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Summary

In yeast, import of most mitochondrial proteins requires that their precursor
proteins are bound by the peripheral receptor proteins Tom20, Tom22, and
Tom70, a process conserved from yeast to mammals. For budding yeast Tom20
and Tom70, there is evidence of specific yet overlapping substrate recognition,
however, no such data is available for the metazoan cells. Although mitochondrial
protein import has been extensively studied in past years, the cytosolic stage of
this process remains enigmatic. The cytosolic ribosomes interacting with the TOM
complex have been found at the mitochondrial outer membrane (MOM). mRNA
localization to specific subcellular compartments is an essential process in the
eukaryotic cells, allowing precise and targeted distribution of MRNAs to particular
site, where proteins can be synthesized locally, exactly where they are needed.
Numerous nuclear-encoded mitochondrial mMRNAs are increasingly recognized to
be localized to MOM. mRNA localization to the mitochondria is well documented
in polarized cells like neurons but global occurrence of mMRNA localization in other
mammalian cells remains to be analyzed. The key players involved in this
process mainly include RNA binding proteins (RBPs), which presumably regulate
the targeting and local translation of their putative targets at MOM. In my project,
| aimed to identify the association profiles for TOMM20 and TOMMY70 in
mammals. | particularly focused on identifying novel RBPs, associating with these
receptors and probably being involved in localized translation at the TOM
complex. For that, | established an APEX2-based proximity labeling
methodology, and targeted it to human TOMM20 and TOMM70 receptors in HeLa
cells. This approach allowed me to capture the distinct interactomes of TOMM20
and TOMM70 receptors within their nano-environments. Each receptor showed
enrichment of a unique set of proteins, though several RBPs and translation
factors were preferentially more enriched in TOMM20 interactome over TOMM70
interactome. These include SYNJ2BP, a previously identified MOM-localized
RBP that binds and protects mRNAs encoding mitochondrial proteins.
Translational inhibition by puromycin resulted in an even increased association
of these RBPs with TOMM20 compared to TOMM70, suggesting that TOMM20
but not TOMM70 might play a role in preserving cellular homeostasis during

translation stress by retaining protective RBPs and translation-related proteins at



the MOM. Further validation of identified interactors by orthogonal experiments
could potentially identify their complex interaction and function at TOM complex.
Then, nearby mRNAs biotinylated by TOMM20 bait protein were identified in a
preliminary RNA-seq analysis. Not any particular enrichment of nuclear-encoded
mitochondrial transcripts over non-mitochondrial ones was identified. It appears
like RNA-Seq pipeline requires further optimization to identify local transcriptome
at the TOM complex. However, | established an APEX2 based methodology for
studying the local proteome of the human TOMM20 and TOMM70 receptors at
MOM in HelLa cells. In future, this methodology could be further applied in other
cells, such as neurons, to identify receptor specific interactomes. The identified
interactomes could be further characterized and compared with analyses of other
TOM receptors to reveal complex interactions at MOM, and provide deeper
insights into localized translation processes and their contribution to

mitochondrial import.



Zusammenfassung

Der Import der meisten mitochondrialen Proteine setzt voraus, dass ihre
Vorlauferproteine von den peripheren Rezeptorproteinen Tom20, Tom22 und
Tom70 gebunden werden. In der Backerhefe gibt es fir Tom20 und Tom70
Hinweise auf spezifische, allerdings tberlappende Substraterkennung; solche
Daten gibt es nicht fir Zellen aus Metazoen. Obwohl mitochondrialer
Proteinimport in den letzten Jahren ausgiebig untersucht wurde, bleibt die
zytosolische Phase dieses Prozesses ratselhaft. Die zytosolischen Ribosomen,
die mit dem TOM-Komplex interagieren, wurden der auf3eren mitochondrialen
Membran (MOM) zugeordnet. Die mRNA-Lokalisierung an spezifischen,
subzellularen Kompartimenten ist ein wesentlicher Prozess in eukaryotischen
Zellen, der eine prazise und gezielte Verteilung der mRNAs auf spezifische Orte
erlaubt, an denen die Proteine lokal, dort wo sie gebraucht werden, synthetisiert
werden. Zunehmend werden kernkodierte mitochondriale mRNAs an der
auleren mitochondrialen Membran lokalisiert. Die mRNA-Lokalisierung in
Mitochondrien ist in polarisierten Zellen wie Neuronen gut dokumentiert, doch
generell muss die mRNA-Lokalisierung in anderen Saugetierzellen noch
analysiert werden. Die Hauptakteure schlieRen RNA-Bindeproteine ein (RBPS),
die vermutlich das Targeting und die lokale Translation ihrer mutmallichen
Targets regulieren. Mit APEX2-basierter Nachbarschaftsmarkierung habe ich
daher Assoziationsprofile fir TOMM20 und TOMM70 in menschlichen HelLa-
Zellen erstellt. Insbesondere habe ich mich auf die Identifizierung neuer RBPs
konzentriert, die mit diesen Rezeptoren assoziiert sind und wahrscheinlich in die
lokalisierte Translation am TOM-Komplex involviert sind.

Unsere Experimente legen die praferenzielle Assoziation mehrere RBPs und
Translationsfaktoren mit TOMMZ20 im Vergleich zu TOMM70 nahe. Dazu gehort
SYNJBP2, ein zuvor identifiziertes, MOM-lokalisiertes RBP, das an mRNAs fir
mitochondriale Proteine bindet und diese schiitzt. Die Hemmung der Translation
mit Puromycin fuhrt zu erhohter Assoziation dieser RBPs mit TOMM20 im
Vergleich zu TOMM70. Somit liegt nahe, dass TOMM20, nicht aber TOMM70
eine Rolle bei der Etablierung der zellularen Homoostase wahrend des
translationalen Stresses spielt, indem protektive RBPs und translationsbezogene

Proteine an der aul3eren mitochondrialen Membran gehalten werden.



Die weitere Validierung der identifizierten Interaktoren durch orthogonale
Experimente konnte potenziell ihnre komplexe Interaktion und Funktion am TOM-
Komplex aufklaren. Anschliel3end wurden in einer vorlaufigen RNA-Seq-Analyse
nahegelegene mMRNAs identifiziert, die durch das TOMM20-Koderprotein
biotinyliert wurden. Bisher wurde keine spezifische Anreicherung von nukleér
kodierten mitochondrialen Transkripten gegeniber nicht-mitochondrialen
Transkripten festgestellt. Es scheint, dass die RNA-Seq-Pipeline einer weiteren
Optimierung bedarf, um das lokale Transkriptom am TOM-Komplex préziser zu
identifizieren. Jedoch habe ich eine auf APEX2 basierende Methodik etabliert,
um das lokale Proteom und Transkriptom der humanen TOMM20- und TOMM70-
Rezeptoren in HelLa-Zellen zu untersuchen. Zukinftig konnte diese Methodik
auch auf andere Zelltypen, wie beispielsweise Neuronen, angewendet werden,
um rezeptorspezifische Interaktome zu identifizieren. Die ermittelten Interactome
konnten weiter charakterisiert und mit Analysen anderer TOM-Rezeptoren
verglichen werden, um komplexe Interaktionen an der auf3eren mitochondrialen
Membran (MOM) aufzudecken wund weitere Einblicke in lokalisierte
Translationsprozesse sowie deren Beitrag zum mitochondrialen Import zu

gewinnen.
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Chapter 1: Introduction

1.1 Mitochondria- a snapshot of cell’s powerhouse

Eukaryotic cells have distinctly organized themselves into many unique
membrane-enclosed  compartments, each  maintaining a  specific
microenvironment and performing their intracellular, compartment-specific
function (Diekmann & Pereira-Leal, 2012). According to the ‘endosymbiosis
theory’ by Lynn Margulis (Sagan, 1967), mitochondria are traced back 1.5 billion
years ago to the free-living, aerobic alpha-proteobacteria that were engulfed by
the ancestor of the eukaryotic cells and gradually evolved into the present-day
organelles (reviewed by Dyall, Brown, and Johnson 2004; Gray, Burger, and
Lang 1999). These semi-autonomous organelles retain their own small 16.6 kb
(in humans) DNA genome (MmtDNA) that resides in multiple copies and can
independently replicate, transcribe, and is also translated in the organelle
(Taanman, 1999). In mammals, only 13 of the mitochondrial proteins are encoded
by mtDNA, they form the core subunits of the mitochondrial oxidative
phosphorylation (OXPHOS) system together with the nuclear-encoded subunits.
The rest (~99%) of the mitochondrial proteins are contributed by the nucleus.
Hence, the biogenesis of functional mitochondria fully depends on the efficient
synthesis and import of those precursor proteins into the organelle. Mitochondria
were first purified in the early 1950s and characterized as unique structures
surrounded by the two membranes, a mitochondrial outer membrane (MOM) and
an inner mitochondrial membrane (IMM; Palade, 1953; Sjostrand, 1953). Both of
the membranes are proximal to each other, with a 12-40 nm space exists
between them, known as intermembrane space (IMS). The mitochondrial matrix
comprises membrane-enclosed space within the IMM. Both membranes exhibit
significant differences in their protein and lipid composition (Giacomello et al.,
2020). MOM is semi-permeable for the small molecules, while the IMM is a
densely-protein enriched membrane with strictly controlled permeability (Vogel et
al., 2006). Further, the IMM further invaginates into the mitochondrial cristae, or
sometimes tubuli, to enhance surface areas creating microdomains with specific
protein composition (Vogel et al., 2006).

Mitochondria, being highly dynamic organelles of the cell maintain the metabolic

homeostasis of the cells. They are capable of changing their morphology and
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continuously undergo fusion reactions in order to substitute their damaged
proteins or replenish their mitochondrial contents. On the other hand,
mitochondrial fission is a process that allows the elimination of impaired
organelles by activating autophagy pathways leading to apoptosis during cellular
stress (Youle & van der Bliek, 2012). A balanced interplay between mitochondrial
biogenesis and degradation of the defective ones is necessary in maintaining
functional mitochondria and, therefore, cell survival. All these processes depend
entirely on the mitochondrial protein biogenesis and import.

1.2 Mitochondrial import — a highly versatile and tightly

regulated mechanism

The vast majority (~99%) of the mitochondrial proteins are nuclear encoded
(Meisinger et al., 2008). Hence, the biogenesis of functional mitochondria fully
depends on the effective synthesis and import of those precursor proteins into
the organelle. These nuclear-encoded precursors are imported into the organelle
either post- or co-translationally and eventually sorted to their final destination by
defined targeting signals, which can be either internally situated or located at N-
terminus (Meisinger et al., 2008; Wiedemann & Pfanner, 2017). Around 60% of
the mitochondrial proteome in their precursor form carry a N-terminal cleavable
segment of variable length, ranging between 10 and approximately 100 amino
acid residues, designated as matrix targeting signal (MTS) or mitochondrial
targeting peptide (Chacinska et al., 2009; Roise et al., 1986). Preproteins carrying
specific targeting signals are recognized by the mitochondrial import machinery,
a highly versatile and tightly regulated system that governs their transport and
distribution to the corresponding mitochondrial sub-compartments (Neupert &
Herrmann, 2007; Wiedemann & Pfanner, 2017).

Mitochondria tailors protein transfer in dual directions, including precursors from
the cytosol into MOM or other sub-compartments like IMS, IMM or matrix, along
with the mitochondrial genome-encoded proteins from the matrix to the IMM.
MOM permits the free movement of ions and water-soluble molecules with a size
limit of 2-6 kDa, which mainly shuttle through the voltage-dependent anion
channel (VDAC; Rosencrans et al., 2021). Due to the free flow of the ions and
small molecules, the composition of IMS remains comparable to the cytoplasm.

Any molecule larger than this size limit is transported into the mitochondria only

11



via translocases of the outer membrane (TOMSs). Therefore, the TOM complex is
the main entry gate for all mitochondrial proteins. After crossing the TOM
complex, these precursor proteins are further sorted into their corresponding
mitochondrial sub-compartments i.e. MOM, IMM, and matrix (Figure 1).
Mitochondrial precursors take different pathways, which primarily depends on if
they cross the mitochondrial membrane either once or multiple times, as well as
which end of the protein is directed towards MOM. Precursors imported into
various mitochondrial sub-compartment may take different routes, described as
follows:

1.2.1 Import of the matrix and IMM proteins via the ‘classical’ presequence
pathway

The majority of the matrix and IMM proteins carry a N-terminal targeting signal
and are imported and subsequently sorted through this classical presequence
pathway (Roise et al., 1986; Vogtle et al., 2009). Their import signals form
positively charged, amphiphilic a-helical structures with a hydrophobic face (Abe
et al., 2000), and are recognized specifically during translocation specifically by
the complexes of the import machinery including TOMs, and TIMs (TIM23
complex), as well as the translocase-associated motor (PAM; Dudek et al., 2013;
Wiedemann & Pfanner, 2017). Structural studies using X-ray crystallography
showed that these N-terminal presequences consist of a consensus, encrypted
motif (“Oxx$¢”, where ¢ corresponds to a hydrophobic amino acid and x
represents any amino acid). In yeast, these precursors are first recognized by
Tom20, then further transferred to Tom22. Afterwards these are translocated via
the translocation pore known as Tom40 channel. (Bolliger et al., 1995; Moczko
et al., 1997; Mossmann et al., 2012; Yamano et al., 2008). The inner membrane
translocase or Tim23 (TIMM23 in mammals) complex, along with the import
motor, ensures targeted protein translocation into the matrix (Becker et al., 2012;
Bolender et al., 2008; Kuhlbrandt, 2015). The translocases of the MOM and IMM
(TOMMs and TIMMSs) transiently interact with each other: When a presequence-
carrying precursor protein crosses the Tom40 channel to the IMS side, the TIM50,
which is an integral subunit of the Tim23 channel, binds it as a receptor and
further shuttles the protein over to the Tim23, which in turn is closely associated
with Tim17 (Albrecht et al., 2006; Chacinska et al., 2005). This shuttling utilizes

an electrochemical hydrogen ion gradient in the form of a membrane potential
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(Ay) to translocate proteins further to the matrix (Meinecke et al., 2006). While
the IMM proteins carrying a stop-transfer signal are arrested during import to be
laterally sorted into IMM (Schendzielorz et al., 2016), the precursors destined to
be sorted into the matrix, are imported completely through their interaction with
the PAM motor, driven by an ATP-dependent process. The presequences of both,
matrix-targeted as well as IMM-sorted preproteins, are cleaved off by the matrix
processing peptidase (MPP), either during transit or after transport via the TIM23
complex, and are further degraded by the presequence peptidase (PreP; Dudek
et al., 2013; Mossmann et al., 2012; Wiedemann & Pfanner, 2017)

IMS Presequence Carri
) co arrier
r I
a-helical MOM ~ Precursors containing - 7 o B-barrel precursors
precursors SH_SH precursors

W WS U 77

SH ++

Figure 1. Pathways of mitochondrial protein import inside the organelle.

Nuclear encoded mitochondrial precursors adopt various routes depending on their
structure and target destination in mitochondrial sub-compartments. After their synthesis
on cytosolic or MOM localized ribosomes, all precursor proteins are imported through
the TOM complex. Afterwards, precursors are directed to four specific mitochondrial
compartments namely MOM, IM, IMS, and Matrix and utilize various machineries
including mitochondrial import machinery (MIM), sorting and assembly machinery (SAM),
mitochondrial intermembrane space import and assembly machinery (MIA), translocase
of the inner mitochondrial membrane 23 (TIMM23) machinery, translocase of the inner
mitochondrial membrane 22 (TIMM22) machinery, and a presequence-associated motor
(PAM) (figure is modified from Gupta & Becker, 2021).
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1.2.2 Import of multi-spanning IMM proteins through the carrier pathway

A large number of mitochondrial proteins like hydrophobic carrier proteins consist
of multiple a-helical TM domains, are synthesized without cleavable
presequences. Instead, they contain internal targeting signals (internal MTS-like
signal sequence; IMTS-LS) located in their mature region (Brix et al., 1997,
Endres et al., 1999). Such hydrophobic proteins are prone to aggregate; hence
they need specialized chaperones. In yeast, these precursors bind first to the
cytosolic chaperones, the ATP-dependent heat-shock proteins Hsp70/Hsp90,
which recruit them to the receptor Tom70 (Backes et al., 2021), which then
transfers these precursors to the receptor Tom22. Afterwards they translocate
across the Tom40 channel, while maintaining a loop form with their both termini
still in the cytosol, while the middle portion has already made its way to the
intermembrane space. After translocation through the TOM channel, another set
of IMS resident TIM chaperones, the Tim9-Tim10 complex, takes over. These
chaperones recruit to the MOM, bind to the precursors, which in turn are
eventually delivered to the carrier translocase of the inner membrane, the TIM22
complex. TIM22 mediates the Ay-dependent, lateral release and insertion of the
precursors driven by the inner membrane potential (Harbauer et al., 2014; Kurz
et al., 1999; Rehling et al., 2003; Wiedemann & Pfanner, 2017).

1.2.3 The MIA pathway: protein sorting to the IMS

Numerous proteins in the mitochondrial IMS possess specific cysteine motifs
inside their IMS sorting signals. These cysteine motifs form intramolecular
disulfide bonds, and further on, the proteins need to be correctly folded. These
proteins translocate in their reduced form, do not possess cleavable targeting
sequences, and entirely depend on the TOM complex and the oxidoreductase
Mia40- based oxidative protein folding machinery (Chatzi et al., 2016; Gornicka
et al., 2014; Herrmann & Riemer, 2010; Stojanovski et al., 2008; Wiedemann &
Pfanner, 2017). After crossing the Tom40 channel, the unfolded precursors in
their reduced form are quickly handled over to the mitochondrial intermembrane
space import and assembly protein 40 (Mia40), that oxidizes these precursors
and further facilitates translocation into the IMS. It is considered that the MIA
pathway has larger spectrum than initially expected. It also contributes to the
biogenesis and quality control of matrix and IMM proteins. These include Tim17,

Tim22, and the mitochondrial ribosomal subunit Mrpl10 (Longen et al., 2014,
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Wrobel et al., 2013, 2016).

1.2.4 Protein sorting at MOM

The MOM proteome is essential for mitochondrial-cytoplasmic crosstalk. MOM
proteins exist either as a-helical or B-barrel membrane proteins. These
structurally distinct proteins follow two different import routes as follows.

1.2.4.1 The B-barrel pathway: import of B-barrel anchors

The B-barrel MOM proteins are integrated into the MOM via multiple
transmembrane [3- sheets, which twist and roll up together forming a barrel like
structure. Mitochondria in yeast are reported to contain four primary B-barrel
proteins in yeast including Tom40, the SAM complex channel Sam50, the
voltage-dependent anion channel (Vdac), and Mdm10, the integral subunit of
mitochondrial-ER contact sites (Imai et al., 2011; Walther et al., 2009). Their
targeting signal mainly comprises a B-hairpin element and is recognized by
theTOM receptor, although the exact targeting sequence recognized is not yet
known (Dudek et al., 2013; Jores et al., 2016). All three TOM receptors, Tom70,
Tom20, and Tom22 are crucial for their import (Krimmer et al., 2001; J. Qiu et al.,
2013). Once B-barrel substrates are recognized, they are further imported into
the IMS through the Tom40 channel, and bound to TIM chaperones of the IMS.
These Tim chaperones including the Tim9-Tim10 and Tim8-Tom13 complexes
appear in heterohexameric complexes, also associate to the MIA pathway, and
preserve the hydrophobic proteins including p-barrels from aggregation in the
agueous IMS surroundings (Dudek et al., 2013; Wiedemann & Pfanner, 2017).
Ultimately, the B-barrels precursors are handled to the sorting and assembly
machinery (SAM) and are further inserted into the MOM (Diederichs et al., 2020;
Takeda et al., 2021).

