3, C and D). However,
immunofluorescence microscopy revealed that after 14 h of
mitophagy induction—when MOM proteins (represented by
TOM20) were mostly degraded—the inner mitochondrial pro-
teins (represented by COX4 and SSBP1) appeared in clumpy
profiles together with ubiquitin and the ubiquitin-binding
p62/SQSTM autophagy receptor (Fig. 3E and supplemental
Fig. S3F). When analyzing parkin localization during mitoph-
agy, we observed that after intermediate (4-6 h) and late
(>12 h) mitophagy induction time points, parkin is not detected
on inner mitochondrial (or mitoplast) clumps but in the cytosol
(Fig. 1A and supplemental Fig. S3G).

Taken together, the ubiquitylation data support the notion
that parkin-dependent mitochondrial degradation takes place
in a sequential “outside—in” manner, where extensive MOM
ubiquitylation and further MOM elimination precede ubiqg-
uitylation and autophagy degradation of inner mitochondrial
subcompartments (i.e., MIM and matrix).

Protein Phosphorylation Dynamics During Mitophagy

Since ubiquitylation and phosphorylation play an important
role during parkin-dependent mitophagy, we investigated a
potential interplay of these two modifications during early and
late stages of mitophagy. We extended our workflow to
investigate proteome dynamics and integrated a phospho-
peptide enrichment step after high pH reverse-phase frac-
tionation. In total, we quantified 20,464 nonredundant
phosphorylation events on 4930 proteins with high correlation
between replicates (Fig. 4A, supplemental Fig. S4A, and
supplemental Table S6). As shown earlier, we validated the
accumulation of PINK1 on the MOM as a well-known initial
step during PINK1/parkin-dependent mitophagy via Western
blot analysis for both cell lines (supplemental Fig. S1E).
Although we could not quantify PINK1 in our proteomics
dataset, we validated the kinase activity by analyzing the
phosphorylation dynamics of ubiquitin as it is established as a
well characterized PINK1 target. After 2 h of postmitophagy
induction, we detected strong upregulation of ubiquitin S65

phosphorylation, independent of parkin activity (supplemental
Fig. S4B). This phosphorylation event showed a downward
trend from 12 h of CCCP treatment in mitophagy-competent
WT-parkin expressing cells. In contrast, pPS65-ubiquitin
continued to accumulate in mutant C431A-parkin expressing
cells (supplemental Fig. S4C), consistent with the accumula-
tion of PINK1 in the mitophagy-impaired C431A-parkin mutant
cells (supplemental Fig. S1E). The higher molecular weight
phospho-ubi adducts (supplemental Fig. S4C) must reflect
ubiquitylations by ligases other than parkin, which evidently
do not promote mitophagy as efficiently as those formed by
parkin. Of all the identified phosphorylation events, 1449 were
significantly regulated; however, no clear assignments to
cellular compartments, signaling process, or specific regula-
tory differences between both cell lines or prolonged
mitophagy induction were identified (supplemental Fig. S4D).
We next addressed a potential interplay between phosphor-
ylation and ubiquitylation events on identified significantly
regulated proteins. Overall, we detected 284 doubly modified
(phosphorylated and ubiquitylated) proteins indicating a
modest crosstalk between these modifications during mitoph-
agy (Fig. 4B). Six phosphorylation sites (on five proteins)
showed significantly reduced protein abundance and highly
regulated ubiquitylation and phosphorylation. Importantly, all
these are either localized to the MOM (VDAC1, RMDN3, and
TOM70) or to the MIM (AIFM1 and SLC25A11). All phosphory-
lation sites except for VDAC1 were found annotated in UniProt
(30), but their functions remain unclear. Furthermore, we
detected five phosphorylation sites on four MOM-annotated
proteins, which showed a strongly regulated ubiquitylation
site together with a nonsignificantly changing phosphorylation
event (Fig. 4C). Both TOM70 phosphorylation events on T85
and S91 followed a similar trend of upregulation after 12hin WT-
parkin cells and downregulation in C431A-parkin cells. Similar
regulation of phosphorylation dynamics between WT-parkin
and C431A-parkin cells was found for RMDN3 S44 and S46
phosphorylation, following a downregulation trend after 6 h of
CCCP treatment. Interestingly, we found VDAC1 and VDAC2
phosphorylation to be downregulated in WT-parkin expressing
cells during intermediate and late stages of mitophagy but notin
mutant C431A expressing cells. Taken together, these results
point to a potential crosstalk between ubiquitylation and
phosphorylation on MOM proteins degraded during parkin-
dependent mitophagy.

Interplay of Phosphorylation and Ubiquitylation on VDAC2
During Mitophagy

In addition to parkin-dependent ubiquitylation events
guiding the course of mitophagy, we hypothesized that prior
phosphorylation or dephosphorylation events might influence

indicate unspecific bands. “Short” and “long” indicate corresponding developing exposure times. E, immunofluorescence staining of ubig-
uitylated mitochondria (4 h) and ubiquitylated mitochondria subcompartments (14 h). Arrowheads indicate inner mitochondrial clumps. The scale
bar represents 5 pm. CCCP, carbonyl cyanide m-chlorophenyl hydrazine; MOM, mitochondrial outer membrane; Ub, ubiquitylated.
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subsequent ubiquitylation. For this purpose, we were inter- VDAC proteins are parkin ubiquitylation targets that remain in
ested in parkin substrates that also showed potential phos- the mitochondria after intermediate times of depolarization
phorylation or dephosphorylation regulations. (Figs. 2D and 3D; supplemental Fig. S1E). In our screen, VDAC2
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was modified by ubiquitin as well as phosphorylation moieties
overthe course of mitophagy (supplemental Tables S2 and S3).
More specifically, MS data indicated that in WT-parkin
expressing cells, VDAC2 was ubiquitylated at K120, whereas
dephosphorylation of S115 was commencing after 2 h of CCCP
treatment. In C431A-parkin cells, phosphorylation of S115 was
increasing over time, whereas no ubiquitylation changes were
found in K120 (supplemental Fig. S5A).

In order to decipher any possible crosstalk between
dephosphorylation and ubiquitylation at this specific cytosolic
loop of VDAC2, we generated 6xHIS-tagged VDAC2 con-
structs with phosphodead (S115A) and phosphomimic
(S115D) serine substitutions. Total transfected levels of
VDAC2 in whole cell lysate samples showed degradation of
VDAC2 matching with mitophagy-dependent degradation of
other MOM proteins (Fig. 5A). Moreover, there was an in-
crease in VDAC2-S115D levels after 4 h, indicating a potential
slower degradation of the phosphomimic mutant in compari-
son to the phosphodead form of VDAC2 (Fig. 5, A, C, and D).
In order to understand if the slower degradation of the phos-
phomimic form of VDAC2 could be explained by the total
ubiquitylation levels or specific ubiquitin-linkage chain levels,
we performed Ni-NTA pull-down analysis. Total ubiquitin
levels showed to be significantly increased in VDAC2-S115A
in comparison to WT or VDAC2-S115D after mitochondrial
depolarization (Fig. 5, A and B). In addition, there was a mild
reduction of K27-ubiquitin-linked chain formation in VDAC2-
S115D (Fig. 5, A and B).

We also analyzed the behavior of all VDAC?2 transfected
constructs over the course of mitophagy using immunofluo-
rescence-based imaging technigues. Transfection of all
6xHIS-tagged VDAC?2 constructs did not have an impact on
overall mitophagy time course since we could observe mito-
chondrial fragmentation and complete elimination of mito-
chondria after 4 and 14 h of CCCP treatment, respectively
(supplemental Fig. S5B). In addition, when performing single-
cell quantification analysis of the number of cells with residual
VDAC2 signal after 14 h CCCP, we observed a significant in-
crease of positive cells, which were previously transfected with
VDAC2-S115D (Fig. 5E), indicating that mimicking phosphory-
lation at S115D may delay VDAC2 degradation. We also
assessed the impact of the phospho-VDAC2 mutations on the
overall speed of mitophagy completion. For this purpose, we
analyzed the mitochondria morphology of 6xHIS positive cells
with the idea that, if delayed mitophagy was to be found, an
increased number of cells would show mitochondrial clumps
instead of mitochondria puncta after 14 h CCCP. Overall,
around 80% of 6xHIS positive cells showed puncta mitochon-
drial morphology for all 6xHIS-VDAC2 transfected constructs,
suggesting that bulk mitophagy completion was not affected
when overexpressing VDAC2 point mutations (Fig. 5F and
supplemental Fig. S5B).

Together, these data suggest that there is an interplay be-
tween ubiquitylation and phosphorylation at the fourth

cytosolic loop (115-120 amino acids) of VDAC2, which seems
to be dephosphorylated in order to be later ubiquitylated un-
der parkin-dependent mitophagy conditions (supplemental
Fig. S5C). Indeed, modifying phosphorylation status of S115
seems to have an impact on VDAC2 ubiquitylation and further
protein degradation. When S115-phosphorylation is abol-
ished, total ubiquitylation of VDAC2 is enhanced, and this
leads to a faster VDAC2 degradation. Conversely, when S115-
phosphorylation is mimicked, total VDAC2 ubiquitylations
seem to mildly decrease, delaying VDAC2 degradation (Fig. 5,
A, B, and E). In addition, it seems that mimicking S115-
phosphorylation might have an impact on the topology of
polyubiquitin chains that are assembled on this particular
cytosolic loop of VDAC2, as K27-linked ubiquitin chains were
slightly reduced when VDAC2-S115D was expressed
(Fig. 5D).

DISCUSSION

Here, we provide a multilevel proteomic dataset comprising
(phospho)proteome and ubiquitylome dynamics during early
(2-6 h) and late (12-18 h) stages of parkin-dependent
mitophagy. To link parkin activity with newly identified post-
translational events, we compared conditions of successful
and defective mitophagy in Hela cells overexpressing similar
levels of WT-parkin or C431A-parkin, respectively. As ex-
pected, we observed general mitochondrial elimination as well
as ubiquitylation of known MOM proteins in WT-parkin cells
only. GlyGly protein modification patterns of known MOM
parkin substrates not only largely matched with the literature
(11, 14, 31) but also yielded potential novel substrates, such
as FIS1 or MARC1/2 (supplemental Table S2). Because of low
protein levels, we could not validate PINK1 accumulation in all
conditions via MS. Nevertheless, phosphorylation modifica-
tion dynamics observed in our screen were in agreement with
already published phosphoproteomic studies under parkin-
dependent mitophagy conditions (32). For example, PINK1-
dependent pS65-ubiquitin phosphorylation, together with
autophagy adaptor phosphorylation, was observed in our
dataset (supplemental Table S3). Taken together, our in-depth
proteomic temporal analysis approach defined substrates at
the protein, ubiquitylation, and phosphorylation levels, which
are affected in early (0-2 h) intermediate (4-8 h), and late
(12-18 h) stages of parkin-dependent mitophagy.

Qutside—In Mitochondrial Subcompartment Degradation

Previous studies demonstrated that MOM ubiquitylation
promotes recruitment of autophagy adaptors and engulfment
of damaged mitochondria by the autophagosome complex
(15, 16, 33, 34). However, our data support the sequential
subcompartment mitochondrial degradation hypothesis.
While we observed extensive MOM ubiquitylation and protein
degradation from 2 to 6 h after mitochondrial depolarization,
we could also identify an increasing ubiquitylation of inner
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mitochondrial subcompartments at longer depolarization
times (12 and 18 h CCCP) (Fig. 3, B, C, and E). Moreover,
ubiquitylation of inner mitochondrial proteins matched with a
delayed inner mitochondrial protein degradation (Fig. 2). Par-
kin is known to preferentially build K63-linked and K48-linked

ubiquitin chains (12, 14, 19). Increase of K6 and K63 poly-
ubiquitin chains after 2 h of depolarization in WT-parkin cells
was in agreement with the reported increase of ubiquitin ligase
activity between 2 and 6 h after mitochondrial depolarization
(supplemental Fig. S3C). Conversely, K48-linked polyubiquitin
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chains were increased at late time points of mitochondrial by ubiquitylation, phosphorylation or dephosphorylation

depolarization but not exclusively in WT-parkin expressing
cells. These findings suggest that parkin targets the MOM
proteins within the initial stages but not the inner mitochon-
drial proteins during later stages of mitophagy.

Inner mitochondrial protein ubiquitylation has already been
reported under parkin-dependent mitophagy conditions but
only after relatively early depolarization time points. Sarraf
et al. identified inner mitochondrial ubiquitylation after 1 h of
depolarization under endogenous parkin conditions (31).
Similarly, Ordureau et al. found such ubiquitylations to be
enriched under WT-parkin and inactive parkin (S65A) endog-
enous expressing conditions, after 6 h of depolarization (11).
Remaining mitochondria clumps were found ubiquitylated as
well as recognized by p62/SQSTM at later stages of the
pathway (Fig. 3E and supplemental Fig. S3E); this might
indicate that inner mitochondrial ubiquitylations may trigger a
later autophagy elimination of mitochondria inner compart-
ments. This is in accordance to what we observe after 4 h of
mitochondrial depolarization where complete MOM ubig-
uitylation triggers p62/SQSTM recognition and further MOM
elimination (Fig. 3E and supplemental Fig. S3E). In addition,
we identified parkin K48 ubiquitylation that is localized within
the ubiquitin-like domain. This site was upregulated especially
during late stages of mitophagy (12-18 h) and was not regu-
lated in C431A-parkin expressing cells. Polyubiquitylation in
general and specifically K48-linked ubiquitin chains are well-
known markers for protein degradation (19, 35). Because we
did not find CCCP treatment-dependent changes in the pro-
tein level of parkin, we hypothesize that parkin K48 ubig-
uitylation may affect parkin activity rather than its degradation.

These data, together with the fact that inner mitochondrial
ubiquitylations have also been reported in conditions of
inactive (11) or nonendogenous parkin (36, 37), point out that
inner mitochondrial protein ubiquitylation may happen in a
parkin-independent manner. Further experiments are needed
to decipher which E3-ubiquitin ligases are responsible for in-
ner mitochondrial subcompartment protein ubiquitylation un-
der WT-parkin expressing conditions. A potential candidate
might be the E3-ligase HUEW1 on which K1107 ubiquitylation
was upregulated after 2 h of depolarization. Based on the
temporal profile of parkin-preferred polyubiquitin chain link-
ages, with the highest level after 2 h depolarization
(supplemental Fig. S3C), we hypothesize that HUWE1 ubig-
uitylation might be regulated by parkin.

Crosstalk Between Ubiquitylation and Phosphorylation

The initiation of mitophagy relies on PINK1-dependent
phosphorylation leading to parkin activation and trans-
location to the MOM (38-42). In addition, parkin-dependent
ubiquitylation of mitochondrial proteins is known to promote
mitochondrial degradation (19, 43). Here, we hypothesized
that, in addition to parkin-dependent regulation of mitophagy

events could also play a role in specific MOM protein degra-
dation or mitophagy progression. Ten phosphorylation sites
on six significantly downregulated MOM proteins were
detected in vicinity of regulated ubiquitylation sites. Among
these were VDAC1 and VDAC2, which showed to be ubig-
uitylated and dephosphorylated at one of their cytosolic loops:
104 to 109 amino acids and 115 to 120 amino acids,
respectively (supplemental Tables S2 and S3). Both are known
parkin and non-PINK1 target sites. Site-directed mutagenesis
of VDAC2 combined with mitochondrial depolarization assays
indicated that mimicking dephosphorylation of S115 (S115A-
VDAC?2) promoted faster protein degradation because of an
increased total ubiquitylation. On the other hand, mimicking
phosphorylation of S115 (S115D-VDAC?2) had the opposite
effect; a delay in protein degradation because of a decreased
total ubiquitylation.

Even though the role of K27-linked ubiquitin chains in
cellular processes remains unknown, they have been
suggested to be strongly increased in VDAC1 upon parkin-
dependent ubiquitylation and have been linked with lyso-
somal targeting (12, 44). Considering that VDAC1 and VDAC2
show similarities in sequence and protein structure, we hy-
pothesized that we might see changes in K27-linked ubiquitin
chains when mutating S115. Indeed, even though data were
statistically not significant, there seemed to be a decreased
trend of K27-linked ubiquitin chain formation when dephos-
phorylation of S115 was abolished (Fig. 5C). This may indicate
that K27-linked ubiquitin chains play a role in VDAC2 degra-
dation as well but are not exclusive for the cytosolic loop of
115 to 120 amino acids. Taken together, our data provide
evidence that protein degradation under parkin-dependent
mitophagy conditions is likely to not only be regulated via
parkin ubiquitylation but may implicate the role of phospha-
tases in the regulation of mitochondrial protein elimination.

In summary, our data indicate that degradation of complete
mitochondrial or organelle subcompartment might happen in a
sequential time-dependent manner and suggest that parkin
may not be responsible for inner mitochondrial ubiguitylation
events. In addition, we provide evidence that phosphorylation
likely influences protein ubiquitylation and further degradation
of some parkin substrates and thus, phosphatase and kinases
are likely to play a role in the regulation of PINK1/parkin-
dependent mitophagy.

DATA AVAILABILITY

The MS proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (45) partner
repository with the dataset identifier PXD027586. Visualiza-
tion of MS/MS spectra is possible at https://msviewer.ucsf.
edu/prospector/cgi-bin/msform.cgi?form=msviewer via the
search keys: nrajlpjg0x (subcellular protein fractionation),
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Abstract

PINK1/parkin-dependent mitophagy initially involves (phospho)ubiquitin-directed proteasome-
dependent degradation of certain outer mitochondrial membrane (OMM) proteins (e.g.
mitofusins) and the recruitment of autophagy effectors to a group of ubiquitinated OMM
proteins, eventually leading to autophagic removal of damaged mitochondria in stressed cells.
Here we provide evidence that mitochondrial degradation occurs via stepwise delivery of
separate mitochondrial sub-compartments for autophagic degradation. OMM and inner
mitochondrial material appears to become separately isolated for autophagolysosomal
degradation, not only in parkin-overexpressing HelLa cells but also in cells that express
endogenous parkin (human embryonic kidney cells and neural progenitor cells) with slower
mitophagy kinetics. The remaining inner mitochondrial material becomes degraded only after
much prolonged membrane depolarization, potentially involving another proteasome-sensitive
step. The present combined microscopy and proteomics analyses support the idea that cell
stress-induced parkin-dependent mitophagy is a complex multi-step process with distinct

mitochondrial sub-compartments being separately targeted for autophagic degradation.

Abbreviations: BafA, Bafilomycin A; CCCP, carbonyl cyanide 3-chlorophenylhydrazone; COX
IV, cytochrome c oxidase subunit IV; CS, citrate synthase; DMEM, Dulbecco’s modified
Eagle’s medium; EGFP, enhanced green fluorescent protein; FBS, fetal bovine serum; IF,
immunofluorescence; IMM, inner mitochondrial membrane; KO, knock-out; LC3, microtubule-
associated protein 1 light chain 3; MDVs, mitochondria-derived vesicles; MFN, mitofusin;
NPCs, neural progenitor cells; OMM, outer mitochondrial membrane; p62/SQSTM, 62kDa
protein sequestosome-1; PBS, phosphate-buffered saline; PINK1, phosphatase and tensin
homolog (PTEN)-induced putative kinase protein 1; RT, room temperature; SSBP1, single-
stranded DNA binding protein 1; TAX1BP1, Taxl-binding protein 1; TEM, transmission
electron microscopy, TOM20, translocase of outer mitochondrial membrane 20kDa subunit;
TOM?70, translocase of outer mitochondrial membrane 70kDa subunit; Ub, ubiquitin; UPS,
ubiquitin proteasome system; VDAC, voltage-dependent anion-selective channel protein; WB,
Western blot; WT, wild-type

Introduction

Acute mitochondrial stress conditions trigger the specific autophagic elimination of
mitochondria in a process termed mitophagy. One of the most studied forms of mitophagy is
the one orchestrated by the phosphatase and tensin homolog (PTEN)-induced putative kinase
protein 1 (PINK1) and the E3 ubiquitin-protein ligase parkin [1]. Mutations in both proteins have
been linked to the most common recessive hereditary forms of Parkinson’s disease and are

known to compromise successful mitophagy [2-5].
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There are several ways to experimentally induce PINK1/parkin mitophagy [6]. One of
the most widely used is treatment with the uncoupler carbonyl cyanide 3-
chlorophenylhydrazone (CCCP), which promotes proton permeability of the inner
mitochondrial membrane (IMM), harshly inducing mitochondrial depolarization [7]. When
modeling mitophagy in neuron-like cell models that strongly rely on mitochondrial respiration,
dissipation of the mitochondrial membrane potential might not be enough to promote
mitophagy [6]. In neural cells mitophagy can be induced by respiratory complex Il inhibition
with Antimycin A [8,9].

