
 

 

Aus dem Bereich Medizinische Biochemie und Molekularbiologie  

Theoretische Medizin und Biowissenschaften  

der Medizinischen Fakultät  

der Universität des Saarlandes, Homburg/Saar 

 

 

 

Assembly, regulation and molecular architecture of 

mitochondrial cristae organising systems  

 

 

 

Dissertation zur Erlangung des Grades eines Doktors der 

Naturwissenschaften 

der Medizinischen Fakultät der  

UNIVERSITÄT DES SAARLANDES 

2020 

 

 

 

 

 

 

 

vorgelegt von: Florian J.A. Wollweber  

geb. am: 31.03.1993 in Solingen 



  

 2 

  

Tag der Promotion: 03.02.2021 

Dekan: Prof. Dr. M. D. Menger 

1. Berichterstatter: Prof. Dr. M. van der Laan 

2. Berichterstatter: Prof. Dr. M. Hoth 

3. Berichterstatter: Prof. Dr. C. Ungermann  



  

 3 

Table of contents  
1. Summary........................................................................................................... 5 
2. Zusammenfassung ............................................................................................. 6 
3. Introduction ...................................................................................................... 7 
3.1. Mitochondria are multifunctional, semi-autonomous organelles ........................ 7 
3.2. Cristae are bioenergetic micro-compartments .................................................... 9 
3.3. Large assemblies of ATP-synthase dimers shape cristae membranes ............... 11 
3.4. A dynamin-like GTPase actively remodels cristae membranes ........................ 13 
3.5. The mitochondrial contact site and cristae organising system forms the 
proteinaceous scaffold of crista junctions .............................................................. 14 
3.6. MICOS has multiple connections to protein biogenesis machineries................ 17 
3.7. Crosstalk of cristae organising systems and dynamic remodelling of 
mitochondrial membranes ..................................................................................... 19 

4. Aims ............................................................................................................... 20 
5. Materials and Methods .................................................................................... 21 
5.1. Materials ......................................................................................................... 21 

5.1.1. Reagents and critical equipment .......................................................21 
5.1.2. Antibodies .......................................................................................25 
5.1.3. Plasmids ..........................................................................................27 
5.1.4. Yeast strains ....................................................................................28 
5.1.5. Cell lines .........................................................................................31 

5.2. Methods .......................................................................................................... 32 
5.2.1. Biochemistry ...................................................................................32 
5.2.2. Yeast assays.....................................................................................37 
5.2.3. Generation and culture of human cell lines.......................................39 

6. Results ............................................................................................................ 41 
6.1. MICOS core subunits are required for efficient metabolic adaptation in yeast . 41 
6.2. A Mic10-ATP synthase interaction is crucial for metabolic adaptation ............ 45 
6.3. Mic10 oligomerisation is regulated by Mic26-Mic27 antagonism .................... 48 
6.4. MICOS organisation is conserved from yeast to man ...................................... 53 
6.5. Human MIC10 affects cristae organising proteins of the inner membrane ....... 56 
6.6. Hierarchical organisation of the MIC10 subcomplex ....................................... 59 
6.7. The human MICOS/MIB complex and DNAJC11 spatially coordinate β-barrel 
biogenesis in the outer mitochondrial membrane ................................................... 62 
6.8.  Assembly mechanism of the cristae-shaping dymanin-like GTPase Mgm1 ..... 65 

7. Discussion ....................................................................................................... 72 
7.1. MICOS core subunits are required for efficient adaptation to respiratory 
metabolism in yeast............................................................................................... 72 
7.2. The Mic10-ATP synthase interaction is crucial for metabolic adaptation ......... 73 



  

 4 

7.3. Mic10 oligomerisation is regulated by Mic26-27 antagonism and cardiolipin .. 74 
7.4. MICOS organisation is conserved from yeast to man ...................................... 76 
7.5. The MIB complex and DNAJC11 spatially coordinate mitochondrial protein 
biogenesis ............................................................................................................. 78 
7.6. Helical arrays of Mgm1 tetramers shape the inner mitochondrial membrane ... 82 
7.7. Conclusion ...................................................................................................... 85 

8. References ...................................................................................................... 87 
9. Abbreviations ................................................................................................ 104 
10. List of figures ................................................................................................ 107 
11. List of tables ................................................................................................. 107 
12. Acknowledgements ....................................................................................... 108 
13. Publications .................................................................................................. 109 
14. Curriculum vitae ........................................................................................... 110 

  



  

 5 

1. Summary  
Mitochondria are double-membrane bound organelles with a plethora of metabolic and 

signalling functions, which are facilitated by their complex micro-architecture. The 

mitochondrial inner membrane possesses an intricate ultrastructure and is divided into a 

boundary membrane and specialized membrane invaginations, termed cristae, which are 

optimised for oxidative phosphorylation and a universal structural feature of aerobic 

eukaryotes. Several protein machineries help to shape cristae. Dimers of the ATP synthase 

create membrane curvature to stabilise cristae tips and rims, while the mitochondrial contact 

site and cristae organising system (MICOS) stabilises crista junctions and links inner and 

outer membrane.  In addition, dynamin-like GTPases of the OPA1/Mgm1 family 

dynamically remodel cristae shape by a poorly characterised mechanism.  

The work described in this thesis further elucidates the assembly mechanisms of MICOS and 

Mgm1 using a combination of genetic and biochemical approaches in yeast and human cell 

lines. Studies in yeast reveal that the MICOS core subunits Mic10 and Mic60 are essential 

for the efficient adaptation to respiratory metabolism. A moonlighting function of Mic10 in 

modulating ATP synthase assembly appears to be particularly important for this process. The 

assembly of Mic10 can be regulated by the two paralogous MICOS subunits Mic26 and 

Mic27 in an antagonistic manner, possibly to coordinate Mic10 functions. The second core 

subunit Mic60 forms stable supercomplexes with the β-barrel biogenesis machinery of the 

outer membrane in human cells. A detailed analysis of knockout cell lines revealed that a 

lack of Mic60 leads to protein biogenesis defects and that a J-protein of the outer membrane 

interacts with MICOS to spatially coordinate protein biogenesis at import sites. 

The dynamic remodelling of cristae membranes is mostly mediated by proteins of the 

Mgm1/OPA1 family. The crystal structure of Mgm1 described here revealed a tetrameric 

assembly and cryo-electron tomography reconstructions of membrane-bound Mgm1 showed 

that these tetramers assemble into helical filaments on the inside and outside of membrane 

tubes. Mgm1 yeast mutants demonstrated that the assembly of Mgm1 into dimers and 

tetramers is essential for the maintenance of cristae architecture and respiratory growth.  

The work described here shed light on the assembly of MICOS and Mgm1, which are two 

major cristae organising systems. A structural biology approach combined with data from 

yeast mutants revealed how Mgm1 filaments can remodel cristae membranes. A comparative 

approach in yeast and human cells showed that MICOS organisation is evolutionarily 

conserved and that both core subunits affect distinct mitochondrial pathways. While Mic60 

is directly involved in protein biogenesis of outer membrane proteins, Mic10 affects the 

assembly of inner membrane complexes such as the ATP synthase. Future work will have to 

dissect how the membrane-shaping protein machineries of the inner membrane coordinate 

their activities to control cristae shape in a regulated manner. 
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2. Zusammenfassung 
Mitochondrien sind von zwei Membranen umschlossene Organellen aller eukaryotischen 

Zellen mit einer Vielzahl an Funktionen im zellulären Metabolismus und in Signalwegen. Die 

innere Membran formt Einstülpungen oder Cristae mit einer für die zelluläre Atmung 

optimierten Form. Ein großer Proteinkomplex (MICOS; mitochondrial contact site and cristae 

organising system) formt die Verbindung zwischen Cristae und dem Rest der Innenmembrane 

und verbindet außerdem Außen- und Innenmembran. Dimere der ATP-Synthase stabilisieren 

die Membrankrümmung in Cristae. Zusätzlich können Cristae durch die Dynamin-ähnliche 

GTPase Mgm1 verformt werden.  

Mit Hilfe genetischer und biochemischer Ansätze in Hefen und humanen Zelllinien konnten 

in dieser Arbeit detaillierte Modelle der Assemblierung von MICOS und Mgm1 erstellt 

werden. Experimente in Hefe zeigen, dass die zentralen MICOS Untereinheiten Mic10 und 

Mic60 in der Anpassung an respiratorischen Metabolismus beteiligt sind. Eine Zusatzfunktion 

von Mic10, welches auch die Assemblierung der ATP-Synthase beeinflusst, scheint hier 

besonders wichtig zu sein. Die Assemblierung von Mic10 wird auch aus diesem Grund von 

zwei anderen MICOS Untereinheiten, den paralogen Proteinen Mic26 und Mic27, in einer 

antagonistischen Weise reguliert. Die zweite zentrale Untereinheit Mic60 bildet in humanen 

Zellen sehr stabile Kontakte mit der β-barrel Proteinbiogenesemaschinerie der 

Außenmembran und koordiniert, zusammen mit einem hier charakterisiertem J-Protein, die 

Proteinbiogenese auf der Mitochondrienoberfläche.  

Die dynamische Veränderung der Cristaestruktur wird hauptsächlich durch die Dynamin-

ähnliche GTPase Mgm1 vollzogen. Basierend auf einer Mgm1 Kristallstruktur und Kryo-

Elektronen-Tomographie Daten konnte ein modularer Aufbau in Dimere, Tetramere und 

helikale Filamente auf der Außen- und Innenseite von Membranröhrchen gezeigt werden. Die 

hier beschriebenen Experimente mit Hefe Mgm1 Mutanten konnten zeigen, dass dieser 

modulare Aufbau essenziell für die Aufrechterhaltung der Cristaestruktur ist.  

Die hier dargestellten Arbeiten beschreiben neue Details des Aufbaus von MICOS und Mgm1. 

Mittels einer Kombination aus strukturbiologischen Daten und genetischen Ansätzen in Hefe 

konnte gezeigt werden wie Mgm1-Filamente Cristae verformen können. Ein Vergleich des 

molekularen Aufbaus des MICOS Komplexes in Hefe- und Säugerzellen offenbarte, dass 

MICOS hochkonserviert ist und dass die zentralen MICOS Untereinheiten unterschiedliche 

Prozesse in Mitochondrien beeinflussen. Während Mic60 die Biogenese mitochondrialer 

Außenmembranproteine steuert, hat Mic10 einen Einfluss auf die Assemblierung von 

Innenmembrankomplexen, wie zum Beispiel der ATP-Synthase. Zukünftige Studien müssen 

versuchen, das Zusammenspiel der verschiedenen cristaeverformenden Proteinkomplexe 

besser zu verstehen.  



 

 

3. Introduction 
3.1.  Mitochondria are multifunctional, semi-autonomous organelles  
The defining feature of eukaryotes is their sub-cellular compartmentalisation into membrane-

bound organelles, which spatially restrict metabolic processes and signalling events. 

Eukaryotes evolved from a single endosymbiotic event approximately 2 billion years ago, 

during which a gram-negative bacterium related to modern alphaproteobacteria was engulfed 

by a proto-eukaryote. This endosymbiotic ancestor of modern mitochondria then integrated 

into the host cells metabolism and physiology and evolved into a permanent organelle (Roger 

et al, 2017). During this process, mitochondrial genes were transferred to the nuclear genome, 

sophisticated machineries evolved for the import of proteins from the cytosol (Dolezal et al, 

2006) and the metabolic activities of both cells were integrated, enabling the development of 

complex life. Even though mitochondria have lost the majority of their genome, they cannot 

be formed de novo but rely on fission and fusion events (Giacomello et al, 2020) as a relic of 

their endosymbiotic ancestry. Mitochondria form a reticulated network within cells and it is 

very likely that cells possess several mitochondrial subspecies with distinct properties, 

depending on their contact to other organelles (Benador et al, 2018) or their subcellular 

localisation. A complex regulatory network coordinates both cellular genomes to fine-tune 

metabolism (Mottis et al, 2019). Furthermore, mitochondria of modern eukaryotes still show 

signs of bacterial origin, as they possess two membranes which contain the non-bilayer 

forming phospholipid cardiolipin (Ikon & Ryan, 2017) and many proteins typical for bacterial 

cells, such as β-barrel proteins of the outer membrane (Pfanner et al, 2019).  

Virtually all known eukaryotes contain mitochondria or mitochondria-like organelles. Modern 

mitochondria are best known for their role in generating the vast amount of cellular ATP by 

aerobic respiration, but are also involved in many metabolic pathways, cell fate decisions and 

signalling processes (McBride et al, 2006). This functional diversity is reflected in the size of 

the mitochondrial proteome, which encompasses more than 1,000 different proteins in a 

simple eukaryote such as baker’s yeast (Sickmann et al, 2003; Morgenstern et al, 2017). Due 

to the multifaceted role of mitochondria in many different cellular processes, mitochondrial 

dysfunction has been implicated as causative in a plethora of diseases, collectively termed 

mitochondriopathies (Vafai & Mootha, 2012). These monogenic defects of either nuclearly or 

mtDNA encoded mitochondrial proteins affect multiple organ systems, particularly the 

peripheral and central nervous system as well as heart, liver and kidney function. As a result, 

mitochondriopathies can cause a wide variety of symptoms, which poses a challenge in 

diagnosis and causative care.   

The diverse array of mitochondrial functions is also facilitated by the complex double-

membrane microarchitecture of mitochondria (Figure 1). The two mitochondrial membranes 

enclose two aqueous compartments, the intermembrane space as well as the matrix. The outer 

mitochondrial membrane separates the organelle from the cytosol and contains protein 
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machineries that are responsible for the import of proteins and the exchange of metabolites. In 

addition, the outer membrane mediates the contact to other organelles (Eisenberg-Bord et al, 

2016; Murley & Nunnari, 2016) and between mitochondria (Picard et al, 2015). Outer 

membrane mediated contact to other organelles, especially to the endoplasmic reticulum, is 

necessary for mitochondrial signalling and lipid exchange (Wu et al, 2018), but also for 

mitochondrial fusion and fission (Lewis et al, 2016; Abrisch et al, 2020; Nagashima et al, 

2020) and mtDNA replication and distribution (Murley et al, 2013; Lewis et al, 2016). 

The extremely protein-rich inner mitochondrial membrane encloses the matrix space and is 

highly folded. It can be divided into the inner boundary membrane (IBM) and cristae 

membranes, which protrude into the matrix space and are the main site for oxidative 

phosphorylation (Gilkerson et al, 2003). This architectural feature is pivotal for the 

mitochondrions main function in oxidative phosphorylation, as it extends the membrane 

surface area and creates a specialized compartment optimised for ATP generation  (Strauss et 

al, 2008; Rieger et al, 2014). The transition between both inner membrane subcompartments, 

termed crista junction (CJ), possesses a high degree of membrane curvature (Frey & Mannella, 

2000). This elaborate intraorganellar compartmentalisation is a necessity for fulfilling the 

large number of mitochondrial functions, since the spatial protein distribution within the 

mitochondrial inner membrane is highly asymmetric (Figure 1; Gilkerson et al, 2003; Vogel 

et al, 2006; Wurm & Jakobs, 2006; Stoldt et al, 2018; Busch, 2020). While the inner boundary 

membrane harbours metabolite and protein transporters, cristae membranes contain the 

majority of the respiratory chain. This micro-compartmentalisation likely increases the 

efficiency of oxidative phosphorylation and represents a common feature of bioenergetic 

membranes (Busch et al, 2013). In addition to its unusual protein abundance and distribution, 

the inner membrane possesses a unique lipid composition as a result of its bacterial ancestry. 

Approximately 50% of the membrane is composed of the non-bilayer forming lipids 

phosphatidylethanolamine and cardiolipin which help to maintain the high degrees of 

membrane curvature found in the inner membrane (Ikon & Ryan, 2017). These lipids also 

directly affect the stability and localisation of the protein complexes found in the inner 

membrane (Zhang et al, 2002; Pfeiffer et al, 2003; Tamura et al, 2006; Kutik et al, 2008; 

Acehan et al, 2011; Böttinger et al, 2012; Bazán et al, 2013; Friedman et al, 2015) and 

cardiolipin influences the assembly and activity of all major proteinaceous cristae organising 

systems (Acehan et al, 2011; Friedman et al, 2015; Ban et al, 2017). Cardiolipin and a local 

pH gradient might be sufficient for promoting membrane invaginations in a minimal 

membrane system (Khalifat et al, 2008), demonstrating an intrinsic link between lipid 

composition and the unique membrane structure of mitochondria.  
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3.2. Cristae are bioenergetic micro-compartments  

Mitochondrial cristae are a universal feature of aerobic eukaryotes and of crucial importance 

for efficient oxidative phosphorylation (Cogliati et al, 2013). Cristae are likely structural 

homologues of alphaproteobacterial intracytoplasmic membranes (Muñoz-Gómez et al, 2017). 

These membrane systems evolved to increase the surface area available for certain 

bioenergetic processes and to increase their efficiency by compartmentalisation. Cristae 

contain the majority of the respiratory chain (Gilkerson et al, 2003), which consists of four 

Figure 1 Asymmetry of mitochondrial membranes in yeast (adapted from Wollweber et 
al, 2017)   

The double-membrane architecture of mitochondria enables a spatial compartmentalisation of 
metabolic processes. The two mitochondrial membranes enclose two aqueous compartments, the 
intermembrane space (IMS) and the matrix. The outer membrane (OMM) contains protein complexes 
that mediate contact sites to other organelles, such as the ER-mitochondria encounter structure 
(ERMES) and the fission and fusion (Ugo1/Fzo1/Mgm1) machinery. The outer membrane and the inner 
boundary membrane (IBM) contain metabolite transporters, such as VDAC/porin or the ATP/ADP 
carrier (AAC), as well as protein translocases. Protein translocases, such as TOM (translocase of the 
outer membrane) and SAM (sorting and assembly machinery), form supercomplexes in the outer 
membrane. The TOM complex also forms transient interactions with the presequence translocase of the 
inner membrane (TIM23/PAM). IMM/OMM tethering is also mediated by the mitochondrial contact 
site and cristae organising system (MICOS) at crista junctions (CJ) with its outer-membrane interaction 
partners. The cristae membranes (CM) of mitochondria contain the majority of respiratory chain 
supercomplexes for the generation of ATP by oxidative phosphorylation (in red: II, III, IV), which 
generate the membrane potential (∆ψ) that is used by the ATP synthase (V2) for the generation of ATP.  
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protein complexes that couple electron transport to the translocation of protons across the inner 

membrane. The resulting chemiosmotic membrane potential can be used for the generation of 

ATP by the ATP synthase but also fuels processes such as protein import. The respiratory 

chain can be divided into four separate entities:  Complex I transfers electrons from NADH to 

ubiquinone, which are transferred to cytochrome c by complex III. Complex IV catalyses the 

final reaction, in which electrons are transferred to oxygen. Complex II does not contribute to 

proton translocation but transfers electrons from succinate to ubiquinone as part of the TCA 

cycle. A number of experiments used blue-native PAGE (Cruciat et al, 2000; Schägger & 

Pfeiffer, 2000), electron microscopy (Schäfer et al, 2006) and in situ cryo-electron tomography 

(Davies et al, 2018) to show that respiratory complexes I, III and IV are not exclusively present 

as separate entities, but rather form stable assemblies. Impairment of one complex can 

destabilise another complex (Schägger et al, 2004; Diaz et al, 2006; Vempati et al, 2009) and 

isolated supercomplexes are catalytically active (Acín-Pérez et al, 2008). Several hypotheses 

have been developed to explain the occurrence of respiratory supercomplexes (Milenkovic et 

al, 2017). One of the most prominent explanations is substrate channelling, based on a 

proposed partitioning of substrate pools (Lapuente-Brun et al, 2013). This view has however 

been challenged (Trouillard et al, 2011; Blaza et al, 2014). Another hypothesis suggests that 

supercomplex formation minimises and controls ROS production (Maranzana et al, 2013), 

which is a side effect of oxidative phosphorylation. Finally, it has been proposed that the high 

protein density of the mitochondrial inner membrane requires the formation of defined but 

weak interactions between complexes to prevent protein aggregation (Blaza et al, 2014). 

Following this hypothesis, supercomplex formation would not only be a consequence of the 

special properties of the IMM but would also be involved in maintaining its architecture and 

functionality. Importantly, mitochondrial cristae shape affects the organisation and assembly 

of supercomplexes with a profound influence on mitochondrial function and cell growth 

(Cogliati et al., 2013). 

Mitochondrial cristae membranes show a remarkable ultrastructural diversity depending on 

the organism (Muñoz-Gómez et al, 2017; Hashimi, 2019; Pánek et al, 2020) and cell type, 

ranging from tubular to discoidal or lamellar shapes. Ultrastructural aberrations are frequently 

observed in mitochondriopathies (Vincent et al, 2016) and cristae shape changes during ageing 

(Brandt et al, 2017). The molecular basis as well as the functional relevance of these different 

shapes is still unknown. Crista junctions, which connect inner boundary and cristae 

membranes, possess a very defined and stable structure (Renken et al, 2002) with a narrow 

diameter. The shape appears to vary from circular to slot-like openings, depending on the 

organism or tissue (Mannella, 2006; Pánek et al, 2020). Even though cristae are ubiquitous 

structures among aerobic eukaryotes (Muñoz-Gómez et al, 2017), which underlines their 

importance for oxidative phosphorylation, the exact molecular advantages of the 

ultrastructural compartmentalisation into two inner membrane subcompartments are still 
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under debate. They clearly increase the surface area available for oxidative phosphorylation 

and form a microcompartment that enables a dense packing and a close spatial proximity of 

respiratory chain complexes. Cristae shape therefore enables kinetic coupling of proton 

pumping and ATP generation, even though the crista lumen might not represent a microscopic 

proton trap (Toth et al, 2020). Very recent super resolution microscopy data suggests that 

individual cristae are energetically isolated units, which supposedly prevents a collapse of 

aerobic respiration within an entire mitochondrion after local disturbances of the membrane 

potential (Wolf et al, 2019).  

Cristae shape appears to vary depending on the metabolic state of the cell. Early experiments 

using isolated mitochondria showed that mitochondrial ultrastructure can reversibly transition 

from orthodox to condensed states  (Hackenbrock, 1966, 1968), depending on the respiratory 

activity. Furthermore, experiments in yeast showed that mitochondrial ultrastructure varied 

during different growth phases (Yotsuyanagi, 1962). These findings demonstrated that inner 

membrane architecture is not static, but dynamically responds to metabolic states. In higher 

eukaryotes, cristae are also remodelled to mobilise cytochrome c during apoptosis (Scorrano 

et al, 2002; Frezza et al, 2006). Recently, super-resolution imaging was successfully applied 

for the visualization of cristae in living cells (Stephan et al, 2019; Wang et al, 2019a). These 

approaches revealed that cristae are dynamically remodelled and might undergo fusion events 

(Kondadi et al, 2020), which possibly explains the dynamic alteration of membrane shape 

described in the 1960s (Hackenbrock, 1966, 1968). The molecular bases of these phenomena 

and the formation of cristae are still largely unexplored.  

 

3.3.  Large assemblies of ATP-synthase dimers shape cristae membranes 
The generation of ATP by oxidative phosphorylation is catalysed by respiratory 

supercomplexes, which create a proton gradient across the IMM that is utilised by a conserved 

F1FO ATP-synthase to synthesize ATP. This highly conserved complex can be divided into 

two entities (reviewed in Walker, 2013; Kühlbrandt, 2019), a membrane-bound FO moiety and 

the catalytic and soluble F1 part. F1 is mainly formed by a hexamer of three α and three β 

subunits, which can hydrolyse ATP. F1 is connected to FO by a central and peripheral stalk. 

Proton translocation via FO creates a torque on the central stator, which leads to conformational 

changes in F1 that allow the phosphorylation of ADP. The central FO subunit c forms a ring, 

whose stoichiometry determines the ATP synthesis rate per translocated proton and varies 

between species. In addition to the catalytic function of ATP synthase, more recent evidence 

demonstrated an essential function in shaping mitochondrial cristae membranes. Early 

electron-microscopy studies suggested the existence of non-randomly distributed and highly-

ordered supramolecular ATP synthase assemblies along tubular cristae in Paramecium (Allen 

et al, 1989). Monomeric complexes are able to deform lipid bilayers, suggesting an intrinsic 

role of the structure in cristae shaping (Jiko et al, 2015). Biochemical studies in yeast using 



3. Introduction 

  

 12 

mild detergents and native gel electrophoresis showed the existence of dimeric species of the 

complex containing dimer-specific subunits e, g and k (Arnold et al, 1998; Donzeau et al, 

2000; Brunner et al, 2002; Everard-Gigot et al, 2005). Both dimer-specific subunits harbour a 

GxxxG motif (Russ & Engelman, 2000), which is located at the dimerisation interface and 

essential for the function of both subunits (Arselin et al, 2003; Bustos & Velours, 2005). 

Structures of dimeric ATP synthases helped to unravel the molecular basis of its cristae 

shaping activity by local membrane bending (Dudkina et al, 2005; Hahn et al, 2016; Guo et 

al, 2017). Deletion of subunit e or g in yeast causes a destabilisation of the dimers and 

drastically altered membrane architecture including inflated and deformed cristae (Paumard et 

al, 2002; Arselin et al, 2004) and a decreased mitochondrial membrane potential (Bornhövd 

et al, 2006). Dimerisation and oligomerisation of the complex is not thought to influence its 

catalytic activity, but rather confer an additional function in allowing to shape mitochondrial 

cristae, which explains the striking phenotype of dimerisation-deficient mutant mitochondria. 

Interestingly, the amount of dimer-specific subunits directly correlates to the architecture of 

the inner membrane as shown by inducible expression systems (Arselin et al, 2004). Electron 

microscopy studies showed that ATP synthase dimers assemble into even larger structures 

along cristae (Paumard et al, 2002; Buzhynskyy et al, 2007; Strauss et al, 2008; Davies et al, 

2012; Blum et al, 2019). Recent studies using cryo-electron tomography suggested that this 

assembly does not depend on protein-protein interactions between dimers, but rather relies on 

the local membrane curvature of dimers which leads to a self-association into dimer rows 

(Anselmi et al, 2018; Blum et al, 2019).   

