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ABSTRACT 

Mitochondria are organelles of endosymbiotic origin, which play many important roles in eukaryotic 

cells. Mitochondria are surrounded by two membranes and, considering that most of the 

mitochondrial proteins are produced in the cytosol, possess import machineries, which transport 

mitochondria-targeted proteins to their designated location. A special class of outer mitochondrial 

membrane (OMM) proteins, the β-barrel proteins, require the sorting and assembly machinery 

(SAM) for their OMM integration. Both mitochondrial β-barrel proteins and the central component of 

the SAM complex, Sam50, have homologs in gram-negative bacteria. In yeast mitochondria, bacterial 

β-barrel proteins can be imported and assembled into the OMM. Our group demonstrated that this, 

however, is not the case for human mitochondria, which import only neisserial β-barrel proteins, but 

not those of Escherichia coli and Salmonella enterica. As a part of this study, I could demonstrate that 

β-barrel proteins such as Omp85 and PorB of different Neisseria species are targeted to human 

mitochondria. Interestingly, only proteins belonging to the neisserial Omp85 family were integrated 

into the OMM, whereas PorB was imported into mitochondria but not assembled. By exchanging 

parts of homologous neisserial Omp85 and E. coli BamA and, similarly, of neisserial PorB and E. coli 

OmpC, it could be demonstrated in this work that the mitochondrial import signal of bacterial 

β-barrel proteins cannot be limited to one short linear sequence, but rather secondary structure and 

protein charge seem to play an important role, as well as specific residues in the last β-strand of 

Omp85. Omp85 possesses five conserved POTRA domains in its amino-terminal part. This work 

additionally demonstrated that in human mitochondria, at least two POTRA domains of Omp85 are 

necessary for membrane integration and functionality of Omp85.  

In the second part of this work, the influence of Sam50 on the mitochondrial cristae structure 

was investigated. This work contributed to a study performed by our group in which it was confirmed 

that Sam50 is present in a high molecular weight complex together with mitofilin, CHCHD3, CHCHD6, 

DnaJC11, metaxin 1 and metaxin 2. This connection between the inner and outer mitochondrial 

membrane was shown to be crucial for the maintenance of the mitochondrial cristae structure. In 

addition, a role of Sam50 in respiratory complex assembly, suggested by a SILAC experiment 

conducted in our group, could be confirmed by in vitro import studies. An influence of Sam50 not 

only on respiratory complexes but also on the recently described respiratory complex assembly 

factor TTC19 was demonstrated. It was shown that TTC19 not only plays a role in complex III 

assembly as published, but also influences the assembly of respiratory complex IV. Thus, in this part 

of the work a connection between the OMM protein Sam50 and maintenance of cristae structure, 

respiratory complex assembly and an assembly factor could be established. 
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ZUSAMMENFASSUNG 

Mitochondrien sind Zellorganellen endosymbiotischen Ursprungs, die viele wichtige Funktionen in 

eukaryotischen Zellen haben. Mitochondrien sind von zwei Membranen umgeben, und da die 

meisten Mitochondrienproteine im Cytosol hergestellt werden, besitzen sie Importmaschinerien, die 

die für die Mitochondrien bestimmten Proteine zu ihrem jeweiligen Zielort transportieren. Eine 

besondere Klasse von Proteinen der äußeren Mitochondrienmembran (ÄMM), die β-Fassproteine, 

benötigen die Sortierungs- und Assemblierungsmaschinerie (SAM) für ihre Integration in die ÄMM. 

Sowohl mitochondriale β-Fassproteine als auch die zentrale Komponente des SAM-Komplexes, 

Sam50, haben Homologe in gramnegativen Bakterien. In Hefemitochondrien können bakterielle 

β-Fassproteine importiert und in der ÄMM assembliert werden. Unsere Gruppe hat gezeigt, dass dies 

jedoch nicht auf humane Mitochondrien zutrifft, die nur neisserielle β-Fassproteine importieren, 

nicht aber diejenigen von Escherichia coli und Salmonella enterica. Im Rahmen dieser Studie konnte 

ich zeigen, dass β-Fassproteine verschiedener Neisserienarten, wie Omp85 und PorB, in humane 

Mitochondrien aufgenommen werden. Interessanterweise wurden nur Proteine der neisseriellen 

Omp85-Familie in die ÄMM eingebaut, während PorB zwar importiert, jedoch nicht assembliert 

wurde. Durch das Austauschen von Teilen von homologem neisseriellen Omp85 und E.coli BamA und 

ebenso von neisseriellem PorB und E. coli OmpC konnte in dieser Arbeit gezeigt werden, dass das 

mitochondriale Importsignal bakterieller β-Fassproteine nicht auf eine kurze lineare Sequenz 

eingegrenzt werden kann, sondern dass die Sekundärstruktur  und die Ladung des Proteins eine 

wichtige Rolle zu spielen scheinen, sowie im Fall von Omp85 einige bestimmte Aminosäurereste des 

letzten β-Stranges. Omp85 besitzt fünf konservierte POTRA-Domänen in seiner aminoterminalen 

Hälfte. In dieser Arbeit wurde zudem demonstriert, dass in humanen Mitochondrien mindestens zwei 

POTRA-Domänen von Omp85 für die Membranintegration und Funktionalität von Omp85 vorhanden 

sein müssen.  

Im zweiten Teil dieser Arbeit wurde der Einfluss von Sam50 auf die mitochondriale 

Cristaestruktur untersucht. Diese Arbeit hat zu einer von unserer Gruppe durchgeführten Studie 

beigetragen, in der bestätigt werden konnte, dass Sam50 in einem hochmolekularen Komplex mit 

Mitofilin, CHCHD3, CHCHD6, DnaJC11, Metaxin 1 und Metaxin 2 vorliegt. Es wurde gezeigt, dass diese 

Verbindung zwischen der inneren und äußeren Mitochondrienmembran unverzichtbar für die 

Aufrechterhaltung der mitochondrialen Cristaestruktur ist. Zudem konnte eine Rolle von Sam50 bei 

der Assemblierung von Atmungskettenkomplexen, die durch ein in unserem Labor durchgeführtes 

SILAC-Experiment nahegelegt worden war, durch in-vitro-Importstudien bestätigt werden. Weiterhin 

wurde ein Einfluss von Sam50 nicht nur auf Atmungskettenkomplexe, sondern auch auf einen vor 
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kurzem beschriebenen Assemblierungsfaktor der Atmungskette, TTC19, demonstriert. Es wurde 

gezeigt, dass TTC19 nicht nur, wie veröffentlicht, eine Rolle bei der Assemblierung des 

Atmungskettenkomplexes III spielt, sondern auch die Assemblierung des Atmungskettenkomplexes 

IV beeinflusst. In diesem Teil der Arbeit konnte folglich eine Verbindung zwischen dem ÄMM-Protein 

Sam50 und der Organisation der Cristaestruktur, der Atmungskettenassemblierung und einem 

Assemblierungsfaktor nachgewiesen werden. 

.  
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1 INTRODUCTION 

1.1 Mitochondria   

Mitochondria take a special position among cell organelles as they are the result of an endosymbiotic 

event between an α-proteobacterium and a host cell that took place 1.5 – 2 billion years ago 

(Sicheritz-Ponten et al., 1998). In contrast to the way they are often depicted, mitochondria are not 

simply single rod-shaped structures but form a highly dynamic network throughout the cytosol, 

constantly fusing and dividing (Hoppins et al., 2007). Their number, form and size depend strongly on 

the cell type and its respective tasks (Detmer and Chan, 2007). Mitochondria possess about 1000 

(yeast) to 1500 (mammalians) proteins (Meisinger et al., 2008; Pagliarini et al., 2008; Reinders et al., 

2006). Although most of the mitochondrial genes have been shifted to the cellular nucleus or have 

been lost during the course of evolution (Gabaldon and Huynen, 2003), mitochondria have retained 

their own small genome encoding 36 genes in mammalian mitochondria, among them 13 for 

subunits of respiratory complexes (Anderson et al., 1981). As in bacteria, the human mitochondrial 

DNA (mtDNA) is present in the form of a circular double-stranded molecule and is organized in 

nucleoids that are tethered to the inner mitochondrial membrane (IMM) (Chen and Butow, 2005).  

Mitochondria possess two membranes which divide them into four compartments: the outer 

mitochondrial membrane (OMM), the inner mitochondrial membrane (IMM), the intermembrane 

space (IMS) and the matrix. The IMM forms multiple invaginations called cristae and harbors the 

respiratory chain complexes, which produce most of the cell’s energy (Mannella et al., 2001). Apart 

from their role in energy production, mitochondria play a crucial role in various other cellular 

processes, such as cell signaling, apoptosis and fatty acid metabolism (Westermann, 2010).  

1.2 Mitochondrial import systems 

1.2.1 The translocase of the outer membrane (TOM)  

As the genetic information of nearly all mitochondrial proteins has been shifted from the 

mitochondrial matrix to the nucleus during evolution, eukaryotic cells had to develop highly 

regulated mitochondrial import systems to transport the cytosolically produced proteins to their 

designated mitochondrial compartment. At the same time, mitochondrial proteins had to acquire 

specific mitochondrial targeting signals (Dolezal et al., 2006). In the past fifteen years, mitochondrial 

import systems have extensively been investigated. They were first described in yeast but many 

components could meanwhile be identified in human cells. 
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Virtually all mitochondrial proteins enter the mitochondria through the translocase of the 

outer membrane (TOM) complex (Figure 3-1), which translocates them across the OMM into the IMS 

(Chacinska et al., 2009). The TOM machinery is composed of the channel forming central β-barrel 

protein Tom40 (Hill et al., 1998), the receptors Tom20, Tom22 and Tom70 (Alvarez-Dolado et al., 

1999; Goping et al., 1995; Saeki et al., 2000), and the small TOM proteins Tom5, Tom6 and Tom7 

(Johnston et al., 2002; Kato and Mihara, 2008). In order to be recognized by the Tom receptors, 

proteins have to contain a mitochondrial targeting signal. This signal can either be an amino-terminal 

(N-terminal) presequence consisting of 15 – 55 amino acids which form an amphipathic α-helix with a 

net positive charge (Vögtle et al., 2009), or an internal targeting signal (Neupert and Herrmann, 

2007). Mitochondrial proteins with an N-terminal targeting signal are recognized by Tom20 and then 

transferred to the central Tom22 receptor (Bohnert et al., 2007; Brix et al., 1999). Subsequently, they 

are transferred presequence first to Tom40 with the assistance of Tom5, and then to Tom7 and the 

IMS domain of Tom22, where their release is induced (Chacinska et al., 2009; Dietmeier et al., 1997; 

Endo et al., 2003). Mitochondrial proteins with an internal targeting signal are delivered to the TOM 

complex by an Hsp70/Hsp90 chaperone complex (Young et al., 2003) and recognized by the Tom70 

receptor (Brix et al., 1999), or, in the case of β-barrel proteins, by Tom20 (Krimmer et al., 2001; 

Model et al., 2001). The small Tom proteins Tom6 and 7 play a role in the regulation of the TOM 

complex assembly (Alconada et al., 1995; Honlinger et al., 1996). Tom22 is also involved in stabilizing 

the TOM complex in addition to its receptor function (van Wilpe et al., 1999). Recently, 

phosphorylation of Tom receptors was shown to play an important role in regulation of protein 

translocation through the TOM complex (Schmidt et al., 2011).  

Figure 1-1 The Translocase of the Outer Membrane 
(TOM). Virtually all nuclear-encoded mitochondrial 
proteins are translocated across the OMM via the TOM 
complex. Proteins can either possess a positively charged 
N-terminal presequence or an internal targeting signal. 
Depending on the signal, they are recognized by the 
receptors Tom20 or Tom70, transferred to the central 
receptor Tom22, and translocated through the Tom40 
pore to the IMS domain of Tom22 with the help of Tim7. 
In the IMS, the import ways of mitochondrial proteins 
divide, depending on their signals and designated 
compartment.  
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1.2.2 The TIM23 pathway 

After translocation of the proteins into the IMS via the TOM complex, there are different routes that 

they can take depending on their final destination and on their signals. Preproteins with an 

N-terminal targeting sequence are translocated from the IMS into the matrix or the IMM by the 

translocase of the inner membrane 23 (TIM23) complex, whose core consists of the channel-forming 

protein Tim23 and two other inner membrane proteins, Tim50 and Tim17 (Dekker et al., 1993; 

Maarse et al., 1994; Yamamoto et al., 2002). Proteins imported via this route are passed directly 

from the IMS domain of Tom22 to the TIM23 machinery where they bind to a receptor region 

formed by Tim50 and Tim23 (Geissler et al., 2002; Yamamoto et al., 2002). Binding of a preprotein to 

Tim50 leads to the opening of the Tim23 pore (Meinecke et al., 2006), which is facilitated by the 

interaction of Tim21, the fourth subunit of the TIM23 complex (Chacinska et al., 2005), with 

respiratory supercomplexes (van der Laan et al., 2006). The membrane potential (ΔΨ) is then 

required for driving the positively-charged presequence into the IMM (Chacinska et al., 2009). To 

completely translocate the proteins into the matrix, the presequence translocase-associated import 

motor (PAM) using energy in the form of ATP is required in addition (Pfanner and Meijer, 1995). It is 

recruited to the TIM23 complex by Tim17 (Chacinska et al., 2005). Its central component is the 

molecular chaperone heat shock protein 70 (mtHsp70), which binds to the polypeptide and moves it 

into the matrix, using energy derived from ATP hydrolysis (Schneider et al., 1994; Ungermann et al., 

1994). After translocation of the preprotein into the matrix, the mitochondrial processing peptidase 

(MPP) removes the presequence (Taylor et al., 2001). The PAM complex furthermore comprises the 

four membrane-bound co-chaperones Tim44, Pam18, Pam16, and Pam17, which play a role in 

organizing the TIM23-PAM interaction and stimulating the ATP activity of mtHsp70 (Chacinska et al., 

2009).  

The TIM23 machinery not only imports matrix proteins but also proteins destined for the IMM. 

These proteins possess a hydrophobic sorting signal behind their N-terminal targeting signal which 

arrests them in the IMM (Gärtner et al., 1995). The proteins are then laterally released from the 

TIM23 complex with the help of Tim17 (Chacinska et al., 2005). This translocation only requires 

energy in the form of ΔΨ, whereas the PAM is not needed (Voos et al., 1993). Additionally, it is 

possible that the protein is then cleaved behind the hydrophobic signal by the inner membrane 

peptidase (IMP), releasing the protein into the IMS (Glick et al., 1992; Nunnari et al., 1993). 
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1.2.3 The TIM22 pathway 

Inner membrane carrier proteins and some components of the TIM23 and TIM22 complexes are 

imported via the TIM22 pathway (Jensen and Dunn, 2002). These proteins do not possess an 

N-terminal presequence but contain internal targeting signals that can be located all over the 

protein, with each element comprising about ten amino acid residues (Chacinska et al., 2009). 

After translocation via the TOM machinery, the Tim9-Tim10 chaperone complex or in case of 

some proteins the Tim8-Tim13 chaperone complex bind to the protein and guide it through the IMS 

to the TIM22 machinery (Endres et al., 1999; Leuenberger et al., 1999; Paschen et al., 2000; 

Sirrenberg et al., 1998). Then, Tim9 and Tim10 assemble with Tim12 at the TIM22 machinery forming 

the Tim9-Tim10-Tim12 complex (Adam et al., 1999; Sirrenberg et al., 1998). The TIM22 complex 

consists of three integral membrane subunits, the central channel forming component Tim22, Tim54, 

and Tim18 (Kerscher et al., 1997; Kerscher et al., 2000; Sirrenberg et al., 1996). The TIM22 machinery 

is a twin-translocase consisting of two channels and requires energy only in form of ΔΨ (Rehling et 

al., 2003). After insertion of the proteins into the Tim22 channel, they are laterally released in a 

mechanism still not deciphered (Chacinska et al., 2009). 

1.2.4 The MIA pathway 

As small molecules can diffuse freely between the cytosol and the IMS, it was assumed for a long 

time that the IMS, like the cytosol, constitutes a reducing environment (Chacinska et al., 2009; Lu et 

al., 2004). Surprisingly, however, it was found that many IMS proteins possess cysteine motifs and 

form intramolecular disulfide bonds (Allen et al., 2003). Many of these proteins are of low molecular 

weight below 20 kDa, e.g. small Tim proteins (Lutz et al., 2003). 

These IMS proteins are assembled via the Mitochondrial IMS import and assembly (MIA) 

pathway which consists of the central component Mia40 and the sulfhydryl oxidase Erv1 (essential 

for respiratory growth and viability 1) in yeast or ALR (augmenter of liver regeneration) in humans 

(Chacinska et al., 2004; Hofmann et al., 2005; Mesecke et al., 2005). The central component Mia40 

contains a characteristic motif consisting of six invariant cysteines and possesses a hydrophobic 

binding cleft (Milenkovic et al., 2007; Naoe et al., 2004; Sideris and Tokatlidis, 2007). IMS proteins 

exhibit a mitochondrial intermembrane space signal (MISS), including a cysteine residue that can 

form a mixed disulfide bond with the cysteine motif of Mia40 (Milenkovic et al., 2009; Sideris et al., 

2009). Directly after or during translocation across the OMM in the reduced form, IMS proteins are 

bound by Mia40 via mixed disulfide bonds (Milenkovic et al., 2007; Muller et al., 2008; Sideris and 

Tokatlidis, 2007). Mia40 then promotes the formation of intramolecular disulfide bonds in the 
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substrate protein by oxidizing it (Mesecke et al., 2005). Thereby, the cysteine residues of Mia40 are 

reduced and have to be reoxidized by Erv1. This protein transfers the electrons from Mia40 to the 

respiratory chain via cytochrome c (cyt c), allowing a new redox-cycle of Mia40 (Bihlmaier et al., 

2007; Dabir et al., 2007). Interestingly, fungal Mia40 is membrane-bound (Naoe et al., 2004), 

whereas its human homolog is significantly smaller and soluble, lacking the N-terminal mitochondrial 

targeting signal and the transmembrane domain (Hofmann et al., 2005). 

1.2.5 Insertion of proteins into the OMM 

OMM proteins of mitochondria belong to two classes – β-barrel proteins, which traverse membranes 

with β-plated sheets, and α-helical proteins, which are anchored in the OMM through one or more 

α-helices (Chacinska et al., 2009). β-barrel proteins are only present in the outer membranes (OM) of 

gram-negative bacteria, mitochondria and chloroplasts, pointing to the bacterial origin of these two 

cell organelles (Tamm et al., 2004). Proteins of β-barrel topology are integrated into the OMM by the 

evolutionary conserved sorting and assembly machinery (SAM) (Wiedemann et al., 2003), also known 

as topogenesis of mitochondrial outer membrane β-barrel proteins (TOB) (Paschen et al., 2003).  

Eukaryotic cells only possess a limited number of β-barrel proteins. In yeast, they include the 

central component of the SAM/TOB machinery, Sam50/Tob55, mitochondrial distribution and 

morphology protein Mdm10, Mmm2/Mdm34 and two isoforms of porin (Paschen et al., 2005).  In 

mammalian cells, only the yeast porin homolog, the voltage dependent anion-sensitive channel 

(VDAC), was found besides Tom40 and Sam50. VDAC forms a pore in the OMM that allows the 

diffusion of small metabolites between the IMS and the cytosol, thereby enabling communication 

between these two compartments (Colombini, 1979). It is present in three different isoforms 

(Rahmani et al., 1998). VDAC1 is the only eukaryotic β-barrel protein whose structure could be 

solved. In contrast to many bacterial β-barrel proteins, it does not have 16 but 19 β-strands, thereby 

being the first β-barrel identified with an odd number of β-strands (Bayrhuber et al., 2008; Ujwal et 

al., 2008). Tom40 exhibits sequence and predicted secondary structure homology to VDAC1, and 

therefore probably also contains 19 β-strands (Bayrhuber et al., 2008). 

After translocation through the TOM, β-barrel proteins are bound by a chaperone complex 

consisting either of the small Tim proteins Tim9/Tim10 or Tim8/Tim13 (Habib et al., 2005; 

Wiedemann et al., 2004). The Tim9-Tim10 or Tim8-Tim13 complex forms a hexameric ring structure 

and guides the β-barrel proteins to the SAM complex (Habib et al., 2005; Wiedemann et al., 2004). In 

yeast, where this complex was first described, its core complex consists of the central component 

Sam50/Tob55 (Kozjak et al., 2003; Paschen et al., 2003), the essential protein Sam35 (Tob38/Tom38) 

(Ishikawa et al., 2004; Milenkovic et al., 2004; Waizenegger et al., 2004), which behaves as a 
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peripheral membrane protein but seems to be embedded into the OMM via its association with 

Sam50 (Kutik et al., 2008), and the integral membrane protein Sam37 (Mas37/Tom37), which is 

dispensable for growth (Wiedemann et al., 2003). Sam50 itself is a β-barrel protein and possesses a 

polypeptide transport-associated (POTRA) domain facing the IMS at its N-terminus (Kozjak et al., 

2003; Paschen et al., 2003) and a carboxy-terminal (C-terminal) β-barrel consisting of 16 β-strands 

(Gentle et al., 2005). Sequence comparisons between the components of the β-barrel assembly 

machinery in bacteria and eukaryotes show that the central import component Sam50 is homologous 

to Omp85/BamA, which integrates β-barrel proteins into the OM of gram-negative bacteria (Kozjak 

et al., 2003; Paschen et al., 2003).  

β-barrel proteins exhibit a β-sorting signal within their last β-strand which comprises a large 

polar amino acid, an invariant glycine and two large hydrophobic amino acids (Kutik et al., 2008). This 

β-signal is recognized by Sam35 and its binding induces a change in the properties of the SAM 

channel leading to its opening and increased conductance. Several β-strands are inserted and the 

protein is then laterally released from the SAM complex into the OMM (Kutik et al., 2008). 

Alternatively, it could be possible that β-barrel proteins are not inserted into the Sam50 pore but use 

this protein as a scaffold to be integrated at the protein-lipid interface (Gentle et al., 2004; Habib et 

al., 2005). The POTRA domain of Sam50 was first thought to play a role in protein binding (Habib et 

al., 2007) but a more recent study showed that it is not essential for this step (Kutik et al., 2008). 

Recently, it was demonstrated that this domain and Sam37 play a role in the release of β-barrel 

proteins from the SAM complex (Chan and Lithgow, 2008; Stroud et al., 2011).    

 

 

 

 

 

 

 

 

Figure 1-2 Assembly of β-barrel proteins in mammalian mitochondria. β-barrel proteins are recognized by the 
Tom20 receptor and translocated across the outer mitochondrial membrane (OMM) via the TOM complex. In 
the intermembrane space, they are bound by the small Tim chaperone complexes Tim9-Tim10 or Tim8-Tim13 
and guided to the sorting and assembly machinery (SAM), which integrates the β-barrel proteins into the 
OMM.   



INTRODUCTION 
 

16 
 

The mammalian SAM complex (Figure 3-2) consists of Sam50, which is similar to its yeast 

counterpart (Humphries et al., 2005), and two additional proteins, metaxins 1 and 2 (Armstrong et 

al., 1997; Armstrong et al., 1999; Kozjak-Pavlovic et al., 2007). The integral membrane protein 

metaxin 1 exhibits sequence homology to yeast Sam37 in its N-terminal region (Armstrong et al., 

1997). It is anchored to the OMM with its C-terminal domain, and tethers metaxin 2, which seems to 

be the equivalent of Sam35 although the proteins share very remote sequence similarity, to the 

cytosolic surface of the OMM (Armstrong et al., 1997; Armstrong et al., 1999). Both proteins are 

present in a complex with Sam50 (Xie et al., 2007) and were shown to play a role in the import of 

β-barrel proteins (Kozjak-Pavlovic et al., 2007).  

Whereas β-barrel proteins are all integrated into the OMM by the SAM complex, many 

different ways for the integration of α-helical proteins into the OMM seem to exist. The signals of 

α-helical OMM proteins can be present at both termini or in the middle of the protein and normally 

consist of an α-helical transmembrane segment often flanked by positively charged residues (Beilharz 

et al., 2003; Kemper et al., 2008; Setoguchi et al., 2006). It could be shown that the SAM complex can 

play a role in the OMM integration for some α-helical proteins (Stojanovski et al., 2007). The SAM 

core complex consisting of Sam50, Sam35 and Sam37 can associate with Mdm10 or Tom5/Tom40 for 

this task depending on which proteins have to be integrated (Thornton et al., 2010). Assembly of 

Mdm10 with a subfraction of the core SAM complex, for instance, is required for the integration of 

Tom22 (Meisinger et al., 2004; Thornton et al., 2010). 

Most α-helical proteins, however, do not depend on the SAM complex for OMM integration. 

Mim1 (mitochondria import 1), for instance, cooperates with Tom70 to import α-helical outer 

membrane proteins with multiple transmembrane segments (Becker et al., 2011). In addition, it is 

required for the membrane insertion and assembly of the signal-anchored Tom receptors (Becker et 

al., 2008). Some signal-anchored proteins were shown to depend on Tom40 for their import but not 

on the other TOM components (Ahting et al., 2005). Additionally, it was recently demonstrated that 

proteins can be released laterally from the TOM complex into the OMM (Harner et al., 2011b), 

although this had been considered to be energetically unfavorable (Chacinska et al., 2009). The 

import of the signal-anchored protein Mcr1, on the other hand, does not involve the TOM complex at 

all (Meineke et al., 2008). The tail-anchored protein Fis1 was also shown not to use any known 

import route, and rather the lipid composition of the OMM might play an important role in its 

integration (Kemper et al., 2008; Setoguchi et al., 2006). 
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Most studies about the integration of α-helical proteins into the OMM were conducted in 

yeast. Little is known about the situation in mammalian cells, and for important yeast components 

such as Mdm10 and Mim1 no homologs could be identified (Hulett et al., 2008; Zeth, 2010).  

1.3 Conservation of the transport and membrane insertion of β-barrel proteins 

Most bacterial OM proteins are of β-barrel topology (Koebnik et al., 2000), and all known bacterial 

β-barrel proteins form a cylindrical closed barrel with an even number of 8 - 22 amphipathic 

β-strands (Tamm et al., 2004). A common feature of β-barrel proteins is their β-signal at the 

C-terminus (Kutik et al., 2008; Struyve et al., 1991). In bacteria, it comprises a highly conserved 

phenylalanine (or tryptophan) at the ultimate C-terminal position, and hydrophobic residues at 

positions three (mostly tyrosine), five, seven, and nine from the C-terminus (Struyve et al., 1991). 

Despite the conservation of this signal among gram-negative bacteria, species-specific features can 

be observed (Walther et al., 2009b). In most neisserial OM proteins, for instance, a positively charged 

residue is present at the penultimate position (Robert et al., 2006; Walther et al., 2009b). When 

compared to the β-sorting signal of eukaryotic β-barrel proteins, the composition of this signal is not 

completely conserved. As mentioned, the eukaryotic β-signal sequence contains a terminal large 

polar amino acid instead of the phenylalanine in bacteria and an invariant glycine and two large 

hydrophobic amino acids instead of alternating hydrophobic residues as seen in bacteria (Kutik et al., 

2008).  Additionally, studies with human VDAC1 demonstrated that not only the β-signal but various 

other amino acids all over the protein are crucial for OMM integration (Kozjak-Pavlovic et al., 2010). 

In contrast to the OMM, the bacterial OM does not constitute a symmetric phospholipid 

bilayer but an asymmetric membrane, with one leaflet consisting of phospholipids and the other of 

lipopolysaccharides (LPS) (Tamm et al., 2004). Bacterial β-barrel proteins are synthesized in the 

cytoplasm with an N-terminal signal sequence. The signal is recognized by cytosolic chaperones 

which deliver the β-barrel protein to the Sec machinery in the inner membrane (Walther et al., 

2009b). This machinery subsequently translocates the protein across the plasma membrane into the 

periplasm (de Keyzer et al., 2003). During or directly after translocation, the N-terminal signal is 

removed by the signal peptidase (Mogensen and Otzen, 2005). In the periplasm, chaperones bind to 

the polypeptide and guide it to the β-barrel assembly machinery (BAM) (Walther et al., 2009b). In 

E. coli, the BAM consists of the essential central component BamA/Omp85 (outer membrane 

protein)/YaeT (Werner and Misra, 2005), and the accessory membrane-associated lipoproteins BamB 

(YfgL), BamC (NlpB), BamD (YfiO) and BamE (SmpA) (Sklar et al., 2007; Wu et al., 2005). The number 

of accessory lipoproteins in the BAM complex depends on the bacterial species. In N. meningitidis, 
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for instance, the BAM complex includes Omp85, homologs of BamD (ComL), BamC and BamE, and 

the additional component RmpM, whereas no BamB homolog exists (Volokhina et al., 2009; 

Voulhoux et al., 2003). BamA/Omp85 consists of a C-terminal β-barrel comprising 16 β-strands, and 

an N-terminal periplasmic domain (Gentle et al., 2005; Voulhoux et al., 2003). The periplasmic 

domain possesses five POTRA domains (Sanchez-Pulido et al., 2003). As mentioned, eukaryotic 

Sam50 also possesses 16 β-strands in its C-terminal domain (Gentle et al., 2005), but only one POTRA 

domain in its N-terminal part (Habib et al., 2007). Whereas in N. meningitidis one POTRA domain is 

sufficient for the function of the protein (Bos et al., 2007), only the first or second POTRA domain can 

be deleted in E. coli (Kim et al., 2007). As the fifth POTRA domain of E. coli was demonstrated to 

weakly bind one of the BAM substrates, PhoE, it was suggested that the POTRA domains are involved 

in guiding β-barrel proteins to the core of the BAM complex (Knowles et al., 2008; Walther et al., 

2009b). Of all four lipoproteins, only BamD/ComL is essential in both E. coli and N. meningitidis 

(Malinverni et al., 2006; Volokhina et al., 2009). As gonococcal BamD/ComL is covalently linked to 

peptidoglycan and some bacteria exhibit BamE homologs with a peptidoglycan binding domain, it 

was suggested that the accessory Bam proteins might be involved in anchoring the BAM complex to 

peptidoglycan, and possibly in modulating peptidoglycan to allow access of outer membrane proteins 

to the BAM complex (Walther et al., 2009b). When compared to the eukaryotic SAM complex, the 

four accessory lipoproteins of the BAM complex have no homologs in eukaryotes and vice versa – the 

other proteins of the SAM complex cannot be traced to bacterial ancestors. 

