
 
 

The novel mitochondrial outer membrane protein 

Mcp3 follows a unique IMP-dependent import 

pathway 

 

 

 

 

 

 

Dissertation 

der Mathematisch-Naturwissenschaftlichen Fakultät 

der Eberhard Karls Universität Tübingen 

zur Erlangung des Grades eines  

Doktors der Naturwissenschaften  

(Dr. rer. nat.) 

 

 

 

 

 

 

vorgelegt von 

Monika Sonja Sinzel 

aus Heidenheim an der Brenz 

 

 

 

 

Tübingen 

2017 



  

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultät der 

Eberhard Karls Universität Tübingen. 

 

 

 

Tag der mündlichen Qualifikation:  04.12.2017 

Dekan: Prof. Dr. Wolfgang Rosenstiel 

1. Berichterstatter: Prof. Dr. Doron Rapaport 

2. Berichterstatter: Prof. Dr. Ralf-Peter Jansen 



  

 



 
 

Contents 

1. List of abbreviations .............................................................................................. 1 

2. Summary ................................................................................................................ 3 

3. Zusammenfassung ................................................................................................. 5 

4. List of publications contained in this thesis ........................................................... 7 

5. Personal contribution to the publications contained in this thesis ......................... 9 

6. Introduction .......................................................................................................... 11 

6.1 Origin, structure, and function of mitochondria............................................... 11 

6.2 Protein import into mitochondria ..................................................................... 12 

6.3 Mitochondrial morphology at a glance ............................................................ 16 

6.4 Relevance of ERMES in yeast ......................................................................... 18 

6.5 ERMES complex and mitochondrial lipid homeostasis................................... 19 

7. Aim of the study .................................................................................................. 25 

8. Summary of the results ........................................................................................ 27 

8.1 The role of Mcp3 in mitochondrial function .................................................... 27 

8.1.1 Mcp3 is a high-copy suppressor of the absence of ERMES complex ....... 27 

8.1.2 Effects of altered Mcp3 levels on growth of yeast cells, mitochondrial 

morphology and lipid profile ..................................................................... 28 

8.2 Biogenesis of Mcp3.......................................................................................... 29 

8.2.1 Mcp3 is a mitochondrial outer membrane protein..................................... 29 

8.2.2 Mcp3 follows a unique import pathway .................................................... 30 

9. Discussion ............................................................................................................ 35 

10. References ............................................................................................................ 41 

11. Acknowledgements .............................................................................................. 55 

12. Appendix .............................................................................................................. 57 

 





List of abbreviations 
 

1 
 

1. List of abbreviations 

ATP   adenosine triphosphate 

BN-PAGE  blue native polyacrylamide gel electrophoresis 

CCCP   carbonyl cyanide m-chlorophenyl hydrazone 

CL   cardiolipin 

DNA   deoxyribonucleic acid 

EDTA   ethylenediaminetetraacetic acid 

EMC   ER membrane protein complex 

ER   endoplasmic reticulum 

ERMES  ER-mitochondria encounter structure 

GFP   green fluorescent protein 

HA   hemagglutinin 

IMP   inner membrane peptidase 

IMS   intermembrane space 

kDa   kilodalton 

MAM   mitochondria-associated membrane 

MBP   maltose binding protein 

MDM   mitochondrial distribution and morphology 

MICOS  mitochondrial inner membrane complex 

MIM   mitochondrial inner membrane 

MIM complex  mitochondrial import complex 

MOM   mitochondrial outer membrane 

MPP   matrix processing peptidase 

mtDNA  mitochondrial DNA 

MTS   mitochondrial targeting sequence 

OXA   oxidase assembly 

PA   phosphatidic acid 

PC   phosphatidylcholine 

PE   phosphatidylethanolamine 

PI   phosphatidylinositol 

PS   phosphatidylserine 

ROS   reactive oxygen species 

SAM   sorting and assembly machinery 
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SMP   synaptotagmin-like, mitochondrial and lipid-binding protein 

TCC   tricarboxylic acid cycle 

TIM   translocase of the inner membrane 

TMD   transmembrane domain 

TOB   topogenesis of outer-membrane β-barrel proteins 

TOM   translocase of the outer membrane 

vCLAMP  vacuole and mitochondria patch
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2. Summary 

Mitochondria are essential organelles of most eukaryotic cells and are involved in 

many important cellular activities. The viability of cells greatly depends on proper 

function of mitochondria, not only because mitochondria are ‘the powerhouse of the cell’, 

in fact they also play essential roles in metabolic processes and cellular signaling. Many 

neurological diseases are associated with mitochondrial disorders, illustrating the need to 

identify new components that participate in maintaining mitochondrial integrity. 

Mitochondria harbor two membranes, the mitochondrial outer membrane and inner 

membrane, which both have a characteristic phospholipid composition distinguishing 

them from all other cellular membranes. Maintenance of cellular and mitochondrial lipid 

homeostasis depends on membrane contact sites and the exchange of phospholipids 

between organelles. In yeast, connections between mitochondria and the endoplasmic 

reticulum (ER) are mediated by the ER-mitochondria encounter structure (ERMES) 

which has a crucial role in many cellular processes. Defects in ERMES lead to a multitude 

of phenotypes, but the precise molecular function of the ERMES complex and its subunit 

Mdm10 (mitochondrial distribution and morphology 10) is still not entirely understood. 

In order to shed light on this topic we searched for suppressors of the mdm10Δ growth 

defect and found a novel mitochondrial protein which we named Mcp3 for Mdm10 

complementing protein 3.  

Mcp3 follows a unique biogenesis pathway. It is initially recognized by the 

mitochondrial import receptor Tom70 and crosses the outer membrane via the translocase 

of the outer membrane. Mcp3 is then handed over to the translocase of the inner 

membrane (TIM23) and gets processed by the inner membrane peptidase. Subsequently, 

mature Mcp3 is released to the intermembrane space and integrates into the outer 

membrane in a process that possibly involves the mitochondrial import complex. Mcp3 

is the first outer membrane protein that is reported to be processed by a peptidase of the 

inner membrane and therefore follows a novel biogenesis pathway. 
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3. Zusammenfassung 

Mitochondrien sind essentielle Organellen der meisten eukaryotischen Zellen und 

an vielen wichtigen zellulären Prozessen beteiligt. Das Wachstum von Zellen hängt stark 

von der ordnungsgemäßen Funktion der Mitochondrien ab, nicht nur weil diese „die 

Kraftwerke der Zelle“ sind, sondern weil sie auch eine essentielle Rolle im Stoffwechsel 

oder in der zellulären Signaltransduktion spielen. Viele neurologische Erkrankungen 

stehen in Zusammenhang mit Funktionsstörungen der Mitochondrien. Dies macht die 

Notwendigkeit, neue Komponenten zu identifizieren die an der Aufrechterhaltung der 

mitochondrialen Integrität beteiligt sind, deutlich. Die äußere und innere Membran der 

Mitochondrien hat jeweils eine charakteristische Phospholipidzusammensetzung, 

wodurch sie sich von allen anderen zellulären Membranen unterscheiden. 

Membrankontakte und der Austausch von Lipiden zwischen Zellorganellen tragen dabei 

maßgeblich zur Aufrechterhaltung des zellulären und mitochondrialen Lipidhaushalts 

bei. Der ERMES (Endoplasmic reticulum-mitochondria encounter structure) Komplex 

bewerkstelligt Verbindungen zwischen dem endoplasmatischen Retikulum und 

Mitochondrien in Hefezellen und hat eine bedeutende Rolle für viele zelluläre Prozesse. 

ERMES Defekte führen zu einer Vielzahl von Anomalien, die genaue molekulare 

Funktion des ERMES Komplexes und seiner Untereinheit Mdm10 (Mitochondrial 

distribution and morphology 10) ist jedoch unklar. Um Einblick in die eigentliche 

Funktion von Mdm10 und des ERMES Komplexes zu erhalten haben wir nach 

Suppressoren des mdm10Δ Wachstumsphänotyps gesucht und ein neues mitochondriales 

Protein gefunden, welches wir Mdm10 complementing protein 3 (Mcp3) genannt haben.  

Mcp3 folgt einem einzigartigen Biogeneseweg. Es wird zunächst vom 

mitochondrialen Importrezeptor Tom70 erkannt und passiert dann die Außenmembran 

durch die translocase of the outer membrane. Mcp3 wird daraufhin zur translocase of the 

inner membrane (TIM23) überführt und durch die inner membrane peptidase prozessiert. 

Maturiertes Mcp3 wird in den Intermembranraum freigesetzt und integriert in die 

Außenmembran, in einem Prozess von dem angenommen wird, dass es den mitochondrial 

import Komplex involviert. Mcp3 ist das erste beschriebene Außenmembranprotein, 

welches von einer Peptidase aus der Innenmembran prozessiert wird und folgt demnach 

einem neuartigen Biogeneseweg.  
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6. Introduction 

6.1 Origin, structure, and function of mitochondria 

Mitochondria are essential organelles of most eukaryotic cells and play significant 

roles in metabolism, energy homeostasis and other important cellular processes. 

According to the endosymbiotic theory, mitochondria derive from aerobic bacteria that 

were incorporated by an anaerobic ancestor. This process is considered to have increased 

the chances of survival for the eukaryotic cell due to the symbionts ability to produce 

ATP by oxidative phosphorylation (Cavalier-Smith, 1987). Many mitochondrial features 

reminiscent of Gram-negative bacteria support the endosymbiotic theory. Mitochondria 

harbor two membranes that have a characteristic phospholipid composition differing 

greatly from all other eukaryotic membranes. Both membranes contain only low levels of 

sterols and sphingolipids, while the mitochondrial inner membrane (MIM) stands out for 

its high protein content and the presence of cardiolipin (CL). Additionally, the 

mitochondrial outer membrane (MOM) contains integral β-barrel proteins that are also 

found only in the outer membrane of Gram-negative bacteria and chloroplasts (Comte et 

al., 1976; Zinser and Daum, 1995; Imai et al., 2011).  

The intermembrane space (IMS) of mitochondria lies between the MOM and 

MIM, whereas the lumen of mitochondria is referred to as matrix. Each mitochondrial 

compartment has specialized functions and therefore contains a distinct set of proteins. 