ATP synthase clustering is thought to be regulated depending on the metabolic requirements 

of the cell (Jimenez et al, 2014; Plecitá-Hlavatá et al, 2016) and the suborganellar localisation 

of the complex might change in different metabolic conditions (Salewskij et al, 2020). 

Multiple lines of evidence now suggest that supra-molecular assemblies of ATP synthase are 

important for shaping the cristae membrane, but the physiological benefits of local membrane 

bending are still not fully explored. To date, no diseases have been associated with a specific 

defect in dimerisation, which possibly underlines the fundamental nature of this function. 

However, a variety of physiological processes were found to be dependent on the membrane-

shaping activity of ATP synthase: IF1 dependent dimerisation was suggested to inhibit 

apoptosis by preventing cytochrome c release (Faccenda et al, 2013). ATP synthase 

dimerisation status changes in ageing (Daum et al, 2013). Finally, a study suggested that 

germline differentiation requires ATP synthase oligomerisation, but is not dependent on the 

catalytic activity (Teixeira et al, 2015). These examples demonstrate the importance of the 

membrane-shaping activity of the complex independently of its role in energy conversion.  
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3.4.  A dynamin-like GTPase actively remodels cristae membranes 

While the ATP synthase is essential for the maintenance of cristae architecture, it is not the 

only complex involved in the remodelling of cristae membranes. One of the main proteins 

implicated in cristae remodelling is the dynamin-like GTPase Mgm1 in yeast and the closely 

related OPA1 protein in mammals. Yeast Mgm1 was first identified as an essential protein for 

the maintenance of mitochondrial DNA (Jones & Fangman, 1992). Mutations of the human 

OPA1 gene were identified as a cause of optical atrophy (Alexander et al, 2000; Delettre et al, 

2000). Mgm1 and OPA1 have at least two functions in mediating the fusion of the 

mitochondrial inner membrane (Wong et al, 2003; Cipolat et al, 2004; Meeusen et al, 2006) 

as well as the remodelling of cristae during processes such as apoptosis (Olichon et al, 2002; 

Frezza et al, 2006) or metabolic adaptation (Patten et al, 2014). Mgm1 and OPA1 interact with 

the outer membrane fusion machinery to mediate fusion of both mitochondrial membranes 

(Wong et al, 2003; Cipolat et al, 2004). Mgm1 might also be important for the biogenesis of 

lamellar cristae via partial inner membrane fusion (Harner et al, 2016). Unlike other dynamin-

like GTPases, both proteins are present in soluble short forms as well as membrane-bound 

long forms. The short form of Mgm1 (s-Mgm1) is generated by intra-membrane proteolysis 

by the rhomboid protease Pcp1 during import (Herlan et al, 2003; McQuibban et al, 2003). 

OPA1 forms are generated by alternative splicing as well as proteolytic processing by at least 

three proteases (Del Dotto et al, 2018a) and different tissues express a distinct combination of 

isoforms (Olichon et al, 2007). Isoform processing is also closely linked to metabolic activity 

(Mishra et al, 2014). The different forms of the protein possess partially overlapping essential 

functions and additionally carry out specialized functions. Fusion requires Mgm1-mediated 

local deformation of the membrane (Rujiviphat et al, 2015). During fusion, membrane-bound 

l-Mgm1 is thought to anchor the catalytically active soluble Mgm1 (DeVay et al, 2009; Zick 

et al, 2009). In agreement with this model, recent in vitro evidence showed that a combination 

of membrane-bound and soluble forms is essential for successful mitochondrial fusion (Ge et 

al, 2020). While only the combined expression of long and short forms can fully rescue 

mitochondrial network morphology in OPA1 knockout cells (Song et al, 2007; Del Dotto et 

al, 2017), short OPA1 isoforms can sustain cristae structure and the bioenergetic properties of 

mitochondria (Lee et al, 2017). In addition, the proteolytic generation of s-OPA1 can support 

cell survival during oxidative stress (Lee et al, 2020).  

Since OPA1/Mgm1 proteins possess such a complex biogenesis and diverse array of functions, 

their contribution to membrane fusion and cristae shaping still remain poorly understood. A 

mechanistic understanding is further complicated by the observation that some OPA1 

functions require not only homo-typic interactions but also specific contacts with lipids (Ban 

et al, 2017) and other cristae organising complexes (Glytsou et al, 2016; Quintana-Cabrera et 

al, 2018; chapter 3.7). A detailed mechanistic understanding of OPA1/Mgm1 mediated 

membrane remodelling is not only pivotal for the elucidation of processes such as cristae 
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formation and mitochondrial adaptation to metabolic demands, but also for the potential 

treatment of diverse mitochondriopathies, since OPA1 dependent cristae shaping is crucial for 

respiratory chain supercomplex stability (Cogliati et al, 2013). OPA1 overexpression in mice, 

which leads to a stabilisation and tightening of cristae, was found to be beneficial in two 

mitochondrial disease models (Civiletto et al, 2015) and to prevent apoptosis and ischemic 

tissue damage (Varanita et al, 2015). As a result, OPA1 was proposed as a potential target for 

gene therapy in mitochondrial diseases (Del Dotto et al, 2018b).  

 

3.5.  The mitochondrial contact site and cristae organising system forms the 

proteinaceous scaffold of crista junctions  
The crista junction is a critical region of the mitochondrial inner membrane, since it not only 

separates two functionally distinct compartments, but also allows for a regulated lipid, 

metabolite and possibly protein exchange. This region is characterised by an unusually high 

membrane curvature and has to be maintained by a specialized protein machinery. Studies in 

yeast (Rabl et al, 2009) and mammalian cells (John et al, 2005) identified the protein mitofilin 

(later termed Mic60) as crucial component of this putative protein complex. Several 

independent approaches (Harner et al, 2011; Hoppins et al, 2011; von der Malsburg et al, 2011; 

Alkhaja et al, 2012) then led to the identification of a large multi-protein complex located at 

CJs, later termed mitochondrial contact site and cristae organising system (MICOS). It 

consists of at least six genuine subunits in yeast (7 in mammals), which were termed Mic10 – 

Mic60 (Pfanner et al, 2014). Furthermore, MICOS-interacting proteins with so far poorly-

defined functions have been identified (reviewed in Eramo et al, 2020), including the J-domain 

containing protein DNAJC11 (Xie et al, 2007; Ioakeimidis et al, 2014) and the carrier-like 

protein SLC25A46 (Abrams et al, 2015; Janer et al, 2016; Steffen et al, 2017) in the outer 

membrane. Depleting the core components Mic10 or Mic60 results in the same phenotype, 

cristae detach from the IBM, creating internal stacks of cristae membranes with a number of 

secondary effects on mitochondrial functionality (Harner et al, 2011; Hoppins et al, 2011; von 

der Malsburg et al, 2011; Alkhaja et al, 2012). This striking phenotype indicated that MICOS 

forms the protein backbone of cristae junctions, enabling the maintenance of the exceptionally 

high degree of membrane curvature in these regions. MICOS subunits have been identified in 

all aerobic eukaryotes, supporting an essential function in the maintenance of mitochondrial 

ultrastructure. Furthermore, Mic60 orthologues were identified in alphaproteobacteria, which 

are related to the mitochondrial ancestor, indicating a pre-endosymbiotic origin of MICOS 

(Muñoz-Gómez et al, 2015). These bacteria possess intracytoplasmic membranes which 

strongly resemble modern cristae. The identification of ancestral Mic60 thus supports the 

hypothesis that bacterial intracytoplasmic membranes are structural homologues of modern 

cristae (Muñoz-Gómez et al, 2015, 2017). Further studies in yeast and mammalian cells could 

differentiate two MICOS subcomplexes, both containing one of the two core components 
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(Figure 2): The membrane-bridging Mic60-19/25 subcomplex and the membrane-shaping 

Mic10-12-26-27 subcomplex (Bohnert et al, 2015; Friedman et al, 2015; Guarani et al, 2015). 

The Mic60 subcomplex appears to be primarily involved in mediating the numerous contacts 

with other protein machineries (Xie et al, 2007; Harner et al, 2011; Hoppins et al, 2011; von 

der Malsburg et al, 2011; Alkhaja et al, 2012; Ott et al, 2012; Friedman et al, 2015), especially 

of the outer membrane, such as porin/VDAC and the protein translocases TOM and SAM. The 

highly conserved C-terminal region of Mic60 seems to be particularly important for this 

function (Korner et al, 2012; Zerbes et al, 2012). It is tempting to speculate that Mic60 

strategically positions the protein import machinery at crista junctions to promote protein 

(complex) biogenesis. The highly organised subcellular and sub-organellar distribution of 

MICOS (Jans et al, 2013; Stoldt et al, 2019) would allow to spatially coordinate mitochondrial 

biogenesis, including lipid transport (Aaltonen et al, 2016; Michaud et al, 2016). Importantly, 

its interaction with the outer membrane SAM complex appears to be conserved throughout 

eukaryotic evolution (Kaurov et al, 2018) and seems to be much stronger in metazoans than 

in yeast (Xie et al, 2007; Ott et al, 2012, 2015; Ding et al, 2015; Huynen et al, 2016; Tang et 

al, 2020). This stronger interaction leads to the formation of a stable two-membrane spanning 

complex, sometimes referred to as mitochondrial intermembrane space bridging (MIB) 

complex (Ott et al, 2012, 2015; Huynen et al, 2016). In addition to membrane bridging, Mic60 

also shapes the inner membrane. For instance, Mic60 overexpression results in cristae 

branching (Rabl et al, 2009), leading to a potential role in the initiation of cristae formation. 

Mic60 can induce membrane invaginations when expressed in E. coli and tubulate liposomes 

in vitro (Hessenberger et al, 2017; Tarasenko et al, 2017), providing direct evidence for 

membrane shaping. Remarkably, this membrane-shaping activity is a highly conserved feature 

of bacterial and mitochondrial Mic60 orthologues, since bacterial Mic60 can partially rescue 

the phenotype of mic60∆ yeast (Tarasenko et al, 2017). It is currently unclear how this activity 

is spatiotemporally controlled to prevent excessive cristae branching while assuring CJ 

stability.  Mic19, the only peripheral membrane protein of the MICOS complex, has a yet to 

be fully elucidated regulatory function on complex stability and subcomplex association. It is 

itself regulated in a redox-dependent manner, containing an intra-molecular disulphide bond 

(Sakowska et al, 2015). In yeast, Mic19 modulates the membrane-shaping activity of Mic60 

(Hessenberger et al, 2017). The mammalian homologue is important for the interaction with 

SAM (Darshi et al, 2011; Tang et al, 2020) and was found to be cleaved by the stress-induced 

protease OMA1 (Tang et al, 2020), while its vertebrate-specific paralogue Mic25 lacks the 

cleavage site. This proteolytic cleavage might represent a potential pathway for the rapid 

disassembly of the MIB complex.  

The second subcomplex contains oligomers of Mic10. Mic10 is a small and highly 

hydrophobic protein with two transmembrane segments connected by a short, positively 

charged loop. Oligomerisation is mediated by strictly conserved glycine motifs in both trans-
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membrane segments. Due to its unique topology, Mic10 oligomerisation can stabilise and 

induce membrane curvature in vitro and in vivo (Barbot et al, 2015; Bohnert et al, 2015). Its 

levels have to be highly regulated, as overexpression resulted in a drastic expansion of cristae 

membranes and disorganised CJs (Bohnert et al, 2015). The additional subunits, Mic12, Mic26 

and Mic27, are thought to regulate the membrane-bending activity of Mic10. Mic12 stabilises 

the Mic10 subcomplex and is necessary for linking both MICOS subcomplexes (Zerbes et al, 

2016). The mammalian protein QIL1 (sometimes referred to as MIC13) was found to link 

MICOS subcomplexes in mammalian cells (Guarani et al, 2015), similarly to yeast Mic12 

(Zerbes et al, 2016), and loss-of-function mutations in MIC13/QIL1 lead to hepato-

encephalopathy (Anand et al, 2016; Guarani et al, 2016). Despite the similar function, the 

phylogenetic relationship is still under debate. The paralogous subunits Mic26 and Mic27 are 

apolipoprotein-O-like proteins with lipid binding domains (Weber et al, 2013; Koob et al, 

2015). In yeast, Mic27 was shown to stabilise Mic10 oligomers (Zerbes et al, 2016), which 

could possibly help to dynamically remodel cristae junctions. Interestingly, Mic26 is the only 

known MICOS subunits in yeast that is not required for crista junction stability. A correlation 

of their function in different organisms is complicated by the observation that the paralogous 

subunits in yeast and metazoans originate from separate genome duplication events (Muñoz-

Gómez et al, 2015; Huynen et al, 2016) and their exact function remains to be elucidated. 

Mammalian Mic27 can bind cardiolipin in vitro (Weber et al, 2013) and cardiolipin was 

suggested to be required for the stability of the Mic10 (but not the Mic60) subcomplex 

Figure 2 Organisation of the MICOS/MIB complex at crista junctions (modified from 
Wollweber et al, 2017) 

Hypothetical model of the MICOS/MIB complex in human mitochondria. MICOS is located at crista 
junctions in the inner mitochondrial membrane and consists of at least 6 (in yeast) or 7 (in humans) 
genuine subunits. The human MICOS complex stably interacts with the SAM complex in the outer 
membrane to form the mitochondrial intermembrane space bridging (MIB) complex. One core subunit, 
Mic60, mediates the contact to the outer membrane and forms a subcomplex with Mic19 and Mic25. 
The other core subunit, Mic10, forms a proteinaceous scaffold at crista junctions by homo-
oligomerisation and exists in a subcomplex with Mic12 (termed Mic13 in human cells), Mic26 and 
Mic27. 
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(Friedman et al, 2015). Mic26 and Mic27 might therefore be involved in creating the lipid 

environment necessary for membrane bending at CJs.  

 

3.6.  MICOS has multiple connections to protein biogenesis machineries  
Even though mitochondria possess their own genome, only a small number of mitochondrial 

proteins are mitochondrially encoded. The vast majority of the mitochondrial proteome is 

encoded in the nuclear genome and synthesised by cytosolic ribosomes. Mitochondrial 

proteins, which are often highly hydrophobic, are then shielded by cytosolic chaperones of the 

Hsp70 family and J-protein co-chaperones (Becker et al, 2019) or ubiquilins (Itakura et al, 

2016) to prevent aggregation in the aqueous cytosol and keep precursors in an unfolded state. 

Some mitochondrial proteins might also be synthesised at mitochondria and could therefore 

be translocated in a co-translational manner. A recent study also demonstrated a transient J-

protein mediated interaction of mitochondrial precursor proteins with the ER prior to transfer 

to mitochondria (Hansen et al, 2018). After arrival at the mitochondrial surface, proteins are 

imported, sorted and assembled by a sophisticated network of protein translocases (recently 

reviewed in: Wiedemann & Pfanner, 2017; Hansen & Herrmann, 2019). Incoming 

mitochondrial precursors bind to receptors of the translocase of the outer membrane (TOM) 

complex, which represents the general import pore of mitochondria. Its central subunit Tom40 

is a β-barrel protein which creates a hydrophilic channel for the import of unfolded 

polypeptides.  The subsequent steps depend on the suborganellar destination of the precursor 

and require the concerted action of different translocase complexes. The majority of 

mitochondrial precursor proteins carry amino-terminal presequences. After transit through 

TOM, they are handed over to the inner membrane presequence translocase (TIM23) complex, 

which mediates their translocation to the matrix or the lateral release into the inner membrane. 

This import reaction utilises the membrane potential across the inner membrane and an Hsp70-

based motor complex termed PAM. TIM23 was found to interact with the respiratory chain 

(van der Laan et al, 2006; Gebert et al, 2012) as well as the ADP/ATP carrier (Mehnert et al, 

2014), presumably to optimise the efficiency of membrane potential dependent protein import. 

Upon import, the presequence is cleaved off. Protein destined to the intermembrane space 

frequently carry internal disulphide bridges which are formed by a disulphide relay system 

formed by the MIA machinery, which catalyses efficient folding in the IMS after transit 

through TOM. Hydrophobic carrier proteins of the inner membrane, which include essential 

proteins such  as the ATP/ADP carrier, the mitochondrial calcium uniporter as well as the 

mitochondrial pyruvate carrier (Gomkale et al, 2020; Rampelt et al, 2020), are chaperoned 

through the hydrophilic environment of the intermembrane space by small TIM chaperones. 

These hexameric assemblies of Tim8/13 or Tim9/10 (Weinhäupl et al, 2018) guide the proteins 

to the carrier translocase of the inner membrane (TIM22) complex, that subsequently mediates 

their assembly. β-barrel proteins of the outer mitochondrial membrane share a similar 
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biogenesis pathway. After transit through TOM, the hydrophobic precursors are bound by 

small TIM chaperones until they are inserted by the sorting and assembly machinery (SAM) 

complex. The core subunit SAM50 itself is a β-barrel protein and the major interaction partner 

of MICOS in human cells (chapter 3.5).  

To enable efficient substrate channelling, various protein translocation machineries assemble 

into supercomplexes (reviewed in Horvath et al, 2015). Some contacts are of rather transient 

nature, such as the interaction of the presequence translocases of the outer and inner 

membrane. A TOM-TIM23 supercomplex can be stabilised by arresting preproteins during 

their import (Schleyer & Neupert, 1985; Pfanner et al, 1987; Dekker et al, 1997; Gold et al, 

2014). These two-membrane spanning translocation sites are micro-clustered in vicinity of 

crista junctions (Harner et al, 2011; Gold et al, 2014). Later studies found that the IMS domains 

of TIM and TOM interact even in a passive state (Shiota et al, 2011; Waegemann et al, 2014). 

In yeast, the TOM complex forms a supercomplex with SAM during the assembly of β-barrel 

proteins to enable efficient substrate channelling (Qiu et al, 2013). These examples of stable 

interactions between mitochondrial protein translocation machineries demonstrate the 

importance of functional supercomplexes in mitochondrial biogenesis. Most likely, many 

more transient interactions exist, which cannot easily be detected biochemically but might be 

equally important.  

The MICOS complex was found to interact with a large number of protein transport complexes 

of both mitochondrial membranes and the intermembrane space, possibly to coordinate the 

assembly of proteins at its strategic position at crista junctions and bridge both mitochondrial 

membranes (Reichert & Neupert, 2002). An interaction with Mia40 and the TOM complex 

presumably promotes efficient transfer of IMS proteins from TOM to MIA (von der Malsburg 

et al, 2011; Varabyova et al, 2013). The significance of this finding was recently supported by 

the observation that MIA is an integral component of MICOS in the excavate Trypanosoma 

brucei (Kaurov et al, 2018), suggesting an evolutionarily conserved relationship between 

cristae architecture and IMS protein biogenesis. Mic60 was also found to interact with TOM 

and SAM complexes in yeast to promote the biogenesis of outer membrane proteins (Bohnert 

et al, 2012; Korner et al, 2012; Zerbes et al, 2012). The human MICOS complex forms a highly 

stable contact with the SAM machinery of the outer membrane, which is essential for crista 

junction architecture (Xie et al, 2007; Ott et al, 2012, 2015; Ding et al, 2015; Huynen et al, 

2016; Tang et al, 2020). However, it is currently unclear whether this connection is also 

required for outer membrane protein biogenesis. It is not clear whether MICOS is actively 

involved in the presequence pathway, even though the TIM23 complex appears to be enriched 

at crista junctions (Harner et al, 2011; Gold et al, 2014) and was found to interact with MICOS 

in yeast (Callegari et al, 2019) and human cells (Ding et al, 2015). Importantly, the human 

MICOS complex also interacts with the carrier translocase of the inner membrane, presumably 

to spatially restrict the assembly of highly hydrophobic inner membrane precursor proteins 
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(Callegari et al, 2019). The plethora of interactions between MICOS and protein translocases 

and the evolutionarily conserved nature of these interactions demonstrate the benefits of 

spatial coordination of protein biogenesis at crista junctions.  

 

3.7.  Crosstalk of cristae organising systems and dynamic remodelling of 

mitochondrial membranes 
Cristae shaping machineries such as MICOS and the ATP synthase cannot be regarded as fully 

separate entities but appear to coordinate their activities. In the past years, numerous 

connections between cristae shaping machineries have been identified. In yeast, Mic10 

interacts with subunit e of the ATP synthase (Eydt et al, 2017; Rampelt et al, 2017). Mic10 at 

the ATP synthase modulates its assembly into oligomers and thus directly contributes to its 

membrane-shaping activity. Crosslinking data suggests that this interaction might be 

conserved in metazoans (Schweppe et al, 2017). It is still unclear how Mic10 affects ATP 

synthase oligomerisation and whether this interaction is physiologically significant. A recent 

study also revealed an influence of OPA1 on ATP synthase oligomerisation. These data also 

suggested that OPA1-mediated cristae shaping, rather than a direct interaction, impacts ATP 

synthase assembly, which in turn has bioenergetic benefits (Quintana-Cabrera et al, 2018). 

OPA1 also interacts with the MICOS core subunit Mic60 in a complex that is remodelled 

during apoptotic cristae opening (Barrera et al, 2016; Glytsou et al, 2016). OPA1 dynamically 

alters cristae junction width during e.g. apoptosis, while Mic60 provides a stable structural 

scaffold at the crista junction. OPA1 processing is also influenced by prohibitins (Merkwirth 

et al, 2008), which might also shape cristae (Osman et al, 2009).  In addition to the canonical 

cristae organising proteins, several novel proteins have recently been implicated in cristae 

shaping, including the BAR-domain containing protein FAM92A (Wang et al, 2019b), 

MICU1, which is a subunit of the mitochondrial calcium uniporter complex (Gottschalk et al, 

2019) and the conserved and clinically relevant LETM1 protein (Nakamura et al, 2020). It is 

currently unclear how these proteins interact with known cristae organising systems. Most 

importantly, only very little is known about cristae formation and how membrane-shaping 

proteins orchestrate this process. Most likely, several processes exist, depending on the cristae 

shape (Harner et al, 2016). Discoidal cristae could theoretically be formed by Mgm1-

dependent partial inner membrane fusion (Harner et al, 2016) or the fusion of tubular cristae 

(Kondadi et al, 2020), while local assembly of ATP synthase oligomers might trigger the 

biogenesis of tubular cristae (Anselmi et al, 2018; Blum et al, 2019).  
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4. Aims  
Seminal studies in the field of mitochondrial membrane organisation of the past decade 

defined the major cristae organising complexes, namely MICOS, Mgm1/OPA1 and the ATP 

synthase. These studies focussed on the identification of novel components and their 

connections to other mitochondrial processes such as protein biogenesis. Importantly, many 

of these protein machineries are essential for all complex eukaryotic life and are therefore 

highly conserved throughout evolution. While it appears that most proteins involved in cristae 

biogenesis and remodelling have been identified, many open questions remain:  

i.) It is still unclear how cristae are initially formed and which proteins are involved in distinct 

steps of cristae biogenesis. This process likely requires a coordination of the various 

membrane-shaping activities of different protein complexes, but their interplay remains poorly 

defined. ii) Cristae remodelling during processes such as apoptosis and metabolic transitions, 

as described several decades ago, likely requires a spatiotemporal regulation of membrane 

shaping by MICOS, the ATP synthase and Mgm1/OPA1. However, the assembly mechanism 

of Mgm1/OPA1 and MICOS core subunits is poorly defined. Furthermore, it is unclear how 

the activity of these oligomeric protein assemblies can be regulated. iii) All known cristae 

organising protein machineries possess multiple and seemingly unrelated functions. 

Mgm1/OPA1 is involved in inner membrane fusion and possibly fission, but also determines 

cristae shape in response to e.g. altered metabolic conditions. MICOS stabilises crista 

junctions, but additionally spatially controls protein biogenesis. The core subunit Mic10 also 

modulates the assembly of the ATP synthase. MICOS therefore influences multiple pathways 

at different sub-mitochondrial locations. The ATP synthase is best known for its role in 

generating ATP, but forms dimers and oligomers to shape and generate cristae. Most likely, 

many more additional functions of these proteins can be defined in different tissues or 

organisms. Currently, it is mostly unknown how and why cristae organising proteins integrate 

such a large number of distinct functions.  