Under depolarizing conditions, the mitochondrial protein import machinery cannot
translocate PINK1 across the membranes and thus PINK1 accumulates at the outer
mitochondrial membrane (OMM) [10]. There, PINK1 phosphorylates cytosolic ubiquitin (Ub)
and the parkin Ub-like domain, both at Ser65 [11,12]. Such parkin phosphorylation stimulates
its ubiquitin ligase activity and translocation to the OMM, where parkin strongly binds to
phosphorylated ubiquitin (pS65-Ub) at its active center [13]. At this point, parkin assembles
pS65-Ub chains on OMM substrates, which either trigger rapid degradation by the ubiquitin-
proteasome system or promote the binding of autophagy adaptors [14-16].

Parkin-dependent mitochondria elimination involves the binding of ubiquitinated OMM
proteins by autophagy adaptors, which specifically recognize ubiquitinated cargo through their
ubiquitin binding domain and link ubiquitinated mitochondria to the autophagic membrane
through their microtubule-associated protein 1 light chain 3 (LC3)-interacting region.
Recognition of ubiquitinated mitochondria by autophagy adaptors promotes the engulfment of
mitochondria in autophagosomes that eventually fuse with lysosomes for wholesale
degradation [17,18]. However, there is recent evidence for selective sub-mitochondrial

degradation pathways in yeast stationary-phase mitophagy [19].

Our most recent study on PINK1/parkin-dependent temporal ubiquitination and
phosphorylation events indicated a stepwise mitochondrial degradation in wild-type parkin
(WT-parkin) expressing HelLa cells [20]. Here, we examined the stepwise mitochondrial
degradation mechanisms in greater detail and discuss the specific involvement of proteasome
and autophagy mechanisms that influence PINK1/parkin mitophagy at early and late stages of
the pathway. We provide evidence that OMM and IMM material is separately delivered to the
lysosomal machinery, suggesting distinct degradation pathways for individual mitochondrial
sub-compartments. This was not only observed in parkin-overexpressing HelLa cells, but also
in cells with endogenous parkin expression levels (human embryonic kidney HEK293 cells and
neural progenitor cells (NPCs)) that showed slower mitophagy kinetics. In addition to the OMM
proteasome dependence for mitophagy initiation, we provide evidence for a potential second

proteasome-sensitive IMM regulatory step for mitophagy elimination of matrix proteins. The
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present integrative microscopy and proteomics analyses indicate that PINK1/parkin-
dependent mitophagy is a multi-step process modulated at several levels by the proteasome,
where distinct mitochondrial sub-compartments are separately targeted to autophagic

degradation with distinct kinetics.

Results

Distinct subsets of OMM proteins are subject to immediate-early proteasomal and delayed
autophagic degradation

When WT-parkin HelLa cells are exposed to the mitochondrial membrane uncoupler CCCP,
mitochondria are subjected to PINK1/parkin-dependent degradation. Interestingly, the
degradation of mitochondrial proteins does not take place at once, but rather follows a stepwise
mitochondrial sub-compartment degradation dynamics [20]. OMM proteins are the first ones
to be degraded, followed by IMM and matrix proteins. For example, mitofusin-1 (MFN)-1 was
extremely rapidly degraded with a half-life time of <2 h (Figure 1A). The rapid removal of parkin-
ubiquitinated MFN proteins occurs via direct proteasomal targeting [21]. Indeed, pretreatment
with the proteasome inhibitor MG132 caused an accumulation of ubiquitinated MFN1 after 4 h
CCCP treatment (Figure S1A).

Other OMM proteins such as voltage-dependent anion-selective channel (VDAC),
translocase of outer mitochondrial membrane 70 kDa subunit (TOM70) and 20 kDa subunit
(TOM20) had more delayed degradation rates with half-life times of 2-4 h (Figure 1A). At4 h
CCCP treatment, TOM20-immunopositive structures became devoid of the early proteasome
targets MFN1 and TOM70 (Figure S1C and S1D), indicating engagement of delayed OMM
substrates in mitophagy after the earlier proteasome substrates were removed. The IMM
protein cytochrome c oxidase subunit IV (COX IV) had a slightly slower degradation rate,
showing a half-life time of =4 h. However, the degradation of matrix proteins citrate synthase
(CS) and single stranded DNA binding protein 1 (SSBP1) was hardly detectable at 4 h CCCP
treatment, their half-life times being >8 h (Figure 1A). Indeed, when most of the OMM proteins
were removed after 14 h (Figure 1A), remaining inner mitochondrial markers (SSBP1, COX

IV) persisted while at this time point the TOM20 remnants were reduced to puncta (Figure 1B).

Pretreatment with proteasome inhibitors stabilized MFN1 and TOM70 also as higher
molecular mass species (Figure S1A and S1B), indicating direct proteasome-targeting
ubiquitinations for these rapidly degraded OMM proteins. In contrast, although the slower
degradation of TOM20 and VDAC was likewise prevented by proteasome inhibitor
pretreatment, this was not accompanied by an accumulation of ubiquitinated species (Figure

S1A and S1B). The slower removal of such OMM proteins may therefore not occur through
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direct ubiquitin-dependent proteasome degradation, but is mediated after an initial
proteasome-dependent step (see below). Degradation of inner mitochondrial proteins (COX
IV, CS) was also suppressed after pretreatment with proteasome inhibitors (Figure S1A and
S1B). Thus, pretreatment with proteasome inhibitors blocks the removal of direct substrate
proteins on the OMM and prevents an important early proteasome-dependent step for the
initiation of mitophagy in CCCP-treated parkin-HelLa cells. Putative not proteasome-targeting
ubiquitinations of VDAC and TOM20 that can be seen upon long exposure are in fact reduced
after pretreatment with MG132 (Figure S1A). Such ubiquitinations can be visualized on
TOMZ20-positive and SSBP1-positive structures in the course of mitophagy (Figure 1C),
evidently recruiting ubiquitin-binding autophagy receptors such as the 62 kDa protein
sequestosome-1 (p62/SQSTM) (Figure 1D) and Taxl-binding protein 1 (TAX1BP1) (Figure
1E).

The recruitment of ubiquitin-binding autophagy receptors should connect to the
autophagy machinery via ATG8 proteins. Immunostaining of endogenous LC3B confirmed an
association of TOM20 puncta after 8 h of mitochondrial depolarization (Figure S1E). Most
TOM20 puncta (dissociated from SSBP1-positive mitochondrial structures) were in close
apposition with LC3B puncta. At this time point, endogenous LC3B puncta also came in
apposition to COX |V positive structures, while SSBP1-positive aggregates did not (yet) co-
localize with endogenous LC3B (Figure S1E). Endogenous LC3B-positive autophagic puncta
were dispersed throughout the cells with little enrichment on mitophagy cargo, perhaps
indicating some limitation of the anti-LC3B immunostaining. Thus, transfection experiments
with EGFP-LC3B were performed, which showed somewhat more prominent translocation to
mitophagy cargo (Figure 1F). Consistent with the immunostaining results for endogenous
LC3B, EGFP-LC3B was associated with most TOM20-only puncta (Figure 1F), either showing
close apposition (arrows) or complete overlap (closed arrowheads). Rare EGFP-LC3B-
negative TOMZ20-only puncta were observed (open arrowheads). Such features might
represent mitochondria-derived vesicles (MDVs), which were described to be delivered to
lysosomes independently from LC3 [22]. Alternatively, EGFP-LC3B-negative puncta could
simply reflect TOM20 cargo that has not yet engaged LC3B phagophores at this time point. As
for endogenous LC3B, the EGFP-tagged LC3B showed very little overlap with SSBP-1 positive
aggregates devoid of OMM markers at this time point (Figure 1F, ROI 1), but some SSBP1-

LC3B positive puncta started to become detectable (Figure 1F, ROI 2, arrows).

Autophagy completion depends on the formation of autophagosomes that are
eventually fused with lysosomes, inside of which the targeted cargo is degraded by acidic
hydrolases [17,23]. Indeed, as mitophagy progressed, the TOM20 puncta came to

increasingly close apposition with the lysosomal-associated membrane protein 1 (LAMP1)
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(Figure S1F), suggesting cargo delivery to lysosomes [24]. The active engagement in
autophagolysosomes was confirmed with LysoTracker RED (Figure 1G), a fluorescent marker
that can be used for monitoring lysosome acidification [24,25]. When lysosomal acidification
as well as autophagosome-lysosome fusion was inhibited by pretreatment with Bafilomycin A
(BafA), the number of TOM20-positive as well as SSBP1-positive puncta significantly
increased after 8 h of CCCP treatment (Figure 1H and 1), indicating that the mitochondrial

material engaged in (autophagic) puncta was eventually delivered to lysosomes.

Additionally, in order to confirm that the degradation of mitochondrial sub-compartment
proteins did rely on autophagy machinery targeting, HelLa cells lacking all autophagy adaptors
(penta knock-out cell line, referred as pentakKO) [16] were examined. Upon parkin over-
expression and mitochondrial depolarization with CCCP for 4 h, rapid degradation was
observed only for the proteasome substrate MFN1 (Figure S1G). In contrast, degradation of
OMM and inner- mitochondrial proteins was severely compromised in pentaKO cells compared
to controls (Figure S1G-I), indicating that the degradation of the aforementioned OMM and

IMM proteins in parkin-HelLa cells is mostly mediated by autophagy.

Inner mitochondrial material is targeted to separate, late degradation pathways

Although inner mitochondrial markers co-localized with TOM20 4 h after mitophagy induction
(Figure 1B), the remaining TOM20 puncta that appeared after 14 h (likely representing OMM
autophagolysosomes, see above) were clearly separate from inner mitochondrial material
(Figure 1B). Moreover, most of the SSBP1 and CS-positive inner mitochondrial staining
patterns at this late time point appeared as large mitochondrial aggregates of fragmented
mitochondria rather than puncta (Figure 1B). Similar structures showing TOM20-positive
mitochondrial condensates upon activation of PINK1/parkin-dependent mitophagy have been
described previously as mitochondrial-aggresomes or mitochondrial aggregates [26,27]. While
the presence of TOM20-negative mitochondrial condensates is surprising and has not been
specifically described before, the morphology of these structures is similar to the ones
described by Lee et al. [27]. Thus, mitochondrial condensates will be referred here as

mitochondrial-aggresomes or mitochondrial aggregates.

To quantify the degradation dynamics of each mitochondrial sub-compartment,
CellProfiler image-based analysis was performed at mid- and late stages of mitophagy (4 h vs.
14 h CCCP treatment) (Figure S2A-F). The mean number as well as the size of TOM20-
positive (OMM) mitochondrial-aggresomes present after 4 h CCCP drastically decreased after
14 h of CCCP treatment (Figure S2A and B). Instead, TOM20 shapes were converted to

(autophagolysosomal) puncta that were significantly degraded over the time course of
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mitophagy (Figure 1B, F and Figure S1E-F) unless when blocked by BafA (Figure 1H and I).
On the other hand, the mean number of COX IV-positive (IMM) mitochondrial material only
decreased to half at late stages of mitophagy, similar to SSBP1-positive mitochondrial-
aggresomes (Figure S2A and B). The size of IMM or matrix aggresomes remained similar or
only decreased slightly, respectively (Figure S2C and D). The decrease observed on IMM
clump number can be explained by an increased appearance of IMM puncta at later stages of
mitophagy, while matrix puncta were barely detectable and did not seem to change up to the
14 h time point (Figure S2E). Interestingly, the mean number of observed IMM puncta at late
stages of mitophagy (14 h) was similar to the ones of OMM after 4 h of mitochondria
depolarization, suggesting a similar -but delayed- autophagic delivery of IMM proteins (Figure
S2E).

In order to confirm if the remaining inner- mitochondrial-aggresomes were eventually
targeted by the autophagy machinery, a delayed autophagy-inhibiting experiment was
performed. Here, mitochondrial depolarization was extended to 24 h and BafA was
administered 8 h after the initiation of mitophagy (Figure 2A and B), allowing the formation of
TOM20-negative mitochondrial-aggresomes but subsequently blocking the delivery of
autophagosomes to the lysosome network. Interestingly, a significant amount of TOM20- and
SSBP1-positive puncta were observed after delayed autophagy inhibition, when comparing to
extended depolarizing conditions alone (Figure 2A and B). These data suggest lysosome-
dependent steps for the later processing of TOM20-negative mitochondrial aggresomes and
additionally validate lysosomal-dependent degradation of TOM20 puncta. Thus, there could
be at least two distinct pools of mitochondrial proteins targeted via autophagy; the targeting of
OMM proteins would occur first followed by a later autophagy targeting of inner- mitochondrial
proteins (> 8 h CCCP).

As shown above, TOM20-negative mitochondrial aggresomes were positive for
ubiquitin and targeted by the autophagy adaptors p62 and TAX1BP1 (Figure 1C-E). In addition,
similar to TOM20-positive puncta, both endogenous as well as overexpressed forms of LC3B
either overlapped or partially co-localized with COX IV puncta (Figure 2C and Figure S1E).
Moreover, COX IV puncta merged with LAMP1-positive lysosomes at later time points (14 h
CCCP) (Figure 2E) and co-localized with LysoTracker (Figure 2D). Similar to what was
observed for the mitochondrial aggresome size, the relative cell area of OMM, IMM or matrix
puncta was reduced when comparing early to late mitochondrial depolarization times (Figure
S2F), even though the relative area of IMM puncta seemed to be larger than the ones of OMM
or matrix puncta (Figure S2F). Remarkably, the matrix components remained without any
LAMP1 co-localization up to 14 h CCCP treatment (Figure 2F). Taken together, these data

indicate that inner mitochondrial material is targeted to the autophagy machinery and delivered
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to the lysosome degrading network at a later stage of the pathway (8-14 h CCCP), suggesting
that PINKZ1/parkin-dependent mitophagy can trigger mitochondrial turnover in a sub-

compartment specific manner and not only by promoting the engulfment of entire mitochondria.

In order to confirm piecemeal mitophagy in cell lines with endogenous parkin levels,
HEK293 cells were exposed to extended mitochondria depolarization and the presence of
TOMZ20-positive puncta that were negative for COX IV, SSBP1 or CS was observed (Figure
S2H). Importantly, these events could also be validated in human NPCs (Figure S2I). Although
the kinetics of mitophagy were much slower than in parkin-overexpressing cell clones, these
findings suggest that distinct stepwise mitochondrial sub-compartment degradation can also
take place in cells with endogenous parkin expression levels.

To gain higher resolution insight into the process of mitophagy in these cells,
transmission electron microscopy (TEM) imaging was performed. Consistently, elongated
mitochondria were observed under basal conditions (Figure S3A). However, upon
mitochondrial depolarization, mitochondrial-aggregates as well as mitochondria being
engulfed by autophagosomes were observed (Figure S3B). In addition, examples of engulfed
mitochondria with damaged OMM could be observed (Figure S3C). These findings confirm
autophagy-dependent mitochondrial turnover in WT-parkin HelLa cells and indicate that OMM

rupture might occur during mitophagy.

Mitophagy is regulated by several distinct proteasome-dependent steps

There is a number of immediate-early proteasome targets that are removed from the OMM,
which play an important role in the initiation of mitophagy [21,28,29]. Indeed, pretreatment with
the proteasome inhibitors MG132 (Figure S1A) or Bortezomib (Figure S1B) not only reduced
the degradation of the known proteasomal-dependent targets MFN1 and TOM70, respectively,
but also compromised the degradation of all mitochondrial sub-compartment markers after
both intermediate and long depolarization times. Indeed, when the proteasome was inhibited
throughout the time course of mitophagy, all mitochondrial sub-compartment markers
remained colocalized for at least 18 h, both in parkin-overexpressing HelLa cells and in HEK293

cells expressing endogenous levels of parkin (Figure S2J and K).

Next, we wondered if analogous to the proteasome dependence for mitophagy initiation
at the OMM (see above), progression of mitophagy through the IMM could also be influenced
by proteasome activity. Thus, a delayed-proteasome inhibition experiment was designed
where proteasome inhibition was achieved by MG132 treatment together with mitochondrial
depolarization with CCCP at several time points (Figure 3A). As expected, when mitochondria

depolarization was extended up to 24 h, inner mitochondrial proteins were almost completely
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degraded (Figure 3B). Interestingly, when the proteasome was inhibited after TOM20 removal
had taken place (24 h CCCP + 8 h MG132), the degradation of inner mitochondrial proteins
was reduced (Figure 3B). Quantification of Western blot band densities revealed a trend of
increased IMM protein COX IV and the matrix protein SSBP1 upon delayed inhibition of the
proteasome, while a significant increase was found for CS under the same conditions in

comparison to CCCP treatment only (Figure 3C).

To visualize proteasome influence on the late stages of mitophagy, morphology of
mitochondrial remnant entities was analyzed in a quantitative manner, comparing extended
CCCP treatment only (24 h CCCP) to extended CCCP treatment combined with late
proteasome inhibition (24 h CCCP + 8 h MG132) (Figure 3D-F). Under normal depolarization
conditions, the OMM was reduced to very few TOM20-postive puncta and SSBP1 appeared
to be fully degraded. Surprisingly, once MG132 was added at an intermediate mitophagy stage
(>8 h CCCP), the OMM seemed to still be reduced to TOM20-positive puncta but the matrix
sub-compartment remained and appeared in SSBP1-matrix positive aggregates (Figure 3D).
Single cell analysis of the average SSBP1-positive aggregate number and size showed a
significant increase of both parameters when proteasome inhibitor was added after 8 h of
CCCP treatment (Figure 3E and F). Thus, proteasome action may be involved in the
degradation of inner- mitochondrial remnants, adding a possible novel step for the progression

of mitophagy.

Global proteome measurements confirm proteasome-sensitive steps in mitophagy

To extend these findings to the proteomic level, we performed quantitative mass spectrometry
measurements of the proteasome inhibition experiment using whole cell lysate samples in
several experimental settings (Figure 4A). All three replicates of each experimental set-up
showed high overlap in protein identification and high correlation in protein regulation (Figure
S4A-E). Stepwise degradation of mitochondrial sub-compartments was in accordance with
previous studies [20]. Indeed, while OMM and IMS proteins were mostly degraded within 8 h
of CCCP treatment (Figure S4F), IMM and especially matrix protein degradation only took
place at later stages of mitophagy (24 h CCCP) (Figure S4G).

