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1. Summary 
 

Mitochondria perform crucial functions for cell survival. In order to fulfill these functions, 

mitochondria contain about 1,000-1,300 proteins. Approximately, 99% of the mitochondrial 

proteins are synthesized as precursors on cytosolic ribosomes and imported into mitochondria 

via sophisticated import machineries. The translocase of the outer membrane complex (TOM 

complex) forms an entry gate for most mitochondrial precursors. Defects in protein import via 

the TOM complex lead to the accumulation of mitochondrial precursor proteins, which in turn 

cause massive proteotoxic stress. To ensure correct mitochondrial function, a plethora of quality 

control factors govern mitochondrial protein import at various steps, thereby ensuring proper 

protein import into mitochondria. However, our understanding of quality control mechanisms 

is still limited. In this research study, we aimed to identify quality control factors that monitor 

the TOM complex. 

Using affinity purifications, we identified a new quality control factor, Pth2, which operates at 

the TOM complex and promotes the removal of accumulated precursor proteins. Upon clogging 

of the TOM complex, Pth2 interacts with the ubiquitin-binding protein Dsk2 (sole yeast 

homolog of human, ubiquilins) which delivers ubiquitylated substrates to the proteasome for 

degradation. We observed two experimentally independent functions of Pth2 in quality control. 

One related to its role in the removal of non-imported precursor proteins during mitochondrial 

import. The other function of Pth2 was related to its peptidyl tRNA hydrolase activity linked to 

the quality control pathway in clearing translation-stalled polypeptides from the ribosome. In 

addition, our data led to the discovery of Fmp52, a novel regulatory protein at the TOM 

complex. We observed that Fmp52 is present both in mitochondria as well as in the cytosol. 

Furthermore, we observed that Fmp52 is stabilized upon proteasomal inhibition and clogging 

of the TOM complex. Thus, Fmp52 plays a regulatory role in mitochondrial quality control.   

In conclusion, we identified two new factors operating at the TOM complex. These factors play 

an essential role in maintaining the TOM complex in an import-competent state, allowing 

efficient protein import via the cellular gateway. 
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2. Introduction 
 

2.1 Mitochondria 

 

Mitochondria emerged from an endosymbiotic event about 1.5 billion years ago.  

a-proteobacteria were then engulfed by an ancestral eukaryotic cell that co-evolved within the 

host cell to form, what we refer to as the present-day, mitochondria. This theory of the 

endosymbiotic origin of mitochondria is a flagship example of prokaryotic endosymbiosis and 

qualifies as a unique event in evolution (Gray et al., 1999; Archibald, 2015; Zachar and Boza, 

2020). Moreover, the discovery of a unique mitochondrial genome, a relic of the 

mitochondrion’s evolutionary past, has further affirmed the eubacterial roots of the 

mitochondrial genome. The mitochondrial genome of yeast, Saccharomyces cerevisiae, the 

model organism used in this study, encodes eight mitochondrial proteins, two rRNAs, and 

twenty four tRNAs. In contrast, the human mitochondrial genome encodes thirteen proteins, 

two rRNAs, and twenty two tRNAs (Lang et al., 1999; Hällberg and Larsson, 2014; Ott et al., 

2016). Mitochondria are surrounded by two membranes, the outer and the inner membrane, 

which enclose two aqueous compartments: the intermembrane space (IMS) and the inner matrix 

respectively (Figure 1). The inner membrane is folded and invaginated into the matrix to form 

the so-called cristae. The crista membrane is the main site of oxidative phosphorylation 

(OXPHOS), reactions by which adenosine triphosphate (ATP) is produced from the proton 

gradient generated across the inner membrane by the respiratory chain (Vogel et al., 2006; Zick 

et al., 2009). In addition to ATP production, mitochondria perform a variety of cellular 

functions. They are involved in metabolic pathways, such as the tricarboxylic acid cycle, 

biosynthesis of amino acids, heme, and iron-sulfur clusters, b-oxidation of lipids, and steroid 

synthesis (Demine et al., 2014; Marcero et al., 2016; Martinez-Reyes et al., 2016; Lill and 

Freibert, 2020;). Furthermore, mitochondria participate in signaling processes involving 

reactive oxygen species (ROS), calcium ions, and programmed cell death (Joza et al., 2001; 

McBride et al., 2006; Galluzzi et al., 2012; Nunnari and Suomalainen, 2012). The multifaceted 

role of mitochondria in cellular metabolism has been illustrated by the fact that mitochondrial 

dysfunction has been implicated in a wide range of common diseases including 

neurodegenerative disorders, metabolic syndromes, cancer, cardiomyopathies, and obesity 

(Nunnari and Suomalainen, 2012; Picard et al., 2016; Wallace, 2018). To fulfil the various 

functions, mitochondria consist of ~1,000 different proteins in Saccharomyces cerevisiae and 
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~1,300 different proteins in human cells (Sickmann et al., 2003; Pagliarini et al., 2008; 

Morgenstern et al., 2017; Rath et al., 2021; Morgenstern et al., 2021). Approximately 99% of 

mitochondrial proteins are nuclear-encoded, that is they are produced on cytosolic ribosomes 

and subsequently need to be imported and transported to their destined location in the correct 

sub-cellular mitochondrial compartment (Harbauer et al., 2014; Pfanner et al., 2019).   

 

 
Figure 1. The general structure of mitochondria. Mitochondria consist of two membranes: the outer and 
the inner membrane that enclose two aqueous compartments: the intermembrane space and the inner 
matrix respectively. The inner membrane is folded into characteristic invaginations called cristae. The inner 
cristae membrane harbors the OXPHOS complexes for the production of ATP. Within the matrix lies the 
circular mitochondrial DNA. Only a few genes are transcribed from mtDNA, followed by translation on 
mitochondrial ribosomes, and subsequently integrated into the inner membrane. Mitochondria imports 
precursor proteins from the cytosol using a sophisticated network of import machineries located on the 
outer and inner membrane. mt DNA., mitochondrial DNA; OXPHOS., oxidative phosphorylation. 

 

 

2.2 Protein import pathways into yeast mitochondria 

 

The translocase of the outer membrane (TOM) complex forms an entry gate for almost all the 

mitochondrial precursor proteins. It consists of seven subunits, including a single b-barrel and 

six a-helical integral trans-membrane proteins. The b-barrel protein Tom40 forms the central 

protein conducting channel of the TOM complex. Three a-helical proteins serve as precursor 

receptors for incoming precursor proteins (Tom20, Tom22, and Tom70).  Three a-helical small 

Tom proteins, Tom5, Tom6, and Tom7, are closely associated with Tom40 and are involved in 



Introduction 

 4 

 

the assembly and stability of the TOM complex (Hill et al., 1998; Becker et al., 2005; Neupert 

and Herrmann, 2007; Shiota et al., 2015; Wiedemann and Pfanner, 2017; Araiso and Endo, 

2022). Recent structural analyses using high-resolution cryo-electron microscopy of the yeast 

and human TOM complex corroborated these findings and revealed that the TOM pore is 

formed by a homodimer of Tom40 tethered together by two subunits of Tom22 (Bausewein 

et al., 2017; Araiso et al., 2019; Tucker and Park, 2019; Wang et al., 2020; Guan et al., 2021; 

Su et al., 2022). The two main receptor a-helical proteins Tom20 and Tom70 recognize the 

incoming precursor proteins and associated chaperones. Tom20 preferentially binds to 

precursor proteins with a cleavable presequence (Abe et al., 2000; Yamano et al., 2008). On the 

other hand, Tom70 recognizes proteins with internal mitochondrial targeting sequences and 

forms a docking site for hydrophobic precursor proteins such as multi-spanning outer and inner 

membrane proteins (Brix et al., 1997; Yamamoto et al., 2009; Backes et al., 2018; den Brave et 

al., 2021).  

After passing through the TOM complex, specific protein translocases sort the precursor 

proteins into their destined mitochondrial compartments (Figure 2). First, precursors with a 

cleavable N-terminal, positively charged, amphipathic a-helical presequence are handed over 

to the translocase of the inner membrane (TIM23 complex) and are transported into the inner 

membrane or the matrix in a membrane potential-dependent manner (Chacinska et al., 2003; 

van der Laan et al., 2010; Gupta and Becker, 2021). Inner membrane-sorted preproteins contain 

a hydrophobic sequence that serves as a stop-transfer signal to these proteins and are laterally 

released into the inner membrane. Matrix-imported proteins additionally require the 

cooperation of the presequence translocase-associated motor (PAM). The central component of 

the PAM machinery is mitochondrial Hsp70 (mtHsp70) which is controlled by its five 

co-chaperones: Tim44, Mge1, Pam18 (Tim14), Pam16 (Tim16) and Pam17. As an ATP-driven 

chaperone, mtHsp70 in cooperation with its co-chaperones pulls precursor proteins from the 

TIM23 complex, facilitating their translocation into the matrix (De Los Rios et al., 2006; 

Eppinger et al., 2008; van der Laan et al., 2010). After protein import, the presequence of both 

inner membrane and matrix-located preproteins is cleaved off by the mitochondrial processing 

peptidase (MPP) (Taylor et al., 2001; Vögtle et al., 2009). 

Second, precursors of multi-spanning, inner-membrane proteins that have internal targeting 

signals such as carrier proteins are inserted into the inner membrane by the carrier translocase 

of the inner membrane (TIM22 complex) in a membrane potential-dependent manner (Neupert 

and Herrmann, 2007; Chacinska et al., 2009). After passage through the TOM complex, the 

hydrophobic sequences are shielded from the aqueous intermembrane space by hexameric 
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small TIM chaperones which also guide the transfer of the precursor proteins for their final 

insertion into the inner membrane. The transport of proteins to the carrier translocase (TIM22) 

is aided by interactions with outer membrane proteins involving the metabolite channel porin 

in yeast. (Ellenrieder et al., 2019; Grevel and Becker, 2020; Horten et al., 2020).  

 

 
Figure 2. Protein Import Pathways into Mitochondria. The majority of the precursor proteins are imported 
through the translocase of the outer member (TOM) complex. Proteins containing a cleavable N-terminal, 
positively charged amphiphilic presequence are handed over to the translocase of the inner membrane 
(TIM23 complex) for either lateral release into the inner membrane (IM) or are imported into the matrix. 
The presequence translocase-associated motor (PAM) cooperates in the import of matrix-destined 
proteins. Mitochondrial processing peptidase (MPP) cleaves off the presequence after import. Small TIM 
chaperones in the intermembrane space (IMS) guide hydrophobic carrier precursors to the carrier 
translocase of the inner membrane (TIM22). The mitochondrial intermembrane space import and assembly 
(MIA) machinery in the intermembrane space (IMS) coordinates the import and oxidation of precursor 
proteins containing cysteine-rich motifs. The sorting assembly machinery (SAM complex) integrates b-
barrel proteins into the outer membrane.  Precursors of a-helical proteins are inserted from the cytosol 
into the outer membrane with the help of mitochondrial import machinery (MIM complex). OM., outer 
membrane; IMS., intermembrane space; IM., inner membrane; Δψ., membrane potential. (Figure adapted 
from Gupta & Becker, 2021) 
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The TIM22 complex facilitates both the insertion and lateral release of carrier precursors into 

the inner membrane (Rehling et al., 2003). 

Third, the mitochondrial import and assembly (MIA) machinery is involved in importing 

proteins destined for the intermembrane space. These precursor proteins harbor an internal-

cysteine-rich motif, which also serves as a mitochondria-targeting signal. The precursors are 

kept in a reduced state in the cytosol and translocated across the outer membrane via the TOM 

complex. The MIA machinery promotes the import of incoming precursors by the formation of 

intermolecular disulfide bonds as soon as the precursors emerge from the TOM complex. 

Mia40, the core subunit of the MIA machinery, oxidizes the thiol groups of precursor proteins 

to disulfide bonds (Hell et al., 2001; Stojanovski et al., 2008). Re-oxidation of Mia 40 for 

another round of import is mediated by Erv1 which shuttles electrons from the MIA complex 

to the respiratory chain (Neupert and Herrmann, 2007; Chacinska et al., 2009).  

The sorting assembly machinery (SAM complex) integrates b-barrel proteins into the outer 

membrane. Similar to the carrier pathway, small TIM chaperones bind to the b-barrel precursors 

to prevent their aggregation in the aqueous intermembrane space, thereby aiding their transfer 

from the TOM complex to the SAM complex. The most C-terminal b-strand of the precursor 

functions as a b-signal, inducing the opening of the lateral gate of the SAM complex and 

facilitating its insertion as the first step in the process. Subsequently, b-hairpins are inserted 

into the lateral gate in a stepwise manner until the b-barrel is formed (Kozjak et al., 2003; 

Wiedemann et al., 2003; Klein et al., 2012; Diederichs et al., 2020; Takeda et al., 2021).  

Fifth, precursors of a-helical outer membrane proteins are imported by the mitochondrial 

import machinery (MIM complex) (Ishikawa et al., 2004, Becker et al., 2008, Dimmer et al., 

2012). Different populations of MIM complexes promote the insertion of different types of 

outer membrane proteins (Doan et al., 2020; Gupta and Becker, 2021). Free MIM complex 

promotes the insertion of single-spanning a-helical proteins. The MIM complex associates with 

the TOM complex to receive precursors from the Tom70 receptor, and with the SAM complex 

to mediate the import and assembly of small Tom proteins (Becker et al., 2008; Doan et al., 

2020; Gupta and Becker, 2021). 

 

2.3 Targeting of proteins to mitochondria 

 

The transport of proteins from the cytosol to the TOM receptors on the mitochondrial surface 

remains partially characterized. Mitochondrial precursor proteins can be imported via the TOM 
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complex, either co-translationally or post-translationally (Becker et al., 2019; Hansen and 

Herrmann, 2019).  

In the case of co-translational import, the proteins are imported while they are being synthesized 

on cytosolic ribosomes. In such cases, the respective mRNAs are associated with the 

mitochondrial outer membrane (Lesnik et al., 2014; Gold et al., 2017; Qin et al., 2021; 

Uszczynska-Ratajczak et al., 2023). The RNA-binding protein, Puf3 which belongs to the 

Pumilio protein family has been shown to be involved in the transport of mRNAs to the 

mitochondrial periphery (Gadir et al., 2011; Quenault et al., 2011; Lapointe et al., 2018). 

Furthermore, the interaction between the translated mitochondrial targeting sequence and the 

Tom20 import receptor plays a crucial role in targeting the mRNAs to the surface of the 

mitochondria (Eliyahu et al., 2010). The nascent polypeptide-associated complex (NAC) 

ensures the accurate localization of precursor proteins to mitochondria at the ribosome exit 

tunnel (George et al., 1998; Funfschilling and Rospert, 1999). The mitochondrial outer 

membrane proteins Om14 and Sam37, cooperate with the NAC complex to further facilitate 

protein import (Lesnik et al., 2014; Ponce-Rojas et al., 2017). 

 The majority of mitochondrial precursor proteins are imported in a post-translational manner 

(Becker et al., 2019; Bykov et al., 2020). For proteins that are imported post-translationally, it 

is imperative that they are maintained in an import-competent confirmation in the cytosol. In 

order to prevent the aggregation and misfolding of these precursor proteins, a network of 

cytosolic chaperones belonging to the Hsp70 and Hsp90 families, guide the precursor proteins 

to the mitochondrial surface (Deshaies et al., 1988; Young et al., 2003; Endo and Yamano, 

2009; Becker et al., 2019). It has been shown that Hsp70 and Hsp90, together with their 

co-chaperones bind to the Tom70 receptor of the TOM complex thereby targeting the 

mitochondrial precursors as well as initiating protein translocation. (Young et al., 2003; Backes 

et al., 2021; Song et al., 2021). The coordinated network of chaperones during protein targeting 

prevents the premature folding of misfolded proteins and protein aggregation in the cytosol. 

Among these chaperones, Hsp70s are ubiquitously present and participate in a wide range of 

cellular processes such as biogenesis of mitochondrial precursor proteins, protein folding, 

targeting, preventing aggregation, and protein turnover (Sheffield et al., 1990; Kampinga and 

Craig, 2010; Rosenzweig et al., 2019). Hsp70 chaperones are recruited by the Hsp40 

chaperones. Hsp40 chaperones, also called J-proteins, due to the presence of a common J-

domain, recruit Hsp70s by stimulating their ATPase activity thereby playing a pivotal role in 

various cellular processes. The Hsp40 co-chaperones, Xdj1, and Djp1 bind differentially to the 

receptors Tom22 and Tom70, respectively (Opaliński et al., 2018). Further, Hsp40 co-
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chaperones like Ydj1 and Sis1 interact with newly synthesized precursor proteins thereby 

ensuring their proper biogenesis, targeting, and membrane insertion (Jores et al., 2018; Drwesh 

et al., 2022). Despite the sophisticated network of chaperones, protein targeting can fail for a 

proportion of precursor proteins even under optimal conditions. 

 

2.4 Stress responses on impaired mitochondrial import  

 

Mitochondria receives a large number of proteins that needs to be imported from the cytosol. 

The TOM complex positioned at the mitochondrial entry gate bears the responsibility for 

importing a substantial flow of proteins. If the TOM complex is overloaded or is undermined 

due to mitochondrial damage like loss of mitochondrial membrane potential or mutations in the 

translocon, this can result in the blocking and clogging of the TOM pore (Wang and Chen, 

2015; Wrobel et al., 2015; Mårtensson et al., 2019). Precursor proteins need to be maintained 

in a predominantly unfolded state because the Tom40 pore channel exclusively allows the 

transport of helix-turn-helix structures, and is incapable of accommodating folded domains 

(Ahting et al., 2001; Wiedemann et al., 2001; Shiota et al., 2015; Kater et al., 2020). 