This work attempts to address some of these questions using a combination of experimental 

approaches in yeast and mammalian cell lines. Firstly, the ability of MICOS yeast mutants to 

adapt their metabolism to respiratory conditions will be analysed. During this transition, 

mitochondrial and cristae biogenesis is stimulated and potential defects in these processes 

would lead to an inefficient metabolic adaptation. Furthermore, the different functions of 

MICOS and its interaction partners will be genetically dissected to define core functions that 

are important for mitochondrial biogenesis. Secondly, the effect of accessory MICOS subunits 

on the assembly of MICOS core subunits will be analysed, since the spatiotemporal regulation 

of MICOS assembly is poorly defined. In addition, MICOS organisation and interaction 

partners in yeast will be compared to the human MICOS complex to define conserved and 

divergent features of the complex.  Finally, the assembly mechanism of Mgm1/OPA1 will be 

analysed in detail to shed light on the mechanism of dynamic cristae remodelling.    
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5. Materials and Methods  
5.1.  Materials  

5.1.1.  Reagents and critical equipment 
Table 1 Reagents and critical equipment 

Reagents 

reagent supplier 

[35S]-Methionine  Perkin Elmer  

3xFLAG-peptide  Sigma-Aldrich 

6-Aminocaproic acid  Sigma-Aldrich 

Acetic acid  Carl Roth  

Acrylamide 4x crist.  Carl Roth 

AcTEV protease 
Invitrogen/Thermo 

Fisher 

Albumin from bovine serum (BSA)  Sigma-Aldrich 

Ammonium chloride  Sigma-Aldrich 

Ammonium persulfate (APS)  Carl Roth 

Ampicillin sodium salt  Carl Roth 

Anti-FLAG M2 affinity gel Sigma-Aldrich 

ATP  Roche  

Bacto Agar Becton Dickinson  

Bambanker freezing media Wako 

beta-Mercaptoethanol  Carl Roth 

Bis-Tris  Carl Roth 

BN-PAGE HMW native marker kit GE Healthcare  

Bromophenol blue  Sigma-Aldrich 

Calcium chloride dihydrate  Carl Roth 

Complete EDTA free Protease inhibitor Roche  

Complete supplement mixture (CSM) (-URA; -LEU; -TRP) MP Biomedicals  

Coomassie brilliant blue G250  Serva  

Coomassie brilliant blue R250  Carl Roth 

Crystal violet Carl Roth 

DAPI (4′,6-diamidino-2-phenylindole) Thermo Fisher 

di-Potassium hydrogen phosphate  Carl Roth 

Difco Yeast Nitrogen Base w/o amino acids  Becton Dickinson  

Digitonin  Calbiochem  
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DiOC6(3) (3,3‘-Dihexyloxacarbocyanine Iodide)  
Invitrogen/Thermo 

Fisher  

DMEM (Dulbecco’s Modified Eagle Media) Gibco/Thermo Fisher 

DMSO (Dimethyl sulfoxide) Carl Roth 

Dounce homogeniser (glass/teflon) Sartorius 

DSG (Disuccinimidyl glutarate) Thermo Fisher 

DTT (Dithiothreitol)  Carl Roth 

ECL western blotting detection reagents  Pierce 

EDTA (Ethylenediaminetetraacetic acid)  Carl Roth 

Ethanol  Sigma-Aldrich 

FCS (Fetal calf serum) Gibco/Thermo Fisher 

Formaldehyde Polyscience 

FuGene 6 HD transfection reagent Promega  

G-418 (Geniticinsulfat)  Carl Roth 

Galactose Sigma-Aldrich 

Gibson assembly mix enzymes (T5 exonuclease, Phusion 

polymerase, Taq Ligase) 
NEB 

Glucose Carl Roth 

Glutaraldehyde (EM grade) Science Services 

Glycerol  Sigma-Aldrich 

Glycine  MP Biomedicals  

Goat anti-mouse-IgG antibody coupled to peroxidase  Merck 

Goat anti-rabbit-IgG antibody coupled to peroxidase  Merck 

HEPES Roth 

Herring sperm DNA  Sigma-Aldrich 

Hydrochloric acid  Carl Roth 

Hyperfilm ECL  GE Healthcare  

Imidazole Carl Roth 

L-Methionine  Carl Roth 

LE agarose  Biozym  

LidBacs Eppendorf 

Lithium acetate  Carl Roth  

Lithium chloride  Carl Roth  

Magnesium acetate Carl Roth  

Magnesium chloride  Carl Roth  

MES (2-(N-morpholino)-ethanesulfonic acid) Carl Roth  
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Milk powder (skimmed) Neuform, Sucofin  

MOPS (3-(N-morpholino)-propanesulfonic acid)  Carl Roth 

N,N‘-Methylenebisacrylamide 2x  Serva  

NiNTA resin  Qiagen 

NuPAGE BisTris 4-12% gels  Thermo Fisher 

Oligonucleotides, salt free 
Eurofins Genomics; 

Sigma-Aldrich 

PBS (Phosphate buffered saline, pH 7.2) Gibco/Thermo Fisher 

PCR Purification Kit, Gel Extraction Kit, MiniPrep Kit  Qiagen; NEB  

Peptone Becton Dickinson  

PMSF (phenylmethylsulfonyl fluoride)  Carl Roth 

poly-L-lysine Sigma-Aldrich 

Polybrene Sigma-Aldrich 

Polyethylene glycol 4000  Merck  

Potassium acetate Carl Roth  

Potassium chloride  Carl Roth  

Potassium dihydrogen phosphate  Carl Roth  

Potassium hydroxide  Carl Roth  

Proteinase K  Roche  

PVDF membranes  Millipore  

Q5 2x Hot Start Master Mix NEB  

Quick Ligase NEB  

Raffinose Sigma-Aldrich 

Restriction enzymes  NEB  

Rotiphorese Gel 30 (37.5:1) acrylamide solution Carl Roth  

RotiQuant Bradford reagent  Carl Roth  

SDS (Sodium dodecyl sulfate)  Carl Roth 

SDS-PAGE standards, broad range  Thermo Fisher; Biorad  

Sodium carbonate  Carl Roth  

Sodium chloride  Carl Roth  

Sodium citrate Carl Roth  

Sodium hydrogen carbonate  Carl Roth  

Sodium hydroxide  Carl Roth  

Sodium succinate MP Biomedicals  

Sorbitol  Carl Roth 

Spin column  MobiTech 
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Sucrose  MP Biomedicals  

T4 PNK NEB  

TEMED  Carl Roth 

TNT SP6 Transcription/Translation Kit Promega  

Trichloroacetic acid  Sigma-Aldrich 

Tricine Carl Roth 

Tris  MP Biomedicals  

Triton X-100  Sigma-Aldrich 

Trypsin-EDTA Gibco/Thermo Fisher 

Tryptone Becton Dickinson  

Tween 20  Sigma-Aldrich 

Uridine Sigma-Aldrich 

Yeast extract  Becton Dickinson  

Zymolyase 20T (from Arthrobacter luteus) Nacalai Tesque   

Critical equipment 

blotting chamber for semidry transfer (Owl-Hep1) Thermo Fisher 

blotting chamber for wet transfer (Mini-Trans Blot cell) Biorad  

SDS PAGE running apparatus (Mini-Protean system) Biorad  

Blue native PAGE running apparatus (SE600X) Hoefer 

Microplate reader (Spark 10M) Tecan  

Typhoon scanner (9410) GE Healthcare  

Western Blot Imaging system (ImageQuant 680) GE Healthcare  

Software 

Benchling (Molecular Biology Software) https://benchling.com 

Excel Microsoft 

Fiji/ImageJ 1.51s   (Schindelin et al, 2012) 

Huygens Essential v17.04 Scientific Volume 

Imaging 

Illustrator CC Adobe 

Photoshop CC Adobe 

Prism v6.0 GraphPad 
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5.1.2.  Antibodies  

Table 2 Antibodies 

Antibodies against yeast proteins 

Target Identifier or cat. 
number Dilution Source or supplier 

⍺-phospo-AMPK 2535 (40H9) 1:500 Cell Signaling Technologies 

⍺-AAC 115B 1:250 

Laboratory of Nikolaus Pfanner 

(University of Freiburg) & 

Martin van der Laan 

⍺-Aco1 945-7 1:1000 

⍺-Atp18 1962-4 1:500 

⍺-Atp19 1961-3 1:500 

⍺-Atp2 861-3 1:500 

⍺-Atp20 1516-4 1:500 

⍺-Atp21 138-9 1:500 

⍺-Cor1 371-5 1:500 

⍺-Cox1 1538-4 1:500 

⍺-Cox4 578-5 1:500 

⍺-Cox4 578-4 1:500 

⍺-Mgm1 796-5 1:500 

⍺-Mic10 3367-7 1:1000 

⍺-Mic12 3336-6 1:500 

⍺-Mic19 3358-2 1:250 

⍺-Mic26 3335-3 1:500 

⍺-Mic27 3357-2 1:250 

⍺-Mic60 857-5 1:500 

⍺-Porin 3622-3 1:500 

⍺-Rip1 543-5 1:500 

⍺-Sam50 312-15 1:500 

⍺-Ssc1 119-3 1:1000 

⍺-Tim13 238-6 1:500 

⍺-Tim23 3878-4 1:500 

⍺-Tom40 168-4 1:500 

⍺-Tom70 657-4 1:500 

Antibodies against human proteins 

⍺-ATP5B 4826 1:5000 
laboratory of Peter Rehling, 

Göttingen 



5. Materials and Methods 

  

 26 

⍺-ATP5I ab122241 1:500 abcam 

⍺-COX4-I 1522 1:500 
laboratory of Peter Rehling, 

Göttingen 

⍺-DNAJC11 ab183518 1:500 abcam 

⍺-FLAG M2 A2220 1:500 Sigma-Aldrich 

⍺-HSPA9 ab227215 1:500 abcam 

⍺-MIC10 5031 1:500 Laboratory of Nikolaus Pfanner 

(University of Freiburg) & 

Martin van der Laan 

⍺-MIC13 5033 1:500 

⍺-MIC60 5041 1:500 

⍺-MIC19 HPA042935 1:500 Sigma-Aldrich 

⍺-MIC25 HPA051975 1:500 Sigma-Aldrich 

⍺-MIC26 HPA003187 1:500 Sigma-Aldrich 

⍺-MIC27 HPA000612 1:500 Sigma-Aldrich 

⍺-NDUFB8 3764 1:400 
laboratory of Peter Rehling, 

Göttingen 

⍺-OPA1 612607 1:500 BD Biosciences 

⍺-SAM50   - 1:500 
laboratory of Mike T. Ryan, 

Melbourne  

⍺-SAM50 ab246987 1:500 abcam 

⍺-TOM22 ab179826 1:500 abcam 

⍺-TOM40 ab185543 1:500 abcam 

⍺-UQCRFS1 1512 1:500 
laboratory of Peter Rehling, 

Göttingen 

⍺-VDAC PC548 1:500 Merck 

total OXPHOS 

(⍺-ATP5A; 

⍺-UQCRC2; 

⍺-MTCO1;  

⍺-SDHB; 

⍺-NDUFB8) 

ab110413 1:500 abcam 
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5.1.3.  Plasmids  

Table 3 Plasmids 

Plasmid Source 

pRS426 (Sikorski & Hieter, 1989) 

pRS414 (Sikorski & Hieter, 1989) 

pFL36 (Bohnert et al, 2015) 

pFL36-Mic10 (Bohnert et al, 2015) 

pFL36-Mic10G76A (Bohnert et al, 2015) 

pFL36-Atp21-Mic10 Heike Rampelt, University of Freiburg 

pFL36-Atp21-STOP-Mic10 
This work, stop codon inserted by site directed 

mutagenesis 

pFL36-Atp21-Mic10G76A 
This work, mutation generated by site directed 

mutagenesis  

pRS426-Mic10 (Bohnert et al, 2015) 

pRS426-Mic60 (Bohnert et al, 2015) 

pRS414-Mgm1 (Ieva et al, 2014) 

pRS414-Mgm1 D542A 

This work (Faelber et al, 2019), mutations generated 

by site directed mutagenesis 

pRS414-Mgm1 K545A 

pRS414-Mgm1 N675A 

pRS414-Mgm1 F805D 

pRS414-Mgm1 Y520A 

pRS414-Mgm1 R621A 

pRS414-Mgm1 M745D, S756D 

pSpCas9-(BB)-2A-GFP  (Ran et al, 2013) 

pBABE (puro) MIC10-FLAG 
Plasmid for retroviral transduction, created by Ralf 

Zerbes, University of Freiburg 

pBABE (puro) DNAJC11-FLAG Plasmids for retroviral transduction, created by 

Alexander von der Malsburg, Saarland University pBABE (puro) FLAG-SAM50 
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5.1.4.  Yeast strains  

Table 4 Yeast strains  

Yeast strain Reference/ 
created by  

YPH499 (WT) (Sikorski & Hieter, 1989) 

YPH499pRS426 (Bohnert et al, 2015) 

YPH499 mic10∆ pRS426 (Bohnert et al, 2015) 

YPH499 pRS426-Mic10 (Bohnert et al, 2015) 

YPH499 mic10∆ (von der Malsburg et al, 2011) 

YPH499 mic12∆ (von der Malsburg et al, 2011) 

YPH499 mic19∆ (von der Malsburg et al, 2011) 

YPH499 mic26∆ (von der Malsburg et al, 2011) 

YPH499 mic27∆ (von der Malsburg et al, 2011) 

YPH499 mic60∆ (von der Malsburg et al, 2011) 

YPH499 mic60∆ pRS426 (Bohnert et al, 2015) 

YPH499 pRS426-Mic60 (Bohnert et al, 2015) 

YPH499 Mic60-TEV-

ProtA-7xHis pRS426 
(von der Malsburg et al, 2011) 

YPH499 mic26∆ Mic60-

TEV-ProtA-7xHis pRS426 
This work, (Rampelt et al, 2018) 

YPH499 mic27∆ Mic60-

TEV-ProtA-7xHis pRS426 
This work, (Rampelt et al, 2018) 

YPH499 mic26∆ pRS426 This work, (Rampelt et al, 2018) 

YPH499 mic27∆ pRS426 This work, (Rampelt et al, 2018) 

YPH499 Mic10-10xHis 

pRS426 
(Bohnert et al, 2015) 

YPH499 mic26∆  

Mic10-10xHis pRS426 
(Bohnert et al, 2015) 

YPH499 mic27∆  

Mic10-10xHis pRS426 
(Bohnert et al, 2015) 

YPH499 crd1∆ pRS426 This work, (Rampelt et al, 2018) 

YPH499 crd1∆ Mic60-

TEV-ProtA-7xHis pRS426 
This work, (Rampelt et al, 2018) 

YPH499 mic26∆crd1∆ 

Mic60-TEV-ProtA-7xHis 

pRS426 

This work, (Rampelt et al, 2018) 
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YPH499 mic27∆crd1∆  

Mic60-TEV-ProtA-7xHis 

pRS426 

This work, (Rampelt et al, 2018) 

YPH499 mic10∆ Mic60-

TEV-ProtA-7xHis pRS426 
(Bohnert et al, 2015) 

YPH499 mic10∆ Mic60-

TEV-ProtA-7xHis 

pFL36Mic10 

(Bohnert et al, 2015) 

YPH499 mic10∆ Mic60-

TEV-ProtA-7xHis 

pFL36Atp21-Mic10 

This work, Heike Rampelt (Univ. of Freiburg) & F.W.  

YPH499 mic10∆ Mic60-

TEV-ProtA-7xHis 

pFL36Atp21-STOP-Mic10 

This work 

YPH499 pFL36 (Bohnert et al, 2015) 

YPH499 mic10∆ pFL36- 

Mic10 
(Bohnert et al, 2015) 

YPH499 mic10∆ pFL36-

Atp21-Mic10 
This work, Heike Rampelt (Univ. of Freiburg) & F.W. 

YPH499 mic10∆ pFL36-

Atp21-STOP-Mic10 
This work 

YPH499 mic10∆ pFL36- 

Mic10G76A 
(Bohnert et al, 2015) 

YPH499 mic10∆ pFL36-

Atp21- Mic10G76A 
This work 

YPH499 PGAL1-MGM1 This work, (Faelber et al, 2019) 

YPH499 pRS414 This work, (Faelber et al, 2019) 

YPH499 PGAL1-MGM1 

pRS414 
This work, (Faelber et al, 2019) 

YPH499 PGAL1-MGM1 

pRS414-Mgm1 
This work, (Faelber et al, 2019) 

YPH499 PGAL1-MGM1 

pRS414-Mgm1 D542A 
This work, (Faelber et al, 2019) 

YPH499 PGAL1-MGM1 

pRS414-Mgm1 K545A 
This work, (Faelber et al, 2019) 

YPH499 PGAL1-MGM1 

pRS414-Mgm1 N675A 
This work, (Faelber et al, 2019) 
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YPH499 PGAL1-MGM1 

pRS414-Mgm1 F805D 
This work, (Faelber et al, 2019) 

YPH499 PGAL1-MGM1 

pRS414-Mgm1 Y520A 
This work, (Faelber et al, 2019) 

YPH499 PGAL1-MGM1 

pRS414-Mgm1 R621A 
This work, (Faelber et al, 2019) 

YPH499 PGAL1-MGM1 

pRS414-Mgm1 M745D, 

S746D 

This work, (Faelber et al, 2019) 
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5.1.5. Cell lines  

Table 5 Mammalian cell lines  

Cell line sgRNA or retroviral construct 
Source/ 

created by 

HEK293T  -  

Laboratory of Michael 

T. Ryan, Melbourne, 

Australia 

(Stroud et al, 2016) 

HEK293T MIC10-6 
sgRNA: 

AGTCGGAGCTCGGCAGGAAG 

Ralf Zerbes,  

University of Freiburg, 

Germany  

HEK293T MIC60-22 
sgRNA: 

CAGCATCTCGGTCAAGCGGA 

Alexander von der  

Malsburg, Saarland 

University, Germany 

HEK293T MIC13-9 
sgRNA: 

GTTCCTCATCAAGGGAAGTG 

Ralf Zerbes,  

University of Freiburg, 

Germany  

HEK293T MIC26-18 
sgRNA: 

GAACATGTCGCTGGCAGCGG 

Ralf Zerbes,  

University of Freiburg, 

Germany and F.W.  

HEK293T MIC27-10  
sgRNA: 

TGTAACAACCAGTTGCAGTG 

Ralf Zerbes,  

University of Freiburg, 

Germany  

HEK293T 

DNAJC11-5 

sgRNA: 

CGGTGGGGCAGCACTCACAG 

Stefan Schorr and 

Alexander von der 

Malsburg, Saarland 

University, Germany 

HEK293T MIC10-6 + 

MIC10-FLAG cl. 6 

MIC10-6 transduced with MIC10-

FLAG (clonal population) 

Ralf Zerbes,  

University of Freiburg, 

Germany  

HEK293T  

+ FLAG-SAM50 

HEK293T transduced with FLAG-

SAM50 (non-clonal population) 

Alexander von der 

Malsburg, Saarland 

University, Germany 

HEK293T 

DNAJC11-5 cl. 19 

DNAJC11-5 transduced with 

DNAJC11-FLAG (clonal 

population) 

Alexander von der 

Malsburg, Saarland 

University, Germany 
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5.2. Methods 

5.2.1.  Biochemistry  

5.2.1.1. Isolation of mitochondria from yeast  
Yeast were grown in YPG medium or synthetic defined media containing 3% [v/v] glycerol 

and 0.1% [w/v] glucose (see section 5.2.2.1 for details) at 30°C and 130 rpm to mid-

logarithmic phase and mitochondria were isolated using a protocol modified from Meisinger 

et al, 2006. Cells were harvested by centrifugation for 10 min at 1,200 x g, washed with water 

and incubated in DTT buffer (100 mM Tris/H2SO4 pH 9.4, 10 mM DTT; 2 ml per gram wet 

weight) for 20 min at 30°C. Cells were re-isolated by centrifugation (5 minutes at 2,000 x g), 

washed in zymolyase buffer (1.2 M sorbitol, 20 mM potassium phosphate pH 7.4) and 

incubated in zymolyase buffer containing 4 mg per gram wet weight zymolyase 20T for 30 – 

45 min. After a wash in zymolyase buffer, spheroplasts were resuspended in homogenisation 

buffer (0.6 M sorbitol, 10 mM Tris-HCl pH 7.4, 1 mM EDTA, 0.2% [w/v] BSA, 1 mM PMSF) 

and homogenised in a glass-teflon dounce homogeniser (Sartorius) on ice. The cell lysate was 

then centrifuged for 10 min at 1,000 x g and crude mitochondria were isolated from the 

supernatant by centrifugation at 17,000 x g for 10 min. The pellet was washed in SEM buffer 

(250 mM sucrose, 1 mM EDTA, 10 mM MOPS-KOH pH 7.2), the protein concentration was 

determined using the Bradford assay by adding 1 µl of mitochondria in 50 µl water to 800 µl 

of 1x RotiQuant and comparing the absorbance at 595 nm to an IgG standard curve. The 

concentration was adjusted to 10 mg/ml with SEM buffer, mitochondrial fractions were snap 

frozen in liquid nitrogen and stored at -80°C.  

 

5.2.1.2. Isolation of mitochondria from mammalian cell lines  
HEK293T cells were grown in 145 mm dishes and harvested in ice-cold PBS by centrifugation 

(800 x g, 5 min) and cell pellets were stored at -80°C. For all assays except import and 

assembly experiments, mitochondria were isolated by differential centrifugation as described 

in Acín-Pérez et al, 2008. Cells were resuspended in buffer A (83 mM sucrose, 10 mM 

HEPES-KOH pH 7.2) and homogenised in a glass-teflon dounce homogeniser on ice. After 

homogenisation, an equal volume buffer B (250 mM sucrose, 30 mM HEPES-KOH pH 7.2) 

was added to the cell homogenate, which was subsequently centrifuged at 1,000 x g for 5 min. 

Crude mitochondrial fractions were isolated from the supernatant by centrifugation at 

20,000 x g for 5 min and resuspended in S320EM buffer (320 mM sucrose, 1 mM EDTA, 

10 mM MOPS-KOH pH 7.2). Protein concentration was estimated by the Bradford assay and 

aliquots of crude mitochondria were stored at -80°C.  For mitochondrial import assays, 

mitochondria were isolated according to Johnston et al, 2002. Cells were harvested in PBS 

and resuspended in isolation buffer (20 mM HEPES-KOH pH 7.6, 220 mM mannitol, 70 mM 

sucrose, 1 mM EDTA) containing 2 mg/ml [w/v] BSA and 0.5 mM PMSF and homogenised 

as above. After centrifugation at 800 x g for 5 min, crude mitochondria were isolated by 
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centrifugation at 10,000 x g for 10 min, the protein concentration was determined by a 

Bradford assay and mitochondria were kept on ice until the start of the assay.  

 

5.2.1.3. SDS-PAGE and immunoblotting  
Lysates of isolated mitochondria or yeast cells were prepared in SDS sample buffer (Laemmli, 

1970) (2% [w/v] SDS, 10% [v/v] glycerol, 60 mM Tris-HCl pH 6.8, 0.01% [w/v] 

bromophenole blue, 1% [v/v] β-mercaptoethanol) and incubated at 95°C for 5 min or 65°C for 

15 min (to prevent aggregation of hydrophobic proteins). Bis-Tris SDS polyacrylamide gels 

(as described in: https://openwetware.org/wiki/Sauer:bis-Tris_SDS-PAGE,_the_very_best) 

were prepared using a 3x Bis-Tris gel buffer (1 M Bis-Tris HCl pH 6.8) and 

acrylamide/bisacrylamide (37.5:1)  at a final concentration of 10% [w/v].  Gels were run either 

in MES low-molecular weight running buffer (50 mM MES, 50 mM Tris, 1 mM EDTA, 0.1% 

[w/v] SDS) or MOPS high-molecular weight running buffer (50 mM MOPS, 50 mM Tris, 

1 mM EDTA, 0.1% [w/v] SDS) at a constant voltage of 150 – 200 V. Proteins were then 

transferred to PVDF membranes with a semi-dry blotting system at a constant current of 300-

400 mA in semidry transfer buffer (20 mM Tris, 150 mM glycine, 0.02% [w/v] SDS, 10% 

[v/v] ethanol). For analysis of OPA1 isoforms, commercially available NuPAGE 4-12% Bis-

Tris gradient gels were used and transferred to nitrocellulose membranes in a wet-transfer 

system at a constant voltage of 100 V for 1 h in wet-transfer buffer (25 mM Tris, 192 mM 

glycine, 10% [v/v] ethanol). To assess equal loading of PVDF membranes, membranes were 

stained with Coomassie brilliant blue R250 (0.3% [w/v] in 40% [v/v] ethanol, 10% [v/v] acetic 

acid) and destained in destaining solution (40% [v/v] ethanol, 10% [v/v] acetic acid). 

Subsequently, membranes were cut horizontally to enable immuno-decoration with several 

antibodies and destained in methanol to remove residual Coomassie brilliant blue. After a 

wash in TBS/T (20 mM Tris-HCl pH 7.5, 125 mM NaCl, 0.1% [v/v] Tween-20), membranes 

were blocked in TBS/T containing 5% [w/v] milk powder (TBST-M) or bovine serum albumin 

(TBST-BSA, for phosphorylation-specific antibodies) and subsequently incubated with 

primary antibodies diluted in TBST-M or TBST-BSA for several hours at RT or at 4°C 

overnight. After several washes in TBST-M, membranes were incubated in horseradish-

peroxidase coupled secondary antibodies for approximately 45 min and washed again prior to 

detection by enhanced chemiluminescence (Pierce ECL Plus western blotting substrate) and 

X-ray films (GE-healthcare) or a CCD camera system (Amersham ImageQuant 680).  

 

5.2.1.4. BN-PAGE analysis of mitochondrial protein complexes  
BN-PAGE was performed essentially as described (Schägger & von Jagow, 1991; Priesnitz et 

al, 2020). Mitochondria (50-100 µg protein per lane) were re-isolated by centrifugation 

(20,000 x g for 10 min) and resuspended in ice-cold BN-PAGE solubilisation buffer (1% [w/v] 

digitonin, 20 mM Tris-HCl pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 10% [v/v] glycerol, 1 mM 
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PMSF) at a concentration of 1 µg/µl. After 15 – 30 min, mitochondrial lysates were cleared 

by centrifugation (20,000 x g for 10 min) and mixed with 10x BN-PAGE loading dye (5% 

Coomassie brilliant blue G250, 500 mM 6-aminocaproic acid, 100 mM Bis-Tris HCl pH 7.0). 

Samples were loaded on homemade BN-PAGE gradient gels containing 66.7 mM 6-

amiocaproic acid and 50 mM Bis-Tris HCl pH 7.0 and run at 600V, 25 mA in a water-cooled 

(5°C) Hoefer gel chamber with 4 litres of anode buffer (500 mM Bis-Tris HCl pH 7.0) and 

cathode buffer (50 mM Tricine-HCl pH 7.0, 15 mM Bis-Tris HCl pH 7.0) containing 0.02% 

[w/v] Coomassie brilliant blue G250. After samples entered the gel, Coomassie dye was 

omitted from the cathode buffer and the run was continued until the blue running front reached 

the end of the gel. For immunoblotting, the gel was soaked in SDS buffer (25 mM Tris, 

192 mM glycine, 1% [w/v] SDS) for 5 min prior to transfer to PVDF in a semi-dry blotting 

chamber as described above.  

