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1. List of abbreviations

a.a              amino-acid 

BAM         β-barrel assembly machinery 

CE             carbonate extraction 

DHFR       dihydrofolate reductase 

ERMES     ER–mitochondria encounter structure 

GFP           green fluorescent protein 

Hsp            heat shock protein 

IM             inner membrane 

IMM          inner mitochondrial membrane 

IMS           intermembrane space  

Mcr1          mitochondrial NADH-cytochrome b5 reductase 1 

MIM          mitochondrial import  

Msp1         mitochondria sorting protein 1 

MTS          mitochondrial targeting sequence 

OM           outer membrane 

PC             phosphatidylcholine 

PTS           peroxisomal targeting signal 

SA             signal-anchored  

SAM          sorting and assembly machinery 

TA             tail-anchored 

TAMRA    tetramethylrhodamine  

TIM23       translocase of the inner mitochondrial membrane 

TMS          transmembrane segment 

TOB          topogenesis of the outer membrane β-barrel proteins 

TOM         translocase of the outer mitochondrial membrane  

VDAC       voltage-dependent anion channel 

WT            wild type 
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2. Summary
Mitochondria harbour proteins with different topologies in their outer membrane (OM). In 

this study, I focus on one topological protein category, known as signal-anchored (SA) 

proteins. This family consists of proteins that span the membrane once via a single helical 

TMS located at their N-terminus, exposing a large C-terminal domain towards the 

cytosol. Like all mitochondrial OM proteins, SA proteins are encoded by nuclear DNA, 

translated by cytosolic ribosomes, and then are targeted to the organelle. Assuring proper 

and efficient targeting of such proteins is crucial for maintenance of mitochondrial 

biological function. Despite their importance, our understanding of the import routes that SA 

proteins follow including the early cytosolic events is scarce.  

In this study, I aimed to unravel the biogenesis steps of SA proteins following their 

synthesis in the cytosol until their recognition at the mitochondrial surface. To this end, I 

have applied a wide set of in vivo, in organello, and in vitro assays using various 

mitochondrial SA substrates as model proteins. 

I found that the MIM complex is required for the membrane insertion of the SA quality 

control protein Msp1, while other proteins from this category appear to follow different routes. 

These findings suggest that proteins from the same category may not necessarily follow the 

same pathway, but rather rely on different import factors to varying degrees.  

To shed light on the early cytosolic events that are essential for maintaining the newly 

synthesized SA proteins in an import competent conformation, I analysed the involvement of 

some cytosolic chaperones in their early biogenesis stages. I found that chaperones from 

distinctive families interact with newly synthesized SA proteins through the hydrophobic 

segments of the latter. I further could show that such interactions are not only crucial for 

keeping SA proteins stable in the cytosol, but also for their optimal targeting and import into 

the organelle.  

Next, I investigated the implication of the interplay between cytosolic chaperones and 

mitochondrial receptors on the biogenesis of SA proteins. My findings suggest a role of the 

TOM complex receptors in collaboration with the Hsp40 and Hsp70 chaperones in mediating 

the recognition and the insertion of SA proteins. 

Overall, my findings provide new insights into the early cytosolic events in the biogenesis of 

SA proteins following their synthesis until their recognition at the mitochondrial surface.  
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3. Zusammenfassung
Mitochondrien beherbergen in ihrer äußeren Membran (OM) Proteine verschiedener 

Topologien. In dieser Arbeit beschäftigte ich mich mit einer Proteinfamilie, die als signal-

anchored (SA) Proteine bezeichnet werden. Diese Familie besteht aus Proteinen, die die 

Membran mit ihrer α-helikalen Transmembrandomäne am N-Terminus einfach 

durchspannen, während ein großer Teil der C-terminalen Domäne zum Zytosol hin freiliegt. 

Wie die übrigen mitochondrialen OM-Proteine werden auch SA-Proteine im Zellkern kodiert, 

von zytosolischen Ribosomen translatiert, anschließend zum Zielorganell geleitet und in die 

Lipiddoppelschicht eingebettet. Damit die Mitochondrien ihre biologische Funktionen 

erfüllen können, ist es entscheidend, dass solche Proteine richtig integriert und ausgerichtet 

werden. Doch wie SA-Proteine in das Zielorganell importiert werden und welche 

vorherigen Ereignisse im Zytosol dazu benötigt werden, ist nahezu unbekannt.  

Zielsetzung dieser Arbeit war, die Schritte der Biogenese von SA-Proteinen, beginnend mit 

ihrer Synthese im Zytosol, bis hin zu ihrer Erkennung an der mitochondrialen Oberfläche zu 

entschlüsseln. Zu diesem Zweck habe ich eine Reihe von in vivo, in organello und in 

vitro Assays durchgeführt, bei denen ich verschiedene mitochondriale SA-Proteine als 

Modellproteine verwendet habe. 

Ich fand heraus, dass der MIM-Komplex für die Insertion des SA-Proteins Msp1 in die OM 

erforderlich ist, während andere Proteine aus dieser Kategorie über andere Wege inseriert 

werden. Dies deutete darauf hin, dass Proteine derselben Kategorie nicht unbedingt demselben 

Importmechanismus folgen, sondern in unterschiedlichem Maße auf verschiedene 

Importfaktoren angewiesen sind.  

Um die früheren zytosolischen Ereignisse aufzuklären, die für die Aufrechterhaltung der 

neu-synthetisierten Proteine in einer importkompetenten Konformation wesentlich sind, habe 

ich den Einfluss einiger zytosolischen Chaperone untersucht. Ich fand heraus, dass einige 

Chaperone aus verschiedenen Familien mit neu-synthetisierten SA-Proteinen über ihre 

hydrophoben Segmente interagieren. Außerdem konnte ich zeigen, dass solche 

Wechselwirkungen nicht nur entscheidend für die Stabilität der SA-Proteine im Zytosol sind, 

sondern auch für deren Import in das Organell und ihre optimale Ausrichtung benötigt werden.  

Als nächstes untersuchte ich die Bedeutung des Zusammenspiels zwischen den 

zytosolischen Chaperonen und den mitochondrialen Rezeptoren für die Biogenese von SA-

Proteinen. Meine Ergebnisse deuteten auf eine Rolle der TOM-Komplex-Rezeptoren in 

Zusammenarbeit mit einigen Hsp70 und Hsp40 Chaperonen bei der Erkennung und dem 
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Einbau von SA-Proteinen hin. Zusammengefasst bieten meine Ergebnisse neue Einblicke in die 

früheren zytosolischen Ereignisse bei der Biogenese von SA-Proteinen, von ihrer Synthese bis 

zu ihrer Erkennung an der mitochondrialen Oberfläche. 
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6. Introduction

6.1 Structure and function of mitochondria 

Mitochondria are organelles that are involved in diverse cellular pathways and perform 

essential tasks including energy production, signalling and homeostasis of calcium, removal of 

reactive oxygen species, biogenesis and assembly of iron-sulfur clusters, and regulation of 

cellular stress responses such as apoptosis and autophagy. These functions are carried out by 

proteins distributed between four different sub-mitochondrial compartments: the 

intermembrane space (IMS) and the matrix which are encapsulated by two separate and 

functionally distinct membranes, the outer membrane (OM) and the inner membrane (IM) 

(Nunnari and Suomalainen, 2012; Sharma et al., 2021). Mitochondria harbour their own 

circular genome (mtDNA) that originates from their bacterial ancestor which is believed to be 

an α-proteobacterium that was engulfed by a bigger ancestral host cell (Gray, 2012). During 

this endosymbiosis process, most of the mitochondrial genes were transferred to the host cell’s 

nuclear genome. Consequently, modern day mtDNA encodes only for a small number of 

mitochondrial proteins, while the rest (including all the OM proteins) are encoded by the 

nuclear genome and synthesized on cytosolic ribosomes. Following their synthesis, these 

proteins must be properly targeted to their final destination within the mitochondria by the aid 

of sophisticated protein import machineries that have evolved in the different mitochondrial 

compartments (Wiedemann and Pfanner, 2017). 

Being involved in many physiological aspects of the cell, including communication with 

other cellular compartments, mitochondrial malfunction has been implicated in a variety of 

diseases including neurodegenerative and metabolic disorders (Sharma et al., 2021; Nunnari 

and Suomalainen, 2012; Lin and Beal, 2006).  

6.2 Mitochondrial outer membrane 

The outer membrane of the mitochondria acts as a physical barrier, preventing large molecules 

from freely diffusing into the organelle, while allowing an exchange of small metabolites, ions, 

and nucleotides from the cytosol through channels formed in the OM by β-barrel proteins called 

Porin in yeast or Voltage-Dependent Anion Channel (VDAC) in mammals (Ponnalagu and 

Singh, 2017; Endo and Sakaue, 2019). The rest of the OM proteome consists of distinct 

proteins assigned for variable functions and pathways, among them mediating the crosstalk 
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between mitochondria and other cellular compartments. Some of these proteins are physically 

involved in creating membrane contact sites (MCSs) between the mitochondria and different 

organelles, namely the nucleus, ER, lysosome, and peroxisome. These contact sites are crucial 

for facilitating passage of ions and lipids between membranes (Farré et al., 2019; Elbaz-Alon, 

2017). Other OM proteins are components of the protein import machineries including 

receptors, channels, and translocases that ensure efficient and proper transfer of newly 

synthesized proteins into their correct destination within the different mitochondrial 

compartments (Straub et al., 2016; Wiedemann and Pfanner, 2017). 

Proteins involved in fission and fusion events of mitochondria can also be found in the OM. 

These proteins are mostly mechano-chemical membrane-remodelling ones that belong to the 

dynamin protein family. Such opposed processes are highly significant for regulating healthy 

mitochondrial dynamics and morphology (Meyer et al., 2017; Lee and Yoon, 2016). 

Furthermore, mitochondrial OM contains proteins involved in quality control and protein 

turnover which are essential for maintaining membrane proteostasis (Fresenius and Wohlever, 

2019).  

6.2.1 Topologies of outer membrane proteins 

The OM proteome includes integral proteins that are categorized according to their structure 

into two main families, proteins with α-helical transmembrane segments and β-barrel proteins 

that are formed by multiple β-strands (Fig. 1). Whereas the latter family include in yeast only 

five β-barrel proteins, the former one contains a few dozen membrane-embedded helical 

proteins (Burri et al., 2006).  

β-barrel proteins are found in three different membranes, the outer membrane of Gram-

negative bacteria, chloroplast, and mitochondria in which they span the membrane by a range 

of 8-24 anti-parallel β-strands that are connected by loops, forming hydrophilic pore across the 

membrane. So far, several β-barrel proteins had been identified in yeast mitochondria: the pore 

forming protein, Porin, and the central component of the TOB complex, Tob55/Sam50, which 

belongs to an evolutionarily conserved protein family since it has a clear homology with the 

bacterial Omp85 (BamA) protein. Both Tob55 and BamA are essential for the biogenesis of β-

barrel proteins in eukaryotes and bacteria respectively (Paschen et al., 2005). Additional β-

barrel proteins are the TOM complex conducting channel Tom40, and the ERMES component 

Mdm10 which acts as a tether between mitochondria and ER (Böckler and Westermann, 2014; 

Flinner et al., 2013). 
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Proteins with α-helical structures are categorized into distinct groups based on the number 

and the location of their transmembrane segments. Those who have only one transmembrane 

segment (TMS) are referred to as single-span α-helical proteins and based on their topology can 

be assigned to three subclasses: the first one is the signal-anchored family, members of this 

family are embedded into the OM through an N-terminal TMS, exposing large C-terminal 

soluble domain towards either the cytosol or the IMS (Fig. 1). Known proteins of this category 

are the quality control protein Msp1 which mediates removal of mis-localized proteins from the 

OM (Wohlever et al., 2017; Matsumoto et al., 2019), the TOM complex receptors Tom20 and 

Tom70, Om45 with so far, unknown function and finally Mcr1, which is involved in ergosterol 

biosynthesis (Lamb et al., 1999). The second subclass includes tail-anchored proteins that are 

characterized by an inverted orientation as compared to the first group, namely, having the 

TMS at the C-terminus while exposing large soluble N-terminal domain towards the cytosol 

(Fig. 1). OM tail-anchored proteins include the small TOM complex core components Tom5, 

Tom6 and Tom7, which are essential for the stability of the complex (Sherman et al., 2005). 

Additional tail-anchored proteins in the OM are: Fis1 (hFis1 in human), which mediates 

mitochondrial fission (Bleazard et al., 1999); and Gem1 (Miro1/2 in mammals), which is a 

GTPase that has been proposed to regulate the ERMES function (Stroud et al., 2011; Kornmann 

et al., 2011). 

 In both former subclasses, the region on the opposite side to the soluble domain is very 

short. In contrast, the third subclass contains proteins with two large soluble domains exposed 

to both the cytosol and the IMS while having the TMS in the middle (Fig. 1, Walther and 

Rapaport, 2009). This family includes in yeast cells the MIM component Mim1, which is 

required for the integration of proteins into the OM (Waizenegger et al., 2005), the TOM 

complex core subunit Tom22 that acts as a receptor for some precursor proteins (Meisinger et 

al., 1999), and Atg32 which is involved in mitophagy and degradation of mitochondria 

(Okamoto et al., 2009; Kanki et al., 2009). 

Proteins that cross the OM via multiple α-helical transmembrane segments are referred to as 

multi-span proteins (Fig. 1). Several multi-spanning proteins have been identified so far in the 

mitochondrial OM: Fzo1 that spans the membrane twice and is essential for mitochondrial 

fusion in yeast (Mfn1/2 in mammals) (Rapaport et al., 1998; Hermann et al., 1998),the fusion 

mediator Ugo1 (Sesaki and Jensen, 2001), Mcp3, which is probably involved in lipid 

homeostasis (Sinzel et al., 2017), the quality control adaptor Ubx2 (Mårtensson et al., 2019), 

Om14, which was suggested to serve as a receptor for cytosolic ribosomes (Lesnik et al., 2014), 

and the multi-span protein Scm4 with unknown function. 
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6.3 Mitochondrial protein import pathways 

6.3.1 Import pathways of β-barrel proteins 

The insertion pathway of mitochondrial β-barrel proteins seems to be conserved during the 

evolution of mitochondria from endosymbiotic bacterial ancestors. Previous studies have 

identified the import machineries that are involved in the biogenesis of β-barrel proteins in 

bacteria and mitochondria as the BAM and TOB complexes, respectively (Selkrig et al., 2014). 

Similar concept for the biogenesis of β-barrel proteins in chloroplasts was demonstrated (Soll 

and Schleiff, 2004).   

Most of the investigated β-barrel proteins showed post-translational import (Day et al., 

2014), and their recognition at the surface of the mitochondria was shown to be mediated by the 

TOM complex receptors, Tom20 and Tom70 leading to their insertion via the Tom40 channel 

into the IMS (Jores et al., 2016; Krimmer et al., 2001). In the IMS, these proteins are protected 

from aggregation and/or misfolding by the assistance of the small TIM chaperones (Tim9/10 

and Tim8/13) (Wiedemann et al., 2004). From the IMS side they are then transferred to the 
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TOB complex that mediates their insertion into the OM by its core component Tob55 

(Wiedemann et al., 2004; Waizenegger et al., 2004). The final release of the folded substrates 

from the TOB complex into the OM was suggested to be mediated by the peripheral subunit of 

the TOB complex Mas37 (Chan and Lithgow, 2008). 

However, different precursor β-barrel proteins showed a distinct dependence on different 

TOB components, for instance, import of Porin, was less dependent on Tob38 than import of 

Tom40 and Mdm10 (Waizenegger et al., 2004). Moreover, biogenesis of Tom40 was found to 

require Mdm10 which interacts with the TOB core complex to facilitate its assembly into the 

TOM complex (Meisinger et al., 2004). Such an interaction is not relevant to the biogenesis of 

any other β-barrel protein. 

Several studies tried to investigate how TOB complex recognizes β-barrel precursors from 

the IMS side and facilitate their integration into the outer membrane. One of these studies has 

suggested that the β-signal formed by the most C-terminus single β-strand serves as intra-

mitochondria sorting signal. This signal was suggested as a recognition site by Tob38 creating a 

ternary complex with Tob38 and Tob55. Forming such a complex leads to an increase in the 

conductance of Tob55 channel which eventually results in a lateral release of the precursor into 

the OM (Kutik et al., 2008; Chan and Lithgow, 2008). In contrast, more recently published 

papers have suggested a partially different mechanism, in which the precursor enters the lumen 

of Tob55 channel from the IMS side via interaction between the C-terminal part of its β signal 

and the first β strand of Tob55 (β1) through an exchange with the last β strand of Tob55 (β16). 

This interaction induces opening of the lateral gate of Tob55 allowing the precursor to be 

laterally released into the OM (Wang et al., 2021; Höhr et al., 2018). This mechanism was 

previously suggested to be used by the bacterial BAM complex (Noinaj et al., 2014). 

6.3.2 Import pathways of single-span α-helical proteins 

Recently, several studies have made significant progress in our understanding of how single-

span proteins make their way from the cytosol into the mitochondrial OM. Despite sharing the 

same topology, it seems that these proteins do not follow a unified biogenesis pathway but 

rather depend to a variable extent on different import factors. 

The MIM complex was implicated in the biogenesis of most α-helical proteins, among them 

the TOM receptors, Tom20 and Tom70, as well as the small Tom components Tom5, Tom6, 

and Tom7. The MIM complex consists of two components Mim1 and Mim2. Mim1 was first 

identified as a protein required for mitochondrial import (Mnaimneh et al., 2004), and its 
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deletion was later confirmed to affect mitochondrial steady state levels of Tom20, Tom70 and 

the small Tom components (Ishikawa et al., 2004; Waizenegger et al., 2005; Becker et al., 

2008; Popov-Čeleketić et al., 2008; Hulett et al., 2008). 

The involvement of the TOM complex in the biogenesis of these proteins was found to be 

divergent. While TOM complex import channel formed by Tom40 was not required for the 

initial insertion of Tom20, it was suggested to be involved in late stages of its biogenesis, such 

as assisting with its appropriate assembly and correct topology formation (Ahting et al., 2005). 

Nevertheless, the engagement of the TOM complex in the biogenesis of the small Tom 

components was more significant (Stojanovski et al., 2007). While biogenesis of Tom5 was 

shown to require mainly the Tom40 channel (Horie et al., 2003), Tom6 and Tom7 biogenesis 

showed dependency on the TOM complex channel and its receptors Tom20 and Tom70 

(Dembowski et al., 2001). Moreover, SAM machinery which was believed to be exclusively 

dedicated for the biogenesis of β-barrel proteins was found in several studies to be crucial for 

the insertion and the assembly of the TOM complex components, Tom5, Tom6, Tom7 and the 

TOM complex receptor Tom22. These findings are based on the observations that mitochondria 

lacking Sam37 and/or Mdm10 exhibited faulty assembly of the small Tom components and 

Tom22 into the TOM complex (Stojanovski et al., 2007; Meisinger et al., 2004).  

On the other hand, the functions of Sam37 and Mdm10 were not essential for efficient 

insertion of the other α-helical proteins, Tom20 and Tom70. Hence, it seems that the MIM 

complex together with the TOM complex promote the initial integration of the small TOM 

subunits into the OM in, so far, unknown mechanism, while the TOB complex is required for 

their final proper assembly into the TOM complex. Such function was recently proposed for 

Sam37 based on cryo-electron microscopy structures, revealing that Sam37 stabilizes the 

mature form of Tom40 promoting assembly of the TOM complex (Wang et al., 2021). 

Tom22 was shown to follow a different route that includes an initial recognition by the TOM 

receptors Tom20 and Tom70 (Keil and Pfanner, 1993), and does not require the MIM complex 

(Becker et al., 2008), but rather depends on the TOB/Mdm10 machinery for its final assembly 

into the TOM complex (Thornton et al., 2010).   

Om45, which is anchored to the OM while its soluble domain is facing the IMS, follows a 

unique import pathway including recognition by Tom20 and Tom22 receptors before its 

translocation through the Tom40 channel into the IMS where it is recognized by the 

presequence translocase of the inner membrane (TIM23 complex) (Wenz et al., 2014; Song et 

al., 2014). The final insertion steps from the IMS side into the OM was suggested to be 

facilitated by the MIM complex (Wenz et al., 2014). 
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Other single-span α-helical proteins were reported to be independent of any known import 

factors for their mitochondrial insertion. Accordingly, the import of Mcr1mom and Fis1 was 

unaffected by the deletion of MIM components or the TOM receptors (Kemper et al., 2008; 

Meineke et al., 2008). Hence, such proteins might integrate into the mitochondrial OM via an 

unassisted pathway that does not involve any known import components but rather is driven by 

the unique lipid composition of the mitochondrial OM. 

6.3.3 Import pathways of multi-span α-helical proteins 

Studies on the biogenesis of multi-span proteins reported an import route involving the TOM 

and MIM machineries. These findings were based on reduced steady state levels and reduced in 

vitro import efficiency in yeast mitochondria lacking Tom70 (Papić et al., 2011; Mårtensson et 

al., 2019). Hence, Tom70 is suggested to play a key role in their recognition or by serving as a 

docking site on mitochondrial surface for chaperones that associate with mitochondrial 

precursor proteins in the cytosol. Based on the observation that these proteins exhibited a strong 

dependency on the MIM complex, it was suggested that following their recognition by Tom70, 

these substrates are transferred to the MIM complex, which facilitates their final integration 

into the OM (Becker et al., 2011).  

Nonetheless, an alternative pathway for one multi-span protein, Mcp3, was reported, which 

likewise, involves recognition by Tom70 receptor, but then the substrate is translocated across 

the mitochondrial OM through the Tom40 channel into the IMS side. In the IMS, the substrate 

interacts with the inner membrane TIM23 machinery and undergoes processing by the inner 

membrane protease (IMP) followed by integration into the OM, which is most likely facilitated 

by the MIM complex (Sinzel et al., 2017).   

6.4 Early cytosolic events in the biogenesis of mitochondrial proteins 

6.4.1 Classification of (co)chaperones 

Chaperones, also known as heat shock proteins (Hsp), are unique remodelling proteins that are 

engaged in a variety of intracellular functions, including protein folding, prevention of 

misfolding and aggregation events, eliminating aggregated proteins, and assisting in 

macromolecular structure assembly. Molecular chaperones were initially thought to be mainly 

required under elevated temperatures which results in conformational changes in the protein’s 

structures. However, several studies have shown that they are not only required in stress 
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conditions but are also necessary under normal cellular conditions (Solís et al., 2016). Hence, 

the cell has employed an interconnected network of cytosolic factors and molecular chaperones 

that work collectively to maintain cellular protein homeostasis. Chaperones´ cellular activities 

in both stress defence and housekeeping tasks are based on their ability to interact with either 

unfolded proteins or proteins that have not achieved their native conformation.  

Molecular chaperones are categorized into distinct classes/families based on their molecular 

weight and common structural and functional characteristics. Different classes of molecular 

chaperones appear to target specific non-native protein states. One of the well-studied 

chaperone family is the GroE chaperone system in bacteria (Hsp60 in yeast, also called 

chaperonins) that is essential at all temperatures. Members of this family include GroEL and 

GroES chaperonins (in yeast Hsp60 and Hsp10, respectively). Chaperones from the Hsp60 

family hydrolyse ATP and form a large homo-oligomeric protein complex with interior cavity 

to provide proper environment for the ATP-dependent folding processes of the substrates. 

Hence, chaperones from this family are mainly involved in protein assembly and in facilitating 

correct folding of mitochondrial protein monomers (Reading et al., 1989). The second well-

studied family is the Hsp70 chaperone system characterized by monomeric 70 kDa proteins and 

consist of an N-terminal ATPase domain and a C-terminal peptide binding domain. Chaperones 

from this family can be found in archaea, bacteria, and eukaryotes, and they perform diverse 

functions ranging from unfolding and refolding, disaggregation and degradation of substrates to 

promoting protein transport across membranes (Mayer et al., 2000; Nillegoda and Bukau, 2015; 

Fernández-Fernández et al., 2017). In both cases, Hsp60 and Hsp70 chaperones bind to 

unfolding intermediates preferentially through exposed hydrophobic patches of the latter, 

limiting improper intra- and inter-molecular interactions.  

The ability of Hsp70 to interact with diverse client proteins is mediated by a wide range of 

co-chaperones that stimulate the ATPase activity of the Hsp70 chaperone and encapsulate client 

protein specificity and selectivity (Cyr and Ramos, 2015). Such co-chaperones are mostly 

members of the DnaJ/Hsp40 family characterized by a highly conserved J domain (75-amino 

acids) through which they bind to Hsp70s. In humans, more than 40 members constitute this 

large and diverse family while around 22 Hsp40s were found in yeast. These co-chaperones 

vary in their substrate selectivity and their structural features (Kampinga and Craig, 2010; 

Walsh et al., 2004). 
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Hsp90 is an additional ATP-dependent molecular chaperone family which interact with wide 

variety of co-chaperones that act as adaptors and modulate its ATPase activity during the 

processing of client proteins. Despite having independent chaperone activities including folding 

and remodelling proteins, Hsp90 often collaborate with Hsp70 chaperones in other cellular 

remodelling reactions (Genest et al., 2019; Morán Luengo et al., 2019). Some of the client 

proteins are recruited to Hsp90 by a preliminary interaction with chaperones from the Hsp70 

family via the co-chaperone Hop/Sti1 (Pratt et al., 2004).   

Due to limited chaperone capacity, cells cannot always prevent protein aggregation under 

severe or protracted stress circumstances, resulting in intracellular and/or extracellular deposits 

of aggregated proteins that have been linked to a variety of diseases. Due to their high toxicity, 

the cells can either digest the polypeptide chains that exist in the aggregates by the proteasome 

system or reactivate them. For the latter alternative, the cell has developed additional ATP-

dependent disaggregase chaperone system (Hsp100 machinery). Chaperones from the Hsp100 

family, also known as Clp in bacteria, form large homo-oligomeric protein complexes that 

cooperate with chaperones from the Hsp40 (like Ydj1 and Sis1) and Hsp70 family to re-

solubilize and reactivate aggregated/denatured substrate proteins (Reidy et al., 2014; Aguado et 

al., 2015). ClpB and Hsp104 are members of this family in bacteria and yeast, respectively.  

Additional conserved chaperone category, which exists in all kingdoms, is the ATP-

independent small heat shock proteins (sHsps) that form large dynamic complexes regulated by 

temperature changes. Chaperones from this family are rich in highly conserved β-structures that 

perform specific functions essential for cell survival under adverse conditions. Their interaction 

with the substrates can be either transient when the substrate is unfolded under mild stress 

condition or demonstrate high-affinity mode when the substrate is heavily aggregated leading to 

sHSPs-substrate assemblies’ formation (Obuchowski and Liberek, 2020). These small 

chaperones also mediate subsequent transfer of damaged substrates to Hsp70-Hsp100 

chaperone system for refolding pathway (Żwirowski et al., 2017). 

6.4.2 Involvement of (co)chaperones in mitochondrial protein biogenesis 

To be able to perform their biological function, mitochondrial proteins need to be correctly 

folded into their three-dimensional structure. Matrix-targeted mitochondrial proteins were 

found to require members of the mitochondrial Hsp70, Hsp60 and Hsp100 chaperones localized 

in the matrix (Voos, 2009). The matrix form of Hsp70 (Ssc1 in yeast) is an ATPase that drives 
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the translocation of mitochondrial polypeptides into the matrix and in collaboration with J-

proteins and two partner proteins, Mdj1 and Mge1 facilitates their folding (Strub et al., 2000). 

However, when preproteins exhibit folding problems, the matrix chaperonin Hsp60 gets 

engaged and together with its co-chaperone Hsp10, they form a complex with a separate folding 

cavity for refolding (Walter, 2002). Upon elevated temperatures, the mitochondrial Hsp100 

chaperone, Hsp78 (homolog of the bacterial ClpB), has been implicated in protection against 

thermal damage. Like its cytosolic counterpart, Hsp104, Hsp78 facilitates disaggregating 

insoluble protein aggregates in collaboration with Hsp70 chaperones (Doyle and Wickner, 

2009; Kim et al., 2001). 

Despite this detailed knowledge regarding matrix chaperones, the involvement of cytosolic 

chaperones in the biogenesis of mitochondrial proteins, particularly those proteins residing in 

the outer membrane, is poorly studied. Since all the mitochondrial OM proteins contain 

hydrophobic segments, it is believed that cytosolic factors and/or (co)chaperones are recruited 

to prevent their misfolding/aggregation in the hydrophilic environment of the cytosol prior to 

their insertion into the OM. The physiological significance and the identity of such factors, 

however, are largely unknown. 

For mitochondrial OM β-barrel proteins, a set of cytosolic chaperones were identified to be 

essential for their efficient biogenesis. Among the identified factors are the Hsp70 chaperones 

Ssa1 and Ssa2 and the Hsp40 chaperones Ydj1 and Sis1 (Jores et al., 2018). This involvement 

was proved to be conserved from yeast to mammals.  

The Hsp70 chaperone, Ssa1 and its Hsp40 co-chaperone Ydj1 have been previously reported 

to be also required for an efficient mitochondrial import of MTS-containing IMM proteins 

(Deshaies et al., 1988; Endo et al., 1996; Caplan et al., 1992). Additional Hsp40 chaperone, 

Djp1, which was previously found to mediate peroxisomal protein import (Hettema et al., 

1998), was also implicated in the biogenesis of the helical OM protein Mim1, facilitating its 

mitochondrial targeting through interaction with Tom70 (Papić et al., 2013; Opaliński et al., 

2018). Another Hsp40 member, Xdj1 was reported to interact with the cytosolic domain of the 

Tom22 precursor and facilitate the assembly of the TOM complex (Opaliński et al., 2018). 

Remarkably, Pex19, a chaperone that was found to stabilize and mediate integration of 

peroxisomal tail-anchored proteins through cooperation with the membrane receptor Pex3 

(Fang et al., 2004), was also reported together with Hsp70 and its co-chaperone Sti1 to mediate 

mitochondrial import of the tail-anchored proteins, Fis1 and Gem1 (Cichocki et al., 2018; 

Delille and Schrader, 2008). Of note, both Fis1 and Gem1 are dually localized to mitochondria 

and peroxisomes which explains the involvement of such chaperones in their biogenesis. 
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Additional dually localized signal-anchored protein, ATAD1 (human homolog of yeast Msp1) 

was also found to require pex19 for proper biogenesis (Chen et al., 2014). 

Despite the aforementioned progress, it is yet unclear whether the function of the chaperones 

is limited to keeping newly synthesized proteins in an import competent conformation in the 

cytosol or is it expanded to mediate their integration into the organelle.  
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7. Objectives
Upon cytosolic synthesis of mitochondrial outer membrane proteins, sorting and assembly of 

such proteins are critical events required to maintain proper functioning of the organelle and the 

integrity of the cell. The proper integration of the newly synthesized proteins into the organelle 

depends on their maintenance in an import-competent state that prevent unwanted events of 

aggregation and tight folding. Despite the significant progress that has been done to understand 

the elements involved in the biogenesis of different mitochondrial proteins, there are still 

various unanswered questions regarding the early cytosolic events and the import process of 

OM α-helical proteins. Furthermore, based on multiple studies, it is obvious that cytosolic 

chaperones are essential for the effective import of certain proteins into different organelles 

including the mitochondria. However, the identity of such cytosolic factors and their exact 

mode of action are still elusive. Additionally, it is unclear whether their involvement is limited 

to a subset of mitochondrial proteins or if it is a general mechanism. 

In this study, I aimed to dissect the biogenesis of SA proteins residing in the mitochondrial 

OM, a process that begins with their synthesis on cytosolic ribosomes and ends with their 

ultimate insertion into the OM of the mitochondria.  

To gain deeper insight into the biogenesis of signal-anchored proteins, I aimed to answer 

two main questions: 

1. Which import machineries facilitate the insertion of SA proteins?

In the article “The Biogenesis of Mitochondrial Outer Membrane Proteins Show

Variable Dependence on Import Factors” (Vitali et al., iScience, 2020), I investigated

the import pathway of signal-anchored proteins using Msp1 as a model protein.

2. Which cytosolic chaperones are involved in the biogenesis of mitochondrial SA

proteins?

In the article “A network of cytosolic (co)chaperones promotes the biogenesis of

mitochondrial signal-anchored outer membrane proteins” (Drwesh et al. 2022, in

revision), I examined the interaction mode between the newly synthesized SA proteins

and cytosolic factors, and then validated their physiological relevance in the proteins’

biogenesis.
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8. Summary of the results

8.1 The biogenesis of mitochondrial outer membrane proteins show variable 

dependence on import factors (Vitali et al. 2020) 

Our knowledge regarding the import pathway(s) that α-helical proteins follow, in particular 

those that span the membrane once via N-terminal TMS and exposing their C-terminal domain 

towards the cytosol [defined as signal-anchored (SA) proteins] is limited.  

In this study, I investigated the involvement of the known import machineries residing in the 

mitochondrial OM in the biogenesis of SA proteins using the model protein Msp1. To this end, 

I monitored the mitochondrial steady state levels of Msp1 in different deletion strains. The 

investigated strains were lacking the MIM complex components Mim1 and Mim2, the TOM 

receptors Tom20 and Tom70/Tom71, and the TOB complex subunit Mas37, which facilitates 

the insertion of β-barrel proteins into the mitochondrial OM.  

Notably, the absence of the TOM complex receptor Tom70/Tom71 or of Mas37 did not 

affect the steady state levels of Msp1, while interestingly, deletion of Tom20 caused almost 

60% increase in its levels. In contrast, the absence of each of the two MIM subunits or both 

resulted in drastically lower levels of Msp1 compared to its levels in the corresponding WT 

cells (Fig. 1B, C).  

To validate the engagement of the MIM complex in the biogenesis of Msp1, I conducted in 

vitro import assay of radiolabelled Msp1 into mitochondria isolated from either WT or 

mim1/mim2ΔΔ double deletion strain. Following the in vitro import reaction, mitochondria 

were subjected to alkaline extraction to verify whether the newly synthesized molecules were 

indeed integrated into the OM of the isolated organelles. Mitochondria isolated from the 

double-deletion strain had significantly lower capacity to integrate Msp1 into the OM, 

supporting a direct involvement of the MIM complex in the import process of the SA protein 

Msp1. (Fig. 1D, E).  

Next, I wanted to determine which part of Msp1 is responsible for the dependency on the 

MIM complex. Since it was previously published that the hydrophobic transmembrane part of 

Msp1 facilitates its intracellular targeting (Wohlever et al., 2017), I constructed a fusion protein 

composed of the TMS (a.a residues 1-32) of Msp1, N-terminally fused to GFP moiety and 

introduced it into WT cells. Using fluorescence microscopy, I observed a full co-localization of 

this fusion protein with a mitochondrial marker protein (Fig. 2A). Hence, these results indicate 
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that the TMS of Msp1 is sufficient for its mitochondrial targeting, likely through recognition by 

the MIM complex which then facilitates its integration into the OM.  

To further verify the dependency of the TMS-containing construct on the MIM complex, I 

introduced the same construct into cells deleted for MIM1, MIM2, or both. Next, the steady 

state levels of the fusion protein in different fractions isolated from the transformed cells were 

monitored. Isolated fractions corresponding to cytosol, ER, and mitochondria were analysed by 

SDS-PAGE followed by immunodetection (Fig. 2B). The results of this experiment 

demonstrated that in the absence of a functional MIM complex, the mitochondrial levels of the 

fusion protein were highly reduced, corresponding with its detection in the ER fraction.   

As expected, the absence of the MIM components caused mis-localization of the known 

MIM substrates Tom20 and Tom70 to the ER, while the localization of other proteins like 

Tom40 and the inner membrane protein Pic2 was unaltered.  

Overall, these findings suggest that Msp1 is a novel substrate of the MIM complex, and that 

its TMS mediates this MIM-dependency. Furthermore, the MIM complex appears to be 

essential for the protein's proper mitochondrial targeting. 

8.2 A network of cytosolic (co)chaperones promotes the biogenesis of 

mitochondrial signal-anchored outer membrane proteins (Drwesh et al. 

2022, in revision). 

Despite the well-known function of cytosolic (co)chaperones in keeping proteins stable in the 

cytosol and preventing undesired events of misfolding and aggregation, their involvement in 

the biogenesis of mitochondrial proteins is inadequately studied. Particularly, no cytosolic 

factors have been identified yet to mediate the biogenesis of SA proteins.  

Since SA proteins, as many mitochondrial proteins, contain hydrophobic patches that serve 

as TMS for membranal integration, I searched for potential (co)chaperones and/or other 

cytosolic factors that might be involved in ensuring the safe passage of such proteins from the 

moment they emerge from the ribosomes until their recognition by the target organelle.  

To study the potential involvement of such factors, I used four model proteins from the SA 

family: the two receptor subunits of the TOM complex, Tom20 and Tom70, and two additional 

proteins namely, Msp1 and the OM isoform of Mcr1 (Mcr1mom). I employed a combined 

experimental strategy consisting of assays with yeast cells extract, isolated organelles, and in 

vitro experiments with purified proteins. 
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To test which of the molecular chaperones interact with those SA proteins, I conducted anti-

HA pull-down assay in which I used yeast extract to translate in vitro HA-variants of the 

proteins of interest. Since the yeast extract represents the cytosolic fraction of yeast cells which 

contains ribosomes for translation and the major repertoire of cytosolic factors, I assume that 

upon pull down, the chaperones that interact with the newly translated proteins will be co-

eluted. To identify such bound proteins, I analyzed the bound fraction by either 

immunodecoration or mass spectrometry. Molecular chaperones that were identified in the 

elution fraction of assays with all four model proteins, but not upon usage of the negative 

control protein DHFR, include: the Hsp70 chaperones Ssa1/2 and the Hsp40 co-chaperones 

Ydj1, Sis1 and Djp1. Weaker interactions were observed with the Hsp90 chaperones 

Hsc82/Hsp82 and their co-chaperones Aha1 and Sti1. The eluates contained also Hsp104 

chaperone and minor amounts of Hsp42 chaperone, suggesting that a small portion of the newly 

synthesized proteins got aggregated. The specificity of the assay is demonstrated by the fact 

that the co-chaperone Hch1 and the cytosolic protein Bmh1 were not co-eluted with any of the 

tested proteins (Fig. 1A, B). Similar results were observed when mass spectrometry was applied 

to analyze the eluted fraction (Table S1A).  

Next, I asked what part of the SA proteins is responsible for the interaction with the 

indicated molecular chaperones. Since it was previously suggested that chaperones interact with 

their substrates mainly through hydrophobic patches of the latter (Li et al., 2009; Saio et al., 

2014; Clerico et al., 2015), I wanted to test whether this hypothesis applies also to SA proteins. 

Hence, I performed the same pull-down assay using two additional HA-tagged constructs for 

each SA protein: one consists of the cytosolic part of the protein (indicated by protein name-C, 

Fig. 2) and the second includes the single hydrophobic TMS (indicated by protein name-T, Fig. 