Some of these functions include catabolic reactions such as the tricarboxylic acid cycle 

(TCC) and oxidation of fatty acids, but also anabolic pathways like lipid biosynthesis and 

synthesis of several amino acids and nucleotides. Furthermore, mitochondria participate 

in the biosynthesis of heme and iron-sulfur clusters (Lill et al., 1999). Moreover, 

mitochondria are involved in cell signaling, cell cycle progression, autophagy and 

apoptosis (Pizzo and Pozzan, 2007; Hailey et al., 2010). As a consequence, mitochondria 

are linked to ageing, carcinogenesis, neurodegenerative diseases, and other disorders that 

arise from mutations in mitochondrial proteins (Chan, 2006). 

Mitochondria establish intimate contact sites with the endoplasmic reticulum 

(ER), known as mitochondria associated ER membrane (MAM), which are required for 

lipid exchange and Ca2+ homeostasis. In yeast, these contact sites are mediated by the 

ERMES (ER-mitochondria encounter structure) complex (Kornmann et al., 2009). 

Although mitochondria are tightly integrated into the cellular physiology they retained 
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some of their autonomy, which further supports the endosymbiotic theory. Similar to a 

typical bacterial genome, mitochondria harbor circular DNA, which can be transcribed 

and translated inside mitochondria. Unlike the cytosolic 80S species, mitochondrial 70S 

ribosomes are similar to bacterial ribosomes (Kitakawa and Isono, 1991; Graack and 

Wittmann-Liebold, 1998). However, the mitochondrial DNA (mtDNA) encodes only few 

proteins and most mitochondrial proteins are translated in the cytosol and need to be 

imported via dedicated protein complexes within the outer and the inner membrane of 

mitochondria (Gray et al., 1999; Wallace, 2005). 

6.2 Protein import into mitochondria 

In the course of the endosymbiotic process most genes of the mitochondrial 

progenitor were transferred to the nucleus, probably to allow the cell a better regulation 

of many important processes that take place in mitochondria. As a result, the nucleus 

encodes about 1000-1500 mitochondrial proteins in humans and approximately 800 

proteins in more simple organisms, like yeast, while the mtDNA encodes only 1% of the 

mitochondrial proteome (8 in yeast and 13 in humans) (Gray et al., 1999; Sickmann et 

al., 2003; Westermann and Neupert, 2003; Wallace, 2005). Hence, mitochondrial 

precursor proteins are translated on cytosolic ribosomes and have to be correctly targeted 

to their appropriate location.  

Usually components of the translocase of the outer membrane (TOM complex), 

namely the primary mitochondrial import receptors Tom20 and Tom70 establish the 

initial contact of newly translated proteins with the mitochondria. Tom20 recognizes 

mainly precursor proteins with an N-terminal extension which serves as a classical 

targeting signal. These mitochondrial presequences typically consist of 15-55 amino acids 

and bear similar structural and electrochemical properties (Vogtle et al., 2009). Tom20 

was also shown to recognize β-barrel proteins which consist of antiparallel β-sheets that 

are arranged in a cylindrical shape (Jores and Rapaport, 2017). Tom70 predominantly 

recognizes precursors of carrier proteins with multiple internal targeting signals (Brix et 

al., 2000). As a result of overlapping specificities, Tom20 and Tom70 can partially 

complement the absence of each other (Steger et al., 1990). 
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Depending on their location within mitochondria, precursor proteins are further 

distributed to different import machineries within the outer and inner mitochondrial 

membrane. Most mitochondrial preproteins are handed over from the primary import 

receptors to the secondary receptor and TOM core subunit Tom22, before being inserted 

into the protein conducting pore that is formed by the β-barrel protein Tom40 (Chacinska 

et al., 2009). Similar substrate recognition profiles of Tom20 and Tom22 lead to a partial 

functional overlap (Yamano et al., 2008). 

Following the recognition by Tom70, few outer membrane proteins containing 

one transmembrane spanning helix and all known helical multispan proteins of the MOM 

are, without the involvement of the Tom40 pore, further relayed to the mitochondrial 

import (MIM) complex, which contains the proteins Mim1 and Mim2 (Becker et al., 

2011; Papic et al., 2011; Dimmer et al., 2012) (Fig. 1, pathway 1). 

Some mitochondrial proteins are integrated into the MOM independently of the 

known proteinaceous factors for mitochondrial import, as it is the case for tail anchored 

proteins in the MOM like Fis1 (Kemper et al., 2008; Meineke et al., 2008; Merklinger et 

al., 2012). 

The TOM complex mediates the transfer of β-barrel proteins across the MOM, 

from where they are further relayed to the topogenesis of outer membrane β-barrel 

proteins (TOB) complex, also termed the sorting and assembly machinery (SAM). The 

soluble Tim9-Tim10 (translocase of the inner membrane) and Tim8-Tim13 chaperone 

complexes (small TIMs; sTIMs) assist by shielding the hydrophobic precursor from the 

aqueous environment in the IMS (Paschen et al., 2005) (Fig. 1, pathway 5). 

The import of the small Tim proteins, as well as the biogenesis of other cysteine-

containing proteins of the IMS is dependent on the Mia40-Erv1 (Mitochondrial 

intermembrane space Import and Assembly; Essential for Respiration and Viability) 

system (Ceh-Pavia et al., 2013) (Fig. 1, pathway 2).  

Carrier-like proteins with six hydrophobic transmembrane domains (TMDs) that 

are inserted into the inner membrane are also escorted through the IMS by sTIMs, 

although from the TOM to the TIM22 (translocase of the inner mitochondrial membrane) 

complex (Gebert et al., 2008) (Fig. 1, pathway 4). 
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Presequence-containing proteins are transferred from the TOM complex further 

to the TIM23 complex (Neupert and Herrmann, 2007). The driving force for translocation 

of preproteins across the MIM is provided by ATP and the membrane potential (Δψ), 

whilst the presequence is cleaved off by the matrix processing peptidase (MPP) (Fig. 1, 

pathway 3a). Preproteins destined for insertion into the MIM additionally contain 

hydrophobic stop-transfer sequences. These hydrophobic sequences act as secondary 

sorting signals, which arrest translocation across the MIM and induce the lateral release 

of the protein into the membrane (Glick et al., 1992; Chacinska et al., 2009) (Fig. 1, 

pathway 3b). Similar bipartite signals act in conservative sorting, wherein the protein is 

first targeted to the matrix. Upon cleavage by MPP, the hydrophobic sorting signal is 

exposed and the protein is inserted into the MIM via OXA1 (oxidase assembly 1) 

complex, alike proteins that are synthesized on mitochondrial ribosomes (Hartl et al., 

1986; Hell et al., 1998; Neupert and Herrmann, 2007) (Fig. 1, pathway 6). 

A subset of proteins is processed by the heterotrimeric protease complex inner 

membrane peptidase (IMP), which consists of the two catalytically active subunits Imp1 

and Imp2 and the auxiliary protein Som1 (Nunnari et al., 1993; Jan et al., 2000). IMP 

functions subsequential of MPP and removes the hydrophobic sorting signal (Gakh et al., 

2002; Neupert and Herrmann, 2007) resulting in either a soluble IMS protein like Mcr1 

or a MIM anchored protein like Mgr2 (Hahne et al., 1994; Ieva et al., 2013). Up to now 

only MIM or IMS proteins were identified to be processed by IMP (Fig. 1, pathway 3c). 

A number of proteins follow routes diverging from the classical import pathways, 

such as the signal anchor protein Om45, which makes use of the presequence pathway 

involving the TOM and TIM23 complex but is ultimately assembled into the MOM by 

the MIM complex (Song 2014; Wenz 2014). Furthermore, the presequence containing 

proteins Mgr2 and Hmi1 are processed not from their N-, but C- termini (Lee et al., 1999; 

Ieva et al., 2013), whereas the matrix targeted protein Hsp10 is not processed by MPP 

(Rospert et al., 1993). 
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Figure 1. Protein sorting in mitochondria. Mitochondrial preproteins are synthesized in the 
cytosol where they are kept in an import competent state by cytosolic chaperones. Some α-helical 
proteins are inserted into the outer membrane in a process that involves the MIM complex, 
whereas for other signal- and tail-anchored proteins the import factors are unknown (1). Cysteine 
rich proteins of the intermembrane space cross the outer membrane via the TOM complex and 
obtain their native structure in a process that involves the Mia40/Erv1 complex (2). Proper 
positioning of proteins that take the presequence pathway depends on the membrane potential 
(Δψ) and the TIM23 complex. Proteins processed by signal peptidases like MPP or IMP find their 
destination in the IMS, the MIM, or the matrix (3a-c). Carrier proteins of the inner membrane are 
handed over from TOM to the TIM22 complex with the help of small TIM chaperones in the IMS 
(4). The small TIMs are also involved in targeting β-barrel proteins to the TOB complex (5). 
Proteins that are synthesized on mitochondrial ribosomes in the matrix and some proteins with 
bipartite signals follow the conservative sorting pathway and are inserted to the MIM via Oxa1 
(6). 
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6.3 Mitochondrial morphology at a glance 

Mitochondria form highly dynamic, interconnected tubular structures beneath the 

cell cortex that undergo constant fusion and fission events (Nunnari et al., 1997). It can 

be speculated that one advantage of such a large mitochondrial network is to allow the 

transmission of the mitochondrial membrane potential, thereby facilitating the energy 

transfer within cells from oxygen rich to oxygen poor regions (Westermann, 2008). 

Several human diseases are connected to disorders in mitochondrial integrity, 

therefore understanding the processes and identifying novel components that determine 

mitochondrial morphology is of main interest. A suitable model organism for studying 

mitochondrial morphology is the baker’s yeast S. cerevisiae, since many processes are 

conserved between yeast and higher eukaryotes. Furthermore, yeast can tolerate 

mitochondrial defects or the loss of mtDNA on fermentable carbon sources, whereas 

abolished mitochondrial respiration leads to inability of the cells to grow on non-

fermentable carbon sources like lactate or glycerol. These mutants form smaller colonies 

during anaerobic growth and display the so called petite (pet-) phenotype (Tzagoloff and 

Dieckmann, 1990). Since defects in mitochondrial morphology often lead to hampered 

respiration, yeast cells established in the search for novel morphology components. 