Consequently, proteins with folded domains pause at the import channel, leading to a delay or 

blockage of the translocation process (Chacinska et al., 2003; Gold et al., 2014). Precursors that 

stall at the translocase can span both the outer and inner membranes and form a highly stable 

super complex with the TOM and TIM translocases (Chacinska et al., 2003; Gomkale et al., 

2021). In such cases, premature folding of precursor proteins obstructs their passage through 

the TOM channel, whereas their N-terminal presequence interacts with the TIM23 translocase 

of the inner membrane, resulting in clogging of the precursors at the TOM-TIM super complex 

(Boos et al., 2019; Mårtensson et al., 2019; Gomkale et al., 2021). Premature folding of 

precursor proteins can be exacerbated by cellular events like protein misfolding under 

conditions of stress and mitochondrial damage (Gregersen et al., 2006). Studies have shown 

that overexpression of precursor proteins particularly those containing bipartite signals 

composed of a mitochondria-targeting sequence and an inner-membrane sorting stop transfer 

signal, can clog the TOM complex (Weidberg and Amon, 2018). Overall mutations affecting 

protein import and conditions compromising the mitochondrial inner membrane integrity and 

function can further block protein import into the mitochondria leading to the accumulation of 

precursor proteins (Wang and Chen, 2015). Therefore, efficient response mechanisms are 

crucial to address the potentially severe physiological consequences of clogging the TOM 

channel.  
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In order to mitigate the proteotoxic stress caused by the accumulation of mitochondrial 

precursor proteins, cells have evolved a variety of mechanisms. Prolonged blockage of the 

TOM complex induces massive transcriptional remodeling to adapt to protein stress and is 

referred to by the umbrella term, mitoprotein-induced stress response (Boos et al., 2020). In 

yeast cells, the transcription factor Hsf1 is the key player of the mitoprotein-induced stress 

response, and triggers a variety of processes. Stress signals such as accumulation of 

mitochondrial precursors in the cytosol, compromised respiration, or perturbation in 

mitochondrial Hsp70, lead to a rapid increase in the expression of genes targeted by Hsf1 

(Matilainen et al., 2017; Boos et al., 2019). Under non-stress conditions, Hsf1 binds to 

chaperones and its activity is repressed. However, under conditions when the cytosolic 

proteostasis is disturbed, chaperones preferentially bind to non-imported precursor proteins and 

are titrated away from Hsf1. Consequently, Hsf1 is released restoring cytosolic proteostasis 

(Krakowiak et al., 2018; Masser et al., 2019; Boos et al., 2020). Recent findings demonstrate a 

similar HSF1-HSP70 axis in mammalian cells in triggering the mitochondrial unfolded protein 

response (UPRmt) to protect the cells against protein misfolding. However, the activation of 

UPRmt in mammals is dependent on both the production of mitochondrial reactive oxygen 

species (mtROS) and the accumulation of non-imported precursor proteins (Sutandy et al., 

2023). In yeast, Hsf1 promotes the expression of Rpn4, a transcription factor that controls 

proteasomal abundance and activity in a pathway referred to as the unfolded protein response 

activated by mistargeting of proteins (UPRam) (Hahn et al., 2006; Wrobel et al., 2015; Boos 

et al., 2019). Moreover, UPRam protects cells by inhibiting protein synthesis and proteasome 

activation (Wrobel et al., 2015).  

Overaccumulation of mitochondrial precursor proteins causes the activation of the 

mitochondrial precursor overaccumulation stress (mPOS) pathway. The overall response to 

mPOS in cells is mediated by the downregulation of general protein synthesis, particularly 

mitochondrial genes encoding proteins involved in respiratory metabolism, as well as 

enhancing chaperone activity and protein turnover. The resulting stress can eventually lead to 

cell death if not rescued (Wang and Chen, 2015).  

The mitochondrial import of precursor proteins is tightly regulated and is under the constant 

surveillance of the proteasome. The import of proteins into mitochondria is coordinated with 

their cytosolic degradation, thereby maintaining cellular homeostasis. To this end, 

mitochondrial proteins that are not efficiently imported are degraded by the ubiquitin 

proteasome system (UPS). (Bragoszewski et al., 2013; Kowalski et al., 2018; Mohanraj et al., 

2019). Under these conditions, proteasomal abundance and activity is increased in response to 
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the accumulation of mitochondrial proteins in the cytosol (Wrobel et al., 2015). The underlying 

mechanisms of how precursor proteins are recognized and degraded are still largely unknown 

in yeast. 

In mammals, the ubiquilin (UBQLN) family of proteins plays a crucial role in ensuring quality 

control of mislocalized proteins. Four ubiquilins (UBQLN1 to UBQLN4) are found in 

mammals, whereas only one homolog, Dsk2, is present in yeast (Chuang et al., 2016). UBQLNs 

contain two functional domains: a ubiquitin-associated (UBA) domain that interacts with 

ubiquitylated substrates, and a ubiquitin-like (UBL) domain that mediates interaction with the 

proteasome. Structural and functional analysis of UBQLNs identified a third, methionine-rich 

middle domain termed the M-domain that binds to the transmembrane domain (TMD) of 

mitochondrial proteins, prevents their aggregation in the cytosol, and drives them to the 

mitochondria. On import failure, UBQLNs recruit E3-ubiquitin ligase to ubiquitylate their 

substrate proteins and consequently, the ubiquitin-substrate complex is delivered to the 

proteasome for degradation. Thus, UBQLNs can function in the triage of tail-anchored 

mitochondrial proteins, supporting mitochondrial insertion and if targeting fails they facilitate 

the turnover of mislocalized membrane proteins (Itakura et al., 2016; Juszkiewicz and Hegde, 

2018).  

When chaperones and the ubiquitin-proteasome system are overburdened, cells utilize an 

additional layer of cell defense to deal with the toxicity of unimported mitochondrial precursor 

proteins by their spatial sequestration to aggregate-like deposits (Miller et al., 2015; Sonntag 

et al., 2017; Krämer et al., 2021; Nowicka et al., 2021; Schlagowski et al., 2021; Shakya et al., 

2021; Xiao et al., 2021). In response to precursor aggregation, a cascade of cellular events is 

triggered, including the upregulation of cytosolic chaperones such as Hsp42 and Hsp104 

(Specht et al., 2011; Mogk and Bukau, 2017; Nowicka et al., 2021). Hsp42 acts as an aggregase, 

promoting the recognition and sequestration of misfolded proteins into aggregates, preventing 

their interaction with other cellular components (Specht et al., 2011; Grousl et al., 2018). In 

contrast, Hsp104 acts as a dissagregase by either refolding the aggregated proteins or targeting 

them for degradation, thereby restoring cellular proteostasis (Grousl et al., 2018; Michalska et 

al., 2019; Shorter and Southworth, 2019). Recent research findings by Krämer et al., described 

that an imbalance in cellular proteostasis caused by protein accumulation in the cytosol led to 

the formation of granular structures in the cytosol, denoted as MitoStores. MitoStores were 

found to mainly contain mitochondrial precursor proteins containing matrix-targeting 

sequences and were regulated by the cytosolic chaperones, Hsp42 and Hsp104. Moreover, it 
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was demonstrated that MitoStores are transient in nature and the sequestered precursors could 

be imported back into mitochondria once the import capacity is recovered (Krämer et al., 2023).  

 

2.5 Quality control at the TOM complex 

 

To prevent clogging of the TOM complex by import-intermediates and maintain the translocase 

in an import-competent state, a variety of molecular mechanisms operate at the TOM complex 

to remove precursor proteins that got stalled during translocation in the TOM channel.  

In the case of co-translationally imported mitochondrial proteins, nascent mitochondrial 

precursor proteins can stall at the ribosome during translation. Possible reasons are faulty 

mRNA, lack of STOP codon, strong secondary structures in the mRNA, and insufficient 

availability of charged tRNAs or amino acids (Brandman and Hegde, 2016). The ribosome-

associated quality control (RQC) pathway removes such stalled nascent chains from the 

ribosomes and delivers the stalled nascent polypeptides to the proteasome for degradation 

(Brandman and Hegde, 2016; Joazeiro, 2019) (Figure 3).  

In this pathway, the ribosomal subunits dissociate and the nascent protein remains bound to the 

60S subunit. Subsequently, Rqc2 recruits the E3 ubiquitin ligase Ltn1 to promote ubiquitylation 

of the nascent polypeptides and mark it for proteasomal degradation (Bengtson and Joazeiro, 

2010; Brandman et al., 2012). In some cases, the lysine residues of the nascent chain are buried 

in the ribosome exit tunnel and are not accessible for ubiquitylation. Here, Rqc2 adds 

C-terminally alanine and threonine residues (CAT-tail) to the nascent chain, thereby pushing 

the polypeptide out of the ribosomal tunnel to facilitate ubiquitylation by Ltn1 (Shen et al., 

2015). The close contact of the 60S ribosomal subunit with the TOM complex during 

co-translational protein import could hinder Ltn1-dependent ubiquitylation. Consequently, 

lysine residues escape ubiquitylation by Ltn1 although CAT-tailing occurs. Such CAT-tail 

modified proteins are imported into mitochondria, where they can form toxic inclusions (Izawa 

et al., 2017).  

To prevent the proteotoxic stress caused by the detrimental import of CAT-tail modified 

proteins, mitochondrial RQC employs the conserved protein Vms1. Vms1 like its human 

homolog, ANKZF1, functions as a peptidyl-tRNA hydrolase, and releases the nascent chain 

from the 60S ribosomal subunit (Izawa et al., 2017; Verma et al., 2018; Zurita Rendón et al., 

2018). Furthermore, Vms1 hinders Rqc2 from binding to the ribosomes and therefore prevents 

CAT-tailing (Izawa et al., 2017). Subsequently, the released nascent chains are imported into 
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mitochondria and degraded by the mitochondrial proteases (Izawa et al., 2017; Matsuo et al., 

2017; Verma et al., 2018).  

 

 
Figure 3. Ribosomal protein quality control during import.  Co-translational protein import results in close 
proximity of the ribosome to the TOM complex. Stalling during translation could arise due to numerous 
reasons such as faulty mRNA, lack of stop codon, strong secondary structures in the mRNA, and insufficient 
availability of charged tRNAs. The ribosome-associated quality control (RQC) pathway removes the stalled 
polypeptide chains from the ribosomes and delivers the stalled polypeptide chains for proteasomal 
degradation. The RQC component Rqc2 adds C-terminal alanine threonine (CAT)-tails to the nascent chain. 
The CAT-tailed proteins when imported into the mitochondria, forms toxic aggregates. If accessible, nascent 
chains can be ubiquitylated by the ribosome-bound E3 ubiquitin-ligase Ltn1, thereby promoting 
proteasomal degradation (left). The toxic effect of CAT-tail formation can be prevented by the release of 
the nascent polypeptide from the ribosome mediated by the tRNA hydrolase Vms1 (right). OM., outer 
membrane; IMS., intermembrane space. (Figure adapted from den Brave et. al, 2021) 
 
 
The mitochondrial compromised protein import stress response (mitoCPR) is launched upon 

conditions of prolonged import failure such as reduction of membrane potential and 
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accumulation of non-imported clogging-prone import intermediates at the mitochondrial 

protein translocase which induces the expression of CIS1 (Weidberg and Amon, 2018; Boos 

et al., 2019) (Figure 4). The cytosolic adaptor protein, Cis1, in turn, recruits the outer membrane 

AAA-ATPase Msp1 (human homolog, ATAD1) to the Tom70 receptor (Weidberg and Amon, 

2018). Msp1 facilitates ATP-driven extraction of translocon-arrested precursor proteins and 

delivers them to proteasomal degradation (Basch et al., 2020).  

Altogether, both Vms1 and Msp1 monitor protein import under conditions of stress. However, 

it is still rather unclear how the mitochondrial entry gate is monitored under constitutive or 

non-stressed conditions.  

 

Table 1: Components involved in quality control at the TOM complex 

 

The mitochondrial protein translocation-associated degradation (mitoTAD) pathway 

continuously monitors the TOM complex to prevent clogging of the translocation channel with 

precursor proteins (Mårtensson et al., 2019) (Figure 4). Ubx2, previously reported to function 

in the endoplasmic reticulum-associated degradation (ERAD), is the key component of this 

 

Protein factors 

 

Localization 

Monitored 

mitochondrial 

proteins and 

functions Yeast Human 

mitoTAD (mitochondrial translocation associated-degradation) 

Cdc48 p97/VCP Cytosol AAA-ATPase 

Ubx2 UBXD8/FAF2 Mitochondria, ER, 

Lipid particles 

Cdc48 recruitment 

mitoCPR (mitochondrial comprised protein import responses) 

Msp1 ATAD1 Mitochondria, 

peroxisome 

AAA-ATPase 

Cis1  Cytosol Linker of Msp1 

and Tom70 

mitoRQC (mitochondrial ribosomal quality control) 

Vms1 ANKZF1 Cytosol Cdc48 recruitment, 

peptidyl tRNA 

hydrolase 
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pathway (Neuber et al., 2005; Schuberth and Buchberger, 2005). In addition, Ubx2 associates 

with lipid droplets, and plays a role in lipid homeostasis (Wang and Lee, 2012; Rajakumar 

et al., 2020). It has been reported that the lack of Ubx2 resulted in smaller lipid droplet 

morphology and altered protein composition. Conversely, the overexpression of Ubx2 resulted 

in lipid droplet aggregation. It was further shown that Ubx2 is important for the synthesis of 

triacylglycerols (TAGs), which forms the inner core of lipid droplets (Wang and Lee, 2012).  

 

 
Figure 4. MitoTAD and MitoCPR. The TOM complex is constantly monitored by the mitochondrial 
translation-associated degradation (mitoTAD) pathway. Upon clogging of the TOM complex, Ubx2 recruits 
the AAA-ATPase Cdc48 for extraction of stalled precursor proteins from the TOM complex. Under stress 
conditions, the mitochondrial compromised protein import response (mitoCPR) induces the expression of 
Cis1. Cis1 in turn recruits membrane-bound AAA-ATPase Msp1 to the TOM complex, facilitating subsequent 
extraction and degradation of stalled precursor proteins. OM., outer membrane; IMS., intermembrane 
space. (Figure adapted from den Brave et. al, 2021) 
 

 

Ubx2 contains two crucial domains for its function: a ubiquitin-regulatory X (UBX) domain 

and a ubiquitin-associated (UBA) domain. The UBX domain serves as a docking site for the 

cytosolic AAA-ATPase Cdc48 and the UBA domain for recognizing and binding ubiquitylated 

proteins. Comparable to its function described in the ERAD pathway, Ubx2 recruits Cdc48 and 

its cofactors Np14 and Ufd1 to the clogged TOM complex. Cdc48 promotes the extraction of 

clogged-precursor proteins and subsequently facilitates their proteasomal degradation 



Introduction 

 15 

 

(Mårtensson et al., 2019). However, the mechanisms behind how the stalled precursor proteins 

stuck at the translocon are recognized and ubiquitylated are still largely unknown. In this 

context, studies with mammalian cell lines have shown that protein import in mitochondria is 

regulated by the coordinated action of ubiquitylation and deubiquitylation under non-stress 

conditions. Here, the E3-ubiquitin ligase, MARCH5, ubiquitylates mitochondrial precursor 

proteins targeting them for degradation by the proteasome. In contrast, the deubiquitylating 

enzyme, USP30, removes ubiquitin from mitochondrial precursor proteins, allowing them to 

undergo protein import (Ordureau et al., 2020; Phu et al., 2020). It will be of high relevance to 

investigate if such a pathway exists in yeast.  

So far, the mitoTAD pathway is the only pathway that continuously monitors the TOM channel 

under non-stressed conditions. The TOM complex imports a substantially large number of 

precursor proteins raising the possibility if additional quality control pathways that govern 

mitochondrial protein import quality control exist. However, our understanding of quality 

control mechanisms at the TOM complex under standard conditions is relatively limited. 



Aim of study 
 

 

3. Aim of Study 
 

The translocase of the outer membrane (TOM complex) imports about 1000 different proteins 

into mitochondria that are produced on cytosolic ribosomes. Precursor proteins are imported in 

an unfolded state to pass the TOM channel. Prematurely folded or misfolded precursor proteins 

can arrest during translocation at the TOM complex and cause clogging of the translocon. 

Defects in protein import via the TOM complex lead to the accumulation of mitochondrial 

precursor proteins, which in turn cause various cellular stress responses like altered cytosolic 

protein biogenesis and increased proteasomal activity. However, it is not well understood how 

the TOM complex is monitored under non-stressed conditions. 

The mitochondrial protein translocation-associated degradation (mitoTAD) pathway 

continuously clears arrested precursor proteins from the TOM complex to regenerate the 

translocase for protein import. In this pathway, Ubx2 recruits the cytosolic AAA-ATPase 

Cdc48 to the TOM complex, which extracts clogged precursor proteins and facilitates 

proteasomal degradation. So far, the mitoTAD pathway is the only mechanism that is 

permanently monitoring the TOM complex under constitutive non-stressed conditions.  

Conducting thorough investigations in quality control under constitutive non-stress conditions 

would contribute significantly to our overall understanding and comprehension of 

mitochondrial quality control mechanisms. This study aimed to characterize the molecular 

quality control mechanisms that safeguard the protein entry gate of mitochondria under non-

stressed conditions. The activation and recruitment of cytosolic and membrane-bound quality 

control factors in response to the arrest of precursor proteins at the TOM channel were 

investigated.  

Altogether, the aim of the study was to provide new insights and increase our understanding of  

protein quality control at the TOM complex.



Results 
 

 

4. Results 
 

4.1 Surveillance of the mitochondrial protein entry gate 

 

To ensure the proper functioning of cellular processes, mitochondria need to correctly import 

and sort more than 1,000 different proteins. Approximately 99% of mitochondrial proteins are 

synthesized as precursors on cytosolic ribosomes, and consequently enter the mitochondria via 

the TOM complex positioned at the mitochondrial entry gate (Neupert and Herrmann, 2007; 

Pagliarini et al., 2008; Pfanner et al., 2019; Morgenstern et al., 2021). Defects in protein import 

lead to the accumulation of mitochondrial precursor proteins, which in turn induce stress 

responses to maintain mitochondria in a functional state (Wang and Chen, 2015; Wrobel et al., 

2015; Boos et al., 2019; Shakya et al., 2021). The TOM complex is continuously monitored 

under non-stress conditions by the mitochondrial protein translocation-associated degradation 

(mitoTAD) pathway. The mitochondrial population of Ubx2 recruits Cdc48 along with its 

cofactors Np14 and Ufd1 to the clogged TOM complex. Cdc48 promotes the extraction of 

clogged-precursor proteins and subsequently facilitates proteasomal degradation (Mårtensson 

et al., 2019). However, no further quality control factors operating under non-stressed 

conditions have been reported so far.  

 

4.1.1 Mitochondrial Ubx2 interacts with peptidyl tRNA hydrolase, Pth2 

 

Ubx2 is a dynamic protein that is localized in the ER membrane, lipid droplets, and the TOM 

complex in the outer mitochondrial membrane (Figure 5A) (Neuber et al., 2005; Schuberth and 

Buchberger, 2005; Wang and Lee, 2012; Mårtensson et al., 2019). We focused on the 

mitochondrial population of Ubx2 to investigate new mitochondrial quality control factors 

using a quantitative mass spectrometry-based approach (Figure 5B). Crude mitochondria were 

isolated from both wild-type (WT) and HA-tagged Ubx2 expressing strains in a medium 

containing a non-fermentable carbon source. Mitochondria were lysed with the non-ionic 

detergent digitonin and then subjected to affinity purification. The eluted samples were 

subsequently analyzed using label-free proteomics. Consistent with the previous findings, 

proteins that were co-purified with high enrichment were predominantly TOM subunits 

(Mårtensson et al., 2019). In addition, we observed that the components of ERAD (Hrd3, Yos9, 

subunit of Sec complex- Sec61) and lipid droplets (Hfd1) were enriched in the elution fractions  
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Figure 5. Mass spectrophotometry analysis of HA-tagged Ubx2 mitochondria. (A) Cartoon depicting the 
localization of Ubx2 in the ER membrane outer mitochondrial membrane. (B) Mitochondria from wild-type 
(WT) and Ubx2HA yeast strains were subjected to affinity purification via anti-HA affinity matrix, and elution 
samples were analyzed by mass spectroscopy. Shown here is the volcano plot of the proteins co-
precipitated with Ubx2HA and identified by label-free proteomics. Depicted are the log2 fold changes of 
Ubx2HA-bound proteins versus WT background mitochondria of four replicates, plotted against their 
statistical significance (-log10 p-value). Proteins of interest are highlighted with colors (red, green, blue and 
gray). ER., Endoplasmic Reticulum; LC-MS., Liquid chromatography-mass spectrometry. 
 