2). Similar levels of eluted chaperones were observed in the eluate of the TMS construct and of 

the full-length variant, while very low, if at all, interaction was observed in the eluate of the 

cytosolic part of the protein. Taken together, my observations suggest that the interactions 

between SA proteins and molecular chaperones are mainly mediated by their hydrophobic TMS 

(Fig. 2A-C). 

Subsequently, I focused my research on the Hsp40 chaperones Ydj1 and Sis1, and wanted to 

test whether the interactions observed with the substrates has a physiological relevance to their 

biogenesis. Of note, Ydj1 has been found to support the mitochondrial import of presequence-

containing proteins (Caplan et al., 1992; Xie et al., 2017). To this end, I have monitored the 

steady state levels of SA proteins in cells depleted of either Ydj1 or Sis1 or both of them, when 

grown in the presence of doxycycline (Fig. 3A-D). Mitochondrial levels of SA proteins were 
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not altered in Ydj1 depleted cells, while levels of Tom20 and Tom70 were moderately reduced 

in Sis1 depleted cells (Fig. 3A, B). These findings might be explained by the previous 

observations that the J-domain of Sis1 can compensate for the loss of Ydj1 J-domain but not the 

other way around (Yan and Craig, 1999).  

To eliminate such cross compensation, I monitored the mitochondrial levels of the SA 

proteins in a strain depleted for both (co)chaperones (Fig. 3C). Interestingly, the levels of 

Tom20 and Tom70 were gradually reduced over time down to 40-50% of their levels under 

control conditions while levels of Msp1 and Mcr1 were not altered (Fig. 3C, D). To test 

whether depletion of Ydj1 and Sis1 has a direct implication on the insertion process of SA 

proteins, I imported freshly translated Tom20 and Tom70 using yeast extract of cells depleted 

for both chaperones and monitored the insertion process into WT mitochondria. Surprisingly, 

only Tom20 had a reduced import efficiency while Tom70 import was not altered (Fig. 4A, B). 

To further analyze the role of Ydj1 and Sis1 in the biogenesis of SA proteins, I tested whether 

the interaction pattern between newly synthesized SA proteins and the other chaperones is 

altered in yeast extract depleted for the Hsp40 (co)chaperones. Interestingly, such down-

regulation resulted in increased co-eluted levels of chaperones implicated in disaggregation, 

like Hsp104 and Hsp26, with newly synthesized SA proteins (Fig. 5A, B). These results suggest 

that the cytosol of cells with highly reduced levels of Ydj1 and Sis1 offer less stabilization for 

the newly synthesized substrates and hence these substrates are more prone to aggregation 

under these conditions.     

Overall, these findings suggest that Hsp40 co-chaperones play a variable role in keeping 

signal-anchored proteins stable in the cytosol.  

To gain a better understanding of the dynamics of chaperone-substrate interactions, we next 

aimed to investigate their binding kinetics. To this end, the group of J. Buchner (Technical 

University, Munich), performed fluorescence anisotropy measurements using recombinantly 

expressed purified (co)chaperones, Sis1 and Ssa1 and measured their binding to a TAMRA-

labelled peptide corresponding to the TMS of either Tom70 or Mcr1. The fluorescence 

anisotropy of both peptides increased upon addition of recombinant Ssa1 indicating the 

formation of a peptide-Ssa1 complex (Fig. 6A, B). To further monitor the binding parameters 

and compare the binding affinity of the substrate to different (co)chaperones, they implemented 

titration assay. In this assay, increasing concentrations of Ssa1 (Fig. 6C, D) or Sis1 (Fig. 6E, F) 

were sequentially added to either Tom70 or Mcr1 peptides. The results of these assays revealed 

several folds higher affinities of the substrate to the Ssa1 Hsp70 chaperone as compared to the 

affinity between the substrate and Sis1 co-chaperone. This finding is in line with the 
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assumption that the co-chaperone is involved in the initial low-affinity association with the 

substrate before passing it on to the main chaperone, which has a higher affinity for it. 

To examine in depth the direct involvement of the Hsp70 chaperone Ssa1 in the biogenesis 

of SA proteins, I performed in vitro import assays. In these experiments, the yeast extract, 

which is used for protein translation, was supplemented with the Hsp70 inhibitor, CBag (C-

terminal Bag domain of human Bag-1M) prior to import of substrate proteins into 

mitochondria. As a result of the CBag supplementation, the import efficiency of both SA 

proteins Msp1 and Mcr1 drastically decreased (Fig. 7A, B), suggesting a crucial role for Hsp70 

in facilitating proper insertion of SA proteins into the mitochondrial OM. 

Demonstrating that both Hsp40 and Hsp70 (co)chaperones cooperate to stabilize the SA 

proteins in the cytosol, we next aimed to understand the dynamics of the complex formation 

between the SA substrates, the Hsp40 co-chaperones (Sis1), and the Hsp70 chaperones (Ssa1). 

To this end, Buchner´s group performed additional set of fluorescence anisotropy experiments 

in which Ssa1, ATP and Sis1 were added, each a few minutes apart and in a different order, to 

the Mcr1-TAMRA-labeled peptide (Fig. 7C-E). Interestingly, the anisotropy measurements 

demonstrate the order of events in the cytosol, in which the substrate first forms a complex with 

the Hsp40 co-chaperone and then the substrate is relayed to Ssa1. Surprisingly, the substrate 

was able to form a complex with Ssa1 even in the absence of Sis1, yet, with lower affinity and 

higher sensitivity to ATP, which was reflected in faster release of the substrate from the 

complex. However, when ATP was added in the presence of Sis1, the substrate-Ssa1 complex 

became more stable, indicating a role of Sis1 in accelerating ATP hydrolysis which retains 

Hsp70 chaperone in a conformation that favors substrate binding.  

Finally, I wished to investigate later stages in the SA proteins biogenesis in which the 

proteins are getting recognized at the OM surface prior to their membrane integration. To 

accomplish this, I conducted pull-down assays using recombinant fusion proteins that consist of 

the cytosolic domains of the TOM complex receptors, Tom20 or Tom70 N-terminally fused to 

GST moiety. The GST-fusion proteins were then incubated with HA-tagged variants of Msp1 

or Mcr1 that were freshly translated in WT yeast extract. Both substrates displayed variable 

degrees of interaction with both receptors (Fig. 8A). Since I could show that the TOM complex 

receptors can interact with a subset of molecular (co)chaperones (Fig. S1A), I assume that 

facilitating productive delivery of substrates to the receptors at the mitochondrial surface 

involves cooperation with chaperones followed by subsequent membrane integration. This 

assumption is consistent with previous studies, which reported that Tom70 has a docking site 
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for Hsp70 and Hsp90 chaperones (Mills et al., 2009; Fan et al., 2010, 2011; Voos, 2003; 

Wegele et al., 2006). 

The Buchner group could confirm such involvement via fluorescence anisotropy using 

TAMRA-labelled Mcr1-peptide as a substrate. The change in anisotropy was measured upon 

addition of GST-Tom70, Ssa1, Sis1, and ATP in different orders (Fig. 8B-E). A complex 

formation between Mcr1 substrate and Tom70 receptor could be observed regardless of the 

presence of (co)chaperones (Ssa1 and Sis1) (Fig. 8C). Yet, when chaperones were 

supplemented first, the substrate formed a complex with them, and when ATP was added, this 

complex disassociated allowing interaction with higher affinity between the substrate and the 

Tom70 receptor (Fig. 8B). In support of this proposed order of events, despite adding Ssa1 to 

the reaction after a complex formation between Mcr1 and Tom70, no further increase in 

anisotropy was detected (Fig. 8C), indicating that the Tom70-substrate complex remained 

stable. This observation supports the hypothesis that the substrate has a higher binding affinity 

for the receptor than to the (co)chaperones. Such enhanced affinity can support substrate 

transfer from the chaperone to the receptor.  

Interestingly, addition of Tom70 after the formation of a Mcr1-Ssa1 complex resulted in a 

further increase in anisotropy (Fig. 8D), indicating that the Tom70 receptor can bind the 

substrate while the latter is in a complex with the chaperone. Nonetheless, when the substrate 

was released from Ssa1 upon ATP addition, higher increase in anisotropy was observed (Fig. 

8D), suggesting that Tom70 receptor binds the substrate with enhanced affinity upon its 

released from the chaperone. To ensure that the receptor can recognize the substrate chaperone 

complex, Sis1 was co-added to the mixture to stabilize the interaction between Ssa1-Mcr1. 

Even then, Tom70 still interacted with the substrate (Fig. 8E). 

To further examine the role of the TOM receptors in the insertion of SA proteins into the 

mitochondrial OM, I applied two types of in vitro import assays using the two radiolabeled 

substrates, Msp1 and Mcr1 translated in yeast extract. To avoid cross-compensation of the two 

receptors, their function was concomitantly abolished by either using trypsin-treated 

mitochondria prior to import or by using mitochondria lacking the Tom20 receptor (from 

tom20Δ strain) and treated with the C-terminal domain of human Hsp90 (C90). C90 is known 

to block the chaperone binding site on the mitochondrial import receptor Tom70 (Young et al., 

2003; Bhangoo et al., 2007), thus inhibiting its activity. The treatment of isolated mitochondria 

with trypsin results in the proteolytic removal of the cytosolic domains of both Tom20 and 

Tom70. This treatment led to a decreased import efficiency of Msp1, however the import 

efficiency of Mcr1 was surprisingly not affected (Fig. 9B). When WT mitochondria were 
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treated with C90, which results in non-functional Tom70, import of Msp1 and Mcr1 was 

reduced (Fig. 9C, D). This seemingly contradicts former study in which mitochondrial steady 

state levels of Msp1 and Mcr1 were not decreased in Tom70 deleted strain (Vitali et al., 2020). 

This difference can be explained by the fact that in the previous study, the cells lacking Tom70 

could adapt for the loss of Tom70, while the effect of inhibition by C90, on the other hand, is 

immediate and not reversible. Interestingly, an increased insertion efficiency of Msp1 and Mcr1 

into mitochondria lacking Tom20 was observed (Fig. 9C, D), which could be explained by 

elevated expression of Tom70 in cells lacking Tom20 as a compensation mechanism (Fig. 

S1B). Supporting this assumption, when the samples lacking Tom20 were treated with C90, the 

membrane integration of both Msp1 and Mcr1 was reduced.  

8.3 Uncovering targeting priority to yeast peroxisomes using an in-cell 

competition assay (Rosenthal et al. 2020) 

The vast majority of eukaryotic proteins are encoded by the nuclear genome and synthesized in 

the cytosol before their final targeting to their destination organelle. Most of these proteins have 

targeting signals that are recognized by distinctive targeting pathways, which assure their 

correct delivery to the specific organelle.  

Since many proteins have similar targeting signals that might utilize the same targeting 

pathway, a competition between such proteins may affect their recognition and targeting 

efficiency. However, the mechanism underlying the targeting priority of proteins was not 

investigated for any known targeting pathway.  

To study targeting priority of proteins to organelles, a systematic tool was developed by the 

group of Maya Schuldiner. Their approach is based on using the well-studied Pex5-mediated 

peroxisomal targeting pathway as a model. In this pathway, Pex5 mainly recognizes the PTS1 

(peroxisomal targeting signal 1) and targets most matrix proteins into the peroxisomal lumen. 

To systematically investigate targeting priority of peroxisomal proteins, a synthetic cargo 

protein with a PTS1 canonical targeting signal (mCherry-SKL) was overexpressed in yeast 

cells. This situation induced competition with other peroxisomal proteins over the limited 

amount of Pex5. The Schuldiner group have examined how the localization of each 

peroxisomal protein (N-terminally tagged with GFP) is affected by this competition, assuming 

that only proteins with high targeting priority would still be localized to peroxisomes.  
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Then, they compared the abundance and localization of each GFP-tagged protein between 

low- and high-competition conditions by imaging the cells on a high-content screening 

platform. They found that 14 peroxisomal cargo proteins were accumulated in the cytosol 

indicating that these proteins were affected by the competition induced by high levels of 

mCherry-SKL. Limited amounts of Pex5 were next confirmed to be the direct cause of this 

effect since its overexpression could rescue the targeting of a PTS1 cargo protein. Interestingly, 

the localization of five cargo proteins was not affected by the induced competition, namely: 

Cat2, Lys1, Mdh3, Pcs60 and Pox1/Fox1, suggesting that they have a high peroxisomal 

targeting priority.   

To support their findings, I performed subcellular fractionation of cells expressing different 

peroxisomal cargo proteins fused to GFP. Two of them are “low priority” (Pxp1 and Tes1) and 

the other two are “high priority” proteins (Lys1 and Pox1). Each cargo protein was expressed 

under either high or low competition conditions (strain expressed high or low levels of 

mCherry-SKL). Following the subcellular fractionation, I monitored the levels of the cargo 

proteins in three different fractions: whole cell lysate, supernatant (representing the cytosol), 

and pellet fraction (representing peroxisome, but also other organelles). I found that the low-

priority proteins are enriched, upon the massive competition, in the soluble fraction (Fig. 2D, F), 

while the high priority ones remain in the organelle pellet (Fig. 2E, F). These findings support 

the notion that Pex5 cargoes have different targeting priorities.  

The Schuldiner group further dissected the mechanism and the different parameters that 

determine the priority of these proteins. They found that targeting priority to peroxisome is 

dependent on metabolic conditions and binding affinity of the targeting signal to the cargo 

factor. 

8.4 Cnm1 mediates nucleus-mitochondria contact site formation in response 

to phospholipid levels (Eisenberg-Bord et al. 2021) 

Mitochondria were shown to interact with different organelles through close proximity or 

physical contact sites that allow direct crosstalk between the involved organelles and promote 

their proper functioning. Among these contact sites is the one with the nucleus which facilitates 

signaling cascades, protein targeting, and transfer of mitochondrial metabolites required for 

maintenance of the nuclear function. Contact sites are usually formed by the aid of proteins and 

lipids of two membranes, however, the elements involved in tethering between the 

https://pubmed.ncbi.nlm.nih.gov/?size=200&term=Eisenberg-Bord+M&cauthor_id=34694322


35 

mitochondrial outer membrane and the nuclear envelope remain elusive. Mitochondria have 

continuous contact sites with the most abundant organelle in the cell, the ER, and these contacts 

are mediated partially by the ERMES, which is involved in phospholipids metabolism. 

Therefore, it was challenging to distinguish between the ERMES mediated contacts and other 

particular contact sites with the nucleus.  

To address this task, the Schuldiner group developed a method based on a split Venus 

approach to visualize the nucleus–mitochondria contact site using fluorescence microscopy. 

They attached one part of a split Venus molecule to the OM protein Tom70, and the second part 

to Nsg1, a nuclear periphery protein (Nsg1-VN/Tom70-VC). Only at contact sites, where the 

two membranes are in proximity, the Venus fragments interact forming a full Venus protein, 

which enables observation of a clear fluorescent signal. The group later confirmed that this 

signal indicates nucleus–mitochondria contact which is ERMES-independent suggesting that 

distinct tethering proteins facilitate this contact site. 

Next, they wanted to uncover the tethering elements that mediate such contact sites using a 

high-content screen with high-throughput microscopy. The screen was done in yeast cells with 

all proteins overexpressed and tagged with mCherry in addition to the reporter of the nucleus–

mitochondria contact site (Nsg1-VN/Tom70-VC). This screen uncovered 48 proteins that 

partially colocalize with the reporter and 9 proteins that fully colocalize with it (Fig. 2B). To 

shorten down the long list, they performed a second screen in which they searched for proteins 

whose overexpression extended the nucleus-mitochondria contact site. This second screen 

yielded 12 hits as potential tethering molecules (Fig. 2C).  

Among the 12 uncovered tether candidates, the protein that mostly appeared to be a direct 

tether was Ybr063c, an uncharacterized protein with unknown function that was not previously 

studied or implicated in ER–mitochondria contacts. This protein was predicted by several 

algorithms to be an integral membrane protein, a feature crucial for providing a tethering 

capacity. The Schuldiner group verified that this protein is not part of the ERMES, since its 

overexpression did not extend or colocalize with the ERMES contact site.  

The topology of Ybr063c was not apparent, since some prediction algorithms predicted one 

or two membrane-spanning domains, while others predicted Ybr063c to be a soluble protein. 

Hence, my aim was to clarify this point and test whether Ybr063c is an integral membrane 

protein. To this end, I used a strain expressing Ybr063c with a small tag (3HA) on its N-

terminus and purified crude mitochondria fraction, which is expected to also contain other 

organelles which are in contact with mitochondria. Then, I performed carbonate extraction (CE) 

which dissociates peripheral proteins from membranes but cannot extract membrane-embedded 



36 

polypeptides from the bilayer. Following this treatment, 3HA-Ybr063c remained in the 

membrane fraction, similar to the mitochondrial OM protein Tom20 and in contrast to the 

soluble mitochondrial matrix protein Hep1 (Fig. 3B). This outcome indicates that this protein is 

embedded in the lipid bilayer.  

Next, the Schuldiner group could show that Ybr063c is embedded in the nuclear envelope, 

hence they named it contact nucleus mitochondria (Cnm1). Additionally, they suggested that 

Cnm1, in collaboration with the mitochondrial OM protein Tom70, mediates the tethering of 

nuclear and mitochondrial membranes.  
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9. Discussion

9.1 The biogenesis of mitochondrial outer membrane proteins show variable 

dependence on import factors (Vitali et al. 2020) 

All mitochondrial OM proteins are synthesized in the cytosol, and despite the crowded 

environment of the cell, must get targeted to their correct destination in the mitochondria. 

Despite the significant efforts made to better understand the import pathways that 

mitochondrial proteins from different topological categories follow, we are still trying to 

decipher which import elements facilitate the biogenesis of single span α-helical proteins. 

Additionally, it is still unclear whether proteins from the same topological class follow the 

same import route.  

There are three known import machinery complexes residing in the mitochondrial OM 

which are involved in protein import into mitochondria namely, TOM, TOB, and MIM 

complexes. In this study, I aimed to investigate the specific import pathway followed by SA 

proteins, using Msp1 as a model protein. For this purpose, I have applied in vitro and in vivo 

approaches using yeast cells.  

Interestingly, I observed that deletion of either MIM1, MIM2, or both led to highly reduced 

levels of Msp1 in the mitochondrial fraction isolated from these cells. Additionally, upon in 

vitro import of radiolabelled Msp1 into mitochondria isolated from double deletion of 

MIM1/MIM2, the insertion efficiency of Msp1 was drastically impaired. These findings indicate 

a direct involvement of the MIM complex in facilitating the membranal insertion of newly 

synthesized Msp1. On the other hand, the levels of Msp1 were not altered upon deletion of 

subunits of the TOM or TOB complexes, namely TOM20, TOM70/71 or MAS37. Hence, one 

can assume that such import elements are not critically required for the biogenesis of Msp1. 

Involvement of the MIM machinery in Msp1 biogenesis has been described in a recent paper 

(Doan et al., 2020). Engagement of the MIM complex was previously reported for the 

biogenesis of other SA proteins, namely the TOM complex receptors Tom20 and Tom70 

(Waizenegger et al., 2005; Becker et al., 2008; Popov-Čeleketić et al., 2008). However, it 

seems that Tom20 do not follow the same import and assembly route as Msp1 since its 

membranal insertion was shown to require Tom40 with the potential involvement of the 

membrane-embedded segments of other components of the TOM core complex (Ahting et al., 

2005). 
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 Despite sharing similar topology and structural features, the mitochondrial levels of the 

other SA model protein, Mcr1mom was not altered in any of the deletion strains. This 

observation suggests that Mcr1 can follow a self-insertion mechanism that might be driven by 

the specific lipid composition of the mitochondrial OM. Such an unassisted insertion pathway 

was already suggested for the TA protein Fis1 (Kemper et al., 2008).  

All precursor proteins of the mitochondrial OM are devoid of a typical N-terminal 

presequence. The targeting signal of such proteins, particularly the SA ones, consists of the 

single TMS and positively charged flanking regions (Ellenrieder et al., 2015; Dukanovic and 

Rapaport, 2011; Waizenegger et al., 2003). Accordingly, and in line with a previous 

observation (Wohlever et al., 2017), I could show via fluorescence microscopy and western blot 

that the TMS of Msp1 is sufficient for mitochondrial targeting. Additionally, based on our 

observations, the TMS of Msp1 appears to mediate protein recognition by the MIM complex, as 

the absence of Mim1 and Mim2 resulted in decreased mitochondrial levels of the fusion protein 

GFP-TMS accompanied by its mis-localization to the ER. 

To gain a better understanding of the pathways α-helical proteins follow, additional model 

proteins were employed in this study, among them the single-span protein Atg32 and the TA 

protein Gem1. Atg32 was found to largely rely on the presence of MIM complex and Tom20 

receptor and partially on Tom70 receptor. Gem1, on the other hand, showed only a mild 

dependency on the MIM complex, and appeared to require mainly the Tom20 receptor.  

Despite sharing structural characteristics, α-helical proteins appear to follow different 

insertion routes, as each one showed varying levels of reliance on different import factors. 

However, the characteristic of the substrate that dictates the distinct requirements is still 

unknown, and it is speculated to be a combination of parameters, including the specific 

properties of the TMS and the other soluble domains exposed to the cytosol/IMS.  

Altogether, my findings suggest a crucial role of the MIM complex in the biogenesis of 

some SA proteins and identify Msp1 as a novel substrate. Yet, deletion of MIM components 

did not fully abolish Msp1 integration into the mitochondria, as a portion of newly synthesized 

protein was still able to insert into the OM. This finding raises the possibility of an alternative 

membrane insertion pathway which might involve yet unknown protein/lipid factors.  
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9.2 A network of cytosolic (co)chaperones promotes the biogenesis of 

mitochondrial signal-anchored outer membrane proteins (Drwesh et al. 

2022, in revision) 

To gain deeper understanding of the role of cytosolic (co)chaperones in the biogenesis of 

mitochondrial SA proteins, I have applied pull-down assay to search for cytosolic factors that 

can interact with such proteins.  

I identified several (co)chaperones from distinct families that specifically interacted with SA 

proteins following their synthesis on cytosolic ribosomes. I could later show that these 

interactions are mainly governed by the SA proteins´ hydrophobic TMS which apparently serve 

as a signal for the chaperones to bind such proteins and shield them from the hydrophilic 

environment of the cytosol. Such interactions are hypothesised to be crucial for keeping the 

newly synthesized proteins in an import competent unfolded conformation and to prevent 

intermolecular non-native interactions that might cause aggregation.  

Among the identified chaperones, were members of the Hsp40 family, including Ydj1, Sis1 

and Djp1, in addition to members of Hsp70 family, Ssa1/2 and Hsp90 family including its co-

chaperones Aha1 and Sti1. However, being interaction partners does not necessarily indicate a 

physiological relevance for the (co)chaperones in SA proteins biogenesis. Hence, I decided to 

investigate their involvement in depth. Mitochondrial levels of SA proteins were not altered 

when the co-chaperones Djp1 or Aha1 were deleted (data not shown). In contrast, when I 

analysed the mitochondrial fraction isolated from cells depleted of Ydj1 and Sis1, I detected 

reduction in the steady state levels of Tom20 and Tom70, while levels of the other SA proteins 

like Msp1 and Mcr1 were not altered. Similar involvement of Ydj1 and Sis1 was previously 

reported for the biogenesis of β-barrel proteins (Jores et al., 2018). Nonetheless, depletion of 

only Ydj1 had no effect on their levels, whereas depletion of Sis1 caused only a mild effect on 

the levels of Tom20 and Tom70. These findings suggest a compensatory role that Sis1 might 

play when Ydj1 is absent as suggested in an earlier publication (Yan and Craig, 1999). When 

analysing the import process of the affected proteins in yeast extract depleted of both co-

chaperones, only Tom20 showed impaired insertion efficiency suggesting that various SA 

proteins rely to a different degree on Hsp40 co-chaperones. The engagement of Ydj1 in the 

import of mitochondrial proteins, particularly the MTS-containing protein F1β residing in the 

IM was reported previously (Caplan et al., 1992), while Sis1 was so far only implicated in the 

biogenesis of mitochondrial β-barrel proteins (Jores et al., 2018). 
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Simultaneous depletion of Ydj1 and Sis1, led to some alterations in the interactions pattern 

between other chaperones and SA proteins. Chaperones that are known to be activated under 

stress conditions and associate with aggregated proteins namely, Hsp104 and Hsp26 

(Zolkiewski et al., 2012; Zhou et al., 2011; Franzmann et al., 2005), were detected in the bound 

fraction of SA proteins translated in the absence of Ydj1 and Sis1. These observations 

emphasise the significance of these chaperones in maintaining the unfolded state of newly 

produced proteins and preventing their aggregation. Such a function was formerly proposed for 

such chaperones (Cry, 1995; Klaips et al., 2020). 

To validate these results, we employed the technique of fluorescence anisotropy in 

collaboration with the Buchner group in Munich. We used peptides resembling the SA 

segments of Mcr1 and Tom70 as model proteins and could demonstrate an interaction between 

the substrates and the two (co)chaperones, Ssa1 and Sis1. Interestingly, the binding affinity of 

the substrates to the co-chaperone (Sis1) was 10-fold lower than the binding to the Hsp70 

chaperone (Ssa1). These observations support the hypothesis that the substrate transfer from the 

co-chaperone to the main Hsp70 chaperones is driven by increased affinity to the latter. Similar 

results were previously observed for a peptide representing the mitochondrial targeting element 

of the β-barrel protein Porin (Jores et al., 2018). Although we detected an interaction between 

substrate and Hsp70 chaperone also in the absence of Sis1, this association was vulnerable to 

ATP. In contrast, in the presence of Sis1 the complex was no longer sensitive to ATP, 

indicating Sis1's regulatory role in Hsp70 ATPase activity. In line with our findings, previous 

studies have shown that both Sis1 and Ydj1 facilitate binding between substrate and Hsp70 

chaperone (Kampinga and Craig, 2010).  

The physiological significance of the observed interactions between SA substrates and 

Hsp70 chaperone was substantiated by our observation that the CBag inhibitor, which disrupts 

the ATPase function of Hsp70 chaperone, had a significant inhibitory effect on the 

mitochondrial insertion of SA substrates, Msp1, and Mcr1. Additionally, we could show that 

Ssa1/2 chaperone can interact with the TOM receptors, particularly Tom70 which has a TPR 

domain that serves as a docking site for Hsp70 and Hsp90 chaperones. Such interaction was 

reported in the past to mediate targeting of carrier proteins and β-barrel ones into the 

mitochondria (Young et al., 2003; Jores et al., 2018).  

Based on our observations, we propose a model in which the substrate, after being in a 

complex with Hsp40/Hsp70 chaperones is released and passed on to Tom70 receptor to which 

it has a higher affinity. The possible involvement of the TOM complex receptors in the 

insertion process of SA proteins was verified by showing that newly synthesized SA proteins 
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can bind these receptors. Furthermore, the insertion of SA proteins was slightly decreased when 

both receptors Tom20 and Tom70 were deleted, proteolytically removed, or inhibited. Such an 

effect was barely observed when one of them was absent, suggesting that both receptors can 

cross compensate for the loss of each other.  Alternative explanation, based on an earlier model, 

suggests that interaction between Tom20 and Tom70 facilitates preprotein release from the 

chaperones by competition. Hence, a functional interaction between Tom20 and Tom70 may be 

required at a later step of the Tom70-mediated import, after chaperone docking (Fan et al., 

2011). 

Overall, we suggest a novel aspect in the biogenesis of SA proteins in which the Hsp40 co-

chaperones Ydj1 and Sis1 function together with Hsp70 through their J domain in enabling 

proper targeting of SA proteins to the mitochondria. We propose that such targeting probably 

involves the TOM receptors that play an offsetting role in facilitating recognition of 

substrate/chaperone complex at the cytosolic side of the OM and assist their final insertion into 

the OM. Beside functioning in concert with Hsp70, some Hsp40 chaperones have evolved 

functions that mostly do not require their J domains, including prevention of aggregation and 

modulating the stability of protein complexes. Such a role was previously suggested for the 

Hsp40 chaperones DNAJB6b and DNAJB8, that were found to be suppressors of aggregation 

and toxicity of disease-associated polyglutamine proteins (Hageman et al., 2010). However, 

since Tom20 was the only SA protein whose import efficiency was decreased upon depletion of 

Ydj1 and Sis1, we assume that additional Hsp40 chaperones may play a role in the biogenesis 

of the other SA proteins, especially since this family consists of at least 20 other co-chaperones 

in yeast.  
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Abstract: Mitochondria harbor in their outer membrane 
(OM) proteins of different topologies. These proteins are 
encoded by the nuclear DNA, translated on cytosolic ribo-
somes and inserted into their target organelle by sophisti-
cated protein import machineries. Recently, considerable 
insights have been accumulated on the insertion path-
ways of proteins into the mitochondrial OM. In contrast, 
little is known regarding the early cytosolic stages of their 
biogenesis. It is generally presumed that chaperones asso-
ciate with these proteins following their synthesis in the 
cytosol, thereby keeping them in an import-competent 
conformation and preventing their aggregation and/or 
mis-folding and degradation. In this review, we outline 
the current knowledge about the biogenesis of different 
mitochondrial OM proteins with various topologies, and 
highlight the recent findings regarding their import path-
ways starting from early cytosolic events until their recog-
nition on the mitochondrial surface that lead to their final 
insertion into the mitochondrial OM.

Keywords: chaperones; MIM complex; signal-anchored 
proteins; single-span proteins; tail-anchored proteins; 
TOM complex.

Introduction
Mitochondria are involved in various cellular pathways 
and they fulfill well-characterized vital functions, among 
them, energy production, signaling and homeostasis 
of calcium, removal of reactive oxygen species, biogen-
esis and assembly of iron-sulfur proteins, and apoptosis 

regulation. These functions are carried out by proteins dis-
tributed between four different sub-mitochondrial com-
partments; outer membrane (OM), inner membrane (IM), 
intermembrane space (IMS) and the matrix (Harbauer 
et  al., 2014). Even though the mitochondria have their 
own genome, most mitochondrial proteins (including all 
the OM proteins) are encoded by the nuclear genome and 
synthesized on cytosolic ribosomes. Then, these newly 
synthesized proteins are targeted to the organelle and 
translocated into mitochondria by different routes. The 
early stages of these pathways are mediated by cytosolic 
factors and chaperones whereas the later ones are facili-
tated by sophisticated protein import machineries that 
have evolved in the different mitochondrial compartments 
(Paschen and Neupert, 2001).

The mitochondrial OM, which is rich in pore-forming 
proteins, provides a physical barrier that prevents free dif-
fusion of large molecules into the organelle and allows 
small molecules (<5  kDa) to pass. The OM proteome 
includes integral proteins that are categorized according 
to their structure into two main families, proteins with 
α-helical transmembrane segments and β-barrel pro-
teins that are formed by multiple β-strands (Burri et al., 
2006). Whereas the latter family include in yeast only five 
β-barrel proteins, the former one contains a few dozen 
membrane-embedded helical proteins in fungi (Burri 
et al., 2006; Schmitt et al., 2006; Zahedi et al., 2006). Part 
of the OM proteins function as channels and transporters 
that mediate the cross-talk between the cytosol and the 
mitochondria by enabling exchange of ions, metabolites 
and nucleotides (Hoogenboom et  al., 2007). Others are 
components of the protein import machineries including 
receptors and channels. The OM also contains proteins 
involved in fission and fusion of the organelle as well as 
a set of enzymes that mediate diverse functions. Further-
more, proteins that are part of the contact sites between 
the mitochondria and other organelles [like the endoplas-
mic reticulum (ER) or lysosomes] also reside in the OM 
(Elbaz-Alon, 2017).

In this review, we will deal with the biogenesis path-
ways of the different topological groups of mitochondrial 
helical OM proteins.
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Single-span mitochondrial OM 
proteins
Mitochondrial OM single-span proteins cross the mem-
brane once by a single membrane-spanning α-helix 
structure, and, based on their topology, can be divided 
into three subclasses. The first group are signal-anchored 
proteins, which are embedded into the mitochondrial 
OM through N-terminal transmembrane segment (TMS) 
exposing a large soluble domain towards either the 
cytosol or the IMS (Figure 1a, b). The second subclass 
are tail-anchored proteins, which are characterized by 
an inverted orientation as compared to the first group. 
These proteins cross the membrane through the C-termi-
nal TMS and expose a large soluble domain toward the 
cytosol whereas only the very short N-terminal region is 
facing the IMS (Figure 1c). The third group contains pro-
teins with two large soluble domains exposed to both the 
cytosol and the IMS (Figure 1d) (reviewed in Walther and 
Rapaport, 2009).

Like all mitochondrial OM proteins, single-span pro-
teins are encoded by the nuclear genome, synthesized 
on cytosolic ribosomes, and then they are imported into 
the OM of the mitochondria. Of note, none of these pro-
teins has a canonical cleavable N-terminal presequence, 
which directs most of the matrix and some inner mem-
brane proteins to the organelle. The mitochondrial tar-
geting signal of OM proteins can be found either at their 
termini or as internal structural elements. As will be 
described in detail in the following sections, such single-
span proteins do not share a common import pathway 
but rather show a variable dependency on different 
import elements depending on their orientation and 
internal features.

Biogenesis of signal-anchored 
proteins
Several signal-anchored proteins have been identified so 
far in the yeast mitochondrial OM. Among them are the 
TOM complex receptors Tom20 and Tom70 (as well as a 
paralog of the latter in yeast, Tom71) that recognize the 
majority of newly synthesized precursor proteins on the 
mitochondrial surface (Lithgow et  al., 1994; Yamamoto 
et  al., 2009). Other signal-anchored proteins in yeast 
mitochondria are: (i) the quality control protein Msp1 that 
mediates removal of mislocalized tail-anchored proteins 
from the mitochondrial OM (Chen et al., 2014a; Okreglak 
and Walter, 2014); (ii) Om45, which exposes its bulk C-ter-
minal domain towards the IMS and was found to interact 
with Porin and Om14 (Lauffer et al., 2012). The biological 
function of Om45 is still unknown; and (iii) the mitochon-
drial OM isoform of Mcr1 (Mcr1mom) (mitochondrial NADH-
cytochrome b5 reductase), which is involved in ergosterol 
biosynthesis (Lamb et al., 1999).

Although these proteins share similar topology, 
they do not seem to follow the same import pathway. 
Early studies demonstrated that insertion and assem-
bly of Tom20 and Tom70 requires the MIM complex, an 
insertase of the mitochondrial OM which is composed of 
Mim1 and Mim2 (Figure 2A) (Becker et al., 2008; Hulett 
et al., 2008; Popov-Čeleketić et al., 2008). Further details 
of the biogenesis of Tom20 and Tom70  were described 
in detail in a previous review (Dukanovic and Rapa-
port, 2011). Recently, two additional signal-anchored 
proteins, Mcy1 and Pth2, were found to interact initially 
with Tom70 and then to be inserted into the OM by the 
MIM complex (Doan, Pfanner and Becker, personal com-
munication). Of note, the MIM complex is not directly 
involved in the biogenesis of all signal anchored pro-
teins, as the import of Mcr1mom was found to be affected 
neither by the depletion of Mim1 and/or Mim2 (Vitali 
et al., 2020), nor by depletion of the TOM complex recep-
tors (Meineke et  al., 2008). Hence, Mcr1mom might inte-
grate into the mitochondrial OM via a pathway that does 
not involve any known import components (Figure 2B).

Om45, in contrast, follows another unique import 
pathway where it is initially recognized by the Tom20 and 
Tom22 receptors before it then crosses the mitochondrial 
OM through the Tom40 channel into the IMS where it is 
recognized by the presequence translocase of the inner 
membrane (TIM23 complex) (Song et al., 2014; Wenz et al., 
2014). It has been suggested that the final insertion step 
from the IMS side involves the MIM complex (Figure 2C) 
(Wenz et al., 2014). Recently, we identified an additional 
signal-anchored protein, Msp1 to be a substrate of the 

Figure 1: Topologies of mitochondrial OM proteins with helical 
transmembrane segments.
From left to right: signal anchored proteins (a and b), tail-anchored 
proteins (c), other single-span proteins (d), and multi-span proteins (e).
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MIM complex but not to require the receptors or channel 
of the TOM complex for its membrane integration (Vitali 
et al., 2020).

Collectively, it is evident that signal-anchored proteins 
do not follow a common pathway but rather, each one of 
them seems to use a unique import route. It appears that 
the specific route is dictated by, yet unknown, elements 
that are present in the particular protein. The spectrum 
of dependency on different import factors varies between 
not being dependent on any of the known import compo-
nents, through exhibiting dependency solely on the MIM 
complex, to reliance on three complexes namely, TOM, 
TIM23 and MIM.

Biogenesis of tail-anchored 
proteins
The subclass of tail-anchored proteins includes the small 
TOM complex core components Tom5, Tom6 and Tom7 in 
yeast and mammals. Tom5 was proposed to maintain the 
stability of the TOM complex and to mediate the transfer 

of preproteins from the receptors to the pore (Dietmeier 
et  al., 1997; Schmitt et  al., 2005), whereas Tom6 and 
Tom7  were found to modulate the assembly and stabil-
ity of the TOM complex (Sherman et  al., 2005; Becker 
et al., 2011a). Additional tail-anchored proteins in the OM 
are: Fis1 (hFis1 in human), which mediates mitochon-
drial fission (Mozdy et  al., 2000); and Gem1 (Miro1/2 in 
mammals), which is a GTPase that has been proposed 
to regulate the ERMES function (Kornmann et  al., 2011; 
Stroud et al., 2011). In addition, mammalian OM contains 
tail-anchored proteins without homologues in yeast. 
Among those are VAMP-1B (splice-isoform of vesicle-
associated membrane protein-1), a protein involved in 
the targeting and/or fusion of transport vesicles to their 
target membrane (Isenmann et al., 1998); anti- and pro-
apoptotic proteins of the Bcl-2 family like Bcl2, Bak or 
Bax; mitochondrial fission factor (MFF), the fission factor 
ganglioside-induced differentiation associated protein 1 
(GDAP1); the adaptor protein outer membrane protein 25 
(OMP25); and the monoaminooxidase-A (MAOA) (Costello 
et al., 2017).

An additional group of single-span proteins are the 
non-canonical tail-anchored proteins that expose soluble 
domains towards both sides of the OM namely, the IMS 
and the cytosol. This family includes in yeast cells the 
MIM component Mim1, which is required for the integra-
tion of proteins into the OM (Waizenegger et  al., 2005; 
Dimmer et  al., 2012), the TOM complex core subunit 
Tom22 that acts as a receptor for some precursor proteins 
(Meisinger et al., 1999), and Atg32 which is involved in the 
mitophagy and degradation of mitochondria (Kanki et al., 
2009; Okamoto et al., 2009). Although, the biogenesis of 
proteins from this group is not fully understood, it seems 
that they do not share a common pathway.

Fis1 was found to be inserted into the MOM without 
the assistance of any of the known import components 
(Figure 3A, pathway a), suggesting that the unique lipid 
composition of the mitochondrial OM contributes to the 
selectivity of the process (Kemper et  al., 2008). In con-
trast, none of the other tail-anchored proteins appears to 
follow this unassisted pathway. Rather they show variable 
dependency on different import elements. For example, 
Gem1 steady state levels were recently found to be mod-
erately affected by the absence of the MIM complex and 
more so by the deletion of TOM20. These observations 
suggest that it is recognized first by the Tom20 receptor 
and inserted into the OM by the MIM complex (Figure 3A, 
pathway b).