 

5.2.1.5. Molecular Cloning and site-directed mutagenesis  
Standard molecular biology techniques were used for the generation of plasmids. Briefly, open 

reading frames were amplified from plasmids or yeast genomic DNA by polymerase chain 

reaction using the Q5 Hot Start polymerase master mix according to manufacturer’s 

recommendations. Yeast genomic DNA was isolated as described in (Löoke et al, 2011). To 

this end, a yeast colony was suspended in 200 mM lithium acetate and 1% [w/v] SDS and 

incubated at 70°C for 5 minutes. The DNA was ethanol precipitated and dissolved in 100 µl 

water, cell debris was pelleted and 1 µl of supernatant was used in a 50 µl PCR reaction. For 

amplification from plasmids, 1 ng template was used per reaction. Plasmids were assembled 

by Gibson assembly as published (Gibson et al, 2009) or restriction digest and ligation. 

Plasmids were verified by Sanger Sequencing (Eurofins Genomics). For site directed 

mutagenesis, primers were designed using the Quikchange Primer design tool 

(https://www.agilent.com/store/primerDesignProgram.jsp) and PCR reactions were 

assembled with single primers (Edelheit et al, 2009). After amplification, samples were mixed 

and annealed by heating to 95°C and gradually lowering the temperature to 37°C, prior to 

digestion of templates by DpnI and transformation into chemically competent E. coli.  

 

5.2.1.6. Affinity purification of MICOS via Mic60-Protein A  
To analyse MICOS stoichiometry and Mic10 assembly, the yeast MICOS complex was 

isolated via C-terminally TEV-Protein A-7xHis-tagged Mic60 (Mic60-ProtA) essentially as 

described (Bohnert et al, 2015). Mitochondria were lysed in lysis buffer (1% [w/v] digitonin, 

20 mM Tris-HCl pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 10% [v/v] glycerol, 1 mM PMSF, 

Roche protease inhibitors) on ice for 45 min, the lysate was clarified by centrifugation and the 

supernatant was incubated with IgG-sepharose, which was washed with 0.5 M acetate pH 3.4 

and equilibrated with lysis buffer lacking digitonin. Proteins were bound to the beads in a 
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mobicol spin column for 1.5 h, prior to 10 washes with washing buffer (0.3% [w/v] digitonin, 

20 mM Tris-HCl pH 7.4, 60 mM NaCl, 0.1 mM EDTA, 10% [v/v] glycerol, 1 mM PMSF). 

Proteins were eluted by incubation with AcTEV protease for 2.5 h at RT. The TEV protease 

as well as the protein A tag were removed by incubation with NiNTA resin for 30 min and 

proteins were eluted by centrifugation. For SDS-PAGE analysis, total and elution fractions 

were mixed with SDS sample buffer, denatured at 95°C for 5 min, and subjected to SDS-

PAGE and immunoblotting as described above. BN-PAGE samples were mixed with BN-

PAGE loading dye and processed as described. Membranes were analysed with an anti-Mic10 

antibody.  

 

5.2.1.7. FLAG co-immunoprecipitation  
The mammalian MICOS complex was isolated via MIC10FLAG IP. To this end, mitochondria 

were lysed in solubilisation buffer (see section 5.2.1.6) for 30 min on ice and incubated with 

pre-equilibrated Anti-FLAG-M2 affinity gel for 1.5 h at 4°C. Beads were washed 10 times 

with washing buffer (see section 5.2.1.6) and bound proteins were eluted by addition of 

3xFLAG peptide at a final concentration of 100 µg ml-1. Proteins were TCA precipitated, 

suspended in SDS sample buffer and denatured at 65°C for 15 min for subsequent analysis by 

SDS-PAGE and immunoblotting.  

 

5.2.1.8. Chemical crosslinking and affinity purification of crosslinking 

products  
In organello crosslinking was performed using the amine-reactive crosslinker disuccinimidyl 

glutarate (DSG) at a concentration of 1 mM for yeast mitochondria, 0.5 mM for FLAGSAM50 

crosslinking and 2 mM for human MIC10 crosslinks. To this end, DSG was dissolved in 

DMSO and added to isolated mitochondria in SEM buffer (containing 250 mM sucrose for 

yeast mitochondria and 320 mM sucrose for human mitochondria). After 30 min incubation 

on ice, the reaction was quenched by addition of 0.1 M Tris pH 7.4, mitochondria were re-

isolated by centrifugation and then either directly prepared for SDS-PAGE analysis as 

described above or subjected to denaturing affinity purification via Mic10His or FLAGSAM50.  

Mic10His crosslinks were isolated as described (Bohnert et al, 2015).  After lysis in lysis buffer 

(1% [w/v] SDS, 20 mM Tris-HCl pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 10% [v/v] glycerol, 

10 mM imidazole, 1 mM PMSF, Roche protease inhibitors) and incubation at 95°C for 5 min, 

lysates were centrifuged at RT for 10 min at 20,000 x g and the supernatant was diluted 1:10 

with dilution buffer (0.2% [v/v] Triton X-100, 20 mM Tris-HCl pH 7.4, 50 mM NaCl, 0.1 mM 

EDTA, 10% [v/v] glycerol, 10 mM imidazole, 1 mM PMSF, Roche protease inhibitors) and 

incubated with pre-equilibrated NiNTA resin at 4°C for 2 h. Beads were washed with washing 

buffer (0.2% [v/v] Triton X-100, 20 mM Tris-HCl pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 10% 

[v/v] glycerol, 40 mM imidazole, 1 mM PMSF, Roche protease inhibitors) in mobicol spin 
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columns at least 5 times and proteins were eluted in elution buffer (0.2% [v/v] Triton X-100, 

20 mM Tris-HCl pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 10% [v/v] glycerol, 250 mM 

imidazole, 1 mM PMSF, Roche protease inhibitors), mixed with SDS sample buffer and 

analysed by SDS-PAGE and immunoblotting.  
FLAGSAM50 crosslinks were purified by FLAG-IP. Mitochondria were lysed in lysis buffer 

(1% [w/v] SDS, 20 mM Tris-HCl pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 10% [v/v] glycerol, 

1 mM PMSF, Roche protease inhibitors), proteins were denatured at 95°C for 5 min, diluted 

1:10 with dilution buffer (0.2% [v/v] Triton X-100, 20 mM Tris-HCl pH 7.4, 50 mM NaCl, 

0.1 mM EDTA, 10% [v/v] glycerol, 1 mM PMSF, Roche protease inhibitors) and then 

incubated with pre-equilibrated Anti-FLAG-M2 affinity gel for 1 h at 4°C. Beads were washed 

10 x with washing buffer (0.2% [v/v] Triton X-100, 20 mM Tris-HCl pH 7.4, 360 mM NaCl, 

0.1 mM EDTA, 10% [v/v] glycerol, 1 mM PMSF, Roche protease inhibitors) and eluted with 

wash buffer supplemented with 100 µg/ml 3xFLAG peptide. Subsequently, samples were 

mixed with SDS sample buffer and analysed by SDS-PAGE and immunoblotting.  

 

5.2.1.9. In vitro transcription/translation of radiolabelled precursor 

proteins 

Radiolabelled VDAC was produced in rabbit reticulocyte lysate using the TNT SP6 Quick 

coupled transcription/translation system (Promega). To this end, the VDAC open reading 

frame was amplified from cDNA and cloned into pGEM4z. This plasmid was then used in a 

translation reaction with [35S] methionine at 30°C for 90 min, which was stopped by addition 

of 5 mM cold methionine, 250 mM sucrose and snap-freezing in liquid nitrogen. Lysates were 

stored at -80°C until further use.  

 

5.2.1.10. In organello import and assembly assays  
For in organello import and assembly assays, mitochondria were isolated using a mild protocol 

as described in section 5.2.1.2 and immediately used in an import assay. To this end, 50 µg of 

isolated mitochondria per reaction were pelleted and resuspended in 100 µl import buffer 

(250 mM sucrose, 5 mM magnesium acetate, 80 mM potassium acetate, 10 mM sodium 

succinate, 1 mM DTT, 5 mM ATP, 20 mM HEPES-KOH pH 7.4). After a short incubation at 

37°C, the import reaction was started by adding 5% of reticulocyte lysate (see section 5.2.1.9). 

At the indicated time points, the reaction was stopped by transfer of the samples on ice. 

Mitochondria were re-isolated by centrifugation (20,000 x g, 5 min), washed with import 

buffer and prepared for BN-PAGE as described in section 5.2.1.4. After stopping the run, the 

gel was stained with Coomassie brilliant blue R250 (see section 5.2.1.3) and dried on a 

Whatman filter paper using a temperature-controlled vacuum drying apparatus. Dried gels 

were analysed by digital autoradiography using storage phosphor screens and a Typhoon 

scanner. 
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5.2.2.  Yeast assays  

5.2.2.1. Yeast strains and growth conditions  
All strains used in this work are derivatives of YPH499 (MATa ura3-52 lys2-801amber ade2-

101ochre trp1-Δ63 his3-Δ200 leu2-Δ1) and were modified as described in section 5.2.2.2 as 

well as Table 4. Yeast was typically maintained in YP medium (1% [w/v] bacto-yeast extract, 

2% [w/v] bacto-peptone) containing either 2% [w/v] glucose (YPD), 3% [v/v] glycerol (YPG) 

or 2% [w/v] galactose and 1% [w/v] raffinose (YPGal-Raff). For agar plates, 2.5% bacto-agar 

was added. Yeast strains containing plasmids with auxotrophic markers were grown in 

synthetic defined media (0.67% [w/v] YNB without amino acids (BD Difco), amino acid drop-

out mix (MP Biomedicals)) supplemented with the desired carbon source. Liquid cultures were 

grown in conical flasks or 2 ml tubes with Eppendorf LidBacs at 30°C under constant 

agitation. For long-term storage, yeast was resuspended in 15% [v/v] glycerol and kept at 

-80°C. 

  

5.2.2.2. Yeast transformations and generation of yeast strains  
Yeast was transformed with plasmids (described in Table 4) or purified PCR fragments 

encoding a deletion or tagging cassette and homology arms, which were either amplified from 

genomic DNA of respective mutants or tagging plasmids (Longtine et al, 1998) using 

oligonucleotides designed with the Primers-4-Yeast tool (Yofe & Schuldiner, 2014). For 

transformation, parental yeast strains were grown to mid-logarithmic phase and pelleted by 

centrifugation. Cell pellets were washed in lithium acetate mix (0.1 M lithium acetate, 0.1 M 

Tris-HCl pH 7.6, 1 mM EDTA) and resuspended in 100 µl lithium acetate mix supplemented 

with 1 mg ml-1 freshly boiled carrier DNA from herring sperm. After addition of 1-5 µg 

plasmid or PCR product, cells were mixed with 700 µl PEG mix (40% [w/v] PEG4000, 0.1 M 

lithium acetate, 0.1 M Tris-HCl pH 7.6, 1 mM EDTA) and incubated for at least 30 min at 

room temperature. After addition of DMSO to a final concentration of 6% [v/v], cells were 

heat-shocked at 42°C for 15 min, pelleted and then plated on appropriate agar plates for 

auxotrophic or antibiotic selection. After selection of clones, cells were analysed by 

SDS-PAGE and immunoblotting and colony PCR when necessary.  

 

5.2.2.3. Semi-automated yeast growth assays  
To assess yeast growth in liquid medium in a semi-automated manner, yeast was cultured in 

2 ml tubes with air-permeable lids (Eppendorf LidBac) in synthetic defined media containing 

2% [w/v] glucose in a benchtop thermo-mixer at 30°C and 1000 rpm to late-logarithmic phase. 

Two hours before start of the growth assay, fresh media was added to ensure fermentative 

growth conditions. Subsequently, yeast was diluted to OD600 = 0.1 in 500 µl pre-warmed assay 

medium containing either 0.2% [w/v] glucose or 3% [v/v] glycerol and 0.1% [w/v] glucose in 

a 48-well plate. Growth was then monitored for 24 hours using a temperature-controlled Tecan 
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Spark 10M microplate reader set to 30°C. Absorbance at 600 nm was measured every 5 min 

after shaking the plate for 10 sec in linear mode with an amplitude of 2.5 mm at 630 rpm. 

Between measurements, the plate was shaken in a double-orbital manner with an amplitude of 

1.5 mm at 180 rpm. Optical density measurements were then corrected by subtracting values 

obtained from a blank well not containing yeast. Mean values obtained from two or three  wells 

were plotted in GraphPad Prism v6.0. 

 

5.2.2.4. Analysis of yeast cell lysates  
Yeast cells were lysed by adding trichloroacetic acid to a final concentration of 20% [w/v] and 

subsequently frozen at -20°C to prevent e.g. post-harvesting phosphorylation of Snf1 (Orlova 

et al, 2008). After thawing the cell suspension on ice, cells were pelleted at 20,000 x g for 15 

min, washed with Tris base for neutralisation, resuspended in sample buffer and incubated at 

95°C for 5 min. Insoluble material was removed by centrifugation and the supernatant 

(equivalent to 0.05 OD600) was analysed by SDS-PAGE and immunoblotting.  

 

5.2.2.5. Fluorescence microscopy analysis of mitochondrial morphology 

Yeast were grown in synthetic defined media and resuspended in 5% [w/v] glucose and 10 mM 

HEPES-KOH pH 7.2, containing 0.5 µg ml-1 DAPI and 175 nM DiOC6 (3,3′-

dihexyloxacarbocyanine iodide). Cells were imaged on a Leica DMi8 fluorescent microscope 

with a Leica DFC3000 G CCD camera and a 63x/1.40 objective. Z-stacks were deconvolved 

with Huygens Essential and images were displayed as maximum intensity projections in Fiji. 

Variations in DiOC6 uptake were corrected for by adjusting the contrast of individual images.  

 

5.2.2.6. Fixation of yeast for electron microscopy analysis 
Yeast were grown in synthetic defined media containing glycerol to mid-logarithmic phase, 

pelleted, washed in 0.1 M citrate buffer pH 4.8 and fixed (4% [w/v] formaldehyde, 0.5% [w/v] 

glutaraldehyde, 0.1 M citrate pH 4.8) for 3 hours at 30°C. Subsequently, fixed cells were 

resuspended in citrate buffer and further processed for electron microscopy (by Severine Kunz, 

MDC Berlin). The cell wall was permeabilised with sodium-metaperiodate and samples were 

embedded in 10% [w/v] gelatin and 2.3 M sucrose and frozen in liquid nitrogen. After 

preparation of ultrathin sections and staining with 3% [w/v] tungstosilicic acid hydrate in 

2.5% [v/v] polyvinyl alcohol, samples were examined by electron microscopy with a Zeiss 

EM 910 electron microscope at 80 kV.     
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5.2.3. Generation and culture of human cell lines  

5.2.3.1. Tissue culture and media  
The parental HEK293T cell line was obtained from the laboratory of Michael T. Ryan 

(Melbourne, Australia) (Stroud et al, 2016) and maintained in a humidified incubator at 37°C 

and 5% CO2 in Dulbecco’s modified Eagle medium (DMEM) containing 4.5 g l-1 glucose, 

supplemented with 10% FCS and 50 µg ml-1 uridine. To test growth in galactose-containing 

media, glucose was replaced with 4.5 g l-1 galactose. Cells were detached by trypsin treatment 

and kept at <90% confluency. For storage, cells were pelleted, resuspended in Bambanker 

freezing media and stored at -80°C.  

 

5.2.3.2. CRISPR/Cas9-mediated knockout  
CRISPR/Cas9 mediated knockout of target genes was performed as described (Ran et al, 

2013). sgRNAs (listed in Table 5) were designed using the CHOPCHOP tool 

(https://chopchop.rc.fas.harvard.edu) and oligonucleotides encoding sgRNAs were annealed, 

phosphorylated with T4 polynucleotide kinase and cloned into the BbsI site of 

pSpCas9-(BB)-2A-GFP which was transfected into HEK293T cells. 24 hours after 

transfection, single GFP-positive clones were sorted by fluorescence activated cell sorting 

(FACS) into 96 well plates. Surviving clonal populations were transferred to 6-well plates and 

screened by SDS-PAGE and immunoblotting. If possible, successful inactivation of the target 

gene by indel formation was also verified by Sanger sequencing of sub-cloned amplicons of 

the targeted region.  

 

5.2.3.3. Retroviral expression  
Retroviral expression experiments were performed by Ralf M. Zerbes (University of Freiburg 

and Monash University, Melbourne) and Alexander von der Malsburg (Saarland University). 

For stable (re-)expression, open reading frames were amplified from cDNA and cloned into 

the pBABE-puro vector, which was transfected into HEK293T cells together with pVSV-G 

and pUMVC-gag-pol. Supernatant, including retroviruses, was harvested 48 h after 

transfection and used to transduce target cells. Target cells were then treated with puromycin 

for selection and individual clones or populations were screened by SDS-PAGE and 

immunoblotting for expression of the target gene.  

 

5.2.3.4. Analysis of cell growth by crystal violet staining and extraction  

To assess the growth behaviour of MICOS-mutant HEK293T cell lines, 48 well plates were 

coated with 0.01% poly-L-lysine prior to seeding 10,000 cells per well. After the indicated 

time points, media was removed, all wells were washed with PBS and fixed with 4% [w/v] 

para-formaldehyde in PBS. Fixed plates were stored at 4°C until the end of the growth assay. 

Subsequently, wells were washed with PBS and stained with 250 µl of a crystal violet solution 
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(2 mg ml-1 in 10% EtOH) for 30 min. After removal of the staining solution, wells were washed 

extensively with distilled water to remove unspecific crystal violet staining. After air-drying, 

the dye was re-extracted with 250 µl 10% [v/v] acetic acid for 1 h and the absorbance at 590 

nm was measured using a Tecan Spark 10M microplate reader. Blank-corrected absorbance 

values were plotted in Graphpad Prism v6.0.  
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6. Results 
6.1.  MICOS core subunits are required for efficient metabolic adaptation in 

yeast  
Mitochondrial cristae shape constantly has to adapt to cellular metabolic demands to ensure 

efficient generation of ATP by oxidative phosphorylation. Cristae shape is determined by 

several proteinaceous effectors, including the ATP synthase and the dynamin-like GTPase 

Mgm1/OPA1. While dimeric ATP synthase assemblies appear to be crucial for the formation 

of tubular cristae and the stabilisation of cristae rims and tips, Mgm1/OPA1 has been 

implicated in the formation of lamellar cristae by inner membrane fusion as well as the 

dynamic remodelling of cristae depending on substrate availability. Very little is known about 

the role of the MICOS complex in the formation and remodelling of cristae. The yeast 

Saccharomyces cerevisiae is a suitable model organism to study these phenomena, since it 

undergoes a well-defined diauxic shift from glycolysis to respiration, during which it relies on 

the efficient remodelling of mitochondrial ultrastructure. Preliminary data from our laboratory 

indicated that alterations in the protein levels of Mic10, a core subunit of MICOS, lead to a 

delayed adaptation to respiratory metabolism (S. Horvath, pers. communication).  To test the 

hypothesis that MICOS deficiencies lead to an inefficient adaptation to respiratory 

metabolism, yeast strains lacking or overexpressing Mic10 were grown in synthetic media 

containing 0.1% glucose as well as 3% of the respiratory carbon source glycerol and the optical 

density was measured manually to monitor cell proliferation. The resulting growth curve 

showed a clear diauxic behaviour in wild-type and Mic10 mutant strains (Figure 3a). While 

no difference could be observed during the first fermentative growth phase, cells lacking or 

overexpressing Mic10 showed a noticeable lag during the diauxic shift compared to wild-type 

cells. To further screen a multiple number of mutants, the assay was automated using a 

microplate reader and 24 or 48 well plates (Figure 3b,c), which allowed for continuous optical 

density measurements for 24 hours. This semi-automated protocol was then directly compared 

to manual measurements by measuring the diauxic growth of mic10∆ and Mic10 

overexpressing cells (Figure 3b). While the absolute absorbance values were not comparable 

to the manually measured cultures, a clear diauxic growth behaviour could be observed. 

Importantly, Mic10 mutant cells also showed a delayed diauxic shift. In addition, mic10∆ but 

not Mic10 overexpressing cells showed a reduced respiratory growth rate (Figure 3b). 

The automated adaptation assay was then used to screen all six yeast MICOS deletion mutants 

(Figure 3c). Even though deletion of all MICOS subunits, with the exception of Mic26, leads 

to a noticeable ultrastructural phenotype (von der Malsburg et al, 2011), only deletion of the 

core subunits Mic10 and Mic60 led to a pronounced adaptation or respiratory growth 

phenotype of comparable effect size (Figure 3c).  
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Figure 3 MICOS core subunits are required for efficient adaptation to respiratory 
metabolism 

A. Wild-type, mic10∆ and Mic10 overexpressing (Mic10↑) yeast strains were grown in batch cultures 
in minimal media containing 0.1% glucose and 3% glycerol for 24 hours at 30°C. At the indicated time 
points, cellular growth was  assessed by manually measuring the optical density at 600 nm (OD600). B. 
Semi-automated growth assay in a 24 well plate. The conditions used in A were adapted to a microplate-
reader based assay. Growth in minimal media containing 0.2% glucose was measured for 24 hours (B.-
D: representative growth curves, error bars indicate standard deviation from technical replicates). 
C. Growth assay in 48 well plates using minimal media containing 0.1% glucose and 3% glycerol. The 
diauxic growth behaviour of all MICOS deletion strains was compared. D. Growth assay comparing the 
effect of Mic10 and Mic60 deletion and overexpression on diauxic growth using the conditions 
described in C. E. Analysis of AMPK (Snf1 in yeast) phosphorylation during the switch from glycolytic 
to respiratory metabolism in Mic10 mutant yeast. Yeast was grown in the presence of 2% glucose before 
culturing in media containing 3% glycerol. Cultures were stopped at the indicated time points by 
addition of trichloroacetic acid and phosphorylation of Snf1/AMPK was assessed by immunoblotting 
analysis of cell lysates. 
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Similarly to Mic10, Mic60 protein levels are crucial for correct mitochondrial architecture, 

since overexpression leads to increased branching of cristae (Rabl et al, 2009; Bohnert et al, 

2015). In metabolic adaptation assays, Mic10 or Mic60 overexpression led to a similar 

phenotype (Figure 3d). To further investigate this phenotype, Mic10 mutant yeast was grown 

in glucose-containing media and then switched to glycerol media to mimic a diauxic shift. At 

various time points, trichloroacetic acid was added and cultures were frozen. Subsequently, 

the level of phosphorylated AMPK (Snf1 in yeast) was analysed by immunoblotting (Orlova 

et al, 2008) to assess starvation (Figure 3e). In all cultures, increased pAMPK levels were 

detected immediately after removal of glucose. This effect was more pronounced in cells 

lacking or overexpressing Mic10, suggesting an impaired adaptation to respiratory 

metabolism. The same samples were also probed for various mitochondrial proteins (Figure 

Figure 4 Delayed mitochondrial inner membrane biogenesis in Mic10 mutant yeast 
during the diauxic shift 

Samples were prepared as in Figure 3e and analysed by immunoblotting with antibodies against various 
mitochondrial proteins of the inner and outer membrane. 
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4). The levels of respiratory chain subunits, such as Cox4, Rip1 and Cor1 as well as ATP 

synthase subunits increased during the assay, indicating a stimulation of mitochondrial 

biogenesis. The expression of MICOS subunits showed a very similar behaviour, 

demonstrating that MICOS expression is important for the adaptation to respiratory 

metabolism. Interestingly, this increase of mitochondrial inner membrane proteins was slower 

in mic10∆ and Mic10 overexpressing cells, further supporting a delayed metabolic adaptation 

in these cells. 

In summary, overexpression or deletion of MICOS core subunits in yeast leads to a delayed 

adaptation to respiratory metabolism while the deletion of accessory MICOS subunits had no 

effect. Mic10 and Mic60 form oligomeric assemblies that either stabilise or induce membrane 

curvature and their deletion as well as overexpression had an impact on the metabolic 

flexibility of these cells. Therefore, their levels and activity or assembly is likely 

spatiotemporally coordinated by regulatory pathways. Since deletion of other MICOS subunits 

leads to similar ultrastructural phenotypes, but does not affect metabolic adaptation or 

respiratory growth in a similar manner, MICOS-independent functions of Mic10 and Mic60 

might also be involved in the observed phenotypes.  
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6.2.  A Mic10-ATP synthase interaction is crucial for metabolic adaptation 

While the main function of Mic10 appears to be the stabilisation of membrane curvature at 

crista junctions as part of the MICOS complex, recent reports also showed that minor amounts 

interact directly with the ATP synthase and modulate its oligomeric state by an unknown 

mechanism (Eydt et al, 2017; Rampelt et al, 2017). Deletion or overexpression of Mic10 led 

to a very pronounced effect on the diauxic growth behaviour of yeast, whereas deletion of 

accessory subunits of the Mic10 subcomplex had no obvious effect (chapter 6.1). We therefore 

hypothesised that ATP-synthase bound Mic10 contributes to the remodelling of mitochondrial 

ultrastructure during the diauxic shift. To test this hypothesis, Mic10 was genetically targeted 

to the ATP synthase by fusing it to the C-terminus of Atp21 (subunit e of the ATP synthase; 

construct created and initially characterised by Heike Rampelt, University of Freiburg), which 

has been shown to be in close proximity to Mic10 by chemical crosslinking (Eydt et al, 2017; 

Rampelt et al, 2017). This construct was then expressed in mic10∆ yeast harbouring a 

Protein A tagged allele of Mic60, which was used to isolate the MICOS complex. To this end, 

isolated mitochondria were lysed with the mild non-ionic detergent digitonin and subjected to 

IgG affinity chromatography (Figure 5a). MICOS subunits could be efficiently co-isolated in 

the presence of Mic10, but not when Mic10 was deleted (Figure 5a). Furthermore, mic10∆ 

mitochondria contained reduced amounts of Mic26 and Mic27, indicating a destabilisation of 

the complex (Bohnert et al, 2015). Plasmid-based re-expression of Mic10 rescued Mic26 and 

Mic27 levels and restored the integrity of MICOS complex after isolation via Mic60-ProteinA 

(Figure 5a). When the elution fractions are analysed on a BN-PAGE, Mic10 oligomers can be 

visualised by immunoblotting with antibodies directed against Mic10 (Bohnert et al, 2015). 

