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1. Summary 

Mitochondria are highly dynamic organelles of great research interest due to their 

involvement in many crucial biological processes, such as ATP production, calcium 

homeostasis or apoptosis. Several human diseases are linked to altered mitochondrial 

morphology and mitochondrial dynamic defects, but the underlying disease 

mechanisms have remained mostly unclear. The mitochondrial contact site and cristae 

organizing system (MICOS) complex has crucial functions in mitochondrial membrane 

architecture, as it is involved in the formation of crista junctions and ensures that the 

cristae membrane remains attached to the inner boundary membrane. This hetero-

oligomeric protein complex consists of at least six components in yeast and was shown 

to form large complexes in the megadalton mass range. MICOS can be divided into 

two subcomplexes built by Mic10-Mic12-Mic26-Mic27 and Mic60-Mic19, but their 

architecture and even the exact stoichiometry have not been clarified yet. 

 

In this work, the crystal structures of two fusion constructs containing conserved 

C-terminal domains of Chaetomium thermophilum Mic60 and Mic19 were determined, 

providing insights into the organization of the MICOS Mic60-Mic19 subcomplex. 

Residues involved in the interaction between the mitofilin domain of Mic60 and the 

CHCH domain of Mic19 were identified and analyzed in detail by biochemical and cell-

based methods. These studies revealed that single amino acid exchanges can disturb 

the interaction in vitro and lead to an abnormal cristae morphology in yeast 

mitochondria. The predicted lipid binding site (LBS) of Mic60 is part of the mitofilin 

domain, which assembles as an inter-domain swapped dimer. Structure-based analysis 

of the dimerization interface and the membrane binding site of the mitofilin domain 

elucidated the structural requirements for membrane binding and remodeling. 

 

Even though several proteins involved in mitochondrial shaping have been identified in 

the past, their exact mechanisms for establishing mitochondrial architecture have 

remained unexplored. The results of this work make a substantial contribution towards 

the characterization of the MICOS complex, therefore contributing to a molecular 

understanding of mitochondrial membrane remodeling and disease development. 
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2. Zusammenfassung 

Die Forschung an Mitochondrien ist von großem Interesse, da diese dynamischen 

Organellen an vielen wichtigen zellulären Prozessen beteiligt sind, unter anderem an 

der Herstellung von ATP, der Calcium-Homöostase und dem programmierten Zelltod. 

Die Membranarchitektur und die Dynamik von Mitochondrien sind in zahlreichen 

menschlichen Krankheiten verändert; allerdings konnten die Mechanismen, welche zur 

Entstehung dieser Krankheiten führen, größtenteils noch nicht geklärt werden. Der 

Mitochondrial Contact Site and Cristae Organizing System (MICOS) Komplex leistet 

einen entscheidenden Beitrag für die Ausbildung und Erhaltung der mitochondrialen 

Architektur und trägt insbesondere dazu bei, die Cristae zu stabilisieren. MICOS setzt 

sich aus verschiedenen Proteinen zusammen und kann große Komplexe im 

Megadalton-Bereich bilden. In Hefe wurden bisher sechs Komponenten beschrieben, 

die in zwei Teilkomplexe assemblieren, bestehend aus Mic10-Mic12-Mic26-Mic27 und 

Mic60-Mic19. Allerdings konnten bisher weder die Architektur noch die exakte 

Zusammensetzung der Komponenten im MICOS-Komplex entschlüsselt werden.  

 

In dieser Arbeit wurden Kristallstrukturen von zwei Fusionskonstrukten bestimmt, 

welche die konservierten C-terminalen Domänen von Mic60 und Mic19 aus 

Chaetomium thermophilum enthalten. Aminosäuren, die an der Interaktion zwischen 

der Mitofilin-Domäne von Mic60 und der CHCH-Domäne von Mic19 beteiligt sind, 

wurden identifiziert und charakterisiert. Mutationen in der Kontaktfläche konnten die 

Interaktion stören und führten zu veränderter Membranarchitektur von Hefe-

Mitochondrien. Eine zuvor identifizierte Lipidbindestelle von Mic60 ist Teil der Mitofilin-

Domäne, welche ein Domänen-übergreifendes Dimer im Kristall ausbildet. Durch 

strukturbasierte Mutagenese der Dimer- und Membran-Kontaktstellen konnten die 

molekularen Grundlagen der Membranbindung und -deformation entschlüsselt werden. 

 

Obwohl bereits einige Proteine, welche an der Formgebung der Mitochondrien beteiligt 

sind, identifiziert wurden, blieben die genauen Mechanismen bisher weitestgehend 

unerforscht. Die Ergebnisse dieser Arbeit tragen wesentlich zur Charakterisierung des 

MICOS-Komplexes bei und führen damit zu einem erweiterten molekularen 

Verständnis der Membran-Deformierung in Mitochondrien und der Entstehung von 

mitochondrialen Erkrankungen. 
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3. Introduction 

3.1. Mitochondria 

3.1.1. Mitochondrial structure and function 

Mitochondria are found in nearly all eukaryotic cells and are often described as 

powerhouses of the cell. They are involved in several vital biological processes 

including programmed cell death, β-oxidation of fatty acids and the citric acid cycle, but 

their most prominent role is ATP production by oxidative phosphorylation to supply the 

cell with metabolic energy (Westermann, 2010). The special mitochondrial architecture 

is characterized by the presence of two membranes, displaying different shapes and 

functions, and two aqueous compartments (Sjostrand, 1953; Palade, 1952; see    

Figure 1).  

 

 

 
      

Figure 1: Mitochondrial morphology. (A) Schematic structure of mitochondria. (B) Transmission 

electron microscopy image of mitochondria in ultrathin sections of human fibroblast cells (adapted from 

Westermann, 2010).  

 

 

The outer mitochondrial membrane (OMM) mediates communication with the cellular 

environment and functions as a barrier to the cytosol. The OMM is permeable for ions 

and various small molecules up to approximately 5 kDa, as it comprises channels 

formed by porins, so called voltage-dependent anion channels (VDAC) (Lemasters, 
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2007). By contrast, the inner mitochondrial membrane (IMM), which separates the 

matrix from the intermembrane space (IMS), is highly impermeable to almost all ions 

and polar molecules. Consequently, special transporters are required for the transport 

through the IMM (Lemasters, 2007). OMM and IMM are not completely separated due 

to the formation of numerous contact sites (Reichert and Neupert, 2002). The IMM is 

several-fold larger than the OMM, and, due to its heterogeneous structure, it can be 

divided into two distinct domains: the inner boundary membrane and so-called cristae. 

The inner boundary membrane is located in close proximity to the OMM, while cristae 

appear as tubular invaginations that protrude into the matrix. These two IMM domains 

are connected by narrow tubular structures which are termed crista junctions and have 

diameters of about 12-40 nm (Zick et al., 2009; Perkins et al., 1997; Rabl et al., 2009; 

Stephan et al., 2020). 

Cristae accommodate the components of the oxidative phosphorylation machinery, 

whereby the V-shaped dimers of F1Fo-ATP synthase (hydrophilic catalytic unit F1, 

membrane domain Fo) are specifically located at the curved cristae edges (Strauss et 

al., 2008; Davies et al., 2011). In addition to their role in ATP production and apoptosis, 

mitochondria are involved in several other processes, like biosynthesis of Fe–S 

clusters and cofactors, calcium homeostasis, autophagy, stress responses and cellular 

signaling and they can form contact sites with the endoplasmic reticulum (ER)     

(Figure 2; Pfanner et al., 2021; erratum for Pfanner et al., 2019). Mitochondrial 

dysfunction is linked to several human diseases including neurodegenerative diseases, 

cancer and diabetes (Bhatti et al., 2017). 

 

Quantitative analysis of mitochondrial membranes revealed that the mitochondrial outer 

membrane contains more than twice the amount of lipids (59% lipids and 41% proteins) 

than the inner membrane (23% lipids and 77% proteins) (Hallermayer and Neupert, 

1974). A characteristic lipid of the IMM is cardiolipin, which contains four alkyl groups. 

Cardiolipin was shown to be important for mitochondrial membrane shaping and 

function and represents approximately 15% to 20% of all mitochondrial phospholipids 

(Paradies et al., 2019). 

 

Mitochondria can be considered as semi-autonomous organelles, since they possess 

their own DNA (mtDNA) coding for different RNAs and proteins, as well as protein 

synthesis machinery (Westermann, 2010). However, most mitochondrial proteins are 

synthesized in the cytoplasm and subsequently imported into the mitochondria (see 



Introduction 

5 

section 3.1.2.). It is assumed that mitochondria have a common endosymbiotic origin, 

where α-proteobacteria were integrated into a host cell and became permanent 

organelles (Roger et al. 2017). 

 

 

 
 

Figure 2: Overview of mitochondria and their functions. The figure indicates the large variety of 

functions that have been assigned to mitochondrial proteins and protein complexes; OM: outer 

mitochondrial membrane, IMS: intermembrane space, IM: inner mitochondrial membrane, AAA: ATP-

dependent proteases of the inner membrane, E3: ubiquitin-protein ligase, ER: endoplasmic reticulum, 

mtDNA: mitochondrial DNA, TCA: tricarboxylic acid, Ub: ubiquitin (adapted from Pfanner et al., 2021 

erratum for Pfanner et al., 2019).   

 

 

 

3.1.2. Protein import into mitochondria 

More than 1000 mitochondrial proteins have been described, but almost all of them are 

encoded by nuclear genes and synthetized in the cytoplasm (Sickmann et al., 2003; 

Wiedemann and Pfanner, 2017). Consequently, after their synthesis, these proteins 

have to be translocated into mitochondria via targeting signals. Mitochondrial DNA 

represents only 0.1% to 2% of the total mammalian DNA (Barchiesi and Vascotto, 

2019). Only 1% of mitochondrial proteins, predominantly subunits of the oxidative 
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phosphorylation machinery, are synthesized by mitochondrial ribosomes in the matrix 

(Taylor et al., 2003; Horvath et al., 2015). 

There are at least five main pathways for protein import into mitochondria, depending 

on different targeting signals (see Figure 3; Horvath et al., 2015). Most of the proteins 

require the translocase of the outer membrane (TOM) as entry site (Horvath et al., 

2015). The presequence pathway (i) is the classical import pathway, used by the 

majority of proteins (Vögtle et al., 2009). These preproteins are synthetized with a 

cleavable N-terminal targeting sequence, which can form an amphipathic α-helix and is 

recognized by the TOM complex (Roise et al., 1986; Abe et al., 2000). Translocation 

through the outer mitochondrial membrane occurs via Tom40, a β-barrel protein and 

voltage-dependent anion channel (Hill et al., 1998; Bayrhuber et al., 2008). After 

translocation into the intermembrane space, the preproteins are recognized by the 

translocase of the inner membrane (TIM) 23 complex and transported either into the 

matrix via the presequence translocase-associated motor (PAM) using ATP or laterally 

released to the inner membrane (Chacinska et al., 2005; Mokranjac and Neupert, 

2010). In both cases, cleavage of the N-terminal targeting sequence, by the 

mitochondrial processing peptidase (MPP) located in the matrix, generates the mature 

proteins (Hawlitschek et al., 1988; Taylor et al., 2001). In all other pathways, internal 

targeting signals are not cleaved after import and remain part of the protein.  

 

Inner membrane proteins possessing multiple transmembrane domains, predominantly 

carrier proteins, are imported via the carrier pathway (ii) (Figure 3). In contrast to the 

previously described pathway, after import via the TOM complex, small TIM 

chaperones located in the intermembrane space transport the carrier proteins to the 

TIM22 complex, where membrane insertion occurs in a membrane potential-dependent 

way (Sirrenberg et al., 1996; Koehler et al., 1998; Rehling et al., 2004).  

Many IMS proteins, containing a characteristic cysteine motif, are imported by TOM 

and the mitochondrial intermembrane space import and assembly (MIA) pathway (iii) 

(Figure 3; Chacinska et al., 2004). After formation of mixed disulfide bonds with Mia40, 

oxidized proteins are released to the IMS (Herrmann and Riemer, 2012). 

 

There are at least two pathways for insertion of outer mitochondrial membrane proteins 

(Figure 3). Import and insertion of β-barrel proteins (iv) involves the TOM complex, 

small TIM IMS chaperones and the sorting and assembly machinery (SAM) complex 

(Wiedemann et al., 2003; Höhr et al., 2015). Several other outer membrane proteins, 
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which are anchored by one or more transmembrane helices (for example receptors), 

are imported via the mitochondrial import (MIM) complex (v), involving Mim1, Mim2 

and  the TOM complex (Becker et al., 2008; Hulett et al., 2008; Dimmer et al., 2012). 

The detailed elucidation of this pathway is still ongoing.  

However, the import mechanism for many precursor proteins has not been identified 

yet, and aside from the classical import pathways described above, there are additional 

pathways as well as combinations of different import and processing pathways 

(Wiedemann and Pfanner, 2017). 

 

 

 
 

Figure 3: Biogenesis of mitochondrial proteins. Different import pathways for mitochondrial proteins 

synthesized on cytosolic ribosomes are indicated (i - v). vi: Pathway for hydrophobic proteins synthesized 

by mitochondrial ribosomes in the matrix; OM: outer mitochondrial membrane, IMS: intermembrane space, 

IM: inner mitochondrial membrane, TOM: translocase of the outer membrane, TIM: translocase of the inner 

membrane, PAM: presequence translocase-associated motor, MPP: mitochondrial processing peptidase, 

MIA: mitochondrial intermembrane space import and assembly, SAM: sorting and assembly machinery, 

MIM: mitochondrial import complex, mtDNA: mitochondrial DNA, OXA: cytochrome oxidase activity 

translocase, Δψ: membrane potential across the inner mitochondrial membrane (drives protein import via 

TIM23 and TIM22) (from Horvath et al., 2015).  
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3.1.3. Mitochondrial dynamics and membrane shaping 

Mitochondria are highly dynamic organelles, which continuously divide and fuse, and 

defects in mitochondrial dynamics are linked to neurodegenerative diseases such as 

Parkinson’s disease (Westermann, 2010; Deng et al., 2008). Mitochondrial morphology 

can be quite diverse, since mitochondria can appear as interconnected networks or 

mitochondrial fragments (Westermann, 2010). A cell type-specific appearance is 

common to mitochondria: For example, they are densely packed in cortical astrocytes 

and predominantly isolated from each other in hepatocytes, but even within individual 

cells, different mitochondrial morphologies have been observed (Collins et al., 2002). 

  

A characteristic feature of mitochondria is the occurrence of two membranes and the 

formation of cristae and crista junctions, whereby cristae can vary in size and shape 

(Figure 4; Colina-Tenorio et al., 2020). Moreover, cristae were shown to continuously 

undergo membrane remodeling cycles at a timescale of seconds, where they can 

separate and appose (Kondadi et al., 2020). Reversible changes in cristae morphology 

are connected to the metabolic state of mitochondria, as altering the ADP level shifts 

the ratio between intracristal space and matrix volume. (Hackenbrock, 1966; Colina-

Tenorio et al., 2020). Even within one mitochondrion, individual cristae can be 

functionally independent displayed by different membrane potentials (Wolf et al., 2019). 

It was suggested that crista junctions limit the diffusion of ions, certain metabolites, like 

ADP, and proteins between IMS and intracristal space (Perkins et al., 1997; Mannella, 

2006). 

 

The antagonistic processes fusion and fission need to be tightly controlled to keep 

maintenance of mitochondrial morphology or shift if physiological conditions change 

(Westermann, 2010). Several proteins are involved in membrane shaping of 

mitochondria. Interestingly, many of these belong to the dynamin superfamily. 

Dynamin-like proteins (Dlps) mediate membrane fission of mitochondria in mammals 

(Dnm1 in yeast), whereas mitofusins and OPA1 mediate fusion of the OMM and IMM, 

respectively (in yeast: Fzo1 and Mgm1) (Praefcke and McMahon, 2004). OPA1 is also 

involved in maintenance of the mitochondrial morphology and cristae remodeling, as 

knockdown results in mitochondrial fragmentation and apoptosis due to cristae 

reorganization and cytochrome c release (Olichon et al., 2003; Frezza et al., 2006; 

Yamaguchi et al., 2008; Scorrano et al., 2002). It was reported that the crista junction 

opening diameter is controlled by OPA1 oligomers, which disassemble during 
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apoptosis (Frezza et al., 2006; Yamaguchi et al., 2008). Mgm1, the yeast orthologue of 

human OPA1, seems to be required for cristae maintenance as well (Meeusen et al., 

2006; Amutha et al., 2004). 

 

 

 

 
 

Figure 4: Mitochondrial cristae architecture and dynamics. Mitochondria dynamically change their 

morphology and different mitochondrial states are indicated. (A) Tubular cristae architecture. Cristae are 

connected to the inner boundary membrane by narrow crista junctions and appear in a circular shape in 

cross sections. (B) Cisternae-like cristae architecture. Cristae are connected to the inner boundary 

membrane by narrow crista junctions and consist of relatively flat cisternae with strongly curved rims.     

(C) Orthodox state of mitochondrial morphology displayed in the presence of low ADP concentrations and 

slow respiration. Low cristae volume and expanded matrix are characteristic. (D) Condensed state. High 

ADP concentrations support efficient oxidative phosphorylation. Expanded cristae volume and decreased 

matrix volume are characteristic. (E) Inner membranes accumulate as lamellar stacks. Lack of crista 

junctions, so that cristae membrane is not connected to the inner boundary membrane. This morphology is 

characteristic in the absence of a functional mitochondrial contact site and cristae organizing system 

(MICOS) complex. (F) Adjacent mitochondria can be  connected by inter-mitochondrial junctions. Outer 

mitochondrial membrane is depicted in black and inner mitochondrial membrane in dark grey; 

intermembrane space (including intracristal space) is depicted in white and matrix in light grey (adapted 

from Colina-Tenorio et al., 2020).  
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The F1Fo-ATP synthase is also involved in cristae shaping and stabilization. Deletion of 

subunits e and g, which are essential for dimerization, but not for its enzymatic activity, 

resulted in abnormal cristae morphology with absent or balloon-shaped cristae 

(Paumard et al., 2002; Davies et al., 2012; Arnold et al., 1998; Rabl et al., 2009). As 

the V-shaped F1Fo-ATP synthase dimers assemble into rows along highly curved 

edges of cristae tips, the intrinsic dimer angle is assumed to impose local curvature 

(Paumard et al., 2002; Strauss et al., 2008; Davies et al., 2012).  

 

The phospholipid cardiolipin is important for mitochondrial function and for instance 

required for structural integrity and enzymatic function of the oxidative phosphorylation 

machinery and optimal activity of many mitochondrial carrier proteins (Paradies et al., 

2019). Furthermore, cardiolipin was shown to be a crucial factor for mitochondrial 

membrane organization, as it is involved in fusion, fission and cristae organization, and 

can induce negative curvature (Ikon and Ryan, 2017). 

 

Another crucial factor for mitochondrial morphology is the mitochondrial contact site 

and cristae organizing system (MICOS) complex, which is described in detail in the 

next sections. The MICOS complex is essential for membrane dynamics, as it was 

shown to control the distribution of crista junctions and trigger the remodeling of pre-

existing cristae (Stephan et al., 2020; Kondadi et al., 2020). Moreover, it is reported 

that OPA1 and F1Fo-ATP synthase influence the position of the MICOS complex to 

stabilize crista junctions (Stephan et al., 2020). Thus, the interplay between several 

proteins seems to mediate mitochondrial shaping, while more and more proteins 

involved in membrane remodeling and maintenance are still discovered. Further 

studies are necessary to unravel the molecular details of mitochondrial membrane 

organization and dynamics. 

 

 

 

3.2. MICOS complex 

3.2.1. Discovery of the MICOS complex and uniform nomenclature 

The mitochondrial contact site and cristae organizing system (MICOS) complex is a 

large protein complex anchored in the inner mitochondrial membrane (IMM) close to 

crista junctions and is crucial for mitochondrial membrane architecture (von der 
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Malsburg et al., 2011; Hoppins et al., 2011; Harner et al., 2011; Jans et al., 2013). 

Mitochondria lacking the MICOS complex or certain MICOS components show an 

altered phenotype, where the cristae membrane is detached from the inner boundary 

membrane and accumulates in large sheet-like stacks or onion-like structures (John et 

al., 2005; Rabl et al., 2009; von der Malsburg et al., 2011; Hoppins et al., 2011; Harner 

et al., 2011; Figure 5).  

 

 

 

 
 

Figure 5: Mitochondrial contact site and cristae organizing system (MICOS) complex in yeast.       

(A) MICOS is enriched at crista junctions and forms contact sites with several outer membrane proteins via 

the Mic60 subcomplex. Respiratory chain complexes (II, III, IV) and F1Fo-ATP synthases are enriched in 

the cristae membranes. OM: outer mitochondrial membrane, IMS: intermembrane space, IBM: inner 

boundary membrane (inner mitochondrial membrane), TOM: translocase of the outer membrane, SAM: 

sorting and assembly machinery. (B) Architecture of wild-type and micos mutant mitochondria. Cristae are 

connected to the inner boundary membrane by narrow crista junctions in wild-type mitochondria. In micos 

mutant mitochondria, cristae membranes form internal membrane stacks. Most of cristae membrane is 

detached from the inner boundary membrane and crista junctions are lacking (adapted from Rampelt et 

al., 2017b and from Pfanner et al., 2014).   
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Table 1: MICOS nomenclature (adapted from Pfanner et al., 2014). 
 

Standard name Former names References 

Complex 
 

 
MICOS MINOS, MitOS, 

MIB, Mitofilin 

complex, and Fcj1 

complex 

Xie et al., 2007; Rabl et al., 2009; 

Darshi et al., 2011; Harner et al., 2011; 

Hoppins et al., 2011; 

von der Malsburg et al., 2011; 

Alkhaja et al., 2012; An et al., 2012; 

Bohnert et al., 2012; Ott et al., 2012; 

Jans et al., 2013; Weber et al., 2013 

Subunits 
 

 
Mic10 Mcs10, Mio10, 

Mos1, MINOS1 

Harner et al., 2011; Hoppins et al., 2011; 

von der Malsburg et al., 2011;  

Alkhaja et al., 2012; Itoh et al., 2013;  

Jans et al., 2013; Varabyova et al., 2013 

Mic12 Aim5, Fmp51, 

Mcs12, and 

in metazoa Mic13, 

QIL1  

Hess et al., 2009; Harner et al., 2011;

 Hoppins et al., 2011; 

von der Malsburg et al., 2011;

 Varabyova et al., 2013;  

Guarani et al., 2015; Huynen et al., 2016 

Mic19 Aim13, Mcs19, 

CHCH-3, 

CHCHD3, MINOS3 

Xie et al., 2007; Hess et al., 2009;  

Darshi et al., 2011; Head et al., 2011; 

Alkhaja et al., 2012; Ott et al., 2012; 

Jans et al., 2013; Varabyova et al., 2013 

Mic25 (metazoan 

Mic19 homologue) 

CHCHD6, CHCM1 Xie et al., 2007; An et al., 2012; 

Huynen et al., 2016 

Mic26 Mcs29, Mio27, 

APOO, Mos2, and 

Mic23 in metazoa 

Harner et al., 2011; Hoppins et al., 2011; 

von der Malsburg et al., 2011; 

Koob et al., 2015; Ott et al., 2015; 

Huynen et al., 2016 

Mic27 Aim37, Mcs27, 

APOOL, MOMA-1, 

and Mic28 in 

Saccharomycetales 

Hess et al., 2009; Harner et al., 2011; 

Head et al., 2011; Hoppins et al., 2011;

 von der Malsburg et al., 2011; 

Weber et al., 2013; Huynen et al., 2016; 

Munoz-Gomez et al., 2015 

Mic60 Fcj1, Aim28, 

Fmp13, Mitofilin, 

HMP, IMMT, 

MINOS2 

Icho et al., 1994; Odgren et al., 1996; 

 Gieffers et al., 1997; John et al., 2005; 

Wang et al., 2008; Rabl et al., 2009; 

Rossi et al., 2009; Mun et al., 2010; 

Park et al., 2010; Körner et al., 2012;  

Zerbes et al., 2012;  

Itoh et al., 2013; Varabyova et al., 2013 
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The MICOS complex was identified in independent studies in parallel (von der 

Malsburg et al., 2011; Harner et al., 2011; Hoppins et al., 2011; Alkhaja et al., 2012) 

and afterwards uniformly termed MICOS, as different names were used by these 

research groups (Pfanner et al., 2014). Single MICOS proteins were already 

discovered beforehand, for example, yeast Mic60 was identified to localize to 

mitochondria in 1996 (Odgren et al., 1996). Accordingly, all MICOS components 

were uniformly named Mic, with the following number displaying the approximate 

molecular weight (see Table 1; Pfanner et al., 2014). This nomenclature is more or less 

independent of the species, as the MICOS complex is conserved in eukaryotes, 

especially the core components (Hoppins et al., 2011; Pfanner et al., 2014; Huynen et 

al., 2016; Munoz-Gomez et al., 2015). 

 

All MICOS proteins are nucleus-encoded and imported into mitochondria via different 

mechanisms (Ueda et al., 2019; see also 3.2.2. - 3.2.4.). Mic60 and Mic10 are 

considered as the core MICOS components, since their lack leads to almost complete 

dissociation of the complex, inducing loss of crista junctions and abnormal 

mitochondrial morphology (Figure 5; von der Malsburg et al., 2011; Hoppins et al., 

2011; Harner et al., 2011; John et al., 2005; Alkhaja et al., 2012). In comparison, the 

absence of other Mic proteins results in less severe effects, displaying intermediate 

phenotypes of mitochondria (between wild-type and Mic60 or Mic10 knockout) (von der 

Malsburg et al., 2011; Rabl et al., 2009; Hoppins et al., 2011; Harner et al., 2011). 

MICOS seems to be likewise involved in organization of mtDNA nucleoids, as deletion 

of Mic60 or Mic10 results in nucleoid aggregation (Itoh et al., 2013; Li et al., 2016). The 

importance of MICOS integrity is further emphasized by several observations, which 

show that lack of MICOS proteins resulted in fragmentation of the mitochondrial 

network and impaired respiration (Darshi et al., 2011; Zerbes et al., 2012; Weber et al., 

2013; Koob et al., 2015; Guarani et al., 2015; Anand et al., 2020). 

 

MICOS was shown to form large complexes in the MDa range, but the exact 

composition and stoichiometry has not been clarified yet (von der Malsburg et al., 

2011; Harner et al., 2011). This hetero-oligomeric complex can be divided into the two 

subcomplexes Mic10-Mic12-Mic26-Mic27 and Mic60-Mic19 (additionally Mic25 in 

mammals), which independently localize to crista junctions (Bohnert et al., 2015; 

Guarani et al., 2015; Friedman et al., 2015; Anand et al., 2016; Tirrell et al., 2020).  

Several studies reported that Mic12 mediates the connection of both subcomplexes 
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(Guarani et al., 2015; Anand et al., 2016; Zerbes et al., 2016). The Mic60 subcomplex 

seems to be involved in the formation of contact sites between the IMM and OMM and 

protein import, as it interacts with proteins of the OMM (von der Malsburg et al., 2011; 

Xie et al., 2007; Ott et al., 2012; Körner et al., 2012; Zerbes et al., 2016). In addition, 

the membrane deforming activity of the Mic10 subcomplex is crucial for membrane 

shaping at crista junctions (Bohnert et al., 2015; Barbot et al., 2015; Guarani et al., 

2015; Anand et al., 2016). 

 

 

3.2.2. Mic60  

Mic60 was first described in 1994 and termed HMP (heart muscle protein) due to the 

strong expression in heart muscle cells, but its function remained unclear (Icho et al., 

1994). Human Mic60 was later renamed mitofilin, as it was specifically localized to 

mitochondria and expressed in different tested human cell types (Odgren et al., 1996). 