The human SAM complex comprises cytosolically exposed, peripheral
membrane proteins including MTX2 (Sam35 in yeast), MTX3 (Sam37 in yeast),
MTX1, and a MOM associated (B-barrel core subunit SAMM50 (yeast Sam50;
Diederichs et al., 2020). The exact mechanisms behind the insertion of 3-barrel
proteins into the MOM are still not fully known. In yeast, the direct translocation
of the B-barrel precursors from the TOM complex to the SAM complex is also
reported (Kutik et al., 2008). Here, the cytosolic domain of Tom22 interacts with
Sama37, resulting in a transient TOM-SAM supercomplex (Qiu et al., 2013; Wenz

et al., 2015). Meanwhile, Sam35 recognizes the sorting signal in the last strand
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of the B-barrel precursor. This binding induces a conformational change in the
supercomplex as a result of which channel protein Sam50 is opened, allowing
the insertion of the B-barrel precursors into the Sam50 channel and lateral release
into the lipid phase of the MOM (Kutik et al., 2008; Wenz et al., 2015).

1.2.4.2 The MIM pathway: import of the a-helical proteins into MOM

Similar to the IMM proteins, the import of the a-helical proteins into MOM depends
on the targeting signal positioned outside or within the transmembrane domain of
these proteins. The a-helical proteins are grouped in three main classes: signal-
anchored (SA) proteins, tail-anchored (TA) proteins, and polytopic or
multispanning MOM proteins (Haastrup et al.,, 2023; Wiedemann & Pfanner,
2017). The SA and TA proteins possess the a-helical transmembrane domains
at the corresponding N- or C-terminus, respectively. These transmembrane
domains exhibit modest average hydrophobicity and are flanked by positively
charged amino acid residues. They also perform a dual function as both, targeting
signals and membrane anchors. While polytopic proteins possess multiple
transmembrane domains spanning the MOM multiple times, their exact targeting
signals are still unknown (Kanaji et al., 2000; Waizenegger et al., 2003). In yeast,
the protein insertase for SA and polytopic MOM proteins is the mitochondrial
import complex (MIM) that itself comprises multiple copies of the small single-
spanning MIM1 and one or two copies of MIM2 (Wiedemann & Pfanner, 2017).
None of the TOM receptors are involved in the import of SA proteins (Ahting et
al., 2005; Meineke et al., 2008). In yeast, the polytopic a-helical MOM proteins
are recognized by the Tom70 receptor that shuttle them to the MIM complex for
their subsequent insertion into the MOM (Becker et al., 2012; Papic¢ et al., 2011).
The majority of TA proteins do not employ proteinaceous import machinery,
rather their import may be facilitated by the lipid composition of the MOM (Kemper
et al., 2008; Setoguchi et al., 2006). However, the impaired import of the
precursor of the tail-anchored a-helical Fisl protein in yeast was observed in
isolated mim1A and mim1-23 deficient mitochondria (Doan et al., 2020). Hence,
the MIM complex is necessary for the import of all kinds of a-helical proteins. In
addition, the low ergosterol content of the MOM also facilitates the import of TA
proteins into the MOM (Kemper et al., 2008). Yeast Tom20 and Tom70, both
being SA proteins follow a MIM-dependent insertion (Becker et al., 2008, 2011;
Dimmer et al., 2012; Hulett et al., 2008; Popov-Celeketi¢ et al., 2008). Whereas
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both TA precursors Mim1 and Tom22 contain internal targeting sequences, as
their C-termini embedded in the IMS. Both proteins are reported to be imported
by the TOM receptors and the SAM complex, although their final insertion steps
differ with each other (Keil & Pfanner, 1993; Papic et al., 2013; Stojanovski et al.,
2007). Interestingly, few MOM proteins follow distinct import routes. For example,
the MOM protein Mcp3 in yeast, which possesses a N-terminal presequence
including a stop-transfer signal, and is imported by the TOM and TIM23
complexes. It is first inserted laterally into the inner membrane and further
processed by an inner-membrane peptidase (IMP). Afterwards, it is released into
the IMS and then exported into the MOM by the MIM complex (Sinzel et al., 2016).

1.3 The TOM complex- the entry gate of mitochondria

The nuclear-encoded mitochondrially destined precursors are recognized by a
heterooligomeric protein complex known as TOM complex, which constitutes the
main entry gate for all precursors. The TOM complex was first identified in 1989,
however, its detailed structure remained inconclusive for about three decades
(Sollner et al., 1989; Vestweber et al., 1989). Recent advancements in cryo-EM
helped to reveal the structures of the TOM complex, particularly in Neurospora
crassa (Bausewein et al., 2017), humans (Guan et al., 2021; Su et al., 2024;
Wang et al., 2020), and yeast (Araiso et al., 2019; Tucker & Park, 2019). The
structure of the TOM complex is highly conserved among species. It consists
mainly of seven different subunits, which are either a-helical or B-barrel
membrane proteins (Brix et al., 1997; Wang et al., 2020). In mammals, the central
poreforming channel is made by B-barrel protein TOMM40 and works as an
import channel for shuttling of the precursors into the organelle. The other
subunits are a-helical structures (Meisinger et al.,, 2001). In mammals, these
include two peripheral receptors, TOMM20 (yeast homolog: Tom20) and
TOMM70 (yeast homolog: Tom70), a central preprotein receptor subunit,
TOMM22 (yeast homolog: Tom22)”, and three supplementary subunits including
TOMMS (Tomb5 in yeast), TOMMG6 (Tom6 in yeast), and TOMM7 (Tom7 in yeast;
Araiso et al., 2019; Harbauer et al., 2014; Su et al., 2022; Wang et al., 2020). In
mammals, two TOMM22 receptors reportedly tether and stabilize the TOMM40
adjacent pores at the dimer interface and constitute a TOM core complex (TOM-

CC) together with the supplementary small TOM subunits (Figure 2A, left).
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Figure 2. Structure and organization of the TOM complex.

(A) The TOM core complex or TOM-CC (left) in humans consists of dimeric TOMMA40,
stabilized by TOMM22 and supplementary subunits including TOMM55, TOMMG6, and
TOMMY. The TOM core complex together with the peripheral receptors TOMM20 and
TOMM70 forms the TOM complex (right). (B) Ribbon diagram of a predicted cryo-EM
model (PBD: 8XVA) of the dimeric TOM holo complex in humans, containing the
TOMM20 subunit at the center (Su et al., 2022, 2024).

TOM-CC after binding with the regulatory peripheral receptors, TOMM20 and
TOMMY70, is termed as the TOM complex (Figure 2A, right). The precise location
of TOMM20 in the TOM complex is inconclusive. Recently, authors captured the
TOMMZ20 subunit located right in the middle of the TOM holo complex, interacting
extensively with TOMM22 (Figure 2B; Su et al., 2024). Through its C-terminal
TOMMZ22 spans into the IMS and may facilitate the TOM complex interaction with
the translocase of the inner membrane. In Neurospora crassa, the supplementary
small subunits (Tom5, Tom6, and Tom7) surround Tom40 and together with
Tom22 are necessary for assembly and stability of the complex (Dembowski et
al., 2001; Yamano et al., 2008). In yeast mitochondria, the cytosolic domain of

the Tom22 possesses docking sites for Tom20 and Tom70 (Araiso et al., 2019;
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Tucker & Park, 2019). In yeast, there exists another paralogue of Tom70, known
as Tom71, though its distinct role and preference in protein import is not yet well
defined (Backes et al., 2018; Schlossmann et al., 1996). Recently, many studies
based on cryo-EM highlighted the dynamic dimeric, trimeric and tetrameric
conformations of the TOM complex Iin Saccharomyces cerevisiae
and Neurospora crassa (Araiso et al., 2019; Bausewein et al., 2017; Tucker &
Park, 2019).

1.3.1 TOMM20 and TOMM?70 - preprotein receptors of the TOM complex
The human TOMM20 and TOMM7O0, like their yeast counterparts, are the
peripheral receptors of the TOM complex. Both contribute to targeting and import
of corresponding substrates in their unique ways. The human TOMM20 is a
membrane-anchored a-helix receptor, possessing a N-terminal transmembrane
(TM) domain, together with a C-terminus domain that contains a cytosolically
exposed, hydrophobic groove (Figure 3, A). By its C-terminus hydrophobic
groove, fungal Tom20 interacts and recognizes the amphipathic helices of the
mitochondrial targeting sequence (MTS) embedded in presequences (Abe et al.,
2000; Saitoh et al., 2007). It specifically recognizes precursors containing N-
terminal presequences mainly of matrix and IMM proteins, and directs them
further to the Tom40 pore. NMR studies of fungal Tom20 binding elements
showed that sequences, usually recognized by hydrophobic groove of the
Tom20, can be as short as 8 amino acids but also longer than 40 residues.
However, there often exists a consensus motif consisting of 5-residues, ¢XX¢¢,
where ¢ represents a hydrophobic amino acid, and X is any amino acid residue
(Moczko et al., 1997; Obita et al., 2003). The presequences exhibit an unstable
structure in the free state, however, they adopt a helical confirmation when
interacting with Tom20. This binding mode is known as templated folding, as their
interaction and recognition by Tom20 drives the confirmation changes (Han et
al., 2022; Toto et al., 2016).

The human TOMMY7O, like its yeast homolog, is also an a-helix, the N-terminally
anchored receptor in the MOM (Figure 3, B). Authors reported the secondary
structure of yeast Tom70 in the form of a bundle of 26 a-helices (helices Al to
A26). The majority of helices are involved in the formation of 11 tetratricopeptide
repeat (TPR) motifs (Kreimendahl & Rassow, 2020; Wu & Sha, 2006). The N-

terminal TPRs of Tom70 mainly interact with the chaperones, the C-terminal
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TPRs capture the mitochondrial precursors for import. TPR4 to TPR9 are mainly
involved in the formation of the preprotein-binding pocket (Gao et al., 2021; Wu
& Sha, 2006). Tom70 works as scaffold protein and tethers cytosolic heat shock
protein (HSP) family chaperones to MOM. These chaperones mainly stabilize and
retain the hydrophobic, multispanning precursors belonging to the inner
membrane (known as bona fide carrier proteins) in a non-aggregated form at
MOM, which in turn are further imported by the carrier pathway as described in
chapter 1.2.2 (Backes et al., 2018, 2021; Fan et al., 2011; Hoseini et al., 2016;
Q. Xue et al.,, 2017; Young et al., 2003; Zanphorlin et al., 2016). The TOM
complex shares similarities as well as differences when comparing yeast and
human mitochondria. For example, yeast Hsp70 delivers proteins to Tom70, and
its homolog HSP70 forms a multi-chaperone complex together with HSP90
(human) and delivers preproteins to TOMM70 respectively (Araiso et al., 2019).
In-vitro import assays showed that Tom70 is indeed essential against
proteotoxicity of carrier proteins (Backes et al., 2021). Moreover, yeast Tom70
also regulates the transcription of mitochondrial proteins, ultimately mitochondrial
protein biogenesis. Age-related retardation in the same organism leads to
increased degradation and reduces biogenesis of Tom70, which results into loss
of mtDNA, mitochondrial membrane potential, and mitochondrial proteins (Liu et
al., 2022). Although both, human TOMM20 and TOMMT70 receptors, are
dynamically associated with the TOMM40/TOMM22 core complex, it is
considered that TOMM70 is more loosely associated with the core complex
compared to TOMM20 (Araiso et al.,, 2019; Kreimendahl & Rassow, 2020;
Morgenstern et al., 2021; Tucker & Park, 2019). TOMM70 typically migrates as a
homodimer on Blue Native PAGE, indicating less stable interaction with the core
complex (Ryan et al., 1999; Wiedemann et al., 2001). TOMM20, when solubilized
with mild detergents, also exhibits a loose association with the core complex. In
Blue Native PAGE, a portion of TOMMZ20 migrates as a high-molecular-weight
complex of ~ 400 kDa, together with TOMM40 and TOMM22, and additional free
TOMMZ20 migrates in smaller forms ranging from ranging between ~40 and ~100
kDa (Abdul et al., 2000; Dekker et al., 1997; Fan et al., 2011; Mossmann et al.,
2012).
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Figure 3. Predicted structure of human TOMM20 and TOMM?7O0.
AlphaFold2 structure prediction model of human TOMM20 (A) (Uniport accession
number: Q15388) and human TOMM70 (B) (UniProt accession number: 094826).

1.3.2 Substrate spectrum of TOM receptors

Human TOMM20 and TOMM70 dynamically associate with the TOM complex
and recognize and import specific substrates. TOMM22 accepts its substrates
from both, TOMM20 or TOMM70, and transfers them to the translocating
TOMM40 pore. TOMM20 and TOMM70 recognize the targeting signals but differ
in their substrate specificity, although overlaps can be observed (Brix et al., 1997;
Kanaji et al., 2000; Yamamoto et al., 2011). TOMM20 binds to preproteins
targeted to the inner mitochondrial membrane (MIM) and the matrix, whereas
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TOMMY70 prefers substrates that are a-helical proteins and destined to the outer
or inner mitochondrial membrane (Abe et al., 2000; Araiso et al., 2019; Komiya
et al., 1998; Tucker & Park, 2019). It is considered that 60% of mitochondrial
precursors are matrix proteins, containing a MTS, and are imported via the
classical presequence pathway by TOMM20/TOMM22. However, the loss of
Tom70 in yeast affects the import of a wide variety of precursors, including the
matrix and MIM proteins (Backes et al.,, 2021; Chan et al., 2006; Sayyed &
Mahalakshmi, 2022). Yeast Tom20, through its C-terminal conserved DDVE
motif, interacts with Tom70 (Araiso et al., 2019), and Tom70 is not essential
provided that Tom20/Tom22 are complementary (Ramage et al., 1993). Yeast
Tom20/Tom22 may complement Tom70 function and compete with chaperones,
thus aiding in preprotein release from the chaperones (Fan et al., 2011). There is
evidence of specific yet overlapping substrate recognition, particularly for budding
yeast Tom20 and Tom70 receptors, but no such data is available for mammalian

cells.

1.4 mRNA localization to mitochondria

Mitochondria, particularly in extensively polarized cells like neurons, serve as
crucial signaling hubs and facilitate localized protein translation events to meet
required protein turnover, quality control, and synaptic plasticity (Altman et al.,
2021; Gershoni-Emek et al., 2018; Rangaraju et al., 2019; Spillane et al., 2013).
Of the around approximately 1100 proteins found in mitochondria of various
mammalian cell types (Rath et al., 2021), only 13 polypeptides are mitochondrial
are encoded by mitochondrial genome, while the vast majority of all mitochondrial
proteins are synthesized from the nuclear-encoded mRNAs and need to be
delivered to the mitochondria.

Several studies suggest that some of the nuclear-encoded mitochondrial mMRNAs
are localized at the MOM in mammalian cells, not only in neurons or yeast but
also in the HelLa cells (Chen & Collart, 2024; Golani-Armon & Arava, 2016;
Sharma & Fazal, 2024). At the organelle surface, these specific mMRNAs
presumably are locally translated by MOM-localized ribosomes (Cohen et al.,
2024; Vardi-Oknin & Arava, 2019; Williams et al., 2014). mRNA localization to
mitochondria has been extensively studied in the budding yeast Saccharomyces

cerevisiae (Arceo et al., 2022; Gadir et al., 2011; Saint-Georges et al., 2008;
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Tsuboi et al., 2020; Zabezhinsky et al., 2016; Zipor et al., 2009). Biochemical
fractioning together with transcriptomic studies showed that nearly half of the
nuclear-encoded mitochondrial mRNA population is co-fractionating with
mitochondria in yeast (Marc et al., 2002; Saint-Georges et al., 2008).

Cellular state and energy requirements greatly influence abundance and
repertoire of the localized mMRNAs at the MOM (Tsuboi et al., 2020). In yeast,
mitochondrial dynamics change, when the cells undergo transition from
fermentation mode of energy production to the respiratory mode. This transition
also greatly influences mMRNA localization. Particularly, the volume of
mitochondria increases, when cells switch to the respiratory mode, which also
facilitates the mitochondrial localization of MRNAs including the genes ATP3 and
TOM22 (Arceo et al., 2022; Tsuboi et al., 2020).

The sequence elements present in the open reading frame region (ORF) of the
transcript are also likely to be essential for RNA targeting. Some of the RNAs e.g.
TIM50 is reported as constitutively localized to mitochondria even under
fermentative conditions, when mitochondria have a smaller volume (Tsuboi et
al.,, 2020). The ORF of TIM50 comprises a sequence for polyproline, a
consecutive stretch of 7 proline codons, situated roughly 60 amino acids
downstream of the MTS. Nevertheless, during translation the polyproline stretch
causes ribosomal stalling, leading to slowness or accumulation of ribosomes. It
increases the likelihood for recognition of TIM50 MTS, and consequently
promotes the constitutive localization of TIM50 RNA to the mitochondria (Tsuboi
et al., 2020).

In a study utilizing HEK293T cells, thousands of mMRNAs were shown to be at
close proximity of the MOM (Fazal et al., 2019). The authors applied a proximity-
labeling approach to identify the MOM-localized transcripts. Here, APEX2 was
targeted to MOM by fusing it with the mitochondrial tethering domain of the
mitochondrial antiviral-signaling protein (MAVS; Fazal et al., 2019). At MOM, an
enrichment of nuclear-encoded mitochondrial transcripts over non-mitochondrial
ones was reported (Fazal et al.,, 2019). Multiple factors influencing the RNA
localization to the mitochondria have been identified (Fazal et al., 2019). These

include poly(A) tail length, lengths of the UTRs, and short sequence motifs.
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Figure 4. Modes of mRNAs localization to mitochondria.

Nuclear-encoded mitochondrial transcripts localize to mitochondria after adopting
different routes depending upon their category. (A) RNA-sequence dependent
transcripts are recognized by RNA binding proteins (RBPs). RBPs recognize sequence
elements in the 3'-UTR region of the transcripts, and further escort them at MOM. The
ribosome-dependent mMRNASs require the translation of the N-terminal peptide sequence.
The TOM complex mediates mRNA localization, presumably by its interaction with the
translating MTS of the nascent chain. (B) Several mitochondrial transcripts hitchhike on
mitochondria and co-localize to reach distant cellular locations by leveraging cytoskeletal
microtubule networks. (C) mitochondrial mMRNAs selectively bind and tether to the
endosomal membrane, and these mitochondrial mMRNAs carrying endosomes often
pause near mitochondria and are locally translated (modifed from Sharma & Fazal,
2024).

The MOM-localization pattern of these transcripts is changed when the cells are
treated with translation inhibitors, including puromycin and cycloheximide. Two
different sub-populations of MRNAs were identified: ribosome-dependent and
RNA-sequence-dependent transcripts (Fazal et al., 2019).

1.4.1 Ribosome-dependent transcript and their localization to the
mitochondria

Cycloheximide treatment enriched the population of ribosome-dependent
transcripts by preserving the transcripts bound to stalled ribosomes, while the
nascent peptide was still localized to the MOM together with the translating
MRNAs (Figure 4A; Fazal et al., 2019). Ribosome-dependent mRNAs at the
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MOM require their translation, especially of the MTS peptide for their MOM-
localization. The mitochondrial precursors encoded by mRNAs belonging to this
category are likely to be imported co-translationally after the MTS is translated,
while the translating ribosomes remain bound to the nascent chain (Fazal et al.,
2019; G. Wang et al., 2018). The translated MTS might be recognized by the
TOM complex after exiting of ribosomes and the ribosome/nascent chain/fmRNA
complex, thus interacting with the MOM during import into the mitochondria
(Figure 4A). Evidence for this comes from localization of ATP2 mRNA in yeast,
which is reported as dependent on translation of the MTS sequence. The RNA
was delocalized when a premature stop-codon was introduced in the sequence,
leading to the detachment of ribosomes from the transcript (Garcia et al., 2010).
Ribosome-dependent RNAs were greatly influenced by drugs leading to
ribosome detachment from the transcripts. For example, treatment of yeast with
the translation-inhibitor puromycin delocalized approximately 200 mRNAs coding
for mitochondrial proteins (Saint-Georges et al., 2008).

1.4.2 RNA-sequence dependent transcripts and their localization to the
mitochondria

Authors treated HEK293T cells with puromycin and identified a different sub-
population of MRNAs at MOM (Fazal et al., 2019). These mRNAs did not require
an intact ribosome and nascent-chain-complex. This subpopulation of the
transcripts represents presumably the RNA sequence-dependent transcripts
(Figure 4A).