The Atp21-Mic10 fusion construct could only be co-purified in minor amounts (Figure 5a) 

and no MICOS-bound oligomers could be detected (Figure 5b). This finding suggests that 

Atp21-Mic10 is not stably associated with MICOS and does not form MICOS-bound 

oligomers. Because Atp21-Mic10 did not form MICOS-bound oligomers, which are essential 

for stabilising crista junctions, we asked whether Atp21-Mic10 would rescue the 

ultrastructural phenotype observed in mic10∆ mitochondria. Since mic10∆ mitochondria 

display no or only a few connections between cristae and the inner boundary membrane, they 

show a decreased response to hypo-osmotic swelling (von der Malsburg et al, 2011). Outer 

membrane rupture after swelling can be assessed by analysing protease-accessibility of 

intermembrane space exposed proteins (Figure 5c). When wild-type mitochondria were treated 

with hypo-osmotic buffer and proteinase K, proteins of the IMS or proteins with IMS-exposed 

domains such as Tim13, Tim23 and Mic60 were efficiently degraded (Figure 5c). This 

reduction was less pronounced in mic10∆ mitochondria but was rescued by plasmid-based 

expression of Mic10. Importantly, the hypoosmotic swelling defect was not rescued by 

expression of Atp21-Mic10, which strongly suggests that the Atp21-Mic10 fusion construct 

does not rescue the function of Mic10 at the MICOS complex, leading to a collapse of crista 
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Figure 5 ATP synthase-bound Mic10 is required for efficient adaptation to respiratory 
metabolism, but does not rescue MICOS activity  

A. Mitochondria from the indicated yeast strains were lysed in digitonin and Mic60-ProtA was isolated 
by IgG affinity chromatography followed by immunoblotting against various MICOS subunits 
(load: 8% of eluate). B. The eluates obtained in A were directly loaded onto a BN-PAGE and analysed 
by immunoblotting with antibodies directed against Mic10 to visualize MICOS-bound Mic10 
oligomers. C. Mitochondria isolated from the indicated strains were exposed to hypoosmotic swelling 
conditions using the indicated sucrose concentrations. After 30 min, proteinase K (PK) was added as 
indicated to assess outer membrane rupture by protease accessibility. Samples were analysed by SDS-
PAGE and immunoblotting against various outer and inner membrane proteins. D. Diauxic growth 
assay (minimal media with 0.2% glucose, see Figure 3) of mic10∆ cells complemented with plasmids 
encoding for Mic10 or Atp21-Mic10. E. Diauxic growth assay in minimal media containing 0.2% 
glucose with oligomerisation-deficient Mic10 or Atp21-Mic10 variants (D.-E.: Representative growth 
curves, error bars indicate standard deviation from technical replicates). F. Chemical crosslinking of 
mitochondria from yeast strains expressing Mic10 or Atp21-Mic10. Mitochondria were treated with 
disuccinimidyl glutarate (DSG) and analysed by immunoblotting with antibodies against Mic10. 
A.-F.: The Atp21-Mic10 fusion construct was cloned and initially characterised by Heike Rampelt, 
University of Freiburg.   
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junctions. We next tested whether expression of Atp21-Mic10 could rescue the diauxic shift 

and respiratory growth phenotypes observed in mic10∆ cells. Surprisingly, expression of 

Atp21-Mic10 fully restored the diauxic growth behaviour of mic10∆ cells (Figure 5d). When 

a stop codon was inserted between the two open reading frames to only allow for plasmid-

based expression of Atp21, this rescue was abolished (Figure 5d). It is unclear how Mic10 

affects ATP synthase oligomerisation and whether membrane bending activities via homo-

oligomerisation at the ATP synthase are required for this function. Expression of an 

oligomerisation-deficient Mic10 mutant (Mic10G76A) fully rescued the growth phenotype of 

the mic10∆ yeast strain (Figure 5e). In contrast, when the oligomerisation motif of Mic10 was 

mutated in the Atp21-Mic10 construct (Atp21-Mic10G76A), we observed an intermediate 

growth phenotype (Figure 5e), suggesting that the Mic10 oligomerisation interface is involved 

in Mic10-mediated modulation of ATP synthase oligomerisation. To obtain further evidence 

for oligomerisation of the fusion construct, mitochondria were subjected to chemical 

crosslinking with disuccinimidyl glutarate (DSG) and subsequent SDS-PAGE and 

immunoblotting with antibodies directed against Mic10 (Figure 5f). Wild-type Mic10 

oligomers could be efficiently captured by crosslinking, since several prominent bands were 

detected after addition of DSG. Atp21-Mic10 also formed at least three higher molecular 

weight crosslinking products, which might represent homo-oligomeric assemblies.  

In conclusion, we observed that genetic targeting of Mic10 to the ATP synthase rescues the 

diauxic growth defect of mic10∆ cells without restoring Mic10 function at the MICOS 

complex and crista junction architecture. Combined with the observation that the majority of 

MICOS deletion strains show no obvious diauxic growth phenotype despite a lack of crista 

junction structures, these data suggest that moonlighting functions of MICOS core subunits 

are involved in the efficient adaptation of mitochondrial ultrastructure to cellular metabolic 

demand.  
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6.3.  Mic10 oligomerisation is regulated by Mic26-Mic27 antagonism  

 

Yeast Mic10 has been shown to stabilise the membrane curvature at crista junctions by homo-

oligomerisation and subsequent formation of a proteinaceous membrane scaffold. Deletion of 

Mic10 leads to a collapse of crista junctions and Mic10 mutants lacking the oligomerisation 

motif show a phenotype that resembles mic10∆ (Bohnert et al, 2015). In contrast, 

overexpression of Mic10 leads to an increase of membrane curvature within cristae and 

enlarged, disorganised crista junctions (Barbot et al, 2015; Bohnert et al, 2015). As shown in 

chapter 6.1, yeast mutants lacking or overexpressing Mic10 also fail to efficiently adapt to 

respiratory metabolism. This can partially be explained by the moonlighting function of Mic10 

at the ATP synthase (see chapter 6.2), which appears to be of crucial importance for the 

remodelling of mitochondrial ultrastructure in response to altered metabolic conditions. These 

observations suggest that Mic10 assembly is spatiotemporally controlled by regulatory 

mechanisms to prevent excessive membrane bending and to coordinate the membrane 

organising activities of MICOS as well as the ATP synthase. The Mic10 subcomplex also 

contains the accessory subunits Mic12, Mic26 and Mic27, which might be important for the 

assembly of Mic10 oligomers. A recent study described Mic12 as a linker between both 

MICOS subcomplexes (Zerbes et al, 2016). Furthermore, Mic27 was shown to stabilise Mic10 

oligomers (Zerbes et al, 2016). The role of the Mic27 paralogue Mic26 was unknown. Mic26 

is the only known MICOS subunit in yeast that is not strictly required for crista junction 

maintenance since mic26∆ mitochondria show no obvious ultrastructural defects (Harner et al, 

2011; Hoppins et al, 2011; von der Malsburg et al, 2011).  Importantly, yeast Mic26 and Mic27 

show a similar membrane topology and share a high degree of sequence similarity as a result 

of their paralogous relationship (Muñoz-Gómez et al, 2015; Huynen et al, 2016).  

To test how Mic10 oligomerisation is affected by deletion or overexpression of Mic26 and 

Mic27, mitochondria from yeast cells expressing Mic60-ProteinA were lysed with the mild 

detergent digitonin and subjected to IgG affinity chromatography (Figure 6a). The isolated 

MICOS complex was then analysed by blue-native electrophoresis and MICOS-bound Mic10 

oligomers were visualised by immunoblotting with an antibody directed against Mic10 (Figure 

6b). As reported previously, deletion of Mic27 led to an increase of lower molecular weight 

complexes. In contrast, deletion of Mic26 resulted in the opposite phenotype (Figure 6b). Most 

of the Mic10 signal was found in higher molecular weight complexes. To validate this finding, 

Some of the data described in this chapter have been published in:  
 
Rampelt H*, Wollweber F*, Gerke C, de Boer R, van der Klei IJ, Bohnert M, Pfanner N & van der 
Laan M (2018) Assembly of the mitochondrial cristae organizer Mic10 is regulated by Mic26–
Mic27 antagonism and cardiolipin. J. Mol. Biol. 430: 1883–1890 
(*equal contribution)  
 
With the exception of Figure 7d of this thesis, all experiments described here were performed by 
F.W.  



6. Results 

  

 49 

Figure 6 Antagonistic effect of Mic26 and Mic27 on Mic10 oligomerisation. 

A. MICOS was purified from mitochondria from cells lacking Mic26 or Mic27 via Mic60-ProtA and 
eluates were analysed by immunoblotting (load: 8% of eluate).  B. Mic10 oligomers were visualised by 
BN-PAGE and immunoblotting with antibodies directed against Mic10 after isolation of Mic60-ProtA 
from isolated mitochondria. C. In organello DSG crosslinking of mitochondria lacking Mic26 or Mic27. 
D. Crosslink products were isolated with Mic10His via Ni-NTA chromatography and analysed by 
immunoblotting with Mic10 antibodies. E. Samples from D were analysed by immunoblotting with 
antibodies directed against Mic26 or Mic27 (load: 5% of eluate). 
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mitochondria from cells lacking Mic27 or Mic26 were subjected to chemical crosslinking with 

DSG and crosslinks were visualised by SDS-PAGE followed by immunoblotting with 

antibodies directed against Mic10, Mic26 and Mic27 (Figure 6c). Using Mic10 antibodies, 

several prominent crosslinks could be identified which most likely represent different 

oligomeric states of the protein. These crosslinks were increased in mic26∆ and decreased in 

mic27∆ (Figure 6c), supporting the data obtained with the isolated complex and BN-PAGE. 

Furthermore, the crosslinking efficiency of Mic26 or Mic27 was increased in the absence of 

the paralogous subunit. To test whether Mic26 and Mic27 interaction with Mic10 is affected, 

the experiment was repeated in mitochondria from cells expressing C-terminally deca-

histidine tagged Mic10 (Bohnert et al, 2015), which was affinity purified immediately after 

DSG crosslinking by NiNTA chromatography (Figure 6d). As expected, Mic10His crosslinking 

products were increased in mic26∆ and decreased in mic27∆ mitochondria (Figure 6d). Using 

this strategy, Mic10-Mic26 and Mic10-Mic27 crosslinking products could be isolated in a very 

efficient manner (Figure 6e), suggesting a close proximity between the two accessory proteins 

and Mic10. Furthermore, absence of Mic26 led to a slight increase of the Mic27-Mic10 

interaction and vice-versa (Figure 6e), supporting an antagonistic influence of Mic26 and 

Mic27 on Mic10 assembly.  

Human Mic27 has been reported to bind cardiolipin in vitro (Weber et al, 2013). To test 

whether a Mic26/27-mediated cardiolipin recruitment is responsible for the effect on Mic10 

assembly, we assessed whether deletion of Mic26 or Mic27 globally affects cardiolipin levels 

or distribution by analysing the stability of cardiolipin-sensitive protein complexes (Pfeiffer et 

al, 2003; Kutik et al, 2008). To this end, mitochondria were lysed with digitonin and analysed 

by blue native PAGE followed by immunoblotting with antibodies against the ADP/ATP 

carrier (AAC) (Figure 7a) and the cytochrome-c-oxidase (respiratory chain complex IV) 

(Figure 7b). As expected, respiratory chain supercomplexes were destabilised in mitochondria 

from cells lacking cardiolipin synthase (Crd1) (Figure 7b), while no obvious differences could 

be observed in mitochondria lacking Mic26 or Mic27 (Figure 7b). Furthermore, oligomeric 

AAC complexes also showed no alteration (Figure 7a), indicating that Mic26 or Mic27 do not 

globally affect mitochondrial cardiolipin homeostasis. We next tested whether Mic10 

oligomerisation is affected in mitochondria from cells lacking cardiolipin synthase by 

chemical crosslinking  (Figure 7c), but did not observe markedly altered levels of Mic10 

crosslinking products. We next analysed Mic10 oligomers by BN-PAGE after affinity 

purification of Mic60-ProtA to test whether high molecular weight complexes of Mic10 

oligomers depend on cardiolipin levels. In crd1∆ mitochondria we observed reduced amounts 

of low and high molecular weight Mic10 complexes (Figure 7d). To test whether Mic26 or 

Mic27 locally affect cardiolipin abundance at the MICOS complex, the crd1 deletion was 

combined with deletion of mic26 and mic27. Deletion of mic26 or mic27 also caused an up- 

or downshift of Mic10 oligomers in the absence of crd1, respectively, indicating that the effect 
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of Mic26 and Mic27 is independent of cardiolipin (Figure 7d). The most pronounced effect 

was observed in mitochondria lacking Mic27 and cardiolipin.   

The physiological relevance of the Mic26-Mic27 regulatory pathway remains elusive, as 

deletion of these two proteins did not affect the metabolic adaptability of yeast during diauxic 

Figure 7 Mic26-Mic27 and cardiolipin independently affect Mic10 assembly.  

The cardiolipin sensitive complexes AAC (ATP/ADP carrier) and complex-IV-containing 
supercomplexes in mitochondria lacking Mic26, Mic27 or Crd1 were analysed by BN-PAGE followed 
by immunoblotting. C. Mic10 oligomers in mitochondria from cells lacking Mic26, Mic27 or Crd1 were 
captured by chemical crosslinking with DSG and analysed by immunoblotting. D. MICOS-bound 
Mic10 oligomers in cells lacking Mic26, Mic27 and/or Crd1 were analysed by native isolation of 
Mic60-ProtA followed by BN-PAGE and Mic10 immunoblotting. E. SDS-PAGE analysis of MICOS 
protein levels in mic27∆Mic10↑ cells. F. Analysis of Mic10 oligomers in mic27∆Mic10↑ 
overexpression cells by BN-PAGE of isolated mitochondria. G. Diauxic growth of mic27∆ cells 
overexpressing Mic10 in minimal media containing 0.2% glucose (representative growth curve, error 
bars indicate standard deviation of technical replicates).  
D.: Experiment performed by Heike Rampelt, University of Freiburg 
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shift experiments  (chapter 6.1). Since Mic10 overexpression has a pronounced effect on yeast 

during the diauxic shift (chapter 6.1), we tested how absence of the stabilising Mic27 proteins 

affects yeast overexpressing Mic10 (Figure 7e). Mitochondria isolated from the 

mic27∆Mic10↑ strain showed increased levels of Mic10 oligomers and Mic10-containing high 

molecular weight complexes compared to wildtype or Mic10↑ (Figure 7f).  We next assessed 

diauxic growth in media containing 0.2% glucose. Interestingly, Mic10 overexpression in 

mic27∆ led to a growth phenotype which was comparable to mic10∆ cells and more severe 

than Mic10 overexpressing strains (Figure 7g). The strong growth phenotype of  

mic27∆Mic10↑ cells indicates that non-MICOS bound Mic10 negatively affects the ability of 

yeast to shift to respiratory metabolism and underlines the necessity to regulate the assembly 

of Mic10.  

In summary, oligomeric assemblies of Mic10 are regulated by at least two distinct 

mechanisms. The two accessory subunits Mic26 and Mic27 directly interact with Mic10 and 

destabilise or stabilise Mic10 oligomers, respectively. In an independent manner, cardiolipin 

stabilises MICOS-associated Mic10 oligomers. Consequently, Mic10 assembly is most 

affected when both stabilising factors, Mic27 and cardiolipin, are absent. 
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6.4. MICOS organisation is conserved from yeast to man  

MICOS composition has mostly been analysed in yeast, due to its excellent genetic tractability 

and suitability as model organism for mitochondrial research. However, MICOS is highly 

conserved throughout eukaryotic evolution and MICOS subunits can be found in all known 

cristae-containing eukaryotes. A major aim of this thesis was to analyse MICOS architecture 

in a comparative manner in yeast as well as mammalian cells to define conserved and divergent 

functions of the complex. To analyse MICOS composition in a human cell line, the MICOS 

core subunits MIC10 was targeted by CRISPR/Cas9 in HEK293T cells, resulting in a MIC10 

knock-out (KO) cell line. This cell line was then complemented with a retroviral MIC10FLAG 

construct, which could be used in co-immunoprecipitations. Mitochondria from the 

MIC10FLAG cell line and the corresponding parental HEK293T cell line were lysed in the mild 

detergent digitonin and subjected to FLAG Co-IP. Subsequently, proteins were natively eluted 

using the FLAG peptide (Figure 8a). All known bona fide MICOS subunits (i.e. MIC13, 

MIC19, MIC25, MIC26, MIC27, MIC60) were co-purified to a similar extent, indicating that 

the complex remained intact during the purification (Figure 8a). Interestingly, similar amounts 

of the outer membrane interaction partners SAM50 and DNAJC11 were found in the elution 

fraction, supporting a model in which MICOS and the SAM machinery form a stable 

mitochondrial intermembrane space bridging (MIB) complex (Ott et al, 2012; Huynen et al, 

2016). To investigate whether the subcomplex architecture described in yeast is conserved in 

mammalian cells, the second core subunit MIC60 was targeted by CRISPR/Cas9. Very minor 

amounts of MIC60 could still be detected in this cell line (Figure 8b). Sequencing revealed a 

108 base pair deletion within the 5’ UTR of MIC60, which drastically reduced MIC60 mRNA 

levels as assessed by RNA-sequencing, while allowing for residual expression (data not 

shown). Mitochondria from MIC10 and MIC60-deficient HEK293T cell lines were then 

analysed by SDS-PAGE and immunoblotting (Figure 8b). MIC10 KO led to a loss of MIC13, 

MIC26 and MIC27, while other MICOS subunits were unaffected. In contrast, MIC60-

deficient cells showed decreased levels of all MICOS subunits as well as DNAJC11 and 

SAM50 (Figure 8b). Next, the same mitochondria were solubilised in digitonin and analysed 

by BN-Page and immunoblotting with antibodies against all MICOS subunits as well as 

SAM50 (Figure 8c). All subunits could be detected in several high-molecular-weight protein 

complexes with a minimum size of approximately 700 kDa. Subunits of the MIC10 

subcomplex did not form a detectable complex in the absence of MIC10 or MIC60. In contrast, 

Some of the data described in this chapter will be communicated in the following manuscript:  
 
Wollweber F, Noll K, Schorr S, Zerbes RM, Ryan MT, Liu F, van der Laan M & von der 
Malsburg A 
MICOS and DNAJC11 spatially coordinate mitochondrial β-barrel protein biogenesis. In 
preparation. 
 
All experiments described in this chapter were performed by F.W.  
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MIC60 subcomplex subunits as well as SAM50 formed stable complexes in the absence of 

MIC10, which were shifted downwards compared to the wild-type sample. In MIC60-deficient 

samples, none of the subunits, including SAM50, formed a stable complex. To further analyse 

the stability of MICOS and MIB complexes, mitochondria from wild-type HEK293T cells 

were solubilised in digitonin as well as Triton X-100 (Figure 8d). Subunits of the MIC10 

module did not form a Triton X-100 stable complex on BN-PAGE whereas Mic60 subcomplex 

subunits formed a stable complex in both detergents. Importantly, SAM50 containing 

Figure 8 Subcomplexes of the human MICOS complex.  

A. Human MICOS composition was analysed by immunoprecipitation of mitochondria isolated from 
HEK293T cells expressing MIC10FLAG, followed by immunoblotting against various known subunits 
and suggested interactors (load: 15% of eluate).  B. MIC10 and MIC60 were targeted by CRISPR/Cas9 
and mitochondria from clonal cell lines were analysed by immunoblotting. C. Analysis of the MICOS 
complex in MIC10 and MIC60-deficient cells by BN-PAGE and immunoblotting with antibodies 
against all known genuine MICOS subunits.  D. Stability of MICOS subcomplexes was assessed by 
BN-PAGE after lysis in Triton X100 (TX100) or digitonin (Dig.). E. Chemical crosslinking (DSG) of 
mitochondria expressing FLAGSAM50 followed by affinity purification of SAM50-containing 
crosslinking products (load: 10% of eluate). 
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complexes also remained intact under these conditions. Triton X-100 solubilised MICOS/MIB 

complexes migrated faster compared to digitonin controls, also indicating a loss of the MIC10 

subcomplex (Figure 8d). The MICOS-SAM connection thus shows a remarkable stability, but 

it is unknown how both complexes are connected and whether their association can be 

regulated. Preliminary XL-MS data indicated that MIC19, rather than MIC60, links both 

complexes (Fan Liu, FMP Berlin, pers. communication). To directly test whether MIC19 or 

MIC60 connects MICOS and SAM, mitochondria from a FLAGSAM50 cell line were subjected 

to chemical crosslinking using DSG. Subsequently, the samples were denatured and SAM50-

containing crosslinking products were isolated by affinity purification (Figure 8e). Only a 

single ca. 100 kDa SAM50 crosslink could be detected. Using a MIC19 antibody, multiple 

crosslinked bands with a molecular weight of at least 80 kDa were observed, indicating a close 

proximity between SAM50 and MIC19. In contrast, no specific SAM50-MIC60 crosslinks 

could be detected.  

In summary, MIC60/19/25 and the SAM complex form a stable two-membrane spanning core 

complex. MIC19 likely links SAM and MICOS. Both subcomplexes can be genetically and 

biochemically separated, since the Mic10 module, containing MIC10, MIC13, MIC26 and 

MIC27, is sensitive to harsh detergents and the loss of the MIC60 core complex.  
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6.5.  Human MIC10 affects cristae organising proteins of the inner membrane 

Since both MICOS sub-complexes can be easily separated genetically and biochemically (see 

chapter 6.4), we asked whether their depletion leads to non-overlapping functional defects. In 

the absence of MIC10, the MIC60 subcomplex remains stable and protein levels of MIC60, 

MIC19 and MIC25 are similar to wild-type, while MIC60 deletion affected steady-state levels 

of MIC10 module subunits (chapter 6.4). To understand how the two sub-complexes affect 

cellular functions, the growth of MIC10 and MIC60 KO HEK293T cells in media containing 

either glucose or galactose was analysed (Figure 9a). MIC10 and MIC60-deficient cells 

showed a strongly reduced growth compared to the parental HEK293T cell line. Media 

containing galactose instead of glucose are known to induce a metabolic shift towards 

respiratory ATP generation (Marroquin et al, 2007). The growth phenotype of MICOS 

deficient cell lines was even more pronounced in galactose-containing media (Figure 9a), 

suggesting that mitochondrial ATP production is compromised. To analyse the effect on 

mitochondrial ultrastructure, the cells were also analysed by transmission electron microscopy 

(data by Sibylle Jungbluth, Saarland University). Mitochondria in MIC10-6 and MIC60-22 

cells appeared rounded and contained a reduced number of intraorganellar membranes (Figure 

9b). Furthermore, no crista junction structures could be detected, indicating that both MICOS 

core subunits are essential for crista junction maintenance. MIC10 and MIC60-deficient 

mitochondria appeared to show a similarly disorganised membrane architecture, which might 

help to explain the similar effect on cellular growth. These observations also suggest that the 

MIC60 subcomplex, which is stable in MIC10 deficient mitochondria, is not sufficient for 

maintaining mitochondrial ultrastructure and function in the absence of the MICOS holo-

complex. Since the strong growth phenotype of MICOS-deficient cells suggest functional 

deficiencies in mitochondrial ATP production, we next analysed the stability of respiratory 

chain supercomplexes which reside in cristae membranes by BN-PAGE analysis (Figure 9c). 

Despite the strong ultrastructural defects, supercomplexes of complex I, III and IV were still 

present in MICOS-deficient mitochondria and supercomplex formation was enhanced when 

cells were shifted to media containing galactose (Figure 9c). In MIC10, but not in MIC60-

deficient mitochondria, a slight destabilisation of complex I was observed when cells were 

cultured in media containing glucose. This phenotype was rescued by culturing cells in 

galactose-containing media (Figure 9c). Only monomeric species of the ATP synthase were 

resolved on native PAGE gels using the mild detergent digitonin (Figure 9c). Since yeast 

Mic10 is involved in the organisation of ATP synthase oligomers (Eydt et al, 2017; Rampelt 

et al, 2017a; chapter 6.2), we attempted to analyse higher oligomeric states of the human ATP 

synthase complex. We hypothesised that dimers of the ATP synthase dissociate during the 

isolation of mitochondrial membranes and therefore repeated the experiment by directly lysing 

cells in digitonin-containing lysis buffer and analysed the cell lysate by BN-PAGE (Figure 

9d). A higher molecular weight complex, most likely representing dimeric
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Figure 9 Effect of MIC10 and MIC60 deletion in HEK293T mitochondria 

A. Growth of MIC10 and MIC60-deficient HEK293T cell lines in media containing glucose or 
galactose. Growth was assessed by crystal violet staining followed by extraction of the dye with acetic 
acid and measurement of the absorbance at 590 nm. Error bars indicate standard deviation from 
technical replicates B. Representative transmission electron micrographs of MICOS mutant 
mitochondria. C. Analysis of respiratory chain supercomplexes in mitochondria from MIC10 and 
MIC60-deficient cells grown in glucose (Glc) or galactose (Gal) containing media. Isolated 
mitochondria were lysed in digitonin and analysed by BN-PAGE followed by immunoblotting with 
antibodies against NDUFB8 (complex I), UQCRFS1 (complex III), COX4-I (complex IV) or ATP5B 
(ATP synthase). D. Analysis of ATP synthase assembly by BN-PAGE of cells lysed in digitonin. 
E. Analysis of Mic10 interacting proteins by isolation of MIC10FLAG followed by SDS-PAGE and 
immunoblotting (load: 15% of eluate).  E. OPA1 processing as assessed by SDS-PAGE and 
immunoblotting.  
B:: Electron microscopy data acquired and analysed by Sibylle Jungbluth (Saarland University). 
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ATP synthase complexes, could be observed in HEK293T cell lysates and lysates from 

MIC60-deficient cell lines. The higher molecular weight band was, however, absent in lysates 

from MIC10-deficient cells. Importantly, this phenotype was rescued when MIC10FLAG was 

re-expressed in MIC10-6 cells (Figure 9d). Yeast Mic10 directly interacts with the ATP 

synthase to mediate its oligomerisation. To test whether the human protein has a similar 

influence on the ATP synthase, MIC10FLAG was purified by affinity chromatography after lysis 

of mitochondria with digitonin and the eluate was analysed using antibodies directed against 

multiple MICOS subunits as well as respiratory chain subunits (Figure 9e). While components 

of MICOS were efficiently co-purified, subunits of the respiratory chain (NDUFB8 and 

UQCRC2) were not detected in the eluate fraction. In contrast, minor amounts of the ATP 

synthase subunit ATP5A could be detected, indicating that a minor fraction of MIC10FLAG is 

in proximity to the ATP synthase (Figure 9e). Since MIC10 appears to influence the stability 

of ATP synthase dimers, which are one of the main cristae organising protein complexes, we 

also asked whether it influences the second major cristae remodelling protein, OPA1. In total, 

8 isoforms of OPA1 exist in human mitochondria, which are further processed by the proteases 

OMA1 and YME1L (see also chapter 6.8). This results in the formation of longer, membrane-

bound OPA1 forms as well as shorter, soluble species and a disturbed balance of these 

isoforms has been shown to impair the bioenergetic capabilities of mitochondria. To test 

whether the knockout of MICOS core subunits affects the isoform stoichiometry of OPA1, 

mitochondria from MIC10 and MIC60-deficient cells were analysed by SDS-PAGE and 

immunoblotting with an OPA1 antibody. When compared to samples from the parental 

HEK293T cell line, MIC10 knockout mitochondria showed a decrease of larger isoforms and 

a pronounced increase of shorter, soluble isoforms (Figure 9f).  