Furthermore, Mic60 was shown to be anchored in the IMM exposing most of the 

protein to the IMS (Odgren et al., 1996; Gieffers et al., 1997; Figure 6). Several years 

later, Mic60 was found to be enriched at crista junctions, prior to the discovery of the 

MICOS complex (John et al., 2005; Rabl et al., 2009). Down regulation of Mic60 in 

HeLa cells resulted in altered mitochondrial membrane organization, as well as slightly 

increased apoptosis and reduced proliferation, indicating a function of Mic60 in cristae 

morphology (John et al., 2005). Deletion of Mic60 in yeast (termed Fcj1) or C. elegans 

(termed IMMT) led to similar alterations of mitochondrial ultrastructure, with stacked or 

onion-like cristae and a decreased number of crista junctions (Rabl et al., 2009; Mun et 

al., 2010; John et al., 2005). These observations point to a conserved function of Mic60 

in the formation of crista junctions in mitochondria, despite the low sequence identity of 

yeast Mic60 with C. elegans (24% and 27% for the two homolog genes) or human 

mitofilin (13%) (Mun et al., 2010; Rabl et al., 2009). Independent studies reported 

different effects of Mic60 down-regulation on mitochondrial dynamics: mitochondrial 

fusion and fission was not affected in general (John et al., 2005) or significantly 

decreased (Li et al., 2016). 

 

Mic60 is imported into mitochondria by the classical presequence pathway (see 3.1.2.) 

via its N-terminal mitochondrial targeting sequence, which is cleaved afterwards 

(Gieffers et al., 1997). The domain architecture of Mic60 was elucidated stepwise, 



Introduction 

15 

showing that Mic60 consists of an N-terminal mitochondrial targeting sequence, 

followed by a single transmembrane (TM) helix (Odgren et al., 1996; Gieffers et al., 

1997), a coiled-coil domain (Icho et al., 1994; Odgren et al., 1996) and a conserved 

mitofilin domain at the C-terminus (Rabl et al., 2009; von der Malsburg et al., 2011; 

Körner et al., 2012; Zerbes et al., 2012). Furthermore, a lipid binding site was located 

before the assigned mitofilin domain (Hessenberger et al., 2017; Tarasenko et al., 

2017). Although the domains of Mic60 are functionally conserved, the overall size of 

Mic60 differs between distinct species, due to varying lengths of the coiled-coil domain. 

For example, the yeast Mic60 protein has a predicted mass of 61 kDa, human Mic60 

84 kDa and the two homologues of C. elegans Mic60 76 kDa and 73 kDa. Mitochondria 

containing a Mic60 variant without the mitofilin domain show similar cristae morphology 

as mitochondria lacking Mic60 completely, while deletion of the coiled-coil domain 

generates an intermediate phenotype, revealing the importance of the mitofilin domain 

for proper function (Zerbes et al., 2012; Körner et al., 2012). 

Overexpression of Mic60 increases the number of crista junctions, as well as the 

appearance of branched cristae (Rabl et al., 2009). Moreover, it seems that an 

antagonism between Mic60 and F1Fo-ATP synthase controls membrane curvature 

(Rabl et al., 2009). 

 

Mic60 is also able to homo-oligomerize and was shown to be present in a large 

multimeric protein complex (John et al., 2005; Rabl et al., 2009). In addition to Mic60, 

this complex contains Mic19, Mic25, Sam50, metaxin 1, metaxin 2 and DnaJC11 in 

human mitochondria (Xie et al., 2007).  

The mitofilin domain seems to be crucial for the integrity of the MICOS complex, as a 

Mic60 construct lacking the mitofilin domain was unable to co-isolate other MICOS 

components in considerable amounts (Zerbes et al., 2012). In comparison, deletion of 

the Mic60 coiled-coil domain impaired primarily the co-isolation of Mic19 and Mic12 

(Zerbes et al., 2012). In pull-down experiments, the purified mitofilin domain (yeast) 

bound to full-length Mic60 (derived from mitochondrial lysate), pointing to a function of 

the mitofilin domain in Mic60 homo-oligomer formation (Körner et al., 2012). 

Furthermore, the mitofilin domain was shown to be involved in the interaction with TOM 

and SAM complex (Körner et al., 2012; Zerbes et al., 2012). 
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Figure 6: Predicted topology of Mic60 and Mic19. N: N-terminus, C: C-terminus, IMS: intermembrane 

space, IM: inner mitochondrial membrane, M: matrix. Proteins are colored as in Figure 5 (adapted from 

Rampelt et al., 2017b). 

 

 

 

3.2.3. Mic19 

Mouse Mic19 (earlier termed CHCH domain-containing protein 3/CHCHD3) was 

identified as a mitochondrial protein in 2004, and later described as a substrate for 

cAMP-dependent Protein Kinase (PKA) (Fukada et al., 2004; Schauble et al., 2007). 

Within mammals, Mic19 is highly conserved exhibiting a sequence similarity of 92% 

between human and mouse (Darshi et al., 2011). Independently, S. cerevisiae Mic19 

(Aim13), together with Mic12 (Aim5) and Mic27 (Aim37), were identified in a screen for 

proteins that influence mitochondrial biogenesis and inheritance, and therefore named 

Aim: altered inheritance of mitochondria (Hess et al., 2009; von der Malsburg et al., 

2011).  

 

Mic19 was shown to be important for crista integrity as knockdown in HeLa cells 

resulted in altered ultrastructure (from lamellar to tubular profiles) and mitochondrial 

fragmentation (Darshi et al., 2011). Subsequently, several studies have demonstrated 

the interaction between Mic60 and Mic19 in different species and their function on 

mitochondrial morphology (Head et al., 2011; Darshi et al., 2012; Ding et al., 2015; Ott 

et al., 2015; von der Malsburg et al., 2011; Hoppins et al., 2011; Harner et al., 2011). 

Mic25 (CHCHD6) shares similar domain architecture with Mic19 and was also shown 

to interact with Mic60 (An et al., 2012; Ding et al., 2015). Mic19 knockdown seems to 

have no effect on stability of Mic25 (Li et al., 2016).  

 

Mic19 and Mic25 are peripheral proteins of the intermembrane space, and the only 

MICOS components that do not contain a transmembrane domain, yet appear to be 

membrane-associated (von der Malsburg et al., 2011; Hoppins et al., 2011; Harner et 



Introduction 

17 

al., 2011; Darshi et al., 2011; An et al., 2012; Figure 6). Mic19 contains two predicted 

domains: A central predicted coiled-coil domain, which is also termed DUF737 domain 

(domain of unknown function), and a conserved CHCH (coiled-coil-helix-coiled-coil-

helix) domain at the C-terminus (Schauble et al., 2007; Darshi et al., 2011; von der 

Malsburg et al., 2011).  

 

Mic19 was shown to be myristoylated at the N-terminus, which is an important feature 

for interaction with the SAM complex (Darshi et al., 2011; Utsumi et al., 2018). The 

CHCH domain of human Mic19 contains four conserved cysteine residues arranged in 

a twin Cys-X9-Cys motif, while yeast Mic19 contains only two conserved cysteine 

residues showing a single Cys-X10-Cys motif (Darshi et al., 2011; Sakowska et al., 

2015). These cysteine residues are essential for proper folding of Mic19 (Darshi et al., 

2012). Mic19 is imported into mitochondria via the MIA pathway (see 3.1.2.), with the 

involvement of the CHCH domain and the N-terminal myristoyl group (Darshi et al., 

2012; Sakowska et al., 2015; Utsumi et al., 2018; Ueda et al., 2019). In mitochondria, 

yeast and human Mic19 are predominantly present in the oxidized form, characterized 

by one (yeast) or two (human) intramolecular disulfide bonds present in the CHCH 

domain (Sakowska et al., 2015). Furthermore, the oxidized form of Mic19 was found in 

the MICOS complex and seems to be important for the stability and function of the 

complex; even though Mic19 mutants with mutated cysteine residues were still able to 

interact with Mic60, albeit less efficiently (Sakowska et al., 2015; Darshi et al., 2012). 

 

Steady-state protein levels of Mic60 and Mic19 are mutually dependent, as knockdown 

of Mic60 resulted in strong reduction or complete loss of Mic19, while lack of Mic19 

leads to a moderate Mic60 reduction (von der Malsburg et al., 2011; Harner et al., 

2011; Hoppins et al., 2011; Li et al., 2016; Ott et al., 2015; Darshi et al., 2011; 

Sakowska et al., 2015). A potential reason for this interplay represents the finding that 

Mic60 is a substrate of mitochondrial i-AAA protease Yme1L, while binding of Mic19 

seems to cover the Yme1L recognition site (Li et al., 2016). Moreover, deletion of either 

the coiled-coil or the mitofilin domain of Mic60 resulted in considerably lower amounts 

of Mic19 (Zerbes et al., 2012). The Mic60-Mic19 interaction occurs predominantly via 

the mitofilin and the CHCH domain (Hessenberger et al., 2017; Darshi et al., 2011), 

while another interface involving Mic19 and coiled-coil domain of Mic60 was also 

described (Li et al., 2016). 
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3.2.4. Mic10 subcomplex 

The Mic10 subcomplex comprises Mic10, Mic12, Mic26 and Mic27 (Bohnert et al., 

2015; Guarani et al., 2015; Friedman et al., 2015; Anand et al., 2016). Most of the 

species contain only Mic26 or Mic27, and human Mic12 is also termed Mic13 or QIL1 

(see 3.2.5; Huynen et al. 2016; Munoz-Gomez et al., 2015). Prior to the discovery of 

the MICOS complex, C. elegans Mic27 (MOMA-1) was already described to control 

cristae morphology together with Mic60 (and Mic19) (Head et al., 2011). 

 

The central MICOS component Mic10 contains two transmembrane helices, whereby 

both termini are exposed to the IMS (von der Malsburg et al., 2011; Hoppins et al., 

2011; Alkhaja et al., 2012; Bohnert et al., 2015; Barbot et al., 2015; Figure 7). In 

contrast to Mic60, Mic10 does not possess a cleavable mitochondrial targeting 

sequence, but a conserved positive stretch of three residues between both 

transmembrane segments, which is important for targeting of Mic10 to the inner 

mitochondrial membrane (Bohnert et al., 2015). Each of the transmembrane segments 

comprises a conserved glycine motif (GxGxGxG) and both motifs are crucial for Mic10 

homo-oligomerization and crista junction formation (Bohnert et al., 2015; Barbot et al., 

2015). F1Fo-ATP synthase subunit c was also shown to homo-oligomerize through such 

a motif (Vonck et al., 2002; Alavian et al., 2014). Mic10 is able to form large oligomers 

and induce membrane curvature (Barbot et al., 2015; Bohnert et al., 2015). Membrane 

curvature might be generated by an asymmetric wedge shape of Mic10 (Barbot et al., 

2015). In line with this idea, Mic10 seems to be more abundant within the MICOS 

complex than other components (Harner et al., 2011; Bohnert et al., 2015).  

 

Mic12 is anchored in the inner mitochondrial membrane by a single transmembrane 

segment (von der Malsburg et al., 2011; Hoppins et al., 2011; Harner et al., 2011; 

Guarani et al., 2015; Anand et al., 2016; Figure 7). While yeast Mic12 was already 

known to be part of the MICOS complex in 2011, human Mic12 (Mic13, QIL1) was 

discovered some years later (Guarani et al., 2015; Anand et al., 2016). Mic12 is 

thought to couple both MICOS subcomplexes, since Mic12 deletion impairs MICOS 

assembly (approx. 700 kDa), resulting in Mic60 subcomplex accumulation (approx. 

500 kDa), and cross-linking of Mic10 and Mic60 is strongly reduced (Guarani et al., 

2015; Anand et al., 2016; Zerbes et al., 2016). 
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Figure 7: Predicted topology of Mic10, Mic12, Mic26 and Mic27. N: N-terminus, C: C-terminus, 

IMS: intermembrane space, IM: inner mitochondrial membrane, M: matrix. Proteins are colored as in 

Figure 5 (adapted from Rampelt et al., 2017b). 

 

 

 

Mic26 and Mic27 contain two predicted transmembrane helices (von der Malsburg et 

al., 2011; Hoppins et al., 2011; Harner et al., 2011; Weber et al., 2013; Figure 7). Both 

human homologs, Mic26 (APOO) and Mic27 (APOOL), were identified as important 

MICOS components and contain a predicted mitochondrial targeting signal at the N-

terminus (Weber et al., 2013; Koob et al., 2015; Ott et al., 2015). Human Mic26 can be 

glycosylated, but only the non-glycosylated form is targeted to mitochondria and 

integrated into the MICOS complex (Koob et al., 2015; Ott et al., 2015; Turkieh et al., 

2014). Yeast Mic27 was shown to exert a stabilizing effect on Mic10 oligomers, but 

Mic10 oligomerization occurs independently of Mic27 (Bohnert et al., 2015; Zerbes et 

al., 2016). Furthermore, yeast Mic26 and Mic27 seem to exhibit antagonistic functions, 

as Mic26 was reported to destabilize Mic10 oligomers (Rampelt et al., 2018). In 

contrast to the Mic60 subcomplex, the Mic10 subcomplex was reported to be 

dependent on cardiolipin, which stabilizes Mic10 oligomers (Friedman et al., 2015; 

Rampelt et al., 2018). In line with this, human Mic27 was demonstrated to bind 

cardiolipin, while deletion of Mic26 and Mic27 lead to reduced cardiolipin levels in 

mitochondria (Weber et al., 2013; Anand et al., 2020). 

 

Deletion of one MICOS component influences the steady-state level of other members 

of the complex, but there seem to be some differences in various cell types (von der 

Malsburg et al., 2011; Darshi et al., 2011; Hoppins et al., 2011; Harner et al., 2011; 

Sakowska et al., 2015; Ott et al., 2015; Li et al., 2016). For example, in yeast 
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mitochondria lacking Mic10, Mic27 was strongly reduced or not detectable, while Mic26 

and Mic12 levels were moderately diminished (von der Malsburg et al., 2011; Hoppins 

et al., 2011; Sakowska et al., 2015). Interestingly, deletion of Mic60 not only resulted in 

a dramatic reduction of Mic19, but also a moderate reduction of the steady-state levels 

of Mic12, Mic26 and Mic27 (von der Malsburg et al., 2011; Sakowska et al., 2015). 

 

 

3.2.5. Evolution of the MICOS complex 

The MICOS complex was identified in different organisms due to its common and 

crucial function, hence, the extent of conservation and distribution are highly interesting 

(Pfanner et al., 2014). The evolution of MICOS components has been analyzed in 

detail by Huynen et al. (2016) and Munoz-Gomez et al. (2015) (Figure 8). 

Given their essential functions for cristae morphology (see 3.2.1), it is not surprising 

that Mic60 and Mic10 are the most conserved components of the MICOS complex 

(Huynen et al., 2016; Munoz-Gomez et al., 2015). The conserved glycine-rich motif of 

Mic10 and the mitofilin domain of Mic60, which are essential for their function, are 

conserved among eukaryotes (Bohnert et al., 2015; Rabl et al., 2009; Körner et al., 

2012; Huynen et al., 2016; Munoz-Gomez et al., 2015). Both proteins were consistently 

found in every major lineage of eukaryotes, where Mic10 seems to be the most 

widespread MICOS component and Mic60 the oldest (Huynen et al., 2016; Munoz-

Gomez et al., 2015). Mic60 homologues were even found in α-proteobacteria, which 

share a conserved domain architecture (TM domain, coiled-coil domain and mitofilin 

domain), pointing to a conserved function (Munoz-Gomez et al., 2015). In line with this, 

α-proteobacteria can exhibit intracytoplasmic membrane structures, including vesicular, 

tubular or plate-like structures (Drews and Golecki, 1995; Tucker et al., 2010; Munoz-

Gomez et al., 2015). The loss of MICOS components (especially Mic60 and/or Mic10) 

in different eukaryotic species, for example to adapt to low-oxygen environments, 

seems to correlate with the type of mitochondria and cristae morphology (reduced 

cristae or loss of cristae and the respiratory chain) (Munoz-Gomez et al., 2015; Huynen 

et al., 2016; Embley, 2006). 

 

Mic19 is widespread in animals, fungi and plants pointing to the presence of Mic19 

before the radiation of eukaryotes (Huynen et al., 2016). In addition, presumable 

orthologous genes were found, for instance, in amoebozoa (Dictoystelium), chromists 
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(Phytoptora) and excavates (Naegleria) (Huynen et al., 2016; Munoz-Gomez et al., 

2015). Vertebrates possess Mic19 and Mic25, which contain a CHCH domain and 

show an overall sequence identity of 36% (Cavallaro, 2010; An et al., 2012). Both 

proteins are likely paralogues, originating from gene duplication at the root of 

vertebrates from an ancestral Mic19 gene (Huynen et al., 2016; Munoz-Gomez et al., 

2015).  
 

 

 

 

 

Figure 8: Phylogenetic distribution of MICOS and mitochondrial intermembrane space bridging 

(MIB) subunits. Eukaryotes displaying cristae are depicted in black and alphaproteobacteria (α-Prot.) with 

intracellular cytoplasmic membranes (ICM) are grey. The absence of an ortholog from the sequenced 

genome is indicated by empty circles. Colored circles show the presence of an orthologous gene, whereby 

thick rims denote that the protein functions in mitochondria (experimental evidence), while medium rims 

indicate that the protein is present in a mitochondrial or ICM fraction. The presence of two or more genes 

(taxon-specific duplication) is denoted by double circles. Amoeb.: Amoebozoa, Chrom.: chromists, 

Alvaeol.: Alveolata (from Huynen et al., 2016). 

 

 

Mic12 was first described as a part of the yeast MICOS complex (Harner et al., 2011; 

Hoppins et al., 2011; von der Malsburg et al., 2011) with no homologs outside of fungi 

(Zerbes et al., 2012; Munoz-Gomez et al., 2015). Improved homology detection 
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identified members of the Mic12 family in metazoa, plants and algae in addition to 

fungi, including human Mic12 (Huynen et al., 2016). Human Mic12 is also called Mic13 

or QIL1 and was described as a novel member of the human MICOS complex in 2015 

(Guarani et al., 2015). Furthermore, both yeast and human orthologues were shown to 

be important for the connection of the MICOS subcomplexes, emphasizing their 

homology (Guarani et al., 2015; Anand et al., 2016; Zerbes et al., 2016). An alignment 

of the Mic12 family demonstrates that only the predicted transmembrane region and a 

WN motif, containing a predicted amphipathic helix, are conserved in sequence 

(Huynen et al., 2016). 

 

Mic26 (in vertebrates also termed Mic23) and Mic27 (in S. cerevisiae also termed 

Aim37) are apolipoproteins and seem to have different functions within the MICOS 

complex (Bohnert et al., 2015; Zerbes et al., 2016; Rampelt et al., 2018). Vertebrata 

and Saccharomycetales possess both Mic26 and Mic27, while all other fungi contain 

only one of them (Huynen et al., 2016; Munoz-Gomez et al., 2015; Pfanner et al., 

2014). Phylogenetic analysis revealed that Saccharomyces cerevisiae (sc) Mic27 

(Aim37) is not orthologous to Mic27 of vertebrata, demonstrating that indipendent 

duplication of Mic26 occurred in Vertebrata and Saccharomycetales (Munoz-Gomez et 

al., 2015). S. cerevisiae Mic26 and Mic27, for example, share 17.4% sequence identity 

and 41.3% similarity (von der Malsburg et al., 2011). Mic26 and Mic27 seem to be the 

youngest MICOS components, as homologues could be only detected in metazoa and 

fungi (Huynen et al., 2016; Munoz-Gomez et al., 2015). 

 

 

3.2.6. MICOS interaction partners 

Multiple interactions of the MICOS complex with proteins of the inner and outer 

mitochondrial membrane, predominantly via Mic60, have been reported, including the 

SAM complex (Xie et al., 2007; Darshi et al., 2011; Harner et al., 2011; Darshi et al., 

2012; Ott et al., 2012; Zerbes et al., 2012; Körner et al., 2012), the TOM complex (von 

der Malsburg et al., 2011), Mia40 (von der Malsburg et al., 2011; Varabyova et al., 

2013), porin/VDAC (Hoppins et al., 2011), Ugo1 (Harner et al., 2011) and OPA1 

(Darshi et al., 2011; Ding et al., 2015) (Figure 9). Interactions of MICOS with the SAM 

and the TOM complex seem to occur independently and are not coupled (Bohnert et 

al., 2012).  
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Furthermore, it was reported that human MICOS is able to form a large protein 

complex with Sam50, metaxin 1, metaxin 2, metaxin 3 and DnaJC11, which was 

termed mitochondrial intermembrane space bridging (MIB) complex (Ott et al., 2012; 

Xie et al., 2007; Huynen et al., 2016; Guarani et al., 2015; Alkhaja et al., 2012). The 

interaction between MICOS and the SAM complex is mediated through 

N-myristoylation of Mic19 and the POTRA domain of Sam50 (Darshi et al., 2011; 

Bohnert et al., 2012; Utsumi et al., 2018). In response to certain physiological stresses, 

this interaction can be disrupted by the protease OMA1 via N-terminal cleavage of 

Mic19 (Tang et al., 2020). In addition, deletion of Sam50 was reported to cause cristae 

changes as well (Ott et al., 2012). 

 

 

 
 

Figure 9: The MICOS network in fungal and mammalian mitochondria. Many factors are directly or 

indirectly involved in the development and maintenance of the typical cristae morphology, including the 

MICOS complex (especially the core components Mic60 and Mic10), OPA1/Mgm1, phospholipid 

cardiolipin (indicated by four acyl chains) and oligomeric forms of the F1Fo-ATP synthase. MICOS is 

enriched at crista junctions. The Mic60 subcomplex forms contact sites with several outer membrane 

proteins. Components of yeast and mammalian MICOS complex are depicted at the bottom. Respiratory 

chain complexes (I, II, III, IV) and F1Fo-ATP synthase dimers are enriched at cristae membranes. OM: outer 

mitochondrial membrane, IMS: intermembrane space, IBM: inner boundary membrane (inner mitochondrial 

membrane), TOM: translocase of the outer membrane, SAM: sorting and assembly machinery, 

MTX1/2: metaxins 1/2 (subunits of SAM), Δψ: membrane potential (from van der Laan et al., 2016).   



Introduction 

24 

Several studies reported interactions between F1Fo-ATP synthase and the Mic10 

subcomplex, which are necessary for F1Fo-ATP synthase stability and oligomerization 

(Rampelt et al., 2017a; Alkhaja et al., 2012; Eydt et al., 2017; Anand et al., 2020). A 

fraction of Mic10 might also interact with F1Fo‐ATP synthase independently of the 

MICOS complex (Rampelt et al., 2017a).  

 

Aim24 (Altered Inheritance of Mitochondria Protein 24) was found simultaneously with 

Mic12, Mic19 and Mic27 in a screen for proteins influencing mitochondrial biogenesis 

and inheritance (Hess et al., 2009). Subsequently, Aim24 was shown to interact with 

Mic10 and to be important for the integrity of the MICOS complex (Harner et al., 2014). 

Another relevant factor for MICOS integrity seems to be Cox17, which interacts with 

MICOS, and at the same time functions as a copper chaperone for the respiratory 

complex IV (cytochrome c oxidase) (Chojnacka et al., 2015; Horng et al., 2004). 

There are several more described MICOS interaction partners, like Disrupted-in-

schizophrenia 1 (DISC1) (An et al., 2012; Park et al., 2010), armadillo repeat-

containing protein 1 (ArmC1) (Guarani et al., 2015; Wagner et al., 2019), and TMEM11 

(Guarani et al., 2015). Their number is continuously rising, but additional experiments 

are necessary to unravel the molecular details and physiological roles of the 

interactions. 

 

 

3.2.7. Diseases related to MICOS  

Mitochondrial diseases are often characterized by deficiencies in cellular energy 

production, due to defects in oxidative phosphorylation (OXPHOS) (Niyazov et al., 

2016). For example, several mutations of the OXPHOS machinery are associated with 

Leigh syndrome, a severe encephalopathy with respiratory difficulties (Leigh, 1951; 

Ruhoy and Saneto, 2014). In addition to its role in ATP production, OXPHOS 

complex V (F1Fo-ATP synthase) seems to stabilize cristae membrane curvature 

(Paumard et al., 2002; Strauss et al., 2008). 

 

Cristae biogenesis is poorly understood and several proteins including the MICOS 

complex are involved in maintenance of mitochondrial ultrastructure, as described in 

chapter 3.1.3. Defects in mitochondrial dynamics and altered cristae morphology are 
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linked to various diseases, including neurodegenerative and metabolic diseases (Zick 

et al., 2009). 

Disruption of the MICOS complex resulted in abnormal mitochondrial ultrastructure   

(Figure 5), associated with impaired respiration (von der Malsburg et al., 2011; Darshi 

et al., 2011; Weber et al., 2013). Mic12 (also termed Mic13 or QIL1 in human) was 

shown to connect both MICOS subcomplexes (Guarani et al., 2015; Anand et al., 2016; 

Zerbes et al., 2016). Mutations in human MIC13, corresponding to a functionally null 

allele or abnormal and shortened splice products, lead to fatal mitochondrial 

encephalopathy with liver disease, including abnormal cristae morphology and defects 

in respiratory chain function (Guarani et al., 2016; Zeharia et al., 2016; Godiker et al., 

2018).  

Decreased or increased Mic60 levels were described in several diseases, emphasizing 

Mic60’s central role in Parkinson’s disease (Van Laar et al., 2008; Van Laar et al., 

2018), down syndrome (Bernert et al., 2002; Myung et al., 2003), neurodegeneration 

(Wishart et al., 2007; Wang et al., 2008) and diabetic cardiomyopathy (Baseler et al., 

2011). Altered Mic60 levels could be cause or consequence of these diseases. In 

diabetes mellitus, abnormal levels of Mic19 (Hwang et al., 2010) and Mic26 (Lamant et 

al., 2006) have been described; likewise patients suffering from acute coronary 

syndrome show increased Mic26 levels (Yu et al., 2012). 

 

Human diseases are also associated with MICOS interaction partners, as dysfunction 

of DISC1 can cause mental illness like schizophrenia, bipolar affective disorders and 

recurrent major depression (St Clair et al., 1990; Brandon and Sawa, 2011; An et al., 

2012; Park et al., 2010; Pinero-Martos et al., 2016). Mutations in PINK1, which 

phosphorylates Mic60 (Tsai et al., 2018), are linked to Parkinson’s disease (Valente et 

al., 2004; Weihofen et al., 2009). 

 

Perturbations in mitochondrial dynamics can lead to neuronal dysfunction (Chen and 

Chan, 2009). Optic atrophy, a human autosomal dominant eye-blinding disease, 

characterized by retinal ganglion cell degeneration (Johnston et al., 1979; Votruba et 

al., 1998), is associated with mutations in OPA1 (Alexander et al., 2000; Delettre et al., 

2000). The dynamin-like GTPase OPA1 mediates fusion of the inner mitochondrial 

membrane (Praefcke and McMahon, 2004), and human OPA1 has been identified as a 

MICOS interaction partner (Darshi et al., 2011; Ding et al., 2015). Other proteins 

involved in fusion and fission of mitochondria are also linked to human diseases: for 



Introduction 

26 

example, fission factor dynamin-related protein 1 (DRP1) and mitofusin 2 (MFN2) 

(Westermann, 2010). Mutations of mitofusin 2 are found in Charcot-Marie-Tooth 

disease type 2A, a peripheral neuropathy (Züchner et al., 2004). 

Taken together, mutation or dysfunction of mitochondrial proteins can lead to several 

severe or even lethal disorders, due to the diverse and tightly regulated functions of 

mitochondria.  