 

from yeast strains expressing HA-tagged Ubx2. Excitingly the peptidyl tRNA hydrolase, Pth2, 

was also highly enriched in the HA-tagged Ubx2 mitochondria elution fraction. Pth2 has been 

reported as an a-helical mitochondrial outer membrane protein that interacts with cytosolic 
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factors, such as Dsk2 and Rad23, of the ubiquitin-proteasome system (Ishii et al., 2006; Doan 

et al., 2020). However, Pth2 function linked to mitochondrial protein biogenesis has not been 

described thus far. 

 

4.1.2 Pth2 binds to the TOM complex 

 

 

Figure 6. Pth2 interacts with the TOM subunits. (A) Mitochondria isolated from wild-type (WT) and 
Tom20His yeast cells were solubilized with digitonin and used for affinity purification with Ni2+-NTA agarose 
beads. After the washing steps, samples were eluted with SDS-sample buffer. Samples were analyzed by 
SDS-PAGE and immunodetection with the indicated antisera. Load: 0.2%; elution: 100%. (B) Wild-type (WT) 
and Pth2His yeast cells were solubilized with digitonin and used for affinity purification with Ni2+-NTA 
agarose beads. Samples were analyzed with SDS-PAGE and immunodetection with the indicated antisera. 
Load: 0.2%; elution: 100%. (C) Comparison of the normalized abundance-mass profiles of Tom40, Tom20, 
and Pth2, obtained from Schulte et al., the MitCOM data set (Schulte et al., 2023). (D) Absolute copy 
number per yeast cell of the indicated proteins. Values are based on the quantification of mitochondrial 
proteins grown on different carbon sources by Morgenstern et al., 2017.  
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We wondered whether Pth2, like Ubx2, binds to the TOM complex and is involved in the 

mitochondrial protein translocation-associated degradation (mitoTAD) pathway. To this end, 

we performed affinity purification assays using purified mitochondria from yeast strains 

expressing wild-type (WT) and His-tagged Tom20, and subsequently analyzed the samples by 

SDS-PAGE followed by immunodetection. Indeed, Pth2 was efficiently co-purified with 

His-tagged Tom20 (Figure 6A). In addition, subunits of the TOM complex such as Tom40, 

Tom22 and Tom70 were efficiently co-purified with Tom20His as previously described (Qiu et 

al., 2013; Mårtensson et al., 2019). Furthermore, we performed reciprocal affinity purification 

assays using purified mitochondria expressing His-tagged Pth2 to confirm the TOM-Pth2 

interaction (Figure 6B). As expected, subunits of the TOM complex (Tom22 and Tom70) were 

found in the elution fraction. In addition, Mim1, a subunit of the MIM complex, involved in the 

insertion of a-helical outer membrane proteins was also co-purified in the elution fraction of 

Pth2His (Doan et al., 2020). 

We employed the high-resolution mitochondrial complexome (MitCOM) analysis to compare 

the mitochondrial protein assembly profile of Pth2 with other proteins (Figure 6C). In this 

analysis, crude mitochondria were lysed with a non-ionic detergent digitonin, processed via 

blue native gel electrophoresis, followed by high-resolution cryo-slicing and quantitative mass 

spectroscopy (MS). Subsequently, using elaborate MS quantification and profile building, 

abundance-mass profiles for different proteins were determined (Schulte et al., 2023). On 

comparing the MitCOM profiling of Pth2 and TOM subunits, we observed a co-migration of 

the peptidyl tRNA hydrolase Pth2 with the main peak of the TOM complex indicating a role of 

Pth2 at the TOM complex (Figure 6C). We compared the absolute copy number per yeast cell 

based on the quantification of mitochondrial proteins grown on different carbon sources by 

Morgenstern et al., 2017 (Figure 6). The absolute copy number of Pth2 is approximately three 

times less than that of Tom40. However, Pth2 exhibits a higher copy number compared to the 

mitoTAD component, Ubx2. Overall, our results indicate that Pth2 associates with the TOM 

complex under constitutive conditions. 

The co-purification of Pth2 with mitochondria from yeast strains expressing HA-tagged Ubx2, 

raised the possibility that Pth2 functions in supporting the mitochondrial protein translocation-

associated degradation (mitoTAD) pathway. To evaluate whether Pth2 co-operates with Ubx2 

in TOM binding, we performed affinity purification assays using UBX2 deletion yeast strains 

expressing HA-tagged Tom40. 
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Figure 7. Pth2 interacts with TOM subunits independent of Ubx2. (A) Wild-type (WT), Tom40HA, and 
Tom40HAubx2D  yeast cells were solubilized with digitonin and used for affinity purification using an anti-
HA affinity matrix. After washing steps, samples were eluted with SDS-sample buffer. Samples were 
analyzed by SDS-PAGE and immunodetection with the indicated antisera. Load., 0.2%; elution., 100%. (B) 
Model representing that Pth2 binds to the TOM complex independent of Ubx2. Cyt., cytosol; OM., outer 
membrane; IMS, intermembrane space. 

 

Our results indicated that the TOM-Pth2 interaction does not depend on Ubx2. Moreover, Pth2 

binds to the TOM complex independent of Ubx2 (Figure 7). Taken together, Pth2 is 

permanently associated with the TOM complex, and its association with the TOM complex 

does not depend on the key component of the mitoTAD pathway, Ubx2.  
 

4.1.3 Pth2 promotes the removal of arrested precursor proteins from the clogged TOM 

complex 

 

Next, we reasoned the quality control role of the interaction between Pth2 and the TOM 

complex. We asked whether Pth2 associates with the TOM complex to ensure the efficient 

removal of clogged precursor proteins. Prematurely folded proteins can get stuck at the TOM 

complex during mitochondrial protein import, resulting in clogging of the protein translocon 

and subsequent accumulation of mitochondrial precursor proteins. To study the response 

triggered by the accumulation of these precursor proteins, we attempted to artificially mimic 

the cellular conditions at the TOM pore, induced by import stress, by increasing the amount of 

faulty translocation states at the TOM complex. To this end, we deleted PAM17 in yeast cells 

to compromise protein import (Figure 8A). 
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Figure 8. Pth2 promotes the clearance of arrested precursor proteins from the TOM complex. (A) Model 
showing the effect of deletion of PAM17, a non-essential component of the PAM motor. Deletion of PAM17 
impairs import and subsequently leads to the accumulation of mitochondrial precursor proteins in the 
cytosol. Cyt., cytosol; OM., outer membrane; IMS, intermembrane space. (B) Serial dilutions of wild-type 
(WT), pth2∆, pam17∆, and pth2∆pam17∆ yeast cells were spotted on full medium with glycerol as the 
carbon source and grown at 37°C. (C) Mdj1 and Ilv2 precursor levels in cell extracts from the indicated 
strains were analyzed by SDS-PAGE and immunodetection with indicated antisera. p, precursor; m, mature 
form of Mdj1 or Ilv2 precursor. (D) Quantification of the Mdj1 precursor levels. The amount of Mdj1 in 
pam17∆ cells was set to 100% (control). Mean ± s.e.m (n=3). (E) Degradation kinetics of the Mdj1 and Ilv2 
precursor was analyzed in cell extracts from the indicated mutant strains after treatment with CCCP 
followed by cycloheximide (CHX) chase for the indicated time periods. CCCP, carbonyl cyanide 
m-chlorophenyl hydrazine. 
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Pam17 is a non-essential subunit of the precursor translocase-associated motor (PAM) and is 

required for driving protein import into the matrix (van der Laan et al., 2005). As a result, 

protein transport into the mitochondrial matrix is comprised in cells lacking PAM17 and has 

been associated with the accumulation of precursor forms of several mitochondrial proteins on 

the mitochondrial surface (Mårtensson et al., 2019). Mdj1 and Ilv2 precursors are substrates of 

the PAM machinery and can thereby serve as good readouts to study the defects in 

mitochondrial import machinery by monitoring the accumulation of their precursor forms (Sahi 

et al., 2013). 

In the context of PAM17 deletion strain, where protein import is impaired, we further deleted 

PTH2 to study its involvement in clearing non-imported precursor proteins in cells. We 

performed a growth assay with the double mutant strain pth2∆pam17∆ along with respective 

single deletion strains and wild-type (Figure 8B). While the single mutant strains displayed 

only mild growth defects, the growth of the pth2∆pam17∆ double mutant strain was profoundly 

reduced on a non-fermentable carbon source at elevated temperatures. These results led us to 

check for precursor protein accumulation in the double mutant strain (Figure 8C). Precursor 

proteins are not processed by mitochondrial proteases and thereby exhibit a slower migration 

on SDS-PAGE. As a result, precursor forms can be differentiated from the mature protein on 

SDS-PAGE followed by immunodetection. We observed a strong accumulation of the 

precursor forms of both Mdj1 and Ilv2 in pth2∆pam17∆ yeast cells compared to single deletion 

cells thereby indicating that Pth2 functions in the degradation of non-imported precursor 

proteins from the TOM complex. To better characterize the degradation kinetics of the 

precursor form of Mdj1 and Ilv2, we conducted time-dependent pulse-chase experiments with 

the addition of carbonyl cyanide m-chlorophenyl hydrazine (CCCP) before the onset of the 

chase period (Figure 8E). Treatment of cells with CCCP, which is an uncoupler of oxidative 

phosphorylation, depletes membrane potential and consequently blocks protein import across 

the inner mitochondrial membrane (Wrobel et al., 2015). Our results indicated stabilization of 

the precursor form of both Mdj1 and Ilv2 in pth2∆pam17∆ yeast cells compared to single 

deletion cells. In all, our results revealed that Pth2 plays a critical role in the removal of arrested 

precursor proteins from the TOM complex. 

In order to exclude the possibility that the accumulation and stabilization of precursor proteins 

observed in pth2∆pam17∆ yeast cells is not an indirect effect caused by the loss of mitoTAD 

components or loss of mitochondrial membrane potential, we characterized the steady-state  
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Figure 9. Characterization of steady-state protein levels of Pth2 and Pam17 deficient mitochondria. (A) 
Mitochondria isolated from wild-type (WT), pth2∆, pam17∆, and pth2∆pam17∆ yeast cells were analyzed 
by SDS-PAGE and immunodetection with the indicated antisera. (B)  Mitochondria from the indicated 
strains were lysed with digitonin and analyzed by BN-PAGE, followed by immunodetection with indicated 
antisera. (C) In-gel activity staining of complex IV in mitochondria from the indicated strains on BN-PAGE. 
II, complex II (succinate dehydrogenase); III, complex III (cytochrome c reductase); IV, complex IV 
(cytochrome c oxidase); V, complex V (F1-Fo-ATP synthase) of mitochondrial oxidative phosphorylation 
machinery. OXPHOS., oxidative phosphorylation., OM., outer membrane; mitoTAD., mitochondrial protein 
translocation-associated degradation. 
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levels of mitochondrial proteins by SDS-PAGE and immunodetection (Figure 9A). The 

steady-state levels of Ubx2-Cdc48 (mitoTAD components) and the TOM subunits were not 

substantially altered in mitochondria isolated from pth2∆, pam17∆, and pth2∆pam17∆ yeast 

strains with respect to WT. Moreover, the steady-state protein levels of mitochondrial 

respiratory chain subunits on SDS-PAGE remained unchanged. To examine that the TOM 

complex does not fall apart in the mutant strains, mitochondria were analyzed on blue native 

polyacrylamide gel electrophoresis (BN-PAGE) followed by immunodetection. BN-PAGE is a 

powerful analytical technique that allows protein separation under native conditions and 

preserves protein-protein interactions (Schägger and von Jagow, 1991). The TOM complex 

migrates at around 440 kDa in mitochondria from the WT strain (Becker et al., 2011). In 

mitochondria from both the single and double mutant strain, the TOM complex migrated 

comparable to the WT strain reflecting that the assembly of the TOM complex on BN-PAGE 

remained unaffected (Figure 9B). Furthermore, the assembly of oxidative phosphorylation 

complexes III, IV and V was intact in the double and single deletion strains on BN-PAGE. 

Subsequent staining of BN-PAGE for complex IV activity showed no change as compared to 

WT indicating the mitochondrial respiratory function was still active (Figure 9C). 

All these results led us to conclude that the accumulation of precursor proteins observed in the 

pth2∆pam17∆ yeast cells was not an indirect effect due to the loss of essential mitochondrial 

components but was caused due to the lack of the quality control role of Pth2.  
 
4.1.4 Pth2 removes ubiquitylated precursor proteins 

 

We wondered whether the absence of Pth2 leads to increased ubiquitylation of precursor 

proteins at the TOM complex. To define the involvement of Pth2 in the ubiquitylation of 

precursor proteins at the TOM complex, we utilized a second strategy of increasing the number 

of faulty translocation states at the TOM complex. We employed the overexpression of artificial 

cytochrome b2-DHFR-HB construct to clog the TOM complex (Figure 10A). The 

b2-DHFR-HB construct consists of an intermembrane mitochondrial targeting sequence from 

cytochrome b2 fused to mouse dihydrofolate reductase (DHFR), followed by a heme group from 

cytochrome b2. The DHFR moiety folds stably in the cytosol whereas the mitochondrial 

targeting sequence targets the constructs to the TOM-TIM23 complex in the mitochondria 

(Bömer et al., 1997; Chacinska et al., 2005; Boos et al., 2019). The b2-DHFR-HB construct is 

prone to arrest at the TOM complex in vitro and in vivo (Gärtner et al., 1995; Bömer et al., 

1997; Boos et al., 2019). Studies have shown that the overexpression of this fusion construct 
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from a regulatable galactose promoter resulted in reduced cell growth and cytosolic 

accumulation of mitochondrial precursor proteins (Boos et al., 2019; Mårtensson et al., 2019).  

 

  
 
Figure 10. Ubiquitylation of b2-DHFR in cells lacking Pth2. (A) Schematic representing the linear structure 
of cytochrome b2-DHFR-HB construct that adopts an intermembrane mitochondrial targeting sequence 
from cytochrome b2, a moiety of DHFR, and a heme group. Since the mitochondrial targeting sequence of 
cytochrome b2 consists of a sorting signal, the precursor is laterally released into the inner membrane. The 
mitochondrial processing peptidase (MPP) cleaves the presequence and subsequently the sorting signal is 
cleaved. The DHFR domain stably folds in the cytosol, thereby delaying the import of precursors, and 
subsequently clogging the TOM complex. MTS., mitochondrial targeting sequence; DHFR., dihydrofolate 
reductase; HB, heme-binding domain. Cyt., cytosol; OM., outer membrane; IMS, intermembrane space; IM, 
intermembrane. (B) Wild-type (WT) and pth2∆ yeast cells co-expressing b2-DHFR and His-tagged ubiquitin, 
as indicated, were lysed under denaturing conditions followed by affinity purification with Ni2+-NTA agarose 
beads. After washing steps, samples were analyzed by SDS-PAGE and immunodetection with the indicated 
antisera. Load, 0.2%; elution, 100%. p., precursor; i., intermediate form; m, mature form of b2-DHFR-HB 
precursor. 
 
 
To subsequently detect ubiquitylated species of b2-DHFR, we expressed a His-tagged ubiquitin 

construct along with the overexpression of artificial clogging-prone construct cytochrome 

b2-DHFR-HB, in collaboration with Dr. Fabian den Brave (Figure 10B). This method relies on 

the use of N-terminal His-tagged ubiquitin, which is compatible with the Ni2+-NTA agarose 

beads and thereby allows the purification of His-tagged ubiquitin conjugates. As control, WT 

yeast cells expressing His-tagged ubiquitin and b2-DHFR-HB were used to ensure the 
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specificity of the assay. In WT cells, b2-DHFR was ubiquitylated which could be observed as 

higher molecular weight species on SDS-PAGE. Thus, ubiquitylation of b2-DHFR gave rise to 

a slower migrating protein form that could be specifically detected on SDS-PAGE followed by 

immunodetection. Interestingly, in cells lacking PTH2, ubiquitylation of b2-DHFR was further 

enhanced. As observed with the accumulation of ubiquitylated precursor proteins in pth2∆ 

mutant cells, we conclude that Pth2 is involved in the removal of accumulated ubiquitylated 

precursor proteins. 

 
4.1.5 Overlapping regulatory functions of Pth2 and Ubx2 

 

To further define the role of Pth2 in quality control, its interaction with the mitoTAD key 

component, Ubx2 was investigated in further detail in collaboration with Dr. Fabian den Brave. 

Pth2 was deleted in cells lacking Ubx2 and growth assays were performed (Figure 11A). The 

phenotype of the single Ubx2 and Pth2 deletion strains displayed only milder growth defects 

due to the presence of overlapping compensatory functions of both proteins. Remarkably, the 

double deletion strain pth2∆ubx2∆ showed a prominent growth defect in media containing non-

fermentable carbon sources when mitochondrial function became particularly important.  

 

 

Figure 11. Double deletion of Pth2 and Ubx2 shows synthetic growth defects. (A) Serial dilutions of wild-
type (WT), pth2∆, ubx2∆, and pth2∆ubx2∆ yeast cells were spotted on full medium with glycerol as the 
carbon source and grown at 37°C. (B) Mdj1 precursor levels in cell extracts from the indicated strains were 
analyzed by SDS-PAGE and immunodetection with indicated antisera. Pgk1 was used as a loading control. 
p, precursor; m, mature form of Mdj1 or Ilv2 precursor.  

 

We analyzed the cell extracts from the WT, pth2∆, ubx2∆, and pth2∆ubx2∆ strains on 

SDS-PAGE followed by immunodetection. Strikingly, a strong accumulation of the precursor 
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form of Mdj1 was observed in the double mutant strain lacking PTH2 and UBX2 under 

permissive conditions, indicating that both proteins play a role in the degradation of 

non-imported precursor proteins from the TOM complex (Figure 11B).  