Mitochondrial localization of these RNA sequence-dependent transcripts in
diverse cell types, ranging from yeast to mammalian cells, is regulated by the
specific sequences elements known as zip codes or RNA localization elements,
presumably located in their 3"-untranslated region (UTR; Engel et al., 2020; Gadir
et al., 2011; Kaltimbacher et al., 2006; Sharma & Fazal, 2024; Sylvestre et al.,
2003).

These transcripts were targeted to the MOM, without requiring translation or
ribosome recognition, and perhaps being anchored and subsequently regulated
by RNA binding proteins (Fazal et al., 2019). mRNAs that showed translation-
independent targeting to the MOM, contained shorter 3' UTRs and poly(A) tails in
comparison to RNAs showing translation-dependent localization (Fazal et al.,

2019). Supporting this observation, translation-dependent mRNAs at

25



mitochondria identified by RNA-seq in zebrafish larvae comprised longer 3'-UTRs
and ORFs (Saint-Georges et al., 2008).

1.4.3 RNA binding proteins are involved in mRNA targeting and stability at
MOM

RNA binding proteins (RBPs) bind their mRNA targets after recognizing
sequence elements located in 3’-UTR. RBPs subsequently escort their targets to
the MOM, where they are translated, and resulting precursors are imported into
the organelle. In yeast, the PUF family RBP, Puf3p, mediates localization of its
targets to the MOM, while its deletion disturbs this pattern (Eliyahu et al., 2010;
Gadir et al., 2011; Lapointe et al., 2018). Mutating the RNA motif of the bcsl
transcript, needed for Puf3p binding, results in its mis-localization (Saint-Georges
et al., 2008).

In mammals, the repertoire of corresponding RBPs involved in mRNA
localization, their stability and local translation at MOM is limited. Few RBPs
involved in RNA stability at MOM have been identified including clustered
mitochondria homolog (CLUH; Gao et al., 2014), the Synaptojanin 2 binding
protein (SYNJ2BP; Qin et al., 2021), La ribonucleoprotein 4 (LARP4; Lewis et al.,
2024), A-kinase anchor protein 1 (AKAP1; Gabrovsek et al., 2020), and PTEN-
induced kinase 1 (PINK1; Gehrke et al., 2015).

CLUH preferentially stabilizes a specific subset of nuclear-encoded mitochondrial
MmRNAs (J. Gao et al., 2014). CLUH depletion leads to faster decay of target
MmRNAs, and the corresponding mitochondrial proteins were decreased in
abundance. These proteins belong to oxidative phosphorylation (OXPHOS), the
tricarboxylic acid (TCA) cycle, and multiple metabolic mitochondrial pathways
(Gao et al., 2021; Schatton et al., 2017; Wakim et al., 2017; Yang et al., 2022). It
also associates with the translation machinery components including translation
initiation factors as well as several ribosomal subunits, and presumably regulates
local translation (Hémono et al., 2022; Pla-Martin et al., 2020; Schatton et al.,
2017; Zaninello et al., 2024).

Proximity labeling by the APEX2 based approach, applied to capture the
interactome of MOM in HEK293T cells, identified around 28 MOM-localized RBPs
including SYNJ2BP (Qin et al., 2021). SYNJ2BP has been identified as a
component of RNA-protein complexes at MOM and is essential for localization of
its targets (Qin et al., 2021). It retains ~100 transcripts at MOM including the
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transcripts of the genes UQCR11, PET117, RAB5IF, MRPS17, and MTFP1.
UQCR11, PET117, and RABSIF encoding corresponding oxidative
phosphorylation related proteins. MRPS17 encodes a key mitochondrial
ribosome protein, and MTFP1 codes for a mitochondrial fission factor (Qin et al.,
2021). In addition, SYNJ2BP is involved in piggy-back traveling of PINK1 mRNA
with mitochondria in neurons (Harbauer et al., 2022). Here, SYNJ2BP knockdown
redistributes PINK1 mRNA to RNA granules and inhibits local mitophagy
(Harbauer et al., 2022). It specifically anchors its target MRNAs at the MOM under
translation stress, facilitating their local translation and further import into
mitochondria. Furthermore, its loss in HEK293 cells compromises the function of
the OXPHOS complex (Qin et al., 2021).

Recently, a proximity labeling based approach, applied directly to TOMMZ20, also
identified a number of enriched RBPs including LARP4 and AKAPL1 in its vicinity
(Meurant et al.,, 2023). AKAP1 is a well-documented MOM-localized RBP
(Gabrovsek et al., 2020; Merrill & Strack, 2014), whereas LARP4 is also involved
in positive regulation of nuclear-encoded mitochondrial mRNAs belonging to
OXPHOS or mitochondrial ribosomal proteins. LARP4 depletion resulted in
reduced translation of the protein products of its targets and affected
mitochondrial function (Lewis et al., 2024).

In Drosophila melanogaster, local translation at MOM is selectively mediated by
the AKAP1 protein MDI that recruits a translation stimulator known as Larp at
MOM, and the MDI-Larp complex promotes local protein synthesis (Zhang et al.,
2019). A mitochondrial fithess sensor in cultured mammalian cells is PINK1.
PINK1 degrades rapidly in healthy mitochondria but selectively stabilizes at MOM
of depolarized mitochondria to initiate the autophagic removal of defective
mitochondria, a mechanism called as mitophagy (Lin & Kang, 2008; Narendra et
al., 2010). PINK1 promotes the translation of mMRNAs encoding proteins of the
electron transport chain (Gehrke et al., 2015). PUF homlogs in human, PUM1
and PUM2 act as translational repressors and capture mitochondrial mRNAs,
particularly in the cytosol (Uyhazi et al., 2020; Vessey et al., 2006). After reaching
MOM, the PUM-bound, translationally repressed mitochondrial mMRNAs undergo
derepression of translation, and this whole mechanism is promoted by PINK1.
Here, PINK1 at MOM triggers a cascade that directly leads to the displacement

of the PUM repressors. As a result, derepressed mRNAs are locally translated,
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directly at a site where they are needed (Gehrke et al., 2015).

1.4.4 RNA targeting by hitchhiking

Mitochondria utilize cytoskeletal microtubule networks extensively, particularly in
polarized cells like neurons, where mitochondria are assisted by the motor
proteins dynein and kinesin to deliver themselves at distant locations including
axonal terminals. Several mRNAs including COX7C mRNA hitchhike on
mitochondria where they co-localize together, leveraging cytoskeletal-mediated
transport to reach distant cellular locations. Cox7c hitchhiking is reported mainly
in distant axons of primary motor neurons in mice, and this co-transport depends
on ORF and MTS regions of the transcript (Harbauer et al., 2022). Similarly, the
PINK1 transcript is also reported to travel via mitochondrial hitchhiking in distal
neurites. Here, SYNJ2BP and its interactor SYNJ2 (Synaptojanin-2) are required
to tether the PINK1 mRNA to mitochondria (Figure 4B; Harbauer et al., 2022).
1.4.5 Endosome-coupled translation of mitochondrial proteins

Few studies also reported that some of the nuclear-encoded mitochondrial
transcripts are translated in the vicinity of mitochondria, rather than directly at
MOM (Muntjes et al., 2021; Schuhmacher et al., 2023). In retinal ganglion cells,
such mitochondrial mMRNAs selectively bind and tether to the endosomal
membrane, and these mitochondrial mMRNAs carrying endosomes often pause
near mitochondria (Figure 4C; Muntjes et al., 2021). The proximity between
endosomes and mitochondria makes sure that the corresponding translated
protein products are imported into the mitochondria.

1.5 The need for future studies to analyze organelle-coupled
translation at the mitochondria

Though past studies have demonstrated that co-transport and local translation of
MRNA can occur while tethered at mitochondria, further research is needed to
analyze mRNA localization and local translation at MOM. This may not only occur
in neurons but also in other cell types to understand general principles and
consequences of mMRNA localization to mitochondria. The mechanisms and key
players the cell utilizes to ensure that these transcripts get safely localized to the
mitochondria, as well as co-translational import of the encoded precursors into
the organelle are still not thoroughly investigated, especially in mammals.

Translation of nuclear encoded mitochondrial MRNAs might occur locally at the
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TOM complex with some of its subunits participating in the co-translational import.
Previous studies have shown that yeast Tom20 facilitates the localization of
MRNAs to the organelle and contributes to the co-translational import of the
mitochondrial proteins in a translation dependent manner (Eliyahu et al., 2010).
Tom70 may also contribute to some level to localized translation at the MOM, as
Tom70 depletion in yeast and mammalian cells led to a reduction in the levels of
mitochondrially-localized mRNAs (Eliyahu et al., 2010; Gadir et al., 2011), or to
dissociation of ribosomes associated with a subset of nuclear-encoded
mitochondrial MRNAs (Vardi-Oknin & Arava, 2019).

It still needs to be verified if TOM complex mediates localization of MRNAS to the
MOM. If it recruits some of the RBPs or other components of the translation and
if this recruitment is differential, RBPs or other players somehow are localized to
one of its subunits more than others. Hence, the role of the TOM complex as a
direct or indirect mediator of localized translation is yet to be specified.

1.6 Proximity labeling techniques

Conventional methods that allow to map protein-protein interactions (PPI) include
affinity purification or immunoprecipitation followed by mass spectrometry. These
methods have limitations, since the native cellular context is lacking, and transient
interactions are often lost due to harsh lysis conditions or either during washing
steps in the purification process or due to long incubation times (Liu et al., 2024).
Recently, many enzyme-catalyzed proximity labeling (PL) approaches, also
coupled with mass spectrometry, have been developed that overcome these
limitations. In a PL method, the protein of interest (POI or bait) is fused to a
promiscuous labeling enzyme that converts an inert substrate into a reactive
radical species, which due to its high reactivity, diffuses over short distances and
covalently tags nearby proteins promiscuously. These covalently tagged
biotinylated proteins are subsequently extracted and analyzed by mass
spectrometry. PL methods are employed in live cells to analyze interactions in
their native cellular environment, and characterize transient interactions as well
as the low abundance protein. Stringent washing conditions during the pull-down
are also allowed, reducing background noise substantially in following mass
spectrometry analysis. Furthermore, PL methods are efficiently useful for

studying PPI in insoluble cell compartments like mitochondria or nucleus (Hung
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etal., 2017; Wang et al., 2024; Zhou et al., 2023). The two major enzymes utilized
for proximity labeling approaches are engineered ascorbate peroxidase, and
biotin ligase.

1.6.1 Engineered ascorbate peroxidase (APEX)

Engineered ascorbate peroxidase (APEX) is an 28 kDa enzyme derived from
soybean or pea (Martell et al., 2012). APEX is fused to a bait protein, and the
cells expressing recombinant APEX2-bait protein are first incubated with an inert
substrate (biotin-phenol or BP). After adding H202, APEX transforms substrates
into highly reactive phenoxyl radicals, which particularly target aromatic, electron-
rich amino acids (tyrosine, tryptophan) as well as cysteine and histidine, present
on the surface of nearby proteins, if these are located in the vicinity of
approximately 10-20 nm (Martell et al., 2012). The initially used APEX had low
catalytic activity. Later, the more efficient, mutated form A134P, known as APEX2
was developed (Rhee et al., 2013). APEX2, due to its strong labeling activity, has
been widely used in proteomic profiling of subcellular compartments, particularly
mitochondria (Hung et al., 2017; Lee et al., 2016; Qin et al., 2021; Wang et al.,
2024). APEX2 permits labeling times as short as 1 min, rendering it suitable to
study time-resolved temporal and transient PPIs in living cells. However, the
APEX2 biotinylation demands H20:2 treatment of cells, which may cause cellular
stress by affecting redox-sensitive cellular processes (Lennicke et al., 2015).
APEX2-generated biotin-phenoxyl radicals are membrane-impermeable, hence
APEX2 can be efficiently targeted to characterize the proteome of membrane-
enclosed organelles like mitochondria or nuclei. The split version of APEX2 has
also been developed that reduces the number of false positives, due to the fact
that split-APEX2 biotinylation depends on correct localization of both split factors
(Y. Han, Branon, et al., 2019; M. Xue et al., 2017).

1.6.2 Proximity ligase enzyme- BirA* and other variants

The proximity ligase BirA* utilizes biotin, and in the presence of ATP, it converts
biotin into highly reactive biotinoyl-5-adenylate (bioAMP) radicals, which diffuse
to a radius of around 10 nm, and target lysine residues of promiscuous proteins.
The covalently labeled proteins are then efficiently captured by streptavidin
beads. One disadvantage of BirA* is its relatively big size (35 kDa). Due to its
size, it may disturb the function and interfere with the localization of the bait

protein. Due to slow kinetics, BirA* requires biotin labeling for nearly 16—18 h.
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However, numerous modified enzymes with better labeling efficiencies have
been developed including BiolD2 (Kim et al., 2016), TurbolD (Branon et al., 2018)
and UltralD (Kubitz et al., 2022). TurbolD is one of the most efficient enzymes, it
offers a labeling time of 10 min and has been widely employed for proteomics
studies.

1.6.3 General consideration for implementing proximity ligation approach
Proximity labeling emerged as a powerful tool to identify interaction partners of
particular bait proteins. Nevertheless, PL enzymes possess relatively large sizes
(28-35 kDa) that may influence the localization and physiological function of the
bait protein (Kim et al., 2016; Lam et al., 2015; Roux et al., 2012). The exact
labeling radius is uncertain, especially for biotin ligases, since reactive bioAMP
generated by biotin ligase may readily diffuse away from the biotin ligase (Roux
et al., 2012). Due to the very strong biotin-streptavidin interaction, the biotinylated
proteins bound to streptavidin beads often prone to insufficient elution. In such
cases, on-bead digestion could be beneficial, though it could also result in false
positives, as non-biotinylated proteins, interacting non-specifically with the
streptavidin beads, may be cleaved off. Hence, appropriate controls are
necessary to cope with false positive and false negative proteins. Control fusion
proteins should ideally be expressed at a similar level as bait proteins.
Biotinylation of a protein mainly depends on the type and accessibility of the
exposed amino acids. APEX2 favors aromatic amino acids like tyrosine, whereas
BiolD enzyme targets lysine residues. This shows that proximity labeling may be
affected when targeting a small protein that does not possess enough
corresponding residues to be addressed by a particular PL enzyme. For example,
intrinsically disordered proteins often contain more lysine residues, and are more
favored by biotin ligases than by APEX2 (Minde et al., 2020).
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Chapter 2: Research questions

1. Studying the local interactome of TOMMZ20 and TOMM70 receptors of the TOM
complex at the mitochondrial outer membrane (MOM) in mammalian cells via
proximity labeling approaches.

2. Comparing the local differential interactome (interaction profile) of TOMM20
and TOMM?70 in their particular nano-environment in mammalian cells.

3. Probing the substrate spectrum of TOMM20 and TOMM70 with a major focus
on identifying differential recruitment of RNA binding proteins (RBPs) and other
effectors of translation.

4. Identifying nuclear-encoded mitochondrial transcripts in the proximity of the
TOM complex.

Specific research objectives

1. Establishing the APEX2 based proximity labeling technology in the mammalian
cells for studying and comparing the local proteomes of the TOMM20 and
TOMM70 receptors at the MOM.

2. Extending the APEX2 methodology to study the mitochondrially localized
nuclear-encoded mitochondrial transcripts at the TOM complex.
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Chapter 3: Results

To characterize the local interactome of two main receptor subunits of the TOM
complex, | applied an APEX2 based proximity labeling approach (PL) and fused
the APEX2 enzyme (Lam et al., 2015) to either TOMM20 or TOMM70 proteins in
HelLa cells. TOMM20 emerged as a compelling bait to be fused with APEX2,
since it is the major player of the pre-sequence pathway to import mitochondrial
proteins. Additionally, previous studies have shown that this subunit contributes
to the co-translational import of mitochondrial proteins in yeast cells (Eliyahu et
al., 2010). In parallel, TOMM70 was labeled with APEX2 since it may contribute
to some level to localized translation at the MOM, as TOMM70 depletion in yeast
and mammalian cells led to a reduction in the levels of mitochondrially-localized
MRNAs (Eliyahu et al.,, 2010; Gadir et al., 2011), and the dissociation of
ribosomes associated with a subset of nuclear-encoded mitochondrial mMRNAs
has also been described (Vardi-Oknin & Arava, 2019).

3.1. Designing and characterization of TOMM20-APEX2 and

TOMM70-APEX2 fusion proteins
The N-terminal corresponding regions of both TOMM20 and TOMM70 proteins

contain transmembrane domains, and previous studies showed that endogenous
tags at the C-termini of these subunits did not affect their physiology as cell
retained functional mitochondria (Roberts et al., 2017; Wanet et al., 2015). In both
hybrid proteins, the APEX2 proximity labeling enzyme (Lam et al., 2015) was thus

fused to their cytoplasmic carboxyl (C-) terminus of the respective TOMM protein.

. Linker V5
[ teto | Tommz20 [ APExz |

— Linker V5
| tet0 H TOMM70 [ apexz ]

Figure 5. Constructs for expressing human TOMM20- and TOMM70 fusion
proteins in HelLa cells.

Schematic representation of the cassette, stably intergraded into the genome of the
HelLa-EM2-11ht master cell line for generating stable cell lines, expressing either
TOMM20-APEX2-V5 or TOMM70-APEX2-V5. The expression of each transgene was
controlled by the Tet-system, allowing inducible activation of the transcription.
Tetracycline response elements (tetO) were bound by the transcriptional activator
rtTA2S-M2, in the presence of doxycycline (DOX), thus allowing transcription of the
corresponding transgene. Both transgenes contained a flexible linker consisting of 10
aa (GGSGDPPVAT), and an additional V5 epitope tag for detection.
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Each transgene was stably integrated into the genome of the master HelLa-
EM11ht cell line (Figure 5). This cell line (Weidenfeld et al., 2009), contains a
specified locus with recombination sites, and stably expresses the transcription
activator component, rtTA2S-M2 that is required for the Tet-system. The Flp
recombinase-mediated cassette exchange system (RMCE system; Schlake &
Bode, 1994) was utilized to integrate the corresponding transgene at the defined
chromosomal locus into the genome of the HeLa-EM2-11ht cells in the same way.
This ensured the stable, tunable, and uniform expression of each fusion protein
across the cell lines, and thus allowed comparability. A short intervening flexible
linker consisting of 10 aa (GGSGDPPVAT) was also introduced between tag and
protein to facilitate the flexibility in the structure (Figure 5). The orientation
displayed was chosen to biotinylate the potential cytosolic interactors,
promiscuous to the resident TOM receptor subunits. Both fusion proteins
contained an additional V5 epitope tag for detection (McLean et al., 2001), and
were expressed by addition of doxycycline (Figure 5).

3.2. Co-localization of TOMM fusion proteins with the
endogenous TOM complex

| initially used the V5 tag to test if the fusion proteins are targeted to mitochondria
(Figure 6). After induction of the fusion protein expression by doxycycline (DOX)
for 24 h, immunofluorescence microscopy revealed co-localization of TOMM20-
APEX2-V5 and TOMM70-APEX2-V5 with the mitochondrial marker TOMM22,
which indicated correct targeting of the fusion proteins. Furthermore,
mitochondrial morphology remained unchanged, suggesting that the fusion
proteins have no negative impact on mitochondrial function. We then analyzed
the integration of both fusion proteins into mitochondria by subcellular
fractionation (Figure 7). HeLa TOMMZ20-APEX2 cells were induced with
doxycycline (DOX) for 24 h and subsequently lysed. Mitochondrial and cytosolic
fractions were isolated, and mitochondria were solubilized by the addition of
digitonin (see methods, chapter 4.4.1). Solubilized mitochondria and cytosolic
fractions were subjected to SDS-PAGE and immunodecorated with antibodies
against TOMM20, TOMMA40, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Like endogenous TOMM40 and TOMM20, TOMM20-APEX2, detected
by an anti-TOMMZ20 antibody, was highly enriched in the mitochondrial fraction,
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whereas GAPDH was primarily detected in the cytoplasmic fraction (Figure 7A).
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Figure 6. Fluorescence imaging confirming APEX2 localization in the cells stably
expressing the indicated APEX2 fusion proteins.