 

 

 

3.3. Objectives of this work 

Mitochondrial structure and dynamics have been intensively studied over the last 

years. However, the mechanisms, which lead to the formation of crista junctions and 

membrane remodeling, are not completely understood. The MICOS complex was 

shown to be crucial for mitochondrial membrane architecture and ensures that the 

cristae membrane remains attached to the inner boundary membrane. Several human 

diseases show disrupted mitochondrial dynamics and structural alterations leading to 

mitochondrial dysfunction and apoptosis, emphasizing the significance of mitochondrial 

integrity for human health. To reveal the mechanisms underlying these diseases, it is 

important to understand the function and regulation of proteins involved in maintenance 

of mitochondrial ultrastructure. Several studies have contributed comprehensive 

knowledge on the localization, domain architecture and function of MICOS 

components, but until now, no structural information about MICOS is available and 

details about its mechanisms have remained unclear.  

The aim of this thesis was the structural and biochemical characterization of the 

Chaetomium thermophilum MICOS Mic60-Mic19 subcomplex and the determination of 

the mechanism by which MICOS contributes to the formation of crista junctions. To this 

end, the structure of a fusion construct, containing parts of the interacting C-terminal 

domains of Mic60 and Mic19, was obtained by X-ray crystallography. Subsequently, 

structure-based mutagenesis was used to biochemically analyze the interaction 

interface. The crystal structure of a second construct revealed additional information 

about the structural arrangement of the conserved C-terminal part of Mic60 and 

enabled insights into the question how Mic60 binds and remodels mitochondrial 

membranes. 
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4. Materials and Methods  

4.1. Materials 

4.1.1. Instruments 

ÄKTApurifier chromatography systems GE Healthcare Life Sciences (Chicago,  

  HiLoad 16/600 Superdex 75 pg column   USA) now Cytiva 

  HiLoad 16/600 Superdex 200 pg column 

  Superdex 75 10/300 GL column 

1290 Infinity II LC System  Agilent Technologies, Inc. (Santa Clara,  

6230B LC/MS TOF system    USA) 

MicroCal PEAQ-ITC Malvern Panalytical GmbH (Malvern, 

Viscotek  270 dual detector   United Kingdom) 

Viscotek VE 3580 refractive index detector   

 

M-110L Microfluidizer Microfluidics (Westwood, USA) 

 

Biophotometer 6131 Eppendorf AG (Hamburg, Germany) 

NanoDrop One spectrophotometer Thermo Fisher Scientific Inc. (Waltham,  

NanoDrop 2000 spectrophotometer   USA) 

 

Avanti® J-26XP centrifuge Beckman Coulter Inc. (Brea, USA) 

  J-LITE® JLA-8.1000 rotor 

OptimaTM L-100K Ultracentrifuge  Beckman Coulter Inc. (Brea, USA) 

  Type 45 Ti rotor 

Optima™ Max-XP Tabletop Ultracentrifuge  Beckman Coulter Inc. (Brea, USA) 

  TLA-100 Fixed-Angle Rotor 

Centrifuge 5810 R Eppendorf AG (Hamburg, Germany) 

Centrifuge 5424 R  Eppendorf AG (Hamburg, Germany) 

 

Crystal Gryphon ARI - Art Robbins Instruments  

   (Sunnyvale, USA) 

FORMULATOR® liquid dispensing system FORMULATRIX (Bedford, USA) 

Rock Imager® 1000 protein crystallization  FORMULATRIX (Bedford, USA) 

  imager and storage system 
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B 6120 incubator Heraeus (Hanau, Germany) 

New Brunswick™ Excella® E24 Eppendorf AG (Hamburg, Germany) 

New Brunswick™ Innova® 44 Eppendorf AG (Hamburg, Germany) 

MHR 13 heating thermoshaker Hettich Benelux (Geldermalsen, NL)  

C1000 Touch™ Thermal Cycler Bio-Rad Laboratories, Inc. (Hercules,  

   USA) 

 

Leica WILD M3C stereo microscope  Leica Microsystems (Wetzlar, Germany) 

Leica UC7 ultramicrotome  Leica Microsystems (Wetzlar, Germany) 

Zeiss transmission electron microscope Carl Zeiss AG (Oberkochen, Germany) 

EM910 and 11M Quemesa CCD camera Carl Zeiss AG (Oberkochen, Germany) 

 

Biometra Compact XS/S Analytik Jena GmbH (Jena, Germany) 

PowerPac™ 300 Basic Power Supply Bio-Rad Laboratories, Inc. (Hercules,  

Gel Doc™ XR+ Gel Documentation System   USA) 

XCell SureLock Mini-Cell Electrophoresis  Thermo Fisher Scientific Inc. (Waltham, 

  System   USA) 

VWRTM Power SourceTM 300V VWR International, LLC (Radnor,  

LPC-213 precision balance   USA) 

Eppendorf Research® plus pipette Eppendorf AG (Hamburg, Germany) 

Gilson™ PIPETMAN Classic™ Gilson Inc. (Middleton, USA) 

Milli-Q® Direct Water Purification System Merck KGaA (Darmstadt, Germany) 

FiveEasy pH meter Mettler-Toledo (Greifensee, CHE) 

Magnetic stirrers RCT/RH basic IKA®-Werke GmbH & Co. KG  

   (Staufen, Germany) 

Diaphragm vacuum pump type MD 4C VACUUBRAND GMBH + CO KG  

   (Wertheim, Germany) 

Desiccator DURAN®  DWK Life Sciences (Wertheim,  

   Germany) 

Peristaltic pump REGLO Analog  Ismatec, Cole-Parmer GmbH  

    (Wertheim, Germany) 

Chromatography Column  Econo-Pac®  Bio-Rad Laboratories, Inc. (Hercules,  

   USA) 
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4.1.2. Chemicals 

Chemicals were purchased from the following companies: Carl Roth GmbH + Co. KG 

(Karlsruhe, Germany), Sigma-Aldrich (St. Louis, Missouri, USA), Merck KGaA 

(Darmstadt, Germany), AppliChem GmbH (Darmstadt, Germany), Bioline, Meridian 

Bioscience (Cincinnati, Ohio, USA), Fisher Scientific GmbH (Schwerte, Germany), 

Melford Laboratories Ltd. (Ipswich, United Kingdom), SERVA Electrophoresis GmbH 

(Heidelberg, Germany), Th. Geyer GmbH & Co. KG (Renningen, Germany). The list is 

given in Appendix B. 

 

 

4.1.3. Enzymes 

BamHI-HF (G↓G A T C C) New England Biolabs Inc. (Ipswich, USA) 

CIP (Alkaline Phosphatase, Calf Intestinal)  New England Biolabs Inc. (Ipswich, USA) 

Quick CIP New England Biolabs Inc. (Ipswich, USA) 

DNase I (grade II, from bovine pancreas) Roche Diagnostics GmbH (Mannheim, Germany) 

DpnI New England Biolabs Inc. (Ipswich, USA) 

HRV-3C protease (His-tagged) Produced in-house 

Phusion® High-Fidelity DNA Polymerase New England Biolabs Inc. (Ipswich, USA) 

Pfu DNA polymerase Roboklon (Berlin, Germany) 

T4 DNA Ligase New England Biolabs Inc. (Ipswich, USA) 

T4 Polynucleotide Kinase  New England Biolabs Inc. (Ipswich, USA) 

Trypsin (from bovine pancreas) Sigma-Aldrich (St. Louis, USA) 

XhoI (C↓T C G A G) New England Biolabs Inc. (Ipswich, USA) 

 

  

4.1.4. Kits and consumables 

innuPREP Plasmid Mini Kit 2.0 Analytik Jena GmbH (Jena, Germany) 

QIAquick Gel Extraction Kit Qiagen (Hilden, Germany) 

 

2-Log DNA Ladder New England Biolabs Inc. (Ipswich, USA) 

1 kb Plus DNA Ladder New England Biolabs Inc. (Ipswich, USA) 
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Additive Screen JBScreen Plus HTS Jena Bioscience GmbH (Jena, Germany) 

Additive Screen Silver Bullets HR2-096 Hampton Research (Aliso Viejo, USA) 

Amicon® Ultra-15 Centrifugal Filter  Merck KGaA (Darmstadt, Germany) 

  Units (3 kDa, 10 kDa, 30 kDa MWCO) 

Circular Cover Slides, siliconized, Jena Bioscience GmbH (Jena, Germany) 

  22 mm thick 

Classics II Suite, pH Clear Suite,  Qiagen (Hilden, Germany) 

  Protein Complex Suite 

CrystalQuick™ LP Plates, 96 Well  Greiner Bio-One GmbH  (Frickenhausen, 

  (609171)    Germany) 

Glass vials (C4013-1) Thermo Fisher Scientific Inc. (Waltham, USA)  

JBScreen JCSG++ HTS, Basic HTS  Jena Bioscience (Jena, Germany) 

Morpheus Screen  Molecular Dimensions Limited (Sheffield, UK) 

Mounted CryoLoop™ - 20 micron  Hampton Research (Aliso Viejo, USA) 

  (0.05-0.1 mm, 0.1-0.2 mm loops) 

NativePAGE™ 4 to 16%, Bis-Tris, Invitrogen™, Thermo Fisher Scientific Inc. 

  protein gels, 10 well   (Waltham, USA)   

  NativePAGE™ Cathode Buffer Additive (20X) 

  NativePAGE™ Running Buffer (20X) 

  NativePAGE™ Sample Buffer (4X) 

  NativeMark™ Unstained Protein Standard 

NuPAGE™ 4-12% Bis-Tris protein Invitrogen™, Thermo Fisher Scientific Inc.  

  gels, 10 well and 15 well    (Waltham, USA)   

  NuPAGE™ MES and MOPS   

  SDS Running Buffer (20X)  

Ni Sepharose High Performance GE Healthcare Bio-Sciences AB (Uppsala, Sweden) 

PageRuler™ Plus Prestained Protein Ladder Thermo Fisher Scientific Inc. (Waltham, USA) 

Pierce™ Unstained Protein MW Marker Thermo Fisher Scientific Inc. (Waltham, USA) 

Seed Bead™ HR2-320 Hampton Research (Aliso Viejo, USA) 

VDX™ Plate with sealant (24 well) Hampton Research (Aliso Viejo, USA) 

Whatman™ Sterile Mixed Cellulose  GE Healthcare Life Sciences (Chicago, 

Ester Membranes, d = 47 mm,   USA) now Cytiva 

  pore size: 0.2 µm or 0.45 µm  

ZelluTrans/Roth dialysis membrane Carl Roth GmbH + Co. KG  (Karlsruhe, 

  12K and 3.5K MWCO    Germany) 
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4.1.5. Plasmids 

pETDuet™-1  

5420 bp, ampicillin resistance, two multiple cloning sites, N-terminal His6-tag, 

C-terminal S-tag (Novagen, Merck KGaA, Darmstadt, Germany)   

 

pSKB_LNB, modified pET28a(+)  

5345 bp, kanamycin resistance, N-terminal His6-tag, HRV-3C protease cleavage site, 

recognition sequences: ApaI, NdeI, BamHI, EcoRI, SacI, SalI, HindIII, NotI, XhoI  

(Novagen, Merck KGaA, Darmstadt, Germany; cloned by D. Kühlmann, MPI Dortmund)   

  

 

4.1.6. Bacteria strains 

E. coli  BL21(DE3) Competent cells produced in-house (Novagen) 

E. coli  DH5α Competent cells produced in-house (gift from Stephen Marino) 

 

 

4.1.7. Buffers 

Lysis buffer  50 mM HEPES, pH 7.5, 500 mM NaCl, 20 mM imidazole 

Elution buffer  50 mM HEPES, pH 7.5, 500 mM NaCl, 300 mM imidazole 

Dialysis buffer 50 mM HEPES, pH 7.5, 500 mM NaCl 

SEC buffer 20 mM HEPES, pH 7.5, 150 mM NaCl 

TAE buffer 40 mM Tris, 20 mM acetic acid, 1 mM EDTA 

TBE buffer 89 mM Tris, pH 8, 89 mM boric acid, 2.5 mM EDTA 

pH was adjusted using NaOH or HCl. 

 

CutSmart® Buffer  New England Biolabs Inc. (Ipswich, USA) 

Phusion® HF Buffer New England Biolabs Inc. (Ipswich, USA) 

Pfu Buffer Roboklon (Berlin, Germany) 

T4 DNA Ligase Buffer New England Biolabs Inc. (Ipswich, USA) 
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4.1.8. Media and antibiotics 

LB medium:  10 g/l tryptone/peptone, 10 g/l NaCl, 5 g/l yeast extract,  

  pH 7 (NaOH)  

  for LB Agar plates: mix LB medium and 15 g/l agar agar  

TB medium: 12 g/l casein digest peptone, 24 g/l yeast extract, 9.4 g/l K2HPO4,  

  2.2 g/l KH2PO4 (Terrific Broth, granulated), 4 ml/l glycerol 

 

Ampicillin:   100 mg/ml in ddH2O, working solution 100 µg/ml 

Carbenicillin:  100 mg/ml in ddH2O, working solution 100 µg/ml 

Kanamycin:    50 mg/ml in ddH2O, working solution 50 µg/ml 

  

 

 

 

4.2. Molecular biology methods 

4.2.1. Polymerase chain reaction (PCR) 

Amplification of DNA fragments was performed using Phusion® High-Fidelity DNA 

Polymerase (New England Biolabs Inc.) according to manufacturer’s instructions. The 

composition of the PCR reaction and the program are detailed in Table 2 and Table 3, 

respectively. Amplified DNA fragments were separated by agarose gel electrophoresis.  

Fusion constructs were generated using overlap extension PCR running two separate 

PCRs. For this, DNA bands were excised from agarose gels, purified (see 4.2.3.), 

combined and amplified by PCR (Ho et al., 1989; Reddy Chichili et al., 2013).   

 

Table 2: Reaction solution composition for PCR using Phusion® High-Fidelity DNA Polymerase. 
 

Volume Component Final concentration 

8.0 µl 5x HF buffer for Phusion 1× 

4.0 µl dNTPs (2 mM) 0.2 mM 

1.2 µl DMSO 3% 

2.0 µl 5’ primer (10 μM) 0.5 μM 

2.0 µl 3’ primer (10 μM) 0.5 μM 

1.0 µl DNA template (50 ng/µl) 50 ng/40 µl 

0.4 µl Phusion HF DNA Polymerase (2 U/µl) 0.8 U/40 μl 

21.4 µl ddH2O (ad 40 μl)  
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Table 3: PCR program for Phusion® High-Fidelity DNA Polymerase. 
 

Process Temperature Time Cycles 

Initialization 98 °C 30 s 1 
x x x x 

Denaturation 98 °C 10 s  

Annealing 50-72 °C 20 s 35 

Extension 72 °C 15-30 s/1000 bp  
x x x x 

Extension 72 °C 10 min 1 

 

 

 

4.2.2. Agarose gel electrophoresis 

Agarose gels were prepared and run according to the standard procedures (Sambrook 

et al., 1989) using 1x TBE buffer or 1x TAE buffer and 0.3 μg/ml ethidium bromide. 

DNA fragments or plasmids were visualized by UV light and excised from the gel. 

  

 

4.2.3. DNA purification 

DNA bands, excised from agarose gels, or digested DNA, was purified using QIAquick 

Gel Extraction Kit (Qiagen) according to the manufacturer’s protocol. Elution was 

performed with 30-50 µl ddH2O. 

 

 

4.2.4. DNA digestion 

Amplified DNA fragments were digested at 37 °C for 1-2 h with restriction enzymes 

BamHI-HF and XhoI (New England Biolabs Inc.) in CutSmart® Buffer according to 

manufacturer’s protocol. Vectors were digested similarly, but the digestion mix was 

supplemented with CIP or Quick CIP (both New England Biolabs Inc.) to carry out 

digestion and dephosphorylation simultaneously. Digested vectors and DNA fragments 

were purified using QIAquick Gel Extraction Kit (Qiagen) according to the 

manufacturer’s protocol. Subsequently, DNA fragments were treated with 

T4  Polynucleotide Kinase (New England Biolabs Inc.) according to manufacturer’s 

protocol to add 5´-phosphates. In variation from this, T4 ligase buffer was used instead 
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of PNK buffer and ATP. DNA fragments were again purified with QIAquick Gel 

Extraction Kit (Qiagen) and eluted using 30 µl ddH2O. 

 

 

4.2.5. DNA ligation 

After digestion, vector and DNA insert were ligated at room temperature for 2-3 h using 

T4 DNA Ligase (New England Biolabs Inc.) according to manufacturer’s protocol.  

Ligations were performed using a molar ratio of approx. 1:7 vector to insert and 

NEBioCalculator (Online tool, New England Biolabs Inc.) was used to calculate molar 

ratios. 

 

 

4.2.6. Transformation  

Transformation of E. coli cells was carried out using the heat shock method. After 

ligation or DpnI digestion (4.2.9.), DNA (5-10 µl) was transformed in E. coli DH5α 

or  E. coli BL21(DE3). For protein expression, isolated plasmids (1-20 ng) were 

transformed in E. coli BL21(DE3). DNA and chemically competent cells were mixed 

and incubated for 10 min on ice, followed by a heat shock at 42 °C for 45 s. After 5 min 

incubation on ice and addition of 200 µl LB medium, the cell suspension was incubated 

for 1 h at 37 °C and 800 rpm. Subsequently, cells were centrifuged at 1000 x g for 

2 min, resuspended in 70 µl LB medium and plated on LB agar plates containing the 

required antibiotic. 

 

 

4.2.7. Preparation of chemically competent E. coli cells  

200 ml LB medium was inoculated with 1 ml overnight-culture and grown at 37 °C until 

an OD600 of 0.6 to 0.8. Afterwards, the bacteria suspension was transferred to two 

50 ml falcon tubes, incubated for 10 min on ice and centrifuged for 10 min at 2500 x g 

(4 °C). Cells were resuspended in 10 ml ice-cold 0.1 M CaCl2/10% glycerol and 

incubated 15 min on ice. After a second centrifugation step (10 min, 2500 x g, 4 °C), the 

cells were resuspended in 1 ml ice-cold 0.1 M CaCl2/10% glycerol and aliquots were 

stored at -80 °C (flash-frozen in liquid nitrogen). 
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4.2.8. Bacteria storage 

Bacterial overnight cultures were supplemented with glycerol to 28% (v/v) and stored at 

-80 °C. 

 

 

4.2.9. Site-directed mutagenesis  

Site-directed mutagenesis was used to generate single-point mutations. For this, the 

whole plasmid was amplified via PCR using Pfu DNA polymerase (Roboklon) and 

primers containing the desired mutation. The composition of the reaction mix and the 

PCR program are detailed in Table 4 and Table 5, respectively. Subsequently, the PCR 

reaction was incubated with DpnI (1 U/20 µl; New England Biolabs Inc.) for 1-2 h at 

37 °C to digest the methylated template, and transformed in E. coli DH5α or E. coli 

BL21(DE3). 

 

 

Table 4: Reaction mixture for site-directed mutagenesis using Pfu DNA polymerase. 
 

Volume Component Final concentration 

2.0 µl 10x Pfu buffer 1× 

4.0 µl dNTPs (2 mM) 0.4 mM 

2.0 µl 5’ primer (10 μM) 1.0 μM 

2.0 µl 3’ primer (10 μM) 1.0 μM 

1.0 µl DNA template (25-50 ng/µl) 25-50 ng/20 µl 

0.5 µl Pfu (5 U/µl) 2.5 U/20 μl 

8.5 µl ddH2O (ad 20 μl)  

 
 

 

 

Table 5: PCR program for site-directed mutagenesis with Pfu DNA polymerase. 
 

Process Temperature Time Cycles 

Initialization 95 °C 5 min 1 
x x x x 

Denaturation 95 °C 30 s  

Annealing 53-68 °C 1 min 18 

Extension 68 °C 2 min/1000 bp  
x x x x 

Extension 68 °C 10 min 1 
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4.2.10. Isolation of plasmid DNA 

Isolation of plasmid DNA (from bacterial lysates) was performed using innuPREP 

Plasmid Mini Kit 2.0 (Analytik Jena GmbH) according to the manufacturer’s protocol. In 

variation from this, elution was carried out with 30-50 µl ddH2O. 

 

 

4.2.11. DNA sequencing 

Sequencing of isolated DNA was done by LGC Genomics GmbH (Berlin) or Source 

BioScience (Berlin) by means of Sanger sequencing. To analyze sequenced DNA, 

sequences were aligned using MultAlin (Corpet, 1988). 

 

 

4.2.12. Constructs 

Genes coding for Chaetomium thermophilum Mic60 (UniProtID: G0SHY5) and Mic19 

(UniProtID: G0S140) were codon-optimized for E. coli and synthesized by Eurofins 

Genomics (Germany) and have been provided by Manuel Hessenberger (M.H.). The 

constructs used in this thesis are listed in Table 6. All constructs were expressed with a 

HRV-3C protease-cleavable, N-terminal His6-tag. The HRV-3C cleavage site was 

introduced via the forward primer if constructs were cloned into pETDuet-1 vector 

(MGSSHHHHHHSQDPLEVLFQGP).  
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Table 6: Used constructs. Constructs labelled with M.H. have been provided by Manuel Hessenberger. 
 

Construct Remark Vector 

Mic60_208-691 Mic60sol, provided by M.H. pSKB_LNB 

Mic60_208-691_Q674A Mic60sol_Q674A pSKB_LNB 

Mic60_208-691_V678D Mic60sol_V678D pSKB_LNB 

Mic60_208-691_L685D Mic60sol_L685D pSKB_LNB 

Mic60_208-691_R574D/R575D Mic60sol_R574D/R575D pSKB_LNB 

Mic60_208-691_R581D/K582D Mic60sol_R581D/K582D pSKB_LNB 

Mic60_208-691_R631D Mic60sol_R631D pSKB_LNB 

Mic19_1-164 Mic19, provided by M.H. pSKB_LNB 

Mic19_1-164_R126A Mic19_R126A pSKB_LNB 

Mic19_1-164_V129D Mic19_V129D pSKB_LNB 

Mic19_1-164_L133D Mic19_L133D pSKB_LNB 

Mic19_1-164_F150D Mic19_F150D pSKB_LNB 

Mic60_623-691- 

GSGS-Mic19_116-164 
Provided by M.H. pSKB_LNB 

Mic60_624-691- 

GSGS-Mic19_116-164 
Mitofilin_C-CHCH pETDuet-1 

Mic60_565-586-622-691- 

GSGS-Mic19_116-164 
Mitofilin-CHCH_1  pETDuet-1 

Mic60_565-586-GS-622-691-

GSGS-Mic19_116-164 
Mitofilin-CHCH_2  pETDuet-1 

Mitofilin-CHCH_2_W662D Mitofilin-CHCH_2_W662D pETDuet-1 

Mitofilin-CHCH_2_V666D Mitofilin-CHCH_2_V666D pETDuet-1 

Mitofilin-CHCH_2_L676D Mitofilin-CHCH_2_L676D pETDuet-1 

Mic60_565-586-GSGS-622-691-

GSGS-Mic19_116-164 
Mitofilin-CHCH_3 pETDuet-1 

Mic60_565-607-622-691- 

GSGS-Mic19_116-164 
Mitofilin-CHCH_4 pETDuet-1 

Mic60_565-607-GS-622-691-

GSGS-Mic19_116-164 
Mitofilin-CHCH_5 pETDuet-1 

Mic60_565-607-GSGS-622-691-

GSGS-Mic19_116-164 
Mitofilin-CHCH_6 pETDuet-1 

Mic60_565-691- 

GSGS-Mic19_116-164 
Mitofilin-CHCH_7 pETDuet-1 
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4.3. Biochemical methods  

4.3.1. Sequence alignment 

To analyze conservation, sequences were aligned using Clustal Omega (Sievers et al., 

2011) and manually refined. 

 
 

4.3.2. SDS-PAGE 

Separation of proteins of different molecular weight (MW) was performed via 

denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

using NuPAGE™ 4-12% Bis-Tris protein gels (Invitrogen™, Thermo Fisher Scientific 

Inc.) and MES or MOPS running buffer. Samples were prepared by mixing with sample 

buffer (50 mM Tris-HCl pH 6.8, 2% (w/v) SDS, 10% glycerol, 1% β-mercaptoethanol, 

0.02% (w/v) bromophenol blue) and 5 min incubation at 95 °C. Gels were stained with 

Coomassie Brilliant Blue R-250 (45% ethanol, 10% acetic acid, 0.3% (w/v) Coomassie 

Brilliant Blue R-250). Destaining solution contained 45% ethanol, 10% acetic acid. 

 

 

4.3.3. Blue native PAGE 

Blue native PAGE was done with NativePAGE™ 4-16% Bis-Tris protein gels (10 well, 

Invitrogen™) according to NativePAGE™ Bis-Tris Gel protocol 2013 (Thermo Fisher 

Scientific Inc.). 5 µg protein was applied to the gel. To analyze Mic60-Mic19 complex 

formation and oligomerization, 5 µg Mic60 and 2 µg Mic19 were incubated for 15 min 

and subsequently applied to the gel. 

 

 

4.3.4. Protein over-expression in E. coli 

Protein over-expression was performed by transformation of E. coli BL21(DE3) with the 

isolated plasmid. 50 ml LB pre-culture, containing the respective antibiotics, was grown 

overnight at 37 °C and 180 rpm. The next day, 10 ml of the pre-culture was used to 

inoculate 1 l TB medium (with antibiotics) and cells were grown to an OD600 of 0.6 - 0.8 



Materials and Methods 

39 

at 37 °C under shaking conditions (80 rpm). Protein expression was induced by addition 

of 200 µM isopropyl β-D-1-thiogalactopyranoside (IPTG; Carl Roth GmbH + Co. KG). 

Then temperature was shifted to 18 °C and cultures were grown for another 18 h. 

Bacteria were pelleted at 4000 x g for 20 min, resuspended in 30 ml lysis buffer 

(50 mM HEPES, pH 7.5, 500 mM NaCl, 20 mM imidazole) and stored at -20 °C. 

 

 

4.3.5. Cell disruption  

Cells were thawed on ice, and 0.02 mg/ml DNase I (Roche) and a spade point 

protease inhibitor AEBSF Hydrochloride BioChemica (Panreac AppliChem) were 

added to the resuspended pellet (in 30 ml 50 mM HEPES, pH 7.5, 500 mM NaCl, 

20 mM imidazole). The bacteria suspension was passed twice through a fluidizer and 

insoluble material was removed by centrifuging at 100,000 x g for 45 min (4 °C). The 

supernatant was filtered (0.45 μm) and used for further purification. 

 

 

4.3.6. Protein purification 

His-tagged proteins were purified using immobilized metal ion affinity chromatography 

(IMAC) and size-exclusion chromatography (SEC) at 4 °C. 

The filtered supernatant (see 4.3.5.) was applied onto a 3 ml packed Ni Sepharose 

High Performance (GE Healthcare) chromatography column (Econo-Pac® 

Chromatography Columns, Bio-Rad), equilibrated with lysis buffer (50 mM HEPES, 

pH 7.5, 500 mM NaCl, 20 mM imidazole), using a peristaltic pump with a constant flow 

of 1 ml/min. To remove unspecifically bound proteins, the column was washed twice 

with six column volumes of lysis buffer containing low imidazole concentration (20 mM). 

Bound proteins were eluted with approx. 15 ml elution buffer (50 mM HEPES, pH 7.5, 

500 mM NaCl, 300 mM imidazole) and dialyzed overnight at 4 °C against dialysis buffer 

(50 mM HEPES, pH 7.5, 500 mM NaCl) in the presence of His-tagged HRV-3C 

protease (1:50) to cleave the N-terminal His6-tag. After protein elution, the column 

material was washed with 1 M imidazole and H2O (10-15 column volumes each) and 

equilibrated with lysis buffer again. 

The next day, the dialyzed protein sample was re-applied to the Ni-NTA column 

(equilibrated with lysis buffer) to separate cleaved from non-cleaved proteins. Cleaved 
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protein was collected during loading of dialysis solution and/or eluted with 20 ml lysis 

buffer. Fractions containing untagged protein were pooled and concentrated to final 

concentrations of 10-30 mg/ml, if possible. 