Effects of proteasome inhibition prior to mitochondria depolarization (t -0.5 h) was
analyzed on parkin-HelLa cells undergoing mitophagy. In agreement with previous results,
CCCP failed to induce mitophagy after pretreatment with MG132. Compared to cells without
MG132 treatment, OMM and IMS proteins primarily affected during the first 8 h of mitophagy
were significantly less degraded after pretreatment with the proteasomal inhibitor MG132
(Figure 4B).
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Next, the involvement of proteasome activity during late stages of mitophagy was
assessed. In samples where proteasomal activity was inhibited after 8 h of CCCP treatment
(24 h CCCP, t +8 h MG132), the degradation of OMM and IMS proteins was largely unaffected
(Figure 4C). However, the degradation of IMM and matrix proteins was strongly reduced
(Figure 4C, lower panel). In the presence of MG132 after 8 h of CCCP treatment most of the
regulated proteins (p<0.05; indicated by the 5% curves; p<0.1; indicated by the 10% curves)
are annotated for these sub-mitochondrial localizations (Figure 4C, upper panel)
(Supplementary Table 1). For example, the cluster of mitochondrial ribosomal proteins of the
large subunit (MRPL) was significantly (p<0.05) less degraded after delayed addition of the
proteasome (Figure 4C), underscoring that mitophagy of the matrix depends on a second,

delayed proteasome-regulated step.

Discussion

PINK1/parkin-dependent mitophagy removes damaged mitochondria in stressed cells via
autophagy [18]. Wholesale mitophagy might be the result of this pathway, but sequential
mitochondrial sub-compartment turnover may also play a role [22,26,30,31]. Here we report
parkin-dependent piecemeal mitophagy involving step-by-step sub-compartment degradation
mechanisms where both the ubiquitin proteasome system (UPS) and autophagy pathways

appear to be involved.

Distinct subsets of OMM proteins are subject to immediate-early proteasomal and delayed
autophagic degradation

Proteasome degradation is known to be involved in early stages of PINK1/parkin-dependent
mitophagy by contributing to mitochondrial fission in order to facilitate mitochondrial
engulfment by autophagosomes [21,32]. This is likely due to the proteasome-dependent
removal of the mitochondrial fusion factor MFNL1. In addition, previous studies involving the
inhibition of proteasome degradation by either MG132 or lactacystin have shown that
PINK1/parkin mitophagy was prevented under proteasome inhibition conditions [21,28]. Our
data support the notion that proteasome-degradation is essential for successful mitochondria
elimination and indicate that early elimination of OMM substrates (i.e: MFN1) can be

considered a first checkpoint for mitophagy initiation.

In addition to proteasomal turnover, the extended ubiquitination events on the OMM
promote the recognition of autophagy adaptors [5,16,33] . Indeed, ubiquitination events of
OMM proteins and TOM20-positive mitochondrial-aggresomes triggered the recognition of

autophagy adaptors in our model (Figure 1C-E). Those events were followed by the formation
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of autophagosomes, as evidenced by TOM20 puncta positive for LC3B (Figure 1F and Figure
S1E). However, not all TOM20 puncta observed were co-localizing with L3CB structures. This
could reflect (1) the involvement of additional mammalian ATG8 family members [34] in the
removal of TOM20 or (2) LC3B-independent pathways on the removal of OMM substrates.
Indeed, other forms of OMM turnover that do not require autophagosome formation for ultimate
delivery to lysosomes have been previously described and are known as MDVs [22]. While the
formation mechanisms of MDVs are not yet fully understood, it has been suggested that MDVs
serve as a first line of defense against mild mitochondrial stress conditions [31,35]. Thus, OMM
turnover could occur via direct lysosomal delivery of specific OMM substrates as well as
proteasome/autophagy dependent pathways, the latter being more prominent under strong

mitophagy inducing conditions, as studied here.

Inner mitochondrial material is targeted to separate, late degradation pathways

The turnover rate of inner- mitochondrial-aggresomes appeared much distinct from that of
OMM proteins (Figure 1B). However, delayed autophagy inhibition experiments suggested an
involvement of the autophagy machinery for the turnover of inner- mitochondrial-aggresomes
(Figure 2A and B). Indeed, similarly to what was observed for TOM20 puncta turnover, the
involvement of autophagic degradation in the turnover of inner- mitochondrial aggresomes
could be confirmed by co-localization of COX IV puncta with LC3B as well as LysoTracker
(Figure 2C and D).

Overall, these data point to a temporal selectivity of the autophagic machinery, leading
to the involvement of two separate autophagic waves. However, while further studies are
needed to confirm a possible autophagy adaptor selectivity between the recognition of
ubiquitinated OMM or inner- mitochondrial substrates, prohibitin 2 has been proposed to act
as an inner- mitochondrial adaptor protein that directly interacts with LC3B [36]. The presence
of other specific IMM proteins capable of interacting with autophagosomes could offer future
insights into the upstream events that trigger selective autophagic removal of different

mitochondrial sub-compartments.

The exact nature of TOM20-negative inner mitochondrial-aggregates remains to be
further characterized, particularly with regard to the OMM composition at advanced stages of
mitophagy. TEM showed examples of OMM-damaged mitochondria engaged with
autophagosomes after 4 h CCCP treatment (Figure S3C). These data are in agreement with
other studies reporting OMM-damage upon PINK1/parkin mitophagy induction [28,36]. Further
studies shall elucidate the specific temporal dynamics and mechanisms of the interactions of

mitochondrial sub-compartments with their respective degradation machineries.

71



Results Manuscript Il

Moreover, while our model of parkin-dependent mitophagy globally differs from a
wholesale mitophagy turnover model, the sporadic presence of OMM and matrix material
engaged in LC3B structures (Figure 1F and Figure S1E) and the presence of TOM20 puncta
negative for LC3B, suggests that parkin-dependent mitochondrial turnover might combine both
wholesale and piecemeal mitophagy turnover pathways. Thus, while most of the evidence on
endogenous parkin-dependent wholesale mitophagy has been reported on tissue-specific cells
where mitochondrial survival is crucial for their metabolic or physiological demands (i.e:
neurons and hepatocytes) [8,37,38], it is possible that when cell survival is not strictly
dependent on mitochondrial functions, wholesale mitophagy partially switches to piecemeal
mitophagy; possibly involving MDV formation as well selective autophagic removal of

mitochondrial sub-compartment proteins (Figure 1 and 2).

In addition, the kinetics of the pathway might play an important role on sub-
compartment availability since mitophagy progression has been shown to differ between cell
lines, even under parkin-overexpression conditions [39—-41]. Actually, while endogenous
parkin-dependent mitophagy in HEK293 and NPC cells revealed TOM20 staining patterns
clearly distinguishable from inner- mitochondrial material, the mitophagy process was more

protracted in cell lines expressing lower levels of endogenous parkin (Figure S2H-J).

Mitophagy is regulated by several distinct proteasome-dependent steps

Mitophagy initiation involves parkin-dependent ubiquitination of specific OMM proteins that are
directly targeted to the proteasome, especially affecting proteins that are involved in
mitochondrial fusion or transport [1,21,28,42]. As expected, proteasome inhibition prevented
the elimination of proteasomal-dependent substrates (Figure S1A and B) and compromised
the overall mitochondrial turnover in different cell lines (Figure S2J and K), indicating that
OMM-proteasome degradation is upstream of autophagy activation during parkin-dependent
mitophagy. These data support the notion that a first proteasomal-dependent targeting of the

OMM is needed for sub-sequent mitophagy progression [28].

On the other hand, advanced stages of parkin-dependent mitophagy were
characterized by the presence of inner- mitochondrial aggresomes (Figure 1B, 14 h CCCP).
Such structures showed to be ubiquitinated and recognized by the autophagy adaptors p62
and TAX1BP1 (Figure 1C-E), similarly to what we observed for TOM20-positive mitochondrial
aggresomes (Figure 1B, 4 h CCCP).

Because OMM turnover involved both proteasome and autophagy-dependent
pathways, we hypothesized that a similar contribution of the two pathways could influence the
degradation of inner- mitochondrial aggresomes. Surprisingly, delayed proteasome inhibition

promoted an increase in the amount of inner- mitochondrial aggresomes after extended

72



Results Manuscript Il

mitochondrial depolarization (Figure 3D), suggesting proteasome-dependent targeting of
inner- mitochondrial aggresomes. Importantly, delayed proteasome inhibition did not only
affect the turnover of matrix proteins alone but also had an influence on COX IV turnover
(Figure 3A), indicating that the observed TOM20-negative mitochondrial aggresomes are
indeed COX IV-positive. In addition, because COX IV turnover seems to be autophagy-
dependent (Figure 2C) and the initial OMM-turnover seems to be bound to a prior proteasomal-
dependent OMM-degradation, it is possible that the delayed proteasomal inhibition indirectly

impairs the autophagic machinery to target IMM-positive mitochondrial aggresomes.

While the exact mechanisms explaining how the UPS may interact with inner-
mitochondrial aggresomes remains to be elucidated, it is possible that late OMM-turnover
promotes a partial exposure of the IMM to the cytosol, allowing the UPS to act upon IMM
substrates. Indeed, Wei and colleagues reported a clear OMM-rupture that allowed
phagophore accessibility to the IMM in a prohibitin-dependent manner [36], thus we suggest
that OMM-ruptured patches could facilitate access of proteasomes to IMM exposed regions.
Alternatively, proteasomes might remove newly synthesized nuclear-encoded inner

mitochondrial proteins, adding to the natural turnover of such proteins.

Conclusions

Taken together, our findings demonstrate that PINK1/parkin mitophagy occurs in a sequential
manner, where outer mitochondrial membrane autophagy cargo is firstly separated from inner
mitochondrial material for sub-sequent autophagolysosomal targeting. Importantly, such
piecemeal mitophagy might also be observed under endogenous parkin expressing conditions,
even though following a considerably slower kinetics. Additionally, we provide evidence of a
potential proteasome-sensitive step which may regulate the progression of mitophagy towards
complete mitochondria degradation. In sum, our study reveals later additional mitophagy steps:
involving the delivery of mitochondrial sub-compartments to the lysosomal machinery in two
separate consecutive autophagy waves and additionally suggesting the involvement of
proteasomal action at later stages of mitophagy, similarly as it is observed at early stages of

PINK1/parkin mitophagy on OMM substrates (Figure 5).

Materials and Methods

Cell culture, treatments and transfection

HelLa cells stably expressing 3xFlag-parkin WT [43] as well as HEK293 cells were cultured in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal
bovine serum (FBS) at 37°C with 5% CO,. PentaKO HelLa cells were a kind gift from Prof.

Richard Youle (National Institute of Health, Bethesda, USA) and were used as described [16].
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Depolarization of mitochondria was achieved by adding 10 uM CCCP (Sigma, C2759) to the
media. For better visualization of LC3B puncta, transfection of pEGFP-C1-LC3B [46] in WT-
parkin HeLa cells was done. Briefly, 24 h prior to CCCP treatment, cells were transfected with

PEGFP-C1-LC3B using FuGene6® (Promega, E269A) according to manufacturer instructions.

For proteasomal inhibition studies, cells were pretreated with 20 uM MG132 (Sigma,
C2211) for 30 min before addition of an equal volume of media containing 20 uM CCCP,
bringing the final concentrations of both MG132 and CCCP to 10 uM for the indicated
incubation times. In delayed proteasome inhibition experiments cells were treated with either
10 uM MG132 or 400 nM Bortezomib (Sellekchem, S1013) for the indicated time points before
or after CCCP administration. For autophagy inhibition experiments, cells were treated with
400 nM BafA (Sigma, 1793) for the indicated time points before or after CCCP administration.
All treatments were combined with 10 uM CCCP.

NPCs were derived from healthy, human induced pluripotent stem cells and have been
previously characterized and labelled in this manuscript as wtNPC line 1 [44] or wtNPC line 2
[45]. NPCs were cultured on Matrigel (Corning, 354320) coated plates in NPC medium
containing a 1:1 mixture of DMEM-Ham’s F12 (Merck, F4815) with Neurobasal (Gibco,
21103049) containing L-glutamine (Gibco, 35050061) and Penicillin/Streptomycin (Merck,
A2213). Media was supplemented with N2 (Gibco, 17502-048) and B27 (Gibco, 12587-010)
plus 3 uM CHIR 99021 (Axon Medchem, 1386), 200 uM ascorbic acid (Sigma-Aldrich, 50-81-
7) and 0.5 pM purmorphamine (Calbiochem, 540220). Mitochondria depolarization was
achieved by adding 100 uM Antimycin A supplemented with 10 uM Y-27632 (Selleckchem,
S1049) for the indicated time points.

Antibodies
Table 1: List of primary and secondary antibodies and concentration used in this study

Primary antibodies

TOM70 1:1000 ProteinTech, 14528-1-AP
TOM20 1:1000 (IF) Santa Cruz, sc-11415
TOM20 1:6000 (WB)  Proteintech, 11802-1-AP
1:1000 (IF)
VDAC 1:30000 Millipore, AB10527
Total ubiquitin (FK2 clone) 1:1000 Enzo Life Sciences, BML-PW88100100
p62/SQSTM 1:1000 BD Biosciences, 610832
COX IV 1:6000 (WB)  Cell Signaling, 4850
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1:1000 (IF)
CS 1:6000 (WB) GeneTex, GTX110624
1:1000 (IF)
SSBP1 1:500 (WB) R&D Systems, AF6588
1:1000 (IF)
Vinculin 1:6000 Sigma Aldrich, V9131
MFN1 1:10000 Abnova, H00055669-M04
(WB)
1:1000 (IF)
O-actin 1:5000 Sigma Aldrich, A5441
LAMP1 1:500 DSHB Hybridoma Bank, clone H4A3
LC3B 1:250 GeneTex, GT3612
TAX1BP1 1:500 Novus Biologicals, NBP1-86662
Parkin 1:10000 Cell Signaling, 4211S
(WB)
1:1000 (IF)
Secondary antibodies
Goat anti-mouse HRP 1:10000 Amersham Pharmacia, 115-035-003
Goat anti-rabbit HRP 1:10000 Amersham Pharmacia, 111-035-003
Goat anti-sheep HRP 1:10000 Amersham Pharmacia, 718-035-147
Alexa Fluor 647 donkey anti-sheep 1:1000 Invitrogen, A-21448
Alexa Fluor 488 donkey anti-mouse 1:1000 Invitrogen, A-21202
Alexa Fluor 488 donkey anti-rabbit 1:1000 Invitrogen, A-21206
Alexa Fluor 568 donkey anti-mouse 1:1000 Invitrogen, A-10037
Alexa Fluor 568 donkey anti-rabbit 1:1000 Invitrogen, A-10042
Alexa Fluor 350 goat anti-rabbit 1:1000 Invitrogen, A-11046
Alexa Fluor 350 goat anti-mouse 1:1000 Invitrogen, A-10045

Western blotting

Cell harvest was performed directly after a single wash with phosphate-buffered saline (PBS).

Cells were pelleted at 972 x g for 1 min at 4°C. Pellets were resuspended in urea lysis buffer
(10 mM Tris, pH 8.0, 100 mM NaH-PO.,, and 8 M urea) and passed through a 26-gauge needle

for at least 5 times. Debris was pelleted at 3151 x g for 15 min at 4°C to obtain whole cell lysate

supernatants. Total protein was measured using the standard Bradford Protein Assay Kit (Bio-

Rad). Samples were separated on 10% or 15% polyacrylamide gels or 4-20% gradient gels

(TruPAGE precast gels, Merck) and run for 2 h at 140 V or 1 h at 100 V, respectively. Proteins

were transferred to polyvinylidene fluoride membranes (Immobilon-P, Merck) for 2 h at 100 V,
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blocked with 5% bovine serum albumin or non-fat dry milk in Tris-buffered saline buffer
containing 0.1% Tween-20 (TBS-T). Membranes were incubated overnight with the indicated
primary antibodies, washed at least three times with TBS-T and further incubated with
matching horseradish peroxidase conjugated secondary antibodies diluted in 5% milk.
Chemiluminescent reaction was carried out with Western blot chemiluminescent-horseradish
peroxidase substrate (Millipore). Three TBS-T washings of at least 5 min were performed
between each incubation step. Ultracruz autoradiography films (Santa Cruz Biotechnology)

were used for band visualizations.

Immunostaining and microscopy

Cells were seeded on pre-coated coverslips with poly-D-lysine (Sigma, P6407) and treated for
the indicated time points. In addition, NPCs were cultured on Matrigel coated plates in NPC
medium as previously described. Cells were fixed with 4% paraformaldehyde in PBS for 20
min at room temperature (RT). Cell permeabilization was achieved with 1% Triton X-100 for 5
min at RT and cells were washed three times with PBS. Blocking was performed with 10%
FBS in PBS for 1 h at RT, followed by primary antibody incubation with 5% FBS for 2 h at RT.
Cells were washed three times with PBS before incubating for 1 h at RT with the secondary
antibody diluted in PBS with 10% FBS. Nuclei were stained with 2 yg/ml Hoechst (Molecular
Probes, 3570) after washing the cells for at least three times with PBS. Cells were mounted
onto coverslips using Fluorescent Mounting Medium (Dako). Imaging was performed using an
Axiolmager microscope equipped with an ApoTome imaging system using 63X or 100X
objectives (Carl Zeiss). The images were processed with AxioVision 4.9.1 software (Carl
Zeiss). For immunostaining of endogenous LC3B, normal goat serum instead of FBS was

used.

For lysotracker staining of fixed cells, 500 nM LysoTracker RED (Invitrogen, LT528)
was added to the cell culture 30 min before fixation. Then cells were washed with ice-cold
DMEM for 10 min followed by two gentle washes of ice-cold PBS. Cells were fixed with 4%
paraformaldehyde and the immunostaining was performed as previously described.
LysoTracker red was imaged on 568 channel and mitochondrial markers were stained with
Alexa fluor 350 and imaged on the Hoechst channel with an Apotome imaging system as

described above.

CellProfiler analysis
Image analysis of mitochondrial morphology was performed using CellProfiler (4.2.1 version).

The identification of mitochondrial-aggresomes and puncta was performed as follows: all
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mitochondrial objects in between a range of 6-500 px range were identified and merged
together as a new single object if the distance between the initial primary objects was <2 px
apart. New merged single objects with a minimal area of 300-500 px were considered

aggresomes and objects with an area <300 px were considered dots.

For delayed inhibition experiments, mitochondrial objects of at least 30 px were
identified and merged as a single object if <15 px apart. New merged single objects with an
area below 300 px were considered puncta, objects with an area of >300 were considered

aggresomes.

Transmission electron microscopy

For TEM analysis, HelLa cells were cultured and treated with CCCP as described above for
IFM, except cells were grown on 22 x 22 mm square glass coverslips. Cells were prefixed in
culture medium with 2.5% glutaraldehyde and 4% paraformaldehyde, pH adjusted to 7.2, for
20 minutes at 37°C. Cells were then fixed in 0.1 M HEPES, 4 mM CacCl,, 2.5% glutaraldehyde
(Serva Electrophoresis,), 4% formaldehyde (Science Services), pH 7.2 for 1 h at RT plus 3 h
at 4°C, the fixative being replaced a few times. Cells were postfixed with 1% OsO; (in distilled
water) for 60 min at 4°C and then incubated in 1% uranyl acetate overnight at 4°C. Between
each step the samples were washed 3-4 times for 5 min each with distilled water. Dehydration
of the samples in ethanol, infiltration with Epon (Serva Electrophoresis) and flat embedding
was done following standard procedures [50]. Ultrathin sections (~60-70 nm) were cut with a
diamond knife (type ultra 35°; Diatome, Biel, Switzerland) with an EM UC6 ultramicrotome
(Leica, Wetzlar, Germany) and mounted on single-slot Pioloform-coated copper grids (Plano,
Wetzlar, Germany). Sections were stained with uranyl acetate and lead citrate [51] and viewed
with a JEM-2100 transmission electron microscope (JEOL, Tokyo, Japan) operated at 80 kV.
Micrographs were taken using a 4000 x 4000 charge-coupled device camera (UltraScan 4000;
Gatan, Pleasanton, CA) and Gatan Digital Micrograph software (version 1.70.16.). Image
brightness and contrast were adjusted and figures assembled using Adobe Photoshop 8.0.1

and Inkscape 1.0 beta.