In summary, the knockout of MIC10 and MIC60 in HEK293T cells results in a strong growth 

phenotype, especially when cells use oxidative phosphorylation for the generation of ATP. 

Both knockout cell lines show severely altered mitochondrial ultrastructure, with a lower 

number of internal cristae membranes which are not connected to the inner boundary 

membrane. MIC10, but not MIC60, appears to affect the stability of respiratory chain 

supercomplexes and dimers of the ATP synthase. Similarly to yeast, minor amounts of ATP 

synthase subunits can be co-isolated with MIC10. In addition, MIC10 but not MIC60 affects 

the processing of OPA1. The knockout of MIC10 therefore affects all three major cristae 

organising systems of the mitochondrial inner membrane.  
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6.6.  Hierarchical organisation of the MIC10 subcomplex  

As shown in chapters 6.4 and 6.5, the overall organisation of MICOS is conserved from yeast 

to humans, since two distinct subcomplexes with partially non-overlapping functions can be 

defined biochemically or genetically. We next asked to what extent the organisation of the 

MIC10 subcomplex is conserved in human cell lines. To this end, the accessory subunits of 

the MIC10 subcomplex, namely MIC13/QIL1, MIC26 and MIC27 were targeted by 

CRISPR/Cas9. The resulting knockout cell lines were validated by immunoblotting and 

showed no residual protein expression (Figure 10a). Using antibodies against MICOS 

subunits, the MICOS composition in MIC10-subcomplex mutants was analysed (Figure 10a). 

While MIC10 knockout led to a reduction of all MIC10 module subunits, especially MIC13 

and MIC26, knockout of the other subunits had only a mild effect on the levels of other 

subunits, confirming MIC10 as the central core component of the subcomplex. MIC13-

deficient mitochondria still showed moderately decreased levels of MIC10 and MIC26, while 

MIC10 and MIC13 abundance was unaffected by the knockout of MIC26 or MIC27. 

Importantly, MIC26 and MIC27 protein levels were increased in the absence of the respective 

paralogous subunit, reminiscent of the antagonistic relationship found in yeast. Next, the 

stability and composition of the MIB/MICOS complex was analysed by BN-PAGE and 

immunoblotting with antibodies directed against MICOS subunits and SAM50 (Figure 10b). 

As described in chapter 6.4, MIC10 knockout leads to a shift of MIC60 and SAM50-containing 

protein complexes. A similar shift could also be observed in MIC13 deficient mitochondria, 

which also showed considerably reduced amounts of MIC10 (Figure 10a,b). Importantly, 

stable complexes containing MIC10 module subunits could neither be detected in MIC10 nor 

in MIC13 KO mitochondria. In contrast, MIC26 or MIC27 knockout did not affect the 

migration behaviour and abundance of MIC10 or MIC13 containing complexes (Figure 10b), 

in agreement with the data obtained by SDS-PAGE analysis (Figure 10a). In yeast, Mic10 was 

found to form extended oligomers via a conserved GxGxG motif that likely act as a protein 

scaffold at the crista junction. Since the oligomerisation motif is conserved in the human 

protein we aimed to detect MIC10 oligomerisation in HEK293T mitochondria. In contrast to 

yeast, no evidence for oligomerisation was found by BN-PAGE analysis (Figure 10b). To test 

whether the human protein forms oligomers, isolated mitochondria were chemically 

crosslinked with DSG and analysed by SDS-PAGE and immunoblotting with antibodies 

directed against MIC10. Addition of DSG led to the formation of at least three prominent 

additional bands (marked by an asterisk), with an approximate size of dimeric, trimeric and 

tetrameric MIC10 (Figure 10c). Importantly, the crosslinking pattern was altered upon deletion 

of the accessory subunits of the MIC10 subcomplex: MIC13 KO mitochondria showed 

reduced levels of MIC10 and only monomeric as well as the putative dimeric MIC10 could be 

detected after crosslinking.  MIC26 KO did not alter the overall abundance of MIC10 in 

mitochondria, but markedly lower levels of trimeric and tetrameric MIC10 were found upon 



6. Results 

  

 60 

Figure 10 Organisation of the MIC10 subcomplex in human mitochondria 

All MIC10-subcomplex subunits were targeted by CRISPR/Cas9 genome editing and mitochondria 
isolated from the resulting clonal cell lines were analysed by immunoblotting with antibodies directed 
against MICOS subunits. B. BN-PAGE analysis of the MICOS complex in mitochondria from various 
MICOS knockout cell lines lysed in digitonin. C. Mitochondria from MIC10 subcomplex knockout cell 
lines were chemically crosslinked with DSG and analysed by SDS-PAGE and immunoblotting to assess 
MIC10 oligomerisation. Asterisks indicate putative MIC10 oligomer bands. D. OPA1 processing in 
MIC10 subcomplex knockout cell lines. E. Complex I supercomplex stability was assessed by BN-
PAGE of mitochondria lysed in digitonin or Triton X-100. F. Growth of MICOS knockout cell lines in 
galactose-containing media as assessed by crystal violet stain, error bars indicate standard deviation 
from technical replicates.   
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crosslinking. In contrast, similar or slightly increased amounts of oligomeric MIC10 species 

could be detected in MIC27-deficient mitochondria. These data further support a hierarchical 

organisation of the MIC10 sub-complex and show that MIC26 and MIC27, despite not 

affecting the stability of MIC10/13 complexes (Figure 10b), potentially influence the 

oligomeric assembly of MIC10 (Figure 10c). We therefore tested how the knockout of MIC13, 

MIC26 and MIC27 affects OPA1 processing, respiratory chain supercomplex stability as well 

as cellular growth, which were all found to be impaired by knockout of the MIC10 core subunit 

(chapter 6.5). As previously described, MIC10 KO led to an increase in short forms and the 

loss of longer forms of OPA1 (Figure 10d). A similar, albeit weaker effect could be observed 

in MIC13 KO and MIC26 KO mitochondria, while the OPA1 long/short ration was not 

affected in MIC27-deficient mitochondria (Figure 10d). A destabilisation of complex I 

containing supercomplexes could only be observed in MIC10-deficient mitochondria, while 

all other knockout cell lines showed unaltered supercomplexes (Figure 10e). In agreement 

with these observations, the most severe effect on cell growth in galactose containing media 

was observed in MIC10 KO cells, while MIC13 and MIC26 KO cells showed an intermediary 

phenotype (Figure 10f). In line with the biochemical data described above, MIC27 KO did not 

notably influence cell growth.  

In summary, human MIC10 forms oligomeric assemblies which are influenced by accessory 

proteins of the complex. MIC13 is the second most important subunit of the MIC10 module, 

since its knockout affects MIC10 protein levels and complex stability. MIC26 appears to 

stabilize MIC10 oligomers and its absence affects respiratory cell growth, while MIC27 

knockout does not notably affect the assembly of the MIC10 module.  
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6.7.  The human MICOS/MIB complex and DNAJC11 spatially coordinate 

β-barrel biogenesis in the outer mitochondrial membrane 

As described in chapter 6.4, knockout of MIC60, but not MIC10, leads to a noticeable 

reduction of SAM50, which is the major subunit of the mitochondrial outer membrane sorting 

and assembly (SAM) complex that mediates the assembly of β-barrel proteins. Furthermore, 

SAM50 appears to exclusively co-migrate with MIB complex components on native gels, even 

upon solubilisation with harsh detergents. To further verify this interaction, mitochondria from 

HEK293T and MIC10 KO cells were analysed by two-dimensional BN/SDS-PAGE (Figure 

11a). SAM50 co-migrated with the MICOS complex subunit MIC13 but formed a stable 

complex of similar size even in mitochondria lacking the MIC10 subcomplex. On a 

one-dimensional BN-PAGE, no stable SAM50-containing complex could be detected in 

mitochondria isolated from cells lacking MIC60 (Figure 11a, chapter 6.4). We hypothesised 

that the absence of a stable SAM complex and the strong reduction of SAM50 protein levels 

in MIC60-deficient cells would influence the efficiency of β-barrel import and assembly into 

the outer membrane. To test this hypothesis, the β-barrel precursor VDAC was synthesised in 

reticulocyte lysate in the presence of [35S] methionine and then incubated with mitochondria 

isolated from HEK293T cell lines lacking MIC10 or MIC60. The import reaction was stopped 

by transferring samples on ice and the assembly of radiolabelled VDAC was analysed by BN-

PAGE followed by autoradiography. VDAC efficiently assembled into 400 kDa protein 

complexes in HEK293T and MIC10 KO samples in a time-dependent manner, while the 

assembly was markedly reduced in mitochondria lacking MIC60 (Figure 11b). This import 

and assembly defect did however not result in reduced levels of β-barrel protein complexes 

under steady-state conditions (Figure 11c). 

We next asked whether the connection between outer membrane protein assembly and crista 

junction maintenance exists purely as structural necessity, or whether the MIB complex is 

actively involved in β-barrel assembly. The J-protein DNAJC11 has been described as MICOS 

interacting protein (Xie et al, 2007) and could be efficiently co-precipitated in MIC10FLAG co-

IP experiments (chapter 6.4). To test whether it is a bona fide subunit of the MIB complex, 

mitochondria from MIC10 and MIC60-deficient cell lines as well as the corresponding 

parental HEK293T cells were analysed by BN-PAGE and immunoblotting with antibodies 

against DNAJC11, SAM50 and MICOS subunits. DNAJC11 formed several protein 

complexes, two of which co-migrated with the MIB complex (Figure 11d). 

Some of the data described in this chapter will be communicated in the following manuscript:  
 
Wollweber F, Noll K, Schorr S, Zerbes RM, Ryan MT, Liu F, van der Laan M & von der 
Malsburg A 
MICOS and DNAJC11 spatially coordinate mitochondrial β-barrel protein biogenesis. In 
preparation. 
 
With the exception of Figure 11b and g of this thesis, all experiments described here were performed 
by F.W. 
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Figure 11 The MIB complex and DNAJC11 spatially coordinate β-barrel biogenesis 

A. Two-dimensional BN/SDS-PAGE analysis of SAM50 and MIC13 in HEK293T and MIC10-
deficient mitochondria. B. In organello import and assembly assay of radiolabelled VDAC. 
Mitochondria were incubated with in vitro translated [35S]-labelled VDAC for the indicated time points 
and lysed in digitonin, followed by BN-PAGE and autoradiography. C. BN-PAGE analysis of VDAC 
and TOM complexes in MIC10 and MIC60-deficient mitochondria. D. BN-PAGE analysis of MIC10 
and MIC60-deficient mitochondria using antibodies against MIB complex subunits and DNAJC11. 
Asterisks show DNAJC11 bands co-migrating with MIB complexes. E. DNAJC11 was targeted by 
CRISPR/Cas9. The clonal DNAJC11-5 cell line, lacking the DNAJC11 protein, was analysed by SDS-
PAGE and immunoblotting of isolated mitochondria. F. SAM complex stability in DNAJC11-deficient 
cells as assessed by BN-PAGE and immunoblotting. G. In organello assembly of radiolabelled VDAC 
as described in B using DNAJC11-deficient mitochondria and mitochondria from DNAJC11-5 cells 
transduced with DNAJC11FLAG. H. Protein levels of β-barrel proteins and the inner membrane carrier 
protein MCU (mitochondrial calcium uniporter) in mitochondria from HEK293T cells or DNAJC11-5 
cells.  
B.+G.: import and assembly assays performed together with  Katja Noll (Saarland University).  
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These bands migrated faster in mitochondria lacking MIC10, which further supports an 

association with MICOS/MIB. In addition, several smaller complexes could be detected, 

which were reduced in MIC60-deficient mitochondria (Figure 11d). We hypothesised that 

DNAJC11 is involved in β-barrel import since it closely associates with the MIB complex and 

possesses a J-domain for the interaction with proteins of the Hsp70 family, which are known 

to chaperone β-barrel precursor proteins in the cytosol (Jores et al, 2018). To test this 

hypothesis, DNAJC11 was targeted by CRISPR/Cas9 with a single guide RNA and the knock-

out was validated by western blotting (Figure 11e). Importantly, the abundance of MICOS 

subunits and SAM50 were unaffected by DNAJC11 knockout (Figure 11e). In line with this 

finding, SAM50 complex stability was unaltered, indicating that DNAJC11 does not affect the 

assembly or stability of the MIB complex (Figure 11f).  We next assessed the import and 

assembly of radiolabelled VDAC into isolated mitochondria. As observed for MIC60-deficient 

mitochondria, DNAJC11 knockout drastically reduced the efficiency of VDAC assembly and 

import and this phenotype was partially rescued by retroviral expression of DNAJC11FLAG 

(Figure 11g). These data suggest that DNAJC11 specifically enhances the efficiency of β-

barrel protein biogenesis without affecting the integrity of the MIB complex. To test whether 

this import and assembly defect affects the amount of β-barrel proteins in mitochondria we 

analysed mitochondria isolated from DNAJC11 knockout mitochondria by SDS-PAGE and 

immunoblotting. The steady state protein levels of VDAC and SAM50 were not markedly 

reduced in mitochondria isolated from DNAJC11 KO cells, while a minor reduction of 

TOM40 levels could be observed (Figure 11h).  The human MICOS complex has recently 

been found to interact with the TIM22 machinery of the inner membrane, which mediates the 

assembly of inner membrane carrier proteins. We hypothesised that DNAJC11 is not only 

involved in outer membrane biogenesis, but also spatially coordinates the entry of hydrophobic 

inner membrane proteins into mitochondria. Interestingly, we observed a strong reduction of 

the mitochondrial calcium uniporter (MCU) in DNAJC11 KO mitochondria (Figure 11h), 

which likely uses the carrier pathway for its assembly. This observation indicates that the 

substrate spectrum of DNAJC11 might not be limited to β-barrel proteins of the outer 

membrane, but potentially includes hydrophobic proteins of the inner mitochondrial 

membrane. 

In summary, the MICOS complex forms a stable connection with the outer membrane SAM 

complex. Stability of SAM depends on an intact MIC60 subcomplex and MIC60 knockout 

affects SAM functionality. This connection appears to be of functional importance, since 

MICOS recruits facilitators of mitochondrial protein import, in particular the J-protein 

DNAJC11, to defined sub-organellar sites, which enhances the efficiency of β-barrel 

assembly. Preliminary data indicates that MICOS/DNAJC11-mediated spatial coordination of 

protein biogenesis affects hydrophobic proteins of the outer and the inner mitochondrial 

membrane.   
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6.8.  Assembly mechanism of the cristae-shaping dymanin-like GTPase 

Mgm1  

 

The remodelling of mitochondrial ultrastructure in response to cellular metabolic demands or 

during cell faith decisions such as apoptosis appears to be of pivotal importance for cellular 

physiology in health and disease, but the molecular basis of these rearrangements is unclear.   

The two major cristae shaping protein complexes, MICOS and ATP synthase dimers, stabilise 

the inner membrane at crista junctions and tips, respectively, but their role in the dynamic 

remodelling of cristae membranes remains elusive. However, many studies implicated the 

dynamin-like GTPase Mgm1/OPA1 in this process (Meeusen et al, 2006; Patten et al, 2014) 

and suggested that OPA1 coordinates with other cristae shaping proteins to orchestrate cristae 

remodelling (Glytsou et al, 2016; Quintana-Cabrera et al, 2018). Proteins of the Mgm1/OPA1 

family are required for the fusion of the mitochondrial inner membrane and yeast Mgm1 is 

essential for the maintenance of the mitochondrial genome (Jones & Fangman, 1992), while 

human OPA1 has been implicated in the pathogenesis of optical atrophy (Alexander et al, 

2000; Delettre et al, 2000).  In both species, short soluble and long membrane-bound isoforms 

can be found in mitochondria, which are formed by proteolytic processing and, in metazoan 

cells, differential splicing (recently reviewed in Del Dotto et al, 2018). Yeast Mgm1 has been 

implicated in the biogenesis of lamellar cristae by partial inner membrane fusion (Harner et 

al, 2016). In mammalian cells, OPA1 assembly was found to be highly dynamic and altered 

during e.g. apoptotic cristae opening (Frezza et al, 2006) and as a consequence of altered 

metabolic circumstances (Patten et al, 2014). It is currently unknown how OPA1/Mgm1 

assemblies can exert such diverse functions, ranging from inner membrane fusion to the rapid 

membrane remodelling observed during apoptosis. To elucidate the assembly mechanism, the 

study summarised in this chapter combined crystal and cryo-electron tomography structures 

of a fungal Mgm1 protein with in vivo data obtained in yeast. This chapter focusses on in vivo 

experiments to validate the structural findings and highlights the most significant findings 

obtained in vitro. All supporting information can be found in Faelber et al, 2019. 

The crystal structure of soluble Mgm1 from the thermophilic fungus Chaetomium 

thermophilum (Figure 12a) was solved by Katja Faelber (laboratory of Oliver Daumke, MDC 

Berlin, Germany). Based on the structure and homology to other dymanin family members, 

The data described in this chapter have been published in:  
 
Faelber K*, Dietrich L*, Noel JK#, Wollweber F#, Pfitzner A-K#, Mühleip A, Sánchez R, 
Kudryashev M, Chiaruttini N, Lilie H, Schlegel J, Rosenbaum E, Hessenberger M, Matthaeus C, 
Kunz S, von der Malsburg A, Noé F, Roux A, van der Laan M, Kühlbrandt W & Daumke O (2019) 
Structure and assembly of the mitochondrial membrane remodelling GTPase Mgm1. Nature 571: 
429–433 
(*/# equal contribution)  
 
With the exception of Figure 12a-e and  Figure 14c-I of this thesis, all experiments described here 
were performed by F.W.  
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Figure 12 Structure of Mgm1 (as published in Faelber et al., 2019). 

Overview of Mgm1 domain architecture from Chaetomium thermophilus. The crystallised fragment is 
displayed in colour. MSS = mitochondrial signal sequence; TM = transmembrane segment; L/S-Mgm1 
= long/short isoform. B. Crystal structure of the Mgm1 dimer, domains are coloured as in A. The dimer 
interface of two opposing stalks is highlighted. C. Structure of the Mgm1 tetramer as seen in the crystal 
lattice, interface 1 and the BSE-stalk contact are highlighted. D. Cryo-electron tomography analysis of 
a helical lattice of Mgm1 molecules at the outside of lipid tubules. E. Cryo-ET reconstruction of Mgm1 
filaments on the inside of lipid tubules. F. Schematic of a yeast assay to test for Mgm1 loss-of-function 
mutations. The galactose-inducible/glucose-repressed GAL1 promotor was inserted upstream of the 
MGM1 ORF and mutant Mgm1 was expressed from a plasmid. After growth on glucose, expression of 
non-functional Mgm1 variants leads to a loss of mitochondrial DNA, which can be assessed by testing 
diauxic growth, expression of mitochondrially encoded Cox1 and analysis of mitochondrial morphology. 
G. PGAL1-MGM1 yeast +/- pMgm1 was cultured on ethanol-containing media for the indicated time 
points and the expression of plasmid-borne Mgm1, mitochondrially encoded Cox1 and mitochondrial 
Hsp70 (Ssc1, loading control), was analysed by Western blotting (= l/s Mgm1, ~ unspecific band, * 
Mgm1 degradation product). H. The ability of PGAL1-MGM1 +- pMgm1 for diauxic growth was tested 
by a growth assay in liquid media containing 0.2% glucose.  
A.-C.: Crystal structure solved by Katja Faelber, MDC Berlin; D.-E.: Cryo-ET data acquired by Lea 
Dietrich, MPI Frankfurt.  
 



6. Results 

  

 67 

four domains could be identified, including a G domain, a bundle signalling element (BSE), a 

stalk and an Mgm1 specific domain, termed paddle (Figure 12a,b). The paddle domain 

appeared to be important for membrane binding of the protein and the tubulation of liposomes. 

The crystal structure also revealed a dimeric arrangement of Mgm1 molecules (Figure 12b). 

Dimerisation was mediated by an interface formed by a hydrophobic patch of the stalk 

domains (hereafter termed interface 2), resulting in a V-like shape (Figure 12b). Mutations 

that disrupt interface 2 not only rendered the protein monomeric, but also led to decreased 

membrane binding and tubulation of liposomes. Two dimers additionally appeared to form 

tetramers in the crystal structure via two interfaces, a distinct stalk-stalk contact termed 

interface 1 as well as a BSE-stalk contact (Figure 12c). In contrast to interface 2 mutants, 

tetramer interface mutants did not affect membrane binding or tubulation in vitro. To further 

understand the assembly mechanism, the structure of membrane-bound Mgm1 was analysed 

by cryo-electron tomography and subtomogram averaging (Figure 12d,e; cryo-ET data was 

acquired by Lea Dietrich in the laboratory of Werner Kühlbrandt, MPI Biophysics, Frankfurt, 

Germany). Mgm1 deformed liposomes, resulting in the formation of Mgm1-coated membrane 

tubules, which could be analysed by cryo-ET (Figure 12d). Tetrameric Mgm1 could be fitted 

into the subtomogram averages, revealing that the paddle domain was in close apposition to 

the membrane. The Mgm1 coat assembled in a left-handed helical lattice, with contact sites 

between tetramers formed by interfaces 1 and 2. Interestingly, stable Mgm1 assemblies could 

also be detected on the inside of lipid tubes (Figure 12e). This arrangement resembles the 

membrane curvature found in cristae membranes. The subtomogram averages of this regular 

assembly revealed prominent differences between external and internal Mgm1 lattices. While 

external assemblies assembled through interface 1 contacts between tetramers, the internal 

Mgm1 assembly was mediated by contacts in the BSE and stalk regions and a contact by G-

domains (Figure 12e). In summary, crystallographic and cryo-ET data suggests that Mgm1 

assembly into dimers, tetramers and helical assemblies can occur on the inside and outside of 

lipid tubes, which possibly helps to explain the diverse array of functions in inner membrane 

fusion and cristae remodelling. 

To test whether the dimer and tetramer interfaces observed in the crystal structure and cryo-

ET data affect Mgm1 function in vivo, we developed a loss-of-function assay in the yeast 

Saccharomyces cerevisiae which is based on the observation that yeast cells lacking functional 

Mgm1 rapidly lose the mitochondrial genome (i.e. become ρ0; Figure 12f). To this end, a 

galactose-inducible and glucose-repressed GAL1 promoter was inserted upstream of the 

MGM1 open reading frame in the yeast genome. Subsequently, the strain was transformed 

with a plasmid containing wild-type Mgm1 or the empty vector and grown on media 

containing glucose. When glucose was then exchanged for a respiratory carbon source, 

plasmid-based Mgm1 expression remained constant for several hours, while Mgm1 could not 

be detected in the strain containing only the empty plasmid (Figure 12g). Importantly, the 
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switch to a respiratory carbon source led to a pronounced increase of mitochondrially encoded 

Cox1, indicating a stimulation of mitochondrial biogenesis. This could not be observed in the 

absence of plasmid-borne Mgm1, indicating an irreversible loss of mitochondrial DNA 

(Figure 12g). In addition, the diauxic growth of PGAL1-MGM1 strains containing or lacking 

pMgm1 was compared with a wild-type strain (Figure 12e). While all strains grew similarly 

during the glycolytic growth phase, no growth could be observed after depletion of glucose in 

Figure 13 Analysis of Mgm1 dimer and tetramer interface mutants.  

A.-D. Selected mutants of Mgm1 were expressed from a plasmid in the PGAL1-MGM1 yeast strain and 
then grown in media containing 2% glucose to shut off expression of the chromosomal locus. Their 
diauxic growth behaviour was then analysed by a growth assay in liquid media containing 0.2% glucose 
to identify loss-of-function mutations that lead to a loss of respiratory growth competence, indicating 
loss of mitochondrial DNA (representative growth curves). E. Mitochondria isolated from PGAL1-
MGM1 mutant strains expressing plasmid-borne Mgm1 mutants on glucose-containing media were 
analysed by Western blotting to detect expression of mutant Mgm1 and assess loss of mitochondrial 
DNA as indicated by the expression of mtDNA-encoded Cox1.  
  