Finally, protein was purified using an ÄKTApurifier chromatography system (GE 

Healthcare) at 4 °C, connected to a Superdex 75 or Superdex 200 column equilibrated 

in SEC buffer (20 mM HEPES, pH 7.5, 150 mM NaCl). 1 ml fractions were collected 

and peak fractions, containing the protein of interest, were pooled, concentrated, flash- 

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

All fractions collected during the protein purification were analyzed using SDS-PAGE. 

Stripping and recharging of Ni Sepharose High Performance (GE Healthcare) was 

performed according to the manufacturer’s protocol.  

 

 

4.3.7. Protein concentration 

Protein solutions were concentrated using Amicon® Ultra 15 mL Centrifugal Filters 

(Merck Millipore) with appropriate cutoffs. Subsequently, protein concentrations were 

determined using NanoDrop One or NanoDrop 2000 spectrophotometer (Thermo 

Scientific). Molecular weights and extinction coefficients were calculated with 

ProtParam, ExPASy Server (Gasteiger et al., 2005). 

 

 

4.3.8. Mass spectrometry  

Mass spectrometry analysis was performed using liquid chromatography-electrospray 

ionization-quadrupole-time of flight-mass spectrometry (LC-ESI-Q-TOF-MS) at the 

Protein Production & Characterization Platform at the Max-Delbrück-Centrum (MDC), 

supported by Anja Schütz. 

Protein intact mass analyses were conducted on an Agilent 1290 Infinity II UHPLC 

system coupled to an Agilent 6230B time-of-flight (TOF) LC/MS instrument equipped 

with an AJS (Agilent Jet Stream Technology) ion source operated in positive ion mode 

(denaturing conditions). Protein samples were desalted using a Zorbax 300SB-C3 

guard column (2.1 × 12.5 mm, 5 μm). Protein solutions were diluted in 0.1% formic acid 

(in H2O) to approx. 0.06 mg/ml (estimated for Mitofilin_C-CHCH after trypsin digestion).  

Approximately 0.3 μg of sample was injected for each analysis. LC/MS parameters 
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were adapted from Chalk, 2017. The ion source was operated with the capillary voltage 

at 4000 V, nebulizer pressure at 50 psi, drying and sheath gas at 350 °C, and drying 

and sheath gas flow rate at 12 and 11 l/min, respectively. The instrument ion optic 

voltages were as follows: fragmentor 250 V, skimmer 65 V, and octopole RF 750 V. 

Mass spectrometry data were analyzed using the Protein Deconvolution feature of the 

MassHunter BioConfirm Version 10.0 software (Agilent) that uses the Maximum 

Entropy algorithm for accurate molecular mass calculation. Deconvolution was 

performed between mass range of 800 to 2,500 m/z (mass-to-charge ratio), using 

peaks with a ratio of signal to noise greater than 30:1. The deconvoluted mass range 

was set at 5 to 25 kDa and the step mass was 1 Da. 

 

 

4.3.9. Right-angle light scattering (RALS) 

Size exclusion chromatography coupled to right-angle light scattering (SEC-RALS) was 

carried out using an ÄKTApurifier chromatography system (GE Healthcare) at 4  °C, 

coupled to a RALS-refractive index detector (Malvern). 100 µl of a 3 mg/ml protein 

solution were applied on a Superdex 75 10/300 column (GE Healthcare). The running 

buffer contained 20 mM HEPES, pH 7.5, 150 mM NaCl, and a flow rate of 0.5 ml/min 

was used. Data were analyzed with OmniSec software v5.00 (Malvern). 

 

 

4.3.10. Isothermal titration calorimetry (ITC) 

ITC experiments were performed at 10 °C using a MicroCal PEAQ-ITC system 

(Malvern) according to the manufacturer’s protocol, using the standard program with 

13 injections (DP = 10 µcal/s). Proteins were dialyzed against SEC buffer (20 mM 

HEPES, pH 7.5, 150 mM NaCl) overnight at 4 °C prior to ITC experiments. Mic60 

constructs were placed in the sample cell (44 µM – 50 µM) and Mic19 constructs in the 

syringe (391 µM - 809 µM). Protein concentrations were adapted to the respective 

reaction. MicroCal PEAQ-ITC Analysis Software (Malvern) was used to analyze the 

data and calculate binding parameters.  

 

 



Materials and Methods 

42 

4.3.11. Limited proteolysis 

Mitofilin_C-CHCH was partially digested, using trypsin from bovine pancreas (Sigma-

Aldrich) dissolved in 1 mM HCl and 2 mM CaCl2 (1 mg/ml stock concentration). In test 

experiments, the protein was supplemented with 1% trypsin (w/w) and incubated at 

room temperature (approx. 20 °C) for 90 min. Samples were taken every 10 min, 

starting with 20 min, and analyzed by SDS-PAGE. Prior to mass spectrometry, 

Mitofilin_C-CHCH was incubated with 3% (w/w) trypsin for 5 h or overnight at room 

temperature. In crystallization trials, Mitofilin_C-CHCH was mixed with 0.1% or 

1% trypsin (w/w) and incubated for 10 min at 4 °C (see 4.4.1.). 

 

 

4.3.12. Folch liposome preparation  

For Folch liposome preparation, 3 ml chloroform was mixed with 0.9 ml methanol. 

100 µl of this mixture was filled into a glass tube and 500 µg lipids (Brain extract from 

bovine brain, type I, Folch fraction I, Sigma-Aldrich) were added. Lipids were dried 

under argon stream and stored overnight in an exhausted desiccator. Subsequently, 

dried lipids were dissolved in 333 µl SEC buffer (20 mM HEPES, pH 7.5, 150 mM 

NaCl) to a final concentration of 1.5 mg/ml. After overnight-incubation at 4 °C, the glass 

tube was sonicated for 15 min in an ultrasonic bath to obtain unilamellar liposomes 

(see also https://www2.mrc-lmb.cam.ac.uk/groups/hmm/techniqs/Liposome.html).  

Tobias Bock-Bierbaum (MDC) optimized Mic60sol binding to liposomes and observed 

the highest binding level if liposomes were incubated for 15 min in the ultrasonic bath.  

 

 

4.3.13. Liposome co-sedimentation assay 

5 µM purified protein (or 5 µM Mic60 and 5 µM Mic19) was incubated with 0.6 mg/ml 

prepared liposomes (see 4.3.12.) for 30 min at room temperature in 40 µl reaction 

volume (filled with SEC buffer). After centrifugation at 200,000 × g for 16 min at 20 °C, 

pellet and supernatant fractions were analyzed via SDS-PAGE. Quantification was 

done using ImageJ (Version 1.50i; Schneider et al., 2012). Control experiments were 

performed without liposomes. The standard deviations were calculated based on the 

entire population given as arguments. 
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4.3.14. Yeast strains and plasmids 

Cloning of yeast constructs, and protein level analyses were performed by Florian 

Wollweber, Janina Laborenz and Sibylle Jungbluth (Universität des Saarlandes, 66421 

Homburg). Saccharomyces cerevisiae strains used in this study are derivates of 

YPH499 (Sikorski and Hieter, 1989), and yeast expression plasmids are derived from 

pRS426-Mic60 and pRS426-Mic19 (Bohnert et al., 2015). The inserts, including the 

open reading frames, as well as the up- and downstream regions were cloned into the 

centromeric plasmid pRS416. Mutations were introduced by site-directed mutagenesis. 

Plasmids were then transformed into YPH499 mic60∆ or mic19∆ (von der Malsburg et 

al., 2011).  

For analysis of protein levels, yeast were grown to mid-logarithmic phase in defined 

minimal (-URA) medium containing 3% (v/v) glycerol as carbon source and 

mitochondria were isolated at a small scale (Faelber et al., 2019) by differential 

centrifugation. Protein levels were determined by Bradford assay, equal amounts of 

mitochondria were solubilized in Laemmli buffer and incubated at 65 °C for 10 min. 

Subsequently, samples were analyzed by SDS-PAGE and Western blotting with 

polyclonal antibodies against MICOS subunits, and Atp2 as sample processing control. 

 

 

4.3.15. Electron microscopy of yeast mitochondria 

The following protocol was performed by Elisa Lisicki at the MDC, supported by the 

Electron Microscopy Technology Platform of MDC (Séverine Kunz, Bettina Purfürst, 

Christina Schiel). 

Yeast cells were grown in SD-Ura medium lacking uracil (0.67% (w/v) yeast nitrogen 

base without amino acids (BD Difco), 0.07% (w/v) CSM-URA amino acid mixture 

without uracil (MP Biomedicals)) mixed with 2% (w/v) glucose for 24 h at 30 °C. After 

dilution in SD-Ura medium supplemented with 3% (w/v) glycerol, cells were grown 

overnight (until the early log phase). Sample preparation was performed as previously 

described (Slot and Geuze, 2007) and stained using the Tokuyasu method (Tokuyasu, 

1973). Yeast cells were fixed for 3 h with 4% (w/v) paraformaldehyde and 0.5% (v/v) 

GA in 0.1 M citrate buffer (freshly prepared, pH and temperature adjusted to growth 

conditions) and washed with 0.1 M citrate buffer. The cells were treated with 1% (w/v) 

sodium metaperiodate for 1 h at 4 °C to permeabilize, and washed with 0.1 M 
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phosphate buffer. Subsequently, yeast cells were embedded in 12% (w/v) gelatin 

(10 min incubation at 37 °C, followed by centrifugation of the yeast cells at 3000 x g for 

3 min and cooling the warm gelatin in ice). Samples of 1 mm3 were cut, infiltrated with 

2.3 M sucrose overnight and frozen in liquid nitrogen.  

Ultrathin sections were cut at -110 °C (UC7 ultramicrotome, Leica) and collected on 

formvar/carbon-coated copper grids (Plano). Sections were stained with 3% (w/v) 

tungstosilicic acid hydrate in 2.8% (w/v) polyvinyl alcohol (Sigma-Aldrich) (Kärgel et al., 

1996) followed by washing with phosphate buffered saline at 37 °C and water to 

remove the gelatin. Dried grids were imaged with an EM910 transmission electron 

microscope (Zeiss) at 80 kV and acquisition was done on a Quemesa CCD camera 

with the iTEM software (Emsis) at 10,000 x magnification. 

All data are presented as the mean together with the standard deviation and value 

differences were compared statistically. Data analysis and plotting was carried out 

using the statistic program R. Normal distribution was tested using Kolmogorov-

Smirnov test as well as the Q-Q plot.  

The two-sided Wilcoxon-Rank-sum test for independent samples with continuity 

correction was used, as data were not normal distributed. n = 100 mitochondrial cross 

sections were analyzed for all groups. Differences of p ≤ 0.05 were considered 

significant (p ≤ 0.05*, p ≤ 0.01**, p ≤ 0.001***) and the test statistic W is reported. 

 

 

4.3.16. Analytical ultracentrifugation (AUC) 

Analytical ultracentrifugation (AUC) experiments were performed by Dr. Hauke Lilie at 

the Martin-Luther-Universität Halle-Wittenberg using my purified proteins. 

The measurements were performed in 20 mM HEPES, pH 7.5, 150 mM NaCl at 20 °C 

using a Beckman Optima XL-I centrifuge and an An50Ti rotor equipped with double 

sector cells. Sedimentation equilibrium runs were performed at 16,000 rpm using 

protein concentrations of 0.05 – 1 mg/ml. The protein distribution in the cell was 

monitored at 230 or 280 nm and the data were analyzed using the software SedFit 

(Schuck, 2000). No concentration-dependent assembly was observed in the applied 

concentration range. 
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4.4. Crystallographic methods 

4.4.1. Crystallization of Mitofilin_C-CHCH 

Crystallization trials were carried out using the sitting drop vapor diffusion method in 

96 well crystallization plates using an automated dispensing robot (Crystal Gryphon, 

Art Robbins Instruments). The frozen protein was thawed on ice and diluted in 

SEC  buffer (20 mM HEPES, pH 7.5, 150 mM NaCl) to 17-20 mg/ml, if possible. 

0.2 µl  protein solution and 0.2 µl of reservoir solution were mixed (80 µl total 

reservoir volume) and incubated at 4 °C or 20 °C in cabinets, which store and image 

crystallization plates (Rock Imager 1000, Formulatrix). Thin crystal needles were 

obtained at 20 °C in conditions containing 10% (w/v) PEG 6000 and 0.1 M HEPES, 

pH 7.0 (pH Clear Suite (Qiagen) and JBScreen JCSG++ HTS (Jena Bioscience)). 

Crystals grew within 24-72 h. To optimize crystal size, several approaches were 

performed, including variation of protein concentration, pH, growth temperature, 

precipitant concentration or drop volume ratio. Furthermore, several additives like DTT 

or glycerol, as well as Additive Screens (JBScreen Plus HTS (Jena Bioscience) or 

Silver Bullets (Hampton Research)) were used. The liquid dispensing system 

FORMULATOR® (Formulatrix) was used to prepare new 96 well fine screens. 

Moreover, crystallization trials were carried out in 24 well crystallization plates in 

hanging drop format by manual preparation. Different volumes of protein solution and 

reservoir solution were mixed (0.5-3.0 µl) and placed above 100-1000 µl reservoir 

solution.  

Limited proteolysis, prior to protein crystallization, was used as a further attempt. For 

this purpose, trypsin from bovine pancreas (Sigma-Aldrich) was dissolved in 1 mM HCl 

and 2 mM CaCl2 to 1 mg/ml. Mitofilin_C-CHCH (17-20 mg/ml) was incubated with 0.1% 

to 1% (w/w) trypsin for 10 min on ice, followed by automated dispensing to 96 well 

crystallization plate, as described above. As a result, small plate-shaped crystals were 

obtained using 1% trypsin at 20 °C with two conditions of the commercial screen 

JBScreen JCSG++ HTS (Jena Bioscience) containing 40% (v/v) MPD, 5% (w/v) 

PEG 8000, 0.1 M MES, pH 6.5 or 30% (v/v) Jeffamine® M-600, 0.1 M HEPES, pH 7.0. 

Using the first condition, crystals appeared after ten days and grew for four more days, 

while crystals grew within three days using the second condition. Both conditions were 

fine screened (1% trypsin, 20 °C) and the latter condition yielded improved crystal size 

and thickness. As crystals grew together, many crystals were tested, which seem to be 

single or showed only a small overlap. Tobias Bock-Bierbaum (MDC) fished the 
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crystals and transferred them directly into liquid nitrogen. The best-diffracting crystal 

appeared between day 3 to day 7 and reached its final size until day 9, with a reservoir 

solution containing 33% (v/v) Jeffamine M-600, 0.1 M HEPES, pH 7.2. 

 

 

4.4.2. Crystallization of Mitofilin-CHCH_2 and Mitofilin-CHCH_3 

Initial crystallization trials for constructs containing LBS, mitofilin domain and CHCH 

domain, including Mitofilin-CHCH_2 and Mitofilin-CHCH_3, were performed as 

described for Mitofilin_C-CHCH (4.4.1) using the sitting drop vapor diffusion method in 

96 well crystallization plates and an automated dispensing robot (Crystal Gryphon, Art 

Robbins Instruments). Different screens were applied: JBScreen JCSG++ HTS, 

JBScreen Basic HTS (both Jena Bioscience), Morpheus Screen (Molecular 

Dimensions Limited), Classics II Suite, pH Clear Suite, Protein Complex Suite (all 

Qiagen). Crystals were obtained using 18 mg/ml Mitofilin-CHCH_3 or 15 mg/ml 

Mitofilin-CHCH_2 at 20 °C with reservoir solution 20% (w/v) PEG MME 2000, 0.1 M 

TRIS, pH 8.5, 0.2 M TMANO (JBScreen JCSG++ HTS). Plate-shaped crystals of 

Mitofilin-CHCH_2 grew within the first three days. Cubic or plate-shaped crystals of 

Mitofilin-CHCH_3 appeared after two days and grew until day 10. Due to the high 

amount of protein precipitate in the crystal drop, crystallization trials were repeated 

using half the protein concentration (diluted with SEC buffer) and JBScreen JCSG++ 

HTS screen. As a result, crystals were obtained in two additional conditions: 30% (w/v) 

Jeffamine ED-2001, 0.1 M HEPES, pH 7.0 (Mitofilin-CHCH_2) and 2.1 M di-sodium DL 

malate, pH 7.0 (Mitofilin-CHCH_3). As plates grew together, they were broken apart to 

fish single pieces. Crystal fishing was carried out by Tobias Bock-Bierbaum (MDC). 

The best diffraction was obtained by a plate of Mitofilin-CHCH_2. The corresponding 

crystal appeared after three days and was fished at the following day. It was obtained 

using 7.5 mg/ml protein and a reservoir solution containing 30% (w/v) Jeffamine ED-

2001, 0.1 M HEPES, pH 7.0. 
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4.4.3. Data collection and processing 

All diffraction data were collected at the BESSY II electron storage ring operated by the 

Helmholtz-Zentrum Berlin (Berlin-Adlershof, Germany) (Mueller et al., 2015; Gerlach et 

al., 2016). The final data sets of Mitofilin_C-CHCH and Mitofilin-CHCH_2 were 

obtained at beamline BL14.1 equipped with a Pilatus 6M pixel-detector (DECTRIS, 

Switzerland) at a wavelength of 0.91840 Å (13.5 keV) at -173 °C (100 K). 

For  Mitofilin_C-CHCH, 800 images were collected using 1.5 s exposure time 

(31.21% transmission), 293.456 mm detector distance and an oscillation increment of 

0.3 °. 700 images were collected for Mitofilin-CHCH_2 using 1 s exposure time 

(100% transmission), 423.800 mm detector distance and oscillation increment of 0.3 °. 

Diffraction data were indexed, integrated and scaled with XDSAPP (Sparta et al., 

2016), performed by Yvette Roske (MDC). 

Matthews coefficient and solvent content were calculated using the MATTPROB online 

tool (Weichenberger and Rupp, 2014; Kantardjieff and Rupp, 2003; Matthews, 1968).           

 

 

4.4.4. Phase determination and refinement 

As there were no structural information for Mic60 or Mic19, the phase problem of 

Mitofilin_C-CHCH was solved by molecular replacement using AMPLE from the CCP4 

software package (Winn et al., 2011; Bibby et al., 2012; Thomas et al., 2015) by 

placement of three ideal α-helices, consisting of 30 alanine residues. Subsequently, 

Phaser-MR (McCoy et al., 2007) from the PHENIX software suite (Adams et al., 2010; 

Liebschner et al., 2019) was used to place additional helices. The structure of 

Mitofilin_C-CHCH was finally solved by using SHELXE (Thorn and Sheldrick, 2013; 

Sheldrick, 2008) and AutoBuild (Terwilliger et al., 2008) from the PHENIX suite by 

expansion of the polyalanine helices and automated model-building. The structure of 

Mitofilin-CHCH_2 was solved by molecular replacement with Phaser-MR using the 

structure of Mitofilin_C-CHCH as search model. 

The initial models of Mitofilin_C-CHCH and Mitofilin-CHCH_2 were refined using 

phenix.refine (Afonine et al., 2012) from the PHENIX suite and iterative steps of 

manual model building in Coot (Emsley et al., 2010). Maximum likelihood refinement 

with individual B-factors, NCS (Non-crystallographic symmetry), TLS (Translation-
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Libration-Screw) and secondary structure restraints were used. Generation of ligand 

restraints was carried out by eLBOW (Moriarty et al., 2009) from the PHENIX suite. 

 

 

4.4.5. Structure analysis and figure preparation 

Final protein structures were validated using MolProbity (Williams et al., 2018; Chen et 

al., 2010) from the PHENIX software suite (Adams et al., 2010; Liebschner et al., 

2019). Data collection and refinement statistics are presented in Table 7, Table 8, 

Table 10 and Table 11. Data will be deposited in the Protein Data Bank (PDB).  

 

PDBePISA ('Protein interfaces, surfaces and assemblies' service PISA at the European 

Bioinformatics Institute; http://www.ebi.ac.uk/pdbe/prot_int/pistart.html) web server 

(Krissinel and Henrick, 2007) was used to calculate the interface area between the 

mitofilin domain and the CHCH domain of Mitofilin_C-CHCH (Chain A).  

 

Figures of protein structures were prepared using PyMOL (The PyMOL Molecular 

Graphics System, Version 1.8.2.3 Schrödinger, LLC). The align function was used for 

superposition of the structures and calculation of root-mean-square deviations. 

 

Electrostatic surface potential was generated using the APBS electrostatics plugin 

(method: PDB2PQR; Jurrus et al., 2018) of PyMOL (The PyMOL Molecular Graphics 

System, Version 2.0.3 Schrödinger, LLC). 

  

Surface conservation plot was generated using the ConSurf server (Ashkenazy et al., 

2016; Landau et al., 2005) and figures were prepared in PyMOL (The PyMOL 

Molecular Graphics System, Version 1.8.2.3 Schrödinger, LLC). Multiple sequence 

alignments for surface conservation plots were performed by the ConSurf server using 

the standard settings (Homolog search algorithm: HMMER; Number of iterations: 1; 

E-value cutoff: 0.001; protein database: UNIREF-90). The mitofilin domain (including 

LBS1) and the CHCH domain were analyzed independently. Homologs for ConSurf 

analysis were automatically selected (150 sequences, maximal 95% sequence identity 

between sequences; minimal 35% sequence identity for homologs; MAFFT-L-INS-I 

alignment method). Bayesian calculation method was used for the rate of evolution at 
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each site in the multiple sequence alignment (Evolutionary substitution model: best 

model). 

 

The EVolutionary Couplings Server (Monomer pipeline, version 1; Hopf et al., 2019), 

was used for structure predictions by Jeffrey Noel (MDC). Structure predictions of 

ctMic60_557-685 could be obtained using the input sequence ctMic60_550-693 

(bitscore 0.1). The highest scoring folding candidate is shown (Figure 30). 

 

The model of Mic60 and Mic19 in crista junctions (Figure 45) was created and 

prepared by Dr. Erik Werner (2021), RNS Berlin (www.rns.berlin). The model 

comprises the crystal structures of the coiled-coil domain of Lachancea thermotolerans 

Mic60 (235-382) of Tobias Bock-Bierbaum (MDC) and the Chaetomium thermophilum 

Mitofilin-CHCH_2 dimer (chains C and D) of this work, whereby the sequence of 

Lachancea thermotolerans Mic60 was used as template. All other parts of Mic60 

were  modeled as unstructured regions. A crista junction diameter of 17.5 nm was 

used.  The  model  was generated using the Maya® software from Autodesk, Inc. 

(https://www.autodesk.com/products/maya/) and Modeling kit and Rigging kit of the 

plugin Molecular Maya (mMaya) from Digizyme, Inc. (https://clarafi.com/tools/mmaya/). 

 

 

 

 

 

 

 

 

 

 

http://www.rns.berlin/
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5. Results 

5.1. Protein expression and purification of the Mic60-Mic19 

fusion construct 

The MICOS complex can be divided into two subcomplexes, one of them comprising 

Mic60 and Mic19. Manuel Hessenberger, a former PhD student of the Daumke lab 

(MDC), analyzed the interaction between Mic60 and Mic19 in detail and found that the 

mitofilin domain of Mic60 and the CHCH domain of Mic19 from the thermophilic 

fungus  Chaetomium thermophilum (ct) are crucial for the Mic60-Mic19 interaction 

(Hessenberger et al., 2017). The domain architecture of these proteins is shown in 

Figure 10. Many crystallization trials with different Mic60 and Mic19 constructs 

(including different species) were previously performed without success. However, a 

fusion construct of the mitofilin domain and the CHCH domain (Figure 10) could be 

crystallized as small, thin needles.  

 

 
 

 
 

 

Figure 10: Schematic representation of the domain structure of Chaetomium thermophilum (ct) Mic60, 

Mic19 and fusion construct Mitofilin_C-CHCH used in this study, based on secondary structure prediction 

PSIPRED (Buchan and Jones, 2019; Jones, 1999; see also Appendix C); TM: transmembrane helix, 

Coiled-coil: coiled-coil domain, LBS: lipid binding site, Mitofilin: mitofilin domain, CHCH: coiled-coil-helix-

coiled-coil-helix (CHCH) domain; numbers show the amino acid position; in this study a soluble Mic60 

construct Mic60sol was used instead of full-length Mic60, construct borders are indicated. Construct 

Mitofilin_C-CHCH: ctMic60_624-691-GSGS-ctMic19_116-164; G: glycine, S: serine. 

 

 

 

In order to obtain detailed insights into the interaction of Mic60 and Mic19, I continued 

working on this Mitofilin_C-CHCH construct and cloned it into a different vector (see 

4.2.12). Mitofilin_C-CHCH was recombinantly expressed in E. coli BL21(DE3) with an 
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N-terminal His6-tag (see 4.3.4). A specific band with the corresponding molecular mass 

was observed on SDS-PAGE gel of the induced sample (Figure 11 A). To obtain highly 

concentrated and pure protein for crystallization trials, Mitofilin_C-CHCH was purified 

using immobilized metal ion affinity chromatography (IMAC) and size-exclusion 

chromatography (SEC) according to the established protocol (see 4.3.6.). Following 

cleavage of the His6-tag, the protein was eluted with low concentration of imidazole 

from the Ni-NTA column (Figure 11 B, FT1, FT2). Protein was pooled, concentrated 

and further purified using SEC (Figure 12). 

Typical yields of 15-50 mg protein per liter bacteria culture were obtained. 

 

 

 

 
 

Figure 11: Mitofilin_C-CHCH expression and IMAC purification. 4-12% SDS-PAGE gels stained with 

Coomassie Brilliant Blue. (A) Expression: M: marker: Unstained Protein MW Marker (Thermo Fisher 

Scientific); numbers indicate the molecular weight (MW) in kDa; samples before (-) and after (+) IPTG 

addition. (B) IMAC purification: P: pellet after cell disruption and centrifugation, dissolved in 8 M urea; 

SN: supernatant after cell disruption and centrifugation; F: collected flow-through during loading of 

supernatant to the column; W1, W2, WI: collected wash fractions (20 mM, 1 M imidazole); E: elution after 

the first IMAC; D: protein solution after dialysis; FT1: collected flow-through during loading of dialysis 

solution to the column; FT2: collected fraction during elution with buffer containing 20 mM imidazole to 

elute protein after the second IMAC; FT3: collected fraction during elution with buffer containing 300 mM 

imidazole; Pool: pooled sample (FT1 and FT2); dashed arrow shows His-tagged Mitofilin_C-CHCH; arrow 

shows Mitofilin_C-CHCH construct after cleavage of the His-tag. 
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Figure 12: Mitofilin_C-CHCH SEC purification. (A) SEC purification chromatogram: An ÄKTApurifier 

chromatography system connected to a HiLoad 16/600 Superdex 75 pg column (GE Healthcare) was 

used. Absorption was measured at 280 nm. 1 ml fractions were collected. The dashed line shows pooled 

fractions. (B) 4-12% SDS-PAGE gel from SEC purification stained with Coomassie Brilliant Blue; M: 

marker: Unstained Protein MW Marker (Thermo Fisher Scientific); numbers at the left side of the marker 

indicate the MW in kDa; In: injected protein solution; Pool: pooled sample; numbers above the gel show 

retention volumes of selected peak fractions in ml. 

 

 

 

 

5.2. Crystallization and structure determination of the 

Mic60-Mic19 fusion construct 

In order to gain structural insights into Mitofilin_C-CHCH, and in particular the 

Mic60-Mic19 interaction interface, crystallization trials were performed (see details in 

4.4.1.). The previously described needles could be reproduced (Figure 13 A, B). In 

order to improve the needles in size, several approaches were used: Protein 

concentration, precipitant concentration, pH, growing temperature and drop ratio were 

varied, or certain additives like DTT, glycerol or citrate added, and different 

crystallization methods used. None of them resulted in increased crystal size.  

Flexible regions within the constructs might disturb crystallization, but are accessible 

for proteases. Therefore, limited proteolysis was performed using trypsin to improve 

crystal packing (see 4.4.1 for details), resulting in crystals of a different shape     
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(Figure 13 C, D). Fine screening of the latter condition improved the crystal size and 

thickness (Figure 13 E, F). 

 

 

 

 
 

Figure 13: Images of Mitofilin_C-CHCH crystals. The scale bar (white or black) indicates 100 µm. 