Quantitative proteomics

For all proteomics studies, 10 pg of protein lysate per dimethyl labeling channel were used.

First, disulfide bonds were reduced with 10 mM dithiothreitol for 1 h at RT, followed by

alkylation with 55 mM iodoacetamide for 1 h at RT in the dark. Prior to overnight digestion with

trypsin (Promega Corporation, V5280), pre-digestion with lysyl endopeptidase (Wako

Chemicals, 121-05063) for 3 h was performed in a peptidase-protein ratio of 1:100 at RT.
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Digestion was quenched by adding 1% trifluoroacetic acid. Peptides were dimethyl-labeled on
C18 StageTips as described previously [47]. Label efficiency and peptide mixing ration of 1:1:1
was checked in pilot LC-MS/MS runs. For peptide fractionation the Pierce™ High pH
Reversed-Phase Peptide Fractionation Kit (Thermo Fisher Scientific, 84868) was applied as
described earlier [20]. Prior to LC-MS/MS measurement, peptides were desalted on C18
StageTips. All fractions were analyzed on an Q Exactive HF mass spectrometer (Thermo
Fischer Scientific), online-coupled to Easy-nLC 1200 UHPLC (Thermo Fischer Scientific) as
described earlier [20]. In short, peptides were separated on a 20 cm analytical column (75 pm
ID PicoTip fused silica emitter, New Objective) in-house packed with ReproSil-Pur C18-AQ 1.9
pm resin (Dr Maisch GmbH), by a fraction-specific segmented 90 min gradient of solvent A
(0.1% formic acid) and solvent B (0.1% formic acid in 80% acetonitrile) at 40°C and a 200
nl/min flow rate. Electrospray ionization was used to ionize eluted peptides. The mass
spectrometer was operated in a positive ion mode. Full MS spectra were recorded in a scan
range of 300-1650 m/z at resolution 60k. The top 12 most abundant multiple charged ions
were selected for HCD fragmentation (AGC target: 3e6, Maximum IT: 25 ms). MS2 spectra
were acquired at resolution 30k (AGC target: 1e5, Maximum IT: 45 ms).

LC-MS/MS raw data were searched against the Uniprot Homo sapiens database
(released 11.12.2019, 96,818 entries) and commonly observed contaminants using the
Andromeda search engine integrated into the MaxQuant software suite (version 2.0.3.0) [48].
All search parameters were kept to default except for the following. Carbamidomethylation of
cysteine in addition to oxidation of methionine and protein N-terminal acetylation were set as
fixed and variable modifications, respectively. Trypsin was selected as a protease and a
maximum of two missed cleavages were allowed. Light (28.03 Da), intermediate (32.06 Da),
and heavy (36.08 Da) dimethyl labels were specified for N termini and lysine residues. A
minimum of two peptide ratio counts were required for protein quantification. Precursor ion
mass tolerance was set to 4.5 ppm and fragment ions to 20 ppm, re-quantify and match-
between runs between fractions of the same sample were enabled. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [49]

partner repository with the dataset identifier PXD034136.

Statistics
CellProfiler analysis of mitochondrial sub-compartment degradation as well as late inhibition
experiments was performed using one-way ANOVA and Tukey test as post-hoc analysis test,
using Graph Pad prism 6 software. Graphs show mean + SEM of cell populations from at least
three independent experiments. Significance is indicated by asterisks as described in figure
legends.
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Statistical analysis of quantitative proteomics data was performed with Perseus
software suite (version 1.6.15.0) [52]. First, all reverse and potentially contaminant hits were
filtered out. For protein annotation MitoCarta 3.0 was used as a resource [53]. Only protein
ratios present in two out of three replicates were considered for downstream analysis. To
identify significantly regulated proteins between different treatments, a one-sample t-test was

performed (p-value < either 0.1 or 0.05).

Venn Diagrams, representing the overlap of protein identification between replicates
were performed with the online tool http://www.interactivenn.net/ (accessed on 14" April 2022)
[54].
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Figure 1: Differential degradation dynamics of mitochondrial sub-compartments correlate with
delivery to the autophagolysosomal machinery. (A) Relative mitochondrial protein levels from
Western blotting quantification. Data of at least three independent experiments. Data points:
Mean + SEM. (B) Representative immunofluorescence images of mitochondrial sub-
compartments at the indicated CCCP treatment time points. Arrowheads indicate complete (4
h) or mitochondrial aggregates (14 h). Arrows indicate mitochondrial puncta. (C) TOM20-
positive aggresomes (yellow) as well as SSBP1-aggregates (cyan) are positive for total
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ubiquitin (magenta) at the indicated time points. (D and E) TOM20 (magenta) and SSSBP1-
aggresomes (cyan) are positive for (D) p62/SQSTM (yellow) and (E) TAX1BP1 at the indicated
time points of CCCP treatment. (F) Mitochondrial puncta (TOM20, magenta and SSBP, cyan)
co-staining with EGFP-LC3B (yellow). Arrows indicate mitochondrial puncta partially engaged
with EGFP-LC3B structures. Closed arrowheads indicate complete overlap of mitochondrial
puncta and EGFP-LC3B. Open arrowheads indicate EGFP-LC3B-negative mitochondrial
puncta. Two ROIs are chosen in order to show all observed features: ROI 1 indicates a
representative mitophagy stage for the 8 h time point. ROI 2 represents <10% of cell population
where SSBP1 puncta can be observed already. (G) Representative immunofluorescence
images showing TOM20 puncta (green) co-localizing with LysoTracker (magenta) at the
indicated time points. Arrows indicate mitochondrial puncta while arrowheads indicate TOM20-
aggregates. (H and I) Influence of BafA inhibition on OMM mitochondrial degradation. (H)
Representative immunofluorescence images showing TOM20 (green) and SSBP1 (magenta)
structures at the indicated CCCP-treatment time points in combination with autophagy
inhibition (BafA). (1) Single-cell analysis of mean number of mitochondrial SSBP1- and TOM20
puncta in (H). Bars: Mean + SEM. ****; p<0.0001. All scale bars = 5 ym.
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Figure 2: Autophagy activation and delivery to lysosomes of inner- mitochondrial material. (A
and B) Influence of BafA inhibition on TOM20-negative mitochondrial-aggresomes. (A)
Representative immunofluorescence images showing TOM20 (green) and SSBP1 (magenta)
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structures at the indicated CCCP-treatment time points in combination with autophagy
inhibition (BafA). (B) Single-cell analysis of mean number of mitochondrial SSBP1 and TOM20
puncta in (A). (C) COX IV-positive puncta (magenta) are positive for EGFP-LC3B (yellow).
Arrows indicate COX IV puncta partially engaged with EGFP-LC3B structures. Closed
arrowheads indicate complete overlap of COX IV puncta and EGFP-LC3B. Open arrowheads
indicate COX IV puncta non co-localizing with EGFP-LC3B. (D) Representative
immunofluorescence images showing COX |V-positive puncta (green) co-localizing with
LysoTracker (magenta) at the indicated time points. Arrows indicate mitochondrial puncta while
arrowheads indicate inner- mitochondrial remnants. (E and F) Representative
immunofluorescence images showing (E) COX IV-positive (magenta) or (F) SSBP1-positive
mitochondrial remnants (magenta) close to LAMP1 patches (green) at the indicated time
points. Arrows indicate mitochondrial puncta while arrowheads indicate inner- mitochondrial
remnants. ****: p <0.0001. All scale bars =5 pm.
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Figure 3: Proteasome action is required at late stages of mitophagy. (A) Scheme of treatment
time points for proteasome inhibition experiments. Bold text indicates treatment with CCCP
while normal text indicates treatment with proteasome inhibitor MG132. (B and C) Western
blot analysis of proteasome-influence on the indicated inner- mitochondrial proteins. (D)
Representative images of WT-parkin HelLa cells showing SSBP1 (magenta) and TOM20
(green) after 24 h of CCCP treatment or CCCP treatment combined with MG132 added after
8 h of mitochondria depolarization. Scale bar =5 pm. (E and F) Single cell analysis of mean
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SSBP1 clump number (E) and relative average SSBP1 clump area (F) per cell. Bars: Mean +
SEM. ns: non-significant; *; p<0.05, ***: p<0.001.
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Figure 4: Proteomic validation of proteasome-sensitive steps during mitophagy. (A)
Experimental design and dimethyl labelling scheme, where t defines the starting point of CCCP
treatment. Color coding reflects dimethyl labelling sets. Solid: CCCP treatment, stripes: MG132
treatment. (B) Mitochondrial protein degradation after 8 h of mitophagy compared to cells
pretreated with or without MG132 (t - 0.5 h) shows less degradation of OMM and IMS proteins.
IMM and matrix proteins appeared less affected the 8 h time point as these sub-compartments
were degraded during later stages of mitophagy. (C) Delayed MG132 (t + 8 h) treatment
compared with not proteasome inhibited after 24 h of CCCP treatment highlights dependency
of IMM and matrix protein degradation on proteasomal activity. The 5% and 10% curves in the
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upper panels categorize p<0.05 and p<0.1 values, respectively,
Difference >1.3.
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Figure 5: Schematic representation of PINK1/parkin mitophagy dynamics. After healthy
mitochondria are compromised with depolarizing agents, PINK1/parkin initial steps take place
(1) and further promote mitochondrial network fractionation where a first round of proteasomal
degradation is involved (2-3). Ubiquitinations previously built by parkin on OMM substrates
promote the docking of autophagy adaptors (4) which engage with building autophagosomes
that will eventually fuse with lysosomes, promoting autophagic degradation of OMM substrates
(5-6). After the OMM removal, inner- mitochondrial aggregates prevail. A potential late-
proteasome degradation step is required for the final degradation of inner- mitochondrial
proteins before they can be engulfed in autophagolysosomes (7). Similar as in step (5),
ubiquitinations of inner- mitochondrial substrates lead to the docking of autophagy adaptors
and autophagosome biogenesis is promoted on those particular spots leading to the delivery
of inner- mitochondria remnants to lysosomes for complete final mitochondria degradation (8-
10). Adapted from “Cell Cycle Checkpoints” by BioRender.com (2022). Retrieved from

https://app.biorender.com/biorender-templates.
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Mitochondria are important organelles in eukaryotes.
Turnover and quality control of mitochondria are regulated at
the transcriptional and posttranslational level by several
cellular mechanisms.
proteins is mediated by mitochondria resident proteases or by
proteasomal degradation of individual proteins. Clearance of
bulk mitochondria occurs via a selective form of autophagy
termed mitophagy. In yeast and some developing metazoan
cells (e.g., oocytes and reticulocytes), mitochondria are largely
removed by ubiquitin-independent mechanisms. In such cases,
the regulation of mitophagy is mediated via phosphorylation of
mitochondria-anchored autophagy receptors. On the other
hand, ubiquitin-dependent recruitment of cytosolic autophagy
receptors occurs in situations of cellular stress or disease,
where dysfunctional mitochondria would cause oxidative

Removal of defective mitochondrial

damage. In mammalian cells, a well-studied ubiquitin-depen-
dent mitophagy pathway induced by mitochondrial depolari-
zation is regulated by the mitochondrial protein kinase PINKI,
which upon activation recruits the ubiquitin ligase parkin.
Here, we review mechanisms of mitophagy with an emphasis
on posttranslational modifications that regulate various
mitophagy pathways. We describe the autophagy components
involved with particular emphasis on posttranslational modi-
fications, We detail the phosphorylations mediated by PINK1
and parkin-mediated ubiquitylations of mitochondrial proteins
that can be modulated by deubiquitylating enzymes. We also
discuss the role of accessory factors regulating mitochondrial
fission/fusion and the interplay with pro- and antiapoptotic
Bcl-2 family members. Comprehensive knowledge of the pro-
cesses of mitophagy is essential for the understanding of vital
mitochondrial turnover in health and disease.

Mitochondria, development, aging, and Parkinson’s
disease (PD)

Mitochondria are specialized organelles present in most
eukaryotic cells. In addition to energy production, mitochon-
dria play important roles in nutrient and lipid metabolism as

* For correspondence: Philipp J. Kahle, philippkahle@uni-tuebingen.de.
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well as in apoptosis. Two specialized membranes compart-
mentalize mitochondria. This feature, together with remnants
of an own genome (mitochondrial DNA; mtDNA), is likely due
to their endosymbiont heritage. Although the vast majority of
1136 proteins in human mitochondria (www.broadinstitute.
org/files/shared/metabolism/mitocarta/human.mitocarta3.0)
are encoded in the nucleus, the mitochondrial genome codes
for 13 proteins, all of which are components of the respiratory
chain (1). During oxidative phosphorylation, electrons flow
through the respiratory chain in the mitochondrial inner
membrane (MIM). This process builds up the membrane po-
tential (proton gradient) that drives ATP synthase. As a by-
product, reactive oxygen species are produced (2). Oxidative
stress and mtDNA damage are associated with age-related
mitochondrial dysfunction in a complex manner (3). As their
energy production is obligatorily dependent on oxidative
phosphorylation, neurons are particularly vulnerable to mito-
chondrial dysfunctions. Oxidative damage is aggravated in age-
dependent neurodegenerative diseases, such as PD (4, 5).
Indeed, the two most common recessive PD gene products,
phosphatase and tensin homolog (PTEN)-induced kinase 1
(PINK1) and the E3 ubiquitin ligase parkin, are enzymes that
mediate the autophagic removal of mitochondria (mitophagy).
This mitophagy pathway might offer therapeutic targets for the
treatment of PD (6). Moreover, mitochondrial turnover is
important for cellular homeostasis, and in a few cell types
(reticulocytes, germ cells) mitochondria are eliminated during
normal development.

Given the tremendous importance of mitophagy in devel-
opment, aging, and neurodegeneration, it is imperative to
understand the cellular mechanisms regulating cargo-selective
autophagy of mitochondria. Enormous progress in under-
standing this process in diverse cells types has been made in
the past two decades, unraveling key players including the
aforementioned PINK1, parkin, and other mitochondrial outer
membrane (MOM) ubiquitin ligases as well as ubiquitin-
binding autophagy adaptors. Clearly, mitophagy is embedded
in an intricate signaling network integrating mitochondrial
elimination signals, complex posttranslational modifications
(PTMs) of MOM proteins, and the coupling to autophagy

J. Biol. Chem. (2021) 297(5) 101339 1
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propagation toward autophagolysosomal degradation. These
complex signaling events throughout the entire process of
mitophagy are beginning to be understood, also thanks to
recent proteomic studies. This review describes how the basic
elements of the autophagy machinery and their coupling to
cargo-selective mitochondrial removal are connected via
PTMs mediated by mitophagy-regulating enzymes.

Brief introduction to autophagy

Macroautophagy (hereafter autophagy) is a major intracel-
lular, tightly regulated catabolic process in eukaryotes that
delivers cytosolic components including protein aggregates,
damaged organelles, and invasive pathogens for lysosomal
degradation (7). This process is activated in response to
various stressful conditions such as nutrient starvation, growth
factors deprivation, hypoxia and infections, and is essential for
maintenance of cellular homeostasis (7, 8). For example,
autophagy supplies nutrients and energy for vital anabolic
cellular functions during fasting and other stresses (9). The
core mechanism comprises the sequestration of “to-be-
degraded” cargo into the cup-shaped isolation membrane
termed phagophore, which expanses and seals into a double-
membraned sphere-termed the autophagosome- which en-
gulfs autophagic cargo. Upon maturation, the outer membrane
of autophagosome fuses with the vacuole (in yeast and plants)
or endosomes and lysosome (in metazoans), leading to the
degradation of the autophagic body together with its cargo by
lysosomal catabolic enzymes (7, 8, 10).

Autophagy is activated by cellular triggers such as amino
acid deprivation, which inhibits the master cell growth
regulator serine/threonine kinase “mammalian target of
rapamycin” (mTOR), and reduced energy levels activating
AMP-activated protein kinase (AMPK) (11). In high nutrient
conditions, the mTOR complex 1 (mTORC1) binds and
phosphorylates the uncoordinated protein 51-like kinase 1
(ULK1) at residue S757, which disrupts the interaction with
inactive. AMPK (12). Upon starvation, AMPK is activated,
which blocks mTORCI activity and initiates autophagy at the
transcriptional level through dephosphorylation of the master
transcription factor EB (TFEB) that is negatively regulated by
mTORC1 (Fig. 1). Dephosphorylated TFEB is released from
mTORC1 and translocates to the nucleus where it stimulates
coordinated lysosomal expression and regulation (CLEAR) by
binding to the CLEAR-box sequence (5'-GTCACGTGAC-3')
present in the regulatory region of many lysosomal and
autophagy-associated genes (13). Moreover, inactive
mTORCI1 dissociates from the ULK1 complex, which reduces
ULK1 S757 phosphorylation. Instead, starvation-activated
AMPK binds to ULK1 and phosphorylates it on multiple
distinct sites (12). The complex phosphorylation pattern of
AMPK-activated ULK1 is not fully understood, but S555 is a
prominently phosphorylated residue upon starvation and
mitophagy induction (14).

Activated ULK1-bearing numerous PTMs forms an oligo-
meric megacomplex together with its cofactors, autophagy-
related protein ATG13, focal adhesion kinase-interacting
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protein of 200 kDa (FIP200) and ATG101, which is trans-
located to ER-associated isolation membrane assembly sites
(15, 16). The active ULK1 megacomplex is targeted to the
isolation membrane via ATG14L (15). ATG14L together with
beclin-1 associates with the lipid kinase vacuolar protein
sorting-associated protein VPS34 and the pseudokinase VPS15
to form a PI3K-III (Fig. 1). The ULK1 complex component
ATG13 targets ULKI to its substrate ATG14L for S29 phos-
phorylation (17) and the ATGI4L partner beclin-1 for S15
phosphorylation (18). In addition, a recent phosphoproteomic
study identified VPS15 S861 as a major regulatory ULK1 target
site that activates the VPS34 PI3K activity (19). Such regula-
tion of PI3K promotes the local production of phosphatidyli-
nositol 3-phosphate (PI3P) at an ER structure called
“omegasome” (Fig. 1), recruiting the PI3P-binding double
FYVE domain-containing protein DFCP1 (20). Subsequent
binding of the WD40 repeat protein interacting with phos-
phoinositides WIPI2 (a mammalian otholog of yeast Atgl8)
mediates omegasome maturation into phagophores (21).

Phagophore elongation requires two conjugation systems,
involving the E1 ubiquitin ligase ATG7 and the E2 ubiquitin-
conjugating enzyme ATG10, which links the ubiquitin-like
protein ATG12 to ATG5 (Fig. 1). ATGI6L1 is recruited to
the phagophore via binding to WIPI2 and conjugated to
ATG5-ATG12, forming an ATG5-ATG12-ATG16L1 complex
(7, 22). The other conjugation system targets the ATG8 pro-
teins, which can be subgrouped into LC3 (microtubule-asso-
ciated protein light chain 3) and GABARAP (y-amino-butyric
acid receptor-associated protein) family members. Nascent
pro-ATG8 precursors are processed by ATG4 cysteine pro-
teases. The proteolytically processed ATGS8 proteins expose a
C-terminal glycine, allowing conjugation to phosphatidyleth-
anolamine by the ATG3 E2 conjugating enzyme after activa-
tion by ATG7 (Fig. 1). Such ATGS8 lipidations promote
phagophore expansion (7, 15). Lipidated ATG8 proteins play
an important role in the recruitment of cargo destined to
lysosomal degradation into autophagosome, a process medi-
ated by autophagy receptors, which brings part of the ma-
chinery to the autophagosomal membrane. The ULKI1
complex regulates the membrane supply for sealing and in-
volves the ATGY trafficking system. Additionally, ULK1 may
also phosphorylate various autophagy receptors, thus playing a
role in selective autophagy including mitophagy (23-25) (for
more details, see below).