 

 

 

 

 

 

 

 

 

 
Figure 1-3 The β-barrel assembly machinery (BAM) of E. coli. β-barrel proteins are synthesized in the cytosol 
and translocated across the inner membrane via the Sec machinery. Subsequently, periplasmic chaperones 
guide the proteins to the BAM complex whose core component BamA mediates their outer membrane 
integration. 
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Despite these differences in the sorting signal and the assembly machineries, bacteria were 

shown to integrate eukaryotic VDAC into their OM (Walther et al., 2010), and yeast cells can equally 

translocate β-barrel proteins of bacterial origin (Walther et al., 2009a). The ability of mitochondria to 

import bacterial β-barrel proteins might play a role in infection. An interesting example is the 

neisserial porin PorB. Studies of N. meningitidis PorB revealed that it possesses 16 β-strands and 

integrates into the OM as a trimer (Derrick et al., 1999; Minetti et al., 1997). Upon infection, 

meningococcal PorB is targeted to mitochondria and protects cells from apoptosis (Massari et al., 

2000; Massari et al., 2003). Gonococcal PorB is also translocated to human mitochondria, but 

accompanied by cytochrome c release and apoptosis (Müller et al., 2000). Experiments with 

overexpressed PorBNgo in human cell lines demonstrated that PorB is imported into mitochondria but 

not integrated into the OMM, accumulating in the IMS/IMM compartment and thereby leading to 

the loss of ΔΨ and damage of the mitochondria (Kozjak-Pavlovic et al., 2009; Müller et al., 2002).  

1.4 The IMM: respiratory chain and membrane structure 

The IMM is crucial for cellular function. It contains multiple invaginations into the matrix called 

cristae. These harbor the respiratory chain complexes, which are required for the energy production 

of the cell. Cristae are highly organized structures and their morphology is maintained by protein 

complexes. As a connection between the maintenance of cristae and respiratory function exists, the 

next paragraphs will introduce both cristae structure and respiratory complexes in more detail.   

1.4.1 The respiratory chain 

One major task of mitochondria is providing energy in the form of adenosine triphosphate (ATP) to 

the cell. Most of the ATP is produced by the respiratory chain which resides in the cristae membrane 

(CM) of the IMM (Gilkerson et al., 2003). The respiratory chain consists of four protein complexes, 

which pump protons out of the matrix and generate a protonmotive force, and the ATP synthase, 

which couples the influx of protons back into the matrix to oxidative phosphorylation of ADP (Rich 

and Marechal, 2010). 

Complex I (or NADH:ubiquinone oxidoreductase) is the major entry point for electrons. It 

catalyzes the electron transfer from NADH, which is produced during glycolysis and in the 

tricarboxylic acid cycle by reduction of nicotinamide adenine dinucleotide (NAD+), to ubiquinone 

(Rich and Marechal, 2010). Research of the bovine respiratory complexes demonstrated that 

complex I comprises 45 subunits, of which seven are mtDNA-encoded (Carroll et al., 2006). It has a 

size of around 980 kDa and possesses eight iron-sulfur centers and flavin mononucleotide (FMN) as 
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cofactors (Carroll et al., 2003; Carroll et al., 2006). Complex I is shaped L-like with a hydrophobic arm 

in the IMM and a hydrophilic peripheral arm extended to the matrix side (Grigorieff, 1998). Based on 

the respective task, it can be subdivided into three modules: the dehydrogenase module comprising 

the NDUFV2, NDUFV1 and NDUFS1 subunits, the hydrogenase module, which consists of NDUFS2, 

NDUFS3, NDUFS7 and NDUFS8, and the proton translocation module, which includes the seven 

mtDNA-encoded subunits (Vogel et al., 2007). Studies in the fungus N. crassa demonstrated that the 

two arms are assembled independently (Tuschen et al., 1990). In mammalian cells, assembly of 

complex I occurs by formation of several intermediates which are then combined to the mature 

complex (Lazarou et al., 2007). Different models exist, but they all assume that assembly starts with 

the peripheral arm components NDUFS2 and NDUFS3 being anchored to a membrane part that 

includes MT-ND1, followed by the addition of the other subunits, thereby forming distinct 

intermediates of around 450 kDa and 830 kDa (McKenzie and Ryan, 2010; Vogel et al., 2007). Known 

assembly factors of complex I are NDUFAF1 and NDUFA12L (Ogilvie et al., 2005; Vogel et al., 2005). 

NDUFAF1 transiently interacts with complex I intermediates and its loss leads to reduced levels of 

complex I (Dunning et al., 2007; Vogel et al., 2005). NDUFA12L probably stabilizes intermediates of 

complex I and helps to incorporate specific subunits, as mutations in the gene encoding it result in 

the accumulation of a complex I subcomplex but do not completely prevent mature 

complex assembly (Barghuti et al., 2008; Ogilvie et al., 2005).  

Complex II (or succinate dehydrogenase) is an additional entry point for electrons into the 

respiratory chain. It catalyzes the transfer of electrons from succinate, an intermediate of the 

tricarboxylic acid cycle, via flavin adenine dinucleotide (FAD) to ubiquinone (Hägerhäll, 1997). In this 

step, no protons are pumped across the IMM, making complex I an energetically more favorable 

entry point for electrons into the respiratory chain (Rich and Marechal, 2010). Complex II is present 

as a monomer of about 125 kDa (Sun et al., 2005). It consists of a soluble heterodimer in the matrix 

and a heterodimer in the IMM. The matrix part comprises the subunits SDHA with a covalently bound 

FAD, and SDHB, which harbors three Fe-S clusters (Hägerhäll, 1997). The IMM part of complex II 

consists of subunits SDHC, SDHD and a single heme (Sun et al., 2005). All complex II subunits are 

nuclear-encoded. Only recently, two assembly factors for complex II could be identified. Loss of 

SDHAF1 results in a reduced complex II activity and this factor may be involved in the insertion of 

Fe-S clusters into the complex (Ghezzi et al., 2009). The second factor, SDHAF2, plays a role in adding 

the FAD prosthetic group to the SDHA flavoprotein (Hao et al., 2009). 

Complex III (or ubiquinol:cytochrome c oxidoreductase) catalyzes the electron transfer from 

ubiquinol to cytochrome c (cyt c) in the IMS (Mitchell, 1976). Complex III forms a homodimer in the 
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IMM, with each monomer consisting of eleven subunits (Schagger et al., 1986). Cytochrome b 

(MT-CYB) is the only mtDNA-encoded component. MT-CYB, cytochrome c-1 (CYC1) and Rieske Fe-S 

polypeptide 1 (RISP, UQCRFS1) contain the metal centers of the complex which are necessary for the 

electron transfer (Iwata et al., 1998). Studies in yeast demonstrated that complex III is first 

assembled in the three subcomplexes MT-CYB/UQCRB (Qcr7)/UQCRQ (Qcr8), CYC1/UQCRHQ 

(Qcr6)/UQCR10 (Qcr9) and Core1 (UQCRC1)/Core2 (UQCRC2), which then assemble into the 

cytochrome bc1 precomplex (Zara et al., 2004). Eventually, RISP and UQCR11 (Qcr10) are 

incorporated (Cruciat et al., 1999). A well-established complex III assembly factor is Bcs1p (called 

BCS1L in mammalian cells), which is involved in the ATP-dependent addition of RISP and UQCR11 

(Cruciat et al., 1999; Fernandez-Vizarra et al., 2007). Recently, tetratricopeptide repeat 19 (TTC19) 

was described as a novel complex III assembly factor (Ghezzi et al., 2011). Clinical isolates of patients 

with mutations in the ttc19 gene showed reduced complex III activity, and it could be demonstrated 

that TTC19 physically interacts with complex III components in mouse cells (Ghezzi et al., 2011). 

Complex IV (or cytochrome c oxidase) transfers electrons from cyt c to oxygen, thereby 

reducing it to H2O (Fernandez-Vizarra et al., 2009). Complex IV is composed of 13 subunits and has a 

size of about 200 kDa (Kadenbach et al., 1983; Schagger and Pfeiffer, 2000). Its catalytic core is 

formed by the mtDNA-encoded subunits MTCO1 and MTCO2, and contains two copper centers and 

two heme A moieties (Tsukihara et al., 1996). The third mtDNA-encoded subunit (MTCO3) is also part 

of the core but does not bind any cofactors. The other subunits probably have stabilizing and 

regulatory functions (Arnold and Kadenbach, 1997; Fernandez-Vizarra et al., 2009). Complex IV 

assembly starts with the insertion of MTCO1 into the IMM, followed by COX4 and COX5A together 

with heme A, forming the S2 assembly intermediate (Antonicka et al., 2003b; Williams et al., 2004). 

Next, integration of MTCO2 takes place, probably preceded by CuB, heme a3 and CuA insertion 

(Stiburek et al., 2005; Williams et al., 2004). Subsequently, MTCO3 is incorporated, followed by the 

integration of most other components (S3 intermediate) and eventually by the insertion of the 

remaining subunits (S4 intermediate) (Nijtmans et al., 1998; Williams et al., 2004). Finally, the 

complex dimerizes (Nijtmans et al., 1998). In yeast, around 30 assembly factors for complex IV were 

reported and at least 10 homologs are known in humans (Stiburek and Zeman, 2010). Deficiency of 

SURF1, for instance, results in the accumulation of assembly intermediates (Tiranti et al., 1999), 

whereas COX10 and COX15 are involved in the biosynthesis of the heme A of the catalytic center 

(Antonicka et al., 2003a; Barros et al., 2001). The assembly factor Leucine-rich pentatricopeptide 

repeat cassette (LRPPRC) is required for the stability of MTCO1 and MTCO3 mRNAs (Xu et al., 2004). 



INTRODUCTION 
 

22 
 

Complex V (or ATP synthase) couples the influx of protons back into the matrix to the 

phosphorylation of ADP to ATP (Engelbrecht and Junge, 1997). It consists of the hydrophobic 

membrane-integrated FO motor and the hydrophilic F1 module, which faces the matrix (Abrahams et 

al., 1994; Collinson et al., 1994). The F1 module is formed by five different subunits and contains the 

ATP synthase domain (Abrahams et al., 1994). The FO module comprises eight subunits, including two 

subunits encoded by the mitochondrial genes MT-ATP6 (subunit a) and MT-ATP8 (subunit A6L) 

(Collinson et al., 1994). Formation of the F1 module occurs independently (Kucharczyk et al., 2009). FO 

assembly starts with the c subunits, followed by binding of the F1 part, and subsequently of all other 

subunits. Eventually, the two mtDNA-encoded subunits are integrated (Wittig et al., 2010). 

Complex V monomers can assemble into dimers or even oligomers (Arnold et al., 1998; Krause et al., 

2005; Schagger and Pfeiffer, 2000). In humans, only ATP11 and ATP12 could be identified as 

complex V assembly factors, with both probably being involved in F1 synthesis (De Meirleir et al., 

2004; Wang et al., 2001).  

Respiratory complexes I, III and IV associate to form supercomplexes called respirasomes 

(Cruciat et al., 2000; Schagger and Pfeiffer, 2000). These supercomplexes consist of one complex I,  

two complex III and up to four complex IV molecules (Schagger and Pfeiffer, 2000). Cardiolipin, a 

characteristic mitochondrial phospholipid, has an important function in stabilizing supercomplexes 

(Pfeiffer et al., 2003; Zhang et al., 2002). Loss of phosphatidylethanolamine (PE), another major 

phospholipid of the IMM, on the other hand leads to formation of larger supercomplexes, indicating 

that this phospholipid destabilizes respiratory supercomplexes and functions antagonistic to 

cardiolipin (Böttinger et al., 2012). Depletion of cardiolipin and of PE both result in decreased 

membrane potential, underlining the importance of correct supercomplex formation (Böttinger et 

al., 2012; Jiang et al., 2000). Interestingly, cardiolipin was recently demonstrated to be required for 

complex II stability and activity as well (Schwall et al., 2012). 

As respiration is a crucial cellular process, deficiencies in each respiratory complex lead to 

various diseases. They can be caused by mutations in both nuclear and mtDNA encoded subunits, or 

in genes encoding assembly factors (Fernandez-Vizarra et al., 2009).  

1.4.2 IMM structure and maintenance 

In recent years, it has become clear that the IMM is not one continuous membrane but can be 

subdivided into the inner boundary membrane (IBM), running parallel to the OMM, and the cristae 

membrane (CM) (Mannella et al., 1994; Perkins et al., 1997). This view is supported by the finding 

that both membranes differ significantly in their protein composition (Vogel et al., 2006; Wurm and 
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Jakobs, 2006). The IBM harbors proteins involved in protein translocation and mitochondrial fusion 

and fission. The CM, on the other hand, mainly possesses proteins required for oxidative 

phosphorylation, mitochondrial protein biosynthesis and transport of mtDNA-encoded proteins 

(Gilkerson et al., 2003; Vogel et al., 2006; Wurm and Jakobs, 2006). Cristae are tubular compartments 

which are connected to the IBM via crista junctions (CJ) (Frey and Mannella, 2000; Perkins et al., 

1997). Often, several cristae merge to form a lamellar compartment (Perkins et al., 1997). CJs are 

narrow, tubular or slot-like openings with a diameter between 12 – 40 nm and a length of 30 – 50 nm 

(Perkins et al., 1997; Perkins et al., 2001; Zick et al., 2009). It was suggested that CJs are not 

permanent structures but that their formation is a dynamic process (Zick et al., 2009). The exact role 

of CJs remains unclear. It is assumed, however, that they constitute a barrier between IBM and CM 

and between IMS and intracristal space (ICS), allowing mitochondria to regulate diffusion of 

metabolites between these compartments (Mannella et al., 2001; Perkins et al., 1997; Zick et al., 

2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-4 The mitochondrial ultrastructures. The different mitochondrial structures are highlighted in a TEM 
image of a HeLa cell mitochondrium. The scale bar represents 1 µm.  

Little is known about the formation, maintenance and remodeling of cristae and CJs, although 

different proteins were shown to possibly be involved in these processes. Studies in yeast cells 

demonstrated that the dimerization of the ATP synthase is required for maintaining the cristae 

structure (Giraud et al., 2002; Paumard et al., 2002; Rak et al., 2007). When subunits e and g are 
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absent, the dimerization of the complex is prevented and the cristae are arranged in concentric 

circles (Giraud et al., 2002; Paumard et al., 2002). Furthermore, reduction in PTEN-induced putative 

kinase 1 (PINK1) results in altered cristae structures (Exner, 2007).  

For the formation of CJs, different proteins were suggested to play a role as well. The large 

dynamin-like GTPase optic atrophy 1 (Opa1) is a key protein of mitochondrial fusion together with 

the mitofusins (Cipolat et al., 2004; Griparic et al., 2004; Misaka et al., 2002). In addition, Opa1 has 

been shown to play a role in cristae-remodeling during apoptosis (Frezza et al., 2006; Olichon et al., 

2003). Depletion of Opa1 leads to alterations in cristae morphology and cyt c release from 

mitochondria (Olichon et al., 2003), whereas Opa1 overexpression delays cyt c release and induces CJ 

tightening (Frezza et al., 2006; Zick et al., 2009). Additionally, prohibitins were suggested to be 

involved in CJ formation, as they form large ring-like structures with diameters similar to that of CJs 

(Tatsuta et al., 2005). Reduction in prohibitin levels results in loss of long Opa1 isoforms and aberrant 

cristae formation (Merkwirth et al., 2008). Recently, prohibitins were shown to regulate Opa1 

processing, linking these two proteins hypothesized to be involved in cristae remodeling (Merkwirth 

et al., 2008). 

Another protein shown to control cristae structure is mitofilin (John et al., 2005). Mitofilin is an 

IMM protein and exists in two isoforms of 88 and 90 kDa (Giefers 1997). When mitofilin is reduced, 

cristae do not form tubular compartments but stacks of membrane sheets, and CJs are absent (John 

et al., 2005). Several diseases have been linked to decreased mitofilin levels, e.g. Parkinson’s disease, 

diabetic cardiomyopathy, and Down syndrome (Baseler et al., 2011; Myung et al., 2003; Van Laar et 

al., 2008). In yeast, mitofilin (also called Formation of Crista Junction protein 1, Fcj1 in this organism) 

is also required for CJ formation, and it was demonstrated that this protein and ATP synthase 

subunits e and g genetically interact, suggesting that mitofilin might influence the oligomeric state of  

the ATP synthase and thereby membrane curvature of cristae (Rabl et al., 2009). Recently,  

mammalian mitofilin was found in a complex with Sam50, CHCHD3, CHCHD6, DnaJC11, and the 

metaxins, but no further investigations into the role of this complex were performed (Xie et al., 

2007). Furthermore, interactions of mitofilin with PARP-1 and DISC1 were reported (Park et al., 2010; 

Rossi et al., 2009). It was suggested that the interaction with PARP-1 is required for mitochondrial 

PARP-1 uptake, and that mitochondrial PARP-1 localization is important for the maintenance of 

mtDNA (Rossi et al., 2009). DISC1, on the other hand, seems to play an important role in mitofilin 

stability, as its deficiency results in mitofilin ubiquitination (Park et al., 2010).  

Apart from proteins, mitochondrial lipid composition was suggested to play a role in cristae 

formation as well. Patients with Barth syndrome have a mutation in the gene encoding Tafazzin, a 
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protein involved in the biosynthesis of the mitochondrial-specific phospholipid cardiolipin (Bione et 

al., 1996; Xu et al., 2003). Their cardiolipin levels are strongly reduced and they exhibit alterations in 

their cristae morphology (Acehan et al., 2007). As cardiolipin also stabilizes respiratory 

supercomplexes (Pfeiffer et al., 2003), it remains unclear whether the effects of cardiolipin on the 

cristae structure are direct by influencing IMM curvature or indirect by affecting supercomplex 

formation (Zick et al., 2009).  

 The IBM is not only connected to cristae membranes, but additionally remains in contact 

with the OMM at specific regions termed contact sites, even when the matrix contracts 

(Hackenbrock, 1966; Hackenbrock, 1968). Contact sites are about 14 nm in width and, depending on 

cell type and fixation method used, each mitochondrium exhibits between 80 – 270 contact sites 

(Perkins et al., 1997; Reichert and Neupert, 2002). This connection between IMM and OMM is 

thought to be important for protein and metabolite transport, lipid translocation, formation of the 

permeability transition pore during apoptosis, and mitochondrial fusion and fission (Crompton, 2000; 

Epand et al., 2007; Reichert and Neupert, 2002). Several proteins in the inner and outer membrane 

were demonstrated to interact at contact sites, e.g. VDAC and adenine nucleotide translocase (ANT), 

and subunits of the TIM23 and TOM complexes; however, these seem to be only transient 

interactions and not morphologically defined contact site structures (Reichert and Neupert, 2002). It 

was suggested that contact sites are close to CJs (van der Klei et al., 1994) but electron tomography 

studies demonstrated that these two structures are not associated (Perkins et al., 1997). 

  

The fact that the ATP synthase was demonstrated to be involved in cristae formation and in 

addition that protein import complexes are present at contact sites, led to speculations that the 

maintenance of cristae structure, protein import and respiratory complex assembly are linked 

(Reichert 2002). However, despite efforts to investigate this connection, protein complexes which 

form cristae junctions and contact sites could not be determined yet and many questions about the 

nature of this connection remain open.  
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1.5 Aims of the work 

 A study by Walther and co-workers demonstrated that yeast mitochondria can import and assemble 

all tested bacterial β-barrel proteins (Walther et al., 2009a). Work by our group, on the other hand, 

has shown that this finding cannot be generalized to all eukaryotic mitochondria as β-barrel proteins 

of E. coli and Salmonella enterica were not imported into mitochondria when expressed in human 

cells (Kozjak-Pavlovic et al., 2011). As earlier studies had demonstrated that PorB of N. gonorrhoeae 

and N. meningitidis can be imported into human mitochondria (Massari et al., 2000; Müller et al., 

2000), I aimed to examine the import behavior of β-barrel proteins of other Neisseria species. 

Whereas the signal for SAM complex recognition of β-barrel proteins is well established, it is 

not known how they recognized by the TOM complex. Therefore, I aimed to elucidate the nature of 

the signal that targets β-barrel proteins to human mitochondria by exchanging domains of neisserial 

β-barrel proteins which are taken up into mitochondria with those of homologous E. coli proteins 

which are not imported.  

Work in our group has demonstrated that depleting the central component of the SAM 

complex, Sam50, leads to a loss of cristae morphology (Ott et al., 2012). In the second part of my 

work, I therefore aimed to investigate the role of Sam50 in the maintenance of the mitochondrial 

cristae structure. As this protein was reported to be present in a complex with the CJ organizer 

mitofilin and CHCHD3, CHCHD6, DnaJC11 and the metaxins (Xie et al., 2007), I wanted to confirm the 

presence of this protein complex and establish the connection to cristae morphology. 

In addition to the loss of cristae structure, a stable isotope labeling with amino acids in cell 

culture (SILAC) experiment performed by our group showed an influence of Sam50 on respiratory 

complex components and putative assembly factors (Ott et al., 2012). Therefore, I wanted to confirm 

the role of Sam50 in respiratory complex assembly. Besides, I aimed to establish the connection 

between Sam50 and the recently described respiratory complex factor TTC19 (Ghezzi et al., 2011). 

Finally, I wanted to investigate the influence of TTC19 on the respiratory complexes.  
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2 MATERIAL AND METHODS 

2.1 Material 

2.1.1 Cell lines  

Table 2.1 Cell lines 

Cell line Properties Source 
HeLa human epithelial cervical carcinoma cells ATCC CCL-227  

HEK 293T human embryonic kidney epithelial cells ATCC CRL-11268 

HeLa KRAB HeLa cells with the gene encoding the KRAB-tTR 
repressor integrated into the chromosomal DNA 

Kozjak-Pavlovic et al., 
2007; Alexander Karlas 

sam50kd-2 HeLa KRAB cells with inducible shRNA-mediated 
knockdown of Sam50  

Kozjak-Pavlovic et al., 
2007 

tom40kd-2 HeLa KRAB cells with inducible shRNA-mediated 
knockdown of Tom40 

Kozjak-Pavlovic et al., 
2007 

mtx2kd-2 HeLa KRAB cells with inducible shRNA-mediated 
knockdown of Mtx2 

Kozjak-Pavlovic et al., 
2007 

chchd3kd-2 HeLa KRAB cells with inducible shRNA-mediated 
knockdown of CHCHD3 

Ott et al., 2012; own 
work 

ndufs1kd-1 HeLa KRAB cells with inducible shRNA-mediated 
knockdown of NDUFS1 

Ott et al., 2012; own 
work 

cox5akd-2 HeLa KRAB cells with inducible shRNA-mediated 
knockdown of CoxVa 

Ott et al., 2012; 
Sebastian Straub  

core1kd-1 HeLa KRAB cells with inducible shRNA-mediated 
knockdown of Core1 

this study; own work 

chchd6kd-3 HeLa KRAB cells with inducible shRNA-mediated 
knockdown of CHCHD6 

this stud;, own work 

dnajc11kd-3 HeLa KRAB cells with inducible shRNA-mediated 
knockdown of DnaJC11 

this study; own work 

ttc19kd-2 HeLa KRAB cells with inducible shRNA-mediated 
knockdown of TTC19; siRNA sequence: 
GCATGAAGCAGGAGGACAATG 

this study; from 
Monika Götz 

PLVTHM HeLa KRAB cells with empty pLVTHM plasmid; control 
cell line 

Kozjak-Pavlovic et al., 
2007 

HEK 293T cells were cultured in DMEM supplemented with 10 % FCS and 1 % Penicillin/Streptomycin. 

All other cells were cultured in RPMI 1640 supplemented with 10 % FCS and 1 % 

Penicillin/Streptomycin.  
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2.1.2 Bacterial strains 

Table 2.2 Bacterial strains 

Bacterial strain Source 
E. coli DH5α Hanahan, 1983 

N. lactamica 2358 N78, Max-Planck-Institut für Infektionsbiologie 

N. sicca 2182 N79, Max-Planck-Institut für Infektionsbiologie 

N. cinerea 194 N87, Max-Planck-Institut f  ür Infektionsbiologie 

E. coli were grown on LB agar plates or in LB medium, neisserial strains were grown on GC agar 

plates. 

2.1.3 Plasmids 

All plasmids used are listed in table 2.3. Oligonucleotides and restriction sites used are specified for 

all plasmids I cloned during the course of this work. 

Table 2.3 Plasmids 

Plasmid Vector Comment Source 
PorBNgo pcDNA3-

FLAGM 
from Vera Kozjak-Pavlovic Kozjak-Pavlovic 

et al., 2007 
Myc-PorBNgo pcDNA3-

MycM 
amplified from N. gonorrhoeae genomic 
DNA  

Ott et al., 2013  

Omp85Ngo pcDNA3-
FLAGM 

from Monika Götz Kozjak-Pavlovic 
et al., 2011 

OmpCE.coli pcDNA3-
FLAGM 

from Monika Götz Kozjak-Pavlovic 
et al., 2011 

BamAE.coli pcDNA3-
FLAGM 

from Monika Götz Kozjak-Pavlovic 
et al., 2011 

PorBNla pcDNA3-
FLAGM 

amplified with Nla_PorB-f/Nla_PorB-r 
from  N. lactamica 2358 whole cell DNA 
(EcoI/XhoI) 

Kozjak-Pavlovic 
et al., 2011 

PorBNsi pcDNA3-
FLAGM 

amplified with Nsi_PorB-f/Nsi_PorB-r from  
N. sicca 2182 whole cell DNA (EcoI/XhoI) 

Kozjak-Pavlovic 
et al., 2011 

PorBNci pcDNA3-
FLAGM 

amplified with Nla_PorB-f/Nla_PorB-r 
from N. cinerea 194 whole cell DNA 
(EcoI/XhoI) 

Kozjak-Pavlovic 
et al., 2011 

Omp85Nci pcDNA3-
FLAGM 

amplified with Nci_Omp85-f/Nci_Omp85-r 
from N. cinerea 194 whole cell DNA 
(EcoI/XbaI) 

Ott et al., 2013  

Omp85½BamA½ pcDNA3-
FLAGM 

amplified with T7/Omp85_1089-r from 
Omp85Ngo and BamA_1096-f/SP6 from 
BamAE.coli (EcoRI/XbaI) 

Ott et al., 2013 
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BamA½Omp85½ pcDNA3-
FLAGM 

amplified with T7/BamA_1085-r from 
BamAE.coli and Omp85_1080-f/SP6 from 
Omp85Ngo (EcoI/XbaI) 

Ott et al., 2013 

Omp85½BamA¼Omp85¼ pcDNA3-
FLAGM 

amplified with T7/Omp85_1089-f + 
Omp85_1680/ SP6 from Omp85Ngo and  
BamA_1096-f/ BamA_1686-f from 
BamAE.coli (BamHI/XbaI) 

Ott et al., 2013 

BamA½Omp85¼BamA¼ pcDNA3-
FLAGM 

amplified with T7/BamA_1085-r + 
BamA_1686/ SP6 from BamAE.coli and 
Omp85_1080-f/ Omp85_1679-r from 
Omp85Ngo (BamHI/XbaI) 

Ott et al., 2013 

Omp85¾BamA¼ pcDNA3-
FLAGM 

amplified with T7/Omp85_1679-r from 
Omp85Ngo and BamA_1686-f/SP6 from 
BamAE.coli (BamHI/XbaI) 

Ott et al., 2013 

BamA¾Omp85¼ pcDNA3-
FLAGM 

amplified with T7/BamA_1685-r from 
BamAE.coli and with Omp85_1680-f/SP6 
from Omp85Ngo (BamHI/XbaI) 

Ott et al., 2013 

PorB½OmpC½ pcDNA3-
FLAGM 

amplified with T7/PorB_467-r from PorBNgo 
and  OmpC_634-f/SP6 from OmpCE.coli 

(BamHI/XbaI) 

Ott et al., 2013 

OmpC½PorB½ pcDNA3-
FLAGM 

amplified with T7/OmpC_633-r from 
OmpCE.coli and PorB_468-f/SP6 from 
PorBNgo (BamHI/XbaI)   

Ott et al., 2013 

PorB½OmpC¼PorB¼ pcDNA3-
FLAGM 

amplified with T7/PorB_467-f and 
PorB_709-f/ SP6  from PorBNgo and 
OmpC_634-f/ OmpC_900r from OmpCE.coli 

(BamHI/XbaI) 

Ott et al., 2013 

PorB¾OmpC¼ pcDNA3-
FLAGM 

amplified with T7/PorB_708-r from PorBNgo 
and OmpC_901-f/SP6 from OmpCE.coli  

(BamHI/XbaI) 

Ott et al., 2013 

OmpC¾PorB¼ pcDNA3-
FLAGM 

amplified with T7/OmpC_900-r from 
OmpCE.coli and PorB_709-f/SP6 from 
PorBNgo (BamHI/XbaI) 

Ott et al., 2013 

PorB-12aaOmp85 pcDNA3-
FLAGM 

amplified with T7/PorB_12aa-r from 
PorBNgo  and Omp85_12aa-f/SP6 from 
Omp85Ngo  

Ott et al., 2013 

Omp85-12aaPorB pcDNA3-
FLAGM 

amplified with T7/Omp85_12aa-r from 
Omp85Ngo  and PorB_12aa-f/SP6 from 
PorBNgo  

Ott et al., 2013 

PorB-12aaOmpC pcDNA3-
FLAGM 

amplified with T7/PorB-12aaOmpC-r from 
PorBNgo  and OmpC-12aaPorB-f/SP6 from 
OmpCE.coli  

Ott et al., 2013 

OmpC-12aaPorB  pcDNA3-
FLAGM 

amplified with T7/OmpC-12aaPorB-r from 
OmpCE.coli and PorB-12aaOmpC-f/SP6 from 
PorBNgo pcDNA3 

Ott et al., 2013 

Omp85-R783E pcDNA3-
FLAGM 

amplified with T7/Omp85-R783E-r and 
Omp85-R783E-f/SP6 from Omp85Ngo 
(BamHI/XbaI) 

Ott et al., 2013 
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Omp85-Q787G pcDNA3-
FLAGM 

amplified with T7/Omp85-RQ87G-r and 
Omp85-Q787G-f/SP6 from Omp85Ngo 
(BamHI/XbaI) 

Ott et al., 2013 

Omp85-Q787E pcDNA3-
FLAGM 

amplified with T7/Omp85-Q787E-r from 
Omp85Ngo (BamHI/XbaI) 

Ott et al., 2013 

Omp85-Q787N pcDNA3-
FLAGM 

amplified with T7/Omp85-Q787N-r from 
Omp85Ngo (BamHI/XbaI) 

Ott et al., 2013 

Omp85-T790K pcDNA3-
FLAGM 

amplified with T7/Omp85-T790K-r and 
Omp85-T790K-f/SP6 from Omp85Ngo 
(BamHI/XbaI) 

Ott et al., 2013 

Omp85-6aa pcDNA3-
FLAGM 

amplified with T7/Omp85-6aa-r from 
Omp85Ngo (BamHI/XbaI) 

Ott et al., 2013 

Omp85-5aa pcDNA3-
FLAGM 

amplified with T7/Omp85-5aa-r from 
Omp85Ngo (BamHI/XbaI) 

Ott et al., 2013 

Omp85-4aa pcDNA3-
FLAGM 

amplified with T7/ Omp85-4aa-r from 
Omp85Ngo (BamHI/XbaI) 