(A) Initial crystals (needles) of Mitofilin_C-CHCH obtained in screening condition 10% (w/v) PEG 6000 and 

0.1 M HEPES, pH 7.0. (B) Same crystals as in (A) using Vis-Condenser 75%. (C), (D) Initial crystals 

(plates) of Mitofilin_C-CHCH after limited proteolysis using trypsin in condition 40% (v/v) MPD, 5% (w/v) 

PEG 8000, 0.1 M MES, pH 6.5 (C) or 30% (v/v) Jeffamine M-600, 0.1 M HEPES, pH 7.0 (D). (E) Optimized 

crystals of (D). (F) Optimized crystals of (D) and (E). Crystals grew in a crystallization solution containing 

33% (v/v) Jeffamine M-600, 0.1 M HEPES, pH 7.2. The crystal at the top reached a size of approximately 

150 µm x 50 µm and showed diffraction to a resolution of 2.15 Å.  

 

 

 

Mass spectrometry analysis was performed to identify the size of the trypsin-digested 

product (Figure 14; see 4.3.8.). Untreated Mitofilin_C-CHCH showed a molecular mass 

of 14.138 kDa, whereas the calculated molecular mass was 14.140 kDa. The 

difference of 2 Da may confirm the presence of a disulfide bond in the CHCH domain, 

in line with previous predictions (Darshi et al., 2011; Sakowska et al., 2015).  
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Figure 14: Limited proteolysis of Mitofilin_C-CHCH and mass spectrometry analysis. (A) 4-12% 

SDS-PAGE gel stained with Coomassie Brilliant Blue; M: marker: Unstained Protein MW Marker (Thermo 

Fisher Scientific); numbers indicate MW in kDa; the untreated protein sample is marked with a minus (-); 

the bar indicates the incubation time after addition of 1% trypsin (w/w), samples were taken every 10 min 

starting with 20 min incubation time. (B), (C), (D) Mass spectrometry (LC-ESI-Q-TOF-MS) deconvoluted 

spectra. The numbers above the peaks show the molecular mass in Da. (B) Mitofilin_C-CHCH before 

addition of trypsin. (C) Mitofilin_C-CHCH after 5 h incubation with 3% trypsin (w/w). (D) Mitofilin_C-CHCH 

after 15 h incubation with 3% trypsin (w/w); independent of (C). (E) Secondary structure prediction of 

Mitofilin_C-CHCH using PSIPRED (Buchan and Jones, 2019; Jones, 1999). α-helices are labelled, 

M: mitofilin domain, CHCH: CHCH domain. Arrows indicate the two stable fragments obtained after limited 

proteolysis confirming that the disulfide bond is formed; cysteines are labelled with red frames. 



Results 

55 

Trypsin digestion of Mitofilin_C-CHCH led to a stable degradation band (Figure 14 A). 

Surprisingly, two stable fragments of 10.350 kDa and 9.892 kDa were observed in 

mass spectrometry, which appeared as one band on SDS-PAGE (Figure 14 C, D). 

Since trypsin cleaves C-terminal to arginine and lysine residues (Olsen et al., 2004), 

the two fragments were identified as N-terminal truncations corresponding to 

Mitofilinaa-657-691-CHCH and Mitofilinaa-661-691-CHCH (Figure 14 E). Both proteins 

contain the complete CHCH domain of Mic19 and approximately half of the mitofilin 

domain of Mic60.  

 

 

X-ray data of the optimized native crystals containing trypsin-digested 

Mitofilin_C-CHCH (Figure 13 F) were collected at BESSY II in Berlin (see 4.4.3). The 

best diffracting crystal reached a maximal resolution of 2.15 Å and belonged to space 

group P1. Data collection statistics are summarized in Table 7.  

 

 

 

Table 7: Data collection statistics of Mitofilin_C-CHCH. Values in parentheses are for highest-

resolution shell. 
 

Data collection 
 

Space group P1 (1) 

Cell dimensions 
 

a, b, c (Å) 43.82, 48.52, 70.74 

α, β, γ (°) 82.70, 79.14, 72.41 

Resolution (Å) 46.12 ‒ 2.15 (2.28 ‒ 2.15) 

Rmeas (%)  9.0 (111.5) 

I/σI 8.28 (0.92) 

Completeness (%) 91.8 (92.3) 

Multiplicity 2.5 (2.5) 

CC1/2 (%) 99.8 (52.9) 

 
 

 

 

Assuming a molecular mass of the digested product of 10 kDa (Figure 14), the unit cell 

parameters indicate a high probability for six molecules per asymmetric unit and a 

Matthews coefficient of 2.3 Å3/Da, corresponding to a solvent content of 47% (see 

4.4.3; Weichenberger and Rupp, 2014; Kantardjieff and Rupp, 2003; Matthews, 1968).           
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Although no prior structural information on either Mic60 or Mic19 was available, the 

structure was solved by molecular replacement using three ideal α-helices as template 

(see details in 4.4.4.). The resulting model was improved by several rounds of 

refinement (see 4.4.4). The final model has six molecules in the asymmetric unit, and 

Rwork and Rfree values of 24.0% and 26.8% (Table 8).  

 

 

 

Table 8: Refinement statistics of Mitofilin_C-CHCH. Values in parentheses are for highest-resolution 

shell. 
 

Refinement 
 

Resolution (Å) 46.12 ‒ 2.15 

Total no. of reflections 68,282 (11,094) 

Rwork / Rfree (%) 24.0 / 26.8 

No. of atoms  

    Protein 3,815 

    Ligand 333 

    Water 19 

B-factors (Å2)  

    Protein 68.13 

    Ligand 94.65 

    Water 44.25 

RMS deviations  

    Bond lengths (Å) 0.007 

    Bond angles () 

Ramachandran plot 

    Favored (%) 

    Allowed (%) 

    Outliers (%) 

Rotamer outliers (%) 

Clashscore 

0.73 

 

99.07 

0.93 

0.00 

0.25 

4.34 

 

 

 

In addition to the protein, 19 water molecules and five ligands were included in the 

model. 99% of the residues were in the favored region of the Ramachandran plot and 

no Ramachandran outliers could be detected (Table 8). A clashscore of 4.34, with only 

0.25% rotamer outliers, points to a well refined model. 
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5.3. Structural analysis of the mitofilin domain and the CHCH 

domain  

In solution, Mitofilin_C-CHCH appears as a mixture of monomers and dimers, as 

observed in analytical size exclusion chromatography coupled to right-angle 

light   scattering (SEC-RALS) experiments (Appendix D). SEC-RALS analysis of 

Mitofilin_C-CHCH after limited proteolysis resulted in many peaks in size exclusion 

chromatography, precluding a detailed analysis. Based on these data, it was a 

surprising observation that six molecules of Mitofilin_C-CHCH are present in the 

asymmetric unit, which are arranged as two trimers (Figure 15). Chain A and B within 

one trimer extend in parallel, whereas chain C is antiparallel to chain A and chain B. 

The second trimer has the same architecture. 

 

All six chains are well defined in the electron density. 79 of 88 amino acids of the 

longest stable fragment (after trypsin digestion) could be modelled in at least one chain 

(Figure 16 A). Electron density of the remaining residues is missing due to flexibility. 

Amino acids missing electron density for side chains were modelled as alanines.  

Each protein chain comprises a part of the mitofilin domain (residues 661-691) of 

Mic60 and the complete CHCH domain (residues 118-159) of Mic19 (Figure 16), which 

is in agreement with the mass spectrometry data of trypsin-digested Mitofilin_C-CHCH 

(Figure 14). Also in line with the mass spectrometry analysis (Figure 14 E), the crystal 

seems to consist of longer and shorter fragments, which differ by four residues on the 

N-terminus: Chains B and E represent the smaller fragment, while the antiparallel 

chains C and F represent the bigger fragment. Due to ambiguous electron density, 

chains A and D cannot be classified. 

 

Chains A-F could be well superimposed, with root-mean-square deviations (RMSDs) 

from 0.220-0.495 Å for 53-64 Cα, indicating a highly related fold. Exceptions are the 

N- and C-termini and the connection between mitofilin domain and CHCH domain, 

including the non-natural GSGS linker, which appears to be more flexible and adapts 

several conformations in the crystal lattice (Figure 16 C). 
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Figure 15: Crystal structure of Mitofilin_C-CHCH fusion construct after limited proteolysis. (A) The 

asymmetric unit contains six molecules, arranged as two trimers. Chains are colored individually and 

shown in ribbon representation. Chain A: pink (mitofilin domain) and blue (CHCH domain), chain B: green, 

chain C: beige, chain D: grey, chain E: cyan, chain F: yellow. N- and C-termini are labelled with N or C. 

The linker region is not resolved in the crystal structure and indicated by a dashed line. Five molecules 

Jeffamine M-600 (Jef) were built (different lengths), colored in purple. (B) Structural formula of 

Jeffamine M-600 (O-(2-Aminopropyl)-O’-(2-methoxyethyl) polypropylene glycol or polypropylene glycol 500 

mono-2-aminoethyl mono-2-methoxyethyl ether), derived from JBScreen JCSG++ HTS (Jena Bioscience), 

average MW ~600, n = 8. (C), (D) Trimer composed of chains A, B and C without Jeffamine M-600.  
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During the process of model building, I found several regions with elongated, 

unexplained difference electron density. Based on the buffer conditions, I assigned 

them as Jeffamine M-600 (Jef) molecules or fragments therefore (Figure 15 A). As 

shown in Figure 15 B, a feature of Jeffamine M-600 is its hydrophobic surface. 

Thereby, it can fill up large hydrophobic pockets and thus improve crystal packing. 

Jeffamine M-600 molecules were modelled in between chain A and B, A and D, B and 

C, D and E, E and F. However, their exact register was difficult to define, due to 

ambiguous electron density. Furthermore, there might be several different 

conformations within different asymmetric units of the crystal. 

 

A monomer of Mitofilin_C-CHCH is composed of three α-helices: a long helix from the 

mitofilin domain (α3M) and two shorter helices forming the Mic19 CHCH domain (α1CHCH 

and α2CHCH) (Figure 16). Interestingly, the first two predicted helices of the mitofilin 

domain were cleaved by limited proteolysis. In agreement with mass spectrometry data 

(Figure 14), the CHCH domain contains a disulfide bond, which is visible in all chains 

and leads to the formation of a 310-helix at the beginning of the second CHCH domain 

helix (α2CHCH). As a result, helix α2CHCH appears to be partially bent. The CHCH domain 

folds back onto the mitofilin domain helix, which may protect the protein from further 

digestion. The monomers within the asymmetric unit interact with each other via the 

mitofilin domain and hydrophobic contacts. Overall, this topology is in accordance with 

the secondary structure prediction (Figure 14 E).  
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Figure 16: Monomer structure of Mitofilin_C-CHCH and alignment. (A) Sequence alignment and 

overview of all chains of the asymmetric unit. Domains are colored in pink (mitofilin domain) and blue 

(CHCH domain). The non-natural GSGS linker is marked with asterisks and the cysteine residues forming 

a disulfide bond are underlined. Strokes within the sequence represent amino acids, which could not be 

modelled. Cursive numbers at the bottom display the nomenclature according to Mic60 or Mic19. α-helices 

are labelled and numbered according to Mitofilin_C-CHCH (before limited proteolysis); two helices were 

cleaved by trypsin; M: mitofilin domain, CHCH: CHCH domain. (B) Monomer (chain A) of 

Mitofilin_C-CHCH fusion construct after limited proteolysis shown in ribbon representation. Domains are 

labelled and colored as in (A); termini and helices are labelled. The linker region is not resolved in the 

crystal structure and indicated by a dashed line. The disulfide bond is depicted in orange. (C) Monomer 

as  in (B) 120 ° turned counter-clockwise (x-axis) and aligned with the five additional monomers of the 

asymmetric unit (see Figure 15). Chains B - F are colored individually, chain B: green, chain C: beige, 

chain D: grey, chain E: cyan, chain F: yellow. 
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5.4. Identification of the Mic60-Mic19 interaction interface  

The structure of the mitofilin domain of Mic60 and the complete CHCH domain of 

Mic19 allowed for a detailed analysis of the respective interaction surface (Figure 17). 

Since the CHCH domain folds back onto the mitofilin domain, all three helices are 

involved in the interaction. Within the crystal, surface-exposed side chains of amino 

acids may adopt different conformations in different protein chains, for instance due to 

crystal packing. However, residues involved in the interaction may be stabilized in a 

functionally relevant orientation. Such amino acid side chains in the interaction 

interface, showing similar conformation in all protein chains, are depicted in Figure 17.  

 

 

 

 
 

Figure 17: Monomer structure of Mitofilin_C-CHCH and interaction interface. Monomer (chain A) after 

limited proteolysis shown in ribbon representation. Domains are colored individually and termini are 

labelled. The linker region is not resolved in the crystal structure and indicated by a dashed line (pink). 

α-helices are labelled and numbered according to Mitofilin_C-CHCH (before limited proteolysis). Black 

dashed rectangle indicates Mic60-Mic19 interface shown in detail. Selected residues involved in the 

interaction are shown and labelled (color according to domain affiliation). 
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The interaction interface consists of a hydrophobic core surrounded by polar 

interactions. Residues in the hydrophobic core include V678, L685 in the mitofilin 

domain, and V122, V129, L133, V147, F150, V154, L157 in the CHCH domain. The 

two helices of the CHCH domain are also stabilized by hydrophobic interactions, where 

the aromatic residue F150 seems to be in a central position. Furthermore, the 

interaction between the mitofilin domain and the CHCH domain is stabilized by a 

sidechain-backbone interaction between Mic60_Q674 and Mic19_P140, 

as    well    as    salt-bridges involving residues Mic60_E682-Mic19_R126 and 

Mic60_E677-Mic19_K151, flanking the hydrophobic core. The plethora of residues 

involved in the interaction accounts for an interface area of 688.2 Å2, which may enable 

the previously determined high affinity interaction in the high nanomolar range of the 

two domains (Hessenberger et al., 2017). 

 

 

 

 

5.5. In vitro characterization of the Mic60-Mic19 interaction 

5.5.1. Protein expression and purification of Mic60-Mic19 interface                          

mutants 

The above described crystal structure describes a Mic60-Mic19 interaction interface. 

However, this structure was derived from a fusion construct, in which the mitofilin 

domain of Mic60 and the CHCH domain of Mic19 were directly connected and 

expressed as one protein. To confirm that the same interface is used in full-length or 

almost full-length Mic19 and Mic60, respectively, I used a structure-based mutagenesis 

approach, using previously established constructs. Interface mutations were introduced 

into Mic60sol (amino acids 208-691) or Mic19, and the interaction of the proteins was 

tested. Hydrophobic residues were mutated to aspartate, whereas other amino acids 

were mutated to alanine. 

The resulting mutants (including Mic60sol and Mic19) were purified via IMAC and SEC 

(see 5.1.) (Figure 18), in accordance with previous results.   
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Figure 18: SEC purification chromatograms of Mic60sol, Mic19 and interaction interface mutants. An 

ÄKTApurifier chromatography system connected to a HiLoad 16/600 Superdex 200 pg column or HiLoad 

16/600 Superdex 75 pg column (GE Healthcare) was used. Absorption was measured at 280 nm. 1 ml 

fractions were collected. Asterisks show pooled peaks. (A), (B) HiLoad 16/600 Superdex 200 pg column.  

(C), (D) HiLoad 16/600 Superdex 75 pg column. 

 

 

As previously described, the SEC profile of Mic19 shows a separation into monomers, 

containing an internal cysteine bond in the CHCH domain, and dimers containing an 

artificial intermolecular disulfide bridge (Figure 18 C; Hessenberger et al., 2017). Only 

the monomer peak was pooled and used for further characterization. The overlay of the 

SEC profiles for the main peak area is shown in Figure 18 B and Figure 18 D. All 

Mic60sol mutants displayed a similar peak profile as Mic60sol, where the peak was 

slightly shifted to higher or lower elution volume (approx. ±1 ml). Mic19 mutants 

showed a monomer dimer distribution (Figure 18 D). The SEC profile of Mic19_R126A 

superimposes well with that of Mic19. The peaks of the other mutants are slightly 

shifted to lower elution volume (approx. 3 ml) demonstrating a higher hydrodynamic 

radius. Mass spectrometry analysis (Appendix E) showed that the disulfide bond within 
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the CHCH domain is formed in Mic19, as the calculated and the measured molecular 

mass show a difference of exactly 2 Da. Interestingly, these results also reveal that the 

disulfide bond is formed in all Mic19 mutants.  

Thus, Mic60sol and Mic19 constructs were successfully expressed and purified and 

were used for further analysis. 

 

 

 

5.5.2. Biochemical characterization of the Mic60-Mic19 interface 

To get an initial impression of the Mic60-Mic19 interaction of the mutants, blue native 

PAGE analysis was performed (see 4.3.3). Mic19 (19.6 kDa) ran as smear between 

20 kDa and 66 kDa (Figure 19 A), although only the monomer peak was pooled after 

SEC. Mic60sol (54.4 kDa) ran predominantly as a dimer on blue native PAGE, even 

though additional bands likely referring to a tetramer and octamer could also be 

observed (Figure 19 A, Hessenberger et al., 2017). After incubation of Mic60sol and 

Mic19, they form a complex, resulting in the formation of higher-order oligomers; at 

least three different Mic60sol-Mic19 complexes could be observed (Figure 19 A): C1 

may constitute a 2:2 Mic60-Mic19 dimer, the predominant C2 a 4:4 Mic60-Mic19 

tetramer and C3 an even higher oligomer. As Mic19 was added in slight excess, a 

small portion of Mic19 oligomers is still present on the gel in the low molecular mass 

range, not involved in complex formation.  

In the same way, the mutants were incubated with either Mic60sol or Mic19 and 

analyzed using blue native PAGE (Figure 19 B, Figure 20). Complexes containing 

Mic60sol_Q674A or Mic19_R126A oligomerize similarly to wild-type Mic60sol-Mic19. 

Interestingly, hydrophobic mutants (Mic60sol_V678D, Mic60sol_L685D, Mic19_V129D, 

Mic19_L133D, Mic19_F150D) show a different oligomerization pattern: Most of the 

protein bands refer to Mic60sol (three prominent bands) and Mic19, which are not 

involved in complex formation. Furthermore, only a small portion of protein appears as 

high molecular weight complex 2 and 3 (Figure 19).  

It can be concluded that in particular mutations in the hydrophobic interface lead to 

disturbance of complex formation between Mic60 and Mic19. Furthermore, these data 

support the assumption that the Mic60-Mic19 interface observed in the 

Mitofilin_C-CHCH domain construct represents the interface also in the full-length 

proteins. 
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Figure 19: Blue native PAGE analysis of Mic60sol and Mic19 constructs. 4-16% Bis-Tris gels stained 

with Coomassie Brilliant Blue; Marker: NativeMark™ Unstained Protein Standard. Numbers next to marker 

indicate the MW in kDa. (A) Mic19, Mic60sol and complex formation. C1: complex 1 (likely 2x Mic60, 

2x Mic19), C2: complex 2 (likely 4x Mic60, 4x Mic19), C3: complex 3. (B) Complex formation of Mic19, 

Mic60sol and interaction interface mutants. The asterisk indicates the position of C1. 

 

 

 

 
 

Figure 20: Blue native PAGE analysis of single Mic60sol and Mic19 constructs. 4-16% Bis-Tris gels 

stained with Coomassie Brilliant Blue; Marker: NativeMark™ Unstained Protein Standard. Numbers next to 

the marker indicate the MW in kDa. MW of Mic60sol: 54.4 kDa, and Mic19: 19.6 kDa. 
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To obtain quantitative data, the Mic60sol-Mic19 interaction was analysed by isothermal 

titration calorimetry (ITC), where Mic60 was placed in the sample cell and Mic19 in the 

syringe (details in 4.3.10.). In agreement with Hessenberger et al. (2017) a KD value 

of 190 nM ± 20 nM was obtained for wild-type protein, demonstrating a high affinity 

interaction (Figure 21 A). The binding number of 0.73 indicated that only 73% of 

Mic60sol interacted with Mic19.  

 

Analogous to the wild-type proteins, the different mutants of Mic60sol and Mic19 were 

analyzed in ITC experiments, and the results are shown in Figure 21 and Figure 22. 

Protein concentrations of mutants were adapted according to the ITC signal. 

Interestingly, Mic60sol_Q674A + Mic19 and Mic19_R126A + Mic60sol showed 

moderately reduced KD values (approx. 10x reduced KD), although the oligomerization 

on blue native PAGE was similar to wild-type Mic60sol-Mic19 (compare Figure 19 B and 

Figure 21). In agreement with blue native PAGE analysis, only a very weak signal was 

obtained for Mic60sol_V678D, leading to a KD of 11000 nM ± 5000 nM (Figure 21 D). 

This is 60x reduced in comparison to wild-type. Furthermore, the reaction shows 

exothermic behaviour, while wild-type, Mic60sol_Q674A and Mic19_R126A showed a 

predominantly endothermic reaction.  

For the mutants Mic19_V129D, Mic19_L133D, Mic19_F150D and Mic60sol_L685D, no 

binding could be detected via ITC (Figure 22), although formation of higher-order 

complexes was observed to a small degree using blue native PAGE (Figure 19 B). 
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Figure 21: ITC experiments using Mic60sol, Mic19 and mutants showing reduced binding. Mic19 (or 

mutant) was titrated into Mic60sol (or mutant) at 10 °C, and resulting heat changes were monitored. Molar 

Ratios indicate Mic19/Mic60. (A) 45 µM Mic60sol, 391 µM Mic19, fitted values: KD = 190 nM ± 30 nM, 

binding number n = 0.70 ± 0.01. (B) 46 µM Mic60sol, 475 µM Mic19_R126A, KD = 2200 nM ± 700 nM, 

n = 0.65 ± 0.02. (C) 45 µM Mic60sol_Q674A, 488 µM Mic19, KD = 1700 nM ± 200 nM, n = 0.87 ± 0.01. 

(D) 44 µM Mic60sol_V678D, 658 µM Mic19, KD = 11000 nM ± 5000 nM, binding number n = 1.4 ± 0.1. 
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Figure 22: ITC experiments using Mic60sol, Mic19 and mutants showing no binding. Mic19 (or 

mutant) was titrated into Mic60sol (or mutant) at 10 °C, and the resulting heat changes were monitored. 

Molar Ratios indicate Mic19/Mic60. (A) 45 µM Mic60sol, 700 µM Mic19_V129D. (B) 45 µM Mic60sol, 

683 µM Mic19_L133D. (C) 45 µM Mic60sol, 673 µM Mic19_F150D. (D) 50 µM Mic60sol_L685D, 809 µM 

Mic19. 
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In a third approach, a liposome co-sedimentation assay was used to analyze the 

Mic60-Mic19 interaction. Mic60sol was shown to bind to liposomes in vitro, while Mic19 

does not co-sediment with liposomes (Hessenberger et al., 2017). However, after 

Mic60sol-Mic19 complex formation, Mic19 co-sediments with liposomes due to binding 

to Mic60. 

According to an optimized protocol (see 4.3.12), Folch lipids from bovine brain were 

used and prepared. Mic60 and Mic19 were incubated with liposomes and co-

sedimented by ultracentrifugation (details in 4.3.13.). Subsequently, protein content 

obtained in the supernatant (SN) and the pellet (P) fractions was quantified. Only 

hydrophobic mutants were considered for further analysis. 

 

 

 
 

Figure 23: Liposome co-sedimentation assays using Mic60sol, Mic19 and mutants of both. (A) 4-12% 

SDS-PAGE gel cuttings stained with Coomassie Brilliant Blue. Experiments were performed in the 

absence (-) or presence (+) of liposomes. SN: supernatant after centrifugation; P: pellet. (B) Quantification 

of liposome co-sedimentation assays using ImageJ (Schneider et al., 2012). The bars indicate the average 

percentage of protein in P with respect of the total protein applied on the gel (SN + P = 100%). The 

calculated standard deviations are shown. Dots represent the results of three independent experiments. 

The numbers above the bars show the calculated values for pellet fractions in presence of liposomes. 



Results 

70 

 
 

Figure 24: Liposome co-sedimentation assays to analyze co-sedimentation of Mic19 and mutants 

of both. (A) 4-12% SDS-PAGE gel cuttings stained with Coomassie Brilliant Blue. Mic60sol and Mic19 

constructs were incubated in the absence (-) or presence (+) of liposomes. SN: supernatant after 

centrifugation; P: pellet. (B) Quantification of liposome co-sedimentation assays using ImageJ (Schneider 

et al., 2012). The bars indicate the average percentage of protein found in the pellet with respect of the 

total protein applied on the gel (SN + P = 100%). The calculated standard deviations are shown and the 

dots represent the results of three independent experiments. The numbers above the bars show the 

calculated values for the pellet fraction of the respective Mic19 construct in presence of liposomes. 

 

 

 

In agreement with Hessenberger et al., 2017, Mic60sol efficiently co-sedimented with 

liposomes (Figure 23). In contrast, Mic19 on its own and Mic19 mutants do not co-

sediment with liposomes (Figure 23). When both proteins were co-incubated with 

liposomes, Mic60 dragged Mic19 into the pellet (Figure 24). 

Mic60sol_V678D and Mic60sol_L685D showed efficient similar liposome binding to 

Mic60sol (Figure 23). However, the mutants did not efficiently recruit Mic19 to the pellet 
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fraction (Figure 24). Also the Mic19 mutations in V129, L133 and F150 led to reduced 

co-sedimentation with Mic60. 

These results reveal the importance of the hydrophobic residues V678, L685 from 

Mic60 and V129, L133, F150 from Mic19 in the Mic60-Mic19 interaction. Notably, these 

residues are highly conserved in higher eukaryotes (Figure 25).  

 

 

 
 

 
 

Figure 25: Secondary structure of mitofilin and CHCH domain and sequence alignment. Secondary 

structure of mitofilin and CHCH domain is depicted according to the crystal structure of Mitofilin_C-CHCH 

and PSIPRED prediction (Buchan and Jones, 2019; see Appendix C). Cylinders represent α-helices and a 

dashed line indicates that residues could not be modeled in the crystal structure. Mic60 and Mic19 from 

different species were aligned using Clustal Omega (Sievers et al., 2011) and manually refined; UniProtID 

in parentheses; Ct: C. thermophilum, Mic60 (G0SHY5), Mic19 (G0S140); Lt: Lacchancea thermotolerans, 

Mic60 (C5E325), Mic19 (C5E3G4); Sc: Saccharomyces cerevisiae, Mic60 (P36112), Mic19 (P43594); Hs: 

Homo sapiens, Mic60 (Q16891), Mic19 (Q9NX63); Mm: Mus musculus, Mic60 (Q8CAQ8), Mic19 

(Q9CRB9); Dr: Danio rerio, Mic60 (Q6PFS4), Mic19 (Q502T3); Xl: Xenopus laevis, Mic60 (A0A1L8HT59), 

Mic19 (Q6GQ87); Dm: Drosophila melanogaster, Mic60 (P91928), Mic19 (Q24269); Ce: Caenorhabditis 

elegans, Mic60, (Q22505), Mic19 (Q21551). Numbers represent borders of mitofilin or CHCH domain. A 

lack of the corresponding residue is indicated by a stroke. Residues with a conservation greater than 66% 

(6/9) are colored in red (D, E), blue (H, K, R), green (A, F, I, L, M, V, W, Y), purple (G, P), black (C) or grey 

(N, Q, S, T). The dots below the sequences indicate residues, which were mutated in this study. 
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Altogether, a detailed biochemical analysis using a combination of blue native PAGE, 

ITC and liposome co-sedimentation assays led to the identification of several residues 

critical for the integrity of the Mic60-Mic19 complex, emphasizing the importance of 

hydrophobic contacts. 