Four major processes influence mitochondrial morphology and distribution, 

namely fusion, fission, tubulation, and transport along the cytoskeleton (Okamoto and 

Shaw, 2005). Fusion of mitochondria is a prerequisite for the interchange of 

mitochondrial membranes and matrix components, such as mtDNA. Considering that the 

mtDNA is potentially damaged by reactive oxygen species (ROS) during ATP production 

by oxidative phosphorylation, recombination of the mitochondrial genome is essential for 

repair. As a result, somatic mutations might be prevented and cellular aging could be 

delayed. 

In yeast, the large GTPase Fzo1 in the MOM plays an important role in 

mitochondrial fusion. Cells lacking Fzo1 display fragmented mitochondria and are 

characterized by the loss of mtDNA (Rapaport et al., 1998). Another essential factor for 

mitochondrial fusion is the MOM protein Ugo1. Ugo1 forms a complex with Mgm1, a 

dynamin-like GTPase in the MIM, therefore making it a prominent candidate for a 

fusogen of the inner membrane (Merz et al., 2007).  
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Mitochondrial fission is an important process for the inheritance of mitochondria, 

since mitochondria cannot be created de novo, but rather have to be replicated and 

distributed inside the cell. Dnm1, which belongs to the dynamin subfamily of GTP-

binding proteins is an essential component that is recruited to mitochondria at fission 

sites. Hence, deletion of DNM1 in yeast cells leads to an aberrant mitochondrial 

morphology. Impaired fission and progressing fusion results in a highly branched, netlike 

mitochondrial system, which locates to only one side of the cell (Otsuga et al., 1998). 

Furthermore, mitochondrial fission is regulated by the proteins Fis1, an integral outer 

membrane protein, as well as Mdv1 and its paralog Caf4. Mdv1 and Caf4 are soluble 

proteins that engage with Dnm1 and Fis1 at specific sites to induce fission (Fekkes et al., 

2000; Mozdy et al., 2000; Tieu et al., 2002; Okamoto and Shaw, 2005). Components of 

the fusion and fission machinery are often conserved among yeast and higher eukaryotes. 

The significance of mitochondrial morphology for cellular function is unquestionable, 

considering that disorders in mitochondrial integrity are connected to several human 

diseases. Disorders in the peripheral nervous system of higher eukaryotes are frequently 

connected to mutations in morphology components like DRP1 (Dnm1), MFN2 (Fzo1) 

and OPA1 (Mgm1) which are involved in mitochondrial fusion and fission. Since 

fragmented mitochondria constitute a step in programmed cell death, components of the 

fission machinery also participate in the initiation of apoptosis (Youle and Karbowski, 

2005; Chan, 2006).  

Mitochondria in yeast maintain their tubular shape and ensure distribution and 

inheritance by the ability of the organelle to move along the actin cytoskeleton (Merz et 

al., 2007), a process for which Mdm10 and the ER-protein Mmm1 were shown to be 

required (Sogo and Yaffe, 1994; Boldogh et al., 1998). Additionally, ERMES 

components were identified to function as tubulation mediators, because mutation or 

deletion of their encoding genes gives rise to condensed, giant organelles (Sogo and 

Yaffe, 1994). However, in higher eukaryotes the factors necessary for tubulation of 

mitochondria are unknown. 
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6.4 Relevance of ERMES in yeast 

As mentioned before, tubulation, as well as distribution and inheritance of 

mitochondria is dependent on the ERMES complex (Sogo and Yaffe, 1994), a complex 

which is unique to fungi. Interestingly, the deletion of either ERMES gene leads to similar 

phenotypes regarding growth, mitochondrial inheritance and morphology, mitophagy, 

and phospholipid composition (Burgess et al., 1994; Berger et al., 1997; Youngman et 

al., 2004; Kornmann et al., 2009; Osman et al., 2009; Nguyen et al., 2012). 

ERMES is a high molecular weight complex consisting of the integral MOM β-

barrel protein Mdm10 (Mitochondrial distribution and morphology), the integral MOM 

protein Mmm2 (Maintenance of mitochondrial morphology 2) known also as Mdm34, 

the cytosolic protein Mdm12, and the integral ER protein Mmm1. The more loosely 

attached subunit Gem1 was suggested to regulate the size and number of ERMES 

complexes and to affect mitochondrial shape in a process that is independent of fusion 

and fission.  

The mammalian orthologs of Gem1, Miro1 and Miro2 have been shown to 

influence the connection between mitochondria and the cytoskeleton (Frederick et al., 

2004; Frazier et al., 2006; Kornmann et al., 2011). Besides Miro1 and Miro2, ERMES 

complex was reported to be involved in this process by linking mtDNA and mitochondrial 

membranes to the actin cytoskeleton. As a consequence, deletion of genes encoding 

ERMES results in condensed and giant organelles that tend to lose mtDNA (Burgess et 

al., 1994; Sogo and Yaffe, 1994; Berger et al., 1997). ERMES complex not only 

contributes to the maintenance and inheritance of mitochondria, but is also implied in the 

biogenesis of the outer membrane. Several studies provide evidence that ERMES 

components function in the assembly of β-barrel proteins into the MOM (Meisinger et 

al., 2004; Meisinger et al., 2007; Yamano et al., 2010). Other studies demonstrate that 

yeast cells require the ERMES complex in order to maintain a correct mitochondrial lipid 

composition. The complex establishes sites of close contact between ER and 

mitochondria, thereby probably facilitating or actively influencing the exchange of lipids 

between the two organelles (Kornmann et al., 2009; Osman et al., 2009; Yamano et al., 

2010; Nguyen et al., 2012; Tamura et al., 2012). 

Collectively, it is evident that the ERMES complex is implicated in many 

important cellular processes, although the most prominent function is thought to be its 

involvement in lipid homeostasis. 
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6.5 ERMES complex and mitochondrial lipid homeostasis  

The three types of lipids constituting biological membranes are phospholipids, 

sphingolipids and sterols, with phospholipids being most abundant. Phospholipids are 

amphipathic molecules with a polar head group and a hydrophobic part, where different 

combinations of the polar residue with acyl chains lead to a large variety of phospholipids. 

Each endogenous membrane system has a unique phospholipid profile, while the 

structural and functional characteristics of membranes are important for their interactions 

with proteins. For instance, the presence of negatively charged phosphatidylserine (PS) 

helps in directing positively charged proteins to the endocytic pathway (Yeung et al., 

2008). The mitochondrial phospholipid composition varies little among different cell 

types, indicating that grand alterations cannot be tolerated (Osman et al., 2009). Indeed, 

changes in phospholipid levels or composition, as well as phospholipid damage can be 

linked to several human diseases such as ischemia, hypothyroidism, Barth syndrome and 

heart failure (Chicco and Sparagna, 2007; Gebert et al., 2009; Joshi et al., 2009).  

The four major glycerophospolipid classes in yeast mitochondria are 

phosphatidylcholine (PC, 40%), phosphatidylethanolamine (PE, 26%), 

phosphatidylinositol (PI, 15%) and cardiolipin (CL, 13%), whereas PS (3%) and 

phosphatidic acid (PA, 2%) are less abundant (Zinser and Daum, 1995). The maintenance 

of a defined lipid composition depends on the ability of mitochondria to synthesize 

phospholipids such as CL, PE, and phosphatidylgylcerol (PG) from phospholipid 

precursors, whereas PA, PI, PS, PC and sterols need to be imported into mitochondria 

from other organelles (Osman et al., 2010; Flis and Daum, 2013; Tamura et al., 2013; 

Mejia and Hatch, 2016) (Fig. 2). 
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Figure 2. Phospholipid synthesis and lipid transport between ER and mitochondria. The 
phospholipid PA serves as a precursor for PI and PS synthesis in the ER, wherein PS is transported 
to mitochondria for the conversion to PE. PC synthesis in the ER requires the export of PE from 
mitochondria. Furthermore, PA is necessary for the production of PG and CL in mitochondria. 
 

CL is a phospholipid with a special composition, since it contains four acyl chains. 

It is found solely in bacterial membranes or in mitochondria, particularly in the MIM 

where it has an important role for mitochondrial biogenesis and function. CL is important 

for respiration and oxidative phosphorylation (Hoch, 1992), as well as the biogenesis of 

certain mitochondrial proteins (Ou et al., 1988; Gebert et al., 2009; Sauerwald et al., 

2015). Furthermore, it was reported that CL is involved in orientation of receptors, 

channels and enzymes on the outer face of the MOM (Schug and Gottlieb, 2009). A lack 

of CL leads to destabilization of respiratory chain supercomplexes and the TIM23 

translocase, a reduced activity of cytochrome c oxidase, and a reduced inner membrane 

potential Δψ (Jiang et al., 2000; Lange et al., 2001; Zhang et al., 2002; Pfeiffer et al., 

2003; Zhang et al., 2005). CL, as PE, is a cone-shaped lipid and has a preference for 

nonbilayer structures with a negative curvature (van den Brink-van der Laan et al., 2004). 

The loss of either CL or PE can be tolerated by yeast cells, whereas cells lacking both 

phospholipids are non-viable, indicating overlapping functions (Gohil et al., 2005). 

Consistently, several studies suggest a role for CL and mitochondrial PE in maintaining 

mitochondrial integrity (Osman et al., 2009; Kuroda et al., 2011; Tamura et al., 2012). 

Moreover, cells lacking mitochondrial PE depleted of CL display reduced levels of 

Mgm1, which leads to defects in mitochondrial fusion with excessive fragmentation and 

loss of mtDNA. However, a lack of PE also favors the formation of respiratory chain 

supercomplexes (Bottinger et al., 2012; Joshi et al., 2012).  
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Considering that mitochondria are not part of the endomembrane system, 

mechanisms that allow non-vesicular lipid exchange between the organelles are 

necessary. Specialized sections of the ER, the so-called MAMs (Mitochondria-associated 

membranes) were reported to co-purify with enzymes involved in phospholipid 

biosynthesis and are implicated in lipid transport between the two organelles (Vance, 

1990; Voelker, 1990; Ardail et al., 1993; Gaigg et al., 1995; Shiao et al., 1995). 