Ott et al., 2013 

Omp85-3aa pcDNA3-
FLAGM 

amplified with T7/Omp85-3aa-r from 
Omp85Ngo (BamHI/XbaI) 

Ott et al., 2013 

Omp85-2aa pcDNA3-
FLAGM 

amplified with T7/Omp85-2aa-r from 
Omp85Ngo (BamHI/XbaI) 

Ott et al., 2013 

Omp85-1aa pcDNA3-
FLAGM 

amplified with T7/Omp85-1aa-r from 
Omp85Ngo (BamHI/XbaI) 

Ott et al., 2013 

TTC19 pcDNA3-
FLAGS 

from Monika Götz this study 

TTC19 isoform2 pcDNA3-
FLAGS 

amplified with TTC19-iso2-f and TTC19-
iso2-r from TTC19 pcDNA3-FLAGS 

this study 

NDUFS1  pGEM-4Z amplified with NDUFS1-f/NDUFSS1-r from 
Hela whole cell cDNA (KpnI/BamHI) 

Ott et al., 2012 

Core1 pGEM-4Z amplified with Core1-f/Core1-r from cDNA 
clone 4096628 
(ThermoScientific)(KpnI/HindIII) 

this study 

SDHA pGEM-4Z amplified with SDHA-f/SDHA-r from cDNA 
clone 3051442 (ThermoScientific)( 
(KpnI/HindIII)  

this study 

COX6A pGEM-4Z amplified with Cox6a-f/Cox6a-r from HeLa 
cell cDNA (EcoRI/HindIII) 

Ott et al., 2012 

CHCHD3  pGEM-4Z amplified with CHCHD3-f/CHCHD3-r cDNA 
clone 2901125 (EcoRI/HindIII) 

Ott et al., 2012 

TTC19-TNT pCMV-TNT from Monika Götz this study 

COX6A-TNT pCMV-TNT amplified with Cox6a-f/Cox6a-r_KpnI from 
Cox6a pGem-4Z (EcoRI/KpnI) 

this study 

NDUFS1-1 pLVTHM inserted: annealed NDUFS1-1f and 
NDUFS1-1r (ClaI/MluI) 

Ott et al., 2012 

CHCHD3-2 pLVTHM inserted: annealed CHCHD3-2f and 
CHCHD3-2r (ClaI/MluI) 

Ott et al., 2012 

Core1-1 pLVTHM inserted: annealed Core1-1f and Core1-1r 
(ClaI/MluI) 

this study 
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CHCHD6-3 pLVTHM inserted: annealed CHCHD6-3f and 
CHCHD6-3r (ClaI/MluI) 

this study 

DnaJC11-3 pLVTHM inserted: annealed DnaJC11-3f and 
DnaJC11-3r (ClaI/MluI) 

this study 

pcDNA3-FLAGM  pcDNA3 expression vector for introducing 
an N-terminal FLAG-tag 

Kozjak-Pavlovic 
et al., 2010 

pcDNA3-MycM  pcDNA3 expression vector for introducing 
an N-terminal Myc-tag 

Kozjak-Pavlovic 
et al., 2010 

pcDNA3-FLAGS  pcDNA3 expression vector for  introducing 
a C-terminal FLAG-tag 

Kozjak-Pavlovic 
et al., 2010 

pGEM®-4Z  expression vector with SP6 promoter Promega P2161 

PCMV-TNTTM  expression vector with SP6 and T7 
promoter 

Promega L5620 

pLVTHM   shRNA expression vector; Addgene 
plasmid 12247 

Wiznerowicz 
and Trono, 2003 

psPAX  viral packaging vector; Addgene plasmid 
12260 

Wiznerowicz 
and Trono, 2003 

pCMV-VSV-G  viral envelope vector; Addgene plasmid 
8454 

(Stewart et al., 
2003) 

  
 

 
2.1.4 Oligonucleotides 

Table 2.4 Oligonucleotides for PCR 

Name Sequence (5' → 3') Comment 
pLVTHM-f ACAGGGGAGTGGCGCCCTGC for screening clones and 

sequencing 
pLVTHM-r GTTAGCCAGAGAGCTCCCAGG for screening clones and 

sequencing 
Nla_PorB-f TTTTTGAATTCGATGTTACCCTGTACGG EcoI site 
Nla_PorB-r AAAAACTCGAGTTAGAATTTGTGGCGCA XhoI site 
Nsi_PorB-f TTTTTGAATTCGACGTGACTCTGTACGG EcoI site 
Nsi_PorB-r AAAAACTCGAGTTAGAATTTGTGACGCAG XhoI site 
Nci_Omp85-f TTTTTGAATTCTTTACCATCCAAGACATC EcoI site 
Nci_Omp85-r AAAAATCTAGATTAGAACGTCGTACCGAG XbaI site 
Omp85_Nci-1000r GCCGGTAATGTTGATTTC for screening clones and 

sequencing 
NDUFS1-f TTTTTGGTACCATGTTAAGGATACCTGTA KpnI site, with ATGStart 
NDUFS1-r AAAAAGGATCCTCAGCATATGGATGGTTC BamHI site 
NDUFS1_1000 -r CAATTGCTGCCACATCTTTGC for sequencing NDUFS1 
Omp85_1089-r CAGACGCTCCTTGGAGCGTTGCAG with 12 bp BamA overhang 
BamA_1096-f CTGCAACGCTCCAAGGAGCGTCTG with 12 bp Omp85 overhang 
BamA_1085-r GGAGCGTTGCAGCAGATCGCTCCC with 12 bp Omp85 overhang 
Omp85_1080-f GGGAGCGATCTGCTGCAACGCTCC with 12bp BamA overhang 
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Omp85_1680-f AACAAGCTTGACAGCGCGTTATGG with 12 bp BamA overhang 
Omp85_1679-r GAAGTAACCACGGTCGGTTTTGTTGCG with 12 bp BamA overhang 
BamA_1686-f AACAAAACCGACCGTGGTTACTTC with 12 bp Omp85 overhang 
BamA_1685-r CCATAACGCGCTGTCAAGCTTGTT with 12 bp Omp85 overhang 
PorB_468-f CAAAACGGCGACTCTTACCATGCA with 12 bp OmpC overhang 
PorB_467-r ACCGCCGACGCCTTCGCTGCGATT with 12 bp OmpC overhang 
OmpC_634-f AATCGCAGCGAAGGCGTCGGCGGT with 12 bp PorB overhang 
OmpC_633-r TGCATGGTAAGAGTCGCCGTTTTG with 12 bp PorB overhang 
Cox6a-f AAAAAGAATTCATGGCGGTAGTT EcoRI site, with ATGStart 
Cox6a-r TTTTTAAGCTTTTATTCATCTTC HindIII site 
CHCHD3-f AAAAAGAATTCATGGGTGGGACC EcoRI site, with ATGStart 
CHCHD3-r TTTTTAAGCTTTTATCCTCCCTT HindIII site 
OmpC_901-f GCATACCGCTTCGACTTCGGTCTG with 12 bp PorB overhang 
OmpC_900-r CGTTACGTTGCC GAACTGGTACTG with 12 bp PorB overhang 
PorB_709-f CAGTACCAGTTCGGCAACGTAACG with 12 bp OmpC overhang 
PorB_708-r CAGACCGAAGTCGAAGCGGTATGC with 12 bp OmpC overhang 
SDHA-f AAAAAGGTACCATGTCGGGGGTC KpnI site, with ATGStart 
SDHA-r TTTTTAAGCTTTCAGTAGGAGCG HindIII site 
SDHA_630-r TCGCAGAGACCTTCCATATA for screening clones and 

sequencing 
SDHA-650f GGAGTATTTTGCCTTGGATCT for sequencing 
Core1-f AAAAAGGTACCATGGCGGCGTCC KpnI site, with ATGStart 
Core1-r TTTTTAAGCTTCTAGAAGCGCAG HindIII site 
Core1_770-r TATGTCCATGGGATGCCACC for screening clones and 

sequencing 
TTC19-iso2-f TTTTTAAGCTTATGAAAGATGAG HIndIII site 
TTC19-iso2-r AAAAAGGATCCGAGCTTGACAGA BamHI site 
Omp85_12aa-f GAAAAATTCGTAATCCAACGCTTC with 12 bp PorB overhang 
PorB_12aa-r GAAGCGTTGGATTACGAATTTTTC  with 12 bp Omp85 overhang 
PorB_12aa-f CCGGAAGACGAAGCGACTGTCGGC with 12 bp Omp85 overhang 
Omp85_12aa-r GCCGACAGTCGCTTCGTCTTCCGG with 12 bp PorB overhang 
OmpC-12aaPorB-f GAAAAATTCGTAGATAACATCGTA with 12 bp PorB overhang 
PorB-12aaOmpC-r TACGATGTTATCTACGAATTTTTC with 12 bp OmpC overhang 
PorB-12aaOmPC-f GGCATCAACACTGCGACTGTCGGC with 12 bp OmpC overhang 
OmpC-12aaPorB-r GCCGACAGTCGCAGTGTTGATGCC with 12 bp PorB overhang 
Cox6a-r_Kpn TTTTTGGTACCTTATTCATCTTC KpnI site   
Omp85-R783E-f GAAATCCAAGAATTCCAATTC  
Omp85-R783E-r GAATTGGAATTCTTGGATTTC  
Omp85-Q787G-f TTCCAATTCGGACTCGGCACG  
Omp85-Q787G-r CGTGCCGAGTCCGAATTGGAA  
Omp85-T790K-f CAACTCGGCAAGACGTTCTAA  
Omp85-T790K-r TTAGAACGTCTTGCCGAGTTG  
Omp85-Q787N-r AAAAATCTAGATTAGAACGTCGTGCCGAGGTTGA

ATTG 
XbaI site 
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Omp85-Q787E-r AAAAATCTAGATTAGAACGTCGTGCCGAGTTCGA
ATTG 

XbaI site 

Omp85-6aa-r AAAAATCTAGATTAGAATTGGAAGCG XbaI site 
Omp85-5aa-r AAAAATCTAGATTATTGGAATTGGAA XbaI site 
Omp85-4aa-r AAAAATCTAGATTAGAGTTGGAATTG XbaI site 
Omp85-3aa-r AAAAATCTAGATTAGCCGAGTTGGAA XbaI site 
Omp85-2aa-r AAAAATCTAGATTACGTGCCGAGTTG XbaI site 
Omp85-1aa-r AAAAATCTAGATTACGTCGTGCCGAG XbaI site 
T7 TAATACGACTCACTATAGGG binds to T7 promoter region 
SP6 ATTTAGGTGACACTATAGAA binds to SP6 promoter region  

 

Table 2.5 Oligonucleotides for shRNAs  

Name Sequence (5 '→3') 
NDUFS1-1f CGCGTCCCCGCATGCAGATCCCTCGATTCTTTCAAGAGAAGAATCGAGGGATCTGCATGCTTTT

TGGAAAT  
NDUFS1-1r CGATTTCCAAAAAGCATGCAGATCCCTCGATTCTTCTCTTGAAAGAATCGAGGGATCTGCATGC

GGGGA  
CHCHD3-2f CGCGTCCCCTATCAGAAAGCTGCTGAAGAGGTGGAAGCTTCAAGAGAGCTTCCACCTCTTCAG

CAGCTTTCTGATATTTTTGGAAAT 
CHCHD3-2r CGATTTCCAAAAATATCAGAAAGCTGCTGAAGAGGTGGAAGCTCTCTTGAAGCTTCCACCTCTT

CAGCAGCTTTCTGATAGGGGA 
Core1-1f CGCGTCCCCGGTCTTTAACTACCTGCATGCTTCAAGAGAGCATGCAGGTAGTTAAAGACCTTTT

TGGAAAT 
Core1-1r CGATTTCCAAAAAGGTCTTTAACTACCTGCATGCTCTCTTGAAGCATGCAGGTAGTTAAAGACC

GGGGA  
CHCHD6-3f CGCGTCCCCGGGTGTCAAGAGGTATGAACATTCAAGAGATGTTCATACCTCTTGACACCCTTTT

TGGAAAT  
CHCHD6-3r CGATTTCCAAAAAGGGTGTCAAGAGGTATGAACATCTCTTGAATGTTCATACCTCTTGACACCC

GGGGA  
DnaJC11-3f CGCGTCCCCGCACCGTCTGATCATCAAACCTTCAAGAGAGGTTTGATGATCAGACGGTGCTTTT

TGGAAAT 
DnaJC11-3r CGATTTCCAAAAAGCACCGTCTGATCATCAAACCTCTCTTGAAGGTTTGATGATCAGACGGTGC

GGGGA 
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2.1.5 Antibodies 

Table 2.6 Primary antibodies (WB: western blot; IF: immunofluorescence staining) 

Antibody Origin Dilution Company 
6xHis Mouse monoclonal  1:1000 WB GeneTex GTX18184 
CHCHD3 Rabbit polyclonal 1:500 WB Abcam ab98975 
CHCHD6 Rabbit polyclonal 1:200 WB Abcam ab111502 
c-myc Rabbit 1:500 WB Gramsch laboratories, CM-100 
COX1 Mouse monoclonal 1:1000 WB Molecular Probes (Invitrogen) 

459600 
COX2 Rabbit monoclonal  1:500 WB GeneTex GTX62145 
COX5A Rabbit polyclonal 1:500 WB Novus Biologicals NBPI-32550 
DnaJC11 Mouse polyclonal 1:200 WB Abnova (Biozol) H00055735-B01P 

FLAG Rabbit 1:500 WB, 
1:300 IF 

SIGMA F7425 

Hsp60 Mouse polyclonal 1:2000 WB,  Enzo life sciences ADI-SPA-806 
ICDH Rabbit polyclonal 1:500 WB Biogenesis 0200-0498 
Metaxin 1 Rabbit polyclonal 1:100 WB Raised against the full length 

protein with a N-terminal 6xHis 
tag, Gramsch laboratories 

Mitofilin Rabbit polyclonal 1:2000 WB Abcam ab48139 
NDUFA9  Mouse monoclonal 1:1000 WB  Molecular Probes (Invitrogen) 

459100 
NDUFS1 Rabbit polyclonal 1:500 WB Santa Cruz sc-99232 
NDUFS2 Rabbit polyclonal WB 1:1000 GeneTex GTX114924 
Sam50 Rabbit polyclonal 1:100 WB Raised against the full length 

protein with a N-terminal 6xHis 
tag; Gramsch laboratories 

SDHA  Mouse monoclonal 1:200 - 1:500 
WB 

Molecular Probes (Invitrogen) 
459200 

Tim23 Mouse monoclonal 1:1000 WB Transduction Laboratories 
611222 

Tom20 Mouse monoclonal 1:1000 WB, 
1:500 IF 

BD Transduction Laboratories 
612278 

Tom40 Rabbit polyclonal 1:200 WB Santa Cruz sc-11414 
TTC19 Rabbit 1:250 WB SIGMA HPA023010 
UQCRC1 (Core1) Mouse monoclonal 1:1000 WB Invitrogen (Molecular Probes) 

459140 
UQCRFS1 (RISP)                            Rabbit polyclonal 1:500 WB GeneTex102150 

UQCRQ (subunit 8) Rabbit polyclonal 1:500 WB Ab136679 
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Table 2.7 Secondary antibodies 

Antibody Origin Dilution Company 
ECLTM anti-rabbit IgG HRP-linked Goat  1:3000  Santa Cruz sc2004 

ECLTM anti-mouse IgG HRP-linked Goat  1:3000 Santa Cruz sc2005 

Anti-rabbit IgG Cy2-linked Goat  1:150 Dianova 

Anti-rabbit IgG Cy5-linked Goat  1:150 Dianova 

2.1.6 Kits 

Table 2.8 Kits  

Kit Manufacturer 
GeneJetTM Gel Extraction Kit  Fermentas 

Wizard® SV Gel and PCR Clean-Up System Promega 

PureYieldTM Plasmid Midiprep System Promega 

AxyPrepTM Plasmid Miniprep Kit  Axygen 

RNeasy® Mini Kit Qiagen 

RevertAid First Strand cDNA Synthesis Kit  Fermentas 

TNT® T7 Quick Coupled Transcription/Translation System Promega 

TNT® SP6 Quick Coupled Transcription/Translation System Promega 

2.1.7 Markers 

DNA and protein markers used in this work were GeneRulerTM 1kb DNA ladder (Fermentas), 

Prestained protein weight marker (Fermentas), PageRuler™ Prestained Protein Ladder (Fermentas) 

and HMW native marker (GE Healthcare). 

2.1.8 Buffers, solutions and media 

Table 2.9 Media and solutions for cell culture 

Medium/Chemical Supplier 

RPMI 1640 GIBCO 
DMEM  Sigma Aldrich 
Opti-MEM® I Reduced Serum Medium GIBCO 
DPBS GIBCO or Sigma Aldrich 
TrypLETM Express GIBCO 
Fetal calf serum (FCS) PAA 
Penicillin/Streptomycin Sigma Aldrich 
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Table 2.10 Bacterial culture media and neisserial DNA isolation buffer 

Medium/Buffer Ingredients 
LB Medium 10 g tryptone, 5 g yeast extract, 10 g NaCl (ad 1l dH2O) 

LB Agar 11 g tryptone, 5 g yeast extract, 10 g NaCl, 15 g agar (ad 1l dH2O) 

Vitamin Mix Solution I 200 g D(+)-glucose, 20 g L-glutamine, 52 g L-cysteine-hydrochloride-
monohydrate, 0.2 g cocarboxylase, 0.04 g iron-(III)-nitrate-nonahydrate, 
0.006 g thiamine hydrochloride (vitamin B1), 0.026 g 4-aminobenzoic 
acid, 0.5 g NAD, 0.02 g vitamin B12; add 1 l dH2O 

Vitamin Mix Solution II 2.2 g L-cystine, 2 g adenine-hemisulfate, 0.06 g guanine-hydrochloride, 
0.3 g L-arginine-monohydrochloride, 1 g uracil, add 600 ml dH2O, 30 ml 
32 % HCl 

Vitamin Mix combine Vitamin Mix Solution I and II (ad 2 l dH2O) 

GC Agar 36.23 g GC Agar base (Oxoid) in 1 l ddH2O; after autoclaving add 1 % 
vitamin mix 

Stocking solution 50 % glycerol, 2.9 % NaCl 

Proteose Peptone  
Medium (PPM) 

15 g proteose peptone, 5 g NaCl, 0.5 g soluble starch, 1 g KH2PO4, 4 g 
KH2PO4. Adjust to pH 7.2. Sterilize by sterile filtration 

GTE buffer 50 mM glucose, 25 mM Tris/HCl pH 8.0, 10 mM EDTA 
 

Table 2.11 Buffers for agarose gel electrophoresis, SDS-PAGE, BN-PAGE and western blotting 

Buffer Ingredients 
1 x TAE buffer 2 M Tris, 0.05 M EDTA, 1 M acetic acid (pH 8.5) 
2 x Laemmli buffer 4 % SDS, 20 % glycerol, 120 mM Tris pH 6.8, 0.4 - 2 % 

β-mercaptoethanol, 0.02 bromphenolblue 
14 % SDS gel solution 7.9 ml Acrylamid/bis (30/0.8), 3.5 ml 1.875 M Tris pH 8.8, 0.1 % 

(w/v) SDS, 6.3 ml dH2O, 100 µl 10 % (w/v) APS, 10 µl TEMED 
SDS stacking gel solution 0.83 ml Acrylamid/bis (30/0.8), 0.5 ml 0.8 M Tris pH 6.8, 50 µl 

10 % (w/) SDS, 3.55 ml dH2O, 50 µl 10 % w/v) APS, 10 µl TEMED 

SDS running buffer 25 mM Tris, 0.191 M glycine, 1 % (w/v) SDS 
Coomassie staining solution 40 % ethanol, 7 % acetic acid, 0.2 % (w/v) coomassie R-250 
Coomassie destaining solution 30 % ethanol, 10 % acetic acid 
BN Acrylamide 49.5 % acrylamide (96 g), 3 % bis-acrylamide (3 g), ad 200 ml 

dH2O 

1 x digitonin buffer 20 mM Tris/HCl pH 7.4, 0.1 mM EDTA, 50 mM NaCl, 10 % 
glycerol 

3 x BN gel buffer 200 mM ζ-amino n-caproic acid, 150 mM Bis-Tris pH 7.0 
4 % BN gel solution 12 ml 3 x BN gel buffer, 2.92 ml BN acrylamide, 152 µl 10 % APS, 

15 µl TEMED, 20.9 ml dH2O 
10 % BN gel solution 12 ml 3 x BN gel buffer, 7.28 ml BN acrylamide, 7.2 ml glycerol, 

120 µl 10 % APS, 12 µl TEMED, 9.39 ml dH2O 
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13 % BN gel solution 12 ml 3 x BN gel buffer, 9.4 ml BN acrylamide, 7.2 ml glycerol, 
120µl 10 % APS, 12 µl TEMED, 7.27 ml dH2O 

BN stacking gel solution 10 ml 3 x BN gel buffer, 2.4 ml BN Acrylamide, 120 µl 10 % APS, 
12 µl TEMED, 17.5 ml dH2O 

1 X BN cathode buffer 50 mM Tricin, 15 mM Bis-Tris pH 7.0, +/- 0.02 % (w/v) 
Commassie blue G-250 

1 X BN anode buffer 50 mM Bis-Tris pH 7.0 
10 x BN loading dye 5 % (w/v) Coomassie blue G-250, 500 mM ζ-amino n-caproic 

acid, 100 mM Bis-Tris pH 7.0  
3 x Tris-Tricine gel buffer 0.3 % (w/v) SDS, 3 M Tris pH 8.45 
16.5 % Tris-Tricine gel solution 10 ml BN Acrylamide, 10 ml 3 x Tris-Tricine gel buffer, 4 ml 

glycerol, 6 ml dH2O, 150 µl 10 % APS, 15 µl TEMED 
Tris-Tricine stacking gel solution 2.5 ml BN Acrylamide, 7.5 ml 3 x Tris-Tricine gel buffer, 20 ml 

dH2O, 250 µl 10 % APS, 25 µl TEMED 
Tris-Tricine cathode buffer 1 M Tris, 1 M Tricine, 1 % (w/v) SDS 
Tris-Tricine anode buffer 2 M Tris pH 8.9 
1 x transfer buffer 2 mM Tris, 15 mM Glycin, 0.02 % SDS, 20 % methanol 
1 x TBS buffer 0.15 M NaCl, 20 mM Tris/HCl pH 7.5 
ECL solution 1 2.5 mM Luminol, 0.4 mM p-coumaric acid 
ECL solution 2 100 mM Tris HCl pH 8.5, 0.02 % H2O2 

 

Table 2.12 Buffers for transfection of cells, immunofluorescence staining and transmission electron 

microscopy (TEM) 

Buffer Ingredients 
2 x HBS 50 mM Hepes pH 7.00, 280 mM NaCl, 1.5 mM Na2HPO4 
Blocking solution 10 % goat serum, 0.2 % Triton X-100 in 1 x PBS 
Antibody dilution solution 3 % goat serum, 0.05 % Tween 20 in 1 x PBS 
Mowiol 35 g glycerol, 12 g Mowiol, 30 ml dH2O, 60 ml 0.2 M Tris/HCl pH 8.5 
TEM fixing solution 2.5 % glutaraldehyde, 50 mM cacodylate pH 7.2, 50 mM KCl, 

2.5 mM MgCl2 
 

Table 2.13 Buffers for experiments with isolated mitochondria  

Buffer Ingredients 
1 x PBS 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4 
Buffer A Buffer B containing 2 mg/ml BSA 
Buffer B 20 mM Hepes pH 7.6, 220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 

0.5 mM PMSF 
SET buffer 250 mM sucrose, 10 mM Tris/HCl pH 7.6, 1 mM EDTA 
ET buffer 10 mM Tris/HCl pH 7.6, 1 mM EDTA 
BSA import buffer 250 mM sucrose, 20 mM Hepes pH 7.4, 80 mM KCl, 5 mM MgCl2, 3 % BSA 

(w/v), 2 mM KH2PO4, 5 mM methionine, 2 mM ATP, 10 mM Na-succinate 
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KAc import buffer 250 mM sucrose, 5 mM Mg-acetate, 80 mM K-acetate, 
20 mM Hepes pH 7.4, 10 mM Na-succinate, 2 mM ATP, 1 mM DTT 

Lysis buffer 10 mM Tris/HCl pH 7.4, 2 mM EDTA, 50 mM NaCl, 1 mM PMSF,                         
0.5 - 1 % digitonin 

Table 2.14 Annealing buffer for shRNA oligonucleotides 

Buffer Ingredients 
Annealing buffer  100 mM K-acetate, 30 mM Hepes KOH pH 7.4, 2 mM Mg-acetate 

2.1.9 Enzymes 

Enzymes used in this work were iProofTM High-Fidelity DNA Polymerase (BIO-RAD), MolTaq DNA 

polymerase (Molzym), T4 DNA ligase (Fermentas) and FastAP Thermosensitive Alkaline Phosphatase 

(Thermo Scientific). Additionally, all restriction enzymes were purchased from Fermentas. 

2.1.10 Chemicals 

Table 2.15 Inhibitors, inductors and fine chemicals 

Chemical Supplier 
Acrylamide, 2 x cryst.  Roth 
Albumin Fraktion V (BSA) Roth 
Ammonium persulfate (APS) Merck 
Adenosine triphosphate (ATP) Roth 
Coomassie G250 Roth 
Coomassie R250 Roth 
Digitonin Sigma 
Dithiothreitol Roth 
Doxycycline (Dox) Sigma 
Lipofectamine® 2000 Invitrogen 
MitoTracker® Orange Invitrogen 
N,N'-Methylene bisacrylamide Roth 
Na-succinate Fluka Analytical 
Phenylmethylsulfonyl fluoride (PMSF) Roth 
Polyethylenimine (PEI) Sigma 
Protein A SepharoseTM CL-4B GE Healthcare 
Proteinase K Roth 
RestoreTM Plus Western Blot Stripping buffer Thermo Scientific 
RotiphoreseR acrylamide Roth 
Tetramethylethylenediamine (TEMED) Fluka Analytical 

All other chemicals were obtained from Roth, Sigma Aldrich, Serva or Merck Chemicals if not stated 

otherwise.  
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2.1.11 Technical equipment 

Table 2.16 

Equipment Manufacturer 
OPTIMA Max-XP ultracentrifuge Beckham Coultier 
AvantiTM J-25T centrifuge Beckham Coultier 
Chemiluminescence camera system  Intas 
Cold centrifuge 5417R Eppendorf 
Douncer RW16basic IKA Labortechnik 
Electric balance ABS 80-4 Kern 
Electric balance EW 1500-2M Kern 
Hera Cell 240i incubator Thermo 
Hera Safe sterile hood Thermo 
Hoefer SE 600 ChromaTM gel system Hoefer 
Laboratory vacuum pump Welch 
Labtherm ET1311 Liebisch 
Magnetic stirrer RMO Gerhardt 
Megafuge 1.0R Heraeus 
Mini Rocker-Shaker MR-1 Biosan 
NanoDrop 1000 spectrophotometer Peqlab Biotechnology 
PerfectBLueTM Semi-Dry Elektroblotter Peqlab Biotechnology 
PerfectBlueTM Vertical Double Gel Systems Peqlab Biotechnology 
Peristaltic pump P-1 Pharmacia Biotech 
pH electrode SenTix WTW 
Scanjet G4010 HP 
Spectrophotometer Ultrospec 3100 pro Amersham Bioscience 
Systec VX-150 autoclave Systec GmbH 
TCS SPE confocal microscope Leica 
Thermal cycler 2720 Applied Biosystems 
Thermal cycler GS1 G-STORM 
Thermo mixer comfort Eppendorf 
Vortex shaker Reax 2000 Heidolph 
XCell SureLockTM Mini-Cell electrophoresis system Invitrogen 

2.1.12 Software 

MS Office2010, Adobe Photoshop, Adobe Illustrator, NCBI blast, ClustalW2, NEBcutter V2.0, ExPASy – 

Translate Tool, LAS AF confocal microscopy software, ChemoStar Imager software (Intas), Typhoon 

Scanner Control software, ImageQuant, NanoDrop ND-1000. 
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2.2 Methods 

2.2.1 DNA methods 

Polymerase chain reaction (PCR) 

PCR was used for amplifying DNA fragments, either to clone them into a vector or to screen for 

successfully transformed bacterial colonies. 

For cloning, iProofTM polymerase (BIO-RAD) was used with the following reaction mix: 

           x µg Template DNA 
       0.5 µl Primer-f (100 mM) 
       0.5 µl  Primer-r (100 mM) 
       0.5 µl dNTPs (100 mM) 
          2 µl MgCl2 
        10 µl 5 x iProofTM buffer 
       0.5 µl iProofTM polymerase 
add 50 µl  dH2O 

After an initial denaturation at 98°C for 30s, 30 cycles of 10 s denaturation at 98°C, 10 s annealing at 

50 – 60°C (depending on the melting temperature of the oligonucleotide primers), and elongation 

(30 s per 1 kb) at 72°C followed. After a final elongation step at 72°C for 5 min, the PCR reaction was 

gradually cooled down to 4°C. To assess the success of the PCR, 2 µl of the reaction were mixed with 

2 µl of 6x loading dye (Fermentas) and 8 µl of dH20, and separated on a 1.5 % agarose gel containing 

ethidium bromide (Roth) or Intas HD Green (Intas). DNA bands were visualized using UV light. 

In order to screen for E. coli DH5α clones transformed with the desired plasmid, MolTaq polymerase 

(Molzym) was used. For that purpose, bacterial material was resuspended in 50 µl of dH20, incubated 

10 min at 95°C and then centrifuged for 2 min at 10000 g.  5 µl of the supernatant were used as a 

template in the following reaction mix:  

5 µl 
 

Template 
0.5 µl 

 
Primer-f (100 mM) 

0.5 µl 
 

Primer-r (100 mM) 
0.5 µl 

 
dNTPs (100 mM) 

1 µl 
 

Enhancer 
5 µl 

 
10 x Buffer 

0.25 µl 
 

MolTaq Polymerase 
add 50 µl 

 
dH2O 
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Initial denaturation was performed at 94°C for 5 min, followed by 30 cycles at 94°C for 30 s, at 50°C 

for 30 s, and at 72°C depending on the size of the amplified DNA fragment (45 s per 1 kb). After a 

final elongation step for 5 min at 72°C, the PCR was gradually cooled down to 4°C. 

DNA purification 

To remove salts, primers and PCR buffers after PCR amplification and DNA restriction, the GeneJetTM 

Gel Extraction Kit (Fermentas) was used. 

Gel extraction 

In order to ensure that only the desired DNA fragment was cloned into the vector after PCR 

amplification, the PCR sample was separated on a 1.5 % agarose gel. The respective band was excised 

under UV light and the DNA was extracted using the Wizard® SV Gel and PCR Clean-Up System 

(Promega). 