 

 

 

 

5.6. In vivo characterization of the Mic60-Mic19 interaction  

To investigate the physiological effect of the Mic60-Mic19 interaction on mitochondrial 

membrane architecture, Saccharomyces cerevisiae (sc) strains expressing the 

corresponding scMic60 or scMic19 single-point mutants were generated: 

ctMic60_V678D: scMic60_I532D, 

ctMic60_L685D: scMic60_T539D,     

ctMic19_V129D: scMic19_L143D,  

ctMic19_L133D: scMic19_L147D, 

ctMic19_F150D: scMic19_F164D.    

 

This analysis took advantage of the fact that most of the mutated residues are 

conserved within different species (Figure 25).  

 

Cloning of yeast constructs and protein level analysis were performed by Florian 

Wollweber, Janina Laborenz and Sibylle Jungbluth (Universität des Saarlandes). 

scMic60 or scMic19 knockout strains (mic60Δ or mic19Δ) were rescued by over-

expression of wild-type or mutant scMic60 or scMic19 constructs from a plasmid. 

Mitochondrial ultrastructures of wild-type, rescue and mutant strains were analyzed by 

electron microscopy by Elisa Lisicki at the MDC. Representative electron micrographs 

of mutant yeast and their mitochondria are shown in Figure 26. Crista junctions 

per  mitochondrial section were quantified as shown in Figure 27 (n = 100 mitochondrial 

cross sections).  
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Figure 26: Analysis of yeast mitochondria in wild-type and mutants. Saccharomyces cerevisiae (sc) 

Mic60 or Mic19 knockout strains (mic60Δ or mic19Δ) were rescued by over-expression of mutant scMic60 

or scMic19 from a plasmid to generate strains expressing scMic60 or scMic19 single-point mutants (empty 

vector in case of knockout and wild-type). Corresponding Chaetomium thermophilum (ct) constructs in 

parentheses; scMic60_I532D (ctMic60_V678D), scMic60_T539D (ctMic60_L685D), scMic19_L143D 

(ctMic19_V129D), scMic19_L147D (ctMic19_L133D), scMic19_F164D (ctMic19_F150D). Mitochondrial 

ultrastructures were analyzed by electron microscopy. Scale bar indicates 200 nm. Cloning of yeast 

constructs was performed by Florian Wollweber and Sibylle Jungbluth (Universität des Saarlandes). 

Experiments were performed by Elisa Lisicki at the MDC.  
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Figure 27: Quantification of crista junctions in wild-type and mutant mitochondria. S. cerevisiae (sc) 

Mic60 or Mic19 knockout strains (mic60Δ or mic19Δ) were rescued by over-expression of wild-type 

or  mutant scMic60 or scMic19 from a plasmid (empty vector in case of knockout and wild-type). The 

following single-point mutants were generated (corresponding Chaetomium thermophilum (ct) constructs in 

parentheses): scMic60_I532D (ctMic60_V678D), scMic60_T539D (ctMic60_L685D), scMic19_L143D 

(ctMic19_V129D), scMic19_L147D (ctMic19_L133D), scMic19_F164D (ctMic19_F150D). Quantification of 

crista junctions per mitochondrial section; n = 100 mitochondrial cross sections were analyzed for all 

groups. Differences of p ≤ 0.05 were considered significant (p ≤ 0.05*,p ≤ 0.01**, p ≤ 0.001***) compared 

to wild-type and the test statistic W is reported; ns: no significance (see also Figure 26). Cloning of yeast 

constructs was performed by Florian Wollweber and Sibylle Jungbluth (Universität des Saarlandes). 

Experiments and quantification were performed by Elisa Lisicki at the MDC.  

 

 

 

The number of crista junctions per mitochondrial section varies between zero and 

seven in all analyzed mitochondria (Figure 27). Wild-type mitochondria as well as 

scMic60 rescue and scMic19 rescue obtain approximately two crista junctions on 

average. Deletion of mic60 or mic19 resulted in almost complete absence of crista 

junctions, where the cristae membrane is detached from the inner boundary membrane 
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and forms internal membrane stacks (Figure 26). Mitochondria of most of the single-

point mutants show a significantly reduced number of crista junctions and phenotypes 

close to mic60Δ or mic19Δ, pointing to the importance of these residues in cristae 

morphology. Only scMic60_T539D showed a similar mitochondrial morphology 

compared to wild-type. However, this residue is only partial conserved (T in sc, L in ct, 

Figure 25) and is situated at the very C-terminus. In this case, the interaction between 

the mitofilin domain and the CHCH domain might be slightly altered in yeast compared 

to Chaetomium.   

 

Analysis of the protein levels in mitochondria revealed that levels of scMic19_L143D 

and scMic19_L147D were strongly reduced in comparison to wild-type (Figure 28 A). 

scMic19_F164D could not be detected, as F164 is part of the epitope recognized by 

the used antibody. Deletion of Mic19 resulted in reduced levels of Mic60, as reported 

previously for different organisms (von der Malsburg et al., 2011; Harner et al., 2011; 

Hoppins et al., 2011; Li et al., 2016; Ott et al., 2015; Darshi et al., 2011; Sakowska et 

al., 2015). Similar observations of reduced scMic60 levels were observed for all 

analyzed scMic19 mutants (L143D, L147D and F164D). 

Protein level analysis of scMic60_I532D and scMic60_T539D is shown in Figure 28 B, 

indicating that expression of scMic60_T539D is similar to scMic60 rescue, while 

scMic60_I532D expression is slightly reduced. Mic19 levels are also similar in 

scMic60  rescue and scMic60_T539D. For scMic60_I532D, it seems that reduced 

amounts of Mic19 were detected, while deletion of Mic60 resulted in strongly reduced 

Mic19 levels. These results are in line with the observation that mitochondria of 

scMic60_T539D appear as in wild-type or Mic60 rescue (Figure 26, Figure 27). 

 

Changes in cristae morphology (Figure 26, Figure 27) might be a consequence of 

reduced Mic60/Mic19 protein levels. However, Mic60 and Mic19 steady-state protein 

levels are mutually dependent and interaction between Mic60 and Mic19 was reported 

to cover a protease recognition site of Mic60 (Li et al., 2016). Therefore, reduced 

protein levels, as observed for scMic19_L143D, scMic19_L147D, scMic19_F164D and 

scMic60_I532D, point to disturbed scMic60-scMic19 interactions, which is in line with 

the in vitro results from Chaetomium thermophilum. However, these data need to be 

further validated. 
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Figure 28: Protein levels analysis of wild-type and mutant mitochondria. Samples were analyzed by 

SDS-PAGE and western blot with polyclonal antibodies against MICOS subunits, and Atp2 as sample 

processing control; e.v.: empty vector. (A) scMic19_F164D: ctMic19_F150D, scMic19_L143D: 

ctMic19_V129D, scMic19_L147D: ctMic19_L133D. (B) scMic60_I532D: ctMic60_V678D, scMic60_T539D: 

ctMic60_L685D. Cloning of yeast constructs and experiments were performed by Florian Wollweber, 

Janina Laborenz and Sibylle Jungbluth (Universität des Saarlandes). 

 

 

 

 

The analyzed residues and their positions in the crystal structure are depicted in  

Figure 29 and an overview of the performed in vitro and in vivo experiments is shown in 

Table 9. 
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Figure 29: Monomer structure of Mitofilin_C-CHCH and interaction interface. Monomer (chain A) 

shown in ribbon representation. Domains are colored individually and termini are labelled. The linker 

region is not resolved in the crystal structure and indicated by a dashed line (pink). Black dashed rectangle 

indicates the Mic60-Mic19 interface shown in detail. Selected residues involved in the interaction are 

shown and labelled. The label of analyzed mutants is colored according to results shown in Table 9; up to 

15x reduced binding in ITC (green), up to 100x reduced binding in ITC (orange), no binding in ITC (red);  

cristae morphology (sc) similar to knockout is marked by an asterisk.  

 

 

 

 

Table 9: Overview of blue native PAGE, ITC, liposome co-sedimentation assay and cristae 

morphology results for Mic60-Mic19 interaction interface mutants. For some constructs, no binding 

could be calculated via ITC (–). 
 

Mic60sol
 
+ Mic19 

(or mutant) 

Blue native 
PAGE, 

high-order 
oligomers 

ITC, 
KD in nM  

Liposome             
co-sedimentation, 

Mic19 in  
pellet in % 

 

Cristae 
morphology 

in correspond.  
yeast mutants 

Wild-type yes 190 ± 30 
 

90 ± 2  
 

 
 

Mic60sol_Q674A yes 1700 ± 200   
9x 

reduced    

Mic60sol_V678D   no 11000 ± 5000  
58x 

reduced 
17 ± 6  

5x 
reduced 

Like 
knockout 

Mic60sol_L685D   no – 
 

40 ± 3  
2x 

reduced 
 Like wild-type 

Mic19_R126A yes 2200 ± 700 
12x 

reduced    

Mic19_V129D  no – 
 

38 ± 3  
2x 

reduced 
Like 

knockout 

Mic19_L133D  no – 
 

34 ± 2  
3x 

reduced 
Like 

knockout 

Mic19_F150D  no – 
 

45 ± 1  
2x 

reduced 
Like 

knockout 
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5.7. Design and purification of extended constructs containing 

LBS, mitofilin domain and CHCH domain 

The mitofilin domain is the most conserved domain of Mic60 (Rabl et al., 2009; von der 

Malsburg et al., 2011; Körner et al., 2012; Zerbes et al., 2012). However, the 

crystallized construct Mitofilin_C-CHCH (after trypsin digestion) did not contain the full 

mitofilin domain (Figure 25). Thus, I tried to include additional parts of Mic60 to prolong 

the construct. Two predicted helices between the coiled-coil domain and the mitofilin 

domain of Mic60 were shown to be able to bind to liposomes and remodel them, 

independent of Mic60 transmembrane region (Hessenberger et al., 2017, see also 

Appendix C). This region is referred to lipid binding site (LBS) and the corresponding 

predicted helices LBS1 and LBS2. However, so far no structural information about this 

region and the membrane binding mechanism could be obtained.  

To get structural information about the LBS of Mic60, Jeffrey Noel (MDC) applied 

co-evolutionary coupling analyses from sequence alignments for structure prediction 

(Hopf et al., 2019). In the resulting prediction, LBS1 was positioned in close proximity 

to the mitofilin domain (Figure 30) and formed with three helices a four-helix bundle 

(Figure 30 B). Moreover, the model reveals a long unstructured region between LBS 

and the mitofilin domain (brown), which might hinder proper crystal formation. 

 

 
 

 
 

Figure 30: Structure prediction of Mic60. (A) Structure prediction of Chaetomium thermophilum Mic60 

(residues 557-685) comprising the lipid binding site (LBS, orange) and the mitofilin domain (pink) in a side 

view. N- and C-termini and the two α-helices of LBS (LBS1, LBS2) are labelled. The unstructured loop 

region between the LBS and the mitofilin domain is colored in brown. Designed constructs used in this 

study do not contain the unstructured N-terminus (grey). Structure prediction derived from the EVolutionary 

Couplings Server (Hopf et al., 2019). (B) Structure as in (A) 90 ° turned clockwise (y-axis). 
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According to this prediction, I used new strategies for construct design (Figure 31). On 

the one hand, I fused LBS1 directly to Mitofilin_C-CHCH (Figure 31 C). An appropriate 

linker length between LBS1 and the mitofilin domain appeared required for the 

formation of the four-helix bundle. Thus, different linker lengths were designed by using 

repetitive glycine-serine (GS) stretches. On the other hand, the unstructured region 

between LBS2 and the mitofilin domain (Figure 30, brown) was removed and the 

remaining protein parts were connected via a variable GS linker (Figure 31 D). 

Furthermore, a construct containing the complete LBS and the mitofilin domain without 

deletion was designed (Figure 31 E). To maintain solubility, all constructs also included 

the CHCH domain of Mic19. 

 

These new constructs were expressed and purified via Ni-NTA and SEC as described 

for Mitofilin_C-CHCH (see 5.1). The SEC profiles of the constructs are shown in   

Figure 31. Depending on the construct, yields of soluble protein between 2 mg and 

30 mg protein per liter bacteria culture could be obtained after SEC. Only construct 

Mitofilin-CHCH_3 could be concentrated up to 18 mg/ml, all other proteins started to 

precipitate upon concentration.  

The constructs combining LBS1 with Mitofilin_C-CHCH (Figure 31 C/F) led to highest 

yields, and reasonable concentrations for crystallization trials could be obtained. 

Moreover, the main peak of the SEC profile appears sharp and symmetric, assuming a 

single conformational species.  
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Figure 31: New constructs and SEC purifications. (A), (B) Schematic representation of the ctMic60 and 

the ctMic19 domain structure as shown in Figure 10; created based on PSIPRED  (Buchan and Jones, 

2019; Jones, 1999; see also Table 6 and Appendix C). TM: transmembrane helix, Coiled-coil: coiled-coil 

domain, LBS: lipid binding site, Mitofilin: mitofilin domain, CHCH: CHCH domain; numbers show the amino 

acid position; in this study a soluble Mic60 construct Mic60sol was used instead of full-length Mic60; 

construct borders are labelled. (C), (D), (E) Show the three strategies for construct design and the arrows 

point to the corresponding SEC purification chromatograms: (F), (G), (H) An ÄKTApurifier chromatography 

system connected to a HiLoad 16/600 Superdex 75 pg column (GE Healthcare) was used. Absorption was 

measured at 280 nm. 1 ml fractions were collected. Asterisks show pooled peaks. Constructs: C: 

Mic60_565-586-X-622-691-GSGS-Mic19_116-164, D: Mic60_565-607-X-622-691-GSGS-Mic19_116-164, 

E: Mic60_565-691-GSGS-Mic19_116-164, X = 0x GS or 1x GS or 2x GS; G: glycine, S: serine (see 

4.2.12). 
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5.8. Crystallization and structure determination of the new 

Mic60-Mic19 fusion constructs 

All purified constructs were subjected to crystallization trials (details in section 4.4.2). 

Crystals of the two constructs Mitofilin-CHCH_2 and Mitofilin-CHCH_3 (Figure 31 C/F) 

were obtained and optimized (Figure 32). In most cases, crystals grew as plates, but 

sometimes also cube-shaped crystals were observed. A plate-like crystal of 

Mitofilin-CHCH_2, derived from the crystal depicted in Figure 32 F, showed the best 

diffraction. 

 

 
 

 
 

Figure 32: Images of crystals of new fusion constructs. The black scale bar indicates 600 µm and the 

white scale bar 100 µm. (A) Crystals of construct Mitofilin-CHCH_3 obtained in screening condition 

20% (w/v) PEG MME 2000, 0.1 M TRIS, pH 8.5, 0.2 M TMANO after 8 days. (B) Crystals of construct 

Mitofilin-CHCH_2 after one day in the same condition as in (A). (C) Crystals of construct Mitofilin-CHCH_2 

after 4 days in a crystallization solution containing 30% (w/v) Jeffamine ED-2001, 0.1 M HEPES, pH 7.0. 

(D) Magnification of (A). (E) Magnification of (B). (F) Magnification of (C). The crystal appeared after three 

days and was fished at the following day (approx. 160 µM x 100 µM); a plate of this crystal diffracted to a 

resolution of 2.5 Å.  
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X-ray diffraction data were collected at BESSY II in Berlin (see 4.4.3) and the best 

crystal diffracted X-rays to a maximum resolution of 2.5 Å (Table 10). The unit cell 

parameters indicated a high probability for four molecules per asymmetric unit, 

corresponding to a solvent content of 44% and a Matthews coefficient VM = 2.19 Å3/Da 

(see 4.4.3). 

 

 

  

Table 10: Data collection statistics of Mitofilin-CHCH_2. Values in parentheses are for highest-

resolution shell. 
 

Data collection 
 

Space group P21 (4) 

Cell dimensions 
 

a, b, c (Å) 58.20, 85.37, 61.50 

α, β, γ (°) 90.00, 101.72, 90.00 

Resolution (Å) 49.21 ‒ 2.50 (2.65 ‒ 2.50) 

Rmeas (%) 13.0 (191.1) 

I/σI 9.16 (0.75) 

Completeness (%) 98.8 (97.7) 

Multiplicity 4.0 (4.0) 

CC1/2 (%) 99.8 (39.4) 

 

 

 

The structure was solved by molecular replacement using the structure of 

Mitofilin_C-CHCH as search model (details in 4.4.4.). In addition to the four protein 

chains, eight water molecules and three ligands were included in the model.  

Rwork = 23.2% and Rfree = 25.9%, the Ramachandran statistics and the obtained 

clashscore and rotamer outliers indicate a well refined model (Table 11). 
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Table 11: Refinement statistics of Mitofilin-CHCH_2. Values in parentheses are for highest-resolution 

shell. 
 

Refinement 
 

Resolution (Å) 40.74 ‒ 2.50 

Total no. of reflections 81,921 (12,949) 

Rwork / Rfree (%) 23.2 / 25.9 

No. of atoms  

    Protein 4,394 

    Ligand 93 

    Water 8 

B-factors (Å2)  

    Protein 79.50 

    Ligand 95.35 

    Water 58.92 

RMS deviations  

    Bond lengths (Å) 0.003 

    Bond angles () 

Ramachandran plot 

    Favored (%) 

    Allowed (%) 

    Outliers (%) 

Rotamer outliers (%) 

Clashscore 

0.58 

 

98.70 

1.30 

0.00 

1.10 

4.90 

 

 

 

 

 

5.9. Crystal structure of the dimeric mitofilin domain 

The structure of Mitofilin-CHCH_2 represents four molecules in the asymmetric unit, 

arranged as two inter-domain swapped dimers (Figure 33). Chain A and chain B form 

one dimer and chain C and chain D the other dimer. Interestingly, the mitofilin domains 

within the dimer show a crescent-shaped surface (Figure 33 D). Contacts between the 

dimers are mediated via the mitofilin domain and the CHCH domain.  
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Figure 33: Crystal structure of Mitofilin-CHCH_2 fusion construct. (A) The asymmetric unit contains 

four molecules, arranged in two dimers. Chains are colored individually and shown in ribbon 

representation. Chain A: orange (LBS1), pink (mitofilin domain) and blue (CHCH domain), chain B: grey, 

chain C: cyan, chain D: green. Termini are labelled. The linker region between the mitofilin domain and the 

CHCH domain is not resolved in the crystal structure and indicated by a dashed line. Three molecules 

tetraethylene glycol (code: PG4) were built, colored in purple. (B) Structure as in (A) 90 ° turned  clockwise 

(y-axis). (C) Structural formula of Jeffamine ED-2001 (O,O'-Bis(2-aminopropyl) polypropylene glycol-block-

polyethylene glycol-block-polypropylene glycol), m ≈ 39, (l+n) ≈ 6; derived from JBScreen JCSG++ HTS 

(Jena Bioscience). (D) Dimer composed of chains A and B. The GS linker between LBS1 and the mitofilin 

domain (removal of LBS2) is indicated by delta (Δ). 
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The assembly of two dimers results in a cavity, where ligand molecules are present 

(Figure 33 B). The crystallization solution contained Jeffamine ED-2001, which is 

composed of different lengths of polypropylene glycol and polyethylene glycol blocks 

(Figure 33 C). However, polyethylene glycol makes up the majority of Jeffamine ED-

2001. Due to ambiguous electron density, three molecules of tetraethylene glycol 

(three letter code: PG4) were modelled into the density. 

 

In accordance with the secondary structure prediction (Appendix Figure C.3), the 

monomer of Mitofilin-CHCH_2 comprises six α-helices: LBS1, the three helices of the 

mitofilin domain (α1M-α2M-α3M) and the two helices of the CHCH domain 

(α1CHCH-α2CHCH, Figure 34). Helices α1M-α2M-α3M-α1CHCH-α2CHCH represent construct 

Mitofilin_C-CHCH before trypsin digestion, whereby α3M-α1CHCH-α2CHCH were visible in 

the first structure (Figure 16).  

142 of 149 residues could be modelled in at least one chain (Figure 34 C). The linker 

between mitofilin domain and CHCH domain could not be modelled, while the linker 

between LBS1 and mitofilin domain displayed different arrangements and poor electron 

density (Figure 34 B). The disulfide bond within CHCH domain is visible in all chains, 

similar to the previous structure of Mitofilin_C-CHCH. Overall, the four chains can be 

superimposed with RMSDs of 0.511-0.664 Å over 121-124 Cα atoms, pointing to a 

highly related structure. High flexibility is found in the non-natural linker regions and 

termini.   
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Figure 34: Monomer structure of Mitofilin-CHCH_2 and alignment. (A) Monomer (chain A) of 

Mitofilin-CHCH_2 in ribbon representation. Domains are colored individually and termini are labelled. The 

linker region between mitofilin (M) and CHCH domain (CHCH) is not resolved in the structure and 

indicated by a dashed line. The linker between LBS1 and mitofilin domain (removal of LBS2) is indicated 

by delta (Δ). (B) Monomer as in (A) aligned with the three additional chains of the asymmetric unit (see 

Figure 33); chain B: grey, chain C: cyan, chain D: green. (C) Sequence alignment and overview of all 

chains of the asymmetric unit. The first amino acid sequence represents Mitofilin-CHCH_2 after cleavage 

of the His6-tag; GP (non-bold) vector derived. Non-natural linkers are marked with asterisks; cysteine 

residues forming a disulfide bond are underlined. Strokes within the sequence represent amino acids, 

which could not be modelled. Domains are labelled and colored as in (A). The cursive numbers at the 

bottom display the nomenclature according to Mic60 or Mic19. See also Appendix Figure C.3. 
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5.10. Structural comparisons 

To compare the crystal structures of Mitofilin-CHCH_2 and Mitofilin_C-CHCH, the 

protein backbones (Cα) were superimposed. Superposition shows that the two 

structures share three helices (α3M-α1CHCH-α2CHCH) and the protein backbones 

superimpose well with an RMSD of 0.361 Å over 58 Cα atoms (Figure 35 A).  

 

 

 

 
 

 

Figure 35: Alignment of Mitofilin-CHCH_2 and Mitofilin_C-CHCH. (A) Mitofilin-CHCH_2 (chain A) is 

aligned with the structure of Mitofilin_C-CHCH (light grey); both shown in ribbon representation. Domains 

of Mitofilin-CHCH_2 are colored individually and termini are labelled. The linker region between the 

mitofilin domain and the CHCH domain is not resolved in the structure and indicated by a dashed line 

(colored). The linker between LBS1 and the mitofilin domain (removal of LBS2) is indicated by delta (Δ). 

The black dashed line (vertical) marks the N-terminus of Mitofilin_C-CHCH after limited proteolysis. 

(B), (C), (D) Mic60-Mic19 interface shown in detail. Selected residues involved in the interaction are shown 

and labelled. (B) Alignment of chain A of Mitofilin-CHCH_2 (pink, blue) with residues of chain A of 

Mitofilin_C-CHCH (grey). (C) Alignment of residues of all chains of Mitofilin_C-CHCH. Chain A: pink and 

blue, chain B: green, chain C: beige, chain D: grey, chain E: cyan, chain F: yellow; backbone of chain A. 

(D) Alignment of residues of all chains of Mitofilin-CHCH_2. Chain A: pink and blue, chain B: grey, chain C: 

cyan, chain D: green; protein backbone of chain A. 
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As Mitofilin_C-CHCH, Mitofilin-CHCH_2 comprises the interaction interface of the 

mitofilin domain and the CHCH domain. Backbone superposition demonstrates that 

most of the analyzed residues involved in the Mic60-Mic19 interaction display the same 

conformation in Mitofilin-CHCH_2 and Mitofilin_C-CHCH (Figure 35 B). However, the 

salt bridge between Mic60_E682 and Mic19_R126 is only observed in chains A and B 

of Mitofilin-CHCH_2 (Figure 35 D). Instead, in chains C and D, crystal contacts with 

molecules in the adjacent asymmetric unit occurred.  

 

In agreement with the structure prediction, LBS1 is positioned in close proximity to the 

mitofilin domain in Mitofilin-CHCH_2. Superposition of the prediction and the crystal 

structure reveals that LBS1 and the first two helices of the mitofilin domain (α1M, α2M) 

align well (Figure 36 A), indicating that the non-natural linker does not disturb the 

domain arrangement. However, the long mitofilin domain helix (α3M) is arranged in a 

different orientation. The flexible linker between α2M and α3M helix could enable a 

conformational change of the mitofilin domain (Figure 36 A, dashed arrow).  

Interestingly, the mitofilin domain helix α3M of one monomer completes the predicted 

four-helix bundle in the second monomer of the dimer (Figure 36 B).  
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Figure 36: Alignment of Mitofilin-CHCH_2 and Mic60 prediction. (A) Superposition of structure 

prediction of Chaetomium thermophilum Mic60 (residues 557-685) and monomer (chain A) of 

Mitofilin-CHCH_2; both shown in ribbon representation. Domains are colored individually. Mic60 prediction 

comprises lipid binding site (LBS, yellow) and mitofilin domain (rose); N- and C-termini (N, C) are labelled. 

Mitofilin-CHCH_2 is colored in orange (LBS1), pink (mitofilin domain) and blue (CHCH domain) and termini 

are marked with N’ or C’. The linker region between mitofilin domain and CHCH domain is not resolved in 

the crystal structure and indicated by a dashed line (colored). α-helices are labelled; M: mitofilin domain, 

CHCH: CHCH domain. The flexible linker between α2
M
 and α3

M
 is marked by a dashed arrow. Structure 

prediction derived from the EVolutionary Couplings Server (Hopf et al., 2019; see Figure 30). (B) Structure 

as in (A), but instead of Mitofilin-CHCH_2 monomer, the dimer is shown; the second monomer (chain B) is 

colored in grey and termini are labelled with N’’ and C’’.  

 

 

 

 

 

5.11. Membrane binding of Mic60 

It was shown that deletion of the LBS reduced liposome binding of Mic60sol 

(Hessenberger et al., 2017). However, the used Mic60sol constructs all contained the 

coiled-coil domain of Mic60. This raised the question whether the coiled-coil domain is 

necessary for liposome binding in addition to the LBS. Furthermore, I wanted to explore 

the effect of deleting LBS2 on liposome binding. To test this, liposomes co-

sedimentation assays were performed as described previously (5.5.2., 4.3.13., see 
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construct overview in Figure 37 A-E). Interestingly, in contrast to Mic60sol, 

Mitofilin_C-CHCH and Mitofilin-CHCH_2 did not bind to liposomes (Figure 37 F, G).  

 

 

 

 

 
 

Figure 37:  Liposome co-sedimentation assays using Mic60sol and different Mic60-Mic19 fusion 

constructs. (A), (B) Schematic representation of the domain structure of ctMic60 and ctMic19 as shown in  

Figure 10. TM: transmembrane helix, Coiled-coil: coiled-coil domain, LBS: lipid binding site, Mitofilin: 

mitofilin domain, CHCH: CHCH domain; numbers show the amino acid position; in this study a soluble 

Mic60 construct Mic60sol was used instead of full-length Mic60, the construct borders are labelled. 

(C), (D), (E) Schematic representation of the fusion constructs used in the liposome co-sedimentation 

assays. (F) 4-12% SDS-PAGE gel cuttings stained with Coomassie Brilliant Blue. The experiments were 

performed in the absence (-) or presence (+) of Folch liposomes. SN: supernatant after centrifugation; 

P: pellet. (G) Quantification of liposome co-sedimentation assays using ImageJ (Schneider et al., 2012). 

The bars indicate the average percentage of protein found in the pellet with respect of the total protein 

applied on the gel (protein in SN + protein in P = 100%). The calculated standard deviations are shown 

and the dots represent the results of three independent experiments. The numbers above the bars show 

the calculated values for the pellet fraction of the respective protein in presence of liposomes. 
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For Mitofilin-CHCH_7, experiments were difficult to reproduce, which may be caused 

by the tendency of the protein to precipitate. However, some liposome binding was 

consistently observed. These results suggest that LBS1 and LBS2, and likely their 

spatial arrangement, are important for liposome binding. 