Contrary to previous assumptions that the TOB/
SAM complex (topogenesis of the mitochondrial outer 
membrane β-barrel proteins/sorting and assembly 

Figure 2: Import pathways of signal-anchored proteins.
Three main import pathways have been identified for signal-
anchored proteins. The first, which is probably followed by Tom20, 
Tom70 or Msp1 involves only the MIM complex (pathway a), the 
second, which is followed by Mcr1mom, is an unassisted pathway 
that probably depends on the unique lipid composition of the OM 
(pathway b). The last one was described for Om45 and involves 
TOM-mediated transfer into the IMS where the precursor is 
recognized by the TIM23 machinery and then inserted into the OM 
from the IMS side, most likely by the MIM complex (pathway c).
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machinery) is dedicated only to the biogenesis of β-barrel 
proteins, several studies suggested that this complex is 
also essential for the biogenesis of some tail-anchored 
proteins, like the small TOM components (Tom5, Tom6, 
Tom7) and Tom22. While the MIM complex was found 
to promote the membrane integration of the precur-
sors of Tom5, Tom6 and Tom7 (Becker et al., 2008), the 
TOB complex was required for their assembly into the 
TOM complex (Figure 3A, pathway c) (Stojanovski et al., 

2007). Tom22 follows a different route that includes an 
initial recognition by the TOM receptors Tom20 and 
Tom70 (Keil and Pfanner, 1993), and does not require 
the MIM complex (Becker et  al., 2008). Surprisingly, 
Tom22 requires for its integration into the OM and final 
assembly into the TOM complex a TOB complex form 
that also contains Mdm10 (Figure 3B, pathway b) (Sto-
janovski et al., 2007; Thornton et al., 2010). Of note, the 
function of this TOB-Mdm10 species is not required for 
the biogenesis of other tail-anchored proteins. Interest-
ingly, gradual depletion of the central component of the 
TOB complex, Tob55 resulted in dramatic reduction of 
Mim1 levels (Papić et al., 2013). However, it is not clear 
whether this effect is direct or indirect. The steady-state 
levels of the third non-canonical TA protein, Atg32 were 
recently shown to be heavily reduced upon deletion of 
MIM components and moderately compromised in the 
absence of the import receptors Tom20 or Tom70  sug-
gesting that Atg32 is first recognized by the TOM recep-
tors followed by an insertion into the OM, which is 
facilitated by the MIM complex (Figure 3B, pathway a) 
(Vitali et al., 2020).

The biogenesis of an additional TA protein namely, 
mammalian Bcl-2  was intensively investigated, however, 
with contradicting results. On the one hand, its import 
into the mitochondrial OM was not hampered by protease 
treatment of the mitochondria arguing against potential 
involvement of receptor elements (Janiak et  al., 1994). 
On the other hand, upon its expression in yeast cells, 
Bcl-2  was shown to interact with the import receptor 
Tom20, but not with other TOM components, suggesting 
that it does not use the Tom40 pore for membrane inte-
gration but rather, directly inserts into the lipid bilayer 
after initial recognition by Tom20 (Motz et al., 2002). Yet, 
another report suggested that mammalian TA proteins 
(including Bcl-2) follow a common import pathway which 
is TOM-independent (Setoguchi et  al., 2006). Thus, it 
seems that further experiments are required to shed light 
on the potential involvement of the TOM complex in the 
biogenesis of this protein.

Recently, a quality control pathway to remove mis-
localized tail-anchored proteins from the mitochondrial 
OM was characterized (Chen et  al., 2014a,b; Okreglak 
and Walter, 2014). An AAA-ATPase anchored to the OM, 
Msp1 was reported to extract such mislocalized proteins 
from the OM and together with additional factors to 
facilitate their degradation by the ubiquitin-proteasome 
system (Chen et al., 2014a,b; Okreglak and Walter, 2014; 
Wohlever et al., 2017; Matsumoto et al., 2019). It should be 
noted that, so far, Msp1 was found to mediate the removal 
of mistargeted proteins that usually reside in the ER or 

Figure 3: Biogenesis routes of tail-anchored and single-span 
proteins.
(A) Tail-anchored proteins can follow various routes. One option, 
which is followed by Fis1, is an unassisted membrane integration 
(route a). The second route, which is taken by Gem1, is mediated by 
the TOM complex receptors and then the precursor is inserted into 
the OM by the MIM complex (route b), while the third route, that 
is taken probably by the small TOM components, was reported to 
require the MIM complex and subsequently the TOB complex (route 
c). (B) Single-span proteins exposing soluble domains towards 
both the cytosol and the IMS were found to follow one of two 
pathways. The first, which is followed by Atg32, involves precursor 
recognition by the TOM receptors and then MIM-mediated 
membrane insertion (route a). The second, which is used by Tom22, 
involves recognition by Tom70 and then insertion into the OM by 
the TOB-Mdm10 module (route b).
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peroxisome and its relevance for the biogenesis of bona 
fide mitochondrial OM proteins is still unclear.

Mitochondrial OM multi-span 
proteins
Multi-spanning proteins are embedded into the lipid 
bilayer of the OM through multiple α-helical transmem-
brane segments (Figure 1e). Several multi-spanning pro-
teins have been identified so far in the mitochondrial OM: 
Fzo1  which spans the membrane twice, and is essential 
for mitochondria fusion in yeast (Mfn1/2 in mammalian) 
with the N- and C-terminal domains exposed toward the 
cytosol (Hermann et al., 1998; Rapaport et al., 1998); the 
fusion mediator Ugo1 (Sesaki and Jensen, 2001), Mcp3, 
which is probably involved in lipid homeostasis (Sinzel 
et  al., 2016), the quality control adaptor Ubx2 (Mårtens-
son et al. 2019), and Om14, which was suggested to serve 
as a receptor for cytosolic ribosomes (Lesnik et al., 2014). 
Additional multi-span proteins are Scm4, a protein with 
unknown function, mammalian peripheral benzodiaz-
epine receptor (PBR) (Joseph-Liauzun et  al., 1998), and 
mammalian mitochondrial ubiquitin ligase (MITOL) 
(Nakamura et al., 2006).

Biogenesis of multi-span proteins
Most of the multi-span OM proteins share the same 
import route involving the TOM and the MIM machiner-
ies. Earlier research suggested that Fzo1 requires import 
receptor(s) for its insertion into the mitochondria OM 
(Rapaport et  al., 1998). Later studies with mamma-
lian multi-span proteins refined this observation and 
suggested a strong dependency on the Tom70 recep-
tor but not on the other receptors; namely Tom20 and 
Tom22 nor on the TOM complex channel Tom40 (Otera 
et  al., 2007). These findings are further supported by 
studies with yeast cells, which reported that steady 
state levels and the in vitro import of Ugo1, Om14, Ubx2 
and Scm4  were reduced in yeast mitochondria lacking 
Tom70 (Papic et al., 2011; Becker et al., 2011b; Mårtens-
son et  al., 2019). Importantly, a strong dependency of 
the membrane integration of these proteins on the 
MIM complex was observed. Altogether, these studies 
emphasize the importance of Tom70 in the biogenesis 
of multi-span OM proteins either by acting as a recep-
tor that recognizes these substrates or by serving as an 

anchor for the chaperones that associate with them in 
the cytosol. After the initial recognition, Tom70 relays 
the substrate proteins to the MIM complex that facili-
tates their integration into the OM.

The only multi-span protein that has been reported, 
so far, to follow an alternative pathway is Mcp3, which is 
recognized by the Tom70 receptor followed by transloca-
tion across the OM via the Tom40 channel into the IMS 
side. In the IMS, it was found to interact with the TIM23 
complex; as in the case of the signal-anchored protein 
Om45, however, in case of Mcp3, it was shown to undergo 
an additional step of processing by the inner membrane 
protease (IMP). Finally, Mcp3 is integrated into the OM in 
a process that might be facilitated by the MIM complex 
(Figure 4B) (Sinzel et al., 2016).

To provide an overview on the various pathways that 
helical OM proteins follow, we summarize in Table 1 the 
known information. Of note, for clarity, only proteins with 
clear indications for transmembrane helical segments are 
included in this table.

Figure 4: Import pathways of multi-span proteins.
Most of the precursors of multi-span proteins follow an insertion 
route which starts with recognition by the Tom70 and then MIM-
dependent insertion into the OM (route a). A special route is 
followed by Mcp3. This precursor protein crosses the OM via the 
TOM complex, interacts with the TIM23 complex at the IMS and then 
get processed by IMP. Finally, the processed form is inserted into 
the OM in a process that is probably mediated by the MIM complex 
(route b).
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Mitochondrial targeting signal of 
OM helical proteins

Mitochondrial targeting of newly synthesized helical 
OM proteins is mediated by elements that are part of 
the mature form of the protein. In both signal- and tail-
anchored proteins as well as other single-span ones, the 
TMS and its flanking regions are necessary and sufficient 
for mitochondrial targeting. The examination of struc-
tural elements that can serve as a targeting signal in both 
signal- and tail-anchored proteins in yeast and mammals 
suggested that moderate hydrophobicity and appropri-
ate length (19–20 residues) of the TMS appear to be key 
characteristics. In addition, the net positive charge of the 
flanking regions of the TMS were found to enhance mito-
chondrial targeting (Isenmann et al., 1998; Kanaji et al., 
2000; Dembowski et  al., 2001; Allen et  al., 2002; Horie 
et al., 2002; Habib et al., 2003; Waizenegger et al., 2003). 
However, some proteins exhibit additional features that 
might help in targeting and/or membrane integration. For 
example, Tom5, Tom6, Tom7 and Tom22 contain in their 
TMS a conserved proline residue, which contributes to 
their correct targeting and assembly (Allen et  al., 2002). 
Additional relevant segments were reported for Tom22, 

in which small parts in the cytosolic and IMS domains 
were found to interact with import elements, suggest-
ing that Tom22  might be inserted as a hairpin structure 
(Rodriguez-Cousiño et al., 1998; Nakamura et al., 2004).

Early cytosolic stages in the 
biogenesis of mitochondrial OM 
proteins
The biogenesis of newly synthesized proteins, a process 
that starts on cytosolic ribosomes, involves a repertoire of 
cytosolic factors that contribute to the reduction of mis-
folding, aggregation and mislocalization of such precur-
sor proteins. These factors are required already at the early 
stages during or directly after protein synthesis. Accord-
ingly, three systems that assist in the early stages of pro-
teins biogenesis have been identified in yeast. The first 
is the heterodimeric ribosome-associated complex (RAC) 
formed by chaperones of the Hsp70 and Hsp40 (Ssz1) and 
(Zuo1), respectively, and it promotes the co-translational 
folding of nascent polypeptide chains (Gautschi et  al., 
2001). The second system is the heterodimeric nascent 

Table 1: Import pathways of yeast helical OM proteins.

Name Other names ORF Import pathway

Atg32 Ecm37 YIL146C Tom20, Tom70, MIM
Fis1 Mdv2 YIL065C Unassisted, MIM(?)
Fzo1 YBR179C Tom70→MIM
Gem1 Gon1 YAL048C Tom20→MIM
Mcp1 YOR228C Unknown
Mcp3 Fun14 YAL008W TOM→TIM23→IMP→MIM(?)
Mcr1 YKL150W Unassisted, MIM(?)
Mcy1 YGR012W Tom70→MIM
Mim1 Tom13 YOL026C Djp1→Tom70→MIM
Mim2 YLR099W-A Unknown
Msp1 Yta4 YGR028W MIM
OM14 YBR230C Tom70→MIM
OM45 YIL136W TOM→TIM23→MIM(?)
Pth2 YBL057C Tom70→MIM
Scm4 YGR049W Tom70→MIM
Tom20 Mas20, Mom19 YGR082W MIM
Tom22 Mas17, Mas22 YNL131W Xdj1, Tom20(?), Tom70(?), TOB/SAM-Mdm10
Tom5 Mom8A YPR133W-A MIM, TOB/SAM
Tom6 Isp6, Mom8B YOR045W MIM, TOB/SAM
Tom7 Mom7 YNL070W MIM, TOB/SAM
Tom70 Mas70, Mom72 YNL121C Tom40
Tom71 Tom72 YHR117W Unknown
Ubp16 YPL072W MIM
Ubx2 Sel1 YML013W Tom70→MIM
Ugo1 YDR470C Tom70→MIM
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polypeptide-associated complex (NAC) consisting of 
α- and β-NAC. This NAC dimer is highly conserved from 
yeast to humans and was found as the initial factor to 
interact with nascent polypeptides as they emerge from 
the ribosomal exit tunnel thereby protecting them from 
aggregation and degradation. NAC function was mainly 
found to regulate the protein transport from the cytosol 
to ER (in cooperation with SRP) (Zhang et al., 2012), yet, 
NAC-deleted yeast cells showed mitochondrial protein 
import defect causing mitochondria stress response 
(George et al., 1998; Gamerdinger et al., 2015). The third 
system is the ribosome quality control complex (RQC), 
which recognizes stalled ribosomes, and degrades the 
faulty mRNAs and the nascent polypeptide chains to 
avoid creating defective proteins during the translation 
process. Then, the RQC recycles the ribosomal subunits 
for the next round of translation (Nürenberg and Tampé, 
2013; Gamerdinger, 2016).

Considering that all the mitochondrial OM proteins, 
including some that are highly hydrophobic, are synthe-
sized in the cytosol prior to their import into the orga-
nelle, it is assumed that these precursors require cytosolic 
factors and/or chaperones to keep them in an import 
competent conformation (Neupert et al., 1993; Hartl and 
Hayer-Hartl, 2002). Yet, it is mostly unknown whether 
these chaperones are required for the biogenesis fidelity 
of all the OM proteins. Furthermore, the identity and the 
physiological relevance of these factors for the biogenesis 
of helical OM proteins are still largely uncertain.

One of the (co)chaperone with a reported function 
in the biogenesis of helical OM proteins is Djp1, a Hsp40 
cochaperone, which was previously found to be involved 
in peroxisomal protein import (Hettema et  al., 1998). 
Djp1 supports the import of the single-span protein Mim1 
enabling its targeting to the OM through Tom70 (Papić 
et al., 2013). Moreover, a direct interaction between Djp1 
and Tom70 was demonstrated, raising the possibility that 
this association facilitates the transfer of newly synthe-
sized Mim1  molecules to the organelle (Opaliński et  al., 
2018). In addition, the deletion of DJP1 caused a massive 
mislocalization of Mim1 to the ER (Papić et al., 2013), sug-
gesting that Djp1 contributes to its specific targeting to the 
mitochondria. A possible mechanism for the contribution 
of Djp1 to the targeting of Mim1 could be by removal of 
mis-targeted molecules from the ER, a function that was 
proposed recently for Djp1 (Hansen et al., 2018). Of note, 
the levels of the other known single-span proteins like 
Tom22 and Atg32 were not altered by the absence of Djp1 
(Papić et al., 2013). Another cytosolic Hsp40 co-chaperone 
Xdj1 was found to bind to the cytosolic domain of Tom22 
and support the biogenesis of the TOM complex. It seems 

that Xdj1 binds to the precursor of Tom22 and maintains 
the levels of this protein (Opaliński et al., 2018).

Surprisingly, the peroxisomal targeting chaperone 
Pex19 is an additional chaperone that was found to be 
involved in the biogenesis of both peroxisome and mito-
chondria. This protein was initially reported to stabilize 
peroxisomal tail-anchored proteins in the cytosol and 
mediate their integration into the peroxisome by guiding 
them to the membrane receptor Pex3 (Fang et al., 2004; 
Chen et al., 2014b). Recently, Pex19, as well as the Hsp70 
chaperone Ssa1 and its co-chaperone Sti1, were observed 
to mediate mitochondrial import of the tail-anchored 
proteins Fis1 and Gem1. Of note, the single-span protein 
Tom22 did not show any binding to Pex19 (Cichocki et al., 
2018). Importantly, Fis1 and Gem1 are both dually targeted 
to the mitochondrial OM and peroxisomes, and this may 
explain why such dually targeted proteins are dependent 
on the same cytosolic factor. In line with these data, the 
involvement of Pex19 in the biogenesis of human Fis1 was 
previously described (Delille and Schrader, 2008).

Although a study using mammalian cells proposed 
that tail-anchored proteins do not need cytosolic factors 
for their insertion into the membrane (Setoguchi et  al., 
2006), yet these proteins may still need chaperone activ-
ity for keeping their hydrophobic segments in an import 
competent state. Nevertheless, as several lines of evidence 
suggest that Fis1 is inserted in an unassisted manner into 
the OM, it remains unclear whether Pex19 is only required 
for stabilizing the precursor in the cytosol or if it is also 
needed for Fis1 integration into the mitochondria via a so 
far, unknown receptor. Involvement of Pex19 in targeting 
to peroxisomes was also shown for the signal-anchored 
protein ATAD1, (the human homolog of yeast Msp1), which 
is also dually localized to both peroxisome and mitochon-
dria (Chen et  al., 2014a; Okreglak and Walter, 2014). An 
involvement of chaperones or cytosolic factors in the bio-
genesis of the other known members of the single-span 
protein family has not been reported yet.

Concluding remarks
Despite the high physiological importance and the func-
tional diversity of proteins residing in the mitochondrial 
OM, our knowledge on cytosolic factors and membrane 
components that affect and regulate their targeting to 
the organelle and membrane insertion is very limited. 
Recently, several studies led to considerable progress in 
our understanding of how these proteins pave their way 
from the cytosol into the mitochondrial OM. It became 
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clear that Hsp40 co-chaperones and Pex19 are involved 
in maintaining the newly synthesized proteins in import 
competent conformation whereas TOM receptors and the 
MIM complex are involved in their recognition at the orga-
nelle surface and membrane integration. Future studies 
will help to determine whether the cytosolic chaperones 
are also involved in active targeting of precursor proteins 
to mitochondria and which structural characteristics 
determine the pathway that the various helical OM pro-
teins follow.
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SUMMARY

Biogenesis of mitochondrial outer membrane proteins involves their integration into the lipid bilayer.

Among these proteins are those that form a single-span topology, but our understanding of their

biogenesis is scarce. In this study, we found that theMIM complex is required for themembrane inser-

tion of some single-span proteins. However, other such proteins integrate into the membrane in a

MIM-independent manner. Moreover, the biogenesis of the studied proteins was dependent to a var-

iable degree on the TOM receptors Tom20 and Tom70. We found that Atg32 C-terminal domain me-

diates dependency on Tom20, whereas the cytosolic domains of Atg32 and Gem1 facilitate MIM

involvement. Collectively, our findings (1) enlarge the repertoire of MIM substrates to include also

tail-anchored proteins, (2) provide new mechanistic insights to the functions of the MIM complex

and TOM import receptors, and (3) demonstrate that the biogenesis of MOM single-span proteins

shows variable dependence on import factors.

INTRODUCTION

Mitochondria harbor between 800 (in budding yeast) to 1,500 (in mammals) different proteins, and their outer

membrane is estimated to harbor several dozens of those proteins. Such mitochondrial outer membrane

(MOM) proteins include enzymes, components of protein import complexes, metabolites transporters, and fac-

tors that mediate mitochondrial fusion, fission, and motility. The biogenesis of the MOM requires targeting of

newly synthesized proteins to the organelle and their integration into the lipid bilayer. An important group

among MOM proteins are those that span the membrane once with a single a-helical segment. Like all other

MOM proteins, these single-span proteins are nuclear encoded and synthesized on cytosolic ribosomes (Duka-

novic and Rapaport, 2011; Endo and Yamano, 2009; Wiedemann and Pfanner, 2017). Therefore, they must bear

appropriate signals that ensure both their correct targeting to the organelle and their membrane integration by

mitochondrial import components. None of these proteins contains a canonical cleavable N-terminal prese-

quence, and instead, they carry internal targeting and sorting signals. Despite their well-recognized importance,

the diverse molecular mechanisms by which such MOM proteins are specifically targeted to the organelle and

inserted into their target membrane remain incompletely defined.

Depending on their orientation, single-spanMOMproteins can be classified into three groups: the first two

are signal- and tail-anchored proteins, which face the intermembrane space (IMS) with either the amino- or

carboxyl-terminus, respectively. These proteins typically expose the bulk of the protein to the cytosol and

only a very short segment faces the IMS. A third subclass of single-span proteins exposes soluble domains

toward both the IMS and the cytosol, with the N terminus facing the cytosol.

Mitochondrial signal-anchored proteins in fungi include, according to current knowledge, the TOM receptor

components, Tom20 and Tom70, and three additional proteins: OM45, Msp1, and the MOM isoform of Mcr1

(Mcr1mom). The targeting signal of these proteins consists of the transmembrane segment (TMS) and positively

charged flanking regions (Dukanovic and Rapaport, 2011; Ellenrieder et al., 2015). Despite the common struc-

tural characteristics, it appears as if signal-anchored proteins do not share a common pathway of targeting

and membrane integration. Mcr1mom and Msp1 follow a still uncharacterized membrane integration pathway

that seems for Mcr1mom to be recapitulated with pure lipid vesicles (Meineke et al., 2008), whereas the TOM re-

ceptors use a pathway where preexisting TOM complexes play an undefined role (Ahting et al., 2005). Further-

more, the MOM proteins, Mim1 and Mim2, that form together the MIM complex promote both insertion of

Tom20 and Tom70 into theMOM and their final assembly into the TOM core complex (Becker et al., 2008; Dim-

mer et al., 2012; Hulett et al., 2008; Ishikawa et al., 2004; Waizenegger et al., 2005). OM45, which exposes its
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soluble domain to the IMS, follows a uniquemembrane assembly pathway that involves crossing the outermem-

brane via the TOM complex and then insertion into the MOM from the IMS side with a possible contribution of

the MIM complex (Song et al., 2014; Wenz et al., 2014).

In comparison with such detailed analysis of the insertion pathway of some signal-anchored proteins, much

less is known about the mechanisms by which tail-anchored (TA) proteins are targeted to and integrated

into the MOM. As for the signal-anchored proteins, it seems that these proteins do not follow a unified

biogenesis pathway. On the one hand, the steady-state levels of yeast mitochondrial TA proteins such

as the small TOM complex subunits, Tom5, Tom6, and Tom7, were reduced upon deletion of Mim1,

Mas37/Sam37, and TOM receptors (Becker et al., 2008; Horie et al., 2002; Setoguchi et al., 2006; Stojanovski

et al., 2007; Thornton et al., 2010). On the other hand, in mammalian cells import of other TA proteins like

Omp25, Bak, and Bcl-XL was completely independent of the TOM subunits and of any protease accessible

protein on the surface of the organelle (Horie et al., 2003; Setoguchi et al., 2006). Likewise, the biogenesis of

Fis1 in yeast cells remained unchanged upon deletion of subunits of the import complexes TOM or TOB/

SAM and by digestion of any protease-accessible protein on the mitochondrial surface. Furthermore,

in vitro import assays demonstrated that Fis1 can insert into pure lipid vesicles in an unassisted manner

(Kemper et al., 2008). We previously proposed that the specificity of such an insertion could be mediated

by the low ergosterol levels of the MOM. In line with this proposal, reduction of ergosterol levels in ER

membranes resulted in mislocalization of Fis1 to the ER (Krumpe et al., 2012). Although these previous re-

sults raise doubts about the necessity of import factors for the membrane integration of Fis1, they do not

address the biogenesis pathway of other TA proteins like Gem1.

The biogenesis of single-span proteins exposing domains toward both sides of the membrane is even less

understood. Proteins belonging to this group in yeast MOM are Mim1, Mim2, Atg32, and Tom22. The only

protein from this group whosemembrane integration process was studied is Tom22, which was reported to

require TOM import receptors for its own import as well as the TOB complex and theMOMprotein Mdm10

(Court et al., 1996; Thornton et al., 2010). However, since Tom22 is a core component of the TOM complex,

its biogenesis mechanism probably reflects a specific case and does not provide a general model for other

proteins from this group.

In the current study, we addressed some of the open questions regarding the biogenesis of single-span

MOM proteins. We observed that the biogenesis of these proteins is variably dependent on import factors

like the MIM complex or the TOM receptors. Furthermore, by constructing hybrid proteins composed of

defined domains of these proteins, we could dissect the determinants that cause a variable dependency.
RESULTS

The Membrane Integration of Signal-Anchored Proteins Variably Depends on MIM

Components

To better characterize the pathways that culminate in the integration of signal-anchored proteins into the

MOM, we chose two model proteins that in contrast to the previously established MIM substrates Tom20

and Tom70 are not subunits of the TOM complex. The first is the MOM isoform of Mcr1 (Mcr1mom, Fig-

ure S1A). We monitored the levels of Mcr1mom in the crude mitochondrial fraction from the deletion strains

ofMIM1,MIM2, or the TOM receptors TOM20 and TOM70/TOM71. As we observed before (Meineke et al.,

2008), the absence of the TOM receptors did not cause a reduction in the levels of Mcr1mom. Actually, its

relative levels were even enhanced in the absence of Tom20 (Figures S1B and S1C). Similarly, the relative

amounts of Mcr1mom in cells lacking either Mim1 or Mim2 were higher than in control organelles (Figures

S1B and S1C). We suggest that this apparent increase results from loading a fixed amount of mitochondrial

proteins in each lane. Accordingly, reduction in the relative amounts of certain proteins in these altered

organelles leads to an apparent increase in the relative levels of other proteins. To substantiate our results,

we isolated mitochondria from either wild-type (WT) or cells lacking both Mim1 and Mim2 and monitored

the levels of Mcr1mom in these organelles. The levels of Mcr1mom were unaltered in the cells lacking theMIM

complex (Figures S1D and S1E). These findings demonstrate that the MOM isoform of Mcr1 can integrate

into its target membrane in a process that is independent of the MIM complex or import receptors.

Next, we turned to monitor the mitochondrial steady-state levels of the other model protein, namely, the

ATPase Msp1 (Figure 1A). Of note, the absence of the TOM receptors or of Mas37, a subunit of the TOB

complex, which mediates membrane integration of b-barrel proteins, did not cause major alterations in
2 iScience 23, 100779, January 24, 2020
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Figure 1. The MIM Complex Is Required for the Biogenesis of Msp1

(A) Schematic depiction of Msp1 topology.

(B) Mitochondria isolated from either the indicated deletion or their respective WT cells were analyzed by SDS-PAGE and

immunodecoration with antibodies against the indicated proteins. Staining with Ponceau S is shown as a loading control.

(C) Msp1 levels were quantified and normalized to the intensities of the Ponceau S staining. The values in the

corresponding WT cells were set to 100%. The bar diagram shows the average G SD of at least three independent

experiments.

(D) Radiolabeled Msp1 was imported in vitro for the indicated time periods into mitochondria isolated from either WT or

mim1/2D cells. After import, mitochondria were subjected to alkaline extraction and the pellet was analyzed by SDS-

PAGE and autoradiography.

(E) Quantification of the band corresponding to Msp1 in experiments as in (D). Import into mitochondria from WT cells after

20 min was set to 100%. The graph represents the mean valuesG SD of three independent experiments. See also Figure S1.
the steady-state levels of Msp1, and interestingly, its relative levels were even increased in the absence of

Tom20 (Figures 1B and 1C). In contrast, Msp1 levels in the mitochondria isolated from cells deleted for

MIM1, MIM2, or both genes were highly reduced as compared with control samples. We further confirmed
iScience 23, 100779, January 24, 2020 3
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Figure 2. The TMS of Msp1 Is Sufficient for Recognition by the MIM Complex

(A) Yeast WT cells harboring mitochondrial targeted RFP (MTS-RFP) and expressing either Msp1(TMS)-GFP or GFP alone

as a control were visualized by fluorescence microscopy.

(B) Whole-cell lysate (WCL) and fractions corresponding to cytosol (cyt), microsomes (ER), and mitochondria (mito) from

the indicated strains expressing Msp1(TMS)-GFP were analyzed by SDS-PAGE and immunodecoration. The fusion

protein was detected by an anti-GFP antibody, whereas the endogenous Msp1 protein by anti-Msp1 antibody. Tom20

and Tom70 are known MIM substrate proteins. Hexokinase (Hxk1) is a cytosolic marker, whereas Erv2 is an ER protein.

Ponceau S staining of the membrane is shown as a loading control.
the dependency on the MIM complex by importing in vitro radiolabeled Msp1 molecules into organelles

isolated from either wild-type ormim1/2D double deletion strain. The proper insertion of the newly synthe-

sized Msp1 molecules into the MOM was verified by their resistance to alkaline extraction. This assay

demonstrated that mitochondria isolated from the mutated cells had significantly lower capacity to inte-

grate Msp1 into their membrane (Figures 1D and 1E).

Since it was shown that the TMS ofMsp1mediates the intracellular targeting of the protein (Wohlever et al.,

2017), we wondered whether this part of Msp1 is responsible for the dependency on the MIM complex. To

address this point, we constructed a fusion protein composed of the TMS (a.a. residues 1–32) of Msp1 fused

N terminally to a GFP moiety (Msp1(TMS)-GFP) and introduced it into WT cells. First, we monitored the

subcellular localization of this fusion protein by fluorescence microscopy and noted its complete co-local-

ization with a mitochondrial marker protein (MTS-RFP, Figure 2A). Thus, it seems that the TMS of Msp1 is

sufficient for mitochondrial targeting.

Next, we transformed this construct into cells deleted for the singleMIM components or for both genes and

obtained from the transformed cells fractions corresponding to cytosol, ER, and mitochondria. Analysis of

these fractions by SDS-PAGE followed by immunodetection revealed that the deletion of the MIM compo-

nents caused a reduction in the levels of the fusion protein in themitochondrial fraction of themutated cells

concomitantly with appearance of Msp1(TMS)-GFP in the ER fraction (Figure 2B). Of note, the absence of a
4 iScience 23, 100779, January 24, 2020



functional MIM complex resulted in the mislocalization of the known MIM substrates Tom20 and Tom70 to

the ER, whereas the b-barrel MOMprotein Tom40 or the inner membrane protein Pic2 was detected only in

the mitochondrial fraction (Figure 2B). These findings indicate that Msp1 is a new substrate of the MIM

complex and its TMS is sufficient for this reliance. Moreover, the MIM complex seems to be required for

the correct mitochondrial location of the protein.

Atg32 Is a New Substrate of the MIM Complex

Atg32 is a receptor for mitophagy factors that exposes domains to both sides of the MOM (Figure 3A). To

study the requirements for its membrane integration, we employed a functional version where an HA-tag

was placed within the cytosolic domain (Okamoto et al., 2009). We introduced this construct into WT and

various mutated strains and monitored its steady-state levels in the crude mitochondrial fractions of these

cells. We noticed that the levels of Atg32 were dramatically compromised upon the deletion of Mim1,

Mim2, and Tom20 and moderately reduced by the absence of Tom70 (Figures 3B and 3C). Atg32 has a

similar topology to the TOM component Tom22, which was reported to require the TOB/SAM complex

for its proper biogenesis (Thornton et al., 2010). To test whether Atg32 shares such TOB dependency,

we monitored its steady-state levels in a strain lacking Mas37, a non-essential component of the TOB com-

plex. As reported, the levels of Tom22 were highly reduced in crude mitochondria isolated from this strain,

but the amounts of Atg32 were unaffected, even when the cells were grown at 37�C (Figure 3D). Thus, we

concluded that Atg32 does not require the TOB complex for proper membrane integration.

Since the steady-state levels of proteins reflect the combined outcome of biogenesis and degradation, we

wondered whether the absence of the Mim proteins affects also the life span of Atg32. To this end, we add

toWT ormim single deletion strains cycloheximide (CHX), which is known to stop new synthesis of proteins,

and monitored the levels of Atg32 after different time intervals. The results of this assay revealed that the

absence of either Mim1 or Mim2 shortened significantly the life span of Atg32, whereas it did not affect the

stability of the control TA protein Fis1 (Figures 3E–3G). We propose that the absence of the MIM complex

slows down the integration of newly synthesized Atg32 molecules into the MOM. This interference in the

import process causes then accumulation of the non-imported molecules in the cytosol and subsequently

their elimination. Taken together, these findings establish Atg32 as a novel substrate of the MIM pathway.

Since Atg32 showed a dependency on both the MIM complex and Tom70/71, we wondered whether these

factors are involved in the same import pathway or in two parallel ones. To address this question, we over-

expressed Mim1 in cells lacking both Tom70 and its paralog Tom71. We observed that these elevated

amounts of Mim1 could not enhance the reduced levels of Atg32 in tom70/71D cells (Figure S2). These re-

sults might suggest that Tom70 is involved in the same pathway as the MIM complex, as already shown for

the insertion of multi-span proteins (Becker et al., 2011; Papic et al., 2011), and reduced recognition by

Tom70 cannot be compensated by more efficient MIM-mediated membrane insertion. However, this op-

tion should be taken with caution since it is not clear whether, in the absence of elevated levels of Mim2, the

excess amounts of Mim1 molecules assemble into functional complexes.

The MIM Complex Contributes to the Membrane Integration of the Tail-Anchored Protein

Gem1

Previous results suggested that Fis1 can assemble into the MOM in an unassisted manner (Kemper et al.,

2008). We next aimed to test its dependency on theMIM complex and to compare its behavior with another

TA protein, Gem1 (Figure 4A). To that goal, we monitored the steady-state levels of Fis1 and an N-termi-

nally HA-tagged version of Gem1 in crude mitochondrial fractions of various mutated cells. Of note, the

HA-tagged version of Gem1 is functional as we confirmed its ability to complement the growth defect re-

sulting from the absence of chromosomally encoded Gem1 (Figure S3A). The relative levels of Fis1 were

actually higher in the MIM mutant cells or unaffected in cells lacking the TOM receptors, whereas those

of Gem1weremoderately reduced in cells lackingMim1 orMim2 and evenmore hampered in tom20D cells

(Figures 4B and 4C). To verify that the difference in behavior of both proteins does not result from the pres-

ence of the N terminal HA-tag on one of them, we monitored the behavior of HA-tagged Fis1 and noticed

that, like the native protein, it showed independency of the examined import factors (Figures S3B and S3C).

Despite the higher relative levels of Fis1 in the crude mitochondrial fractions of cells deleted for MIM com-

ponents (Figures 4B and 4C), when we performed subcellular fractionations of these cells, we actually

observed aminor population of the Fis1 molecules in the ER (Figure 4D). Of note, this mistargeting involves
iScience 23, 100779, January 24, 2020 5
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Figure 3. Atg32 Biogenesis Requires the MIM Complex and the TOM Receptors

(A) Schematic representation of the topology of HA-Atg32.

(B) Crude mitochondrial fractions were obtained from mim1D, mim2D, tom20D, tom70/71D, and their respective WT

strains containing a plasmid encoding HA-Atg32. Samples were analyzed by SDS-PAGE and immunodecoration with anti-

HA and the other indicated antibodies.

(C) Quantification of the relative amounts of HA-Atg32 from at least three independent experiments as in (B). The levels

were normalized to the intensities of the Ponceau S staining and presented as percentage of the levels in the

corresponding WT samples. The graph represents average G SD.

(D) Crude mitochondrial fractions were obtained frommas37D and its respective WT strains after growth at either 24�C or

37�C. Both cell types contained a plasmid encoding HA-Atg32. Samples were analyzed by SDS-PAGE and

immunodecoration with anti-HA and the other indicated antibodies.

(E) WT, mim1D, and mim2D cells expressing HA-Atg32 were grown to logarithmic phase, treated at time = 0 with

cycloheximide (CHX), and then collected after the indicated time intervals. Crude mitochondria were isolated and

analyzed by SDS-PAGE and immunodecoration with antibodies against the HA-tag and the indicated proteins.

(F and G) Quantifications of the levels of HA-Atg32 (F) and Fis1 (G) from three independent experiments as in (E) using

Tom40 as loading control. The values at time = 0 in each strain were set to 100%. Error bars correspond to G SD.

See also Figures S2 and S4.
only a tiny fraction of the Fis1 molecules and is in clear contrast to the massive ER mislocalization of the

canonical MIM substrate Tom70 in these mutated cells (Figure 4D). Taken together, these results suggest

that Gem1 does not absolutely depend on the MIM pathway for correct biogenesis but might use it when it

is available. In contrast, the membrane integration of Fis1 into the MOM seems to be basically MIM inde-

pendent, although the Mim proteins might slightly contribute to the fidelity of the correct targeting.
6 iScience 23, 100779, January 24, 2020
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Figure 4. The Biogenesis of Gem1 Depends on the MIM Complex and on Tom20

(A) Schematic representation of the topologies of HA-Gem1 and Fis1.

(B) Crude mitochondria were isolated from the indicated deletion and their respective WT strains containing a plasmid

encoding HA-Gem1. Samples were analyzed by SDS-PAGE and immunodecoration with anti-HA and the indicated

antibodies.

(C) Quantification of the relative amounts of HA-Gem1 and Fis1. The intensity of the bands from at least three

independent experiments as the one presented in (B) were quantified and normalized to the Ponceau S signal. The levels

in the corresponding WT cells were set to 100%. Error bars represent GSD.

(D) Whole-cell lysate (WCL) and fractions corresponding to cytosol (cyt), microsomes (ER), and mitochondria (mito) from

the indicated cells were analyzed by SDS-PAGE and immunodecoration. Tom20 and Tom70 are known MIM substrate

proteins. Tom40 is a mitochondrial b-barrel protein, Hexokinase (Hxk1) is a cytosolic marker, whereas Erv2 is an ER

protein. Ponceau S staining is shown as a loading control.

(E) WT, mim1D, and mim2D cells expressing HA-Gem1 were grown to logarithmic phase, treated at time = 0 with CHX,

and then collected after the indicated time intervals. Crude mitochondria were isolated and then analyzed by SDS-PAGE

and immunodecoration with anti-HA and the indicated antibodies.

iScience 23, 100779, January 24, 2020 7



Figure 4. Continued

(F) Quantifications of the levels of HA-Gem1 from three independent experiments as in (E) using Tom40 as loading

control. The values at time = 0 in each strain were set to 100%. Error bars correspond to GSD.

See also Figures S3 and S4.
Next, we examined the life span of Gem1 in the mim single deletion strains by addition of CHX. In agree-

ment with the aforementioned experiments, the initial levels of Gem1 in the mutated cells were lower than

those in the control cells. However, the turnover of the protein was similar in all tested cells (Figures 4E and

4F). Thus, it seems that the absence of a functional MIM complex has no effect on the stability of the TA

proteins Fis1 and Gem1 (Figures 3G and 4F).

pATOM36 Can Replace the MIM Complex in Mediating the Import of MOM Proteins

We previously found that the Trypanosoma brucei protein pATOM36 can functionally compensate the

absence of the MIM complex (Vitali et al., 2018). Hence, we next aimed to test whether this protein can

also replace the MIM function in facilitating the membrane integration of the two new substrates that

we identified, Atg32 and Gem1. To that end, we compared the steady-state levels of Atg32 and Gem1

in the crude mitochondrial fraction of WT and single mim deletion strains that were transformed with an

empty vector with those transformed with a vector encoding pATOM36. The results depicted in Figure S4

illustrate that pATOM36 can indeed reverse the reduction in the steady-state levels of these MIM sub-

strates. These results further support the identification of pATOM36 as the functional equivalent of the

MIM complex.