The ERMES complex in yeast was the first system described to participate in lipid 

exchange between mitochondria and the ER. Cells lacking individual subunits of the 

ERMES complex show reduced levels of mitochondrial PE and CL, suggesting that the 

ERMES structure is required for the exchange of phospholipids at ER–mitochondria 

contact sites. Additionally, the conversion of PS to PE and PC was decreased in cells 

depleted of ERMES components, emphasizing a role of ERMES in phospholipid 

exchange between ER and mitochondria (Kornmann et al., 2009; Osman et al., 2009; 

Nguyen et al., 2012). Recent data indicate that the formation of respiratory chain 

supercomplexes in mitochondria lacking Mdm10 is altered. Furthermore, cells lacking 

Mdm10 display elevated mitochondrial ergosterol levels (Tan et al., 2013). Until recently 

it remained unclear whether components of the ERMES complex actively contribute to 

the transport of phospholipids, or if the ERMES complex simply functions as a membrane 

tether ensuring the close proximity of ER and mitochondria. The prediction of 

synaptotagmin-like, mitochondrial and lipid-binding protein (SMP) domains in ERMES 

components sparked further investigations in this matter, leading to the finding that the 

SMP domains of Mmm1 and Mdm12 can indeed interact with lipids and form a 

hydrophobic channel that preferentially binds PC (Lee and Hong, 2006; Kopec et al., 

2010; AhYoung et al., 2015).  

Since the deletion of ERMES genes is not lethal, parallel processes for the lipid 

exchange between mitochondria and the ER, or with other organelles must exist. 

Furthermore, cellular PE levels remain largely unaffected in ERMES mutants, reinforcing 

the idea of alternate routes for lipid trafficking between the organelles (Kornmann et al., 

2009; Nguyen et al., 2012; Voss et al., 2012). Indeed, two recent studies provide evidence 

for alternative ways of mitochondria to exchange lipids with the remainder of the cell. 

The ER membrane protein complex (EMC) is suggested to function as an additional tether 

between mitochondria and ER and was shown to play a role in the transport of PS from 

the ER to mitochondria (Lahiri et al., 2014). Additionally, contact sites between 
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mitochondria and the vacuole are mediated by the vacuole and mitochondria patch 

(vCLAMP), a tether which is marked by the vacuolar protein Vps39 and is implicated in 

PS to PC conversion. Interestingly, the elimination of both ERMES and vCLAMP contact 

sites is lethal, suggesting that the systems are partially redundant in providing 

phospholipids to mitochondria (Elbaz-Alon et al., 2014; Honscher et al., 2014). It was 

also shown that the lack of one contact site leads to the expansion of the other, wherein 

the extent of contact sites between mitochondria and either the ER or vacuole is regulated 

by the sterol transporter Lam6. Lam6 has two mammalian homologs, GRAMD1a and 

GRAMD1c, a circumstance which might help to identify contact site tethers in higher 

eukaryotes (Elbaz-Alon et al., 2014; Elbaz-Alon et al., 2015; Gatta et al., 2015; Murley 

et al., 2015).  

Genetic manipulations of yeast are relatively easy to accomplish and are powerful 

tools to identify new components involved in lipid metabolism. For instance, Mcp1 

(Mdm10 complementing protein), and Mcp2 were found in a screen for multicopy 

suppressors of the Mdm10 growth phenotype. A role for the two suppressors in a lipid 

transport pathway independent of ERMES was suggested already upon the identification 

of the two proteins (Tan et al., 2013). The mode of action of this alternative pathway 

remains unclear, however only recently a physical interaction of Mcp1 with Vps13 was 

reported (John Peter et al., 2017). Vps13 was previously described as a possible regulator 

of contact sites between mitochondria and the ER or vacuole, because point mutations in 

Vps13 led to cellular effects bypassing ERMES related defects (Lang et al., 2015; John 

Peter et al., 2017). Mcp1 is suggested to recruit Vps13 to mitochondria, thereby 

increasing the extent of contact sites between mitochondria and the vacuole, while 

tethering is mediated by the vacuolar fusion factor Vps39 and the vacuolar Rab GTPase 

Ypt7 (Elbaz-Alon et al., 2014; John Peter et al., 2017).  

Additionally, it was reported that components of the mitochondrial contact site 

and cristae organizing system (MICOS) display a strong negative genetic interaction with 

CRD1 and GEP4, enzymes of the CL synthesis pathway (Hoppins et al., 2011). MICOS 

is involved in cristae formation and establishing sites of close contact between the MIM 

and MOM, thereby contributing to intramitochondrial lipid homeostasis (van der Laan et 

al., 2016). MICOS was not only shown to play a role in CL metabolism, but was also 

reported to be involved in the decarboxylation of PS by bringing the MOM and the MIM 

in close contact. The proximity of the two membranes allows conversion of PS to PE by 
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the MIM enzyme phosphatidylserine decarboxylase 1 (Psd1) in the outer membrane 

(Aaltonen et al., 2016). In MICOS deficient cells, the PS transporter Ups2-Mdm35 limits 

transport of PS to the MIM, thereby preventing PE accumulation in the mitochondria and 

in turn ensuring cristae formation and mitochondrial respiration (Tamura et al., 2012; 

Aaltonen et al., 2016). Mdm35 was additionally reported to form a complex with Ups1 

involved in the transport of PA across the IMS, therefore playing an important role in CL 

biosynthesis (Connerth et al., 2012; Tamura et al., 2012). The loss of Ups1 can be 

compensated by overexpression of Mdm31, a protein which was also reported to restore 

altered mitochondrial CL levels in cells lacking ERMES (Tamura et al., 2012). 

The progress made in deciphering the complex relation of organellar contacts and 

lipid homeostasis demonstrates that the search for suppressors of ERMES phenotypes can 

provide valuable information to help unraveling the many interconnected activities of 

ERMES. The presence of the ERMES complex in common ancestors of metazoans and 

fungi leads to the assumption that alternative routes rendered the ERMES complex 

dispensable in the course of evolution (Flinner et al., 2013; Wideman et al., 2013). The 

identification of pathways that can bypass ERMES thereby might contribute to 

understand lipid transport in higher eukaryotes, which is largely unsolved. 
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7. Aim of the study  

A multitude of different functions are proposed for ERMES, such as the 

involvement in processes like mitophagy, protein biogenesis of the outer membrane, 

maintenance of mitochondrial morphology, inheritance of the mitochondrial genome as 

well as lipid homeostasis. However, the precise molecular function of the ERMES 

complex remains unclear. To solve this question, a high copy suppressor screen was 

performed and Mcp3 (Mdm10 complementing protein 3) was found to partially rescue the 

growth phenotype of cells lacking Mdm10. To contribute to the elucidation of the primary 

function of ERMES, the genetic and functional interaction of Mcp3 and ERMES was 

examined in the article Mcp3 is a novel mitochondrial outer membrane protein that 

follows a unique IMP-dependent biogenesis pathway. First, the involvement of Mcp3 in 

mitochondrial processes in general was analysed. Moreover, Mcp3 and its biogenesis was 

studied in this work. 
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8. Summary of the results 

8.1 The role of Mcp3 in mitochondrial function 

8.1.1 Mcp3 is a high-copy suppressor of the absence of ERMES complex 

ERMES complex is involved in many mitochondrial processes, yet the molecular 

function of the individual subunits and the primary purpose of the complex is still 

unknown. Identifying novel components that genetically interact with e.g. MDM10 may 

shed light on this topic. To this end, a growth phenotype rescue screen of mdm10Δ was 

performed. Among other high copy suppressors of mdm10Δ, FUN14 (YAL008W) was 

discovered. Overexpression of Fun14 rescued the growth phenotype of mdm10Δ cells 

(Fig. 1A), the protein was therefore renamed Mcp3 for Mdm10 complementing protein 

3. Mcp3 was able to complement also the growth defects resulting from deletion of other 

ERMES components, suggesting that the function of Mcp3 is related to the role of the 

entire complex rather than to the missing activity of an individual subunit (Fig. 2D-F). 

Furthermore, overexpression of Mcp3 led to a partial restoration of the tubular 

mitochondrial network in cells lacking Mdm10, as demonstrated by fluorescence 

microscopy (Fig. 1B), which is congruent with the partial growth rescue. Considering that 

the loss of Mdm10 leads to changes in the assembly of respiratory chain supercomplexes 

and a hampered TOM and TOB complex assembly, the rescuing ability of Mcp3 in 

respect to these phenotypes was assessed. Figure 2A and B demonstrate that the 

overexpression of Mcp3 led to minor restorations of the aforementioned defects, as shown 

by blue native polyacrylamide gel electrophoresis (BN-PAGE).  

It has been shown that cells lacking Mdm10 exhibit an altered mitochondrial lipid 

composition, specifically increased amount of PS and ergosterol (ERG) were observed, 

whereas PE and CL levels were reduced (Kornmann et al., 2009; Osman et al., 2009; 

Yamano et al., 2010; Nguyen et al., 2012; Tamura et al., 2012; Tan et al., 2013). Since 

CL and PE levels play a role in the biogenesis and function of several mitochondrial 

membrane protein complexes (Jiang et al., 2000; Schagger, 2002; Zhang et al., 2002; 

Pfeiffer et al., 2003; van den Brink-van der Laan et al., 2004; Zhong et al., 2004; Nury et 

al., 2005; Zhang et al., 2005; Claypool et al., 2008; Kutik et al., 2008), we wanted to 

know if the rescuing ability of Mcp3 derives from effects on the mitochondrial lipid 

homeostasis. To this end, the lipid profile of mitochondria lacking Mdm10 with or 
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without elevated Mcp3 levels was analysed by mass spectrometry (In collaboration with 

C. Özbalci and B. Brügger). Indeed, the overexpression of Mcp3 partially rescued PS, PE 

and ERG levels (Fig. 2C), consistent with the partial rescue of the growth phenotype and 

recovery of mitochondrial morphology and complex assembly in mdm10Δ cells by Mcp3.  

8.1.2 Effects of altered Mcp3 levels on growth of yeast cells, mitochondrial 

morphology and lipid profile  

To further address the role of Mcp3 in cellular function, mcp3Δ cells of different 

genetic backgrounds were tested for growth under different conditions. Cells of the 

BY4741 background lacking Mcp3 exhibited a slightly reduced growth on glycerol-

containing medium, YPG (Fig. 3A). 