6. Results 

  

 69 

the shutdown strain transformed with the empty vector (Figure 12e). This apparent loss of 

mitochondrial function was rescued by transformation with pMgm1. While plasmid-borne 

expression did not fully restore the growth to wild-type levels, exponential growth under 

respiratory conditions could be observed (Figure 12e). Next, mutations were introduced into 

the dimer and tetramer interfaces and yeast mutants were screened for their ability to grow 

after glucose depletion and the presence of Cox1 in mitochondria after growth on glucose 

(Figure 13a-e). All mutants were expressed at levels similar to the wild-type protein (Figure 

13e). The F805D mutation in the dimer interface led to a complete loss of function, whereas a 

milder N675A mutation did not affect diauxic growth and only led to mildly reduced levels of 

Cox1 (Figure 13a, e). All tested mutations in tetramer interfaces resulted in a complete loss of 

function (Figure 13b, c, e). These data clearly demonstrate that dimer- and tetramerization are 

required for Mgm1 function in vivo. We next analysed the paddle domain, which was observed 

to affect membrane binding in vitro and is in close proximity to the membrane. A double point 

mutation (M745D,S746D), which abolished membrane binding in vitro, did not lead to a loss 

of respiratory growth competence (Figure 13c). However, Cox1 expression in mitochondria 

was strongly decreased (Figure 13e), indicating a partial loss of function which results in a 

reduced number of mitochondrial nucleoids (ρ- phenotype). While the loss-of-function assay 

allowed for the direct determination of loss-of-function effects, it does not permit a further 

investigation of Mgm1 function on membrane morphology. Cells lacking mitochondrial DNA 

also lack cristae and show a fragmented mitochondrial network, which are two major 

phenotypes associated with Mgm1/OPA1 dysfunction. We hypothesised that Mgm1 tetramer 

interface mutants exert dominant-negative phenotypes when expressed in wild-type cells by 

disturbing the regular assembly of wild-type Mgm1 molecules. To test this hypothesis, wild-

type yeast was transformed with plasmids encoding Mgm1 dimer or tetramer interface mutants 

and respiratory growth competence was assessed by measuring the growth in media containing 

glycerol. While expression of wild-type Mgm1 or Mgm1 interface 2 (dimer interface) mutants 

did not affect respiratory growth, all tetramer interface mutants exerted a strong dominant-

negative effect (Figure 14a). In particular, Mgm1-Y520A, carrying a mutation in the BSE-

stalk contact, almost abolished respiratory growth when expressed in wild-type yeast. These 

cells, however, retained a significant amount of mtDNA, since only a slight decrease in Cox1 

levels could be observed (Figure 14b). This dominant-negative phenotype, which only slightly 

affects mitochondrial DNA maintenance, enabled a thorough analysis of mitochondrial 

morphology and ultrastructure. We first analysed mitochondrial network morphology and 

nucleoid abundance by staining yeast cells grown in respiratory media with the mitochondrial 

marker DiOC6 and the DNA-staining agent DAPI. In cells expressing Mgm1-Y520A only a 

small number of cells retained a tubular mitochondrial network (Figure 14c, d). Furthermore, 

we frequently observed cells lacking mitochondrial nucleoids. To understand how Mgm1-

Y520A affects cristae architecture, yeast cells were analysed by electron
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Figure 14 Mgm1 tetramer mutants exert strong dominant-negative phenotypes 

A. Mgm1 variants harbouring mutations in the dimer or tetramer interfaces were expressed in wild-type 
yeast to identify dominant-negative effects. Respiratory growth was analysed in media containing 3% 
glycerol as carbon source. B. Cox1 expression as a marker for mitochondrial DNA was analysed by 
immunoblotting of mitochondria from wild-type cells harbouring the empty vector, pMgm1 or pMgm1-
Y520A. C. Mitochondrial morphology in the indicated yeast strains was analysed by DiOC6/DAPI 
staining of yeast cells and fluorescence microscopy. Image dimension: 7.5x7.5µm. D. Quantification of 
cells analysed in C with tubular mitochondrial network. E. Representative transmission electron 
micrographs of yeast strains expressing wild-type Mgm1 or Mgm1-Y520A. Scale bar: 70 nm. F-I: 
Quantification of cristae morphology parameters in electron micrographs. ***P<0.0001, Mann-
Whitney U-test (two-sided, 95% confidence interval).  
C.-D.: Microscopy data acquired and analysed by Alexander von der  Malsburg, Saarland University; 
F.-I.: EM data acquired and analysed by Severine Kunz and Claudia Matthaeus, MDC Berlin. 
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microscopy (Figure 14e). In line with a partial loss of mitochondrial DNA, expression of 

Mgm1-Y520A led to a decreased number of mitochondria containing cristae, which could not 

be observed after expression of wild-type Mgm1 (Figure 14f). Cristae number (Figure 14g) 

and cristae length (Figure 14h) was also significantly reduced in Mgm1-Y520A, while the 

cristae diameter at the crista junction and in the crista lumen was increased (Figure 14i). 

Importantly, cristae shape was not significantly altered by expression of wild-type Mgm1. 

These data demonstrate that alterations in the tetrameric assembly of Mgm1 specifically 

disturb mitochondrial cristae shape, in line with the structural evidence obtained by 

crystallography and cryo-electron tomography.  

In summary, the regular assembly of Mgm1 molecules into dimers, tetramers and helices can 

occur on the inside and outside of membranes. Mutations in the dimer and tetramer interfaces 

abolish Mgm1 function in vivo. Additionally, Mgm1 alleles that carry mutations in the 

tetramer interface exert strong dominant-negative phenotypes, which leads to a drastic 

alteration of cristae structure. 
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7. Discussion 
7.1.  MICOS core subunits are required for efficient adaptation to respiratory 

metabolism in yeast  
The MICOS core subunits Mic10 and Mic60 are both required for the maintenance of crista 

junction structures and both subunits possess membrane-shaping activities, albeit by different 

mechanisms. Whereas Mic60 influences membrane curvature via lipid binding motifs in its 

C-terminal domain (Hessenberger et al, 2017; Tarasenko et al, 2017), Mic10 forms an 

oligomeric protein scaffold within the membrane to stabilise crista junctions (Barbot et al, 

2015; Bohnert et al, 2015). Since both core subunits are inducing or stabilising membrane 

curvature, their activity likely has to be spatiotemporally regulated. A major hypothesis in this 

thesis was that this requires a close coordination with cellular metabolic demands. This idea 

is well supported by the observation that not only deletion but also overexpression of Mic10 

or Mic60 led to a delayed diauxic shift in yeast (Figure 3). The diauxic shift requires major 

transcriptional reprogramming (DeRisi et al, 1997), a reorganisation of the mitochondrial 

proteome (Ohlmeier et al, 2004; Morgenstern et al, 2017; Di Bartolomeo et al, 2020), and an 

increase in mitochondrial and inner membrane abundance (Egner et al, 2002; Di Bartolomeo 

et al, 2020). Furthermore, it likely requires signalling via the ER stress pathway (Tran et al, 

2019), in a similar manner to the adaptation of mammalian cells to glucose depletion (Balsa 

et al, 2019). A recent quantitative analysis of the mitochondrial proteome during the diauxic 

shift (Di Bartolomeo et al, 2020) showed that proteins of the respiratory chain as well as 

mitochondrial cristae organising proteins, including MICOS and Mgm1, are upregulated 

during the diauxic shift, in line with the data obtained here. These data demonstrate that 

respiratory chain expression is coordinated with the formation of mitochondrial cristae. 

The defect observed in yeast mutants overexpressing Mic10 or Mic60 during the diauxic shift 

can possibly be attributed to excessive and unregulated assembly of Mic10 oligomers with a 

subsequent expansion of crista junctions and deformed cristae membranes (Bohnert et al, 

2015), or the generation of membrane curvature within cristae by Mic60 (Rabl et al, 2009). 

Importantly, overexpression and deletion of Mic10 also caused delayed mitochondrial inner 

membrane biogenesis as assessed by the protein levels of various cristae proteins (Figure 4). 

These observations clearly demonstrate that regulatory mechanisms must spatially restrict or 

stimulate Mic10 and Mic60-mediated membrane bending to ensure efficient cristae biogenesis 

and maintenance. Interestingly, deletion of accessory MICOS subunits did not cause a 

pronounced adaptation defect. Since all MICOS deletion mutants with the exception of 

mic26∆ show detached cristae and a drastically reduced number of crista junctions in 

mitochondria (Harner et al, 2011; Hoppins et al, 2011; von der Malsburg et al, 2011), the 

observed disturbance of the diauxic growth behaviour in MICOS core subunit mutants cannot 

be explained by dysfunctional crista junction architecture alone. We also observed that an 
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oligomerisation deficient mutant of Mic10 (Mic10G76A), which phenocopies the mic10∆ crista 

junction phenotype (Bohnert et al, 2015), does not display a diauxic growth phenotype (Figure 

5e). This finding provides additional evidence for the hypothesis that the stability of crista 

junctions is dispensable for diauxic growth. It is therefore tempting to speculate that Mic10 

and Mic60 possess additional functions which are necessary for mitochondrial biogenesis 

during metabolic adaptation (see also chapter 7.2 and 7.5). It remains to be elucidated, whether 

deletion and overexpression of Mic10 and Mic60 affects distinct mitochondrial biogenesis 

pathways. This question could be addressed using a comparative proteomics approach with 

high temporal resolution during the diauxic shift (Di Bartolomeo et al, 2020) and by analysing 

the effect of partial loss of function alleles (chapter 7.2).  

 

7.2. The Mic10-ATP synthase interaction is crucial for metabolic adaptation 
Since Mic10 and Mic60 are the only MICOS subunits whose absence causes a pronounced 

growth defect during diauxic shift experiments, they likely possess functions in mitochondrial 

biogenesis processes which are not related to the stabilisation of crista junction architecture 

alone. Notably, both subunits have been found to interact with non-MICOS proteins. While 

Mic60 interacts with various proteins of the outer membrane to facilitate protein biogenesis 

(Xie et al, 2007; Harner et al, 2011; Hoppins et al, 2011; von der Malsburg et al, 2011; Alkhaja 

et al, 2012; Bohnert et al, 2012; Ott et al, 2012; Friedman et al, 2015; Tang et al, 2020), Mic10 

has been found to interact with the ATP synthase to modulate its assembly into high molecular 

weight dimer rows (Eydt et al, 2017; Rampelt et al, 2017). These ATP synthase super-

assemblies are required for the maintenance of cristae architecture and possibly help to 

bioenergetically fine-tune cristae compartments by creating local proton sinks (recently 

reviewed in Kühlbrandt, 2019). To genetically dissect the function of MICOS-bound and 

ATP-synthase bound Mic10, we directly fused Mic10 to subunit e (Atp21) of the ATP 

synthase (Figure 5), which mediates its dimerisation (Arnold et al, 1998; Donzeau et al, 2000; 

Brunner et al, 2002; Everard-Gigot et al, 2005) and can be directly crosslinked to Mic10 in 

wild-type mitochondria (Eydt et al, 2017; Rampelt et al, 2017). This fusion protein did not 

form MICOS-bound oligomers and could be co-purified with Mic60 only in very minor 

amounts, suggesting a loss of function at the MICOS complex. In agreement with this 

observation, mitochondrial crista junction architecture was disturbed in mic10∆ cells 

expressing the fusion construct as assessed by outer membrane rupture after hypoosmotic 

swelling. Surprisingly, these cells regained the ability to efficiently adapt during the diauxic 

shift. This serendipitous finding thus demonstrates that Mic10 at the ATP synthase, rather than 

its canonical function as a protein scaffold at crista junctions, is essential for the efficient 

adaptation of mitochondrial ultrastructure during the diauxic shift. This observation confirms 

that the recently described effect of Mic10 on supra-molecular ATP synthase assembly (Eydt 

et al, 2017; Rampelt et al, 2017) is physiologically significant. It has been proposed that 
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MICOS directly interacts with ATP synthase dimers at the crista junctions via Mic10 (Eydt et 

al, 2017). Our observation that the Atp21-Mic10 fusion construct does not rescue MICOS 

integrity and crista junction stability but rescues the metabolic adaptability of mic10∆ cells 

rather suggests a MICOS-independent role of Mic10. However, it remains unclear how Mic10 

influences ATP synthase oligomerisation. Furthermore, it remains to be elucidated whether 

this effect is beneficial for the maintenance of mitochondrial cristae shape or whether it can 

support the biogenesis of cristae, which might be catalysed by ATP synthase-mediated local 

membrane bending (Harner et al, 2016; Anselmi et al, 2018; Blum et al, 2019). These 

questions could be addressed by studying the membrane deforming properties of ATP 

synthase reconstituted together with Mic10 in artificial membrane systems. A similar approach 

has previously been used to study the influence of OPA1 on ATP synthase assembly 

(Quintana-Cabrera et al, 2018).  

 

7.3.  Mic10 oligomerisation is regulated by Mic26-27 antagonism and 

cardiolipin 

Mic10 oligomerisation is one of the central mechanisms to stabilise crista junctions. Using 

chemical crosslinking we obtained evidence for MIC10 oligomerisation in human cells (Figure 

10c), which suggests that this assembly mode is an evolutionarily conserved feature of 

MICOS. Mic10 has also been found to interact with dimeric species of the F1FO-ATP synthase 

to modulate their oligomerisation into dimer rows (Eydt et al, 2017; Rampelt et al, 2017). 

Mic10 therefore affects at least two major cristae shaping pathways, leading to the necessity 

to modulate its activity and control its localisation within the inner mitochondrial membrane. 

Mic10 is linked to the MIC60 sub-complex by the accessory MICOS subunit Mic12 

(QIL1/MIC13 in humans) (Guarani et al, 2015, 2016; Anand et al, 2016; Zerbes et al, 2016). 

Mic12 deletion leads to a reduction of Mic10 oligomers in yeast (Bohnert et al, 2015; Zerbes 

et al, 2016) and human cells (chapters 6.6 and 7.4). The Mic10 subcomplex furthermore 

contains two apolipoproteins, termed Mic26 and Mic27. These paralogues evolved as a 

consequence of the genome duplication in the Saccharomycetales order (Muñoz-Gómez et al, 

2015; Huynen et al, 2016). Importantly, an independent duplication occurred during the 

evolution of vertebrates. In human cells, MIC26 (apolipoprotein O, APOO) can be 

glycosylated and secreted, while a non-glycosylated isoform is stably associated with MICOS 

(Weber et al, 2013; Koob et al, 2015; Ott et al, 2015). High levels of mitochondrial MIC26 

have been associated with diabetic cardiomyopathy (Turkieh et al, 2014).  A second paralogue, 

termed MIC27 (APOOL), is also associated with MICOS and is able to bind cardiolipin in 

vitro (Weber et al, 2013). In yeast, cardiolipin promotes the formation of stable Mic27 

assemblies at crista junctions, especially in the absence of Mic60 (Friedman et al, 2015).  Yeast 

Mic27 was shown to stabilise Mic10 oligomers (Zerbes et al, 2016) and thereby affects the 

stability of the MICOS complex (Eydt et al, 2017). A Mic27-mediated stabilisation of Mic10 
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oligomers could be used to locally promote crista junction stability. As a result of this 

stabilising role, Mic27 deletion results in the collapse of crista junctions and a partial 

phenocopy of Mic10-deficient cells (Harner et al, 2011; Hoppins et al, 2011; von der Malsburg 

et al, 2011). In contrast, Mic26 is the only bona fide MICOS subunit in yeast that is not 

absolutely required for the maintenance of crista junction architecture (Harner et al, 2011; 

Hoppins et al, 2011; von der Malsburg et al, 2011) even though it shares a high degree of 

sequence similarity with its paralogue.  

Using native isolation of the MICOS complex from Mic26 and Mic27-deficient mitochondria 

followed by blue native PAGE as well as in organello crosslinking (Figure 6) we discovered 

an antagonistic relationship between these two proteins: Mic26 deletion led to a stabilisation 

of Mic10 oligomers, suggesting a function as “oligomerisation breaker” within the MICOS 

complex. While Mic27 can locally promote the formation of a proteinaceous crista junction 

scaffold, Mic26 can thus suppress Mic10 assembly. Both proteins are in close proximity to 

Mic10 as demonstrated by chemical crosslinking and their protein expression levels as well as 

Mic10 interaction increases in the absence of the paralogue. In the absence of structural 

information, it remains unclear how these structurally similar proteins can have opposing 

effects on Mic10 assembly. It has been hypothesised that Mic26 and Mic27 modulate MICOS 

assembly by locally altering the lipid environment, since a mammalian orthologue can bind 

cardiolipin in vitro (Weber et al, 2013) and Mic27 assembly is affected by the presence of 

cardiolipin in yeast (Friedman et al, 2015). While this hypothesis provides an appealing link 

between protein-mediated stabilisation of membrane curvature and the distribution of non-

bilayer forming phospholipids at crista junctions, a number of observations described here 

suggest that it cannot explain the effect of Mic26 and Mic27 on Mic10 assembly (Figure 7). 

Mic26 or Mic27 deletion did not globally affect cardiolipin-sensitive protein complexes of the 

inner membrane such as the ADP-ATP carrier (Kutik et al, 2008) and respiratory chain 

supercomplexes (Pfeiffer et al, 2003). More importantly, effects on Mic10 oligomerisation 

could be observed even in the absence of the cardiolipin synthase Crd1. Cardiolipin deficiency 

also led to a destabilisation of Mic10 oligomers, but this effect was independent of MICOS 

apolipoproteins. Importantly, cardiolipin did not affect Mic10 oligomers analysed in chemical 

crosslinking experiments, but rather altered large Mic10 assemblies observed during native 

PAGE experiments. Several lines of evidence therefore strongly suggest that Mic26 and Mic27 

directly influence Mic10 assembly in an antagonistic manner and cardiolipin independently 

stabilises the Mic10 protein scaffold by a distinct mechanism. This regulatory mechanism 

might be partially conserved during opisthokont evolution, since we found that the knockout 

of MIC26 in human cell lines phenocopied the effect of mic27∆ in yeast with respect to Mic10 

oligomer formation. In agreement with these findings, we observed a growth phenotype of 

MIC26 knockout cells.  In contrast, MIC27 knockout did not markedly affect MICOS 

assembly or cellular growth under respiratory conditions (Figure 10a,c,f).  
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The regulation of Mic10 assembly and disassembly might help to coordinate Mic10 function 

at the MICOS complex and the ATP synthase. In agreement with this hypothesis, mic27 

deletion has been found to affect ATP synthase oligomerisation, while Mic10 association with 

the ATP synthase was unaffected (Eydt et al, 2017). The strong diauxic growth phenotype 

observed in mic27∆Mic10↑ cells further supports this hypothesis. Since neither mic26∆ nor 

mic27∆ cells show a noticeable growth defect, their regulatory role likely finetunes Mic10 

function, which might not be required in defined laboratory conditions. It is therefore still 

unclear during which cellular circumstances this novel regulatory pathway becomes relevant, 

especially considering the very weak phenotypes of Mic26-deficient yeast and MIC27 

knockout HEK293T cells. However, the observation that multiple paralogous 

apolipoprotein-O like subunits can be found in MICOS complexes of divergent organisms 

indicates that an antagonistic regulation of MICOS assembly provides an evolutionary benefit. 

A possible scenario where an antagonistic regulation of crista junction architecture might be 

beneficial is the yeast metabolic cycle, a single-cell oscillatory metabolic reprogramming 

which temporally separates various pathways (Tu et al, 2005). MICOS subunit RNA levels 

fluctuate considerably during the different stages of the cycle, reflecting the importance of 

mitochondrial ultrastructure for the cellular metabolic signature (Tu et al, 2005). Surprisingly, 

Mic26, i.e. the Mic10 oligomerisation breaking MICOS subunit, appears to follow a different 

transcriptomic programme (Tu et al, 2005). Studying Mic26/Mic27 mutants under non-

standard laboratory conditions such as the yeast metabolic cycle might thus reveal how these 

proteins help to coordinate mitochondrial ultrastructure with metabolic demands. The complex 

metabolic transitions during developmental and differentiation processes in metazoans (Zhang 

et al, 2018) might also serve as a model system to address similar questions.  

 

7.4.  MICOS organisation is conserved from yeast to man  

A major aim of this thesis was to compare MICOS organisation in yeast and human cells to 

identify conserved functions of individual MICOS subunits and compare the overall 

architecture of the complex. A better understanding of MICOS in human cells is of crucial 

importance since MICOS subunits are also implicated in the pathogenesis of multiple diseases 

(reviewed in Eramo et al, 2020). For instance, MIC13 deficiency leads to hepato-

encephalopathy (Guarani et al, 2016; Zeharia et al, 2016) and MIC60 has been implicated in 

the development of Parkinson’s disease (Van Laar et al, 2019), while elevated MIC26 levels 

have been found in diabetic cardiomyopathy (Turkieh et al, 2014).   

Using CRISPR/Cas9 genome editing with single guide RNAs we have been able to generate 

knockout HEK293T cell lines for all MIC10 subcomplex subunits (MIC10, MIC13, MIC26 

and MIC27) and obtained a MIC60-deficient cell line, which expresses very low levels of the 

protein. Importantly, several attempts to target MIC19 failed, while its paralogue MIC25 was 

successfully knocked out (data not shown). Previous studies used RNAi-mediated knockdown 
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of individual MICOS subunits to demonstrate that the MIC60-19-SAM module is essential for 

the maintenance of crista architecture, while the accessory subunits MIC13, MIC25, MIC26 

and MIC27 are dispensable (Ott et al, 2015). This hierarchical organisation of MICOS subunits 

is well supported by the data described in this thesis. A recent study suggested that MIC19 and 

MIC60 also localised to the crista lumen and MIC19 was shown to interact with respiratory 

complex IV (Sastri et al, 2017). Similarly to MIC10 (Eydt et al, 2017; Rampelt et al, 2017), it 

might therefore possess an additional function outside of the MICOS complex, which could 

explain its essential role in the maintenance of cellular fitness. Interestingly, MIC60 and 

MIC19 might not be essential in all cell lines (Kondadi et al, 2020; Tang et al, 2020), which 

might indicate tissue-specific roles of the proteins.  

By comparing MIC10 and MIC60-deficient cells we obtained novel evidence for the existence 

of two MICOS modules in human cells, since knockout of MIC10 only affected MIC10 

subcomplex subunits, whereas MIC60 knockout resulted in a loss or drastic reduction of all 

MICOS subunits (Figure 8b,c), which is well supported by previous studies that used knockout 

or knockdown cell lines (Ott et al, 2012, 2015; Guarani et al, 2015; Anand et al, 2016; Li et 

al, 2016; Kondadi et al, 2020; Tang et al, 2020).  An important novel finding described here 

is that the SAM-MIC19-MIC25-MIC60 complex was more stable than the association 

between MICOS subcomplexes as assessed by BN-PAGE analysis after solubilisation with 

different detergents (Figure 8d). The contact site formed by SAM and the MIC60 subcomplex 

appears to be surprisingly stable. Crosslinking experiments suggest that the MICOS-SAM 

connection is mostly mediated by MIC19, rather than MIC60 (Figure 8e). In agreement with 

this hypothesis, N-terminal myristoylation of MIC19 is required for its interaction with 

SAM50, but not MIC60 (Darshi et al, 2011). Interestingly, in vitro experiments indicated that 

SAM50 can also interact with MIC60 and MIC25 (Ding et al, 2015). However, MIC19 is 

required for the stable connection between MICOS and SAM in cells (Darshi et al, 2011; Tang 

et al, 2020), while MIC25 is dispensable (Ding et al, 2015; Tang et al, 2020). MIC19 was 

recently described to be a substrate of the stress-induced protease OMA1, which might enable 

a regulated disassembly of the stable two-membrane spanning MIB complex under certain 

stress situations (Tang et al, 2020). Importantly, the biochemical characterisation of the human 

MICOS complex described here also offers novel experimental opportunities: since a very 

stable MIB “core” complex, consisting of at least MIC60, MIC19, MIC25 and SAM50 can be 

purified from mitochondria in a relatively simple manner, single particle cryo-electron 

microscopy (Kühlbrandt, 2014) might soon offer first insights into the structure of the MICOS 

complex. 

We also compared the functional consequences of MIC10 and MIC60-deficiency (Figure 9). 

As expected, both knockout cell lines showed a strong alteration of mitochondrial 

ultrastructure and a strongly reduced growth rate. This effect on cell growth has not always 

been observed (Callegari et al, 2019) and might therefore depend on the cellular background. 
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Surprisingly, only minor alterations of respiratory chain supercomplexes could be observed in 

MIC10 knockout cells, while we did not observe defects in MIC60-deficient cells. Contrary 

to a previous study (Callegari et al, 2019), we also observed a destabilisation of high molecular 

weight ATP synthase complexes in MIC10-deficient cells. The human MIC10 protein might 

thus influence the assembly of other cristae organising proteins, similarly to yeast Mic10 

(chapter 7.2). This hypothesis is supported by the observation that minor amounts of 

ATP synthase could be co-precipitated in MIC10FLAG IPs. Interestingly, a previously published 

crosslinking study found an interaction of MIC27 with the ATP synthase (Schweppe et al, 

2017). The influence of MIC10 on ATP synthase assembly might therefore be conserved 

throughout opisthokont evolution.  

The analysis of a complete set of MIC10 subcomplex knockout cell lines described here 

revealed a hierarchical organisation of subunits within the complex (Figure 10). In agreement 

with previous studies (Guarani et al, 2015, 2016; Anand et al, 2016), MIC13 knockout had a 

strong effect on the stability of the MIC10 subcomplex and MIC10 protein levels. MIC26 and 

MIC27 were found to be dispensable for the overall stability of the subcomplex. However, 

MIC26 stabilised MIC10 oligomers, reminiscent of the situation in yeast, where Mic27 

stabilises MIC10 oligomers (see also chapter 7.3). MIC27 knockout only mildly affected 

MIC10 oligomerisation and did not cause a growth phenotype. Future work will have to 

clarify, whether its association with the ATP synthase (Schweppe et al, 2017) helps to spatially 

coordinate MIC10 function. MIC10 deficiency also led to a decrease of long OPA1 isoforms. 

There is currently no evidence for a direct association of MIC10 and OPA1. In contrast, 

multiple studies described an interaction between MIC60 and OPA1 (Barrera et al, 2016; 

Glytsou et al, 2016; Schweppe et al, 2017). The effect of MIC10 on OPA1 processing might 

therefore be an indirect adaptation to e.g. oxidative stress (Lee et al, 2020). Importantly, 

knockout of MIC10 subcomplex subunits also led to a similar phenotype, and the severity of 

the phenotype correlated with the effect on MIC10 oligomerisation. A relative increase of 

short OPA1 isoforms could be observed in cells lacking MIC10, MIC13 and MIC26, but not 

in cells lacking MIC27. Future studies could overexpress OPA1 isoforms in MICOS knockout 

cell lines to dissect the functions of these two cristae organising systems. Interestingly, the 

MIC60-deficient cell line described here did not show altered processing of OPA1. In addition, 

the stability of the ATP synthase and the respiratory chain was unaffected, clearly indicating 

non-overlapping functions of MICOS core subunits. Unbiased multi-omic approaches might 

help to elucidate the specific functions of both subcomplexes.   