Different Domains of Atg32 Mediate Dependency on either Tom20 or MIM Components

Our results so far indicate that different single-span proteins depend to a variable extent on the MIM com-

plex. To better understand the reason for this variability, we constructed a C-terminally truncated version of

Atg32 (HA-Atg32(DC)) and two fusion proteins that are composed of the tail-anchor segment of Fis1 fused

to the cytosolic domain of either Atg32 or Gem1 [HA-Atg32(cyt)-Fis1(TMS) or HA-Gem1(cyt)-Fis1(TMS),

respectively] (Figure 5A). Of note, the latter construct has probably native-like topology as it can rescue

the growth phenotype of cells lacking native Gem1 (Figure S3A). Next, we monitored the steady-state

levels of these proteins in the crude mitochondrial fraction of control cells or cells deleted for selected

import components. We observed that removal of the C-terminal domain of Atg32 eliminated the depen-

dency of the protein on Tom20, whereas the reduced levels in the absence of MIM components or Tom70

remained (compare Figures 5B and 5C with Figures 3B and 3C). These findings suggest that the depen-

dency on Tom20 is mediated by the IMS part of Atg32, whereas that on theMIM complex by the other parts

of the protein.

To narrow down these parts, we analyzed the fusion protein that is composed of the TMS of Fis1 and the

cytosolic domain of Atg32. Remarkably, this construct presented similar dependency on Mim1/2 and

Tom70 as the truncated version of Atg32 (Figures 5D and 5E). As the membrane integration of the TMS

segment of Fis1 appears to be independent of the MIM complex, these findings suggest the surprising

possibility that actually the cytosolic domain of Atg32 is responsible for the dependency on these proteins.

To better understand which parts of the single-span proteins facilitate reliance on the import factors, we

examined also the construct where the Fis1 TMS was fused to the cytosolic domain of Gem1. Notably,

this construct behaved similar to Gem1 and did not resemble the MIM independency of Fis1 (compare Fig-

ures 5F and 5G with Figures 4B and 4C). Thus, these results also support the assumption that the cytosolic

domain of some single-span proteins dictate largely the insertion pathway that these proteins follow.

Since we suspected that the IMS domain of Atg32 mediates Tom20-dependency, we wished to study this

possibility in more detail. To that aim, we constructed a fusion protein where the IMS domain of Atg32 is

fused C terminally to Fis1 (HA-Fis1-Atg32(IMSD)), Figure 6A. Analysis of the steady-state levels of this fusion

protein indicated that, like Fis1, it was Tom70- and MIM-independent, but similarly to Atg32 it showed de-

pendency on Tom20 (Figures 6B and 6C). Hence, these findings indicate that the IMS domain of Atg32 me-

diates the requirement for Tom20.

To further substantiate these conclusions, we fused the cytosolic domain of Fis1 to the TMS and IMS do-

mains of Atg32 (HA-Fis1(cyt)-Atg32(TMS + IMSD), Figure 6A). Importantly, this construct showed strong
8 iScience 23, 100779, January 24, 2020
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Figure 5. The Cytosolic Domain of Atg32 and Gem1 Dictates the Dependency on the MIM Complex

(A) Schematic representation of the topology of HA-Atg32(DC), HA-Atg32(cyt)-Fis1(TMS), and HA-Gem1(cyt)-Fis1(TMS).

(B, D, and F) Crude mitochondria were extracted from the indicated strains containing a plasmid expressing HA-

Atg32(DC) (B), HA-Atg32(cyt)-Fis1(TMS) (D), or HA-Gem1(cyt)-Fis1(TMS) (F). Samples were analyzed by SDS-PAGE and

immunodecoration with anti-HA and the indicated antibodies.

(C, E, and G) The intensities of the bands corresponding to the HA signal from at least three independent experiments as

in (B), (D), or (F) were quantified and normalized with the signal of the Ponceau S staining. The relative intensity, as

compared with the corresponding WT strain, of HA-Atg32(DC) (C), HA-Atg32(cyt)-Fis1(TMS) (E), and HA-Gem1(cyt)-

Fis1(TMS) (G) are depicted. Error bars represent GSD.
dependency on Tom20 and only moderate requirement for Mim1. No significant dependency on Mim2

or Tom70 was observed (Figures 6D and 6E). Collectively, these results support the findings that the

C-terminal domain of Atg32 mediates dependency on Tom20, whereas the cytosolic domains of

Atg32, and to a lesser extent that of Gem1, have a major contribution to the requirement of the Mim

proteins.
iScience 23, 100779, January 24, 2020 9
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Figure 6. Tom20 Is Required for the Biogenesis of Hybrid Proteins Containing the IMS Domain of Atg32

(A) Schematic representation of the topology of HA-Fis1-Atg32(IMSD) and HA-Fis1(cyt)-Atg32(TMS + IMSD).

(B and D) Crude mitochondrial fractions isolated from the indicated strains containing a plasmid expressing either HA-

Fis1-Atg32(IMSD) (B) or HA-Fis1(cyt)-Atg32(TMS + IMSD) (D) were analyzed by SDS-PAGE and immunodecoration with

anti-HA and the indicated antibodies.

(C and E) The intensity of the bands corresponding to HA-Fis1-Atg32(IMSD) (C) or HA-Fis1(cyt)-Atg32(TMS + IMSD) (E)

from at least three independent experiments as in (B) or (D), respectively, were quantified and normalized to the intensity

of the Ponceau S. The levels are presented as percentage of the corresponding WT samples and error bars

represent GSD.
DISCUSSION

The biogenesis of newly synthesized MOM proteins involves their synthesis on cytosolic ribosomes,

possible association with cytosolic factors to maintain them in import competent conformation, targeting

to the surface of the organelle, and finally integration into the membrane. In the current study, we investi-

gated which proteins on the surface of mitochondria are involved in the targeting andmembrane assembly

of single-span proteins. Remarkably, we observed that, although these proteins share some structural fea-

tures, each one of them depends to a different extent on the presence of import receptors and an insertase

complex.

Some proteins like theMOM isoform of Mcr1 or Fis1 hardly, if at all, require the assistance of import factors.

In contrast, the signal-anchored proteins Msp1 and the single-span protein Atg32 rely heavily on the pres-

ence of theMIM subunits and the latter protein depends also on Tom20 and Tom70. Yet, other proteins like
10 iScience 23, 100779, January 24, 2020



Figure 7. The Biogenesis of the Tested Proteins Depends on Their Domain Composition

Left: Schematic representation of the analyzed proteins. The topology of the proteins is depicted (cyt, cytosolic domain;

TMS, transmembrane segment; IMS, intermembrane space domain). In addition, the grand average of hydropathicity

(GRAVY) value of the corresponding TMS, the length of the soluble domains, and the charges of the IMS segment are

indicated.

Right: The average values of the steady-state levels measured for each protein in the indicated deletion strains is depicted

with a color-coded system, which is explained at the bottom.
Gem1 are only moderately dependent on the presence of the MIM complex and appear to require Tom20.

Thus, it seems that yet undefined determinants of the substrate proteins govern their distinct requirements

for support. Such determinants can be length and/or average hydrophobicity of the TMS, net charge of its

flanking regions, the tendency of the TMS to form helical structure, the presence of a soluble domain in the

IMS, or various parameters of the cytosolic domain. Inspection of the hydrophobicity and the flanking

charges did not reveal a clear correlation between these parameters and the behavior of the proteins (Fig-

ure 7). Most likely, rather than a single parameter a combination of several of the aforementioned deter-

minants dictate the behavior of a certain protein.

A link that we could identify is a Tom20 requirement that is mediated by the IMS domain of Atg32. All fusion

proteins harboring this domain showed dependency on Tom20, and Atg32 variant lacking it lost this

requirement. Tom20 can recognize directly this domain and/or the IMS domain is associated in the cytosol

with a chaperone and Tom20 serves as the receptor for this chaperone-substrate complex. Regardless of

the correct possibility, the biogenesis pathway of Atg32 and Gem1 provides a unique example where
iScience 23, 100779, January 24, 2020 11



targeting to the organelle is facilitated by Tom20, whereas the membrane integration is mediated by the

MIM complex. So far, known substrates of the MIM pathway, like multi-span helical proteins, were reported

to interact with Tom70 prior to their engagement by the MIM complex (Becker et al., 2011; Papic et al.,

2011); however, Atg32 is only moderately dependent on Tom70. Hence, this study indicates a novel coop-

eration between Tom20 and the MIM complex.

Another surprising finding of our study is the contribution of the cytosolic domains of the substrate proteins

Atg32 and Gem1 to the dependency on the MIM complex. Since these domains remain in the cytosol and

do not have to cross the MOM, their effect might be via their influence on the availability of the TMS for

recognition and insertion by the MIM complex. Alternatively, the MIM complex may help in obtaining

the correct conformation of the cytosolic domain by interacting with hydrophobic segments, which in

the final conformation will be buried within this domain. A third possibility is that, as discussed above

for the involvement of Tom20, the cytosolic domain of Atg32 or Gem1 is stabilized by cytosolic factor(s)

and the MIM complex functions as a receptor for such factors. Actually, a study by Vögtle et al. support

the latter option as it suggested that, at least for the multi-span protein Ugo1, the MIM complex functions

more as a receptor than as an insertase (Vogtle et al., 2015).

The results of the current study substantiate that the membrane integration of the MOM proteins Fis1 and

Mcr1 is basically MIM independent. Of note, although theMIM complex does not appear to affect themito-

chondrial levels of Fis1, it seems that in its absence more Fis1 molecules are mis-targeted to the ER. One

explanation for this observation is a potential involvement of the MIM complex in a quality control process

that re-targets mitochondrial proteins, which were wrongly associated with the ER, to the mitochondria. It

might be that the MIM complex is not required for the direct insertion of newly synthesized Fis1 molecules

from the cytosol, but, due to unclear reason, it does facilitate the re-targeting of those molecules that were

initially associated with the ER. Such an ER surface retrieval pathway was described recently for several

mitochondrial proteins (Hansen et al., 2018).

Our findings also establish Atg32, Msp1, and Gem1 as novel substrates of the MIM pathway. However, also

for these clear substrates, MIM deletion reduces the extent of membrane integration but still allows a

considerable portion of these newly synthesized proteins to associate with the MOM. Thus, it is quite

obvious that an alternative membrane insertion pathwaymust exist. Such an alternative route might involve

a yet unknown protein factor or the lipid core of the membrane as it was reported that the optimal integra-

tion of helical proteins into the MOM requires low ergosterol content and the presence of cardiolipin and

phosphatidic acid (Kemper et al., 2008; Sauerwald et al., 2015; Vogtle et al., 2015). A similar multi pathway

scenario is also discussed for the membrane integration of TA proteins into the ER membrane where at

least four, partially overlapping, potential pathways are postulated (Borgese et al., 2019).

Collectively, our results could be explained by a variable dependency on the MIM complex that is dictated

by yet undefined combination of determinants. At one edge of the spectrum are proteins like Fis1 andMcr1

that can be inserted into the MOM in an unassisted manner. On the other side are those proteins like Msp1

and Atg32 that heavily rely on the help of the MIM insertase, and in between these poles are substrates like

Gem1 that are not absolutely dependent on the MIM machinery but probably can utilize it when it is pre-

sent. Moreover, the import of single-span MOM proteins is further influenced by cytosolic factors and the

lipid composition of themembrane. This collection of, partially unknown, parameters makes any attempt to

predict which pathway a certain protein will follow a very demanding task.
Limitations of the Study

This study used Baker’s yeast as a model organism. Higher eukaryotes do not have a MIM complex but

rather, yet unidentified, equivalent factors. Hence, is unclear whether the various import requirements

that were identified for the different utilized substrate proteins are valid also in higher eukaryotes.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. Related to Figure 1. Mcr1 levels are not affected by deletions of MOM 
import factors.
(A) Schematic representation of the topology of Mcr1mom. IMS: intermembrane space. 
(B) Crude mitochondrial fractions of mim1Δ, mim2Δ, tom20Δ, tom70/71Δ, and their 
respective WT strains were analysed by SDS-PAGE and immunodecoration with the 
indicated antibodies. The outer membrane (Mcr1mom) and IMS (Mcr1ims) isoforms of Mcr1 
are indicated.  
(C) Quantification of the band corresponding to Mcr1mom in experiments as in (B). The 
levels were normalized with the Ponceau S signal and presented as percentage of the 
amounts in the corresponding WT samples. The graph represents the average of at least 
three independent experiments ± standard deviation (SD). 
(D) Isolated mitochondria were obtained from WT and mim1/2Δ strains and analysed by 
SDS-PAGE and immunodecoration with the indicated antibodies. 
(E) Mcr1mom levels from three independent experiment as in (D) were quantified and 
normalized to the intensities of the Ponceau S staining. The values are presented as 
percentage of the amounts in WT cells. Error bars represent ± SD.
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Figure S4. Related to Figures 3 and 4. The reduced levels of HA-Atg32 and HA-Gem1 
in the absence of the MIM complex can be complemented by pATOM36.
(A and C) Crude mitochondrial fractions were obtained from WT, mim1Δ, and mim2Δ cells 
transformed with a plasmid encoding HA-Atg32 (A) or HA-Gem1 (C) and with either an 
empty plasmid (Ø) or a plasmid overexpressing pATOM36. Samples were analysed by 
SDS-PAGE and immunodecoration with anti-HA and the indicated antibodies. 
(B and D) The intensity of the bands corresponding to HA-Atg32 (B) or HA-Gem1 (D) from 
at least three independent experiments as in (A) or (C), respectively, were quantified and 
normalized to the Ponceau S signal. The levels are presented as percentage of the levels 
in WT cells transformed with the empty plasmid. Error bars represent ± SD.
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Transparent Methods 

 
Yeast strains and growth conditions 

Yeast strains used in the study were isogenic to Saccharomyces cerevisiae strain W303a, 

W303α, YPH499, or JSY7452. All strains used in this study are listed in Table S1. Standard 

genetic techniques were used for growth and manipulation of yeast strains. Yeast cells were 

grown in either rich medium YP (2% [w/v] bacto peptone, 1% [w/v] yeast extract) or synthetic 

medium S (0.67% [w/v] bacto-yeast nitrogen base without amino acids). Glucose (2% [w/v]), 

galactose (2% [w/v]), sucrose (2% [w/v]), or lactate (2% [w/v]) were used as carbon source. 

Transformation of yeast cells was performed by the lithium acetate method. For drop-dilution 

assay, cells were grown in a synthetic medium to logarithmic phase and diluted in fivefold 

increments followed by spotting five μl of the diluted cells on solid media. 

 

Recombinant DNA techniques 

The MSP1 open reading frame (ORF) was amplified by PCR from yeast genomic DNA with 

specific primers containing BamHI and HindIII restriction sites. The yeast Kozak sequence 

was introduced directly upstream of the start codon via a primer. The PCR product was cloned 

into the plasmid pGEM4 to obtain pGEM4-yk-Msp1. The pYX142-Msp1(TMS)-GFP plasmid 

was obtained by PCR amplification of the DNA sequence encoding amino acid residues 1-32 

of Msp1 using pYX142-Msp1-3HA as a template. Primers containing EcoRI and KpnI 

restriction sites were used and the PCR product was inserted upstream and in-frame with the 

eGFP coding region of pGEM4-eGFP plasmid. Next, the sequence encoding Msp1(TMS)-GFP 

was sub-cloned, using  EcoRI and BamHI restriction sites, from the pGEM4 plasmid to the 

yeast expression pYX142 plasmid. 

  To insert the FIS1 promotor (pr) and terminator (ter) into the pRS316 plasmid, DNA 

segments of around 500 bp upstream and downstream of the FIS1 ORF were amplified by PCR 

from genomic DNA. The promotor region was cloned between SpeI and XmaI restriction sites, 

while the terminator sequence was inserted between HindIII and SalI sites. To obtain the 

pRS316-FIS1pr-Fis1(cyt)-FIS1ter, the sequence encoding for the cytosolic domain of Fis1 

(amino acid residues 1-103) was amplified by PCR from genomic DNA and inserted with XmaI 

and NheI restriction sites between the FIS1 promotor and terminator segments. The plasmid 

pRS316-3HA-Gem1 was obtained upon amplifying by PCR the GEM1 ORF from pYX132-

GFP-Gem1 (Cichocki et al., 2018) with primers containing the XmaI and HindIII restriction 



sites. The obtained DNA fragment was inserted into the pRS316-FIS1pr-FIS1ter plasmid. The 

3xHA tag was amplified by PCR form pYX142-3HA-YadA (Müller et al., 2011) and inserted 

in-frame at the N-terminus of Gem1, between two XmaI restriction sites. 

The pRS316-FIS1pr-3HA-Fis1(cyt)-FIS1ter plasmid was obtained by amplifying the 

3xHA tag by PCR from pYX142-3HA-YadA (Müller et al., 2011) with primers containing 

XmaI and EcoRI restriction sites and inserting it into the pRS316-FIS1pr-Fis1cyt-FIS1ter 

plasmid. To obtain the plasmid pRS316-3HA-Fis1, the FIS1 ORF was amplified by PCR from 

genomic DNA with primers containing EcoRI and HindIII restriction sites and inserted into 

the pRS316-FIS1pr-3HA-FIS1ter plasmid. The pRS316-3HA-Gem1(cyt) plasmid, encoding 

the cytosolic domain of Gem1 (amino acid residues 1-634), was obtained by digesting pRS316-

HA-Gem1 with SalI and XhoI, employing the SalI restriction site present in the GEM1 ORF 

upstream the sequence coding for the TMS of the protein. To construct the plasmid pRS316-

3HA-Gem1(cyt)-Fis1(TMS), the sequence coding for Fis1 TMS (amino acid residues 129-155) 

followed by FIS1 terminator was amplified by PCR from pRS316-3HA-Fis1 with primers 

containing SalI and Xho1 restriction sites and inserted in-frame into pRS316-3HA-Gem1(cyt). 

The pRS316-3HA-Fis1-Atg32(IMSD) plasmid was obtained upon PCR amplification 

of the FIS1 ORF without the stop codon, using pRS316-3HA-Fis1 plasmid as a template, and 

inserting it into the pRS316-FIS1pr-3HA-FIS1ter between EcoRI and NheI restriction sites. 

Subsequently, the sequence coding for the IMS domain of Atg32 (amino acid residues 431-529 

aa) was amplified by PCR from the pRS316-3HAn-Atg32 plasmid (Okamoto et al., 2009) with 

primers containing the NheI and HindIII restriction sites and inserted in-frame downstream the 

FIS1 ORF. pRS316-3HA-Fis1(cyt)-Atg32(TMS+IMSD) was constructed by PCR 

amplification of the sequence coding for Atg32 TMS and IMS domain (amino acid residues 

389-529), employing pRS316-3HAn-Atg32 (Okamoto et al., 2009) as template. The PCR 

product was inserted into pRS316-FIS1pr-3HA-Fis1(cyt)-FIS1Ter between NheI and HindIII 

restriction sites. pRS316-3HAn-Atg32(ΔC) and pRS316-3HAn-Atg32(cyt)-Fis1(TMS) were 

constructed as follows, a point mutation was introduced in the pRS316-3Han-Atg32(1-388)-

TMpexo- plasmid (Kondo-Okamoto et al., 2012) to insert the NheI restriction site directly 

downstream the sequence encoding for the TMS of Pex15. Afterwards, this latter sequence, 

which was located between two NheI sites, was excised and then the sequences coding for the 

TMS of either Atg32 (a.a. residues 389-430) or of Fis1 (amino acid residues 129-155), 

amplified from pRS316-3HAn-Atg32 and pRS316-HA-Fis1 respectively, were inserted 

between the two NheI restriction sites. All constructs were confirmed by DNA sequencing. 

Tables S2 and S3 include a full list of plasmids and primers, respectively, used in this study. 



Biochemical methods 

Protein samples for immunodecoration were analysed on 12.5% SDS-PAGE and subsequently 

transferred onto nitrocellulose membranes by semi-dry Western blotting. Before loading on the 

gels, the samples were heated for 10 min at either 50°C, for samples containing variants of 

Atg32, or at 95°C, for all other samples. Proteins were detected by incubating the membranes 

first with primary antibodies and then with horseradish peroxidase-conjugates of either goat 

anti-rabbit or goat anti-rat secondary antibodies. Band intensities were quantified with AIDA 

software (Raytest). See Table S4 for a list of primary antibodies used in this study. 

Subcellular fractionation was performed as described before (Walther et al., 2009). 

Isolation of mitochondria from yeast cells was performed by differential centrifugation, as 

previously described (Daum et al., 1982). To obtain highly pure mitochondria, isolated 

organelles were layered on top of a Percoll gradient and isolated according to a published 

procedure (Graham, 2001). 

To obtain fractions of crude mitochondria, cells were ruptured with glass beads (Ø 0.25-

0.5 mm) using FastPrep-24 5G (MP Biomedicals) for 40 sec, 6.0 m/sec. The samples were then 

centrifuged (20000g, 10 min, 4°C) and the pellet was resuspended in a 2xLämmli solution.  

 

Protein stability assay 

For the protein stability assay, cells were grown to logarithmic phase and then treated with 

cycloheximide (CHX) at final concentration of 0.1 mg/ml. Samples were collected at different 

time points, crude mitochondria were obtained as described above and samples were analysed 

by SDS-PAGE and immunoblotting. 

 

In vitro synthesis and mitochondrial import of radiolabelled proteins  

Cell-free transcription was performed with SP6 polymerase from pGEM4 plasmid encoding 

MSP1. The protein was then translated in vitro from the acquired mRNA in rabbit reticulocyte 

lysate (Promega) in the presence of 35S-methionine. Protein import was performed by adding 

50 µl of the reticulocyte lysate (containing the translated protein) to 30 µg of isolated 

mitochondria diluted to a final concentration of 1 µg/µl in import buffer (250 mM sucrose, 

0.25 mg/ml BSA, 80 mM KCl, 10 mM MOPS-KOH, 5 mM MgCl2, 8 mM ATP and 4 mM 

NADH, pH 7.2). Import of Msp1 was performed at 10°C for 2, 5, 10, or 20 minutes. The import 

reactions were terminated by diluting the reaction with 400 µl SEM-K80 buffer (250 mM 

sucrose, 80 mM KCl, 10 mM MOPS, 1 mM EDTA, pH 7.2) and pelleting the mitochondria 

(13200g, 10 min, 2°C). The pellet fraction was subjected to alkaline extraction by resuspending 



it in 100 µl of 0.1 M Na2CO3 solution and incubation for 30 min on ice. Then, the membrane 

fraction was isolated by centrifugation (180000g, 30 min, 2°C). The pellet was resuspended 

with 40 µl of 2xLaemmli buffer, heated for 10 min at 95°C, and analysed by SDS-PAGE 

followed by autoradiography.  

 

Fluorescence microscopy 

Microscopy images of strains expressing Msp1(TMS)-eGFP, eGFP, and mtRFP  were acquired 

with an Axioskop 20 fluorescence microscope equipped with an Axiocam MRm camera using 

the 43 Cy3 filter set and the AxioVision software (Carl Zeiss).  

 

 

 

 

 

Table S1. Yeast strains used in this study 

Name Mating type Genetic background Source or reference 

W303a MATa 
ade2-1 can1-100 his3-11 leu2 3_112 
trp1Δ2 ura3-52 

Lab stock 

W303α MATα 
ade2-1 can1-100 his3-11 leu2 3_112 
trp1Δ2 ura3-52 

Lab stock 

YPH499 MATa 
 ura3-52 lys2-801_amber ade2-
101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1 

Lab stock 

JSY7452 MATα 
ade2-1 can1-100 his3-11,15 leu2-3 trp1-
1 ura3-1  

(Kondo-Okamoto et al., 2006) 

mim1Δ MATa W303a; mim1Δ::KanMX (Dimmer et al., 2012) 
mim2Δ MATa W303a; mim2Δ::HIS3 (Dimmer et al., 2012) 
mim1/2Δ MATa W303a; mim1Δ::KanMX mim2Δ::HIS3 (Dimmer et al., 2012) 
tom20Δ MATα W303α; tom20Δ::HIS3 (Müller et al., 2011) 
tom70/71Δ MATa JSY7452; tom70Δ::TRP1 tom71Δ::HIS3 (Kondo-Okamoto et al., 2008) 
mas37Δ MATa YPH499; mas37Δ::HIS3 (Habib et al., 2005) 

 

   



Table S2. Plasmids used in this study 

Plasmid Promoter 
Coding 

sequence (aa) 
Markers Source 

pGEM4-yk-Msp1 SP6 Msp1 full length AmpR This study 

PYX142-Msp1-3HA TPI Msp1 full length 
LEU2, 
AmpR 

This study 

pGEM4-eGFP SP6 GFP AmpR Lab stock 

   PRS416-MTS-RFP  TPI MTS-RFP 
   URA3 

AmpR 
Lab stock 

pYX142-
Msp1(TMS)-eGFP 

TPI Msp1(1-32) 
LEU2, 
AmpR 

This study 

pRS316-3HAn-Atg32 
Atg32Pr 

(580 bp 5'-UTR / 744 bp 
3'-UTR from ATG32) 

Atg32 full 
length 

URA3, 
AmpR 

(Okamoto et al., 2009) 

pRS316-3HA-Gem1 
Fis1Pr 

(496 bp 5’-UTR / 408 bp 
3’-UTR from FIS1) 

Gem1 full 
length 

URA3, 
AmpR 

This study 

pYX142 TPI  
LEU2, 
AmpR 

Lab stock 

pYX142-pATOM36 TPI 
pATOM36 full 

length 
LEU2, 
AmpR 

(Vitali et al., 2018) 

pRS316-3HAn-
Atg32(ΔC) 

Atg32Pr 
(580 bp 5'-UTR / 744 bp 

3'-UTR from ATG32) 
Atg32(1-430) 

URA3, 
AmpR 

This study 

pRS316-3HAn-
Atg32(cyt)-
Fis1(TMS) 

Atg32Pr 
(580 bp 5'-UTR / 744 bp 

3'-UTR from ATG32) 

Atg32(1-388) + 
Fis1(129-155) 

URA3, 
AmpR 

This study 

pRS316-3HA-
Gem1(cyt)-
Fis1(TMS) 

Fis1Pr 
(496 bp 5’-UTR / 408 bp 

3’-UTR from FIS1) 

Gem1(1-634) + 
Fis1(129-155) 

URA3, 
AmpR 

This study 

pRS316-3HA-Fis1- 
Atg32(IMSD) 

Fis1Pr 
(496 bp 5’-UTR / 408 bp 

3’-UTR from FIS1) 

Fis1(1-155) + 
Atg32(431-529) 

URA3, 
AmpR 

This study 

pRS316-3HA-
Fis1(cyt)- 

Atg32(TMD+IMSD) 

Fis1Pr 
(496 bp 5’-UTR / 408 bp 

3’-UTR from FIS1) 

Fis1(1-103) + 
Atg32(389-529) 

URA3, 
AmpR 

This study 

pRS316-3HA-Fis1 
Fis1Pr 

(496 bp 5’-UTR / 408 bp 
3’-UTR from FIS1) 

Fis1 full length 
URA3, 
AmpR 

This study 

pYX142-Mim1 TPI 
Mim1 full 

length 
LEU2, 
AmpR 

(Dimmer et al., 2012) 

 

  



Table S3. Primers used in this study 

Primer name Sequence (5’-3’) Note 

BamHIMsp1F 
GGGGGATCCAAAAAAATGTCTCGCA
AATTTGATTTAAAAACGATTACTGA
TCTTT 

Amplification of MSP1, BamHI 
restriction site at 5’ 

HindIIIMsp1R 
GGGAAGCTTTTAATCAAGAGGTTGA
GATGACAAC 

Amplification of MSP1, HindIII 
restriction site at 5’ 

EcoRIMsp1F 
GGGGAATTCATGTCTCGCAAATTTGATT
TAAAAACGATTACTG 

Amplification of the sequence 
encoding the TMS of Msp1 (a.a. 1-
32), EcoRI restriction site at 5’ 

KpnIMsp1R 
GGGGGTACCGCCCGGGCCGTTGAGTAG
CCGACTGACCAGGTAG 

Amplification of the sequence 
encoding the TMS of Msp1 (a.a. 1-
32), KpnI restriction site at 5’ 

XmaIGem1F 
GGGCCCGGGACTAAAGAAACGATT
CGGGTAG 

Amplification of GEM1, XmaI 
restriction site at 5’ 

HindIIIGem1R 
CCCAAGCTTTTATTTTGAGAATTTTG
ATGATTTGAATAATTTCAT 

Amplification of GEM1, HindIII 
restriction site at 5’ 

XmaIHAF 
CCCCCCGGGATGTACCCATACGATG
TTCCTG 

Amplification of HA coding 
sequence, XmaI restriction site at 5’ 

XmaIHAR 
GGGCCCGGGAGCGTAATCTGGAAC
GTCAT 

Amplification of HA coding 
sequence, XmaI restriction site at 5’ 

Xma1Fis1CytF 
GGGCCCGGGATGACCAAAGTAGATT
TTTGGCC 

Amplification of sequence encoding 
the cytosolic domain of Fis1, XmaI 
restriction site at 5’ 

NheIHindIIIFis1CytR 
CCCAAGCTTGCTAGCTAAAGTGTCT
ACATATCTCTTCGCC 

Amplification of sequence encoding 
the cytosolic domain of Fis1, NheI 
and HindIII restriction site at 5’ 

mutKOB131F CTAGCGAGTATAGCTAGCTAACCTT 
Insertion of point mutation to include 
NheI restriction site in pRS316-
atg32(1-388)-TMpexo-3HAn 

mutKOB131R AAGGTTAGCTAGCTATACTCGCTAG 
Insertion of point mutation to include 
NheI restriction site in pRS316-
atg32(1-388)-TMpexo-3HAn 

NheIAtg32TMDF 
CCCGCTAGCAGCTGGTTCACTTGGG
GCATTTC 

Amplification of sequence encoding 
the TMS of Atg32, NheI restriction 
site at 5’ 

NheIAtg32TMD+R 
GGGGCTAGCCAATATGGAGGGCCG
CAAACTTAAAG 

Amplification of sequence encoding 
the TMS of Atg32, NheI restriction 
site at 5’ 

NheIFis1TMDF 
CCCGCTAGCCTCAAGGGTGTTGTCG
TCG 

Amplification of sequence encoding 
the TMS of Fis1, NheI restriction site 
at 5’ 

NheIFis1TMDR 
GGGGCTAGCTTACCTTCTCTTGTTTC
TTAAGAAGAAAC 

Amplification of sequence encoding 
the TMS of Fis1, NheI restriction site 
at 5’ 

SalIFis1TMDF 
GGGGTCGACTACAGACAAACGGCTC
TCAAGGGTGTTGTCGTCGC 

Amplification of sequence encoding 
the TMS of Fis1, SalI restriction site 
at 5’ 

XhoIFis1TerR 
CCCCTCGAGATCTCACAATACAGTA
TTACGATTTAACAATAGACTATTG 

Amplification of sequence encoding 
the TMS of Fis1, XhoI restriction site 
at 5’ 

EcoRIFis1HACytF 
GGGGAATTCATGACCAAAGTAGATT
TTTGGCC 

Amplification of FIS1 without stop 
codon, EcoRI restriction site at 5’ 

NheIFis1NOSTOPR 
CCCGCTAGCCCTTCTCTTGTTTCTTA
AGAAGAAAC 

Amplification of FIS1 without stop 
codon, NheI restriction site at 5’ 

NheIAtg32IMSDF 
GGGGCTAGCGCCTCTTTACTTTCCTT
AGATTCCTCTAG 

Amplification of sequence encoding 
the IMS domain of Atg32, NheI 
restriction site at 5’ 



HindIIIAtg32R 
CCCAAGCTTTTACAATAGAATATAA
CCCAGTGCCAAAATC 

Amplification of sequence encoding 
the IMS domain of Atg32, HindIII 
restriction site at 5’ 

5-Fis1Pr-SpeI 
AAAACTAGTTCAAATAACATGTGTC
CATTACC 

Amplification of Fis1Pr, SpeI 
restriction site at 5’ 

3-Fis1pr-SmaI AAACCCGGGGTTGTATGGCTGTG 
Amplification of Fis1Pr, SmaI 
restriction site at 5’ 

5-Fis1THindIII 
CCCAAGCTTATAAAAAATCAGCACA
TACGTACATAC 

Amplification of Fis1Term, HindIII 
restriction site at 5’ 

3-Fis1TSalI 
CCCGTCGACATCTCACAATACAGTA
TTACG 

Amplification of Fis1Term, SalI 
restriction site at 5’ 

 

 

 

 

 

Table S4. Antibodies used in this study 

Antibodies Dilution Source 

polyclonal rat anti-HA 1 : 1000 11867423001 (Roche) 

polyclonal rabbit anti-GFP   1:  2000 TP401 (Torrey Pines) 

polyclonal rabbit anti-Mcr1 1 : 2000 Lab stocks 

polyclonal rabbit anti-Tom40 1 : 4000 Lab stocks 

polyclonal rabbit anti-Tom20 1 : 5000 Lab stocks 

polyclonal rabbit anti-Fis1 1 : 1000 Lab stocks 

polyclonal rabbit anti-Tom70 1 : 5000 Lab stocks 

polyclonal rabbit anti-Mim1 1 : 500 Lab stocks 

polyclonal rabbit anti-Msp1 1 : 1000 Lab of Toshiya Endo 

polyclonal rabbit anti-Pic2 1 : 2000 Lab stocks 

polyclonal rabbit anti-Bmh1 1 : 1500 Lab stocks 

polyclonal rabbit anti-Erv2 1 : 2000 Lab of Roland Lill 
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ARTICLE

Cnm1 mediates nucleus–mitochondria contact site
formation in response to phospholipid levels
Michal Eisenberg-Bord1*, Naama Zung1*, Javier Collado2,3, Layla Drwesh4, Emma J. Fenech1, Amir Fadel1, Nili Dezorella5, Yury S. Bykov1,
Doron Rapaport4, Ruben Fernandez-Busnadiego2,3, and Maya Schuldiner1

Mitochondrial functions are tightly regulated by nuclear activity, requiring extensive communication between these
organelles. One way by which organelles can communicate is through contact sites, areas of close apposition held together by
tethering molecules. While many contacts have been characterized in yeast, the contact between the nucleus and
mitochondria was not previously identified. Using fluorescence and electron microscopy in S. cerevisiae, we demonstrate
specific areas of contact between the two organelles. Using a high-throughput screen, we uncover a role for the
uncharacterized protein Ybr063c, which we have named Cnm1 (contact nucleus mitochondria 1), as a molecular tether on the
nuclear membrane. We show that Cnm1 mediates contact by interacting with Tom70 on mitochondria. Moreover, Cnm1
abundance is regulated by phosphatidylcholine, enabling the coupling of phospholipid homeostasis with contact extent. The
discovery of a molecular mechanism that allows mitochondrial crosstalk with the nucleus sets the ground for better
understanding of mitochondrial functions in health and disease.

Introduction
During the evolution of eukaryotes, an α-proteobacterium in-
tegrated into its archaeal host cell, giving rise to the mitochon-
drial organelle (Dyall et al., 2004). As mitochondrial genes
transferred to the nuclear genome, the response to mitochon-
drial stress also became nuclear transcribed, and mitochondria
number and function had to become coordinated with cellular
needs and cell division. This increased dependence on the nu-
cleus required that the two organelles evolve methods of com-
munication. The importance of this communication is evident
by how its breakdown contributes to a number of diseases, such
as various forms of cancer (Mello et al., 2019; Xia et al., 2019; Yi,
2019), fatty liver disease (Yi, 2019), insulin resistance and obe-
sity (Lee et al., 2015), and physiological conditions such as aging
(Mohrin et al., 2015; Reynolds et al., 2020).

Over the years, many aspects of nucleus–mitochondria com-
munication have been intensively studied. Signaling cascades be-
tween the organelles were found, dually targeted proteins described,
and mitochondrial metabolites required for nuclear function char-
acterized (Eisenberg-Bord and Schuldiner, 2017b; English et al.,
2020). However, more direct forms of communication between
the two organelles, such as through contact sites, were less explored.

Contact sites are areas where the membranes of two organ-
elles are actively tethered by proteins. Contact sites house
unique proteins and lipids and allow direct crosstalk between
organelles. The short distance between organelles in these
contacts (usually ranging between 10 and 80 nm; Scorrano et al.,
2019), enables the rapid, efficient and directional transfer of
ions, lipids and metabolites (Eisenberg-Bord et al., 2016;
Eisenberg-Bord and Schuldiner, 2017a; Zung and Schuldiner,
2020). While contact sites between multiple pairs of organelles
have been demonstrated and investigated in some depth (Shai
et al., 2018), the contacts between mitochondria and the nucleus
remain elusive. One reason for this gap in our knowledge is that
the outer nuclear membrane is continuous with the membrane
of the most abundant organelle in the cell, the ER. Since the ER
forms extensive contacts with mitochondria, it was hence dif-
ficult to distinguish a contact that is unique to the nuclear
envelope.

The ER–mitochondria contact site was the first to be de-
scribed in the 1950s (Bernhard and Rouiller, 1956; Bernhard
et al., 1952; Copeland and Dalton, 1959). However, it was not
until 2009 that the tethering machinery mediating this contact
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in Saccharomyces cerevisiae (from here on termed yeast) was
characterized and named the ER–mitochondria encounter
structure (ERMES; Kornmann et al., 2009). This tethering
complex is composed of one subunit spanning the mitochon-
drial membrane (Mdm10), one spanning the ER membrane
(Mmm1), and two cytosolic subunits (Mdm34 and Mdm12;
Kornmann et al., 2009). The ERMES complex was demonstrated
to play a role in the transfer of phospholipids between the ER and
mitochondria (Kawano et al., 2018; Kundu and Pasrija, 2020;
Endo et al., 2018). In recent years, additional tethering machin-
eries for the ER–mitochondria contact in yeast were discovered
(Murley et al., 2015; Elbaz-Alon et al., 2015; Gatta et al., 2015;
Lahiri et al., 2014), however whether any of these are required
for communication between the nuclear envelope and mito-
chondria was not determined.

Recently, a contact site between the nucleus and mitochon-
dria was described in human mammary cancer tissue and was
then further studied in cell lines (Desai et al., 2020). This contact
site was shown to have a role in the retrograde signaling re-
sponse, occurring between the nucleus and mitochondria, and is
facilitated by the cholesterol binding and translocator protein
TSPO (Desai et al., 2020). The formation of this contact site was
independent of two of the tethering machineries facilitating
ER–mitochondria contacts in human cells (VAPB5 and mitofusin
2), suggesting that these contacts are distinct (Desai et al., 2020).
However, a TSPO homolog is not found in the yeast proteome. In
yeast, it has also recently been suggested that a dedicated contact
site between mitochondria and the nucleus exists, since heme,
created in mitochondria, bypasses cytosolic pools, and transfers
directly into the nucleus (Martinez-Guzman et al., 2020). Hence,
it became important to prove that such a contact site exists in
yeast as well as uncover its molecular tethers.