Restriction of insert and vector DNA  

Amplified DNA and vector were restricted with suitable restriction enzymes (Fermentas). If the two 

resctriction enzymes did not share the same optimal buffer, one enzyme after the other was applied. 

The reaction mix was purified after each restriction using the GeneJetTM Gel Extraction Kit 

(Fermentas). The vector was dephosphorylated after restriction using FastAP Thermosensitive 

Alkaline Phosphatase (Fermentas) (exception: the pLVTHM vector, which was not dephosphorylated).  

Ligation of a DNA fragment into the target vector 

T4 DNA ligase (Fermentas) was used to ligate the insert and the vector. The DNA fragments were 

added in an insert:vector ratio of 3:1 or 4:1 in a total volume of 10 – 15 µl, and incubated overnight 

at 16°C.  

DNA precipitation 

To precipitate DNA, 0.1 volumes of NaAc (pH 4.8) and 2.5 volumes of 96 % EtOH were added, and the 

sample was centrifuged for 30 min at 14000 rpm and 4°C. The precipitated DNA was washed with 

70 % EtOH (15 min, 14000 rpm, 4°C) and subsequently resuspended in dH2O.  

2.2.2 Gel electrophoresis and western blotting 

Agarose gel electrophoresis 

DNA samples were mixed with 6 x loading dye (Fermentas) and dH2O, and separated on a 1.5 % 

agarose gel (in TAE buffer) by applying 160 V for 35 – 40 min.  
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SDS-PAGE 

All samples subjected to SDS-PAGE were resuspended in 2 x Laemmli buffer, shaken for 5 min and 

incubated at 95°C for 5 min to denature the proteins (exception: protein which were precipitated by 

TCA precipitation were shaken at 65°C and 650 rpm for 15 min). Proteins were separated by 

electrophoresis either on 14 % SDS gels (200V, 25mA), on 4 -12 % NuPAGE® Novex® 4-12% Bis-Tris 

Gels (200V, 125mA), or on Tris-Tricine gels (80V).  

BN-PAGE 

BN-PAGE was utilized to separate protein complexes under non-denaturizing conditions. To prepare 

the samples for electrophoresis, 50 – 75 µg of mitochondria were resuspended in 45 – 50 µl of 1 % 

digitonin buffer. The samples were incubated for 15 min on ice and subsequently centrifuged for 

10 min at 14000 rpm and 4°C. 10 x BN loading dye was added to a final concentration of 10 % and the 

samples were loaded on 4 – 13 % or 4 – 10 % BN gels. 100 V was applied until the samples entered 

into the stacking gel, after which the voltage was increased to 200 V (NuPAGE system) or 600 V 

(Hoeffer gel system).  

Western blotting and immunodetection 

Gels were blotted on PVDF membranes using a semi-dry blotting chamber for 90 – 120 min (1 mA per 

cm²). The membrane was then stained with Coomassie staining solution and subsequently destained 

with Coomassie detaining solution to allow assessment of protein transfer and sample loading. 

Subsequently, the membrane was completely destained with methanol and blocked for 1 h in 5 % 

milk in 1 x TBS. The membrane was incubated in the diluted primary antibody (usually in 1 x TBS) 

overnight at 4°C, washed twice for 10 min in 1 x TBS, and incubated in the diluted secondary 

antibody (1:3000 in 5% milk in 1 x TBS) for at least 1 h at room temperature. The membrane was 

then washed three times for 5 min in 1 x TBS, and the ECL solutions 1 and 2 were added in a 1:1 ratio. 

The signal was subsequently detected using an IntasImager digital system.  

2.2.3 Bacterial culture methods 

Culturing of E. coli DH5α  

E. coli were cultured overnight on LB agar plates at 37°C and 5% CO2 or in LB medium at 37°C and 

190 rpm. If the bacteria carried an antibiotic resistance, the respective antibiotic was added to the 

medium or antibiotic-supplemented LB agar plates were used.  

Culturing of Neisseria 

Neisseria sp. were cultured overnight on GC agar plates at 37°C and 5 % CO2. 
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Production of chemo-competent E. coli DH5α  

100 ml of LB medium were inoculated with an E. coli overnight culture, and bacteria were grown to 

an OD600 = 0.6. Bacteria were then incubated for 15 min on ice and subsequently centrifuged for 

10 min at 4000 rpm and 4°C. The pellet was resuspended in 20 ml of 0.1M CaCl2, and again 

centrifuged (10 min, 4000 rpm, 4°C). Then, the pellet was resuspended in 10 ml of 0.1M CaCl2/20 % 

glycerol and stored at -80°C in aliquots of 200 – 300 µl.  

Transformation of chemo-competent E. coli DH5α  

An aliquot of chemo-competent E. coli DH5α was thawed on ice and 100 µl were added to one 

ligation sample. The sample was incubated for 30 min on ice, then heat-shocked for 90 s at 42°C, and 

again incubated 2 min on ice. 1 ml of LB medium was added and the sample was incubated for 

30 - 60 min at 37°C and 850 rpm. The sample was then centrifuged for 3 min at 4000 rpm and the 

supernatant was removed. The pellet was resuspended in 100 µl of LB medium and plated on 

antibiotic-supplemented LB agar plates.  

Bacterial stocks 

500 – 750 µl of an E. coli overnight culture were mixed with the same volume of stocking medium 

and stored at -80°C.  

Isolation of neisserial DNA 

Neisserial colonies were collected with cotton swabs from a GC agar plate and resuspended in PPM 

medium. After 1 min centrifugation at maximum speed, the pellet was resuspended in GTE buffer. 

RNAseA  to a final concentration of 0.2 mg/ml and subsequently SDS to a final concentration of 0.1 % 

was added, and the sample was mixed. Then the sample was incubated at 42°C for at least 10 min 

until it became clear. Subsequently, one volume of Roti®Phenol/Chloroform/Isoamylalcohol was 

added and the sample was thoroughly mixed. The sample was then centrifuged for 5 min at 

maximum speed and the upper phase was transferred into a new Eppendorf Cup. The same volume 

of Roti®Phenol/Chloroform/Isoamylalcohol was added and the sample was again centrifuged for 

5 min at maximum speed. This step was repeated twice, and subsequently, the DNA was 

precipitated. For this, 0.1 volume of 3 M NaAc and 2 volumes of 100 % EtOH were added, and the 

sample was mixed. Then it was centrifuged for 5 min at maximum speed, and the pellet was washed 

with ice-cold 70 % EtOH. The supernatant was removed, and the pellet was air dried and then 

dissolved in dH2O.  
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Isolation of plasmids from bacterial liquid cultures  

Plasmids were isolated from bacterial overnight cultures using the PureYield™ Plasmid Midiprep 

System (Promega) (yield: 100 – 200 µg of plasmid DNA from a 50 ml E. coli culture) or the AxyPrepTM 

Plasmid Miniprep Kit (Axygen) (yield: 10 – 20 µg of plasmid DNA from 2 ml of an E. coli culture). 

2.2.4 Cloning of DNA fragments into vectors 

As templates for cloning, either plasmid DNA, chromosomal DNA, or cDNA obtained by reverse 

transcription of cellular RNA were used. Template DNA was amplified using PCR. To clone chimeric 

constructs, each part of the construct was amplified from its respective template plasmid using 

primers f1 and r1 and primers f2 and r2 (Figure 2-1). Primers r1 and f2 had 12 nucleotides attached of 

the sequence to which the respective fragment should be fused, so that both fragments overlapped 

24 nucleotides in sequence after amplification. The two fragments were either purified using a PCR 

purification kit or by extraction from a 1.5 % agarose gel, and fused by a second PCR using primers f1 

and r2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1 Fusing two DNA fragments by overlapping PCR. DNA fragments 1 and 2 were amplified in a first 
PCR step from templates 1 and 2 with primers f1 and r1 and primers f2 and r2, respectively. Primers r1 and f2 
had 12 nucleotides attached of the sequence to which the fragment was to be fused. In a second PCR step, 
fragments 1 and 2 were fused using primers f1 and r2.   

Amplified DNA fragments and their target vector were restricted with the respective restriction 

enzymes (Table 2.3) and ligated overnight at 16°C. Chemo-competent E. coli DH5α were transformed 

with the ligation mix and bacterial clones were screened by PCR (MolTaq) for clones carrying the 

plasmid. The plasmid was then isolated and the inserted DNA fragment was verified by sequencing 

(Seqlab).  
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2.2.5 Cell culture methods 

Culturing of cells  

Cells were cultured in 75 cm² culture flasks at 37°C and 5 % CO2, and passaged every two to three 

days. For passaging, the cells were washed with DPBS, 1 ml Trypsin was added, and the cells were 

incubated at 37°C until they detached. Subsequently, fresh cell culture medium was added and a part 

of the cells was transferred to a fresh 75 cm² culture flask for further culturing or seeded in multi-

well plates for experiments. If bigger amounts of cells were needed, they were grown in 175 cm² 

flasks and for the isolation of mitochondria cells were seeded in 145 cm2 cell culture dishes. 

Preparation of cell culture stocks 

To obtain cell stocks, cells from a confluent 75 cm² culture flask were detached by the addition of 

1 ml Trypsin, after which 4 ml of the cell culture medium was added for trypsin inactivation. The cells 

were transferred to a 15 ml falcon tube and pelleted (800 g, 5 min). In the meantime, 400 µl FCS and 

100 µl DMSO were added to 2 – 3 cell culture cryo tubes. The pelleted cells were resuspended in 

1 - 1.5 ml FCS, and 500 µl were transferred to each cryo tube. The cryo tubes were placed in a 

styropor box at -80°C, so that the stocks were cooled down gradually. For longer storage, the tubes 

were transferred to a liquid nitrogen tank and stored at -180°C.  

Isolation of cellular RNA and generation of cDNA 

Cellular RNA was isolated using the RNeasy® Mini Kit (Qiagen). cDNA was obtained from the RNA 

using the RevertAid First Strand cDNA Synthesis Kit (Fermentas). 

2.2.6 Transfection of cells 

Lipofectamin transfection and PEI transfection were applied to transfect HeLa cells seeded in 12 well 

plates. If the transfected cells were subsequently prepared for confocal microscopy, they were 

seeded on cover slips one day before transfection. Calcium phosphate transfection was used to 

transfect HEK 293T cells grown in 145 cm2 dishes.  

Lipofectamin transfection 

Lipofectamin transfection was performed according to the manufacturer’s protocol.  For transfection 

of HeLa cells grown in one well of a 12 well plate, 0.75 –1 µg DNA were mixed with 50 µl of OPTIMEM 

medium and 1.5 µl of Lipofectamin were mixed with 50 µl of OPTIMEM medium, and both samples 

were incubated for 5 min at room temperature. Subsequently, the samples were mixed together and 

incubated for 20 min at room temperature. In the meantime, the cells were washed with DPBS and 

400 µl of OPTI-MEM® medium were added. After the 20 min incubation, the transfection mix was 
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added to the well and the plate was incubated at 37°C. After 4 – 6 h, the medium was exchanged 

with fresh RPMI medium, and 36 – 48 h post transfection, cells were stained with MitoTracker® 

Orange and fixed with 3 % PFA, or resuspended in 2 x Laemmli buffer.  

Polyethylenimine (PEI) transfection 

PEI was solubilized in dH2O to a concentration of 1 mg/ml. For transfection of HeLa cells grown in one 

well of a 12 well plate, 8 µl of PEI were mixed with 2 µg of plasmid DNA in 100 µl of OPTI-MEM® 

medium, and incubated 10 min at room temperature. In the meantime, old medium was removed 

from the well and 400 µl of fresh RPMI medium was added. After the 10 min incubation, the DNA-PEI 

mixture was added to the well and the plate was incubated at 37°C. After 4 – 6 h, medium was 

exchanged with fresh RPMI medium, and 36 – 48 h post transfection, cells were stained with 

MitoTracker® Orange and fixed with 3 % PFA, or resuspended in 2 x Laemmli buffer.  

CaPhosphate transfection 

One day before transfection, 293T cells were seeded on a 145cm² plate in 20 ml of DMEM medium in 

such a way that they reached about 70 % confluency on the day of transfection. For transfecting the 

cells, 25 – 40 µg of plasmid DNA were mixed with 1.7 ml of dH2O and 200 µl of M CaCl2. 2 ml of 

2 x HBS were added dropwise while bubbling using a pipet boy with a Pasteur pipette. The mixture 

was incubated 15 – 20 min at room temperature. In the meantime, 4 ml of medium of the 145 cm² 

plate was removed and chloroquine was added to a final concentration of 25 µM. After incubation, 

the mixture was added dropwise to the plate while gently shaking it.  

2.2.7 Trichloroacetic acid (TCA) precipitation 

In order to precipitate proteins, TCA was added to a final concentration of 14.4 % and 

sodiumdeoxycholate was added to a final concentration of 0.0125 %, and the sample was incubated 

30 min on ice. Then, it was centrifuged for 30 min at 14000 rpm and 4°C, washed with ice-cold 

acetone, and again centrifuged (10 min, 14000 rpm, 4°C). The pellet was resuspended in an 

appropriate amount of 2 x Laemmli buffer and shaken for 15 min at 65°C and 800 rpm.  

2.2.8 MitoTracker® Orange staining and immunofluorescence staining 

One vial of lyophilized MitoTracker® Orange (Invitrogen) was resuspended in DMSO to a final 

concentration of 1 mM. For Mitotracker staining, MitoTracker® Orange was added to a final 

concentration of 150 – 200 nM to fresh RPMI medium. Cells grown in 12 well plate on coverslips 

were washed once with sterile DPBS and the RPMI medium supplemented with MitoTracker® Orange 
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was added. The plate was incubated for 30 min at 37°C and 5 % CO2, and subsequently, the cells 

were washed twice with PBS and 3 % PFA was added to fix the cells. After 1 h incubation at room 

temperature in the dark, the cells were washed three times with PBS. Cells were then kept in PBS at 

4°C until further treatment.  

For immunofluorescence staining, PBS was removed and blocking solution was added, followed by 30 

min incubation. As in all following incubation steps, cells were kept in the dark at room temperature. 

Then, cells were washed once with PBS and primary antibody diluted in antibody dilution solution 

was added. After 1 h incubation, cells were washed twice with PBS and incubated in blocking solution 

for 10 min. Subsequently, cells were again washed once with PBS and secondary antibody diluted in 

antibody dilution solution was added. After 1 h incubation, cells were washed twice with PBS and 

once with dH2O, and the cover slips were mounted on microscope slides with Mowiol. Samples were 

analyzed using a TCS SPE confocal microscope (Leica).  

2.2.9 Transmission electron microscopy (TEM) 

Cells were grown on coverslips in a 12 well plate and, if required, knockdown was induced by 

addition of 1 µg/ml Dox for 7 d. Cells were washed with PBS and fixed with TEM fixing solution for 1 h 

at room temperature. Then, cacodylate (pH7.2) was added and the samples were transferred to the 

electron microscopy department (group of Prof. Dr. Georg Krohne) for further preparation. There, 

the cells were fixed for 2 h at 4°C with 2 % OsO4 buffered with 50 mM cacodylate (pH 7.2). They were 

subsequently washed with H2O, and incubated overnight at 4°C with 0.5% uranyl acetate in H2O. 

Then, the cells were dehydrated, embedded in Epon 812 and stained with uranyl acetate and lead 

citrate. The sections were analyzed with a Zeiss EM10 or EM900 electron microscope (Zeiss, 

Oberkochen, Germany). 

2.2.10 Isolation of mitochondria and of the cytosolic fraction 

145 cm² cell culture plates were washed with PBS and cells were collected using a cell scraper. Cells 

were pelleted (7 min, 800 g, 4°C) and the pellet was resuspended in 4 ml of Buffer A per plate. After 

20 min incubation on ice, cells were homogenized with 20 strokes using a drill-fitted Dounce 

homogenizer. Cells were centrifuged for 5 min at 800 g and 4°C, and the supernatant was transferred 

to Eppendorf Cups. The crude mitochondrial fraction was pelleted (10 min, 10000 g, 4°C). If also 

isolating cytosolic proteins, the supernatant was preserved for further analysis. The pellet was 

resuspended in 1 ml of Buffer B and centrifuged for 10 min at 10000 g and 4°C. The supernatant was 

discarded and the pellet resuspended in an appropriate amount of Buffer B. To determine 
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                      A280nm - A310nm   100 µl 
c (protein)=  __________________ X __________ µg/µl 

1.05 2 µl   
 

mitochondrial protein concentration, 2 µl of protein were resuspended in 100 µl of 0.1 % SDS. 

Absorption at 280 nm and 310 nm was measured at the NanoDrop and mitochondrial protein 

concentration was calculated using the following formula (Clarke, 1976):  

 

 

To isolate cytosolic proteins, the supernatant obtained after pelleting the crude mitochondrial 

fraction was centrifuged for 1 h at 100000 g and 4°C, and the supernatant was subjected to TCA 

precipitation.  

2.2.11 Submitochondrial localization of mitochondrial proteins  

Freshly isolated mitochondria were resuspended in SET buffer (two samples) and ET buffer (two 

samples) by pipetting up and down 20 times.  The samples were incubated for 30 min on ice with 

pipetting 20 times up and down after 15 min. Subsequently, they were centrifuged for 5 min at 

12000 g and 4°C. The supernatant was discarded and one SET buffer and one ET buffer sample were 

resuspended in 2 x Laemmli buffer. The two remaining samples were resuspended in SET buffer, and 

PK to a final concentration of 50 µg/ml. After 15 min incubation on ice, PMSF to a final concentration 

of 2 mM was added, followed by 10 min incubation on ice. Then, the samples were centrifuged for 5 

min at 12000 g and 4°C, and the pellet was washed with SET buffer containing 0.1 mM PMSF (5 min, 

12000 g, 4°C). The supernatant was discarded and the pellet was resuspended in 2 x Laemmli buffer. 

Additionally, freshly isolated mitochondria were resuspended in 1 % Triton X-100 in digitonin buffer 

by pipetting ten times up and down, and incubated for 10 min on ice. The sample was centrifuged for 

10 min at 14000 rpm and 4°C, and the supernatant was transferred to a fresh Eppendorf cup. PK was 

added to a final concentration of 50 µg/ml was added, followed by 15 min incubation on ice. After 

the addition of PMSF to a final concentration of 4 mM and 10 min incubation on ice, TCA to a final 

concentration of 14 % was added to precipitate the proteins. The sample was incubated for 30 min 

on ice and subsequently centrifuged for 30 min at 14000 rpm and 4°C. The supernatant was 

discarded and the pellet was washed with ice-cold acetone (10 min, 14000 rpm, 4°C). Then, the pellet 

was air dried, resuspended in 2 x Laemmli buffer and shaken for 15 min at 650 rpm and 65°C.  
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2.2.12 Membrane extractability of proteins  

50 – 75 µg of mitochondria were resuspended in 0.1 M Na2CO3 (pH 10.8) and 0.1 M Na2CO3 (pH 11.5), 

respectively, by pipetting up and down 10 times. The samples were incubated for 20 min on ice with 

pipetting 10 times up and down after 10 min. Subsequently, they were centrifuged for 1 h at 

100000 g and 4°C. The pellet was resuspended in 2 x Laemmli, shaken for 5 min and incubated at 

95°C for 5 min. The supernatant was transferred into a fresh Eppendorf cup and proteins were 

precipitated by TCA precipitation (2.2.7) adding sodiumdeoxycholate to a final concentration of 

0.0125 % and TCA to a final concentration of 14 %. After centrifugation and washing with ice-cold 

acetone, the pellet was resuspended in 2 x Laemmli buffer, and the samples were shaken for 15 min 

at 65°C and 650 rpm.  

2.2.13 Co-Immunoprecipitation 

To prepare the Protein-A-Sepharose slurry, Protein-A-Sepharose CL-4B powder was washed with 

dH2O (10 ml dH2O per 50 mg powder; centrifugation for washing was performed for 30 s at 400 g) 

and resuspended in the same volume of 1 x PBS. For one experiment, 30 µl of sepharose beads were 

pelleted in an Eppendorf cup for 30 s at 400 g and washed twice with lysis buffer for 30 s at 400 g. 

Then 5 - 10 µl of antibody and PBS to a final volume of 30 µl were added, and the sample was 

incubated for 30 min at room temperature with gentle shaking. In the meantime, 60 - 70 µg of 

mitochondria were solubilized in 250 µl of lysis buffer and incubated for 15 min on ice. Then, the 

sample was centrifuged for 10 min at 14000 rpm and 4°C. The beads were washed three times with 

lysis buffer (30 s at 400 g) and the mitochondrial supernatant was added. The sample was incubated 

for 1 - 3 h at 4°C with inversion to allow binding of the protein complex to the antibody. 

Subsequently, the sepharose beads were washed twice with lysis buffer and once with Tris/HCl 

pH 7.4, and resuspended in 2 x Laemmli buffer.  

2.2.14 In vitro import of radio-labeled proteins into isolated mitochondria 

35S-labeled proteins were obtained using the TNT® SP6 Quick Coupled Transcription/Translation 

System or TNT® T7 Quick Coupled Transcription/Translation System (Promega). For in vitro import 

experiments, 50 µg of freshly isolated mitochondria per sample were resuspended in 100 µl of 

import buffer freshly supplemented with 10 mM sodium succinate, 2 – 5 mM ATP and 1 mM DTT, 

and 35S-labeled protein lysate to a final concentration of 5 % was added. For controls with dissipated 

ΔΨ, 10 mM CCCP and 10 mM valinomycin were added.  The samples were incubated at 37°C for 

different time points, and then centrifuged for 5 min at 12000 g and 4°C. The pellet was washed with 
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SET buffer (5 min, 12000 g, 4°C) and stored at -80°C until subjected to BN-PAGE, or resuspended in 

2 x Laemmli buffer and analyzed by SDS-PAGE. If samples were to be subjected to PK treatment after 

incubation at 37°C, PK to a final concentration of 50 µg/ml was added and samples were incubated 

for 15 min on ice. Subsequently, 2 mM PMSF was added, followed by 10 min incubation on ice. 

Mitochondria were pelleted by centrifugation for 5 min at 12000 g and 4°C, washed with SET buffer 

containing 0.1 mM PMSF, and resuspended in 2 x Laemmli buffer.  

2.2.15 Production of inducible shRNA-mediated knockdown cell lines 

For the creation of inducible shRNA-mediated knockdown cell lines, the Tronolab system, which 

utilizes human immunodeficiency virus type 1-derived lentiviral vectors, was used (Wiznerowicz and 

Trono, 2003). In this system, the desired shRNA sequence is cloned into the pLVTHM vector under 

the control of the PolIII promoter H1. As a marker, the plasmid contains a gene coding for green 

fluorescent protein (GFP) under the control of the polII promoter EF-1a. In order to render the 

system inducible, the pLV-tTR-KRAB-red plasmid is required in addition (Wiznerowicz and Trono, 

2003). This vector encodes tTR-KRAB, a fusion of the E. coli tetracycline repressor (tTR) to the KRAB 

domain of human Kox1, and the marker DsRed under the constitutively active EF-1a promoter. The 

KRAB domain can trigger heterochromatin formation, thereby inhibiting both polII and polIII 

promoters (Deuschle et al., 1995; Wiznerowicz et al., 2006). Fused to tTR, KRAB binds to the tet 

operator (tetO) and suppresses promoters in vicinity, thus inhibiting the transcription of the shRNA 

and of the GFP marker gene (Wiznerowicz and Trono, 2003). This repression can be blocked by the 

addition of doxycycline (Dox) as this substance sequesters tTR-KRAB and prevents its binding to tetO 

(Figure 2-2) (Deuschle et al., 1995).  Both the pLVTHM and the pVL-tTRKRAB-red plasmid are 

introduced into the target cell line via lentiviruses (Wiznerowicz and Trono, 2003). 

 

 

 

 

 

Figure 2-2 Mode of action of the Tronolab inducible shRNA-mediated knockdown system (adapted from 
Wiznerowicz and Trono, 2003). The plasmids pLVTHM and plV-tTR-KRAB-Red are introduced into the target 
cells via lentiviruses. The gene cassettes of both plasmids are integrated into the nuclear genome by reverse 
transcription. After genomic integration of the proviruses, the constantly expressed tTR-KRAB repressor can 
bind to the tet operator (tetO), thereby inhibiting transcription of the GFP marker and the shRNA gene. Upon 
doxycycline (Dox) addition, this molecule sequesters the repressor, thus enabling shRNA and GFP 
production.  
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Oligonucleotides for suitable shRNAs were designed using the BLOCK-iT™ RNAi Designer 

(Invitrogen) and adapting them to the requirements of the pLVTHM system. Oligonucleotides were 

dissolved to a concentration of 1 M, and 1 µl of the forward and 1 µl of the reverse oligonucleotide 

strand were added to 48 µl of annealing buffer. The sample was incubated at 96°C for 4 min and at 

70°C for 10 min and then gradually cooled down by incubation at room temperature to obtain a 

double stranded DNA fragment with ClaI and MluI restriction sites. This fragment was ligated into the 

pLVTHM vector restricted with ClaI/MluI. The construct was introduced into chemo-competent E. coli 

DH5α by transformation, and then isolated by the PureYield™ Plasmid Midiprep System (Promega) 

from a positive bacterial clone. Subsequently, HEK 293T cells were transfected with 20 µg of pLVTHM 

plasmid together with 10 µg of psPAX plasmid and 10 µg of pCMV-VSV-G plasmid via CaPhosphate 

transfection. After 4 – 6 h, fresh medium was added, and after 48 h the supernatant was collected 

and sterile filtered using a 0.45 nm filter. 10 µg/ml polybrene was added and the supernatant was 

added to HeLa KRAB cells. This cell line already had the gene encoding the KRAB-tTR repressor 

required for suppression of the shRNA expression introduced into its chromosomal DNA by lentiviral 

transduction (Kozjak-Pavlovic et al., 2007). The next day, cells were split into a fresh 75 cm² cell 

culture flask and a part of the cells was transferred to two wells of a 12 well plate. 1 µg/ml Dox was 

added to one of the wells to induce the protein knockdown. The cells were harvested after 7 d, 

resuspended in 2 x Laemmli buffer and subjected to SDS-PAGE followed by western blotting to assess 

the efficiency of the knockdown. If a sufficient knockdown of the target protein in the cell pool was 

present, single cell clones were isolated.  

2.2.16 Stable isotope labeling of amino acids in cell culture (SILAC) 

ttc19-kd2 cells were grown either in heavy 13C6 L-lysine/L-arginine-containing RPMI medium 

(Invitrogen) or in RPMI medium containing light 12C6 L-lysine/L-arginine. After 3 passages, knockdown 

of TTC19 was induced in the unlabeled cells by addition of 1 µg/ml Dox. After 9 d of knockdown 

induction, mitochondria of induced and non-induced cells were isolated. The same protein amount 

of both samples was mixed and sent for mass spectrometry analysis (Bernd Thiede, Oslo).  
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3 RESULTS 

3.1 Targeting of β-barrel proteins to human mitochondria 

3.1.1 Neisserial β-barrel proteins are imported into human mitochondria 

The central component of the mammalian β-barrel assembly machinery, Sam50, is conserved from 

gram-negative bacteria to eukaryotes. Although the remaining components of the sorting and 

assembly machinery (SAM) show no homology, it could be demonstrated that the eukaryotic β-barrel 

protein VDAC can be assembled into the OM of gram-negative bacteria (Walther et al., 2010). 

Likewise, reports appeared showing that yeast mitochondria are able to import and integrate 

β-barrel proteins of bacterial origin (Walther et al., 2009a). Our pevious work demonstrated that the 

β-barrel protein PorB of N. gonorrhoeae (PorBNgo) is imported into human mitochondria both in 

infection and upon expression (Kozjak-Pavlovic et al., 2009; Müller et al., 2000; Müller et al., 2002). 

However, OmpC, a β-barrel protein from E. coli, remained cytosolic upon expression (Müller et al., 

2002). Therefore, our previous results contradicted the data published for yeast mitochondria and 

we aimed to clarify how mammalian mitochondria behave in regard to bacterial β-barrel proteins. 

When we expressed the β-barrel proteins OmpA, OmpC, PhoE and BamA of E. coli and YaeT of 

Salmonella enterica in human cells, we observed no mitochondrial localization. YaeT and BamA are 

homologs of Omp85 of N. gonorrhoeae (Omp85Ngo), which, on the other hand, was imported, and, in 

contrast to PorBNgo, also integrated into the outer mitochondrial membrane (OMM) (Kozjak-Pavlovic 

et al., 2011). As previous studies showed that PorB of the commensal N. mucosa is not targeted to 

human mitochondria, raising the interesting hypothesis that this ability is linked to neisserial 

pathogenicity (Müller et al., 2002), I investigated the behavior of β-barrel proteins of other 

commensal Neisseria strains. For that purpose, chromosomal DNA of N. lactamica, N. sicca and 

N. cinerea was isolated, and the genes encoding their PorB and Omp85 proteins were cloned without 

their bacterial N-terminal signal sequence into the expression vector pcDNA3 introducing an N-

terminal FLAG-tag, thus creating the constructs PorBNla, PorBNsi, PorBNci and Omp85Nci. The genes 

encoding Omp85 of N. lactamica and N. sicca could not be amplified by PCR. To determine whether 

these β-barrel proteins are targeted to mitochondria, the constructs were expressed in HeLa cells 

grown on coverslips by Lipofectamin transfection. Subsequently, the cells were stained with the 

ΔΨ-sensitive dye MitoTracker and with an antibody against the FLAG-tag. Analysis by confocal 

microscopy revealed that PorBNci was not targeted to human mitochondria (Figure 3-1). PorBNla and 

PorBNsi could be imported into mitochondria, but some of the protein could also be detected in the 

cytosol. Interestingly, when targeted to mitochondria, ΔΨ was only lost when a strong signal for PorB 

was observed. This is in contrast to the previous findings of our lab for PorBNgo whose expression 
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always resulted in the loss of ΔΨ (Kozjak-Pavlovic et al., 2009). Omp85Nci, like Omp85Ngo, was 

exclusively targeted to mitochondria and ΔΨ was retained, indicating that this protein was correctly 

assembled in the OMM.   
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Figure 3-1 β-barrel proteins of Neisseria sp. can be imported into human mitochondria. Chromosomal DNA 
from N. lactamica (Nla), N. sicca (Nsi), and N. cinerea (Nci) was isolated and genes encoding their PorB and 
Omp85 proteins were cloned into a pcDNA3 vector introducing an amino-terminal FLAG-tag. (A) HeLa cells 
seeded on coverslips were transfected with the plasmids coding for PorBNla, PorBNsi, PorBNci or Omp85Nci by 
Lipofectamin transfection. Cells were stained with MitoTracker, fixed with 3 % PFA and immunostained with 
an antibody against the FLAG-tag. Samples were analyzed by confocal microscopy. Scale bars represent 
100 µm. (B) The constructs from (A) were expressed in HEK293T cells and 50 µg of isolated mitochondria 
were analyzed on SDS-PAGE or BN-PAGE followed by western blotting. SDHA: subunit A flavoprotein of 
complex II. 