After 24 h induction with DOX (doxycycline) and subsequent fixation, the fusion
proteins were immunolabeled with antibodies directed against V5 (Magenta). The
endogenous TOM complex was visualized using anti-TOM22 antibody (green; Scale
bar: 10 um). Nuclei were stained with DAPI (cyan). Uninduced cells were mock treated.
Insets are the magnified portion of the cell shown on the uppermost right of each panel
(Scale bar, 5 ym).

Subcellular co-fractionation was also used to assess the distribution of TOMM70-
APEX2. Detection of the fusion protein and the endogenous TOMM?70 via an anti-
TOMM70 antibody revealed similar distribution patterns of both proteins in
mitochondrial versus cytosolic fractions, indicative of the correct targeting of the
fusion protein to mitochondria (Figure 7B). Importantly, these experiments also
revealed similar expression levels of endogenous TOMM20 or TOMM70 and the

corresponding fusion proteins TOMMZ20- or TOMM70-APEX2, respectively.
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Figure 7. Western blot analysis of mitochondrial and cytosolic fractions of the
TOM bait proteins.

(A) TOMM20-APEX2 expressing cell were either not induced or induced with doxycycline
(DOX) for 24 hours, mitochondria were isolated and solubilized with digitonin-containing
buffer and isolated fractions were analyzed with TOM20 and TOMMA40 antibody. GAPDH
was used as cytosolic marker. Endogenous (~20kDa) and APEX2 containing TOMM20
(~50 kDa) subunits were confirmed by TOMM20 antibody. (B) Western blot analysis of
mitochondrial and cytosolic fractions of TOMM70-APEX2 expressing cells. Endogenous
(70kDA) and APEX2 containing TOMM70 (~100 kDa) subunits were detected by
TOMM70 antibody. The cytosolic fraction was validated by GAPDH.

To test for correct association of TOMM20-APEX2 with the TOM complex, |
performed co-immunoprecipitation with endogenous TOM complex subunits.
TOMM20-APEX2 expressing cells were induced with DOX 24 hours prior to lysis,
mitochondria were isolated and solubilized with digitonin-containing buffer.
Detergent extracts were subjected to co-immunoprecipitation where the TOM
complex was pulled down by TOMM22 (Figure 8A) or TOMMA40 antibodies
(Figure 8B). Samples were further analyzed by SDS-PAGE and
immunodecorated with V5 antibody. The 49 kDA TOMMZ20-APEX2 protein
detected by the V5 antibody was found in both immunoprecipitates (Figure 8A,
B).
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Figure 8. Immunoprecipitation of TOMM20-APEX2 cells.

Western blots show the interaction of the Tomm20-APEX2 fusion protein with the
endogenous TOM complex subunits analyzed after immunoprecipitation. HelLa cells
were either not induced or induced with doxycycline (DOX) for 24 hours to stably
express the TOMM20-APEX2 fusion protein prior to lysis. Mitochondria were isolated,
solubilized  with  digitonin-containing  buffer, and further subjected to
immunoprecipitation. The TOM complex was specifically pulled down either with
TOMM22 IgG (A) or TOMMA40 IgG (B). Immunoprecipitates from uninduced cells
(-DOX) were loaded in parallel. (C) Western blot showing the immunoprecipitation
analysis of TOMM20-APEX2 fusion protein in isolated mitochondria using V5 beads.

In a reciprocal co-immunoprecipitation experiment using anti-V5 beads, | co-
purified TOMM22, as shown by Western blotting using an anti-TOMM22 antibody
(Figure 8C). These experiments confirmed that TOMM20-APEX2 associates
with both members of the endogenous TOM core complex.

3.3. Specific biotinylation activity of TOMMZ20-APEX2 and
TOMMT70-APEX2 fusion proteins

After analyzing the correct localization of TOMM20- and TOMM70-APEX2 fusion
proteins to mitochondria, | tested for biotinylation activity of the fusion proteins.
After 24 h induction with doxycycline (DOX), cells were subjected to live-cell

biotinylation, treated first with biotin-phenol (BP) for 30 minutes at 37 °C, followed
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by hydrogen peroxide (H»O,) for 1 minute at room temperature. Cells were
thoroughly washed in the quencher solution, lysed, and subjected to Western blot
analysis. Biotinylated proteins were detected by using a streptavidin conjugate.
Besides the expected endogenous biotinylated proteins like biotin-dependent
carboxylases including pyruvate carboxylase, [p-methylcrotonyl-CoA
carboxylase, and propionyl-CoA-carboxylase (Grant et al., 2019; Pacheco-
Alvarez et al., 2004), which were detected under all conditions, additional
biotinylation in cells with integrated TOMMZ20- or TOMM70-APEX2 was detected
after expression of the corresponding fusion protein (Figure 9, ‘DOX’), addition
of biotin-phenol (‘BP’), and of H202 (‘H202"). Both TOMM20- and TOMM70-
APEX2 fusion proteins biotinylated the endogenous proteins efficiently showing
distinct band patterns.

| also verified biotinylation by in situ labeling of biotinylated proteins, using biotin-
binding neutravidin coupled to Alexa647 (neutravidin-Alexa647). Even under
conditions that did not allow APEX2 activity - i.e. no expression, no BP, no H202
-, a nheutravidin-Alexa647 signal was detectable that overlapped with the
mitochondrial location of the APEX2 fusion proteins (Figure 10 A,B; left column).
This most likely reflects the detection of endogenous biotinylated proteins,
probably mitochondrial CoA-carboxylases (Grant et al., 2019; Pacheco-Alvarez
et al., 2004). Only HeLa cells expressing the TOMM20- and TOMM70-APEX2
fusion proteins showed an additional and much stronger biotin-dependent
fluorescence (Figure 10 A,B; left column), indicating an active APEX2 enzyme.
Surprisingly, the biotinylation pattern seen in TOMM20-APEX and TOMM70-
APEX expressing cells was not restricted to the mitochondrial location. However,
this has been observed before for TOMM20-APEX2 (Lee et al., 2016), and has
been assumed to depend on the cytosolic orientation of the APEX2 part of the
fusion protein, diffusion of the activated biotin-phenoxyl radicals into the

cytoplasm, and labeling of the cytosolic components.
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Figure 9. Target protein biotinylation is mediated by TOMM20- or TOMM70-
APEX2 fusion proteins.

Following 24-hour DOX induction, cells were subjected to live-cell biotinylation with BP
and H-O, for one minute, and subsequently lysed. The blot was stained either with
Streptavidin-HRP conjugate to detect biotinylated proteins (upper portion) or with
Ponceau (lower portion). Biotinylation depended on the presence of both, biotin phenol
(BP) and H;0.. Either omission of substrate or lack of APEX2 fusion protein expression
resulted in detection of endogenous biotin-containing proteins, B-methylcrotonyl-CoA
carboxylase (~72 kDa), propionyl-CoA-carboxylase (~74kDa), and pyruvate
carboxylase (~130 kDa).
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Figure 10. Local biotinylation at mitochondria by TOMM20- and TOMM70-APEX2.
Fluorescence imaging of APEX2-mediated biotinylation in HeLa cells stably express the
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indicated APEX2 fusion proteins, (A) TOMM20-APEX2-V5 (B) TOMM70-APEX2-V5.
After 24 h of DOX induction, cells were exposed to live-cell biotinylation with biotin phenol
(BP) and H,0, for one minute and subsequently fixed. Cells were stained with anti-V5
tag antibody, coupled with a secondary antibody conjugated to Alexa555, to check the
expression of indicated APEX2 fusion proteins (green), and ‘Neutravidin-Alexa647’ to
stain the biotinylated species (magenta). When either H,O, or BP is omitted, or when
the cells are not induced, the endogenous mitochondrial biotinylated proteins become
apparent. Nuclei are stained with DAPI (cyan). Insets are the magnified portion of the
cell shown on the uppermost right of each panel (Scale bar: 10 ym; incent: 5 pm).

3.4. Designing and testing of control fusion proteins

To analyze and compare organelle specific interactions, | generated stable cell
lines by expressing three additional APEX2 fusion proteins as controls into HeLa-
EM2-11ht cells (Figure 11A; Lam et al., 2015; Rhee et al., 2013). These include
Mito-APEX2, which harnesses a 1-24 amino-acid sequence from the
mitochondrial matrix resident protein, COX4, to localize APEX2 to the
mitochondrial matrix (Figure 11A). The second APEX2 fusion protein, ERM-
APEX2, is directed to the endoplasmic reticulum membrane (ERM). It utilizes the
first 27 amino acids derived from the transmembrane domain of the endoplasmic
reticulum (ER) localized protein, P450 oxidase 2C1, to direct APEX2 to the ERM
(Figure 11A). APEX2-NES targets the APEX2 to the cytoplasm by a nuclear
export signal (NES; Figure 11A). Like the TOMM20- und TOMM70-APEX2 bait
proteins, the expression of control fusion proteins was induced by addition of
doxycycline (‘DOX’; Figure 11 B, C). These fusion proteins were expressed at a
similar level as validated by Western blotting (Figure 11B). As described before
(Lam et al., 2015; Rhee et al.,, 2013), Mito-APEX2 and ERM-APEX2 were
targeted to the corresponding organelle (Figure 11C), which is shown by co-
localization with appropriate endogenous markers, calnexin for ER, and TOMM22
for mitochondria. The diffuse intracellular staining pattern and nuclear exclusion
of APEX2-NES demonstrates its cytosolic location (Figure 11C). All three control
APEX2 proteins were functional and increased detectable biotinylation only in the
presence of biotin-phenol and H202 (Figure 12). In case of Mito-APEX2,
neutravidin-Alexa647 staining of biotinlyated proteins in situ (Figure 13) showed
a very similar distribution to that of the enzyme itself, most likely due to the
confinement of the activated phenoxyl-biotin radical in the mitochondrial matrix.
Staining of proteins biotinylated by ERM-APEX2 was more diffuse but overlapped
with the ER staining of ERM-APEX2 (Figure 13). The more diffuse signal was
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presumably due to the less restricted diffusion of the phenoxyl-biotin radicals
before reacted with target (Rhee et al., 2013). As expected, the distribution of
proteins biotinylated by APEX2-NES was more diffused and mimicked the

distribution of cytoplasmic proteins.
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Figure 11. Expression and characterization of control bait proteins.

(A) Domain structures of the fusion proteins stably expressing APEX2 in various cellular
compartments including mitochondrial matrix (Mito-APEX2), endoplasmic reticulum
membrane (ERM-APEX2) and cytoplasm (APEX2-NES).

(B) Fluorescence imaging confirming the cellular localization of stably expressing ERM-
APEX2, Mito-APEX2 and APEX2-NES fusion proteins. Cells were induced with DOX for
24 hours, immunolabeled with antibodies directed against V5 to detect ERM-APEX2, and
Mito-APEX2 proteins (magenta) or flag to visualize APEX2-NES fusion protein
(magenta). ER was visualized via anti-Calnexin antibody (green), and mitochondria were
labeled with anti-Tom20 antibody (green). (Scale bar: 10 ym; inset: 5 ym). C. Western
blot analysis of whole cell lysate of cells stably expressing ERM-APEX2, Mito-APEX2 or
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APEX2-NES constructs. Cells induced with DOX for 24 hours prior to lysis; control
lysates were prepared from non-induced cells. APEX2 containing fusion proteins are
analyzed with APEX2 antibody. GAPDH is used as loading control.

ERM-APEX2 APEX2-NES Mito-APEX2
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Figure 12. Biotinylation of control bait proteins in HelLa cells.
Western blot analysis of cell lysate to confirm the APEX2-mediated biotinylation in the
cells stably expressing ERM-APEX2, Mito-APEX2, and APEX2-NES constructs.
Biotinylated proteins were probed by Streptavidin-HRP conjugate (upper portion),
ponceau staining is shown on the lower portion as loading control.
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Figure 13. Fluorescence imaging of APEX2-mediated biotinylation of cells

expressing control bait proteins
HelLa cells stably expressing the ERM-APEX2, Mito-APEX2, and APEX2-NES

constructs after 24 hours of DOX induction, were subjected to live-cell biotinylation with
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biotin phenol (BP) and H.O- for one minute, then fixed. Cells were subsequently stained
with either V5 or flag antibodies to confirm the expression of the indicated APEX2 fusion
proteins (appearing in green), while 'Neutravidin' was utilized to stain the biotinylated
species (appearing in magenta). Nuclei are stained with DAPI (cyan). (Scale bar: 10 um;
inset: 5 ym).

3.5 LFQ-based quantitative proteomics approach to study the

TOMMZ20- and TOMMT70 interactome

Six independent replicates for the interactomes of TOMM20-APEX2, and three
for TOMM70-APEX2, APEX2-NES, Mito-APEX2, and ERM-APEX2 were
analyzed by bottom-up proteomics. In addition, three replicates of control
experiments performed with cells not expressing the corresponding TOM
complex fusion proteins (-DOX’) were included. In each case, 1.5 million cells
were used per experimental replicate. Biotinylation was performed with the
addition of biotin-phenol and induced by a one-minute pulse of H202. Quenching,
lysis and capturing by streptavidin beads were essentially done according to a
published protocol (Hung et al., 2017). Captured proteins were analyzed by liquid
chromatography-tandem mass spectrometer (LC-MS) after on-bead tryptic
digestion. Downstream data processingwas performed as label free
quantification (LFQ; Cox et al., 2014), and imputation of missing values was
applied during subsequent data analysis to increase the number of identifications
(see method section 4.4.6.3). With this approach, we identified in total 2,177
protein groups of which 499 were annotated for mitochondrial localization by
MitoCarta3.0 (Rath et al., 2021).

Except for -DOX controls, 1,300 to 1,700 protein groups were identified with the
highest number of mitochondrially localized proteins for mito-APEX2, as
expected (Figure 14A). Count of proteins was based on quantifying in minimum
3 out of 6 replicates for TOMM20-APEX2 and 2 out of 3 replicates for the
remaining samples. This threshold, also referred to as 50% of replicates rule, is
widely used in LFQ studies to balance stringency and data retention. It helps to
identify biologically relevant proteins, which may not be captured in every run but
are true candidates. Overall, excellent correlation was observed between the

replicates (Figure 14B).
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Figure 14. Quantitative analysis of TOMM20- and TOMM70-APEX2 interactomes.
(A) Total identification of proteins (grey) and proteins annotated for mitochondrial
localization (red) based on MitoCarta3.0. Count of proteins is based on quantification of
minimum 3 out of 6 replicates for TOMM20-APEX and 2 out of 3 replicates for the
remaining samples. (B) Correlation between replicates based on Pearson correlation.
(C) Box plots showing the log-transformed intensity of organelle-annotated proteins
identified in TOMM20-APEX2 (left) and TOMM70-APEX2 (right). (D) Donut plots
showing the distribution of organelle-annotated proteins identified in TOMM20-APEX2
(left) and TOMM70-APEX2 (provided by Katharina Zittlau).

Next, the sub-organelle distribution of the proteins identified in TOMMZ20- and
TOMMY70-APEX2 interactomes was evaluated. Around 1700 proteins were
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identified in TOMM20-APEX2 and TOMM70-APEX2, indicating a nearly identical
number of proteins. Besides the expected mitochondrial proteins, surprisingly the
enrichment of nuclear proteins, ribosomal, and cytosolic proteins in the
interactomes of both fusion proteins was observed (Figure 14C). The
appearance of nuclear proteins was unclear while cytoplasmic proteins in
TOMM20- and TOMM70-APEX2 interactomes were presumably due to the
relative positioning of the APEX2. In TOMM20-APEX2, 37.28% cytosolic, 36.29%
nuclear, 5.81% ER, 14.7% mitochondrial, and 5.92% ribosomal proteins were
identified (Figure 14D, left), whereas TOMM70 shows a distribution of 37.9%
cytosolic, 35.3% nuclear, 6.28% ER, 14.57% mitochondrial, and 5.87% ribosomal
proteins (Figure 14D, right).

To validate that the TOMM20- and TOMM70-APEX2 fusion proteins allowed to
study their interactomes, biotinylated proteomes generated by these two baits
were compared with those from cells not induced for expression of the APEX2
constructs. The quantitative analysis of all replicates of TOMM20-APEX2 and
TOMM70-APEX2 identified the highest number of proteins when cells were
induced (+DOX). As expected, much fewer proteins were identified in the
uninduced controls, making the imputation of especially low abundant proteins

for these samples mandatory (Figure 15).
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Figure 15. Quantitative analysis of TOMM20- and TOMM70-APEX2 interactomes.
(A) Upset plot of overlapping proteins identified in six replicates of TOMM20-APEX2 and
three replicates of controls (-DOX TOMMZ20-APEX2). (B) Upset plot of overlapping
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proteins identified between replicates of TOMM70-APEX2 and controls (-DOX TOMM70-
APEX2). Imputation of missing values (yellow bars) shows mostly unidentified low
abundant proteins replaced from normal distribution for -DOX TOMM20-APEX (C) and -
DOX TOMM70-APEX2 (D) (provided by Katharina Zittlau).
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Figure 16. Interactomes of TOMM20-APEX2 and TOMM70-APEX2 at the
mitochondrial outer membrane.

The interactome of TOMM20-APEX2 (A) and TOMM70-APEX2 (B) shows the
enrichment of proteins including MOM proteins (annotated in yellow) compared to their
uninduced (-DOX) controls. Difference was calculated by the two-sample Student’s t-test
(provided by Katharina Zittlau).

In the interactomes of TOMM20- or TOMM70-APEX2 versus their uninduced (-
DOX) counterparts, many MOM proteins in their interactomes were identified
(Figure 16A, B; Suppl. Table 1 and 2). Among the identified candidates,
significantly abundant ones (p value < 0.05) and stringently-significantly abundant
ones (p < 0.01) were further distinguished. The identification of several other
subunits of the TOM complex (e.g. TOMM40) or other MOM proteins - 21 in case
of TOMM20-APEX2, seven in case of TOMM70-APEX2; Table 1 and Table 2 -
among the significantly and stringent significantly high abundant proteins
demonstrates the effectiveness of our approach.
Table 1. MOM proteins enriched in the TOMM20 vs -DOX interactome

SYNJ2BP Synaptojanin-2-binding protein
ARMC10 Armadillo repeat-containing protein 10
ATAD1 ATPase family AAA domain-containing protein 1
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MTARC1 Mitochondrial amidoxime-reducing component 1

PTRH2 Peptidyl-tRNA hydrolase 2, mitochondrial

DNM1L Dynamin-1-like protein

TOMMA40 Mitochondrial import receptor subunit TOM40 homolog
VDAC1 Voltage-dependent anion-selective channel protein 1
VDAC2 Voltage-dependent anion-selective channel protein 2
CPT1A Carnitine O-palmitoyltransferase 1, liver isoform
FKBPS8 Peptidyl-prolyl cis-trans isomerase FKBP8

MAVS Mitochondrial antiviral-signaling protein

MFN1 Mitofusin-1

PGAMS5 Serine/threonine-protein phosphatase PGAMS5, mitochondrial
RMDN3 Regulator of microtubule dynamics protein 3

BCL2L13 Bcl-2-like protein 13

OCIAD1 OCIA domain-containing protein 1

DNAJC11 DnaJ homolog subfamily C member 11

CIsD1 CDGSH iron-sulfur domain-containing protein 1
VDAC3 Voltage-dependent anion-selective channel protein 3
AHCYL2 Putative adenosylhomocysteinase?2

Table 2. MOM proteins enriched in TOMM70 vs -DOX interactome

Gene names Protein names

PTRH2 Peptidyl-tRNA hydrolase 2, mitochondrial

DNM1L Dynamin-1-like protein

TOMMT70A Mitochondrial import receptor subunit TOM70
TOMMA40 Mitochondrial import receptor subunit TOM40 homolog
FKBP8 Peptidyl-prolyl cis-trans isomerase FKBP8

OCIAD1 OCIA domain-containing protein 1

VDAC3 Voltage-dependent anion-selective channel protein 3

Whereas TOMM70 was present in the dataset of potential interactors of
TOMMZ20-APEX2 and identified as a biotinylated protein in TOMM70-APEX2
expressing cells, TOMM20 was not. Since it had been identified only by one
peptide, due to the raw data processing settings it was not considered for further
analysis. Potential reasons for the low number of TOMMZ20 peptides are the low

number of the peptides generated from the miniature 20 kDa protein itself and
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the limited accessibility to activated biotin of the rather small cytosol-facing
domain of TOMM20 (Su et al., 2024). In addition, the cytoplasmic domain
contains few aromatic amino acids available for reaction with the biotin-phenoxyl

radical generated by APEX2 (Hung et al., 2017; Su et al., 2024).
3.6 TOMM20-/ TOMM70-APEX2 interactome at the MOM-

cytoplasm interface

To validate that the interactome of TOMM20- and TOMM70-APEX2 indeed
reflects proteins relevant for processes occurring at the MOM-cytoplasm
interface, the patterns of the biotinylated proteins in these interactomes were
compared with those of a cytosolically targeted APEX2 (APEX2-NES). Proteins
were annotated for cytoplasmic and mitochondrial localization by utilizing Gene
Ontology Cellular Component (GOCC; Ashburner et al., 2000) and MitoCarta3.0
(Rath et al., 2021) databases, respectively. Importantly, the first observation,
when comparing the interactome of TOMM20- and TOMM70-APEX2 with that of
APEX2-NES, was that MOM proteins were more abundant among the TOMM20-
and TOMM70-APEX2 interactomes (Figure 17 A-C; Suppl. Table 3 and
4). However, cytoplasmic proteins were also enriched in both interactomes
(TOMM20-APEX vs. APEX2-NES and TOMM70-APEX2 vs APEX2-NES).