Since the loss of Mdm10 or other ERMES components results in changes in 

mitochondrial morphology, the influence of Mcp3 on proper mitochondrial morphology 

and ERMES assembly was investigated by fluorescence microscopy and electron 

microscopy. A fraction of the cells possessed thicker, shortened and less interconnected 

mitochondria when MCP3 was deleted in BY4741 cells (Fig. 3B). However, no alteration 

in the number and morphology of cristae, as well as the co-localization of ERMES with 

mitochondria in punctate structures was observed in such cells (Fig. EV1A and Fig. 

EV2A and B, in collaboration with X. Chelius and B. Westermann). Consistently, the loss 

of Mcp3 had no effect on the lipid profile of mitochondria (Fig. 3C and D).  

On the other hand, wildtype cells of the W303 background overexpressing Mcp3 

displayed various mitochondrial deformations such as fragmentation, condensation, or 

web-like structures (Fig. 3E). Nevertheless, in the same cells, formation of ERMES 

punctae or co-localization of the ERMES subunit Mmm1 with mitochondria was not 

altered compared to wildtype cells (Fig. EV2C).  

Taken together, the deletion of MCP3 in BY4741 cells did not lead to pronounced 

effects on the growth of yeast cells or effects on mitochondrial morphology, lipid 

composition, cristae formation or ERMES assembly. Yet, W303 cells overexpressing 

Mcp3 possessed a slightly altered mitochondrial morphology. 
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8.2 Biogenesis of Mcp3 

8.2.1 Mcp3 is a mitochondrial outer membrane protein 

Several high-throughput studies suggest that Mcp3 is a mitochondrial protein 

located in the MOM. Mcp3 was found in the proteome of mitochondria (Sickmann et al., 

2003), and the mitochondrial localization of a C-terminal GFP fusion construct of Mcp3 

was described by others (Huh et al., 2003). Furthermore, Mcp3 was specifically found in 

the MOM proteome (Zahedi et al., 2006). Of note, the sequence of Mcp3 contains two 

putative transmembrane domains (TMDs). In contrast to a possible localization of Mcp3 

in the MOM, Mcp3 displays typical features of a classical mitochondrial targeting 

sequence and contains a predicted cleavage site between Asn69 and Asp70 for Imp1, a 

subunit of the inner membrane peptidase (IMP) (Esser et al., 2004) (Fig. 4A). However, 

the prediction of IMP processing could not be tested in the aforementioned study, because 

a tag at the C-terminus rendered the protein non-detectable. This observation is in line 

with our finding that C-terminally hemagglutinin (HA)-tagged Mcp3 was non-functional, 

since it could not complement the growth defect of cells lacking Mdm10 (data not shown). 

Nevertheless, a high-throughput study using mass spectrometry revealed that the N-

terminus of endogenous Mcp3 starts with Asp70, corresponding to the predicted Imp1 

processing site (Vogtle et al., 2009). To study the localization and topology on a single 

gene level, an internally tagged version of Mcp3 was constructed, where the HA epitope 

was inserted 4 amino acids C-terminally to the N-terminus of the mature protein (DSLG-

HA tag). The functionality of this construct was confirmed by growth rescue of cells 

lacking Mdm10 (Fig. 4B). Indeed, HA-Mcp3 could be detected in isolated mitochondria 

and, consistent with the expected size of the mature protein, migrated at 17 kDa (Fig. 4C).  

To show its mitochondrial localization, cells lacking endogenous Mcp3 and 

overexpressing HA-Mcp3 were subjected to subcellular fractionation, where HA-Mcp3 

located exclusively to mitochondria (Fig. 4D). Immunofluorescence microscopy 

confirmed the mitochondrial localization of Mcp3 (Fig. 4E). Of note, enriched 

mitochondrial fractions contained processed C-terminally HA-tagged Mcp3 (Fig. 4F) 

suggesting that an altered C-terminus of Mcp3 probably interferes with function rather 

than biogenesis or stability of the protein. 
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Since the protein sequence of Mcp3 implies two putative TMDs, we wanted to 

know whether Mcp3 actually is embedded in a mitochondrial membrane. To this end, 

carbonate extraction was performed wherein HA-Mcp3, like the integral membrane 

protein Tom20, was solely detected in the pellet fraction (Fig. 4G). Considering 

mitochondria harbor two membranes, it was of interest if Mcp3 is integral to the MIM or 

the MOM. Figure 4H demonstrates that HA-Mcp3 is digested by proteinase K in intact 

mitochondria, indicating that Mcp3 is located in the MOM and exposed to the cytosol. 

This finding was supported by a sucrose density gradient experiment, where MIM and 

MOM vesicles were separated. Similarly to the MOM marker protein Tom20, HA-Mcp3 

was mostly found in the lighter fractions of MOM enriched vesicles (Fig. 4I). 

Further, we investigated whether the function of Mcp3 is dependent on the 

predicted TMDs. To this end, two additional versions of Mcp3 were constructed that 

lacked either the first or the second TMD. Neither of the constructs was able to rescue the 

growth defect of cells lacking Mdm10 (Fig. 4J). Of note, loss of TMD1 or TMD2 resulted 

in non-detectable or lower detectable amounts of Mcp3, respectively (Fig. 4K). 

Collectively, the results demonstrate that Mcp3 is a mitochondrial membrane 

protein integral to the MOM. 

8.2.2 Mcp3 follows a unique import pathway 

In order to investigate the biogenesis of Mcp3 in detail, we first established a read 

out for the correct import of Mcp3. When radiolabeled Mcp3 was incubated in vitro with 

isolated mitochondria, two bands at about 10 and 15 kDa emerged in a time-dependent 

manner, corresponding to the cleaved mitochondrial targeting sequence (MTS) and the 

mature form, respectively (Fig. 5A). 

Figures 5B, 5C and S2A demonstrate that the import receptors Tom70/71, but not 

Tom20 play a role in the biogenesis of Mcp3 as shown by in vitro import or western blot 

analysis. Several studies indicate that multispan proteins can be inserted to the MOM 

without the involvement of the Tom40 channel (Otera et al., 2007; Becker et al., 2011; 

Papic et al., 2011). However, upon employing a strain with a temperature sensitive allele 

of Tom40, the in vitro import and steady state levels of Mcp3 were highly reduced in 

mutant mitochondria (Fig. 5D and E). Furthermore, protease protection assay shows that 

non-processed precursor accumulates and does not reach the IMS in the altered organelles 

(Fig. EV3A). We could also show that radiolabeled Mcp3 can physically interact with the 
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soluble cytosolic domains of Tom70 and Tom20 GST fusion proteins, and to a minor 

extent also with GST-Tom22 (Fig. 6A), which is in line with the previous results. 

Incubating mitochondria that contain His-tagged Tom22 with radiolabeled Mcp3, we 

were able to substantiate these findings in organello by affinity pulldown or antibody 

shift in BN-PAGE (Fig. 6B and C). Taken together, the data strongly support the idea that 

Mcp3 is initially recognized by the Tom70 receptor and is then handed over to Tom22 

which mediates the relay to Tom40. Eventually, Mcp3 crosses the MOM through the 

central pore of the TOM complex, making Mcp3 and Om45 the only known α-helical 

MOM proteins depending on functional Tom40 (Wenz et al., 2014).  

Considering that the TIM23 complex plays an additional role in the biogenesis of 

the MOM protein Om45, we were interested if this is also the case for Mcp3. An 

involvement of the TIM complex is suggested by the observation that Mcp3 contains a 

cleavable MTS, potentially removed by MPP and/or IMP, as processing proteases of the 

MOM were not reported so far. Indeed, the in vitro import of radiolabeled Mcp3, as well 

as the steady state levels of HA-Mcp3 were significantly reduced in mitochondria 

harboring a temperature sensitive allele of Tim23 (Fig. 7A and B, respectively). 

Additionally, the formation of mature Mcp3 was significantly reduced when 

mitochondria depolarized with either CCCP or valinomycin were used for in vitro import 

(Fig. 7C and Fig. EV4, respectively), indicating that the mitochondrial membrane 

potential is required for processing of Mcp3. Mcp3 contains a predicted MTS which is 

usually cleaved by MPP, yet mature Mcp3 emerged in in vitro import assay even when 

MPP was inhibited by chelators for bivalent cations, ortho-phenanthroline, and EDTA. 

Additionally, incubation of recombinant MPP with radiolabeled Mcp3 precursor did not 

yield mature Mcp3 (Fig. 7C). Furthermore, processing of radiolabeled Mcp3 was not 

influenced in mitochondria isolated from cells harboring a temperature sensitive allele of 

Mas1, a subunit of MPP (Fig. S3).  
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The previous results raise the question, by which peptidase, other than MPP, 

Mcp3 is processed. Figure 7D demonstrates that the mature form of Mcp3 could not be 

detected in cells lacking either subunit of IMP, whereas lack of other mitochondrial 

peptidases or degrading enzymes did not abolish Mcp3 processing. To validate this result, 

in vitro import of radiolabeled Mcp3 was conducted with mitochondria isolated from cells 

lacking Imp1 or Imp2. Processing of Mcp3 could not be observed in such mitochondria 

(Fig. 7F). Additionally, a mutation in the putative Imp1 processing site at amino acid 

position 70 (D70G) rendered the protein non-cleavable (Fig. 7G). Of note, C-terminally 

tagged Mcp3 could also be processed by IMP, reinforcing the assumption that a tag at the 

C-terminus interferes with the function of Mcp3, rather than biogenesis or stability (Fig. 

7E).  

The data show that Mcp3 is the first IMP-dependent MOM protein. In order to 

decipher the individual steps of Mcp3 processing, the D70G mutant was analysed in more 

detail. Figure 7G shows that the non-cleavable precursor of Mcp3 was resistant to 

externally added protease (lane 3), suggesting that Mcp3 precursor translocates at least to 

the level of the IMS before being processed. Indeed, also in mitochondria lacking Imp1 

or Imp2 Mcp3 precursor accumulated in the IMS (Fig. 7G, lanes 11 and 12). Even in 

wildtype mitochondria there was a fraction of mature Mcp3 being protease protected, 

probably corresponding to a processed Mcp3 IMS intermediate (Fig. 7G and H, lanes 4, 

asterisks). This band disappeared when mitochondria were pretreated with the uncoupler 

CCCP, suggesting that an intact membrane potential is required for the translocation of 

Mcp3 through the TOM complex (Fig. 7H, lane 5). 