 

7.5.  The MIB complex and DNAJC11 spatially coordinate mitochondrial 

protein biogenesis 
The detailed biochemical analysis of the human MICOS complex described in chapter 7.4 

revealed that the MIC60 subcomplex forms a surprisingly stable contact with the SAM 
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machinery of the outer mitochondrial membrane. The interaction of SAM and MICOS in 

human cells has been identified by many groups (Xie et al, 2007; Darshi et al, 2011; Alkhaja 

et al, 2012; Ott et al, 2012; Ding et al, 2015; Huynen et al, 2016) and the contact site was 

termed mitochondrial intermembrane space bridging (MIB) complex (Ott et al, 2012; Huynen 

et al, 2016). SAM50 depletion leads to a pronounced alteration of mitochondrial cristae 

architecture (Ott et al, 2012). After depleting MIC60 by CRISPR/Cas9 to very low levels we 

observed a strong reduction of SAM50 protein levels in mitochondria, similarly to what has 

been observed after siRNA-mediated MIC60 knockdown (Ding et al, 2015; Ott et al, 2015). 

More importantly, we found SAM to exclusively co-migrate with MIC60-containing protein 

complexes in blue native PAGE experiments and were unable to identify SAM50-containing 

protein complexes in MIC60 depleted cells. In addition, the SAM50/MIC60 containing 

complexes were stable even after treatment with the harsh detergent Triton X100 and after 

genetic depletion of the MIC10 subcomplex (Figure 8, Figure 11a,b). Multiple lines of 

evidence thus support the significance of the MIC60-SAM connection in membrane-bridging. 

Several hypotheses might explain why MIC60 and SAM form such a stable membrane contact 

site: i. The evolution of both proteins can be traced back to bacterial ancestors of mitochondria. 

Since a MIC60-SAM interaction has been identified across the eukaryotic lineage (Muñoz-

Gómez et al, 2015; Kaurov et al, 2018), it might have evolved in the endosymbiotic ancestor 

of mitochondria, just like the membrane-shaping function of MIC60 (Tarasenko et al, 2017). 

ii. Properties of β-barrel proteins, such as their long half-life (Christiano et al, 2014), might be 

beneficial for the formation of stable membrane-contact sites. This hypothesis is strongly 

supported by the observation that all mitochondrial β-barrel proteins have been implicated in 

the formation of intra- or interorganellar contact sites (Pfanner et al, 2019). iii. Since SAM 

substrates (such as TOM40 and the VDAC complex) mediate the exchange of proteins and 

metabolites, respectively, a localized biogenesis of these protein machineries at crista 

junctions might be beneficial. Furthermore, the biogenesis of β-barrel proteins requires the 

cooperation of TOM and SAM in the outer membrane. Since TOM is much more abundant 

than SAM (Morgenstern et al, 2017), it might be beneficial to channel the biogenesis of β-

barrel proteins at distinct sites of the outer membrane, such as crista junction sites. These 

hypotheses are not mutually exclusive and none of them can currently be rejected. However, 

their validity can be experimentally addressed: By studying the MICOS complex in more 

organisms outside of the opisthokont supergroup (as has been done for Trypanosoma brucei 

(Kaurov et al, 2018)) one could identify the evolutionarily most significant connections 

between protein biogenesis and cristae shaping machineries. Furthermore, studying the 

interactome of MIC60 orthologues in alphaproteobacteria, which are the closest modern 

relatives of mitochondria, will reveal which interactions evolved in pre-eukaryotic times and 

thereby clarify the evolutionary relationship between MICOS and the SAM complex. By 

genetically distinguishing protein import and membrane-bridging functions of this contact site 
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one might also be able to address whether the protein biogenesis – MICOS connection is a by-

product of the essential membrane bridging component of the MIB complex or essential for 

eukaryotic life. A similar approach has been used in yeast, revealing that Mic60-mediated 

outer-inner membrane tethering is necessary, but not sufficient for maintaining crista junction 

architecture (Zerbes et al, 2012).  

We hypothesised that the remarkably stable MIB-mediated contact site between both 

mitochondrial membranes is not only structurally important but also plays a direct role in 

protein biogenesis. Depletion of MIC60 and subsequent loss of SAM50 led to a reduced 

assembly rate of β-barrel precursor proteins in in organello import assays (Figure 11b). Protein 

biogenesis and the MICOS complex seem to be coupled in every organism studied so far: the 

yeast MICOS complex is linked to the TOM and SAM machinery of the outer membrane as 

well as the intermembrane-space MIA machinery (von der Malsburg et al, 2011; Bohnert et 

al, 2012; Varabyova et al, 2013), the human MICOS complex interacts with SAM as well as 

TIM22 (Xie et al, 2007; Ott et al, 2012; Callegari et al, 2019) and a potential MIA40 

orthologue was recently identified to be a subunit of the MICOS machinery in the highly 

divergent excavate Trypanosoma brucei (Kaurov et al, 2018). These results, supported by the 

findings described here, demonstrate that a close connection between membrane structure and 

protein biogenesis in the highly organized mitochondrion is beneficial and likely essential for 

efficient mitochondrial biogenesis.  

The identification of DNAJC11 as bona fide subunit of the MIB complex of mammalian cells 

(Figure 11d-f) further supports the hypothesis that MICOS serves as a central hub for 

biogenesis of hydrophobic mitochondrial proteins. Data described in chapters 6.4 and 6.7 and 

previous studies showed that DNAJC11 associates with the MIC60/SAM module in the outer 

mitochondrial membrane (Xie et al, 2007; Ioakeimidis et al, 2014; Huynen et al, 2016). 

DNAJC11 possesses a conserved J-domain that possibly stimulates the Hsp70 reaction cycle 

and a recently published interactome of DNAJC11 indeed revealed an interaction with 

cytosolic Hsp70 chaperones in cultured cells as well as intact brain tissue (Violitzi et al, 2019). 

We therefore hypothesised that it could recruit chaperone-bound mitochondrial precursor 

proteins (Jores et al, 2018) in the cytosol to mitochondrial subdomains. Its interaction with the 

MICOS machinery would enable efficient substrate channelling of hydrophobic mitochondrial 

precursors. In agreement with this hypothesis, HEK293T cells lacking DNAJC11 showed a 

slower biogenesis of β-barrel proteins as assessed by in organello import and assembly assays 

with radiolabelled β-barrel precursors (Figure 11g). Importantly, MICOS and SAM integrity 

was unaffected in cells lacking DNAJC11 and the β-barrel import defect was rescued after re-

expression of DNAJC11FLAG, clearly showing that DNAJC11 directly affects the biogenesis 

of outer membrane proteins. We hypothesised that the substrate spectrum of DNAJC11 is not 

limited to β-barrel proteins of the outer membrane, since MICOS also interacts with the carrier 

translocase (Callegari et al, 2019). Consistent with this idea, DNJAC11 knockout led to 
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decreased protein levels of the 

mitochondrial calcium 

uniporter, which is an inner 

membrane protein of the 

carrier family.  

The localisation of DNAJC11 

in the outer membrane 

(Ioakeimidis et al, 2014), its 

interaction with cytosolic 

chaperones (Violitzi et al, 

2019) and the β-barrel 

biogenesis phenotype 

described here all support a 

role of the protein in substrate 

channelling of hydrophobic 

mitochondrial precursor 

proteins to the correct sub-

organellar location. 

Interestingly, J-protein 

dependent targeting of 

mitochondrial precursor 

proteins might be an 

evolutionarily conserved 

phenomenon. A recent study in 

yeast found that two cytosolic 

chaperones, termed Xdj1 and Djp1, connect TOM receptors with chaperone-bound substrates 

of the TOM channel (Opaliński et al, 2018), reminiscent of the proposed role of DNAJC11 in 

human mitochondria. Future studies will have to characterise additional substrates of 

DNAJC11 using in organello import assays. Furthermore, a global analysis of the 

mitochondrial proteome after DNAJC11 depletion could help to define the substrate spectrum. 

It will also be interesting to characterise the functional consequences of DNAJC11 

impairment, since mice lacking DNAJC11 showed severe neuromuscular deficits (Ioakeimidis 

et al, 2014) and DNAJC11 knockout cells show strongly reduced growth rates (Alexander von 

der Malsburg, pers. communication). The inefficient import of mitochondrial proteins in 

DNAJC11-deficient cells might lead to increased levels of hydrophobic and aggregation-prone 

mitochondrial proteins in the cytosol, which could sequester cytosolic chaperones, potentially 

resulting in global proteotoxicity. To evaluate this hypothesis, one could test whether 

Figure 15 Hypothetical model of MICOS/DNAJC11 
mediated spatial coordination of protein import 

MICOS bridges both mitochondrial membranes by forming a very 
stable contact site with the SAM complex (termed MIB complex). 
The direct contact between MICOS and SAM is likely mediated 
by MIC19. MICOS deficiency can lead to impaired β-barrel 
biogenesis. The J-protein DNAJC11 also affects the efficiency of 
β-barrel import, presumably by recruiting Hsp70-bound precursor 
proteins to import sites. Since MICOS also interacts with the 
carrier translocase of the inner membrane (TIM22) complex, and 
TIM22 substrate proteins (such as MCU) are reduced in 
DNAJC11-deficient mitochondria, DNAJC11-mediated 
coordination of protein import at the MIB complex might affect 
the biogenesis of hydrophobic proteins in both mitochondrial 
membranes.  
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expression of aggregation-prone poly-glutamine-repeat constructs (see e.g. Itakura et al, 2016) 

leads to altered solubility of hydrophobic mitochondrial proteins in DNAJC11 knockout cells.  

In summary, DNAJC11 at the MIB complex likely recruits chaperone-bound hydrophobic 

mitochondrial precursor proteins in the cytosol to defined biogenesis sites. This spatial 

coordination of the import process by DNAJC11 at the MIB complex enables an efficient 

assembly of mitochondrial precursor proteins, since MICOS interacts with protein translocases 

of both mitochondrial membranes. 

  

7.6.  Helical arrays of Mgm1 tetramers shape the inner mitochondrial 

membrane  
This thesis mostly focussed on the MICOS complex in yeast and human cells and its role in 

e.g. the metabolic adaptation to respiratory metabolism. While MICOS is essential for the 

maintenance of crista junction structures, it remains unclear whether it is directly involved in 

the dynamic adaptation of crista to altered metabolic conditions. Very recent evidence has 

implicated MICOS in the fusion of cristae (Kondadi et al, 2020), but there is currently no data 

supporting a dynamic reorganisation of MICOS during metabolic transitions. Its core subunits 

appear to promote mitochondrial biogenesis during e.g. the diauxic shift, but this could 

possibly be attributed to additional functions (chapter 7.1).  In contrast, a plethora of studies 

have shown that the dynamin-like GTPase OPA1/Mgm1 dynamically alters cristae shape to 

finetune the bioenergetic properties of mitochondrial ultrastructure. Proteins of the 

Mgm1/OPA1 family are major determinants of mitochondrial ultrastructure and fulfil at least 

two roles in mediating inner membrane fusion and the dynamic remodelling of cristae 

architecture. The fusion activity might also be linked to a role in the formation of cristae by 

partial inner membrane fusion (Harner et al, 2016). Importantly, OPA1 is able to directly 

respond to altered metabolic circumstances (Patten et al, 2014). In the absence of high-

resolution structural information it remained unclear how Mgm1/OPA1 can mediate such a 

diverse set of membrane remodelling activities. We therefore attempted to further elucidate 

the assembly mechanism of Mgm1 by combining structural studies with in vivo data.  

The crystal structure of the Mgm1 tetramer (Figure 12a-c) revealed that Mgm1 possesses an 

architecture similar to other dynamin-like GTPases with a conserved domain organisation. In 

contrast to dynamin, a unique paddle domain mediates membrane contact. In addition, the 

macro-molecular assembly of Mgm1 into dimers and tetramers differs from dynamin (Faelber 

et al, 2011; Ford et al, 2011). Mgm1 dimers form a V-shape, which assemble into an elongated 

tetramer via interface-1. Cryo-ET analysis of membrane-bound Mgm1 (Figure 12d-e)  showed 

that it can assemble into helical filaments, similarly to other dynamin-like GTPases (Faelber 

et al, 2011; Ford et al, 2011; Kalia et al, 2018; Kong et al, 2018). Importantly, helical filaments 

were observed on positively and negatively curved membranes. This unique  feature could 

help to explain its role in the maintenance and remodelling of cristae membranes.  
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To determine whether the dimer and tetramer interfaces are physiologically relevant we 

employed a loss-of-function screen, which made use of the observation that Mgm1 

dysfunction in yeast results in a rapid loss of mitochondrial DNA (Jones & Fangman, 1992) 

and allowed for an unbiased assessment of the effect of Mgm1 mutations. To this end, an 

inducible promoter was inserted upstream of the genomic Mgm1 open reading frame and 

mutant Mgm1 alleles were expressed from plasmids (Figure 12f-h, Figure 13). An important 

advantage of this method is the absence of compensatory mutations and possibly a reduced 

occurrence of spontaneous mitochondrial DNA loss acquired during traditional mutagenesis 

studies, such as plasmid shuffling, which is prevented by the expression of wildtype Mgm1 

from the genomic locus prior to the assay. This theoretically reduces the occurrence of false-

positive results. In agreement with the data obtained from the crystal structure, mutations in 

the dimer or tetramer interfaces caused a complete loss of function, as assessed by the ability 

to grow on respiratory carbon sources and the expression of mitochondrially encoded Cox1. 

This finding provides strong support for the role of these interfaces for Mgm1 function in vivo. 

Importantly, this data also shows that the interfaces observed in the Chaetomium 

thermophilum construct are conserved in budding yeast.  

A major disadvantage of this loss-of-function screen is that subtle defects of Mgm1 function 

are unlikely to cause a pronounced phenotype, resulting in false negative results. Mutations of 

the paddle region, which appears to mediate membrane binding, resulted in an intermediate 

phenotype with a partial loss of mitochondrial DNA and an altered mitochondrial network 

morphology, but did not cause a complete loss of respiratory growth. A complete loss of 

function results in a loss of mitochondrial DNA, which is known to cause mitochondrial 

fragmentation and a strong reduction of mitochondrial cristae. Mgm1 function can thus not be 

assessed in further molecular detail. To circumvent these effects, one could either 

downregulate mitochondrial fission, for example by expressing dominant-negative alleles of 

the fission-mediating dynamin Dnm1 (Zick et al, 2009), or take advantage of the assembly 

mode of Mgm1 itself: We hypothesised that expression of tetramerisation-deficient Mgm1 

alleles would cause strong dominant-negative effects and indeed observed strong respiratory 

growth phenotypes when we expressed tetramer-interface mutants in wild-type cells (Figure 

14). In particular, we found that Mgm1-Y520A can suppress Mgm1 function in wild-type 

without causing a loss of the mitochondrial genome. This allowed us to analyse the cristae 

morphology defects caused by Mgm1 tetramer dissociation. We not only found fewer cristae, 

but also a significant widening of the cristae lumen. This finding strongly suggests that Mgm1 

assembly into tetramers and helical filaments is important for the determination of 

mitochondrial cristae width. In addition, the serendipitous discovery of dominant-negative 

Mgm1 alleles will help to decipher cristae remodelling in higher molecular detail in future 

studies.  
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This study also suggested a possible model of Mgm1-mediated cristae remodelling based on 

cryo-electron tomography evidence (Figure 12d-e). C. thermophilum Mgm1 assembled on the 

outside of lipid tubules in helical filaments of tetramers, which were arranged in a similar 

manner as observed in the crystal structure. At the same time, an inside decoration was 

observed in some tubules. This assembly on a negatively curved membrane is unique among 

members of the dynamin family. Importantly, it resembles a putative assembly mode on the 

inside of cristae membranes and might explain the tightening of cristae observed after OPA1 

overexpression (Frezza et al, 2006). Combined with the finding that the expression of 

tetramerisation-deficient Mgm1 leads to a widening of cristae it appears very likely that helical 

filaments of Mgm1 on the inside of cristae membranes determine the shape of cristae.  An 

important remaining question is whether and how the GTPase activity of Mgm1 influences its 

assembly. Multiple lines of evidence favour a model in which a GTPase-dependent power 

stroke could pull filaments against each other even though the subtomogram averages of 

nucleotide-free and GTPγS-bound Mgm1 assemblies on negatively curved membranes did not 

show any noticeable differences, possibly due to the limited resolution of 20.6 Å and 18.8 Å, 

respectively.		Importantly, the crystal structure revealed that the G and BSE domains of Mgm1 

and dynamin show a very similar structure. The GTPase activity of OPA1 is required for its 

cristae remodelling activity (Frezza et al, 2006) and previously reported temperature sensitive 

mutations of Mgm1 are localised in GTP binding loops as well as interface 1 and the G/BSE 

domain interface (Meeusen et al, 2006). In further agreement with this hypothesis, GTP 

addition in tube pulling assays resulted in a measurable force (Faelber et al, 2019). A power 

stroke in a left-handed helical assembly of Mgm1 on the inside of a membrane tube would 

result in a constriction, while it would expand the diameter of the tube in a right-handed 

assembly. Both activities are possibly required for the physiological function of the protein 

(Frezza et al, 2006). A very recent study provided further evidence for a GTP-dependent 

remodelling of cristae (Zhang et al, 2020). The authors imaged s-OPA1 assemblies on lipid 

tubules in an arrangement very similar to CtMgm1. Addition of GTPγS resulted in a 

conformational change of the left-handed helical assembly and an expansion of the lipid tube, 

in agreement with the data presented here. This study not only provides support for the 

hypothesis that a GTP-dependent power stroke in Mgm1 filaments can remodel cristae 

membranes, but also demonstrates that Mgm1/OPA1 assembly is largely conserved. 

Another very recent study reported a trimeric structure of S. cerevisiae Mgm1 (Yan et al, 

2020). These trimers are arranged in a head-to-tail manner, but the trimer interfaces are not 

conserved in C. thermophilum. The concave trimer might associate with the membrane and 

create a curved tip that could possibly trigger fusion events between two opposing membranes. 

This trimeric assembly of s-Mgm1 could be anchored to the membrane by transmembrane-

domain containing l-Mgm1, which is required for fusion (Zick et al, 2009; Ge et al, 2020). 

Local membrane bending, which is a requirement for Mgm1-mediated inner membrane fusion 
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(Rujiviphat et al, 2015)  could also be created by the tetramer-based helical filaments observed 

in our study. The trimeric structure observed by Yan et al. and the tetrameric assembly found 

in our study are not mutually exclusive but could help to explain the two distinct functions of 

Mgm1 in membrane fusion and cristae remodelling. Future studies will have to image a mix 

of short and long Mgm1 isoforms assembled on model membranes using e.g. cryo-electron 

tomography to further define the mechanism of Mgm1-mediated membrane fusion. 

Importantly, cristae stabilisation requires only the short OPA1 isoforms (Del Dotto et al, 2017; 

Lee et al, 2017) and can therefore be explained by the model presented here. 

 

7.7.  Conclusion  
The dynamic reorganisation of cristae is enabled by an interplay of multiple protein 

machineries. MICOS forms stable contacts to the outer membrane and thereby anchors crista 

junctions at specific sites. It also forms the proteinaceous backbone of  crista junctions to 

stabilise the membrane curvature. OPA1/Mgm1 dynamically remodels cristae membranes in 

response to the metabolic state of the cell. Due to its function in inner membrane fusion it 

might also be involved in the biogenesis of cristae. Finally, dimer rows of the ATP synthase 

shape cristae membranes to create a bioenergetically optimised compartment for oxidative 

phosphorylation.  Work described in this thesis shed light on the assembly of these cristae 

shaping machineries and their interplay.  

A biochemical analysis of human MICOS knockout cell lines revealed that MICOS 

organisation into two subcomplexes is conserved from yeast to man (chapters 6.4, 6.6). Since 

only MICOS core subunits are required for efficient adaptation to respiratory metabolism in 

yeast (chapter 6.1), they possibly possess underappreciated moonlighting functions which are 

important for mitochondrial biogenesis. The interaction of Mic10 with the ATP synthase, 

which is likely conserved throughout evolution (chapter 6.6), is of particular importance 

(chapter 6.2). We therefore hypothesised that Mic10 assembly has to be spatially regulated 

and found that it is influenced by the accessory subunits Mic26 and Mic27 in an antagonistic 

manner and independently by cardiolipin (chapter 6.3, Rampelt et al, 2018). Future studies 

will have to elucidate which upstream signalling pathways can control this novel pathway and 

during which cellular circumstances Mic26/27-dependent regulation plays a role. While 

Mic10 influences the assembly of inner membrane cristae organising proteins, the second 

subunit Mic60 forms contacts with the outer membrane (chapter 6.4). Our analyses of the 

human MICOS complex, which closely associates with the SAM complex, revealed that this 

membrane bridging function of the Mic60 module is important for the efficient biogenesis of 

outer membrane  β-barrel proteins (chapter 6.7). We furthermore found that the J-protein 

DNAJC11 is a genuine subunit of the MIB complex and possibly recruits mitochondrial 

precursor proteins in the cytosol to import sites (chapter 6.7). MICOS thus forms a central 

biogenesis hub at specific sites in mitochondria. Unbiased multi-omics analyses of MICOS 
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knockout cell lines could reveal additional functions. Importantly, only very little is known 

about tissue-specific roles of MICOS subunits in metazoans. A comprehensive 

characterisation of mouse models and patient samples might therefore offer unexpected 

insights into the role of MICOS in mitochondrial function. Clearly, its impact on mitochondrial 

biogenesis is only beginning to emerge.  

Future studies will have to determine the structure of the MICOS complex to better understand 

its various roles. This thesis also described a possible assembly mechanism of OPA1/Mgm1 

based on the crystal structure of the Mgm1 tetramer, cryo-ET data of Mgm1 filaments on the 

inside and outside of lipid tubules and in vivo data in yeast that provides evidence for a role of 

these tetrameric assemblies in shaping cristae membranes (chapter 6.8, Faelber et al, 2019). 

This structural insight into Mgm1-mediated membrane remodelling represents a major 

advance in the understanding of cristae remodelling. Future studies will have to image 

combinations of multiple Mgm1/OPA1 isoforms to also elucidate inner membrane fusion.  

Work described in this thesis and many other studies revealed extensive crosstalk between 

cristae shaping proteins. These machineries are thus not separate entities, but their assembly 

and activity is mutually influenced. The dynamic remodelling of cristae membranes cannot be 

fully elucidated by biochemical means alone. When combined with e.g. recent advances in 

live cell super-resolution microscopy they can help to unravel how MICOS, OPA1/Mgm1, the 

ATP synthase and possible novel cristae shaping proteins cooperate in generating and 

remodelling cristae membranes in response to the metabolic demands of the cell.   
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9. Abbreviations  
Å Ångstrom 

a.u. arbitrary units 

AAC ATP/ADP carrier 

ATP adenosine triphosphate 

BN-PAGE blue native polyacrylamide gel electrophoresis 

BSE Bundle signalling element 

Cas9 CRISPR-associated protein 9 

CJ crista junction 

cl. clone 

CM cristae membrane 

CRISPR clustered regularly interspaced short palindromic repeats 

cryo-ET cryo-electron tomography 

DNA deoxyribonucleic acid 

DSG disuccinimidyl glutarate (chemical crosslinker) 

ECL enhanced chemiluminescence 

ERMES ER-mitochondria encounter structure 

F1 F1 fraction of mitochondrial ATP synthase 

FLAG Octapeptide (DYKDDDDK) protein tag for affinity purifications 

Fo oligomycin-sensitive fraction of mitochondrial ATP synthase 

GFP green fluorescent protein 

GTP guanosine triphosphate 

h hours 

HEK human embryonic kidney cells 

HRP horseradish peroxidase 

Hsp heat shock protein 

IBM inner boundary membrane 

IMM inner mitochondrial membrane 

IMS intermembrane space 

kDa kilo-Dalton 

KO knockout 

M moles per liter 

mA milliampere 

mg milligram 

Mgm1 mitochondrial genome maintenance 1 protein 

MIA mitochondrial intermembrane space import and assembly pathway 

MIB mitochondrial intermembrane space bridging complex 
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MICOS mitochondrial contact site and cristae organising system 

MicX subunit of the MICOS complex, X = molecular weight in kDa 

min minutes 

mM millimoles per liter 

mtDNA mitochondrial DNA 

NiNTA Nickel-nitrilotriacetic acid beads 

nm nanometer 

OD600 optical density at 600 nm 

OMM outer mitochondrial membrane 

OPA1 optical atrophy 1 protein 

ORF open reading frame 

OXPHOS oxidative phosphorylation 

PBS Phosphate-buffered saline 

PK proteinase K 

ProtA Protein A (C-terminal protein tag for affinity purifications, also contains 

TEV cleavage site and hepta-histidine tag) 

RNA ribonucleic acid 

RNAi RNA interference 

ROS reactive oxygen species 

rpm revolutions per minute 

SAM sorting and assembly machinery 

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis 

sgRNA single guide RNA 

TBS Tris-buffered saline 

TCA cycle tricarboxylic acid cycle 

TEV Tobacco Etch Virus 

TIM22 carrier translocase of the inner membrane 

TIM23 presequence translocase of the inner mitochondrial memrbane 

TOM translocase of the outer mitochondrial membrane 

UTR untranslated region 

V Volt 

v/v volume per volume 

VDAC Voltage-dependent anion channel 

w/v weight per volume 

WT wild-type 

µg microgram 

µM micromoles per liter 

∆ψ mitochondrial membrane potential 
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x g unit of relative centrifugal force (RCF) 

XL-MS crosslink mass-spectrometry 

10x His Decahistidine protein tag for affinity purifications 
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