To further examine whether the proteins were integrated into the OMM, the constructs were 

expressed in HEK293T cells. Mitochondria were isolated and analyzed by BN-PAGE followed by 

western blotting. Detection with an antibody against the FLAG-tag revealed that only Omp85Nci 

formed protein complexes in the OMM. Overexpression of the FLAG-tagged constructs was 

confirmed by separation of mitochondria on SDS-PAGE followed by western blotting and 

immunodecoration with an antibody against the FLAG-tag (Figure 3-1B). Of note, we observed in our 

group that a signal is detected in the mitochondrial fraction also for proteins which are exclusively 

localized to the cytosol. Therefore, SDS-PAGE followed by western blotting is not entirely suitable for 

proving the mitochondrial localization of a protein. It can, however, be utilized to confirm protein 

expression in transfected cells.  

3.1.2 Neisserial Omp85 can assemble PorB of Neisseria sp. into the OMM 

Previous work of our group showed that expressed Omp85Ngo can exercise its natural function when 

integrated into the OMM, namely to assemble PorBNgo (Kozjak-Pavlovic et al., 2011). Therefore, I 
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aimed to elucidate whether this function of Omp85Ngo is specific for the OMM integration of PorBNgo 

or whether it can also assemble the PorB proteins of N. lactamica, N. sicca, and N. cinerea. FLAG-

tagged Omp85Ngo was overexpressed in HEK293T cells together with FLAG-tagged PorBNla, PorBNsi or 

PorBNci by calcium phosphate transfection. 48 h after transfection, mitochondria were isolated and 

subsequently analyzed by BN-PAGE followed by western blotting, or, as a control for protein 

expression, separated by SDS-PAGE followed by western blotting. Likewise, Omp85Nci was 

overexpressed together with PorBNla, PorBNsi, or PorBNci. The experiments demonstrated that 

Omp85Ngo could assemble PorBNla and, to a lesser extent, PorBNci into the OMM (Figure 3-2A and 

Kozjak-Pavlovic et al., 2011). Omp85Nci was also able to integrate PorB of N. lactamica (Figure 3-2B). 

Interestingly, PorBNci could be integrated into the OMM although it seemed to be localized 

exclusively in the cytosol when examined by confocal microscopy.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2 Omp85 can assemble PorB proteins of other neisserial origin. Omp85Ngo was expressed together 
with PorBNla, PorBNsi and PorBNci (A), and Omp85Nci was expressed simultaneously with PorBNla, PorBNsi and 
PorBNci (B) in HEK293T cells. Mitochondria were isolated and separated by BN-PAGE or, as a control for 
protein expression, on SDS-PAGE followed by western blotting. The PorB protein complexes are marked with 
an asterisk. SDHA: subunit A flavoprotein of complex II. 

3.1.3 Targeting of Omp85Ngo to mitochondria depends on its C-terminal half, whereas the last 

quarter of the protein is not sufficient 

Omp85Ngo and BamAEcoli are homologous proteins (Werner and Misra, 2005). They constitute the 

central component of the bacterial β-barrel assembly machinery (Voulhoux et al., 2003). Both consist 

of an N-terminal periplasmic domain comprising five POTRA domains (Sanchez-Pulido et al., 2003) 

B A 
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and of an OM-integrated C-terminal β-barrel part with 16 β-strands (Gentle et al., 2005) (Figure 3-3). 

Expression of both proteins in HeLa cells, however, demonstrated that, despite their similarity, only 

Omp85Ngo is targeted to human mitochondria and assembled into the OMM (Kozjak-Pavlovic et al., 

2011). Therefore, I aimed to identify the signal in Omp85Ngo that leads to the observed difference in 

targeting between this protein and BamAEcoli. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3 Sequence comparison of Omp85Ngo and BamAEcoli. Sequences were aligned using the ClustalW2 
program. Predicted POTRA domains were marked with boxes according to Bos et. al, 2007. The N-terminal 
bacterial signal peptide sequences, which were not cloned into the pcDNA3 vector, are marked in gray. This 
figure was first published in Ott et al., 2013. 
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To address this question, I first exchanged domains between Omp85Ngo and BamAEcoli. Genes 

for the chimerical proteins comprising the N-terminal part of Omp85Ngo and the C-terminal part of 

BamAEcoli, and vice versa, were cloned into a pcDNA3 vector introducing an N-terminal FLAG-tag, 

obtaining the constructs Omp85½BamA½ and BamA½Omp85½. The constructs were expressed in 

HeLa cells, stained with MitoTracker and subsequently with an antibody against the FLAG-tag. 

Analysis by confocal microscopy showed that only the construct BamA½Omp85½ with the C-terminal 

half of Omp85Ngo could be targeted to mitochondria (Figure 3-4A). Mitochondria retained their ΔΨ, 

indicating that the chimerical protein was correctly assembled into the OMM. Next, the functionality 

of BamA½Omp85½ was tested by expressing it together with Myc-tagged PorBNgo in HEK293T cells. 

The isolated mitochondria were analyzed by BN-PAGE followed by western blotting, or by SDS-PAGE 

followed by western blotting as a control for protein expression (Figure 3-4B). Detection of PorBNgo 

with an antibody against its Myc-tag revealed that it was forming complexes in the OMM, thereby 

indicating that the chimerical protein BamA½Omp85½ is functional in β-barrel protein assembly.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4 The C-terminal half of Omp85 mediates its mitochondrial targeting. (A) Genes encoding chimerical 
proteins with the N-terminal half of Omp85Ngo and the C-terminal half of BamAEcoli (Omp85½BamA½) and 
vice versa (BamA½Omp85½) were cloned in the pcDNA3 vector introducing an N-terminal FLAG-tag and the 
constructs were expressed in HeLa cells. Scale bars represent 100 µm. (B) N-terminally FLAG-tagged 
BamA½Omp85½ was expressed together with or without N-terminally Myc-tagged PorBNgo in HEK293T cells. 
Mitochondria were isolated and subjected to BN-PAGE and SDS-PAGE followed by western blotting. Parts of 
this figure were first published in Ott et al., 2013.  
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In order to further pinpoint the domain of Omp85Ngo responsible for mitochondrial targeting, I 

exchanged the last quarters of Omp85Ngo, BamAEcoli, and of the chimerical constructs (Ott et al., 

2013). Subsequently, the N-terminally FLAG-tagged constructs Omp85¾BamA¼, BamA¾Omp85¼, 

Omp85½BamA¼Omp85¼ and BamA½Omp85¼BamA¼ were expressed in HeLa cells seeded on 

coverslips, and stained with MitoTracker and an antibody against the FLAG-tag. Analysis of the 

samples by confocal microscopy revealed that none of the proteins could be targeted to 

mitochondria anymore (Figure 3-5). These results show that although the signal mediating 

mitochondrial import of Omp85Ngo is contained within its C-terminal membrane-integrated part, it 

cannot be assigned to a short linear sequence. Rather, the secondary structure seems to play an 

important role as even the constructs Omp85¾BamA¼ and Omp85¾BamA¼Omp85¼, possessing 

three quarters of Omp85Ngo, could not be targeted to mitochondria. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 3-5 A quarter of Omp85Ngo is not sufficient for mediating its mitochondrial import of Omp85Ngo. The 
schemes on the left-hand side show the exchanges performed between Omp85Ngo and BamAEcoli. Plasmids 
encoding the N-terminally FLAG-tagged constructs Omp85¾BamA¼, BamA¾Omp85¼, 
Omp85½BamA¼Omp85¼ and BamA½Omp85¼-BamA¼ were expressed in HeLa cells. Cells were stained with 
MitoTracker and an antibody against the FLAG-tag, and analyzed by confocal microscopy. Scale bars 
represent 100 µm. This figure was first published in Ott et al., 2013. 
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3.1.4 Amino acids of the ultimate β-strand are involved in the mitochondrial targeting of Omp85 

Recently, we could observe that removal of the β-sorting signal of Omp85Ngo not only prevents its 

OMM integration but also its import into mitochondria (Kozjak-Pavlovic et al., 2011). Therefore, I 

took a closer look at the importance of the β-signal of Omp85Ngo for mitochondrial import and 

mutated amino acids R783, Q787, and T790, obtaining the N-terminally FLAG-tagged constructs 

Omp85-R783E, Omp85-Q787G and Omp85-T790K. The constructs were expressed in HeLa cells 

grown on cover slips, and stained with MitoTracker and an antibody against the FLAG-tag. Analysis by 

confocal microscopy demonstrated that only Omp85-R783E and Omp85-T790K were imported into 

mitochondria, whereas Omp85-Q787G remained cytosolic (Figure 3–6A). To confirm the importance 

of the properties of this amino acid residue, the constructs Omp85-Q787E, where the polar residue 

was exchanged with a negatively charged one, and Omp85-Q787N, which should behave as the wild 

type, were cloned and subsequently expressed in HeLa cells. After decoration of the cells with 

MitoTracker and an antibody against the FLAG-tag, analysis with confocal microscopy showed that, 

as expected, Omp85-Q787E remained cytosolic, whereas Omp85-Q787N was imported into 

mitochondria (Figure 3-6A). To further confirm the confocal microscopy results, HEK293T cells were 

transfected with the constructs and mitochondria were isolated. BN-PAGE with mitochondria 

followed by western blotting and immunodecoration with an antibody against the FLAG-tag 

demonstrated that no protein complex formation could be detected for Omp85-Q787G and 

Omp85Q787E (Figure 3-6B), supporting the finding of the microscopy analysis that these constructs 

could not be imported into mitochondria. Taken together, the data demonstrate the importance of 

the polar property of glutamine at position 787 for mitochondrial targeting of Omp85Ngo. 
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Figure 3-6 Glutamine at position 787 is required for mitochondrial import of Omp85. (A) Plasmids coding for 
the N-terminally FLAG-tagged constructs Omp85-R783E, Omp85-T790K, Omp85-Q787G, Omp85-Q787E and 
Omp85-Q787N were expressed in HeLa cells seeded on coverslips. Cells were stained with the ΔΨ-sensitive 
dye MitoTracker and an antibody against the FLAG-tag, and analyzed by confocal microscopy. Scale bars 
represent 100µm. (B) The constructs from A were expressed in HEK293T cells, and mitochondria were 
isolated and analyzed by BN-PAGE followed by western blotting. SDHA: subunit A flavoprotein of complex II. 
This figure was first published in Ott et al., 2013. 

In order to elucidate whether Q787 is the only crucial amino acid residue in the β-sorting signal 

of Omp85Ngo, I shortened the protein for one to six residues from the C-terminus (Ott et al., 2013). 

The N-terminally FLAG-tagged constructs Omp85-1aa, Omp85-2aa, Omp85-3aa, Omp85-4aa, Omp85-

5aa, and Omp85-6aa were expressed in HeLa cells, and the cells were subsequently stained with 

MitoTracker and an antibody against the FLAG-tag. Confocal microscopy revealed that the removal of 

the phenylalanine at the ultimate position already impaired the mitochondrial import of Omp85Ngo 

(Figure 3-7 and not shown). Interestingly, when removing the last two amino acids, mitochondrial 

targeting could be observed in about 40 % of the cells. No mitochondrial localization was observed 

when three or more amino acid residues were removed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-7 The ultimate phenylalanine plays an important role in mitochondrial targeting of Omp85Ngo. 
Omp85Ngo was shortened for one to four amino acid residues and plasmids encoding N-terminally FLAG-
tagged Omp85-1aa, Omp85-2aa, Omp85-3aa and Omp85-4aa were expressed in HeLa cells seeded on 
coverslips. Cells were stained with the ΔΨ-sensitive dye MitoTracker and an antibody against the FLAG-tag 
and analyzed by confocal microscopy. Scale bars represent 100 µm. Parts of this figure were first published in 
Ott et al., 2013. 
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3.1.5 The C-terminal quarter of PorB is important for its mitochondrial targeting 

Similar to Omp85Ngo and BamAEcoli, the β-barrel proteins PorBNgo and OmpCEcoli are homologs 

(Figure 3-8), and only the neisserial protein can be imported into mitochondria. In contrast to 

Omp85Ngo, however, expression of PorBNgo results in the loss of ΔΨ. This indicates that PorBNgo 

cannot be assembled into the OMM but accumulates in the IMS, leading to damage of mitochondria 

(Kozjak-Pavlovic et al., 2009). In order to determine the signal of PorBNgo which mediates its 

mitochondrial targeting, I exchanged domains of this protein for those of OmpCEcoli (Ott et al., 2013). 

Firstly, halves of the proteins were exchanged, cloning the genes encoding the constructs 

PorB½OmpC½ and OmpC½PorB½ into the pcDNA3 vector introducing an N-terminal FLAG-tag. The 

constructs were expressed in HeLa cells, which were subsequently stained with MitoTracker and an 

antibody against the FLAG-tag. Analysis by confocal microscopy revealed that only OmpC½PorB½ 

could be imported into mitochondria (Figure 3-9), demonstrating that, as for Omp85Ngo, the C-

terminal half of PorBNgo contains the mitochondrial targeting information. PorB½OmpC½ expression, 

like PorBNgo, led to the loss of ΔΨ, indicating that the construct could not be assembled into the 

OMM.  

 

 

 

 

 

 

 

 

Figure 3-8 Sequence comparison of the homologous proteins PorBNgo and OmpCEcoli. Predicted 
transmembrane domains are marked with boxes according to Tanabe and co-workers (Tanabe and Iverson, 
2009). Marked with dotted lines are the sites where exchanges of halves and quarters were performed. The 
N-terminal bacterial signal peptide sequences, which were not cloned into the expression vector, are marked 
in gray.  

Next, the C-terminal quarters of PorBNgo, OmpCEcoli and PorB½OmpC½ were exchanged, 

creating the N-terminally FLAG-tagged constructs PorB¾OmpC¼, OmpC¾PorB¼ and 

PorB½OmpC¼PorB¼. The constructs were expressed in HeLa cells, followed by staining with 

MitoTracker and an antibody against the FLAG-tag (Figure 3-9). Confocal microscopy analysis 
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demonstrated that PorB½OmpC¼PorB¼ was exclusively mitochondrial, whereas OmpC¾PorB¼ was 

targeted to mitochondria in most of the cases with some of the protein remaining in the cytosol. 

PorB¾OmpC¼ was predominantly cytosolic, but a small fraction could be detected in mitochondria. 

These results indicate that the C-terminal quarter of PorBNgo is sufficient for mitochondrial targeting 

but not an absolute requirement. Besides, this demonstrates that PorBNgo probably does not contain 

a short linear sequence mediating targeting but rather its secondary structure or charge seem to play 

an important role.  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 3-9 The C-terminal quarter of PorBNgo is sufficient for mediating mitochondrial import. The constructs 
PorB½OmpC½, OmpC½PorB½, PorB¾OmpC¼, OmpC¾PorB¼ and PorB½OmpC¼PorB¼ were cloned into the 
pcDNA3 vector introducing an N-terminal FLAG-tag and expressed in HeLa cells. Cells were stained with 
MitoTracker and an antibody against the FLAG-tag, and analyzed by confocal microscopy. The scheme on the 
left-hand side shows the composition of the constructs. Scale bars represent 100 µm. This figure was first 
published in Ott et al., 2013. 
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In order to examine whether an even shorter part of PorBNgo could mediate mitochondrial 

targeting, the C-terminal eights of PorBNgo and OmpCEcoli were exchanged. Therefore, 22 amino acid 

residues from the C-terminus of PorBNgo were replaced by the 27 C-terminal amino acid residues of 

OmpCEcoli, and vice versa, creating the N-terminally FLAG-tagged constructs PorB-OmpC341-367 and 

OmpC-PorB306-327. After expression of the constructs in HeLa cells and staining with MitoTracker and 

an antibody against the FLAG-tag, cells were analyzed by confocal microscopy (Figure 3-10). For 

OmpC-PorB316-327, both mitochondrial and cytosolic localization could be observed, which 

demonstrates that the 22 C-terminal amino acid residues of PorB are sufficient to mediate 

mitochondrial import. Interestingly, PorB-OmpC341-367, which lacked only 22 amino acid residues of 

PorBNgo, was exclusively cytosolic, whereas before, mitochondrial localization of PorB¾-OmpC¼, 

which contained a bigger portion of OmpCEcoli in the C-terminal part, could be observed in some 

cases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-10 The ultimate 22 amino acid residues of PorBNgo can mediate mitochondrial import. The 22 
C-terminal amino acid residues of PorBNgo were replaced with the 27 C-terminal amino acid residues of 
OmpCEcoli, and vice versa. The constructs were cloned into the pcDNA3 vector introducing an N-terminal 
FLAG-tag. Constructs were overexpressed in HeLa cells, and cells were stained with MitoTracker and an 
antibody against the FLAG-tag. Samples were analyzed by confocal microscopy. Scale bars represent 100 µm. 
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3.1.6 The last β-strand is not involved in mitochondrial targeting of PorB 

As exchanging the β-signal of Omp85Ngo with the one of BamAEcoli prevented mitochondrial targeting 

of Omp85Ngo, I examined whether the same applies to PorBNgo (Ott et al., 2013). For that purpose, the 

twelve C-terminal amino acid residues of PorBNgo and OmpCEcoli were exchanged, and the constructs 

PorB-12aaOmpC and OmpC-12aaPorB were expressed in HeLa cells, followed by staining with 

MitoTracker and antibodies against the FLAG-tag and the OMM protein Tom20. Confocal microscopy 

analysis demonstrated that PorB-12aaOmpC was still imported into mitochondria, indicating that, in 

contrast to Omp85Ngo, amino acids of the ultimate β-strand of PorBNgo are not involved in its 

mitochondrial targeting (Figure 3-11). 

 

 

 

 

 

 

 

 

Figure 3-11 The ultimate β-strand of PorB is not involved in mitochondrial targeting. The last 12 amino acid 
residues of PorBNgo and OmpCEcoli were exchanged, and the N-terminally FLAG-tagged constructs 
PorB-12aaOmpC and OmpC-12aaPorB were cloned into the pcDNA3 vector. The constructs were expressed in 
HeLa cells seeded on coverslips, and cells were stained with MitoTracker and antibodies against the FLAG-tag 
and Tom20. Samples were analyzed by confocal microscopy. Scale bars represent 100 µm. Tom20: subunit of 
the Translocase of the Outer Membrane. This figure was first published in Ott et al., 2013. 

3.1.7 The β-signal of Omp85 cannot mediate OMM integration of PorB 

As Omp85Ngo is correctly assembled into the OMM whereas PorB is not recognized by the SAM 

complex and accumulates in the IMS, I wondered whether the β-signal of Omp85Ngo could mediate 

PorBNgo OMM integration. The 12 C-terminal amino acid residues of PorBNgo were exchanged for 

those of Omp85Ngo, creating the N-terminally FLAG-tagged construct PorB-12aaOmp85. The plasmid 

was expressed in HeLa cells, followed by staining with MitoTracker and antibodies against the 

FLAG-tag and Tom20 (Figure 3-12). Analysis by confocal microscopy showed that mitochondria lost 

their ΔΨ, demonstrating that the β-signal of Omp85Ngo cannot mediate OMM integration of PorBNgo.  
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Figure 3-12 The β-sorting signal of Omp85Ngo cannot mediate OMM integration of PorBNgo. The plasmid 
encoding PorB-12aaOmp85, where the last 12 amino acid residues of PorBNgo are substituted by the last 12 
amino acid residues of Omp85Ngo, was expressed in HeLa cells grown on coverslips, and cells were stained 
with MitoTracker and antibodies against the FLAG-tag and Tom20. Samples were analyzed by confocal 
microscopy. Scale bars represent 100 µm. Tom20: subunit of the translocase of the outer membrane. This 
figure was first published in Ott et al. 2013. 

3.1.8 At least two POTRA domains are required for Omp85 integration and function 

A study of Bos and co-workers demonstrated that in N. meningitidis only the fifth POTRA domain of 

Omp85 is required for its function. In order to examine whether the same applied to Omp85Ngo when 

expressed in human cells, constructs of Omp85Ngo lacking one to five POTRA domains were created 

(Figure 3-13A). The constructs were overexpressed in HeLa cells, followed by staining with 

MitoTracker and an antibody against the FLAG-tag. Confocal microscopy analysis revealed that all 

constructs could be imported into mitochondria. ΔΨ, however, was only retained upon expression of 

Omp85-POTRA1, Omp85-POTRA2 and Omp85-POTRA3, whereas the removal of four or all five 

POTRA domains resulted in loss of ΔΨ, indicating that these two proteins could not be integrated 

into the OMM anymore and accumulated in the IMS (Figure 3-13B and not shown). In order to 

examine the functionality of the POTRA mutants, they were expressed in HEK293T cells together with 

or without Myc-tagged PorBNgo. Mitochondria were isolated and analyzed by BN-PAGE, or, as a 

control for protein expression, on SDS-PAGE, followed by western blotting (Figure 3-13C). When 

testing for OMM integration of PorBNgo with an antibody against its Myc-tag, complexes could be 

detected when it was expressed together with Omp85-POTRA1, Omp85-POTRA2 and Omp85-

POTRA3. Immunodetection of the Omp85 complexes with an antibody against the FLAG-tag showed 

a signal only for Omp85-POTRA1 and Omp85-POTRA2. These results support the finding of the 

microscopy analysis that Omp85-POTRA4 and Omp85-POTRA5 cannot be integrated into the OMM 

and therefore are not functional. The fact that no complex formation of Omp85-POTRA3 is 

detectable although it does not lead to the loss of ΔΨ and is functional could indicate that this 

protein is not able to oligomerize anymore but is present as a monomer, or that the oligomers are so 

instable that they are disrupted upon solubilization in digitonin.  
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Figure 3-13 At least two POTRA domains are necessary for membrane integration and function of Omp85. (A) 
Scheme of the POTRA mutants. Omp85Ngo was shortened for one to five POTRA domains and genes encoding 
the mutants were cloned in the pcDNA3 vector introducing an N-terminal FLAG-tag. (B) Omp85-POTRA3, 
Omp85-POTRA4 and Omp85-POTRA5 were overexpressed in HeLa cells seeded on coverslips. Cells were 
stained with MitoTracker and an antibody against the FLAG-tag, and analyzed by confocal microscopy. Scale 
bars represent 100 µm. (C) The constructs from (A) were overexpressed in HEK293T cells. Mitochondria were 
isolated and analyzed by SDS-PAGE or BN-PAGE followed by western blotting. SDHA: subunit A flavoprotein 
of complex II. This figure was published first in Ott et al., 2013. 
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3.2 The Mitochondrial Intermembrane space Bridging (MIB) complex 

Sam50 is the central channel-forming component of the SAM complex, which integrates β-barrel 

proteins into the OMM. To allow profoundly studying the import route of β-barrel proteins, shRNA-

mediated inducible Sam50 knockdown (sam50kd-2) cells were produced in our lab recently (Kozjak-

Pavlovic et al., 2007). Interestingly, when Sam50 knockdown was induced, fragmentation of 

mitochondria and complete loss of cristae structure could be observed as a consequence (Ott et al., 

2012). Xie and co-workers found Sam50 to be present in a complex with mitofilin, coiled-coil-helix-

coiled-coil-helix domain containing 3 (CHCHD3), coiled-coil-helix-coiled-coil-helix domain-containing 

6 (CHCHD6), DnaJC11, and metaxins 1 and 2, when they raised an antibody against mitofilin (Xie et 

al., 2007). The metaxins are part of the SAM complex and involved in the assembly of β-barrel 

proteins (Kozjak-Pavlovic et al., 2007). CHCHD3 and CHCHD6 are IMM-integrated or IMM-associated 

proteins and both possess a myristoylation site at position 2 and CX9C motifs, which are typical for 

proteins imported via the MIA pathway (An et al., 2012; Darshi et al., 2011). Mitofilin is an integral 

inner membrane protein and was shown to be required for the maintenance of mitochondrial cristae 

morphology. Upon mitofilin depletion, cristae membranes are present in concentric circles and crista 

junctions are absent (John et al., 2005). Our own data, in addition to the work of Darshi and 

colleagues and Xie and colleagues (Darshi et al., 2011; Xie et al., 2007), indicated that the 

components of the SAM complex are present in the same protein complex as mitofilin and CHCHD3. 

Considering that this complex spans both membranes, we termed it mitochondrial intermembrane 

space bridging complex (MIB). My aim was to establish what kind of connection exists between 

Sam50 and IMM proteins and whether this connection is necessary for the maintenance of the 

cristae structure. 

3.2.1 Loss of CHCHD3 influences Sam50 and mitofilin protein levels 

In order to be able to investigate the function of the different proteins from the inner membrane 

which seemed to be connected to Sam50 and forming the MIB complex, an inducible shRNA-

mediated knockdown cell line of CHCHD3 (chchd3kd-2; own work; Ott et al., 2012), and of mitofilin 

(mflkd-2; Sebastian Straub, diploma thesis; Ott et al., 2012) were produced. For that purpose, the 

Tronolab inducible knockdown system was used, where transcription of the shRNA sequence is 

inhibited by the constitutively expressed KRAB-tTR repressor (Wiznerowicz and Trono, 2003). This 

repression can be relieved by the addition of doxycycline (Dox), as this molecule sequesters the 

KRAB-tTR repressor, thereby preventing its inhibitory effect. When protein knockdown was induced 

by the addition of Dox for seven days, both cell lines showed a clear reduction in the protein level of 

the respective protein (Figure 3-14 and Ott et al,. 2012). These two cell lines and the sam50kd-2 cell 
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line, which has previously been produced (Kozjak-Pavlovic et al., 2007), were used to assess the 

connection between Sam50, mitofilin and CHCHD3. Knockdown of the respective protein was 

induced for 5, 7 and 14 days by Dox addition. Then, mitochondria were isolated, separated on SDS-

PAGE followed by western blotting, and immunodecorated with antibodies against Sam50, mitofilin 

and CHCHD3 (Figure 3-14 and Ott et al., 2012). Knockdown of CHCHD3 and mitofilin resulted in 

reduced levels of the other two proteins, whereas Sam50 depletion led to decreased CHCHD3 levels 

but did not affect mitofilin levels. Therefore, the cristae loss observed upon Sam50 knockdown 

cannot be attributed to loss of mitofilin. As a recent study by Darshi and co-workers demonstrated a 

crucial role for CHCHD3 in the maintenance of cristae morphology, protein levels in mitochondria of 

sam50kd-2 cells were also tested after five days of knockdown induction as cristae were already lost 

at this time point (Ott et al., 2011). Analysis by SDS-PAGE followed by western blotting showed that 

CHCHD3 levels at this point were only mildly reduced, indicating that the impaired cristae structure 

was indeed caused by Sam50 depletion and not a secondary effect due to CHCHD3 reduction upon 

loss of Sam50 (Ott et al., 2012).  

 

 

 

 

 

 

 

Figure 3-14 CHCHD3 influences protein levels of Sam50 and mitofilin. Knockdown of CHCHD3 was induced in 
chchd3kd-2 cells for 5, 7 or 14 days by the addition of doxycycline (Dox). Mitochondria of Dox-treated (+ Dox) 
and untreated (- Dox) cells were isolated, and 25 µg and 50 µg of mitochondrial protein were analyzed by 
SDS-PAGE and western blotting. SDHA: subunit A flavoprotein of complex II; ICDH: isocitrate dehydrogenase. 

3.2.2 Sam50, mitofilin and CHCHD3 are present in one complex  

Next, I aimed to examine how loss of Sam50, mitofilin or CHCHD3 influenced complex formation of 

the other two proteins. Therefore, mitochondria isolated from Dox-induced and non-induced 

chchd3kd-2, mflkd-2 and sam50kd-2 cells were separated by BN-PAGE followed by western blotting, 

and the membranes were decorated with antibodies against CHCHD3, mitofilin and Sam50 

(Figure 3-15). All three proteins appeared to migrate in a high molecular weight complex of a similar 

size of >  1 MDa, which we termed holo-MIB complex. In addition, CHCHD3 was detected in a smaller 

complex of about 700 – 800 kDa (Figure 3-15A). Upon mitofilin depletion, both CHCHD3-containing 
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complexes were nearly completely absent, consistent with the fact that the CHCHD3 level is strongly 

reduced when mitofilin is not present. Sam50 depletion resulted in a complete loss of the holo-MIB 

complex, whereas the levels of the lower complex were only slightly reduced. Mitofilin formed 

complexes of similar size as CHCHD3 (Figure 3-15B). However, knockdown of CHCHD3 did not lead to 

a decrease of all mitofilin containing complexes, but both CHCHD3 and Sam50 depletion resulted in a 

reduction of the holo-MIB complex but not in the amount of the lower mitofilin-containing complex. 

This shows that mitofilin stability in the lower complex does not depend on the presence of CHCHD3 

in this complex. For mitofilin stability in the holo-MIB complex, on the other hand, CHCHD3 and 

Sam50 are required. Sam50 was only present in one or two high molecular weight complexes of > 

1 MDa (Figure3-15C). Detection of Sam50 in mitofilin- and CHCHD3-depleted cells showed that 

Sam50 complexes were completely lost after mitofilin depletion and strongly reduced in CHCHD3-

knockdown mitochondria, consistent with the SDS-PAGE and western blot analysis which 

demonstrated an almost complete loss of Sam50 upon loss of mitofilin and a strong reduction upon 

CHCHD3 depletion (Figure 3-14 and Ott et al., 2012).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-15 CHCHD3, Sam50 and mitofilin are present in one complex. Knockdown was induced in 
chchd3kd-2, mflkd-2 and sam50kd-2 cells for 7 days by the addition of doxycycline (Dox). Mitochondria of 
Dox-treated (+ Dox) and untreated (- Dox) cells were isolated and analyzed by BN-PAGE and western 
blotting. Complex formation was studied by immunodecoration with antibodies against CHCHD3 (A), 
mitofilin (B) and Sam50 (C), and SDHA as a control. SDHA: subunit A flavoprotein of complex II. 
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To confirm that Sam50 and mitofilin are present in a complex with CHCHD3 and therefore 

influence CHCHD3 complex assembly, 35S-labeled CHCHD3 was in vitro imported into mitochondria of 

Dox-induced and non-induced sam50kd-2 and mflkd-2 cells (Figure 3-16A, B). Both in Sam50- and 

mitofilin-depleted mitochondria, assembly of CHCHD3 into the holo-MIB complex was significantly 

reduced, confirming that indeed a connection between CHCHD3 and the other two proteins exists. 