Here, we describe a contact between mitochondria and the
nuclear periphery (nuclear ER) in yeast that is ERMES inde-
pendent. Using high-content screens, we find a dedicated tether
formed by the previously unstudied nuclear envelope protein
Ybr063c (which we name Cnm1 [contact nucleus mitochondria
1]) and uncover its interaction partner on mitochondria, the
component of the TOM (translocase of outer membrane [OM])
complex, Tom70. We show that Cnm1 and Tom70 are sufficient
for contact site formation and that Cnm1-mediated contact sites
are regulated by phosphatidylcholine (PC) metabolism. Our
studies pave the way for a more comprehensive understanding
of nucleus–mitochondria communication.

Results
Mitochondria form ERMES-independent contact sites with the
nuclear ER
EM images of yeast cells demonstrates three distinct types of
contact sites between mitochondria and the ER: those with
cortical ER, those with tubular ER, and somewith the nuclear ER
(which is continuous with the outer nuclear membrane;
Fig. 1 A).

To corroborate the existence of mitochondria–nuclear ER
(from here on called nucleus) contact sites and observe them
at higher resolution, we used focused ion beam thinning of

vitrified yeast and cryoelectron tomography (Collado and
Fernández-Busnadiego, 2017; Collado et al., 2019). The en-
hanced resolution and sample preservation enabled us to not
only measure (Salfer et al., 2020) the average distance between
the nucleus and mitochondria in these areas to be ∼20 nm, as
would be expected from a bone fide contact site (Scorrano et al.,
2019; Fig. S1 A), but also model the contact by 3D segmentation
(Salfer et al., 2020; Fig. S1 B). Moreover, we could visualize
native protein densities at the contact area that may represent
specific tethering molecules underlying the formation of this
contact site (Fig. 1 B).

To find potential tethers and resident proteins of the
nucleus–mitochondria contact site, we first developed a method
to visualize the contact using fluorescence microscopy. We used
the split Venus approach for building a contact site reporter in
the absence of prior knowledge as to the identity of the molec-
ular tethers (Shai et al., 2018). In short, we attached one part of a
split Venus molecule to Tom70, an outer mitochondrial mem-
brane protein, and the second part to Nsg1, a nuclear periphery
protein (see scheme in Fig. 1 C). The correct localization of
fluorescently labeled variants of both proteins was confirmed by
fluorescence microscopy (Fig. 1 C). Only at contact sites, where
the two membranes are in proximity, the Venus fragments in-
teract, the full Venus protein is formed, and the resulting fluo-
rescence enables imaging by a fluorescent microscope. Indeed,
we observed a clear fluorescent signal suggesting that the
nucleus–mitochondria contact site can be imaged by this ap-
proach, and this was independent of the Venus fragment ap-
pended to either Nsg1 or Tom70 (Figs. 1 D and S1 C).

To verify that the reporters are specific, we imaged them
relative to both mitochondria and the nucleus. Indeed, images of
these cells verified that in all cases where a signal from the re-
porter was observed, it occurred at areas of apposition between
the nucleus and mitochondria (Figs. 1 D and S1 C), meaning
the reporters accurately identify proximity between the two
organelles.

To test if our reporter is simply reflecting contact sites fa-
cilitated by the well-studied ER–mitochondria contact site ma-
chinery, we overexpressed one ERMES subunit, Mdm34, and
analyzed its effect on our reporter and on an ER–mitochondria
contact reporter as a control. It has been well documented
that overexpressing a tether can expand contact extent (Shai
et al., 2018). Indeed, we found that overexpression of Mdm34
caused the appearance of cells with increased extent of the ER–
mitochondria contact site reporter. However, it did not extend
the nucleus–mitochondria contact site reporter (Fig. S1, D and E),
suggesting that the reporter is showing an ERMES-independent
structure. We then visualized the nuclear–mitochondria contact
reporter relative to two ERMES components, Mmm1 andMdm34.
The pattern of colocalization between Mmm1/Mdm34 and the
reporter highlighted the existence of two distinct populations.
Some reporter signals were in close proximity to Mmm1 (47%) or
Mdm34 signals; however, some were only partially colocalized
withMmm1 (18%) orMdm34, and others were completely distinct
from ERMES subunits (35% for Mmm1 signals), demonstrating
that nucleus–mitochondria proximity can be ERMES independent
(Figs. 1 E and S1 F). These observations suggested that distinct
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Figure 1. Mitochondria form contact sites with the nuclear ER that are ERMES independent. (A) EM images of yeast S288c background demonstrate
different mitochondrial contact sites with the various subcompartments of the ER (peripheral, tubular, and nuclear). Each image was differentially adjusted for
brightness. M, mitochondrion; N, nucleus. Scale bar, 200 nm. (B) Tomograms of yeast (SEY6210.1 background) show the contact sites between the two
organelles. M, mitochondrion, N, nucleus, scale bar, 300 nm. Inset: High-density regions that may represent molecular tethers (arrowheads). Scale bar, 50 nm.
(C) Schematic illustration of a nucleus–mitochondria contact site reporter. The C-terminal part of a Venus protein (VC) was attached to outer mitochondrial
membrane protein, Tom70. The N-terminal part of the Venus protein (VN) was attached to the nuclear ER protein Nsg1. These proteins are homogenously
distributed on the OM of their respective organelles, as demonstrated by the images when tagged with GFP on their C terminus. Only in cases where the two
organelles are in proximity, as in the case of contact sites, the full Venus protein forms and the fluorescent signal is detected. Scale bar, 5 µm. (D) The
nucleus–mitochondria reporter Nsg1-VN/Tom70-VC correctly identifies proximities between the two organelles. Nuclei are visualized by the red fluorophore
(tdTomato) fused to a NLS (NLS-TFP). Mitochondria are visualized by a BFP fused to a mitochondrial targeting sequence (MTS-BFP). The fluorescent signal of
the reporter is only localized to areas of proximity between mitochondria and the nucleus. Scale bar, 5 µm. (E) Some nucleus–mitochondria contacts are
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tethering molecules facilitate the contact site between mitochon-
dria and the nucleus.

High-content screens reveal residents and effectors of the
nucleus–mitochondria contact
The first step toward reaching a mechanistic understanding of a
contact site is to uncover tethering molecules as well as resident
proteins and regulators. To identify such proteins in an unbiased
way, we performed a high-content screen using a collection of
all yeast proteins tagged with mCherry at their N terminus and
overexpressed from a TEF2 promoter (Weill et al., 2018). Using
automated approaches (Cohen and Schuldiner, 2011), we inte-
grated into these strains the reporter of the nucleus–mitochondria
contact site (NSG1-VN/TOM70-VC). We imaged the resulting
∼6,000 yeast strains using a high-throughput microscopy
setup and manually analyzed the images to find proteins that
colocalize with the contact site signal (Fig. 2 A). The screen un-
covered 48 proteins that partially colocalized with the reporter
and 9 proteins that fully colocalized with it (Fig. 2 B; the full list
of hits with their description is in Table S1).

To sift out potential tethers from this long list of resident
proteins, we searched for those that extended the contact when
overexpressed, since it is a known characteristic of a molecular
tether (Eisenberg-Bord et al., 2016) We imaged both versions of
the reporter on the background of all 57 hits from the primary
screen. This secondary screen highlighted 12 hits that both co-
localized with the reporter and increased its signal (Fig. 2 C),
placing them as potential tethering molecules.

Ybr063c (Cnm1) has the characteristics of a molecular tether
Out of the 12 candidate tethers uncovered by our screens, the
protein that seemed most likely to be a direct tether was
Ybr063c, an uncharacterized protein of unknown function.
Ybr063c was fully colocalized with the reporter (Fig. 2 B), and its
overexpression affected the extent of the reporter signal (Fig. 2
C). Moreover, it was predicted by several algorithms to be an
integral membrane protein (Weill et al., 2019), a trait important
for creating a tethering force. Finally, it was not previously
studied or implicated in ER–mitochondria contacts. Hence, we
decided to follow up on this protein.

To verify that Ybr063c is not simply a part of the ER–
mitochondria contact site, we analyzed if its overexpression
extends the ERMES-mediated contacts. We found that the extent
of Mmm1-GFP or Mdm34-GFP patches is not affected by over-
expressing or deleting Ybr063c (Fig. S2 A). Moreover, we could
observe areas of Ybr063c expression that did not colocalize with
ERMES components and vice versa (Fig. S2 B), supporting the
idea that Ybr063c is not directly related to the ERMES complex.
In support of Ybr063c acting in an ERMES-independentmanner,
we found that the combination of Δmdm34 alongside repressed
expression of Ybr063c (growth on glucose when expressed from
a galactose-inducible promoter) exacerbated the growth defect

of the Δmdm34 strain alone. In addition, it was shown that loss of
both vam6 (that reduces mitochondria–vacuole contacts) and
ERMES is synthetic lethal (Elbaz-Alon et al., 2014). Cnm1 re-
pression on the background of the deletion in vam6 not only did
not result in lethality but rather completely rescued the growth
defect of the Δvam6 strain, pointing again to a different function
(Fig. S2 C).

One of the main characteristics of a molecular tether is its
enrichment at the contact site (Eisenberg-Bord et al., 2016). We
therefore visualized Ybr063c N terminally tagged with mCherry
relative to both the nucleus andmitochondria. Indeed, mCherry-
Ybr063c was located at discrete regions on the nuclear envelope
that were in contact with mitochondria (Fig. 3 A).

Protein tethers are often integral membrane proteins, en-
abling them to provide a direct link between the membranes.
While some prediction algorithms predicted one or twomembrane-
spanning domains, others predicted Ybr063c to be a soluble protein
(Weill et al., 2019). To test whether Ybr063c is an integral
membrane protein, we performed carbonate extraction (CE) on
Ybr063c tagged with a small tag (3HA) on its N terminus. CE
dissociates peripheral proteins from membranes but cannot
extract membrane-embedded polypeptides from the bilayer.
Similarly to the mitochondrial OM protein Tom20 and in contrast
to themitochondrial matrix protein Hep1, 3HA-Ybr063c remained
in the membrane fraction following this treatment, clearly indi-
cating that it is embedded in the lipid bilayer (Fig. 3 B).

To assay if Ybr063c is sufficient for bringing together the two
membranes, we imaged strains overexpressing untagged Ybr063c
and monitored the association between mitochondria and the
nucleus in the absence of the reporter. Overexpression of Ybr063c
under the strong TEF2 promoter had a striking effect on mito-
chondrial distribution in the cell, causing clustering of mito-
chondria around the perinuclear region (Fig. 3 C). Quantification of
this proximity showed a nearly twofold increase in proximity be-
tween the two organelles (Fig. S2, D and E; and Fig. 3 D). Time-lapse
analysis of Ybr063c induction (froma galactose inducible promoter)
suggest that this increased proximity is caused by adherence of
mitochondria to the nucleus after a random contact between the
two organelles has occurred (Video 1).

Imaging the strains overexpressing Ybr063c by EM dem-
onstrated that these proximities were indeed bona fide con-
tact sites (Fig. 3 E). These resultswere corroborated by cryoelectron
tomography, where 3D segmentation showed abundant nucleus–
mitochondria contacts in the strain overexpressing Ybr063c
(Fig. 3 F).

Since Ybr063c has the molecular characteristics of a tether
affecting extensively the nuclear–mitochondria contact site, we
named it Cnm1 for Contact Nucleus Mitochondria 1.

Identifying factors involved in Cnm1-induced contact sites
To gain insight on the mechanism of Cnm1-mediated tethering,
we set out to find proteins that are required for its ability to

distinct from ERMES-mediated ER–mitochondria contacts. The ERMES subunits Mmm1 and Mdm34 were tagged with mKate and integrated into the
nucleus–mitochondria reporter strain. Cells were imaged in stationary phase. Yellow arrows mark areas of colocalization between the ERMES-mKate signal
and the reporter, while white arrows mark areas where only the reporter signal is detected (ERMES-independent contacts). Scale bar, 5 µm.
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promote clustering of mitochondria around the nucleus when
overexpressed. We assumed that the deletion of such a gene,
which is involved in the clustering of mitochondria around the
nucleus, would result in the reversion of this phenotype and less
clustering. To search for such a reversion, we integrated over-
expressed CNM1 and a nuclear marker into a collection of

mutants in every yeast gene (∼5,000 knockouts of nonessential
genes; Deletion library, Giaever et al., 2002; and ∼1,000 hypo-
morphic alleles of essential ones; Decreased abundance by
mRNA perturbation (DAmP) library, Breslow et al., 2008).
Next, we performed a high-content microscopy screen on all
strains and searched for those that showed less clustering of

Figure 2. High-content screens reveal residents and effectors of the nucleus–mitochondria contact. (A) Illustration of the high-content screen directed
at finding resident proteins of the nucleus–mitochondria contact site. The reporter (NSG1-VN/TOM70-VC) was integrated into a library of ∼6,000 yeast strains,
each harboring an overexpressed and mCherry-tagged version of a different yeast protein. Strains were imaged using automated microscopy, and images were
manually examined to identify proteins that colocalize, either fully or partially, with the reporter. (B) List of all proteins that either fully (left) or partially (right)
colocalized with the reporter, organized by alphabetical order. The proteins shown in the representative images are marked in bold. Scale bars, 5 µm. For a
complete list of all proteins and their descriptions, see Table S1. (C) Illustration of a screen aimed at identifying effectors of the nucleus–mitochondria contact
site. The reporter (NSG1-VC/TOM70-VN) was integrated into all 57 hits from the primary screen (shown in B). The effect of their overexpression on the reporter
was inspected and 12 hits were found. A representative image shows the protein marked in bold out of the full list of hits. Scale bar, 5 µm.
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Figure 3. Ybr063c (Cnm1) has the characteristics of a molecular tether. (A) Overexpressed mCherry-Ybr063c is localized only to areas of proximity
between the nuclear envelope and mitochondria. The nuclear envelope was visualized with Nsg1-GFP and mitochondria by the blue mitochondrial dye
(MitoView 405). Insets show an enlarged region of a single nucleus and mitochondria interface with mCherry-Ybr063c signal present where the two organelles
connect. Scale bar, 5 µm. (B) Ybr063c is a membrane protein embedded in the lipid bilayer. Enriched mitochondrial fractions from cells overexpressing Ybr063c
tagged with 3HA on its N terminus were either treated by CE or left untreated (UT). Following this, they were separated into membrane proteins in the pellet
(P) or soluble proteins in the supernatant (S). (C)Overexpression (OE) of Ybr063c drives clustering of mitochondria around the nucleus. The nuclear membrane
was visualized by Nsg1-GFP and mitochondria were stained using a red dye (MitoTracker Orange). Scale bar, 5 µm. (D) Quantitation of the proximity between
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mitochondria around the nucleus (Fig. 4 A). While 60 genes
affected this phenotype to some extent (Table S2), only seven
deletions (verified by both check-PCR and remaking the strains
to confirm the phenotype; data not shown) completely abolished
the effect of CNM1 overexpression (Fig. 4 B). In support of Cnm1
mediating ERMES-independent contacts, none of the ERMES
mutants came up in the screen. and deletion of mdm34 (verified
by check-PCR; data not shown) did not alter the clustering
phenotype of CNM1 overexpression (Fig. S3).

Cnm1-mediated contact sites are regulated by PC
Out of the seven hits that most affected the capacity of Cnm1 to
cause mitochondrial clustering around the nucleus, we found
deletions in three genes (CHO2, OPI3, and INO2) whose protein
products are all components of the PC biosynthesis pathway. To
produce PC, phosphatidylserine (PS) is converted to phospha-
tidylethanolamine (PE) mainly in the inner membrane of mi-
tochondria by Psd1, and then PE is transferred back to the ER
membrane (Carman and Han, 2011). Both Cho2 and Opi3 are
methyltransferases located on the ER membrane, where they
convert PE to PC in two enzymatic steps (Fig. 5 A). The PC
produced on ER membranes must then be transferred back to
mitochondria, where it constitutes 44% of membrane lipids
(Sperka-Gottlieb et al., 1988). Ino2 is a transcriptional activator
of CHO2 and OPI3 genes (Carman and Han, 2011). Identifying
three genes of the PC pathway as modulators of Cnm1 activity
suggested a connection between PC and the nuclear–mitochondria
contact.

Visualizing Cnm1-GFP under regulation of a constitutive
promoter and on the background of a deletion of each of the
three PC biosynthesis regulators showed a reduction in intensity
compared with control. Moreover, we noticed that cells that
retained Cnm1 expression still had increased proximity between
mitochondria and the nucleus, whereas cells with reduced Cnm1
abundance displayed diminished clustering (Fig. 5 B). Thus,
Cho2, Opi3, and Ino2 might affect the capacity to extend the
contact by regulating Cnm1 levels.

Cho2/Opi3/Ino2 might regulate Cnm1 abundance directly or
indirectly through their effect on PC levels. To discriminate
between these possibilities, we took advantage of the fact that in
yeast, there is a Cho2/Opi3-independent pathway to synthesize
PC, the Kennedy pathway. The Kennedy pathway uses exter-
nally added choline to conjugate Cytidine 5’-diphosphocholine
(CDP-choline) directly to the headgroup of diacylglycerol (Fig. 5
A; Atkinson et al., 1980). Indeed, it was shown that simply
adding choline to yeast medium is enough to increase PC levels
significantly (Atkinson et al., 1980). Therefore, we assayed
whether addition of choline to the growth medium will rescue
the levels of Cnm1-GFP in strains lacking Cho2, Opi3, or Ino2.

Imaging of these strains shows that this is indeed the case (Fig.
S4 A), and this was verified by Western blot analysis (Fig. 5 C).

To support this phenotype being a result of PC levels, we
assayed the effect of several additional members of this meta-
bolic pathway.We deleted INO4 encoding for a complexmember
of Ino2 that is required for its activity as a transcription factor
(Carman and Han, 2011; Fig. S4 B), and found that it too reduced
Cnm1 abundance and that this phenotype was reversed by ad-
dition of choline. Inversely, we deleted OPI1, which encodes for a
transcriptional repressor that binds the Ino2–Ino4 complex and
thus prevents expression of either CHO2 or OPI3 (Carman and
Han, 2011). As expected, we could quantify more cells with
higher intensity of the Cnm1-GFP signal compared with control
(Fig. S5, C and D).

We could also rescue Cnm1 levels by supplementation di-
rectly with PC, demonstrating that the effect of choline addition
was through its integration into PC (Fig. S4 E). Importantly,
choline-induced rescue of Cnm1 levels on these backgrounds
also restored the contacts between the nucleus and mitochon-
dria (Fig. 5 D). Taken together, these results indicate that PC
levels regulate Cnm1 abundance, thus affecting mitochondrial
clustering around the nucleus.

Having a tool in hand to pick apart the effect of Cnm1 over-
expression, contact site expansion, and PC levels, we turned to
assay the effect of these factors on yeast growth. Growth assays
demonstrated that inducing clustering of mitochondria around
the nucleus by overexpressing Cnm1 does not have an adverse
effect on cell growth (Fig. 5 E). Deletion of cho2, opi3, and ino2 (in
the absence of exogenous choline) reduced growth rate, as
would be expected from a diminished capacity to biosynthesize a
central phospholipid. Surprisingly, overexpressed Cnm1 exac-
erbated the adverse effect on growth rate displayed by the
strains with reduced PC biosynthesis (Δcho2, Δopi3, and Δino2;
Fig. 5 E). The phenotype of overexpressed Cnm1 upon deletions
of the three PC biosynthetic genes was also rescued by the ad-
dition of choline (Fig. 5 F), suggesting that during conditions of
low PC abundance, increasing nucleus–mitochondrial contact is
deleterious to cells, potentially due to the shunting of too much
PC into mitochondrial membranes.

Cnm1-mediated contact sites require Tom70
Our results thus far show that Cnm1 has the capacity to form
contacts when overexpressed and that its reduced abundance
caused reduced contact formation. Next, we wanted to explore
the molecular mechanism of tethering between the nucleus and
mitochondria. We first ascertained in which of the two organ-
elles Cnm1 resides. We imaged Cnm1-GFP relative to mito-
chondria and the nucleus during stationary phase. In this
condition, there is reduced clustering of mitochondria around

mitochondria and nucleus from C is shown as the percentage of mitochondrial signal that overlaps with the nuclear envelope signal in both a strain that
overexpresses Ybr063c (OE Ybr063c) and a control strain. Bars represent standard deviation. n = 500; ***, P = 7.24e−73. (E) EM images of the extended contact
sites between nucleus and the mitochondria that are formed by overexpressing Ybr063c (OE Ybr063c, highlighted by a green outline). Scale bars, 200 nm.
(F) Tomograms of nucleus–mitochondria contacts in yeast overexpressing Ybr063c (OE Ybr063c, left). Scale bars, 300 nm. Insets show high densities that may
indicate molecular tethers (arrowheads). Scale bars, 50 nm. 3D segmentations of the contact site area seen in the tomograms (right). The nucleus membrane is
marked in yellow, and the mitochondrial membrane is marked in green. Dashed lines on tomograms indicate the area that is seen in the 3D segmentation. M,
mitochondrion; N, nucleus.
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the nucleus even when Cnm1 is overexpressed, and this enables
better discrimination between the organelles. In this condition,
Cnm1 was still highly enriched in the contact area but could also
clearly be detected in areas of the nuclear ER that were not
adjacent to mitochondria (Fig. 6 A). Since Cnm1 is an integral
membrane protein (Fig. 3 B), this places it as a new nuclear
membrane resident.

Finding that Cnm1 is a nuclear protein encouraged us to
identify its mitochondrial tethering partner. Of the seven hits
that dramatically alleviated Cnm1-mediated clustering (Fig. 4, A
and B) only one was mitochondrial, Tom70. Moreover, Tom70
was previously shown to act as a tethering partner to Lam6 in
the ER–mitochondria contact site (Elbaz-Alon et al., 2015;
Murley et al., 2015). Interestingly, Lam6 also came up in our
initial screen for proteins affecting the nucleus–mitochondria
contact (Fig. 2 A).

To investigate whether Tom70 could be a tethering partner
for Cnm1, we imaged cells which overexpressed Cnm1-GFP in a
Δtom70 background. Indeed, a dramatic effect on Cnm1 locali-
zation was observed and Cnm1-GFP could no longer be visual-
ized on discrete areas of the nuclear membrane but rather was
homogenously distributed over the entire nuclear membrane
(Fig. 6 B). A similar effect was previously seen for the ERMES

complex, where deleting one subunit resulted in the redistri-
bution of other subunits to the entire organelle (Kornmann
et al., 2009). Moreover, in this background, mitochondrial
clustering was completely lost, supporting the notion that
Tom70 could be a partner protein for Cnm1 on the outer mito-
chondrial membrane.

Tom70 is a mitochondrial protein import receptor loosely
associated with the TOM complex (Dekker et al., 1998). Hence,
Tom70 could be affecting Cnm1 indirectly by simply altering the
abundance of another mitochondrial OM protein. To uncover if
the effect was direct, we first assayed whether Tom70 and Cnm1
interact with one another by performing a coimmunoprecipi-
tation experiment. Indeed, when we pulled down Cnm1, we
found a twofold enrichment of Tom70 relative to another TOM
component, Tom20 (Fig. 6 C).

To further back-up that the two proteins interact on the
opposing membranes, we overexpressed a soluble GFP-Tom70
from its endogenous locus (no full length Tom70 was present in
the cells) by deleting its membrane-spanning region (first 38 aa,
Δtmd; Wu and Sha, 2006; Brix et al., 2000). While Δtmd GFP-
Tom70 is distributed homogenously in the cytosol, overexpression
of Cnm1 caused the redistribution of Δtmd GFP-Tom70 to
surround the nuclear membrane (Fig. 6 D). High-resolution

Figure 4. Identifying factors that are involved in Cnm1-induced contact sites. (A) A schematic representation of the systematic screen to find modulators
of Cnm1 overexpression. Cnm1, overexpressed under the strong TEF2 promoter, and the nuclear envelope protein Nsg1, tagged with GFP on its C terminus,
were integrated into the deletion/hypomorphic allele library. In this library, each colony harbors a loss-of-function mutant in each of the ∼6,000 yeast genes.
Prior to imaging, cells were stained with a red mitochondrial dye (MitoTracker Orange). The genes that when mutated resulted in partial or reduced mito-
chondrial clustering around the nucleus were considered as hits. Representative images of the mutants labeled in white are shown. Scale bar, 5 µm. (B) A table
of all deleted genes that caused reduced mitochondrial clustering on the background of Cnm1 overexpression arranged by alphabetical order. GPI, glyco-
sylphosphatidylinositol. Protein localization and description are presented in the middle and right columns, respectively. For a full list of the mutant genes that
resulted in partial clustering, see Table S2.
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Figure 5. Cnm1-mediated contact sites are affected by PC metabolism. (A) Schematic illustration of the biosynthesis pathway of PC. PS formed in the ER
is transferred to mitochondria to generate PE, which is then transferred back to the ER for the formation of PC by Cho2 and Opi3. Ino2 and Ino4 are the
transcriptional activators of both Cho2 and Opi3. Opi1 is a negative regulator of the pathway. PC molecules can also be synthesized through the Kennedy
pathway when exogenous choline is present. IM, inner membrane. (B) Deletion of PC biosynthesis–related genes reduced Cnm1 signal levels. Overexpressed
(OE) Cnm1 was tagged with GFP on its C terminus and mitochondria were stained using MitoTracker Orange. Scale bar, 5 µm. (C) Reduced levels of Cnm1-GFP
(expressed from a strong constitutive promoter) in strains harboring a deletion of cho2, opi3, or ino2 can be rescued by addition of choline. Western blot analysis
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images also demonstrate that the soluble GFP-Tom70 concen-
trated around the nuclear membrane in areas that were com-
pletely overlapping with the Cnm1-mCherry signal (Fig. 6 E).
Moreover, despite the high expression of the cytosolic domain of
Tom70 in these cells, there was a complete loss of mitochondrial
clustering when Cnm1 was overexpressed (Fig. 6 D).

An additional support for Cnm1 directly binding Tom70 is the
presence of an internal mitochondrial targeting signal-like
(iMTS-L) sequence in the very C-terminal end of Cnm1 (Schneider
et al., 2021; Fig. S5, A and B). Such iMTS-L signals have previ-
ously been shown to directly bind Tom70 (Backes et al., 2018).
Indeed, a small deletion in this region abrogated the capacity of
Cnm1 to increase contact extent (Fig. 6 F) and also resulted in
loss of the discrete accumulations of Cnm1 on the nuclear mem-
brane and its homogenous redistribution to the entire nuclear
periphery (Fig. 6 F).

To assay the converse interaction, we deleted the predicted
membrane-spanning region of Cnm1 (both transmembrane do-
mains [TMDs] in the first 112 aa, Δtmd; Fig. S5 B) and followed its
distribution in the cell when tagged with GFP. Indeed, we found
that the soluble Cnm1 was no longer on the nuclear periphery
but rather was cytosolic, with clear mitochondrial membrane
accumulations. These accumulations became even stronger
when Tom70 was overexpressed, supporting that recruitment
to the mitochondrial OM occurs through Tom70 (Fig. 6 F). What
was surprising, however, was that this manipulation of Cnm1
dramatically altered mitochondrial morphology, causing mito-
chondria to fragment (Fig. S5 C). Since deletion of Cnm1 did not
cause this effect, we assume that this is due to buffering of
Tom70 binding to its other clients and not loss of Cnm1 activity.

The above experiments highlight the need for Cnm1 to have a
Tom70-binding site and for both Cnm1 and Tom70 to be inte-
grated into their respective membranes to enable their tethering
function.

Discussion
Nuclear–mitochondria communication is one of the hallmarks of
eukaryotic cells, underlying the tight coordination between
energy supply and cellular needs. While mitochondria were al-
ready shown to form close proximities with the nucleus in the
late 1960s and early 1970s (Baker and Franchi, 1969; Kessel, 1968;
Aikawa et al., 1970; Rowley et al., 1971; Franke et al., 1973), the
nature and mechanism of these proximities remained unclear.
Over the years, several functions were suggested for the inter-
actions between these two organelles, including a role in fission-
yeast mitosis (McCully and Robinow, 1971), ATP transfer in
cardiac cells (Dzeja et al., 2002), and heme trafficking in

S. cerevisiae (Martinez-Guzman et al., 2020). However, the dif-
ficulties in differentiating the ER from the nuclear envelope
have made it challenging to directly identify and study the
molecular machinery of the contact.

Here, we present a methodology in yeast to clearly distin-
guish the contact site between the nucleus and mitochondria
from the one formed with the ER. We identify the previously
uncharacterized Ybr063c/Cnm1 as a new nuclear membrane
protein that acts as a specific tether for mitochondria. Together
with Tom70 on the mitochondrial membrane, Cnm1 can func-
tion to recruit mitochondria specifically to the nuclear ER. We
show that Cnm1 levels are regulated by PC, coupling phospho-
lipid biosynthesis with the extent of contact site formation
(Fig. 6 H).

For years, it was assumed that every two organelles can form
a singular type of contact between them. However, recent evi-
dence suggests that between two organelles, several distinct
contact sites can form, each with specific machinery and func-
tion. For example, it was recently shown that between mito-
chondria and the vacuole in yeast, there are two types of
contacts: one mediated by Vam6-Tom40, which has a role in the
cellular stress response, and the other mediated by Mcp1-Vps13
and has functions that can bypass the loss of the ERMES complex
(González Montoro et al., 2018). The two types of vacuole and
mitochondria patches are found adjacent to one another, sug-
gesting that both functions are spatially restricted. Similarly, in
mammalian cells, several types of ER–plasma membrane con-
tacts have been identified (Besprozvannaya et al., 2018). Our
work extends these findings to the contact between mitochon-
dria and the ER. The discovery that Cnm1, a nuclear envelope
protein, mediates nuclear ER-specific contacts that are distinct
from ERMES-mediated contacts opens a new molecular window
to exploring the intricate structure of nuclear envelope/ER and
mitochondrial contact sites.

Why would the ER and mitochondria need to maintain two
distinct contact sites? The ERMES-mediated ER–mitochondria
contact site is known to have a role in metabolism of phospho-
lipids. It was recently shown that Mmm1 and Mdm12 form a
heterocomplex, which can mediate the transfer of phospholipids
in vitro. Furthermore, mutations in Mmm1 or Mdm12 resulted
in impaired phospholipid transfer in vivo (Kawano et al., 2018).
Several observations support the idea that PE transport can
occur through ERMES (Kundu and Pasrija, 2020); however,
in vitro studies showed that PS to PE conversion rate was re-
duced in ERMES mutants, suggesting that ERMES mediates the
transfer of PS from the ER to mitochondria (Kojima et al., 2016).
All of these data suggest a role for the ERMES complex in the
initial steps of PC production: the conversion of PS to PE to PC.

of four different strains without or with 5mM choline supplementation. Immunoblotting was performed with antibodies against GFP and Histone H3 as a
loading control. (D) Cnm1 mediated mitochondrial clustering around the nucleus is dependent on choline levels. Cells overexpressing Cnm1 under the TEF2
promoter and harboring deletion of cho2, opi3, or ino2 were grown to mid-logarithmic phase in synthetic minimal medium without or with 5mM choline. The
nucleus is visualized by Nsg1-GFP and mitochondria by MitoTracker Orange staining. Scale bar, 5 µm. (E) Overexpression of Cnm1 using the TEF2 promoter in
strains deleted for proteins involved in PC biosynthesis resulted in a reduced growth rate. Strains were grown overnight in synthetic minimal medium, back
diluted to OD600∼0.05 and monitored for growth over 48 h. (F) Choline buffered the growth defect of overexpressing Cnm1 in strains deleted for genes
involved in PC biosynthesis. Strains were grown overnight in synthetic minimal medium, back diluted to OD600∼0.05 and monitored for growth over 48 h with
or without 5mM choline supplementation.
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Figure 6. Cnm1-mediated contact sites require Tom70. (A) Cnm1 is an outer nuclear membrane protein. A strain overexpressing Cnm1-GFP (OE Cnm1-GFP)
during stationary phase shows areas where Cnm1 is not localized to mitochondria (stained by MitoTracker Orange) but does colocalize with the outer nuclear
membrane (nuclear ER) visualized using a BFP with a signal sequence and an ER retention signal (SS-BFP-HDEL). Arrows mark areas where Cnm1-GFP signals
colocalize with the nuclear ER signal, but not with the mitochondrial signal. Scale bar, 1 µm. (B) Loss of tom70 results in Cnm1 redistributing uniformly around
the nucleus. Shown are strains overexpressing (OE) Cnm1-GFP on the background of Δtom70 or control cells, imaged in mid-logarithmic phase using Mito-
Tracker Orange for mitochondrial staining. Scale bar, 5 µm. (C) Tom70 physically interacts with Cnm1. Pull-down of overexpressed Cnm1 tagged with GFP on
its C terminus in strains expressing either Tom70 or Tom20 tagged with mCherry on their C termini. Coimmunoprecipitation (co-IP) samples were analyzed by

Eisenberg-Bord et al. Journal of Cell Biology 11 of 17

Cnm1 is a nucleus–mitochondria contact site tether https://doi.org/10.1083/jcb.202104100

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/220/11/e202104100/1424580/jcb_202104100.pdf by U

niversitaetsbibliothek Tuebingen user on 29 M
ay 2022

https://doi.org/10.1083/jcb.202104100


However, once PC is formed in the nuclear envelope/ER mem-
brane, how does it return to mitochondria, where it makes up
more than 40% of its membranes (Sperka-Gottlieb et al., 1988)?
We have shown that Cnm1 is regulated by PC levels. In strains
deleted for enzymes required for the biosynthesis of PC, levels of
Cnm1 are reduced; however, upon the addition of choline, which
allows that rescue of PC levels (Carman and Han, 2011), Cnm1
levels are restored. This extends the nucleus–mitochondria
contact. It is highly appealing to hypothesize that regulation of
Cnm1 levels by PC reflects a role of the nucleus–mitochondrial
contact in the transfer of PC from the nuclear envelope/ER,
where it is formed, tomitochondria, where it is highly abundant.
Interestingly, several PC biosynthesis–related proteins, includ-
ing the rate-limiting enzyme of the Kennedy pathway Pct1 and
the transcriptional regulator Opi1, are enriched in the nuclear
ER (Breker et al., 2014; Dubreuil et al., 2019). This suggests that
high PC levels may be found specifically in the perinuclear area
or that nuclear PC has a regulatory role. However, whether
nucleus–mitochondria contacts have indeed a role in the PC
transfer to mitochondria remains to be studied. Having the
molecular machinery at hand should now make this feasible.

How PC abundance affects Cnm1 levels is still unclear. In our
study, Cnm1 was expressed from a constitutive promoter, sug-
gesting that the difference in the levels of Cnm1, observed upon
deletion of PC enzymes, is a result of a posttranslational regulatory
event. Indeed, other pathways constituents, such as the choline
transporter Hnm1, are posttranslationally regulated through phos-
phorylation and ubiquitination (Fernández-Murray et al., 2013).

An interesting feature of Cnm1 function is that it pairs with
Tom70 on the mitochondrial membrane to form the nucleus–
mitochondria contact. Tom70 has a well-known role in protein
translocation (Dekker et al., 1998) as well as a role in the tubular
ER–mitochondria contact site through interactions with Lam6
(Elbaz-Alon et al., 2015; Murley et al., 2015). What would be the
cellular benefits of pairing Cnm1 with Tom70, a protein that is
already involved in many other interactions? In recent years,
several proteins that have roles in protein translocation across
organelle membranes were shown to have an additional func-
tion as contact site tethers. The ERMES subunit Mdm10
(Kornmann et al., 2009) is also part of the mitochondrial sorting
and assembly machinery (SAM; Ellenrieder et al., 2016). The

ER–mitochondria contact site proteins Lam6 and ER membrane
protein complex (EMC) were shown to interact with two sub-
units of the TOM translocon, Tom70 and Tom5, respectively
(Murley et al., 2015; Elbaz-Alon et al., 2015; Lahiri et al., 2014).
Finally, the vacuole–mitochondria tether Vam6 was shown to
interact with Tom40 (González Montoro et al., 2018). Having a
limiting amount of proteins that can be used either for trans-
location or for contact site formation might therefore be a
general mechanism to balance between lipid and protein a-
bundance in an organelle.

More broadly, our work opens up a new molecular window
into an underexplored contact site in yeast. Cnm1, Tom70, as
well as the many other proteins that were highlighted by our
screen, can serve as tools to now manipulate the extent of the
contact and study its various potential functions. A better un-
derstanding of how two information hubs, the nucleus and mi-
tochondria, communicate in healthy cells, should provide us
with insights into communication failures in disease.

Materials and methods
Yeast strains and plasmids
S. cerevisiae strains were based on the laboratory strain BY4741
(Brachmann et al., 1998) or SEY6210.1 (Robinson et al., 1988).
Genetic manipulations were performed using the lithium ace-
tate, polyethylene glycol, single-stranded DNA method (Gietz
and Woods, 2006). Plasmids for PCR-mediated homologous re-
combination were previously described (Janke et al., 2004;
Longtine et al., 1998), and primers were designed using Primers-
4-Yeast (Yofe and Schuldiner, 2014). Table S3 and Table S4 list
the plasmids and strains used in this study, respectively. Plasmid
pRs316-PGK-CFP-HDEL-URA3 (a blue fluorescent protein [BFP]
fused to an ER retrieval sequence) was kindly provided by Prof.
J. Goodman (University of Texas Southwestern Medical Center,
Dallas, TX). The pESC-NLS-TFP plasmid expressing the nuclear
marker (tdTomato conjugated to a nuclear localization signal
[NLS]) was kindly provided by Prof. D. Kaganovich (Göttingen
University, Göttingen, Germany). The plasmid of pADHpr
mtBFP426 (BFP fused to a mitochondrial targeting sequence)
was kindly provided by Prof. C. Ungermann (Osnabrück Uni-
versity, Osnabrück, Germany). pBS35 mCherry-HygroR plasmid

Western blotting and probed with antibodies against GFP and mCherry. Input (10% of total immunoprecipitates) is shown. The number above each immu-
noprecipitation band represents the enrichment of the protein. (D)Overexpression (OE) of Cnm1 results in the accumulation of soluble GFP-Tom70 around the
nuclear membrane. Overexpressed Tom70 whose TMD (1–38 aa) has been truncated and is tagged with GFP on its N terminus (OE GFP-Δtmd-Tom70) shows
cytosolic distribution in control cells. Overexpression of Cnm1 concentrates the soluble Tom70 around the nuclear membrane marked by a BFP with a signal
sequence and an ER retention signal (SS-BFP-HDEL). Mitochondria were dyed with MitoTracker Orange. Control and overexpressed Cnm1 strains are adjusted
to different intensities. Scale bar, 5 µm. (E) Overexpressed (OE) GFP-Δtmd-Tom70 is fully colocalized with overexpressed Cnm1-mCherry on the nuclear
periphery. Scale bar, 5 µm. (F) Deletion of the predicted iMTS-L sequence of Cnm1 (350–404 aa) abrogates mitochondrial clustering around the nucleus and
results in redistribution of Cnm1 over the entire nuclear membrane. Cnm1-GFP (full length or mutant) were expressed under a TEF2 promoter. Mitochondria are
dyed with MitoTracker Orange. Scale bar, 5 µm. (G) Soluble Cnm1 decorates the mitochondrial OM. Overexpressed Cnm1 truncated at its N terminus by fusion
of a GFP molecule to remove its predicted TMD (1–112 aa; OE GFP-Δtmd-Cnm1) was expressed in either WT Tom70 cells or cells overexpressing Tom70 (OE
Tom70) under the NOP1 promoter. The nuclear envelope is visualized by a BFP with a signal sequence and an ER retention signal (SS-BFP-HDEL; SS-BFP-HDEL
in WT Tom70 and OE Tom70 strains is adjusted to different intensities). Mitochondria are marked by MitoTracker Orange. In control cells, GFP-Δtmd-Cnm1
shows cytosolic distribution as well as enrichment around the mitochondrial periphery and no nuclear periphery staining. Overexpression of Tom70 causes an
even brighter signal to accumulate around mitochondria, suggesting that its levels are restrictive to Cnm1 recruitment to mitochondrial surfaces. Scale bar,
5 µm. (H) Schematic working model on Cnm1 activity in mediating nucleus–mitochondria contacts. PC levels regulate Cnm1 abundance in the cell. Cnm1 on the
nuclear ER membrane interacts with Tom70 on the mitochondrial membrane.
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(PCR-mediated homologous recombination for C-terminal tag-
ging with mCherry and hygromycin resistance) was kindly
provided by Prof. N. Barkai (Weizmann Institute of Science,
Rehovot, Israel). pFA6a-His3MX6-GAL1pr plasmid (PCR-medi-
ated homologous recombination for changing a promoter se-
quence of a gene using the galactose [GAL] promoter with
Nourseothricin [NAT] resistance) was kindly provided by Prof.
J. Gerst (Weizmann Institute of Science, Rehovot, Israel).