To exclude the indirect effects caused by the deletion of PTH2 and UBX2 on essential 

mitochondrial functions, outer and inner mitochondrial membrane proteins as well as mitoTAD 

components were analyzed by SDS-PAGE followed by immunodetection (Figure 12). The 

levels of Cdc48 were reduced in UBX2 deletion cells as previously described (Mårtensson et 

al., 2019). Interestingly, Cdc48 levels were partially rescued in the double deletion strain 

pth2∆ubx2∆ suggesting compensatory functions of Pth2 with Ubx2 in quality control under 

non-stress conditions. The steady-state levels of mitochondrial outer membrane, inner 

membrane and matrix proteins were not significantly altered and remained similar in the single 

and double-deletion strains of PTH2 and UBX2 respectively. The steady-state levels of the 

TOM subunits were unaffected in the double deletion strain with respect to the single deletion 

strains on SDS-PAGE. All these results indicated that the precursor accumulation observed in 

the pth2∆ubx2∆ strain was not an indirect effect caused by the loss of essential mitochondrial 

proteins.  

 

 

Figure 12. Steady-state levels in Pth2 and Ubx2 deficient mitochondria. (A) Cell extracts from wild-type 
(WT), pth2∆, ubx2∆, and pth2∆ubx2∆ yeast cells were analyzed by SDS-PAGE and immunodetection. (B) 
Mitochondria isolated from the indicated strains were analyzed by SDS-PAGE and immunodetection with 
the indicated antisera. QC factors., quality control factors; OM., outer membrane; IM., inner membrane; 
Mat., Matrix of mitochondria. 
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4.1.7 Pth2 is N-terminally anchored to the mitochondrial outer membrane 

 

 

 

Figure 13. Characterization of Pth2 mutants. (A) Schematic representation of Pth2 and multiple sequence 
alignment of different Pth2’s from archaeal and eukaryotic organisms. Protein sequences were aligned 
using Clustal omega. Conserved amino acid residues are labelled as bold. The box indicates the conserved 
aspartic acid residue in the tRNA hydrolase active site. S. cerevisiae., Saccharomyces cerevisiae H. sapiens., 
Homo sapiens, T. nigroviridis., Tetraodon nigroviridis, A. thaliana., Arabidopsis thaliana, C. 
elegans.,Caenorhabditis elegans, , D. melanogaster., Drosophila melanogaster. In the linear structure of 
Pth2, the trans-membrane (TM) domain is represented in green and the amino acid exchange D174A by a 
red asterisk. (B) Cellular fractionation samples of the indicated strains were analyzed by SDS-PAGE and 
immunodetection with indicated antisera. PNS, post-nuclear supernatant fraction; P13, mitochondria 
enriched; S100, cytosolic fraction. 
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Peptidyl-tRNA hydrolase, Pth2, is an enzyme that cleaves off peptidyl-tRNA into tRNA and 

peptides during translation, thereby renewing the cellular pool of ribosomes for protein 

biosynthesis (Hernandez-Sanchez et al., 1998; Das and Varshney, 2006). The structure of 

human Pth2 has been solved by crystallography and provides insights into its catalytic tRNA 

hydrolase activity and its a/b fold structure (De Pereda et al., 2004). Yeast Pth2 consists of 208 

amino acid residues and contains two domains: a conserved C-terminal part that harbors the 

catalytic domain and a divergent N-terminal part (De Pereda et al., 2004; Ishii et al., 2006). The 

C-terminal part of Pth2 exhibits a high degree of conservation across a wide range of organisms, 

spanning from archaea to eukaryotes (Figure 13A). To date, no function has been attributed to 

the N-terminal part of Pth2, but it could be likely that it renders species selectivity to Pth2 (Ishii 

et al., 2006). 

 

The trans-membrane domain of Pth2 was predicted using online prediction softwares (CCTOP, 

TMpred, TMHMM) and was found to scan approximately the first 10 to 20 amino acids of the 

Pth2 protein. The conserved residue of the peptidyl-tRNA hydrolase active site (D174) was 

mutated to alanine using site-directed mutagenesis (Ishii et al., 2006).  

Pth2 is a a-helical signal-anchored outer mitochondrial membrane protein imported via the 

MIM complex (Doan et al., 2020). Cellular fractionation experiments were performed to 

determine the localization of the Pth2-mutant constructs (Figure 13B). In line with previous 

studies, Pth2 was localized in the mitochondrial enriched fraction (P13) (Doan et al., 2020). In 

strains expressing the Pth2 mutant lacking the TM region (Pth2TM∆), Pth2 was found in the 

cytosolic fraction (S100), indicating that the TM region of Pth2 is required for its mitochondrial 

localization. Pth2 was also found in the mitochondrial fraction (P13) in the strains expressing 

Pth2 mutant form with a mutation in the tRNA hydrolase active site (Pth2D174A). 

 

4.2 Pth2 functions in quality control at mitochondria  

 

4.2.1 Dual role of Pth2 in quality control 

 
Pth2 and Vms1 have been characterized as peptidyl tRNA hydrolases (Verma et al., 2018; 

Zurita Rendón et al., 2018). Vms1 functions in the mitochondrial ribosome-associated quality 

control (mitoRQC) pathway and mediates the removal of stalled peptides from the ribosomal 

subunits (Izawa et al., 2017; Matsuo et al., 2017; Su et al., 2019). In addition, the cytosolic 
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protein Vms1 has been described to recruit Cdc48 to the mitochondrial surface in response to 

oxidative stress (Heo et al., 2013). 

 

 

 
 
Figure 14. Dual role of Pth2 in quality control. (A) Serial dilutions of wild-type (WT), pth2∆, vms1∆, and 
pth2∆vms1∆ yeast cells were spotted on full medium with glucose or glycerol as carbon source and grown 
at 30°C. (B) Serial dilutions of the indicated strains were spotted onto selective medium with glycerol as the 
carbon source and grown at 37°C. (C) Cell extracts from the indicated strains cells were analyzed by SDS-
PAGE and immunodetection with indicated antisera. e.v., empty vector; p, precursor; m, mature form of 
Mdj1 precursor. 
 
 
To elucidate the physiological connection between Pth2 and Vms1, we created a double 

deletion yeast strain, pth2∆vms1∆ which exhibited a strong growth defect in both glucose and 

glycerol media. This was contrary to the growth phenotype observed in single deletions strains 

where growth was not altered (Figure 14A). We then utilized the observed growth phenotypes 

for pth2∆pam17∆ and pth2∆vms1∆ cells as readouts to study Pth2 function with the help of the 
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Pth2 mutant constructs, Pth2TM∆ and Pth2D174A. The expression of the Pth2D174A construct 

did not rescue the growth defect observed in pth2∆vms1∆ cells, in contrast to the Pth2TM∆ 

construct that was able to rescue pth2∆vms1∆ cells. This suggested that Pth2 functions as a 

peptidyl-tRNA hydrolase independent of the mitochondrial localization of Pth2 (Figure 14B).  

On contrary to these findings, the Pth2TM∆ construct was able to rescue the growth defect 

observed in the pth2∆vms1∆ yeast strain, whereas the Pth2D174A construct was unable to 

rescue these cells. Thus, two experimentally separable functions of Pth2 were discovered. One 

related to its peptidyl tRNA hydrolase activity in the Vms1-linked quality control pathway at 

ribosome stalled polypeptides and the other related to mitochondrial localization of Pth2 

required for the removal of non-imported precursor proteins during mitochondrial import. 

Furthermore, we analyzed cell extracts of yeast cells expressing Pth2 mutant forms along with 

appropriate controls using SDS-PAGE and immunodetection (Figure 14C).  Re-expression of 

the PTH2 from a plasmid rescued both the observed growth phenotypes and precursor 

accumulation of Mdj1. Pth2TM∆ exhibited a faster migration on SDS-PAGE as the 

trans-membrane region was cleaved, and thus could be differentiated from the mature Pth2 

protein. These results highlight the role of Pth2 in the removal of stuck non-imported precursors 

from the TOM complex.  

 

4.2.2 Pth2 co-operates with Vms1 in the clearance of stalled ribosomes 

 

It was previously shown that detergent-insoluble protein aggregates were formed in 

ltn1∆vms1∆ cells due to the accumulation of mitochondrial proteins that were otherwise 

removed by the ribosome-associated quality control (RQC) pathway (Izawa et al., 2017). To 

examine the role of Pth2 in the Vms1-linked pathway, we checked for detergent-insoluble 

protein aggregates in pth2∆vms1∆ cells, using ltn1∆vms1∆ cells as a positive control 

(Figure 15A). We lysed the cells with a non-ionic detergent, followed by centrifugation, and 

analyzed total, soluble, and pellet fractions by SDS-PAGE and immunoblotting with antibodies 

against Rip1, Sod2 and Pgk1. Strikingly, we observed the accumulation of proteins in the 

insoluble pellet fraction of the pth2∆vms1∆ sample, as well as in the ltn1∆vms1∆ sample which 

was in line with previous findings (Izawa et al., 2017). 
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Figure 15. The relationship of Pth2 with Vms1 (A) Wild-type (WT), pth2∆, vms1∆, pth2∆vms1∆, and 
ltn1∆vms1∆ yeast cells were grown in a medium containing galactose as a carbon source at 37°C and lysed 
with a non-ionic detergent. Total lysates (T) were separated into pellet (P) and supernatant (S) fractions by 
centrifugation (20,000g, 15 min) and analyzed by SDS-PAGE and immunodetection with indicated antisera. 
p., precursor; i., processing intermediate., m., mature form of Rip1 or Sod2 precursor. (B) Schematic 
representation of the experimental setup used to separate yeast cells into soluble (S) and insoluble pellet 
(P) fractions. (C) Mitochondria isolated from the indicated strains were grown under respiratory conditions 
at permissible temperatures and analyzed by SDS-PAGE and immunodetection with the indicated antisera. 
(D) Model showing that both Pth2 and Vms1 associate with ribosomal subunits at the mitochondrial outer 
membrane. Rqc2, components of the ribosomal quality control (RQC) adds C-terminal alanine threonine 
(CAT)-tails to the nascent chains. The CAT-tailed proteins when imported into mitochondria form toxic 
aggregates. Vms1 protects mitochondria from the toxic effect of CAT-tailed proteins by releasing the 
nascent polypeptides from the ribosome (Izawa et al., 2017). OM., outer membrane; IMS., intermembrane 
space; Cyt., cytosol. 
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After being imported into mitochondria, Rip1 is processed in two steps by mitochondrial 

processing peptidase (MPP), generating an intermediate and mature form of Rieske Fe-S 

protein (Rip1) (Fernandez-Vizarra and Zeviani, 2018; Hartl et al., 1986). In pth2∆vms1∆ and 

ltn1∆vms1∆ yeast cells, we observed the intermediate form of Rip1 in the pellet fraction 

suggesting that aggregation occurred after import into mitochondria (Izawa et al., 2017). 

Aggregation was restricted to mitochondrial proteins as the cytosolic protein phosphoglycerate 

kinase (Pgk1) was enriched only in the soluble fractions. In contrast to pth2Dvms1D and 

ltn1∆vms1∆ yeast cells, WT, pth2∆, and vms1∆ samples did not accumulate aggregated proteins 

in the pellet fraction. 

We further performed the same assay with purified mitochondria grown under respiratory 

conditions and analyzed soluble and pellet fractions by SDS-PAGE and immunoblotting with 

antibodies against Rip1, mitochondrial chaperone Hsp60 and mitochondrial matrix proteins, 

Mdh1 and Ilv2 (Figure 15C). Indeed, we found a large amount of protein in the insoluble pellet 

fraction of the pth2∆vms1∆  sample. These results suggested a potential link between Pth2 and 

Vms1 in the clearance of aggregated proteins during co-translational mitochondrial import.  

4.2.3 Pth2 recruits quality control factor Dsk2  

 

Pth2 interacts with Ubiquitin-like (UBL)-Ubiquitin associated (UBA) proteins, Dsk2 and 

Rad23, that serve as delivery factors for targeting polyubiquitylated substrates to the 

proteasome for degradation (Ishii et al., 2006). The UBL domain of these proteins interacts with 

polyubiquitin receptors located on the 19S proteasome and helps to direct the ubiquitylated 

substrates toward the proteasome for degradation. Furthermore, the UBA domain is capable of 

binding to polyubiquitin chains. This allows the UBL-UBA proteins to recognize and capture 

ubiquitinated substrates that need to be degraded (Chen and Madura, 2002; Rao and Sastry, 

2002). Members of these protein families possess an N-terminal UBL domain and one or more 

UBA domains at the C-terminus (Raasi and Pickart, 2003).  

 

The human homolog of Dsk2, ubiquilins (UBQLNs), plays a crucial role in recognizing and 

targeting misfolded proteins and facilitating their degradation (Itakura et al., 2016). We 

investigated the involvement of Dsk2 in mitochondria-located quality control in yeast. To this 

end, we performed growth assays using yeast cells lacking DSK2. Mutant cells deficient in 
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DSK2 displayed growth defects under respiratory conditions, especially at elevated 

temperatures indicating mitochondrial dysfunction (Figure 16A). 
 
 

 
 
Figure 16. Pth2 recruits the quality control factor Dsk2. (A) Cartoon showing the linear structure of Dsk2 
with a UBL domain at the N-terminus and a UBA domain at the C-terminus (above). Serial dilutions of wild-
type (WT) and dsk2∆ yeast strains were spotted onto full medium with glucose or glycerol as the carbon 
source and grown at the indicated temperature conditions (below). (B) Dsk2 levels were analyzed in 
mitochondria isolated from WT and pth2∆ yeast strains, subsequently analyzed by SDS-PAGE, and 
immunodetection with the indicated antisera. The asterisk marks an unspecific signal of anti-Dsk2. (C) Mdj1 
precursor levels in cell extracts from WT, pam17∆, pth2∆pam17∆, dsk2∆pam17∆, and pth2∆dsk2∆pam17∆ 
yeast cells were analyzed by SDS-PAGE and immunodetection with the indicated antisera. UBL., ubiquitin-
like; UBA., ubiquitin-associated; p., precursor; m., mature form of Mdj1 precursor. (D) Model showing that 
Pth2 serves as a mitochondrial receptor for recruiting Dsk2 to the TOM complex. OM., outer membrane; 
IMS., intermembrane space; Cyt., cytosol. 
 
 
Under these conditions, there is an increased demand for metabolic processes, thereby 

increasing the reliance on mitochondrial function. Our results revealed that Dsk2 is involved in 
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mitochondrial quality control. Next, we speculated whether Pth2 recruits Dsk2 to mitochondria. 

To address this, we characterized the steady-state protein levels of Dsk2 in mitochondrial 

samples from strains deficient in PTH2 (Figure 16B). Remarkably, the levels of Dsk2 were 

reduced in mitochondria from yeast cells lacking PTH2, suggesting that Dsk2 is recruited to 

the mitochondria via Pth2. The role of Dsk2 in the clearance of stuck precursors from the TOM 

channel was analyzed using the strategy of creating import stress by parallel deletion of PAM17 

(see chapter 4.1.3). We analyzed the cell extracts from WT, pam17∆, pth2∆pam17∆, dsk2∆ 

pam17∆, and pth2∆dsk2∆ pam17∆ yeast strains on SDS-PAGE followed by immunodetection 

(Figure 16C). Interestingly, a strong accumulation of the precursor form of Mdj1 was seen in 

dsk2∆pam17∆ and pth2∆dsk2∆pam17∆ yeast cells, as well as in pth2∆pam17∆ (previously 

seen in Figure 8) indicating that Dsk2 plays a quality control role in the removal of 

non-imported precursor proteins from the TOM complex. Taken together, these results 

highlight the role of the Pth2-Dsk2 pathway in the removal of accumulated proteins as an 

additional layer of quality control under non-stress conditions.  
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4.3 Fmp52 as a novel interaction partner of Pth2 

 

 
Figure 17. Mass spectrophotometry analysis of His-tagged Pth2 mitochondria. Wild-type (WT) and Pth2His 
mitochondria were subjected to affinity purification using Ni2+-NTA agarose beads, and the eluted samples 
were analyzed by mass spectroscopy. Shown here is the volcano plot of the proteins co-precipitated with 
Pth2His and identified by label-free proteomics. Depicted are the log2 fold changes of Pth2His-bound proteins 
versus WT background mitochondria of four replicates, plotted against their statistical significance (-log10 
p-value). Proteins of interest are highlighted with colors (red, green, and blue). LC-MS., Liquid 
chromatography-mass spectrometry. 
 

 

To gain further insights into Pth2 functions, we analyzed binding partners of Pth2 with 

quantitative mass spectroscopy (Figure 17). Crude mitochondria were isolated from both wild-

type and mutant strain expressing His-tagged Pth2, in a medium containing a fermentable 

carbon source at permissive temperature conditions. Mitochondria were lysed with the non-

ionic detergent digitonin and then subjected to affinity purification, and the eluted samples were 

subsequently analyzed using label-free proteomics.  
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As expected TOM and MIM subunits were enriched in mitochondrial samples from yeast 

strains expressing His-tagged Pth2. In addition, we observed that chaperones 

(Xdj1, Caj1, Ydj1), ribosomal factors (60S and 40S ribosomal subunits), and quality control 

factors (Msp1, Ubp16, and Ubx2) were also co-purified. Interestingly, we observed a notable 

increase in the abundance of the unknown protein, Fmp52, in the Pth2His elution fraction. 

Systemic studies with yeast mitochondria suggest that Fmp52 is localized to the mitochondrial 

outer membrane (Zahedi et al., 2006; Morgenstern et al., 2017; Vögtle et al., 2017). It has been 

observed that DNA damage with UVA irradiation, induced the expression of FMP52, a 

previously uncharacterized gene (Dardalhon et al., 2007). The role of Fmp52 however remained 

elusive. Nonetheless, the interesting observation that Fmp52 binds to Pth2, an outer 

mitochondrial membrane protein involved in the degradation of precursor proteins, provided a 

starting point for further functional characterization and understanding of the biological 

significance of Fmp52.  

 

4.3.1 Fmp52 binds the TOM complex 

 

To define the mitochondria-specific function of Fmp52, we began with affinity purification 

assay with cell extracts from yeast strains expressing HA-tagged Tom40 (Figure 18A). Indeed, 

Fmp52 was efficiently co-purified with Tom40, the core component of the TOM complex, 

under non-stressed conditions. In addition, various control proteins such as Tom20, Ubx2, and 

Tom70 were also co-purified with HA tagged Tom40, validating the successful functioning and 

reliability of the affinity-purification assay.  

We analyzed cell extracts from WT and fmp52∆ yeast strains by SDS-PAGE followed by 

immunodetection with anti-Fmp52 antisera to validate the Fmp52-specific band (Figure 18B). 

An unspecific band denoted by an asterisk was observed below the specific Fmp52 signal. 