The aim was to elucidate the complement of RBPs and translation related
proteins associated with TOMM20 or TOMM70. For this purpose, the dataset was
subsequently analyzed for the enrichment of proteins related to RNA function.
While no RBPs were identified as enriched in the TOMM70-APEX2 interactome
when compared to that of a cytoplasmic APEX2, seven RBPs - i.e. 23% of all
enriched proteins compared with APEX2-NES - were found in the TOMMZ20-
APEX2 interactome, including synaptojanin 2 binding protein (SYNJ2BP),
polyadenylate-binding protein-interacting protein 1 (PAIP1), mitochondrial
antiviral-signaling protein  (MAVS), polyadenylate-binding protein 4-like
(PABPCA4L), eukaryotic translation initiation factor 5 (elF5), regulator of
chromosome condensation 2 (RCC2), and partner of Y14 and mago protein
(WIBG; Suppl. Table 3).
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Figure 17. Interactomes of TOMM20-APEX2 and TOMMT70-APEX2 at the
mitochondrial outer membrane

Volcano plots for TOMM20-APEX2 (A) and TOMM70-APEX2 (B) against APEX2-NES
interactome. Differences were calculated by a two-sample Student’s t-test. Highlighted
are proteins annotated for cytoplasmic localization (based on GOCC) and mitochondrial
localization (MitoCarta3.0). The color code used to annotate the proteins in A and B is
identical to C (C) Boxplot with distribution of total proteins compared to proteins
annotated for mitochondrial or cytosolic localization for TOMM20- (above) and TOMM70-
APEX2 (below) against APEX2-NES. Volcano plots for TOMM20-APEX2 (D) and
TOMM70-APEX2 (E) against the Mito-APEX2 interactome. Highlighted are proteins
annotated for their submitochondrial localization based on MitoCarta3.0. The color code
used to annotate the proteins in F and G is identical to F. (F) Boxplot with distribution of
total proteins compared to proteins annotated for mitochondrial and mitochondrial
sublocalization for TOMM20- (above) and TOMM70-APEX2 (below) against Mito-
APEX2. Indicated are thresholds for stringent significantly higher or lower abundant
proteins (p-value 1%, Difference 4) and significantly abundant proteins (p-value 5%,
Difference 3; provided by Katharina Zittlau).

The interactome of TOMM20- and TOMM70-APEX2 was also compared to that
of matrix-targeted APEX2 (Mito-APEX2), to check if TOMM20- and TOMM70-
APEX2 fusion proteins locally biotinylate the proteins, especially MOM proteins,
and if this pattern is distinct from matrix localized APEX2 (Figure 17 D-F; Suppl.
Table 5 and 6). In comparison to Mito-APEX2, both APEX2 fusion proteins
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showed higher enrichment of annotated MOM proteins and low abundance of
matrix or MIM proteins. This validated that this APEX2-based approach mainly
identified proteins localized at MOM or the MOM-cytoplasm interface in close
proximity to the TOM complex (Figure 17). Interestingly, in addition to several
MOM proteins, additional mitochondrial proteins of the matrix, MIM or IMS were
identified (Figure 18). Compared to TOMM70-APEX2, for TOMM20-APEX2 we
identified more MOM annotated proteins (14 compared to six). Besides the MOM
proteins, additional interactors of TOMM70 belong to IMS, MIM, and matrix
protein groups (Figure 18). Overall, a comparison of significantly enriched
candidates in TOMM20 or TOMM70 vs Mito-APEX2 revealed 17 proteins
enriched only in TOMM20 vs Mito-APEX2, 12 proteins in TOMM70 vs Mito-
APEX2, and five overlapping proteins in both interactomes (Figure 18).
Additionally, TOMM20 appears to interact with more MOM proteins compared to
TOMM?70, probably due to a more stable association with the MOM or the TOM
complex (Morgenstern et al., 2021; Tucker & Park, 2019).

TOMM20 vs Mito

MTARC1(MOM)

DNM1L (MOM)
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TOMM70 vs Mito

Figure 18. Venn diagram showing overlapping between the proteins enriched in
TOMM20-APEX2 vs Mito-APEX2 and TOMM70-APEX2 vs Mito-APEX2.

However, when we compared the interactome of TOMM20- and TOMM70-
APEX2 to that of an ERM-targeted APEX2, we did not identify the expected
enrichment of MOM proteins, most probably due to contact sites shared with ER-
mitochondria (Figure 19; Suppl. Table 7 and 8). These contact sites are formed
when the apposing membranes of ER and mitochondria come into close
proximity, within a distance ranging between 5 to 100 nm. This spatial
arrangement can be discrete, or organelles can interact thoroughly in close

juxtaposition and share proteins (Barazzuol et al., 2021; Ganji et al., 2023; Vance,
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2014). These contact sites, due to the narrow distance between the apposing
membranes of the nearby organelles, could cause cross-labeling of both MOM
and ER proteins by APEX2, thereby differentiating the proteins that are truly
localized to the MOM from those, belonging to ER becomes challenging, due to

close association between both organelles.
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Figure 19. Interactomes of TOMM20-APEX2 and TOMM70-APEX2 versus ERM-
APEX2

Volcano plots for the TOMM20-APEX2 (A) and TOMM70-APEX2 (B) against ERM-
APEX2 interactome. Highlighted are proteins annotated for ER (based on GOCC) and
mitochondrial localization (MitoCarta3.0). The color code used to annotate the proteins
A and B is identical to C (provided by Katharina Zittlau).

3.7 Comparison of TOMM20-APEX2 vs TOMM70-APEX2

interactomes

In order to identify the receptor-specific interactions including their potential
substrates, i.e. recruited RNA binding proteins (RBPs) and effectors of translation
that associate with each receptor in their particular nano-environment, the
interactome of TOMM20-APEX2 was directly compared with the TOMM70-
APEX2 interactome (Figure 20A). While most mitochondrial proteins are similarly
enriched between the two baits, 20 proteins were identified to be significantly
overrepresented in the TOMM70-APEX2 interactome including three proteins
annotated as exclusively mitochondrial, NDUFA4 (MIM; Balsa et al., 2012), PPA2
(matrix; Bezpalaya et al., 2024), TST (matrix; Bezpalaya et al., 2024), and seven
proteins annotated as dual or multiple localized including pyruvate carboxylase
(matrix, cytosol; Marin-Valencia et al., 2010), MCCC1 (matrix, cytosol; Cao et al.,
2016), UQCRC2 (MIM, nucleoplasm; Han, Wu, et al., 2019), MFN2 (MOM, ER,
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cytosol; Filadi et al., 2018), GPX4 (MIM, extracellular space, nuclear envelope,
cytosol; Xie et al., 2023), MACROD1 (matrix, cytoplasm, nucleus; Zaja et al.,
2020), and SPRYD4 (cytosol, matrix; Ma et al., 2023; Suppl. Table 9). A total of
35 proteins was found to be significantly overrepresented in the TOMM20-APEX2
interactome, among them four proteins annotated as mitochondrial including
DLAT (matrix; Zhang et al., 2023), TST (matrix; Bezpalaya et al., 2024), TXNRD2
(matrix, cytosol; Sun et al., 1999), and DNAJA1 (MOM, ER, cytosol, nucleus,
extracellular matrix; Rodriguez-Gonzalez et al., 2020) (Figure 20A; Suppl. Table
9). There was doubt if these proteins were mature mitochondrial proteins or
alternatively precursors that were caught, while interacting with the TOMM
proteins. Likely due to the overall low coverage of peptides in the MTS regions,
hardly any MTS containing peptides expected to be part of the precursors were
identified. Thus, distinguishing between precursors in transit and mature proteins

already at their destination site was not possible.

3.8 RNA-binding proteins and translation factors are part of the

TOMM20-APEX2 interactome

A surprisingly large number of cytoplasmic RBPs including CHERP (De Maio et
al., 2018), PAIP1 (Roy et al., 2002), KHSRP/FUBP2 (Zheng et al., 2020),
PABPCAL (Aslam et al., 2019), TIAL1 (Osma-Garcia et al., 2023), PARN (Osma-
Garcia et al., 2023), DDX46 (Yang et al., 2023), ANKRD17 ( Wang et al., 2012),
LRRC59 (Hannigan et al., 2020), as well as components of the translational
machinery like RPL10A (Wenz et al., 2015) and elF5 (Singh et al., 2006) were
identified as significantly enriched in TOMM20-APEX2 compared to TOMM70-
APEX2. To investigate this further and to identify how these proteins are
functionally connected, we subjected the significantly enriched proteins in the
differential TOMM20 vs TOMM70 interactome to a STRING-based network
analysis (Szklarczyk et al., 2023).

The majority (43%) of proteins in the TOMM20-APEX2 interactome are
overrepresented for cytoplasmic localization with multiple of them annotated as
RBP (Figure 20B; Up). STRING analysis further reveals that most of the
processes, the enriched RBPs are involved in, are interconnected, supporting our
hypothesis that TOMMZ20-APEX2 specifically biotinylates a distinct and
functionally related group of RBPs and translation factors that reside in close
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proximity. We further checked, if these proteins were also abundant in other
interactome comparisons (TOMM20-APEX2 vs -DOX, TOMM20-APEX2 vs
APEX2-NES and TOMM20-APEX2 vs Mito-APEX2; Suppl. Table 10). These
analyses revealed that many RBPs and translation factors including PAIP1,
PABPCL and elF5 were enriched in the TOMMZ20 interactome versus the other
ones, providing additional support for our argument.

In contrast, the STRING analysis of TOMM70-APEX2 revealed that most proteins
that are preferentially enriched in its interactome versus that of TOMM20-APEX2
are linked to membrane bound organelles, including one cluster consisting of
mitochondrial proteins (PPA2, UQCRC2, MFN2 and NDUFA4; Figure 20B;
down). We analyzed the interaction profile of the specific TOMMZ20 interactome
derived from the comparison of TOMM20 vs. TOMM70 (35 proteins, see Figure
20A) with the enriched proteins in TOMM20-APEX2 vs APEX2-NES interactome
(31 proteins: see Figure 17A). 36% of the higher abundant proteins are shared
between these interactomes and are annotated as either RNA binding or
translation-related (supplementary Figure 1A, see Appendix).

The identification of several RBPs or proteins involved in translation in our
enriched proteomes tempted us to investigate, how the interactomes of
TOMM20- and TOMM70-APEX2 change in the presence of the translation
inhibitor puromycin. To this end, we included three replicates of puromycin-
treated (+puro) samples for TOMM20- and TOMM70-APEX2 expressing cells.
For treatment, | chose a 30 min window and 200 uM puromycin, since a similar
treatment had revealed changes in the interactome of a MOM-located APEX2
with selected RBPs, which had already indicated an effect of translation on RBP
presence at the MOM (Fazal et al., 2019; Qin et al., 2021). Puromycin treatment
(+puro) of TOMM20-APEX2 expressing cells resulted in surprisingly little change
in the associated proteome with only one protein in significantly higher
(PRTEDC1) and three in lower abundance (FANC1, CHERP and FADS1) after
treatment (see Appendix; Suppl. Figure 1B; Suppl. Table 11). However, none of
these proteins have obvious connections to each other, to RNA or to
mitochondrial function. A similar observation was made after treatment of
TOMM70-APEX2 cells with puromycin, although the number of lower or higher
abundant proteins was slightly larger (Suppl. Figure 1C, see Appendix; Suppl.
Table 12).
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Figure 20. Differential interactome of TOMM20-APEX2 versus TOMM70-APEX2.

(A) Volcano plot for the TOMM20-APEX2 interactome against the TOMM70-APEX2
interactome. Proteins highlighted in yellow are annotated for mitochondrial localization
(MitoCarta3.0). Indicated are thresholds for stringent significantly higher or lower
abundant proteins (p-value 1%, Difference 4) and significantly abundant proteins (p-
value 5%, Difference 3). (B) STRING analysis of proteins abundant in the differential
interactome of TOMM20-APEX2 vs TOMM70-APEX2 from volcano plot A, showing
enriched candidates of TOMM20 (up), and TOMM70 (down). Proteins are annotated
according to GO molecular function and subcellular localization. (C) Volcano plots for
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TOMM20-APEX2 interactome under puromycin treatment (+puro) against TOMM70-
APEX2 interactome (+puro). Highlighted are the proteins annotated (based on GOBP)
for translation and mRNA processing (D). STRING analysis of proteins abundant in the
differential interactome of TOMM20-APEX2 (+puro) vs TOMM70-APEX2 (+puro) from
volcano plot C showing enriched candidates of TOMM20 (up), and TOMM70 (down).
Proteins are highlighted according to GO molecular function and subcellular localization.
Strength and False discovery rate (FDR) of each pathway are indicated (provided by
Katharina Zittlau).

However, when we compared the differential interactome of TOMM20 vs
TOMM70 (both after treatment with puromycin) and focused especially on
proteins annotated by GOBP as being involved in translation and mRNA
processing, we found in total 258 proteins, eleven of which were significantly
more enriched in the TOMM20-APEX2 after puromycin treatment vs TOMM70-
APEX after exposure to puromycin (Figure 20C; Suppl. Table 13).

These include the translation initiation and elongation factors (elF4B, elF4H,
eEF1D; Marintchev et al.,, 2009; Negrutskii et al., 2023; Sen et al., 2016),
ribosomal proteins (RPS5, RPL10A; Pollutri & Penzo, 2020; L. Qiu et al., 2023),
and RBPs that are primarily involved in controlling mRNA stability. Among the
latter proteins are PAIP1, a translational co-activator interacting with polyA-
binding protein PABP (Roy et al., 2002); SYNJ2BP, a MOM-localized RBP that
binds to mRNAs encoding mitochondrial proteins, mitigates the effects of
translation stress, and has been linked to the local translation at the mitochondrial
surface (Qin et al., 2021), and finally SNCA, an unconventional RBP that forms
an amphipathic helix, similar to the MTS motifs (Davidson et al., 1998) and a
known interactor of TOMM20 (De Miranda et al., 2020). The increased
abundance of RBPs that are involved in the mRNA stability in the TOMM20-
APEX2 dataset after translation inhibition suggests that TOMMZ20, via interacting
with these proteins has a more mRNA-protective role than TOMM70. Though
depletion of these candidates from TOMM70 differential interactome after
puromycin treatment suggests that TOMM70 is also dynamically involved in their
translation-dependent mitochondrial targeting.

In a similar analysis as before (Figure 20B), the significantly enriched proteins in
the TOMM20-APEX2 (+puro) (Figure 20D; up) and TOMM70-APEX2 (+puro)
(Figure 20D; down) datasets were subjected to STRING-based network
analysis. For the TOMMZ20-APEX2 interactome, we identified a cluster of proteins

annotated as translation regulators. This group of proteins includes a RBP
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(PAIP1), translation factors (elF4B, elF4H, eEF1D), and ribosomal protein
(RPS4), suggesting that components of the translation machinery are still
proximal to TOMM20 upon puromycin inhibition.

Interestingly multiple proteins were enriched for their mitochondrial inner
membrane and matrix localization among the significantly high enriched
interactors of TOMM70-APEX2 after puromycin treatment (Figure 20C; Suppl.
Table 13). Specifically mitochondrial matrix proteins such as MCCC1 (encoding
a subunit of the 3-methylcrotonyl-CoA carboxylase) and PC (pyruvate
carboxylase) are similarly overrepresented even under non-translation inhibitory
conditions, suggesting a translation-independent import of these proteins. In
summary, our quantitative proteomic approach using differential interactomes
supports the hypothesis that the TOMM20 and TOMM70 receptors interact with
unique sets of proteins. More importantly, our analysis provides first evidence that
both receptors remodel their proteome differentially in response to the translation

stress.

3.9 Validation of co-localization of enriched candidates identified
by MS

SYNJ2BP was one of the candidates that was identified in almost all interactomes
of TOMMZ20. To verify that this protein is indeed be localized in the proximity of
the TOM complex, | performed airyscan confocal super-resolution microscopy,
using antibodies against TOMMZ20 and SYNJ2BP (Figure 21). Quantification of
the signals by ImageJ revealed a high positional overlap of both proteins,

supporting the proximity labeling data.
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Figure 21. SYNJ2BP colocalizes with TOMM20 in HelLa cells.

Fluorescence images of HelLa cells showing co-localization of SYNJ2BP and TOMMZ20.
Cells were fixed and immunolabeled with antibodies directed against TOMM20 (green)
and SYNJ2BP (magenta). Each representative confocal image represents a merged
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image of green and magenta channels and two ROI were selected for each candidate in
the cell. Nuclei were stained with DAPI (cyan) (Scale bar: 10 ym). Each ROl is a zoomed-
in portion of the cell showing in the middle (Scale bars, 5 ym). Scan intensity profiles
along the indicated lines in the ROIs represent the overlapping fluorescence signals of
SYNJ2BP and TOMMZ20.

3.10 APEX2-fusion proteins biotinylate proximal RNA

Previous studies reported that biotin-phenoxyl radicals do not only react with
aromatic amino acids in proteins but also with guanosine nucleotides in RNA
(Fazal et al., 2019; Padron et al., 2019). In order to identify the localization of
nuclear-encoded mitochondrial transcripts to the MOM, particularly to the
TOMM20 and TOMM70 receptors of the TOM complex, | first validated if APEX2-
TOMM fusion proteins biotinylatd efficiently nearby RNAs present within their
labeling radius in the HelLa cells. For that, the cells were subjected to live-cell
biotinylation after 24 h induction with doxycycline (DOX), treated first with biotin-
phenol (BP) for 30 minutes at 37 °C, and afterwards with hydrogen peroxide
(H20,) for 1 minute at room temperature. Cells were thoroughly washed in
guencher solution, and subsequently lysed. RNA was freshly isolated, subjected
to UV- cross-linking, and subsequently blotted on a nitrocellulose membrane.
Biotinylated RNA was detected by using a streptavidin conjugate. Dot blot RNA
analysis revealed that the biotin signals in the dot blot were only detected when
TOMM20- or TOMM70-APEX2 fusion proteins were expressed after doxycycline
induction, and only in the presence of biotin-phenol (BP), and H202 (Figure 22).