Next, in vitro import of 35S-labeled CHCHD3 into mitochondria of Dox-induced and non-induced 

metaxin 2 knockdown (mtx2kd-2) cells was performed to elucidate whether the reduced CHCHD3-

containing complex assembly in Sam50-depleted cells can be attributed to a defect of the SAM 

complex function. Metaxin 2 (Mtx2) is a component of the SAM complex (Kozjak-Pavlovic et al., 

2007). The experiments, however, demonstrated that Mtx2 is not required for assembly of CHCHD3 

into the complex (Figure 3-16C). This indicates that Sam50 influences CHCHD3 assembly 

independently of its role in the SAM complex. In addition, 35S-labeled CHCHD3 was in vitro imported 

into mitochondria of Tom40-depleted cells to exclude that the reduced CHCHD3 assembly in Sam50-

depleted cells was a consequence of decreased Tom40 levels, and therefore of reduced CHCHD3 

import. The experiment showed that assembly of 35S-labeled CHCHD3 was not affected in 

mitochondria with decreased Tom40 levels (Figure 2-16D). Thus, CHCHD3 assembly is specifically 

connected to Sam50 and mitofilin levels, supporting the assumption that these three proteins are 

present in one complex.  
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Figure 3-16 CHCHD3 assembly depends on Sam50 and mitofilin levels. CHCHD3 was labeled by 
transcription/translation in vitro in the presence of [35S]methionine/[35S] cysteine. Mitochondria were 
isolated from sam50kd-2 (A), mflkd-2(B) and mtx2kd-2 (C) cells were grown for 7 days and tom40kd-2 (D) 
cells were grown for 5 days in the absence (- Dox) or presence (+ Dox) of doxycycline, and mixed with 
35S-labeled CHCHD3 for the indicated time points. Mitochondria were solubilized in 1 % digitonin and 
analyzed by BN-PAGE and autoradiography. The asterisk marks the holo-MIB complex. This figure was first 
published in Ott et al., 2012. Copyright © 2012, American Society for Microbiology. 

3.2.3 CHCHD6 and DnaJC11 are peripheral components of the MIB complex     

Apart from Sam50, CHCHD3, and the metaxins, Xie and co-workers reported CHCHD6 and DnaJC11 to 

be present in a complex with mitofilin (Xie et al., 2007). Therefore, I aimed to investigate the 

connection of these proteins to the MIB complex and their function in the maintenance of cristae 

structure.  
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CHCHD6, like CHCHD3, has a predicted myristoylation site at its N-terminus and a coiled-coil-

helix-coiled-coil-helix domain with a twin CX9C motif at its C-terminus (An et al, 2012). It has a 

predicted size of 26.5 kDa. DnaJC11 possesses a DnaJ domain in its N-terminal region and is present 

in three isoforms of around 64 kDa, 57 kDa and 35 kDa (Figure 3-17A). The sequences of isoforms 1 

and 2 are identical except for isoform 2 lacking amino acids 367 to 418 of isoform 1. Interestingly, 

this region includes the only predicted transmembrane domain of DnaJC11 isoform 1. Isoform 3 lacks 

the 22 N-terminal amino acid residues of the other two isoforms. Its first 234 identical amino acids 

are identical to the sequence of the other isoforms, but it differs in its 84 C-terminal amino acids. Like 

isoform 2, it has no predicted transmembrane domain.  

Whereas CHCHD6 is described to be an IMM-associated protein (An et al., 2012), nothing is 

known about the submitochondrial localization of DnaJC11. Therefore, I first tested the membrane 

extractability of DnaJC11 by carbonate extraction experiments to elucidate whether it is membrane-

integrated or soluble. Analysis of the mitochondrial fractions by SDS-PAGE and western blotting 

demonstrated that the 64 kDa isoform of DnaJC11 was present in the supernatant fraction, whereas 

the 57 kDa isoform was found in the membrane fraction (Figure 3-17B). The 35 kDa isoform could not 

be detected with the antibody.  

Next, I aimed to determine the submitochondrial localization of the DnaJC11 isoforms by 

swelling experiments. Mitochondria were incubated either in hypotonic buffer to induce swelling of 

mitochondria and rupturing of the OMM, or in isotonic buffer, in which mitochondria remained 

intact, with or without proteinase K (PK) treatment. Additionally, a portion of mitochondria was 

completely lysed by incubation in 1 % triton and PK treatment. Analysis of the mitochondria by 

SDS-PAGE and western blotting demonstrated that the 64 kDa isoform of DnaJC11 could be degraded 

by PK even when mitochondria were intact, as the OMM protein Tom20, suggesting that the protein 

is localized in the OMM. The 35 kDa isoform of DnaJC11 remained protected from PK treatment 

when mitochondria were intact but could be degraded when the OMM was ruptured, like the IMM 

protein mitofilin (Figure 3-17C). This isoform is therefore localized in the IMS or IMM. The 57 kDa 

isoform could not be detected with the antibody against DnaJC11. 
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Figure 3-17 DnaJC11 isoforms are localized in the OMM and the IMS/IMM. (A) Sequence of DnaJC11 
isoforms. The dotted line marks the point from where on isoform 3 differs from the other isoforms (B) 
Mitochondria were solubilized in 0.1 M Na2CO3 pH10.8 and 0.1 M Na2CO3 pH11.5, and membrane (P) and 
soluble (S) fraction were analyzed by SDS-PAGE and western blotting. (C) Mitochondria were incubated in 
isotonic (- Swelling) or hypotonic (+ Swelling) buffer, and treated with Proteinase K (+ PK) or left untreated   
(- PK). A portion of mitochondria was completely solubilized in 1 % triton (Tr) and subsequently treated with 
PK. Samples were analyzed by SDS-PAGE followed by western blotting. I: Protein input; ICDH: isocitrate 
dehydrogenase; Tim23: subunit of the Translocase of the Inner Membrane; Hsp60: mitochondrial heat shock 
protein. 
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In order to examine whether CHCHD6 and DnaJC11 are affected by the loss of MIB 

components, sam50kd-2, mflkd-2 and chchd3kd-2 cells were treated with Dox for 7 and 14 days to 

induce protein knockdown. Mitochondria of Dox-treated and untreated cells were isolated and 

analyzed by SDS-PAGE and western blotting (Figure 3-18). Immunodecoration with an antibody 

against CHCHD6 showed that this protein was lost almost completely in mitofilin-depleted cells, 

whereas CHCHD6 levels were not altered by Sam50 or CHCHD3 reduction. DnaJC11 levels, on the 

other hand, were only significantly affected in mitochondria lacking Sam50. Mitofilin loss led to a 

slight decrease in DnaJC11 levels, whereas CHCHD3 depletion did not affect DnaJC11 levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-18 Knockdown of MIB components influences CHCHD6 and DnaJC11 levels. Knockdown was induced 
in sam50kd-2, mflkd-2 and chchd3kd-2 cells for 7 and 14 days by the addition of doxycycline (Dox). 
Mitochondria of Dox-induced and non-induced cells were isolated, and 25 µg and 50 µg of mitochondrial 
protein were analyzed by SDS-PAGE and western blotting.  

In order to be able to study the function of CHCHD6 and DnaJC11, I produced the inducible 

shRNA-mediated knockdown cell lines chchd6kd-3 and dnajc11kd-3. The siRNA utilized for DnaJC11 

knockdown only targets the 64 kDa isoform of DnaJC11, which I predominantly found when I 

analyzed mitochondria by SDS-PAGE and western blotting. With the help of these knockdown cell 

lines, the influence of CHCHD6 and DnaJC11 on the other MIB components was examined. 

Knockdown of the respective protein was induced for 7 days by the addition of Dox, and 
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mitochondria of Dox-induced and non-induced cells were isolated. Subsequently, mitochondria were 

analyzed by SDS-PAGE followed by western blotting. Immunodecoration with antibodies against the 

MIB complex components Sam50, mitofilin, CHCHD3, CHCHD6 and DnaJC11 demonstrated that both 

CHCHD6 and DnaJC11 depletion did not affect the levels of other MIB complex components 

(Figure 3-19). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-19 CHCHD6 and DnaJC11 do not affect the levels of other MIB components. Mitochondria of 
doxycycline-induced (+ Dox) and non-induced (- Dox) chchd6kd-3 and dnajc11kd-3 cells were isolated and 
analyzed by SDS-PAGE and western blotting. Hsp60: mitochondrial heat-shock protein, SDHA: subunit A 
flavoprotein of complex II. 

As depletion of Sam50, mitofilin, and CHCHD3 resulted in loss of mitochondrial cristae 

structure, I aimed to elucidate whether CHCHD6 and DnaJC11 are also required for the maintenance 

of cristae morphology. Analysis of CHCHD6- and DnaJC11-depleted cells by transmission electron 

microscopy (TEM), however, showed that these two proteins do not exercise a pronounced effect on 

cristae morphology (Figure 3-20), suggesting that these two proteins probably are only peripheral 

components of the MIB complex.  
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Figure 3-20 Knockdown of CHCHD6 or DnaJC11 does not influence cristae structure. Knockdown of CHCHD6 
or DnaJC11 was in induced in chchd6kd-3 or dnajc1kd1-3 cells for 7 days by the addition of doxycycline (Dox), 
and Dox-treated (+ Dox) and untreated (- Dox) cells were analyzed by TEM. Scale bars represent 1 µm. 
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3.3 Sam50 influences the assembly of the respiratory chain 

In order to elucidate which proteins are affected by Sam50 reduction, a SILAC experiment with 

Sam50-depleted cells was previously performed (Ott et al, 2012). sam50kd-2 cells were labeled by 

growth in 13C6 L-lysine/L-arginine-containing medium, and knockdown was induced by Dox addition 

in the unlabeled cells. Quantitative mass spectrometry analysis showed that, apart from the Sam50 

substrates Tom40 and VDAC and the SAM complex component metaxin 1, protein levels of subunits 

of respiratory chain complexes I and IV were reduced. Western blot analysis confirmed a reduction in 

the levels of respiratory complex I subunit NDUFS1 and respiratory complex IV subunit COX2 when 

Sam50 was depleted for 7 days, and additionally a reduction in respiratory complex III subunit Core1 

level after 21 days of Sam50 knockdown induction. The levels of complex II subunit SDHA, complex III 

subunit cyt c, and complex V subunit F1α were not altered (Ott et al., 2012). Depletion of mitofilin for 

7 days only showed a reduction of NDUFS1, whereas after 21 days of knockdown induction also COX2 

levels were strongly reduced (Ott et al., 2012). BN-PAGE analysis of Sam50-depleted mitochondria 

showed decreased complex I and IV levels (Ott et al., 2012).  

To further study the effect of Sam50 and mitofilin depletion and to confirm the findings of the 

western blot analysis performed in our group, I in vitro imported 35S-labeled NDUFS1 and COX6A 

precursors into mitochondria isolated from Dox-induced and non-induced sam50-kd2 and mflkd-2 

cells. In both Sam50- and mitofilin-depleted mitochondria, complex I and complex IV assembly were 

reduced (Figure 3-21A, B). Next, import experiments with mitochondria of Mtx2-depleted cells were 

performed. As the β-barrel assembly function of the SAM complex is impaired after depletion of 

Mtx2, whereas Sam50 and mitofilin levels are unaltered, these mitochondria were used to examine 

whether there is a connection between the assembly of β-barrel proteins by the SAM complex and 

the function of Sam50 in respiratory complex I and IV assembly. Mtx2 depletion exerted no effect on 

complex IV assembly and led only to a mild reduction in complex I assembly. (Figure 3-21C). As 

Tom40 levels are also reduced upon Sam50 depletion (Kozjak-Pavlovic et al., 2007; Ott et al., 2012), 

import experiments with mitochondria of tom40kd-2 cells were performed additionally to exclude 

that the reduction in respiratory complex I and IV assembly is due to reduced protein import into 

mitochondria. Analysis of mitochondria by BN-PAGE and autoradiography, however, demonstrated 

that Tom40 depletion does not influence respiratory complex I and IV assembly (Figure 3-21D). 
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Figure 3-21 Assembly of respiratory complexes I and IV is impaired in Sam50- and mitofilin-depleted 
mitochondria. sam50kd-2 (A), mflkd-2 (B) and mtx2kd-2 (C) cells were grown for 7 days and tom40kd-2 cells 
(D) were grown for 5 days in the presence (+ Dox) or absence (- Dox) of doxycycline. Mitochondria were 
isolated and mixed with 35S-labeled NDUFS1 or COX6A in BSA import buffer for the indicated time points. 
Mitochondria were solubilized in 1 % digitonin and analyzed by BN-PAGE and autoradiography. This figure 
was first published in Ott et al., 2012. Copyright © 2012, American Society for Microbiology. 
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Finally, 35S-labeled ferredoxin and F1β were in vitro imported into Sam50-depleted 

mitochondria to exclude that a reduction of Sam50 leads to a general import deficiency. Analysis of 

import samples by SDS-PAGE and autoradiography, however, showed that loss of Sam50 did not 

affect the import of ferredoxin and F1β (Figure 3-22). Therefore, reduced complex I and IV assembly 

in Sam50-depleted mitochondria cannot be explained by a general impairment of protein import.  

 

 

 

 

 

 

 

Figure 3-22 Import of ferredoxin and F1β is not affected by Sam50 depletion. Ferredoxin and F1β were 
labeled by transcription/translation in vitro in the presence of [35S]methionine/[35S] cysteine. 35S-labeled 
proteins were imported into mitochondria of sam50kd-2 cells grown in the absence (- Dox) or presence of 
doxycycline (+ Dox) for 7 days. Mitochondria were analyzed by SDS-PAGE and autoradiography. As a control 
for Sam50 knockdown, 50 µg of mitochondria were analyzed by SDS-PAGE and western blotting. This figure 
was first published in Ott et al., 2012. Copyright © 2012, American Society for Microbiology. 

To test whether reduction in complex I and IV subunits was the result or the cause of the 

depletion of MIB components, I created the NDUFS1 knockdown cell line ndufs1kd-1. Additionally, 

the COX5A knockdown cell line cox5akd-2 was created in our group (Ott et al., 2012). Western blot 

analysis showed that neither Sam50 nor mitofilin or CHCHD3 were reduced upon NDUFS1 or COX5A 

depletion (Figure 3-23 and Ott et al., 2012), and EM studies revealed no changes in cristae structure 

(Ott et al., 2012). These experiments confirmed that the reduction of respiratory chain complexes is a 

consequence and not the cause of Sam50 or mitofilin loss.  
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Figure 3-23 Sam50, mitofilin and CHCHD3 levels are not altered in NDUFS1-depleted mitochondria. 
Mitochondria of ndufs1kd-1 cells were isolated after growth in the absence (- Dox) or presence (+ Dox) of 
doxycycline for 7 days, and analyzed by SDS-PAGE and western blotting.   
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3.4 The MIB complex is connected to the tetratricopeptide 19 protein (TTC19)  

3.4.1 TTC19 is localized to mitochondria in HeLa cells 

Our data of the SILAC experiment performed with mitochondria where Sam50 had been depleted 

revealed not only a reduction in the levels of respiratory complex subunits but also of TTC19 in the 

absence of Sam50. A similar SILAC analysis performed with mitofilin-depleted cells showed a 

downregulation of TTC19 as well after reduction of mitofilin levels (Vera Kozjak-Pavlovic, unpublished 

data). TTC19 is present in the cell in two isoforms (Figure 3-24A). Isoform 1 has a length of 380 amino 

acid residues and a predicted N-terminal mitochondrial targeting sequence of 69 amino acids. 

Isoform 2 comprises the 273 C-terminal amino acid residues of isoform 1 and does not have an 

N-terminal mitochondrial targeting signal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-24 Isoform 1 of TTC19 is targeted to mitochondria. (A) Sequence of TTC19 isoform 1; the sequence of 
isoform 2 starts with the bold M. The predicted N-terminal mitochondrial targeting sequence of isoform 1 is 
marked in gray (Claros and Vincens, 1996) and the five predicted tetratricopeptide repeat domains are 
framed with boxes. (B) The genes for TTC19 isoform 1 and isoform 2 were cloned into the pcDNA3 vector 
introducing a C-terminal FLAG-tag. The protein constructs were expressed in HeLa cells, followed by staining 
with MitoTracker and an antibody against the FLAG-tag. Samples were analyzed by confocal microscopy. 
Scale bars represent 100 µm.  
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Isoform 1 of TTC19 was recently demonstrated to be an IMM protein involved in respiratory 

complex III assembly (Ghezzi et al., 2011). As TTC19 was also shown to be localized to the nucleus, 

playing a role in regulation of cytokinesis (Sagona et al., 2010), I first aimed to confirm the 

mitochondrial localization of TTC19. Therefore, the genes encoding isoform 1 and isoform 2 of TTC19 

were cloned into the pcDNA3 vector introducing a C-terminal FLAG-tag, and the constructs were 

expressed in HeLa cells. Subsequently, the cells were stained with MitoTracker and an antibody 

against the FLAG-tag. Analysis by confocal microscopy confirmed the mitochondrial localization of 

isoform 1 of TTC19 reported by Ghezzi and co-workers (Figure 3-24B). Isoform 2 of TTC19, on the 

other hand, was not imported into mitochondria.  

3.4.2 TTC19 is reduced in mitochondria of Sam50- and mitofilin-depleted cells 

After confirming the mitochondrial localization of TTC19 isoform 1, I next tested whether loss of 

Sam50 results in reduced TTC19 protein levels. Knockdown of Sam50 was induced in sam50kd-2 cells 

by Dox addition. Mitochondria were isolated after 7 and 14 days of knockdown induction and 

analyzed by SDS-PAGE followed by western blotting (Figure 3-25A). Immunodecoration with an 

antibody against TTC19 confirmed a reduction in TTC19 levels in mitochondria of Sam50-depleted 

cells. Next, TTC19 levels were examined in mitochondria of Dox-treated or untreated mflkd-2, 

chchd3kd-2, chchd6kd-3 and dnajc11kd-3 cells. Western blot analysis demonstrated that in 

mitochondria of CHCHD3-, CHCHD6- and DnaJC11-depleted cells, the levels of TTC19 were not 

altered (Figure 3-25B). In the mitochondria of mitofilin-depleted cells, on the other hand, TTC19 

levels were reduced (Figure 3-25B). This shows that reduction of TTC19 upon Sam50 knockdown 

cannot be explained as a consequence of impaired protein import due to Tom40 reduction, as 

mitochondria of mitofilin-depleted cells have reduced Sam50 but normal Tom40 levels (Ott et al., 

2012). To additionally exclude that the reduction of TTC19 in mitochondria of Sam50-depleted cells 

was a consequence of reduced Tom40 levels, TTC19 levels were also examined in mitochondria of 

tom40kd-2 cells, in which knockdown of Tom40 was induced by Dox addition for 5 days. Analysis of 

mitochondria by SDS-PAGE and western blotting demonstrated that Tom40 depletion did not affect 

TTC19 levels (Figure 3-25C). Finally, in order to exclude that TTC19 reduction was a side-effect of Dox 

treatment, PLVTHM cells, which possess the empty pLVTHM vector without a sequence coding for an 

shRNA, were treated with Dox for 7 days or left untreated as a control, and isolated mitochondria 

were analyzed by SDS-PAGE and western blotting (Figure 3-25D). TTC19 was present in equal 

amounts in mitochondria of Dox-treated and untreated PLVTHM cells, demonstrating that Dox 

treatment did not affect TTC19 levels. 
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Figure 3-25 TTC19 levels are reduced in Sam50- and mitofilin-depleted cells. sam50kd-2 (A), mflkd-2, 
chchd3kd-2, chchd6kd-3, dnajc11kd-3 (B), tom40kd-2 (C) and PLVTHM cells (D) were treated with doxycycline 
(Dox) for the indicated time periods. Mitochondria of non-induced (- Dox) and Dox-induced (+ Dox) cells 
were isolated and analyzed by SDS-PAGE and western blotting.  
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3.4.3 In vitro import studies confirm a connection between Sam50 and TTC19 

To support the finding that Sam50 and mitofilin influence TTC19, in vitro import studies with 
35S-labeled TTC19 were performed. First, I tested whether isoform 1 of TTC19 can be in vitro 

imported into mitochondria of HeLa cells. For that purpose, mitochondria from HeLa cells were 

isolated and 35S-labeled TTC19 was imported for different time points. Separation of mitochondria on 

SDS-PAGE followed by autoradiography showed that the precursor of TTC19 is about 45 kDa of size, 

and TTC19 is processed into a mature form of about 35 kDa upon import (Figure 3-26), confirming 

the findings of Ghezzi and colleagues (Ghezzi et al., 2011). As expected, import of 35S-labeled TTC19 

was not possible when ΔΨ was disrupted, as TTC19 has an N-terminal mitochondrial targeting signal 

and therefore is most likely imported through the TIM23 pathway, which needs ΔΨ to insert proteins 

into the IMM.  

 

 

 

 

 

 

 

 

 

Figure 3-26 TTC19 is imported into mitochondria in vitro. Mitochondria isolated from HeLa cells were mixed 
with 35S-labeled TTC19 in KAc import buffer and incubated at 37°C for the indicated time points. Membrane 
potential (ΔΨ) was dissipated by the addition of valinomycin and CCCP. Mitochondria were analyzed by 
SDS-PAGE followed by autoradiography. p: precursor; m: mature protein. 

Next, I investigated the effect of Sam50 and mitofilin knockdown on the import of TTC19. I 

performed  in vitro import experiments of  35S-labeled TTC19 into mitochondria isolated from 

sam50kd-2 and mflkd-2 cells in which knockdown had been induced for 7 days or which had been left 

untreated as a control. SDS-PAGE analysis of mitochondria followed by autoradiography revealed 

that the import of TTC19 was reduced when Sam50 was depleted (Figure 3-27). Upon mitofilin loss, 

TTC19 import was also affected, but not as strongly as upon Sam50 depletion. Therefore, reduced 

TTC19 import upon mitofilin loss could be a consequence of decreased Sam50 levels. The fact that 
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TTC19 import is also reduced upon mitofilin depletion demonstrates that the impairment of TTC19 

import into Sam50-depleted mitochondria cannot be explained by reduced Tom40 levels in these 

cells, as mitofilin knockdown for 7 days does not affect Tom40 levels (Ott et al., 2012). Besides, I 

could demonstrate before by in vitro import of 35S-labeled ferredoxin and F1β that import into 

Sam50-depleted mitochondria is not generally impaired (Figure 3-23). Finally, to exclude that the 

reduction in TTC19 import is a side-effect of Dox addition, 35S-labeled TTC19 was also in vitro 

imported into mitochondria isolated from Dox-treated or untreated PLVTHM cells. Analysis by 

SDS-PAGE followed by western blotting demonstrated that import of TTC19 into mitochondria is not 

impaired by Dox treatment.  

 

 

 

 

 

 

 

 

 

Figure 3-27 Import of TTC19 is reduced in Sam50- and mitofilin-depleted cells. 35S-labeled TTC19 was mixed 
with mitochondria isolated from 7 days Dox-induced (+ Dox) and non-induced (- Dox) sam50kd-2, mflkd-2 
and PLVTHM cells in KAc import buffer and incubated at 37°C for the indicated time points. Mitochondria 
were separated by SDS-PAGE followed by autoradiography. 50 µg of mitochondria were analyzed by 
SDS-PAGE followed by western blotting and immunodecoration with antibodies against the downregulated 
protein and SDHA as a control. SDHA: subunit A flavoprotein of complex II; p: precursor; m: mature protein. 

Next, complex formation of TTC19 in Sam50-depleted mitochondria was examined. 35S-labeled 

TTC19 was imported into mitochondria of Dox-treated and untreated sam50kd-2 cells. When 

analyzing the mitochondria by BN-PAGE followed by autoradiography, one TTC19 containing complex 

of appromimately 550 – 600 kDa and two complexes of more than 1 MDa could be observed in 

mitochondria of non-induced sam50kd-2 cells. Upon Sam50 depletion, the assembly of the two 

higher TTC19 complexes was strongly reduced, whereas the smallest complex became detectable at 

an earlier time point (Figure 3-28).  
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Figure 3-28 Formation of TTC19 protein complexes is altered in Sam50-depleted mitochondria. Mitochondria 
were isolated from sam50kd-2 cells induced for 7 days by the addition of doxycycline (+ Dox) or left 
untreated (- Dox), and incubated with 35S-labeled TTC19 in KAc import buffer at 37°C for the indicated time 
points. Mitochondria were separated by BN-PAGE followed by autoradiography. The observed complexes 
are marked with an asterisk. As a control for knockdown efficiency, 50 µg of mitochondria were subjected to 
SDS-PAGE followed by western blotting and immunodecoration with antibodies against Sam50 and SDHA. 
SDHA: subunit A flavoprotein of complex II. 

3.4.4 TTC19 depletion does not have an effect on MIB complex components 

In order to examine whether depletion of TTC19 influences the protein levels of MIB complex 

components, a cell line with inducible shRNA-mediated knockdown of TTC19 (ttc19kd-2) was 

produced (by Monika Götz). Knockdown of TTC19 was induced by addition of Dox for 7 days, and 

mitochondria from Dox-treated and untreated cells were isolated and separated by SDS-PAGE 

followed by western blotting. Immunodetection using antibodies against Sam50, mitofilin, CHCHD3, 

CHCHD6 and DnaJC11 demonstrated that TTC19 does not influence the levels of MIB components 

(Figure 3-29). Therefore, TTC19 reduction is a consequence and not the cause of Sam50 or mitofilin 

depletion.  
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Figure 3-29 Levels of MIB components are not reduced in TTC19-depleted cells. Mitochondria of ttc19kd-2 
cells grown for 7 days in the absence (- Dox) or presence (+ Dox) of doxycycline were isolated, and analyzed 
by SDS-PAGE and western blotting.  

3.4.5 TTC19 and MIB complex components are not present in one complex 

Ghezzi and co-workers reported that TTC19 assembles into two complexes in mouse cells, one of 

about 500 kDa and a bigger one of more than 1 MDa. They showed that TTC19 interacts with Core1 

and RISP, and therefore suggested that the smaller complex probably corresponds to respiratory 

complex III (Ghezzi et al., 2011). In HeLa cells, Ghezzi and co-workers could only detect the bigger 

more than 1 MDa complex. Interestingly, this complex was also present in 143B-derived rho0 cells 

which do not possess the four respiratory complexes that contain mitochondrially encoded (mtDNA-

encoded) subunits, and therefore, they suggested that TTC19 has another function independent of 

its role in complex III assembly (Ghezzi et al., 2011). As I observed reduced formation of the bigger 

TTC19-containing complexes upon Sam50 depletion whereas the smaller complex was detectable at 

an earlier time point, it was intriguing to speculate that the bigger TTC19-containing complex 

corresponds to the MIB complex. To examine this hypothesis, co-immunoprecipitation experiments 

with antibodies against mitofilin, Sam50 and TTC19 were performed with mitochondria isolated from 

HeLa cells (Figure 3-30). However, while an interaction of Sam50 with mitofilin could be detected, 
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TTC19 was not immunoprecipitated with antibodies against Sam50 or mitofilin. Likewise, when 

precipitating TTC19-containing complexes, mitofilin could not be detected. Therefore, a direct 

interaction between TTC19 and Sam50 or mitofilin could not be confirmed. The presence of Sam50 

could not be detected with an antibody against Sam50, as the immunoglobulin heavy chains of the 

antibodies migrated at a similar size as Sam50.  

                               

 

 

 

 

 

Figure 3-30 Mitofilin and Sam50 do not interact with TTC19. Mitochondria of HeLa2000 cells were solubilized 
in 0.75 % digitonin in lysis buffer and incubated with antibodies against mitofilin, Sam50 or TTC19 coupled to 
sepharose beads. The beads were subsequently analyzed by SDS-PAGE and western blotting for 
co-immunoprecipitated proteins.  
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3.5 TTC19 is involved in the assembly of respiratory chain complexes 

3.5.1 SILAC analysis of TTC19-depleted cells shows an effect of TTC19 on respiratory chain 

complexes 

In order to elucidate the consequence of TTC19 reduction, a SILAC analysis with the ttc19kd-2 cell 

line was performed. ttc19kd-2 cells were labeled by growth in 13C6 L-lysine/ L-arginine containing 

medium, and knockdown was induced in unlabeled cells for nine days by Dox addition. Mitochondria 

of Dox-induced and non-induced cells were isolated and protein levels were analyzed by quantitative 

mass spectrometry (Bernd Thiede, Oslo). Table 3-1 lists the proteins which were significantly reduced 

upon TTC19 depletion. 

Table 3-1: Proteins significantly downregulated upon TTC19 depletion 

UniProt no. Name Mass (kDa) Ratio (H/L) 
Q6DKK2 Tetratricopeptide repeat protein 19 (TTC19) 55.80 2.6515 
P03928 ATP synthase protein 8    7.99 1.8147 
O95182 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 7 12.55 1.6434 
P17568 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 7 16.40 1.6329 
Q9UI09 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 12 17.21 1.6242 
O95169 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8 21.77 1.6046 
P00403 Cytochrome c oxidase subunit 2 25.57 1.5474 
O43181 NADH dehydrogenase [ubiquinone] iron-sulfur protein 4 20.11 1.5425 
O94925-1 Glutaminase kidney isoform 73.46 1.4968 
P56378 6.8 kDa mitochondrial proteolipid   8.62 1.4771 
B4DJA0 NADH-ubiquinone oxidoreductase 75 kDa subunit (NDUFS1) 81.00 1.4768 
B4DLZ8 cDNA FLJ55789 51.28 1.4658 
P12074 Cytochrome c oxidase subunit 6A1 12.16 1.4585 
O00483 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4   9.37 1.4493 
O43678 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 2 10.92 1.4441 
P05161 Interferon-induced 15 kDa protein 17.89 1.4438 
P55285-1 Cadherin-6 88.31 1.4378 
P14406 Cytochrome c oxidase subunit 7A2  12.84 1.4337 
P14927 Complex III subunit 7 13.53 1.4336 
P09669 Cytochrome c oxidase subunit 6C   8.78 1.4247 
P49821-1 NADH dehydrogenase [ubiquinone] flavoprotein 1 50.82 1.4190 
B5MD66 Putative uncharacterized protein TMX2 42.47 1.4182 
Q9Y6M9 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9 21.83 1.4149 
P02792 Ferritin light chain 20.02 1.4072 
P10606 Cytochrome c oxidase subunit 5B 13.70 1.3573 
P19404 NADH dehydrogenase [ubiquinone] flavoprotein 2 27.91 1.3558 
P15954 Cytochrome c oxidase subunit 7C   7.25 1.3473 
O43920 NADH dehydrogenase [ubiquinone] iron-sulfur protein 5 12.52 1.3320 
Q8WU60 NADH dehydrogenase [ubiquinone] flavoprotein 3 50.98 1.3261 
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O95168 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 4 15.21 1.3205 
O43677 NADH dehydrogenase [ubiquinone] 1 subunit C1   8.73 1.3201 
O14949 Complex III subunit 8   9.91 1.3200 
O95298 NADH dehydrogenase [ubiquinone] 1 subunit C2 14.19 1.3133 

Knockdown was induced in ttc19kd-2 cells by the addition of doxycycline for 9 days. Non-induced ttc19kd-2 
cells were labeled by growth in 13C6L-lysine/L-arginine containing medium (H), whereas Dox-treated ttc19kd-2 
cells remained unlabeled (L). The higher the ratio H/L, the bigger the reduction of the protein in the knockdown 
mitochondria. 