To further corroborate our results, we compared the mitochondrial protein assembly profiles of 

Fmp52 and TOM subunits over an extended molecular mass range and observed the 

co-migration of Fmp52 with the main peak of the TOM complex (Figure 18C) (Schulte et al., 

2023). Taken together, the interaction of Fmp52 with the core component of the main entry 

gate, Tom40 indicated towards a mitochondria-specific function of Fmp52.   
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Figure 18. Fmp52 interacts with the TOM subunits. (A) Wild-type (WT) and Tom40HA yeast cells were 
solubilized with digitonin and used for affinity purification with anti-HA affinity matrix. After the washing 
steps, samples were eluted with SDS-sample buffer. The samples were analyzed by SDS-PAGE and 
immunodetection with the indicated antisera. (B) Cell extracts from WT and fmp52∆ yeast cells were 
analyzed by SDS-PAGE and immunodetection with the anti-Fmp52 antisera. The asterisk marks an 
unspecific signal of anti-Fmp52. (C) Comparison of the normalized abundance-mass profiles of Tom70, 
Tom40, and Fmp52 obtained from Schulte et al., MitCOM data set (Schulte et al., 2023).  
 
 

We wondered how Fmp52 was recruited to the TOM complex and to this extent analyzed 

steady-state protein levels in the mitochondria of yeast cells lacking TOM20 and TOM70 

(Figure 19A). Tom20 and Tom70 are the two main import receptors for the recognition of 

incoming precursor proteins by the TOM complex. No significant alterations were observed in 

mitochondrial Fmp52 steady-state protein levels in cells lacking TOM20 or TOM70. Further 

affinity purification through HA-tagged Tom40 in tom20D and tom70D backgrounds revealed 

no major changes in the interaction of Fmp52 with Tom40 upon deletion of TOM20 or TOM70 

(Figure 19B). The interaction of Ubx2 with Tom40 was reduced when TOM20 was deleted and 

was completely blocked when TOM70 was deleted as previously seen (Mårtensson et al., 2019). 

The binding of Msp1 with Tom40 was diminished upon loss of TOM70 (Weidberg and Amon, 

2018). Interestingly, increased binding of Msp1 with Tom40 was observed upon deletion of 

TOM70. 
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Figure 19. Fmp52 is recruited to the TOM complex independent of Tom20 and Tom70. (A) Mitochondria 
were isolated from the indicated yeast strains grown under permissive conditions, and subsequently 
analyzed by SDS-PAGE and immunodetection with the indicated antisera. (B) Mitochondria isolated from 
strains expressing HA-tagged Tom40 were solubilized with digitonin and subjected to affinity purification 
using an anti-HA affinity matrix (left). After the washing steps, samples were eluted with SDS-sample buffer. 
Load., 0.2%; elution., 100%. The asterisk marks an unspecific signal of anti-Fmp52. WT., wild-type. 
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4.3.2 Characterization of Fmp52  

 

Fmp52 was predicted to possess an NADP-binding Rossmann fold in its structure. 

Nicotinamide adenine dinucleotide phosphate (NADP)-binding domain was determined by 

comparing it with canonical motifs commonly associated with such 

domains (Figure 20A) (Chen et al., 2010). Rossmann fold belongs to the general class of β/α 

proteins and comprises four α-helices and six consecutive β-strands (arranged in the 3-2-1-4-

5-6 order) forming a parallel pleated sheet (Kamiński et al., 2022). In addition, the Rossmann-

fold enzyme families are characterized by their use of co-factors, in particular nucleoside-

containing co-factors (Laurino et al., 2016; Kamiński et al., 2022). The modeled structure of 

Fmp52 resembles the architecture of the Rossmann fold, with a similar arrangement and 

orientation of the β-strands. 

 

 
Figure 20. Characterisation of Fmp52. (A) Schematic representation of the Fmp52 protein (above). Model 
structure of Fmp52 protein as predicted from AlphaFold protein structure database (Jumper et al., 2021) 
(below) (B) Serial dilutions of wild-type (WT) and fmp52∆ yeast cells were spotted onto full medium with 
glucose or glycerol as the carbon source and grown under indicated temperature conditions. 
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We performed growth assays to assess the effects of Fmp52 deletion in yeast cells. Deletion 

of FMP52 did not result in a striking difference in growth in fermentative and respiratory media 

in comparison with the wild-type (WT) yeast cells at permissive conditions (Figure 20B). 

However, mild growth defects were observed under respiratory conditions at elevated 

temperatures further pointing towards a mitochondrial specific function of Fmp52. 

 

To further evaluate the impact of deleting FMP52 on essential mitochondrial functions, steady-

state protein levels of mitochondrial proteins were analyzed by SDS-PAGE followed by 

immunodetection (Figure 21A). The steady-state protein levels of the TOM subunits, 

respiratory chain subunits, and mitochondrial quality control factors were unaffected. Most 

mitochondrial proteins were present in comparable amounts upon deletion of FMP52 as in the 

wild-type (WT) mitochondria. We then studied the assembly of the oxidative phosphorylation 

complexes and the TOM complex by BN-PAGE (Figure 21B). Moreover, the assembly of 

oxidative phosphorylation complexes III, IV, and V and the TOM complex remained unaltered 

in the mitochondria of strains lacking Fmp52. 
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Figure 21. Characterization of Fmp52 deficient mitochondria. (A) Mitochondria isolated from  wild-type 
(WT)  and fmp52∆ yeast cells were analyzed by SDS-PAGE and immunodetection with the indicated antisera. 
The asterisk marks an unspecific signal of anti-Ubp16. OXPHOS., oxidative phosphorylation., OM., outer 
membrane; QC factors., quality control factors. (B) Mitochondria isolated from the indicated strains were 
lysed with digitonin and analyzed by BN-PAGE and immunodetection with the indicated antisera. II, 
complex II (succinate dehydrogenase); III, complex III (cytochrome c reductase); IV, complex IV (cytochrome 
c oxidase); V, complex V (F1- Fo-ATP synthase) of mitochondrial OXPHOS machinery; VD, dimer of ATP 
synthase; VM, monomer of ATP synthase; F1, F1 domain of ATP synthase. 
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4.3.3 Fmp52 is dually localized to the mitochondrial outer membrane and cytosol 

 

 

 

Figure 22. Fmp52 is localized both in mitochondria and cytosol. (A) Cellular fractionation samples of wild-
type (WT) and fmp52∆ yeast cells were analyzed by SDS-PAGE and immunodetection with indicated 
antisera. PNS, Post-nuclear supernatant fraction; P13, mitochondria enriched; S100, cytosolic fraction. The 
asterisk marks an unspecific signal of anti-Fmp52. (B) Quantification of the distribution of Fmp52 in 
different fractions. The amount of Fmp52 in the PNS sample was set to 100% (control). Mean ± s.e.m (n=3). 
(C) Schematic representation of the experimental set-up used for carbonate extraction. (D) Mitochondria 
isolated from indicated strains were treated with 0.1M sodium carbonate, and subsequently analyzed by 
SDS-PAGE and immunodetection. 
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Fmp52 has previously been found to localize in the mitochondrial outer membrane in large-

scale proteomic studies (Zahedi et al., 2006; Burkhart et al., 2016; Morgenstern et al., 2017; 

Vögtle et al., 2017). Cellular fractionation experiments were performed to confirm the 

localization of Fmp52 (Figure 22A). Surprisingly, Fmp52 was found both in the mitochondria-

enriched (P13) and cytosolic fractions (S100). The intriguing observation that Fmp52 was 

dually localized in the mitochondria and the cytosol raised the possibility of a regulatory role 

of Fmp52 in coordinating stress responses between the mitochondria and the cytosol.  

We wanted to further assess the membrane association of Fmp52 and therefore treated purified 

mitochondria with sodium carbonate, which separates peripheral membrane proteins from 

integral membranes (Figure 22D) (Fujiki et al., 1982). We observed that Fmp52 was found in 

the supernatant fraction (S) upon carbonate treatment as it dissociated from mitochondria 

during this treatment in contrast to integral membrane protein Tom40 which was found in the 

pellet fraction (P) and was largely resistant to carbonate treatment. Our data revealed that 

Fmp52 behaved as a peripheral membrane protein which is associated with but not fully 

integrated into the lipid bilayer. Indeed, using different prediction programs we could not detect 

any trans-membrane segment in Fmp52.  

 

4.4 Novel protein Fmp52 is critical for mitochondrial quality control 
 

Previous studies showed that Fmp52 protein levels were increased upon proteotoxic stress 

triggered by the inactivation of essential mitochondrial processing peptidase (MPP). This 

increase in the steady-state protein levels of Fmp52 was proposed as a mechanism to counteract 

the potential import stress resulting from compromised processing by mitochondrial proteases 

(Burkhart et al., 2016). The physiological relevance of this effect remains yet unknown.  

 

4.4.1 Fmp52 is increased upon proteasomal inhibition 
 

We analyzed the degradation of Fmp52 protein levels upon inhibition of proteasome. The 

proteasome was blocked by the addition of the proteasome inhibitor MG-132 in yeast cells 

lacking PDR5. To overcome the impermeability of the yeast cell wall that prevents the uptake 

of proteasomal inhibitors in wild-type cells, a mutant strain pdr5∆ was used (Liu et al., 2007). 

Excitingly, an overall increase in the Fmp52 protein levels was observed upon inhibition of the 

proteasome (Figure 23A). We further examined the degradation kinetics of Fmp52 upon 

proteasomal inhibition using cycloheximide to block protein synthesis. On addition of MG-132 
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followed by a subsequent chase, degradation of Fmp52 was reduced, leading to stabilization of 

the Fmp52 protein levels (Figure 23B). 

 

 

 
 
Figure 23. Proteasomal inhibition increases Fmp52 protein levels. (A) Impact of proteasomal inhibition on 
the steady-state protein levels of Fmp52 were analyzed in cell extracts from an otherwise wild-type strain 
lacking PDR5 and in the absence or presence of MG-132. Samples were analyzed by SDS-PAGE and 
immunodetection with indicated antisera. (B) The degradation kinetics of Fmp52 levels were analyzed in 
cell extracts from an otherwise wild-type strain lacking PDR5 after 1 hour of treatment with MG-132. 
Samples were analyzed by SDS-PAGE and immunodetection with indicated antisera. 
 
 
4.4.2 Fmp52 is increased upon clogging  

 

Overexpression of clogging proteins such as cytochrome b2-DHFR-HB clogs the TOM 

complex as these constructs are very slowly and poorly imported into mitochondria (see 

chapter 4.1.4). As a consequence, the cell elucidates a wide range of responses both at the 

mRNA and protein levels to counteract the potential proteotoxicity caused by the accumulation 

of precursor proteins (Boos et al., 2019; Boos et al., 2020). Supporting this notion, we analyzed 

the Fmp52 levels in the transcriptomic and proteomic data obtained from the studies performed 

by Dr. Felix Boos and colleagues (Boos et al., 2019) (Figure 25A). In line with our assumption, 

Fmp52 was enriched both at the mRNA and protein levels upon clogger expression. In contrast, 

the expression of clogger constructs mildly increased in the components of the mitoTAD 

(mitochondrial translocation-associated degradation) machinery, namely Ubx2, and Cdc48. 

(Boos et al., 2019). 
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Figure 24. Overexpression of cytochrome b2-DHFR-HB constructs leads to an increase in steady-state 
levels of Fmp52. (A) Graphs illustrating transcriptomics (above) and proteomics (below) data of log2 fold 
changes of b2-DHFR normalized to cyt. DHFR for Fmp52, Ubx2, and Cdc48 obtained from Boos et al., 2019. 
DHFR., dihydrofolate reductase; cyt. DHFR., cytosolic DHFR; b2-DHFR., DHFR construct that adopts an 
intermembrane mitochondrial targeting sequence from cytochrome b2. (B) Fmp52 levels in cell extracts of 
wild-type (WT) cells expressing b2-DHFR-HB constructs were analyzed by SDS-PAGE and immunodetection 
with indicated antisera. Quantification of the amount of Fmp52 levels in the indicated strains. The amount 
of Fmp52 in WT cells + e.v. was set to 1 (control). Mean ± s.e.m (n=3). e.v., empty vector; p., precursor; i., 
intermediate form; m, mature form of b2-DHFR-HB precursor. (C) The degradation kinetics of Fmp52 levels 
were analyzed in cell extracts from the indicated mutant strains.   
 

 

Based on these findings, we expressed cytochrome b2-DHFR-HB constructs in yeast cells and 

analyzed Fmp52 steady-state protein levels in cell extracts using SDS-PAGE followed by 

immunodetection (Figure 24B). Fmp52 levels were increased in response to the presence of 

clogger protein, b2-DHFR-HB. We further examined the stability of Fmp52 protein using 

cycloheximide chase upon the expression of clogger protein (Figure 24C). We did not observe 

substantial degradation of the Fmp52 protein over two hours of the chase period. Rather, the 

Fmp52 protein seemed to be stabilized upon clogging of the TOM complex.  
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4.4.3 Fmp52 facilitates the removal of arrested precursors proteins from the TOM 

complex 

 

 

Figure 25. Characterization of the role of Fmp52 upon import stress induced by deletion of Pam17. (A) 
Model showing the effect of deletion of PAM17, a non-essential component of the PAM motor. Deletion of 
PAM17 impairs import and subsequently leads to the accumulation of mitochondrial precursor proteins in 
the cytosol.   Cyt., cytosol; OM., outer membrane; IMS, intermembrane space. (B) Serial dilutions of wild-
type (WT), fmp52∆, pam17∆, and fmp52∆pam17∆ yeast cells were spotted on full medium with glucose or 
glycerol as carbon source and grown at 30°C. (C) Cell extracts from indicated strains were analyzed by 
SDS-PAGE and immunodetection with indicated antisera. Pgk1 was used as a control. p, precursor; m, 
mature form of Mdj1, Ilv2 or Atp2 precursor. (D) Quantification of the Mdj1 precursor levels. The amount 
of Mdj1 in pam17∆ cells was set to 100% (control). Mean ± s.e.m (n=3). 
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In order to elucidate the function of Fmp52 in proteotoxic stress, we deleted PAM17 in the 

fmp52∆ background yeast strain. On the deletion of PAM17, protein transport into the 

mitochondrial matrix is impaired, thereby mimicking proteotoxic stress (see chapter  4.1.3). We 

then conducted a growth assay to analyze the double deletion strain with respect to the single 

deletions. While the single deletion strains displayed only mild growth defects, growth of the 

fmp52∆pam17∆ double mutant strain was profoundly reduced on a non-fermentable carbon 

source at permissive temperature conditions (Figure 25B). We were then motivated to analyze 

the cell extracts from the double mutant strain fmp52∆pam17∆ in comparison with respective 

single deletion strains. Deletion of PAM17, led to a mild accumulation of mitochondrial 

precursor proteins, which was profoundly increased when FMP52 was deleted in parallel. 

Interestingly, the accumulation of precursor proteins was observed under permissive non-

stressed conditions (Figure 25C).  

 

Studies have shown that the overexpression of both cytochrome b2-constructs (b2-DHFR-HB 

and b2∆-DHFR-HB) leads to the accumulation of precursor proteins at the TOM complex (see 

4.1.4) (Boos et al., 2019; Mårtensson et al., 2019). We asked the impact of the deletion of 

Fmp52 on clogger-mediated toxicity. To this end, cell extracts from WT and fmp52∆ yeast cells 

expressing b2-DHFR-HB and b2∆-DHFR-HB constructs were analyzed by SDS-PAGE 

followed by immunodetection (Figure 26B). Remarkably, an increased amount of accumulation 

of the precursor form of Mdj1 was observed in cell extracts from fmp52∆ cells expressing the 

clogger constructs (b2-DHFR-HB or b2∆-DHFR-HB) as compared to their corresponding 

wild-type cells indicating the role of Fmp52 in the removal of non-imported precursor proteins 

from the TOM complex.  
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Figure 26. Expression of cytochrome b2-constructs in Fmp52 deficient cells. (A) Schematic representing 
the linear structures of cytochrome b2-DHFR-HB and b2∆-DHFR-HB construct that harbors a mitochondrial 
targeting sequence from cytochrome b2, a moiety of DHFR, and a heme group. Since the mitochondrial 
targeting sequence of cytochrome b2 consists of a sorting signal, the precursor is laterally released into the 
inner membrane. The mitochondrial processing peptidase (MPP) cleaves the presequence and 
subsequently, the sorting signal is cleaved. In contrast, b2∆-DHFR-HB lacks the sorting signal and is pulled 
into the matrix by the PAM machinery. The DHFR domain stably folds in the cytosol, thereby delaying the 
import of precursors, and subsequently clogging the TOM complex. MTS., mitochondrial targeting 
sequence; DHFR, dihydrofolate reductase; HB, heme-binding domain. Cyt., cytosol; OM., outer membrane; 
IMS, intermembrane space; IM, intermembrane. Pgk1 was used as a control. p., precursor; i., intermediate 
form, m., mature form of Mdj1, Ilv2 Atp2, b2-DHFR or b2∆-DHFR. (B) Cell extracts of wild-type (WT) and 
fmp52∆ yeast cells expressing b2-DHFR-HB and b2∆-DHFR-HB were analyzed by SDS-PAGE and 
immunodetection with indicated antisera. 
 
 
4.4.4 Fmp52 genetically interacts with Vms1 

 

We wanted to further investigate the interaction of Fmp52 with other quality control 

components, including Vms1, Ubp16, and Pth2. To this end, we deleted FMP52 in the 

backgrounds of vms1∆, ubp16∆, and pth2∆ yeast strains (Figure 27A).  

The yeast mutant strain fmp52∆vms1∆ showed a strong growth defect at elevated temperatures 

under both fermentative and respiratory conditions indicating a genetic interaction between the 

two genes. Parallel deletion of FMP52 in pth2∆ or ubp16∆ backgrounds did not have any 
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noticeable alterations in growth phenotypes to their respective single deletions. Thus, it is 

possible that Fmp52 functions in collaboration with Vms1 in mitochondrial quality control.  

 

 

Figure 27. Characterization of Fmp52, Vms1, Pth2 and Ubp16. (A) Serial dilutions of the indicated strains 
were spotted onto full medium with glucose or glycerol as carbon source and incubated at indicated 
temperatures. WT., wild-type. (B) Absolute copy number per yeast cell of the indicated proteins. Values are 
based on the quantification of mitochondrial proteins grown on different carbon sources by Morgenstern 
et al., 2017.  

 

We compared the absolute copy number per yeast cell based on the quantification of 

mitochondrial proteins grown on different carbon sources by Morgenstern et al., 2017 

(Figure 27B). Fmp52 exhibits a higher copy number in comparison with other quality control 

components, such as Pth2, Ubx2, and Vms1. The abundance of Fmp52 nearly doubled when 

glycerol was used as a carbon source, thereby indicating a mitochondria specific function of 

Fmp52. 