J° 31 X\a) N\e) Jo e
v v v v Rl
W g o

NG g NS Q” N I\
N T o

BP + + + + + + ﬂ%\o&‘
H202  + + - - + ¥ ?"%
S
DOX + + + + 5 <°

Figure 22. RNA dot-blot analysis to validate APEX2-mediated RNA biotinylation in
HeLa cells stably expressing the fusion proteins.

Cells expressing TOMM20-APEX2 and TOMM70-APEX2 constructs were either or not
induced with DOX for 24 hours. Cells were subjected to biotinylation with biotin phenol
(BP) and H20: for one minute. Cells were quenched, RNA was isolated and blotted on
nitrocellulose membrane. Only when cells were induced and expressed APEX2-fusion
proteins, and in the presence of BP and H»O,, the biotinylated signal was observed. A
ssDNA probe, labeled with biotin at its 3" end was used as positive control.
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3.11 RNA-seq analysis of TOMM-proximal mRNAs

After validating that TOMM fusion proteins also biotinylate RNA, I tried to harness
the full potential of this approach by integrating it with RNA-seq for identifying the
localized RNAs at the TOM complex. A previous study identified targeting of
nuclear-encoded mitochondrial transcripts to MOM, by utilizing a similar APEX2-
based approach, where APEX2 was targeted to the MOM but not specifically to
the TOM complex. The authors reported the enrichment of nuclear-encoded
mitochondrial mMRNAs over non-mitochondrial or secretory transcripts in their
dataset (Fazal et al., 2019). | initially performed a preliminary analysis to identify
the enriched mRNAs at MOM biotinylated by the TOMM-APEX2 fusion protein.
For control, mock treated cells were biotinylated and harvested in parallel. Cells
were thoroughly washed, RNA was isolated, and the biotinylated RNA fraction
was subsequently pulled down by streptavidin beads (see method section 4.4.9).
Further library preparation and RNA sequencing was done by Novogene. When
| compared the transcripts enriched in TOMM20- versus ERM-APEX2, | did not
observe an obvious enrichment of nuclear-encoded mitochondrial transcripts
over non-mitochondrial ones (Figure 23, A). This might be from the consequence
of the low RNA yield during enrichment, which did not allow library preparation in
optimal quality. The yield of RNA following streptavidin pulldown was low and
ranged between 50 ng to 100 ng. However, other authors considered this amount
enough to generate a good RNA-seq library (Fazal et al., 2019). Since the large
number of transcripts was also identified in mock samples (Figure 23, B, C),
further optimization of the protocol, including additional washing steps, will
probably be helpful.
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Figure 23. Enrichment of transcripts identified by RNA-seq.

(A). Volcano plot for TOMM20-APEX2 showing enrichment of transcripts compared to
ERM-APEX2. UP shows the number of transcripts enriched in TOMM20 vs ERM, DOWN
shows the number of transcripts enriched in ERM, while NO shows the number of
transcripts having no effect (B). Volcano plot for TOMM20-APEX2 showing enrichment
of transcripts compared to mock (-DOX) (C). Volcano plot for ERM-APEX2 showing
enrichment of transcripts compared to mock (-DOX) (plots are provided by Novogene).
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Chapter 3: Discussion

Proximity labeling (PL) approaches have been extensively used in the past to
investigate the mitochondrial proteome and transcriptome (Cho, Branon, Udeshi,
et al.,, 2020; Fazal et al., 2019; Qin et al., 2021; Rhee et al., 2013). These
approaches mainly employ modified engineered enzymes, e.g. engineered
APEX2 or biotin ligases). Biotin ligases- based approaches (e.g. BiolD, TurbolD,
miniTurbo, transitiD) are implemented to analyze the sub-mitochondrial
compartment specific proteome (Antonicka et al., 2020; Cho, Branon, Udeshi, et
al., 2020; Hung et al., 2017; Qin et al., 2023; Williams et al., 2014). The split
versions of the promiscuous biotin ligases are also useful for studying the
proteome of mitochondria-associated membranes (MAMs) after improving off-
target labeling effects (Cho, Branon, Rajeev, et al., 2020; Qin et al., 2023; Schopp
et al., 2017).

APEX2-based PL approaches have become more popular in recent years, as
APEX2 offers higher temporal resolution and better catalytic function than the
biotin ligase enzymes TurbolD or BiolD (Cho, Branon, Udeshi, et al., 2020; Fazal
et al., 2019; Lam et al., 2015; Meurant et al., 2023; Roux et al., 2012). APEX2
was efficiently employed for short-term labeling of sub-mitochondrial
compartments including MOM, IMM, and matrix to analyze the local interactome
and transcriptome. MOM labeling was achieved by fusing APEX2 to the
mitochondrial targeting peptide, derived from the MAVS protein (Fazal et al.,
2019; Hung et al., 2017; Qin et al.,, 2021). Although this peptide-fused,
recombinant APEX2 was efficiently targeted to MOM in live cells, as confirmed
by corresponding immunofluorescence and Western blot analysis, it was believed
to integrate randomly into the MOM. It did not reveal whether the identified
associated proteins had a functional relation to other components of the MOM,
particularly with the TOM complex, that controls mitochondrial protein import. To
address this question more directly, | applied an APEX2-based protein profiling
methodology to investigate the association profiles of human TOMM20 and
TOMMT70 receptors of the TOM complex in their cellular environment and
identified their interactomes. An excellent correlation was observed between all
technical replicates in the study, which underlined experimental efficiency and

high data quality. The number of identified proteins (around 1700) and their sub-
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organelle distribution pattern were almost identical. Besides the expected
mitochondrial proteins, an enrichment of the nuclear, ribosomal, and cytosolic
proteins was also observed (Figure 13C). While the appearance of nuclear
proteins is unclear, though it has already been observed in the interactome
revealed by a TOMMZ20-TurbolD protein fusion approach (Meurant et al., 2023).
The cytoplasmic proteins in TOMM20- and TOMM70-APEX2 interactomes might
be due to the relative positioning of APEX2. Since the APEX2 parts of the two
fusion proteins are facing the cytosol, | expected them to not only biotinylate MOM
proteins but also in addition, due to the release and diffusion of phenoxyl-biotin
radicals, proteins in the surrounding cytoplasm. The approach demonstrated an
enrichment of MOM proteins in proximity to the TOM complex, especially when
comparing TOMM-APEX2 interactomes with that of cytoplasmic or mitochondrial
matrix localized APEX2. Particularly in case of TOMM20-APEX2, besides
expected MOM components like MTARC1 (a MOM-localized oxidoreductase),
OCIAD1 (OCIA domain-containing protein 1), CISD1 (a redox active
mitochondrial protein with an iron—sulfur domain), RMDN3 (a regulator of
microtubule dynamics), BCL2L13 (a BCL2-like protein), and CYB5R3 (NADH-
cytochrome b5 reductase 3), seven RNA-binding proteins (RBPs) were also
enriched. These include SYNJ2BP and MAVS that had already previously been
located at the MOM (Hanada et al., 2020; Qin et al., 2021). In an independent but
related study, the interactome of human TOMM20 was recently captured in
HCT116 cells by tagging it with the miniTurbo biotin ligase (Meurant et al., 2023).
For negative control, the authors targeted APEX2 to carnitine palmitoyl
transferase 1A (CPT1A) protein. Though CPT1A is a MOM protein, authors chose
it based on string analysis, showing that none of its interactors belong to TOM
complex. Around 22% of proteins significantly enriched in our TOMM20- versus
APEX2-NES interactome were also enriched in their dataset. These proteins
include the MOM proteins like CISD1, RMDN3, MTARC1, OCIAD1, and MAVS.
The low overlap of enriched proteins between the studies is presumably due to
the difference in proximity labeling enzymes, expression setups, and labeling
time. They labeled the cells with biotin for 24 hours, and then captured the
interactome of TOMM20, whereas | used APEX2, which needs only 1 minute,
thus capturing also the transient interactions. Since transient interactions at the

MOM are crucial for modulating mitochondrial quality control and function, our
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approach is helpful in capturing the one-minute snapshot of such transient and
spatial interactions of both TOM receptors.

To rigorously investigate the receptor specific, reciprocal interactions, a direct
comparative analysis between TOMM20- and TOMM70-APEX2 was necessary.
The comparison of TOMMZ20- versus TOMM70-APEX2 interactome showed that
both receptors are in proximity of a unique set of proteins in their nano-
environment at MOM. TOMM20- and TOMM70-APEX2 associate with different
substrates of mitochondrial preproteins destined for various sub-mitochondrial
compartments as seen with their yeast homologs. Mitochondrial proteins labeled
by TOMM20-APEX2 mainly belong to the matrix protein group while those
proteins enriched in the TOMM70-APEX2 interactome represent matrix and
mitochondrial inner membrane (MIM) proteins. This supports previous studies
showing that MTS-containing matrix precursor proteins are mainly imported by
yeast Tom20 (Omura, 1998), or that the loss of Tom70/71 in yeast in particular
affects import of matrix and MIM proteins (Sayyed & Mahalakshmi, 2022).

There was uncertainty whether the enriched proteins were mature mitochondrial
proteins or precursors that were captured while interacting with the TOMM
proteins. Likely due to the overall low coverage of peptides in the MTS regions,
hardly any MTS-containing peptides were identified, which are expected to be
part of the precursors. Thus, distinguishing between precursors in transit and
mature proteins already at their destination site was not possible. Previous
studies showed that biotin-phenoxyl radicals generated by APEX2 at the
cytoplasmic face of mitochondria may occasionally traverse the MOM through
porins and can biotinylate MIM and IMS proteins. This may also explain the
identification of such proteins in my approach. However, these radicals cannot
penetrate the matrix due to the selective permeability of MIM (Hung et al., 2017;
Rhee et al., 2013). This suggests that the biotinylated matrix proteins in the
TOMM20-APEX2 interactome were captured rather during transit than after
processing in the matrix. Our results thus support the idea that mammalian
TOMM20 and TOMM70 receptors, similar to their yeast counterparts (Abe et al.,
2000; Yamamoto et al., 2011), might interact with distinct but overlapping sets of
precursor proteins.

In addition to MOM-associated RBPs like SYNJ2BP, TOMM20- in contrast to
TOMMT70-APEX2, appears to associate with cytoplasmic RBPs like PAIP1,
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KSHRP, and PABPCA4L, as well as the components of the translation machinery,
like ribosomal proteins or the translation initiation factor elF5. This enrichment of
cytoplasmic RBPs and components of the translation machinery not only
corroborates the hypothesis of localized translation at the MOM (Cohen et al.,
2024; Eliyahu et al., 2010; Sharma & Fazal, 2024), but also suggests that
TOMMZ20 rather than TOMM70 might play a role in localized translation of nuclear
encoded mitochondrial mMRNAs or co-translational import of their encoded
proteins. This study captured the local interactomes of the TOMM20 and
TOMMY70 receptors in their nano-environment at MOM. A local interactome refers
to a set of proteins, that is enriched temporally around a certain bait protein.
Interactome encompasses not only the direct interactors of that bait protein but
also those spatially close to it, even if not physically interacting with the bait
protein. Hence, all the interactors of TOMM receptors identified in this study still
need to be further validated through additional orthogonal experiments such as
co-immunoprecipitation (Co-IP) or import assays.

When cells were treated with puromycin, the comparison of the differential
interactome of TOMM20- vs TOMM70-APEX2 identified an enrichment of
proteins involved in translation and mRNA processing in TOMMZ20 (Figure 18C).
Remodeling of its interactome during translation inhibition suggests that
TOMM20 may play a role in preserving cellular homeostasis during translation
stress by retaining translation-related proteins at the MOM. It specifically interacts
with certain RPBs involved in mRNA stability such as SYNJ2BP, PAIP1, or
SNCA. SYNJ2BP has previously been identified as a key regulator that
safeguards specific nuclear-encoded mitochondrial transcripts during translation
stress (Qin et al., 2021). It anchors these transcripts at MOM under translation
stress, and stabilizes them, which might facilitate their local translation and import
of corresponding protein products, thereby maintaining OXPHOS activity and
mitochondrial function. | captured not only this RBP in the TOMMZ20 interactome
under translation arrest but also other components of the translation machinery,
such as eiF4B, eiF4H, eEF1D, or ribosomal proteins, providing further evidence
for a SYNJ2BP- mediated localized translation at the MOM, in proximity of the
TOMM20 receptor. When these components and SYNJ2BP are localized
simultaneously at MOM, they likely act in concert, presumably facilitating the local

translation of mMRNAs encoding mitochondrial proteins. SYNJ2BP stabilizes
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MRNASs under translation stress by anchoring and escorting them. The nearby
initiation factors (eiF4B, eiF4H) facilitate the unwinding of secondary structures,
typically present in the 5'- untranslated regions of mMRNAs, promoting ribosomes
recruitment during translation initiation. eEF1D mediates the delivery of
aminoacyl-tRNAs to the ribosomes. Its localization, together with other
components of translation machinery, ensures that the elongation phase
proceeds efficiently once translation is initiated (Negrutskii et al., 2023; Sen et al.,
2016). PAIP1 interacts with key translation factors, including elF4A and elF3, and
facilitates translation initiation- (He et al., 2019; Roy et al., 2002; Xue et al., 2023).
Another candidate, a-Synuclein (SNCA) was identified, that associates with P-
bodies and stabilizes mRNAs by slowing their degradation (Hallacli et al., 2022).
Its pathological form, after aggregation, sequesters RNA (Rupert et al., 2023).
SNCA is an unconventional RBP that forms amphipathic helices, similar to the
MTS motifs (Davidson et al., 1998). It is a known interactor of TOMMZ20 (Di Maio
et al., 2016), and TOMM20 overexpression was reported to rescued SNCA
induced dopaminergic neurodegeneration in Parkinson’s disease patients (De
Miranda et al., 2020). However, how all these enriched RBPs, identified in the
TOMM20 interactome interact with TOMM20 and modulate mRNA localization
and local translation, particularly under translation stress, still needs to be
investigated.

Hence, | successfully implemented the APEX2-methodology in HelLa cells for the
first time to study the local proteome at the TOM complex and identified
interaction profiles of the human TOMM20 and TOMMT70 receptors. One of the
challenges encountered was the overall low coverage of peptides acquired by
MS data acquisition in bottom-up proteomics using a label free quantification
method. This drawback could be attributed to several factors, including sample
complexity, insufficient protein digestion, and the inherent bias of the data-
dependent acquisition (DDA) method, which usually prioritizes abundant
peptides. Future studies could employ alternative MS quantification methods,
such as Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC) or
Tandem Mass Tags (TMT) labeling, which offer better peptide coverage,
improved labeling efficiency, and enhanced quantification. Alternatively, cellular
fractionation could also enrich corresponding peptides, particularly those

belonging to mitochondrial precursors, and reduce sample complexity.
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Additionally, recently developed advanced label-free quantification methods
could offer better proteome coverage and could be implemented for the future
studies (Guzman et al., 2024).

Since one of my aims was to support previous findings for mRNA localization to
the MOM, | harnessed the potential of the APEX2-mediated labeling of nearby
RNAs, and combined it with RNA-seq (APEX-Seq; Fazal et al., 2019; Padrén et
al., 2019). | enriched the mRNAs localized to the MOM that were biotinylated
there by TOMM20-APEX2, and compared them with the mRNAs biotinylated by
ERM tagged APEX2. In the RNA-Seq dataset comparing TOMM20- versus ERM-
APEX2, | did not observe any enrichment of nuclear-encoded mitochondrial
transcripts over non-mitochondrial ones. One possible reason could be the low
yield of enriched RNA after streptavidin pull down. Generally, the phenoxyl
radicals generated by APEX2 react more efficiently with electron-dense aromatic
amino acid side chains in proteins than with electron deficient nucleobases in
RNA (Li et al., 2022). Among the latter, guanosine is considered the best reactant
but in contrast to aromatic acids much weaker, hence the labeling of RNA is
generally low. However, recent improvements of the method have been made to
use APEX2-Seq to selectively profile a sub-cellular nascent transcriptome (Li et
al., 2022). Here, the authors selectively profiled newly transcribed mRNAs at
subcellular organelles including the mitochondrial matrix by first metabolically
incorporating electron-rich ribonucleosides (e.g. 4-thiouridine, and 6-
thioguanosine), followed by combining this approach with APEX2-Seq. This
method resulted in a 20-fold increase in labeling efficiency compared to the
standard APEX2-Seq. Further optimization of APEX2-seq methodology through
this approach could be beneficial to identify the local transcriptome at TOM
complex.

In the future, the APEX2 based methodology could be extended to other cell
types, such as neurons for studying mitochondrial specific local protein and RNA
interactome at the TOM complex. Integrating similar APEX2-based proximity
labeling approaches for other TOM complex subunits or TOM-associated
proteins, such as the SAM complex, with the presented data could provide a more
detailed view of the complex interactions, localized translation at the MOM and
its contribution to mitochondrial import. Importantly, | identified a potential

differential recruitment of RBPs and other components of the translation
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apparatus to TOMM20 rather than TOMM70. These identified interactors require
further validations based on additional pull-down assays. Future studies are
required to further validate whether and how the TOM complex, particularly
TOMM20 dynamically regulates mRNA localization at the MOM by recruiting
RBPs and effectors, and how it mediates localized translation at the MOM.
Additionally, it also necessary to analyze the role of the identified RBPs in
targeting, translation, and stabilizing their putative mRNA targets. Addressing
these research questions in future could potentially provide insights into the
association of RBPs with TOMM20.