Interestingly, many proteins reduced upon TTC19 depletion were respiratory complex 

subunits, similar to what we have observed after the reduction of Sam50. Respiratory complex I was 

affected the most, followed by complex IV. Concerning complex V, only the mtDNA-encoded subunit 

ATP synthase protein 8 was reduced. Additionally, the levels of the 6.8 kDa mitochondrial 

proteolipid, which had been shown to be a protein associated with ATP synthase (Meyer et al., 

2007), were affected. Besides, two subunits of respiratory complex III, subunit 7 (UQCRB) and subunit 

8 (UQCRQ), were reduced upon TTC19 depletion. Both components form a subcomplex with MT-CYB, 

the only mtDNA-encoded subunit of this respiratory complex, before being assembled into the 

cytochrome bc1 precomplex. Interestingly, a reduction of Core1 or RISP was not observed, although 

these two proteins were shown to interact with TTC19 by Ghezzi and co-workers (Ghezzi et al., 

2011). In addition to respiratory complex subunits, glutaminase (kidney isoform, K-glutaminase) and 

a protein of unknown function (cDNA FLJ55789) were reduced upon loss of TTC19.   

3.5.2 TTC19 influences protein levels of respiratory complex subunits 

In order to validate the findings of the SILAC analysis, I investigated the protein amounts of 

respiratory complex subunits in TTC19-depleted cells. For this purpose, knockdown of TTC19 was 

induced in ttc19-kd2 cells for 7 and 14 days by addition of Dox. Mitochondria of non-induced and 

Dox-induced cells were isolated and analyzed by SDS-PAGE and western blotting. Protein levels of 

respiratory complex components were assessed by immunodecoration with antibodies against 

various proteins (Figure 3-31). NDUFS1 levels were mildly reduced upon TTC19 depletion for 7 and 14 

days, but there was hardly any effect on the NDUFS2 and NDUFA9 levels. Regarding complex III, a 

weak reduction in Core1 levels could be observed, whereas RISP and subunit 8 were more strongly 

affected. For complex IV, a mild reduction in COX2 levels after 14 days of TTC19 depletion but not in 

COX5a or COX1 levels could be detected. The levels of the complex II component SDHA were not 

altered. Besides, reduction of K-glutaminase in TTC19-depleted cells, as found in the SILAC 

experiment, could not be confirmed.  
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Figure 3-31 Several respiratory complex components are affected by TTC19 depletion. ttc19kd-2 cells were 
grown in the presence (+ Dox) or absence (- Dox) of doxycycline for 7 or 14 days. Mitochondria were isolated, 
and 25 µg and 50 µg of mitochondrial protein were analyzed by SDS-PAGE and western blotting.  

As TTC19 has been described to be involved in respiratory complex III assembly, I produced an 

inducible shRNA-mediated knockdown cell line of Core1, core1kd-1, to examine whether the 

observed effect of TTC19 depletion on complex I subunit NDUFS1 and complex IV subunit COX2 was 

not perhaps a side-effect of reduced complex III levels. After 7 days of Core1 knockdown induction by 

Dox addition, mitochondria of Dox-treated and untreated cells were isolated and analyzed by 

SDS-PAGE followed by western blotting. Immunodecoration with antibodies against RISP, NDUFS1, 

COX2 and SDHA showed that Core1 depletion only affected the stability of the complex III 

component RISP, whereas levels of subunits of the other complexes were unaltered (Figure 3-32). 

Therefore, the reduction in protein levels of complex I and complex IV components upon TTC19 

depletion cannot be attributed to decreased complex III levels.  
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Figure 3-32 Protein levels of complex I, II and IV components are not altered in Core1-depleted cells. 
Mitochondria of core1-kd1 cells grown for 7 days in the presence (+ Dox) or absence (- Dox) of doxycycline 
were isolated, and 25 µg and 50 µg of mitochondrial protein were analyzed by SDS-PAGE followed by 
western blotting.  

Next, I aimed to elucidate whether only TTC19 depletion affected levels of respiratory complex 

components or whether respiratory complexes equally had an influence on the amount of TTC19 in 

mitochondria. Therefore, knockdown of the respective protein was induced in ndufs1kd-1, core1kd-1 

and cox5akd-2 cells by Dox addition for 7 days, and mitochondria of Dox-treated and untreated cells 

were isolated. Subsequently, they were separated by SDS-PAGE followed by western blotting. 

Immunodecoration with an antibody against TTC19 showed that the levels of this protein were not 

altered when respiratory complex subunits were reduced (Figure 3-33). This demonstrated that 

reduced levels of respiratory complex components were the consequence and not the cause of 

TTC19 depletion.  

 

 

 

 
 

Figure 3-33 Respiratory complexes I, III and IV do not influence TTC19 levels. Knockdown of the respective 
protein was induced in ndufs1kd-1, core1kd-1 and cox5akd-2 cells for 7 days by the addition of doxycycline 
(Dox). Mitochondria were isolated and analyzed by SDS-PAGE and western blotting.  
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 3.5.3 TTC19 plays a role in respiratory complex assembly  

In order to examine whether TTC19 depletion affected respiratory complex formation, mitochondria 

of Dox-induced and non-induced ttc19kd-2 cells were subjected to BN-PAGE and western blotting. 

Levels of each respiratory complex were assessed by immunodecoration with antibodies against 

NDUFA9, SDHA, Core1 and COX1. Whereas levels of respiratory complexes I and II were not altered, 

the complex III dimer was completely absent and a subcomplex of complex IV strongly reduced in 

TTC19-depleted mitochondria (Figure 3-34).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-34 TTC19 influences respiratory complexes III and IV. ttc19kd-2 cells were grown for 7 days in the 
presence (+ Dox) or absence (+ Dox) of doxycycline. Mitochondria were isolated, solubilized in 1 % digitonin 
and subjected to BN-PAGE and western blotting.  
 

To further investigate the effect of TTC19 loss on respiratory complex assembly, in vitro import 

studies were performed. Mitochondria of ttc19-kd2 cells treated with Dox for 7 days to induce 

knockdown and of untreated cells were isolated, and 35S-labeled NDUFS1, Core1, subunit 7 and 

COX6A were in vitro imported. Analysis of mitochondria by BN-PAGE followed by autoradiography 

demonstrated that loss of TTC19 affected supercomplex formation of respiratory complexes I, III and 

IV (Figure 3-35). Besides, the amounts of the complex IV monomer were strongly reduced, whereas 

the effect on complex I subcomplexes was not as pronounced. Complex III was almost exclusively 

present in supercomplexes when 35S-labeled Core1 was imported. An effect of TTC19 depletion on 

complex III dimer formation could not be observed.  However, the dimer formation was difficult to 

assess as the signal for the complex III dimer was very weak. Therefore, I imported 35S-labeled 

subunit 7 to be able to better visualize the complex III dimer and could observe that both the 
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amounts of the supercomplexes and the complex III dimer were strongly reduced upon TTC19 

depletion, confirming the role of TTC19 in complex III assembly. The results of the in vitro 

experiments corroborate the idea that TTC19 is involved in respiratory complex assembly and might 

especially be important for supercomplex formation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-35 Respiratory complex formation is impaired in TTC19-depleted cells. NDUFS1, COX6A, Core1 and 
subunit 7 were labeled by transcription/translation in vitro in the presence of [35S] methionine/[35S] cysteine. 
35S-labeled proteins were mixed in KAc buffer with mitochondria of ttc19kd-2 cells grown for 7 days in the 
presence (+ Dox) or absence (- Dox) of doxycycline. Mitochondria were solubilized in 1 % digitonin, and 
analyzed by BN-PAGE followed by autoradiography. LSIC: late-stage intermediate complex. 
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Finally, in order to exclude that loss of TTC19 results in a general impairment of protein import, 
35S-labeled ferredoxin was in vitro imported into mitochondria of TTC19-depleted mitochondria 

(Figure 3-36). Analysis by SDS-PAGE and autoradiography demonstrated that TTC19 depletion does 

not affect the import of ferredoxin, confirming that TTC19 specifically influences respiratory complex 

components.  

 

 

 

 

 

 

 

Figure 3-36 Import of ferredoxin is not affected by TTC19 depletion. ttc19kd-2 cells were grown for 7 days in 
the presence (+ Dox) or absence (- Dox) of doxycycline. Mitochondria were isolated and mixed with 
35S-labeled ferredoxin in KAc buffer for the indicated time points. Mitochondria were analyzed by SDS-PAGE 
and autoradiography, or western blot as a control for knockdown efficiency (right hand panel). SDHA: 
subunit A flavoprotein of complex II. 
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4 DISCUSSION 

4.1 Human mitochondria exhibit high specificity regarding import and assembly of 

bacterial β-barrel proteins 

Sam50/Omp85, the central component of the mitochondrial sorting and assembly machinery (SAM), 

is evolutionary conserved from gram-negative bacteria to mammalian cells (Humphries et al., 2005; 

Kozjak et al., 2003; Paschen et al., 2003). The C-terminal part of Sam50/Omp85 consists of 16 

β-strands which are integrated into the OM  (Gentle et al., 2005). The N-terminal part is exposed to 

the intermembrane space in mitochondria or the periplasm in bacteria (Kozjak et al., 2003; Paschen 

et al., 2003; Voulhoux et al., 2003). In mitochondria, the N-terminus of Sam50 includes one 

polypeptide transport-associated (POTRA) domain, whereas bacterial Omp85 possesses five POTRA 

domains (Gentle et al., 2005; Sanchez-Pulido et al., 2003).  

A study by Walther and colleagues demonstrated that the β-barrel protein VDAC of the fungus 

Neurospora crassa can be assembled into the OM of E. coli (Walther et al., 2010). Likewise, β-barrel 

proteins of E. coli and N. gonorrhoeae can be imported into mitochondria of the baker’s yeast 

Saccharomyces cerevisiae and are integrated into their OMM (Walther et al., 2009a). Therefore, we 

aimed to elucidate whether the same applies to bacterial β-barrel proteins in human cells. All 

β-barrel proteins tested of E. coli and S. enterica were not targeted to human mitochondria. Only 

Omp85 of N. gonorrhoeae was imported (Kozjak-Pavlovic et al., 2011). Earlier studies have 

demonstrated that PorB of N. gonorrhoeae (PorBNgo) and PorB of N. meningitidis (PorBNme) are 

imported into mitochondria (Massari et al., 2000; Müller et al., 2000), whereas PorB of the 

commensal strain N. mucosa remained cytosolic (Müller et al., 2002). This raised the interesting 

hypothesis that the ability to target PorB to mitochondria is linked to pathogenicity (Müller et al., 

2002). When I tested whether human mitochondria can import PorB of N. lactamica (PorBNla), 

N. sicca (PorBNsi) and N. cinerea (PorBNci) within this study, I, however, could not confirm this link 

(Figure 3-1A). PorBNla and PorBNsi were both targeted to mitochondria, although not exclusively. 

PorBNci, on the other hand, appeared to be only cytosolic, but when I tested the ability of Omp85Ngo 

to integrate the PorB proteins, there was also a weak signal of a protein complex formed by PorBNci in 

mitochondria (Figure 3-2 and Kozjak-Pavlovic et al., 2011). Thus, probably a small fraction of this 

protein was imported into mitochondria as well. One interesting difference was observed between 

PorBNgo and the other PorB proteins when assessing the loss of ΔΨ. Whereas PorBNgo expression 

always resulted in the loss of ΔΨ, in the case of PorBNla and PorBNsi ΔΨ was lost only when there was 

a strong signal and therefore probably a high concentration of these proteins in the mitochondria. 
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When only a weak signal was detected, which would correspond to less protein in the mitochondria, 

ΔΨ was retained. When examined by BN-PAGE, however, no formation of complexes could be 

observed, indicating that PorBNla and PorBNsi were accumulating in the IMS similar to PorBNgo although 

they did not always affect ΔΨ. The fact that lower levels of PorBNla and PorBNsi do not cause loss of 

ΔΨ could indicate that they are not as harmful to mitochondria as PorBNgo. This would support the 

hypothesis that the ability to target PorBNgo to mitochondria is linked to the pathogenicity of 

N. gonorrhoeae (Kozjak-Pavlovic et al., 2009; Müller et al., 2002). On the other hand, it could also be 

possible that PorBNla and PorBNsi are imported into mitochondria less efficiently than PorBNgo and 

therefore do not always reach an amount that can affect mitochondria. This explanation could be 

supported by the fact that PorBNla and PorBNsi were not exclusively localized to mitochondria, but a 

portion of these proteins remained cytosolic.  

Apart from the PorB proteins of different neisserial strains, I also tested whether Omp85Nci 

could be targeted to mitochondria. Overexpression experiments showed that Omp85Nci, as 

Omp85Ngo, is efficiently imported into mitochondria. Interestingly, PorB of the same strain appears to 

remain cytosolic. In contrast to the tested neisserial PorB proteins, Omp85Nci, as Omp85Ngo, never 

affected ΔΨ, and BN-PAGE analysis demonstrated that it was integrated into the OMM. This shows 

that although both PorB and Omp85 are recognized by the TOM complex, only Omp85 is recognized 

by the SAM complex. The difference in membrane integration between Omp85 and PorB might occur 

because the mammalian Sam50, who itself is assembled by the SAM complex, is homologous to 

bacterial Omp85, whereas PorB is not conserved in eukaryotes and shows no homology to eukaryotic 

porin/VDAC. Interestingly, when expressing the PorB proteins of different neisserial strains together 

with Omp85Ngo and Omp85Nci, PorB integration into the OMM could be observed (Figure 3-2 and 

Kozjak-Pavlovic et al., 2011). This demonstrates that Omp85 is not only integrated into the OMM but 

can also exercise its natural function in mitochondria, which is to assist membrane assembly of 

β-barrel proteins. 

The results of my work and that of our group are in contrast to a study by Jiang and co-workers 

in which they show that the PorB proteins of N. gonorrhoeae and N. meningitidis are recognized by 

the SAM complex and integrated into the OMM in mouse cells, and generalize this finding to all 

mammalian cells  (Jiang et al., 2011). In our work, however, we always observe a loss of ΔΨ when 

PorBNgo is present in human mitochondria, indicating that it cannot be integrated into the OMM but 

accumulates in the IMS/IMM and causes damage to mitochondria (Kozjak-Pavlovic et al., 2009; 

Kozjak-Pavlovic et al., 2011). Even though the authors claim that only a small amount of PorBNgo is 

membrane integrated in mouse mitochondria, if that was indeed the case with human mitochondria 
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we would expect to be able to detect these small amounts of assembled PorB in the form of protein 

complexes in the human OMM. However, we have never observed any protein complexes formed by 

PorB after targeting to human mitochondria. This difference between the work of Jiang and 

co-workers on the one hand and our work on the other hand shows that they cannot generalize their 

findings in mouse cells to all mammalian cells.  

Whereas Walther and co-workers suggest that no eukaryotic-specific mitochondrial import 

signal has evolved in β-barrel proteins upon their finding that bacterial β-barrel proteins can be 

imported into yeast mitochondria, and contemplate this as a prove for the strict conservation 

between the β-barrel assembly of bacteria and eukaryotes (Walther et al., 2009a), my work and the 

work of our group contradicts this hypothesis (Kozjak-Pavlovic et al., 2011). The fact that not all 

bacterial β-barrel proteins can be imported into mitochondria in mammalian cells and not all 

imported proteins can be integrated into the OMM demonstrates that although the TOM complex 

and Sam50 of the SAM complex are conserved among the organisms, they are not similar enough to 

recognize always the same proteins. The human import machinery, in contrast to the yeast one, 

seems to exhibit a certain selectivity regarding the import and membrane assembly of β-barrel 

proteins. This finding emphasizes that mechanisms found in model organisms like S. cerevisiae or 

N. crassa cannot necessarily be transferred to mammalian cells even though the proteins involved 

are conserved. Therefore, it is inevitable to carefully investigate the processes in mammalian cells 

even though it is more difficult and complex to conduct studies in the mammalian model system. 

4.2 β-barrel proteins do not possess a linear signal which targets them to mitochondria 

After expression of the E. coli β-barrel proteins BamA and OmpC in human cells, we found that they 

were not targeted to mitochondria (Ott et al., 2012). Therefore, I next aimed to answer the question 

why their import behavior differed from their neisseiral neisserial homologs, Omp85 and PorB. I tried 

to locate the signal that targets Omp85 and PorB to mitochondria by exchanging domains of these 

proteins with those of BamA and OmpC, respectively. For Omp85Ngo, I could show that the signal is 

localized in its C-terminal half, which includes its 16 β-strands (Figure 3-4A). However, it was not 

possible to further limit the targeting signal to a single quarter of the Omp85Ngo sequence, as I 

observed the loss of mitochondrial targeting in the chimeric proteins Omp85¾BamA¼ and 

Omp85½BamA¼Omp85¼, which still contained three quarters of Omp85Ngo (Figure 3-5). On the 

other hand, targeting of Omp85Ngo to human mitochondria could be impaired by mutating only single 

amino acids (Figures 3-6 and 3-7). This demonstrates that there probably are amino acids important 

for mitochondrial targeting spread throughout the C-terminal half of Omp85Ngo, indicating that the 
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secondary structure and charge of the protein, rather than a linear signal sequence, are very 

important for import into mitochondria.  

In the case of PorBNgo, its 22 C-terminal amino acid residues were sufficient to mediate 

mitochondrial import, as I could show by expressing the construct OmpC-PorB316-327 (Figure 3-10). The 

construct PorB-OmpC341-367, in which the 22 C-terminal amino acid residues were replaced with the 

27 C-terminal amino acid residues of OmpCEcoli, was exclusively cytosolic, underlining the importance 

of these amino acids for the mitochondrial targeting of PorBNgo. On the other hand, the construct 

PorB¾OmpC¼, which lacked the 71 C-terminal amino acid residues of PorBNgo, was also imported into 

mitochondria in some cases (Figure 3-9), indicating that the signal for mitochondrial targeting of 

PorBNgo is not exclusively present in the 22 C-terminal amino acid residues, but that, as is the case for 

Omp85Ngo, rather the secondary structure or charge of the protein may play an important role. In 

contrast to Omp85Ngo, the amino acid residues of the last β-barrel strand are not crucial for the 

import of PorBNgo into mitochondria (Figure 3-11). This shows that the signal which targets β-barrel 

proteins to mitochondria is not conserved among different proteins, and again suggests a complex 

internal import signal instead of a short linear signal sequence.  

4.3 Two POTRA domains are required for OMM integration and function of Omp85 

A study of Bos and colleagues showed that in N. meningitidis only the last of the five POTRA domains 

of Omp85 is required for membrane integration and function (Bos et al., 2007). In contrast to this 

finding, I could show that in human mitochondria at least two POTRA domains are necessary for 

Omp85Ngo assembly and functionality (Figure 3-13). This difference might be explained by the fact 

that in Neisseria, Omp85 is present together with four accessory lipoproteins that might assist its 

integration and function. Additionally, Omp85 might be better adapted to the asymmetric outer 

membrane of gram-negative bacteria, consisting of one phospholipid and one lipopolysaccharide 

leaflet, than to the phospholipid bilayer membrane of mitochondria.  

When only two POTRA domains were present, I could not observe any formation of Omp85Ngo 

protein complexes by BN-PAGE analysis. However, the protein was integrated into the OMM, as 

there was no loss of membrane potential and therefore no protein accumulation in the IMS (Figure 

3-13B), and as it was functional and integrated PorBNgo (Figure 3-13C). Thus, when only two POTRA 

domains are present, Omp85Ngo is probably either present as a monomer or its complex formation is 

so labile that it is disrupted by digitonin treatment and BN-PAGE analysis. This shows that one more 

POTRA domain is required for stable oligomerization of the complex, and, in addition, that Omp85 

might be functional as a monomer. This finding fits to the study of Bos and colleagues, who could 
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detect no oligomeric Omp85 when only one POTRA domain was present although the protein was 

functional, and also suggested that the protein is either not present in a complex or that the complex 

is instable and falls apart when analyzed by semi-native SDS-PAGE (Bos et al., 2007). 

Interestingly, the chimeric protein BamA½Omp85, in which all five POTRA domains of 

Omp85Ngo are replaced by those of BamAEcoli, is functional (Figure 3-4B). This could indicate that the 

POTRA domains are sufficiently conserved between BamAEcoli and Omp85Ngo to retain their 

functionality. Alternatively, it might be sufficient that an N-terminal sequence of a specific minimal 

length is attached to the C-terminal half of Omp85Ngo to mediate OMM integration and function. This 

could be tested in future by adding a random protein sequence to the C-terminal half of Omp85Ngo.  

4.4 The β-sorting signal is not sufficient for membrane integration of Omp85 and PorB 

The fact that two POTRA domains are required for the assembly of Omp85Ngo in the OMM 

additionally demonstrates that the β-signal of the protein is not sufficient membrane integration. 

This could also be observed when I replaced the β-signal of PorBNgo with the one of Omp85Ngo. 

Expression of this construct, as PorBNgo expression, led to a loss of ΔΨ (Figure 3-12), indicating that it 

could not be integrated into the OMM.  

These findings fit to a former study conducted in our group, which demonstrated that the 

membrane integration of the human β-barrel protein VDAC1 can be impaired by mutating single 

amino acid residues throughout the protein sequence (Kozjak-Pavlovic et al., 2010). Additionally, a 

study performed in N. crassa showed that removing amino acid residues close to the N-terminus of 

Tom40 prevents the assembly of this protein (Rapaport et al., 2001). 

Thus, both my results and those of previous studies demonstrate that in eukaryotic cells the 

β-signal is required but not sufficient for OMM integration of β-barrel proteins.  

4.5 The MIB complex is a crucial organizer of cristae structure 

Previous work in our group has demonstrated that depletion of the central pore-forming component 

of the SAM complex, Sam50, leads to a complete loss of mitochondrial cristae structure (Ott et al., 

2012). Therefore, in my work I aimed to contribute to elucidating in which way Sam50 is linked to the 

formation and maintenance of cristae structure.  

Recently, Xie and co-workers produced an antibody against mitofilin and found that this 

protein is present in a complex with Sam50, CHCHD3, CHCHD6, DnaJC11, and metaxins 1 and 2 (Xie 

et al., 2007), but no further investigations into the role of this complex were performed. 
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Interestingly, mitofilin was shown before to be involved in maintaining cristae structure (John et al., 

2005). The phenotype of mitofilin loss, however, differed from the one we observed upon Sam50 

knockdown. When mitofilin was depleted, cristae junctions were absent and cristae membranes 

were present as concentric onion-like rings (John et al., 2005), whereas Sam50 loss resulted in an 

almost complete absence of cristae (Ott et al., 2012). 

In my work and the work performed in our group, we could confirm that the complex 

described by Xie and co-workers exists and is required for the maintenance of cristae structure 

(Figure 4-1). We demonstrated by BN-PAGE analysis that mitofilin and CHCHD3 are present in a 

complex of 700 – 800 kDa and in an additional one of more than 1 MDa, whereas Sam50 is only part 

of the bigger complex which we termed mitochondrial intermembrane space bridging holo 

(holo-MIB) complex (Figure 3-15). Furthermore, we could show by BN-PAGE analysis that knockdown 

of CHCHD3, Sam50 or mitofilin influences the complex formation of each other. The influence of 

Sam50 and mitofilin on CHCHD3 assembly could additionally be confirmed by in vitro import studies 

(Figure 3-16). We could demonstrate that the connection of mitofilin to the OMM possibly via Sam50 

and CHCHD3 is absolutely crucial for cristae maintenance, as the cristae structure is lost upon Sam50 

depletion even though the levels of mitofilin are unchanged. Without Sam50 or CHCHD3, mitofilin is 

present only in the smaller complex (Figure 3-15), which seems alone not to be sufficient for the 

maintenance of the cristae structure. Likewise, CHCHD3 requires the presence of Sam50 to be 

integrated into the holo-MIB complex (Ott et al., 2012 and Figures 3-14 and 3-15). In contrast to 

mitofilin, CHCHD3 levels are reduced upon Sam50 loss (Ott et al., 2012). In addition, the stability of 

Sam50 seems to depend completely on the presence of mitofilin or CHCHD3. When one of these 

proteins is depleted, Sam50 protein levels and complex formation are strongly reduced, indicating 

that Sam50 is present only as a part of the holo-MIB complex. This finding is in contrast to previous 

studies performed by our group (Kozjak-Pavlovic et al., 2007) and other groups (Humphries et al., 

2005), where Sam50 was described to be present in a complex of around 200 kDa, which I could not 

detect in my work. This difference could be explained by the different methods utilized to detect 

protein complexes of Sam50. Whereas I used BN-PAGE to study complex formation by Sam50, the 

previous studies applied BN-PAGE in the first dimension followed by SDS-PAGE in the second 

dimension. This latter method might be more sensitive for detection of small protein amounts. 

However, it is possible that the lower Sam50-containing complex is a subcomplex solely appearing 

upon digitonin solubilization, as a nearly complete loss of Sam50 protein levels upon mitofilin 

depletion is difficult to explain if Sam50 is present in another stable complex without mitofilin.  
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Two other components reported by Xie and colleagues to be present in a complex with 

mitofilin, CHCHD3 and Sam50 are CHCHD6 and DnaJC11 (Xie et al., 2007). CHCHD6 is described to be 

an IMM-associated protein (An et al., 2012). For DnaJC11, I could show that its largest 64 kDa isoform 

is soluble, whereas the 57 KDa isoform is membrane-integrated. The 35 kDa isoform is present in the 

IMS or IMM (Figure 3-17). CHCHD6 is lost upon mitofilin depletion, while DnaJC11 is reduced when 

Sam50 is depleted and slightly affected by mitofilin loss, probably as a secondary effect of Sam50 

reduction (Figure 3-18). CHCHD3 has no effect on CHCHD6 or DnaJC11 levels. When I depleted 

CHCHD6 or DnaJC11, I could not observe any effect on the levels  of other MIB complex components 

(Figure 3-19) and analysis by TEM showed no pronounced effect on the cristae structure 

(Figure 3-20). Therefore, these two proteins are probably only peripheral components of the MIB 

complex.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1 The holo-MIB complex spans OMM and IMM. The connection between the OMM protein Sam50 
and the IMM protein mitofilin is required for the maintenance of the cristae structure. Both proteins are 
probably connected by CHCHD3 (Darshi et al., 2011).  

Research of other groups confirmed the importance of the MIB complex for the maintenance 

of the cristae structure. During our investigations, a study was published by Darshi and co-workers 

which demonstrated CHCHD3 to be crucial as a cristae organizer (Darshi et al., 2011). Upon CHCHD3 



DISCUSSION 
 

104 
 

reduction, they observed a phenotype similar to the one we see when Sam50 is depleted. They 

reported an interaction of the N-terminal part of CHCHD3 with Sam50, for which myristoylation at 

the N-terminal myristoylation site of CHCHD3 is required, and of the C-terminal part with mitofilin. 

Therefore, they assumed that CHCHD3 connects Sam50 with mitofilin. However, they did not 

investigate whether Sam50 and mitofilin also directly interact with each other. Besides, they 

reported that shortening of the C-terminus prevents and shortening of the N-terminus strongly 

impairs the import of CHCHD3 (Darshi et al., 2011; Darshi et al., 2012); therefore, it is difficult to 

judge how reliable their results regarding the interaction of mutated CHCHD3 with Sam50 and 

mitofilin are. 

In addition to the interaction of CHCHD3 with Sam50 and mitofilin, Darshi and colleagues 

observed an interaction with Opa1 and HSP70, and reported a decrease of Opa1 levels upon CHCHD3 

depletion (Darshi et al., 2011). Opa1 is a large GTPase with a crucial function in mitochondrial fusion 

(Cipolat et al., 2004). Besides, it was demonstrated that Opa1 depletion results in an altered cristae 

morphology and cyt c release (Olichon et al., 2003). Consistently, Darshi and co-workers observed 

impaired fusion when CHCHD3 levels are reduced. The cristae defect which they and we observe 

upon CHCHD3 or Sam50 depletion, however, cannot only be attributed to Opa1 decrease, as we did 

not find reduced Opa1 levels in Sam50-depleted mitochondria (Ott et al., 2012). However, we cannot 

completely exclude a connection between Sam50 and Opa1. Regarding mitofilin, we could not 

observe any changes in its levels in Sam50-depleted mitochondria, but only in CHCHD3-depleted 

mitochondria. Therefore it could be possible that Sam50 depletion accordingly does not alter Opa1 

levels but affects the formation of Opa1 complexes, which could subsequently have an influence on 

cristae formation. Thus, the connection between CHCHD3 and Opa1 observed by Darshi and 

colleagues would offer an explanation why the loss of both Opa1 and MIB components leads to 

impaired cristae structure; however, the observed defect cannot solely be attributed to altered Opa1 

levels.  

An and co-workers described CHCHD6 as a crucial cristae organizer (An et al., 2012). They 

observed a loss of cristae structure when they downregulated CHCHD6 in RKO and MCF7 cells. 

Besides, they saw a loss of mitofilin in SK-Mel-103 cells and a reduction in mitofilin levels in RKO cells 

upon CHCHD6 depletion. On the other hand, when they depleted mitofilin, CHCHD6 was completely 

lost in RKO cells and reduced in SK-Mel-103 cells. They showed that CHCHD6 interacts with mitofilin 

via its C-terminus. In addition, they demonstrated an interaction of CHCHD6 with CHCHD3 and DISC1. 

However, they did not mention the interaction with Sam50. The finding of An and co-workers that 

CHCHD6 has a role as a cristae organizer is in contrast to my observation that this protein does not 



DISCUSSION 
 

105 
 

affect the cristae structure. However, they saw a reduction of mitofilin when they depleted CHCHD6, 

whereas I did not observe any changes in the levels of mitofilin or other MIB components upon 

CHCHD6 depletion (Figure 3-19). Therefore, the effect they observed upon CHCHD6 loss is probably 

the consequence of reduced mitofilin levels and not of CHCHD6 reduction alone. This difference 

might occur due to the different cell types which were used for the investigations. My work was 

performed in HeLa cells, whereas they used RKO and SK-Mel-103 cells to examine protein levels of 

CHCHD6 and mitofilin and also observed differences between the cell lines regarding the influence of 

the two proteins on each other. 

Alkhaja and co-workers reported the integral IMM protein MINOS1 as an additional 

component interacting with mitofilin. Additionally, they confirmed an interaction of MINOS1 with the 

described mitofilin interaction partners CHCHD3, heat shock 70 kDa protein 9 (HSPA9), Sam50, and 

metaxins 1 and 2, but did not probe for the interactions with CHCHD6, DnaJC11, DISC1 and Opa1 

(Alkhaja et al., 2012). MINOS1 was identified as a homolog of yeast Mio10, which was shown to be 

one of the crucial proteins involved in cristae formation in that organism (see 4.6). This component 

was probably overlooked by Xie and co-workers when they first described the interaction partners of 

mitofilin due to its small size of only 10 kDa. Alkhaja and colleagues, however, only showed that 

Mio10 strongly affects cristae structure in yeast, but did not demonstrate whether MINOS1 has the 

same effect in human cells. Therefore, to be able to assess the role and importance of MINOS1 in 

human mitochondria, it would be necessary to examine the cristae structure and the protein levels of 

the other MIB components upon MINOS1 depletion. 