 

4.4.5 Fmp52 co-operates with Ubx2 in quality control 

 

Interestingly, simultaneous deletion of FMP52 and UBX2 showed strong growth defects under 

non-stressed conditions under respiratory conditions in comparison to their respective single 

deletion strains (Figure 28A). To further elucidate the genetic interaction between Fmp52 and 
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Ubx2, we conducted affinity purification assays with HA-tagged Ubx2. Fmp52 was co-purified 

with HA-tagged Ubx2 (Figure 28B). In addition, subunits of the TOM complex (Tom22 and 

Tom40) and MIM machinery (Mim1) were efficiently co-purified with Ubx2HA as previously 

seen (Mårtensson et al., 2019). 

 

Figure 28. Fmp52 shows a link Ubx2. (A) Serial dilutions of the indicated strains were spotted on full 
medium with glycerol as carbon source and grown at 30°C. (B) Wild-type (WT) and Ubx2-HA yeast 
mitochondria were solubilized with digitonin and used for affinity purification with anti-HA affinity matrix. 
After washing steps, samples were eluted with SDS-sample buffer.  Samples were analyzed by SDS-PAGE 
and immunodetection with the indicated antisera. (C) Cell extracts of WT, fmp52∆, ubx2∆, and 
fmp52∆ubx2∆ yeast cells were analyzed by SDS-PAGE and immunodetection with indicated antisera. (D) 
Quantification of the Mdj1 precursor levels. The amount of Mdj1 in WT cells was set to 1 (control). Mean ± 
s.e.m (n=3).  
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To investigate the physiological role of this interplay between Fmp52 and Ubx2, we analyzed 

cell extracts from the double mutant strain fmp52∆ubx2∆ in comparison with respective single 

deletions on SDS-PAGE followed by immunodetection (Figure 28C). A strong accumulation 

of the precursor form of Mdj1 was seen in the double mutant strain under permissive conditions 

suggesting that Fmp52 cooperates with Ubx2 in the removal of accumulated precursor proteins 

from the TOM complex. Our results point towards overlapping functions of Fmp52 and Ubx2 

in mitochondrial quality control that results in strong defects upon loss of both systems.  

 

Our results reveal that the deletion of FMP52 when combined with previously stressed yeast 

cells such as the absence of PAM17 or UBX2, results in the failure of the removal of 

accumulated precursor proteins. Moreover, Fmp52 deletion exacerbates the challenges 

associated with the clearance of precursor proteins. In conclusion, our findings established 

Fmp52 as a novel and essential quality control component that plays a critical role in the 

clearance of accumulated precursor proteins from the TOM channel as well as in regulating 

proteotoxic stress. 
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5.  Discussion 
 

Impaired protein import leads to the accumulation of mitochondrial precursor proteins, which 

can have severe physiological consequences on the cell. Upon blockage of the TOM complex, 

various stress response pathways (mPOS, UPRam, and mitoCPR) are activated to counteract 

the stress caused by protein accumulation (Wrobel et al., 2015; Weidberg and Amon, 2018; 

Boos et al., 2019). Altogether, these stress responses aim to restore proteostasis by strategies 

such as increased expression of chaperones, altered protein biosynthesis (mPOS), increased 

activation and assembly of the proteasome (UPRam). Recent findings suggest that cells deal 

with perturbations in protein homeostasis by the temporary aggregation of proteins into 

dedicated granules in the cytosol, termed as MitoStores (Krämer et al., 2023). In addition, the 

mitochondrial compromised protein import response (mitoCPR) pathway involves the 

expression of the stress-induced transcription factor CIS1, which in turn recruits the outer 

membrane AAA-ATPase Msp1 to the Tom70 receptor, enabling the removal of non-imported 

proteins from the mitochondrial surface (Weidberg and Amon, 2018). All these pathways are 

characterized by responses induced by acute stress such as prolonged blockage of the TOM 

channel with clogging-prone intermediates, defects in mitochondrial protein import due to 

mutations in the translocon subunits, or decreased membrane potential (Wang and Chen, 2015; 

Weidberg and Amon, 2018; Boos et al., 2019; Rolland et al., 2019). Nonetheless, the heavy 

standard protein load on the TOM channel necessitates the need for quality control mechanisms 

even under basal non-stressed conditions. While there are studies on cellular stress responses 

induced by import stress, our knowledge of monitoring mechanisms that prevent the 

accumulation of precursor proteins under standard growth conditions is limited. 

This study culminated in the identification of a novel quality control pathway responsible for 

the removal of accumulated non-imported precursor proteins from the TOM complex, which 

was centered around the peptidyl tRNA-hydrolase, Pth2. It was found that Pth2 binds to the 

TOM complex and serves as a mitochondrial receptor for the cytosolic protein Dsk2, the sole 

yeast homolog of human ubiquilin (UBQLN) family of proteins (Figure 29). Dsk2 contains a 

ubiquitin-associated (UBA) domain, ubiquitin-like (UBL) domain, and a methionine-rich M-

domain that confers substrate specificity (Ishii et al., 2006; Itakura et al., 2016). We 

demonstrated that Dsk2 cooperates with Pth2 to bind ubiquitylated proteins at the TOM 

complex and further mediates the transfer of ubiquitylated substrates to the proteasome for their 

subsequent degradation. Altogether, our findings reflect that the Pth2-Dsk2 quality control 
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pathway constitutes an alternative degradation system for the clearance of non-imported 

accumulated precursor proteins, thereby regenerating the import capacity of the TOM 

translocon.  

 

 

 
Figure 29. Constitutive quality control at the TOM complex. The proposed model of constitutive quality 
control for the removal of accumulated precursor proteins from the TOM complex. Ubx2 constantly 
monitors the TOM complex, and upon clogging of the TOM complex recruits the AAA-ATPase Cdc48 for 
extraction of stalled precursor proteins from the TOM complex. Pth2 binds to the TOM complex 
independently of Ubx2. Pth2 serves as the mitochondrial receptor for Dsk2, which in turn binds 
ubiquitylated proteins and transfers them to the proteasome for degradation. OM., outer membrane; IMS., 
intermembrane space. 
 
 
The first concrete study defining a mechanism that continuously safeguards the TOM complex 

was presented by the mitochondrial protein translocation-associated degradation (mitoTAD) 

pathway. The mitoTAD pathway provides a system that clears stalled precursors from the TOM 

channel without activation of import stress responses, representing a first line of import quality  
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control (Mårtensson et al., 2019). Previously known for its function in the endoplasmic 

reticulum-associated degradation (ERAD) (Neuber et al., 2005; Schuberth and Buchberger, 

2005), Ubx2 recruits Cdc48 to the clogged TOM complex for the extraction of precursor 

proteins and facilitates proteasomal turnover of proteins clogging the TOM complex 

(Mårtensson et al., 2019). However, the mechanisms by which the stalled proteins were 

recognized and ubiquitylated remained still elusive. A recent study by Schulte et al., 

demonstrated that cytosolic E3-ubiquitin ligase Rsp5 is necessary for ubiquitylating precursor 

proteins to facilitate their degradation, whereas, the outer membrane deubiquitylating enzyme, 

Ubp16, modulates the removal of ubiquitin moieties thereby facilitating protein import. It was 

shown that subsequent ubiquitylation/deubquitylation of precursor proteins at the TOM channel 

by Rsp5/Ubp16 further fine-tune the mitochondrial quality control (Schulte et al., 2023). 

However, it remains unclear whether Pth2 interacts with Rsp5/Ubp16 in ensuring mitochondrial 

quality control.  

Our study revealed that the Pth2-TOM interaction does not depend on the mitoTAD key 

component Ubx2, thereby suggesting that the recruitment of the Pth2-Dsk2 pathway to the 

TOM complex is independent of the established mitoTAD pathway. Despite the Ubx2-

independent interaction of Pth2 with the TOM channel, we observed a strong synthetic growth 

defect in the double deletion strain lacking both PTH2 and UBX2 suggesting partial redundancy 

in both pathways for the surveillance of the TOM complex under constitutive conditions. By 

having alternative pathways for degradation, substantial robustness in quality control systems 

is maintained by the cell.  

It has been shown that in mammalian cells, the ubiquilin (UBQLN) family, triages tail-anchored 

mitochondrial proteins, thereby supporting proper mitochondrial membrane insertion, and if 

targeting fails they facilitate the turnover of mislocalized membrane proteins (Itakura et al., 

2016; Juszkiewicz and Hegde, 2018). Just like Ubx2, Dsk2 plays an active role in the ERAD 

pathway avoiding the aggregation of misfolded proteins in the cytosol (Medicherla et al., 2004; 

Kim et al., 2008). In line with the function of UBQLNs in regulating cytosolic protein 

homeostasis in mammalian cells, it was found in this study that Dsk2 participated in 

mitochondria-specific quality control in yeast. Moreover, mutations in UBQLN2 have been 

associated with neurodegenerative diseases in humans and in mice (Deng et al., 2011; Hjerpe 

et al., 2016; Le et al., 2016). 

The mitochondrial ribosome-associated quality control (mitoRQC) pathway mediates the 

removal of stalled mitochondrial proteins from the ribosomal subunits that escaped 

ubiquitylation (Izawa et al., 2017; Matsuo et al., 2017; Su et al., 2019). Here, Vms1, a 
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peptidyl-tRNA hydrolase, functions to protect mitochondria from the toxic effects of CAT-

tailed protein aggregation by releasing the nascent chain from the 60S ribosomal subunit (Izawa 

et al., 2017; Verma et al., 2018; Zurita Rendón et al., 2018). In the present study, we were able 

to identify two independent functions of Pth2 in quality control. One related to its role in the 

removal of non-imported precursor proteins during mitochondrial import. The other function 

of Pth2 is related to its peptidyl-tRNA hydrolase activity in the Vms1-linked pathway. As 

demonstrated in this study, Pth2 supports Vms1 in clearing ribosome stalled polypeptides      

This study also re-instates the fact that quality control factors are considerably less abundant 

than the TOM complex and therefore they interact only transiently with the TOM complex. The 

absolute copy number of Pth2 as determined by mass spectrometry-based approaches was 

approximately 2,900 and 4,000 copies per yeast cell under fermentative conditions (Kulak et 

al., 2014; Morgenstern et al., 2017). In contrast, the cell contains roughly 18,000 Tom40 

subunits which assemble into dimeric channels at the TOM complex, resulting in an  

approximate count of  9,000 TOM complexes per cell (Morgenstern et al., 2017; Araiso et al., 

2019). Based on these copy numbers, it seems likely that Pth2 subunits are dynamically 

distributed among TOM complexes rather than having a one-to-one stoichiometric binding to 

each individual TOM complex. Such adaptable and flexible nature of the Pth2 binding with the 

TOM complex provides a means for the cell to efficiently regulate mitochondrial protein import 

according to cellular requirements. Interestingly, Pth2 exhibits a higher abundance in 

comparison to other mitochondrial quality control factors (Ubx2, Vms1) thereby reflecting the 

two functions of Pth2 in quality control. 

Recent studies reveal that PTRH2, the mammalian homolog of yeast Pth2, is linked with 

infantile-onset multisystem disorder causing severe neurological, pancreatic, and endocrine 

diseases in patients (Hu et al., 2014; Ando et al., 2022). Whether PTRH2 and UBQLNs serve 

functions equivalent to those of mitochondrial protein quality control in yeast remains yet to be 

analyzed. Most mechanisms of mitochondrial biogenesis and quality control have remained 

conserved in evolution from yeast to humans (Anderson and Haynes, 2020; Morgenstern et al., 

2021). Understanding these conserved mechanisms can provide valuable insights into human 

health and diseases related to mitochondrial dysfunction.   

The findings presented in the latter part of this study established Fmp52, previously reported to 

be induced upon DNA damage, as a novel mitochondrial quality control factor at the TOM 

complex (Dardalhon et al., 2007). Our results suggest that Fmp52 plays a critical role in the 

clearance of accumulated precursor proteins from the TOM channel as well as in regulating 

proteotoxic stress. In this study, we were able to assign a quality control function to Fmp52. In 
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addition, our sub-cellular localization results demonstrated that Fmp52 is dually localized both 

in mitochondria and in the cytosol. This finding was intriguing as previous studies described 

Fmp52 to be localized only in mitochondria (Zahedi et al., 2006; Burkhart et al., 2016; 

Morgenstern et al., 2017). It seems likely that Fmp52 coordinates stress responses between the 

mitochondria and the cytosol, thereby regulating quality control. 

Recent studies revealed that yeast cells lacking Fmp52 showed greater resistance to hydrogen 

peroxide-induced stress response. Using a multi-omic analysis with machine learning approach, 

it was suggested that Fmp52 interacts with two proteins, Fmp40 and Aim25, in coordinating 

the oxidative stress response (Dickinson et al., 2022). In addition, it has been shown that Fmp52 

protein levels were increased in yeast cells upon proteotoxic stress triggered by the inactivation 

of essential mitochondrial processing peptidase (MPP) (Burkhart et al., 2016). It seemed likely 

that proteotoxic stress caused by overburdening the TOM complex such as the over-expression 

of slowly-imported precursor proteins could have a similar effect on Fmp52 levels. Indeed, data 

obtained from quantitative mass spectrometry analysis of cells expressing clogging-prone 

constructs and thereby under protein import stress, depicted that both transcriptomic and 

proteomic levels of Fmp52 are upregulated upon clogging of the TOM complex (Boos et al., 

2019). Supporting this finding, biochemical results presented in this study corroborate the 

observation that Fmp52 levels are upregulated upon proteotoxic stress caused by clogging of 

the TOM complex. In light of these findings, it seems likely that Fmp52 plays a crucial role in 

regulating the cellular response to proteotoxic stress. However, further mechanistic insights into 

how Fmp52 regulates stress responses still need to be elucidated. One such possibility could be 

that Fmp52 cooperates with existing quality control pathways such as the mitoTAD pathway. 

As a matter of fact, we observed that double deletion of FMP52 and UBX2, resulted in a 

synthetic growth defect in yeast cells, an effect that was much more pronounced than single 

protein deletions. Interestingly, FMP52 also showed a strong genetic interaction with VMS1, 

suggesting molecular cross-talk between the two proteins. Based on the results presented in this 

study, the following model on the function of Fmp52 at the TOM complex is proposed 

(Figure 30). First, Fmp52 interacts with the TOM complex for the removal of non-imported 

precursor proteins arrested at the translocon. Second, Fmp52 co-operates with mitoTAD key 

component, Ubx2 in ensuring efficient removal of arrested precursors from the TOM complex. 

Third, Fmp52 levels are increased upon proteotoxic stress such as clogging of the TOM 

translocon. This increase in Fmp52 levels could serve as a stress response to combat imbalances 

in mitochondrial import machinery and deal with the accumulation of precursor proteins. 



Discussion 

 59 

 
 
 
 

Moreover, Fmp52 exhibits a higher copy number per yeast cell, suggesting the existence of 

various populations of Fmp52 in cells. 

  

Figure 30. Possible roles of Fmp52 at the TOM complex. Model depicting the possible functions of Fmp52 
at the TOM complex. The novel protein, Fmp52 binds to the TOM complex under non-stressed conditions. 
First, it removes accumulated precursors from the TOM complex. Second, it is involved in molecular cross-
talk with the mitoTAD pathway. Third, Fmp52 levels are increased upon proteotoxic stress such as clogging 
of the TOM translocon.  
 

 

In conclusion, the studies presented in this work provide new insights into the mechanisms of 

safeguarding protein import at the mitochondrial entry gate. Two novel factors involved in 

protein quality control at the TOM complex were identified. First, the peptidyl 

tRNA-hydrolase, Pth2 cooperates with Dsk2 in the removal of accumulated precursor protein 

from the TOM pore. Second, Fmp52, a novel protein of unknown function, was identified to 

be involved in mitochondrial quality control at the TOM complex. 
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6. Experimental Procedures 
 

6.1 Handling of yeast strains 

 

The Saccharomyces cerevisiae strains used in this study are listed in Table 1 and derived from 

the wild-type (WT) strains YPH499 and BY4741. The strains BY4741, pth2D,, ubx2D, vms1D, 

fmp52D, ubp16D were obtained from EUROSCARF. Yeast strains YPH499, Tom40HA, 

Tom40HAubx2D, pam17D, ubx2Dpth2D, Tom20His, dsk2D, dsk2Dpam17D and Ubx2HA have 

been described previously (Mårtensson et al., 2019; Schulte et al., 2023). Tagging and deletion 

of open reading frames (ORF) was performed via homologous recombination using DNA 

cassettes amplified by PCR by Taq and Vent polymerase (New England BioLabs) (Janke et al., 

2004). To generate strains expressing proteins of interest with a His- or HA- at the C-terminus 

(Pth2His,) a DNA cassette encoding the sequence for the affinity tag and a His3MX6 selection 

marker was amplified by PCR. The generated PCR product was transformed into the 

corresponding yeast strain. Via homologous recombination, the PCR product was integrated at 

the C-terminal end of the chosen coding sequence, in front of the stop codon (Knop et al., 1999). 

Deletion of FMP52 in ubx2D, vms1D, pth2D, and ubp16D and PAM17 in fmp52D yeast cells 

was performed using the pFA6a His3MX6 cassette (Longtine et al., 1998). Deletion of PTH2 

in pam17D and vms1D yeast cells was performed using the pFA6a KanMX6 cassette (Longtine 

et al., 1998). Deletion of PTH2 in dsk2Dpam17∆  and LTN1 in pth2D yeast cells was performed 

using the pFA6a hphNT2 cassette (Janke et al., 2004). Primers used for the generation of yeast 

strains are listed in Table 3. In order to perform in vivo rescue experiments with Pth2, the 

sequence encoding the PTH2 ORF and its endogenous promoter and terminator was cloned into 

the pRS416 plasmid using Gibson assembly (primers mentioned in Table 3) (Gibson et al., 

2009). The primers were designed such that they contained overlapping sequences with the 

insert vector pRS416. PTH2 ORF and its endogenous promoter and terminator were amplified 

from yeast Saccharomyces cerevisiae genomic DNA using Phusion high fidelity DNA 

polymerase (New England BioLabs). The plasmid was linearized using KpnI and SalI 

restriction enzymes. Subsequently, the linearized plasmid and the amplified insert were 

assembled using Gibson Assembly Master Mix (New England BioLabs). 
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Using the Pth2-pRS416 construct, site-directed mutagenesis was performed to generate D174A 

point mutant (pRS416 pPTH2 Pth2 D174A) and delete the trans-membrane (TM) region of 

Pth2 (pRS416 pPTH2 Pth2 ΔTM).  