67



Chapter 4. Material and Methods

4.1 Materials

4.1.1 Equipment

Table 3. List of equipment and software used

Equipment Supplier
ChemiDoc MP Bio-Rad
MyCycler Thermo Cycler
Mini-PROTEAN Tetra Electrophoresis System
PowerPac HC Power Supply
Pipettes P1000, P200, P20, P10 Eppendorf
Centrifuge 5702
Centrifuge 5810R
Centrifuge 5415R
ThermoCell Mixing Block MB-102 BIO ER
Nanodrop Thermo

Ultracentrifuge TLA-120.2
Ultracentrifuge rotor SW 40 Ti
CytoFLEX Flow Cytometer

Beckman Coulter

ZEISS Axio Examiner

Zeiss

Magnetic rack

Sigma

Cx-2000 UV Crosslinker

Stratalinker

Odyssey Infrared Imaging System used (HNO,
Tuebingen)

LI-COR Biosciences

LSM980 laser scanning confocal microscope

Carl Zeiss, Germany

Fiji/lmageJ software

Perseus software version 1.6.7.0

MaxQuant software suite version 2.2.0.0

Snapgene software
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4.1.2 Enzymes

Table 4. List of enzymes used

Enzyme

Restriction digestion enzymes

Supplier

New England Biolabs

Fast-Digest Restriction Enzymes

RNse Inhibitor (RNAse A)

Proteinase K

RNase Inhibitor T4

DNA Ligase PageRuler

Prestained Protein Ladder

PageRuler Unstained Protein Ladder PageRuler
DNA ladder (100 bp, 1 Kb)

Thermo Scientific/Fermentas/
Ambion

KOD polymerase

Sigma Aldrich

4.1.3. Commercial Kits

Table 5. List of kits used

Kits

NucleoSpin Plasmid
NucleoSpin Gel and PCR clean up

Supplier

Macherey and Nagel

RNeasy Plus Mini Kit Qiagen
Endotoxin free plasmid extraction kit
QIAquick PCR Purification Kit
RNA Clean and Concentrator—>5 kit Zymoresearch
4.1.4. Consumables
Table 6. List of consumables used

Consumable Supplier

10-cm glass-bottomed Petri dishes Corning

Carl Roth Cover slips

Carl Roth Cover slips

Nitrocellulose Membranes
PVDF Membranes

LI-COR Biosciences

High quality pipette tips
High quality serological pipettes
15 ml CryoPure Storage Systems

SARSTEDT AG & Co




1.5 ml PCR reaction tubes

Semi-micro cuvette

Centrifuge tube 50 ml

TC dish 100, Standard Sarstedt

TC dish 150, Standard Sarstedt

TC plate, 6 Well, Standard F Sarstedt
TC plate, 12 Well, Standard F Sarstedt
TC plate, 24 Well, Standard F Sarstedt
TC plate, 96 Well, Standard F Sarstedt

DMEM, low glucose Sigma
Lipofectamine 3000 Thermo
PBS Thermo
Pierce™ streptavidin magnetic beads Pierce
Whatman paper, 3 mm Whatman
Dounce homogenizer Sigma-Aldrich

Competent E. coli cells DH5a strain

New England Biolabs

3,3"-Dithiodipropionic acid bis(N-succinimidyl Thermo
ester (DSP crosslinker)

Chemiluminescent substrate solution Thermo
Dynabeads MyOne Streptavidin C1 magnetic Thermo
beads

Pierce™ streptavidin beads Thermo
V5-Traps beads Chromo Tek
Invitrogen™ Dynabeads™ Protein A Invitrogen
Amicon® ultra centrifugal filter, 3 kDa MWCO Sigma

Table 7. List of chemicals used

Chemical Supplier

4-(2-hydroxyethyl)-1-piperazineethanesulfonic Sigma-Aldrich
acid (HEPES)

Acetic acid Carl Roth
30% Acrylamide/Bis Solution (37.5:1) Carl Roth
Agarose, electrophorese grade Carl Roth
Ammonium persulfate (APS) Carl Roth
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Ampicillin AppliChem
Bromophenol blue Carl Roth
cOmpleteTM Protease Inhibitor, EDTA-free Roche
Dimethyl sulfoxide (DMSO) Carl Roth
Dithiothreitol (DTT) Carl Roth
Dulbecco's Modified Eagle Medium (DMEM) Sigma Merck
Ethanol Carl Roth
Ethylene glycol tetraacetic acid (EGTA) Carl Roth
Ethylenediaminetetraacetic acid (EDTA) Carl Roth

Fetal bovine serum (FBS)

Gibco, Life Technologies

Glycerol Sigma-Aldrich
Glycine Sigma-Aldrich
Hydrochloric acid Carl Roth

Hygromycin B

Thermo Scientific

Isopropanol AppliChem
Kanamycin sulfate AppliChem
Magnesium Chloride Hexahydrate Carl Roth
Methanol AppliChem
N,N,N',N'-tetramethylethylendiamine (TEMED) Carl Roth
Nonfat dried milk powder AppliChem

Opti-Minimal Essential Medium (MEM)®

Gibco, Life Technologies

Paraformaldehyde

Carl Roth

Penicillin-Streptomycin

Gibco, Life Technologies

Potassium chloride (KCI) Carl Roth
Potassium hydroxide (KOH) AppliChem
Triton X-100 Carl Roth
Sodium carbonate (Na>CO3) AppliChem
Sodium chloride (NaCl) Carl Roth
Sodium dihydrogen phosphate (NaH2PO.) AppliChem
Sodium dodecyl sulfate (SDS) Carl Roth
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Sodium hydroxide (NaOH)

AppliChem

Sodium pyruvate

Gibco, Life Technologies

D-Sucrose Carl Roth
Trichloroacetic acid (TCA) AppliChem
Tris Base Carl Roth

Fetal Bovine Serum

Thermo Scientific

Doxycycline Sigma-Aldrich
Glycerin Carl Roth
2-Mercaptoethanol Carl Roth
Deoxynucleotide triphosphate Mix (NTPs) Fermentas
Ponceau S powder Carl Roth

Gibson Assembly master mix

New England Biolabs

Ganciclovir powder Sigma-Aldrich
Gelatin Powder Carl Roth

Mannitol Sigma-Aldrich
Sodium azide Sigma-Aldrich
Sodium ascorbate Sigma-Aldrich
Trolox Sigma-Aldrich
20% N-Lauryl sarcosine sodium solution Sigma Aldrich

List of reagents used for Mass Spectrometry

Urea

Thermo

Thiourea

Thermo

Lysyl endopeptidase

Wako chemicals

lodoacetamide

Promega

75 ym ID PicoTip fused silica emitter

New Objective

ReproSil-Pur C18-AQ 1.9 ym resin

Dr Maisch GmbH Ltd

Trypsin Promega
Trifluoroacetic acid (TFA) Thermo
PreOmics® Phoenix kit PreOmics
Formic acid (FA) Thermo
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Acetonitrile (ACN) Sigma

Table 8. List of antibodies

Antibodies Host Source Identifier/catalog
no.

Anti-TOM20 Mouse Santa Cruz Biotechnology sc-17764
Anti-TOM40 Mouse Santa Cruz Biotechnology sc-365467
Anti-TOM70 Mouse Santa Cruz Biotechnology sc-390545
Anti-GAPDH Mouse Proteintech 60004-1-Ig
Anti-TOM22 Rabbit Abcam ab246862
Anti-APEX2 Rabbit AG Jansen -
Rabbit 1gG Isotype Rabbit Invitrogen 02-6102
Control
Anti-TOM40 Rabbit Proteintech 18409-1-AP
Anti-V5 Mouse Invitrogen R96025
Anti-beta-actin Mouse Sigma Aldrich A1978
Anti-flag Rat Agilent 200473
Neutravidin- - Invitrogen A2666
Alexa647
Anti-SYNJ2BP Rabbit Proteintech 15666-1-AP
Anti-TOM20 Rabbit Proteintech 11802-1-AP
Streptavidin - LI-COR 926-32230
IRDye 800CW

Table 9. List of secondary antibodies

Secondary Antibody Host Dilution Supplier
Anti-Mouse (HRP) Sheep 1:10000 | Amersham ECL
Anti-Rabbit (HRP) Donkey 1:10000 | Amersham ECL
Anti-Rat (HRP) Goat 1:10000 | Amersham ECL

Donkey anti-Rabbit IgG (H+L) Highly Donkey 1:1000 Invitrogen, Thermo
Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ Plus 488

Goat anti-Mouse IgG (H+L) Highly Goat 1:1000 | Invitrogen, Thermo
Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ Plus 555
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Goat anti-Rat 19G (H+L) Cross- Rat 1:1000 Invitrogen, Thermo
Adsorbed Secondary Antibody, Alexa
Fluor™ 568

4.2 Molecular biology methods

4.2.1 Polymerase chain reaction (PCR)

All PCR reactions were carried out using a KOD Hot start DNA Polymerase
(Sigma). The gene fragments were amplified by PCR under the conditions
mentioned in Table 10 and 11. The annealing temperatures were adjusted to the
primers’ Tm and extension time according to the fragment length.

Table 10. Reaction mixture of a standard PCR reaction

Component Volume (ul)

Template
90 x KOD buffer
2mM dNTP

forward primer

reverse primer
25mM MgSO.
DMSO
KOD polymerase

R P W NN o1 O

W
o

distilled water

a
o

Total volume

Table 11. Thermocycling conditions

Cycle step Temperature Time Repeats
Initial Denaturation 95 °C 2 min 1x
Denaturation 95 °C 20 sec
Annealing [Lowest Primer 30 sec 40x
Tm] °C
Extension 70 °C 20 sec/ kb
Final Extension 72 °C 10 min 1x
hold 4°C w0
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After the PCR reaction, 1 pl of Dpnl and 5 pl Tango buffer were added to digest
the template. The PCR products were separated by agarose gel electrophoresis
(1%) and further purified using the QIAquick PCR Purification Kit following

manufacturer’s instructions.

4.2.2 Restriction endonuclease digestion

The standard conditions for a restriction digestion reaction are mentioned in the
Table 12. The digestion was carried out at 37°C for 1 hour. Successful digestion
was further assayed by (1%) agarose gel electrophoresis. The linearized
fragments were purified using the QIAquick Gel Extraction Kit following
manufacturer’s instructions

Table 12. Restriction digestion reaction

Components Volume (ul)
Plasmid
Enzyme 1 1
Enzyme 2 1
CutSmart buffer 5
distilled water 40
Total volume 50

4.2.3 Gibson assembly

80-120 ng of linearized plasmid DNA was mixed with up to 3 to 9 - fold molar
excess of insert fragments together with the NEBuilder HiFi DNA Assembly
Master Mix (NEB). The reaction mixture was prepared according to the following
table and incubated at 50° for 1 hour.

Table 13. Gibson assembly reaction mixture

Components Volume (pl)
Total Amount of ~0.2 pmol
Fragments
NEBuilder HiFi 10
DNA Assembly
Master Mix
Deionized H20 ~8
Total volume 20

75



4.2.4. Bacterial transformation

For transformation, 2 ul of the Gibson mixture was gently mixed with 50 uL NEB
5-alpha competent E. coli cells DH5a, and the reaction mixture was placed on
the ice for 30 minutes. The mixture was heat shocked for 45 seconds at 42 °C
followed by 5 minutes incubation on ice. 500 ul antibiotic-free LB was added to
the bacteria. After agitation for 1h at 37°C, 50 pl to 100 pl LB mixture was streaked
on LB agar plates with ampicillin. Colonies were grown at 37 °C. After overnight
incubation, 4-6 colonies were selected for each construct and further inoculated
in a small-scale culture. Plasmid was extracted and sequencing was performed
by Eurofins.

4.2.5. Agarose gel electrophoresis

Agarose gels were prepared with 1-2 % (w/v) agarose dissolved in TAE buffer
(40 mM Tris,1 mM EDTA pH 8.6) depending on the product size, with the addition
of 2-3 of 10000 x Gelred dye. The samples were mixed with 6x loading dye before
loading. The required bands were excised from the gel using 70% intensity of the
UV illuminator at 365 nm and further purified using a QIAquick Gel Extraction Kit,
following manufacturer’s instructions.

4.2.6. Plasmid construction

All plasmids were generated following the Gibson method (Gibson et al., 2009).
As a backbone for all constructs, plasmid RJP 2051, a pSF3 backbone vector
containing the gene for GFP, was digested with restriction endonucleases Bglll
and Pacl to excise the GFP gene. The linearized vector was used as a template
to generate all plasmids by the Gibson method (mentioned in section 4.2.3; Table
14; Suppl. Figure 2). Each corresponding fragment of the insert contained
overlapping ends, amplified by the suitable primers (Table 14,15) to facilitate the

seamless joining of adjacent fragments.
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Table 14. List of plasmids generated in this study and corresponding primers to
amplify the targeted gene

Number Plasmid name Source Primers used

Fwd primer Reverse primer

RJP 2303 pSF3-TOMM20-APEX2-V5 This study CCTCCGCGGAATTTCTTAATGAT GGAATAGGAACTTCGCGGCAGT
S I Fi 3 TGTACTGAGAGTTTGG GAGTTAGCTCACTCATTAG
(Suppl. Figure 3) (RPO 7758) (RPO 7759)
RJP 2307 | pSF3-TOMM70-APEX2-V5 This study | CCTCCGCGGAATTTCTTAATGCC | ACCTCTATCCAGATCTTGCTTCCA
ACCTGACGTCTAAGAAAC CTGAAG (RPO 7761)

(Suppl. Figure 4) (RPO 7760)

AGCAAGATCTGGATAGAGGTTT GGAATAGGAACTTCGCGGCAAGA

GGAACTTATC ATTCGCTAGCTCTAG
(RPO 7762) (RPO 7763)
RJP 2358 pSF3-FLAG-APEX2-NES This study CCTCCGCGGAATTTCTTAATATG GGAATAGGAACTTCGCGGCATTA
Suopl. Fi 5 GACTACAAGGATGACGAC GTCCAGGGTCAGGCG
(Suppl. Figure (RPO 7764) (RPO 7765)
RJP 2359 PSF3-mito-V5-APEX2 This study | GCCTCCGCGGAATTCTTAATCAC | GAATAGGAACTTCGCGGCCACAT
Suool. Fi 6 TATAGGGAGACCCAAG TAGGCATCAGCAAAC
(Suppl. Figure 6) (RPO 7766) (RPO 7767)
RJP 2297 pSF3-ERM-APEX2-V5 This study | GCCTCCGCGGAATTCTTAATTTC | GAATAGGAACTTCGCGGCCATTA
Suopl. Fi 7 GAAGGAGATAGAACC (RPO TCAGGTGCTGTCCAG
(Suppl. Figure 7) 7768) (RPO 7769)

The fragments encoding TOMM20-APEX2-V5 and TOMM20-APEX2-V5 were
synthesized via Genewiz, and ligated in the template plasmid (RJP 2051)
following the Gibson method, to generate plasmids RJP 2303 (Suppl. Figure 3)
and RJP 2307 (Suppl. Figure 4). Plasmids encoding APEX2-NES (RJP 2358;
Suppl. Figure 5), Mito-APEX2 (RJP 2359; Suppl. Figure 6), and ERM-APEX2
(RJIP 2297; Suppl. Figure 7) were also generated in a similar way by the Gibson
method. Primers, template plasmids, and PCR conditions are listed in Table 14-
16.

Table 15. PCR conditions to generate overlapping fragments of transgenes

PCR product Template Primers Tm Extension
(RS (°C) time (sec)
TOMM20-APEX2-V5 RJP 2251 | RPO 7758 + RPO 53 30
7759
TOMM70-APEX2-V5 RJP 2252 | RPO 7760 + RPO 50 45
(fragment 1) 7761
TOMM70-APEX2-V5 RJP 2253 | RPO 7762 + RPO 55 30
(fragment 2) 7763
APEX2-NES RJP 2148 | RPO 7764 + RPO 50 30
7765
Mito-APEX2 RJP 2308 | RPO 7766 + RPO 50 30
7767
ERM-APEX2 RJP 2255 | RPO 7768 + RPO 50 30
7769
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Table 16. Generation of plasmids for doxycycline inducible cell lines expressing
APEX2 fusion proteins using the Gibson method

Plasmid inserts Constructed plasmid  Hela Cell line
vector
Fragment #1 Fragment #2
pSF3 TOMM20-APEX2- - PSF3-TOMM20-APEX2- | TOM20-
V5 V5 (RJP 2303) APEX2-V5
pSF3 TOMM70-APEX2- [TOMM70-APEX2-V5 | pSE3-TOMM70-APEX2- | TOMMT70-
V5 (fragment 1) ((fragment 2) V5 (RPJ 2307) APEX2-V5
pSF3 APEX2-NES - PSF3-APEX2-NES APEX2-NES
(RJP 2358)
pSF3 Mito-APEX2 - PSF3-Mito-APEX2 Mito-APEX2
(RJP 2359)
pSF3 ERM-APEX2 - PSF3-ERM-APEX2 ERM-APEX2
(RIP 2397)

4.3 Cell biology methods

4.3.1 Cell culture

Each APEX2 fusion protein expressing cell line was generated by using a low
passage HelLa 11ht parental cell line obtained from Dr. Kai Schdnig (Central
Institute of Mental Health in Mannheim Germany; Weidenfeld et al., 2009). Cells
were always cultured in low glucose DMEM (Sigma) supplemented with 10% fetal
bovine serum (FBS), 110 mg ml"sodium pyruvate, and 1x
penicillin/streptomycin at 37°C with 5% CO2, and maintained by 200 ug
mi~" hygromycinB (Sigma) and 200 ug mi~! G418 (Sigma).

4.3.2. Generation of stable cell lines

To enable tunable doxycycline (DOX) induced expression, the fusion protein
expression cassettes, that were placed in the pSF3 plasmid backbone, were
stably integrated in the genome of the HelLa 11ht cells via recombinase-mediated
cassette exchange (RMCE). The host cell line was transfected with the target
vector expressing corresponding fusion proteins together with a vector encoding
the Flp-recombinase. Each doxycycline inducible cell line expressing APEX2
containing fusion protein was obtained by selection with 50 yM ganciclovir. The
integration of the transgene was confirmed by checking corresponding protein

expression via Western blot.
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4.4. Biochemical methods

4.4.1 Cell fractionation

For each cell fractionation experiment, cells were induced with 500 ng
ml~' doxycycline for 24 hours or mock treated. Following induction, media was
discarded from the around 85% confluent cell culture dishes, and cells were
washed with PBS twice and then collected in 15 ml centrifuge tubes. Cells were
pelleted at 500 x g, for 3 min at 4°C, the supernatant discarded, and the cell pellet
resuspended in HMS-A buffer (0.22 M mannitol, 0.02 M HEPES-KOH, pH 7.6, 1
mM EDTA, 0.075 M sucrose, 0.1% BSA, 1X cOmplete ™protease inhibitor
cocktail; Becker et al., 2012). The suspension was incubated for 10 minutes on
ice, transferred to a homogenizer (Sigma) and lysed with 30 cycles on ice. The
lysates were centrifuged at 900 x g, 5 min at 4 °C. The supernatant was collected
and centrifuged again for 9000 x g, 15 min at 4 °C, resulting in a crude
mitochondrial fraction in the pellet and a cytosolic fraction in the supernatant. The
mitochondrial pellet was further washed with HMS-B buffer (HMS-A buffer without
BSA) and mitochondria was pelleted again at 10,000 x g, 10 min, 4 °C. Pellet
was resuspended in HMS-B buffer and protein concentration was estimated using
Bradford method (Bradford, 1976). To solubilize mitochondria, the pellet was
resuspended again in HMS-B buffer with digitonin (4:1 (w/w) ratio of detergent to
the protein) and incubated for 30 minutes at 4°C. Non-solubilized material was
removed by centrifugation (13,000 x g, for 10 min, 4 °C). The solubilized
mitochondrial fraction was collected and denatured for Western blot analysis. For
each sample, around 100 pg protein was separated either on a 12% SDS-PAGE
gel (for TOMM20-APEX2 detection) or a 10% SDS-PAGE gel (for TOMM70-
APEX2 detection). For expression validation check in Western blots, blots were
incubated with primary antibodies for 1 hour at room temperature or overnight at
4°C. Primary antibodies include mouse anti-TOM20 (1: 250 dilution), rabbit anti-
TOMA40 (1: 500 dilution), mouse anti-TOM70 (1:500 dilution), and mouse anti-
GAPDH (1:1000 dilution).

4.4.2 SDS-PAGE and Western blotting

4.4.2.1 SDS-PAGE

The protein samples were separated by the sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE; (Laemmli, 1970)), using the
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Mini-Protean® Tetra System (BIO-RAD). Either 10% or 12% separating gels
(Tablel7) were used together with 4% stacking gel. The samples were first boiled
in Laemmli buffer (31.5 mM Tris-HCI, pH 6.8, 1% SDS, 10% glycerol, 0.005%
bromophenol blue) at 95°C for 10 min, then shortly centrifuged before loading.
The SDS-gels were first run at 60V for 20-30 minutes, then at 100 V for around

90 min until the bromophenol blue front reached the bottom of the gel.
Table 17. SDS-PAGE gel composition

Components Separating Gel Stacking gel (4%)
10% 12%
-
0.5 M Tris-HCI, pH 6.8 - - 0.3 ml
30% Acrylamide solution 3ml 3.6 ml 0.5 ml
20% (V/v) SDS 45 4l 45 4l 15 pl
10% (V/V) APS 80 pl 80 50 pl
TEMED 8 ul 8yl 5 ul
H.O 4.2 ml 3.5ml 2.15ml

4.4.2.2 Western Blotting

The wet immunoblotting method was used for protein transfer onto nitrocellulose
or methanol-activated PVDF membranes using a transfer cell (BIO-RAD). Both
SDS-gel and slices of the Whatman-paper were put in the blotting buffer (0.25 M
Tris, 1.92 M glycine, pH 8.6 £ 0.2) for 5 min. A transfer assembly sandwich was
prepared consisting of 3 thin sheets of the Whatman-paper, a nitrocellulose or
PVDF membrane, the gel, 3 thin Whatman paper slices, and proteins were
subsequently transferred at 0.32 A for 90 minutes. After transfer, the sandwich
was disassembled, and the membrane was either immersed in Ponceau S
staining solution (method section 4.4.2.3) or directly incubated in the blocking
solution (5% w/v milk in TBS-T; 0.01 M Tis HCI, pH 7.4, 0.15 M NacCl, 0.1% (v/v)
Tween 20) for 45 minutes. Subsequently, the membrane was first immersed in
the corresponding primary antibody solution diluted in TBS-T (Table 8), followed
by overnight incubation at 4°C. Next day, the membrane was washed three times
for 10 min in TBS-T under constant agitation and followed by incubation with the
appropriate secondary antibody (Table 9) in TBS-T for 1 hour at room

temperature. Afterwards, the membrane was washed twice for 10 min with TBS-
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T and finally rinsed for 10 min in TBS. The protein bands were visualized with
chemiluminescent substrate solution (Thermo) by imaging with the ChemiDoc
(Bio-Rad) chemiluminescence imaging system.