Culturing of yeast
Yeast cells were cultured overnight at 30°C in synthetic minimal
medium (0.67% wt/vol yeast nitrogen base with ammonium
sulfate and amino acid supplements) with glucose (2%; SD) or
galactose (2%; SGal). The next day, cells were either diluted and
grown until reaching mid-logarithmic phase (0.4–0.9 OD600) or
kept undiluted for experiments performed in stationary phase
(1 < OD600).

Manual fluorescence microscopy and organelle staining
Glass-bottom, 384-well microscopy plates (Matrical Bioscience)
coated with Concanavalin A (Sigma-Aldrich) were used for
imaging. Cells in stationary or mid-logarithmic phase were ad-
hered to the plates by incubating at RT for 15 min and were then
washed and imaged in synthetic minimal medium.

For red mitochondrial staining, upon adherence to the plate,
media was replaced with media containing 50 nM MitoTracker
(MitoTracker Orange CMTMRos; Invitrogen), and cells were
incubated at RT for 10 min, washed once, and imaged. For blue
mitochondrial staining, upon adherence to the plate, media was
replaced with media containing 500 nM MitoView 405 (Mito-
View 405; Biotium), and cells were incubated at RT for 10 min,
washed three times, and imaged in synthetic minimal medium.

Imaging was performed at RT using a VisiScope Confocal Cell
Explorer system composed of a Zeiss Yokogawa spinning disk
scanning unit (CSU-W1) coupled with an inverted IX83 micro-
scope (Olympus). Single-focal-plane and Z-stack images were
acquired with a 60× oil lens (NA 1.4) and were captured using a
PCO-Edge sCMOS camera, controlled by VisiView software (GFP
[488 nm], RFP [561 nm], or BFP [405 nm]). Manual inspection
and brightness adjustment were performed using ImageJ (Schindelin
et al., 2012). Overlap analysis for quantification in Fig. 3 was done
by the Artificial Intelligence feature of the ScanR Olympus soft
imaging solutions version 3.2.

High-resolution imaging was performed at RT using auto-
mated inverted fluorescence microscope system (Olympus)
harboring a spinning disk high-resolution module (Yokogawa
CSU-W1 SoRa confocal scanner with double micro lenses and
50-µm pinholes). Images of cells in the 384-well plates were
using a 60× oil lens (NA 1.42) and with a Hamamatsu ORCA-
Flash 4.0 camera. Fluorophores were excited by a laser and
images were captured in three channels: GFP (excitation
wavelength 488 nm, emission filter 525/50 nm), mCherry
(excitation wavelength 561 nm, emission filter 617/73 nm) and
DAPI (excitation wavelength 405 nm, emission filter 447/60).
All images were taken in a Z-stack, and using cellSens soft-
ware. Best focal plane for presentation, images were decon-
voluted using cellSens software.

Library preparation and high-throughput screening
The synthetic genetic array method was used for integrating the
desired genomic manipulations into yeast libraries (Tong and
Boone, 2006; Cohen and Schuldiner, 2011). Query strains for
screens were constructed on an synthetic genetic array–ready
strain (YMS721; Breslow et al., 2008), and libraries were han-
dled using a RoToR bench-top colony array instrument (Singer
Instruments). Briefly, query strains were mated with strains
from the library on rich medium plates to generate diploid cells.
Cells were then transferred to nitrogen starvation media for 7 d
to induce sporulation. Haploid cells were selected using cana-
vanine and thialysine (Sigma-Aldrich) lacking leucine to select
for MATalpha. The final library was generated by selecting for
the combination of manipulations desired. Representative
strains from the final library were validated by both microscopy
and check-PCR.

For screens described in Fig. 2, screening was performed
using an automated, inverted fluorescence microscopic ScanR
Olympus soft imaging solutions system (Breker et al., 2013).
Images were acquired using a 60× air lens (NA 0.9, GFP [490
nm], and RFP [572 nm]). For the screen described in Fig. 4, li-
braries were imaged using a Hamamatsu flash orca 4.0 camera
and a CSU-W1 Confocal Scanner Unit of Yokogawa with a 50 µm
pinhole disk. The software used was ScanR Olympus soft
imaging solutions acquisition 3.2, and images were acquired
using a 60× air lens (NA 0.9, GFP [488 nm], and RFP [561 nm]).
For all screens, libraries were imaged at RT, during mid-
logarithmic growth. Images were manually inspected using
ImageJ software (Schindelin et al., 2012).

EM
The Tokuyasumethodwas used for imaging (Tokuyasu, 1973). In
brief, samples were fixed in 0.1% glutaraldehyde (EMS) and 4%
paraformaldehyde (EMS) in 0.1 M cacodylate buffer (prepared
from dimethylarsinic acid sodium salt trihydrate; Sigma-Al-
drich) containing 5 mM CaCl2 (pH 7.4; Sigma-Aldrich) for 2 h
and then washed and embedded in 10% gelatin (EMS) and fur-
ther fixed for 24 h at 4°C. The samples were then cryoprotected
by infiltration with 2.3 M sucrose (J.T. Baker) for 48 h at RT and
frozen by plunging into liquid nitrogen. Ultrathin (70–90 nm)
frozen sections were obtained with a Leica EM UC7 cryo-
ultramicrotome and then transferred to formvar-coated 200-
mesh nickel transmission EM grids (EMS). Grids were washed
and embedded in 2% methyl cellulose (Sigma-Aldrich) and 0.4%
uranyl acetate (EMS). Images were acquired using a Thermo
Fisher Scientific Tecnai T12 transmission electron microscope
equipped with a bottommounted TVIPS TemCam-XF416 4k × 4k
CMOS camera.

Cryoelectron tomography
For cell vitrification, cryo-EM grids (R1.2/1.3, Cu 200 mesh grid;
Quantifoil MicroTools) were glow-discharged in a plasma
cleaner (PDC-3XG; Harrick) to charge the surface of the carbon
film. The grids were then mounted onto a Vitrobot Mark IV
(FEI), and 3.5 µl cell culture (0.8 OD600 in YPD) was deposited on
the carbon side of each grid before blotting. Blotting was per-
formed from the back of the grid with filter paper (Whatman
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Filter Paper 597; Sigma-Aldrich) at a strength setting of 10 for
10 s. The grids were plunged immediately after into liquid eth-
ane cooled by liquid nitrogen and quickly transferred to a storage
Cryo-box. Cryo-boxes were stored in liquid nitrogen until
needed.

For cryo-focused ion beam milling, the frozen grids were
mounted into Autogrid carriers (FEI) and secured to themwith a
copper clip ring. The grids were then inserted in a Scios 2 -
DualBeam microscope (FEI) under high vacuum and kept at
−180°C. The sample was coated with a thin layer of organome-
tallic platinum using a gas injection system to protect it from
unnecessary damage from the focused ion beam.

As many as six clusters of <10 cells were selected as milling
positions in each grid. The milling process was done with the
Ga2+ ion beam at an inclination of 20° and in sequential steps,
from 30 kV and 500 pA for the elimination of most of the ma-
terial above and below the plane of interest to 30 kV and 30 pA
for the final thinning down. The milling progress was monitored
by scanning EM imaging at 3 kV and 8.9 pA, and the resulting
lamellas were ∼14 µm wide and 150–200 nm thick. The grids
were afterwards stored in Cryo-boxes submerged in liquid
nitrogen.

For cryoelectron tomography, the grids were loaded into a
Polara cryoelectron microscope (FEI) and kept under high vac-
uum at −180°C. The microscope was equipped with a 300-kV
field emission gun, energy filter (Gatan), and K2 summit direct
electron detector (Gatan). Overview pictures of the lamellas
were taken at low magnification (4,500×, 27 Å/pixel, and −105
µm defocus) to identify the location of nucleus–mitochondria
contact sites. Tilt series were taken at these regions of interest
with a unidirectional scheme from −54° to 45° in 3° steps at high
magnification (34,000×, 3.509 Å/pixel, and −5 µm defocus) us-
ing SerialEM software (https://bio3d.colorado.edu/SerialEM/;
RRID SCR_017293; Mastronarde, 2005). The tilt series images
were taken in dose-fractionation mode and constant exposure to
obtain a final electron dose of ∼120e-/Å2 per tilt series.

For tomogram reconstruction, the different frames that
compose each tilt were aligned using TOMOMAN software
(https://github.com/williamnwan/TOMOMAN; Nickell et al.,
2005), and the resulting aligned images were used to create
new tilt series. These new tilt series were aligned in IMOD
software (https://bio3d.colorado.edu/imod/; RRID SCR_003297;
Kremer et al., 1996) using patch tracking, and the tomograms
were reconstructed using back-projection. The tomograms were
binned to a voxel size of 14.036 Å for better visualization.

For postprocessing, a deconvolution filter (https://github.
com/dtegunov/tom_deconv) was used to improve contrast in
the tomograms.

Computational measurements of contact site extent and 3D
segmentation analysis of the tomograms were performed as
previously described (Salfer et al., 2020).

Western blot
Four OD600 of cells expressing Cnm1 tagged with GFP on a
control strain or on the background of Δcho2, Δopi3, or Δino2,
with or without 5 mM choline supplementation, were grown in
SD complete media until reaching mid-logarithmic phase. Cells

were then collected by centrifugation at 3,000g for 3 min,
subsequently transferred to a fresh 1.5-ml microcentrifuge tube,
and washed with 1 ml nuclease-free water. Cells were re-
suspended in 200 µl lysis buffer (8 M urea, 50 mM Tris, pH 7.5,
and protease inhibitors; Merck) and subsequently lysed by
vortexing at high speed with glass beads (Scientific Industries)
at 4°C for 10 min. 25 µl of 20% SDS was added to each sample
before incubation at 45°C for 15 min. The bottom of the micro-
centrifuge tubes was then pierced, loaded into 5-ml tubes, and
centrifuged at 4,000g for 10 min to separate the lysate from the
glass beads. The flow-through collected in the 5-ml tubes was
transferred to a fresh 1.5-ml microcentrifuge tube and centri-
fuged at 20,000g for 5 min. The supernatant was collected and
4x SDS-free sample buffer (0.25 M Tris, pH 6.8, 15% glycerol,
and 16% Orange G containing 100 mM DTT) was added to the
lysates, which were incubated at 45°C for 15 min.

Protein samples were separated by SDS-PAGE using a 4–20%
gradient gel (Bio-Rad) and then transferred onto 0.45-µm ni-
trocellulose membrane (Pall Corporation) using the Trans-Blot
Turbo transfer system (Bio-Rad). Membranes were blocked in
SEA BLOCK buffer (Thermo Scientific; diluted 1:5 in PBS) for 1 h
at RT and subsequently incubated overnight at 4°C with primary
antibodies diluted in a 2% wt/vol BSA/PBS solution containing
0.01% NaN3. Primary antibodies used were rabbit anti-GFP
(ab290, 1:3,000; Abcam) and rabbit anti-Histone H3 (ab1791,
1:5,000; Abcam). After washing, membranes were then pro-
bed with secondary antibody (800CW Goat anti-Rabbit IgG,
ab216773; Abcam) diluted 1:10,000 in 5% wt/vol nonfat milk/
Tris-buffered saline with 0.05% Tween 20 (TBST) for 1 h at
RT. Blots were washed and imaged on the LI-COR Odyssey
Infrared Scanner.

Coimmunoprecipitation
Yeast overexpressing Cnm1-GFP with either Tom20-mCherry or
Tom70-mCherry were grown to mid-logarithmic phase, and a
total of five OD600 were collected by centrifugation and washed
once inwater. The cell pellets were subsequently resuspended in
500 µl ice-cold lysis buffer (1% digitonin, 150 mM NaCl, 50 mM
Tris-HCl, pH 8.0, 5% glycerol, 1 mM MgCl2, and protease in-
hibitors; Merck) and transferred to FastPrep tubes containing 1-
mm silica spheres (lysing matrix C; MP Biomedicals). The tubes
were loaded into a FastPrep24 instrument (MP Biomedicals),
and the cells were lysed by six cycles of 1 min beating at maxi-
mum speed, followed by 5 min on ice. Lysates were then
centrifuged at 16,000g for 10 min at 4°C, and of the 400 µl
cleared lysate, 10% was removed as “input,” which was reduced
and denatured by incubation at 45°C for 15 min with Laemmli
buffer containing 12.5 mM DTT. The rest of the cleared lysate
was used for immunoprecipitation by rotationwith 30 µl washed
GFP-Trap (Chromotek) slurry for 1 h at 4°C. The GFP-Trap beads
were subsequently washed three times in 500 µl wash buffer
(150 mM NaCl and 50 mM Tris-HCl, pH 8.0), resuspended in
100 µl 2x Laemmli buffer (containing 25 mM DTT), and incu-
bated at 45°C for 15 min before separation by SDS-PAGE. 10%
input was loaded relative to the immunoprecipitation samples.
Densitometry was performed on Image Studio Lite (LI-COR)
software and used to calculate enrichment values.
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Procedures for carbonate extraction (CE)
Isolation of mitochondria from yeast cells was performed by
differential centrifugation, as previously described (Daum et al.,
1982). On these purified mitochondria, CE was performed.
100 µg mitochondria was purified from a strain overexpressing
3HA-Ybr063c from its genomic locus and resuspended in 100 µl
of 200 mM sodium carbonate (Na2CO3), followed by 30 min
incubation at 4°C. Supernatant and pellet fractions representing
soluble and membrane-embedded proteins, respectively, were
obtained by centrifugation (80,000g, 30 min, 4°C). Proteins
from the supernatant were extracted by TCA precipitation. TCA
was added to final concentration of 12% (wt/vol), and the mix-
ture was incubated for 30 min at 4°C followed by centrifugation
(36,800g, 15 min, 2°C). The pellet was washed with 100 µl 90%
acetone. The mixture was centrifuged again (36,700g, 5 min,
2°C), and the pellet containing the proteins was dried at 40°C
before analysis. For analysis, both fractions were resuspended in
40 µl of 2x Laemmli buffer, heated for 10 min at 95°C, and ana-
lyzed by SDS-PAGE and immunoblotting. Protein samples for
immune decoration were analyzed on 12.5% SDS-PAGE and sub-
sequently transferred onto nitrocellulose membranes by semi-dry
Western blotting. Proteins were detected by blocking the mem-
brane with 5% milk and subsequently incubating them with pri-
mary antibodies (either polyclonal rat anti-HA diluted 1:1,000,
polyclonal rabbit anti-Tom20 diluted 1:5,000, or polyclonal rabbit
anti-Hep1 diluted 1:3,000) and then with horseradish peroxidase
conjugates of goat anti-rabbit secondary antibody.

Spot assay
Serial dilutionswere grownon syntheticminimalmediumwith either
glucose or galactose supplementation. Cells were grown overnight in
2% galactose media containing their respective selections. They were
backdiluted to anOD600 =0.2 in 2%galactosemedia and incubated for
∼6 h at 30°C. After at least one cell division or after reaching mid-
logarithmic phase, strains were back diluted again to OD600 = 0.1 and
then diluted in 10-fold increments. Next, 2.5 µl of each dilution was
plated using a multichannel pipette (Gilson) on SD and SGal agar
plates, both containing all amino acids. Plates were imaged using
Canon PC1591 digital camera after 3 d of growth at 30°C.

Growth assay
The growth assays were performed using a Spark (Tecan) plate
reader. Transparent 96-well plates (Greiner) were used. Cells
were grown in an incubator (Liconic) at 30°C and shaking at 500
rpm. Samples were measured every 30 min following a strong
resuspension on a plate shaker (bioshake 3000) at 1,200 rpm.
OD was measured at 600 nm wavelength.

PC supplementation
PC supplementation was performed as previously described
(Grant et al., 2001), with some modifications. Cells were grown
to a logarithmic phase in synthetic minimal medium at 30°C and
then transferred to 4°C for 15 min. 1 mM of 1-myristoyl-2-{6-[(7-
nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-
phosphocholine (NBD-PC; Sigma-Aldrich) diluted in DMSO
was added to the cells while the plate was on ice, and after 15 min,
cells were imaged as described above.

Statistical analysis
Statistical analysis was done using two-tailed Student’s t tests.
Bars represent standard deviation. Data distribution was as-
sumed to be normal, but this was not formally tested.

Online supplemental material
Fig. S1 shows overexpression of the ERMES complex subunit
Mdm34 does not extend the nucleus–mitochondria contact. Fig.
S2 shows that Ybr063c (Cnm1) does not affect the ERMES
complex and is only partially colocalized with its subunits. Fig.
S3 shows that mitochondrial clustering around the nucleus
mediated by overexpressing Cnm1 is ERMES independent. Fig.
S4 shows that choline addition rescues Cnm1 levels in cells
harboring mutation in PC biosynthesis–related genes. Fig. S5
shows that domain architecture of Cnm1 and the effect of los-
ing its TMD on mitochondrial morphology. Table S1 lists all
mCherry-tagged proteins that fully or partially colocalized with
the nucleus–mitochondria contact site reporter from Fig. 2. Table
S2 lists all genes whose deletions altered Cnm1-mediated clus-
tering of mitochondria around the nucleus from Fig. 4. Table S3
lists the plasmids used in this study. Table S4 lists the yeast
strains used in this study. Video 1 shows time-lapse imaging of
the effect of activating Ybr063c expression from a GAL promoter.
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Boos, F., L. Krämer, C. Groh, F. Jung, P. Haberkant, F. Stein, F. Wollweber, A.
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germann. 2018. Vps39 Interacts with Tom40 to Establish One of Two
Functionally Distinct Vacuole-Mitochondria Contact Sites. Dev. Cell. 45:
621–636.e7. https://doi.org/10.1016/j.devcel.2018.05.011

Grant, A.M., P.K. Hanson, L. Malone, and J.W. Nichols. 2001. NBD-labeled
phosphatidylcholine and phosphatidylethanolamine are internalized by
transbilayer transport across the yeast plasma membrane. Traffic. 2:
37–50. https://doi.org/10.1034/j.1600-0854.2001.020106.x

Janke, C., M.M. Magiera, N. Rathfelder, C. Taxis, S. Reber, H. Maekawa, A.
Moreno-Borchart, G. Doenges, E. Schwob, E. Schiebel, and M. Knop.
2004. A versatile toolbox for PCR-based tagging of yeast genes: new
fluorescent proteins, more markers and promoter substitution cas-
settes. Yeast. 21:947–962. https://doi.org/10.1002/yea.1142

Kawano, S., Y. Tamura, R. Kojima, S. Bala, E. Asai, A.H. Michel, B. Kornmann,
I. Riezman, H. Riezman, Y. Sakae, et al. 2018. Structure-function in-
sights into direct lipid transfer between membranes by Mmm1-Mdm12
of ERMES. J. Cell Biol. 217:959–974. https://doi.org/10.1083/jcb
.201704119

Kessel, R.G. 1968. An electron microscope study of differentiation and growth
in oocytes of Ophioderma panamensis. J. Ultrastruct. Res. 22:63–89.
https://doi.org/10.1016/S0022-5320(68)90050-6

Kojima, R., T. Endo, and Y. Tamura. 2016. A phospholipid transfer function of
ER-mitochondria encounter structure revealed in vitro. Sci. Rep. 6:
30777. https://doi.org/10.1038/srep30777

Kornmann, B., E. Currie, S.R. Collins, M. Schuldiner, J. Nunnari, J.S. Weiss-
man, and P. Walter. 2009. An ER-mitochondria tethering complex re-
vealed by a synthetic biology screen. Science. 325:477–481. https://doi
.org/10.1126/science.1175088

Kremer, J.R., D.N. Mastronarde, and J.R. McIntosh. 1996. Computer visuali-
zation of three-dimensional image data using IMOD. J. Struct. Biol. 116:
71–76. https://doi.org/10.1006/jsbi.1996.0013

Kundu, D., and R. Pasrija. 2020. The ERMES (Endoplasmic Reticulum and
Mitochondria Encounter Structures) mediated functions in fungi. Mi-
tochondrion. 52:89–99. https://doi.org/10.1016/j.mito.2020.02.010

Lahiri, S., J.T. Chao, S. Tavassoli, A.K.O. Wong, V. Choudhary, B.P. Young,
C.J.R. Loewen, and W.A. Prinz. 2014. A conserved endoplasmic reticu-
lum membrane protein complex (EMC) facilitates phospholipid trans-
fer from the ER tomitochondria. PLoS Biol. 12:e1001969. https://doi.org/
10.1371/journal.pbio.1001969

Lee, C., J. Zeng, B.G. Drew, T. Sallam, A.Martin-Montalvo, J. Wan, S.J. Kim, H.
Mehta, A.L. Hevener, R. de Cabo, and P. Cohen. 2015. Themitochondrial-
derived peptide MOTS-c promotes metabolic homeostasis and reduces
obesity and insulin resistance. Cell Metab. 21:443–454. https://doi.org/10
.1016/j.cmet.2015.02.009

Longtine, M.S., A. McKenzie III, D.J. Demarini, N.G. Shah, A. Wach, A. Bra-
chat, P. Philippsen, and J.R. Pringle. 1998. Additional modules for ver-
satile and economical PCR-based gene deletion and modification in
Saccharomyces cerevisiae. Yeast. 14:953–961. https://doi.org/10.1002/
(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U

Martinez-Guzman, O., M.M. Willoughby, A. Saini, J.V. Dietz, I. Bohovych,
A.E. Medlock, O. Khalimonchuk, and A.R. Reddi. 2020. Mitochondrial-
nuclear heme trafficking in budding yeast is regulated by GTPases that
control mitochondrial dynamics and ER contact sites. J. Cell Sci. 133:
jcs237917. https://doi.org/10.1242/jcs.237917

Mastronarde, D.N. 2005. Automated electron microscope tomography using
robust prediction of specimen movements. J. Struct. Biol. 152:36–51.
https://doi.org/10.1016/j.jsb.2005.07.007

McCully, E.K., and C.F. Robinow. 1971. Mitosis in the fission yeast Schizo-
saccharomyces pombe: a comparative study with light and electron
microscopy. J. Cell Sci. 9:475–507. https://doi.org/10.1242/jcs.9.2.475

Mello, T., I. Simeone, and A. Galli. 2019. Mito-Nuclear Communication in
Hepatocellular Carcinoma Metabolic Rewiring. Cells. 8:417. https://doi
.org/10.3390/cells8050417

Mohrin,M., J. Shin, Y. Liu, K. Brown, H. Luo, Y. Xi, C.M. Haynes, and D. Chen.
2015. A mitochondrial UPR-mediated metabolic checkpoint regulates
hematopoietic stem cell aging. Science. 347:1374–1377.

Murley, A., R.D. Sarsam, A. Toulmay, J. Yamada, W.A. Prinz, and J. Nunnari.
2015. Ltc1 is an ER-localized sterol transporter and a component of ER-
mitochondria and ER-vacuole contacts. J. Cell Biol. 209:539–548. https://
doi.org/10.1083/jcb.201502033

Nickell, S., F. Förster, A. Linaroudis, W.D. Net, F. Beck, R. Hegerl, W. Bau-
meister, and J.M. Plitzko. 2005. TOM software toolbox: acquisition and
analysis for electron tomography. J. Struct. Biol. 149:227–234. https://doi
.org/10.1016/j.jsb.2004.10.006

Reynolds, J.C., C.P. Bwiza, and C. Lee. 2020.Mitonuclear genomics and aging.
Hum. Genet. 139:381–399. https://doi.org/10.1007/s00439-020-02119-5

Robinson, J.S., D.J. Klionsky, L.M. Banta, and S.D. Emr. 1988. Protein sorting
in Saccharomyces cerevisiae: isolation of mutants defective in the de-
livery and processing of multiple vacuolar hydrolases. Mol. Cell. Biol. 8:
4936–4948. https://doi.org/10.1128/MCB.8.11.4936

Rowley, M.J., J.D. Berlin, and C.G. Heller. 1971. The ultrastructure of four
types of human spermatogonia. Z. Zellforsch. Mikrosk. Anat. 112:139–157.
https://doi.org/10.1007/BF00331837

Salfer, M., J.F. Collado, W. Baumeister, R. Fernández-Busnadiego, and A.
Mart́ınez-Sánchez. 2020. Reliable estimation of membrane curvature
for cryo-electron tomography. PLOS Comput. Biol. 16:e1007962. https://
doi.org/10.1371/journal.pcbi.1007962

Schindelin, J., I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T.
Pietzsch, S. Preibisch, C. Rueden, S. Saalfeld, B. Schmid, et al. 2012. Fiji:
an open-source platform for biological-image analysis. Nat. Methods. 9:
676–682. https://doi.org/10.1038/nmeth.2019

Schneider, Kevin, David Zimmer, Henrik Nielsen, Johannes M Herrmann,
and Timo Mühlhaus. 2021. iMLP, a predictor for internal matrix
targeting-like sequences in mitochondrial proteins. Biol Chem. 402(8):
937–943. . https://doi.org/10.1515/hsz-2021-0185

Scorrano, L., M.A. De Matteis, S. Emr, F. Giordano, G. Hajnóczky, B. Korn-
mann, L.L. Lackner, T.P. Levine, L. Pellegrini, K. Reinisch, et al. 2019.
Coming together to define membrane contact sites. Nat. Commun. 10:
1287. https://doi.org/10.1038/s41467-019-09253-3

Shai, N., E. Yifrach, C.W.T. van Roermund, N. Cohen, C. Bibi, L. IJlst, L.
Cavellini, J. Meurisse, R. Schuster, L. Zada, et al. 2018. Systematic
mapping of contact sites reveals tethers and a function for the
peroxisome-mitochondria contact. Nat. Commun. 9:1761. https://
doi.org/10.1038/s41467-018-03957-8

Sperka-Gottlieb, C.D.M., A. Hermetter, F. Paltauf, and G. Daum. 1988. Lipid to-
pology and physical properties of the outer mitochondrial membrane of
the yeast, Saccharomyces cerevisiae. Biochim. Biophys. Acta. 946:227–234.

Tokuyasu, K.T. 1973. A technique for ultracryotomy of cell suspensions and
tissues. J. Cell Biol. 57:551–565. https://doi.org/10.1083/jcb.57.2.551

Tong, A.H.Y., and C. Boone. 2006. Synthetic genetic array analysis in Sac-
charomyces cerevisiae. Methods Mol. Biol. 313:171–192.

Weill, U., I. Yofe, E. Sass, B. Stynen, D. Davidi, J. Natarajan, R. Ben-Menac-
hem, Z. Avihou, O. Goldman, N. Harpaz, et al. 2018. Genome-wide
SWAp-Tag yeast libraries for proteome exploration. Nat. Methods. 15:
617–622. https://doi.org/10.1038/s41592-018-0044-9

Weill, U., N. Cohen, A. Fadel, S. Ben-Dor, and M. Schuldiner. 2019. Protein
Topology Prediction Algorithms Systematically Investigated in the
Yeast Saccharomyces cerevisiae. BioEssays. 41:e1800252. https://doi.org/
10.1002/bies.201800252

Wu, Y., and B. Sha. 2006. Crystal structure of yeast mitochondrial outer
membrane translocon member Tom70p. Nat. Struct. Mol. Biol. 13:
589–593. https://doi.org/10.1038/nsmb1106

Xia, M., Y. Zhang, K. Jin, Z. Lu, Z. Zeng, and W. Xiong. 2019. Communication
between mitochondria and other organelles: a brand-new perspective
on mitochondria in cancer. Cell Biosci. 9:27. https://doi.org/10.1186/
s13578-019-0289-8

Yi, H.S. 2019. Implications of mitochondrial unfolded protein response and
mitokines: A perspective on fatty liver diseases. Endocrinol. Metab.
(Seoul). 34:39–46. https://doi.org/10.3803/EnM.2019.34.1.39

Yofe, I., and M. Schuldiner. 2014. Primers-4-Yeast: a comprehensive web tool
for planning primers for Saccharomyces cerevisiae. Yeast. 31:77–80.
https://doi.org/10.1002/yea.2998

Zung, N., and M. Schuldiner. 2020. New horizons in mitochondrial contact site
research. Biol. Chem. 401:793–809. https://doi.org/10.1515/hsz-2020-0133

Eisenberg-Bord et al. Journal of Cell Biology 17 of 17

Cnm1 is a nucleus–mitochondria contact site tether https://doi.org/10.1083/jcb.202104100

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/220/11/e202104100/1424580/jcb_202104100.pdf by U

niversitaetsbibliothek Tuebingen user on 29 M
ay 2022

https://doi.org/10.7554/eLife.07253
https://doi.org/10.1038/nature00935
https://doi.org/10.1038/nature00935
https://doi.org/10.1385/1-59259-958-3:107
https://doi.org/10.1385/1-59259-958-3:107
https://doi.org/10.1016/j.devcel.2018.05.011
https://doi.org/10.1034/j.1600-0854.2001.020106.x
https://doi.org/10.1002/yea.1142
https://doi.org/10.1083/jcb.201704119
https://doi.org/10.1083/jcb.201704119
https://doi.org/10.1016/S0022-5320(68)90050-6
https://doi.org/10.1038/srep30777
https://doi.org/10.1126/science.1175088
https://doi.org/10.1126/science.1175088
https://doi.org/10.1006/jsbi.1996.0013
https://doi.org/10.1016/j.mito.2020.02.010
https://doi.org/10.1371/journal.pbio.1001969
https://doi.org/10.1371/journal.pbio.1001969
https://doi.org/10.1016/j.cmet.2015.02.009
https://doi.org/10.1016/j.cmet.2015.02.009
https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U
https://doi.org/10.1242/jcs.237917
https://doi.org/10.1016/j.jsb.2005.07.007
https://doi.org/10.1242/jcs.9.2.475
https://doi.org/10.3390/cells8050417
https://doi.org/10.3390/cells8050417
https://doi.org/10.1083/jcb.201502033
https://doi.org/10.1083/jcb.201502033
https://doi.org/10.1016/j.jsb.2004.10.006
https://doi.org/10.1016/j.jsb.2004.10.006
https://doi.org/10.1007/s00439-020-02119-5
https://doi.org/10.1128/MCB.8.11.4936
https://doi.org/10.1007/BF00331837
https://doi.org/10.1371/journal.pcbi.1007962
https://doi.org/10.1371/journal.pcbi.1007962
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1515/hsz-2021-0185
https://doi.org/10.1038/s41467-019-09253-3
https://doi.org/10.1038/s41467-018-03957-8
https://doi.org/10.1038/s41467-018-03957-8
https://doi.org/10.1083/jcb.57.2.551
https://doi.org/10.1038/s41592-018-0044-9
https://doi.org/10.1002/bies.201800252
https://doi.org/10.1002/bies.201800252
https://doi.org/10.1038/nsmb1106
https://doi.org/10.1186/s13578-019-0289-8
https://doi.org/10.1186/s13578-019-0289-8
https://doi.org/10.3803/EnM.2019.34.1.39
https://doi.org/10.1002/yea.2998
https://doi.org/10.1515/hsz-2020-0133
https://doi.org/10.1083/jcb.202104100


Supplemental material

Eisenberg-Bord et al. Journal of Cell Biology S1

Cnm1 is a nucleus–mitochondria contact site tether https://doi.org/10.1083/jcb.202104100

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/220/11/e202104100/1424580/jcb_202104100.pdf by U

niversitaetsbibliothek Tuebingen user on 29 M
ay 2022

https://doi.org/10.1083/jcb.202104100


Figure S1. Overexpression of the ERMES complex does not extend nucleus–mitochondria contacts. (A) Quantitation of the distances (nanometers)
between the nuclear and mitochondrial membranes in a SEY6210.1 strain as determined by three different tomograms. The boxes represent the interquartile
range of distancemeasurements per tomogram (tomogram 1: n = 27,743; tomogram 2: n = 40,401; tomogram 3: n = 9,509); bars mark 0.95 and 0.05 percentiles.
The line at the center of the box represents the median. The dotted line represents the mean distance of all three samples. (B) 3D segmentation of the
nucleus–mitochondria contact in yeast based on the tomogram in Fig. 1 B. M, mitochondrion; N, nucleus; PM, plasmamembrane. (C) The nucleus–mitochondria
reporter Nsg1-VC/Tom70-VN correctly identifies proximities between the two organelles. Nuclei are visualized by the red fluorophore (tdTomato) fused to a
nuclear localization signal (NLS-TFP) . Mitochondria are visualized by a BFP fused to a mitochondrial targeting sequence (MTS-BFP). The fluorescent signal of
the reporter is only localized to areas of proximity betweenmitochondria and the nucleus. Scale bar, 5 µm. (D)Quantitation of either the nucleus–mitochondria
reporter (Nsg1-VN/Tom70-VC) or the ER–mitochondria reporter (Tom70-VN/Pho88-VC) sizes in control strains or those overexpressing Mdm34 (OE Mdm34)
N terminally tagged with mCherry. The reporter sizes were determined by the number of pixels of the reporter signal using ScanR Olympus soft imaging
solutions version 3.2. While Mdm34 overexpression affects the ER–mitochondria reporter, it does not alter the nucleus–mitochondria one. (E) An example of
the effect of overexpressing Mdm34 N terminally tagged with mCherry on the background of the two reporters in D. Scale bar, 5 µm. (F) Statistical analysis of
colocalization between the nucleus–mitochondria contact reporter and the ERMES subunit Mmm1 tagged with mKate on its C terminus. Cells were imaged in
stationary phase, and colocalization events were counted manually using a cell counter plugin in ImageJ (Schindelin et al., 2012). Full colocalization was
denoted in cases where both punctate signals were completely overlapping (see top image), partial colocalization was designated if the Mmm1 signal only
colocalized with a small fraction of the reporter signal (see middle image), whereas no colocalization was scored when the reporter did not overlap any Mmm1
signal whatsoever (see bottom image). Scale bar, 5 µm; n = 400.
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Figure S2. Ybr063c (Cnm1) does not affect the extent of ERMES-mediated contacts. (A) ERMES components Mmm1 or Mdm34 were C terminally tagged
with GFP on the background of a control strain or strains overexpressing YBR063C (TEF2pr-YBR063C) or deleted for it (Δybr063c). Overexpression of Ybr063c
resulted in clustering of ERMES signal to the nuclear ER area but did not change the number or intensity of ERMES puncta. Deleting ybr063c had no effect on
these proteins. Scale bar, 5 µm. (B) Ybr063c can be found in distinct areas from ERMES subunits. Overexpressed Ybr063c was N terminally tagged with
mCherry on the background of Mdm34 or Mmm1 C terminally tagged with GFP. The yellow arrows represent areas of proximity between the Ybr063c signal
and the ERMES proteins, while the white arrows represent areas of Ybr063c signal that does not colocalize with ERMES. Scale bar, 5 µm. (C) A spot dilution
assay of strains expressing ybc063c under a GAL promoter in control strains and strains that harbor deletions in mdm34 or vam6. Repressed expression of
ybr063c when controlled under the GALpr and grown in glucose caused a complete rescue of the growth defect of Δvam6 in glucose. In contrast, repressing
ybr063c on the background of Δmdm34 aggravated the severe growth phenotype of this strain. All strains were grown on both synthetic media with glucose (no
expression of Ybr063c) or galactose (Ybr063c is expressed) as a control. (D) 100 representative samples of either the nucleus (on the left) or mitochondria (on
the right) that were considered in the quantification analysis of Fig. 3 D. The nuclei were marked by Nsg1-GFP, while the mitochondria were dyed using
MitoTracker Orange. (E) Representation of the overlap analysis between the nucleus and mitochondria by artificial intelligence algorithms (ScanR Olympus soft
imaging solutions, version 3.2). Mitochondria segmented in the RFP channel (561 nm) are recognized and marked in red, the nucleus segmented in the GFP
channel (488 nm) is recognized and marked in blue, and the overlap between them is recognized and marked with cyan. Scale bar, 5 µm.
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Figure S3. Cnm1-mediated clustering of mitochondria around the nucleus is ERMES independent. A strain overexpressing Cnm1 (OE Cnm1) and deleted
for the ERMES subunit mdm34 shows no difference in mitochondrial clustering around the nucleus. The nucleus was visualized with Nsg1-GFP and mito-
chondria with MitoTracker Orange. Scale bar, 5 µm.
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Figure S4. Choline supplementation rescues reduced Cnm1-GFP levels in strains lacking genes related to PC biosynthesis. (A) Cells overexpressing
Cnm1-GFP (OE Cnm1-GFP) on the background of deletions in cho2, opi3, and ino2 were grown to mid-logarithmic phase in synthetic minimal medium and
imaged with or without 5 mM choline. Mitochondria were dyed using MitoTracker Orange. Scale bar, 5 µm. (B) Cells lacking ino4 and overexpressing (OE)
Cnm1-GFP were grown to mid-logarithmic phase in synthetic minimal medium and imaged with or without 5 mM choline supplementation. Mitochondria were
stained using MitoTracker Orange. Scale bar, 5 µm. (C) Quantitation of the overexpressed (by TEF2pr) Cnm1-GFP signal brightness in either control or Δopi1
strains, determined by the mean intensity level of the 488-nm excitation wavelength using ScanR Olympus soft imaging solutions, version 3.2. While the mean
intensity was maintained in most control cells, deletion of opi1 resulted in a higher probability of having cells with stronger Cnm1-GFP signal. a.u., arbitrary
units. (D) An example of the strains quantified in C. Overexpression of Cnm1 tagged with GFP (OE Cnm1-GFP) on its C terminus on the background of opi1
deletion showed enhanced GFP signal intensity in some of the cells compared with control. Mitochondria were dyed using MitoTracker Orange. Scale bar,
5 µm. (E) Cells overexpressing (OE) Cnm1 and C terminally tagged with mCherry on the background of Δcho2 strain were grown to mid-logarithmic phase in
synthetic minimal medium and imaged with or without supplementation of 1 mM PC. Scale bar, 5 µm.
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Figure S5. Domain architecture of Cnm1 and the effect of losing its TMD on mitochondrial morphology. (A) Prediction of an internal mitochondrial
targeting signal–like (iMTS-L) sequence in Cnm1 calculated as described before (Boos et al., 2019). A peak with the highest TargetP1 scores can be found
around amino acids 350–370 of the nuclear protein Cnm1, suggesting the presence of an iMTS-L sequence in this region. Since iMTS-Ls have been shown to
directly bind Tom70, this highlights this region as a potential binding interface of Cnm1 with Tom70 on the mitochondrial membrane. (B) An illustrated model
of Cnm1 protein containing the localization of its two predicted transmembrane domains and the predicted iMTS-like signals. (C)Overexpression of the soluble
Cnm1 (Δ1–112 aa) taggedwith GFP on its N terminus (OE GFP-Δtmd-Cnm1) has a dramatic effect onmitochondrial morphology. The ER is marked by a BFP with
a signal sequence and an ER retention signal (SS-BFP-HDEL). Mitochondria were dyed with MitoTracker Orange. Scale bar, 5 µm.
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Video 1. Activating Ybr063c expression from a GAL promoter results in mitochondrial adherence to the nucleus when the two organelles come into
proximity. The nucleus is marked by Nsg1-GFP and mitochondria were marked in red using MitoTracker Orange.