Yeast cells were cultured in a medium containing 1% [w/v] yeast extract and 2% [w/v] bacto-

peptone, pH 4.9 adjusted with HCl. As a carbon source either 2% glucose (YPD), 3% glycerol 

(YPG), 2% sucrose (YPS) or 2% galactose (YPGal) was used. Depending on the strain and 

experiment, cells were grown at 24°C, 30°C, or 37°C overnight (12-24 hours). Strains 

containing a plasmid were grown on selective minimal media (0.67% [w/v] yeast nitrogen base 

without amino acids, 0.2% [w/v] SC amino acid mixture, 3% [w/v] glycerol, 0.1% [w/v] 

glucose) in order to keep the plasmid. For expressing clogger-prone intermediates, a pYE PD 

1/8-10 plasmid encoding for either cytochrome b2-DHFR-HB or b2∆-DHFR-HB was 

introduced in WT BY471, pth2D , or fmp52D yeast strains. To induce overexpression from the 

GAL1 promoter, cells were induced by the addition of galactose (final 2% [w/v]) at the early 

logarithmic phase. 

 

Table 2. Yeast strains used in this study 
Strain Genetic background Source identifier 

YPH499 (WT) MATa, ura3-52, lys2-801_amber, ade2-

101_ochre, trp1-Δ63, his3-Δ200, leu2Δ1 

(Sikorski and Hieter, 

1989) 

TB1 

BY4741 (WT) MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 EUROSCARF TB2 

Pth2His YPH499 pth2::PTH2-10His::HIS3MX6 (Schulte et al., 2023) TB3 

Tom40HA BY4741 tom40::TOM40-3HA-HIS3MX6 (Schulte et al., 2023) TB4 

Tom40HAubx2D BY4741 ubx2::kanMX4, tom40::TOM40- 

3HA-HIS3MX6 

(Schulte et al., 2023) TB6 

pth2Dpam17D BY4741 pth2::KanMX4 pam17Δ:: hphNT1 (Schulte et al., 2023) TB7 

pth2D BY4741 pth2::KanMX4 EUROSCARF TB8 

pam17D BY4741 pam17::hphNT1 (Mårtensson et al., 

2019) 

TB9 

ubx2D BY4741 ubx2::KanMX4 EUROSCARF TB22 

ubx2Dpth2D BY4741 ubx2::KanMX4 pth2::HIS3MX6 (Schulte et al., 2023) TB27 

pth2Dvms1D BY4741 pth2::kanMX4 vms1::HIS3MX6 (Schulte et al., 2023) TB35 

pth2Dpam17D + 

pRS416 

BY4741 pth2::KanMX4 pam17Δ:: hphNT1 

+ pRS416 

(Schulte et al., 2023) TB166 

pth2Dpam17D + 

pPth2 

BY4741 pth2::KanMX4 pam17Δ:: hphNT1 

+ pRS416 pPTH2 Pth2 

(Schulte et al., 2023) TB167 
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pth2Dpam17D + 

pPth2D174A 

BY4741 pth2::KanMX4 pam17Δ:: hphNT1 

+ pRS416 pPTH2 Pth2 D174A 

(Schulte et al., 2023) TB168 

pth2Dpam17D + 

pPth2ΔTM 

BY4741 pth2::KanMX4 pam17Δ:: hphNT1 

+ pRS416 pPTH2 Pth2 ΔTM (Δ aa12-32) 

(Schulte et al., 2023) TB169 

pth2Dvms1D + 

pRS416 

BY4741 pth2::kanMX4 vms1::HIS3MX6 + 

pRS416 

(Schulte et al., 2023) TB171 

pth2Dvms1D + pPth2 BY4741 pth2::kanMX4 vms1::HIS3MX6 + 

pRS416 pPTH2 Pth2 

(Schulte et al., 2023) TB172 

pth2Dvms1D + 

pPth2D174A 

BY4741 pth2::kanMX4 vms1::HIS3MX6 + 

pRS416 pPTH2 Pth2 D174A 

(Schulte et al., 2023) TB173 

pth2Dvms1D + 

pPth2ΔTM 

BY4741 pth2::kanMX4 vms1::HIS3MX6 + 

pRS416 pPTH2 Pth2 ΔTM (Δ aa12-32) 

(Schulte et al., 2023) TB174 

Ubx2HA BY4741 ubx2:: UBX2-3HA::HIS3MX6 (Mårtensson et al., 

2019) 

TB45 

Tom20His YPH499 tom20::Tom20-10His::HIS3MX6 (Schulte et al., 2023) TB331 

ltn1Dvms1D BY4741 vms1::KanMX4 ltn1Δ:: HIS3MX6 this study TB333 

pth2Dltn1D BY4741 pth2::KanMX4 ltn1Δ::NatNT2 this study TB54 

dsk2D BY4741 dsk2::KanMX4  (Schulte et al., 2023) TB102 

dsk2Dpam17D BY4741 dsk2::KanMX4 pam17Δ::hphNT1 (Schulte et al., 2023) TB100 

pth2Ddsk2Dpam17D BY4741 dsk2::KanMX4 pam17Δ::hphNT1 

pth2::NatNT2  

this study TB137 

fmp52D BY4741 fmp52::KanMX4 EUROSCARF TB332 

fmp52Dubx2D BY4741 fmp52:: HIS3MX6 ubx2:: KanMX4 this study TB339 

fmp52Dvms1D BY4741 fmp52:: HIS3MX6 vms1:: KanMX4 this study TB318 

vms1D BY4741 vms1:: KanMX4 EUROSCARF TB23 

fmp52Dpth2D BY4741 fmp52:: HIS3MX6 pth2:: KanMX4 this study TB316 

fmp52Dubp16D BY4741 fmp52:: HIS3MX6 ubp16:: KanMX4 this study TB320 

ubp16D BY4741 ubp16:: KanMX4 EUROSCARF TB21 

fmp52Dpam17D BY4741 fmp52::KanMX4 pam17:: HIS3MX6 this study TB352 

pdr5D BY4741 pdr5::NatNT2 (den Brave et al., 

2020) 

TB336 

WT + pFL39 YPH499 + pFL39 this study ASG279 

WT + pFL39-

Tom40-HA 

YPH499 + pFL39-Tom40-HA this study ASG280 

tom20D + pFL39-

Tom40-HA 

YPH499 tom20:: Ura3-52 + pFL39-

Tom40-HA 

this study ASG281 

tom70D + pFL39-

Tom40-HA 

YPH499 tom70:: Ura3-52 + pFL39-

Tom40-HA 

this study ASG282 
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WT + pYEp352  BY4741 + pYEp352 this study ASG293 

WT + 

pCYB2-DHFR-HB  

BY4741 + pDP-CYB2 (1-84)-DHFR-HB (81-

181) 

this study ASG295 

WT + 

pCYB2∆-DHFR-HB 

BY4741 + pDP-CYB2 (1-84)∆-

DHFR-HB (81-181) 

this study ASG297 

fmp52D+ pYEp352 BY4741 fmp52::KanMX4 + pYEp352 this study ASG294 

fmp52D + 

pCYB2-DHFR-HB 

BY4741 fmp52::KanMX4 + pDP-CYB2 (1-

84)-DHFR-HB (81-181)  

this study ASG296 

fmp52D + 

pCYB2∆-DHFR-HB 

BY4741 fmp52::KanMX4 + pDP-CYB2 (1-

84)∆-DHFR-HB (81-181) 

this study ASG298 

 

 

 

Table 3. Plasmids used in this study 

Plasmid Source Identifier 
pRS416  (Schulte et al., 2023) pTB94 
pRS416 pPTH2 Pth2  (Schulte et al., 2023) pTB91 
pRS416 pPTH2 Pth2 D174A  (Schulte et al., 2023) pTB92 
pRS416 pPTH2 Pth2 ΔTM 

(Δaa12-32) 
(Schulte et al., 2023) pTB93 

pFA6a His3MX6 (Longtine et al., 1998) pTB2 
pFA6a hphNT1 (Janke et al., 2004) pTB6 
pFA6a hphNT2 (Longtine et al., 1998) pTB5 

pFA6a KanMX6 (Longtine et al., 1998) pTB1 
pFA6a 3HA-His3MX6 (Knop et al., 1999) pTB12 
pYEp352 (Schulte et al., 2023) pTB51 

pDP-CYB2 (1-84)-DHFR-HB(81-

181) 

(Bömer et al., 1997) pTB7 

pDP-CYB2 (1-84)-∆(46-66)-

DHFR-HB(81-181) 

(Bömer et al., 1997) pTB8 

pRS415 (Schulte et al., 2023) pTB103 

pADH His-Ubiquitin  (Cohen et al., 2008) pTB3 

pFL39 (Becker et al., 2011) pTB22 

pFL39-Tom40-HA (Becker et al., 2011) PTB174 

 

 

 

 



Experimental Procedures 

 64 

 
 
 
 

Table 4. Primers used for the generation of yeast cells 

Primer Sequence (5’-3’) Identifier 
Pth2-S1 TTTCTTGCTATATTACTTGTTGACAGCGGAGTAACATGATAACGTCTTTTTAATGC

GTACGCTGCAGGTCGAC 
TB(P5) 

Pth2 -S2 TTAATATATAAATGCACGTATATCTATACCCGTAGTATATATCATTTGTACCTCAAT
CGATGAATTCGAGCTCG 

TB(P6) 

Pth2-colony GTCTTCTTGGCCTTCTTCGT TB(P7) 

Ubx2-S1 GCAGCAGGTATTACGATAGAAGTATGTAATAGCTTTCATAGTGTAATCGAAGAT
GCGTACGCTGCAGGTCGAC 

TB(P11) 

Ubx2-S2 ACTCCAGAAACTCTTTGTACGCGTTTGTCGTTTTTAACGATATGCTATTTTATCAAT
CGATGAATTCGAGCTCG 

TB(P12) 

Ubx2-colony GAATATTCCCCCAAAGGAGC TB(P139 

Vms1-S1 AGAAAAAGGATTTTCAAAAGATCTGCACGCCTGTTGACAAGCTTCCAATAGCATG
CGTACGCTGCAGGTCGAC 

TB(P14) 

Vms1-S2 AATATATGCAAATGCTAAGAAAAATCCTAAAAATTTGAATATGAGATATTCCTCA
ATCGATGAATTCGAGCTCG 

TB(P15) 

Vms1-colony GCCACAGAATTGGTTCGAAG TB(P16) 

Ubp16-S1 TCCTTCTGCCCAAACAGTATATGCAAGGTACAGCAGTTACTACAAGCACAATATG
CGTACGCTGCAGGTCGAC 

TB(P8) 

Ubp16-S2 GGATATGGATGCGTAACTTACTATTATTATAATATACCTATGTACAGGGCGGTTA
ATCGATGAATTCGAGCTCG 

TB(P99 

Ubp16-colony TTGCTTACTATATTGGCCCC TB(P10) 

Ltn1-S1 AGTTCAAATCTGCTAAGCCATCAAAAAAAGTTCAAGCAATAGTTGGTTCTTAATG
CGTACGCTGCAGGTCGAC 

TB(P47) 

Ltn1-S2 GAACTTTGTTTAAAAAATGTAGTACATTTATATGAAATTTATATGCGATAGTCTAA
TCGATGAATTCGAGCTCG 

TB(P48) 

Ltn1-colony GATTCCGGACTCGTCCAAAT TB(P49) 

Dsk2-S1 GACGAGAGGCAAATAAGACGGATCAAAGACACCGAATCATTCTAGCACGATAAT
GCGTACGCTGCAGGTCGAC 

TB(P33) 

Dsk2-S2 ATGCCGATAGAGTAGGGTAAAAGTATATAGGTTGCGGCATCTAGACGTTTATTTA
ATCGATGAATTCGAGCTCG 

TB(P34) 

Fmp52-S1 CTCCTACTGATGAGAAAGATAGGATGGATTATATAGAAGAGCACAAGCAACGAT
GCGTACGCTGCAGGTCGAC 

TB(P193) 

Fmp52-S2 GTACGTCACAGTAAAATACAACTGTAGCTGCGAGAAGAAGCCGTTGGTTGATTT
AATCGATGAATTCGAGCTCG 

TBP(194) 

Fmp52-colony CGTAAATCGCGGCGAAAAAG TBP(195) 

Pam17-S1 ATGTTCAAAGAAGTGTTAAAAACATTCAGAAAACATTGTCCGCCTCTTCAAAATG
CGTACGCTGCAGGTCGAC 

TB(P2) 

Pam17-S2 CATATATGTATATATACAGAGTCTGAGAAGAAGGAAAAGATCACACGTTCAATCA
ATCGATGAATTCGAGCTCG 

TB(P3) 

Pam17-colony CTGTTGGAGAACGGTATCAC TBP4 

Colony-rev GACTGTCAAGGAGGGTATTCTG TB(P1) 

Pth2-pRS416-

fw 

CTATAGGGCGAATTGGGTACCATTCAAATTGTGACAAATG 

 

ASG(P35) 

Pth2-pRS416-

rev 

CAAGCTTATCGATACCGTCGACTATAAAAAATTAGATGAG ASG(P36) 

D174A-Pth2-

pRS416-fw 

CTTGGGGTGAATGCAGCAGTTATTCATGCTGCTGGTAGAA ASG(P48) 
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D174A-Pth2-

pRS416-rev 

TTCCCGCAGCAATCTGTGTTCTACCAGCAGCATGAATAAC ASG(P49) 

TMdel-Pth2-

pRS416-fw 

GACAGTTTCTTCGAATTACACCAACGCATCATCAACTAAG ASG(P52) 

TMdel-Pth2-

pRS416-rev 

TAAAGTAGCTGAGGATTTCTTAGTTGATGATGCGTTGGTG ASG(P53) 

 

6.2 Yeast growth assays 

 

Yeast cells were grown overnight in respective growth medium at 30°C until an early 

logarithmic phase. Cells with an optical density of 1 at 600nm (OD600) were harvested by 

centrifugation at (3,000 x g, 4 min). The cell pellet was resuspended in 1 mL of sterile distilled 

water. From these ten-fold serial dilutions (1:10, 1:100, 1:1000, and so on) were prepared and 

spotted on a solid medium containing 3% [w/v] agar and incubated at 24°C, 30°C, and 37°C.  

 

6.3 Isolation of mitochondria 

 

Yeast cells were cultured in the respective medium until the early logarithmic growth phase 

and the cells were collected with centrifugation (3,000 x g, 8 min, 20°C). Cells were washed 

once with dH2O and then incubated in DTT buffer under constant shaking at 130 rpm (0.1 M 

Tris/H2SO4 pH 9.4, 10 mM DTT) for 20 min at 30°C. The cells were collected again by 

centrifugation (3,000 x g, 5 min) and washed once with zymolase buffer (20 mM KPi pH 7.4, 

1.2 M sorbitol) without zymolase. The cells were collected by centrifugation (2,500 x g, 5 min) 

followed by resuspension in zymolase buffer containing 4 mg/g of cells zymolyase (Nacalai 

Tesque) and incubated for 45 min at 30°C under constant shaking at 130 rpm for cell wall 

removal. The resulting spheroblasts were collected with centrifugation (1,500 x g, 5 min), 

washed once with zymolase buffer and resuspended in 6.5 ml/g cells homogenization buffer 

with zymolase buffer. The spheroblasts were resuspended in ice-cold homogenization buffer 

(10 mM Tris HCl pH 7.4, 0.6 M sorbitol, 1 mM EDTA, 0.2% [w/v] BSA). Spheroblasts were 

opened by mechanical disruption on ice using a glass potter grinder. The lysate was cleared 

from cell and nuclear debris with two consecutive centrifugation steps followed by isolation of 

mitochondria from the cell lysate (17,000 x g, 10min, 4°C). Finally, mitochondria were 

resuspended in SEM buffer, centrifuged (2,500 x g, 5 min, 4°C) and the resulting supernatant 

was collected. Mitochondria were re-collected (17,000 x g, 15 min, 4°C) and resuspended in a 
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small volume of SEM buffer. Total protein concentration of the mitochondrial proteins were 

determined using ROTI-Quant reagent (Roth). Mitochondria were aliquoted, flash frozen in 

liquid nitrogen and kept at -80°C until further use. 

 

6.4 Preparation of cell extracts 

 

Yeast cells were grown in YPG or YPD medium at 24°C or 30°C until early logarithmic phase. 

Cells with an optical density of 2.5 at 600nm (OD600) were harvested by centrifugation at 

(3,000 x g, 4 min). Cell pellets were resuspended in 0.1 M NaOH and incubated for 5 min at 

room temperature. After centrifugation (16,000 x g, 1 min) cell pellets were resuspended in 

sample buffer (8 M urea, 5% [w/v] SDS, 1 mM EDTA, 1.5 % [w/v] DTT, 0.025% [w/v] 

bromophenol blue, 200mM Tris HCl pH 6.8) and denatured for 10 min at 65°C shaking at 

14,000 rpm.  

Yeast cells for large scale affinity purifications were grown in respective conditions until early 

logarithmic phase. Cells with an optical density of 200-400 at 600nm (OD600) were harvested 

by centrifugation at (3,000 x g, 4 min). Cells were washed once with dH20 and the cell pellets 

with desired ODs were flash frozen in liquid nitrogen until further use.  
 

6.5 Affinity purification of His-tagged proteins 

 

To investigate the interaction partners of His-tagged proteins, affinity purification assays with 

Ni2+-NTA Agarose (Qiagen) were performed. Isolated mitochondria from yeast cells 

expressing His-tagged proteins were solubilized in lysis buffer (20 mM Tris/HCl pH 7.4, 0.1 

mM EDTA, 50 mM NaCl, 10% [v/v] glycerol) containing 0.8-1.0 % [w/v] digitonin and 10 mM 

imidazole at a concentration of 1 mg mitochondrial protein/ml. The samples were incubated for 

15 min on ice and the unsolubilized materials were removed by centrifugation (10 min; 17,000 

x g; 4°C). 

For pulldowns with cell extracts, cells with a desired optical density were solubilized in lysis 

buffer and resuspended in lysis buffer (0.1 M EDTA; 50 mM NaCl; 10% [v/v] glycerol; 20 mM 

Tris/HCl pH 7.4) with protease inhibitors (1 mM PMSF, 1xHALT protease inhibitor cocktail 

(Thermofisher) and 10 mM imidazole). Cells were then ruptured with silica beads for 5 times 

for 3 min with 3 min break in between at 4°C on a cell disruptor (Retsch MM400 mill). Cell 

extracts were cleared by centrifugation (2,000 x g, 4 min, 4°C). The cells were solubilized with 
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1% digitonin [w/v] and the cells were incubated for 30 min on ice. The solubilized samples 

were cleared by centrifugation (10 min; 17,000 x g; 4°C). 

For both mitochondria and cells extracts, a part of the supernatant (0.2% - 1%) was retained for 

the load fraction. The rest of the supernatant was incubated with Ni-NTA agarose beads 

(Qiagen) that were pre-equilibrated in lysis buffer with 0.1% [w/v] digitonin and 10 mM 

imidazole. After 1h incubation at 4°C under constant rotation for mitochondria samples and 

1.5 h incubation for cell extracts, unbound proteins were removed and the affinity matrix was 

washed with an excess amount of lysis buffer containing 0.1% [w/v] digitonin and 40 mM 

imidazole. Bound proteins were eluted with lysis buffer containing 0.1% [w/v] digitonin and 

250 mM imidazole. All centrifugation steps during washing steps were performed at 100 x g 

for 1 min at 4°C. The samples were denatured for 5 min at 95°C with addition of SDS sample 

buffer and analyzed by SDS-PAGE. 