4.4.2.3 Ponceau S staining

The membrane was immersed in the Ponceau staining solution (0.1%
(w/v) Ponceau S; 5% (v/v) acetic acid) for 2 to 3 minutes under constant agitation.
Then the stain was removed by rinsing with water until the bands were clearly
visible without background.

4.4.3 Co-immunoprecipitation

Mitochondria were isolated and solubilized in digitonin as described above in
section 4.4.1. Around 250 pg of solubilized mitochondria (~150 pl volume) were
used for each co-purification and incubated with 10 pg of anti-TOM22 (Abcam)
or 20 ug of anti-TOM40 (Proteintech) antibodies for 2 h at 4°C. Normal rabbit IgG
was used as an isotype control. After incubation, prewashed protein A agarose
beads were added and incubated for another hour at room temperature. Beads
were washed three times with HMS-B buffer and proteins eluted with 2x Laemmli
buffer at 95°C for 10 min. For V5 co-immunoprecipitation, V5 beads (ChromoTek)
were pre-washed with HMS-B buffer three times. Solubilized mitochondria were
crosslinked first with 1 mM DSP for 1 h at 4°C followed by quenching with 1 M
Tris-HCI, pH 7.5. The crosslinked solubilized mitochondria were purified on a filter
column (Amicon® ultra centrifugal filter, 3 kDa MWCO; sigma), and incubated
with 50 pl of V5 beads in HMS-B for 1h at room temperature. Beads were washed
three times with HMS-B buffer, eluted in 2x Laemmli buffer with 0.1 M DTT at
95°C for 10 min, and further analyzed by Western blot. After boiling the beads in
Laemmli buffer, the eluate was collected, separated on a 12% SDS-PAGE gel
before detection of proteins by Western blotting. The primary antibodies used
were rabbit anti-APEX2 (1:3000 dilution), rabbit anti-TOM22 (1:500 dilution),
rabbit anti-TOM40 (1:500 dilution), and mouse anti-V5 (1:1000 dilution).

4.4.4 Proximity labeling

For biotin labeling via APEX2, expression of the corresponding fusion proteins
was induced with doxycycline (DOX) or cells were mock treated as described
above. After 24 h, cells at around 85% confluency were incubated with fresh
DMEM containing 0.5 mM biotin-phenol (BP; Iris Biotech GMBH) for 30 min at

37°C. Biotinylation was initiated by adding H202for one minute at room
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temperature to the final concentration of 1 mM under constant agitation for each
cell line (Hung et al., 2017). Control samples omitted either BP or H20:2 or
uninduced cells were included for each APEX2-fusion protein expressing cell
lines. Labeling reactions were quenched by removing media and immediate
washing of the cells with an equal volume of quenching DPBS solution that was
prepared freshly after mixing DPBS with 10 mM sodium azide, 10 mM sodium
ascorbate, and 5mM Trolox. Cells were washed twice two times with quenching
DBPS solution, and once with PBS before trypsinization, then pelleted at 500 x g.
The pellet was washed with PBS and cells were immediately lysed in RIPA buffer
(50 mM Tris, pH 7.5, 150 mM NacCl, 0.1% SDS, 1% Triton X-100, 0.5% sodium
deoxycholate and 1x cOmplete ™protease inhibitor cocktail) supplemented with
10 mM sodium azide, 10 mM sodium ascorbate, and 5 mM Trolox. The lysates
were incubated on ice for 15 minutes, sonicated briefly, then centrifuged at
15,000 x g for 10 min at 4°C. Protein concentration of the clarified lysates was
determined with a Pierce™ 660-nm protein assay (Thermo, catalog no. 22660).
20 pg of whole cell lysate was combined with Laemmli buffer and boiled for 10
min. Lysates were separated on a 9% SDS-PAGE gel and transferred to
nitrocellulose membrane. Membranes were stained by Ponceau S (0.1% wi/v
Ponceau S in 5% acetic acid (v/v), afterwards incubated in 3% BSA in TBST
(0.1% Tween-20 in Tris-buffered saline) overnight. On the next day, the blot was
incubated with 0.3 ug ml™" streptavidin-HRP (Thermo) in TBS-T for 1 hour at room
temperature and further developed using the Pierce™ ECL Western Blotting-
Substrate (Thermo).

4.4.5 Immunofluorescence microscopy and image acquisition

Around 25,000 cells were seeded on the coverslips coated with 0.2% gelatin and
placed in 12-well plates. Cells were incubated either with or without 500 ng
ml~" doxycycline for 24 hours. The samples were then thoroughly washed three
times with PBS to remove media, fixed and permeabilized with ice-cold methanol
for 10 minutes at —20°C. The samples were washed twice with PBS containing 5
mM MgClz (PBSM) and once with 50 mM glycine in PBSM. Cells were further
incubated in 3% bovine serum albumin (BSA) diluted in PBSM (blocking solution)
for 1 h. This was followed by incubation with the corresponding primary antibodies
(mouse anti-V5 antibody, 1:1000 dilution; rabbit anti-TOM22 antibody, 1:200
dilution; mouse anti-TOM20 antibody,1:200 dilution; rat anti-flag antibody,1:500
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dilution; rabbit anti-TOM20 antibody, 1:200 dilution; table 8) in the blocking
solution for 1 h at room temperature or overnight at 4 °C. After washing three
times with PBS, cells were incubated with Alexa Fluor coupled secondary
antibodies (Invitrogen) at 1:1000 dilution in the same blocking buffer for 1 h. The
cells were washed two times with PBS first and then incubated for 5 minutes with
DAPI (0.1 yg mlI~") diluted in PBS. Cells were thoroughly washed again with PBS
and mounted with ProLong™ Glass Antifade Mountant (Thermo). After overnight
incubation at room temperature, the slides were stored at 4 °C until imaging. To
analyze biotinylated proteins, biotinylation was performed directly on the cells
seeded on the cover slips as described before, treatment with the corresponding
antibodies and mounted as explained before. All images were captured using a
Zeiss LSM980 laser scanning confocal microscope (Carl Zeiss, Germany)
equipped with an Airyscan 2 detector with a 60x oil objective and further
processed with ImageJ/Fiji.

4.4.6 Mass spectrometry (MS) sample preparation

Around 1.5 million cells for each replicate were induced with doxycycline (DOX)
for 24 hours. Controls for mock treated and puromycin treated cells were seeded
at the same time, having similar number and confluency. Next day, cells having
85% confluency were biotinylated and further lysed in the RIPA buffer as
described above. For puromycin treatment, cells were treated with 200 yM
puromycin and 0.5 mM BP for 30 min at 37°C (Fazal et al., 2019; Qin et al., 2021).
APEX2 labeling was induced by H20: treatment for one minute as described
above.

4.4.6.1 Streptavidin pulldown to enrich biotinylated proteins

For capturing biotinylated proteins, we followed a published protocol (Hung et al.,
2017). 50 pl streptavidin-coated magnetic beads (Pierce) were used for each
replicate and washed three times with RIPA buffer with end-to-end rotation. Pre-
washed beads were incubated with 120 ug of lysate for each replicate for 2 hours
at room temperature under constant end-to-end rotation. After capturing, beads
were washed twice with 1 ml of RIPA lysis buffer for 2 min, once with 1 M KClI for
2 min, once with 0.1 M Na2COs for around 10 seconds, once with 2 M urea in 10
mM Tris-HCI (pH 8.0) for around 10 seconds, and again twice with 1 ml RIPA
lysis buffer for 2 minutes at room temperature. The beads were subsequently

transferred to fresh tubes and washed briefly first with RIPA buffer, once with 1ml
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wash buffer (75 mM NaCl in 50mM Tris-HCL pH 7.5), and then processed for LC-
MS/MS analysis as follows.

4.4.6.2 Downstream sample preparation for MS (performed by Katharina
Zittlau)

Subsequent sample preparation for LC-MS/MS analysis including data
processing and analysis was done at the Proteome Center Tuebingen (PCT),
University of Tuebingen. Samples were processed by Silke Wahl and Katharina
Zittlau. Data analysis was performed by Katharina Zittlau under the supervision
of Boris Macek. On bead captured interaction partners of TOMM20, TOMM7O0, or
otherwise tagged by NES-, and Mito-APEX2, and ERM markers including mock
treated ones were resuspended in 30 pl of denaturation buffer (6 M urea, 2 M
thiourea, 10 mM Tris, pH 8). Disulfide bonds were reduced with 10 mM of DTT
for 1h and further alkylated with 55 mM of iodoacetamide for 1h in the dark.
Proteins were predigested with 2 ul of LysC (Lysyl endopeptidase; Wako
Chemicals) for 3h. For overnight digestion with 2 pl of trypsin (Promega
Corporation) samples were diluted fourfold with 50 mM ammonium bicarbonate.
On the next day, beads were pelleted, the supernatant was transferred to a new
tube and the digestion was stopped by adding 1% of trifluoroacetic acid (TFA) the
next day. Contaminants were removed by the PreOmics®’ Phoenix kit prior their
submission to the MS.

4.4.6.3 LC-MS measurement and data analysis (performed by Katharina
Zittlau)

All proximity labeled samples were analyzed on a Q Exactive HF mass
spectrometer (Thermo Fisher Scientific) online-coupled to an Easy-nLC 1200
UHPLC (Thermo Fisher Scientific) at the Proteome Center Tuebingen (PCT),
University of Tuebingen. Prior to MS-based analysis peptides were separated on
an in-house packed (ReproSil-Pur C18-AQ 1.9 um resin [Dr Maisch GmbH Ltd])
20 cm analytical column (75 um ID PicoTip fused silica emitter [New Objective]).
For gradient elution of the peptides solvent A (0.1% formic acid (FA)) and solvent
B (0.1% FA in 80% acetonitrile (ACN)) were used across a 60 min gradient with
a flow rate of 200 nl/min at 40 °C. The mass spectrometer was operated in
positive ion and in data-dependent acquisition mode. MS1 spectra were acquired
over a scan range from 300 to 1650 m/z at resolution 60k. The top 7 most

abundant peptides were selected for isolation within an isolation window of 1.4
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m/z, higher-energy collisional dissociation (HCD) fragmentation with normalized
collision energy (NCE) set to 27 and a maximum injection time of 110 ms/ AGC
target 1e5. MS2 spectra were acquired at resolution 60k. Peptides were excluded
from re-analyzing for 30 s.

Generated raw files were further processed with the MaxQuant software suite,
version 2.2.0.0 (Cox et al., 2014). All parameters were kept as default with trypsin
specific digestion mode selected and two missed cleavages allowed. As
quantification method, label-free quantification was selected with minimal ratio
count of 1. Cysteine carbamidomethylation was selected as fixed as well as
methionine oxidation and protein N-terminal acetylation as variable modifications.
Match between runs was allowed across all raw files. All spectra were searched
against the UniProt Homo sapiens database (downloaded on December 16,
2022, 103 830 entries) and commonly observed contaminants.

For downstream data analysis only protein groups were considered that had not
been identified as contaminant. Data were analyzed using Perseus software
(Tyanova et al., 2016), version 1.6.7.0 with annotation for cellular compartment
and biological function based on gene ontology and MitoCarta3.0 (Rath et al.,
2021) Within biological replicates only proteins quantified in two out of three
replicates or if more replicates were performed 75% were used further. To
decrease the number of missing values these were replaced from normal
distribution with standard settings. To identify significantly higher or lower
abundant proteins, a Student’s two-sample t-test was performed. Candidates
were classified as significant (p-value: 5%, Difference: 3) and stringent significant
(p-value: 1%, Difference: 4). Additional data visualization was performed within
the R environment. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner repository (Perez-
Riverol et al, 2022) with the dataset identifier PXD057097 and
10.6019/PXD057097.

4.4.7 RNA Extraction

All RNA experiments were performed following standard protocols and utmost
priority was given to minimizing RNase contamination. Lab bench surfaces were
wiped thoroughly with a solution that eliminates RNase on the surfaces, and
RNAse free consumables including filtered pipette tips were utilized. The cells
were cultured, harvested and centrifuged as described before in section 4.4.4.
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RNA was extracted using RNeasy plus mini kit (QIAGEN) utilizing all kit reagents
supplied with the kit and the recommended protocol. The cells were lysed first in
the lysis buffer supplemented with 3-mercaptoethanol. The lysate was poured in
a genomic DNA eliminator column that was supplied with the kit and centrifuged.
After the subsequent washing steps following RNA extraction, the RNA was
finally eluted with RNase-free water, and RNA concentration was checked with a
Nanodrop instrument. Extracted RNA sample showed an A260/A280 ratio of
~2.0, corresponding to highly purified RNA, was saved for down-stream
applications. Extracted RNA was further digested with Turbo DNase (Thermo) to
remove the remaining genomic DNA contaminants at 37 °C for 30 minutes, and
RNA was again purified via the RNA Clean and Concentrator -5 kit (Zymo
Research). The purified RNA was saved at -80 °C for downstream experiments.
4.4.8 RNA dot blot assay

The extracted RNA was heated first at 95°C for 3 min to disrupt secondary
structures and chilled immediately. Around ~2.5 pg RNA was blotted on a
nitrocellulose membrane for each sample and the membrane was air dried for 10
minutes. RNA was crosslinked twice in a Cx-2000 UV Crosslinker (Stratalinker)
using the auto crosslink mode (1,200 microjoules). Subsequently the membrane
was immersed in TBS blocking buffer with 0.1 %Tween for one hour, followed by
incubating in 15 mL PBST solution supplemented with 1ul Streptavidin IRDye
800CW for another hour. The membrane was further washed with TBST three
times for 10 minutes and visualized on Odyssey Infrared Imaging System (HNO
clinic, Tuebingen). ssDNA oligotides with a 3'-biotin modification were used as a
positive control.

4.4.9 Enrichment of biotinylated RNA

To enrich the biotinylated RNA, a previously published protocol was followed
(Fazal et al., 2019). For each sample, around 100 pyg RNA was utilized and further
enriched by using dynabeads MyOne streptavidin C1 magnetic beads (Thermo
Fischer). The 40 pl beads slurry was taken per sample and first washed three
times using 500 pl bead washing buffer (1 M NaCl, 0.5 mM EDTA, 5 mM Tris-
HCI, pH = 7.5, 0.1% TWEEN 20). The beads were subsequently washed two
times using 500 pl of Solution A (0.05 M NaCl, 0.1 M NaOH), and finally once
with Solution B (0.1 M NaCl). Afterwards, the prewashed beads were re-
suspended in ~150 pyl 0.05 M NaCl and mixed with ~150 pl of 100pg RNA
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(diluted in RNAse free water). 1ul Ribolock RNase Inhibitor was added in ~300ul
RNA beads mixed and the whole mixture was incubated on a rotator for 2 hours
at 4°C. After incubation, the beads were washed three times in washing buffer
and resuspended again in 54 pl water. Afterwards the beads were mixed with 3 pl
of Ribolock RNase inhibitor, 10 pl Proteinase K (20 mg/ml), and 33 ul of 3X
proteinase digestion buffer (330 ul of 10x PBS pH 7.4, 66 pl 0.5M EDTA, 330 ul
of solution B (20% N-Lauryl sarcosine sodium solution, 16.5 yl 1M DTT, and
357.5 ul water; total volume 1.1 mL). This mixture was first incubated under
constant agitation at 42°C for one hour, then the temperature increased to 55°C
and the beads were incubated for another hour. Afterwards, the supernatant was
collected, and the enriched RNA was further purified utilizing the RNA clean and
concentrator-5 kit (Zymo Research). The enriched (pulled-down) samples were
sent to Novogene for RNA sequencing where all the further steps from library

preparation to data analysis were performed.
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Blue Native Blue native polyacrylamide gel electrophoresis
PAGE

BSA Bovine serum albumin

CLUH Clustered mitochondria protein homolog
Cryo-EM Cryogenic electron microscopy

DNA Deoxyribonucleic acid

DOX Doxycycline

DTT Dithiothreitol

EDTA Ethylenediaminetetraacetic acid

ER Endoplasmic reticulum

ERM Endoplasmic reticulum membrane

FL Full-length

GFP Green fluorescent protein

Hsp Heat shock protein

Hsp70 70-kDa heat-shock protein

Hsp90 90-kDa heat-shock protein

HsTOM Homo sapiens TOM

IM Inner membrane

IMS Intermembrane space

LARP La ribonucleoprotein

LARP4 La ribonucleoprotein 4

MAVS Mitochondrial antiviral-signaling protein
MIM mitochondrial import machinery
mitoRNAs Nuclear encoded mitochondrial transcripts
MOM Mitochondrial outer membrane

mMtDNA Mitochondrial DNA genome

MTS mitochondrial targeting sequence

oM Outer membrane

OXPHOS Mitochondrial oxidative phosphorylation
PABPC4L Polyadenylate-binding protein 4-like
PAIP1 Translational activator PABP-interacting protein 1
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PINK1

PL

PPI

PVDF
SDS-PAGE
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SYNJ2
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TIM

TMD
TOM
TOM-CC
Tom20
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Tom40
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TOMM20
TOMM22
TOMMA40
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Polymerase chain reaction
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Protein-protein interactions
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Sodium dodecyl sulfate polyacrylamide gel electrophoresis
alpha Synuclein

Synaptojanin-2

Synaptojanin 2 binding protein
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Transmembrane domain

Translocase of the outer membrane

TOM core complex

Mitochondrial import receptor subunit TOM20 in Saccharomyces
cerevisiae
Mitochondrial import receptor subunit TOM22 in Saccharomyces
cerevisiae
Mitochondrial import receptor subunit TOM40 in Saccharomyces
cerevisiae
Mitochondrial import receptor subunit TOM70 in Saccharomyces
cerevisiae
Mitochondrial import receptor subunit TOM20 homolog in human
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Mitochondrial import receptor subunit TOM40 homolog in human
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Wild type
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(A)

TOMM20 vs TOMM70
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Stringent significantly down

Suppl. Figure 1. Comparisons of proteins identified in various interactomes and
effect of puromycin on TOMM20- and TOMM70-APEX2 interactomes.

(A) Venn diagram showing TOMM20 overlapping candidates by comparing the
enriched candidates of TOMM20 in TOMM20 vs TOMM70 interactomes and TOMM20
vs NES interactome. (B) Volcano plots for TOMM20-APEX2 interactome against
TOMM20-APEX2 interactome (+puro). (C) Volcano plots for TOMM70-APEX2
interactome against TOMM70-APEX2 interactome (+puro). Highlighted are the proteins
annotated (based on GOBP) for translation and mRNA processing
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Suppl. Figure 2. Plasmid map of pSF3-GFP (RJP 2251) used as template plasmid to
clone expression cassettes of corresponding fusion transgenes.
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Suppl. Figure 3. Plasmid map of pSF3-TOMM20-APEX2-V5 (RJP 2303), used to
express NES targeted APEX2 in HelLa cells.
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Suppl. Figure 4. Plasmid map of pSF3-TOMM70-APEX2-V5 (RJP 2307), used to

express NES targeted APEX2 in HelLa cells.
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Suppl. Figure 5. Plasmid map of pSF3-FLAG-APEX2-NES (RJP 2358), used to
express NES targeted APEX2 in HelLa cells.
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Suppl. Figure 6. Plasmid map of pSF3-mito-APEX2-V5 (RJP 2359), used to express
Mito targeted APEX2 in HelLa cells.
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Suppl. Figure 7. Plasmid map of pSF3-ERM-APEX2-V5 (RJP 2297), used to express
ERM targeted APEX2 in HelLa cells.

121



Supplementary tables

Supplementary Tables (1-13) are available for public access on the following
repository.

https://github.com/TOMM-20-70/Thesis-supplementary-data
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