In conclusion, the research of other groups supports the importance of the MIB complex for 

the maintenance of cristae structure. However, they all focused on the role of proteins integrated 

into or associated with the IMM for the cristae structure, but missed the importance of the 

connection of the mitofilin complex with Sam50 in the OMM, although some of them mentioned this 

interaction. Our work has established that the connection to Sam50 is crucial for the stability of the 

MIB complex and subsequent maintenance of the cristae structure. 

4.6 Mitofilin complexes as organizers of cristae structure are evolutionary conserved 

Homologs of mitofilin exist in both yeast and C. elegans. In yeast, the mitofilin homolog was termed 

Formation of Crista Junction protein 1 (Fcj1), as its loss resulted in decreased crista junction numbers 

(Rabl et al., 2009). Its function was shown to be antagonized by ATP synthase subunits e and g.  
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Recently, the mitofilin-containing complex in yeast and its role in cristae organization has been 

described independently by three groups using different approaches. It was named MINOS 

(Mitochondrial Inner Membrane Organizing System)/MICOS (Mitochondrial Contact Site complex)/ 

MitOS (Mitochondrial Organizing Structure) (Harner et al., 2011a; Hoppins et al., 2011; von der 

Malsburg et al., 2011). All groups showed that Fcj1 interacts with the five components Aim5 (Mcs12), 

Aim13 (Mcs19), Aim37 (Mcs27), Mio10 (Mcs10, Mos1), and Mio27 (Mcs29, Mos2). Aim proteins were 

first identified in a screen for proteins required for inheritance of mitochondria (Hess et al., 2009), 

whereas Mio10 and Mio27 are previously uncharacterized proteins. Except for Aim13, which is 

soluble and located in the IMS, all other MINOS/MICOS/MitOS components are IMM proteins 

(Harner et al., 2011a; Hoppins et al., 2011; von der Malsburg et al., 2011). All groups demonstrated 

that Fcj1 and Mio10 affected cristae structure the most, whereas Mio27 deletion had hardly any 

effect. Harner and colleagues reported that Fcj1 is present in two complexes of about 700 kDa and 

1.5 MDa (Harner et al., 2011a), which corresponds to the complex sizes we observe for mitofilin and 

CHCHD3 in mammalian cells. Von der Malsburg and co-workers found that the size of the MINOS 

complex is in the MDa range, but reported no smaller Fcj1 containing complex (von der Malsburg et 

al., 2011). 

In addition to this core complex, however, the groups found different interaction partners of 

Fcj1. Hoppins and co-workers identified the MitOS complex by a genetic interaction map and 

observed an interaction with the NADH dehydrogenase Nde1, prohibitin subunits, respiratory chain 

subunits and assembly factors, and mitochondrial carrier proteins. Additionally, they reported 

interactions with the OMM proteins Por1, Tom70 and OM45. They observed that defects connected 

to MitOS loss required assembled ATP synthase and suggested that the presence of ATP synthase 

dimers is necessary for the formation of the normal cristae structure in a MitOS-dependent way 

(Hoppins et al., 2011).  

Harner and colleagues described an interaction of the MICOS complex with the yeast OMM 

protein Ugo1 and with Sam50 (Harner et al., 2011a). Besides, they saw an interaction of Sam50 not 

only with Fcj1 but also with Aim37 and Mio27. In contrast to Hoppins and co-workers, they could not 

detect an interaction of Fcj1 with TOM components or OM45 in co-immunoprecipitation 

experiments.  Interestingly, when they deleted Ugo1, which is required for mitochondrial fusion and 

interacts with the Opa1 ortholog Mgm1 (Sesaki and Jensen, 2001; Sesaki and Jensen, 2004), they 

observed an altered mitochondrial structure and a loss of crista junctions. In their later work they 

also described a cristae defect upon Sam35 depletion and subsequent Sam50 reduction (Körner et 

al., 2012). They observed that the ratio of IMM to OMM was increased about twofold upon Sam35 
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down-regulation (Körner et al., 2012), similar to what they found before upon Fcj1 depletion (Rabl et 

al., 2009). The number of CJs, however, was only moderately reduced after Sam35 downregulation 

(Körner et al., 2012) Thus, Körner and colleagues, similar to our group, observed the influence of 

OMM proteins on the cristae structure of the IMM and established a role of the SAM complex in the 

maintenance of cristae structure in yeast, similar to what we observe in mammalian cells (Ott et al., 

2012).  

Von der Malsburg and colleagues described an interaction of the MINOS complex with the 

TOM complex and Mia40, the central component of the MIA import pathway (von der Malsburg et 

al., 2011). They observed an influence of Fcj1 on the MIA pathway and suggested that the role of 

mitofilin in the MIA pathway is independent of its function in the MINOS complex, as the other 

components did not exercise an influence on the protein import via the MIA pathway. In their later 

work, they could also detect the interaction with Sam50 first described by Harner and colleagues 

(Zerbes et al., 2012).  

The two groups, however, disagree in their findings about the importance of this connection 

and about the domains of Fcj1 which are required for cristae maintenance and interaction with 

Sam50. Fcj1 possesses a transmembrane domain behind its N-terminal mitochondrial targeting 

sequence, followed by a large hydrophilic IMS part, which includes a coiled-coil domain and a 

conserved mitofilin domain at the C-terminus (Körner et al., 2012; Zerbes et al., 2012). When Zerbes 

and co-workers dissected the roles of the different Fcj1 domains, they found that the coiled-coil 

domain interacts with Aim5 and Aim13. Its loss did not result in a complete defect in cristae 

structure, but led to an intermediate phenotype. The interaction with Sam50 was reduced when this 

domain was absent. In addition, they reported that the conserved C-terminal mitofilin domain 

comprising 49 amino acid residues is required for MINOS stability and maintenance of the cristae 

structure. Its loss, however, did not impair the interaction of MINOS with Sam50 and Tom40 but 

even enhanced it. Therefore, they concluded that the contact of Fcj1 with the OMM complexes is not 

sufficient for maintaining cristae structure. However, they could not exclude that this interaction is 

nevertheless required. Körner and co-workers also reported the importance of the C-terminal 

domain for the cristae structure (Körner et al., 2012). However, they also found the coiled-coil 

domain to be required for cristae maintenance. Besides, in contrast to the finding of Zerbes and 

colleagues, they reported that the C-terminus of Fcj1 interacts with Sam50, and they observed that 

the loss of the SAM complex disturbed the cristae structure. Interestingly, when they deleted Fcj1, 

they did not see a reduction in Sam50 levels. Therefore, the connection between Fcj1 and Sam50 

does not seem to be required for Sam50 stability in yeast, in contrast to our findings in human cells. 
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It would, however, be necessary to investigate whether formation of complexes by Sam50 is altered 

upon Fcj1 depletion in order to evaluate the influence of Fcj1 on Sam50. It is possible that Sam50 in 

yeast is present in addition in a separate stable complex with Sam37 and Sam35 and therefore 

Sam50 levels remain unaltered upon Fcj1 depletion.   

The two groups also reported contradicting findings regarding the influence of Fcj1 on 

mitochondrial import of β-barrel proteins. Harner and colleagues claim that the loss of Fcj1 does not 

significantly influence the import of these proteins, e.g. porin, consistent with their finding that 

Sam50 levels remain unaltered when Fcj1 is deleted (Harner et al., 2011a). Bohnert and co-workers, 

on the other hand, observed an effect of Fcj1 on the biogenesis of the β-barrel protein Tom40 

(Bohnert et al., 2012). In addition, they found that the defect in Tom40 assembly upon Fcj1 loss is 

impaired at a stage before the SAM complex. As the two groups investigated the import of different 

β-barrel proteins, it is possible that the difference they observe can be explained by the fact that 

depletion of Fcj1 affects the import of some, but not of all β-barrel proteins. We did not investigate 

the import of β-barrel proteins into human mitochondria of mitofilin-depleted cells, but a defect is 

probable as Sam50 levels are strongly reduced upon mitofilin depletion in mammalian cells.  

Apart from S. cerevisiae, mitofilin homologs have also been discovered in C. elegans. First, Mun 

and co-workers described two homologs of mitofilin, IMMT-1 and IMMT-2, which both are IMM 

proteins. immt-1 and immt-2 mutants showed reduced brood size, decreased motility, reduced 

sensitivity to reactive oxygen species and reduced biogenesis of mitochondria. Their cristae were 

lengthened, curved and stacked, and had a reduced number of crista junctions. Besides, the immt-2 

mutant and the double mutant had large pores in their OMM (Mun et al., 2010).  

Head and colleagues discovered that the mitofilin homolog IMMT-1, the CHCHD3 homolog 

CHCH3 and the OMM protein MOMA1 all have the same effect on cristae structure. Interestingly, 

MOMA1 is homologous to yeast Aim37 and Mio27 (Head et al., 2011). They, however, reported that 

IMMT-1 and IMMT-2 have different effects on mitochondria. immt-1 mutant cells had mitochondria 

with localized swellings and thin tubular extensions. immt-2 mutants, on the other hand, possessed 

mitochondria that were thinner and more connected. Interestingly, they observed the same effect in 

Sam50 knockout C. elegans. In addition, they found that MOMA-1 and IMMT-1 act in the same 

pathway and therefore suggested a possible interaction between IMMT-1 and MOMA-1, which they, 

however, could not confirm with first co-immunoprecipitation experiments. CHCH3 seems to act 

independently of the other two proteins or have additional functions as its loss in moma1 or immt1 

mutants resulted in a more severe phenotype (Head et al., 2011)  
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In conclusion, Head and co-workers also observed a connection between mitofilin and OMM 

proteins, and demonstrated that these OMM proteins are involved in the maintenance of cristae 

structure. Together with the work conducted by Harner, Körner and colleagues in yeast, this 

demonstrates that a mitofilin complex bridging the OMM and IMM did not develop in mammals, but 

is a conserved structure for maintaining the cristae morphology. Interestingly, Harner and colleagues 

discovered the complex in an approach to identify the contact site structure between OMM and 

IMM, and not in search for proteins involved in the maintenance of cristae structure. Likewise, the 

holo-MIB complex we identified probably represents the contact site structure or one of the contact 

site structures in mammalian mitochondria, which were described for the first time nearly 50 years 

ago (Hackenbrock, 1966) but whose components could not be determined before. The work of other 

groups, on the other hand, highlighted the role of mitofilin complexes in crista junction formation 

(John et al., 2005; Rabl et al., 2009; von der Malsburg et al., 2011). This suggests that at least mitofilin 

and CHCHD3 are involved in formation of both contact sites between OMM and IMM and of cristae 

junctions, and raises again the hypothesis first suggested by van der Klei and co-workers that these 

two structures are linked (van der Klei et al., 1994). Although electron tomography studies 

demonstrated a random distribution of both structures (Perkins et al., 1997), our work and that of 

the other groups raises the possibility that indeed a link between crista junctions and contact sites 

exists via common protein components.  

4.7 The MIB complex influences respiratory complex assembly 

After depletion of Sam50, quantitative mass spectrometry indicated a strong reduction in the levels 

of respiratory complex I, III and IV components. This effect could be confirmed by SDS-PAGE and 

BN-PAGE analysis (Ott et al., 2012) and, for complex I and IV, by in vitro import studies (Figure 3-21). 

Upon mitofilin loss, complex I and IV assembly and levels were also reduced, although not as strongly 

as upon Sam50 depletion (Ott et al., 2012). This connection between components of the MIB 

complex and mitochondrial respiration was also discovered by Darshi and colleagues, who saw a 

reduction of respiratory complex IV components 2 and 4 when they depleted CHCHD3. They did not 

see a decrease when they tested the levels of an ATP synthase subunit, a complex III subunit and a 

complex II subunit (Darshi et al., 2011). However, they did not examine the levels of complex I 

subunits, on which we observe the strongest effect upon Sam50 or mitofilin depletion.  

A link between mitofilin complexes and respiration was also observed in yeast. When Rabl and 

co-workers first described the effects of Fcj1 loss, they reported a reduced respiratory rate and a 

slightly reduced membrane potential in Fcj1 mutant cells (Rabl et al., 2009). In their later work, they 
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demonstrated that deletion of MICOS components resulted in loss or reduction of respiratory 

capacity, with the strongest effect for Fcj1 and Mio10 and a milder influence of Aim37 and Aim5 

(Harner et al., 2011a). Besides, Hoppins and co-workers reported that the MitOS complex interacts 

with the yeast NADH dehydrogenase Nde1 and several respiratory complex subunits and assembly 

factors (Hoppins et al., 2011). Interestingly, reduced levels of a respiratory complex IV subunit were 

also observed in Trypanosoma brucei when Tob55/Sam50 was depleted, although the cristae 

structure was not altered (Sharma et al., 2010). 

As we did not find an effect of the SAM complex component metaxin 2 on respiratory complex 

levels or assembly (Figure 3-22 and Ott et al., 2012), the defect which we observed upon Sam50 

depletion is most likely not connected to its function in the SAM complex, but in the MIB complex as 

a cristae organizer. Interestingly, we observed that Sam50 and mitofilin depletion most strongly 

affected the respiratory complexes containing the most mtDNA-encoded subunits, namely 

complexes I (7 mtDNA-encoded subunits) and IV (3 mtDNA-encoded subunits). This suggests that the 

stability of mtDNA or the ability to repair mtDNA damage could be linked to Sam50 and the MIB 

complex, and that this structure is therefore crucial for correct respiratory function. Interestingly, 

two recent studies support a link between mitofilin and the maintenance of intact mtDNA. First, 

Rossi and colleagues showed that poly(ADP-ribose)polymerase (PARP-1), which has multiple 

functions including sensing of damaged DNA (D'Amours et al., 1999), is present not only in the 

nucleus but also in mitochondria. They could demonstrate that the interaction with mitofilin is 

required for the mitochondrial localization of PARP-1 as without this interaction, mitochondrial 

location of this protein is reduced. Loss of mitochondrial PARP-1 and also of mitofilin leads to the 

accumulation of mtDNA damage (Rossi et al., 2009). Recently, it was additionally demonstrated that 

polynucleotide kinase/phosphatase (PKNP), which repairs DNA strand breaks, is also present in 

mitochondria and associates with mitofilin (Tahbaz et al., 2012). Interestingly, Tahbaz and colleagues 

saw a reduction in mitofilin levels when they depleted PKNP.  

Another study, which could support the hypothesis that mitofilin is connected to mtDNA 

stability, demonstrated that Disrupted-in-schizophrenia 1 (DISC1) and mitofilin interact and that this 

interaction is required for mitofilin stability. (Park et al., 2010). Park and co-workers showed that 

both depletion of DISC1 and of mitofilin led to reduced complex I activity and decreased cellular ATP 

levels. As they saw that mitofilin is reduced when DISC1 is depleted, the effect of DISC1 loss on the 

respiratory chain could be a consequence of mitofilin reduction. The fact that they particularly 

observed a reduction in complex I activity corresponds to our results of Sam50 and mitofilin 
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depletion, as we also saw the strongest effect on this respiratory complex. The reduced ATP content 

which they observed again confirms a link between mitofilin and respiratory complex function.  

In conclusion, several studies suggest a connection between the MIB complex component 

mitofilin and respiratory complex function, and could offer an explanation how the MIB complex and 

mtDNA stability are linked. However, the finding that mitofilin is required for mitochondrial 

localization of PARP-1 and PKNP cannot explain the defect in respiratory complex formation which 

we observe in Sam50-depleted cells, which is even stronger than upon mitofilin loss. As mitofilin 

levels in these cells are normal, this would mean that PARP-1 or PKNP do not require mitofilin but 

Sam50 or CHCHD3 for their mitochondrial localization, as these proteins are also reduced upon 

mitofilin loss. However, PARP-1 and PKNP were shown to directly interact with mitofilin. It is also 

possible that the presence of mitofilin is not sufficient for mitochondrial import of PARP-1 and PKNP, 

but that this protein has to be present in the holo-MIB complex together with Sam50. Alternatively, it 

could be possible that the defect we observed is not linked to PARP-1 or PKNP. To clarify the role of 

these proteins in the defect in respiratory complex assembly which we observe upon Sam50 or 

mitofilin depletion, it would be necessary to investigate the influence of Sam50 loss on PARP-1 and 

PKNP.  

Damage or loss of mtDNA could also be not a direct consequence of mitofilin or Sam50 loss, 

but an indirect consequence due to impaired cristae structure. mtDNA is present together with 

proteins in nucleoids, which are probably tethered to the IMM (Albring et al., 1977; Iborra et al., 

2004). It could be possible that this connection to the IMM is required for nucleoid and therefore 

mtDNA stability, and that impairment of cristae structure prevents this tethering. An interesting 

connection between mitochondrial shape and mtDNA stability, for instance, was observed in yeast. 

The outer membrane proteins Mmm1, Mmm2, Mdm10 and Mdm12 all influence mitochondrial 

morphology and are required for the maintenance of mtDNA (Berger et al., 1997; Hobbs et al., 2001; 

Sogo and Yaffe, 1994; Youngman et al., 2004). It was shown that Mmm1, Mdm10 and Mdm12 form a 

complex which is localized adjacent to mtDNA nucleoids (Boldogh et al., 2003). Interestingly, Mdm10 

can also assemble with the SAM core complex and have a function in the biogenesis of β-barrels 

(Meisinger et al., 2004). In addition to OMM proteins, Mdm31 and Mdm32, two IMM proteins, were 

identified in a screen for proteins involved in mitochondrial distribution and morphology (Dimmer et 

al., 2005). Mitochondria of Mdm31 and Mdm32 mutants were nearly immotile and were lacking 

cristae. Besides, these mutants were respiratory-deficient, and it could be shown that Mdm31 and 

Mdm32 are required for mtDNA inheritance and the maintenance of the mtDNA organization in 

nucleoids. Another connection between cristae structure and mtDNA was in addition established in 
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yeast by Herlan and co-workers. They observed that Mgm1, the yeast ortholog of mammalian Opa1, 

is required for both maintenance of cristae structure and mtDNA (Herlan et al., 2003). Furthermore, 

studies with OPA1 patient cells demonstrated that loss of this protein leads to mtDNA destabilization 

(Amati-Bonneau et al., 2008; Hudson et al., 2008). Accordingly, the impaired cristae structure which 

we observe upon Sam50 loss could result in disorganization of nucleoids and destabilization of 

mtDNA, thereby leading indirectly to defects particularly in respiratory complexes I and IV.  

However, damage or loss of mtDNA is only one possible explanation why respiratory 

complexes are impaired upon Sam50 and mitofilin depletion. It could alternatively be possible that 

they need the intact cristae structure to be stable, especially for their correct integration into 

supercomplexes, which are formed by complexes I, III and IV (Schagger and Pfeiffer, 2000). This 

would also explain why Sam50 and mitofilin loss do not affect complex II as this complex is not part 

of supercomplexes. However, if impaired supercomplex formation or reduced stability were the 

cause for the decreased respiratory complex levels upon Sam50 or mitofilin depletion, it would be 

difficult to explain why we observe a more pronounced effect on respiratory complexes I and IV than 

on complex III. Alternatively, it is possible that depletion of Sam50 or mitofilin and the subsequent 

disorganization of cristae structure impair the import of respiratory complex subunits. However, it 

would remain to be investigated how Sam50 or mitofilin loss could specifically affect solely the 

import of these proteins.  

In conclusion, the work of our group and of other groups highlights the importance of cristae 

organization for the assembly or stability of respiratory complexes. Interestingly, we observed a 

stronger effect on both respiratory complex assembly and stability and on cristae structure when 

Sam50 was depleted than when mitofilin was depleted. The fact that we found complex I to be 

affected the most, followed by complex IV, strongly suggests a role for the mtDNA in this process.   

4.8 The MIB complex influences TTC19 

Data of SILAC analyses conducted in our group showed that both Sam50 and mitofilin depletion not 

only affect the levels of MIB complex and respiratory complex components, but also lead to a 

reduction in the levels of TTC19 (Ott et al., 2012 and Vera Kozjak-Pavlovic, unpublished data). In my 

work, I could confirm this connection with western blot (Figure 3-25) and in vitro import experiments 

(Figures 3-27). TTC19 was first described by Ghezzi and co-workers as a complex III assembly factor 

(Ghezzi et al., 2011). They found TTC19 in two complexes of about 500 kDa and of more than 1 MDa 

in mouse cells. In human cells, they could only detect the larger complex. Interestingly, they saw that 

the larger TTC19-containing complex is also present in rho0 cells which lack respiratory complexes 



DISCUSSION 
 

113 
 

containing mtDNA-encoded subunits, and therefore suggested that TTC19 must have an additional 

function. The observation that assembly of TTC19 into the higher molecular weight complexes was 

strongly reduced upon Sam50 depletion whereas the smaller complex was detectable earlier 

(Figure 3-29), raised the interesting hypothesis that TTC19 is present in the large complex together 

with Sam50. Although this could not be confirmed by co-immunoprecipitation experiments 

(Figure 3-30), it is possible that the interaction of TTC19 with the MIB complex is occurring but too 

instable for detection or only transient. Therefore, the exact connection between TTC19 and Sam50 

remains to be elucidated in order to be able to explain why Sam50 loss specifically affects TTC19.  

4.9 TTC19 plays a role in respiratory complex assembly 

TTC19 was first identified as a complex III assembly factor by Ghezzi and co-workers. They 

demonstrated that cells with mutated TTC19 have a specific reduction in complex III activity, whereas 

the activities of the other respiratory complexes are unaltered. In addition, they showed that TTC19 

interacts with the complex III components Core1 and RISP, and that the smaller TTC19 containing 

complex migrates at the same size as the complex III dimer, and therefore probably is identical to this 

respiratory complex (Ghezzi et al., 2011).  

This specificity of TTC19 for complex III assembly is in contrast to my investigations into the 

function of this protein. The SILAC analysis of TTC19-depleted mitochondria showed that TTC19 has 

an effect on various respiratory complex components, mainly of complex I and IV. Two components 

of complex III and one of complex V were also affected (Table 3-1). The reduction of these 

respiratory complex components could partly be confirmed by SDS-PAGE analysis (Figure 3-31). 

BN-PAGE analysis of TTC19-depleted mitochondria demonstrated that the complex III dimer was 

absent and a subcomplex of complex IV was reduced (Figure 3-34). When the assembly of 

complexes I, III and IV was investigated in vitro, a clear reduction in respiratory complex assembly 

could be observed, especially of the respiratory supercomplexes (Figure 3-35). As I could exclude that 

complex III loss affects NDUFS1 and COX2 levels (Figure 3-32), the decrease in the levels of these 

proteins and the reduced complex IV levels and assembly upon TTC19 depletion cannot be explained 

by complex III reduction. Therefore, TTC19 seems to play a role also in the assembly of other 

respiratory complexes. The difference between my results and those of Ghezzi and co-workers might 

be explained by the different cell types which were used. Ghezzi and co-workers analyzed patient 

cells with mutations in TTC19 (Ghezzi et al., 2011), whereas my study was conducted in HeLa cells. As 

these are immortalized cancer cells, their metabolism is altered and they do not depend on energy 

production via the respiratory chain but can survive by glycolysis. Therefore, there might be changes 
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in the regulation of respiratory complexes. In addition, we examined different aspects of TTC19 loss. I 

assessed the levels and assembly of respiratory complexes, whereas Ghezzi and co-workers tested 

the activity of the respiratory complexes (Ghezzi et al., 2011). I also observed the strongest effect on 

the levels of complex III subunits and on the complex III dimer, whereas the reduction in complex IV 

was less pronounced and might not have an effect on respiratory complex activity. For complex I, I 

observed a reduction in several components in the SILAC analysis and in the levels of the subunit 

NDUFS1 upon TTC19 depletion, but not in the levels of the complex itself. Therefore, complex I, IV 

and V activity in ttc19kd-2 cells would have to be examined to be able to evaluate the functionality of 

these complexes upon TTC19 depletion. Likewise, the complex assembly and activity of respiratory 

complexes needs to be examined in core1kd-1 cells to determine the influence of complex III loss not 

only on protein levels of subunits of the other respiratory complexes but also on complex assembly 

and activity.  

4.10 Perspectives 

In my work, I could demonstrate that neisserial β-barrel proteins are targeted to mitochondria, 

whereas other work in our lab has shown that this is not the case for all bacterial β-barrel protein 

(Kozjak-Pavlovic et al., 2011). To gain a deeper insight into the targeting behavior of bacterial 

β-barrel proteins to mitochondria, it would be necessary to test β-barrel proteins of more bacteria to 

establish whether really only neisserial ones can be imported. As E. coli and S. enterica both are 

Entobacteriaceae, it would especially be interesting to examine proteins of other bacterial families. 

Testing β-barrel proteins of more neisserial strains would meanwhile help to clarify whether there 

indeed is a connection between neisserial pathogenicity and targeting of PorB to mitochondria. 

Besides, it would be interesting to extend the study to yeast β-barrel proteins, in order to understand 

why there are differences in the behavior between yeast and mammalian import machineries 

regarding the import of bacterial β-barrel proteins.  

In the next part of my work, I could show that β-barrel proteins do not possess a linear 

mitochondrial targeting sequence but that the secondary structure or charge of the protein seem to 

play an important role in this process. It would therefore be interesting to compare the sequences 

and structures of different β-barrel proteins which are known to target or not target mitochondria in 

order to be able to elucidate which parts contribute to mitochondrial targeting. 

Additionally, my own work and the work performed in our group confirmed the connection 

between the SAM complex and CHCHD3, mitofilin, CHCHD6 and DnaJC11, and demonstrated the role 

of the MIB complex in the maintenance of cristae structure in mammalian cells. I could show that 

mitofilin, CHCHD3 and Sam50 are present together in the large > 1 MDa holo-MIB complex, whereas 
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CHCHD3 and mitofilin are also part of a smaller complex of about 700-800 kDa. However, it is not 

known exactly which proteins are present in the two different types of mitofilin-containing 

complexes. Therefore, it would be important to investigate the exact composition of both complexes 

and to determine which proteins interact directly, especially to be able to explain why the 

phenotypes upon Sam50 and mitofilin loss differ. In addition, the function of the peripheral 

components CHCHD6 and DnaJC11 remains to be elucidated. 

Furthermore, work by me and our group demonstrated that Sam50 influences the respiratory 

complexes. However, it needs to be clarified whether reduction of respiratory complex components 

is a direct effect of Sam50 loss or whether this is a consequence of the altered cristae structure after 

Sam50 knockdown. Therefore, it would be necessary to impair cristae structure by depleting a 

protein crucial for cristae formatio which is not connected to the MIB complex and examine whether 

the same effect on the respiratory chain occurs. In addition, whereas the fact that respiratory 

complexes with the highest number of mtDNA-encoded subunits are affected the most upon Sam50 

depletion points to a connection to mtDNA stability, it is necessary to prove this hypothesis by 

examining maintenance and repair of mtDNA in Sam50- and mitofilin-depleted cells.  

In order to understand the influence of Sam50 and mitofilin on respiratory complex assembly, 

it would especially be interesting to elucidate the nature of the connection between the MIB 

complex and the respiratory complex assembly factor TTC19. I could demonstrate that Sam50 and 

mitofilin influence TTC19 levels and assembly, even though I could not confirm a direct interaction. 

Besides, as the work of Ghezzi and co-workers demonstrated TTC19 to be specifically required 

for complex III assembly, whereas I could additionally see an effect on complex IV, the exact function 

of TTC19 and its mode of action remains to be elucidated. For that, it would be crucial to determine 

the components of the TTC19-containing complexes. It would be interesting to investigate this also in 

rho0 cells in order to find more easily other functions of TTC19. Knowing the interaction partners of 

TTC19 might also help to understand in which way TTC19 is influenced by Sam50 and mitofilin.   
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6 APPENDIX  

6.1 List of abbreviations  

ΔΨ membrane potential 
µ micro 
APS ammonium persulfate 
ATP adenosine triphosphate 
BAM β-barrel assembly machinery 
BN Blue Native 
BSA bovine serum albumin 
cDNA complementary DNA 
CHCHD coiled-coil-helix-coiled-coil-helix domain containing 
CJ crista junction 
CM cristae membrane 
C-terminal carboxy-terminal 
cyt c cytochrome c 
dH2O distilled H2O 

DMEM Dulbecco's modified Eagle medium 
DMSO dimethyl sulfoxide 
DNA  desoxyribonucleic acid 
dNTP desoxynucleosid triphosphate 
Dox doxycycline 
DTT dithiothreitol 
E. coli Escherichia coli 
ECL enhanced chemiluminescence 
EDTA ethylenediaminetetraacetic acid 
FCS fetal calf serum 
g gram 
GFP green fluorescent protein 
h hour(s) 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
Hsp heat shock protein 
IBM inner boundary membrane 
ICS intracristal space 
IMM inner mitochondrial membrane 
IMS intermembrane space 
k  kilo  
kb  kilobase 
kDa kilodalton 
l liter 
LB lysogeny broth 
m  milli 
M  molar 
MDa Megadalton 
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MIA mitochondrial IMS import and assembly 
min minute(s) 
MPP mitochondrial processing peptidase 
mRNA messenger RNA 
MT-CYB cytochrome b 
mtDNA mitochondrial DNA 
n nano 
N. cinerea Neisseria cinerea 
N. gonorrhoeae Neisseria gonorrhoeae 
N. lactamica Neisseria lactamica 
N. meningitidis Neisseria meningitidis 
N. sicca Neisseria sicca 
NADH Nicotinamide adenine dinucleotide 
Ngo Neisseria gonorrhoeae 
N-terminal amino-terminal 
OD optical density 
OM outer membrane   
OMM outer mitochondrial membrane 
Omp outer membrane protein 
Opa1 optic atrophy 1 
PAGE polyacrylamide gel electrophoresis 
PAM presequence translocase-associated import motor 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
PE  phosphatidylethanolamine 
PEI polyethylenimine 
PFA paraformaldehyde 
PK proteinase K 
PMSF phenylmethysulfonyl fluoride 
POTRA polypeptide transport-associated 
PVDF polyvinylidene fluoride 
RNA ribonucleic acid 
rpm revolutions per minute 
RT room temperature 
s second(s) 
S. enterica Salmonella enterica 
SAM sorting and assembly machinery 
SDS sodium dodecyl sulphate 
shRNA short hairpin RNA 
SILAC stable isotope labeling with amino acids in cell culture 
siRNA small interfering RNA 
TBS Tris buffered saline 
TCA trichloroacetic acid 
TEM  transmission eletron microscopy 
TEMED tetramethylethylenediamine 
TIM translocase of the inner  membrane 



APPENDIX 
 

134 
 

TOB topogenesis of mitochondrial outer membrane β-barrel proteins 
TOM translocase of the outer  membrane 
TTC19 tetratricopeptide repeat domain 19 
UV ultra violet 
v/v volume per volume 
VDAC voltage dependent anion-sensitive channel 
w/v weight per volume 
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