Finally, we were interested whether, and if so which MOM complex mediates the 

insertion of Mcp3 from the IMS to the MOM. The β-barrel insertion machinery was ruled 

out by performing in vitro import experiments with mitochondria isolated from cells 

lacking the TOB subunit Mas37 (Fig. S2B). Consistently, the import chaperones 

Tim8/10/13 which play a role in the biogenesis of β-barrel proteins of the MOM and 

carrier proteins of the MIM were not required for Mcp3 biogenesis, as demonstrated by 

in vitro import into mitochondria lacking sTIMs (Fig. S2C and D). Since the insertion of 

some α-helical proteins to the MOM is mediated by the MIM complex, we investigated 

the requirement of Mim1 and Mim2 for Mcp3 biogenesis. Indeed, the in vitro import of 

radiolabeled Mcp3, as well as steady state levels of HA-Mcp3 were lessened when either 

of the MIM subunits was missing (Fig. 8A and B). It was shown that the assembly of the 
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TOM complex is hampered in mim1Δ and mim2Δ cells, therefore the import of Mcp3 

might be influenced indirectly by the absence of the MIM complex. To verify that the 

observed effects are direct, we aimed at demonstrating the physical interaction of Mcp3 

with the MIM complex subunit Mim1. Figure 8C shows that radiolabeled Mcp3 precursor 

co-purified with MBP-Mim1 in a considerably higher amount than with MBP alone.  

Collectively, the results show that Mcp3 precursor crosses the MOM via the TOM 

complex and that the biogenesis of Mcp3 is dependent on the TIM23 complex, as well as 

the membrane potential across the MIM. Furthermore, Mcp3 is not processed by MPP, 

but rather by IMP. Considering that the activity of IMP requires both subunits Imp1 and 

Imp2, the experiments can not specify which of the subunits processes Mcp3. Regardless, 

the results are consistent with studies imposing Imp1 as the responsible processing 

subunit (Esser et al., 2004; Vogtle et al., 2009). The experiments suggest that the MIM 

complex might be directly involved in the insertion of Mcp3 to the MOM. 
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9. Discussion 

The ERMES complex and its subunits have been a subject of extensive research 

within the last two decades. Its involvement in many important cellular processes, such 

as the biogenesis of β-barrel proteins, maintenance of mitochondrial morphology and 

lipid homeostasis, as well as inheritance of the mitochondrial genome, was reported 

(Burgess et al., 1994; Sogo and Yaffe, 1994; Berger et al., 1997; Boldogh et al., 1998; 

Hanekamp et al., 2002; Kornmann et al., 2009; Yamano et al., 2010). The most prominent 

feature of the ERMES complex is the ability to establish a physical connection between 

mitochondria and ER, thereby facilitating the lipid exchange between the two organelles 

(Kornmann et al., 2009). It is still unclear, whether the ERMES complex simply creates 

a region of close proximity between mitochondria and ER or if it actively contributes in 

the transfer of lipids. Nevertheless, the ability of ERMES components to directly bind 

lipids was predicted and recently demonstrated implying an active role for the complex 

in lipid transport (Lee and Hong, 2006; Kopec et al., 2010; AhYoung et al., 2015). 

Since the different cellular processes involving the ERMES complex are 

interdependent, it is difficult to interpret the results obtained from experiments with 

absent ERMES components. The observed phenotypes might be direct effects, but could 

as well be an indirect outcome of another defect, making it complicated to unravel the 

primary function of ERMES. The whole picture grows further in complexity because at 

least two alternative ways of mitochondria to exchange lipids with the remainder of the 

cell exist, namely the EMC between mitochondria and ER, and vCLAMP between 

mitochondria and vacuole (Elbaz-Alon et al., 2014; Lahiri et al., 2014). 

Studying ERMES complex mutants is problematic considering the high frequency 

by which endogenous suppressors tend to emerge in cells deleted for ERMES genes. 

(Berger et al., 1997; Hanekamp et al., 2002). Recently, two high-copy suppressors of the 

mdm10Δ phenotype were identified, namely Mcp1 and Mcp2 (Tan et al., 2013). In this 

study we report a third suppressor, Mcp3, which can alleviate several negative phenotypes 

caused by loss of ERMES. The rescuing capacity of Mcp3 might be related to one or 

more processes, however substantial evidence points towards a direct or indirect 

involvement of Mcp3 in lipid metabolism. A tempting hypothesis is that the partial 

restoration of the lipid profile in turn ameliorates the defects in mitochondrial 

morphology, thereby improving the fitness and growth of the cells. The observation that 
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Mcp3 can restore defects in the assembly pattern of respiratory chain supercomplexes 

caused by lipid imbalances supports the potential involvement of Mcp3 in mitochondrial 

lipid homeostasis. On the other hand, the influence of Mcp3 on the morphology apparatus 

of mitochondria remains to be studied. It has been shown that the biogenesis of Mgm1, a 

protein required for mitochondrial fusion, depends on CL. Reduced levels of CL thereby 

lead to fragmented mitochondria and the loss of mtDNA (DeVay et al., 2009; Joshi et al., 

2012). It would be interesting to dissect, whether there is a functional relationship 

between Mcp3 and Mgm1 or another protein involved in the maintenance of tubular 

mitochondrial morphology. In fact, the overexpression of Mcp3 in the W303a 

background resulted in a slightly altered mitochondrial morphology, suggesting an 

involvement of the protein in processes determining mitochondrial dynamics. However, 

the deletion of MCP3 in W303 cells did not result in aberrant mitochondria or reduced 

growth of the cells. The BY4741 cells carry a mutation in the HAP1 transcription factor, 

which regulates genes that are involved in electron transfer reactions. The HAP1 mutation 

thereby leads to reduced ability of the cells to respire and increased sensitivity to altered 

protein levels (Gaisne et al., 1999; Ocampo et al., 2012). Indeed cells lacking Mcp3 in 

the BY4741 background displayed a slight growth defect on non-fermentable medium. 

However, the mitochondrial morphology in this background was only marginally altered 

and no other tested cellular process was affected when Mcp3 was missing. It should also 

be of interest to study, whether the simultaneous lack of MCP3 and MDM10 causes any 

additional cellular defects, or if such a double deletion might even result in synthetic 

lethality. 

Contacts between ER and mitochondria are mediated by the MOM, therefore the 

circumstance that two of the ERMES suppressors, Mcp1 and Mcp3, are MOM proteins 

is of no surprise, but it also shows that understanding the biogenesis and topology of a 

protein can contribute in comprehending the molecular processes in which the protein 

partakes. Many factors challenged the investigations on the biogenesis pathway of Mcp3. 

Even though C-terminally HA-tagged Mcp3 was detectable, it was not functional. 

Consistent with our results, the authors of another study could not detect at all C-

terminally myc-tagged Mcp3 in protein extracts, concluding that the construct is poorly 

expressed or the tag renders the protein instable (Esser et al., 2004). In contrast, a C-

terminal GFP construct of Mcp3 used in a different study localized to mitochondria in 

fluorescence microscopy experiments, demonstrating that even a large C-terminal tag not 

necessarily interferes with mitochondrial localization or stability of Mcp3 (Huh et al., 



Discussion 
 

37 
 

2003). However, a tag in close proximity to the C-terminal TMD might compromise 

membrane integration or function of Mcp3. Since tagging Mcp3 at the N-terminus would 

lead to removal of the tag during processing, an internally tagged version of Mcp3 had to 

be constructed. The result of Mcp3 being located in the MOM was puzzling, because its 

sequence contains a predicted MTS. This led us to study the biogenesis of Mcp3 further, 

revealing that in contrast to most presequence containing proteins, the biogenesis of Mcp3 

is dependent on Tom70 and not Tom20 (Fig. 3). However, the involvement of Tom70 

was also shown for other proteins harboring an MTS, mostly hydrophobic precursors with 

a tendency to aggregate (Yamamoto et al., 2009). This can be explained by the 

chaperoning activity of Tom70, which helps to keep proteins in an unfolded and import 

competent state. Furthermore, Tom70 provides the platform for the cytosolic chaperone 

Ssa1, which delivers hydrophobic precursors to mitochondria (Young et al., 2003). It is 

tempting to assume that Tom70 evolved as a receptor for the biogenesis of Mcp3, since 

Mcp3 contains two hydrophobic TMDs and a hydrophobic patch at the N-terminus.  

 

Figure 3. Mcp3 follows a unique biogenesis pathway. Mcp3 is translated in the cytosol and 
initially recognized by the import receptor Tom70. Mcp3 subsequently crosses the outer 
membrane through a pore formed by Tom40. Mcp3 is then handed over to the Tim23 complex 
and afterwards processed by IMP. The MIM complex might be involved in the integration of 
Mcp3 to the MOM. Steps diverging from the pathway of classical presequence containing 
proteins are marked by an asterisk or triangle. 
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Apart from Mcp3 there are other MOM multispan proteins whose biogenesis 

depend on the Tom70 receptor, such as Ugo1 and Scm4 (Becker et al., 2011; Papic et al., 

2011). These proteins are reported to be inserted into the MOM without further 

involvement of the central TOM pore, whereas Mcp3 is translocated across the MOM via 

the channel formed by Tom40.  

Next, Mcp3 is handed over to the TIM23 complex (Fig. 3). It can be speculated 

that the N-terminal part of Mcp3 is inserted into the MIM in a stop-transfer mechanism. 

The involvement of the TIM23 complex in the biogenesis of a MOM protein was also 

reported for Om45, with the difference that Om45 is not processed by any peptidase (Song 

et al., 2014; Wenz et al., 2014). Therefore, Mcp3 is the first MOM protein known to be 

processed by a peptidase of the MIM. A classical MTS is predicted for Mcp3, yet unlike 

the majority of presequence containing proteins it is not processed by MPP. The only 

known yeast protein that omits MPP processing despite containing an MTS is Hsp10. 

Even though the subunit responsible for Mcp3 processing could not be determined, an 

Imp1 consensus sequence is located at amino acid positions 67-70 (IFND), consistent 

with the identification of the endogenous N-terminus to start with aspartate at residue 70 

(Vogtle et al., 2009). 