Table S1, Table S2, Table S3, and Table S4 are provided online as separate Excel files. Table S1 lists all mCherry-tagged proteins that
fully or partially colocalized with the nucleus–mitochondria contact site reporter from Fig. 2. Table S2 lists all genes whose
deletions altered Cnm1-mediated clustering of mitochondria around the nucleus from Fig. 4. Table S3 lists the plasmids used in this
study. Table S4 lists the yeast strains used in this study.
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Abstract 23 

Signal-anchored (SA) proteins are anchored into the mitochondrial outer membrane (OM) via 24 

a single transmembrane segment at their N-terminus while the bulk of the proteins is facing the 25 

cytosol. These proteins are encoded by nuclear DNA, translated on cytosolic ribosomes, and 26 

are then targeted to the organelle and inserted into its OM by import factors. Recently, research 27 

on the insertion mechanisms of these proteins into the mitochondrial OM have gained a lot of 28 

attention. In contrast, the early cytosolic steps of their biogenesis are unresolved. Using various 29 

proteins from this category and a broad set of in vivo, in organello, and in vitro assays, we 30 

reconstituted the early steps of their biogenesis. We identified a subset of molecular 31 

(co)chaperones that interact with newly synthesized SA proteins, namely, Hsp70 and Hsp90 32 

chaperones and co-chaperones from the Hsp40 family like Ydj1 and Sis1. These interactions 33 

were mediated by the hydrophobic transmembrane segments of the SA proteins. We further 34 

demonstrate that interfering with these interactions inhibits the biogenesis of SA proteins to 35 

varying extents. Finally, we could demonstrate direct interaction of peptides corresponding to 36 

the transmembrane segments of SA proteins with the (co)chaperones and reconstitute in vitro 37 

the transfer of such peptides from the Hsp70 chaperone to the mitochondrial Tom70 receptor. 38 

Collectively, this study unravels an array of cytosolic chaperones and mitochondrial import 39 

factors that facilitates the targeting and membrane integration of mitochondrial SA proteins.   40 
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Introduction 41 

Even though mitochondria have their own genome, the vast majority of their proteins are 42 

encoded by the nuclear genome, synthesized on cytosolic ribosomes, and then imported into 43 

the organelle. The early stages of these pathways are believed to be mediated by cytosolic 44 

factors and chaperones, whereas the later ones are facilitated by protein import machineries 45 

that have evolved in the different mitochondrial compartments (Neupert and Herrmann, 2007; 46 

Wiedemann and Pfanner, 2017). 47 

The mitochondrial outer membrane harbors proteins with variable topologies that can span the 48 

membrane once, twice, or as multi-span proteins. Proteins that span the membrane once can 49 

have their single transmembrane segment (TMS) in the center of the protein or at the N- or C- 50 

terminus (Drwesh and Rapaport, 2020; Gupta& Becker, 2021). The latter group is called the 51 

tail-anchored proteins whereas those anchored via an N-terminal segment are known as signal-52 

anchored (SA) proteins. Some known members of SA proteins are the TOM receptors Tom70 53 

and Tom20, the quality control protein Msp1 (Okreglak and Walter, 2014; Chen et al., 2014), 54 

and the mitochondrial outer membrane isoform of Mcr1 (Mcr1mom) (Lamb et al., 1999). 55 

Despite sharing similar protein topology, SA proteins do not appear to follow the same 56 

insertion route. While insertion of Tom70 and Tom20 was previously reported to be dependent 57 

on the MIM complex and elements of the TOM complex (Ahting et al., 2005; Becker et al., 58 

2008; Popov-Čeleketić et al., 2008), Msp1 mitochondrial insertion was shown to require only 59 

the MIM complex. The biogenesis of another member of the group Mcr1mom, has been 60 

proposed to be independent of the TOM complex, although it is yet unclear whether the MIM 61 

complex is involved (Meineke et al., 2008; Vitali et al., 2020; Doan et al., 2020).  62 

Like the rest of the mitochondrial OM proteins, SA proteins are initially synthesized in the 63 

cytosol before being targeted to mitochondria. Such proteins contain an exposed hydrophobic 64 

transmembrane segment, which makes them vulnerable to aberrant folding and aggregation. 65 

This situation can potentially result in cytotoxic protein species, which might contribute to the 66 

pathomechanism of various neurodegenerative and other diseases (Bohush et al., 2019: Chaari, 67 

2019). Hence, it is widely thought that cytosolic factors bind such newly synthesized proteins, 68 

thereby maintaining their import-competent conformation by counteracting aggregation, 69 

degradation, and misfolding (Neupert and Pfanner, 1993).  70 
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In the yeast Saccharomyces cerevisiae, a large repertoire of molecular chaperones was 71 

identified that regulate protein quality control. These elements are classified into different 72 

families according to their molecular masses and the way they interact with their substrate 73 

(Mokry et al., 2015). Chaperones from the Hsp100 family have high binding affinity to 74 

aggregated proteins and function as disaggregases by both reactivating and resolubilizing them 75 

(Zolkiewski et al., 2012). Chaperones from the Hsp70 family (like Ssa1-4 in yeast) function in 76 

a wide range of biological processes, such as modulating folding and preventing aggregation. 77 

Chaperones from this family associate with a broad spectrum of client proteins in an ATP-78 

regulated cycle. Client protein recognition is regulated mainly by J-proteins (co-chaperones 79 

like Ydj1 and Sis1 in yeast) from the Hsp40 family that stimulate ATP hydrolysis, thereby 80 

facilitating client capture by Hsp70 (Cry, 1995; Kampinga and Craig, 2010; Wyszkowski et 81 

al., 2021). Beside their crucial role in modulating the ATPase cycle of Hsp70 through their J-82 

domain, Hsp40 chaperones can also bind unfolded protein substrates (Johnson and Craig, 2001; 83 

Li et al., 2009). In addition, cells harbour small heat shock proteins (sHSPs) that bind non-84 

native proteins and are crucial for preventing irreversible aggregation processes. Such sHSPs 85 

were recently found to be involved also in protecting proteins from mechanical stress (Haslbeck 86 

et al., 2019; Collier and Benesch, 2020). In yeast, Hsp26 is a chaperone from this family that 87 

has been reported to associate with cytosolic aggregates allowing the Ssa1-Hsp104 chaperone 88 

system to efficiently disassemble and refold them (Haslbeck et al., 2005; Cashikar et al., 2005).  89 

Chaperones of the Hsp70 family as well as some of their co-chaperones were implicated in the 90 

import of mitochondrial presequence-containing substrates (Hoseini et al., 2016; Xie et al., 91 

2017; Endo et al., 1996; Deshaies et al., 1988; Caplan et al., 1992) and carrier proteins of the 92 

inner membrane (Young et al., 2003; Bhangoo et al., 2007). For example, the co-chaperone 93 

Djp1 plays a key role in the ER-SURF pathway which involves a de-tour of mitochondrial 94 

substrates to the ER (Hansen et al., 2018). Such (co)chaperones were also reported to facilitate 95 

the import of mitochondrial OM proteins like Mim1 or Tom22 (Papić et al., 2013; Opaliński 96 

et al., 2018). Furthermore, we previously reported that cytosolic Hsp70 and Hsp40 chaperones 97 

enable the biogenesis of mitochondrial β-barrel proteins (Jores et al., 2018). Pex19, which is a 98 

cytosolic chaperone associated with the peroxisomal import of membrane proteins, has also 99 

been found, along with Ssa1 and its co-chaperone Sti1, to assist the biogenesis of mitochondrial 100 

tail-anchored proteins namely, Fis1 and Gem1 (Cichocki et al., 2018) (Jansen and van der Klei, 101 

2019).  102 
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Despite this progress in our understanding of the contribution of cytosolic chaperones to 103 

mitochondrial biogenesis, no cytosolic factors have been reported so far as mediators of the 104 

biogenesis of mitochondrial SA proteins. Currently, there is scarce information regarding the 105 

early cytosolic events that assure their safe passage through the cytosol. To fill this gap, we 106 

have employed a combined experimental strategy consisting of assays with yeast cells extract, 107 

isolated organelles, and in vitro experiments with purified proteins. We could identify a subset 108 

of Hsp70 and Hsp40 (co)chaperones that interacts with SA proteins. These (co)chaperones 109 

were further shown to be crucial for the mitochondrial import of SA proteins. Furthermore, we 110 

suggest a novel role of the import receptors Tom70 in promoting the insertion of SA proteins 111 

by serving as a docking site for the Hsp70 chaperone. 112 

 113 

Results  114 

Cytosolic chaperones interact with newly synthesized signal-anchored proteins  115 

Signal-anchored proteins are, due to their hydrophobic segments, at a high risk of aggregation 116 

and misfolding following their translation in the cytosol. We aimed to search for factors that 117 

can prevent such a scenario and maintain the SA substrates in an import-competent 118 

conformation. We chose four SA model proteins to study the potential involvement of such 119 

cytosolic components: the two receptor subunits of the TOM complex, Tom20 and Tom70, and 120 

two additional proteins namely, Msp1 and the OM isoform of Mcr1 (Mcr1mom). Initially, we 121 

wanted to determine which factors can interact with newly synthesized SA proteins. To this 122 

end, we used yeast extract to translate in vitro signal-anchored proteins with a C-terminally 123 

HA-tag. Since the yeast extract does not contain organelles to where the freshly translated 124 

proteins can be targeted, we anticipated that such SA proteins should associate in the 125 

hydrophilic environment of the extract with factors, which will maintain them in an import-126 

competent conformation. The tail-anchored protein Fis1 and the β-barrel protein Porin were 127 

included for comparison and the unrelated protein dihydrofolate reductase (DHFR) was used 128 

as a control. After their synthesis, all proteins were pulled down with anti-HA beads and co-129 

purified proteins in the elution fraction were analyzed by western blot followed by 130 

immunodecoration with antibodies against different cytosolic elements (Fig. 1A, B).  131 

All four signal-anchored proteins co-eluted with the Hsp70 chaperones Ssa1/2, and the Hsp40 132 

co-chaperones Ydj1, Sis1 and Djp1. Weaker interactions were observed with the Hsp90 133 
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chaperones Hsc82/Hsp82 and their co-chaperones Aha1 and Sti1. The eluates contained also 134 

Hsp104 chaperone and minor amounts of Hsp42 chaperone, suggesting that minor portion of 135 

the newly synthesized proteins got aggregated. The co-chaperone Hch1 and the cytosolic 136 

protein Bmh1 were not co-eluted with any of the tested proteins (Fig. 1A, B). Control elution 137 

fraction containing newly synthesized DHFR had neglectable amounts of co-purified 138 

(co)chaperones, indicating the binding specificity of chaperone-substrate. As we observed 139 

previously (Jores et al., 2018), the β-barrel protein Porin also associated with the various 140 

(co)chaperones. 141 

To validate the western blot results and to search for additional (co)chaperones co-purified with 142 

the newly translated SA proteins, the elution fractions from such pull-down assays were 143 

analyzed also by mass spectrometry. The mass spectrometry analysis of the eluates from pull-144 

downs with Msp1, Mcr1, or (as a control) with mock pull-down where no mRNA was added 145 

to the lysate are shown in Table S1. Several chaperones, which are not included in the western 146 

blot due to lack of antibodies, were additionally detected in the eluate of both proteins Msp1 147 

and Mcr1. The detected proteins are presented in two groups. The first contained those proteins 148 

that were not found at all in the mock eluate, hence their enrichment ratio in Msp1 and Mcr1 149 

eluates could not be calculated (Table S1A). Among these were chaperones from the Hsp70 150 

family namely, Ssa4, Snl1 and Lhs1. The second group is the set of proteins that were found 151 

in minor amounts also in the mock elution, and thus their relative enrichment as compared to 152 

the mock pull-down could be determined (Table S1B). Amongst them, the Hsp70 chaperones 153 

Ssc1, Sse1 and Ssb1/2, in addition to the ribosome associated complex (RAC) chaperone Zuo1 154 

were detected. Taken together, the combined analysis of the pull-down assays shows 155 

multifaceted interactions between newly synthesized SA proteins and cytosolic chaperones and 156 

co-chaperones. 157 

The hydrophobic transmembrane domain of SA proteins mediates their interactions with 158 

cytosolic (co)chaperones 159 

The detected interactions of a subset of cytosolic (co)chaperones with SA proteins led us to ask 160 

which part of these latter proteins mediate such association. A likely candidate for this task is 161 

the proteins’ hydrophobic TMS. To test this assumption, we constructed two additional C-162 

terminally HA-tagged versions of each SA protein – one construct encodes the cytosolic part 163 

of the protein (indicated by protein name-C, Fig. 2) and the second encodes only the 164 

hydrophobic TMS (indicated by protein name-T, Fig. 2). These two constructs together with 165 
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the full-length (FL) version were used for in vitro translation in yeast extract followed by pull-166 

down assay. As expected for small proteins, all three constructs encoding the hydrophobic 167 

TMSs were synthesized to a lower extent as compared to the constructs representing the 168 

cytosolic moieties or the full-length proteins (Fig. 2, input panels). Yet, similar levels of bound 169 

(co)chaperones were observed in the eluates of the hydrophobic TMSs and the full-length 170 

versions (Fig. 2A-C). In contrast, only marginal binding of (co)chaperones to the soluble 171 

cytosolic parts of the SA proteins or to the control protein DHFR was detected (Fig. 2A-C). 172 

Taken together, our findings suggest that the interactions between SA proteins and molecular 173 

chaperones are mainly governed by the TMSs of the mitochondrial proteins.  174 

Signal-anchored proteins show variable dependence on Hsp40 co-chaperones 175 

After demonstrating that Hsp40 co-chaperones like Ydj1 and Sis1 can physically interact with 176 

newly synthesized SA proteins, we wanted to test if these interactions are relevant to the 177 

biogenesis of the latter group. These two co-chaperones were previously reported to be 178 

involved in the biogenesis of the β-barrel protein Porin (Jores et al., 2018). Moreover, Ydj1 has 179 

been implicated in the mitochondrial import of presequence-containing proteins (Caplan et al., 180 

1992; Xie et al., 2017). To gain insight into the physiological relevance of these co-chaperones 181 

for the biogenesis of signal-anchored proteins, we created strains expressing YDJ1, SIS1 or 182 

both genes under the control of a tetracycline-repressible promoter. To accelerate the depletion 183 

process, ubiquitin was fused N-terminally to the down-regulated protein. To monitor the effect 184 

of depleted chaperones over time, cells were grown for two hours in the absence of 185 

doxycycline. Then, down-regulation was induced by supplementing doxycycline (Dox) to the 186 

medium, cells were harvested immediately (time=0) or after 1, 2 or 4 hours, and cytosolic and 187 

mitochondrial fractions were obtained. For comparison, cells were grown in the absence of 188 

doxycycline and harvested as well.  189 

As anticipated, cytosolic levels of Ydj1 and Sis1 were gradually decreased over time after 190 

addition of doxycycline, whereas levels of other chaperones like Hsp104 and Hsp26 were not 191 

changed, demonstrating doxycycline´s selectivity in suppressing the expression of only the 192 

genes regulated by the tetracycline promoter (Fig. 3A, C). Inspecting the mitochondrial 193 

fractions revealed that none of the inspected mitochondrial proteins was altered in Ydj1 194 

depleted cells. In contrast, mitochondrial levels of Tom20 and Tom70 in Sis1 depleted cells 195 

were moderately reduced after 4 hours, while no change was detected in the levels of the other 196 

signal-anchored proteins Msp1 and Mcr1, or other outer membrane proteins like Porin or Fis1 197 
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(Fig. 3A-B). These findings might be explained by previous observations that the J-domain of 198 

Sis1 can compensate for the loss of Ydj1 J-domain but not the other way around (Yan and 199 

Craig, 1999).  200 

To avoid such cross compensation of the two co-chaperones, we wanted next to check the effect 201 

of the parallel depletion of both on the biogenesis of SA proteins. Interestingly, the levels of 202 

Tom20 and Tom70 were gradually reduced over time down to 40-50% of their levels in control 203 

conditions while levels of Msp1 and Mcr1 were not altered. As expected from our previous 204 

study (Jores et al., 2018), Porin also showed a decrease to 40% (Fig. 3C-D). Altogether, these 205 

results suggest that biogenesis of various SA proteins rely to a different degree on Hsp40 co-206 

chaperones.  207 

The highly reduced steady-state levels of Tom20 and Tom70 upon depletion of both co-208 

chaperones led us to conduct in vitro import assays. In these experiments we translated 209 

radiolabeled variants of Tom20 and Tom70 in yeast extract from either control or Ydj1 and 210 

Sis1 depleted cells and incubated the newly synthesized proteins with isolated mitochondria. 211 

We found that extract depleted of both co-chaperones can support to a lower extent the import 212 

of Tom20 but to a normal level that of Tom70 (Fig. 4A, B). Thus, it seems that the import of 213 

Tom70 under these in vitro conditions can be compensated by other, yet unknown, factors. 214 

Depletion of Ydj1 and Sis1 can increase the risk for aggregation of newly synthesized 215 

proteins 216 

To better understand the involvement of Ydj1 and Sis1 in the cytosolic maintenance of signal-217 

anchored proteins, we aimed to analyze the interaction pattern between the other chaperones 218 

and the newly synthesized SA proteins in yeast cells depleted of Ydj1 and Sis1. We chose to 219 

utilize a strain that is depleted of both co-chaperones since their mutual function allows them 220 

to compensate for each other's loss. To this end, we translated HA-tagged variants of the four 221 

signal-anchored proteins in extract of either WT or Ydj1 and Sis1 depleted cells (YS↓) and 222 

then performed pull down with anti-HA beads. Interestingly, we found that the interaction 223 

between the newly synthesized proteins and some of the chaperones was altered in cells 224 

depleted for both co-chaperones while other chaperones did not show any significant change. 225 

The co-purified levels of Hsp104 and Hsp26 chaperones were increased in the eluates of all 226 

SA proteins translated in the extract of the depletion strain (Fig. 5A, B). Both Hsp104 and 227 

Hsp26 are involved in disaggregation of substrate proteins. Hence the co-purification, in the 228 

absence of Sis1 and Ydj1, of these chaperones with newly synthesized SA proteins suggests 229 
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that the cytosol of cells with highly reduced levels of these co-chaperones can offer less 230 

stabilization for the newly synthesized substrates and hence these substrates are more prone to 231 

aggregation under these conditions. These findings indicate a role of the Hsp40 co-chaperones 232 

in keeping the signal-anchored proteins stable in the cytosol. 233 

The binding affinity of substrate to Hsp70 chaperone Ssa1 is higher than the affinity to 234 

the co-chaperone Sis1 235 

To better understand the dynamics of chaperone-substrate interactions, we next aimed to 236 

investigate their binding kinetics and affinity using fluorescence anisotropy. Since we have 237 

shown that the interaction between chaperones and signal-anchored proteins is mediated by 238 

their transmembrane domain (Fig. 2), we synthesized peptides corresponding to residues 1-34 239 

of Mcr1 and Tom70, which contain the TMS, and modified the peptides with the fluorescent 240 

dye Tetramethylrhodamine (TAMRA). Then, we monitored the anisotropy changes of these 241 

fluorescently labeled peptides upon their interaction with recombinantly expressed purified 242 

(co)chaperones. The fluorescence anisotropy of the TAMRA-labeled Tom70 and Mcr1 243 

peptides increased upon addition of recombinant Ssa1 indicating the formation of a peptide-244 

Ssa1 complex. As a control, such an increase was not observed when BSA was added, 245 

underlining the specificity of the chaperone-substrate interaction (Fig. 6A, B). These 246 

observations demonstrate that transmembrane segments of SA proteins can bind directly to 247 

Ssa1. 248 

Next, we implemented a titration assay in which increasing concentrations of Ssa1 (Fig. 6 C, 249 

D) or Sis1 (Fig. 6 E, F) were sequentially added to either Tom70 or Mcr1 peptides. This250 

approach enabled us to monitor the binding parameters and compare the binding affinity 251 

between substrate and different (co)chaperones. Based on these experiments, dissociation 252 

constants (Kd) were determined according to hyperbolic regression curves fitted to the data. 253 

These Kds were calculated to be 2.42 µM for Ssa1-Tom70(TMS) complex and 3.27 µM for 254 

Ssa1-Mcr1(TMS) complex (Fig. 6C, D). Interestingly, dissociation constants (Kd) of 18.3 µM 255 

and 25.75 µM were measured for Sis1-Tom70(TMS) complex and Sis1-Mcr1(TMS) complex, 256 

respectively (Fig. 6E, F). Collectively, these results show that the affinity between the 257 

substrates and the Hsp70 chaperone Ssa1 is several folds higher than their affinity to the co-258 

chaperone, Sis1. This observation supports the notion that the co-chaperone facilitates the 259 

initial low-affinity interaction with the substrate before transferring it to the main chaperone 260 

that has a higher affinity to the substrate.  261 
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Hsp70 chaperones are required for optimal biogenesis of SA proteins 262 

Hsp70 chaperones cooperate with different cofactors and are known to be regulated mainly by 263 

J-protein co-chaperones like Ydj1 and Sis1. Our results so far have shown that these chaperones264 

play an important role in the biogenesis of SA proteins. To substantiate this assumption, we 265 

wished to examine whether inhibiting this chaperone can interfere with the import of SA 266 

proteins. Thus, we performed in vitro import assays in which the yeast extract used for protein 267 

translation was supplemented with the Hsp70 inhibitor, CBag (C-terminal Bag domain of 268 

human Bag-1M) prior to import into mitochondria (Jores et al., 2018). As a result, the import 269 

efficiency of both, Msp1 and Mcr1 decreased to 50% and 20% respectively, as compared to 270 

control BSA-supplemented yeast extract (Fig. 7 A, B). We previously observed that this 271 

inhibitor does not cause a general damage to the import capacity of mitochondria as it did not 272 

affect the import of the matrix-destined protein pSu9-DHFR (Jores et al., 2018). Altogether, 273 

these experiments suggest a crucial role for Hsp70 in facilitating proper insertion of SA 274 

proteins into the mitochondrial OM. 275 

Considering the physiological relevance of both Hsp70 and Hsp40 (co)chaperones for the 276 

biogenesis of SA proteins, we aimed to understand the dynamics of the complex formation 277 

between the SA substrate, the Hsp40 co-chaperones (Sis1), and the Hsp70 chaperones (Ssa1). 278 

To this end, we performed additional set of fluorescence anisotropy experiments in which Ssa1, 279 

ATP and Sis1, each a few minutes apart and in a different order, were added to the Mcr1-280 

TAMRA-labeled peptide (Fig. 7 C-E). Since Ssa1 has ATPase activity that is modulated by 281 

Hsp40 co-chaperones, we tested whether the binding of Hsp40 or Hsp70 to the substrate is 282 

ATP-dependent. Higher anisotropy values were observed when Ssa1 was supplemented first, 283 

indicating complex formation between Ssa1-Mcr1 peptide. After adding ATP, the anisotropy 284 

was reduced indicating that the complex started to disassociate as a result of ADP exchange 285 

for ATP, which promotes chaperone-substrate release. However, addition of Sis1 increased the 286 

anisotropy again suggesting either a complex formation between Sis1 and the substrate or that 287 

Sis1 restored the complex formation between Ssa1 to Mcr1 peptide by tuning the ATPase-288 

driven chaperone cycle of Ssa1 (Fig. 7C). 289 

In another experiment we first added Sis1 to the Mcr1 peptide and, as expected, complex 290 

formation was observed (Fig. 7D). Only a slight decrease in the anisotropy was detected once 291 

Ssa1 was added to the mixture. This behaviour could be attributed to a transfer of the substrate 292 

from Sis1 to Ssa1 due to higher affinity of the substrate of the latter protein. Interestingly, when 293 
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ATP was supplied to the mixture at last, no further decrease in the anisotropy was measured 294 

(Fig. 7D). This lack of effect could be explained by one of the two possibilities – (i) since there 295 

is still Sis1 in the mixture, following the Ssa1-substrate disassociation due to ATP, the substrate 296 

re-associated with Sis1, or (ii) due to the presence of Sis1, the ATP hydrolysis is accelerated 297 

which retains Hsp70 chaperone conformation in favor of substrate binding, making the Ssa1-298 

substrate complex no longer sensitive to ATP. 299 

In the last experiment, Sis1 was supplemented after Ssa1 and an additional increase in 300 

anisotropy was observed (Fig. 7E). Since the total change in anisotropy is even larger than the 301 

increase observed in the presence of either Ssa1 or Sis1 alone, this observation might suggest 302 

the formation of a ternary complex composed of Ssa1-Sis1-substrate. Importantly, this rise was 303 

not long-lasting, and the complex appears to dissociate over time (Fig. 7E). As before, the 304 

addition of ATP at this stage did not change the levels of anisotropy. Overall, these findings 305 

support a complex formation between Hsp70 and its SA substrate. In addition, they suggest a 306 

regulatory effect of ATP on this complex, which is no longer observed when Sis1 is in the 307 

mixture, suggesting a role of Sis1 in stabilizing this complex. 308 

Tom20 and Tom70 receptors might play an offsetting role in the biogenesis of the SA 309 

proteins Msp1 and Mcr1 310 

Next, we wanted to decipher the late cytosolic events involving the recognition of newly 311 

synthesized proteins at the mitochondrial surface. To that goal we investigated, using different 312 

approaches, the potential involvement of the canonical import receptors Tom20 and Tom70 in 313 

the biogenesis of Mcr1 or Msp1. First, we performed in vitro pull-down assays using the 314 

cytosolic domains of either Tom20 or Tom70 N-terminally fused to a GST moiety. GST alone 315 

was included as a negative control. These GST-fusion proteins were incubated with freshly 316 

translated HA-tagged variants of Msp1, Mcr1 or DHFR (as a control). Following two hours of 317 

incubation in the presence of ATP to allow the release of potentially bound chaperones, the 318 

elution fraction was collected, and bound proteins were detected using anti-HA antibody. Msp1 319 

and Mcr1 displayed variable degrees of interaction with both receptors. After normalizing for 320 

the background binding to GST, Mcr1 exhibited four times higher binding to the cytosolic 321 

domain of Tom20 compared to that of Tom70, while Msp1 interacted with both almost equally. 322 

Of note, no binding was detected when DHFR was incubated with the receptors, demonstrating 323 

the specificity of the assay (Fig. 8A). 324 
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Since prior to their incubation with the receptors, the SA proteins were translated in yeast 325 

extract containing the repertoire of molecular chaperones, we asked whether chaperones can 326 

be involved in the recognition process of the newly synthesized proteins by the receptors. 327 

Hence, we aimed to examine the potential interaction between the TOM receptors and different 328 

chaperones using the same approach namely, pull-down from yeast extract. Notably, Ydj1 329 

showed similar binding levels to both receptors while Ssa1/2, Sti1 and Hsp104 exhibited 330 

stronger binding to the cytosolic domain of Tom70. On the other hand, Aha1 displayed a very 331 

strong interaction with the Tom20 receptor. Other chaperones, like Hsp26 and Hch1 did not 332 

bind to either receptor (Fig. S1A).  333 

Since the cooperation between the Hsp70 chaperone and Tom70/Tom20 receptors in 334 

facilitating productive delivery of a subset of preproteins to the receptor for subsequent 335 

membrane translocation has been reported in multiple publications (Mills et al., 2009; Fan et 336 

al., 2010; Fan et al., 2011; Komiya et al., 1997; Young et al., 2003, Wegele et al., 2006), we 337 

decided to further investigate the implications of such interactions for the biogenesis of SA 338 

proteins. Given that Tom70 contains a docking site for Hsp70s and Hsp90 chaperones, along 339 

with our observation that Ssa1/2 is probably involved in the insertion process of Msp1 and 340 

Mcr1, we asked whether the Tom70 receptor recognizes the polypeptide substrate while in 341 

complex with Ssa1 and whether Hsp70 docking is required for the formation of a productive 342 

substrate/Tom70 complex. For this purpose, we analyzed Mcr1 peptide binding to the GST-343 

Tom70 receptor in the presence of Ssa1, Sis1 and ATP supplemented in different orders and 344 

monitored the change in the anisotropy. As in other experiments (Fig. 7C), we observed 345 

complex formation after adding Ssa1 to Mcr1-peptide, which was detached upon ATP addition 346 

(Fig. 8B). However, once GST-Tom70 was added, a complex that caused an even higher 347 

anisotropy shift was formed (Fig. 8B), suggesting that Mcr1 peptide, after being released from 348 

Ssa1, formed a complex with Tom70 with higher affinity. Interestingly, a complex between 349 

Mcr1-peptide and Tom70, as indicated by a large increase in the measured anisotropy, was also 350 

formed when GST-Tom70 was supplemented first while Ssa1 was absent (Fig. 8C). Once Ssa1 351 

and ATP were supplemented to this Tom70-Mcr1(TMS) complex, only a slight reduction shift 352 

was observed (Fig. 8 C), suggesting that the complex between Mcr1 substrate and Tom70 353 

receptor remained mostly stable. This observation supports the assumption that the substrate 354 

interacts with the receptor with higher binding affinity than with the chaperone. Such an 355 

increased affinity can promote transfer of the substrate from the chaperone to the receptor.  356 
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To test if the substrate-receptor interaction can occur even when the substrate is compounded 357 

with the Ssa1 chaperone, we enabled substrate-chaperone complex formation by 358 

supplementing Ssa1 first, followed by the addition of GST-Tom70. Surprisingly, a higher 359 

anisotropy shift was detected right after addition of GST-Tom70, indicating that the Tom70 360 

receptor can bind the substrate while the latter is in complex with the chaperone. Addition of 361 

ATP, which aids the release of the substrate from the chaperone, resulted in an even higher 362 

increase in anisotropy (Fig. 8D), suggesting that the Tom70 receptor may bind the substrate 363 

with enhanced efficiency upon its release from the chaperone. To ensure that the receptor can 364 

indeed bind the substrate-chaperone complex, we stabilized the complex formed by Ssa1-365 

Mcr1(TMS) by co-addition of Sis1 to the mixture. Even in this case, the receptor Tom70 still 366 

interacted with the substrate (Fig. 8E). Overall, these findings suggest that SA substrate has a 367 

higher affinity for the receptor than for the chaperone. Furthermore, Tom70 is capable of 368 

binding substrates irrespective of the presence or absence of the Hsp70 chaperone Ssa1. 369 

Having demonstrated that Tom20 and Tom70 can bind newly translated SA proteins to a 370 

different degree (Fig. S1), we aimed to assess whether these interactions are required for their 371 

mitochondrial insertion. Previous studies have shown that the absence of either one of the TOM 372 

receptors does not cause a reduction in the mitochondrial steady state levels of Msp1 or Mcr1 373 

(Vitali et al., 2020; Meineke et al., 2008). Nevertheless, since both receptors, Tom20 and 374 

Tom70 can interact with Msp1 and Mcr1, we assume that when one receptor is deleted, the 375 

other one can compensate due to their partial overlapping function (Young et al., 2003). To test 376 

this hypothesis, we wanted to examine the direct effect of the loss of both receptors on the 377 

mitochondrial insertion of Msp1 and Mcr1. To this end, we conducted in vitro import assays 378 

of radiolabeled proteins (Msp1 and Mcr1) using two approaches. The first approach included 379 

mitochondria that had been trypsin-treated before import, and the second involved using 380 

mitochondria lacking the Tom20 receptor (tom20Δ strain) and treated with the C-terminal 381 

domain of human Hsp90 (C90) which is known to block the chaperone binding site on the 382 

mitochondrial import receptor Tom70, thus inhibiting its activity. Both Tom20 and Tom70 had 383 

their cytosolic domains degraded following trypsin treatment, and as a result, the import 384 

efficiency of Msp1 was decreased by 25% (Fig. 9A). In line with a previous report (Meineke 385 

et al., 2008), the import efficiency of Mcr1 was not affected (Fig. 9B).  386 

When WT mitochondria were treated with C90, which results in non-functional Tom70, import 387 

of Msp1 was reduced by 23%. This seemingly contradicts a former study in which 388 

mitochondrial levels of Msp1 were not decreased in a Tom70 deleted strain (Vitali et al., 2020). 389 
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However, this difference can be explained by the fact that in the previous study, the cells 390 

lacking Tom70 could adopt for the loss of Tom70, while the effect of inhibition by C90, on the 391 

other hand, is immediate and not reversible. Interestingly, insertion efficiency of Msp1 into 392 

mitochondria lacking Tom20 was around 25% higher as compared to control WT mitochondria 393 

(Fig. 9C, D), maybe because of the slightly elevated levels of Tom70 in these cells (Fig. S1B). 394 

Supporting this assumption, when the samples lacking Tom20 were treated with C90, the 395 

membrane integration of Msp1 was reduced by 32% (Fig. 9C). Similar results were obtained 396 

with Mcr (Fig. 9D). These findings substantiate the importance of Tom70 as a docking site for 397 

substrate SA proteins associated with (co)chaperones. 398 

 399 

Discussion 400 

The early cytosolic events in the biogenesis of mitochondrial outer membrane proteins are 401 

believed to involve cytosolic factors and chaperones to keep the newly synthesized proteins in 402 

an import-competent conformation, which is crucial for their effective membranal insertion. 403 

Such factors have been identified for some of the mitochondrial outer membrane proteins, such 404 

as the β-barrel proteins (Jores et al., 2018), and some single-span proteins (Cichocki et al., 405 

2018; Papić et al., 2013; Opaliński et al., 2018). In this study, we employed four different model 406 

proteins from the SA family and identified several cytosolic chaperones that can interact with 407 

such newly synthesized proteins through their hydrophobic transmembrane domain. Of note, 408 

the cytosolic domains of these SA proteins were not associated with chaperones indicating that 409 

they are less prone to forming aggregates or to misfold in the cytosol. These observations are 410 

in line with the widely accepted concept that chaperones recognize mainly hydrophobic patches 411 

to bind their substrates (Li et al., 2009; Saio et al., 2014; Clerico et al., 2015). 412 

We identify chaperones from the Hsp90, Hsp70, and Hsp40 families to interact with SA 413 

proteins. When we tested the role of the Hsp40 co-chaperones, Ydj1 and Sis1, which are two 414 

major J-domain proteins in the yeast cytosol, we observed that mitochondrial steady state levels 415 

of Tom20 and Tom70 were largely reduced upon depletion of both chaperones and this effect 416 

was less pronounced when only one of the co-chaperones was depleted. This observation 417 

indicates, in agreement with an earlier study (Johnson and Craig, 2001), that Ydj1 and Sis1 418 

share overlapping functions. In contrast, the steady-state levels of Msp1 and Mcr1, although 419 

they also interact with Ydj1 and Sis1, were unaffected by the co-depletion of the co-420 
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chaperones. This suggests that other Hsp40 co-chaperones most likely play a more central role 421 

in the biogenesis of these SA proteins. Furthermore, we could demonstrate that upon co-422 

depletion of both Ydj1 and Sis1, the newly synthesized SA proteins exhibited enhanced binding 423 

to Hsp26 and Hsp104 chaperones that are implicated in binding aggregated proteins 424 

(Zolkiewski et al., 2012; Zhou et al., 2011; Franzmann et al., 2005). These findings emphasize 425 

the involvement of Ydj1 and Sis1 in preventing cytotoxic protein aggregation and are in 426 

agreement with other proposed functions of both co-chaperones (Cry, 1995; Klaips et al., 427 

2020).  428 

Additionally, we have shown that both the in vitro import efficiency and the steady-state levels 429 

of Tom20 are reduced upon depletion of Ydj1 and Sis1. In the case of Tom70, in vitro insertion 430 

was unaffected despite reduced mitochondrial steady state levels. These combined 431 

observations suggest that Ydj1 and Sis1 are involved in the biogenesis of SA proteins to 432 

varying degrees. The cis characteristics of the substrate proteins that dictate the variable 433 

dependency will be the topic of future studies. 434 

We also validated via fluorescence anisotropy the interactions between a peptide corresponding 435 

to the transmembrane segment of Mcr1 and the two (co)chaperones Ssa1 and Sis1. 436 

Interestingly, the binding affinity of the substrate to the co-chaperone (Sis1) was 10-fold lower 437 

than the binding to the Hsp70 chaperone (Ssa1). These observations support the hypothesis that 438 

the substrate transfer from the co-chaperone to the main Hsp70 chaperones is driven by 439 

increased affinity to the latter. Similar results were also previously observed for a peptide 440 

representing the mitochondrial targeting element of the β-barrel protein Porin (Jores et al., 441 

2018). According to our findings, the complex formed by Ssa1/substrate is regulated by the J-442 

protein Sis1. Although we could show that a potential substrate is able to bind Hsp70 chaperone 443 

also in the absence of Sis1, this interaction was susceptible to ATP. In contrast, in the presence 444 

of Sis1 the complex was no longer responsive to ATP, pointing out the regulatory function of 445 

Sis1 on the Hsp70 ATPase activity. In agreement with our findings, previous studies have 446 

shown that both Sis1 and Ydj1 facilitate binding between substrate and Hsp70 chaperone 447 

(Kampinga and Craig, 2010).  448 

Our current findings show that inhibiting Ssa1 activity significantly reduces the integration of 449 

Msp1 and Mcr1 into the OM. This implies that in addition to its well-known function in 450 

facilitating protein folding, Ssa1 also directly supports the mitochondrial insertion of Msp1 and 451 