Following phagophore sealing, the autophagosome un-
dergoes maturation that results in clearance of ATGs from the
autophagosomal outer membrane and recruitment of two
machineries: one responsible for lysosomal delivery, comprised
of kinesin motor; and the other responsible for autophago-
some fusion with the lysosome, comprised of a soluble N-
ethylmaleimide-sensitive factor-attachment protein receptor
(SNARE), including syntaxinl7 and synaptosomal-associated
protein 29 on the autophagosome and vesicle-associated
membrane protein 8 on the lysosome (Fig. 1). The lysosomes
are recruited and tethered to autophagosomes via the homo-
typic fusion and protein-sorting (HOPS) complex, which is
composed of VPS11, VPS16, VPS18, VPS33A, VPS39, and
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Figure 1. Key elements of the autophagy pathway. Cellular stress (ie., starvation) is sensed by AMPK, which directly activates the ULK1 complex by a
complex phosphorylation pattern, including 5555, and relieves it from the mTOR block by suppressing ULK1 $757 phosphorylation. The ULK1 kinase
phosphorylates several components of the ULK1 megacomplex as well as the PI3K-lll complex, promoting its translocation to the ER, where it generates
membrane domains rich in PI3P that are eventually recognized by PI3P-binding proteins which promote phagophore formation. Two enzyme conjugation
systems mediate phagophore maturation and insert lipidated ATG8 (or LC3-Il) as anchors for autophagy receptors/adaptors that couple to ubiquitylated
cargo. Finally, autophagosomes fuse with lysosomes (or the vacuole in yeast) via interaction of the SNARE and HOPS complexes, respectively. See text for
details. Thick gray arrows indicate protein translocations, thin black arrows indicate protein phosphorylations (arrowheads stimulatory, hammerheads
inhibitory), and the thin red arrow indicates lipid phosphorylation. Blue arrows indicate enzyme conjugation systems, and the orange arrow endoproteolytic
cleavage. The dashed line indicates an indirect transcriptional (CLEAR) pathway for lysosome biogenesis.

VPS41 (26, 27). The HOPS complex interacts with the
SNAREs and facilitates fusion of autophagosome with the
lysosome (28).

Whereas bulk autophagy mediates a nonspecific engulfment
and degradation of cytoplasmic material, selective autophagy is
mediated by specific autophagy receptors. The main role of
selective autophagy is to maintain the intracellular homeo-
stasis by selectively degrading distinct cellular components
such as damaged mitochondria (mitophagy), endoplasmic re-
ticulum (ERphagy), lysosomes (lysophagy) invading pathogens
(xenophagy), aggregated proteins (aggrephagy), and others
(7, 29). The molecular machinery of selective autophagy must
efficiently identify the cargo and sequester it within autopha-
gosomes. Autophagic receptors/adaptors that contain
ubiquitin-interacting motifs (e.g, p62 sequestosome-1, opti-
neurin, nuclear dot protein of 52 kDa (NDP52), next to breast
cancer type 1 susceptibility gene 1 protein (NBR1) and
autophagy-linked FYVE protein) connect their ubiquitylated
cargo with the autophagosome via LC3-interacting region
(LIR) motifs (29, 30). On the other hand, autophagy receptors
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such as the B cell lymphoma-2 (Bcl-2) 19 kDa protein-
interacting proteins BNIP3 and BNIP3L/NIX or the FUNI14
domain-containing protein 1 (FUNDC1) act independently of
ubiquitin to deliver cargo to phagophores via their LIR motifs
directly (30, 31).

General principles of cargo-selective mitochondrial
autophagy

Mitophagy is the cellular catabolic process responsible for
maintenance of mitochondrial homeostasis and quality con-
trol. Various developmental, environmental, physiological, and
pathological stimuli activate mitophagosome formation
resulting in mitochondrial clearance (32). Here we discuss
cargo-associated PTMs that activate mitophagy.

Regulatory mechanisms of mitophagy in yeast

Activation of mitophagy in yeast may be achieved by their
growing in nonfermentable medium or by nitrogen starvation
(33). Atg32 was identified as an outer mitochondrial
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membrane receptor essential for mitophagy (34). Atg32
directly interacts with Atg8 and the adaptor protein Atgll
(35). While the Atgl1-Atg32 interaction is crucial for mito-
chondria recognition as a cargo and recruits the targeted
mitochondria to the phagophore assembly site, the Atg8-
Atg32 interaction through Atg32 LIR motif mediates phag-
ophore expansion. The transcriptional levels of Atg32 may be
upregulated due to oxidative stress or starvation conditions via
suppression of TOR and release of transcriptional suppression
of Atg32 by the Ume6-Sin3-Rpd3 complex (36). However, the
main regulation of Atg32 is by posttranscriptional phosphor-
ylation at S114 and S119 (37). Such phosphorylation facilitates
Atg32 interaction with Atgll. Especially, phosphorylation at
S114 is essential for successful mitophagy, since substitution of
this serine residue to alanine prevents Atgl1-Atg32 interaction
and abolishes mitophagy (37). Regulation of mitophagy by
phosphorylation and dephosphorylation of Atg32 is mediated
by balanced activity of casein kinase 2 and protein phosphatase
2A complexed with factor arrest proteins (38).

Regulatory mechanisms of mitophagy in mammalian cells

Two pathways are responsible for mitophagy mediation in
mammalian cells, the ubiquitin-mediated pathway and
receptor-mediated pathway. The ubiquitin-mediated pathway
is dependent on autophagy adaptors/receptors such as p62,
optineurin, transient axonal glycoprotein 1 binding protein 1,
NDP52, and NBR1 that contain ubiquitin-binding domains in
addition to their LIR motif (30). These adaptors/receptors
sequester the ubiquitylated mitochondrial proteins through
their ubiquitin-binding domain and recruit the mitochondria
into autophagosomes by interacting with lipidated ATG8s
through their LIR motifs (39). The ubiquitylation pathway is
mainly mediated by the E3 ubiquitin ligase, parkin (40). Upon
mitochondrial depolarization, PINK1 accumulates on the
outer membrane of damaged mitochondria and recruits parkin
(41), which ubiquitylates MOM proteins and induces
mitophagy. On the other hand, parkin ubiquitylation-
independent mitophagy pathways are mediated by autophagy
receptors such as NIX, BNIP3, FUNDCI1, Bcl-2-like protein 13,
and FK506-binding protein 8 (FKBPS) (30, 42). All of these
receptors undergo MOM incorporation and recruit lipidated
ATG8s via their LIR motif. Such recruitments label damaged
mitochondria as a cargo and promote their engulfment into
the growing phagophore.

In addition to protein receptors that mediate mitophagy,
several lipids are also implicated in this process. Cardiolipin
was reported to act as mitophagy receptor in neuronal cells.
Upon mitochondrial stress, cardiolipin translocates from the
MIM to the MOM and there, directly interacts with the
N-terminus of LC3, mediating clearance of damaged mito-
chondria (43). Ceramide may also directly interact with lipi-
dated LC3B on mitochondrial membrane, mediating
mitophagy (44).

Removal of mitochondria via autophagy generally occurs
under two conditions (45): (i) quality control removing
dysfunctional mitochondria to maintain cellular homeostasis
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and viability (see below) and (ii) during organismal devel-
opment, for example, when red blood cells lose all their
organelles in the terminal step of erythropoiesis. Upregula-
tion of the autophagy receptor NIX during terminal
erythroid differentiation is the key trigger for cargo-selective
autophagic removal of mitochondria from red blood cells
(46, 47). A portion of mitochondria may lose membrane
potential (AYW,,) (46), which could stimulate stress-induced
selective  mitochondrial —recruitment of membrane-
conjugated ATGS proteins via NIX (48). However, alterna-
tive macroautophagy independent of the ATGS lipidation
factors ATG5 and ATG7 is suggested as the major pathway
for mitochondrial clearance during development (49). This
alternative pathway involves the previously reported
mitophagy effector ULK1 (50). The detailed mechanisms
that govern mitochondrial autophagy in erythrocyte differ-
entiation remain to be elucidated.

PINK1/parkin-dependent mitophagy

The discovery of mitophagy controlled by the two most
common recessive PD genes encoding PINK1 and parkin
(40, 51-53) offered tremendous insights into the cell biology
of mitochondrial quality control. Under normal conditions,
PINKI is effectively transported into mitochondria, where it
is immediately degraded. As the mitochondrial protein
import machinery depends on A¥,,, damaged mitochondria
with collapsed AW, can no longer import PINKI. Instead,
PINK1 massively accumulates on the MOM (41, 54). In this
localization, PINK1 faces cytosolic kinase substrates, most
notably ubiquitin and the parkin ubiquitin-like domain (Ubl)
(55-57). The PINKIl-catalyzed S65 phosphorylation of
ubiquitin and parkin Ubl activate parkin E3 ubiquitin ligase
activity (58, 59) toward mitochondrial substrates, targeting
depolarized mitochondria for autophagic degradation
(Fig. 2).

PINK1-dependent phosphorylations

Under healthy conditions, PINK1 is imported into mito-
chondria via an N-terminal mitochondrial targeting sequence
(MTS). Once imported into the mitochondrial matrix, the
MTS of pre-PINKI is cleaved off by the mitochondrial pro-
cessing protease (60). PINK1 then accesses the inner mem-
brane active site of presenilin-associated rhomboid-like
protease (PARL), which cleaves PINK1 within the membrane-
anchoring segment (61, 62). In healthy cells, processed PINK1
is retrotranslocated into the cytosol for proteasomal degrada-
tion within 1 h (63, 64) (Fig. 24). In most cell types, steady-
state levels of PINKI are practically undetectable in the
absence of stress, but this does not rule out potential physio-
logical functions of PINK1 (65, 66), which remain poorly
understood to date.

When the kinase PINKI1 cannot be imported for mito-
chondrial processing and clearance, it accumulates on depo-
larized mitochondria and thus acts as a molecular switch to
trigger mitophagy. Following such accumulation at the MOM,
PINK1 becomes autophosphorylated at 5228 and S402, which
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Figure 2. Schematic representation of parkin-dependent mitophagy time course. A, in normal conditions, PINK1 is imported and partially cleaved by
the mitochondrial protease PARL, after which PINK1 gets eliminated by the UPS following the N-end rule, leading to very low endogenous PINK1 levels in
healthy conditions. MITOL prepares a ubiquitin coat on MOM substrates. Upon mitochondrial membrane depolarization, the protein import machinery gets
compromised and PINK1 is accumulated at the MOM. PINK1 gets auto-phosphorylated, and this triggers its activation: PINK1 starts phosphorylating
ubiquitin molecules that were previously attached to MOM substrates, antogonizing USP30-mediated ubiquitin removal of those chains. B, phosphorylation
of ubiquitin by PINK1 triggers parkin recruitment to the MOM. Direct PINK1 phosphorylation of the parkin Ubl and the binding to phosphorylated ubiquitin
trigger a conformation change of parkin, which activates its E3-ubiquitin ligase potential. As a result, diversely linked ubiquitin chains are built on MOM
substrates. Proteins involved in mitochondrial transport and fusion are mostly polyubiquitylated with K48-linked chains and are rapidly eliminated via the
ubiquitin-proteasome system. MIRO1/2 is also ubiquitylated through K27-linked chains and is involved in multiple functions other than mitochondrial
transport. Differential linkages might explain the remaining forms of ubiquitylated MIRO1/2 after mitochondria depolarization (dashed arrow). Other MOM
proteins such as VDAC2 and TOM20 are mostly ubiquitylated with K63-linked and K27-linked chains, which triggers the recruitment of autophagy receptors.
Ubiquitin chain building may be counteracted by USP30. C, S473 within the UBL domain of optineurin is phosphorylated by bound TBK1 when recruited to
ubiquitylated MOM proteins, further enhancing optineurin recognition of ubiquitin chains. TBK1 also phosphorylates optineurin and additional autophagy
receptors within the LIR motif (5177 in optineurin), which increases the affinity for lipidated ATG8/LC3 molecules and eventually triggers the recruitment of

mitochondria to autophagosomes for their final elimination.

is important for PINK1 catalytic activity and the recruitment of
parkin (67, 68). The individual contributions of phosphoryla-
tions at S228 and S402 for PINK1 functions are not entirely
clear. Functional PINK1 autophosphorylation of S228 in
mammals is conserved in insects, where the homologous
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residue S346 in Drosophila melanogaster is needed for PINK1
activity and parkin translocation to mitochondria (69). The
corresponding residue S205 in Tribolium castaneum is like-
wise an autophosphorylation site in vitro and affects substrate
binding (70).
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Once PINKI1 is activated, it phosphorylates ubiquitin as well
as the parkin Ubl at S65 (55-57). Even though S65 is
conserved among various ubiquitin-like modifiers and do-
mains as well as ubiquitin itself (55), the affinity of PINKI for
the parkin Ubl is 10-fold higher in comparison to monomeric
ubiquitin (70). Charging the really interesting new gene
(RING)-type E3 enzyme parkin with ubiquitin requires the
sequential action of the E1 ubiquitin-activating enzyme and a
cognate E2 conjugating enzyme. In the resting state, parkin is
folded in an auto-inhibited manner (71). Parkin activation
occurs upon binding to PINKI1-phosphorylated [pS65]ubiq-
uitin, which together with S65 phosphorylation in the parkin
Ubl domain causes a conformational change to the active state
(59, 72, 73). When such structural reorganization of the Ubl
domain and E2 binding site of parkin has taken place, the E3
ligase parkin promotes the attachment of ubiquitin to specific
MOM substrates during mitophagy (Fig. 2B). These events are
antagonized by PTEN-L, the first discovered ubiquitin phos-
phatase (74).

Priming steps for parkin translocation

At the onset of mitophagy, parkin is very efficiently trans-
located from the cytosol to the MOM of depolarized mito-
chondria, such that in model cells lines practically the entire
immunofluorescence signal is found associated with mito-
chondria within an hour. Active PINK1 on the MOM is
necessary and sufficient for this step (41). Abolishing PINK1
auto-phosphorylation at S228/S402 prevents parkin trans-
location after treatment of HeLa cells with the uncoupling
agent carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
(67). Importantly, PD-linked PINK1 mutations also compro-
mise this step and subsequent mitophagy (75, 76).

Pathogenic parkin mutations also impair mitophagy, either
by preventing mitochondrial translocation to depolarized
mitochondria or by failing to ubiquitylate its substrates
(41, 52, 77). More specifically, targeting parkin catalytic ac-
tivity by site-directed mutagenesis (C431S, C431F, and
G430D) or rendering the PINKI site unphosphorylatable
(S65A) delay or compromise parkin translocation to the
MOM after mitochondria depolarization (52, 57).

A straightforward model would posit that PINK1 accumu-
lated on depolarized mitochondria would phosphorylate
ubiquitin and parkin at the respective S65 residues, thereby
activating the parkin ubiquitin ligase holoenzyme and
enriching it on mitochondria by engagement with MOM
substrates. Indeed, phosphorylation of parkin at S65 in the Ubl
occurs without parkin reaching the MOM in cells expressing
catalytically inactive parkin (C431S) (77). Thus, PINKI1-
mediated phosphorylation of the parkin Ubl S65 may trigger
the induction of a fully active configuration of the parkin
enzyme with [pS65]ubiquitin (78). Activation of parkin pro-
motes its translocation from the cytosol to depolarized mito-
chondria. Accumulating on depolarized mitochondria,
phospho-ubiquitin stimulated parkin strongly promotes the
ubiquitylation of MOM proteins. Such ubiquitin molecules
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become substrates for further PINKI1 phosphorylation,
generating a feed-forward amplification loop at the MOM.

A specific subset of E2 ubiquitin-conjugating enzymes was
identified that regulated parkin-dependent mitophagy (79, 80).
Curiously, even the combined knockdown of these parkin
coenzymes UBE2N, UBE2L3, and UBE2D2/3 only delays
parkin recruitment and subsequent mitochondrial ubiq-
uitylations and p62 localization to depolarized mitochondria,
indicating additional regulatory steps for parkin recruitment
and the process of mitophagy.

It seems hard to envision that cells rely for the intricate
control of mitophagy on random vicinity of cytosolic ubiquitin
and parkin with PINKI accumulated on depolarized mito-
chondria. New insights into ubiquitin chain structures during
mitophagy recently reveal similar relative amounts of mono-
ubiquitylated and single-branched ubiquitin species in HeLa
cells expressing catalytically active or inactive mutant (C431S)
parkin, suggesting the presence of a mono-ubiquitin and
single-branched ubiquitin coat in depolarized mitochondria
(81). Likewise, recent global ubiquitylome analyses show
similar amounts of mono-ubiquitylated and single-branched
ubiquitylation species in induced neurons expressing both
wild-type or nonphosphorylable parkin (S65 A) after 6 h of
mitochondria depolarization (82). The mitochondrial E3 ligase
MITOL mediates constitutive MOM protein ubiquitylation
(83) that would become directly phosphorylated by PINK1 on
the MOM of depolarized mitochondria, generating a phos-
phorylated MOM-ubiquitin coat available for parkin to ubiq-
uitylate (Fig. 24). In addition, the mitochondrial ubiquitin
ligase MULL acts upstream of the PINK1/parkin pathway,
restraining mitofusin-2 (MFN2) and hence maintaining
mitochondrial morphology and ER-mitochondria contacts in
stressed mature neurons (84).

Parkin-mediated ubiquitylations

Parkin can ubiquitylate at least 2000 substrate proteins (85)
in an apparently peptide sequence nonspecific manner (83).
While the determination of parkin substrate specificity is quite
unclear, there is a cadence of consistent and functionally
important ubiquitylations during the process of mitophagy
(Fig. 2, B and C), some of which are highlighted in the
following.

Mitochondrial Rho GTPase (MIRO) proteins are important
factors for mitochondrial motility. In parkin-expressing HeLa
and SH-SY5Y cells, they are rapidly poly-ubiquitylated. Inter-
estingly, MIRO-2 is not completely eliminated for at least
90 min, and although the unmodified MIRO-1 band vanishes
with a half-life time of =20 min (86, 87), poly-ubiquitylated
MIRO-1 persists for several hours. Thus, parkin-mediated
ubiquitylations do not directly target MIRO proteins to pro-
teasomal degradation (88). Rather, MIRO-1 could initially
stabilize parkin on the MOM of damaged mitochondria and
thus contribute to parkin recruitment (89). PINK1 phosphor-
ylation of parkin Ubl (S65) is necessary for the activity of
parkin towards MIRO-1 (86). A priming role for PINK1-me-
diated phosphorylation of MIRO-1 S156 (88) could not be
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confirmed (86, 87). Possibly the regulation of MIRO-1 turn-
over is more complex and involves additional phosphoryla-
tions at T298/299 (90). As the MIRO proteins drive
mitochondrial trafficking, their subsequent degradation ren-
ders mitochondria more stationary for efficient autophagic
removal (91). Moreover, by interaction with VPS13D, MIRO
proteins regulate mitochondrial contacts with ER (92), possibly
influencing the engagement with nascent phagophores.

Parkin recruited to depolarized mitochondria ubiquitylates
MEN proteins and thereby marks them for rapid proteasomal
degradation (93, 94). As a consequence of quick MFN degra-
dation, the damaged mitochondrial network fragments, which
is important for efficient mitophagy (95). Moreover, the
PINK1/parkin-induced burst of MFN2 phospho-ubiquitylation
triggers p97-mediated MFN2 complex disassembly and thus
reduces the tethering of mitochondria with ER, facilitating
mitophagy (96). On the other hand, parkin has also been re-
ported to have an impact on mitochondrial fission by actively
ubiquitylating the dynamin-related protein 1 (DRP1) and tar-
geting it for rapid proteasomal degradation (97). In the context
of mitophagy, where the mitochondrial network needs to be
broken down (95), parkin-dependent degradation of the fission
factor DRP1 would be counter-intuitive. Rather, PINK1 and
parkin facilitate the recruitment of DRP1 and hence mito-
chondrial fission (98, 99). Indeed, proteomic studies identify
strong parkin-dependent ubiquitylation sites of MFN1/2 after
short times of mitochondrial depolarization, but hardly any
consistent ubiquitylation events and no degradation of DRP1
seem to appear (82, 100). Thus, parkin-mediated poly-ubiq-
uitylations directly downregulate fusion factors and more
indirectly attract fission factors, which promote the mito-
chondrial fragmentation necessary for efficient autophagic
removal.