Following processing, mature Mcp3 is integrated into the MOM in a MIM 

complex dependent manner (Fig. 3). This observation may be due to a direct involvement 

of the MIM complex in the biogenesis of Mcp3, or an indirect effect since the levels of 

the TOM complex are reduced in cells lacking functional MIM complex (Becker et al., 

2008; Popov-Celeketic et al., 2008). The physical interaction of Mcp3 precursor with 

Mim1 observed in this study favors a direct involvement of the MIM complex. It implies 

that the MIM complex can mediate the integration of membrane proteins from both sides 

of the membrane. None of the membrane insertases identified so far (e.g. 

Oxa1/YidC/Alb3 from mitochondria, bacteria and chloroplasts respectively, as well as 

the GET or SEC machinery) is reported to achieve this. Further evidence for this ability 

could be obtained by reconstituting the MIM complex from recombinant proteins into 

liposomes and testing the insertion of MIM complex substrates into these artificial 

membranes. It is also conceivable that the TMD of MOM proteins is directly handed over 

from the TOM to the MIM complex. This would demand a lateral release of the precursor 

protein from the central pore of the TOM complex. Whether the β-barrel protein Tom40 

can laterally release precursor proteins into the MOM is a matter of debate and a recent 
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study argues that the separation of β-strands is energetically costly and would demand 

major rearrangements of other TOM subunits (Bausewein et al., 2017). Yet, another 

article provides evidence for a lateral release of preproteins from the TOM complex 

(Harner et al., 2011). In such a scenario, MOM proteins that do not acquire the classical 

signal anchored topology but rather face the IMS with the bulk of the protein might 

require the TIM23 complex to direct the large C-terminal part to the IMS. 

The reason for requirement of the TIM23 complex and the membrane potential in 

the biogenesis of Mcp3 remains unsolved. It can be speculated that the physiological state 

of the organelle influences the membrane potential, thereby affecting the biogenesis of 

Mcp3 as a sensor for damaged mitochondria. The protein Pink1 in higher eukaryotes 

functions as such a sensor. In case of a proper membrane potential, Pink1 is targeted to 

the inner membrane, where it gets degraded by the protease PARL (presenilins-associated 

rhomboid-like protein). In case of depolarized mitochondria, Pink1 is not degraded by 

PARL and instead is integrated to the MOM, where it induces autophagy by the 

recruitment of parkin (Okatsu et al., 2015).  

Our results suggest a topology for Mcp3 where the N- and C-termini face the 

cytosol. In the reverse orientation (Fig. 4B, HA-tag blue), protease treatment should yield 

a fragment of about 8 kDa. Since fragments containing the HA-tag could not be detected 

upon protease treatment of intact mitochondria, our data support a topology where the 

HA-tag is exposed to the cytosol (Fig. 4A). Still, IMS orientation of the C- and N- termini 

cannot be excluded simply based on the absent detection of the 8 kDa fragment. 

 

 
Figure 4. Putative topologies of Mcp3 and localization of specific amino acids. Mcp3 is 
located in the MOM probably with the N- and C- termini facing the cytosol (A). The proteolytic 
digestion of Mcp3 in conformation B should yield an HA-tagged (blue) fragment of about 8 kDa. 
Mcp3 contains three glycine residues in TMD1 (green) and a single cysteine in the loop region 
(yellow). 
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Additionally, Mcp3 contains a cysteine in the loop region (Fig. 4, yellow dot) 

between the two TMDs. A cysteine residue in the IMS could serve the formation of a 

disulfide bond with another protein, maybe even an inner membrane protein for the 

establishment of a contact site between the MIM and the MOM. It can be speculated that 

such a connection might facilitate the exchange of lipids between the MIM and the MOM, 

thereby alleviating defects related to the loss of ERMES complex. It was shown that such 

a contact site between the MIM and the MOM is mediated by mitochondrial contact site 

complex (MICOS), which is also involved in maintaining a correct mitochondrial lipid 

homeostasis (Hoppins et al., 2011; Aaltonen et al., 2016). 

Interactions of Mcp3 with other proteins might as well be facilitated by the two 

connected glycine motifs GxxxGxxxG (G, glycine; x, any amino acid) in the N- terminal 

TMD of Mcp3 (Fig. 4, green dots). The presence of glycine motifs might assist in the 

formation of TMD helix dimers by enabling the close proximity of two α-helices (Ospina 

et al., 2011). However, GxxxG motifs might not only be relevant for oligomerization, but 

also for protein folding (Teese and Langosch, 2015). Interestingly, this glycine motif is 

conserved between Mcp3 (also known as Fun14) and the mammalian protein FUNDC1 

(Fun14 domain containing protein 1). FUNDC1 was reported to be a mitochondrial outer 

membrane protein enriched at the MAM by interacting with the ER resident protein 

calnexin during hypoxia. It was also shown that FUNDC1 acts as a receptor for hypoxia-

induced mitophagy and drives mitochondrial fission by recruiting DRP1 (Dnm1 in yeast) 

to mitochondria (Liu et al., 2012; Wu et al., 2016). Hence, FUNDC1 integrates 

mitochondrial fission and mitophagy at the MAM, which is reminiscent of ERMES as an 

important player in mitophagy in yeast (Bockler and Westermann, 2014). These 

observations raise questions which should be addressed in future experiments: Does 

Mcp3 function as a receptor for mitophagy similar to FUNDC1? Can the overexpression 

of Mcp3 alleviate mitophagy defects of ERMES mutants or can increased mitophagy rates 

supply the remainder of the cell with mitochondrial lipids? So far, there are no indications 

for a role of Mcp3 in mitophagy since neither the deletion nor the overexpression of 

MCP3 resulted in altered mitochondrial degradation (data not shown). Considering that 

mitochondrial fission is required for mitophagy, it would be interesting to study the role 

of Mcp3 for mitochondrial dynamics, as discussed previously in this chapter. 

Furthermore, identification of interaction partners involved in mitophagy, maintenance 

of mitochondrial morphology or other cellular processes might help to understand the 

molecular function of Mcp3 and in turn of the ERMES complex.
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Sinzel et al., Appendix Figure S1

Figure S2. Over-expression of Mcp3 has no influence on the growth phenotype of yeast cells. (A) of mitochondria of wild-type or Mcp3 over-expressing (Mcp3) cells grown on galactose containing medium. Bar, 500 nm.  
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Appendix Figure S1. Over-expression of Mcp3 has no influence on the growth of 
yeast cells. Wild-type cells were transformed with the empty plasmid pYX142 (Ø) or 
pYX142 encoding Mcp3 (MCP3). Cells were grown to an OD  of 1.0 in minimal medium 600

lacking leucine and spotted in a 1:5 dilution series on YPD, YPG, SD-Leu or SG-Leu 
plates directly and in a 1:5 dilution series. Plates were incubated at the indicated 
temperatures.
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Figure S3. Import of Mcp3 is independent of TOM complex receptor Tom20 and 
the IMS import chaperones Tim8/10/13. (A) Mitochondria from wild-type and tom20? 

cells were isolated and incubated with radiolabelled Mcp3 for the indicated time periods 

(1, 5, 15 min). After import mitochondria were reisolated and analyzed by SDS-PAGE 

and autoradiography. Bands corresponding to the mature (m) form were quantified. 

Import after 15 min into wild-type mitochondria was set to 100%. The mean with 

standard deviations of three independent experiments (n=3) is depicted in the graph. 

(B) Mitochondria from wild-type and tim8?/tim13? cells were isolated. Import and 

analysis was performed as in (A). (C) Mitochondria from wild-type and the temperature 

sensitive mutant tim10-1 (tim10ts) were isolated after growth at 24°C. Prior to import 

mitochondria were incubated for 15 min at the non-permissive temperature. Import and 

analysis were performed as in (A). 
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Appendix Figure S2. Import of Mcp3 is 
independent of receptor Tom20, TOB 
subunit Mas37/Sam37 and the IMS 
import chaperones Tim8/10/13. 
(A) Mitochondria from wild-type and tom20D 
cells were isolated and incubated with 
radiolabelled Mcp3 for the indicated time 
periods (1, 5, 15 min). After import 
mitochondria were reisolated and analysed 
by SDS-PAGE and autoradiography. Bands 
corresponding to the mature (m) form were 
quantified. Import after 15 min into wild-type 
mitochondria was set to 100%. The mean 
with standard deviations of three 
independent experiments (n=3) is depicted 
in the graph. 
(B) Mitochondria from wild-type and mas37∆ 
cells were isolated. Import and analysis was 
performed as in (A). 
(C) Mitochondria from wild-type and 
tim8D/tim13D cells were isolated. Import and 
analysis was performed as in (A). 
(D) Mitochondria from wild-type and the 
temperature sensitive mutant tim10-1 
(tim10ts) were isolated after growth at 24°C. 
Prior to import mitochondria were incubated 
for 15 min at the non-permissive 
temperature. Import and analysis were 
performed as in (A).
I, 20% of radiolabelled precursor protein 
used in each import reaction; p, precursor; 
m, mature form.

35S-Mcp3

35S-Mcp3

35S-Mcp3

35S-Mcp3

p

m

p

m

p

m

p

m



Sinzel et al., Appendix Figure S3

Figure S3. Import of Mcp3 is independent of TOM complex receptor Tom20 and 
the IMS import chaperones Tim8/10/13. (A) Mitochondria from wild-type and tom20? 

cells were isolated and incubated with radiolabelled Mcp3 for the indicated time periods 

(1, 5, 15 min). After import mitochondria were reisolated and analyzed by SDS-PAGE 

and autoradiography. Bands corresponding to the mature (m) form were quantified. 

Import after 15 min into wild-type mitochondria was set to 100%. The mean with 

standard deviations of three independent experiments (n=3) is depicted in the graph. 

(B) Mitochondria from wild-type and tim8?/tim13? cells were isolated. Import and 

analysis was performed as in (A). (C) Mitochondria from wild-type and the temperature 

sensitive mutant tim10-1 (tim10ts) were isolated after growth at 24°C. Prior to import 

mitochondria were incubated for 15 min at the non-permissive temperature. Import and 

analysis were performed as in (A). 
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Appendix Figure S3. MPP is not responsible for processing of Mcp3. Mitochondria 
from wild-type (WT) and mas1-ts cells were isolated after growth at the permissive 
temperature 24°C (24°C, 24/37°C) or the non-permissive temperature 37°C (37°C). 