 

6.6 Affinity purification of HA-tagged proteins 

 

To investigate the interaction partners of HA-tagged proteins, affinity purification assays with 

HA-tagged beads (Roche) were performed. Isolated mitochondria from yeast cells expressing 

HA-tagged proteins were solubilized in lysis (0.1 M EDTA; 50 mM NaCl; 10% [v/v] glycerol; 

20 mM Tris/HCl pH 7.4) buffer containing 1% [w/v] of digitonin. The samples were incubated 

for 15 min on ice and the solubilized samples were cleared by centrifugation (10 min; 17,000 x 

g; 4°C). 

For pulldowns with cell extracts, cells with a desired optical density were solubilized in lysis 

buffer with resuspended in lysis with protease inhibitors (1 mM PMSF, 1xHALT protease 

inhibitor cocktail). Cells were then ruptured with silica beads for 5 times for 3 min with 3 min 

break in between at 4°C on a cell disruptor (Retsch MM400 mill). Cell extracts were cleared 

by centrifugation (2,000 x g, 4 min, 4°C). The cells were solubilized with 1% digitonin [w/v] 

and the cells were incubated for 30 min on ice. The solubilized samples were cleared by 

centrifugation (10 min; 17,000 x g; 4°C).  

For both mitochondria and cells extracts, a part of the supernatant (0.2% - 1%) was retained for 

the load fraction. The rest of the supernatant was incubated with anti HA-tagged matrix (30-

60µL) that were pre-equilibrated in lysis buffer with 0.1% [w/v] digitonin. After 1 h incubation 

at 4°C under constant rotation for mitochondria samples and 1.5 h incubation for cell extracts, 

unbound proteins were removed and the affinity matrix was washed with excess amount of lysis 
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buffer containing 0.1% [w/v] digitonin. Bound proteins were eluted with 60µL of SDS sample 

buffer. All centrifugation steps during washing steps were performed at 100 x g for 1 min at 

4°C. The samples were denatured for 5 min at 95°C. 

 

6.7 Denaturing Ni2+-NTA pulldowns 

 

Proteins conjugated to His-tagged ubiquitin were purified via affinity purification assays with 

Ni2+-NTA agarose beads (Qiagen) under denaturing conditions as previously described 

(Psakhye and Jentsch, 2016; Schulte et al., 2023). Cells expressing His-tagged ubiquitin were 

grown to logarithmic phase in selective media after which cells corresponding to an optical 

density of 200 at 600nm (OD600) were harvested by centrifugation at (3,000 x g, 4 min) and 

washed with distilled H2O. The cells were resuspended in 1 mL of denaturing buffer A to 

inactivate proteases (6 M guanidinium hydrochloride; 100 mM NaH2PO4; 10 mM Tris-HCl, 

pH 8.0), followed by subsequent addition of silica beads and cell disruption using a cell 

disruptor for 5 min (Vortex Disruptor, Genie). Cellular lysates were cleared by centrifugation 

(500 x g, 4 min, 4°C) to remove residual beads. Subsequently, the samples were diluted 1:2 

with the addition of 1 mL of buffer A with 0.1% [v/v] Tween-20 and 40 mM imidazole 

followed by 30 min incubation under constant rotation at 4°C. The solubilized samples were 

cleared by centrifugation (10 min; 17,000 x g; 4°C) and the remaining supernatants were 

incubated with Ni-NTA agarose beads for 1.5 h under constant rotation at 4°C. After the 

removal of unbound proteins, the beads were washed twice with buffer A containing 0.05% 

[v/v]  Tween-20 and 20 mM imidazole, followed by four wash steps with buffer C (8 M urea; 

100 mM NaH2PO4; 10 mM Tris-HCl, pH 6.3; 0.05% Tween 20; 20 mM imidazole). Bound 

proteins containing His-conjugated were eluted with HU-buffer (8 M urea; 5% [w/v] SDS; 

1 mM EDTA; 1.5% [w/v] DTT, 0.025% [w/v] bromophenol blue; 200 mM Tris-HCl pH 6.8) 

for 10 min at 65°C. 

 

6.8 Sodium-dodecyl Sulphate polyacrylamide gel electrophoresis 

 

Proteins were separated and analyzed by sodium-dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) using 10% MOPS gels (8.25% [w/v] Acrylamide, 1M MOPS, 

1M ris-base, 2% SDS, 20mM EDTA). Samples were resuspended in sample buffer and boiled 

for 10 min at 95°C. The running of the gel was performed in MOPS running buffer (1M Bis-
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Tris, pH 6.4). PageRuler Prestained Protein Ladder (Thermo Fisher Scientific) was used as a 

molecular weight marker for size reference.  

 

6.9 Blue native polyacrylamide gel electrophoresis 

 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) was used for the separation of 

native mitochondrial proteins and was performed as previously described (Schägger and von 

Jagow, 1991; Wittig and Schägger, 2005). For analysis via BN-PAGE, isolated mitochondria 

were solubilized in lysis buffer (0.1 M EDTA; 50 mM NaCl; 10% [v/v] glycerol; 20 mM 

Tris/HCl pH 7.4) containing 1% [w/v] digitonin for 15 min on ice. Insoluble material was 

removed (17,000 x g, 10 min, 4°C) and the supernatant was supplemented with BN sample 

buffer (0.5% [w/v] Coomassie Brilliant Blue G-250, 10 mM Bis-Tris pH 7.0 and 50 mM 6-

aminocaproic acid) to achieve a 1x final concentration. Typically, BN gels with a gradient of 

4-13% (4-13% [w/v] Acrylamide, 0.12-0.40% [w/v] Bis-Acrylamide, 67 mM ε-amino n-

caproic acid, 50 mM Bis-Tris/HCl pH 7.0) were used. A BN protein marker consisting of blue 

native protein mix (Cytiva) dissolved in lysis buffer and BN sample buffer was used for 

estimation of the molecular weight of protein complexes. Sample separation was performed in 

the presence of BN cathode (0.02% [w/v] Coomassie G, 50 mM Tricine, 15 mM 

Bis-Tris/HCl pH 7.0) and BN anode buffer (50 mM Bis-Tris/HCl pH 7.0) at 15 mA for 2 h. 

After approximately 20 min of separation, BN cathode buffer was replaced with clear cathode 

buffer (50 mM Tricine, 15 mM Bis-Tris/HCl pH 7.0) without Coomassie G. 

 

6.10 Western blotting and immunodetection 

 

Proteins separated on polyacrylamide gels were transferred by semi-dry western blot 

transfer system (model:700-1220, VWR) to PVDF membranes (ImmobilonÒ-P, 

Merck Millipore). The sandwich for transfer was constructed in the following manner from 

anode to cathode; filter paper, PVDF membrane, the polyacrylamide gel and then filter paper. 

All components were immersed in transfer buffer (20% [v/v] ethanol; 150 mM Glycine, 0.02% 

[w/v] SDS; 20 mM Tris Base) and the PVDF membrane was activated in 100% [w/v] ethanol. 

The transfer was carried out for 2 h at 250 mA. After blotting, membranes were washed briefly 

with TBS-T (12.5 mM NaCl; 20 mM Tris/HCl; pH 7.4; 0.1% [v/v] Tween 20) and blocked with 

blocking buffer (5% [w/v] skimmed milk powder in TBS-T or RotiBlock (Roth)) for 1 h. 
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Membranes were incubated with primary antibody in blocking buffer (Table. 4) for 1-2 h at 

room temperature or overnight at 4°C. Subsequently, membranes were washed three times over 

30 min with excess TBS-T buffer, incubated with secondary antibody for 1h at room 

temperature, and washed again three times with TBS-T buffer to remove unbound antibodies. 

 

Table 5. Antibodies used in this study.  
Antigen Dilution Company 

and number 

Source 

Rabbit polyclonal anti-Ubx2 1:500 roti block in TBS-T GR1484 (Mårtensson et al., 2019) 

Rabbit polyclonal anti-Pth2 1:500 roti block in TBS-T GR 797-3 (Schulte et al., 2023) 

Rabbit polyclonal anti-Tom70 1:500 roti block in TBS-T GR657-3 (Schulte et al., 2023) 

Rabbit polyclonal anti-Ubp16 1:250 milk in TBS-T GR5040-4 (Schulte et al., 2023) 

Rabbit polyclonal anti-Tom22 1:1000 roti block in TBS-T GR3227-2 (Schulte et al., 2023) 

Rabbit polyclonal anti-Tom20 1:1000 roti block in TBS-T GR3225-7 (Schulte et al., 2023) 

Rabbit polyclonal anti-Tom40 1:1000 roti block in TBS-T GR168-5 (Schulte et al., 2023) 

Rabbit polyclonal anti-Mim1 1:1000 roti block in TBS-T GR544-2 (Doan et al., 2020) 

Rabbit polyclonal anti-Om45 1:1000 roti block in TBS-T GR1311 (Schulte et al., 2023) 

Rabbit polyclonal anti-Por1 1:1000 roti block in TBS-T GR3621 (Schulte et al., 2023) 

Rabbit polyclonal anti-Om14 1:1000 roti block in TBS-T GR3041 (Mårtensson et al., 2019) 

Rabbit polyclonal anti-Rip1 1:5000 roti block in TBS-T GR542-4 (Böttinger et al., 2013) 

Rabbit polyclonal anti-Mdj1 1:500 milk in TBS-T 121-7 (Schulte et al., 2023) 

Rabbit polyclonal anti-Ilv2 1:500 milk in TBS-T GR1010 (Schulte et al., 2023) 

Rabbit polyclonal anti-Rsp5 1:250 milk in TBS-T GR5064 (Schulte et al., 2023) 

Rabbit polyclonal anti-Fis1 1:500 milk in TBS-T GR310 (Schulte et al., 2023) 

Rabbit polyclonal anti-Msp1 1:500 milk in TBS-T GR1469 (Schulte et al., 2023) 

Rabbit polyclonal anti-Hsp60 1:500 milk in TBS-T GR170 (Schulte et al., 2023) 

Rabbit polyclonal anti-mtHsp70 1:500 milk in TBS-T GR1830-2 (Mårtensson et al., 2019) 

Rabbit polyclonal anti-Cdc48 1:500 milk in TBS-T GR 5015 (Schulte et al., 2023) 

Rabbit polyclonal anti-Fmp52 1:500 roti block in TBS-T GR1498 (Morgenstern et al., 2017) 

Rabbit polyclonal anti-Atp2 1:1000 roti block in TBS-T GR861 (Böttinger et al., 2013) 

Rabbit polyclonal anti-Sec61 1:500 milk in TBS-T GR759-5 (Mårtensson et al., 2019) 

Rabbit polyclonal anti-Sod2 1:500 milk in TBS-T GR1051-4 (Mårtensson et al., 2019) 

Rabbit polyclonal anti-Tim44 1:500 milk in TBS-T GR1835-4 (Böttinger et al., 2013) 

Rabbit polyclonal anti-Tim23 1:250 milk in TBS-T GR3878-4 (Böttinger et al., 2013) 

Rabbit polyclonal anti-Mdh1 1:500 milk in TBS-T GR1088-6 (Priesnitz et al., 2022) 

Rabbit polyclonal anti-Cox1 1:500 milk in TBS-T GR1539-4 (Böttinger et al., 2013) 

Rabbit polyclonal anti-Cox4 1:500 milk in TBS-T GR578-5 (Böttinger et al., 2013) 

Rabbit polyclonal anti-Cox12 1:500 milk in TBS-T GR1937-4 (Böttinger et al., 2013) 
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mouse-monoclonal anti-DHFR Santa Cruz sc-377091 (Schulte et al., 2023) 

mouse-monoclonal anti-Pgk1 Invitrogen 459250 (Schulte et al., 2023) 

mouse-monoclonal anti-ubiquitin Santa Cruz sc-8017 (Schulte et al., 2023) 

 

 

Different types of secondary antibodies were used. Secondary antibody against rabbit or mouse 

coupled to fluorescent labels (IRDye 800CW, anti-mouse; IRDye 800CW, anti-rabbit; IRDye 

680RD, anti-mouse) were used at 1:10,000 dilution in blocking buffer for detection of signals 

with the Licor system. Fluorescent secondary antibody signals were detected on Odyssey CLx 

Infrared Imaging System (Li-Cor) and analyzed using Image Studio software (v.5.2.5; Li-Cor). 

Incase of detection of signals for secondary antibody against rabbit or mouse coupled to 

horseradish peroxidase, an image analyzer or X-ray films were used. Secondary antibody 

(Jackson ImmunoResearch) was used at 1:10,000 dilution in blocking buffer for detection of 

signal with chemiluminescence. An enhanced chemiluminescence (ECL)-solution (Haan and 

Behrmann, 2007) was added to the membrane and the resulting chemiluminescence signal was 

analyzed by either a LAS 3000 imager reader (Fujifilm) or with Amersham Imager 680 

(Cytiva). 

 

6.11 Cellular fractionation 

 

Yeast cells were cultured in YPG medium at 30°C until early logarithmic growth phase. Cells 

with an optical density of 100 at 600nm (OD600) were harvested by centrifugation (3,000 x g, 

5 min). Cells were washed once with dH2O and then incubated in DTT buffer under constant 

shaking (0.1 M Tris/H2SO4 pH 9.4, 10 mM DTT) for 20 min at 30°C. The cells were pelleted 

(3,000 x g, 5 min) followed by resuspension in zymolase buffer (20 mM KPi pH 7.4, 1.2 M 

sorbitol) containing 8 mg zymolyase (Nacalai Tesque) and incubated for 45 min at 30°C under 

constant shaking for cell wall removal. Resulting spheroblasts were collected with 

centrifugation (1,500 x g, 5 min) and washed once with zymolase buffer. The spheroblasts were 

resuspended in ice-cold homogenization buffer (10 mM Tris HCl pH 7.4, 0.6 M sorbitol, 1 mM 

ethylenediaminetetraacetic acid (EDTA)) and subjected to mechanical disruption on ice using 

a glass potter grinder. Cell and nucleur debris were removed with centrifugation (1,500 x g, 

5 min) and a clear lysate was obtained. One half of the lysate was retained as the post-nuclear 

supernatant (PNS) and the other half was centrifuged (17,000 x g, 10min, 4°C) to obtain the 

enriched mitochondrial fraction P13. The resulting supernatant was subjected to ultra-
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centrifugation to (100,000 x g, 1h, 4°C) to separate the mircrosomal fraction P100 pellet from 

the cytosolic supernatant P100. Proteins from S100 and PNS fractions were precipitated with 

10% trichloroacetic acid. All samples were dissolved in SDS buffer containing and analyzed 

on MOPS gel.   

 

6.12 Cycloheximide treatment 

 

Cycloheximide (Thermo Fisher Scientific) treatment was performed to study the stability of 

proteins. Yeast cells were grown on YPD at 30°C until the early logarithmic growth phase. 

Cells were supplemented with Cycloheximide (final concentration 50µg/mL). Cells with an 

optical density of 2.5 at 600nm (OD600) were harvested by centrifugation before and after 

treatment at defined time points. Harvested cells were flash-frozen with liquid nitrogen and 

total cell extracts were prepared as described above. 

 

6.13 Carbonate extraction 

 

Carbonate Extraction was performed to study whether mitochondrial proteins are soluble, 

membrane-associated or membrane-integrated (Fujiki et al., 1982). Purified mitochondria 

samples were treated with 0.1M Na2CO3 pH 10.8 or 11.5 for 30 min, at 4°C. After treatment 

with Na2CO3, the samples were subjected to ultra-centrifugation (136,000 x g, 30 min, 4°C). 

The resulting supernatant was collected and the membrane pellet was resuspended in SEM 

buffer. Supernatant and membrane fractions were precipitated with trichloroacetic acid and 

analyzed by SDS-PAGE and immunodetection. 

 

6.14 In-gel activity staining 

 

The activity of complex IV of the respiratory chain was determined by in-gel activity staining 

after analyzing the purified mitochondria samples on a blue native gel (Schuler et al., 2016). In 

order to detect the activity of complex IV, the gel was stained for 30 min with staining solution 

(1 mg/ml cytochrome C from equine heart (Sigma Aldrich), 1.4 mM 3,3’ -diaminobenzidine 

tetrahydrochloride hydrate, 2mg/ml catalase, 220 mM sucrose and 40 mM NaPi buffer pH 7.2). 

The reaction was stopped by the transfer of the gel in distilled H20 
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6.15 Aggregation assay 

 

Yeast cells were cultured in YPGal medium at 37°C until the early logarithmic growth phase. 

Cells with an optical density of 15 at 600nm (OD600) were harvested by centrifugation 

(3,000 x g, 5 min) and washed with dH2O. The cells were resuspended in 300 µL of ice cold 

lysis buffer (100 mM HEPES pH 7.5, 1 % Triton X-100, 300mM NaCl) with protease inhibitors 

(1 mM PMSF, 1xHALT protease inhibitor cocktail). Cells were then ruptured with silica beads 

for 5 times for 30 seconds with 1 min break in between at 4°C using a cell disruptor (Vortex 

Disruptor, Genie). Cell extracts were cleared by centrifugation (2,000 x g, 5 min, 4°C) and the 

resulting total cell extracts (T fraction) were fractioned by a second centrifugation step (10 min; 

17,000 x g; 4°C) to yield soluble (S) and insoluble pellet (P) fractions. 20 µL of each, the total 

and soluble fractions were mixed with 30 µL HU buffer (8 M urea; 5% [w/v] SDS; 1 mM 

EDTA; 1.5% [w/v] DTT, 0.025% [w/v] bromophenol blue; 200 mM Tris-HCl pH 6.8) and 

denatured for 10 min at 65°C. The pellet was washed twice with 200 µL ice cold lysis buffer 

and resolubilized in 50 µL HU sample buffer and denatured for 10 min at 65°C. 

Isolated mitochondria were solubilized in 180 µL of lysis buffer (0.1 M EDTA; 50 mM NaCl; 

10% [v/v] glycerol; 20 mM Tris/HCl pH 7.4) containing 1% [w/v] of digitonin. The samples 

were incubated for 30 min at 4°C with end-to-end shaking. Protein aggregates were collected 

by centrifugation (10 min; 17,000 x g; 4°C). The resulting supernatant (S) was mixed with SDS 

sample buffer. The pellet (P) was washed once with lysis buffer and resolubilized in with SDS 

sample buffer. Both supernatant (S) and pellet (P) fractions were denatured for 10 min at 95°C 

and analyzed by SDS-PAGE. 

 

.
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