Mcr1. Of note, we could show that SA proteins can interact with the TOM receptor Tom70, 452 
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suggesting that TOM receptors may play a role in recognizing newly synthesized SA proteins 453 

on the mitochondrial surface. At least for Mcr1, such a recognition by the import receptors 454 

might be related to the presence of an MTS-like stretch at residues 1-10 of the protein (Hahne 455 

et al., 1994). Furthermore, in accordance with previous observations (Backes et al., 2021; 456 

Kreimendahl and Rassow, 2020; Young et al., 2003), this recognition may involve an interplay 457 

between the Hsp70 chaperone and the Tom70 receptor. Based on our findings, we propose that 458 

the Ssa1/substrate complex is initially identified by Tom70 receptor, most likely using the 459 

docking site in Tom70, which may be crucial for correct targeting. The substrate is then 460 

released from the complex and relayed to Tom70 to which it has a higher affinity. These 461 

findings support the previously published study which proposed that the monomeric form of 462 

Tom70 is responsible for mediating initial chaperone docking and precursor recognition via its 463 

clamp domain followed by substrate release. This recognition is assumed to be facilitated by 464 

the exchange of ATP for ADP at the chaperone ATPase domain and results in the dimerization 465 

of Tom70 which favors interactions solely with the substrate (Mills et al., 2009).  466 

When we analyzed the direct involvement of the TOM receptors in the biogenesis of Msp1 and 467 

Mcr1, we found that their insertion was reduced upon inhibition of Tom70 by C90. Surprisingly 468 

however, their insertion was enhanced upon Tom20 deletion. This finding is in line with a 469 

previous study showing higher steady state levels of Msp1 in mitochondria devoid of Tom20 470 

(Vitali et al., 2020). This enhancement could be attributed to higher expression of Tom70 to 471 

compensate for the deletion of Tom20. Moreover, inhibition of Tom70 in a deletion strain of 472 

Tom20 led to further reduction of the insertion of SA proteins, supporting the assumption that 473 

each receptor can compensate for the absence of the other one. Hence, it seems that both 474 

receptors might be involved in the biogenesis of the SA proteins Msp1 and Mcr1. 475 

Altogether, our current findings, when combined with prior information, provide new insights 476 

into the cytosolic chain of events from the synthesis of SA proteins until their recognition at 477 

the mitochondrial surface. We propose that interactions between newly synthesized SA 478 

proteins and molecular chaperones are mediated by their hydrophobic patches. Such 479 

interactions are not only crucial for keeping the substrate protein in an import-competent 480 

conformation, but also for their proper mitochondrial targeting which involves the TOM 481 

complex receptors Tom20 and Tom70. Although both receptors may not be vividly crucial for 482 

the actual membrane integration process, we propose that they are required for facilitating 483 

efficient delivery in the crowded environment of the cell.  484 
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Materials and Methods 485 

Yeast strains and growth methods 486 

The parental strain YMK120 was used to create strains with genes under the control of a 487 

tetracycline-repressible promoter (Gnanasundram and Koš, 2015). The tetracycline operator 488 

was inserted into the genome by homologous recombination using an insertion cassette 489 

amplified from the plasmids pMK632Kan and pMK632His (Gnanasundram and Koš, 2015). 490 

Strains with two genes under the control of the tetracycline operator were obtained by mating 491 

of strains with a single tet-regulated gene followed by tetrad dissection. Yeast strains 492 

expressing Ydj1 and Sis1 under tetracycline promotor were grown in YP-Sucrose medium (for 493 

mitochondria isolation) or in YPD medium (for isolation of cell extract). For mitochondria 494 

isolation, cells were grown for 2 h on medium lacking doxycycline before adding 2 μg/ml of 495 

doxycycline to the culture. Then, cells were cultured for different time periods before their 496 

harvest. All strains used in this study are listed in Table S2. 497 

Recombinant DNA techniques 498 

The plasmids pRS426-TPI-Tom20 and pRS426-TPI-Tom70 were used as templates for the 499 

PCR-amplification of the TOM20 and TOM70 genes, respectively. The amplification product 500 

was inserted into the plasmid pGEM4polyA-3HA using KpnI and BamHI restriction sites. The 501 

MSP1 gene was amplified by PCR from yeast genomic DNA with specific primers containing 502 

BamHI and HindIII restriction sites. The PCR product was cloned into the plasmid pGEM4 to 503 

obtain pGEM4-yk-Msp1 which was used as a template for cloning yk-Msp1 into 504 

pGEM4polyA-3HA plasmid using SacI and BamHI restriction sites. MCR1 gene was 505 

amplified by PCR using pGEM4-yk-Mcr1 plasmid as template. The amplification product was 506 

inserted into pGEM4polyA-3HA using EcoRI and SmaI restriction sites.  507 

The sequences encoding either the cytosolic domain (a.a 33-363) or the transmembrane domain 508 

(a.a 1-32) of Msp1 were amplified by PCR using the pGEM4-YK-Msp1-3HA plasmid as a 509 

template. The sequence encoding either the cytosolic domain (a.a 35-302) or the 510 

transmembrane domain (a.a 1-39) of Mcr1 were amplified by PCR using pGEM4-YK-Mcr1-511 

3HA plasmid as a template. The sequences encoding either the cytosolic domain (a.a 33-183) 512 

or the transmembrane domain (a.a 1-30) of Tom20 were amplified by PCR using the pGEM4-513 

YK-Tom20-3HA plasmid as a template. The sequences encoding either the cytosolic domain 514 

(a.a 33-617) or the transmembrane domain (a.a 1-32) of Tom70 were amplified by PCR using 515 

the pGEM4-YK-Tom70-3HA plasmid as a template. All these PCR products were inserted 516 
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with suitable restriction sites into the pGEM4polyA-3HA plasmid for their translation in yeast 517 

extract. In all the constructs mentioned above the yeast Kozak (YK) sequence was introduced 518 

via a primer directly upstream of the start codon. All primers and plasmids used in this study 519 

are listed in Tables S3 and S4, respectively. 520 

Protein purification 521 

Recombinant cBag and C90 were expressed in BL21 cells from the plasmid pPROEX-HTa-522 

cBag or pPROEX-HTa-C90, respectively (Young et al., 2003). Expression was induced for 4 523 

h with 1 mM IPTG at 37 °C. The cells were harvested, resuspended in French Press buffer (40 524 

mM HEPES, 100 mM KCl, 20 mM imidazole, 2 mM PMSF, EDTA-free cOmplete protease 525 

inhibitor [Roche], pH 7.5) for 1 hour followed by homogenization using tight douncer. Cells 526 

were then lysed with an EmulsiFlex-C5 French Press. The cell lysate was subjected to a 527 

clarifying spin (15000 x g, 15 min, 4 °C) and the supernatants were incubated overnight with 528 

2 mL Ni-NTA Agarose beads (Cube Biotech). The bound proteins were washed with 20 mL 529 

wash buffer (40 mM HEPES, 100 mM KCl, 50 mM imidazole, pH 7.5) and eluted with elution 530 

buffer (40 mM HEPES, 100 mM KCl, 300 mM imidazole, pH 7.5). 531 

GST, GST-Tom70 and GST-Tom20 were expressed and purified as described earlier (Papić et 532 

al., 2013).  533 

Biochemical procedures 534 

Protein samples for immunodecoration were analyzed on 8, 10, 12, or 15% SDS-PAGE and 535 

subsequently transferred onto nitrocellulose membranes by semi-dry Western blotting. Proteins 536 

were detected by incubating the membranes first with primary antibodies and then with 537 

horseradish peroxidase-conjugates of either goat anti-rabbit or goat anti-rat secondary 538 

antibodies. A list of antibodies used in this study is included in Table S5. 539 

Mitochondria were isolated from WT yeast cells for in vitro imports by differential 540 

centrifugation as described. Pull-down assays with in vitro translated proteins were performed 541 

using cell-free yeast extract as described before (Jores et al., 2018).  542 

In vitro translation and GST Pull-down  543 

Purified GST and GST-recombinant proteins (GST-Tom20 and GST-Tom70) were incubated 544 

with glutathione sepharose beads for 1 hour followed by 1 hour blocking with 5% BSA in GST 545 

basic buffer (20 mM Hepes, 100 mM NaCl, 1 mM MgCl2, protease inhibitor mix, pH 7.25). 546 

The beads with the bound GST-proteins were centrifuged (500xg, 1 min, 2 °C). In-vitro 547 
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translated HA-tagged proteins were centrifuged (100000xg, 60 min, 2 °C) to remove ribosomes 548 

and aggregated proteins and were then mixed with the beads for 1 hour. An aliquot of 2% of 549 

the translated material was taken as input. The reaction was supplemented with ATP every 30 550 

minutes. The beads were then washed three times with GST basic buffer and the bound material 551 

was eluted by incubating the beads for 10 min at 95 °C in 4x sample buffer supplemented with 552 

0.05% β-ME. Eluted material was analysed by SDS-PAGE followed by Ponceau staining and 553 

western blotting using antibody against either the indicated proteins or the HA tag. 554 

In vitro translation and import of radiolabeled proteins 555 

Yeast extracts for in vitro translation were prepared as described (Wu and Sachs, 2014). For 556 

the preparation of yeast extracts from Ydj1- and Sis1-depleted cells, cells were grown for 8 h 557 

in the presence of 2 µg/mL doxycycline prior to extract preparation.  558 

Proteins were synthesized in yeast extract lysate after in vitro transcription by SP6 polymerase 559 

from pGEM4 vectors. Radiolabeled proteins were synthesized for 30 minutes in the presence 560 

of 35S-labeled Methionine and Cysteine. After translation, the reactions were supplemented 561 

with 58 mM “cold” Methionine-Cysteine mix and 1.5 M Sucrose followed by centrifugation 562 

(100000xg, 60 min, 2 °C) to remove ribosomes and aggregated proteins. The supernatant was 563 

diluted with import buffer (250 mM sucrose, 0.25 mg/ml BSA, 80 mM KCl, 5 mM MgCl2, 10 564 

mM MOPS, 2 mM NADH, 2 mM ATP, pH 7.2). Where indicated, the supernatant was 565 

supplemented with 20 µM cBag or, as a control, with an equivalent amount of BSA. Isolated 566 

mitochondria were diluted in import buffer and supplemented with 4 mM ATP and 2 mM 567 

NADH and, where indicated, with 20 µM of C90. Some samples were treated with 40 µg/ml 568 

of trypsin. The import reactions were started by addition of the radiolabeled proteins to the 569 

samples containing the isolated organelles and further incubation at 25°C for the indicated 570 

times. The import reactions were stopped by diluting the samples with SEM-K80 buffer (250 571 

mM sucrose, 80 mM KCl, 10 mM MOPS, 1 mM EDTA, pH 7.2) and re-isolation of 572 

mitochondria (13200xg, 2 min, 2 °C). The import of the proteins was analyzed by carbonate 573 

extraction. To that aim, the re-isolated mitochondria were resuspended in 0.1 M Na2CO3, 574 

incubated on ice for 30 min, and re-isolated by centrifugation (100000xg, 30 min, 2 °C). The 575 

pellets were resuspended in 2x sample buffer, incubated for 10 min at 95°C and subjected to 576 

SDS-PAGE followed by western blotting and/or autoradiography. Quantifications of bands 577 

intensities were obtained using the software AIDA Image Analyzer. Values obtained by AIDA 578 

were analysed and formatted into graphs using Excel software.  579 
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Fluorescence anisotropy  580 

Peptides corresponding to the transmembrane domains of either Mcr1 or Tom70 were 581 

synthesized as described previously (Jores et al., 2016). Next, the peptides were coupled to 582 

TAMRA and used for the determination of binding interactions and affinities of 583 

peptide/(co)chaperone complexes by fluorescence anisotropy. Measurements were performed 584 

at 30°C in a Jasco FP-8500 Fluorospectrometer equipped with polarizers. Excitation and 585 

emission wavelength were set to 554 nm and 579 nm, respectively. Samples containing 2 µM 586 

TAMRA-labeled peptide were equilibrated for 15 min before 10 µM Ssa1, 30 µM Sis1, 10 µM 587 

GST-Tom70, 10 µM BSA or 1 mM ATP in the indicated order or alone were added.  For 588 

affinity measurements, 2 µM TAMRA-labeled peptides were supplemented with the indicated 589 

concentrations of Ssa1 or Sis1 and the difference in anisotropy of bound and free peptide were 590 

plotted against the (co)chaperone concentration.  591 

For the sequential anisotropy measurements: Each experiment was performed in triplicates 592 

including biological duplicates (two independent protein purifications). For kD measurements 593 

the experiments were performed in triplicates, including biological duplicates (two 594 

independent protein purifications). The data analysis was performed using the OriginLab 595 

software. The mean value of each triplicate was calculated, and the delta anisotropy values 596 

plotted against the concentration the stated protein. A Hill fit was performed to calculate the 597 

kD value. 598 

 599 

NanoLC-MS/MS analysis and data processing 600 

Coomassie-stained gel pieces were digested in gel with trypsin, and desalted peptide mixtures 601 

(Rappsilber et al., 2007) were separated on an Easy-nLC 1200 coupled to a Q Exactive HF 602 

mass spectrometer (both Thermo Fisher Scientific) as described elsewhere (Kliza et al., 2017) 603 

with slight modifications: peptide mixtures were separated using a 57 minute segmented 604 

gradient of 10-33-50-90% of HPLC solvent B (80% acetonitrile in 0.1% formic acid) in HPLC 605 

solvent A (0.1% formic acid) at a flow rate of 200 nl/min. In each scan cycle, the seven most 606 

intense precursor ions were sequentially fragmented using higher energy collisional 607 

dissociation (HCD) fragmentation. In all measurements, sequenced precursor masses were 608 

excluded from further selection for 30 sec. The target values for MS/MS fragmentation were 609 

105 charges, and for the MS scan 3x106 charges. 610 
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Acquired MS spectra were processed with MaxQuant software package version 1.6.7.0 (Cox 611 

and Mann, 2008) with integrated Andromeda search engine (Cox et al., 2011). Database search 612 

was performed against a target-decoy Saccharomyces cerevisiae database obtained from 613 

Uniprot containing 6078 protein entries, and 286 commonly observed contaminants. In 614 

database search, full trypsin digestion specificity was required and up to two missed cleavages 615 

were allowed. Carbamidomethylation of cysteine was set as fixed modification; protein N-616 

terminal acetylation, and oxidation of methionine were set as variable modifications. Initial 617 

precursor mass tolerance was set to 4.5 ppm and 20 ppm at the MS/MS level. A false discovery 618 

rate of 1% was applied at the peptide and protein level. The mass spectrometry proteomics data 619 

have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository 620 

with the dataset identifier PXD031610. 621 
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Figure legends 833 

Figure 1: Cytosolic chaperones interact with newly synthesized signal-anchored proteins. (A 834 

and B) In-vitro translation reactions using yeast extracts without mRNA (Ø) or programmed 835 

with mRNA encoding HA-tagged variants of signal-anchored proteins (Msp1, Mcr1, Tom20 836 

and Tom70), the tail-anchored protein Fis1, the β-barrel protein Porin, or, as a control, 837 

dihydrofolate reductase (DHFR). The reactions were subjected to a pull-down with anti-HA 838 

beads. Samples from the input and the eluates were analyzed by SDS-PAGE and 839 

immunodecoration with the indicated antibodies. Each experiment was done as three 840 

independent repeats. Two different yeast extracts were employed. Each repeat was done with 841 

new preparation of mRNA. 842 

Figure 2: Cytosolic chaperones interact with newly synthesized signal-anchored proteins 843 

through their transmembrane domain. (A-C) In-vitro translation reactions using yeast extracts 844 

without mRNA (Ø) or programmed with mRNA encoding HA-tagged versions of DHFR or 845 

the full length (FL), cytosolic domain (C) or transmembrane domain (T) of the SA proteins. 846 

Mcr1 (A), Msp1 (B) and Tom70 (C). The reactions were subjected to a pull-down with anti-847 

HA beads. Samples from the input and the eluates were analyzed by SDS-PAGE and 848 

immunodecoration with the indicated antibodies.  Each experiment was done as three 849 

independent repeats. The same yeast extract was used with different mRNAs in each repeat.  850 

Figure 3: Depletion of both co-chaperones Ydj1 and Sis1 results in decreased steady-state 851 

levels of Tom20 and Tom70 proteins. (A and C) Mitochondrial and cytosolic fractions were 852 

isolated from WT, depleted for Ydj1 (Ydj1↓), depleted for Sis1 (Sis1↓), and double depleted 853 

for both co-chaperones (Ydj1↓Sis1↓) yeast cells, after being grown without doxycycline 854 

(time=0) or in the presence of Dox. for 1, 2 or 4 hours. Samples were analyzed by SDS-PAGE 855 

followed by immunodecoration with the indicated antibodies. (B and D). Intensities of the 856 

bands corresponding to the depicted proteins in the mitochondrial fractions from three 857 

independent experiments were quantified and normalized to Ponceau levels. The levels of the 858 

proteins in each depletion strain in the absence of doxycycline (time=0) was set to 100%. Error 859 

bars represent ± SD. 860 

Figure 4: Signal-anchored proteins show variable dependence on Ydj1 and Sis1. (A and B) In 861 

vitro import of radiolabeled Tom20 (C) or Tom70 (D) that were translated in either WT or in 862 

Ydj1 and Sis1 depleted yeast extract (YS↓). The radiolabeled proteins were incubated with WT 863 

mitochondria for the indicated time points (1, 5, 10 and 20 minutes). After import, 864 
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mitochondria were subjected to alkaline extraction and the pellet was analyzed by SDS-PAGE 865 

and autoradiography. Intensities of the bands corresponding to Tom20 and Tom70 were 866 

quantified. The intensities of the bands corresponding to import from WT yeast extract after 867 

20 min were set to 100%. The graph represents the mean values ± SD of three independent 868 

experiments. 869 

Figure 5: Depletion of Ydj1 and Sis1 can increase the risk for aggregation of newly synthesized 870 

proteins. (A and B) In-vitro translation reactions using yeast extracts from either WT cells or 871 

from cells depleted for both Ydj1 and Sis1 (YS↓) were programmed with mRNA encoding 872 

HA-tagged versions of the indicated proteins. The reactions were subjected to a pull-down with 873 

anti-HA beads. Samples from the input and the eluates were analyzed by SDS-PAGE and 874 

immunodecoration with the indicated antibodies. 875 

Figure 6: The hydrophobic segment of signal-anchored proteins interacts with the Hsp70 876 

chaperone and its co-chaperone Sis1. (A and B) The fluorescence anisotropy of TAMRA-877 

labeled peptides corresponding to the TMDs of either Tom70 (A) or Mcr1 (B) was measured 878 

in the presence of 10 µM Ssa1 (black circles) or 30 µM BSA, as a control (red circles). (C-F) 879 

For affinity determinations, the TMD-labelled peptides of either Tom70 (C and E) or Mcr1 (D 880 

and F) were mixed with the indicated concentrations of either Ssa1 (C and D) or Sis1 (E and 881 

F), and the difference in anisotropy (Δ anisotropy) of the bound and free peptide was plotted 882 

against the co-chaperone concentration.  883 

Figure 7: The Hsp70 chaperone Ssa1 is required for proper insertion of signal-anchored 884 

proteins. (A and B) Left panels: Radiolabeled Msp1 (A) and Mcr1 (B) were translated in WT 885 

yeast extract and subjected to in-vitro import assay using isolated mitochondria. Prior to the 886 

import, the yeast extract translation reaction was incubated with either CBag (Hsp70 inhibitor) 887 

or with BSA, as a control. After import for the indicated time points, the samples were 888 

subjected to carbonate extraction and the pellets fraction were analyzed by SDS-PAGE 889 

followed by autoradiography. Right panels: The bands corresponding to Msp1 and Mcr1 were 890 

quantified and the results of three independent experiments are presented as mean values ± SD. 891 

The intensities of the bands corresponding to import for 10 min in the presence of BSA were 892 

set to 100%. (C-E) The fluorescence anisotropy of TAMRA-labelled Mcr1-TMD peptide was 893 

measured while supplementing 10 µM Ssa1, 30 µM Sis1 and 1 mM ATP in the order indicated 894 

in the various panels. 895 
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Figure 8: Newly synthesized signal-anchored proteins can be recognized by the cytosolic 896 

domains of the TOM receptors. (A) HA-tagged versions of the signal-anchored proteins, Mcr1 897 

and Msp1 or of the control protein DHFR, were freshly translated in yeast extract. Next, they 898 

were mixed with GST alone or GST fused to the cytosolic domain of either Tom20 (GST-899 

Tom20) or Tom70 (GST-Tom70) bound to glutathione beads. Input (2%) and eluate (100%) 900 

samples were subjected to SDS-PAGE. GST fusion proteins were detected by Ponceau staining 901 

whereas SA proteins via immunodecoration with antibodies against the HA-tag. Lower panels: 902 

Bands corresponding to Msp1-3HA and Mcr1-3HA from three independent experiments were 903 

quantified and the level of binding to GST alone was set as 1. Error bars represent ± SD. (B-904 

E) Fluorescence anisotropy of TAMRA-labeled Mcr1 peptide was monitored after 905 

supplementing 10 µM Ssa1, 1 mM ATP, or 10 µM GST-Tom70 in the indicated order. (E) The 906 

first addition was of 10 µM Ssa1 together with 30 µM Sis1, followed by addition of 1 mM ATP 907 

and then finally 10 µM GST-Tom70. 908 

Figure 9: Tom70 and Tom20 may have offsetting function in mediating the biogenesis of Msp1 909 

and Mcr1. (A and B) Left panels: Radiolabeled Msp1 (A) and Mcr1 (B) were translated in WT 910 

yeast extract and subjected to in-vitro import assay using isolated mitochondria. Prior to the 911 

import, mitochondria were incubated for 30 minutes in the presence or absence of trypsin. After 912 

import for the indicated time points, the samples were subjected to carbonate extraction and 913 

the pellet fractions were subjected to SDS-PAGE followed by autoradiography. To verify the 914 

activity of the protease, the same membranes were immunodecorated with antibodies against 915 

the indicated proteins. Right panels: The bands corresponding to Msp1 and Mcr1 were 916 

quantified and the results of three independent experiments are presented as mean values ± SD. 917 

The intensities of the bands corresponding to import for 15 min in the absence of Trypsin were 918 

set to 100%. (C and D) Left panels: Radiolabeled Msp1 (C) and Mcr1 (D) were translated in 919 

WT yeast extract and subjected to in-vitro import assay using mitochondria isolated from either 920 

WT or tom20Δ strain. Prior to the import reactions, mitochondria were incubated in the 921 

presence or absence of 20 μM C90 (blocker of Tom70). After import for the indicated time 922 

points, the samples were subjected to carbonate extraction and the pellet fractions were 923 

subjected to SDS-PAGE followed by autoradiography. Right panels: The bands corresponding 924 

to Msp1 and Mcr1 were quantified and the results of three independent experiments are 925 

presented as mean values ± SD. The intensities of the bands corresponding to import for 15 926 

min in the absence of C90 were set to 100%.  927 
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Table S1: (co)chaperones that co-purified with in vitro translated proteins 

A 

B 

Protein name Gene name Mock 
Msp1 

(relative 
iBAQ) 

Mcr1 
(relative 
iBAQ) 

Hsp90 co-chaperone AHA1 AHA1 1 59.2 70.1 
Heat shock protein SSB2 SSB2 1 6.6 17.6 
ATP-dependent molecular 

chaperone HSC82 HSC82 1 8.6 16.1 

Heat shock protein SSA2 SSA2 1 3.5 11.0 
Heat shock protein SSC1, 

mitochondrial SSC1 1 4.9 9.7 

Heat shock protein 104 HSP104 1 4.7 9.4 
Heat shock protein SSA1 SSA1 1 3.3 8.7 

Heat shock protein 60, 
mitochondrial HSP60 1 14.9 8.0 

Heat shock protein homolog SSE1 SSE1 1 3.0 7.6 
Heat shock protein SSB1 SSB1 1 1.8 4.7 

Mitochondrial protein import 
protein MAS5 YDJ1 1 4.0 2.8 

Protein SIS1 SIS1 1 1.4 2.0 
Zuotin ZUO1 1 1.50 1.87 

 

Table S1: (A) List of chaperones that were found in the elution fraction of Msp1 and Mcr1 but 
not in the elution of mock pull-down. The iBAQ values of the specified proteins are indicated. 
(B) List of chaperones that were enriched in the elution fraction of Msp1 and Mcr1 as compared 
to their levels in the elution from mock pull-down assay are indicated. The iBAQ value of each 
protein in the eluate of the mock pull-down was set to 1 and the relative values in the pull-down 
assays with either Msp1 or Mcr1 as compared to the value in the mock sample are indicated. 

Protein name Gene name Mock Msp1 
(iBAQ) 

Mcr1 
(iBAQ) 

Heat shock protein STI1 STI1 0 1383200 6860600 

Vacuolar transporter chaperone 4 VTC4 0 1575800 3677300 

Vacuolar transporter chaperone 2 VTC2 0 270840 2372800 
Mitochondrial clpX-like chaperone 

MCX1 MCX1 0 719400 2178900 

ATP-dependent molecular chaperone 
HSP82 HSP82 0 180250 1771700 

HSP70 co-chaperone SNL1 SNL1 0 171400 1531500 

Heat shock protein SSA4 SSA4 0 0 828380 

Heat shock protein 70 homolog LHS1 LHS1 0 178030 384110 

SEC14 cytosolic factor SEC14 0 356900 0 
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Key Resource Tables 
 
Table S2. Yeast strains used in this study 
 
Strain Genotype Reference 
WT W303α Lab stock 
tetO7-Ubi-L-Ydj1 YMK120α, ydj1::tetO7-Ubiquitin-

Leu-YDJ1 KanMX4 
This Study 

tetO7-Ubi-L-Sis1 YMK120α, 
sis1::tetO7-Ubiquitin-Leu-SIS1 
His3MX 

This Study 

tetO7-Ubi-L-Ydj1/Sis1 YMK120α, tetO7-Ubi-Leu-
SIS1:HisMX3a; tetO7-Ubi-Leu-
YDJ1:KanMX4 

This Study 

Tom20Δ W303α, tom20::HIS3 Lab stock 
 
 
Table S3. Primers used in this study 
 
Construct  Primer 

name 
Sequence 5´ - 3´ Note 

Msp1 LDFWD07 GGG-GGATCC-ATGTCTCGC 
AAATTTGATTTAAAAACGAT
TACTGATCTTT 

Amplification of MSP1, 
BamHI restriction site at 5’ 

 LDREV08 GGG-AAGCTT-ATCAAGAGG 
TTGAGATGACAACGTACTTG 

Amplification of MSP1, 
HindIII restriction site at 5’ 

yk Msp1 LDFWD09 GGG-GGATCC-AAAAAAATG 
TCTCGCAAATTTGATTTAAA
AACGATTACTGATCTTT 

Amplification of yk-MSP1, 
BamHI restriction site at 5’ 

 LDREV08  GGG-AAGCTT-TTAATCAAGA 
GGTTGAGATGACAAC 

Amplification of MSP1, 
HindIII restriction site at 5’ 

yk Msp1-
3HA 

LDRFWD02
8   

CACAC-GAGCTC-AAAAAA-
ATGTCTCGCAAATTTGATTT
AAAAACG 

Amplification of yk-MSP1, 
SacI restriction site at 5’ 

 LDRREV029   CACAC-GGATCC-CCATCAA 
GAGGTTGAGATGACAACGT
AC 

Amplification of MSP1, 
BamHI restriction site at 5’ 

yk Mcr1-
3HA 

LDFWD038 GGG-GAATTC-AAAAAA-
ATGTTTTCCAGATTATCCAG
ATCTCACTCAAAAGC 

Amplification of yk-MCR1, 
EcoRI restriction site at 5’ 
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 LDREV039 GGG-CCCGGG-AAATTTGA 
AAACTTGGTCCTTGGAGTAG
CCC 

Amplification of MCR1, 
SmaI restriction site at 5’ 

yk Tom20-
3HA 

LDFWD0102 GGG-GGTACC-AAAAAA-
ATGTCCCAGTCGAACCCTAT
CTTAC 

Amplification of yk-
TOM20, KpnI restriction 
site at 5’ 

 LDREV0103 GGG-GGATCC-GG-
GTCATCGATATCGTTAGCTT
CAGC 

Amplification of TOM20, 
BamHI restriction site at 5’ 

yk Tom70-
3HA 

LDFWD0106 GGG-GGTACC-AAAAAA-
ATGAAGAGCTTCATTACAAG
GAACAAGAC 

Amplification of yk-
TOM70, KpnI restriction 
site at 5’ 

 LDREV0107 GGG-GGATCC-GGCATTAAAC 
CCTGTTCGCGTAATTTAGC 

Amplification of TOM70, 
BamHI restriction site at 5’ 

yk Msp1-
TMD-3HA 

LDFWD040 GGG-GAATTC-AAAAAA-
ATGTCTCGCAAATTTGATTT
AAAAACG 

Amplification of yk-TMD 
(1-32) of MSP1, EcoRI 
restriction site at 5’ 

 LDREV041 GGG-GGATCC-CCGTTGAGT 
AGCCGACTGACCA 

Amplification of TMD (1-
32) of MSP1, BamHI 
restriction site at 5’ 

yk Msp1-
CD--3HA 

LDRFWD05
2 

CACAC-GAGCTC-AAAAAA-
ATGGATGTTGAATCAGGACC
GTTATCAGG 

Amplification of yk-CD 
(33-363) of MSP1, SacI 
restriction site at 5’ 

 LDREV053 CACAC-GGATCC-CCATCA 
AGAGGTTGAGATGACAACG
TACTTGTAGC 

Amplification of CD (33-
363) of MSP1, BamHI 
restriction site at 5’ 

yk Mcr1-
TMD-3HA 

LDFWD060 CACAC-GAATTC-AAAAAA-
ATGTTTTCCAGATTATCCAG
ATCTC 

Amplification of yk-TMD 
(1-39) of MCR1, EcoRI 
restriction site at 5’ 

 LDREV061 CACAC-CCCGGG-GAC AAA 
GGA ATG TTG GTT ACG GTT 
T 
 

Amplification of TMD (1-
39) of MCR1, XmaI 
restriction site at 5’ 

yk Mcr1-
CD-3HA 

LDRFWD05
4 

CACAC-GAATTC-AAAAAA-
ATGCATTCCTTTGTCTTCAA
TGAATC 

Amplification of yk-CD 
(35-302) of MCR1, EcoRI 
restriction site at 5’ 

 LDREV055 CACAC-CCCGGG-AAATTTGA 
AAACTTGGTCCTTGGAGTAG 
 

Amplification of CD (35-
302) of MCR1, XmaI 
restriction site at 5’ 
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yk Tom20-
TMD-3HA 

LDFWD0102 GGG-GGTACC-AAAAAA-
ATGTCCCAGTCGAACCCTAT
CTTAC 

Amplification of yk-TMD 
(1-30) of TOM20, KpnI 
restriction site at 5’ 

 LDREV0113 GGG-GGATCC-GGGTCAAAG 
TAGATAGCATAACCGGTG 
 

Amplification of TMD (1-
30) of TOM20, BamHI 
restriction site at 5’ 

yk Tom20-
CD-3HA 

LDFWD0112 GGG-GGTACC-AAAAAA-
ATGAGAAATAGCCCGCAAT
TCAGGAA 

Amplification of yk-CD 
(33-183) of TOM20, KpnI 
restriction site at 5’ 

 LDREV0103 GGG-GGATCC-GGGTCATCGA 
TATCGTTAGCTTCAGC 
 

Amplification of CD (33-
183) of TOM20, BamHI 
restriction site at 5’ 

yk Tom70-
TMD-3HA 

LDFWD0106 GGG-GGTACC-AAAAAA-
ATGAAGAGCTTCATTACAAG
GAACAAGAC 

Amplification of yk-TMD 
(1-32) of TOM70, KpnI 
restriction site at 5’ 

 LDREV0111 GGG-GGATCC-GGCAATTGGT 
TGTAATAATAGTAGGCACC 
 

Amplification of TMD (1-
32) of TOM70, BamHI 
restriction site at 5’ 

yk Tom70-
CD-3HA 

LDFWD0110 GGG-GGTACC-AAAAAA-
ATGCAACAACAACAACGAG
GAAAAAAGAACAC 

Amplification of yk-CD 
(33-617) of TOM70, KpnI 
restriction site at 5’ 

 LDREV0107 GGG-GGATCC-GGCATTAAAC 
CCTGTTCGCGTAATTTAGC 
 

Amplification of CD (33-
617) of TOM70, BamHI 
restriction site at 5’ 

tetO7-Ubi-
L-Ydj1  

TJ192 
 

CATATCTTTTGATAGAACAT
AATTAAAAATTATCCAAACT
GAATTCTACACAGTATAGCG
ACCAGCATTCACATACG 

Amplification of a cassette 
containing tetO7 promotor-
Ubiquitin-Leu, to 
genomically fuse to YDJ1  

 TJ193 
 

GTGGCAGTTACTGGAACACC
TAGAATATCGTAAAACTTAG
TTTCTTTAACCAAACCACCT
CTCAATCTCAAGACCAAG 

Amplification of a cassette 
containing tetO7 promotor-
Ubiquitin-Leu, to 
genomically fuse to YDJ1 

tetO7-Ubi-
L-Sis1  

TJ196 
 

GGATAAGTTGTTTGCATTTT
AAGATTTTTTTTTTAATACA
TTCACATCAACAGTATAGCG
ACCAGCATTCACATACG 

Amplification of a cassette 
containing tetO7 promotor-
Ubiquitin-Leu, to 
genomically fuse to SIS1 

 TJ197 
 

TTAGCACTTGGAGATACTCC
AAGTAAATCATAAAGTTTTG
TCTCCTTGACCAAACCACCT
CTCAATCTCAAGACCAAG 

Amplification of a cassette 
containing tetO7 promotor-
Ubiquitin-Leu, to 
genomically fuse to SIS1 
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Table S4: Plasmids used in this study 
 
Plasmid Insert Marker Reference 
pGEM4polyA-3HA C-terminal 3 x HA-tag AmpR Jores et al. 2018  
pGEM4polyA-yk-DHFR-
3HA 

Yeast kozak sequence 
(AAAAAAATG) DHFR-3 × HA-
tag 

AmpR Jores et al. 2018  

pGEM4polyA-yk-Porin-
3HA 

Yeast kozak sequence 
(AAAAAAATG) Porin-3 × HA-
tag 

AmpR Jores at al. 2018 

pGEM4polyA-yk-Fis1-
3HA 

Yeast kozak sequence 
(AAAAAAATG) Fis1-3 × HA-
tag 

AmpR  

pGEM4polyA-yk-Msp1-
3HA 

Yeast kozak sequence 
(AAAAAAATG) Msp1-3 × HA-
tag 

AmpR This study 

pGEM4polyA-yk-Mcr1-
3HA 

Yeast kozak sequence 
(AAAAAAATG) Mcr1-3 × HA-
tag 

AmpR This study 

pGEM4polyA-yk-Tom20-
3HA 

Yeast kozak sequence 
(AAAAAAATG) Tom20-3 × 
HA-tag 

AmpR This study 

pGEM4polyA-yk-Tom70-
3HA 

Yeast kozak sequence 
(AAAAAAATG) Tom70-3 × 
HA-tag 

AmpR This study 

pGEM4polyA-yk-
Msp1(33-363)-3HA 

Yeast kozak sequence 
(AAAAAAATG) Msp1(1-363)-3 
× HA-tag 

AmpR This study 

pGEM4polyA-yk-Msp1(1-
32)-3HA 

Yeast kozak sequence 
(AAAAAAATG) Msp1(1-32)-3 × 
HA-tag 

AmpR This study 

pGEM4polyA-yk-
Mcr1(35-302)-3HA 

Yeast kozak sequence 
(AAAAAAATG) Mcr1(35-302)-
3 × HA-tag 

AmpR This study 

pGEM4polyA-yk-Mcr1(1-
39)-3HA 

Yeast kozak sequence 
(AAAAAAATG) Mcr1(1-39)-3 × 
HA-tag 

AmpR This study 

pGEM4polyA-yk-
Tom20(33-183)-3HA 

Yeast kozak sequence 
(AAAAAAATG) Tom20(33-
183)-3 × HA-tag 

AmpR This study 
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pGEM4polyA-yk-
Tom20(1-30)-3HA 

Yeast kozak sequence 
(AAAAAAATG) Tom20(1-30)-
3× HA-tag 

AmpR This study 

pGEM4polyA-yk-
Tom70(33-617)-3HA 

Yeast kozak sequence 
(AAAAAAATG) Tom70(33-
617)-3 × HA-tag 

AmpR This study 

pGEM4polyA-yk-
Tom70(1-32)-3HA 

Yeast kozak sequence 
(AAAAAAATG) Tom70(1-32)-3 
× HA-tag 

AmpR This study 

pMK632His HIS3MX cassette tetO7-CYC1 
promoter-Ubiquitin-Leucin-HA-
tag 

AmpR Jores et al. 2018 

pMK632Kan KanMX cassette tetO7-CYC1 
promoter-Ubiquitin-Leucin-HA-
tag 

AmpR Jores et al. 2018 

pGEX4T1-GST GST AmpR  
pGEX4T1-GST-
Tom20(35-183) 

Tom20(35-183) AmpR  

pGEX4T1-GST-
Tom70(46-617) 

Tom70(46-617) AmpR  

pPROEX-HTa-cBag His6-tag-TEV-human Bag-
1M(151-263) 

AmpR Young et al. 2003 

pPROEX-HTa-(C90) His6-tag-TEV-human 
Hsp90a(566-732) 

AmpR Young et al. 2003 
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Table S5. Antibodies used in this study 
 
Antibody raised against Species Dilution Source 

Ssa1/2 Rabbit 1:20000 Lab stocks 

Ydj1 Rabbit 1:10000 Lab stocks 

Sis1 Rabbit 1:20000 Lab stocks 

Hsp26 Rabbit 1:4000 Lab stocks 

Hsp104 Rabbit 1:25000 Lab stocks 

Hsp42 Rabbit 1:4000 Lab stocks 

Hsp82 Rabbit 1:20000 Lab stocks 

Hch1 Rabbit 1:4000 Lab stocks 

Bmh1 Rabbit 1:1000 Lab stocks 

Djp1 Rabbit 1:2000 Lab of Ineke Braakman 

Sti1 Rabbit 1:10000 Lab stocks 

Aha1 Rabbit 1:2000 Lab stocks 

Msp1 Rabbit 1:2000 Lab of Toshiya Endo 

Mcr1 Rabbit 1:2000 Lab stocks 

Fis1 Rabbit 1:1000 Lab stocks 

Tom20 Rabbit 1:4000 Lab stocks 

Tom70 Rabbit 1:5000 Lab stocks 

Porin Rabbit 1:6000 Lab stocks 

Pic2 Rabbit 1:2000 Lab stocks 

HA Rat 1:1000 11867423001, Roche 

Rabbit IgG HRP conjugate Goat 1:10000 1721019, Bio-Rad 
Rat IgG HRP conjugate Goat 1:2000 ab6845, Abcam 
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