35Next mitochondria were incubated with radiolabelled Mcp3 ( S-Mcp3, left part) without 
preincubation at the non-permissive temperature (24°C, 37°C) or with in vitro shift for 
15 min to 37°C prior to the import reaction (24/37°C). Radiolabelled Su9-DHFR as bona 
fide substrate of MPP was applied in the same way as control for impaired MPP function 
in mitochondria of the mutant strain (right part). After import mitochondria were reisolated 
and analysed by SDS-PAGE and autoradiography. I, 20% of radiolabelled precursor 
protein used in each import reaction; p, precursor; m, mature form.
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Figure S3. Import of Mcp3 is independent of TOM complex receptor Tom20 and 
the IMS import chaperones Tim8/10/13. (A) Mitochondria from wild-type and tom20? 

cells were isolated and incubated with radiolabelled Mcp3 for the indicated time periods 

(1, 5, 15 min). After import mitochondria were reisolated and analyzed by SDS-PAGE 

and autoradiography. Bands corresponding to the mature (m) form were quantified. 

Import after 15 min into wild-type mitochondria was set to 100%. The mean with 

standard deviations of three independent experiments (n=3) is depicted in the graph. 

(B) Mitochondria from wild-type and tim8?/tim13? cells were isolated. Import and 

analysis was performed as in (A). (C) Mitochondria from wild-type and the temperature 

sensitive mutant tim10-1 (tim10ts) were isolated after growth at 24°C. Prior to import 

mitochondria were incubated for 15 min at the non-permissive temperature. Import and 

analysis were performed as in (A). 
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Appendix Figure S4. Mitochondria lacking Mim1 or Mim2 display an import defect for 
matrix destined proteins. Mitochondria from wild-type (WT), mim1D and mim2D cells were 

35isolated and incubated with radiolabelled S-pSu9-DHFR for the indicated time periods 
(1, 5, 15 min). After import mitochondria were reisolated and analysed by SDS-PAGE and 
autoradiography. Bands corresponding to the mature (m) and precursor (p) form are indicated.
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35S-pSU9-DHFR

p

1 5 15
mim2∆



Appendix Table 1: S. cerevisiae and E. coli strains used in this study  

name genotype reference 

S. cerevisiae 

W303a MAT a; ade2-1; can1-100; his3-11; leu2-

3,112; trp1∆2; ura3-52 

(Thomas and Rothstein, 1989) 

W303α MAT α; ade2-1; can1-100; his3-11; leu2-

3,112; trp1∆2; ura3-52 

(Thomas and Rothstein, 1989) 

YPH499 MAT a; ade2-101; his3∆200; leu2∆1; 
ura3-52; trp1∆63; lys2-801 

(Sikorski and Hieter, 1989) 

BY4741 Mat a; his3∆1; leu2∆0; met15∆0; ura3∆0 Euroscarf (http://web.uni-

frankfurt.de/fb15/mikro/euroscarf/ 

YMS018 W303a; fun14∆::Kan this study 

YMS019 W303a; fun14∆::His3 this study 

YKD291 W303a; mdm10∆::His3 (Tan et al., 2013) 

YKD461 W303a; mmm1∆::Kan (Tan et al., 2013) 

YKD227 W303a; mmm2∆::Kan (Tan et al., 2013) 

YKD301 W303a; mdm12∆::His3 (Tan et al., 2013) 

YKD303 W303a; mim2∆::His3 (Dimmer et al., 2012) 

YKD145 W303a; mim1∆::Kan (Dimmer et al., 2012) 

YKD132 W303α; tom20∆::His3 (Muller et al., 2011) 

YDR251 YPH499; mas37∆::His3 (Habib et al., 2005) 

2535 YPH499; tom40∆::Kan; pFL39-TOM40  (Wenz et al., 2014) 

3007; tom40-2522 YPH499; tom40∆::Kan; pFL39-TOM40-25 (Wenz et al., 2014) 

pTIM23t YPH499; tim23∆::Kan; pRS315-pTIM23t (Gevorkyan-Airapetov et al., 2009) 

pTIM23-Y70A,L71A-t YPH499; tim23∆::Kan; pRS315-pTIM23-

Y70AL71A-t 

(Gevorkyan-Airapetov et al., 2009) 

YMS063 BY4741; fun14∆::Kan Euroscarf 

YMS087 BY4741; atp23∆::Kan Euroscarf 

YMS102 BY4741; pcp1∆::Kan Euroscarf 

YMS103 BY4741; prd1∆::Kan Euroscarf 

YMS106 BY4741; yta12∆::Kan Euroscarf 

YMS107 BY4741; pim1∆::Kan Euroscarf 

YMS108 BY4741; yta10∆::Kan Euroscarf 

YMS109 BY4741; imp1∆::Kan Euroscarf 

YMS110 BY4741; imp2∆::Kan Euroscarf 

YMS111 BY4741; oct1∆::Kan Euroscarf 

YMS116 BY4741; yme1∆::Kan Euroscarf 

JSY7452 MAT α ade2-1; can1-100; his3-11;15; 

leu2-3; trp1-1; ura3-1   

(Kondo-Okamoto et al., 2008) 

JSY8283 JSY7452; tom70∆::Trp1; tom71∆::His3 (Kondo-Okamoto et al., 2008) 

GA74-1A MAT a ade8; his3; leu2; trp1; ura3 (Koehler et al., 1998) 

CK14 GA74D; tim10∆::His3; tim10-1:Trp1 (Koehler et al., 1998) 

MB2 

 

MAT a/α, ADE2/ade2-101ochre; his3/his3-

∆200; leu2/leu2-∆1; lys2-801amber/lys2-

801amber; trp1-289/TRP1; ura3-52/ura3-52 

(Maarse et al., 1992) 

TU008/ YDR2628 MB2; tim8∆::Ura3; tim13∆::His3 (Paschen et al., 2000) 

MYM104 

 

MAT α; Ura3-52; trp1-1;  leu2-3; leu2-

112; his3-11; his3-15 

(Witte et al., 1988) 

MYM105 MYM104; mas1-ts (Witte et al., 1988) 

YTW224 YPH499; TOM22-10His (Meisinger et al., 2001) 

YIA30 W303a; yme∆1::Kan (Arnold et al., 2006) 

YKD870 W303a; yme1∆::Kan; mim2∆::His3 this study 

E. coli 
MS094 W3110; pVG18-MPPHis (Geli, 1993) 

BL21(DE3)  Thermofisher Scientific, Darmstadt, 

Germany 

MH1  NEB biolabs, Frankfurt, Germany 
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Appendix Table 2. Primers used in this study 

Primers for gene-targeting 

name sequence  remarks 

PFa-For-Fun14K 5' ACG CTA GAG GGG CAA GAA 

GGA AGA ACT TAA AAT AAT AGG 

TGT AAA CGT ACG CTG 

amplification of KanMX4 or HISMX6 

cassette 

PFa-Rev-Fun14K 5' AAC GAA AGA ATA TAA CCC 

TCG TTT ATA TCT GGT CAT TTG 

TCT TGC ATC GAT GAA 

amplification of KanMX4 or HISMX6 

cassette 

Primers for cloning 

name sequence  remarks 

FpYX-Fun14 5' GGG GAA TTC ATG ACT TTG GCT 

TTT AAT ATG CA 

amplification of MCP3 ORF 5’ 
contains EcoRI restriction site 

RpYX-Fun14  5' GGG AAG CTT TCA TTT GTT AGC 

ATT TAA ACT TGC 

amplification of MCP3 ORF 3’ 
contains HindIII restriction site 

FUN14intHArev 

 

5‘ GGG GGA TCC TGC GTA GTC AGG 

CAC ATC ATA CGG ATA CCC TAA 

AGA ATC ATT GAA TAT CA  

amplification of MCP3 presequence 3’ 
contains BamHI restriction site and 

encodes the HA tag 

Fun14intHAfwd 

 

5‘ GGG GGA TCC GCA GCT GTC 

AAA CAA CAG G  

amplification of MCP3 mature part 5’ 
(starting 4 codons downstream of 

predicted Imp1 cleavage site) 

contains BamHI restriction site 

D70G_Fun14fwd 

 

5' GAT ATT CAA TGG TTC TTT AGG 

G  

site directed mutagenesis for D70G 

amino acid exchange (sense) 

D70G_Fun14rev 

 

5' CTA TAA GTT ACC AAG AAA 

TCC C  

site directed mutagenesis for D70G 

amino acid exchange (antisense) 

F14PromFwd 

 

5' GGG GAG CTC GTG GCT TAA 

AGA CGA TAA TGC 

amplification of MCP3 promoter 5’ 
contains SacI restriction site 

F14PromRev 

 

5' GGG GAA TTC TTT ACA CCT ATT 

ATT TTA AGT TCT T 

amplification of MCP3 promoter 3’ 
contains EcoRI restriction site 

F14TermFwd 

 

5' GGG AAG CTT GCAAGA CAA 

ATG ACC AGA TAT A 

amplification of MCP3 terminator 5’ 
contains HindIII restriction site 

F14TermRev 

 

5' GGG GTC GAC AGC GTT GAA 

AAA GGT AGA AAT TA 

amplification of MCP3 terminator 3’ 
contains SalI restriction site 

delta-TMD1-Arev  5' GGG GGA TCC CTG CTT GTG ACT 

ACT TAT TTT G 

amplification of aa 1-105 coding 

sequence of MCP3, contains BamHI 

restriction site 

delta-TMD1-Bfwd 5' GGG GGA TCC TAT GTC GGT ATT 

ACA AGC ATG 

amplification of aa 129-198 coding 

sequence of MCP3, contains BamHI 

restriction site 

delta-TMD2-rev 5' GGG AAG CTT TTA ATC AAT 

AAG CAG TTT CTT CAA GT 

amplification of aa 1-171 coding 

sequence of MCP3, contains HindIII 

restriction site 

RpYX-Fun14HA 5' GGG AAG CTT TTT GTT AGC ATT 

TAA ACT TGC TAA 

amplification of MCP3 ORF 3’ 
contains HindIII restriction site, stop 

codon omitted for fusion with HA-tag 
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