Porins comprise a class of parkin substrates that was
recognized early on in experiments knocking down VDAC1
(52). In mammals, these most abundant MOM proteins exist
in three isoforms: voltage-dependent anion selective channel
VDAC1-3. While the relative contribution of each individual
VDAC for distinct steps of mitophagy was somewhat contro-
versial (52, 101, 102), the cytosolic loops of all three VDACs
were confirmed to contain lysine residues ubiquitylated by
parkin (103). Ubiquitylation of VDACI as a paradigmatic
parkin substrate was assessed after the gating step of MFN2
degradation and disruption of ER-mitochondria tethering
upon induction of mitophagy (96). Furthermore, VDAC in-
teracts with the mitochondria-associated isoform of hexoki-
nase (HK2), which is implicated with parkin-mediated
mitophagy as well (104, 105). Individual VDAC protein
expression levels and ubiquitylation stoichiometry might differ
with cell type and culture conditions, but VDACs are certainly
targeted in parkin-mediated mitophagy, and it is possible that
specific VDAC isoform PTMs affect selective aspects of
mitochondrial quality control. For example, it was recently
found that VDACI poly-ubiquitylations promoted mitophagy,
whereas mono-ubiquitylation of VDACI at K274 rather
conferred apoptosis (106).
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In addition, parkin ubiquitylates and thus labels for degra-
dation a number of additional MOM proteins, including
subunits of the translocase of the outer membrane TOM?20,
TOM40, and TOM70 (107, 108). In fact, the TOM complex
plays an important role in PINK1/parkin-mediated mitophagy
(109), and the translocon is particularly targeted by one of the
major deubiquitylating enzyme (DUB) modulators of parkin,
the ubiquitin-specific protease USP30 (82, 110).

Mitophagy ubiquitin linkage code

Ubiquitin contains seven lysine residues (K6, K11, K27, K29,
K33, K48, and K63). Depending on the lysine used as a linkage
for attaching the next ubiquitin molecule, several distinct
ubiquitin chains may form that will differ on their acquired
structure. While some chains have clear physiological conse-
quences such as K48 or K63-linkage chains, which trigger
proteasomal degradation or autophagy activation, respectively,
less is known about the other poly-ubiquitin chains (111).

Even though the detailed linkage types and structures of the
ubiquitin chains built on parkin substrates are unknown to
date, initial studies focused on ubiquitin chain types during
mitophagy showed that parkin-dependent mitophagy triggers
the elimination of mitochondrial substrates by building K48-
linked, proteasome-targeting poly-ubiquitin chains (107) as
well as the formation of K63-linked poly-ubiquitin chains
targeting for autophagy (80, 101). Moreover, K27 linkages were
detected (52, 86). Indeed, parkin is able to build other types of
ubiquitin-linked chains (K6, K11, and K27) apart from K48
and K63, not only linear but also branched poly-ubiquitin
chains (77, 82, 112). The timing of parkin target selection
and the linkage specificity of ubiquitin chain elongation are
likely regulated by PTMs and regulatory factors that need to be
further elucidated. How parkin writes the ubiquitin code for
the mitophagy process is a key question for future studies.

Role of DUBs

The MOM protein ubiquitylations formed during mitoph-
agy are naturally subject to modulation by DUBs. The MOM
residing DUB USP30 directly removes ubiquitin molecules
attached by parkin on depolarized mitochondria, thus
impeding parkin-dependent mitophagy progression (113, 114).
Consequently, USP30 knockdown in a Drosophila model res-
cues defective mitophagy and fly behavior (113). Remarkably,
USP30 acts poorly on Ké-linked ubiquitins that are phos-
phorylated at the PINK1 site S65 (115, 116). Similarly, USP15
also has a direct impact on removing parkin-mediated mito-
chondrial ubiquitylations (117). Knockdown of USP15 in PD
patient fibroblasts—which have reduced parkin levels—rescues
mitophagy defects (117). Moreover, parkin itself is deubiqui-
tylated on the MOM by USP33, notably at an apparently
regulatory site (K435), leading to altered ubiquitin linkage
activities and thus interfering with parkin recruitment and
mitophagy (118). Conversely, USP8 actually promotes parkin-
dependent mitophagy by preferentially removing autocatalyt-
ically formed K6-linked ubiquitin conjugates from parkin. In
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the absence of USPS8, persistent K6-linked poly-ubiqutin
chains on parkin interfere with the translocation of parkin to
depolarized mitochondria and the promotion of mitophagy,
possibly by affecting the functional interactions with PINKI1-
phosphorylated ubiquitin and/or interactions with ubiquitin-
binding autophagy receptors (119).

Additional DUBs regulate mitophagy in a more indirect
manner. USP35, which associates with mitochondria under
normal conditions, translocates to the cytosol when mito-
chondria are depolarized (114). Perhaps the dissociation of the
DUB USP35 from depolarized mitochondria is sufficient to
facilitate actions of the ubiquitin ligase parkin. It remains
unknown whether USP35 additionally regulates components
of the autophagy machinery as was shown, e.g, for USP33
(120). In fact, USP36 is a powerful regulator of mitophagy
although it remains nuclear and does not translocate to
mitochondria even under conditions of mitophagy (121).
Instead, USP36 regulates the expression of ATG14L/beclin-1,
possibly via epigenetic mechanisms.

Taken together, the process of parkin-mediated mitophagy
is modulated at multiple steps: the direct parkin DUBs affect
parkin activity and recruitment to damaged mitochondria in a
facilitating (USP8) or repressive manner (USP33), the parkin-
mediated MOM protein ubiquitylations can be subsequently
removed (USP15, USP30) or left untouched (USP35), and
specific effectors of the autophagy/mitophagy machinery can
be indirectly regulated (USP36).

Parkin-independent mitophagy

In addition to the PINKI/parkin-dependent mitophagy
pathway described above, alternative parkin-independent
pathways can recruit LC3 to mitochondria and promote
their selective autophagic elimination (122, 123). Two different
parkin-independent mechanisms can be distinguished: (1)

A | Receptor-mediated

receptor-mediated or (2) ubiquitin-mediated mitophagy
(Fig. 3). In response to low oxygen (hypoxia) or mitochondrial
uncoupling, receptor-mediated mitophagy will take place.
Autophagy receptors residing at the MOM, which are regu-
lated by phosphorylation or dephosphorylation, directly
interact with LC3 molecules attached to the autophagosome,
thereby promoting mitochondrial elimination through auto-
phagy (124). BNIP3 and NIX are two MOM residing auto-
phagy receptors that can be phosphorylated in their LIR
domains (S17 or S34 and S45, respectively), promoting their
interaction with LC3 (125, 126). Up to the present day, the
kinases responsible for BNIP3 and NIX activation remain
unknown. FUNDC1 is another MOM autophagy receptor that
is auto-inhibited in basal conditions. FUNDCI1 is intrinsically
phosphorylated at Y18 and S13 by Src kinase and casein kinase
2, respectively. It becomes active under conditions of
severe hypoxia, where the phosphoglycerate mutase family
member 5—a  mitochondrial  serine/threonine-protein
phosphatase dephosphorylates S13, allowing the interaction
of the LIR domain with LC3 (127, 128). Additionally, ULK1
phosphorylation at S17 enhances LC3 interaction (25).

The activating molecule in beclin-1 regulated autophagy
protein 1 (AMBRA1) was identified as a parkin-interacting
protein mediating the propagation of mitophagy (129). Tar-
geting of the autophagy receptor AMBRA1 to mitochondria
directly couples to LC3 via a LIR motif and thus, launches
mitophagy circumventing parkin and p62 (130). Like most
autophagy receptors, AMBRA1 can be phosphorylated in the
vicinity of the LIR motif (at S1014), which stimulates coupling
to LC3B and promotes mitophagy. The inhibitor of nuclear
factor kB (NF-kB) kinase-a was validated to phosphorylate its
consensus sequence around S1014 -near the AMBRA1 LIR
motif- upon mitophagy (131). How AMBRALI and its associ-
ated factors accumulate on mitochondria for cargo-selective
autophagic clearance remains to be further studied, as well
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Figure 3. Parkin-independent driven mitochondria elimination. A, receptor-mediated mitophagy depends on phosphorylation of MOM-anchored
autophagy receptors (i.e., NIX, BNIP3, AMBRA1, FUNDC1). Additionally, phospholipids such as cardiolipin can also act as autophagy receptors once they
are externalized to the MOM under mitochondrial stress conditions. B, ubiquitin-mediated mitophagy involves parkin-independent E3 ligase ubiquitylations
that specifically decorate mitochondria for subsequent autophagic removal. Such ubiquitylations may be performed by MOM-residing E3 ligases
(i.e., MUL1), cytosolic E3 ligasses that translocate to mitochondria upon mitochondrial stress conditions (i.e., HUWET1) or ER-residing E3 ligases (i.e., gp78)
that, together with MOM-residing ubiquitin ligases, act on ER-mitochondrial contact sites, enhancing mitochondria fragmentation and facilitating specific

autophagic elimination of mitochondria.
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as the potential regulatory role of Bcl-2 proteins interacting
with AMBRAL1 (132).

In addition to protein phosphorylations, other PTMs can
also regulate autophagy. Protein lysine acetylation (133) is a
straightforward part of the nutrient-sensing program, as all
nutrients can be metabolized to acetyl-CoA under permissive
cellular conditions. Specifically, general control of amino acid
synthesis protein 5-like 1 (GCN5L1) is a positive regulator of
protein acetylation in mitochondria (134). GCN5L1 deficiency
leads to the association of LC3 and p62 with mitochondria and
subsequent mitochondrial cargo-selective autophagy in an
ATG-dependent but parkin-independent manner (135). In this
experimental system using HepG2 cells, knockdown of the
mitochondrial deacetylase sirtuin-3 (SIRT3) attenuated the
mitochondrial recruitment of p62 and LC3-II promoted by
GCNS5LI knockdown (135). In oxidatively stressed endothelial
cells, induction of SIRT3 promotes mitophagy via deacetyla-
tion of the forkhead box protein O3, promoting the stimula-
tion of gene batteries regulating mitochondrial biogenesis,
fission/fusion, and the mitophagy effectors BNIP3, NIX, and
LC3 (136). In oxidatively stressed endothelial cells, SIRT3 may
directly impact on PINK1 and parkin (137). Moreover, SIRT3
can deacetylate optic atrophy protein 1 (OPA1), a mitochon-
drial fusion factor, which promotes mitochondrial integrity in
stressed heart cells (138). Thus, the protein deacetylase SIRT3
could be a master regulator of mitochondrial turnover, quality
control and mitophagy (139), both under normal conditions
and in stressed cells with activated PINK1/parkin. However,
the effects of SIRT3 are highly complex, and the molecular
details for cargo-selective mitophagy in specific cell types
remain to be resolved.

Mitochondria are rich in iron bound cytochromes and
iron-sulfur clusters. Remarkably, the iron chelator defer-
iprone was a powerful inducer of PINK1/parkin-independent
selective mitophagy even in PD patient fibroblasts (140).
Deferiprone treatment causes the autophagy receptor FKBP8
on mitochondria to interact with LC3, thus initiating parkin-
independent mitophagy (42, 141). Likewise, deferiprone
induces mitochondrial clearance in myotubes by hypoxia-
inducible factor 1-a mediated transcriptional induction of
the LC3-binding autophagy receptors BNIP3 and NIX but,
interestingly, instead of autophagic degradation in this case,
mitochondria were secreted as extracellular vesicles (142).
Taken together, iron homeostasis is important for PINK1/
parkin-independent mitochondrial clearance.

Cardiolipin is a phospholipid normally residing at the MIM,
which can be externalized under mitochondrial stress condi-
tions by phospholipid scramblase-3. Such relocalization to the
MOM allows cardiolipin to directly bind to LC3 (43), thus
acting as a lipid kind of autophagy receptor in the regulation of
parkin-independent mitophagy (122) (Fig. 34).

Apart from parkin, other E3 ubiquitin ligases are also
capable of decorating the MOM with the purpose of targeting
them for specific autophagy elimination. The ubiquitin ligase
homologous to the E6-AP carboxyl terminus, ubiquitin-
associated and WWE domain-containing protein 1 (HUWEL1)
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acts as an alternative to parkin, binding AMBRAl upon
mitophagy. Similar to parkin, HUWEL can be recruited to
depolarized mitochondria where it ubiquitylates MFN2 for
proteasomal degradation (131). The ubiquitylation of MOM
proteins may drive AMBRA1 activation and further mitophagy
progression (131) (Fig. 3B).

Glycoprotein 78 (gp78), a ubiquitin ligase important for
ER-associated degradation, has been shown to promote
mitophagy in the absence of the ubiquitin ligase parkin (143).
Like parkin, gp78 ubiquitylates MFN proteins to target them
for proteasomal degradation, thereby promoting mitochon-
drial fragmentation. Interestingly, gp78 engages LC3 to
ER-associated mitochondrial sites and promotes mitophagy
in an ATG5-dependent manner. Gp78 levels are regulated by
self-ubiquitylation as well as ubiquitylation by the ubiquitin
ligase mahogunin RING finger protein 1 (MGRNI).
Expression of a disease-causing prion protein disrupts the
Ca”*-dependent interaction of MGRN1 with gp78 (144),
preventing the degradation of gp78 and thus initiating
mitophagy. It is possible that calcium stress affects turnover
of ER—mitochondria contact sites, involving the alternative
ubiquitin ligase gp78, also in a PINKI1-dependent
manner (145).

The mitochondrial ubiquitin ligase MULL shares many
substrates with parkin and is able to compensate for PINK1/
parkin loss of function in the context of PD, in Drosophila and
mouse neurons, ubiquitylating MFN2 and promoting its
degradation through the proteasome system (146). MUL1 can
act together with MFN2 to control mitochondria morphology
and ER-mitochondria contracts, and thus, it is suggested that
when MUL1-MFN2 pathway is disrupted, the PINK1/parkin
mitophagy pathway will be activated (84).

In addition to completely PINKI/parkin-independent
mitophagy pathways, the ariadne-1 homolog in humans
(ARIH1) promotes mitophagy in cancer cells independently of
parkin but in a PINKI-dependent manner (147). ARIH1 is
structurally very similar to parkin (148), but the expression
pattern of these two ubiquitin ligases is quite different.
Whereas parkin is widely expressed in neuronal cells and ab-
sent in many cancer cell lines (149), ARIH1 is highly expressed
in various cancer cells (147). Interestingly, ARIH1 expression
in cancer cells allows for apoptosis avoidance against chemo-
toxicity, suggesting that ARIH1-mediated mitophagy contrib-
utes to a chemotherapy resistance mechanism (147).

PINK1 and parkin are not only expressed in the nervous
tissue but also in the muscle (150, 151). Both neurons and
myocytes strongly depend on mitochondria. Thus, the com-
plete autophagic elimination of mitochondria via the PINK1/
parkin pathway commonly studied in cultured cell lines that
satisfy their energy demands largely by glycolysis may not be
reflected on all accounts in the brain, muscle, and heart in vivo.
While DRP1-mediated mitochondrial fission is important for
mitophagy in neurons and cardiomyocytes, parkin acts merely
as a facilitating factor but not as essential regulator of
mitophagy in neurons and cardiomyocytes (152). In this case,
labeling of mitochondria with ubiquitin and the recruitment of
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p62 can occur even in the absence of the ubiquitin ligase
parkin.

Roles of accessory factors
Mitochondrial fission/fusion factors

Mitochondrial fission was recognized early on to be
important for mitophagy (95), likely to pinch off damaged
fragments from the mitochondrial network for piecemeal
mitophagy. Mitochondrial fission and autophagic removal are
coupled by parkin via pathways associated with dephosphor-
ylation of DRP1 at S637 in its GTPase domain (98). The
mitochondrial dynamics protein of 51 kDa is an important
cofactor for parkin/DRP1-mediated mitochondrial fragmen-
tation and autophagic removal, with mitochondrial dynamics
protein of 49 kDa and the mitochondrial fission factor (MFF)
also contributing (98). The ULK1/Atg1 kinase AMPK (14) also
phosphorylates MFF at S172 (and S155) between the

U
A

Mitochondrial fractionation

DRP1-interacting domain and the C-terminal mitochondrial
targeting transmembrane domain (153) and may thus promote
fission and mitophagy in cells suffering from energy crisis
(Fig. 4A). Moreover, MFF expression is regulated by the RNA-
binding translation repressor pumilio2 in an age-dependent
manner (154). MFF/DRP1-fissioned mitochondria may then
be delivered to the autophagolysosomal pathway by the
ubiquitin-binding protein VPS13D (155). Moreover, MUL1
acts not only as a ubiquitin ligase but can also transfer the
small ubiquitin-related modifier (SUMO) to DRP1. The mixed
activities of MULLI as a stabilizing DRP1-SUMO ligase and a
destabilizing MFN2-ubiquitin ligase promote mitochondrial
fission (156). Taken together, mitochondrial fragmentation
and mitophagy are coordinated events ensuring optimal
quality control for the mitochondrial network (Fig. 4).
Depletion of the mitochondrial fusion factors MFN and
OPAL1 causes hypofusion of the MOM and MIM, respectively
(157). Downregulation of mitochondrial fusion factors would
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Figure 4. Fission and fusion factors driving mitophagy. Mitochondrial fragmentation triggers mitophagy while mitochondrial fusion has the opposite
effect (upper scheme). A, mitochondrial fragmentation can occur through (1) parkin-dependent ubiquitylation of MFN, targeting MFN for proteasomal
degradation, (2) phosphorylation of MFF by AMPK or (3) dephosphorylation of DRP1. Once mitochondria are fragmented, mitophagy is induced in an ATG5-
dependent manner through recognition of ubiquitin chains via autophagy receptors or direct recognition of dephosphorylated DRP1 by FUNDCI.
B, mitochondrial fission can be triggered by the RAB9/ULK1 complex, which indirectly influences the phosphorylation of DRP1. In this pathway, selective
autophagy is activated in an ATG5-independent manner; the maturation of the phagosome is accomplished by the interaction of trans-golgi and late
endosome membrane fusion. C, mitochondrial fusion can be driven through a change in DRP1 phosphorylation status by protein kinase A or by direct
inhibition of L-OPA1 cleavage by SIRT4.