 

Furthermore, comparison with Mic60sol revealed reduced liposome binding of 

Mitofilin-CHCH_7 (Figure 37 G). This suggests that the presence of LBS is not 

sufficient for liposome binding, or the LBS is not correctly arranged in 

Mitofilin-CHCH_7. However, the most significant difference between both constructs is 

the coiled-coil domain of Mic60, which seems to contribute to liposome binding perhaps 

via a scaffolding function.  

Taken together, these data indicate that the coiled-coil domain of Mic60 is needed for 

membrane binding, in addition to LBS1 and LBS2.  

 

The mitofilin domain dimer forms a crescent-shaped membrane-binding site, which 

could interact within the highly curved crista junction membrane (Figure 38). To confirm 

the predicted membrane binding surface, a structure-based mutagenesis approach 

using Mic60sol was applied, with a focus on positively charged amino acids as possible 

binding partners for negatively charged phospholipid head groups. The first helix of the 

mitofilin domain (α1M) is in close proximity to LBS1 and might also be involved in 

membrane binding (Figure 38).  

To probe this interface, surface-exposed positive charged residues in these regions 

were mutated to aspartate. Double mutants were designed if two positively charged 

amino acids were next to each other. These mutants were expressed and purified as 

Mic60sol (described in 5.5.1). The SEC profiles of the peak areas are shown in      

Figure 39 A. 
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Figure 38: Surface analysis of Mitofilin-CHCH_2. (A) Mitofilin-CHCH_2 dimer composed of chains A 

and B shown in ribbon representation. Domains of chain A are colored individually and N- and C-termini 

are labelled. Chain B is colored in grey. The linker region between mitofilin domain (M) and CHCH domain 

(CHCH) is not resolved in the crystal structure and indicated by a dashed line. The GS linker between 

LBS1 and the mitofilin domain (removal of LBS2) is indicated by delta (Δ). The black dashed rectangle 

indicates LBS1 and the partial mitofilin domain shown in detail. Selected residues likely involved in 

membrane binding are shown and labelled (chain A). (B) Electrostatic surface potential projected on 

Mitofilin-CHCH_2 dimer shown in (A). Red color indicates negative charge, blue color positive charge at 

neutral pH. Selected residues likely involved in membrane binding (chain A) are labelled (see A); R631’ of 

chain B is labelled. 

 

 

 

In liposome co-sedimentation assays (see 4.3.13), Mic60sol_R574D/R575D and 

Mic60sol_R581D/K582D showed considerably reduced liposome binding of approx. 

50% (Figure 39 B, C). In case of Mic60sol_R631D, a reduction of approx. 20% was 

observed. Sequence conservation (analyzed in section 5.13) revealed that 

ctMic60_R574 and R575 vary among different species, whereas R581, K582 and R631 

are highly conserved (Figure 42). For ctMic60_R631, the corresponding positive amino 

acid seems to be shifted one helix turn in higher eukaryotes (Figure 42, yellow star). 
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ctMic60_R572 is a highly conserved positive amino acid within LBS1, and its mutation 

reduced membrane binding (Hessenberger et al., 2017). This residue points toward the 

dimer interface in my structure, and does not have an obvious role in membrane 

binding (Figure 38).   

In summary, these experiments indicate that the crescent-shaped surface in the 

mitofilin dimer comprises the membrane-binding site. 

 

 

 

 

 
 

Figure 39: Liposome binding of Mic60sol constructs. (A) SEC purification chromatogram sections. An 

ÄKTApurifier chromatography system connected to a HiLoad 16/600 Superdex 200 pg column (GE 

Healthcare) was used. Absorption was measured at 280 nm. 1 ml fractions were collected. The asterisk 

shows the pooled peaks (complete SEC chromatogram of Mic60sol in Figure 18 A). (B) 4-12% SDS-PAGE 

gel cuttings stained with Coomassie Brilliant Blue. The experiments were performed in absence (-) or 

presence (+) of liposomes. SN: supernatant after centrifugation; P: pellet. (C) Quantification of liposome 

co-sedimentation assays using ImageJ (Schneider et al., 2012). The bars indicate the average percentage 

of protein found in the pellet with respect of total protein applied on the gel (SN + P = 100%). The 

calculated standard deviations are shown and the dots represent the results of three independent 

experiments. The numbers above the bars show the calculated values for the pellet of the respective 

protein in presence of liposomes.  
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5.12. Characterization of the dimer interfaces of the mitofilin 

domain 

The crystal structure of Mitofilin-CHCH_2 not only revealed an inter-domain swapped 

dimer, but also raised the opportunity to study the dimer interfaces in more detail and 

get more information about the physiological relevance. Analysis of the structure 

revealed two evolutionary conserved dimer interfaces (Figure 40 A, Figure 42). In both 

cases, interactions were mediated via hydrophobic contacts. Interface 1 is located in 

the long mitofilin helix (α3M) and composed of the conserved residues W662, V666 and 

the non-conserved residue V669. In both monomers, the same residues are involved in 

the interaction in an antiparallel manner.  

The second conserved interface consists of a hydrophobic pocket formed by F573, 

V576, V580, M648 and L651. L676 in α3M of monomer 1 inserts into this hydrophobic 

pocket formed by LBS1 and the mitofilin domain (helix α2M) of the second monomer 

(Figure 40 A).  

 

Single-point mutations were introduced into Mitofilin-CHCH_2 to analyze the dimer 

interfaces in more detail. Residues W662, V666 and L676 were mutated to aspartate, 

respectively, to tackle both interfaces. Proteins were expressed and purified as 

described in section 5.1. The SEC profiles of the main peak area (Figure 40 B) showed 

that only the main peaks of Mitofilin-CHCH_2 and mutant L676D are symmetric. 

Surprisingly, mutant L676D could be more highly concentrated compared to wild-type 

Mitofilin-CHCH_2.  

In contrast, Mitofilin-CHCH_2_W662D and Mitofilin-CHCH_2_V666D started to 

precipitate during the purification process and were not stable. Therefore, only mutant 

Mitofilin-CHCH_2_L676D was further analyzed.  
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Figure 40: Dimer interfaces of Mitofilin-CHCH_2. (A) Dimer composed of chains A and B shown in 

ribbon representation. Domains of chain A are colored individually. Chain B is colored in grey. Termini and 

helices are labelled. The linker region between mitofilin domain and CHCH domain is not resolved in the 

structure and indicated by a dashed line. The GS linker between LBS1 and mitofilin domain (removal of 

LBS2) is indicated by delta (Δ). Black rectangles show the dimer interfaces in detail. Selected residues are 

shown and labelled (chain A in color, chain B in grey). All shown residues in the black dashed rectangle 

belong to helix α3
M
. (B) SEC purification chromatogram sections of Mitofilin-CHCH_2 and dimer interface 

mutants. An ÄKTApurifier chromatography system connected to a HiLoad 16/600 Superdex 75 pg column 

(GE Healthcare) was used. Absorption was measured at 280 nm and 1 ml fractions were collected. The 

asterisk points to pooled peaks. (C) Sedimentation equilibrium AUC runs using 1 mg/ml protein 

concentration. The upper panel shows the experimental data (dots) and the fit of the data (solid line), the 

lower two panels show the deviation of the fit to the data. The fit yielded a molecular mass of 

Mr = 34 ± 4 kDa for   Mitofilin-CHCH_2 (black), which corresponds to a dimer and Mr = 16 ± 2 kDa for 

Mitofilin-CHCH_2_L676D (red), which corresponds to a monomer. A: absorbance. AUC experiments were 

performed by Dr. Hauke Lilie at the Martin-Luther-Universität Halle-Wittenberg. 
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Sedimentation equilibrium analytical ultracentrifugation (AUC) experiments were 

performed by Dr. Hauke Lilie at the Martin-Luther-Universität Halle-Wittenberg 

(see   section 4.3.16.). The determined relative molecular mass (Mr) of 

Mitofilin-CHCH_2 (Figure 40 C) shows the presence of a predominant dimeric species 

in solution (Mr = 34 ± 4 kDa), as expected from the crystal structure. In contrast, 

Mitofilin-CHCH_2_L676D is present as a monomer in solution (Mr = 16 ± 2 kDa). 

These results confirm that Mitofilin-CHCH_2 is present as a dimer in solution and that 

mutation L676D disrupts the dimeric state of Mitofilin-CHCH_2. 

 

The role of the mitofilin domain dimer in Mic60sol was further analyzed by Tobias Bock-

Bierbaum (MDC). He introduced L676D into Mic60sol and performed blue native PAGE 

analysis. Mic60sol_L676D showed similar oligomerization as Mic60sol (Figure 41). A 

complex consisting of Mic60sol_L676D and Mic19 showed slightly reduced 

oligomerization in comparison to Mic60sol-Mic19. Furthermore, it seems that a fraction 

of Mic60sol_L676D does not interact with Mic19. 

 

Previously, Tobias Bock-Bierbaum could crystallize the coiled-coil domain of 

Lachancea thermotolerans Mic60 (yeast), which displays a tetramer consisting of two 

antiparallel dimers (unpublished data). Using structure based-mutagenesis he identified 

the residues V455 and F461 to be crucial for Mic60sol tetramerization. Introduction of 

V455D/F461D into Mic60sol rendered the protein almost exclusively dimeric (Figure 41). 

A similar result was obtained for the triple mutant Mic60solV455D/F461D/L676D. 

However, while a complex of Mic60solV455D/F461D and Mic19 is still able to partially 

oligomerize to higher-order oligomers, incubation of Mic60solV455D/F461D/L676D with 

Mic19 resulted in only one predominant band, which should represent a dimeric 

Mic60-Mic19 complex or the Mic60solV455D/F461D/L676D dimer.  

In conclusion, the Mic60 tetramer interface in the coiled-coil domain and the mitofilin 

domain dimer seem to be important and to cooperate during oligomerization of the 

Mic60-Mic19 complex. 
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Figure 41: Blue native PAGE analysis of Mic60sol tetramer and dimer interfaces. 4-16% Bis-Tris gel 

stained with Coomassie Brilliant Blue; Marker: NativeMark™ Unstained Protein Standard. The numbers 

indicate the MW in kDa. The experiment was performed by Tobias Bock-Bierbaum (MDC). 

 

 

 

 

5.13. Evolutionary conservation analysis 

The crystal structure of Mitofilin-CHCH_2 revealed the structural arrangement of LBS1 

and the complete mitofilin domain, which is in general in accordance with secondary 

structure prediction (Figure 42, see also Figure 25). The conservation of the mitofilin 

domain was already described previously (Rabl et al., 2009; von der Malsburg et al., 

2011; Körner et al., 2012; Zerbes et al., 2012). In addition, sequence alignment 

revealed that several amino acids of LBS1 are also conserved within different species 

(Figure 42, Hessenberger et al., 2017). Distinct aspects of the mitofilin domain were 

analysed in the preceding sections including dimerization, membrane binding and 
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interaction with the CHCH domain of Mic19. The analysed residues are labelled in 

Figure 42 revealing that most of them are conserved.  

 

 

 

 
 

Figure 42: Secondary structure of LBS and mitofilin domain of Mic60 and sequence alignment. 

Secondary structure of LBS and mitofilin domain according to the structures of Mitofilin-CHCH_2 and 

Mitofilin_C-CHCH, and PSIPRED prediction (Buchan and Jones, 2019; Jones, 1999; see Appendix C). 

Cylinders represent α-helices. The dashed line indicates residues, which could not be modeled in the 

crystal structure. Mic60 from different species were aligned using Clustal Omega (Sievers et al., 2011) and 

manually refined (UniProtID in parentheses); Ct: Chaetomium thermophilum, Mic60 (G0SHY5); 

Lt:  Lacchancea thermotolerans, Mic60 (C5E325); Sc: Saccharomyces cerevisiae, Mic60 (P36112); 

Hs:  Homo sapiens, Mic60 (Q16891); Mm: Mus musculus, Mic60 (Q8CAQ8); Dr: Danio rerio, Mic60 

(Q6PFS4); Xl: Xenopus laevis, Mic60 (A0A1L8HT59); Dm: Drosophila melanogaster, Mic60 (P91928); 

Ce:  Caenorhabditis elegans, Mic60 (Q22505). Numbers represent the amino acid position (within full-

length protein). A lack of the corresponding residue is indicated by a stroke. Residues with a conservation 

greater than 66% (6/9) are colored in red (D, E), blue (H, K, R), green (A, F, I, L, M, V, W, Y), purple (G, 

P), black (C) or grey (N, Q, S, T). The dots below the sequences indicate residues analyzed in this study; 

overlaying dots: double mutant. The star points to a lysine residue (K) in Hs, Mm, Dr and Xl, which might 

correspond to ctMic60_R631.  
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To gain insights into the position of conserved surface patches of Mic60 or Mic19, a 

surface representation of Mitofilin-CHCH_2 monomer is shown, where amino acids are 

colored according to their conservation (Figure 43, details in 4.4.5). A second monomer 

is presented in ribbon representation to indicate the conservation of the dimer interface. 

Furthermore, the dimer interface comprising L676 is shown in detail at two positions of 

the dimer (Figure 43 B, top). The dimerization interface shows a high conservation 

level. 

 

To illustrate the interaction between Mic60 and Mic19, either the mitofilin domain or the 

CHCH domain is presented in ribbon representation or with surface conservation, 

respectively (Figure 43 B, dashed rectangles). Residues involved in the interaction 

display different levels of conservation, ranging from average to complete conservation. 

Interestingly, most of the residues of the CHCH domain, which are not involved in 

interaction with the mitofilin domain, are variable (colored in cyan).  

In conclusion, the dimerization in the mitofilin domain and the mitofilin-CHCH-domain 

interface of Mic60 and Mic19 are evolutionary conserved, pointing a conserved function 

in evolution. 
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Figure 43: Conservation of the dimer interface and the Mic60-Mic19 interaction interface. 

(A) Mitofilin-CHCH_2 (chains A and B) in ribbon representation; termini labelled. Domains of chain A are 

colored individually, chain B: grey. The linker region between mitofilin and CHCH domain is indicated by a 

dashed line (not resolved). Linker between LBS1 and mitofilin domain (LBS2 removal) is indicated by 

delta (Δ). (B) Structure as in (A) with surface conservation plot of chain A using ConSurf (Ashkenazy et al., 

2016; details in 4.4.5). GS linker is colored in yellow. Rectangles (black line) indicate the dimer interface 

shown in detail (interface 2, Figure 40). Selected residues involved in the interaction are shown and 

labelled. Black dashed rectangle indicates Mic60-Mic19 interaction shown in detail. Either the mitofilin or 

the CHCH domain is shown in ribbon representation or with surface conservation, respectively. Selected 

residues are shown and labelled (chain A). (C) Structure as in (A) 180 ° turned counter-clockwise (x-axis). 
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6. Discussion  

In this study, the structure of the mitofilin domain of Mic60 and the CHCH domain of 

Mic19 was determined. The interaction between the mitofilin domain and the CHCH 

domain was analyzed in detail, demonstrating that mutation of hydrophobic residues in 

the interface disturbs the interaction in vitro and in vivo. Moreover, liposome binding of 

several Mic60 constructs and mutants was analyzed, leading to the suggestion that the 

coiled-coil domain and the LBS cooperate in lipid binding. The mitofilin domain formed 

a dimer in the crystal structure, revealing a crescent-shaped surface for membrane 

binding and remodeling. Several aspects of these results will be discussed in the 

following sections and a model for Mic60-Mic19 function in cristae morphology is 

presented. 

 

 

 

6.1. LBS1 and mitofilin domain form a functional element 

Most of the MICOS components are conserved in eukaryotes. Mic60 seems to be the 

oldest of these proteins, as even α-proteobacteria contain a Mic60 homolog (Munoz-

Gomez et al., 2015; Huynen et al., 2016). Within Mic60, the mitofilin domain shows the 

highest sequence conservation pointing to an important physiological function     

(Figure 25, Figure 42; Munoz-Gomez et al., 2015). Mic60 was shown to bind to 

liposomes and induce membrane curvature, independently of the transmembrane 

region (Hessenberger et al., 2017; Tarasenko et al., 2017). Membrane bending activity 

of Mic60 is an ancient mechanism, as Mic60 from α-proteobacteria are also able to 

deform membranes (Tarasenko et al., 2017; Munoz-Gomez et al., 2015). Two 

predicted helices, located between the coiled-coil and the mitofilin domain, are involved 

in Mic60 mediated membrane remodeling (Hessenberger et al., 2017). Due to this 

observation, this region was termed lipid binding site (LBS) and the two helices LBS1 

and LBS2. Membrane remodeling is a very important process in mitochondria, thus it is 

not surprising that this membrane binding site is crucial for mitochondrial ultrastructure 

(Hessenberger et al., 2017). However, the exact mechanism of Mic60 membrane 

binding and remodeling remained unclear.  
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In this work, co-evolutionary sequence analysis (Hopf et al., 2019) was initially used to 

obtain more insights. In this pipeline, multiple sequences were aligned to identify 

evolutionary couplings and predict protein structures de novo. The mitofilin domain and 

the LBS seem to be suitable for this analysis due to the high sequence conservation 

facilitating sequence alignment (Figure 42). The obtained model (Figure 30) seemed to 

be reasonable at first sight as the helices corresponded well with secondary structure 

prediction (Appendix C). Interestingly, LBS1 was predicted to be in close proximity to 

the mitofilin domain due to evolutionary couplings resulting in the formation of a four-

helix bundle consisting of one helix LBS1 and three helices of the mitofilin domain 

(Figure 30). This model could explain why structure determination of the construct 

Mitofilin_C-CHCH lacking the LBS failed (Figure 13 A, B): LBS1 seems to be important 

for stabilization of the four-helix bundle, as well as structural arrangement and 

orientation of the mitofilin domain. The lack of LBS1 could lead to excessive flexibility, 

hindering proper crystal formation.  

 

In the obtained structure of the construct Mitofilin-CHCH_2, LBS1 and the mitofilin 

domain are in close proximity, as predicted. Furthermore, LBS1 and the two smaller 

helices in the mitofilin also align well (Figure 36), which increases the credibility of the 

prediction. Since the domain arrangement is not disturbed, this indicates that the non-

natural linker between LBS1 and α1M does not interfere with proper folding. However, 

the predicted four-helix bundle does not form within a monomer, but within the dimer, 

e.g. the mitofilin domain helix α3M of the second monomer completes the predicted 

four-helix bundle (Figure 36 B).  

 

LBS and mitofilin domain are both evolutionary conserved and only separated via 

19 residues in Chaetomium thermophilum (Figure 42). Hence, it is not aberrant to 

assume a structural connection between both domains. Furthermore, it is a common 

feature that domains or helices are structurally in close proximity, but distant in 

sequence, like the helical bundle signaling element of the dynamin family (Faelber et 

al., 2011). 

 

The observation that Mitofilin-CHCH_2 exists as a dimer in the crystal raised the 

question if the dimer is a crystallographic artefact or if the mitofilin domain is also able 

to dimerize in solution, since high protein concentrations in the crystallization drop 

might favor dimer formation. AUC analysis clearly demonstrated that Mitofilin-CHCH_2 
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is present as a dimer in solution (Figure 40 C), consistent with the observed dimer in 

the crystal structure. Hence, the mitofilin dimer is not a crystal artefact. Moreover, the 

mitofilin domain was previously reported to be involved in homo-oligomer formation, as 

purified mitofilin domain (yeast) bound to full-length Mic60 in pull-down experiments 

(Körner et al., 2012).  

 

The dimer interface mutants Mitofilin-CHCH_2_W662D and V666D were not stable and 

started to precipitate during concentrations, while Mitofilin-CHCH_2_L676D could be 

concentrated to similar or higher concentrations than the wild-type. Interestingly, 

in contrast to L676D, W662 and V666 are also involved in interactions within 

the predicted monomer (Figure 44). Furthermore, AUC experiments show that 

Mitofilin-CHCH_2_L676D exists as a monomer in solution (Figure 40 C). These 

observations demonstrate that the observed dimerization interface involving a domain-

swapped dimer is indeed mediating assembly. 

 

 

 

 

 
 

Figure 44: Monomer contacts of Mic60 prediction. (A) Structure prediction of Chaetomium 

thermophilum Mic60 (residues 557-685) comprising lipid binding site (LBS, yellow) and mitofilin domain 

(rose). N- and C-terminus and the two α-helices of LBS (LBS1, LBS2) are labelled. Black dashed rectangle 

shows monomer contacts in detail. Selected residues, also involved in dimer formation, are shown and 

labelled. W662 and V666 (Interface 1, Figure 40 A) are marked with asterisks. The structure prediction 

derived from the EVolutionary Couplings Server (Hopf et al., 2019).  
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The conformational change from a monomer to a dimer should be theoretically possible 

due to the flexible region between helices α2M and α3M of the mitofilin domain     

(Figure 36). Furthermore, interactions within the monomer, as well as dimer 

interactions are mediated via hydrophobic contacts. More precisely, the same 

conserved hydrophobic residues W662 and V666 in dimer interface 1, and F573, V576, 

V580, M648 and L651 in dimer interface 2 are involved in the predicted monomer and 

the experimentally determined dimer (Figure 44, Figure 40). These observations are in 

agreement with the idea that prior to dimerization, the mitofilin domain can also exist as 

a monomer. It also explains the high level of sequence conservation in these residues 

(Figure 42, Figure 43). 

 

In a previous study, the conserved LBS1 residues R572 and F573 were analyzed in 

more detail. Mutation of these residues to aspartate had a dramatic effect on Mic60 

membrane activity in vitro and in vivo and caused less membrane binding and 

remodeling, as well as disturbed mitochondrial ultrastructure (Hessenberger et al., 

2017). Due to the predicted amphipathic character of LBS1, it was hypothesized that 

F573 inserts into the lipid bilayer and R572 interacts with negatively charged head 

groups (Hessenberger et al., 2017). 

The structure of Mitofilin-CHCH_2 confirms the predicted amphipathic character of 

helix LBS1 (Hessenberger et al., 2017; Figure 38). However, as the hydrophobic part 

faces towards the four-helix bundle, a membrane insertion seems to be unlikely. 

Several conserved hydrophobic residues, including F573, are involved in the 

interaction with the mitofilin domain (Figure 40, Figure 44). Here, F573 is not on the 

protein surface, but located at a central position in the hydrophobic core, and seems to 

be crucial for the formation of the helix bundle. Mutation to aspartate should disturb the 

formation and proper arrangement of the mitofilin domain, which might explain the 

dramatic effects described in Hessenberger et al. (2017). Nevertheless, it cannot be 

excluded that a certain trigger leads to rearrangement of the helices, resulting in an 

opening of the helix bundle allowing LBS1 to insert into membranes. A similar scenario 

may account for the observed effects of R572. Although R572 points to the dimer 

interface in the structure of Mitofilin-CHCH_2, a potential function in membrane 

interaction cannot be excluded (Figure 38). 

 

Structural information about LBS2 and the linker between LBS2 and the mitofilin 

domain are still missing, as constructs comprising LBS2 started to precipitate during 
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the purification processes. The region between LBS2 and the mitofilin domain is 

predicted to be unstructured and varies in length between different species. 

Interestingly, certain hydrophobic residues within this linker region are conserved 

(Figure 42). Assuming a correct secondary structure prediction, three conserved 

hydrophobic residues directly following LBS2 are of particular interest. In general, an 

unstructured linker region generates flexibility and the occurrence of conserved 

residues within this region points to a certain function. It is conceivable that these 

residues mediate interaction with interactions partners of Mic60 or mediate membrane 

contacts via insertion into the hydrophobic core of the lipid bilayer. 

LBS2 forms a predicted α-helix and contains a high portion of conserved hydrophobic 

residues, especially in higher eukaryotes (Figure 42). It may also insert into the lipid 

bilayer and mediate membrane interaction. The presence of linkers preceding and 

following LBS2 should create flexibility and adaptability in positioning of LBS2. 

 

Taking together, the structural results support the model, in which LBS1 and mitofilin 

domain form one functional element. In fact, it seems that LBS1 and LBS2 are integral 

part of the mitofilin domain. 

 

 

 

 

6.2. Membrane shaping activity of MICOS 

Mitochondria are highly dynamic organelles as they continuously divide and fuse 

(Westermann, 2010). These processes are accompanied by constant membrane 

remodeling events. At the same time, generation and stabilization of membrane 

curvature plays a crucial role (McMahon and Gallop, 2005). In general, the 

characteristic morphology of cells and organelles is defined by different membrane 

curvature events, for example generation of curvature during vesicle budding or 

generation of membrane sheets in the ER (Shibata et al., 2009). Membrane 

deformation can be introduced by lipids and/or proteins, and several mechanisms have 

been suggested (McMahon and Gallop, 2005).  

 

Deletion of MICOS complex or single components dramatically alters cristae 

morphology, pointing to its crucial role in mitochondrial ultrastructure (von der Malsburg 
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et al., 2011). This raised the question of how MICOS contributes to membrane 

curvature. Most MICOS components except Mic19 (and Mic25 in mammals) are 

anchored in the IMM with at least one transmembrane helix (Figure 6, Figure 7). The 

soluble portions of these proteins are mostly exposed to the intermembrane space and 

may form a spacious scaffold. It has been discussed that such an asymmetric 

distribution of the extra-membrane domains in TM proteins can result in bending 

(McMahon and Boucrot, 2015). Mic10 has been suggested to employ a variation of this 

mechanism for membrane remodeling: The two transmembrane helices of Mic10 are 

proposed to adopt a hairpin topology with an asymmetric wedge shape (Barbot et al., 

2015). Oligomerization of this wedge in the crista junction was proposed to create and 

maintain membrane curvature (Bohnert et al., 2015; Barbot et al., 2015). 

Moreover, Mic12 is suggested to possess an amphipathic helix in the IMS-exposed 

domain containing one polar and one hydrophobic side (Huynen et al., 2016). 

Amphipathic helices can insert into one leaflet of the lipid bilayer and induce positive 

membrane curvature by asymmetric surface extension (McMahon and Gallop, 2005).  

 

Mic60 is the largest MICOS component and possesses a single transmembrane helix. 

Apart from the anchoring function, the transmembrane helix of Mic60 seems not to be 

important for MICOS function (Körner et al., 2012), while the LBS plays a crucial role in 

membrane remodeling (Hessenberger et al., 2017). Despite the amphipathic character 

of LBS1, insertion of LBS1 into the membrane seems to be unlikely according to my 

obtained structure, as the helix is part of a stable four-helix bundle. However, 

conserved positive residues on the surface of LBS1 and the mitofilin domain seem to 

be involved in membrane interaction and might interact with negatively charged 

phospholipids (Figure 38, Figure 39). Furthermore, my structural analysis shows that 

the mitofilin domain dimer forms a crescent-shaped membrane-binding site (Figure 38). 

This intrinsic curvature is suitable for interaction with the crista junction membrane, 

which has a complementary negative membrane curvature. LBS2 could assist in 

introducing membrane curvature via insertion of its hydrophobic motif between lipid 

head-groups acting as a wedge (McMahon and Boucrot, 2015; section 6.1.). Thus, the 

mitofilin domain may deform the cristae membrane as an oligomerizing scaffold 

superimposing its shape onto the underlying membrane.    

 

Mic60 contains a predicted coiled-coil domain, which length varies between different 

species. The coiled-coil domain of Mic60 alone was not able to bind to liposomes in 
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liposome co-sedimentation assays (Hessenberger et al., 2017) arguing against a 

membrane shaping activity like in BAR domain proteins (Peter et al., 2004; Shimada et 

al., 2007). The results of my studies rather indicate that the coiled-coil domain of Mic60 

is needed to allow the LBS to efficiently bind to liposomes (Figure 37). The exact 

boundaries of the coiled-coil domain of ctMic60 are not clear. It is therefore also 

possible that the approx. 100 amino acids upstream of the predicted coiled-coil domain, 

which are included in Mic60sol, contribute to liposome binding or protein folding. This 

could be tested by another construct excluding this portion of the protein.  

 

Another feature of the employed mitofilin fusion constructs is the presence of the 

CHCH domain, which could disturb liposome binding. However, after co-incubation with 

Mic19, still approx. 95% Mic60sol co-sedimented with liposomes (Figure 24,), arguing 

against a negative impact of the CHCH domain. 