10 J. Biol. Chem. (2021) 297(5) 101339

SASBMB

99



Results

Manuscript 111

JBC REVIEWS: Regulation of mitophagy by posttranslational modifications

shift the mitochondrial morphology dynamics toward frag-
mentation. A major factor driving fragmentation of damaged
mitochondria is the parkin-mediated ubiquitylation of MEN,
targeting for proteasomal degradation of a key mitochondrial
fusion factor (see above). Interestingly, depletion of MFN1
may also contribute to mitochondrial quality control in the
female germline (158). Due to the relatively poor proofreading
capacity of the mitochondrial DNA polymerase, mtDNA
mutations accumulate that must be carefully removed from
the maternal germline by purifying selection (159). As recently
shown in Drosophila, mitochondrial fragmentation in early
developing oocytes is necessary and sufficient for germline
mtDNA selection (158). This process does not occur via the
PINK1/parkin pathway. Rather the fragmented mutant mito-
chondria produced less ATP, which marked them for auto-
phagic clearance involving Atgl and BNIP3, but not Atg8a
(158). BNIP3-like targeting mitochondria to autophagy path-
ways independent of the ATGS8 upstream activator ATG7 had
been also suggested for the elimination of mitochondria from
red blood cells (49, 160). An alternative macroautophagy
pathway regulated by Atgl/ULK1 and beclin-1 was described
in Atg5~'"/Atg7""~ double-knockout mouse embryonic fibro-
blasts, where autophagosomes seem to be assembled in a
RAB9-dependent manner by the fusion of isolation mem-
branes with vesicles derived from the trans-Golgi and late
endosomes (161) (Fig. 4B). Such a parkin- and ATG7-
independent but ULKI1- and RAB9-dependent alternative
mitophagy pathway involving DRP1 protects cardiomyocytes
against ischemic damage (162). ULK1 becomes phosphory-
lated prominently at the AMPK site S555 (14). In starved
cardiomyocytes, (pS555)ULK1 phosphorylates RAB9 at S179,
which leads to the formation of an (pS555)ULK1/(pS179)
RAB9 complex on mitochondria, that recruits the receptor-
interacting protein kinase 1, which in turn mediates the
fission-promoting phosphorylation of DRP1 at S616 (162).
This mitochondrial fission/mitophagy complex eventually as-
sociates also with the autophagolysosomal fusion SNARE
syntaxinl7. The regulation of mitochondrial cargo selectivity
of alternative macroautophagy in developing and stressed cells
remains to be studied in detail.

MENT1 is the major MOM fusion factor and OPA1 regulates
MIM fusions (157). Similar to MEN depletion, OPA1 defi-
ciency results in mitochondrial fragmentation due to hypo-
fusion, which facilitates mitophagy in optic atrophy patient
fibroblasts (163). Interestingly, the mitochondrial autophagy
receptor FUNDCI not only couples to LC3 during hypoxia-
mediated mitophagy (164), but also promotes mitochondrial
fragmentation by shifting the binding of FUNDCI from OPA1
to the mitochondrial fission factor DRP1 (128). This shift is
regulated by FUNDCI dephosphorylation at S13 near the LIR
motif. Thus, mitochondrial fission and autophagy engagement
may be efficiently integrated cellular processes connected by
multifunctional autophagy receptors, subject to regulation of
PTMs.

Conversely, hyperfusion spares mitochondria from degra-
dation upon starvation-induced autophagy (165, 166). In this
case, phosphorylation of DRP1 prevents the mitophagy-
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facilitating fragmentation of mitochondria. In addition, mito-
chondrial fusion is achieved by preventing cleavage of the
fusion-promoting long isoform L-OPA1 by the endopeptidase
overlapping with the mitochondrial matrix ATPase associated
with diverse cellular activities (m-AAA) protease 1 (OMAI)
(Fig. 4C). Regulated expression of OMAl may modulate
mitophagy via OPAl-mediated morphology dynamics
(167, 168). The mitochondrial sirtuin SIRT4 was reported to
bind and elevate levels of L-OPA1, suppressing mitophagy by
mitochondrial elongation (169). It remains to be further
elucidated which protein deacetylations mediate sirtuin effects
on mitochondrial metabolism and cargo-selective autophagy
(see also above).

Bcl-2 family members

The MOM, which connects to the autophagy machinery
during mitophagy, is strongly influenced by members of the
Bcl-2 family. Bcl-2 proteins are key regulators of MOM
permeability controlling the intrinsic, mitochondrial apoptosis
pathway. It is becoming increasingly clear that Bcl-2 proteins
have functions beyond their involvement in the regulation of
apoptosis (170), including mitochondrial physiology and
autophagy (Fig. 5). For example, interactions of anti-apoptotic
Bcl-2 family members with beclin-1 repress autophagy
(Fig. 5A). Specifically, beclin-1 contains a Bcl-2 homology 3
domain (BH3) and hence binds to antiapoptotic proteins such
as Bcl-2, Bcl-W, Bel-X, and the induced myeloid leukemia cell
differentiation protein Mcl-1 (171, 172). Conversely, the
BH3-only Bcl-2 associated agonist of cell death (BAD) disrupts
the interaction of antiapoptotic Bcl-2 proteins with beclin-1,
thereby antagonizing autophagy repression (171).

Bcl-2 family members are also affected in PINK1/parkin-
dependent mitophagy. In CCCP-treated neurons, the upregu-
lated PINK1 phosphorylates ubiquitin S65 and with a similar
time course multiple serine residues of the Bcl-2 associated
agonist of cell death, suppressing its proapoptotic translocation
to mitochondria (173). Parkin can ubiquitylate the proapoptotic
Bcl-2 associated protein X (174, 175) and Bcl-2 homologous
antagonist/killer (BAK), the resulting proteasomal degradation
of these proapoptotic Bcl-2 family members would prevent
apoptosis to allow cells to cope with the mitophagic stress (176)
(Fig. 5B). On the other hand, the ubiquitin ligase parkin can also
target the prosurvival Mcl-1 for proteasomal degradation (177).
Thus, parkin may promote mitochondrial quality control by
triggering mitophagy while suppressing apoptosis by
ubiquitylation-mediated proteasomal targeting of proapoptotic
Bcl-2 family members but when the damage cannot be relieved,
parkin-mediated degradation of Mcl-1 may switch cell fate to
apoptosis (178) (Fig. 5C). Moreover, the prosurvival protein Bcl-
X actually represses mitophagy by direct binding to parkin and
hindering its translocation to mitochondria in various stressed
cells (179-181). In addition, PINK1 can phosphorylate Bcl-X;.
on the MOM of CCCP-treated SH-SY5Y cells, not regulating
mitophagy but rather suppressing apoptosis by preventing the
proapoptotic cleavage of Bcl-X. (182). Taken together, the
cytoprotective enzymes PINK1 and parkin are distinctively
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Figure 5. Bcl-2 like proteins influence on the activation of autophagy and apoptosis. A, Bcl-2 like proteins can interact with beclin-1, inhibiting its
autophagy function. BAD is able to relieve this repression, interfering with these interactions. B, under mitochondrial stress conditions, PINK1 phosphor-
ylates BAD and parkin ubiquitinates BAX and BAK, inhibiting their proapoptotic functions and promoting mitophagy. It is possible—though not yet proven
—that phosphorylation of BAD inhibits its proapoptotic functions also in this case. C, mitophagy can be inhibited by parkin-dependent ubiquitylation of the
antiapoptotic factor Mcl-1 or direct interaction of Bcl-X, with parkin, which directly inhibits parkin translocation to mitochondria. It remains to be elucidated
if both parkin-dependent ubiquitinations eventually trigger cell apoptosis and through which specific pathway. Arrowheads indicate activation, hammer-

heads indicate inhibition, dashed arrows indicate translocation.

interconnected with anti- and proapoptotic Bcl-2 family
members and mitochondria at the crossroads of mitophagy and
apoptosis (183), but the overall mechanism remains to be
elucidated.

Large-scale analyses of mitophagy-related processes

Integrative (multiomics) studies address biological pro-
cesses in which mitochondria play crucial roles, such as
mitophagy and apoptosis, with a strong disease-related
context (82, 103, 184). Development and improvement of
biochemical and bioinformatic tools allow the analysis of
PTMs of mitochondrial proteins, such as protein phosphor-
ylations or ubiquitylations (185-187). In the analyses of
disease-related changes in the ubiquitylome, further devel-
opment of existing methods enables the investigation of the
ubiquitin chain architecture. For example, the “Ub-clipping”
technique revealed that parkin mainly generates ubiq-
uitylations that are mono-ubiquitylated or only consist of a
short chain with a preference for distal ubiquitin phosphor-
ylation (81).

The integration of several layers of -omics studies is
essential to gain a more complete view of mitochondrial
biology. Recently such integrative studies were done in the
field of systems biology, e.g, for modeling biological processes
involving mitochondria. For example, combination of tran-
scriptomics, proteomics, and metabolomics data led to the
identification of the activating transcription factor 4 as a key
regulator of mitochondrial stress response in different
mammalian cell lines (188). Integration of transcriptomics and
proteomics data led to the identification of adaptive changes in
the protein expression after blocking the TOM complex
import machinery in yeast (189). Combination of multiomics
datasets with information on multiple cellular pathways allows

12 J. Biol. Chem. (2021) 297(5) 101339

even broader analysis of functional relationships. An example
is the switch between mitophagy and cell death, which rep-
resents a complex and so far only poorly understood process
(190). Another example of the importance of -omic studies as a
fundament for subsequent analysis is the VDACI ubiq-
uitylome. Ordureau et al. (103) described parkin-dependent
ubiquitylation events of multiple lysine residues on VDACI1
in a quantitative ubiquitylome analysis. VDAC1 serves as a
poly-ubiquitin anchor during mitophagy but can become an
essential part of the mitochondrial permeability transition pore
in apoptosis. The choice of apoptosis or mitophagy may be
driven by parkin-dependent mono- or poly-ubiquitylation on
VDAC1 K274 (106). As mentioned above, the decision be-
tween mitophagy and apoptosis is also regulated by functional
interactions of PINKI1 and parkin with antiapoptotic and
proapoptotic Bcl-2 family members. Large-scale mass spec-
trometric determinations of the phosphoproteome (173) and
ubiquitylome (100) help to appreciate the contribution of
PTMs in the complex interplay between mitophagy and
apoptosis. More advanced technologies will allow for even
better integration of multiomics data to ultimately enhance the
diagnosis and therapy of mitochondrial dysfunction in human
diseases (191, 192).

Mechanisms regulating mitochondrial cargo-selective
autophagy

Autophagy receptors connecting to-be-degraded cargo to
the autophagy machinery are logical regulatory effectors of
selective  autophagy. The tumor necrosis factor
receptor—associated factor family member associated NF-kB
activator-binding kinase 1 (TBK1) phosphorylates several
autophagy receptor proteins on multiple, autophagy-relevant
sites. When optineurin interacts with ubiquitin chains on
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MOM proteins during mitophagy, the constitutively
optineurin-bound TBK1 is recruited to mitochondria and
becomes activated (193, 194). TBK1-mediated phosphoryla-
tion of optineurin at 5473 (and S513) in the ubiquitin-binding
region further enhances the affinity of optineurin for poly-
ubiquitin chains (193)—including those phosphorylated by
PINK1 (194), thus promoting PINKI/parkin-dependent
mitophagy in a feed-forward manner (Fig. 2C). Moreover,
TBK1-catalyzed phosphorylation of S177—near the opti-
neurin LIR motif—stabilizes the binding of optineurin to
ubiquitylated mitochondria (39, 194), in addition to an in-
fluence on LC3 recruitment (193). Curiously, the LIR motif of
optineurin (and another mitophagy adaptor, NDP52) was
recently found to be dispensable for PINKI1/parkin-mediated
LC3/GABARAP recruitment and selective mitophagy (195).
Rather, the LIR motif mediates secondary, ubiquitin-
independent recruitment of optineurin and NDP52 to
nascent  autophagosomes, amplifying ULKI-regulated
mitophagy. NDP52 tethering to peroxysomes and mitochon-
dria, respectively, is sufficient to promote the recruitment of
the ULK1/FIP200 complex facilitated by TBK1 (196). The
function of NDP52 is the local recruitment of ULK1 for cargo-
selective pexophagy, mitophagy, and xenophagy (196, 197).

Conclusions and outlook

Selective removal of mitochondria—mitophagy—is essential
for cellular quality control during stress and disease as well as
in development. Thus, impaired mitophagy situations underlie
the pathogenesis of a number of chronic diseases such as
cancer, cardiovascular diseases, and neurodegenerative dis-
eases, with a particular link to PD via the recessive gene
products PINK1 and parkin. As outlined in this review, there
are multiple pathways capable of promoting mitochondria
elimination. While they all differ on their activation and action
mode, all of them depend on accurate PTM regulations for
their proper progression and functionality. Because it is
essential to understand the molecular mechanisms that trigger
mitophagy in all its possible ways, here we gathered the most
important PTMs that influence mitochondria targeting
mechanisms as well as autophagy-related processes, culmi-
nating with mitochondrial elimination.

Enormous research efforts in the past two decades identified
the core elements of autophagy (Fig. 1), stress-related PINK1/
parkin-dependent mitophagy (Fig. 2), receptor-mediated
mitophagy during development (Fig. 3), and the involvement
of fission/fusion factors (Fig. 4) and Bcl-2 family members
(Fig. 5). Now is an exciting time to build on this knowledge to
unravel the regulatory mechanisms that govern the different
mitophagy pathways. Recent advances and future improve-
ments in large-scale multiomic analyses will help in this
endeavor.

The AMPK-ULKI axis for starvation-induced autophagy is
well established. However, much of the PINKI/parkin
mitophagy knowledge is derived from cancer cell lines treated
with bulk uncoupling agents. Due to the Warburg effect,
though, cancer cells treated with uncoupling agents do not
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experience the same degree of energy crisis as cells subjected
to nutrient starvation. The autophagy machinery is clearly
activated during PINK1/parkin-mediated autophagy, but are
the upstream mechanisms exactly the same as in nutrient
starvation models? The recent discovery of a novel phos-
phorylation site in ULK1 regulating the alternative, ATG5-
independent autophagy (198) is a precedent showing that
even long-known players can exert novel modes for distinct
autophagy pathways. Moreover, abrupt complete breakdown
of AW, is obviously an idealized experimental condition with
questionable relevance particularly to postmitotic neurons
(199). The recent development of fluorescent reporter systems
confirms the occurrence of mitophagy in neurons, but further
research with more physiological systems and in vive aging
models is needed to clarify which mitophagy regulatory ele-
ments are global and which are more specific in distinct
stressed organs.

A key question is how the various ubiquitin ligases establish
the ubiquitin code on to-be-degraded mitochondria, and how
the autophagy machinery deciphers this code. Some substrates
appear straightforward, such as the proteasome-targeting K48-
linked poly-ubiquitylation of MFNs. The differential dynamics
of TOM ubiquitylations suggest a more regulatory impact of
the mitochondrial protein import machinery for the insertion
of PINK1 into the MOM and the execution of mitophagy. The
complex ubiquitin linkages that occur throughout the time
course of mitophagy (103) might indicate a meaningful pattern
of ubiquitin chains that have a signaling capacity much beyond
simple protein targeting. Methodological advances to detect
ubiquitin linkages and topologies (200) are instrumental in this
regard. Another issue is the experimental modeling of
ubiquitylated proteins. While protein serine/threonine phos-
phorylations can be mimicked faithfully in many cases by site-
directed mutageneis to aspartate/glutamate and substitution
with glutamine resembles acetyl-lysine to a certain degree,
protein ubiquitin modifications cannot be simply mimicked by
site-directed mutagenesis. Nevertheless, expanding the genetic
code with amber suppression at a desired residue combined
with sortase-mediated transpeptidation may provide a first
step toward introducing specific ubiquitylated protein species
into cells and study their functions (201).

Another issue to be fully resolved is the sequential dynamics
of PTMs on the MOM and accessory factors. While the
initiation phase is reasonably well understood (e.g., PINKI1
phosphorylation of ubiquitin S65 and the activation of parkin,
proteasome-targeting MFN ubiquitylations), it is less clear if
there are later checkpoints. Are there more convergence
points of PINK1/parkin labeled mitochondria with compo-
nents of the autophagy machinery (for example, the ULK1
complex, ER—mitochondria contacts, phagophores, etc.), and
how would those comprise checkpoints regulating mitophagy
throughout the entire time course? Are priming phosphory-
lations and/or dephosphorylations required for subsequent
ubiquitin modifications and substrate selection of the E3 li-
gase(s)? Would these be exclusively mediated by the currently
known ubiquitin kinase PINK1 and phosphatases, respec-
tively? Is the cascade of ubiquitin ligases MUL1-MITOL-
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parkin established or would there be more E3 ligases involved,
also in feedback with distinct autophagy regulators? Does this
have an impact on the types of (phospho)ubiquitin chains built
on MOM substrates and the writing of a putative mitophagy
ubiquitin code? And finally, are the regulatory PTMs restricted
to the interface of the MOM with autophagy membranes? The
nuclear USP36 is a strong regulator of mitophagy controlling
the expression of ATG14L (121). Could [pS65]ubiquitin act as
a signal transducer from PINKI1 accumulated on damaged
mitochondria into the nucleus (202), affecting epigenetic and
transcriptional regulators of stress-induced mitophagy?

Are protein phosphorylations, acetylations, and ubiquitin
modifications the only PTMs regulating mitophagy? Recent
evidence points to glycosylations. N-glycanase 1 (NGLY1)
deficiency is a rare congenital disorder leading to global
developmental delay and a multisystem syndrome including
neuropathy. Interestingly, NGLY1 knockdown significantly
impaired mitophagy in HeLa cells stably expressing parkin
(203). While NGLY1 can regulate transcription of proteaso-
mal genes via deglycosylation of the nuclear factor erythroid
2-like 1, a very recent study identified AMPKa as a novel
NGLY1 target integrating energy sensing and mitochondrial
homeostasis (204). It will be interesting to further study gly-
cosylations in the regulation of autophagic turnover of
mitochondria.

More questions arise when thinking of the cargo-selective
specificity of (1) alternative macroautophagy in developing
and stressed cells in general or (2) autophagy adaptors in
particular, which may or not be driven by PTM modulations.
More specifically, it still remains to be elucidated (1) which
implications have sirtuin actions on mitochondrial metabolism
and cargo-selective autophagy and (2) how do AMBRAI and
its associated factors accumulate on mitochondria for cargo-
selective autophagy removal. Another interesting point to be
addressed is how Bcl-2 like proteins may regulate autophagy
adaptors (i.e., AMBRAL) or other E3-ligases (i.e., HUWEL,
MITOL, MULI). Increasingly sophisticated multiomic screens
and future developments in biotechnological methodology
combined with hypothesis-driven functional validations of
PTM targets all along the mitophagy pathways will undoubt-
edly advance the comprehensive understanding of this vital
process.
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4. Discussion
This chapter represents an extension of discussions from the manuscripts.

Understanding the underlying molecular mechanisms of PINK1/parkin-dependent
mitophagy, helps to deepen our understanding of mitophagy and thereby to counteract
severe diseases such as Parkinson’s disease*?®. The development of quantitative
proteomics workflows in combination with techniques to study PTMs that are involved
in mitophagy (phosphorylation and ubiquitylation) are therefore of great importance. In
this thesis, a quantitative proteomics workflow was first established to assess parkin-
dependent changes in the proteome, ubiquitylome and phosphoproteome. In addition
to the previously described initiation mechanisms during PINK1/parkin-dependent
mitophagy, the so far understudied late stages of mitophagy, which correspond to the
final step of mitochondrial degradation, have been investigated. The mechanisms of
mitochondrial degradation by lysosomal and proteasomal actions was investigated in

more details in dedicated experiments.

4.1. The quantitative proteomics workflow

The application of subcellular protein fractionation in combination with high pH RP
fractionation, proved to be highly efficient in increasing the number of mitochondrial
proteins to around 62%, as annotated by MitoCarta3.0333. Out of the five generated
subcellular protein fractions, three fractions that were enriched either for proteins
related to mitochondria or mitophagy were pooled (fraction 1 to 3). Although alternative
protocols were tested and evaluated for the efficiency of mitochondria enrichment,
none of those met all the requirements to study dynamics on the proteome,
phosphoproteome and ubiquitylome during early and late stages of mitophagy. An
alternative procedure could have been the enrichment of pure or crude
mitochondria3343°, This might have allowed an even deeper coverage of the
mitochondrial proteome (e.g. stable identification of PINK1 across all samples).
However, since most of mitochondria enrichment protocols depend on physical
integrity of mitochondria (e.g. separation in a density gradient or by differential
centrifugation) these protocols would not have allowed us to study the full
mitochondrial proteome during late stages of mitophagy once mitochondria are
disrupted or engulfed by the autophagosome and lysosome machinery338430  An
additional criterium was the ability to study all mitophagy relevant organelles. Since

parkin is only recruited to the mitochondrion upon PINK1 accumulation and
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phosphorylation of ubiquitin, the subcellular fraction enriched for cytoplasmic proteins
that also had to be included in this analysis?3°. Although the subcellular protein
fractionation kit allowed for the enrichment of proteins annotated for subcellular
organelles in line with assignments by the vendor, contamination of mitochondrial
proteins in other fractions was found. These minor contributions could derive from
unavoidable imprecise transfer of fractions during sample preparation or by inter-
organelle contact sites between mitochondria and the nucleus*’. To preserve this
information and to further increase the number of mitochondrial proteins, the fraction
enriched for soluble nuclear proteins was included for subsequent analyses. Finally,
since subsequent enrichment protocols for post-translational modifications, need high
amounts of starting material (minimum 1 mg per condition), only the subcellular protein

fractionation kit with pooling of fraction 1, 2 and 3 could be applied432433,

The quantitative approaches differ between (phospho-)proteome and ubiquitylome
analysis. Undoubtably, the TMT-10plex labeling approach represents the more elegant
labeling method in comparison to the complex dimethyl labeling scheme applied here.
Instead of separating sets of three labeling channels that share a reference time point
per cell line, the application of TMT allows to study all five treatment time points (Oh,
2h, 6h, 12h, 18h) and the two cell lines (parkin wt, parkin C431A) at once. However,
the high sample input material needed for the in-depth proteome and
phosphoproteome coverage after RP high pH fractionation (3 mg per triple dimethyl
set), prevented the costly TMT labeling approach for this application*3*. Application of
the TMT labeling approach to study dynamics of ubiquitylation that usually requires
high input material (up to 10 mg) was only feasible with the newly developed UbiSite
approach that labeled only enriched GlyGly-remnant peptides*®?. Therefore, the
applied quantitative workflow presented here reflects the adaptation for the actual

sample requirements.

4.2. Studying parkin-dependent mitophagy in HelLa

The application of the HelLa cells to study late stages of mitophagy represents an
important criterion. PINK1/parkin-dependent mitophagy can only be artificially
introduced to HelLa cells that normally do not express parkin“3®®. Therefore, other
groups studied mitophagy on more clinically relevant cell lines like human embryonic
stem cell (RNESC) iNeurons?36. Several reasons prompted us to use the HeLa cell line

instead. First, the lack of endogenous parkin, allowed us to study effects of parkin-
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ligase dead in a parkin-free background. Second, the parkin C431A cell line had
already been validated as highly efficient to study parkin-dependent mitophagy43®.
HelLa cells tolerate the complete loss of mitochondria better than neuronal cells*%. Due
to the so-called Warburg effect present in cancer cells, HeLa predominantly obtain ATP
from glycolysis rather than the ETC*¥. Therefore, HelLa cells exclusively allow for

studying parkin-dependent mitophagy not only during early, but also late stages.

Several key events during parkin-dependent mitophagy were validated by my
proteomics approach. First, the activity of PINK1 was validated by an upregulation of
S65 phosphorylation on ubiquitin. This is one of the most upstream events during
mitophagy (2h post-mitophagy induction), and is therefore not impacted by ligase-dead
parkin?9, Next, parkin activity was validated by the relative abundance of the parkin-
preferred K6 and K63- polyubiquitin linkage chains?36, Because information on all
polyubiquitin linkages are lost during tryptic digestion, the GlyGly-modifications on
ubiquitin were used as a readout. With this approach, the window of parkin activity was
narrowed down predominantly to early stages of mitophagy (2-6 h post mitophagy
induction). Finally, the decrease of mitochondrial annotated proteins only in the
presence of functional parkin was evaluated as a correct initiation and progression of
mitophagy. Further indications would have been the accumulation on PINK1 and the
S65 phosphorylation on parkin??7438, Due to the very low protein abundance even
under conditions of depolarized mitochondria, | could only detect PINK1 in the most
extreme case during late stages of mitophagy and in the presence of the parkin mutant.
Phosphorylated parkin on serine 65 had mostly been identified by western blot analysis
and only after pull-down assays of parkin by MS*3. In a separate experiment to study
the parkin interactome, flag-tagged parkin was pulled down (unpublished data). Here

phosphorylation on serine 65 after 2h of CCCP treatment had been detected.

4.3. Mechanisms of mitochondrial degradation

To understand the role of parkin during late stages of mitophagy and the degradation
process, | next defined the mitochondrial proteome sensitive to mitophagy. These are
significantly regulated proteins with a high portion of mitochondrial annotated proteins
(more than 80%). Most of the non-mitochondrial significantly regulated proteins are
annotated as mitochondrial by other databases (like UniProt) or belong to organelles
that are in contact with mitochondria (e.g. PLD3, HAX1)*4, In accordance with the

known chronology of mitophagy events, mitochondrial protein degradation already
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starts after 2h upon mitophagy induction**'. However, the observed sequential
degradation of mitochondrial subcompartments was surprising. The same outside-in
pattern was observed for the ubiquitylation of proteins annotated for mitochondrial
subcompartments (discussed in detail in Manuscript I).

Although parkin lacks a stringent recognition motif, its activity window of 2-6h suggests
that it targets especially proteins of the OMM. However, protein ubiquitylation of IMM
and matrix proteins are more likely down-stream effects of parkin-activity. Most likely
other E3-protein ubiquitin ligases become activated and targeted to mitochondria only
after the OMM had been removed. In total eight candidate ligases were identified,
which show an upregulation of putative activating ubiquitylation events and 17 with a
significantly regulated ubiquitylation site. Ubiquitylation sites like HUWE1 K1107 that
match the parkin-activity window are of special importance for the regulation of down-
stream ubiquitylation of IMM and matrix proteins. E3-ligases can even be connected
to lysosomes. For example, the E3 ligase DTX3L was annotated for lysosomal
localization?#?. Interestingly, DTX3L serine 539 phosphorylation was identified as a
significantly up-regulated site after 12h of CCCP treatment. However, only in parkin
wild-type expressing cells. Located in close proximity to the zinc finger region (RING
domain), this phosphorylation site might have a regulatory role in mediating late stages

ubiquitylation events.

Although phosphorylation usually plays a fundamental role in cellular signaling,
mitophagy is primarily controlled by protein ubiquitylation. Only ~7% of quantified
phosphorylation sites were found to be significantly regulated, in contrast to 28% of
significantly regulated protein ubiquitylation sites. However, these sites could not be
connected to a distinct subcellular localization or biological process. One reason for
this high background could be the cell line used. As a cancer cell line, HeLa in general
shows a high activation of phosphorylation-mediated signaling**3. Of the dually
significantly regulated sites by phosphorylation and ubiquitylation on significantly
regulated proteins most are annotated for OMM (VDAC1, RMDN3, TOMM70) or IMM
(SLC25A11, AIFM1) localization. Interestingly, RMDN3 carries two significantly
regulated phosphorylation sites (serine 44 and 46), that peak after 6h post-mitophagy
induction and are further down-regulated during late stages of mitophagy. Both sites
are localized close to the N-terminal transmembrane domain of RMDNS3, which was

shown to be important for the integration into the OMM and induction of apoptosis*44.
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Therefore, it can be hypothesized, that the severe mitochondrial dysfunction induced
by very long treatment with CCCP (12-18h), start to reprogram the cell for apoptosis*°.
However, dedicated experiments need to be performed, that pinpoint the switch from
mitophagy to apoptosis**®. Although the experimental design described in this thesis
does not allow for clear distinction of mitophagy to other processes of the MQC, | found
evidences for prohibition of mitochondrial fusion during early stages and the induction
of apoptosis during late stages. Among the very early ubiquitylation targets during
parkin-dependent mitophagy (2h post mitophagy induction) are MFN1/2 which are
involved in mitochondrial fusion#4¢. Steric hindrance by ubiquitylation and/ or
subsequent protein degradation prohibit mitochondrial fusion and lead to small

fragmented mitochondria that are therefore prepared for selective degradation4’.

The detailed mechanisms of mitochondrial degradation were further analyzed in
subsequent efforts. After it was discovered, that proteasomal inhibition completely
inhibits mitophagy, a proteomics approach in addition to Western Blot, fluorescence
and electron microscopy was applied. While after 8h post-mitophagy induction OMM
annotated proteins and to a minor extend IMS and IMM are degraded, the degradation
of OMM proteins almost completely failed under conditions of proteasome inhibition.
Among these were proteins involved in mitochondrial fission (FIS1) and mitochondrial
fusion (MFN1). MFN1/2 dependent degradation by proteasome- and a AAA+ ATPase
p97 already suggested that proteins involved in mitochondrial dynamics are among
early targets, since the degradation of these prevent the fusion and subsequently
contamination of healthy mitochondria?®2. However, this experimental design does not
reveal whether the accumulation of OMM proteins is indeed an effect of dysfunctional
proteasome activity (reduced degradation), or secondary effects due to prolonged
MG132 treatment that causes oxidative stress and leads to reduced mitochondrial
import and sorting and accumulation of non-degraded mitochondrial proteins in the
cytoplasm#48-450_ However, inhibition of proteasomal activity after 2h of in total 8h of
CCCP treatment validated the dependency on proteasomal activity for the degradation
of OMM proteins. In contrast the degradation of mitochondrial matrix proteins was
found to be less impacted by proteasomal inhibition. Of these, subunits of the
mitochondrial ribosome machinery are especially prone to proteasomal inhibition. This
high dependency on proteasomal degradation can be linked to the excess synthesis
of these and the resulting fast degradation of non-assembled subunits*®!. However,

the chronology of mitochondrial subcompartment degradation assigned in this work
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only reflects a rough time course. To investigate the mitochondrial subcompartment
degradation (e.g. IMM) in dependency of the proteasome, a more detailed degradation

profile is required.

Taken together, in this work application of quantitative proteomics tools validated the
findings from the Kahle group that mitochondrial subcompartments are degraded not

only by the lysosome (mitochondrial matrix), but also by the proteasome (OMM).
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5. Conclusion and future perspectives

Quantitative proteomics showed to be a powerful tool to study not only the cross-talk
between protein ubiquitylation, phosphorylation and protein degradation during the
early, but also late stages of parkin-dependent mitophagy. By combining subcellular
protein fractionation techniques with quantitative strategies (dimethyl or TMT labeling)
and PTM enrichment (phosphorylated- and GlyGly-remnant peptides), the
understudied mechanisms of mitochondrial degradation process during late stages of
mitophagy had been examined. Furthermore, quantitative proteomics was applied to
investigate the impact of proteasomal activity on the degradation of submitochodrial

compartments. Taken together, this study led to the following conclusions:

1.) Temporal analysis of protein ubiquitylation and phosphorylation during parkin-
dependent mitophagy

a. Pooling mitophagy relevant fractions of the subcellular protein
fractionation kit (Thermo Fisher) enabled the best combination with
down-stream PTM enrichment and reduced background signal of
proteins unrelated to mitophagy (e.g. histones).

b. Parkin-dependent mitochondrial degradation takes place in an outside-
in procession in which degradation of OMM precedes degradation of
IMS, IMM and finally mitochondrial matrix proteins.

c. Protein ubiquitylation follows the observed outside-in pattern during
parkin-dependent mitophagy. In several cases protein ubiquitylation
preceded protein degradation.

d. Protein phosphorylation plays only a minor role during parkin-dependent
mitophagy. Mostly OMM proteins showed a dual regulation by
phosphorylation and ubiquitylation (e.g. VDAC?2).

2.) Parkin-dependent mitophagy occurs via proteasome-dependent steps
sequentially targeting separate mitochondrial sub-compartments for autophagy

a. A dimethyl labeling strategy in combination with high pH RP peptide
fractionation was established to compare proteasomal-dependent

degradation steps during “early” and “late” stages of mitophagy.
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b. Progression of mitophagy depends on proteasomal activity. Inhibition of
the proteasome inhibits the degradation of OMM, but only to a minor

extent degradation of matrix proteins.

Instead of the general hypothesis that mitochondrial are engulfed as a whole by the
autophagosome machinery and subsequently digested within lysosomes, this thesis
shows evidences for a “piecemeal” destruction of mitochondria. Therefore, these
results encourage to clarify resulting open questions.

Among the late parkin-dependent upregulated ubiquitylation sites | found an
ubiquitylation site on parkin itself. Lysine 48 is localized within parkin’s UBL domain
and could therefore serve as protein turnover signal. Pulsed SILAC follow-up studies
on CRISPR/Cas-mediated mutation on this site (K48R) hint for a delayed turnover in
dependency of this ubiquitylation site during parkin-dependent mitophagy. Therefore,
lysine 48 might transpire as important stop-signal for parkin activity during mitophagy.
So far, we only investigated the role of parkin lysine 48 ubiquitylation on parkin turnover
in HeLa cell lines. However, further characterization of this putative regulatory site in a
more clinically relevant cell line (e.g. in iNeurons) might help to investigate effects on
protein turnover and activity in a more sensitive way.

Our experimental design lead to the complete loss of mitochondria, which is an
extreme situation for cells. In addition, it would be interesting to study the recovery of
mitochondrial stress. With the deeper knowledge on the time course on mitochondrial
degradation during parkin-dependent mitophagy in HelLa cell, questions on
mitochondrial dynamics and the “point of no return” for mitophagy could be
distinguished.

The generated data sets on protein ubiquitylation and phosphorylation allow further
analysis of potential down-stream activities of PINK1/parkin mediated mitophagy.
Several E3 ubiquitin ligases were identified that are modified by significantly regulated
ubiquitylation or/and phosphorylation sites. To deepen our understanding on how late
stages of mitophagy are connected to parkin activity and which E3-ligases are
responsible for the ubiquitylation of IMM and matrix proteins, site directed mutagenesis

(e.g. by CRISPR/Cas) of these putative sites can be performed.

Clarification of these points will help to better understand the underlying mechanisms
of mitochondrial degradation and to better counteract malfunctions of parkin-

dependent mitophagy.
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7. Abbreviations

abbrevation
aacl/2/3/4
ACAD
ACP
ADP
AMKPK
AMP
APAF1
API
AQUA
ARPD
ATP
AYR1
BCL2
BiolD
BNIP3
CAA
CCcCP
CGAS-STING
CID

CL
CMT2A
COX
CPEO
CRISPR
DDA
DIA
DNA
DRP1
DUB
DYNZ2
ECH
EGT

ER
ERMES
ESI
ESRRA
ETC
ETD

FAD/FADH;
FDR

Fe-S

Fisl

FTICR

explanation

arylamine N-acetyltransferase 1/2/3/4

acyl-CoA dehydrogenase

acyl-carrier protein

adenosin diphosphate

5' adenosine monophosphate-activated protein kinase
adenosin monophosphate

apoptotic protease activating factor 1

atmospheric pressure ionization

absolute quantification

autosomal recessive Parkinsons Disease

adenosin triphosphat

acyl-dihydroxyacetone phosphate reductase

b-cell ymphoma 2

biotin identification

BCL2/adenovirus E1B 19 kDa protein-interacting protein 3
chloracetamide
2-[2-(3-Chlorophenyl)hydrazinylyidene]propanedinitrile
cyclic GMP-AMP Synthase - Stimulator of Interferon Genes
collision-induced dissociation

cardiolipin

Charcot-Marie-Tooth type 2a

cytochrome c oxidase

chronic progressive external ophthalmoplegia
clustered regularly interspaced short palindromic repeats
data dependent acquisition

data indpendent acquisition

desoxribonucleic acid

dynamin-1-like protein

deubiquitinating enzyme

dynamin2

2-enoyl-CoA hydratase

endosymbiotic gene transfer

endoplasmatic reticulum

ER-mitochondria encounter structure

electrospray ionization

estrogen related receptor alpha

electron transport chain

electron transfer dissociation

oxidized/reduced flavin adenine dinucleotide

false discovery rate

iron-sulfur cluster

fission protein 1, mitochondrial

fourier-transform ion cyclotron resonance mass spectrometry
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Abbreviations

FUNDC1 FUN14 domain containing 1

GSH glutathion

h202 hydrogen peroxide

HAD 3-hydroxy-CoA dehydrogenase

HECT homologous to the E6-AP carboxyl terminus
HPLC high performance liquid chromatography

HSP heat-shock protein

IAA iodoacetamide

iBAQ intensity based absolute qunatification

IBM inner boundary membrane

IFN B interferon beta

IMAC Immobilized metal affinity chromatography

IMM inner mitochondrial membrane

IMS inner membrane space

ISA iron-sulfur assembly protein 1

ISC iron-sulfur cluster protein

iTRAQ isobaric tags for relative and absolute quantification
KSS Kearns—Sayre syndrome

KT 3-ketothiolase

LC liquid chromatography

LC3 protein light chain 3

LECA last eucaryotic common anchestor

LFQ label-free quantification

LPS lipopolysaccharide

LTQ linear ion trap

m/z mass to charge ratio

MALDI matrix assisted laser desorption/ionization

MCS membrane contact sites

MCU mitochondrial calcium uniporter

MDM mitochondrial distribution and morphology protein
MELAS mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes
MERRF myoclonic epilepsy with ragged red fibers

MFF mitochondrial fission factor

MFN1/2 mitofusion 1/2

MIA mitochondrial intermembrane space assembly
MICOS mitochondrial contact site and christea organizing system
MIDD maternally inherited diabetes and deafness
MIM complex  mitochondrial import complex

MIRO mitochondrial Rho GTPase

MOAC metal oxide affinity chromatography

MOMP mitochondrial outer membrane permeabilization
MPP mitochondrial -processing peptidase

MQC mitochondrial quality control

MRNA messenger RNA

ms mass spectrometry

MS/MS tandem mass spectrometry

MSA multi stage activation
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Abbreviations

mtDNA
mTOR
MT-TL1
NAD+/NADH
nDNA
NEDDS8
NFS1
NHS
NRF1/2
OMM
OPAl
OXA
OXPHOS
PAM
PARL
PC

PE
PGC-1a
PHB2
PINK1
PP

PPI
ppm

PS
PTM
QMF
RF
RING
RNA
ROS
RP
SAM
SILAC
SLP2
SOXR
sgstml
SUMO
TCA
TFAM
TFP
TIM
TMT
TOF
TOM
TRAK
tRNA
UBL domain

mitochondrial DNA
mammalian target of rapamycin
mitochondrially encoded tRNA leucine 1
oxidized/ reduced nicotinamidadenin dinucleotid
nuclear DNA
neural precursor cell expressed developmentally down-regulated protein 8
cysteine desulfurase, mitochondrial
N-Hydroxysuccinimide
nuclear respiratory factor 1/2
outer mitochondrial membrane
optic atrophy protein 1
oxidase assembly
oxidative phosphorylation
presequence translocase-associated motor
Presenilins-associated rhomboid-like protein, mitochondrial
Phosphatidylcholine
phosphatidylethanolamine
peroxisome proliferator-activated rreceptor gamma coactivator 1 alpha
prohibitin-2
PTEN-induced putative kinase protein 1
phosphatase
Protein-protein interaction
parts per million
phosphatdudylserine
post translational modifications
guadrupole mass fiter
radio frequency
really interesting new gene
ribonucleic acid
reactive oxygen species
reversed phase
sorting and assembly machinery
stable isotope labeling by amino acids
stomatin-like protein 2
transcription factor SOX-3
sequestosome-1
small ubiquitin-like modifier
tricarbon acid cycle
transcription factor A, mitochondrial
trifunctional protein
translocase of the inner membrane
tandem mass tag
time-of-flight
translocase of the outer membrane
trafficking kinesin-binding protein
transfer RNA
ubiquitin-like domain
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Abbreviations

UPS
USP
VDAC
VLCAD
YME1
Ay

Ubiquitin—proteasome system

Ubiquitin proteasome system

voltage dependent anion channel

very long chain acyl CoA dehydrogenase
ATP-dependent zinc metalloprotease YME1L1
membrane potential
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