 

Mic19 does not contain a transmembrane anchor, but seems to have a regulating 

function on Mic60 and other MICOS components (Friedman et al., 2015). Data from 

Hessenberger et al. (2017) indicate that Mic19 increases the membrane remodeling 

activity by Mic60. As Mic19 binding induces tetramerization, it can be envisioned that it 

may also promote the formation of the crescent-shaped dimeric membrane binding site 

in Mic60.   

 

OPA1 has also been reported to interact with human Mic60, Mic19 and Mic25 (Darshi 

et al., 2011; Ding et al., 2015). Additionally to its function in mitochondrial fusion 

(Olichon et al., 2002; Cipolat et al., 2004), human OPA1 plays a critical role in 

maintenance of cristae and remodeling during apoptosis (Olichon et al., 2003; Frezza 

et al., 2006; Yamaguchi et al., 2008). OPA1 may form helical filaments at crista 

junctions, as postulated for the yeast homologue Mgm1 (Faelber et al., 2019). Via 

interaction with OPA1, MICOS could further influence membrane remodeling in 

mitochondria. However, there are no interactions with MICOS and Mgm1 described so 

far, pointing to a different mechanism in yeast.  

Taken together, MICOS seems to combine different mechanisms of membrane 

deformation to ensure the formation of crista junctions. My results point to a crucial role 

of the dimeric mitofilin domain in creating mitochondrial membrane curvature via a 

scaffolding function. 
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6.3. Mic60-Mic19 interaction and regulation  

Mic60 and Mic19 form one of the two MICOS subcomplexes (Bohnert et al., 2015; 

Guarani et al., 2015; Friedman et al., 2015; Anand et al., 2016). Both proteins interact 

predominantly via the mitofilin domain of Mic60 and the CHCH domain of Mic19, since 

deletion of either of these domains abolished the interaction (Hessenberger et al., 

2017).  

In my work, I used fusion constructs of the mitofilin domain and the CHCH domain to 

structurally unravel their interaction interface (Figure 17, Figure 29). In order to validate 

the significance of the observed interaction, interface mutations were introduced into 

almost full-length Mic60sol or full-length Mic19 (both from Chaetomium thermophilum) 

and the interaction was analyzed via blue native PAGE, ITC and liposome 

co-sedimentation assays. While these results confirmed the importance of the 

crystallographic interface also in a full length context, none of the introduced mutations 

resulted in a completely abolished Mic60-Mic19 interaction, since Mic19 still co-

sedimented with Mic60 in the presence of liposomes and induced higher-order 

oligomers (Figure 24, Figure 19). One explanation for this observation could be that 

I  analyzed single-point mutations, although several residues are involved in the 

interaction. However, these experiments could also point to a second binding site. 

It has been shown in ITC experiments that an isolated CHCH domain construct of 

Mic19 binds with a twofold reduced affinity to Mic60 compared to full-length Mic19 

(Hessenberger et al., 2017). This indicates that the N-terminal coiled-coil domain of 

Mic19 is also involved in the interaction, in agreement with data from Li et al. (2016). In 

addition, the isolated CHCH domain is not able to induce oligomerization of Mic60sol 

and is not sufficient to enhance membrane remodeling activity of Mic60sol in a 

membrane leakage assay (Hessenberger et al., 2017). This may suggest a sequential 

activation mechanism for Mic60: First, the mitofilin domain of Mic60 binds the CHCH 

domain of Mic19 with high affinity; subsequently, a second binding site is formed, which 

activates Mic60. In this way, Mic19 might regulate Mic60 activity in membrane 

remodeling. 

 

CHCH domain-containing proteins are involved in several mitochondrial processes like 

biogenesis, quality control and dynamics (Modjtahedi et al., 2016). The characteristic 

feature of the CHCH domain of higher eukaryotes is the Cys-X9-Cys motif within each 

of the two helices resulting in the formation of two disulfide bonds (Modjtahedi et al., 



Discussion 

109 

2016; Darshi et al., 2011; Sakowska et al., 2015). The CHCH domain of yeast or 

Chaetomium thermophilum Mic19 only consists of one disulfide bond (Sakowska et al., 

2015).  

In this work, the formation of the disulfide bond was confirmed by mass spectrometry 

for all Mic19 constructs, as well as for Mic60-Mic19 fusion constructs and 

Mitofilin_C-CHCH after limited proteolysis (Figure 14, Appendix E). Furthermore, the 

disulfide bond was visible in both crystal structures. The CHCH domain has been 

shown to be important for import of Mic19 into the intermembrane space of 

mitochondria via the MIA pathway, whereas intermolecular disulfide bonds are 

described (Darshi et al., 2012; Sakowska et al., 2015; Utsumi et al., 2018; Ueda et al., 

2019). Measurements of the redox potentials revealed that the intermembrane space 

(-255 mV) is more oxidizing than the cytosol (-286 mV) or mitochondrial matrix 

(-296 mV) supporting oxidative folding of IMS imported proteins (Hu et al., 2008).  

 

Apart from the role in import into mitochondria, the disulfide bond of the CHCH domain 

seems to have an additional function in MICOS regulation (Sakowska et al., 2015). 

Mic19 was found in different redox states in human and yeast mitochondria, whereas 

predominantly the oxidized form of Mic19, containing the intramolecular disulfide bond 

was present in the MICOS complex (Sakowska et al., 2015). Interestingly, mitochondria 

lacking Mic60 show reduced levels of oxidized Mic19 (Sakowska et al., 2015). Mic19 

mutants, which were not able to form one or two disulfide bonds, displayed reduced 

binding efficiency to Mic60, resulting in decreased interactions between Mic60 and the 

Mic10 subcomplex as well as partially altered mitochondrial morphology (Sakowska et 

al., 2015; Darshi et al., 2012). In line with this, ITC experiments with Mic60sol and Mic19 

demonstrated that the affinity is strongly reduced if the two cysteines of Mic19 are 

mutated to serines (Hessenberger et al., 2017). 

The two new structures presented in this study help to explain the strong influence of 

the disulfide bond on the interaction between Mic60 and Mic19. Contacts between the 

mitofilin domain and the CHCH domain are predominantly mediated via hydrophobic 

interactions (Figure 29, Table 9). Single point mutations, located in both CHCH domain 

helices, disturbed the Mic60-Mic19 interaction, indicating that both helices are involved 

in the interaction (Figure 29). It seems that proper arrangement of the CHCH domain is 

a prerequisite for tight interaction, in which the disulfide bond stabilizes this 

conformation. In line with this idea, a variant of the Mitofilin_C-CHCH fusion construct, 

in which the two cysteines were mutated to valines, was completely digested by trypsin 
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within a very short time (data not shown). In contrast, the trypsin-treated wild-type 

Mitofilin_C-CHCH fragments were stable for several days (data not shown). This 

demonstrates that the disulfide bond is necessary for the tight interaction between 

mitofilin domain and CHCH domain protecting the complex from proteolytic digestion. 

 

 

 

 

6.4. Role of the Mic60-Mic19 subcomplex in membrane 

curvature and cristae stabilization 

Crystal structure analysis of proteins provides important insights into the architecture 

and cellular functions of eukaryotic protein complexes. In parallel to my work, Tobias 

Bock-Bierbaum crystallized the coiled-coil domain of the yeast Lachancea 

thermotolerans Mic60 (unpublished data). By combining our crystal structures and 

biochemical data, we propose the model of how the Mic60-Mic19 subcomplex acts in 

crista junction stabilization, as shown in Figure 45 (prepared by Dr. Erik Werner, RNS 

Berlin). The coiled-coil domain of Mic60 forms a tetramer consisting of two antiparallel 

dimers with elongated coiled-coil domains, whereas the monomer consists of one long 

and two small α-helices. In addition to the central coiled-coil domain, the model also 

contains the mitofilin domain of Mic60 in complex with the CHCH domain of Mic19 from 

Chaetomium thermophilum presented in this work. The LBS of Mic60 was previously 

shown to be involved in membrane interaction and deformation (Hessenberger et al., 

2017), and my results indicate that positive residues of LBS1 and mitofilin domain 

might mediate membrane interaction (Figure 38, Figure 39). In our model, the Mic60 

tetramer stretches over the crista junctions, enabling their stabilization. Two mitofilin 

dimers would be located on opposite sides of the coiled-coil to mediate membrane 

interaction. Such model is in line with my data, which assume that the coiled-coil 

domain of Mic60 forms a structural scaffold required for organization of the lipid binding 

sites (Figure 37, 6.2). Furthermore, such a model would rationalize the idea of how the 

MICOS complex could act as diffusion barrier in crista junctions (Perkins et al., 1997; 

Mannella, 2006). 

The length of the coiled-coil domain of Mic60 varies between different species. In HeLa 

cells, an average crista junction diameter of 20 nm was observed, which is enlarged to 

about 32 nm in the absence of Mic60 (Stephan et al., 2020). For yeast, a crista junction 
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diameter of 12.5 - 17.5 nm has been reported (Rabl et al., 2009), closely matching the 

length of the coiled-coil domain in the crystal structure (approx. 14 nm). The range of 

Mic60 could be even larger in vivo compared to the crystal structure, as the two small 

helices of the coiled-coil domain seem to be flexible resulting in rearrangement in the 

Mic60-Mic19 complex.  

 

 

 

 

 

 
 

Figure 45: Model of Mic60 and CHCH domain in crista junctions. The model comprises the crystal 

structures of the coiled-coil domain of Lachancea thermotolerans Mic60 (Mic60 tetramer) of Tobias Bock-

Bierbaum (MDC) and my Chaetomium thermophilum Mitofilin-CHCH_2 dimer (Mitofilin domain dimer; 

chains C and D). Regions not determined by X-ray crystallography are modeled as unstructured elements. 

The four Mic60 monomers are colored in pink, green, cyan and orange. The model contains four 

CHCH domains (CHCH) colored in blue and purple. A crista junction diameter of 17.5 nm was used 

(details in 4.4.5). (A) Top view. (B) Side view. IMM: inner mitochondrial membrane, IMS: intermembrane 

space, OMM: outer mitochondrial membrane, TM: transmembrane helix, LBS: lipid binding site. Copyright 

Dr. Erik Werner (2021), RNS Berlin (www.rns.berlin).  

 

 

 
 

This model may also account for the assembly pathway of the Mic60-Mic19 

subcomplex. The Mic60 coiled-coil dimer is the predominant oligomeric state of 

Mic60sol in solution (Figure 19, Figure 20; Hessenberger et al., 2017). Within the 

antiparallel dimer, the two mitofilin domains appear far away from each other and may 

http://www.rns.berlin/


Discussion 

112 

therefore be in a monomeric state. After Mic19 binding, tetramer formation of Mic60 

and Mic19 is induced, in line with our biochemical experiments (Figure 19, C2). 

Furthermore, two mitofilin domains of adjacent dimers come into close proximity in the 

tetramer to form a crescent-shaped dimer (Figure 40). The membrane-binding site of 

the mitofilin domain dimer seems to be tailored to interact with the highly curved crista 

junction membrane (Figure 45, Figure 38). Furthermore, the dimeric state of the 

mitofilin domain seems to be important for the physiological function of Mic60, since 

conserved residues mediate dimer interface contacts (Figure 40, Figure 42, Figure 43). 

A single mutant in this interface, L676D, efficiently disrupted dimerization of the mitofilin 

domain (Figure 40). However, in an almost full-length context, the related mutant still 

tetramerized with Mic19, albeit with reduced efficiency (Figure 41). Combining L676D 

with a tetramerization mutant led to a protein that completely failed to form higher-order 

oligomers after co-incubation with Mic19 (Figure 41). These results indicate that 

formation of the Mic60 tetramer is linked to the formation of the mitofilin domain dimer, 

and both interfaces are required for the proper function of the Mic60-Mic19 complex. 

 

The interaction between the two MICOS subcomplexes is supposed to be independent 

of the transmembrane domain of Mic60 (yeast), as replacement by a TM domain of a 

protein with the same topology does not change the overall mitochondrial morphology 

(Körner et al., 2012). It has been shown that deletion of the mitofilin domain 

dramatically reduced the co-purification of Mic60 with all other MICOS components 

resulting in abnormal mitochondrial ultrastructure (Körner et al., 2012; Zerbes et al., 

2012). Hence, the mitofilin domain might play a crucial role in connecting both MICOS 

subcomplexes. Furthermore, cross-linking mass spectrometry experiments in mouse 

mitochondria revealed cross-links between the mitofilin domain of Mic60 and the 

C-terminus of Mic10, indicating close proximity of the mitofilin domain and the Mic10 

subcomplex (Schweppe et al., 2017). In the same experiment, cross-links were 

obtained between Mic60 and Mic12, a small transmembrane protein which is thought to 

connect both subcomplexes (Guarani et al., 2015; Anand et al., 2016; Zerbes et al., 

2016). Interestingly, these cross-links are located in the LBS of Mic60 and a predicted 

conserved amphipathic helix of Mic12 (Schweppe et al., 2017; Huynen et al., 2016). 

Based on our model of the position of Mic60-Mic19 in crista junctions, these results 

indicate that the Mic10-Mic12-Mic26-Mic27 subcomplex is located in close proximity to 

the mitofilin domain dimer.  
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Additionally, interactions of the Mic60-Mic19 subcomplex with the SAM and TOM 

complex, which are located in the outer mitochondrial membrane, have been reported 

(Darshi et al., 2011; Xie et al., 2007; von der Malsburg et al., 2011; Zerbes et al., 2012; 

Körner et al., 2012; Ott et al., 2015; Ding et al., 2015; Tang et al., 2020). More 

precisely, the mitofilin domain of Mic60 and the N-terminus of Mic19 seem to mediate 

these contacts (Körner et al., 2012; Darshi et al., 2011; Tang et al., 2020). It is 

proposed that the formation of crista junctions requires the integrity of the MICOS 

complex, whereas contact sites to the outer membrane are mediated via Mic60, Mic19 

and the SAM complex (Ding et al., 2015; Tang et al., 2020). Importantly, our model of 

Mic60-Mic19 is consistent with MICOS forming a contact site: The N-terminal residues 

of Mic19 could extend from the mitofilin domain contact via the coiled-coil domain to 

the outer membrane to mediate the contact of the Mic19 N-terminus with the SAM 

complex. 

As deletion of Mic19 resulted in significantly reduced interaction of Mic60 with other 

MICOS components, it was suggested that the MICOS subcomplexes are connected 

and regulated via Mic19 (Friedman et al., 2015; Sakowska et al., 2015). In our model, 

the tetramer is the cristae spanning form of Mic60, which needs to be activated by 

Mic19. It seems that Mic12 and Mic19 are both necessary for the connection between 

the subcomplexes: Mic12 via direct interactions with Mic60 and Mic19 as a regulator 

for Mic60 activation. 

Altogether, our structural and functional data allowed the formulation of a model of how 

Mic60 and Mic19 might contribute to the formation of crista junctions in mitochondria. 

Thereby, it conveys a structural understanding of mitochondrial membrane 

organization. 

 

 

 

 

6.5. Outlook 

It has been suggested for several years that crista junctions limit the diffusion of certain 

metabolites and proteins between IMS and intracristal space (Perkins et al., 1997; 

Mannella, 2006). How this is achieved has remained, however, mostly unknown. Based 

on the structural and biochemical characterization of Mic60 and Mic19 obtained in this 

work and by Tobias Bock-Bierbaum, an active function of MICOS in limiting the 
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diffusion at crista junctions can be assumed. Thus, the Mic60 coiled-coil domain 

spanning across the crista junction may act as physical barrier that limits the space in 

the crista junctions and therefore prevents free diffusion across the crista junctions 

(Figure 46). Such mode of action could be directly tested by reconstituting membrane 

tubules with the Mic60-Mic19 complex in the interior and performing diffusion 

experiments, for example, with dextrans of different sizes.    

 

 

 

 
 

Figure 46: Schematic representation of the MICOS complex in crista junctions. Components of the 

yeast MICOS complex are shown. Two coiled-coil domain (CC) dimers of Mic60 stretch over the crista 

junction and form a tetramer. The mitofilin domain (Mito) of Mic60 interacts with the CHCH domain of 

Mic19, while Mic19 interacts via its N-terminus with the POTRA domain (P) of Sam50 of the SAM complex. 

The diffusion of certain metabolites and proteins (brown ellipses) is limited by Mic60. Mic10 oligomers 

induce membrane curvature at crista junctions. OMM: outer mitochondrial membrane, IMS: intermembrane 

space, IMM: inner mitochondrial membrane. 
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A second exciting line of research for future experiments is the role of MICOS as 

membrane contact site between the IMM and OMM. The previous experimental 

observation that the N-terminus of Mic19 interacts with the SAM complex in the OMM 

may constitute the structural basis of such contact site (Figure 46; Darshi et al., 2011; 

Bohnert et al., 2012; Utsumi et al., 2018). However, the exact 3D structure of 

the  membrane contact site is still obscure; the proposed architecture of MICOS in 

Figure 46 suggests that it may adapt a structure resembling a molecular basket, e.g. 

similar to the nuclear pore architecture (Raices and D'Angelo, 2012). However, this 

model is still highly speculative and could be addressed by future cryo-electron 

tomography experiments of crista junctions within intact mitochondria or even with 

intact cells (Toro-Nahuelpan et al., 2020; Chakraborty et al., 2020). 

Also the function of the contact site involving MICOS is still unclear: It may be 

envisaged that it mediates the sorting or even targeted delivery of imported proteins 

into the IMS or the crista lumen. If structural data of the contact site were available, 

such idea could be directly tested by a structure-function approach, e.g. by introducing 

mutations that specifically disrupt specific interfaces of the contact site, followed by 

functional experiments. For example, the delivery of imported, labelled proteins or 

dextrans into the crista lumen or IMS in such MICOS variants could be explored by 

using super resolution microscopy. These studies will be also key to delineate the 

mechanisms of how MICOS orchestrates the stabilization of crista junction architecture 

with crista junction functionality as a diffusion barrier.  
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Appendix 

A.  Abbreviations 

ADP Adenosine diphosphate 

AEBSF  4-(2-aminoethyl)benzenesulfonyl fluoride  

ATP Adenosine triphosphate 

AU Arbitrary unit 

AUC Analytical ultracentrifugation 

BICINE N,N-Bis(2-hydroxyethyl)glycine 

bp  Base pair(s) 

C-terminus Carboxy-terminus 

CHCH Coiled-coil-helix-coiled-coil-helix 

Ct/ct Chaetomium thermophilum 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DTT Dithiothreitol 

E. coli   Escherichia coli 

EDTA Ethylenediaminetetraacetic acid 

ER Endoplasmic reticulum 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HPLC High-performance liquid chromatography 

IMAC Immobilized metal ion affinity chromatography  

IMM Inner mitochondrial membrane 

IMS Intermembrane space 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

ITC Isothermal titration calorimetry 

KD Dissociation constant 

LB Lysogeny broth (medium) 

LBS Lipid binding site 

LC-ESI-Q-TOF-MS Liquid chromatography-electrospray ionization-quadrupole-time  

   of flight-mass spectrometry 

MDC Max-Delbrück-Centrum für Molekulare Medizin in der Helmholtz- 

   Gemeinschaft (Berlin) 

MES 2-(N-morpholino)ethanesulfonic acid 
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MIA Mitochondrial intermembrane space import and assembly 

MICOS Mitochondrial contact site and cristae organizing system 

MPD Hexylene glycol, 2-Methyl-2,4-pentanediol 

mtDNA Mitochondrial DNA 

MW Molecular weight 

MWCO  Molecular weight cut-off 

n  Binding number 

N-terminus Amino-terminus 

Ni-NTA Nickel-nitrilotriacetic acid (nickel-charged resin) 

OD600   Optical density, measured at 600 nm  

OMM Outer mitochondrial membrane 

OPA1 Optic atrophy 1 protein 

P Pellet 

PAGE Polyacrylamide gel electrophoresis 

PCR Polymerase chain reaction 

PEG Polyethylene glycol 

PEG MME Polyethylene glycol monomethyl ether 

PINK1 PTEN-induced kinase 1 

PKA cAMP-dependent protein kinase 

RALS Right-angle light scattering 

RMSD Root-mean-square deviation 

SAM Sorting and assembly machinery 

Sc/sc Saccharomyces cerevisiae 

SDS Sodium dodecyl sulfate 

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEC Size exclusion chromatography 

SEC-RALS Size exclusion chromatography coupled to right-angle light  

   scattering 

SN Supernatant 

TAE Tris/Acetate/EDTA (buffer) 

TB Terrific broth (medium) 

TBE Tris/Borate/EDTA (buffer) 

TIM Translocase of the inner membrane 

TM Transmembrane 

TMANO Trimethylamine N-oxide 
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TOM Translocase of the outer membrane 

TRIS Tris-(hydroxymethyl)-amino methane  

U Unit 

VDAC Voltage-dependent anion channel 

v/v Volume per volume 

w/v Weight per volume 

w/w Weight per weight 

X-ray X-radiation (high-energy electromagnetic radiation) 

 

  

 

One letter code and three letter code for amino acids 

 

A Ala   Alanine  I  Ile  Isoleucine  R  Arg  Arginine 

C  Cys Cysteine  K  Lys  Lysine  S  Ser  Serine 

D Asp  Aspartate  L  Leu  Leucine  T  Thr  Threonine 

E  Glu Glutamate  M  Met  Methionine  V  Val  Valine 

F Phe Phenylalanine  N  Asn  Asparagine  W  Trp  Tryptophane 

G  Gly  Glycine  P  Pro  Proline  Y  Tyr  Tyrosine 

H  His  Histidine  Q  Gln  Glutamine  

 

 

 

Units 

 

M, mM, µM Amount of substance (mole) 

Da, kDa, MDa Atomic mass unit (dalton) 

eV, keV Energy (electron-volt) 

mm, nm, Å Length 

g, mg, µg, ng Mass 

rpm Rotational speed (revolutions per minute) 

x g Degree of acceleration in multiples of g (g-force) 

°C, K Temperature 

h, min, s Time 

l, ml, µl Volume  
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B.  Chemicals 

Acetic acid (ROTIPURAN®, 100%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

AEBSF Hydrochloride BioChemica  AppliChem GmbH (Darmstadt, Germany) 

Agar-Agar Kobe I, powdered Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Agarose for DNA Electrophoresis  SERVA Electrophoresis GmbH (Heidelberg,    

    Germany) 

Ampicillin sodium salt (≥ 97%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

BICINE (≥ 99%) Sigma-Aldrich (St. Louis, USA) 

Boric acid (≥ 99.8%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Brain extract from bovine brain,  Sigma-Aldrich (St. Louis, USA) 

  type I, Folch fraction I 

Bromophenol blue sodium salt Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Calcium chloride dihydrate  Sigma-Aldrich (St. Louis, USA) 

  (≥ 99.5%)   

Carbenicillin disodium salt (≥ 88%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Chloroform (EMSURE®) Merck KGaA (Darmstadt, Germany) 

Citric acid anhydrous Sigma-Aldrich (St. Louis, USA) 

Coomassie® Brilliant Blue R-250 Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Decon™ Decon 90 Fisher Scientific GmbH (Schwerte, Germany) 

DMSO (≥ 99.5%)  Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

dNTP Set Bioline, Meridian Bioscience (Cincinnati, USA) 

DTT (1,4-Dithiothreitol, ≥ 99%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

EDTA disodium salt dihydrate  Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

  (≥ 99%)  

Ethanol (≥ 99,8%, denatured) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Ethanol (ROTIPURAN®, ≥ 99,8%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Ethidium bromide solution (1%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Glycerol (ROTIPURAN®,  Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

  ≥ 99,5%, anhydrous) 

HEPES (PUFFERAN®, ≥ 99.5%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Hydrochloric acid (32%, extra pure) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Imidazole (PUFFERAN®, ≥ 99%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

IPTG (≥ 99%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Jeffamine® M-600 (No. 422118) Sigma-Aldrich (St. Louis, USA) 
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Kanamycin sulphate (≥ 750 I.U./mg) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Magnesium chloride hexahydrate   Sigma-Aldrich (St. Louis, USA) 

  (≥ 99%)  

β-Mercaptoethanol (≥ 99%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

MES monohydrate (≥ 99%) Sigma-Aldrich (St. Louis, USA) 

Methanol (EMSURE®) Merck KGaA (Darmstadt, Germany) 

Methanol (≥ 99.8%) Th. Geyer GmbH & Co. KG (Renningen, Germany) 

MPD, Hexylene glycol (≥ 99%) Sigma-Aldrich (St. Louis, USA) 

Nickel(II) sulfate hexahydrate Sigma-Aldrich (St. Louis, USA) 

  (≥ 99.0%, crystallized) 

Poly(ethylene glycol) (PEG),  Sigma-Aldrich (St. Louis, USA) 

  BioUltra 6,000 and 8,000   

Potassium dihydrogen phosphate Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

  (≥ 99%) 

di-Potassium hydrogen phosphate Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

  (≥ 99%, anhydrous) 

2-Propanol  Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

  (ROTIPURAN® ≥ 99,8%)  

SDS (≥ 99%, pellets) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Silica gel orange (2-5 mm) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Sodium acetate (≥ 99.0%) Sigma-Aldrich (St. Louis, USA) 

Sodium chloride (≥ 99.8%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Sodium citrate tribasic dihydrate Sigma-Aldrich (St. Louis, USA) 

  (≥ 99.5%)  

Sodium dihydrogen phosphate Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

  dihydrate (≥ 99%) 

di-Sodium hydrogen phosphate Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

  (≥ 99%, anhydrous) 

Sodium hydroxide (≥ 98%, pellets) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Sodium hydroxide solution Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

  (ROTIPURAN® ≥ 32%) 

Terrific Broth, Modified (Powder)  Melford Laboratories Ltd. (Ipswich, United Kingdom) 

TRIS (PUFFERAN®, ≥ 99,9%) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Tryptone / Peptone ex Casein  Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 

Yeast Extract (powdered) Carl Roth GmbH + Co. KG (Karlsruhe, Germany) 
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C.  Secondary structure predictions 

 

 
 

Figure C.1: Secondary structure prediction of ctMic60, part 1. PSIPRED result (Buchan and Jones, 

2019; Jones, 1999; 03/2020).  
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Figure C.2: Secondary structure prediction of ctMic60, part 2. PSIPRED result (Buchan and Jones, 

2019; Jones, 1999; 03/2020). LBS1, LBS2 and mitofilin domain are labelled. 
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Figure C.3: Secondary structure predictions of ctMic19 and Mitofilin-CHCH_2. PSIPRED results 

(Buchan and Jones, 2019; Jones, 1999; 03/2020). LBS1, mitofilin domain and CHCH domain are labelled. 

Mitofilin-CHCH_2 after removal of the His6-tag; GP: vector derived.  
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D.  SEC-RALS result 

 

 

 
 

Figure D.1: SEC-RALS result of Mitofilin_C-CHCH. An ÄKTApurifier chromatography system was 

coupled to a RALS-refractive index detector (Malvern) and connected to a Superdex 75 10/300 GL column 

(GE Healthcare). 100 µl of a 3 mg/ml protein solution was applied. The peak area is shown. Absorption 

was measured at 280 nm (primary y-axis, black curve). Data were analyzed with OmniSec software v5.00 

(Malvern). Blue curve: calculated molecular weight (MW) in kDa (secondary y-axis); the peak tip ±0.25 ml 

is depicted. MW of the monomer is indicated in parentheses (calculated with ProtParam, ExPASy Server 

(Gasteiger et al., 2005)). 
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E.  Mass spectrometry results 

 

 
 

Figure E.1: Mass spectrometry (LC-ESI-Q-TOF-MS) deconvoluted spectra of Mic19 constructs and 

Mitofilin-CHCH_2. Numbers above the peaks show the molecular mass in Da. The results indicate that 

the disulfide bond of the CHCH domain is formed in all analyzed constructs. Experiments were performed 

at the Protein Production & Characterization Platform at MDC, supported by Anja Schütz.  
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